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ABSTRACT

This document details the efforts towards the aatechsolution phase synthesis of
fragments of th&Xcc bacteria’s lipopolysaccharide. The target fragmeattrisaccharide
consisting of two glucosamine monomers with a &linkage connected to a 2-6 alpha link to
3-Deoxy-d-manno-Octulosonic Acid (KDO). First, theld of glycobiology is introduced and
the challenges associated with the advancemernigofsaccharide synthesis highlighted. Then
the synthesis of the glucosamine building bloc#tascribed. Different approaches to the same
general building block are investigated for thetlpessible route to the building block.
Approaches that require less reaction steps, cheepgents, easier intermediates to handle,

easier purification methods and safer reagentsarght and reported.

From the quest to produce easier intermediatesfesienht type of glycosyl donor, N-aryl
trifluoroacetimidate donor is explored. Due to tiange in stability observed with changing the
substituent on the aryl group, stability studiesliffierent methyl N-aryl trifluoroacetimidates are
further studied. From the stability studies, thechranism of acetimidate activation can be
confirmed. Some acetimidates exhibit favorable at@ristics and these are further studied for
their role and ability as alkylating agents. Sisoene are crystalline at room temperature some

acetimidates are reported for their appropriatemesemmercialization.

The other part of the target LPS fragment is KD@ #ms rare and expensive sugar is
synthesized through biosynthesis. Major problenth wirrification resulted in the chemical
synthesis of KDO from oxaloacetic acid and thishodtalso presents the same major problem.
Future directions include better purification piadts for KDO and more runs of glucosamine

building blocks on the automated solution phasekstation developed in the lab
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CHAPTER 1. GLYCOSYLATION

The Glycosidic Bond

The most important reaction in carbohydrate chemnistglycosylation. It involves a nucleophilic
displacement of a leaving group (LG) on the glydediy another group, usually an alcohol (ROH). The
glycoside with the leaving group is referred talasglycosyl donor while the alcohol that displattes
leaving group is called the glycosyl acceptor. §heosyl acceptor can be, but is not limited tocglsides

as shown in the following figure: (Demchenko, 2008)

promoter system

o)
PG% LG HO-R meOMOR

0 0]
PG% :O LG HOKO promoter system . PGE o t \

Scheme 1.1: General glycosylation reaction between a regulaoshall and a sugar alcohol

The promoter system is there to facilitate the depe of the leaving group. It consists of a sotyan
activating agent and sometimes, molecular sievdsaail scavengers may be used. The solvent caraplay
major role in determining the stereochemistry atghint of connection. At activation, a contact jair

(CIP) or solvent separated ion pair (SSIP) carobméd, depending on the solvent used in the pramote
system. For instance in non-polar solvents, théemphilic acceptor might attack on the tight iornrpaa
Su2-like pathway. In polar solvents the reaction pexs mainly through the SSIP leading todHmked
glycoside which is, actually, the main product cogirom any oxacarbenium ion. This can be attrithute
the anomeric effect which dictates that polar stumstts such as halide, OR, or SR derivatives peeie

axial orientation.
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®0O @
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covalent donor CIP SSIP free oxocarbenium ion
| | | |
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beta glycoside

Scheme 1.2: The role of solvent in glycosylation.

The activating agent is usually a Lewis acid. Thasy in strength and usefulness depending on the
type of glycosyl donor used. Some activators aselirble in reaction solvents and some are solUblis.
makes a difference in whether the reaction is h@nogs or heterogenous. All these consideration are
taken into account when designing a synthetic fdaglycosylation. Some of the more commonly used
activators are TMSOTf, BFOEt%L (common in acetimidate donors), NBS, NIS/TfOH, IRCP
DMTST(common in thioglycoside donors) and silvertah®ased promoters (commonly used with

glycosyl halides)

Acid scavengers can be necessary when there isgedaf accumulation of acid as the reaction
progresses. Glycosidic bonds are not stable inacahditions and if too much acid accumulatess tain
break the very glycosidic bonds being formed inrdeection. Some of the acid scavengers used in
glycosylation include molecular sieves6-di-tert-butyl-4-methylpyridingDTBMP)(Yan & Kahne, 1996)
and tetramethylurea (Hanessian & Guindon, 1980).

Another important factor to keep in mind is the veayorder of adding reagents. The promoter can
be added over a mixture of the acceptor and therddinis is appropriate for less reactive disarmed
donors. For highly reactive armed donors, it is ermppropriate to add the donor over a mixture ogépitor
and promoter. This is done to limit the chances ahguper reactive donor would decompose in the

presence of the promoter before it has a chanezati with the acceptor.
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In general, if a donor (or acceptor) is armed, éams that it is protected by mainly ether type,
electron donating groups and if it is disarmeds inostly protected by ester type electron withdnaw
groups. (Mydock & Demchenko, 2008). Differencesdactivity can be so pronounced that changing just
one functional group can mean selectivity. This hrasight about the popular advancement in
oligosaccharide synthesis, namely, one pot seclaiyicosylation. For instance in Scheme 1.3 below,
changing the C-2 hydroxyl protection from Bn to Baper-arming) increased the reactivity that theylad
react a 2-O-benzoylated acceptor in the presentteedt-O-benzylated acceptor. This is because even
though ester-type protecting groups are deactigatumen they are on C-2, they can enhance reachyit
neighboring group participation. Other such selégtican be achieved by reacting a mostly benzglate

acceptor(armed) in the presence of a mostly adetylane(disarmed) .

OBz OBn OBn

B & O 0
ﬁ%&w LG Bgﬂ& LG Bgﬂoégf LG
OBn OBn OBz
disarmed glycoside armed glycoside superarmed glycoside

Scheme 1.3: Examples of disarmed donor, armed and super-armed

This concept has been observed to be effective witarsimilar protecting group. For instance, in
the presence of phenylthio-glycoside, glycosylatioih selectively occur with the ethanethio-glycdsias
reported by concept Codeeal (Codee Jeroen, Litiens Remy, van den Bos LeenOgdtkleeft Herman,
& van der Marel Gijsbert, 2005) . They report aorease in the reactivity of the carbamate protgctin

group Trichloroethyl carbamate (Troc), comparethimide protecting group, Phthalimide(Phth.)
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Glycosylation mechanism

The stereochemistry of the product gives a hinthenmechanism of the reaction. We can glean at
the type of intermediates involved when we knowdtegeochemistry of the product. But before wetiget
product, the stereochemistry can be predicted baiselde glycosyl donor, particularly, the protegtin
group on carbon 2. This is because of the phenomehanchimeric assistance. Also known as
neighboring group participation, anchimeric assistais the participation by a neighboring groughie

rate-determining step of a reaction; most ofteroantered in reactions of carbocation intermediates.

NO
PG+t -OR
(0] promoter o P R OR
— N— - minor
T LA S YD
OR OR,alpha H 0
PG/\/N’
ROOR
major
“‘;&/OR
PG>
—~O -~ promoter O /7 Rr - R'OCO
PG~ ‘\LG PG I_A o Q major
0_0 O—= H
74 - - > PG>/O
R' ' Aoy ﬁ
ROCOOR
minor

Scheme 1.5: Depiction of the role played by anchimeric assistaim the determination of stereochemistry
at the glycosylation site.

If the neighboring group is an ether-type protegtnoup, there is no participation, meaning the
leaving group leaves to form the oxocarbenium iba,most likely/major product is the more stadle
glycoside and thp glycoside is only a minor product. On the othandhd the group on carbon 2 is an
ester-type protecting group, due to the lone ptiescarbonyl oxygen can attack the anomeric center
forming a 5 membered ring. This largely blocks @ttiom the alpha position, leaving only the topdaf
the ring open for attack as shown in Scheme 1I8s i§ the reason why, even though the alpha an@mer
more stable, in the case where anchimeric assiesianovolved, the beta anomer is usually the major

product.
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Types of donors

The number of types of glycosyl donors is dauntind yet more and more are still being
discovered. One cannot know which donor is ultinyabest for certain glycosylation, but an educated
guess can be made. For instance, highly reactimerdare perfect since they usually proceed veigktyu
and reduce the chance of acceptor degradatiomrbilite other hand, they are themselves, very pmne
degradation. When designing a donor, one has to tkég in mind since a careful manipulation of
protecting groups can arm or disarm a donor asugssr earlier. The other important consideratighds

type of leaving group on the donor.

The leaving group (LG) in a donor is very importdrgaving groups can vary from very stable
options such as those in thioglycoside to verytreaones such as those in trichloroacetimidabe T
leaving group activation should be in conditiondgadle for other protecting groups on both the ptme

and donor, and usually milder conditions are pedfler to harsh conditions.

X U N—-sR N~ SeAr
NH
Glycosyl halides Trichloroacetimidates Thioglycosides Selenoglycosides
(X=F, Cl, Br)
(0] (0] (0] R (0]
mo\/\/\ mo\n/\/\/ mO\P'/R Eoﬂ
I
o) X
Pentenyl glycoside Pentenoyl glycosides Glycosyl phosphorus epoxides
(X=0, S orlone pair
R= Alkyl, alkoxyl)

o) o) O 0}

—.0_o %o% — N—\..0H
\f R 7o)
Anomeric acetates Vinyl glycosides )< Orthoesters Reducing sugars
R=H, Me R (R=0R, SR
0 O (o] o)
S s V00 L =
|
S Ar N

Glycosyl xanthates Glycosyl sulfoxide Glycals Anomeric diaziridines

Figure 1.1: Glycosyl donors
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A Sample of glycosylation methods

There are many glycosylation methods availableartifferent times in history, different methods
were popular. Some methods, though not widely tsedy, can be the most suitable ones for certain
glycosylation needs. Whether its Fischer glycosytabr the more recent and popular trichloroacetate

method, glycosylation methods’ have different levefl usefulness depending on specific cases.

Fischer Glycosylation

Developed at the end of the nineteenth century,rittéthod uses acid and an alcohol to achieve
glycosylation. It produces a mixture of alpha/biet@nosides and pyranosides. Furanosides are formed
first and as time goes on, the equilibrium shiftshie pyranosides. This can increase the chancasother
anomer being formed. Today, Fischer glycosylatiam still be used in changing the anomeric
configuration of certain glycans. Say there is @l@momer and yet the alpha anomer is desiredcame
treat the mixture with an acid and this will resalthe formation of the alpha anomer. This alsoksdhe

alpha anomer is the more stable of the two anofaexemeric effect)

0]
0 HO Q
HﬁgéngH OH - HO/&N‘OR

OH /\v /\' OH
H* oxocarbenium Glycoside

Hemiacetal H,O on ROH H*
OH
O+
“&&e
OH

Scheme 1.6: Portrayal of Fischer glycosylation.

Today the Fischer method or Fischer like methdekiag used with some modifications, such as
using it in the microwave for better yields or simtrasound for more green chemistry. The main

advantage with-thissmethodsissstill the fact thaiain be used to selectively glycosylate unprotesteyars
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(Artner, Stanetty, Mereiter, Zamyatina, & KosmasdFier, 1895; Guchhait & Misra; Shaikh, Russo,

Cipolla, & Nicotra). Regio and stereoselectivite atill the major downfalls.
Koenigs-Knorr and (later) Mukaiyama

Koenigs-Knorr method has been in use since thenbigj of the 28 century and there are some
cases today in which this method is the best oti@ilable. Koenigs-Knorr method uses glycosyldesi
(chlorides and bromides, later Mukaiyama develaglgdosyl fluorides) as donors in the presence aivige
metal promoters. At its inception, this method useswluble silver metal promoters such as@@nd

Ag,CO;s, but later more soluble mercury based promoteve baen used.

OAc

HO._ A OAc
950 2 HgCl ACO 2 o
PhthN o+ ACO— N o
Br

Scheme 1.7: Allylation of glucosamine in the presence of meyceinloride.

Today it is more common to use Koenigs-Knorr metas@ way of installing protecting groups on
the anomeric center rather than installing anogihgoside. The obvious downfalls with this method a
the use of heavy metal promoters. They are both varzadous materials and they present a major
problem for waste disposal. The other problem ik wie donor. Gylcosyl halides(chlorides and bras)d
are not very stable, requiring in situ preparationsnvironmentally unfriendly conditions.(Claffe@asey,
& Finan, 2004; Garegg, 2004; Gouliaras, Lee, CBahaylor; Pazynina et al.; Saman, Wimmerova, &

Wimmer, 2006; Steinmann, Thimm, & Thiem, 2007)

Mukaiyama developed the glycosyl fluoride methodglbecause it produces the more stable
glycosyl fluorides. Glycosyl fluorides are easieprepare(generally from glycosyl acetates with HF-
pyridine, though other methods are available ifdbsired glycosyl fluoride is the beta anomer) trair
activation does not require heavy metal promotlne. chemistry is the same as that of other hahaels

there is no evidence that fluorides are superi@vior to their bromide and chloride counterpaHsu@ada

www.manaraa.com



& Mukaiyama, 1981; Mukaiyama, 1982, 2004; Mukaiyatdashimoto, & Shoda, 1983; Mukaiyama,

Murai, & Shoda, 1981; Sakurai, Ikegai, & Mukaiyar2@07)

There has to be a careful balance between the tffsnor and promoter used. Since some
promoters are harsh and some mild, one has to #fiokt what type of promoter to use with what donor
for both reactivity’s and stereochemistry’s sakelvBnts are are also an important considerationh Al
the advances and studies into the process of gliatam, there still remain major problems in gealizing
reactions. The issue of reproducibility is alwaysr@blem and the need for highly skilled carbohyelra
chemists to carry out these reactions is another.uBe of an automated platform that can be omgkbste
low skill level individuals is being explored in olab. This method also has the added advantage of

ensuring reproducibility.

Automated Oligosaccharide Synthesis

Carbohydrates/polysaccharides are one of onlyrmjor classes of biomolecules. Others include
polypeptides(proteins) , nucleic acids(DNA,RNA) dipids. Even though carbohydrates of most, if no
all degrees of polymerization are extremely impairtd is still a huge task to chemically syntheseen
some disaccharides, not to mention longer polyrakgsimers. In an attempt to fill the gap between th
advances made in polypeptide /nucleic acid syndheasil that made in carbohydrate synthesis, it was
important to follow the leaders and develop an laaied method for the synthesis of oligosaccharides.
Earlier work in oligosaccharide automation syntedscused on mimicking the Merrifield’'s Solid Phas

Peptide Synthesis(SPPS.)

The success of automated oligosaccharide synthasibeen sluggish given the nature of the
building block. Monosaccharides are far more coogtéid than amino acids. They contain multiple
hydroxyl groups with multiple stereocenters. Fineihg a raw monosaccharide to the stage wheraibea

applied to an automated platform takes a lot oétand in most cases, can only be done by experts.
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Sometimes various protecting groups are requirgédinvone building block and one has to make suaie th

conditions used later on in the protection sequetha@ot tamper with protecting groups alreadyaithstl.

Coupling can also introduce problems of its ownisT& because coupling a glycoside to something
else can result in one of two stereogenic cenddpba or beta. Care has to be taken when formgltie
building block to make sure that the odds are worfaf the desired stereochemistry. Sometimes amgur
the product’s stereochemistry can be near impassiliis problem is not encountered in protein sysit)

and neither do amino acids contains numerous macénters.

To that end, a solid support systems were testetthéir usefulness in automated oligosaccharide
synthesis by Dr. Seeberger and his group(Bindsehadlaler, & Seeberger, 2009; Love & Seeberger,
2005; Melean, Love, & Seeberger, 2002; Seeber@®8)2 They settled on chloromethylated styrenenresi
which is commercially available. The use of solighgort has the same advantages as in Merrifield’s
original design, ease of purification at the endhef automation. By simply filtering out the liqupdrt of
the reaction flask, one is left with the oligomé&aeahed to a linker and solid support. A linkenéessary
to attach the sugar moiety to the solid phase ré@siis helps in the cleavage of the sugar fronsthiel
support at the end of automation. The linker ofichavas based on the pentenyl glycoside as shown in

Scheme 1.4.

The process of automation begins with a glycosm®od being attached to the solid resin. This is
then filtered to remove untagged glycosyl donoid grevent them from entering the next stage of
automation. This is followed by the deprotectioroné hydroxyl at the desired point of attachment. T
guantify the efficiency of deprotection within tegstem, one can use a UV sensitive temporary fitec
group, as this will inform of the amount of cleaud¥ sensitive material. This deprotected hydroxedats
with another glycosyl donor to form a disacchakgdanected to the solid support. Any untagged nelteri

is easily washed off and the process continues.
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+ (0]
O.OH RO%X
\' f glycosyl donor

COUPLING

Hoz&wo—_o ROV&WO‘——O

DEPROTECTION
Cleavage and O solid resin
Purification
HO —eossmm» linker
Products

Scheme 1.8: Coupling cycle of automated oligosaccharide synshes

As genius as this idea is, it has a lot of shoriogs The first major shortcoming is the fact tiat
does not allow room to rectify any errors in thgcgisylation. For instance, if there is an errothia second
glycosylation, there is no way of knowing this ahd user can continue building up a long chain
oligosaccharide that is wrong, without knowing. Ttleer major shortcoming is the amount of glycosyl
donors used in the glycosylation. Most bench tyeagylations require 1-3 equivalents of the doksing
two or more equivalents of donor already feels dkwaste of material, especially because it cavebg
difficult to synthesize these glycosyl donors. EeBerger’s solid phase oligosaccharide synthedsast 5
equivalents, but usually 10 or more are used foedeglycosylation efficiencies. Bearing in minatimn
oligosaccharide synthesis, the tricky part is hetdlycosylation itself, but the building block $lyesis,
this method seems to be a good idea, but not & gpkdion to the problem of lagging advances to
oligosaccharide synthesis compared to their oligtraiide and oligopeptide counterparts. To solhee th
problem of the major shortcoming, i.e. the usewgjéhexcess of donors and failure to monitor theess
of automation at every step, our group has comwitipthe solution phase automated oligosaccharide

synthesis.
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Solution Phase Oligosaccharide Synthesis

As the name suggests, this new method relies onsh®f a support that is soluble but is still easy
to purify. This system, Chemspeed Automated Syigh&/orkstation (ASW) takes advantage of fluorous
chemistry and the separation is carried out uslagrBus Solid Phase Extraction (FSPE) and the fise o
fluorophobic and fluorophilic solvents. The baglea is similar to solid phase oligosaccharide sgith
with the option for the inclusion of a Thin Layeh®@matography(TLC) step and the option to pause the
automated run and make sure the run was succ&stibther great advantage of this method is thetise

an average of about 2 equivalents.

The fluorous tag that is key to the design and esgof this system shown belowla® It was first
reported by Mamidyalet al. in 2006. The linker is ais but-2-ene-1,4-diol. Other functional group linkers
have been discovered and shown to be just asegffias this linker and some even more stable. The
presence of a double bond makes this linker urtdeifar use with reducing promoter systems becthese
alkene functionality can be reduced to an alkaesgnting a huge problem for cleavage of the linlker.
cases where the cleavage of the linker is not sacgssuch as in microarray experiments, this linke

proceeds without a problem.

HO._~_ CeFi; _MSCLEGN,DCM_  MsO._~_ CgFy, _ DA, KOH, DMF, 70%
14 0°C-RT, 2h, ~100% 12 HO— _ /~OH
HO/\Z/\O/\/\08F17 = Fluorous Tag
13

Scheme 1.9: Synthesis of allyl-based fluorous tag(Allyl-F-tag)
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SPE Block Inert Reagent Rack

O0O0O000O0

Figure 1.2: Chemspeed Automated Synthesis Workstation (ASWydes

The design of the system includes a two reageksrane sealed and connected to an inert gas

source for those reagents that are air and moisansitive, and the other, a regular reagent Hiocthe

more stable reagents. The SPE block is the puiificatation. FSPE cartridges are places in thelkomd

two different washes carried out. The first wastith a fluorophobic solvent and this washes awhtha

untagged oligosaccharides, then the fluorophilleesd unhinges the tagged sugar from the FSPE aolum

making sure that only the tagged sugars are alderibnue with the cycle. 80% methanol in watehis

fluorophobic solvent used in this work and 100%lmaebl is the fluorophilic solvent used.
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80 % MeOH in 100% MeOH
H,O (fluorophilic)
(fluorophobic)

> >
\ FSPE Cartridge /
- -

()

where f = fluorous tagged compounds
and o represents non-tagged organic compounds

Figure 1.3: Demonstration of separation of fluorous versus fieorous compounds using Fluorous Solid
Phase Extraction (FSPE.)

The reagent block is the place where glycosylatiappen. The system is equipped with the ability
to shake at different speeds and currently hasdpacity to carry out reactions at temperaturdsvass -
20°C and as high as 0. The reservoirs are used to store solvents, and solvents can be stored on the

reagent racks, inert or not.

Even though still lagging, carbohydrate chemissrglowly becoming more and more easily
accessible. The main problem that most carbohydtsgeist are working on is making building blocks
more readily available. Improvements such as Imgithe amount of waste by using alternative puatian
methods such as crystallization are being expldrié@. in any other field, there is an interestitdfthe

shortest and cheapest route to most building blocks
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EXPERIMENTAL SECTION (CHAPTER 1)

Synthesis of 3-(perfluorooctyl)propanyl methyl sulfonate (1.2)

HO._~_ CsF1;  _MsCl, EtsN, DCM MsO._~__CaF17
1.1 0°C-RT, 2h, ~100% 1.2

3-(perfluorooctyl)propanal.l (1.0 g, 2.1 mmol) was mixed with 10 mL methylehéocide.
Triethylamine (0.6 mL, 4.18 mmol) was added andedto OC. Mesyl chloride (0.32 mL, 4.2 mmol) was
added over a period of 5 min and the reaction maxtuas allowed to warm to ambient temperature @ver
h. The resulting mixture was washed with water ,H&BI , and brine and dried over MgSO4. The solvent
was removed under reduced pressure to providel@ ¢.quantitative yield) as a solitH NMR (400

MHz, CDCI3): d 2.05-2.13 (m, 2H), 2.20-2.36 (m, 2Blp4 (s, 3H), 4.31 (t, 2H) as reported.
Synthesis of 4-[3-(perfluorooctyl)propyl oxy]-cis-2-butenyl alcohol (1.3)

TBAB, KOH, DMF, 70%
MSO\/\/CBFW - HO/E/\O/\/\C F
817

1.2 HO—\:/—OH 1.3

To a solution of cis-1,4-butenediol (0.24 g, 2.7 otyn3-(perfluorooctyl)propanyl methyl sulfonate
(1.10 g, 2.08 mmol), and tetrabutylammonium brorGi@#B) (0.15 g, 0.44 mmol) in DMF was added
freshly ground KOH pellets (0.235 g, 4.16 mmol)eTkaction mixture was heated at°@for 1 h
qguenched by the addition of water. The aqueous lags extracted with ethyl acetate and the orglaryer
was washed with water and brine and dried over MgS®e solvent was removed under reduced
pressure. Flash chromatography of the product %t @byl acetate in hexane gave the product adawyel
0il(0.75g, 70%)'H NMR (400 MHz, CDCI3): d 1.78-1.88 (m, 2H), 2.0249 (m, 2H), 2.99 (s, 1H), 3.45

(t,, 2H), 4.0 (d, 2H), 4.13 (d, 2H), 5.57-5.65 (HRl), 5.70-5.78 (m, 1H) as reported
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CHAPTER 2. SYNTHESIS OF A GLUCOSAMINE BUILDING BLOCK

I ntroduction

The synthesis of glucosamine building block hasstedied intensively. Glucosamine is a deoxy
sugar with an amine on the second carbon. The pres® the amine on the C2 presents a challenge tha

cannot be overlooked. For this project, | presamious methods to the synthesis of the followintdong

block:
OPG,
PG;0 0
Pézo/&”OPG
NPG;,

PG= Protecting Group

Various protecting group combinations were triedrder to formulate a building block for the
synthesis of a 1-6 linked glucosamine disacchatidecan still be connected to another sugar, KbGhe
6 position. The aim of this process is to findudding block with a combination of protecting gpmuthat

are less time consuming, very cost effective amygl xeactive.

OPG,
0] 0
PG,0 @M
NPG;  PG,0 OPG

NPG;

In amine sugars, the first functional group to betgcted is the amine since the amines are
generally more reactive than their hydroxyl coupdets. In this case the phthalimide protecting grovas
used initially. It is a relatively straight forndaand one step protecting process and favors theaton of
a mainly beta intermediate products. The instalfatf a phthalimide group on the amine requiresithze
followed by an acetylation reaction since thisabdor the closing of the imidic ring.(Debenham,
Rodebaugh, & Fraser-Reid, 1997) This is becausgngdhe imidic ring without the acetyl group omth

carboxylic acid would be impossible.
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OH OH OAc
HO O 1M NaHCO Ac,0, o
HO OH 3 Hﬁ) 0 neO.py | A OAc—> AA:Q Ac
NH,Cl 6h cat. DMAP
% e} OAc
o)
N /
2.1 2.2

intermediates not lsolated but shown by
Debenham et al, 1997

Scheme 2.1: The importance of acetylation reaction, followihg fprotection of the amine functionality
with phthalic anhydride.

On top of helping close the ring, the presencdefdcetyl group at the anomeric center helps with
the next reaction. The anomeric protecting growgzlado be one that is stable under most protegtiogp
conditions because the group will be carried thhougtil the final step before formation of the gigyl
donor. As a result, the allylic group was choseit ssboth acid and base stable and it can bebetty
removed by the use of iridium catalyst. Initialhetattempt to allylate was carried through the linaton

followed by the Koenigs-Knorr reaction in the pnese of HgCJ.

OAOC HO\/\ OAc OAc
AcO HgCl, ACO N N +e OH
PhthRL 2.3 PhthN PhthN

intended product side product

Scheme 2.2: Allylation via the Koenigs-Knorr reaction

This procedure proved to be inefficient; it is atstep reaction that uses highly sensitive
(HBr/AcOH) and dangerous reagents (HgCThe formation of the bromoglycoside is very aé that it
was hydrolyzed to the deprotected anomeric OH. & tes NMR evidence for the formation of the highly
unstable beta halide. A more efficient allylaticwgedure was the allylation @f2 using boron trifluoride
dietherate in dichloromethane at zero degreeslaibn provided an efficient method for the anoroeri

protection but it does require heavy metal catdiysdeallylation and thus alternatives were exgdor
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2.3 was deacetylated followed by the installation pfatecting group that is selective to primary
alcohols and does not react with secondary alcohibks Zemplen deacetylation with sodium methoxide i
the presence of phthalimido group can be chaltepgnd needed to be monitored closely. Since tner ot
objective of the project was to decrease the doteobuilding block, the silyl-protecting group&me not
considered at this time. The trityl (Tr) group seeha very attractive option since it is very chaagd very
selective for the primary alcohol. It gives veryodoyields and can easily be extracted out as d sohnost

solvents.

HO é&M TrCl, NEts, DMAP HO é&M
HO R g HO O~

Scheme 2.3: Masking of the primary hydroxyl of glucosamine withyl group (Tr)

The tritylated glycoside seemed to be perfect bbsequent reactions could not happen because
there were challenges with solubility. The othestjdem was the fact that the OTr is a very stable
protecting group that requires harsh deprotectamditions. Detritylation is achieved by using ertedy
acidic conditions, 80% acetic acid in water unadiux. In these conditions glycosidic bonds woukd b
destroyed, so this building block is not ideal. Beguence of glycosylation and deprotection asctigi
by Scheme 2-3 below, starts with the glycosylatbthe donor and acceptor (F-tag). This is follovigd
the demasking of C-6 protecting group. If trityhet protection is used, the extreme deprotectiotopol
would cleave the glycosidic bond. At this poitige use of bulky silyl protecting groups though engiee,
seemed necessary because they have had bettesssircogasking primary alcohols while producing
intermediates that are useful in the path of bogdilock synthesis. The triisopropylsilyl(TIPS)atide
was chosen as the reagent of choice because itdvad been used on the automated solution phase
platform while others bulky reagents such as tatiddiphenylsilyl(TBDPS) chloride had been usedisTh

reaction has been reported and continued withgupesblems. Problems arose in the deprotectionaitep
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the automated platform. It was a very slow procegsiring upwards of 24hours to finish the depritec
protocol. This is not only unfavorable becausehefamount of time but also because the longer fow a
your reagents to sit in the automated synthesieehigher the chances they will degrade. It wasHisr

reason that at the end, TBDPS was used.

After that the protection of C3 and C4 hydroxwiss necessary and benzyl was the masking agent
of choice. This presented quite a lot of problebdsng neutral conditions of A@ resulted in incomplete
reactions. The need to freshly prepare silver oaitt the use of heavy metal reagents made thisroptit
very attractive. Benzylation in basic conditionsaatly presented problems for the phthalimido probecti
group on C2 and a strategy which involved tweakirgamount of NaH and time allowed for a reaction

resulted in an acceptable result.

OTBDPS OTBDPS
Hoé&m NaH, BnBr, TBAI Bnoé&w
HO O\/\ or o BnO O\/\
NPhth AG,0, DMF, BnBr NPhth
26 2.7

Scheme 2.4: Different benzylation reactions on glucosaminedini block

Removing the allyl group at the anomeric positising iridium catalyst easily affords the predonor

intermediate.

The quest to find the most efficient and cost dffecroute to the glucosamine donor led to a
consideration of a lot of other building blocks.iFmeant revising every protecting group including
amine protection. Since different protecting grexperimental procedures work differently with vaiso
other protecting groups, it was important to wonilaterally with donors from different N protection

some reactions and procedures, for instance, tiglaf the anomeric center may be a recurring ghem
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Other Amine Protecting Groups

The phthalimide protecting group is very easy &iatl and not very difficult to remove. The main
problem associated with it is the lack of stabilitypasic conditions. Since a lot of the conditianshe
building block synthesis are basic, this presemiroalem especially because the amine protection is
installed first and does not get removed untilrafte glycosylation. For this reason, the
trichloroacetimidate protecting group was also ergd. The disadvantage of the trichloroacetimidate
protection is the fact that installation involvemalti step process and this takes more time aneymdut
a viable method nonetheless if it has the possilofi avoiding problems that would be encountergdhie
more labile phthalimide donor. Being so close ®ahomeric position, it would be interesting talfwut
how changing the protecting group, from a moredregnd somewhat bulky phthalimide group to a more
flexible and very bulky trichloroacetimidate growpuld affect building block synthesis and

glycosylations.

OH OH OAc
1M NaOH, p-anisaldehyde Ac,O
HO OH rt-0 degrees 1h HO OH AcO OAc
NH; Cl N N
7 4
2.1 2.8 29
OMe OMe
1. HCI,Acetone
é:w Reflux, 5 min N OAc
AcO O 0 0
AcO OAc 2. T(;‘ACI, NEts AK?&SMOAC TCA = /w\
/N 0°C, DCM TCAHN CCly
210
OMe

Scheme 2.5: Steps necessary for the protection of amine gratipthve N- trichloroacetyl (NTCA) group.
The formation of the N-Alloc protecting group folls the same procedure as the one above, except
instead of using trichloroacetyl chloride; allylohbformate was used as shown by the formatidh1df

below. Even though the carbamate is not as stalleesacetamide protecting group, both buildinglblo
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approaches were carried on. The carbamate buildouk provides the comparison for a non-rigid but
slightly unhindered 2 position, and its effect dycgsylation would be important to record. Notettakh
the protecting groups provide neighboring grougipi@ation, and this is a deliberate choice sintéha

intended glycosylation are expected to be beta.

1. HCl,Acetone

OAc Reflux, 5 min . OAc
AcO O o)
AccoégMOAc 2. NEt; 0°C, DCM Agg&wo Ac
/N 0 HNAlloc 0
1 e
cI” o Alloc = T~ S0 ™NF
OMe

Scheme 2.6: N-Alloc protecting group procedure

With 3-4 candidates for the protection of the amateention can be focused in the anomeric
protecting groups that can be used in the builBliogk synthesis. The allyl group has already been
discussed briefly. Initial problems with it invold¢he use of mercuric reagent and hydrobromideatia
acid solution. Both reagents are toxic and thetr@ads not user friendly. This problem was solNmdthe
use of a less expensive, 1 step process using Iriftaaride as the promoter from the glycosyl atet
The procedure for the general allylation reactian be found in the experimental section at thecérie
chapter. The deallylation procedure also requitesuse of yet another expensive heavy metal based
catalyst. The cost and type of reagents involved e allyl protection necessitated the searcjeof

another anomeric protecting group.

Another anomeric protecting group that has beerelyiexplored is the use of alkylthiols. These are
interesting because thioglycosides can be dirextivated to allow for a shorter journey to glydasipn
and thereby reducing time and costs associatedbwitting block synthesis. It is important to exgdhe

usefulness of this reagent in the automated solytiase platform.
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Thioglycosidesin automated solution phase synthesis

Thioglycosides are a major class of glycosyl dondhey are an attractive donor because of their
stability which allows for early introduction ofétthio group and that in turn limits the numbest&ps in
building block synthesis. Though not as reactivetaer glycosyl donors, the thioglycoside is adtdby
an electrophile to produce an intermediate sulfionions, which then gives rise to carbenium intenaied

which when reacted with an acceptor, gives theagyfation product.

Thioglycosides can be activated using any numbegaxtion conditions and the appropriateness
depends on the conditions available, the donoraaodptors reactivity, consideration for the safétye
most common method was first introduced in 198n@4aian & Guindon, 1980) and uses a halonium ion
as an electrophile. NBS and NIS are commonly ugestipply the brominium and iodinium ions
respectively. It is always necessary to use artigddor instance, a triflate source to increase\tields of

these glycosylation reactions.

For the promoter system to be applicable to salypioase automated synthesis, it has to be in liquid
form or soluble in some solvent. This is to faaiié the transfer of the promoter system to theticgrauial
in the automated solution phase platform. Moghefpromoter systems for thioglycosides are naablé
for our purposes because they are in solid formdandot dissolve in most solvents. This simplities
candidates for glycosylation trials. Of particulaterest, is the application of a new promoter esyst
reported by Tatadt al which involves the use of the cheap and readiaflable dimethyl disulfide and

triflic anhydride.
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E+ E + n
0 0 0 R"OH 0
RO \/S/S\R, — RO ‘/S/%R' — ™ RO \ —> RO \/S,WO\R,,
OBn OBn OB OBn
n

RO/T//&/S\R, FL RO/T//&/E\R, I RO{#\OLOH> RO/\N;g/O\R,,

O\(o o\(o oi{ o\(o

R R R R

Scheme 2.7: Thioglycoside activation for glycosides with andivaut neighboring group participation.

There are several ways of synthesizing thioglyasitHorton Det al described a method that goes
from an anomeric OH to an anomeric SH and thenlatiky/arylation of the thioglycoside as shown in
Method 1 of Scheme 2.7. Even though this methodlu®s very high yielding reaction steps and utgize
very cost effective reagents, it is a long procésgmther method for making thioglycosides is desedi by
Ferrier R.et al in 1980 (Method 2). In their work, they show andadisplacement at the anomeric center in
the presence of a Lewis acid. The base displaceat¢hné anomeric center was reported by Trogpalin

1991
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Method 1
X
0] 0] HoN NH —O0
RO~ _OH —> Ro/\N;q) 2 2 RO/\N/S\[(NHz
Br Acetone NH2+'Br
lKZCO3
w0 R-I w0
RO v~ _-SR ROw—~X_-SH
DIPEA
Method 2
0 RSH, BF;OEt, o
RON~\__OAc > RO~ SR
Method 3
(0] RSNa, catalyst —-0
RO&‘ RO v~ SR
Br

Scheme 2.8: Synthesis of thioglycosides

Synthesis of the thioglycoside with both phthalisntotection and trichloroacetamide protection
was carried out. Most of the reactions were theesafter the initial differentiation between thioda@-

allyl protection.

AcO - 0
ACO OAc A,&(?oégﬁsa
§<NH BF 5 OEt, NH
2.1 2.1
CCly 64(:@3

Scheme 2.9: Ethane-thiolation of glycosyl acetate in the preseof a Lewis Acid, BFOEL
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After Zemplen deacetylation, a bulky silylating ageas used to mask the primary alcohol.
Triisopropylsilyl(TIPS) group was first used anethtert-butyldiphenylsilyl(TBDPS) group becausks it
easier to remove this group on the automated solyihase synthesizer. This was followed by thelusua
benzylation reaction using NaH and benzyl bromitis.important to note that the same reactionsewer

carried out with allyl protection and similar reiacis with the phthalimide protecting group at C2.

OH OTBDPS OTBDPS
TBDPSCI, DMF NaH, BnBr, TBAI
MO skt - HONO o BrO-0 o
HO HN— HO DMF, 0°RT, 12n  BnO t
TCAHN LN TCAHN TCAHN
213 2.14 215

Scheme 2.10: Silylation followed by benzylation of a thioglycds.

As a thioglycosyl donor, building block15 is ready for glycosylation. This reaction was treed
the bench top to see whether it would be viablaHerautomated solution phase synthesizer. Thetldyine
disulfide triflate promoter system was used and maderately reactive, giving percent yields of 70%e
main problem with the reagent is that the smedtlinfethyl disulfide makes it difficult to work withnd

would present odor problems on the automated sgizifye

OTBDPS OTBDPS
ROH, Me,S,-OTf
FA— —— Bnoé&
BnoéS/SEt BnO OR
TCAHN TCAHN

Scheme 2.11: Glycosylation using a thioglycoside donor

Another option is to remove the anomeric protectjosup and transform it into an imidate donor.
Clearly, it is advantageous to use the thioglyamsisl a donor because one can avoid two expensp® st
Since thioglycoside are not as reactive as thdatate counterparts, it is sometimes necessary to go

dethiolate and this could be followed by donor bgsis. Scheme 2.11 below shows the
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OTBDPS
0
Bno SEt A
TCAHN \ OTBDPS
BnO 0
BnO OH
OTBDPS TCAHN
B 217
0
%”n%ég/oml /
TCAHN
2.16

Scheme 2.12: Predonor synthesis with subsequent donor.

A: NBS in 10% water in acetone aBds a two-step reaction going through the
hydrogenation/isomerization of the double bond gsin iridium catalyst which is followed by the
cleavage using land THF/water as a solvent. Both reactions arb/fegactive with approximately 80%

yield.

Trichloroacetimidate and trifluor oacetimidate donors

After deprotection of the anomeric hydroxyl, twaiops are available. The more common
trichloroacetimidate donor could be formed usinghtoroacetonitrile(CGICN) in the presence of KOs,
The other option was any one of the N-aryl triflo@cetimidate donors. The trichloroacetimidate was
expected to be very unstable in most conditionsthuns the use of the backup method with the matalest

N-phenyl trifluoroacetimidate.
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OTBDPS KO COLCN OTBDPS
Bnoé& il BnO 0
BnO OH 0°C, 3 h, 85% BnO
TCAHN TCAHN
217 2.18 NH
CCl,
N~ i
OTBDPS K.CO /l OTBDPS
BnOé&/ 2C03 17 > CF, B o
BnO OH 0°C, 12h, 85% BnO
TCAHN TCAHN
217 219 \IéNPh
CFs

Scheme 2.13: Synthesis of glucosamine trifluoroacetimidate afahloroacetimidate donors.

Butane Diacetal Sugars

Since the building block of interest involves thetpction of 3,4 hydroxyls with permanent
protecting groups, the butane diacetal protectiogig seems like the perfect choice. While the selec
protection of primary and anomeric hydroxyl groigpsery easy to achieve, selective protection of
secondary alcohols is usually not so easy. Thenkeuléacetal protecting group is very selectiveans-
diequatorial-1,2-diols such as found in glucosamiezording to a review by Len@ al (Lence, Castedo,
& Gonzalez-Bello, 2008}he selectivity for trans-diequatorial-1,2 dioldige to the formation of a

relatively sterically favorable trans-ring junction

OPG,
PG,0 0
PG,0 OPG
NPG,

Using the butane diacetal could help with two peats; first, one can potentially work in a
straightforward manner to get to the desired bagdlock. Theoretically, the protection can staithw
amine protection, followed by butane diacetal faioraand then anomeric and primary hydroxyl
protectionnBecauserofithesmanner in which thegmtain happens, it is possible to avoid the usbef

expensive silyl groups. This will provide a veryeelp, building block made with fewer all high yieidi
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steps. Possible synthetic route explored to thisieshown below. The other option is to instadl th
diacetal straight from the glucosamine salt. Thgaificantly decreases the length, in number opstand
amount of time. It also increases the yield andehses the cost to an efficient building block.nkiog
another ring on the sugar moiety is usually frowopdn since it has been shown that it increaséditsig
and therefore decreases the reactivity of the imgjldlock (Baeschlin et al., 2000). During glyclagipn,
the formation of a carbenium intermediate resultthe bending of the chair structure into more bbat
conformation. Having a ring on the structure coesithe flexibility and prevents the ring from egsil

changing its conformation to accommodate the foionatf an oxazoline ring.

In a recent review (Zhu & Schmidt, 2009) Schneickl explain the mechanism of glucosamine
donors with neighboring group participation. Thisahanism is said to go through a very stable oxazol
intermediate (Demchenko, 2008), which even undgy krarsh conditions exhibit limited glycosyl donor
properties. Having a structure that is prohibitiw¢he formation of a very stable intermediate rjuesy

work best for glucosamine.

The butane diacetal protecting group would notited long chain oligosaccharide synthesis
because of the harsh conditions required to rerttmm. Usually, more than 80% trifluoroacetic aaid
water is required for extended periods of time (ht@rs) and this would break the glycosidic bonegerE
though this is true, it is still a viable methodu®e to decrease both the cost and number of asspsiated

with this particular building block.
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0
OH oM oTCA
OH )J\f( CH(OMe)s QMe o e o
Ho- % o 0 ioo o TCACI, EtsN, DCM ioo OTCA
. refluxing methanol NH, 0°C, 0.5h NHTCA
Nl cat. CSA, 6h OMe 2.20 OMe 221
OMe OTCA
CCI,CN, Cs,CO
o OTCA : — % 2
M HaN-NH, OMe DCM, 1h TCAHNL  NH
OH U=, oH OMe 2230~
DMF, 50°C, 0.75h NHTCA K,CO;, DCM, 3h CCls
OMe , 5, i OMe _OTCA
Ar 0
N io
A OCARN
CI CF3 NAr
OMe 524 O~
CFs

Scheme 2.15: Formation of a glucosamine donor through protectiith 1,2 butane diacetal.

Many different methods have been described toaqyitet glycosyl donor. What is important

ultimately, is the glycosylation. What type of ladge will occur and what stereochemistry it willukesn.

Synthesis of a glucosamine disaccharide

Glycosylation was carried out in the presence tdlgc amounts of TMSOTT for both the
trichloroacetimidate and trifluoroacetimidate dasorhere was no significant differences in thed/febm
the two different donors. It did however take monge to complete the reaction with trifluoroacetiate
(allowed to run for 3 hours as opposed to ~1 houtHe trichloroacetimidate reaction. The init@dging
with the fluorous marker resulted in a high yielglireaction, ~85% vyield. This is because of the &mgss
of the alcohol, it is allylic and primary. That cpared to adding any hydroxyl groups from a sugauld/o
be easier, even if the sugar hydroxyl is also prymahe reaction ran on the automated platform gave

similar results.
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Conditions: [s3] GLYCOSYLATION
-20°, glycosylation ran for 1.5 h each |H| DESILYLATION
désilylations ran for 12h D FSPE

overall yield 20% for 2.18 & 23% for 2.19

OH
BnO O
OH éLC;S§;§<L,o—”‘/7§§§§§§;§&/
o NTCA BnO OF-tag
OF-tag TCAHN

H — F
ACCEPTORS ——» | HOL = O A Cefrr no 2.21
Fluorous Tag T

CAHN )

OTBDPS

BnO 0
BnO

TCAHNO
219 [
DONORS :> NPR 5 equivalents each
OTBDPS

BnO O,
BnO
TCAHN

O.__CCl

218 hid

NH

CF3

Scheme 2.16: Glycosylation.

EXPERIMENTAL SECTION (CHAPTER 2)

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-phthalimido-D-glucose (2.2)

Glucosamine hydrochloride (15g, 70mmol) was dissdivn 50mL of 1M NaHC@nd phthalic
anhydride (10.5g, 71mmol) was added, reactionestiat room temperature until all traces of the alith
anhydride had disappeared(about 6 hours.) Reattixture evaporated under reduced pressure and co-
evaporated with toluene (3 x 20mL) several times @towed to dry under vaccum. This intermediats wa
used without purification directly with 75mL of pgtime (870mmol) and 83mL of acetic anhydride
(870mmol.) This reaction was stirred at room terapge for another 6 hours. The resultant mixture wa
worked up with water, saturated sodium bicarboaatkdried over MgS§ Flash chromatography of the
concentrated product with 30% ethyl acetate in hexgave the foamy product (229, 46 mmol) in 66%

yield in about 2:3 alpha beta ratitiNMR (300MHz)5 1.87, 2.03-2.11, 12H Me; 4.01 ,m, H5; 4.15 ,m,
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H6; 4.4, m, H6; 4.48, m, H2; 5.22, m, H4; 5.89,H3; 6.5, d, and 6.55, t, H1 in 2633; 7.72 and 7.83, m,

4H aromatic protons as reported.

Allyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-f#-D-glucopyranoside (2.3)

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-phthalimido-D-gise, (5g, 10.5mmol) was dissolved in dry
methylene chloride and allyl alcohol (1.82g, 31.mat) was added at’G. Boron trifluoride dietherate
(2.23g, 15.75mmol) was added and reaction mixtireed for 5 hours and allowed to warm up to room
temperature. The reaction was quenched with triathine and worked up with saturated sodium
bicarbonate, water and dried over MgSThe organic layer was evaporated under reducskpre and
Flash Chromatography 40% ethyl acetate in hexdoedaid a foamy product (4.3g, 9.0mmol) 86% in the
pure beta forms 7.8-7.7 (m, 4 H, aromatic protons), 5.80 (dd, H3), 5.67 (m, 1 H, -CH=), 5.42 (d, 1 H,
J 8.5 Hz, HI), 5.19 (dd, 1 H, H4), 5.14-5.08 (qABH, =CH,), 4.36 (dd, 1 H, J 10.7 and 8.5 Hz, H2)2-
4.18 (m, 2 H, -OCH,CH=), 3.84 (m, 1 H, H5), 2.120)2 and 1.86 (3 s, 9 H, 3Ac) as reported by Kitd a

Anderson1985.

1-O-allyl-2-deoxy-2-phthalimido-$-D-glucopyranoside (2.4)

OH
HO 0
HO O
NPhth
2.4

2.3 was dissolved in dry methanol at room temperatrehunk of sodium metal was added and
the reaction allowed to stir for 0.5 h and monitbby TLC using 100% Ethyl Acetate solvent. Whenyonl
one spot(blob) around Rf 0.4 was observed, theimawas neutralized with acidic Dowex resin and

filtered and concentrated to afford compo@w which was used in the next step without charazaéon.
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1-O-allyl-2-deoxy-2-phthalimido-6-trityl-#-D-glucopyranoside (2.5)

OTr
HO 0
HO O
NPhth
25

2.4 was dissolved in DMF and 1.2 equivalents of imidazmided. Mixture stirred at 8G and 1.2
equivalents of trityl chloride added and alloweduan overnight. Mixture cooled to room temperatanel
washed with NaHC@water and dried with MgSOConcentration and Flash Chromatography produced a
white solid as the product. (85% yief#j NMR (300 MHz, CDGJ) & 7.86- 7.83 (d, 2H, Phth), 7.73-7.70(d,
2H, Phth)\, 7.49-7.46(d, Bh 7.33-7.26(m, P}, 5.75- 5.70(m, 1H, CH=), 5.28- 5.25(d, 1H, HA)7-

5.04(m, 2H), 4.30- 4.07(m, 4H), 3.62-, 3.45(m,4R{R1-2.90(d, 1H), 2.42- 2.41(d,1H)

Allyl 6- tert-butyldiphenylsilyl-2-deoxy-2-phthalimido--D-glucopyranoside (2.6)

OTBDPS
HO & o
HO ~X
NPhth
2.6

2.4 was dissolved in DMF and 1.2 equivalents of imidazmded. Mixture stirred af @ and 1.2
equivalents of TBDPSCI added and allowed to rurrmgét. Mixture cooled to room temperature and
washed with NaHC@water and dried with MgSOConcentration and Flash Chromatography resufted i
the product’H NMR (300 MHz, CDCJ) § 7.75-7.64(m), 7.42-7.39(m), 7.05- 6.91(m), 5.6B1%m, 1H,
CH=) , 5.23-5.20 (d, 1H, H-1), 5.09-4.96 ((m,2H)81-4.77 (d, 1H), 4.58- 4.54 (d, 1H), 4.29 - 388

3H), 3.62- 3.59 (m, 1H, H-5), 3.19, 3.18, 2.009(s)9H, tBu).

www.manaraa.com



32

Allyl,3,4-benzyl-,6-tert-butyl di phenylsilyl-2-deoxy-2-phthalimi do-f-D-glucopyranoside(2.7)

OTBDPS
BnO O
BnO O\/\
NPhth
2.7

Starting material was dissolved in DMF and BnBrBAT added. NaH was added in small amounts
in a space of an hour. The reaction was stirre@fb2 hours and quenched by addition of ice pellets

Washed with brine and dried over Mg&SRough spectra available in the appendix.

2-deoxy-2-[ p-methoxybenzylidene(amino)-£-D-glucopyranose(2.8)

(0] (0]
O o, LR,

OMe

D-glucosamine hydrochloride (25 g, 0.12 mol) wadeatito an aqueous solution of 1 M NaOH
(120 mL) and under vigorous stirring, p-anisaldehytl7 mL, 0.14 mol) in an ice water bath, p-
anisaldehyde was added. After a short time theurexgolidified and was allowed to stay in ice wétath
for another hour. The product was then filteredawffl washed with cold water, and followed by a omt
of 1:1 MeOH-E4O to give 2-deoxy-2-[p-methoxybenzylidene(amin@)}D-glucopyranose. This mixture
was either coevaporated with toluene under higliwacfor an hour and used in the next step, or & bt

to dry overnight then used directly for the nexipst
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1,3,4,6-tetra-Oacetyl- 2-deoxy - 2 - [p - methoxybenzylidene(amino)]-#-Dglucopyranose(2.9)

OH OAc

0 Ac,0, pyridine AcO e}
m%éS/OH Y OAc
N N

7 7

OMe OMe

This intermediate product (25g, 0.084 mol) was ddsleccessively to a cooled (ice water) mixture
of pyridine (135 mL) and A© (75 mL). The mixture was stirred in ice-bath artd then at room
temperature overnight. The yellow solution was pdunto 500 mL of ice-water. The precipitated white
product was filtered, washed with cold water ariddirThis product was identified as 1,3,4,6-tetra-
Oacetyl- 2-deoxy - 2 { - methoxybenzylidene(amino)p-—D-glucopyranose. This intermediate was
coevaporated with toluene for an hour and the prodsed directly in the next stelpi NMR (400 MHz,
CDCI3):$ = 8.16 (s, 1H), 7.66 (d, 2H), 6.92 (d, 2H), 5.85%H,), 5.44 (t, 1H,), 5.15 (t, 1H), 4.39 (dd, 1H)
4.13 (dd, 1H,), 3.98(ddd, 1H), 3.84 (s, 3H), 3.48,(1H), 2.10 (s, 3H), 2.04 (s, 3H), 2.03 (s, 3HRI (s,
3H); 3C NMR :8=170.9, 170.1, 169.8, 169.0, 164.5, 162.5, 13(8,4, 114.2, 93.3, 73.4, 73.1, 72.9,

68.2,62.0, 55.6, 21.0, 20.9, 20.8, 20.7.
1,3,4,6-tetra-O-acetyl- #-D-glucosamine hydrochloride (2.9a)
OAc OAc

5N HCI, Acetone
0o i - 0
AA%%&S/OAC reflux éo\cc%ég/ OAc

N-panis NH, HCI

Product was dissolved in refluxing acetone andestirDrops of 5N HCI were added until a solid
formed. This was then cooled and the product &tlesut and washed with cold acetone and dried
overnight. This product was used directly in thetrstep.

HNMR (250 MHz, DMSO-d6)8 = 8.93 (s, br, 3H, -NH3+), 5.93 (d, 1H, H1), 58d(1H), 4.98 (dd, 1H),

4.19 (dd, 1H, H6a), 4.08-3.94 (m, 2H, H6b ), 368, H2), 2.17 (s, 3H), 2.02 (s, 3H), 1.99 (s)3H97
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(s, 3H); 13C NMR (DMSOg) : 6 = 170.0, 169.8, 169.3, 168.7, 90.1, 71.6, 70.3,691.3, 52.1, 21.0, 20.9,

20.5, 20.4.

Acetyl 3,4,6-Tri-O-acetyl-2-deoxy-2-trichlor oacetamido-f-D-glucopyranoside(2.10)

0
OAc )]\ OAc
O é& NEt;, Cl.C” >Cl Ao o
AcO OAc DCM, 0°C AcO OAc
NH,HCI NHTCA

Acetyl 3,4,6-triO-acetyl-2-deoxy-2-amind3 -D-glucopyranoside (10 g, 23.5 mmol) was dissolved
in CH,CI; (100 mL) and cooled to O °C. triethylamine (6.6,MI.0 mmol) was added and then
trichloroacetyl chloride (3.4 mL, 30.6 mmol). Aft80 min, the solution was diluted with @&, (150 mL)
and washed with water (100 mL) and saturated aguNatiCQ (2 _ 150 mL). The organic extracts were
dried over MgS@, and purified with 40% EtOAc in Petroleum EtherjRBR% EtOAc/hexanes to yield
10.9 g*H NMR (400 MHz,CDCI3)3 = 7.27-7.17 (m, 1H, NH), 5.76 (d, 1H, H1), 5.36,(dH, H3), 4.98
(t, H4), 4.24 (dd, 1H, H6a), 4.28 (ddd, 1H, H2},#4(dd, 1H, H6b), 3.86 (ddd, 1H, H5), 2.07 (s,
3H,CH3CO0), 2.06 (s, 3H, H3CO), 2.03 (s, 3H, CH3CD)1 (s, 3H, CH3CO); 13C NMR (62.9 MHz,

CDCI3):6 =171.7,170.8, 169.5, 169.4, 162.4, 92.3, 92312,772.0, 68.0, 61.8, 54.5,20.8 (2C), 20.7, 20.6.

1,3,4,6-Tetra-O-acetyl-2-(al lyl oxycar bonylamino)-f-D-glucopyranoside (2.11)

OAc

0
AXC(:)O OAc

AllocHN
2.1

Acetyl 3,4,6-triO-acetyl-2-deoxy-2-amind3 -D-glucopyranoside (10 g, 23.5 mmol) was dissolved
in CH,Cl, (100 mL) and cooled to 0 °C. triethylamine (6.6,MEZ.0 mmol) was added and then allyl

chloroformate ( 30.6 mmol). After 1h, the solutiwas diluted with CHCI; (150 mL) and washed with
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water (100 mL) and saturated aqueous Nakl(OX 150 mL). The organic extracts were dried over

MgSQy, and purified with 40% EtOAc in Hexanes 25% EtCe{anes to yield.

p-D-Glucopyranoside, 2-propen-1-yl 2-deoxy-2-[(2,2,2-trichloroacetyl)amino]-,3,4,6-triacetate (2.12a)

OAC OAc
BF OEt, AlIOH
AcO 0 AcO 0
ACO OAc DCM, 0°C AcO OAll
NHTCA NHTCA

Acetyl 3,4,6-triO-acetyl-2-deoxy-2-aming3 -D-glucopyranoside was dissolved in dry £ and
3 equivalents of allyl alcohol were added underisg in an ice bath. Boron trifluoride etherate(1
equivalent) was added and the solution alloweditails room temperature for 5 hours. Solution gabed
by aqueous workup of saturated sodium carbonatgisoland water, MgS£and filtered and dried. Flash
chromatography with 30% EtOAc in PE afforded thedorct in 80% yield. 1H NMR (400.1 MHz,
CDCI3):6 =6.77 (d, 1H, 3J = 8.8 Hz, NH), 5.77 (dddd, 1H,£THH2), 5.29 (dd, 1H, H3), 5.21 (dq, 1H,
CH=CHHyand, 5.14 (dq, 1H CH=CkiHang, 5.06 (t, 1H, H4), 4.66 (d, 1H,H1), 4.30 (tdd,,1H
CHaHbCH=CH?2), 4.22 (dd, 1H, H6a), 4.10 (dd, 1H, Heh03 (tdd, 1H CHaHbCH=CH2), 3.93 (td, 1H,
H2), 3.67 (ddd,1H, H5), 2.04 (s, 3H, CH3CO), 1.873H, H3CO), 1.97 (s, 3H, CH3CO); 13C NMR
(100.6 MHz, CDCI3)3 =170.9, 170.7, 169.3, 161.9, 133.1, 118.2, 9¥233, 72.0, 71.5, 70.3, 68.4, 62.0,

56.0, 20.8, 20.6, 20.6

Ethyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-I-thio-g-D-glucopyranoside (2.12)

OAc
AcO &
AcO O\/\
NPhth
212

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-phthalimido-D-gise, (5g, 10.5mmol) was dissolved in dry
methylene chloride and ethanethiol (1.95¢g, 31.5 fhmas added at°C. Boron trifluoride dietherate

(2.23g, 15.75mmol) was added and reaction mixtined for 5 hours and allowed to warm up to room
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temperature. The reaction was quenched with triathine and worked up with saturated sodium

bicarbonate, water and dried over MgSThe organic layer was evaporated under reducskpre and
Flash Chromatography 50% ethyl acetate in hexdoedaid a foamy product (4.5g, 9.0mmol) 90% in
form. 1H NMR (200 MHz, CDCI3)5 = 1.22 (m, 3 H, CH3), 1.87 (s, 3 H, CH3), 2.043$J, CH3), 2.11

(s, 3 H, CH3), 2.62—

2.73 (M, 2 H, SCH2), 3.87-3.91 (m, 1 H, H2), 4.1864m, 2 H, H6), 4.40 (t, 1 H, H5), 5.18 (t, 1HB),

549 (dandt, 1 H, H1, 1:@p), 5.84 (t, 1 H, H4), 7.70-7.90 (m, 4 H, Phth) esarted by Susmet al. 2006

Allyl 2-deoxy-2-trichloracetamido-f-D-glucopyranoside (2.13a)

OAc OH
5 MeOH, Na(s) o é&
A)?C% OAll HO OAll

NHTCA NHTCA

The starting material was dissolved and in methandla chunk of Na(s) was added. The reaction
was allowed to stir for 3 hours and monitored tiglo@LC. After 100% EtOAc showed one spot at around
0.25 R the reaction was quenched with acidic DOWEX arapevated to give a powdery substance. This

was dried and used without purification in the neep.

Allyl 6- tert-butyldiphenylsilyl-2-deoxy-2-trichl oroacetamido-£-D-glucopyranoside(2.14a)

OH OTBDPS
TBDPSCI, DMF
HO O - HO Q
HO OAll HN— HO OAll
NHTCA N NHTCA

The starting material was dissolved in DMF and ezinle was added af®©. TBDPSCI was added

and the mixture warmed to room temperature andvaliioto stir overnight. After completion, the reaati
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was washed with NaHC{and dried over MgS© Product was used directly in the next step withou

purification.

Allyl,3,4-benzyl-,6-tert-butyl di phenylsilyl-2-deoxy-2-trichlor oacetami do-f-D-glucopyranoside(2.16)

OTBDPS OTBDPS
BnBr, TBAI, DMF

HO&&OAII NaH 408 OAIl

NHTCA NHTCA

Starting material was dissolved in DMF and BnBrBAT added. NaH was added in small amounts
in a space of an hour. The reaction was stirre@fb2 hours and quenched by addition of ice pellets
Washed with brine and dried over MgSéH NMR (600 MHz, CDGY) & 7.74-7.67 2X(d, 2H Phth), 7.44-
7.21(m, 20H, 2X Bn + 2X Ph), 7.00-6.98 (d, 1H, NB)90- 5.85(m, 1H, CH=), 5.30- 5.25 , 5.19-5.16,
4.88-4.81, 4.75- 4.71, 4.35-4.31, 4.16- 4.13, 405, 3.99- 3.93, 3.86- 3.83, 3.66- 3.62, 3.5293m,
1H, H-5), 1.06, 1.06(s, 9H, tBu)
13C NMR (151 MHz, CDGJ) 6 161.78, 137.91, 137.80, 135.91, 135.56, 133.78,6113 133.02, 129.69,
128.56, 128.51, 128.05, 127.96, 127.88, 127.81,7R7127.60, 117.72, 98.05, 92.55, 79.45, 78.125(7

77.03, 76.82, 75.78, 74.99, 74.69, 69.77, 62.6405%3.44, 26.81, 19.31

3,4-benzyl-,6-tert-butyl diphenylsilyl-2-deoxy-2-trichl oroacetami do-f-D-glucopyranoside(2.17)

OTBDPS OTBDPS
1.1 H
“Br0 2 O ==, "Bro 2o
n
TCAHN N 2. 15, THF:H,0 TCAHN

2.11 was dried and flask evacuated. Ir catalyst addkolWed by evacuation of the flask. THF was
added and stirred at room temperature. A ballodd,efas attached and this reaction was monitored for 4
minutes (or until the red color of the solutionred to pale yellow.) kballoon removed and the flask

flushed with Ar and stirred for another 6 hoursluBon concentrated and dissolved in 5 mL 80% THIF i
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water and 4 added. Stirred at room temperature for an hourgaeeshched by addition of saturated sodium
thiosulfate solution and washed with sodium bicadie, brine and water. Concentrated and evaporated
then separated by Flash Chromatography to agdrdin 70% yield over 2 steps.
3,4-benzyl-,6-tert-butyldiphenylsilyl-2-deoxy-2-trichl or oacetamido-a-D-glucopyranosyl

trichloroacetimidate (2.18)

OTBDPS

BnO )
BnO
TCAHN

2.18 O\fNH
CCls

2.17 was dissolved in dry toluene and,C®; was added, followed by trichloroacetonitrile.
Reaction stirred under argon atdegrees Celsius for 3 hours under argon. Reafiliered and purified

using Flash Chromatography. Product foamy and 8igdd.y

3,4-benzyl-,6-tert-butyldiphenylsilyl-2-deoxy-2-trichl or oacetami do-a-D-glucopyranosyl, N-phenyl-
trifluoroacetimidate (2.18)

OTBDPS

BnO 0
BnO
TCAHN

2.19 o\fNPh
CF,

2.17 was dissolved in dry toluene and®0O; was added, followed by N-phenyl-trifluoroacetimoyl
chloride. Reaction stirred under argon at room tenapire for 3 hours under argon. Reaction filtered

purified using Flash Chromatography. Product foamg 85% yield.
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CHAPTER 3. N-ARYL TRIFLUOROACETIMIDATES
Introduction to N-Aryl trifluor oacetimidates

The three components involved in glycosylationtheeglycosyl donor, the promoter system and
the glycosyl acceptor. In improving glycosylatiomeoor more of these components is changed/improved.
In this project the main component that is changebe glycosyl donor. Glycosyl donors are veryieer
and there are advantages and disadvantages asdowitit using different types of donors. So farone

glycosyl donor is applicable to all glycosylatioonditions.

One of the most popular glycoside donors is tlehlkoroacetimidate donor. This donor boasts of
short reaction time, and generally associated high percent yield. Even with such a good recdrdrd
are examples of glycosylation in which the tricblacetimidate donor is superseded by the simple
thioglycoside(Yu & Tao, 2001). The biggest problesith most trichloroacetimidate donors (especially
glucosamine donors) is their sensitivity to normegction conditions and their lack of stability.rdiing
highly sensitive reactants can be a problem eslhediane needs to do further studies. Their lapilimits
their accessibility to non-experts. The introductad the aryl-trifluoroacetimidate donor aims tcrie@ase
the stability of the donor while retaining a lottbe reactivity. Trifluoroacetimidate donors arsseeactive
than the corresponding trichloroacetimidate donamsl, this is hypothesized to be as a result ofotver
basicity of the nitrogen atom, the presence oftsstuent on the nitrogen atom, and the smaller
conformational changes caused by the trifluoromegrgup(Zhu & Schmidt, 2009)

In 1993 Tamurat al. reported a method for one pot synthesis of seweyaltrifluoroimidoyl
chlorides. These can all be reagents for use itoglyt donor synthesis and our interest in thisquiis

with the following reagents:
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N N N N N”

I | | | |
Cl” “CF; Cl” >CF, Cl” >CF, Cl” > CF, Cl” CF,

31 3.2 3.3 34 3.5

Scheme 3.1: N-aryl-trifluoroacetimidoyl chlorides

These reagents can react with any alcohol in thegnce of base to give an acetimidate, which when

reacted with the anomeric alcohol in a sugar woité a glycosyl donor:

98 X
: K,CO ©/
N + ROH Chbt N°"

A R'O)I\CF3

CF;

Cl

Scheme 3.2: General reaction for the formation of N-aryl-triflwacetimidates

Glycosyl donors made with different substituentgtmnring (X) are expected to have varying
reactivity. This is because at their position, $hbstituent can either donate electrons or withdhem
from the reactive center. In some cases usinggergahat is mildly reactive is the better optiorusing a
highly reactive reagent because the latter mayeatble to survive in workable conditions in the
laboratory setting. It is therefore vital to obtais much information about a reagent as possildeder to

tailor the most appropriate donor possible.

Stability studies for the donors are a way to fegaut how appropriate they are in laboratory
settings. Glycosylations happen in acidic condgiand this study will observe the stability of oais
trifrluoroacetimidates in acidic conditions. Theeactivities will confirm the proposed mechanism of
glycosylation reaction. To this end, a simple dowas synthesized and observed for stability inadert

conditions. At first, a glucose donor was synthasisand monitored for degradation.
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X
OAc @/ OAc
é&/ 'l g Oé@» "
AcO > Ac
OH ' AcO O~ @
AcO CI/I\CF3 c \( X

OAc CFs

X =H,Me, OMe, NO,
Scheme 3.3: Formation of a glucose N-aryl-trifluoroacetimidaienor.

In acidic conditions, the N is protonated and a ement of electrons shown below in Scheme 3.4
results in the displacement of the imidate by tlket®ol. The imidate is reaaranged into the corradpw

amide.

OAc ) OAc H
. L+
AcO 0] N AcO O
Acoé&oﬂ// @x T A 01(/5 X
OAc CF,

OAc CF,

OAc
+

OAc
AcO 0 .. H
Acoﬁm.. - AcOé&)/*“ N
OAc ROH AcO \pé( X
3
.
FSC)L

N
H

Scheme 3.4: Proposed mechanism of the activation of trifluostanidate donors in the presence of
acid.

There are many disadvantages associated with tlengiucose donor. First donor synthesis
requires multiple steps, acetylation, selectivecdgdation with hydrazine acetate and then donor
formation. This means increased costs and timgdtimg the data. Also, after monitoring the delgtaon,

the results have to be measured in a reliabledashi our case¢HNMR was used. ThEHHNMR of
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protected sugars has too many peaks and the spacttze difficult to read. In a situation where ave
looking for even the smallest changes in spedtia,i$ not ideal. Since the sugar part of the doaorains
the same and does not affect the study, an eaaiemwould be to replace the sugar with a simpletalto
This way, a readily available starting material banused and this will increase the ease with wivieh
decipher théHNMR data. In this case a few alcohol candidateswested. Benzyl alcohol and allyl
alcohol were among the favorites. This is becabsedagents thus synthesized can have use agiatlyla
and benzylating reagents respectively. For the ylahag agent, the case where R is H, the reagest h
been reported by Oka@hal in 2007. An even simpler alcohol, methanol was ehdsr the'HNMR

kinetic studies. Methanol is both cheap and muchemeadily available.

N”P@ \/@ NaH, Dichloromethane Np©
i HO 2h, 98% s
Cl CF3 ©/\O CF,

Scheme 3.5: Okadaet al in 2007 reported a new benzylating agent using éhph
trifluoroacetimidoyl Chloride

To achieve this task, the trifluoroacetimidoy! aiides were synthesized as they were not all
commercially available, and those that are, arehnexpensive to buy. The same method used by Tamura
et al.was employed and improved by performing the readghdhe microwave. This greatly reduced the
time for the reaction from 3 hours to 1 hour.. Tiedd which was already 90+% with the original nmeth

was not affected by using the microwave and thetshed time.
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Synthesis of methyl 2, 2, 2-trifluor o-N-arylacetimidates

Methyl alcohol with potassium carbonate was stiaetbom temperature. Aryl trifluoroacetimidoyl
chloride added and the reaction stirred at roonpegature overnight under inert gas. The solutikeréd
out and the filtrate concentrated under high vacutlash chromatography at 5% ethyl acetate in hexan

was performed. Leaving the reaction overnight pecedua diacetal side product.

oy
HN

o e

Attempts to make the acetimidate donor were un®stek Different conditions were tried,
including drying the solvents, using an excesswwéoyl chloride but all these were futile, not yiglg the
desired product. Yet al. 2001 reported using solvent that is not completllyin order to increase the
basicity of the solution by solubilizing the potass carbonate would be more beneficial. With this
development, the reaction was allowed to stay dmskty monitored. After 1 hour, the product obtaine
was a mixture of the desired compound and the umedediacetal product. This means that the desired
product, when allowed to stay in basic conditionghfer reacts with methanol to form the undesired
diacetal product. Decreasing the reaction time comjsed the reaction since there was a lot ofistart
material left. The ideal situation would be onewhich the starting materigh in Figure 3.1 is totally

consumed but befor@ starts to accumulate.
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Figure 3.1: Separation of the reaction mixture after 1 hdArris the starting materiaB is the
desired product an@ is the undesirable diacetal product. The x axiswshihe sensitivity to UV light by
each component. The y-axis shows the amount oésbbontaining each compound.

A balance between the reagents and amounts usdtfiatithe of reaction has to be established in
order to make sure that the reaction mixture shmwductB and insignificant amounts of reageéxtnd
C. The trial reactions were carried out with the NNjrophenyl)-2,2,2-trifluoroacetimidoyl chloridérnse

it is the easiest to work with, high yielding amdrhis nice crystalline product.

The easiest way to get rid of the problem of dialcermation would be to limit the amount of
methanol applied to the reaction. When methanolwsasl as a limiting reagent, the reaction did hots
any displacement of Cl by OMe. Rather, the reactidhhad the starting material. Even after thacteon
was allowed to stir overnight, there was no imidatenation. It must be noted that using methanda as

limiting reagent meant using miniscule amounts ethanol.

When tried with an excess of methanol, the undeéslracetal forms concurrently with the desired
product. Since it is fair to assume that the unddgproduct formation goes through the formatiothef

able the reactimm trossing the activation barrier for the negpstow
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temperatures were used immediately after the intidolpride was added. This did not stall the foriorat
of the diacetal especially at extended periodgnd {2 hours.) At the end, separating these 3 camgis

was the only way to ensure that the desired progastobtained for the kinetic studies.

Stability studies (Kinetics)

A sample of 40umol of imidate was treated to 2%tutrroacetic acid in DMSOghnd allowed to
react over at least 120 minutes. The recording tedmen by"HNMR every 5 minutes and recorded for the

determination of the rate of transformation of imédate to the corresponding amide.

Scheme 3.6: Imidate to amide transformation.

The rate of transformation was quantified as thegrg acetimidate aromatic peak divided by the
total amount of aromatic peaks (starting matema product aromatic peaks). The difference betvieen
aromatic peaks of the acetimidate and the degrpaetiict is very distinct, making it very easy taqtify

the rate of transformation.
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Figure 3.2: Figure depicting the change iHNMR spectra of acetimidate in acidic conditions.

A plot of % imidate peak was plotted against timgét exponential graphs resembling Figure 3.3

below. From this graph and the equation AgBwe can find the rate of reaction k and using thedees

for each case, X=NQCI, H, Me, OMe, we can compare the rates.

Rate of Deterioration of Imidate over time
90
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g \"\
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Figure 3.3: % imidate aromatic peaks over time.
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Alternatively the natural log of the concentrati@as be plotted against time to give a linear grapbse

slope represents the rate.

LN[A] vs time(s)
45 y=4.0717 -0.00013252x R= 0.99525
y=4052-0.00017829x R=0.99184
y = 4.0898 -0,00014018x R= 0.99842
y=4.1997 - 0.00015316x R=0.9976

y = 4.0485 - 0.00014716x R= 0.99569

35
= NO2
= OMe
5 al

Me
3 . Bl Ph
25
2
0 2000 4000 6000 8000 110 1210

Time(s)

Figure 3.4: Plot of LN[concentration] versus time for the dréat analogues of
trifluoroacetimidates.

The different rates were used to plot Hammet pdatgiknown sigma values for the different

substituents. The Hammett plot is a plot basedereguation
op =log(k/Ko)
kois the reference reaction rate of the unsubstitteéadtant and k that of a substituted
reactant.

is that for any two reactions with two aromaticataats only differing in the type of substitueng thange
in free energy of activation is proportional to thenge in Gibbs free energy. This data was fitiezla
straight line with a gradient of -8.37x40The gradient is also equal to the gjofalue. The rho value

informs of the kind mechanism that a reaction gbhesugh.
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Table 3.1 Reaction rates and sigma values for different suistituents

Substituents c Relativerates of
disappear ance

OMe -0.78 1.78 X19

Me -0.17 1.53 X10

H 0 1.47 X1d'

Cl +0.23 1.40 X109

NO2 +0.78 1.32 X190

log(KX/KH)

—_ Fully Adjusted for Straightest Line
0.1

y =0.007787 - 0.083738x R=0.97739

0.05 - .

log(KX/KH)

-0.05 ‘ ‘
-0.8 -06 -0.4 -0.2 0 02 0.4 06 0.8

sigma

Figure 3.5 Hammett plot

According to Hammett's theory the valuepois positive, it means a negative charge buildswup
the rate determining step and if the valuge &f negative, it means there is an accumulatigoostitive
charge during the rate determining step.(Jackge®¥ 2When the value @fis small, it signifies that the
substituent is far from the reaction center ansl ¢tlain be confirmed/confirms the existing proposed
mechanism. When usirgneutral and the rho value is negative, it alsomedhat the substituent is not

conjugated to the reaction site. In the proposecharg@sm, there is no conjugation of substituent to

www.manaraa.com



49

reaction site. With all the given information, wencconclude that the rate determining step of the

rearrangement/ degradation of trifluoroacetimidétdle protonation.

0
R R
/@ 2% F3CJ\OH /©/
) -
| in DMSO
Fgc)\o/ FsC™ 70
R- NO,, CI, Me, OMe
0
FgCJ\O—H R R R
N - L,
N N HN
I q — M
+
F3C/k0/ F3C)C(_/)./ FSCJ\\QjCH3 0~ “CF,

Scheme 3.7: Proposed mechanism for the rearrangement ofladrifacetimidate to an amide in
acidic conditions

Synthesis of different N-(p-nitrophenyl) trifluor oacetimidate alkylating agents.

After the stability studies, it was very clear tktta¢ nitro analogues of the trifluoroacetimidateave
the most stable. It also had the advantage of giaiproduct that was a solid at room temperatuase8
on this finding, other trifluoroacetimidates wegmthesized. These include the use of allyl alcobehzyl
alcohol, F-tag alcohol, 4-methoxybenzyl, and 4-rortiphenol. Some of the acetimidates were solid
(crystalline) at room temperature. Their usefulresalkylating agents was tested using a variety of

substrates.

N02 /©/ N02
N/©/ 3 equiv K,CO4(3h) N

b A

CF, 1.5 equiv ROH RO™ "CF3
Scheme 3.7: General reaction for the formation of N-(p-nitropiBtrifluoroacetimidate

Cl
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Table 3.2: Synthesis of N-(p-nitrophenyl) trifluoroacetimidatesing different alcohols

ROH Yield, Product
Appearanc
e
HO solid N|
Sooge, 3

NO,
solid Q/
BnOH N

NO,
solid /©/
I
@/\C J@/\O)\CFS
MeO MeO 3.13
N
A 314

FtagO~™ “CF;

liquid

O%
CgF17

(Ftag-OH)

OH

@ solid ONOZ
MeO MeO N
/l 3.15
0

The trifluoroacetimidate donors of allyl alcohogrzyl alcohol and gave solid crystalline products
that were stable under conditions of room tempeedtr at least 10 days. The limited use of such
protecting-groupsstrategy-has-been mainly dueddatk of commercially available reagents. If these

imidate donors are stable, they can be productteatommercial scale and this can in turn solveesom
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problems in protecting group chemistry. For inseamnehile benzylating with NaH and benzyl bromide

works, it can be problematic to use in conditidret fare base sensitive and the Dudley reagenthvigic

also commercially available, works in neutral cadiotis but requires high temperatures, extendediogac

time and the yields are not great.

To show the superiority of the benzyl trifluorodngtiate (and other trifluoroacetimidates), these

were reacted with a glycosyl acceptor. Conditiod@ed were glycosylation with TMSOTf, Zn(O%f)

and Yb(OTf». TMSOTTf shows a superior reactivity resulting ielgls 70-90% while Zn(OT$)gave 74%

yield. Yb(OTf), gave the least yields with 70% yield. Even thoatilthe acetimidates in Table 3.2 have

the capacity to alkylate, more effort was conceattan the allylating and benzylating age®4( and

3.12). Three types of 6-OH free sugar alcohols were ;usiatple diacetal, fully benzylated and fully

acetylated glucose acceptors.

OH

0
%nn%é@w OBn

OBn

N

A

RO™ °CF;

TMSOTf

N

A

RO” “CF,

TMSOTf

N

A

RO™ °CF;

TMSOTf

OR

o
A}fc%é&w OAc

OAc

OR

0o
BBnnOO)&N\ OBn

OBn

Scheme 3.8: Application of N-(p-nitrophenyl) trifluoroacetimidiin alkylating sugar alcohols.
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Herein we have reported the introduction of newlaliing/arylation agent that is catalyzed at mildy
acidic conditions at room temperature. As well g lyields, these trifluoroacetimidates are, in huases

crystalline and very stable for storage, and thékes it a good candidate for commercialization.

EXPERIMENTAL SECTION (CHAPTER 3)
Synthesis of Trifluoroacetimidoyl Chlorides:

100-mL round bottom flask magnetic stir bar wasrghd with PBP (17 g, 62 mmol), BN (3.65
mL, 26.5 mmol), CGJ(21.1 mL, 220 mmol), and trifluoroacetic acid (InL,22 mmol). After the solution
was stirred for about 10 min (ice bath), the argiree (26.5 mmol) was added. The mixture was then
refluxed in the microwaved at 8D, 300W for 60 minutes. The resulting mixture waged with hexane,
and washed several times with the same solventfillitage was concentrated, and the residue was

distilled.

N-Phenyl-2,2,2-trifluoroacetimidoyl Chloride (3.1)

A

|
Cl)\CF3

The aryl amine used is aniline and the productavelear to yellow oil produced at 90%.
Distillation conditions, 10 Torr, 54-86. 'H-NMR (CDCh): 6 7.08-7.12 (m, 2H, Ph), 7.26-7.49 (m, 3H,
PH). *C-NMR( CDCk: 6 116.9 (q, Je= 277.0 Hz, CF3), 120.7, 127.4 (2 C), 129.1 (2C).9® (9, d-c.r

= 43.0 Hz), 143.5.
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N-(p-Tolyl)-2,2,2-trifluoroacetimidoyl Chloride (3.2)

The aryl amine used is p-toluidine and the proawed a yellow oil produced at 91%. Distillation
conditions, 15 Torr, 90-92. 'H-NMR (CDCk): & 2.37(s, 3 H, Me), 7.02-7.10 (m, 2H,)A7.20-7.27 (m,
2H,Ar). ®*C-NMR: 5 20.9, 117.0 (g, Je= 277.0 Hz, CF3), 121.3(2 C), 129.7 (2C) 130.5Kq.c= 42.9

Hz), 137.9, 140.6

N-(p-Anisyl)-2,2,2-trifluoroacetimidoyl Chloride (3.3)

©/OMG
NJ‘P

N

Cl CF3

The aryl amine used is p-anisidine and the prodast reddish yellow oil produced at 90%.
Distillation conditions, 14 Torr, 96-98.*H-NMR (CDCL): & 3.85 (s, 3 H, OMe), 6.93-7.02 (m, 2 H,)Ar
7.30-7.37 (m, 2 H,An**C-NMR( CDCk: 6 55.2,114.2( 2C ), 117.0 (q, 36-276.6

Hz, CF3), 124.4 (2 C), 127.9 (s.d.r= 43.1 Hz), 135.3, 166

N-(p-Nitrophenyl)-2,2,2-trifluoroacetimidoyl Chloride (3.4)

i
N.rJ‘

A

ClI” CF,

The aryl amine used is p-nitroaniline and the pobdvas yellow oil produced at 92%. Distillation
conditions, 5 Torr, 110-126 *H-NMR (CDCL): § 7.10-7.13 (m, 2H, At 8.25-8.34 (m, 2 H,Ar)**C-
NMR(-CDCl;:-6-246.5(g-J6:=278.2 Hz, CF3), 120.4( 2C ), 125.0 (2 C), 138, 7¥.c.c= 43.8 Hz),

146.2, 149D
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N-(p-Chlorophenyl)-2,2,2-trifluor oacetimidoyl Chloride (3.5)

<
NJ‘“

A

Cl”~ “CF3
The aryl amine used is p-chloroaniline and the pebevas yellow oil produced at 92%. Distillation
conditions, 5 Torr, 110-1268 *H-NMR (CDCk): 5 7.10-7.13 (m, 2H, Ar 8.25-8.34 (m, 2 H,Ar)**C-
NMR( CDCl: 6 116.5 (q, Jg= 278.2 Hz, CF3), 120.4( 2C ), 125.0 (2 C), 13%,7¥-c.r= 43.8 Hz),

146.2, 1490

Methyl 2,2,2-trifluoro-N-phenylacetimidate (3.6)

The aryl trifluoroacetimidoyl halide used was N-B¥le2,2,2-trifluoroacetimidoyl Chloride.
Potassium carbonate was added to a mixture of meftlhad acetone. The reaction was stirred for 5
minutes and the imidoyl chloride added. Reactios allowed to stir for 30 minutes and then filteeed
concentrated. Flash chromatography using 100 hexganee the product as a clear 4i.NMR (600 MHz,
CDCI3)5 (t, 2H, Ar)7.34-7.31, (s, 1H, Ar) 7.12, (d, 2H,)%.85-6.84, (s, 3H, OMe) 3.95(C NMR (151

MHz, CDCI3)s 144.33, 128.70, 123.89, 119.57, 50.92.

Methyl 2,2,2-trifluoro-N-(p-tolyl)acetimidate (3.7)

AT

~o~

0~ “CF;
The aryl trifluoroacetimidoyl halide used was N#¢byl)-2,2,2-trifluoroacetimidoyl Chloride. %

yield. Potassium carbonate was added to a mixfumgethanol and acetone. The reaction was stirre8 fo
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minutes and the imidoyl chloride added. Reactios albowed to stir for 30 minutes and then filtesai
concentrated. Flash chromatography using 100 hexganee the product as a yellowish oil. HNMR data
showed the presence of two similar compounds arwkghere was only one TLC peak, the compounds

were inseparable.

Methyl 2,2,2-trifluoro-N-(p-anisyl)acetimidate (3.8)

©/OM6
NJJ‘

~o~

0~ “CF,
The aryl trifluoroacetimidoyl halide used was Ndpisyl)-2,2,2-trifluoroacetimidoyl Chloride. %
yield. Potassium carbonate was added to a mixtureethanol and acetone. The reaction was stirre8 fo
minutes and the imidoyl chloride added. Reactios allowed to stir for 30 minutes and then filteeed
concentrated. Flash chromatography using 100 hexgaee the product as a yellowish &d.NMR (600
MHz, CDCI3)$ (d, 2H, Ar) 6.86- 6.85, (d, 2H, Ar) 6.78-6.77, 8, Me) 3.92, (s, 3H, Me) 3.85°C NMR
(151 MHz, CDCI3) 156.33, 137.46, 120.78, 120.76, 120.74, 120.73,712 120.70, 120.69, 120.68,

114.28, 114.03, 114.02, 114.01, 114.00, 55.42,15%8.40, 55.40.

Methyl 2,2,2-trifluoro-N-(p-nitrophenyl)acetimidate (3.9)

: NO,
NJ‘“

The aryl trifluoroacetimidoyl halide used was N#(prophenyl)-2,2,2-trifluoroacetimidoyl
Chloride. Potassium carbonate was added to a reixtumethanol and acetone. The reaction was stirred
for 5 minutes and the imidoyl chloride added. Rieactvas allowed to stir for 30 minutes and thetefid
and concentrated. Flash chromatography using 10énkes gave the product as yellowish solid at 70%

yield. '"HNMR (600MHz, CDC}) & 8.20 (d, J = 8.9Hz, 2H) 6.92(d, J = 8.9Hz, 2HB&9 3H)"*CNMR
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(151 MHz, CDCI3)5 150.44, 144.25, 124.78, 124.77, 124.76, 120.1¢,18 120.12, 120.11, 116.94,

115.04, 55.64.

Methyl 2,2,2-trifluoro-N-(p-chloroaniline)acetimidate (3.10)

s

N
i

CF3
The aryl trifluoroacetimidoyl halide used was Ngpisyl)-2,2,2-trifluoroacetimidoyl Chloride.
Potassium carbonate was added to a mixture of meftlhad acetone. The reaction was stirred for 5
minutes and the imidoyl chloride added. Reactios allowed to stir for 30 minutes and then filteeed
concentrated. Flash chromatography using 100 hexgenee the product as a pale yellow oil at 75%dyiel
'H NMR (600 MHz, CDCI3) (d, 2H, Ar) 7.30-7.29, (d, 2H, Ar) 6.79-6.77, 8, OMe) 3.95°C NMR
(151 MHz, CDCI3) 142.93, 129.30, 128.84, 128.83, 128.82, 128.88.81 128.80, 128.79, 121.02,

120.99, 120.98, 120.98, 117.02, 115.12, 55.17,29.7

Synthesis of trifluor oacetimidate alkylating agents

The general procedure for the synthesis of alky#iMitrophenyl) trifluoroacetimidate: using
acetone and a drop of water and 3 equivalentstalspium carbonate , excess alcohol was addedmat roo
temperature. N-(4-nitrophenyl) trifluoroacetimidayiloride was added and stirred at room temperatiure
3 hours. The solution was filtered and evaporateteureduced pressure. Flash chromatography wds use

to purify the product.
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Allyl 2,2,2-trifluoro-N-(4-nitrophenyl)acetimidate (3.11)

S
Nr“

|
\/\o)\ca

'H NMR (600 MHz, CDCI3) (d, 2H, Ar) 8.21-8.19, (d, 2H, Ar) 6.92-6.91, (i, CH=) 6.07-
6.02, (d, 1H, =Ch) 5.48-5.45, (d, 1H, =C}) 5.40-5.38, (d, 2H, OCH *C NMR (151 MHz, CDCI3p

150.55, 146.05, 130.66, 125.00, 120.27, 115.220{%9.40

Benzyl 2,2,2-trifluoro-N-(4-nitrophenyl)acetimidate (3.12)

NO,

A

BnO~ “CF,

'H NMR (600 MHz, CDCI3) (d, 2H, Ar) 8.21-8.19,(m, 5H, Bn) 7.45-7.41, (t§,2\r) 6.92-6.91,

(s, 2H, CH-Ph) 5.362°C NMR (151 MHz, CDCI3)p 134.21, 128.75, 124.81, 120.05, 70.41

4-[ 3-(perfluorooctyl) propyloxy]-cis-2-butenyl 2,2,2-trifluoro-N-(4-nitrophenyl)acetimidate (3.13)

O
N

|
F3C)\O/E/\O/\/\08F17
IH NMR (600 MHz, CDCI3) (d, 2H, Ar) 8.21-8.19, (d, 2H, Ar) 6.92-6.91, (BH, CH=CH) 5.90-
5.84, (d, 2H, ChC=) 4.93-4.91, (d, 2H, CHl 4.14-4.13, (t, 2H, CH) 3.53-3.51, (m, 2H) 2.20-2.18, (m,

2H) 1.90-1.87.23C NMR (151 MHz, CDCI3) 150.24, 132.11, 124.79, 120.04, 69.04, 66.70, 62883
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CHAPTER 4. BIOSYNTHESISAND CHEMICAL SYNTHESISOF KDO

I ntroduction to bacteria and bacterial cdal structure

Bacteria are single celled organisms without orl@s®r an organized nucleus. Some bacteria are
pathogenic and some are symbiotic. It is widelyvanaohat more than 90% of the cells in or on a human
body are bacterial cells. It is therefore import@mthuman cells to be able to distinguish one éxaatn cell
from the other and to know when there is an infectind when there is not. The part of the bacteria

structure responsible for cell recognition is foumdhe bacterial cell wall.

Some bacteria possess a thick cell wall, they giperple color when stained with a dye known as
crystal violet and are, therefore, known as Grarsitpe (after the Danish bacteriologist who develdp
this staining procedure). In contrast, other baateave a relatively thin cell wall consisting ofeaver
layers; an outer lipid membrane containing lipogabycharides (LPS) and lipoproteins; they do nan sta

purple with crystal violet and are known as Grargaiive.

The LPS of Gram negative bacteria contains lipitch consists of a glucosamine disaccharide.
Lipid A is closest part of the LPS to the bactensmbrane. It is usually connected to one or marts of
unusual sugars such as 2-Keto-3-deoxy-D-manno-astnic acid (Kdo) and heptose forming the inner
core. The outer core is made sugars such as glut@smose and rhamnose. The outer most layer 9-the

specific chain which also contains repeating suisurficommon sugars.

Upon introduction of bacteria to a host organidme, ¢ells of the host organism recognize the LPS
of the bacteria and can decide whether an immwusporese is necessary or not. Figuring out how miéich o
the LPS plays a part in cell-cell recognition hasiba subject of many inquiries. Does the hostrusga
require the whole LPS structure or is the O-specifiain necessary? Is it the O-specific chain erctire
or lipid A that is necessary. LPS has been isolbtédt is impossible to isolate parts of the LRH{S et

al., 2005). It is for this reason that chemicaltbgsis of parts of the LPS is necessary. Many rdiffe
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groups have and are synthesizing different parteef.PS of different bacteria. In this project tiped A

and part of the inner core of tk@nthomonas campestris pv. campestri (Xcc) bacteria is being synthesized.

__|.__57
i I
|
lipid A Inner Core | Outer 0-Specific Chain
Core

Figure4.1: Representation of a Gram negative bacteria lipgaagharide

Figure4.2: LPS structure of Xcc bacteria
The structure, of the LPS, for the Xcc bacteria stawith lipid A connected to KDO and this is the

target of this project. It is therefore necessargtitain KDO. Unfortunately KDO is a very rare and
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expensive sugar. Current prices are as high as 81J6%®er mg and buying KDO would not practical for
this project. Many groups have tried to chemicaipthesize KDO with some success.(Ichiyanagi,
Sakamoto, Ochi, & Yamasaki, 2009; Liu, 1997; Ram&yese, & MacLeod, 1988; Waaglund & Claesson,
1992; Winzar, Philips, & Kiefel) They are all ndfieient and still expensive. In most cases theeetao
many steps and the yields are low. There existsbod and relatively high yielding synthetic patyo
KDO.(Winzar et al.) This method uses oxaloacetid and D-arabinose as starting material. It alsesu

NiCl,, a carcinogenic salt.

As a first alternative, one of these chemical sgaes of KDO was attempted. It was clear very
early on that it was not going to work becausesttfeeme involved highly reactive reagents which irequ
small scale reactions, and many reactions stepsilbwhich would mean that half way through the
scheme, there would not be enough product to pdodédes coupled with the fact that the KDO wouldl st
need to be protected and further manipulated infiy@syl donor, meant that chemical synthesis @oul
not work. Since Ecoli already produce KDO on their own, the idea to rmpalaite some cells into
overexpressing KDO was pursued. To that end, saiteagues developed a method to bioenginesliE.

cells into overexpressing KDO.

Biosynthesis and extraction of 3-deoxy-d-manno-oct-2-ulosonic acid (KDO)

KDO was synthesized from D-glucose using bioengi@E. coli cells. Glucose rather than D-
arabinose was beneficial since it is a more readibilable and cheaper starting material. The fahg
figure shows a schematic of the reactions leadirthe formation of KDO; the bolded steps represeat
steps that were manipulated/non-native to the(€alimci-Unal, Mizanur Rahman, Chai, & Pohl Nicola,
2012). The following figure shows a schematic @& thactions leading to the formation of KDO; the

bolded steps represent the steps that were matgdinan-native to the cell.
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OH
HO OH
OH
D-glucose
______________________ tCe“
: HO ATP ADP 20.p0
: o OH OH
: OH OH Ribokinase OH OH
i D-ribose D-ribose-5-
: phosphate
: ribose
H phosphate
' isomerase
: 204P0 OH OH
! O-|,wOH
_— O

I PEP OH D-arabinose-5- HO
: ~ . _ phosphate -1OH
; D-arabinose"  isomerase (DAP) °
: KDO-8P- OPO5?
i synthetase D-ribulose-5-
' P (K8PS) phosphate
: OH :
! HO:—OPO;2 :

o ; 1
i g H 1
1 HO CO, HO? oH i
i 2-keto-3-deoxy- Coy [|— | iyat
+ octulosonate-8-phosphate HO o 2 — Lipid A
: | 2-keto-3-deoxy- :
; KDO-8-phosphatase octulosonate (KDO)
i

(K8PP)

?7?

Scheme 4.1: Biosynthetic pathway of KDO from glucose

After obtaining the engineered cells the thiobantdtacid (TBA) assay (Ghalambor & Heath,
1963; Warren, 1963) was used to confirm that this eeere indeed producing KDO. The challenge i thi
whole process was the extraction of KDO from fertagon broth. After lyophilization of the broth,gh
resulting solid was acetylated to enhance extradtimam the aqueous media. At this point thin layer
chromatography still showed a lot of spots 44MMR was very messy. Esterification of the prodwess
then carried though the NMR had all necessary peakbe spectra; it was too crowded and unclean.

Attempts to further separate product from the mixtesulted in more and more peaks being discovered

Different kinds of separation methods includingrchbal column (Carlson, 1966; Morales, Sanz,

Olane;&:Corz0,2006;Saleem;zDhasan, & Rafiul2B06), using baker’s yeast to digest the excess
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glucose, anion exchange column but none has begrsuecessful. It must be noted that the cells were

engineered to be resistant to the antibiotic cadien

OH OAc
HO> —OH AOTE2-0Ac AcO:~—OAc
0 Ac,0, py, DMAP 0 _CHaN, 0
HO COy AcO CO, Et,0 AcO COoMe
OH OAc OAc
Al OAc
A0S 0A AcO = —OAc
o EtSH, BF3.OEt, o
AcO CO,Me DCM AcO COOMe
OAc SEt

Scheme 4.2: Synthesis of the KDO donor.

Chemical synthesisof KDO

Chemical synthesis is not an easy task. It is®own, a synthetic achievement. It is however very
difficult to expect the product of such chemicahtheses to be applied in building block synthesis.
Synthesizing KDO in such a manner involves mangtieas steps that have to be done in very small
guantities. Overall yields are very low and areofin the milligram scale. It is necessary to useethod

that involves shorter steps and can be carrieihduigger scale.

Cornforth(Cornforth, Firth, & Gottschalk, 1958)iatluced a methodology for a relatively big scale
synthesis of KDO. It uses D-arabinose and oxalé@eetd. The downside to this method is that
oxaloacetic acid is not a cheap reagent and theadeatses NiGlwhich is a carcinogenic salt. This method
also has limitations with purification. It requirtge use of anion exchange chromatography, HPLGlisd

means that KDO cannot be easily produced in theiqgam scale.
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OH O O OH OH O
HO 1.pH 11 -
0 Y oH NOH P - HOMOH
OH OH o) 2.pH 5 (-CO2) OH OH o)
D-arabinose oxaloacetic acid 3-deoxy-D-manno-oct-2-ulosonic
acid (KDO)

Scheme 4.3: Chemical synthesis of KDO

Chemical ver sus Biosynthetic pathway

The biosynthetic pathway offers a way to mass pred(DO and uses very safe reagents. It does
however take a long time to get to the KDO and ive® a lot of preparation and hard work. Cornfath’
Chemical synthesis on the other hand is less labensive and can also mass produce KDO, but it
involves dangerous and expensive reagents. Bothaaistbiggest bottleneck is the purification st&p.
new and more efficient way to purify KDO would he advantageous thing to find and this may solve the

high cost associated with KDO production.

EXPERIMENTAL SECTION (CHAPTER 4)
Biosynthetic Procedure

Make LB Agar solution and add carbenicilin. Spréaaler petri dishes and put some cell solutions.
Let it sit in a 37°C oven and allowed to grow for less than 18 hdusing sterilized toothpicks, colonies of
cells were added to a solution of LB broth contanéarbenicilin and stirred over 12 hours. Thescetre
centrifuged down and put in a fermentation mediwmtaining potassium phosphates, ammonium and
magnesium sulfates. (Lundgren & Boddy, 2007). Géecwas used as a food source for the cells. After
about an hour, optical density between 0.6 ancdhD8)0nm, the cells were induced with 1M isoprdpyl
D-1-thiogalactopyranoside (IPTG) and the cellsvgith glucose solution every 24 hours for 96 hoiitse
fermentation medium was centrifuged and the sup&nbaas evaporated and lyophilized to afford &sol
TBA Assay performed to confirm the presence of KO®is was then separated either by acetylation or

different kinds of columns.
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TBA Assay
(Ghalambor & Heath, 1963; Karkhanis, Zeltner, Jaok#: Carlo, 1978; Warren, 1963)

Add 1 mL of 0.2N HSO, to a test tube containing 2 mg of KDO materialatibe reaction mixture
at 100 C for 30 min, cool and centrifuge the mixture atimaum speed in a clinical centrifuge for 5 min
and pipet 0.5 ml as a clear solution into anotest tube. Add 0.25 mL of 0.04M H}@n 0.125 N HSO,
and let the mixture stand at room temperature Gomi.

Add 0.25 mL of 2.6 % NaAs£n 0.5 N HCI, vortex, and wait until the brown opbisappears.
Add 0.5 of 0.6% thiobarbituric acid, vortex and th@ mixture at 100C for 15 min. While hot add 1 mL
DMSO. Let the mixture cool to room temperature egatl its optical density at 548nm against a blank

treated the same except without KDO.

Chemical Synthesis of KDO

D-Arabinose (500 mg, 3.3 mmol) was added to a smiudf NgCO; (860 mg, 8.1 mmol) in D (8
mL). Oxalacetic acid (525 mg, 4.0 mmol) was addedipn wise over 5 min, and the solution was adjdst
to pH 11 using NaOH (10 M). After stirring for 2alh room temperature the solution was acidifiedHidbp
using acetic acid, NiGl(7.5 mg, 0.03 mmol) added, and the mixture wasdukeat 50 °C for 1 h. After
cooling to room temperature the reaction was nep#dito pH 8 with ammonium hydroxide. The solution
was concentrated under reduced pressure and tagbnmixture was isolated by anion exchange
chromatography using Bio-Rad® formate resin (AGI;X8ashing first with HO and then eluting with
ammonium bicarbonate (0.5 M). Fractions contairdiO were visualized as bluish-grey spots on silica
gel TLC plates (CHGHFMeOH-HO, 5:5:1) by staining with ethanol-anisaldehydeftsid acid dip. The
eluent was concentrated under reduced pressur¢handreeze-dried. The lyophilized residue was
purified using reversed-phase (C18) silica gel Witd as the mobile phase. In both methods, there is
clearly evidence for the presence of KDO by TBA &sand the spotting on TLC plate. Separation is the

main.problem
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CHAPTER 5: CONCLUSIONSAND FUTURE DIRECTION

The synthesis of the LPS fragment is still undey.Wae glucosamine building blocks are a
challenge and are not as widely used as otheribgildlocks, for instance glucose. This is becahse t
amine group on the glucosamine makes it have coatpli chemistry. First, the amine group has to be
protected first and while this can be easily ackiewith protecting groups like phthalimide, theibility
reduces their usefulness. Other more stable pimotegtoup such as trichloroacetamide groups are
problematic since they require multiple steps tgxt and single step methods are low yielding and
demand long reaction times. Low glycosylation yseddsociated with glucosamine are due to the
formation of a stable oxazoline intermediate. Qarpfotecting group manipulation can achieve a sdye
unstable oxazoline by, for instance, using anotimgy, as in the case of butane diacetal proteclibis can
increase the glycosylation yield but the need tdrblyze the diacetal in acidic conditions makes thi
method not favorable in the presence of a glycodidnd. Thioglycoside are very efficient alternagivo
the popular trichloroacetimidates since they redeegtion steps and increase overall yields, kit th
smell and lack of variety of homogenous promotateays makes them less than desirable for applicatio

in automated solution phase synthesis. They dtastery viable donor-type for KDO.

The failure to sufficiently purify KDO is the mameason for the lack of progress in this project.
Chemically KDO can be mass produced in a mattéoafs but using the biosynthetic protocol, KDO can
be mass produced in a week. Even though the tifferelice is vast, biosynthesis is still favorabies it
uses cheap and benign reagents such as glucoserantbn salt solution. Chemical synthesis on theroth
hand uses very expensive reagents, arabinose afwhogtic acid. It also uses N}CUsing a KDO donor
is not expected to be an easy task, owing to de@y nature and lack of any stereochemical heljpers
direct the stereochemistry of the glycosyl bond.dKBIso contains a carboxylic functional group a% C-
and this would also present problems when considéhiat for most glycosyl, the intermediate is an
oxocarbenium ion. All these studies and more cay lo& possibly with the ability to mass produce and

purify KDO.
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Future directions in this project include findingpetter method to purify KDO. The glucosamine
building blocks have been sufficiently studied &émere are several options that can result in alimgjl
block in a couple of days with very high yieldingss. More trials of the glucosamine disaccharmdd
be performed on the automated synthesizer usindittezently protected building blocks synthesiz&te
LPS fragment thus synthesized can then be usedlogiral studies to see if it shows the same reigyt

as the full LPS structure extracted.

The stability studies show predictable prelimingggults. After the experiments are replicated, this
will bring this project to a close and the alkyhatiagents discovered can provide a very good altieeto
current allylating/benzylating methods. These nékylating agents are not only high yielding andyetzs

use, but they are also stable and can be produnckstared for extended periods of time.

Glycobiology is still lagging in progress. The imiimn of automated synthesis will go a long way
into producing libraries upon libraries of glycai$e main problem faced by the field now is witk th
building block synthesis. Every day newer and srgeaiths that are cheaper and more environmentally
friendly are being discovered. These include usigrowaves radiation, ultrasound and developing

crystallization protocols.
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APPENDI X A: THE DEVELOPMENT OF N-ARYL TRIFLUOROACETIMIDATE-BASED BENZYL AND

ALLYL PROTECTING GROUP REAGENTS

Manuscript submitted to Tetrahedron Letters : Conmais5 and6 were synthesized by both Daniel
Kabotso and I. Daniel Kabotso contributed the M&gsctroscopy data. Compoutiland all relevant

were produced by Daniel Kabotso. Daniel Kabotso eeadributed in the writing of the manuscript.
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I ntr oduction

The development of protecting group chemistries a&ldmwved the synthesis of increasingly
complex structures with dense functional groupgrati, especially in the realm of carbohydrate
synthesis®® Amongst hydroxyl protecting groups, much effors Hacused on allyl and benzyl
groups®*! Unfortunately, the introduction of these protegtgroups often involves employment
of harsh acidic/basic conditions that can be problec when other fragile groups are present in
the compound being protect8Benzylation is one of the more common permaneoitepting
groups employed in oligosaccharide synthesis owangs stability under both the acidic and
basic conditions employed in typical glycosylataeprotection reactions. A popular benzylating
protocol uses benzyl bromide in the presence ofiusod hydride and catalytic
tetrabutylammonium iodide (TBAM.The utility of this reaction is limited when thesze
already base sensitive functional groups in thestsate such as acetyl groups. For neutral
conditions, benzylation in the presence of silveide® can be successful, but the need for
freshly prepared silver oxide to make this reacteliable complicates the procedure. To employ
acidic rather than basic conditions, benzyl trichéwetimidaté‘ has been used, but this reagent
usually requires in situ preparation due to itshhrgactivity. In the realm of glycosylation
chemistry, several analogues of tNearyl trifluoroacetimidates have been used as gykto
donors to circumvent the high reactivity of thehibroacetimidate$.The advantage of using
these donors as opposed to the widely used trchbd@timidate donors is that they are more
stable and still very efficient and can thus beduse conditions where the less stable
trichloroacetimidates fail. Given these precedents, we decided to exploreptssibility of
modulating the reactivity oN-phenyl trifluoroacetimidates to find a balance vimdn the

stability and reactivity of this leaving group fase in reagents designed for benzylation and
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allylation reactions. Herein we report structuraeffion studies with theseN-phenyl
trifluoroacetimidates and the discovery of a legvgroup that provides stable and crystalline

reagents for the facile addition of benzyl andlajlypups under acidic conditions.
M ethod

To find a more stable acetimidate, a systematichateto investigate the effect of changing a
para-substituent on theN-phenyl group on the stability of the acetimidateder acidic
conditions was sought. To start the study, a waéiN-phenyl trifluoracetimidates were made
attached to methanol rather than benzyl for siritglim the analysis byH NMR (Figure 1).
Methyl 2,2,2-trifluoroN-aryl acetimidates were synthesized by reactindhyheticohol withN-
aryl trifluoroacetimidoy! chloridésunder basic conditions. Several bases such as NaGkH
and KCOs; were tested for their viability in this synthesi&iCO; was ultimately chosen for its
ease of use while maintaining excellent (85-90%)dg.

X 1 X=NO,(90%)
@ 2 X = Cl (87%)
NS 3 X =H (89%)

P 4 X= OMe (90%)
MeO CF3

Figure 1. Synthesis yields gdara-substitutedd-methylN-aryl triflouroacetimidates.

After synthesis and subsequent purification of easimpoundl-4, a sample of 40 umol of
acetimidate was treated to 2% trifluoroacetic anidMSO-ds and allowed to react over the
course of at least 120 min. Recordings of the teaatere taken byH NMR every 5 min to
determine which donor maintained the integrity tf structure the longest. The rate of
transformation was quantified as the percent adgtite peak divided by the total amount of

aromatic peaks (starting material and product atienm@eaks). The difference between the
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aromatic peaks of the imidate and the degradeduptdd very distinct, making it very easy to

guantify the rate of transformation.
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Figure 2. '"H NMR depicting the change in structure of acetaméd under acidic conditions.
Results and Discussion

The percent imidate peak was plotted against torget exponential graphs resembling Figure 3
below. From such graphs, the comparative rateegfatiation were obtained. A comparison of
the nitro-substituted acetimidafieto the other analogs showed marked stability ursédic

conditions. Compouni formed needle-like light yellow crystals at ambignperature.
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Figure 3. An example of a graph showing the % imidate aranpeaks byH NMR over time
for compound4. Additional graphs are available in the supportitfgrmation.

Given the superior stability of the nitro-subs&dtN-phenyl trifluoroacetimidate, presumably
because of the inductive effect of the electrorirdnawing group making the nitrogen less basic,
we next tested its reactivity as a leaving groupthe context of a benzylation reaction.
Obviously, to be a successful leaving group, thesstutedN-phenyl trifluoracetimidate could
not be too stable and thereby require harsh camditifor its transfer to a hydroxyl as a
protecting group. A benzylating agent using theubssitutedN-phenyl! trifluoroacetimidoyl had
already been reportd, but this reagent, like its trichloroacetimidatunterpart®*is also not
particularly stable and therefore requires in gteparation or stringent storage conditions.
Prompted by the superior stability of the nitroidatives in the simple methanol study above,
benzyl derivative5 was synthesized in excellent (>90%) yield (Figdje Interestingly, the
reagent was crystalline and proved to be stablendiient temperature for at least 10 days—
properties that could make it more viable for comoia production than benzyl

trichloroacetimidate.
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NO, NO,
©/ K,CO3, ROH, 1 h ©/
N N

| |
FsC~ Cl FoC~ “OR

5R=Bn
6R=All

Figure 4. Synthesis of benzyl and alli-(nitrophenyl) trifluoroacetimidates.

An initial trial reaction showed that the new nitterivative 1 could indeed serve as a
benzylation reagent. Given this promising initiatal the allyl versior® was also made. The
reaction also proceeded in excellent yield to mleva crystalline product. These two new
reagents were then used in reactions to protechals7 and8, representative of deactivated and
activated carbohydrate hydroxyls, to form the kngwaducts9,’® 10, and 117 and the new
product 12. The benzylation and allylation reactions werestfitried with Zn(OTf) and
Yb(OTf),. Though successful, the yields in these conditisrese not satisfactory (~60%)
compared to later reactions with TMSOTTf (Table &I reactions were complete within 1 hour
compared to longer traditional methods and thedgi@lere improved compared to using the less

stable trichloroacetimidates.
Tablel

Reactions of 1.2 equivalent®-allyl and O-benzyl N-(nitrophenyltrifluoroimidates with
different alcohols using catalytic amounts of TMSCAs a promoter. All reactions were

complete within 1 hour using GBI, as the solvent.
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Alcohol Imidate Product Yield
OH OBn
AcO 0 5 0 0
AcoéS/ OAc ﬁcc%é&om 83%
OAc OAc
7 9

OAll

(@)
6 ’Xﬁ%&p OAc 80%

OAc
10

OH
0
%C%&LOAC
OAc
.
OH OBn
0 BnO O
%nn%&posn 5 Bnoé&osn 85%
OBn
8 OBn 1
OH
0
%nn%/é&OBn
OBn

8 12

OAll

BnO Q
6 BnOﬁ/OBn 81%

OBn

Conclusion

After comparative monitoring of the rates of reactassociated with differepara-substituents
on N-aryl trifluoroacetimidates, the nitro-substitutiovas found to provide a perfect balance
between stability and reactivity to aid in the depenent of new reagent for the addition of
benzyl and allyl protecting groups. These benzaytaand allylating reagents are crystalline and
stable at ambient temperatures for days, therebglgying their use, and react with alcohols in
high yields with catalytic amounts of TMSOTf comahle to the less stable allyl and benzyl
trichloroacetimidate reagents. These new reagdémsid thereby provide attractive alternatives
to the standard trichloroacetimidate reagents td-eatalyzed additions of benzyl and allyl

protecting groups.

www.manaraa.com



74

Acknowledgements

This work was supported in part by the U.S. Natiosxience Foundation (CHE-

0911123/1261046) and the Joan and Marvin Carmauk fu

References

1. (a) Guo, J.; Ye, X-SMolecules 2010, 15, 7235-7265; (b) Greene, T. W.; Wuts, P. G. M.
GreeneProtective Groups in Organic Synthesis, 4" ed.; Wiley: New York, 2006.

2. (a) Winzar, R.; Philips, J.; Kiefel, M. 3ynlett, 2010, (4), 583-586; (b) Rawal, G. K.;
Rani, S.; Kumari, N.: Vankar, Y. 3. Org. Chem, 2009, 74 (15), 5349-5355. (c) Poon,
K. W. C.; Dudley, G.BJ. Org. Chem, 2006, 71 (10),3923-3927; (d) Okada, Y.; Ohtsu,
M.; Bando, M.; Yamada, HChem. Lett. 2007, 36 (8), 992-993; (e) Iversen, T.; Bundle,
D. R.J. Chem. Soc., Chem. Commun. 1981, (23) 1240-1241; (f) Cao, Y.; Okada, Y.;
Yamada, HCarbohydr. Res. 2006, 341, 2219-2223; (g) Waaglund, T.; Claesson Aata
Chem. Scand. 1992, 46, 73-76; (h) Sivik, M. Re-EROS Encycl. Reagents Org. Synth.
2001, DOI:10.1002/047084289X.ra066 (i) Berry, J.M.; HalD. Carbohydr. Res. 1976,
47, 307. (j)Czernecki, S.; Georgoulis, C.; Provelenghiou, Qsdy, G.Tetrahedron Lett.
1976, 17 (39), 3535-3536. (k) Wessel, H.-P.; lversen, Tunéle, D.R.J. Chem. Soc.
Perkin Trans. 1. 1985, 2247-2250.

3. Yu, B.; Tao, H.Tetrahedron Lett. 2001, 42, 2405-2407.

4. (a) Dunkerton, L. V.; Adair, N. K.; Euske, J. M.rd#ly, K. T.; Robinson, P. 0l Org.
Chem. 1988, 53, 845-850; (b) Wieczorek, E.; Thieth,Carbohydr. Res. 1998, 307, 263—
270; (c) Ferrier, R. J.; Prasad, N.JJ.Chem. Soc. 1969, 570-575; (d) Kinfe, H. H.;

Mebrahtu, F. M.; Sithole, K2011, 346, 2528-2532.

www.manaraa.com



75

5. (a) Adinolfi, M.; Barone, G.; ladonisi, A.; Schiatella, M., Tetrahedron Lett. 2002, 43,
5573-5577; (b) Bedini, E.; Carabellese, A.; Schiaita, M.; Parrilli, M., Tetrahedron
2005, 61, 5439-5448; (c) Huchel, U.; Tiwari, P.; Schmidt,R, J. Carbohydr. Chem. 29,
61-75; (d) Li, Y.; Wei, G.; Yu, B.Carbohydr. Res. 2006, 341 (16), 2717-2722; (e)
Okada, Y.; Ohtsu, M.; Bando, M.; Yamada, Bhem. Lett. 2007, 36 (8), 992-993; (f)Yu,
B.; Tao, H.,Tetrahedron Lett. 2001, 42 (12), 2405-2407.

6. Tamura, K.; Mizukami, H.; Maeda, K.; Watanabe, Hrieyama, KJ. Org. Chem. 1993,
58, 32-35.

7. (a) Bessel, E. M.; Westwood, J. Barbohydr. Res. 1972, 25, 11-21; (b) Giordano, M.;
ladonisi, A.Tetrahedron Lett. 2013, 54, 1550-1552; (c) Gomberg, M.; Buchler, C. Q.;

Am. Chem. Soc. 1921, 43, 1904-1911.

www.manaraa.com



76

SUPPORTING INFORMATION

The development of N-aryl trifluoroacetimidate-based benzyl and allyl protecting
group reagents

Sinele B. Tsabed2eDaniel E. K. Kabots8, and Nicola L. B. PoAfx

#Department of Chemistry, Hach Hall, lowa Sate University, Ames |A 50011, USA
PDepartment of Chemistry, Smon Hall, Indiana University, Bloomington IN 47405, USA

General procedure for synthesis of alkyl 2,2,2-trifluoro-N-arylacetimidates.

o
NJ‘"

A

RO” “CF,

Excess alcohol (at least 5 equiv., allyl alcohol or benzyl alcohol) with excess potassium
carbonate (at least 5 equiv.) was stirred at room temperature for 5-10 minutes. Aryl
trifluoroacetimidoyl chloride (1 equiv., made according to reference 6 and purified by
distillation?! or basic alumina) was added and the reaction stirred at ambient temperature
for at most 1 h. The solution was filtered using filter paper and the filtrate concentrated
under high vacuum. Leaving the reaction overnight produced an undesired diacetal side
product. Separation using the Biotage® SP1 Flash + purification unit using the FLASH
12+M cartridge Medium Pressure Liquid Chromatography (MPLC) (0%-20% ethyl acetate
in hexane) afforded the product, which was recrystallized from 10% ethyl acetate/hexane

to provide a crystalline solid.

x Corresponding author. Tel.: +1-812-855-0298; fel«812-855-8300; e-mail: npohl@indiana.edu

www.manaraa.com



77

General procedure for alkylation with trifluoroacetimidates.2

To one equivalent of the alcohol, 7 or 8, TMSOTf (10 mol%) in anhydrous CH2Cl; (5 mL)
were added and the reaction stirred under nitrogen and cooled to 0 °C for 10 min. The
imidate (1.2-2 equiv.) dissolved in anhydrous CH2Cl; (5 mL) was added to the

alcohol/promoter mixture and the reaction allowed to stir at 0 °C for 1 h.
Synthesis of methyl 2,2,2-trifluoro-N-arylacetimidates.

The general procedure above was applied. The amount of time for reaction was between
10-30 minutes for all cases. In the case of X=NO, the desired product was significantly
more polar than the cases where X= H, OMe or Cl. Different chromatography conditions
were necessary: in the case where X=NO; the desired product was isolated with a gradient
column of 0-20% ethyl acetate in hexane. For the other cases, 100% hexane was sufficient

to separate the desired product.

Formation of an undesired diacetal.

X
e
o on
An undesired diacetal product forms easily and very fast (within hours of the

commencement of the reaction). The reaction should be closely monitored and stopped

before most of the desired product forms the undesired diacetal product.
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General procedure for alkylation with trifluoroacetimidates.

To one equivalent of the alcohol, 7 or 8, (50-100 mg scale), TMSOTf (10 mol %) in
anhydrous CHzClz (5 mL) was added and the reaction stirred under nitrogen and cooled to
0 °C for 10 min. The imidate (1.2-2 equiv.) dissolved in anhydrous CH2Cl; (5 mL) was added
to the alcohol/promoter mixture and the reaction allowed to stir at 0 °C for 1 h. The
reaction was quenched by adding a few drops of triethylamine. The reaction mixture was
diluted with CH2Cl; and washed with water. The aqueous layer was extracted twice with
CH2Clz and the combined organic layers dried with anhydrous MgS04. The product was
purified using either Biotage® SP1 Flash+ purification unit or the FLASH 12+M cartridge or
medium pressure liquid chromatography MPLC, (Teledyne ISCO, Teledyne Technology

Company, 4700 Superior St., Lincoln, NE, 68504, www.isco.com) and then recrystallized

either from ethanol or methanol.

Methyl 2,2,2-trifluoro-N-(p-nitrophenyl)acetimidate (1).

i
Nr“

A

MeO CF5
14 NMR (600 MHz, CDCl3) 8 (2H, d, Ar) 8.21, 8.20, (2H, d, Ar) 6.93, 6.91, (3H, s, OMe) 3.98;
13CNMR (151 MHz, CDCI3) 6 150.44, 146.88, 146.64, 144.25,124.78, 124.75, 120.13,

120.12,116.94, 115.04, 55.64.
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Methyl 2,2,2-trifluoro-N-(p-chlorophenyl)acetimidate (2).

Cl
N’&(j

A

MeO CF3
1H NMR (600 MHz, CDCl3) 8 7.27- 7.26 (2H, d, Ar), 6.76-6.75 (2H, d, Ar), 3.93 (3H, s, OMe);
13C NMR (151 MHz, CDCI3) 6 142.93, 129.30,120.99, 117.02, 115.12, 77.23, 77.02, 76.81,

55.16, 29.72.
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Methyl 2,2,2-trifluoro-N-phenylacetimidate (3).

A

A

MeO™~ “CF,
1H NMR (600 MHz, CDCls) & (2H, t, Ar)7.32-7.29, (1H, t, Ar) 7.11-7.10, (2H, d, Ar) 6.83-6.81,
(2H, s, OMe) 3.93; 13C NMR (151 MHz, CDCl3) & 144.33, 128.71, 123.89, 119.57, 77.23,

77.02,76.81, 50.92.

"Dr‘lgrlhal | | | | | | | I [loooo
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Methyl 2,2,2-trifluoro-N-(p-methoxyphenyl)acetimidate (4).

©/OMG
N_r“‘

A

MeO™ “CFj
1H NMR (600 MHz, CDCls) & (2H, d, Ar)6.86- 6.85, (2H, m, Ar)6.78, (3H, s, PhOMe)3.92, (3H,
s, OMe) 3.80; 13C NMR (151 MHz, CDCl3) § 156.33, 137.46, 120.71, 118.96, 114.28, 114.02,

77.23,77.02,76.81, 55.50, 55.41, 54.86.
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Benzyl 2,2,2-trifluoro-N-(4-nitrophenyl)acetimidate (5).

i
NJ‘"

A

BnO CF3

'H NMR (600 MHz, CDC}) § (d, 2H, Ar) 8.21-8.19,(m, 5H, Bn) 7.45-7.41, (8, 2\r) 6.92-

6.91, (s, 2H, ChPh) 5.36;°C NMR (151 MHz, CDCI3) 134.21, 128.75, 124.81, 120.05,

70.41;HRMS: (M+H) calcd for GsH1203N2F3 325.0795found 325.0792; m.p.: 111-112°C.
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Allyl 2,2,2-trifluor o-N-(4-nitr ophenyl)acetimidate (6).

O
NJ"‘

|
\/\o)\ca

'H NMR (600 MHz, CDC}) 5 (d, 2H, Ar) 8.21-8.19, (d, 2H, Ar) 6.92-6.91, (i, CH=) 6.07-
6.02, (d, 1H, =Ch) 5.48-5.45, (d, 1H, =C}) 5.40-5.38, (d, 2H, OCH}; *C NMR (151 MHz,
CDCly) 8 150.55, 146.05, 130.66, 125.00, 120.27, 115.2207%9.40HRMS; (M+H) calcd

for C11H1003NsF3 22'755.()(353&3f()t1r1(122'755.()(5117'111.r).: 59.5-61 °C.
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Synthesis of benzyl 6-O-allyl-2,3,4-tri-O-benzyl-p-D-glucopyranoside (12).

OH OAIl
0 0
%"n%é&osn %"n%&posn
OBn OBn
8 12

To a solution of benzyl 2,3,4-t6-benzyl$-D-glucopyranoside)® (100.0 mg, 185.0 pmol) in
anhydrous CbCl, (10 mL) was added TMSOTTf (3.35 mL, 18.5 umol). Taaction mixture

was cooled to 0 °C and stirred under nitrogen tniin. Reagen® (60.9 mg, 222 pumol)
dissolved in anhydrous GBI, (5 mL) was added and the reaction mixture alloveestir at O

°C. After TLC indicated complete conversion of #tarting material to product (1 h), the
reaction was quenched by the addition of a few sladigriethylamine. The reaction mixture was
diluted with CHCI, (10 mL) and washed with water (15 mL). The aqudaysr was extracted
CH.CI; (2 x15 mL) and the combined organic layers driedr@anhydrous MgSQ After

filtration, the filtrate was concentrated and tinede purified with MPLC (Teledyne ISCO,

Teledyne Technology Company, 4700 Superior Stgalm NE, 68504www.isco.com using

5-10% ethyl acetate in hexane to give a white sdliek solid was recrystallized from methanol

to give the desired product (86.8 mg, 818)NMR (400 MHz, CDC}) & (m, 20H, CH, Ar)
7.45-7.32, (m, 1H, CH=) 6.03-5.96, (d, 1H, =¢8.39-5.34, (d, 1H, =CH 5.27-5.23, (d 6H,

CH,) 4.89-4.69, (d, 1H, CH) 4.60-4.58, (m, 2H §#.19-4.08, (t, 2H, Ch) 3.63-3.59, (t, 3H,

CH ) 3.58-3.52°C NMR (100 MHz, CDCI3) 138.68, 138.47, 138.31, 137.53, 134.80, 128.46-
127.63117.08, 102.67,84.78, 82.36, 77.96, 75.724755.03, 74.96, 74.92, 71.17, 68.99;

HRMS:. (M+Na) calcd for G/H400sNa 603.2723found 603.2725 m.p.: 81-82°C.
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% OMe vs Time (X= NO,)

Data 1
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Figure S1. A graph showing the % imidate aromatic peak$HNMR over time for compound
1.
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% OMe vs Time (X=CI)
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Figure S2. A graph showing the % imidate aromatic peak$HNMR over time for compound
2.
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Figure S3. A graph showing the % imidate aromatic peaksSHbNMR over time for compound

3.

Table S1. Calculated values of the rate constant(k) for the degradation of
compounds 1-4.

Imidate Rate Constant (k)(10-4 sec'1)
1 (X=NO0Oy) 1.33
2 (X=CD 1.40
3 (X=H) 1.47
4 (X= OMe) 1.78
References.

(1) Tamura, K.; Mizukami, H.; Maeda, K.; Watanabie,). Org. Chem. 1993, 32-35.
(2) Okada, Y.; Ohtsu, M.; Bando, M.; Yamada,Gtem. Lett. 2007, 36, 992—993.
(3) Lu, W.; Navidpour, L.; Taylor, S. OCarbohydr. Res. 2005, 340, 1213-1217.
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APPENDIX B. SPECTROSCOPIC DATA
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Allyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimidf-D-glucopyranoside
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Ethyl 3,4,6-tri-O-ace~|-2-deoxy-2-phthalimido-I-thpeD-glucopyranoside
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(2'S,3'S) Methyl- 3,4-0O-(2’,3’-dimethoxybutane-2’;8iyl)1,6-di-O-trichloroacetyl-2-deoxy-2-
trichloroacetimido-D-glucopyranoside
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