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INTRODUCTION

| have been asked by Herbert Smith Freehills LLP, who | understand are solicitors for the
First and Second Defendants/Part 20 Claimants, to act as an independent expert witness

in these proceedings.
EDUCATIONAL BACKGROUND
A copy of my current curriculum vitae is attached to this report as Exhibit GJB1.

| was awarded my first degree (equivalent to a M. Sc.) in chemistry by the State University
of Leiden, the Netherlands, in 1987. | remained in Leiden studying for a Ph.D. in synthetic
carbohydrate chemistry, which | obtained in 1991; my thesis was titled "An approach

towards the development of a synthetic vaccine against Neisseria meningitidis".

Between 1991 and 1993 | worked as a Postdoctoral Research Assistant to Professor

Steven Ley, first at Imperial College in London and then at the University of Cambridge.
RELEVANT PROFESSIONAL EXPERIENCE

Between 1987 and 1988 | worked as a research scientist in the Department of Research
and Development of Organon International at Oss in the Netherlands. My work was
focused on the chemical synthesis of modified nucleotides with the aim of developing novel
antiviral drugs. My research project involved the preparation of unnatural sugars, their

glycosylation with nucleobases and the phosphorylation of the resulting compounds.

After working as a Postdoctoral Research Assistant in 1993 | moved to the University of
Birmingham, UK, where | was a Lecturer in Bioorganic Chemistry until 1997 and then a
Professor of Bioorganic Chemistry until 1998. While working at the University of
Birmingham | focused on the development of methods for the preparation of carbohydrates
and chemically modified carbohydrates. This research included the preparation of
carbohydrates modified by fluorine, and the use of such compounds for the preparation of

nucleotides.

Since 1998 | have been a Professor at the Complex Carbohydrate Research Center and
the Department of Chemistry at the University of Georgia in Athens, USA. Between 2004
and 2012 | was the Franklin Professor of Chemistry at the Franklin College of Arts and
Sciences at the University of Georgia. In 2012 | was appointed UGA Foundation
Distinguished Professor in Biochemical Sciences at the Franklin College of Arts and
Sciences at the University of Georgia. During my time at the University of Georgia, my
research program has focused on the chemical synthesis and biological functions of
complex carbohydrates and glycoconjugates. The hallmarks of my program are an
integration of method development for complex oligosaccharide and glycoconjugate

synthesis, application of the new methods for the preparation of biologically important
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targets such as tumor-associated antigens, capsular polysaccharides, lipopolysaccharides,
and heparan sulfates, and innovative use of the resulting compounds in biological studies.
During this period, my research group has employed fluorinated carbohydrates as glycosyl
donors for the assembly of complex glycoconjugates. Furthermore, chemically modified
sugar nucleotides have been prepared by my research group for use in chemoenzymatic

synthesis of complex glycoconjugates.

Over the course of my career, | have developed a detailed knowledge of carbohydrate
chemistry and have worked on projects involving the modification of carbohydrates and
nucleosides; these modifications have included fluorination and alkylation. My experience
in the field of carbohydrate chemistry includes work on five-membered sugar rings, as well

as six-membered sugar rings and straight chain sugars.

During my career to date, | have received several honors and awards in the field of
carbohydrate chemistry. For example, in 2001 | was elected the co-chair of the Gordon
Carbohydrate Conference for 2003, one of a highly prestigious series of international
conferences where cutting edge science is presented and discussed. In 2003 | received
the Carbohydrate Research Award for Creativity in Carbohydrate Science from the
European Carbohydrate Association at EuroCarb 2003, which is a large international
conference dealing with the chemistry and biology of complex carbohydrates. In 2004, |
received the Horace Isbell Award from the Division of Carbohydrate Chemistry of the
American Chemical Society. This award acknowledges excellence in and promise of
continued quality of contribution to research in carbohydrate chemistry and is given to
scientists under the age of 45. Most recently, in 2014 | was given the Roy L. Whistler
International Award in Carbohydrate Chemistry by the International Carbohydrate

Organization.

| have been on the Editorial Board of the Journhal of Carbohydrate Chemistry since 2001,

and on the Editorial Board of the journal Carbohydrate Research since 1999.

| was a permanent member of the Synthetic and Biological Chemistry A (SBCA) study
section of the National Institutes of Health (NIH) between 2001 and 2005. My duties on the
study section involved scientific review of research proposals involving carbohydrate
chemistry and biology, glycosylation chemistry and nucleoside chemistry and biology. |
have also served as an ad-hoc member on humerous NIH study sections. | was appointed
by the National Academy of Sciences (NAS) to serve on a committee that was asked to
assess the importance and impact of glycomics and glycosciences on human health,
materials and energy (2011-2012). The committee identified the need for a glycoscience
toolkit and outlined a roadmap to fill these gaps and ensure that interested researchers can

effectively incorporate glycoscience in their work, along with a timeline of specific roadmap
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goals for the next 5 to 15 years. The findings have been reported in an expert report, which
is a policy document to guide progress in glycoscience. | am a Scientific Advisory Board
Member of The Alberta Glycomics Center (formerly known as Alberta Ingenuity Center for
Carbohydrate Science, AICCS), which comprises eleven research groups at several
universities in Alberta (Canada) that develop technologies specific to carbohydrate
chemistry and biology research. As a Scientific Advisory Board member, | assist with the

evaluation of research progress and offer advice on future research directions.

| have been invited to organize several national and international symposia and details can
be found in my CV (Exhibit GJB1).

During my career | have supervised well over 100 graduate students and post-doctoral
researchers. Many have gone into the pharmaceutical and biotech industry. | have also
taught graduate and undergraduate classes, and topics that | have covered include

stereoselective synthesis, carbohydrate chemistry and nucleoside chemistry.

In addition to my time working for Organon, | have had regular interaction with a number of
biotech and pharmaceutical companies throughout my career, and companies that have
supported my research include Medlmmune, Galectin Therapeutics, Glaxo, Pfizer,
SmithKline Beecham, Zeneca, Chemgen Corporation, Isis Pharmaceuticals and Altermune.
Several of my research programs have been funded by these companies and involve close
interactions with their industrial scientists. A number of my graduate students have been
co-supervised by scientists from industry. | have also been, and am, a consultant to a
number of biotech and pharmaceutical companies. Technologies developed by my

research group have been patented and then licensed to biotech companies.
CONFLICTS OF INTEREST

| confirm that | have no conflict of interest of any kind and that | will advise Herbert Smith
Freehills if, between the date of this report and trial, there is any change in circumstances

in this regard.

| have previously acted as an expert witness in legal proceedings in an unrelated dispute
before the English High Court between Scinopharm Taiwan Limited and Eli Lilly &
Company concerning a patent which related to the drug gemcitabine, and in an unrelated
dispute before the United States District Court in California between Aventis Pharma S.A.
and another, and Amphastar Pharmaceuticals, Inc. and others, which related to the drug

heparin.
MATERIAL INSTRUCTIONS

| was asked by Herbert Smith Freehills to consider the following questions:
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511 To whom is the patent in question addressed i.e. who is the person (or team of
persons) who would be likely to have had a practical interest in the subject matter

of the invention in June 20037

51.2 What was the common general knowledge of the addressee in June 2003 with
respect to the synthesis of modified nucleosides and fluorination of such

compounds?

51.3 How long would it have taken the addressee to synthesize a nucleoside within the
scope of the general formulae in the PCT Application (defined below), putting

aside 2'-fluoro-2'-methyl compounds?

514 How many compounds are encompassed by claim 1 of the Patent (defined

below)?

51.5 What information does the Patent disclose in relation to the synthesis of 2'-fluoro-

2'-methyl nucleosides?

5.1.6 Based on the teaching of the Patent and the common general knowledge, how
would the addressee have gone about synthesizing 2'-fluoro-2'-methyl

nucleosides in 2003 and how much effort would this have involved?

517 What is the structure of Compound F referred to in example 26 of the Patent?

| have been provided with the following documents by Herbert Smith Freehills for the

purposes of writing this report:

521 International Patent Application Number PCT/IB2003/003246 with International
Publication Number WO 2004/002999 and a filing date of 27 June 2003 (the
"PCT Application");

522 European Patent Number EP 1523489 B1 published on 12 March 2014 (the

"Patent"); and
523 the other documents as indicated in the text below.
THE SKILLED PERSON

| have been told that the Patent and the prior art is to be read through the eyes of the
person skilled in the art. | have been told this person has the qualifications of someone who
would have a practical interest in the subject matter of the invention and that such a person
considers the relevant literature carefully but is incapable of inventive activity. | have also

been told that the skilled person can be a team.

Herbert Smith Freehills have told me that Professor Matthias Gétte, another expert in this
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case, has defined the skilled person as follows:

"In my opinion, the team of people who would have had an interest in
the Patent would include someone with a similar background to me,
with a focus on virology. They would have been interested in testing the
activity of nucleoside analogues. The team would also have included an
organic or medicinal chemist with knowledge of sugars and
nucleosides. The team may also have included a pharmacologist who
would have been interested in the bioavailability and foxicity of
compounds. Such people would have had significant laboratory

experience and would typically have had a PhD."
| agree with this definition.
THE COMMON GENERAL KNOWLEDGE IN JUNE 2003

| have been told that the common general knowledge is a legal classification and consists
of information which was commonly and generally known by those working in the relevant
art and generally accepted as a basis for further action. | have also been told that the
common general knowledge is typically represented by information in text books and

review articles which were widely read or consulted at the time.

| have been told that scientific publications only form part of the common general
knowledge of the skilled person when they are generally known and accepted without
guestion by the bulk of those working in the field of the invention of the patent. | have also
been told that the common general knowledge is not limited to the material that the skilled
person has memorized but also includes material which he/she knows exists and which

he/she would refer to as a matter of course.

This report generally relates to nucleosides, their analogues, and the ways in which they
might be synthesized. | have therefore set out below the relevant common general
knowledge in June 2003, before discussing my opinions on the specific questions which

Herbert Smith Freehills have asked me to consider.

Nucleosides and nucleotides

74

75

7.6

Organic chemistry generally relates to synthesis of molecules containing carbon.
Carbohydrate chemistry is a subset of organic chemistry focusing onh compounds

predominantly containing carbon, hydrogen and oxygen.

Nucleosides are made up of a carbohydrate (specifically, a 5-membered cyclic sugar)

bonded to a nucleobase (often referred to simply as a "base").

Figure 1 shows an example of a nucleoside and its two constituents, the nucleobase
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shown circled in red and the sugar circled in blue. The bond formed between the sugar and
nucleobase components of nucleosides is termed a "glycosidic" bond, and it is formed in a

process known as "glycosylation".

Figure 1

Nucleosides are the building blocks of DNA and RNA. The sugar found in chains of RNA
contains five carbons and one oxygen in its backbone, and is known as ribose. When the
sugar is not linked to a nucleobase, the carbons are numbered from 1 to 5, as shown in

Figure 2.

OH OH

ribose

Figure 2

When a sugar is bonded to a nucleobase and therefore forms part of a nucleoside, the
carbon atoms in the sugar are humbered from 1' to 5', so that a distinction can be made

between the positions in the sugar (1', 2', 3' etc) and in the nucleobase (1, 2, 3 etc).

In DNA the sugar is 2-deoxy-ribose, and it is called this because it lacks a hydroxy (OH)

group at the 2-position, as shown in Figure 3.
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HO

OH

\

OH deoxy

2-deoxy-ribose

Figure 3

7.10 In RNA, four different nucleobases are most commonly observed, namely cytosine, uracil,
adenine and guanine. In DNA, uracil is replaced by thymine. Adenine and guanine belong
to the class of double-ringed nucleobases named purines, while cytosine, thymine, and

uracil are in the class of single-ringed nucleobases named pyrimidines.

o o NH H,N o)
H H SN N =N N NH
C O CL e oLl
d L CL O LA
H H H H H

uracil thymine cytosine adenine guanine
Figure 4

7.11 In a nucleoside, the positions in the base are numbered from 1 to 6 for pyrimidines, or 1 to

9 for purines, as shown in Figure 5 below:
Q o)
H 7 8.1
- NH
s B
6 l}k 8< /)\NHz
N 0 N
H 9']‘ * 3
H

5

Figure 5

7.12  In nature, nucleosides may be phosphorylated by cellular enzymes called kinases. Once

phosphorylated these compounds are known as nucleotides.
7.13  Nucleoside triphosphates are used in the biosynthesis of new strands of DNA and RNA. As
an example, uridine triphosphate is involved in the synthesis of RNA and has the following

structure:
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OH OH
Figure 6

Stereochemistry

7.14  Stereochemistry is concerned with the 3D arrangement of atoms within a molecule. Due to
the fundamental properties of atoms, chemical bonds around carbon atoms can only form

in certain fixed orientations.

7.15  For example, when a carbon atom is bonded to four other groups, those other groups
adopt a tetrahedral arrangement around the central carbon. This is represented in the

following way:

Bonds drawn with a sclid tnangle are Rt

coming up, out of the paper\ Ié——- Bonds drawn with straight lines

ndﬂc\é,/ are in the plane of the paper

* Bonds draown with a dashed triangle
are going down, into the paper

Figure 7
7.16  When a carbon atom is bonded to three other groups, and one of those other groups is

connected to the carbon by a double bond, the three other groups adopt a flat, trigonal

arrangement around the carbon.

Rt R2
R R2 R® R*4and the two carbon
c—C atomns are all in the plane of the paper
RS R4
Figure 8

7.17  One important aspect of stereochemistry is known as 'chirality'.

7.18 A molecule is chiral if its mirror image is not super-imposable on itself (see the illustration in

10
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Figure 9 below). In the case of a tetrahedral carbon, a molecule is chiral when it has four
different groups bonded to the tetrahedral carbon. A chiral molecule and its mirror image

are called enantiomers or optical isomers.

Figure 9"

Enantiomers have identical chemical and physical properties except for the rotation of
polarized light, which is by equal amounts but in opposite directions. A mixture of equal
guantities of enantiomers is termed a racemic mixture and overall will not rotate polarized
light.

Chiral centers are described in a number of ways. The official (International Union of Pure
and Applied Chemistry) way is to employ the R/S system, which involves assignment of
priority of substituents by the Cahn Ingold Prelog rules (based on the Latin for right and left,
R denotes rectus, right and S denotes sinister, left). In this approach, the chiral center is
viewed from the side opposite the lowest ranking group (based on the atomic humber of
the atom, so in the above picture the hydrogen atom has the lowest ranking). If the priority
(i.e. atomic number) of the remaining three substituents decreases in a clockwise direction,
it has an R-configuration, if it decreases in a counter clockwise direction, it has an S-

configuration.

If a molecule has more than one chiral center it has, in general, 2" sterecisomers (n=
number of chiral centers), which cannot all be enantiomers (that is, mirror images - for
example S,S is nhot a mirror image of S,R). This can be seen in Figure 10 below. In this
respect, sterecisomers that are not mirror images are termed diastereoisomers.

Diastereoisomers have different properties.

' From htto://commons.wikimedia.org/wiki/File:Chirality with_hands.svg as at 30 July 2014

1"
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N

HO,C S) CO,Me HO,C N (R)_-CO2Me
——
\/Y Enantiomers \(
Aspartame Ph
160 x as sweet as sucrose
Diastereoisomers Diastereoisomers Diastereoisomers
N NH, H
HO,C N (R) _-CO2Me - HO,C N__(s) ~CO:Me
\/Y \( Enantiomers (R) \/
e} ‘\

Figure 10

7.22  Asymmetric synthesis is an important branch of chemistry that deals with formation of
chiral molecules. Many pharmaceutical agents including nucleoside analogs are chiral and
therefore involve chiral synthesis. Planning the installation of a new chiral center in a

molecule requires consideration of the reaction mechanism of a given transformation.
Stereochemistry of sugars

7.23  Sugars, such as ribose, have multiple chiral centers. They can exist as straight chains or
rings, but usually adopt five- and six-membered ring structures. A pentagon is usually
employed to depict the five-membered ring of sugars, which is also referred to as furanose.
The oxygen atom in the sugar ring is often placed at the apex of the pentagon. One
commonly employed way to depict the chirality at specific carbons of sugars is by placing a
substituent either above or below the plane of the pentagon. In the example below, the two

OH groups are below the plane of the ring.

HO
B
(0]
The circles indicate
chiral carbon atoms
OH OH
ribose
Figure 11

7.24  Sometimes, the stereochemistry at specific carbons in a sugar ring is described as being
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"up" or "down", meaning that a specific functionality is either above or below the plane of

the pentagon respectively, as shown below.

HO
B

0]
The methyl group is "up”
HaC -

<¢«—— chiral carbon

OH F
\

Figure 12

The fluorine group is "down"

7.25 Itis important to note that a compound in which the fluorine is “up” and the methyl group is
“‘down” is a disastereocisomer of the compound having the methyl “up” and the fluorine
“‘down” (assuming that the stereochemistry of all the other chiral carbons remains

unchanged) and such compounds will have different properties.
Primary, secondary and tertiary carbons

7.26  Carbon atoms in organic molecules can be categorized according to the number of other

carbons they are attached to. In particular:

7.26.1  a'primary carbon' is attached to one other carbon atom;
7.26.2 a'secondary carbon' is attached to two other carbon atoms;
7.26.3 a'tertiary carbon' is attached to three other carbon atoms; and
7.26.4 a ‘quaternary carbon' is attached to four other carbon atoms.

7.27  Substituents attached to primary, secondary and tertiary carbons can be described in a
similar way, by reference to the nature of the carbon which they are attached to. Figure

Figure 13 below illustrates generic examples of primary, secondary and tertiary fluorides:

primary fluoride secondary fluoride tertiary fluoride
Figure 13

7.28 Figure 14 below identifies primary, secondary and tertiary carbons in a 2'-fluoro-2'-methyl

nucleoside:
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|
o oA

7 o)

primary carbon

secondary carbon — -«—— tertiary carbon

OH F
Figure 14

Primary, secondary and tertiary carbons have different chemical and physical properties,
for example in relation to:

7.29.1 the amount of space around them and, therefore, the ease with which an

incoming reagent can approach them (known as "steric effects"); and

7.29.2 the ability of the compound to stabilize the build-up of charge at the relevant

carbon during a reaction (known as "electronic effects").

Nucleophilic Substitution Reactions

7.30

7.31

7.32

7.33

7.34

7.35

Nucleophilic substitutions are a fundamental class of organic transformations in which a
nucleophile (Nuc) attacks a positive or partially positive charge of an atom attached to a
group or atom called the leaving group (LG). The overall result of the reaction is that the

leaving group is replaced by the nucleophile.
The positive or partially positive atom is referred to as an electrophile (EL).

A nucleophile is a molecule or ion that can provide a pair of electrons (denoted as : below)

to be shared with another atom in the formation of a new covalent bond.

Nuc: + EL-LG — EL-Nuc + LG:

In other words, in nucleophilic substitutions the attacking reagent (the nucleophile) brings
an electron pair to form a new bond and the leaving group comes away with an electron
pair.

It has been shown that a negatively charged nucleophile is more reactive than a similar

nucleophile that is neutral.

Furthermore, in general, the nucleophilicity decreases from left to right in the periodic table

and for example the following reactivity has been observed:

14
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CHy >NH, >0H>F

This observation is due to an increase in electronegativity going from left to right in the

periodic table.

Electronegativity is a chemical property that describes the tendency of an atom or
functional group to attract electron density to itself. The more electronegative an atom or
functional group, the better it can stabilize a negative or partial negative charge and hence

such a species is less reactive (less nucleophilic).

For example, fluorine is more electronegative than oxygen making fluoride (F") better

stabilized and less reactive as a nucleophile than hydroxide (OH").

The smaller negatively charged nucleophiles such as fluorine are more solvated by polar
protic solvents making them less reactive. Furthermore, the larger elements such as iodine
have more diffuse, and more polarizable electron clouds, which facilitates the formation of
a more effective orbital overlap in the transition state of bimolecular nucleophilic

substitution reactions and will make them more reactive.

Going down the periodic table, nucleophilicity increases, but basicity generally decreases.
Basicity refers to the ability of a molecule to remove a proton (hydrogen atom) from another
molecule. The higher the basicity of a molecule (compounds with high basicity being

referred to as strong bases), the better it is able to abstract a proton from a molecule.

Mechanisms of nucleophilic substitution reactions

7.41

742

In 1935, Edward D. Hughes and Sir Christopher Ingold reported that nucleophilic
substitution reactions of alkyl halides can proceed by two different reaction mechanisms,
namely the Sy1 and the Sy2 reaction. In this case, S denotes chemical substitution, \ refers
to nucleophilic, and the number describes the kinetic order of the reaction (this can be

thought of as describing the number of species involved in the rate determining step).

In the case of an S\2 reaction, the attack of the nucleophile and departure of leaving group
take place simultaneously. In this reaction, the nucleophile attacks the electrophile from the
opposite side to the leaving group involving a transition state that has trigonal bipyramid

geometry at a penta-coordinated carbon.

15
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R1 R1 @

R1
©
Nuc ) — eelG _— Léa
R S z "”II[/ 3
N LG z Nuc R
R =3 R
R
Tetrahedral starting A penta-coordinated Tetrahedral product that has
material (which is carbon, that has a inverted the stereochemistry
P R trigonal bipyramidal relative to the starting
chiral if R", R” and geometry. material.

R® are different)

Figure 15

This concerted displacement mechanism has important implications for the stereochemical
outcome of the reaction. In particular when the electrophilic carbon is chiral and optically
pure (a single enantiomer), the product will have opposite stereochemistry compared to the

starting material.

Structural effects have an important influence on the rate of an Sy2 reaction. In general
unfavorable steric interactions are increased at the penta-coordinated carbon (because

groups around it are pushed closer together) and therefore retard the rate of the reaction.

Thus, an S\2 reaction is more facile at a primary carbon (see paragraph 7.26 above) than
at a secondary one and in general this type of reaction does not take place at a tertiary
carbon due to increased size of the groups around the tertiary carbon, which makes the

penta-coordinated intermediate less energetically favorable.

The Sy1 reaction involves two separate chemical steps. The first step that takes place is a
heterolytic cleavage of the leaving group of the electrophile to give a trigonal positively

charged carbon (also referred to as a "carbocation") and the leaving group.

~ + Lc®

Figure 16

The rate of carbocation formation is greater for a tertiary carbon than that of a secondary
carbon, which in turn is greater than that of a primary carbon. This difference in reactivity is

due to differences in release of steric hindrance in the transition state, and the fact that
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carbon substituents are more electron donating than hydrogen and hence can better

stabilize the developing positive charge.

This reaction is followed by a fast combination of the carbocation with the nucleophile to

give a product (shown in Figure 17 below).

R’ R’

+ » " + .,
Nu@ ) \INuCc ) /IR
R R® R Nuc

Figure 17

R2 R®

The Sy1 mechanism has important stereochemical implications. In particular, when the
starting material is optically pure (a pure enantiomer) and has only one chiral center and
the reaction takes place at that center, the resulting product will be a racemic mixture. This
observation is due to the fact the trigonal carbocation intermediate is achiral (planar) and
nucleophilic attack is equally likely from either face of the molecule. Regardless of the
configuration of the starting material (R or S at the reactive carbon) a racemic mixture will

be produced. Thus, the stereochemical history of the starting material is lost.

The stereochemical outcome of an Sy1 reaction involving multiple stereogenic centers is
more difficult to predict because the two possible transition states are diastereoisomeric
and hence can have different activation energies. Figure 18 below shows a carbocation
with a neighboring chiral center (shown in blue) and the two possible diastereoisomeric
products. The chiral center may block one face of the carbocation and therefore
nucleophilic attack from one of the two faces of the carbocation may be preferred.

Therefore the two diasterecisomers may not be formed in a ratio of 1:1.

Chiral center The ratio of the products may no longer be 1:1.

Figure 18

Unlike Sy1 reactions, the stereochemical outcome of the Sy2 mechanism is predictable

and is independent of the other chiral centers.

17
Atea Pharmaceuticals, Inc.
Exhibit 1036 Page 17 of 135



First and Second Defendants/Part 20 Claimants
G-J Boons

First Report

Exhibits GJB1 — GJB5 and C-GJB1 — C-GJB2
Dated 31 July 2014

Elimination reactions

7.52

7.53

7.54

7.55

A substitution is not the only possible outcome under conditions suitable for nucleophilic
substitution reactions. It was well known in 2003 that if there are hydrogen atoms bonded
to the carbon adjacent to the leaving group (known as beta-hydrogens), elimination
pathways could occur instead of nucleophilic substitution, resulting in the formation of a

carbon-carbon double bond.

H -<«—— alpha-hydrogen

beta-hydrogen —» H

Figure 19

The likelihood of an elimination occurring will depend on various factors, including how
basic the nucleophile is (see paragraph 7.40 above), the size of the nucleophile (see
paragraph 7.39 above), and how sterically hindered the carbon at which substitution is

desired is (see paragraph 7.29.1 above).

Similar to nucleophilic substitutions, elimination reactions can proceed through a one-step
mechanism (known as the E2 reaction), or a two-step mechanism (known as an E1

reaction) (see Figure 20 below).

In general, E1 reactions compete with Sy1 reactions, whereas E2 reactions compete with

S\2 reactions.

E1 mechanism (B: is base and L is leaving group)

H B: ‘\H
W — \' ;i — x
L) carbocation

E2 mechanism (B: is base and L is leaving group)

B: ™
/\)% R VN
12

Figure 20

Electrophilic addition to carbon-carbon double bonds

7.56

Electrophilic additions are reactions in which a carbon-carbon double bond is broken and

two new bonds to other groups are formed.
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The driving force for these reactions is the formation of an electrophile X that reacts with
an electron-rich double bond. The positive charge of X is transferred to the carbon-carbon
bond, forming a carbocation during the formation of the C-X bond. In the second step, the
positively charged intermediate combines with a nucleophile that is electron-rich, and
usually an anion, to form the second covalent bond. The second step is similar to what is

found in Sy1 nucleophilic substitutions.

X+
) ' '
w Nu
- o ) —_—
Nu- addition product
highest substituted

carbocation is formed

Figure 21

The guestion of which carbon in the double bond the electrophile reacts with is an aspect
of what is known as regioselectivity. For an addition reaction, the regioselectivity is
determined by Markovnikov's Rule. The chemical basis for Markovnikov's Rule is the
formation of the most stable carbocation during the addition process. However, it may not
always be straightforward to predict which carbocation will be the most stable in a given
molecule, and mixtures of regiocisomers may be possible. There will also be an issue of
stereochemistry in electrophilic addition reactions because they can result in the formation
of up to two new chiral centers with the potential for the formation of enantiomers and/or

diastereomers.

Fluorination in 2003

7.59

7.60

7.61

7.62

The term fluorination' refers to the process of installing fluorine into a molecule.

Elemental fluorine (F») is a difficult compound to work with because it is extremely toxic and
reactive. Over time a number of other reagents were developed which could be used to

conduct fluorination reactions while being easier to work with.

By 2003, a variety of methods were known for fluorinating organic molecules. Generally
speaking, two different mechanisms of fluorination had been developed, known as
nucleophilic fluorination (which involves an electron-rich fluorine source (F) — see
paragraph 7.30 for general mechanisms) and electrophilic fluorination (which involves an

electron-poor fluorine source (F*) — see paragraph 7.56 for general mechanisms).

The specific fluorinating reagents which the skilled person might have used for a particular
nucleophilic fluorination reaction would have depended on the type of starting material

being used and functional groups it contained. Examples of nucleophilic fluorine (F)
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sources generally available in 2003 included:

7.62.1 KHF;
7.622 KF;
7.62.3 EuNF;

7.624 BuNF ("TBAF");

7.62.5 (CH3CH,);NSF; ("DAST"); and

7.62.6 (CH3OCH,CH,),NSF; ("Deoxo-Fluor").

Examples of electrophilic fluorination (F*) reagents generally available in 2003 included:
7.63.1 Selectfluor;

7.63.2 N-fluorobenzenesulfonimide (NFSI); and

7.63.3 N-fluoro-o-benzenedisulfonimide (NFOBS).

N®

PhSO, SO,
| \
_ N ~ /N —F

o PhSO, F S0,
N
|
F

Selectfluor NFSI NFOBS
Figure 22

Protecting groups

7.64

7.65

7.66

7.67

Nucleosides and carbohydrates are polyfunctional compounds — they have several hydroxy
groups and may also contain other functional groups such as amino (NH,) and carbonyl
(C=0) moieties.

During a synthetic sequence, these functionalities often need to be blocked from chemical
reactions so that a selective chemical manipulation can be performed on only one

particular functional group.

Protecting groups are chemical groups that can temporarily block the reactivity of a

functional group within a molecule and are commonly employed for this purpose.

The successful synthesis of a complex target compound would involve selecting protecting
groups based on the consideration of various issues, such as the reaction conditions
required to introduce a protecting group and the fact that the installation of the group

chosen should be compatible with the other functionalities in the compound. In addition, the
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protecting groups chosen must be stable under the conditions used during subsequent
synthetic steps, and generally need to be capable of being installed and cleaved under mild

conditions in a highly selective manner and high yield.

It is also important to consider that there are circumstances in which protecting groups are
not innocent bystanders in chemical transformations and may affect the reactivity of other
functionalities. For example, electron withdrawing ester functionalities reduce the
nucleophilicity of neighboring hydroxy groups. Furthermore, bulky protecting groups can
sterically block other functionalities, and protecting groups may affect the conformation (i.e.

3D shape) of the molecule which can in turn affect the reactivity of the compound.

In 2003, many different protecting groups for hydroxy and amino groups had been

described (for example, see the Greene textbook mentioned in paragraph 7.73 below).

Retrosynthetic analysis

7.70

Retrosynthesis (or retrosynthetic analysis) is the process of planning a synthesis
backwards by starting at the product, the "target", and taking it back a step at a time to
simple and readily available starting materials or precursors. Generally this involves
working back through several possible approaches, and within each approach the skilled

person might encounter a number of options, leading to a number of potential routes.

Nucleoside analog synthesis in 2003

7.71

7.72

7.73

In 2003, nucleoside analogs had attracted a great deal of interest during the development
of drug candidates for the treatment of various diseases including cancer and viral
infections. In general, these compounds contain chemical modifications in the sugar or
nucleobase of nucleosides, or both. The aim of the modifications when developing antiviral
compounds is to ensure that the biosynthesis of DNA and RNA of the target virus is
affected, but this needs to be done without causing harm to healthy host cells (which
produce their own DNA or RNA). The identification of such highly selective compounds

was, and still is, a significant and challenging scientific task.

The skilled person approaching the synthesis of a nucleoside analog in 2003 would have
had a number of options for doing so, and the details of their approach would depend on

the particular target nucleoside in question.

In general, he/she would start by looking to see if the particular molecule was reported in
the scientific literature and, if so, whether the details of its synthesis were given in any
report. If there were no reports of the exact nucleoside analog targeted, then the skilled
person would examine whether related compounds had been reported, and determine
whether reported syntheses of such compounds would provide guidance for a synthetic

strategy. Key textbooks might also be consulted, for example in my opinion the skilled
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person might have consulted "Monosaccharides — Their Chemistry and Their Roles in
Natural Products" by Peter Collins and Robin Ferrier (Wiley 1995) for information on
modifications to carbohydrates and "Protective Groups in Organic Synthesis" (second
edition) by Theodora W. Greene and Peter G. M. Wuts (Wiley 1991) for information on

protecting groups in 2003.

7.74  The skilled person might also carry out further, broader, literature searches relating to the
structure of the desired compound. The skilled person would then use any helpful
information in the key textbooks and the literature, as well as their common general
knowledge to consider how he/she might attempt a synthesis of the desired nucleoside

analog by carrying out a retrosynthetic analysis.

7.75 In very general terms, nucleoside analog synthesis might have been approached by
modifying an existing nucleoside, that is, a sugar with the desired base already attached
(often known as the "nucleoside route"), or by first preparing a sugar with the desired
modifications before attaching the base in a step known as glycosylation (often known as
the "sugar route"). The sugar route itself might either involve modifying a sugar which was
already readily available, or starting with small molecules which could be used to build up

the sugar with the desired modifications in place.

7.76 The skilled person would have known that the synthesis of nucleosides is often
complicated, as a result of the number of chiral centers in the sugar ring and the number of
reactive functional groups attached to the sugar (which might give rise to unwanted
reactions and which would therefore need masking with suitable protecting groups). There
would also be the need (in the case of the nucleoside route) to carry out the reaction on a
molecule containing a sensitive functional group (the nucleobase) or the need (in the case
of the sugar route) to carry out a glycosylation step to attach the nucleobase to the sugar

and it was known in 2003 that in some circumstances this could be a difficult step.
Analysis of chemical compounds in 2003

7.77 By 2003 a number of techniqgues were available to the skilled person for analyzing

compounds produced in synthetic organic chemistry. These included:

7.77.1 Thin-layer chromatography (TLC): an analytic technigue commonly used in
synthetic organic chemistry to monitor the progress of a reaction. It employs a
sheet of glass, plastic, or aluminum foil that is coated with a thin layer of an
adsorbent material, such as silica gel or aluminum oxide. After the sample has
been applied to the plate, a solvent or solvent mixture is drawn up the plate via
capillary action. Often, different organic compounds interact differently with the

adsorbent material and therefore ascend at different rates up the TLC plate,
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resulting in separation of the different organic compounds in the mixture. The
location of the compounds on the TLC plate can often be determined by holding it
under UV light, and commonly the TLC plate is stained with a chemical which

causes the 'spots' of compound to become visible to the naked eye.

Mass spectrometry (MS): an analytic technique that provides the molecular
weight of molecules (or fragments of molecules) and hence is used to

characterize organic compounds.

Nuclear magnetic resonance spectroscopy (NMR spectroscopy): an analytic
technique that exploits uniqgue magnetic properties of the nuclei of individual
atoms within a molecule to determine the physical and chemical properties of
those atoms. It can provide detailed information about the structure, dynamics,
reaction state, and chemical environment of molecules. The intramolecular
magnetic field around an atom in a molecule changes the resonance frequency,
thus giving access to details of the electronic structure of a molecule. NMR
spectroscopy can be used to analyze the chemical environment of a number of
different types of atom, including hydrogen, carbon and fluorine. More complex
experiments, including the Nuclear Overhauser Effect (NOE) spectroscopy, can

be carried out and may provide further information about a molecule of interest.

X-ray crystallography: an analytic technique that exploits the way in which X-
rays are diffracted when passing through a crystalline compound to calculate the
3D structure of the compound from the diffraction pattern which results. This
technique is only possible if a crystalline sample of a given compound can be

obtained.

HOW LONG WOULD IT HAVE TAKEN THE SKILLED PERSON TO SYNTHESIZE
COMPOUNDS WITHIN THE SCOPE OF THE GENERAL FORMULAE OF THE PCT
APPLICATION?

| have been asked by Herbert Smith Freehills how long | think it would it have taken the

skilled person to synthesize compounds within the scope of the general formulae of the

PCT Application. | have been asked to consider this putting aside compounds whose

synthesis would have involved a research project of uncertain outcome, such as those with

a 2'-fluoro-2'-methyl modification discussed below.

In my opinion, the general question of how long it would have taken the skilled person will

depend on the particular structure of the desired compound, the number of steps required

for the synthesis of a given compound, and the difficulty of those steps.

However, generally speaking:
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8.3.1 if the skilled person were seeking to synthesize a nucleoside analog with a

modification on the sugar, this would generally require as a minimum:

(A) three types of step when starting from a nucleoside (e.g. protection,

modification, deprotection); or

(B) four types of step when starting from a sugar (e.g. protection,

modification, glycosylation, deprotection); and

8.3.2 if the skilled person were seeking to synthesize a nucleoside analog with a
modification on the sugar and the base, this would generally require as a

minimum:

(A) four types of step when starting from a nucleoside (e.g. protection,

modification of the sugar, modification of the base, deprotection); or

(B) five types of step when starting from a sugar (e.g. protection, modification

of the sugar, modification of the base, glycosylation, deprotection).

Purification and characterization would also be required at the end of the synthesis, and
possibly after intermediate steps too. In addition, | think it would have been common for a

synthesis to involve a larger number of steps than the minimum set out above.

In my opinion, assuming that a synthetic pathway for the modification that the skilled
person was seeking to achieve was already established and that he/she did not encounter
any difficulties along the way, it is nhot unreasonable to assume that a step might take
between 1 and 2 days, and so even the shortest of these options (a three step synthesis)
would not have been completed by the skilled person in 2003 in less than 3 to 6 days, not

including time for purification or characterization.

Herbert Smith Freehills asked me how much work would have been required for the skilled
person to synthesize hundreds, or thousands, of compounds from within the scope of the
general formulae of the PCT Application. In my opinion, this would have been a major
synthetic project. Although it might be possible to take advantage of some economies of
scale, for example where there are only minor variations in structure in a particular series
of nucleosides, | think this would be of limited assistance given the structural diversity of

the formulae in the PCT Application.
HOW MANY COMPOUNDS ARE ENCOMPASSED BY CLAIM 1 OF THE PATENT?

Herbert Smith Freehills have asked me to estimate how many compounds | think are

covered by claim 1 of the Patent.

Claim 1 on pages 39 and 40 of the Patent reads as follows:
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1. Acompound of Formula {1y

or a pharmaceutically acceptable salt thereof, wherein:

Rt and R? are independently H; phosphate; straight chained, branched or cyclic alkyl; acyl; CO-alkyl; CO-aryl;
CO-alkoxyalkyl; CO-aryloxyalkyl; CO-substituted aryl; sulfonate ester; benzyl, wherein the phenyl group is op-
tionally substituled with one or more substituents; alkylsulfonyl; arylsuffonyl; aralkylsulfonyl; a lipid; an amino
acid; a carbohydrate; a peptide; or g cholesterol;

Xis O

Base* Is a purine or pyrimidine base;

R1Zis C[Y3);

Y3is H; and

R13 i fluoro.

| calculated how many compounds this might cover by working out how many options are
available for each substituent. The definition of Y* as only H means that effectively there is
only one option for R' which is methyl. Similarly X can only be O and R can only be

fluoro.

Base * is defined as purine or pyrimidine base. In my opinion the skilled person would read

this in light of the definition on page 15 which reads as follows:

[0073] The term "purine” or "pyrimidine” base includes, but Is not limited to, adenine, N6-alkylpurines, NB-acylpurines
{wherein acyl is C{O){alkyl, aryl, alkylaryl, or arylalkyl}, N8-benzylpurine, N8-halopurine, NE-vinylpurine, Né.acelylenic
puring, Nf-acyl purine, NS-hydroxyalky! purine, N-alkylaminopurine, N8-thioalkyl purine, NZ-alkylpurines, N2-atkyl-8-
thiopurines, thymine, cytosine, 5-fluorocytosine, 5-methyleytosine, S-azapyrimidine, including B-azacytosine, 2- andior
4-mercaptopyrmidine, uracil, S-halouracil, including 5-fluorouracil, Ch-alkylpyrimidines, CS-benzylpyrimidines, C5-ha-
lopyrimidines, Cwvinylpyrimidine, C3-acetylenic pyrimidine, C5-acyl pyrimidine, CS-hydroxyalky! purine, CS-amidopyri-
midine, CS-cyanopyrimiding, Chiodopyrimiding, CS-iodo-pyrimidine, C5-Br-vinyl pyrimidine, C8-Brvinyl pyrimidine,
CS-pitropyrimidine, C-amino-pyrimidine, N2-atkylpurines, N2-alkyl-8-thiopurines, 5-azacylidinyl, 5-azauracilyl, triazol
opyridinyl, imidazolopyridiny, pyrrolopyrimidingl, and pyrazolopyrimidinyl. Purine bases include, but are not limited to,
guanine, adenine, hypoxanthine, 2,8-diaminopurine, and &-chloropurine. Functional oxygen and nitrogen groups on the
base can be protected as necessary or desired. Suitable protecting groups are well known to those skilled in the art,
and include trimethylsilyl, dimethylhexylsiivl, -butyldimethylsilyl, and -butyldiphenylsilyl, trityl, alkyl groups, and acyl
groups such as acetyl and prapionyl, methanesulfonyl, and p-toluenesulforyl.

The fact that this definition is described as being "not limited to" the specific examples
given in the list means that in my opinion this list could effectively cover an even larger
number of nucleobases than those written down. Many of the names listed could
encompass several different bases (for example, an "N6-alkylpurine is a broad class,
because the term 'alkyl' can encompass a humber of different compounds as shown in the
definition of alkyl on page 14 at line 40). | have assumed here that this list encompasses at

least 500 options, but | believe that is a conservative estimate.
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Similarly the list of options for R" and R? are extremely broad. The list contains 21 general
types of R group. However, many of these could cover a vast number of different options
based on their general meanings and the definitions given for various terms from page 14

of the Patent onwards.

| have therefore concluded that as a very rough (and conservative) working assumption
there would be at least 10,000 options for each of R' and R? Using this approach, |
calculate that claim 1 covers at least 50 billion compounds (500 options for the nuclecbase
x 10,000 options for R' x 10,000 options for Rz). However, | expect that even this is likely to

be an underestimate.

WHAT DID THE PATENT TEACH THE SKILLED PERSON ABOUT SYNTHESIZING
COMPOUNDS WITHIN THE CLAIMS OF THE PATENT?

| have been asked by Herbert Smith Freehills to consider what a person skilled in the art
reading the Patent would understand that document to tell them about how to synthesize

the compounds covered by the claims.

The claimed compounds

10.2

1.

Claim 1 of the Patent is as follows:

A compound of Formuta (IX):

or a pharmaceutically acceplable salt thereof, wherain:

R' and R? are independently H; phosphate; straight chained, branched or cyclic alkyl; acyl CO-alkyl; CO-aryi;
CO-alkoxyalkyl, CO-arvioxyalkyl, CO-substituted aryl; sulfonate ester; benzyl, wherein the phenyl group is op-
fionally substiluled with one or more substituents, alkylsulforwl: aryisulfonyl; aralkylsulfonyl; a lpid: an amino
acld; a carbohydrate; a peplide; or a cholesterol;

Xis O;

Base* is a purine or pyrimidine base;

R12 is COY ¥y

Y3is H: and

R3 is fluoro.

Information in the Patent regarding nucleoside synthesis

10.3

10.4

| have read the Patent and | have concluded that it does not give the reader any

information regarding the synthesis of 2'-fluoro-2'-methyl nucleoside analogs.

Synthetic information in the Patent is found in Section VII entitled "Processes for the

Preparation of Active Compounds" found on pages 22 — 37 (inclusive). There are a number
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of subsections labeled A to E which give general directions about how to synthesize

various general classes of nucleoside analogs, after which a number of examples are given

describing how certain specific compounds can be made. | consider each of these in turn

below.

1041

104.2

104.3

1044

104.5

Subsection A on pages 22-24 of the Patent is titled "General Synthesis of 1-C-
Branched Nuclecsides (not according to the invention)" and sets out two routes
("Modification from the lactone", Scheme 1, and "Alternative method for the
preparation of 1-C-branched nucleosides", Scheme 2) for the synthesis of
nucleosides with an R® group in the 1' "down" position (in Scheme 2, R® is
specifically a methyl group). There is nho information in subsection A about
fluorination and | do not think that the reader of the Patent would consider

subsection A to be of assistance in preparing a 2'-fluoro-2'-methyl compound.

Subsection B on pages 24-26 of the Patent is titled "General Synthesis of 2"-C-
Branched Nucleosides" and sets out two routes ("Glycosylation of the nucleobase
with an appropriately modified sugar", Scheme 3, and "Modification of a pre-
formed nucleoside", Scheme 4) for the synthesis of compounds with an R69roup
in the 2' "up" position. Although this might include compounds with a methyl
group in the 2' "up" position, there is no information in subsection B about
fluorination and | do not think that the reader of the Patent would consider it to be
of assistance in preparing a 2'-fluoro-2'-methyl compound, as explained in further

detail below.

Subsection C on pages 26 — 28 of the Patent is titled "General Synthesis of 3-C-
Branched Nuclecsides (not according to the invention)" and sets out two routes
("Glycosylation of the nucleobase with an appropriately modified sugar', Scheme
5, and "Modification of a pre-formed nucleoside", Scheme 6) for the synthesis of
nucleosides with an R® group in the 3' "up" position. There is no information in
subsection C about fluorination and | do not think that the reader of the Patent
would consider subsection C to be of assistance in preparing a 2'-fluoro-2'-methyl

compound.

Subsection D on pages 28 — 29 of the Patent is titled "General Synthesis of 4-C-
Branched Nucleosides (not according fo the invention)" and sets out one route
("Modification from the pentodialdo-furanocse") for the synthesis of nucleosides
described as "4"-alkylated". There is no information in subsection D which relates
to fluorination and | do not think that the reader of the Patent would consider

subsection D to be of assistance in preparing a 2'-fluoro-2'-methyl compound.

Subsection E on page 29 of the Patent is titled "General Synthesis of 2' and/or 3'
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Prodrugs" and gives some general comments about how "7, 2, 3" or 4-branched
D or S-L nucleosides" can be coupled with "a suitable acyl donor", or "a suitable
acyl' by means of certain coupling reagents. Scheme 7 sets out an example of
how "simple amino-alcohols can be esterified using acid chlorides in refluxing
acetonitrile-benzene mixture" by reference to certain scientific papers. There is
no information in subsection E about fluorination and | do not think that the reader
of the Patent would consider subsection E to be of assistance in preparing a 2'-

fluoro-2'-methyl compound.

10.5 Other synthetic schemes and information are set out in the examples given on pages 29 to
37 of the Patent. None of the examples relate to 2'-fluoro-2'-methyl compounds and | do
not believe that the skilled person would consider the examples to be of assistance in

preparing a 2'-fluoro-2'-methyl compound.

Information on "General Synthesis of 2'-C-Branched Nucleosides"
10.6  As discussed above, subsection B of section VIl of the Patent found on pages 24 — 26 sets

out two routes for the synthesis of nucleosides with an "R group in the 2' "up" position.

10.7  The first route is entitled "Glycosylation of the nucleobase with an appropriately modified

sugar" and is described on page 24 at lines 22-48 as follows:

[0117]  The key starling maleriai for this process Is an appropriately substituled suger with 2 2-0H and 2-H, with the
appropriate leaving group (LG), for example an acyl group or a halogen. The sugar can be purchased or can be prepared
by any known means including slandard epimerization, substilution, oxidation and reduction techniques. The substituted
sugar can then be oxidized with the appropriate oxidizing agent in a compatible solvent at a suitable temperature fo vield
the 2'-moditied sugar, Possible oxidizing agenls are Jones reagent (s mixture of chromic acid and sulfuric acid), Collins's
reagent (dipyridine Cr{V1) oxide, Corey’s reagent {pyridinium chiorochromate), pyridinium dichromals, acid dichromale,
potassium permanganate, MnO., ruthenium tetroxide, phase lransfer catalysts such s chromic acid or permanganate
supported on a polymer, Cl,-pyridine, H,Oz-ammonium molybdate, NaBrO,-CAN NaOC! in HOAe, copper chromite,
copper oxide, Raney nicke!, palladium acelate, Meerwin-Pondorf-Verley reagent {aluminum t-buloxide with another
ketone) and N-bromosuccinimide,

[0118] Then coupling of an organometallic carbon nucleophile, such as a Grignard reagent, an organoiithium, fithium
dialkyicopper or RE-Sille, in TBAF with the kelone with the appropriate non-prolic solvent at a suilable temperature,
yields the 2"-allylated sugar. The alkylated sugar can be optionally protected with a suitable protecting group, preferably
with an acylor silyl group, by methods well known to those skilled in the art, as taught by Greene et al, Prolective Groups
in Organic Synthesis, John Wiley and Sons, Second Edition, 1991.

{01181 The oplionally protecied sugar can then be coupled to the BASE by methods well known to those skilled in the
art, as taught by Townsend Chemistry of Nucleosides and Nucleolides, Plenum Press, 1994. For example, an acylated
sugar can be coupled to a siylated base with a Lewis acld, such as lin tetrachioride, ttanium tetrachioride or irimethyl-
silylirifiate in the appropriate solvent at & suilable lemperature, Allernetively, a halo-sugar can be coupled to a silylated
base with the presence of trimethylsilyltriflate.

{01201 Subsequently, the nucleoside can be deprolecied by methods well known o those skilled in the art, as taught
by Greene el al. Protective Groups in Organic Synthesis, John Wiley and Sons, Second Edition, 1991,

[M121] Ina particular embodiment, the 2-C-branched ribonucleoside s desired. The synthesis of a ribonucleoside s
shown in Scheme 3. Allernatively, deoxyribo-nucleoside Is deslred. To oblain these nucleosides, the formed ribonuck-
eoside can oplionally be protecied by methods well known lo those skilled in the arl, as taught by Greene el al, Proteciive
Groups in Organic Synthesis, John Wiley and Sons, Second Edition, 1891, and then the 2'-OH can be reduced with a
suitable reducing agent. Optionally, the 2"-hydroxyl can be activated to facilitate reduction; i.e. via the Barton reduction.
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This description is accompanied by Scheme 3 on page 25 which is as follows:

Scheme 3
HO HO r'o é
e s 8 R
OH OH o O 2} Optional or? op?
Protection
1) Coupling
2) Optional
Deprotection
Base 1) Optional Bage
H
RO R Protection HO R
L O
3 2} Optional
Ok Reduction OH OH
: Optional
: Deprotection
HO. Base
6
O\R
OH

The second route is entitled "Modification of a pre-formed nucleoside" and is described on

page 25 at lines 30-48 as follows:

{01221 The key starting material for this process is an appropriately substituted nucleoside with a 2°-OH and 2°-H. The
nugleoside can be purchased or can be prepared by any known means including standard coupling technigues. The
nucleoside can be optionally protected with suitable protecting groups, preferably with acyl or silyl groups, by methods
well known to those skilled in the arl, as taught by Greene et al. Protective Groups in Organic Synthesis, John Wiley
ard Sons, Second Edition, 1981,

[0123] Theappropriately protected nucleoside can then be oxidized with the appropriate oxidizing agent in a compatible
solvent at & sultable temperature 1o vield the 2'-modified sugar. Possible oxidizing agents are Jones reagent (a mixture
of chrormic acid and sulfuric acid), Colling’s reagent {dipyridine Cr{V1) oxide, Corey's reagent {pyridinium chiorochromate),
pyridinium dichromate, acid dichromate, potassium permanganate, MnO,, ruthenium letroxide, phase transfer catalysts
such as chromic acid or permanganate supported on a polymer, Cl-pyridine, H,0-ammonium molybdate, NaBrO,-CAN
NaOClH in HOAc, copper chromite, copper oxide, Raney nickel, palladium acetale, Meerwin-Pondorf-Verley reagent
{aluminum t-butoxide with anather ketone) and N-bromosuecinimide.

{0124] Subsequently, the nucleoside can be deprolected by methods well known o those skilled in the art, as taught
by GreeneGraene et al. Protective Groups in Organic Synthesis, John Wiley and Sons, Second Edition, 1891,

{0125] In a particuler embodiment, the 2'-C-branched ribonucleoside is desired. The synthesis of a ribonucleoside is
shown in Scheme 4. Alternatively, deoxyribo-nuclecside is desired. To obtain these nucleosides, the formed ribonuch-
auside can oplionally be prolected by methods well known lothose skilled in the art, as taughl by Greene el al, Proleclive
Groups in Organic Synthesis, John Wiley and Sons, Second Edition, 1891, and then the 2-OH can be reduced with a
suitable reducing agent. Optionally, the 2"-hydroxyl can be activated o facilitate reduction; i.e. via the Barton reduction.
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This description is accompanied by Scheme 4 on page 26 which is as follows:

Scheme 4
Hase R Base Base
H 1} QPtlﬁﬂ?] rlo . r'O -
Protection 0 R-M
P ——— L omes. )
O om 2 Oxidation & B I
Optional
Deprotection
Bsse 1) Optional Basc
i
RO o r* Protection HO. 0 RS
it * _________________ |
W e L
1 Optional
} Deprotection
HO i
&
1 ;0.3‘} )
OH

There is no information in this subsection about how to make fluorinated nucleosides. The
schemes, for example, are only concerned with the synthesis of nucleosides with an R®
group in the 2' "up" position and either an OH or, optionally, an H in the 2' "down" position.
There is no discussion of how these schemes might be used or adapted for the preparation

of a nucleoside with a fluorine in the 2' "down" position, or even any mention of fluorination.

| conclude that the Patent tells the reader nothing about how to prepare 2'-fluoro-2'-methyl

compounds.

HOW WOULD THE SKILLED PERSON HAVE GONE ABOUT SYNTHESIZING THE
CLAIMED COMPOUNDS?

| have been asked by Herbert Smith Freehills how, from the disclosure of the Patent and
the common general knowledge, the skilled person would have gone about synthesizing a
2'-fluoro-2'-methyl compound of the following general structure, and how much effort this

would have involved.

HO
B
o
HsC
OH F
Figure 23
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| was also asked, for the purposes of this exercise, to consider the sorts of literature
searches which the skilled person might have conducted in 2003 in relation to this

synthesis.

In light of the fact that there is no teaching in the Patent that would guide or assist the
skilled person in preparing a 2'-fluoro-2'-methyl compound, the skilled person would start
by considering the target compound carefully in order to determine the best way to

synthesize it.

Having done so, the skilled person would have expected that the synthesis would be
challenging, because it involves the preparation of a complex compound, comprising a
modified sugar having a tertiary center (the 2' carbon, which is bonded to (i) two other
carbons within the sugar ring, (i) the carbon of the methyl group, and (iii) a fluorine) and a
nucleobase. In addition, a defined stereochemistry at the tertiary center is required (fluorine

"down" and methyl "up").

Initial research

11.5

As discussed in paragraph 7.73 above, the skilled person might have consulted textbooks
in the field available in 2003, but | am not aware of any information of particular assistance

in such textbooks for the synthesis of a 2'-fluoro-2'-methyl sugar or nucleoside.

Further, in my opinion the skilled person would have conducted a literature search to check
for any references to a 2'-fluoro "down" 2'-methyl "up" nucleoside or sugar. Having
performed this search in 2003, the skilled person would have discovered that there were no
reports of nucleosides or 5-membered ring sugars with a fluorine and a methyl group at the
2 position. The first reference | have been able to find in a scientific journal to such
compounds is a paper by Clark et al in 2005 — see paragraph 13.2 below. The skilled

person would also have known that these compounds are not present in nature.

As a result, the skilled person would have realized that he/she would need to work with
unproven synthetic routes in order to synthesize the target compounds. In light of the lack
of information relating to the specific compound desired, the skilled person might have
conducted broader structural and keyword searches. | believe that the skilled person

approaching this task in 2003 might have carried out searches for:

11.7.1  2'-fluoro-2'-methyl nucleosides, but without restricting the stereochemistry at the
2' position; and
11.7.2 2-fluoro-2-methyl sugars, but without restricting the stereochemistry at the 2'

position.

However, the skilled person would have discovered in 2003 that there were no reports of
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such compounds either.

The skilled person would not have been aware of a transformation that could install both
the fluorine and methyl substituents in a single reaction, and therefore the approach
considered would be to install the fluorine and methyl substituents in separate chemical
transformations. He/she might therefore have carried out searches for keywords relating to

2(")-fluoro nucleosides/sugars and 2(')-methyl nucleosides/sugars.

In 2003 there was a substantial amount of literature on the preparation of certain
nucleosides substituted with fluorine at the 2' position (such as 2'-fluorine "up", 2'-fluorine
"down", and 2'-difluoro nucleosides) and there were also a number of reports on the
synthesis of certain nucleosides substituted with, for example, an alkyl group at the 2'

position (such as 2'-methyl nucleosides).

However, while the skilled person might have studied this literature, he/she would have
realized that it would have been of limited assistance, because he/she could not simply
take the two bodies of literature referred to in paragraph 11.10 above and combine them in
order to make a 2'-fluoro "down" 2'-methyl "up" nucleoside, for the reasons set out in

paragraphs 11.14 to 11.16 below.

The skilled person would also have known that fluorination on a complex molecule such as
a sugar was generally challenging and in 2003 there was no one method that was
regarded as the 'golden standard' reliable approach to install a tertiary fluorine in a

molecule such as a 2'-fluoro-2'-methyl nucleoside.

As a result, in my opinion the skilled person would quickly have concluded that the existing
literature would not have been particularly helpful in trying to synthesize a tertiary fluorine
at the 2' position, and so would have carried out a retrosynthetic analysis on the target

compound.

The relevance of the tertiary carbon

11.14

11.15

11.16

A key reason the literature would have been of limited assistance to the skilled person is
because he/she would have realized that a major difference between what had been
reported and what needed to be accomplished was the nature of the fluorine at the 2'
position (synthesis of a secondary fluorine at the 2' position had been reported, but the

synthesis of a tertiary fluorine at the 2' position had not).

Crucially, the presence of both the fluorine and the methyl group at the 2' position (making
it a tertiary fluorine) fundamentally alters the reaction pathways compared to a nucleoside
with a secondary fluorine at the 2' position. This in turn greatly influences the product

outcomes.

For example, the skilled person would have been aware that where a nucleophilic
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fluorination reaction is attempted in order to produce a secondary fluorine (as in the
literature on 2'-fluoro nucleosides known in 2003), such reactions often (but not always)
proceed via an Sy2 mechanism with simultaneous displacement of the leaving group by the
fluoride ion (see paragraphs 7.42 to 7.45 above) typically resulting in 'inversion' of
stereochemistry (see paragraph 7.43 above). The skilled person would also have known
that this is in contrast with the situation where a nucleophilic fluorination reaction is
attempted in order to produce a tertiary fluoride because Sy2 reactions do not generally
take place at a tertiary carbon. The complexities of synthesizing a tertiary fluorine are

discussed below.

The skilled person would have considered many possible approaches

11.17

11.18

11.19

11.20

11.21

11.22

11.23

When conducting retrosynthetic analysis on the desired nucleoside, the skilled person
would have encountered many potential routes, with a range of different reagents, reaction

conditions and protecting groups which he/she would have considered for each step.

For example, possible starting materials would have included a range of different sugars,
nucleosides and also other small molecules more generally as discussed above in

paragraph 7.76.

As mentioned, the skilled person would have known that synthetic approaches to such a
target compound would involve a stepwise introduction of the fluorine and the methyl group
(i.e. the two functionalities need to be installed by separate chemical manipulations) and
the skilled person would have known that there were a variety of different general ways for

installing a fluorine and, separately, for installing a methy! group.

For example, as described above in paragraphs 7.61 to 7.63, a variety of fluorinating
reagents were known in 2003, and both electrophilic and nucleophilic fluorination reagents
could have been used, with a range of different starting materials possible for each type of

reagent.

Suitable protecting groups would also have to have been chosen, and could have had a
significant influence on the success or failure of each step — a wide range of options were

known to the skilled person in 2003 (see paragraphs 7.64 to 7.69 above).

Finally, for each different route which the skilled person might consider, the reaction
conditions for each step such as the temperature which reactions are carried out at, the
exact reaction times, the solvents used, and the resins and solvents used to purify the

product of the step, could also have varied and this could have affected the outcome.

In my opinion, the skilled person would have been faced with many possible routes for
producing a 2'-fluoro-2'-methyl compound, all of which would have had potential difficulties

associated with them and the skilled person would not have been able to predict which, if
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any, might have led successfully to the product.

Potential difficulties which the skilled person would face

11.24

The skilled person would have known that fluorination, and particularly fluorination of
complex compounds such as nucleosides and carbohydrates, in a specific stereochemistry
was regarded as being difficult chemistry in 2003. Despite the fact that my laboratory group
has prepared fluorinated compounds over the years, | still regard fluorination of complex

molecules with specific stereochemistry as difficult today.

Nucleophilic fluorination

11.25

11.26

11.27

11.28

For example, in routes involving nucleophilic fluorination a number of difficulties might have
arisen. The synthesis of a compound with both the fluorine and methyl group attached to
the same carbon, with a particular stereochemistry, is very different to the synthesis of a
nucleoside with only one of these groups present, and would have been especially

challenging.

The target compound here contains a tertiary fluorine, and if the skilled person chose to
attempt a nucleophilic fluorination on a compound (whether a nucleoside or a sugar) with a
methyl group already in place, as discussed above, he/she would have known that the
presence of the tertiary carbon makes it likely that the leaving group would depart
spontaneously with the formation of a reactive, positively charged intermediate containing a

trigonal carbocation.

 ——_— + LG@
Y
N

Figure 24

As discussed below (see paragraphs 11.28 to 11.34), there are several different reactions
which might occur after formation of the carbocation, such as elimination, neighboring

group participation or Sy1 substitution (also see paragraphs 7.46 to 7.55 above).

As discussed in paragraphs 7.35 to 7.40 above, the skilled person would have known that
a fluoride anion often behaves as a rather poor nucleophile but a fairly strong base which
means that fluoride anion is not ideally suited to nucleophilic substitution reactions. Instead
of attacking the carbocation (which is relatively sterically hindered due to the presence of
the methyl group and the sugar ring more generally) as a nucleophile, the fluoride can
instead remove a more easily accessible hydrogen on a carbon adjacent to the

carbocation, leaving a product with a carbon-carbon double bond in an elimination reaction
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(see paragraphs 7.52 to 7.55 above).

11.29 In the example below a hydrogen atom is removed from the methyl group, with the

elimination reaction resulting in a compound with an exocyclic double bond.

PO R PO R
O o
—
+
c - H \ - H
OP N OP %
| H |
H H
F A exo-cyclic
double bond
Figure 25

11.30 The balance between nucleophilic substitutions and eliminations depends on many
parameters including the nucleophilicity of the nucleophile, steric factors, and the relative

orientation of the leaving group and hydrogen atom.

11.31 In addition to elimination, it was known in 2003 that neighboring groups in the compound
might participate in the reaction and migrations could occur when a carbocation forms in
this way. For example, migration of what is known as an ester group at C-3 to the C-2 is
depicted below. After formation of a carbocation by departure of a leaving group, the ester
at the C-3 position can participate, resulting in the formation of a dioxolonium ion in which
the positive charge is stabilized by the two neighboring oxygen atoms and hence is rather
stable. Any nucleophilic attack that occurs is then likely to preferentially take place at the
less hindered secondary carbon (C-3), resulting in migration of the ester from C-3 and C-2

and addition of the nucleophile at C-3.

PO B PO = PO R

o neighboring o ©

aroup participation

"pr N ey Ny HaC

CH,
+
0\1(;0 YO © ©
W w Y
carbocation dioxolinium ion R
Figure 26

11.32 The skilled person would have known that it would be difficult to predict whether

fluorination would occur for a given compound (instead of elimination or migration, for
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example), and even if fluorination did occur it would have been difficult for the skilled
person to predict the outcome. This is because the formation of the trigonal carbocation
means that any substitution that occurs would proceed by an Sy1 mechanism (see
paragraph 7.46 above) such that the stereochemistry of the starting material is lost and
there is no clear rule (i.e. dictated by the mechanism of the reaction as is the case with Sy2
reactions) to predict whether a fluoride ion would attack from the top or bottom face of the

sugar ring.

In addition, the skilled person would have been aware that five membered rings are
inherently flexible due to their ability to assume several twist and envelope conformations.
As a result, five membered rings can react through several different transition states, which
would have made it more difficult for the skilled person to predict or control the likely

outcome of a fluorination reaction than it would be for a less flexible compound.

The skilled person would have been aware of the possibility that no reaction would occur,
with starting material being recovered, and there would also be a risk that the starting

material might decompose.

It would therefore have been difficult for the skilled person to determine the outcome of this
type of reaction in advance and it would also have been difficult for the skilled person to

control the stereochemistry of any fluorination at the 2' position.

Electrophilic fluorination

11.36

11.37

11.38

11.39

Similarly, while it was known in 2003 that sugars having a double bond between C-1 and
C-2 could be fluorinated by electrophilic fluorination reagents (see paragraph 7.56 to 7.58),
the skilled person would have realized that this transformation would be much more
challenging than similar transformations on a sugar that does not have a methyl group at

the C-2 position.

In particular, there could be problems controlling both regiochemistry (i.e. which carbon the
F* is added to) and stereochemistry (whether the fluorine is "up" or "down" at whichever

carbon it is added to), as well as the risk of side reactions.

Electrophilic reagents can fluorinate sugars that have an electron rich double bond via an
electrophilic reaction. For example, double bonds between C-1 and C-2 of simple sugar
derivatives would be expected to react regioselectively by electrophilic fluorine to give
sugars that have fluorine at C-2. The regioselectivity of the reaction is due to resonance
stabilization of a positive charge at C-1 of a sugar intermediate by the neighboring oxygen

in the sugar ring.

However, the skilled person would have expected the presence of a methyl group at C-2 of

the sugar to complicate the regio- and stereoselective cutcome of this type of reaction. In
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this case, the oxygen within the sugar ring would assist in stabilizing a positive charge at
the C-1 carbon, but the methyl would assist in stabilizing a positive charge at the C-2
carbon. Hence fluorination may take place at either the C-1 or C-2 carbon, in either the up
or down position at each. It would be difficult for the skilled person to have predicted the
outcome of such a reaction inh advance and controlling the regiochemistry and
stereochemistry of the reaction might not have been straightforward. | have illustrated the
possible reaction products which might arise from such a reaction in the diagram below

(wavy lines indicate that the stereochemistry of the relevant group might be up or down).

PO PO PO

° Select fluor ° 0

—
OP CH, OP CH, OFP F

PO PO

0 o]

Ho MVVF HeC PF
OP CH, OP OH
Figure 27

In summary, both types of fluorination would have been unpredictable and difficult, and

specific routes would also have presented their own difficulties.

As well as the general difficulties that would have been encountered with fluorination, the
various routes the skilled person might have devised might also have had other particular

difficulties.

Synthesizing a fluorinated nucleoside

11.42

For example, if the skilled person had chosen to use a nucleoside as their starting material
the presence of the nuclecbase might also create difficulties. For example, a pyrimidine
base could react with a carbocation formed in an attempted nucleophilic fluorination to form
what is known as an 'anhydro' compound (see Figure 28 below) which, in 2003, would

have been considered difficult to open with a fluoride source.
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Equally, the nucleobase would be likely to react with the fluorinating reagent in an
attempted electrophilic fluorination which would limit the use of this type of reaction on a

nucleoside.

Synthesizing a fluorinated sugar

11.44

11.45

11.46

11.47

If the skilled person had instead chosen to start by synthesizing a modified sugar, later
adding the base, | think he/she would also have encountered difficulties. As mentioned
above (see paragraph 7.75), the 'sugar route' might either involve modifying a readily

available sugar, or building up the sugar from small molecules in stages.

Although routes commencing with small molecules allow the fluorine and methyl group to
be introduced in simpler molecules than in routes commencing with a sugar or nucleoside,
complexity arises in trying to connect the various small molecules to form the desired sugar
ring. The framework of the ring would have to be built up in the correct order, and each
time two small molecules are joined a new chiral center is formed. The skilled person
would have anticipated that combining small molecules to provide all the necessary
functionalities in the sugar ring with the correct stereochemistry at each of the chiral

centers would be challenging.

In addition, whether the skilled person started their synthesis with small molecules
(attempting to combine them to synthesize a modified sugar) or a readily available sugar
which he/she attempted to modify to install the fluorine and methyl groups as described in
paragraphs 11.25 to 11.41, he/she would have known that the addition of a nucleobase to

a sugar by glycosylation could be challenging.

Although glycosylations of sugars having a fluorine or methyl group at C-2 were known in
2003, such reactions had not been reported for sugars having both fluorine and methyl
functionalities at C-2. As discussed above, the skilled person would have realized that
sugars having both functional groups might have significantly different physical and
chemical properties which, in turn, could have influenced the outcome of glycosylation

reactions.
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For example, the presence of a methyl group would have been expected to alter the
conformational properties of the five-membered sugar ring. It will also induce steric
hindrance at C-1, which could have complicated the glycosylation reaction. The additional
presence of a strongly electron-withdrawing fluorine greatly alters the electronic properties
of sugars, and thus has the potential to influence the conformational properties of the five-
membered sugar ring due to electronic interactions between the carbon-fluorine bond and
other chemical bonds within the sugar. The presence of the fluorine and the methyl group
at the C-2 position would have been expected to impact the stereochemical outcome and

the efficiency of the glycosylation reaction.

Thus | expect that in 2003, the establishment of a glycosylation protocol for a sugar having
both a fluorine and a methyl group at C-2 that would reliably provide the targeted
compound would have required the consideration of a number of parameters including the
leaving group at C-1 (possible choices include chloride, bromide and acetate), the use of a
glycosylation promoter to assist the reaction (reagents such as silver salts, boron trifluoride
diethyletherate, trimethylsilyl triflate and aluminum chloride could have been considered),

the reaction temperature, solvent and protecting groups.

Characterizing the products of a reaction

11.50

11.51

If any fluorinated product was obtained in the reaction mixture, it would have been time
consuming to determine whether it had been synthesised with the desired methyl "up"
fluorine "down" stereochemistry at the 2' position. The skilled person would have used
basic NMR experiments to determine the general structure of the carbon and hydrogen
atoms in the compound being analyzed. However, because the skilled person would not
have had access to a reference sample of the target compound for comparison, | do not
believe that these experiments alone would have been sufficient to confirm the
stereochemistry as a result of the nature of the compound and the presence of the tertiary

carbon.

A more advanced technigue known as the Nuclear Overhauser Effect (NOE) (described in
paragraph 7.77.3 above) would have been used and the analysis might have taken some
time and might not have been straightforward because of the flexibility of five membered
rings. A NOE experiment differs from the application of more traditional NMR methods as it
allows the distance between atoms in a compound to be determined, and knowing these

may give more information about the molecular structure of the compound in question.

Conclusion

11.52

| have been told that the court is interested in whether the Patent is "clear enough and
complete enough" for the skilled person to prepare a 2'-fluoro "down" 2'-methyl "up"

compound. | have also been told that in doing this the skilled person is not expected to

39
Atea Pharmaceuticals, Inc.
Exhibit 1036 Page 39 of 135



11.53

11.54

First and Second Defendants/Part 20 Claimants

G-J Boons

First Report

Exhibits GJB1 — GJB5 and C-GJB1 — C-GJB2

Dated 31 July 2014

“‘exercise any invention or any prolonged research, enquiry or experiment”. | have also
been told that the skilled person is expected to “display a reasonable degree of skill and

common knowledge of the art in making trials and to correct obvious errors”.

In my opinion, the preparation of a 2'-fluoro-2'-methyl compound was not described in the
Patent at all. Further, the synthesis of such a compound in 2003 could not be expected to
be obtained by minor adaptions to known chemical syntheses or by routine trial and error
testing. The synthesis required an original research project. Further, if the skilled person
had embarked on such research project he/she would have done so without knowing

whether the research would be successful.

As | explain above | am an experienced research chemist and | am interested in
challenging projects involving carbohydrate and nucleoside chemistry. Had | been
approached in 2003 and asked to synthesize a 2'-fluoro "down" 2'-methyl "up" nucleoside, |
would have been interested in such a project precisely because it represented a significant
synthetic challenge. To undertake such a project | would have asked for at least a year's
funding for a post-doctoral researcher in my laboratory to find a synthetic method. Further, |
would have taken on the project without knowing (and on the understanding that) the
synthesis may or may not be successful within that time period. If the synthesis was

successful | would have anticipated that it would be of sufficient interest to the academic

community to warrant publication in a peer reviewed journal.
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IDENIX' EXPERIMENTS IN THESE PROCEEDINGS

| understand from Herbert Smith Freehills that Idenix have recently carried out experiments
relating to work by Jean-Francois Griffon involving the use of Deoxo-Fluor as a fluorinating
reagent. | have not been asked to make any specific comments on that work, or those

experiments, in this report.

WHAT IS THE STRUCTURE OF COMPOUND °'F' IDENTIFIED IN THE PATENT IN
EXAMPLE 26 ON PAGE 39?

Herbert Smith Freehills have asked me what | understand the structure of "Compound F"
given on page 39 of the Patent is. This is described on line 32 of that page as g-D-2-C-
methyl-7-methyl-6-phenyl-3,3a, 5,8a-tetrahydro-1,3,4,5,7a-penta-aza-s-indacen-8-one.

It appears that the name of this compound as it is written is incomplete, and it would not

have been immediately apparent to the skilled person what it meant.

The first part of the name, reading p-D-2-C-methyl, is nomenclature typically used to
describe modifications to a sugar ring. However, no sugar is named so it is impossible to

determine the structure of Compound F conclusively.

All that can be said is that whatever sugar was meant to be specified appears to have a 2'-

methyl group, and the sugar was presumably bonded to the 7-methyl-6-phenyl-3,3a,5,8a-
upll

tetrahydro-1,3,4,5, 7a-penta-aza-s-indacen-8-one group in the p-configuration (i.e.

position) at anomeric center of an unknown sugar.

In my opinion, the part of the name reading 7-methyl-6-phenyl-3,3a,5,8a-tetrahydro-
1,3,4,5, 7a-penta-aza-s-indacen-8-one refers to a tricyclic ring based on the structure of a

compound called s-indacene, which has the following structure:
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Figure 31

15.6 On that basis, | think 7-methyl-6-phenyl-3,3a,5,8a-tetrahydro-1,3,4,5, 7a-penta-aza-s-

indacen-8-one might have been a reference to the following structure:

0
7 Ta 8a N1
N 8 \
I LD
™
N~ 4a 3a N
5 | N4 |3
H
R
Figure 32

15.7  Herbert Smith Freehills asked me whether, as far as | can tell from the name provided in
the Patent, Compound F falls within any of claims 1 to 5 of the Patent. Based on my
understanding of the structure, | do not believe that Compound F would fall within any of
these claims. For example, 7-methyl-6-phenyl-3,3a,5,8a-tetrahydro-1,3,4,5,7a-penta-aza-s-
indacen-8-one does not fall within the definition of Base* as a "purine or pyrimidine base"
(or the definitions given on page 15 for "purine or pyrimidine base"), and there is no

mention of fluorine in the name given for Compound F either.

Understanding of Duties

| understand my duty to the court and | confirm that | have complied with that duty. | am aware of
the requirements of Part 35 of the Civil Procedure Rules, Practice Direction 35, and the Protocol for
Instruction of Experts to give Evidence in Civil Claims, copies of which have been provided to me
by Herbert Smith Freehills and are attached as Exhibit GJB5.

Statement of Truth

| confirm that | have made clear which facts and matters referred to in this report are within my own

knowledge and which are not. Those that are within my own knowledge | confirm to be true. The
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Dated 31 July 2014

opinions | have expressed represent my true and complete professional opinions on the matters to

which they refer.

Signed:

Date:
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Claim No. HP 14D 01069

IN THE HIGH COURT OF JUSTICE
CHANCERY DIVISION
PATENTS COURT

BETWEEN:

IDENIX PHARMACEUTICALS, INC.
Claimant

-and -

(1) GILEAD SCIENCES, INC.

(2) GILEAD SCIENCES LTD

(3) CENTRE NATIONAL DE LA RECHERCHE SCIENTIFIQUE
(4) UNIVERSITA DEGLI STUDI DI CAGLIARI

(5) L'UNIVERSITE MONTPELLIER I

Defendants

AND BETWEEN:

(1) GILEAD SCIENCES, INC.
(2) GILEAD SCIENCES LTD

Part 20 Claimants

-and -

(1) IDENIX PHARMACEUTICALS, INC.

(2) CENTRE NATIONAL DE LA RECHERCHE SCIENTIFIQUE
(3) UNIVERSITA DEGLI STUDI DI CAGLIARI

(4) L'UNIVERSITE MONTPELLIER I

Part 20 Defendants

EXPERT REPORT OF GEERT-JAN BOONS

Herbert Smith Freehills LLP
Exchange House
Primrose Street
London EC2A 2EG

Tel: +44 207 374 8000
Fax: +44 207 374 0888
Ref: 2801/9115/309560706

Solicitors for the First and Second Defendants/Part 20 Claimants
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CHANCERY DIVISION

PATENTS COURT

BETWEEN:

AND BETWEEN:

IDENIX PHARMACEUTICALS, INC.

Claimant
-and -

(1) GILEAD SCIENCES, INC.

(2) GILEAD SCIENCES LTD

(3) CENTRE NATIONAL DE LA RECHERCHE SCIENTIFIQUE
{(4) UNIVERSITA DEGLI STUDI DI CAGLIARI

(5) L'UNIVERSITE MONTPELLIER Ii

Defendants

(1) GILEAD SCIENCES, INC.
(2) GILEAD SCIENCES LTD

Part 20 Claimants
-and -

(1) IDENIX PHARMACEUTICALS, INC.

(2) CENTRE NATIONAL DE LA RECHERCHE SCIENTIFIQUE
(3) UNIVERSITA DEGLI STUDI DI CAGLIARI

(4) L'UNIVERSITE MONTPELLIER 1
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Date of Birth
Nationality

Education
1987

1991

1991-1992
1992-1993

Curriculum Vitae
(July 2014)

Geert-Jan Boons
UGA Foundation Distinguished Professor in Biochemical Sciences

Complex Carbohydrate Research Center / Department of Chemistry
The University of Georgia
315 Riverbend Road, Athens, GA 30602-4712 USA

Phone: (706) 542-9161
E-mail: gjboons@ccrec.uga.edu
Website: http://cell.ccre.uga.edu/~gjboons/boons/Home. htm

April 7, 1962 (Oisterwijk, The Netherlands)

Dutch (permanent resident of USA)

First Degree (equivalent to M.Sc.), Chemistry, State University of Leiden, The
Netherlands

Ph.D., Synthetic Carbohydrate Chemistry, State University of Leiden, The Netherlands
{advisor: Prof. J.H. van Boom)

Thesis title: An approach towards the development of a synthetic vaccine against
Neisseria meningitidis

Postdoctoral Research Assistant, Imperial College, London, UK (Prof. S.V. Ley)
Postdoctoral Research Assistant, University of Cambridge, UK (Prof. S.V. Ley)

Professional Experience

1987-1988
1993-1997
1997-1998
1998-present
2004-2013

2006
2013-present

Research Scientist, Department of Research and Development, N.V. Organon, Oss, The
Netherlands

Lecturer, Bioorganic Chemistry, University of Birmingham, United Kingdom

Professor, Bioorganic Chemistry, University of Birmingham, United Kingdom
Professor, Complex Carbohydrate Research Center and Department of Chemistry,
University of Georgia, Athens

Appointed Franklin Professor of Chemistry, Franklin College of Arts and Sciences,
University of Georgia

Visiting Professor, Université de Picardie Jules Verne, Amiens, France

Appointed UGA Foundation Distinguished Professor in Biochemical Sciences, Franklin
College of Arts and Sciences, University of Georgia

Honors and Awards

1991-1993
2001
2003

2003
2004

2004

Ramsay Memorial Fellowship

Elected co-chair, Gordon Carbohydrate Conference for 2003

Carbohydrate Research Award for Creativity in Carbohydrate Science by the European
Carbohydrate Association at EuroCarb 2003

Elected chair, Gordon Carbohydrate Conference for 2005

Northeast Georgia American Chemical Society (NEGACS) Chemist of the Year Award
for Research

Horace Ishell Award by the Division of Carbohydrate Chemistry, American Chemical
Society
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2004

2012
2013

2014

Appointed Franklin Professor of Chemistry, Frankiin College of Arts and Sciences,
University of Georgia

Creative Research Inventor's Award, University of Georgia Research Foundation
Appointed UGA Foundation Distinguished Professor in Biochemical Sciences, Franklin
College of Arts and Sciences, University of Georgia

Roy L. Whistler International Award in Carbohydrate Chemistry by the International
Carbohydrate Organization (ICO)

Professional Service

1994-1998
1995-1298
1997-1999
1999-2009
2001-present

2001
2001-2005

2003-present
2004-present
2004

2004
2004-present
2005-2008
2007-present
2007-2012
2008-present

2008-present
2008-present

2008-2010
2010-2011

2011-2014
2011-present

2011-2012

2012-present

2012-present

Member of the Safety Committee of the School of Chemistry, University of Birmingham,
United Kingdom

Member of the Biotechnology Executive Group of the University of Birmingham, United
Kingdom

Member of the Engineering and Physical Sciences Research Council (EPSRC), College
for Synthetic and Biological Research, United Kingdom

Editorial Board, Carbohydrate Research

Editorial Board, Journal of Carbohydrate Chemistry

Search Committee for Pharmacy Department Head, University of Georgia

Ad Hoc NiH Study Sections: Med Chem A, Bioorganic and Natural Products Chemistry,
Innate Immunity and Inflammation, Immunity and Host Defense, Drug Development &
Delivery, Synthetic and Biological Chemistry-A

Executive Committee member, Carbohydrate Division of American Chemical Society
Member of the Center for Drug Discovery, College of Pharmacy, University of Georgia
Chair of Search Committee for Assistant Professor of Chemistry, Chemistry Department,
University of Georgia

Chair of Search Committee for Assistant Professor, Complex Carbohydrate Research
Center, University of Georgia

Editorial Board, Advances in Carbohydrate Chemistry and Biochemistry

Permanent member, Synthetic and Biological Chemistry A NIH Study Section

Member of the University of Georgia Cancer Center

Steering Committee member, Consortium for Functional Glycomics (CFG)

Member of the Nanoscale Science and Engineering Center (NanoSEC) at the University
of Georgia

Editorial Board, Glycoconjugate Journal

Executive Committee member, Complex Carbohydrate Research Center, University of
Georgia

Member of the Lamar Dodd Creative Research Award Selection Commitiee, University
of Georgia

Member of National Academy of Sciences (NAS) Task Group on Assessing the
Importance of Glycomics and Glycosciences

International Advisory Board, European Journal of Organic Chemistry

Scientific Advisory Board member, Alberta Ingenuity Centre for Carbohydrate Science
(AICCS)

Member of National Academy of Sciences (NAS) Committee on Assessing the
Importance and Impact of Glycomics and Glycosciences

(Report: Transforming Glycoscience: A Roadmap for the Future;
http://www.nap.edu/catalog.php?record_id=13446)

Leader of the subgroup 'Glycan synthesis and microarrays’ of the Consortium for
Functional Glycomics (CFG) and CFG Steering Committee member

Associate director of external affair, Complex Carbohydrate Research Center, University
of Georgia

Atea Pharmaceuticals, Inc.
Exhibit 1036 Page 56 of 135



N

Curriculum Vitae — Geert-Jan Boons 3

2013-2015  Editorial Board, Carbohydrate Research

2014-2018  Treasurer of the American Chemical Society (ACS) Carbohydrate (CARB) Division

2014-present Member of the PE5~Synthetic Chemistry and Materials Starting Grant Evaluation Panel
of the European Research Council (ERC)

Conferences/Symposia Organized

RSC Symposium, New Directions in Organic and Bioorganic Chemistry, School of Chemistry,
University of Birmingham, United Kingdom (December 10, 1996), Chair

RSC Spring Meeting of the Carbohydrate Group: Synthesis, Structure and Function, School of
Chemistry, University of Birmingham, United Kingdom (March 29-April 1, 1998), Chair

Gordon Research Conference, Carbohydrates, Tilton School, NH (June 19-24, 2005), Chair

Symposium ‘Carbohydrate Recognition Mechanisms and Applications’ at the 231% National Meeting of
the American Chemical Society, Chemistry Division of Carbohydrates, Atlanta, GA (March 26-27,
2006), Co-organizer

Georgia Glycoscience Symposia, Complex Carbohydrate Research Center, University of Georgia,
Athens, GA (May 12, 2005; May 18, 2006; May 8, 2007; May 16, 2008), Co-organizet

Symposium ‘Synthetic Oligosaccharides and Glycoconjugates for Preventing and Combating Disease’
at the 240" National Meeting & Exposition of the American Chemical Society, Boston, MA (August
23, 2010), Co-organizer

Symposium ‘Carbohydrate Recognition in Health and Disease’ at the 2010 Pacifichem Conference,
Honolulu, HI (December 15-20, 2010), Co-organizer

Georgia Glycoscience Symposium and CFG Workshop, Paradigms for Glycan Action in Development
and Disease, Complex Carbohydrate Research Center, University of Georgia, Athens, GA (March
14-15, 2011), Co-organizer

Symposium ‘Glycoscience at the Crossroad of Health, Materials, and Energy’ at the 244th ACS
National Meeting, Philadelphia, PA (August 21-22, 2012), Co-organizer

2013 International Symposium on Chemical Glycobiology, Consortium for Functional Glycomics (CFG)
and the Chinese Academy of Sciences (CAS), Shanghai, China (June 29-July 1, 2013), Co-
organizer

The 27" International Carbohydrate Symposium, Indian Institute of Science, Bangalore (January 12-17,
2014), Scientific Programme Committee member

CFG Workshop in Molecular and Cellular Glycoscience, ‘Exploring the Frontiers of Chemical
Glycoscience', Bethesda, MD (May 19-20, 2014), Co-organizer

Professional Societies

1986-present Royal Dutch Society of Chemistry (KNCV)

2000-present American Chemical Society (ACS)

2001-present American Association for the Advancement of Science (AAAS)
2002-present Society for Glycobioclogy

2006-present American Society for Microbiology (ASM)

2011-present American Peptide Society (APS)

Teaching
1993-1994  Third Year Chemistry, Stereoselective Synthesis (7 Lectures)
Postgraduate Workshop, Modern Synthetic Methods (12 Lectures)

1994-1995  Third Year Chemistry, Stereoselective Synthesis (7 Lectures and 3 Tutorials)
Bioorganic Chemistry for Biochemistry Students (8 Lectures)
Natural Product Synthesis (3 Lectures)
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1985-1996

1996-1997

1997-1998

1998-1999
1998-2000
2000-2001
2001-2002
2002-2003

2003-2004

2004-2005

2005-2006

2006-2007
2008-2009
2010-2011
2011-2012

2013-2014

Postgraduate Workshop, Modern Synthetic Methods (3 Lectures)
Demonstrator to Second Year Organic Practical (35 hours)

Third Year Chemistry, Stereoselective Synthesis (7 Lectures and 3 Tutorials)
Second Year Biochemistry, Bicorganic Chemistry (8 Lectures)

Third Year Chemistry, Protein Chemistry (7 Lectures and 2 Tutorials)

Third Year Chemistry, Carbohydrate Chemistry (13 Lectures and 2 Tutorials)
Third Year Chemistry, Natural Product Synthesis (3 Lectures and 1 Tutorials)
Postgraduate Workshop, Modern Synthetic Methods (3 Lectures)
Demonstrator to Second Year Organic Practical (35 hours)

Third Year Chemistry, Stereoselective Synthesis (12 Lectures and 3 Tutorials)
Second Year Biochemistry, Bioorganic Chemistry (11 Lectures)

Third Year Chemistry, Protein Chemistry (7 Lectures and 2 Tutorials)

Third Year Chemistry, Carbohydrate Chemistry (13 Lectures and 2 Tutorials)
Third Year Chemistry, Stereoselective Synthesis (12 Lectures and 3 Tutorials)
Second Year Biochemistry, Bioorganic Chemistry (11 Lectures)

Third Year Chemistry, Protein Chemistry (7 Lectures and 2 Tutorials)

Third Year Chemistry, Carbohydrate Chemistry (9 Lectures and 2 Tutorials)
Third Year Chemistry, Bioorganic chemistry (15 Lectures)

Organic Synthesis (Chemistry 8320), Graduate Course (3 credits)

Organic Spectroscopy (Chemistry 8340), Graduate Course (3 credits)
Organic Synthesis (Chemistry 8320), Graduate Course (3 credits)

Organic Chemistry Seminar (Chemistry 8130), Graduate Course (1 credit)
Organic Synthesis (Chemistry 8320), Graduate Course (3 credits)

Organic Chemistry Seminar (Chemistry 8130), Graduate Course (1 credit)
Organic Synthesis (Chemistry 8320), Graduate Course (3 credits)

Organic Chemistry Seminar (Chemistry 8130), Graduate Course (1 credit)
Organic Synthesis (Chemistry 8320), Graduate Course (3 credits)

Organic Chemistry Seminar (Chemistry 8130), Graduate Course (1 credit)
Organic Synthesis (Chemistry 8320), Graduate Course (3 credits)

Carbohydrate Chemistry and Biology (Chemistry 8390), Graduate Course (3 credits)
Carbohydrate Chemistry and Biology (Chemistry 8390), Graduate Course (3 credits)
Organic Synthesis (Chemistry 8320), Graduate Course (3 credits)

Carbohydrate Chemistry and Biology (Chemistry 8390), Graduate Course (3 credits)

Organic Synthesis (Chemistry 8320), Graduate Course (3 credits)
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Postdoctoral Associates Supervised

Anita van Oijen

Alexei Demchenko

Barbra Heskamp

Thomas Stauch

Wallace Macindoe

Maria Esther Arranz-Plaza

Richard Geurtsen

Andre Venot

Edwin Yates

Tong Zhu

Hailong Jiao

Gregory Watt

Therese Buskas

Nikrad Pandurang

Aloysius Siriwardena,
Visiting Professor, CNRS,
University of Paris, France

Shaji George

Hammad Hassan,
Visiting Profesor, University
of Cairo, Egypt

Bing Li

Jin-Hwan Kim

Quangbin Yang

Jun Guo

Sanjay Kumar

Hyi-Seung Lee

Hui Lui

Jana Rauvolfova

Margreet Wolfert

Xiangming Zhu

Michael DeCastro

Galal Elsayed,
Visiting Lecturer,
University of Cairo, Egypt

Robert Scott McGavin

Graduate Students Supervised

Steven Isles, Ph.D.
Andrew Burton, Ph.D.
Robert Eveson, Ph.D.
Richard Geurtsen, Ph.D,
Robin Gibson, Ph.D.
Tiina Karkkainen, M.Sc.
Anne Keromnes, M.Sc.
Nathalie Navarre, Ph.D.
Simeon Bowers, Ph.D.
Sander Henzing,
Visiting Student
Floris Hout,

1894-1997
1995-2001

1995-1996

1995-1996
1996-1998
1998-2001
1998-2001

1998-present

1998

1998-2002
1999-2000
1999-2002
2000-2010
2000-2001

2000-2002
2001-2002

2001-2002
2001-2004
2002-2007
2002-2005
2003-2012
2003-2005
2004-2005
2004-2005
2004-2008

2004-present

2005-2006
2006-2008

2006
2006

1993-1996
1994-1997
1994-1997
1994-1998
1994-1998
1994-1996
1994-1997
1994-1998
1905-1998

1995-1996

Xiuru Li
Kaustabh Maiti
Floris van Delft,
Visiting Professor, University

of Nijmegen, The Netheriands

Frederic Friscourt

Chunxia Li,
Visiting Lecturer, Ocean
University of China, Qingdao
Shandong

Kai-For Mo

Dinanath Fulse

Zhen Wang

Abu-Baker Abdel-Aal Ei-Sayed

Nagesh Kolishetti

Ernest Nolen,
Visiting Professor, Colgate
University, Hamilton NY

Sophon Kaeothip

Bhahwal Ali Shah,

Visiting 2011 Indo-US Research

Fellow, Indian Institute of
Integrative Medicine, Jammu

Lin Liu

Rajib Panchadhayee

Sourav Sarkar

Qi Gao

Min Huang

Yongjiang Wang,
Visiting Professor, Zhejiang
University of Science and
Technology, China

Chantelie Capicciotti

Anju Sirohiwal

Visiting Student
Mathew Johnson, Ph.D.
Frank Reichel, Ph.D.
Tong Zhu, Ph.D.
Gianluca Belogi, Ph.D.
Christopher Clarke, Ph.D,
Michael Haller, Ph.D.
Petri Setala, M.Sc.
Nicolas Amiot, Ph.D.
Christelle Arles, M.Sc.
Yu Bai, Ph.D.

Martin McWatt, Ph.D.

2007-present
2007-2009

2008
2008-present

2008-2009
2009-2012
2009-2010
2009-2011
2010-2013
2010-2014

2011
2011

2011-2012
2012-present
2012-present
2012-2014
2012-present
2013-present

2013
2014-present
2014-present

1995-1996
1995-1998
1995-1998
1995-1998
1996-2000
1996-2000
1996-2001
1996

1997-2001
1997

1997-2000
1997-2000
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Pamela Thompson, Ph.D,
Qinghui Wang,
Visiting Student
Kanar Al-Mafraji, Technician
Roshan Baliga, Ph.D.
Omkar Dhamale, Ph.D.
Petr Ledin, Ph.D.
Ngalle Eric Mbua, Ph.D.
Radha Sardar, Ph.D.
Krajang Talabnin,
Visiting Student
Abu-Baker Abdel-Aal El-Sayed,
Visiting Student
Zoeisha Chinoy, Ph.D.
Tao Fang, Ph.D.
Brian Sanders, Postgraduate
Huiquig Li, Technician
Ye Ji, Postgraduate
Josette Wilkes, Ph.D.
Wei Huang, Ph.D.
Anthony Prudden, Ph.D.
Nitin Supekar, Ph.D.
Chengli Zong, Ph.D.
Loek Eggermont,
Visiting Student
Qi Gao, Visiting Student
Robert Chapman, Ph.D.
Manish Hudlikar, Ph.D.
Apoorva Joshi, Ph.D.
Tiantian Sun, Ph.D.
Nuria Martinez Saez,
Visiting Student
Yi Gu, Ph.D.
Apoorva Srivastava, Ph.D.
Melanie Edlin, Ph.D.
Weiju Li, Ph.D.
Zeshi Li, Ph.D.
Weigang Lu, Ph.D.
fvan Gagarinov, Ph.D.

Cristina De Meo, Ph.D. 1998-2001
Galal Elsayed, Ph.D. 1998-2003
Carmen Galan-Hurtado, Ph.D. 1998-2002
Smita Thobhani, Ph,D. 1998-2001
Paul Dietzel, M.Sc. 1999-2002
Brian Ember, Ph.D. 1999-2006
Debatosh Majumdar, Ph.D. 1999-2004
Malene Ryborg Jgrgensen,

Visiting Student 1999-2000
Balaji Santhanam, Ph.D. 1999-2004
Christopher Dodson, M.Sc. 2000-2005
Yanhong Li, Ph.D. 2000-2004
Abhijit Roychowdhury, Ph.D. 2000-2005
Charles Stanton, M.Sc. 2000-2004
David Cato, M.Sc. 2001-2005
Sameer Kawatkar, Ph.D. 2001-2006
Douglas Miller, Ph.D. 2001-2008
Arati Prabhu, M.Sc. 2001-2004
Hai Yang, M.Sc. 2001-2006
Sampat ingale, Ph.D. 2002-2007
Jin Park, Ph.D. 2002-2009
Yu Rao, Ph.D. 2002-2007
Yanghui Zhang, Ph.D. 2002-2007
Wei Zhong, Ph.D. 2002-2007
Vishal Khot, M.Sc. 2003-2007
Alok Mehta, Ph.D. 2003-2008
James Neves, M.Sc. 2003-2008
Xinghai Ning, Ph.D. 2003-2008
Mahalakshmi Vasan, Ph.D. 2003-2008
Jinkeng Asong, Ph.D. 2004-2009
Jidnyasa Gaekwad, Ph.D. 2004-2009
Monique Phillips, M.Sc. 2004-2008
Sailaja Arungundram, Ph.D. 2005-2010
Shailesh Ambre, Ph.D. 2005-2012
Srinivasa Koutha, Ph.D. 2005-2013
Yusuf Vohra, Ph.D. 2005-2010
Thomas Boltje, Visiting Student 2005-2006

Ph.D. 2006-2011
Jessica Cardot, Ph.D. 2006-2011
Matthew Foote, M.Sc, 2006-2010
Active Research Support
Title Glycoscience Training
Pt Pierce, PD/PI / Boons, Co-PD/PI
Source
Research Training Grants (Parent T32)
Grant No, 1T32GM107004-01A1
Dates 07/01/14 — 06/30/19
Amount Total proposed: $2,584,086; direct $1,740,124
Description

2006-2011

2007-2008
2007-2011
2007-2013
2007-2013
2007-2013
2007-2012
2007-2012

2007-2008

2008
2008-present
2008-2014
2008-2010
2009-2012
2009-2012
2009-present
2010-present
2010-present
2010-present
2010-present

2011
2011-2012
2011-present
2011-present
2011-present
2011-present

2012

2012-present
2012-present
2013-present
2013-present
2013-present
2013-present
2014-present

NIH - Ruth L. Kirschstein National Research Service Award (NRSA), Institutional

Complex carbohydrates or glycans are involved in essentially all physiological or

pathological processes. A new training program for predoctoral students wili be created
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Title

Pl

Source
Grant No
Dates
Amount
Description

Supplement
Title

Pl

Source
Grant No
Dates
Amount
Description

Title

Pl
Source
Grant No
Dates
Amount

Description

to provide rigorous and broad fraining in Glycoscience by integrating both chemical and
biological approaches.

Mammalian glycosyliransferases for use in chemistry and biology

Boons, Pl / Moremen; Prestegard; Steef; Wells, Co-Pls

NIH/NIGMS

1PO1GM107012-01

09/24/13 — 06/30/18

Total: $7,458,450; Boons’ annual portion: fotal $426,439; direct $286,195

in recognition of opportunities to advance the impact of glycoscience on human health, a
team of five senior investigators will work cooperatively on three related research
projects to exploit unique capabilities of a Core to produce recombinant mammalian
glycosyltransferases (Moremen). The research projects will 1) study biochemical and
structural aspects of glycosyltransferase to define their acceptor specificities at a
molecular and structural level (Prestegard, Moremen); 2) exploit the enzymes in a novel
chemoenzymatic approach to provide glycans for structure activity relationship studies,
aid in the development of the next generation of glycan microarray and as analytical
standards (Boons); 3) develop sugar nucleotide donors modified by a chemical reporters
to label subsets of glycoconjugates for visualization, capture and identification of glycans
in cellular models of disease (Boons, Steet, Wells).

Equipment and salary support from OVPR

Glycan modulation of inflammatory responses (parent grant) — Core B: Glycan analysis
and synthesis

Varki, Pl / Boons; Choudhury; Esko; Galio; Le; Nizet, Co-Pls

NIH/NHLBI

1PO1HL107150-03

07/01/11 — 05/31/18

Total: $12,259,938; Boons’ annual portion: total $95,144, direct $64,070

The aim of the parent grant is the targeted and/or conditional genetic manipulation of
glycosylation and/or glycan-binding proteins in the mouse, with a focus on two classes of
anionic glycans on myeloid and endothelial cells: the sialic acids (Sias) and the
glycosaminoglycans (GAGs). The four projects are closely related to each other and to
the Cores contributing to the integrated theme of Glycan Modulation of inflammatory
Responses. The proposed studies will be supported by a state-of-the art Shared Core
Resource (Glycan Analysis and Synthesis), a Skills Development Core for education of
Fellows in Glycosciences, and 3 additional Cores specific to this proposal. The aim of
the Synthesis Core B is to provide well-defined glycosides, oligosaccharides,

glycoconjugates and inhibitors to facilitate a number of studies proposed by the research
project.

A fully synthetic carbohydrate-based cancer vaccine

Boons, Pl / Woilfert, Co-PI

NIH/NCI

5R01CA088986-12

07/15/02 — 03/31/16

Total for project period 05/01/11 — 03/31/16: $2,148,468; Boons' annual portion: total
$346,890, direct $233,596

The major goal of this project is {o develop an anti-cancer vaccine composed of a tumor-
associated carbohydrate B-epitope, a promiscuous peptide T-epitope and a ligand for a
Toll-like receptor.
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Source
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Source
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New reagents for DNP enhanced metabolic imaging

Prestegard, Pl / Boons, Co-PI

NIH

1R21EB017862-01

02/28/14 — 02/27/16

Total $398,675; Boons’ annual portion: total $65,687, direct $44,234

The rate of metabolic conversion of DNP enhanced pyruvate to lactate is already
documented as a viable indicator in the detection and grading of various cancers.
However, the diagnostic potential of DNP enhanced substrates can be greatly expanded
through the development of methods that allow a broad investigation of metabolic
pathways with diagnostic importance for cancer and other diseases.

Aberrant N-glycan standards for mass spectrometry and microarray analysis

Boons; Prudden {Predoctoral Feliow), Pls

NIH - Ruth L. Kirschestein National Research Service Awards for Individual Predoctoral
Fellows (Parent F31)

1F31CA180478-01

10/01/13 — 09/30/18

Total: $152,160

The presence of abnormal cell surface carbohydrate (glycan) motifs has been linked to
tumor formation, proliferation, and metathesis. Creating libraries of well-defined glycan
standards for mass spectrometry and microarray analysis, creates an opportunity o
identify specific glycan structures involved in different cancer types.

Synthetic oligosaccharides for probing infection and innate immunity

Boons, Pi / Wolfert, Co-PI

NIH/NIGMS

2R01GM061761-12

07/01/00 - 07/31/15

Total for project period 09/01/11 — 07/31/15: $1,677,343; Boons’ annual portion: total
$393,004, direct $264,649

The major goals of this project are to develop efficient approaches for the chemical
synthesis of libraries of lipopolysaccharides, glycosylphosphatidylinositol anchors and
chondroitin sulfates, and employ these complex carbohydrates to examine in detail the
molecular aspects of several infectious and innate immune processes.

Research resource for integrated glycotechnology (parent grant) — Core Project 2:
Development of synthetic carbohydrate macro- and micro-array technologies for ligand
identification

Moremen, Pl/ Boons, Senior Investigator of Project 2

NIH/NIGMS

8 P41 GM103390-25

09/30/97 — 01/31/15

Total for project period 02/01/10 - 01/31/15: $8,599,954; Boons' annual portion: total
$252,450, direct $170,000

This is a center grant with many different projects that is aimed at developing integrated
technologies to facilitate research in giycaobiology. The aim of Project 2 is the
development of synthetic carbohydrate macro- and micro-array technologies for ligand
identification, which include the chemical synthesis of heparan sulfates to probe ligand
for cellular activation by Robo/Slit.
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Amount
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Source
Grant No
Dates
Amount

Title

PI

Source
Grant No
Dates
Amount
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Source
Dates
Amount

Title

PI

Source
Grant No
Dates
Amount
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Title

Pi
Source
Grant No
Dates
Amount

Title

Pl
Source
Dates
Amount

Construction of B-galactoside containing scaffolds for high affinity galectin-3 binding
Boons
Galectin Therapeutics

- 047504-02

01/01/13 — 12/31/14
Total: $340,436 (year 1: $154,283; year 2: $186,153)

Oligosaccharides for chemical synthesis
Boons, P!

Medimmune LLC

043624-03

10/29/11 - 10/28/14

Total: $753,422

A toolkit for in vivo visualization/modification of plant cell wall polysaccharides

Hahn, Pl/ Boons, Co-PI

NSF

0923992

12/01/09 — 02/28/14

Total: $4,340,407; Boons' annual portion: total $102,406, direct $68,960

The chemical synthesis of plant derived oligosaccharides to probe ligand requirements
of monoclonal antibodies that recognize plant polysaccharides. The overall aim of the
program is the use of monoclonal antibodies to monitor changes in primary plant wall
composition and organization at the celiular and sub-celiular level.

UGA/CCRC retention package
2004 — present
$80,000 annually

Novel approaches for the synthesis of glycoprotein standards

Boons, Pt/ Dluhy, Co-PlI

NIH/NIGMS

5R01GM090269-04

09/30/09 ~ 08/31/13 (in no-cost extention 09/01/13 - 08/31/14)

Total: $1,188,000; Boons’ annual portion: total $291,090, direct $196,020

The primary goal is the development of new methods for the chemical synthesis of well-
defined glycans for use in biological and biomedical research.

Viamune — GRA Ventures Phase 1B
Schulze, Pl /Boons, Co-Pi

Georgia Research Alliance (GRA)
049096-01

10/29/13 — 06/30/14

Total $32,400, Boons' portion $4,500

Anthrax oligosaccharides synthesis service contract

Boons; Carlson, Pls

Centers for Disease Control and Prevention

2012 and 2013

Total: $200,000 annually; Boons’ portion: $125,000 annually
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Pending Research Support

Title

PI

Source
Grant No
Dates
Amount
Description

Title

Pi
Source
Dates
Amount

Synthesis and biological properties of bacterial cell wall polysaccharides

Boons, Pl / Prestegard; Wolfert, Co-Pls

NIH/NIGMS

5R01GM065248-09

07/01/14 — 06/30/19

Total proposed $2,070,105; direct $1,394,009

A range of oligosaccharide fragments derived from the secondary cell wall
polysaccharides of B. anthracis and several phylogenetically related B. cereus strains
will be prepared by chemical synthesis. These compounds will be employed for the
development of diagnostics and therapeutic antibodies and for studying the involvement
of the polysaccharide in the organization of the cells envelope and host-guest
interactions.

Center for Excellence for Translational Research on Vaccines against Biodefense and
Emerging Infectious Diseases

Schneewind, Pl/ Boons, Co-PI

NIH / Sponsor: The University of Chicago

03/01/14 — 02/28/19

Total period proposed (to Boons); total $3,517,986; direct $2,369,014

Annual (to Boons): total $674,172; direct $453,987

Completed Research Support (USA)

Title

Pl
Source
Grant No
Dates
Amount

Description

Title

PI

Source
Grant No
Dates
Amount
Description

Title

Pl
Source
Grant No

New synthetic methods for the preparation of carbohydrate-based vaccines

Boons, Pl / Carlson, Wolfert, Co-Pls

NIH/NIGMS

5R01GM065248-08

01/01/04 — 07/31/12 (in no-cost extension 08/01/12 — 07/31/13)

Total for project period 08/01/09 — 07/31/12: $1,843,750; Boons’ annual portion: total
$361,412, direct $245,025

The aim of this proposal is to develop new synthetic methodology for the preparation of
well-defined complex carbohydrates, which will be applied to the preparation of
oligosaccharides derived from pathogens that are classified as category-A bio-terrorism
agents. Immunological experiments will establish whether the synthetic compounds can
be employed as vaccine and diagnostic candidates.

Novel approaches for the synthesis of glycoprotein standards

Boons, Pl

NIH/NIGMS

3R01GM090269-0251

09/30/10 — 08/31/12

Total annually: $45,964; direct $30,952 (for 2 years, years -02 and -03 parent grant)
Diversity Supplement Josette Wilkes, a graduate student in the Boons group. The
primary goal is the development of new methods for the chemical synthesis of well-
defined glycans for use in biological and biomedical research.

Mannosidase inhibitors as therapeutics for glycoprotein misfolding diseases
Moremen, P!/ Boons, Co-Pl

NIH/NIDDK

1R01DK075322
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Amount
Description

Title
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Source
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Title
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Source
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Source
Grant No
Dates
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Pt

Source
Grant No
Dates
Amount
Description

Title

Pl

Source
Grant No
Dates
Amount
Description

08/15/06 — 07/31/11 (in no-cost extension 08/01/11 ~ 07/31/12)

Total: $2,438,687; Boons’ annual portion: total $158,170, direct $107,234

The major goals of this collaborative grant are to synthesize and evaluate selective
inhibitors of Class 1 mannosidases as potential therapeutics for glycoprotein misfolding
diseases.

Anthrax oligsaccharides synthesis service contract
Boons; Carlson, Pls

Centers for Disease Control and Prevention

2011

Total: $75,000

Glycoregulation of Skp1 in the cytoplasm and nucleus

West, Pl / Boons, Co-Pl

NIH/NIGMS

R0O1GM0O84383

12/01/08 — 11/30/11

Boons' annual portion: total $47,377, direct $32,120

The long term goal is to investigate the function of peripheral glycosylation of the
cytoplasmic/nuclear proteins such as Skp1 in unicellular pathogens. The short-term
objective is to define the biochemical significance of Skp1 outer glycosylation, building
on the novel recognition properties of a dual action a-galactosyltransferase and its role
in Og-dependent signaling in development, using the model organism Dictyostelium and
the agent for human toxoplasmosis, Toxoplasma gondii.

Oligosaccharides for chemical synthesis
Boons, P

Medimmune LLLC

043624/-01

10/29/10 - 10/28/11

Total: $120,000, direct $80,000

Synthesis of lipopolysaccharide antagonists for the treatment of septic shock

Boons, Pi

USDA

5831489195

08/10/09 — 09/30/11

Boons’ annual portion: total $41,104, direct $36,056

Preparation of lipid A analogs that can antagonize inflammatory responses elicited by
enteric lipopolysaccharides.

Nove! approaches for the synthesis of glycoprotein standards

Boons, Pt

NIH/NIGMS (Primary), American Reinvestment and Recovery Act of 2009
3R01GM0980269-01S1

05/15/10 — 04/30/11

Total: $37,125; direct $25,000

This Supplement is to acquire equipment. The primary goal is the development of new
methods for the chemical synthesis of well-defined glycans for use in biological and
biomedical research.
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Source
Dates
Amount

Source
Date
Amount

Source
Date
Amount

Title

Pl
Source
Grant No
Dates
Amount

Title
Pl
Source

A fully synthetic carbohydrate-based cancer vaccine

Boons, Pl

NIH/NCI (Primary), American Reinvestment and Recovery Act of 2009
3R01CA088986-0751

08/01/09 — 07/31/10

Total: $151,510; direct: $112,807

This grant supported Dr. Vani Lakshminarayanam, a guest scientist in the research
group of Dr. §.J. Gendler (Mayo Clinic College of Medicine, Mayo Clinic Arizona), to
evaluate cellular immune responses of synthetic immunogens designed by the Boons
group.

Development of mucin-gtycopeptide microarray for cancer vaccine and diagnostic
applications

Boons; Live, Pls

Georgia Research Alliance

GRA.VAC10.1

07/01/08 — 06/30/10

Total: $99,944; Boons' annual portion: $29,900

Exploration of methodologies for synthesis, printing, and analysis of mucin glycopeptides
in an array format for high-throughput screening of antibody biomarkers and other
cognate molecules related to anti-cancer vaccine development.

Heparin sulphate saccharide sequences:; unravelling a third level of bioinformation
van Kuppevelt, Pl / Boons one of two Co-Pis

Human Frontier Science Program Organization (HFSPO)

RGP 62/2004

11/01/04 — 10/31/07

Total: $1,050,000; Boons' annual portion: $110,000

Altermune, LLC
06/30/05 — 07/31/07
Total: $132,658, direct $90,121

Children’s Hospitai Boston
2006
Total: $50,000

Molecular Design International, Inc.
2005
Total: $20,000

Synthetic lipid A antagonists for prevention of | PS-induced effects in equine cells
Moore, Pl/Boons one of two Co-Pls

Morris Animal Foundation

DO3EQ-01

12/01/03 - 12/01/05

Total: $138,456; Boons’ portion $49,500

Selective mannosidase inhibitors as cancer therapeutics
Moremen, Pl / Boons, Co-P|
NIH/NCI
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Source
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Amount

Source

5U01CA91295
06/06/01 — 05/31/05
Total: $1,568,733; Boons' portion $784,368

Valeo Medical, inc.
2004
Total: $18,000

Altermune, LLC
2004
Total: $13,750

Oral candidiasis: antigen structure and vaccine design
Woods, Pl / Boons one of two Co-Pls

NIH/NIDCR

5R0O1DE13982

09/29/00 - 07/31/04

Total: $997,064; Boons' portion $262,260

Research and development of human therapeutics: combinatorial synthesis of aminated
carbohydrates

Isis Pharmaceuticals, Inc.

08/30/01 — 08'29/03

Total: $180,000, direct $122,868

Egyptian Cultural & Educational Bureau
Support for Mr. Galal Elsayed's research
1999 - 2003

$22,500 annually

Synthesis of labeled mannan substrates
Chemgen Corporation

2002

Total: $90,000, direct $60,080

Cell-cell communication by bacterial pathogens
Shimkets, PI/ Boons, Co-PI

The University of Georgia

N/A

07/01/00 — 06/30/02

Total: $60,000; Boons' portion: $30,000

New synthetic endotoxin antagonists incorporating structural features of the lipid-A of
Rhizobium sin-1

Moore, P!/ Boons one of three Co-Pls

American Heart Association

00512298

07/01/00 — 06/30/02

Total: $120,000; Boons’ portion $54,000

Swedish Research Council for Engineering Sciences
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Dates
Amount

Source

Date
Amount

Support for Dr. Therese Buskas' research
2000 - 2001
$30,000 annually

Boehringer Ingelheim Pharmaceuticals
Custom synthesis.

2000

Total: $65,000

Completed Research (United Kingdom)
Research Council Support

1994-1997

1995-1998

1995-1996

1995-1996

1995-1996
1995-1998

1995-1998
1997
1998-2001

EPSRC Towards new carbohydrate-based drugs a molecular
recognition approach
Includes studentship

EPSRC A new methodology for the concise preparation of
oligosaccharides of biological importance
BBSRC The use of conformationally constrained saccharides to

determine the origin of entropy/enthalpy compensation
Includes studentship

BBSRC Control of the diastereoselective outcome of glycosylation
reactions by double stereodifferentiation

MRC Synthetic carbohydrate-based vaccines

BBSRC Computational methods in biomolecular sciences

Co-applicant with Prof. J.F. Stoddart and Dr. D. Philp
BBSRC/ROPA Combinatorial carbohydrate chemistry
MRC Synthetic carbohydrate-based vaccines
EPSRC The preparation and evaluation of high affinity multivalent
carbohydrate libraries

Industrial Research Support

1994-1997  Glaxo Group Research (Fully Funded Studentship)

1994-1997 Glaxo Group Research (Case Award)

1994-1997  Pfizer Central Research (Case Award)

1994-1995  Pfizer Central Research

1994-1997  SmithKline Beecham (Industrial Case Award)

1995-1998 Glaxo-Welicome (Case Award)

1996-1999 Zeneca Strategic Fund

1997-2000  Pfizer Central Research (Case Award)

1997-2000 SmithKline Beecham (Case Award)

1997-1999  SmithKline Beecham Biologicals

Other Support

1995 Royal Society Equipment Grant

1995-1998 Wellcome Trust. Oligosaccharide purification equipment.
Co-applicant with as principal investigator Prof. C. Thomas

1996-1999  European Commission. The use of conformationally constrained
saccharides to determine the origin of entropy/enthalpy compensation.

1996-1999 European Commission. New synthetic carbohydrate-based vaccines

1997-1998  European Commission. The development of a synthetic vaccines against
group B Streptococcus

1997 Ciba Travel Grant. A collaboration with Prof. R. Nolte (University of

14

£ 149,659

£ 30,000
£ 130,892

£ 21,561

£ 30,000
£ 45774

£51,699
£ 39,000

£ 141,600
£ 39,328
£ 146,061

£16,500
£486,500
£ 18,000

£3,000
£41,100
£16,500

£9,000
£18,000
£15,000
£ 53,000

£9,985
£79,790
£79,000

£79,000
£79,000

£ 3,000
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Nijmegen, The Netherlands)

Lectures/Seminars (from 1993, in reverse chronological order)

208.

207.

206.

205.

204.

203.

202.

201.

200.

109.

198.

197.

196.

195,

194.

193.

192.

June 24-27, 2014

Plenary lecture
June 56-7, 2014

Invited lecture
June 4-6, 2014

Featured presentation

May 28-30, 2014
Plenary lecture
May 19-20, 2014

Invited lecture
April 14, 2014
Seminar
March 17, 2014

Invited lecture

March 11, 2014
Seminar :
January 25, 2014

Invited lecture
January 12-17, 2014

Roy Whistler 2014
award lecture
December 8, 2013
Seminar

November 29, 2013
Seminar

November 17-20, 2013

Invited lecture
November 17, 2013
Invited lecture
November 1, 2013
Seminar

October 11, 2013

Plenary lecture
October 9, 2013

15" Tetrahedron Symposium ‘Challenges in Bioorganic and Qrganic
Medicinal Chemistry’, London, UK

Functional glycomics through chemical synthesis

37th Steenbock Symposium ‘The Future of

Chemical Biology’, University of Wisconsin, Madison

Functional glycomics through chemical synthesis

IBC's 2nd Annual, Bioconjugates: From Targets to Therapeutics,
San Francisco, CA

Metal free click reactions for site-specific protein and
glycoprotein modification

X! Carbohydrate Symposium, Logrofio, La Rioja, Spain
Functional glycomics through chemical synthesis

CFG Workshop in Molecular and Cellular Glycoscience, ‘Exploring
the Frontiers of Chemical Glycoscience’, Bethesda, MD
Asymmetric synthesis for complex N-linked glycans

University of Colorado, Boulder

A carbohydrate-based therapeutic vaccine for cancer
Symposium ‘New Directions in Carbohydrate Synthesis’ at the 247th
ACS National Meeting & Exposition, Dailas, TX

General approach for the synthesis of libraries of symmetrical
and asymmetrical N-glycans

Tufts University, Medford, MA

Functional glycomics through chemical synthesis

2nd Annual Physician Oncology Symposium ‘Connections that
Cure’, Athens Regional Medical Center, Athens, GA
Carbohydrates, cancer, and vaccines

The 27" International Carbohydrate Symposium, Indian Institute of
Science, Bangalore, India

Functional glycomics through chemical synthesis

Department of Infectious Diseases, UGA, Athens, GA

Functional glycomics through chemical synthesis

University of Utrecht, The Netherlands

Functional glycomics through chemical synthesis

Annual Conference of the Society for Glycobiology, St. Petersburg,
FL

Context dependent glycan recognition through the next
generation of glycan microarray

Consortium for Functional Glycomics (CFG) Satellite Symposium
‘Development and Application of Transformative Technologies in
Glycobiology', St. Petersburg, FL

Selective labeling strategies for glycoconjugates of living cells
UGA-GRU Cancer Research Retreat, Lake Oconee, GA

A fully synthetic, multi-component cancer vaccine

ICB&DD 7™ Annual Symposium ‘Frontiers in Glycosciences and
Chemical Biology’, Stony Brook University, NY

Glycoscience: downsizing or oversizing

University of North Carolina, Chapel Hill
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191.

190.

189.

188.

187.

186.

185.

184.

183.

182.

181.

180.

179.

178.

177.

Seminar
September 19, 2013

MBD distinguished
lecture
September 8-9, 2013

Invited lecture

July 7-11, 2013
Plenary lecture
June 29-July 1, 2013

Invited lecture

April 19, 2013

Jean Dreyfus
Boissevain lecture
April 16-18, 2013
Invited lecture

April 8-9, 2013
Invited lecture

March 22, 2013
Invited lecture
February 21-22, 2013

Invited lecture

January 7, 2013
Invited lecture
November 11, 2012

Invited lecture
November 6, 2012

Invited lecture
QOctober 4, 2012
Seminar
August 21, 2012

Invited lecture

July 26, 2012
Invited lecture

Glycoscience: downsizing or oversizing

Molecular Basis of Disease Area of Focus (MBDAF), Georgia State
University, Atlanta, GA

Glycoscience: downsizing or oversizing

Session ‘Current Topics in Glycobiology’ at the 246th ACS National
Meeting, Indianapolis, IN

Chemo-enzymatic synthesis of asymmetrically substituted
muliti-antennary glycans for microarray development

17" European Carbohydrate Symposium, Tel Aviv, Israel
Glycoscience oversized

2013 International Symposium on Chemical Glycobiology,
Consortium for Functional Glycomics (CFG) and the Chinese
Academy of Sciences (CAS), Shanghai, China
Chemo-enzymatic synthesis of asymmetrically substituted
multi-antennary glycans for probing structure activity
relationships

Colgate University, Hamilton, NY

A fully synthetic multicomponent vaccine for cancer

World Vaccine Congress & Expo, Washington, DC

Harnessing the power of the immune system to build stronger
cancer vaccines

Symposium ‘Heparin: Challenges and Opportunities for a Biological
Drug’ at the Spring 2013 ACS National Meeting, New Orleans, LA
ldentification of ligands for chemokines and cytokines using a
heparin sulfate microarray

TEDxUGA, University of Georgia, Athens

Carbohydrates — Cancer — Vaccines

NICHD Workshop on Bioactive Glycans in Human Milk, Bethesda,
MD

Chemo-enzymatic synthesis of asymmetrically substituted
multi-antennary glycans for probing structure activity
relationships

Pfizer, Chesterfield, MO

Fully synthetic vaccines and immune modulators

Joint meeting of the Society for Glycobiology (SFG) & American
Society for Matrix Biology (ASMB), San Diego, CA

A rational approach to synthetic vaccines

SWRM Glycochemistry Symposium at the 68th Southwest Regional
Meeting (SWRM) of the ACS, Baton Rouge, LA

Chemical methods for biomarker discovery

Clemson University, SC

A fully synthetic carbohydrate-based vaccine for cancer
Session ‘Glycoscience at the Crossroad of Health, Materials, and
Energy’ at the 244th ACS National Meeting & Exposition,
Philadelphia, PA

Fully synthetic immune modulators and tripartite vaccines for
cancer

26" International Carbohydrate Symposium, Madrid, Spain
Chemo-enzymatic synthesis of asymmetrically substituted

16
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176.

175.
174,

173.

172.
171.

170.

169.

168.

167.

166.

165.

164.

163.

162.

161.

160.

159.

July 21, 2012

Keynote lecture
June 1, 2012
Seminar

April 23, 2012
Seminar

March 31, 2012

Invited lecture
March 15, 2012
Invited lecture
January 23, 2012
Seminar

November 9-12, 2011

Invited lecture
November 10, 2011
Seminar
November 1, 2011
Seminar

Qctober 3-4, 2011

Invited lecture
September 4-7, 2011
Plenary lecture

June 28, 2011
Invited lecture

June 27, 2011
Keynote lecture
June 19-24, 2011

Invited lecture
June 7, 2011

Invited lecture
May 26, 2011
Seminar

May 25, 2011

Seminar

May 24, 2011
Seminar

multi-antennary glycans for microarray development

CIC biomaGUNE, Workshop 'Increasing the Impact of Glycoscience
through New Tools and Technologies’, San Sebastian, Spain

Fully synthetic vaccines and immune modulators

SCYNEXIS, Durham, NC

Fully synthetic immune modulators

University of North Caroline, Charlotte

A fully synthetic carbohydrate-based vaccine for cancer

1% CDT Conference, Center for Diagnostics & Therapeutics, Georgia
State University, Atlanta

Chemical methods for biomarker discovery

Academia Sinica, Taipei, Taiwan

Glycomics through synthetic oligosaccharides

College of Veterinary Medicine, UGA, Athens, GA
Carbohydrate-based vaccines and immune modulators

2011 Annual Conference of the Society for Glycobiology, Seattle,
WA

Chemical methods for biomarker discovery

Infectious Disease Research Institute, Seattle, WA
Self-adjuvanting vaccines

Cellular Biology, UGA, Athens, GA

Carbohydrate-based cancer vaccines and immune modulators
Carbohydrate Moieties as Vaccine Candidates Workshop, NIAID,
Rockville, MD

A fully synthetic multi-component carbohydrate-based cancer
vaccine

9" International Meeting of the Portuguese Carbohydrate Chemistry
Group/5th iberian Carbohydrate Meeting, Vila Real, Portugal
Modulation of biological responses with synthetic
glycoconjugates

Pfizer, BioTherapeutics Unit CovX, San Diego, CA

New approaches for metal-free click reactions: applications to
glycoscience

22" American Peptide Symposium, Bioconjugation Session, San
Diego, CA

Metal-free click reactions for protein labeling and
glycoproteomics

Gordon Research Conference on Carbohydrates, Waterville, ME
Carbohydrate-based multicomponent vaccines

94" Canadian Chemistry Conference and Exhibition, Carbohydrate
and Glycobiology Symposium, Montréal, Quebec, Canada
Beyond metal- and azide-mediated click reaction: application to
glycoscience

Shandong University, College of Life Science, Jinan, China
Carbohydrate-based vaccines and immuno-modulators
Nankai University, College of Chemistry and College of Pharmay,
Beijing, China

Towards a fully synthetic carbohydrate-based vaccine for
cancer

Tsinghua University, Beijing, China

Towards a fully synthetic carbohydrate-based vaccine for
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158.

157.

156.

1566.

154.

153.

162,

151.

150.

149.

148.

147.

146.

145.

Aprit 28, 2011
Invited lecture

April 25, 2011
Invited lecture
March 28, 2011
Invited lecture
March 27, 2011
Invited lecture
March 25, 2011
Seminar
March 23, 2011
Invited lecture

March 7, 2011
Seminar

Jan 24, 2011
Invited lecture

Dec 15-20, 2010

Invited lecture

Nov 30-Dec 4, 2010

Invited lecture

Sept 19-21, 2010

Invited lecture
Sept 2, 2010

Invited lecture

August 23, 2010

Invited lecture

August 22, 2010

18

cancer

Momenta Pharmaceuticals, Cambridge, MA

An integrated approach for ligand identification for heparan
sulfate binding proteins

Research Collaboration Symposium ‘Hot Topics in Next-Generation
Vaccines R&D’, Georgia Research Alliance/Centers for Disease
Control and Prevention/CDC Foundation, CDC, Atlanta, GA
Self-adjuvanting cancer vaccines

Session 'Click Chemistry Approaches in Carbohydrate Chemistry’ at
the 241 National Meeting & Exposition of the American Chemical
Society, Anaheim, CA

Beyond metal- and azide-mediated click reaction: application to
glycoscience

Claude S. Hudson Award in Carbohydrate Chemistry Symposium at
the 241% National Meeting & Exposition of the American Chemical
Society, Anaheim, CA

Combinatorial carbohydrate synthesis for glycomics

Hunter College, New York, NY

A fully synthetic multi-component carbohydrate-based cancer
vaccine

Expanding the Chemical Space for Carbohydrates: Roadmap to
Automated Synthesis, NIH, Bethesda, MD

Modular synthesis of heparan sulfate oligosaccharides for array
development .

Pharmaceutical and Biomedical Sciences, UGA, Athens, GA
Towards a fully synthetic carbohydrate-based vaccine for
cancer

Medlimmune, Gaithersburg, MD

Synthetic carbohydrate-based diagnhostics, vaccines and
immune modulators

2010 International Chemical Congress of Pacific Basin Societies
(Pacifichem), Honolutu, Hi

Fully synthetic three-component carbohydrate-based vaccine
for cancer

Joint 66"™ Southwest and 62" Southeastern Regional Meeting of the
American Chemical Society, New Orleans, LA

New approaches for metal-free click reactions: applications to
glycoscience

Consortium for Functional Glycomics Workshop on Glycan Array /
Bioinformatics, Atlanta, GA

Glycosylaminoglycan arrays and label-free detection

Novartis Vaccines Workshop - Moving Conjugate Vaccines Into The
Future, Siena, ltaly

Fully synthetic carbohydrate-based vaccines and immuno-
modulators

Session ‘Synthetic Oligosaccharides and Glycoconjugates for
Preventing and Combating Disease’ at the 240" National Meeting &
Exposition of the American Chemical Society, Boston, MA

Modular synthesis of heparin sulfate oligosaccharides for array
development

Session ‘Wolfrom-isbell-New Investigator Award Symposium’ at the

Atea Pharmaceuticals, Inc.
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144.

143.

142,

141.

140.

139.

138.

137.

136.

135.

134.

133.

132.

131.

Invited lecture
August 1-6, 2010
Invited lecture

June 14, 2010
Seminar

January 28, 2010
Seminar

December 2, 2009
Plenary lecture
October 22-23, 2009

Invited lecture

Qctober 5, 2009
Seminar

September 8, 2009
Seminar

August 17, 2009
Invited lecture
July 19-23, 2009
Invited lecture

Aprit 6-7, 2009
Invited lecture

March 29 - April 2, 2009
Invited lecture

March 22-26, 2009
Invited lecture

March 14-16, 2009
Invited lecture

January 22, 2009

240™ National Meeting & Exposition of the American Chemical
Society, Boston, MA

Development of a fuily synthetic three-component
carbohydrate-based cancer vaccine

25" International Carbohydrate Symposium (1ICS2010), Tokyo,
Japan

Modular synthesis of heparan sulfate oligosaccharides for array
development

Mayo Clinic College of Medicine, Scottsdale, AZ

Towards a fully synthetic carbohydrate-based vaccine for
cancer

University of Auburn, AL

A fully synthetic carbohydrate-based vaccine for cancer

20™ International Symposium on Glycoconjugates - Glycans: From
Molecules to Structures to Therapeutics, San Juan, PR

Modulation of biological functions with synthetic carbohydrate-
based macromolecules

NIH/NIGMS Workshop, Levering Glycan Array Screens with
Biological, Computational and Structural Data, Bethesda, MD
Unraveling motif recognition by heparan sulfate binding
proteins

PennState University, State College, PA

Towards a fully synthetic carbohydrate-based vaccine for
cancer

University of lowa, lowa City

Towards a fully synthetic carbohydrate-based vaccine for
cancer

238™ National Meeting of the American Chemical Society,
Washington, DC

Synthetic oligosaccharides as vaccine candidates for microbes
classified as bioterrorism agents

Mucins in Health and Disease - 10" International Workshop on
Carcinoma-associated Mucins, Cambridge, United Kingdom
Overcoming the poor immunogenicity of tumor-associated
glycopeptides

Bijvoet Tutorial Symposium 2009, Soesterberg, The Netherlands
Modulation of biological functions with synthetic carbohydrate-
based macromolecules

67" Harden - Decoding the Biology of Heparan Sulphate
Proteoglycans, Cambridge, United Kingdom

Probing biological functions of heparan sulfate using synthetic
compounds

237" National Meeting of the American Chemical Society, Salt Lake
City, Utah

Chemical synthesis and immunological properties of synthetic
vaccine candidates and immune modulators

CFG/NIH Workshop, Glycan Microarray Technology and
Applications, La Jolla, CA

Parallel combinatorial synthesis of heparan sulfate derivatives
for array development

Gordon Research Conference on Glycobiology, Ventura, CA

Atea Pharmaceuticals, Inc.
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130.

129.

128.

127.

126.

125.

124.

123.

122.

121.

120.

119.

118.
17.
116.
1185.
114.
113.

112.

111.

Invited lecture

November 13, 2008
Seminar

October 10, 2008
Seminar
October 9, 2008
Seminar

October 8, 2008
Seminar

October 6, 2008
Seminar

September 16, 2008
Invited lecture

July 27-Aug 1, 2008
Lecture

June 17, 2008
Invited lecture
April 25, 2008
Seminar

April 23, 2008
Invited lecture

April 15, 2008
Seminar

February 11, 2008
Seminar

February 8, 2008
Seminar
November 15, 2007
Seminar
November 11-14, 2007
Invited lecture
September 7, 2007
Invited lecture
September 5, 2007
Invited lecture
September 3, 2007
Invited lecture
June 17-22, 2007
Invited lecture

June 6-10, 2007

Chemical tools for glycoproteomics: novel click reagent and
glycopeptide specific antibodies

University of California, Davis

Modulation of biological functions with synthetic
glycoconjugates

Kemisk Institute, University of Copenhagen, Denmark
Glycosidase inhibitors as novel cancer therapeutics
University of Southern Denmark, Odense

Modulation of biological functions with synthetic
glycoconjugates

Faculty of Life Sciences, University of Copenhagen, Denmark
Modulation of biological functions with synthetic
glycoconjugates

University of Bristol, United Kingdom

Modulation of biological functions with synthetic
glycoconjugates

FDA CBER DBPAP, Bethesda, MD

Fully synthetic vaccines and immune modulators

XXV international Carbohydrate Symposium, Oslo, Norway

Fast click reactions for labeling of living cells and nano-
particles

Bio2008, San Diego, CA

Chemical approaches for protein glycosylation

Shanghai Institute of Organic Chemistry, China

Fully synthetic carbohydrate-based cancer vaccines and
immune modulators

PepCon 2008, Shenzhen, China

Increasing the antigenicity of tumor-associated glycopeptides
by targeting Toll-like receptors

Northwestern University, Evanston, IL

Modulation of biological functions with synthetic carbohydrate-
based macromolecules

Tulane University, New Orleans, LA

The development of a fully synthetic carbohydrate-based
cancer vaccine

University of Cinginnati, OH

Towards a fully synthetic carbohydrate-based cancer vaccine
Temple University, Philadelphia, PA

Towards a fully synthetic carbohydrate-based cancer vaccine
Society for Glycobiology 2007 Conference, Boston, MA

Chemical glycobiology and vaccine development

National Chaio-Tung University, Taipei, Taiwan

Glycosidase inhibitors as novel anticancer therapeutics
National Tsing-Hua University, Taipei, Taiwan

Towards a fully synthetic vaccine for cancer

Academia Sinica, Taipel, Taiwan

Synthetic cancer vaccines and immune modulators

Gordon Research Conference on Carbohydrates, Tilton, NH
Synthetic compounds to probe biological functions of complex
carbohydrates

The Young(-ish!) Giants of Chemistry, Edinburgh, United Kingdom

20
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110.

109.

108.

107.

106.

105.

104.

103.

102.

101.

100.

99.

98.

97.

96.
95

o4,

93.

Plenary lecture
March 27, 2007
Seminar

March 7-9, 2007
Invited lecture

February 6, 2007
Seminar

February 5, 2007
Seminar

January 22, 2007
Seminar

November 10, 2006

Seminar

October 17, 2006
Seminar

September 10-14, 2006

Invited lecture

August 22-23, 2006

Invited lecture
August 6-9, 2006

Invited lecture

August 4, 2006
Seminar
July 23-28, 2006

Keynote lecture
June 28, 2006
Seminar

June 12, 2006
Seminar

May 31, 2006
Seminar

May 29, 2006
Seminar
May-June, 2006
Seminar
Seminar

April 17-20, 2006

Towards a fully synthetic three-component cancer vaccine
University of Glasgow, United Kingdom

The development of a fully synthetic carbohydrate-based
cancer vaccine

Indian Institute of Chemical Biology, Kolkata, india

The development of a three-component carbohydrate-based
cancer vaccine

University of Michigan, Ann Arbor

The development of a three-component carbohydrate-based
cancer vaccine

Wayne State University, Detroit, Mi

The development of a three-component carbohydrate-based
cancer vaccine

University of Illinois, Urbana-Champaign

The development of a three-component carbohydrate-based
cancer vaccine

University of Tennessee, Chattanooga

The development of a three-component carbohydrate-based
cancer vaccine

Tufts University, Boston, MA

A fully synthetic three-component cancer vaccine

232" National Meeting of the American Chemical Society, San
Francisco, CA

Towards a fully synthetic carbohydrate-based anti-cancer
vaccine

Cambridge Healthtech Institute, Boston, MA

A fully synthetic three-component cancer vaccine

2" |nternational Symposium on Biomolecular Chemistry, Konan
University, Kobe, Japan

Increasing the antigenicity of tumor associated carbohydrates
by targeting Toll-like receptors

Tokyo Institute of Technology, Japan

Stereoselective glycosylations using chiral auxiliaries

23" International Carbohydrate Symposium, Whistler, British
Columbia, Canada

A fully synthetic three-component cancer vaccine

Ventana Medical Systems, Inc., Tucson, AZ

Synthetic tumor associated carbohydrate antigens for imaging
and cancer vaccine development

Duke University, Durham, NC

Increasing the antigenicity of tumor associated carbohydrates
by targeting Toll-like receptors

CERMAV-CNRS, Grenoble, France

Glycosidase inhibitors as novel anti-cancer therapeutics
Université Claude Bernard, Lyon, France

Glycosidase inhibitors as novel anti-cancer therapeutics
Université de Picardie Jules Vernes, Amiens, France
Glycosidase inhibitors as novel anti-cancer therapeutics
Stereoselective glycosylations using chiral auxiliaries

22" Conference on Combinatorial Chemistry (JCCF 22), Osaka,
Japan

Atea Pharmaceuticals, Inc.
Exhibit 1036 Page 75 of 135

21



Curriculum Vitae — Geert-Jan Boons 22

92.

91.

90.

89.

88.

87.

86.

85.

84.

83.

82.

81.

80.

79.

78.

77.

76.

75.

Invited lecture
April 5, 2006
Seminar

March 26-30, 2006

Invited lecture
February 19-25, 2006
Invited lecture
January 23, 2006
Seminar

November 21, 2005
Invited lecture
November 4, 2005
Seminar

October 14, 2005

Invited lecture
October 12, 2005
Seminar

August 28-Sept. 1, 2005

Invited lecture
May 25-June 1, 2005

Invited lecture
April 29-30, 2005

Plenary lecture

March 13-17, 2005
Invited lecture

March 6-11, 2005
Invited lecture
December 21, 2004
Seminar

November 17-20, 2004

Invited lecture

November 12, 2004
Seminar

August 22-26, 2004
Invited lecture

June 23-27, 2004

Seminar

Glycosidase inhibitors as novel anti-cancer therapeutics
Institute of Human Virology, Baltimore, MD

Increasing the antigenicity of tumor associated carbohydrates
by targeting Toll-like receptors

231 National Meeting of the American Chemical Society, Atlanta,
GA

Glycosidase inhibitors as novel cancer therapeutics
GLYCANS 20086, Indian Institute of Science, Bangalore, India
Glycosidase inhibitors as novel cancer therapeutics

Albert Einstein College of Medicine, Bronx, NY

Telling glycosidase inhibitors what to do

The Royal Swedish Academy of Science, Stockholm, Sweden
Telling glycosidase inhibitors what to do

University of Virginia, Charlottesville

Telling glycosidase inhibitors what to do

van Boom Symposium, Leiden Institute of Chemistry, The
Netherlands

Smart molecules inspired by Jacques van Boom

University of Utrecht, The Netherlands

Glycosidase inhibitors as novel cancer therapeutics

230™ National Meeting of the American Chemical Society,
Washington, DC

Stereoselective glycosylations using chiral auxiliaries

Annual Meeting of the Canadian Society for Chemistry, Saskatoon,
SK, Canada

Stereoselective glycosylations using chiral auxiliaries

2" Annual Carbohydrate Symposium, Alberta Ingenuity Centre for
Carbohydrate Science, Lake Louise, AB, Canada

Complex glycocongugates: new synthetic methods and
exploring biological functions

229" National Meeting of the American Chemical Society, San
Diego, CA

Stereoselective glycosylations using chiral auxiliaries

Gordon Research Conference on Glycobiology, Ventura, CA
Telling glycosidase inhibitors what to do

University of Nijmegen, The Netherlands

Complex carbohydrates and the fight between host and
pathogens

Joint Meeting of the Society for Glycobiology and the Japanese
Society for Carbohydrate Research, Honolulu, Hi

Synthetic lipopolysaccharides and peptidoglycan derivatives as
novel therapeutics for septic shock

lowa State University, Ames

Complex glycoconjugates: new synthetic methods and
exploring biological functions

American Chemical Society National Meeting, Philadelphia, PA
Synthesis and biological evaluation of lipopolysaccharide and
peptidoglycan derivatives

22" International Carbohydrate Symposium, Glasgow, United
Kingdom

The use of chiral auxiliaries for stereoselective glycosylations

22
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74.
73.
72.
71.

70.

89.

68.

67.

66.

65.

64.

63.

62.

61.

60.

59,
58.

57.

56.
55.

54.

May 12, 2004
Seminar

March 18, 2004
Seminar

March 17, 2004
Seminar

March 15, 2004
Seminar
February 12, 2004
Seminar

February 11, 2004
Seminar

January 16, 2004
Seminar
December 17, 2003
Seminar

December 16, 2003
Seminar

December 15, 2003
Seminar
December 11, 2003
Seminar

October 20, 2003
Seminar
October 6, 2003
Seminar

Sept. 7-11, 2003
Invited lecture
July 7, 2003
Plenary lecture

May 15, 2003
Seminar

May 14, 2003
Seminar

April 29, 2003
Invited lecture

March 3, 2003
Invited lecture
January 17, 2003
Seminar
January 14, 2003
Invited lecture

University of California, Los Angeles

Unraveling cellular activation using chemical genomics
University of St. Andrews, United Kingdom

Synthetic glycoconjugates in infection and immunity
University of Dundee, United Kingdom

Synthetic glycoconjugates in infection and immunity
GlaxoSmithKiine, Stevenage, United Kingdom

Synthetic glycoconjugates in infection and immunity
Case Western Reserve University, Cleveland, OH

Complex glycoconjugates: new synthetic approaches and
probing biological functions

University of Toledo, OH

Complex glycoconjugates: new synthetic approaches and
probing biological functions

Georgia State University, Atlanta, GA

Complex synthetic carbohydrates and infection and immunity
University of Lund, Sweden

Complex glycoconjugates: new synthetic approaches and
probing biological functions

Stockholm University, Sweden

Complex glycoconjugates: new synthetic approaches and
probing biological functions

University of Gothenburg, Sweden

Glycoconjugates and the fight between host and pathogen
University of Oxford, United Kingdom

Complex glycoconjugates: new synthetic approaches and
probing biological functions

National Cancer Institute, NIH, Bethesda, MD

Selective mannosidase inhibitors as cancer therapeutics
University of Missouri, St. Louis

Complex glycoconjugates: new synthetic approaches and
probing biological functions

Glycobiology Symposium, ACS Meeting, New York, NY
Multivalency and the mode of action of bacterial sialidases
Eurocarb12 meeting, Grenobie, France

Complex glycoconjugates: new synthetic approaches and
probing biological functions

Carlsberg Institute, Copenhagen, Denmark

Synthesis and biological properties of neoglycoproteins
University of Copenhagen, Denmark

Multivalency and modular proteins

UCLA NanoSystems Seminar Series, UCLA, Los Angeles, CA
Modulating biological properties with carbohydrate-based
macromolecules and nanoparticles

Gordon Research Conference on Glycobiology, Ventura, CA
Chemical approaches to glycobiology

Indian Institute of Science, Bangalore, India

Synthesis and biological properties of neoglycoproteins
XVII International Symposium on Glycoconjugates, Bangalore, India
Synthesis and proinflammatory effects of peptidoglycan-
derived neoglycopeptide polymers
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63.

52.

51.

50.

49.

48.

47.

46.

45,

44,

43.

42,

41.

40.

39.

38.

37.

36.

November 10, 2002
Invited lecture
Qctober 16, 2002
Seminar

September 16, 2002
Seminar
July 14, 2002

Invited lecture

July 8, 2002
Plenary lecture

February 18, 2002
Invited lecture

October 17, 2001
Invited lecture

August 28, 2001
Invited lecture

April 3, 2001
Seminar
March 21, 2001
Seminar

March 20, 2001
Seminar

March 4-5, 2001
Seminar
April 10-12, 2000

Invited lecture
March 25-28, 2000

Invited lecture

December 3, 1999
Seminar

November 30, 1999
Seminar

October 18-21, 1999
Invited lecture
September 10-12, 1999

24

Society for Glycobiology Annual Meeting, Boston, MA

Synthetic oligosaccharides and glycoprotein remodeling
Wayne State University, Detroit, Mi

Synthetic glycoconjugates and the innate and adaptive immune
system

University of Alberta, Edmonton, Canada

Synthetic oligosaccharides and glycoprotein remodeling

Third Pan-Pacific Conference on Sialoglycoscience and Other Novel
Forms of Glycosylation, Brisbane, Australia

Chemistry & biochemistry of sialic acids and associated
proteins

XXlst international Carbohydrate Symposium, Cairns, Australia
Synthetic glycoconjugates and the innate and adaptive immune
system

8" Ibn Sina Conference of Heterocyclic Chemistry, Luxor, Egypt
Synthetic lipopolysaccharides and peptidogyican derivatives as
novel therapeutics for septic chock

Synthesis towards Bioactive Compounds Autumn Graduate School,
Arnhem, The Netherlands

Synthetic oligosaccharides and glycoconjugates in drug
discovery

ACS National Meeting, Chicago, IL '

Novel methods for liquid polymer-supported synthesis of well-
defined oligosaccharides and chemical libraries

Ibis, Carlsbad, CA

Combinatorial carbohydrate chemistry

University of Lund, Sweden

Synthetic glycoconjugates and the innate and adoptive immune
system

University of Konstanz, Germany

Synthetic glycoconjugates and the innate and adoptive immune
system

Elementis Specialties, Hightstown, NJ

Carbohydrate-based polymers

Bio-Organic Chemistry Series, Molecular Pharmacology &
Therapeutics Program Research, Sloan-Kettering Institute, New
York, NY

Semi-synthetic and fully synthetic carbohydrate-based vaccines
7" Ibn Sina International Conference on Pure and Applied
Heterocyclic Chemistry, Alexandria, Egypt

The synthesis of oligosaccharides of biological importance by
polymer supported approaches

Umea University, Sweden

Semi-synthetic and fully-synthetic carbohydrate-based
vaccines

University of Glasgow, United Kingdom

Synthetic saccharides to probe carbohydrate-protein
interactions

Regional ACS meeting, Knoxville, TN

The preparation well-defined saccharides and chemical libraries
Bioorganic Conference, Firbush, United Kingdom

Atea Pharmaceuticals, Inc.
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35.

34.

33.

32.

31.

30.

20.

28.

27.

26.

25.

24,

23.

22.

21.

20.

19.

18.

17.

16.

15.

14.

13.

Invited lecture

January 18, 1999
Seminar

July 10, 1298
Seminar

July 1-5, 1998
Invited lecture
April 14, 1998
Seminar

March 26-28, 1998
invited lecture
March 11, 1998
Seminar
November 26, 1997
Seminar
November 12, 1997
Seminar

Qctober 13, 1997
Seminar
September 30, 1997
Seminar
September 12, 1997
Seminar

July 6-11, 1997
Keynote lecture

June 22-27, 1997
Invited lecture
June 20, 1997
Seminar

April 17, 1997
Invited lecture

April 3, 1997
Seminar

February 27, 1897
Seminar
February 21, 1997
Seminar
February 12, 1997
Seminar

October 10, 1996
Seminar
September 9, 1996
invited lecture
July 21-26, 1996
Lecture

May 14, 1996

Synthesis of conformationally constrained trisaccharides and
complexation properties with concanavalin A

University of Alberta, Edmonton, Canada

The preparation well-defined saccharides and chemical libraries
Johnson & Johnson, New Jersey

Carbohydrates for drug delivery

XVII - French National Carbohydrate Meeting, France

The preparation well-defined saccharides and chemical libraries
University of Bristol, United Kingdom

Combinatorial carbohydrate chemistry

WEB-Meeting, Munich, Germany

The preparation of homogenous glycoforms of 1gG

University of Sheffield, United Kingdom

Combinatorial carbohydrate chemistry

University of Liverpool, United Kingdom

Combinatorial carbohydrate chemistry

University of London, King's College, United Kingdom
Combinatorial carbohydrate chemistry

University of Cambridge, United Kingdom

Combinatorial carbohydrate chemistry

University of Oxford, United Kingdom

Combinatorial carbohydrate chemistry

University of Grenoble, France

Combinatorial carbohydrate chemistry

Eurocarb, Utrecht, The Netherlands

A latent-active glycosylation strategy for the preparation of
oligosaccharide libraries

Gordon Conference, Carbohydrates, Tilton, NH

Combinatorial carbohydrate chemistry

CCRC, University of Georgia, Athens, GA

The preparation of well-defined oligosaccharides and chemical
libraries

RSC Meeting, University of Nottingham, United Kingdom

The preparation of well-defined oligosaccharides and chemical
libraries

University of Lund, Sweden

The preparation of well-defined oligosaccharides and chemical
libraries

SmithKline Beecham Biologicals, Rixensart, Belgium

Synthetic carbohydrate-based vaccines

National Institute for Public Health, Bilthoven, The Netherlands
Synthetic carbohydrate-based vaccines

University of Durham, United Kingdom

New methods for convergent oligosaccharide synthesis
University of East Anglia, United Kingdom

Combinatorial carbohydrate chemistry

RSC Carbohydrate Group Autumn Meeting, UCL, United Kingdom
Combinatorial carbohydrate chemistry

XVIl international Carbohydrate Symposium, Milan, Italy
Combinatorial carbohydrate chemistry

Imperial College, London, United Kingdom
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12.

11.

10.

Seminar
March 20, 1996
Seminar
March 25, 1996

Invited lecture
February 20, 1996
Seminar
November 29, 1995
Seminar
November 22, 1995
Seminar
September 15-17, 1995
invited lecture
September 5-8, 1995
Invited lecture
July 2-7, 1995
Lecture

April 2, 1994
Seminar

March 31, 1994
Seminar

February 4, 1994
Seminar

October 24, 1993
Seminar

New methods for convergent oligosaccharide synthesis
University of Southampton, United Kingdom

New methods for convergent oligosaccharide synthesis
RSC Carbohydrate Group Spring Meeting, St. Andrews, United
Kingdom

Synthetic oligosaccharides as tools in glycobiology
University of Nottingham, United Kingdom

New methods for convergent oligosaccharide synthesis
University of Leicester, United Kingdom

Recent advances in oligosaccharide synthesis

UMIST, Manchester, United Kingdom

New methods for convergent oligosaccharide synthesis
Bioorganic Conference, Firbush, United Kingdom
Carbohydrate chemistry and biochemistry

RCS Autumn Meeting, Sheffield, United Kingdom

Synthetic oligosaccharides as tools in glycobiology
Eurocarb Vill, Sevilla, Spain

New chemoselective glycosylation

Pfizer Central Research, Sandwich, United Kingdom

Towards carbohydrate-based drugs

SmithKline Beecham Pharmaceuticals, Harlow, United Kingdom
New methods for oligosaccharide synthesis

The Wellcome Foundation Limited, Beckenham, United Kingdom
Towards carbohydrate-based drugs

Glaxo Group Research, Greenford, United Kingdom

New methods for oligosaccharide synthesis

Publications (in reverse chronological order)

223. Hu, H., Y. Huang, Y. Mao, X. Yu, Y. Xu, J. Liu, C. Zong, G.J. Boons, C. Lin, Y. Xia, and J. Zaia.

221.

220.

219,

218.

217.

216.

2014. A computational framework for heparan sulfate sequencing using high-resolution

tandem mass spectra. Mol. Cell. Proteomics. In press, DOI: 10.1074/mcp.M114.0395860.
222. Prudden, AR., Z.8. Chinoy, M.A. Wolfert, and G.J. Boons. 2014. A multifunctional anomeric
linker for the chemo-enzymatic synthesis of complex oligosaccharides. Chem. Commun.

50(54): 7132-7135.

Li, X., T. Fang, and G.J. Boons. 2014. The preparation of well-defined antibody-drug
conjugates through glycan remodeling and strain promoted azide-alkyne cycloadditions.
Angew. Chem. Int. Ed. 53(28); 7179-7182.

Abdel Aal, AM., V. Lakshminarayanan, P. Thompson, N. Supekar, J.M. Bradley, M.A. Wolfert,
P.A. Cohen, S.J. Gendler, and G.J. Boons. 2014. Immune and anticancer responses elicited

by fully synthetic aberrantly glycosylated MUC1 tripartite vaccines modified by a TLR2 or
TLR9 agonist. ChemBioChem 15(10): 1508-1513.

Ledin, P.A., N. Kolishetti, M.S. Hudlikar, and G.J. Boons. 2014. Exploring strain-promoted 1,3-

dipolar cycloadditions on end functionalized polymers. Chem.-Eur. J. 20{28): 8753-8760.
Arumugam, S., J. Guo, N.E. Mbua, F. Friscourt, N. Lin, E. Nekongo, G.J. Boons, and V.V.

Popik. 2014. Selective and reversible photochemical derivatization of cysteine residues in
peptides and proteins. Chem. Sci. 5(4). 1591-1598.

Dhamale, O.P., C. Zhong, K. Al-Mafraji, and G.J. Boons. 2014. New glucuronic acid donors for
the modular synthesis of heparan sulfate oligosaccharides. Org. Biomol. Chem. (12). 2087-
2098.

Kailemia M.J., M. Park, D.A. Kaplan, A. Venot, G.J. Boons, L. Li, R.J Linhardt, and 1.J. Amster.
2014. High-field asymmetric-waveform ion mobility spectrometry and electron detachment
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205.

204.
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202.

dissociation for isobaric mixtures of glycosaminoglycans. J. Am. Soc. Mass Spectrom. 25(2):
258-268.

Li, H., K. Mo, Q. Wang, C.K. Stover, A. DiGiandomenico, and G.J. Boons. 2013. Epitope
mapping of monoclonal antibodies using synthetic oligosaccharides uncovers novel aspects
of immune recognition of the Psl exopolysaccharide of Pseudomonas aeruginosa. Chem.-
Eur. J. 19(51); 17425-17431.

Live, D., L. Wells, and G.J. Boons. 2013. Dissecting the molecular basis for the role of the O-
mannosylation pathway in disease: a-dystroglycan and forms of muscular dystrophy.
ChemBioChem 14(18): 2392-2402.

Mbua, N.E., X. Li, H. Flanagan-Steet, L. Meng, K. Aoki, KW. Moremen, M.A. Wolfert, R. Steet,
and G.J. Boons. 2013. Selective exo-enzymatic labeling of N-glycans of living cells by
recombinant ST6Gal L. Angew. Chem. Int. Ed. 52(49): 13012-13015. Selected as "Hot
Paper"”.

Wolfert, M.A. and G.J. Boons. 2013 Adaptive immune activation: glycosylation does matter.
Nat. Chem. Biol. 9(12). 776-784.

Ledin, P.A., N. Kolishetti, and G.J. Boons. 2013. Multifunctionalization of polymers by strain-
promoted cycloadditions. Macromolecules 46(19): 7759-7768.

Heimburg-Molinaro J., J.W. Priest, D. Live, G.J. Boons, X. Song, R.D. Cummings, and J.R.
Mead. 2013. Microarray analysis of the human antibody response to synthetic
Cryptosporidium glycopeptides. Int. J. Parasitol. 43(11): 901-907.

Kaeothip, S. and G.J. Boons. 2013. Chemical synthesis of p-arabinofuranosyl containing
oligosaccharides derived from plant cell wall extensins. Org. Biomol. Chem. 11(31): 5136-
5146.

Wang, Z., Z. Chinoy, S. Ambre, W. Peng, R. McBride, R.P. de Vries, J. Glushka, J.C. Paulson,
and G.J. Boons. 2013. A general strategy for the chemoenzymatic synthesis of
asymmetrically branched N-glycans. Science 341(6144): 379-383.

Highlighted in Science; C&EN; Nature News; Nature Methods: Kiessling, L. L. and M.B.
Kraft. 2013, A path to complex carbohydrates. Science 341(6144): 357-358; Arnaud, C.H,
2013. Branching out in different ways. Carbohydrate chemistry: New synthetic strategy leads
to asymmetrically branched N-glycans. Chemical & Engineering News 91(30): 9; Johnston,
R. 2013. Asymmetrical glycans synthesized in lab. Nature News (25 July 2013), doi:
10.1038/nature.2013.13454,; Constructing complicated carbohydrates. Nature Methods
10(10): 932.

Arumugam, S., 8.V. Orski, N.E. Mbua, C. McNitt, G.J. Boons, J. Locklin, and V.V. Popik. 2013.
Photo-click chemistry strategies for spatiotemporal control of metal-free ligation, labeling, and
surface derivatization. Pure Appl. Chem. 85(7). 1499-1513.

Mbua, N.E,, H. Flanagan-Steet, S. Johnson, M.A. Wolferi, G.J. Boons, and R. Steet. 2013.
Abnormal accumulation of sialylated glycoproteins visualized in Niemann-Pick Type C cells
using the chemical reporter strategy. Proc. Natl. Acad. Sci. U. S. A. 110(25). 10207-10212.

Zong, C., A. Venot, O. Dhamale, and G.J. Boons. 2013. Fluorous supported modular synthesis
of heparin sulfate oligosaccharides. Org. Lett, 15(2): 342-345.

Talabnin, K., K. Acoki, P. Saichua, S. Wongkham, S. Kaewkes, G.J. Boons, B. Sripa, and M.
Tiemeyer. 2013, Stage-specific expression and antigenicity of glycoprotein glycans isolated
from the human liver fluke, Opisthorchis viverrini. Int. J. Parasitol. 43(1): 37-50.

Leach Ill, F.E., S. Arungundram, K. Al-Mafraji, A. Venot, G.J. Boons, and |.J. Amster. 2012,
Electron detachment dissociation of synthetic heparan sulfate glycosaminoglycan
tetrasaccharides varying in degree of sulfation and hexuronic acid stereochemistry. Int. J.
Mass Spectrom. 330-332: 152-159,

Friscourt, F., C.J. Fahrni, and G.J. Boons. 2012. A fluorogenic probe for the catalyst-free
detection of azide-tagged molecules. J. Am. Chem. Soc 134(45); 18809-18815.
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Mo, K.F., X. Li, H. Li, L.Y. Low, C.P. Quinn, and G.J. Boons. 2012. Endolysins of Bacillus
anthracis bacteriophages recognize unique carbohydrate epitopes of vegetative cell wall
polysaccharides with high affinity and selectivity. J. Am. Chem. Soc. 134(37): 15556-15562.

Boltje, T.J., W. Zhong, J. Park, M.A. Wolfert, W. Chen, and G.J. Boons. 2012. Chemical
synthesis and immunological evaluation of the inner-core oligosaccharide of Francisella
tularensis. J. Am. Chem. Soc. 134(34): 14255-14262.

Fang, T., K.F. Mo, and G.J. Boons. 2012. Stereoselective assembly of complex
oligosaccharides using anomeric sulfonium ions as glycosyl donors. J. Am. Chem. Soc.
134(17). 7545-7552.

Guo, J., G. Chen, X. Ning, X. Li, J. Zhou, A. Jagielska, B. Xu, and G.J. Boons. 2012. A chemo-
mechanical tweezer for single molecular characterization of soft materials. Chem.-Eur. J.
18(15): 4568-4574.

Friscourt, F., P.A. Ledin, N.E. Mbua, H.R Flanagan-Steet, M.A. Wolfert, R. Steet, and G.J.
Boons. 2012. Polar dibenzocyclooctynes for selective labeling of extracellular
glycoconjugates of living cells. J. Am. Chem. Soc. 134(11): 5381-5389.

Lawrence, R., J.R. Brown, K. Al-Mafraji, W.C. Lamanna, J.R. Beitel, G.J. Boons, J.D. Esko, and
B.E. Crawford. 2012. Disease-specific non-reducing end carbohydrate biomarkers for
mucopolysaccharidoses. Naf. Chem. Biol. 8(2): 197-204.

Nguyen T.K., S. Arungundram, V.M. Tran, K. Raman, K. Al-Mafraji, A. Venot, G.J. Boons, and
B. Kuberan. 2012. A synthetic heparan sulifate oligosaccharide library reveals the novel
enzymatic action of D-glucosaminy! 3-O-sulfotransferase-3a. Mol. BioSyst. 8: 609-614.

van der Linden, W.A, N, Li, S. Hoogendoorn, M. Ruben, M. Verdoes, J. Guo, G.J. Boons, G.A.
van der Marel, B.1. Florea, H.S. Overkleeft. 2012. Two-step bioorthogonal activity-based
proteasome profiling using copper-free click reagents: a comparative study. 2011. Bioorg.
Med. Chem. 20(2). 662-666.

Lakshminarayanan, V., P. Thompson, M.A. Wolfert, T. Buskas, J.M. Bradley, L.B. Pathangey,
C.S. Madsen, P.A. Cohen, S.J. Gendler, and G.J. Boons. 2012. Immune recognition of
tumor-associated mucin MUC1 is achieved by a fully synthetic aberrantly glycosylated MUC1
tripartite vaccine. Proc. Natl. Acad. Sci. U. S. A. 109(1): 261-266.

Akimoto, Y., Y. Miura, T. Toda, M.A. Wolfert, L. Wells, G.J. Boons, G.W. Hart, T. Endo, and H.
Kawakami. 2011. Morphological changes in diabetic kidney are associated with increased O-
GlcNAcylation of cytoskeletal proteins including a-actinin 4. Clin. Proteomics 8: 15.

Mo, K., T. Fang, S. Stalnaker, P.S. Kirby, M. Liy, L. Wells, M. Pierce, D.H. Live and G.J. Boons.
2011. Synthetic, structural and biosynthetic studies of an unusual phospho-glycopeptide
derived from a-dystroglycan. J. Am. Chem. Soc. 133(36): 14418-14430.

Zhao, P., R. Viner, C.F. Teo, G.J. Boons, D. Horn, and L. Wells. 2011. Combining high-energy
C-trap dissociation and electron transfer dissociation for protein O-GlcNAc modification site
assignment. J. Proteome Res. 10(9): 4088-4104,

Mbua, N.E., J. Guo, M.A. Wolfert, R. Steet, and G.J. Boons. 2011. Strain-promoted alkyne-
azide cycloadditions (SPAAC) reveal new features of glycoconjugate biosynthesis.
ChemBioChem 12(12): 1812-1921.

Mir, M., J. Asong, X. Li, J. Cardot, G.J. Boons, and R.N. Husson, 2011. The extracytoplasmic
domain of the Mycobacterium tuberculosis Ser/Thr kinase PknB binds specific muropeptides
and is required for PknB localization. PLoS Pathog. 7(7): e1002182.

Li, X., J. Guo, J. Asong, M.A. Wolfert, and G.J. Boons. 2011. Multifunctional surface
modification of gold-stabilized nanoparticles by bioorthogonal reactions. J. Am. Chem. Soc.
133(29): 11147-11153.

Highlighted in ChemViews Magazine: News. 2011. Modular modification of gold
nanoparticles. ChemViews Magazine of ChemPubSoc Europe, news 1236817,

Kashyap, D.R., M. Wang, L.H. Liu, G.J. Boons, D. Gupta, and R. Dziarski. 2011. Peptidoglycan
recognition proteins kill bacteria by inducing suicide through protein-sensing two-component
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180.
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176.
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174.
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172.

171.

systems. Nat. Med. 17(6). 676-683.

Leach I, F.E., J.J. Wolff, Z. Xiao, M. Ly, T.N. Laremore, S. Arungundram, K. Al-Mafraji, A.
Venot, G.J. Boons, R.J. Linhardt, 1.J. Amster. 2011. Negative electron transfer dissociation
Fourier transform mass spectrometry of glycosaminoglycan carbohydrates. Eur. J. Mass
Spectrom. 17(2): 167-176.

Saile, E., G.J. Boons, T. Buskas, R.W. Carlson, E.L. Kannenberg, J.R. Barr, A E. Boyer, M.
Gallegos-Candela, and C.P. Quinn. 2011. Antibody responses to a spore carbohydrate
antigen as a marker of non-fatal inhalation anthrax in rhesus macaques. Clin. Vaccine
immunol. 18(5): 743-748.

van der Wel, H., J.M. Johnson, Y. Xu, C.V. Karunaratne, K.D. Wilson, Y. Vohra, G.J. Boons,
C.M. Taylor, B. Bendiak, and C.M. West. 2011. Requirements for Skp1 processing by
cytosolic prolyl 4(frans)-hydroxylase and a-N-acetylglucosaminyltransferase enzymes
involved in Og-signaling in Dictyostelium. Biochemistry 50(10): 1700-1713.

Oh H.B., F.E. Leach lll, S. Arungundram, K. Al-Mafraji, A. Venot, G.J. Boons, and |.J. Amster.
2011. Multivariate analysis of electron detachment dissociation and infrared muitiphoton
dissociation mass specira of heparan sulfate tetrasaccharides differing only in hexuronic acid
stereochemistry. J. Am. Soc. Mass Spectrom. 22(3): 582-590.

Sanders, B.C., F. Friscourt, P.A. Ledin, N.E. Mbua, S. Arumugam, J. Guo, T.J. Boltje, V.V.
Popik, and G.J. Boons. 2011. Metal-free sequential [3+2]-dipolar cycloadditions using
cyclooctynes and 1,3-dipoles of different reactivity. J. Am. Chem. Soc. 133(4): 949-957,

Highlighted in JACS Beta: JACS Select #18, 2012. The Chemistry-Glycobiology Frontier (B.
imperiali, Guest Editor).

Boltje, T.J., J.H. Kim, J. Park, and G.J. Boons. 2011. Stereoelectronic effects determine
oxacarbenium vs p-sulfonium ion mediated glycosylations. Org. Leff. 13(2): 284-287.

Ledin, P.A., F. Friscourt, J. Guo, and G.J. Boons. 2011. Convergent assembly and surface
modification of multifunctional dendrimers by three consecutive click reactions. Chem.-Eur. J.
17(3): 839-846.

Guo, J., G. Chen, X. Ning, M.A. Wolfert, X. Li, B. Xu, and G.J. Boons. 2010. Surface
modification of polymeric micelles by strain-promoted alkyne-azide cycloadditions. Chem.-
Eur. J. 16(45): 13360-13366. Selected for frontispiece.

Highlighted in Angew. Chem. Int. Ed.: Manova R., T.A. van Beek, and H. Zuithof. 2011.
Surface functionalization by strain-promoted alkyne-azide click reactions. Angew. Chem. Int.
Ed. 50(24): 5428-5430.

Friscourt, F. and G.J. Boons. 2010. One-pot three-step synthesis of 1,2,3-triazoles by copper-
catalyzed cycloaddition of azides with alkynes formed by a Sonogashira cross-coupling and
desilylation. Org. Letf. 12(21): 4936-4939.

Boons G.J. 2010. Liposomes modified by carbohydrate ligands can target B-cells for the
treatment of B-cell tymphomas. Expert Rev. Vaccines. 9(11): 1251-1256.

Boltje, T.J., C. Li, and G.J. Boons. 2010. Versatile set of orthogonal protecting groups for the
preparation of highly branched oligosaccharides. Org. Letft. 12(20). 4636-4639.

Gaekwad J., Y. Zhang, W. Zhang, J, Reeves, M.A. Wolfert, and G.J. Boons. 2010. Differential
induction of innate immune responses by synthetic lipid A derivatives. J. Biol. Chem.
285(38): 29375-29386.

Berghaus L.J., J.N. Mcore, D.J. Hurley, M.L. Vandenplas, B.P. Fortes, M.A. Wolfert, and G.J.
Boons. 2010. Innate immune responses of primary murine macrophage-lineage cells and
RAW 264.7 cells to ligands of Toll-like receptors 2, 3, and 4. Comp. Immunol. Microbiol.
Infect. Dis. 33(5): 443-454.,

Boltje, T.J., J.H. Kim, J. Park, and G.J. Boons. 2010. Chiral-auxiliary-mediated 1,2-cis-
glycosylations for the solid-supported synthesis of a biologically important branched a-
glucan. Nat. Chem. 2(7). 552-557,

Teo C.F,, S. Ingale, M.A. Wolfert, G.A. Elsayed, L.G. N&t, J.C. Chatham, L. Wells, and G.J.
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Boons. 2010. Glycopeptide-specific monoclonal antibodies suggest new roles for O-GIcNAc.
Nat. Chem. Biol. 6(5): 338-343,

Ning X., R.P. Temming, J. Dommerholt, J. Guo, D.B. Ania, M.F. Debets, M.A. Wolfert, G.J.
Boons, and F.L. van Delft. 2010. Protein modification by strain-promoted alkyne-nitrone
cycloaddition. Angew. Chem. Int. Ed. 49(17): 3065-3068. Selected as "Hot Paper".

Maiti, K.K., M. DeCastro, A.M. Abdel-Aal El-Sayed, M.I. Foote, M.A. Woifert, and G.J. Boons.
2010. Chemical synthesis and proinflammatory responses of monophosphoryl lipid A
adjuvant candidates. Eur. J. Org. Chem. (1): 80-91.

Arungundram, S., K. Al-Mafraji, J. Asong, F.E. Leach lll, I.J. Amster, A. Venot, J.E. Turnbull, and
G.J. Boons. 2009. Modular synthesis of heparan sulfate oligosaccharides for structure-
activity relationship studies. J. Am. Chem. Soc. 131(47): 17394-17405.

Highlighted in C&EN: Borman, S.A. 2009. Giant leap for obstinate targets. Sugar chemistry:
Parallel combinatorial synthesis yields 12 hard-to-make oligosaccharides. Chemical &
Engineering News, 87(47): 10.

Poloukhtine, A.A., N.E. Mbua, M.A. Wolfert, G.J. Boons, and V.V. Popik. 2009. Selective
labeling of living cells by a photo-triggered click reaction J. Am. Chem. Soc. 131(43): 15769-
15776.

Boltje, T.J., T. Buskas, and G.J. Boons. 2009. Opportunities and challenges in synthetic
oligosaccharide and glycoconjugate research. Nat. Chem. 1(8): 611-622.

Wang, Z.A., H. van der Wel, Y. Vohra, T. Buskas, G.J. Boons, and C.M. West. 2009. Role of a
cytoplasmic dual-function glycosyltransferase in O, regulation of development in
Dictyostelium. J. Biol. Chem. 284(42): 28896-28904.

Buskas, T., P. Thompson, and G.J. Boons. 2009. Immunotherapy for cancer: Synthetic
carbohydrate-based vaccines. Chem. Commun. (36): 5335-5349.

Vohra, Y., T. Buskas, and G.J. Boons. 2009. Rapid assembly of oligosaccharides: a highly
convergent strategy for the assembly of a glycosylated amino acid derived from PSGL-1. J.
Org. Chem. 74(16): 6064-6071.

Leoff C., E. Saile, J. Rauvolfova, C.P. Quinn, A.R. Hoffmaster, W. Zhong, A.S. Mehta, G.J.

Boons, R.W. Carlson, and E.L. Kannenberg. 2009. Secondary cell wall polysaccharides of
Bacillus anthracis are antigens that contain specific epitopes which cross-react with three
pathogenic Bacillus cereus strains that caused severe disease, and other epitopes common
to all the Bacillus cereus strains tested. Glycobiology. 19(6): 665-673.

Marina-Garcia N., L. Franchi, Y.G. Kim, Y. Hu, D.E. Smith, G.J. Boons, and G. Nunez. 2009.
Clathrin- and dynamin-dependent endocytic pathway regulates muramyl dipeptide
internalization and NOD2 activation. J. Immunol. 182(7):; 4321-4327.

Asong, J., M.A. Wolfert, K. Maiti, D. Miller, and G.J. Boons. 2009. Binding and cellular activation
studies reveal that Toll-like receptor 2 can differentially recognize peptidoglycan from Gram-
positive and Gram-negative bacteria. J. Biol. Chem. 284(13): 8643-8653.

Chen, G., X. Ning, B. Park, G.J. Boons, and B. Xu. 2009. Simple, clickabie protocol for atomic
force microscopy tip modification and its application for trace ricin detection by recognition
imaging. Langmuir 25(5); 2860-2864.

Ferrand, Y., E. Klein, N.P. Barwell, M.P. Crump, J. Jimenez-Barbera, C. Vicent, G.J. Boons, S.
tngale, and A.P. Davis. 2009. A synthetic lectin for O-linked B-N-acetylglucosamine. Angew.
Chem. Int. Ed. 48(10): 1775-1779. Selected for inside cover picture.

Ingale, S., M.A. Wolfert, T. Buskas, and G.J. Boons. 2009. Increasing the antigenicity of
synthetic tumor-associated carbohydrate antigens by targeting Toll-like receptors.
ChemBioChem 10(3). 455-463.

Kuntz, D.A., W. Zhong, J. Guo, D.R. Rose, and G.J. Boons. 2009. The molecular basis of
inhibition of Golgi a-mannosidase I by mannostatin A. ChemBioChem 10(2): 268-277.

Park, J., T.J. Boltje, and G.J. Boons. 2008. Direct and stereoselective synthesis of o-linked 2-
deoxyglycosides. Org. Lett. 10(19): 4367-4370.

Atea Pharmaceuticals, Inc.
Exhibit 1036 Page 84 of 135

30

30



Curriculum Vitae ~ Geert-Jan Boons

154. Zhang, Y., J. Gaekwad, M.A. Wolfert, and G.J. Boons. 2008. Synthetic tetra-acylated
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139.
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136.

derivatives of lipid A from Porphyromonas gingivalis are antagonists of human TLR4. Org.
Biomol. Chem. 6(18): 3371-3381.

Vohra, Y., M. Vasan, A. Venot, and G.J. Boons. 2008. One-pot synthesis of oligosaccharides by
combining reductive openings of benzylidene acetals and glycosylations. Org. Lett. 10(15):
3247-3250.

Rauvolfova, J., A. Venot, and G.J. Boons. 2008. Chemo-enzymatic synthesis of C-9 acetylated
sialosides. Carbohydr Res. 343(10-11): 1605-1611.

Vasan M., J. Rauvolfova, M.A. Wolfert, C. Leoff, E.L. Kannenberg, C.P. Qumn R.W. Carlson,
and G. J Boons. 2008. Chemical synthesis and immunological properties of oligosaccharides
derived from the vegetative cell wall of Bacillus anthracis. ChemBioChem 9(11): 1716-1720Q.

Zhong W., D.A. Kuntz, B. Ember, H. Singh, K.W. Moremen, D.R. Rose, and G.J. Boons, 2008.
Probing the substrate specificity of Golgi §-mannosidase Il by use of synthetic
oligosaccharides and a catalytic nucleophite mutant. J. Am. Chem. Soc. 130(28); 8975-8983.

Marina-Garcia, N., L. Franchi, Y.G. Kim, D. Miller, C. McDonald, G.J. Boons, and G. Nunez.
2008. Pannexin-1-mediated intraceliular delivery of muramyl! dipeptide induces caspase-1
activation via Cryopyrin/NLRP3 independently of Nod2. J. Immunol. 180(6): 4050-4057.

Ning, X., J. Guo, M.A. Wolfert, and G.J. Boons. 2008. Visualizing metabolically labeled
glycoconjugates of living cells by copper-free and fast Huisgen cycloadditions. Angew.
Chem. Int. Ed. 47(12): 2253-2255. Selected as a VIP paper.

Rao, Y., T. Buskas, A. Albert, M.A. O'Neill, M.G. Hahn, and G.J. Boons. 2008. Synthesis and
immunological properties of a tetrasaccharide portion of the B side chain of
rhamnogalacturonan Il (RG-ll). ChemBioChem 9(3): 381-388.

Zhang, Y., J. Gaekwad, M.A. Wolfert, and G.J. Boons. 2008. Innate immune responses of
synthetic lipid A derivatives of Neisseria meningitidis. Chem.-Eur. J. 14(2): 558-569.

Ingale, S., M.A. Wolfert, J. Gaekwad, T. Buskas, and G.J. Boons. 2007. Robust immune
responses elicited by a fully synthetic three-component vaccine. Nat. Chem. Biol. 3(10): 663-
667.

Highlighted in Nat. Chem. Biol.: Bundle, D.R. 2007. A carbohydrate vaccine exceeds the sum
of its parts. Nat. Chem. Biol. 3(10): 605-606.

Li, X., 8. Wang, J. Qi, S.F. Echtenkamp, R. Chatterjee, M. Wang, G.J. Boons, R. Dziarski, and
D. Gupta. 2007. Zebrafish peptidoglycan recognition proteins are bactericidal amidases
essential for defense against bacterial infections. Immunity. 27(3): 518-529.

Rao, Y. and G.J. Boons, 2007. A highly convergent chemical synthesis of conformational
epitopes of rhamnogalacturonan Il. Angew. Chem. Int. Ed. 46(32): 6148-6151.

Zhang, Y., M.A. Wolfert, and G.J. Boons. 2007. The influence of the long chain fatty acid on the
antagonistic activities of Rhizobium sin-1 lipid A. Bioorg. Med. Chem. 15(14): 4800-4812.

Vasan M., M.A. Wolfert, and G.J. Boons. 2007. Agonistic and antagonistic properties of a
Rhizobium sin-1 lipid A modified by an ether-linked lipid. Org. Biomol. Chem. 5(13); 2087-
2097.

Cho, S., Q. Wang, C.P. Swaminathan, D. Hesek, M. Lee, G.J. Boons, S. Mobashery, and R.A.
Mariuzza. 2007. Structural insights into the bacterial mechanism of human peptidoglycan
recognition proteins. Proc. Natl. Acad. Sci. U. S. A. 104(21): 8761-8766.

Park, J., S. Kawatkar, J.H. Kim, and G.J. Boons. 2007, Stereoselective glycosylations of 2-
azido-2-deoxy-glucosides using intermediate sulfonium ions. Org. Lett. 9(10): 1959-1962.

Zhang, Y., J. Gaekwad, M.A. Wolfert, and G.J. Boons. 2007. Modulation of innate immune
responses with synthetic lipid A derivatives. J. Am. Chem. Soc. 129(186). 5200-52186.

Liu, S, A. Venot, L. Meng, F. Tian, K.W. Moremen, G.J. Boons, and J.H. Prestegard. 2007.
Spin-labeled analogs of CMP-NeuAc as NMR probes of the a-2,6-sialyliransferase ST6Gal I.
Chem. Biol. 14(4): 409-418.

Wolfert, M.A., A. Roychowdhury, and G.J. Boons. 2007. Modifications of the structure of
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120,
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123.
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121.

120.

peptidoglycan is a strategy to avoid detection by nuclectide-binding oligomerization domain
protein 1. Infect. Immun. 75(2): 706-713. Selected for IAI Spotlight.

Mehta, A., E. Saile, W. Zhong, T. Buskas, R. Carlson, E. Kannenberg, Y. Reed, C.P. Quinn,
and G.J. Boons. 2008. Synthesis and antigenic analysis of the Bc1A glycoprotein
oligosaccharide from the Bacillus anthracis exosporium. Chem.-Eur. J. 12(36): 9136-9149.
Selected for frontispiece.

Ingale, S., T. Buskas, and G.J. Boons. 2006. Synthesis of glyco(lipo)peptides by liposome-
mediated native chemical ligation Org. Lett. 8(25): 5785-5788.

Kim, J.H., H. Yang, V. Khot, D. Whitfield, and G.J. Boons. 20086. Stereoselective glycosylations
using (R)- or (S)-(ethoxycarbonyl)benzyl chiral auxiliaries at C-2 of glycopyranosyl donors.
Eur. J. Org. Chem. (22): 5007-5028. Selected for cover picture.

Zhu, X., S. Kawatkar, Y. Rao, and G.J. Boons. 20086. Practical approach for the stereoselective
introduction of B-arabinofuranosides. J. Am. Chem. Soc. 128(36): 11948-11957.

Highlighted in C&EN: Borman, S.A. 2007. Bacterial wall component made. Chemical &
Engineering News 85(32): 6.

Alphey, M.S., A. Burton, M.D. Urbaniak, G.J. Boons, M.A. Ferguson, and W.N. Hunter. 2006.
Tyrpanosoma brucei UDP-galactose-4’-epimerase in ternary complex with NAD" and the
substrate analogue UDP-4-deaxy-4-fluoro-a-D-galactose. Acta Crystallograph. Sect. F Struct.
Biol. Cryst. Commun. 62(9): 829-834.

Guo, J., J. Asong, and G.J. Boons. 2006. Selective inhibition of glycosidases by feedback
prodrugs. Angew. Chem. Int. Ed. 45(32); 5345-5348.

Buskas, T., S. Ingale, and G.J. Boons. 2006. Glycopeptides as versatile tools for glycobiology.
Glycobiology. 16(8): 113R-136R. '

Kawatkar, S., D.A. Kuntz, R.J. Woods, D.R. Rose, and G.J. Boons. 2006. Structural basis of the
inhibition of Golgi a-mannosidase Il by mannostatin A and the role of the thiomethy! moiety in
protein-ligand interactions. J. Am. Chem. Soc. 128(25): 8310-8319.

Buts, L., A. Garcia-Pino, A. Imberty, N. Amiot, G.J. Boons, S. Beeckmans, W. Versees, L,
Wyns, and R. Loris. 2006. Structural basis for the recognition of complex-type biantennary
oligosaccharides by Pterocarpus angolensis lectin. FEBS J. 273(11): 2407-2420.

Guan, R., P.H. Brown, C.P. Swaminathan, A. Roychowdhury, G.J. Boons, and R.A. Mariuzza.
20086. Crystal structure of human peptidoglycan recognition protein la bound to a muramyl
pentapeptide from Gram-positive bacteria. Protein Science 15(5): 1199-12086.

Rao, Y., A. Venot, E.E. Swayze, R.H. Griffey, and G.J. Boons. 2006. Trisaccharide mimetics of
the aminoglycoside antibiotic neomycin. Org. Biomol. Chem. 4(7): 1328-1337.

Swaminathan, C.P., P.H. Brown, A. Roychowdhury, Q. Wang, R. Guan, N. Silverman, W E.
Goldman, G.J. Boons, and R.A. Mariuzza. 2006. Dual strategies for peptidoglycan
discrimination by peptidoglycan recognition proteins (PGRPs). Proc. Natl. Acad. Sci. U. S. A.
103(3): 684-689.

Lee, H.S., M.A. Wolfert, Y. Zhang, and G.J. Boons. 2008. The 2-aminogluconate isomer of
Rhizobium sin-1 lipid A can antagonize TNF-o production induced by enteric LPS.
ChemBioChem 7(1): 140-148.

Kumar, 8., A. Roychowdhury, B. Ember, Q. Wang, R. Guan, R.A. Mariuzza, and G.J. Boons.
2005, Selective recognition of synthetic lysine and meso-diaminopimelic acid-type
peptidoglycan fragments by human peptidoglycan recognition protein lo. and S. J. Biol.
Chem. 280(44): 37005-37012.

Roychowdhury, A., M.A. Wolfert, and G.J. Boons. 2005. Synthesis and pro-inflammatory
properties of muramyl tripeptides containing lysine and diaminopimelic acid moieties.
ChemBioChem 6(11); 2088-2097.

Buskas, T., S. Ingale, and G.J. Boons. 2005. Towards a fully synthetic carbohydrate-based
anticancer vaccine: Synthesis and immunological evaluation of a lipidated glycopeptide
containing the tumor-associated Tn-antigen. Angew. Chem. Int. Ed. 44(37): 5985-5988.
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Selected as a VIP paper.

Highlighted in C&EN: Borman, S.A. 2005. Cancer vaccine is best in class: Three-part
carbohydrate vaccine elicits strong anticancer response. Chemical & Engineering News
83(37): 10.

Buskas, T., Y. Li, and G.J. Boons. 2005. Synthesis of a dimeric Lewis antigen and the
evaluation of the epitope specificity of antibodies elicited in mice. Chem.-Eur. J. 11({18):
5457-5467.

Kim, J.H., H. Yang, J. Park, and G.J. Boons. 2005. A general strategy for stereoselective
glycosylations. J. Am. Chem. Soc. 127(34): 12090-12097.

Highlighted in C&EN and in Nature: Borman, S.A. 2005. New approach to glycosylation:
Technique could facilitate one-pot and automated syntheses of carbohydrates. Chemical &
Engineering News 83(34): 11; Flitsch, S.L. 2005. Synthetic chemistry: Glycosylation with a
twist. Nature 437: 201-202.

Cato, D., T. Buskas, and G.J. Boons. 2005. Highly efficient stereospecific preparation of Tn and
TF building blocks using thioglycosyl donors and the Ph,SO/TH:,0 promoter system. J.
Carbohydr, Chem. 24: 503-516.

Siriwardena, A., H. Strachan, S. El-Daher, G. Way, B. Winchester, J. Glushka, K. Moremen,
and G.J. Boons. 2005. Potent and selective inhibition of class |l a-D-mannosidase activity by
a bicyclic sulfonium salt. ChemBioChem 6(5). 845-848.

Roychowdhury, A. and G.J. Boons. 2005. The synthesis of diaminopimelic acid containing

peptidoglycan fragments using metathesis cross couplings. Tefrahedron Lett. 46(10): 1675-
1678.

Majumdar, D., G.A. Elsayed, T. Buskas, and G.J. Boons. 2005. Synthesis of
proteophosphoglycans of Leishmania major and Leishmania mexicana. J. Org. Chem. 7T0(5):
1691-1697.

Guan, R., A. Roychowdhury, B. Ember, S. Kumar, G.J. Boons, and R.A. Mariuzza. 2005.
Crystal structure of a peptidoglycan recognition protein (PGRP) in complex with a muramyl
tripeptide from Gram-positive bacteria. J. Endotoxin Res. 11(1): 41-46.

Kim, J.H., H. Yang, and G.J. Boons. 2005. Stereoselective glycosylations with chiral auxiliaries.
Angew. Chem. Int. Ed. 44(8): 947-949,

Highlighted in Nature: Research Highlights. 2005 Nature 436: 757.

Guan, R., A. Roychowdhury, B. Ember, S. Kumar, G.J. Boons, and R.A. Mariuzza. 2004.
Structural basis for peptidoglycan binding by peptidoglycan recognition proteins. Proc. Nat!.
Acad. Sci. U. S. A. 101(49): 17168-17173.

Santhanam, B., M.A. Wolfert, J.N. Moore, and G.J. Boons. 2004, Synthesis and biological
evaluation of a lipid A derivative that contains an aminogluconate moiety. Chem.-Eur. J.
10(19): 4798-4807.

Santhanam, B. and G.J. Boons. 2004. Preparation of a lipid A derivative that contains a 27-
hydroxyoctacosanoic acid moiety. Org. Lett. 6(19): 3333-3336.

Li, B., S.P. Kawatkar, S. George, H. Strachan, R.J. Woods, A. Siriwardena, K.W. Moremen, and
G.J. Boons. 2004. Inhibition of Golgi mannosidase I with mannostatin A analogs: Synthesis,
biological evaluation and structure activity relationship studies. ChemBjoChem 5(9): 1220-
1227.

Venot, A, E.E. Swayze, R.H, Griffey, and G.J. Boons. 2004, Disaccharide mimetics of the
aminoglycoside antibiotic neamine. ChemBioChem 5(9): 1228-1236.

Buskas, T., Y.H. Li, and G.J. Boons. 2004. The immunogenicity of the tumor-associated antigen
Lewis’ may be suppressed by a bifunctional cross-linker required for coupling to a carrier
protein. Chem.-Eur, J. 10(14): 3517-3524.

Galan, M.C., A.P. Venot, and G.J.Boons. 2004. The design and synthesis of a selective
inhibitor of fucosyltransferase VI. Org. & Biomol. Chem. 2(2): 1376-1380.

Galan, M.C., C.S. Dodsen, A.P. Venot, and G.J. Boons. 2004. Glycosyltransferase activity can
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be selectively modulated by chemical modificiations of acceptor substrates. Biorg. Med.
Chem. Lett, 14(9): 2205-2208.

Narendran P., K. Elsegood, N.J. Leech, W.M. Macindoe, G.J. Boons, and C.M. Dayan. 2004.
Dendritic cell-based assays, but not mannosylation of antigen, improves detection of T-cell
responses to proinsulin in type 1 diabetes. Immunology. 111(4): 422-429.

Watt, G. and G.J. Boons. 2004. A convergent strategy for the preparation of N-glycan core di,
tri- and pentasaccharide thioaldoses for the site-specific glycosylation of peptides and
proteins bearing free cysteines. Carbohydr. Res. 339(2): 181-193. Selected for cover
picture.

Prabhu, A., A.P. Venot, and G.J. Boons. 2003. A new set of orthogonal protecting groups for
the modular synthesis of heparan sulfate fragments. Org. Lett. 5(26): 4975-4978.

Galan, M.C., A.P. Venot, J. Glushka, A. Imberty, and G.J. Boons. 2003. Chemo-enzymatic
synthesis of conformationally constrained oligosaccharides. Org. & Biomol. Chem. 1(22):
3891-3899.

Majumdar, D., T. Zhu, and G.J. Boons. 2003. Synthesis of oligosaccharides on soluble high-
molecular-weight branched polymers in combination with purification by nanofiltration. Org.
Lett. 5(20): 3591-3594,

Watt, G., J. Lund, M. Levens, V.S K. Kolli, R. Jefferis, and G.J. Boons. 2003. Site-specific
glycosylation of an aglycosylated human igG1-Fc antibody protein generates
neoglycoproteins with enhanced function. Chem. & Biol. 10(9): 807-814.

Elsayed, G.A. and G.J. Boons. 2003. Chemical synthesis of a-D-mannosylphosphate serine
derivatives: A new class of synthetic glycopeptides. Synlett. (9): 1373-1375.

Pinhal-Enfield, G., M. Ramanathan, G. Hasko, S.N. Vogel, A.L. Salzman, G.J. Boons, and S.J.
Leibovich. 2003. An angiogenic switch in macrophages involving synergy between Toli-like
receptors 2, 4, 7, and 9, and adenosine A, receptors. Am. J. Path. 163(2): 711-721.

Galan, M.C., AP. Venot, and G.J. Boons. 2003. Glycosyltransferase activity can be modulated
by small conformational changes of acceptor substrates. Biochemistry 42(28): 8522-8529.

Thobhani, S., B. Ember, A. Siriwardena, and G.J. Boons. 2003. Multivalency and the mode of
action of bacterial sialidases. J. Am. Chem. Soc. 125(24): 7154-7155.

Highlighted in C&EN: Science Concentrates. 2003. Polyvalent ligand inhibits cholera enzyme.
Chemical & Engineering News 81(25): 38.

Demchenko, A.V, M.A. Wolfert, B. Santhanam, J.N. Moore, and G.J. Boons. 2003. Synthesis
and biological evaluation of Rhizobium sin-1 lipid A derivatives. J. Am. Chem. Scc. 125(20):
6103-6112.

Geurtsen, R. and G.J. Boons. 2002. Chemoselective glycosylations of sterically hindered
glycosy! acceptors. Tetrahedron Lett. 43(55); 9428-9431.

Arranz-Plaza, E., A.S. Tracy, A. Siriwardena, J.M. Pierce, and G.J. Boons. 2002. High-avidity,
low-affinity multivalent interactions and the block to polyspermy in Xenopus laevis. J. Am.
Chem. Soc. 124(44):; 13035-13046.

Roychowdhury, A., A, Siriwardena, and G.J. Boons. 2002. A highly convergent approach for the
synthesis of disaccharide repeating units of peptidaglycan. Tetrahedron Lett. 43(43): 7805-
7807.

Wolfert, M.A., T.F. Murray, G.J. Boons, and J.N. Moore. 2002. The origin of the synergistic
effect of muramyl dipeptide with endotoxin and peptidoglycan. J. Biol. Chem. 277(42):
39179-39186.

Haller, M.F. and G.J. Boons. 2002. Selectively protected disaccharide building blocks for
modular synthesis of heparin fragments. Eur. J. Org. Chem.(13): 2033-2038.

Elsayed, G.A., T. Zhu, and G.J. Boons. 2002. Demixing libraries of saccharides using a multi-
linker approach in combination with a soluble polymeric support. Tetrahedron Lett. 43(26):
4691-4694,

Galan, M.C., A.P. Venot, J. Glushka, A. Imberty, and G.J. Boons. 2002. o-(2,6)-
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Sialyltransferase-catalyzed sialylations of conformationally constrained oligosaccharides. J.
Am. Chem. Soc. 124(21): 5964-5973.

Geurtsen, R. and G.J. Boons. 2002. Regioselective glycosylations in solution and on soluble
and insoluble polymeric support. Eur. J. Org. Chem. (9). 1473-1477.

De Meo, C., A.V. Demchenko, and G.J. Boons. 2002. Triflouroacetamido substituted siatyl
donors for the preparation of sialyl galactosides. Aus. J. Chem. 55(1-2): 131-134.

Zhu, T. and G.J. Boons. 2001. Thioglycosides protected as trans-2,3-cyclic carbonates in
chemoselective glycosylations. Org. Left. 3(26): 4201-4203.

Clarke, C., R.J. Woods, J. Glushka, A. Cooper, M.A. Nutley, and G.J. Boons. 2001.
Involvement of water in carbohydrate-protein binding. J. Am. Chem. Soc. 123(49): 12238-
12247,

Kearns, D.B., A. Venot, P.J. Bonner, B. Stevens, G.J. Boons, and L.J. Shimkets. 2001.
Identification of a developmental chemoattractant in Myxococcus xanthus through metabolic
engineering. Proc. Natl. Acad. Sci. U. S. A. 98(24): 13990-13994.

Arranz, E. and G.J. Boons. 2001. The 2-(allyloxy) phenyl acetyl ester as a new relay protecting
group for oligosaccharide synthesis. Tefrahedron Lett. 42(37): 6469-6471.

Siriwardena, A., M.R. Jgrgensen, M.A. Wolfert, M.L. Vandenpias, J.N. Moore, and G.J. Boons.
2001. Synthesis and proinflammatory effects of peptidoglycan-derived neoglycopeptide
polymers. J. Am. Chem. Soc. 123(33): 8145-81486.

De Meo, C., AV. Demchenko, and G.J. Boons. 2001. A stereoselective approach for the
synthesis of a-sialosides. J. Org. Chem. 66(16); 5490-5497.

McWatt, M. and G.J. Boons. 2001. Parallel combinatorial synthesis of glycodendrimers and
their hydrogelation properties. Eur. J. Org. Chem. (13): 2535-2545.

Zhu, T. and G.J. Boons. 2001. A highly efficient synthetic strategy for polymeric support
synthesis of Le*, Le’, and H-type 2 oligosaccharides. Chem.-Eur. J. T(11): 2382-2389.

Demchenko, A.V. and G.J. Boons. 2001. A highly convergent synthesis of a complex
oligosaccharide derived from group B type Il Streptococcus. J. Org. Chem. 66(8). 2547-
2554.

Haller, M. and G.J. Boons. 2001. Towards a modular approach for heparin synthesis. J. Chem.
Soc., Perkin Trans, 1 (8). 814-822.

Boons, G.J. and A.V. Demchenko. Recent advances in O-sialylation. 2000. Chem. Rev.
100(12): 4539-4565.

Zhu, T. and G.J. Boons. 2000. Intermolecular aglycon transfer of ethyl thioglycosides can be
prevented by judicious choice of protecting groups. Carbohydr. Res. 329(4): 708-715.

Zhu, T. and G.J. Boons. 2000. A novel and efficient synthesis of a dimeric Le* oligosaccharide
on polymeric support. J. Am. Chem. Soc. 122(41). 10222-10223.

Bai, Y., G.J. Boons, A. Burton, M. Johnson, and M. Haller. 2000. Viny! glycosides in
oligosaccharide synthesis . 6. 3-Buten-2-yl 2-azido-2-deoxy glycosides and 3-buten-2-yl-
phthalimido-2-deoxy glycosides as novel glycosyl donors. J. Carbohydr. Chem. 19(7): 939-
958.

Belogi, G., T. Zhu, and G.J. Boons. 2000. Polymer-supported oligosaccharide synthesis by a
loading-release-reloading strategy. Tetrahedron Lett. 41(36); 6969-6972,

Belogi, G., T. Zhu, and G.J. Boons. 2000. Polystyrylboronic acid as a reusable polymeric
support for oligosaccharide synthesis. Tefrahedron Lett. 41(36): 6965-6968.

Reichel, F., A.M. Roelofsen, H.P.M. Geurts, S.J. van der Gaast, M.C. Feiters, and G.J. Boons.
2000. Synthesis and supramolecular characterization of a novel class of glycopyranosyl-
containing amphiphiles. J. Org. Chem. 65(11): 3357-3366.

Zhu, T. and G.J. Boons. 2000. A new set of orthogonal protecting groups for oligosaccharide
synthesis on a polymeric support. Tetrahedron: Asymmetry 14(1): 189-205.

Boons, G.J. 1999. Combinatorial approaches in oligosaccharide synthesis. Carbohydrates in
Europe 27: 28-32.
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Zhu, T. and G.J. Boons. 1999. A two directional and highly convergent approach for the
synthesis of the tumor-associated antigen Globo-H. Angew. Chem. Int. Ed. 38(23): 3495-
3497,

Geurtsen, R,, F. Coté, M.G. Hahn, and G.J. Boons. 1999. Chemoselective glycosylation
strategy for the convergent assembly of phytoalexin-elicitor active oligosaccharides and their
photoreactive derivatives. J. Org. Chem. 64(21). 7828-7835.

Reichel, F., A.M. Roelofsen, H.P.M. Geurts, T.I. Hamé&ldinen, M.C. Feiters, and G.J. Boons.
1999. Stereochemical dependence of the self-assembly of the immunoadjuvants PamsCys
and Pam;Cys-Ser. J. Am. Chem. Soc. 121(35): 7989-7997.

Demchenko, A.V., E. Rousson, and G.J. Boons. 1999. Stereoselective 1,2-cis-galactosylation
assisted by remote neighboring group participation and solvent effects. Tetrahedron Letft.
40(36): 6523-6526.

Navarre, N., N. Amiot, A. van Oijen, A. Imberty, A. Poveda, J. Jiménez-Barbero, A. Cooper,
M.A. Nutley, and G.J. Boons. 1999. Synthesis and conformational analysis of a
conformationally constrained trisaccharide, and complexation properties with concanavatin A.
Chem.-Eur. J. 5(8): 2281-2294.

Demchenko, A.V. and G.J. Boons. 1999. A novel direct glycosylation approach for the synthesis
of dimers of N-acetylneuraminic acid. Chem.-Eur. J. 5(4); 1278-1283.

Johnson, M., C. Arles, and G.J. Boons. 1998. Vinyl glycosides in oligosaccharide synthesis .5.
A latent-active glycosylation strategy for the preparation of branched trisaccharide libraries.
Tetrahedron Lett. 39(52): 9801-9804.

Reichel F. and G.J. Boons. 1998. Sweet promise. Chemistry in Britain 34(9). 43-46.

Zhu, T. and G.J. Boons. 1998. A two-directional approach for the solid-phase synthesis of
trisaccharide libraries. Angew. Chem. Int. Ed. 37(13-14): 1898-1900.

Bowers, S.G., D.M. Coe, and G.J. Boons. 1998. Application of the 2,5-dimethylpyrrole group as

a new and orthogonal amine-protecting group in oligosaccharide synthesis. J. Org. Chem.
63(14): 4570-4571.

Demchenko, A.V. and G.J. Boons. 1998, A novel and versatile glycosyl donor for the
preparation of glycosides of N-acetylneuraminic acid. Tetrahedron Left. 39(19). 3065-3068.

Zhu, T. and G.J. Boons. 1998. A two directional glycosylation strategy for the convergent
assembly of oligosaccharides. Tetrahedron Letf. 39(15): 2187-2190.

Macindoe, W.M., A.H. van Qijen, and G.J. Boons. 1998. A unique and highly facile method for
synthesizing disulfide linked neoglycoconjugates: A new approach for remodelling of
peptides and proteins. Chem. Commun. (7); 847-848.

Zhu, T. and G.J. Boons. 1998, Two-directional, convergent synthesis of a pentasaccharide that
is involved in the hyperacute rejection response in xenotransplantation from pig to man. J.
Chem. Soc., Perkin Trans. 1 (5): 857-861.

Gibson, R.R., R.P. Dickinson, and G.J. Boons. 1997. Vinyl glycosides in oligosaccharide
synthesis 4. Glycosidase-catalysed preparation of substituted allyl glycosides. J. Chem.
Soc., Perkin Trans. 1 (22): 3357-3360.

Geurtsen, R., D.8. Holmes, and G.J. Boons. 1997. Chemoselective glycosylations .2.
Differences in size of anomeric leaving groups can be exploited in chemoselective
glycosylations. J. Org. Chem. 62(23): 8145-8154.

Reichel, F., P.R. Ashton, and G.J. Boons. 1897. Synthetic carbohydrate-based vaccines:
Synthesis of an L-glycero-D-manno-heptose antigen-T-epitope-lipopeptide conjugate. Chem.
Commun. (21). 2087-2088.

Burton, A., P. Wyatt, and G.J. Boons. 1997, Preparation of fluorinated galactosyl nucleoside
diphosphates to study the mechanism of the enzyme galactopyranose mutase. J. Chem.
Soc., Perkin Trans. 1 (16): 2375-2382.

Demchenko, A.V., T. Stauch, and G.J. Boons. 1997. Solvent and other effects on the
stereoselectivity of thioglycoside glycosidations. Synlett (7): 818-820.
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Boons, G.J. and T. Zhu. 1997. Novel regioselective glycosylations for the convergent and
chemoselective assembly of oligosaccharides. Syniett (7). 809-811.

Boons, G.J., S. Bowers, and D.M. Coe. 1997. Trityl ethers in oligosaccharide synthesis: A novel
strategy for the convergent assembly of oligosaccharides. Tetrahedron Lett. 38(21): 3773-
3776

Navarre, N., A.H. van OQijen, and G.J. Boons. 1997. The design and synthesis of a
conformationally constrained trisaccharide for probing carbohydrate-protein interactions.
Tetrahedron Lett. 38(11): 2023-2026.

Demchenko, A.V. and G.J. Boons. 1997. A highly convergent synthesis of a hexasaccharide
derived from the oligosaccharide of group B type i Streptococcus. Tetrahedron Lett. 38(9):
1629-1632.

Boons, G.J., B. Heskamp, and F. Hout. 1996. Vinyl glycosides in oligosaccharide synthesis: A
strategy for the preparation of trisaccharide libraries based on latent-active glycosylation.
Angew. Chem. Int. Ed. 35(23-24): 2845-2847.

Boons, G.J. and T. Stauch. 1996. Stereoseledctivity in glycosidic bond formation: Studies on the
anomerisation of thioglycosides. Synlett (9): 906-908.

Boons, G.J. 1996. Synthetic oligosaccharides: Recent advances. Drug Discovery Today 1(8):
331-342.

Boons, G.J. and S. Isles. 1996. Vinyl glycosides in oligosaccharide synthesis .2. The use of allyl
and viny! glocosides in oligosaccharide synthesis. J. Org. Chem. 61(13): 4262-4271.

Boons, G.J. 1896. Recent developments in chemical oligosaccharide synthesis. Contemp. Org.
Synth. 3(3): 173-200.

Boons, G.J., R. Eveson, S. Smith, and T. Stauch. 1996. A critical evaiuation of the cationic
coupling of 4-acetoxy-1,3-dioxanes. Synlett (6): 536-538.

Boons, G.J., A. Burton, and P, Wyatt. 1996. Glycosyl phosphates: A new latent-active anomeric
phosphorylation strategy. Synlett (4): 310-312.

Parsons, N.J., G.J. Boons, P.R. Ashton, P.D. Redfern, P. Quirk, Y. Gao, C. Constantinidou, J.
Patel, J. Bramley, J.A. Cole, and H, Smith. 1996. Lactic acid is the factor in blood cell
extracts which enhances the ability of CMP-NANA to sialylate gonococcal lipopolysaccharide
and induce serum resistance. Microb. Pathog. 20(2): 87-100.

Boons, G.J. 1996. Strategies in oligosaccharide synthesis. Tefrahedron 52(4): 1095-1121.

Boons, G.J., A. Burton, and S. Isles. 1996. A new procedure for the isomerisation of substituted
and unsubstituted allyl ethers of carbohydrates. Chem. Commun. (2): 141-142.

Boons, G.J., R. Geurtsen, and E. Holmes, 1995. Chemoselective glycosylations .1. Differences
in size of anomeric leaving groups can be exploited in chemoselective glycosylations.
Tetrahedron Lett. 36(35); 6325-6328.

Boons, G.J., S. Isles, and P. Setala. 1995, An improved procedure for the preparation of 1,6-
anhydro sugars. Synlett (7); 755-756.

Boons, G.J., J.A. Clase, |.C. Lennon, S.V. Ley, and J. Staunton, 1995. Biosynthesis of
tetronasin .4. Preparation of deuterium labelled C19-C26, C17-C26, C11-C26 and C3-C26
polyketide fragments as putative bisynthetic precursors of the ionophore antibiotic tetronasin
(IC1 139603). Tetrahedron 51(18): 5417-54486.

Boons, G.J., R. Downham, K.S. Kim, S.V. Ley, and M. Woods. 1994. Dispiroketals in synthesis
.10. Further reactions of dispoke protected lactate and glycolate enolates. Tetrahedron
50(24). 7157-7178.

Boons, G.J. and 8. Isles. 1994. Vinyl glycosides in oligosaccharide synthesis .1. A new latent-
active glycosylation strategy. Tefrafiedron Lett 35(21): 3593-3596.

Boons, G.J., L.C. Lennon, S.V. Ley, E.S.E. Owen, J. Staunton, and D.J. Wadsworth. 1994.
Novel polyene cyclisation routes to the acyl tetronic acid ionophore tetronasin (ICI M139603).
Tetrahedron Lett. 35(2): 323-326.

Boons, G.J., D.S. Brown, J.A. Clase, |.C. Lennon, and S.V. Ley. 1994, Two new routes {o the

Atea Pharmaceuticals, Inc.
Exhibit 1036 Page 91 of 135

37



Curriculum Vitae — Geert-Jan Boons

24.

23.

22.

21.

20.

19.

18.

17.

16.

15.

14.

13.

12.

11.

10.

C19-C26 tetrahydrofuran fragment of the acyl tetronic acid ionophore tetronasin (ICl
M139603). Tefrahedron Lett. 35(2): 319-322.

Boons, G.J., P. Grice, R. Leslie, S.V. Ley, and L.L. Yeung. 1993. Dispiroketals in synthesis .5.
A new opportunity for oligosaccharide synthesis using differentially activated glycosyl donors
and acceptors. Tefrahedron Lett. 34(52): 8523-8526.

Boons, G.J., G.H. Castle, J.A. Clase, P. Grice, S.V. Ley, and C. Pinel. 1993. Selective acylation
and alkylation reactions of diols using dibutyltin dimethoxide. Synlett (12). 913-914.

Boons, G.J., D.A. Entwistle, S.V. Ley, and M. Woods. 1993. Dispiroketals in synthesis .4.
Enantioselective desymmertrization of glycerol using a Co-symmetric disubstituted bis-
dihydropyran. Tetrahedron Lett. 34(35): 5649-5652.

Smid, P., F.J.M. Schippers, H.J.G. Broxterman, G.J.P.H. Boons, G.A. van der Marel, and J.H.
van Boom. 1993. Use of (chioromethyl)dimethylphenylsilane in sugar chemistry. Stereo-
controlled approach to destomic acid and 1-deoxy-nojirimycin. Recl. Trav. Chim. Pays-Bas
112(7-8): 451-456.

Ley, S.V,, G.J. Boons, R. Leslie, M. Woods, and D.M. Hollinshead. 1893. Dispiroketals in
synthesis .3. Selective protection of diequatorial vicinal diols in carbohydrates. Synthesis (7):
689-692.

Smid, P., W.P.A. Jérming, A.M.G. van Duuren, G.J.P.H. Boons, G. A. van der Marel, and J.H.
van Boom. 1982. Siereoselective synthesis of a dimer containing an a-linked 2-acetamido-4-
amino-2,4,6-trideoxy-D-galactopyranose (sugp) unit. J. Carbohydrate Chem. 11(7): 849-865.

Noort, D., N.C.R. van Straten, G.J.P.H. Boons, G.A. van der Marel, X. Bossuyt, N. Blanckaert,
G.J. Mulder, and J.H. van Boom. 1992. Synthesis of a potential inhibitor of UDP-
glycoronosylitransferase. Biomed. Chem. Lett. 2(6). 583-588.

van der Klein, P.A.M., W. Filemon, G.J.P.H. Boons, G.H. Veeneman, G.A. van der Marel, and
J.H. van Boom. 1992. Synthesis of a cell wall component of Haemophilus (Actionobacillus)
Pleuropneumoniae serotype 5. Tetrahedron 48(22): 4649-4658.

Boons, G.J.P.H., M. Overhand, G.A. van der Marel, and J.H. van Boom, 1992. Synthesis of two
branched heptopyranoside (L,D-Hepp)-containing trisaccharides of the inner-core region of
Citrobacter PCM 1487. Recl. Trav. Chim. Pays-Bas 111(3): 144-148.

Boons, G.J.P.H., F.L. van Delft, P.A.M. van der Klein, G.A. van der Marel, and J.H. van Boom.
1992. Synthesis of LD-Hepp and KDO containing disaccharide and tetrasaccharide
derivatives of Neisseria meningitidis inner-core region via iodonium ion promoted
glycosidations. Tetrahedron 48(5): 885-904.

Boons, G.J.P.H., R. Steyger, M. Overhand, G.A. van der Marel, and J.H. van Boom. 1991.
Synthesis of naturally occurring LD-Hepp containing disaccharides. J. Carbohydr. Chem.
10(6): 995-1007.

Verheul, A.F.M., G.J.P.H. Boons, G.A. van der Marel, J.H. van Boom, H.J. Jennings, H. Snippe,
J. Verhoef. P. Hoogerhout, and J.T. Poolman. 1991. Minimal oligosaccharide structures
required for induction of immune responses against meningococcal immunotype L1, L2, and
L3,7,9 lipopolysaccharides determined by using synthetic oligosaccharide-protein
conjugates. Infect. Immun. 59(10): 3566-3573.

Boons, G.J.P.H., P. Hoogerhout, J.T. Poolman, G.A. van der Marel, and J.H. van Boom. 1991,
Preparation of a well-defined sugar-peptide conjugate: A possible approach to a synthetic
vaccine against Neisseria meningitidis. Bioorg. Med. Chem. Lett. 1(6): 303-308.

Verheul, A.F.M., H. Snippe, J. Verhoef, P. Hoogerhout, J.T. Poolman, G.J.P.H. Boons, G.A. van
der Marel, and J.H. van Boom. 1921. Immunogenicity of meningococcal L.PS derived
oligosaccharide-protein conjugates using isolated and synthetic oligosaccharides.
Neisseriae, Proc. Int. Pathog. Neisserria Conf. 7" Meeting 1990, (M.A. de Gruyter, ed.)
Berlin, Germany.

Boons, G.J.P.H., C.J.J. Elie, G.A. van der Marel, and J.H. van Boom. 1990. Use of
(phenyldimethylsilyl)methoxymethyl and {phenyldimethylsilyl)methyl ethers as protecting
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groups for sugar hydroxyls. Tetrahedron Leit. 31(15): 2197-2200.

van der Klein P.A.M., G.J.P.H. Boons, G.H. Veeneman, G.A. van der Marel, and J.H. van
Boom. 1990. lodonium ion promoted cyclization: A convenient approach to glycosyl donors
of 3-deoxy-D-manno-2-octulosonic acid (KDO). Synlett (6): 311-313.

Noort, D., G.H. Veeneman, G.J.P.H. Boons, G.A. van der Marel, G.J. Mulder, and J.H. van
Boom. 1990. lodonium ion promoted reactions at the anomeric C-2 centre of 1-methylene
sugars. Synlett (4): 205-206.

Boons, G.J.P.H., P.A.M. van der Klein, G.A. van der Marel, and J.H. van Boom. 1990. A
practical route toward the preparation of 4,5:7,8-di-O-isopropylidene KDO ethyl ester. Recl.
Trav. Chim. Pays-Bas 109(4): 273-276.

van der Klein, P.A.M., G.J.P.H. Boons, G.H. Veeneman, G.A. van der Marel, and J. H. van
Boom. 1989. An efficient route to 3-deoxy-D-manno-2-octulosonic acid (KDO) derivatives via
a 1,4-cyclic sulfate approach. Tetrahedron Lett. 30{40): 5477-5480.

Boons, G.J.P.H., M. Overhand, G.A. van der Marel, and J.H. van Boom. 1989. Application of
the dimethyl(phenyl)silyl group as a masked form of the hydroxy group in the synthesis of an
L-glycero-a-D-manno-heptopyranoside-containing frisaccharide from the dephosphorylated
inner core region of Neisseria meningitidis. Angew. Chem. Int. Ed. 28(11). 1504-15086.

Boons, G.J.P.H., M. Overhand, G.A. van der Marel, and J.H. van Boom. 1989. Synthesis of a
trisaccharide of the inner core region of Citrobacter PCM 187 lipopolysaccharide that
contains L-glycero-a-D-manno-heptopyranosyl units. Carbohydr. Res. 192: ¢1-c4.

Boons, G.J.P.H., G.A. van der Marel, J.T. Poolman, and J.H. van Boom. 1989. Synthesis of L-
glycero-a-bD-manno-heptopyranose-containing disaccharide derivatives of the Neisseria
meningtitidis dephosphorylated inner-core region. Recl. Trav. Chim. Pays-Bas 108(10): 339-
343.

Boons, G.J.P.H., G.A. van der Marel, and J. H. van Boom. 1989. A versatile and new highly
stereoselective approach to the synthesis of L-glycero-D-manno-heptopyranosides.
Tetrahedron Lett. 30(2): 229-232.

Boons, G.J.P.H., P.AM. van der Klein, G.A. van der Marel, and J. H. van Boom. 1988.
Synthesis of L-glycero-D-manno-heptose. Recl. Trav. Chim. Pays-Bas 107(7-8): 507-508.

Contributions to Edited Work (in reverse chronological order)

16.

15.

14.

13.

12.

11.

Boons, G.J., T.J. Bolfje, and L. Liu. Control of reactivity and selectivity in glycosylations using
protecting groups. In: Glycochemical Synthesis: Strategies and Applications. John Wiley &
Sons. In press.

Boltje, T.J., R. Benedict, and G.J. Boons. 2014, Highly stereoselective 1,2-cis-glycosylations
employing the C-2 (S)-(phenylthiomethyl)benzyl ether as a chiral auxiliary. In: Carbohydrate
Chemistry: Proven Synthetic Methods, Volume 2 (G. van der Marel and J. Codee, eds) CRC
Press, Taylor and Francis Group, pp. 3-8.

Friscourt, F. and G.J. Boons. 2013. Bioorthogonal reactions for labeling glycoconjugates. In:
Click Chemistry in Glycoscience: New Developments and Strategies (Z.J. Witczak and R.
Bielski, eds) John Wiley & Sons, Inc., pp. 211-233.

Boons, G.J. 2010. Bioorthogonal chemical reporter methodology for visualization, isolation and
analysis of glycoconjugates. In: Carbohydrate Chemistry: Chemical and Biological
Approaches 36 (A. Pilar Rauter and T.K. Lindhorst, eds) RSC Publishing, Cambridge, pp.
152-167.

Buskas, T., P. Thompson, and G.J. Boons. 2009. Semisynthetic and fully synthetic
carbohydrate-based cancer vaccines. In: Carbohydrate-Based Vaccines and
Immunotherapies (Z. Guo and G.J. Boons, eds) John Wiley & Sons, Inc., Hoboken, NJ, pp.
263-311.

Zhong, W. and G.J. Boons. 2008. Thioglycosides in oligosaccharide synthesis. In: Handbook of
Chemical Glycosylation: Advances in Sterecselectivity and Therapeutic Relevance (A.V.
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Demchenko, ed.) Wiley-VCH, pp. 261-302.

10.  Kim, J.H., H. Yang, and G.J. Boons. 2007. Stereoselective glycosylations using chiral
auxiliaries. In: Frontiers in Modern Carbohydrate Chemistry (A.V. Demchenko, ed.) American
Chemical Society, Washington DC, pp.73-90.

8. De Meo, C., G.J. Boons, and A.V. Demchenko. 2007. Synthesis of glycosides of sialic acid. In:
Comprehensive Glycoscience, Volume 1 (J.P. Kamerling, ed-in-chief, and G.J. Boons, Y.C.
Lee, A. Suzuki, N. Taniguchi, and A.G.J. Voragen, eds.) Elsevier B.V., Amsterdam, pp. 583-
604.

8. Boons, G.J. and B. Santhanam. 2003. Phathalic anhydride. In: Encyclopedia of Reagents for
Organic Synthesis. John Wiley & Sons, Inc.

7. Boons, G.J. 2003. Sialic acid chemistry and biochemistry. in: Carbohydrate-based Drug
Discovery (C.H. Wong, ed.) Wiley-VCH, pp. 55-102.

8. Boons, G.J. 2001. Glycosides as donors. In: Glycoscience: Chemistry and Chemical Biology I-
{1l. (B. Fraser-Reid, J. Tatsuta, and J. Thiem, eds.) Springer-Verlag, Berlin Heidelberg,
Volume i, pp. 551-581.

5. Boons, G.J. and T. Zhu. 2001. Two-direction glycosylations for the preparation of libraries of
oligosaccharides. In: Solid Support Oligosaccharide Synthesis and Combinatorial
Carbohydrate Libraries (P. Seeberger, ed.) John Wiley & Sons, Inc. Press, pp. 201-211.

4, Boons, G.J. and R. Polt. 1997. The synthesis of N- and O-linked glycopeptides. In:
Carbohydrate Chemistry (G.J. Boons, ed.) Blackie Academic & Professional, pp. 223-242.

3. Boons, G.J. 1997. Strategies and tactics in oligosaccharide synthesis. In: Carbohydrate
Chemisiry (G.J. Boons, ed.) Blackie Academic & Professional, pp.175-222.

2. Boons, G.J. and B. Heskamp. 1997. Functionalised saccharides. In: Carbohydrate Chemistry
(G.J. Boons, ed.) Blackie Academic & Professional, pp. 46-83.

1. Boons, G.J. 1997. Structure, configuration and conformation of mono- and oligosaccharides. In:
Carbohydrate Chemistry {(G.J. Boons, ed.) Blackie Academic & Professional, pp.1-20.

Authored Book

Boons, G.J. and K.J. Hale. 2000. Organic Synthesis with Carbohydrates, Sheffield Academic Press
Lid., Sheffield, UK; Blackwell Science, Inc., Malden, Massachusetts (Postgraduate Chemistry
Series).

Edited Books

Carbohydrate Chemistry (G.J. Boons, ed.) 1997. Blackie Academic & Professional (Professional
Reference Book).

Comprehensive Glycoscience, From Chemistry to Systems Biology (4 Volume Set) (J.P. Kamerling, ed-
in-chief, and G.J. Boons, Y.C. Lee, A. Suzuki, N. Taniguchi, and A.G.J. Voragen, eds.) 2007.
Elsevier B.V., Amsterdam, The Netherlands.

Carbohydrate-Based Vaccines and Immunotherapies (Z. Guo and G.J. Boons, eds.) 2009. John Wiley
& Sons, Inc. (Wiley Series in Drug Discovery and Development).

Carbohydrate Recognition: Biological Problems, Methods, and Applications (B. Wang and G.J. Boons,
eds.) 2011. John Wiley & Sons, Inc. (Wiley Series in Drug Discovery and Development).

Patents

Glycolipopeptide and uses thereof, by G.J. Boons, T. Buskas, S. Ingale, and M.A. Wolfert, U.S. Patent
Application. Publication Date: February 12, 2009. Application No.: 2008/0041836.

Liposome-mediated ligation, by G.J. Boons, T. Buskas, and S. Ingale. U.S. Patent Application.

Publication Date: August 6, 2009. Application No.: 2009/0196216.

Anthrax carbohydrates, synthesis and uses thereof, by R.W. Carison, G.J. Boons, T. Buskas, B.
Choudhury, E.L. Kannenberg, C. Leoff, A. Mehta, E. Saile, J. Rauvolfova, C.P. Quinn, P. Wilkins, M.
Vasan, and M.A. Wolfert. U.S. Patent Application. Publication Date: April 18, 2013. Patent No.:
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8,420,607.

Feedback prodrugs, by G.J. Boons and J. Guo. U.S. Patent Application. Publication Date: June 24,
2010. Application No.: 2010/0160207.

Synthetic lipid A derivative, by G.J. Boons. U.S. Patent Application. Publication Date: September 2,
2010. Application No.: 2010/0221269. Publication Date: October 22, 2013. Patent No.: US
08563523.

Alkynes and methods of reacting alkynes with 1,3-dipole-functional compounds, by G.J. Boons, J. Guo,
X. Ning, and M.A. Wolfert. U.S. Patent Application. Publication Date: November 25, 2010.
Application No.: 2010/0297250.

Heparan sulfate synthesis, by G.J. Boons. U.S. Patent Application. Publication Date: September 30,
2011. Application No.: 2010/029235.

Cyclopropenones and the photochemical generation of cyclic alkynes therefrom, by V.V. Popik , A.A.
Poloukhtine, G.J. Boons, and M.A. Wolfert. U.S. Patent Application. Publication Date: August 6,
2012, Application No.: 13/567,509.

Monoclonal antibodies against carbohydrates and glycopeptides by using fully synthetic three-
component immunogens, by G.J. Boons, S. Ingale, L. Wells, and M.A, Wolfert. U.S. Provisional
Patent Application. Serial No.: 61/197,386 (October 27, 2008).

Immunogenic vaccine, by G.J. Boons, P.A, Cohen, S.J. Gendler, V. Lakshminarayanan, and M.A.
Wolfert. U.S. Provisional Patent Application. Serial No.: 61/354,076 (June 11, 2010).

Metal free sequential [3+2] dipolar cycloadditions using cyclooctynes and 1,3-dipoles of different
reactivity, by B.C. Sanders, F. Friscourt, P.A. Ledin, S. Arumugan, J. Guo, T.J. Boltje, V.V. Popik,
and G.J. Boons. U.S. Provisional Patent Application. Serial No.: 61/386,841 (September 27, 2010).

Strain promoted azide alkyne cycloaddition for glycan microarray technology detection via surface
enhanced Raman spectroscopy, by R. Dluhy, G.J. Boons, S. Martin, J. Guo, and X. Li. U.S.
Provisional Patent Application. Serial No.: 61/394,529 (October 19, 2010).

Orthogonal protected pentasaccharide and methods, by G.J. Boons and Z. Wang. U.S. Provisional
Patent Application. Serial No.: 61/467,661 (March 25, 2011).

Methods including latent 1,3-dipole-functional compounds and materials prepared thereby, by G.J.
Boons, F. Friscourt, P.A. Ledin, and N.G. Mbua. international Application. No. PCT/US2011/053487
{September 27, 2011).

Methods for reacting cysteine residues in peptides and proteins, by V.V. Popik, G.J. Boons, J. Guo, S.
Arumugam, E. Nekongo, N. Lin. U.S. Provisional Patent Application. Serial No.: 61/601,829
(February 22, 2012), 61/651,082 (May 24, 2012), 13/771,378 (February 20, 2013).
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Design, Synthesis, and Antiviral Activity of
2’-Deoxy-2'-fluoro-2’-C-methyleytidine, a Potent Inhibitor of Hepatitis C Virus

Replication

Jeremy L. Clark,”" Laurent Hollecker,"® J. Christian Mason,™ ]
Stefania Lostia,® Tamara R. McBrayer,” Raymond F. Schinazi,* Kyoichi A. Watanabe, *+

$ Lieven J. Stuyver,™! Phillip M. Tharnish,’
Michael 4. Otto,’

Phillip A. Furman,” Wojciech J. Stec,™* Steven E. Patterson,’* and Krzysztof W. Pankiewicz'#

Pharmasset, Inc., 303-A College Road Eust, Princeton, New Jersey 08540, and Department of Pediatrics, Emory University,
School of Medicine! Veterans Affairs Medical Center, Decatur, Georgia 30033

Received March 28, 2005

The pyrimidine nucleoside beta-p-2'-deoxy-2'-fluoro-2'-C-methyleytidine (1) was designed as a
hepatitis C virus RNA-dependent RNA polymerase (HCV RdRp) inhibitor. The title compound
was obtained by a DAST fluorination of N*-benzoyl-1-(2-methyl-3,5-di-O-benzoyl-S-D-arabino-
furanosylicytosine (6) to provide N*-benzoyl-1-[2-fluoroe-2-methyl-3,5-di-O-benzoyl-B-p-ribofura-
nosylleytosine (7a). The protected 2’-C-methyleytidine (7¢) was obtained as a byproduct from
the DAST fluorination and allowed for the preparation of two biologically active compounds
from a common precursor. Compound 1 and 2’-C-methyleytidine were assayed in a subgenomic
HCV replicon assay system and found to be potent and selective inhibitors of HCV replication.
Compound 1 shows increased inhibitory activity in the HCV replicon assay compared to 2’-

C-methyleytidine and low cellular toxicity.

Introduction

Hepatitis C virus infection is a major health problem
that leads to chronic liver disease, such as cirrhosis and
hepatocellular carcinoma, in a substantial number of
infected individuals. Once infected, about 20% of people
clear the virus, but the rest can harbor HCV the rest of
their lives. Ten to 20% of chronically infected individuals
eventually develop liver-destroying cirrhosis or cancer.
The current standard of care for chronic hepatitis C is
combination therapy with an interferon-o and ribavirin.
Studies have shown that more patients with hepatitis
C respond to pegylated interferon-o/ribavirin combina-
tion therapy than to combination therapy with unpegy-
lated interferon-o. The overall response rate to treat-
ment, defined as loss of HCV from serum 6 months after
completion of treatment, is 40%. Because of the low
response rates as well as toxic side effects and unsus-
tained viral load reductions, these therapies are inad-
equate. Moreover, there is no established vaccine for
HCV, and there is an urgent need for improved thera-
peutic agents that effectively combat chronic HCV
infection.!

The nonstructural protein NS5B has been character-
ized as an RNA-dependent RNA polymerase (RdRp) that
is required for viral replication. This polymerase is
considered to be an essential component in the HCV
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Figure 1. Structures of 2’-deoxy-2'-fluoro-2’-C-methyleytidine
(1), 2"-C-methylcytidine, and 2'-deoxy-2’-fluorocytidine (2'-
FdCyd).

replication complex and therefore is an ideal target for
drug discovery. Recently, several 2’-modified nucleoside
analogues with potent inhibitory activity against the
HCV NS5B polymerase have been identified. Among the
most potent compounds in this class are 2’-deoxy-2’-
fluorocytidine (2'-FdCyd)? and 2'-C-methyl nucleosides
(Figure 1).%7% Despite the potent HCV inhibition of 2'-
FdCyd, its therapeutic potential as an antiviral agent
is diminished due to a lack of selectivity between host
cells and the viral target. 2’-FdCyd triphosphate has
been demonstrated to be a substrate for both RNA and
DNA polymerases.®” Here we describe the synthesis and
biological activity of 2’-deoxy-2'fluoro-2’-C-methyl cyti-
dine (1) as a potent anti-HCV agent.

Chemistry

For the synthesis of 2’-deoxy-2'-fluoro-2'-C-methylcy-
tidine (1), N*-benzoyl-1-(2-methyl-3,5-di-O-benzoyl-f-D-
arabinofuranosyllcytosine (8) was chosen as the key
intermediate and was prepared in approximately 20%
yield in six steps from cytidine (Scheme 1).8 Briefly,
selective benzoylation of cytidine with benzoic anhydride
in DMF,? followed by treatment with TIDPSCl; in
pyridine, afforded N*benzoyl-3’,5-O-(tetraisopropyl-
disiloxane-1,3-diyl)cytidine (2).'° Oxidation of the 2-
alcohol to the 2'-ketone derivative (8) was achieved with
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2’-Deoxy-2'-fluoro-2'-C-methylcytidine
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« Reagents and conditions: (a) DAST, toluene, —20 °C to rt; (b) MeOH/NHj, rt.

Table 1. Flourine-Coupled ‘H and **C NMR Chemical Shifts, Multiplicities, and J Values for Compounds 1, 7a, 8, and 9*

C-2 H-3/C-3

6 101.2,d, WJo-p=180.1
§100.2, d, We-p= 187.7

099.9,d, \Je-r=186.2

overlapping mult.

6 70.5,d,2Jc-fr= 18.3
6 5.56, dd, *Jy-r=20.7
0724, 4d,2Jc-r=16.0
0 5.49,d, % g_p=212
8727, d, 2JcF = 16.1

compd 2CHs H-1/C-1
1 6 1.17,d, 3Jy-p=22.3 4 6.07,d,3Jg-r= 18.9
616.6,d, ZJc-r=25.9 8 88.6,d,2Jc.p= 374
Ta (5149,d3JH p== 22.4 4 6.52,d, 3Jy-r=18.0
0174,d, 2%Jc-p=25.2 0 91.2,d, 2Jc-r= 42.0
8 §1.89, 4, 3Jy-r=22.3 06.17, d, 3Jp-r=19.3
617.3,d, 3Jo-r=25.1 090.7,d, 2Jo-Fr=44.2
9 0 1.35,d, 3Jy_r=22.3 4 6.13, d, 3Jy-p= 18.9

516.9,d %cp=25.2

[+ 90.6, d, 2Jo-p= 44.0

6 102.1, 4, We-r= 180.1 overlapping mult.

0 72.5,4d, 2/c-r = 17.6

¢ NMR spectra were recorded at 30 °C (400 MHz) in DMSO-ds for compound 1, CDCly for compound 7a, CD3;0D + CDCl; for 8, and
CD30D for 9 with concentrations of ~40 mg/0.756 mL. J values are in Hz.

trifluoroacetic anhydride/DMSO under Swern oxidation
conditions.!! Purification of compound 3 by silica gel
chromatography followed by crystallization from petro-
leum ether—CHyCly provided a white solid that was
stable when stored at room temperature with minimal
atmospheric exposure,’? Treatment of the 2’-ketone (3)
with methyllithium at ~78 °C in diethyl ether gave
exclusively the protected 1-[2-C-methyl-3,5-O—(tetrai-
sopropyldisiloxane-1,3-diyl)-#-p-arabinofuranocsyl]ey-
tosine (4).1¥ The 3',5"-silyl protecting group was removed
with TBAF/acetic acid and replaced with benzoyl pro-
tecting groups to provide compound 6.

The fluorination of tertiary alcohols using DAST has
been reported, but the stereochemistry of such trans-
formations is substrate-specific and often unpredictable.
For instance, Yang et al. reported that the DAST
fluorination of a tertiary alcohol in 2-bromomethyl-DL-
myo-inositol proceeds with retention of configuration.4
Wachtmeister et al. obtained a 4-fluoro-1-cyclopentanol
containing a tertiary fluorine in 25% yield using DAST
as a fluorinating reagent, and this transformation
proceeded with inversion of configuration.’ Further-
more, dehydrations or eliminations, rearrangements,
and ring contractions are often pervading problems in
the DAST fluorination of highly functionalized mol-
ecules.1®

Upon treating 6 with DAST in toluene or dichloro-
methane, a clean mixture of three products (7a—7¢) in
15—20% yield for each compound was obtained (Scheme
2). The desired transformation of 6 to N*-benzoyl-1-[2-
fluoro-2-methyl-3,5-di-O-benzoyl]cytosine (7a) proceeded
with inversion of configuration and was stereospecific;
no diastereomeric N4-benzoyl-1-[2-fluoro-2-methyl-3,5-
di-O-benzoyl-S-pD-arabinofuranosyl]cytosine was detected
in the crude reaction mixture. The presence of the
tertiary fluorine at the 2’ position in 7a was confirmed
by the 'H and *C NMR multiplicities and coupling
constants (Table 1), whereas the stereochemistry of the
fluorination was determined by nuclear Overhauser
enhancement 'H NMR difference spectroscopy (Figure
2).

Analysis of the H NMR spectrum of compound 7a
revealed three distinct multiplicities due to H-F cou-
pling: a doublet at § 1.49 (2’-CHj), a doublet of doublets
at d 5.56 (H-3"), and a doublet at ¢ 6.52 (H-1"). Irradia-
tion of the H-3' resonance resulted in a relatively large
enhancement of both the H-5" signal (4.8%) and the 2'-
methyl signal (5.9%), while irradiation of the 2"-methyl
signal resulted in an enhancement of both H-3' (3.4%)
and, to a lesser extent, H-1’ (1.7%). Deprotection of 7a
using methanolic ammonia provided the title compound,
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Figure 3. ORTEP drawing of 2’-deoxy-2"-fluoro-2’-C-methyl-
cytidine (1),
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NHBz o
& Cr
BZO__ N"&O RO NTT0
-0 a O
) CHy —B> CH,
BzO F RO F
Ta 8: R=Bz
b L—»Q: R=H

“ Reagents and conditions: () 80¢% HOAc, reflux; (o) MeOH/
NHs, rt.

1, whose structure was unambiguously confirmed by
X-ray crystallography and revealed the expected 3’-endo
conformation (Figure 3).

The degradation enzymes cytidine deaminase (CDA)
and deoxycytidine monophosphate deaminase (dCMP-
DA) are responsible for the in vivo metabolic conversion
of eytidine or eytidine monophosphate to uridine. To
facilitate future in vivo studies of compound 1, 2’-deoxy-
2’-tluoro-2'-C-methyluridine (9) was prepared [rom 7a
by deamination in refluxing 80% acetic acid followed by
debenzoylation using methanolic ammonia (Scheme 3).

Results and Discussion

The novel pyrimidine nucleoside analogues 2’-deoxy-
2’-fluoro-2’-C-methyleytidine (1) and 2”-deoxy-2"-fluoro-
2-C-methyluridine (9) were tested for anti-HCV activity
in both a cell-based quantitative real-time RT-PCR
assay and surrogate bovine viral diarrhea virus (BVDV)
assays as previously described (Table 2).17 The activity
and cytotoxicity profiles of 2'-C-methyleytidine and 2'-
deoxy-2’-fluorocytidine (2-FdCyd) are included for com-

Clark et al.

Table 2. Anti-l1ICV Activity and Cellular Toxicity of
Compounds 1, 9, 2"-C-Methylcytidine (2-C-MeCyd), and
-Deoxy-2-luorocytidine (2°-FdCyd)

cpBVDVEMDBK cells)

HCV replicont

compound  ECuy (M) CCsp taM)  ECon (M) CCso¢ (i)
L =100 =100 5,40 + 2.6 > 100
9 =100 =100 > 100 > 100
2-C-MeCyd 2,30 £ 0.1 > 100 19.0 £ 5.7 > 100
2.5dCyd > 100 =100 6.50 4 1.6 >100

“epBYDV = cytapathic BVDV. # 96 h, average of at least four
experiments, < MTS CCsy was determined in a 4-day assay using
the Celltiter 96 nonradioactive cell proliferation assay from
Promega (Madison, WI).

parison and indicate that compound 1 demonstrated a
similar potency as 2’-FdCyd in the HCV replicon assay.
Dynamic profiling of the cell growth in this replicon
assay revealed no cytostasis for compound 1 at the HCV
replicon ECqyy value. As previously reported, 2”-FdCyd,
although not cytotoxic, induced cytostasis at the ECqy
value.? Additionally, much like 2-FdCyd, but unlike 2’
C-MeCyd, compound 1 was inactive in the BVDV
assays. Compound 9 demonstrated no activity or
eytoxicity in any assay.

Experimental Section

All reagents and anhydrous solvents were purchased from
Aldrich or Acros and were used as received. 'I1, "F, and "'C
NMR spectra were obtained with a Varian Unity Plus 400
spectrometer at 400, 376, and 100 MHz, respectively. 'H and
U NMR chemical shifts are reported as o (ppm) downfield
with respect to an internal standard of tetramethylsilane,
while "F chemical shifts are reported downfield from an
external standard of hexafluorobenzene. Optical rotations were
measured with a Perkin-Elmer 241 automatic polarimeter at
the sodium D line (689 nm) in a 1-dm cell. Melting points were
determined using an electrothermal digital melting point
apparatus and are uncorrected. Atlantic Microlab, Inc. of
Norcross, GA provided the elemental analysis.

Ni-Benzoyl-1-[2-C-methyl-3,5-O-(tetraisopropyldisilox-
ane-1,3-diyl)-f-D-arabinofuranosylicytosine (4). Com-
pound 3 €37.6 g. 64 mmol} was dissolved in anhydrous Et.O
1800 mL) under argon and cooled to —78 *C with stirring. To
this solution was added MecLi (103 mL, 1.6 M in Et,O) dropwise
over 1 h. After stirring for an additional 2 h, the reaction
mixture was quenched by dropwise addition of 1 M NH,C1 (165
mL). Upon warming to room temperature, the mixture was
diluted with EtOAc (600 mL) and H,O 1130 miL). The organic
phase was separated, washed with H,O (1 « 130 mL), dried
(Naz50,), and the concentrated to dryness to give a brown
foam (42.5 g, » 100%) that was used without further purifica-
tion. An analytical sample was obtained by silica gel chroma-
tography eluting with 2:1 Et,O—petroleum ether: [} +52.2°
te 1, CHCLy; tH NMR (CDCLy o 0.96-1.15 tm, 24H), 1.60 s,
3ED, 3.81(dt, 1H. J = 1.9, 9.2 Hz), 4.02 tdd, 1H, .J = 2.5, 13.7
Hz), 4.17-4.23 tm. 2H), 5.85 (s, 1H), 7.50-7.54 (m, 2H), 7.60~
7.64 tm, 2H), 791 (d, 2H. J = 7.3 Hz), 8.38 (d, 1H, J = 7.3
Hz), 8.89 ths, 1H); C NMR (CDCly o 12.5, 13.0. 13.1. 13.6.
16.9, 17.1, 17.2, 17.4, 17.5, 17.6, 17.7, 20.9, 60.4, 72.9, 81.7.
91.2,96.5, 127.8. 129.0, 133.2. 145.2, 156.6, 162.5, 166.7. Anal.
Caled (CoaHisNLO5813): CL 57.68; H, 7.51: N, 6.96. Found: C.
57.63; H, 7.553; N, 6.82.

Nt-Benzoyl-2'-C-methyl-fi--arabinofuranosyleyti-
dine (3). Crude 4 (128.0 g, 0.212 mol) was dissolved in THF
11.28 Li and treated with glacial HOAc (23.0 mL. 0.401 mol).
To this solution was added tetrabutylammonium fluoride (384
mb, T M in THEF)Y at room temperature and stivved lor 0.75 h,
The mixture was treated with silica gel (750 @) and concen-
trated to dryvness in vacuo. and the tan-colored residue was
placed onto a silica gel column. Eluting with 1.7 EtOH-CHa-
(', afforded a waxy solid that was preadsovbed onto silica gel
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2'-Deoxy-2'-fluoro-2'-C-methyleytidine

(300 g) and chromatographed as before to give an off-white
solid (46.4 g, 61%). Crystallization from aqueous acetone
afforded an analytical sample: mp 197—200 °C; [a]??y +132.0°
(¢ 1, MeOH); '"H NMR (DMSO-ds) ¢ 1.20 (s, 3H), 3.62~3.69
(m, 2H), 3.73-3.78 (m, 2H), 5.19 (t, 1H, J = 5.4 Hz), 5.25 (s,
1H), 5.52 (d, 1H,J = 5.0 Hz), 5.99 (s, 1H), 7.32(d, 1H, J =5.8
Hz), 7.50 (Wt, 2H, J = 7.7 Hz), 7.62 (\Wt, 1H, J = 7.3 Hz), 8.00
(d, 2H, J = 7.3 Hz),8.14 (d, 1H, J = 6.9 Hz), 11.22 (s, 1H); 1*C
NMR (DMSO-d;) 6 19.6,61.3, 77.5, 78.5, 85.2, 88.9, 95.2, 128.5,
132.8, 133.3, 147.3, 154.9, 162.9, 167.4. Anal. Caled (Ci7H gN3Og
0.5H,0): C,55.14; H, 5.41; N, 11.35. Found: C, 55.21; H, 547,
N, 11.33.
N*Benzoyl-1-(2-C-methyl-3,5-di-O-benzoyl-f-p-arabino-
furanosyl]cytosine (8). Compound 5 (46.0 g, 0.127 mol) was
dissolved in anhydrous pyridine (200 mL) and the solvent was
removed in vacuo. The resulting syrup was dissolved in
anhydrous pyridine, cooled to 0 °C under argon with stirring,
and treated with BzCl (30.0 mL, 0.250 mol) dropwise over 10
min. After the addition was complete, the ice bath was
removed and stirring was continued for 1.5 h. Water (5 mL)
was added and the mixture was concentrated to dryness in
vacuo. The residue was dissolved in CHsCls and washed with
saturated NaHCO; (1 x 500 mL) and water (1 x 500 mL).
The organic layer was dried (Na:S0,), filtered, and concen-
trated to dryness to afford a syrup that was purified by silica
gel chromatography eluting with 1:1 EtOAc—hexanes. Com-
pound 6 was isolated as an off-white solid (48.5 g, 67%): [o)**p
+9.6° (¢ 1, CHCly); '*H NMR (CDCly) ¢ 1.64 (s, 3H), 4.50 (m,
1H), 4.78—4.85 (m, 2H), 5.50 (d, 1H, J = 3.4 Hz), 6.42 (s, 1H),
7.44—7.54 (m, TH), 7.57—1.66 (m, 3H), 7.94 (d, 2H, J = 7.8
Hz), 8.05-8.09 (m, 4H), 8.21 (d, 1H, J = 7.8 Hz); BC NMR
(CDCly) 6 19.9, 64.4, 79.2, 80.6, 81.6, 90.3, 96.7, 128.1, 128.6,
128.8, 128.9, 129.5, 129.9, 130.0, 133.2, 133.5, 134.0, 147.5,
156.0, 162.7, 165.9, 166.6. Anal. Caled (C3HoyN30g): C, 65.37;
H, 4.78; N, 7.38. Found: C, 65.59; H, 4.79; N, 7.186.
Reaction of 6 with DAST. To a stirred solution of 6 (2.96
g, 5.20 mmol) in anhydrous toluene (50 mL) was added DAST
(1.0 mL, 7.8 mmol) at —20 °C under argon. After the addition
was complete, the cooling bath was removed and stirring was
continued for 1 h. The reaction mixture was poured into
saturated NaHCO; (560 mL) and washed until gas evolution
ceased. The organic phase was dried (NasS0y), concentrated
to dryness, and purified by silica gel chromatography eluting
with 1:1:1 EtOAc~CHCla—hexanes to afford compound 7a
(0.55 g, 19%) as a white solid, followed by compound 7b (0.39
g, 14%) as an off-white solid. Elution was continued with 1:1:1
EtOH-EtOAc~CHCl3—hexanes to afford compound 7e (0.451
g, 156%) as an off-white solid. Analytical samples were obtained
by recrystallization from the indicated solvents.
N%Benzoyl-3',5-di-O-benzoyl-2'-fluoro-2'-C-methyl-
cytidine (7a): mp 241 °C (CHCly—hexanes); [a)*?p +82.0° (¢
1, CHCl;); *H NMR (CDCly) 6 1.49 (d, 3H, J = 22.4 Hz), 4.64
(dd, 1H, J = 3.44, 12,9 Hz), 4.73 (d, 1H, J = 9.5 Hz), 4.90 (dd,
1H,J =24, 12.7 Hz), 5.56 (dd, 1H, J = 8.6, 20.7 Hz), 6.52 (d,
1H, J = 18.0 Hz), 7.47~7.57 (m, TH), 7.62-7.71 (m, 3H), 7.89
(4, 2H, J = 6.9 Hz), 8.07~8.11 (m, 5H), 8.67 (bs, 1H); 1*C NMR
(CDCly) 6 17.4 (d, J = 25.2 Hz), 62.1, 72,4 (d, J = 16.0 Hz),
77.7,91.2(d, J = 42.0 Hz), 97.5, 100.2 (d, J = 187.7 Hz), 127.8,
128.6, 128.8, 128.9, 129.2, 129.6, 129.7, 130.3, 133.2, 133.4,
133.8,134.1, 143.8, 154.6, 162.6, 165.6, 166.1; *F NMR (CDCl3)
4 3.9 (m). Anal. Caled (CyHosFN304-0.7H0): C, 63.74; H, 4.73;
N, 7.19. Found: C, 63.71; H, 4.54; N, 7.20.
Ni-Benzoyl-1-[2-deoxy-2-methylidene-3,5-di-O-benzoyl-
P-D-glycero-pentofuranosylleytosine (7b): mp 173.4—174.4
(EtOH); [a)??p —40.4° (¢ 1, CHCl3); 'H NMR (CDCl3): ¢ 4.58
(dd, 1H,J = 3.7, 5.0 Hz), 4.70—4.81 (m, 2H), 5.55 (s, 1H), 6.09~
6.11 (m, 1H), 7.03 (d, 1H, J = 1.3 Hz), 7.40—7.66 (m, 10k,
7.85(d, 1H, J = 7.3 Hz), 7.91 (d, 2H, J = 7.7 Hz), 8.03 (dd,
2H, J = 0.9, 8.3 Ha), 8.03 (dd, 2H), 8.86 (bs, 1H); *C NMR
(CDCl;) 0 63.9, 73.3, 80.7, 85.9, 97.8, 117.3, 127.8, 128.0, 128.7,
128.9, 129.1, 129.4, 129.6, 129.9, 130.2, 133.0, 133.6, 133.8,
144.1, 144.9, 155.1, 162.5, 165.9, 166.1. Anal. Caled (Cy:1Has-
N3O-): C, 67.51; H, 4.57; N, 7.62. Found: C, 67.21; H, 4.51;
N, 7.66
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Ni-Benzoyl-2'-C-methyl-3',5'-di-O-benzoyleytidine
(7c): mp 176.7-179.1 °C (EtOH); []? +46.2° (¢ 1, CHCly);
'H NMR (CDCls) ¢ 1.29 (s, 3H), 4.67—4.80 (m, 3H), 4.82—4.87
(m, 1H), 5.30 (d, 1H, J = 5.8 Hz), 6.09 (s, 1H), 7.47—7.56 (m,
4H), 7.89 (d, 2H, J = 7.3 Hz), 8.07—-8.14 (m, 4H), 8.68 (s, 1H);
BC NMR (CDCls) 6 21.4, 62.7, 75.8, 78.5, 79.0, 93.4, 97.3, 127.8,
128.5, 128.7, 128.9, 129.0, 129.4, 129.6, 130.0, 132.9, 133.2,
133.6, 144.3, 156.0, 162.8, 165.8 166.2, 166.8. Anal. Caled
(C51Ha7N305°0.4H,0): C, 64.56; H, 4.86; N, 7.29. Found: C,
64.54; H, 4.81; N, 7.32.

3,5’-Di-0-benzoyl-2'-deoxy-2'-fluoroe-2’-methyluri-
dine (8). Compound 7a (0.225 g, 0.394 mmol) was suspended
in 80% aqueous HOAc (15 mL) and heated under reflux with
stirring for 12 h. The clear solution was cooled, concentrated
to dryness in vacuo, and coevaporated with 50% MeOH—water
(3 x 5 mL) to remove the residual HOAc. Purification by silica
gel chromatography, eluting with 2% EtOH-CH,Cl,, gave
0.160 g of 8 (87%) as a white solid. Crystallization from
2-propanol afforded an analytical sample: mp 2566.4—257.6 °C;
{a)??p +71.7° (¢ 1, CHCly); 'H NMR (CDCl; + CD,0D) 0 1.39
(d, 8H, J = 22.8 Hz), 4.49 (dd, 1H, J = 3.9, 12.7 Hz), 4.57 (m,
1H,), 4.79 (dd, 1H, J = 2.7, 12.5 Hz), 5,42 (d, 1H, J = 8.1 Hz),
5.49 (dd, 1H, J = 9.20, 21.2 Hz), 6.17 (d, 1H, J = 19.3), 7.37~
7.50 (m, 4H), 7.51-7.57 (m, 3H, H-6) 7.93-8.01 (m, 4H), “C
NMR (CDCl; + CDsOD) 0 17.3 (d, J = 25.1 Hz), 62.1, 72.7 (d,
J = 16.1 Hz), 90.7 (d, J = 44.2 Hz), 99.9 (d, J = 186.2 Hz),
103.1, 128.5, 128.6, 128.7, 129.4, 129.5, 130.1, 133.6, 134.0,
1389.3, 150.4, 163.2, 165.7, 166.1; ¥F NMR (CDCl; + CD;0D)
0 6.02 {(m). Anal. Caled (C24Ha FN2O7): C, 61.54; H, 4.52; N,
5.98. Found: C, 61.42; H, 4.51; N, 5.96.

General Procedure for Deprotection. The free nucleo-
sides were prepared by treating compounds 7a~e and 8 with
NHy/MeOH (ca. 7 N, ~12 mL/mmol) followed by stirring at
room temperature overnight (8—12 h). The solvent was
removed in vacuo, and the compounds were isolated as
indicated.

2'-Deoxy-2-fluoro-2’-C-methyleytidine (1). Compound
7a (6.30 g, 0.011 mol) was deprotected to give 1 (2.18 g, 76%)
as a white powder after column chromatography eluting with
9% EtOH in CHCls and then 17% EtOH and finally 25% EtOH
in CHCly: mp 216.4~218.0 °C (EtOH); [o]%p +125.6° (c 1,
H.0); 'H NMR (DMSO-de) 6 1.17 (4, 8H, J = 22.3 Hz), 3.63
(dd, 1H, J = 2.7, 13.7 Hz), 3.70—3.84 (m, 3H), 5.24 (app s,
1H), 5.60 (d, 1H, J = 5.4 Hz), 5.74 (d, 1H, J = 7.71 Hz), 6.07
(d, 1H, J = 18.9 Hz), 7.31 (s, 1H, NH,), 7.42 (s, 1H, NH,), 7.90
(d, 1H, J = 7.3 Hz}; *C NMR (DMSO-ds) 6 16.6 (d, J = 25.9
Hz), 58.5, 70.5 (d, J = 18.3 Hz), 81.4, 88.6 (d, J = 37.4 Ha),
94.4, 101.2 (d, J = 180.1 Hz), 140.5, 154.8, 165.2; 9F NMR
(DMSO0-dg) 6 2.60 (m). Anal. Caled (CyoH 4 FN3041.5H,0): C,
41.96; H, 5.94; N, 14.69. Found: C, 42.24; H, 5.63; N, 14.54.

Compound 1 was converted to the HCl salt and crystallized
from aqueous ethanol: mp 2483 °C (dec); [0]J®p +108.4° (¢ 1,
H20); 'H NMR (DMSO-de) ¢ 1.29 (d, 3H, J = 22.6 Hz), 3.65
(dd, 1H, J = 2.3, 12.7 Hz), 3.76—3.90 (m, 3H), 5.96 (d, 1H, J
=17.8 Hz), 6.15 (d, 1H, J = 7.9 Hz), 8.33 (d, 1H, J = 7.9 Hz),
8.69 (s, 1.5H), 9.78 (s, 1.5H); 3C NMR (DMSO-ds) 6 16.2 (d, J
= 24.4 Hz), 58.2, 69.9 (d, J = 16.8 Hz), 82.1, 88.8 (4, J = 32.0
Hz), 94.6, 101.1 (d, J = 181.5 Hz), 143.2, 147.6, 159.6; 9F NMR
(DMSO-ds) 6 1.69 (). Anal. Caled (C1oHi5CIFN;0,): C, 40.62;
H, 5.11; N, 14.21, Found: C, 40.80; H, 5.09; N, 14.23.

2’-Deoxy-2'-fluoro-2’-C-methyluridine (9). Deprotection
of 8 (0.120 g, 0.209 mmol) followed by column chromatography
eluting with 5—10% acetone in diethyl ether provided 9 (0.054
g, 100%) as a white solid: mp 237.3-238.0 °C; [0)%5p +83.2°
(¢ 1, MeOH); 'TH NMR (CD3OD) 6 1.35 (d, 3H, J = 22.3 Hz),
3.79(dd, 1H,J = 2.1, 12.5 Hz), 3.94-4.02 (m, 3H, 5.70 (d, 1H,
J =8.1Hz), 6.13 (d, 1H, J = 18.9 Hz), 8.09 (d, 1H); *C NMR
(CDyOD) 6 16.9 (d, J = 25.2 Hz), 60.1, 72.5 (d, J = 17.6 Hz),
83.5, 90.6 (d, J = 44.0 Hz), 102.1 (d, J = 180.1 Hz), 103.0,
142.0, 152.4, 166.0; °F NMR (CD;0D) 6§ 4.07 (bs). Anal, Caled
(C1oH13FN05): C, 46.16; H, 5.04; N, 10.77. Found: C, 45.96;
H, 4.93; N, 10.49.

Isolation of 2'-C-methylcytidine. Compound 7e (0.1 g,
0.176 mmol) upon deprotection and crystallization from MeOH

Atea Pharmaceuticals, Inc.
Exhibit 1036 Page 103 of 135



5508 Journal of Medicinal Chemistry, 2005, Vol. 48, No. 17

gave a white solid (0.082 g, 71%): mp 244.2-245.8 °C (lit."®
mp 239.5—242 °C, 1it.}¥ mp 243—-245 °C); [al*®p +135.7° (¢ 1,
H20) {lit.1® [adp +182° (¢ 0.5, H:0), 1it.!® {@]*®p +128° (¢ 1,
H,0)}; 'H NMR (DMSO-ds) § 0.92 (s, 1H), 3.58—3.62 (m, 2H),
3.70—38.77 (m, 2H), 4.98 (s, 1H), 5.06 (d, 1H, J = 7.3 Hz), 5.11
(t, 1H, J = 5.0 Hz), 5.67 (4, 1H, J = 7.7 Hz), 5.87 (s, 1H), 7.11
(s, 1H), 7.17 (s, 1H), 7.94 (d, 1H, J = 7.2 Hz); 3C NMR (DMSO-
dg) 6 20.0,59.0, 71.8, 78.83, 81.8, 91.3, 93.6, 141.1, 155.5, 165.4.

Isolation of 2’-Deoxy-2"-methylidenecytidine (DMDC).
Compound 7b was deprotected and crystallized from HyO: mp
190~194 °C (dec) (transition at 90-92 °C) (1it.* mp 89-90
°C); a2y —39.8° (¢ 1, Hz0); 'H NMR (DMSO-de) 6 3.50—3.70
(m, 3H), 4.43 (broad t, 1H), 4.93 (t, 1H, J = 5.2 Hz), 5.13 (s,
1H), 5.29 (s, 1H), 5.61 (d, 1H,J = 6.4 Hz), 5.69(d, 1H,J = 7.6
Hz), 6.51 (s, 1H), 7.20 (s, 1H), 7.23 (s, 1H), 747 (@, 1H, J =
7.6 Hz); BC NMR (DMSO-ds) & 60.5, 69.8, 84.1, 84.2, 94.6,
110.8, 142.0, 151.1, 155.3, 165.5.

Biological Methods. Antiviral assays with bovine viral
diarrhea virus and the HCV replicon were performed as
described previously.!
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3,5-di-O-benzyl-2-deoxy-2-fluore-2-C-methyl-B-D-ribofuranocside.

RO ° OMe BzO o
- —
D-xylose - k ZCH3 i k ZMCI%R
RO F BzO F
8: R=Bn 10: R=H
9 R=Bz I 11: R=Ac
12: R=Bz

Keywords Synthesis, Ribofuranoses, Fluorination, Oligonucleotides

Nucleoside analogs containing 2'-modifications are important not only as
chemotherapeutic agents, but also as tools for studying the structure and
function of oligonucleotides (Fig. 1). The synthesis of 2',2'-difluorocytidine (1)
was first reported in 1988 and, in 1996, this compound received FDA
approval for the treatment of metastatic pancreas cancer.™ 2'-Deoxy-2'-fluoro-
cytidine (2) has shown in vitro activity against both DNA® and RNA
viruses.®¥ (28 )-2'-Deoxy-2'-C-methylcytidine (SMDC) (3) demonstrated
very potent in vitro cytotoxicity against several leukemia cancer cell lines!™
and has been used for studying the mechanism of the group II intron
ribozyme due to its conformational similarity to RNA."® Several 2'-C-methyl-
nucleosides, such as 2’-C-methylcytidine (4), have proven effective at inhibiting
HCV RNA replication in vitro and the 8’-0-L-valiny! ester of 4 (NM283, valopi-
citabine) is currently in phase 2b clinical trials.”™ Additionally, 2'-C-methylri-
bonucleosides have been utilized to varying degrees as biological probes for
studying RNA and ribozyme function.®

Recently, the synthesis of 2'-deoxy-2'-fluoro-2’-C-methylcytidine was
described starting from N*-benzoyl-(2-C-methyl-3,5-di-O-benzoyl-B-D-arabino-
furanosyl)cytosine.® While such a linear synthetic approach has the

Figure 1: Structures of several 2'-modified nucleosides.
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advantage of avoiding the glycosylation reaction to a nucleobase, it does not
provide the opportunity to prepare a wide variety of base-modified nucleoside
analogs. In this regard, a more convenient approach to the preparation of
these compounds is a convergent approach in which a protected 2-deoxy-2-
fluoro-2-C-methyl-D-ribofuranose is preparved first and then used to glycosylate
a variety of nucleobases. The synthesis of methyl 3,5-di-O-benzoyl-2-deoxy-2-
fluoro-2-C-methyl-B-D-ribofuranoside (9) and its conversion to 1-O-acetyl-3,
5-di-O-benzoyl-2-deoxy-2-fluoro-2-C-methyl-D-ribofuranose (11) and 1,3,5-tri-
O-benzoyl-2-deoxy-2-fluoro-2-C-methyl-p-ribofuranose (12) is reported herein.

The major synthetic challenge for the synthesis of the 2-deoxy-2-fluoro-2-C-
methyl-D-ribofuranoses (8—12) is the stereoselective introduction of the
fluorine atom at the 2-position. In the initial synthetic planning, the number
of literature examples describing the nucleophilic fluorination of tertiary
alcohols, particularly those desiring stereospecificity, were scarce. Of the few
literature examples that describe the nucleophilic fluorination of tertiary
alcohols, both inversion™® and retention of configuration™* were reported.
For the synthesis of methyl 3,5-di-O-benzyl-2-deoxy-2-fluoro-2-C-methyl-g-bD-
ribofuranoside (8), it was reasoned that the carbohydrate starting material,
methyl 3,5-di-O-benzyl-2-C-methyl-B-p-arabinofuranoside (7), would not only
serve to introduce the fluorine in the ribose configuration, but also minimize
the number of stereocenters requiring assembly.

Methyl 3,5-di-O-benzyl-2-C-methyl-B-D-arabinofuranocside (7) was prepared
in nine steps starting from bD-xylose (Sch. 1). The intermediate methyl 3,5-di-O-
benzyl-D-ribofuranocside (5) was obtained as an inseparable 1:4 o-8 mixture by
essentially the same procedure described by Ritzmann et al.’? A few minor
changes from the procedure of Ritzmann allowed for the preparation of

1213 BnO BnO
refs. 12,1 ;O:f a ;O-\< b
D-xylose - OMe - OMe -
BnO 0]

)
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Scheme 1: Reagents and conditions: (@) TEMPO, NaOC|, 0°C; (b) Mell, E+,O, ~78°C; (¢) DAST,
CH,Clp, i: (d) () Pd/C, cyclohexene, refiux, (i) BzCl, pyridine; (€) ~80% HCO,H, 60-70°C: (f)
ACQO or BzCl, TEA, CH2C|2
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compound 5 using no column chromatography. For example, a 4-chlorobenzoyl
protecting group was used to protect the 5-hydroxyl group rather than the
methoxycarbonyl group used by Ritzmann and a catalytic TEMPO oxidation
was found more effective than a ruthenium tetraoxide oxidation.™ Addition-
ally, the same catalytic TEMPO oxidiation was successful for the conversion
of 5 to 6; however, a slightly larger excess of TEMPO and sodium hypochlorite
was required.

The majority of the synthetic efforts for introducing 2-C alkyl groups on
carbohydrates have focused on the addition of the alkyl group from the g-face
of the furanose ring."*4~*” However, since the anomeric mixture of ketone 6
consisted of ~80% of the desired B-anomer, it was anticipated that methyl
lithium addition should proceed from the « face of the furanose ring to
provide 7 as the major product. Accordingly, treating the anomeric mixture of
2-ketone (6) with methyl lithium at —78°C provided a reaction mixture from
which the desired methyl 3,5-di-O-benzyl-2-C-methyl-B-p-arabinofuranoside
(7) was isolated in 78.3%. The identification and isolation of the minor diaster-
eomers from the crude reaction mixture was difficult due to the presence of the
a-anomer. Therefore, the stereoselectivity for the S-anomer was not deter-
mined. The structure of 7 was supported by nuclear Overhauser enhancement
(NOE) *H NMR difference spectroscopy (Fig. 2). Irradiation of the 2-C-CHj res-
onance (s, § 1.40) resulted in large enhancements of H-4 (m, 6 4.03), H-1 (s, &
4.48), and the diastereotopic benzyl methine protons (d, & 4.83).

Treating 7 with DAST in CH,Cly provided a complex reaction mixture from
which methyl 3,5-di-O-benzyl-2-deoxy-2-fluoro-2-C-methyl-B-p-ribofuranoside
(8) was isolated in 20% yield. The regiochemistry and the stereochemistry of
the fluorination was determined by *H and **C NMR. Since several rearrange-
ments have been reported in the DAST fluorination of pentofuranoses, it was
necessary to ensure that the fluorination had proceeded regioselectively. 8%
Analysis of the 'H and **C NMR spectra revealed the anticipated *°F couplings
N arising from a C-2 fluorinated product. The three °F, *H couplings that were

evident in the "H NMR spectrum of compound 8 were a doublet at & 1.43
(2-CHz), a doublet of doublets at § 3.87 (H-3), and a doublet at § 4.72 (H-1).
The four observed '*C multiplicties arising from °F coupling were a doublet
at 8§ 17.0 (2-CHjy), a doublet at § 81.1 (C-3), a doublet at § 99.7 (C-2), and a

«_Jwnloaded by [Reprints Desk Inc] at 07:27 10 March's. .3
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Figure 2: 'H NMR NOE correlations of compounds 7 and 8.
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doublet at § 106.7 (C-1). Additionally, the presence of the C-2 fluorine was
further supported by the significant low-field shift in the C-2 '3C resonance
due to an « effect (8 99.7 for 8 vs. 8 79.5 for 7).%% The stereochemistry of the
DAST fluorination was determined by NOE 'H NMR difference spectroscopy
(Fig. 2). For compound 8, relatively large NOEs were observed between the
2-CHj and H-3 and, to a lesser extent, between the 2-CHj and H-1.

The benzyl protecting groups of 8 were removed using transfer hydrogenolysis
(Pd/C, cyclohexene) and replaced with benzoyl protecting groups to provide
methyl  3,5-di-O-benzoyl-2-deoxy-2-fluoro-2-C-methyl-g-b-ribofuranoside  (9).
Formic acid cleavage of furanoside 9 at 60 to 70°C provided 10 that was acylated
to provide anomeric mixtures of 1-O-acetyl-3,5-di-O-benzoyl-2-deoxy-2-fluoro-2-
C-methyl-D-ribofuranose (11) and 1,3,5-tri-O-benzoyl-2-deoxy-2-fluoro-2-C-
methyl-D-ribofuranose (12) in 85.6% and 88.7% yield, respectively (Sch. 2).

Vorbriiggen condensation of 12 with silylated N*-benzoylcytosine was
achieved as described by Harry-Okuru et al.">'" Condensation of 12 with
the preformed bis(trimethylsily)N*-benzoylcytosine in acetonitrile/SnCl, at
50 to 55°C provided 13 in 70% yield as an ~1:1 o mixture. The pure
p-anomer was isolated in 37% yield from the crude anomeric mixture by
silica gel chromatography. The structure of the B-anomer obtained from the
glycosylation was identical to the N*-benzoyl-1-(8',5'-di-O-benzoyl-2'-fluoro-2'-
C-methyl)eytidine (13) prepared by the linear approach.®

In summary, the synthesis of the novel carbohydrate building blocks
needed for making a variety of base modified 2'-fluoronucleosides is described.
This approach should provide numerous diverse 2-deoxy-2-fluoro-2-C-methyl-
D-ribofuranose nucleosides for HCV structure-activity relationship studies in
addition to mechanistic studies related to RNA.

EXPERIMENTAL

Allreagents and anhydrous solvents were purchased from Aldrich or Acros and
were used as received. 'H, *°F, and 3C NMR spectra were obtained with a
Varian Unity Plus 400 spectrometer at 400, 376, and 100 MHz, respectively.

NHBz
B
BzO BzO N/go
O a 0]
oo = L0,
BzO F BzO F
12 13

Scheme 2: Reagents and conditions: (&) bistirimethylsilyh\*-benzoylcytosine, SnCl,, MeCN,
50-55°C, 4 h.
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'H and *C NMR chemical shifts are reported as & (ppm) downfield with respect
to an internal standard of tetramethylsilane, while °F chemical shifts are
reported downfield from an external standard of hexafluorobenzene. Atlantic
Microlab, Inc. of Norcross, GA provided the elemental analysis.

Methyl 3,5-di-O-benzyl-2-C-methyl-g-p-arabinofuranoside (7). Compound
6 (7.70 g, 22.5 mmol) was dissolved in anhydrous diethyl ether and cooled to
—78°C. To this solution was added MeLi (30 mlL, 1.6 M in diethyl ether)
dropwise over 5 min. After the reaction was complete, the mixture was
treated cautiously with ammonium chloride (1M, 65 mL) and the mixture
was warmed to rt and stirred for 1 h. The organic phase was separated, dried
(NasS0,), filtered, and concentrated to dryness. Silica gel chromatography
eluting with 1:4 EtOAc-hexanes followed by crystallization from diethyl
ether-hexanes afforded pure 7 (6.31g, 78.3%). mp 48.0-50.5°C. 'H NMR
(CDClg): 61.89 (s, 3H, 2-CHy), 2.93 (s, 1H, OH), 3.40 (s, 3H, OCHy), 3.49 (d4,
1H, J = 6.9, 10.3 Hz, H-5), 3.57 (dd, 1H, J = 3.9, 10.3 Hz, H-5a), 3.83 (d, 1H,
J = 7.3 Hz, H-3), 4.03 (m, 1H, H-4), 4.48 (s, 1H, H-1), 4.58 (m, 3H, OCH,Ph),
4.83 (d, 1H, J = 11.6 Hz, OCH,Ph), 7.30-7.35 (m, 10H, Ph). *C NMR
(CDCly): 6184, 55.4, 72.2, 73.4, 79.5, 80.2, 84.7, 107.4, 127.7, 127.8, 127.83,
128.5, 138.2, 138.3. Anal. Caled. for Co1H2505: C, 70.37; H, 7.31. Found: C,
70.25; H, 7.18.

Methyl 3,5-di-O-benzyl-2-deoxy-2-fluoro-2-C-methyl-g-p-ribofurano-
side (8). Compound 7 (3.50 g, 9.76 mmol) was dissolved in CHyCl; (40.0 mL)
and treated with DAST (4.0 mL, 30.3 mmol) at rt under argon. The solution
was stirred at rt overnight. The so-obtained mixture was poured into sat
NaHCOj3 (100 mL) and washed with sat NaHCO3 (1 x 15 mL) until gas evol-
ution ceased. The organic layer was then washed with water (1 x 25 mL).
Silica gel chromatography (1:5 EtOAc-hexanes) gave 8 (0.671 g, 19.3%) that
was sufficiently pure for the next step. An analytical sample was obtained by
further silica gel chromatography. 'H NMR (CDClg: §1.43 (d, 3H,
J = 22.8 Hz, 2-CHy), 3.35 (s, 8H, OCHy), 3.49 (dd, 1H, J = 5.4, 10.5 Hz, H-5),
3.55 (dd, 1H, J = 4.1, 10.5 Hz, H-5a), 3.87 (dd, 1H, J = 7.5, 23.5 Hz, H-3),
4,26 (m, 1H, H-4), 4.56 (4, 2H, J = 6.9 Hz, OCH,Ph), 4.66 (d, 2H, J = 8.2 Hz,
OCH,Ph), 4.72 (d, 1H, J = 10.8 Hz, H-1), 7.29-7.36 (m, 10H, Ph). **C NMR
(CDClg): &6 17.0 (d, J=24.4Hz), 55.1, 710, 73.3, 73.7, 80.2, 8l.1
(d, J =155 Hz), 99.7 (d, J = 179.3 Hz), 106.7 (d, J = 32.5 Hz), 127.7, 128.0,
128.2, 128.3, 128.5, 128.6, 137.7, 138.2. °F NMR (CDCls): 6 ~3.3 (m, 1F).
Anal. Calced. for Co1Ho5FOy4: C, 69.98; H, 6.99. Found: C, 70.03; H, 7.04.

Methyl 3,5-di-O-benzoyl-2-deoxy-2-fluoro-2-C-methyl-B-p-ribofurano-
side (9). Compound 8 (0.39 g, 1.1 mmol) was dissolved in 1:2 EtOH-EtOAc
and treated with Pd/C (~0.1 g) and cyclohexene (~1 mL). The mixture was
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heated under reflux overnight and then filtered through celite. The solvent was
removed in vacuo and the residue was dissolved in pyridine (5.0 mL). To this
solution was added benzoyl chloride (0.22 mL, 1.83 mmol) and the mixture
was stirred at rt overnight. The pyridine was removed in vacuo and the
residue was partitioned between CH,Cly and satd NaHCOgz (10.0 mL). The
organic phase was dried (NaySO,) and filtered, and the solution was concen-
trated to dryness. Column chromatography eluting with 1:5 EtOAc-hexanes
provided pure 9 (0.350 g, 83.8% for 2 steps). 'H NMR (CDCly): § 1.53 (d, 3H,
J = 22.4 Hz, 2-CHy), 3.39 (s, 3H, OCHy), 4.46 (dd, 1H, J = 4.7, 11.6 Hz, H-5),
458 (m, 1H, H-4), 465 (dd, 1H, J=3.9, 116Hz, H-ba), 4.87 (d, 1H,
J=98Hz, H-1), 564 (dd, 2H, J="17.8, 24.1Hz, H-3), 7.37 (app t, 2H,
J = 9.8 Hz, Ph), 7.47 (app t, 2H, Ph), 7.53 (app t, 1H, J = 7.3 Hz, Ph), 7.61
(app t, 1H, Ph), 8.02 (d, 2H, J = 8.3 Hz, Ph), 8.10 (d, 2H, Ph). 3C NMR
(CDCly): 8 16.6 (d, J = 23.5 Hz), 55.8, 64.7, 75.0 (4, J = 14.3 Hz), 78.0, 99.7
(d, J=180.1Hz), 106.8 (d, J = 31.8 Hz), 128.3, 128.5, 128.9, 129.0, 129.7,
129.8, 130.0, 130.6, 133.0, 133.7, 134.6, 165.8, 166.1. °F NMR (CDCly): &
—2.65 (m, 1F). Anal. Caled. for Co1Hg1FOq4: C, 64.94; H, 5.45. Found: C,
64.87; H, 5.32.

3,5-Di-O-benzoyl-2-deoxy-2-fluoro-2-C-methyl-p-ribofuranose (10). Compound
9 (0.540 g, 1.39 mmol) was dissolved in formic acid (25.0 mL, 95~98%) and
diluted with water (5.0 mL). The resulting solution was heated at 60-70°C
for 2 days whereby TLC (1:3 EtOAc-hexanes) showed starting material (Ry
0.6) in addition to single, more polar component (R; 0.4). The solvent was
removed in vacuo, coevaporated with toluene (4x 5 mL), and chromatographed
on silica gel using a gradient of 1:8 to 1.4 EtOAc-hexanes to provide an
anomeric mixture of 10 as a syrup (0.271 g, 52.1%). 'H NMR (CDCls): 8 1.58
d, 8H, J = 22.6 He, 2-CHy), 1.59 (d, 1H, J = 22.8 Hz, 2-CHaj), 3.45 (s, 1.3H,
OH), 4.42-4.69 (m, 4H, H-5, H-4, H-1), 5.28 (m, 0.8H, H-4), 5.34 (dd, 1H,
J =228, 9.6 Hz, H-ba), 5.41 (dd, 0.3H, J = 8.2, 19.0 Hz, H-3), 5.65 (dd, 1H,
J =174, 23.4Hz, H-3), 7.34-7.39 (m, 3H, Ph), 7.44-7.54 (m, 4H, Ph), 7.60—
7.63 (m, 1H, Ph), 7.97-8.02 (m, 3H, Ph), 8.08—-8.11 (m, 3H, Ph). Anal. Calcd.
for CopH19FOg - 0.1H0: C, 63.86; H, 5.14. Found: C, 63.89; H, 5.30.

1-0-Acetyl-3,5-di-O-benzoyl-2-deoxy-2-fluoro-2-C-methyl-D-ribofuranose
(11). A solution of 10 (0.042 g, 0.112 mmol) in anhydrous CHyCl, (5.0 mL) was
treated sequentially with TEA (0.02 mL, 0.157 mmol) and AcgO (0.014 mL,
0.146 mmol). After stirring overnight at rt, the solvent was removed in vacuo
and the residue was purified by column chromatography eluting with a
gradient of 1:20 to 1:10 EtOAc-hexanes. Compound 11 was isolated as a
colorless syrup (0.040 g, 85.6%) containing a 4:1 o8 mixture. 'H NMR
(CDClg): & 1.53 (d, 3H, J =223 Hz, 2-CHy), 1.72 (d, J=22.4Hz, 12H,
2-CHg), 1.98 (s, 3H, COCHy), 2.19 (s, 12H, COCHay), 4.44 (dd, 1H, J =44,
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12.0 Hz, H-5), 4.56 (dd, 4H, J = 4.8, 12.3 Hz, H-5a), 4.63-4.72 (m, 5H, H-5,
H-4), 4.73-4.79 (m, 4H, H-5a, H-4), 5.27 (app t, 4H, J = 5.9, 11.7 Hz, H-3),
5.69 (dd, 1H, J=8.2, 23.7Hz, H-3), 6.19 d, 4H, J = 2.0 Hz, H-1), 6.23
(d, 1H, J = 9.7Hz, H-1), 7.35-7.50 (m, 20H, Ph), 7.52-7.63 (m, 10H, Ph),
8.02 (d, 10H, J = 7.5 Hz, Ph), 8.09 (d, 10H, J = 7.5 Hz, Ph). 13C (CDCly): &
16.58 (d, J=238Hz), 21.0, 21.1, 22.05 (d, J=254Hz), 228, 73.8
(d, J = 14.8 Hz), 74.2 (d, J = 15.7 Hz), 78.8, 80.5, 94.4 (d, J = 206.7 Hz), 98.5,
(d, J = 35.1 Hz), 98.3 (d, 1H, J = 18.4 Hz), 98.2, 98.3, 98.4, 98.7, 128.4, 128.6,
128.65, 128.7, 129.0, 129.5, 129.8, 130.0, 130.2, 133.3, 133.4, 133.8, 134.0,
165.8, 166.2, 169.7. '°F NMR (CDCls): § —4.89 (m, « anomer), —2.90 (m, g
anomer). Anal. Caled. for CooHy,FO7: C, 63.46; H, 5.08. Found: C, 63.56; H,
5.04.

1,3,5-tri-O-benzoyl-2-deoxy-2-fluoro-2-C-methyl-p-ribofuranose (12). This
compound was prepared and purified by the same method described for 11
except that benzoyl chloride was used as the acylating agent. Starting with
compound 10 (0.202 g, 0.540 mmol) provided 12 as a syrup (0.229 g, 88.7%).
'H NMR (CDCl): 6 1.79 (d, 3H, J = 22.4 Hz, 2-CHj), 4.62 (dd, 1H, J = 4.8,
12.4 Hz, H-5), 4.73 (dd, 1H, J = 8.6, 12.4 Hz, H-5a), 4.85 (m, 1H, H-4), 5.34
(dd, 1H, J = 4.0, 5.2 Hz, H-3), 6.42 (s, 1H, H-1), 7.41~7.48 (m, 6H, Ph), 7.55—~
7.63 (m, 3H, Ph), 8.02-8.05 (m, 2H, Ph), 8.11-8.14 (m, 4H, Ph). Anal. Caled.
for Co7Ho3FO7: C, 67.78; H, 4.85. Found: C, 67.59; H, 4.81.

N*Benzoyl-1-(3,5'-di-O-benzoyl-2'-fluoro-2'-C-methyl)cytidine (13).
Compounds 13-8 and 13-« were prepared following known literature
methods.*5*" N* benzoylcytosine (0.150 g, 0.69 mmol) was silylated as pre-
viously described and treated with a solution of 12 (0.22 g, 0.46 mmol) in anhy-
drous MeCN (5 mL) with stirring under argon.'”® Stannic chloride (0.12 mL,
0.85 mmol) was added slowly and the resulting solution was placed in an oil
bath maintained at 50-55°C for 4 h. The crude reaction was diluted with
EtOAc (10mL) and quenched with saturated NaHCO; (25.0 mL). The
organic layer was separated, washed with brine (10.0 mL), dried (NasSOQ,),
and concentrated to dryness. Analysis of the crude reaction mixture by 'H
NMR indicated a 1:1 o~ mixture that was purified by silica gel chromato-
graphy eluting with 1.1 EtOAc-hexanes to afford compound 13-8 (0.097 g,
37.0%) as a white solid. Further elution gave compound 13-a (0.088 g, 33.0%)
as a clear glass. Analytical samples were obtained by crystallization from the
indicated solvents. The 'H NMR of compound 13-8 was identical to that
obtained by the linear approach starting from cytidine.

N4-Benzoyl-1-(3/,5’-di-O-benzoyl-2’-ﬂuoro-2’-C-methyl)cytidine (13-a)
(e anomer). mp 174-175°C (CHyCly-hexanes), *H NMR (CDCly): 8 1.67
(d, 3H, J = 24.4 Hz, 2'-CHjy), 4.54 (dd, 1H, J = 4.2, 12.2 Hz, H-5'), 4.75 (dd,

Atea Pharmaceuticals, Inc.
Exhibit 1036 Page 113 of 135



RN

_ownloaded by [Reprints Desk Inc] at 07:27 10 March'..__..5

Synthesis of 2-Deoxy-2-Fluoro-2-C-Methyl-o-Ribofuranoses

1H, J = 3.4, 12.2 Hz, H-5a’), 4.83-4.86 (m, 1H, H-4"), 5.75 (dd, 1H, J = 9.2,
22.4 Hz, H-3)), 6.62 (d, 1H, J = 19.2 Hz, H-1'), 7.39-7.63 (m, 9H, Ph), 7.90
(m, SH, Ph), 8.00 (d, 2H, J = 8.4 Hz, Ph), 8.08 (d, 2H, J = 8.8 Hz, Ph), 8.71
(bs, 1H, NHPh). Anal. Caled. for C3;HocFN3O4: C, 65.14; H, 4.59; N, 7.35.
Found: C, 65.10; H, 4.55; N, 7.25.

N*.Benzoyl-1-(3,5-di-O-benzoyl-2'-fluoro-2'-C-methyl)cytidine  (13-8)
(8 anomer). mp 239-241°C (CHCls-hexanes), lit mp 241°C (CHyCls-
hexanes).® Anal. Caled. for Cg;HgeFN3O4: C, 65.14; H, 4.59; N, 7.35. Found:
C, 65.20; H, 4.63; N, 7.34.
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