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A series of N-salicyl-B-aminoalcohol ligands had been synthesized by three-
component Mannich type reaction followed by ring opening of oxazolidine
derivatives with hydroxylamine hydrochloride. The reactions provided a series of
chiral N-salicyl-B-aminoalcohol ligands in high yields (84-92%) without any
racemization. These synthesized compounds were evaluated as ligands for catalytic
asymmetric Strecker reactions. N-Benzhydrylaldimines derived from aromatic and
aliphatic aldehydes reacted with TMSCN in the presence of 10 mol% of Ti-ligand
complex to give the a-aminonitriles in excellent yields and in up to >98 % ee. In
addition, the catalyst loading was successfully reduced to 2.5 mol% which is very
effective and extremely simple for large scale synthesis. The presence of 2-propanol
is essential to ensure good conversion and reaction rate. The absolute configuration of
all products derived from the (S)-ligand was confirmed to be S. Racemization of a-
aminophenylacetonitriles is catalyzed by weak acids such as silica (SiO;) or even
methanol. However, the racemization can be suppressed by addition of either a base
such as triethylamine (NEt;) or strong acid such as hydrochloric acid (HCI).
Importantly, optically active a-aminoacetonitriles can be easily converted to
arylglycines by complete hydrolysis with minimal racemization. (>80% and >90%
ee). A transition state model to explain the enantioselectivity of the reaction is
proposed. The present chiral catalysts. showed their catalytic ability in not only
asymmetric strecker reaction but also asymmetric Pudovic reaction as well as

asymmetric Michael addition.
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CHAPTER I

INTRODUCTION

1.1 Chiral molecules and chiral building blocks

Chirality is a fundamental symmetry property of three-dimensional objects
and is applied to three-dimensional structure of molecules which is called chiral
molecules. Many compounds may be obtained in two different forms in which the
molecular structures are constitutionally identical but differ in the three-dimensional
arrangement of atoms such that they are related as mirror images. Stereoisomers
which are related to each other as nonsuperimposable mirror image are called
enantiomers (Figure 1.1). In the absence of an external chiral environment,
enantiomers have identical chemical and physical properties such as melting point,
solubility and NMR spectra. This is a reason why enantiomers can not be separated or
distinguished by conventional separation. or analytical methods including
chromatography and spectroscopy. However, there are at least two properties in
which enantiomers differ. These are the rotation of the plane of plane-polarized light
which is the origin of the phenomenon called “optical activity" and interactions with
other chiral molecules - just like a right hand will only fit with the corresponding
right-hand glove but not the left-hand glove.[1]

rairror plane

Figure 1.1 A model of enantiomers



Biological molecules, which constitute a fundamental structure and perform
vital functions in living organisms such as proteins and enzymes, are produced from
chiral building blocks. Naturally occurring compounds are generally optically active
because living organisms tend to produce only a single enantiomer of these molecules
through the action of enzymes. Since living organisms are chiral, they usually respond
to different enantiomers in different ways. There are many examples of
pharmaceuticals, agrochemicals and other chemical compounds where the desired

biological property is related to the absolute configuration (Figure 1.2).

B CN CN Br
N Kl =
(R,R,S)-Deltamethrin (1) (S,S,R)-Deltamethrin  (2)

~ )J\/N\”)\/

(S,S)-Aspartame  (3) (S,R)-Aspartame (4)
N~ Y
H H
(-)-Levorphanol (5) (+)-Dextrophan (6)
0O O 0 O
N 6] 0 N
N N
O O H H O O
(S)-Thalidomide (7) (R)-Thalidomide (8)

Figure 1.2 Chiral compounds having different biological activities



As an example,[2] in a series of eight possible stereoisomers of delthamethrin,
the (R,R,S)-(1) is the most powerful insecticide whereas the enantiomer (S,S,R)-(2) is
inactive. In food additives, aspartame (S,S)-(3) is used as an artificial sweetener whilst
the (S,R)-(4) tastes bitter and must be avoided in the manufacturing process. In drugs,
(-)-levorphanol (5) is a powerful narcotic analgaesic whereas its enantiomer, (+)-
dextrorphan (6) is active as a cough suppressant. Perhaps the most well-known
example is the well-known example of thalidomide. While the (R) enantiomer (8) was
used as a sedative, the (S) enantiomer (7) exhibits teratogenic activity. Unfortunately,
the drug had been administrated as a racemate until many tragedies occurred. As a
result, the racemic mixture had to be withdrawn from the market (Figure 1.2).
Consequently, the preparation of optically active compounds as a single enantiomer is
very important in chemical industries especially for production of pharmaceuticals
which  requires chiral building = blocks. Economic, environmental and
pharmacodynamic considerations are all points to the need for enantiomerically pure

drugs and agrochemicals.

1.1.1 a-Amino acids

Amino acids are one of the main classes of natural product. They are very
small biomolecules with an average molecular weight of about 135 daltons. These
organic acids exist naturally in a zwitterion state where the carboxylic acid moiety is
ionized and the basic amino group is protonated. The most important class of amino
acids is the a-amino acids which have a common backbone consisting of a carboxylic
acid group and an amino group attached to the same saturated (sp®) carbon atom. The
simplest member of this group ‘s glycine, where the saturated carbon atom is
unsubstituted, rendering it optically inactive. The rest of the 19 most common amino
acids are optically active existing as both D and L stereoisomers. Naturally occurring
amino acids that are incorporated into proteins are, for the most part, the levorotary
(L) isomer. Substituents on the alpha (or saturated) carbon atom vary from lower alkyl
groups to amines, and alcohols and aromatic group. There are also acidic and basic
side chains as well as thiol chains that can be oxidized to disulfide linkages which
play an important role in holding the peptide chains together in a well-defined.[3]



Alpha-amino acids are the "building blocks" of the body. Besides building
cells and repairing tissue, they form antibodies to combat invading bacteria and
viruses; they are part of the enzyme and hormonal system; they build nucleic acids
(RNA and DNA); they carry oxygen throughout the body and participate in muscle
activity and also extensively used as food additives,[4] agrochemicals,[5] and
pharmaceuticals.[6] When protein is broken down by digestion the result is 20 known
amino acids. In human, eight are essential (can be manufactured by the body with
proper nutrition), tryptophan, lysine, methionine, phenylalanine, threonine, valine,
leucine and isoleucine, and the rest are non-essential.[7] All of the structures of o-

amino acids are different at the a-side-chain as shown in Table 1.1.

Table 1.1 The proteinogenic amino acids [3]
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In many syntheses of complex chiral compounds in recent years, a-amino
acids are increasingly becoming the first starting point to be considered. Their
structural features were employed as the starting point for the synthesis of value of
this readily-available pool of compounds such as synthetic targets, a source of chiral
materials and constituents for reagents or catalysts in asymmetric synthesis. The a-
amino acids syntheses and their applications therefore have been developed and

rapidly grown in many other areas of organic synthesis.



1.1.2 Retro-synthesis of a-amino acids synthesis

There are several methods successfully employed in the synthesis of a-amino
acids. Only some general methods for the synthesis of a-amino acids including
substitution reactions of halogen in o-halo acids, alkylation of glycine anion or
equivalents and the Strecker reaction will be described.[8]

X

R)\COOH
— NH; or its
substitution equivalent

(eg. Phthalimide)

NH; alkylation NH, Strecker synthesis Nl’R
WY 1 base RSO\ Gy or™ i o
d : . or COOH equivalents
2. RX (eg. 'CCly)
1. acid hydrolysis 3. acid hydrolysis

Scheme 1.1 Retro-synthesis of a-amino acids

Substitution reactions of halogen in a-halo acids

The substitution reactions on a-halo acids with ammonia or its equivalents are
very convenient methods forthe synthesis of a-amino acids with no chiral center such
as glycine. Simple a-bromo acids can be synthesized from the reaction of carboxylic
acid-and bromine in_the presence of phosphorous tribromide.- Ammonia is a simple
reagent and works well in conversion of simple a-halo acids to a-amino acids. In
addition, its equivalents as potassium phthalimide and sodium azide are superior
reagents and can also react with a-halo acids to provide o-amino acids after

hydrolysis (phthalimide, the Gabriel synthesis) and reduction (azide) respectively.



O

1.

O
2. Hydrolysis

)\/\ e )\jli e )\)N\Hz
COOH COOH COOH
\ 1. NaN3

2. Reduction

Scheme 1.2 Synthesis of a-amino acids by substitution reactions of bromine in a-

halo acid

The substitution reaction is Sy2 In nature, which means that obtaining
optically active a-amino acid should be possible by this method. Unfortunately, the
optically active o-bromoacids required as the starting materials are not readily
available. In fact, they are usually obtained from the corresponding a-amino acid by

nitrosation in aqueous HBr.

Alkylation of glycine anion or equivalents

The reaction which is applied to N-acetylaminomalonic ester is called
Sorensen synthesis. The concept of this method is o-carbon deprotonation of N-
acetylaminomalonic ester which is a glycine equivalent stabilized by another
carboxylic group. It can be alkylated in the same way as malonate esters.
Decarboxylation of the a-substituted aminomalonate ester provided amino acids.
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Scheme 1.3 Sorensen synthesis of a-amino acid

Another one is synthesis of amino acids from glycine equivalents by o-carbon
deprotonation to form stabilized carbanion followed by alkylation with a suitable
alkylating agent such as aldehyde provides unsaturated substituted azalactone. It can
be transformed to the a-amino acids by reduction and hydrolysis.

0]

I > -
H o Ac,0, NaOAc ©/j\o © heat "H3N ©

Scheme 1.4 Synthesis of a-amino acid by alkylation of glycine anion

The Strecker reaction

The Strecker synthesisis a well-known classical procedure for the synthesis of
a-aminonitriles. These can be prepared in one step by the treatment of aldehydes or
ketones with alkali cyanides such as sodium or potassium cyanide and salt of amine as
ammonium salt such as NH4CI.[9] The reaction has also been carried out with
NH3/HCN and with NH4CN. Salts of primary and secondary amines can be used
instead of NH4" to obtain N-substituted and N,N-disubstituted a-aminonitriles. It may

be considered as a special case of the Mannich reaction. Since the nitrile function
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(CN) of a-aminonitriles can be easily hydrolyzed to the carboxylic acid, it is a
convenient and atom-economy method for the preparation of a-amino acids.[10] The
amino acids obtained from conventional Strecker synthesis are generally racemic

mixtures.

+

NH, NH3

o)
NaCN/NH,CI H30"
H CN CO,
heat

Scheme 1.5 The conventional Strecker synthesis

From the information described above, there are several methods for a-amino
acids synthesis. These examples, including many others that cannot be mentioned due
to the limited space available, are important models for finding alternative synthetic

approaches to obtain useful a-amino acids for various applications.

1.2 Catalytic asymmetric synthesis

Since the early 1970s, there has been a dramatic increase in research on new
methods for the preparation of chiral compounds in the form of single enantiomers.
The most widely used procedure in the past are called “resolution” of the enantiomer
pairs (“racemate™) using an appropriate enantiomerically pure chiral resolving agent
or using an enzyme which can recognize only one enantiomer out of the pair. One of
the main drawbacks of this method.is that the process is lengthy since the racemate
must be made first and resolved later.  The more important. drawback is its
inefficiency. The maximum recovery of the pure enantiomer is only 50 % and the
remaining incorrect enantiomer must be discarded or recycled. More recently, due to
economic and environmental reasons, there are a lot of interests in synthesizing the

chiral compound as a single enantiomer - the process called "asymmetric synthesis".

Asymmetric synthesis [11-12] is a reaction in which an achiral unit in an

ensemble of substrate molecules is transformed into a chiral unit in such a manner that
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the stereoisomers which may be enantiomers or diastereomers are produced in
unequal amounts. This can be accomplished by using a stereogenic center in the chiral
substrate or a chiral auxiliary attached to an achiral substrate (stoichiometric
asymmetric synthesis).[11] A breakthrough in the field of asymmetric synthesis has
initiated since the early 1980s when catalytic asymmetric synthesis has been
developed and since then has progressed rapidly. The use of only small amounts of
the highly efficient catalyst could enantioselectively induce the formation of chiral
compounds as a single enantiomer in large quantities when compared to amount of
the used catalyst. The preparation of single enantiomer in this way is economically

attractive because the expensive chiral auxiliaries are not required in large quantities.

For catalytic asymmetric synthesis, a chiral catalyst is allowed to react with an
achiral substrate to produce a chiral product. The advantages over stoichiometric
asymmetric synthesis are two-fold: the range of starting materials is far wider because
it needs no longer to come from the chiral pool, and there are no two complicated
steps for the attachment and removal of a chiral auxiliary.[13] For instance, Scheme
1.6 shows the asymmetric diethylzinc addition to benzaldehyde catalyzed by chiral B-
aminoalcohol derived from (S)-valinol to give (R)-1-phenyl-1-propanol in high yield
and excellent enantioselectivity.[14]

n
Bu "By

o) Bu"—N OH H

Bu" 10 mol%
H
hexane:toluene 5:4,rt ©/\/

80%, 97% ee

nQ

Scheme 1.6 Asymmetric diethylzinc addition to aldehyde

The understanding of the mechanism of asymmetric reaction led to the belief
that the difference between racemic reaction and enantioselective reaction lies in
differentiating the two transition states, leading to the production of ‘R’ and ‘S’
isomers. In a racemic reaction, AG"s = AG", both the transition states are of the equal

energy. Consequently, both R and S isomers are produced in equal amounts to yield a
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racemic product. In other words, AG"s = AG", the catalyst facilitates one of the
transition states to be at lower energy than the others, leading to the reaction which is
called enantioselective reaction (Figure 1.3). The catalyst interacts with achiral
substrate in which transition state leading to ‘R’product has been lowered by AG”,
whereas transition state for the formation of ‘S’ product may remain unaffected or
decrease. In an enantioselective reaction, the value of AAG" plays a crucial role in
determining the selectivity of the reaction. The value of AAG" between 2.5 and 3.0 k
cal/mol may result in 98-100% ee, depending upon the reaction (temperature was also
considered).[12]

Y

<@OAaoumMmzZzm

achiral
substrate

Product Product
S-isomer R-isomer

v

Reaction Co-ordinate

Figure 1.3 Reaction coordinates for asymmetric synthesis from prochiral

substrate

In the field of asymmetric catalysis spectacular progress has been made by
using homogeneous catalysts based on transition metal complexes modified by chiral
ligands. Chiral ligands may be mono- or polydentate. Often bidentate chiral ligands
are the most effective, both in terms of catalytic activity and stereoselectivity. The
increase in stereoselectivity could be related to the decrease in the number of the
ligand conformations that can assume in the cooridination sphere of the metal.[15] A

good chiral ligand should meet several conditions as follow:
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1. It must be coordinated to the metal during the step in which the chiral center
on the substrate is created and not exert merely a chiral medium effect.

2. The catalytic ability when the chiral ligand is present should be reasonably
good relative to the achiral catalyst.

3. The structure of the ligand should contain functional groups that can be easily
modified.

4. The synthesis of the ligand must be relatively easy. If possible, resolution is to
be avoided, the starting material should be commercially available and
inexpensive.

5. Itis desirable to be able to get both antipodes of the ligand.

Although there are many reports about new chiral ligands for asymmetric
catalysis during the past 20 years,[16-17] the methodology will be continuously
developed especially for the syntheses of new chiral ligands which are inexpensive,
practical to use, highly efficient, easily synthesized and can be customly modified to
suit any desired reactions. For the most popular or “privileged” chiral ligands,[18]

these can be classified into four simple families.

Chiral phosphorous ligands

) Q : A—— PPh, <X OH
SRS, L Ol
’ -
‘R OO PPh, - PPh,
DuPHOS (S)-BINAP (S,S)-Chiraphos (R)-(S)-BPPFOH

PPh, O é O\\
Pth ’, N
;b/ X1 oo,
/-\

|
\ PPh OPPh,
PPh, o) 2 PhyP

(R,R)-NORPHOS (S,S)-DIOP NMDPP ProNOP

Figure 1.4 Chiral phosphorus ligands [15, 18-19]
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Chiral oxygen ligands

e

(S,S)-TADDOL (S)-BINOL I-Menthol (+)-DET

HO.__CO,Et
OH \[

HO" “CO,Et

o

Figure 1.5 Chiral oxygen ligands [15, 18]

Chiral nitrogen ligands

R R
NH, o
NH |
2 N y
R

(-)-Sparteine (S)-BINAM Bisoxazoline
\) HZN
R h R
Pybox Pymox Tryptophan ethyl ester

Figure 1.6 Chiral nitrogen ligands [15, 18]
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Chiral amino alcohol ligands and related compounds

R R
y O ho OH L s N, N=
AN AN \NJ\K oMo
OH X/ \ M,
OH R R
(-)-Ephedrine (+)-Pseudoephedrine Schiff base Salen complexes

/ H /@H
HO N HO N
H H
MeO = I MeO = |
N\
\N N
(+)-Cinchonine (#)-Quinidine (-)-Cinchonidine (-)-Quinine

Figure 1.7 Chiral amino alcohol lagands and related compounds [15, 18, 20]

The development of novel chiral ligands is crucial to the advancement of
asymmetric catalysis. Classification of ligands that have been successfully used in
enatioselective catalysis can be informative.[21] Many of the most common ligands
are bidentate and neutral. These ligands are attached to metal ions to form chiral metal
complexes acting as chiral catalysts. Most of them are employed in catalytic

asymmetric reactions and some chiral catalysts can be also recoverable.[22]

1.3 Chiral catalysts

Many examples of the well-known and very synthetically important catalytic
asymmetric reactions are nucleophilic addition to carbonyl compounds,[23] polarized
double bonds [24] and imines.[25] These catalytic asymmetric reactions [26] need an
effective chiral catalyst which may be an organic molecule containing appropriate
functional groups for catalyzing the reaction that can be called chiral organocatalyst
or a complex between a metal ion and a chiral ligand that can be called chiral Lewis
acid.[27-28]
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1.3.1 Chiral Lewis acids

The widely utilized class of chiral catalysts in catalytic asymmetric synthesis
is chiral Lewis acids consisting of a metal ion and a chiral ligand. The metal
accelerates the reaction while the ligand provides the chiral environment.[29-32] Most
often stoichiometric amounts of Lewis acids such as BFs, AICl;, SnCls, TiCly or
lanthanide metal ions [33-34] with different counter anions such as 2-propoxide (O'Pr
) and triflate (OTf) have been employed for a variety of carbon-carbon bond
formation in asymmetric synthesis. Undoubtedly, an economically efficient way to
perform enantioselective carbon-carbon bond formation would be to use only catalytic
amounts of chiral Lewis acids. There are many reports about the use of chiral Lewis
acids in catalytic asymmetric reactions; however, some specific examples which will

be mentioned are the use of well-known utilized catalysts.

The development of efficient chiral phosphorus catalysts [35] has played an
important role in development of asymmetric hydrogenation. In fact, the exploration
of chiral phosphorus catalyts for asymmetric hydrogenation is a continuous effort
which started in the late 1960s.[36] In 1980, Noyori and co-workers published the
synthesis of both enantiomers of the BINAP which has been successfully used in
asymmetric hydrogenations.[37] Later, Noyori exchanged rhodium, Rh(I), for another
transition metal, ruthenium, Ru(ll), in an attempt to find more general catalysts with
broader applications. The ruthenium(I1)-BINAP complex catalyze hydrogenation of
many types of molecules with other functional groups. These reactions give high
enantiomeric excess and high yields and can be scaled up for industrial use. Noyori’s
Ru-BINAP is used a catalyst (9) in the industrial production of an anti-inflammatory,
(S)-naproxen (10) (Scheme 1.7).[38]
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.
H, 100 atm, MeOH

92% vyield, 97% ee
Scheme 1.7 Catalytic asymmetric synthesis of (S)-naproxen

Recently, Noyori reported a remarkable enhancement in the reactivity of the
Ru(ll) catalysts by the addition of ethylene diamine and KOH in 2-propanol. The
addition of very small amounts of these basic agents entirely reverse the
chemoselectivity from  olefin-selective to carbonyl-selective.[39] Effective
asymmetric hydrogenation of o,B-unsaturated ketones has been an enduring problem
in organic chemistry. In the example in Scheme 1.8, the combined use of chiral Ru(Il)
complex and the weak base K;COj transforms a simple enone by enantioselective
hydrogenation into a chiral allylic alcohol. The substrate/catalyst ratio approaches
100,000. This chemoselectivity is remarkable in view of the large catalytic activity of
diamine-free BINAP-Ru complexes (11) for hydrogenation of carbon-carbon double
bonds in allylic alcohols.

OMe

OO qCl H‘ OMe
Bhz1" N

-

- =RuC
SsLLE R

H, 5 atm, 28 °C, MeOH

/7
"2

/\/U\)\
AN
90% ee

Scheme 1.8 Asymmetric hydrogenation of enone catalyxed
by diamine-BINAP-Ru complexe (11)
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One of the most interesting examples is hydrogenation of functionalized
ketones. Optically active secondary alcohols bearing a functional group are extremely
useful starting matherials for the synthesis of various biologically active compounds.
Diphosphine complexes of Rh and Ru have been used as catalysts for this reaction. o-
Amino ketones and B-keto esters were hydrogenated with high enantioselectivities by
using a high substrate/catalyst ratio to give the corresponding amino alcohols with up
to 96% ee.[40-41] In addition, enol esters are interesting substrates for asymmetric
hydrogenation because the products can easily be converted to optically active
alcohols. Several enol esters have been used in asymmetric hydrogenation catalyzed
by Rh complexes with chiral diphosphine ligands. Substrates having an additional
functional group are hydrogenated with high enantiomeric excess. Chiral Et-DuPHOS
(12) were reported to be the excellent ligands for the asymmetric hydrogenation of
enol acetates. Several aromatic and aliphatic enol acetates were hydrogenated by
using a complex of rhodium and Et-DuPHOS (12) to give the corresponding esters

with high enantioselectivities.[42]

Et Et 12
[Rh(COD)OTf,] 10 mol%

R™ "OAC H,85atm, MeOH, 25°C,2h R = OAc

91-99% ee

Scheme 1.9 Asymmetric hydrogenation of enol esters using
Rh-Et-DUPHOS complex

The chiral amines previously employed for the biaryl coupling reaction were
mostly aliphatic diamines, and the use of chiral diaryldiamines derived from 1,1'-
naphtyl-2,2'-diamine (BINAM) has been reported.[43] These chiral ligands were
complexed with Cu® and employed in the catalytic asymmetric oxidative coupling of
3-hydroxy-2-naphthanoate to the corresponding binaphthol derivative. The diamine
with one N-(3-pentyl) group (13) shows highest enantioselectivity in the biaryl

coupling.
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CO,Me

Scheme 1.10 Enantioselective oxidative coupling of metyl-3-hydroxy-2-

naphthanoate

Chiral Lewis acids formed by complexation of a copper salt by a chiral
bisoxazoline are C,-symmetric complexes (BOX). These ligand-metal complexes
have emerged as an effective catalyst for carrying out a wide range of enantioselective
reactions such as Mukaiyama aldol reaction,[44] Michael addition,[45] Diels-Alder
reaction [46] and annulation of allene [47] (Scheme 1.11). The presence of a C,-
symmetric axis in the bisoxazoline and Pybox complexes (14-17) minimizes the
number of possible transition states in a particular reaction. The selectivity was
observed due to the fact that the bisoxazoline catalysts form six membered metal
chelates which are conformationally constrained and the chiral centers in these
catalysts are located in ‘close proximity to the nitrogen donor, thereby imposing a

strong directing effect on the catalytic sites.
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Scheme 1.11 Various enantioselective reactions catalyzed by
bisoxazoline and Pybox complexes

Asymmetric cis-dihydroxylation of the olefins is the reaction that converts an
olefin to a vicinol diol present in many natural products and unnatural molecules. The
original dihydroxylation reaction used stoichiometric amount of osmium tetroxide
(Os0Q,), which is expensive, volatile and toxic, with the result that even small-scale

reactions were inconvenient. However, the hydroxylation shows specificity for double
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bonds and has no particular substrate requirements, which were advantages. Over the
years, the original dihydroxylation procedure has been modified to operate
catalytically, more rapidly, and in better yield. It was observed that the addition of
amines, such as pyridine, to the dihydroxylation reaction increases its rate.
Presumably this is due to the formation of an electron-rich coordination complex with
the osmium atom. A useful stoichiometric co-oxidant is N-methylmorpholine N-oxide
(NMO). In 1988, Sharpless discovered the first catalytic asymmetric dihydroxylation.
The cinchona alkaloid ligand (18) was proved to have more balanced properties and
gave more pronounced “ligand accelerated catalysis”. The sharpless cinchona alkaloid
catalytic dihydroxylation process with the practical quantities of NMO resulted in

good yields and good enantiomeric excess.[48]

18

0.13 eq, 0 °C, 15h

O NMO 1.2 eq, OsO,4 0.2%, acetone-water

89%, 94% ee

Scheme 1.12 Catalytic asymmetric dihydroxylation developed by Sharpless

Chiral salen ligands firstly reported by Jacobsen are tetradentate ligands
prepared by condensation of two equivalents of a salicylaldehyde derivative with
chiral 1,2-diamines. Chiral salen ligands have several attractive features which
constitute the basis for their utility in asymmetric reactions. Metal complexes of salen
ligands are readily prepared from a variety of first row and second row transition
metal salts as well as main group metals. Although a large number of ligand structures
are accessible, it is striking that the salen complex (19) has often been found to be the
optimum complexes for a broad range of reactions catalyzed by several different
metals (Figure 1.8) such as Mn-complexes for epoxide, Co- and Cr-complexes for
ring-opening of epoxide and Diels-Alder reaction, and Al-complxes for conjugate

addition.
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19a M=Mn-Cl 19f M=Cr-N3
19b M=Co-OAc 19g M=Cr-BF,
19¢ M=Co-SbFg 19h M=Cr-SbFg
19d M=Co-Cl 19i M=AI-CI
19e M=Cr-Cl 19j M=AI-Ng

Figure 1.8 Metal salen complexes utilized in catalytic asymmetric reactions

As an example, asymmetric epoxide ring opening by TMSN3; was found to be
catalyzed by (salen) metal complexes. Meso epoxides undergo desymmetrization
catalyzed by complex (19f) with good to excellent enantioselectivity. This reaction
was extended to the kinetic resolution of racemic terminal epoxides to provide 1-
azido-2-trimethylsiloxyalkane derivatives in high enantiomeric excess (Table 1.2 and
1.3).[49] Epoxide ring-opening with TMSN; has also been demonstrated to show a
high degree of catalyst control in the regioselective opening of enantiopure

dissymmetrically substituted epoxides.[50]

Table 1.2 The asymmetric ring opening of meso epoxides with TMSNj3;

R (R,R)-19f 2 mol%, CH,Cl, R, .OTMS
0. + TMSN;

-10°Cto rt sz\

R, N3
Entry R R? Yield(%) Ee(%)
1 -(CHy)s- 97 93
2 -(CHy)s- 96 85
3 -CH,OCH,- 96 97
4 -CH,N(C(O)CF3)CH,- 96 97
5 -CH,CH=CHCH,- 85 93
6 -CH,C(O)CH,- 77 94
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Table 1.3 The kinetic resolution of racemic epoxides via ring opening with

TMSN;3
Entry R R? Yield(%) Ee(%)
1 Me H 49 97
2 Et H 41 97
3 n-Bu H 45 97
4 CH,CI H a7 95
5 CH,OTBS H 48 96
6 c-CeH1p H 42 97
7 Bn H 47 93
8 (CH5);CH=CH H 47 08
9 CH(OEt), H 48 89
10 CH,CN H 40 92

Chiral ligands containing oxygen atoms in the molecules and previously
developed as a highly efficient catalysts are diol compounds such as TADDOL,[51]
and BINOL,[52] both being bidentate ligands. Shibasaki reported the use of various
chiral heterobimetallic complexes derived from lanthanide metals, alkaline metals and
(S) of (R)-BINOL as chiral catalysts [53] Iin Michael reaction,[54-55] Aldol
reaction,[56] and Pudovik reaction.[57-58] Heterobimetallic complexes (20a-c)
(Figure 1.9) developed by Shibasaki are the well-known catalysts for many reactions
especially for aldol-type reactions. These catalysts function.as both Lewis acids and
Bronsted bases. The central metal acts as the Lewis acids, and the alkali metal
binaphthoxide moieties act as Bronsted bases. The balance and co-orperation between
these functionalities are important to asymmetric induction. After testing a series of
lanthanides (La, Ga, Gd, Sm, Pr, Dy, Yb), lanthanum-derived catalysts have been

found to give the best results.



25

20a M=Li" (R-LLB) 20b M=Na' (R-LSB) 20c M=K" (R-LPB)
Figure 1.9 Heterobimetallic complexes developed by Shibasaki

For example, In 1997, Shibasaki employed the heterobimetallic complex (20a)
in catalytic enantioselective aldol reaction between aromatic or aliphatic aldehydes
and methylketone. The reaction gave B-hydroxyketone as the major product with high

yields and enantioselectivities.[56]

e} 0 (R)-20a 20 mol% OH O

R)J\H " )J\R- 1 equiv H,O, THF, -30 °c R/l\)J\R'

> 80%, up to 90% ee

Scheme 1.13 Asymmetric aldol reaction catalyzed by

heterobimetallic complex (20a)

In addition, Sharpless discovered an asymmetric epoxidation reaction of
allylic-alcohols.in-1980. This reaction is a classic in-asymmetric catalyst development.
Using = titanium(lIV) = tetraisopropoxide, tert-butyl * hydroperoxide and an
enantiomerically pure dialkyl tartrate, the Sharpless epoxidation accomplishes with
excellent stereoselectivity. This powerful reaction is very predictable. When the D-(-)-
tartrate ligand (D-(-)-DET) (21a) is used in epoxidation, the oxygen atom is delivered
to the top face of the allylic alcohol as depicted. The L-(+)-tartrate ligand L-(+)-DET)
(21b), on the other hand, allows the bottom face of the olefin to be epoxidized. When

achiral allylic alcohols are employed, the Sharpless reaction exhibits exceptional
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enantiofacial selectivity (ca. 100:1) and provides convenient access to synthetically

versatile glycidol derivatives.[59]

HO., _CO,Et

D-(-)-DET L

21a HO” ~CO,Et

o (2S,39)
‘ D-(-)-DET R3S O R?
. Ho\/—\‘\Rl
. lR Ti(O'Pr)4
R%,, = R! t-BUOOH, CH,Cl, 70-90%, > 90% ee
) g 0
oH molecular seive, -20 "C ., 0 R!
. HO™ 7/ \&
: R3 R?
L-(+)-DET
"o
HO.__CO,Et
L-(+)-DET .
21b HO  "CO,Et
(2R,3R)

Scheme 1.14 The predictive stereoselectivity of the Sharpless epoxidation

It was found that metal complexes of TADDOL, BINOL and tartrate are the
powerful and efficient catalysts for several asymmetric reactions. Interestingly, when
the one hydroxy group in the structure of TADDOL or BINOL or tartrate is replaced
by an amino group, the new chiral aminoalcohol ligands having related structure will
be obtained. The use of such chiral aminoalcohols [60-61] is mainly limited to only a

few types of reaction such as alkylation of aldehydes [62-65] and imines.[66-68]

Asymmetric. organozinc additions to carbonyl compounds have grown
dramatically and a large number “of chiral catalysts have been developed. The
diethylzinc addition to aldehydes has also become a classical test in the design of new
ligands for catalytic enantioselective syntheses. The chiral ligands do not only control
the stereochemistry of the orgnozinc addition, but also activate the zinc reagents. A
number of chiral ligands developed for the asymmetric organozinc additions are
derived from amino alcohols. These compounds react with dialkylzincs to generate a
zinc-based chiral Lewis acid omplex which can further coordinate with both the
aldehyde substrates and the dialkylzinc reagents to induce the catalytic addition. Thus
the in situ generated zinc complex is a multifunctional catalyst. It acts as a Lewis acid
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to activate the carbonyl substrates and also as a Lewis base to activate the organozinc
reagents. The chiral environment of the ligand controls the stereoselectivity. For
instance, Luche et al. disclosed the use of chiral ligand (22) in asymmetric diethylzinc
addition to aromatic and aliphatic aldhydes. Chiral secondary alcohols were obtained

in high yield and enantioselectivity.[64]

anu
B
20
Bu"-N  OH
"Bu
o 10 mol%, rt OH
+  ZnEt o
R)J\H - toluene:hexane 5:4 R

> 80%, 86-97% ee

Scheme 1.15 Asymmetric diethylzinc addition catalyzed by amino alcohol (22)

1.3.2 Chiral organocatalysts

In organic chemistry, value is directly related to purity. In recent years, the
number of methods available for high yielding and enantioselective transformation of
organic compounds has increased tremendously. Most of the newly introduced
reactions are catalytic in nature. Clearly catalytic transformation provides the best
“atom economy”, because the stoichiometric introduction and removal of chiral
auxiliaries can be avoided or at least minimized. Until recently, the catalysts
employed for enantioselective synthesis of organic compounds such as
pharmaceuticals, agrochemicals, fine chemicals, or synthetic intermediates, fell into
two general categories — transition metal complexes and enzymes. Between the
extremes of transition metal catalysis ‘and enzymatic transformations, methods based
exclusively on metal-free chiral catalysts have become more significant. The third
approach to the catalytic production of enantiomerically pure organic compounds,
organocatalysis, has recently emerged.[69]

Organocatalysts are purely organic molecules which mainly composed of
carbon, hydrogen, nitrogen, sulfur and phosphorus. As opposed to organic ligands in
transition metal complexes, the catalytic activity of organocatalysts resides in the low
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molecular weight organic molecule itself, and no transition metals or other metals are
required. Organocatalysts have several advantages over metal based catalysts. They
are usually robust, inexpensive, non-toxic, and readily available. Because of their
inertness toward moisture and oxygen, demanding reaction conditions, for example
inert atmosphere, low temperatures and anhydrous solvents are also not required. The
absence of transition metals in organocatalyses seem to be especially attractive for the
preparation of compounds that do not tolerate metal contamination.[70] A selection of

the typical organocatalysts is shown in Figure 1.10.
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Figure 1.10 A selection of typical organocatalysts
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From mechanistic considerations in metal-mediated enantioselective catalytic
reactions, the metal plays an organizational role by translating chiral information and
activating the reagents. In the absence of the metal, the well-organized transition state,
which is required for the enantioselective transformation, can be formed either by
passive or dynamic interactions. Passive binding refers to ordinary molecular
recognition through hydrophobic, Van de Waals and electrostatic interactions.
Dynamic binding refers to interactions between catalysts and substrates at the reaction
centers. Hydrogen bonding plays a crucial role in the determination of the
stereoselectivity of the reaction.[71] In many instances, the mechanism of
organocatalysis can be generally distinguished between covalent catalysis and non-

covalent catalysis.

1.3.2.1 Covalent catalysis

For mechanism of covalent catalysis, the formation of covalent substrate-
catalyst adducts might occur by a single step Lewis-cid-Lewis-base interaction or by
muitistep reactions such as the formation of enamine from aldehydes and secondary
amines. Organic molecules can form reactive intermediate. The chiral catalyst is
consumed in the reaction and requires regeneration in a parallel catalytic cycle. The
rate acceleration of the reaction is also similar to the Lewis acid/base activation.

There have been many reports about the use of L-proline (23) in asymmetric
aldol reaction. This reaction provides B-hydroxy carbonyl compounds. It has a broad
range of applications and play a key role in the production of pharmaceuticals. The
possibility of using a simple molecule from the chiral pool to act like an enzyme for
the catalytic intermolecular direct aldol reaction has recently been reported by the List
and Barbas group.[72-77] L-Proline (23) was chosen as the simple unmodified
catalytic molecule from the chiral pool. The proline catalyzed reaction of acetone with
aromatic and aliphatic aldehydes at room temperature resulted in the formation of the
desired aldol products in satisfactory to very good yields and with enantioselectivity
up to > 99% ee (Scheme 1.16). This reaction starts from acetone and L-proline.
Formation of an acetone enamine via an iminium salt occurs in the initial step.
Conversion of the enamine intermediate with an aldehyde and subsequent releases of
the proline catalyst furnishes the aldol product.[72]
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Scheme 1.16 Asymmetric direct aldol reaction catalyzed by L-proline (23)

In contrast to aldol-type reactions, the proline-mediated conjugate addition of
various enolizable carbonyl compounds to activated olefins occurs with only modest
enantioselectivity.[73,78] Excellent diastereoselectivity and higher enantioselectivity
were observed with structurally similar (S)-2-(morpholinomethyl)pyrrolidine (24),
which was tested in the syn-selective addition of ketones and aldehydes to trans-p-
nitrostyrene.[79] Interestingly, N-isopropyl-2,2’-bipyrrolidine (25) mediates an anti-
selectivitive Michael addition. The reversal of the diastereoselectivity with o-
hydroxyacetone can be ascribed to the formation of a Z-enamine intermediate, which
is favored through the formation of hydrogen bonds between the OH group of a-

hydroxyacetone and the tertiary nitrogen atom of catalyst (Scheme 1.7).[80]
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Scheme 1.17 Asymmetric Michael addition catalyzed by chiral diamine (25)
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The asymmetric 1,3-dipolar cycloaddition reaction of nitrones and electron-
deficient olefins is wide of interest. The resulting isoxazolidine products are
intermediates in the preparation of a wide range of biologically important compounds
such as B-lactams and unusual amino acids.[81-82] Serveral asymmetric versions of
cycloaddition of nitrones in the presence of optically active metal complexes as Lewis
acid catalysts have been reported.[83] However, asymmetric deign of this reaction
was found to be difficult when using a,B-unsaturated aldehydes as substrates because
these compounds are poor substrates for metal catalysts, probably because of
preferential coordination of the Lewis acid catalyst to the nitrone in the presence of
the monodentate carbonyl compounds. Recently, MacMillan group successfully
applied the phenylalanine-derived imidazolidinone salt (26) acting as iminium
catalysis in organocatalytic 1,3-dipolar cycloaddition. Conversion of various N-oxides
(27) with (E)-crotonaldehyde (28) to the isoxazolidine products (29) was investigated.
The reaction can be performed under an aerobic atmosphere using wet solvents which
makes this reaction even more attractive. The resulting isoxazolidines endo-(30) were
obtained in yields of up to 98%, with diastereomeric ratios of d.r. (endo/exo) of 80:20

to 99:1 and with enantioselectivity of 90-99% ee (Scheme 1.18).[84]
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Scheme 1.18 Asymmetric 1,3-dipolar cycloaddition catalyzed by
imidazolidinone salt (26)

The Morita-Baylis-Hillman (MBH) reaction is the formation of a-methylene-

B-hydroxycarbonyl compounds.[85] For the reaction to occur the presence of
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catalytically active nucleophiles is required. It is now commonly accepted that MBH
reaction initiated by addition of a catalytically active nucleophile to the enone (31) to
generate enolate. The resulting enolate adds to the aldehyde (32) establishing the new
stereogenic center at the carbon atom of aldehyde. Formation of the product (33) is
completed by proton transfer from the a-position of the carbonyl moiety to the
oxygen atom of alcohol with concomitant elimination of the nucleophile.

Consequently, the nucleophile is available for the next catalytic cycle (Figure 1.11).
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Figure 1.11 Mechanism of the Morita-Baylis-Hillman (MBH) reaction

1.3.2.2 Non-covalent catalysis

In many instances, non-covalent catalysis relies on the formation of hydrogen
bonded adducts between substrate and catalyst or on protonation and deprotonation
steps. Phase-transfer catalysis (PTC) by organic phase-transfer catalysts [86] also is in
the non-covalent catalysis area. It is, however, mechanistically unique because PTC
promotes reactivity not only by altering the chemical properties of the reactants but
also involves a transport phenomenon. The chiral catalyst forms a host-guest complex
with the substrate and shuttles between the standard organic solvent and a second

phase such as the solid or aqueous phase, in one of which the reaction takes place.
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Chiral phase-transfer catalysts are employed in several enantioselective
organocatalytic reactions. One of the most important chiral phase-transfer reactions is
the methods for synthesizing optically active a-amino acids from glycine derivatives
by asymmetric alkylation at the o side-chain and using cinchona-based PTC. O’
Donnell and Corey reported O-(9)-allyl-N-(9-anthracenylmethyl) cinchonidinium
bromide (34) catalyzed enantioselective alkylation of the enolate derived from the t-
butyl glycinate benzophenone Schiff base (35) under phase-transfer conditions.

Reactions provided the products in very high ee (> 97%) (Scheme 1.19). [87]

O O RX, CSOH/H0 O O

35 > 97% ee

Scheme 1.19 The synthesis of optically active a-amino acids using

cinchonidium bromide as chiral PTC

Another type of organocatalysts is chiral urea or thiourea-based catalysts
developed by Jacobsen.[88-89] The molecules contain the urea or thiourea core unit
as a scaffold which can donates hydrogen atoms to form strong hydrogen bonding
with substrates. Besides, an optically active a-amino acid is also attached to induce
chiral environment in enantioselective. reactions. These organocatalysts have been
found to catalyze the Manich-type reaction efficiently. Jacobsen et. al. developed an
elegant and highly enantioselective route to N-Boc-p-amino acid esters via
nucleophilic addition of enolate to N-Boc-protected imines.[88] Application of 5
mol% organocatalyst (36) in the asymmetric addition of silyl ketene acetals (39) to N-
Boc-protected imines (38) led to a formation of g-amino acid derivatives (40) in both
high yield and enantioselectivity (Scheme 1.20).



34

N N
H H
37

N~ Boc OTBS 36 5 mol% j)\/l\lTBoc
A A
R” H /J\ OPr  toluene, -30 °C, 48h I-Pro R
38 39 40

84-99%, 86-98% ee

Scheme 1.20 Asymmetric Mannich-type reaction catalyzed by

thiourea based catalyst (36)

Recently, Jacobsen has focused on optimization of the organocatalyst and
design the simpler catalysts. A new catalyst (37) was found with a simple amino acid
derivative and less than half the molecular weight and fewer stereogenic centers than
the previous effective catalyst (29). The catalyst (30) was also tested under the similar
reaction conditions. After screening, the reaction provide the same excellent
results.[89]

In the field of asymmetric organocatalysis, short peptides and peptide-based
molecules have emerged as promising catalysts for a rapidly growing number of
reactions.[90] Most of peptide-based catalysts are successful in Kinetic resolution
because these catalysts are making promising contributions through the combined
advantages of secondary structural elements (a-helix and B-sheet) and their natural
adaptability to diversification through combinatiorial chemistry.[91-94] For organic
synthesis, peptide-based catalyst (41) derived from a short-chain peptide, with a
histidine or modified histidine residue and a well-B-turn structure comprising a L-Pro-
D-tert-Leu sequence catalyzed the conjugate addition of azide to o,B-unsaturated

carbonyl compounds.[95] This oligopeptide was also tested earlier in asymmetric
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acylation reactions.[96] Both the secondary structure and the presence of the Histidine
base are necessary for the activity of the catalyst. Conformational restriction through
functionalization of the B position of Histidine residue resulted in an improved

selectivity in the azidation (Scheme 1.21).
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Scheme 1.21 Asymmetric 1,4-addition of azide to an enone catalyzed
by the short-chain oligopeptide (41)

From all examples shown above, catalytic asymmetric synthesis has been
prosperous. It is evident that the effective chiral catalysts, bearing much simpler and
much smaller ligands than the proteins and natural occurring enzymes, can efficiently
create molecules with extremely high enantiomeric purities. The chiral catalysts have
an attractive C, symmetry in some cases and in other cases a fascinating dissymmetry.
It is realized that such simple and beautiful small molecules can compete, practically
and efficiently, with highly sophisticated enzymes that nature has created. This is a
great encouragement for further studies to expand the design and continuously
develop highly efficient chiral catalysts for catalytic asymmetric syntheses.
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1.4 Asymmetric cyanohydrin formation

The addition of hydrogen cyanide to a carbonyl group provides the formation
of an a-hydroxynitrile which is called a cyanohydrin (42).[97] Compounds of this
type have in many instances served as intermediates in the synthesis of a-hydroxy
acids (43), a-hydroxy aldehydes (44), B-amino alcohols (45), or a-hydroxy ketones
(46) ( Scheme 1.22).
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Scheme 1.22 Hydroxy-compounds obtained from

asymmetric cyanohydrin formation

In all these transformations of the cyanohydrins, the stereocenter originally
introduced by HCN addition is preserved. Consequently, the catalytic asymmetric
addition of HCN to aldehydes and ketone is a synthetically very valuable
transformation. Besides addition of HCN, it also covers the addition of trimethylsilyl
cyanide (TMSCN) and cyanoformate, generating cyanide anion equivalent, to
carbonyl compounds resulting in the formation of O-silylated cyanohydrin (47) and
cyanohydrin-O-carbonates (48) respectively. There have been a number of
publications about the use of chiral Lewis acid catalysts and chiral organocatalysts in

asymmetric hydrocyanation of aldehydes and ketones.
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A classic research was published by Oguni and co-workers in 1993. They
employed the tridentate chiral Schiff base complex (49) derived from 2-tert-
butylsalicylaldehyde, a B-aminoalcohol and Ti(OiPr), to catalyze an enantioselective
trimethylsilylcyanation of a variety of aldehydes (aromatic, heteroaromatic, o,f-
unsaturated and nonconjugated aliphatic aldehydes) to give silyl protected
cyanohydrins in good yields and moderate to high enantioselectivities (Scheme
1.23).[98] One year later, they also reported that catalyst (49) also promoted the
highly enantioselective reaction of diketene with various aldehydes, which led to the
formation of optically active 5-hydroxy-3-oxoesters.[99] This work forms a basis of

other more famous related works including those of Jacobsen and Hoveyda.[100]

b N\/Q (49)

OH
OH
o) Ti(O'Pr), Schiff base (49) 20 mol% OH
.+ MegsSicN
R™ H CH,Cly, -78°C, 40h R™ CN

50-81% yield, 40-91% ee

Scheme 1.23 Enantioselective addition of trimethylsilyl cyanide to aldehydes
catalyzed by Schiff base (49)-titanium alkoxide complex

Zhang’s -~ group- ~disclosed - ~the -achievement. —in- = asymmetric
trimethylsilylcyanation of aldehydes. The B-amino alcohol (50)-Ti(O'Pr), complex
has been shown to efficiently catalyze the enantioselective cyanosilylation of
aldehydes. They found that the backbone of (1R,2S)-1,2-diphenylaminoethanol in the
ligand is a key point for high reactivity and enantioselectivity of the asymmetric
cyanosilylation of aldehydes. In the presence of 5 mol % of this kind of complex
catalyst, the aromatic, conjugated, heteroaromatic and aliphatic aldehydes were

converted to their corresponding trimethylsilyl ethers of cyanohydrins in 94-99%
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yields under mild conditions. In the sense of enantioselectivities, high ee values with
up to 94% were obtained from aromatic substrates but aliphatic substrate gave the fair
to good ee’s (Scheme 1.24).[101]

N
OH
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CH,Cl,, -20°C, 14-22 h

94-99%, 60-94% ee

Scheme 1.24 Highly enantioselective cyanosilylation of aldehydes

catalyzed by Titinium-chiral ligand (50) complex

Among the (salen)metal complexes found to be effective catalysts for several
asymmetric reactions, North and Belokon have previously identified that a ligand (51)
complexed with TiCl, is an asymmetric catalyst for the addition of TMSCN to
aldehydes [102] and ketone.[103] In a limited screening of salen ligand with
substituents, the ligand (51) was found to be optimal for this transformation as well.
Subsequently, the Ti(IV)oxo-dimeric (52) and the V(I\VV)oxo-dimeric (53) complexes
of (51) were determined as improved catalysts in terms of reactivity (52) and
selectivity (53) for all substrates investigated (Scheme 1.25).[104] The results showed
that aromatic aldehydes were the best substrates, although a- greater range of

selectivities was observed.
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Scheme 1.25 Asymmetric hydrocyanation of various aldehydes
catalyzed by salen-catalysts (52) and (53)

Snapper and Hoveyda have developed a number of asymmetric carbon-carbon
bond forming reactions that are promoted by chiral peptidic ligands in the presence of
early or late transition metals. In 2002, they reported a new approach to asymmetric
cyanation of ketones that is Al-catalyzed, utilizes a peptidic chiral ligand, and delivers
high enantioselectivity with both aromatic and aliphatic ketones.[105] Furthermore,
this method provides several practical advantages, it requires a recyclable chiral
ligand (54) that is readily modifiable and can be easily synthesized in six steps in 75%
overall yields. The chiral ligand (54) and AI(O'Pr); were employed in the
enantioselective addition-of TMSCN to various ketones including cyclic, acyclic,
saturated and unsaturated substrates. In all cases, optically active cyanohydrins were
obtained in high yields and enantioselectivities (Scheme 1.26).
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Scheme 1.26 Asymmetric hydrocyanation of various ketones

catalyzed by peptidic ligand (54)-Al complex

The first asymmetric hydrocyanation catalyzed by organocatalyst was
discovered some twenty years ago. In 1982, Inoue et al. reported that a peptide
catalyst (55), readily available from L-histidine and L-phenylalanine, catalyzed the
addition of HCN to benzaldehyde with up to 90% ee.[106] Later reaction conditions
were optimized and many aromatic and aliphatic aldehyde were tested as substrates.
The desired cyanohydrins produced by (55) generally possess R configuration with
high yield and enantioselecivity for aromatic substrates. In case of aliphatic
substrates, poor enantioselectivityies (<50% ee) were observed with the same catalyst.
However, a catalyst (56) which is available from L-histidine and L-leucine afforded an

enantioselectivity as high as 81% ee for aliphatic aldehydes (Scheme 1.27).[107-108]
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Scheme 1.27 Asymmetric hydrocyanation of various aldehydes
catalyzed by cyclic peptide (55) or (56)

Recently, Shibasaki developed an enantioselective cyano-ethoxycarbonylation
reaction of aldehydes with ethyl cyanoformate (58) catalyzed by heterobimetallic
Y Listris(binaphthoxide) complex (YLB) (57). The cyanation of aldehydes was carried
out in the presence of (S)-(58) 10 mol% and 1.2 equiv of ethyl cyanoformate in THF
at -78 °C for 2 hours. In addition, they also found that H,O, tris(2,6-
dimehoxyphenyl)phosphine oxide and BuLi, which are achiral additives, played
crucial roles in achieving high reactivity and enantioselectivity. The reactions
provided cyanohydrin O-carbonates (59) in up to > 99% yield and up to 98% ee
(Scheme 1.28).[109]
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Scheme 1.28 Enantioselective cyano-ethoxycarbonylation reactions
catalyzed by (S)-YLB (57)

Asymmetric hydrocyanation is a reaction of high synthetic importance. The
development of preparatively viable methodology has seen a continuous between
chiral Lewis acid catalysts and organocatalysts. Likewise, its related reaction, which
is called Strecker reaction, is the well-known classical procedure for the preparation
of a-aminonitriles which are also key intermediates for natural products syntheses and

preparation of several biologically active compounds.

1.5 Asymmetric Strecker reaction

The classical Strecker reaction,[9] a three-component reaction, starting from
an aldehyde, ammonia and a cyanide source is one of the most atom-economical
method for the synthesis of a.-amino acids. A popular version for asymmetric Strecker
reactions is based on the use of performed imines (60) and a subsequent nucleophilic
addition of HCN or TMSCN in the present of a chiral catalysts.[110-112] The
resulting o-aminonitriles (61) are important precursor of a-amino acids and other

nitrogen-containing compounds (Scheme 1.29).
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Scheme 1.29 General reactions of Strecker synthesis

Traditionally, optically pure a-amino acids can be obtained via the Strecker
reaction with the use of chiral auxiliaries (Scheme 1.30).[113-117] However, this
requires extra steps for the introduction of the auxiliary into the substrate and its
removal from the product. Morover, these chiral auxiliaries are often expensive and
difficult to recover. These limitations substantially hinder the use of this method for
large-scale synthesis of a-amino acids. On the other hand, catalytic Strecker-type
reactions require only a small, reliable quantity of a chiral source to achieve a
comparable degree 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 more economical.
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Scheme 1.30 Chiral Auxiliary approach
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In addition, o-aminonitriles obtained from Strecker reaction can serve as
starting maerials for useful intermediates in organic synthesis [118-119] such as of a-
amino acids (62), a-amino aldehydes (63), chiral diamines (64), or a-amino ketones
(65) (Scheme 1.31).
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Scheme 1.31 Several useful intermediates obtained from asymmetric Strecker

synthesis

1.6 Literature reviews of the asymmetric Strecker synthesis

1.6.1 Non-catalytic asymmetric reactions

Asymmetric Strecker reactions using chiral auxiliaries are known for more
than 50 years. In 1963, Harada reported the first asymmetric Strecker synthesis by
using chiral imines as- substrates.[120] This reaction provides an optically active o-
aminonitrile which is then hydrolyzed to the amino acid. For instance, the optically
active- o-methylbenzylamine (66), acetaldehyde, and hydrogen cyanide reacted to
form N-a-methylbenzylaminoacetonitrile. Optically active alanine (67) with high
optical purity (98%) was obtained after hydrolysis and hydrogenolysis (Scheme
1.32).[121-122]
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Scheme 1.32 The first asymmetric Strecker synthesis

In 1970, Patel and Worsely disclosed an asymmetric synthesis of several a-
amino acids including unusual amino acids such as the L(+) and D(-) enantiomers of
norvaline and norleucine by addition of hydrogen cyanide to the carbon-nitrogen
double bond of Schiff bases prepared from optically active S-(-) and R-(+)-a-
methylbenzylamine and various aldehydes. The desired amino acids were obtained
with high enantioselectivity up to 99% ee and fair overall yield 40-60% ee.[123]
Afterwards, other optically active amines have been used as chiral auxiliaries in
asymmetric Strecker synthesis such as R-(-)-2-phenylglycinol (68),[124-126] S-(-)-1-
phenylpropylamine (69) (Figure 1.12). Nevertheless, S-(-)-methylbenzylamine (66),
has been still employed until recently.
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Figure 1.12 Optically active amines successfully used as

chiral auxiliaries for a-amino acids syntheses
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Reddy and colleagues reported highly diastereoselective Strecker reaction
using a-phenylglycinol as chiral auxiliary, which is easily removed by oxidative
cleavage. Reactions of romatic and aliphatic aldimines derived from S-(-)-1-
phenylpropylamine (69) were carried out in the presence of 2 equiv of TMSCN in
anhydrous CHCls at 0 °C. The reactions provided O-silylated-a.-aminonitriles in high
yield and diastereoselectivity. After oxidative cleavage with Pb(OAc), and hydrolysis
with concentrated HCI, a-amino acids were obtained as hydrochloride salt (Scheme
1.33). [124]
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Scheme 1.33 Diastereoselective Strecker reaction using a-phenylglycinol

as chiral auxiliary,

In addition, Ohfune has reported an asymmetric Strecker reaction of kitimine
by addition of cyanide ion to the imine double bond of an optically active oxazinone
(70) prepared from (S)-valyl ester of a-hydroxy ketone. The optically active o-

substituted serines were obtained after oxidation and hydrolysis (Scheme 1.34).[119]
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Scheme 1.34 Asymmetric Strecker reaction via a cyanide addition to

an optically active imine

From the reactions mentioned above, the auxiliary control strategy has seemed
to be quite successful in the asymmetric synthesis of many amino acids. However, the
one reason that makes auxiliary control inferior is the difficulty in removing the chiral
auxiliary. Furthermore, the optically active chiral auxiliaries have to be
stoichiometrically used. Therefore, this is an economically unacceptable. To evade the
inherent problems for using of chiral auxiliaries, chiral catalysts must be developed
instead.

1.6.2 Catalytic asymmetric Strecker reactions

Catalysis is accomplished by electrophilic activation of the imine, either by a
Lewis acid or via noncovalent interaction such as hydrogen bonds. In order for these
processes to be catalytic, the species that is involved in the imine activation must be
released after the addition of the cyanide. In some cases, an additive is needed to
enhance the rate of this final step. Finally, the asymmetric induction is achieved
through the chiral environment provided by the catalyst. Currently, the catalysts are
categorized into two general classes: metal complexes (chiral Lewis acid catalysts)
and organocatalysts. The former act as Lewis acids, whereas the latter involve
noncovalent activation. Highly enantiomericaly enriched o-aminonitrile adducts of

various imines have been obtained in good yields with these two catalyst systems.
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1.6.2.1 Chiral organocatalysts catalyzed asymmetric Strecker reactions

The first catalytic asymmetric Strecker reaction was reported by Lipton using
a cyclic peptide (71) as an organocatalyst.[127] This diketopiperazine (71) was
prepared starting from (S)-phenylalanine and (S)-a-amino-y-guanidinobutyric acid.
The design of (71) was based on (72), a cyclic peptide which has been previously
shown the great catalytic ability in enantioselective formation of cyanohydrin from
aldehydes.[106-108,128]

H
N.__NH,

6] r o)
- NH W
NH Kﬂ/ NH HN—Z
o o

71 72

The presence of the basic guanidine side-chain was found to be a prerequisite
for asymmetric induction. It is noteworthy that replacing the guanidine moiety by an
imidazole moiety led to a non-enantioselective reaction. The reaction was performed
only at 2 mol% catalyst loading. A broad variety of N-substituted imines (72) were
found to be suitable as a substrate. Good to excellent enantioselectivity in the range
80-99% ee of a-amino nitriles (73) was usually obtained when imines derived from
benzaldehyde and electron-deficient aldehydes were used. In contrast, heteroatom-
substituted aromatic imines resulted in substantially lower enantioselectivity. Indeed,
the reactions of imines derived from alphatic aldehydes were also nonselective (Table
1.4).
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Table 1.4 Enantioselective Strecker reaction catalyzed by cyclic peptide (71)

N 71 2 mol%
R)'\H O HCN 2 equiv, MeOH, -75 °C
72 73
Entry R Yield (%) Ee (%)

1 Ph 97 >99
2 4-MeOCgH4 90 96
3 4-CICgH,4 94 >99
4 2-Furyl 94 32
5 3-Pyridyl 86 <10
6 'Pr 81 <10
7 ‘Bu 80 17

There was no mechanism proposal at the time of discovery of this catalyst.
However, a few years later, another guanidine-based catalyst for Strecker reactions
was reported by Corey group with a full mechanistic proposal.[129] They developed
an efficient chiral C,-symmetric guanidine (74) that is a completely different type of
guanidine, in which the guanidine functionality is embedded in a bicyclic framework.
In the presence of this catalyst, high enanioselectivity was obtained when imines
bearing an N-benzhydryl substituent were used as substrate. The choice of N-
substituent is important, because N-benzyl or N-(9-fluorenyl)-substituted imine
substrates gave substantially lower % ee. The hydrocyanation is typically performed
with 10 mol% of (74) and has been shown the generality for a wide range of
substituted aromatic imines. Enantioselectivity was in the range 80-88% ee for p-
substituted benzaldimines whereas the o-substituted methylbenzaldimine and 1-
naphthylaldimine gave somewhat lower enantioselectivity. Futhermore, the catalyst
(74) can be recovered for re-using in 80-90% yields by extraction with oxalic acid.
The a-aminonitriles were easily transformed into the corresponding a-amino acids by

removing the benzhydryl group with hydrolysis in aqueous HCI (Table 1.5).
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Table 1.5 Enantioselective Strecker reaction catalyzed by cyclic guanidine (74)

OO
NéI\N
H
® " C
74 10 mol%
N HN
P HCN 2 equiv, -40°C, 20 h P
R H R "CN

toluene (0.2 M)

72 73
Entry R Yield (%) Ee (%)
1 Ph 96 86
2 4-MeOQCgH, 99 84
3 4-CICgH, 88 81
4 4-FCgHa4 97 86
5 4-'BuCgH, 80 85
6 4-TBSOCsH, 98 88
7 p-tolyl 96 80
8 o-tolyl 88 50
9 3,5-xylyl 96 79
10 1-Naphthyl 90 76

For a proposed mechanism (Figure 1.13), a guanidinium cyanide complex (75)
is formed in the initial step. This is followed by the generation of a ternary complex
(76). In this complex, both cyanide and imine are-attached to the cyclic guanidine by
hydrogen bonds. Subsequent steps are the formation and release of the optically active

o-aminonitriles possessing R configuration.
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HCN

J\ 75

76

Figure 1.13 Proposed mechanism of cyclic guanidine (74) catalyzed

Corey’s enantioselective Strecker reaction

In 1998, Jacobsen developed a very efficient method for hydrocyanation of
aldimines and ketimines catalyzed by a new chiral Schiff base catalysts derived from
a substituted salicylaldehyde, an enantiomerically pure 1,2-cyclohexanediamine and a

urea or thiourea that bonded with a-amino acids in their molecules (77 and 78).

N
o | H| EH
N
HO
77 (x=0)
78 (x=S)

OR?!

This new type of organocatalyst was discovered from a parallel screening.[130]
Investigation of numerous variants of Schiff base organoatalysts led to an optimized
catalyst bearing substituents on the salicyl moiety and thiourea functionality.

Enantioselective strecker reaction was carried out in the presence of 2 mol% of

catalyst (77a) to give the a-aminonitriles in high yield and excellent enantioselectivity
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when both aromatic and aliphatic N-allyl aldimines were employed as substrates.[131]
An optimized procedure for the preparation of the catalyst (77a) has recently been
reported (Schemel.35).[132]

N~ N
H H
HO
77a
OCO'Bu
1. 77a 2 mol%, HCN .2 equiv j\

NN toluene, -70 °C, 20 h FsC NN

|
R)\H 2. TFFA R/I\CN

74-99%, 77-97% ee

Scheme 1.35Asymmetric hydrocyanation of N-allyl imines catalyzed
by catalyst (77a)

Further optimization of the organocatalyst (77a) was also made based on
molecular modeling. The resulting, improved catalyst (77b) was found to be the
superior to (77a) and is the most effective Strecker catalyst. Starting from both
aromatic and aliphatic N-benzyl aldimines (79), Excellent enantioselectivity was
obtained in range 96-99% ee of a-aminonitriles (80) even in the the presence of only
1 mol% catalyst loading (Scheme 1.36).[133]
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0]
N
HO
77b
OCO'Bu
N/\© 77b 1 mol%, HCN .2 equiv HN/\©

I
R)\H toluene, -78 °C R)\CN

79 80

96-99% ee

Scheme 1.36 Asymmetric hydrocyanation of N-benzyl imines catalyzed
by catalyst (77b)

In addition, they successfully extended the range of application of these
organocalysts to the first highly enantioselective hydrocyanation of ketimines.[156]
This reaction gives a-aminonitriles bearing a stereogenic quaternary carbon center
which are suitable precursors for preparation of a,a-disubstituted-oi-amino acids. The
optimum system consists of 2 mol% of the soluble orgnocatalyst (77c) in combination
with N-benzyl-substituted ketimines (81). It was found that the enantioselectivity was
usually high for a variety of aromatic substrates. Some a-aminonitriles were obtained
in the crystalline forms so that further enhancement of enantiopurity by
recrystallization was possible. Quaternary amino acids were easily prepared by

subsequent formylation and hydrolysis of the a.-aminonitriles (Scheme 1.37).
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OCO'Bu

,\’/\© 77c 2 mol%, HCN .2 equiv HN/\©
R)\ R/k

[e]
toluene, -75 “C CN

81 97% to quantitative yield
88-95% ee

Scheme 1.37 Asymmetric hydrocyanation of N-benzyl ketimines catalyzed
by catalyst (77c)

Recently, Feng group showed that an organic molecule without an imine
moeity also seems to be able to catalyze the cyanation of imines.[134] Stoichiometric
amount of the "catalyst" (82) was still required to achieve moderate to good
enantioselectivity. The catalyst was believed to act as a Lewis base to coordinate with
the silicon atom in TMSCN before transferring the cyanide moiety to the imine. A
transition state model to explain the sense of asymmetric induction was proposed. The
reactions of TMSCN addition to several types of aldimine were carried out in the
presence of stoichiometric amount of a chiral N-oxide (82) to give the desired a-

aminonitriles with enantioselectivity up to 95 % ee (Scheme 1.38).[135]

82 100 mol%

N
Py O HCN 2 equiv, CH,Cl,
H

0°C, 24-96 h

30-96%, 12-95% ee

Scheme 1.38 Asymmetric Strecker reaction catalyzed by chiral N-oxide (82)
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Huang and Corey has synthesized a new chiral ammonium salt (83) derived
from a cinchona alkaloid as a catalyst for asymmetric Strecker reaction. The U-shaped
molecule was designed to hold the aromatic part of the aldimine while the ammonium
salt formed a hydrogen bond with nitrogen, leaving only the re-face of the imine
exposed to the attack by cyanide. The N-substituent must be small like allyl group to
achieve good enantioselectivities. (Scheme 1.39).[136]

N N
H/f. o) (6]
N
83 83-imine complex
NNF 83 10 mol% TN
| + HCN :
R)\H CH,Cl,, -70 °C, 24-48 h R7CN
then TFA

R = Ph, substituted phenyl, 2-naphthyl
yield = 88-96%, ee = 77-99%

Scheme 1.39 Asymmetric Strecker reaction catalyzed by

chiral ammonium salt (83)

Very recently in 2006, Maruoka and colleagues disclosed the first example of
highly enantioselective Strecker reaction of aliphatic aldimines using a phase-transfer
catalyst (84) derived from a chiral quaternary ammonium salt bearing a binaphthyl

backbone, and aqueous KCN as the cyanide source.
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84
Ar = p-CF3-C6H4

.SO,Mes .SO,Mes

84 1 mol%, 2 M ag KCN (1.5 equiv) H

Tz

V2
B

R™ "H toluene-H,0, 0°C, 2-8 h CN

81-98% yield , 88-98% ee

Scheme 1.40 Asymmetric Strecker reactions catalyzed by

chiral phase-transfer catalyst (84)

The newly developed chiral quaternary ammonium iodide (84) possessed the
hydrophilic ammonium cation part linked to the stereochemically defined
hydrophobic tetranaphthyl backbone. The ortho-naphthyl groups caused rotational
restriction around the reaction center providing the o-aminonitriles possessing S
configuration with high yield and excellent enantioselectivity in the range 88-98% ee

(Scheme 1.40).[137]

1.6.2.2 Chiral Lewis acids catalyzed asymmetric Strecker reactions

In 1997, Nakai et al. presented symmetric Strecker reaction catalyzed by a Ti-
BONOL complex (85). The reaction of N-benzylimine derived from bezaldehyde and
benzylamine with TMSCN was carried out in the present of 20 mol% of the complex
(85). It was found to catalytically proceed to afford the a.-aminonitrile in good yield

although the selectivity was quite low (Scheme 1.41).[138]
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O O 0.  OPr

T 85

g C 0" “Olpr
Nl/\© 1. TMSCN, 85 20 mol% CH,Cl,, 0 °C HN/\©
©)\H ©/I\CN

2. H;0"
79 3.OH 80

30% ee
Scheme 1.41 Asymmetric Strecker reaction catalyzed by the complex (85)

In 2000, Vallee and co workers has achieved an asymmetric addition of
TMSCN to ketimines by using catalytic amount of a chiral titanium complex (86)
prepared from (R,R)-TADDOL and (R)-BINOL. The reactions of the N-benzyl-
phenyl-methyl-imine with TMSCN in the present of 0.1 equiv of the complex (86)
were examined. Several reaction conditions and simple non-chiral ether or amine
additives were also tested. An 80% yield and enantiomeric excesses as high as 59%
were achieved when tetramethylethylenediamine (TMEDA) was used as the additive
(Scheme 1.42).[139]

L )
O'/// O\ O

> Tic]

O\\“ O/ O
Ph ph. 86
Nl/\© TMSCN 2 equiv, 86 20 mol% HN/\©
©)\ @CN

TMEDA 0.2 equiv, CH,Cl,, -40 °C, 1h
81

80%, 59% ee

Scheme 1.42 Asymmetric hydrocynation of ketimine catalyzed by complex (86)
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Moreover, they later reported a new chiral heterobimetallic complex (87)
behaving as a Lewis acid and also as a Bronsted base. The complex also
enantioselectively catalyzes reactions involving deprotonation of a weakly acidic site
in the presence of a carbonyl compound as in Michael reactions. The heterobimetallic
complex (87) was prepared and employed in the enantioselctive addition of cyanide to
three samples of N-benzyl aromatic aldimines and ketimines. High conversion rates

and enantiomeric excesses as high as 95% were obtained (Scheme 1.43).[140]

I | O-._. .-O I I
.-Sc..
(0] O
)| e EL)
N/\© TMSCN 2 equiv, 87 10 mol% HN
| PN
Rl)\RZ RY¥7,°CN

toluene, -20 °C, 1h R

79 or 81
45-95% ee

Scheme 1.43 Asymmetric Strecker reaction catalyzed by heterobimetallic

complex (87)

Recently, chiral zirconium catalysts have been shown to catalyze
enantioselective  Mannich-type reactions [141-142] and aza Diels-Alder
reactions.[143] Studies of ligand modification around the zirconium center [144] have
led to the discovery-of-a zirconium catalyst (88). The-Strecker reaction between
aldimines derived from 2-hydroxyaniline and BuzSnCN underwent in the presence of
10 mol% of the zirconium catalyst (88) in dichloromethane at -45 °C. The best results
(92% yield, 91% ee) were obtained when "the reaction was carried out in
benzene:toluene (1:1) using 10 mol% of the zirconium catalyst (88) at -45 to 0°C. In
addition, they found that the use of a mixture of (R)-6-Br-BINOL and (R)-3-Br-
BINOL provided the best results. The structure of the zirconium catalyst was
carefully identified and it was evident from NMR studies that a zirconium binuclear

complex (89) was formed under catalytic condition used. The binuclear complex
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consists of 2 equiv of zirconium, (R)-6-Br-BINOL, and NMI, and 1 equiv of (R)-3-Br-
BINOL.[145]

Br O ! g i Br
O-._ .-0
JZrl
OO ) ’ OO
Br Br
88

Br O Br Br
(Do LU o 1)
O\é /8 L o

r Zr
' F "2 AN
Br Br Br

89

L = N-methylimidazole
Figure 1.14 A zirconium catalyst (88) and the binuclear zirconium complex (89)

Two years later, Kobayashi et al disclosed a three-component asymmetric
Strecker process which is a significant improvement upon the original Strecker
reaction. They also found that HCN was successfully used instead of BuzSnCN as the
cyanide source. Addition of a mixture of aldehyde and 2-amino-3-methyl phenol (91)
to the solution of (90) in dichloromethane produced the a-aminonitriles derivatives.
Excellent yields and enantioselectivities were obtained with aromatic and aliphatic
aldehydes (Table 1.6). The mechanism of this zirconium catalyzed Strecker reactions

is still under investigation.[146]
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Table 1.6 Catalytic asymmetric Strecker reactions catalyzed by the binuclear

complex (90)

Br: O Br: Br
oo, UL o1
O\l O :/O

Zr
/2 /
OO OL OO 7 Cl:ho OO
Br Br Br

90

L = N-methylimidazole

HO
o HO |
90 2.5 mol%
o + HCN ° HN
R H HoN CH,Cl,, -45 °C PS

R2 R! (:NRZ
91
Entry R R Yield (%) Ee (%)
1 Ph - 80 86
2 1-Naph H 83 85
3 Ph(CH.), CHs 85 94
4 CeH17 CHs 93 91
5 'Bu CHs 99 94
6 c-CeHus CH3 95 86
7 ‘Bu CHs quant 88

An aluminium complex (92) has been identified as a bifunctional Lewis acid-
Lewis base catalyst because of its proposed dual activation of both the electrophile
and nucleophile in the asymmetric cyanosilylation of aldehydes. by Shibasaki et al.
[147] As a result, the use of this catalyst has been extended to the enantioselective
Strecker-type reaction.[148-149] It was found that the addition of phenol and TMSCN
to the fluorenyl imines (93) in the presence of the catalyst (88) at -40 °C affords the
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corresponding o-aminonitriles (94). Good vyields and enantioselectivities were
obtained with aromatic amines. o-Aminonitriles adducts of enolizable and non-
enolizable aliphatic imines were also obtained in good yields although only in
moderate %ee (Scheme 1.44). a-Aminonitriles (94) (R = Ph) could be converted into

o-aminoamide in several steps.[149]

1. 92 9 mol%, TMSCN 2 equiv O
PhOH 20 mol% ‘O

2. 2N HCI

93 94
66-97%
70-96% ee

Scheme 1.44 Asymmetric Strecker reaction catalyzed by

bifunctional Lewis acid-Lewis base catalyst (92)

In all cases, the use of a fluorenyl group on the imines and slow addition of
phenol to the reaction mixture were found to- be crucial for achieving high
enantioselectivities. The addition of phenol was also found to have a beneficial effect
on the reaction rates, presumably by converting TMSCN to HCN which is a more
reactive cyanating agent. They also reported that a JandaJEL™-supported
bifunctional catalyst (95) (10 mol%), the heterogeneous analogue of (92), is able to
promote the Strecker-type reaction of aromatic and o,B-unsautarated imines in
excellent yields with 83-83% ee in the presence of 1.1 equiv of 'BuOH. The catalyst
(95) could be recycled at least four times.[150]



62

Interestingly, a variety of substituted quinolines and isoquinolines could
undergo asymmetric Reissert-type reaction with TMSCN in the presence of the same
bifunctional Al-phosphine oxide-BINOL complex (92) (Scheme 1.45).[151-152]

7 W Z w
& ,
X N X j\ ‘CN
92 9 mol% O R

ROCI, TMSCN 2 equiv
CH,CI, + toluene, -40 °C

N Me (H) N Me (H)

N N\H/R
CN O

X;'Y, Z = H, OMe, -OCH,0-, Cl, Br; W = H, NMe,, NAll,
R = Me, Ph, 1-Naphthyl, 2-OMeCgH,, cinnamyl, 2-furyl
yield = 57-99%, 54-96% ee

Scheme 1.45 Asymmetric Riessert-type reactions catalyzed by catalyst (92)

In addition, Shibasaki has demonstrated that 2-substituted isoquinolines could
be enantioselectively cyanated at the 2-position in the presence of the catalyst (96)
and vinylchloroformate/TMSCN.[153] The degree of substrate tolerance was
remarkable. By this route, a potent anticonvulsant MK801 was obtained in only a few

steps from 2-bromophenylisoquinoline, demonstrating the potential of this
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methodology in constructing quarternary stereocenters that could not be obtained by

other routes such as hydrogenations (Scheme 1.46).

ph_Ph

P Br
0
TfO-Al(O 96 @
\
P

Br
R MK801
PR ph
1 A . Rl

R N 96 2.5 mol%, H,C=CHCOCI 1.8 equiv SN

. N_ O~
Rzm TMSCN 2 equiv, CH,Cl,, -40 to -60 °C, 48 h  R? . T

R R CNoO

R = Me, Et, Bn, -CH,0OMe, -CH=CH,, cinnamyl, Ph, 2-BrCgH,
RY=H, PhCO,; 62-98% vyield, 73-95% ee

Scheme 1.46 Asymmetric hydrocyanation of isoquinolines derivatives

catalyzed by complex (96)

The analogous Reissert-type reaction of pyridines has been achieved only
recently using related bifunctional catalysts carrying substituents with less Lewis
basicity than phosphine oxide such as (97) and (98). Under optimal conditions,
nicotinic acid derivatives (99) underwent a highly regio- and enantioselective addition
to provide the Reissert .compounds (100) which are useful building blocks for

pharmaceutical substances (Scheme 1.47).[154]
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G e (e
S
OH OH

+ Ph
97 08
X 0
X 0 .
P o1 860787/ ELAICI 10 moi%, R20COCI 1.1 equiv = R
| . - NC" N
N TMSCN 2 equiv, CH,Cl,, -60 "C, 5-36 h )\
0~ “OR?
99 100

Rl = NMe,, NiPrZ, OMe; R? = Me, fluorenylmethyl, neopentyl
x = H, Cl, Br; 85-98% yield , 57-96% ee

Scheme 1.47 Asymmetric hydrocyanation of nicotinic acid derivatives

catalyzed by complex (97) or (98)

Although HCN and TMSCN have almost always been the only cyanide
sources for asymmetric Strecker reactions, (In some cases, Bus;SnCN was used as a
cyanide source for asymmetric Strecker reaction).[145-146] asymmetric cyanation of
N-substituted benzaldimines have been performed by using diethylaluminium cyanide
(Et,AICN) in the presence of chiral ligands such as BINOL, TADDOL and
bisoxazolines. The best enantioselectivity was achieved with (R)-BINOL as the
ligands but was still only moderate (up to 70 % ee). The reaction could not yet be
regarded as catalytic since an equivalent of the chiral ligand was required. The nature
of nitrogen substituents and the number of equivalent of the ligand exerted dramatic

influences on the absolute configuration of the product.[155]

In 1999, Snapper and Hoveyda employed a combination of a salicylimine
Schiff base ligand (97) and titanium isopropoxide (Ti(O'Pr),), and 2-isopropanol as
additive, as a catalyst for asymmetric Strecker reaction of N-benzhydrylimines. It was
found that catalyst turnover was significantly facilitated by HCN which is generated
by the reaction between 2-isopropanol and TMSCN. The addition of TMSCN to the
aldimines in the presence of (101) and Ti(O'Pr),, followed by a slow addition of 2-

propanol provides the o-aminonitriles. Good vyields and moderate to high
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enantioselectivities were obtained with both aromatic and non-enolizable aliphatic
imines. The a-aminonitriles can be readily converted to the corresponding a-amino
acids by hydrolysis with 6 N HCI with concomitant amine deprotection (Scheme
1.48). [156]

)
H
N OMe
NP P W
X1 _ o = H o
OH e
C A C
101 10 mol%, Ti(OiPr)4 10 mol%, TMSCN 2 equiv

N HN
PrOH 1. I 4 20 h
R)\H ro 5 equiyv, toluene, 4 "C, 20 /kCN

80-97%
85-99% ee

Scheme 1.48 Asymmetric Strecker reaction catalyzed by
Ti-Schiff base ligand (101) complex

In addition, they also studied the mechanism of the Ti-peptide Schiff-base
(101) complex catalyzed Strecker reaction. The results obtained from Kkinetic,
structural, and streochemical data showed that this reaction is first order. These non-
C, symmetric catalysts likely operate in a bifunctional manner. The Ti-Schiff base
coordinates with the substrate, while an amide moiety within the peptide segment
associates and delivers cyanide to the activated imine. It is indicated that ligand
structure allows the Ti-Schiff base and amide carbonyls to provide complementary

functions, giving rise to high yields and enantioselectivities.[157]

Jacobsen et al. reported another type of chiral aluminium complex that
catalyzes enantioselectivie addition of cyanide ion to N-allyl imines (103). Screening
of a series of metal complexes revealed the aluminium catalyst (102) as the best
catalyst.[158] a-aminonitriles derivatives of aromatic imines (104) were obtained in
good yields and high enantioselectivites by treating the N-allyl imines (103) with

HCN in the presence of the catalyst (102) at -70 °C. However, a-aminonitriles



66

adducts of imines of enolizable and non-enolizable aliphatic aldehydes were obtained
in moderate yields with low to satisfactory enantioselectivities. They also prepared the
enantiomerically enriched a-amino acid derivative in high yield and excellent %
ee.[159]

Table 1.7 Jacobsen’s catalytic enantioselective Strecker reaction

—N . N —
AT
o o
102
1. 98 5 mol%, HCN 1.2 equiv Q
NN toluene, -70 °C, 15 h F3C)J\N/\/
R)l\H 2. TFFA R/kCN
103 104
Entry R Yield (%) Ee (%)
1 Ph 91 95
2 1-Naph 93 91
3 Ph(CH.), 93 03
4 CgHa7 77 57
5 'Bu 69 37
6 c-CeH11 88 86

In case of catalytic asymmetric. Strecker reaction of ketimines, there were
much less successful instances compared to that of aldimines. Only a few examples
have been reported to date.[110,140,160-161] The most recent advancement in this
field was accomplished in 2003. Shibasaki developed a chiral lanthanide complex as
2:3 complex of gadolinium-chiral ligand (105) derived from D-glucose [162] for
catalyic enantioselective strecker reaction of N-diphenylphosphinoylketimines
(106).[163] High enantioselectivity was obtained (83-95 % ee at 2.5-5 mol % catalyst
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loading) from a wide range of ketimines derived from aromatic methyl ketone,
aliphatic methyl ketones and cyclic ketones. In case of cyclic aliphatic and
heteroaromatic ketimines, the reaction time was significantly decreased and
enantioselectivities were also improved when adding 2,6-dimethylphenol (1 equiv) as
a catalyst modulator (Scheme 1.49).[164] To employ a catalytic amount of TMSCN
and stoichiometric amount of HCN allowed the catalyst loading to be decreased to 1.0

mol % while still maintaining the high degree of enantioselectivity.[165]

o .
HO'
O F
HO F

Gd(O'Pr)5-105 (2:3)

1 1
NP (15 mol%) PPN
| UL
Rl)\RZ 2,6-dimethylphenol 1 equiv RlARgN
EtCN, -40 °C, 0.3-30 h
106 73-99 %

53-99% ee

Scheme 1.49 Asymmetric Strecker reaction of ketimines catalyzed by

Gd-chiral ligand (105) complex

An asymmetric hydrocyanation of hydrazone (108) has been reported by
Jacobsen.[166] Very high vyield and - enantioselectivity for a range of N-
benzoylhydrazones investigated were achieved with an ErCls;-(S,S)-PyBox (107)
catalyst (Scheme  1.50). Substrates bearing electron-withdrawing group reacted
sluggishly, suggesting that complexation of the hydrazone to the catalyst might be the

rate limiting step.
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G

OY(jYO
NN
Y© } i Y©
(@) (@)
ErCl; + (S,5)-107 (5 mol%)

Nl/NH TMSCN 2 equiv, MeOH 2 equiv.~ HN~
Rl)\H CHCl3, 0°C, 2-5 d RY CN
85-99 %
108 31-97% ee

Scheme 1.50 Asymmetric hydrocyanation of hydrozone catalyzed by
ErCl;-(S,S)-PyBox (107) complex

1.7 Background and objectives

The first utilizing of the tridentate chiral Schiff base complex (49) was
accomplished in the enantioselective trimethylsilylcyanation of a variety of aldehydes
by Oguni. [98] However, the inherent instability of Schiff bases towards many
nucleophilic reagents makes it not ideal as a catalyst for nucleophilic addition
reactions to C=0 or C=N. It is quite likely, although not yet systematically verified,
that the real active catalyst species in these reactions might be the adduct formed from
the ligand and the nucleophile. Thus, it is envisaged that the reduced form of Schiff
such as (109), which should be more stable towards nucleophiles, should be an
interesting candidate for development of chiral ligand. In the view of the similar
mechanistic aspects of trimethylsilylcyanation of aldehydes and imines, it is
surprising that no equivalent cyanation reactions of imines using this class of ligands

have been reported.

(49) (109)
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Until 2003, Mansawat et al.firstly disclosed an enantioselective Strecker
reaction that was catalyzed by titanium-N-salicyl-B-aminoalcohol complexes.[167]
The reaction conditions were also optimized. N-Benzylidenebenzylamine (79a)
underwent catalytic asymmetric Strecker reactions with 2 equiv of TMSCN in the
presence of 10 mol% of titanium-N-salicyl-B-aminoalcohol (109a) derived from (S)-
phenylalaninol complex to give the corresponding a-aminonitriles (80) in good to
excellent yield and high enantioselectivity with (S)-configuration. Similar reactions
with various N-benzyl aromatic aldimines resulted in moderate to good
enantioselectivities (Table 1.8). It is interesting to observe that the Ti complex of the

corresponding Schiff base ligands provided the a-aminonitriles in less than 10% ee.

Table 1.8 Enantioselective Strecker reactions catalyzed by chiral N-salicyl-B-
aminoalcohol (109a).[167]

©\/\N 109a
ot OH 10mol%
N - o H
)l\ TMSCN 2 equiv, toluene, 0°C, 48 h Py
R H R™ CN

2

79 80
Entry Substrate R % Yield % Ee
1 79a Ph 98 76
2 79b 4-Cl-CgHy 84 72
3 79c 4-Br-CgH4 86 71
4 79d 4-MeO-CgH, 98 44
5 79 4-Me-CgHs >99 67
6 79f 3-CI-CgH4 98 80
7 799 3-Br-CgH, 98 81
8 79h 3-NO2-CgH4 >99 64
9 79i 2-MeO-CgH4 92 51
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Apart from the ability to behave as a ligand for asymmetric Strecker reaction,
ligands related to (109) have been successfully employed in other catalytic
asymmetric reactions including reduction,[168] Michael addition [169] and
cyanosilylation of aldehydes.[98,101] Consequently, one objective of this research is
to develop, design and modify a synthetic methodology for syntheses of novel N-
salicyl-g-aminoalcohol ligands. Another is to develop a novel catalyst for catalytic
asymmetric Strecker reaction from the ligand synthesized (Scheme 1.51) in order to

study their catalytic ability in details.

N~ chiral catalysts un- R
I .
R)\H cyanide source R)*\CN

Scheme 1.51 General synthesis of optically active a-aminonitriles

from imines using chiral catalysts.

The resulting a-aminonitriles are potentially useful starting materials for
synthesis of bioactive natural products such as a-amino acids and chiral diamines. In
addition, Mechanistic aspects and applications to other asymmetric synthesis will be

also investigated.



CHAPTER I
EXPERIMENTAL

2.1 General

All reactions were performed in oven-dried glasswares. The weight of all

chemical substances was determined on a Mettler AE200 electrical balance.

Evaporation of solvents was carried out on a Biichi Rotavapor R-114 equipped with a
Biichi B-480 water bath. The progress of the reaction was monitored by thin layer

chromatography (TLC) performed on Merck D.C. silica gel 60 F,s4 0.2 mm precoated
aluminium plates and visualized by using short wavelength UV light (254 nm),
KMnQO, solution, ninhydrin solution, 2,4-DNP reagent, FeCl; solution, iodine,
Co(SCN); solution or anisaldehyde reagent. Column chromatography was performed
on 60-400 mesh silica gel for flash column chromatography or activated neutral
aluminum oxide 90 (Activity 1).

Chiral high performance liquid chromatography (HPLC) experiments were
performed on Water 600" equipped with UV/VIS detector in normal phase mode
using hexanes:'PrOH as eluent. A Daicel Chiralcel OD® column and a Chiralpak AD®
column were used for the separation of enantiomers. Melting points were measured
on an Electrothermal 9100 melting point apparatus and were uncorrected. The optical
rotations were measured at the ambient temperature with a Jasco P-1010 Polarimeter.
Elemental analysis results were analyzed on CHNS/O Analyzer (Perkin Elmer
PE2400 Series 1) at Scientific and Technological Research Equipment Centre,
Chulalongkorn University.

Proton (*H) and carbon (**C) nuclear magnetic resonance (NMR) spectra were
recorded on a Varian Mercury-400 plus operating at 400 MHz (*H) and 100 MHz
(**C), respectively. Chemical shifts (8) are reported in parts per million (ppm) relative
to tetramethylsilane (TMS) or using the residual protonated solvent signal as a
reference. Coupling constant (J) are proton-proton coupling unless otherwise noted
and reported in hertz (Hz). Multiplicities were abbreviated as followed: s = singlet, d

= doublet, t = triplet, g = quartet, m = multiplet.
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2.2 Materials and methods

All chemicals were purchased from Fluka, Merck or Aldrich Chemical Co.,
Ltd. and were used as received without purification. Commercial grade solvents for
column chromatography were distilled before use. THF was distilled from sodium
benzophenone ketyl radical prior to use. Toluene for the reactions was AR grade and
dried with activated 4 A molecular sieves. HPLC grade hexanes and 2-propanol for
HPLC experiments on a chiral column were obtained from Merck and filtered through
a membrane filter before use. Other solvents for the reactions were AR grade and
used without further purification. High purity nitrogen and hydrogen gas for the

experiments were purchased from TIG.

2.3 General procedure for the synthesis of imines

2.3.1 Synthesis of N-benzyl aldimines (106) and N-diphenylmethyl

ketimine

0 N
©/\NH2 CH2C|2, rt |
R + R
MS 4 A

N-Benzyl aldimines or N-benzyl ketimines were prepared according to the

procedure by Jacobsen et al.[131] Activated 4 A molecular sieves and 5 mL
dichloromethane were added into round bottom flask. Benzylamine (1.0 equiv) and
aldehyde or ketone (1.0 equiv) were then added. The reaction mixture was left at
room temperature for 18 hours without stirring. The sieves were removed by
filtration. The filtrate was collected and organic solvent was evaporated in vacuo to

obtain the desired product.
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2.3.1.1 N-Benzylidene benzylamine (79a)

N-Benzylidene benzylamine was prepared according to the general procedure
using benzaldehyde (1.06 g, 10.0 mmol) and benzylamine (1.70 g, 10.0 mmol). The
product was obtained as yellow oil (1.91 g, 95%). 'H NMR (CDCl;, 400 MHz): &
4.88 (2H, s, CH.Ph), 7.25-7.50 (8H, m, Ar), 7.82-7.86 (2H, m, Ar), 8.46 (1H, s,
HC=N); *C NMR (CDCls, 100 MHz): & 65.3 (CH.Ph), 127.1, 128.1, 128.4, 128.6,
128.8, 130.8, 136.2, 139.4 (Ar), 162.3 (HC=N).

2.3.1.2 N-(1-Methylbenzylidene)benzylamine (81a)

©i©

N-(1-Methylbenzylidene)benzylamine was prepared according to the general
procedure using acetophenone (1.20 g, 10.0 mmol) and benzylamine (1.70 g, 10.0
mmol). The product was obtained as colorless oil (1.58 g, 75%). *H NMR (CDCls,
400 MHz): 8 1.32 (3H, s, CH3), 4.85 (2H, s, CHPh,), 7.23-7.43 (7TH, m, Ar), 7.62-7.76
(3H, m, Ar).
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2.3.2 Synthesis of N-diphenylmethyl aldimines (72) and N-
diphenylmethyl ketimine (81b)

O l CH2C|2, rt
R™OR HoN O Na,SO,

N-Diphenylmethyl aldimines or N-diphenylmethyl ketimines were prepared by

adapting from the method of Krueger et al.[156] Aldehyde or ketone (1.0 equiv) was
added to a solution of diphenylmethylamine (1.0 equiv) in dichloromethane. Then
anhydrous Na,SO, was added and the reaction mixture was left at room temperature
for 18 hours without stirring. The Na;SO4 was removed by filtration. The filtrate was
collected and the solvent was removed in vacuo. The crude products were purified by

recrystallization from hexanes to afford the pure products.

2.3.2.1 N-Benzylidene diphenylmethylamine (72a)

N-Benzylidene diphenylmethylamine was prepared according to the general
procedure using benzaldehyde (1.06 g, 10.0 mmol) and diphenylmethylamine (1.83 g,
10.0 mmol). The product was obtained as a white crystalline solid (2.47 g, 91%). *H
NMR (CDCl3, 400 MHz): 6 5.64 (1H, s, CHPhy), 7.25-7.38 (13H, m, Ar), 7.82-7.91
(2H, m, Ar), 8.47 (1H, s, HC=N); *C NMR (CDCl;, 100 MHz): § 78.0 (CHPh,),
127.1, 127.7, 128.5, 128.6, 128.8, 129.0 130.8, 136.2, 139.4, 143.9 (Ar), 160.9
(HC=N).
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2.3.2.2 N-(2-Methoxybenzylidene)diphenylmethylamine (72b)

N-(2-Methoxybenzylidene)diphenylmethylamine was prepared according to
the general procedure using 2-methoxybenzaldehyde (1.36 g, 10.0 mmol) and
diphenylmethylamine (1.83 g, 10.0 mmol). The product was obtained as a white
crystalline solid (2.71 g, 90%). 'H NMR (CDCls, 400 MHz): & 3.92 (3H, s, OCHs),
5.65 (1H, s, CHPh,), 7.22-7.43 (12H, m, Ar), 7.48-7.56 (2H, m, Ar), 8.49 (1H, s,
HC=N).

2.3.2.3 N-(3-Methoxybenzylidene)diphenylmethylamine (72c)

O
/O\©)\H

N-(3-Methoxybenzylidene)diphenylmethylamine ‘was. prepared according to
the general procedure using 3-methoxybenzaldehyde (1.36 g, 10.0 mmol) and
diphenylmethylamine (1.83 -g,7 10.0 mmaol). The product was obtained as a white
crystalline solid (2.70 g, 90%). *H NMR (CDCl;, 400 MHz): & 3.73 (3H, s, OCHs),
5.65 (1H, s, CHPh,), 7.13 (1H, s, Ar), 7.28-7.42 (11H, m, Ar), 7.44-7.52 (2H, m, Ar),
8.49 (1H, s, HC=N).
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2.3.2.4 N-(4-Methoxybenzylidene)diphenylmethylamine (72d)

N
|
H
~o

N-(4-Methoxybenzylidene)diphenylmethylamine was prepared according to
the general procedure using p-anisaldehyde (1.36 g, 10.0 mmol) and
diphenylmethylamine (1.83 g, 10.0 mmol). The product was obtained as a white
crystalline solid (2.8 g, 93%). *H NMR (CDCls, 400 MHz): & 3.72 (3H, s, OCHs),
5.64 (1H, s, CHPh,), 6.78 (2H, d, J = 8.8 Hz, Ar) 7.02-7.22 (6H, m, Ar), 7.29 (4H, m,
Ar), 7.40 (2H, d, J = 7.6 Hz, Ar), 8.48 (1H, s, HC=N).

2.3.2.5 N-(2-Methylbenzylidene)diphenylmethylamine (72e)

N-(2-Methyibenzylidene)diphenylmethylamine was prepared according to the
general procedure using o-tolualdehyde (1.20 g, 10.0. mmol) and
diphenylmethylamine (1.83 ‘g, 10.0 mmol). The product was obtained as a white
crystalline solid (2.63 g, 92%). 'H NMR (CDCls, 400 MHz): & 2.33 (3H, s, CHs), 5.62
(1H, s, CHPh,), 7.22-7.36 (7H, m, Ar), 7.40 (2H, m, Ar), 7.48 (2H, m, Ar), 7.60 (3H,
m, Ar), 8.47 (1H, s, HC=N).
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2.3.2.6 N-(4-Methylbenzylidene)diphenylmethylamine (72f)

(
o

N-(4-Methylbenzylidene)diphenylmethylamine was prepared according to the
general procedure using p-tolualdehyde (1.20 g, 10.0 mmol) and
diphenylmethylamine (1.83 g, 10.0 mmaol). The product was obtained as a white
crystalline solid (2.59 g, 91%). *H NMR (CDCls, 400 MHz): & 2.35 (3H, s, CHs), 5.63
(1H, s, CHPh,), 6.78 (2H, d, J = 8.6 Hz, Ar),7.10-7.32 (7H, m, Ar), 7.36 (3H, m, Ar),
7.41 (2H,d, J=7.5Hz, Ar), 8.47 (1H, s, HC=N).

2.3.2.7 N-(3-Nitrobenzylidene)diphenylmethylamine (72g)

O
O-5N
2\©)\H

N-(3-Nitrabenzylidene)diphenylmethylamine was prepared according to the
general procedure wusing 3-nitrobenzaldehyde (1.51 g, 10.0 mmol) and
diphenylmethylamine (1.83 -g, 10.0 mmol).. The product was obtained as a light
yellow crystalline solid (2.62 g, 83%). *"H NMR (CDCls, 400 MHz): & 5.66 (1H, s,
CHPh,), 7.32-7.41 (6H, m, Ar), 7.50-7.59 (5H, m, Ar), 8.05-8.14 (2H, m, Ar), 8.49
(1H, s, HC=N), 8.57 (1H, s, Ar).
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2.3.2.8 N-(4-Nitrobenzylidene)diphenylmethylamine (72h)

N
I
H
O,N

N-(4-Nitrobenzylidene)diphenylmethylamine was prepared according to the
general procedure using 4-nitrobenzaldehyde (1.51 g, 10.0 mmol) and
diphenylmethylamine (1.83 g, 10.0 mmol). The product was obtained as a light
yellow crystalline solid (2.67 g, 85%). 'H NMR (CDCls, 400 MHz): & 5.65 (1H, s,
CHPhy), 7.22-7.41 (6H, m, Ar), 7.59 (4H, m, Ar), 7.88 (2H, m, Ar), 8.22 (2H, m, Ar),
8.47 (1H, s, HC=N).

2.3.2.9 N-(2-Chlorobenzylidene)diphenylmethylamine (72i)

N-(2-Chlorobenzylidene)diphenylmethylamine was prepared according to the
general procedure using 2-chlorobenzaldehyde (1.40 g, 10.0 mmol) and
diphenylmethylamine (1.83 ‘g, 10.0 mmol). The product was obtained as a white
crystalline solid (2.63 g, 86%). *H NMR (CDCls, 400 MHz): & 5.65 (1H, s, CHPh,),
7.22-7.42 (8H, m, Ar), 7.28 (2H, m, Ar), 7.60 (4H, m, Ar), 8.48 (1H, s, HC=N).
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2.3.2.10 N-(4-Chlorobenzylidene)diphenylmethylamine (72j)

N
I
H
Cl

N-(4-Chlorobenzylidene)diphenylmethylamine was prepared according to the
general procedure using 4-chlorobenzaldehyde (1.40 g, 10.0 mmol) and
diphenylmethylamine (1.83 g, 10.0 mmol). The product was obtained as a white
crystalline solid (2.69 g, 88%). 'H NMR (CDCls, 400 MHz): & 5.64 (1H, s, CHPh,),
7.22-7.42 (6H, m, Ar), 7.28 (2H, d, J = 7.2 Hz, Ar), 7.52 (2H, d, J = 8.2 Hz, Ar) 7.60
(4H, m, Ar), 8.48 (1H, s, HC=N).

2.3.2.11 N-(2-Bromobenzylidene)diphenylmethylamine (72k)

N-(2-Bromobenzylidene)diphenylmethylamine was prepared according to the
general procedure wusing 2-bromobenzaldehyde (1.85 g, 10.0 mmol) and
diphenylmethylamine (1.83 ‘g, 10.0 mmol). The product was obtained as a white
crystalline solid (3.15 g, 90%). *H NMR (CDCls, 400 MHz): & 5.63 (1H, s, CHPh,),
7.22-7.45 (8H, m, Ar), 7.50 (2H, m, Ar), 7.58-7.68 (4H, m, Ar); 8.49 (1H, s, HC=N).
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2.3.2.12 N-(4-Bromobenzylidene)diphenylmethylamine (72I)

N
I
H
Br

N-(4-Bromobenzylidene)diphenylmethylamine was prepared according to the
general procedure wusing 4-bromobenzaldehyde (1.85 g, 10.0 mmol) and
diphenylmethylamine (1.83 g, 10.0 mmol). The product was obtained as a white
crystalline solid (2.90 g, 83%). "H NMR (CDCls, 400 MHz): & 5.64 (1H, s, CHPh,),
7.20-7.42 (6H, m, Ar), 7.46 (2H, d, J = 7.5 Hz, Ar), 7.52 (2H, d, J = 8.3 Hz, Ar) 7.59
(4H, m, Ar), 8.48 (1H, s, HC=N).

2.3.2.13 N-(3-Fluorobenzylidene)diphenylmethylamine (72m)

N
F\@)l\
H

N-(3-Fluorobenzylidene)diphenylmethylamine was prepared according to the
general procedure using 3-fluorobenzaldehyde (1.24 g, 10.0 mmol) and
diphenylmethylamine (1.83 ‘g, 10.0 mmol). The product was obtained as a white
crystalline solid (2.46 g, 85%). 'H NMR (CDCls, 400 MHz): & 5.64 (1H, s, CHPh,),
7.05 (2H, m, Ar), 7.20-7.42 (4H, m, Ar), 7.46 (2H, m, Ar), 7.52 (2H, m, Ar) 7.59 (4H,
m, Ar), 8.48 (1H, s, HC=N).
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2.3.2.14 N-(Naphthalen-1-ylmethylene)diphenylmethylamine (72n)

N
I
"

N-(Naphthalen-1ylmethylene)diphenylmethylamine was prepared according to
the general procedure wusing 1-naphthaldehyde (1.56 g, 10.0 mmol) and
diphenylmethylamine (1.83 g, 10.0 mmaol). The product was obtained as a white
crystalline solid (2.89 g, 90%). *H NMR (CDCls, 400 MHz): & 5.65 (1H, s, CHPh,),
7.21-7.60 (11H, m, Ar), 7.66 (2H, m, Ar), 7.82-7.91 (2H, m, Ar), 7.95 (2H, m, Ar),
8.65 (1H, s, HC=N).

2.3.2.15 N-(Naphthalen-2-ylmetylene)diphenylmethylamine (720)

N
|
er

N-(Naphalen-2-ylmethylene)diphenylmethylamine was prepared according to
the general procedure using 2-naphthaldehyde (1.56 g, 10.0 mmol) and
diphenylmethylamine (1.83 -g,7 10.0 mmol). The product was obtained as a white
crystalline solid (2.92 g, 91%). *H NMR (CDCls, 400 MHz): § 5.65 (1H, s, CHPh,),
7.20-7.60 (11H, m, Ar), 7.64 (2H, m, Ar), 7.82-7.90 (2H, m, Ar), 7.95 (2H, m, Ar),
8.64 (1H, s, HC=N).
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2.3.2.16 N-(Furan-2-ylmethylene)diphenylmethylamine (72p)

N-(Furan-2-ylmethylene)diphenylmethylamine was prepared according to the
general procedure using furfural (0.96 g, 10.0 mmol) and diphenylmethylamine (1.83
g, 10.0 mmol). The product was obtained as an orange crystalline solid (2.10 g, 80%).
'H NMR (CDCls, 400 MHz): § 5.64 (1H, s, CHPhy), 6.42 (1H, dd, J = 3.2, 2.0 Hz,
CH-furan), 6.49 (1H, d, J = 3.2 Hz, CH-furan), 7.24-7.42 (6H, m, Ar), 7.48 (3H, m,
CH-furan and Ar), 7.55 (2H, m, Ar), 8.55 (1H, s, HC=N).

2.3.2.17 N-(Thiophen-2-ylmethylene)diphenylmethylamine (72q)

N-(Thiophen-2-ylmethylene)diphenylmethylamine was prepared according to
the general procedure using thiophene-2-carboxaldehyde (1.12 g, 10.0 mmol) and
diphenylmethylamine (1.83 g, 10.0- mmol). The product was obtained as a white
crystalline solid (2.43.g, 88%). 'H NMR (CDCls, 400 MHz): & 5.65 (1H, s, CHPh,),
6.84 (1H, dd, J = 5.2, 3.6 Hz, CH-thiophene), 7.05-7.28 (8H, m, CH-thiophene and
Ar), 7.30 (2H, m, Ar), 7.40 (2H, m, Ar), 8.53 (1H, s, HC=N).



83

2.3.2.18 N-(2,6-Dimethylbenzylidene)diphenylmethylamine (72r)

L

N-(2,6-Dimethylbenzylidene)diphenylmethylamine was prepared according to
the general procedure using 2,6-dimethylbenzaldehyde (1.34 g, 10.0 mmol) and
diphenylmethylamine (1.83 g, 10.0 mmol). The product was obtained as yellow
viscous oil (2.87 g, 96%). "H NMR (CDCls, 400 MHz): & 2.35 (3H, s, CHs), 2.36 (3H,
s, CHs), 5.63 (1H, s, CHPh,), 6.90-7.05 (3H, m, Ar), 7.20-7.42 (8H, m, Ar), 7.54 (2H,
m, Ar), 8.45 (1H, s, HC=N).

2.3.2.19 N-(2,4,6-Trimethylbenzylidene)diphenylmethylamine (72s)

G

N-(2,4,6-Trimethylbenzylidene)diphenylmethylamine was prepared according
to the general procedure using 2,4,6-trimethylbenzaldehyde (1.48 g, 10.0 mmol) and
diphenylmethylamine ((1.83 g, 10.0 mmaol). The product was obtained as yellow
viscous oil (2.97 g, 95%). *H NMR (CDCls, 400 MHz): § 2.35 (6H, s, 2xCHs), 2.36
(3H, s, CHs), 5.64 (1H, s, CHPhy), 6.70 (1H, s, Ar), 6.92 (1H, s, Ar), 7.23-7.41 (6H,
m, Ar), 7.56 (4H, m, Ar), 8.44 (1H, s, HC=N).
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2.3.2.20 N-(Anthracen-9-ylmethylene)diphenylmethylamine (72t)

N-(Anthracen-9-ylmethylene)diphenylmethylamine was prepared according to
the general procedure using 9-anthracenecarboxaldehyde (2.06 g, 10.0 mmol) and
diphenylmethylamine (1.83 g, 10.0 mmol). The product was obtained as an orange
crystalline solid (1.92 g, 52%). *H NMR (CDCl3, 400 MHz): & 5.65 (1H, s, CHPh,),
7.26-7.41 (10H, s, Ar), 7.56-7.62 (4H, m, Ar), 7.81-7.92 (4H, m, Ar), 8.52 (1H, s,
HC=N), 8.63 (1H, m, Ar).

2.3.2.21 N-(Cyclohexylmethylene)diphenylmethylamine (72u)

N-(Cyclohexylmethylene)diphenylmethylamine was prepared according to the
general procedure using cyclohexane carboxaldehyde (1.12 g, 10.00 mmol) and
diphenylmethylamine (1.83 g, 10.0 mmol). The product was obtained as an orange
crystalline solid (1.24 g, 55%). '"H NMR (CDCls, 400 MHz): & 1.04-1.19 (3H, m,
CHcyclohexyl), 1.22-1.37 (2H, m, CHcyclohexyl), 1.54 (1H, m, CHcyclohexyl), 1.63
(2H, m, CHcyclohexyl), 1.78 (2H, m, CHcyclohexyl), 2.17 (1H, m, CHcyclohexyl),
4.13 (1H, s, CHPh,), 7.12-7.36 (10H, s, Ar), 8.22 (1H, s, HC=N).
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2.3.2.22 N-(2,2-Dimethyl-propylidene)diphenylmethylamine (72v)

N-(2,2-Dimethyl-propylidene)diphenylmethylamine was prepared according
to the generalprocedure using pivalaldehyde (0.86 g, 10.0 mmol) and
diphenylmethylamine (1.83 g, 10.0 mmol). The product was obtained as yellow oil
(1.28 g, 51%). '*H NMR (CDCls, 400 MHz): & 1.10 (9H, s, C(CHa)3), 4.08 (1H, s,
CHPh), 7.22-7.38 (10H, s, Ar), 8.31 (1H, s, HC=N).

2.3.2.23 N-(3-Phenyl-propenylidene)diphenylmethylamine (72w)

L0
©/\)\H

N-(3-Phenyl-propenylidene)diphenylmethylamine was prepared according to
the general procedure using _cinnamaldehyde (1.32 g, 10.0 mmol) and
diphenylmethylamine (1.83 g, 10.0 mmol). The product was obtained as an orange
crystalline solid (1.78 g, 60%). *H NMR (CDCls, 400 MHz): & 4.16 (1H, s, CHPh,),
5.61 (1H, dd J = 6.0 and 16.0 Hz, CHCHPh), 6.62 ( 1H, d J = 16.0 Hz, CHCHPh),
7.26-7.41 (10H, s, Ar), 7.56-7.62 (5H, m, Ar), 8.51 (1H, s, HC=N)
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2.3.2.24 N-(1-Phenylethylidene)diphenylmethylamine (81b)

(
©i

N-(1-Phenylethylidene)diphenylmethylamine was prepared according to the
generalprocedure using acetophenone (1.20 g, 10.0 mmol) and diphenylmethylamine
(1.83 g, 10.0 mmol). The product was obtained as colorless oil (2.22 g, 78%). *H
NMR (CDCls, 400 MHz): & 1.36 (3H, s, CHs), 5.63 (1H, s, CHPh,), 7.21-7.38 (7H,
m, Ar), 7.42 (2H, m, Ar), 7.48 (2H, m, Ar), 7.56 (4H, m, Ar).

2.3.3 Synthesis of N-benzylidene tritylamine (110)
N
e
oy

N-Benzylidene tritylamine was prepared according to the general procedure
using benzaldehyde (1.06 g, 10.0 mmol) and tritylamine (2.59 g, 10.0 mmol). The
product was obtained as a white crystalline solid (3.44 g, 92%). *H NMR (CDCls, 400
MHz): § 7.21-7.32 (6H, m, Ar), 7.38-7.46 (6H, m, Ar), 7.51-7.72 (6H, m, Ar), 7.85
(2H, m, Ar), 8.65 (1H, s, HC=N).
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2.4 General procedure for the synthesis of chiral N-salicyl-B-aminoalcohol

ligands

Synthesis of chiral-N-salicyl-B-aminoalcohol by NaBH,; reduction
[167,170] (Method A)

R3 NaBH,4

(0] R? s
R3 R
N H N EtOH X N )\r
| + 2 OH EtOH
1// OH OH
R

A mixture of ethanol (5 mL), an appropriate amino alcohol (1.0 mmol), and

salicylaldehyde (1.0 mmol) was stirred at 30 °C for 12 hours. Then sodium
borohydride (1.0 mmol) was added into the yellow solution with vigorous stirring to
give a colorless solution. The reaction mixture was quenched with dil. HCI and then
neutralized with saturated NaHCOs. The solution was concentrated under reduced
pressure and the residue was extracted with ethyl acetate and washed with water. The
organic layer was dried over anhydrous Na,SO, and the solvent was removed by
evaporation. The crude products were purified by flash column chromatography using
hexanes and ethyl acetate as eluent.

Synthesis of chiral-N-salicyl-B-aminoalcohol by hydrogenation [171-172]
(Method B)

O R2

3
N~y R3 MeOH X \N R _Hz Pdic. )\rR

| + HN | 7 OH MeOH
<7 om OH 7 ToH

A mixture of methanol (5 mL), an appropriate amino alcohol (1.0 mmol),
salicylaldehyde (1.0 mmol) was stirred at 30 °C for 6 hours. Then Pd/C (10 mol% by
weight) was added. The reaction mixture was vigorously stirred under hydrogen
atmosphere (1 atm) until the yellow solution turned to colorless (monitored by TLC).
The reaction mixture was filtered through celite to remove the Pd/C. Organic solvent



88

was evaporated under reduced pressure. The crude products were purified by flash
column chromatography using hexanes and ethyl acetate as eluent.

Synthesis of chiral-N-salicyl-B-aminoalcohol by three-component
Mannich type reaction followed by ring opening of oxazolidene derivatives with

hydroxylamine hydrochloride (Method C)

OH

OH 2
R R3
N )\rRB paraformaldehyde | > N O NHZOH HCI C(\
+ . n
|, ) * HN LiCl 1 equiv, EIOH, 80°C ) A o/ o " MeOH

Rl OH R

A mixture of phenol (0.5 mmol), paraformaldehyde (250 mg, 10 equiv), an
appropriate amino alcohol (0.5 mmol) and LiCl (0.5 mmol) were weighed and
dissolved with ethanol 3 mL in a screw-capped test tube. The reaction mixture was
heated at 80 °C for 18 hours. Ethanol was removed in vacuo and the crude products
(oxazolidines) were purified by flash column chromatography using hexanes and
ethyl acetate as eluent. Oxazolidines 111a, 111b, 111c, and 111d were successfully
isolated while others were contaminated with the phenol starting materials.

The purified oxazolidine which may be contaminated by the phenol was
dissolved in methanol 5 mL and treated with hydroxylamine hydrochloride (5.0
mmol, 10 equiv). The reaction mixture was vigorously stirred for 2 hours or until the
reaction went completely (monitored by TLC). Organic solvent was removed by
evaporation. The residue (ligand) was dissolved in ethyl acetate 20 mL and washed
with water 10 ml.- The organic layer was dried with -anhydrous Na,SO, and
evaporated under reduced pressure. The crude product was purified by flash column
chromatography using hexanes-and ethyl acetate aseluent to obtain chiral-N-salicyl-p-

aminoalcohols.
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2.4.1 N-(2'-Hydroxy-3'-biphenyl)methyl-(S)-4-isopropyl-oxazolidine

(111a)
NN
\\\\\/O
\Y

N-(2'-Hydroxy-3'-biphenyl)methyl-(S)-4-isopropyl-oxazolidine was prepared
according to Method C using 2-phenylphenal (85 mg, 0.5 mmol), (S)-valinol (52 mg,
0.5 mmol), paraformaldehyde (250 mg, 10 equiv), and LiCl (22.0 mg, 0.5 mmol). The
product was obtained as colorless oil (134 mg, 90%); *H NMR (CDCls, 400 MHz): &
0.99 and 1.15 (6H, 2xd, J = 6.8 Hz, CH(CHs),), 1.82 (1H, m, CH(CHz)_), 2.84 (1H,
quartet, J = 7.6 Hz, NCH CH(CHy),), 3.60 (1H, apparent t, J = 8.4 Hz, CHCH,H,0),
3.98 (1H, AB, J = 13.6 Hz, ArCH.H,N), 4.10 (1H, AB, J = 13.6 Hz, ArCH.H,N),
4.21 (1H, apparent t, J = 8.4 Hz, CHCH,H,0), 4.24 (1H, AB, J = 6.4 Hz, NCH.H,0),
4.45 (1H, AB, J = 6.4 Hz, NCH,H,0), 6.97 (1H, apparent t, J = 7.2 Hz, Ar), 7.07 (1H,
d, J = 6.8 Hz, Ar), 7.40 (2H, m, Ar), 7.55 (3H, m, Ar), 7.73 (1H, d, J = 6.8 Hz, Ar),
10.4 (br s, ArOH); *C NMR (CDCl5, 100 MHz): & 18.9, 20.4, 31.0, 50.3, 59.5, 68.5,
70.8, 84.5, 116.0, 119.5, 120.8, 122.7, 127.0, 127.4, 128.2, 128.4, 129.4, 130.4, 138.4,
154.7.

2.4.2 N-(2'-Hydroxyphenyl)methyl-(S)-4-tert-butyl-oxazolidine (111b)

OH

N-(2'-Hydroxyphenyl)methyl-(S)-4-tert-butyl-oxazolidine ~ was  prepared
according to Method C using phenol (47 mg, 0.5 mmol), (S)-tert-leucinol (59 mg, 0.5
mmol), paraformaldehyde (250 mg, 10 equiv), and LiCl (22.0 mg, 0.5 mmol). The
product was obtained as colorless oil (106 mg, 90%): ‘H NMR (CDCls, 400 MHz): &
1.03 (9H, s, C(CHs)3), 2.81 (1H, apparent t, J = 7.6 Hz, NCHCHy), 3.28 (1H, apparent
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t, J = 8.0 Hz, CHCH.H,0), 3.94 (1H, AB, J = 13.6 Hz, ArCH,H,N), 4.06 (1H, AB, J
= 13.6 Hz, ArCHH,N), 4.08 (1H, AB, J = 6.8 Hz, NCH,H,0), 4.15 (1H, apparent t, J
= 8.4 Hz, CHCH.H;0), 4.38 (1H, AB, J = 6.8 Hz, NCH;H,0), 6.83 (1H, apparent t, J
= 7.6 Hz, Ar), 6.90 (1H, d, J = 8.0 Hz, Ar), 7.00 (1H, d, J = 7.2 Hz, Ar), 7.23 (1H,
apparent t, J = 7.2 Hz, Ar), 10.3 (br s, ArOH); **C NMR (CDCls, 100 MHz): & 26.4,
33.8,61.3,67.2, 74.2,85.1, 116.4, 119.4, 122.4, 128.8, 129.2, 157.6.

2.4.3 N-(2'-Hydroxyphenyl)methyl-(S)-4-benzyl-oxazolidine (111c)

DOE:

N-(2'-Hydroxyphenyl)methyl-(S)-4-benzyl-oxazolidine was prepared
according to Method C using phenol (47 mg, 0.5 mmol), (S)-phenylalaninol (76 mg,
0.5 mmol), paraformaldehyde (250 mg, 10 equiv), and LiCl (22.0 mg, 0.5 mmol). The
product was obtained as colorless oil (123 mg, 91%): *H NMR (CDCls, 400 MHz): &
2.79 (1H, ABX, Jag = 13.6, Jgx = 8.0 Hz, CHCHHyPh), 2.97 (1H, ABX, Jag = 13.6,
Jax = 7.2 Hz, CHCH,HyPh) 3.41 (1H, m, NCHCH_Ph), 3.62 (1H, ABX, Jag = 8.8,
Jex = 5.6 Hz, CHCH,H,0), 3.86 (1H, AB, J = 13.6 Hz, ArCH,HpN), 3.92 (1H, AB, J
= 13.6 Hz, ArCH,HpN), 4.11 (1H, ABX, Jag = 8.4, Jax = 6.8 Hz, CHCH,H,0), 4.40
(1H, AB, J = 6.0 Hz, NCH.H,0), 4.43 (1H, AB, J = 6.0 Hz, NCH,H,0), 6.86 (2H, m,
Ar), 7.00 (1H,d, J = 6.8 Hz, Ar), 7.18-7.30 (4H, m, Ar), 7.37.(2H, m, Ar), 10.4 (br s,
ArOH): *C NMR (CDCl;, 100 MHz): & 39.7, 58.2, 65.2, 69.6, 84.5, 115.3, 116.6,
119.5,121.9, 126.8, 128.9, 129.3, 129.7,137.8, 157.3.
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2.4.4 N-(3',5'-Di-tert-butyl-2'-hydroxyphenyl)methyl-(S)-4-tert-butyl-
oxazolidine (111d)

OH

NN

O
Y,

N
7§

N-(3',5'-Di-tert-butyl-2’-hydroxyphenyl)methyl-(S)-4-tert-butyl-oxazolidine
was prepared according to Method C using 2,4-di-tert-butylphenol (103 mg, 0.5
mmol), (S)-tert-leucinol (59 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv),
and LiCl (22.0 mg, 0.5 mmol). The product was obtained as colorless oil (156 mg,
90%); *H NMR (CDCl3, 400 MHz): & 1.03 (9H, s, C(CHs)3), 1.32 (9H, s, C(CHa)3),
1.47 (9H, s, C(CHzs)3), 2.82 (1H, apparent t, J = 8.0 Hz, NCHC(CHa)3), 3.65 (1H,
apparent t, J = 8.4 Hz, CHCH,H,0), 3.90 (1H, AB, J = 13.2 Hz, ArCH,Hy,N), 4.04
(1H, AB, J = 13.6 Hz, ArCH;H,N), 4.08 (1H, AB, J = 6.4 Hz, NCH,H,0), 4.15 (1H,
apparent t, J = 8.4 Hz, CHCH,H,0), 4.43 (1H, AB, J = 6.4 Hz, NCH,H,0), 6.87 (1H,
s, Ar), 7.28 (1H, s, Ar), 10.3 (br s, ArOH); **C NMR (CDCls, 100 MHz):  26.5, 29.6,
31.7,33.8,34.1,34.9,62.1, 67.1, 74.0, 85.2, 121.9, 123.3, 123.7, 136.0, 140.8, 154.1.

2.4.5 N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-3-phenyl-propanol
(109a)

H
OH
OH

N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-3-phenyl-propanol was prepared
according to Method A using salicylaldehyde (122 mg, 1.0 mmol), (S)-phenylalaninol
(151 mg, 1.0 mmol) and NaBH,4 (38 mg, 1.0 mmol). Method B using salicylaldehyde
(122 mg, 1.0 mmol), (S)-phenylalaninol (151 mg, 1.0 mmol) and Pd/C 26 mg. Method
C using phenol (47 mg, 0.5 mmol), (S)-phenylalaninol (76 mg, 0.5 mmol),
paraformaldehyde (250 mg, 10 equiv), LiCl (22.0 mg, 0.5 mmol) and NH,OH.HCI
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(348 mg, 5.0 mmol). The product was obtained as a white crystalline solid (190, 213
and 113 mg; 74, 83 and 88% respectively); m.p. 133.2-134.5 °C; [0]*’> = -23.2 (c 1.0,
CHCly); 'H NMR (CDCl3, 400 MHz): 6 2.89 (1H, ABX, Jag = 13.6, Jgx = 7.6 Hz,
CH HwPh), 2.91 (1H, ABX, Jag = 13.6, Jax = 6.4 Hz, CH,HyPh), 3.02 (1H, m,
CHNH), 3.58 (1H, ABX, Jag = 11.0, Jgx = 5.0 Hz , CH,H,OH), 3.78 (1H, ABX, Jag
=11.0, Jax = 3.8 Hz, CH,H,OH), 4.05 (2H, s, CH,NH), 6.82 (1H, appaprentt, J = 7.2
Hz, Ar), 6.87 (1H, d, J = 8.0 Hz, Ar), 7.01 (1H, d, J = 7.2 Hz, Ar), 7.19-7.38 (6H, m,
Ar); 3¢ NMR (CDCl3, 100 MHz): 6 37.3, 50.3, 59.7, 62.6, 116.6, 119.2, 122.7,
126.7, 128.3, 128.7, 128.9, 129.2, 138.0, 158.0; Anal. Calcd for C16H19NO,: C, 74.68;
H, 7.44; N, 5.44. Found: C, 74.66; H, 7.41; N, 5.43 %.

2.4.6 N-(2'-Hydroxyphenyl)methyl-(R)-2-amino-3-phenyl-propanol
(109a)

5

H
OH
OH

N-(2'-Hydroxyphenyl)methyl-(R)-2-amino-3-phenyl-propanol was prepared
according to Method A using salicylaldehyde (122 mg, 1.0 mmol), (R)-phenylalaninol
(151 mg, 1.0 mmal) and NaBH, (38 mg, 1.0 mmaol). Method B using salicylaldehyde
(122 mg, 1.0 mmal), (R)-phenylalaninol (151 mg, 1.0 mmol) and Pd/C 26 mg.
Method C using phenol (47 mg, 0.5 mmol), (R)-phenylalaninol (76 mg, 0.5 mmol),
paraformaldehyde (250 mg, 10 equiv), LiCl (22.0. mg, 0.5'mmol) and NH,OH.HCI
(348 mg, 5.0 mmol). The product was obtained as a white crystalline solid (185, 206
and 112:mg; 72,-80 and-87% respectively); m.p.-133.5-134.8 °C; [a]*p = +24.0 (c
1.0, CHCl3); *H NMR (CDCls3, 400 MHz): 6 2.85 (1H, ABX, Jag = 13.6 Hz, Jax = 7.6
Hz, CHaHbPh), 2.94 (1H, ABX, Jag = 13.6 Hz, Jax = 6.4 Hz, CHaH,Ph), 3.03 (1H, br,
CHNH), 3.57 (1H, ABX, Jag = 11.2, Jgx = 4.8 Hz, CH,H,OH), 3.76 (1H, ABX, Jag =
11.2, Jax = 3.2 Hz, CH,H,OH), 4.04 (2H, s, CH,NH), 6.80 (1H, appaprentt, J = 7.2
Hz, Ar), 6.85 (1H, d, J = 8.0 Hz, Ar), 7.00 (1H, d, J = 7.2 Hz, Ar), 7.19-7.38 (6H, m,
Ar); C NMR (CDCls, 100 MHz): & 37.1, 50.1, 59.7, 62.5, 116.6, 119.3, 122.6,
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126.7,128.4, 128.8, 129.0, 129.2, 137.9, 157.9; Anal. Calcd for C16H19sNO,: C, 74.68;
H, 7.44; N, 5.44. Found: C, 74.43; H, 7.29; N, 5.41 %.

2.4.7 N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-propanol (109b)

HJ\
OH
OH

N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-propanol was prepared according
to Method A using salicylaldehyde (122 mg, 1.0 mmol), (S)-alaninol (75 mg, 1.0
mmol) and NaBH, (38 mg, 1.0 mmol). Method C using phenol (47 mg, 0.5 mmol),
(S)-alaninol (38 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv), LiCl (22.0
mg, 0.5 mmol) and NH,OH.HCI (348 mg, 5.0 mmol). The product was obtained as
yellow viscous oil (92 and 56 mg; 51 and 62% respectively); [a]*p = +64.0 (c 1.5,
CHCls); *H NMR (CDCls, 400 MHz); 8 1.17 (3H, d, J = 6.4 Hz, CHs), 2.92 (1H, m,
CHCHGs), 3.54 (1H, ABX, Jag = 10.9, Jgx = 6.6 Hz, CH,H,OH), 3.75 (1H, ABX, Jas
=10.9, Jax = 3.6 Hz, CH,H,OH), 4.00 and 4.10 (2H, AB, J = 13.8 Hz, CH,NH), 4.20
(br s, NH and OH) 6.81 (1H, apparent t, J = 7.4 Hz, Ar), 6.86 (1H, d, J = 8.0 Hz, Ar),
7.03 (1H, d, J = 7.2 Hz, Ar), 7.19 (1H, apparent t, J = 7.6 Hz, Ar); **C NMR (CDCls,
100 MHz); & 16.1, 49.8, 53.9, 65.6, 116.5, 119.1, 121.7, 128.4, 128.9, 158.0; Anal.
Calcd for C1oH1sNO;: C, 66.27; H, 8.34; N, 7.73. Found: C, 66.11; H, 8.50; N, 7.75
%.

2.4.8 N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-3-methyl-butanol (109c)

H\/';
[ I OH
OH

N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-3-methyl-butanol was prepared
according to Method A using salicylaldehyde (122 mg, 1.0 mmol), (S)-valinol (103
mg, 1.0 mmol) and NaBH, (38 mg, 1.0 mmol). Method B using salicylaldehyde (122
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mg, 1.0 mmol), (S)-valinol (103 mg, 1.0 mmol) and Pd/C 26 mg. Method C using
phenol (47 mg, 0.5 mmol), (S)-valinol (52 mg, 0.5 mmol), paraformaldehyde (250
mg, 10 equiv), LiCl (22.0 mg, 0.5 mmol) and NH,OH.HCI (348 mg, 5.0 mmol). The
product was obtained as a white crystalline solid (157, 157 and 91 mg; 75, 75 and
87% respectively); m.p. 52.2-53.6 °C; [0]*’> = +16.0 (c 1.0, CHCl3); 'H NMR
(CDCl3, 400 MHz) & 1.01 and 1.04 (6H, 2xd, J = 6.8 Hz, 2xCHjs), 1.99 (1H, m,
CH(CHj3),), 2.54 (1H, m, CHNH), 3.69 (1H, ABX, Jag = 11.1, Jgx = 6.0 Hz,
CHaHyOH), 3.87 (1H, ABX, Jag = 11.1, Jax = 3.8 Hz, CH,H,OH), 4.05 (2H, s,
CH2NH), 6.82 (1H, apparent t, J = 7.4 Hz, Ar), 6.88 (1H, d, J = 8.0 Hz, Ar), 7.03 (1H,
d, J = 7.6 Hz, Ar), 7.21 (1H, apparent t, J = 7.7 Hz, Ar); *C NMR (CDCl;, 100 MHz)
6 18.3, 19.2, 28.7, 51.0, 61.2, 64.0, 116.5, 119.1, 123.1, 128.2, 128.8, 158.1; Anal.
Calcd for Ci,H19NO3: C, 68.87; H, 9.15; N, 6.69; Found: C, 68.65; H, 9.39; N, 6.73
%.

2.4.9 N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-3,3-dimethyl-butanol
(109d)

H\/ﬁ
[ ;[ OH
OH

N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-3,3-methyl-butanol was prepared
according to Method A using salicylaldehyde (122 mg, 1.0 mmol), (S)-tert-leucinol
(117 mg, 1.0 mmol) and NaBH, (38 mg, 1.0 mmaol). Method B using salicylaldehyde
(122 mg, 1.0 mmal), (S)-tert-leucinol (117 mg, 1.0 mmol) and Pd/C 26 mg. Method C
using phenol (47 mg, 0.5 mmol), (S)-tert-leucinol (59 ‘mg, 0.5 mmol),
paraformaldehyde (250 mg, 10 equiv), LIiCl (22.0 mg, 0.5 mmol) and NH,OH.HCI
(348 mg, 5.0 mmol). The product was obtained as a white crystalline solid (165, 174
and 95 mg; 74, 78 and 85% respectively); m.p. 58.2-59.6 °C; [a]*p = +5.3 (c 1.0,
CHCIs); 'H NMR (CDCls, 400 MHz) & 1.04 (9H, s, 3xCHs), 2.41 (1H, ABX, Jax =
3.6, Jex = 5.8 Hz, CHC(CHg3)3), 3.74 (1H, ABX, Jas = 10.9, Jgx = 5.8 Hz,
CH.H,OH), 4.00 (1H, ABX, Jag = 10.9, Jax = 3.6, CH.H,OH), 4.02 and 4.10 (2H,
AB, J =13.3 Hz, CH,NH), 6.82 (1H, apparent t, J = 7.4 Hz, Ar), 6.89 (1H, d, J =8.0
Hz, Ar), 7.04 (1H, d, J = 7.2 Hz, Ar), 7.21 (1H, apparent t, J = 7.8 Hz, Ar); **C NMR
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(CDCl3, 100 MHz) 6 27.5, 34.2, 53.1, 61.2, 67.8, 116.4, 119.3, 123.7, 128.5, 128.8,
157.9; Anal. Calcd for C13H>1NOs: C, 69.92; H, 9.48; N, 6.27; Found: C, 69.95; H,
9.52: N, 6.27 %.

2.4.10 N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-2-phenyl-ethanol (109e)

N
OH
OH

N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-2-phenyl-ethanol was prepared
according to Method A using salicylaldehyde (122 mg, 1.0 mmol), (S)-phenylglycinol
(137 mg, 1.0 mmol) and NaBH4 (38 mg, 1.0 mmol). Method C using phenol (47 mg,
0.5 mmol), (S)-phenylglycinol (69 mg, 0.5 mmol), paraformaldehyde (250 mg, 10
equiv), LiCl (22.0 mg, 0.5 mmol) and NH,OH.HCI (348 mg, 5.0 mmol). The product
was obtained as a white crystalline solid (177 and 105 mg;73 and 86% respectively);
m.p. 119.4-121.1 °C; [0]*> = +64.0 (c 1.0, CHCl3); *H NMR (CDCls, 400 MHz) &
3.74 (1H, AB, J = 13.6 Hz, CH,HyNH), 3.76-3.87 (3H, m, CH,OH and CHNH), 3.97
(1H, AB, J = 13.6 Hz, CH,HpNH), 5.05 (br s, NH and OH), 6.79 (1H, apparent t, J =
7.2 Hz, Ar), 6.87 (1H, d, J = 8.0 Hz, Ar), 6.92 (1H, d, J = 6.4 Hz, Ar), 7.19 (1H,
apparent t, J = 8.0 Hz, Ar); *C NMR (CDCl;, 100 MHz) & 50.1, 63.9, 66.5, 116.4,
119.4, 122.8, 127.5, 128.2, 128.6, 128.9, 129.0, 138.7, 157.8; Anal. Calcd for
C15H17NO,: C, 74.05; H, 7.04; N, 5.76. Found: C,74.07; H, 7.03; N, 5.79 %.
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2.4.11 N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-4-methyl-pentanol
(109f)

H
OH
OH

N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-4-methyl-pentanol was prepared
according to Method A using salicylaldehyde (122 mg, 1.0 mmol), (S)-leucinol (117
mg, 1.0 mmol) and NaBH; (38 mg, 1.0 mmol). Method C using phenol (47 mg, 0.5
mmol), (S)-leucinol (59 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv), LiCl
(22.0 mg, 0.5 mmol) and NH,OH.HCI (348 mg, 5.0 mmol). The product was obtained
as a light yellow crystalline solid (112 and 95 mg; 50 and 85% respectively); .mp.
87.2-88.7 °C; [0]*’> = +15.0 (¢ 1.0, CHCI3); *H NMR (CDCls, 400 MHz) & 0.95 (6H,
t, J = 6.2 Hz, 2xCHa), 1.6 and 1.44 (2H, 2xm, CH,CH(CHs),), 1.74 (1H, m,
CH(CHs),), 2.81 (1H, m, CHNH), 356 (1H, ABX, Jag = 11.1, Jgx = 5.6 Hz,
CHHyOH), 3.84 (1H, ABX, Jag = 11.1, Jax = 3.4 Hz, CH,H,OH), 4.04 (2H, s,
CH,NH), 4.90 (br s, NH and OH), 6.79 (1H, apparent t, J = 6.4 Hz, Ar); 6.87 (1H, d, J
= 8.0 Hz, Ar) 7.02 (1H, d, J = 6.8 Hz, Ar), 7.19 (1H, apparent t, J = 7.8 Hz, Ar); **C
NMR (CDCls, 100 MHz) & 22.7, 22.8, 25.0, 40.2, 49.8, 56.2, 63.2, 116.5, 119.1,
122.8, 128.3, 128.7, 158.1; Anal. Calcd for Ci3H2NO,: C, 69.92; H, 9.48; N, 6.27.
Found: C, 69.74; H, 9.55; N, 6.04 %.

2.4.12 _N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-3-cyclohexyl-propanol

(1099)
CL}
oy ©OH
N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-3-cyclohexyl-propanol was

prepared according to Method A using salicylaldehyde (122 mg, 1.0 mmol), (S)-
cyclohexylalaninol hydrochloride (193 mg, 1.0 mmol), triethylamine (100 pL, 1.0
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mmol) and NaBH, (38 mg, 1.0 mmol). Method C using phenol (47 mg, 0.5 mmol),
(S)-cyclohexylalaninol hydrochloride (97 mg, 0.5 mmol), triethylamine (50 pL, 0.5
mmol), paraformaldehyde (250 mg, 10 equiv), LIiCl (22.0 mg, 0.5 mmol) and
NH,OH.HCI (348 mg, 5.0 mmol). The product was obtained as a light yellow
crystalline solid (187 and 110 mg; 71 and 84% respectively); m.p. 82.3-84.1 °C;
[a]*p = +12.2 (c 1.0, CHCI3); *H NMR (CDCls;, 400 MHz); § 0.85-1.78 (13H, m,
‘Hex ring protons and ‘HexCH>), 2.83 (1H, m, CHNH), 3.55 (1H, ABX, Jag = 11.1,
Jex = 5.2 Hz, CH,Hy,OH), 3.82 (1H, ABX, Jag = 11.1, Jax = 3.4 Hz, CH,H,OH), 4.03
(2H, s, CH;NH), 5.02 (br s, NH and OH), 6.81 (1H, apparent t, J = 7.2 Hz, Ar), 6.87
(1H, d, J = 8.0 Hz, Ar), 7.02 (1H, d, J = 7.2 Hz, Ar), 7.19 (1H, apprent t, J = 7.8 Hz,
Ar); *C NMR (CDCls, 100 MHz) & 26.2, 26.5, 33.6, 34.5, 38.6, 49.7, 55.5, 63.2,
116.5, 119.1, 122.8, 128.4, 128.9, 158.1; Anal. Calcd for CigHsNO,: C, 72.96; H,
9.57; N, 5.32. Found: C, 73.16; H, 9.49; N, 5.46 %.

2.4.13 N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-(S)-3-methyl-pentanol

(109h)
= OH
N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-(S)-3-methyl-pentanol was

prepared according to Method A using salicylaldehyde (122 mg, 1.0 mmol), (S)-
isoleucinol (117 mg, 1.0 mmol) and NaBH, (38 mg, 1.0 mmol). Method C using
phenol (47 mg, 0.5 mmol), (S,S)-iscleucinol (59 -mg, 0.5 mmol), paraformaldehyde
(250 mg, 10 equiv), LiCl (22.0 mg, 0.5 mmol) and NH,OH.HCI (348 mg, 5.0 mmol).
The -product ‘wasobtained as yellow viscous-oil- (165 and-96 mg; 74 and 86%
respectively); [a]*p = +54.3 (¢ 2.0, CHCIs); *H NMR (CDCls, 400 MHz); & 0.95 (6H,
m, CH3CH, and CH3CH), 1.22 and 1.50 (2H, 2xm, CH3CH,), 1.75 (1H, m, CH3;CH),
2.66 (1H, m, CHNH), 3.63 (1H, ABX, Jag = 11.2, Jgx = 6.8 Hz, CH,H,OH), 3.83
(1H, ABX, Jag = 11.2, Jax = 3.6 Hz, CH,H,OH), 3.98-4.09 (2H, AB, J = 13.6 Hz,
CH2NH), 4.85 (br s, NH and OH), 6.81 (1H, apparent t, J = 7.4 Hz, Ar), 6.87 (1H, d, J
= 8.0 Hz, Ar), 7.03 (1H, d, J = 7.2 Hz, Ar), 7.20 (1H, apparent t, J = 7.8 Hz, Ar); *C
NMR (CDCls, 100 MHz) & 11.9, 14.8, 26.2, 35.2, 50.7, 61.0, 62.7, 116.5, 119.2,
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123.0, 128.4, 128.9, 158.0; Anal. Calcd for C13H21NO,: C, 69.92; H, 9.48; N, 6.27.
Found: C, 69.85; H, 9.42; N, 6.20 %.

2.4.14 N-(2'-Hydroxyphenyl)methyl-(R)-1-amino-propanol (109i)

N/\(
[ I H OH
OH

N-(2'-Hydroxyphenyl)methyl-(R)-1-amino-propanol was prepared according
to Method A using salicylaldehyde (122 mg, 1.0 mmol), (R)-1-amino-propan-2-ol (75
mg, 1.0 mmol) and NaBH, (38 mg, 1.0 mmol). Method C using phenol (47 mg, 0.5
mmol), (R)-1-amino-propan-2-ol (38 mg, 0.5 mmol), paraformaldehyde (250 mg, 10
equiv), LiCl (22.0 mg, 0.5 mmol) and NH,OH.HCI (348 mg, 5.0 mmol). The product
was obtained as a light yellow crystalline solid (87 and 59 mg; 49 and 65%
respectively); m.p. 87.4-88.6 °C; [a]*p = -24.4 (c 1.0, CHCIl5); *H NMR (CDCls, 400
MHz); 6 1.13 (3H, d, J = 6.4 Hz, CHsCH), 2.50 (1H, ABX, Jag = 12.0, Jgx = 8.4 Hz,
CHaHyCH), 2.62 (1H, ABX, Jag = 12.0, Jax = 3.2 Hz, CH,H,CH), 3.91 (1H, m,
CHOH), 3.90 and 3.99 (2H, AB, J = 14.0 Hz, CH,;NH), 5.03 (br s, NH and OH), 6.71
(1H, apparent t, J = 7.4 Hz, Ar), 6.75 (1H, d, J = 8.2 Hz, Ar), 6.91 (1H, d, J = 7.2 Hz,
Ar), 7.09 (1H, apparent t, J = 7.6 Hz, Ar); “*C NMR (CDCls, 100 MHz) § 21.5, 52.5,
55.6, 66.5, 116.4, 119.1, 122.4, 128.5, 128.8, 158.1; Anal. Calcd for C1H15NO,: C,
66.27; H, 8.34; N, 7.73. Found: C, 66.14; H, 8.30; N, 7.67 %.

2.4.15 N-(2'-Hydroxy-5"-biphenyl)methyl-(S)-2-amino-3-methyl-butanol

(109j)
‘\‘f\l\lj;
H oH
OH
N-(2'-Hydroxy-5’-biphenyl)methyl-(S)-2-amino-3-methyl-butanol was

prepared according to Method C using 4-phenylphenol (85 mg, 0.5 mmol), (S)-valinol
(52 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv), LiCl (22.0 mg, 0.5 mmol)
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and NH,OH.HCI (348 mg, 5.0 mmol). The product was obtained as a white
crystalline solid (121 mg, 85%); m.p. 132-133 °C; [0]*> = -19.4 (c 1.2, CHCls); 'H
NMR (CDCl3, 400 MHz) 6 1.03 and 1.05 (6H, 2xd, J = 6.8 Hz, 2xCH3), 2.05 (1H, m,
CH(CH3),), 2.65 (1H, m, CHNH), 3.73 (1H, ABX, Jas = 11.2, Jgx = 6.4 Hz,
CH.H,OH), 3.87 (1H, ABX, Jag = 11.2, Jax = 3.6 Hz, CH.HyOH), 4.15 (1H, AB, J =
13.6 Hz, CH,HyNH), .4.18 (1H, AB, J = 13.6 Hz, CH,HyNH), 7.01 (1H, d, J = 8.4 Hz,
Ar), 7.32 (2H, m, Ar), 7.45 (3H, m, Ar), 7.55 (2H, m, Ar); *C NMR (CDCls, 100
MHz) 6 18.7, 19.3, 28.6, 51.2, 61.1, 64.1, 116.0, 119.1, 123.5, 126.7, 127.5, 128.0,
129.1, 129.3, 138.5, 155.3; Anal. Calcd for CygH23NO,: C, 75.76; H, 8.12; N, 4.91;
Found: C, 75.78; H, 8.22; N, 4.75 %.

2.4.16 N-(2'-Hydroxy-3'-biphenyl)methyl-(S)-2-amino-3-methyl-butanol

(109k)
i R\
H on
OH
N-(2'-Hydroxy-3'-biphenyl)methyl-(S)-2-amino-3-methyl-butanol was

prepared according to Method C using 2-phenylphenol (85 mg, 0.5 mmol), (S)-valinol
(52 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv), LiCl (22.0 mg, 0.5 mmol)
and NH,OH.HCI (348 mg, 5.0 mmol). The product was obtained as a white
crystalline solid (123 -mg; 86%); m.p: 135-136 °C; [a]**s = +19.6 (c 1.3, CHCI3); 'H
NMR (CDCl3, 400 MHz) 4 1.03 and 1.05 (6H, 2xd, J = 6.8 Hz, 2xCHj3), 2.05 (1H, m,
CH(CHs)p), 2:65-(1H; m, CHNH); 3.73 - (1H; ABX, Jag =-11.2, Jgx = 6.4 Hz,
CHHyOH), 3.87 (1H, ABX, Jag = 11.2, Jax = 3.6 Hz, CH,Hy,OH), 4.16 (2H, s,
CH;NH), 7.01 (1H, d, J = 8.4 Hz, Ar), 7.32 (2H, m, Ar), 7.45 (3H, m, Ar), 7.55 (2H,
m, Ar); *C NMR (CDCls, 100 MHz) & 18.8, 19.3, 28.6, 51.2, 61.1, 64.1, 119.1,
123.7, 126.8, 127.7, 128.1, 129.2, 129.4, 130.0, 138.6, 155.1; Anal. Calcd for
CisH23NO,: C, 75.76; H, 8.12; N, 4.91; Found: C, 75.74; H, 8.11; N, 5.15 %.
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2.4.17 N-(3',5'-Di-tert-butyl-2'-Hydroxyphenyl)methyl-(S)-2-amino-3-
methyl-butanol (1091)

9\25\“'\/2
H on
OH

N-(3',5'-Di-tert-butyl-2’-Hydroxyphenyl)methyl-(S)-2-amino-3-methyl-
butanol was prepared according to Method C using 2,4-di-tert-butylphenol (103 mg,
0.5 mmol), (S)-valinol (52 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv),
LiCl (22.0 mg, 0.5 mmol) and NH,OH.HCI (348 mg, 5.0 mmol). The product was
obtained as a white crystalline solid (140 mg,87%); m.p. 55-57 °C; [a]**p = +17.3 (c
2.0, CHCIl3); 'H NMR (CDCls, 400 MHz) & 1.06 and 1.09 (6H, 2xd, J = 7.2 Hz,
2xCHs), 1.38 (9H, s, C(CHs)3), 1.52 (9H, s, C(CHs)s) 2.03 (1H, m, CH(CHz3),), 2.56
(1H, m, CHNH), 3.72 (1H, ABX, Jas = 11.2, Jgx = 5.6 Hz, CH,H,0OH), 3.88 (1H,
ABX, Jag = 11.2, Jax = 3.6 Hz, CH,H,OH), 4.05 (1H, AB, J = 13.6 Hz, CH,H,NH),
4.12 (1H, AB, J = 13.6 Hz, CH.HyNH), 6.98 (1H, s, Ar), 7.33 (1H, s, Ar); *C NMR
(CDCls, 100 MHz) 6 19.1, 19.2, 28.7, 29.7, 31.8, 34.2, 35.0, 51.8, 61.3, 64.0, 122.7,
123.1, 123.2, 136.1, 140.7, 154.5; Anal. Calcd for C,0H3sNO,: C, 74.72; H, 10.97; N,
4.36; Found: C, 74.90; H, 10.97; N, 4.48 %.

2.4.18 N-(3',5'-Di-tert-butyl-2’-Hydroxyphenyl)methyl-(S)-2-amino-3,3-
dimethyl- butanol (109m)

Nﬁi
H oH
OH

N-(3',5'-Di-tert-butyl-2'-Hydroxyphenyl)methyl-(S)-2-amino-3,3-dimethyl-
butanol was prepared according to Method C using 2,4-di-tert-butylphenol (103 mg,
0.5 mmol), (S)-tert-leucinol (59 mg, 0.5 mmol), paraformaldehyde (250 mg, 10
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equiv), LiCl (22.0 mg, 0.5 mmol) and NH,OH.HCI (348 mg, 5.0 mmol). The product
was obtained as a white crystalline solid (143 mg, 85%); m.p. 57-59 °C; [0]*b =
+16.7 (¢ 2.0, CHCl3); *H NMR (CDCls, 400 MHz) 5 1.06 (9H, s, C(CHs)s), 1.34 (9H,
s, C(CHa)s), 1.49 (9H, s, C(CHa)s), 2.40 (1H, ABX, Jax = 3.6, Jex = 5.2 Hz,
CHC(CH)3), 3.77 (1H, ABX, Jag = 11.2, Jax = 5.2 Hz, CHaH,OH), 4.02 (1H, ABX,
Jas = 12.0, Jax = 3.6 Hz, CHaH,OH), 4.19 (2H, d, J = 13.2 Hz, CH.NH), 6.95 (1H, s,
Ar), 7.29 (1H, s, Ar); *C NMR (CDCls, 100 MHZz) & 27.6, 29.7, 31.7, 34.2, 34.3,
35.0, 53.6, 61.6, 67.5, 122.9, 123.1, 123.3, 136.1, 140.6, 154.6; Anal. Calcd for
Cy1H37/NO,: C, 75.17; H, 11.12; N, 4.17; Found: C, 75.18; H, 11.04; N, 4.15 %.

2.4.19 N-(3',5’-Dimethyl-2'-Hydroxyphenyl)methyl-(S)-2-amino-3-methyl-

\Qf\I\I

N-(3',5'-Dimethyl-2'-Hydroxyphenyl)methyl-(S)-2-amino-3-methyl-butanol
was prepared according to Method C using 2,4-dimethylphenol (61 mg, 0.5 mmol),
(S)-valinol (52 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv), LiCl (22.0 mg,
0.5 mmol) and NH;OH.HCI (348 mg, 5.0 mmol). The product was obtained as
colorless oil (98 mg, 83%); [a]*> = +13.0 (c 1.2, CHCIs); *H NMR (CDCls, 400
MHz) 6 0.93 (6H, apparent t, J = 7.2 Hz, 2xCH3), 2.14 and 2.16 (6H, 2xs, 2xCHjs),
2.58 (1H, m, CHNH), 3.60 (1H, ABX, Jag = 11.6, Jgx = 6.8 Hz, CH,H,OH), 3.74
(1H, ABX, Jag = 11.6, Jax = 3.6 Hz, CH,H,OH), 3.91 (1H, AB, J = 13.2 Hz,
CHaH,NH), 4.00 (1H, AB, J = 13.2 Hz, CH.HyNH), 6.67 (1H, s, Ar),6.83 (1H, s, Ar);
3C NMR (CDCls, 100 MHz) 5 15.9, 18.3,19.3, 20.3, 27.9, 49.7, 60.1, 64.1, 120.5,
125.9, 127.5, 128.9, 131.6, 153.6; Anal. Calcd for C14H23NO,: C, 70.85; H, 9.77; N,
5.90; Found: C, 70.69; H, 9.77; N, 5.90 %.
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2.4.20 N-(2'-Hydroxy-5’-methyl-phenyl)methyl-(S)-2-amino-3-methyl-
butanol (1090)

\CCN\/';
H OH
OH

N-(2'-Hydroxy-5'-methylphenyl)methyl-(S)-2-amino-3-methyl-butanol ~ was
prepared according to_Method C using p-cresol (54 mg, 0.5 mmol), (S)-valinol (52
mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv), LiCl (22.0 mg, 0.5 mmol) and
NH,OH.HCI (348 mg, 5.0 mmol). The product was obtained as a white crystalline
solid (96 mg, 86%); m.p. 58-59 °C; [a]*s = +18.0 (¢ 1.2, CHCIl5); *H NMR (CDCls,
400 MHz) & 0.98 and 1.02 (6H, 2xd, J = 6.8 Hz, 2XCHs), 1.95 (1H, m, CH(CHj3),),
2.27 (1H, s, CH3) 2.50 (1H, m, CHNH), 3.62 (1H, ABX, Jag = 11.2, Jgx = 6.4 Hz,
CH.H,OH), 3.81 (1H, ABX, Jag = 11.2, Jax = 3.6 Hz, CH,H,OH), 3.97 (2H, s,
CH,NH), 5.22 (br s, NH and OH), 6.76 (1H, d, J = 8.0 Hz, Ar), 6.82 (1H, s, Ar), 6.99
(1H, d, J = 8.2 Hz, Ar); **C NMR (CDCls, 100 MHz) & 18.8, 19.2, 20.5, 28.6, 50.8,
60.9, 64.0, 116.5, 116.1, 123.0, 128.3, 128.9, 129.1, 155.5; Anal. Calcd for
Ci3H21NO,: C, 69.92; H, 9.48; N, 6.27; Found: C, 69.62; H, 9.46; N, 6.27 %.

2.4.21 N-(2'-Hydroxy-3'-methyl-phenyl)methyl-(S)-2-amino-3-methyl-

butanol (109p)
he
H. oH
OH

N-(2'-Hydroxy-3'-methylphenyl)methyl-(S)-2-amino-3-methyl-butanol ~ was
prepared according to_Method C using o-cresol (54 mg, 0.5 mmol), (S)-valinol (52
mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv), LiCl (22.0 mg, 0.5 mmol) and
NH,OH.HCI (348 mg, 5.0 mmol). The product was obtained as a white crystalline
solid (98 mg, 88 %); m.p. 56-57 °C [0]**p = +17.3 (c 1.0, CHCIs); *H NMR (CDCls,
400 MHz) & 1.01 and 1.04 (6H, 2xd, J = 6.8 Hz, 2xCH3), 1.98 (1H, m, CH(CHj3),),
2.29 (1H, s, CH3) 2.51 (1H, m, CHNH), 3.64 (1H, ABX, Jag = 11.2, Jgx = 6.0 Hz,
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CH.H,OH), 3.82 (1H, ABX, Jag = 11.2, Jax = 4.0 Hz, CH,H,OH), 4.00 (2H, s,
CH,NH), 5.24 (br s, NH and OH), 6.74 (1H, apparent t, J = 7.2 Hz, Ar), 6.88 (1H, d, J
= 7.2 Hz, Ar), 7.03 (1H, d, J = 7.2 Hz, Ar); *C NMR (CDCls, 100 MHz) § 15.8, 18.8,
19.2, 28.6, 51.0, 61.0, 64.2, 116.5, 118.8, 122.6, 125.3, 125.9, 130.0, 156.1; Anal.
Calcd for C13H21NO,: C, 69.92; H, 9.48; N, 6.27; Found: C, 69.93; H, 9.47; N, 6.20
%.

2.4.22 N-(2'-Hydroxy-5’-methyl-phenyl)methyl-(S)-2-amino-3,3-dimethyl-
butanol (109q)

\CCN\/'i
H OH
OH

N-(2'-Hydroxy-5'-methylphenyl)methyl-(S)-2-amino-3,3-dimethyl-butanol
was prepared according to Method C using p-cresol (54 mg, 0.5 mmol), (S)-tert-
leucinol (59 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv), LiCl (22.0 mg,
0.5 mmol) and NH,OH.HCI (348 mg, 5.0 mmol). The product was obtained as a
white crystalline solid (100 mg, 84%): m.p. 62-64 °C; [a]**p = +7.6 (c 1.0, CHCls);
'H NMR (CDCls, 400 MHz) & 1.03 (9H, s, 83xCHs), 2.27 (1H, s, CHs), 2.41 (1H,
ABX, Jax = 3.6, Jgx = 5.6 Hz, CHC(CHj3)3), 3.72 (1H, ABX, Jag = 11.2, Jgx = 6.0
Hz, CH,H,OH), 3.98 (1H, ABX, Jag = 11.2, Jax = 3.6 Hz, CH,H,OH), 4.14 (2H, d, J
= 13.6 Hz, CH;NH), 4.76 (br s, NH and OH), 6.79 (1H, d, J = 8.0 Hz, Ar), 6.85 (1H,
s, Ar), 7.01 (1H, d, J = 8:0-Hz, Ar); **C NMR (CDCls, 100 MHz) & 20.5, 27.5, 34.2,
53.0,61.4, 67.7, 116.1, 123.0, 128.2, 129.0, 129.2, 155.6; Anal. Calcd for C14H23NO,:
C, 70.85; H, 9.77; N, 5.90; Found: C, 70.89; H, 9.80; N, 5.98 %.
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2.4.23 N-(2'-Hydroxy-3'-methyl-phenyl)methyl-(S)-2-amino-3,3-dimethyl-

(;(\ \/ﬁ
OH
OH

N-(2'-Hydroxy-3'-methylphenyl)methyl-(S)-2-amino-3,3-dimethyl-butanol
was prepared according to Method C using o-cresol (54 mg, 0.5 mmol), (S)-tert-
leucinol (59 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv), LiCl (22.0 mg,
0.5 mmol) and NH,OH.HCI (348 mg, 5.0 mmol). The product was obtained as a
white crystalline solid (106 mg, 89%); m.p. 60-62 °C; [a]**»> = +6.4 (c 1.0, CHClIs);
'H NMR (CDCls, 400 MHz) & 1.05 (9H, s, 3xCHs), 2.31 (1H, s, CHs), 2.38 (1H,
ABX, Jax = 3.6, Jgx = 6.0 Hz, CHC(CHs)3), 3.68 (1H, ABX, Jag = 11.2, Jgx = 6.0
Hz, CH,Hy,OH), 3.97 (1H, ABX, Jag = 11.2, Jax = 3.6 Hz, CH,H,OH), 4.03 (1H, AB,
J = 13.6 Hz, CHH,NH), 4.15 (1H, AB, J = 13.6 Hz, CH.H,NH), 5.21 (br s, NH and
OH), 6.76 (1H, apparentt, J = 7.6 Hz, Ar), 6.89 (1H, d, J=7.2 Hz, Ar), 7.10 (1H, d, J
= 7.2 Hz, Ar); *C NMR (CDCls, 100 MHz) & 15.9, 27.5, 34.2, 53.3, 61.5, 67.9,
118.8, 122.9, 125.3, 126.0, 130.0, 156.2; Anal. Calcd for Ci4H23NO,: C, 70.85; H,
9.77; N, 5.90; Found: C, 70.72; H, 9.90; N, 5.85 %.

2.4.24 N-(5'-tert-Butyl-2’-hydroxyphenyl)methyl-(S)-2-amino-3-methyl-

butanol (109s)
Q\E:(\N\J;
H "~ oH
OH

N-(5'-tert-Butyl-2'-hydroxyphenyl)methyl-(S)-2-amino-3-methyl-butanol was
prepared according to Method C using 4-tert-butylphenol (75 mg, 0.5 mmol), (S)-
valinol (52 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv), LiCl (22.0 mg, 0.5
mmol) and NH,OH.HCI (348 mg, 5.0 mmol). The product was obtained as colorless
oil (115 mg, 87%); [a]**p = +18.3 (c 1.5, CHCIs); *H NMR (CDCls, 400 MHz) § 1.01
and 1.03 (6H, 2xd, J = 6.8 Hz, 2xCH3), 1.31 (9H, s, 3xCH3), 1.98 (1H, m,
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CH(CHs),), 2.55 (1H, m, CHNH), 3.66 (1H, ABX, Jag = 11.2, Jgx = 6.4 Hz,
CH,HyOH), 3.83 (1H, ABX, Jag = 11.2, Jax = 4.0 Hz, CH,H,OH), 4.03 (2H, s,
CHyNH), 5.24 (br s, NH and OH), 6.81 (1H, d, J = 8.4 Hz, Ar), 7.04 (1H, s, Ar), 7.22
(1H, d, J = 8.4 Hz, Ar); *C NMR (CDCls, 100 MHz) & 18.8, 19.2, 28.6, 31.6, 34.0,
51.2,61.0, 64.2, 115.8, 122.3, 125.2, 125.6, 141.9, 155.5; Anal. Calcd for C15H27NO5:
C, 72.41; H, 10.25; N, 5.28; Found: C, 72.30; H, 10.23; N, 5.14%.

2.4.25 N-(3'-tert-Butyl-2’-hydroxyphenyl)methyl-(S)-2-amino-3-methyl-

butanol (109t)
N\J;
H

OH
OH

N-(3'-tert-Butyl-2'-hydroxyphenyl)methyl-(S)-2-amino-3-methyl-butanol was
prepared according to Method C using 2-tert-butylphenol (75 mg, 0.5 mmol), (S)-
valinol (52 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv), LiCl (22.0 mg, 0.5
mmol) and NH,OH.HCI (348 mg, 5.0 mmol). The product was obtained as colorless
oil (111 mg, 84%); [0]*'s = +15.4 (c 1.0, CHCI5); *H NMR (CDCls, 400 MHz) § 1.01
and 1.05 (6H, 2xd, J = 6.8 Hz, 2xCHj3), 1.48 (9H, s, 3xCHs), 1.99 (1H, m,
CH(CHs),), 2.55 (1H, m, CHNH), 3.68 (1H, ABX, Jag = 11.2, Jsx = 5.6 Hz,
CHaHyOH), 3.84 (1H, ABX, Jag = 11.2, Jax = 4.0 Hz, CH,H,OH), 4.03 (1H, AB, J =
13.6 Hz, CH,H,NH), 4.08 (1H, AB, J = 13.6 Hz, CH,H,NH), 6.78 (1H, apparent t, J =
7.6 Hz, Ar), 6.94 (1H, d, J = 7.2 Hz, A), 7.25 (1H, d, J = 8.0 Hz, Ar); *C NMR
(CDCl;, 100 MHz) 6 19.0, 19.3, 28.7, 29.6, 34.7, 51.2, 61.0, 63.8, 118.5, 123.4,
126.1, 126.7,137.1, 157.0; Anal. Calcd for CisH27NO,: C, 72.41; H, 10.25; N, 5.28;
Found: C, 72.24; H, 10.34; N, 5.28%.
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2.4.26 N-(2'-Hydroxy-5'-nitrophenyl)methyl-(S)-2-amino-3-methyl-
butanol (109u)

O5N
2 \E;(\I\I
H  oH
OH

N-(2'-Hydroxy-5'-nitrophenyl)methyl-(S)-2-amino-3-methyl-butanol was
prepared according to Method A using 2-hydroxy-5-nitrobenzaldehyde (167 mg, 1.0
mmol), (S)-valinol (103 mg, 1.0 mmol) and NaBH, (38 mg, 1.0 mmol). The product
was obtained as a yellow crystalline solid (223 mg; 88%); m.p. 122-123 °C; [0]*'b =
+8.4 (c 1.0, MeOH); *H NMR (DMSO-ds, 400 MHz) & 0.94 and 0.97 (6H, 2xd, J =
6.8 Hz, 2xCHj3), 2.00 (1H, m, CH(CHg3),), 2.68 (1H, m, CHNH), 3.54 (1H, ABX, Jas
= 11.6, Jsx = 6.0 Hz, CH,Hy,OH), 3.67 (1H, ABX, Jag = 11.6, Jax = 3.6 Hz,
CH.aHyOH), 4.98 (br s, NH and OH),), 6.41 (1H, d, J = 9.2 Hz, Ar), 7.93 (1H, d, J =
9.2 Hz, Ar), 8.01 (1H, s, Ar); *C NMR (DMSO-ds, 100 MHz) & 18.7, 19.2, 27.5,
48.5, 58.4, 63.5, 118.1, 121.6, 126.5, 126.8, 133.2, 174.6; Anal. Calcd for
Ci12H1sN204: C, 56.68; H, 7.13; N, 11.02; Found: C, 56.71; H, 7.40; N, 11.06%.

2.4.27 N-(5'-Chloro-2'-hydroxyphenyl)methyl-(S)-2-amino-3-methyl-
butanol (109v)

@l
\@\’\I
H OH
OH

N-(5’-Chloro-2'-hydroxyphenyl)methyl-(S)-2-amino-3-methyl-butanol was
prepared according to Method C using 4-chlorophenol (65 mg, 0.5 mmol), (S)-valinol
(52 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv), LiCl (22.0 mg, 0.5 mmol)
and NH,OH.HCI (348 mg, 5.0 mmol). The product was obtained as a white
crystalline solid (107 mg, 88%); m.p. 98-100 °C, [a]*p = +18.5 (¢ 1.3, CHCl5); *H
NMR (CDCl3, 400 MHz) 4 0.98 and 1.02 (6H, 2xd, J = 6.8 Hz, 2xCHj3), 1.95 (1H, m,
CH(CHs3),), 2.53 (1H, m, CHNH), 3.65 (1H, ABX, Jag = 11.2, Jgx = 6.4 Hz,
CH.H,OH), 3.83 (1H, ABX, Jag = 11.2, Jax = 3.6 Hz, CH.HyOH), 4.00 (2H, s,
CH2NH), 5.13 (br s, NH and OH), 6.78 (1H, d, J = 8.8 Hz, Ar), 6.99 (1H, s, Ar), 7.25
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(1H, d, J = 8.4 Hz, Ar); **C NMR (CDCl;, 100 MHz) § 18.7, 19.3, 28.5, 50.2, 60.7,
64.0, 117.7, 123.6, 124.2, 128.2, 128.7, 156.8; Anal. Calcd for C;,HsCINO,: C,
59.13; H, 7.54; N, 5.75; Found: C, 59.13; H, 7.62; N, 5.77%.

2.4.28 N-(3'-Chloro-2'-hydroxyphenyl)methyl-(S)-2-amino-3-methyl-

butanol (1()9W)
E;f\ j;
OH
OH
Cl

N-(3'-Chloro-2’-hydroxyphenyl)methyl-(S)-2-amino-3-methyl-butanol was
prepared according to Method C using 2-chlorophenol (65 mg, 0.5 mmol), (S)-valinol
(52 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv), LiCl (22.0 mg, 0.5 mmol)
and NH,OH.HCI (348 mg, 5.0 mmol). The product was obtained as a white
crystalline solid (102 mg, 84%): m.p. 90-92 °C, [u]*p = +13.5 (c 1.2, CHCly); 'H
NMR (CDCl3, 400 MHz) 6 0.91 and 0.95 (6H, 2xd, J = 6.8 Hz, 2xCHj3), 1.94 (1H, m,
CH(CHj3),), 2.56 (1H, m, CHNH), 3.62 (1H, ABX, Jag = 11.6, Jgx = 6.8 Hz,
CH.H,OH), 3.77 (1H, ABX, Jag = 11.2, Jax = 3.2 Hz, CH,H,OH), 4.01 (2H, s,
CH,NH), 6.50 (1H, apparent t, J = 7.6 Hz, Ar), 6.90 (1H, d, J = 7.6 Hz, Ar), 7.19 (1H,
d, J = 8.0 Hz, Ar): **C NMR (CDCl;, 100 MHz) & 18.4, 19.4, 28.2, 49.9, 60.3, 64.4,
119.6, 121.5, 123.1, 127.6, 129.6, 153.7; Anal. Calcd for C;,H;15CINO,: C, 59.13; H,
7.44; N, 5.75; Found: C, 59.14; H, 7.49; N, 5.62 %.

2.4.29 N-(2'-Hydroxy-5'-methoxyphenyl)methyl-(S)-2-amino-3-methyl-
butanol (109x)

O
~ \@\N\/';
H  oH
OH

N-(2'-Hydroxy-5'-methoxyphenyl)methyl-(S)-2-amino-3-methyl-butanol was
prepared according to Method C using 4-methoxyphenol (62 mg, 0.5 mmol), (S)-
valinol (52 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv), LiCIl (22.0 mg, 0.5
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mmol) and NH,OH.HCI (348 mg, 5.0 mmol). The product was obtained as yellow
viscous oil (110 mg, 92%); [a]**p = +7.6 (¢ 1.2, CHCIs); *H NMR (CDCls, 400 MHz)
5 0.96 and 1.00 (6H, 2xd, J = 6.8 Hz, 2xCHs), 1.94 (1H, m, CH(CHz),), 2.49 (1H, m,
CHNH), 3.61 (1H, ABX, Jag = 11.2, Jgx = 6.4 Hz, CH,H,OH), 3.74 (3H, s, OCHz),
3.80 (1H, ABX, Jag = 11.2, Jax = 3.6 Hz, CH:H,OH), 3.98 (2H, s, CH,NH),4.98 (br
s, NH and OH), 6.59 (1H, s, Ar), 6.74 (2H, m, Ar); *C NMR (CDCls, 100 MHz) §
18.7,19.2, 28.5, 50.8, 55.8, 60.8, 64.1, 113.6, 114.3, 116.7, 123.8, 151.6, 152.5; Anal.
Calcd for C13H2:NOs3: C, 65.25; H, 8.84; N, 5.85; Found: C, 64.96; H, 8.75; N, 5.85%.

2.4.30 N-(2'-Hydroxy-4'-methylphenyl)methyl-(S)-2-amino-3-phenyl-
propanol (109y)

Q\H
OH
OH

N-(2'-Hydroxy-4'-methylphenyl)methyl-(S)-2-amino-3-phenyl-propanol  was
prepared according to Method C using 3-methylphenol (54 mg, 0.5 mmol), (S)-
phenylalaninol (76 mg, 0.5 mmaol), paraformaldehyde (250 mg, 10 equiv), LiCl (22.0
mg, 0.5 mmol) and NH,OH.HCI (348 mg, 5.0 mmol). The product was obtained as a
white crystalline solid (116 mg, 86%); m.p. 136.3-137.5 °C; [a]**> = +28.7 (c 1.0,
CHCIl3); 'H NMR (CDCl3, 400 MHz): & 2.24 (1H, s, CHs), 2.80 (1H, ABX, Jag =
13.6, Jgx = 7.6 Hz, CH,H,Ph), 2.88 (1H, ABX, Jag = 13.6, Jax = 6.4 Hz, CH,H,Ph),
2.97 (1H, m, CHNH), 3,52 (1H, ABX, Jag = 11:2, Jgx = 5.2 Hz , CH:H,OH), 3.71
(1H, ABX, Jag = 11.2, Jax = 4.0 Hz, CH,H,OH), 3.95 (2H, s, CH;NH), 5.07 (br s,
NH and OH), 6.75 (2H, m; Ar), 6.96 (1H, d; J = 8.0 Hz, Ar), 7.18 (2H, m, Ar), 7.24
(1H, m, Ar), 7.31(2H, m, Ar); *C NMR (CDCls, 100 MHz): § 20.7, 37.5, 50.2, 59.6,
62.4, 116.5, 122.2, 126.4, 128.3, 128.6, 129.1, 129.5, 138.2, 155.6; Anal. Calcd for
Ci17H21NO3: C, 75.25; H, 7.80; N, 5.16; Found: C, 75.23; H, 7.78; N, 5.25 %.
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2.4.31 N-(4'-Chloro-2'-hydroxyphenyl)methyl-(S)-2-amino-3-phenyl-
propanol (109z)

@CH
OH
cl OH

N-(4'-Chloro-2'-hydroxyphenyl)methyl-(S)-2-amino-3-phenyl-propanol  was
prepared according to Method C using 3-chlorophenol (64 mg, 0.5 mmol), (S)-
phenylalaninol (76 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv), LiCl (22.0
mg, 0.5 mmol) and NH,OH.HCI (348 mg, 5.0 mmol). The product was obtained as a
white crystalline solid (121 mg, 83%); m.p. 143.6-144.5 °C; [0]*p = +35.4 (c 1.0,
CHCIl3); *H NMR (CDCl3, 400 MHz): & 2.80 (1H, ABX, Jag = 13.6, Jgx = 7.6 Hz,
CH.HoPh), 2.88 (1H, ABX, Jag = 13.6, Jax = 6.4 Hz, CH.HpPh), 2.97 (1H, m,
CHNH), 3.54 (1H, ABX, Jag = 10.8, Jgx = 4.8 Hz , CH,H,OH), 3.71 (1H, ABX, Jas
=11.2, Jax = 4.0 Hz, CH,H,OH), 3.98 (2H, s, CH;NH), 6.74 (2H, d, J = 8.0 Hz, Ar),
6.84 (2H, m, Ar), 7.17 (2H, m, Ar), 7.24 (1H, m, Ar), 7.31 (2H, m, Ar); °C NMR
(CDCls, 100 MHz): 6 37.3, 49.8, 59.5, 62.4, 116.9, 119.2, 121.1, 126.7, 128.6, 128.9,
129.1, 134.0, 137.8, 158.9.

2.4.32 N-(2'-Hydroxy-4'-phenyl-phenyl)methyl-(S)-2-amino-3-phenyl-
propanol (109aa)

(IR
OH
O OH

N-(2'-Hydroxy-4'-phenyl-phenyl)methyl-(S)-2-amino-3-phenyl-propanol was
prepared according to Method C using 3-phenylphenol (85 mg, 0.5 mmol), (S)-
phenylalaninol (76 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv), LiCl (22.0
mg, 0.5 mmol) and NH,OH.HCI (348 mg, 5.0 mmol). The product was obtained as a



110

white crystalline solid (145 mg, 87%); m.p. 134.8-136.3 °C; [a]*» = +26.8 (c 1.0,
CHCIl3); *H NMR (CDCls, 400 MHz): § 2.83 (1H, ABX, Jag = 13.6, Jgx = 7.2 Hz,
CHaHyPh), 2.92 (1H, ABX, Jag = 13.6, Jax = 6.4 Hz, CH.HyPh), 3.01 (1H, m,
CHNH), 3.55 (1H, ABX, Jag = 11.2, Jgx = 5.2 Hz, CHaHyOH), 3.75 (1H, ABX, Jag =
11.2, Jax = 4.0 Hz, CH,H,OH), 4.04 (2H, s, CH,NH), 5.16 (br s, NH and OH), 7.03
(2H, m, Ar), 7.12 (1H, s, Ar), 7.20 (2H, m, Ar), 7.26 (1H, m, Ar), 7.34 (3H, m, Ar),
7.43 (2H, m, Ar), 7.59 (2H, m, Ar); *C NMR (CDCls, 100 MHz): & 37.2, 49.8, 59.3,
62.4, 115.1, 118.0, 121.8, 126.7, 126.9, 127.3, 128.7, 129.2, 138.0, 140.8, 142.0,
158.2.

2.4.33 N-(2'-Methoxyphenyl)methyl-(S)-2-amino-3-methyl-butanol
(109ab)

N-(2'-Methoxyphenyl)methyl-(S)-2-amino-3-phenyl-propanol was prepared
according to Method A using 2-methoxybenzaldehyde (136 mg, 1.0 mmol), (S)-
phenylalaninol (151 mg, 1.0 mmol) and NaBH; (38 mg, 1.0 mmol). The product was
obtained as a white crystalline solid (203 mg, 75%); m.p. 118.2-119.5 °C; [a]*p = -
20.3 (¢ 1.0, CHCIs); *H NMR (CDCls, 400 MHz): & 2.60 (br s, NH and OH), 2.89
(1H, ABX, Jag = 13.6, Jgx = 7.6 Hz, CH,H,Ph), 2.91 (1H, ABX, Jag = 13.6, Jax = 6.4
Hz, CHaHbPh), 2,96 (1H, m, CHNH), 3.43 (1H, ABX, Jas = 10.8, Jgx = 4.8 Hz ,
CH.H,OH), 3.70 (1H, s, OCHs), 3.74 (1H, ABX, Jag = 10.8, Jax = 3.6 Hz,
CH.HyOH), 3.77 (1H, AB, J = 12.8 Hz, CH,H,NH), 3.86 (1H, AB, J = 13.2 Hz,
CH,HpNH), 6.83 (1H, d, J = 8.0 Hz, Ar 6.92 (1H, appaprent t, J = 7.6 Hz, Ar), 7.16
(3H, m, Ar), 7.23-7.34 (4H, m, Ar); *C NMR (CDCls, 100 MHz): & 38.2, 46.8, 55.0,
58.8,62.2,110.2, 120.4, 126.3, 127.5, 128.5, 128.6, 129.2, 130.0, 138.6, 157.6.
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2.4.34 N-Benzyl-(S)-2-amino-2-phenyl-ethanol (109ac)

N
OH

N-Benzyl-(S)-2-amino-2-phenyl-ethanol was prepared according to Method A
using benzaldehyde (106 mg, 1.0 mmaol), (S)-phenyglycinol (137 mg, 1.0 mmol) and
NaBH, (38 mg, 1.0 mmol). The product was obtained as a white crystalline solid (193
mg, 85%); m.p. 111.2-112.5 °C; [a]**p = +60.2 (¢ 1.0, CHCI3); *H NMR (CDCls, 400
MHz): 6 3.62 (1H, m, CHNH), 3.74 (1H, ABX, Jag = 10.8, Jgx = 4.4 Hz, CH,H,OH),
3.80 (1H, d, J = 13.2 Hz, CH.NH), 3.86 (1H, ABX, Jag = 8.8, Jax = 4.4 Hz,
CHaH,OH), 7.30-7.45 (10H, m, Ar); **C NMR (CDCls, 100 MHz): & 51.2, 63.8, 66.7,
127.2,127.4,127.8, 128.4, 128.5, 128.8, 139.8, 140.2.

2.4.35 N-(2'-Hydroxyphenyl)methyl-(S)-1-amino-1-phenyl-ethane (109ad)

L
H
OH

N-(2'-Hydroxyphenyl)methyl-(S)-1-amino-1-phenyl-ethane . was prepared
according to Method A using salicylaldehyde (106 ‘mg, 1.0 ‘mmol), (S)-methyl
benzylamine (121) mg, 1.0 mmol) and NaBH, (38 mg, 1.0 mmol). The product was
obtained as yellow viscous oil (204 mg, 90%); [¢]*p = -43.2 (¢ 1.0, CHCIs); *H NMR
(CDCls, 400 MHz): 6 1.52 (3H, d, J = 6.8 Hz,CHCH3), 3.86 (1H, quartet, J = 6.8 Hz,
CHCHs), 3.77 (1H, AB, J = 14.0 Hz, CH,H,NH), 3.92 (1H, AB, J = 13.6 Hz,
CH,HpNH), 6.81 (1H, apparent t, J = 7.6 Hz, Ar), 6.92 (1H, apparent t, J = 8.4 Hz,
Ar), 7.22 (1H, apparent t, J = 7.6 Hz, Ar), 7.34 (3H, m, Ar), 7.43 (3H, m, Ar); *C
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NMR (CDCls, 100 MHz): 6 23.3, 50.3, 57.2, 116.4, 119.2, 122.7, 126.2, 127.7, 128.5,

128.8, 128.9, 143.2, 158.2; Anal. Calcd for C15H17NO: C, 79.26; H, 7.54; N, 6.16.

2.5 Synthesis of N-(2'-hydroxyphenyl)methyl-(S)-2-amino-1-methoxy-3-phenyl
propane (109ae)

BnBr 2.0 eq, K,CO3 2.0 eq NaH, Mel
HoN H N
OH CH3CN, reflux OH THE H o
H,, Pd/C 1. Salicylaldehyde, EtOH
HoN ™ N
MeOH o 2. NaBH, then H*/H,0O H 9
4 OH ~
109ae

Scheme 2.1 Synthesis of N-(2'-hydroxyphenyl)methyl-(S)-2-amino-1-methoxy-3-
phenyl-propane (109ae)

Step 1 (S)-Phenylalaninol (232 mg, 2.0 mmol), benzyl bromide (684 mg, 2.0
mmol) and K,CO3 (552 mg, 2.0 mmol) were weighed into a round bottom flask. Then
acetonitrile 10 mL was added and reaction mixture was refluxed until starting
materials were completely consumed (monitored by TLC). The volatile was removed
by evaporation and the residue was dissolved in CH,Cl, 10 mL and extracted with 1N
HCI (2 x 10 mL). Aqueous phase was collected and neutralized with saturated
NaHCOj; then extracted with CH,Cl, (2 x 5 mL). The organic layer was dried over
anhydrous Na,SO, and evaporated under reduced pressure. The crude product was

used in the next step without further purification.

Step 2 N-Benzyl-(S)-2-amino-3-phenyl-propanol (467 mg) prepared from step
1 was dissolved in anhydrous THF 10 mL. Then sodium hydride (50 mg, 2.0 mmol)
was added and the reaction mixture was stirred for 15 minutes under nitrogen. Methyl
iodide (210 uL, 2.0 mmol) was syringed and the reaction mixture was vigorously
stirred until starting materials disappeared (monitored by TLC). Organic solvent was
reduced in vacuo. Then the residue was dissolved in CH,Cl, 10 mL and washed with

water (2 x 5 mL). The organic layer was dried over anhydrous Na,SO,4 and removed
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by evaporation. The crude product was used in the next step without further
purification.

Step 3 N-Benzyl-(S)-2-amino-1-methoxy-3-phenyl-propane (459 mQ)
prepared from step 2 was dissolved in absolute methanol 10 mL. Then Pd/C (46 mg,
10% by weight) was added and the reaction mixture was stirred under hydrogen
atmosphere until the starting material was completely consumed (monitored by TLC).
The reaction mixture was filtered through celite to remove the Pd/C. The organic
solvent was evaporated under reduced pressure. The crude product was used in the

next step without further purification.

Step 4 (S)-2-Amino-1-methoxy-3-phenyl-propane (276 mg) prepared from
step 3 was mixed with salicylaldehyde (204 mg, 1.0 equiv) in absolute ethanol (10
mL). The reaction mixture was stirred at room temperature until the starting materials
were totally consumed (monitored by TLC). Then NaBH, (67 mg, 1.0 equiv) was
added into the light yellow solution with vigorous stirring to give a colorless solution.
The reaction mixture was quenched with dil. HCI and then neutralized with saturated
NaHCOs;. The solution was concentrated under reduced pressure and the residue was
extracted with ethyl acetate and washed with water. The organic layer was dried over
anhydrous Na,SO,4 and the solvent was removed by evaporation. The crude products
were purified by flash column chromatography using hexanes and ethyl acetate as

eluent.

2.5.1 N-Benzyl-(S)-2-amino-3-phenyl-propanol (112)

N
H " on

N-Benzyl-(S)-2-amino-3-phenyl-propanol was prepared according to Step 1.
The product was obtained as colorless oil (467 mg, 97%); *H NMR (CDCls, 400
MHz): & 2.43 (1H, m, CH,Ph), 2.95-3.20 (2H, m, CH,Ph and CHNH), 3.35 (br s, NH
and OH), 3.98 (2H, s, CH;NH), 3.78 (1H, ABX, Jag = 11.0, Jax = 3.8 Hz,
CHaHyOH), 4.05 (2H, s, CH,NH), 7.03-7.42 (10H, m, Ar).
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2.5.2 N-Benzyl-(S)-2-amino-1-methoxy-3-phenyl-propane (113)

N
H O

N-Benzyl-(S)-2-amino-3-phenyl-propanol was prepared according to Step 2.
The product was obtained as a white crystalline solid (459 mg, 93%); '*H NMR
(CDCl3, 400 MHz): 6 2.81 (1H, ABX, Jag = 13.6, Jgx = 7.6 Hz, CH,HyPh), 2.90 (1H,
ABX, Jag = 13.6, Jax = 7.2 Hz, CH,H,Ph), 3.10 (1H, m, CHNH), 3.30 (3H, s, OCHy),
3.44 (1H, ABX, Jag = 10.0, Jgx = 4.8 Hz , CH,H,OH), 3.52 (1H, ABX, Jag = 10.0,
Jax = 6.0 Hz, CH,H,OH), 3.76 (2H, s, CH,NH), 7.07 (2H, m, Ar), 7.18-7.27 (8H, m,
Ar).

2.5.3 (S)-2-Amino-1-methoxy-3-phenyl-propane (114)

HoN
O\

(S)-2-Amino-3-phenyl-propanol” was prepared according to Step 3. The
product was obtained as colorless oil (276 mg, 93%); *H NMR (CDCls, 400 MHz): &
2.02 (br s, NH and OH), 2.56 (1H, ABX, Jag = 13.6, Jgx = 7.6 Hz, CH,HwPh), 2.76
(1H, ABX, Jag = 13.6, Jax = 4.8 Hz, CH,HPh), 3.20 (2H, m, CHNH and CH,OCHy),
3.42 (3H, s, OCHs), 3.55 (1H, m, CH,OH), 7.17-7.21 (3H, m, Ar), 7.26-7.30 (2H, m,
Ar).
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2.5.4 N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-1-methoxy-3-phenyl-
propane (109ae)

N
O
OH ~

N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-1-methoxy-3-phenyl-propane was
prepared according to Step 4. The product was obtained as colorless oil (379 mg,
82%); [0]*'p = -21.1 (¢ 1.0, CHCls); *H NMR (CDCls3, 400 MHz):  2.81 (1H, ABX,
Jag = 13.6, Jgx = 8.0 Hz, CH,HyPh), 2.92 (1H, ABX, Jas = 13.6, Jax = 6.4 Hz,
CH,HwPh), 3.05 (1H, m, CHNH), 3.28 (1H, ABX, Jag = 9.6, Jgx = 5.2 Hz ,
CHaHyOH), 3.36 (3H, s, OCH3), 3.45 (1H, ABX, Jag = 9.6, Jax = 4.0 Hz, CH.H,OH),
4.02 (2H, s, CH,NH), 6.80 (1H, apparent t, J = 7.6 Hz, Ar), 6.87 (1H, d, J = 8.4 Hz,
Ar), 7.18 (3H, m, Ar), 7.25 (1H, m, Ar), 7.33 (2H, m, Ar); *C NMR (CDCls, 100
MHz): & 37.5, 50.2, 58.1, 59.0, 72.4, 116.5, 119.1, 122.8, 126.6, 128.3, 128.6, 128.8,
129.3, 138.1, 158.1; Anal. Calcd for C17H2:NO3: C, 75.25; H, 7.80; N, 5.16.

2.6 Synthesis of chiral-N-methyl-N-salicyl-g-aminoalcohol by three-component
Mannich type reaction followed by reductive ring opening of oxazolidene
derivatives with TFA-NaBH, [173]

OH 2
OH R
R2 0 R3
N J\rRS paraformaldehyde, 80°C | X '\\i\/o TFA-NaBH, @f\N
+ H,N : : PR |
Rll/ . 2 L LiCl 1 equiv, EtOH Rl/ R "o THF . A Aoy OH
115

A mixture of phenol (0.5 mmol), paraformaldehyde (250 mg, 10 equiv), an
appropriate amino alcohol (0.5 mmol) and LiCl (0.5 mmol) were weighed and
dissolved with ethanol 3 mL in a screw-capped test tube. The reaction mixture was

heated at 80 °C for 18 hours. Ethanol was removed in vacuo and the crude products
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(oxazolidines) were purified by flash column chromatography using hexanes and
ethyl acetate as eluent.

Sodium borohydride (2.5 mmol) was dissolved in anhydrous THF 10 mL at 0
°C with vigorous stirring. Then trifluoroacetic acid (2.5 mmol) was added dropwise to
a suspension of metal hydride. A solution of the purified oxazolidines in anhydrous
THF 3 mL was added dropwise to a cooled mixture. After the addition, the reaction
mixture was stirred for 1 hour at room temperature. The suspension was cooled and
decomposed cautiously by 10% sodium hydroxide aqueous solution. The mixture was
concentrated and extracted with ethyl acetate (3 x 10 mL). The organic layer was
dried over anhydrous Na;SO, and evaporated in vacuo. The oily residue was purified
by flash column chromatography using hexanes and ethyl acetate as eluent to obtain

chiral-N-methyl-N-salicyl-p-aminoalcohols.

2.6.1 N-(5'-tert-Butyl-2’-hydroxyphenyl)methyl-N-methyl-(1R,2S)-indan-

2-0l (115a)
o
| H
OH

N-(5'-tert-Butyl-2'-hydroxyphenyl)methyl-N-methyl-(1R,2S)-indan-2-ol

O\I‘

(major isomer) was prepared according to the general procedure using 4-tert-
butylphenol (75.0 mg, -0.5 mmol), (1R,2S)-indan-2-ol (74.6 mg, 0.5 mmol),
paraformaldehyde (250 mg, 10 equiv), LiCl (22.0 mg, 0.5 mmol), NaBH, (95 mg, 2.5
mmol) and TFA (198 uL, 2.5 mmol). The major isomer was obtained as a white
crystalline solid (57-mg, 52%); m.p. 82-84 °C; [a]*p = +18.3 (c 1.0, CHCIs); 'H
NMR (CDCl3, 400 MHz): & 1.34 (9H, s, C(CHs)3), 2.37 (3H, s, NCHjs), 3.19 (1H,
ABX, Jag = 17.6, Jgx = 4.8 Hz, ArCH,H,CHOH), 3.42 (1H, ABX, Jag = 17.6, Jax =
8.8 Hz, ArCH,H,CHOH), 4.30 (2H, s, CH2N), 4.80 (1H, d, J = 7.6 Hz, NCHCHOH),
5.29 (1H, m, NCHCHOH), 6.93 (1H, d, J = 8.8 Hz, Ar), 7.05 (1H, s, Ar), 7.30 (3H,
m, Ar), 7.41 (2H, m, Ar); *C NMR (100 MHz, CDCls) & 31.6, 34.0, 40.7, 44.0, 57.9,
70.0,77.9, 114.5, 118.4, 123.5, 126.2, 126.3, 126.9, 127.0, 130.4, 133.8, 141.5, 144.8,
153.1.
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The minor isomer was obtained as colorless oil (20 mg, 8%); [0]**5 = +15.7 (c
1.0, CHCly): *H NMR (CDCls, 400 MHz): & 1.35 (9H, s, C(CHa)s), 2.37 (3H, s,
NCHs), 3.03 (1H, ABX, Jag = 17.6, Jgx = 4.8 Hz, ArCHaH,CHOH), 3.28 (1H, ABX,
Jag = 17.6, Jax = 8.8 Hz, ArCH,H,CHOH), 4.17 (2H, AB, J = 13.8 Hz, CH;NH),
4.46 (1H, d, J =7.6 Hz, NCHCHOH), 4.93 (1H, m, NCHCHOH), 6.95 (1H, d, J = 8.8
Hz, Ar), 7.08 (1H, s, Ar), 7.34 (3H, m, Ar), 7.45 (2H, m, Ar): *C NMR (100 MHz,
CDCIl3) 6 31.6, 34.0, 38.1, 40.5, 58.8, 68.5, 73.1, 115.9, 120.3, 125.6, 125.8, 125.9,
126.5, 127.2, 129.0, 137.4, 141.2, 142.2, 155.2.

2.6.2 N-(4'-Chloro-2'-hydroxyphenyl)methyl-N-methyl-(S)-2-amino-3-
methyl-butanol (115b)

Cl OH O

N-(4'-Chloro-2'-hydroxyphenyl)methyl-(S)-2-amino-3-methyl-butanol was
prepared according to the general procedure using 3-chlorophenol (65 mg, 0.5 mmol),
(S)-valinol (52 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv), LiCl (22.0 mg,
0.5 mmol), NaBH, (95 mg, 2.5 mmol) and TFA (198 pL, 2.5 mmol). The product was
obtained as a white crystalline solid (59 mg, 61%); m.p. 78-80 °C, [0]*> = +16.5 (c
1.0, CHCl3); 'H NMR (CDCls, 400 MHz): & 1.00 and 1.08 (6H, 2xd, J = 6.8 Hz,
2xCHj3), 2.02 (1H, m, CH(CHs),), 2.43 (3H, s, NCHj3), 2.67 (1H, m, CHN), 3.84 (1H,
ABX, Jag = 12.0, Jgx = 7.6 Hz, CH,H,OH), 3.92 (1H, ABX, Jag = 12.0, Jax = 3.2
Hz, CH.H,OH), 4.05 (2H, d, J = 4.4 Hz, CH,NH), 6.76 (1H, d, J = 8.0 Hz, Ar), 6.92
(1H, s, Ar), 6.95 (1H, d, J = 8.0 Hz, Ar); *C NMR (CDCls, 100 MHz) & 19.9, 21.5,
26.5,35.9, 58.6, 58.8, 70.4, 116.6, 119.1, 119.4, 130.1, 134.7, 158.4.
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2.6.3 N-(2'-Hydroxyphenyl)methyl-N-methyl-(S)-2-amino-3-phenyl-
propanol (115c)

[ :[ N
| OH
OH

N-(2'-Hydroxyphenyl)methyl-N-methyl-(S)-2-amino-3-phenyl-propanol  was
prepared according to the general procedure using phenol (47 mg, 0.5 mmol), (S)-
phenylalaninol (76 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv), LiCl (22.0
mg, 0.5 mmol), NaBH, (95 mg, 2.5 mmol) and TFA (198 uL, 2.5 mmol). The product
was obtained as a white crystalline solid (84 mg, 62%); m.p. 63-65 °C; [a]*p = -35.5
(c 1.8, CHCI3); 'H NMR (CDCls, 400 MHz): & 2.41 (3H, s, NCHa), 2.60 (1H, ABX,
Jag = 13.6, Jgx = 9.2 Hz, CH,H,Ph), 2.98 (1H, ABX, Jag = 13.6, Jax = 4.8 Hz,
CH.HoPh), 3.19 (1H, m, CHNH), 3.71 (2H, m, CH,OH), 3.88 (1H, AB, J = 13.6 Hz,
CHaHuN), 4.01 (1H, AB, J = 13.6 Hz, CH.H,NH), 6.83 (2H, m, Ar), 7.01 (1H, d, J =
8.0 Hz, Ar), 7.20 (2H, m, Ar), 7.27 (2H, m, Ar), 7.34 (2H, m, Ar); **C NMR (CDCls,
100 MHz): 6 31.7, 35.7, 57.9, 60.9, 66.2, 116.2, 119.2, 121.9, 126.5, 128.7, 128.8,
128.9, 129.0, 129.1, 138.9, 157.7; Anal. Calcd for C17H21NO,: C, 75.25; H, 7.80; N,
5.16. Found: C, 75.29; H, 7.90; N, 4.88 %.

2.6.4 N-(3',5'-Di-tert-butyl-2'-hydroxyphenyl)methyl-N-methyl-(S)-2-
amino-3,3-dimethyl-butanol (115d)

%gﬁ

N-(3',5'-Di-tert-butyl-2'-hydroxyphenyl)methyl-N-methyl-(S)-2-amino-3,3-

dimethyl-butanol was prepared according to the general procedure using 2,4-di-tert-
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butylphenol (103 mg, 0.5 mmol), (S)-tert-leucinol (59 mg, 0.5 mmol),
paraformaldehyde (250 mg, 10 equiv), LiCl (22.0 mg, 0.5 mmol), NaBH, (95 mg, 2.5
mmol) and TFA (198 uL, 2.5 mmol).The product was obtained as colorless oil (63
mg, 60%); [0]**> = +8.3 (¢ 1.0, CHCI3); *H NMR (CDCl;, 400 MHz): & 1.08 (9H, s,
C(CHa)3), 1.32 (9H, s, C(CHj3)3), 1.47 (9H, s, C(CHa)3), 2.49 (3H, s, NCH3), 2.71 (1H,
ABX, Jax = 3.6, Jgx = 11.6 Hz, CHC(CHa)3), 4.02 (1H, ABX, Jag = 11.6, Jgx = 3.6
Hz, CH,H,OH), 4.10 (1H, ABX, Jag = 11.6, Jax = 6.4 Hz, CH,H,OH), 4.14 (1H, AB,
J = 13.2 Hz, CH.HuN), 4.21 (1H, AB, J = 13.6 Hz, CH.H,N), 6.91 (1H, s, Ar), 7.25
(1H, s, Ar); °C NMR (CDCl;, 100 MHz) & 28.6, 29.6, 31.7, 34.2, 34.9, 35.2, 38.2,
60.2, 62.0, 73.3, 121.6, 122.7, 123.8, 135.3, 140.4, 154.3.

2.6.5 N-(2'-Hydroxy-5'-phenyphenyl)methyl-N-methyl-(S)-2-amino-2-
phenyl-ethanol (115€)

O 'Tl
OH
OH

N-(2'-Hydroxy-5'-phenylphenyl)methyl-N-methyl-(S)-2-amino-3-phenyl-
propanol was prepared according to the general procedure using 4-phenylphenol (85
mg, 0.5 mmol), (S)-phenylglycinol (69 mg, 0.5 mmol), paraformaldehyde (250 mg, 10
equiv), LiCl (22.0 mg, 0.5 mmol), NaBH,4 (95 mg, 2.5 mmol) and TFA (198 pL, 2.5
mmol). The product was obtained as a white crystalline solid (70 mg, 60%); m.p. 136-
138 °C; [0]*p = -96.8 (¢ 1.2, CHCIs); '"H NMR (CDCl;, 400 MHz): & 2.33 (3H, s,
NCHs), 3.76 (1H, AB, J = 13.6 Hz, CHH,NH), 3.91 (1H, AB, J = 13.6 Hz,
CHaH,NH), 3.96 (1H, ABX, Jax = 5.6, Jgx = 8.0 Hz, PhCHN), 4.02 (1H, ABX, Jag =
11.2, Jgx = 5.4 Hz, CHH,OH), 4.23 (1H, ABX, Jag = 11.6, Jax = 8.4 Hz,
CH:H,OH), 6.97 (1H, d, J = 8.4 Hz, Ar), 7.22 (1H, s, Ar), 7.33 (3H, m, Ar), 7.44 (5H,
m, Ar), 7.55 (2H, m, Ar); *C NMR (CDCl;, 100 MHz): & 37.4, 58.0, 62.1, 69.2,
1159, 116.6, 122.0, 126.5, 126.6, 126.7, 127.4, 127.5, 128.5, 128.7, 129.1, 132.4,
134.9, 140.9, 157.4.
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2.6.6 N-(2'-Hydroxy-5"-methylphenyl)methyl-N-methyl-(S)-2-amino-3-
methyl-butanol (115f)

N-(2'-Hydroxy-5'-methylpheny)methyl-N-methyl-(S)-2-amino-3-methyl-
butanol was prepared according to the general procedure using 4-methylphenol (54
mg, 0.5 mmol), (S)-valinol (52 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv),
LiCl (22.0 mg, 0.5 mmol), NaBH, (95 mg, 2.5 mmol) and TFA (198 uL, 2.5 mmol).
The product was obtained as colorless oil (51 mg, 57%); [a]*p = +12.6 (c 1.0,
CHCI3); *H NMR (CDClg, 400 MHz): & 1.03 and 1.11 (6H, 2xd, J = 6.8 Hz, 2xCHs),
2.06 (1H, m, CH(CHs),), 2.32 (3H, s, CHsAr), 2.39 (3H, s, NCHs), 2.58 (1H, m,
CHN), 3.88 (1H, ABX, Jag = 12.0, Jgx = 7.2 Hz, CH,H,OH), 3.95 (1H, ABX, Jag =
11.6, Jax = 3.2 Hz, CH:H,OH), 4.02 (2H, s, CH,NH), 6.64 (1H, d, J = 7.2 Hz, Ar),
6.71 (1H, s, Ar), 6.91 (1H, d, J = 7.6 Hz, Ar); **C NMR (CDCl;, 100 MHz) & 20.1,
21.2,21.4,26.7,35.9,59.2, 70.3, 116.6, 118.6, 119.9, 128.6, 138.9, 157.2.

2.6.7 N-(2'-Hydroxy-4’-phenylphenyl)methyl-N-methyl-(S)-2-amino-3-
methyl-butanol (115g)

N-(2'-Hydroxy-4'-phenylphenyl)methyl-N-methyl-(S)-2-amino-3-methyl-
butanol was prepared according to the general procedure using 4-phenylphenol (85
mg, 0.5 mmol),(S)-valinol (52 mg, 0.5 mmol), paraformaldehyde (250 mg, 10 equiv),
LiCl (22.0 mg, 0.5 mmol), NaBH, (95 mg, 2.5 mmol) and TFA (198 uL, 2.5 mmol).
The product was obtained as a white crystalline solid (60 mg, 58%); m.p. 126-128 °C
[a]*5 = -11.2 (¢ 1.0, CHCls3); *H NMR (CDCls, 400 MHz): & 1.05 and 1.13 (6H, 2xd,
J = 6.8 Hz, 2xCHj3), 2.06 (1H, m, CH(CHj3),), 2.45 (3H, s, NCHs), 2.66 (1H, m,
CHN), 3.91 (1H, ABX, Jag = 11.6, Jax = 7.2 Hz, CH.H,OH), 3.98 (1H, ABX, Jag =
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11.6, Jax = 3.2 Hz, CH.H,OH), 4.11 (2H, s, CH,NH), 7.06-7.15 (3H, m, Ar), 7.28
(1H, s, Ar), 7.36 (1H, m, Ar), 7.45 (1H, apparent t, J = 7.2 Hz, Ar), 7.61 (2H, m, Ar);
3C NMR (CDCls, 100 MHz) § 20.2, 21.2, 21.5, 26.8, 36.0, 59.3, 70.5, 114.7, 118.0,
120.6, 127.0, 127.3, 128.7, 129.3, 140.8, 142.2, 158.0.

2.7 General procedure for the preparation of racemic 2-aminonitriles

N O TMSCN HN O
)l\H MeOH R)\CN

72 73

An imine was dissolved in absolute methanol at room temperature. Then 1.5-
2.0 equiv of trimethylsilyl cyanide was added with vigorous stirring. Upon
completion of the reaction which is usually very rapid (4 hours), the organic solvent

was removed by evaporation to obtain the desired product as racemic 2-aminonitriles.

2.8 General procedure for Ti-catalyzed addition of TMSCN to imines

(small scale)

109a
10 194
O oH | OH mol%

2.0 equiv. TMSCN

N

)'\H O Ti(OPr), 10 mol%, toluene, 0°C, 48 h

R

72 73

The chiral ligand (109) (0.02 mmol) was weighed into a dried NMR tube and
dissolved with anhydrous toluene (0.3 mL). Ti(O'Pr), (6.0 pL, 0.02 mmol) was added

to the reaction and left for 10 minutes at ambient temperature to give a clear yellow



122

solution. The selected imine (0.2 mmol) was added and then cooled to 0 °C in ice-salt
bath for 15 minutes. TMSCN (50 uL, 0.4 mmol) was then added using a syringe.
After 48 hours at 0 °C, a sample for NMR was prepared by sampling from NMR
tube. Toluene was removed by blowing with N,. Percent conversion and

enantioselectivity of the crude product was analyzed by *H NMR spectroscopy.

2.9 General procedure for Ti-catalyzed addition of TMSCN + 2-propanol to

imines (small scale)

R3
l i X H/'\( 109

A onq °OH 10mol%

N 2.0 equiv TMSCN, 1.0 equiv 'ProH
)=

R)\H Ti('OPr); 10 mol%, toluene, 0°C, 48 h

72 73

The chiral ligand (109) (0.02 mmol) was weighed into a dried NMR tube and
dissolved with anhydrous toluene (0.3 mL). Ti(O'Pr), (6.0 pL, 0.02 mmol) was added
to the reaction and shook for 10 minutes at ambient temperature to give a clear yellow
solution. 2-Propanol (15.3 uL, 1.0 mmol) was added and left for another 10 minutes.
The selected imine (0.2 mmol) was added and then cooled to 0 °C in ice-salt bath for
15 minutes. TMSCN (50 pL, 0.4 mmol) was then added using syringe. After 48
hours, percent conversion and enantioselectivity was analyzed by ‘H NMR

spectroscopy.
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2.10 General procedure for Ti-catalyzed addition of TMSCN + 2-propanol to

imine (large scale)

Rl N H 109a
O Z>0oH OH 2.5 mol%
N 2.0 equiv TMSCN, 1.0 equiv 'PrOH
R)l\H O Ti(OPr), 2.5 mol%, toluene, 0°C, 48 h
72 73

N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-3-phenyl-propanol (S)-(109a) (6.43
mg, 0.025 mmol) was weighed in a dried screw-cap test tube and dissolved with
anhydrous toluene (1.5 mL). Ti(O'Pr), (7.44 uL, 0.025 mmol) was added to the
reaction and left for 10 minutes at ambient temperature to give a clear yellow
solution. 2-Propanol (76.5 pL, 1.0 mmol) was added by a syringe and left for another
10 minutes. The selected imine (1.0 mmol) was then added and cooled to 0 °C in ice-
salt bath for 15 minutes. Finally, TMSCN (250 uL, 2.0 mmol) was quickly added in
one portion using syringe. After 8 hours, toluene was removed in vacuo and the crude
product was purified by passing through a plug of neutral alumina eluting with ethyl
acetate-hexanes plus 0.1% triethylamine to yield the corresponding a-aminonitriles

and analyzed for enantioselectivity by *H NMR spectroscopy.
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2.10.1 (S)-Diphenylmethylamino-phenylacetonitrile (73a)

(S)-Diphenylmethylamino-phenylacetonitrile was prepared according to the
general procedure using N-benzylidene diphenylmethylamine (271 mg, 1.0 mmol).
The product was obtained as a white crystalline solid (0.257 g, 95%); m.p. 94-96 °C,
98% ee: [a]*p = -63.0 (¢ 1.0, CHCI5) {lit.[156] [a]*' (97 % ee, ¢ 5.0, CHCI;) = -
64.2}; 'H NMR (CDCls, 400 MHz) & 2.18 (1H, d, J = 12.0 Hz, NHCH), 4.63 (1H, d, J
= 12.0 Hz, CHCN), 5.28 (1H, s, CHPhy), 7.23-7.55 (11H, m, Ar), 7.60 (4H, m, Ar);
3C NMR (CDCls, 100 MHz) & 52.4, 65.6, 118.8, 127.2, 127.3, 127.5, 127.8, 128.0,
128.8, 129.0, 129.1, 129.2, 135.0, 141.2, 142.8.

2.10.2 (R)-Diphenylmethylamino-phenylacetonitrile (73a)

T

(S)-Diphenylmethylamino-phenylacetonitrile. was prepared-according to the
general procedure using N-benzylidene diphenylmethylamine (271 mg, 1.0 mmol)
and ligand (R)-109a. The product was obtained as a white crystalline solid (0.257 g,
95%): m.p. 94-96 °C, 98% ee: [a]*’p = +63.0 (¢ 1.0, CHCI3); *H NMR (CDCls;, 400
MHz) 6 2.15 (1H, d, J = 12.0 Hz, NHCH), 4.65 (1H, d, J = 12.0 Hz, CHCN), 5.29
(1H, s, CHPh,), 7.21-7.52 (11H, m, Ar), 7.62 (4H, m, Ar); *C NMR (CDCls, 100
MHz) 6 52.4, 65.6, 118.8, 127.2, 127.3, 127.5, 127.8, 128.0, 128.8, 129.0, 129.1,
129.2,135.0, 141.2, 142.8.
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2.10.3 (S)-Diphenylmethylamino-2-methoxyphenylacetonitrile (73b)

(S)-Diphenylmethylamino-2-methoxyphenylacetonitrile was prepared
according to the general procedure using N-(2-methoxybenzylidene)diphenylmethyl-
amine (301 mg, 1.0 mmol). The product was obtained as a white crystalline solid
(0.253 g, 84%); m.p. 98-100 °C, 83% ee: [0]**p = -57.0 (c 1.0, CHCI3); 'H NMR
(CDCl3, 400 MHz) 6 3.92 (3H, s, OCHs), 4.71 (1H, s, CHCN), 5.23 (1H, s, CHPhy,),
7.03 (2H, m, Ar), 7.28-7.43 (8H, m, Ar), 7.48 (2H, d, J = 7.6 Hz, Ar), 7.56 (2H, d, J =
7.6 Hz, Ar); *C NMR (CDCls, 100 MHz) & 48.6, 55.7, 65.4, 111.5, 119.2, 121.1,
1235, 127.4, 127.6, 127.7, 127.8, 128.8, 128.9, 129.0, 130.7, 141.6, 143.0, 157.1.

2.10.4 (S)-Diphenylmethylamino-4-methoxyphenylacetonitrile (73d)

(S)-Diphenylmethylamino-4-methoxyphenylacetonitrile was prepared
according to the general procedure using N-(4-methoxybenzylidene)diphenylmethyl-
amine (301 mg, 1.0 mmol). The product was obtained as a white crystalline solid
(0.256 g, 85%); m.p. 102-103 °C, 91% ee; [0]*> = -38.0 (¢ 1.0, CHCIs) {lit. [156]
[a]*5 (94 % ee, ¢ 0.54, CHCIs) = -27.7}; *H NMR (CDCls, 400 MHz) § 1.94 (1H, d,
J = 12.0 Hz, NHCH), 3.66 (3H, s, OCHs), 4.39 (1H, d, J = 12.0 Hz, CHCN), 5.06
(1H, s, CHPhy), 6.78 (2H, d, J = 8.8 Hz, Ar) 7.02-7.22 (6H, m, Ar), 7.29 (4H, m, Ar),
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7.40 (2H, d, J = 7.6 Hz, Ar); *C NMR (CDCls, 100 MHz) & 51.9, 55.4, 65.6, 114.4,
119.1, 127.1, 127.2, 127.5, 127.7, 128.0, 128.6, 128.8, 129.1, 141.3, 142.9, 160.1.

2.10.5 (S)-Diphenylmethylamino-2-methylphenylacetonitrile (73e)

(S)-Diphenylmethylamino-2-methylphenylacetonitrile was prepared according
to the general procedure using N-(2-methylbenzylidene)diphenylmethylamine (285
mg, 1.0 mmol). The product was obtained as a white crystalline solid (0.282 g, 99%);
m.p. 106-108 °C, 98% ee: [a]*p = -161.0 (c 1.0, CHCIl3); *H NMR (CDCls, 400
MHz) & 2.03 (1H, br, NHCH), 2.33 (3H, s, CHs), 4.62 (1H, s, CHCN), 5.32 (1H, s,
CHPhy), 7.22-7.36 (7H, m, Ar), 7.40 (2H, m, Ar), 7.48 (2H, d, J = 7.2 Hz, Ar), 7.60
(3H, m, Ar); **C NMR (CDCIl5, 100 MHz) & 19.0, 50.4, 65.9, 118.9, 126.8, 127.1,
127.6, 127.7, 128.0, 128.2, 128.9, 129.0, 129.3, 131.2, 133.3, 136.6, 141.1, 142.9.

2.10.6 (S)-Diphenylmethylamino-4-methylphenylacetonitrile (73f)

(S)-Diphenylmethylamino-4-methylphenylacetonitrile was prepared according
to the general procedure using N-(4-methylbenzylidene)diphenylmethylamine (285
mg, 1.0 mmol). The product was obtained as a white crystalline solid (0.276 g, 97%);
m.p. 100-102 °C, >98% ee; [a]*’5 = -54.0 (c 1.0, CHCI3) *H NMR (CDCls, 400 MHz)
0 2.16 (1H, br s, NHCH), 2.42 (1H, s, CHs), 4.60 (1H, s, CHCN), 5.30 (1H, s,
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CHPh,), 7.26 (3H, d, J = 7.2 Hz, Ar), 7.34 (3H, d, J = 7.2 Hz, Ar) 7.37-7.52 (6H, m,
Ar), 7.62 (2H, d, J = 7.2 Hz, Ar); *C NMR (CDCls, 100 MHz) & 21.2, 52.2, 65.6,
119.0, 127.1, 127.2, 127.5, 127.7, 128.0, 128.8, 129.1, 129.7, 132.0, 139.0, 141.2,
142.8.

2.10.7 (S)-Diphenylmethylamino-2-chlorophenylacetonitrile (73i)

(S)-Diphenylmethylamino-2-chlorophenylacetonitrile was prepared according
to the general procedure using N-(2-chlorobenzylidene)diphenylmethylamine (305.5
mg, 1.0 mmol). The product was obtained as a white crystalline solid (0.300 g, 84%);
m.p. 100-102 °C, >98% ee: [0]*’p = -118.0 (c 1.0, CHCI3) {lit.[156] [a]**s (>99 % ee,
¢ 3.5, CHCl3) = -122} *H NMR (CDCls, 400 MHz) & 4.93 (1H, s, CHCN), 5.26 (1H,
s, CHPh,), 7.22-7.42 (8H, m, Ar), 7.28 (2H, d, J = 7.2 Hz, Ar), 7.60 (4H, m, Ar); 3C
NMR (CDClI;, 100 MHz) ¢ 50.3, 65.8, 118.2, 127.2, 127.6, 127.7, 127.8, 128.0,
128.8, 128.9, 129.3, 130.4, 130.6, 132.8, 133.5, 140.7, 142.6.

2.10.8 (S)-Diphenylmethylamino-4-chlorophenylacetonitrile (73j)

(S)-Diphenylmethylamino-4-chlorophenylacetonitrile was prepared according
to the general procedure using N-(4-chlorobenzylidene)diphenylmethylamine (305.5
mg, 1.0 mmol). The product was obtained as a white crystalline solid (0.287 g, 94%);
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m.p. 105-107 °C, 98 % ee; [0]**5 = -34.6 (¢ 1.0, CHCI3) *H NMR (CDCls, 400 MHz)
§ 2.12 (1H, br s, NHCH), 4.85 (1H, s, CHCN), 5.24 (1H, s, CHPh,), 7.23-7.34 (4H,
m, Ar), 7.39 (4H, m, Ar), 7.45 (2H, d, J = 7.2 Hz, Ar), 7.50 (2H, d, J = 8.4 Hz, Ar),
7.56 (2H, d, J = 7.6 Hz, Ar); *C NMR (CDCls, 100 MHz) & 51.8, 65.6, 118.4, 127.1,
127.4,127.8,128.0, 128.6, 128.8, 129.1, 129.2, 133.4, 135.1, 140.8, 142.5.

2.10.9 (S)-Diphenylmethylamino-2-bromophenylacetonitrile (73k)

(S)-Diphenylmethylamino-2-bromophenylacetonitrile was prepared according
to the general procedure using N-(2-bromobenzylidene)diphenylmethylamine (350
mg, 1.0 mmol). The product was obtained as a white crystalline solid (0.340 g, 97%);
m.p. 101-103 °C, >98% ee: [a]*5 = -121.0 (¢ 1.0, CHCls) {lit.[156] [a]*s (>99 % ee,
¢ 5.0, CHCI3) = -122}; *H NMR (CDCls, 400 MHz) & 4.92 (1H, s, CHCN), 5.24 (1H,
s, CHPh,), 7.22-7.45 (8H, m, Ar), 7.50 (2H, d, J = 7.2 Hz, Ar), 7.58-7.68 (4H, m, Ar);
B3¢ NMR (CDCl3, 100 MHz) 6 52.6, 65.7, 118.3, 123.4, 127.2, 127.8, 127.9, 128.0,
128.3, 128.8, 128.9, 129.4, 130.8, 133.8, 134.5, 140.7, 142.6.

2.10.10 - (S)-Diphenylmethylamino-4-bromophenylacetonitrile (73I)

(S)-Diphenylmethylamino-4-bromophenylacetonitrile was prepared according

to the general procedure using N-(4-bromobenzylidene)diphenylmethylamine (350
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mg, 1.0 mmol). The product was obtained as a white crystalline solid (0.343 g, 98%);
m.p. 104-106 °C, 96% ee; [a]®5 = -32.9 (c 1.0, CHCI3) *H NMR (CDCls, 400 MHz)
§ 2.21 (1H, br s, NHCH), 4.58 (1H, s, CHCN), 5.27 (1H, s, CHPh,), 7.26-7.36 (4H,
m, Ar) 7.42-7.50 (6H, m, Ar), 7.56-7.61 (4H, m, Ar); *C NMR (CDCls, 100 MHz) &
51.9, 65.6, 118.3, 123.2, 127.1, 127.5, 127.8, 128.1, 128.8, 128.9, 129.1, 132.2, 134.0,
140.9, 142.6.

2.10.11 (S)-Diphenylmethylamino-3-fluorophenylacetonitrile (73m)

(S)-Diphenylmethylamino-3-fluorophenylacetonitrile was prepared according
to the general procedure using N-(3-fluorobenzylidene)diphenylmethylamine (289.4
mg, 1.0 mmol). The product was obtained as colorless oil (0.286 g, 99%); 96% ee;
[a]?®5 = -59.8 (¢ 1.0, CHCI3) *H NMR (CDCls; 400 MHz) § 2.20 (1H, s, NHCH), 4.63
(1H, s, CHCN), 5.28 (1H, s, CHPh), 7.09 (1H, m, Ar) 7.25-7.44 (9H, m, Ar), 7.49
(2H, d, J = 7.6 Hz, Ar), 7.60 (2H, d, J = 7.6 Hz, Ar); **C NMR (CDCls, 100 MHz) &
51.9, 65.6, 114.4, 114.6 (J13c10r = 22.9 Hz, Ar), 116.0, 116.2 (J13c-19r = 21.0 Hz, Ar),
118.3, 122.8, 127.1, 127.5, 127.8, 128.1, 128.9, 129.1, 130.6, 130.7 (J13c-19r = 8.2 Hz,
Ar), 137.2, 137.3 (Ji3c.0r = 8.2 Hz, Ar), 140.9, 142.5, 161.7, 164.2 (J13c-10F = 246.2
Hz, Ar).
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2.10.12 (S)-Diphenylmethylamino-1-naphthylacetonitrile (73n)

(S)-Diphenylmethylamino-1-naphthylacetonitrile was prepared according to
the general procedure using N-(naphthalen-1-ylmethylene)diphenylmethylamine (321
mg, 1.0 mmol). The product was obtained as a white crystalline solid (0.316 g, 91%);
m.p. 118-120 °C, >98% ee: [a]*p = -186.0 (¢ 1.0, CHCI3) {lit.[24] [«]?D (>99 % ee,
¢ 2.0, CHCI3) = -182.2}; ‘H NMR (CDCls, 400 MHz) & 2.24 (1H, br, NHCH), 5.20
(1H, s, CHCN), 5.41 (1H, s, CHPh;), 7.21-7.60 (11H, m, Ar), 7.66 (2H, d, J = 7.2 Hz,
Ar), 7.82-7.91 (2H, m, Ar), 7.95 (2H, d, J = 7.2 Hz, Ar); *C NMR (CDCls, 100 MHz)
6 50.5, 66.1, 118.9, 123.1, 125.3, 125.9, 126.3, 126.9, 127.0, 127.7, 128.1, 128.3,
128.7,128.9, 129.0, 130.2, 130.4, 130.6, 134.0, 141.1, 142.6.

2.10.13 (R)-Diphenylmethylamino-1-naphthylacetonitrile (73n)

SENS
Ui

(R)-Diphenylmethylaminoe-1-naphthylacetonitrile “was prepared-according to
the general procedure using N-(naphthalen-1-ylmethylene)diphenylmethylamine (321
mg, 1.0 mmol) and ligand (R)-109a. The product was obtained as a white crystalline
solid (0.303 g, 89%); m.p. 118-120 °C, > 98% ee: [0]®p = +185.0 (c 1.0, CHCls)
{lit.[24]}; *H NMR (CDCls, 400 MHz) & 2.20 (1H, br, NHCH), 5.20 (1H, s, CHCN),
5.40 (1H, s, CHPh,), 7.20-7.60 (11H, m, Ar), 7.64 (2H, d, J = 7.2 Hz, Ar), 7.82-7.90
(2H, m, Ar), 7.95 (2H, d, J = 7.2 Hz, Ar); *C NMR (CDCls;, 100 MHz) & 50.5, 66.1,
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118.9, 123.2, 125.3, 125.9, 126.3, 126.9, 127.0, 127.7, 128.1, 128.3, 128.8, 128.9,
129.0, 130.2, 130.4, 130.7, 134.0, 141.1, 142.7.

2.10.14 (S)-Diphenylmethylamino-2-naphthylacetonitrile (730)

(S)-Diphenylmethylamino-2-naphthylacetonitrile was prepared according to
the general procedure using N-(naphthalen-1-ylmethylene)diphenylmethylamine (321
mg, 1.0 mmol). The product was obtained as a white crystalline solid (0.315 g, 98%);
m.p. 126-128 °C, 96% ee: [a]*’5 = -12.4 (¢ 1.0, CHCI3) *H NMR (CDCls, 400 MHz)
§ 2.14 (1H, br, NHCH), 4.77 (1H, s, CHCN), 5.32 (1H, s, CHPh,), 7.25 (1H, m, Ar),
7.33 (3H, m, Ar), 7.42 (2H, m, Ar), 7.49 (2H, d, J = 7.6 Hz, Ar), 7.54 (2H, m, Ar),
7.62 (3H, m, Ar), 7.88 (3H, m, Ar), 8.03 (1H, s, Ar); *C NMR (CDCls, 100 MHz) &
52.5,65.7, 118.7, 124.8, 126.3, 126.8, 127.1, 127.5, 127.7, 128.0, 128.2, 128.8, 129.0,
129.1, 133.0, 133.4, 141.0, 142.6.

2.10.15 (R)-Diphenylmethylamino-furan-2-ylacetonitrile (73p)

(S)-Diphenylmethylamino-furan-2-ylacetonitrile was prepared according to
the general procedure using N-(furan-2-ylmethylene)diphenylmethylamine (261 mg,
1.0 mmol). The product was obtained as a white crystalline solid (0.214 g, 82%); m.p.
99-101 °C, 91% ee: [a]*5 = -25.0 (¢ 1.0, CHCI3); *H NMR (CDCls, 400 MHz) § 2.37
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(1H, br, NHCH), 4.65 (1H, s, CHCN), 5.20 (1H, s, CHPh,), 6.42 (1H, dd, J = 3.2 and
2.0 Hz, CH-furan), 6.49 (1H, d, J = 3.2 Hz, CH-furan), 7.24-7.42 (6H, m, Ar), 7.48
(3H, d, J = 7.6 Hz, CH-furan and Ar), 7.55 (2H, d, J = 7.2 Hz, Ar); **C NMR (CDCl;,
100 MHz) 6 46.2, 65.2, 109.0, 110.7, 117.1, 127.3, 127.4, 127.9, 128.0, 128.9, 129.1,
140.9, 142.4. 143.7, 147.3.

2.10.16 (R)-Diphenylmethylamino-thiophen-2-ylacetonitrile (73q)

(S)-Diphenylmethylamino-thiophen-2-ylacetonitrile was prepared according to
the general procedure using N-(furan-2-ylmethylene)diphenylmethylamine (277 mg,
1.0 mmol). The product was obtained as a white crystalline solid (0.239 g, 83%); m.p.
98-100 °C, 98% ee: [a]*'p = -76.0 (c 1.0, CHCI5); *H NMR (CDCls, 400 MHz) § 2.22
(1H, d, J = 12.0 Hz, NHCH), 4.62 (1H, d, J = 12.0 Hz, CHCN), 5.08 (1H, s, CHPh,),
6.84 (1H, dd, J = 5.2 and 3.6 Hz, CH-thiophene), 7.05-7.28 (8H, m, CH-thiophene
and Ar), 7.30 (2H, d, 3 = 7.2 Hz, Ar), 7.40 (2H, d, J = 7.2 Hz, Ar); **C NMR (CDCls,
100 MHz) 6 48.3, 65.5, 118.2, 126.2, 126.8, 127.0, 127.2, 127.4, 127.9, 128.2, 128.9,
129.2,138.4, 140.9, 142.6.

2.11 General procedure for the preparation of N-Boc-arylglycine methyl ester

derivatives

1:1 conc HCIITFA NH3"Cl" Boc,0, NaHCO; NHBoc  CH,N, NHBoc
80°C, 18 h R™ "COH  y,ofBuoH,5h R COH R™ “COyMe
116

Step 1 The optically pure a-aminonitrile (0.5 mmol) was weighed into a dried

screw-cap test tube. Then 1:1 mixture of concentrated aqueous HCI and trifluoroacetic
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acid (2 mL/mmol) was added. The reaction mixture was heated at 80 °C for 18 hours.
Upon the completion, the solvent was extraction with hexanes and then removed by

evaporation to afford the crude products as hydrochloride salt.

Step 2 The mixture of crude arylglycine hydrochloride salt obtained from step
1 and 2 equiv of NaHCO3 were dissolved in water (2 mL). The resulting mixture was
stirred and 1.2 equiv of Boc;O in 'BUOH (2 mL) was added dropwise to prevent the
heat. The homogeneous solution was vigorously stirred for 5 hours. Upon completion,
of the reaction, the solvent was removed under reduced pressure. The solution was
acidified to pH = 2 and extracted with ethyl acetate (3 x 10 mL). The organic phase
was combined, dried over anhydrous Na,SO,4 and the solvent was evaporated in

vacuo. The crude product was used for the next step without further purification.

Step 3 N-Methyl-N-nitroso-p-toluenesulfonamide (Diazald®) [175] (250 mg,
1 mmol of diazald provided diazomethane 3 mmol) was dissolved with absolute
ethanol 6 mL in test tube with a side-arm directly connected to N line. Diazomethane
was generated from a solution of diazald in ethanol by slow addition of sodium
hydroxide in water (10.0 M) dropwise at room temperature. Diazomethane was
liberated and carried into the solution of the crude N-Boc-arylglycine dissolved in
ethyl acetate by a steam of N, gas. Upon completion of the reaction (monitored by
TLC or permanent color changed), the organic solvent was removed by evaporation.
The crude product was purified by flash column chromatography using hexanes and

ethyl acetate as eluent.

2.11.1 N-Boc-(S)-phenylglycine methyl ester (116a)

NHBoc

©/\C02Me

(S)-N-Boc-phenylglycine methyl ester was prepared according to the general
procedure The product was obtained as a white crystalline solid (123.3 mg, 92%);
93% ee analyzed by chiral HPLC: [a]®, = +120.2 (c 1.0, CHCIls); *H NMR (CDCl;,
400 MHz) & 1.43 (9H, s, C(CHa)3), 3.72 (3H, s, OCHj3), 5.31 (1H, d, J = 7.2 Hz,
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CHCO,Me), 5.55 (1H, d, J = 5.2 Hz, NHBoc), 7.33 (5H, m, Ar); *C NMR (CDCls,
100 MHz) & 28.3,52.7, 57.6, 80.2, 127.1, 128.4, 128.9, 136.8, 154.8, 171.7.

2.11.2 N-Boc-(R)-phenylglycine methyl ester (116a)

NHBoc

COZMe

(R)-N-Boc-phenylglycine methyl ester was prepared according to the general
procedure The product was obtained as a white crystalline solid (122.1 mg, 89%);
93% ee analyzed by chiral HPLC: [a]*°> = -120.2 (c 1.0, CHCIs); *H NMR (CDCls,
400 MHz) & 1.45 (9H, s, C(CHs)3), 3.73 (3H, s, OCHs), 5.33 (1H, d, J = 7.2 Hz,
CHCO;Me), 5.55 (1H, d, J = 5.6 Hz, NHBoc), 7.35 (5H, m, Ar); *C NMR (CDCls,
100 MHz) 6 28.3, 52.7, 57.7, 80.2, 127.1, 128.4, 128.8, 136.8, 154.8, 171.5.

2.11.3 N-Boc-(S)-2-methylphenylglycine methyl ester (116e)

NHBoc
©/\C02Me

N-Boc-(S)-2-methylphenylglycine methyl ester was prepared according to the
general procedure The product was obtained as colorless oil (107.6 mg, 76%); 95% ee
analyzed by chiral HPLC: [a]*%5 = +132.1 (c 1.0, CHCls): '*H NMR (CDCls, 400
MHz) & 1.43 (9H, s, C(CHs)3), 2.47 (3H, s, ArCHjs), 3.71 (3H, s, OCHs), 5.43 (1H, d,
J = 6.4 Hz, CHCO,Me); 5.54 (1H, d, J = 7.6 Hz, NHBoc), 7.19 (4H, m, Ar); **C
NMR (CDCl3, 100 MHz) ¢ 19.4, 28.3, 52.6, 54.2, 80.1, 126.3, 126.5, 128.4, 130.9,
135.4, 136.7, 154.9, 172.2.
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2.11.4 N-Boc-(S)-4-methylphenylglycine methyl ester (116f)

NHBoc

N-Boc-(S)-4-methylphenylglycine methyl ester was prepared according to the
general procedure The product was obtained as colorless oil (83.3 mg, 60%); 93% ee
analyzed by chiral HPLC: [0]*®p = +129.2 (c 1.0, CHCls); *H NMR (CDCl;, 400
MHz) & 1.43 (9H, s, C(CH3)3), 2.33 (3H, s, ArCHs), 3.71 (3H, s, OCHs), 5.27 (1H, d,
J = 6.8 Hz, CHCO,Me), 5.50 (1H, d, J = 5.2 Hz, NHBoc), 7.15 (2H, d, J = 8.0 Hz,
Ar), 7.24 (2H, d, J = 8.0 Hz, Ar); *C NMR (CDCls, 100 MHz) § 21.1, 28.3, 52.6,
57.3,80.1, 127.0, 129.7,133.9, 138.3, 154.8, 171.8.

2.11.5 N-Boc-(S)-2-chlorophenylglycine methyl ester (116i)

Cl  NHBoc

CO,Me

N-Boc-(S)-2-chlorophenylglycine methyl ester was prepared according to the
general procedure The product was obtained as colorless oil (125.5 mg, 85%); 91% ee
analyzed by chiral HPLC: [0]**p = +117.1 (c 1.0, CHCIls); *H NMR (CDCls;, 400
MHz) & 1.43 (9H, s, C(CHa)s), 3.73 (3H, s, OCHs), 5.68 (2H, m, CHCO,;Me and
NHBoc), 7.26.(2H, m, Ar), 7.37 (2H, m, Ar); *C NMR (CDCls, 100 MHz) & 28.3,
52.9, 55.6, 80.3, 127.2, 129.6, 129.8, 130.1, 133.6, 135.2, 154.8, 171.1.
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2.11.6 N-Boc-(S)-4-chlorophenylglycine methyl ester (116j)

NHBoc

Cl

N-Boc-(S)-4-chlorophenylglycine methyl ester was prepared according to the
general procedure The product was obtained as colorless oil (129.0 mg, 86%); 94% ee
analyzed by chiral HPLC: [0]*®p = +102.3 (c 1.0, CHCls); *H NMR (CDCl;, 400
MHz) & 1.42 (9H, s, C(CHs)s), 3.71 (3H, s, OCHs), 5.28 (1H, d, J = 6.8 Hz,
CHCO,Me), 5.62 (1H, d, J = 5.6 Hz, NHBoc), 7.31 (4H, m, Ar); *C NMR (CDCls,
100 MHz) 6 28.3,52.9, 56.9, 80.4, 128.4, 129.0, 134.3, 135.6, 154.7, 171.2.

2.11.7 N-Boc-(S)-2-bromophenylglycine methyl ester (116k)

Br  NHBoc

CO,Me

N-Boc-(S)-2-bromophenylglycine methyl ester was prepared according to the
general procedure The product was obtained as colorless oil (152.4 mg, 87%); 93% ee
analyzed by chiral HPLC: [a]®p = +95.2 (c 1.0, CHCI5); *H NMR (CDCls, 400 MHz)
0 1.42 (9H, s, C(CHegs)s), 3.72 (3H, s, OCHg), 5.65 (1H, d, J = 5.6 Hz, CHCO;Me),
5.70 (1H, d, J = 7.2 Hz, NHBoc), 7.18 (1H, m, Ar), 7.27-7.34 (2H, m, Ar), 7.57 (1H,
m, Ar); *C NMR (CDCls, 100 MHz) 6 28.3, 52.9, 57.5, 80.3, 123.7, 127.9, 129.7,
129.8, 133.5, 136.8, 154.8, 171.1.
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2.11.8 N-Boc-(S)-4-bromophenylglycine methyl ester (116l)

NHBoc

Br

N-Boc-(S)-4-bromophenylglycine methyl ester was prepared according to the
general procedure The product was obtained as a white crystalline solid (144.0 mg,
81%): No separation by chiral HPLC: [0]*®5 = +102.6 (c 1.0, CHCIls); *H NMR
(CDCls, 400 MHz) & 1.42 (9H, s, C(CHs)s), 3.71 (3H, s, OCH3), 5.27 (1H, d, J = 6.8
Hz, CHCO,Me), 5.62 (1H, d, J = 5.6 Hz, NHBoc), 7.23 (2H, d, J = 8.4 Hz, Ar), 7.24
(2H, d, J = 8.4 Hz, Ar); *C NMR (CDCls, 100 MHz) & 28.3, 52.9, 56.9, 80.3, 122.5,
128.8, 132.0, 136.1, 154.7, 171.1.

2.11.9 N-Boc-(S)-3-fluorophenylglycine methyl ester (116m)

N-Boc-(S)-3-fluorophenylglycine methyl ester was prepared according to the
general procedure The product was obtained as colorless oil (132.6 mg, 91%); 94% ee
analyzed by chiral HPLC: [0]**5 = +89.1 (c 1.0, CHCIs); *H NMR (CDCls, 400 MHz)
8 1.43 (9H, s, C(CHs)s), 3.73 (3H, s, OCHs), 5.32 (1H, d, J = 6.8 Hz, CHCO,Me),
5.70 (1H, d, J = 4.8 Hz, NHBoc), 7.00 (1H, m, Ar), 7.07 (1H, d, J = 9.6 Hz, Ar), 7.15
(1H, d, J = 7.6 Hz, Ar), 7.32 (1H, m, Ar); *C NMR (CDCls, 100 MHz) & 28.3, 52.9,
57.1,80.4, 114.0, 114.2 (Jysc-10r = 22.3 Hz, Ar), 115.3, 115.5 (Jiac-aer = 21.1 Hz, Ar),
122.8,130.3, 130.4 (J13c19F = 8.2 Hz, Ar), 139.4, 154.7, 161.7, 164.1 (J13c-19F = 250.0
Hz, Ar), 171.1.
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2.11.10 N-Boc-(S)-1-naphthylglycine methyl ester (116n)

N-Boc-(S)-1-naphthylglycine methyl ester was prepared according to the
general procedure The product was obtained as colorless oil (122.6 mg, 78%); 98% ee
analyzed by chiral HPLC: [0]*®5 = +160.2 (c 1.0, CHCIs); *H NMR (CDCls, 400
MHz) & 1.44 (9H, s, C(CHs)3), 3.72 (3H, s, OCHa), 5.52 (1H, d, J = 6.8 Hz,
CHCO;Me), 6.07 (1H, d, J = 8.0 Hz, NHBoc), 7.44 (2H, m, Ar), 7.52 (1H, apparent t,
J =6.8 Hz, Ar), 7.59 (1H, apparent t, J = 7.6 Hz Ar), 7.86 (2H, m, Ar), 8.17 (1H, d, J
= 8.4 Hz, Ar); °C NMR (CDCls, 100 MHz) & 28.3, 52.7, 54.7, 80.3, 123.3, 125.3,
125.5, 126.0, 127.0, 128.9, 129.3, 131.0, 132.8, 134.0, 155.0, 172.3.

2.11.11 N-Boc-(R)-1-naphthylglycine methyl ester (116n)

O NHBoc
O CO,Me

N-Boc-(R)-1-naphthylglycine methyl ester was prepared according to the
general procedure The product was obtained as colorless oil (121.4 mg, 77%); 98% ee
analyzed by chiral HPLC: [a]®p = -160.2 (c 1.0, CHCI3): *H NMR (CDCls, 400
MHz) & 1.45 (9H, s, C(CHg)s), 3.72 (3H, s, OCHg3), 5.54 (1H, d, J = 6.8 Hz,
CHCO;Me), 6.05 (1H, d, J = 7.6 Hz, NHBoc), 7.43(2H, m, Ar), 7.54 (1H, apparent t,
J =6.8 Hz, Ar), 7.60 (1H, apparent t, J = 7.6 Hz Ar), 7.86 (2H, m, Ar), 8.18 (1H, d, J
= 8.4 Hz, Ar); °C NMR (CDCl;, 100 MHz) & 28.3, 52.7, 54.7, 80.3, 123.5, 125.3,
125.5, 126.0, 127.0, 129.0, 129.3, 131.0, 132.8, 133.9, 155.0, 172.3.
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2.11.12 N-Boc-(S)-2-naphthylglycine methyl ester (1160)

NHBoc

N-Boc-(S)-2-naphthylglycine methyl ester was prepared according to the
general procedure The product was obtained as colorless oil (117.8 mg, 74%); 90% ee
analyzed by chiral HPLC: [0]*®p = +133.6 (c 1.0, CHCls); *H NMR (CDCl;, 400
MHz) & 1.44 (9H, s, C(CHs)s), 3.72 (3H, s, OCHs), 5.48 (1H, d, J = 6.8 Hz,
CHCO,Me), 5.68 (1H, d, J = 6.4 Hz, NHBoc), 7.11 (1H, m, Ar), 7.48 (3H, m, Ar),
7.84 (3H, m, Ar); *C NMR (CDCls, 100 MHz) & 28.3, 52.8, 57.7, 80.2, 124.6, 126.4,
126.5, 127.7, 128.0, 128.4, 128.8, 129.6, 133.1, 133.2, 154.8, 171.6.

2.12 Determination of enantiomeric excess and optical purity of a-aminonitriles

and a-amino acids

2.12.1 *H-NMR spectroscopy (for a-aminonitriles)

Diastereomers may be distinguished in a chiral media by their NMR because
certain resonances are chemical shift non-equivalent (anisochronous). Nevertheless,
enantiomers cannot be distinguished in achiral medium by their NMR spectra because
their resonances are chemical shift equivalent (isochronous).[174] Determination of
enantiomeric excess using "H-NMR requires an intervension of a chiral auxiliary to
convert the enantiomeric mixture into a mixture of diastereomers. The magnitude of
the observed signals having the chemical shift non-equivalence should be sufficient to
give baseline resolution so .that-an. integration- of -the appropriate signals gives an
accurate measurement of diastereomeric mixture. The three types of chiral auxiliaries
commonly used are chiral derivatizing agents (CDASs) [127,176-177] forming discrete
diastereomers via a covalent bond, chiral lanthanide shift reagents (CLSRs) [178]
forming diastereomeric association complexes with enantiomeric substrate in solution
and chiral solvating agents (CSAs) forming diastereomeric salvation complexes with
the enantiomers via rapidly reversible equilibria in competition with the bulk solvent.

(1R)-Camphor-10-sulfonic acid which is an effective CSAs has been used to
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determine the enantiomeric excess of the optically active a-aminonitriles by *H NMR
spectroscopy in CDCI3.[179] The percent enantiomeric excess (enantiomeric purity)
can be calculated by equation (1) by using the integrations of the compared peak areas
of (R) and (S) enantiomers after base line was corrected and the minor isomer’s peak

area was adjusted to one.

% ee = |R-S| x 100

1)
|R+S|
% ee = percent enantiomeric excess
R = integration of R enantiomer
S = integration of S enantiomer
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Figure 2.1 'H spectra of crude aminonitrile (73a) with different %ee
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2.12.2 Normal phase chiral HPLC (for N-Boc-arylglycine methyl esters)

The separation of enantiomers by chiral HPLC has proven to be the most
useful method for the analysis of chiral substances. Chiral HPLC columns are made
by immobilizing single enantiomers onto the stationary phase. Resolution directly
related to the efficiency of the chiral column relies on flow rate, pressure, particle
size, and quality of packing and the formation of transient diastereoisomers on the
surface of the column packing. The compound which forms the most stable
diastereoisomer will be most retained, whereas the opposite enantiomer will form a
less stable diastereoisomer and will elute first.[174]

A Daicel Chiralcel OD® column and a Chiralpak AD® column were selected
for the enantiomeric separation of N-Boc-arylglycine methyl esters. Absolute
configuration can be determined if the same sample with known configuration is
available for reference. The percent enantiomeric excess (enntiomeric purity) can be

calculated by equation (2) by using the peak areas of the (R) and (S) enantiomers.

% ee = |AR-A3| x 100

(2)
[ArtAs|
% ee = percent enantiomeric excess
Ar = peak area of R enantiomer
As = peak area of S enantiomer

AW

]
" 95%ee |~ ‘racemic

Figure 2.2 HPLC chromatograms of 116f separated by a Daicel Chiralcel OD®

column
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2.12.3 Polarimetry (for a-aminonitriles and a-amino acids)

Optical rotation of chemical substance at a single wavelength is an important
physical property for the study of a chiral system primarily because it allows one to
make reference to the comparable data accumulated in the literatures. Samples
containing an excess of one enantiomer of a chiral molecule can rotate the orientation
of plane-polarized light. Such substances have optical activity. Measurement of this
change in polarization orientation is called polarimetry, and the measuring instrument
is called a polarimeter. These measurements are useful for checking the optical purity
of chiral mixtures. A sample containing only one enantiomer of a chiral molecule is
said to be optically pure. The enantiomer rotating light to the right, or clockwise when
viewing in the direction of light propagation is called the dextrorotatory (d) or (+)
enantiomer, and the enantiomer rotating light to the left, or counterclockwise, is called
the levorotatory (l) or (-) enantiomer.[174]

Optical rotation occurs because optically active samples have different
refractive indices for left- and right-circularly polarized light. When an optically
active substance is present in the beam, it rotates the polarization of the light reaching
the analyzer so that there is a component that reaches the detector. The angle that the
analyzer must be rotated to return to the minimum detector signal is the optical
rotation (o). The amount of optical rotation depends on the number of optically active
species through which the light passes, and thus depends on both the sample path
length (I, the length which the light travels through a sample) and the analyte

concentration (c, how much of the sample is present that will rotate the light).[180]

Measuring and determining optical activity

When rotation is quantified using‘a polarimeter, it is'"known as an observed
optical rotation. Whenever these effects are eliminated, a standard for comparison of
all molecules is obtained as the specific rotation, [a], which is a physical property like
the boiling point of a sample an can be calculated by equation (3) by using an

observed optical rotation
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[a]% = o x 100

©)

cxl
[o] = the specific optical rotation
t = temperature (Celsius)
A = wave length of incident light (nm)
a = an observed optical rotation
I = cell path length (dm)
c = analyte concentration expressed as g sample /100 cm® of solvent

Determining optical purity

The optical purity or the enantiomeric excess (% ee) of a sample can be

calculated by equation (4)

Optical purity = [o]mixture X 100 4

[(X]pure sample

[0 mixture the specific optical rotation of mixture

[a]ouresample = the specific optical rotation of pure sample

2.13 Study of the role of protic additives

N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-3-phenyl-propanol (S)-(109a) (5.14
mg, 0.02 mmol) was weighed into a dried NMR tube and dissolved with anhydrous
toluene (0.3 mL). Ti(O'Pr), (6.0 pl, 0.02 mmol) was added to the reaction and left for
10 minutes at ambient temperature to give a clear yellow solution. 2-Propanol (0,
7.65, 15.3 or 150.3 uL), (0, 0.2, 1.0 or-10 mmol) was added and left for another 10
minutes. The N-benzylidene diphenymethylamine (54.2 mg, 0.2 mmol) was added
and then cooled to 0 °C in ice-salt bath for 15 minutes. TMSCN (50 uL, 0.4 mmol)
was then added using syringe. The reaction mixture was sampled every hour. Percent
conversion and enantioselectivity was analyzed by *H-NMR spectroscopy at 1 hour

intervals.
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2.14 Study of the composition of catalyst system

The different four Strecker reactions were carried out as follows:

2.14.1 The Strecker reaction without chiral catalyst

1.0 equiv 'ProH

N + 2.0 equiv TMSCN HN
| toluene, 0°C, 4 h
H CN

The N-benzylidene diphenylmethylamine (54.2 mg, 0.2 mmol) was weighed

into a dried NMR tube and dissolved with anhydrous toluene (0.3 mL). 2-Propanol
(15.3 pL, 1.0 mmol) was added and then cooled to O °C in ice-salt bath for 15
minutes. TMSCN (50 pL, 0.4 mmol) was then added using syringe. The reaction
mixture was sampled every hour. Percent conversion and enantioselectivity was

analyzed by *H NMR spectroscopy at 1 hour intervals.

2.14.2 The Strecker reaction with only Ti(O'Pr),

Ti(O'Pr),4 10 mol%, 2.0 equiv TMSCN

NI HN
O 1.0 equi iP OH, tolue 0°C, 4 h O
©)\ LAl R | ©)\CN

The N-benzylidene diphenylmethylamine (54.2 mg, 0.2 mmol) was weighed
into a dried NMR tube and dissolved with anhydrous toluene (0.3 mL). Ti(O'Pr), (6.0

uL, 0.02 mmol) was then added to the reaction and left for 10 minutes at ambient
temperature. 2-Propanol (15.3 uL, 1.0 mmol) was added and left for another 10
minutes. The reaction mixture was cooled to 0 °C in ice-salt bath for 15 minutes.

TMSCN (50 uL, 0.4 mmol) was then added using syringe. The reaction mixture was
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sampled every hour. Percent conversion and enantioselectivity was analyzed by *H
NMR spectroscopy at 1 hour intervals.

2.14.3 The Strecker reaction with chiral ligand only

N
O ©\/C;I-||—| OH 10 mol%

2.0 equiv TMSCN

N -
: Il O 1.0 equiv 'PrOH, toluene, 0°C, 48 h
H

N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-3-phenyl-propanol (S)-(109a) (5.14

mg, 0.02 mmol) was weighed into a dried NMR tube and dissolved with anhydrous

toluene (0.3 mL). 2-Propanol (15.3 pL, 1.0 mmol) was added and left for another 10
minutes. The N-benzylidene diphenylmethylamine (54.2 mg, 0.2 mmol) was added
and then cooled to 0 °C in ice-salt bath for 15 minutes. TMSCN (50 uL, 0.4 mmol)
was then added using syringe. The reaction mixture was sampled every hour. Percent
conversion and enantioselectivity was analyzed by *H NMR spectroscopy at 1 hour

intervals.
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2.14.4 The Strecker reaction with Ti(O'Pr), and chiral ligand

N
H
O ©\/O\H OH 10 mol%

N 2.0 equiv TMSCN, Ti(OiPr)4 10 mol%
LT
H

N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-3-phenyl-propanol (S)-(109a) (5.14

1.0 equiv 'PrOH, toluene, 0°C, 4 h

mg, 0.02 mmol) was weighed into a dried NMR tube and dissolved with anhydrous
toluene (0.3 mL). Ti(Q'Pr)4 (6.0 L, 0.02 mmol) was added to the reaction and shook
for 10 minutes at ambient temperature to give a clear yellow solution. 2-Propanol
(15.3 uL, 1.0 mmol) was added and left for another 10 minutes. The N-benzylidene
diphenylmethylamine (54.2 mg, 0.2 mmol) was added and then cooled to 0 °C in ice-
salt bath for 15 minutes. TMSCN (50 uL, 0.4 mmol) was then added using syringe.
The reaction mixture was sampled every hour. Percent conversion and

enantioselectivity was analyzed by *H-NMR spectroscopy at 1 hour intervals.

2.15 Study of nonlinear effects

A mixture of N-(2'-hydroxyphenyl)methyl-(S)-2-amino-3-phenyl-propanol
(S)-(109a) and of N-(2'-hydroxyphenyl)methyl-(R)-2-amino-3-phenyl-propanol (R)-
(109a) (12.85 mg, 0.05 mmol) was weighed in a dried screw-cap test tube and
dissolved with anhydrous toluene (1.5 mL). Ti(O'Pr)s (14.95 pl; 0.05 mmol) was
added to the reaction and left for 10 minutes at ambient temperature to give a clear
yellow solution. 2-Propanol (38.25 uL, 0.5 mmol) was added and left for another 10
minutes. The N-benzylidene diphenylmethylamine (135.5 mg, 0.5 mmol) was then
added and cooled to 0 °C in ice-salt bath for 15 minutes. Finally, TMSCN (125 nL,
1.0 mmol) was quickly added in one portion using syringe. After 8 hours, percent
conversion and enantioselectivity was analyzed by *H NMR spectroscopy. Upon the
completion, toluene was removed in vacuo and the crude product was purified by

passing through a plug of neutral alumina eluting with ethyl acetate-hexanes plus
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0.1% triethylamine to yield the corresponding a-aminonitriles and analyzed again for
enantioselectivity by *H NMR spectroscopy. All data were recorded and plotted the

graph showing the relation between % ee of product and % ee of chiral ligand.

Table 2.1 % Ee, ratio and weight of ligand S:R for the study of nonlinear effect

% Ee Ratio of ligand S:R  Weight of ligand S:R (mg)
0 1 | 6.43:6.43
10 1.22:1 7.06:5.79
25 1.67:1 8.04:4.81
50 3:1 9.64:3.21
75 7:1 11.25:1.60
100 1:0 12.85:0

2.16 Study of % catalyst loading

N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-3-phenyl-propanol  (1.29, 2.57,
3.21, 6.43 or 12.85 mg; 1.0, 2.0, 2.5, 5.0 or 10 mol% respectively) was weighed in a
dried screw-cap test tube and dissolved with anhydrous toluene (1.5 mL). Ti(O'Pr),
(14.95 pL, 0.05 mmol) was added to the reaction and shook for 10 minutes at ambient
temperature to give a clear yellow solution. 2-Propanol (38.25 uL, 0.5 mmol) was
added and left for another 10 minutes. The N-benzylidene diphenylmethylamine
(135.5 mg, 0.5 mmol) was then added and cooled to 0 °C in ice-salt bath for 15
minutes. Finally, TMSCN (125 pl-; 1.0 mmol) was quickly added in one portion using
syringe. After 8 hours, toluene was removed in vacuo and the crude product was
purified by passing through-a plug of neutral alumina eluting with ethyl acetate-
hexanes plus 0.1% triethylamine to yield the corresponding a-aminonitriles and

analyzed for enantioselectivity by *H-NMR spectroscopy.
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2.17 Measurement of kinetic racemization of a-aminonitriles

2.17.1 Conditions for racemization

(S)-Diphenylmethylamino-phenylacetonitrile 70% ee (20 mg) was dissolved in

2 mL volumetric flask with the several solvents as follows:

1. MeOH 4. MeOH + 10 uL NEt; 7. THF+ 10 puL NEts
2. MeOH + 10 uL CH;COOH 5. THF 8. CH;COOH
3. MeOH +10 pL conc.HCI 6. THF + 10 uL TFA 9. 1,1,1-trifluoroethanol

The optical rotations were measured every 30 minutes at the ambient
temperature (28 °C) with Jasco P-1010 Polarimeter with a period of 3 hours. The

optical rotation values were recorded and plotted against time.

2.17.2 Electronic effect on substrate structure

(S)-Diphenylmethylamino-phenylacetonitrile  70% ee, (S)-diphenylmethyl
amino-4-chlorophenylacetonitrile ~ 90% ee or  (S)-diphenylmethylamino-4-
methoxyphenyl acetonitrile 80% ee (20 mg) was dissolved in 2 mL volumetric flask
with MeOH or MeOH + 10 pL conc.HCI. The optical rotations were measured every
30 minutes at the ambient temperature (28 °C) with Jasco P-1010 Polarimeter with a

period of 3 hours. The optical rotation values were recorded and plotted against time.



CHAPTER 111
RESULTS AND DISSCUSSION

3.1 Design of the ligand

Asymmetry is one of the most important aspects of nature. Chiral molecules
play essential roles in physiological process. In the last few decades, brilliant
achievements have been made to synthesize optically pure or enantiomer-enriched
products by employing specific ligand-metal complexes, as a remarkable consequence
of the coordination chemistry of transition metals,[181] to catalyze or promote some
asymmetric reactions. Titanium compounds, in the presence of chiral ligands, has

been extensively applied to asymmetric synthesis as chiral Lewis acid.[182-183]

R2
- 3
ISk QQN
T H  on
H
(109) (117)

The chiral ligands we are interested would be small molecules possessing as
few stereogenic centers as possible. Good reactivity and enantioselectivity should be
obtained when those ligands complexed with metal-ion to form the effective catalysts.
The tridentate N-salicyl-B-aminoalcohol (109) and.its parent Schiff base (117) should
form chelating complexes' with-metal ions such as titanium or aluminium. These
complexes should behave as Lewis acids whilst providing a rigid asymmetric
environment and, therefore, be potentially useful for catalyzing various types of
asymmetric reactions. In decades, these ligands, (109) and (117), have become
interesting and there also have been several reports about the use of this type of
catalyst in, for instance, the Michael addition, [169] cyanohydrin formation, [98] and

Strecker reaction.[167] However, the chiral N-salicyl-B-aminoalcohol (109)
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complexes, which are small molecule catalysts possessing only one stereogenic
center, still appear to be a promising ligands for catalytic asymmetric reaction that has

not yet been studied and utilized extensively enough.

3.2 Synthesis of novel chiral ligands

Although many disconnections are possible, the disconnection at the benzylic
C-N bond appears to be the most convenient since B-aminoalcohols are readily
available (e.g. by reduction of a-amino acids). On the other hand, disconnection
between the chiral C-N bond are not ideal because the bond formation must be
stereocontrolled and the substrates are not quite as readily available. In this work, we

shall focus only disconnation via route a (Scheme 3.1).

2
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% OH
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H OH H OH
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Rl@O ' HZNJ\r ducti
reduction
ZoH Qi
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H R? R3
R3 H,, Pd/IC L AN N)\r
RIS 70 N Rilh no [
NP " by hydrogenation Z > 0H H
(109)
OH R2 1. Three-component Mannich
(0] 3 type reaction
Wl R HzN)\rR
R~ +
l H H OH 2.H

Scheme 3.1 Retrosynthesis of the tridentate N-salicyl-B-aminoalcohols (109)

by disconnection
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Regarding to benzylic C-N disconnection, reactive alkylation of B-
aminoalcohols via Schiff base (114) is usually the method of choice and indeed is the
only method available in the literature.[170] The reducing agents used include
LiAlH,, BH3, ZnBH,4, NaBH, and dibutylchlorotin hydride-HMPA. It is also possible
to start from a Schiff base of amino acids or ester and use strong reducing agent such
as LiAlH, to effect both reduction of the Schiff base and the ester simultaneously. We
began the synthesis of the ligand in this way using the readily available NaBH, as a
reducing agent (Method A, title 3.2.1). Later we have developed a related reductive
alkylation using catalytic hydrogenation (Method B, title 3.2.2). Ultimately, we have
developed a novel three component Mannich type reaction between phenol,
formaldehyde and pB-aminoalcohols routing to the ligand (109) (Method C, title 3.2.3).

Details of each method will be disclosed in details as follows:
3.2.1 Synthesis of novel chiral ligands by NaBH, reduction (Method A)

Table 3.1 Structure and yield of the ligands synthesized by NaBH, reduction

2

O R2 o3
NaBH
L H R® "EtOH RIS N ﬁa : )B\ar
R——— + H2N Ba |
N OH Mo EtOH

OH
(109)
_ ' R! R’ R*  Yield
Entry Ligand Amino alcohols
(B) () (%)
1 (S)-109a  (S)-phenylalaninol H PhCH, H 74
2 (R)-109a  (R)-phenylalaninol H PhCH, H 72
3 (S)-109b . (S)-alaninol H Me H 51
4 (S)-109¢ ~ (S)-valinol H 'Pr H 75
5 (S)-109d  (S)-tert-leucinol H ‘Bu H 74
6 (S)-109e  (S)-phenylglycinol H Ph H 73
7 (S)-109f  (S)-leucinol H 'Bu H 50
8 (S)-109g  (S)-cyclohexyl-alaninol H  °“HexCH, H 71
9 (5)-109h  (S,S)-isoleucinol H *Bu H 74
10 (R)-109i  (R)-1-aminopropan-2-ol H H CHs 49
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A series of N-salicyl-B-aminoalcohol ligand (109) were synthesized by
reduction of the salicylimines prepared in situ from the corresponding p-aminoalcohol
and salicylaldehyde.[167,170] By this method, imines derived from B-aminoalcohols
and salicyaldehyde derivatives which are commercially available and inexpensive
were initially formed in alcoholic solvent as ethanol. It was supposed that the
alcoholic solvent provides a driving force for the forward reaction by protonation of
imine initially formed and also increase solubility of NaBH,.[184] Then the imine
C=N bond was reduced to C-N bond by NaBH, via a nucleophilic addition. After
work up and purification by column chromatography, the ligands 109a-i were
obtained in poor to moderate yields (50-75% in Table 3.1). Some ligands (109a,
109b, 109e, 109g and 109h) are stable white crystalline solids which can be kept for
years at room temperature (30 °C) without detectable degradation. The important
disadvantages of this method is the requirement for an extraction step in which the
yield is lost to a considerable extent. Another disadvantage is the limited variety of
aldehydes. Because ring-substituted salicylaldehyde derivatives are not always
commercially available, variation at the salicyl moiety is quite limited.
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3.2.2 Synthesis of novel chiral ligands by catalytic hydrogenation
(Method B)

Table 3.2 Structure and yield of the ligands synthesized by catalytic hydrogenation

RS MeOH \NJ\rR3 H,, Pd/C )B\rRS
H + H2N Ba “
MeOH

(109)
_ . R! R? R*  Yield
Entry  Ligand Amino alcohols

(B) (0 (%)

1 (S)-109a (S)-phenylalaninol H PhCH, H 83

2 (R)-109a (R)-phenylalaninol H PhCH. H 81

3 (S)-109¢c (S)-valinol H 'Pr H 75

4 (S)-109d (S)-tert-leucinol H Bu H 78

6 (S)-109e (S)-phenylglycinol H Ph H 74

The same series of N-salicyl-B-aminoalcohol ligand (109) were also
synthesized by hydrogenation of the salicylimines over palladium catalyst.[171-172]
By this method, hydrogen atoms were concomitantly added to C=N bond of imine.
The reaction occurred at the surface of paladium. The ligands (109a, 109c-e) were
obtained in good yields (74-83% in Table 3.2). This method gave better yields when
compared to reductive amination because the work up procedure involved only simple
filtration of the Pd/C instead of extraction. However, since the products (109) still
contain a benzylic C-N bond, over-reduction was- still a problem which may occur
when the reaction was left for too long especially for (S)-109c and (S)-109d. The
induction period of the reaction was also inconveniently slow. Hence while the early
rate of hydrogenation was slow, after 3 hours the rate became rapid and it proved
difficult to stop the reaction at exactly the right time (i.e. complete reduction of the
C=N without cleavage of the benzylic C-N bond). The method also relies on the
availability of the substituted salicylaldehyde hence the same problem as the previous
NaBH, reduction method was found.
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3.2.3 Synthesis of chiral-N-salicyl-B-aminoalcohol by three-component
Mannich type reaction followed by hydrolysis of oxazolidine
derivatives (Method C)

Ultimately, we have found a new route to eliminate the major problems for
synthesis of chiral N-salicyl-B-aminoalcohol ligands: namely the limited variety of
salicylaldehydes, the requirement for extractive work-up and the over-reduction
problems. This method is divided into 2 steps. The first step is a three-component
Mannich type reaction which is a condensation reaction between three substrates: a
phenol, a B-aminoalcohol and paraformaldehyde using a Lewis acid as catalyst.[185-
187] Instead of the expected B-aminoalcohol product, an oxazolidine derivative was
first obtained as an isolable intermediate. The structure of which was characterized by
NMR spectroscopy. An additional step of ring opening of the oxazolidine under
acidic conditions was necessary to give the desired chiral N-salicyl-p-aminoalcohol

ligands as the final product (Scheme 3.2).

oH . OH R? ,
3 paraformaldehyde X NN H* S N R
| X + HZNJ\rR | b \uo | H
Rl// OH catalyst, solvent Rl/ R2" :'RS Rl// oH M

Scheme 3.2 General synthetic scheme for three-component
Mannich type reaction

3.2.3.1 _The optimization of three-component Mannich type reaction

The condition for the three-component Mannich type reaction was optimized
by reacting 4-phenylphenal or phenol as a representative phenol, (S)-valinol as a
representative p-aminoalcohol and paraformaldehyde in the presence of 1.0 equiv of

Lewis acid catalysts in various solvents at 80 °C. The results were shown in Table 3.3.
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Table 3.3 Optimized condition for three-component Mannich type reaction

OH

OH
paraformaldehyde, 80°C N/\O
* HoN . . L
OH 1.0 equiv Lewis acid, solvent \\
R R
(111)

Entry R Lewis acid Solvent % Yield
1 CeHs - EtOH 46
2 CsHs - CH;CN 31
3 CsHs LiCl EtOH 86
4 CsHs LiCl CH5CN 45
5} CsHs LiBr EtOH 72
6 CsHs LiOTf EtOH 81
7 CsHs LiCIO, EtOH 83
8 CsHs MgCl, EtOH 58
9 CeHs ZnCly EtOH 47
10 C6H5 CUC|2 EtOH 38
11 H = EtOH 42
12 H - CHsCN 28
13 H LiCl EtOH 86
14 H LiCl CH;CN 48

The results showed that the optimum Lewis acid was LiCl. In addition, the
effect of counter ion was investigated. The results showed only slight difference in
yield with all lithium salts tested ‘although the nature of these anions was quite
different (Table 3.3, entries 3, 5,.6 and. 7). Furthermore, bivalent metals Lewis acids
like MgCl,, ZnCl, and CuCl, were also tested and the same oxazolidine product was
obtained in poor to moderate yields (Table 3.3, entries 8-10). Importantly, a very high
ortho-selectivity was observed since only ortho-product was obtained even when
unsubstituted phenol with the free para-position was used as substrate (Table 3.3,
entries 11-14). The reaction performed in EtOH afforded higher yield than CH3CN in
all cases regardless of the Lewis acid used.
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3.2.3.2 Structure of the oxazolidine intermediate

The Mannich reaction was repeated with other substrates under the optimal
condition obtained above. Generally, most of the oxazolidine derivatives cannot be
separated from the unreacted phenols due to their similar polarity. Fortunately, the
oxazolidine derived from 2,4-di-tert-butylphenol and (S)-tert-leucinol can be obtained
pure by flash column chromatography as a stable white solid. Based on *H NMR data,
the two structures (111d) and (118) are possibities.

(111d) (118)

arrow = correlation

The oxazolidine structure (111d) was suggested by the presence of a sharp
singlet signal of H-bonded phenolic OH group on phenol at 10.00 ppm in its *H NMR
spectrum. *H-'H-HSQC spectrum showed correlations between NCHC(CHs); signal
at 2.78 ppm and NCHC(CHgs)3 signal 73.4 ppm. ArCH3N signals at 3.84 and 4.20 ppm
correlated with - ArCH,N signal at-61.6 ppm. CHCH,O signals at 3.60 and 4.13 ppm
correlated with- CHCH,O signal at 66.8 ppm. NCH,O signals at 4.04 and 4.40 ppm
correlated with NCH,O at 85.2 ppm. CHAr at 6.85 ppm correlated with CHAr at
123.4 ppm and CHAr at 7.25 ppm correlated with CHAr at 123.7 ppm (Figure 3.1). In
addition, *H-'H-COSY spectrum showed no correlation between CH,N and CH-Ar
was observed. There is also a correlation between NCHC(CHs)3 signal at 2.78 ppm
and CHCHO signals at 3.60 and 4.13 ppm (Figure 3.2). Importantly, there are three
key correlations shown by 'H-*C-HMBC. The first is the correlation between
NCHC(CHz3); (e) signal at 2.78 ppm, and NCH,O (f, f') signals at 4.04 and 4.40 ppm,
and ArCH:N (g, g') signal at 61.6 ppm. In addition, NCH.O (f, f') signals at 4.04 and
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4.40 ppm, ArCH2N (g, @) signals at 3.84 and 4.20 ppm, and NCHC(CHj3)3 (e) signal
at 2.78 ppm correlated with CHCH,O signals at 66.8 ppm. The other is the correlation
between CHCH,O (d, d’) signals at 3.60 and 4.13 ppm, NCH,O (f, f') signals at 4.04
and 4.40 ppm, NCHC(CHz3)3 (e) signal at 2.78 ppm and NCH,O (f, f') at 85.2 ppm.
Importantly, no correlation between NCH,O (f, f') signals at 4.04 and 4.40 ppm and
ArCH, (j) at 154.1 ppm was observed (Figure 3.3). Consequently, it can be inferred

that oxazoline (111d) was formed as the product in this step.
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Figure 3.1 *H-*C-HSQC spectrum of oxazolidine (111d)
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Figure 3.2 *H-'H-COSY spectrum of oxazolidine (111d)



ja/b

i d.d’

) , c
R T

159

FL (ppm)

Figure 3.3 *H-"*C-HMBC spectrum of oxazolidine (111d)

; A - A )
a/b 2
e. - _3 = - . B
; ] ]
%8:- :' +« 8" [
Y 2 4~ T .. 8 5. :o
£ ¥l
5
5~
[ 1 - S - -
h - T:a - % -
e
. 10 3
| . :
11
L MMM Ds Lo s pe e L
22¢ 2@ 185 180 148 120 168 &0 b 48 1] il



160

3.2.3.3 Hydrolytic cleavage of the oxazolidine

The next step is the ring opening of the oxazolidine derivatives or 1,3-N,O
ring to provide the desired aminoalcohol ligands. Oxazolidine cleavage requires the
presence of a Bronsted or a Lewis acid. The general protocol for cleavage of the
oxazolidine ring by acid hydrolysis using ag. HCI or PTSA in MeOH.[10] It is
indicated strong anomeric effect occurring in the O-C-N bond is a key reason for
achieving the oxazolidine ring-opening. For instance, Pavia reported the use of 0.1 N
aq. HCI to hydrolyze oxazolidine (126). The open chain derivative (127) was readily
obtained with moderate yield (Scheme 3.4).[173]

Hcl
NH
>\N/< 0.1 N HCl HO\%\Z/OH
(0] O >
O~ ~_-CO,Et
126 127

46%
Scheme 3.3 Acid hydrolysis of oxazolidine (116)

Although hydrolysis of cyclic hemiaminal under acidic condition is simple,
there is still the important drawback of this method. Cleavage of oxazolidine with acid
is a reversible reaction. Formaldehyde will be generated during hydrolysis. The
liberated formaldehyde is a driving force for the backward reaction by condensation
with free amino group. This results in an incomplete reaction (Scheme 3.5).

OH OH

N\ aqg HClI NH o
L — LA L

\\\\\ \\\\ H H

Scheme 3.4 Acid hydrolysis of oxazolidine

However, this problem was figured out by Broxterman et al. They reported an

effective route for cleavage of the imines using hydroxylamine hydrochloride.[188]
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The method has been employed to cleave the imine derived from Pb(OAc), oxidation
of the aminoalcohol.[189] We have applied this effective method to cleave the
oxazolidine rings which is a molecule containing active methylene. A large excess (10
equiv) of hydroxylamine hydrochloride, which is a source of acid in methanol, plays a
crucial role to trap formaldehyde by-product so that the reversible oxazolidine
formation is not possible. Gratifyingly, the condition works very well for oxazolidine
ring opening in our case. By this route, a series of chiral N-salicyl-B-aminoalcohol

ligands were obtained in high yields and without racemization.

F
OH - OH
| SN N/\O) protonation | S ﬁa
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e ( NH,OH
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OH &NHOH R
X N7 H" transfer i N H
OH e —
e H
|// RZ\\\\\/ Rl// OH ©
R!

Figure 3.4 Mechanism of ring opening of oxazolidines by hydroxylamine

hydrochloride

For the mechanistic pathway, the ortho-selective product was protonated and
eletron pair of nitrogen atom was shifted to active methylene to form iminium salt and
alcohol functional group. Then hydroxylamine hydrochloride nucleophilically
attacked at the carbon of generated iminium species to form an aminal intermediate.
Then an eletron pair of nitrogen on hydroxylamine moiety was moved to active
methylene carbon and amino group was consecutively released. Finally, the chiral-N-
salicyl-B-aminoalcohol was obtained as the product (Figure 3.5).
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3.2.3.4 Application in synthesis of a variety of N-salicyl-B-aminoalcohol ligands

Table 3.4 Ligands synthesized from phenol and B-aminoalcohols by three-
component Mannich type reaction followed by ring opening of oxazolidine

derivatives by hydroxylamine hydrochloride

OH R2 OH R2 3

@ . HzNJB\afRa pa'raformaldehyde, 80°C‘ /[; N\i\/o NH,OH.HCI R (:CH)B\&(;-'R

Rl// on  LiCl1.0equiv, EOH s R s MeOH F{1/ OH
(109)
_ . R R R*  Yield
Entry  Ligand Amino alcohols
B (@ (%)

1 (S)-109a  (S)-phenylalaninol H PhCH, H 88

2 (R)-109a  (R)-phenylalaninol H PhCH, H 85

3 (S)-109b  (S)-alaninol H Me H 62

4 (S)-109¢c  (S)-valinol H 'Pr H 87

5 (S)-109d  (S)-tert-leucinol H ‘Bu H 85

6 (S)-109e  (S)-phenylglycinol H Ph H 86

7 (S)-109f  (S)-leucinol H 'Bu H 85

8 (5)-109g  (S)-cyclohexyl-alaninol H ‘HexCH, H 84

9 (S)-109h - (S,S)-isoleucinol H *Bu H 86

10 (R)-109i  (R)-1-aminopropan-2-ol H H CHjs 60

The conditions were applied to synthesize a number of chiral N-salicyl--
aminoalcohol ligands previously synthesized by other methods for comparison. In all
cases the ligands were obtained in high yields (>85%) except for (S)-109b and (S)-
109i which are relatively polar than other ligands hence are difficult to purify by
column chromatography. The results suggested that the three-component Mannich
type reaction is a highly efficient route to these chiral ligands (Table 3.4).
Furthermore, various phenol derivatives bearing substituents with both electronic and
steric nature and several g-aminoalcohols were also investigated. The results showed
that various chiral N-salicyl-B-aminoalcohol ligands were obtained in high yield

(>85%, Table 3.5). Exceptions were substrates bearing strong electron-withdrawing
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groups like 4-nirophenol which could not form oxazolidine under this condition due
to the low reactivity of the phenol. However, the chiral N-salicyl-B-aminoalcohol
ligand bearing with 4-nitro substituent on salicyl moiety (109u) can be synthesized by

reduction of NaBHy,.

Table 3.5 Ligands synthesized from phenol derivatives and p-aminoalcohols by
three-component Mannich type reaction followed by ring opening of
oxazolidine derivatives by hydroxylamine hydrochloride

OH R? OH R? 3
@ - J\ng paréformald-ehyde, so°ci : EO NH,OH.HCI - @\A”J\gf
e oy  LiCllequiv,BIOH .7 g MeOH 177 on
(109)
Entry  Ligand R R’ R® 9% Yield (2 steps)
1 (S)-109j 4-CgHs 'Pr H 85
2 (S)-109k 2-CgHs 'Pr H 86
3 (S)- 1091 2,4-di'Bu 'Pr H 87
4 (S)-109m  2,4-di'Bu ‘Bu H 85
5 (S)-109n  2,4-diMe 'Pr H 83
6 (S)- 1090 4-Me 'Pr H 86
7 (S)- 109p 2-Me 'Pr H 88
8 (S)- 109q 4-Me '‘Bu H 84
9 (S)- 109r 2-Me '‘Bu H 89
10 (S)- 109s 4-'Bu 'Pr H 87
11 (S)- 109t 2-'Bu 'Pr H 84
12 (S)- 109u 4-NO, 'Pr H -
13 (S)- 109v 4-Cl 'Pr H 88
14 (S)- 109w 2-Cl 'Pr H 84
15 (S)- 109x 4-OMe 'Pr H 92
16 (S)- 109y 3-CgHs PhCH H 86
16 (S)- 109z 3-Cl PhCH; H 85
17 (S)- 109aa 3-Me PhCH, H 88
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The reactions provided the chiral ligands in high yields without any
racemization. The reaction is widely applicable because a variety of phenol is
commercially available therefore a great diversity of the salicyl moiety can be easily
made. It was emphasized that only ortho-selective products were obtained in all cases
although substrates with free para-position were employed. Especially for meta-
substituted phenols, which contain two different ortho-positions with different steric
effect, the reaction ocured only at the less sterically hindered position. Importantly,
this method is beneficial for synthesis of chiral N-salicyl-g-aminoalcohol bearing
three sterically hindered tert-butyl groups (1091) and (109m) which were not
successfully synthesized by other method.

Table 3.6 Ligands synthesized by NaBH, reduction, catalytic hydrogenation and
three-component Mannich type reaction followed by ring opening of
oxazolidine derivatives by hydroxylamine hydrochloride

R2
RS
Bk
Rl// ol OH

(109)

R? R’ R® % Yield (Method)
Entry  Ligand

B) () A B C

1 (S)-109a H PhCH, H 74 83 88
2 (R)-109a H PhCH, H 72 80 85
3 (S)-109b H Me H 51 0 62
4 (S)-109c H 'Pr H 75 75 87
5 (S)-109d H ‘Bu H 74 78 85
6 (S)-109e H Ph H 73 0 86
7 (S)-109f H 'Bu H 50 0 85
8 (S)-109g H ‘HexCH, H 72 0 84
9 (S)-109h H *Bu H 74 0 86
10  (R)-109i H H CHs; 49 0 60
11 (S)-1091  2,4-di'Bu 'Pr H 0 0 87
12 (S)-109m  2,4-di'Bu ‘Bu H 0 0 85
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It was noticed that a series of chiral N-salicyl-g-aminoalcohol ligands obtained
from three-component Mannich type reaction reaction followed by ring opening of
oxazolidine derivatives by hydroxylamine hydrochloride (Method C) was obtained
with much better yields (Table 3.6) when compared to NaBH, reduction (Method A)
and catalytic hydrogenation (Method B).

3.2.3.5 Mechanistic aspects

Table 3.7 The role of hydroxyl group of phenol

~

~o 0
paraformaldehyde N/\O
* HaN S L
OH catalyst, solvent, 80°C \\
(119)
Entry Catalyst Solvent % Yield
1 - EtOH -
2 = CH5CN -
3 LiCl EtOH -
4 LiCl CH3CN -

The active role of the hydroxyl group of the phenol was next investigated by
using anisole as substrate under various conditions (Table 3.7). Although the reaction
is carried out in alcoholic solvent which can act as-a proton source, no reactions were
observed in both with and without catalyst. It can be inferred that hydroxyl group of
phenol played a crucial rolein mediating the reaction and perhaps to induce the high

ortho-selectivity.

In addition, phenol like substrate such as 2,2’-dihydroxybiphenyl (120), (S)-
BINOL (121), a-naphthol (122) and p-naphthol (123) were investigated. Reactions of
biphenol and (S)-BINOL gave a tailing spot on TLC which is difficult to separate and
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purify by flash column chromatography. The product gave complex ‘H-NMR
spectrum which cannot be characterized the product structures. In case of naphthols, a
highly colored product obtained gave complex 'H-NMR spectrum whereas no
reactions with B-naphthol was observed. It can be implied that a-naphthol is too
reactive and B-naphthol is not reactive enough. Furthermore, secondary aminoalcohol,
such as (S)-prolinol (124) and amide-like carbamic acid tert-butyl ester (125) were not

substrates for this reaction since the desired product were not formed.

0. €3, %
B NS
O OO OH OH

(120) (121) (122) (123)

<:>\\ HZNJ(J)\OJ<

H  oH

(124) (125)

The mechanism of the oxazolidine formation is proposed to consist of three
steps. Step 1, the paraformaldehyde was initially decomposed to formaldehyde (3
equiv). Step 2, the imine derived from B-aminoalcohol and paraformaldehyde
generated from step 1 was formed. Lithium ionthen coordinated at oxygen atom of
carbonyl group. The nitrogen atom of B-aminoalcohol nucleophilically attacked at the
carbon atom of the carbonyl group followed by dehydration to give-an imine. Step 3,
there -are two possible mechanistic pathways for oxazolidine formation. Type a an
imine and phenol were coordinated with lithium ion as three-component. Then
nucleophilic carbon of phenol at ortho-position attacked at the carbon of imine to
form C-alkylated intermediate after tautomerization. Next, the C-alkylated product
was intramolecular cyclized by alcoholic OH to give oxazolidine ring. Type b, an
oxazolidine ring was first formed and condensed with formaldehyde to provide an
iminium ion. Then an iminium ion was nucleophilically attacked by the hydroxyl

group of phenol to form an O-alkylated phenol. An oxazolidine ring was then
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coordinated with lithum ion and followed by 1,3-N,O ring opening with lone pair
electron of nitrogen atom to provide an iminium ion species. Cope rearrangement
consecutively occurred and followed by tautomerization to form the ortho-selective
iminium ion. Finally, ortho-selective oxazolidine was formed via intramolecular

cyclization of alcoholic OH.

Step 1 Decomposition of paraformaldehyde

¢) 0
ﬁ\? heat 3 )J\
Ol X0 H™ "H
Step 2 Imine formation
R2
i OH R?
Li+ 2 -
{0 ; H* transfer L H,0 N)\/OH
L i TGN — 1
H™ X H 2 H™ "H
N oH £

HO

HO
H" transfer i j 2 tautomerization 4 j
3z Rl//

Rl

2

+
H™ “H, -H,0 | N ltl))\ H™ transfer | X N/\o
Iminium formation Rl// Ll\_/OH Rl// RZ\\\\\/
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Figure 3.5 Mechanism of oxazolidine formation by three-component
Mannich type reaction

3.2.4 Synthesis of selectively O- and N-methylated ligands for structure-

activity relationship study.

3.2.4.1 " N-Methylated ligands

Oxazolidine intermediate may undergo reactive ring-opening to provide the N-
methylated ligand.[173] However, we also utilized the oxazolidines derived from
several phenol derivatives and B-aminoalcohols in the regioselective ring opening of

oxazolidines for preparation of chiral N-methyl-N-salicyl-B-aminoalcohols.
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Table 3.8 N-Methylated ligands synthesized from phenol derivatives and several 3-
aminoalcohols by three-component Mannich type reaction followed by
ring opening of oxazolidine derivatives by TFA-NaBH,

OH OH R2

R araformaldehyde, 80°C X N\ NaBH,-TFA )\KRS
@ ¥ HZNJ\(RS pLiCI 1.0 equiz, E’tOH ~ l/lﬁx)ﬁzﬁL{O T‘;» @\AT OH
Rl OH R R 3 Rl OH
(115)

Entry Ligand R! R’ R® % Yield (2 steps)
1 (S)-115a ‘Bu -CgH4CH,- 61
2 (S)-115b 3-Cl 'Pr H 61
3 (S)-115¢ H CH,Ph H 62
4 (S)-115d 2,4-di 'Bu '‘Bu H 60
5 (S)-115e 4-Ph Ph H 60
6 (S)-115f 3-Me 'Pr H 57
7 (S)-115¢ 3-Ph Pr H 58

The reductive ring opening of oxazolines was observed as soon as the
reducing reagent is added in the presence of a Bronsted or Lewis acid. Most probably,
the Lewis acid acts by coordinating the oxygen atom, which in turn weakens the C-O
bond and therefore increases the rate of reduction. Boron and aluminum are known to
have high affinity for oxygen.[173] Ring opening occurred on the treatment with
NaBH, previously reacted with TFA. One can postulate that in the condition, Lewis
acid species such as BH; was formed in situ and generated on reaction of metal
hydrides with TFA. Anomeric effect seemed to be a stereoelectronic preference for
ring opening of oxazolidines-in the indicated direction (Scheme 3.5). However, the
reaction gave chiral N-methyl-N-salicyl-B-aminoalcohols in only fair yields (Table
3.8). Nevertheless, it provides a very concise access to N-methylated ligands, which

might be useful for other reactions.
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LA = Lewis acid

Scheme 3.5 Mechanism of ring opening of oxazolidine catalyzed by TFA-NaBH,4

In case of (115a), there were two spots on TLC. The more polar spot was the
major product, (115a), (52% yield) and less polar spot was the minor product (8%
yield). *H-'H-COSY of (115a) showed the correlation between ArCH,CHOH signal
at 3.19 and 3.42 ppm and NCHCHOH signal at 5.29 ppm including the correlation
between NCHCHOH signal at 4.80 ppm and NCHCHOH signal at 5.29 ppm. For the
minor product, its *H-"H-COSY showed a similar pattern of signals but different in
chemical shifts. In addition, *H-**C-HSQC spectrum of (115a) (Figure 3.7) showed
the important correlations as follows: 1) signals of ArCH,CHOH at 3.19 and 3.42
ppm, and ArCH,CHOH at 34.0 ppm, 2) signal of NCHCHOH at 4.80 ppm and
NCHCHOH at 70.0 ppm, 3) signal of NCHCHOH at 5.29 and NCHCHOH) at 77.9
ppm. Surprisingly, the similar correlations was also observed in *H-*C-HSQC
spectrum of the minor product (Figure 3.8) which'is shown as follows: 1) signals of
ArCH,CHOH at 3.03 and 3.28 ppm, and ArCH,CHOH at 34.0 ppm. 2) signal of
NCHCHOH at 4.46 ppm and NCHCHOH at 68.5 ppm. 3) signal of NCHCHOH at
4.93 and NCHCHOH) at 73.1 ppm.
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Figure 3.7 *H-"*C-HSQC spectrum of (115a)
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Figure 3.8 *H-"H-HSQC spectrum of the possible diastereomer of (115a)

From the NMR experiments, it can be ‘confirmed that (115a) is a correct

structure. The minor product was supposed to be diastereomer-of (115a).

3.2.4.2 Alcoholic O-methylated ligand

Synthesis of the ligand (109ae) was attempted so as to use it as a control to
evaluate the role of alcoholic OH group in the ligand (109). Initially, we attempted to
synthesize 1-methoxy-3-phenyl-2-propylamine (114), which is a synthetic precursor
for synthesis of ligand (109ae) by ring opening of N-Boc-aziridine (128) with NaOMe
followed by Boc-deprotection (Scheme 3.6).
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N
O
OH ~

(109ae)

The aziridine was synthesized from (S)-phenylalaninol according to a
literature procedure.[190] Several reaction conditions were examined. No reactions of
N-Boc-aziridine (128) with sodium methoxide were observed at both room
temperature and elevated temperature. Surprisingly, ring opening of aziridine with
MeOH at room temperature with Lewis acid catalyst either Cu(OTf), or LiCIO4 gave
small amount of product (32%) which was shown to be the undesired regioisomer
(130) by NMR (Figure 3.9). The exact structure of the product (129) was elucidated
by H-NMR and 'H-"C-HSQC (Figure 3.9). Two significant correlations which
allowed unambiguous determination of the structure was observed. The first one is the
correlation between CH,NH at 57.4 ppm and CH,NH at 3.05 and 3.30 ppm. Another
one is the correlation between CHO at 81.3 ppm and CHO at 3.47 ppm. It can be
concluded that (130) is the correct structure of the product obtained. Therefore, the

synthetic plan was not successful (Scheme 3.6).
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Scheme 3.6 Synthesis of precursor (114) by ring opening of N-Boc-aziridine (128)

Next, we attempted to find a new method for preparation of the chiral ligand
(109ae). It can be divided to four steps. Step 1, the nucleophilic amino group of (S)-
phenylalaninol (131) was protected with benzyl group using 2 equiv of
benzylbromide under basic condition. Theory and literature precedence showed that
this should provide N,N-dibenzylated product, but the result from *H-NMR spectrum
showed that only monobenzylated product (112) was obtained. Step 2, the hydroxyl
group of monobenzylated product (112) was deprotonated by sodium hydride to
generate an alkoxy species which underwent Sy2 reaction with methyl iodide to give
intermediate (113). Step 3, the benzyl group of the intermediate (113) was removed
by catalytic hydrogenation to provide 1-methoxy-3-phenyl-2-propylamine (114) as a
key synthetic precursor. Step 4, the (114) was condensed with salicyaldehyde
followed by reduction with NaBH, to give the desired ligand, N-(2'-
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hydroxyphenyl)methyl-(S)-2-amino-1-methoxy-3-phenyl-propane  (109ae), after
purified by flash column chromatography in 52% overall (Scheme 3.7).

BnBr, K,CO3 NaH, Mel

H,N N N
OH CH3CN, reflux H  on THF Ho ol

(131) (112) (113)

only monobenzylated product
was observed

H,, Pd/C 1. Salicylaldehyde, EtOH
H2N M N
MeOH 0 2. NaBH, then H*/H,0 H 5
/ OH ~
(114 (109ae)

Scheme 3.7 Synthesis of N-(2'-hydroxyphenyl)methyl-
(S)-2-amino-1-methoxy-3-phenyl-propane (109ae)

3.2.4.3 Phenolic O-methylated ligand

H
OH
@)

(109ab)

N-(2'-Hydroxyphenyl)methyl-(S)-2-amino-1-methoxy-3-phenyl-propane
(109ab) was attempted to synthesize by condensation of 2-methoxybenzaldehyde
followed by NaBH, reduction to evaluate the role of phenolic OH group in the ligand.
The phenolic O-methylated ligand (109ab) was obtained in 82%.
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3.3 Asymmetric Strecker reactions

3.3.1 Synthesis of imines

Imines or Schiff bases are generally prepared from the reaction of aldehydes
or ketones and amines. Imines formation is acid-catalyzed reaction. The acid
protonates at oxygen atom of carbonyl group followed by attacking of amine and
dehydration to give imine as product (Scheme 3.8). Drying agents, for instance,
anhydrous sodium sulfate, anhydrous magnesium sulfate or molecular sieve are
generally added as water scavenger to ensure the forward equilibrium. All imine
employed in this study could be easily prepared by mixing an equivalent amount of
the amine and aldehydes or ketones in the presence of anhydrous sodium sulfate in
dichloromethane at room temperature avernight. Filtration followed by evaporation of
the solvent gave the imines characterized by sharp singlet signals of CH=N around
8.50 ppm in their *H-NMR spectra. The imines, being easily hydrolyzed, are not
stable enough to withstand silica gel column chromatography. Fortunately, imines
prepared from 1,1-diphenylmethylamine are crystalline solids. They can be easily

purified by recrystallization from hexane.

Scheme 3.8 Formation of imines

Imines can exist in two geometric isomers, hamely E- and Z- isomer (Figure
3.10). Regarding the preferred isomer, the Z- form is especially less favorable than the
E- form due to the steric repulsion between both R and R’ locating on the same side of
C=N bond. On the other hand, the E- form possesses both R and R’ opposite to each

other, therefore it should be the more stable isomer.
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E- form Z- form

Figure 3.10 Two possible geometric isomers of imines
3.3.2 Effects of reaction parameters

Initially, the reaction between (72a) and trimethylsilyl cyanide (TMSCN) was
carried out in the presence of 10 mol% of the ligand (S)-109a and 10 mol% of
Ti(O'Pr)s in toluene at -5 to 0 °C as described by Mansawat et al. [167] was
attempted. However, the maximum ee of only 86% was obtained. Gratifyingly, upon
changing the substrate to N-benzylidenebenzhydrylimine (72a) using the optimal
condition above, over 90% ee was observed. The imine (72a) was therefore chosen

for further studies.

©\/\N (S)-109a
H
O OH OH 10 mol%

2.0 equiv TMSCN, Ti('OPr), 10 mol%

N
©)|\H O toluene, 0°C, 8 h

72a 73a

>99% conversion, 96% ee

Scheme 3.9 Enantioselective Strecker reaction of N-benzylidenebenzhydrylamine

catalyzed by chiral N-salicyl-p-aminoalcohol (109a)

Next, the determination of enantiomeric purity by *H-NMR was investigated.
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3.3.2.1 Development of an NMR method for determination of

enantiomeric purity

Ph
P
R? R2 HN™ “Ph HN™ "Ph
NI HN cN
* CN *
Rl)\H Rl)*\CN
(72 or 79) (73 or 80) (80a) (73a)

Optical purity could be expressed in the term of %ee which is defined as (%R-
%S)/(%R+%S). Ee values approaching 100% are desirable. In the worst cases, when
no enantioselectivity is observed, the ee value would be zero. To calculate the ee, one
needs to know the ratio of the R and S enantiomers in the mixture. This can be done
by chromatographic or spectroscopic methods. Although chiral HPLC is usually
employed as the method of choice for analysis of optical purity of Strecker adducts
(73 or 80), unfortunately a-aminonitrile cannot be distinguished with both a Daicel
Chiralcel OD® and a Chiralpack AD®. We, therefore, envisioned that 'H NMR
spectroscopy should be a potential alternative technigue since it should require only a
short analysis time, consume less solvent, require no expensive accessories such as
chiral columns, and most importantly, the sample can be analyzed without any pre-
treatment apart from removal of the reaction solvents. However, enantiomers cannot
be distinguished in an achiral environment by their NMR spectra alone.
Consequently, determination of enantiomeric purity using NMR requires a chiral
additive to convert an enantiomeric mixture into a diastereomeric mixture, either
transiently as.a complex. (by. the use of chiral solvating agent) or permanently as a
covalent compound (by the use of chiral derivatizing agent).

After several attempts it was found that (S)-camphorsulfonic acid (S-CSA)
was the most effective chiral solvating agents (CSAS) in resolving the signals of the
racemic N-benzyl a-aminonitrile (73a) and (80a).[179] The splitting of the C,H
signal by up to 0.14 ppm was observed on a 200 MHz NMR spectrometer upon
addition of 1-2 eq of (S)-CSA to a 0.1 M solution of (80a) in CDCl3z. The C,H and
Ph,CH peaks of N-benzhydryl substituted a-aminonitrile (73a) also split in the
presence of CSA although the resolution was of a lesser magnitude than that of the N-

benzyl analogues (up to 0.03 ppm for C,H signal and 0.05 ppm for Ph,CH signal).
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Nevertheless, a baseline resolution was obtained on a 400 MHz NMR spectrometer.
Only a single C,H peak was detected when enantiomerically pure (S)-(73a) was
treated with CSA. The "satellite™ peaks can be easily detected in enantiomerically
enriched samples containing as little as 1% of the other enantiomer (98% ee) prepared
by addition of racemic (73a) to enantiomerically pure (73a). No racemization was
observed after the CSA-treated optically pure sample was left at room temperature for
several days. As expected, the position of the enantiomeric C,H peaks reversed if the
opposite enantiomer of CSA was added. Importantly, CSA is very general in inducing
a chiral environment for many other racemic N-benzyl and N-benzhydryl substituted
o-aminonitriles (73 or 80) carrying different aromatic and aliphatic a-substituents.
Therefore, we conclude that *H NMR is indeed a very reliable method for the

determination of enantiomeric purity of a variety of Strecker adducts.

=

3 (PPM)

Figure 3.11 Partial *H-NMR spectra of aminonitrile (73a) (400 MHz, CDCls) in the
presence of (S)-CSA showing the Ph,CH (8R: 5.48; 6S: 5.42 ppm) and C,H signals
(8R: 5.26; 5S: 5.29 ppm): racemic (top); 98% ee (middle); and enantiomerically pure
(S)-(73a) (bottom). The humps marked by "x" denote satellites due to ‘H-*C

couplings (*Ji-13c ~ 140 Hz) and "*" denote the opposite isomer.
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3.3.2.2 Evaluation of the ligands for asymmetric Strecker reaction

To study the effect of ligand structure on the enantioselectivities, the reactions
of imine (72a) with TMSCN in the presence of 109-Ti(O'Pr); complexes were
repeated using the optimized condition obtained for (S)-109a that was previously
mentioned by Mansawat et al. [167] (Table 3.9).

Table 3.9 Evaluation of the ligands for asymmetric Strecker reaction

RZ
V) HJ\fRS

O Rl// SN OH (109) O
N O (109) 10 mol%, Ti(O'Pr), 10mol % HN O

@H TMSCN 2 equiv, toluene, -5-0°C * CN

(72a) (73a)

% Ee
(method of
Entry Ligand R! R? R® 7 _ the ligand

Conversion

synthesis)
A B C
1 (S)-109a H CH,Ph  H >99 98 98 98
2 (S)-109b H Me H >99 73 - 75
3 (S)-109¢c H 'Pr H >99 97 97 98
4 (S)-109d H 'Bu H >99 98 98 98
5 . (S)-109¢ H Ph H >99 89 88 89
6 (S)-109f H 'Bu H >99 84 - 85
7 (9)-109g H ‘HexCH, H >99 85 - 85
8  (S)-109h H By H >99 98 - 98
9 (S)-109i H H Me >99 0 - 0
10  (S)-109j  4-CgHs 'Pr H >99 - - 97
11 (S)-109k  2-CgHs 'pr H >99 - - Mm
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% Ee
(method of
Entry Ligand R! R? R® v _ the ligand
Conversion

synthesis)

A B C
12 (S)-1091 24-di'Bu  'Pr H 82 - - 1
13 (S)-109m 2,4-di'Bu  'Bu H 78 - - 14
14 (S)-109n 24-diMe  'Pr H >99 - - 47
15  (S)-1090  4-Me 'Pr H >99 - - 97
16 (S)-109p  2-Me 'Pr - >99 - -9
17 (S)-109q  4-Me ‘Bu H >99 - - 97
18  (S)-109r  2-Me ‘Bu H >99 - - 83
19  (S5)-109s  4-'Bu 'Pr H >99 - - 93
20 (S)-109t  2-'Bu 'Pr H >99 - - 5
21 (9)-109u  4-NO, 'Pr ¥ >99 - - 60
22 (S)-109v  4-Cl 'Pr H >99 - - 03
23 (S)-109w  2-Cl 'Pr H >99 - - 43
24 (5)-109x  4-OMe 'Pr H >99 - - o4
25  (S)-109y 3-CeHs CH.Ph  H >99 - - 82
26 (5)-109z 3-Cl CH,Ph H >99 - - 78
27  (S)-109aa  3-Me  CH,Ph H >99 - -9

A = NaBH;, reduction, B = catalytic hydrogenation, C = Three-component Mannich type reaction

Several 1:1 metal complexes of (S)-109 were prepared in situ and tested as

catalysts for enantioselective Strecker reactions. The reaction between imine (72a)

and TMSCN was performed in toluene at 0 °C inthe presence of 10 mol% of the

catalyst. Excess TMSCN (2 equiv) was essential to assure a complete reaction.

Interestingly, the presence of TMS groups was not observed in the Strecker adduct,

presumably due to the cleavage of the rather labile N-Si bond by trace of moisture

during work-up. A good correlation, at least in a qualitative sense, between the size of

the alkyl side-chain on aminoalcohol moiety and the degree of enantioselectivity was

observed. Only ligands bearing a relatively sterically hindered substituent at the -
position such as (S)-109a (R = PhCH,), (S)-109¢ (R = 'Pr), (S)-109d (R = 'Bu), and
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(S)-109 (R = **Bu) provided excellent enantioselectivities (Entries 1, 3, 4 and 8). It is
evident that the bulkiness of the substituent on the chiral N-salicyl--aminoalcohol
plays a significant role in determining the degree of selectivity because these highly
branched groups having rigid structure can certainly be steric around reaction center.
On the other hand, smaller group like methyl group, (S)-109b (R = Me), gave
somewhat lower %ee (Entry 2). In case of (S)-109e (R = Ph), phenyl group is a flat
molecule that can sometimes flip or rotate to reduce bulkiness around reaction center.
Thus, the enantioselectivity were slightly decreased. For (S)-109f and 109g (R = 'Bu
and “HexCHy), both alky! side-chains are quite far from reaction center, consequently,
steric effect may not much affect the enantioselectivities therefore resulted in lower
%ee (Entries 6-7). Moving the substituent to the a-position, (S)-109i resulted in a
racemic product (Entry 9). It can be inferred that substituent at the B-position has less

effect on the enantioselectivity of reaction.

In addition, a series of chiral N-salicyl-B-aminoalcohols bearing substituents
on the salicyl moiety were also investigated. Attempts to increase the steric bulk of
salicyl part by using Ti-complexes of (S)-109j, 1090, 109q, and 109s bearing different
bulky substituents at para-position on salicyl moiety resulted in slightly decreased
enatioselectivities (Entries 10, 15, 17 and 19). Enantioselectivities were dramatically
decreased when Ti-complexes of the ligands, (S)-109k, 109p, 109r, and 109t bearing
bulkier subtituents (R* = Me, Ph and 'Bu) at ortho-position on the salicyl part were
employed (Entries 11, 16, 18 and 20). The Ti-complexes (S)-1091, 109m, and 109n
bearing bulky groups like Me and 'Bu at both ortho- and para-positions on the salicy!
moiety not only showed the drastically dropped-ee but-also resulted in very slow
reaction rate (Entries 12, 13, and 14). It'is-evident that the bulkiness of the substituent
on the chiral N-salicyl-B-aminoalcohol has negative effect to both the degree of
enantioselectivity and reaction rate. Poor ee value was also obtained from the reaction
catalyzed by Ti-complexes of (S)-109u bearing strongly electron-withdrawing
substituent (a nitro group) (Entry 21). On the other hand, Ti-complexes of the ligands
(S)-109v, (S)-1090 and (S)-109x bearing weakly electron withdrawing, weakly
electron donating and strongly electron-donating substituents (a chloro, a methyl and
a methoxy group respectively) catalyzed asymmetric Strecker reactions with high

enantioselectivities (Entries 15, 22 and 24). However, the presence of chlorine atom
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to para-position as in (S)-109v resulted in a rather poor ee. Furthermore, Ti-
complexes of the ligands (S)-109y, (S)-109z and (S)-109aa bearing weakly electron
withdrawing and weakly electron donating substituents (a phenyl, a chloro and a
methyl group respectively) at meta-position also catalyzed the reactions with
somewhat lower enantioselectivities (Entries 25-27). Figures 3.12 and 3.13 shown
below is the examples of partial *H-NMR spectra of crude aminonitrile (73a)
catalyzed by Ti(O'Pr)4-(S)-109 with good and poor enantioselectivity respectively.

CHPh;

CoH

mH ’)MMMUJMUQ

L L I L L L B L B R R L I I I
100 95 9.0 85 80 75 70 6.5 6.0 55 5.0 45 40 35 30 25 20 15 10 05

Figure 3.12 Partial ‘H-NMR spectra of crude aminonitrile (73a) catalyzed by
Ti(O'Pr)4-(S)-109a (400 MHz, CDCls) (top); in the presence of (S)-CSA showing
98% ee (bottom)
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CHPh;

C.H

Figure 3.13 Partial *H-NMR spectra of crude aminonitrile. (73a). catalyzed by
Ti(O'Pr),-(S)-109k (400 MHz, CDCls) (top); in the presence of (S)-CSA showing
41% ee (bottom)

From the results shown above, the effective chiral N-salicyl-B-aminoalcohol
ligands should only have a sterically hindered substituent at the o-position and
without any substituents on the salicyl moiety. Incidentally, the ligand (S)-109a
derived from the commercially available and inexpensive (S)-phenylalaninol and
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salicylaldehyde, apart from providing excellent yield and ee of the Strecker product, is
a stable crystalline solid which can be kept for years at room temperature without
detectable degradation. Hence, the ligand (S)-109a was chosen as the ligand of choice
for next experiment.

3.3.2.3 Effect of substrate structure: the nature of aromatic substrates

Table 3.10 Enantioselective Strecker reaction of aromatic benzhydrylimine (72)

catalyzed by Ti(O'Pr)4-(S)-109a complexes

N
H' OH (109a)
OH

0, 1 ‘ 0,
N (109a) 10 mol%, Ti(O Pr)4 10mol % HN O
)J\H ‘ TMSCN 2 equiv, toluene, -5-0°C, 48 h R)*\CN

R
(72) (73)

Entry Substrate R % Conversion % Ee
1 72a Ph >99 98
2 72a Ph >99 (15h, rt) 97
3 72a Ph >99 -98°
4 72b 2-MeO-C¢H,4 >99 90
5 72¢ 3-MeO-C¢Hy >99 94
6 72d 4-MeO-CgHy >99 91
7 72e 2-Me-CgH4 >09 97
8 72f 4-Me-CgH,4 >09 96
9 729 3-NO»-CgH, >99 08
10 72h 4-NO2-CgHgy 53 (3 weeks) 51
11 72i 2-Cl-CgH4 >99 >08
12 72j 4-Cl-CgH, >99 95
13 72k 2-Br-CgH, >99 >08
14 721 4-Br-CgH, >99 94
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Entry Substrate R % Conversion % Ee
15 72m 3-F-C¢H4 >09 96
16 72n 1-naphthyl 98 98
17 720 2-naphthyl 97 96
18 72p 2-furyl >99 98
19 72q 2-thienyl >99 98
20 72r 2,6-diMe-CgH3 96 71
21 72s 2,4,6-triMe-CgH, >99 42
22 72t anthryl - -

 Ti(O'Pr),4-(R)-109a was the catalyst employed

The substrate generality of enantioselective Strecker reactions employing this
class of ligand was investigated. Various N-benzhydryl substituted aldimines (72a-
72t) were subjected to cyanide addition under the optimized conditions obtained thus
far using the Ti complex of the crystalline ligand (S)-109a. It was found that optically
active o-aminonitriles 73 were generally obtained in excellent yields and with high
enantioselectivities. High percent conversion and enantiomeric excess were routinely
observed (usually >99% vyield and >90% ee respectively) for various imine substrates
derived from aromatic aldehydes bearing electron donating and withdrawing groups
and benzhydrylamine (Table 3.10). The Strecker reaction of N-benzhydrylimine (72a)
in the presence of either Ti(O'Pr)s~(S)-109a or Ti(O'Pr)s-(R)-109a provided the
corresponding optically active a-aminonitriles in 98% ee with opposite absolute
stereochemistry (Entries 1 and 3). The reaction proceeded faster at room temperature
and still gave o-aminonitrile in-excellent enantioselectivity (97% ee) (Entry 2).
Substituents with various steric (entries 4,7, 11, 13, 16-17 and 20-22) and electronic
(entries 1, 5-6, 8-10, 12, and 14-15) natures appeared to be well-tolerated. Substrates
bearing strongly electron donating group (Entry 5-6) and ortho substituents such as 2-
OMe-derivative (Entry 4) gave slightly lower % ee. Surprisingly, the reaction of
substrates bearing strongly electron withdrawing group at para-position such as 4-
NOy-derivative took place with a very slow reaction rate and resulted in poor
enantioselectivity (Entry 10). Heteroaromatic imines derived from fufural and
thiophene-2-carboxaldehyde still gave the excellent conversion and with high

enantioselectivities (Entries 18-19). Attempt to increase the steric bulk of the R
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group by using substrates derived from 2,6-dimethylbenzaldehyde and 2,4,6-
trimethylbenzaldehyde resulted in a dramatically decreased % ee (Entries 20-21). In
another extreme case, no reaction was observed with an imine derived from 9-
anthracenaldehyde as a result of the sterically bulkiest group of R! part on the
substrate (Entry 22).

3.3.2.4 Effect of substrate structure: the nature of aliphatic substrates

Table 3.11 Enantioselective Strecker reaction of aliphatic benzhydrylimine (72)
catalyzed by Ti(O'Pr)-(S)-109a complexes

N
H  OH (109)
OH

(109a) 10 mol%, Ti(OiPr)4 10mol %

I O " O
TMSCN 2 equiv, toluene, -5-0°C, 48 h
/U\H g R)*\CN

R
(72) (73)
Entry Substrate R % Conversion % Ee
1 72u cyclohexyl >99 0
2 72v ‘Bu >99 23
3 72w cinnamyl >99 61

Aliphatic substrates such as those derived from cyclohexane carboxaldehyde,
pivalaldehyde and cinnamaldehyde were also investigated (Table 3.11). While the
conversion was still very good, the reactions gave much poorer ee’s at similar
conversion when compared to aromatic substrates (Entries 2-3). Only racemic o-
aminonitrile was especially obtained in case of imine derived from cyclohexane
carboxaldehyde (Entry 1). Nevertheless, a much better %ee can be obtained with

other more sterically bulky ligand.
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Table 3.12 Enantioselective Strecker reaction of aliphatic benzhydrylimine (72)
catalyzed by Ti(O'Pr)s-(S)-109 complexes

RZ
SO R

O e OHH OH (109) O

N O (109) 10 mol%, Ti(O'Pr), 10mol % HN O
©)J\H TMSCN 2 equiv, toluene, -5-o°c:> ©)*\CN

(72a) (73a)

Entry Ligand R! R’ R® R & % Ee
Conversion

1 (S-109a H CH,Ph  H ‘Bu >99 23
2 (5)-109d  H ‘Bu H ‘Bu >99 47
3 (S)-109h  H By H '‘Bu >99 51
4 (S-109a H CH2Ph H  cinnamyl >99 61
5 (S)-109d  H ‘Bu H  cinnamyl >99 88
6 (5)-109h H *Bu H  cinnamyl >99 91

Enantioselectivities of a-aminonitrile obtained from aliphatic aldimines can be
significantly improved by employing the ligands bearing bulkier substituents such as
(S)-109d and (S)-109h (Table 3.12). It can be inferred that a good correlation between
the size of alkyl side-chain at B-position and degree of enantioselectivity is on the
same trend. Ligands bearing a relatively sterically hindered substituent at p-position
provided substantially increased higher %ee (R?="Bn < 'Bu < ***Bu). Nevertheless, it

is clear that aliphatic substrates are not quite as good substrate as aromatic ones.
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3.3.2.5 Effects of protic additives

From screening results obtained, there are two points that should be
concerned. These are % conversion and % enantiomeric excess. In some cases, the
reaction rate were slow (substrates bearing strongly electron withdrawing group) and
% ee were low (substrates bearing strongly electron donating group). Indeed, in most
cases, the reaction did not proceed to completion when the reactions were scaled up
from 0.1 mmol to 0.5 or 1 mmol. The same phenomenon was observed in other
Strecker reactions [147-148, 156-157] and there was several reports on the beneficial
effect of protic additives such as 2-propanol in such cases. Previous works [147,156]
in this area have demonstrated the importance of proton sources in similar reactions. It
is the fact that alcohols react with TMSCN to afford HCN.[191] Therefore the proton
source can generate HCN from TMSCN, which is believed to be the actual cyanating
species.[156] Furthermore, since the catalyst contains free hydroxylic functions which
should be susceptible to silylation by TMSCN under the reaction conditions, a proton
source should increase the catalyst turnover by preventing silylation of, or by
regenerating, the hydroxylic function of the catalyst. To address the efficiency
problem based on our experimental observations that is aforementioned, we were
pleased to find that addition of a proton source as 2-propanol (‘PrOH) completely

restored the catalytic activity in larger scale reactions.
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Figure 3.14 The rate of cyanation of imine (72a) at 0 °C in the presence of 10 mol%
Ti(O'Pr)s~(S)-109a complex and 0, 0.2, 1.0 or 10 equiv of 2-propanol
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Figure 3.15 The rate of cyanation of imine (72a) at 0 °C in the presence of 10 mol%
Ti(O'Pr)4-(S)-109a complex and 1.0 equiv of 2-propanol and with or without
Ti(O'Pr)4 and/or (S)-109a (10 mol%)
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Kinetic analysis by *H NMR spectroscopy of the Ti-(S)-109a complex
catalyzed cyanation of imine (72a) conducted in the presence of different amounts of
2-propanol additive suggested that the reaction rate was significantly enhanced
compared to the reaction without the additive (Figure 3.14). The reaction rate was
faster when the equivalent amount of added 'PrOH is increased from 0.0 to 0.2 and
1.0 and reaches a maximum when an amount of the additive is used in equal to the
amount of substrate under these conditions. The reaction was completed within 2
hours at 0 °C. Interestingly, a large excess of 2-propanol (10 equiv) caused not only a
significantly slower reaction rate, but also provided almost racemic product. It
appears that only an appropriate equivalent amount of 'PrOH would effectively

accelerate the rate of reaction.

The reactions in the presence of 1.0 equiv 'PrOH but without the Ti-(S)-109a
catalyst or either of its components were very slow (Figure 3.15). In all cases the
conversion was < 20% after 2 h at 0 °C. This suggested that the background
hydrocyanation is almost insignificant under the experimental conditions.
Consequently, the slow addition of 'PrOH or performing the reaction at very low
temperatures employed by other investigators may not be essential to ensure good
enantioselectivities, at least for this particular substrate. This would greatly simplify
the synthetic procedure. Indeed, we have found that the additive can be added at the
beginning of the reaction without any adverse effects on the yield and the total
exclusion of all adventitious moisture was difficult which explains why the reaction
proceeded to completion without the need for the protic additive in small scale (0.2

mmol).
3.3.2.6 Attempts to improve ee values for reactive starting materials
To screen for other suitable protic additives that might provide even better ee,

the Strecker reaction of N-benzhydrylimine derived from 4-methoxy benzaldehyde
(72) was chosen as a model reaction (Table 3.13).
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Table 3.13 Enantioselective Strecker reaction of 4-methoxy-benzhydrylimine (72d)
catalyzed by Ti(O'Pr)s-(5)-109a complexes with additives

©\/\N (109a)
H
O on M 10moio O

2.0 equiv TMSCN, 1.0 equiv additive

L "
/©)\H Ti(OPr), 10 mol%, toluene, 0°C, 48 h /@Am
MeO MeO

(72d) (73d)
Entry additive % Conversion % Ee

1 - >99 91

2 H,O >99 7

3 'PrOH >99 91

4 HFIP >99 42

5 PhOH >99 88

6 2-methylphenol >99 88

7 2,6-dimethylphenol >99 92

8 2,4-di-tert-butylphenol >99 40

Reaction of this imine is very fast and usually gave high % conversion but low
% ee. H,O as additive resulted in very poor %ee (Entry 2). Addition of HFIP, phenol,
2-methylphenol or 2,4-di-tert-butylphenol showed fair to good enantioselectivities
(Entries 4-6 and 8). Gratifyingly, an-almost equally high %ee were obtained when
'PrOH and 2,6-dimethylphenol were employed (Entries 3 and 7). It can be implied
that the rate of HCN generation or proton releasing is sufficiently slow in both cases.
For 2,6-dimethylphenol, the sterically bulky group at both ortho-positions on phenol
might be a cause of slower rate of HCN generation and improvement of
enantioselectivity. However, 'PrOH is an inexpensive, non-toxic and readily vailable,

its use as additive is preferred.
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With the hope of improving the results with both strongly electron-donating
and electron-withdrawing substituted imines, we evaluate the effect of the catalyst
structure on reaction rate and enantioselectivity. Difficult substrates such as 4-OMe
benzhydrylimine (72d) and 4-NO, benzhydrylimine (72h) which react too fast and
too slow respectively were carried out in the presence of 10 mol% different catalysts
and 1 equiv of 2,6-dimethylphenol under the optimized condition obtained previously
(Table 3.14).

Table 3.14 Enantioselective Strecker reaction of 4-OMe benzhydrylimine (72d) and
4-NO, benzhydrylimine (72h) catalyzed by Ti(O'Pr)s-(S)-109 complexes
with 2,6-dimethylphenol

R
O OH OH 10mol % O

N O Ti(OiPr)4 10 mol %, 1.0 equiv 2,6-diMephenol HN O
)J\H TMSCN 2.0 equiv, toluene, -5-0°C, 48 h R)*\CN

R
(72) (73)
Entry Substrate  Ligand R R’ & % Ee
Conversion

1 72d (S)-109c  4-MeO-CegHs H >99 97
2 72d- . (S)-109p . 4-MeO-CeHs  Me >99 95
3 72d° (S)-109x © 4-MeO-CgH. - OMe >99 96
4 72d (S)-109v... 4-MeO-CgH,4 Cl >99 92
5 724 (S)-109U - 4:MeO-CeHa ~NO; >99 13
6 72h  (S)-109c  4-NO,CeHs  H 67 80°
7 72h  (5)-109p 4-NO,»CeHs Me 77 922
8 72h (S)-109x  4-NO,-C¢H; OMe 81 712
9 72h  (5)-109v  4-NO,CeHs  Cl 62 63°
10 72h  (5)-109u  4-NO,»Ce¢Hs NO, 56 562

2 The reaction time for 4-NO, substrate is 3 weeks
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The asymmetric Strecker reaction of 4-OMe benzhydrylimine (72d) catalyzed
by Ti(O'Pr)4(S)-109c complex which has no substituent on salicyl moiety provided
excellent enantioselecivity (Entry 1). Ti(O'Pr)4-(S)-109p and 109x complexes bearing
electron-donating groups at para-position on salicyl part catalyzed the similar
reactions with slightly lower enantioselectivities (Entries 2-3). A significantly,
reduced ee values were obtained in the reaction of 4-OMe benzhydrylimine (72d)
catalyzed by Ti(O'Pr)s-(5)-109v and 109u complexes bearing electron-withdrawing
groups at para-position on salicyl part (Entries 2 and 3). Only 13 %ee of a-
aminonitrile almost being a racemic poduct were acquired with employing of
Ti(O'Pr)s~(S)-109u complex bearing strongly electron-withdrawing group like nitro
(-NOy) as catalyst (Entries 3).

In the next series, substrate with very slow reaction rate as 4-NO;
benzhydrylimine (72h) was investigated. Asymmetric strecker reaction of this type of
substrate with 10 mol% Ti(O'Pr),-(S)-109¢ complex under the similar condition gave
the poor %conversion and only moderate %ee (Entry 6). The good results in term of
reaction rate and enantioselectivity were obtained (77% conversion, 92% ee) when
Ti(O'Pr)4-(S)-109p complex bearing electron-donating group as methyl (Me) at para-
position on salicyl part was employed (Entry 7). Unexpectedly, % ee was
substantially decreased in the reaction catalyzed by Ti(O'Pr)s-(S)-109x bearing
strongly electron-donating group as methoxy (OMe). Nevertheless, the reaction rate
was still increased (81% conversion and 71% ee, entries 8). The similar trend was
observed with the employing Ti(O'Pr).-(S)-109v and 109k complexes bearing
electron-withdrawing group.at para-position on the salicyl part (Entries 9-10). Both
poor % conversion and % ee were obtained especially for the reaction catalyzed by
Ti(O'Pr)s-(S)-109u. For substrate with very slow reaction as 4-NO, benzhydrylimine
(72h), it canbe noticed that Ti(O'Pr)4-(S)-109 complexes: bearing weakly electron-
donating group as methyl catalyzed the asymmetric strecker reaction with faster
reaction rates and higher enantioselectivities. Ti(O'Pr)s-(S)-109 complexes bearing
strongly electron-donating group as methoxy catalyzed also the reaction with fastest
reaction rate but showed a lower enantioselectiviy. On the other hand, Ti(O'Pr)s-(S)-
109 complexes bearing electron-withdrawing groups were not only catalyzed the

reactions with very slow reaction rate but also resulted in the poor enantioselectivities.
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The previous results from several asymmetric Strecker reactions of 4-OMe
benzhydrylimine (72d) and 4-NO, benzhydrylimine (72h) catalyzed by Ti(O'Pr).-(S)-
109c complexes in the presence of 1 equiv 2,6-dimethylphenol were compared to the

results of the similar reactions that 1 equiv 'PrOH was used instead (Table 3.15).

Table 3.15 Enantioselective Strecker reaction of 4-OMe benzhydrylimine (72d) and
4-NO, benzhydrylimine (72h) catalyzed by Ti(O'Pr)s-(S)-109 complexes
with 'PrOH or 2,6-dimethylphenol

L
H

e

Ti(OiPr)4 10 mol %, 1.0 equiv additive

(109)
OH  10mol %

TMSCN 2.0 equiv, toluene, -5-0°C, 48 h

HN O

R (72) (73)

Entry Substrate Ligand Additive R R & &
Conversion Ee

1 72d 3c 'PrOH MeO H >99 97
2 72d 3c 2,6-diMe-phenol MeO H >99 97
3 72d 3x 'PrOH MeO OMe >99 96
4 72d 3X 2,6-diMe-phenol MeO OMe >99 96
5 72d 3u 'PrOH MeO  NO; >99 13

6 72d 3u 2,6-diMe-phenol MeO - NO; >99 9
7 72h 3x 'PrOH NO;, H >99 80
8 72h 3x 2,6-diMe-phenol NO; H 67 79°

2 The reaction time for 4-NO, substrate is 3 weeks

Practically the same results were obtained in the most cases (Entries 1-6).

Except for reactions of 4-NO, benzhydrylimine (72h), complete reaction and equal ee

value were observed when 'PrOH was used, compared to the use of 2,6-
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dimethylphenol as additive (Entries 7-8). This experiment double confirmed that
'PrOH can be used instead of 2,6-dimethylphenol. Indeed, 2,6-dimethylphenol is
actually quite difficult to remove from the scaled-up reactions and also not as
environmentally friendly. Therefore, 'PrOH is finally selected to be the most

appropriate additive for asymmetric Strecker reactions.

3.3.2.8 Effect of substrate structure: the nature of N-substituents

In order to investigate the effect of the structure of various N-substituted
imines on the enantioselectivity of the reaction, the related N-substituted imines were
prepared by condensation of benzaldehyde and various amines. These imines were

then screened under the best conditions (Table 3.16).

Table 3.16 Enantioselective Strecker reaction of N-substituted imine derived from
benzaldehyde catalyzed by Ti(O'Pr)4-(S)-109a complex with 'PrOH

oH  ©H 10mol %

N Ti(O'Pr); 10 mol %, 1.0 equiv 'ProH HN R
©)J\H TMSCN 2.0 equiv, toluene, -5-0°C, 48 h ©)*\CN
Entry  Substrate R % Conversion % Ee
1 79a Bn >99 79
2 72a Ph,CH >99 98
3 110 Ph;C - -
4 125 ‘Bu >99 37

The reaction of N-benzylidenebenzylamine (79a) catalyzed by the Ti(O'Pr)s-
(S)-109a complex under the best condition showed a moderate enantioselectivity.

Attempt to increase the steric bulk of the N-substituent from benzyl group to
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diphenylmethyl group (72a) resulted in excellent enantioselectivity. Unfortunately, no
reaction was observed when N-benzylidenetritylamine (110) was employed.
Moreover, replacement of the the N-substituent with in N-benzylidene-butylamine
(125) resulted in considerably lower ee’s. the N-substituent exert a very significant
influence on the enantioselectivity of the reaction. It can be concluded that too much
bulkiness of substituents at N-position on imines inhibited the reaction and N-

benzhydryl substituents was the optimal.

3.3.2.9 Effect of substrate structure: ketimines

We also attempted to extend the scope of the reaction by employing ketimines
derived from acetophenone as substrates. The substrates were screened under the best

condition (Table 3.17).

Table 3.17 Enantioselective Strecker reaction of ketimines (81) derived from
acetophenone catalyzed by Ti(O'Pr),-(S)-109a complex with 'PrOH

OH OH 10mol %

N’R Ti(O'Pr); 10 mol %, 1.0 equiv 'PrOH HN’R
O)J\ TMSCN 2.0 equiv, toluene, -5-0°C, 48 h @CN
(81)
Entry  Substrate R % Conversion % Ee
1 8la Bn 88 0
2 81b Ph,CH >99 0

Ketimines derived from acetophenone and benzylamine (8la) or
diphenylmethylamine (82b) were evaluated using Ti(O'Pr)s-(S)-3a complex.
Complete conversion of ketimine (82b) occurred within 48 h to give the

corresponding Strecker adduct, but only 88% conversion was observed for ketimine
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(81a). Even more disappointingly, racemic products were observed in both cases. It is
therefore concluded that ketimines are not good substrate for enantioselective Strecker
reaction using this particular catalysts. It is possible that these substrates undergo a
facile reversible addition of cyanide due to a highly stabilized iminium ion compared

to those of aldimines (see 3.4.2)
3.3.2.10 Effect of ligand structure

To investigate the effect of the structure of ligands on the enantioselectivity of
the reaction, the related N-salicyl-B-aminoalcohol ligands (109a-109e) were
synthesized by aforementioned methods. These ligands were screened under the best
condition (Table 3.18).

Table 3.18 Enantioselective Strecker reaction of N-benzylidenebenzhydrylamine
(72a) catalyzed by several Ti(O'Pr)s-(S)-109 complexes with 'PrOH for

study of the effect of ligand structure

Y

O ©\/\ N (ligand) O
X Wz 10mol %
N O Ti(O'Pr)4 10 mol %, 1.0 equiv 'PrOH HN O

©)\H TMSCN 2 .0 equiv, toluene, -5-0°C, 48 ©)*\CN
(72a) " (73a)

Entry Ligand W X Y Z & &

Conversion Ee

1 109a H OH Bn OH >99 98

2 109ab H OMe Bn H 11 0

3 109ae H OH Bn OMe >09 16

4 115¢ Me OH Bn OH >99 24

5 109e H OH Ph OH >99 91

6 109ac H H Ph OH 78 3

7 109ad H OH Ph H 69 7
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First, it was aimed to investigate the ability of the ligands which were blocked
at one of the coordinating atom by methylation or by removing the oxygen atom, can
still catalyze the asymmetric Strecker reactions or not. The reactions catalyzed by
Ti(O'Pr)s-(S)-109ae and 115c, resulted from methylation of N and O atom on p-amino
alcohol moiety, resulted in complete reactions but very poor enantioselectivities
(Entries 3-4) when compared to the unmodified (S)-109a (Entry 1). Interestingly, both
very low % conversion and racemic product were obtained from the reaction
catalyzed by Ti(O'Pr)s-(S)-109ab, the phenolic OH of which was methylated (Entry
2). It can be concluded that this phenolic oxygen is crucial for catalytic activities as
well as enantioselectivity while the NH and alcoholic OH are only essential for

enantioselectivity.

The next purpose for the synthesis of ligands (109e, 109ac and 109ad) is also
to prove whether the Ti complex of ligands containing only two coordinating atoms
can still catalyze the asymmetric Strecker reactions as well or not. The standard
reaction catalyzed by Ti(O'Pr),~(S)-109¢ proceeded to completion with high
enantioselectivity (Entry 5). On the other hand, the Ti(O'Pr),-(S)-109ac and 109ad
complexes, which contained only two coordinating sites, apart from providing low
conversion, very low enantioselectivities were obtained. These experiments
emphasize that the presence of two free OH (x2) and one NH in the ligand (109) are
essential for both catalytic activity. It is most likely that the ligand bind to Ti in a

tridentate fashion.
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Table 3.19 Enantioselective Strecker reaction of N-benzylidenebenzhydrylamine
(72a) catalyzed by several Ti(O'Pr),-(S)-115 complexes

5 eerrgm O
OH 10mol %
N O Ti(O'Pr), 10 mol %, 1.0 equiv 'PrOH HNN O
©)‘\H . O)*\CN

TMSCN 2 .0 equiv, toluene, -5-0°C, 48h

(72a) (73a)
Entry Ligand R R? R® & % Ee
Conversion
1 (S)-115a ‘Bu -CgH4CH,- >99 0
2 (S)-115b 3-Cl 'Pr H >99 12
3 (S)-115¢ H CH,Ph H >09 24
4 (S)-115d  2,4-di'Bu '‘Bu H >99 0
5 (S)-115¢ ~ 4-Ph Ph H >99 11
6 (S)-115f  3-Me 'Pr H >99 14
7 (S)-1159g  3-Ph 'Pr H >99 8

All N-methylated ligands catalyzed asymmetric Strecker reaction with very
poor enantioselectivities (Table 3.19). It was clarified that presence of phenolic and

alcoholic OH and NH in the ligand plays significant role in the enantioselection.

3.4 Development of practical Strecker reactions

3.4.1 Decreasing the amount of catalyst

To ascertain that the protic additive was generally beneficial for large scale
reactions with other substrates, a few more representative reactions were performed at
1 mmol scale in the presence of 10 mol% catalyst prepared from ligand (S)-109a (25
mg of the ligand/mmol of substrate) with 1.0 equiv of 2-propanol added at the
beginning and 2.0 equiv of TMSCN in toluene at 0 °C. The results were shown in

Table 3.20. 'H NMR analysis of the crude reaction mixture revealed that most
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reactions were completed within 4 hours, and that the enantioselectivities were
comparable to the small scale reactions. Interestingly, after attempted purification by
passing through silica gel or alumina column, a significant racemization was observed
especially for products bearing electron donating substituents (e.g., 2-furyl, 2-thienyl,
2- and 4-methoxyphenyls) so that the final products were obtained only in 50-75% ee.
Fortunately, addition of a small amount of triethylamine 1% to the eluent largely

suppressed the racemization.

Table 3.20 Enantioselective Strecker reaction of aromatic benzhydrylimine (72)
catalyzed by Ti(O'Pr)s-(S)-109 complex with 'PrOH at 1 mmol scale

©?N (109a)
H
O OH OH 10 mol%

N 2.0 equiv TMSCN, Ti('OPr), 10 mol%
R)l\H O 1.0 equiv 'PrOH, toluene, 0°C, 4 h
(72) (73)
Entry Substrate R % yield % Ee

1 72a Ph 85 96
2 72a Ph 85 96°
3 72b 2-OMe-CgH4 84 83
4 72d 4-OMe-C¢H, 85 91
5 72e 2-Me-CgH, 84 >08
6 72i 2-Cl-CgH4 84 >08
7 72k 2-Br-CsH, 80 >08
8 72n 1-Naphthyl 91 >08
9 72n 1-Naphthyl 87 >98?
10 72p 2-furyl 82 91
11 72q 2-thienyl 83 98

& The reaction was catalyzed by Ti(O'Pr),-(R)-109a
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In all cases, the isolated yields of the crystalline products were > 80% and the
enantioselectivities were good to excellent (Entries 1-10). The absolute configuration
of all products derived from the ligand (S)-109a was confirmed to be S by comparison
of the optical rotations with literature values.[157] It should be noted that for R = 2-
thienyl and 2-furyl, although the sense of asymmetric induction is the same, the
absolute configuration must be designated as R according to Cahn-Ingold-Prelog
sequence rules. The stereoselectivity of the enantioselective Strecker reaction induced
by the Ti-109 catalyst is, therefore, fully controlled by the absolute configuration of
the ligand 109. It is obvious that aminonitriles with opposite configuration should be
obtained simply by switching to the enantiomeric ligand. The presence of only one
stereogenic center in the ligand moiety means that the other enantiomer would be
much more easily obtained than those with multiple stereogenic centers. Gratifyingly,
the enantioselective reaction of aromatic benzhydrylimine (72n) catalyzed by
Ti(O'Pr)4-(S)- and (R)-109a for 10 mmol scale provided o-aminonitriles with 90%
yield and >98% ee. The results showed that this enantioselective Strecker reaction
catalyzed by Ti(O'Pr),-109 was definitely successful for practically huge scale
synthesis.

Although the scaled-up asymmetric Strecker reactions were achieved with
good isolated yields of corresponding a-aminonitriles and  excellent
enantioselecivities. The catalyst loading was still fairly high (10 mol%). We believed
that % catalyst loading can be reduced. This reduction of catalyst loading will be
beneficial to practical scale synthesis and also can be indicated how efficient the
catalyst has. To develop the most practically useful process, the protocol for our
previously reported asymmetric Strecker reaction catalyzed by Ti-N-salicyl B-
aminoalcohol ~was. further -optimized. ' The -ligand - (S)-109a derived from (S)-
phenylalaninol was still the ligand of choice due to its low cost and good crystallinity
in addition to excellent ee provided for most substrates. A protic additive 2-propanol
(1 equiv) is required to ensure complete and reproducible results. At 1 mmol scale,
weighing of as little as 1 mol% of the catalyst was quite practical. The results were

summarized in Table 3.21.
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Table 3.21 Enantioselective Strecker reaction of N-benzylidenebenzhydrylamine
(72a) catalyzed by different loading of Ti(O'Pr)4-(S)-109a complex with

'PrOH at 1 mmol scale

N
©\/\H X mol%
B ot O

2.0 equiv TMSCN, 1.0 equiv 'PrOH

N :
: [ O Ti('OPr), 10 mol%, toluene, 0°C
H

(72a) (73a)
Entry X % Conversion  Time (h) % ee

1 10 >99 24 98

2 5.0 >99 24 98

3 2.5 >99 24 98

4 2.0 >99 24 90

5 1.0 72 24 70

After several attempts to reduce the catalyst loading from 10 mol% previously
employed (Entry 1), it was found that lower % catalyst loading as 5.0 and 2.5 % still
provided the excellent enantioselecitivity (Entries 2-3). A fairly good level of ee of
the a-aminonitriles could still be obtained at only 2 mol% (Entry 4) Unacceptably
poor % conversion and ee, (72% and.70%), were obtained at 1 mol% (Entry 5). The
2.5 mol% catalyst loading was preferably ‘used for scaled-up synthesis because it
seemed to exhibit more substrate tolerance. It was surprising to note that even at such
a low catalyst loading, there was no need to slowly add the protic additive to the
reaction, which greatly simplified the reaction procedure. In fact, slow addition of the
additive did not improve the ee of the product. The optimal temperature was found to
be at 0 °C. Attempts to decrease the temperature further results in very slow reaction

rate and the ee was not improved.
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Table 3.22 Enantioselective Strecker reaction of aromatic benzhydrylimine (72)
catalyzed by 2.5 mol % Ti(O'Pr)s-(S)-109a complex with 'PrOH at 1

mmol scale

O E)\/\H OH 2.5 mol%
OH

N 2.0 equiv TMSCN, 1.0 equiv 'ProH
)|\ O Ti('OPr), 10 mol%, toluene, 0°C
H

R
(72a)
Entry Substrate R % yield % Ee
1 72a Ph 95 98
2 72a Ph 95 -98°
3 72¢ 2-Me-CgH4 99 98
4 72f 4-Me-CgH4 97 >08
5 72i 2-Cl-CgHy 98 >08
6 72j 4-Cl-CgH, 94 98
7 72k 2-Br-CgH4 97 >08
8 721 4-Br-CgHy 98 96
9 72m 3-F-C¢H4 99 96
10 72n 1-Naphthyl 91 98
11 72n 1-Naphthyl 89 -98°
12 720 2-Naphthyl 96 98

% The reaction was catalyzed by Ti(O'Pr),-(R)-109a

The new optimized conditions were tested with a variety of benzaldimine
substrates containing alkyl and halogen substituents at various positions on the
aromatic ring (Table 3.22). The reactions were carried out at 1-2 mmol scales in
screw-capped test tube, which required only 6.4-12.8 mg of the ligand (2.5 mol%).
Once all the reagents were completely added, the tube was capped and left at 0 °C for

72 hours. Under these optimized conditions, the reaction proceeded smoothly to give
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the desired a-aminonitrile as the sole product. Some a-aminonitriles derivatives such
as (S) or (R)-diphenylmethylamino-1-naphthylacetonitrile (72n) even crystallized
from the toluene solution, in such cases, cold hexanes was added and the precipitated
products collected by suction filtration. When the product was not crystallized out, the
solvent was removed (CAUTION: Toxic HCN vapour can evolve, use fume hood!)
and the residue purified by flash column chromatography if necessary. Hence, the
reaction was usually complete within 8-48 hours, depending on the type of substrates.
The imines carrying electron withdrawing groups reacted more slowly than those
containing electron donating groups. Nevertheless, all substrates reacted more or less

completely (>95 % conversion) after 72 hours.

3.4.2 Racemization of optically active aminonitriles

It should be noted that optically active o-aminonitriles are very prone to
racemization - the fact that many investigators has not yet realized. We have
previously observed that the racemization is catalyzed by weak acids such as silica
(SiOy). The effect is more pronounced for aminonitriles containing an electron
donating substituent on the aromatic ring. The exact cause of the racemizaion was
investigated by utilizing the Strecker reactions of N-benzylidenebenzhydrylamine
(72a) catalyzed by Ti(O'Pr),~(S)-109a complex under the best condition. These
reactions, resulting in complete conversion and excellent enantioselectivities (98%
ee), were sampled in a NMR tube and either added with several additives or put on
under elevated temperature. After 16 hours, enantiomeric excess was determined by
treating the solution with (S)-CSA after the screening was finished. The results were

summarized in Table 3.23.
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Table 3.23 Investigation of the exact cause of the racemization

Entry Additives Condition Time (h) % Ee
1 - 30°C 16 98
2 - 40 °C 16 98
3 NEt; 30°C 16 98
4 silica gel (SiOy) 30°C 16 0
5 TFA 30°C 16 0

No racemization was observed at both room and elevated temperature in the
absence of any additive, although the reactions were left for over a day (Entries 1-2).
The results showed that the o-aminonitriles are thermally stable. Surprisingly,
racemization also did not occur under basic condition (Entries 3), eventhough a-
aminonitriles contain o-CH and NH both should be quite, acidic position, and
therefore are expected to be base-labile. Obviously, NEts is not a strong enough base
to cause such deprotonation. In contrast, racemic products were obtained under
weakly acidic conditions (Entries 4-5). Interestingly, weak acids experimentally

employed such as SiO, and TFA were found to be the actual cause for racemization.

3.4.3 Study of racemization

Preliminary results showed that o-aminonitriles are easily racemized under
weakly acidic conditions. To exactly understand the racemization in detail, the
following experiments ‘were performed. First,-we sought to confirm that the
racemization occurred under acidic condition by measurement of optical rotation.
Experimentally, optical rotation of a solution of 70% ee of (S)-diphenylmethylamino-
phenylacetonitrile (72a), which is readily available in our laboratory, under a variety
of conditions (neutral, acidic and basic) were measured every 30 minutes for a period
of 3 hours. The relationships between the observed specific rotation and time are
shown in Figure 3.16.
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Figure 3.16 Kinetics of racemization of a-aminonitrile (72a) in THF

with/without TFA 10 uL or triethylamine 10 pL

The optical rotation of (72a) in THF did not change over a three-hour period
(Blue line). Under basic condition, no racemization was also found (Black line). This
result is in line with our preliminary observation. On the other hand, the optical
rotation was slowly but progressively deteriorated as shown in Figure 3.16 as a result
of TFA (Red line). It'is evident that the racemization of a.-aminonitrile is catalyzed by
acid.

Next, several organic solvents with different acidities were examined to
determine the effect of solvent acidity on the rate of racemization. Experimentally, the
optical rotation of a solution of the a-aminonitrile (72a) (70% ee) in each solvent

were measured over the same period.
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Figure 3.17 Kinetics of racemization of a-aminonitrile (72a) in several solvents

An interesting effect of solvent to the rate of racemization was observed.

Significant racemization was observed in all protic solvent tested. Quantitatively, the

rate of racemization was in order of MeOH >> AcOH > THF. The racemization in

methanol was complete after leaving overnight as confirmed by both optical activity

measurement and *H-NMR analysis in the presence of (S)-CSA. Consequently, a

solution of the a-aminonitrile (72a) (70% ee) in methanol with several additives was

chosen as models for investigation of the possibility to suppress the racemization in

alcoholic media. The results are shown in Figure 3.18.
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Figure 3.18 Kinetics of racemization of a-aminonitrile (72a) in MeOH

with/without several additives

A solution of 70% ee of the unsubstituted a-aminonitrile (72a) in reagent
grade methanol lost its optical activity rapidly with a half-life (ty,) of around 3 hours
at 20 °C at a concentration of 0.0035 M (red line). Upon addition of 10 uL
triethylamine, the rate of racemization was slightly reduced (green line). Despite its
sensitivity towards racemization in weak acid, it IS more surprising that the
racemization of o.-aminonitrile is inhibited in the presence of acids. A slower rate of
racemization was obtained upon ‘addition: of 10 upL acetic acid (blue line).
Surprisingly, addition of concentrated HCI in methanol to a concentration of 0.1 M
completely suppressed the racemization (black line). No change in the optical rotation
was observed over a period of 12 hours while a complete racemization was observed
in MeOH alone under the same period of time. For all information obtained from
Figure 3.16-3.18, it can be concluded that the racemization of o-aminonitriles is
catalyzed by weak acids or protic solvents. The addition of strong acid can completely
suppress racemization. It is evident that o-aminonitrile is easily racemized under
weakly acidic condition, and even in protic solvents under essentially neutral

condition. This suggested that even seemingly harmless reactions such as
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hydrogenation (usually in alcohols) or recrystallization from protic solvents should be
avoided. This finding has a significant impact on choosing conditions for subsequent
hydrolysis and other reactions of the optically active a-aminonitriles to give a-amino
acids.

Furthermore, electronic nature of substrate on the racemization rate was also
studied. The optical rotation of (S)-diphenylmethylamino-phenylacetonitrile (72a)
(70% ee), or (S)-diphenylmethylamino-4-chlorophenylacetonitrile (72j) (90% ee), or
(S)-diphenylmethylamino-4-methoxy phenylacetonitrile (72d) (80% ee) in reagent
grade methanol with or without 10 uL concentrated HCI were experimented. Their

optical rotations were measured over a period of 3 hours. The data were as shown in
Figure 3.19.
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15 4 —=—4-Cl + 10 L conc.HCI
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Figure 3.19 Kinetics of racemization of several a-aminonitriles (72) in MeOH

with/without 10 pL conc.HCI

Without the addition of 10 uL conc HCI, the results showed a clear electronic

effect on the racemization. Qualitatively the racemization rate were fastest for
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electron donating substituent (4-OMe) and slowest for electron withdrawing
substituent (4-Cl). In all cases, no change in the optical activities was observed when
10 pL conc. HCI was added in methanol (Red, Dark blue and Dark green lines). It
was confirmed the racemization was suppressed by addition of a strong acid, which
implied that the usual hydrolysis conditions by strong acid should be safe for these

racemization-prone a.-aminonitriles.

Figure 3.20 Weak acid catalyzed racemization of a-aminodiphenylmethyl acetonitrile

A mechanism. of racemization which is consistent with the experimental
results are as shown in Figure 3.20. Hard-Soft theory is the key for this racemization.
Initially, nitrogen atom of nitrile group, which is a softer atom when compared to
nitrogen atom of amine group, was activated with hydrogen ion, which came from
weak acid, to form hydrogen bonding. Then electron pair of nitrogen atom of amine
donated to chiral carbon center and left the cyanide ion as leaving group. Iminium ion
was formed and the resonance led its structure be carbocation intermediate. The

stability of this carbocation should increase by the presence of electron donating
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groups on the aromatic moiety. This carbocation, being planar structure, after
nucleophilic reattacking of cyanide ion resulted in the formation of both enantiomers

and losing its optical activity. At equilibrium a racemic product is obtained.

-CN~

ﬁé no racemization

Figure 3.21 Strong acid suppressed racemization

The role of strong acid in suppressing the racemization is also explained by
Hard-Soft theory (Figure 3.21). It is proposed that hydrogen ion coming from strong
acid possibly behaved as hard hydrogen ion. Consequently, nitrogen atom of amine
group was initially protonated to form an ammonium ion which does not have
electron pair at the nitrogen atom, hence cannot participate in the carbocation
formation. The racemization is therefore not possible. By this reason, it can be
explained why the addition of HCI to the methanol solution can completely suppress

the racemization.

3.4.4 Hydrolysis and determination of % ee and absolute configuration

of a-aminoacids by chiral HPLC

There are some literature examples of successful hydrolysis of optically active
o-aminonitriles without racemization since the hydrolysis is usually-carried out under
strongly acidic conditions.[146-147,156-160] In order to illustrate the usefulness of
optically active a-aminonitriles as a versatile intermediate, the a-aminonitriles were
hydrolyzed to provide the arylglycines, which are non-proteinogenic amio acids that
are useful as agrochemical, pharmaceutical.[192] Initial attempts according to a
literature procedure using 6 N HCI at reflux temperature were unsuccessful. Most of
the a-aminonitrile starting materials did not react and was almost completely

recovered due to its low solubility in the reaction medium. Better results were
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obtained when a water-miscible co-solvents was used. Among co-solvents tested
(methanol, acetic acid, trifluoroacetic acid), it was clear that trifluoroacetic acid was
the most efficient. Complete hydrolysis of all a-aminonitriles tested was achieved in a
1:1 mixture of concentrated aqueous HCI and trifluoroacetic acid within 12 h at 80 °C
(2 mL/mmol). It should be noted that due to the sensitivity of a-aminonitrile towards
racemization in weak acid as discussed above, the acids should mix before addition of
the nitrile. If the order of addition is changed, ie, the nitrile was first dissolved in TFA
followed by addition of HCI, a significant racemization took place. We have been
demonstrating this by dissloving the nitrile in TFA and leave for 30 minutes before
addition of HCI. HPLC analysis of the crude material revealed that an extensive
racemization has occurred (From 98% to 0% ee for Ph-substrate 73a). In case of
substrates being not tolerant under strongly acidic condition as 4-OMe of

heteroaromatic substrates, the reactions provide the decomposed products.

In order to determine the optical purity of the crude arylglycines obtained,
they were converted to N-Boc-arylglycines by reacting with Boc,O under basic
condition. Then crude N-Boc-arylglycines were methylated with diazomethane to
provide N-Boc-arylglycine methyl esters (116). The % ee of which was determined by
chiral HPLC. The racemic samples were also analyzed in parallel. In all cases the
enantiomeric purity was almost completely preserved (Table 3.24). Importantly, it
should be noted that prolonged heating In strong acid solution caused partial
racemization (78% yield, from 98% to 90% ee for 1-naphthyl-substrate 73n) and too
short reaction time resulted in incomplete hydrolysis (64% vyield, 98% ee for 1-
naphthyl-substrate 73n). Consequently, prolonged heating ‘is required for complete
hydrolysis providing higher yield. On the other hand, higher % ee requires shorter

reaction time.
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Table 3.24 Enantiomeric excess determination of optically active N-Boc-arylglycine

methyl esters by chiral HPLC

1:1 conc HCI/ITFA NH3"CI" Boc,0, NaHCO3 NHBoc ~ CH,N, NHBoc
80°C, 18 h R” COH H,O/'BUOH, 5 h ROOCoH | RSCOMe
73 116
% Ee
Entry Substrate R % yield % Ee (73)

(116)

1 73a Ph 92 98 93

2 73a Ph 89 98? 93"

3 73e 2-Me-CgH4 76 98 95

4 73f 4-Me-CsH4 60 >08 93

5 73i 2-Cl-CgH4 85 >08 91

6 73] 4-Cl-CeHy 86 98 94

7 73k 2-Br-CgH4 87 >08 93

8 73l 4-Br-CeH, 81 96 ND"

9 73m 3-F-C¢H, 91 96 94

10 73n 1-Naphthyl 78 98 98

11 73n 1-Naphthyl 77 08? 08°

12 730 2-Naphthyl 74 98 90

2 The reaction was catalyzed by Ti(O'Pr),-(R)-109a

® not determined because the peaks do not resolve by chiral HPLC

Absolute configuration of N-Boc-phenylglycine methylesters (113a) was

determined by HPLC with comparison to standard sample prepared from optically

active L-phenylglycine. Absolute configuration of other o-aminonitriles (73a) was

determined by comparison the optical specific rotation to the literature values. For

these methods, It is therefore confirmed that absolute configuration of all optically

active a-aminonitriles obtained from the lignd (109a) is S configuration.
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3.5 Mechanistic aspects and transition state model

After a practical synthesis of the o-aminonitrile and its hydrolysis was
accomplished, we performed some preliminary experiments towards understanding of
the reaction mechanism. The selectivity and stereochemical outcome could be
explained based on the analogous transition state model for the corresponding
cyanosilylation of aldehyde by Oguni’s model (Figure 3.22).[98] This model assumed
that the catalytic asymmetric trimethylsilylcyanation of imines was initiated by the
coordination of coordinately unsaturated chiral Schiff base-titanium isopropoxide
complex. Trimethylsilyl cyanide would then react with the aldehyde coordinated to
the titanium from the si face of the activated aldehyde leading to the preferable
formation of R-cyanohydrin, since the re face of aldehydes would be blocked by the
tert-butyl substituent (Figure 3.22, top). On the other hand, when Ti-(S)-109c
complex was employed in the reaction, the re face would be less hindered than the si
face due to the iso-propyl group. Therefore, the cyanating reagent will attack from the
re face of aldehydes to produce the S-cyanohydrin (Figure 3.22, bottom).



218

S-product

Figure 3.22 Transition state models of trimethylsilylcyanation of aldehyde
as proposed by Oguni

In a related Zhang's model (Figure 3.23) for cyanation of the aldehydes using
a related Ti-N-salicyl, [101] the Re face of the aldehyde is much more accessible for
nucleophilic addition than Si face due to strong shielding by the phenyl group (Figure
3.23,'top). On the other hand, aldehyde could not coordinate with Ti-complex because
of large steric hindrance between the two phenyl groups. Consequently, cyanide ion
will attack the carbonyl group from a less hindered trajectory (Re face) to provide the

product possessing (S)-configuration.
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Figure 3.23 Transition state models of trimethylsilylcyanation of aldehyde

as proposed by Zhang

Among the catalyst systems systematically examined, the combination of
Ti('OPr), and chiral ligands 109a,-109c, 109d, or-109h derived from highly branched
a-alkyl side-chains as (S)-phenylalaninal, (S)-valinol, (S)-tert-leucinol, or (S)-leucinol
provided the best resulted wherein.the S-aminonitriles were obtained in excellent
yield and enantioselectivity (up to > 98% ee). For our Strecker reaction, several
important experimental results, which are the keys for depicting the transition state
model, are described. Chiral N-salicyl-B-aminoalcohol ligands bearing bulky groups,
Me or 'Bu, especially at ortho-positions on salicyl moiety not only showed the
drastically dropped ee but also resulted in very slow reaction. The most effective one
should only have highly branched groups at p-position without any substituents on
salicyl moiety. In addition, the steric bulk of the substituent imines directly affects to

enantioselectivity. Dramatically decreased % ee was observed with the reaction of
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imines derived from bulky aldehydes such as 9-anthracenaldehyde and 2,6-
dimethylbenzaldehyde. Too much bulkiness of substituents at N-position on imines
exhibited no reaction. Moreover, the reaction of ketimines resulted in no
enantioselectivity. Enantioselectivity was observed with only aromatic substrates. It’s
supposed to be m-stacking effect between the aromatic moiety on substrate and the
salicyl part on chiral ligand. Furthermore, the effective chiral N-salicyl-B-
aminoalcohol ligands for asymmetric Strecker reactions are tridentate ligands and
must not have any substituents on each heteroatom. (S)-ligands provide o-
aminonitrile products with S configuration. A transition state model, which is

consistent with all the facts described above, is therefore shown in Figure 3.24.
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0~ 0'Pr

Ph. m— |OW €€'S
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Figure 3.24 Transition state models of Strecker reaction catalyzed by

Ti-chiral N-salicyl-B-aminoalcohol 109¢c complex
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We proposed a possible asymmetric induction pathway of asymmetric strecker
reaction shown in Figure 3.24. The enantioselectivity and stereochemical outcome
could be also explained based on the similar transition state model for the related
cyanosilylation of aldehyde by Oguni’s model.[98] This model supposed that the
catalytic asymmetric Strecker reaction was initiated by the coordination of
coordinately chiral N-salicyl-p-aminoalcohol-titanium-"PrOH complex. E-imine was
established by arranging diphenylmethyl group below the catalyst structure to avoid
steric repulsion between diphenylmethyl group and 'Pr group (alkyl side-chain) on
aminoalcohol. There possibly is n-m stacking between diphenylmethyl group and
aromatic part on salicyl moiety to explain the good enantioselection otained in case of
aromatic substrates. The si face of imine is almost comparably hindered to the re face
when ligands bearing ‘Bu group at the ortho-position was employed (Figure 3.24,
top). This resulted in almost no selectivity which explained why % ee almost dropped
to zero when chiral ligands bearing bulky substituents at ortho-position on salicyl part
were employed. In contrast, when unsubstituted ligand as 109a, 109c, 109d or 109h
was employed for the reaction, the Re face is much more accessible to a cyanide the
the Si face since the latter is strongly shielded by the highly branched alkyl side-chain
of the ligand (Figure 3.24, bottom and Figure 3.25). Thus, the nucleophilic cyanide
will attacked the polarized C=N of imine at the carbon atom from a less
stereohindered direction, Re face, to give the «-amnonitrile possessing S

configuration with excellent enantioselectivity.

? TN
TI\:\\\\O
, O'Pr —T! . CN

Figure 3.25 Transition state models of Strecker reaction catalyzed by

Ti-chiral N-salicyl-B-aminoalcohol 109a or 109h complex
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However, the models were only theoretically proposed based on the
assumption that the catalytic species is monomeric. There is not much information to
support how correct it is. We also investigated the nonlinear effect (NLE) in
asymmetric Strecker reactions catalyzed by chiral Ti(O'Pr),-N-salicyl-g-aminoalcohol
complexes. The reactions of N-benzylidenebenzhydrylamine (72a) with 2 equiv
TMSCN and 10 mol% of several ratios of Ti(O'Pr)s-(S)-109a:(R)-109a complexes
were carried out in the presence of 1 equiv of 2-propanol. These reactions provided o.-
aminonitriles with complete conversion but with different enantiomeric excess. The

data were shown in Figure 3.26.
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Figure 3.26 (+)-NLE in the asymmetric Strecker reactions catalyzed by
chiral Ti(O'Pr)4-3a complexes (10 mol%)

The result suggested a positive non-linear effect [193] in this asymmetric
Strecker reaction. Asymmetric reactions with positive NLE usually involve
aggregrated catalysts. It implied that the proposed model based on monomeric
catalytic species might be an oversimplification. However, the reactions with a

positive nonlinear effect are particularly attractive. Starting from an optically impure
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catalyst in a reaction displaying a positive nonlinear effect, it is possible to obtain
reaction products with a higher enantiomeric excess than is expected from the
catalyst’s optical purity. Indeed, the nonlinear effect also suggests a higher order
molecularity of the catalytically active species. The active and inactive species might
be 1:1 ratio of titanium ion:chiral ligands and one proposed to be (126) and (127)
according to Oguni’s work.[98]. However, it was suggested that the dimeric catalyst

was infact the inactive species in such case.
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Furthermore, we attempted to investigate the catalyst structure by *H-NMR
spectroscopy. The 1:1 ratio of ligand (109a): Ti(O'Pr)s was prepared using toluene-ds
as solvent at room temperature in a NMR tube. The catalyst formation was mornitored
every 10 minutes over a period of 40 minutes. *H-NMR spectra were shown in Figure
3.27.
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oMy

Figure 3.27 Spectra of ligand (109a) (a); complex of Ti(O'Pr)4—(S)-109a promptly
formed (b); complex of Ti(O'Pr),—109a formed for 40 minutes (c)

The results showed that the complex of Ti(O'Pr), -(5)-109a was formed
rapidly when Ti(O'Pr), was mixed with chiral ligand. After a period of 40 minutes,
the same species was observed. The complex NMR spectra suggested that no single
major comlex was obtained and. it was not possible to determine the structure of the

complex in this way.
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3.6 Other reactions

Screening of chiral N-salicyl-B-aminoalcohols synthesized in this work on
other asymmetric reactions has been gratifyingly successful. Nammoonnoy et al.
[194] disclosed the first report of asymmetric hydrophosphonylation of imines
(Pudovic reactions) catalyzed by this class of ligands (Table 3.25). It was found that
the effective catalyst is a heterobimetallic complex formed from the ligand and
LiAlH,. In contrast to Strecker reaction, steric bulk of substituents on the salicyl
moiety plays beneficial role to the enantoselectivity of the reaction. The reactions of
aromatic and aliphatic aldehydes with diethylphosphite were carried in the present of
10 mol% of chiral ligand (109m) and LiAlH, in THF at 30 °C. The reaction of
aromatic aldehydes resulted in high yields and good enantioselectivities. Aliphatic

substrates showed fair to good yields and % ee.

Table 3.25 Enantioselective Pudovic reactions catalyzed by heterobimetallic Li-Al-

chiral ligands (109m) complex

H OH (109m)
OH
O @) LiAIH, 10 mol%, (109m) 10 mol% T
R)J\H + H-P(OEY), : . R)s\ IFl’i%Ett
THF, 30 “C, 2 days 0
Entry R % yield = % Ee
1 Ph 89 60
2 4-OMe-CgHy 69 72
3 n-Pr 49 63
4 'Pr 55 70
5 ‘Bu 54 70




226

In addition, Srikaenjun et al. has shown that the heterobimeallic complex
prepared from chiral N-salicyl-B-aminoalcohol (109d) and LiAlH, is also an effective
catalyst in asymmetric Michael addition reactions of dialkyl malonate to cyclic
enones (Table 3.26).[195] The reactions of cyclic enones with several dilkyl
malonates were carried in the present of 10 mol% of chiral ligand (109d) at 30 °C.

The reaction of cyclic enones with bulkier dilkyl malonates as di-tert-butyl malonate

resulted in high yields and enantioselectivities.

Table 3.26 Enantioselective Michael additions catalyzed by heterobimetallic Li-Al-
chiral ligands (109d) complex

H\/ﬁ
[ I OH
OH

(109d)
e} O
LiAIH, 10 mol%, (109d) 10 mol%
N
+ RO,C™ “CO,R S
ij THF, 30 °C COR
CO,R
Entry R % yield = % Ee
1 Et 88 67
2 'Pr 90 70

3 ‘Bu 90 88




CHAPTER IV

CONCLUSION

The investigation had been carried out to search for novel chiral ligands
complexed with metal ion to form novel optically active Lewis acid catalysts for the
asymmetric reactions. This work contains four major parts which are novel chiral
ligands syntheses, catalytic asymmetric Strecker reactions, practical synthesis of
arylglycines and mechanistic aspect. Synthetic methodology of N-salicyl-p-
aminoalcohol ligands had been developed. The best method for the synthesis of this
type of ligand is the three-component Mannich type reaction followed by ring opening
of oxazolidine derivatives with hydroxylamine hydrochloride. It was found that the
hydroxyl group of the phenol played significant role in mediating the reaction and to
induce ortho-selectivity. The reactions provided a series of chiral N-salicyl-B-

aminoalcohol ligands (109) in high yields (84-92%) without any racemization.

These synthesized ligands were complexed with Ti(O'Pr); to form the
Ti(O'Pr)4-(S)- or (R)-(109) complexes as the effective catalysts in catalytic
asymmetric Strecker reactions. This part has demonstrated that the Ti complexes of
tridentate N-salicyl-p-aminoalcohols (109), which do not have any substituents on
salicyl moiety and substituents on each heteroatom, are highly effective catalysts for
enantioselective Strecker reactions of aldimines. It has been clearly shown that the
configuration as well as the bulkiness of the B-substituent exerts a direct influence on
both the absolute stereochemical outcome and enantioselectivity of the Strecker
product. High percent conversion and enantiomeric excess of optically active a-
aminonitriles (73) were routinely observed (usually >99% yield and >90% ee
respectively) for various imine substrates derived from heteroaromatic and aromatic
aldehydes bearing electron donating and withdrawing groups and benzhydrylamine.
Attempts to increase the steric bulk of the aldehyde part resulted in a dramatically

decreased % ee. In addition, some aliphatic substrates were also investigated. The
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reactions gave much poorer ee values at similar conversion when compared to
aromatic substrates. It was found that ligands (109) bearing a relatively sterically
hindered substituent at the B-position provided a substantially increased % ee in this
case. Furthermore, we have illustrated that excellent yields accompanied by extremely
high degrees of enantioselectivity can be obtained when a substrate with a more
sterically demanding N-aromatic substituent was employed. The absolute
configuration of all products derived from the ligand (S)-(109) was confirmed to be S
by comparison of the optical rotations with literature values and also chiral HPLC.
The stereoselectivity of the enantioselective Strecker reaction induced by the Ti-(109)

catalyst is, therefore, fully controlled by the absolute configuration of the ligand.

For a practical synthesis of arylglycines, a protic additive such as 'PrOH was
found to be beneficial for large scale synthesis. It has been shown that the best
reaction conditions with equivalence of 'PrOH and 2.5 mol% catalysts loading are
extremely simple. This catalyst system offered a very practical access to optically
active a-aminonitriles (73) with excellent yields and enantioselectivities. Importantly,
the racemization of a-aminonitriles (73) is shown to be catalyzed by weak acids or
alcohols. Fortunately, the racemization can be suppressed by addition of either a base
such as triethylamine (NEtz) or strong acid such as hydrochloric acid (HCI). The
optically active a-aminonitriles (73) have been successfully converted to arylglycines
by complete hydrolysis in a 1:1 mixture of concentrated aqueous HCI and
trifluoroacetic acid within 12 h at 80 °C and with minimal racemization. In addition,
the positive non-linear effect, (+)-NLE, was observed in catalytic asymmetric Strecker
reactions catalyzed by Ti(O!Pr)4-109 complexes. We have also proposed the transition
state that the nucleophilic cyanide will attacked the polarized C=N of imine at the
carbon atom on Re face to give the a-amnonitrile possessing. S configuration with

excellent enantioselectivity.



229

The last conclusion drawn from this work has been described with other
asymmetric reactions. Successfully, chiral catalysts we synthesized proudly showed
their catalytic ability in not only asymmetric strecker reaction but also asymmetric
Pudovic reaction and asymmetric Micheal addition. Gratifyingly, the superiority of
this class of optically active ligands we synthesized can be emphasized due to their
low molecular weights and the fact that they possess only one stereogenic center, the
starting precursor of which is readily available with any desirable absolute

stereochemistry.
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Figure 1 *H NMR of N-(2'-hydroxy-3'-biphenyl)methyl-(S)-4-isopropyl-oxazolidine
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Figure 2 *C NMR of N-(2'-hydroxy-3'-biphenyl)methyl-(S)-4-isopropyl-oxazolidine
(111a)
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Figure 3 *H NMR of N-(2/-hydroxyphenyl)methyl-(S)-4-tert-butyl-oxazolidine
(111b)
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Figure 4 *C NMR of N-(2'-hydroxyphenyl)methyl-(S)-4-tert-butyl-oxazolidine
(111b)
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Figure 5 'H NMR of N-(2'-hydroxyphenyl)methyl-(S)-4-benzyl-oxazolidine (111c)
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Figure 6 *C NMR of N-(2'-hydroxyphenyl)methyl-(S)-4-benzyl-oxazolidine
(111c)
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Figure 7*H NMR of N-(3',5'-Di-tert-butyl-2/-hydroxyphenyl)methyl-(S)-4-tert-butyl-
oxazolidine (111d)
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Figure 8 1*C NMR of N-(3',5'-di-tert-butyl-2’-hydroxyphenyl)methyI-(S)-4-tert-
butyl-oxazolidine (111d)
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Figure 9 *H NMR of N-(2-hydroxyphenyl)methyI-(S)-2-amino-3-phenyl- propanol
(109a)
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Figure 10 *C NMR of N-(2'-hydroxyphenyl)methyl-(S)-2-amino-3-phenyl-propanol
(109a)
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Figure 11 *H NMR of N-(2'-hydroxyphenyl)methyl-(R)-2-amino-3-phenyl-propanol
(109a)
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Figure 12 **C NMR of N-(2'-hydroxyphenyl)methyl-(R)-2-amino-3-phenyl-propanol
(109a)
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Figure 13 'H NMR of N-(2'-hydroxyphenyl)methyl-(S)-2-amino-propanol (109b)
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Figure 14 3C NMR of N-(2'-hydroxyphenyl)methyl-(S)-2-amino-propanol (109b)
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Figure 15 *H NMR of N-(2’-hydroxyphenyl)methyl-(S)-2-amino-3-methyl-butanol
(109c)
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Figure 16 *C NMR of N-(2'-hydroxyphenyl)methyl-(S)-2-amino-3-methyl-butanol
(109c)
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Figure 17 'H NMR of N-(2’-hydroxyphenyl)methyl-(S)-2-amino-3,3-dimethyl-
butanol (109d)
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Figure 18 **C NMR of N-(2'-hydroxyphenyl)methyl-(S)-2-amino-3,3-dimethyI-
butanol (109d)
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Figure 19 *H NMR of N-(2'-hydroxyphenyl)methyl-(S)-2-amino-2-phenyl-ethanol
(109¢)
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Figure 20 *C NMR of N-(2'-hydroxyphenyl)methyl-(S)-2-amino-2-phenyl-ethanol
(109e)
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Figure 21 '*H NMR of N-(2’-hydroxyphenyl)methyl-(S)-2-amino-4-methyl-pentanol
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Figure 22 *C NMR of N-(2'-hydroxyphenyl)methyl-(S)-2-amino-4-methyl-pentanol
(109f)
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Figure 23 'H NMR of N-(2'-hydroxyphenyl)methyl-(S)-2-amino-3-cyclohexyl-
propanol (1099)
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Figure 24 °C NMR of N-(2'-hydroxyphenyl)methyl-(S)-2-amino-3-cyclohexyl-
propanol (109g)
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Figure 25 'H NMR of N-(2-hydroxyphenyl)methyl-(S)-2-amino-(S)-3-methyl-
pentanol (109h)
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Figure 26 *C NMR of N-(2’-hydroxyphenyl)methyl-(S)-2-amino-(S)-3-methyl-
pentanol (109h)
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Figure 27 *H NMR of N-(2’-hydroxyphenyl)methyl-(R)-1-amino-propanol (109i)
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Figure 28 *C NMR of N-(2'-hydroxyphenyl)methyl-(R)-1-amino-propanol (109i)
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Figure 29 *H NMR of N-(2'-hydroxy-5'-biphenyl)methyl-(S)-2-amino-3-methyl-
butanol (109j)
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Figure 30 *C NMR of N-(2’-hydroxy-5'-biphenyl)methyl-(S)-2-amino-3-methyl-
butanol (109j))
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Figure 31 *H NMR of N-(2'-hydroxy-3'-biphenyl)methyl-(S)-2-amino-3-methyI-

butanol (109k)
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Figure 32 *C NMR of N-(2’-hydroxy-3'-biphenyl)methyl-(S)-2-amino-3-methyl-
butanol (109k)
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Figure 33 'H NMR of N-(3',5'-di-tert-butyl-2'-hydroxyphenyl)methyl-(S)-2-amino-3-
methyl-butanol (1091)
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Figure 34 *C NMR of N-(3',5'-di-tert-butyl-2’-hydroxyphenyl)methyl-(S)-2-amino-
3-methyl-butanol (109I)
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Figure 35 'H NMR of N-(3', 5'-di-tert-butyl-2’-hydroxyphenyl)methyl-(S)-2-amino-
3,3-dimethyl- butanol (109m)
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Figure 36 *C NMR of N-(3', 5'-di-tert-butyl-2'-hydroxyphenyl)methyl-(S)-2-amino-
3,3-dimethyl-butanol (109m)
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Figure 37 'H NMR of N-(3,5'-dimethyl-2’-hydroxyphenyl)methyl-(S)-2-amino-3-
methyl-butanol (109n)
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Figure 38 **C NMR of N-(3',5'-dimethyl-2’-hydroxyphenyl)methyl-(S)-2-amino-3-
methyl-butanol (109n)
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Figure 39 *H NMR of N-(2'-hydroxy-5'-methyl-phenyl)methyl-(S)-2-amino-3-
methyl-butanol (1090)
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Figure 40 **C NMR of N-(2'-hydroxy-5'-methyl-phenyl)methyl-(S)-2-amino-3-
methyl-butanol (1090)
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Figure 41 *H NMR of N-(2’-hydroxy-3'-methyl-phenyl)methyl-(S)-2-amino-3-
methyl-butanol (109p)
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Figure 42 °C NMR of N-(2’-hydroxy-3'-methyl-phenyl)methyl-(S)-2-amino-3-
methyl-butanol (109p)
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Figure 43 *H NMR of N-(2/-hydroxy-5'-methyl-phenyl)methyl-(S)-2-amino-3,3-
dimethyl-butanol (109q)
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Figure 44 3C NMR of N-(2’-hydroxy-5'-methyl-phenyl)methyl-(S)-2-amino-3,3-
dimethyl-butanol (109q)
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Figure 45 'H NMR of N-(2’-hydroxy-3’-methyl-phenyl)methyl-(S)-2-amino-3,3-
dimethyl-butanol (109r)

Nji
H  oH
OH

\ |

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Figure 46 3C NMR of N-(2’-hydroxy-3'-methyl-phenyl)methyl-(S)-2-amino-3,3-
dimethyl-butanol (109r)
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Figure 47 *H NMR of N-(5'-tert-butyl-2’-hydroxyphenyl)methyl-(S)-2-amino-3-
methyl-butanol (109s)
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Figure 48 *C NMR of N-(5'-tert-butyl-2'-hydroxyphenyl)methyl-(S)-2-amino-3-
methyl-butanol (109s)
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Figure 49 'H NMR of N-(3'-tert-butyl-2’-hydroxyphenyl)methyl-(S)-2-amino-3-
methyl-butanol (109t)
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Figure 50 *C NMR of N-(3'-tert-butyl-2'-hydroxyphenyl)methyl-(S)-2-amino-3-
methyl-butanol (109t)
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Figure 51 *H NMR of N-(2'-hydroxy-5-nitrophenyl)methyl-(S)-2-amino-3-methyI-
butanol (109u)
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Figure 52 *C NMR of N-(2’-hydroxy-5'-nitrophenyl)methyl-(S)-2-amino-3-methyI-
butanol (109u)
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Figure 53 'H NMR of N-(5/-chloro-2'-hydroxyphenyl)methyl-(S)-2-amino-3-methyl-
butanol (109v)
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Figure 54 **C NMR of N-(5'-chloro-2’-hydroxyphenyl)methyl-(S)-2-amino-3-methyl-
butanol (109v)
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Figure 55 *H NMR of N-(3'-chloro-2’-hydroxyphenyl)methyl-(S)-2-amino-3-methyl-
butanol (109w)
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Figure 56 *C NMR of N-(3'-chloro-2’-hydroxyphenyl)methyl-(S)-2-amino-3-methyl-
butanol (109w)
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Figure 57 'H NMR of N-(2'-hydroxy-5'-methoxyphenyl)methyl-(S)-2-amino-3-
methyl-butanol (109x)
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Figure 58 *C NMR of N-(2'-hydroxy-5'-methoxyphenyl)methyl-(S)-2-amino-3-
methyl-butanol (109x)
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Figure 59 *H NMR of N-(2'-hydroxy-4’-methylphenyl)methyl-(S)-2-amino-3-phenyl-
propanol (109y)
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Figure 60 *C NMR of N-(2’-hydroxy-4'-methylphenyl)methyl-(S)-2-amino-3-
phenyl-propanol (109y)
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Figure 61 'H NMR of N-(4’-chloro-2’-hydroxyphenyl)methyl-(S)-2-amino-3-phenyl-
propanol (109z)
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Figure 62 *C NMR of N-(4’-chloro-2'-hydroxyphenyl)methyl-(S)-2-amino-3-pheny!-
propanol (109z)
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Figure 63 'H NMR of N-(2'-hydroxy-4'-phenyl-phenyl)methyl-(S)-2-amino-3-
phenyl-propanol (109aa)
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Figure 64 *C NMR of N-(2’-hydroxy-4'-phenyl-phenyl)methyl-(S)-2-amino-3-
phenyl-propanol (109aa)
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Figure 65 'H NMR of N-(2’-methoxyphenyl)methyl-(S)-2-amino-3-methyl-butanol
(109ab)
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Figure 66 *C NMR of N-(2’-methoxyphenyl)methyl-(S)-2-amino-3-methyl-butanol
(109ab)
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Figure 67 'H NMR of N-benzyl-(S)-2-amino-2-phenyl-ethanol (109ac)
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Figure 68 *C NMR of N-benzyl-(S)-2-amino-2-phenyl-ethanol (109ac)
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Figure 69 'H NMR of N-(2'-hydroxyphenyl)methyl-(S)-2-amino-3,3-dimethyI-
butanol (109ad)
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Figure 70 °C NMR of N-(2’-hydroxyphenyl)methyl-(S)-2-amino-3,3-dimethyl-
butanol (109ad)
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Figure 71 'H NMR of N-(2’-hydroxyphenyl)methyl-(S)-2-amino-1-methoxy-3-
phenyl-propane (109ae)

Figure 72 *C NMR of N-(2’-hydroxyphenyl)methyl-(S)-2-amino-1-methoxy-3-
phenyl-propane (109ae)
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Figure 73 'H NMR of N-(5-tert-butyl-2'-hydroxyphenyl)methyl-N-methyl-(1R,2S)-
indan-20l (115a)
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Figure 74 3C NMR of N-(2’-Hydroxyphenyl)methyl-(S)-2-amino-1-methoxy-3-
phenyl-propane (109ae)
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Figure 75 'H NMR of diastereomer of N-(5'-tert-butyl-2’-hydroxyphenyl)methyl-N-
methyl-(1R,2S)-indan-20l (115a)
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Figure 76 3C NMR of diastereomer of N-(2'-hydroxyphenyl)methyl-(S)-2-amino-1-
methoxy-3-phenyl-propane (109ae)
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Figure 77 *H NMR of N-(4’-chloro-2’-hydroxyphenyl)methyl-N-methyl-(S)-2-amino-
3-methyl-butanol (115b)
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Figure 78 *C NMR of N-(4’-chloro-2’-hydroxyphenyl)methyl-N-methyl-(S)-2-
amino-3-methyl-butanol (115b)
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Figure 79 'H NMR of N-(2’-hydroxyphenyl)methyl-N-methyl-(S)-2-amino-3-phenyl-
propanol (115c)

Figure 80 *C NMR of N-(2’-hydroxyphenyl)methyl-N-methyl-(S)-2-amino-3-phenyl-
propanol (115c)



288

\
OH
OH
L J J iy
[ [ [ [ [ [ [ [ [ [

Figure 81 *H NMR of N N-(3',5'-di-tert-butyl-2'-hydroxyphenyl)methyl-N-
methyl-(S)-2-amino-3,3-dimethyl-butanol (115d)
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Figure 82 3C NMR of N-(3',5'-di-tert-butyl-2'-hydroxyphenyl)methyl-N-
methyl-(S)-2-amino-3,3-dimethyl-butanol (115d)
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Figure 83 'H NMR of N-(2'-hydroxy-5"-phenyphenyl)methyl-N-methyl-(S)-2-amino-
2-phenyl-ethanol (115¢e)
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Figure 84 *C NMR of N-(2'-hydroxy-5'-phenyphenyl)methyl-N-methyl-(S)-2-amino-
2-phenyl-ethanol (115e)
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Figure 85 'H NMR of N-(2/-hydroxy-5"-methylphenyl)methyl-N-methyl-(S)-2-
amino-3-methyl-butanol (115f)
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Figure 86 *C NMR of N-(2'-hydroxy-5'-methylphenyl)methyl-N-methyl-(S)-2-
amino-3-methyl-butanol (115f)
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Figure 87 *H NMR of N-(2'-hydroxy-4’-phenylphenyl)methyl-N-methyl-(S)-2-amino-
3-methyl-butanol (115g)

UL LN L LR RN LR LR e LR LN RN N L LR R LR RN AR L L AL A LI
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Figure 88 *C NMR of N-(2’-hydroxy-4'-phenylphenyl)methyl-N-methyl-(S)-2-
amino-3-methyl-butanol (1159)
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Figure 89 *H NMR of (S)-diphenylmethylamino-phenylacetonitrile (73a)
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Figure 90 **C NMR of (S)-diphenylmethylamino-phenylacetonitrile (73a)
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Figure 91 *H NMR of (R)-diphenylmethylamino-phenylacetonitrile (73a)
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Figure 92 **C NMR of (R)-diphenylmethylamino-phenylacetonitrile (73a)
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Figure 93 *H NMR of (S)-diphenylmethylamino-2-methoxyphenylacetonitrile (73b)
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Figure 94 **C NMR of (S)-diphenylmethylamino-2-methoxyphenylacetonitrile (73b)
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Figure 95 'H NMR of (S)-diphenylmethylamino-4-methoxyphenylacetonitrile (73d)
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Figure 96 *C NMR of (S)-diphenylmethylamino-4-methoxyphenylacetonitrile (73d)
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Figure 97 'H NMR of (S)-diphenylmethylamino-2-methylphenylacetonitrile (73e)
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Figure 98 *C NMR of (S)-diphenylmethylamino-2-methylphenylacetonitrile (73e)
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Figure 99 'H NMR of (S)-diphenylmethylamino-4-methylphenylacetonitrile (73f)
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Figure 100 **C NMR of (S)-diphenylmethylamino-4-methylphenylacetonitrile (73f)
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Figure 101 *H NMR of (S)-diphenylmethylamino-2-chlorophenylacetonitrile (73i)
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Figure 102 **C NMR of (S)-diphenylmethylamino-2-chlorophenylacetonitrile (73i)
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Figure 103 'H NMR of (8)-diphenylmethylamino-4-chlorophenylacetonitrile (73k)
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Figure 104 *C NMR of (S)-diphenylmethylamino-4-chlorophenylacetonitrile (73k)
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Figure 105 '*H NMR of (S)-diphenylmethylamino-2-bromophenylacetonitrile (73k)
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Figure 106 **C NMR of (S)-diphenylmethylamino-2-bromophenylacetonitrile (73k)
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Figure 107 *H NMR of (S)-diphenylmethylamino-4-bromophenylacetonitrile (73)

Figure 108 **C NMR of (S)-diphenylmethylamino-4-bromophenylacetonitrile (73)
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Figure 109 *H NMR of (S)-diphenylmethylamino-3-fluorophenylacetonitrile (73m)

Figure 110 **C NMR of (S)-diphenylmethylamino-3-fluorophenylacetonitrile (73m)
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Figure 111 *H NMR of (S)-diphenylmethylamino-1-naphthylacetonitrile (73n)
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Figure 112 **C NMR of (S)-diphenylmethylamino-1-naphthylacetonitrile (73n)
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Figure 113 *H NMR of (R)-diphenylmethylamino-1-naphthylacetonitrile (73n)
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Figure 114 **C NMR of (R)-diphenylmethylamino-1-naphthylacetonitrile (73n)
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Figure 115 *H NMR of (S)-diphenylmethylamino-2-naphthylacetonitrile (730)

200 175 150 125 100 75 50 25

Figure 116 **C NMR of (S)-diphenylmethylamino-2-naphthylacetonitrile (730)
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Figure 117 *H NMR of (R)-diphenylmethylamino-furan-2-ylacetonitrile (73p)
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Figure 118 **C NMR of (R)-diphenylmethylamino-furan-2-ylacetonitrile (73p)
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Figure 119 *H NMR of (R)-diphenylmethylamino-thiophen-2-ylacetonitrile (73q)
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Figure 120 *C NMR of (R)-diphenylmethylamino-thiophen-2-ylacetonitrile (73q)
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Figure 121 *H NMR of N-Boc-(S)-phenylglycine methyl ester (116a)
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Figure 122 *C NMR of N-Boc-(S)-phenylglycine methyl ester (116a)
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Figure 123 *H NMR of N-Boc-(R)-phenylglycine methyl ester (116a)
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Figure 124 **C NMR of N-Boc-(R)-phenylglycine methyl ester (116a)
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Figure 125 *H NMR of N-Boc-(S)-2-methylphenylglycine methyl ester (116e)
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Figure 126 **C NMR of N-Boc-(S)-2-methylphenylglycine methyl ester (116e)
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Figure 127 'H NMR of N-Boc-(S)-4-methylphenylglycine methyl ester (116f)
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Figure 128 *C NMR of N-Boc-(S)-4-methylphenylglycine methyl ester (116f)
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Figure 129 'H NMR of N-Boc-(S)-2-chlorophenylglycine methyl ester (116i)
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Figure 130 *C NMR of N-Boc-(S)-2-chlorophenylglycine methyl ester (116i)
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Figure 131 *H NMR of N-Boc-(S)-4-chlorophenylglycine methyl ester (116j)
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Figure 132 **C NMR of N-Boc-(S)-4-chlorophenylglycine methyl ester (116j)
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Figure 133 'H NMR of N-Boc-(S)-2-bromophenylglycine methyl ester (116Kk)
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Figure 134 *C NMR of N-Boc-(S)-2-bromophenylglycine methyl ester (116k)



315

Figure 135 *H NMR of N-Boc-(S)-4-bromophenylglycine methyl ester (1161)
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Figure 136 **C NMR of N-Boc-(S)-4-bromophenylglycine methyl ester (1161)
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Figure 137 'H NMR of N-Boc-(S)-3-fluorophenylglycine methyl ester (116m)

NHBoc

F

Figure 138 *C NMR of N-Boc-(S)-3-fluorophenylglycine methyl ester (116m)
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Figure 139 *H NMR of N-Boc-(S)-1-naphthylglycine methyl ester (116n)
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Figure 140 **C NMR of N-Boc-(S)-1-naphthylglycine methyl ester (116n)
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Figure 141 *H NMR of N-Boc-(R-1-naphthylglycine methyl ester (116n)
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Figure 142 **C NMR of N-Boc-(R)-1-naphthylglycine methyl ester (116n)
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Figure 143 *H NMR of N-Boc-(S)-2-naphthylglycine methyl ester (1160)
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Figure 144 *C NMR of N-Boc-(S)-2-naphthylglycine methyl ester (1160)
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