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CHAPTER 1
INTRODUCTION

Chirality is an important concept in various fields of chemistry. Only
differences in the spatial arrangement of certain atoms or groups at asymmetrical
centres or planes of bioactive substances can exhibit distinct biologicai,
pharmacological or toxicological activities. The desired activity often associates with
only one enantiomer, while the other may be inactive or produce an unwanted effect.
For example, the antibacterial activity resides solely in the (R AR)-isomer of
chloramphenicol. Another example is ethambutol, an antimycobacterial commonly
used for HIV & AIDS patients. The (5,5)-1somer exhibits tuberculostatic property
whereas the (R K)-isomer causes blindness [1]. Thus the demand for efficient methods
to obtain optically pure compounds is increasing and the studies on enantioselective

synthesis and chromatographic enantioseparation have become a subject of interest.

OH

OH
[~ o /{/ H
HN. O SN
O,N | HH
oH H |
cl |

Cl

(R,R) - chloramphenicol (S,S) - ethambutol

Figure 1.1 Chemical structure of (R,R) ~ chloramphenicol and (S,S) — ethambutol

Among various approaches for obtaining highly enantioenriched
compounds, the use of chiral additives in synthesis 1s one of the useful strategies. The
advantages of this procedure are the readily commercial availability of additives at
reasonable cost and its variety in the market with an incrcasing number of new
additives each year. Furthermore, most of additives can be recovered after the reaction

1s complete.



Cyclodextrins, a family of nonreducing cyclic (a-!,4)-linked
oligosaccharides of a-D-glucopyranose, are one of the interesting compounds, which
have a potential use as an effective chiral additive i syntheses. Due to therr
characteristic structure, which is composed of relatively hydrophobic cavity and
highly hydrophilic outer surface owing to the presence of the glucose hydroxyl groups
(see figure 1.2), cyclodextrins can act as host molecule to form inclusion complexes
with a large variety of guest molecules ranging from organic or morganic compounds
of neutral or ionic nature to noble gases.

HOC H

HOCH %
OH
H 01{1
OHO ey
HO 4 120
0
HOCH; HO )/

Ow
N\OH et {0: / /<CH oH
OHO
o) CHZOH

Figure 1.2 Chemical structure of B-cyclodextrin’.

As a result of complex formation, the physicochemical properties of
the included guest, such as solubility, diffusion, spectral properties and reactivity will
be modified. Furthermore, these macrocycles can discriminate stereochemical isomer,
diastereomers as well as enantiomers, by forming complexes with different stability
constants. Consequently, the use of cyclodextrins as microvessels to perform and

induce selectivity in chemical reaction has attracted chemists and has been intensively

. studied.

When cyclodextrins are used as reaction vessels, the effect of
cyclodextrins on the reactions can be classified into two types. The first involves the

formation of a definite covalently bonded intermediate between cyclodextrins and the

" Use Greek letters (o denote the number of glucopyranose units: « for 6, [} for 7. y for 8 and so on.



substrate. In this case, cyclodextrins behave as an artificial enzyme and accelerate
- reaction on bound substrates, hence this type was called “covalent catalysis” [2]. The
other type does not involve a covalent bond at any stage of the reaction. Cyclodextnns
create an “extra reaction field” and act as enantio-controlling media. Even though
they do not function as true catalysts, the central cavity of cyclodextrin molecule
gives the reactant an access to a new environment in which the reactivity was
changed. Furthermore, the cavity also provides geometric restriction in which size,
conformation and/or stereoselectivity can be induced with the combination of
microenvironmental effect and conformational effect of cyclodextrin. Nevertheless, in
some case the microenvironmental effect reduced rate of reaction and provided low
chemical yield. This may be due to the blocking of some active sites of an included
molecule against the reagent or other reactant. The phenomenon that guest molecule
is relatively or completely blocked by the cyclodextrin molecular wall ‘was called

“stabilizing effects” or “negative catalysis” [3].

The pioneering use of cyclodextrins as an additive in synthesis was the
work of Breslow and Campbell [4]. They reported the effect of a-cyclodextrin on the
chlorination of anisole by using HOC! in water at room temperature. From the
investigation, the para / ortho isomer ratio of product was increased when increasing
the amount of cyclodextrin which indicated that aromatic substitution can be prepared
selectively in the presence of cyclodextrin. This opened the way for the use of
| cyclodextrin as “mediator” in organic reaction. Besides substitution reaction,
cyclodextrins were used in various classes of reaction such as reduction, oxidation,
and isomerization. Moreover, organic reactions mediated by cyclodextrins can be
carried out in the form of gas-solid, liquid-solid or solution because of its
characteristic complexing properties, which can be observed either in aqueous

solution or in solid state.

Due to the presence of a large number of hydroxyl groups, natural
cyclodextrins can be chemically modified to improve the physicochemical properties
such as water solubility and complexing behavior. The strategy for modification
depends or the purpose of the final product There are four common ways to modify

cyclodextrin molecules {5]



® substitution of the hydrogen atom of the primary or secondary
hydroxyl groups
(11) substitution of one or more primary and/or secondary hydroxyl
groups
(i)  elimination of the hydrogen atoms of the —-CH,OH groups, e.g.
by conversion to ~COOH
(iv)  splitting one or more C;—C; bonds through a periodate
oxidation.
The most common substituents are short alkyl groups, hydroxyalkyl groups, long
alkyl chains with 1onic end groups, and ionic substituents which connected directly on
the rim of cavity or via a short alkyl chain. Moreover, the groups with certain specific

binding or catalytic site can be used to prepare “artificial enzyme” for the study of

."'.molecular catalysis and biomimetic function. By 1997, the syntheses of more than
1500 derivatives have been published [6] but the majority involved the preparation for
pharmaceutical applications and especially in analytical separation methods. There are
not many publications and studies in the use of cyclodextrin derivatives in organic

reactions, thus further information about the effect of the addition of cyclodextrin

derivatives into an organic reaction is still needed.

This study is to investigate the possibility in using a cyclodextrin

dcrivat_ive, with chromatographic properties to separate chiral compounds, to create a
chiral environment in organic reactions containing a racemate as a reactant. Numerous
available chromatographic data were used to select the approprate cyclodextrin
derivative. One of the popular derivatives in analytical separation methods especially
-.gas chromatogréphic technique is heptakis (2,3,6-tr-O-methyl)-B-cyclodextrin
‘ ':.":-(TRE\/IEB). There are over 100 chiral compounds reported that could be separated by
using this derivative as gas chromatographic stationary phase [7-15]. Moreover, this
derivative is more water-soluble than unmodified cyclodextrin and it can be dissolved

in many organic solvents which makes it very useful in organic reactions.




From the chromatographic data of TRIMEB, ;tyrene oxide was chosen
as a racemic starting material in this study. Because epoxides are versatile raw
materials for a wide variety of fine chemicals such as glycols, alcohols, carbonyl
compounds, alkanclamines, and polymers such as polyester, polyurethanes, and
epoxy resins. Furthermore, epoxides, via enantioselective ring opening epoxides, can
be converted to many optically active chiral compounds such as a-amino alcohols,
arylalkylcarbinols, which are valuable key intermediates in the synthesis of

pharmaceuticals, and biological active compounds.

Among many known methods of the ring opening of epoxides,
reduction to alcohols by hydrides reagent is one of the interesting reaction due to the
utilization of alcohol products as buiiding block in organic synthesis. In this work,
reduction with sodium borohydride (NaBHj4) was focused because this reagent is
readily available and easy to handle when compare with other hydride reagents.
However, reductive cleavage with NaBH, has not been considered as an applicable
reaction due to the fact that this hydride reagent reduces epoxides sluggishly except
for the epoxides with nitro or hydroxyl as neighboring functional groups.
Consequently, no practical procedure for the reduction of general epoxides with

NaBH, was published before 1982 [16].

Soai and colleagues [16] reported a procedure for the reduction of
epoxides with NaBH, by using a mixed solvent of ferz-butyl alcohol and methanol.
~Aliphatic, a-aryl-, mono- or di-substituted epoxides were open reductively by this
method and the more substituted alcohols were predominant products. In their
continued work, they reported the facile method for chemoselective and regioselective
reduction of epoxides with NaBHjy in single solvent such as ethanol and 2-propanol in
1988 [17] Shaozu and their group [18] investigated the effect of solvent on the
reaction of styrene oxide with NaBHs Only phenylethanal was formed by
reartangement when benzene or toluene was used as a solvent, however when
tetrahydrofuran, ethanol or isopropanol was used as a solvent only alcohol products

from reduction vrere detected.



Up to now, only a few publications about enantioselective reduction of
epoxide to give the corresponding alcohol were reported. Cha and his colleagues
applied the optically active (-)-diisopinocampheylborane — lithtum chloride (1:0.1)
system for enantioselective reduction of three-membered heterocyclic compounds
[19]. With this reagent in tetrahydrofuran at 0° C, various racemic epoxtdes were
reduced to give 79-86% yield of alcohol with 5.5-30.5% enantiomeric excess (ee).
Moreover, this group also developed four more chiral reducing agents for
enantioselective reduction of epoxides [20,21]. The first was B-Isopinocampheyl-9-
borabicyclo[3.3.1]nonane — potassium hydride system which provided alcohol
product in the range of 75-85% yield with 8-37% ee. The second was potassium B-
. Isopinocampheyl-9-boratabicyclo[3.3.1jnonane system which provided ilower
chemical and optical yield of alcohol product, 72-80% with 7-23% ee. The other was
chiral 9-alkoxy-9-borabicyclo[3.3.1]nonane — potassium hydride system and chiral
potassium  9-alkoxy-9-boratabicyclo[3.3.11lnonane which developed from two
previous systenis. Santosh Laxmi and Iyengar [22] reported the reductive cleavage of
. epoxide with zirconium tetrachloride — sodium borohydride in the presence of L-
proline as a chiral auxiliary. The alcohols obtained were in the range of 45-80% yield

- with 4.5-44 2% ee.

€ R

(a) (b)

Figure 1.3 Chemical structure of B-Isopinocampheyi-9-borabicyclo[3.3.1]nonane (a)
and potassium B-Isopinocampheyl-9-boratabicyclo[3.3.1]nonane (b).

Hu et al. [23] first applied cyclodextrin to ring opening of epoxide.
Their communication reported the effect of addition of «, B, and y-cyclodextrin in
reaction of styrene oxide with NaBH, in aqueous media at room temperature. They
found that the reaction was remarkably accelerated and the predominant product was

I-phenylethanol. When a-cyclodextrin was used, the alcohol product was obtained as

- a racemic mixture; while B- and y-cyclodextrins provided (S)-(-)-1-phenylethanol as a



majority. The highest enantiomeric excess of 1-phenyiethanol was 46 % at the mole
ratio between starting epoxide and P-cyclodextrin of 1:2. In their detailed study [24],
they confirmed that (R)-(+)-styrene oxide gave only (5)-(-)-1-phenylethanol and (§)-
(-)-enantiomer of epoxide gave only (#)-(+)-enantiomer of alcohol product. They
concluded that the origin of the formation of the chiral product is due to kinetic

resolution.

Doussot and his colleagues [25,26] studied the influence of the nature
of substituent in the ring opening of ortho- and para-substituted styrene oxide with
borohydride reagent in the presence of 3-cyclodextrin. They proposed the orientation
of epoxide in the cavity of cyclodextrin and concluded that polar substituent with
hydrogen-bonding acceptor character was favorable to an enantioselective reduction
while hydrophobic and bulky substituent was not favorable to an enantioselective

reduction.

The initiaﬁon of using cyclodextrin derivatives in reductive ring
opening of ¢poxide was the experiment by Ravichandran and Divakar [27] in 1999. In
their work, styrene oxide was reduced with NaBH4 at 50 °C for 8 hours in four
different media: 0.1 M NaOH, 0.1 M NayCOs;, ethanol and 2-propanol. f-
Cyclodextrin, B-cyclodextrin—epichlorohydrin (B-cyclodextrin polymer), and heptakis
(2,6-di-C-methyl)-B-cyclodextrin (DM) were used as selectors. In aqueous alkaline
medium, the highest yield of 1-phenylethanol was obtained when using B-
cyclodextrin (more than 96 % yield of chiral product with 22 % ee of S-enantiomer).
While DM provided the best yield for reactions that carried out in organic solvent

{more than 99 % with 16-19 % ee of S-enantiomer).

In this work the effect of addition of heptakis (2,3,6-tri-O-methyl)--
cyclodextrin (TRIMEB) as selector in reductive ring opening of styrene oxide with

NaBH4 in aqueous medium at room temperature was studied.
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Figure 1.4 Schematic diagram of reductive ring-opening of styrene oxide with NaBH4
1 water at room temperature.

The product selectivity, yield and enantioselectivity of reaction were
monitored by gas chromatography using the same cyclodextrin derivative, TRIMEB,
as chiral stationary phase which offers simplicity, speed, high sensitivity and good
reproducibility. Furthermore, The quantitative analysis of the composition in reaction
mixture and cnantiomeric excess of both reactant and products can be obtained
stmultaneously, whereas other techniques, e.g. polarimetry and nuclear magnetic

resonance spectroscopy, can not deliver such information.



CHAPTER 2
THEORY

2.1 Gas chromatographic determination of thermodynamic parameters of

enantiomer separation

The way to clanify and understand the mechanistic aspects of chiral
discrimination of cyclodextrin is to determine the thermodynamic parameters which
responsible for the complexation between enantiomers of chiral analyte and
cyclodextrins. One of the general approaches is using enantioselective gas
chromatography. The direct enantiomer separation is based on the formation of
reversible diastereomeric associates or complexes that are created by intermolecular
interactions of enantiomers with a chiral selector which dissolved in stationary phase
This formation process can be characterized by Gibbs-Helmholtz thermodynamic
parameters (AG®, AH®, and AS°®) which are different for the R and § enantiomers and
these parameters are usually determined and reported in the form of thermodynamic

differences [Ar (AG®), Ars(AH®), and Ag s(AS®)].

There are two known methods for the determination éf thermodynamic
parameters. The first (method A) is based cn direct determination from the chiral
separation factor (o) which is obtained by the separation of the enantiomer of analyte
on single chiral column at different temperature. The other method (method B) relies
on the determination of the relative retention of the enantiomers of analyte in respect
to an inert reference standard (usually use C; — C;; normal alkanes) on a reference
column (containing only polysiloxane) and on a chiral column (containing

cyclodextrin derivative dissolved in polysiloxane).
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2.1.1 Method A

The difference in Gibb’s free energy is calculated from the

chiral selectivity, a, according to the following general equation.

[k’
Ar(AG®)=-RT Ina :—RTlnka] (D)
S

where k' 1s the capacity factor of each enantiomer
R 1s the universal gas constant (1.987 cal/mol-K)

T 1s the absolute temperature

S, R refer arbitrarily to the first eluted and the second

eluted enantiomers, respectively.

Applying the thermodynamic relationship (AG® = AH® — TAS?)

to equation (1)
Ars(AH®) — T Aps(AS®°) =—RTIn

= lna - (2)

— Ars(AH®) - — + Ar<(AS°) -

1
RT R
From equation (2), the thermodynamic parameters can be

calculated from the slope and y-intercent of the plot between In o and reciprocal of

absolute temperature.

The thermodynamic parameter of individual enantiomer can be
also obtained by employing the relationship between capacity factor and Gibb’s free

energy as follow.

) [_EJ
k’:E-e Rt/ . B = phase ratio or
AG
Ink'=-Inf-— .. (3
p RT (3)

Using the relationship AG® = AH®° — TAS®° and rewriting

equation (3), the useful relationship is obtained.

lnk':—wﬁtm—lnﬁ . (4)

RT R
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2.1.2 Method B or Schurig’s method [28)]
Volker Schurig introduced this method in 1991. It is based on a
quantitative measure of the increase in the retention of chiral analyte caused by the
addition of the cyclodextrin derivative to achiral solvent (polysiloxane} which is

called “retention increment” or “chemical capacity factor”, R" and is defined as

R=K:'m (5
where K is the association counstant between chiral analyte
(selectand) and selector in stationary phase
m 1s molality of the selector in achiral solvent

(polysiloxane).

The retention increment is experimentally accessed from
relative adjusied retention data of the enantiomers and proper reference standards on a
chiral column (r) and on a reference column which containing only polysiloxane (ro).
=

R'= .. (6)

Iy

and r= [ chiral column (cyclodextrin in polysiloxane) }

r,=—, | reference column (only polysiloxane) ]

where t'and t"" are adjusted retention time of chiral analyte and
reference  standard respectively, on chiral
column (cyclodextrin in polysiloxane)

§

t; and t, are adjusted retention time of chiral analyte

and reference standard respectively, on

reference column (only polysiloxane)
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Thermodynamic parameters are then calculated from the

following relationship.

(R
Ar (AG®) = —RTmL—*} AT
RS
or — Ap s{AH®) - LI H{AS°) - LI, Ry (8)
RS RT K. R R;

From equation (8), the thermodynamic parameters can be
q L y p

7

R )
calculated from the slope and y-intercept of the plot between In(—li’f“] and reciprocal

N

of absolute temperature.

Using the thermodynamic relationship (AG® = —RT In K) and

equation (5), the thermodynamic parameter of individual enanttomers can be

obtained.
AG; =-RTInK,
4 R!
AG; :~R"ﬁn( Ej
\ m
_%4_%_;_1});11:11}}{; (9)
RT R

The concept of methed B allows the separation of the non-
chiral contributions of the polysiloxane and the chiral contributions of the
cyclodextrin selector from the overall retention. In method A, chiral selectivity is used
as a criterion to express the enantioselectivity of the chiral stationary phase.
Unfortunately, chiral selectivity i1s concentration dependent and the relationship
between o and mole fraction of selector in stationary phase is non-linear whereas
thermodynamic quantity should be strictly independent on the concentration. Thus, in
many cases the plot from equation (2) is non-linear and cannot be used for the
calculation of thermodynamic parameters. However, method A is still generally used

as a {irst choice because of the simplicity and shorter analysis time.



CHAPTER 3
EXPERIMENTAL

3.1 Apparatus

3.2 Chemicals

AVANCE™ DPX 300 NMR Spectrometer (Bruker)

deactivated fused-silica capillary columns 30 m x 025 mm (J&W
Scientific)

dropping funnel

gas chromatograph HP5890A equipped with a split injector, a flame
ionization detector and an integrator model 3394 A (Hewlett-Packard)
10 pl syringe (Hamilton)

hot air oven (Memmert)

laboratory stirrer/hotplate model PC-420 (Corning)

low skin temperature vacuum oven model 273 800 (Hotpack
Corporation) equipped with vacuum pump model 117 (Labconco)
microsiide TLC tank (Alitech Associates)

pH — Fix 0-14 colour-fixed indicator sticks (Macherey Nagel)

- TLC aluminium sheets 20 x 20 cm Stlica gel 60 F254 (Merck)

ammonium hydroxide 28.0-30.0% Baker Analyzed® (J.T Baker)

B-cyclodextrin  purum (Fluka)

" boric acid RPG ACS (Carlo Erba)

chloroform GR [SO (Merck)

chloroform-d; purum (Fluka)

deuterium oxide Uvasol® (Merck)

diethyl ether GR ACS (Merck)

dimethylformamide AR (Lab-Scan Analytical Sciences)
dimethylsulfate for synthesis (Merck)

ethanol! absolute GR (Merck)
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- hexane AR (Lab-Scan Analytical Sciences)

- iodomethane for synthesis (Merck)

- methanol GR ACS, ISO (Merck)

- methylene chioride ACS Reagent (J.T Baker)

- methylsulfoxide-d¢ puriss (Fluka)

- molecular sieve UOP Type 4A diameter 1.7-2. 4mm (Fluka)

- poly (14% cyanopropyl 86% dimethylsiloxane} OV-1701, wvinyl
silicone (Supelco)

- naphthalene Laboratory reagent (BDH Chemicals)

- I-naphthol GR ACS (Merck)

- performance evaluation sample for FID detector instruments (Hewlett-
Packard)

- phenethyl alcohol purum (Fluka)

- {#)-I-phenylethanol purum (Fluka)

- {R)-(+)-1-phenylethanol ChiraSelect (Fluka)

- {(S)-phenyi oxirane purum (Fluka)

- silica gei 60 particle size 0.063-0.200 mm for column chromatography
(Merck)

- sodwm borohydride purum (Fluka)

- sodium hydride pract. (Fluka)
- sodmum hydroxide GR ISO (Merck)
- sodium sulfate anhydrous GR ACS, ISO (Merck)

- styrene oxide purum (Fluka)

- sulfuric acid 95-97 % GR ISO (Merck)

- toluene GR ACS, ISO (Merck)

- n-undecane Laboratory reagent (BDH Chemicals)

3.3 Synthesis of the single-isomer of heptakis(2,3,6-tri-O-methyl)-f3-cyclodextrin
- (TRIMEB)

: B-Cyclodextrin was dried at 110 °C under vacuum over night prior to
methylation. A 50-mL solution of dried cyclodextrin (3.0 g, 2.6 mmol) in dry
dimethylformamide (DMF) was added dropwise to sodium hydride (washed with dry

hexane prior to use, 3.5 g, 80.2 mmol) at 0 °C. After stirring the mixture for 1 hour
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methyl iodide (6 mL, 96 mmol) was added dropwise. The reaction mixture was then
stirred overnight at room temperature. The completion of reaction was checked by
TLC (toluene—ethanol 4:1, v/v) After that, the mixture was poured mto an ice-water
mixture. The product was extracted with diethyl ether, washed with cold water and
dried over anhydrous sodiam sulfate. After removing the solvent, the white crystalline
solid was obtained.

The purity of the product was checked by thin-layer chromatography
using silica gel as stationary phase and toluene—ethano! (4:1, v/v) as mobile phase.
Detection was performed by immersing the TLC plate into a developing reagent (.l g
recrystallized 1-naphthol, 12 mL ethanol, 4 mL conc sulfuric acid and 2.4 mL distilled
water) and placing the plate in a hot oven (120 °C) until spots developed. The
structure of the product was confirmed by 'H and C NMR spectroscopy (see also
figure B1 and B2 in appendix B).

2.28 g, 76% yield, Ry 0.55 (toluene—ethanol, 4:1). 'H NMR (CD;CH §
5.13 (d, 7TH, J= 3.4 Hz, H-1), 3.65, 3.51 and 3.39 (3s, each 21H, 210CHj3), 3.19 (dd,
7H, J=9.5, 3.4 Hz, H-2);, PC & 99.0 (C-1), 82.1,81.8 (C-2,3), 80.3 (C-4), 71.4 (C-6),
70.9 (C-5), 61.5 {OCHj3-3), 59.0 (OCH;3-6), 58.5 (OCHj3-2) [29]

3.4 Synthesis of randomly methylated B-cyclodextrin [30] (RAMERB)

B-Cyclodextrin (3.0 g, 2.6 mmol) was dissolved in 50 mL of 40% w/w
aqueous sodium hydroxide solution. Then, dimethyisulfate (20 mL) was slowly added
dropwise at 0 °C and the mixture was stirred for 17 hours. At the end of reaction,
ammonium hydroxide (20 mL) was added to decompose unreacted dimethylsulfate
and the reaction mixture was stirred for another 6 hours. The product was extracted
into chloroform layer, washed with distilled water until neutral and dried over
anhydrous sodium sulfate After distilling off the solvent, the white crystalline solid
was obtained. The product was used without further purification. Distribution of
products was checked by TLC and degree of methylation was obtained from NMR
spectroscopy (see also figure B3 in appendix B).

200 g, 67% yield, Ry 0.04, 0.11, 0.23, 0.49 and 0.73 (chloroform-
methanol, 9-1). '"H NMR (DMSO-dg) & 5.03 (m, 8H, OH-2.3), 4.79 (s, 7H, H-1), 3.25
(s, 14H, OCH;-6); average degree of substitution: 1.7
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3.5 Preparation of coated capillary columns

To obtain 0.25 um film thickness of stationary phase containing 17%
w/w of cyclodextrin in OV-1701 (0.18 molal), 0.0069 ¢ TRIMEB and 0.0331 g GV-
1701 were weighed and dissolved in methylene chlonide in a 10 mL volumetric flask.
The 30-m long, 025 mm 1.d. deactivated fused-silica capillary column was coated
with the stationary phase solution using static method.[31] For reference column, only
0.04 ¢ OV-1701 was used to prepare stationary phase solution. The capillary columns
were conditioned at 180 °C until a stable baseline was observed. Column efficiency
was determined at 160 °C by injecting the evaluation sample mixture (0.03% v/v of
each Ci4-Cys-Cy¢ normal paraffin hydrocarbon in hexane). Column adsorption was

evaluated from the asymmetric factor of the alcohol and naphthalene peak.

3.6 Gas chromatographic condition

For ali chromatographic analyses, helium was used as carrier gas at an
average linear velocity of 35 cm/s, which measured by injecting methane as
unretained compound. The injector and detector temperatures were set at 250 °C. The
condition for separating the mixture of styrene oxide, I1-phenylethanol, 2-
phenyle{hanol and naphthalene (internal standard) was as follows: initial temperature
110 °C, then at 2 °C/min to 120 °C, then at 5 °C/min to 155 °C, and finally isothermal
for I min at 155 °C. The spiit ratio was set to 110 : 1 with the injection volume of 1

puL. All injected samples and standards were performed at least triplicate.

3.7 Gas chrematographic determination of thermodynamic parameters

A solution of styrene oxide, 1-phenylethanol, 2-phenylethanol and
undecane (reference compound) in hexane was injected on two columns, cyclodextrin
and reference column, at isothermal conditions if] a temperature range of 115-160 °C
with 5 °C intervals. In order to know elution order of chiral compound, enantiopure
compounds were injected to compare the retention time. From the chromatograms
obtained from the cyclodextriu-containing column, capacity factors and chiral
selectivities were calculated and used to determine the thermodynamic parameters

(method A) Relative retentions of each substances, which obtained from both
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columns, were used to calculate the retention tncrement and the thermodynamic

parameters were calculated by Schurig’s method (method B).

3.8 Reductive ring-opening of styrene oxide with sodium borohydride

General procedure : Reduction was carried out by stirring styrene
oxide in 3.0 mL of water at room temperature for 15 min, then NaBH, was added into
the reaction tube. At specified reaction time, 7 mL of water was added and the
reaction mixture was extracted with hexane, dried over anhydrous sodium sulfate and
transferred to a 25 mL volumetric flask. One mL of 1.607 %w/v naphthalene (internal
standard) in hexane solution was added. Hexane was finally added to adjust the
volume and the solution was analyzed by gas chromatography with an injection

volume of 0.4 pL and a split ratio of 200 : 1.

3.8.1 Effect of reaction time
Five mmol of styrene oxide was allowed to react with 0.5
equivalent of NaBH, at various reaction time ranging from 8 h to 48 h (the reactions
were performed in duplicate). The effect of reaction time on the amount of reactant

and products is shown in figure 3.1.
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Figure 3.1 The reactant and product distribution at different reaction
time intervals.



i8

From the result above, the percentages of alcohol products were not
changed significantly when the reaction time was longer than 24 hours (1440

minutes). For all subsequent experiments, the reaction time of 24 hours will be used.

3.8 .2 Kffect of the amount of sodium borohydride

Five mmol of starting epoxide was reacted with 2.5, 50, 7.5,
10.0 and 20.0 mmol of borohydride for 24 hours at room temperature. The effect of

the amount of reagent on the amount of products is shown in figure 3.2.
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Figure 3.2 The reactant and product distribution at different amount of sodium
borohydride.

From the result shown in figure 3.2, the maximum percentage of both
products was obtained when the amount of added borohydride reached 10 mmol and
the percentage was constant up to 20 mmol of reagent. Due to the high percentage of
unreacted epoxide, which is from the very low water solubility of epoxide, the amount

of starting epoxide was the next parameter being studied.



19

3.8.3 Effect of the amount of styrene oxide
When the amount of starting epoxide was decreased from 5
mmol to 0.8 mmol at a fixed amount of reagent (1 6 mmole), the yield of alcohol
products did not change significantly. Next, the amount of reagent was fixed at 10
mmol and amount of epoxide was varied from 5 mmol to 0.5 mmol. The results are

shown in figure 3 3.
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Figure 3.3 The reactant and product distribution at different amount of styrene
oxide.

According to the above figure, the percentage of alocohol products
increased as the amount of starting epoxide decreased while keeping the amount of
reagent constant. The increased yield of product at lower amount of epoxide was
possibly due to better dispersion of epoxide in water. The reaction condition obtained
in this section will be used in the reductive ring-opening reaction of styrene oxide in

the presence of cyclodextrin and its derivatives.
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3 8 4 Ixxtraction efficiency in sample preparation step
Since the total amount of products and unreacted epoxide was
not equal to 100 %, the extraction efficiency of each compound had to be determined.
The procedure was given as follow. Four different mixtures of the known amount of
styrene oxide, 1-phenylethanol and 2-phenylethanol were stirred with 3.0 mL solution
of NaOH/H;BO;, pH 11 at room temperature for 2 hours. Then, 7 mL of water was
added to each mixture and the extraction was foliowed as described in general

procedure. The experiments were performed in duplicate.

3.8.5 Reductive ring-opening reaction in the presence of cyclodextrin
and its derivatives

The condition for the ring-opening reaction of styrene oxide in
the presence of chiral selector, cyclodextrin or its derivatives, was given as follows.
For the reaction that the amount of cyclodextrin was less than or equa! to 0.18 mmol,
certain amount of styrene oxide and 3 mL of cyclodextrin solution were mixed and
stirred for 15 min at room temperature. Then, NaBH4 (10 mmol) was added. After
stirring the reaction for 24 h, 7 mL of water was added and the reaction mixture was
extracted with hexane, dried over anhydrous sodium suifate. Hexane was added to the
solution to adjust volume in a 25 mL volumetric flask. Then, 2.0 mL of hexane
solution was passed through a silica gel column and eluted with hexane-diethyl ether
(2:3, v/v). The eluent from silica gel column was collected and transfered to a 10 ml.
volumetnic flask. One mL of 0.076 %w/v naphthalene solution in hexane was added
and the volume was adjusted with hexane. The solution was then analyzed by gas
chromatcgraphy.

In the case that the amount of selector used was more than 0.18
mmol, certain amount of epoxide in 3.0 mL water was stirred for 10 min at room
temperature, cyclodextrin (or its derivatives) was added and continued stirring for
another 15 min. Then, NaBH4 (10 mmol) was added. After stirring the reaction for 24
h, 7 mL of water was added and the reaction mixture was filtered under vacuum. The
filtrate was extracted with hexane, dried over anhydrous sodium sulfate. Hexane was
added to the solution to adjust volume in a 25 mL volumetric flask. The rest of the
procedure was carried out similar to the procedure outlined above. However, when the
starting epoxide of 5 mmol was used, only 1.0 mL of hexane solution was purified by

column chromatography.
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3.8.5.1 Extraction efficiency in sample preparation step
Two different mixtures of the known amount of styrene
oxide, 1-phenylethanol and 2-phenylethanol were stirred in 3.0 mL solution of 0.04 M
TRIMEB in NaOH/H3BOs, pH 11 at room temperature for 2 hours. Then, 7 mL of
water was added and extraction was performed followed the procedure described for
the reaction that used cyclodextrin less than or equal to 0.18 mmol The experiments

were performed tn duplicate.

3.8.5.2 Effect of TRIMEB in reductive ring-opening of styrene

oxide
In this study, the starting amount of epoxide of 0.6
mmol was used and TRIMEB was added into the reaction from 0.1 to 0.3 equivalent.
The percentage yieid and enantiomeric excess were calculated and compared to the
control reaction (where there was no cyclodextrin added). The amount of TRIMEB

that provided the highest yield of alcohol products would be used in the next study.

3.8.5.3 Efject of the structure of selector
The effect of the presence of hydroxyl groups in the
structure of cyclodextrin on the yield and enantiomeric excess was studied by using
three types of cyclodextrin: underivatized, RAMEB and TRIMEB. The amount of
starting epoxide was kept constant at 0.6 mmol and the equivalent of cyclodextrin

used was from the previous study.



CHAPTER 4
RESULTS AND DISCUSSION

4.1 Characteristic of the coated capillary columns

The column efficiency of the reference and cyclodextrin columns was
determined at 160°C with performance evaluation sample. The number of theoretical
plates was calculated from haxadecane peak (with capacity factor, &  of 3 - 5) to be
greater than 3000 plates/m on both columns. Adsorptive characternistic of column was
evaluated from asymmetric factor of alcohols and naphthalene peak and it was found
to be insignificant. The separation of the mixture of styrene oxide, 1-phenylethanol, 2-
phenylethanol and naphthalene (internal standard) in hexane on cyclodextrin-
countaining st_ationary phase was shown in figure 4.1 (for detail see aiso figure B6 in

appendix B).
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Figure 4.1 The separation of styrene oxide {S), 1-phenylethanol (1P), 2-phenylethanol
(2P) and naphthalene (N) on cyclodextrin column using temperature
program as described in section 3.6
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4.2 Gas chromatographic determination of thermodynamic parameters

The thermodynamic parameters responsible for the separation of
enantiomers of epoxide and alcohol with TRIMEB containing stationary phase were
calculated using two different methods.

Method A, the relationship between In k* vs I/T of the epoxide and
alcohols was shown in figure 4.2. The relationships are all linear with the correlation

coefficients greater than 0.999 (see table 4.1) and the calculated AH®, AS® of each

compound were reported in table 4.2.
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Figure 4.2 Plots of In (capacity factor) versus reciprocal of temperature of epoxide
and alcohols obtained from TRIMEB containing stationary
phase.
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Table 4.1 Equation and correlation coefficient for the relationships in figure 4.2

correlation coefficient (R?)

compounds equation
undecane Ink =6.053(1/T) — 14.94 0.9996
(R)-(+)-styrene oxide Ink =5985(1/T) - 14.04 0.9997 _
(S)-(-)-styrene oxide Ink’=6.135(1/T) - 1438 ” 0.9998
(R)-(+)-i-phenylethanol Ink"=7412(1/T) - 16.92 0.9998
(8)-(-)-1-phenylethanol Ink’=7643(1/T)-1743 0.9997
| Ink’ =7423(1/T) - 16.68 0.9998

2-phenylethanol

Table 4.2 Thermodynamic parameters of epoxide and alcohols calculated from
the plot shown in figure 4.2

compounds AH® (cal/mol) AS® {cal/mol-K)
undecane -12.03 -40.66
(R)-(+)-styrene oxide -11.89 -38.87
(S)-(-)-styrene oxide -12.19 -39.54
(R)-(+)-1-phenylethanol -14.73 -44.59
(8)-(-)-1-phenylethanoi -15.19 -45.60
2-phenylethanol -14.75 -44 11

From figure 4.2, thermodynamic parameters that correspond to the

separation of the enantiomers of epoxide and alcohols on the TRIMEB containing:

phase could be calculated from the plots of In (chiral selectivity) versus the reciprocal

of temperature (figure 4.3). The resulted A(AH’) of styrene oxide and 1-phenylethano]

were — 023 and — 0.46 cal/mol and A(AS®) were — 0.50 and - 1.01 cal/molK,

respectively.
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Figure 4.3 Plots of in (chiral selectivity) versus reciprocal of temperature of
styrene oxide and 1-phenylethano! obtained from the TRIMEB

containing stationary phase.

Table 4.3 Equation and correlation coefficient for the relationships in figure 4.3

compounds equation correlation coefficient (R?)
styrene oxide Ina =0.114(1/T)-0.25 0.9894
1-phenylethanol Ina =0.233(1/T)-0.51 0.9949

Method B, thermodynamic parameters were calculated from the plot of
In (retention increment) versus the reciprocal of temperature. The results were shown

in figure 4 4 and tables 4.4 and 4.5




{0 R

Q.50 A

0.00 i~~~—*—~ o e R
B

230

0.50 4

26

-1.50

22,00 4

1T ot . Kt

o (R)«(+)styrenc oxide & (S)(-)styrene exide & (R)~+)-1-phenylethanol @ (S)-(-}-1-phenyiethanol X 2-phemyiethanol ‘
RE o = S == |
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phase.

Table 4.4 Equation and correlation coefficient for the relationships in figure 4.4

. correlation coefficient
compounds equation 2
R
(R)-(+)-styrene oxide ! inR =-0.0:0(1/T) - :.37 0.0006
(8)-(-)-styrene oxide InR" = 0.702(1/T)-2.99 0.8599
(R)-(+)-1-phenylethanol |InR"= 2.188(1/T)-5.33 0.9977
($)-(-)-1-phenylethanol InR'= 2515(1/T)-6.02 0.9980
2-phenylethanol InR"= 2.020(1/T)-5.06 0.9950
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Table 4.5 Thermodynamic parameters of epoxide and alcohols calculated from
the plot shown in figure 4 4

- compounds AH? (cal/mol) AS° (cal/mol-K)
(R)-(+)-styrene oxide ) 0.02 N " 0_59
(8)-(-)-styrene oxide -1.39 -2.53
(R)-(+)-1-phenylethanol -4 35 ‘—7_ 18
(5)-(-)-1-phenylethanol -5.00 -8.55
2-phenylethanol | -4.01 -6.65

In method B, thermodynamic parameters that correspond to the
separation of the enantiomer of styrene oxide and 1-phenylethanol were determined
from the plots of In (ratio of retention increment of the pair of enantiomer) versus

reciprocal of temperature as shown in figure 4.5 with their corresponding equation in

table 4.6.
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Figure 4 5 Plots of In (ratio of retention increment of the pair of enantiomer)
versus reciprocal of temperature of styrene oxide and 1-phenylethanol
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Table 4.6 Equation and correlation coefficient for the relationships in figure 4.5

compounds equation correlation coefficient (R?)
R 0.521
styrene oxide in[ ,SJ —-1.15 0.9851
R R
R, ) 0328
1-phenylethanol ln(*— | =) 0.69 0.9963

From the slope and y-intercept of the plots in figure 4.5, the difference

in enthalpy values, A(AH®), for two enantiomers of styrene oxide and 1-phenylethanol

were — .03 and — 0.65 cal/mol and the difference in entropy values, A(AS®), for two

enantiomers of styrene oxide and l-phenylethanol were — 2.29 and — 1.37 cal/mol-K,

respectively.

Table 4.7 Comparison of thermodynamic parameters of styrene oxide and
phenylethanols obtained from two methods.

method A method B
thermodynamic
parameters styrene | l-phenyl | 2-pheny!l | styrene | I-phenyl | 2-phenyl
oxide ethanol | ethanol | oxide | ethanol | ethanol
-11.89R | -1473 R +H.0ZR| -435R
AH? {(cal/mol)
-12.198 | -15.198 | -1475 | -1.398 | -5008 -4.01
-3887R | -4459R +H.69R | -7.18R
AS° (cal/mol-K)
-39.54 8§ | 4560 § 4411 2538 | -8558 -6.65
AAHY) -0.23 -0.46 -1.03 -0.65
(cal/mol)
A(AS®)
(cal/mol-K) -0.50 -1.02 -2.29 -1.37
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According to the calculated thermodynamic parameters (see table 4.7),
it can be concluded that the interaction between the S-enantiomer of styrene oxide and
stationary phase was stronger than the interaction between the R-enantiomer and
stationary phase (larger negative AH° and AS® values). When the effect of
polysiloxane was eliminated, as in method B, more information on the interaction
between styrene oxide and TRIMEB in the stationary phase was revealed. The
positive sign of enthalpy and entropy indicated that the interaction between the R-
enantiomer and cyclodextrin was extremely weak (not favorable), while the
interaction between the S-enantiomer and cyclodextrin was stronger (negative
enthalpy and entropy values). Therefore, the enantiomers of styrene oxide could be
separated with the R-enantiomer eluted before the S-enantiomer. In the case of 1-
phenylethanol, both enantiomers showed stronger interaction with cyclodextrin than
enantiomers of styrene oxide (larger negative values). Moreover, entropy values
obtained from method B indicated the higher probability of muitiple interactions
between 1-phenylethanol and cyclodextrin than those between styrene oxide and
cyclodextrin. The differences in enthalpy and entropy between two enantiomers
[A(AH®) and A(AS®) values] of both styrene oxide and 1-phenylethanol obtained from
method A were lower than those from method B. This indicates the additional
interaction contributed from nonchiral polysiloxane (in method A) which is the same

for both R- and S-isomers, but has no influence on chiral separation.

4.3 Reductive ring-opening of styrene oxide with sodium borohydride in the

presence of cyclodextrin and its derivatives

4.3.1 Extraction efficiency in sample preparation step
The extraction efficiency of each compound in the presence
and in the absence of cyclodextrin was shown in table 4.8 These values will be used

in all following sections.
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Table 4.8 Extraction efficiency of epoxide and alcohols in systems without
cyclodextrin and with 0.04 M TRIMEB.

extraction efficiency (%)

compounds
without CD with 0.04 M TRIMEB
styrene oxide 853 84.5
1-phenylethanol 50.4 459
2-phenylethanol 43.6 34.4

The extraction efficiencies of epoxide and aicohols are similar in both

systems. However, the amount of recovered styrene oxide is much higher than those

of two alcohols due to lower water solubility of styrene oxide.

4.3.2 Effect of TRIMEB in reductive ring-opening of styrene oxide
The effect of the addition of TRIMEB in reaction was the first

parameter being studied. Styrene oxide (0.6 mmol) was allowed to react with sodium

borohydride (10 mmol) in 3 mL of water with different amount of TRIMEB. The

result was shown 1n table 4.9.

Table 4.9 Reactant and product distribution at different amount of TRIMEB

(1)
amount of % recovered % extracted % extracted ext/;);:ttzxgéle
TRIMEB (eq) | styrene oxide | 1-phenylethanol | 2-phenylethanol

amount
0.0 1.4 33.9 52.7 88.0
0.1 2.0 30.9 52.7 85.6
0.2 7.3 39.0 67.5 113.8
0.3 13 39 8.1 13.3

From table 4.9, the main product obtained from the controlled

reaction was 2-phenylethanol (52.7%) with I1-phenylethanol as minor product

(33.9%). As TRIMEB wad added into the reaction, there was no significant change in

yteld or product distributton. The enantioselectivity of 1-phenylethanol could not be
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attained even with the presence of chiral selector. As the amount of added TRIMEB
reached 0.3 equivalent, a big white solid was observed at the end of reaction. It was
suspected to be an inclusion complex of styrene oxide or alcohol and cyclodextrin.
This was supported by the decrease in total amount recovered of only 13.3%.

Therefore, 0 2 equivalent of selector will be used for further study.

4 3.3 Effect of the structure of selector

According to results from previous articles [23-27] that
cyclodextrin and derivatives were used in the reductive ring opening of epoxide, the
enantioselectivity of chiral alcohol product could be obtained. The difference between
previous work and this study was the structure of cyclodextrin. In this study the
structure of cyclodextrin derivative used was fully derivatized, while in the other
previous work, cyclodextrin or derivatives possessing some hydroxyl groups in the
struct'ure were used. Therefore, the effect of hydroxyl groups in the structure of
selector was next studied by using three types of cyclodextrin: underivatized,
randomly methylated (RAMEB) and fully methylated cyclodextrins (TRIMEB).
Styrene oxide (0.6 mmol} was allowed to react with sodium borohydride (10 mmol) in
3 mL of cyclodextrin solution {0.2 equivalent of selector), the result was shown in

table 4.10.

Table 4.10 Reactant and product distribution when using various types of
cyclodextrin.[0.6 mmol of starting epoxide and 0.1 mmol (0.2 eq) of

selector]
[3)
type of % recovered % extracted % extracted /6 total
cyclodextri t ide | i-phersletianol | 2henylethanot -T2l

yclodextrin styrene oxide -phenylethano -phenylethano amount

- n.d 26.4 394 658

" underivatized nd 194 25.0 44 4

RAMEB 19 412 46.6 89.7

TRIMEB 20 83 13.7 24.0

n.d. = not detectable
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From table 4.10, non-chiral product, 2-phenylethanol, was still
the main produci and the obtained 1-phenylethanol was still racemic similar to those
from controlled reaction. No enantioselectivity was observed in all reactions
containing cyclodextrin-based selectors. In order to get better understanding of this
result, the experiment by Hu et al[24] was modified. The reason why Hu’s
experiment was chosen because reaction conditions such as volume of water,
equivalent of cyclodextrin and temperature were almost identical to parameters used
in this study. Next, the starting epoxide was increased to 5 mmol while keeping the
reducing agent at 10 mmol and the selector at 0.2 equivalent, and the reactions were

repeated. The effect of higher amount of epoxide and selector was shown in table

411
Table 4.11 Reactant and product distribution when using various types of
cyclodextrin. [5 mmol of starting epoxide and 1.0 mmol (0.2 eq) of
selector]
—
o] ¢ [+)
type of Yo recoverfad A; ext{acted % extracted % total
cvclodextrin styrene oxide | 1-phenylethanol 2 -phenvlethanol extractable
y (% ee) (% ee) “pheny amount
- 814 11.5 174 110.3
underivatized | 45.2 (20.6. 5) 30.9(20.3,5) 154 915
RAMEB 25.7 9.4 44 39.5
TRIMEB 40.8 3.7 49 494

The resuit shown in table 4.11 for the underivatized cyclodextrin was
similar to the result reported by Hu et al [24]. With underivatized cyclodextnin as a
selector, the main product was 1-phenylethanol with 20.3% enantiomeric excess of S-
enantiomer while 2-phenylethanol was the main product in the absence of selector
(see figure 4.6). In the case of RAMEB, the main product was also the chiral 1-
phenylethanol, but it was still racemic. From the result in tables 4.10 and 4.11, the
interesting point was that the change in product selectivity could be realized when
only the starting epoxide was increased while keeping the equivalent of selector,

reagent and volume of media constant. The result suggests that the number of mole of
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added cyclodextrin have more influence to product selectivity than the number of

equivalent of selector.
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Figure 4.6 Separation of purified mixture from the reductive ring-opening of styrene
oxide: (a) in the absence of cyclodextrin ; and in the presence of
(b) undenivatized cyclodextrin; (¢) RAMEB ; and (d) TRIMEB.
[S mmol of starting epoxide and 1.0 mmol (0.2 eq) of selector]
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To confirm this hypothesis, a large amount of cyclodextrin was added
into the reaction to study the effect on selectivity of product. Amount of starting
epoxide was again reduced to 9.6 mmol and it was allowed to react with 10 mmol of
reagent in the presence of 0.7 and 1.0 equivalent (0.4 and 0.6 mmol) of three types of

cyclodextrin. The result was reported as in tables 4.12 and 4.13.

Table 4.12 Reactant and product distribution when using various types of
cyclodextrin.{0.6 mmoi of starting epoxide and 0.4 mmol (0.7 eq) of

selector]
[ [y)
type of % recovered 1 Gl % extracted /e 10
. ) 1-phenylethanol extractable

cyclodextrin styrene oxide (% ee) 2-phenylethanol Amci
- n.d 20.6 32.1 52.7
underivatized nd 36.2(11.0,5) 14.8 51.0
RAMEB 3.3 24.4 11.9 396
TRIMEB 83 8.9 18.9 36.1

n.d. = not detectable

Table 4.13 Reactant and product distribution when using various types of
cyclodextrin. [0.6 mmol of starting epoxide and 0.6 mmol (1.0 eq)

of selector]
9 5 [+)
type of % recovered l-ﬁh:zliggixo‘ % extracted ext/;atc?tﬁ le
cyclodextrin styrene oxide pheny * | 2-phenylethanol
(% ee) preny amount

underivatized n.d 17.2(104, 5) 7.0 242

RAMEB 73 233 8.1 38.7

TRIMEB 40.0 39 7.6 51.5

n.d. = not detectable

Comparing the results from tables 4.12 and 4.13 with table 4 10, when
the amount of cyclodextrin was changed from 0.12 mmol to 0.4 and 0.6 mmo! with
other parameters being constant, the main product was changed to chiral product, 1-

phenylethanol, with 11.0 % and 104 % enantiomeric excess of S-enantiomer when
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using underivatized cyclodextrin as a selector. In the case of RAMEB, the main-
product was also I-phenylethanol but without enantioselectivity (see figure 4.7).
These results support the idea that the number of mole of selector presented in the

reaction has more influence to product selectivity than the number of equivalent of
selector.
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Figure 4.7 Separation of purified mixture from the reductive ring-opening of styrene
oxide: (a) in the absence of cyclodextrin ; and in the presence of
(b) underivatized cyclodextrin; (c) RAMEB ; and (d) TRIMEB.
[0.6 mmol of starting epoxide and 0.4 mmol (0.7 eq) of selector]
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TRIMEB still exhibited the same result. Wh;:n a large amount of
selector was used (1.0 eq), the white round solid was observed before the addition of
reagent. The white solid formed in the reaction was probably an incluston complex
between styrene oxide and TRIMEB This complex may protect the epoxide from
being attacked by the reagent, thus large portion of epoxide was recovered at the end
of reaction (40.0%). The relationship between the number of mole of selector and

selectivity of the chiral product over the nonchiral product was summarized as in table

4.14.

Table 4.14 Effect of number of mole of selector on the selectivity and
enantioselectivity of chiral product

amount of added % selectivity of 1-phenylethanol over 2-phenylethanol (% ee)
cyclodextrin, mmol
(equivalent) underivatized RAMEB TRIMEB
0.1(0.2 eq) 43.7 46.9 377
0.4 (0.7 eq) 71.0 (11.0, §) 67.2 32.0
0.6 (1.0 eq) 71.1 (10.4, S) 74.2 33.9
1.0 (0.2eq) 66.7 (20.3, 5) 68.1 43.0

The selectivity of 1-phenylethanol over 2-phenylethano! for the reaction without
cyclodextrin was about 40 %




CHAPTER S
CONCLUSION AND SUGGESTION FOR FUTURE WORK

Heptakis(2,3,6-tri-O-methyl)-B-cyclodextrin was synthesized to use as
a chiral gas chromatographic stationary phase and as a discriminator in reductive ring-
opening of styrene oxide with sodium borohydride in water. The TRIMEB was mixed
with polysiloxane before coating onto a capillary column. The mixture of styrene
oxide, I-phenylethanol and 2-phenylethanol could be analyzed for product
distribution as well as enantiomeric excess of chiral components in the same
chromatographic run. This is an advantage over the usual procedure which analyze
the product distribution by non-chiral chromatographic technique and determine the

enantiomeric excess by polarimetry or nuclear magnetic resonance spectroscopy.

The interactions between TRIMEB and all analytes in gas-liquid
interface could be reaiized from the thermodynamic parameters obtained from gas
chromatographic analysis. It is evident that tﬁe strength of interaction between
TRIMEB and analytes is in the order. styrene oxide < I-phenylethanol < 2-
phenylethanol. For the chiral compounds, the S-enantiomers of both styrene oxide and
1-phenylethanol interact more strongly to TRIMEB than the R-enantiomers; therefore,

the S-isomers elute after the R-isomers.

When TRIMEB was used as a chiral selector in reductive ring-opening
of styrene oxide, no enantioselectivity on chiral product was observed. Product
selectivity between 1-phenylethanol and 2-phenylethanol was also similar to the
reaction without chiral selector, more 2-phenylethanol than 1-phenylethanol. When
the amount of TRIMEB in the reaction was increased, similar results were still

obtamed. Moreover, a larger percentage of starting epoxide was left unreacted.
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Two other types of cyclodextrin, underivatized and RAMEB (both
possessing hydroxyl groups in their structures), were used in the same reaction. Both
selectors offered different proportion of alcohol products, more 1-phenylethanol than
2-phenylethanol. However, enantioselectivity of 1-phenylethano!l could only be
obtained from underivatized cyclodextrin. This suggests that the hydroxyl groups
presented in the structure of -cyclodextrin have an influence on product distribution
and enantioselectivity of chiral product. The uniformity of functional group of
cyclodextrin was probably another factor influencing the enantioselectivity, as 1I-
phenylethanol extracted from reaction with RAMEB was racemic. Another interesting
point discovered from this study was that the number of moles of cyclodextrin (and
probably of styrene oxide) in the reaction plays more important role in selectivity and

enantioselectivity of chiral product than the equivalent of selector.

One drawback from the use of cyclodextrin as discriminator in this
study was the consumption of cyclodextrin in each reaction. Due to the limited
amount of the synthesized selectors, the extraction efficiency of 0.04 M TRIMEB
solution was used to calculate the product yield and selectivity for reactions
containing.underivatized cyclodextrin and RAMEB. The results could be improved if
the extraction efficiencies of the mixture in underivatized cyclodextrin and RAMEB

were determined at every concentration of selector added.

Finally, the information on the interaction between cyclodextrin and
- chiral analytes obtained from gas-liquid interface does not always correlate to the
behavior in the solution. As it can be seen that TRIMEB could be used to separate
enantiomers of styrene oxide and [-phenylethanol by gas chromatography, but it
showed no enantioselectivity in the solution. How cyclodextrin or its dertvatives
mfluences the product selectivity and enantioselectivity would be revealed if the
“association constant between enantiomers of styrene oxide and selector (especially

TRIMEB) in aqueous solution could be determined.



REFERENCES

1. Crosby, J. Chirality in Industry — An Overview. In A. N. Cellins; G N.

Sheldrake; and J. Crosby (eds.), Chirality in Industry: The Commercial

Manufacture and Applications of Optically Active Compounds, pp. 1-66.
Chichester: John Wiley & Sons, 1992.

2. Maheswaran, M. M. , and Divakar, S. Applications of Cyclodextrins in Organic
Syntheses. J. Sct. Ind. Res. 53 (1994): 924-932.

3. Osa, T ,and Suzuki, 1. Reactivity of Included Guests. InJ. Szejtli, and T. Osa

{eds.), Comprehensive Supramolecular Chemistry vol. 3, pp. 367-400.

London: Pergamon Press, 1996.

4. Breslow, R, and Campbell, P. Selective Aromatic Substitution within a
Cyclodextrin Mixed Complex. J. Am. Chem. Soc. 91(11) {1969}
3085.

5. Li, S. , and Purdy, W. C. Cyclodextrins and Their Applications in Analytical
Chemistry. Chem. Rev. 92(6) (1992): 1457-1470.

6. Szejtli, J. Introduction and General Overview of Cyclodextrin Chemistry, Chem.
Rev. 98(5) (1998): 1743-1753.

7. Juvancz, Z. Permethylated B-Cyclodextrin as Stationary Phase in Capillary Gas
Chromatography. J. High Resolut. Chromatogr. 10(2) (1987): 105-107.

8. Schurig, V., and Nowotny, H -P. Separation of Enantiomers on Diluted

Permethylated B-Cyclodextrin by High-resolution Gas Chromatography.
J. Chromatogr, 441 (1988); 155-163.

9. Guichard, E. ; Hollnagel, A. ; Mosandl, A. ; and Schmarr, H-G. Stereoisomeric
Flavor Compounds, Part XL: Stereodifferentiation of Some Chiral

Volatiles on a Permethylated B-Cyclodextrin Phase. J. High Resolut.

Chromatogr. 13(4) (1990): 299-301.
10. Schurig, V., et al. CGC Enantiomer Separation on Diluted Cyclodextrin

Derivatives Coated on Fused Silica Columns. J. High Resolut.

Chromatogr. 13(7) (1990): 470-474



40

I'1. Walther, W. | and Cereghetti, M. Gas Chromatographic Enantiomer Separation of

Some Atropisomeric 6,6 '-Dimethyl-1,1 -biphenyl Derivatives on

Permethylated B-Cyclodextrin. J. High Resolut. Chromatogr. 14(1)
(1991): 57-58.

12. Biechi, C. | et al. Permethylated Cyclodextrins in the GC Separation of Racemic
Mixtures of Volatiles: Part 1. J. High Resolut. Chromatogr. 14(5)

(1991): 301-305.

13. Keim, W. ; Kohnes, A. ; Meltzow, W. ; and Romer, H Enantiomer Separation

by Gas Chromatography on Cyclodextrin Chiral Stationary Phases. J.
Hich Resolut. Chromatogr. 14(8) (1991): 507-529.
14. Shitangkoon, A, and Vigh, G. Systematic Modification of the Separation

Selectivity of Cyclodextrin-based Gas Chromatographic Stationary Phases
by Varying the Size of the 6-O-Substituents. J. Chromatogr. A 738
(1996): 31-42.

15. Nie, M. Y. ;Zhou, L. M. ; Wang, Q. H. ; and Zhu, D. Q. Gas Chromatographic

Enantiomer Separation on Single and Mixed Cyclodextrin Derivative
Chiral Stationary Phases. Chromatographia 51(11/12) (2000): 736-740.
16. Soai, K. ; Ockawa, A. ; Oyamada, H. ; and Takase, M. A Novel Procedure for the

Reduction of Epoxides with Sodium Borochydride. Heterocycies 19(8)
(1982): 1371-1374.

17. Ookawa, A. ; Kitade, M. ; and Scai, K. Convenient Method for the
Chemoselective and Regioselective Reduction of Oxiranes with Sodium
Borohydride in Single Solvent. Heterocycles 27(1) (1988): 213-216.

18. Shaozu, W. ; Yulan, Z. ; and Huidong, W. Rearrangement of Aryl-substituted
epoxides in the presence of NaBHs. Gazz. Chim. Ital. 121 (1991): 519-

520.
19. Cha,J S.;Lee, K. W.;and Yoon, N. M. Enantioselective Reduction of

Racemic Three-membered Heterocyclic Compounds. 2. Reaction of

Epoxides and Episulfides with (-)-Diisopinocampheylborane in the

Presence of Lithiura Chloride. Bull. Korean Chem. Soc¢. 9(1) (1988):
62-64.



41

20 Cha,J. S.,Lee, K. W ;and Yoon, N. M Enanticslective Reduction of
Racemic Three-membered Heterocyclic Compounds. 3. Reaction of
Epoxides with B-Isopinocampheyl-9-borabicyclof3.3.1]nonane—
Potassium Hydride and Potassium B-Isopinocampheyl-9-
boratabicyclo{3.3.1]nonane Systems. Bull. Korean Chem. Soc. 8(5)
(1987): 421-423.

21.Cha, J. S.;Lee, K. W.; Yoon, N. M. ;and Lee, J. C. Enantioselective

Reduction of Racemic Epoxides with the Chiral 9-Alkoxy-9-
borabicyclo[3.3.1]nonane—Potassium Hydride and Chiral Potassium 9-
Alkoxy-9-boratabicyclo[3.3.1]nonane Systems. Heterocycles 27(7) |
(1988): 1713-1717.

22. Santosh Laxmi, Y. R, and Iyengar, D. S. Regioselective Cleavage of Epoxides:
Conversion of Racemic Epoxides to Optically Active Alcohols. Synth.
Commun. 27(10) (1997): 1731-1736.

23.Hu, Y. ; Uno, M. ; Harada, A. ; and Takahashi, S. Selective Ring-opening
Reaction of Epoxides with Sodium Borohydride in the Presence of
Cyclodextrins in Aqueous Media. Chem. Lett. (19906): 797-798.

24 Hu, Y. ; Uno, M. ; Harada, A ; and Takahashi, S. Selective Ring-opening
Reaction of Epoxides with Sodium Borohydride in the Presence of
Cyclodextrins in Aqueous Media. Bull. Chem. Soc. Jpn. 64(6) (1991):
1884-1888.

25. Doussot, J. ; Guy, A ; Garreau, R. ; Falguiéres, A ; Cossy, J. ; and |
Amsterdamsky, C. Préparation sélective d’alcools benzyliques substitués
2 partir de substrats aromatiques complexés dans la 8-cyclodextrine. Bull.
Soc. Chim. Fr. 133 (1996): 161-166.

26. Doussot, J. ; Guy, A. ; Siaugue, J.-M. ; Ferroud, C. ; and Guiéres, A. F.
Substituent Effects in the Selective Reductive Opening of Epoxides with

Borohydrides in the Presence of B-Cyclodextrin. Chirality 11 (1999):
541-545.

27 Ravichandran, R. , and Divakar, S. Reguratory Nature of 3-Cyclodextrin in
Selective Ring-opening During Reduction of Styrene Oxide. J. Mol.
Cat. A 137 (1999): 31-39.



42

28 Jung, M. ; Schmalzing, D. ; and Schurig, V. Theoretical Approach to the Gas
Chromatographic Separation of Enantiomers on Dissolved Cyclodextrin
Derivatives. J._Chromatogr. 552 (1991): 43-57.

29. Johnson, J. R.; Shankland, N. ; and Sadler, I. H. Full Assignment of the Proton

and Carbon-13 NMR Spectra of 2,3,6-tri-O-methyl-f3-cyclodextrin.
Tetrahedron 41(15) (1985): 3147-3152.
3G. Tsuchiyama, Y. ; Sato, M. ; Yagi, Y. ; and Ishikura, T. Partially Methylated

Cyclodextrins and Process for Producing the Same. EP Pat. 193 850

1986, 25 Feb. | 17pp.
31. Grob, K. Making and Manipulating Capillarv Columns for Gas Chromatography.

Heidelberg: Hiithig, 1986.



~ APPENDICES



Appendix A

Glossary

Capacity factor (&'} 1s defined as the ratio of analyte masses tn the stationary
phase and mobiles phase. It 1s also equal to the ratio of the time of analyte molecules
spend 1n the stationary phasc (where they are stationary) to thetr time 1n the mobile

phasc (wherc they are transported down the column).

where t, 1s retention time of an analyte and t, is time of an unretained

compoung.

Separation factor or Selectivity (@) 1s defined as the ratio of the capacity

factor of the two adjacent peaks.

Phase ratio (f) 1s defined as the ratio of the volume of the mobile phase and
stationary phase in the column. It depends only on the physical dimension of the

column.

Numnber of theoretical plates or Plate number (n) 1s used as a measure of
column efficiency. It 1s defined as the square of the ratio of the retention of analyte

divided by the peak broadening.

2 ’ 2

[t t
n=16 | =554 —°
wa Wiy

N

where wy, and w,, 1s the width of the peak at its base and at half-height,

. respectively.
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Asymumetric factor cr Tuiling facior (A is usually for the indication of peak
distortion (skew) which is normally measured as the ratio of the widths of the front

and back of the peak at 10 % of the peak height.

Height b

A

Erantivmeric excess (ec) expresses the excess of one cnantiomer over the

other. In practice, 1t 1s often quoted as a percentage.

Yoee=——_%.100
B+ B

where £, and E; are the amounts of the enantiomers (which directly obtained

by peak integration of chromatograms) and £, is the major enantiomer.
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Figure Bl H 300 MHz NMR spectrum of the synthesized heptakis (2,3,6-tri-O-methyl)-B-cyclodextrin (TRIMEB) in CDCl;.
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Figure B2 C 75 MHz NMR spectrum of the synthesized heptakis (2,3,6-tri-O-methyl)-B-cyclodextrin (TRIMEB) in CDCl5.
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Figure B3 H 300 MHz NMR spectrum of the synthesized randomly methylated B-cyclodextrin (RAMEB) in de-DMSO.
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)"} RT  AREA  TYPE AR/HT
|

. 155 5943500  DSBB 0.019
‘ 234 326 D BV 0.023
1 § 3.51 4843 BB 0.026
) 4.67 4860 PR 0.033
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Figure B4 The separation of n-tetradecane, n-pentadecane and n-hexadecane on a OV-1701 (reference column) ; 31.77 m long, 0.25 mm i.d.,
0.25 um film thickness, at 160 °C 1sothermal.
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RT  AREA  TYPE AR/HT
i k 155 125E+07 SBB 0.032
4.03 5635 BB 0.031
555 5680 BB 0.042
; 7.96 5921 BB 0.059
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Figure B5 The separation of n-tetradecane, n-pentadecane and n-hexadecane on a 17% w/w TRIMEB in OV-1701 (cyclodextrin column) ;
31.72 m long, 0.25 mmi.d., 0.25 um film thickness, at 160 °C isothermal.
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g - RT AREA  TYPE AR/HT

|

. 1.62 1.03E+07 SBB 0.033
o] = 173 768370 TBP 0.037
@ 5 186 3784 TPB 0.034
E - 700 10149 BV 0.067
t | ’ 715 10216 VB 0.068
I | | 749 4327 BB 0.072
3 T | 9.13 8813 BB 0.066

I | 1001 12678 PB 0.070

| f‘l | “‘;‘ 1031 12725 BB 0.072
- | M 'L | L 117 15552 PB 0.067
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Figure B6 The separation of standard styrene oxide, 1-phenylethanol, 2-phenylethanol and naphthalene on a 17% w/w TRIMEB in OV-1701

(cyclodextrin column) ; 31.72 m long, 0.25 mm 1.d., 0.25 pm film thickness, separation condition: initial temperature 110 °C, then
at 2 °C/min to 120°C, then at 5 °C/min to 155 °C.
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v =0.0308x
R =0 09m

Figure B7 The calibration curve for determination of (R)-{+)-styrene oxide in reaction

mixture.
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Figure B8 The calibration curve for determination of (S)-(-)-styrene oxide in reaction

mixture.
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Figure B9 The calibration curve for determination of (R)-(+)-1-phenylethanol in
reaction mixture.
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Figure B10 The calibration curve for determination of (5)-(-)-1-phenylethanol in
reaction mixture.
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Figure B11 The calibration curve for determination of 2-phenylethanol in
reaction mixture from the reaction



RT  AREA TYPE AR/HT
1.41 68 PB 0.007

1.44 2089 BH 0.012

K | 149 133E+07  ~SHH 0.028
N 156 3.62E+07  ~SHB 0.077
s | 164 312619 TBP 0037
‘; | 177 39558 TPB 0.033
6.83 837 BV 0.073
6.98 944 A% 0.076

894 39306 PV 0.088

984 23635 PV 0.099

] 10.15 23475 \AY 0.098
] K\ 11.00 67038 PB 0.099

Figure B12 Separation of purified mixture from the reductive ring —opening of styrene oxide in the absence of cyclodextrin.
(0.6 mmol of starting epoxide, 10 mmol of NaBHy), separation condition same as figure B6.
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: | RT  AREA TYPE AR/HT
‘ i [.40 361 PV 0.015
1.43 2865 VH 0.013
1.48 130E+07  ~SHH 0.028
| 1.54 3.49E+07  ~SHB 0.074
} ‘ﬁ vy 164 923260 TBP 0.036
g 'l i 1.76 38754 TPB 0.032
| 3 682 1323 BY 0.080
\ 6.96 1555 VP 0.091
\ | 893 41258 BV 0.088
\ | 9.85 20295 PV 0.098
t‘ It 10.13 20494 VvV 0.097
| ‘ 1 it | 10.99 55830 PV 0.101
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Figure B13 Separation of purified mixture from the reductive ring—opening of styrene oxide in the presence of TRIMEB.

[0.6 mmol of starting epoxide, 10 mmol of NaBHj4 and 0.06 mmol (0.1 eq) of selector], separation condition same as
figure B6.
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! RT AREA  TYPE AR/HT
. : 1.42 391 BV 0.016
145 2901 VH 0.014
25 1.49 1.15E407  ~SHH 0.024
e 1.56 3.63E+07  ~ SHB 0.077
1.65 814110 TBP 0.038
* 177 45868 TPB 0.033
| 683 4895 PV 0.08%
i | 698 5409 A% 0.093
| I 8.95 41329 BV 0.088
9.85 26580 PV 0.098
1015 26589 vV 0.099
| 11.00 70791 PV 0.099

i \

Figure B14 Separation of purified mixture from the recuctive ring—opening of styrene oxide in the presence of TRIMEB.
[0.6 mmol of starting epoxide, 10 mmol of NaBH,4 and 0.12 mmol (0.2 eq) of selector], separation condition same as
figure B6.

&



RT AREA  TYPE AR/HT
1.42 248 PV 0.010
144 471 VH 0.015
: 1.49 136E+07  ~SHH 0.029
% 156 3.54E+07 " SHB 0.075
'\ 1.65 828510 TBP 0.038
ti 177 36459 TPB 0.032
6.84 731 BV 0.077
6.99 852 VP 0.087
894 39914 BP 0.092
985 2151 BP 0.089
- 10.15 249 pp 0.103
i 11.01 8434 PV 0.100

I

Figure B15 Separation of purified mixture from the reductive ring-opening of styrene oxide in the presence of TRIMER.
[0.6 mmol of starting epoxide, 10 mmol of NaBH4 and 0.18 mmol (0.3 eq) of selector], separation condition same as
figure B6.
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RT AREA  TYPE ARHT

| 1.48 1.16E+07 SBH 0.025
154 281E+07  ~SHB 0.060
| | f 1.64 680200 TBP 0.033
‘} | 176 21127 TPB 0.030
i ! 888 27364 PB 0.089
| 979 8398 PV 0.101
| 10.09 8875 VB 0.107
o a 10.95 17164 PB 0.101
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Figure B16 Separation of purified mixture from the reductive ring-opening of styrene oxide in the presence of underivatized
cyclodextrin. [0.6 mmol of starting epoxide, 10 mmol of NaBH4 and 0.12 mmot (0.2 eq) of selector], separation
condition same as figure B6.
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RT AREA  TYPE AR/HT
| 1.48 1.16E+07 SBH 0.025
| o 1.55 2.76E+07  ~ SHB 0.058
B "l 1.65 665580 TBP 0.033
A i 177 18743 TPB 0.030
n l\ | 679 847 PV 0.080
i (\ li 6.94 911 VB 0.087
1'\ | \i i 889 27957 PB 0.090
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Figure B17 Separation of purified mixture from the reductive ring—opening of styrene oxide in the presence of RAMEB.

[0.6 mmol of starting epoxide, 10 mmol of NaBH4 and 0.12 mmol (0.2 eq) of selector], separation condition
same as figure B6.
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| | RT AREA  TYPE AR/HT
3 : 150 1.04E+07  SHH 0.024
: | , 1.56 2.55B+07  ~SHB 0.054
. ! 1.66 232710 TBP 0.034
i | 179 29313 TPB 0.037
: 684 73646 PV 0.086
R 698 83422 VB 0.097
i | | 732 3314 BB 0.081
a | vy 817 721 BB 0.087
| waf | 895 13670 PB 0.092
Il n 985 11691 PV 0.105
| g o 10.15 11703 %! 0.108
, \\ Hi 5 1:‘ t 1101 31300 PB 0.108
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Figure B18 Separation of purified mixture from the reductive ring—opening of styrene oxide in the absence of cyclodextrin.
(5 mmol of starting epoxide and 10 mmol of NaBHy), separation condition same as figure B6.

19



AT

| RT AREA  TYPE AR/HT
| - 142 1792 BH 0.185
| 149 101E+07  SHH 0.023
‘( 155 236E+07  ~ SHB 0.050
| 165 235310 TBP 0.032
| 177 19595 TPB 0.034
o F 679 31635 PV 0.084
| L § 694 47757 VB 0.095
| i i 727 2120 BB 0.082
. l. 8.89 12572 PB 0.093
2 ; | 980 20325 PV 0.102
| \ , z \ f 1010 31362 VB 0106
\,\ ] ﬁ ‘ *\\ LI\\‘_ 1096 20220 PB 0.107
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Figure B19 Separation of purified mixture from the reductive ring—opening of styrene oxide in the presence of underivatized

cyclodextrin. [5 mmol of starting epoxide, 10 mmol of NaBH4and 1 mmol (0.2eq) of selector], separation
condition same as figure B6.
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RT AREA  TYPE AR/HT
¥ 1.50 1.09E+07  SBH 0.024
i 156 2.46E+07  ~SHB 0.052
| 166 327390 TBP 0.033
| | 178 24012 TPB 0.034
N 682 28145 PV 0.084
N 697 31457 VB 0.092
B 730 1307 BB 0.078
| 893 16427 BB 0.089
| '] | : 982 10233 Py 0.101
| 1 | g 2 1013 10458 VB 0.102
‘ \\, T | {‘g‘ f 10.99 7544 BB 0.103
| 3 ?. fhow
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Figure B20 Separation of purified mixture from the reductive ring-opening of styrene oxide in the presence of RAMEB.

[5 mmol of starting epoxide, 10 mmol of NaBH, and 1 mmol (0.2eq) of selector], separation condition same as
figure B6.
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11.00

Figure B21 Separation of purified mixture from the reductive ring—opening of styrene oxide in the presence of TRIMEB,
[5 mmol of starting epoxide, 10 mmol of NaBH;and 1 mmol (0.2eq) of selector], separation condition same as

figure B6.
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RT AREA  TYPE AR/HT
| 148 118E+07  ~SBH 0.026
1.54 2356407  ~SHB 0.058
165 577890 TBP 0.033
1 177 10245 TPB 0.028
¥ 895 26147 PR 0.093
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Figure B22 Separation of purified mixture from the reductive ring—opening of styrene oxide in the presence of underivatized

cyclodextrin. [0.6 mmol of starting epoxide, 10 mmol of NaBH,4and 0.4 mmol (0.7eq) of selector], separation
condition same as figure B6.
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RT AREA  TYPE AR/HT
149 1.18E+07  SBH 0.026
2 1.55 2.76E+07  ~ SHB 0.058
1.65 571270 TBP 0.033
o 1.77 10556 TPB 0.028
| 684 1394 PV 0.088

699 1531 VB 0.097

‘ 2. 895 25957 PB 0.092

s S 1019] BV 0.106
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Figure B23 Separation of purified mixture from the reductive ring-opening of styrene oxide in the presence of RAMERB.
[0.6 mmol of starting epoxide, 10 mmol of NaBH,and 0.4 mmol (0.7eq) of selector], separation condition same
as figure B6.
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RT  AREA TYPE AR/HT
- | 150 1.18E+07 SPH 0.026
155 2.72E+07  ~ SHB 0.058
167 561530 TBP 0.034
w‘ 179 11040 TPB 0.028
685 3473 PV 0.087

. ‘i 700 3993 aY 0.097
| * 896  2589] PB 0.092
986 4050 PV 0111

‘ | 1016 4025 VB 0112

| 1103 12412 PB 0.112

Figure B24 Separation of purified mixture from the reductive ring—openiug of styrene oxide in the presence of TRIMEB.

[0.6 mmol of starting epoxide, 10 mmol of NaBH, and 0.4 mmol (0.7eq) of selector], separation condition same
as figure B6.
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Figure B25

Separation of purified mixture from the reductive ring-opening of styrene oxide in the presence of underivatized

cyclodextrin. [0.6 mmol of starting epoxide, 10 mmol of NaBH4 and 0.6 mmol (1eq) of selector], separation
condition same as figure B6. '
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- RT AREA  TYPE AR/HT
| 149 1 15E+07 SPH 0.025
N 155 2.99E+07  ~SHB 0.063
| 165 563870 TRP 0.035
L7, 11839 TPB 0.029
7 ,\ | 685 3095 PV 0.087
5 . 700 3439 VB 0.096
896 27053 PB - 0094

"‘ ; 986 9915 12 0.106
1017 10139 VB 0.109

11.03 5574 PB 0.114

Figure B26 Separation of purified mixture from the reductive ring-opening of styrene oxide in the presence of RAMEB.

[0.6 mmol of starting epoxide, 10 mmol of NaBHsand 0.6 mmol (1eq) of selector], separation condition same as
figure B6.
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Figure B27 Separation of purified mixture from the reductive ring~opening of styrene oxide in the presence of TRIMEB.
[0.6 mmol of starting epoxide, 10 mmol of NaBHs and 0.6 mmol (leq) of selector], separation condition same as
figure B6.
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