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A series of novel salicylimine ligands, constituted of salicylaldehyde, c~amino
acid and chiral amine units, were synthesized. The catalytic activity and
enantioselectivity of these ligands in the asymmetric Strecker reaction were explored.
N-(3,5)-di-tert-butylsalicylyl-(S)-leucyl-(S)-(1-phenyl-ethyl)amine ((S,5)-S2-Leu-Al)
and N-(3,5)-di-tert-butylsalicylyl-(S)-leucyl-(S)-(1-naphthyl-ethyl)amine ((S,S)-S2-
Leu-A2) were proved to be the most effective ligands in catalyzing enantioselective
cyanide addition to aromatic imines, containing neither ortho- nor para- electron
donating substituents, in the presence of Ti(O'Pr)s. The catalytic mechanism was
likely to proceed through a salicylimine-Ti complex in which the substituent on
salicylaldehyde and chiral amine units oriented in the direct sight of the attacking
cyanide ion. The configuration of the product was largely controﬂed by the abéolute
configuration of the chiral amine moiety rather than the configuration of the a-amino
acid part. The steroselectivity is strongly affected by steric effect of the substituents

on the salicyl moiety.
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CHAPTER ]

INTRODUCTION

1.1 g-amine écid _

Proteins are the main constituents vof the body parts such as muscles, skin, hair
and nails. They carry all vital life processes in the human system. The basic chemical
units of proteins are -amino acids. The structures of most a-amino acids consist of a
chiral carbon atom (the a-carbon), which is bonded to an amino group (-NH>), a
carboxyl group (-COOH), and a hydrogen atom. Because the a~carbon of an a-amino
acid is an asymmetric carbon, each a-amino acid can exist as two enantiomers. The
two mirror images are cailed the L-isomer and the D-isomer. The amino acids present
in living systems are aimost exclusively L-isomers. The exceptions are a few D-amino
acids present in the antibiotics produced by fungi. _

To clarify the biological roles, various types of a-amino acids are desired not
only in a field of organic chemistry but also in many biology-related areas.
- Nowadays, a-amino acid derivatives are considered to be importanf building ;blocks
in the field of medicinal chemistry due to a variety of interesting biological properties.
" Besides, they are used as a mimicking models for studying mechanism of biological
_processes. For example, enzymes are catalytic proteins whose function is to accelerate

chemical reactions in the body. Unnatural g~amino acids. are ekpected to play roles in
 improving the original properties and functions of proteins. In addition, for a drug
development, the screening of unnatural peptide or amino acid analogues is important
to determine metabolic stability as well as to maximize biological response while
_mihimizing toxicity. The synthesis of a-amino acids derivatives have thus been

central to organic chemistry.



1.2 Strecker a-amino acid synthesis

There are several ways to synthesized o~amino acids, for example, by ﬁsing
nucleophilic substitution of a-halocarboxylic aéids, alkylation of an
acetamidomalonate, or Strecker synthesis. '.Among numerous synthetic routes to- -
. amino acids, the histbrical Strecker synthesis remains to be the most direct chemical
access to this important class of cdmpounds. The Strecker amino acid synthesis,
whibh involves a treatment of an aldehyde .or imine with ammonia and hydrogen
~ cyanide (or its equivalent) followed by a hydrolysis of the a-amino nitrile
intermediate to provide the corresponding co-aminc acid (Scheme 1.1), was first
reported in 1850." This method has been applied on an industrial scale toward the

synthesis of racemic a~amino acids due to the low cost of reagents involved.

NH, NH,

0
/'U\ aq.NaCN/NH,CI H;0" )\
R™ TH ~ R7 TCN ¥ R7COOH

Scheme 1.1 Classical Strecker synthesis of a~amino acids.

Optically pure a-amino acids can be obtained via the Strecker reaction with
the use of chiral auxiliaries. For instance, a~arylethylamines, f-amino alcohols and
derivatives, and sulfinates have been reported to provide a-amino nitriles with

varying degree of diastereoselectivities (Scheme 1.2).

OPiv

. i 4—Me PRCHO Me
' Q
. ii.NaCN, HOAc _ p ﬁ HCI \/©/
l\ﬁ%mmz T lvo HCO I{NZ
A PrOH H _
OPiv OPiv : .
cooH

Piv = Pivaloyl
: Scheme 1.2 a chiral auxiliary for the Strecker synthesis of (S)-configured amino acid.
Nevertheless, the use of a chiral auxiliary requires extra steps for its

5 introduction into the substrate and removal from the product. Moreover, these chiral

auxiliaries are often expensive and difficult to be recovered. These limitations



substantially hinder the use of this method for a large-scale synthesis of a-amino
acids. On the other hand, catalytic Strecker type reaction requires only a small,
reusable ,quantity of a chiral source to achieve a comparable degreé of asymmetric
induction. Since the chiral source is not incorporated into the substrate, not only does
this approach require fewer steps, but it is also much more economical. The catalytic
asymimetric Strecker-type reaction is one of the most direct and efficient methods for
the asymmetric synthesis of natural and unnatural e-amino acids. This research
reports new Ti-Schiff base complexes, as catalysts for improved enantioselectivity in

the catalytic asymmetric Strecker reaction.

1.3 Literature review of the asymmetric Strecker synthesis

In general, catalytic, enantioselective Strecker-type reactions involve the
addition of cyanide ion to an imine, either preformed or generated in situ from an
amine and an aldehyde. Catalysis is accomplished by electrophilic activation of the
imiﬁe, either by a Lewis acid or via noncovalent interactions such as hydrogen
bonding (Scheme 1.3). In order for these processes to be catalytic, the species that is
involved in the imine activation must be reieased after the addition of the cyanjdé. In
some cases, an additive is needed to enhance the rate of this final step. Finally, '.
- asymumetric induction is achieved through the chiral environment provided by the
catalyst. Currently, the catalysts are categorized into two general classes: guanidine-
based compound and metal complexes. The former involves noncovalent activation,
“whereas the latter act és Lewis acid. Highly enantiomerically enriched o-amino nitrile
adducts of various imines are obtained in good yields with these two catalytic

Systems.
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B* = guanidine based compound.

L*

ligand
P = protecting group
M = metal

Scheme 1.3 Concept of imine activation.

1.3.1 Guanidine-Based Catalysts

An analogue of guanidine has been shown to catalyze the asymmetric.
cyanation of aldehydes. In 1990, Inoue and co-workers designed the use of cyclo[(S)-
phenylalanyl-(S)-histidyl], 1 as a chiral catalyst with a histidine imidazole moiety. It
was an excellent catalyst for the hydrocyanation reaction of various aldehydes giving
good yields of cyanoalcohols with high enantiopurities.* However, it failed to afford
any asymmetric induction in Strecker synthesis. This is because the imidazole side
chain cf 1 accelerated a proton transfer in the reaction of HCN with the putative
aldimire intermediate in the Strecker reaction. In 1996, Lipton first demonstrated the
use of 2 in a cataiytic enanticselective Strecker-type reaction.sla-amino nitrile
derivative 4 was obtained from N-benzhydryl imine 3 by using 2 mol %.'of (S)-a-
am_in__o- 7-guanidinobutyric acid 2 (Table 1.1). Excellent % ee and yields were obtained

with.ar_omatic imine, but low % ee was obtained with aliphatic substrates.
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1 cyclo[(S)-phenylalanyl-(S)-histidyl] 2 (S)-oramino-y-guanidinobutyric acid

Table 1.1 Lipton’s catalytic enantioselective Strecker-type reaction.

)T‘L/CHP}IZ 2 (? 1(1:11(:11%) - HI;I/CHP By
R H MeOH R CN
3 4
Imine R Temp, °C Yield* (%)  ee’ (%)

3a - Ph 25 97 >99
3b p-CIPh 75 94 599
3¢ p-MeOPh TS 90 96
3d t-Buty! 75 80 17

*Based on 'H-NMR of crude product. "Determined by chiral HPLC
chromato graphy using a Daicel ChiralPak AD column.

However, a few years later, another guanidine-based catalyst for Strecker-type
reactions was reported by Corey with a full mechanistic proposal.6 a-amino nitrile
__.-'-derivatives of benzhydry! imines were prepared in good yields with moderate %ee by
using catalyst 6 (Table 1.2).. The addition of hydrogen cyanide to achira!l aromatic and
aliphatic N-benzhydrylimines 5 gave N-benzhydryl-a-amino nitriles 7, which were
readily (_:onverted_ into the wﬁesponding a-amino acids with 6 N HCI. The use of N-

benzyl- or N-fluorenylimines afforded products. of poor enantiomeric purity.



Table 1.2 Conversion of N-benzhydryl imines to g-amino nitrile in the presence of 6.

O~

“ Pa 6 (10 mol%) /?;N bh
RN pn F OHCN : B N ph
< PhMe, -40°C,20h - H

;
“Imines R Yield (%) ee (%)
52 Ph 96 N 86
5b p-MeOPh 99 84

1.3.2 BINOL based Catalysts

Shibasaki and co-workers disclosed a general asymmetric Strecker-type
reactioh that was controlled by bifunctional Lewis acid-Lewis base catalyst 8.
Aluminium complex 8 has been identified as a bifunctional catalyst because of its
p.ropose_d dual activation of both the electrophile and nucleophj.le n the asymmetric
cyanosilylation of aldehydes. As a result, the use of this catalyst has been extended to
the enantioselective Strecker-type reaction.® The addition of phenol and trimethyl silyl
cyanide (TMSCN) to the fluorenyl imine 9 at —40 °C in the presence of 8 afforded the
corresponding o-amino nitrile 10 (Table 1.3). Good to excellent enantioselectivities
and yields were obtained with aromatic imines. a-amino nitrile 10 (R = Ph) could
then be converted to o-amino amide 11 in several steps. Aromatic, aliphatic,
heterocyclic, and a,B-unsaturated imines 9 were used as general substrates in these
reactions. The origin of the ‘highly enantioselective catalysis by 8 was the
simultaneous activation of imines and trimethylsilyl cyanide by the Lewis acid and
the oxygen atom of the phosphine oxide, respectively. With this catalyst system, N-
| allyl—. and N-benzhydryl- imines generally ’gave lower enantioselectivities. The

addition of phenol was found to have a beneficial effect on the reaction rates.



Table 1.3 Shibasaki’s catalytic enantioselective Strecker-type reaction.

& & - Q

1. 8 (9 mol%), TMSCN 1. HCl(g), HCOOH .

) . o Al [
N Q (2 equiv), PhOH (20 mol/?z 5 Q 2.DDQ . HN Q
i Hu, 7 Hu,
A R 2N

2.2NHCI 3. INHCI

G 4 Amberlyst A-2Meon & CONEL

9 10 11

R Amino nitriles -~ Amino amides

Imines . Yield (%) ee (%)° Yield (%)* ee (%)°

9a Ph _ 92 95 92 95
9b 3-furyl 92 90 7 87
9¢ - 89 72 » 7
9d ‘Bu 97 78 98 77

*Yield of isolated product. "Determined by HPLC analysis.

In 2001, Vallee and co-workers reported two new heterobimetallic complexes’
12, based on BINOLZ-Iitizium ligand with A" and Sc'" as metal centres.” The former
| using AI[(R)-BINOL|,Li 1.2a did_ not lead to an efficient catalytic system. Whereas,
Sc[(R)-BINOL),Li 125 gave 95. %ee when N-benzylidene-benzylamine was treated
with TMSCN at —20 °C (Table 1.4). The enantioselectivity was slightly lower (81 %)

when HCN was used as the cyanide source and when the substrate was a ketimine.
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Table 1.4 Asymmetric hydrocyanatioh of imines catalyzed by Sc{(R)-BINOL],Li
12b.

R! ., R' CN
>:N 12b 10 % mol - NH
R2 \—Ph 1. HCN or TMSCN RZ \_Ph
toluene, -20 °C
13 2. H,0 14
R R* XCN Time (h)  Conv. (%) ee (%)
Ph Me TMSCN NN 50 95
Ph Me HCN 1(-40 °C) 55 75
f-naphthyl H TMSCN 3 45 65

*Determined by 'H NMR of the crude product. "Determined by chiral HPLC.

Recently, chiral zirconium catalysts have been shown to catalyze
enantioselective Mannich-type reactions.'® Studies of ligand modification around the
zirconium center have led to the discovery of the Zirconium catalyst 15.'" Aromatic,
aliphatic and heterocyclic aldehydes 16 reacted with BusSnCN as a cyanide source
produces the a-amino nitrile derivative 17. Excellent ee and yields were obtained with

aromatic, aliphatic and heterocyclic aldehydes (Table 1_.5).12




Table 1.5 Catalytic Asymmetric Strecker-Type Reaction Using BusSnCN.

HO
j@ : 15 (5 mol%)
N + BU3SHCN

R)]\ 8¢ to—lzzntz-zeginl:( 11..1) RACN
16 17
Imine R Yield (%) ee (%)
16a ~ Ph 92 o1
16b 1-Nap 98 91
16c @ 89 92
S

16d ‘Bu 79 83
16e - GgHyy 72 74°

*The imine was prepared from the corresponding aldehyde and 2-amino-3-

methylphenol in situ in the presence of MS 4A.

In addition, it is noteworthy that BusSnCN has been successfully used as a

safe cyanide source, and that, after the reaction was completed, all tin sources were

quantitatively recovered as bis(tributyltinjoxide, which has been converted to

tributyltin chloride and to BusSnCN. Furthermore, the catalytic asymmetric Strecker-

type reaction starting from an achiral aldehydes 18, amine 19, and hydrogen cyanide

using catalyst 15 to produce amino nitrile derivatives 20 was achieved. (Table 1.6)
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" Table 1.6. Catalytic asymmetric Strecker reactions using HCN..

: ) HO
o . HOL_- j@
THEN T emcpas%c T X
, .

R¥ "H
HoN R™ TCN
R
13 19 ' 20
Imine R R’ Catalyst (mol %) Yield (%) ee (%)
20a Ph H 57 80 86
20b  o-Nap H 5 83 85
20¢ CgHy7 " CHj3 2.5 93 91
20d Bu CH; 5 99 94

1.3.3 Salen based catalysts.

Another type of chiral metal complex that catalyzes enantioselective addition
of cyanide ion to N-allylimine was reported by Jacobsen in 1998.° gramino nitrile
derivatives 23 of aromatic imines are obtained in good yields and hjgh ee by treating
the N-allyl imine 21 with HHCN at —70 °C in the presence of chiral Al"-salen complex
22 (salen = N,V’-bis(salicylidene)ethylenediamine dianion) (Table 1.7). However, the
" amino nitrile adducts of alkyl-substituted imines are obtained in moderate yields with

‘Jow ee.

22
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- Table 1.7 Jacobsen’s catalytic enantioselective Strecker-type reactions.

: 0

N-R? 1.22 (5 mol %) F,C R’

/[ ~ + HCN >
R TH 2. (CF5CO),0 R SN

21 ' 23
Imine R' R? Yield (%) ee (%)
21a Ph Allyl - 91 95
21b p-MeOCgHy Allyl _ 93 91
21c 2-Nap Allyl 93 93
21d CeHyy Aliyl 77 57
2le ‘Bu Allyl 69 - 37

21f ‘Bu Bn 88 49

In 1998, Jacobsen and co-workers showed three parallel libraries techniques
for screening a known class of chiral half salen ligands which wve_re.. more effective for
the Strecker-type reaction- (Figure 1.1)." Library 1 used for evaluating catalysis

_ properties of a series of different metal ions. From this library, they found the Schiff
base ligand without metal éomplex provided the best enantioselectivity (19 % ee).
‘ Library 2 and 3 are .screcning the ligand components, amino acid unit,
stereochemistry, and substituents. From the library screening they found 24 to be the

best ligand affording the highest enantioselectivity (Table 1.8).

Library 1 | J\

- B & 1T )OL R?
- _J\(\,)N : SR
Qy

N H
Metal vy  HO

Library Size : 12 compounds ~ ‘Bu . Bu

M None Ti Mn Fe Ru Co Cu Zn Gd Nd Yb Eu

 ee (%) 19 4 5 10 13 06 9 1 2 3 0 5
. Conv(%) 59 30 61 69 63 68 55 91 95 8 94 34
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Library 2
_N/U\M \H/\NJ\N)\ WR?
Amino Acid - H
L-Leu, D-Leu, L-His , Ny -H
L-Phg (Phenylglycine) - i
Diamines 3 4 HO
Salicylaldehydes Ia!deh des R} R
H2N A 'BuBu R r?
DP B ‘Bu H
H2 C H Bu
D ‘Bu OMe
cl HoNy,, E Br Br
O F  ‘Bu NO,
H,N
Library Size : 48 compounds
Library 3
. o i 2
| LB ALhar = (RR)-Diamines
N)LMSN W)\N NJ\-“R DP, CH
. ¥ il h
" B 0 i A N& H
o HN, Ph
L-Amino Acids HO p ,E:N—/
~ Leu, e, Met, Phe, . H,N
Tyr(O'Bu), Val, Thr(G'Bu), R® rR*
Chg (cyclohexylglycine), Salicylaldehydes
t-Leu (fert-Leucine L
¢ ) CHO X = OMe
HG Z | H
i £
By N X -
Library Size : 132 compounds Br
H ?
\/ A}
m :

Figure 1.1 Ligand library for catalytic enantioselective Strecker-type reaction.
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Table 1.8. Enantioselectivities obtained with Library 3.

, , 0
P 1.24 {2 mol %), toluene
Nr/\/ -78°C, 24 h. FBC/U\N/\/
R )\ + HCN (2 eq) ' > ' /k
| 2. TFAA | R™CN
25 26
Imine R  Yield (%) ee (%)
25a ~ Ph 78 | 91
25b p-MeOCgHy 92 ' - 70
25¢ p-BrCHy 65 86
25d 2-napthyi 88 - 88
25e  fert- butyl 70 85
25fF | cyclohexyl 77 83

Moreover, Jacobsen and co-worker developed a new catalyst 27, which gave
good yield and high enantioselectivity on the addition of cyanide to either aromatic or
ahphatlc imines (Table 1.9)."° These catalysts can be used either in soh:aon or
covalently linked to polystyrene resin. The key elements responsible for the high
enantioselectivity were the presence of the bulky fers-butyl substituents at both the
amiﬁo acid pbsition and at the 3-position of the salicylimine moiety. Resih—bound
catalyst 27b éllowed purification of the Strecker products by simple filtration and
solvent removal, and the catalyst could be reused indefinitely without loss of either

activity or enantioselectivity.

H ?
N
\/
0
~ ~OC(0)Bu

27a : R = polystyrene, X =S
27b:R=Ph, X=0
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Table 1.9 Asymmetric catalytic Strecker reactions with catalyst 27a.

R ' 1.2 mol % 27a R )

| )NL + hon toluene, -70°C, 20 h. _ H)N\
R™TH 2. TFAA R™ TCN
28 29
Imine — R R T Yield (%) oo (%)
282 Ph allyl T4 o5
28b tert-buty! allyl 75 95
28¢c p-MeOCgHy allyl 98 95
28d p-BrCeHs allyl 89 | 89
28e ' tert-butyl benzyl 88 o 96
28f cyclohexyl bénzyi 85 - 87

28g ~ cyclohexyl allyl ‘ 88 : 86

In 2002; Jacobsen and co-workers reported the structural'énd_ mechanistic
studies for rational catalyst optimization.16 The structure elucidated for the catalyst —
substrate compléx sheded substantial light on the basis for the scope and selectivity of
. asymmetric St:ecker reactions with 27a. (1) The large groﬁp on the imine cérbo_n is
directed away from the catalyst and into the solvent (Figure 1.2B). (2) The small
group (H for aldimines, Me for methylketoimines) is aimed directly into the 'cataly.st.
(3) The N-substituent is also directed away from the catalyst (Figure 1.2 B, C). (4) On
. v..the basis of the observed sense of stereoinduction, addition of HCN takes place over -
the diaminocyélohexane portion of the catalyst (i.e., from the right-hand side in

- Figure 1.2C) and away from the amino acid/amide portion.
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Figure 1.2 (A) Solution structure of catalyst 27b and (B, C) two views of the complex

generated upon binding of Z-imine, as determined by NMR analysis.

| The combination of the Schiff base ligand 30 and titanium isopropoxide as a
c_atélyst was identified through screening by Snapper and Hoveyda in 1999.7 The
-~addition of TMSCN to the_imine 31 in the presence of 30 and titani_um‘ isopropoxide
(Ti(O'Pr)y), followed by a slow addtion of isopropanol. (‘PrOH) provided the a-amino
nitrile 32 which may then be converted to optically pure a~amino acid. Good yields

and moderate to high ee are obtained with both aromatic and non-enolizable aliphatic

“aldehydes (Table 1.10).



Table 1.10 Ti-catalyzed enantioselective cyanide addition to imines. -

16

Schlff base H \)J\ NA”/()Me
O Ao
30
i 10 mol % 30 T
RSN DPh T0mol% MOP, R/LN*Ph |
31 32 |
Without added ~ With added
PrOH PrOH
Conv.(%), ee - Conv.(%), ee
Imine R X (%) (%)
31a Ph 5-CH;0 30,97 99, 97
31b o-CICeH,  3,5-diCl 22,92 96, 93
31c 0-BrCeHs  3,5-diCl 15, 88 99, 94
31d p-MeOCgH, 3,5-diCl 15, 84 100, 94
31e 2-Napthy! 5-CH;0 20, 90 100,93
31f 1-Napthtyl 5-CH30 25,91 93, 90
31g ‘Bu 3,5-diBr 39,88 100, 85

In 2001, Hoveyda and co-worker disclosed kinetic and structural data that, for

" the first time, shed light on one of the key transformations promoted by this class of

~ chiral ligands."® The results showed that in affecting the Ti-catalyzed addition, these

~non-C, symmetric catalysts were likely to operate in a bifunctional manner. The Ti-

: Schiff base (SB) coordinates with the substrate, while an amide moiety within the

* peptide segment associates and delivers cyanide to the activated imine (Figure 1.3).
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O AAT t-Bu omitied

_'——Q for clarity

Figure 1.3 Cyanide addition catalyzed by Ti-tripeptide Schiff base complexes.

Experimental evidence and subsequent modeling studies indicate that proper
disposition of different Lewis basic sites within the ligand structure allow the SB and
-amide carbonyls in AAL and AAZ2 to provide complementary functions, giving rise to
high yields and enantioselectivities. '
| In 2001, Mansawat showed a new class of catalytic asymmetric Strecker-type
reaction employing a structurally simple salicylimine derived from peptide-.amide
(33)." Noncomplexes structure of salicylimine catalyst which included the peptide
and Schiff base group 33 was observed for catalytic activities. Th@_ addition of
‘.TMSCN to N-benzylimine 34 in 1he presence of 33 and Ti('OPr), provideé optically
active’ g-aminonitrile 35 wHich preferred S-configuration in good yield and moderate

‘enantiomeric excess (Scheme 1.4).

33
0 .
N/\Ph 10 mol% 19, ‘ HN/\Ph
Py 10 mol% Ti(O'Pr), Py
PR H TMSCN, toluene > Ph”*CN
34 -5-0°C,8h. 35

80-97 %, 40 %ee

_ Scheme 1.4 Asymmetric Strecker synthesis using Ti-peptide Schiff base catalyst.
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1.4 Objectives of this research

Among the wide range ofv" synthetic routes to a-amino acids, catalytic
asymmetric Strcker-type reaction offers one of the most direct and viable methods.
Salicylimine catalyst (Figure 1.4), the new class for catalytic asymmetric Strecker-

type reaction showed interesting catalytic properties.

Figure 1.4 Salicylimine catalyst.

. This research is aiming at synthesis of new enantioselective catalysts for
. strecker reaction based on salicylimines derived from a-aminoamides. Effects' of
substituents (R', R? and R®) on salicyiiﬁaine catalysts on enantioselectivity of the
catalysts toward Strecker reaction were also investigated. We hope the results from

this work will lead to efficient catalyst designs.



CHAPTER II

EXPERIMENTAL

2.1 General procedures and materials '
Air-sensitive materials were transferred by syringe. All commercial solvents
for column chromatography were distilled priér to use. Dichloromethane and toluene
were dried over molecular sieves UOP type 4A prior to use. Chiral amines, amino
acids, di-tert-butyl dicarbonate, (+)-camphor-10-sulfonic acid, 1-
hydroxybenzotriazole, N,N’-dicyclohexylcarbodiimide, N-benzyloxycarbonylglycine
~and analytical solvents were purchased from Fluka. Trimethylsilylcyanide, Ti(O'Pr)s,
chloroform-d and [S-(R*,R*)]-(-)-bis(a-methylbenzyl)amine were purchased from
- Aldrich Chemical Co.. Fmoc-Thr(¢-Bu)-OH was purchased from Nova biochem. All
chemical reagents were used as received. | |
. ~ The 'H NMR spectra were acquired on a Bruker ACF200 (200 MHz)
- épectrometer and a Varian Mercury-400 BB (400 MHz). .'[‘he chemical shifts are
‘reported in ppm on the 8-scale with the solvent resonance (CHCL;, 6 7.26) as an
internal standard. Data are reported as follows: chemical shift, integration,
_ fnultiplicity (s = singlet, d = doublet, dd = doublet of doublet, dt = doublet of triplet, t
= triplet, q = quartet, br = broad, m = multiplet), coupling constants (Hz) and
~ assignment. °C NMR spectra were recorded on é Bruker ACF 200 spectrometer (at
-50 MHz) with complete proton decoupling. Chemical shifts are reported in ppm with
8 the solvent resonance (CHCl,, & 77.0) as an internal reference.
' | The mass spectra (MS) were recorded on GC-MS GCQ Mas Finniga_ri Mat by
using the Fast Atom. Bombardment ionization (LR-FAB+) method. The melting
points were measured on an Electrothermal 9100 melting point apparatus and were
' u_ncbrrected. The optical rotations .were measured at 26.2 °C with a Bellingham+
: : 'émnley Lid. ADP220 polarimeter. The progress of all reactions was followed by thin
layer chromatography (TLC) performed on Merck D.C. siliga gel 60 F254 0.2 mm
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precoated aluminium plate and visualized by using either UV light (254 nm), iodine,
or ninhydrin reégent. Column chromatography was performed on 63-200 mesh silica

gel or activated neutral aluminium oxide 90, both purchased from Merck.

2.2 General procedure for preparation of V-fert-butoxycarbonyl-amino acid.

R! R
ol 4% NaOH o
H,N + Boc0Q ———— BocHN/]\{f
o +-BuOH &

The amino acid (10 mmol) was dissolved with 4% NaOH (25 mlL) in a 250
mL round bottomed flask. The solution was stirred and cooled to room-temperature |
fhen tert-butanol (10 mL) was added. To this mixture, a solution of Boc,O (2.40 g, 11
mmol) in ~butanol (5 mL) was added dropwise to give a clear solution. Formation of
an emulsion that usually gives a low yield of the desired product should be avoided.
* The mixture was stirred for 12 h. The solvent was removed by a rotary evaporator.
The resulting thick solution was adjusted to pH 2 by addition of aq. HCI (ZM) and
“then extracted with ethyl acetate (3x25 mL). The combined organic layer was dried
| over anhydrous MgSO, and was filtered. The filtrate was evaporated to give the crudev

p_foduct.

2.2.1 N-tert-butoxycarbonyl-(S)-leucine ((S)-Boc-Leu-OH).

. jLoigfL

COOH

(5)-Boc-Leu-OH |

This compound was prepared from the reaction of (S)-leucine (1.31 g, 10
mmbl) and Boc;O (2.40 g, 11 mmol) following the general proceduré for the
-preparation of Boc-amino acids described in section 2.2. The crude product was
recrystallized from he.xanes"to give (S)-Boc-Leu-OH as clear plates (1.94 g, 8.4
mmol, 84% yield). 'H NMR (200 MHz, CDCl3) &: 0.93 (6H, d, J = 6.0, CH(CHs),),
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1.41 (9H, s, CCH3), 1.38-1.46 (3H m, CH(CHy); and CHy), 4.20-4.32 (1H, m, a-CH),
4.95(1H, d,J =8.5, NH), 6.45 (1H, br, OH).

2.2.2 N-tert-butoxycarbonyl-(S)-fert-leucine ((S)-Boc-fLeu-OH).

COOH

S

(S)-Boce-tLeu-OH

This compound was prepared from the reaction of (S)-tert-leucine (1.31 g, 10
- mmol) and BocyO (2.40 g, 11 mmol) following the general procedure for the |
preparation of Boc-amino acid described in section 2.2. The desired product was
obtained as a white solid (1.83 g, 8.6 mmol, 86% yield). *"H NMR (200 MHz, CDCls)
8: 0.97 (9H, s, CHC(CHs)3), 1.40 (9H, s, OC(CHs)3), 4.08 (1H, d, J = 9.5, o-CH),
© 5.13-5.18 (1H, d, /= 9.5, NH), 6.40 (1H, br, OH).

2.2.3 N-tert-butoxycarbonyl-(S)-valine ((8)-Boc-Val-OH).

)LY

COOH

(S)-Boe-Val-OH

This compound was prepared from the reaction of (S)-valine (1.71 g, 10
mmol) and Boc,O (2.40 g, 11 mmol) following the general proéedure for the
preparétion of Boc-amino acid described in section 2.2. The desired product was
obtamed asa W}nte solid (1.95 g, 9.0 mmol, 90% yield). 'H NMR (200 MHz, CDC13)
5090 (3H, d, J = 7.0, CH(CH:),), 0.97 3H, d, J = 7.0, CH(CHs)y), 1.40 (9H, s, OC
: (CJ)3) 2.07-2.18 (1H, m, CH(CHs),), 4.22 (11, dd, J = 4.5, 9.0, a-CH), 5.07 (1H, ,
J 9.0, NH) 700(1H br, OH).
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2.2.4 N-tert-butoxycarbonyl-(S)-phenylalanine ((S)-Boc-Phe-OH).

0

.-~O)J\N COOH
H .

(S)-Boc-Phe-OH

This comﬁound ‘was prepared from the reaction of (S)-phenylalanine (0.65 g,
- 10 mmol) and Boc,O (2.40 g, 11 mmol) following the general procedure for the
preparation of Boc-amino acid described in section 2.2. The desired product was
obtained as a white solid (2.25 g, 9.1 mmol, 91% yield). 'H NMR (200 MHz, CDCls)
5127 (9H, s,. CHa), 3.05-3.30 (2H, br, CH,) 4.57-4.61 (1H, d,J = 7.0, o-CH), 5.05-
- 5.09 (1H, br, NH), 6.10-6.25 (1H, br, OH), 7.15-7.33 (5H, m, ArH).

2.2.5 N-tert-butoxycarbonyl-(S)-phenyglycine ((S)-Boe-Phg-OH).

X

COOH

(S)-Boc-Phg-OH

Thls compound was crepared from the reaction oi (S)-phenylglycine (1.51 g,
*'r10 mmol) and Boc,O (2.40 g, 11 mmol) following the general procedure for the
preparation of Boc-amino acid described in section 2.2. The desired product was
obtained as a white solid (2.20 g, 8.8 mmol, 88% yield). "H NMR (200 MHz, CDCl;)

8142 (9H, s, CHs), 5.11 (1H, d, J = 5.5, a-CH), 7.24-7.39 (5H, br, ArH), 7.90 (1H,
 4,J=55,NH).
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2.2.6 N-tert-butoxycarbonyl-(R)-phenylglycine ((R)—Boc-Phg—OH).

C

ﬁ’—O)L‘I}\II/’\COO_H

(R)-Boe-Phg-OH

This compound was prepared from the reaction of (R)-phenylglycine (0.76 g,
5 mmol) and Bocy,O (1.20 g, 5 mmol) following the general procedure for the
preparation of Boc-amino acid described in section 2.2. The desired i)roduct was
~ obtained as a white solid (1.2 g, 4.7 mmol, 94% yield). "H NMR (200 MHz, CDCl3) 6
1.41 (9H, s, CH3), 5.11 (1H, d, J= 5.0, o~CH), 7.30-7.40 (5H, br, AI_H), 7.97 (1H, d J
— 45, NH). |

S 23 Preparation of N-benzyloxycarbonyl-glycine (Chz-Gly-OH).

O
M oH
A 0
Cbz-Gly-OH

This compound was prepared from the reaction of glycine (0.37 g, 5 mmol)

. and N-(benzyloxycarbonyloxy)succinimide (ZOSu) (1.23 g, 5 mmol) following the

.géneral proéedure for preparation of Boc-amino acid described in section 2.2. The

: désired product was obtained as a white solid (0.20 g, 0.96 mmol, 19% vield).' 'H

NMR (200 MHz, CDCL) & 4.02 (2H, d, J = 5.5, a-CH), 5.12 (2H, s, C_rlzPh) 5.20-
'5.32 (1H, br, NH), 6.25-6.40 (lH br, OH), 7.29-7.38 (5H, m, ArH).
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2.4 General procedure for condensation reaction between N-tert-butoxycarbonyl-

amino acid and chiral amine.

. . ’ 2 .
B o 1. DCC/CH,CL, )R\mﬁ'\ ,
| BocHN)w/. + HOBLH,0 . —> BocHN R

o 2. chiral amine, 0°C e _
To a solution of N-Boc-amino acid (1 mmol) and HOBt.H,0O (1 mmol) in
.CH,Cl, 2 mL), DCC (1 mmol) in CH,Cl; (I mL) was added dropwise under N, gas.
White precipitates were formed during the addition. The mixture was cooled to -5 - 0
°C and then chiral amine (1 mmol) was added through a mfcro syringe. After stirring
for 3 h, the reaction mixture was filtered and the filtrate was treated with 5% HCI (3x
1 mL). The mixture was washed with 10% NaHCQO; solution (3x1 mL). The organic
layer was washed with water and dried over anhydrous MgSO4.' The solid waé filtered
off and the filtrate was evaporated by a rotary evaporator to giye a crude prbduct asa
white solid. The product was further purified by column chrorhétdgraphy on silica gel
(gradient from 10 % to 20 % ethyl acetate in hexanes) to give the desired product as a

white solid.

2.4.1 N-Boc-{S)-leucyl-(8)-(1-phenylethyl)amine ((S, S)-Boc-Leu-Al}.

O
JJ\ I{]I CH.
‘_170 g 3
- O / i
e i

(S, S)-Boe-Leu-Al

A This compound was prepared from the reaction of (S)-Boe-Leu-OH (0.231g,

1 mmol), HOBtH,O (0.135 g, 1 mmol), DCC (0.206 g, 1 mmoly and (S)-
methylbenzylamine (127 4L, 1 mmol) following the general procedure for the
: condensation between N-Boc-amino acid and chiral amine described in section 2.4.
The desired product was obtained as a white solid (0.26 g, 0.73 mmol, 73 %), 'H
“NMR (200 MHz, CDCl;) 8 0.88 (3H, d, J= 6.0, CH(Cﬁg)z)', 0.89 3H, d,J=6.0, CH
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© (CHs)), 1.41(9H, s, OC(CHs)s), 1.65 (3H, d, J = 7.0, CHPhCH), 1.53-1.68 (3H, m,
CH(CHs), and CH,), 4.04-4.06 (1H, m, o-CH), 4.93-4.96 (1H, br, NHBoc), 5.03-5.10
(1H, m, CHPh), 6.57 (1H, d, J = 7.0, NHCHPh), 7.19-7.35 (SH, m, ArtH).

2.4.2 N—Boc-(S)-leucyl—(R)—(_l-phenylethyl)amine ((S, R)-Boc-Leu-Al).

BUEPN
o N, CH;
i i

o/|

(8, R)-BocNH-Leu-Al

This compound was prepared from the reaction of ($)-Boc-Leu-OH (0.23 g, 1

' mmol), HOB&ILO (0.14 g 1 mmol), DCC (021 g 1 mmol) and (R)-

methylbenzylamine (127 gL, 1 mmol) following the general procedure for the
condensation between N-Boc-amino acid and chiral amine described in ‘section 2.4.
" The desired product was obtained as a white solid (0.27 g, 0.77 mumol, 77 %), 'H
NMR (200 MHz, CDCl3) 6 0.92 (6H, d, J = 6.0, CH(CHs),), 1.40 (9H, s, C(CHs)3),
1.45 (3H, 4, J = 7.0, CHPhCH;), 1.60-1.75 (3H, m, CH(CHs), and CH,), 3.96-4.07
" (IH, m, o-CH), 4.93-4.96 (1H, br, NHBoc), 5.03-5.10 (1H, q, J = 7.0, CHPh), 6.56-
6.58 (1H, br, NHCHPh), 7.19-7.35 (5H, m, ArH).

2.4.3 N-Boc-(S)-leucyl-(S)-(1-cyclohexylethyl)amine ((S, §)-Boc-Leu-A4).

(S, S)-Boc-Leu-A4

- This compound was prepared from the reaction of (S)—Boc_-Lcu—O_H (023 g, 1
. mmol), HOBt.H,0 (0.14 g, 1 mmol), DCC (0.21g, 1 mmol) ‘and (S)-
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cyclohexylethylamine (149 4L, 1 mmol) follovﬁng the general procedure forv the
condensation reéction between N-Boc-amino acid and chiral amine described in
section 2.4. The desired product was obtained as a white soli.d (0.23 g, 0.68 mmol, 68
%), "H NMR (200 MHz, CDCI;;) 5 0.88 (6H, d, J = 8.5, CH(CHzs),), 0.93-1.28 (114,
m, cyclohexyl), 1.08 (3H, d, J= 9.0, CH(cyclo)CHs), 1.41 (9H, s, C(CHs)3), 1.61-1.73
(3H, m, CH(CHs); and CH), 3.73-3.84 (1H, m, CH(cyclo)CH3), 3.94-4.05 (1H, m, o~
CH), 4.85-4.90 (1H, br, NH), 6.00 (1H, d, J = 8.5, NHBoc). |

2.4.4 N-Boc-(S)-leuceyl-(S)-(1-naphthylethyl)amine ((S, S)-Boc-Leu-A2).

Q H
M N.__CH;
O /i B
a2

(8§, S)-Boc-Leu-A2

This compound was prepared from the reaction of {S)-Boc-Leu-OH (0.23 g, 1
- mmol), HOBt.H,O (0.14 g, 1 mmol), DCC (0.21 g, 1 mmol) and (S)-
napthylethylamine (160 ,uL,. 1 mmol) following the genéral procedure for the
condensation reaction between N-Boc-amino acid and chiral amine described in
section 2.4. The desired product was obtained as a white solid (0.25 g, 0.68 mmol,
68%), '"H NMR (200 MHz, CDCl3) & 0.84 (6H, d, J= 5.0, CH(CHs),), 1.41 (9H, s, C
(CHs)3), 1.63 (3H, d, J = 6.7, CH(1-naph)CHz3), 1.69-1.71 (3H, m, CH(CHs),) and
CH,), 3.95-4.02 (1H, m, o-CH) 4.85-5.00 (1H, br, NHBoc), 5.81-5.95 (1H, m, J =
8.0, Cﬂ(l-naph)CHg), 6.46 (1H, d, J = 8.0, NH), 7.39-7.52 (4H, m,. ArH), 7.75-7,86
(2H, m, ArH), 8.05 (111, d, /= 9.0, ArH).
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2.4.5 N-Boc-(S)-leucyl-(S)-(1-phenyl-2-hydroxyethyl)amine ((S, S)-Boc- '
Leu-A3).

X N

+01§ oH
o/[
!\

(S, §)-Boc-Leu-A3

This compound was prepared from the reaction of (§)-Bec-Leu-OH (0.15 g,
0.7 mmol), HOBt-H,G (0.69 g, 0.7 mmol), DCC (0.14 g, 0.7 mmol) and (S)-
| pheﬁylglycinol (0.09 g, 0.7 mmol) following the general procedure for the
-~ condensation between N-Boc-amino acid and chiral amine described. in section 2.4.
The desired product was obtained as a white solid (0.15 g, 0.43 mmol, 62 %). 'H
NMR (200 MHz, CDCl3) 6 0.88 (3H, d, J= 5.5, CH(Cﬁg)ﬁ), 091 3H,d,/=4.5,CH
(CHs)), 1.41 (9H, s, C(CHs)s), 1.51-1.64 (3H, m, CH(CHj), and CH)), 3.13-3.22
-~ (14, br, OH), 3.80-3.92 (2H, m, CH,OH), 4.05-4.20 (1H, m, o~CH), 5.03-5.12 (1H,
m, CHPh), 6.97 (1H, d, J= 7.5, NH), 7.25-7.33 (5H, m, ArH).

2.4.6 N-Boc-(S)-leucyl-(S)-(1-indanyl)amine ((S, §)-Boc-Leu-AS).

i 1
M N
44,
0

(S, S)-Boc-Leu-AS

This compound was prepared from the reaction of (§)-Boc-Leu-OH (0.23 g, 1
ﬁnnol), HOBt.H,0 (0.13 g, 1 mmol), DCC (0.21 g, i mmol) and (S)-1-aminoindane
(85 L., 1 mmol) following the general procedure for the condensation between N-

- Boc-amino acid and chiral amine described in section 2.4. The desired product was
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obtained as a white solid (0.27 g, 0.79 mmol, 79 %). 'H NMR (400 MHz, CDCls) &
0.94-0.95 (6H, m, CH(CHs),), 1.42 (9H, s, C(CHa)s3), 1.51-1.68 (3H, m, CH(CHs),
and CHy), 2.54-2.63 (2H, m, CHCH,CH,), 2.82-2.90 (1H, m, «-CH), 2.94-3.02 (2H,
.m, CHCH,), 5.43-5.48 (iH, m, CH(indane)), 6.31-6.41 (1H, br, NH), 7.19-7.24 (4H,
m, ArH). | |

2.4.7 N-Boc-(S)-tert-leucyl-(S)-(1-phenylethyD)amine ((S, S)-Boc-flLeu-Al).

Bag
—t‘o g D\;ﬁh
o0 7 :
\

(S, S)-Boc-rfLeu-Al

This compound was prepared from the reaction of (S)-Boe-fLeu-OH (0.693 g,
.3 mmol}, HOBt-H,O (0.406 g, 3 mmol), DCC (0.619 g, 3 mmol) and (S)-
. methylbenzylamine (381 ﬁL, 3 mmol) following the general procedure for the
condensation between N-Boc-amino acid and chiral aminé described in section 2.4.
The desired product was obtained as a white solid (0.19 g, 0.5 mmol, 19 %). 'H NMR
- (200 MHz, CDCl) & 0.86 (9H, s, CH(CHa)3), 1.41 (9H, s, C(CH3)s), 1.47 (3H, d, J =
70 CHCHs), 3.74 (1H, 4, J = 9.0, o-CH), 5.02-5.13 (1H, m, J = 7.5, CHPh), 5.25
(1H, 4, J = 9.0, NHBoc), 5.96 (1H, d, J = 7.5, NHCH(Ph)CHj3), 7.20-7.36 (SH, m,
ArH). |
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2.4.8 N-Boc-(S)-valyl-(S)-(1-phenylethyl)amine ((S, $)-Boc-Val-Al).
N P
5 ,

(S, $)-Boc-Val-Al

This compound Wés prepared from the reaction of (S)-Boc-Val-OH (0.217 g, "
1 mmol), HOBtH,0 (0.135 g, 1 mmol), DCC (0206 g, 1 mmol) and (S)-
methylbenzylamine (127 4L, 1 mmol) following the general procedure for. the
condensation between N-Boc-amino acid and chiral amine described in section 2.4.
The desired product was obtained as a white solid (0.27 g, 0.86 mmol, 86%). "H NMR.
(200 MHz, CDCl3) 8 0.86 (3H, d, J = 6.5, CH(CHs),), 0.88 .(3H, d, J= 6.5, CH(CH3)
2), 1.40 (9H, s, OC(CHs)3), 1.46 (3H, d, J = 7.0, CH(Ph)CHj3), 1.95-2.20 (1H, m, CH -
(CHs),) 3.83 (1H, dd, J=6.5, 8.5, o~CH), 5.06-5.13 (1H, m, CH(Ph)CHj3), 6.31-6.34
© (1H, br, NH), 7.19-7.33 (SH, m, ArH). |

2.4.9 N-Boc-(S)-Valyl-(R)-(1-phenylethyl)amine ((S, R)-Boc-Val-Al).
C
/U\ T}é CH
—‘—o N e
| H O

(S, R)-Boc-Val-Al

This compound was prepared from the reaction of (S)-Boce-Val-OH (0.217 g,

. 1 mmol), HOBtH,O (0.135 g, 1 mmol), DCC (0.206 g, 1 mmol) and (R)-
i ‘methylbenzylamine (127 4L, ! mmol) following the- general procedure for the
(_:ondehsation between N-Boc-amino acid and chiral amine described in section 2.4.
The desired producf was obtained as a white solid (0.23 g, 0.86. mmol, 86 %). 'H
- NMR (200 MHz, CDCl3) § 0.86 (3H, d, J= 6.5, CH(CHs),), 0.88 3H, d, J=6.5, CH

.. (CHs)), 1.40 (9H, s, OC(CHs)3), 1.46 3H, d, /= 7.0, CH(Ph)CHs), 1.95-2.20 (1H, m,
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" CH(CHs),), 3.83 (1H, dd, J = 6.5, 8.5, &-CH), 5.06-5.13 (1H, m, CH(Ph)CHs), 6.31-
6.34 (1H, br, NH), 7.19-7.33 (5H, m, ArH).

_ 2.4.10 N—Boc—(S)-phenylalzmyl-(S)-(l—phénylethyl)amine {(S, 8)-Boc-Phe-
Al

(8, §)-Boc-Phe-Al

This compound was prepared from the reaction of (S)-Boc-Phe-OH (0.269 g,
1 mmol), HOBteH,O (0.135 g, 1 mmol), DCC (0.206 g, 1 mmol) and (S)-
- methylbenzylamine (127 gL, 1 mmol) following the general procedure for the
condensation between N-Boc-amino acid and chiral amine described in section 2.4.
" The desired product was obtained as a white solid (0.29 g, 0.79 mmol, 79 %). 'H
“NMR (200 MHz, CDCl;) 8 1.30 (9H, s, OC(CHs);), 1.40 (3H, d, J = 6.0, CH(Ph)
CHj), 3.02 (2H, t, J= 6.0, CH,), 4.20-4.30 (1H, m, o~CH), 5.46-5.06 (1H, m, J = 8.0,
- CH(Ph)CH,), 6.00 (1H, d, J= 8.0, NH), 7.09-7.26 (10H, m, ArtH). |

2411 N-Boc—(ﬂ;phenylglycyi-(S)—(l -phenylethyl)amine ((S, S}-Boc-Phg-
S- Ay - |

(S, S)-Boc-Phg-Al

This compound was prepared from the reaction of (S)-Boe-Phg-OH (0.251 g,
1 mmol), HOBtH,0 (0.135 g, 1 mmol), DCC (0.206 g, 1 mmol) and (S)-
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methylbenzylamine (127 ,uL,l 1 mmol) following the general procedure for the
condensation between N-Boc-amino acid and chiral amine descn’bed in section 2.4.. :
The desired product was obtained as a white solid (0.18 g,0.51 mmol, 51%). '"H NMR
(200 MHz, CDCl3) & 1.38 (9H, s, OC(CHjs)s), 1 45(H, d,J =_7.0, CH(Ph)CHs), 5.02-
5.12 (2H, m, o-CH and CH(Ph)CHj3), 5.88 (1H, d, J= 7.5, NH), 6.98-7.03 (2H, m,
© ArH), 7.18-7.35 (8H, m, ArH).

2.4.12 N-Boc-(R)-phenylglycyl-(S)-(1-phenylethyl)amine ((R, S)-Boe-Phg-
AL,

(R, S)-Boec-Phg-Al

This compound was prepared from the reaction of (R)-Boe-Phg-OH (0.251 g,
1 mmol), HOBtH,O (0.135 g, 1 mmol), DCC (0.206 g, 1 mmol) and (S)-
methylbenzylamine (127 gL, 1 mmol) following the general procedure for the
condensation between N-Boc-amino acid and chiral amine described in section 2.4.
The desired product was obtained as a white solid (0.16 g, 0.4 mmol, 40 %). 'H NMR
- {200 MHz, CDCl) 8 1.38 (9H, s, OC(CHzs)s), 1.44 (3H, d, J= 7.0, CH(Ph)CH3), 5.02-
5.11 (2H, m, .a—C_H and CH(Ph)CHs), 6.00 (1H, d, J= 7.5, NH), 6.98-7.03 (2H, m,
ArH), 7.16-7.35 (8H, m, ArH).
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2.4.13 N-Boc-(R)-phenylglycyl-(R)-(1-phenylethyl)amine ((R, R)-Boc-Phg-
Al).

(R, R)-Boc-Phg-Al

This compound was prepared from the reaction of (R)-Boc-Phg-OH (0.251 g,
1 mmol), HOBteH,O (0.135 g, 1 mmol), DCC (0.206 g, 1 mmol) and (R)-
methylbenzylamine (127 gl, 1 mmol) following the general procedure  for the
condensation between N-Boc-amino acid and chiral amine describéd in section 2.4.
" The desired product was obtained as a white selid (0.27 g, 0‘.7.7 mmol, 77 %). 'H
NMR (200 MHz, CDCls) & 1.38 (9H, s, OC(CHs)s), 1.44 (3H, d, J = 7.0, CH(Ph)
CHs), 5.02-5.11 (2H, m, o~CH and CH(Ph)CH3), 6.00 (1H, d, J = 7.5, NH), 6.98-
7.03 (2H, m, ArH), 7.16-7.35 (8H, m, ArH).

2.4.14 N-Fmoc-(S)-threonyl(fert-butyl)-(8)-(1-phenylethyl)amine ((S, S)-
Fmoc-Thr(Bu)-Al). |

o
O A A en
ity

(S, .S)-Fmoc-Thr('Bu)-Al

_ This compound was prepared from the reaction of (S)-F moc-Thr(‘Bu)-OH
(0.39 g, 1 mmol), HOBtH,0 (0.135 g, i mmol), DCC (0.206 g, 1 mmol) and (S)-
~methylbenzylamine (127 4L, 1 mmol) following the general procedure for fhe_
condensation between N-Boc-amino acid and chiral amine described in section 2.4. |

‘The desired product was obtained as a white solid (0.43 g, 0.86 mmol, 86%). 'HNMR
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(200 MHz, CDCls) & 0.84 (3H, d, J = 6.0, CH(O'Bu)CHs), 1.26 (9H, s, OC(CHz)s),

1.48 (3H, d, J = 7.0, CHPhCH3), 1.63 (1H, d, J = 4.5, CHy), 4.09-4.23 2H, m,

CHCH, and o-CH), 435 (1H, d, J = 6.0, CH(O'Bw)), 5.05 (1H, m, J = 7.0,
CHPhCHs), 6.02 (1H, d, J= 4.5, NH), 7.26-7.76 (13H, m, ArH).

2.4.15 N-Cbz-glycyl-(S)-(1-phenylethyl)amine ((S)-Cbz-Gly-Al).

($)-Cbz-Gly-Al

This compound was prepared from the reaction of Cbz-Gly-OH (0.21 g, 1
mmol), HOBtH,O (0.135 g, 1 mmol), DCC (0206 g, 1 mmol) and (S)-
. methylbenzylamine (127 #L, 1 mmol) following the general procedure for the
condensation between N-Boc-amino acid and chiral amine described in section 2.4.
The desired product was obtained as a white sclid (0.23 g, 0.73 mmol, 73%). 'H NMR
(200 MHz, CDCl3) 6 1.45 (3H, d, J = 7.0, CHs), 3.83 (2H, d, /= 5.5, a—C&), 5.08
(1H, m, CH), 5.09 (2H, s, CH,Ph), 5.38-5.50 (1H, br, NH), 6.25-6.40 (1H, br, NH),
- 7.23-7.32 (10H, m, ArH).

2.4.16 N-Cbz-glycyl-(R)-(1-phenylethyl)amine ((R)-Cbz-Gly-Al).

AVEL
N,, CHj

Y

= O %

AN
(R)-Cbz-Gly-Al
This compound was prepared from the reaction vof Cbz-Gly-OH (0.10 g'; 0.5
mmol), HOBtH,0 (0.070 g, 0.5 mmol), DCC (0.103 g, 0.5 mmol) and (S)-
| methylbenzylamine (64 0, 0.5 mmol) following the general procedure for the

- condensation between N-Boc-amino acid and chiral amine described in section 2.4.

The desired product was obtained as a white solid (0.14 g, 0.49 mmol, 98 %). 'H
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" NMR (200 MHz, CDCl;) § 1.43 (3H, d, J = 7.0, CHs), 3.81 (2H, d, J = 5.5, a-CHy),
5.06 (1H, m, CH), 5.07 (2H, s, CHyPh), 5.45-5.60 (1H, br, NH), 6.45-6.60 (1H, br,
~ NH), 7.23-7.32 (10H, m, ArH).

' 2.5 General procedure for N-deprotection

2

. 2 .
K n 1.TFAA/CH,CL R 'y
BocHN)\ﬂ/N\R3 R TN SN I
2. sat.NaHCO; 2
0

AY

N-Boc-aminoamide was dissolved in CH;Cl, (0.5 mL). TFAA (0.5 mL, 5
mmol) was added. The mixture was stirred for 30 minutes at room temperature. The
mixture was then extracted with saturated NaHCOj3; solution (3x2 mL) and dried over
.anhydrous MgSQ4. The solvent was removed by a rotary evaporator to givé the

~desired product as a colorless oil.

2.5.1 (S)-Leucyl-(S)-(1-phenylethyl)amine {(S, S)-Leu-A1l).

(S, S)-Leu-Al

This compound was prepared from the reaction of (S, S)-Boc-Leu-Al (0.20 g,
0.57 mmol) and TFA (0.5 mL) following the general procedure for deprotection of
Boc group described in section 2.5. The desired product was obtained as clear oil

(0.1 g, 0.47 mmol, 83 %). 'H NMR (200 MHz, CDCls) 5 0.86 (3H, d, J = 9.0, CH

~ (CHs)), 0.89 (3H, d, J = 9.0, CH(CHs)y), 1.40 (3H, d, J = 7.0, CHPhCH;), 1.56-1.66

-~ (3H, m, CH» and CH(CHz)), 3.28 (1H, dd, J = 9.0, 3.5, o-CH), 4.98-5.06 (1H, m,
CHPhCH3), 7.17-7.29 (SH, m, ArH), 7.67 (1H, d, /= 8.0, NH).
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252 (S)—Leucyl—(R)—(l—phenylethyl)amihe ((S, R)-Leu-Al).

N, _CH
H,N” & 3

(S, R)-Leu-Al

This compound was prepared from the reaction of (S, R)-Boc-Leu-Al (0.27 g,
0.77 mmol) and TFA (0.5 mL) following the general procedure for deprotection of
Boc protecting group described in section 2.5. The desired product was obtained as a -
clear oil (0.16 g, 0.60 mmol, 78 %). 'H NMR (200 MHz, CDCl3) & 0.83 (6H, t, J =
| 5.0, CH(CHs)p), 1.36-1.40 (3H, d, J = 5.8, CHPhCHs), 1.45-1.70 (3H, m, CH(CHs),
and CHy), 2.40-2.70 (2H, br, NH,), 3.30-3.50 (1H, br, &~CH) 4.94-5.01 (1H, m, J =
7.1, CHPhCHs), 7.14-7.22 (5SH, m, ArH), 7.83-7.85 (1H, d, J= 5.6, NH):

- 2.5.3 (S)-Leucyl-(R)-(1-phenyl-2-hydrexyethyDamine ((S, R)-Leu-A3).

i
' i
HN N”']/“OH '
2 Ci) @ .

(S, R)-Leu-A3

This compound was prepared from the reaction of (S, R)-Boc-Leu-A3 (0.15 g,
0.43 mmol)vand TFA (O.ZS_mL) following the general procedure for deprotection of
Bdc protecting group described in section 2.5. The desired product was obtained as
'ciéar oil (0.03 g, 0.13 mmol, 30 %). '"H NMR (200 MHz, CDCl3) & 0.86 (3H, d, J =
| 4.5, CH(CHy)y), 091 (3H, d, J = 6.0, CH(CHs),), 1.54-1.67 (3H, m, CH(CHs), and
. CH,CH(CHz)y), 2.92—3,35 (1H, br, OH), 3.45 (1H,d, J= 5.5, «-CH), 3.77 2H, d, J = v'
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5.0, CHLOH), 4.97-5.02 (1H, m, CHPh), 7.21-7.32 (SH, m, ArH), 8.08 (15, d, J=7.5,

i 'Nﬁ).

2.5.4 (S)—Leucyl—@’)-(i-ind_anyl)amine ((S, S)-Leu-AS).

H
1 N
H,N
0 j=
\_/
(8, S)-Leu-AS

This compound was prepared frorﬁ the reaction of (S’S—Bbc—Leu—AS 0.27 g,

0.79 mmol) and TFA (0.25 mL) following the general procedure for deprotection of

Boc protecting group described in section 2.5. The desired product was obtained as a

| clear oil (0.14 g, 0.60 mmol, 76 %). 'H NMR (200 MHz, CDCls) & 0.93-0.96 (6H, m,

i.. CHs), 1.60-1.81 (3H, m, CH(CH3), and CH,), 1.89-1.92 (2H, m, CHCH,CH.), 2.49-

2.60 (2H, m, CHCH,), .3.37—3.58 (1H, br, o~CH), 5.38-5.49 (1H, m, CH (indane)),
7.18-7.26 (4H, m, ArH).

2.5.5 (S)-tert-Leucyl-(8)-(1-phenylethyl)amine ((S, S)-fLeu-Al).

CH
HN ’

(8, S)-tlLeu-Al

This compound was prepared from the reaction of (S, S)-Boc-fL.eu-A1 (0.19
g, 0.5 mmol) and TFA (0.5 ml) following the general proce'durev for deprotection of
Boc protecting group described in section 2.5. The desired product was obtained as

clear oil (0.11 g, 0.48 mmol, 96 %). 'H NMR (200 MHz, CDCL) & 0.94 (9H, s,
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'C(CHa)s), 1.43 3H, d, J = 8.0, CHCH3), 3.78-3.82 (1H, br, &-CH), 4.95-5.20 (1H, m,
CHPh), 7.18-7.33 (SH, m, ArH).

2.5.6 (S)-Valyl-(S)-(1-phenylethyl)amine ((S, S)-Val-Al).

-

N.. CH
HNI(V

O/"
S 2

(S, §)-Val-Al

This compound was prepared from the reaction of (S, S)-Boc-Val-Al (0.26 g,
0.8 mmol) and TFA (0.5 mL) following the general procedure for deprotection of Boc
protecting group described in section 2.5. The desired product was obtained as clear

0il (0.07 g, 0.33 mmol, 41%). 'H NMR (200 MHz, CDCls) & 0.80 3H, d, /= 7.0, CH

(CHs)), 0.92 3H, d, J = 7.0, CH(CHs),), 1.43 (3H, d, J = 7.0, CH(Ph)CH3), 1.95- .

220 (1H, m, CH(CHs),). 3.05-3.20 (1H, m, o~CH), 5.07 (1H, m, J = 7.0, CH(Ph)
CHa), 7.17-7.33 (51, m, ArH), 7.60-7.68 (11, br, NH). | -

2.5.7 (S)-Valyl-(R)-(1-phenylethyl)amine ((S, R)-Val-Al).

N, _cH
BN Y, fre 3

O

(8, R)-Val-Al

This compound was'prepared from the reaction of (§, R)-Boc-Val-Al (0.23_ g,
- 0.7 mmol) and TFA (0.5 mL) following the general procédure for deprotection of Boc -
protecting group described in section 2.5. The desired product was obtained as clear
'.oil (0.04 g, 0.33 mmol, 47%). "H NMR (200 MHz, CDCl3) § 0.72 (BH,d,J= 7.0, CH
(CHs)), 0.92 (3H, d, J = 7.0, CH(CHs),), 1.41 (3H, d, J = 7.0, CH(Ph)CHs), 1.95-
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220 (1H, m, CH(CHs),), 3.05-3.20 (1H, m, &~CH), 5.07 (1H, q, J = 7.0, CH(Ph)
CHj), 7.17-7.33 (5H, m, ArH), 7.59-7.63 (1H, br, NH).

2.5.8 (S)-Phenylalanyl-(S)-(1-phenylethyDamine ((S, S)-Phe-Al)

TI:II CH

HyN o 3
O V |
S |
(S, S)-Phe-Al

This compound was prepared from the reaction of (S)-Boc-Phe-Al (0.27 g,
073 mmol) and TFA (0.5 mL) following the géneral procedure for deprotection of‘
Boc protecting group described in section 2.5. The desired product was obtained as
clear oil (0.16 g, 0.59 mmol, 81%). '"H NMR (200 MHz, CDCl;) 1.43 (3H, d, J="7.0,
CH3), 2.75 (1H, dd, J=13.5, 8.5, CHy), 3.20 (1H, dd, J=13.5, 4.5, CHy), 3.60 (1H,
dd, J = 8.5, 4.5, a-CH), 5.08 (1H, m, CH(Ph)CHz;), 7.16-7.60 (10H, m, ArH), 7.62
(1H, d, J= 8.0, NH).

2.5.9 (§)-Phenylglycyl-(S)-(1-phenylethyl)amine ((S, S)-Phg-Al)

ZT

CH;

(S, S)-Phg-Al

_ This compound was prepared from the reaction (S)-Bec-Phg (0.18 g, 0.51
mmol) and TFA (0.5 mL) following the general procedure for'deprotection' of Boc
protecting group described in section 2.5. The desired product was obtained as clear

oil (0.08 g, 0.34 mmol, 67%). 'H NMR (200 MHz, CDC13) 51.44 (3H,d,J=75,CH
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- (Ph)CH3), 4.44 (1H, br, o~CH), 5.07 (1H, g, J= 7.5, CH(Ph)CHs), 7.19-7.34 (10H, m, -
ArH), 7.49 (1H, d, J= 7.5, NH).

2.5.10 (R)-Phenylglyeyl-(S)-(1-phenylethyl)amine ((R, S)-Phg-Al)

(R, §)-Phg-i:

This compound was prepared from the reaction of (R)-Boe-Phg (0.16 g, 0.47
mmol) and TFA (0.5 mL) foliowing the general procedure for deprotection of Boc
protecting group described in section 2.5. The desired product was obtained as clear

3 .(.)il (0;11 g, 0.42-mmol, 99%). "H NMR (200 MiHz, CDClL) 6 1.43 (BH,d,J=7.5,CH
(Ph)CHas), 4.44 (1H, br, o~CH), 5.08 (1H, q, /= 7.5, CH(Ph)CH3), 7.21-7.28 (10H, m,
ArH), 7.54 (1H, d, J= 7.5, NH).

2.5.11 (R)-Phenylglycyl-(R)-(1-phenylethyl)amine ((R, R)-Phg-Al)

®

=a |
: N CH
HQN“[( e
O ‘

" (R, R)-Phg-Al

This compound was prepared from the reaction of (R, R)-Boc-Phg-Al (0.27
g, 0.76 mmol) and TFA (0.5 mL) following the general procedure for deprotection of
Boc protecting group described in section 2.5. The desired product was obtained as

clear oil (0.17 g, 0.67 mmol, 88%). 'H NMR (200 MIiz, CDCls) § 1.42 (3H, d, J =
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7.0, CH(Ph)CHy), 4.42 (1H, s, o~CH), 5.06 (1H, q, J = 7.0, CH(Ph)CH,), 7.18-7.35
" (10H, m, ArH), 7.59 (1H, d, J= 7.0, NH). |

2.5.12 (8)-Leucyl-(S)-(1-cyclohexylethyl)amine ((S, $)-Leu-A4)

(S, S)-Leu-Ad

This compound Was prepared from the reaction of (S, S)-Boc-Leu-A4 (0.23
g, 0.68 mmol) and TFA (0.5 mL) following the general procedure for deprotection of
_ B;)c protecting group described in section 2.5. The desired product was obtained as
clear.dil (0.16 g, 0.68 mmol, 99 %). "H NMR (200 MHz, CDCl3) & 0.81-1.16 (17H,
m, J = 8.5, CH(CHs); and cyclohexyl), 1.53-1.89 (61, m, CH(CHs),, CH,, CH(cyclo)

- CHa), 3.60-3.80 (1H, br, CH(cyclo)CHa), 5.13-5.22 (1H, m, o-CH). |

2.5.13 (S)-Leucyl-(S)-(1-naphthylethyDamine ((S, S)-Leu-A2).

(S, S)-Leu-A2

This compound was prepared from the reaétion (S, $)-Boc-Leu-A2 .(0.26 g,
: 0.68 mmol) and TFA (0.5 mL) following the vgenerai'procedure for deprotection of
Boc protecting group. The desired product was obtained as a clear oil (0.16, 0.55

v.x'nmol, 81%). '"H NMR (200 MHz, CDCl3) & 0.84 (6H, d, J = 6.0, CH(CHs),), 1.20-
.. 1.41 (1H, m, CH(CHs)2 ), 1.54 (34, d, J = 10, CH(1-naph)CHj), 1.60-1.65 (2H, m,
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 CHy), 2.00-2.20 (2H, br, NHy), 3.21-3.40 (1H, br, o-CH) 5.78-5.90 (1H, m, J = 10.0,
© CH(1-naph)CHs), 7.31-7.50 (4H, m, ArH), 7.70-7.90 (3H, m, ArH), 8.07 (1H, d, /=
10.0, NH).

2.5.14 Glycyl-(S)-(l—phenylethyl)amine ((9)-Gly-Al).

H
; N CH
HZN/\H/ 3
O %
|

AN
(S)-Gly-Al

In 25 mL round bottomed flask, ($)-Cbz-Gly-A1 (0.23 g, 0.73 mmol) was
dissolved in methanol (8 mL) then 10% Pd-C was added. The reaction was stirred at
room temperature under Hy gas balloon for 3 h The mixture was filtered through a

short plug of celite and washed with methanol. The solvent was removed by a rotary
| evaporator to give the desired product as a clear oil (0.08 g, 0.46 mmol, 64%). 'H
- NMR (200 MHz, CDCls) 6 1.43 (3H, d, J = 6.0, Cls), 3.20-3.30 (2H, m, o-CH),
- 5.01-5.05 (1H, m, CH(Ph)CHy), 7.10-7.35 (SH, m, ArH), 7.70-7.85 (1L, br, NH).

2.5.15 Glyeyl-(R)-(1-phenyletyl)amine ((R)-Gly-Al).

H

N, CH

HNT Y
O

(R)-Gly-Al

‘This compound was prepared from the (R)-Cbz-Gly-Al (0.15 g, 0.50 mmol)

: following the procedure for the synthesis of glycyl-(S)-(1-phenylethyl)amine

: described .in section 2.5.14._ The desired product was obtained as a clear oil (0.08 g,

: '0,4_5 mmol, 89%). '"H NMR (200 MHz, CDCL) & 1.37 (3H, 4, J = 7.0, CH3), 3.33- |
3.58 (2H, br, a-CH), 4.96-5.05 (1H, m, CH(Ph)CHa), 7.10-7.35 (5H, m, AtH), 7.74

(11, d,J=7.0, NH).
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2.6 General procedure for preparation of salicylimine ligands.

1
. 0 H\ R o
. B sl 7l CHCl, N)ﬁ( “R?
H,;N R & - O
R’ OH R’ OH

O

An amine was dissolved in CHCl; (2 mL) and then salicylaldehyde was added.
After stirring for 24 h at room temperature, the solvent was removed by a rotary
evaporator to give yellow residue. The residue was dissolved in dichloromethane and |
~ eluted through a silica gel column by ethyl acetate in hexanes gradient from 7 % to 20
| % to afford a crude product as a yellow solid after evaporation. Recrystallization from

* hexanes provided the desired product as a yellow solid.

2.6.1 N-salicylidene-(S)-leucyl-(S)-(1-phenylethyl)amine ((S, $)-S1-Leu-
Al). |

(S, S)-S1-Leu-Al

_ This compound was prepared from ‘3:-16 reaction of (S,8})-_eu-Al (Oﬂ.ll g, 0.38

mmol) and salicylaldehyde (39.7 pl., 0.38 mmol) following the general procedure for

~ the preparation of salicylimine ligands described in section 2.6. The desired product

| was obtained as a yellow solid (0.09 g, 0.22 mmol, 59%). '"H NMR (200 MHz,

- CDCl3) 8 0.90 3H, d, J= 9.0, CH(CHs)), 0.93 (3H, d, J= 9.0, CH(CH:),), 1.45 (3H,
d,J=17.0, CHPhCHs), .1.75-1.90 (3H, m, CH, and CH(CHzs),), 3.80-3.95 (1H, m, o

. CH), 5.05-5.18 (1H, m, CHPhCHz), 6.45 (1H, d, J= 8.0, NH), 6.80-7.0 (4H, m, ArH),
7.17-7.29 (SH, m, ArH), 8.28 (1H, s, HC=N).
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2.6.2 N-salicylidene-(S)-leucyl-(R)-(1-phenylethyl)amine ((S,R)-Leu-Al).

v H ,
@N ¢N/,' CH3
0
OH
(S, R)-S1-Leu-Al

This compound was prepared from the reaction of (§,R)-Leu-Al1 (0.11 g, 049
mmol) and salicylaldehyde (42.1 zd., 0.49 mmol) following the general procedure for
the preparation of salicylimine ligands. The desired product was obtained as a yeﬂow
© solid (O.ll g, 0.33 mmol, 83%). '"H NMR (200 MHz, CDCl;) & 0.86 (3H, d, J = 7.0,
CH(CHs),), 0.87 (3H, d, J = 7.0, CH(CHs),), 1.42 (3H, d, J = 7.0, CHPhCHj3), 1.75-
1.85 (3H, m, CH, and CH(CHz),), 3.80-3.95 (1H, m, oCH), 5.08-5.20 (1H, m,
CHPhCH3), 6.20 (1H, d, J = 8.0, NH), 6.80-7.0 (4H, m, ArH), 7.17-7.29 (5H, m,
ArH), 8.30 (1H, s, HC=N). - | |

2.6.3 N-salicylidene-(S)-leucyl-(S)-(1-naphthylethyl)amine ((§,5)-S1-Leu-
A2).

(S, 8)-S1-Leu-A2

This compound was prepared from the reaction of (S, S)-Leu-A2 (0.20 g, 0.71
| mmol) and salicylaldehyde (75 gL, 0.71 mmol) following the general procedure for
the preparatién of salicylimine ligahds. The desired product was obtained as a yellow
~solid (0.19 g, 0.49 mmol, 69 %) & 0.84-0.92 (6H, t,. J =125, CH(CHs),), 1.58-1.71
| (1H, m, CH(CH3),), 1.65 (3H, d, J = 7.0, CH(1-naph)CH3), 1.78-1.97 (QH, m, CHy),
3.92 (llH, dd, J=9.0,4.5, a-CH), 5.87-6.01 (1H, m, CH(1-naph)CHj3), 6.25 _(IH, dJ. .
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© = 8.0, NH), 6.84-6.95 (4H, m, ArH), 7.20-7.50 (4H, m, ArH), 7.70-7.82 (2H, m,
ArH), 8.06 (1H, d, J = 10.0, ArH), 8.25 (1H, s, HC=N).

2.6.4 N-salicylidene-(S)-leucyl-($)-(1-phenyl-2-hydroxyethyl)amine ((S, .$)-

S1-Leu-A3).
« <
sea ve
OH e

(8, 5)-S1-Leu-A3

: This compound was prepared from the reaction of (S, §)-Leu-A3 (0.03 g, 0.13

mmol) and salicylaldehyde (13.5 gL, 0.13 mmol) following the general procedure for
the preparation of salicylimine ligands described in section 2.6. The desired product
was obtained as a yellow ;olid (0.02 g, 0.05 mmol, 38 %). '"H NMR (200 MHz,
CDCl) 8 0.89 3H, d, J = 6.5, CH(CHs)), 0.93 311, d, J = 6.5, CH(CLs)p), 1.52-1.60
- (1H, m, CH(CHs),), 1.86 (2H, t, J= 7.0, CH,CH(CHas),), 3.02-3.50 (1H, br, OH), 3.84
(2H, d, /= 5.0, CH,OH), 3.93-4.00 (1H, m, o~CH), 5.03-5.06 (1H, m, CHPh}, 6.87-
6..98 (4H, m, ArH), 7.22-7.39 (SH, m, ArH), 8.33 (IH, d, J=17.5, HC=N).

2.6.5 N-salicylidene-(S)-valyl-(S)-(1-phenylethyl)amine ((S, $}-Si-Val-Al).

H\Y 8. _cH
a 413
, @kNA{( o
o)
OH : ©
(8, 5)-S1-Val-Al

This compound was prepared from the reaction of (S, $)-Val-Al (0.12 g, 0.53
‘mmol) and salicylaldehyde (55 gL, 0.52 mmol) follovving the general procedure for

' preparation of salicylimine ligands. The desired product was obtained as a yellow
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* solid (0.11 g, 0.35 mmol, 67 %). 'H NMR (200 MHz, CDCls) & 0.85 (3H, d, J = 7.0,
__..CH(cg3)2), 0.98 (3H, d, J = 7.0, CH(CHs),), 1.50 (3H, d, J = 7.0, CH(Ph)CHL), 2.40-
260 (1T, m, CH(CHa),), 3.75 (1H, d, J= 4.0, &-CH), 5.15 (1H, m, J = 7.0, CH(Ph)
CHy), 6.30 (IH, d, J = 7.0, NH), 6.88-6.97 (4H, m, ArH), 7.29-7.48 (5H, m, ArH),
 827(1H, s, HC=N).

2.6.6 N-salicylidene-(S)-valyl-(R)-(1-phenylethyl)amine ((S, R)-S1-Val-

/ //, 243
OﬁN I8
X-"on /i
\

(S, R)-81-Val-Al

“Al).

N This compound was prepared from the reaction of (8, R)-S1-Val-Al (0.11 g,
0.49 mmol) and salicylaldehyde (51 zL, 0.49 anol) following the general procedure
for preparation of salicylimine ligands. The desired product was obtained as a yellow
" solid (0.15 g, 0.45 mmol, 91 %). '"H NMR (200 MHz, CDCI3) 8 0.85 (6H, d, J= 7.0,
CH(CHs)), 1.41 (3H, d, J = 7.0, CH(Ph)CHas), 2.37-2.43 (1H, m, CH(CHs),), 3.67
(1H, d, J=4.0 o-CH), 5.15 (1H, m, J= 7.0, CH(Ph)CHs), 6.40 (1H, d, J= 7.0, NH),
. 6.88-6.97 (4H, m, ArH), 7.29-7.48 (5SH, m, ArH), 8.30 (1H, s, HC=N).

2.6.7 N-salicylidene-(S)-phenyl-glycyl-(S)-(1-phenylethyDamine ((S, $)-S1-

Phg-Al).
Hitl
s
H\ 113
N
O
OH

(S, 5)-S1-Phg-Al

This compound was prepared from the reaction of (S, 5)-Phg-Al (0.07 g,
0.29 mmol) and salicylaldehyde (30 xL, 0.29 mmol) following the general procedure
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for preparatibn of salicylimine ligands described in section 2.6. The. desired product

was obtained as a yellow solid (0.08 g, 0.23 mmol, 81 %) 'H NMR (200 MHZ,.
' CDCl3) 6 1.44 (3H, 4, J = 7.0, CH{Ph)CHs), 5.02 (1H, s, a—CH), 5.13-5.20 (1H, m,

CH(Ph)CH3), 6.44 (1H, d, /= 7.0, NH), 6.86-7.02 (4H, m, ArH), 7.17-7.45 (10H, m,

. ArH), 8.42 (1H, s, HC=N).

2.6.8 N-salicylidene-(R)-phenylglycyl-(S)-(1-phenylethyl)amine ((R,S)-S1-
~ Phg-Al). '

X

|

=
. ; "3
Y
¥ OH
(R, S)-S1-Phg-A1l

This compound was prepared from the reaction of (R, §)-Phg-Al (0.11 g, 0.42
mmol) and salicylaldehyde (44 1., 0.42 mmol) following the general procedure for

.- preparation of salicylimine ligands described in section 2.6. The desired product was

obtained as a yellow solid (0.12 g, 0.33 mmol, 80 %). "H NMR (200 MHz, CDClL3) &
1.44 (3H, d, J = 7.0, CH(Ph)CH3), 5.02 (1H, s, a~CH), 5.13-5.20 (1H, m, CH(Ph)
- . CHs), 6.44 (1H, d, J = 7.0, NH), 6.86-7.02 (4H, m, ArH), 7.17-7.45 (10H, m, ArH),
8.42 (1H, s, HC=N). |
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2.6.9 N-salicylidene-(R)-phenylglycyl-(R)-(1-phenylethyl)amine ((R,R)-S1-
Phg-Al). |

H :; __—
. @\\N/\H/N/h CH,3
, O
OH
(R, R)-S1-Phg-Al

This compound was prepared from the reaction of (R, R)-Phg-Al '(0.17 g,
0.67 mmol) and salicylaldehyde (70 zL, 0.68 mmol) following fhe general procedure
- for preparation of salicylimine ligands described in section 2.6. The desired product
was obtained as a yellow solid (0.18 g, 0.50 mmol, 74 %). 'H NMR (200 MHz,
CDCL) & 1.46 (3H, d, J = 7.0, CH(Ph)CHj), 4.28 (1H, s, o-CH), 5.11-5.23 (1H, m,
CH(Ph)CHj3), 6.44 (1H, d, J = 7.5, NH), 6.86-7.02 (4H, m, ArH), 7.17-7.45 (10H; m,
- ArH), 8.41 (1H, s, HC=N).

2.6.10 N-salicylidene-glyeyl-(S)-(1-phenylethyl)amine ((S)-S1-Gly-Al).

H H
_ N Na _-CHj,
OH

($)-S1-Gly-Al

This compound was prepared from the reaction of {(S)-Gly-Al (0.17 g, 0.67
mmol) and salicylaldehyde (70 4L, 0.68 mmol) following the general procedure for
préparation of salicylimine ligands described in sectioﬁ 2.6. The desired- product was
_obtained as a yellow solid (0.18 g, 0.50 mmol, 74 %). "H NMR (200 MHz, CDCl3) &
7150 3H, d, J= 6.0, CHs), 430 (2H, s, o~CH), 5.05-5.20 (1H, m, CH(Ph)CHs), 6.80-
7.00 (4H, m, Arﬁ), 7.26-7.30 (5H, m, ArH), 8.33 (1H, s, HC=N).
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2.6.11 N-salicylidene-glycyl-(R)-(1-phenylethyamine ((R)-S1-Gly-Al).

H .
' N N CH,
LY
O
OH

(R)-S1-Gly-Al

This compound was pfepared from the reaction of (R)-Gly-Al (0.05 g, 0.28
-mmol) and salicylaldehyde (29 i, 0.28 mmol) following the general procedure for
preparation of salicylimine ligands described in section 2.6. The desired product was
obtained as a yellow solid (0.06 g, 0.22 mmol, 78 %). "H NMR (200 MHz, CDCl3) 6
1.50 (3H, d, J = 6.0, CHz), 4.30 (2H, s, a-CH), 5.05-5.20 (1H, m, CH_(Ph)CH;), 6.8.0—

'..7.00 (4H, m, ArH), 7.26-7.30 (5H, m, AsLl), 8.33 (1H, s, HC=N).
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2.6.12 N-(3,5)-di-tert-butylsalicylidene-(S)-leucyl-(:S)-(1-phenylethyl)amine
((S; $)-S2-Leu-Al).

H
N. _CH;,

(S, S)-S2-Leu-Al

- This compound was prepared from the reaction of (S, S)-Leu-Al (0.12 g, 0.51
mmol) and 3,5-di-ferr-butylsalicylaldehyde (0.12 g, 0.51 mmol) following the general
- procedure for preparation of salicylimine ligands described in section 2.6. The desired
product was obtained as a yellow solid (0.17 g, 0.37 mmol, 72 %). mp: 152.7-153.9
°C.[ar]%* (c 1.0, CHCl3) = +106.3°. "H NMR (200 MHz, CDCly) 5 0.91 (3H, d, J =
7.0, CH(CHs)y), 0.94 (3H, d, J = 7.0, CH(CHs),), 1.29 (9H, s, p-C(CHjs)3), 1.44 (OH,
s, 0-C{CHas)3), 1.49 (3H, d, J = 8.0, CHPhCH;), 1.83-1.87 (3H, m, CH(CHs), and
CH,), 3.82-3.91 (1H, dd, J=9.0, 4.5 a-CH), 5.05-5.12 (1H, m, CHPhCH3;), 6.36 (1H,
d,J=6.0,NH), 7.09 (14, d, J = 2.5, ArH), 7.21-7.26 (5H, m, ArH), 742 (1H, d, J=
2.5, ArH), 8.30\: (1H, s, HC=N). ”C NMR (50 MHz, CDCl3) & 21.1 (CH,CH(CH3),),
22.4 (NHCH(Ph)QH3); 23.4 (CH,CH(CHs)z), 24.3 (CHoCH(CHa)y), 29.4 (0-C(CH3)3),
31.4 (p-C(CHj3)s), 34.2 (C(CHa3)3), 35.1 (C(CHs)s), 43.3 (CH,), 48.9 (CHNH), 72.2
=3 (a-CH), 117.5,125.9, 126.6, 127.3, 128.0, 128.7, 136.9, 140.9, 142.9 (Ar), 157.8 (C-
OH), 168.1 (C-N), 171.3 (C=0). MS (FAB+) m/z (relative intensity) 451 [M+H]|"
(100), 435 (8), 302 (18), 105 [CHCH3Ph]" (67). Anal. Calcd for CyHgpN,0,: C,
- 77.29; H, 9.39; N, 6.22. Found: C, 77.29; H, 9.39; N, 6.22. '
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2.6.13 N-(3,5)-di-tert-butyl-salicylidene-(S)-leucyl-(R)-(1-phenylethyl)
amine ((S, R)-S2-Leu-Al).

(S, R)-S2-Leu-Al

This compound was prepared from the reaction of (S, R)-Leu-Al (0.16 g,
0.60 mmol) and 3,5-di-fert-butylsalicylaldehyde (0.16 g, 0.60 mmol) following the
general procedure for preparation of salicylimine ligands described in section 2.6. The
desired product was obtained as a yellow solid (0.21 g, 0.46 mmol, 77 %) mp: 143.8-
146.0 °C. [«]2? (c 1.0, CHCl3) = +8.1°. "H NMR (200 MHz, CDCls) & 0.88 (6H, d,
J=16.5, CH(CHas),), 1.31 (9H, s, p-C(CHxs)3), 1.40-1.44 (3H, d, J= 8, CHPhCHj3), 1.44
(9H, s, 0-C(CHs)3), 1.83-1.87 (3H, m, CH(CHj3;), and CH>), 3.82-3.91 (1H, m, o-CH),
5.05-5.12 (1H, m, CHPhCHz), 6.35-6.38 (1H, d, /= 6.0, NH), 7.14-7.13 (1H, d, J =
2.4, ArH), 7.29-7.33 (SH, m, ArH), 7.44-7.45 (1H, 4, .f= 2.3, ArH), 8.35 (1H, s,
CH=N). ®C NMR (50 MHz, CDCl3) & 21.0 (CH(CHs),), 22.3 (QI—&CH_PH), 23.4 (CH
(CHz)y), 24.3 (CH(CHz)), 29.4 (C{CHa)s), 31.5 (C(CHs)z), 35.1 (C(CHa)), 43.2
(CHy), 48.7 (CHNH), 72.0 («~CH), 117.5, 125.9, 126.6, 127.4, 128.1, 128.8, 137.0,
140.9, 143.0 (Ar), 157.8 (C-OH), 168.0 (C=N), 171.2 (C=0). MS (FAB+) m/z
(relative intensity) 451 [M+H]" (20), 435 (2), 302 (10), 105 [CHCH;Ph]" (100). Anal.
Caled for CooHgoN205: C, 77.29; H, 9.39; N, 6.22. Found: C, 77.21; H, 9.37; N, 6.24.
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2.6.14 N-(3, 5)-tert-butyl-salicylidine-(S)-leucyl-(S)-(1-naphthylethyl)
. amine ((S, §)-S2-Leu-A2).

(S, $)-S2-Leu-A2

This compound was prepared from the reaction of (S, S)-Leu-A2 (0.16 g,
0.55 mmél) and 3,5-di-tert-butylsalicylaldehyde (0.13 g, 0.55 mmol) following the
“general procedure for preparation of salicylimine ligands described in section 2.6. The
desired product was obtained as a yellow solid (0.12 g, 0.25 mmol, 46%) mp: 162.7—
163.4 °C. [a]%”? (¢ 1.0, CHCls) = +145.7°. 'H NMR (200 MHz, CDCl) & 0.90 (3H,
d, J= 6.5, CH(CHs)y), 0.94 (3H, d, J = 6.5, CH({CHjs),), 1.26 (9H, s, p-C(CHjs)s3), 1.41
~(9H, s, 0- C(CHs)s), 1.64-1.67 3H, d, /=38, CH(l-naph)Cﬁg), 1.85-1.98 (3H, m, CH
(CH3), and CHy), 3.85-4.00 (1H, m, a~CH), 5.85-5.95 (1H, m, CH(1-naph)CH;), 6.51
(1H, d, J= 8.0, NH), 7.05 (1H, d, J= 6.0, ArH), 7.41 (54, d, J= 2.4, ArH), 7.65-7.85
(2H, m, ArH), 8.06 (1H, d, J = 2.3, ArH), 8.30 (1H, s, CH=N). C NMR (50 MHz,
CDCly) & 21.1 (CH(CHa)), 22.6 (CH;CHPh), 23.4 (CH(CHs)y), 24.3 (CH(CHs)),
-~ 29.4 (C(CHas)3), 31.4 (C(CHas)s), 35.0 (C(CHa)s), 43.2 {(CH>), 44.9 (CHNH), 72.0 (&-
CH), 117.5,122.4,123.2,125.7,126.4, 126.6 127.9, 128.2, 128.8, 138.3, 140.8, 143.0
(Ar), 157.7 (C-OH), 168.2 (C=N), 171.2 (C=0). MS (FAB+) m/z (relative intensity)
501 [M+H]" (40), 316 (18), 301 (10), 288 (7), 258 (7), 244 (7), 233 (9), 219 (9), 218
(7), 155 [CH(1-papthyl)CH3]" (100). Anal. Caled for C33Hy4N,Os: C, 79.16; H, 8.86;
N, 5.59. Found: C, 79.19; H, 8.88; N, 5.57.
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2.6.15 3, 5-di-fert-butylsalicylidene-(S)-leucyl-(S)-(1-cyclohexylethyl)
amine (($, $)-S2-Leu-A4). '

" .
N._CH;

(S, S)-S2-Leu-Ad

This compound was prepared from the reaction of (S, S)-Leu-A4 (0.16 g, 0.68
mmol) and 3,5-di-terf-butylsalicylaldehyde (0.16 g, 0.68 mmol) following the geﬁeral
procedure for preparation of salicylimine ligands. The desired product was. obtained
as a yellow solid (0.22 g, 0.49 mmol, 72 %) mp: 172.9-173.7 °C. [&]2*(c 1.0, CHCl3)
=-100.0°. "H NMR (400 MHz, CDCl3) §0.93 (6H, d, J = 6.0, CH(CHz),), 1.10-1.12
(3H, d, /= 7.0, NHCHCH3s), 1.32 (9H, s, p-C(CHz)3), 1.45 (9H, s, 0- C(CHs);), 1.48-
1.68 (11H, m, cyclohexyl), 1.73-1.88 (3H, m, CH(CHs); and CH,), 3.78-3.86 (1H, m,
- CH(cyclohexyl)CHas), 3.90 (1H, dd, J = 10, 4.0, a~CH), 5.96 (1H, d, J = 8.5, NH),
7.14 (1H, d, J=2.0, ArH), 7.45 (1H, d, /= 2.0, ArH), 8.34 (1H, s, CH=N). "C NMR
(50 MHz, CDCl) & 17.9 (CH3CH(cyclohexyl)), 21.1 (CH(CHjs)p), 23.4 (CH(QHQ;),‘
243 (QH(CHg)z), 26.1,26.3, 28.7, 29.0 (cyclohexyl), 29.4 (C(CHjs)3), 31.4 (C(CHs)3),
34.2. (cyclohexyl), 35.0 (C(CHas)s), 42.8 (CH,), 43.4 (CHNH), 49.3 (cyclohexyl), 72.5

(a-CH), 117.5, 136.9, 140.8 (Ar), 157.7 (C-OH), 167.6 (C=N), 171.4 (C=0). MS
.. (FAB+) m/z (relative intensity) 457 [M+H]" (100), 441 (12), 401 (8), 359 (10), 341
(8), 331 (8), 302 (12). Anal. Calcd for CoHygN,Oy: C, 76.27; H, 10.59; N, 6.13.
Found: C, 76.26; H, 10.67; N, 6.05.
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2.6.16 N—(3,5)-di-tert-bu_tylsalicy]idene—(S)—leucyl—(S)-(l-indanylefhyl) E
“amine ((S, $)-S2-Leu-A5). )

2L

(S, $)-S2-Leu-AS

This compound was prepared from the reaction (S, S)-Leu-AS5 (0.14 g, 0.6
mmol) and 3,5-di-ferf-butylsalicylaldehyde (0.14 g, 0.6 mmol) following the general |
procedure for preparation of salicylimine ligands. The desired product was obtained
as a yellow solid (0.16 g, 0.35 mmol, 59 %). mp: 169.4-173.6 °C. [a]+’(c 1.0,
CHCl;) = +48.7°. '"H NMR (200 MHz, CDCl) & 0.91 (3H, d, J = 2.5, CH(CHa),),
0.95 (3H, d, J = 2.5, CH(CHas)2), 1.29 (9H, s, p-C(CHa)3), 1.40 (9H, s, 0-C(CHa)s),
- 1.78-1.90 (3H, m, CH(CHs); and CH,), 2.60-2.75 (2H, m, NHCHCH,), 2.85-3.00
(2H, m, NHCHCH,CH>), 3.98 (1H, dd, /= 9.0, 4.5, o~CH), 5.46 (1H, q, J= 8.0, CH
(indane), 6.25 (1H, d, J = 8.0, NH), 7.07-7.29 (5H, m, ArH), 7.41 (5H, d, J = 2.5,
ArH), 8.35 (1H, s, HC=N). *C NMR (50 MHz, CDCl3) & 21.2 (CH(CHz),), 23.4.(CH
(CHs),), 24.3 (CH(CHs)p), 27.5, 29.4 (C(CHs)s), 30.2, 31.4 (C(CHas)s), 34.2, 35.1 (C
(CHs)3), 43.4 (CHy), 54.5 (CHNH), 72.5 (-CH), 117.5, 123.8, 124.8, 126.6, 129.8,
127.9, 128.0, 136.8, 140.8, 143.0, 143.3 (Ar), 157.7 (C-OH), 168.0 (C=N), 172.1
(C=0). MS (FAB+) m/z (relative intensity) 463 [M+H]" (100), 447 (8), 347 (5), 302
(11), 117 [indane]" (47). Anal. Calcd for C3HaaN2Op: C, 77.88; H, 9.15; N, 6.05.
Found: C, 77.77; H, 9.15; N, 6.13.
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2.6.17 N-(3,5)-di-tert—butylsalicylidene—(&-tert—leuyl-(S)—(l-phenyleythyl)
_amine ((S, S)-S2-fLeu-Al). |

(S, S)-S2-fLeu-Al

This compound was prepared from the reaction of (S, S)-tLeu-Al (0.11 g,
0.48 mmbl) and 3,5-di-tert-butylsalicylaldehyde (0.11 g, 0.48 mmol) following the
general procedﬁre for preparation of salicylimine ligands. The desired prodﬁét was
obtained as a yellow solid (0.14 g, 0.32 mmol, 67 %), mp: 151.4-152.5 °C. [a]%*(c
1.0, CHCl3) = +109.3°. "H NMR (200 MHz, CDCls) 8 1.10 (9H, s, CH(CH3)s), 1.31
(9H, s, p-C(CHs)3), 1.46 (9H, s, 0-C(CHs)3), 1.52 (3H, d, J = 7.0, CHCHs), 3.54 (1H,
s, &-CH), 4.95-5.20 (1H, m, CHPh), 6.35 (1H, d, J = 8.0, NH), 7.11 (1H, d, J = 2.5,
ArH), 7.10-7.27 (5H, m, ArH), 7.43 (1H, d, J = 2.5, ArH), 8.26 (1H, s, HC=N). "*C
NMR (50 MHz, CDCl3) & 22.8 (NHCHCH3), 27.3 (CHC(CHs)s), 29.4 (0-C(CH3)3),
31.4 (p-C(CHaz)3), 34.2 (C(CHs)3), 35.1 (C(CHa)s), 48.7 (CHNH), 83.6 (a-CH), 117.6, |
125.8, 126.7, 127.3, 127.9, 128.7, 136.9, 140.8, 142.9 (Ar), 157.8 (C-OH), 167.1
(Q=N), 171.3 (C=0). MS (FAB+) m/z (relative intensity) 451 [M+H]" (100), 435
(12), 395 (10), 302 (20), 105 [CHCH3Ph]" (34). Anal. Caled for CyHeoN,05: C,
77.29; H, 9.39; N, 6.22. Found: C, 77.19; H, 9.42; N, 6.29.
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2.6.18 N-(3,5)-di-tert-butylsalicylidene-valyl-(S)-(1-phenyleythyl)amine

((S, $)-S2-Val-Al).
N 7 .]/ 3
H © =

/\, <

(S, $)-S2-Val-Al

This compound was prepared from the reaction of (S, $)-Val-Al (0.07 g, 0.33
mmol) and 3,5-di-fert-butylsalicylaldehyde (0.07 g, 0.33 mmol) following the general
procedure for preparation of salicylimine ligands described in section 2.6. The desired
product was obtained as a yellow solid (0.08 g, 0.18 mmol, 57 %) mp : 187.3-190.1.
°C.[af¥ (c1 ;o, CHCL) = +128.7°. "H NMR (200 MHz, CDCls) 8 0.96 (3H, d, J = 7.0,
CH(CHs),), 1.05 (3H, d, /= 7.0, CH(CHs)y), 1.33 (9H, s, p-C(CHs)3),-1.45 (9H, s, 0- -
C(CHs)s), 1.51 (3H, d, J = 8.5, CH(Ph)CHz), 2.50-2.60 (1H, m, CH(CHjs),), 3.68 (1H,
d, J=4.0, o-CH), 5.12-5.18 (1H, m, CH(Ph)CHa), 6.45-6.52 (1H, d, J = 8.0, NH),
7.14 (1H, d, J = 2.5, ArH), 7.22-7.32 (SH, m, ArtH), 7.46 .(IH, d,J=2.5, ArH) 8.30
(1H, s, HC=N). °C NMR (50 MHz, CDCl;) & 17.3 (CH(CHj3),), 19.7 (CH(CHs),),
22.5 (NHCHCHS3), 29.4 (0-C(CHj)s), 31.5 (p-C(CHs)3), 32.2 (CH(CHas),), 34.2 (C
(CHs)3), 35.1 (C(CHa)3), 49.0 (CHNH), 79.3 (a-CH), 117.6, 125.9, 126.2, 126.7,
127.4, 128.0, 128.7, 136.9, 140.8, 142.9 (Ar), 157.9 (C-OH), 168.6 (C=N), 170.5
(C=0). MS (FAB+) m/z (relative intensity) 437 [M+H]" (100), 421 (13), 395 (10),
341 (7), 331 (8), 288 (20), 105 [CHCH;Ph]" (98). Anal. Calcd for CagHyN,0y: C,
77.02; H, 9.23; N, 6.42. Found: C, 76.90; H, 9.29; N, 6.34.
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2.6.19 N-(3,5)-di-tert-butylsalicylidene-(S)-phenyl-alanyl-(S)-(1-
phenyleythyl)amine ((S, $)-S2-Phe-A1l).

H
No__-CHj

(8, §)-S2-Phe-Al

- This compound was prepared from the reaction of (S, §)-Phe-Al (0.15 g, 0.59
| mmol) and 3,5-di-z‘ert~butyisalicyiaidehyde (0.14 g, 0.59 mmol) following the general
brocedure for preparation of salicylimine ligands described in section 2.6. The desired
product was obtained as a yellow solid (0.21 g, 0.41 mmol, 72 %)'.v mp: 142.1-142.7
°C. [21” (c 1.0, CHCL) = -34.9°. 'H NMR (200 MHz, CDCls) & 1.24 (9H, s, p-C
(CHs)), 1.42 (3H, d, J = 7.5, CHs), 1.44 (9H, s, 0-C(CHs)3), 3.13 (IH, dd, J = 13.5,
8.0, CHa), 3.39 (1H, dd, J=13.5, 4.0, CH,), 4.01 (1H, dd, J = 8.0, 4.0, «-CH), 5.08
(1H, q, J= 7.5, CH(Ph)CH3), 6.33 (1H, d, J= 7.5, NH), 6.91 (11, d, /= 2.5, ArH),
7.14-7.28 (10H, m, ArH), 7.39 (1H, d,J=2.5, AtH), 7.94 (1H, s, HC=N). *C NMR
(50 MHz, CDCls) 6 22.3 (CHs), 29.4 (0-C(CHs)s), 31.4 (p-C(CHs)3), 34.1 (C(CHzs)s),
35.1 (C(CHs)s), 41.1 (CHy), 49.0 (CHNH), 75.0 (a~CH), 117.5, 125.9, 126.6, 127.3,
128.0, 128.4, 128.7, .129.8, 136.8, 137.0, 140.7, 142.8 (Ar), 157.7 (C-OH), 168.5
(C=N), 170.0 (C=0). MS (FAB+) m/z (relative intensity) 485 [M+H]" (100), 469
(10), 429 (3), 381 (3), 336 (15), 288 (5), 269 (5), 244 (7), 234 (10), 218 ), 105
- [CHCH;Ph]" (38). Anal. Caled for CogHpN,05: C, 79.30; H, 8.32; N, 5.78. Found: C,
79.28, H, 8.32; N, 5.79.
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2.6.20 N-(3,5)-di-tert-butylsalicylidene glycyl-(S)-(1-phenyl-eythyl)amine
((S)-S2-Gly-Al). '

(5)-S2-Gly-Al

This compound was prepared from the reaction (§)-Gly-Al (0.08 g, 0.43
mmol) and 3,5-di-fert-butylsalicylaldehyde (0.10 g, 0.43 mmol) following the general
procedure for preparation of salicylimine ligands described in section 2.6. The desired
product was obtained as a yellow solid (0.09 g, 0.23 mmol, 57 %). mp: 146.1-146.4
°C. [a]%? (¢ 1.0, CHCl3) = +77.2 °. '"H NMR (200 MHz, CDCl;) & 1.29 (9H, s, p-C
(CHz)3), 1.43 (9H, s, 0-C(CHs)s), 1.47 (3H, d, J = 7.0, CH(Ph)CH;), 4.31 2H, s, o~
CH), 5.12-5.20 (1H, m, CH(Ph)CHs), 6.40 (1H, d, J= 8.0, NHd), 7.11 (1H, d, J = 2.5,
 ArH), 7.23-7.34 (5H, m, ArH), 7.43 (1H, d,J=2.5, ArH), 8.38 (1H, s, HC-N). *C

NMR (50 MHz, CDCls) 8 22.2 (CHs), 29.4 (0-C(CHs)s), 31.4 (p-C(CHs)s), 34.2 (C
(CHs)s), 35.1 (C(CHs)), 48.8 (CHNH), 62.8 (a-CHy), 117.6, 126.0, 126.6, 127.5,
128.1, 128.8, 136.9, 137.0, 140.9 (Ar), 157.7 (C-OH), 168.1 (C=N), 169.9 (C=0). MS
' (FAB+) m/z (relative intensity) 395 [M+H]™ (100), 379 (10), 288 (14), 105
[CHCH;3Ph]" (80). Anal. Caled for CosH3sN,05: C, 76.10; H, 8.69; N, 7.10. Found: C,
76.10; H, 8.57; N, 7.10.
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2.6.21 N-(3,5)-di-tert-butylsalicylidene glycyl-(S)-(1-phenyleythyljamine
((R)-S2-Gly-Al).

(R)-S2-Gly-Al

This compound was prepared from the reaction (R)-Gly-Al (0.09 g, 0.50
mmol) and 3,5-di-fert-butylsalicylaldehyde (0.11 g, 0.50 mmol) following the general
procedure for preparation of salicylimine ligands described in section 2.6. The desired
product was obtained as a yellow solid (0.13 g, 0.33 mmol, 66 %). mp: 142.5-144.7
°C. [a]¥? (¢ 1.0, CHCL) = -82.2 °. 'H NMR (200 MHz, CDCl3) § 1.14 (9H, s, p-C
(CHs)3), 1.40 (9H, s, 0-C(CHs)s), 1.49 (3H, d, J = 7.0, CH(Ph)CH,), 4.30 (2H, s, o~
CH), 5.12-5.19 (1H, m, CH(Ph)CH3), 6.38 (1H, d, J= 8.0, NH), 7.11 (1H, d, J= 2.5,
ArH), 7.23-7.34 (SH, m, ArH), 7.43 (1H, d, J=2.5, ArH), 8.38 (11, s, HC=N). °C
NMR (50 MHz, CDCls) & 22.2 (CHs), 29.5 (0-C(CHs)3), 31.4 (p-C(CHs)3), 34.2 (C
(CHs)3), 35.1 (C(CHs)s), 48.9 (CHNH), 62.8 (a~CH,), 117.6, 126.0, 126.6, 127.5,
128.1, 128.8, 137.0, 140.9, 142.8 (Ar), 157.7 (C-OH), 168.1 (C=N), 169.9 (C=0). MS _
(FAB+) m/z (relative intensity) 395 [M+H]" (100), 379 (10), 351 (3), 339 (5), 291 (8),
275 (8), 246 (7), 244 (6), 234 (8), 218 (6), 219 (6), 105 [CHCH3Ph]" (80). Anal.
Caled for CysH3gN2O5: C, 76.10; H, 8.69; N, 7.10. Found: C, 76.36; H, 8.52; N, 7.11.
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2.6.22 N-(3,5)-di-tert-butyisalicylidene-glycyl-(S)-[(R *, R *)-bisphenyl-
eythyl]amine ((S)-S2-Gly-A6). ' v

(S)-S2-Gly-A6

This compound was prepared from the reaction (8)-Gly-A6 (1.02 g, 3.62
mmol) and 3,5-di-fert-butylsalicylaldehyde (0.85 g, 3.62 mmol) following the general
procedure for preparation of salicylimine ligands described in section 2.6. The desired -
' product was obtained as a yellow solid (0.20 g, 0.40 mmol, 80%). "H NMR (400
MHz, CDCls) & 1.28 (9H, s, p-C(CHa)s), 1.43 (9H, s, 0-C(CHs)s), 1.74 (3H, br, CH
(Ph)CHs), 1.86 (3H, br, CH(Ph)CH3), 4.00 (2H, d, J = 12.0 o~CH), 428 2H, d, J =
14.0, CH(Ph)CHs3), 7.36 (1H, d, J= 2.5, ArH), 7.19-7.21 (5H, m, ArH), 8.27 (1H, s,
HC=N). >C NMR (50 MHz, CDCl) §29.2 (0-C(CHs)3), 29.4 (CHs), 31.3 (p-C(CHy)

3),,31..5 (CHz), 34.1 (C(CHs)s), 35.0 (C(CHs)3), 53.1 (CHN), 62.4 (a-CH,), 117.9,
| 126.4, 127.3, 127.5, 127.8, 127.9, 128.0, 128.2, 128.3, 128.5, 131.9, 136.5, 140.0,
140.6 (Ar), 157.9 (C-OH), 168.9 (C=N), 169.6 (C=0). MS (FAB+) m/z (relative
intensity) 499 [M+H]" (30), 395 (15), 219 (11), 105 [CHCH;Ph]" (100). |
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2.6.23 N-(3,5)-di-tert-butylsalicylidene -(S)-Thr(fert-butyl)-(S)-(1-
phenylethyDamine ((S, S)-S2-Thr(Bu)-Al).

H
+ . : 0
© O o OH 0
H
Neow, N H ) - B o
FmocHN™ (" 3 HoN Ne CHs| "1 N 3
6] CH,Cly, 1t {3 o CH,Cl,, 1t OH o é
L A l
(S, S)-Fmoc-Thr('Bu)-Al (S, S)-Thr(Bu)-Al (S, $)-S2-Thr('Bu)-Al

(8,8)-Fmoc-Thr('Bu)-A1 (0.43 g, 0.86 mmol) was dissolved in dried
dichloromethane (1.5 mL) then piperidine (0.08 mL, 0.86 mmol) was added. After
stirring at room-temperature for 1 h, the reaction was complete then the solvent was
removed by rotary evaporator. The crude product was dissolved in methylene
chloride then 3,5-di-fert-butylsalicylaldehyde was added. Stirred at room temperature
for 24 h, the solvent was removed by rotary evaporator. The crude product was further
purified by column chromatography on silica gel (20 % ecthyl acetate in hexanes) to
give the desired product as a clear oil (gradient from 7 % to 20 % ethyl acetate in
hexanes) to give the desired product as a yellow solid (0.18 g, 0.36 mmol, 36%). mp:
143.4-145.6 °C. [a]**(c 1.0, CHCls) = +42.5°. "H NMR (200 MHz, CDCL) 6 1.17
(3H, d, J = 4.5, CH; (Thr)), 1.20 (94, s, p-C(CHas)s3), 1.30 (9H, s, OC(CHas)3), 1.42
(3H, d, J = 7.5, CH(Ph)CHj3), 1.44 (94, s, 0-C(CHs)3), 1.51 (3H, d, J = 7.0, CH(Ph)
CHs), 3.76 (1H, d, J = 4.5, ~CH), 4.07-4.12 (1H, m, CH(O'Buw)), 5.11 (1H, m, J =
7.5, CH(Ph)CH3), 6.94 (1H, d, J= 7.5, NH), 7.10 (1H, d, J = 2.5, ArH), 7.21-7.34
(5H, m, ArH), 7.40 (1H, d, J = 2.5, ArH), 8.29 (1H, s, HC=N). *C NMR (50 MHz,
CDCls) & 19.8 (CHj3 (Thr)), 22.6 (CH(Ph)CH3), 28.5 (OC(CHs)s), 29.4 (0-C(CHjs)3),
31.5 (p-C(CHj3)s), 34.1 (C(CHs)3), 35.1 (C(CHs)s), 48.9 (CHNH), 69.0 (OC(CHs)s),
74.6 (CH (Thr)), 78.1 («=CH), 117.8, 125.9, 126.6, 127.2, 127.5, 128.6, 136.7, 140.3,
143.4 (Ar), 157.9 (C-OH), 168.9 (C=N), 169.2 (C=0). MS (FAB+) m/z (relative
intensity) 495 [M+H]" (100), 479 (6), 439 (20), 423 (8), 274 (10), 258 (9), 244 (12),
234 (20), 105 [CHCH;Ph] (55). Anal. Caled for C33HaeN»Os: C, 75.26; H, 9.37; N,
5.66. Found: C, 75.21; H, 9.44; N, 5.66.
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2.6.24 N-3-tert-butylsalicylidene -(S)-leucyl-(S)-(1-phenylethyl)amine ((S,
S$)-S3-Leu-Al).

(S, S)-S3-Leu-Al

This compound was prepared from the reaction of (S, S)-Leu-Al (0.16 g, 0.67
mmol) and 3-terf-butylsalicylaldehyde (0.12 g, 0.67mmol) following the general
procedure for preparation of salicylimine ligands described in section 2.6. The desired

product was obtained as a yellow solid (0.17 g, 0.43 mmol, 64%). mp: 151.2-152.2 °C
[@]®? (¢ 1.0, CHCl3) = +138.9 °. 'TH NMR (200 MHz, CDCl3) 6 0.99 3H, d, J = 7.0,

D
CH(CHs),), 0.94 (3H, d, /= 7.0, CH(CHas),), 1.44 (9H, s, 0-C(CHs)3), 1.50 (3H, d, J=
7.0, CHPhCHs), 1.81-1.90 (3H, m, CH(CHs), and CHy), 3.90 (1H, dd, /= 9.0, 5.0, o -
CH), 5.05-5.12 (1H, m, CﬁPhCHg), 6.36 (1H, d, J = 6.0, NH), 6.85 (1H, t, J= 2.5,
ArH), 7.11-39 (7H, m, ArH), 8.30 (1H, s, CHN). C NMR (50 MHz, CDCls) & 21.1
(CH,CH(CHj3)y), 22.3 (NHCHCHs;), 23.3 (CH,CH(CHs),), 24.3 (CH,CH(CHs),), 29.3
(0-C(CH3)3), 34.8 (C(CHas)s), 43.3 (CHy), 48.8 (CHNH), 72.1 (a-CH), 118.3, 118.5,

- 125.8, 1273, 1287, 130.4, 137.5, 142.9 (Ar), 160.0 (C-OH), 167.6 (C=N), 171.1
(C=0). MS (FAB+) m/z (relative intensity) 395 [M+H]" (100), 379 (6), 359 (10), 341
(3), 331 (12), 313 (6), 246 (15), 105 [CHCH5Ph]" (34). Anal. Caled for CosH3sN20;:
C, 76.10; H, 8.69; N, 7.10. Found: C, 76.00; H, 8.70; N, 7.13.
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2.6.25 N-5-tert-butylsalicylidene -(S)-Leucyl-(S)-(1-phenylethyl)amine ((S,
S)-S4-Leu-Al). '

CH,

(S, S)-S4-Leu-Al

_ - This compound was prepared from the reaction of (S, .S)-Leu-Al (0.16 g,.0.67

- mmol) and 3-fert-butylsalicylaldehyde (0.12 g, 0.67mmol) following the general
procedure for preparation of salicylimine ligands described in section 2.6. The desired
product was obtained as a yellow solid (0.17 g, 0.43 mmol, 64%). mp: 90.7-92.5 °C;
[2]®?(c 1.0, CHCl3) = +57.7°. '"H NMR (200 MHz, CDCl3) 8 0.90 (3H, 4, J = 5.0,
CH(CHjs),), 0.93 (3H, d,J=5.0, CH(CHj),), 1.29 (9H, s, p-C(CHs)3), 1.48 3H, d, J =
7.0, CHPhCHs), 1.81-1.90 (3H, m, CH(CHs), and CHy), 3.90 (1H, dd, /= 8.0, 4.0, o
CH), 5.08-5.16 (1H, m, CHPhCHs), 6.26 (1H, d, J = 7.0, NH), 6.85 (1H, d, J = 8.5,
ArH), 7.11-42 (7H, m, A@, 8.30 (1H, s, CHN). PC NMR (50 MHz, CDCl;) & 21.1
 (CH,CH(CH,),), 22.1 (NHCHCH3), 23.4 (CH,CH(CHa),), 24.3 (CH,CH(CHa),), 31.4
(p-C(CHs)s), 34.1 (C(CHa)s), 43.3 (CHy), 48.7 (CHNH), 72.2 (a~CH), 116.7, 117.6,

| 126.1, 127.3, 128.5, 130.7, 142.1, 142.9 (Ar), 158.4 (C-OH), 167.6 (C=N), 171.2
(C=0). Anal. Caled for Cp5HaaN,O5: C, 76.10; H, 8.69; N, 7.10. Found: C; 76.14; H,
8.66; N, 7.19. '
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2.6.26 N—2’-hydroxy—l-naphthylidene—(S)—leucyl-(S)-(l—phenylethy])amine
((S, $)-S5-Leu-Al) |

(S, S)-S5-Leu-Al

This compound was prepared from the reaction (S, S)-Leu-Al (0.11 g, 0.47
mmol) and 2-hydroxy-naphthaldehyde (0.08 g, 0.47 mmol) following the general‘
procedure for preparation of salicylimine ligands described in section 2.6. The desired
product was obtained as a yellow solid (0.11 g, 0.29 mmol, 62 %). mp: 152.4-154.8
°C. [a]%*(c 1.0, CHCl;) = +84.16 °. 'H NMR (200 MHz, CDCl3)  0.93 (31, d, J =
6.5, CH(CHs),), 0.95 3H, d, J = 6.5, CH(CHs),), 1.49 3H, d, J=17.0, CH(Ph)CHQ;
1.85-1.95 (3H, m, CH; and CH(CHas),), 4.11 (1H, dd, J= 9.0, 5.0, &-CH), 5.13 (1H,
m, J=7.0, CH(Ph)CH3), 6.40 (1H,d,/=7.0,NH), 7.11 (1H, d, /= 8.5, ArH), 7.16-
7.37 (5H, m, ArH), 7.46-7.51 (1H, m, ArH), 7.71 (1H, d, J= 9.0, ArH), 7.76 (1H, d, J
- =9.0, ArH), 7.98 (1L, d, J = 9.0, ArH), 9.07 (1H, s, HC=N). =C NMR (50 MHz,
CDCly) & 21.3 (CH,CH(CHs)), 22.0 (NHCHCHj;), 23.2 (CH,CH(CH;),), 24.5
‘(CHng(CHg)z), 43.0 (CHy), 48.9 (CHNH), 69.8 (a-CH), 108.3, 118.9, 121.2, 123.6,
126.0, 127.3, 127.4, 128.1, 128.7, 129.3, 132.8, 136.1, 142.9 (Ar), 161.1 (C-OH),
167.5 (C=N), 170.7 (C=0). MS (FAB+) m/z (relative intensity) 389 [M+H]" (100),
316 (4), 288 (5), 240 (30), 105 [CHCH3Ph]™ (50). Anal. Caled for CpsHgN2Os: C,
77.29; H, 7.26; N, 7.21. Found: C, 77.28; H, 7.26; N, 7.21. |
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2.6.27 N-4-ethoxy-salicy]jdene-(S)-leucyl—_(R)—(l—phenyleythyl)amine (S,
R)-S6-Leu-Al). | -

. H
Sy N, CH;
1
O
OH

(S, R)-S6-Leu-Al

This compound was prepared from the reaction of (S, R)-Leu-Al (0.11 g,.0.49
'.mmol) and 4-ethoxysalicylaldehyde (0.08 g, 0.49 mmol) following the general |
procedure for preparation of salicylimine ligands described in section 2.6. The desired
product was obtained as a yellow solid (0.13 g, 0.34 mmol, 70 %). rﬁp: 113.6-118.0
°C. '"H NMR (200 MHz, CDCl3) § 0.87 (6H, d, J = 6.5, CH(CHz),), 1.44 GH t,J=
7.0, CHCHs), 1.46 (3H, d, J = 7.0, CH(Ph)CH3), 1.73-1.80 (3H, m, CH, and CH
(CHs)), 3.88 (1H, dd, J=9.0, 4.5, o~CH), 4.05 {ZH,vq, J=17.0, CH,CHj3), 5.12 (1H,
m, Cﬁ(Ph)CHﬁ; 6.26 (1H,d,J=8.0,NH), 7.11 (1H, d, J= 8.5, ArH), 7.16-7.32 (7H,
m, ArH), 8.23 (1H, s, HC=N). ®C 1IMR (50 MHz, CDCl3) & 14.6 (OCH,CHs), 21.0
(CH,CH(CHas),), 22.0 (NHCHCH3), 23.3 (CHyCH(CHs),), 24.3 (CH,CH(CH;),), 43.3
(CH,), 48.9 (CHNH), 63.8 (OCH,CH3), 72.0 (o-CH), 101.5, 1074, 112.1, 12528,
127.3, 128.7, 133.3, 136.1, 143.0 (Ar), 163.2 (C-OH), 166.1 (C=N), 171.4 (C=0). |
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2.6.28 N-4-ethoxy-salicylidene-($)-valyl-(R)-(1-phenyleythyl)amine ((S, R)-

S6-val-Al).
o KIIQN):TKM CH,
. ~_0 OH © .

(S, R)-S6-val-A1l

_ This compound was prepared from the reaction (S, S)-Val-Al (0.06 g, 0.26
mmol) and 4-ethoxy-salicylaldehyde (0.04 g, 0.26 mmol) following the general
procedure for preparation of salicylimine ligands described in section 2.6. The desired
product was obtained as a_yellow solid (0.08 g, 0.22 mmol, 83 %). [«]3”(c 1.0,
CHCl3)=-59.3°'H NMR (200 MHz, CDCl3) 8 0.85 (6H, d, J= 7.0, CH(CH3),), 1.40

(34, s, OCH,CHj3), 1.51 (3H, d, J = 8.0, CH(Ph)CHjs), 2.22-2.50 (1H, m, CH(CHs)y),
3.68 (1H, d, /= 4.0, o-CH), 3.98-4.20 (2H, m, OCH,CH3), 5.05-5.20 (1H, m, CH(Ph)
CH3), 6.45-6.52 (1H, d, J = 8.0, NH), 7.14 (1H, d, J = 2.5, ArH), 7.22-7.32 (7H, m,
ArH), 7.46 (1H, d, /= 2.5, ArH), 8.30 (1H, s, HC=N).

2.7 Preparation of 2-chloro-[S-(R*,R*)]-N,N-bis (phenylethyl)acetamide ({(S$}-Cl-
Gly-A6).

Cl
01/\[( Ph\*rcza3
O Et;N/CH,Cl, .
+ O—> Cl/\n/ \[/* 3
0-C, Ny-gas
H O Ph
H3C\T/N\*!/CH3 3
L Ph P(If) (8)-CI-Gly-A6

Chiral amine -[S-(R*,R*)]-N,N-bis (phenylethyl)amine (288 L, 1 mmol) was '
dissolved in EtsN (279 xL, 2 mmol) at room temperature. After stirring for 10 min,,
' the mixture was cooled down to 0 °C then the I-chloroacetylchloride was added

dropwise under Nj-atmosphere. The mixture was stirred for 6 h The mixture was

treated with 5% HCI and washed with 10% aqueous NaHCOj The organic layer was
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washed with water and dried over anhydrous MgSO4. The solid was filtered and the
filtrate was evaporated by a rotary evaporator to give the crude product. The product
was further purified by éolumn chromatography on silica gel with 20% ethyl acetate
-in hexanes to .give the desired product as a white solid (0.24 g, 0.8 mmol, 80%). '‘H
NMR (400 MHz, CDCl3) & 1.71-1.88 (6H, br, CHs), 3.77 (1H, 4, J = 12.0, a~CH),
3.92 (1H, 4, J= 12.0, o-CH), 4.82-5.18 (1H, br, CHPh), 5.38-5.60 (1H, br, CHPh),
6.90-7.35 (104, m, ArH).

28 Preparation of 2-amino-[S-(R*,R*)]- N,N-bis(phenylethyl)acetamide ((S)-Gly-
A6).

Ph. * CH; Ph.x _CH

, \Nr e dioxane/NH; Y ’
H N CH
Cl/ﬁ‘l/ \x{ 3 HQN/\H/ j{ 3

O Ph # 0O Ph
(8)-CI-Gly-A6 (5)-Gly-A6

To a solution of ($)-CI-Gly-A6 (0.24 g, 0.8 mmol) in dioxane (2 mL) and
concentrated ammonia solution (2 mL) was stirred and gently warmed (not over 50 °©
C) in a closed system (scaled test tube). The reaction was completed in 2 h The
solvent was removed by a rotary evaporator to give the desired product (0.15 g, 0.5
mmol, 62%). "H NMR (400 MHz, CDCl3) § 1.25 (3H, d, J= 7.0, CHa), 1.26 (3H,d,J
=7.0, CHs), 3.62-3.70 (2H, m, -CH), 4.12 (2H, d, J= 7.0, CHPh), 7.08-7.22 (10H,
m, ArH).

2.9 General procedure for preparation of salicylaldehyde.

OH OH O
O MgCl,, CH;CN
. H
SN el se
O0_© E3N

Salicylaldehyde derivative was prepared according to the method by Skattebol

et al® with a slight modification. Phenol derivative (20 mmol) and anhydrous
magnesium chloride (30 mmol) were dissolved in acetonitrile 100 mL in a 250 mL
‘round bottomed flask then triethylamine (10 mL) (dried over molecular sieves) was

added. To the mixture, paraformaldehyde (135 mmol) was added to give a yellow
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_solﬁtion. After refluxing for 3 h, the mixture was cooled down to room-temperature
then acidified with 2 M HCI. The mixture was extracted with ether (20><3 mL). The
organic layer was dried over anhydrous MgSOy. The solid was filtered and the filtrate
was evaporated by a rotary evaporator to give the crude product. The product We_is
_further purified by column chromatography on silica gel with 10% ethyl acetate in

hexanes to give the desired product.

- 2.9.1 3-tert-butylsalicylaldehyde (S3).
8y
OH .

S3

This compound was prepared from the reaction of 2-fert-butylphenoi (3.06
mL, 20 mmol) following the general procedure for preparation of salicylicylaldehyde
described in section 2.9. The desired product was obtained as a yellow oil (1.96 g, 11
mmol, 55%). '"H NMR (400 MHz, CDCl3) 6 1.41 (9H, s, CHs), 6.93 (1H, t, J= 7.5,
ArH), 7.39 (1H, d, /= 7.0, ArH), 748 (1H, d, J= 7.0, ArL), 9.86 (lH, s, CHO), 11.77
(1H, s, OH).

2.9.2 5-tert-butylsalicylaldehyde (54).

S4

This compound was prepared from the reaction of 4-tert-butylphenol (3.06 |
mlL, 20 mmol) following the general procedure for preparation of salicylicylaldehyde -
described in section 2.9. The desired product was obtained as éyellow 0il (0.98 g, 5.5
mmol, 28%). "H NMR (400 MHz, CDCl3) § 1.31 (9H, s, CHs), 6.90 (1H, d, J = 8.5,
| ArH), 7.55 (2H, dt, /= 8.5, 2.0, _ArH), 9.87 (1H, s, CHO), 10.84 (1H, s, OH). |
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2.10 Preparation of 3,5-fert-butylsalicylaldehyde (S2).

- OH OH O
N cucoon U
NN
LN/ H,580,4
S2

Salicylaldehyde derivative was prepared according té the method described by
Jacobsen et al.”' with a slight modification. Hexamine (17 g, 120 mmol), 2,4-di-tert-
butylphenol (12.5 g, 60 mmol) and glacial acetic acid (30 mlL) were combined in 250
* round bottomea flask. The mixture was heated to 130 °C and refluxed for 3 h and 33

% (w/w) aqueous sulfuric acid (30 mL) was added after the mixture was cooled down
to 75 °C. After refluxing at 105-110 °C for 1 h, the mixture was cooled to 75 °C and
then the organic layer was separated in warm separation funnel. The solvent was
removed by a rotary evaporator to give the crude product. The product was further
purified by column chromatography on silica gel with 10% ethyl acetate in hexanes to
give the desired product (6.73 g, 28 mmol, 48%). 'H NMR (400 MHz, CDCl3) 8 1.32
(9H, s,pQC(C_Ii3)), 1.42 (9H, s, 0-C(CHz3)), 7.34 (1H, d, J = 15 ArH), 7.58 (IH,.d, J=
1.5, ArH), 9.87 (1H, s, CHO), 11.64 (1H, s, OH).

2.11 General precedure for preparation of imine.

Imine was prepared according to the method reported by Jocobsen et al.”

Toa
25 mL round bottomed flask was added activated 3 A molecular sieves and 5 mL
dichloromethane. To this Solution, benzylamine (0.55 mlL, 5 mmol) was’ added.
followed by slow syringe addition of aldehyde (5 .mmol). When all the starting
materials were consumed, the sievesv were removed by filtration. The sieves were

washed with dichloromethane, the filtrate was collected and the solvent was removed

by a rotary evaporator to obtain the desired product.
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2.11.1 N-benzylidene benzylamine (1).

This compound was prepared from the reaction of benzaldehyde (1.02 mL, 10
mmol) and benzylamine (0.69 ml., 10. mmol) following the general procedure for
preparation of imine described in section 2.1 1. The desired product was obtained as a
yellow oil (1.70 g, 8.7 mmol, 87%). "H NMR (200 MHz, CDCl;) & 4.86 (2H, s, CH,),
7.32-7.50 (5H, m, ArH), 7.81-7.87 (SH, m, ArH), 8.42 (1H, s, HC=N). '

2.11.2 3-Methoxy-N-benzylidene benzylamine (3).

Y

OCH,
3

This compound was prepared from the reaction of 3-methoxybenzaldehyde
(1.22 mL, 10 mmol) and benzylamine (0.69 mL, 10 mmol) foilowing the general
procedure for preparation of imine described in section 2.11. The desired product was
obtained as a yellow oil (1.90 g, 8 mmol, 80%). '"H NMR (200 MHz, CDCls) & 3.85
(3H, s, OCHs), 4.83 (2H, s, CH»), 6.99 (44, d, J = 8.0, ArH), 7.31-7.40 (5H, m, ArH),
8.37 (1H, s, HC=N). ' '

2.11.3 4-Methoxy-N-benzylidene benzylamine (4).

H,CO
4

This compound was prepared from the reaction of 4-methoxybenzaldehyde

(1.20 mL, 10 mmol) and benzylamine (0.69 mL, 10 mmol) following the general
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- procedure for preparation of imine described in section 2.11. The desired product was
obtained as yelldw _oil (1.37 g, 50 mmol, >95%). 'H NMR (200 MHz, CDCI3) 03.93
(3H, s, OCHs), 4.88 (2H, s, CH»), 7.02 (1H, d, /= 8.5, ArH), 7.35-7.45 (5H, m, ArH),
8.42 (1H, s, HC=N).

2.11.4 3,4-Dimethoxy-N-benzylidene benzylamine (5).

. O H
H,CO

OCH;

5
This compound was prepared from the reaction of 3,4-di-
methoxybenzaldehyde (0.8 g, 5 mmol) and benzylamine (0.35 mL, 5 mmol) following
the general procedure for preparation of imine described in section 2.11. The desired
product was obtained as yellow oil (1.27 g, 5 mmol, >95%). *H NMR (200 MHz, -
CDCl) 8 3.85 (3H, s, OCHs), 3.93 (3H, s, OCH3), 4.88 (2H, s, CH,), 7.02 (1H, d, J=

8.5, ArH), 7.35-7.45 (SH, m, ArH), 8.42 (1H, s, HC=N).

2.11.5 4—Mcthyl—N;benzylidene benzylamine (6).

This compound was prepared from the reaction of p-tolualdehyde (1.18 mL,
10 mmol) and benzylamine (0.69 mL, 10 mmol) following the general procedure for
preparation of imine described in section 2.11. The desired product was obtained as
yellow oil (2.04 g, 10 mmol, 98%).. 'H NMR (200 MHz, CDCl3) & 2.18 (3H, s,
OCHs), 4.88 (2H, s, CHy), 7.20-7.40 (SH, m, ArH), 7.62-7.75 (4H, m, ArH), 8.38
(1H, s, HC=N). |
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2.11.6 4-Chloro-N-benzylidene benzylamine (7).

Cl
7

This compound was prepared from the reaction of 4-chlorobenzaldehyde (1.40
mL, 10 mmol) and benzylamine (0.69 mL, 10 mmol) following the genéral procedure
for preparation of imine described in section 2.11. The desired product was obtained
as yellow oil (1.82 g, 8 mmol, 79%). 'H NMR (200 MHz, CDCL) & 4.82 (2H, s,
CH,), 7.27-7.43 (TH, m, ArH), 7.72 (2H, d, J = 8.5, ArH), 8.36 (1H, s, HC=N).

2.11.7 3-Chloro-N-benzylidene benzylamine (8).

e

&
8
This compound was prepared from the reaction of 3.~ch10robenza,1dehyde (1.14
mL, 10 mmol) and benzylamine (0.69 mL, 10 mmol) following the genéral procedure
for preparation of imine described in section 2.11. The desired product was obtained
as yellow oil (2.53 g, 10 mm_ol, 99%). 'H NMR (20.0 MHz, CDCl3) & 4.88 (2H, s,
CH,), 7.20-7.40 (5H, m, ArH), 7.62-7.75 (4H, m, ArH), 8.38 (1H, s, HC=N).

2.11.8 N-1-napthylidene benzylamine (9).

This compound was prepared f__rom the reaction of 1-naphthylaldehyde (1.36
ml, 10 mmol) and benzylamine (0.69 mL, 10 mmol) following the general procedure

for preparation of imine described in section 2.11. The desired product was obtained
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as yellow oil (2.35 g, 9.6 mmol, 96%). '"H NMR (200 MHz, CDCls) 4.97 (2H, s,
CH,), 7.35-7.44 (7H, m, ArH), 7.51-7.60 (5H, m, ArH), 9.06 (1H, s, HC=N).

2.11.9 N-tert-butylmethylidene benzylamine (10).
N
ﬁﬂ

10

' This compound was prepared from the reaction of pivalaldehyde (0.55 mL, 5
mmol) and benzylamine (0.55 mL, 5 mmol) following the general procedure for
preparation of imine described in section 2.11. The desired product was obtained as
“yellow oil (0.69 g, 4 mmol, 79%). 'H NMR (200 MHz, CDCl;) & 2.88 (9H, s, CHs),
4.83 (2H, s, CH,y), 7.20-7.40 (SH, m, ArH), 8.40 (1H, s, HC=N).

2.12 General procedure for catalysis screening.

N|f/\© ligand 10 % mol
©/LH Ti(7OPr), 10 % mof w N -
TMSCN ; _

-5-0°C

The chiral ligand (0.02 mmol) and Ti(O'Pr)s (0.02 mmol) were stirred together
~ in toluene (dried over molecular sieve) in a round bottomed flask for 10 minutes then
the imine (0.2 mmol) was added. To the mixture, cooled in an ice bath, was addedv
TMSCN (50uL, 0.4 mmol). The mixture was then stirred at —5 to 0 °C for 4 h. The
solvent was removed by rotary evaporator to afford the crude product which was :
filtered through a short plug of alumina. The enantiomeric excess was determined by
'"H NMR in the presence.of (18)~(+)-camphor-10-sulfonic acid (S-CSA) as a chiral

solvating agent.w"22



CHAPTER III

RESULTS AND DISCUSSION

The objectives of this research are to synthesize and study new series of
salicylimine ligands designed as catalysts for asymmetric Strecker-type reaction
{Scheme 3.1). The effect of substituents of salicylimine ligands on the efficiency of
the catalysts was investigated. Two important parameters used in the determination of

the efficiency of the catalysts were percent conversion and percent enantiomeric

excess (% ee = | %R - %S |/ |%R + %sS]).

NR" cyanide source T;IHR“
R TH  M-salicylimine e
complex

Scheme 3.1 Asymmetric Strecker-type reaction

-3.1 Analytical method: Determination of yield and enantiomeric excess of &
aminonitrile product.

There are a number of analytical techniques, which may be used for
determination of % ee such as chiral GC, chiral HPLC and NMR. NMR technique is
the most informative and convenient to be used where the instrument is available,
although the technique is normally limited by its accuracy of no better than = 5 %
errors. '

The determination of % ee using NMR requires an introduction of a chiral
auxiliary, which can conveft an enantiomeric mixture into a mixture of diastereomers.
Provided that the observed non-equivalent chemical shifts of the diastere'otopic.
protons are baseline separated'and integration can be determined, the ratio of these
integrations can be directly related to the enantiomeric- composition of the original

mixture..
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(1S)-(+)-camphor-10-suifonic acid ((S)-CSA) was successully used as a chiral
solvating agent for the determination of the enantiomeric purity of a—aminonitriléé as .
it showed satisfactory separation of the o~proton (~ 4.75 ppm) of the enatiomeric
mixture of a-aminonitrile (Table 3.1) bearing a variety of sﬁbstitu‘ents.19 Therefore,

($)-CSA was used in TH NMR analysis of the % ee throughout this work.

H,C_ CH;

0
SO;H

(5)-CSA

The assignment of the chemical shift of S and R isomer of 2-benzylamino-2- |
phenylacetonitrile was validated by using a known chiral (salen)Mn(II1)Cl complex
(J acobsen et al.)”' to generate a known enantiomeric mixture which was analyzed by
'H NMR in the presence of (S)-CSA (Figure 3.1)." For other a-aminonitrile products,
only the relative configuration could be assigned {Table 3.1).

o

Ph™ * 'CN

R isomer Jh— S isomer
JMLJJ_JUJJMJL_

Figure 3.1 Spectrum of 2-benzylamino-2-phenylacetonitrile in the presence of CSA.




Table 3.1 Chemical shifts of a-protons of the crude a-aminonitriles obtained from

the reaction in the presence of (S)-CSA.

R]

HN)\ Ph

Rz/s‘l\
en

a-aminonitrile

75

aminonitrile product® 5 (ppm)
R R? before addition - after addtion
of CSA of CSA (R*, §%)P°
H Ph 4.48 5.46,5.37
H 4-Cl CgHy 4.49 _ 5.48, 5.40
H 3-CICsHy4 4.68 542,537
H 2-MeOCeHy 4.80 5.27,5.30
H 3,4-(CH30),CeH; 4.68 5.38,5.26
H 4-MeOCgHs 4.46 5.42,5.35
H 3-MeOC¢Hy 4.49 ' 5.46,5.39
H 4-CH3CgHy 4.51 5.38,5.32
'H ]-Naphthyl 5.15 5.74,5.71
H (CH;)sC 3.10 4.97-4.90, 4.33-4.26°
Ph Ph | 5.01 | 5.47,5.42

“condition: 2 eq of TMSCN, 0.3 mL MeOH, rt, 30 min.
- ®Only relative configuration was assigned except for the first entry that the absolute
configuration was known.

& of CH, (not an o~H)
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- - 3.2 Synthesis

3.2.1 Imine substrates

Condensation of aldehydes with amines to afford imines is a well-known
reaction. A drying agent, anhydrous magnesium sulfate was added to drive the
equilibrium forward (Scheme 3.2). The imines were not sufficiently stable to . be
purified by chromotography or distillation. Fortunately, the reactions generaily-
proceeded cleanly to give the product in high yield with less than 10% of the aldehyde
remained in the mixture (Table 3.2). These imines were thus used as obtained without

further purification.

o R"
C
H ‘/\/\ CHCI3,IT H
i 2 MgSO,

Scheme 3.2 Imine substrate synthesis

Table 3.2 Percent yield of imine substrate.

aldehyde ; amine Imine Yield (%)

Benzaldehyde Benzylamine 1 87
2-methoxybenzaldehyde Benzylamine 2 =

3-methoxybenzaldehyde Benzylamine 3 80
anisaldehyde Benzylamine 4 76
3,4-methoxybenzaldehyde Benzylamine 5 - >95
p-tolualdehyde Benzylamine 6 98

4-chlorobenzaldehyde Benzylamine 7 79
3-chlorobenazldehyde Benzylamine 8 >95
1-napthaldehyde Benzylamine 9 96
Pivaladehyde | ~ Benzylamine 10 79
Benzaldehyde Benzhydrylaminé 11 b

“2 was supplied by Mansawat, W.*11 was supplied by Banphavichit, V.
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~ 3.2.2 Salicylimine ligands _

"'T_he target ligands in this work'_a_re_ Schiff bases of salicyladéhydeé'. called
salicylimines. Twenty-eight salicylimines were synthesized from the condensation
reactions of 6 salicyladehydes and 17 chiral amines derived from amino écids
{Scheme 3.3). Thevv reaction generally gave satisfactory yields (Table 3.3). The
reaction was completed within 24 hours. The ligand.s which have R' as 2-hydroxy-
3,5-di-fert-butylphenyl (S2), 2-hydroxy-3—fert-butyl-phenyl (S3), 2-hydroxy-5-fert-
butyl-phenyl (S4), and 2-hydroxynaphthyl (S5) were purified by column
: chromatography. Washing with hexane purified the others, including those with R® =
Z-hydroxyphenyl and 4-ethoxy-2-hydroxyphenyl. '

R2
X }\ﬂ/\l CP2C12, N N}\[{/NH R
H,N - o

R] : Rl
Scheme 3.3 Salicylimine ligand synthesis

All of target salicylimine ligands were shown in Table 3.3.



Table 3.3 Structure of the target salicylimine ligand. |
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Salicylimine

Code

Salicylimine

Code

($,5)-S1-Leu-Al

(R,R)-S1-Phg-A1l

(S,R)-S1-Leu-Al

(5)-81-Gly-Al

(8,8)-S1-Leu-A2

(R)-S1-Gly-Al

(5,8)-S1-Leu-A3

(S5,8)-S2-Leu-Al

(S,8)-S1-Val-Al

(S,R)-S2-Leu-Al

(8,R)-S1-Val-Al

(S,5)-S2-Leu-A2

(S,5)-S1-Phg-Al

(5,5)-S2-Leu-Ad

(R,S)-S1-Phg-Al

(8,8)-S2-Leu-A5




Table 3.3 Structure of the target salicylimine ligand (continued).
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Salicylimine

Code

Salicylimine

Code

(S,8)-S2-fLeu-Al

(S,8)-S2-Thr-Al

(5,5)-S2-Phe-Al

(5,8)-S3-Leu-Al

(5,5)-S2-Val-Al

(S,5)-S4-Leu-Al

($)-S2-Gly-Al

(S,5)-S5-Leu-Al

(R)-S2-Gly-Al

(S, R)-S6-Leu-Al

(S)-S2-Gly-A6

-
MN % Q/NJ _CHy
/‘\\\_/'f* o 0 ./"/}\:
\/

(S, R)-S6-Val-Al




Table 3.4 The percent yield of salicylimine synthesis.
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Starting materials - Salicylimine
aldehyde ' amine Yield (%)
(S, §)-Leu-Al 59
(S, R)-Leu-Al 83
(S, S)-Leu-A2 - 69
(S, S)-Len-A3 38
Salicylaldehyde Sl o7
(S, R)-Val-Al 91
(S, $)-Phg-Al 81
(R, S)-Phg-Al 80
(R, R)-Phg-Al 74
(5)-Gly-A1 74
(R)-Gly-Al 78
(S, S)-Leu-Al 72
(S, R)-Leu-Al 77
(S, S)-Leu-A2 46
(S, S)-Leu-A4 72
(S, 8)-Leu-AS 59
3, 5—di-tert-butyl- (S, S)-fLeu-Al 67
salicylaldehyde (8, 8)-Val-Al 57
(S, S)-Phe-Al ~ 72
(S)-Gly-A1 57
(R)-Gly-Al 66
(5)-Gly-A6 80
(S, S)-Thr('Bu)-Al 36
3—tert-butyl-
(5, S)-Leu-Al 64
salicylaldehyde :
S5—tert-butyl-
(S, S)-Leu-Al 46
salicylaldehyde
1-napthylsalicyladehyde (S, S)-Leu-Al 62
;éijethoxysalicyladehyde (5, R)-Leu-Al 70
| (S, R)-Val-Al 83
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3.2.3 Chiral amines
Seventeen chiral a-aminoamides were used in the synthesis of the salicylimine '
ligands decribed in section. 3.2.2. These o-aminoamides were obtained from 8 o
amino acids and 6 chiral amines applying protecting-coupling-deprotecting chemistry
commonly used in the peptide synthesis (Scheme 3.4). The coupling and deprotecting

steps gave satisfactory yields of the desired o~aminoamides (Table 3.5).

2

2 2
1 OH DCC, HOBt N i \ 3
PG—HN/‘\H/ + RNH, —F— PG—HN)\U/l R —— HZN)H( R}
I CH,Cl, I I

(coupling) {deprotecting)
PG = Boc, i = TFA/CH,C, (1:1), 1t, 30 min; PG = Cbz, i = H,, Pd-C/MeOH, rt; *PG =
Fmoc, i = piperidine, CH,ClL, rt.

Scheme 3.4 Chiral amine synthesis

Table 3.5 The percent yield of amide coupling and deprotection.

c-aminoamide % yield of coupling step % yield of deprotecting step
(S, $)-Leu-Al w3 83
(S, R)-Leu-Al 77 78
(S, S)-Leu-A2 68 81
(8, $)-Leu-A3 62 - 30
(S, 8)-Leu-A4 68 _ 99
(S, S)-fLeu-Al 19 | 96
(S, $)-Val-Al 86 41
(S, R)-Val-Al 86 47
(S, 5)-Phe-Al Ak alk 81
(S, S)-Phg-Al _ - 51 67
(R, S)-Phg-Al 40 ’ 99
(R, R)-Phg-Al 54 88
(S, S)-Thr(‘Bu)-Al 86 =
(S)-Gly-Al 73 64
(R)-Gly-Al 89 89

*The product was not isolated before the next reaction.
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For the protecting.step, 6 amino acids were protected with Boc and one amino
acid (Gly) was protected with Cbz and one (Thr(‘Bu)) with Fmoc. This protecting step
gave excellent yields except for the protection of glycine (Table 3.6). The last

protected amino acid, Fmoc-Thr(‘Bu), was purchased from Nova biochem.

R | R?
' i oH
HZNJ\[( O e PG—HN)\{(
| 0 0

PG = Boc, i =Boc,0, +-BuOH, 4% aq. NaOH
- PG= Chbz, i = ZOSy, dimethoxyethane, 4% aq. NaOH

Scheme 3.5 Protection of amino acid

Table 3.6 The percent yield of amino acid protection.

Product (PG-R%) . Yield (%)
(S)-Boc-Leu 84
(S)-Boc-fLeu 86
(S)-Boc-Val 90
(8)-Boc-Phe 91

-~ (S)-Boce-Phg 88
(R)-Boc-Phg - 94

Cbz-Gly ' 19

tLeu = tert-Leucine

3.3 Catalytic properties of salicylimine ligands and condition for asymmetric

Strecker reaction

3.3.1 Ligands and metal ions

The addition of cyanide to N-benzylidenebenzylamine was evaluated at
-5 to 0 °C for 4 hours in the presence of Ti(O'Pr)4 at 10% mol and the absence of the
salicylimine ligand. The reaction gave the expected a—aminonitrile product with
>95% conversion and 0% ee (entry 1, Table 3.7). When the reaction was carried out

in the presence of the salicylimine ligand (S,5)-S2-Leu-Al alone, the enantiomeric
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excess was improved to 36% with 34% conversion of the product (entry 2). These
- results iﬁdicated that salicylimine ligand itself was ve.lble' to catalyze the reaction to a
certain extent as well as inducing asymmetry in the product. When the reaction was
carried out in the presence of both Ti('OPr)s and the ligand (entry 3), the reaction
proceeded with very high % conversion and good % ee. The reaction was likely to be
catalyzed by the Ti-salicylimine complex generated in the reaction. Ti('OPr)s itself
also catalyzed the reaction (entry. 1), however the reaction proceeded without
stereoselectivity. ZrCly-salicylimine catalytic system was less effective in catalyzing
the reaction (entry 4), especially in terms of enantioselectivity. These results are in
agreement of the observation reported by J acobsen'? that the salicylimine-type ligands
can catalyze the addition of cyanide ion to the imine. The results observed here,
however, present a sharp contrast to Jacobsen’s work in that this salicylimine can
catalyze the reaction more effectively in the presence of Ti("OPr), while Jacobsen’s

salicylimine catalyzed the reaction better without any metal ion.

Table 3.7 Catalytic asymmetric Strecker reaction using Ti and Zr metal ion |

N> Ph HN" Ph

_ | ligand 10 %mol
“H M 10%mol j/ | *°CN

TMSCN, toluene S~
5=0°¢; 4%

entry M ligand Conv. (%) e (%)
1 Ti(OPr)s none >95 . 0
2 none ~ (5,8)-S2-Leu-Al 34 . 36
3 Ti('OPr), (S,5)-S2-Leu-Al 92 74
4 ZrCly (5,5)-S2-Leu-Al 86 21
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3.3.2 Reaction time _

~In the study of catalytic properties of the synthesized salicylimine ligands, th_e'.
addition of cyanide to the imines was initially performed at -5 to 0 °C uéing TMSCN
as a cyanide source in the presence of a catalytic amount of Ti(OPr); and a
salicylimine ligand. Due to the difficulties encountered in controlling the temperature
throughout the. unnecessarily long reaction time while satisfactory conversion and
comparable %ee can still be achieved, the reaction was instead performed for 4 hours
only (Table 3.2, entry 2).

Table 3.8 Catalytic asymmetric Strecker reaction at 6 and 4 hours for screening time.
N "Ph hgand 10 Y%mol HN" "Ph

f Ti(O'Pr), 10%mol

H TMSCN 2 eq. toiuene i ‘ * CN

-5-0C e (S)

i H
@ g}

(S, $)-S1-Leu-Al (S, $)-S2-Leu-Al
entry ligand Time (h.) Conv. (%) ee (%)
1 (S, $)-S1-Leu-Al 6 94 40
2 (S, S)-S1-Leu-Al 4 42 33

3 (S, $)-S2-Leu-Al 4 92 74

Although the percent conversibn dropped significantly when the reaction time was
reduced, % ee was decreased only slightly. Since the % conversion can usually be
improved by extending the reaction time and the 4 hours reaction period provide a fair
% conversion with medium level of % ee, this reaction period seemed appropriate for
further catalyst sgreenihg of the other ligands, especially when the experimental
expedience was taken into consideration. In fact, further screening showed that both
% conversion and % ee improved when a ligand with good catalytic activity was used
(Table 3.8, entry 3). In later experiments the reaction were thus carried out for only 4

hours unless stated otherwise.



3.3.3 Moisture and proton sources

During catalyst test, reproducibility presented an annoying problem when the |
reaction was carried out under rigorously anhydrous conditions. Both % conversion
and % ee dropped sharply from those observed in the reaction using toluene stored
over molecular sieves which was suspected to cbntain some moisture (compare
entrigs 1,2 and 3, Table 3.9). In fact, a proton source was reported to be necessary in
this type of reaction'” and it is confirmed here that an addition of a protic solvent to
the anhydrous condition can improve both % conversion and % ee (compareventries 2,
4 and 5, Table 3.9). However, % ee slightly lower (entries 4 and 5) than when toluene
stored over molecular sieve was used (entry 1). This suggested that, the reaction

between HCN and N-benzylidenebenzylamine occurred rapidly hence resulting in low

selectivity.

Table 3.9 Catalytic asymmetric Strecker reaction under various conditions.

N h .
| ligand 10 %mol
H Ti(O'Pr)y 10%mol * “CN
TMSCN 2 equiv.
' 4%
IIIII H (K g
\N/YNYJQ
PN

OH ]
] x

(S, §)-S2-Leu-Al

entry condition Conv. (%) ee (%)
1 toluene® 92 74
2 toluene®/under N 86 38
3 toluene(anh.)/under N, 21 20
4 toluene(anh.)/H,O (2 eq.) 98 54
5 toluene(anh.j/iPrOH (2 eq) 98 54
6 toluene™” 96 74

- “stored over molecular sieve. "A solution of TMSCN 50 L 1n toluene 150 ul was

added slowly in 4 portions of 50 4L every 30 min.
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The addition of cyanide in.this type of reaction was proposed to proceed
through HCN generated in situ from TMSCN and a trace amount of protic solvent |
present in the reaction mixture.!” There was also report that slow addition of TMSCN
" into the reaction could increase enantioselectivity due to gradual formation of the
reactive HCN hence reducing the background ratg:.” However, in this study, the slow
addition of TMSCN did not give different results from the single addition (compare

entries 1 and 6).

3.3.4 Temperature

A strategy most frequently used for improving selectivity of a reaction is to
lower the reaction temperature. The reaction was thus performed at — 40 °C by using
dry-ice acetonitrile (1:1) cold bath. The results were, however, rather discouraging as
the reaction went so sluggishly at — 40 °C (Ta‘bie 3.10). The rate of the réaction was
too slow and no product was observed when using toluene as a solvent at —40 °C.
However, whén the reaction was carried out at —40 °C in the presence of ‘PrOH, the
ee was 41% at 29% conversion. This may because the ‘PrOH was good proton source,
therefore, HCN was generated and was the active species at the low temperature.
Nevertheless, lowering the temperature provided no further advantage in terms of |
conversion and selectivity, therefore, the reaction temperature was kept between —5

and 0 °C for next experiments.
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Table 3.10 Catalytic asymmetric Strecker reaction using ligand ((S,5)-S2-Leu-Al) at

- different temperature.
N ph HN" >Ph
| ligand 10 %mol
H Ti(O'Pr)y 10%mol ¥ CN
TMSCN 2 eq.
4h
{8, $)-S2-Leu-Al
entry solvent Temp. (°C) Conv. (%)  ee (%)
1 toluene -5-0 92 74
2 toluene -40 0 -
3 toluene(anh.)/iPrOH (2 equiv.) -5-0 98 54
4 toluene(anh.)/iPrOH (2 equiv.) -40 29 41

3.3.5 Effect of R' substituent (the salicyl moiety) on ligand

In order to find ligands with high asymmetric catalytic efficiency, effect of R®

substituent on ligand was investigated first. Effect of R' substituent (S1, 82, S3, 54,

S5 and S6) on the catalytic properties of the ligands was studied by fixing R? as

isobutyl group and R® as 1-phenylethyi which were derived from (S)-Leucine (Leu)

and methylbenzylamine (A1) building blocks, respectively (Table 3.11). The reactions

were carried out in the presence of the catalytic complex formed in situ  from

Ti('OPr), and a salicylimine ligand (10 % mol each) with various R'.
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Table 3.11 Catalytic asymmetric Strecker reaction using salicylimine ligand bearing

various R'(salicyl) substituents.

Leu Leu
H R on -
H
Rl/l\\N)\H/ N. R3 _@ELN/(V‘\(}% S e, ~©fﬂ\\N /d;ﬁh({?) CH,
S)
O * CH (S)o é X OH ( o é
| S — |
S1-56 [E—) S1-86 ()
Al Al
(S, $}-{S51-S6)-Leu-Al {S, R)-{51-S6)-Len-At
N ph ligand 10 %mol HN" Ph
‘ Ti(O'Pr) 10%mol '
©)\H TMSCN 2 equiv., toluene s T l * CN
-50°C, 4 h. N
entry Ligand’ % Conv. (%) ee (%)
: - i ‘Ls/ B
, R)-S1-Leu- e | '
12 (S, R)-S1-Leu-Al ‘ W 96 23 (R)
L R)-S6-Leu-A '

2 S, R)-S6-Leu-Al 91 4 (R)
: v O OH :
3 (S, S)-S1-Leu-Al o 2 94 40 (S)

PN oH
_ ! .
4 (S, 8)-S2-Leu-Al M’v 92 74 (S)
. , \i/\ OH
2
5 (S, S)-S3-Leu-Al 80 52(S)
OH
6 (S, S)-S4-Leu-Al ;\@, 79 57 (S)
-0 OH
7 (S, $)-S5-Leu-Al O >99 47 (S)

OH.

Reaction time was 6 hours. "Structures of all ligands are presented in Table 3.4.
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The first ligand tested in this reaction was (S,R)-S1-Leu-Al in which R! was 2-
hydroxyphenyl group derived from unsubstituted salicyladehyde. With this ligand the |
reaction proceeded with hlgh conversion to give virtually quantitati\}e yield of the (R)-
aminonitrile in six hours. This ligand, however, provided only moderate
enantioselectivity of the reaction (entry 1). When the ligand _Was changed to (SJZ)—SG-
Leu-Al in which R' was 4-ethoxy-2-hydroxypheny] group, enantioselectivity of the
reaction almos'f disappeared (entry 2). In the next experiment, the diastereomer of (S,
R)-S1-Leu-Al, namely (S,5)-S1-Leu-Al, was tested. This diastereomer gave the o~
aminonitrile with opposite _c_onﬁguration (S) with significantly higher % ee (entry 3).
In the subsequent experiments, the effect of R' substituent was thus studied based on
the (S,S) isomers. Among six different types of R! derivéd from six different
salicylaldehydes (S_l—S6), the 2-hydroxy-3, 5-di-tert-butylphenyl group (S6, entry 4)
gave the highest % ee. All ligands gave good to virtually quantitative con_v_er_sion of
the imine to the corresponding a~aminonitrile. As the observed % ee of the product
increased with the increasing steric hindrance of the R’ group, R' was likely to play a

primary role in the steroselectivity of the ligands.

3.3.6 Effect of Ri substituent on ligand

Effect of R® substituent on catalytic properties of salicylimine ligands"was
investigated by varying R and fixing R® as 1-phenylethyl and R! as either 2-
hydroxyphenyl (S1) or 2-hydroxy-3,5-di-fert-butylphenyl (S2). As mentioned in the
previous section that the S1 series gave lower % ee than S2 series and the variation of
R? by_usi_ng different types of o-amino acids, Gly, Val, Leu, and Phg, in S1 series did
not improved the % ee to the satisfactory levei. However, it showed that Gly was the
worst and Leu or Val were the best in contributing the enantioselective control of the
ligands (Table 3.12, entries 1-4). The effect of R? on the enantioselective control of
the ligands was more clearly seen in the S2 series (entries 6-10) and again ihe best
ligand was the one with Ri = isobutyl derived from Leu amino acid (entry 9). It is
interesting to point out here that, unlike the R group, the R? group played the more
complicated secondary role in stereoselectivity of the ligands as the observed % ee

did not related directly to the bulkiness of the R substituent.



Table 3.12 Catalytic asymmetnc Strecker reaction using salicylimine ligand with
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various RZ.
nox 3 fe iR Hs)
N CH. CH
< E/ N (S) a3 X‘@?NW \/ 3
NS H\ NS OH O /\
y YT Y \/
;‘f__}
S1-S2 S1-S2
Al Al
ANE NG
S1 i ;0 S2 s l
X"on )\ OH
entry " Ligand R* Conv. (%) ee (%)
1* (5)-S1-Gly-Al H 84 0
2* (S, 8)-S1-Val-Al -CH(CHs), 82 38 (S)
3* (S, S)-Si-Leu-Al -CH,CH(CH3), 42 (947 33 (40)*(S)
4 (5, §)-S1-Phg-Al -Ph 56 29 (S)
5  (R,S)-S1-Phg-Al -Ph 31 15 (S)
6  (5)-S2-Gly-Al -H 92 23 (S)
7 (S, $)-S2-Val-Al -CH(CHs), >99 58 (S)
8 (S, 85)-S2-rLeu-Al -C(CHs)3 70 38 (S)
9 (S,S5)-S2-Leu-Al -CH,CH(CHs), 92 74 (S)
10 (S, 5)-S2-Phe-Al -CH,Ph 85 46 (S)
11 (S,S5)-S2-Thr(fBu)-A1 -CH(CH;)(O'Bu) 83 54 (S)

*Reaction time was 6 hours.

In addition, a variety of R’ moieties were employed in order to optimize the -

enantioselectivity with 3,5-di-ferz-butylsalicylaldehyde S2 (RY and (S)-

methylbenzylamine Al (R3). The results showed that leucine was the best substituent

at R? position of the ligand (entries 7-12). In entry 11, ligand (S,S5)-S2-Thr(tBu)-A1l

constituted the most sterically hindered R? but the enantioselective induction of this

ligand was not as good as (S',S)-SZ-Leu-Al. The results showed that the configuration

at R* was not the major factor to determine the configuration of the product. This is
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evidenced when the ligand with S-configuration and R-configuration at R? were
compared (entries 4 and 5). Both of R” configuration gave the same preferred
configuration of the product, i.e. S-configuration is preferred. The configuration of
the product was not directly affected by the configuration of the R? part but more
affected by the R part.

3.3.7 Effect of R* and R’ configurations

Effect of R’ substituent on the stereoselectivity of the ligands such as (S)-
phenylethylamine, (R)-phenylethylamine, (S)-1-naphthylethylamine, (R)-
phenylethoxylamine, (S)-cyclohexylethylamine, aminoindane and S(R* ,R*)-bis
(pheylethyl)amine was also studied. The results indicated that the configuration (R
and S) of R, derived from chiral amine, directly affected the configuration of the
aminonitrile product (Table 13.13). The ligands with (R) R® preferably gave the (R)
aminonitrile product, while ligands with (S) R? preferably yielded the (S) aminonitrile
product. The R’ substituents, like the R! substituents, may thus directly involve with
the attacking cyanide ion and play a primary role in governing the stereoselectivity of
the reaction. It is also important to point out here that the change of configuration of
R® did not affect the configuration of the aminonitrile product but it affected
cooperatively with R’ (entries 11-12) as shown by the decreased selectivity for not
matched pair (S, R) compared to the matched pair (R, R), (S, S)) (entries 5, 6 and 9,
10). These results confirmed that R? played only the secondary role in governing the
enantioselectivity of the ligands. These results presented intriguingly different
hypothesis from what was proposed in literatures using ligands with a related

15
structure.
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Table 3.13 Effect of R* and R’ configurations on Catalytic asymmetric Streéker

H R C H R |
. \N/Hrg & CH; \N Jﬁ]/%:ll/,( R CH,
X ) o X &) o '
OH. OH
v -

reaction.

. | ——
s1,s2 A s1, 2 o
Al .
H R? H R
s AL NS cn, NS N® cx,
x ol ] L VeI
. OH o OH
s1, $2 = s1, 82 o
v Al

entry Ligand Conv. (%) ee (%)
1 © (S)-S1-Gly-Al 84 0

2 (R)-S1-Gly-Al 95 | 6 (R)

3 (5)-S2-Gly-Al 92 23 (S)

4 (R)-S2-Gly-Al 9 20 (R)

5 (S, $)-S1-Val-Al 82 38'(3)

6 (S, B)-S1-Val-Al 77 10 (R)

7 (S, S)-S1-Leu-Al 94 40 (S)

8 (S, R)-S1-Leu-Al 96 B 23 (R)

9 (S, S)-S2-Leu-Al 92 74 (S)

10 (S, R)-S2-Leu-Al o 55 - 43(R)

11 (S, S)-S1-Phg-Al 56 29 (S)

12 (R, S)-S1-Phg-A1 31 15(5)
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3.3.8 Effect of R’ bulkiness | _

With the' previous hypothesis about the role of R? substituents in mind, '
increasing the bulkiness of R® should improve the enantioselectivity of the ligands.
Generally, higher enantioselectivity was obtained from the reaction with the ligands
containing bulkier R® substituent (Table 3.14). Ligahd (S, $)-S2-Leu-A2 constituted
3,5-di-tert-butylsalicylimine moiety and dipeptides derived from L-leucine, and (S)-1-
napthylethylamine showed the best enantiomeric selectivity. The ligand gave 84 % ee
of product with S configuration. If is interesting to note that (S, §)-S1-Leu-A3, in
which the R? substituent contained a hydroxy group, displayed no enantioselectivity
(entry 5). There is no clear explanation, which can be deduced from this observation
at present. Nevertheless, these results clearly showed that the steric hindrance of R
and R® worked cooperatively in enhancing the enantioselectivity of the ligands.
Although, the bulkiest R® substituent showed promising and interesting results in
ligand (S)-S2-Gly-A6 (entry 2 compared to entry 1) in terms of %ee and yield of the
product, it was unfortunate that this substituent (A6) which have extremély high steric
‘hindrance could not be synthetically incorporated into the S2-Leu moiety to confirm

the hypothesis.
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Table 3.14 Catalytic asymmetric Strecker reaction using ligand in various R’

& : Y
@ I A3=© A5”='

;\g fe:4 }sf\z{ ) cn, | h ©
P YCH3

A= A6= 3N\ _-CHs

NN

X 9). .
Ph .-

entry | Ligand Conv. (%) ee (%)

1 ' (5)-S2-Gly-Al 92 23 (S)

2 ($)-S2-Gly-A6 >99 39 (R)

3 (S, S)-S1-Leu-Al 94 40 (S)

4 (S, S)-S1-Leu-A2 95 - 37(S)

5 (S, R)-S1-Leu-A3 80 0

6 (S, 5)-S2-Leu-Al 92 74 (S)

7 (S, S)-S2-Leu-A2 | 92 84 (S)

8 (S, .5)-S2-Leu-Ad 94 77 (S)
9 (S, S)-S2-Leu-A5 71 49 S

3.3.9 Substrate dependence

Various imines were reacted with TMSCN in the presence of (S8, 8§)-S2-Leu-
Al or (S, S)-S2-Leu-A2 salicylimine ligands. _Most of the aromatic imines (entries 1-
5, 7 and 9-12, Table 3.15) gave satisfactory results except for those bearing stroné o

electron donating group at the ortho or para position of the benzene ring (entries 6
and 8).
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Table 3.15 Asymmetric addition of cyanide to various imines using salicylimine

ligands.
R! R!
ligand 10 %mol ' Py
)NL Ph Ti(O'Pr); 10%mol 5}\1\ P:h
R i TMSCI;I é ggul;/hutoluene R2
osars
(S, $)-S2-Leu-Al (S, S)-S2-Leu-A2
entry  salicylimine ligand imine Conv. (%) ee (%)
R R’
1 (8, 8)-S2-Leu-A1 H Ph 92 74
2 (S; 8$)-S2-Leu-AZ H : Ph 92 84
3 (S, $)-S2-Leu-A1 H 4-CICgHy 96 76
4 (8, 8)-S2-Leu-A2 H 4-CICgHy 97 89
5 (S, $)-S2-Leu-A1 H 3-ClCgHy >99 63
6 (S, $)-S2-Leun-A1 H 2-MeOCgHy >95 v
7 (S, S)-S2-Leu-Al H 3, 4-(MeQ),CeHs 75 73
8 (S, 8)-S2-Leu-A1 H 4-MeOCgHy 98 -0
9 (S, §)-S2-Leu-A1  H 3-MeOCgHs 90 84
10 (5,8)-S2-Lew-A2 H  3-MeOCely 97 88
11 (S, $)-S2-Leu-Al H 4-CH3CgHy _ 95 64
12 (S, S)-S2-Leu-Al1 H 1-Naphthy! >99 63
13 (S, S)-S2-Leu-Al H (CH3)sC 94 0
14 (S,S)-S2-Leu-Al Ph Ph 61 0

The (S, S)-S2-Leu-Al did not show any enantioselectivity in the cyanation of the
sterically hindered aliphatic imine, f-butylmethylene imine (entry 13). Similar results
have been reported in the Jiteratures.™ Surprisingly though, the cyanation of N-
“benzylidenebenzhydrylimine gave essentially racemic product (entry 14). This highly

steric aromatic imine has been reported to be one of the best substrates in the
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enantioselective addition of cyanide with varioué types of catalysts."*'® This and other
results, discussed previously, implied that the ligands synthesized in this work
catalyzed the addition of cyanide to the. imines . through a'transi.tion state with a
structure quite different from what was prdposed for the related ligands reported in

the literatures. '8
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CONCLUSION

The investigation had been carried out to search for novel optically active
catalysts for the asymmétric Strecker reaction. The work had focused on the utilization
of various salicylimine ligands with appropriate metal as active catalysts. The twenty-
eight salicylimine Iigands constituted of salicylaldehyde derivatives, optically amino
acids and chiral amine moieties were synthesized successfullyvby' using protection-
condensatioh—deprotection techniques commonly used in peptide synthesis.

The catalytic properties of these salicylimine ligands and condition for
asymmetric Strecker reaction were investigated. The results revealed that salicylimihe-
ligand in the presence of Ti(OiPr)4 was an active catalyst to produce o~aminonitrile.
The best condition for the catalytic system involved HCN derived from TMSCN and a
protic solvent as a cyanide source in toluene at —5-0 °C. Eigh conversion was observed
in 4 hours for good catalytic system. Effect of substituents on salicylimine ligands was
explored. The bulkiness of salicylaldehyde moiety was an important factor controlling
the degree of asymmetric induction. In addition, the optimum steric hindrance of
optically active amino acids was required to improve the enantioselectivity. The
configuration of product was controlled by stereochemistry of chiral amine unit for
instance, (R)-chiral amine gives (R ’:“)_-product and vice versa.

High conversion (75-99%) and high enantiomeric excess (63-89%) were
observed for the cyanide addition to various aromatic imines in the presence of (S, §)-
S2-Leu-Al or (S, S)-S2-Leu-A2 salicylimine ligands and Ti(O'Pr)s except the imines

bearing strong electron donating group at the ortho or para position.
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Figure 1 The '"H NMR and BCNMR spectra of (S, §)-S2-Leu-Al.
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Figure 2 The 'H NMR and 3C NMR spectra of (S, R)-S2-Leu-Al.
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Figure 3 The '"H NMR and >C NMR spectra of (S, $)-S2-Leu-A2.
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Figure 4 The "H NMR and >C NMR spectra of (S, $)-S2-Leu-Ad4.
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Figure 5 The '"H NMR and BC NMR spectra of (S, §)-S2-Leu-AS.
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Figure 6 The 'H NMR and C NMR spectra of (S, $)-S2-fLeu-Al.
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Figure 7 The "H NMR and "*C NMR spectra of (S, S)-s'z-Val-AL”
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Figure 8 The 'H NMR and °C NMR spectra of (S, §)-S2-Phe-Al.
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Figure 9 The '"HNMR and °C NMR spectra of (5)-S2-Gly-AL
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Figure 10 The "H NMR and “C NMR spectra of (R)-S2-Gly-Al.
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' Figure 11 The 'H NMR and C NMR spectra of (S)-S2-Gly-A6.




113

a N
-t
&
133
=
f T T T \ 'r T T 1
2.9 7.0 5.¢ §.0 - ] 1.0
PPH
T T 1 T H i H 1 I f
180 160 140 120 100 80 60 40 20 0
PPHM !

Figure 12 The 'H NMR and 3C NMR spectra of (S, §)-S2-Thr('Bu)-A1.
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Figure 13 The '"HNMR and ’C NMR spectra of (S, 5)-S3-Leu-Al.
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Figure 14 The 'H NMR and °C spectra of (S, S)-S4-Leu-AlL -
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Figure 15 The 'H NMR and '3C NMR spectra of (S, S)-S5-Leu-Al.
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Figure 16 The "H NMR and °C NMR spectra of (S, R)-S6-Leu-Al.
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| Figure 18 The 'H NMR spectra of (S, R)-S1-Leu-Al.
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Figure 19 The "H NMR spectra of (S, $)-S1-Leu-A2.

Figuré 20 The 1H: NMR spectra of (5, R)-S1-Leu-A3.
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Figure 22 The 'H NMR spectra of (S, R)-S1-Val-Al.
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Figure 23 The 'H NMR spectra of (S, S§)-S1-Phg-Al.
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Figure 24 The 'H NMR spectra of (R, §)-S1-Phg-Al.
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Figure 25 The "H NMR and *C NMR spectra of (R,R)-S1-Phg-Al.
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Figure 26 The 'H NMR of % conv.(a), % ee (b)of a-aminonitrile product using -
(S, S)-S2-Leu-Al. ' g
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Figure 27 The 'H NMR of Y conv.(a), % ee (b)of a-aminonitrile product using
- (S, S)-S2-Leu-A2.
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