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CHAPTER |

INTRODUCTION

Many chiral organic compounds are used in pharmaceutical and agrochemical
industries. Chiral compounds have two non-superimposable mirror image forms
called enantiomers. In an achiral environment, enantiomers have identical physical
and chemical properties (melting point, boiling point, solubility, etc). But in a chiral
environment, one enantiomer may display different chemical and pharmacologic
behavior than the other enantiomer. Because living systems are themselves chiral,
one of the enantiomer of a chiral drug is often more active for given desired effect,
while the other, may either inactive or cause serious and undesirable side effects [1].
For example, both enantiomers of citalopram are used in the treatment of
depression but (S)-citalopram is 30-fold more potent than (R)-citalopram [1]. An
unfortunate example was the case of thalidomide. In the 1960s, thalidomide was
used to relieve anxiety and promote sleep in pregnant woman as a racemic mixture.
While the (R)-enantiomer was an effective form, (S)-enantiomer was teratogenic,

which caused serious defects in the embryos [2].

N
x

R)-citalopram (S)-citalopram
CQ& Cre(
R)-thalidomide (S)-thalidomide

Figure 1.1 Structures of (R)- and (S)-enantiomers of citalopram and thalidomide



In 1992, the US Food and Drug Administration (FDA) issued a guideline that for
chiral drugs only its therapeutically active isomer was brought to market and that
each enantiomer of the drug has to be studied pharmacological and toxicological
evaluation separately. However, the manufacture of purely single enantiomers can
potentially lead to simpler and more selective pharmacologic profiles, improved
therapeutic abilities. Survey of worldwide pharmaceutical data through the last
decades indicates that approximately 50% of marketed drugs are chiral, and

approximately 40% of these chiral drugs are pure single enantiomers [3].

Consequently, separations of enantiomers were required to obtain the purity
of synthesized compounds. The common techniques used for enantiomeric
separation are capillary electrophoresis (CE), high performance liquid chromatography
(HPLC) and gas chromatography (GC). Among these techniques, GC is an accurate and
reliable technique for the determination of enantiomeric purity of volatile and
thermally stable organic compounds [4]. Enantiomeric separation by GC is achieved
with two methods. The first is indirect method, which based on the formation of
diastereomers through use of chiral derivatizing agents. The diastereomers formed
can be separated on achiral stationary phases. The other way to achieve
enantioseparation is direct method, which requires chiral selector as chiral stationary

phase (CSP).

Cyclodextrins (CDs) and their derivatives are frequently used as chiral
stationary phases in GC [5] because they can form inclusion complexes with many
substances. Generally, the enantioseparation occurs through interaction between CD
and the analytes resulting in transient diastereomeric complexes between each
enantiomer and CD molecule. Nevertheless, the mechanism of chiral recognition of
enantiomers by CDs is still not understood. Because of the differing inclusion of
enantiomers is not the only mechanism by which chiral recognition can occur. In
general, analyte molecules may not interact with the CD by only one mechanism
but through a simultaneous combination of interaction, such as, m—m interactions,
dipole-dipole interactions, van der Waals and hydrophobic interactions [6]. There are
various parameters that affect enantiomeric separations using CD derivatives such as

size, shape of CD derivatives, and analyte structure [4].



Chiral amines were selected as the analytes in this study because of their
importance as chiral catalyst in asymmetric synthesis [7], chiral auxiliaries [8], chiral
resolving agents [9], chiral building blocks in pharmaceuticals and other important
bioactive molecules, such as GABAg receptor which use for Parkinson’s disease

treatment [10].

The aim of this work was to systematically investigate the influence of amine
structures with different types, positions of substitutions on aromatic ring, different
types of side chain towards the enantioseparation with three different sizes of CD
derivatives: 2,3-di-O-methyl-6-O-tert-butyldimethylsilyl-a-, B-, and y-CDs. These
studies were determined through retention factors (k'), selectivity factor (a) obtained

from chromatogram and thermodynamic parameters (AH, AS, AAH, AAS).

Hopefully, the results obtained from this study would enable us to explain
the influence of size of CD derivatives and analyte structure on the
enantioselectivity. This will aid in the selection of appropriate chiral stationary phases
for the enantioseparation of these analytes, including other compounds having

similar structures to the analytes.



CHAPTER Il

THEORY & LITERATURE REVIEWS

2.1 Chiral amines

Chiral amines play an importance role in organic synthesis because of their
importance as chiral catalyst in asymmetric synthesis [7], chiral auxiliaries [8], chiral
resolving agents [9], chiral building blocks in pharmaceuticals and other important
bioactive molecules [10]. For example, (R)-1-phenylethylamine was used to
synthesize etomidate [11] which is anaesthetic agent used for the induction of

general anaesthesia. Another example is using (5)-1-(3-methoxyphenyl)ethylamine to

synthesize rivastigmine [12] which is a drug used for treatment of Alzheimer’s

o}
C'\)k OEt OEt

NH, OEt NH/\( HCOOH NW
e _

\ 1. NaOEt /[HCOOEt

disease.

2. KSCN /HCI

COOEt COOEt
HNO, / NaNOs,
N\ NN\
Na,CO —
\QN LCO; )\N
HS

Figure 2.1 Synthesis of etomidate [11].

One of the most common methods to prepare amines is the reductive
amination of carbonyl compounds [13]. The reductive amination of aldehydes or
ketones proceeds in several consecutive steps. Firstly, condensation of the carbonyl
compound forms a carbinol-amine, which eliminates H,O to give an imine.
Subsequently, the imine intermediate was reduced to the amine. A carbonyl

compound/amine mixture can often be reduced using metal hydrides [14].


http://en.wikipedia.org/wiki/General_anaesthesia

2.2 Gas chromatographic separation of amines

Gas chromatography (GC) is usually considered as an accurate and reliable
technique for the separation of volatile and thermally stable organic compounds. Its
advantages include simple, relatively inexpensive, and high reproducibility [15]. But
amines can be difficult to detect using GC because there is significant adsorption of

the basic amines on the acidic column as well as decomposition of the analyte.

Nevertheless, it is possible to analyze them by derivatizing them before
injection. There are several advantages of derivatizing amines in that it enables them
to become volatile enough for GC analysis, improves peak shape by reducing tailing,
increases sensitivity and selectivity. The commonly used derivatization reactions for

GC analysis are acylation and silylation [16].

Acylation is one of the most popular derivatization reactions for primary and
secondary amines. Acid anhydrides such as acetic anhydride or trifluoroacetic
anhydride (TFAA) have been used as acylating reagents. These reagents easily react
with amino groups under mild reaction conditions. In the reaction of amines with
acid anhydrides and acyl chlorides, it is usually necessary to remove excess reagent
and by-product acid by solvent extraction or purge with nitrogen gas, because these

compounds damage the GC column [17].

Silylation is another derivatization reaction to convert amino group to silyl
group. However, amino group is less reactive to silylating reagents compared to
hydroxyl or carboxyl group. For silylation, N,O-bis(trimethylsilyl)acetamide (BSA) and
N,O-bis(trimethylsilyltrifluoroacetamide (BSTFA) can be used as silylating reagents.
Trimethylchlorosilane (TMCS) is usually an effective catalyst which added to
reactions to ensure the effective derivatization. However, the N-trimethylsilyl (TMS)
derivatives produced by the reaction with these reagents are unstable to moisture.
On the other hand, the N-tert-butyldimethylsilyl (TBDMS) derivatives can also be
produced by the reaction with N-methyl-N-(tert-butyldimethylsilyUtrifluoroacetamide
(MTBSTFA). The TBDMS derivatives are generally less reactive but give more stable to
hydrolysis than the corresponding TMS derivatives [17].



2.3 Gas chromatographic separation of enantiomers

For chiral separation using GC, two approaches can be performed: direct and
indirect approaches [18]. The indirect approach involves the coupling of the
enantiomers with an enantiomerically pure chiral auxiliary to convert them into
diastereomers. The diastereomers can then be separated by any achiral stationary
phases. Many disadvantages of this approach include the requirement of purely
chiral reagent, inconvenience, and possible biased results for enantiomeric
composition due to partial racemization during derivatization. In the direct approach,
enantiomers are separated via chiral stationary phase (CSP) which form transient
diastereomeric intermediates with the chiral analyte. This method was preferred
because it offers some advantages over indirect methods. There is no need to
chemically manipulate the analytes, interference with sample matrix, chiral purity of

the chiral stationary phase (CSP) does not need be known.

Among several chiral selectors, CDs and their derivatives are frequently used
in GC because of their ability to form inclusion complexes with various types of
substances. Moreover, the wide operating temperature of CDs and their derivatives

makes them one of the most versatile stationary phases for GC [4, 19].

2.4 Cyclodextrins and their derivatives

Cyclodextrins (CDs) are cyclic oligosaccharides which consist of a-(1,4) linked
D-glucose units. They are produced by the digestion of starch by cyclodextrin
glycosyltransferases (CGTases) of bacteria such as Bacillus strains. The three most
common CDs are composed of six, seven, and eight D-glucose units; referred to a-,
- and y-CDs, respectively [20]. Molecular dimension and some physical properties of

the three native CDs are summarized in Table 2.1



Table 2.1 Molecular dimensions and physical properties of native CDs [20].

a-CD B-CD v-CD
Number of glucopyranose units 6 7 8
Chemical formula (CeH100s)s  (CgH1Os)y  (CeH1gOs)g
Number of chiral centers 30 35 40
Internal diameter (A) 4.7-5.3 6.0-6.5 7.5-8.3
Cavity volume A 174 262 a27

CDs are shaped like a hollow torus with a lipophilic cavity and a hydrophobic
outside. The narrower rim is formed by the primary C6-hydroxyl groups, while the
wider rim contained the secondary C2- and C3-hydroxyl groups of the glucose unit

(Figure 2.2) [4, 19, 20].

Figure 2.2 Structure of CD molecule with n glucose units (left) resembling a
truncated cone (right) with secondary C2- and C3-hydroxyl groups on the wider side

and primary C6-hydroxyl groups on the narrower side

2.5 Gas chromatographic separation of enantiomers using cyclodextrin

derivatives

CDs can be chemically modified to improve their physical and chemical

properties, such as decomposition temperature and solubility, by substituting various



functional groups at the primary and/or secondary hydroxyl groups. In general, the
secondary hydroxyl groups at C2 and C3 positions of each glucose unit are modified
with small alkyl or acyl groups to change the enantioselectivity, whereas the primary
C6 hydroxyl groups are replaced with longer alkyl or bulky groups to change polarity,

viscosity, or solubility in polysiloxane [4].

As described above, the enantiomeric separation occurs by generating a
transient diastereomeric intermediate between the chiral analyte and CSP. The chiral
recognition process involves various forces between the chiral analyte and CSP such
as dispersion force, dipole-dipole interaction, and hydrogen bonding [4-6].
Derivatization of the free CD hydroxyls changes the type of interactions between the
analyte and CSP. Thus, the chiral discriminations are generally different for each

enantiomeric pair.

Previous researches have been demonstrated that enantioseparation by GC
using CD derivatives as chiral selectors is governed by the size and shape of CDs, the
concentration of CDs in polysiloxane, the separation temperature, and the structures
of chiral analytes [4, 21-26]. Important results obtained from previous studies can be

summarized as follows:

Armstrong and co-workers [21] separated alcohols, esters, ketones ethers,
lactones, furan derivatives including 9 different structure of trifluoroacetyl amine
derivatives on three chiral columns coated with permethyl-O-(5)-2-hydroxypropyl
(PMHP) a-, B- and y-CDs. The results showed that all analytes were resolved on one
or more columns. Overall, it was found that the PMHP B-CD column can resolve a
larger number of analytes followed by the a-CD and y-CD analogs. However, there
were several compounds that were resolved on the PMHP a-CD column only. All of

the compounds that separated on y-CD could be resolved on either a- or B-CDs.

Armstrong and co-workers [22] separated more than 150 chiral compounds
such as alcohols, esters, halohydrocarbons, epoxides, lactones, ketones, furan and
pyran derivatives including 10 different structure of trifluoroacetyl amine derivatives
on three chiral columns coated with 2,6-di-O-pentyl-3-O-trifluoroacetyl a-, 3- and y-

CDs. The results showed that all analytes were resolved on one or more columns.



The a- and B-CD column were useful for the enantioseparation of the aliphatic
amines with different alkyl chain length. It was found that longer carbon chain affect
the retention but not the selectivity and the orientation of the molecule can be
affected by the substituent group and the size of the CD cavity. For the other
amines, it was found that only B-CD column could resolve 1-cyclohexylamine and 1-
phenylethylamine. Whereas a- and y-CD columns could separate 1,2,3,4 tetrahydro-
1-naphthylamine which could not be resolved on -CD column. Overall results
showed that the functionality of analyte structure may also play an important role

on the enantioseparation.

NH2

O O

Figure 2.3 Structures of amines studied by Armstrong and co-workers [21, 22]

Nie and co-workers [23] separated the enantiomers of alcohols, diols
carboxylic acids, amino acids, epoxides, alkylhalides, ketones including amines by GC
using three derivatized B-CDs as CSPs: heptakis-(2,6-di-O-nonyl-3-O-trifluoroacetyl)-B-
CD (DNTBCD); heptakis-(2,6-di-O-dodecyl-3-O-trifluoroacetyl)-B-CD (DDTBCD); and
heptakis-(2,6-di-O-pentyl-3-O-trifluoroacetyl)-B-CD (DPTBCD). The results showed that
DNTBCD exhibited the best chiral selectivity among the three stationary phases.
Moreover, they studied the thermodynamic of enantioseparation of methyl- and

methoxy-substituted 1-phenylethylamines at ortho-, meta- and para- positions on
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the aromatic ring which were separated on DNTBCD and DPTBCD columns. They
found that the —AAH and —AAS values of all analytes on DNTBCD column were
higher than the corresponding ones on DPTBCD column, indicating that DNTBCD
column has better enantioseparation than DPTBCD column. In addition, position of
substituents on the aromatic ring also affects on enantioseparation. Ortho-derivatives

give better enantioseparation than meta- and para-derivatives.

Anderson and co-workers [24] separated the 17 chiral sulfoxides and 8 chiral
sulfinate esters by GC using four types of CD derivatives: 2,6-di-O-pentyl-3-
trifluoroacetyl-Y-CD (G-TA); 2,6-di-O-pentyl-3-propionyl-y-CD (G-PN); 2,6-di-O-pentyl-3-
butyryl-y-CD (G-BP); and 2,6-di-O-methyl-B-CD (B-DM). For chiral sulfoxides, the results
indicated that G-PN and G-BP columns possessed similar retention factor and
selectivity factor for most of the analytes. However, G-PN exhibited slightly higher
resolution compared to the G-BP column. For chiral sulfinate esters, B-DM column
showed the best enantioseparation. Among the three y-CD derivatives, G-TA column
exhibited greater enantioselectivity for most sulfoxides and sulfinate esters. The size
and polarity of sulfoxide substituents affect their enantioselectivities on all CSPs in

this study.

Shi and co-workers [25] also separated the enantiomers of 7 chiral epoxides
by GC using four derivatized B-CDs: 2,6-di-O-benzyl-3-O-heptanony!-B-CD (column 1);
2,6-di-O-benzyl-3-O-octanonyl-B-CD (column 2); 2,3-di-O-benzyl-6-O-heptanony!-B-CD
(column 3); and 2,3-di-O-benzyl-6-O-octanonyl-B-CD (column 4). The results
suggested that column 1 was more favorable for enantioseparation of the epoxides
than column 2. Therefore, heptanonyl substituted on 3-position of CD is more
favorable for enantioseparation of the epoxides than octanonyl substituted on the
same position. Whereas octanonyl substituted on 6-positon on column 4 is more
favorable for enantioseparation of the epoxides than heptanonyl substituted in
column 3. These results indicate that both the substitution type and position on CD

ring have much influence on the enantioseparation of epoxides.
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Shi and co-workers [26] examined the influence of substitution type and
position on CD ring on the enantiomeric separation of alcohols, esters, and epoxides
by GC using four derivatized-B-CDs as CSPs: 2,6-di-O-pentyl-3-O-allyl-B-CD (column 1);
2,3-di-O-pentyl-6-O-allyl-B-CD (column 2); 2,6-di-O-pentyl-3-O-propy!-B-CD (column
3); and 2,3-di-O-pentyl-6-O-propyl-B-CD (column 4). The results indicated that
although the substitute positions of allyl groups in column 1 and 2 were different, it
was found that the enantioseparation abilities of column 1 and 2 were similar.
Therefore, the substitute position of allyl groups on 3-position or 6-position did not
affect the enantioseparation greatly. Similar results were also obtained on column 3
and 4. However, they were found that the enantioseparation was related to both of

the structures of CDs and analytes.

The 6-O-tert-butyldimethylsilyl derivatives of CDs have been proven to be
valuable chiral selectors and are widely used for enantiomer separation by GC. The
enantioselectivities as well as some selected applications of these CSPs are

summarized as follows:

Kobor and Schomburg [27] studied the influence of CD ring size on the
enantioseparation of homologous series of 1-phenylalkanols using 6-tert-butyl
dimethylsilyl-2,3-dimethyl derivatives of a-, B-, and y-CDs (TB-a-CD, TB-B-CD, and
TB-y-CD, respectively) as CSPs. The results indicated that 1-phenylalkanols with short
side chains, such as 1-phenylethanol and 1-phenyl-1-propanol, exhibit greater
enantioselectivity on TB-a-CD as CSP, whereas the larger ring 3-CD is more
enantioselective for 1-phenyl-1-butanol and 1-phenyl-1-pentanol, which have longer
side chains. Nonetheless, no enantiomeric separation of any homologous
1-phenylalkanols could be resolved on the TB-Y-CD CSP. These results indicated that
the enantioseparation of 1-phenylalkanols was affected by size of CD cavity and

structure of analyte.

Shitangkoon and Vigh [28] studied the enantioseparation of several
compounds such as hydrocarbon, alkylhalides, ethers, epoxides, lactones, ketones,
aldehydes, alcohols, diols, amine, etc. on 2,3-di-O-methyl B-CD with different
substitution on 6-position of CD such as methyl- (BMe), deoxyfluoro- (BFMe), n-pentyl
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(BPMe), n-propyldimethylsilyl (BSiPMe), tert-butyldimethylsilyl (BSiMe),
triisopropylsilyl (BTIPSMe). Each solid CD derivative was dissolved at identical molal
concentration in OV-1701 polysiloxane. It was found that the silyl substituted CD
derivatives can be used at lower temperature than alkyl substituted CD derivatives.
For the enantioseparation, it was found that the substituents on 6-position of CD
molecule had an influence on enantioselectivities of all analytes. Among six CD

derivatives, BSiMe showed the most widely enantioseparated for studied analytes.

Takahisa and Engel [29] studied the enantioseparation of several compounds
such as alcohols, aldehydes, ketones, carboxylic acids, esters, lactone, etc. using
octakis(2,3-di-O-methoxymethyl-6-O-tert-butyldimethylsily)-Y-CD (2,3-MOM-6-TBDMS-
Y-CD) diluted in OV-1701 polysiloxane as CSP. The results showed that 2,3-MOM-6-

TBDMS-Y-CD is a versatile CSP for enantioseparation of volatile compounds
containing various functional groups (alcohol, aldehyde, ketone, carboxylic acid,
ester). In addition, the enantioseparation of these chiral compounds were also
compared to the corresponding one with heptakis(2,3-di-O-methoxymethyl-6-O-tert-
butyldimethylsilyl)-B-CD (2,3-MOM-6-TBDMS-B-CD). The results showed that the range
of compounds for which enantiomers could be separated with 2,3-MOM-6-TBDMS-[3-
CD was more limited and the enantioselectivity was lower than 2,3-MOM-6-TBDMS-y-
CD [30].

2.6 Thermodynamic investigation of enantiomeric separation by gas

chromatography

Although the mechanism of chiral recognition in chromatographic method is
not well understood, some mechanistic aspects can be derived from the
thermodynamic investigation of the reliable experimental parameters. In general, it is
accepted that the direct enantiomeric separation is based on the formation of
transient diastereomic complexes between enantiomers and a chiral selector by
intermolecular interactions. For the complex formation, temperature is an important
factor influencing the retention factor, enantioselectivity, and resolution. The
chemical equilibrium between individual enantiomer and CSP can be described by

thermodynamic data using the Gibbs—-Helmholtz equation [4, 31].
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Due to the simplicity of the van’t Hoff approach, it is used to determine the
thermodynamic parameters from retention factor (k') and separation factor (o)

obtained at different temperatures on a single chiral column.

In van’t Hoff approach, the difference in Gibbs free energy, AAG, is calculated
from the separation factor (o) obtained from enantiomeric separation on a chiral

column at a given temperature according to equation (1):

AAG =RT-ln a (1)
2
AAG =RT-In (7)) (2)
kg
where O is the separation factor or selectivity obtained from the ratio of k'

of two enantiomers

k’ is the retention factor or capacity factor of each enantiomer

calculated from solute retention time according to

R -ty
b =
tm
R is the universal gas constant (1.987 cal/mol:K)
T is the absolute temperature (K)
12 refer to the less and the more retained enantiomers, respectively
tr is the retention time of an enantiomer or analyte
th is the time for unretained compound to travel at the same

distance as analyte

Combining equation (2) with the Gibbs-Helmholtz relationship, equation (3), leads to
equation (4):

-AAG = -AAH + T-AAS (3)
RT-lna = -AAH + T-AAS (a)
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Equation (4) can be rewritten as

AAH  AAS
lha = ———+— (5)
RT R
where  AAH is the difference in enthalpy for an enantiomeric pair
AAS is the difference in entropy for an enantiomeric pair

According to equation (5), AAH and AAS could be evaluated from the slope
and y-intercept of the (n a versus 1/T plot. However, the calculations of
thermodynamic parameters from these plots are not possible, as a result of
curvatures observed in many cases. This is due to the nonlinear dependence of
selectivity on the concentration in diluted stationary phase. Therefore, this method is

only valid for undiluted chiral selectors [19].

Alternatively, thermodynamic parameters can be calculated from retention
factors (k') instead of separation factors (a). The linear relationship between (n k" and
1/T can be derived from the combination of equations (6) and (8) resulted in
equation (12). Thermodynamic parameters of individual enantiomers including the
differences in enthalpy and entropy of an enantiomeric pair can be obtained from

the plot of In k" against 1/T.

AG = -RT:!InK (6)

The relationship between k’and K'is:

K Vin
k==and B=— (7)
p V,
where K is the distribution coefficient of an analyte between gas phase and

liquid phase
B is a constant called phase ratio (the ratio of mobile phase volume
to stationary phase volume)
With the previous equation (6) is modified as
AG = -RTInk"B (8)
AG = AH - TAS 9)
~RTIn kB = AH - TAS (10)



Equation (9) can be rewritten as

where

AH

AS

AH AS
Nk +Inp =—"+— (11)
RT R
AH AS
lnk' = =——+—-InP (12)
RT R

is enthalpy change resulting from the interaction of the
enantiomer with the stationary phase. AH value describes the
degree of the interaction strength. The more negative AH value
indicates stronger interaction between analyte and stationary

phase.

is entropy change resulting from the interaction of the
enantiomer with the stationary phase. AS describes the degree of

which the solute structure influences the interaction.
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CHAPTER IlI

EXPERIMENTAL

3.1 Synthesis of amines
3.1.1 Chemical and reagents

Most of chemicals and solvents were purchased from various commercial
sources and used without further purifications. Amines were prepared from their

corresponding ketone substrates. All chemicals are listed below:

Starting materials:

- 2'-bromoacetophenone, [2142-69-0] 99% (Aldrich)
- 3’-bromoacetophenone, [2142-63-4] 99% (Aldrich)
- 4’-bromoacetophenone, [99-90-1] 98% (Aldrich)

- 5-bromo-1-indanone, [34598-49-7] 97% (Aldrich)

- 4’-bromopropiophenone, [10342-83-3] 99% (Aldrich)
- 2'-chloroacetophenone, [2142-68-9] 97% (Aldrich)
- 3’-chloroacetophenone, [99-02-5] 97% (Fluka)

- 4’-chloroacetophenone, [99-91-2] 97% (Aldrich)

- 5-chloro-1-indanone, [42348-86-7] 99% (Aldrich)

- 4 ’-chloropropiophenone, [6285-05-8 ] 98% (Aldrich)
- 2'-fluoroacetophenone, [445-27-2 1 97% (Aldrich)

- 3’-fluoroacetophenone, [455-36-7 1 99% (Aldrich)

- 4 ’-fluoroacetophenone, [ 403-42-9] 99% (Aldrich)

- 5-fluoro-1-indanone, [700-84-5] 99% (Aldrich)

- 4’-fluoropropiophenone, [456-03-1] 98% (Aldrich)

- l-indanone, [83-33-0] 99% (Aldrich)



2"-methoxyacetophenone, [579-74-8 1 99% (Fluka)
3"-methoxyacetophenone, [586-37-8 1 97% (Fluka)
4’-methoxyacetophenone, [100-06-1 1 99% (Fluka)
5-methoxy-1-indanone, [5111-70-6] 98% (Aldrich)
4’-methoxypropiophenone, [121-97-11  99% (Aldrich)
2"-methylacetophenone, [577-16-2] 98% (Fluka)
3"-methylacetophenone, [585-74-0] 97% (Fluka)
4’-methylacetophenone, [122-00-9] 95% (Fluka)
a-methylbenzylamine, [618-36-0] 99% (Fluka)
5-methyl-1-indanone, [4593-38-8] 97% (Aldrich)
4’-methylpropiophenone, [5337-93-9] 90% (Aldrich)
propiophenone, [93-55-01 99% (Fluka)

2 (trifluoromethyl)acetophenone, [17408-14-9] 99% (Aldrich)
3 -(trifluoromethyl)acetophenone, [349-76-8] 99% (Aldrich)
4" (trifluoromethyl)acetophenone, [709-63-7] 98% (Aldrich)

4"-(trifluoromethyl)propiophenone, [711-33-1] 99% (Aldrich)

Organic solvents :

acetone (J.T. Baker)
dichloromethane (J.T. Baker)

isopropanol (Fluka)

Other chemicals :

ammonium hydroxide (Merck)
anhydrous ammonia (Unigue gas and petrochemical)
anhydrous sodium sulphate (Fluka)

hydrochloric acid (Merck)

17
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- sodium borohydride (Fluka)

- sodium chloride (Fluka)

- sodium hydroxide (Merck)

- titanium(lV) isopropoxide (Aldrich)

- trifluoroacetic anhydride (Aldrich)

3.1.2 General procedure [32]

o _ NH,
Ti(OPr), HoN_  O(Ti(OPr) NaBH,

2
—_— = X
"R, NH; in iPrOH AN TR R
R—i— £ R, 1
1 = Ri—1 =

R1 = F, CL, Br, Me, OMe, CF3 and R2 = CH3, C2H5

HaN - o(Ti(opr NH,
2 Ti(OPY), (TOPN3 ] NagH,
—_—
/@Eé NHg in iPrOH -
R3 R3

R3

R; =H, F, C{, Br, Me, OMe

The ketone (~0.7 g, 5 mmol) and titanium(lV) isopropoxide (3 mL, 2 equiv)
were dissolved and stirred in isopropanol (25 mL) under purging ammonia gas 5-7 h
at ambient temperature. Then, sodium borohydride (0.4 g, 1.5 equiv) was added and

the reaction was stirred at room temperature for 2 h.

The reaction was then quenched by adding 25 mL of 2 M ammonium
hydroxide, the resulting precipitate was filtered off. The filtrate was extracted with
dichloromethane (2X25 mL). The combined organic layer was extracted with 2 M
hydrochloric acid (30 mL). The acidic aqueous extract was treated with 1 M sodium
hydroxide to pH 10-12, and extracted again with dichloromethane (2X25mL). The
combined organic extract was washed with brine and dried with anhydrous sodium

sulfate. The solvent was evaporated to obtain the corresponding pure amine



19

derivatives. The identities of the synthesized products were confirmed by 'Hand °c-

NMR techniques.

The compound names, their abbreviations, and chemical structures of all

relevant amine derivatives are given in Table 3.1

Table 3.1 Chemical structures and abbreviations of amine derivatives

compound abbreviation chemical structure
NH
1-phenylethylamine PEA O)\
NH,
1-phenylpropylamine PPA ©)\/
NH;
1-aminoindane Al

ot

Group 1: 1-phenylethylamine with mono-substitution on aromatic ring

NH,
1-(2"-fluorophenylethylamine 2F d\

F

NH»
1-(3"-fluorophenylethylamine 3F Q)\

F
NH>

1-(4"-fluorophenyl)ethylamine aF




Table 3.1 (continued)
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compound abbreviation chemical structure

NH,
1-(2"-chlorophenylethylamine 2Cl ©5\

cl

NH,
1-(3"-chlorophenylethylamine 3Cl Q)\

cl
NH,
1-(4"-chlorophenylethylamine 4Cl /@)\
cl

NH,
1-(2"-bromophenylethylamine 2Br E;ﬁ\

Br

NH,
1-(3"-bromophenylethylamine 3Br Q)\

Br
NH,
1-(4"-bromophenylethylamine 4Br /@)\
Br

NH,
1-(2"-methylphenylethylamine 2Me d\

NH,
1-(3"-methylphenylethylamine 3Me

Q
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compound abbreviation chemical structure
NH
1-(4"-methylphenylethylamine 4Me /O)\
NH,
1-(2"-methoxyphenylethylamine 20Me ©5\
OCH;
NH,
1-(3"-methoxyphenylethylamine 30Me
OCHj
NH,
1-(4"-methoxyphenylethylamine 40Me /@)\
H3CO
NH;
1-(2"-trifluoromethylphenylethylamine 2CF d\
CFs
NH,
1-(3"-trifluoromethylphenylethylamine 3CF Q)\
CFs
NH,
1-(4"-trifluoromethylphenylethylamine 4CF

3

F3C




Table 3.1 (continued)
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Group 2: 1-phenylpropylamine with mono-substitution on aromatic ring

compound abbreviation chemical structure
NH3
1-(4"-fluorophenylpropylamine arp /©)\/
F
NH,
1-(4"-chlorophenylpropylamine aclp /©)\/
Cl
NH»
1-(4"-bromophenyl)propylamine 4BrP /©)\/
Br
NH»>
1-(4"-methylphenyl)propylamine 4MeP /O)\/
NH,
1-(4"-methoxyphenypropylamine 40MeP /@A\/
HsCO
NH;
1-(4"-trifluoromethylphenyl)propylamine 4CFP

%

F3C

Group 3: 1-aminoindane with mono-substitution on aromatic ring

5 -fluoro-1-aminoindane

5FA

m
I
N
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compound abbreviation chemical structure
NH>
5’-chloro-1-aminoindane 5CLA /©5>
a
NH,
5’-bromo-1-aminoindane 5BrA /Qj
Br
NH,
5"-methyl-1-aminoindane 5MeA /©5>
NH,
5’-methoxy-1-aminoindane 50MeA /©E§
HaCO
3.2 Derivatization of amines [17]
I
C
NH VAN
2 NH CFs
TFAA )\
B —
Ry R, CH,Cl, R; R,

Ry, Ry = alkyl, aryl or cycloalkyl

Amine (20 plL) was dissolved in dichloromethane (1 mL) and added

trifluoroacetic anhydride (TFAA, 50 uL). The reaction was performed at room

temperature for 30 min. The solvent and the excess reagent were removed by a

stream of purging nitrogen for 10 min. The residue was re-dissolved in

dichloromethane at a concentration of 10-20 mg/mL. Each 0.4 uL of this solution

was injected into GC.
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3.3 Gas chromatographic analysis
3.3.1 GC experiment

AUl chromatographic analyses were performed on an Agilent 6890 series gas
chromatograph equipped with a split/splitless injector and a flame ionization
detector (FID). The temperature of injector and detector were maintained at 250 °C.
Hydrogen was used as carrier gas with an average linear velocity of 50 cm/s. The
separation was carried out on the 15 mx0.25 mm i.d. capillary column coated with a
0.25 pm thick film of stationary phase. Four types of stationary phase were used in

this research:
achiral reference column:

- polysiloxane OV-1701 (7% cyanopropyl, 7% phenyl, 86 % dimethyl
polysiloxane, Supelco) as a reference stationary phase and diluent for solid

cyclodextrin derivatives in three chiral columns
chiral columns:

- 26.7 % hexakis(2,3-di-O-methyl-6-O-tert-butyldimethylsilyl)cyclomalto
hexaose (or ASiMe) in OV-1701

- 30.0 % heptakis(2,3-di-O-methyl-6-O-tert-butyldimethylsilyl)cyclomalto
heptaose (or BSiMe) in OV-1701

- 32.8 % octakis(2,3-di-O-methyl-6-O-tert-butyldimethylsilyl)cyclomalto
octaose (or GSiMe) in OV-1701

Three chiral columns were prepared to contain identical molality of

cyclodextrin derivatives. All columns were conditioned at 220 °C until a stable
baseline was observed. Column efficiency was checked at each working temperature

with n-alkane which had plate number (N) above 3,500 plates/m for all columns.
3.3.2 Determination of thermodynamic parameters

Each analyte solution was injected at least in duplicate on four columns, a
reference column and three chiral stationary phases. All thermodynamic studies
were carried out isothermally over the temperature range 80—220 °C (in 10 °C

increments). From the chromatograms obtained from OV-1701 column, retention
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factors (k') of all analytes were calculated, and the thermodynamic parameters (AH,
AS) were determined by means of van’t Hoff plots. For three chiral stationary phase
columns, both retention factors (k’) and enantioselectivities (o) of all analytes were
calculated, and used to determine thermodynamic parameters (AH, AS, AAH, AAS)

by means of van’t Hoff plots.

Thermodynamic data of each column were compared and used to explain
the strength of interactions between analyte and stationary phase. Their
enantioselectivities of all analytes on three CSP columns were also compared to
discuss the differences and/or similarities in terms of type and position of

substituents includes the main structure of analyte.



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Synthesis of amines

o _ NH,
Ti(OPr), H,N_  O(Ti(OPr)3 NaBH,

—» \

7 Y" "R, NHgin iPrOH o — LI R

RIT _ R 2 2 1 —

Rl = F, Cl, Br, Me, OMe, CF3 and R2 = CH3, C2H5

Amine derivatives were synthesized via reductive amination reaction between
the corresponding ketone precursors and ammonia gas in the presence of
titanium(IV) isopropoxide as a catalyst, followed by sodium borohydride reduction.
The reaction begins with titanium chelating of ketone, followed by nucleophilic
addition of ammonia to the carbonyl group of ketone. The intermediate titanium(IV)
complex was formed by stirring a mixture of the carbonyl compound, amsnmonia and
titanium(lV) isopropoxide at ambient temperature for 5-7 h. Sodium borohydride was
then added and the resulting mixture was further stirred for 2-3 h. The reaction may
occur through the titanium(lV) complex which is either reduced directly or via a
transient imine species [33]. Finally, the reaction mixture was quenched with 2 M
ammonium hydroxide and the resulting precipitate was filtered. The filtrate was
extracted with dichloromethane. The primary amines were isolated in their pure
forms by simple acid-base extraction. The proposed mechanism of reductive

amination via titanium(lV) complex was shown in Figure 4.1.
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Figure 4.1 Proposed mechanism of reductive amination via titanium(lV) complex

All ketones led to the formation of the desired primary amines in varying

yields of 40 to 85%, depending on the structures of ketones (Table 4.1). According to

Table 4.1, all ortho-substituents showed similar % yield in the range of 50-65 %

(entries 1-5). While only 3F and 3Cl (entries 7-8) showed higher % yield than 2F and

2C\, respectively. Only 4Cl and 4Me (entries 14 and 16) showed higher % yield than

ortho- and meta-substituents. These results indicated that size and position of

substituents on the aromatic ring of ketones somewhat affected the % yield of the

desired products from the reaction.

All para-phenylpropylamines (entries 20-25) were obtained in lower % yield

than their corresponding para-phenylethylamine analogs (entries 13-18), except for

40MeP (entry 24). The results may be implied that the yields of amines in the

reactions decreased with increasing steric hindrance from the longer aliphatic chain

around the carbonyl functional group.



Table 4.1 % yields of the amine products

Entry R, R, Product %yield
1 2-F CH, 2F 65
2 2-Cl CH, 2ClL 50
3 2-Br CH, 2Br 55
a4 2-CH,4 CH, 2Me 55
5 2-OCHj, CH, 20Me 57
6 2-CF, CH, 2CF 53
7 3-F CH, 3F 85
8 3-Cl CH, 3CL 63
9 3-Br CH, 3Br 55
10 3-CH, CH, 3Me a7
11 3-OCHj; CH, 30Me 54
12 3-CF; CH, 3CF a6
13 4-F CH, 4aF 62
14 4-Cl CH, 4cl 85
15 4-Br CH, 4Br 60
16 4-CH; CH, 4Me 86
17 4-OCH,4 CH, 40Me a0
18 4-CF, CH, 4CF 52
19 H CoHs PPA 52

20 4-F CoHs 4FpP 60
21 4-Cl CoHs 4clp 52
22 4-Br CoHs 4BrP a0
23 4-CHj CoHs 4MeP 53
24 4-OCH,4 CoHs 40MeP 66
25 4-CF, CoHs 4CFP 40
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The same synthetic procedure can be adapted for 1-indanone to synthesize

1-aminoindane derivatives as show below.

HN - o(Ti(opr NH,
2 Ti(OPY), (TI(OPNs NaBH,
—_—
/@Eé NHs in iPrOH —
R3 R3

R3

Rs =H, F, Cl, Br, Me, OMe

All 1-aminoindanes (Table 4.2) were obtained in lower % yield than their
corresponding phenylpropylamine analogs (Table 4.1, entries 19-24), except for 5BrA
(Table 4.2, entry 4). These results may come from lower activity of the carbonyl
group of the cyclic ketones and the transient imine species towards nucleophiles.
The advantages of this method are mild reaction conditions, simple work-up

procedure, and no chromatographic purification needed.

Table 4.2 % yields of the 1-aminoindane products

Entry Rs Product %yield
1 H Al a0
2 F 5FA a5
3 Cl 5CIA a2
q Br 5BrA 59
5 CH, 5MeA a9
6 OCH,4 50MeA 52
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4.2 Derivatization of amines

I
NH /C\
2 NH CF3
TFAA
_—
Ry R, CH,Cl, R; R,

Ri, Ry = alkyl, aryl or cycloalkyl

The derivatizations of amines with trifluoroacetic anhydride were performed
at room temperature for 30 min. The solvent and the excess reagent could be easily
removed by a stream of nitrogen. The structures of trifluoroacetyl (TFA) amine
derivatives of these acylation reactions had been confirmed by others using gas
chromatography-mass spectrometry (GC-MS) [16, 34-36]. In this work, the presence of
trifluoroacetyl group of TFA 1-phenylethylamine was confirmed by C NMR as shown
in Figure 4.2

o

PN

HN CFs

L. \i vl “ ‘ ‘

1‘70 160 1‘50 1;10 1‘30 1‘20 1‘10 160 50 éO 7‘0 éO éO AiO ?;0 éO 1‘0 6
ppm

Figure 4.2 PCNMR spectrum of trifluoroacetyl-1-phenylethylamine (100 MHz, CDCl5)

d (ppm): 160.1 (q, Jor = 40.3 Hz), 138.8 (d, Jr= 424.0 Hz), 129.5 (d, Jr = 30.5 Hz),

128.6 (d, Jor = 82.9 Hz), 126.3 (d, Jor = 36.8 Hz), 115.8 (q, Jor = 287.4 Hz), 51.4 (d, Jcr =

235.8 Hz), 20.2 (d, Jcr = 139.6 H2)
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4.3 Gas chromatographic separation of amine derivatives

Enantioseparations of all TFA amine derivatives were analyzed on four
columns: OV-1701, ASiMe, BSiMe, and GSiMe. They were performed at isothermal
conditions in the temperature range of 80—220 °C with 10 °C increments. Each
analytes was injected at least in duplicate. From the chromatographic results, the
retention factor (k') and enantioselectivity (a) of analytes at each operating
temperature could be obtained, but could not be directly compared due to highly
varied physical properties of analytes such as boiling point and vapor. Therefore,
thermodynamic parameters obtained over a temperature range were determined to
provide better understanding of the interactions between analytes and stationary

phases.

4.4 Thermodynamic investigation

Thermodynamic parameters associated with the interactions between chiral
amines and stationary phase could be acquired through the van’t Hoff plot (see
equation (12) in section 2.5). All In k" versus 1/T plots showed linear relationship with
correlation coefficient value (R") greater than 0.9980. From these plots, enthalpy (AH)
and entropy (AS) values for each enantiomer could be calculated from slope and y-
intercept, respectively. When enantiomeric pairs were separated, the enthalpy and
entropy differences (AAH and AAS) could be determined from the differences in AH

and AS values of two enantiomers.

In order to understand the influence of size of CD ring, thermodynamic value
of amines obtained from three CSP columns in this study (ASiMe, BSiMe, and GSiMe)

were compared.
4.4.1 Enthalpy change (AH) and entropy change (AS)

The enthalpy change (-AH) indicates the strength of interaction between the
analyte and the stationary phase. The larger ~AH (more negative value), the higher
strength of interaction. While the entropy change (-AS) indicates the loss of degree
of freedom resulted from the interaction between the enantiomer and the stationary

phase. The larger —AS (more negative value), fewer degree of freedom on the CSP.
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The —AH and -AS values of all analytes on the OV-1701 reference column
were shown in Figures 4.3 and 4.4, respectively. It was observed that each analyte
show —AH values in parallel —AS values. All analytes exhibited average —AH values
of 14.80 £ 0.69 kcal/mol. Among all studied analytes, 2F exhibited the smallest,
whereas analyte 5BrA showed the largest —AH values. According to Figure 4.3,
halogenated substitution at meta- or para-position on the aromatic ring seems to

give higher strength of interaction.
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Figure 4.3 Enthalpy change (-AH, kcal/mol) of TFA amine derivatives on OV-1701

column (x = 14.80; SD = 0.69)
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Figure 4.4 Entropy change (-AS, cal/mol:K) of TFA amine derivatives on OV-1701

column (¢ = 20.41; SD = 0.94)

Enthalpy and entropy values of the more retained enantiomers (-AH, and
-AS,) of all analytes on three CSP columns were shown in Figures 4.5 and 4.6,
respectively. The —AH, and -AS, values on three CSP columns were higher than
those on OV-1701 reference column. These results indicate the increase interaction
between analytes and cyclodextrin derivatives. The —-AH, and -AS, values on the
same column showed similar trend. Therefore, we will discuss using enthalpy values

as the model.

On ASiMe column, mono-substituted PEAs exhibited the —AH, values in the
descending order: para- > meta- > ortho-. The halogenated substitution at meta-
and para-position on the aromatic ring tend to give higher —AH, values. This similar
trend was also observed for para-substituted PPAs and Als. These results suggested
that the influence toward the interaction between analyte and stationary phase

depend on type and position of substitution of analyte.

On BSiMe column, most of analytes show —AH, values slightly lower than

ASiMe column. The steric hindrance of analyte may lead to poorer interaction of
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analyte with the large cavity of B-CD than a-CD. For mono-substituted PEAs, similar
trend in the descending order: para- > meta- > ortho- was also observed except for
analytes 3F and 3Me which show slightly larger —~AH, values than 4F and 4Me,
respectively. Nevertheless, the halogenated substitution at meta- and para- position

on the aromatic ring also still give higher —~AH, values on this column.

On column GSiMe, most of analytes show similar —AH, values and slightly
lower than column ASiMe and BSiMe. On three CSPs, all analytes exhibited the
average -AH, value of 16.58 + 1.29, 15.85 £ 1.04, and 15.53 £ 0.72 kcal/mol,
respectively. It was generally noticed that the average strength of interaction
between analyte and CSP slightly decreased from ASiMe > BSiMe > GSiMe, as the

size of cavity of CD ring increased.
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Figure 4.5 Enthalpy change (-AH,, kcal/mol) of the more retained enantiomers of TFA amine derivatives on three CSP columns
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Figure 4.6 Entropy change (-AS,, cal/mol-K) of the more retained enantiomers of TFA amine derivatives on three CSP columns
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4.4.2 Enthalpy difference (AAH) and entropy difference (AAS)

The —~AAH and -AAS values were calculated from the difference in —~AH and
-AS values of each enantiomer obtained from van’t Hoff plots. The ~AAH and -AAS
values of all amine derivatives on three CSP columns were shown in Figures 4.7 and
4.8, respectively. In this research, PEA was regarded as a reference analyte and the
influence of analyte structure and substituents on enantioseparation were
systematically examined and discussed through the thermodynamic values. The
-AAH and -AAS values from the same column showed similar trend. Therefore, the
discussion on enantioseparation will be mentioned through —~AAH values only. Due
to the —AAH values of all analytes were significantly different depending on analyte
structure, i.e. type and position of substituents, and the main structure of analyte,
the influence of analyte structure on enantioseparation will be discussed and

classified into three groups according to the similarity of analyte structure.
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Figure 4.7 Enthalpy difference (-AAH, kcal/mol) of TFA amine derivatives on three CSP columns
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Figure 4.8 Entropy difference (-AAS, cal/mol-K) of TFA amine derivatives on three CSP columns
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Group 1: 1-Phenylethylamines (PEA) with mono-substitution on the aromatic
ring
NH-TFA

N
R
/
R =H, F, Cl, Br, Me, OMe, CF5

Enantiomer of amines in group 1 were TFA derivatives of 1-phenylethylamines
with mono-substitution on the aromatic ring as shown above. The substituent type
includes fluoro, chloro, bromo, methyl, methoxy, and trifluoromethyl at ortho-,
meta- and para-positions. The —AAH values representing enantioseparation of TFA

amine derivatives in group 1 on three chiral columns were displayed in Figure 4.9.

From Figure 4.9, it was clear that enantioseparation of TFA amine derivatives
mainly depend on both type and position of substitution on three chiral columns.
Using ASiMe column, fifteen enantiomers from eighteen enantiomers of mono-

substituted PEAs were enantioseparated as seen from Figure 4.9(a).

According to Figure 4.9(a), it was clear that the position of substituent on the
aromatic ring of mono-substituted analytes strongly influenced on the
enantioseparation. Compared to PEA as a reference, it was found that meta-
substituted analytes seemed to enhance enantioseparation as seen from high —AAH
values, except for 3CF. Among six meta-substituted analytes, 3Cl showed the highest
—AAH values. Moreover, most analytes exhibited the —AAH values in the descending
order of meta- > ortho- > para-. Exception was found for trifluoromethyl substituted

analytes with —AAH values in the descending order of ortho- > para-> meta-.

Considering ortho-substituted analytes, all ortho-substituted analytes were
enantioseparated on this column. While para-substituted analytes show poor
enantioseparation or could not be separated on this column. These results may
implied that para-substitution on the aromatic ring seem to reduce the

enantioseparation on this column due to the small cavity of a-CD.
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Figure 4.9 Enthalpy difference (-AAH) of the enantiomers of TFA derivatives of
PEAs on (a) ASiMe, (b) BSiMe, and (c) GSiMe columns



The influence of position of substituent towards retention and

a2

enantioselectivity was studied. Relationship between (n k', versus 1/T and between

(n o versus 1/T of three monofluoro-substituted analytes (2F, 3F, and 4F) on ASiMe

column were shown in Figures 4.10-4.11.
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Figure 4.10 Plots of n k', versus 1/T of 2F, 3F, and 4F on ASiMe column
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Figure 4.11 Plots of In a versus 1/T of 2F, 3F, and 4F on ASiMe column
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As seen from Figure 4.10, the highest slope of 4F from the plot of In k’ versus
1/T indicating the largest increase in k' value with a decrease in temperature.
However, the strong retention factor of analytes did not necessarily correlate to their
enantioselectivities. All analytes show slightly higher k" with a decrease in
temperature. At the same temperature, 4F were more retained than 2F and 3F.
Nevertheless, it was seen that 3F had the highest enantioselectivities at every
temperature studied (Figure 4.10). Among three monofluoro-substituted analytes, 3F
showed the highest —AAH value and the highest slope of In a versus 1/T (Figures
4.9(a) and 4.11), indicating that enantioseparation of 3F could be easily improved by
slight decrease in temperature. Chromatograms demonstrating the effects of
temperature and position of substituent of 2F, 3F, and 4F were compared in Figure
4.12. The decrease in temperature by 10 °C improved the enantioseparation of 3F

than for 2F and 4F.

140 °C 130 °C
(@) 2F o = 1.000 o=1.013
(b) 3F a=1.027 o =1.038
o = 1.000 o =1.008
(c) 4F
1!5 2!0 215 3!0 3!5 4!0 4f5 2!5 3!0 3!5 4!0 4!5 5!0 5!5
time (min) time (min)

Figure 4.12 Chromatograms of (a) 2F, (b) 3F, and (c) 4F at 140 °C (left) and 130 °C
(right) on ASiMe column
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The influence of type of substituent on the aromatic ring of analytes in group
1 on enantioseparation was also studied. Among all meta-substituted analytes, the
—AAH values decreased in descending order of 3Cl > 3Br >> 3F > 30Me > 3Me >>
3CF. It was clearly seen that meta-halogenated analytes showed good
enantioseparation on ASiMe column. Considering three meta-halogenated analytes
(3F, 3Cl and 3Br), 3Cl showed the highest —AAH values (Figure 4.9(a)). However, it
was seen that enantioselectivity of 3Br had the highest enantioselectivities at every
temperature studied (Figure 4.13). The results suggest that several parameters must
be considered simultaneously in selecting appropriate separation condition. The
separation of 3F, 3Cl and 3Br at 160 and 150°C were compared in Figure 4.14. The
decrease in temperature by 10 °C improved the enantioseparation of 3Cl than for

3Br and 3F.
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Figure 4.13 Plots of (n a versus 1/T of 3F, 3Cl, and 3Br on ASiMe column
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Figure 4.14 Chromatograms of (a) 3F, (b) 3CL, and (c) 3Br at 160 °C (left) and 150 °C
(right) on ASiMe column

On BSiMe column, all mono-substituted analytes in group 1 could be
separated, except for 20Me (Figure 4.9(b)). The influence of position of substituent
on the aromatic ring of mono-substituted analytes on enantioseparation was studied.
Using PEA as a reference, it was found that ortho-halogenated analytes seemed to
promote the enantioseparation. Among all halogenated analytes, 2Cl gives the best
enantioseparation on this column with the highest ~AAH value of 0.49 kcal/mol. The
—AAH values of all halogenated analytes are in descending ordered of ortho- >
meta- > para-. Plots of In a versus 1/T of three monochloro-substituted analytes
(2CL, 3Cl, and 4Cl) on BSiMe column were compared in Figure 4.15. Among three
monochloro-substituted analytes, 2Cl showed the highest —AAH value and the
highest slope of In a versus 1/T (Figures 4.9(b) and 4.15), indicating that
enantioseparation of 2Cl could be easily improved by slight decrease in temperature.
Chromatograms demonstrating the effects of temperature and position of substituent

of 2Cl, 3Cl, and 4Cl were compared in Figure 4.16. Whereas large group substituted
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analytes (Me, OMe, CF3) showed the different trend. According to Figure 4.9(b), meta-
substitution of large group analytes showed —AAH values higher than ortho- and

para-substituents.
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Figure 4.15 Plots of In a versus 1/T of 2Cl, 3CL, and 4Cl on BSiMe column
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time (min) time (min)

Figure 4.16 Chromatograms of (a) 2CL, (b) 3CL, and (c) 4Cl at 160 °C (left) and 150 °C
(right) on BSiMe column
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Considering analytes with halogenated substitution at ortho-position, their
—AAH values decreased in descending order of 2Cl > 2Br > 2F > 2CF > 2Me > 20Me
(Figure 4.9(b)). Plots of In a versus 1/T of three ortho-halogenated substituted PEAs
(2F, 2CL, and 2Br) on BSiMe column were shown in Figure 4.17. Chromatograms
demonstrating the effects of temperature and type of substituent of 2F, 2Cl, and 2Br
were compared in Figure 4.18. The decrease in temperature by 10 °C improved the
enantioseparation of 2Cl than for 2F and 2Br. The effect of type of substituent on
meta- and para-substituted analytes was different. For meta-substituted analytes,
the —AAH values decreased in descending order of 3F > 3Cl > 3Br > 3CF >3Me ~
30Me. Whereas para-substituted analytes, the —AAH values decreased in descending
order of 4F > 4Cl = 4Br > 40Me = 4CF > 4Me. It was clearly seen that halogenated
analytes showed better enantioseparation than large group substituted analytes in
every substitution position. These results indicated that size of substitution was also

the main influence on enantioseparation.
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Figure 4.17 Plots of In a versus 1/T of 2F, 2Cl, and 2Br on BSiMe column
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Figure 4.18 Chromatograms of (a) 2F, (b) 2C\, and (c) 2Br at 160 °C (left) and 150 °C
(right) on BSiMe column

The —AAH value of para-substituted analytes obtained from BSiMe column
were compared to values obtained from ASiMe column. The enantioseparation of all
para-substituted analytes on BSiMe was better than ASiMe column. These results
indicated that the size of cavity of CDs also plays the important effect to
enantioseparation. 4Me, 40Me, and 3CF which could not be separated on ASiMe

column, could be separated on BSiMe column.

On GSiMe column, the —AAH values of all analytes are rather small. Only
seven mono-substituted PEAs (2F, 2CL, 2Me, 3Me, 4Me, 30Me, and 4CF) could be
enantioseparated in this column (Figure 4.9(c)). Interestingly, we found that 4Me and
4CF give better enantioseparation on GSiMe column than ASiMe and BSiMe columns.
Nevertheless, this pointed to the bigger cavity of y-CD may not suitable for

enantioseparation of mono-substituted PEAs.
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Group 2: 1-Phenylpropylamine with mono-substitution at para- position on the

aromatic ring

NH-TFA

R
R =H, F, Cl, Br, Me, OMe, CF4

Group 2 analytes contain seven TFA derivatives of 1-phenylpropylamines
(PPAs) with mono-substitution on the aromatic ring at para-position as shown above.
The substituent type includes fluoro, chloro, bromo, methyl, methoxy, and
triftuoromethyl. The —AAH values of all analytes in this group on three CSP columns

were displayed and were compared to para-substituted of PEAs in Figure 4.19.

On ASiMe column, four enantiomers from seven enantiomers of mono-
substituted PPAs could be separated. Their —AAH values decreased in descending
order of PPA > 4FP > 4CIP > 4BrP (Figure 4.19(a)). Using PPA as a reference, all para-
substituted TFA derivatives of PPAs show lower —AAH values than PPA or could not
be separated. These observations also agree with those obtained from para-
substituted of PEAs where they also show lower —AAH values than PEA or could not
be separated on this column due to the small size of a-CD. These results may be
implied that the small cavity of a-CD may not be suitable for separation of large

group substituted PPAs at para-position.
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Figure 4.19 Enthalpy difference (~AAH) of the enantiomers of para-substitution of
TFA derivatives of PEAs and PPAs on (a) ASiMe, (b) BSiMe, and (c) GSiMe columns
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The influence of longer aliphatic side chain of chiral center on
enantioseparation was also studied. Plots of In a versus 1/T of PEA, PPA, 4F and 4FP
on ASiMe column were shown in Figure 4.20. As seen from Figure 4.20, at the same
temperature, PEA and 4F had the higher enantioselectivities than PPA and 4FP at
every temperature studied, respectively. These results indicating that increase length
of side chain on the chiral center could result in a decreased enantioseparation.
Enantioseparation of PEA, PPA, 4F, and 4FP at 130 °C and 120°C were compared in
Figure 4.21. As seen from Figure 4.21, the enantioseparation of PEA was clearly higher

than PPA on this column.

0.05
0.04

/ = PEA
0.04 /
0.03 A APPA

0.03

In a /./ / x 4F
0.02 ™ / g / o 4FP
0.01 /

0.01 - /
0.00 ‘ re

2.3 2.4 2.5 2.6 2.7 2.8
1/T x 103 (K1)

Figure 4.20 Plots of In a versus 1/T of PEA, PPA, 4F, and 4FP on ASiMe column
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Figure 4.21 Chromatograms of (a) PEA, (b) PPA, (c) 4F, and (d) 4FP at 130 °C (left)

and 120 °C (right) on ASiMe column

On BSiMe column, only 4FP could be enantioseparated with this column

(Figure 4.19(b)). These observations did not agree with those obtained from para-

substituted of PEAs where all para-substituted PEAs could be enantioseparated on

BSiMe column. The results obtained from BSiMe column were compared to those

previously obtained from ASiMe column. The —AAH value of 4FP on BSiMe column

was higher than ASiMe column (Figure 4.19). Chromatograms of enantioseparation of

4FP at 130 °C and 120°C on both columns were compared in Figure 4.22. As seen

from Figure 4.22, the enantioseparation of 4FP on BSiMe column was clearly better

than ASiMe column.
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Figure 4.22 Chromatograms of 4FP at 130 °C (left) and 120 °C (right) on (a) ASiMe
and (b) BSiMe columns

On GSiMe column, only two analytes (4MeP and 4CFP) could be
enantioseparated on this column (Figure 4.19(c)). These observations also agree with
those obtained from para-substituted of PEAs where only 4Me and 4CF could be
enantioseparated on this column. The results obtained from GSiMe column were
compared to those previously obtained from both ASiMe and BSiMe columns.
Interestingly, 4MeP and 4CFP which could not be separated on both ASiMe and

BSiMe columns but they could be enantioseparated on GSiMe column.

Nevertheless, the —AAH values of most analytes in group 2 on three chiral
columns are rather small or could not be separated. This pointed to aliphatic side
chain length on the chiral center, especially for large group at para-substituted
analytes increased flexibility of analyte molecules and could result in a decreased

enantioseparation.
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Group 3: 1-Aminoindane with mono-substitution at 5’ position on the aromatic
ring
NH-TFA

R
R =H, F, Cl, Br, Me, OMe,

Group 3 analytes contain six TFA derivatives of 1-aminoindane (Al) with mono-
substitution on the aromatic ring at 5’ position as shown above. The substituent type
includes fluoro, chloro, bromo, methyl, and methoxy. The —AAH values of all
analytes in this group on three CSP columns were compared to para-substituted of
PEAs and PPAs in Figure 4.23. It was quite clear that the enantioseparation of
analytes in this group are quite different from para-substituted of PEAs and PPAs.

On ASiMe column, four enantiomers from six enantiomers of mono-
substituted Als could be separated. Considering all analytes in group 3, while Al,
5CLlA, 5BrA, and 5MeA show good enantioseparation but 5FA and 50MeA could not
be separated. The —AAH values of enantiomer of Als decreased in descending order
of 5BrA > 5CLA > 5MeA > Al (Figure 4.23(a)). Plots of In a versus 1/T of Al, 5CLA,
5BrA, and 5MeA on ASiMe column were compared in Figure 4.24. Among all analyte,
5BrA showed the highest slope of In a versus 1/T indicating that enantioseparation
of 5BrA could be easily improved by slight decrease in temperature.
Enantioseparation of 5CLA and 5BrA at 190 °C and 180°C were compared in Figure
4.25.
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Figure 4.23 Enthalpy difference (~AAH) of the enantiomers of 5" position
substitution of Als compared to para-substituted PEAs and PPAs on (a) ASiMe, (b)
BSiMe, and (c) GSiMe columns
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Figure 4.24 Plots of In a versus 1/T of Al, 5ClA, 5BrA, and 5MeA on ASiMe column
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Figure 4.25 Chromatograms of (a) 5CIA and (b) 5BrA at 190 °C (left) and 180 °C
(right) on ASiMe column
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The influence of rigidity of analyte structure on enantioseparation was studied
by compare to those results from para-substituted of PPAs which have equal carbon
atoms in the molecule. It was found that Al and 5FA show poorer enantioseparation
than PPA and 4FP, respectively (Figure 4.23 (a)). Whereas 5CIA, 5BrA and 5MeA
show better enantioseparation than 4CIP, 4BrP and 4MeP. Unfortunately, 4OMeP
and 50MeA could not be enantioseparated in this column. These observations also
agree with those obtained from para-substituted of PEAs. These results indicated
that the structural rigidity of the molecule and the type of substituent were the main
influence on enantioseparation. Nevertheless, this effect cannot be generalized from

the results obtained in this study due to the limited number of analytes.

On BSiMe column, all analytes in group 3 could be enantioseparated, except
for 5CIA. The —AAH values of enantiomer of para-substituted Als decreased in
descending order of 5FA > Al > 5BrA > 5MeA >> 50MeA (Figure 4.23(b)). Plots of (n
o versus 1/T of Al, 5FA, 5BrA, and 5MeA on BSiMe column were compared in Figure
4.26.
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Figure 4.26 Plots of In a versus 1/T of Al, 5FA, 5BrA, and 5MeA on BSiMe column
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Compared to para-substituted of PPAs, it was found that all analytes in group
3 show better enantioseparation than to their corresponding para-substituted of
PPAs. Exception was found for chloro-substituted analytes (4CIP and 5CLA) which
could not be separated. In general, it was found the increased the structural rigidity

of the molecule could result in increased the enantioseparation on this column.

The —AAH values obtained from BSiMe column were compared to those
previously obtained from ASiMe column. Whereas Al showed better
enantioseparation on BSiMe than ASiMe column, but 5BrA and 5MeA showed better
enantioseparation on ASiMe than BSiMe column. These results pointed to type of
substituent and size of cavity of cyclodextrin affect the enantioseparation. However,
this observation trend could not be generalized due to that many parameters must

be considered.

On GSiMe column, four from six enantiomers of analytes in group 3 could be
separated. While Al, 5FA, 5MeA, and 50MeA could be separated but 5CIA and 5BrA
show no enantioseparation on this column. The —AAH values of analytes in group 3
decreased in descending order of 5FA > 50MeA > 5MeA = Al (Figure 4.23 (0)).
Compared to para-substituted of PPAs, it was found that most analytes in group 3
which could be enantioseparated show better enantioseparation than para-
substituted of PPAs. Exception was found for methyl group analytes (4MeP and
5MeA) which show similarly enantioseparation. Interestingly, 50MeA showed higher

enantioseparation on GSiMe column than both ASiMe and BSiMe columns.



CHAPTER V

CONCLUSION

Thirty-two trifluoroacetyl (TFA) amine derivatives with different analyte
structure were examined to study the effect of type, position and main structure of
analytes towards enantioselectivity by gas chromatography using three capillary GC
columns containing different size of derivatized CDs as stationary phases: hexakis(2,3-
di-O-methyl-6-O-tert-butyldimethylsilyl)-a-cyclodextrin (ASiMe), heptakis(2,3-di-O-
methyl-6-O-tert-butyldimethylsily)-B-cyclodextrin (BSiMe), and octakis(2,3-di-O-
methyl-6-O-tert-butyldimethylsilyl)-y-cyclodextrin (GSiMe). The significance of size of

CD to enantioseparation was clearly shown.

On ASiMe column, both type and position of substituent play an important
role in the enantioseparation of TFA amine derivatives. Twenty-four from thirty-two
enantiomers of TFA amine derivatives could be separated on this column. For PEA
derivatives, this column was suitable for ortho- and meta-substituted PEAs, except
for 3CF. Unfortunately, this column was not suitable for all para-substituted PEAs
and PPAs. These results showed that the small cavity of a-CD was not suitable for
enantioseparation of para-substituted amines. For TFA derivatives of 1-aminoindanes,
the rigidity of analyte molecule also affects the enantioseparation. ASiMe column
could separate four from six enantiomers of TFA 1-aminoindanes, except for 5FA and

50MeA.

BSiMe column could also separate twenty-four from thirty-two enantiomers
of TFA amine derivatives. For PEA derivatives, this column was suitable for all
positional isomer of halogenated substitution of PEAs including meta-substitution of
large group substituted (Me, OMe, and CFs,) PEAs. For other amines, only three

analytes (4FP, Al, and 5FA) showed good enantioseparation on this column.
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GSiMe column could separate only thirteen from thirty-two enantiomers of
TFA amine derivatives. Nevertheless, only 4MeP and 50MeA showed better
enantioseparation on GSiMe column than ASiMe and BSiMe columns. These results

indicated that GSiMe column was not suitable for enantioseparation of studied

analytes.
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Appendix A

Thermodynamic parameters

Table Al Slope and y-intercept from (n k" versus 1/T plots and thermodynamic

parameters of 32 TFA amines derivatives on OV-1701 column

retained enantiomer
analytes tempera;ture In k' = m(1/T) + ¢ ) ~AH A
range (~C) R (kcal/mol) | (cal/mol-K)
m C

PEA 110-170 6858.5 -15.302 0.9996 13.63 19.43
2F 110-160 6652.4 -15.054 0.9996 13.22 18.94
3F 110-160 7264.2 -16.032 0.9995 14.43 20.88
qaF 110-160 72215 -15.938 0.9995 14.35 20.70
2Cl 120-180 7309.9 -15.624 0.9997 14.52 20.07
3Cl 120-180 7790.7 -16.335 0.9996 15.48 21.49
4Cl 120-180 7773.8 -16.253 0.9997 15.45 21.32
2Br 130-190 7480.5 -15.577 0.9996 14.86 19.98
3Br 130-190 7879.4 -16.075 0.9993 15.66 20.97
4Br 130-190 7899.6 -16.078 0.9995 15.70 20.98
2Me 110-170 7123.8 -15.631 0.9995 14.15 20.09
3Me 110-170 7207.6 -15.784 0.9995 14.32 20.39
4Me 110-170 7203.6 -15.726 0.9995 14.31 20.28
20Me 120-180 7020.3 -15.030 0.9996 13.95 18.89
30Me 120-180 7041.7 -15.387 0.9996 13.99 19.60
40Me 120-180 7844.8 -16.392 0.9987 15.59 21.60
2CF 110-170 7340.6 -16.302 0.9995 14.59 21.42
3CF 110-170 7636.3 -16.785 0.9995 15.17 22.38
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retained enantiomer

analytes temperasure In k" = m(1/T) + ¢ ) B o
range (~C) R (kcal/mol) | (cal/mol-K)
m C

4CF 110-170 7662.9 -16.748 | 0.9995 15.23 22.31
PPA 110-180 7103.5 -15.548 | 0.9996 14.11 19.92
4FpP 120-180 7327.0 -15.861 | 0.9996 14.56 20.54
4ClpP 140-210 7625.5 -15.640 | 0.9993 15.15 20.11
4BrP 150-220 7727.1 -15.455 | 0.9992 15.35 19.74
4MeP 120-180 7765.8 -16.709 | 0.9995 15.43 22.23
40MeP 140-210 7672.0 -15.700 | 0.9992 15.24 20.22
4CFP 120-180 7337.6 -15.722 | 0.9994 14.58 20.27
Al 130-190 71445 -15.124 | 0.9992 14.20 19.08
5FA 130-190 7428.6 -15.573 | 0.9992 14.76 19.97
5CLIA 150-210 7829.0 -15.561 | 0.9997 15.56 19.95
5BrA 160-220 8049.5 -15.623 | 0.9994 15.99 20.07
5MeA 140-200 7332.6 -15.190 | 0.9994 14.57 19.21
50MeA 150-210 7857.8 -15.609 | 0.9997 15.61 20.04
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Table A2 Slope and y-intercept from (n k' versus 1/T plots of 32 TFA amines
derivatives on ASiMe column

less retained enantiomer more retained enantiomer
analytes temperasure (n k' =m(1/T) + 5 (n k' = m(1/T) + )
range (C) R R
m C m C

PEA 100-150 7421.2 | -16.616 | 0.9997 | 7549.3 | -16.920 | 0.9997
2F 90-140 7285.9 | -16.550 | 0.9998 | 7412.6 |-16.854 | 0.9998
3F 110-160 1726.3 -17.113 | 0.9997 | 7919.5 | -17.552 | 0.9996
aF 100-140 8221.0 |-18.209 | 0.9998 | 8306.7 |-18.415| 0.9998
2ClL 120-170 7724.6 -16.559 | 0.9998 | 7856.2 | -16.853 | 0.9998
3Cl 120-170 8640.0 | -18.238 | 0.9997 | 9055.7 |-19.160 | 0.9994
4cl 110-170 9538.4 | -20.037 | 0.9996 | 9573.8 |-20.119 | 0.9995
2Br 130-180 7929.0 | -16.578 | 0.9997 | 8047.7 | -16.839 | 0.9998
3Br 130-190 8726.2 | -17.946 | 0.9994 | 9090.8 |-18.732 | 0.9989
4Br 120-180 9792.3 -20.098 | 0.9995 | 9832.8 |-20.190 | 0.9994
2Me 110-160 7585.7 | -16.684 | 0.9996 | 7730.6 |-17.017 | 0.9996
3Me 110-160 7901.5 | -17.326 | 0.9996 | 8051.7 |-17.674 | 0.9995
4Me 110-160 8189.2 | -17.850 | 0.9996 | 8189.2 | -17.850 | 0.9996
20Me 100-140 7929.2 | -17.135 | 0.9998 | 8001.4 |-17.310 | 0.9998
30Me 110-150 7981.7 -17.529 | 0.9995 | 8154.0 |-17.933 | 0.9995
40Me 130-180 8263.0 | -17.246 | 0.9998 | 8263.0 |-17.246 | 0.9998
2CF 110-170 7447.5 -16.542 | 0.9990 | 7556.5 |-16.786 | 0.9991
3CF 110-170 7805.8 -17.267 | 0.9996 | 7805.8 | -17.267 | 0.9996
4CF 100-170 8014.1 -17.622 | 0.9995 | 8034.0 |-17.669 | 0.9994
PPA 90-130 7786.9 -17.258 | 0.9998 | 7896.0 | -17.528 | 0.9999
4FP 100-160 8339.3 -18.152 | 0.9997 | 83919 |-18.277 | 0.9996
4ClpP 120-210 9099.4 | -18.698 | 0.9984 | 9126.6 |-18.758 | 0.9983
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temperature less retained enantiomer more retained enantiomer
analytes o

range (") | Ink =m(1/T) +c , | Ik =m1/T+c ,

m C " m C "
4BrP 130-220 9172.4 | -18.348 | 0.9989 | 9194.1 |-18.394 | 0.9987
4MeP 110-190 8082.7 | -17.477 | 0.9982 | 8082.7 |-17.477 | 0.9982
40MeP 140-210 8222.8 | -16.837 | 0.9994 | 8222.8 |-16.837 | 0.9994
4CFP 110-190 82339 | -17.591 | 0.9990 | 8233.9 |-17.591 | 0.9990
Al 110-160 7613.0 | -16.205 | 0.9998 | 7681.1 |-16.358 | 0.9999
5FA 130-190 8067.8 | -16.870 | 0.9992 | 8067.8 |-16.870 | 0.9992
5CIA 150-200 92179 | -18.372 | 0.9995 | 9360.9 |-18.672 | 0.9995
5BrA 150-210 9532.2 | -18.617 | 0.9994 | 9698.0 |-18.957 | 0.9994
5MeA 130-180 8021.9 | -16.622 | 0.9992 | 8137.5 |-16.875| 0.9993
50MeA 150-210 8180.9 | -16.272 | 0.9998 | 8180.9 |-16.272 | 0.9998




Table A3 Slope and y-intercept from (n k' versus 1/T plots of 32 TFA amines

derivatives on BSiMe column
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less retained enantiomer

more retained enantiomer

analytes temperasure In k' = m(1/T) + ¢ 5 In k' = m(1/T) + ¢ )
range (C) R R
m C m C

PEA 100-160 71544 | -15.931 | 0.9993 72750 | -16.202 | 0.9993
2F 110-160 6680.9 | -15.083 | 0.9997 6865.3 | -15.493 | 0.9997
3F 110-170 7455.6 | -16.429 | 0.9992 76355 | -16.822 | 0.9992
aF 110-170 7360.3 | -16.168 | 0.9994 75124 | -16.501 | 0.9994
2CL 120-180 7375.5 | -15.775 | 0.9994 7621.1 | -16.311 | 0.9994
3Cl 120-180 8103.1 | -17.030 | 0.9993 8274.7 | -17.402 | 0.9993
4Cl 120-160 8316.0 | -17.412 | 0.9994 | 8408.6 | -17.624 | 0.9994
2Br 120-180 7786.4 | -16.287 | 0.9993 79919 | -16.551 | 0.9992
3Br 120-180 8409.8 | -17.294 | 0.9995 8554.6 | -17.605 | 0.9997
4Br 120-160 8950.5 | -18.397 | 0.9996 9042.3 | -18.614 | 0.9997
2Me 90-160 7508.3 | -16.517 | 0.9991 7529.8 | -16.569 | 0.9999
3Me 100-150 76774 | -16.866 | 0.9994 7763.1 | -17.067 | 0.9994
4Me 100-170 7399.0 | -16.088 | 0.9993 74258 | -16.151 | 0.9992
20Me 120-180 7337.2 | -15.696 | 0.9994 7337.2 | -15.696 | 0.9994
30Me 100-150 7678.8 | -16.869 | 0.9994 7763.4 | -17.067 | 0.9994
40Me 110-150 8359.5 | -17.561 | 0.9997 84473 | -17.766 | 0.9997
2CF 90-140 77750 | -17.539 | 0.9998 7855.1 | -17.729 | 0.9990
3CF 110-160 7857.4 | -17.327 | 0.9990 7963.3 | -17.568 | 0.9990
4CF 100-140 8563.7 | -18.828 | 1.0000 8648.0 | -19.034 | 1.0000
PPA 100-180 7285.4 | -15.940 | 0.9995 7285.4 | -15.940 | 0.9995
4FpP 110-150 7871.1 -17.114 | 0.9997 79973 | -17.410 | 0.9998
4Cp 130-210 8036.9 | -16.472 | 0.9997 8036.9 | -16.472 | 0.9997




Table A3 (continued)
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less retained enantiomer

more retained enantiomer

analytes temperac’zure In k' = m(1/T) + ) (n k' = m(1/T) + 5
range (C) R R
m C m C

4BrP 130-220 8422.5 -16.865 | 0.9994 | 8422.5 -16.865 | 0.9994
4MeP 110-190 8149.5 -17.509 | 0.9997 | 8149.5 -17.509 | 0.9997
40MeP 130-210 7899.6 -16.152 | 0.9997 | 7899.6 | -16.152 | 0.9997
4CFP 110-190 7430.7 -15.865 | 0.9997 | 7430.7 -15.865 | 0.9997
Al 130-180 7782.5 -16.389 | 0.9994 | 7912.6 | -16.673 | 0.9995
5FA 130-190 8088.8 -16.868 | 0.9994 | 8227.1 -17.165 | 0.9994
5CIA 140-210 8652.3 -17.183 | 0.9995 | 86523 | -17.183 | 0.9995
5BrA 150-190 9284.8 -18.150 | 0.9998 | 9353.8 | -18.297 | 0.9999
5MeA 130-170 8068.2 -16.721 | 0.9996 | 81335 -16.865 | 0.9997
50MeA 130-210 8689.4 -17.317 | 0.9981 | 8706.8 | -17.355 | 0.9980




Table A4 Slope and y-intercept from (n k' versus 1/T plots of 32 TFA amines

derivatives on GSiMe column
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less retained enantiomer

more retained enantiomer

analytes tempera;ture In k' = m(1/T) + 5 In k' =m(1/T) + )
range (~C) R R
m C m C

PEA 110-170 7012.8 | -15.578 | 0.9996 7012.8 | -15.578 | 0.9996
2F 90-130 7220.7 | -16.390 | 0.9997 | 7280.3 | -16.540 | 0.9997
3F 110-170 7383.2 | -16.251 | 0.9995 7383.2 | -16.251 | 0.9995
aF 110-170 73547 | -16.174 | 0.9995 73547 | -16.174 | 0.9995
2CL 90-130 8152.1 | -17.626 | 0.9998 | 8232.2 | -17.824 | 0.9998
3CL 120-170 80159 | -16.800 | 0.9997 | 80159 | -16.800 | 0.9997
4Cl 120-180 79334 | -16.537 | 0.9995 | 7933.4 | -16.537 | 0.9995
2Br 130-180 7693.2 | -15.979 | 0.9996 7693.2 | -15.979 | 0.9996
3Br 130-190 8111.7 | -16.555 | 0.9997 | 8111.7 | -16.555 | 0.9997
4Br 130-190 9010.1 | -18.545 | 0.9998 | 9086.8 | -18.724 | 0.9998
2Me 100-140 7578.9 | -16.681 | 0.9998 | 7633.4 | -16.812 | 0.9998
3Me 100-140 77213 | -16.957 | 0.9998 | 7790.7 | -17.125 | 0.9998
4Me 90-130 7897.2 | -17.360 | 0.9996 79438 | -17.477 | 0.9998
20Me 120-180 7181.8 | -15.287 | 0.9997 | 7181.8 | -15.287 | 0.9997
30Me 100-140 7686.2 | -16.869 | 0.9997 | 7763.6 | -17.058 | 0.9997
40Me 120-180 7951.0 | -16.520 | 0.9996 | 7951.0 | -16.520 | 0.9996
2CF 110-150 7482.1 | -16.616 | 0.9996 7482.1 | -16.616 | 0.9996
3CF 110-160 78447 | -17.277 | 0.9997 | 78447 | -17.277 | 0.9997
4CF 110-150 7963.6 | -17.444 | 0.9996 | 8046.8 | -17.638 | 0.9996
PPA 110-180 72572 | -15.833 | 0.9993 | 7257.2 | -15.833 | 0.9993
4FpP 120-180 7490.4 | -16.186 | 0.9995 7490.4 | -16.186 | 0.9995
4ClP 140-210 7822.8 | -16.009 | 0.9996 7822.8 | -16.009 | 0.9996




Table A4 (continued)
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less retained enantiomer

more retained enantiomer

analytes tempera;cure (n k' =m(1/T) + , In k' =m(1/T) + )
range (~C) R R
m C m C

4BrP 150-220 79629 | -15.886 | 0.9993 | 79629 | -15.886 | 0.9993
4MeP 110-150 8319.2 | -18.024 | 0.9997 | 8383.9 | -18.176 | 0.9997
40MeP 140-210 7865.2 | -16.037 | 0.9996 | 7865.2 | -16.037 | 0.9996
4CFP 100-190 7588.9 | -16.205 | 0.9991 7602.2 | -16.235 | 0.9990
Al 110-150 77358 | -16.423 | 0.9997 | 7803.5 | -16.581 | 0.9998
5FA 110-150 8061.1 | -16.984 | 0.9997 | 8150.5 | -17.194 | 0.9998
5CLA 150-210 8037.2 | -15911 | 0.9997 | 8037.2 | -15.911 | 0.9997
5BrA 160-220 81944 | -15.822 | 0.9995 | 81944 | -15822 | 0.9995
5MeA 110-150 80754 | -17.123 | 0.9999 | 81418 | -17.289 | 0.9999
50MeA 130-190 8574.7 | -16.816 | 0.9997 | 8647.1 | -16.971 | 0.9998




Table A5 Thermodynamic parameters of 32 TFA amines derivatives on ASiMe

73

column
enthalpy term (kcal/mol) entropy term (cal/mol+K)
analytes
—AH; —AH, —AAH —AS; —AS, —AAS
PEA 14.75 15.00 0.25 22.04 22.65 0.60
2F 14.48 14.73 0.25 2191 22.52 0.60
3F 15.35 15.74 0.38 23.03 23.90 0.87
4F 16.34 16.51 0.17 25.21 25.62 0.41
2Cl 15.35 15.61 0.26 21.93 22.52 0.58
3Cl 17.17 17.99 0.83 25.27 27.10 1.83
4cCl 18.95 19.02 0.07 28.84 29.01 0.16
2Br 15.75 15.99 0.24 21.97 22.49 0.52
3Br 17.34 18.06 0.72 24.69 26.25 1.56
4Br 19.46 19.54 0.08 28.96 29.15 0.18
2Me 15.07 15.36 0.29 22.18 22.84 0.66
3Me 15.70 16.00 0.30 23.46 24.15 0.69
4Me 16.27 16.27 0.00 24.50 24.50 0.00
20Me 15.76 15.90 0.14 23.08 23.42 0.35
30Me 15.86 16.20 0.34 23.86 24.66 0.80
40Me 16.42 16.42 0.00 23.30 23.30 0.00
2CF 14.80 15.01 0.22 21.90 22.38 0.48
3CF 15.51 15.51 0.00 23.34 23.34 0.00
4CF 15.92 15.96 0.04 24.04 24.14 0.09
PPA 15.47 15.69 0.22 23.32 23.86 0.54
4FpP 16.57 16.67 0.10 25.10 25.35 0.25
4Clp 18.08 18.13 0.05 26.18 26.30 0.12




Table A5 (continued)

enthalpy term (kcal/mol)

entropy term (cal/mol-K)

analytes
—AH; —AH, —AAH —AS, —-AS, —AAS
4BrP 18.23 18.27 0.04 25.49 25.58 0.09
4MeP 16.06 16.06 0.00 23.76 23.76 0.00
40MeP 16.34 16.34 0.00 22.48 22.48 0.00
4CFP 16.36 16.36 0.00 23.98 23.98 0.00
Al 15.13 15.26 0.14 21.23 21.53 0.30
5FA 16.03 16.03 0.00 22.55 22.55 0.00
5CIA 18.32 18.60 0.28 25.53 26.13 0.60
5BrA 18.94 19.27 0.33 26.02 26.70 0.68
5MeA 15.94 16.17 0.23 22.06 22.56 0.50
50MeA 16.26 16.26 0.00 21.36 21.36 0.00




Table A6 Thermodynamic parameters of 32 TFA amines derivatives on BSiMe

75

column
enthalpy term (kcal/mol) entropy term (cal/mol+K)
analytes
—AH; —AH, —AAH —AS; —AS, —AAS
PEA 14.22 14.46 0.24 20.68 21.22 0.54
2F 13.27 13.64 0.37 19.00 19.81 0.81
3F 14.81 158 0.36 21.67 22.45 0.78
4F 14.62 14.93 0.30 21.15 21.82 0.66
2Cl 14.66 15.14 0.49 20.37 21.44 1.07
3Cl 16.10 16.44 0.34 22.87 23.61 0.74
4cCl 16.52 16.71 0.18 23.63 24.05 0.42
2Br 15.47 15.88 0.41 21.39 2192 0.52
3Br 16.71 17.00 0.29 23.39 24.01 0.62
4Br 17.90 18.06 0.15 25.88 26.23 0.36
2Me 14.92 14.96 0.04 21.85 21.95 0.10
3Me 15.25 15.43 0.17 22.54 22.94 0.40
4Me 14.70 14.76 0.05 21.00 21.12 0.13
20Me 14.58 14.58 0.00 20.22 20.22 0.00
30Me 15.26 15.43 0.17 22.55 22.94 0.39
40Me 16.61 16.78 0.17 23.92 24.33 0.41
2CF 15.45 15.61 0.16 23.88 24.26 0.38
3CF 15.61 15.82 0.21 23.46 23.94 0.48
4CF 17.02 17.18 0.17 26.44 26.85 0.41
PPA 14.48 14.48 0.00 20.70 20.70 0.00
4FpP 15.64 15.89 0.25 23.03 23.62 0.59
4Clp 15.97 15.97 0.00 21.76 21.76 0.00




Table A6 (continued)

enthalpy term (kcal/mol)

entropy term (cal/mol-K)

analytes
—AH; —AH, —AAH —AS, —-AS, —AAS
4BrP 16.74 16.74 0.00 22.54 22.54 0.00
4MeP 16.19 16.19 0.00 23.82 23.82 0.00
40MeP 15.70 15.70 0.00 21.12 21.12 0.00
4CFP 14.76 14.76 0.00 20.55 20.55 0.00
Al 15.46 15.72 0.26 21.59 22.16 0.56
5FA 16.07 16.35 0.27 22.55 23.14 0.59
5CIA 17.19 17.19 0.00 23.17 23.17 0.00
5BrA 18.45 18.59 0.14 25.09 25.38 0.29
5MeA 16.03 16.16 0.13 22.25 22.54 0.29
50MeA 17.27 17.30 0.03 23.44 23.51 0.08




Table A7 Thermodynamic parameters of 32 TFA amines derivatives on GSiMe

14

column
enthalpy term (kcal/mol) entropy term (cal/mol+K)
analytes
—AH; —AH, —AAH —AS; —AS, —AAS
PEA 13.93 13.93 0.00 19.98 19.98 0.00
2F 14.35 14.47 0.12 21.60 21.89 0.30
3F 14.67 14.67 0.00 21.32 21.32 0.00
4F 14.61 14.61 0.00 21.17 21.17 0.00
2Cl 16.20 16.36 0.16 24.05 24.45 0.39
3Cl 15.93 15.93 0.00 2241 22.41 0.00
4cCl 15.76 15.76 0.00 21.89 21.89 0.00
2Br 15.29 15.29 0.00 20.78 20.78 0.00
3Br 16.12 16.12 0.00 21.92 21.92 0.00
4Br 16.14 16.14 0.00 21.81 21.81 0.00
2Me 15.06 15:17 0.11 22.17 22.43 0.26
3Me 15.34 15.48 0.14 22.72 23.06 0.33
4Me 15.69 15.78 0.09 23.52 2376 0.23
20Me 14.27 14.27 0.00 19.40 19.40 0.00
30Me 15.27 15.43 0.15 22.55 2292 0.38
40Me 15.80 15.80 0.00 21.85 21.85 0.00
2CF 14.87 14.87 0.00 22.04 22.04 0.00
3CF 15.59 15.59 0.00 23.36 23.36 0.00
4CF 15.82 15.99 0.17 23.69 24.08 0.39
PPA 14.42 14.42 0.00 20.49 20.49 0.00
4FpP 14.88 14.88 0.00 21.19 21.19 0.00
4Clp 15.54 15.54 0.00 20.84 20.84 0.00




Table A7 (continued)

enthalpy term (kcal/mol)

entropy term (cal/mol-K)

analytes
—AH; —AH, —AAH —AS, —-AS, —AAS
4BrP 15.82 15.82 0.00 20.59 20.59 0.00
4MeP 16.53 16.66 0.13 24.84 25.14 0.30
40MeP 15.63 15.63 0.00 20.89 20.89 0.00
4CFP 15.08 15T 0.03 21.23 21.29 0.06
Al 15.37 15.51 0.13 21.66 21.98 0.31
5FA 16.02 16.20 0.18 22.78 23.19 0.42
5CLA 15.97 15.97 0.00 20.64 20.64 0.00
5BrA 16.28 16.28 0.00 20.47 20.47 0.00
5MeA 16.05 16.18 0.13 23.05 23.38 0.33
50MeA 17.04 17.18 0.14 22.44 22.75 0.31




Appendix B

Retention factor, selectivity, and resolution

Table B1 Retention factor (k’,), selectivity (o), and resolution (R,) of 32 TFA amines
derivatives on ASiMe column

analytes | temperature (°C) k', a Rs
PEA 110 16.11 1.031 1.81
2F 110 11.94 1.027 1.50
3F 130 7.95 1.038 1.79
4F 100 47.34 1.024 1.83
2CL 130 13.87 1.032 1.57
3Cl 160 5.72 1.037 1.86
4Cl 110 134.94 1.013 0.74
2Br 140 13.95 1.026 1.53
3Br 170 5¥9 1.032 1.61
4Br 120 128.60 1.012 1.00
2Me 120 14.01 1.035 1.96
3Me 120 16.43 1.033 1.88
dMe 110 34.62 1.000 -
20Me 100 62.80 1.017 1.39
30Me 120 16.42 1.034 2.07
40Me 130 26.11 1.000 -
2CF 120 11.40 1.033 1.82
3CF 110 23.02 1.000 -
4CF 100 49.58 1.010 0.84
PPA 90 68.37 1.031 2.49




Table B1 (continued)

analytes | temperature (°C) k', a Rs
4FpP 100 68.70 1.018 1.37
4ClP 120 94.64 1.014 1.18
4BrP 130 90.11 1.013 0.74
4MeP 110 40.26 1.000 -
40MeP 140 22.21 1.000 -
4CFP 110 52.22 1.000 _
Al 110 40.36 1.023 1.81
5FA 130 26.50 1.000 -
5CIA 160 18.70 1.031 1.89
5BrA 170 18.10 1.032 1.92
5MeA 140 16.75 1.027 1.62
50MeA 150 4 Il 1.000 -




Table B2 Retention factor (k’,), selectivity (o), and resolution (R,) of 32 TFA amines

derivatives on BSiMe column
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analytes | temperature (°C) k', a Rs
PEA 120 9.85 1.036 1.88
2F 140 3.02 1.034 1.54
3F 140 5.03 1.041 2.09
4F 140 5.16 1.034 1.66
2CL 150 5.35 1.040 2.04
3Cl 150 8.39 1.032 1.73
4Cl 120 43.86 1.023 1.72
2Br 150 8.40 1.036 1.95
3Br 150 13.44 1.030 1.64
4Br 120 81.01 1.017 1.34
2Me 90 67.43 1.012 0.94
3Me 100 42.83 1.029 2.25
4Me 100 44.21 1.012 0.96
20Me 120 19.97 1.000 -
30Me 110 24.32 1.023 1.61
40Me 110 7291 1.024 1.21
2CF 100 27.46 1.025 1.80
3CF 120 14.68 1.029 1.60
4CF 100 63.35 1.020 1.10
PPA 100 37.78 1.000 -
4FpP 110 32.14 1.033 2.51
4CP 130 33.07 1.000 -
4BrP 130 59.03 1.000 -




82

Table B2 (continued)

analytes | temperature (°C) k', a Rs
4MeP 110 a4.71 1.000 -
40MeP 130 32.30 1.000 .
4CFP 110 35.25 1.000 -
Al 140 11.83 1.031 1.72
5FA 150 9.53 1.028 1.59
5CLA 140 43.93 1.000 .
5BrA 150 45.48 1.015 1.13
5MeA 130 27.76 1.020 1.44
50MeA 130 75.06 1.008 0.50




Table B3 Retention factor (k’,), selectivity (o), and resolution (R,) of 32 TFA amines

derivatives on GSiMe column
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analytes | temperature (°C) k', a Rs
PEA 110 15.64 1.000 -
2F 90 33.80 1.015 1.01
3F 110 21.02 1.000 -
4F 110 21.06 1.000 -
2CL 90 128.78 1.022 1.65
3Cl 120 36.86 1.000 -
4Cl 120 39.19 1.000 -
2Br 130 22.61 1.000 -
3Br 130 36.12 1.000 -
4Br 130 39.14 1.000 -
2Me 100 38.90 1.015 1.10
3Me 100 43.39 1.018 1.32
4Me 90 82.75 1.012 0.92
20Me 120 20.08 1.000 -
30Me 100 42.96 1.018 1.31
40Me 120 41.01 1.000 -
2CF 110 18.66 1.000 -
3CF 110 2494 1.000 -
4CF 110 29.24 1.022 1.44
PPA 110 23.30 1.000 -
4FpP 120 18.06 1.000 -
4ClP 140 19.17 1.000 -
4BrP 150 19.31 1.000 -




Table B3 (continued)

analytes | temperature (°C) k', a Rs
4MeP 110 41.24 1.016 1.14
40MeP 140 20.61 1.000 .
4CFP 100 66.92 1.008 0.58
Al 110 44.63 1.018 1.29
5FA 110 59.79 1.023 1.66
5CLA 150 22.15 1.000 .
5BrA 160 22.52 1.000 .
5MeA 110 72.98 1.017 1.29
50MeA 130 64.46 1.013 0.96
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Appendix C

NMR Spectra
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Figure C1  NMR spectrum of 2F; "H NMR (400 MHz, CDCl3) & (ppm): 7.39 (t, J = 7.5
Hz, 1H, ArH), 7.18 (dd, J = 15.5, 7.5 Hz, 1H, ArH), 7.10 (t, J = 7.5 Hz, 1H,
ArH), 6.99 (dd, J = 11.2, 7.5 Hz, 1H, ArH), 4.36 (g, J = 6.7 Hz, 1H, CHCH,),
1.62 (br s, 2H, NH,), 1.40 (d, J = 6.7 Hz, 3H, CHCHa).

I |
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Figure C2  NMR spectrum of 2F; C NMR (100 MHz, CDCl3) & (ppm): 160.4 (d, Jcr =
245.1 Hz), 13645 (d, Jor = 13.3 Hz), 128.1 (d, Jor = 8.3 Hz), 126.7 (d, Jor =
5.0 Hz), 124.2 (d, Jor = 3.5 H2), 115.4 (d, Jor = 22.2 Hz), 45.4 (d, Jr = 2.8
Hz), 24.0.
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Figure C3  NMR spectrum of 3F; 'H NMR (400 MHz, CDCL,) & (ppm): 7.29 (dd, J =
14.0, 7.8 Hz, 1H, ArH ), 7.16-7.05 (m, 2H, ArH), 6.93 (dd, J = 7.8, 7.8 Hz,
1H, ArH), 4.13 (g, J = 6.6 Hz, 1H, CHCH,), 1.75 (br s, 2H, NH,), 1.39 (d, J =
6.6 Hz, 3H, CHCH,).

180 170 160 150 140 130 120 110 100 (90) 80 70 60 50 40 30 20 10 O
ppm

Figure C4 NMR spectrum of 3F; C NMR (100 MHz, CDCl3) & (ppm): 163.0 (d, Jcr =
245.5 Hz), 150.5 (d, Jor = 6.4 Hz), 130.0 (d, Jor = 8.1 H2), 121.4 (d, Jr =
2.7 Hz), 113.6 (d, Jor = 21.2 Hz), 112.6 (d, Jer = 21.4 Hz), 50.9, 25.6.
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Figure C5 NMR spectrum of 4F; "H NMR (400 MHz, CDCl3) & (ppm): 7.29 (dd, J = 7.8,

5.0 Hz, 2H, ArH), 6.99 (dd, J = 7.8, 5.0 Hz, 2H, ArH), 4.09 (g, J = 6.6 Hz, 1H,
CHCHs), 1.69 (br s, 2H, NH,), 1.34 (d, J = 6.6 Hz, 3H, CHCHy).

l | J

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
(Ppm)

Figure C6 NMR spectrum of 4F; C NMR (100 MHz, CDCly) & (ppm): 161.7 (d, Jer =
244.3 Hz), 143.3 (d, Jor = 2.0 Hz), 127.2 (d, Jor = 7.9 Hz), 115.1 (d, Jer =
21.2 Hz), 50.6, 25.8.



Figure C7

Figure C8
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NMR spectrum of 2Cl; "H NMR (400 MHz, CDCls) 6 (ppm): 7.50 (d, J = 7.8
Hz, 1H, ArH), 7.31 (d, J = 7.8 Hz, 1H, ArH), 7.25 (t, J/ = 7.8 Hz, 1H, ArH),
7.13 (t, J = 7.8 Hz, 1H, ArH), 4.52 (g, J = 6.6 Hz, 1H, CHCH3), 1.69 (br s, 2H,
NH,), 1.37 (d, J = 6.6 Hz, 3H, CHCH,).
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NMR spectrum of 2Cl; PC NMR (100 MHz, CDCl3) & (ppm): 144.3, 132.6,
129.6, 127.9, 127.2, 126.3, 47.6, 23.5.
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Figure C9 NMR spectrum of 3Cl; "H NMR (400 MHz, CDCls) & (ppm): 7.36 (s, 1H,
ArH), 7.30-7.17 (m, 3H, ArH), 4.10 (g, J = 6.6 Hz, 1H, CHCH3), 1.60 (br s,
2H, NH,), 1.38 (d, J = 6.6 Hz, 3H, CHCH,).
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Figure C10  NMR spectrum of 3C; "C NMR (100 MHz, CDCL,) & (ppm): 149.5, 134.3,
129.8, 127.0, 126.0, 124.0, 51.0, 25.4.
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Figure C11  NMR spectrum of 4Cl; "H NMR (400 MHz, CDCls) 6 (ppm): 7.28 (s, 4H,
ArH), .09 (q, J = 6.6 Hz, 1H, CHCHs), 1.86 (br s, 2H, NH,), 1.35 (d, J =
6.6 Hz, 3H, CHCH,).
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Figure C12  NMR spectrum of 4Cl; PC NMR (100 MHz, CDCl3) & (ppm): 146.0, 132.4,
128.5, 127.2, 50.7, 25.6.
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NMR spectrum of 2Br; 'H NMR (400 MHz, CDCl3) & (ppm): 7.50 (dd, J =
7.8, 2.0 Hz, 2H, ArH), 7.29 (t, J = 7.8 Hz, 1H, ArH), 7.06 (t, J/ = 7.8 Hz, 1H,
ArH), 4.48 (q, J = 6.6 Hz, 1H, CHCH,), 2.00 (br s, 2H, NH,), 1.36 (d, J = 6.6
Hz, 3H, CHCHS).

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
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NMR spectrum of 2Br; C NMR (100 MHz, CDCly) & (ppm): 145.9, 132.9,
128.3, 127.9, 126.5, 123.1, 50.0, 23.6.
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Figure C15 NMR spectrum of 3Br; "H NMR (400 MHz, CDCl3) & (ppm): 7.52 (s, 1H,
ArH), 7.36 (d, J = 7.8 Hz, 1H, ArH), 7.27 (d, J = 7.8 Hz, 1H, ArH), 7.19 (t, J =
7.8 Hz, 1H, ArH), 4.09 (g, J = 6.6 Hz, 1H, CHCH3), 1.64 (br s, 2H, NH,), 1.37
(d, J = 6.6 Hz, 3H, CHCH,).
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Figure C16  NMR spectrum of 3Br; PC NMR (100 MHz, CDCl3) & (ppm): 150.1, 130.1,
129.9, 129.0, 124.5, 122.6, 50.9, 25.6.
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Figure C18
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NMR spectrum of 4Br; "H NMR (400 MHz, CDCl3) & (ppm): 7.43 (d, J =
8.2 Hz, 2H, ArH), 7.22 (d, J = 8.2 Hz, 2H, ArH), 4.08 (g, J = 6.6 Hz, 1H,
CHCHa), 1.61 (br s, 2H, NH,), 1.34 (d, J = 6.6 Hz, 3H, CHCH>).
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NMR spectrum of 4Br; “C NMR (100 MHz, CDCls) & (ppm): 146.3, 131.5,

127.6, 127.6, 120.4, 50.8, 25.7.

0

0.(



94

NH,

_a

7.6 7.5 7.4 730 725 720 7.15 7.10
ppm ppm

) L

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0(
ppm

Figure C19  NMR spectrum of 2Me; "H NMR (400 MHz, CDCls) & (ppm): 7.50 (d, J =
7.6 Hz, 1H, ArH), 7.30-7.22 (m, 1H, ArH), 7.17 (br s, 1H, ArH), 7.16 (br s,
1H, ArH), 4.39 (q, J = 6.6 Hz, 1H, CHCHa), 2.39 (s, 3H, CCH3), 1.75 (br s,
2H, NH,), 1.39 (d, J = 6.6 Hz, 3H, CHCH).
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Figure C20  NMR spectrum of 2Me; C NMR (100 MHz, CDCl3) & (ppm): 145.6,
134.4, 130.4, 126.5, 126.4, 124.2, 46.9, 24.5, 19.0.
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Figure C21  NMR spectrum of 3Me; 'H NMR (400 MHz, CDCls) & (ppm): 7.23 (t, J =
7.5 Hz, 1H, ArH), 7.17 (s, 1H, ArH), 7.14 (d, J = 7.5 Hz, 1H, ArH), 7.06 (d, J
= 7.5 Hz, 1H, ArH), 4.08 (g, J = 6.6 Hz, 1H, CHCH,), 2.36 (s, 3H, CCH3),
1.83 (brs, 2H, NH,), 1.39 (d, J = 6.6 Hz, 3H, CHCH>).
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Figure C22  NMR spectrum of 3Me; ' 'C NMR (100 MHz, CDCly) § (ppm): 147.2,
138.1, 128.4, 127.7, 126.5, 122.8, 51.2, 25.3, 21.4.
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Figure C23
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NMR spectrum of 4Me; 'H NMR (400 MHz, CDCl3) & (ppm): 7.29 (d, J =
8.0 Hz, 2H, ArH), 7.16 (d, J = 8.0 Hz, 2H, ArH), 4.17 (g, J = 6.5 Hz, 1H,

CHCHa,), 4.13 (br s, 2H, NH,), 2.35 (s, 3H, CCHs), 1.47 (d, J = 6.5 Hz, 3H,

CHCHa).
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NMR spectrum of 4Me; C NMR (100 MHz, CDCly) & (ppm): 141.8,
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Figure C26
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NMR spectrum of 2CF; 'H NMR (400 MHz, CDCls) & (ppm): 7.76 (d, J =
7.8 Hz, 1H, ArH), 7.62 (d, J = 7.8 Hz, 1H, ArH), 7.58 (t, J = 7.8 Hz, 1H,
ArH), 7.32 (t, J = 7.8 Hz, 1H, ArH), 4.56 (q, J = 6.5 Hz, 1H, CHCH,), 1.61
(br s, 2H, NH,), 1.39 (d, J = 6.5 Hz, 3H, CHCH,).
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180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
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NMR spectrum of 2CF; °C NMR (100 MHz, CDCLy) & (ppm): 147.0,
132.3, 127.0, 126.6, 125.9, 125.4 (q, Jes = 6.0 Hz), 123.2, 46.1 (d, J =
2.4 Hz), 25.4.
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NMR spectrum of 3CF; '"H NMR (400 MHz, CDCl3) & (ppm): 7.61 (s, 1H,
ArH), 7.52 (d, J = 7.6 Hz, 1H, ArH), 7.47 (d, J = 7.6 Hz, 1H, ArH), 7.41 (t, J
= 7.6 Hz, 1H, ArH), 4.17 (g, J = 6.6 Hz, 1H, CHCH,), 1.58 (br s, 2H, NH,),
1.37 (d, J = 6.6 Hz, 3H, CHCHS).
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NMR spectrum of 3CF; -C NMR (100 MHz, CDCL,) & (ppm): 148.6, 130.7
( Jor = 36.0 Hz), 129.3, 128.8, 123.6 (q, Jer = 3.6 H2), 1235 (q, Jer =
272.0 Hz), 122.6 (g, Jer = 3.8 Hz), 51.0, 25.7.
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Figure C29  NMR spectrum of 4CF; "H NMR (400 MHz, CDCl) 8 (ppm): 7.60 (d, J =
8.1 Hz, 2H, ArH), 7.49 (d, J = 8.1 Hz, 2H, ArH), 4.21 (g, J/ = 6.6 Hz, 1H ,

CHCH,), 1.62 (br s, 2H, NH,), 1.41 (d, J = 6.6 Hz, 3H, CHCH,).
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Figure C30  NMR spectrum of 4CF; C NMR (100 MHz, CDCls) & (ppm): 151.7, 126.1,

126.0 (0, Jer = 25.7 Hz), 125.7 (q, Jer = 278.1 Hz), 125.4 (9, Jor = 3.6 H2),
51.0, 25.7.
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Figure C32
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NMR spectrum of 20Me; 'H NMR (400 MHz, CDCls) & (ppm): 7.36 (d, J
= 7.7 Hz, 1H, ArH), 7.25 (t, J = 7.7 Hz, 1H, ArH), 6.97 (t, J = 7.7 Hz, 1H,
ArH), 6.89 (d, J = 7.7 Hz, 1H, ArH), 4.44 (g, J = 6.8 Hz, 1H, CHCH,), 3.87
(s, 3H, COCHs), 3.38 (br s, 2H, NH,), 1.49 (d, J = 6.8 Hz, 3H, CHCH).
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NMR spectrum of 20Me; C NMR (100 MHz, CDCl3) & (ppm): 156.8,
133.1, 128.2, 126.2, 120.7, 110.5, 55.3, 46.4, 22.0.
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NMR spectrum of 30Me; 'H NMR (400 MHz, CDCL,) & (ppm): 7.23 (t, J =
8.1 Hz, 1H, ArH), 6.91 (d, J = 8.1 Hz, 1H, ArH), 6.90 (s, 1H, ArH), 6.76 (d, J
= 8.1 Hz, 1H, ArH), 4.07 (q, J = 6.6 Hz, 1H, CHCHs), 3.79 (s, 3H, COCHs),
2.27 (br, s, 2H, NH,), 1.38 (d, J = 6.6 Hz, 3H, CHCH).
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NMR spectrum of 30Me; C NMR (100 MHz, CDCl3) & (ppm): 159.8,
149.0, 129.5, 118.1, 112.2, 111.5, 55.2, 51.3, 25.3.
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Figure C35 NMR spectrum of 40Me; 'H NMR (400 MHz, CDCl3) & (ppm): 7.29 (d, J =
8.6 Hz, 2H, ArH), 6.89 (d, J = 8.6 Hz, 2H, ArH), 4.10 (g, / = 6.6 Hz, 1H ,
CHCHs,), 3.82 (s, 3H, COCHs), 1.92 (br s, 2H, NH,), 1.39 (d, J = 6.6 Hz, 3H,
CHCHS,).
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Figure C36  NMR spectrum of 40Me; PC NMR (100 MHz, CDCls) & (ppm): 158.5,
139.7, 126.8, 113.9, 55.3, 50.7, 25.6.
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Figure C37  NMR spectrum of PPA; 'H NMR (400 MHz, CDCls) & (ppm): 7.39 — 7.21
(m, 5H, ArH), 3.82 (t, J = 6.9 Hz, 1H, CHCH,), 1.80 (br s, 2H, NH,), 1.77 —
1.65 (m, 2H, CH,CHs), 0.89 (t, J = 7.4 Hz, 3H, CHCHa).
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Figure C38  NMR spectrum of PPA; C NMR (100 MHz, CDCL,) & (ppm): 146.3, 128.4,
126.9, 126.4, 57.8, 32.3, 10.9.
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Figure C39  NMR spectrum of 4FP; 'H NMR (400 MHz, CDCls) & (ppm): 7.24 (dd, J =
8.3, 5.6 Hz, 2H, ArH), 6.96 (dd, J = 8.3, 8.3 Hz, 2H, ArH), 3.76 (t, J = 6.8
Hz, 1H, CHCH,), 1.70 (br s, 2H, NH,), 1.69 — 1.55 (m, 2H, CH,CH,), 0.81 (t,
J = 7.6 Hz, 3H, CHCH,).
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Figure C40  NMR spectrum of 4FP; C NMR (100 MHz, CDCls) & (ppm): 161.7 (d, J =
244.3 Hz), 142.0 (d, J = 2.9 Hz), 1279 (d, J = 79 Hz), 115.0 (d, J = 21.1
Hz), 57.1, 32.4, 10.7.
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NMR spectrum of 4CLP; 'H NMR (400 MHz, CDCl3) & (ppm): 7.28 (d, J =

0

Figure C41
8.4 Hz, 2H, ArH), 7.24 (d, J = 8.4 Hz, 2H, ArH), 3.78 (t, J = 6.8 Hz, 1H,
CHCH,), 1.67 (br s, 2H, NH,), 1.73 — 1.54 (m, 2H, CH,CHs), 0.85 (t, J = 7.4
Hz, 3H, CHCHS).
1‘80 1‘70 160 150 1‘40 150 1‘20 1‘10 160 p?;?n éO 7‘0 éO éO 40 :’;0 éO 1‘0
Figure C42  NMR spectrum of 4CIP; "C NMR (100 MHz, CDCL,) & (ppm): 144.8,

132.4,128.5, 127.8, 57.2, 32.4, 10.8.
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NMR spectrum of 4BrP; "H NMR (400 MHz, CDCls) & (ppm): 7.44 (d, J =
8.3 Hz, 2H, ArH), 7.19 (d, J = 8.3 Hz, 2H, ArH), 3.77 (t, J/ = 6.8 Hz, 1H,
CHCHs), 1.88 (br s, 2H, NH,), 1.73 - 1.58 (m, 2H, CH,CHs), 0.84 (t, J = 7.4
Hz, 3H, CH,CH,).
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NMR spectrum of 4BrP; “C NMR (100 MHz, CDCls) & (ppm): 145.1,
131.4, 128.2, 120.5, 57.2, 32.2, 10.7.
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Figure C45  NMR spectrum of 4MeP; "H NMR (400 MHz, CDCl3) & (ppm): 7.21 (d, J =
7.8 Hz, 2H, ArH), 7.14 (d, J = 7.8 Hz, 2H, ArH), 3.76 (t, J = 6.9 Hz, 1H,
CHCH,), 2.35 (s, 3H, CCHs), 2.02 (br s, 2H, NH,), 1.77 - 1.54 (m, 2H,
CH,CH-), 0.88 (t, J = 7.4 Hz, 3H, CHCHs).
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Figure C46  NMR spectrum of 4MeP; °C NMR (100 MHz, CDCl3) & (ppm): 143.2,
136.3, 128.3, 126.3, 57.5, 32.3, 21.0, 10.9.
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Figure C47  NMR spectrum of 4CFP; "H NMR (400 MHz, CDCl3) & (ppm): 7.59 (d, J =
8.1 Hz, 2H, ArH), 7.44 (d, J = 8.1 Hz, 2H, ArH), 3.89 (t, J = 6.8 Hz, 1H,
CHCHs), 1.75 (br s, 2H, NH,), 1.73 - 1.63 (m, 2H, CH,CHs), 0.88 (t, J = 7.4
Hz, 3H, CHCH).
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Figure C48  NMR spectrum of 4CFP; "C NMR (100 MHz, CDCly) & (ppm): 150.2 (d,
Jer = 22.6 H2), 129.2 (d, Jer = 32.2 H2), 126.8, 125.3 (q, Jer = 3.8 H),
122.9, 57.4, 32.3, 10.6.
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Figure C49  NMR spectrum of 40MeP; 'H NMR (400 MHz, CDCl3) & (ppm): 7.21 (d, J
= 8.6 Hz, 2H, ArH), 6.85 (d, J = 8.6 Hz, 2H, ArH), 3.77 (s, 3H, CCHs), 3.73
(t, J = 6.9 Hz, 1H, CHCH3), 2.26 (br s, 2H, NH,), 1.76 — 1.56 (m, 2H,
CH,CHs), 0.83 (t, J = 7.4 Hz, 3H, CHCHs).
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Figure C50  NMR spectrum of 40MeP; C NMR (100 MHz, CDCls) & (ppm): 158.5,
138.1, 127.5, 113.8, 57.1, 55.2, 32.2, 10.9.
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Figure C52
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NMR spectrum of Al; 'H NMR (400 MHz, CDCls) & (ppm): 7.29 — 7.18 (m
1H, ArH), 7.21 = 7.05 (m, 3H, ArH), 4.27 (t, J = 7.3 Hz, 1H, CHNH,), 2.92 —
2.79 (m, 1H, CHCH,), 2.79 — 2.63 (m, 1H, CHCH,), 2.45 - 2.32 (m, 1H,
CH,CH,), 2.18 (br s, 2H, NH,), 1.69 — 1.52 (m, 1H, CH,CH.,).
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NMR spectrum of Al; -C NMR (100 MHz, CDCLy) & (ppm): 146.6, 143.2,
127.4, 126.5, 124.7, 123.5, 57.1, 36.7, 30.1.
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Figure C54
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NMR spectrum of 5FA; "H NMR (400 MHz, CDCl3) & (ppm): 7.33 — 7.10
(m, 1H, ArH), 6.94 - 6.76 (m, 2H, ArH), 4.29 (t, J = 7.3 Hz, 1H, CHNH,),
3.03 - 2.85 (m, 1H, CHCH,), 2.82 — 2.64 (m, 1H, CHCH,), 2.52 - 2.42 (m
1H, CH,CHy), 2.02 (br s, 2H, NH,), 1.85 - 1.52 (m, 1H, CH,CH,).
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NMR spectrum of 5FA; "C NMR (100 MHz, CDCLy) & (ppm): 162.6 (d, Jer

— 246.8 Hz), 145.3 (d, Jor = 8.1 Hz), 142.7 (d, Jer = 2.8 Hz), 124.4 (d, Jr =
9.1 Hz), 113.4 (d, Jor = 22.6 Hz), 111.5 (d, Jr = 21.9 Hz), 56.5, 37.6, 30.1

(d, Jer = 2.6 H2).
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Figure C55  NMR spectrum of 5CLA; "H NMR (400 MHz, CDCls) & (ppm): 7.32 — 7.06
(m, 3H, ArH), 4.31 (t, J = 7.4 Hz, 1H, CHNH,), 2.97 — 2.84 (m, 1H, CHCH,),
2.84 — 2.63 (m, 1H, CHCH,), 2.56 — 2.37 (m, 1H, CH,CH,), 1.76 (br s, 2H,
NH,), 1.75 = 1.59 (m, 1H, CH,CH,).
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Figure C56  NMR spectrum of 5ClA; "C NMR (100 MHz, CDCly) & (ppm): 145.8,
145.1, 132.9, 126.7, 124.8, 124.5, 56.7, 37.5, 29.9.
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Figure C57  NMR spectrum of 5BrA; "H NMR (400 MHz, CDCls) & (ppm): 7.41 - 7.29
(m, 2H, ArH), 7.18 (d, J = 7.8 Hz, 1H, ArH), 4.47 — 4.20 (m, 1H, CHNH,),
3.07 - 2.86 (m, 1H, CHCH,), 2.86 — 2.70 (m, 1H, CHCH,), 2.63 - 2.31 (m,
1H, CH,CH,), 1.74 (br s, 2H, NH,), 1.72 — 1.61 (m, 1H, CH,CH,).
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Figure C58  NMR spectrum of 5BrA; PC NMR (100 MHz, CDCls) o (ppm): 146.4,
1455, 129.6, 127.8, 124.9, 121.0, 56.8, 37.5, 29.9.
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NMR spectrum of 5MeA; 'H NMR (400 MHz, CDCls) & (ppm): 7.26 (d, J =
7.4 Hz, 1H, ArH), 7.06 (d, J = 7.4 Hz, 2H, ArH), 4.37 (t, J = 7.1 Hz, 1H,
CHNH,), 3.04 - 2.89 (m, 1H, CHCH,), 2.87 - 2.72 (m, 1H, CHCH,), 2.58 —
2.45 (m, 1H, CH,CH,), 2.37 (s, 3H, CCHs), 2.32 (br s, 2H, NH,), 1.85 - 1.55
(m, 1H, CH,CH,).
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NMR spectrum of 5MeA; -C NMR (100 MHz, CDCly) & (ppm): 144.0,
143.4, 137.1, 127.4, 125.4, 123.3, 56.9, 37.1, 30.0, 21.3.
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NMR spectrum of 50MeA; "H NMR (400 MHz, CDCl3) & (ppm): 7.31 -
7.23 (m, 1H, ArH), 6.87 — 6.70 (m, 2H, ArH), 4.34 (t, J = 7.1 Hz, 1H,
CHNH,), 3.82 (s, 3H, COCHs), 3.04 — 2.88 (m, 1H, CHCH,), 2.87 - 2.71 (m,
1H, CHCH,), 2.57 — 2.44 (m, 1H, CH,CH,), 1.82 (br s, 2H, NH,), 1.79 — 1.65
(m, 1H, CH,CH,).
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NMR spectrum of 50MeA; C NMR (100 MHz, CDCl3) & (ppm): 144.8,
133.9,124.1, 112.5, 109.9, 56.6, 55.4, 37.6, 30.2.
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