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Abstract

Carbohydrate analogues play an indispensible role in the study of glycan processing
enzymes. These compounds have attracted attention as probes of enzyme mechanisms,
as chemical tools for the elucidation of enzyme function and as potential
pharmaceuticals.

The development of organocatalytic aldol chemistry has fundamentally altered the way
chemists approach the synthesis of carbohydrate analogues. In this thesis | highlight a
novel strategy toward the synthesis of carbocyclic carbohydrate analogues which utilizes
a proline-catalyzed aldol reaction and a metal-catalyzed carbocyclization as key steps.
This strategy was successfully implemented in the synthesis of an ensemble of
galactose and N-acetylgalactosamine analogues. Furthermore, | present preliminary

results toward the biological evaluation of these compounds.

Keywords: Carbohydrates; glycan processing enzymes; organic synthesis; proline
catalysis; enzyme inhibitors
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Chapter 1.

Introduction

1.1. Introduction to Glycans

Carbohydrates constitute a class of biomolecule that is ubiquitous throughout all
kingdoms of Life. Carbohydrates play foundational roles in biological processes: the
catabolism of glucose provides energy for cells; carbohydrates are the feedstock for
biosynthesis of many secondary metabolites. The defining structural feature of
carbohydrates is a polyhydroxylated scaffold of tetrahedral carbon atoms. While the
word carbohydrate originates from the empirical formula Cn(H20),, many carbohydrates

deviate from this composition, such as the iminosugars and carbasugars.

Carbohydrates in nature may exist as single monosaccharides, disaccharides, or
as polymers of monosaccharides known as glycans. While mammalian glycans are
formed from ten canonical monomeric units (Figure 1.1), variations such as O-

acetylation! and O-phosphorylation? also occur.

HO HO
HO HO HO..,
HO” Y “OH HO” " "OH HO” " OH HO™ ~~ "OH
NHAc OH NHAc OH
D-glucose N-acetyl- D-galactose N-acetyl- D-xylose
D-glucosamine D-galactosamine

HO,C HO,C
2 2 \: Me
Ho,, Ho,, A HO,, A
HO” " “"OH HO” " “OH HO™ OH
OH OH OH
D-glucuronic acid L-iduronic acid D-mannose L-fucose N-acetyl-

D-neuraminic acid

Figure 1.1. Canonical monosaccharide units of mammalian glycans.



Like peptides and nucleic acids, glycans are modular entities as they are
composed of monosaccharide units joined by acetal linkages. However, glycans exhibit
far greater structural diversity owing to the variable stereochemistry (a or B) and
regiochemistry of these linkages. Cell surfaces are decorated with a vast array of
glycans; these mediate critical physiological processes including cell adhesion,® signal
transduction,® inflammation,* and host-pathogen interactions.>® Within cells, post-
translational glycosylation modulates the stability, folding, and catalytic activity of
proteins.” Thus, the elucidation of the roles played by glycans has broad applicability

within translational medicine.

1.2. Glycan Processing Enzymes

Cellular glycosylation patterns are regulated at the level of the expression and
localization of glycan processing enzymes - enzymes that catalyze the assembly,
degradation, and modification of glycans and glycoconjugates. These enzymes are
responsible for the enormous diversity of glycan structures found in cells and typically
account for 1 to 3% of the genome of most organisms.® The majority of glycan
processing enzymes may be classified as either glycoside hydrolases or glycosyl

transferases.

1.2.1. Glycoside Hydrolases

The most extensively characterized class of carbohydrate processing enzymes is
the glycoside hydrolases (GHs), which hydrolytically cleave acetal linkages within a
glycan or glycoconjugate. These enzymes play an important role in mammalian
physiological processes, including the breakdown of ingested polysaccharides in the
small intestine, the catabolism of cellular waste products, and the truncation of cell
surface glycans. GHs are well-established therapeutic targets for human disease states
such as diabetes®!® and influenza.'! Recently, N-acetylglucosaminidase has attracted

attention as a therapeutic target for Alzheimer’s disease.'?!3

The CAZy (Carbohydrate Active enZymes) database classifies carbohydrate

processing enzymes into families based on amino acid sequence. To date there are



more than 130 GH families.’* As the catalytic mechanism within a GH family is usually
conserved, the CAZy system enables the prediction of the catalytic mechanism of an

uncharacterized hydrolase.

Enzymatic glycosidic bond hydrolysis may occur with one of two stereochemical
outcomes depending on the mechanism employed by the hydrolase. With retaining GHs,
the stereochemical configuration at the anomeric centre is preserved, whereas with

inverting GHs the stereochemical configuration is inverted.

inverting GH le) retaining GH (o)
0 - - =
&,OH

OR OH

Figure 1.2. General reaction catalyzed by retaining and inverting a-GHs.

Several catalytic mechanisms have been identified for retaining GHs; of these,
the double-displacement mechanism?®® is by far the most common. This mechanism
features two discrete steps: glycosylation and deglycosylation. In the glycosylation step,
an enzymic nucleophile (usually an aspartate or glutamate residue) displaces the leaving
group (aglycone) to afford a covalent glycosyl-enzyme intermediate.'® The departure of
the aglycone is assisted by general acid catalysis. In the deglycosylation step, a water
molecule displaces the enzymic residue, yielding the hydrolyzed glycoside. General
base catalysis acts to increase the nucleophilicity of the water molecule. Since both
steps proceed with inversion of configuration at the anomeric centre, the net reaction

proceeds with retention of stereochemistry.

&") — %&(C;I; — &‘ %
o g o e

°L.

Figure 1.3. Koshland mechansm for retaining GHs.

In a manner analogous to retaining GHSs, inverting GHs catalyze a Sn2-like

reaction.!” However, inverting GHs catalyze only a single displacement in which the



nucleophile is water, which leads to inversion of the anomeric configuration. General
acid and general base catalysis act simultaneously to reduce the activation barrier for

this reaction.
o™
OH )
( H
H 0_0
(oo & o
Y Y | L

Figure 1.4 Inverting GH mechanism.

The Sn2-like mechanisms described above have transition states (TSs) in which
the partially filled p-orbital of the anomeric carbon is stabilized by a m-type interaction
with one of the ring oxygen atom’s lone pairs, which gives the TS significant
oxacarbenium ion character. This orbital interaction mandates a distorted non-chair
conformation in which C(5), O, C(1), and C(2) are coplanar. Thus, four TS ring
conformations are possible;!® hydrogen bonding and hydrophobic interactions act in

concert to stabilize these conformations.

5 o+ o+
0 5 0O 5+
25 Bi,s °H “H

4 3

Figure 1.5 Possible TS ring conformations in Sy2-like GH mechanisms.

A highly atypical catalytic mechanism is employed by hydrolases belonging to
GH families 4'%2° and 109,% which use a NAD*/NADH redox couple. In this mechanism,
the C(3) hydroxyl is first oxidized to the corresponding ketone. This facilitates elimination
of the aglycone across the C(1) — C(2) bond. The resulting enone is then
stereoselectively hydrated, and the C(3) ketone is finally reduced back to the
corresponding hydroxyl. As GHs that use this mechanism are found only in bacteria,

selective inhibitors of these enzymes could potentially serve as antibacterial agents.



NAD* NADH

NAD* NADH ﬁ
—

@)
O > f o}
HO —_—
OH o OH

Figure 1.6 General reaction catalyzed by GH 4 and GH 109 hydrolases.

1.2.2.  Glycosyltransferases

Glycosyltransferases (GTs) catalyze the formation of glycosidic bonds in the
assembly of glycoproteins and glycolipids, which in mammals generally occurs in the
Golgi apparatus. As GTs are frequently membrane-associated, the isolation and
crystallographic characterization of these enzymes is challenging.?? Furthermore, GTs
have two substrates, which complicates activity assay development.?®> Owing to these
factors GTs are poorly understood when compared with GHs.*® Nonetheless, GTs are
emerging as therapeutic targets for a number of human disease states. Bacterial
enzymes known as peptidoglycan glycosyltransferases have attracted attention as
potential antibacterial therapeutic targets.?* Furthermore, human ceramide

glycosyltransferase is the target of an approved drug for Gaucher’s disease.?26.27

GTs couple two substrates: a glycosyl donor, which is usually a monosaccharide
bearing a nucleoside (di)phosphate leaving group at the anomeric position, and a
glycosyl acceptor, which may be a carbohydrate, lipid, protein, or small molecule. GTs
may be classified as either inverting or retaining depending on the anomeric

configuration of the product glycoside relative to that of the glycosyl donor.

(o) inverting GT (o) o o retaining GT (o)
A\//Q/OR - + ROH ——

o 9
O—ﬁ-o—ﬁ—nucleoside OR
Figure 1.7 General reaction catalyzed by retaining and inverting GTs.

Inverting GTs forge glycosidic bonds using a Ss2-like mechanism in which
general base catalysis increases the nucleophilicity of the glycosyl acceptor. While a

Mn2* or Mg?* cation frequently assists the departure of the nucleoside (di)phosphate



leaving group, cationic enzyme side chains can also participate in electrophilic

catalysis.'®
I | via:
@ — —
oo HO™ Yo I\ ¥
( HO 0
ro-H RQ,A
%%) _— %OR 2o
T h
c-)) 0© o)
.-§~h=0 0-P=0 0-P=0
2+ OR 4a=" L= g —=

Figure 1.8 Inverting GT mechanism.

The mechanism employed by retaining GTs remains poorly understood. In
contrast to retaining GHSs, there is scarce evidence for formation of a covalent glycosyl-
enzyme intermediate.'® Rather, recent structural®® and kinetic?® evidence suggested a
Sni mechanism which involves the formation of a short-lived oxacarbenium ion
intermediate. This is followed by frontside nucleophilic attack concerted with

intermolecular proton transfer from glycosyl donor to phosphate,

®
2 — 2 SS— a'
+ HOR —————= B —_—
% b\

g h-° o " OH
OR o—?:o O—?=O
© 4r ©o6r

Figure 1.9 Putative retaining GT mechanism.

1.3. Glycan Processing Inhibitors

Potent, selective, and cell-permeable glycan processing inhibitors can serve as
tools to elucidate the relation between glycan structure and function in vivo.
Furthermore, inhibitors with desirable pharmacokinetic and toxicological properties can
be evaluated as therapeutics in the clinic. Thus, the development of glycan processing

inhibitors fuels advances in both glycobiology and translational medicine.



1.3.1. Competitive Inhibitors of Glycoside Hydrolases

Competitive inhibition occurs when a small molecule binds noncovalently within
an enzyme active site to give a complex which is catalytically inactive. For enzymatic
glycoside hydrolysis, the dissociation constant of the TS is often estimated to be no
greater than 1022 M. Thus, small molecules that mimic either the cationic charge or the
non-chair conformation of the glycoside hydrolysis TS are expected to bind tightly.
However, it should be emphasized that some of the most potent GH inhibitors fail to
qualify as true TS analogues as their resemblance to the TS is only superficial.!

To date, by far the most successful class of competitive GH inhibitors is the
iminosugars, which are widely represented among natural products.®? Iminosugars are
GH substrate mimics which incorporate a basic nitrogen atom in place of the usual
oxygen. As the nitrogen is protonated at physiological pH, iminosugars emulate the
cationic charge of the TSs in enzymatic glycoside hydrolysis. Representative examples
of iminosugars are shown in Figure 1.10. Swainsonine (1) is a naturally occurring
indolizidine iminosugar that is a potent inhibitor of a-mannosidases. Isofagomine (2) is a
potent inhibitor of B-glucosidases; notably, the nitrogen atom in iminosugar 2 is located
at the pseudo-anomeric position. N-hydroxyethyldeoxynojirimycin (3) is an a-glucosidase
inhibitor used clinically for the treatment of type |l diabetes.®® Lastly,
deoxygalactonojirimycin (4) is currently under clinical evaluation for the treatment of the
lysosomal storage disorder known as Fabry’'s disease.®* At concentrations below K;,
iminosugar 4 paradoxically increases a-galactosidase activity by acting as a chemical

chaperone for its unstable target.®

HO HO
T oH HO,;& Hob ~_OH HOL AN
1 OH

2 3 4

Figure 1.10 Representative examples of iminosugars.

Another tactic used in the design of competitive GH inhibitors is the incorporation
of conjugated systems that mandate a boat or half-chair conformation, thus emulating
the TS conformation. A seminal example of this approach was provided by Vasella and

co-workers in the development of the glucotetrazole (5) and glucoimidazole (6)



scaffolds.*®*” These compounds proved to be extremely potent inhibitors of B-
glucosidases. Of note, the pyranose rings of these compounds adopt a “Hs
conformation, which is the same conformation found in the TS for retaining -

glucosidases.®®

Figure 1.11 Glucotetrazole and glucoimidizole scaffolds.

1.3.2.  Covalent Inhibitors of Retaining Glycoside Hydrolases

Covalent GH inhibitors are carbohydrate analogues that form stable covalent
bonds with an active site residue, thus rendering the GH catalytically inactive. This can
be accomplished using affinity reagents, which contain an inherently electrophilic
functional group, or by mechanism-based inactivators, which undergo glycosylation in a
manner similar to the native substrates of retaining GHs.2 The following discussion will

deal exclusively with mechanism-based GH inactivators.

Carbohydrate analogues bearing an epoxide functional group have proven to be
useful reagents for the covalent inhibition of retaining B-GHs. General acid-assisted
opening of the oxirane ring by the catalytic nucleophile results in the formation of a
stable covalent adduct (Figure 1.9). The prototypical member of this inhibitor class is
conduritol B epoxide (7). This reagent is a potent and selective covalent inhibitor of
mammalian GCase, the enzyme which degrades glucocerebroside.?2° Inhibition of this
enzyme in mice simulates the genetic disorder known as Gaucher’s disease, which
stems from insufficient GCase activity. This model is routinely used as a proving ground
for evaluation of candidate therapeutics for Gaucher’s disease.*® The incorporation of an
azide functional group in inhibitor 8 permits the attachment of a fluorescent or biotin-
containing moiety by way of alkyne/azide “click” chemistry.** More recently, this
methodology was extended to N-acyl aziradines such as 9, which are potent covalent

inhibitors even in the absence of general acid catalysis.*?



N OH
= % OH
8
o: :o o
(o] (@] HO NJ]\/\/\\
L. FENS S
HO
OH
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Figure 1.12 Epoxide and aziridine -containing covalent inhibitors of retaining -
GHs.

Arguably the most successful class of covalent GH inhibitors is the
fluoroglycosides, which were developed by Withers and co-workers.*®#* These
carbohydrate analogues incorporate a fluorine atom at either C(2) or C(5) of the
pyranoside ring. As fluorine is highly electron-withdrawing, its incorporation results in
destabilization of oxacarbenium-like TSs. Furthermore, substitution of a C(2) hydroxyl
with fluorine largely removes a hydrogen bonding interaction which is estimated to
stabilize the TS by at least 8 kcal/mol.*> These factors slow both the glycosylation and
deglycosylation steps. However, a reactive leaving group (typically fluoride or 2,4-
dinitrophenolate) is incorporated to ensure the glycosylation step proceeds at a
reasonable rate. The net result is the accumulation of the glycosyl-enzyme intermediate.
2-Deoxy-2-fluoroglycosides are generally limited to the inhibition of B-GHs, whereas 5-

fluoroglycosides are used to inhibit a-GHs.®

Figure 1.13 Covalent inhibition of retaining B-GHs by 2-fluoro-2-
deoxyglycosides.



Fluoroglycosides may be used to identify the catalytic nucleophile of retaining
GHs by tryptic MS/MS mapping of the inhibitor-enzyme adduct.*® Once the catalytic
nucleophile is known, site-directed mutagenesis can be used to determine the identity of
the catalytic acid/base residue, as the mutant with little or no catalytic activity lacks this
residue. Another application of fluoroglycosides is the study of the covalent glycosyl-
enzyme intermediate by X-ray crystallography. The conformation of the pyranoside ring
in this intermediate can lend insight into the reaction coordinate for processing of a GH’s
native substrate, which in turn can inform the design of inhibitors with better potency and

selectivity.

The utility of fluoroglycosides was expanded to the detection of 3-galactosidases
in whole proteomes in an elegant example by Vocadlo and Bertozzi.*” This approach
used compound 10 to covalently label B-galactosidases; the azido group was then
conjugated to a fluorophore using phosphine-azide “click™® chemistry. This enabled
activity-based detection of B-galactosidases by gel electrophoresis. Expanding upon this
work, Vocadlo and co-workers have developed compound 11 as a probe for the

identification of B-D-glucosaminidases.*®

N OH

OHE 3 é
(0] HO
HO F HO

F

10 1"

Figure 1.14 Azido-group containing covalent GH inhibitors.

1.3.3.  Metabolic Inhibitors of Glycosyltransferases

Strategies in GT inhibitor design involve the use of donor substrate analogues,
acceptor substrate analogues, and molecules which emulate both coupling partners,
known as bisubstrate mimics.*® Donor analogues hold the appeal of capitalizing on the
tight hydrogen-bonding interactions between the nucleoside diphosphate moiety and the
transferase. However, as the phosphate groups are negatively charged, donor
analogues have virtually no membrane permeability, which makes them ineffective for

use in live cells.
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A solution to this problem involves the use of so-called “metabolic inhibitors”.
Vocadlo proposed that carbohydrate analogues can be converted in vivo to the
corresponding C(1) nucleoside phosphates owing to the promiscuous nature of
hexosamine salvage pathway enzymes. As the resulting donor analogues are not viable
GT substrates, they act as inhibitors. Additionally, the accumulation of the donor
analogue down-regulates de novo biosynthesis of the glycosyl donor by feedback
inhibition. Of note, the carbohydrate analogue must generally be peracetylated to ensure
cell membrane permeability: the O-acetate groups which enhance lipophilicity are rapidly
cleaved by esterases within the cytosol. Vocadlo first demonstrated this inhibition
modality using  5-thio-N-acetylglucosamine (12).5* Subsequently, Paulsen®? and
Nishimura®® disclosed the use of fluoroglycosides as metabolic inhibitors of GTs.

Vocadlo (2011)
AcO

Nishimura (2012)
AcO

Fs,
: (0]

AcO Y OAc
NHAc

Figure 1.15 Metabolic GT inhibitor approach.
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1.4. Carbohydrate Analogue Synthesis via Proline-
Catalyzed Aldol Reactions

Carbohydrate analogues are widely used to interrogate glycan-mediated
processes in vivo. Thus, advances in glycobiology rely on rapid access to these
materials. Carbohydrate analogues have traditionally been synthesized from naturally
occurring carbohydrates (chiral pool materials).>* The advantages of this approach are
the (typically) low cost of chiral pool materials and the assurance of enantiomeric purity
of the final products. However, the fundamental drawback of the chiral pool approach is
the difficulty of chemically distinguishing between hydroxyl groups, which frequently
results in the requirement for numerous protecting group manipulation steps.
Additionally, chiral pool syntheses may be unsuitable for the preparation of multiple
carbohydrate analogues from a common intermediate. These drawbacks have often
made the preparation of carbohydrate analogues exceedingly laborious. Thus,
glycobiology stands to benefit from more concise and modular synthetic approaches for

carbohydrate analogue synthesis.

1.4.1. Historical Development of Proline-Catalyzed Aldol Reactions

The key step of carbohydrate biosynthesis is the coupling of an activated a-
hydroxyketone and an aldehyde (Figure 1.16). This reaction rapidly builds complexity by
simultaneously forming one carbon-carbon bond and setting two stereogenic centres.
Type | aldolases (found in mammals) employ an enamine as the nucleophilic coupling

partner, whereas type Il aldolases (found in bacteria) employ a zinc enolate.*®

lys<

type | NH o)
algglzlse RJ\/OH ! R
— . O OH
o type Il ? Y
RJ\/OH adolase his, Dis,_ R R R
\ O/\Z’r]/ / OH

RJ\/C‘)H

Figure 1.16 Aldol reactions in Nature.

To date, most aldol methodologies utilize the preformation of a nucleophilic metal

enolate in a manner analogous to type Il aldolases.®®°"%8 The following discussion will
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focus exclusively on the translation of type | aldolase chemistry to the arena of de novo

carbohydrate synthesis.

In the context of steroid synthesis, Eder, Sauer, and Wiechert reported the first
proline-catalyzed intramolecular aldol condensation.>® Independently, Hajos and Parrish
discovered milder reaction conditions which permit isolation of the presumed B-hydroxy
ketone intermediate.%° Of note, these reactions convert an achiral feedstock into a highly

enantioenriched product.

Scheme 1.1 First Proline-Catalyzed Aldol Reactions

Eder, Sauer and Wiechert (1971) Hajos and Parrish (1971)
S)-proline
o) (S) o
Me 9 HCIO4 prollne Ve
CH30N/H20 J/i% o
© OH

Remarkably, the proline-catalyzed intermolecular aldol reaction did not appear in
the chemical literature for almost three decades. In 2000, List reported the reaction of
acetone with various aldehydes to afford highly enantioenriched B-hydroxy ketones.®!
The aldol acceptor scope was mostly limited to benzaldehyde derivatives since a-
unbranched aldehydes are prone to self-aldolization in the presence of proline.®2%3
Importantly, one a-branched aliphatic aldehyde (isobuteraldehyde) was reported to be a
“well-behaved” aldol acceptor. Expanding on this work, List reported the coupling of
hydroxyacetone with a-branched aliphatic aldehydes.®* The aldol acceptor scope
contained one example of an a-oxygenated aldol acceptor which was used in the
assembly of a polyol framework. This reaction suggested the potential of organocatalytic
aldol chemistry for de novo carbohydrate synthesis. A follow-up experiment employing
dihydroxyacetone as the aldol donor was met with limited success as the aldol reaction
proceeded with almost no stereoselectivity.®® This limitation was resolved by Enders who
reported that protection of dihydroxyacetone as the corresponding acetonide results in a
highly stereoselective aldol reaction. Enders exploited this strategy to prepare the

naturally occurring carbohydrate D-psicose.%®
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Scheme 1.2 Development of Proline-Catalyzed Aldol Reactions
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In an ingenious application of these precedents, MacMillan reported that the

proline-catalyzed dimerization of a-oxy aldehydes®? can be interfaced with Mukaiyama

aldol chemistry to rapidly assemble orthogonally protected hexose monosaccharides.®’

Remarkably, the stereochemical outcome of the Mukaiyama aldol reaction was tuned by

the choice of Lewis acid, solvent, and temperature. This enabled the preparation of

glucose, mannose, and allose derivatives from a common intermediate.
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Scheme 1.3 MacMillan’s Two-Step Synthesis of Orthogonally Protected Hexoses

oTMS
I 0AC TIPSO
MgBroELO  Tipso, J
— @ (L-gluco)
Et0 HO™ OH
-20to4°C OAc
oTMS
I OAC TIPSO
OI (S)-proline (? OH MgBr,-Et,0 TIPSO :
- K/H > \(\/CL (L-manno)
OTIPS DMSO TIPSO  OTIPS CH.Cl HO™ Y "OH
-20t0 4 °C SAc
OTMS
I\ OAC TIPSO
Ticl, TIPSO~
> o (L-allo)
CH,Cl, HO OH
-78 to -40 °C OAc

1.4.2. Mechanistic Aspects of Proline-Catalyzed Aldol Reactions

Enamines have long been thought to be the nucleophilic species involved in the
product-determining step of proline-catalyzed aldol reactions.®® To rationalize the
stereochemical outcome of the coupling of hydroxyacetone with aldehydes, List invoked
a Zimmerman-Traxler®® chair TS in which the enamine hydroxyl and aldehyde R group
occupy equatorial positions (Figure 1.15), which would lead to the (R,S)-configured
product.®®®* The key features of this hypothesis are: 1) proton transfer from the
carboxylic acid to the forming alkoxide group, 2) E configuration of the enamine double

bond, and 3) an s-trans conformation of the enamine exocyclic carbon-nitrogen bond.

U\ i © (@>
NT TCOH o 02C""™N” oH
+ |I\ —_— HO'?F/:N —_— )|\/L
~=°- R)
%\ R H‘o © (; (s)R
OH H H

Figure 1.17 First proposed TS for proline-catalyzed intramolecular aldol
reaction.

This proposal was subsequently refined by List and Houk who discarded a chair
TS since the enamine nitrogen cannot hydrogen bond and assist in nucleophilic attack

simultaneously. By a computational appraisal of various plausible TSs, List and Houk
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noted that TSs with a s-trans enamine conformation are lower in energy, and that a
dihedral angle of -60° for the forming carbon-carbon bond is most favourable. For the
aldol addition of cyclohexane to isobuteraldehyde, List and Houk found that the lowest

energy TS is the one depicted in Figure 1.18.7°

(- aY; o)l
N COOH OH N COoOo

)|o + —_— o..N....H—O —_— H |
- H -
e ) e
i-Pr

Figure 1.18 List-Houk TS.

Experimental support for this model was reported by Gschwind, who provided NMR
spectroscopic characterization for the enamine arising from (S)-proline and propanal.”
This species has a double bond configuration and a s-trans conformation about the

exocyclic carbon-nitrogen bond, which is consistent with the List-Houk model.

It must be emphasized that the predominant intermediate in proline-catalyzed
aldol reactions is not an enamine but rather its oxazolidinone regioisomers, which were
calculated to be ~10 kcal/mol lower in energy in the gas phase.”? Indeed, enamine
intermediates have not been observed in acetonitrile or dichloromethane but only in
DMSO and DMF which strongly solvate carboxylic acids.”*’> The prevailing
interpretation of these observations is that oxazolidinones are not product-determining
species but rather off-cycle, “dead end” intermediates.”® Seebach and Eschemoser
challenged this viewpoint by assigning a product-determining role to oxazolidinones.’
Their alternative model features an s-cis enamine carboxylate as the nucleophile since
the s-trans conformer would give rise to the less stable endo oxazolidinone. The
stereodefining feature of this TS is concerted antiperiplanar addition across the enamine
double bond. Recent evidence suggests the Seebach-Eschemoser mechanism may

operate, but only in the presence of stoichiometric base (Figure 1.17).757¢

o

0. _0 5 o * 0
R1( 19 O{ ©

NZ RS—N- NO O

_Z_ P . ., . -
R2 ~ > -~ P
H R Sy R1 Y R3
=0 R?
RS 8
R3"=O exo oxazolidinone

Figure 1.19 Seebach-Eschenmoser TS.
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The most commonly accepted catalytic cycle for proline-catalyzed aldol reactions
is depicted in Figure 1.20. Computational studies support the role of imminium
carboxylates as fleeting, “central” intermediates’” and enamine formation via

intramolecular proton transfer of imminium carboxylates.’®

0
Fv”\./LR3 R1ﬂ\|
) (> R

RZ
HO,C*" N
H
o \ H0

o () el O
NO OH o 2 N OH 2 N N O

,;2 R? 2
o H,O HO,C™ H . R1J\

Q;g N L i 1,

H/(R3

Figure 1.20 Catalytic cycle of proline-catalyzed aldol reactions.

1.4.3. Proline-Catalyzed Chlorination/Aldol Reactions

In 2013, Britton reported the proline-catalyzed coupling of the Enders dioxanone
with a-chloroaldehydes.” In this one-pot process, proline catalyzes the chlorination of an
a-unbranched aldehyde to afford a nearly racemic mixture of a-chloroaldehyde
enantiomers in situ. This circumvents the safety and instability issues associated with
the isolation of a-chloroaldehydes.®%8! In the subsequent aldol reaction, there is a kinetic
bias for consumption of one chloroaldehyde enantiomer over the other. Since the a-
chloroaldehyde enantiomers rapidly equilibrate, there is a dynamic kinetic resolution of
the chloroaldehyde feedstock. These factors permit the construction of the 1,2-anti, 2,3-

syn framework depicted below.
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Scheme 1.4 Proline-Catalyzed Chlorination/Aldol Reaction

(o) (S)-proline O OH
HH . O| N-chlorosuccinimide MR
0__0O R 6 <

X CH,Cl, Ox

This reaction’s 2,3-syn selectivity may be rationalized using a modified List-Houk
model in which there are two possible TSs that are epimeric at the chloromethine centre.
The favoured TS minimizes both steric repulsion between the aldehyde R group and the

dioxanone moiety as well as dipole interactions between proximal C-Cl and C-O o

bonds.
B I+ B +
¥ ¥
N 0 . (0] N
O -0 k/ (S)-proline | O -O
Hi® H = Clis H
O 0 Cl Cl o.__0O
of 7 H Oy
disfavoured favoured

Figure 1.21 Proposed TS for chlorination/aldol reaction.

In subsequent studies, Britton and co-workers directed this methodology toward
the synthesis of ribo-configured C-nucleoside analogues, which have attracted attention
as inhibitors of nucleoside processing enzymes.®? Aldol adduct 13 was subjected to 1,3-
syn ketone reduction, intramolecular chloride displacement and acetonide deprotection
to afford C-nucleoside analogue 14.” In an similar manner, compound 13 was subjected
to 1,3-syn reductive amination, cyclization, and deprotection to afford nucleoside
hydrolase inhibitor 15.83

Scheme 1.5 Britton’s Synthesis of C-nucleoside Analogues
O OH

o H
Ph 2 steps Ph 2 steps N __Ph
HO/\Q‘ - — > HO/\(_?‘
RS o_0 ¢ .
14 “ 13 15
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Chapter 2.

Mechanistic Probes for Covalent Inhibition of a GH
36 a-Galactosidase

Enzyme kinetic assays were performed by Saideh Shamsi in the laboratory of Andrew
Bennet (Simon Fraser University). X-ray crystallographic studies were performed by
Robert Pengelly in the laboratory of Tracey Gloster (St. Andrew’s University).

2.1. Introduction

2.1.1. GH Inhibition by Non-Classical Carbocation Formation
HO .
HO” Y "0 F
OH
15
Figure 2.1 Covalent TmGalA inhibitor (15).

In 2014, Bennet and co-workers disclosed the synthesis of carbagalactoside
analogue 15 and its evaluation as a covalent inhibitor of the GH 36 enzyme T. Maritima
o-galactosidase (TmGalA).8* This inhibitor represents a radical departure from previous
designs since it features a cyclopropyl moiety in lieu of the usual pyranoside ring
oxygen. Incubation of inhibitor 15 with TmGalA resulted in a time-dependent loss of
enzyme activity, which proceeds from the Michaelis (E:I) complex with a half-life of ca.
2.5 minutes at physiological pH and temperature. Upon dialysis of excess inhibitor 15.
TmGalA regained its catalytic activity with a half-life of ca. 45 minutes. This reactivation
was attributed to turnover of the covalent adduct to give hydrolyzed inhibitor. Tryptic
MS/MS mapping established that inactivation occurs by the alkylation of the catalytic

nucleophile residue D327, which demonstrated in conjunction with kinetic studies that
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compound 15 is a bona fide mechanism-based inhibitor. These promising results
established this compound as a starting point toward development of a new class of

broadly applicable covalent GH inhibitors.

At this juncture the design of inhibitor 15 warrants explanation. The presence of a
cyclopropane geminal to a leaving group dramatically accelerates Sy1 solvolysis; this
stereoelectronic effect results from the formation of a non-classical bicyclobutonium
cation.® Based on this precedent, inhibitor 15 likely forms a discrete cationic
intermediate within the TmGalA active site. There is a stringent geometric requirement
for stabilization of a carbocation by the cyclopropyl group: the dihedral angle 8 must
allow for the overlap of the vacant p orbital with one of the proximal cyclopropane C-C o
bonding orbitals. With respect to compound 15, patrticipation of the cyclopropyl group
requires that the C(1)-C(2) bond must bisect the cyclopropane ring. The two
conformations that satisfy this requirement are *H, and “B.

® 51@ @

0 '

= 1

3H2

Figure 2.2 Cyclopropane participation in inhibitor (15).

To gain an intimate mechanistic understanding of this process, Bennet and co-
workers used X-ray crystallography to determine the structures of the intermediates
along the reaction coordinate.®® Soaking of preformed galactosidase crystals in a
solution of inhibitor 15 afforded an enzyme-substrate complex, which on standing for one

week gave an enzyme-product complex.
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Figure 2.3 X-ray crystal structures of enzyme-substrate and enzyme-product
complexes for reaction of inhibitor (15) with TmGalA.

However, no crystallization protocol was successful for determining the structure
of the covalent intermediate. As this intermediate hydrolyzes with a half-life of 45
minutes, it proved too reactive to be observed crystallographically. Thus, Bennet and co-
workers were unable to address two critical mechanistic questions relating to the

covalent inhibition of TmGalA by compound 15:

1. Given that cyclopropyl carbinyl compounds rearrange upon solvolysis®’, does

covalent inhibition proceed with rearrangement of the bicyclo[4.1.0] inhibitor scaffold?

2. If rearrangement does not occur, what is the inhibitor's conformation in the covalent

adduct?

A rigorous understanding of any reaction’s mechanism entails structural
knowledge of all species along the reaction coordinate. To this end, a new approach for

determining the structure of the inhibitor-enzyme adduct was conceived.

2.1.2. Proposed Synthetic Targets

Analogues of inhibitor 15 which give rise to longer-lived covalent adducts could
serve as mechanistic probes for determination of the inhibitor-enzyme adduct’s crystal
structure. Our design rationale was inspired by that of the 2-deoxy-2-fluoroglycosides
pioneered by Withers and co-workers. In enzymatic glycoside hydrolysis, hydrogen
bonding between enzymic residues and the C(2) hydroxyl plays only a minor role in

substrate binding® but stabilizes the TS by approximately 8 kcal/mol.** Thus,
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replacement of the C(2) hydroxyl of 15 with either a fluorine*®* or hydrogen® was
anticipated to slow both the glycosylation and deglycosylation steps (vide supra). To
ensure that glycosylation would still proceed at a reasonable rate, a much more reactive
leaving group would be required. With these considerations in mind, we proposed the

synthesis of compounds 16a and 16b.

HO

F
o
"o : /@\ —) 162
HO” Y "0 F HO
O -
15 Hojgj NO,
HO” ™ "'o’;
A NO,
16b

OH
Figure 2.4 Proposed modifications to inhibitor (15).

NO,

2.2. Synthesis

2.2.1. Retrosynthetic Analysis

The carbagalactoside targets 16a and 16b were traced back to intermediates 17a
and 17b via a series of three functional group interconversions. These two compounds
could arise from opening of the epoxide function in epoxyketone 18. Owing to the
presense of the adjacent carbonyl in 18, this reaction was expected to occur
preferentially at C(2). Epoxyketone 18 could arise from an intramolecular
cyclopropanation®® of diazoketone 19, which could in turn arise from B-ketochlorohydrin
20 via a series of four functional group interconversions. We anticipated that 20 could be
prepared in a stereoselective manner from Cs building blocks 21 and 22 using the

chlorination/aldol methodology described by Britton and co-workers.™
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Scheme 2.1. Retrosynthesis of Mechanistic Probes (16a) and (16b)

intramolecular
cyclopropanation

chlorination/
aldol
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2.2.2.  Synthesis of Aldehyde (22)

At the onset of these studies, a synthesis of aldehyde 22 had been developed by
Taron.®® However, the need to prepare 22 on decagram scale ruled against
chromatographic separations, and so further optimization of the route was required.
Heating of oxetane 23 in the presence of an excess of diethylmalonate gave a clean
transesterification; diester 24 was purified simply by removal of excess diethylmalonate
by short path vacuum distillation. Exposure of diester 24 to boron trifluoride etherate
effected rearrangement to orthoester 25; to avoid a difficult chromatographic separation
the crude product was filtered through a pad of neutral alumina to remove polar
impurities and then crystallized from hexanes/ethyl acetate. Treatment of compound 25
with 1.3 equivalents of DIBAL-H afforded aldehyde 22 with no over-reduction to the
corresponding alcohol. Notably, a higher yield was obtained when dichloromethane was

employed as the solvent instead of toluene. As the crude aldehyde was judged to be of
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>90% purity by *H NMR, it was advanced directly to the next step without further
purification. Using this optimized protocol, ca. 50 g of aldehyde 22 was prepared.

Scheme 2.2. Scalable Route to Aldehyde (22)

O O O
/t\ co A
EtO neat o
24

5 equzv
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-+
CHZCIZ EtO (o} CH,Cl,
(92%) 25 (57% over 2 steps)

2.2.3.  Preparation of B-Ketochlorohydrin (20)

The first key step in the synthesis is the assembly of B-ketochlorohydrin 20 using
chlorination/aldol methodology.” This reaction proceeded smoothly to set three of the
six contiguous stereocentres present in the target carbagalactosides. Notably, the
product can be obtained in analytically pure form by precipitation from diethyl ether, thus
obviating chromatographic separation.

Scheme 2.3 Proline-Catalyzed Chlorination/Aldol Reaction

(R)-proline O OH 0§
OQ/ N-chlorosuccinimide T
+ e
o o) K/K CH2<:|2 0__0 Cl

7. (60%) 7

21 22 20

In order to determine the ee of this reaction product, chiral HPLC analysis was
explored. Unfortunately, resolution of the enantiomeric chlorohydrins rac-20 (prepared
using rac-proline as the catalyst) was unsuccessful. Thus, the (R)- and (S)-MTPA
esters® of B-ketochlorohydrin 20 were prepared and their crude *H NMR spectra were

analyzed.
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Figure 2.5 Expansion of 'H NMR spectra of crude MTPA esters derived from B-
ketochlorohydin (20) (CDClIs, 400 MHz).

As each spectrum shows the presence of only one diastereomer, compound 20

prepared by this method can be safely estimated to possess an ee of 90% or higher.

2.2.4. Preparation of Diazoketone (19)

Aldol adduct 20 was next subjected to Julia-Kocienski olefination®® to afford
compound 26. The use of tetrazole-based sulfone 27 resulted in higher yields and easier
purification as compared to benzothiazole-based sulfone 28. Base-induced epoxide
formation (lithium hydroxide, 1,4-dioxane/water, 100 °C) of alkene 26 proceeded at an
extremely slow rate. This may be attributed to the steric clash between the orthoester
group and the dioxane moiety en route to the cis-epoxide. Thus, we decided to defer
epoxide formation to a later step. Hydrolysis of the orthoester to afford triol 29 was
achieved using pyridinium p-toluenesulfonate. The use of 1,4-dioxane as solvent in this
deprotection minimized undesired hydrolysis of the acetonide protecting group. At this
stage, heating triol 29 with sodium hydroxide resulted in saponification as well as
chloride displacement to forge the required epoxide functional group. The 3Jun coupling
constant of 4.5 Hz between geminal epoxide protons was in line with expectations for a

cis-disubstituted epoxy acid.*
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The instability of carboxylic acid 30 proved to be a significant challenge.
Acidification of the reaction mixture to permit extraction of 30 into organic solvent
resulted only in decomposition. Thus, isolation of 30 was achieved by chromatographic
separation of the concentrated reaction mixture. As 30 decomposes on standing, it was
immediately coupled with TMS-diazomethane to afford diazoketone 19. This material
exhibited a broad 'H NMR resonance & 5.77 ppm as well as an intense infrared

absorption at 2110 cm™, which confirmed the presence of the diazoketone functional

group.

Scheme 2.4 Synthetic Route to Diazoketone (19)
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2.2.5. Intramolecular Cyclopropanation

With diazoketone 19 in hand, we next turned our attention to the second key step
of the synthesis: intramolecular cyclopropanation. Initial attempts to effect this reaction
were plagued with significant formation of an aldehyde by-product that was assigned as
aldehyde 31 based on 'H and 3C NMR data of crude reaction mixtures. As this by-
product proved to be unstable on silica, it was not possible to isolate it and carry out
complete characterization. Considering existing precedent, aldehyde 31 likely arises
from water insertion® into the rhodium carbenoid intermediate to afford an a-
hydroxyketone that rapidly isomerizes to form enal 31 (Scheme 2.5). Armed with this

knowledge, rigorous exclusion of moisture avoided formation of enal 31.
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Figure 2.6 Proposed pathway for formation of aldehyde (31).

As depicted in Figure 2.6, it was expected that the C-C insertion could occur at either
face of the alkene function in the diazoketone 19, and consequently the crude reaction
product was expected to contain a mixture of diastereomers 18 and 18'. However, only
one cyclopropyl diastereomer was observed by *H NMR spectroscopic analysis of crude
reaction mixtures, where product detection was made simple owing to the characteristic
chemical shifts of cyclopropyl protons, which resonate in a typically unoccupied region of
'H NMR spectra below 0.8 ppm. While the reason for the high degree of
diastereoselectivity in this reaction is not fully understood, it is worth noting that
inspection of Dreiding models suggested that 18' possesses much more ring strain than
18. It is not unreasonable then to expect that this ring strain would affect the relative
energies of the transition structures leading to either product. To determine the
stereochemical configuration of the sole cyclopropane-containing product, a series of
one-dimensional NOESY experiments were performed. From these experiments, a
crucial nOe enhancement was observed between Ha (6 4.46 ppm) and Hy (6 0.69 ppm)
that established spatial proximity of these two protons on the concave face of the

bicyclo[4.1.0] carbon framework.
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Figure 2.7 nOe analysis of epoxyketone (18).

When the cycloaddition was repeated with catalytic Rh;(OAc). and
dichloromethane as the solvent, the reaction yielded a mixture of desired product 18 and
undesired regioisomer 32 in a ca. 3:1 ratio. The spirocyclic compound 32 arises from
insertion into an allylic C-H bond; this process is known to proceed with retention of
stereochemistry.®® The use of catalytic Rhy(octanoate)s and Rhy(caprolactam)s with
dichloromethane as solvent gave comparable results; other combinations of catalysts

and solvents gave inferior results as summarized in Table 2.1.
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Table 2.1. Conditions for Intramolecular Cyclopropanation

CH, CH, @
«O . 2
NG conditions
—> + "'/ O
(e} (0] N
19 32

modification from “standard conditions”:

1 mol % Rho(OAC)a, CH>Cla ([19] =100 mM), RT result (18 : 32)

CesDs instead of CH2Cl 1:1
CDCls instead of CH2Cl. 2:1
THF instead of CH.Cl, complex mixture
Cul instead of Rh(OAC)4 no reaction
Rh(octanoate). instead of Rhy(OAC)4 3:1

3 :1; other minor

Rhz(caprolactam), instead of Rh2(OAC)4 byproducts observed

Rhz(heptafluorobutyrate), instead of Rh2(OAC)4 complex mixture

Pd(OAc); instead of Rhz(OAC)4 trace 18, complex mixture

As epoxyketone 18 was observed to be unstable on silica, the isolated yields for
the cyclopropanation ranged from 30 to 40%. Thus, crude 18 was generally used directly

in the next step.

2.2.6. Elaboration of Epoxyketone (18) to the Carbagalactoside
Targets

Having secured the bicyclo[4.1.0] carbon framework of the synthetic targets, our
remaining tasks were epoxide opening, ketone reduction, arylation, and deprotection.
Towards these goals, crude 18 was treated with TBAF to give fluorohydrin 17a. The
moderate yield of this transformation was attributed to the formation of an unidentified

polar by-product. The use of (n-Bu)sHF or (n-Bu)sHF3 as the fluoride source gave 17a in
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approximately the same yield whereas the use of EtsN-3HF gave only decomposition.
Alternatively, epoxyketone 18 was opened in good yield using PhSeSeCl/NaBH. as a
nucleophilic hydride source to afford p-hydroxyketone 17b.

Scheme 2.5 Epoxide Opening Reactions of Epoxyketone (18)

TBAF
—»
THF
(30% from 19)

PhSeSeCl
NaBH,

—>
EtOH
(60% from 19)

As a fluorine atom is an excellent handle for characterization by NMR
spectroscopy, we judged it wise to first develop a route from 17a to target 16a. To
identify conditions for ketone reduction, a screen of borohydride reagents was performed
on fluorohydrin 17a. Gratifyingly, L-Selectride® reduction delivered diol 33 with complete
diastereoselectivity. We reasoned that the cyclopropyl methylene renders the bottom
face of 17a sterically inaccessible to reduction by the bulky tri-sec-butyl borohydride
anion. Of note, the large difference in 3Jur between the C(1) proton and C(2) fluorine
requires a nearly eclipsed C(1)-C(2) dihedral in both epimers.®”*® This requirement

enabled stereochemical assignment of the two epimeric alcohols.

30



Table 2.2. Ketone Reduction Reactions of (17a)

% 0 % 0O % 0O
o) N conditions o) <3 o) N
_— +
1 1
HO” Y0 HO” 7 “OH HO” % YOH
F F F
17a 33 epl_33
3Jye =6.0 Hz 3Jye = 18.1 Hz
(trans coupling) (cis coupling)
conditions 33 :epi-33
NaBH., MeOH, RT 1:15
NaBH,, CeCl;, MeOH, RT 0:1
L-Selectride®, -78 °C 1:0

At this stage, it was hoped that the C(1) hydroxyl of 33 could be converted to the
corresponding dinitrophenyl ether in the presence of the free C(3) hydroxyl. Attempts to
arylate 33 under anionic conditions (KHMDS/LIHMDS, 2,4-DNFB, DMF) gave only
decomposition or recovered starting material. When 33 was subjected to the conditions
developed by Koeners and co-workers,?® C(3) arylation predominated, giving rise to

undesired regioisomer 34 as the major product.

Scheme 2.6 Attempted Arylation of Diol (33)

2,4-DNFB

DABCO o,N
_—
DMF Q\
(52%)

Accordingly, we reasoned that the C(3) hydroxyl should be protected prior to
arylation. Thus, acetylation of 17a followed by L-Selectride® reduction delivered 36a. At
this stage, arylation of 36a using the Koeners protocol®® proceeded very slowly; heating

the reaction mixture resulted only in decomposition. Gratifyingly, substitution of DABCO
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with quinuclidine resulted in the formation of dinitrophenyl ether 37a in good yield.

Finally, two step deprotection delivered target 16a. B-hydroxyketone 17b was then
advanced to target 16b in a parallel manner.

Scheme 2.7 Completion of the Carbagalactoside Syntheses

1. Ac,0, pyr, 4-DMAP

CH,Cl,
2. L-Selectride® 2,4-DNFB
THF quinuclidine NO,
—_— —_— ]
. DMF ‘o
(89% overall) (80%) o
NO,
37a
1. K,COs3
MeOH
2. Amberlite® H*
MeOH
e

(86% overall)

1. Ac,0, pyr, 4-DMAP

CH,Cl,
4 A®
2. L-Selectride 2,4-DNFB
THF DABCO
—_— —_—
o v DMF
(67% overall) OH (89%)
NO,
17b 36b 37b
1. K,CO4
MeOH
2. Amberlite® H*
MeOH
-+

(49% overall)

2.3. Kinetic Studies

Having prepared ample quantities of galactoside analogues 16a and 16b, we
proceeded to identify conditions for the generation of a covalent inhibitor-enzyme

adduct. Kinetic assays were used to measure the rate of formation of this covalent
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adduct. In these assays, each probe was incubated with TmGalA and the enzyme
activity was monitored over time.

Unfortunately, 16b displayed no measurable reactivity toward its target at room
temperature: there was no time-dependent loss of enzyme activity. Heating the reaction
mixture to 60 °C resulted only in non-enzymatic hydrolysis of 16b, as indicated

spectroscopically by the formation of the dinitrophenolate anion (A = 400 nm).

Gratifyingly, probe 16a possessed moderate activity against its target enzyme, as
time-dependent loss of enzyme activity was noted (Figure 2.8a). While there was no
measurable inactivation at room temperature, incubation at 60 °C resulted in the tagging
of TmGalA with a half-life of approximately 45 minutes. We reasoned that a 48 hour
incubation period (64 half-lives) would permit essentially quantitative formation of the
covalent adduct. Measurement of initial inactivation rate (Vo) at variable concentrations
of 16a (Figure 2.8b) and nonlinear fitting of the data were used to determine a binding
constant (K) of ca. 320 uM.

a) b)
401 0.0125-
> 301 ~0.0100
= k=
5 £ 0.00751
£ 201 £ .
3 . < 0.0050-
5] (=]
=101 : > 0.0025] /4
0 : : : : : 0.0000 : : : : .
0 100 200 300 400 500 0 200 400 600 800 1000
t (minutes) [16a] (uM)

Figure 2.8  a) Activity vs. time plot for TmGalA in the presence 200 pM (16a), 60
°C; b) Michaelis-Menten plot for inactivation of TmGalA by (16a).

2.4. Crystallographic Studies

Having devised a protocol for generation of a stable inhibitor-enzyme adduct, our
collaborators next used X-ray crystallography to determine the structure of this species
by crystallizing the covalent adduct and then collecting and solving X-ray diffraction data.
Of note, the resolution of the crystallographic data (1.45 A) enabled us to confidently

assign the structure and conformation of the covalent adduct.
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Figure 2.9  Active site structure of covalent adduct arising from (16a) and
TmGalA

As shown in Figure 2.9, the cyclopropane ring remains intact in the covalent adduct.
Thus, covalent inactivation does not proceed with rearrangement to afford either a ring-
opened homoallyl system or a change in the cyclopropyl ring stereochemistry.
Additionally, we note that the pseudo-saccharide ring adopts an Ez conformation. This is
surprising since both the enzyme-substrate and enzyme-product complexes possess a

2H; conformation (vide supra).

2.5. Conclusion

A synthetic strategy involving a proline-catalyzed chlorination/aldol reaction and a
Rh-catalyzed carbocyclization was successfully implemented in the synthesis of two
mechanistic probes for the covalent inhibition of a GH 36 a-galactosidase. One of these
compounds was used to determine the structure of the covalent intermediate that arises
from this inhibition process. Structural knowledge of the species on both sides of the

inactivation TS will allow us to interpolate the structure of this TS using computational
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methods. We anticipate this intimate mechanistic understanding will facilitate the design

of broadly applicable covalent GH inhibitors.

2.6. Experimental Information

2.6.1. Synthesis Procedures and Data

Preparation of diester (24):
0 O

EtoJ\/u\o/\k\o

Diethyl malonate (450 mL, 2.96 mol) and 3-methyl-3-oxetanemethanol (60.0 g, 590
mmol) were stirred for 48 hours at 150 °C in a vessel equipped with a reflux condenser.
The mixture was then allowed to cool to room temperature and the excess diethyl
malonate was removed by short-path distillation to afford diester 24 (120 g, 555 mmol,
95%) as a colourless oil. This material (~85% pure by *H NMR) was advanced directly to
the next step without further purification. To obtain an analytical sample for
characterization, a small portion of the crude material was purified by column

chromatography (2:1 / hexanes:EtOAC).

IH NMR (400 MHz, CDCls) &: 4.52 (d, J = 6.1 Hz, 2H), 4.38 (d, J = 6.1 Hz, 2H), 4.25 (s,
2H), 4.20 (q, J = 7.2 Hz, 2H), 3.42 (s, 2H), 1.34 (s, 3H), 1.28 (t, J = 7.2 Hz, 3H)

13C NMR (101 MHz, CDCls) d: 166.8, 166.5, 79.5, 77.4, 69.7, 61.8, 41.7, 39.2, 21.2,
14.2.

HRMS: m/z calcd. for C10H160sNa™: 239.0890 (M+Na); found: 239.0892 (M+Na).

IR: 2966, 2874, 1729, 1144 cm™,

Preparation of orthoester (25):

o) OQ/
EtOM

o)
To a cooled (-15 °C) solution of diester 24 (60.0 g, 250 mmol) in CH>Cl, (500 mL) was
added BF;-OEt; (3.1 mL, 25 mmol). The mixture was stirred for 20 hours at -15 °C and
then quenched by the dropwise addition of EtsN (17.5 mL,126 mmol). After warming to

room temperature, the mixture was concentrated and treated with 300 mL diethyl ether,
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filtered through Celite®, and concentrated. Purification of the crude material by
chromatography on a short column of neutral alumina (CH.Cl,) followed by
recrystallization (hexanes / EtOAc) afforded orthoester 25 (36.5 g, 169 mmol, 68%) as a

white powder.

IH NMR (400 MHz, CDsCN) &: 4.06 (q, J = 7.1 Hz, 2H), 3.87 (s, 6H), 2.60 (s, 2H), 1.19
(t, J = 7.1 Hz, 3H), 0.76 (s, 3H)

13C NMR (126 MHz, CDsCN) d: 168.2, 107.8, 73.2, 61.1, 43.6, 30.9, 14.4, 14.2.
HRMS: m/z calcd. for C10H1705": 217.1071 (M+H); found: 217.1065 (M+H).
IR: 2879, 1738, 1180, 1047 cm,

m.p. = 53 — 56 °C.

Preparation of aldehyde (22):

0
To a cooled (-78 °C) solution of orthoester 25 (8.15 g, 37.7 mmol) in CHxCl> (370 mL)
was added DIBAL-H (1.0 M in hexanes, 49 mL, 49 mmol) dropwise under vigorous
stirring. The reaction was then quenched by the dropwise addition of 2 mL MeOH and
allowed to warm to O °C. After treatment with H>O (1.5 mL), 15% aqueous NaOH (1.5
mL), and H2O (4 mL), the cooling bath was removed and the mixture was stirred for 15
minutes. The mixture was then dried (Na,SO.), filtered through Celite®, and
concentrated to afford aldehyde 22 (5.99 g, 35 mmol, 92%) as a colourless oil. This
material (~90% pure by *H NMR) was advanced directly to the next step without further
purification. To obtain an analytical sample for characterization, a small portion of the

crude material was purified by column chromatography (2:1 / hexanes:EtOACc).

IH NMR (400 MHz, CDCls) &: 9.70 (t, J = 2.8 Hz, 1H), 3.94 (s, 1H), 2.65 (d, J = 2.8 Hz,
2H), 0.82 (s, 1H).

13C NMR (101 MHz, CDCls) &: 198.9, 107.0, 72.8, 49.8, 30.7, 14.6.
HRMS: m/z calcd for CsHi304*: 173.0808 (M+H); found: 173.0829 (M+H).

IR: 2919, 1684, 1266 cm™.
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Preparation of B-ketochlorohydrin (20):

o)

To a solution of aldehyde 22 (11.33 g, 65.8 mmol) in CH.Cl, (330 mL) was added (R)-
proline (6.06 g, 52.6 mmol), N-chlorosuccinimide (7.03 g, 52.6 mmol), and 2,2-dimethyl-
1,3-dioxan-5-one (7.1 mL, 59 mmol). The mixture was stirred for 24 hours at ambient
temperature, diluted with diethyl ether (500 mL), washed with water (3 x 150 mL) and
brine (150 mL), dried (NaSO.), filtered, and concentrated. Purification of the crude
material by trituration with diethyl ether afforded 3-ketochlorohydrin 20 (9.60g, 29 mmol,

43%) as an off-white powder.

IH NMR (400 MHz, CD:CN) &: 4.33 (ddd, J = 8.5, 2.7, 1.6 Hz, 1H), 4.27 (dd, J = 17.6,
1.3 Hz, 1H), 4.17 (dd, J = 8.5, 1.3 Hz, 1H), 4.11 (d, J = 1.6 Hz, 1H), 4.04 (d, J = 17.6 Hz,
1H), 3.95 (s, 6H), 3.40 (d, J = 2.7 Hz, 1H), 1.44 (J = 0.6 Hz, 3H), 1.37 (d, J = 0.6 Hz,
3H), 0.80 (s, 3H).

13C NMR (101 MHz, CDsCN) &: 208.00, 109.1, 102.4, 73.3, 68.1, 67.7, 61.3, 31.3, 24.1,
23.7, 13.9.

HRMS: m/z calcd. for C14H22CIlO7*: 337.1049 (M+H); found: 337.1054 (M+H).
IR: 3516, 2884, 1750, 1224, 1082, 1050 cm™.
m.p. = 144 — 148 °C.

Op (CchN, c= O.67)Z +111.

Preparation of alkene (26):

To a cooled (-78 °C) solution of 5-(methanesulfonyl)-1-phenyl-1H-tetrazole (7.42 g, 33.4
mmol) in THF (50 mL) was added dropwise a freshly prepared solution of 34.9 mmol of
LiIHMDS in THF (50 mL). The resulting pale yellow mixture was stirred for 30 minutes at
-78 °C. A solution of B-ketochlorohydrin 20 (5.00 g, 14.8 mmol) in THF (50 mL) was then

added dropwise and the mixture was stirred for a further 15 minutes at -78 °C. The
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mixture was then poured into 1000 mL EtOAc and washed with H,O (500 mL) and brine
(500 mL), dried (Na,SO.), filtered, and concentrated. Partial purification of the crude
material by column chromatography (30:70:1 to 50:50:1 / EtOAc:pentane:Et;N) afforded
a mixture of alkene 26 and 5-(methaneslfonyl)-1-phenyl-1H-tetrazole (7.59 g, estimated
yield by *H NMR 3.92 g, 11.7 mmol, 79%), which was advanced directly to the next step
without further purification. To obtain an analytical sample for characterization, a small
portion of the crude material was purified by column chromatography (30:70:1 /
EtOAc:pentane:EtsN).

IH NMR (400 MHz, CD:CN) &: 5.29 (m, 1H), 4.97 (m, 1H), 4.34 — 4.27 (m, 2H), 4.23 —
4.15 (m, 3H), 3.96 (s, 6H), 3.40 (d, J = 2.2 Hz, 1H), 1.43 (d, J = 0.6 Hz, 3H) 1.28 (d, J =
0.6 Hz, 3H), 0.81 (s, 3H).

13C NMR (101 MHz, CDsCN) &: 144.0, 109.4, 109.3, 100.3, 73.6, 71.0, 70.5, 65.3, 61.2,
31.3, 28.0, 21.7, 13.9.

HRMS: m/z calcd. for C1sH23ClOsNa™: 367.1075 (M+Na); found: 357.1079 (M+Na).
IR: 3521, 2883, 1195, 1053 cm™.

b (CHICN, ¢ = 0.62): +25.9.

Preparation of triol (29):

To a solution of alkene 26 (3.92 g, 11.7 mmol) in 1,4-dioxane (120 mL) was added
pyridinium p-toluenesulfonate (150 mg, 0.60 mmol). The mixture was stirred for 24 hours
at ambient temperature and then concentrated. Purification of the crude material by
column chromatography (5% to 8% MeOH in CHxCl,) afforded triol 29 (3.43 g, 9.71

mmol, 83%) as white crystals.

H NMR (400 MHz, CD3CN) &: 5.22 (m, 1H), 5.02 (m, 1H), 4.89 (d, J = 2.3 Hz, 1H), 4.36
—4.22 (m, 4H), 4.14 (d, J = 10.8 Hz, 1H), 4.07 (d, J = 10.8 Hz, 1H), 3.77 (d, J = 6.8 Hz,
1H), 3.43 (m, 4H), 2.92 (apparent s, 2H), 1.44 (d, J = 0.6 Hz, 3H), 1.31 (d, J = 0.6 Hz,
3H), 0.85 (s, 3H).
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13C NMR (101 MHz, CDsCN) &: 169.4, 143.5, 109.9, 100.4, 73.3, 71.8, 69.0, 66.0, 65.9,
65.1, 62.0, 41.6, 28.2, 22.1, 16.9.

HRMS: m/z calcd. for C15H26CIO7*: 353.1362 (M+H); found: 353.1362 (M+H).
IR: 3394, 2988, 1738, 1382, 1066 cm™.
m.p. =61 - 63 °C.

ap (CHsCN, ¢ = 0.47): +49.7.

Preparation of carboxylic acid (30):

0__O0 CO,H

To a solution of triol 29 (2.40 g, 6.8 mmol) in THF (70 mL) was added 2.0 M aqueous
NaOH (20.5 mL, 41 mmol). The mixture was heated to 50 °C, stirred for a further 30
minutes, allowed to cool to room temperature, and concentrated. Purification of the
crude material by column chromatography (66:33:2 / EtOAc:PhMe:AcOH) afforded
carboxylic acid 30 (1.05 g, 4.90 mmol, 72%) as white crystals.

IH NMR (400 MHz, CDCls) &: 7.53 (br. s, 1H), 5.16 (m, 1H), 5.04 (m, 1H), 4.43 (d, J =
7.4 Hz, 1H), 4.39 (d, J = 14.0 Hz, 1H), 4.30 (d, J = 14.0 Hz, 1H), 3.62 (d, J = 4.5 Hz, 1H),
3.43 (dd, J = 7.4, 4.5 Hz, 1H), 1.37 (m, 6H).

13C NMR (151 MHz, CDCls) &: 172.8, 141.9, 109.0, 99.6, 68.8, 63.8, 57.4, 50.6, 27.3,
21.2.

HRMS: m/z calcd. for C10H140sNa*: 237.0733 (M+Na); found: 237.0734 (M+Na).
IR: 3650 - 2375, 2993, 1723, 1378, 1200, 1152, 1064 cm™.
m.p. = 95 - 99°C (dec.).

ap (CHCIs, ¢ = 1.69): +60.5.
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Preparation of diazoketone (19):
CH,

e
m

To a solution of carboxylic acid 30 (1.05 g, 4.90 mmol) in THF (50 mL) was added EtsN
(0.75 mL, 5.39 mmol). The mixture was cooled to -15 °C (ice / brine bath) and isopropyl
chloroformate (2 M sol'n in PhMe, 2.70 mL, 5.4 mmol) was added dropwise. The
resulting cloudy suspension was stirred for 1 hour while warming to 0 °C. The mixture
was then diluted with CHsCN (30 mL) and TMS-diazomethane (2 M sol'n in hexanes, 7.4
mL, 14.8 mmol) was added dropwise. The cooling bath was then removed, and the
mixture was stirred for 24 hours at ambient temperature in the dark. The mixture was
then treated with glacial acetic acid (0.6 mL 10.5 mmol), poured into 500 mL EtOAc,
washed with NH4Cl (250 mL), NaHCO3 (250 mL), brine (250 mL), dried (Na;SOu),
filtered, and concentrated. Purification of the crude material by column chromatography
(30:70:1 to 50:50:1 / EtOAc:hexanes:EtsN) afforded diazoketone 19 (0.87 g, 3.65 mmol,

74%) a yellow/green oil.

!H NMR (400 MHz, CD3CN) &: 5.77 (br. s, 1H), 5.09 (apparent q, J = 1.4 Hz, 1H), 5.03
(apparent q, J = 1.6 Hz, 1H), 4.37 (apparent dq, J = 14.0, 1.3 Hz, 1H), 4.25 (br. m, 1H),
4.23 (app. dg, J = 14.0, 1.3 Hz, 1H), 3.59 (br. d, J = 4.5 Hz, 1H), 3.31 (dd, J = 7.9, 4.5
Hz, 1H), 1.31 (d, J = 0.6 Hz, 3H), 1.29 (d, J = 0.6 Hz, 3H).

13C NMR (101 MHz, CDsCN) d: 189.3, 144.3, 108.5, 100.0, 69.4, 65.2, 58.1, 56.4, 55.9,
27.5,21.3.

HRMS: m/z calcd. for C11H14N2O4Na*: 261.0846 (M+Na); found: 261.0851 (M+Na).
IR: 3085, 2990, 2110, 1637, 1372, 1074 cm™,

Op (CHsCN, c= 1.07): +41.4.
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Preparation of epoxyketone (18):

A solution of diazoketone 19 (450 mg, 1.89 mmol) in CH2Cl, (20 mL) was treated with 4
A molecular sieves (ca. 30 beads) and stirred for 30 minutes. The mixture was then
treated with Rhz(OAc)s (17 mg, 0.04 mmol) and stirred for six hours at ambient
temperature. The mixture was then filtered through a pad of neutral alumina (CH:Cl,
rinse) and concentrated. The crude material was used directly in the next reactions. To
obtain an analytical sample for characterization, a small portion of the crude material
was purified by column chromatography (50:50:2 / pentane:EtOAc:EtsN).

'H NMR (400 MHz, CDCls) &: 4.46 (dd, J = 3.3, 0.8 Hz, 1H), 3.90 (dd J = 11.6, 1.2 Hz,
1H), 3.50 (apparent t, J = 3.5 Hz, 1H), 3.25 (d, J = 11.6 Hz, 1H), 3.17 (dd, J = 3.6, 1.2
Hz, 1H), 1.60 (apparent ddt, J = 10.4, 5.4, 1.1 Hz, 1H), 1.53 (s, 3H), 1.48 (s, 3H), 1.18
(dd, J =10.4, 5.7 Hz, 1H), 0.69 (apparent td, J =5.5, 1.2 Hz, 1H).

13C NMR (101 MHz, CDCls) &: 199.1, 101.3, 64.6, 64.0, 53.3, 51.3, 25.9, 23.4, 23.0,
22.9, 16.8.

HRMS: m/z calcd. for C11H1504": 211.0965 (M+H); found: 211.0970 (M+H).
IR: 2993, 1703, 1383, 1223, 1088 cm™.

ap (CHCIs, ¢ = 0.54): -57.9.

Preparation of fluorohydrin (17a):

A cooled (0 °C) solution of crude epoxyketone 18 (360 mg) in THF (1 mL) was treated
with TBAF (1 M sol'n in THF, 8.0 mL, 8.0 mmol) and stirred for 8 hours at 0 °C.
Purification of the crude material by adsorption onto silica gel followed by column
chromatography (3:1 / EtOAc:pentane) afforded fluorohydrin 17a (129 mg, 0.56 mmol,

30% over 2 steps based on 1.89 mmol diazoketone 19) as a yellow oil.
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IH NMR (400 MHz, CDCls) &: 4.89 (dd, J = 48.4, 10.6 Hz, 1H), 4.77 (m, 1H), 4.33 (d, J =
12.4 Hz, 1H), 3.88 (m, 1H), 3.03 (d, J = 12.4 Hz, 1H), 2.65 (br. d, J = 9.4 Hz, 1H), 1.89
(m, 1H), 1.59 (s, 3H), 1.47 (s, 3H), 1.14 (dd, J = 6.4, 5.0 Hz, 1H) 1.07 (dd, J = 10.5, 6.4
Hz, 1H).

13C NMR (101 MHz, CDCls) &: 199.6 (d, J = 14.4 Hz), 100.4, 92.1 (d, J = 189.5 Hz), 69.4
(d, J = 9.1 Hz), 66.9 (d, J = 18.6 Hz), 65.4, 29.7 (d, J = 0.8 Hz), 29.5, 24.9 (d, J = 0.8
Hz), 19.0, 12.3.

HRMS: m/z calcd. for C11H1604F*: 231.1027 (M+H); found: 231.1038 (M+H).
IR: 3442, 2925, 1714, 1382, 1228, 1198, 1098, 1075 cm™,

b (CHCIs, ¢ = 0.89) +34.0.

Preparation of acetate (35a):

A solution of fluorohydrin 17a (114 mg, 0.49 mmol) in CH2Cl, (5 mL) was treated with
pyridine (0.4 mL, 5.0 mmol), 4-dimethylaminopyridine (one crystal), and Ac,O (0.19 mL,
2.0 mmol). The mixture was stirred for 4 hours at ambient temperature and was then
diluted with CH.Cl, (25 mL), washed with NH4Cl (10 mL), NaHCO3 (10 mL), brine (10
mL), dried (Na>SOQ.), filtered, and concentrated. Purification of the crude material by
column chromatography (1:1 / pentane:EtOAc) afforded acetate 35a (134 mg, 0.49

mmol, 99%) as a colourless oil.

IH NMR (400 MHz, CDCls) &: 5.11 (d, J = 1.4 Hz, 1H), 5.03 (apparent dd, J = 37.7, 11.0
Hz, 1H), 4.86 (m, 1H), 4.33 (d, J = 12.3 Hz, 1H), 2.99 (d, J = 12.3 Hz, 1H), 2.16 (s, 3H),
1.94 (m, 1H), 1.52 (d, J = 0.5 Hz, 1H), 1.45 (d, J = 0.5 Hz, 1H), 1.40 (dd, J = 6.6, 4.8 Hz,
1H), 1.13 (dd, J = 10.4, 6.6 Hz, 1H).

13C NMR (151 MHz, CDCls) &: 198.9 (d, J = 14.0 Hz), 170.4, 100.2, 88.3 (d, J = 190.7
Hz), 67.9 (d, J = 18.2 Hz), 67.7 (d, J = 8.8 Hz), 65.7, 29.9, 29.6, 26.2 (d, J = 0.8 Hz),
21.0 (d, J = 0.8 Hz), 18.9, 13.4.

HRMS: m/z calcd. for C13H170sFNa*: 295.0952 (M+Na); found: 295.0955.
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IR: 2923, 1740, 1721, 1376, 1233, 1089, 1071 cm™.

ap (CHCIs, ¢ = 1.54): +100.

Preparation of alcohol (36a):

%

o)

T }
AcO “OH

g
A cooled (-78 °C) solution of acetate 35a (134 mg, 0.49 mmol) in THF (5 mL) was
treated with L-selectride (1 M sol'n in THF, 0.49 mL, 0.49 mmol). The mixture was stirred
at -78 °C for 15 minutes. Purification of the crude material by adsorption onto silica gel
followed by column chromatography (3:2 / EtOAc:pentane) afforded alcohol 36a (113

mg, 0.41 mmol, 84%) as a white solid.

IH NMR (400 MHz, CDCls) &: 5.07 — 4.90 (m, 2H), 4.69 (m, 2H), 4.17 (d, J = 12.3 Hz),
2.90 (d, J = 12.3 Hz), 2.20 (br. d, J = 3.8 Hz), 2.12 (s, 3H), 1.48 (s, 3H), 1.47 — 1.40 (m,
1H), 1.44 (s, 3H), 1.11 (dd, J = 6.2, 5.2 Hz), 0.48 (ddd, J = 9.4, 6.2, 1.3 Hz, 1H).

13C NMR (151 MHz, CDCls) &: 170.7, 99.2, 88.0 (d, J = 180.2 Hz), 69.0 (d, J = 7.0 Hz),
66.8, 66.4 (d, J = 17.1 Hz), 64.3 (d, J = 17.2 Hz), 29.6, 23.3, 22.6 (d, J = 5.8 Hz), 21.2,
19.1, 7.8.

HRMS: m/z calcd. for C13H200sF": 275.1289 (M+H); found: 273.1311 (M+H).
IR: 3475, 2996, 1740, 1376, 1240, 1107 cm™.
m.p. = 162 — 166 °C.

ap (CHCIs, ¢ = 1.00): +115.

Preparation of dinitrophenyl ether (37a):

A solution of alcohol 36a (110 mg, 0.40 mmol) and quinuclidine (445 mg, 4.0 mmol) in
DMF (1 mL) was treated with 4 A molecular sieves (ca. 10 beads) and stirred for 30

minutes. The mixture was then treated with a solution of 2,4-dinitrofluorobenzene (298
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mg, 1.6 mmol) in DMF (0.5 mL). The resulting dark-green solution was stirred for 24
hours at ambient temperature and then diluted with EtOAc (20 mL), washed with NH4Cl
(10 mL), NaHCOg3 (10 mL), brine (10 mL), dried (Na:SQO.), filtered, and concentrated.
Purification of the crude material by adsorption onto silica gel followed by column
chromatography (3:2 to 1:1 / pentane:EtOAc) afforded dinitrophenyl ether 37a (143 mg,

0.33 mmol, 81%) as a white solid.

IH NMR (400 MHz, CDCls) &: 8.77 (d, J = 2.8 Hz, 1H), 8.41 (dd, J = 9.4, 2.8 Hz, 1H),
7.27 (d, J = 9.4 Hz, 1H), 5.48 (ddd, J = 7.7, 4.8, 2.8 Hz, 1H), 5.29 (ddd, J = 47.5, 11.0,
4.8, 4.8 Hz, 1H), 5.16 (ddd, J = 11.0, 5.0, 3.2 Hz, 1H), 4.85 (apparent t, J = 3.1 Hz, 1H),
4.22 (d, J = 12.5 Hz, 1H), 2.88 (d, J = 12.5 Hz, 1H), 2.12 (s, 3H), 1.59 (m, 1H), 1.50 (s,
3H), 1.46 (s, 3H), 1.21 (dd, J = 6.5, 5.0 Hz, 1H), 0.55 (ddd, J = 9.3, 6.5, 1.1 Hz, 1H).

13C NMR (151 MHz, CDCls) 8: 170.2, 155.9, 140.6, 139.5, 129.0, 122.3, 116.1 (d, J = 2.3
Hz), 99.4, 85.7 (d, J = 191.8 Hz), 73.9 (d, J = 15.6 Hz), 68.2 (d, J = 6.8 Hz), 66.4, 65.9
(d, J = 16.8 Hz), 29.5, 24.4, 21.5 (d, J = 5.6 Hz), 21.0, 18.9, 9.0.

HRMS: m/z calcd. for CiH2200N2F*: 441.1304 (M+H); found: 441.1291 (M+H).
IR: 2923, 1744, 1607, 1534, 1345, 1275, 1239 cm™™.
m.p. = 149 - 153 °C.

Op (CHCls, c= 2.15): +204.

Preparation of alcohol (38a):

A cooled (0 °C) solution of dinitrophenyl ether 37a (136 mg, 0.31 mmol) in MeOH (6.2
mL) was treated with K;CO3 (64 mg, 0.46 mmol) and stirred at 0 °C for 30 minutes. The
resulting orange solution was diluted with CH2Cl> (20 mL), washed with NH4CI (10 mL),
NaHCOs (10 mL), brine (10 mL), dried (Na>SO.,), filtered, and concentrated. Purification
of the crude material by column chromatography (1:1 / pentane:EtOAc) afforded alcohol
38a (113 mg, 0.28 mmol, 92%) as a white solid.
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'H NMR (600 MHz, CDCls) &: 8.76 (d, J = 2.7 Hz, 1H), 8.42 (dd, J = 9.2, 2.7 Hz, 1H),
7.27 (d, J = 9.2 Hz, 1H), 5.43 (m, 1H), 5.01 (ddd, J = 48.0, 10.5, 4.6 Hz, 1H), 4.71
(apparent t, J = 3.3 Hz, 1H), 4.21 (d, J = 12.5 Hz, 1H), 4.02 (m, 1H), 2.94 (d, J = 12.5 Hz,
1H), 2.52 (br. d, J = 9.1 Hz, 1H), 1.59 — 1.54 (m, 1H), 1.57 (s, 3H), 1.48 (s, 3H), 1.06 (dd,
J=6.3,5.3 Hz, 1H), 0.52 (ddd, J = 9.4, 6.3, 0.9 Hz, 1H).

13C NMR (151 MHz, CDCls) &: 155.8, 140.5, 139.5, 129.0, 122.3, 115.8 (d, J = 1.7 Hz),
99.7, 88.6 (d, J = 188.2 Hz), 73.9 (d, J = 16.0 Hz), 69.9 (d, J = 7.1 Hz), 66.2, 64.2 (d, J =
18.3 Hz), 29.4, 23.9, 22.1 (d, J = 5.9 Hz), 19.1, 8.8.

HRMS: m/z calcd. for C17H1sN2OgFNa*: 421.1018 (M+Na); found: 421.1018.
IR: 3545, 2995, 1607, 1531, 1345, 1280, 1098 cm™.
m.p. =176 - 180 °C.

ap (CHCIs, ¢ = 0.63): +179.

Preparation of carbagalactoside (16a):

HO
Hojgj‘; NO,
HO” " "0~ :

F NO,

A solution of alcohol 38a (110 mg, 0.28 mmol) in methanol (6 mL) was treated with
Amberlite® IR 120 H* resin (ca. 100 beads) and stirred at ambient temperature for 24
hours. The mixture was then filtered and concentrated. Purification of the crude material
by adsorption onto Celite® followed by reversed phase column chromatography (0 to
100% CHsCN in H»0) afforded carbagalactoside 16a (80.2 mg, 0.22 mmol, 81%) as a

white solid.

IH NMR (400 MHz, CDsCN) &: 8.67 (d, J = 2.8 Hz, 1H), 8.43 (dd, J = 9.4, 2.8 Hz, 1H),
7.49 (d, J = 9.4 Hz, 1H), 5.51 (m, 1H), 4.80 (ddd, J = 47.7, 10.5, 4.8 Hz, 1H), 4.40 (m,
1H), 3.82 (m, 1H), 3.79 (d, J = 3.1 Hz, 1H), 3.51 (dd, J = 11.4, 7.4 Hz, 1H), 3.50 (d, J =
6.3 Hz, 1H), 3.43 (dd, J = 11.4, 4.5 Hz, 1H), 3.02 (dd, J = 7.4, 4.5 Hz, 1H), 1.62 (m, 1H),
0.71 (apparent td, J = 5.4, 0.7 Hz, 1H), 0.61 (ddd, J = 9.4, 5.5, 1.4 Hz, 1H).

45



13C NMR (151 MHz, CDsCN) &: 156.3, 141.3, 140.4, 129.9, 122.4, 117.6, 89.4 (d, J =
186.0 Hz), 74.9 (d, J = 15.5 Hz), 71.9 (d, J = 7.2 Hz), 66.9, 65.7 (d, J = 17.2 Hz), 30.4 (d,
J=1.1Hz), 19.4 (d, J = 5.6 Hz), 11.0.

HRMS: m/z calcd. for C14H1sN2OgFNa*: 381.0705 (M+Na); found: 381.0702.
IR: 3391, 2928, 1607, 1530, 1347, 1284, 1082 cm™.
m.p. = 186 - 190 °C.

ap (CHCIs, ¢ = 1.54): +211.

Preparation of B-hydroxyketone (17b):

A cooled (0 °C) solution of diphenyl diselenide (936 mg, 3.0 mmol) in EtOH (10 mL) was
cautiously treated with NaBH. (227 mg, 6.0 mmol) and stirred for 30 minutes at 0 °C.
The resulting solution was added dropwise to a cooled (0 °C) solution of crude
epoxyketone 18 (417 mg) in EtOH (5 mL), and the mixture was stirred for 30 minutes at
0 °C. The mixture was then diluted with CH>Cl, (100 mL) and washed with NH4ClI (20
mL) and NaHCOs (20 mL). The combined aqueous material was extracted with CH.Cl,
(3 x 20 mL). The combined organic material was washed with brine (20 mL), dried
(NaS0.), filtered and concentrated. Purification of the crude material by column
chromatography (1:1 / pentane:EtOAc then 3% MeOH in EtOAc) afforded -
hydroxyketone 17b (261 mg, 1.23 mmol, 60% over 2 steps based on 2.06 mmol
diazoketone 19) as a white solid.

IH NMR (400 MHz, CDCls) &: 4.51 (dd, J = 3.8, 0.8 Hz, 1H), 4.16 (d, J = 12.0 Hz, 1H),
3.94 (m, 1H), 3.19 (d, J = 12.0 Hz, 1H), 2.52 (dd, J = 17.4, 5.5 Hz, 1H), 2.44 (dd, J =
17.4, 10.2 Hz, 1H), 2.39 (br. d, J = 9.4 Hz, 1H), 1.81 (dd, J = 10.1, 5.1 Hz, 1H), 1.58 (d, J
= 0.5 Hz, 3H), 1.45 (d, J = 0.5 Hz, 3H), 1.11 (dd, J = 6.2, 5.1 Hz, 1H), 1.05 (dd, J = 10.1,
6.2 Hz, 1H).

13C NMR (151 MHz, CDCls) &: 205.6, 100.3, 67.8, 65.9, 65.2, 41.9, 30.0, 29.0, 27.0,
20.2, 13.7.

HRMS: m/z calcd. for C11H1704": 213.1121 (M+H); found: 213.1133 (M+H).
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IR: 3440, 2914, 1688, 1378, 1270, 1225, 1198, 1071 cm,
m.p. = 93 - 96 °C.

ap (CHCIs, ¢ = 0.35): -2.0.

Preparation of acetate (35b):

A solution of B-hydroxyketone 17b (261 mg, 1.23 mmol) in CH.Cl; (15 mL) was treated
with pyridine (1.0 mL, 12.3 mmol), 4-dimethylaminopyridine (one crystal), and Ac.O
(0.47 mL, 4.9 mmol). The mixture was stirred for 16 hours at ambient temperature and
was then diluted with CH2Cl> (100 mL), washed with NH4CI (40 mL), NaHCO3 (40 mL),
brine (40 mL), dried (Na>SO,), filtered, and concentrated. Purification of the crude
material by column chromatography (1:1 / hexanes:EtOAc) afforded acetate 35b (202
mg, 0.79 mmol, 65%) as white crystals.

IH NMR (400 MHz, CDCls) &: 5.03 (ddd, J =11.7, 5.9, 3.0 Hz, 1H), 4.68 (d, J = 3.0 Hz,
1H), 4.32 (d, J = 12.1 Hz, 1H), 3.04 (d, J = 12.1 Hz, 1H), 2.64 (dd, J = 17.7, 11.7 Hz,
1H), 2.47 (dd, J = 17.7, 5.9 Hz, 1H), 2.09 (s, 3H), 1.86 (dd, J = 10.1, 4.9 Hz, 1H), 1.54 (s,
3H), 1.44 (s, 3H), 1.34 (dd, J = 6.5, 4.9 Hz, 1H), 1.06 (dd, J = 10.1, 6.5 Hz, 1H).

13C NMR (151 MHz, CDCls) &: 204.6, 170.6, 100.0, 66.24, 66.23, 65.9, 37.9, 30.9, 29.5,
27.4,21.2, 195, 13.6.

HRMS: m/z calcd. for C13H1s0sNa*: 277.1046 (M+Na); found: 277.1036.
IR: 2993, 1732, 1692, 1374, 1238, 1037 cm™.
m.p. 142 - 145 °C.

ap (CHCIs, ¢ = 3.23): +38.5.
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Preparation of alcohol (36b):

A cooled (-78 °C) solution of acetate 35b (198 mg, 0.78 mmoal) in THF (8 mL) was
treated with L-selectride (1 M sol'n in THF, 0.78 mL, 0.78 mmol). The mixture was stirred
at -78 °C for 15 minutes. Purification of the crude material by adsorption onto silica gel
followed by column chromatography (3:2 to 3:1 / EtOAc:pentane) afforded alcohol 36b
(137 mg, 0.53 mmol, 68%) as a colourless oil.

'H NMR (600 MHz, CDClIs) d: 4.68 (ddd, J = 9.8, 4.7, 3.7 Hz, 1H), 4.46 (d, J = 3.7 Hz,
1H), 4.09 — 4.04 (m, 1H), 4.08 (d, J = 11.9 Hz, 1H) 3.06 (d, J = 11.9 Hz, 1H), 2.71 (br. d,
J = 8.7 Hz, 1H), 2.07 (s, 3H), 1.96 (ddd, J = 13.2, 9.8, 7.2 Hz, 1H), 1.85 (ddd, J = 13.2,
5.6, 5.0 Hz, 1H), 1.49 (s, 3H), 1.46 (s, 3H), 1.15 (dd, J = 9.5, 5.6 Hz, 1H), 0.56 (dd, J =
9.5, 6.3 Hz, 1H), 0.41 (apparent t, J = 5.9 Hz, 1H).

13C NMR (151 MHz, CDCls) &: 170.6, 99.7, 67.4, 67.3, 67.2, 66.7, 32.1, 29.4, 25.4, 22.7,
21.3, 20.0, 11.3.

HRMS: m/z calcd. for C13H24NOs"™: 274.1649 (M+NH,); found: 274.1656.
IR: 3445, 2993, 1731, 1374, 1246, 1029 cm™.

ap (CHCl, ¢ = 2.31): +68.7.

Preparation of dinitrophenyl ether (37b):

A solution of alcohol 36b (130 mg, 0.51 mmol) and DABCO (455 mg, 4.1 mmol) in \ DMF
(1.7 mL) was treated with 4 A molecular sieves (ca. 10 beads) and stirred for 30
minutes. The mixture was then treated with 2,4-dinitrofluorobenzene (255 pL, 2.0 mmol).
The resulting brown solution was stirred for 16 hours at ambient temperature and then
diluted with EtOAc (30 mL), washed with NH.Cl (15 mL), NaHCOs3 (15 mL), brine (15

mL), dried (Na,SO.), filtered, and concentrated. Purification of the crude material by

48



adsorption onto silica gel followed by column chromatography (1:1 / pentane:EtOAc)
afforded dinitrophenyl ether 37b (189 mg, 0.45 mmol, 88%) as an off-white foam.

'H NMR (600 MHz, CDCl;) &: 8.74 (d, J = 2.8 Hz, 1H), 8.42 (dd, J = 9.3, 2.8 Hz, 1H),
7.35(d, J =9.3 Hz, 1H), 4.73 (dd, J = 10.1, 6.6 Hz, 1H), 4.63 (apparent dt, J = 12.7, 2.9
Hz, 1H), 4.52 (d, J = 2.8 Hz, 1H), 4.20 (d, J = 12.2 Hz, 1H), 2.96 (d, J = 12.2 Hz, 1H),
2.52 (apparent td, J = 12.2, 10.1 Hz, 1H), 2.10 (s, 3H), 1.98 (ddd, J = 11.9, 6.6, 2.9 Hz,
1H), 1.53 (s, 3H), 1.51 (s, 3H), 1.20 (dd, J = 9.6, 5.6 Hz, 1H), 0.70 (dd, J = 9.6, 6.2 Hz,
1H), 0.58 (apparentt, J = 5.9 Hz, 1H).

13C NMR (151 MHz, CDCls) d: 170.8, 155.3, 140.3, 139.8, 128.9, 122.2, 115.8, 99.3,
76.6, 66.9, 66.8, 65.7, 29.4, 28.1, 24.3, 22.6, 21.3, 19.6, 10.8.

HRMS: m/z calcd. for C19H23N209": 423.1398 (M+H); found: 423.1396.
IR: 2993, 1730, 1605, 1537, 1345, 1244 cm™.

Op (CHC|3, c= 0.77): -0.9.

Preparation of alcohol (38b):

A cooled (0 °C) solution of dinitrophenyl ether 37b (184 mg, 0.44 mmol) in MeOH (5 mL)
was treated with K;CO3 (90 mg, 0.65 mmol) and stirred at 0 °C for 30 minutes. The
resulting orange solution was diluted with CH2Clz (20 mL), washed with NH4CI (10 mL),
NaHCOs (10 mL), brine (10 mL), dried (Na>SO.,), filtered, and concentrated. Purification
of the crude material by column chromatography (50:1 / diethyl ether:MeOH) afforded
alcohol 38b (165 mg, 0.43 mmol, 99%) as a white foam.

IH NMR (400 MHz, CDCls) &: 8.75 (d, J = 2.7 Hz, 1H), 8.42 (dd, J = 9.3, 2.7 Hz, 1H),
7.33(d, J = 9.3 Hz, 1H) 4.58 (dd, J = 10.4, 6.2 Hz, 1H), 4.43 (d, J = 3.3 Hz, 1H), 4.23 (d,
J =12.2 Hz, 1H), 3.50 (m, 1H), 2.96 (d, J = 12.2 Hz, 1H), 2.51 (d, J = 10.9 Hz, 1H), 2.25
(apparent td, J = 12.1, 10.7 Hz, 1H), 2.05 (ddd, J = 11.8, 6.1, 3.1 Hz, 1H), 1.57 (s, 3H),
1.50 (s, 3H), 1.18 (dd, J = 9.5, 5.6 Hz, 1H), 0.70 (dd, J = 9.5, 6.0 Hz, 1H), 0.40 (apparent
t, J = 5.9 Hz, 1H).
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13C NMR (151 MHz, CDCls) &: 155.5, 140.3, 139.7, 128.9, 122.2, 115.7, 99.5, 77.2, 67.1,
66.5, 65.0, 32.0, 29.4, 24.0, 23.3, 19.6, 10.2.

HRMS: m/z calcd. for C17H21N20g*: 381.1292 (M+H); found: 381.1278.
IR: 3550, 2997, 1604, 1536, 1346, 1284 cm™.

ap (CHCIs, ¢ = 0.77): -17.9.

Preparation of carbagalactoside (16b):

A solution of alcohol 38b (159 mg, 0.42 mmol) in methanol (7 mL) was treated with
Amberlite® IR 120 H* resin (ca. 100 beads) and stirred at ambient temperature for 24
hours. The mixture was then filtered and concentrated. Purification of the crude material
by adsorption onto Celite® followed by reversed phase column chromatography (0 to
100% CHsCN in H20) afforded carbagalactoside 16b (70.0 mg, 0.21 mmol, 50%) as a
slightly yellow solid.

H NMR (400 MHz, CDsCN) &: 8.66 (d, J = 2.8 Hz, 1H), 8.43 (dd, J = 2.8, 9.4 Hz, 1H),
7.45 (d, J = 9.4 Hz, 1H), 4.89 (apparent t, J = 7.8 Hz, 1H), 4.14 (apparent t, J = 3.4 Hz,
1H) 3.56, (dd, J = 11.3, 6.4 Hz, 1H), 3.52 (d, J = 4.0 Hz, 1H), 3.49 (m, 1H), 3.42 (dd, J =
11.3, 3.2 Hz, 1H), 3.06 (d, J = 7.2 Hz, 1H), 3.01 (apparent t, J = 5.2 Hz, 1H), 1.97-1.84
(m, 2H, obscured by CHD,CN peak) 1.13 (dd, J = 5.6, 9.8 Hz, 1H), 0.77 (dd, J = 5.6, 9.8
Hz, 1H), 0.42 (apparent t, J = 5.6 Hz, 1H).

13C NMR (151 MHz, CDsCN) d: 156.3, 141.0, 140.4, 130.0, 122.5, 117.2, 77.6, 69.4,
67.5, 65.7, 31.9, 30.1, 20.6, 11.6.

HRMS: m/z calcd. for C14H16N2OgNa*: 363.0799 (M+Na); found: 363.0799.
IR: 3378, 3284, 3079, 2890, 1601, 1521, 1350, 1290 cm™.
m.p. = 113 - 115 °C.

ap (CHsCN, ¢ = 0.80): -33.6.
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2.6.2. Kinetic Procedures

In a 500 pL cuvette, variable concentrations of probe 16a were incubated in the
presence of T. Maritima a-galactosidase (0.89 pyM) in 50 mM HEPES buffer (pH = 7.45)
at 60 °C. Reaction temperatures were maintained using a calibrated heating block. At
fixed time intervals, 20 uL reaction aliquots were transferred to a 1 mL cuvette and
incubated at 25 °C for 3 minutes. A solution containing the chromogenic substrate 4-
nitrophenyl-a-D-galactopyranoside (0.1 mM) in 50 mM HEPES buffer (pH = 7.45) also
kept at 25 °C was then added to the cuvette. The absorbance (A = 400 nm) was
monitored over time using a Cary 4000 UV-Vis-NIR spectrophotometer.

2.6.3. X-ray Crystallographic Experimental Parameters

Table 2.3 Crystallographic data for covalent adduct of inhibitor (16a) and T.

Maritima a-galactosidase

beamline i02
wavelength 0.98
high resolution limit (A) 1.45
low resolution limit (A) 54.93
completeness (outer Shell) 100 (99.6)
multiplicity 6.4 (5.3)
llo 9.6 (1.2)
Rmerge 0.076 (1.379)
Rmeas 0.089 (1.644)
Rpim 0.035 (0.699)
Wilson B factor 16.836
total observations 716882
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total unique

112088

space group

P212:12;

unitcell a, b, c

66.90, 96.24, 97.59

unit cell a, B, y 90.0, 90.0, 90.0
R (%) 18.06
Riree (%0) 20.70
rmsd (bonds) (A) 0.021
rmsd (angles) (°) 2.077
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Chapter 3.

Candidate Galactosaminidase Inhibitors Based on a
Cyclohexene Scaffold

Jason Draper conceived the synthetic route and performed extensive optimization

studies on the preparation of intermediates 48 and 56.

3.1. Introduction

Several potent and selective GH inhibitors are based on a cyclohexene scaffold.
Representative examples include the glucosidase inhibitor valienamine (39) and the
neuraminidase inhibitor oseltamivir (40). These molecules owe their potency in part to
their olefinic bonds, which mandate non-chair conformations that emulate aspects of

enzymatic glycoside hydrolysis TSs (see section 1.3.1. for a more full discussion).

HO /Y\
HO” Y “NH, AcHN™
OH NH,
39 40

Figure 3.1 Examples of GH inhibitors based on a cyclohexene scaffold.

The substitution of a monosaccharide’s pyranoside ring oxygen with an alkene
imparts differences not only in conformation but also in reactivity. These differences can
be exploited for the development of conceptually novel inhibitors. We anticipated that the
chlorination/aldol protocol developed by Britton and co-workers and exploited previously
in the preparation of galactoside analogues 16a and 16b (chapter 2) could give rapid
access to a panel of carbocyclic N-acetylgalactosamine (GalNAc) analogues for

evaluation as inhibitors of GalNAc processing enzymes.
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3.1.1. Mechanism-Based Inhibitors of GH 4 and 109 Hydrolases

Hydrolases belonging to GH families 4 and 109 use a redox-elimination
mechanism which involves formation of an enone intermediate (vide supra). We
hypothesized that a construct that substitutes the pyranoside ring oxygen with an alkene
function will be processed in a similar manner to the natural substrate. That is, oxidation
of C(3) and proton abstraction followed by rapid and irreversible leaving group departure
would afford a dienone intermediate. This intermediate could rapidly tautomerize to the
corresponding phenol, which would leave the hydrolase in its catalytically incompetent
NADH oxidation state.

NAD* NADH

R = 3e

NAD*  NADH ’ﬁ—> /©
HO% M % — HO

OH

Figure 3.2 Proposed inhibition modality for GH 4 and 109 hydrolases.

Thus, we set out to develop mechanism-based inhibitors of GH 4 and 109
hydrolases. As these are found exclusively in bacteria, inhibitors specific to these
hydrolases could find use as antibacterial agents. Of note, the most extensively
characterized GH 109 hydolase is found in a bacterium which causes meningitis in
human infants.1% We targeted carbagalactosides 41 and 42 for synthesis, which employ

2,4-dinitrophenolate and carbon dioxide respectively as reactive leaving groups.

HO HO
HO NO, HO
HO” Y~ "0 HO” Y o
NHAc  NO, HN—<\
a1 2 O

Figure 3.3 Proposed mechanism-based inhibitors of GH 4 and 109 hydrolases.
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3.1.2.  Metabolic Inhibitors of Galactosaminyltransferases

Recent studies have described the wuse of 5-thioglycosides and
deoxyfluoroglycosides as “metabolic inhibitors” of GTs (vide supra). We proposed that
carbocycle 43 may possess inhibitory activity against GTs via the formation of the
transferase donor substrate analog 45. As 43 may possess insufficient membrane
permeability, we also proposed to synthesize its peracetylated congener 44.

HO AcO HO
HO AcO HO
o o Oy-N
o . o 1 11 y (@]
HO” > OH AcO” Y OAc HO” >~ “0-P-0-P-0 o N\j
NHAC NHAC NHAc O O \(_7‘ =
43 44 ©® O0 N

Figure 3.4  Proposed metabolic GT inhibitors.

Transfer of a GalNAc residue to a protein is the committed step in the
biosynthesis of mucin glycoproteins. Novel reagents which can disrupt this process in
vivo may allow for a better understanding of the roles played by mucin glycoproteins in

the immune response and cancer pathogenesis. 0

3.2. Synthesis

3.2.1. Retrosynthetic Analysis

The four carbagalactoside targets were traced back to common intermediate 46.
We anticipated that the free hydroxyl group in 46 could serve as a tether to enforce
regioselective epoxide opening at C(2) using known isocyanate chemistry.1%?
Epoxyalcohol 46 could be arise from diene 47 through a ring-closing metathesis (RCM)
reaction; we were encouraged by the ample precedents for ring-closure of carbohydrate
diene substrates.1%31041% Diene 47 could be prepared from silyl protected B-
ketochlorohydrin 48 in a three step sequence. We expected that 48 could be prepared in
a stereoselective manner from readly available materials 21 and 49 using Britton’s

chlorination/aldol protocol.”
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Scheme 3.1 Retrosynthetic Analysis of GaINAc Analogue Targets

RCM
% 0
target  ——= O
compounds
197 “"OH
46
chlorination/
aldol
(0] OH OSiR3
07/0 Ler 07/0 i
21 49 48

3.2.2. Synthesis of Aldehyde (49)

The first task of the synthesis was to develop a scalable route to aldehyde 49.
Evans reported a scalable synthesis of aldehyde 51 from known D-ribose derivative
50.1% We reasoned that aldehyde 49 could be prepared in an analogous manner from
commercially available 2-deoxy-L-ribose (52). Thus, 52 was subjected to the known
sequence of glycosylation and iodination®’ to afford iodoacetal 53. Unfortunately, this
latter operation required laborious chromatographic purification. Acetal 53 was then
protected as the corresponding TIPS ether. It was crucial to allow this silylation reaction
to proceed for no more than 24 hours as the slow formation of an inseparable impurity
was noted after this period of time. Finally, a reductive fragmentationi®® delivered

aldehyde 49. Approximately 25 g this material was prepared using this route.
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Scheme 3.2 Scalable Route to Aldehyde (49)

Evans (2012) 1. TES-CI, imid
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3.2.3. Preparation of B-Ketochlorohydrin (48)

The first key step of the synthesis of the GalNAc analogues was the proline-
catalyzed aldol reaction. The aldehyde substrate of this process is highly prone to
proline-catalyzed B-elimination. Optimization studies performed by Draper'® revealed
that use of the TIPS protecting group was critical to avoid this undesired process.
Aldehyde 49 was readily converted to B-ketochlorohydrin 48 on scales greater than 10 g.
Inspection of crude *H NMR spectra showed a clean reaction with 48 present as a single
diastereomer. Since the product possesses one predefined stereogenic centre, there

was no need to determine the ee of the reaction product.

Scheme 3.3 Proline-Catalyzed Chlorination/Aldol Reaction
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3.2.4. Preparation of Diene (47)

The next task of the synthesis was to advance aldol adduct 48 to RCM precursor
47. Towards this goal, 48 was subjected to Julia-Kocienski olefination®® to provide
alkene 55. In prior optimization studies,®® Draper evaluated a wide variety of bases for
the epoxide formation step and found that cesium hydroxide provides epoxide 56 in the
highest yield. Of note, the epoxide formation affords a side product (ca. 30% yield) which
was assigned as diol 57 on the basis of 'H and *C NMR data; this material arises from
disilylation, trans-epoxide formation, and epoxide opening at the allylic position.

Desilylation of 56 proceeded uneventfully to provide diene 47 in quantitative yield.

Scheme 3.4 Synthetic Route to Diene (47)

O OH OTIPS 27 CH, OH OTIPS
: _CH, LiHMDS A _CH;
: N : —
o THF o
7 (74%) /-
48 55
CsOH
-+t
EtOH/H,0

(T1%)

N-N CH, OH OQEt
‘ _A_.CH,

O OH

27Phl 072

57

3.2.5. Ru-catalyzed Carbocyclization

The second key step of this synthesis involved the formation of carbocycle 46 via
RCM. In preliminary studies, Draper had utilized the 2" Generation Grubbs’ Catalyst
(59) for this transformation; however on scales greater than 100 mg the use of 59
resulted in extensive degradation. A subsequent screen of ruthenium catalysts identified
the Stewart-Grubbs’ Catalyst (60) as optimal. Use of this catalyst permitted the
preparation of carbocycle 46 on scales of up to 1 g. Of note, *H NMR analysis of reaction

aliquots revealed that the formation of 46 proceeded via the C,-symmetric dimer 58.
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Scheme 3.5 Ring-Closing Metathesis of Diene (47)
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3.2.6. Elaboration of Epoxy-Alcohol (46) to the Carbagalactoside
Targets

The synthesis of the carbagalactoside targets utilized the strategy conceived by
Draper in which the free hydroxyl in carbocycle 46 serves as a tether to direct
regioselective epoxide opening. Indeed, on treatment with freshly prepared acetyl
isocyanate, aqueous workup, and treatment with cesium carbonate, 46 was converted to
oxazolidinone 61. As the crude H NMR spectrum of this reaction included only
resonances attributed to the product, the instability of 61 on silica was the suspected
cause of the observed poor yield. Alternatively, 61 can be treated in situ with potassium
hydroxide to afford aminodiol 62 in a three-step one-pot protocol. Having prepared
ample quantities of the key intermediates 61 and 62, we advanced to the preparation of

the carbagalactoside targets.

Deprotection of oxazolidinone 61 proceeded smoothly to give target 42 in good
yield. Alternatively, aminodiol 62 was deprotected under acidic conditions; prolonged
heating at 100 °C was required to effect this transformation as the added acid protonates

the substrate’s amino group. The resulting crude aminotetrol was directly peracetylated
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to afford target 44. This two-step process gave a minor impurity which could be removed
only by preparative TLC. Alternatively, aminodiol 62 was monoacetylated at the amino
group with complete regioselectivity by employing 2,6-lutidine as a sacrificial base. N-
acetate 63 was then deprotected to yield target 43. At this juncture an attempt to prepare
dinitrophenyl ether 41 failed, and bis-arylated material was isolated as the major product.
While the crude reaction mixture appeared to contain 41, selectivity for arylation of the
C(2) hydroxyl is lacking.

Scheme 3.6 Completion of the Carbagalactoside Syntheses
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3.3. Conclusion

A synthetic strategy involving a proline-catalyzed chlorination/aldol reaction and a
Ru-catalyzed carbocyclization was successfully implemented in the synthesis of three
candidate inhibitors of GalNAc processing enzymes. Future work will include the testing
of compounds 42, 43, and 44 on a panel of bacterial and mammalian enzymes in order

to determine these compounds’ potency and specificity. Furthermore, as even minor
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structural variations can alter inhibitor specificity, we aim to evaluate the cyclopropane-
containing congeners of these compounds. Simmons-Smith cyclopropanation of allylic

alcohol 46 would provide compound 64, a logical entry point to the cyclopropyl series.

Scheme 3.7 Proposed Entry to Cyclopropyl Series
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3.4. Experimental Information

3.4.1. Synthesis Procedures and Data

Preparation of acetal (54):

TIPSO
To a solution of (2R, 3R)-2-iodomethyl-5-methoxytetrahydrofuran-3-ol*°” (5.00 g, 19.4
mmol) in DMF (32 mL) was added imidazole (2.90 g, 42.6 mmol), 4-
dimethylaminopyridine (ca. 5 grains), and TIPS-Cl (4.56 mL, 21.3 mmol). The mixture
was stirred for 16 h and then diluted with EtOAc (500 mL), washed with water (100 mL),
washed with brine (4 x 100 mL), dried (MgSQ.), filtered, and concentrated. Purification of
the crude material by column chromatography (60:40 / CH.Cl,:pentane) afforded acetal
54 (6.42 g, 15.5 mmol, 80%) as a colourless oil.

IH NMR (400 MHz, CDCls) &: 5.15 — 4.99 (m, 1H), 4.51 — 4.06 (m, 1H), 4.05 — 3.59 (m,
1H), 3.53, 3.36 — 3.21 (m, 2H), 3.40 — 3.38 (m, 3H), 2.56 — 2.20 (m, 1H), 2.17 — 1.87 (m,
1H), 1.08 — 1.03 (m, 21H).

13C NMR (151 MHz, CDCIls) 6: 104.9, 103.7, 86.0, 80.9, 75.3, 74.8, 55.0, 42.3, 42.0, 17.6
—17.4 (several peaks), 11.7,11.6, 7.8, 7.5.

HRMS: m/z calcd. for C1sH3203ISi*: 415.1160 (M+H); found: 415.1150 (M+H).
IR: 2944, 2866, 1464, 1369, 1108, 1033 cm™.

ap (CHC|3, c= 0.75): -5.3.
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Preparation of aldehyde (49):

O OTIPS
~CH2

To a solution of acetal 54 (7.55 g, 18.2 mmol) in 4:1 / THF:H,O (75 mL) was added Zn
dust (11.9 g, 182 mmol). The resulting cloudy suspension was refluxed for 2 h, cooled to
room temperature, and filtered through a Celite® pad (diethyl ether rinse). The solution
was further diluted with diethyl ether to a volume of ca. 500 mL, was washed with H,O
(250 mL), washed with brine (250 mL), dried (MgSO.), filtered, and concentrated. The
crude colourless oil (4.66 g, 18.2 mmol, 100%) was advanced to the next step without

further purification.

H NMR (400 MHz, CDCls) &: 9.81 (t, J = 2.5 Hz, 1H), 5.92 (ddd, J = 17.0, 10.4, 6.1 Hz,
1H), 5.28 (apparent dt, J = 17.1, 1.2 Hz, 1H), 5.14 (apparent dt, J = 10.4, 1.2 Hz, 1H),
4.76 (apparent gt, J = 5.7, 1.2 Hz, 1H), 2.62 (dd, J = 5.6, 2.5 Hz, 1H), 1.06 (m, 21H).

13C NMR (151 MHz, CDCls) &: 201.9, 140.3, 115.2, 70.0, 51.6, 18.17, 18.15, 12.4.
HRMS: m/z calcd. for C14H290,Si*: 257.1931 (M+H); found: 257.1928 (M+H).
IR: 2945, 2868, 1727, 1466, 1099 cm™,

b (CHCls, ¢ = 0.22): -13.9.

Preparation of B-ketochlorohydrin (48):

O OH OTIPS
~CH2

To a solution of aldehyde 49 (4.66 g, 18.2 mmol) in CH.Cl, (90 mL) was added (R)-
proline (1.62 g, 14.0 mmol), N-chlorosuccinimide (2.12 g, 15.9 mmol), and 2,2-dimethyl-
1,3,-dioxan-5-one (2.20 mL, 18.7 mmol). The mixture was stirred for 24 h at room
temperature, diluted with diethyl ether (500 mL), washed with H>O (2 x 500 mL), washed
with brine (500 mL), dried (MgSOa), filtered, and concentrated. Purification of the crude
material by column chromatography (10 to 30% diethyl ether in pentane) afforded B-
ketochlorohydrin 48 (4.44 g, 10.5 mmol, 58%) as a colourless oil.

H NMR (400 MHz, CDCls) &: 5.87 (ddd, J = 18.0, 10.3, 7.8 Hz, 1H), 5.34 (apparent dt, J
=17.2, 1.0 Hz, 1H), 5.28 (apparent dt, J = 10.3, 0.9 Hz, 1H), 4.57 (apparentt, J = 7.6
Hz, 1H), 4.46 (ddd, J = 8.9, 2.5, 1.5 Hz, 1H), 4.37 (dd, J = 8.9, 1.3 Hz, 1H), 4.29 (dd J =
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17.6, 1.4 Hz, 1H), 4.08 (d, J = 17.6 Hz, 1H), 3.99 (dd, J = 7.5, 1.0 Hz, 1H), 3.49 (dd, J =
2.5, 0.9 Hz, 1H), 1.50 (s, 3H), 1.42 (s, 3H), 1.06 (m, 21H).

13C NMR (151 MHz, CDCls) &: 211.4, 138.4, 118.6, 101.7, 75.6, 72.8, 67.9, 66.7, 63.5,
24.0, 23.5, 18.21, 18.20, 12.6.

HRMS: m/z calcd. for CxoH3sClOsSi*: 421.2172 (M+H); found: 421.2188 (M+H).
IR: 3538, 2944, 2868, 1738, 1223, 1086 cm™.

ap (CHCIs, ¢ = 0.89): +88.5.

Preparation of alkene (55):

CH, OH OTIPS
- CH;

To a freshly-prepared, cooled (-78 °C) solution of LIHMDS (21.4 mmol) in THF (50 mL)
was added dropwise via cannula a solution of 5-(methanesulfonyl)-1-phenyl-1H-tetrazole
(4.64 g, 20.9 mmol) in 25 mL THF. The resulting yellow solution was stirred for 30
minutes at -78 °C. A solution of B-ketochlorohydrin 48 (4.40 g, 10.4 mmol) in 20 mL THF
was then added via cannula followed by a THF rinse (5 mL). The resulting mixture was
stirred for 15 minutes at -78 °C, diluted with diethyl ether (1000 mL), washed with water
(500 mL), washed with brine (500 mL), dried (MgSOQ.,), filtered, and concentrated.
Purification of the crude material by column chromatography (8 to 12% diethyl ether in

pentane) afforded alkene 55 (3.24 g, 7.70 mmol, 74%) as a colourless oil.

'H NMR (400 MHz, CDCls) &: 5.96 (ddd, J = 17.3, 10.4, 7.1 Hz, 1H), 5.36 (m, 1H), 5.35
(dt, J = 17.3, 1.1 Hz, 1H), 5.30 (dt, J = 10.4, 1.0 Hz, 1H), 5.02 (m, 1H), 4.71 (ddt, 7.1,
4.1, 1.0 Hz, 1H), 4.38-4.23 (m, 5H), 3.58 (d, 2.7 Hz, 1H), 1.49 (s, 3H), 1.34 (s, 3H), 1.10
(m, 21H).

13C NMR (151 MHz, CDCls) d: 142.0, 138.1, 118.3, 109.9, 99.7, 79.1, 71.3, 70.8, 65.1,
64.1, 28.3, 21.8, 18.20, 18.18, 12.6.

HRMS: m/z calcd. for C21H40ClO4Si*: 419.2367 (M+H); found: 419.2379 (M+H).
IR: 3485, 2968, 1380, 1228, 1067 cm™.

Op (CHC|3, c= 0.45): +22.2.
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Preparation of epoxide (56):

To a solution of alkene 55 (9.11 g, 21.7 mmol) in 5:1 / EtOH:H,O (150 mL) was added
CsOH (50% wi/w in H20, 21.0 mL, 109 mmol). The resulting orange/brown mixture was
stirred at 80 °C for 3 h, cooled to room temperature, diluted with CH2Cl, (600 mL),
washed with NH4CI (300 mL), washed with NaHCO3; (300 mL), washed with brine (300
mL), dried (MgSOQ.), filtered, and concentrated. Purification of the crude material by
column chromatography (10% diethyl ether in pentane) afforded epoxide 56 (5.91 g,

15.4 mmol, 71%) as a colourless oil.

IH NMR (400 MHz, CDCls) &: 6.00 (ddd, J = 17.2, 10.6, 3.9 Hz, 1H), 5.51 (dt, J = 17.2,
1.8 Hz, 1H), 5.23 (m, 1H), 5.22 (dt, J = 10.6, 1.8 Hz, 1H), 5.01 (m, 1H), 4.38 (d, J = 13.8
Hz, 1H), 4.30 (d, J = 13.8 Hz, 1H), 4.21 (m, 1H), 4.17 (d, J = 7.7 Hz, 1H), 3.17 (dd, J =
7.7, 4.2 Hz, 1H), 2.93 (dd, J = 8.0, 4.2 Hz, 1H), 1.44 (s, 3H), 1.40 (s, 3H), 1.10 (m, 21H).

13C NMR (151 MHz, CDCls) &: 142.7, 136.8, 115.9, 109.1, 99.4, 72.6, 69.9, 64.0, 59.9,
56.4, 27.5, 21.5, 18.2, 18.1, 12.6.

HRMS: m/z calcd. for C21H3904Si*: 383.2612 (M+H); found: 383.2600 (M+H).
IR: 2927, 2867, 1464, 1381, 1222, 1133, 1087 cm™.

Op (CHCls, c= 0.31)Z -16.6.

Preparation of diene (47):

To a solution of epoxide 56 (1.05 g, 2.74 mmol) in THF (5.5 mL) was added dropwise
TBAF (1 M in THF, 3.4 mL, 3.4 mmol). The resulting mixture was stirred at room
temperature for 1 h and then adsorbed onto ca. 3 g silica. Purification of the crude
material by column chromatography (2:1 / pentane:EtOAc) afforded diene 47 (609 mg,

2.69 mmol, 98%) as a white solid.
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IH NMR (400 MHz, CDCls) &: 6.00 (ddd, J = 17.4, 10.7, 4.5 Hz, 1H), 5.48 (dt, J = 17.4,
1.5 Hz, 1H), 5.28 (dt, J = 10.7, 1.5 Hz, 1H), 5.20 (m, 1H), 5.03 (m, 1H), 4.39 (d, J = 14.0
Hz, 1H), 4.29 (d, J = 14.0 Hz, 1H), 4.26 (d, J = 7.8 Hz, 1H), 4.17 (m, 1H), 3.26 (dd, J =
7.8, 4.2 Hz, 1H), 3.03 (dd, J = 7.8, 4.2 Hz, 1H), 1.44 (s, 3H), 1.40 (s, 3H).

13C NMR (151 MHz, CDCls) &: 142.4, 135.9, 116.7, 109.1, 99.4, 70.9, 69.8, 64.0, 58.8,
57.3,

HRMS: m/z calcd. for C12H1s04Na™: 249.1097 (M+Na); found: 249.1111 (M+Na).
IR: 3445, 2991, 1372, 1222, 1199, 1158, 1084, 1002 cm™,
m.p. =59 - 62 °C.

ap (CHCIs, ¢ = 0.68): +122.0.

Preparation of carbocycle (46):

“

)

(0]

“OH
o)

To a degassed solution of diene 47 (300 mg, 1.33 mmol) in CH.Cl, (40 mL) was added
Stewart-Grubbs’ Catalyst (30 mg, 0.053 mmol). The mixture was refluxed for 72 hours
under an argon atmosphere, cooled to room temperature, and concentrated. Purification
of the crude material by column chromatography (80 to 100% EtOAc in pentane)
afforded carbocycle 46 (232 mg, 1.18 mmol, 88%) as a white solid.

IH NMR (400 MHz, CDCls) &: 5.46 (m, 1H), 4.83 (m, 1H), 4.53 (m, 1H), 4.37 (d, J = 14.4
Hz, 1H), 4.17 (d, J = 14.4 Hz, 1H), 3.44 (m, 1H), 3.38 (m, 1H), 2.28 (br. d, J = 5.0 Hz,
1H), 1.51 (s, 3H), 1.43 (s, 3H).

13C NMR (151 MHz, CDCls) &: 134.1, 118.0, 100.4, 65.4, 63.5, 62.5, 53.6, 51.9, 27.0,
21.3.

HRMS: m/z calcd. for CyoH1504*: 199.0965 (M+H); found: 199.0973 (M+H).
IR: 3424, 2989, 1382, 1223, 1198, 1072, 1013 cm'%.
m.p. = 80 - 83 °C.

Op (CHCls, cC= 0.78): -22.4.
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Preparation of oxazolidinone (61):

%

Be
o
HO” "o
HN~<
0
To a solution of carbocycle 46 (224 mg, 1.14 mmol) in CH.CIl; (10 mL) was added
dropwise acetyl isocyanate (ca. 1M in CICH2CH:CI, 2.4 mL, 2.4 mmol). The mixture was
stirred for 15 minutes at room temperature, diluted with CH>Cl> (50 mL), washed with
NaHCOs (25 mL), washed with brine (25 mL), dried (MgSO.), filtered, and concentrated.
The crude residue was dissolved in MeOH (10 mL) and treated with Cs,COs3 (740 mg,
2.27 mmol). The resulting mixture was stirred for 1 hour at room temperature and then
adsorbed onto ca. 2 g silica. Purification of the crude material by column
chromatography (0 to 2% MeOH in EtOAc) afforded oxazolidinone 61 (93.8 mg, 0.39

mmol, 34%) as a white solid.

IH NMR (400 MHz, CDCls) &: 5.58 (m 1H), 5.45 (m, 1H), 5.16 (dd, J = 7.4, 3.5 Hz, 1H),
4.69 (m, 1H), 4.50 (d, J = 14.6 Hz, 1H), 4.39 (dd, J = 7.4, 2.9 Hz, 1H), 4.20 (d, J = 14.6
Hz, 1H), 4.17 (m, 1H), 2.67 (s, 3H), 1.55 (s, 3H), 1.43 (s, 3H).

13C NMR (151 MHz, CDCls) &: 159.3, 134.8, 116.5, 99.9, 72.0, 67.5, 65.3, 62.6, 53.5,
27.8, 20.9.

HRMS: m/z calcd. for C11H16NOs": 242.1023 (M+H); found: 242.1038 (M+H).
IR: 3260, 2924, 1731, 1384, 1222, 1086 cm™.
m.p. =179 - 182 °C.

Op (CHCls, c= 0.74)Z -13.1.

Preparation of target (42):
HO

Hojgj
HO” ™" ™o
H—N~<
o)
To a solution of oxazolidinone 61 (93.0 mg, 0.39 mmol) in 5:1 / MeOH:H,O (8 mL) was

added Amberlite® IR-120 H* form (ca. 100 beads). The resulting mixture was stirred for
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16 hours at room temperature, filtered (MeOH rinse), and adsorbed onto ca. 0.5 g
Celite®. Purification of the crude material by reversed phase column chromatography
(H20) afforded target 42 (72.7 mg, 0.36 mmol, 92%) as a white solid.

!H NMR (400 MHz, CDs0D) &: 5.89 (m, 1H), 5.16 (m, 1H), 4.22 (dt, J = 14.9, 1.6 Hz,
1H), 4.15 (dt, 14.9, 1.6 Hz, 1H), 4.11 (d, J = 3.2 Hz, 1H), 3.96 (apparent t, J = 8.3 Hz,
1H), 3.61 (dd, J = 8.9, 3.2 Hz, 1H).

13C NMR (151 MHz, CDsOD) &: 161.8, 146.3, 118.9, 76.0, 73.4, 67.2, 63.7, 54.8.
HRMS: m/z calcd. for C1gH12NOs*: 202.0710 (M+H); found: 202.0729 (M+H).

IR: 3307, 2920, 1732, 1393, 1232, 1145, 1094, 1053 cm™,

m.p. = 142 - 144 °C.

o (MeOH, ¢ = 0.80): +90.5.

Preparation of aminodiol (62):

%

(o)

—%
o
HO” " “OH

NH,
To a solution of carbocycle 46 (162 mg, 0.82 mmol) in CH.Cl; (10 mL) was added
dropwise acetyl isocyanate (ca. 1M in CICH,CHCI, 1.6 mL, 1.6 mmol). The mixture was
stirred for 15 minutes at room temperature diluted with CH>Cl> (30 mL), washed with
NaHCOs; (15 mL), washed with brine (15 mL), dried (MgSO.), filtered, and concentrated.
The crude residue was dissolved in MeOH (10 mL), treated with Cs>COs (534 mg, 1.64
mmol), and stirred for 1 hour at room temperature. The mixture was then treated with
H.O (5 mL) and KOH (460 mg, 8.2 mmol) and stirred at 60 °C for 16 hours, cooled to
room temperature, and adsorbed onto ca. 5 g silica. Purification of the crude material by
column chromatography (70:30:1 / CHCIl;:MeOH:NH,OH) afforded aminodiol 62 (85.0

mg, 0.39 mmol, 48%) as a white gum.

'H NMR (400 MHz, CD3CN) &: 5.42 (s, 1H), 4.60 (s, 1H), 4.49 (d, J = 13.3 Hz, 1H), 4.33
(br. s, 1H), 4.00 (d, J = 13.3 Hz, 1H), 3.96 (apparent t, J = 3.9 Hz, 1H), 3.27 (br. s, 1H),
1.52 (s, 3H), 1.34 (s, 3H).
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13C NMR (151 MHz, CDsCN) &: 131.6, 123.9, 100.2, 71.0 (br.), 66.7, 65.5 (br.), 64.2,
54.5 (br.), 29.1, 20.4.

HRMS: m/z calcd. for C10H1sNO4™: 216.1230 (M+H); found: 216.1246 (M+H).
IR: 3354, 2992, 1603, 1384, 1231, 1195, 1158, 1073 cm™,

ap (CHsCN, ¢ = 2.50): +117.

Preparation of acetate (63):

%

(o)

_%
o)
HO “OH

NHAc
To a suspension of aminodiol 62 (150 mg, 0.69 mmol) in CH2Cl, (7 mL) was added 2,6-
lutidine (0.16 mL, 1.4 mmol) and Ac:O (0.065 mL, 0.69 mmol). The resulting
heterogeneous mixture was stirred for 5 minutes (during which time un-dissolved starting
material disappeared) and adsorbed onto ca. 1 g silica. Purification of the crude material
by column chromatography (12% MeOH in EtOAc) afforded acetate 63 (158 mg, 0.61
mmol, 89%) as a white solid.

'H NMR (400 MHz, CDs0D) &: 5.51 (s, 1H), 4.55 (m, 3H), 4.38 (apparent t, J = 5.3 Hz,
1H), 4.10 (m, 2H), 1.99 (s, 3H), 1.54 (s, 3H), 1.39 (s, 3H).

13C NMR (151 MHz, CDs0OD) &: 174.2, 133.8, 123.4, 100.9, 69.0, 67.5, 64.8, 64.5, 54.2,
28.5, 22.6, 20.7.

HRMS: m/z calcd. for C1oH19NOsNa*: 280.1155 (M+Na); found: 280.1177 (M+Na).
IR: 3333, 2989, 2448, 1639, 1384, 1197, 1087 cm™.
m.p. =194 - 198 °C (dec.).

ap (MeOH, ¢ = 0.55): +103.
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Preparation of target (43):
HO

HO “OH

NHAC
To a solution of acetate 63 (40.0 mg, 0.16 mmol) in 5:1 / MeOH:H20O (1.5 mL) was added
Amberlite® IR-120 H* form (ca. 50 beads). The resulting mixture was stirred for 16 hours
at room temperature, filtered (MeOH rinse), and adsorbed onto ca. 0.25 g Celite®.
Purification the crude by reversed phase column chromatography (H-O) afforded target
43 (32.2 mg, 0.15 mmol, 96%) as a white solid.

IH NMR (400 MHz, CDsOD) &: 5.84 (s, 1H), 4.25 (m, 2H), 4.14 (m, 3H), 3.84 (d, J = 9.9
Hz, 1H), 2.03 (s, 3H).

13C NMR (151 MHz, CDs0D) &: 174.1, 142.4, 125.4, 68.8, 68.0, 66.4, 63.8, 51.8, 22.8.
HRMS: m/z calcd. for CoHisNOsNa*: 240.0842 (M+Na); found: 240.0843 (M+Na).
IR: 3322, 2911, 1622, 1548, 1420, 1098 cm™.

ap (MeOH, ¢ = 0.15): +126.

Preparation of target (44):
AcO

Acojgj
AcO “OAc

NHAc
A microwave vial was charged with aminodiol 62 (25.0 mg, 0.17 mmol), MeOH (1 mL),
and p-TsOH (1.1 mg, 0.006 mmol). The reaction vessel was sealed and the mixture was
stirred for 8 hours at 100 °C, cooled to room temperature, quenched with Amberlyst® IRA
400 OH- form (ca. 100 beads), filtered (MeOH rinse), and concentrated. The crude
residue was concentrated twice from PhMe, dissolved in pyridine (1 mL), and treated
with 4-dimethylaminopyridine (1 grain) and Ac.O (0.22 mL, 2.33 mmol). The resulting
mixture was stirred for 24 hours at room temperature, diluted with CH.Cl, (10 mL),
washed with NH4Cl (5 mL), washed with NaHCO3 (5 mL), washed with brine (5 mL),
dried (MgSO.), filtered, and concentrated. Purification of the crude material by
preparative TLC (500 micron silica, 3% MeOH in CH,Cl,) afforded target 44 (19.8 mg,

0.051 mmol, 44%) as a white foam.
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H NMR (600 MHz, CDCls) &: 6.12 (d, J = 5.2 Hz, 1H), 5.69 (d, J = 4.1 Hz, 1H), 5.66 (d,
J = 9.3 Hz, 1H), 5.38 (apparent t, J = 4.7 Hz, 1H), 5.30 (m, 1H), 4.78 (ddd, J = 11.8, 9.3,
4.3, 1H), 4.56 (d, J = 13.9 Hz, 1H), 4.45 (d, J = 13.9 Hz, 1H), 2.11 (s, 3H), 2.10 (s, 3H),
2.06 (s, 3H), 2.02 (s, 3H), 1.96 (s, 3H).

13C NMR (151 MHz, CDCls) d: 171.3, 170.5, 170.4, 170.1, 170.0, 135.6, 126.3, 68.2,
67.4,65.3, 63.5, 46.2, 23.4, 21.0, 20.9, 20.8, 20.8.

HRMS: m/z calcd. for C17H24NOg": 386.1446 (M+H); found: 386.1460 (M+H).
IR: 3287, 2942, 1741, 1658, 1540, 1436, 1370, 1219, 1017 cm™.

b (CHCI, ¢ = 2.92): +197.
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