ABSTRACT

Design and Synthesis of No&ICyclodextrins and Their Application as Chiral
Stationary Phases for Gas Chromatography

Tiffany R. Turner Hayden, Ph.D.

Mentor: Charles M. Garner, Ph.D.

Enantiomers can be directly separated only withalisystems containing a
chiral selector. Cyclodextrins (CDs) and modif@alodextrins have been used as chiral
selectors for their ability to form host-guest cdexes with various analytes.
The scaffold of the CD allows for assembly of fuacal groups with controlled
geometry. CDs can be readily modified through stieon of the hydroxyl groups,
giving rise to derivatives with significantly diffent properties, especially increased
solubility and controlling the hydrophobicity ofeltavity. Even though CDs can be
readily modified, the syntheses can be tediouscantplicated with various protecting
group strategies to control the reactivity of tlagious alcohols. The preparation of
modified cyclodextrins for use as chiral stationphyses (CSP) for gas chromatography
(GC) is the focal point of this research.
Our effort to identify useful ne8-CD derivatives involved attempts to make bridged
(annulated) derivatives, could increase the thestaddility of the derivatives, and change

the length, width and polarity of the CD cavityo @ate, there are no reports of annulated



CD derivatives in the chemical literature. In irecess of evaluating a wide range of
electrophiles that could accomplish annulationesavnew3-CD derivatives, i.e., per(6-
O-TBS-2,3-0O-cyclodimethylsilyl)B-CD, per(6-O-TBS-2,3-O-cyclodiphenylsilylp-CD
per(6-O-Pivaloyl-2,3-O-cyclodimethylsily}-CD, per(6-deoxy-2,3-O-methylB-CD,
and per(6-deoxy-2,3-O-allyl-CD, were synthesized. Two of the new derivatiwvese
evaluated as components of stationary phases fop&(®-O-TBS-2,3-0-
cyclodimethylsilyl)-B-CD and per(6-deoxy-2,3-O-methy}-CD. Overall, this work

resulted in five new CD derivatives.
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CHAPTER ONE

Introduction

Cyclodextrins

The first reported discovery of cyclodextrins (CDs) appean 1891, when
Villiers* observed the formation of an unidentified crystalline &z during the
fermentation of starch. The cyclic structure of the crigsabextrin remained unknown
until the late 1930’s. Cyclodextrins have been extensivetliexd in the pharmaceutical,
cosmetic, and food industriésCDs structure demonstrates the ability to complex other
molecules within their annuli, exhibiting size and chiraglcdimination between guest
molecules’ Smaller guest molecules can enter the cyclodextrivisyGdorming
inclusion complexes. This phenomenon is catfedlecular recognitionwhile the
selectivity in the formation of complexes with enantiomepecies as guests is called
chiral recognition® Their inherent chirality has lead to their widespread usiial
separation techniques; this aspect will be discussecefuathit becomes increasingly
important in chromatography.

Since its structural elucidation by Freudenberg and deevs®> numerous studies
have been dedicated to the fundamentals of cyclodextemiskry with a large emphasis
on the molecules ability to exhibit host-guest inclusiomglexes. These naturally
occurring molecules play an important role in supramoéeattiemistry for several
reasons: (i) they are now produced by the thousands op&sngar, making their

initially high prices drop to a level that has become aat#@tfor most industrial



purposes. (i) Among all potential hosts, cyclodextringrstebe the most important
ones for host-guest interactions due to their inclusiomiftg ability, (iii) the non-toxic
effect of CDs can be exploited by selecting the approptBt@r derivative and the
appropriate mode of application. As a result, cyclodextiamsbe consumed by humans
as ingredients of drugs, foods, or cosmetiddoreover, the chemical modification of
cyclodextrin has become a research area, advancing likatioin of this macromolecule

in laboratory and industrial processes.

Cyclodextrin Structure and Properties
Naturally occurring cyclodextrins are homochiral cycligesaccharides, the
most common of which are composed of 6, 7, arB 4-linked D-glucopyranose units

(often referred to as-, 3-, andy-, respectively) (Figure 1.1).
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Figure 1.1Molecular structures of, (3-, y-cyclodextrins

They are produced, along with other oligosaccharides, ghrthe degradation of starch
by the enzyme CD glucosyltransferdsas a consequence of its well known binding
ability and availability, B-cyclodextrin (also known as Schardingedslextrin,

cyclomaltoheptaose, cycloheptaglucan, and cycloheplaam symbolized g3-CD) has
2



high commercial potential and is the key ingredient of gsgarch.3-CD contains
seven glucopyranose units that take the shape of a holloeated cone with secondary
2- and 3- OH groups on the hydrophilic wide ends and the priGi@®H groups on the

narrow ends, reminiscent of a lamp shade (Figure 1.2).

i~} d
mwe.n:c;m:. ,_Hy_zuxrls

Wz |

! N

Primary
Hydroxyls

Figure 1.2 Structural Scheme®{CD?

The hydrophobic annular interiors are lined with H(3),)H(i5d H(6) hydrogens
and O(4) ether oxygens. Crystallographic X-Ray studiew shat each glucose unit
adopts dC; chair conformation, also confirming its rigid structure.e T82-OH group
of one glycopyranoside unit can form a hydrogen bond Ww&h-3-OH group of the
adjacent glucopyranose unit. BrCD, a complete secondary belt is formed by these H
bonds, which contributes to the more rigid structfimmpared tam- andy-CDs. This
arrangement of hydrogen bonding can explain the obsemv@d3-CD has the lowest
solubility of all CDs? The most important physical and chemical characteristitseo
most common CDs can be compared in Tablé CDs were originally thought to have
completely rigid structures; however, this has been showe inconsistent with the CDs

ability to selectively complex guests of various shap@b. complexes are held together



by weak intermolecular forces which somewhat limit the fitglnf the CD, but does not
render it completely rigid. A completely rigid structuralso inconsistent with the ease
of formation of inclusion complexes of various shapes @aa$ssince the above implies

an efficient fit of the host and guest is requit®d.

Table 1.1Some characteristicsopP, andy-CD 2

CD a-CD  p-CD  y-CD

Number of glucopyranose units 6 ! 8

Molecular weight (anhydrous) 972.85 113499 1297.14

Solubility per dnf H,0 at 298.2 K 14.5 1.85 232
Annular diameter measured from C(5) hydrogens, A 4.7 6 75
5.2 6.4 8.3

Annular diameter measured from C(3) hydrogens, A
Annular depth from primary to secondary hydroxybgps, A 7.9-8.0 7.9-8.0 7.9-8.0

Annular volume, & 174 262 472
Partial molar volumes, chmor* 311.4 703.8 801.2
pKa O(2)H and O(3)H at 298.2 K 12.33 12.20 12.08

Other important properties of cyclodextrins include thik¥ving: (1) they are non-
reducing sugars, (2) glucose is the only product of acidohysis, (3) their molecular
weights are always integral numbers of (162.1), the valg&iobse, (4) they are non-
toxic, and (5) they do not appreciably absorb UV or vidiglet.® As a result, the
extensive investigation into the chemical modificatiohsyalodextrins have been
concerned primarily with (i) influencing their solubiés, (ii) host-guest interactions and
complexation, (iii) enzyme modeling, and (iii) forming ihgade, immobilized CD-
containing structures (for chromatographic purposes).

4



Cyclodextrins find application as chiral selectors inga®matography (GC),
liquid chromatography (LC) and capillary electroph@&¢€E)*? Chromatography is
one of the most important methods for direct studies of mtzeand chiral recognition
by CDs today. The amazing sensitivity of CDs to the shapgsesit molecules is
illustrated by the significant differences in retentionds of very similar compounds.
For illustration, the separation of enantiomers of phofadahlor (.1), photo-
heptachlorepoxidél.2), and photo-chlordand (), polychlorinated pesticides on a CD
GC column (CP-Chiralsil-Dex CB-CD) was shown to exhibit large differences in

retention times with baseline separation of the enant®(égure 1.3)>

cl_C cl_C cl_C
cl Cl cl Cl cl Cl
/ / 0 /
Cl Cl Cl Cl Cl Cl
Cl Cl Cl
11 12 13

Figure 1.3 Three polychlorinated pesticides separated o6 Cbolumn

Cyclodextrin Complexes

The complexation of a guest by cyclodextrin involves #rgigd or complete
desolvation of the guest as it enters the CD cavity, displant of the water (or other
solvent) from the cavity and adjustment of the guest téhixenodynamically most
favorable orientation within the cavity.

The majority of CD complexation studies have been carriethagueous
solution and considerable attention has been focused trydhnation of the CD and the

guest during the complexation procés€yclodextrins form complexes with differing



amounts of water, witB-CD holding approximately 7-8 molecules per water in its
cavity. Even if CDs don’t contain water or a guest, there iallyssolvent occupying the
spac€’. Hydrogen bonding stabilizes complexes along with confoomal changes by
either the guest or CD. Other effects demonstrated byleaatpn behavior include
hydrophobic effects, release of high energy water from the&vity, relief of
conformation strain in the uncomplexed CD, dipole-dipdleractions, and London
dispersion force$ The entry of a guest into the CD annulus expels some or thik of
water, an important part of the complexation process. Tlmlpytand entropy of
complexation follows a trend wheaHo is negative andSois negative, and as a
consequence CD complexation is said to be enthalpy driveminfkrent chirality and
shape of CDs provide opportunities for both chiral and seithination by
complexation.

The cavity of3-CD and its derivatives is wide enough to accommodate
adamantan& Predominately, analytes such as adamantane enter theviBtimaugh
the secondary face first, shown ¥y NMR studies, although examples of exceptions do

exist.

Novel Modified3CDs as Chiral Selectors in GC

Enantioseparations are generally carried out by ctimamatography on a chiral
stationary phase containing a resolving agent of highnuhecessarily complete)
enantiomeric purity? The use of cyclodextrins as chiral selectors in GC has modd
deeper understanding into the mechanisms of chiral reécamgnin this report, we will
introduce the progress we have made toward the developinemigue modified3-CD

derivatives. The majority of enantiomer separations baea carried out with use pf
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CD and its various derivatives due to its generally gresfeiency and commercial
availability, and this is precisely the reason, along wistt,dor its use in our research.
Since cyclodextrins have been so widely applied in the agparsciences, the evolution
of cyclodextrins and its derivatives has been intense bedast two decades, resulting
in a number of different phases with different selectwiti For example, the Chiraldex
series by Astec offers the widest variety of commercialgilable chiral GC columns,
marketing eight different types of cyclodextrin derives, two of which are unique,
patented GC phases (Table 1.2). In addition, these eiglst dypkerivatization are
available for all three of the common cyclodextriasf(andy). One of the Astec phases

(DM) corresponds to that offered by J&W as CycloSil-B.

Table 1. 2 Several Currently Available Cyclodextrin-bas&é€

Phase Cyclodextrin
TA*  Trifluoroacetyl
(2,6-di-O-pentyl-3-trifluoroacetyl)
DM Dimethyl
(2,3-dimethoxy-6-O-tert-butyldimethylsilyl)
DP Dipropionyl
(2,3-di-O-propionyl-6-O-tert-butyldimethylsilyl)
DA  Dialkyl
(2,6-di-O-pentyl-3-methoxy)
PN Propionyl
(2,6-di-O-pentyl-3-propionyl)
BP Butyryl
(2,6-di-O-pentyl-3-butyryl)
PH*  S-Hydroxypropyl
((S)-2-hydroxy propyl methyl ether)
Permethyl
(2,3,6-tri-O-methyl)
* denotes patented

PM




Our research into new synthetic derivatives of CDs hasetmated by the
relatively low thermal stability of the current commergiavailable columns and
especially by the fact that each CD derivative has difteseparation characteristics, i.e.,
there is no one best phase for all separations. This meawsihatlimited number of
chiral separations can currently be performed on anyes®i stationary phase,
supporting the continual need for improved chiral setsctdhere is no universal chiral
stationary phase available, nor can the separation ofiesry gnaytes be predicted, thus
the selectivity and efficiency are often determinedriay &nd error. Our objectives are
to synthesize novél-cyclodextrins that are significantly different struetly from what
is currently used in existing CSPs and to test their perfazenas chiral selectors in
enantioseparations by gas chromatography. To accontipisstour derivatization efforts
will be primarily focused on increasing the temperaturbilitg cavity width, length and

polarity of theB-CD.

Cyclodextrin Derivatives

Although the chemical modification of the hydroxyl grogp<Ds is a major area
of interest, it is recognized as a rather demanding protlee®nly established approach
to elaborate CDs is through reaction of their hydroxyl gsouin cyclodextrins, every
glucopyranose unit has three free hydroxyl groups avaifab modification. Fof-CD,
this represents twenty-one modifiable hydroxyl groupsegging the potential for a
complex mixture of fully substituted to partially subgtid products. The secondary
hydroxyl groups are the C(2)- and C(3) —groups, whilex{@-OH hydroxyl group is
primary as shown in Figure 1.2. The chemistry performed dodgxtrins is largely

influenced by the difference in reactivity of the threeatdht hydroxyl groups on the

8



ends of the glycopyranoside residues. The reactivityedses in the order of: 6-OH2-
OH > 30H. This trend can be attributed to the hydrogen bondingeketthe secondary

hydroxyl groups and the regio- orientation of the hygttgroup.

Purpose of Research

Modification generally involves the substitution of th@lfogen atom or the
hydroxyl group by a wide variety of substituents, thousggctions of this type generally
result in a large number of positional isomers and a conmpletion mixture. It is often
possible to control, to some degree, the regioselectivityeofdactions, to substitution of
either one or a specific combination of hydroxyl grougse fegioselective protection of
all the primary hydroxyl groups is difficult due to stentaractions that develop with
increasing degree of substitution. Unlike the functiomadilin at the primary face of
cyclodextrins, which has been extensively studied, théadkaichemistry for the
functionalization of the secondary face is not as well ldgegl. Considerable attention
has been given to the chemical modification, as descrim@eeaof3-cyclodextrin in
order to optimize its separation properties and is pigdise focus and goal of this
research. We have pursued structurally unlyigging groupsfor the C(2) and C(3)
oxygens. Annulations of this type have not yet been regdor cyclodextrin stationary
phases, though annulations reactions have been reporigiddose derivatives. We
hoped that similar functionality could be realized on@yextrin and its derivatives.

In addition, replacement of the primary hydroxyl grovifh smaller groups was

also considered when designing our chiral selectors. Botitns made by Baer et al. in
the development of per(6-deox§)-cyclodextrind® has provided a straightforward

approach to the synthesis of cyclodextrins bearing snfahetional groups (i.e., methyl)



on the primary side. To our knowledge, derivatives of this tygve not been explored
for their ability to perform enantioseparations. We belténagp-cyclodextrin derivatives
containing the described attributes could offer a patkeadtiange in the thermal stability
and chiral recognition properties. The following pagesindlude details concerning
the modification ofCD at the secondary hydroxyl face in order to extend theycaivi
the CD and improve the properties beneficial in chromafdgc enantiomeric
discrimination (i.e. temperature range, binding/complexaproperties, etc.). Also,
modification of3CD at the primary hydroxyl face in order to increase the dajubf

the CD is included. Finally, development®tyclodextrin coated capillary columns for

gas chromatography is also reported.
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CHAPTER TWO

Model Systems for the Annulation Bfcyclodextrin

Introduction

By modifying the hydroxyl groups in cyclodextrins (CDs)dhemical reactions,
the CD derivatives with various degrees of substitutionbscome hosts for guest
analytes. The selectivity can be of the hosts can be altertedotnecessarily in a
predictable way. The properties of modified CDs differ froiwse of non-modified CDs.
The selectivity of enantiomer separation can be improvaddsgasing solubility of the
analytes, using the ability of CD derivatives to form seconatdermolecular attractions
or controlling the degree of hydrophobicity of the CD ta¥ Two main factors
considered when modifying CDs is the potential for compieravith reagents used in
the reactions and the nucleophilicity of the primary armdséary hydroxyl groups. The
primary hydroxyl groups, C(6)-OH, are the most basic and mageophilic, where as
the secondary hydroxyl groups have lesser, but variedjvigactThe C(2)-OH hydroxyl
group is the most acidic and the C(3)-OH group is the masteéssible. The diminished
reactivity of the C(3)-OH group has been attributed to jltedgen bonding capability
with the C(2)-OH group on a neighboring glucose unit. Téwehsing order of
reactivity: C(6)-OH > C(2)-OH > C(3)-OH is well documentéd

Since no per-annulated CD derivatives are known in theatiire, three different
model systems (Figure 2.1) were envisioned to probe thevigaand selectivity of the

secondary hydroxyl groups. The model systems do not haegltleel complexity of the
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macrocyclic nature of CDs. We speculate complexation ofetgents and electrophiles
within the CD annulus may prove beneficial by increasingrtiti@l reactivity of the CD
and electrophile but could decrease the reactivityeoff2)-hydroxyl groups overall
through crowding. The model systems can circumvent tbisigmm to test the annulation

reactions.

Synthesis of trans-cyclohexandiol Derivatives

Trans1,2-cyclohexanedidR.1) was used to test the viability of annulating trans-
secondary hydroxyl groups. With this model system, the secgmydroxy groups have
the same reactivity. The D-glucopyranoside deriva@iavas envisioned to probe the
differing reactivities of the C(2)-OH and C(3)-OH undenalation conditions. ©-
methyl methyl3-maltoside derivativ@.3was designed to probe annulations across
neighboring glucose moeties and if they would hinder osirele annulations. Studies
were undertaken of reactions with electrophiles that cpotentially form 5-, 6-, 7-, and

8-membered rings and to optimize potential reactionitiond for 3-cyclodextrin.

2.1 2.2 2.3

Figure 2.1 Model Systems 2.1-2.3
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Five-membered Annulations of 2.1

The simplest annulation of a model system attempted waarptam of
acetonide derivativ@.4. The first method attempted was a kinetically controlled
acetalation using 2-methoxypropene with catalytic PPTSNir.!” The reaction was
followed by GC/MS and the product’s mass of 156.12 was detdmi¢ the product
could not be isolated by chromatography or distillatioalldwing the work of Becher
and co-workers® transacetalation was attempted with 2,2-dimethoxy propade
catalytic PPTS in DMF. The reaction was also followed by GCam®the desired
mass was observed, but the product decomposed upon ataiigbiéation. We

conclude that this derivative is thermally unstable.

H
o (K
“'OH e
2.1 2.4

OCH;
Method A: PPTS, DMF,

Methos B: PPTS, DMF, H;CO_ OCH;

Figure 2.2 Attempted syntheses of acetonide 2.4

Six-membered Annulations of 2.1

The first six-membered annulation attempted &ithused hexafluorobenzene,
CsFe, as shown in Figure 2.3. The reaction was first performed bgrgratiuate Ellan
Hays and later reproduced for characterization purposesm&@annulation for this
novel compound was achieved by slow addition gi#s@ DMF to a mixture of diol and

NaH in DMF to produce the new fluorinated compod@rklin 74% yield after
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recrystallization. This reaction is not a typical substtuteaction of an alkoxide on an
electrophile, but instead a nuclophilic aromatic subtstitureaction. This successful
reaction on the model systedril presents a unique pathway to new and novel annulated

CD derivatives.

F
— >
“OH DMF (74%) 10 F
F
2.1 2.5

Figure 2.3 Formation of novel fluorinated derivative 2.5

Encouraged by the cyclization &fl with CsFg, preparation of a known, non-fluorinated
analog, 1,2,3,4,4a,10a-hexahydrooxanth(@mg) was attempted. Following the
procedure of Mincione and co-worket$2.1was reacted with excess PEEhCN) and
1,2-cyclohexanedione in refluxing benzene.

This annulation was not successful2a&was not detected by GC/MS and the
resonances reported in the literature were not seen inutie’el NMR. Since we did
not examine this reaction further, it is not known if the catgphromatization of the ring
was unsuccessful or if the PAEhCN) was of insufficient purity as to why the reaction
did not proceed as reported.

A simpler diether analog.7 has been synthesized by Jensen and Kbasethe
strongly acidic conditions and high temperatures useghthiasize the compound would
not be adaptable for reactions with cyclodextrins. We giednthe synthesis d2.7 by

reacting 1,2-dibromoethane wighl (Figure 4). Unfortunately, despite employing several
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CsHe

0]
OH
. >~ (10
"/OH P 2(Ph )2 "/O
2.1 2.6

Figure 2.4 Synthesis of 1,2,3,4,4a,10a-hexahydrooxanthren (2.6

O’ OH CO}Qit'uiﬁs O/O]
,I/OH "/O
2.1 2.7

Figure 2.5 Attempted synthesis of diether analog 2.7

Table 2.1 Attempted conditions to form 2.7

Base Electrophile Solvent Results

NaH BrCHCH,Br or ICH,CHl THF or DMF inconclusive

KOtBu BrCH,CH,Br THF or DMF  inconclusive

solvent/base combinations (shown in Table 2I)jwas not detected by TLC, GC/MS,
or *H NMR under any conditions. Another route2t@ was attempted as shown in
Scheme 1. The dieth2r7 was envisioned to be possible from the hydrogenati@Bpf
which could be made from the ring closing metathesis (RCMpwél divinyl ethe.9
with a Grubb’s catalyst. Vinylation @1 should afford divinyl ethe2.9, not previously

reported.
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‘OH
2.9 2.1

hydrogenation o RCM N vinylation OH
U =) — =
o SN .,
2.8

Scheme 2.1 Alternate proposed synthesis of 2.7

Following a similar procedure reported by Denmark and/otkers* excess
ethyl vinyl ether an@.1 were refluxed overnight in the presence of HQ(QA®&n
alternate procedure by Gurf&rusing use Hg(OCOGJ, was also followed. Even
though the product’s mass of 168.12 was detected as a malobp&C/MS 2.9 was
never successfully isolated by chromatography or @isblh. Each time2.1was
recovered and it was assumed the vinyl ether was destogysdjhtly acidic conditions.
A recent report of direct vinylation of glucose derivaswith acetylene at high
pressures was reported by Trofimov and co-workebsit the synthesis was not
attempted because facilities for handling acetylene umdérpressure were not
available. Compound.7was also envisioned to be possible from the literatuertesgh
trans-1,2-bis(allyloxy)cyclohexan&.(1)** Isomerization of the allyl ethers, followed

by in situ RCM should afford.8.

O hydrogenation 1somerlzat10n
)= ] —
0
2.7 2.10
O\/\ allylation OH
—
‘/,O/\/ s

"OH
2.11 2.1

Scheme 2.2 Alternate proposed synthesis of 2.7 via 2.11
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The diallyl ethe2.11was synthesized in 63% yield as shown in Scheme 2.3.
Following the allylation, Wilkinson’s catalyst, [RhCI(P#4), was used for the
isomerization of the allyl ethers. The isomerization stepfai#owed by*H NMR to
note the disappearance of the terminal vinyl Hs and subsetprmation of allylic
methyl groups (Ckb). Compoun@.10was never isolated, and Grubb¥ dgeneration
catalyst®® RuCL(PCys)CHPh (5-20 mol%) was added to the reaction and allowed to
reflux for 24 h. The reaction was monitored'ByNMR but the desired intermediate
was never observed. Grubb®¥ generation cataly&t2.13(Figure 2.6) as well a&.12
have been shown to succeed in metathesis reactions ofrpetial@lectron-rich olefins

but they were not tried on this model system due to avathabili

O/OH N ~ X 10 mol% N O/ ]
“OH NaH, DMF Uy ™ CeDe or tol-dg 0
100°C, 63% refhux
2.1 ’ 2.11 2. RuCly(PCy;),CHPh 2.8
CgDg or tol-dg
reflux

Scheme 2.3 Synthesis of diallyl etl2et1and attempted isomerization and RCM to
produce2.8.

Mes’N\( N~ Mes
Cl-~

Ph
Ru= Ph

_Ru=-
ci ! ClI" by, PN
PCys PCys
2.12 213

Figure 2. 6 Grubbs’*land 2° generation catalysts used in RCM
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A compound similar t@.8 was envisioned that would come from the olefination and
RCM oftrans-cyclohexane-1,2-diyl diacetat2.{4)with Tebbe reagent
(Cp.TICH,CIAIMe,)? as seen in Scheme 2.4. The Tebbe reagent is well known to
convert esters to enol ethers and with excess Tebbe redqgeanals are known to
undergo olefin metathesis reactions. The reaction wasuiffo follow by'H NMR due

to the overlapping resonances of the Tebbe reagent anditssedvihe six-membered
annulation analogs that entailed an RCM step were aband@hacdetate?.14was
synthesized according to a modified literature procetfufeyridine was used as the
scavenging base and solvent instead gl s reported by Lefevre and Reymond, since

the CDs to be studied later have better solubility in pyeidin

OH excess

AcO OAC  Tebbe 0 H ©
‘OH pyr (89%) "“OAc  THF, reflux i Pd/C 0
2.1 2.14 015 2.16

Scheme 2.4 Proposed synthesis of 2.16

Following the literature precedent of Itaya and co-waRkepreparation of (4,8-
trans)-hexahydro-1,4-benzodioxine-2,3-diorie1(7)was attempted. Unfortunately, the
published procedure of reacti@dl with oxalyl chloride in EfN and THF did not give
the desired product &17was not observed B4 NMR or GC/MS. However, we

found success with the conditions shown in Figure 2.7.
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O

(56%)

Figure 2.7 Synthesis of cyclic oxalate 2.17

The stability of the product was less than what was desdopédya, and our
product quickly decomposed after Kugelrohr distillat{g@5’C and 0.1 torr) upon
standing at room temperature for 1-2 hours or after 1 dayirg Btored in the freezer.
Recrystallization from hexanes-QEl, gave the same result. The question arose if
decarboxylation of the oxalate was occurring to form therlee(Scheme 2.5). If so, this
would prove to give interesting and new CD derivati2e$8or 2.19 where the C(2)-OH
or C(3)- OH hydroxyl groups would be removed and the otlwerldvbe oxidized to the
ketone (Figure 2.8).. These CDs have not been reported inettaure. Unfortunately,

the mechanism of decomposition was not pursued.

o._0O
J— a,— O,
)

OH

+CO, +CO
2.17

Scheme 2. 5 Proposed decomposition of 2.17
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HOH,C.__ O ,\\oi— HOH,C O A\\O%
LT ’
\|:" e \|:‘

(0]

2.18 2.19

Figure 2.8 Unigue CD derivatives 2.18 and 2.19

In a similar vein a2.17, monochloroacetate was used as an electrophile for six-
membered ring formation. Instead of forming a symmetogalate, the asymmetrical
product might shown unique properties as a CD derivativloviiag the modified
procedure of Sakaf,new monochloroacetaf20was produced frord.1in 80% yield
(Scheme 2.6). Preparation of the novel cyclized was attempted. Unfortunately, all
combinations of solvent, base and temperature tried weveeessful in producing.21
(Table 2.2). The use of NaH in THF or DMF did not prod2@ but gave the reactant
2.20 Similar results were observed with pyridine, a weaker, bagaMF. Hydrolysis of
the ester was not observed at elevated temperatures uesieictinditions. Interestingly,
the use of KH in DMF resulted in the formation2o1, where hydrolysis of the ester was
observed. The use of a larger base, KHMDS gave both the hzeld@yl and reactant

2.20

O,OH CI)JVCI OHO Cond|t|0ns Of L
CH,Cl, w,O)J\/C'

OH  refiux (80%)
2.20

Scheme 2.6 Synthesis of 2.20 and attempted cyclization doiqge®.21
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Table 2.2 Attempted reaction conditions for 2.21

Base Solvent Temperatur€ompound*
NaH DMF or THF rt 2.20
pyr DMF rt or 86C 2.20
KH DMF rt 2.1

KHMDS DMF or THF rtor 80C 220+21

*Reaction results were determined by GC/MS

Seven-membered Annulation

We proposed a seven-membered ring annulation2vthnd 3-chloro-2-
(chloromethyl)prop-1-ene2(22 to form2.23 Not only would this produce a seven-
membered ring, the electrophile is reactive to substriwtdoth allylic positions but not
elimination. If elimination is occurring with dibromoette (Scheme 2.52,22will not
have the same problems. Multiple reaction conditions ageenpted (Table 2.2) and the
best conditions found for the cyclization were using argxof NaH and slow addition
of the electrophile via syringe pump to gi&3in 39% yield prior to chromatography,

as shown in Figure 2.9.

on uku
2.22 >
%
“opy NaH, DMF (0.05M) 5

80°C (39%) o
21 2.23

Figure 2. 9 Synthesis of novel compound 2.23 from 2.1 and 2.22
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Table 2.3 Attempted reactions conditions to form 2.23

Base Solvent Temperature  Results*
NaH DMF (0.04M) rt 28% + sp
NaH DMF (0.005 M) rt (sonication) 14% +sp
NaH DMF (0.2M) 86C 43% + sp
NaH DMF (0.002 M) 8éC 53% +sp
KH DMF (0.005 M) rt 8% + sp
NaH THF (0.02 and 0.05 M) rt 0% + 2.1
NaH THF (0.02 and 0.05 M)  80°C 0% + 2.1
MeCN THF (0.02 and 0.05 M) rt 0% + 2.1
MeCN THF (0.02 and 0.05 M) 80°C 0% + 2.1

*Reaction results were determined by GC/MS. rt emndemperature,

sp = side product unable to remove via distillatiorcolumn chromatography

Eight--membered Annulation

With compound.23in hand, larger annulated systems were envisioned. RCM of
diallyl ether2.11was attempted with Grubb’s'fyeneration catalyst, RufiPCys)CHPh,
but the subsequent metathesis pro@u24was not detected b NMR or GC/MS and
detection oR.11was observed. Compoud?4is known in the literature but the

researchers used the oth&mkneration catalyg.12°

RuC PCy3)2

o F  CeDe 9/ M 015M) j
reflux
2.11 2.24

Figure 2. 10 Attempted synthesis of 2.24
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Synthesis of Glucose Model System 2.2

The use oR.1as a simple model system proved beneficial to determihe tha
annulation of trans-diols was feasible in some cases, kvaeal us to optimize reaction
conditions somewhat. Glucose model sysBeptould aid in determining if the
difference in reactivity of the C(2)-OH and C(3)-OH hydyogroups would cause
problems on CD derivatives.

Initially, compound2.27was envisioned as a precursor to glucose model system
2.28to test the annulation of C(2)- and C(3)-OH hydroxyl geo(ficheme 2.6). P€-
trimethylsilylation of methyh-D-glucopyranoside?.25 gave the corresponding 2,3,4,6-
tetraO-TMS ether2.26in 99% yield. Following the one-pot procedure reported by
Wang?! 2.27was synthesized frof26in 35% yield. Due to time constraints, the
synthesis oR.28was not completed.

The synthesis ad2.28was envisioned to include a methylation of the C(4)-OH,
followed by de-benzylation of C(3)- and C(6)-OH hydroxsdwgps. Subsequent TBS

protection of C(6)-OH and deacetylation of C(2)-OH shoutdipce2.28

1. TMSOTf, PhCHO

HOH,C, TMSOH,C, 3 A seives, CHCly, -7€C  BNOHC,
0 TMSCI, EgN 0 2. E4SiH, PhCHO, -78C VAN
HO' “iOMe —————  TMSO'™" ~10Me 5 - HO' "OMe
/ CH,Cl; (99%) / 3. A0, 0C _
HO OH TMSO  OTMS 4 NaCNBH;, 4M HCI (dioxane) BnO  OAc
0°C (35%
2.25 2.26 (35%) 2.27
1. NaH, Mel, DMF  TBSOHC,
2. Hp, Pd/C, EtOAC Q
---------------- =  MeO" 10Me
3. TBSCI, pyr "
4. NaOMe, MeOH HO  OH
2.28

Scheme 2.7 Synthesis of glucose model prec@&2arand proposed synthesis2R6

23



HOH,C, o)

0 PhCH(OMe)  Phw(
HO “'OMe ——> o “'"OMe
[ CSA, dioxane g
HO OH (70%) HO OH

Figure 2. 11 Synthesis of glucose model 2.2

Glucose mode2.2 was synthesized from methytD-glucopyranoside2.25
instead in one step (70% yield) following the work of Kdewand Rosenau as shown in
Figure 2.11° The 4,6-O-benzylidene group on 2.2 is stable to basic conslitind
therefore a desirable protecting group for C(6)-OH hygdrgroup. Many CD reactions
are carried out under basic conditions instead of acididitons to prevent cleavage of

the CD ring®*

Annulation Attempts with 2.2

Literature known compounds29 and2.30** were successfully synthesized
(Figure 2.12) following traditional methylation and allyten conditions used op-CDs,

respectively.

P
1OMe  NaH, R-X
4 —_—
OH DMF
2.2 2.29R = Me, X = | (30%)

2.30 R = allyl, X = Br (85%)

Figure 2.12 Synthesis of 2.29 and 2.30
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The formation of annulated compouri81and2.32 (Figure 2.13) was
envisioned to come fro.30and follow the previous conditions used wWatii and2.24

but the reactions were not attempted due to limited matarthtime constraints.

1. reduction
2. RCM

“'OMe . L
3. isomerization

2.30

Oalyl  Oallyl

2.30

2.32

Figure 2. 13 Proposed synthesis of 2.31 and 2.32 from 2.30

The mass of cyclic oxala33(336.08) was detected by GC/MS as the major
component of the reaction 8f2 and oxalyl chloride but attempts to purify the crude

reaction mixture by column chromatography were unsutidg$sgure 2.14).

Figure 2.14 Attempted synthesis of 2.33
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Compound.34was not detected by GC/MS in the reactioR.@fwith CgFg, but the

mass of the mono-substituted compo@r®b (448.09) was detected (Figure 2.15).

Figure 2.15 Attempted synthesis of 2.33

Similar results were also seen with the reactiod.®fvith 2.22to form2.37. Only the

non-cyclized compound.38was detected by GC/MS (Figure 2.16).

2.2

O o) o]
P~ Q 2.22, NaH ph— o ph—( o
o OMe _DMF (0.05M), 86C _ o OMe o OMe
HO  ©OH o\ﬂ/’o HO ©

2.37
Cl

2.38

Figure 2.16 Attempted synthesis of 2.37

26



Figure 2.17 Attempted synthesis of 2.39

The reaction oR.2 with chloroacetyl chloride did not yield compou2@9 and
in this case even the mass of 358.08f@80was not detected by GC/MS (Figure 2.17).
The incomplete cyclizations @33 2.34and2.37are most likely due to difference in
reactivities of the C(2)- and C(3)-OH hydroxyl groups, vita C(2)-OH being the most
reactive. The mono-substitut@d35and non-cyclize@.38were not isolated due to time

constraints and further attempts to optimize the reactiaditons were not pursued.

Synthesis of 4-O-methyl meti7inaltoside derivative 2.3

The purpose of synthesizizg3 was to probe the interactions of a neighboring
C(2)-OH hydroxyl group on the C(3)-OH hydroxyl groups tedéy. It is well known
that the diminished reactivity of the C(3)-OH group haska#ibuted to the hydrogen
bonding capability with the C(2)-OH group on a neighboghgose unit. The synthesis
of 2.3was envisioned to come frodMd0after methylation of the C(4)-OH group and
debenzylation of the remaining hydroxyl groups. Bertayteof methylB-maltoside
(2.42, followed by opening of the benzylidene ac&tdll should produc@.4Q Methyl

[3-maltoside can be formed from the methylation and deatteglof maltose octaacetate
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(2.43. Maltose octaacetate can be synthesized from the aamtytdfs-maltose as
shown in Scheme 2.8.

Beginning with-maltose, maltose octaaceta?edd was synthesized in 75%
(Scheme 2.9) following the reported procedure by Godhéyodge reported the direct
methylation of2.43with a mixture of BEOE and CHN,,*® but we chose to follow the
procedure reported by Newth and co-workers to form methyabeside in 5% yield’
The low yield of2.42and the long synthesis to foi28 proved daunting and this model

system was not pursued.

Conclusion
Two different model systems were used to probe the anouleactions

envisioned to make novBICD derivatives. Trans-1,2-cyclohexane diallf was used
to successfully synthesize novel fluorinated derivaZide and certain other annulated
derivatives. The reaction conditions that were optimipe@.fL were used with model
system2.2. Even though the annulated compounds were not synthesiett)lated and
allylated compound®2.29and2.30were synthesized in modest yields. These results
proved promising fop CD and the derivatives synthesized will be discussed in the

following chapters.
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HOH2C HOH2C BnOHZC BnOHZC

1. debenzylation
2. methylation acetal opening
H3CO'- 'OCHy ——— OCHy ————

hd  oH Hd o8 Bnd
2.3 2.40
o BnOH,C HOH,C, HOHG 1. deacteylation
Ph’""< benzylation 2. methylatlon
o Qe OCHy ——
BnO ©OBnBnO  OBn ovnd o
2.41 242

ACOH,C,  ACOH,C,

acetylation
AcO' Qi "'OAC ——— pB-maltose

AcO  OAcAcO  OAc

2.43
Scheme 2.8 Proposed synthesis of 2.3
AcOHC  AcOH.C HOH,C HOH,C
Ac,0, DMAP 1. MeOH, AgCOs
B-maltose ——— > AcO'" “'OAC HO' o “1OCHy
CHyCly, pyr 3 2. MaOMe, MeOH - -
(75%) AcO  DAcAcO OAc (5% 2 steps) HO ©OH HO OH

2.43 2.42

Scheme 2.9 Synthesis of metflymaltoside (2.42)
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CHAPTER THREE

Preparation and Reactions of 6-OTBS and 6-Q¥M&yclodextrins

Introduction

Since each CD has multiple sites for modification, reactodrise hydroxyl
groups can occur to different degrees in different pmssti A complex mixture of full
and partially substituted products would create a myrigatablems with purification by
either recrystallization or column chromatography, in @aldito complicating analysis of
the reaction mixture by common spectroscopic techniquestr@led modification of
CDs can be employed by exploiting the different reactwitiethe hydroxyl groups
(C(6)-OH > C(2)-OH > C(3)-OH). The C(6) carbon on the prinface is generally
substituted with non-polar groups such as alkyl or giiglips, and bulky groups are
more selective for the C(6) hydroxyl (i.e., less C(2) alkgtabccurs). It has been
reported that varying the size of the substituent at thi gotion can also affect the
selectivity of the CD due to the different shapes createtiebydrious substituents.
Kobor found that the shape differences of the (6-O-meti2o3ydimethoxy)- and the (6-
O-TBS-2,3-dimethoxyB-CD resulted in differences in their enantioselectivitiesn
addition, large non-polar groups at C(6)-OH increasedohgility of CD derivatives
while smaller groups increased the polarity of the déviga. Protecting the primary
face of CDs is important to focus derivatization only on g#wsdary face. Even more
desirable is the masking of all the primary C(6)-OH hydrgxgups at one time. This

can be challenging, depending on the size of the protegtiugp. The use of excess p-
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toluenesulphonyl chloride (TsCl) in pyridine can give 8h@®-per-tosylate@-CD and a
mixture of incomplete tosylation of the secondary hydrgxgups. The competing
reaction at the secondary face can increase as the dégrdsstitution on the CD
increase$.However, if the protecting group is too large, in the casetgf ¢hloride
(TrCl), a mixture of di-, tri- and tetra-trityl derivativesedasolated but the per-trityl
derivative is not detected in the mixture. Increasing theuwst of trityl chloride only
succeeds in alkylating the secondary fc@he use of bulky silyl ethers, suchtas
butyldimethylsilyl (TBSCI) and triisopropylsilyl (TIRS), as masking groups has an
added benefit of increasing the solubility in common ormgaalvents and silyl ethers are
stable in neutral and basic conditidhs.

The secondary hydroxyl groups are more acidic than thepy groups, with the
C(2)-OH being the most acidic. The secondary hydroxylgs@uwe located on the wider
end of the CD with the C(2)-OH pointing towards the cavityclusion of reagents in the
CD annulus, along with orientation of the reactive groughercomplex, can affect the
regioselectivity of reactions on CDSubstituents on the secondary fac@-eED, such
as alkyl and acyl groups, are typically introduced to #fterselectivity of thCD. By
adjusting the pH of the reaction, substitution at the C(2)h@étoxyl group can
predominate over C(6)-OH substitution. Increasing the ptHeofeaction from acidic or
neutral conditions to a pH of 10 will selectively modify geeondary hydroxyl groups
over the primary. This secondary face selectivity iseawidh the reaction @3-CD with
TBSClI in alkaline conditions to produBelL*? By decreasing the pH and using pyridine

as the base, primary silylation is achieved to produ@eT®S--CD 3.2 (Figure 3.2)
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Strategies used to derivatize the secondary face tenddeegarthrough nucleophilic

substitution reactions of tosyl and silyl ether interragzs.

HOH,Ca__O _\\O% HOH,Ca__O-_ O
7 7
[ “oH NaH, TBSCI, DMF_ [ "(’OTBQX

OH OH
X=5,6,7
BCD 3.1
HOH,C (e} ‘\\O% TBSOH,C Oo._ .0
7 7
\|:" "/OH TBOSCI, pyl‘ - \|:" "’OH
OH 0°c-25°C OH
BCD 3.2

Figure 3.1 Attenuated protection of C(2)-OH v. C(6)-OH hysttaxoups orf3-CD*!#2

Synthesis of 6-OTB&CD 3.2 and 6-OMgCD 3.6

We chose to initially focus on protection of the C(6)-OHroygl group with a
non-reactive methyl substituent. Synthesis of known hegjé&-methyl)
cyclomaltoheptaose (6-OMCD, 3.7) was undertaken as the precursor to n@veD
derivatives3.9-3.12 Following the procedure reported by Stodd#ACD was reacted
with TBSCI in anhydrous pyridine to produce 6-OTBSD 3.2in 100% yield as shown
in Scheme 3.1.

We improved upon the purification 8f2 by eliminating column chromatography
and triturating the crude product in EtOB-CD crystallized from the solution upon

cooling and the resulting filtrate is decanted and evagpdta give purd.2 Following
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the work of Taked? subsequent acetylation ®f2 gave knowr8.3 (6- OTBS-2,3-OAc)

in 90% vyield. A one-pot synthesis was attempted as byt Fugedt but the

purification proved daunting and the yield was signifigaworse (45%) than the two-

step procedure used. DesilylatiorBa3 with BF;-OEb afforded knowr8.4 (6-OH-2,3-

OAC) in 91% vyield followed by methylation in a sealed ttbgive knowr3.5 (6-OMe-

2,3-OAc) (75% vyield). Due to the cost of the hindered pyadiases.7, 2,6-lutidine and

2,4,6-collidine were tried bug.5was never attained. Considerable time was spent

synthesizing.7 (Scheme 3.2) and attempts to recycle and reuse the baséhamomnte

proved unsuccessftif. Deacetylation 08.5 under basic conditions producgd (64%

yield) as a white solid.

HOH,Cy_-O 4\\0%
7

[ "'OH
L

B-CD

TBSOH,C (6] ,\\O}*
.
[\L‘J "'OAc
OAc

3.3

MeOH,C._O “\OJT
\p"’OAc
OAc

3.5

TBSOH,C O ,\\O%
7
TBSCI, pyr - Y “'OH
0,
(100%) OH

3.2

BF;OEf, DCM
(91%)

MeOH,Cy_ O ,\\0%
__NaOMe, MeOH [\L‘j “'OH
(64%) o

3.6

Ac,0, pyr, 106C
(90%)

MeOTf.3.7.

CH,Cl, (75%)

Scheme 3.1 Synthesis of (6-ON€ED, 3.6)"*"*
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©OTf

O AN N

>Hk TIOH | NH,OH L

cl o+ ~’~0H R 5 — > N
(45%) ® EtOH (74%)

38 3.7

Scheme 3.2 Synthesis of hindered pyridine [3age

Figure 3.2 Proposed novel 6-ON3eCD derivatives

It was found thaB.6 was completely soluble inJ® or DMSO at room
temperature but needed elevated temperatures for censplebility in DMF, pyridine,
DMF/pyridine mixture, or THF/pyridine mixture.

With 6-OMe3-CD in hand, the preparation of four different nogeCD
derivatives 3.9-3.12 was attempted (Figure 3.2). Even though the synthe&i3 ofas
unsuccessful, similar reaction conditions were used intampt to synthesiz&.9

(Figure 3.3 and Table 3.1).

MeOH,Cy_O O% MeOH,Cy_-O O%
. . 7 jpons o !
' ‘OH t (@)

O

3.6 3.9

Figure 3.3 Attempted synthesis2P
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Table 3.1 Reaction conditions for synthesiS &

Base Electrophile Solvent Compound*
NaH BrCHCH,Br THF or DMF 3.6
Pyridine BrCHCH,Br DMF/pyr (1:1) 3.6
or Pyridine

KHMDS BrCH,CH,Br  THF or DMF 3.6
(0.6M in

toluene)

KOtBu BrCH,CH,Br  THF or DMF 3.6
NaH ICHCHGl THF or DMF 3.6
KOtBu ICH,CHl THF or DMF 3.6
P1-tBu BrCH,CH,Br  THF or DMF 3.6
P:-tBu ICH,CH,l THF or DMF 3.6

Results based on TLC and recoverBdfafter column chromatography purification

We believe that 1,2-dibromoethane and 1,2-diiodoethanewnstgecessful due
to a competing elimination reaction of the electrophile laase. If the second halogen is
eliminated after substitution @6, a labile vinyl ether substituent would be produced. If
elimination of the electrophile occurs before substitutian occur, then onf3.6 would
be seen byH NMR. Monitoring the reactions by NMR proved challenging due to the
asymmetrical nature of the spectra. It was assumed thatl@ration of incomplete
alkylation and elimination were occurring. Another hardias the differing reactivities
of the C(2)- and C(3)-OH groups. If alkylation at the C(2)-®&b successful, the much
lower reactivity of the C(3)-OH may not react fast enougtotopete with elimination of
the electrophile. The use of a phosphazene baseBiP(Figure 3.4¥> was also
attempted in hopes that a stronger (pKa of conjugate acich-MBCN) and larger base
would efficiently deprotonate the C(3)-OH and yield areesly reactive anion. This
too did not yield the desired annulat®8. Many alkylations were attempted using this

base, with uniformly poor results.
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_C(CH
N (CH3)3

(HEC)N-P—N(CHa)
N(CHg)

Pl-t-BU

Figure 3.4 Phosphazene basgt-Bu

Oxalyl chloride was successful with model sys&mto form2.17 but did not
give the desired results with6 to produce3.10(Figure 3.5). All conditions tended to
produce an insoluble solid that would not dissolve even tpating (Table 3.2). The
reactions were monitored by TLC and consistently showaszhiriusive results witB.6.
Less polar spots tha&h6 were observed on TLC and this was considered a critefion
success of some reaction occurring. Again, the sluggishvigaof the C(3)-OH group

was the main concern with the reaction.

MeOH,Ca__ O O
MeOH,Co__O-_ O 7
. LT condig6ns ‘[“ 0
* ‘OH

OH Oj(&o
@)
3.6 3.10
Figure 3.5 Attempted synthesis2f.0
Table 3. 2 Reaction conditions for synthesi8.d0

Base Electrophile Solvent Compound*
Pyr. Oxalyl chloride Pyr or DMF/pyr. 3.6
NaH Oxalyl chloride Pyr or DMF/pyr. 3.6

Results based on TLC and recovery36 after column chromatography purification
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The optimal conditions (NaH, slow addition) found for fluxated model
compound2.5and 7-membered annulated compo@rgBdid not translate to success for

the syntheses &.11and3.12 respectively (Figure 3.6).

MeOH,Cy_O ‘\\0%
MeOH,Cy_O _\\0% ;
. LT Nk GF [ 0
‘ OH o F

F F

3.11

MeOH,Co__O ,\\o% MeOH,Co__O "\O%
Q D )0
OH DMF(05M) [ Q
OH ac o_<
36

3.12

Figure 3. 6 Attempted synthesis3filland3.12

HaCOH,C.  H3COH,C, CH,0CHs

Figure 3.7 Annulation of adjacent glucose moieties in 6-GNGD
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Being a larger electrophile and forming a 7-membered nsigad of a 6-
membered ring, the idea Bf22bridging two adjacent glucose moieties, to form a 10-
membered ring, was considered as shown in Figure 3.7. Eveghtfammation of the
10-membered ring is disfavored over the 7-membered mrglation of adjacent
moieties has been reported in the reaction of 6-@PGD 3.13with benzaldehyde
dimethyl acetal (Figure 3.8§. Unfortunately, we were unable to detect any reaction of

2.22with 3.6 by spectroscopic or spectrometric techniques.

PivOH,C P|vOHZC CH20P|V
. OCH;
PivOH,C (ONGR\®;
Q. 7 @*oow
[ OH oM\ Hd " OH/ 5
OH
CSA, DMF, 60”c Ph

3.13 46%

Figure 3. 8 Inter glycosidic benzylidene synthesis

Known derivative, per-methylatdd+CD 3.14*" was synthesized in 25% yield
following procedure reported by Szejtli. The formatior8df4 shows that alkylation can
occur at the C(2)- and C(3)-OH groups, even in sparinglypgmlconditions, with simple

electrophiles like methyl iodide.

HiCOH,Ca_O ,\\oﬁ— HaCOH,C \oi—
p ! NaH Mel \EIJ

OH THF (25%)

3.6 3.14

Figure 3.9 Synthesis of per-methylaf&dD 3.14
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To bypass the decreased solubilityddf4, 6-OTBSBCD 3.2 was thought to be a
worthwhile annulation precursor due to its increased djuim a variety of solvents
(hexanes to DMF). It was also made in one step fiGM, versus five steps f&.6.
Synthesis of novel derivativés15-3.18were attempted fror@.2as shown in Figure
3.10 and Table 3.3. Desilylation at the C(6)-OH group.Bfvas observed b{H NMR
when reacting with €. This was seen as a positive sign that nucleophilic aromati
substitution was occurring andwas being formed in solution. Desilylation of silyl
ethers is well known using Feagent$® Attempts to push the reaction to completion to
form 3.17 (additional base, elevated temperatures, dilution) weseasessful and we
were unable to determine the extent of aryl substitutiofHdyYMR and all attempts at

purification of the reaction mixtures were unsuccessful.

Table 3. 3 Reaction conditions for the synthesi3.253.18

Base Electrophile Solvent Compound*
NaH BrCH.CH,Br THF or DMF 3.2+ non-polar
(DMF/pyr) compounds
KOtBu BrCH,CH,Br THF or DMF 3.2+ non-polar
(DMF/pyr) compounds
KHMDS (0.6M in  BrCH,CH,Br THF or DMF 3.2+ non-polar
toluene) (DMF/pyr) compounds
Pyr Oxalyl chloride Pyr or DMF/pyr. 3.2+ non-polar
compounds
NaH Oxalyl chloride Pyr or DMF/pyr. 3.2+ non-polar
compounds
NaH GFs THF or DMF or Loss of TBS at
pyr. C(6)-OH
NaH 2.22 DMF 3.2+ non-polar
compounds

Results based on TLC and recoverBdfafter column chromatography purification
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TBSOH,Ca__O A\\o%
[ "OH

OH

3.2

3.2

3.2

3.2

Figure 3.10 Attempted syntheses30153.18

To circumvent the slower reactivity of C(3)-OH, we soughéxploit the silyl
migration seen by Stoddart and Korifity It is well documented that under basic
conditions, a C(2)-O-silyl functionality will migrate todlC(3)-O position. Two

different intermediates, both bearing a pentacovalenbsilatom, have been proposed

TBSOH,Cy_ O O%
Conditions . N 7
—condions, [l

TBSOH,C (@) _\\O%
. . 7
Conditions ‘[‘ Ke)
—

O

3.15

Ow/g
@]
(@)
3.16

TBSOH,Ca_O 4\\0%
7
[ o
o) F

F

Conditions

3.17

TBSOCh (@) O%
Conditions \[ Q
— o\’<

3.18

for the silyl migration (Figure 3.11).
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Figure 3.11 Proposed intermediates for silyl migration

Trimethylsilylation at C(2)-OH position &.2to produce3.19° (54% vyield)
proved successful with the use of TMS-acetamide (TMA) ilFlQMigure 3.12). By
adding DMAP to the reaction conditions used to produ2and increasing the
temperature to 10, (2,6-diO-t-butyldimethylsilyl)f-CD (3.20***was synthesized in

53% yield following the procedure reported by Stoddaidyre 3.13).

TBSOH,Ca_ O ‘\\O% TBSOH,Co_O ‘\\o%
_ T TMA, DMF 7
\\ l/ —» A ‘I/
OH 72 h, 56C A OTMS
OH

(54%) OH

3.2 3.19

Figure 3. 12 Synthesis of B-t-butyldimethylsilyl-2:O-trimethylsilyl)3-CD (3.19

TBSOH,C_ O ‘\\047 TBSOH,C__O ‘\\04—
\ T TBSCI, DMAP ‘ T
' ‘OAc |  DMF,, pyr 100C ' ‘'0TBS

OAc (53%) OH

3.2 3.20

Figure 3.13 Synthesis of (2,6-di-O-t-butyldimethylsHghCD (3.20
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Attempts to form (2,6-di-O-trimethylsilyl[p-CD (3.21)* using TMS-imidazole or
TMSCI proved unsuccessful (Figure 3.14). The lability of TNI®es on3—-CDs is

known and the more TMS groups on a cyclodextrin, the more dtecaie is prone to

hydrolysis.
HOH,Cy__O ‘\\O%— TMSOH,C
7
\[‘\’(‘j"’OAc %g > \Q “OTMY
OAc
BCD 3.21

Conditions
A. TMS-imidazole, DMF/CHCI3
B. TMSCI, DMAP, pyr, 80°C

Figure 3.14 Attempted synthesis of 3.21

Attempted annulation &.19and3.20with BrCH,CH.Br under alkaline
conditions and subsequent slow addition addition of TBFat yield3.150r the

desilylated compoun8.20(Figure 3.15).

NaH, THF -

[ “OR" | i) TBAF, THF [ o [ o
OH ) oS ' oS

3.19R=TBS, R =TMS
3.20R=R'=TBS

ROH,Cy__O _\\Oi— TBSOH,Co_ O A\\O% HOH,Cy_ O A\\O%
\E‘j 7 i) BrCH,CH,Br \L‘j 7 \L‘J 7

Figure 3.15 Attempted annulation of 3.19 and 3.20
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ROH,Ca__O-_ O . HOH,Ca__O ‘\\oi—
| ) NaH, Mel, THF ;
[ R ii) TBAF, THF _ [ “OMe

OH OH

3.23
3.19 R =TBS, R' = TMS (35%)

3.20 R = R' = TBS (50%)

Figure 3.16 Synthesis of (2-O-methf@eyclodextrin (3.23)

Following the procedure reported by Stodd&rgddition of NaH and methyl
iodide in THF t03.19and3.20did yield 3.23 after desilylation with TBAF (Figure 3.16).
Our first successful annulation on a CD derivative occusseeacting3.2 with
Cl;Si(CHg), in pyridine (Figure 3.17). Purification on deactivated aitiel gave3.24
(20% yield). A similar derivativ8.25was produced from the reaction®2 with
Cl,SiPh but the pure compound could not be isolated by recystadiizat column
chromatography. These new compounds proved that anmutet[®-CD was possible
and not completely elusive. Attempts to @s24and3.25as precursors t8.150r 3.22

were unsuccessful along with methylation conditions talpce3.23

TBSOH,Co__O-_ O TBSOH,Ca__ O ,\\O%
U I7 CL,SIR, U\ 7
1Y YOH pyr ' 0

OH

3.2
3.24 R = Me (20%)
3.25 R = Ph (crude)

Figure 3.17 Synthesis of no@CD derivatives3.24and3.25
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A route t03.27, which is similar to attempted annulated deriva8vis was
envisioned by an iodination/cyclizatifror a oxymercuration/demurcuration/
cyclizatior?® reaction on (6-O-t-butyldimethylsilyl-2-O-allyB-cyclodextrin 8.26°* as
shown in Scheme 3.3. Selective allylatiorBd&was achieved in 10% vyield after tedious
column chromatography. Even though oxidative conditioereviound to attempt the
cyclization of3.27, the reactions were never attempted due to time constrachtba

promise of other cyclodextrin derivatives.

TBSOH,Co_ OO TBSOH,Co_ OO
_ ) NaH, allylBr 7
RS ', T — - o
OH DMF, 0°C A Oallyl

OH (10%) OH

A. i) Hg(OAc),, CaCQ TBSOH,C
THF; ii) NaBH,

B. i) I, DMSO, pyr
ii) NaBH,4

3.2 3.26

Scheme 3.3 Synthesis of (6-O-t-butyldimethylsilyl-24@4a 3-cyclodextrin 8.26

Per-allylation of3.2 to yield3.28° (41% yield) was achieved with excess NaH
and allyloromide in DMF (Figure 3.18). Similar to the modehpound2.11,
isomerization and RCM to for@.29was attempted unsuccessfully. RCM was also
attempted or3.28with Grubb’s ' generation catalyst, Ru{PCys),CHPh to form3.4Q
but the reaction was inconclusive. Attempts to follow theneazation of3.29and
RCM reactions foB.29and3.40were difficult due to overlapping resonances in the

alkenyl region of théH NMR.
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Oallyl

TBSOH,C (e} A\\O% TBSOH,C @] ‘\\O%
[\Q 7 NaH, allylBg \E‘J 7
‘OH
OH

3.2 3.28

Figure 3. 18 Formation of diallyl CD derivatide28

TBSOH,Ca__O \\oﬂ— i_
H T 1. RhCI(PPH)3 TBSOH,Ca__O-_ .0
[‘, 20-50 mol% : 7
Oallyll  {ordg, reflux ‘ (©
Oally! 2. RUCH(PCys),CHPh oA
20-100 mol% tol-¢
328 reflux

3.29

328 20-100 mol% “0

tol-dg, reflux
@)
=

3.30

\

TBSOH,Ca__O-_ O
RUCL(PCys),CHPh [\Q .

Figure 3. 19 Attempted formation 8f29and3.30from 3.28

Conclusion

Improved reaction conditions to prepare the previougpnted (60-t-
butyldimethylsilyl)f3-cyclodextrin 8.2) were established. The reaction conditions
circumvented a tedious purification and increased iggld gignificantly. Simultaneously,
other efforts to develop a more effective route to madlifigclodextrins were proving to
be more successful than those using 6-OTBS and 6-OMe Ciatilees and will be

discussed in the following chapter. In addition, two newadektrin derivatives3.24
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and3.25 were successfully synthesized from (2,32dallyl-6-O-t-butyldimethylsilyl) -
cyclodextrin 8.28. Unfortunately, the annulation reactions only proved ssfaewhen
a five-membered ring incorporating a silyl group was leygd. Attempts to generate
five-, six-, seven-, and eight-membered rings incorporatargon atoms were
inconclusive or unsuccessful. It is possible that elebitiogcarbons do not lead to
successful annulations with CD based on these attempts. ofidmial for inter-
glycosidic annulation cannot be ruled out and possiblylation across the CD with the
larger electrophiles. Without the access to analyticalumentation, such as HPLC, ESI
MS and MALDI MS, the complex reaction mixtures were chlleggb analyze byH

NMR.
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CHAPTER FOUR

Preparation and Reactions of 6-OPiv and 6-dgbyclodextrins

Introduction

A rarely-used protecting group for the C(6)-OH hydrogndups of3-CD was
studied to explore the effect of size and shape differencdseaeactivity of the
secondary face and selectivity for enantiomeric seiparaf guest analytes. The
pivaloyl ester is a large protecting group that offers ggiadility in a wide range of
reaction conditions. Pivaloyl esters are stable to hysi®ly solution ranging in pH 1-
12 and high temperatures (above AT)0 This stability is attributed to the hindered
nature of the t-butyl group blocking the electrophilicozan of the carbonyl to attaék.
This protecting group is envisioned to keep the primarg t£ f—CD derivatives
blocked, in the same manner as 6-OTBS CD derivatives. Theeprslassociated with
desilyation of3.2in the presence of¢€s, or any naked Hon, and base are avoided with
the ester. The per(6-OPi@}CD derivatives were also expected to have increased
solubility over the per(6-OMe}-CD derivatives previously reported.

To explore the effect of small unreactive group on the prirfeece of3-CD,
per(6-deoxy)B-CD was synthesized. As modified cyclodextrins, these arderkest for
several reasons. First, there is no group at the C(6)¢po#iat can deprotect and thus
complicate synthetic efforts at the C(2)-OH and C(3)-OBbitmms. Second,
deoxygenation at C(6) would be expected to change thetya@ad perhaps inclusion

complex-forming characteristics. The placement of a sgnailp at the primary face
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might potentially create a larger opening and increasessado the smaller end of the

cavity.

Synthesis of per(6-OPi\j-CD and Derivatives

Following the procedures of Sakaifithe known per(6-O-pivaloylp-CD (4.1)
was prepared frofd-CD in two steps in 89% vyield (Scheme 4.1). This involved the
initial esterification of drie@-CD with pivaloyl chloride in pyridine at room temperature
and then increasing the temperature t6@G@vernight followed by excess hydrazine
hydraté’ in pyridine at room temperature for 24 h. The reaction méxtas used
without purification from the first to the second step. Iswwasumed that all C(2)- and
C(6)-OH hydroxyl groups were pivaloated, but in actuahré was a complex mixture

of esterification at the C(2)-OH hydroxyl groups.

HOH2C (@) ‘_‘\\O% PIVOHQC O ‘\\\O%
7 -7
\{" “OH 1. PVClL pyr o, § K
2. H,NNH,, H,0 OH

OH pyr (89% 2 steps) OH

BCD 4.1
Figure 4.1 Synthesis of per(®-pivaloyl)--CD (4.1)*°
This derivative was soluble in,®, methanol, DMSO, DMF, THF, ethyl acetate,
methylene chloride and slighty soluble in hot hexanes. Xpaneled solubility over

per(6-O-methyl){3-CD was advantageous and allowed the exploration of various

substitution reaction conditions to produce novel CD d¢ixes.
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Similar to per(6-OTBSB-CD and per(6-O-methyl}-CD, the preparation of the
following compounds were attempted with (Figure 4.2). All the proposed compounds
would be new and nov@-CD derivatives except.2 Acetylation of4.1 with acetic
anhydride in pyridine at 16Q to produce the known per(2,3,@iacetyl-6O-pivaloyl)-
B-CD (4.2 was not successful as previously reported ®igand3.6. Loss of the
pivaloyl group at the C(6)-position was observed undesdhreaction conditions. This
hydrolysis was uncharacteristic for pivalate esters @isdoostulated that a complex with
the cavity of4.1is formed with the reagents to promote the unwanted hyasolys
Compound4.2 was successfully synthesized from the reaction of kriy&with

pivaloyl chloride in pyridine over 3 days (75% yield) aswh in Figure 4.3’

PivOH,C_ O \o% PivOH,C__O O% PivOH,C__©O .‘\\\O%
7 7 \O\ 7
@] F

o)
42 R=R'=Ac F F
43 R=R'=Me 4.9
44 R=R'=allyl
45 R=allyLR'=H 4.8

46 R=R'=TMS
47 R=TMS,R'=H

% PivOHZC\Q‘OJ»\\Oi— PivOH,C__O ““\oi—
; \Q .

PivO H2C

éi

/
O O\TC,i-R
R
411 4.12 R =Me
4.13R=Ph

Figure 4. 2 Proposed 6-OHwCD derivativest.2-4.10
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HOH,C._ _O J\\\o% .
\Q 7 PivCl, pyr  PVOMCL O ““‘O%
. ft, 72 h (75%)
; oac | M r2h (7% .
{ ‘{ ‘OAC

OAc
OAc

3.6 4.2

Figure 4. 3 Synthesis of per(2,3,@iacetyl-60-pivaloyl)-3-CD (4.2)°’

Olefination of4.2was attempted with freshly prepared Tebbe redyentefluxing THF

in an attempt to produce annulated4 (Figure 4.4). Similar to model compougd.5

the reaction was difficult to follow b{H NMR. The dual role of the tebbe reagent as an
olefination reagent and metathesis reagent could coatelthe reaction analysis. We
were unable to determine if olefination had occurred atdasietondary esters. A
possible explanation for the difficulty with this reactisnmproper orientation of the
reagent and the acetate groups on the secondary face. eRatignl of the Tebbe reagent

within the CD annulus could potentially hinder the olefmajprocess.

PivOH,C (@] “‘\\O% PivOH,C O .“\\O%
7 cess Tebbe 7
\|E" "'//O A c T r ux \{" "’llo

OAc

4.2

Figure 4. 4 Preparation of attempted 1

Methylation of4.1to produce novel per(2,3-@-methyl-6-O-pivaloyl)3-CD
(4.3) also proved problematic. It was assumed the pivaloylpgrawould be stable to

basic conditions, but we observed a range of incomplet®lygis to complete
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hydrolysis of the pivalate esters at the C(6)-position alithases tried (Figure 4.5, Table
4.1). This was a surprise and it is postulated that complexaftithe bases within the

CD cavity can promote conditions to hydrolyze pivalatereson CDs.

PivOH,C,__O _“\\o% PivOH,C__O ‘_“\o%
7 7

Conditi
\[ OH onaitons - \[ “OMe

OH OMe

4.1 4.3

Figure 4.5 Attempted preparation 4f3

Table 4.1 Reactions conditions for the synthesis of 4.3

Base Solvent Temperature

NaH DMF, THF, or rt and reflux
MeCN

LiH DMF, THF rt and reflux

KHMDS DMF, THF, MeCN rt and reflux

(0.6M in toluene)

P:-t-Bu DMF, THF rt and reflux

Following the same procedures to synthesize the knownBSGillyl derivatives
3.24and3.26°*** allylation of4.1to produce novet.4and4.5was also complicated by
pivalate hydolysis. An alternate route4@ was proposed to bypass loss of the esters at
the C(6)-position, as shown in Scheme 4.1. Beginning with tbekper(2,30-
dimethyl-6-O-t-butyldimethylsilyl)3-CD (4.15), desilylation with BE'OEt in
methylene chloride should produce known (2,direthyl)$-CD (4.16.** Formation
of the pivalate esters with pivaloyl chloride in pyridinesld yield4.3. Even though the

desilylation reaction fo4.15is known in the literature and proceeds in high yield, we did
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not pursue this method to fonl6 Out attention turned to the more complex annulated
derivatives4.8-4.13 Similar routes were proposed to synthediZeand4.5 by starting
with the respective 6-TBS derivativés28and3.26(Scheme 4). The desilylation of

3.28has been reported by Baehut the desilylation 08.26would be a new reaction.

TBSOH,C O ,.‘\\O% HOH,C,_ _O _‘\\\017 PivOH,C,__O A‘\\O%
Q 7 7 7
- oy BF3OEt2 - oy . . o,
[ OR DCM [ "OR PivCl, pyr [ ‘OR
OR' - > OR' - > OR'
415R=R'=Me 416 R=R' = Me 43R=R'=Me
3.28R=R'=allyl 417R =R =allyl 44R=R'=allyl
326 R=allyl, R"=H 418 R=allyl, R = H 45R=allyl, R'=H

Scheme 4.1 Alternate routes4@-4.5

Direct annulation off.1 was attempted with the different electropiles shown in
Figure 4.6 and Table 4.2. Reacthd with CsFs and various bases in differing solvents
did not yield annulated derivative8. We did see significant hydrolysis at the C(6)-
position based otH NMR analysis, but we were unable to purify the complexti@acto
determine the level of hydrolysis or if mono-substitutibthe electrophile occurred to
produce4.19(Figure 4.7). Due to the large molecular weight of the deseed p
annulated derivative (2744 g/mol) or per-substitutedvdévie (2884 g/mol), we were
unable to analyze the reaction mixture by GC/MS or ESI M& dtiggested that
complexation of the electrophile within the cavitydot may hinder the reaction and

slow down the substitution at the C(2)-OH position.

Formation of oxalate derivativk9 also proved difficult to achieve. Hydrolysis
of the pivalate ester was observed'HyNMR of the complex reaction mixture, and we

were unable to verify if any substitution occurred at CJ&)-hydroxyl group. Similar
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disappointing results were also observed with BICHLBr and ICHCH,I to form 4.10
and with2.22to form the seven-membered annulation derivatitd. Different

additives were introduced to the reactiong.@2 with 4.1to gauge the effect of blocking
the cavity of the CD to prevent complexation of the elecitepht is well documented

that inclusion complexes are formed betwp@&b and dimethyl

PivOH,C_ O O% PivOH,C_ O _“\\O%
7 N 7
\{ ""OH Conditions \[ J

OH

4.1 4.8-4.13

Figure 4.6 Attempted synthesis of annulated derivadv@d.13

Table 4.2 Conditions for the attempted synthes& ®#.13

Electrophile Base Solvent Temperature Results
CsFs NaH DMF or THF rt and 61C inconclusive
CeFs KHMDS DMF 60°C inconclusive
CeFs P1-t-Bu DMF 60C inconclusive
(CICO) Pyr pyr or rt and 66C inconclusive
DMF/pyr
BrCH,CH,Br NaH DMF or THF rt and 61C inconclusive
BrCH,CH,Br KHMDS DMF 60°C inconclusive
BrCH,CH,Br P1-t-Bu DMF 60C inconclusive
ICH,CH.l P1-t-Bu DMF 60C inconclusive
2.22 NaH DMF* or rt and 66C inconclusive
THF*

2.22 KHMDS DMF* 60°C inconclusive
2.22 P1-t-Bu DMF* 60C inconclusive
SiCLMe, Pyr Pyr rt 4.12 (16%)
SiCLPh Pyr Pyr rt inconclusive

* Additives- xylenes, butyl benzene, and tolueneenatroduced in separate reactions
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naphthalene derivativéssdamantan&’ and 4-nitrophendl We introduced xylenes, butyl
benzene and toluene to the reaction mixture before additithre electrophile to
attempts to block the CD cavity. These additives did notargthe reaction mixtures.
Success was observed with the formation of @D derivative4.12 Reactingt.1 with
SiCLMe; in pyridine at room temperature gave the silyl annulatedatere 4.12in 16%
yield (Figure 4.8). It was observed that either slow addifaichlorodimethylsilane or

adding the electrophile to the reaction all at once did ae¢ lan effect on the yield.

PIVOH,C _O ,“\oi—
7

\[ ""(I)

HO  CeFs

4.17

Figure 4.7 Mono-substituted derivatidel7

Compoundt.12was soluble in methylene chloride and could be purifiedolynen
chromatography in the presence of 1%N\=tHowever, even with the added
triethylamine, a significant amount of product was lostrducolumn chromatography,
presumably due to the cleaving of the silyl group by thei@silica gel, resulting in a
lower isolated yield. Attempts to isolate the larger digtslyl annulated derivative
4.13from the reaction mixture were unsuccessful. *H&MR of the crude product
looked promising, but we were unable to obtain a pure sarfiptecalumn
chromatography. It is speculated that pyridine was tippthe cavity. Attempts to
remove the solvent at high temperature and reduced pressuted in decomposition of

the compound.
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The success of the preparation of ri2¥CD derivative4.12shows that
annulation of the secondary hydroxyls is feasible withastlsome electrophiles. The
role of the solvent, base and electrophile are extrememigrtand in the success of the

reaction.

PIVOH,C__O .‘“\O% PIVOH,C \O%
7 SiC |2M (7}
\[ “"OH _ pyr(16%) _ (16%)

OH O\SI Me

4.1 4.12

Figure 4.8 Synthesis of new silyl annulated CD derivatiue

Synthesis of per(6-OPiyj-CD and Derivatives

Synthesis of per(6-deox¥-CD and corresponding derivatives were proposed to
explore the effect of small group on the primary facp-&D. The elimination of
functionality the C(6)-position should permit harsh ctindi if necessary, to annulate
the secondary face. In addition, the very small groups@taté expected to create a
larger opening and increased access to the smaller eimel cdvity.

Using the improved preparation by Ba&the known (6-deoxy) compourid21
was obtained in four steps in 48% overall yield (Scheme 4 12k ifivolved the initial
halogenation of the C(6)-position by the additiofs-ED to a mixture of iodine with
PPh in DMF at 80°C for 18h to give the known (6-deoxy-6-iod®cCD (4.18 in 69%
yield. Compoundt.18was then conventionally acetylated over 48 h to give thevkno
diacetylated derivativé.19quantitatively. Reductive dehalogenation in the presehce o

10 mol% Pd/C and triethylamine gave known per(2,3-di-Qy&éedeoxy)f3-CD (4.20)
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in 85% yield?* The known4.20was deacetylated to give the desired (6-de@x@P
(4.21)* In attempt to maximize yield and efficiency, a modifiedgaration for the
deacetylation was developed that did not require expéswrater and the subsequent
difficulty in extracting the product in pure form. A sotrtiof4.21was dissolved in dry
methanol and was made alkaline with ~4M NaOMe in methakbB(p) to afford the
poly-sodium salt oft.21 After distillation of the methanol (which ensures conglet
deacetylation), the polyanion was protonated by passingptbiéon through Dowex 50-
W 8x (H+) cation-exchange resin, and evaporated to giveatiem-free (6-deoxyf}-
CD (4.2]1) in good yield (85%). This derivative was soluble gOHmethanol and

DMSO, but not in ethyl acetate, methylene chloride, or hexanes

IH,C_ O ,‘\\\oﬂ» IH2C
7
BCD I, PPh,DMF & ""OH Ac,0, pyr, 100C OAC
18h, 80C (69%) OH (100%)

0,
(85%) (85%)

Me O A.‘\\O% O
7
10 mol% Pd/C o p'”"OAc? 1. NaOMe, MeOH "
P > A —  pHB89 g \‘
EtN. diox-MeOH OAC 2. H+ resin (Amberlite)
4.20

Scheme 4.2 Synthesis of known (6-deo@yGD (4.21)*°

Compound.19was also synthesized in two steps from per(2,8-dicetyl)3-
CD (3.4 in 71% yield (Scheme 4.3). Mesylation of the primary hydrgxgups with in

pyridine at 5C and warming to room temperature overnight produced knompound



4.22in 99% vyield*® lodination with sodium iodide in DMF gave the desired couml
4.19in 71% yield after chromatograpfy. The reduction of.19was accomplished
using three different methods (Table 4.3). The first methadandirect reductive
halogenation with NaBliin DMF to produce knowr.20in 65%°° This method was
low-yielding and involved a complicated workup. CompodrDwas extremely
soluble in HO and care was taken to limit the amount of water used in tHeip,dout
this did not completely remove the boronate salts prodinctkek reaction. After column
chromatography, the salts were passed through acid resipgjig4.20. The second
method used tributyltin hydride with catalytic AIBN in lkefing toluene to produc.20

in 80% vyield.

Nal, DMF
71%)

MsOH,C__O._ O
MsCl, pyr
50C -r1t,24h p
(99%) -

OAc

4.22

Scheme 4. 3 Synthesis4f19

Table 4. 3 Conditions to synthesize per(2,3-di-O-acetygéxy){3-CD (4.20

Conditions Yield
NaBH,, DMF 65%
BusSnH, AIBN, toluene, reflux 80%

H,, Pd/C, EiN, dioxane:MeOH (2:1) 85%

This reduction was complete in 45 min, but also contained@ue@urification
step. The final method was an overnight reductive dehaltgera4.19in a 2:1

mixture of 1,4-dioxane:methanol in a hydrogen atmosphetfeeipresence of 10 mol %

57



Pd/C and triethylamine to give20in 85% yield** With the hydrogenation conditions,
the workup involved filtration through a Celite pad follah®y a short column.
Attempts to replace BNl with pyridine or other nitrogenous bases affected tblel yand
deviating from the 2:1 solvent mixture also proved detrialeo the yield o#4.20 As in
previous attempts with model compound4and pivalylate®.2, per(2,3-di-O-acetyl-6-
deoxy)f3-CD (4.20 was subjected to olefination conditions to synthesizetivel
annulated derivativé.23(Figure 4.9). Similar inconclusive results were obtained wit
4.20and the explanations remain the same. With a larger opertimg mtimary face,
the Tebbe reagent may have greater access to the aadigtlow for improper
orientation of the reagent and the acetate groups on thedsey face and hinder

reactivity.

o_ .0 © A.\\\O%
17 excess Tebbe 7
\[ "OAC THR reflux \[v "0
e

4.23

Figure 4. 9 Attempted preparation2#3

Attempts to optimize the formation 4f21by direct reductive dehalogenation of
4.18and bypassing the acetylation/deacetylation steps wersatkunsuccessful in the
isolation of the desired compound. The three successfubnwetised to forrd.20not
feasible with the deprotected secondary hydroxyl group ifficreased solubility of (6-

deoxy)f3-CD over the acetylated analogs proved detrimental dworg-up. Increasing
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the reaction amounts, reaction time and passing the crackore mixtures through acid
resin did not aid in successfully produch@l

The synthesis of (6-deox§-CD also prompted an investigation into the synthesis
of 6-deoxy compounds bearing an alkyl group. Mentionddeedarge non-polar groups
at the C(6)-position would have the main advantage of istrgdhe solubility, a
common problem encountered working with the relativelap{@-deoxy) CD
derivatives. Also, information might be gained about howstiagpe and selectivity of the
modified cyclodextrin changes as the size of the groupgesanin the process of
preparingd.21, we realized that organocuprates might effectively be usettié
alkylation of the previously prepared (6-iodo-2,3-diagg)-3-CD (4.19.

Cuprates react well with primary iodides are stable tdwater functionalities,
making4.19an attractive substrate. To our knowledge, the reaction ef\@b cuprates
has not been studied and no examples could be found ineitagédre. Therefore, initial
attempts to alkylatd.19were based on the general protocol typically employed in
organocopper reactiofis. The addition of n-BuLi and CuCN to a solutiondof9in
THF at 0°C did not provide the alkylated product, (6-deoxy-6-but@-@acetoxy)B-CD

(4.29 as shown in Figure 4.10.

| H 2C O “‘\\O% O ~“\\O %
7 _ 7
. n-ByLi, CygN .
W1 “OAC v “OAC
HP(PC-Mh24h

OAc T OAc

4.19 4.24

Figure 4.10 Attempted preparationbp4
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Sheree Allen, a member of our group, was able to synthé&steoky-6-methyl-2,3-
diacetoxy)p-CD (4.25)using MeLi and Cul in THF in 36% yield (Figure 4.f8)We

did not investigate why the methylated compound was suatéss the butylated
compound was not isolated. The use of CuCN over Cul is shoadvamtageous since
CuCN is not hygroscopic or light sensitive and does not requirification before use.

It is speculated that the butyl group might be too largeofeffectively substitute at all
seven iodides on the primary face of the CD and the reattixture may have contained
partially butylated CDs. Alternatively, the less-stable/louprate may have tended to
decompose rather than react efficiently. Derivat&/@8and4.25could (in theory) be
deacetylated under the conditions described aboveltbtiie corresponding hydroxyl

compounds; however, we have not yet carried these matendb new derivatives.

MeLi, Cul .
v "OAC > Y "OAC
OAc THF (°C-rt, 24h OAc
4.19 4.25

Figure 4. 11 Synthesis df25by Sheree Allen

o ‘.\\\O% \O%
7 NaH, Mel
[ IO DMF 24 h
OH

NaH, aIIyIBr
DMF, 24 h
4.21 4.26 R = Me (85%)
4.27 R = allyl (25%)

Figure 4.12 Synthesis of new derivative26 and4.27

60



New derivativegt.26and4.27were not annulated derivatives but they do add to
the knowledge of CD reactivity (Figure 4.12). Reacttfl with methyl iodide in the
presence of sodium hydride in DMF overnight produced ped2C3methyl-6-deoxy)-
B-CD (4.26)in 85% yield. This new derivative is unique in that both eridiseoCD are
open and accessible by virtue of the very small 6-methyl (igeo&y) functionality.
Replacing methyl iodide with allyl bromide, new derivatper(2,3-di©-allyl-6-deoxy)-
[-CD (4.27)was produced in 25% yield. This new derivative is also unigtieat the

primary face is more open than the secondary face.

Conclusion

New CD derivatives, pivalylated dimethyl silyl annuthtierivative4.12and
non-annulated.26and4.27, were synthesized. In additon to the formation of new silyl
annulated CD derivatives24and3.25,the testing of these compounds as CSPs was
made possible by an agreement with Agilent Technologies,tb prepare coated
capillary column$? The performance of each stationary phase could thentbd tes
chromatographically to determine their ability to perf@nantioseparations. These

results will be discussed in greater detail in Chapter 5.
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CHAPTER FIVE
Chromatographic Testing of Unique Chiral Stationary BsaSollaboration with Agilent
Technologies
Chiral Stationary Phases Developed for Gas Chromaphy

Capillary GC columns containing chiral stationary phd€&Ps) incorporating
the chiral selectors developed in our group were coléivety provided by Agilent
Technologies, a leading company in the development and awutihg of capillary
columns. The efficiency of these CSPs can be determinedahyaéng their ability to
perform enantiomer separations against a selected sedlgfes. The information
gathered can be used to gain insight about the inclusamaateristics and selectivity of
each new CSP. The compiled results can also be used to makeoctgarisons to

current, commercially available CSPs.

New Chiral Stationary Phases

Since each chiral selector is functionally different, wpdthesized that each CSP
may display selectivity towards particular analytes. Thabockextrin structures of the
chiral stationary phases that were tested are shown ineFsglr The CSPs label&i1
andBU2 come from compound&26and3.24 respectively. The other CSHB)3-
BU7, come from compounds that were synthesized by Shere€?dled will not be
discussed here. New CD derivati&85 4.12and4.27were not evaluated as CSPs, but

may be tested at a later date.
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BUS BU6
BU7

Figure 5.1 Structures of new CD based CSPs for GC

The majority of these phases contain functionality thagisfecantly different
from what is currently used in existing CSPs. ABUil andBU3, we varied the size of
the group at the 6-position. FBWJ1 this allows for both ends of the cavity to be fully
accessible by virtue of the 6-deoxy functionality. It waknown whether the small
methyl group would be advantageous, since studies hanteg@do the Gert-
butyldimethylsilyl group as being preferr&t To our knowledge, the 6-deoxy phases
represent the first of their kind to be tested in gas chiagraphy.

BU2-4 are unique derivatives bearing an annulating group ingdpe C(2) and
C(3) positions. These groups serve to extend the cavityttadt@olarity and possibly
improve the thermostability. To our knowledge, no annulagetbdextrins have been
reported in literature, and our initial expectation was skiah functionality will impose a

greater degree of enantioselectivity by virtue of thegased organization of the cavity.
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The size of the CD is also important. ThBE 4, they-CD analog oBU 2, was
developed,. This phase should allow us to draw conclusions hbw the size of the
CD effects the separation. In addition, if the bridgind gitpup “chokes” the cavity in
BU 2 by virtue of the methyl groups that are directed inwards), pieehaps the analytes

would interact more freely with the largelCD cavity size.

Commercially Available Chiral Stationary Phases

In order to fully assess the applicability of our CSPs an&oseparations in GC,
the results were compared with those from the chromatogregsting to commercially
available columns. Four such phases are shown in Figure 53¢ Pphases were

thought to represent some of the most efficient CD phasesntiyravailable.

TBSOH,Cy__©O ‘\“O% MeOH,C_ O ..\\\O% TBSOH,C_ O ..‘\\O%
7 n OM¢g ) ' 7
OMe )\

OMe Oﬁ/O o
CycloSil B (J&W) Chiraldex PH Rt-BDex,
A-PHN =6 Restec
B-PHNn=7
(Supelco/Astec)

Figure 5.2 Commercially available CD-based CSPs

Approximately 30 different analytes were chosen basedarginal separability
on commercially available phases and availability. Theadded Separation
Technologies (Astec) catalog gives information on thersgjmn of nearly 400 chiral

compound$? Although approximately 13 phases are referred to at vapiagss, the
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separation for any given compound is generally givennbypane stationary phase,
implying that the phase listed is the best phase for theatgpaof a given compound.
The separations are characterized by themlues,separation factor, which is the
ratio of the retention times of each enantiomer afteecting for column dead volume.
Analytes were selected that exhibitedoavalue of 1.02 or less (i.e., no more than a 2%
difference in retention times) and that could be purchasedsly made in racemic
(50:50) form. (Ano value of 1.00 means no separation was observed). Given tleat Ast
offers nearly every commercially available chiral phasa new stationary phase we
make exhibits bettar values than those reported, we can tentatively concladeven
have a stationary phase better than any that are comhyeawilable, at least with
respect to analytes that are marginal on Astec columnsfelm @ases, analytes were
chosen based on their use in the Garner group. The set diearsdiected for
enantioseparation testing are shown in Figure 5.3 Sedfdteese compounds had to be
synthesized before testing could begin; this was generedigmplished following

literature preparations and was done by Dr. Charles Garighevee Allerf?

GC Parameters and Pertinent Informatfén

Column testing was conducted by Sheree Allen on a HewldtaRRB890 series |l
GC with aflame ionization detector. Injection volumes waeentained at 1/2.L with a
split ratio of >100:1. The stationary phase compositiodssaecifications can be found
in Appendix B:Tables (5.1 and 5.2). All columns tested wereesame dimensions, 30
m X 0.25 mm I.D. Each column was operated under hydrogereicgas with a linear
velocity of 40 cm/sec, determined using methane 8€80For each analyte, the initial

temperature and ramp rate was determined such that aoetenti
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Alcohols
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o , 5.5 = OMe

Alcohol Derivatives

OH O 59R =Me

(6]
O. CF. O)J\CFS
3 —
e Jv\ / AN, 510R=Et

5.11 R =i-Pr
5.12 R =t-Bu
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N. _CFs o
©/K/ \[(])/ 5.27
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Figure 5. 3 Structures and types of selected analytes
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time of 8-15 min was observed. In Appendix B: Table 5.1, tH&yabf each column to
separate enantiomers was evaluated and recorded inmheffa, k' (capacity factor_,
and R values. Those analytes showing any separation, that isghawirnvalue>1.000
and a resolution value > 0.5, were recorded. In all caseseveémantiomer separation
was observed, a theoretical plate calculatidwas included. For each column tested,
column efficiency ) was also determined using dodecane, with an initial textyrer
and rate such that a retention time of 8-15 min was obtained.

The samples were prepared by dissolving 1 mg of the ra@aralgte in 1 mL of
2,2-dimethylbutane, except in the case of the naphthaletgeaiand the two amino acid
derivatives, which required distilled methylene chlorid®e found 2,2-dimethylbutane
to be an optimal solvent due to the fact that it gives a sifageeluting and sharp
solvent peak. This could be attributed to its low boiling pi0 °C) and possibly steric
hindrance, preventing inclusion into the cyclodextrin gavin contrast, hexanes gave
multiple solvent peaks spread over a range of up to 1.6 mjrdepsnding on choice of

initial column temperature.

Comparison and Chromatographic Testing of Comméychavailable Phases

J & W CycloSil B CycloSil-B contains 30% (2,8-dimethyl-6-O-tert-
butyldimethylsilyl)$-cyclodextrin dissolved in OV-1701. Given that 8id1 and
CycloSil-B differ only in functionalization at the 6-paseit, where CycloSil-B contains a
largertert-butyldimethylsilyl group an@U1 incorporates a small methyl group, we felt
that a direct comparison would address the structurag\althese size differences. To
summarizeBU1 separated 35% of the analytes we used, giving an aver@ge01 +

0.004, and an average & 0.9 + 0.4 for compounds that exhibited any separation.
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Comparatively, CycloSil B separated 60% of the analyteg)ygan average of 1.010 £
0.004, and an average & 1.6 + 0.7. Overall, this phase separated a broad range of
analytes. Of the analytes separated, most were baseliheetedwwever, on a few
occasions the separations were marginal.

CycloSil B gave better separations for all the analydespared to all the BU
phases. Based on these observations, it would seem readorabielude that the

largertert- butyldimethylsilyl group is advantageous at the 6 pmsiti

New Chiral Stationary Phases

BU 1-2. BU 1 separated 35% of the analytes we used, giving an avei@ge010
+ 0.004, and an average & 1.6 = 0.7. Based on the values provided by Agilent, it also
offers the higher maximum allowable temperature (see Agigpe3: Tables 5.1 and 5.2)
compared to the other columns tested. This phase often sltivevedst selectivity for
alcohols, lactones, and esters. In some daigel showed better selectivity than the PH
phases; however, the BDEXsa remained superior in most cases. In the cases where
BU 1 was superior to the PH phases, the majority of the analgteéained more polar
functional groups. In two cases, 2-ethylbutyric acid etbtgreb.17) and trifluoroaetic
acid, 1,-phenyl-2-(2,2,2-trifluoroacetylamino)-ethyl egte24), BU 1 showed better
resolution compared to all the commercially available roolsi tested.

Unfortunately, no separations were observed foBthe chiral selector;
however, all of the analytes showed some retention in tlaisephOf the select analytes,
only a -pinene exhibited some separation<1.01, R=0.741). It was our expectation
thatBU 2, which is the first derivative tested containing an artraniebetween the C(2)

and C(3) oxygens, would show improved results compared tertlyr available phases;
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however, this was not the case. A plausible explanationédatk of selectivity might
be due to the annulated silyl group blocking the cavity.

Overall, the Restek R:-DEXsa phase gave better separations for the selected
analytes compared to the other commercially availablerots andBU 1-2. The
Supleco/Astec PH phases were less efficient in that foHAuR] B-PH combined, only
in seven cases (or 11% of analytes) were the separatiotisdassolved.BU 1 was
comparable to the PH phases and in many cases gave bettatisap
The commercially available CycloSil B and the Restek REXEa proved to be
superior phases during testing. The Restek phase sepsirghély more of the
selected analytes than the CycloSil B phase. Bl phase behaved
poorly compared tBU 1. These results are further illustrated in Tables 5.1 and 5.2
which show a comparison of resolution and selectivityafRla, resp.) for two of the
analytes %.1) and 6.23, each having different functionality, against all of the
commercial columns tested aBd) 1-2

We conclude that (a) bridging 2¢3-dimethylsilyl group of BU 2 block the larger
opening too much to allow analytes access; (B} BBS groups are superior to the 6-
deoxy derivative both in terms of performance and in tefrsslability in the siloxane
matrix; (c) assuming solubility issues were not respoaddsl the observed behavior, the
6-deoxy derivative does not allow analytes access to thkesrand of the cavity or such

access is ineffectual in enantiomer discrimination.
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Table 5.1 Separation factar, values for analytes.1 and5.23for columns tested

CycloSil  Chiraldex  Chiraldex Restek
B A-PH B-PH Rt- BU1 BU2
BDEXsa
Compound a
OH
m 1.014 1.003 : 1008 1007 -
N 1.020 - 1.017 - 1.019 1.014

Table 5.2 Resolution, fkvalues for analytes.1 and5.23for columns tested

CycloSil  Chiraldex Chiraldex ~ ReSteK
! rald wrad Rt- BUL  BU2
BDEXsa
Compound Rs
on
©/\f 2.413 0.465 i 2063 1.140 i
N 1.740 i 0.528 i 1257 0.672
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CHAPTER SIX

Experimental

General Section
All reactions which required the use of air or water $eesieagents were carried

out in flame-or oven-dried glassware under nitrogen atherep unless otherwise stated.
Cannulas and metal luer needles were oven-dried and stoitlee oven prior to use and
disposable needles were dried with a stream of dry aistameld at room temperature
prior to use. Methanol (MeOH), ethanol (EtOH), acetone, dietiner (E£O), andN,N-
dimethylformamide (DMF) were obtained from Aldrich ChealiCompany, VWR,
Acros Chemical, or Fischer Scientific and used as obtairkexkanes, ethyl acetate
(EtOACc), and methylene chloride (GEl,), were obtained from these same sources and
distilled prior to use. Solvents that required special drgunch as pyridine and
tetrahydrofuran (THF) were distilled from calcium hydrated potassium, respectively.
Unless otherwise stated, all reactions were monitorectigrehin layer
chromatography (TLC), or nuclear magnetic resonance (N&h& in some cases
electron-ionization mass spectrometry (ESI-MS). Chiaal chromatography was
carried out on a Hewlett Packard 5890 series Il GC withnaeflmnization detector.

Gas chromatography/mass spectroscopy was carried ouhenaHewlett Packard
GCD 1800a with electron impact ionization or a Thermo GC/NtB glectron impact
ionization. *H and™*C NMR spectra were obtained using a Varian Innova 500 MHz

NMR operating at 500 MHz for proton and 125 MHz for carbon, Bri&ker Advance
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300 MHz NMR operating at 300 MHz for proton and 75 MHz for carlichemical
shifts are expressed in ppm, and peaks are reported asss(syleioublets (d), triplets
(t), quartets (q), pentets (pent), multiplets (m), or any coatizin of these with
coupling constants)) reported in Hz. All carbon spectra are proton-decoupléaly S
additions were accomplished using a KdS 100 digital sgrpugnp. Concentratian
vacuowas accomplished using a rotory evaporator followed mgdoacuum (between
5 and 25 torr) and further concentrated by use of a mesaignump (~ 0.1 torr) if
necessary. Unless otherwise stated, isolated yields amge@pAll aqueous solutions
were prepared using deionized (DI) water. All commercialigilable chemicals were
obtained from Aldrich, Acros, VWR, Fischer, and TCIl and weseduas obtained
without further purification, unless otherwise stated. ea and electrophiles were
obtained from similar commercial sources as stated abavesad as obtained unless
otherwise noted.
Drying of B-cyclodextrin and derivatives was accomplished by subgthe
commercially available material to an Abderhalden dryrsgol under reduced pressure

with refluxing toluene in the presence ofk.

Preparation of Compounds

Annulated hexafluorobenze(®5). To an oven-dried flask, NaH (271 mg, 4.7
equiv., 60% in oil) was added and the system purged withiriinsCyclohexanediol
(256 mg, 2.4 mmol) and DMF (75 mL) were added to the reacti@ehesth stirring.
Hexafluorobenzene (0.3 mL, 2.6 mmol) in DMF (25 mL) was add¢letstirred
solution via a digital syringe pump set at a rate of 2.0 mL/lker@4 h, the resulting

mixture was cooled to°C and quenched with MeOH. The solvent mixture was removed
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under reduced pressure and the resulting solid was dessoCHCI, (20 mL), washed
with H,O (2 x 5mL), brine (5 mL) and dried over }$£,. The solvent was removed by
rotary evaporation. Recystallization in EtOAc/Hexanesrd#d2.5 as a white powder
(467 mg, 74%), mp = 97-88. 'H NMR (CDCk, 300 MHz):3 3.74 (br, 2H), 2.32 (d]
=11.8 Hz, 2H), 1.88 (dd}, = 5.07, 1.38, 2H), 1.42 (m, 4H}}C NMR (CDC}, 75 MHz):

77.0, 29.4, 23.4%F NMR (CDC}, 282 MHz): -154.6, -169.8. MS: 262 [M]+, 81.

Trans-1,2-bis(allyloxy)cyclohexarf2.11).>* To an oven-dried flaskrans
cyclohexanediol (3.0 g, 25.8 mmol) and allyloromide (4.95 mL8 &&mol), in dry DMF
(100 mL) were stirred at’@, and NaH (1.5 g, 60.3 mmol, 60% in oil) was added in small
portions. Vigorous foaming occurred. The mixture was theredtfor 3 h at &C and
then allowed to warm to rt overnight. The reaction mixture @goled and pured into
ice-water, extracted with g (2 x 50mL), then dried over MgQ@nd concentrated.
Distillation gave the diallyl ether as a clear oil (1.9 g, 638p)140-148C at 38 mmHg.
Characterization data matches literature valdesNMR (CDCk, 300 MHz):5 5.94
(ddt,J = 17.2, 10.4, 5.5 Hz, 2H), 5.27 (dt= 17.2, 1.8 Hz, 2H), 5.13 (dd= 10.4, 1.8,
2H), 4.12 (dJ = 5.5 Hz, 4H), 3.25 (m, 2H), 1.95 (m, 2H), 1.65 (m, 2H), 1.25 (m, 2H),

0.85 (m, 2H):*C NMR (CDCE, 300 MHz):5 135.7, 116.1, 80.9, 70.9, 30.3, 23.5.

Trans-hexahydro-1,4-benzodioxin-2,3-diqBel7). A solution of oxalyl chloride
(0.16 mL, 1.9 mmol) in THF (7 mL) was added dropwise to a soluidrans
cyclohexanediol (200 mg, 1.72 mmol) and pyridine (0.68 mL) i+ T8# mL) over 1h at
0°C under N. The mixture was allowed to stir for an additional 2h°&t &nd then

concentrated under reduced pressure. The residue wéaiepadtibetween EtOAc (50
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mL) and HO (20 mL). The organic phase was separated, washed with Y&@acitt

(ag.) and satd. N&O; (aq), dried over MgS©£and concentrated under reduced pressure.
The residue was recrystallized from (2:1) hexanegGQTHo afford2.17 (164 mg, 56%).
Characterization data matches literature values. mp 186€16°C NMR (CDC}, 300
MHZz): 6 153.8, 80.2, 29.4, 22.8. After 1-2d at rt, the compound decompmsegetiow

solid.

Trans-1,2-bis(acetoxy)cyclohexaf®14).?® To a solution of trans-cyclohexanediol
(10 g, 86 mmol) in dry pyridine (140 mL) was added®@¢32 mL, 338 mmol). The
reaction was allowed to stir at room temperature overnigieiuN.. The reaction was
guenched with MeOH and distilled under vacuum to gvelawedyrupy 0il2.14(15.34
g, 89%). Characterization data matches literature valHeSMR (300 MHz, CDCJ): &
0.77 (m, 2H), 2.02 (m, 2H), 2.00 (s, 6H), 1.70 (m, 2H), 1.30-1.38 (m,4E)\MR (300

MHz, CDCk): 6 170.0, 73.9, 30, 23.6, 21.0.

Trans-chloroacetoxycyclohexan@.20. To a solution of trans-cyclohexanediol
(5 g, 43 mmol) in CKCI, (100 mL) was added chloroacetyl chloride (3.7 mL, 47 mmol)
via syringe pump (rate 0.5 mL/h). After stirring at room terapge under Bovernight,
the reaction mixture was refluxed for 4h. The reaction wahedwith brine, dried over
MgSO, and concentrated under reduced pressure. ChromatogidpBy (
Hexanes:EtOAc) gav2.20(6.63g, 80%)H NMR (300 MHz, CDCJ): 5 4.65 (m, 1H),
4.08 (s, 2H), 3.59 (m, 1H), 2.06 (m, 3H), 1.72 (m, 3H), 1.33 (m, 38)NMR (300

MHz, CDCk): 6167.6, 80.4, 75.7, 72.7, 41.3, 33.3, 30.0, 24.0.
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Seven-membered annulati¢h23. To an oven-dried flask, NaH (400 mg, 8.6
equiv., 60% in oil) was added and the system purged wittirBinsCyclohexane diol (1
g, 0.52 mmol) and DMF (40 mL) were added to the reaction vesestirring. 2.22
(0.5 mL, 4.108 mmol) in DMF (5 mL) was added to the stirred swiutia a digital
syringe pump set at a rate of 1 mL/h. After additon, the maetas warmed to 8G for
4 h and then cooled to room temperature and allowed to stér (N overnight. The
resulting mixture was cooled t6® and quenched with MeOH. The solvent mixture was
removed under reduced pressure and the resulting sadidigsolved in CBClI, (20
mL), washed with KO (2 x 5mL), brine (5 mL) and dried over }$0,. The solvent was
removed by rotary evaporation. Chromatography (50:50 HexBtOAcC) gave.23(564
mg, 39%)*H NMR (CDCk, 300 MHz):5 4.89 (s, 2H), 4.40 (d = 8.4, 2H), 4.29 (d] =
9, 2H), 3.10 (m, 2H), 1.94 (m, 2H), 1.68 (m, 2H), 1.19-1.28 (m, HB)NMR (CDC},

75 MHz): 148.9, 109.9, 86.3, 73.3, 31.7, 24.2.

Per(6-O-tert-butyldimethylsilyl-2,3-dihydroxg}cyclodextrin(3.2): Per(60-
TBS-2,30-dihyroxy)$-CD was synthesized according to the method of Stodatadtis
prepared as follows: Df§-CD (1) (9.04 g, 7.96 mmol) was dissolved under vigorous
stirring in dry pyridine (100 mL). The solution was cooleaimice bath to 6C,
producing a thick gel. A solution of TBSCI (14.5 g, 96.2 mmolriypyridine (100
mL) was then added dropwise via an addition funnel to theedagelction vessel over
3.5 h. During this time the gel liquified. Cooling was continfeecan additional 3 h
before the solution was allowed to warm to room temperatufter 23 h, the solvent
was removed under reduced pressure to give a brown solich whas taken up in

CH.CIl, (100 mL). The CkCI, layer was washed with KHS®100 mL, 1 M) to remove
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any residual pyridine, followed by saturated aqueousl Naldtion. The CHCI, was
separated, dried with anhydrous,88), and evaporated to dryness. The crude mixture
was dissolved in hot EtOH and upon standpyg;D precipitated. The filtrate was
decanted and evaporated to dryness to aBdt@15.41 g, 100%) as a white solid.
Characterization data matches literature values. m.p. @8&3dec.)R0.24
(MeOH/CH,Cl,, 10:90);'H-NMR (300 MHz, CDC4): 5 6.72 (s, 7H), 5.26 (s, 7H), 4.88
(d,J =3 Hz, 7H), 4.03 (dd] = 9.5, 9.5 Hz, 7H), 3.89 (dd,= 11, 2 Hz, 7H), 3.70 (bd,
=11 Hz, 7H), 3.65 (dd] = 9.5, 3 Hz, 7H), 3.59 (bs, 7H), 3.55 (dck 9.5, 9.5 Hz, 7H),
0.86 (s, 63H), 0.04 (s, 21H), 0.03 (s, 21HE NMR (125 MHz, CDGJ): §102.1 (C-1),

81.8 (C- 4), 73.7, 73.4, 72.6 (C-2,3,5), 61.7 (C-6), 25.9, 18.3, -5,1, -5.2.

Per(2,3-di-O-acetyl-6-O-tert-butyldimethylsily}eyclodextrin(3.3): 3.3was
synthesized according to the method of TAkead is prepared as follows: A solution of
3.2(3.55 g, 1.83 mmol) in A© (30 mL) and pyridine (40 mL) was stirred for 4 h at
100°C and then concentrated. The last traces of solvent wereedrby coevaporation
with toluene. Column chromatography of the brown residugdhkes/EtOAc, 25:75 to
100% EtOAc) gav8.3as a pale yellow solid (4.17 g, 1.65 mmol). Characterizatitan da
matches literature values.; lexanes/EtOAc, 25:75) 0.344 NMR (300 MHz, CDCJ)

: 85.34 (ddJ = 9.9 Hz, 8.6, 7H), 5.23 (d,= 3.6, 7H), 4.76 (dd] = 10 Hz, 3.6 Hz, 7H),
4.03 (d,J = 10.9Hz, 7H), 3.86 (bs, 14H), 3.71 (ds 11.6 Hz, 7H), 2.06 (s, 21H), 2.05 (s,
21H), 0.89 (s, 63H), 0.06 (s, 42HJC NMR (75 MHz, CDC}J) : 3 170.5, 169.3, 96.5,

75.25,71.9, 71.5, 71.25, 61.9, 25.9(21C), 20.9, 20.7, 18.3, -4.9, -5.2.
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Per(2,3-di-O-acetylB-cyclodextrin(3.4): 3.4was synthesized according to the
method of Take and is prepared as follows: To a solutior8&(3.37 g, 1.34 mmol)
in CH,Cl, (40 mL) was added 47% BBEL (3.4 mL). The mixture was stirred for 6 h
at room temperature, diluted with @El,, and poured into ice-water. The organic layer
was separated, washed successively wih,lBatd. NaHCg) and HO, dried over
MgSQ, and concentrated in vacuo. Column chromatography of titiees
(Hexanes/EtOAc, 25:75 to 100% EtOAc) g&vé as a white solid (2.09 g, 1.22 mmol).
Characterization data matches literature values. m.p. 88&1 R (EtOAc/MeOH,
90:10) 0.065'H NMR (300 MHz, DMSO-¢) : 5 5.25 (dd,J = 10.2 Hz, 8.1 Hz, 7H), 5.08
(d,J = 3.5 Hz, 7H), 4.77 (bs, 7H), 4.59 (dik: 10.3 Hz, 3.5 Hz, 7H), 3.8 (bs, 21H), 3.61
(d,J =11 Hz, 7H), 2.01 (s, 21H), 1.99 (s, 21EC NMR (75 MHz, DMSO-g) : &

170.1, 169.2, 95.9, 75.1, 71.9, 70.6, 70.3, 59.5, 20.5 (14C).

Per(2,3-di-O-acetyl-6-O-methyp-cyclodextrin(3.5): 3.5was synthesized
according to the method of TaK&and is prepared as follows: A mixture3o# (0.4 g,
0.24 mmol), MeOTf (0.9 mL, 8.22 mmol), aBd7 (2.36 (11.49 mmol) in C¥Cl, (11
mL) was heated in a sealed tube for 3 h 8€8hd then cooled. MeOH (6 mL) was
added, and the mixture was kept for 30 min at room tempeitdréhen concentrated in
vacuo. A solution of the residue in CH@las washed successively with® cold 5%
HCI, satd. NaHC@) and HO, dried over MgS®and concentrated in vacuo. Column
chromatography (100% EtOAc) of the green mixture a#d®i5 (0.32 g, 0.17 mmol) as
a white solid. Characterization data matches literatureesalm.p. 132-1390C. Rf
0.286."H NMR (300 MHz, CDCJ) : 85.33 (t,J = 9.6 Hz, 7H), 5.12 (d] = 3.7 Hz, 7H),

4.79 (dd,J = 9.8, 3.6 Hz, 7H), 4.00 (m, 7H), 3.91-3.80 (m, 14H), 3.53 &10.4 Hz,
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7H), 3.38 (s, 21H), 2.06 (s, 21H), 2.03 (s, 213% NMR (75 MHz, CDCJ) : 5 170.6,

169.4,96.4, 75.7, 71.2, 70.9, 70.8, 70.5, 59.1, 20.8, 20.7.

Per(6-O-methylB-cyclodextrin(3.6): 3.6 was synthesized according to the
method of Take and is prepared as follows: A solution35 (0.23 g, 0.128 mmol) in
methanol (10 mL) was treated with 4 M NaOMe (0.01 mL) and ket h at room
temperature. Water (10 mL) was added, and the solution waslizad with Dowex
50-W 8x cation-exchange resin (H+), filtered and conceadraTrituration in a small
amount of methanol affordeg16 (99 mg, 0.08 mmol) as a white powder.
Characterization data matches literature values. m.p. B¥&3Zdec)."H NMR (300
MHz, D,O) : 85.06 (d,J = 3.1 Hz, 7H), 4.05-3.92 (m, 14H), 3.76 (bs, 14H), 3.68-3.52
(m, 14H), 3.36 (s, 21H}’C NMR (75 MHz, DMSO-g): 5 102.3, 82.3, 73.0, 72.3, 70.9,

70.3, 58.1.

2,6-di-t-butyl-4-methylpyrilum Triflate3(8): 3.8 was synthesized according to the
method of Staritj and is prepared as follows: Into a 100 mL three-neck roatidrb
flask, equipped with a dry ice condenser capped with agltyive, N inlet, constant-
pressure addition funnel, and a magnetic stirrer was addady chloride (8.24 mL,
66.96 mmol) and t-butanol (1.6 mL, 27.68 mmol). After the appanaas flushed with a
slow stream of B the dry ice condenser was charged with dry ice/iPrOH anck#rttion
ixture was heated to 85 by means of an oil bath; then TfOH (2.9 mL, 11.39 mmol) was
added over a period of 15 min. After addition was completednilkture was tirred for
an additional 10 min at 86, then the light brown mixture was cooled in an ice bath and

poured into 100 mL of cold ED. The light tan precipitae was collected by filtration and
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air dried to give3.8 (4.4 g, 12.45 mmol) that was used without further purificatiothe
next step. Characterization data matches literature s;almep. 168-17°C. *H NMR
(300 MHz, CDCH¥) : 8 7.78 (s, 2H), 2.86 (s, 3H), 1.53 (s, 18 NMR (75 MHz,

CDCl;) 8186.0, 176.6, 120.4, 38.9, 28.1, 24.8.

2,6-di-t-butyl-4-methylpyridine3(7): 3.7 was synthesized according to the
method of Starftj and is prepared as follows: To a 250 mL round bottom flask
containing 25 mL of conc. NJ®H cooled to -68C was added in one portion with
stirring a slurry 03.8 (2.6 g, 7.3 mmol) in 50 mL of 95% EtOH also cooled td@60
The yellow reaction mixture was held at 26Cfor 30 min, then maintained at *@for 2
h, during which time the slurry dissolved; the reaction metuas then allowed to
slowly warm up to room temperature. The reaction mixture waseg into 130mL of
2% NaOH solution and the resulting emulsion was extractéddwx 25 mL pentane.
The combined organic extracts were washed with 10 mL sa@l. &l the pentane was
removed in vacuo. The light yellow residue was chromapdg@ on activated alumina
(100% pentane) to yield 1.33 g (74%)307 as a light yellow oil. Characterization data

matches literature valuesH NMR (300 MHz, CDCJ): 5 7.5 (s, 2H), 2.66 (s, 3H), 1.57

(s, 18H);"*C NMR (75 MHz, CDCJ): & 167.4, 147.8, 116.2, 35.4, 30.0, 21.4.

Per(6-O-tert-butyldimethylsilyl-2-O-trimethylsilyB-cyclodextrin(3.19: 3.19was
synthesized according to the method of Bukowskad is prepared as follows: A
mixture of3.2 (1.2 g, 0.62 mmol), N-TMS-acetamide (1.0 g, 7.59 mmol) and DMF (5
mL) was stirred for 72 h at 80. The mixture was cooled to room temperature and the

solvent was removed by Kughelrohr distillation. Hexaneswadded to the resulting
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solid and the precipitated acetamide was removed batidtr. The hexanes solution was
evaporated to produce a yellow-brown sticky solid which diasolved in CECls.

MeOH was added to precipita®€l9as a white solid (0.82 g, 54%). An impurity was
noticed as TBSOH which was not removed. Characterizatiandatiches literature
values. m.p. 281-286. R (100% Hexanes) 0.3544 NMR (300 MHz, CDCJ): 5 4.93

(s, 7TH), 4.43 (s, 7H), 3.93 (dd= 11.3 Hz, 2.7 Hz, 7H), 3.83 ({= 9.3 Hz, 7H), 3.42-
3.65 (m, 28H), 0.89 (s, 63H). 0.18 (s, 63H), 0.08 (s, 21H), 0.01 (s, PTHNMR (75

MHz, CDCk): 6 102.5, 82.0, 74.96, 72.1, 71.9, 61.9, 25.9, 18.9, .19, -4.5, -5.3.

Per(2,6-di-O-tert-butyldimethylsilyl}-cyclodextrin(3.20): 3.20was synthesized
according to the method of Stodd&tand is prepared as follows: TBSCI (1.64 g, 10.85
mmol) and DMAP (20 mg) were added to a solutioB.@f(2 g, 1.03 mmol) in dry DMF
(10 mL) and dry pyridine (6 mL) under,NThe resulting mixture was heated to AD0
for 18 h. After cooling the solvents were removed under highwa. The resulting
solid was partitioned between water (25 mL) and@IE(30 mL). The organic layer
was retained and washed successively with KIHH®® M, 25 mL) and kD (25 mL).

After drying (MgSQ), the solvent was removed in vacuo to afford ciB@® Column
chromatography (100% CRBI,) gave3.20as a white solid (1.5 g, 53%). Characterization
data matches literature values. m.p.°Z8@lec).*H NMR (300 MHz, CDC}J): 5 4.87 (s,
7H), 4.36 (s, 7H), 3.88-3.99 (m, 14H), 3.45-3.68 (m, 28H), 0.89 (s, 63H),d.83Hi),

0.13 (s, 21H), 0.12 (s, 21H), 0.0 (s, 42 NMR (75 MHz, CDCJ): & 102.6, 82.0,

47.9,73.4,72.1,61.9, 26.3, 25.7, 18.9, 18.3, -4.44, -4.64, -5.27, -5.37.
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Per(6-O-tert-butyldimethylsilyl-2,3-di-O-cyclodithgsilyl)3-cyclodextrin(3.24):
To an oven-dried flask, di8.2 (500 mg, 0.26 mmol) was dissolved in anhydrous
pyridine (15 mL) to which dichlorodimethylsilane (0.25 n2.07 mmol) was added via a
digital syringe pump set at a rate of 0.05 mL/h. The reactasguenched with 4 (5
mL) and the product was extracted with £Lh, dried, concentrated under reduced
pressure to giv8.24(120 mg, 20%) after column chromatography (EtOAc/ hexane
20:80). m.p. 280-28& dec.). R0.78.*H NMR (300 MHz, CDCY): & 4.89 (bs, 7H),
4.04 (m, 7H), 3.77-3.82 (m, 21H), 3.54 (s, 2H), 0.88 (s, 63H), 0.35 (s, 21H)s).11
21H) 0.06 (s, 42H)**C NMR (75 MHz, CDCY): 5103.6, 82.2, 84.8, 72.3, 61.6, 25.9,

18.4,0.5,-0.1, -4.6.

Per(6-O-tert-butyldimethylsilyl-2,3-di-O-cyclodiphylsilyl)f3-cyclodextrin(3.25:
3.25was synthesized following an analogous procedure asopdyidescribed foB.24
To an oven-dried flask, di8.2 (500 mg, 0.26 mmol) was dissolved in anhydrous
pyridine (15 mL) to which dichlorodiphenylisilane (0.43 n2.07 mmol) was added via
a digital syringe pump set at a rate of 0.05 mL/h. The reactsmuwenched with
(5 mL) and the product was extracted with CH, dried, concentrated under reduced
pressure to giv8.24as a crude mixture. Attempts to purify via recrystallaaor

column chromatography did not yield pure compound.88 (EtOAc/Hexanes, 20:80)

Per(6-O-tert-butyldimethylsilyl-2-O-allylj-cyclodextrin(3.26): 3.26was
synthesized according to the method of Stod8artd is prepared as follows: A solution
of 3.2(2.5 g, 1.29 mmol) in DMF (100 mL) under an atmosphere,ofids cooled to O

°C, and NaH powder (60% in oil, 0.4 g, 10.2 mmol) was added porsenwhe reaction
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was allowed to stir at 0 °C for 1.5 h and then overnight at roorpeeature. The reaction
vessel was cooled to 0 °C, and allyl bromide (0.82 mL, 9.5 mmolpad@esd dropwise.
The reaction was then allowed to stir at O °C for 1 h andyioakrnight at room
temperature. The reaction was evaporated to dryness, araittheerwas dissolved in
CH.CI; (125 mL) and washed with brine (100 mL). The organic layer wed d
(MgSQy), filtered, and evaporated to dryness to afford a white foamifidation by
column chromatography (5% EtOAc/hexane to 20% EtOActejaafforded purd.26
as a white foam (0.3 g, 19%). Characterization data matcbeesuite values. R
(Hexanes/EtOAc, 80:20) 0.33H NMR (500 MHz, CDCJ): 55.88-5.95 (ddt]) = 13 Hz,
6.5 Hz, 1.5 Hz, 7H), 5.72 (dd,= 17 Hz, 1.5 Hz, 7H), 5.18 (d,= 10.5, 7H), 4.87 (s,
14H), 4.45 (ddJ = 12.5 Hz, 5.5 Hz, 7H), 4.20 (ddi= 12.5 Hz, 6.5 Hz, 7H), 3.62 (d~
10.5 Hz, 7H), 3.54 (d] = 9.5 Hz, 7H), 3.47 (] = 9 Hz, 7H), 3.28 (dd] = 10 Hz, 4 Hz,
7H), 3.88-3.95 (m, 14H), 0.85 (s, 63H), 0.01 (s, 4280;NMR (125 MHz, CDGJ): &

134.7,118.5, 101.5, 82.4, 79.8, 73.5, 71.9, 62.0, 26.2, 18.5, -4.8, -4.9.

Per(6-O-tert-butyldimethylsilyl-2,3-di-O-ally[}-cyclodextrin(3.28: 3.28was
synthesized according to the method of Stod8artd is prepared as follows: To a
chilled (00C) solution 08.2 (2.3 g, 1.2 mmol) in dry DMF (100 mL) was added NaH
(60% in oil, 2.5 g) and the mixture was stirred under N2 for 20o@tand overnight at
room termperature. Allyl bromide (13 mL) was then added, anthg continued for 2
d. The excess NaH was decomposed by addition of MeOH (5maLtha mixture was
concentrated to dryness in vacuo. A solution of the residealisaolved in CHCI3 (100
mL) and washed successively with H20, aq. NaHCO3, H20, thed (vgSO4) and

concentrated in vacuo. Column chromatography (100% Hexandmsxanes/EtOAC
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80:20) gave8.28as a glassy foam (1.25 g, 41%). Characterization data esditdrature
values. R(Hexans/EtOAc, 80:20) 0.71fH NMR (500 MHz, CDCJ): 5 6.02 (ddtJ =

17 Hz, 10.5 Hz, 5.5 Hz, 7H), 5.90 (ddt= 17 Hz, 10.5 Hz, 5.5 Hz, 7H), 5.18-5.29 (m,
21H), 5.07-5.21 (m, 14H), 4.5 (ddi= 12 Hz, 6 Hz, 7H), 4.25 (dd,= 12 Hz, 6 Hz, 7H),
4.16-4.19 (m, 21H), 3.81 (1,= 9 Hz, 7H), 3.72 (t, J = 9.5 Hz, 7H), 3.65Jc 11 Hz,

7H), 3.54 (dJ = 9.5 Hz, 7H), 3.21 (dd] = 10 Hz, 3.5 Hz, 7H):*C NMR (125 MHz,

CDCl): 6 136.4, 135.4, 116.6, 115.9, 98.3, 80.2, 79.4, 77.9, 74.7, 72.2, 72.1, 62.3, 25.9,

18.3, -4.8, -5.2.

Per(6-O-pivaloyl)$-cyclodextrin(4.1): 4.1was synthesized according to the of
method of Sakaitf and is prepared as follows: To a solutiof3<®D (3.0 g, 2.64 mmol)
in dry pyridine (60 mL) was added pivaloyl chloride (3.0 md,05 mmol) dropwise at
room temperature and then slowly warmed t2066vernight. MeOH (10 mL) was
added to react with any left over PivCl and the mixture waseasdrated in vacuo. The
residue was dissolved in GEl, (100 mL) poured into ice-water (100 mL). The organic
layer was separated and the aqueous layer was extractedhiy(@i, (100 mL). The
organic layers were combined and washed with 5% HCI (50 mLNa&qCQ (50 mL),
and HO (50 mL). The mixture was dried over Mg&S&hd concentrated. The crude
mixture was assumed to Bel and a mixture (2,6-di-O-pivalo@3-CD and was used
without purification in the next step. To the crude mixtareyridine (60 mL) was added
hydrazine hydrate (1.63 mL, 15 equiv.) and allowed to stw@nhrtemperature for 16 h.
The reaction was followed by TLC (90:10 &H,/MeOH) until completion. Acetone
was added the reaction and the solvent was removed in vacuionrCchromatography
of the mixture (90:10 CkCl,/MeOH) gaved.1 as a pale brown solid (4.05 g, 89%).
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Characterization data matches literature valugg. 580 CHC{/MeOH) 0.25. m.p. 235-
240°C.*H NMR (500 MHz, DMSO-¢): 55.83 (d,J = 6.5 Hz, 7H), 5.74 (s, 7H), 4.79 (s,
1H), 4.21 (d,J = 12 Hz, 7H), 4.02 (d] = 10 Hz, 7H), 3.84 (d] = 9 Hz, 7H)), 3.63 (1) =
9 Hz, 7H), 3.45-3.30 (m, 14H), 1.10 (s, 63 NMR (125 MHz, DMSO-g): 5176.8,

102.1, 81.6, 72.7, 72.0, 69.0, 62.7, 38.1, 26.7.

Per(2,3-di-O-acetyl-6-O-pivaloylf-cyclodextrin(4.2): 4.2was synthesized
according to the of method of Santoyo-Gonzdland is prepared as follows: To a
solution of 3.4 (0.75 g, 0.44 mmol) in dry pyridine (15 mL) was added PivCI (3.0 mL
24.05 mmol). The mixture was kept at room temperature for 72l then poured into
ice water (100 mL), extracted with GE; (2 x 100 mL). The organic layers were
combined and washed with 5% HCI (50 mL), aq. NaH(D mL), and HO (50 mL).
The mixture was dried over Mg@@nd concentrated. Column chromatography
(Hexanes/EtOAc 50:50 to 100% EtOAc) gav@as a pale yellow solid (0.75 g, 75%).
Characterization data matches literature valugg1®% EtOAc) 0.75. m.p. 150-
154C.™H NMR (500 MHz, CDCJ): & 5.34 (t,J = 8.5 Hz, 7H), 5.07 (d] = 3.5 Hz, 7H),
4.74 (ddJ = 9.5 Hz, 5 Hz, 7H), 4.50 (d,= 11.5 Hz, 7H), 4.21 (dd,= 13 Hz, 3.5 Hz,
7H), 4.10 (dJ = 9.5 Hz, 7H), 3.77 (1 = 9 Hz, 7H), 2.06 (s, 21H), 2.04 (s, 21H), 1.23 (s,
63H); 1*C NMR (125 MHz, DCJ): 5177.5, 171.0, 169.6, 97.0, 76.6, 71.2, 71.1, 70.1,

62.4, 39.1, 27.4, 21.1, 21.0.

Per(6-O-pivaloyl-2,3-di-O-cyclodimethysilyB}rcyclodextrin(4.12): Annulation of
4.12(0.5 g, 0.29 mmol) was synthesized in an analogous manBet4dasColumn

chromatography (C}C|/MeOH (90:10) gavé.12(98 mg, 16%). R0.67.'H NMR
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(500 MHz, CDC}): & 4.82 (d,J = 3.5 Hz, 7H), 4.43 (d = 11.5 Hz, 7H), 4.04 (m, 14H),
3.91 (d,J = 10 Hz, 7H), 3.80 (dd] = 9.5 Hz, 3.5 Hz, 7H), 3.37 d,= 9.5 Hz, 7H), 1.21
(s, 63H), 0.35 (s, 21H), 0.17 (s, 21H4)C NMR (125 MHz, CDGJ): 5 177.8, 103.6, 82.9,

75.9,74.9, 69.8, 62.4, 38.8, 27.2, 0.6, -0.5.

Per(6-iodo-2,3-dihydroxy-cyclodextrin(4.18: Per(6-deoxyB-CD was
synthesized according to the method of B&and is prepared as follows: To a
stirred solution of dessicator-dried BFBA1 g) in dry DMF (80 mL) was addegl(R0.5 g)
in small portions, followed after 30 min by d$yCD (1) (4.32 g, 3.8 mmol). The
mixture was stirred for 18 h at D under nitrogen atmosphere, and then concentrated at
reduced pressure to half its volume, cooled’®, fnade alkaline with NaOMe in MeOH
(~4 M) to pH 9-10, and kept at room temperature for 30 min. Théicolwas then
poured into vigorously stirred ice-water (1.5 L), and thigdseolored precipitate was
collected by filtration. The product was washed well witdtex, dried in the air, and
suspended in CKI, (1 L). After thorough agitation of the suspension the watied
material was filtered off, washed several times withCl dissolved in DMF (100 mL),
and precipitated by pouring the solution into stirred iegéen The dried product was
freed from some remnant, discoloring impurity by tritimatwith a small amount of
MeOH, to give colorlesslf) (5.03 g, 69%). Characterization data matches literature
values. R0.4 (EtOAc/HexanesH NMR (500 MHz, DMSO-g): 56.03 (d,J = 6.5 Hz,
7H), 5.95 (s, 7H), 4.99 (d,= 3 Hz, 7H), 3.80 (dJ = 10Hz, 7H), 3.64 (t) = 9.5, 7H),
3.59 (t,J = 9.5 Hz, 7H), 3.44 (] = 10.5 Hz, 7H), 3.27-3.39 (m, 2HC NMR (125

MHz, DMSO-d): $102.0(C-1), 85.8 (C-4), 72.1, 71.8, 70.9 (C-2,3,5), 9.4 (C-6).
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Per(6-iodo-2,3-diacetoxyp-cyclodextrin(4.19: (a)4.19was synthesized

according to the method of Ba®and is prepared as follows: A solutionof8(2.0 g)
in AczO (15 mL) and pyridine (10 mL) containing a catalytic amiafrDMAP was kept
for 48 h at room temperature. The mixture was quenched byoteaddition of MeOH
(30 mL), and co-evaporation of the solvent with additionalO¥ and several portions of
toluene. The crude product was purified by column chromapby to give4.19(2.6 g,
100%). R 0.4 (EtOAc/Hexanes, 1:1).

(b) 4.19was synthesized according to the method of T&kaud is prepared as follows:
A solution 0f4.22(0.48 g, 2.1 mmol) in DMF (10 mL) was stirred with Nal (0.6 g, 4
mmol) for 3 h at 100C. The mixture was concentrated and the residue was qaetiti
between CHGland HO. The organic layer was separted, washed wi, idried
(MgSQy) and concentrated in vacuo. Column chromatography (EtGéafies, 50:50)
gave4.19(0.37 g, 71%). Characterization data matches literatuoresalm.p. 172-
177°C. 'H NMR (500 MHz, CDCJ): 35.30 (dd,J = 10, 9.5 Hz, 7H, H-3), 5.17 (d=4
Hz, 7H, H- 1), 4.80 (dd] = 10, 9.5 Hz, 7H, H-2), 3.56- 3.79 (complex m, 28H, H-
4,5,6,6), 2.06 (s, 21H), 2.03 (s, 6HJC NMR (125 MHz, CDGJ): 8 170.5, 169.2 (2

CO), 96.4 (C-1), 80.4, (C- 4),70.3, 70.1, 70.0, (C-2,3,5), 20.7, 20.6 (2 QTSB! (C-6).

Per(6-deoxy-2,3-diacetox@)cyclodextrin(4.20): (a) 4.20was synthesized
according to the method of TakKéand is prepared as follows: A solutiondof9(0.28
g) in 2:1 1,4-dioxane-MeOH (15 mL) containingl&{0.2 mL) was hydrogenated in the
presence of 10% Pd/C (0.35 g) at atmospheric pressure givieahiroom temperature,
then filtered through a Celite pad, and concentrated in va&usolution of the residue in

CHCI; was washed successively with@® cold 5% HCI, aq. NaHCand BO. The
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organic layer was dried (MgSoand concentrated. Column chromatography
(CH,Cl,/MeOH 95:5) gave.20(0.15 g, 85 %).

(b) 4.20was synthesized according to the method of T&kaud is prepared as follows:
NaBH4 (212 mg, 5.6 mmol) was added in DMF (60 mL) in one portidrtiaa
temperature ws raided to 700C. After the hydride had disd@v19(2 g, 0.8 mmol) in
DMF (20 mL) was slowly added and stirred for 2 h &8C7Qnder N. The reaction was
concentrated in vacuo and the resulting solid was poante@®% HOAc (200 mL) with a
trace of MeOH. The solution was extracted with CHCI3 (3 x 70, iauhgl the organic
layer was washed with ice water until neutralized, driezt eSO, and concentrated in
vacuo. Column chromatography (Hexanes/EtOAc 25:75) 420565%).

(c) 4.20was synthesized according to the method of Baerd is prepared as follows: A
solution 0f4.19(2.29 g), BySnH (6 mL), and a catalytic amount of AIBN in toluene
(2100 mL) was refluxed for 45 min under nitrogen atmosphere. sblvent was
evaporated, and the residue, dissolved in@4H100 mL), washed with D (2 x 60
mL). The dried (Ng5Qy) organic phase was concentrated and the product punfied b
column chromatography to givie20(1.18 g, 80 % yield). F0.10 (ether, 200mL,
followed by EtOAc/Hexanes, 3:1). Characterization data Inesttiterature values. m.p.
194-197C. *H NMR (500 MHz, CDCJ): 85.265 (t,J = 8.5 Hz, H-3), 4.98 (d] = 4 Hz,
H-1), 4.76 (dd,) = 10, 4 Hz, H-2), 4.05 (m, H-5), 3.33{t= 9 Hz, H-4), 2.06, 2.04(2 s,
6H, 2 OAc), 1.37 (dJ = 6 Hz, 3H, CH3)**C NMR (125 MHz, CDGJ): 8 170.9, 169.4(2
CO), 96.5 (C-1), 82.5 (C-4), 71.2, 71.1 (C-2,3), 67.2 (C-5), 20.8 (2 Gp@nt 17.9 (C-

6).
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Per(6-deoxy)s-cyclodextrin(4.21): From 4.20 Baef® reported subjecting a
solution 0f4.20in dry MeOH to a solution of NaOMe until alkaline and then ipgsthe
solution through Amberlite IR- 120 (H+) cation-exchanggim, and evaporated to give
sodium-free4.21 Our modified method is described as follows: To an ovemnt-flask
with stir bar4.20(3.52 g, 2.18 mmol) was added anhydrous MeOH (50 mL). Followed
by a 10% excess of NaOMe (7.7 mL, 33.6 mmol, 15.4 equiv.) (25 wt%molat
MeOH, ~4.36 M), a white precipitate formed immediately. Thekfleas equipped with
a distillation head and heated to slowly distill away théOMeuntil a thick slurry
remained. After cooling to room temperature, MeOH (40 mL) adaed to make a
stirable suspension. Then Dowex 50-W 8x cation-exchange(ks) (10.5 g) was
added to the reaction vessel. Between 0.5-1.5 h, the solutiameestightly cloudy
yellow, indicating neutral or slightly acidic pH. The clouwbtution was filtered through
Hirsch funnel with no filter paper, and evaporated to dsgrie obtairt.21(1.9 g, 85%
yield). *H NMR (500 MHz, DMSO-g): 5.7 (d,J = 6.5 Hz, 2-OH), 5.60 (s, 3-OH), 4.80
(s, H-1), 3.71 b(s, H-5), 3.56 (bs, H-3), 3.32J¢, 9.5 Hz, H-2), 3.01 (bs, H-4), and 1.20
(d, J = 5.5 Hz, 3H, CH3)**C NMR (125 MHz, DMSO-g): 5 102.1(C-1), 87.8 (C-4),

72.9 (C-3), 72.4 (C-2), 66.4 (C-5) and 17.1 (C-6).

Per(2,3-diacetoxy-6-O-methylsulfonypeyclodextrin(4.22): 4.22was
synthesized according to the of method of Baand is prepared as follows: MsCI (1
mL) was added ropwise, at 00C, to a solutioB8.4f(0.5 g, 0.27 mmol) in dry pyridine
(15 mL). The mixture was kept for 2 h &00and 20 h at room temperature. Water (1
mL) was added and after 15 min the mixture was poured iwater. The precipitate

was washed with $0, dissolved in CHGI(50 mL), and then washed with 5% HCI (100
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mL), aq. NaHCQ@ (100 mL) and HO. The solution was dried (MgQJCand concentrated
in vacuo. Column chromatography (EtOAc/Hexanes, 20:1) §220.71 g, 99%) as a
crystalline solid. Characterization data matches liteeatalues. R(CHCly/MeOH,
90:10) 0.4. m.p. 165-18.*H NMR (500 MHz, CDCJ): 3 5.33 (dd,J = 9.5, 8.0 Hz,
7H), 5.14 (dJ = 4.0 Hz, 7H), 4.80 (dd} = 10.0, 3.5 Hz, 7H), 4.63 (d,= 10.5 Hz, 7H),
4.56 (ddJ = 12.0, 3.5 Hz, 7H), 4.17 (d,= 10.0 Hz, 7H), 3.79 (] = 8.5 Hz, 7H), 3.1 (s,
21H), 2.07 (s, 21H), 2.05 (s, 21HJC NMR (125 MHz, CDGJ): 8 170.4, 169.3, 96.8,

76.1, 70.2, 70.1, 69.5, 68.4, 20.7 (2C).

Per(6-deoxy-2,3-dimethoxf}cyclodextrin(4.26: To an oven-dried flask NaH (20
equiv.), and4.21 (540 mg, 0.53 mmol) was reacted in DMF (40 mL). Mel (0.65 mL, 20
equiv.) is added to the reaction mixture and then it is alldwetir overnight. The
reaction mixture is quenched slowly with MeOH an®H5 mL) is added, after which it
is concentrated to dryness. The solid is dissolved in EtOAavashed with KD, dried,
and concentrated to give26 (541 mg, 85%), R0.25 (100% EtOAc)*H NMR (500
MHz, CDCk): 6 4.97 (d,J = 3.5, H-1), 3.81 (dd] = 9.5 Hz, 6 Hz, H-5), 3.60 (s, CH3),
3.47 (s, CH3), 3.43 (f = 9 Hz, H-3), 3.10-3.15 (m, H-2, H-4), 1.32 (ds 6.5 Hz,

CH3); °C NMR (125 MHz, CDGJ): 8 98.7 (C-1), 86.8 (C-4), 82.3 (C-2), 81.8 (C-3),

67.0 (C-5), 61.4, 58.6 (2 x CH3) and 18.1 (C-6).

Per(6-deoxy-2,3-di-O-allylp-cyclodextrin(4.27): To an oven-dried flask NaH
(0.275, 6.84 mmol), and.21 (100 mg, 0.1 mmol) was reacted in DMF (40 mL). Mel
(0.6 mL, 6.84 mmol) is added to the reaction mixture and theraltawed to stir

overnight. The reaction mixture is quenched slowly with Megdid HO (5 mL) is
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added, after which it is concentrated to dryness. The solidsslded in EtOAc and
washed with HO, dried, and concentrated to g€ (38 mg, 25%)*H NMR (500 MHz,
CDCl): 85.99 (ddtJ = 17 Hz, 10.5 Hz, 5.5 Hz, 7H), 5.89 (ddit: 17 Hz, 10.5 Hz, 5.5
Hz, 7H), 2.54 (m, 14H), 5.11 (m, 14H), 5.00 Jc 3.5 Hz, 7H), 4.47 (ddl = 12 Hz, 5

Hz, 7H), 4.24 (ddJ = 12 Hz, 6 Hz, 7H), 4.14 (m, 14H), 3.83 (dds 10.5 Hz, 6 Hz, 7H),
3.66 (t,J = 9.5 Hz, 7H), 3.33 (dd = 9.5 Hz, 3.5 Hz, 7H), 3.23 1= 9 Hz, 7H), 1.32 (d,
J=6.5Hz, CH3),13C NMR (125 MHz, CD(): 6 136.4, 135.4, 116.8, 115.7, 98.5, 82.6,

79.9,79.4,74.4,72.3,67.2,18.3.
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APPENDIX A

Selected NMR Spectra

A.2.1. 'H NMR (CDC}k, 300 MHz) of Compound2(11)
A.2.2. '"H NMR (CDC}k, 300 MHz) of Compound2(11)
A.2.3. 'H NMR (CDC}k, 500 MHz) of Compound2(14)
A.2.4. 'C NMR (CDCE, 125 MHz) of Compound2(14)
A.2.5. 'C NMR (CDCE, 75 MHz) of Compound2(17)
A.2.6. 'H NMR (CDC}, 300 MHz) of Compound2(20)
A.2.7. 'C NMR (CDCE, 125 MHz) of Compound2(20)
A.2.8. 'H NMR (CDC}k, 500 MHz) of Compound2(23
A.3.1. 'H NMR (CDC}k, 300 MHz) of Compound3(2)
A.3.2. 'C NMR (CDCE, 75 MHz) of Compound3(2)
A.3.3. 'H NMR (CDC}, 300 MHz) of Compound3(3)
A.3.4. 'C NMR (CDC}, 75 MHz) of Compound3(3)
A.3.5. 'H NMR (CDC}k, 300 MHz) of Compound3(4)
A.3.6. 'C NMR (CDC}, 75 MHz) of Compound3(4)
A.3.7. *H NMR (CDC}, 300 MHz) of Compound3(5)
A.3.8. 'C NMR (CDC}, 75 MHz) of Compound3(5)
A.3.9. 'H NMR (CDC}k, 300 MHz) of Compound3(6)
A.3.10. 'C NMR (CDCE, 75 MHz) of Compound3(6)

A.3.11. *H NMR (CDCk, 300 MHz) of Compound3(7)
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A.3.12.

A.3.13.

A.3.14.

A.3.15.

A.3.16.

'C NMR (CDCE, 75 MHz) of Compound3(7)
'H NMR (CDCk, 300 MHz) of Compound3(8)
'C NMR (CDCE, 75 MHz) of Compound3(8)
'H NMR (CDCk, 300 MHz) of Compound3(24)

'C NMR (CDCE, 75 MHz) of Compound3(24)

A. 3.17. *H NMR (CDC}k, 500 MHz) of Compound3(26)
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4.2.

4.3.

4.4,

4.5.

4.6.

4.7.

4.8.

.4.9.

.4.10

4.11.

4.12.

4.13.

4.14.

. 1C NMR (CDCE, 125 MHz) of Compound3(26)
. 'H NMR (CDCk, 500 MHz) of Compound3(28
. 1C NMR (CDCE, 125 MHz) of Compound3(28
'H NMR (CDCE, 500 MHz) of Compound4(1)
'C NMR (CDC}, 125 MHz) of Compound4(2)
'H NMR (CDCE, 500 MHz) of Compound4(?)
'C NMR (CDC}, 125 MHz) of Compound4(2)
'H NMR (CDCk, 500 MHz) of Compound4(12
'C NMR (CDCE, 125 MHz) of Compound4(12)
'H NMR (CDCk, 500 MHz) of Compound4(18
'C NMR (CDC}, 125 MHz) of Compound4(18
'H NMR (CDCk, 500 MHz) of Compound4(19

. 1C NMR (CDCE, 125 MHz) of Compound4(19
'H NMR (CDCE, 500 MHz) of Compound4(20
'C NMR (CDCE, 125 MHz) of Compound4(20
'H NMR (CDCE, 500 MHz) of Compound4(21)

'C NMR (CDC}, 125 MHz) of Compound4(21)
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A. 4.15.

A. 4.16.

A.4.17.

A. 4.18.

A. 4.19.

A. 4.20.

'H NMR (CDCE, 500 MHz) of Compound4(22
'C NMR (CDCE, 125 MHz) of Compound4(22
'H NMR (CDCE, 500 MHz) of Compound4(26)
'C NMR (CDCE, 125 MHz) of Compound4(26)
'H NMR (CDCE, 500 MHz) of Compound4(27)

'C NMR (CDCB, 125 MHz) of Compound4(27)
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A.311. *H NMR (CDCk, 300 MHz) of Compound3(7)
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A.3.12. 'C NMR (CDCE, 75 MHz) of Compound3(7)
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A.3.13. 'H NMR (CDCk, 300 MHz) of Compound3(8)
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A.3.14. 'C NMR (CDCk, 75 MHz) of Compound3(8)
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'H NMR (CDCk, 300 MHz) of Compound3(24)
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A.3.16. *C NMR (CDC}, 75 MHz) of Compound3(24)
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A.3.17. *H NMR (CDCk, 500 MHz) of Compound3{26)
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Maromarion directory: fawporefhoma/waliupl fvrmrovs/datas/ante 2007.07.04

File ¢ fexpore/homa/walkopl/vameoys/fdacastiffany/ere-h-thaallyl-1013c /fCarbondl.fid
Bampla id : & 20070709 10

Bampla : trt-B-thasallyl-14013c

2E.166

Pulae Sequanca: S3pul

Solvent: odoll
Tenp. 25.0 € ) 200.1 K
oporators biffamy

Pile: carbondt TBSOH,Co_0._OF———
MMERS-500 "che-elSir-suni” | ™ 19 |

[ |
_||' "rl:]
Belax, delay 1.000 ssc ||. i [

Pulons 45.0 degraasn
Acg. time 1,300 aec
wideh 30487.0 Bz e ey iy, |
A58 repetitions 320 |
CBEERVE ©1¥, LIS 6TL1TE3 MHz
DECOUPLE H1, 499.7001915 MH=
Fower 43 48

ocontimacusly on

WALTZ-18 modulsktad
DATA FROCEEZING

Line bromdening 0.9 Hz
FT mize 131072
Total time 9 min, 31 pac

77.025

— 73,503

—TL.917

134,658
118.500
101,445
g2.385
7a.787
77.538
—_—77.281
H43.000
18.544
-&. 782
-4.5941

L ]. N | I I ] A

1E0 160 140 120 100 80 a0 49 20 Ppm
A.3.18. 'C NMR (CDCE, 125 MHz) of Compound3(26)
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ETANDARD iH ORSEEVE - profils

1
TRSOH,C.. .0 | 4
Autemation a%ﬁ&.ﬁﬂp&%ﬂvﬁﬂyﬁd@ﬂt&qﬂuﬂﬂ.u # ol 1
File 1 fexporty it By Byl da ey dleBacy / Been EebafiaBifn T /Protonot ]'.TI 7 | ]
Bample id :_'H_L_&II ;I.E.'_ l;, L. | ] L I-. | | |. L ..[- ."GW |
Bampls = ';:l::—hbl L. e H:?“R%h“x“;xhq%:::%-l\': [ A |I
I —
e seamctl oz Y i I [
momo: sl T
Tuge. 15.0 C / :sa.'!b-q._ "‘ﬁ; e L
colaiprs wittay =H| 2 |
Filg: T 1 x.ﬂq_\_h =1 | o i . . ':,
cha-al53r-sund” - A omoa L a R
s ~_| SESEFEES :
Soyis 2 il L~ JTa7] i
tPulse 5.0 deg [ e A
Acq. time 2.049 | |
B :r:q-ul:i.l:_!._nnl | !

OEEERVE  Hl, 459,7857000 MEz
DATA :

Lina h::nl.&lnina' 0.3 Ha

FT olza 55538

Total tima F- min, 38 soc

A Ak

3.16
.13

1.02 3.31
1.07

e i
1.08.00
1.04.08

1.04

A.3.19. *H NMR (CDCk, 500 MHz) of Compound3{29)

— =0.004
=L 00T
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Automation diractory: /Jexport/home/waliupl/vonrsys/Sdatafauto 2007 .08.14
Fila i1 Jewport/home/wvalkupl/vmsrave/datasciffany/ert-b-6tbodioallyll /Carbom0l.£id

Bampla 14 = s _Z0070B1S_02
Eampla : Ert-h=SthaIlcallyll

Pulse Saguence: BIpal

Solventi odoll

Tamp. 3.0 C ¢ 298.1 K
oparator: tiffany

Filor Carieondl

VEHAE-300 "che-sl85r-sund®

Ralax. delay 1,000 seo
Pules 45.0 degress

Aoy, time 1,300 sec

Width F0487.8 Hx

256 repetitions

CHSERVE €13, 135.6712108 mH=
DECOUVFLE  HL, 4495%.78081%15 MHs
Poswar 42 4B

contimiously on

TBSOH;Co_.0._ 20

2t I ;

! R

| “‘xr/ TN
G oy

128

A5_932

-

=R @
WALTZ-16 modulated T o s A
PROCESSING 2 =l o=k = =
ige broadening 0.5 Fz@ o o o
gguinun 4 =3 g - |4
':ﬂlt.ll tine 9 min, 51 uu-H] it i - : i
v @ "R e o f
n | L |
| : - |

g :

e
| i |
g [ U ’ s b A " i | . b A

| | | T |
1340 120 110 140 90 a0 70 &0 50 40 30 a0 10 DRm

A.3.20. 'C NMR (CDCE, 125 MHz) of Compound3(28)
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STANDARD 1H CBEERVE - profilae

Automation dirsctoryr fexport/hone/walkupl/vomeesys/dacasauto 2008.02,.28 92

Fillo 1 JfexportShoms/walkupl/vomreys/datas/ciffanys trt!-pivm-u_.‘?ml:nn_\l!hi;nwﬂ 1.f4d

Sample id ¢ o_20080310_07
Hample 1 trtépivdmeo

Pulse Sequence: azpul

Ealvant: dmac

Tasg. 25.0 € / Z90.1 K
Oparater: ELEfans

File: Proton Minswil

h e e
i Eou- chis-a153r-sund

L
Ralax, dalay 1.000 wac
Pules 45.0 degzees
Reg. time 2,048 sec
wigeh 3334.5 M=
E sepetitions
oftskemye  ml, 49%.7000568 MHs
pifira anocEEsTHG
Line booadening 0.2 Mz
FT pize 65516
Total time O min, 30 sac

4.787

4.206

4.230

1.00

4.0L%

3.040

d.035
3.B5B

4.0

1.04

1.0%

§.g18
— 3. 620

1.414
3.375

3.349
1.541

3.5

1.13

4.17

]
PivOHCy 0. O1—
ol
1[ OH
l OH ‘
4.1
3.0 2.5 2.0

A.4.1. 'H NMR (CDCk, 500 MHz) of Compound4(1)

1.108

LT
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hutonation directory: /fexport/home/walkopl/vanrays/data/auto_J008.03 . 24 03
Flia : /export/home/walepl/vomreys/daca/tiffany/treéplvdnso_/Carbombl . £id

Sampla 14 : &_20030310_07
Bampla : Lroepliwdmss

Pulpe Baguence: sipul )

T — FJ»‘DHJCTU i = |
Tamp. 25.0 ¢ / 388.1 K [\I/ 7
Operator| tiffany A “OH

File: CarbonmOl
VEMEE-500 “cha-el53r-sund® I CH
—

Rlux. delay 1.000 owac
Pulee 45,0 degress 4.1
Aog. tims 1.300 mas
Width 30467.8 Mz
286 repsticlicas
OBSERVE  ¢13, l35.87168728 Mz
DECOUPLE M1, 409.TI05E55 MMz
Power 40 4@
continucusly =0
WALTR-16 mMulﬁtud
BATA PFDCFBQ:NGJ
Line broadsninf; 0.5 Nz
FT size LILOT2
Total time ¥ min, 51 seg

39.436
15269
15.10%
~38.934
38166
26.739

15.86403

39.769

inz.228
Bl.695

TA.7ED
T2.087
£5.105
§3.724
39,836

| N~ e g *kkltm__l; Praivasns’

L L

1340 160 140 120

100 an &0 40 20 Dpm

A.4.2. 'C NMR (CDC}, 125 MHz) of Compound(1)
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4.210
4.204
4.118
4.089
3.787

autcmation directory: /fasport/hons/walkupl /wmmrays/dsta/muto SH05.12:07

File 1 /exgport/home/walkupl/wnreys/data/ciffany/ trtbaioncipivpure_/Protendd. £idr

Sample id 1 e 20061214 08
Samgzle 1 triblloactpivpars

4.755
d.748
—4.T36

5.083
4.728

5.079
4.521
d4.428

Pulse Begueonce: sZpul

Bolvent: edell i
Tamp. 25.0 €/ 298,1 K x“\
Oparatar: tiffamy

Filwe: Frokondl
VR g-E00  “che-alilsosunlt

€.2318
.32

i

E_345
—5.343
8,328

S.362

Falasx. dalay 1.0400 gaec
Pulas 45.0 degress
Aog, timels.04% sec
wWiath E01Z.8 He

B repetitficns
ORSERVE W1, 499.7056025 Mis
DATA PROCESSTING \
Line broadsning 0.2 Hz
PT sige 55536

Total bine 0 min, 30 =acg

1,11 1.04 1.1%

FivOH,Cy_ 0.0 |

3,765
3.751
2080
Z.o078
2.085
2.04%
2. 038
038
2.008
1.378
1.3258

2.15
A.130

— =TT

cf
=
£3

6.87

1.247

A.4.3. 'H NMR (CDCk, 500 MHz) of Compound4(2)

1.232
1.213

1.209

1362

1.203

1.182

1.17%0

=0, 000

-0
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hubomation direccory: /axpore/home/walkupl/vmeesys/datcafaoto 2006,12.07
Fila 3 fexport/home/welhopl voreaysf/dacatliffany/ertbdloacipivpure /Carbondl. fid

Sample id @ g_ 20081314 0%
Zampla ¢ brebd3sacspdwpurs

Fuloga Saguenca: s2pul

Solvent: odelld

Tomp. 25.0 € F 298.1 K
Oparator) tiffany

File: Carbonl

¥HMRE-500 r"cho-el33ir-suni”

Aalax, delay 1.000 aec
FPulen 45.0 degreap
Ao, Eirm 1.300 pag
wideh 30407.0 Mz
256 repstitions
OBSERVE  ©l1, 125.6T11823 MHz
DECOUPLE HI, 4989.7801915 MHa
Powdl 38 dB
cmtnlnm:mui:.r on
1 PATTE 28 modulated
HI.TH FRE’.‘IEB]II:I
r:LiM ibroadening 0.5 Ha
T size 131092
Total time 9 min, 51 oec

P'-"DHE{:V”\-T .G]l— |

| 7
|[ l\‘/ TP
OAc
| SESSGNNN
4.2
120 100

$6. 960

TT.518

80
A.4.4. 'C NMR (CDCE, 125 MHz) of Compound4(2)

7 .244
77.011

TE.E37
TL.163

Ti.08%

70.096

62 .400

60

39,119

40

7.4l

2720

ZT.100

21 .06

20970
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Aatomation directory: Jmuﬂzt.ﬂhm?ﬂlkwlfm'nrm.-'ﬂ.l.h—'luha_?ﬂﬂ?.ﬁﬂ?q & : :;
Filo ¢ Jesport/home/walkuplivnmrsys/data) tiffany/ trt-b-6pdvidsime2 v Frolodil €

Bample id : s 20070867_045
Sampla : trt-bh-Spivilaimad

Fulse Bagquence: slpal

Salvent: =deld

Tamp. 25.0 C 7 398.1 K
operator: tiffany

Filer Frotonll

MRE-500  "cha-slSkr-puni®

Falax. dalay. 1.000 aec
Pulos 45,0 Sagreas

Adg, bEimm 3,040 Ees

width 6013.8 m=

B repacitions

GBESERVE  #l, 4900.7856025 oz
DATH FROCESSING

Line broadenming 0.2 Nz

FT aize 65536

Totml tims 0 min, 30 =sec

i

wom [ E =oe oo = :.l\ = :
- b 0 i i el nom
v " [ . - - i ] L] o
M Mmoo oo oA L=
| |
PivOHCy_ 0.0 = R
[ 2
L ¥
_ / [ .
w -
412 f 1 RPT
| SR e T
il
: - | o
L= ! e
- H i
A R Ene TN [r
L I SR @ P oo
i e R B e S
- . — -
e ) 1 e L] !
I e Sy i
"'\-\.\ '\-\._\_\- = |
H""\--., e |
| :
| i
| |
. l
: ! |
- | . {
I I Il
T | | |II
0|
| ' i
| R i [
[ | )
| A |
i 1
5 4 3 2 1
.00 2.13 1.5% 1.00
.08 1.14 .48 11.38

A.4.5. '"H NMR (CDCk, 500 MHz) of Compound4(12

0.168
0.14a
0.127
1.122
L

i1y

2.054

0.083
—f8.078
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Autemation dirsctory: Jexport/homs/wslkupl /veecsys/data/auts 1007, 05,29

Fils : /esxporct/bome/walkupl/vnnreys/data/ciffany/trt-b-Epiviiained /Carbonll.fid
Sample id ; 8 20070607 _09

Samples 1 Ert-b-Spiviisimel

Pulae Sequsno dpal
" N B PivOH;C 0
Bolwvenbi odcl3 . I 7
Tamp. I5.0 & 7 238.1 K ! X
8 ‘:p J

27.18
a1.13

Oparator; tiffany
File: Carken0l
VIBRE-500 “Yche-el53r-gund”

0
O—5—
!

Ralax. dalay 1.000 aec 4.2
Fuloa 4%.0 degreas

Aog. bima 1.300 mac

wWidch 30487.8 He

156 repatitiona

ODESERVE C13, 135.6713114 MH:

DECOUPLE H1, 499.7831915 MMs=

Pouee 41 4B

continuoualy on

WALTZ-16 Bodulateld
DATA PROCESSTING ™
Line broadening 0.5 Ha E 28 & o
rT aize 131072 Ta e o i
Tobal time ¥ min, 51 sec e BT m =
o w BT = 4 |
5 R R O P T ; 2
m ol B9 " :
i - m > . [
o {i [ L
"] = 0
m
=
()
I
| | | || | | 1= il o
1 1 1 1 1 ]
180 160 140 120 100 B0 &0 40 20 PRpm

A.4.6. 'C NMR (CDC}, 125 MHz) of Compound4(12)
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STANDARD 1H OBSERVE - profilae

Automation directory: Sexport/homafwallupl/vimrays/datasauto 3008.03.12 m :
Flls 1 Jesport/homa/walioopl /vwemrsya/daca/ el ffany/ereoblilichnm /Protomdl. %{
Gample id = =_30080318_02

Gample : trocfllichnew

Pulse Baguencea: sdpul

Solvent: dmso

Tenp. 25.0 C F 2901 K
Cparatory tiffany

Filer Protenil

iHms-300 “che-al3ir-sund®

malax, dalay 1.000 sec = 0
Fulan 45.0 degroes e E
Acg, bime 2,04% pec e | |
wWidth §012.8 W= ¢ -l |
i repeticions ix] 3 P, . L
CHERAVE  H1, 4597880564 pEHz O s e -
DATA PROCESSING = e T |
Line broadsning 9.1 Hz T L |
FT mize 635318 " |
Total tima 0 min, 30 goc |
| |
|
|
Il
| |
|
H
II|I
i
7 & 5 4
0.78 1.0 2.08 8.05
k.88 D.94 0.98

3. 4az
3.5354
3.387
3.375
3.3682
3.355
3,131
3.303
3.ZB%

3.287

2.500

i |
M“\a[-"""-uH ‘
' on
| |
4.18

A.4.7. '"H NMR (CDCk, 500 MHz) of Compound4(18
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Avtomatlon dlrectory: fexportshomewallopl /fvenrays/data/auto_2008.03 .12
File i jeeport/home/walkupl/vemeoyafdaka /el fany/ trtofid Iohnew_/Carbonol, £14

Fampla id : a 30080318 02
Sample i brtefidichnew

Pulee Sequanca: alpul

Solvant dmeo

Tamp. 25.0 C / 3%8.1 K
Oparator| tiffany

File: Carbonfl
VHMEE-3501 "cha-sl53r-punz”

Rolme. delay 1.000 ssc

Falos 45.0 dagroaa

Acg. time 1.300 sec

Widch 30487.8 Hz

286 repestitions
DBSEEVE C131, 13%.6718764 MMz
DECOUPLE HL, 499.7505654 imiz
Fowar 40 48

contlouously on

WALTE-16 modulatod

DATA PRAOCESEIHG

Line broadening ©.% Hz

FT pize 131072
Total time % min, 51 peo

160 140

359,768
39.55%
39.266
39.L00

1%.93%

ILCo O 0+
[ |

L02.037
85.849
72.07%
71.823
m.050

120 100 B0 &0 40
A.4.8. 'C NMR (CDCE, 125 MHz) of Compound4(19

38,933

20

— .382
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STANDARR 1H OBSERVE - profils

Atomation diresctory: fexportcrhomafwalkupl/vomrays/fdata/aonto Z007.11.08
File 1 jexport/home/waikupl/vomrsysfdata/tlffany/trtc8I230hc fProcondl . £id

Sample i1d @ o_ 230071125 13
Samples 1 trtcfI230hc

Pulse Eaguenca: sdpul

Salveant: gdsll

Tamp. 25.0 € F 208.1 K
operator: tiffany

Film: Protonii

MRE-500 “"che-s1l53r-sund®

Balax, delay 1.000 sec
Puloa 45.0 degrooan

Acg. tims 2,045 pec

wWidth B031Z.0 Bz

B repetiticns

CHBEERVE 1, 499.78%6964 HE=
DATA PROCESSING

Lina broadening 0.2 Hz

FT pize B5534

Total time 0 mim, 30 zac

T.250

5,320

S.304
5.20L

o |
& w| e
e afa
M oM m
| -
oA
| E
' L
iH_—.,I'...H____D.H ._.U: 1
[ mad ) [
; |
Oac | |
e :
— |
419 |
(-1
22
% [ m ﬁ 3 E .

o - oo @ om o E
R - R S S S i
[ o i w RR m 5
Tty A - L e - -

= N .
Tn - ] i [T 1
” | B o
m | 1 . oA
] | ] |
'.ri | 'I i~ (2
i - = -
| i o = -
- al 4 ]
M
|
J 1
| k
I f
fl 1 ﬁ cl i .
|
| | |
L I
5 4 3 2
1.00 1.04 1.04.14 O.65
1.00 C.42 1.08 7.18

A.4.9. 'H NMR (CDCk, 500 MHz) of Compound4(19

1.214
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ETANDARD 1H OHEERVE - profils

aatomecion directory) Jexport/boms/walkopl/vomresys/dacafauco 2007.11.08
File @ fexport/homs/walkupl/vrmrsys/dats/clffany/crtcfI2i0a0_J Carbonfil.fid
Samplo id @ s_d067113%_14

Bampls i treoSIdI0A0

IV.256
F7.004
76,749
20.730
204046

Fulse Seguancos sdpul

Solvent: odali

Tamp, 25.0 € / 288.1 K
gparators Siffany

Filmr Carbonll

VMRS -500 “che-slilc-sund™

170.504
18%.271

Falax, falay L.000 sec
Pulis 45.0 degraei

Acg. Eime 1.300 asc

Width 30487.8 M=

456 repekitians
OBSERVE €1, 115.6712162 mma
DRCOUFLE M1, 499, 7881915 mas
Power 40 dm

pontinuoualy on

WALTZ-1§ modulated
DATHA FROCESSING

Line broadening 0.5 Hs
FT mize 131072
Total tima ¥ min, 31 asc

70,330
T0.156
70.008

SE. 4458
#0.451

14.152
T.E83§

ED.328
21.000

171.0749

220 200 180 160 140 129 100 80 &0 40 20 4] ppm

A.4.10. 'C NMR (CDCE, 125 MHz) of Compound4(19
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STANDRARD 1IN ORSFEVE - profile

Mtomaticn directory: [axport/home/walkiapl/syomicsys fdatefatito 2007 .82 .10_01
File 1 Jexport/hame/valkupl/ wmmreys/data/ciffany/crtocnabhd _/Protenll , £i4

Sample id ¢ 82_20071212_06
Sample 1 tricnabhd

Fulps Saquencen sdpal

Balwant i edoll

Tamp. 25.0 ¢ / 398.1 E
Oparator: biLfany

File: Protanll

WHMRE-500 t:'t‘.-h-r-clﬂ-:-iuni"

uy
]

Falas. ﬂ.ﬂ.r'-l'l.y' 1.000 oo
Pules 45.0 Segreas

hog. Bime 2.049 sac

wWidth BO12 .6 H=

54 sepatiticna

ORSERVE HL, 49%.T7as6%80 MH:z
DATA PROCESSTHG

Line broadening 0.2 Hz

FT gizm 55536

Total time 3 min., Il Emc

S.286

¥ M oo
=ow M -
e o 9 oM
MoMoMN ™ o~
; - | I
J-IJI'_VU _.1UJ_
I 7 % |
J"\T/ ‘OAc
|
| (8 1-T |
(=] - £ |
W 5 s
n oW - 4.2
o
oo - - o
¥ i ™~ o &
9. e -
w4 * N oa "
- = w
A 8 g |
- : 3 H ™ o -
| 2 a= 7 " o) | 12
| - T | =
| ]
[ - =
||
[ | |
| ' '
Il I |
| | f i
I { i
b |
u \
N
|
- B, ¥
5 4 3 2
1.00 1.03 0.28 3.28
.94 1.18 5.44 a.58

A.4.11. *H NMR (CDCk, 500 MHz) of Compound4(20)

1.239

=0.015
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ETANDARD 1H QOBIERVE - profile

Automation directory: fexporc/home/walkupl/vomreys/data/aute 2007.12.10_01
File @ /euport/homas/waliknpl /veneaye/fdataftiffamy /ftreonabhdoll /Carbondl.fid

Sampla id : o 30071312 08
Sampla * troconabhdcll

Pulse Beguestoe: alpul

Solvent: odald

Tamp. 25.0 C F 298.1 K
oparator: tiffamy

File:r Carbon(l

VIMAS-508 “"che-ealSir-sumi®

(sl

(L]

Ealax. delay 1.000%es
Pules 45,0 dug’:euuﬁ

dog. time 1.300 seg

wWidth 30487.8 Mz

256 repetitionn
OBAERVE ©13, 135.8713F17 o
DECOUPLE  H1, 499.7881%15 o
Powar 40 dB el
oontimaously on -
WALTI-16 modulated

DATA FROCESEING

Line broadening .5 Hz

Pr sles 1314072

Total time 5 min, 51 ooo

180 is0

T, 262
T3040
TE.788
T1.158

Rl
o]

‘Chc

4.2

RZ.500
Ti.106
57.186

95.534

140 120 100 80 60
A.4.12. 'C NMR (CDCE, 125 MHz) of Compound4(20)

40

20.823

20805

20

i7.971
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STANDARD LN DBSERVE - profile

Aibtoration diredtasy:s Sfesport/honef/walkupl /vrmroeye/daca/auta_ 2008 04,18
File 1 Jexport/boms/wvalkupl ymmresys/datastiffany/ertopurefchi2ion /Protondl . £id

Ganple id : o _20080427_06
fAample 1 Ertopuredchilich

FPules Boquancs| slpul

galvant: dmso

Temp. 285.0 C / 2881 K
Operator: tlffany
Fila: Pretendl
VHMEE-500 “cha-sl53c-aund"

Falax. delay 1.000 gac
Pulse 45.10 dsgraas

hags Tima 2.043 sadg

Widrh 8012.8 He

&4 repatitiona
QBZERVE Hl, 499.T7T880605 MH=z
DATA PROCEISTHG

Lina broadening 0.3 Hz

FT aiza 65516
Total cime 31 min, 21 aec

5.E83

— 85698

.00

A.4.13. *H NMR (CDCk, 500 MHz) of Compound4(22)

5.&603

4.801

1.00

I{'thf

|LJ

‘ CH [

4.1

3¥.55%9

i.roa

1.43
L.11

3.33%
320

1.54

3.0L0

1.02

Z.A09

— 1,301
1.1%40

1.44
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Automation directory: Jemport/hono/walkupl/vomecsys/datafauco 2000.04. 18 E :- : : ;
File 1 /esport/homs/walkupl/vmmrays/data’tiffany/trtcpurebchi2ich_J/Carbonil.fid ;l "o ] f-,
Bample id | S_20080427_04 " -
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A.4.16. 'C NMR (CDCE, 125 MHz) of Compound4(22)
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A.4.18. 'C NMR (CDCE, 125 MHz) of Compound4(26)
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APPENDIX B

Tables of Data

Table B.5.1. Column Parameters of BU 1
Table B.5.2. Column Parameters of Chiraldex BU 2
Table B.5. 3. Enantioseparation Data of CSPs

Table B.5. 4. Enantioseparation Data of C8Ps
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Table B.5.1 Column Parameters of B% 1

SPLIT  CARRIER HEAD

cb T°C MAX RATIO  GAS  PRESSURE N
Isothermal Programmed (dodecane)
2,3-0-
dimethoxy- 230 250 >100:1 Hydrogen 23 psi 300,000
6-deoxy
Table B.5.2 Column Parameters of B 2
SPLIT CARRIER HEAD
€D T°C MAX RATIO GAS  PRESSURE N
Isothermal Programmed (dodecane)
2,3-
CVC'OdC')”_‘t‘_“hy"& 230 250 >100:1 Hydrogen  11.3psi 000,000

butyldimethylsilyl

144



Table B.5.3. Enantioseparation Data of C8Ps
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Table B.5.4.

Enantioseparation Data of C8Ps
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