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Abstract

The biological activity of azasugars has largely beenkatted to their ability to mimic

the oxocarbenium ion-like transition state formed duriagations with carbohydrate-
processing enzymes and, for this reason, functional amdastieemical modifications
of the azasugar scaffold have led to the development of Bpaaid potent glycosidase
inhibitors. Given the potential of azasugars as glycosdasibitors, we were interested

in developing efficient methodology for their synthesis.

This thesis highlights synthetic methodology developedptoduce amino-imino-
hexitols as azasugar scaffolds. Key in the synthesis of then@imino-hexitols
was the application of a stereoselective Strecker regctutthout the need for chiral
Lewis acids or catalysts, and an extension of amédiated carbamate annulation to
cyclise functionalised and protected alkenylamines.e@mtamino-imino-hexitols were
synthesized, including ten previously undisclosed sabessrwith thep-galacto, D-talo,
andL-altro configurations. The novel amino-imino-hexitols were thested for their
ability to act as glycosidase inhibitors and substrateb®@bttal o configuration showed

promising inhibitory effects.

Mechanistic considerations of thgediated carbamate annulation are discussed and
although the exact annulation mechanism has yet to be detdnexperimental studies
have revealed that an aziridine is not an intermediate ing&etion. Factors influencing
the diastereoselectivity of the carbamate annulation laeexplored. Furthermore, an

in depth analysis of the higtis-selectivity of the carbamate annulation is investigated
using density functional theory to calculate the transit8iates of iodocyclisations

en route to the formation of carbamates. Taken as a whole, the ajiiyaof the



carbamate annulation to a variety of alkenylamines and denstanding of the factors
controlling the diastereoselectivity of the reaction ddomnake this methodology a

valuable addition to the synthetic chemist’s toolbox.
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Chapter 1

| ntroduction

1.1 General Introduction

Azasugars, or iminosugars, are structural analogues ofenedrbohydrates in which
the ring oxygen has been replaced by a nitrogen. These sugacsrare a valuable
class of compounds that play an important role in drug deretnmt, primarily due to
their ability to mimic the charge density in the transitidate of glycosidic hydrolase
enzymes: Other biological activities of azasugars have also beeadyatuch as their
ability to act as molecular chaperorfe$,as immunomodulatofsor as inhibitors of

other enzymes and proteih&

Azasugars sparked scientific interest in the early 1960k thie almost simultaneous
reports of the syntheses of “piperidinoses”, sugar devigaicontaining a nitrogen atom
in the ring, by the groups of Joné&s!? Paulsert? and Hanessial. Shortly thereafter,

the first azasugar, nojirimycirl), was isolated fron8treptomyces reseochromogenes
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and found to possess anti-microbial activitylts 1-deoxy analogue deoxynojirimycin
(DNJ, 2), initially prepared by Paulsest al.,*® was later isolated from Mulberry tre€s
and shown to be a potentglycosidase inhibitol® The D-gluco chiral scaffold of the
nojirimycin family has subsequently played an importarienm the development of
clinical drugs, such as Glys&tfor non-insulin dependent diabete),{° and Zavesca
(4, Fig. 1.3), for the control of Gaucher disease. 1-Deoxygalzojirimycin (DGJ,
5), currently in clinical trials, has shown great promise I ttreatment of Fabry’s
disease&? These nojirimycin carbohydrate mimics represent just drte@many types
of azasugar that have been isolated, synthesised, andbibleigical activity explored in
an effort to find therapeutic activiti€$:2® In addition to the aforementioned nojirimycin
derivatives {-5), which belong to the piperidine (6-membered ring) clasazasugars,
other structural classes of azasugars include the pymebd5-membered) [e.g. 2,5-
dihydroxymethyl-3,4-dihydroxypyrroliding, (DMDP, R = H)]82%30the pyrrolizidines
(1,2-fused 5-5-membered bicyclic rings), [e.g. casuafE®! the indolizidines (1,2-
fused 5-6-membered bicyclic rings) [e.g. swainsonB)¢ ¥ and the nortropanes (2,6-

bridged 5-6-membered bicyclic rings) [e.g. calysteging®].3
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Fig. 1.1 Classes of azasugars

Glycosidases are carbohydrate processing enzymes tlaysmathe degradation of
glycosidic linkages to break down carbohydrate chains smballer sugar units. There
are two general mechanisms by which glycosidases hydralyggcosidic bond, with
either inversion or net retention of anomeric configurafitit An inverting glycosidase
follows a one step mechanism ((a), Fig. 1.2) in which both &ewanolecule and
the substrate are bound by the enzyme. In the active siteeoflycosidase, acid
and base residues catalyse a nucleophilic substitution dgrwia the generation
of an oxocarbenium ion-like transition state to produce ithverted hemiacetal. A
retaining glycosidase follows a double displacement meisha (b) catalysed by both
nucleophilic and acid/base residues in the active site.e Hitwe substrate is attacked
by a nucleophilic residue to displace the leaving group Wia generation of an
oxocarbenium ion-like transition state, which leads tarfation of a covalent glycosyl-

enzyme intermediate.
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Fig. 1.2 Prototypical glycosidase mechanisms for hydrolysis, (@eision of

configuration, (b) retention of configuration, (c) protatpiperidines and pyrrolidines
can act as transition state inhibitors



Nucleophilic attack by water at the anomeric carbon of thengbsubstrate then
displaces the glycoside via a second oxocarbenium iontldsition state, leading to
retention of configuration. The ability of azasugars to liithglycosidases is illustrated
with both a piperidine and pyrrolidine (c). Here, the niteogatom of the azasugar is
protonated at physiological pH and it is this charged spsdtiat mimics the developing
charge density of the transition state during glycosididrbiysis*® The adoption of
a chair conformation by the piperidine and envelope con&ion by the pyrrolidine
allow both classes of azasugar to resemble the structurelaationics of the glycosyl

cation formed during the reactica.

1.1.1 Evaluation of Glycosidase I nhibition

There are many classes of glycosidase enzyhaesl the inhibition of each specific class
can have potential in the treatment of different diseds€&sr example, the inhibition of
a-mannosidases has potential for the treatment of caftee, inhibition ofa-amylases
can be a treatment for type |l diabetésand the inhibition ofr-galactosidases has the
potential to treat lysosomal storage disord&rgwo types of measurements are used
predominantly to determine the glycosidase inhibitoryvagtof azasugar$® For both
measurements, assays comprise a source of purified enzyiniésarative substrate,
along with the inhibitor being evaluated. The inhibitionnstant, K;, denotes the
equilibrium constant of the dissociation of the inhibitwound glycosidase complex. A
second measurement, thesg@alue, quantifies the concentration of inhibitor necessary
to halve the reaction rate of a glycosidase-catalysediogaobserved under specific
assay conditions. For both thesyaandK;, a smaller value denotes stronger inhibition.

Typically 1Cso values are reported as they are less time consuming to neeasdr
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require only one concentration of substrate over a rangalabitor concentrations.
The IG5 value, however, is relative to the concentration of natwessrate used and
can therefore vary across different assays. In comparggtermining thek; involves
measuring the rates of the glycosidase-catalysed reaatrbile independently varying
the concentration of substrate and the concentration dbitoin These assays require
more experiments and are more time consuming to performehewthek; measured

is a constant value for any given inhibitor with a particujyrcosidasé®

1.2 Amino-imino-hexitolsas Glycosidase I nhibitors

The focus of this thesis concerns the synthesis of aminoéarhexitols and their ability
to act as glycosidase inhibitors. Of particular note is toa@ering work of Wonggt al.
who observed that derivatisation of the naturally occy25-dihydroxymethyl-3,4-
dihydroxy-pyrrolidine (DMDP,6, Fig. 1.1) to the 1-amino-1-deoxy-DMDP analogue
10 (Fig. 1.3) resulted in the generation of a compound with prmted inhibitory
activity againsiN-acetyl3-D-glucosaminidas& The subsequent synthesis of a library
of N-functionalised DMDP analogu&s* then led to the identification of potential
drug candidates for osteoarthrffi$® and bacterial infectioi” Moreover, theN-methyl
amino-hexitoll1l was found to be the most promising drug candidate with tlengtst

inhibitory activity against hexosaminidadé & 24 nm)?6

The groups of Stutz and Wrodnigg have also developed assefidunctionalised
amino-imino-hexitols. Here, the Amadori rearrangememinied a key part of their
synthetic strateg$$>3 Stiitz and Wrodnigg found that the one-stégderivatisation

of amine-derivative 12) led to the generation of powerfiyl-glycosidase inhibitors,
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while amino imino-hexitolL.2 itself was a moderatg-glucosidase inhibita?4°->2More
recently, Ramesh and co-workers prepared several sa@tyivosidase inhibitors based
on modifications to the-ido azasugan3.>* While the parent compound showed no
glycosidase inhibitory activityN-tosyl, N-methyl, and\-ethyl derivatives all exhibited
good, and often selective, activity against the glycosddssted. AiN-acyl derivative
of imino-D-glucitol 14 was also found to exhibit potent and selective activity ag@ai

B-glucosidase while the parent compound was inacfive.

HO H NHAc H Me  NHAc
2

(@]
11

NH,
/

H
N

o)
R
HO' H
HO H NH, HO
k&NZ"‘\/ \l,,.% \/,,.
) HO  'OH HO  OH
1

3 14

Fig. 1.3 Representative amino-imino-hexitols



1.2.1 Synthetic Routesto Amino-imino-hexitols

A number of routes have been developed for the synthesis ofcaimino-hexitols.
These utilise a variety of key synthetic transformationsluiding dihydroxylatior?®
reductive amination$;4856substitution reaction¥,*¢-*%enzymatic synthesi8,nucleo-
philic additions*>5"*8and rearrangement&® A few synthetic routes are summarised

below.

Substitution Reaction

In 2004, Vogel and co-worketsdeveloped a synthesis of amino-imino-hexitols based
on the use of a lactam scaffold derived froB)-pyroglutamic acid. The synthesis of
one such derivative, the-allo configured hexitol 15), is illustrated (Scheme 1.1). Key
steps in the synthesis included a nucleophilic substititdorm the imino-hexitol ring,
and reductive amination to install the second amine. Fatgwhe procedure reported
by Ikota and co-worker®’, lactam derivativel6 was converted into the allylic alcohol
17, obtained as a mixture of inseparable diastereomers. lstigsylof the secondary
alcohol 17 followed by treatment wititBuOK induced cyclisation to give pyrrolidine
18. Subsequent ozonolysis and reduction of the corresporaddehnyde then provided
key imino-hexitol intermediate49 and 20, in moderate yields. The major pyrrolidine
isomer 20 was subjected to a Swern oxidation, and subsequent reduatination
with benzylamine to generate protected am2ie Global deprotection then afforded
amino-imino-hexitoll5 produced in 16 steps and 5% overall yield. While the route to
L-allo imino-hexitol 15 was not high yielding, Vogel was able to synthesise six amino

imino-hexitol derivatives with the- andL-allo andD-altro configurations, by extending

8



the route with either pyrrolidine isometq or 20) and altering the protection strategy.
The synthesised amino-hexitols were tested against a pérggycosidases for their
inhibition activity. A D-altro derivative was found to be a good broad ranging inhibitor
against five classes of glycosidases assayed, whereas-hgxitol 15 was found to be

a selective moderate-glucosidase inhibitor.

BociN ¢ DMsCLEGN  Tro  BoC J

t N
H 8 steps OH 2) BuOK
O —— 10 -
Tro g S 0 R
35% o><o 50% 5 o
16 17 18
1) O3, Me,S
2) NaBH,
Tro B¢ NHBn Tro B¢ oW Tr0  BOC oy
N 1) (COCI),, DMSO, EtsN N NG/
< +
2) BnNH,, NaBH(OAc
o5 DT o e o b
21 20 (43%) 19 (29%)
1) Hy, Pd(OH),
2) 4M HCI
76%
RHN 4 OH RHN H  OH
HO H  NH, N N_ ./
HO  OH HO  ©OH
HO  ©OH
R =H or Bn
15

Scheme 1.1 Synthesis of amino-imino-hexitols from arS){pyroglutamic acid
derivative



Enzymatic Synthesis

In 1993, Wong and co-worke¥s utilised an enzyme catalysed aldol condensation
as a key step for the synthesis Nfacetyl amino-imino-hexitoR2 (Scheme 1.2).
Here, azido alken@3 underwent ozonolysis to produce aldehy@fe Condensation

of acetamido propana4 with dihydroxyacetone phospha5 in the presence of
fructose 1,6-diphosphate aldolase (FDP-aldolase) vi@tbby removal of the phosphate
ester by phosphatase produced aldol pro@sdn excellent (84%) yield. Subsequent
hydrogenation of azido hydroxyketo@6 allowed cyclisation upon reductive amination
to give D-manno acetamide22, which was found to be a potent inhibitor Nfacetyl3-

D-glucosaminidase (Jack beaks= 1.9 uM).

N3 (@) N3 @)
3
AcHN\/'\/\Ph ——— AcHN X _O + Ho\)l\/OPog‘
23 24 25
1) FDP Aldolase
2) Phosphatase
84%
HO H NHAc
N ./ Pd/C, H, ACHN Na 9H
80% i WOH
S (] =
HO  ©OH OH O
22 26

Scheme 1.2 Enzyme catalysed aldol condensation key in the synthesas @mino-
imino-hexitol

Nucleophilic additions

Another approach to the synthesis of amino-imino-hexiveds reported in 2009 by

Cheng and co-worker8. Here, the nucleophilic addition of cyanide to a cyclic niteo

10



intermediate formed a key step in the synthesis. A reprateatsynthesis of the-
altro amino-imino-hexitol27 is illustrated (Scheme 1.3). In this strate@¢yxose
was converted to tr®-benzyl derivative28 via the methyl furanoside followed by
per-benzylation and hydrolysis. T@-benzyl derivative28 was then treated with
hydroxylamine hydrochloride and the resultant oxime sgbeatly protected with
TBDPSCI to provide a mixture oE/Z-oximes 29. lodination of 29 followed by
intramolecular nucleophilic displacement in the presesfanhydrous TBAF provided
the key intermediate nitror@ in 71% yield from lactoR8. Nitrone 30 then underwent
a stereoselective cyanation to produce nitBlein a diastereomeric ratio of 19:1. The
nitrile in 31 was reduced using Raney N/l the presence of BgO to give the bisN-
Boc protected diamin®2. Subsequent hydrogenolysis and Boc removaaéfforded
the desired-altro amino-imino-hexitoR7, in 11 steps fronb-lyxose and 27% overall
yield. D-Altro hexitol 27 proved to be a moderately selectivtenannosidase inhibitor
(Jack beans, I§ = 32 uM). This synthetic route was also applied to the synthesis
of amino-imino-hexitols with the.-allo, b-manno and L-gulo, L-manno, and D-allo,
configurations, which was achieved by starting fromnibose, b-arabinosep-xylose

andD-lyxose, respectively.

11



3 steps BnO 1) NH,OHHCI BnO ;OTBDPS
D-Lyxose —— O ~OH NaOMe N
48%
2) TBDPSCI, imid.
BnO OBn BnO OBn
28 29
1) |2, PPhg, imid.
2) TBAF
71% from 28
BnO  BOC NHBoc ~ Bno ©OH Bno ©
N_ ./ Raney Ni, H, N_ .cNn TMSCN N
ot B ——— ah <t +X
Boc,0 90% k;__z
BnO OBn BnO OBn BnO OBn
32 31 30
1) Pd(OH),, Hy
2) TFA
86% from 31
HO H NH,
HO  ©OH
27

Scheme 1.3 Cyclic nitrones key in the synthesis of amino-imino-helgto

McCort and Duréalt reportétl the nucleophilic ring opening of a bis-aziridine as a
key step in the synthesis af-gluco amino-imino-hexitol14 (Scheme 1.4). Here-
mannitol derived bis-aziridin83 underwent nucleophilic ring opening with acetic acid,
followed by subsequent aminocyclisation via ring openifghe remaining aziridine
to produce a mixture of pyrrolidind4 and piperidine35 (2:1, 87%). Deprotection of
pyrrolidine 34 under Birch conditions and subsequent acid hydrolysisymedb-gluco
configured amino-hexital4, which displayed no inhibition towards five glycosidases

it was evaluated against. However, 1-acetamido-1,2¢eadry-2,5-iminop-glucitol

12



derived from pyrrolidine34 was found to be a good inhibitor gi-glucosidasel; =

10 uM).
Boc Boc AcO  Boc NHBoc Ho|eoe
N AcOH,87% 1\, N_ |/ N
. 2:1, (34:35) AcO” >"0Bn
Bnd OBn BnO OBn (:)Bn
33 34 35
1) Na, NH
2) TFA, DCM
82%

HO H NH»

14

Scheme 1.4 Synthetic route to an amino-imino-hexitol via the ring opgnof an
aziridine

Rearrangement

In 1997, Wrodnigg and co-workefswere the first to report the syntheses of the
manno and D-gluco amino-imino-hexitol scaffolds. They devised an eleganttedo
the novel scaffolds utilising the Amadori rearrangemens. ilAustrated (Scheme 1.5),
readily available 5-azido-5-deoxy-glucofuran@§&® was reacted with dibenzylamine
in the presence of acetic acid to produeéructopyranose37 with introduction of the
C-1 amino group. Subsequent cyclisation with reductivenatnon and removal of the
N-benzyl groups upon treatment with Pd(QH) and H,, providedp-manno hexitol 12
in good (75%) yield from azido-furano$8. In subsequent work, elaboration of the

manno scaffold12, via the one-step selective coupling with a variety of lipibp side

13



chains, provided a library of N-acyl or N-sulfonylated derivatives, some of which
proved to be potent glycosidase inhibit6?8%°2°3For example, coumarin derivatia8
was produced in good (80%) yield via the HBTU mediated cawgptif hexitol12 with
acid 39, and proved to be a powerfglglucosidase inhibitorAgrobacteriumsp.) with

akK; of 1.2 nM.

OH
HN(BN), o N(Bn),

_ = OH
EtOH, AcOH OH
N3

MeOH
75% 2 steps

39 HBTU H NH»
H}\l MeOH, Eth N_ ./
NEt, 80% :

HO  OH
12

l H,, Pd(OH),/C

O

0”0 NEt,

Scheme 1.5 Synthesis of th®-manno scaffold using an Amadori rearrangement with
further 1-N-derivatisation

1.3 The Synthesis of Amino-imino-hexitols

Given the potential of amino-imino-hexitols as glycoselashibitors, we were inter-

ested in developing an efficient methodology for their sgsitb. To this end, we

14



envisioned using cyclic carbamatéis as key intermediates, which could be readily
hydrolysed to give the target amino-imino-hexitbléScheme 1.6). Azasugar scaffolds
| could be derivatised further asN-functionalisation has been shown to produce
potent glycosidase inhibitofg:4449.5052-55The key intermediate carbamates should be
accessible from-aminonitrilesl 11 via the L,-mediated carbamate annulation reaction
recently developed in our grodp:%* Application of this annulation methodology
to protected and functionalised alkenylamines, sucHlaswould greatly enhance
the scope of the reaction. The nitrile functionalised ajk@minesli!l could in turn

be prepared via a Strecker reacfionf the intermediate aldehydes generated from
the Vasella reactidfi®’ of readily available methyl iodoglycosidds/. Here, the
inherent chirality of the carbohydrate-derived aldehydmild be used to control the

diastereoselectivity of the Strecker react?dr°

HO H  NH, O_/(O
6\\&)1 Hydrogenation
5 2 : N CN
43 ,
HO OH Hydrolysis KS—Z/
PO ©OP
I II
Carbamate
annulation U
|
o) OMe Vasella OP CN
: A
NH
Strecker \)\H\ 2
PO OP oP
v P = Protecting group or H II1

Scheme 1.6 Proposed retrosynthesis for the formation of amino-intfieaitols
utilising the L,-mediated carbamate annulation
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1.3.1 Vasdla Reaction

In 1979, Bernet and Vasella reported the preparation ofhgldies via a Zn-mediated
reductive elimination of haloglycosides (Scheme $#%f). Here, activated zinc and
acetic acid were added to a solution of methyl bromoglueodil in ethanol and
the solution was stirred at reflux to give aldehytle The Vasella reaction proceeds
via oxidative insertion of zinc into the carbon-bromide Hdprthis is followed by
reductive elimination with the loss of methoxide to give @ildehyde product. Thus,
in our proposed methodology for the preparation of aminma¥hexitols we anticipate
the application of Vasella conditions to methyl iodoglyides (V, Scheme 2.1) will

produce the corresponding aldehydes.

ZnBr
o Zn, AcOH C @ BnQ il
BnO O ,—)> Bg?,])o —>WO
BnO 2n0 EtOH BnO 1
n
OMe Come
40 41 TMP3

Scheme 1.7 Vasella reaction

1.3.2 Strecker Reaction

One of the key aspects of our proposed methodology for théhegis of amino-
imino-hexitols is the Strecker reaction, which providesoavenient means to prepare
a-aminonitriles from aldehydes. The Strecker reaction was of the earliest one-
pot, multi-component reactions discovefe@nd has found wide application since

the pioneering synthesis ef-amino acids by Strecker in 1830. Since this time,
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the development of modified and asymmetric Strecker reagtimve received much

attention’t-7"°

The Strecker reaction to produaeaminonitriles follows a general mechanism, whereby
an aldehyde2 reacts with an amine to form an imid8&, which undergoes subsequent
nucleophilic attack by a cyanide to produce the desireaminonitrile44 (Scheme 1.8).
a-Aminonitriles44 are useful synthetic precursors and, for example, can beftraned
into amino acids via acid hydrolygfs(45), or reduced with LiAlH to give primary

amines 46).”":"®

R0

g,
HCl aq
.R! _RL R
R (/H R (/H R CN LiAIH, ||Ql

HN gN \ HN NH
N, f 2

42 43 44 46

Scheme 1.8 General mechanism of the Strecker reaction with exampleshef
synthetic usage of the-aminonitrile formed

In Strecker’s original conditions hydrogen cyanide wasduae the source of nitrile
nucleophile, however, due to the highly toxic nature of HG@hpdifications to the
Strecker reaction have since involved the addition of a#ieve sources of nitrile.
Alkaline cyanide salts such as KCN or NaCN have been utifié&dwever, these salts
are not very soluble in organic solvents and can lead to |l@kdgiof a-aminonitriles

and tedious reaction work-ups. Improved cyanide solyhitt organic solvents has
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been obtained by the use of nitrile sources such as dietlydpitorocyanidat and
TMSCN ! resulting in the efficient preparation efaminonitriles under mild reaction

conditions.

There are a number of synthetic methodologies that can ki tosachieve a stereo-
selective Strecker reaction. These include the use of alchawis acid®® or the
generation of a chiral imine (auxiliar§}-8’ A recent example of auxiliary use was
reported by Wang and Resnigkwho utilised a chiral Strecker reaction via Davis’
sulfinimine protocd®™®® as a key step in the synthesis of a noyedectretase inhibitor
(Scheme 1.9). Here, condensation §-(+)-toluenesulfinamide with aldehydé8
provided sulfiniminel9, which was subjected to a Strecker reaction with-BXiPr)AICN

to give aminonitrile50 with good (7:1) diastereoselectivity. Subsequent criistdion
enhanced the diastereomeric ratio (100:1). Aminoni&@ievas then hydrolysed to give

the unnaturad--amino acid26 in excellent (99%) yield.

0
FoC7 Y HoN” :
o0 i \©\ FoC N SNR
~ st
48 Ti(OEt)4, DCM 49
0,
65% Et(iPrO)AICN
THF, 63%
HO.___O A
CN O
conc HCI
L P
FaC7 Y TNH, ~99% FsC™ H+©\
26 50

Scheme 1.9 Sulfinimine auxillary mediated asymmetric Strecker reacti
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Another strategy to achieve an asymmetric Strecker raadBovia the catalytic
enantioselective cyanation of achiral imines, of whichréhlgave been many examples
over the past decade. For example, Jacobsen and co-worRenecently reported

a robust asymmetric catalytic method to provide non-natamaino acids with high
enantioselectivities via the use of aqueous cyanide sadtsgme 1.10). Here, cyanation
of imine 51 with KCN in the presence of a catalytic amount of amido-ti@derivative

52 produced aminonitril&3 with good enantioselectivity (90% ee). Subsequent acid-
mediated hydrolysis followed by treatment of the resultiggeous amino acid solution
with di-tert-butyl dicarbonate then provided amino aé#lon the multi-gram scale and

with improved enantiomeric excess upon recrystallisation

CFs3

Me t-Bu )SL /@\(O.Smol%)
Ph. N_ _~
CHPh h 7]/\'\' N CFa CHPh
N’ 2 ph o 1 H HN T2
52
o _ PN

t-Bu CN
KCN, AcOH, H,0, toluene, 0 °C, 4 h 90% ee

51 53

J]sto4, HCl
NHBoc Boc,0, dioxane NH2
<t
t-Bu CO,H t-Bu CO,H
0,
99% ee 65% from51
54

Scheme 1.10 Catalytic asymmetric Strecker synthesis of an unnatwaiino acid

Strecker reactions in which the chiral matrix is the card@mymine reagent, however,

have many advantages as they avoid additional steps anddthed acomplexities
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associated with the use of an auxiliary or a catalyst. Sornenteexamples in this
field include a highly diastereoselective Strecker reactieported by Seket al.®86°
used as a key step in the synthesis of (+)-biotin (Scheme).1.Here, a-amino-
aldehyde55, derived fromL-cysteine, was first treated with benzylamine and then
TMSCN to provide the protected-aminonitrile 56 in excellent (96%) yield and high

syn-diastereoselectivity (28:Byn/anti).

5 1) BnNH,
NH, .HCI en 2) TMSCN

Bn
o 1
: N N, NHBnN
IS >con  —= Y CHO 96% E/J—(
S syn/anti = 28:1 CN
L-Cysteine 55 56

(+)-Biotin

Scheme 1.11 Stereoselective Strecker reaction key in the synthesig)dbiptin

Furthermore, Galvez, Diaz-de-Villegas and co-workeysorted the synthesis of syn-
thetic precursors for the preparation@hydroxy-«-amino acids that utilised a stereo-
selective Strecker reaction as a key step (Scheme 1 1PRre, protected-glycer-
aldehyde57, was reacted with benzylamine to form imiB8, which upon reaction
with TMSCN afforded the corresponding-aminonitriles in 75% yield and good
diastereoselectivity (6:59:60).
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OBn

TBSO._ /H/CN

NHBn

oBn  BNNH, OBn TMSCN, DCM 59

_— - = +

TBSO _O TBSO ZNgn  nt, 75% OBn
(6:1,59:60 )

- - teso._L__cN
NHBn

60

Scheme 1.12 Stereoselective Strecker reaction with a glyceraldehydizative

Galvez and Diaz-de-Villegas then explained the obsediastereoselectivity of their
Strecker reaction by the glyceraldehyde derived ils®adopting an anti-Felkin-Arfi
conformation in which the--OBn group is situated perpendicular to the imine nitrogen
such that the cyanide can preferentially attack fromRedace to produce the major
syn-product (Fig. 1.4). Based on the stereochemical outcormgmdtrecker reactions
with both glyceraldyd&7 anda-amino-aldehyd®&5 we could expect to observe similar

syn-diastereoselectivity in the formation of owraminonitriled 11 (Scheme 1.6, pg. 15).

H OTBS

Fig. 1.4 Anti-Felkin-Anh model to explain observesgin-diastereoselectivity
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1.3.3 Organic Carbamate Synthesis

Organic carbamates have found wide application in cheynigith their use as

pharmaceuticals and pharmaceutical intermediates, asclagnicals, as linkers in
combinatorial chemistry, and as protecting-groups dupiegtide couplingg? Indeed,

in our own retrosynthesis for the preparation of amino-wrinexitols, an organic
carbamate forms a key intermediate (Scheme 1.6). A numbsirategies have been
developed for the synthesis of carbamates and these initladeaction of amines with
phosgene (or derivatives), carbon dioxide (gaseous retdetmical, and supercritical),
carbonate esters and salts, or the use of amides in, for égadgfmann, Curtius and

Lossen rearrangemerts.

Phosgene@l) is a potentially useful building block for the addition ofcarbonyl
equivalent to bind amine$2) and alcohols §3) in the synthesis of carbamate®4)
(Scheme 1.13¥ However, as phosgenél) is extremely toxic, safer derivatives have
also been utilised for the synthesis of carbam#&gssuch as di-phosgerts or tri-

phosgend6.%?

O
XJJ\X o
RNH, + RIOH (either 61 or 65 or661 R~HJ\OR1
62 63 64
O O (@]
Cl)]\CI C|*OCC|3 C|3CO)]\OCC|3
61 65 66

Scheme 1.13 The use of phosgene and derivatives for the synthesis ohcetes
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The synthesis of carbamates with Cias also been well utilised. Kojima and co-
workers have reported the formation of carbamé#fsom addition of CQ to amine$8
(Scheme 1.14% Here, CQ was trapped by an aluminium porphyrin and thus activated

to react with secondary aminé8 in the presence of epoxidé9 to produce hydroxy

carbamate§?.
o CO, O R?
Aluminium porphyrin
RRINH + RZAR3 porphynn R\NJ\OJ\/OH
R1 R3
68 69 67

Scheme 1.14 The use of carbon dioxide for the synthesis of carbamates

Huang and Keillor have report&da modified Hoffman rearrangement for the synthesis
of carbamates (Scheme 1.15). Here, a series of aliphaticaemtatic amides/0
were treated with NBS and NaOMe and, via rearrangement tastheyanate with

addition of methanol, produced the corresponding carbesivdt in excellent (85%-

100%) yields.
0 NBS, NaOMe O
L ~ r.
R” "NH,  MeOH, reflux, 10 min. H OMe
85-100%
70 71

Scheme 1.15 A modfied Hoffman rearrangement for the preparation of cadias

Curtius and Lossen rearrangements have also producedntad®s from azides and
hydroxamic acids via isocyanate intermediates (Schen®) 32 The Curtius rearrange-
ment involves heating acyl azidé® to give isocyanates with the loss of,N The

Lossen rearrangement generally involves the reaction aifdxyamic acids with an acyl
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or sulfonyl chloride, which under basic conditions reagesto form an isocyanate. For
both rearrangements, subsequent reaction of the inteateddocyanates with alcohols

provides carbamatesl.

(@]
L QA

R™ “Ns
72 Curtius R R20H j\
N=C=0 ‘N ORZ
o) RlCOCI H
M on NaoH 64
H
73 Lossen

Scheme 1.16 Carbamates prepared via a Curtius or Lossen rearrangement

Other recent examples of organic carbamate synthesisd@c¢he use of alkyl chloro-
formates, as illustrated by Kim and Jdhgvho reported on the simple and efficient
conversion of a series of amines to their carbamate derestvia indium metal
catalysis (Scheme 1.17). Here, amififereacted with an equimolar amount of methyl
chloroformate in the presence of indium to produce carbamain excellent (92%)
yield. This general route to carbamates was then furthenphied by starting with a

wide variety of aliphatic and aromatic amine precursors.

(0]

M

Cl OMe o

In, (0.1 equiv.)
N\NHZ m\ )kOMe

= N
MeCN, 3 h, reflux H
92%
74 ’ 75

Scheme 1.17 Indium catalysed formation of carbamates
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A stereoselective synthesis of cyclic carbamates fronalim@nino alcohol precursors
was reported by Dinsmore and Mercer in 280é5cheme 1.18). Here, carboxylation
of amino alcohols76 followed by a Mitsunobu reaction provided either carbanvate
with retention of configuration or8 with inversion (Scheme 1.18). Using this method
a series of cyclic carbamates were produced in good yietuts ft variety of amino
alcohols. Unexpectedly, the stereochemical outcome oMiteunobu reaction was
dependent on whether the carbamic acid intermediateNasgbstituted with hydrogen

(retention) or carbon (inversion).

Ly

0" N
o | 7 M
HO HN-R CO, DBU,MeCN | HO—{ PR M
p— HO  N-R

—_—

P Me  n-BugP, DBAD

e
77 (84%)

— o
Ph Me
76aR=H SN L
76b R = Me o~ “n-Me
P! Me
78 (73%)

Scheme 1.18 Formation of cyclic carbamates from amino alcohols

1.3.4 I|,-mediated Carbamate Annulation

More recently, Stocker, Timmer and co-workers developetjaly stereoselective,
mediated carbamate annulation as a key step in the prajegtoup-free synthesis of
azasugar8i-54 This methodology was inspired by seminal work of HassneBn#te’”
and Inesiet al.®® who prepared cyclic carbamates, in modest yield, from thetien of

acyclic amines equipped with a halogen leaving group arreeegodium carbonate or
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tetraethylammonium bicarbonate. Stocker and Timmer thuisi®ned a retrosynthetic
strategy for the preparation of azasugafswhereby the target compounds could
be readily prepared from the precursor carbamatevia base-mediated hydrolysis
(Scheme 1.19). Carbamatés, in turn, could be formed via thg-mediated annulation,
with the required alkenylaminegl| being prepared from the parent sugafid| via

a Vasella reductive aminatidi®”% In this manner, both five-membered € 1) or
six-memberedr( = 2) azasugars, without an ‘anomeric’ substituent, coulddaslily
prepared. As this thesis concerns the synthesis of pymelsd our attention will thus

focus on the scope and limitations of thenhediated annulation for this ring size.

HO o~ OH !

= w = S =

@]
n OH HO OH
HO OH
VI VII VIII

Carbamate Annulation

Scheme 1.19 Retrosynthesis for the protecting-group-free prepanatifcazasugars

Stocker and Timmer’s general synthetic approach was api¢he protecting-group-
free synthesis of pyrrolidines (Scheme 120 In their seminal work, the parent
pentoser9 was readily converted into the corresponding alkenylarBiheia a Vasella

reaction followed by a protecting-group-free reductiveirsation®® Subjection of

alkenylamineB0 to a solution of } and excess NaHCQn H,O then formed carbamate
81in one step and in excellent yield and diastereoselecfiVithe carbamate annulation
favours the formation of 3,4ts pyrrolidines (dr >20:1), with the stereochemistry

at the 3-position exerting stereocontrol on the cyclisatil§—1° Carbamate8l was
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subsequently treated with NaOH in EtOH to provide the 1g@kdky-1,4-iminok-
lyxitol 82 in excellent (99%) yield. Using this strategy, 1,4-didedxg-imino-D-lyxitol
83,83 1,4-dideoxy-1,4-imina-xylitol 84,6 1,4-dideoxy-1,4-imina--xylitol 85,%% and
1,2,4-trideoxy-1,4-imina--xylitol 86 (Fig. 1.5)%? were prepared in excellent (48%-

57%) overall yields.

H? 1) MeOH, AcCl oH
0 2) PPha, I Imid.
OH 3 2,
R 3) Zn, NH40AC o
HO OH NaCNBHj
79 60% (3 steps) 80
NaHC03
I, H,O
93%
O
O
QK NaOH, EtOH 4<
5., . o
e 97% “_J
53 27, J3
HO OH HO OH
82 81
3,4-cis product
dr > 95:5

Scheme 1.20 Carbamate annulation used in the synthesis of pyrrolidines

HO H HO H HO H HO H
\\Siz k;i? \, N \,, N
Ho! Yo HO' OH HO _OH  HO

83 84 85 86

Fig. 1.5 Application of the carbamate annulation to a series of piirees

To explain the mechanism of the annulation, Stocker and Bnpnoposed a reaction

involving the initial formation of a haloamine followed by situ carbonylation, similar
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to that described for the addition of GQo 1,2-hydroxyhalide’$* (cf. 87 — 88,
Scheme 1.21) To support this idea the role of the base in #utiom was investigatét
and it was observed that subjection of alkenylanmBfeto N-iodosuccinimide (NIS),

or iodine in the presence of DBU or NaOH gave an inseparabktune of five- and
six-membered iodoazasug@&%and90 (Scheme 1.21) presumably formed fr@via
aziridine formation and subsequent opening of the threeHneeed ring by nucleophilic
iodide1% Moreover, in all experiments, there was no evidence for tnmétion of the
corresponding carbamate, suggesting that the i€Quired for the reaction is generated
via the dissolution of NaHCQin water. Attempts were also made to determine
if the unprotected iodoamin87 was indeed an intermediate in the reaction though

unfortunately iodoamin87 was unable to be isolated despite numerous attefhpts.

O
H
= NH; | N NaHCO3 (excess) Og/(
\>—// 2 I/p N
‘ —_— =
HO  ©OH
80 87 88
5—7 | ""OH
HO OH OH
89 90

Scheme 1.21 Proposed iodoamine intermediate in the carbamate anowilati
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1.3.5 Diastereoselectivity inthel,-mediated Carbamate Annulation

The high diastereoselectivity observed in themlediated carbamate annulation of
alkenylamines without an-amine substitueft was explained by adapting a transition
state model originally proposed by Chambediral.,*°%-1%2and in line with more recent
theoretical studies by Gouverneur and co-work€tddere it was proposed that during
electrophilic cyclisations, the stereo directing hydrogguld be positioned either in
the plane of the double bond ( O-in-plane), or almost perpendicular to that plaBe (
H-in-plane) (Fig. 1.6). Of these two transition statAshad minimal overlap between
the electron-withdrawing* c.o and reactingrc-c orbitals, thereby forming the lowest
energy transition state. The H-in-plane conformati8) ad overlapping hydroxyl
0*c.o and double bondrc-c orbitals, which destabilised thg-ir complex and was

hence disfavoured.

A O-in-plane B H-in-plane

Favoured Disfavoured

Fig. 1.6 O-in-plane vs H-in-plane

Accordingly, during the protecting-group-free carbamatenulation, attack of the
amine on the J-olefin complex was envisioned to take place via a 5-membengd

transition structure, in which the ring nitrogen approathtiee double bond in aNE
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(envelope) conformation and followed a Burgi-Dunitzdittajectory®® (Scheme 1.22).
Applying the transition state model, it is apparent that fémoured O-in-planeX)
conformation leads to the observed 8j4product9l and the less favoured H-in-plane

(B) conformation leads to the unobserved 8@hs-product92.

O
H I H 0
) OH \,, N_ "co, /%
adifn — O Ry
HO'
H,N 7 A0-in plane HO
= 84
I2
H 0
91 SwoH \, N "Cox"  / _/(
Ny, —— — N
HO 2 E /
HO
B H-in-plane HO

92
not observed

Scheme 1.22 Stocker and Timmer’s proposed transtion state for the ptioig-group-
free L,-mediated carbamate annulation

Based on the stereochemical outcomes of carbamate ammglatith alkenylamines
without ana-amine substituent, we could expect to observe similar higldiastereo-
selectivity in the production of carbamatHsfrom a-aminonitrilesl11 (Scheme 1.6,
pg. 15). However, the nitrile substituent at the@mine position may play a role in the

transition states of our carbamate annulation.
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1.4 ThesisOutline

The work in this thesis focuses on the synthesis of aminogrhiexitols as glycosidase
inhibitors via an }-mediated carbamate annulation and includes investigatioto

the mechanism and diastereoselectivity of the carbamatelation. Chapter 2
describes novel methodology for the synthesis of 1-ami@¢sitrideoxy-2,5-imina--
iditol 13 starting frombD-arabinose (Scheme 1.23). Key in the synthesis is a modified
Strecker reaction with aldehyd@3 to producea-aminonitrile syn-94 in excellent
diastereoselectivity and the annulation of alkenylansymte94 to give carbamaté5s as

the only observed diastereomer. lodoam®sds identified as an intermediate formed

during the carbamate annulation.

BnO ? BnO NH,
Strecker
A s I
OBn OBn
93 syn-94
Carbamate
annulation
(@]
HO H NH @) I H
\ N 2 2 steps /_/( \ N
o B[
g
HO  OH BnO  OBn BnO OBn
13 95 96

Scheme 1.23 Novel methodology to synthesise an amino-imino-hexitol

Chapter 3 reports on the application of the methodology presented hapter 2
to prepare five more amino-imino-hexitol scaffolds with thegluco, b-manno, and
previously undisclose-galacto, D-talo and L-altro configurations (Scheme 1.24).

Here, the variety of azasugar scaffolds are accessed vimmate annulations of
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alkenylamines derived from-arabinose and-ribose.

0]
BNO  NH, o~ HO  H  NH,
“~ NaHCOs3, I, N 2 steps N
CN —> CN ——
THF:H,0 -
OBn 2 HO  OH
BnO OBn
Alkenylamine Carbamate Azasugar

Scheme 1.24 Preparation of amino-imino-hexitols

Chapter 4 focuses on evaluation of the glycosidase inhibitory attiaf a number
of amino-imino-hexitols, along witiN-acylation of the compounds with novel con-
figurations. InChapter 5, mechanistic considerations of therhediated carbamate
annulation are presented along with a discussion of thetalesselectivity of the
reaction and proposed transition state models for thealrigdocyclisation (e.g.syn-

94 — 96, Scheme 1.25).

1
BnO  NH, '\ H
" CN
X .
OBn BnO  OBn
syn-94 96

Scheme 1.25 Proposed transition state in the iodocyclisatioaedminonitrilesyn-94

The work inChapter 6 comprises a computational investigation of the diastezleas
tivity of the carbamate annulation using density functioteeory to find transition
states of the initial iodocyclisation step. Calculatiotestsng with several alkenylamine
precursors with and without am-amine substituent are present&hapter 7 focuses

on future prospects.
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Each Chapter in this thesis has been written in a self cosdaiormat and thus has its

own compound numbering, experimental details and referésic
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Chapter 2

Development of Stereoselective
Strecker and | ,-mediated Carbamate
Annulation for the Synthesis of an

Amino-imino-hexitol

2.1 Introduction

Azasugars, or iminosugars, are a valuable class of comgoinad play an important
role in drug discovery, primarily due to their ability to mienoxocarbenium ion-like
transition states of glycosidase reactions (Chaptér’ 1 particular, the therapeutic
potential of amino-imino-hexitols as glycosidase intobsthas led to a number of past

syntheses of these azasugars and tNeaicyl derivatives® We sought to develop
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amino-imino-hexitols as scaffolds for drug developmernt trerefore devise a synthetic
strategy that would enable access to the various stereersoi/e aimed to do this by
taking advantage of thg-mediated carbamate annulation recently developed wiiti@in

Stocker and Timmer research grotip’

The focus of the work in this chapter is the development ofnoé@blogy that allowed
for the efficient and stereoselective synthesis of aminiagahexitols (, Scheme 2.1}!

Key to achieving this goal was the extension of thenkediated carbamate annulation
to functionalised alkenylaminesI( to I1), and the application of a diastereoselective
Strecket? reaction (V to 111). At the start of this project we chose to synthesise the
previously undisclosed-ido configured amino-imino-hexitoll( Fig. 2.1) as a ‘proof-
of-concept’ for the synthesis of a variety of amino-iminextiols. However, during the
course of the research the synthesis-@flo-hexitol (1) was published by Ramesh and

co-workerst3

HQ H NH: o~ OP CN ' o
OMe
j wCN QWNHZQ
HO  OH OP PO OP
PO OP
I II II1 v

P = Protecting group or H

Scheme 2.1 Retrosynthetic analysis of amino-imino-hexitols
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H
\I:.,&

HO OH
1

Fig. 2.1 L-ldo configured amino-imino-hexitolL]

2.2 Development of a Stereoselective Strecker Reaction

With our synthetic plan in place, we set out to prepare bharabinose derived-
aminonitrilessyn-2 and anti-3 (Scheme 2.3). Previously, work was carried out by
Dangerfield}! within the Stocker and Timmer research group, to attempStinecker
reaction without the use of protecting-groups, as this @qubvide a shorter synthetic
route if successful (Scheme 2.2). To this end, methyl ioglmagide4, readily prepared
from D-arabinose in 64% vyield (2 steps)! was subjected to Vaselfat® conditions.
Though a lower running spot was observed via TLC, isolatibthe corresponding
aldehyde proved futile with product degradation being olest A two-step one pot
Vasella/Strecker reaction was then attempted by firstitrgalycoside4 with activated
zinc in EtOH at reflux, followed by cooling and treatment watinine (either PYCHNH,
or NH,CI) and nitrile (either KCN or TMSCN). Unfortunately, undiirese conditions,
significant product degradation was observed. At best omhireor amount (ca. 5%)
of the desiredv-aminonitrile5 could be obtained when FBHNH, was used as the

nucleophile.
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| Zn, NH2CHPh2, KCN OH NHCHPh2
ref. 10 O .OMe  EtOH, reflux 18 h
D-Arabinose —— = - X CN
R 5%
HO  ©OH OH

4 5

Scheme 2.2 Attempts to produce nitrile-functionalised alkenylanswéa a protecting-
group-free protocol

In light of the issues in preparing and isolating ta@minonitriles without protecting
groups, we decided to develop the Strecker reaction withuigeof protecting groups
(Scheme 2.3). Herep-arabinose was converted into the benzyl-protected methyl
iodoglycosides in 5 steps and 62% overall yield following literature progess®17:18
Subsequent treatment of iodifevith a solution of activated zinc in EtOH, according to
the conditions of Vasella, gave the corresponding alde@yidean excellent 97% vyield.
Given the chirality of7, we then envisioned that a diastereoselective Strecketioea
could be developed to favour the selective formation of @f@ninonitrile, eithesyn-2

or anti-3, representing the-lyxo andb-xylo configurations, respectively.

ref. O Zn, AcOH, EtOH BnQ c|3
. OMe Zn, AcOH, Et
D-Arabinose 17_12 © = W
5 reflux, 2 h, 97%
BnO OBn OBn
6 7
J]Table 21
BnO NHR
X CN
OBn

syn-2 &anti-3 R=H
syn-8 & anti-9 R = CHPh,

Scheme 2.3 Preparation of nitrile-functionalised alkenylamines
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Aldehyde7 was first treated with KCN in the presence of MH in acetonitrile (entry

1, Table 2.1). Unfortunately, the poor solubility of NEl in acetonitrile resulted

in formation of the corresponding cyanohydrin, as obsetwedH NMR (illustrated

by the downfield shift of thex-protons to 4.53 and 4.45 ppm from 3.89 and 3.70
ppm, respectively), and the desiredaminonitrile was not observed. Studies of the
Strecker reaction by Taillades and Commeyra demonstraggdyanohydrin formation

is kinetically favoured? it is interesting to note that in this case none of the desired
aminonitrilessyn-2 or anti-3 were observed, even after prolonged reaction times (24
h). To prevent formation of the cyanohydrin and other imgesi the much more
soluble and nucleophilic BEHNH, has been utiliseé:?* which, with increased steric
bulk, could also lead to enhanced diastereoselectivitydeAyde7 was thus treated
with PhbCHNH,, KCN, as the nitrile source, and AD; (entry 2, Table 1). The
reaction was sluggish, and a reaction time of two weeks wagsined for the complete
disappearance of aldehydestarting material. Although the yield of aminonitrilsgm-

8 andanti-9 was poor (ca. 30%), the diastereoselectivity was excelleing 11:1 in
favour of theS diastereomesyn-8, and both isomers could be separated via column
chromatography. Next, in an attempt to improve the yield dadrease the reaction
time, sonicatiof? was employed (entry 3). This improved the reaction yield%y3

though the diastereoselectivity was reduced (Fyd:anti).
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Table2.1 Optimisation of the Strecker reaction

BnO O . BnO  NHR BnO  NHR
“ || Conditions “ b -
A e NG S
ogn  RNH: OBn OBn
7 syn-2 R=H ant-3 R=H
syn-8 R = CHPh, anti-9 R = CHPh,
Entry R-NH, (equiv.) Nitrile (equiv.) Conditions Ratid syn:anti  Yield (%)
1 NH,CI (2.1) KCN (2) MeCN, sonication, 50C, 18 h - 0
2 Ph,CHNH, (2) KCN (2) AlL,O;, MeCN, r.t., 14 d 11:1 33
3 Ph,CHNH, (2) KCN (2) Al,O;, MeCN, sonication, 50C, 2d 7:1 78
4 PhCHNH, (2) (EtO),P(O)CN (1.2) MeCN, r.t., 2 h 7:1 52
5 PhCHNH, (2) (EtO),P(O)CN (1.2) THF, rt.,,6 h 2:1 72
6 Ph,CHNH, (2) KCN (2) TMSCI, MeCN, r.t., 2 d 8.5:1 49
7 Ph,CHNH, (2) TMSCN (1.2) MeCN, r.t., 16 h 125:1 85
8 NH,OAc (10) TMSCN (1.2) MeCN, r.t., 24 h 5.5:1 80
9 NH,OAc (10) TMSCN (1.2) THF/HO, r.t., 18 h - 0
10 NH,OAc (10) TMSCN (1.2) EtOH, r.t., 18 h 8:1 82
11 NH,OAc (10) TMSCN (2) EtOH, r.t.,, 18 h 9:1 88

aAs determined from analysis of the crude reaction mixturébNMR spectroscopy.

bThe configurations ofyn-2 andanti-3 were determined after cyclisation Byl NMR NOE correlations and comparison of the optical rotatio
values with those of known products. The configuratiommif-3 was further confirmed through X-ray crystallography. Bgr-8 andanti-9, the
diphenylmethyl group was removed by treatment with TFA dredresultingtH NMR spectrum was compared to thatsgh-2 andanti-3.

¢Only the cyanohydrin was observed.



We then explored nitrile sources with improved solubilityarganic solvents. When
diethyl phosphorocyanidatfewas added to a solution of aldehyd@and PRCHNH, in
acetonitrile (entry 4), the diastereoselectivity (&i:anti) was similar to that observed
using KCN and sonication (entry 3), however the yield wag &#%. Changing the
solvent to THF (entry 5) improved the overall yield, but leda dramatic decrease in
diastereoselectivity (2:1). The use of TMSCN as a nitrilerse was then investigated.
First, TMSCN was generated in situ via the addition of KCN teoéution of TMSCI,
this was then added to a solution of the aldehyde in acetien{@ntry 6). This
reaction proved to be slow, taking 2 days to go to completamg although the
diastereoselectivity was good (8.5:4n:anti), the overall yield was modest (49%).
Unreacted imine was observed by NMR analysis of the crude reaction mixture.
A change to TMSCN?# however, led to a rapid improvement in yield (85%) and
diastereoselectivity (12.5:kyn:anti, entry 7), providing the conditions of choice for

the Strecker reaction with PBHNH, as the amine source.

Although the initial experiments with NfCI and KCN (entry 1) failed to give
the desired aminonitriles, we were keen to explore whetheraptimised Strecker
conditions, using PICHNH, as the nucleophile, were also applicable when using an
ammonium salt. This would allow us to pursue our initial gofalising an unprotected
amine source and remove one step from the reaction sequéadais end, the more
soluble NHOAc was used in combination with TMSCN as the nitrile souasg to

our delight, this resulted in a respectable 80% yield for tihe diastereomers and
good diastereoselectivity (5.5:%yn/anti), (entry 8). The stereochemistry sjyn-2
was determined via subsequent NOE correlations and cosgpawith known optical

rotation values following cyclisationvide infra), while a crystal structure oénti-
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3 was obtained (Fig. 2.2), proving the stereochemistry unguoausly. To further
explore the effects of solvent on reaction yield and diasteelectivity, the reaction
was repeated, this time using a solution of THFZH(1:1) to dissolve both aldehyde
7 and the ammonium salt (entry 9). Unfortunately, these dardi yielded only the
cyanohydrin. A change to EtOH, however, led to both an imgnognt in yield (82%)
and diastereoselectivity (8:kyn/anti) (entry 10), with only a minor amount of the
cyanohydrin formed. A further improvement was observechwite addition of 2
equivalents of TMSCN (entry 11), which gave the desisedminonitrile in excellent
(88%) yield and diastereoselectivity (9:&n/anti). This result was remarkable in
that both the yield and diastereoselectivity were excellamd moreover, that the
diastereomers were readily separable via flash chromatogisyn-2, R = 0.47;anti-3,

R = 0.38 (hexanes/EtOAc; 1:1)].

O C36 o'c2e o

Fig. 2.2 Crystal structure ofinti-32°
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The stereochemical outcome of the reaction can be expldiyedonsidering the
approach of the cyanide nucleophile through a Cram-model dielation controlled
transition state (Fig. 2.3). Here chelation occurs via theium proton and the-

benzyloxy group to give a five-membered ring. The cyanide #teacks from the least

hinderedS face of the ring.

Fig. 2.3 Cram chelate model for the Strecker reaction to giveminonitrilesyn-10

2.3 Extension of thel,-mediated Carbamate Annulation

With the desiredv-aminonitriles in hand, an iodine mediated carbamate atioum was
investigated. Previous work from our research group iatstl that iodine-mediated
cyclisations of hydroxy-functionalised alkenylaminesl I the rapid formation of
pyrrolidine-derived cyclic carbamates with excellentstiggeoselectivity in favour of
the 4,5¢is product’! These cyclisations were performed in saturated aqueouaH
and were in contrast to previous scientific dogma wherebyedediated cyclisations
of alkenes containing an internal nucleophile (oxygen @rogen) were reported to
give a halide-functionalised produ@é.Given the limited solubility of benzyl-protected
a-aminonitrile syn-2 in H,O, the carbamate annulation would need to occur in a
mixed solvent system, and moreover, generation of a prinatigle was suggested

by the literature. To this end, a number gfrhediated electrophilic cyclisations were
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performed.

First, we treated protected amisgn-8 with N-iodosuccinimide (NIS) as the source
of iodine, and unsurprisingly, in the absence of a ;Céburce, generated the primary
iodide 10 in good (79%)) yield (entry 1, Table 2.2). A similar result wasserved when
NIS was used with unprotected amigg-2 with the corresponding iodo azasuddr
being prepared in 75% yield (entry 2). A change of base to NaH@.5 equiv.) and
lodine source to,l with the use of a mixed solvent system, THE{H(1:1) led to the
generation of only a minor amount of carbamag(<10%) when the reaction was
stirred at room temperature for 4 h (entry 3). Here, the majoduct was the primary
iodide 11. Increasing the reaction time to 20 h, however, led to a dtianvacrease
in the yield of12 (ca. 50%) and suggests that iodo iminosujhiis an intermediate
en route to the formation df2 (entry 4). Only the 4,%is diastereomer was formed for
both12 and11, as was predicted by our previous carbamate annulationsrtodideoxy
pyrrolidines/= and literature precedence for the iodocyclisation of gabss$ carrying

an alkoxy substituent in the allylic positicf:3°

Given that the primary iodide appears to be a key intermediating the carbamate
annulation 2 — [11] — 12), it is the formation of the iodide that determines the
diastereoselectivity of the reaction. Seminal work by Chartin et al.3132 and the
more recent theoretical studies by Gouverneur and cowsfkeighlight the effects of
the substitution pattern on-mediated electrophilic halocyclisations and the rold tha
the allylic group has on influencing the diastereoseldgtiof the reaction. The attack

of the amine on the,talkene complex is thought to take place via a five-membered
ring transition state in which the internal nucleophile mg@zhes the double bond in an

envelope conformation and follows a Burgi-Dunitz-likajectory. In our studies, the
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benzyloxy substituent on the ring would be preferentiathgifoned in the plane of the
double bond, resulting in the 4@s-product. The addition of 'C@to 11 then provides
carbamatd2. A more detailed discussion on the mechanism and diastdesbiwity of

the l,-mediated carbamate annulation, will be provided in Chadeand 6.

The number of equivalents of iodine and NaH{C®ere then increased to further
improve carbamate formation. The use of 2.5 equiv. of iodime 15 equiv. of NaHC®
led to the preferential formation dR (1:20,11:12) after 20 h (entry 5). Finally, optimal
conditions for the formation of the carbama&were found when 20 equiv. of NaHGO
were added to a solution of iodine in THRM (1/1) so that the final concentration of
NaHCG; in H,O was approximately 6M (entry 6). Under these conditionsetiveas
no trace of iodidell, as evidenced byH NMR of the crude reaction mixture. Again,
conversion of iodidd.1 to carbamatéd2 was observed via TLC analysis (hexanes:ethyl
acetate, 2:1R = 0.52 for iodidell, R; = 0.35 fora-aminonitrilesyn-2; R = 0.24 for
carbamatd?2). Here it is important to note that the ability to form carkaeil2, when
starting with a functionalised and protected alkenylamgreatly expands the scope of

this annulation methodology.
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Table2.2 Formation of cyclic carbamate2

o)
R
qBn NHR Conditions I\ N /O_/(
N >~ try, CN + > N CN
CN

OBn BnO  'OBn g oBn
syn2 R=H 11R=H 12
syn-8 R = CHPh, 10 R = CHPh,

Entry R Conditions Rat®? 11/12  Yield (%)
1 CH,Ph, NIS, (1.2 equiv.), DCM, r.t.,5h 10 only 79
2 H NIS (1.2 equiv.), DCM, r.t., 5 h >20:1 75
3 H l, (1.1 equiv.), NaHCQ(1.5 equiv.), THF/HO (1/1), r.t., 4 h 9:1 80
4 H I, (1.1 equiv.), NaHCQ(1.5 equiv.), THF/HO (1/1), r.t., 20 h 1:1.5 76
5 H I, (2.5 equiv.), NaHCQ(15 equiv.), THF/HO (1/1), r.t., 20 h 1:20 84
6 H I, (2.5 equiv.), NaHCQ(20 equiv.), THF/HO (1/1), r.t., 20 h <1:20 85

aDetermined by integration of the relevant signals intHeNMR spectrum of the crude reaction mixture.
bConfiguration determined by NOE correlations and comparnigapectra with that of known aminoiminohexitoléde infra)



To complete the synthesis of target amino-imino-hexit@bcheme 2.4), carbamai@
was treated with Pd(OH/C in the presence of 2M HCI and,Hl7 bar) to give aminéd3

in 98% yield. This one pot reduction and deprotection sgpagave clean product as
evidenced by théH NMR (Fig. 2.4) and*C NMR (Fig. 2.5) spectra of amino carbamate
13. Here, characteristic NMR resonances were observettat)4.64 (t) and 4.52 ppm
(dd) for the H-1 methylene protons, -and %, respectively, which had a long range
correlation according to HMBC, to the C-3 carbonyl pe&C(5 164.9 ppm). Also the
CH,NH, methylene protons atii §) 3.30 (dd) and 3.21 ppm (dd) for GINH, and
CHgNH,, respectively, correlated by HSQC to the upfield SIH, carbon resonance at

(*3C 6) 39.3 ppm (full characterisation details can be found ingkgerimental section).

0 0
Ho, Pd(OH),/C
/O_/{l 2M HCl in Et,0 /O_‘/{l NH2  NaOH, EtOH HO\ HoNH
‘., CN —»= ", _— e,
(_Z’ CHCI3:EtOH (3:5) HCl reflux, 2 h
rt, 72 h, 98% 98%
BnO  OBn ° HO  OH HO  OH
12 13 1

Scheme 2.4 Nitrile reduction and deprotection
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NOE correlations between the methylene protandfithe CH,NH, group of13, the
methine proton at C-7, the bridge proton at C-7a and the metbioton at C-6, and
between the methylene proton, Hbf the CH,NH, and the methine proton at C-6
confirmed the stereochemistry of this product (Fig. 2.6).e Tarbamate i3 was
then hydrolysed using a solution of NaOH in EtOH, followed rigutralisation with
DOWEX-H" to complete the synthesis and generate the knovisio amino-imino-

hexitol 1,3 in good (39%) overall yield fronp-arabinose.

Fig. 2.6 NOE of aminel3
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2.4 Conclusion

In summary, an efficient route for the preparation of thielo amino-imino-hexitol {)
has been developed. This has been demonstrated via thegirepaf amino-imino-
hexitol 1 in 10 steps fronb-arabinose and a good 39% overall yield. During the course
of this work, the power of a highly diastereoselective Steeaeaction, without the
need for chiral Lewis acids or catalysts, has been demdedtra he stereoselectivity
of the Strecker reaction can be explained by the Cram-dbelatontrol model to
favour the syn-aminonitrile 2. Furthermore, an,tmediated carbamate annulation
has been optimised for alkenylamimgn-2 to produce carbamaté2. A primary
iodoamine has also been identified as a key intermediateeicdibamate annulation
reaction. Moreover, the potential of our novel carbamateutation for the cyclisation
of protected and functionalised alkenylamine precursassgreatly expanded the scope

of this reaction.
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2.5 Experimental

General Experimental

Unless otherwise stated all reactions were performed waidefHF was distilled from
LiIAIH , and DCM was distilled from JOg prior to use. All chemicals obtained from
commercial suppliers were used without further purificatidn dust was activated by
the careful addition of conc. $$0,, followed by decantation and washing with EtOH
(3 x) and hexanes (3 x), and storage under dry hexanes. Adst were removed
by evaporation under reduced pressure. Reactions weretareshiby TLC analysis
on silica gel coated plastic sheets (0.20 mm, Polygram SIUM254) with detection
by coating with 20% HSO, in EtOH followed by charring ata. 150°C, by coating
with a solution of ninhydrin in EtOH followed by charring e4. 150°C, by coating
with Hanessian’s stain followed by charringaat 150°C, or by coating with a solution
of 5% KMnO, and 1% NalQ in H,O followed by heating. Column chromatography
was performed on silica gel (40-63m). Dowex Monosphere M-31 acidic resin
was used for ion exchange chromatography. Melting poit@$ yvere obtained with
Gallenkamp apparatus and are uncorrected. High-resolotass spectra were recorded
on a Waters Q-TOF Premiét Tandem Mass Spectrometer using positive electro-spray
ionisation. Optical rotations were recorded using a PeBtmer 241 or a Rudolf
Research Analytical Autopol Il polarimeter at the sodiuntifiz. Infrared spectra were
recorded as thin films using a Bruker Tensor 27 FTIR spectremequipped with
an Attenuated Total Reflectance (ATR) sampling accessony,aae reported in wave
numbers (cr). Nuclear magnetic resonance spectra were recorded usripa Inova
operating at 500 MHz fotH and 125 MHZ'3C or a Varian Direct Drive operating at

600 MHz and 133 MHz.'H and**C chemical shifts) were internally referenced to
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the residual solvent peak, (CDG 7.26 ppm and 77.16 ppm,,D = 4.79 ppm). NMR
peak assignments are based on 2D NMR experiments (COSY, H&QGIMBC).

OBn (2S,3R)-2,3-Dibenzyloxypent-4-enal (7). To a solution of methyl iodo
arabinosides®1"18 (397 mg, 0.87 mmol) in EtOH/KO/AcOH (40/2/1, viviv, 13 mL)
was added Zn (284 mg, 4.35 mmol). The mixture was stirredflaixér 2 h, cooled to
room temperature and filtered through a celite plug with E€OFhe resulting mixture
was further diluted with EtOAc and washed twice with sat. &pHCO;, then HO
and brine, dried (MgSg), filtered and concentrated vacuo to provide aldehyd& as a
colourless oil (251 mg, 0.85 mmol, 97%), which was used witHarther purification.
R = 0.41 (hexanes/EtOAc, 3/1, viviy[p?% = -48.5 (c = 0.73, CHG); IR (film) 3064,
3031, 1732, 1454, 1066, 735, 696 tntH NMR: (500 MHz, CDC}, 20°C) ¢ 9.68 (d,
Ji,=1.6 Hz, 1H, H-1), 7.35-7.26 (M, 10H, H-Ar), 5.94 (ddds = 18.2,J45,= 10.5,
J3.4= 7.8 Hz, 1H, H-4), 5.37 (dddls 52 = 10.5,2J5050= 1.5,%J35.= 1 Hz, 1H, H-5a),
5.35 (ddd Jssp = 18.2,2J5050= 1.5,%J35p = 1 Hz, 1H, H-5b), 4.76 (2., = 11.9 Hz,
1H, CHa 20-Bn), 4.64 (d,2J,,= 12.2 Hz, 1H, CHa 33-Bn), 4.63 (d,2J,p = 11.9 Hz,
1H, CHb 20-Bn), 4.36 (d,?J,p = 12.2 Hz, 1H, CHb 32-Bn), 4.17 (ddt,J;4 = 7.8,
23, 3= 4.2,*3350= *J3sp= 1 Hz, 1H, H-3), 3.83 (ddJ, 3= 4.2,J,,= 1.6 Hz, 1H, H-2);
13C NMR: (125 MHz CDC}, 20°C) § 202.7 (C-1), 137.6 (G-3-0-Bn), 137.2 (Ci 2-O-
Bn), 133.9 (C-4), 128.6 (C-Ar), 128.5 (C-Ar), 128.3 (C-AtR8.3 (C-Ar), 128.0 (C-Ar),
127.9 (C-Ar), 120.0 (C-5), 85.3 (C-2), 80.0 (C-3), 73.6 (CHO-Bn), 70.8 (CH2 30-
Bn); HRMS (ESI)m/z calcd. for [GgH,,O5+Na]": 319.1305, obsd.: 319.1311.
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BnO NH, BnO NH,
NG 3 1 NG 3

674>y 2"CN XN éN

OBn and OBn (2S,3R,4R)-2-Amino-3,4-dibenzyloxy-hex-5-
enenitrile (syn-2) and (2R,3R,4R)-2-Amino-3,4-dibenzyloxy-hex-5-enenitrile
(anti-3). To a solution of aldehyd& (32.0 mg, 0.11 mmol) in EtOH (2.2 mL) was
added NHOAc (83.2 mg, 1.07 mmol). The mixture was stirred at room terajure
for 15 min, at which point TMSCN (28.@L, 0.22 mmol) was added dropwise. The
clear colourless solution was stirred at room temperatorel8 h, then diluted with
EtOAc, washed with sat. ag. NaHGOH,O and brine, dried (MgSg), filtered and
concentratedn vacuo. Purification of thea-amino nitriles using silica gel gradient
flash chromatography (hexanes/EtOAc, 18/11/1, v/v) first gavex-amino-nitrilesyn-
2 as a pale yellow oil (27.5 mg, 0.09 mmol, 79%) and theamino-nitrile anti-3
as a pale yellow oil (3.06 mg, 0.01 mmol, 9%). Crystallisataf anti-3 (minimum
EtOAc/hexanes) yielded fine colourless needles, for whickingle crystal X-ray
diffraction was obtained then solved and refined using Qf¥xXyn-2: R = 0.47
(hexanes/EtOAc, 1/1, VIv)af]p?? = -1.08 (c = 0.90, CHG); IR (film) 3393, 3327,
3064, 3031, 2868, 2361, 1497, 1067, 738, 698'cmiH NMR: (500 MHz, CDC},
20°C) § 7.39-7.29 (m, 10H, H-Ar), 5.86 (dddsea= 17.4,J56, = 10.4,d45= 7.7 Hz,
1H, H-5), 5.44 (dddJs 6a= 17.4,2J6a.60= 1.5,%J46a= 1 Hz, 1H, H-6a), 5.41 (dddls ¢ =
10.4,2Jga60=1.5,%J4 6b= 0.7 Hz, 1H, H-6b), 4.91 (¢J.p= 11.0 Hz, 1H, CHa 33-Bn),
4.71 (d,2Jap= 11.0 Hz, 1H, CHb 39-Bn), 4.64 (d2J,p= 11.7 Hz, 1H, CHa 43-Bn),
4.40 (d,2J4p=11.7 Hz, 1H, CHb 49-Bn), 4.16 (ddJs5=7.7,J34= 6.8 Hz, 1H, H-4),
3.89 (d,Jo5 = 3.3 Hz, 1H, H-2), 3.70 (ddJs 4 = 6.8,J53 = 3.3 Hz, 1H, H-3), 1.63 (br
s, 2H, NH2); 3C NMR: (125 MHz CDC}, 20°C) § 138.0 (Ci 4-O-Bn), 137.7 (Ci
3-O-Bn), 134.6 (C-5), 128.6 (C-Ar), 128.6 (C-Ar), 128.5 (C-Af)28.2 (C-Ar), 128.1
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(C-Ar), 127.9 (C-Ar), 121.3 (C-1), 120.5 (C-6), 81.8 (C-8Y,.0 (C-4), 75.7 (CKH3-O-
Bn), 71.1 (CH 4-O-Bn), 44.7 (C-2); HRMS (ESI)n/z calcd. for [CH,,N,O,+NaJ":
345.1573, obsd.: 345.157Anti-3: R = 0.38 (hexanes/EtOAc, 1/1, viv); MP = 64.5
—64.7°C; [a-]p?® = -15.5 (c = 1.0, CHG)); IR (film) 3389, 3325, 3064, 3031, 2919,
2870, 2358, 1497, 1068, 737, 698 ¢m'H NMR: (500 MHz, CDC}, 20°C) § 7.36—
7.30 (m, 10H, H-Ar), 5.83 (dddls gp = 17.5,J562= 10.5,2J, 5= 7.9 Hz, 1H, H-5), 5.49
(dd, Js6a = 17.5,2Jga60 = 1 Hz, 1H, H-6a), 5.44 (ddJs e, = 10.5,Jsaep = 1 Hz, 1H,
H-6b), 4.96 (d,2J,p = 11.4 Hz, 1H, CHa 3-Bn), 4.72 (d,2J,p = 11.4 Hz, 1H, CHb
3-0-Bn), 4.64 (d2J,p= 11.6 Hz, 1H, CHa 43-Bn), 4.41 (d2J,,= 11.6 Hz, 1H, CHb
4-0-Bn), 4.13 (t,J45 = 7.9,J34 = 6.6 Hz, 1H, H-4), 3.80 (dJ, 3 = 4.4 Hz, 1H, H-2),
3.64 (ddJs4 = 6.6,J553= 4.4 Hz, 1H, H-3), 1.68 (br s, 2H, Npt '3C NMR: (125 MHz
CDCl;, 20°C) ¢ 138.0 (Ct 4-O-Bn), 137.9 (Ci 3-O-Bn), 133.9 (C-5), 128.6 (C-Ar),
128.6 (C-Ar), 128.3 (C-Ar), 128.1 (C-Ar), 127.9 (C-Ar), 131(C-1), 120.4 (C-6), 82.1
(C-3 and C-4), 75.5 (CH3-0-Bn), 71.0 (CH 4-O-Bn), 45.3 (C-2); HRMS (ESIjn/z
calcd. for [GyH,,N,O,+Na]": 345.1573, obsd.: 345.1573.

Hl
6\, NI _cN
5 5

K

8n0 ¢ *Yon (2S,3R,4R,5R)-3,4-Bisbenzyloxy-5-iodomethylpyrrolidine-2-car bo-
nitrile (11). a-Aminonitrile syn-2 (30.0 mg, 0.09 mmol) was co- evaporated with
toluene and dissolved in DCM (45Q.) under a nitrogen atmosphere. N-lodosuccinimide
(25.1 mg, 0.11 mmol) was added, and the pink solution wasdtat room temperature
for 5 h, over which time the solution became dark red in col®he solution was
quenched with sat. ag. M8,0; and extracted with EtOAc, and the organic layer was

washed with HO and brine, dried (MgS§), filtered, and concentratad vacuo. The
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residue was purified using silica gel gradient flash chrogragghy (hexanes/ EtOAc,
20/1— 3/1) to give iodoazasugdad as a pale orange oil (31.3 mg, 0.07 mmol, 75%).
= 0.52 (hexanes/EtOAc, 2/1)a]p?°®=-21.0 (c = 1.0, CHQ). IR (film) 3336, 3062,
3030, 2922, 2867, 2245, 1496, 1454, 1354, 1207, 1091, 103, 836, 697 cm.
'H NMR: (500 MHz, CDC}, 20°C) § 7.39-7.28 (m, 10 H, H-Ar), 4.66 (dJ.,=11.8
Hz, 1H, CHa 30-Bn), 4.59 (d2J,,= 11.8 Hz, 1H, CHb 39-Bn), 4.54 (d2J,,=11.6
Hz, 1H, CHa 40-Bn), 4.51 (d2J,,= 11.6 Hz, 1H, CHb 49-Bn), 4.27 (dJ4 5= 5.4 Hz,
1H, H-2), 4.09 (ddJ,3=5.4 Hz,J3 4= 2.7 Hz, 1H, H-3), 4.03 (dd]; 5= 5.4 Hz,J3 4=
2.7 Hz, 1H, H-4) 3.84 (tdJs 6a= Js 6p= 7.3 Hz,J4 5 = 5.4 Hz, 1H, H-5), 3.27 (dRJea 6
= 9.6 Hz,Js5 6a= 7.3 Hz, 1H, H-6a), 3.15 (ddJsa o= 9.6 Hz,J5,6,= 7.3 Hz, 1H, H-6b),
2.32 (br. s, 1H, NH) ppm!*C NMR: (125 MHz CDC}, 20°C) § 137.3 (Ci 4-O-Bn),
136.8 (Ci 3-O-Bn), 128.8 (C-Ar), 128.7 (C-Ar), 128.5 (C-Ar), 128.3 (C)128.3 (C-
Ar), 128.1 (C-Ar), 117.9 (CN), 82.4 (C-3), 81.8 (C-4), 73QH, 3,4-0-Bn), 61.5 (C-5),
51.4 (C-2), 4.1 (C-6); HRMS (ESHhvzcalcd. for [GH,,IN,O,+Na]": 449.0720: found
449.0726.

N_.cN

Bn0 ' oBn (5S,6R,7R,7aS)-6,7-Dibenzyl oxy-3-oxo-tetr anydro-pyrrolo[1,2-c]-
oxaza-5-carbonitrile (12). To a solution otx-amino-nitrilesyn-2 (34.0 mg, 0.11 mmaol)
in THF (0.4 mL), was added,1(66.9 mg, 0.26 mmol), kD (0.4 mL) and NaHCQ
(177 mg, 2.11 mmol). The reaction mixture was stirred at raemperature for 20
h, quenched via the addition of sat. aq.,8#; and extracted with EtOAc. The

organic layer was washed with,8 and brine, dried (MgS§), filtered and concentrated
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in vacuo. Purification of the residue using silica gel gradient flabhomatography
(hexanes/EtOAc, 10/% 1/1, v/v) provided carbamat& as a colourless viscous oil
(32.6 mg, 0.09 mmol, 85%)x = 0.24 (hexanes/EtOAc, 2/1, viv}y[p?° = +23.7 (c =
1.0, CHCL); IR (film) 3064, 3032, 2925, 2872, 2254, 1755, 1469, 1314,612093,
1051, 1001, 814, 736, 698 c¢m'H NMR: (500 MHz, CDC}, 20°C) § 7.43-7.32 (m,
10H, H-Ar), 7.16 (m, 2H, H-Ar), 4.75 (BJap = 12 Hz, 1H, CHa 69-Bn), 4.76 (d,J»5

= 5.2 Hz, 1H, H-5), 4.56 (AJ., = 12 Hz, 1H, CHb 60-Bn), 4.50 (d 2., = 12.6, Hz,
1H, CHa 70-Bn), 4.45 (t,2J141p= 8.7,J1a7a= 8.2 Hz, 1H, H-1a), 4.38 (£J1a1p= 6.2,
Jip7a= 3.0 Hz, 1H, H-1b), 4.35 (RJap = 12.6 Hz, 1H, CHb 70-Bn), 4.27 (dtJ1a 72=
8.2,d1p7a= J7.7a. = 3.0 Hz, 1H, H-7a), 4.23 (ddls s = 5.2,J6 7 = 1.0 Hz, 1H, H-6), 3.77
(dd, J77a=3.0,J67 = 1.0 Hz, 1H, H-7);'3C NMR: (125 MHz CDC}, 20°C) § 161.0
(C-3), 136.5 (Ci 7-O-Bn), 136.3 (Ci 6-0-Bn), 128.9 (C-Ar), 128.9 (C-Ar), 128.7 (C-
Ar), 128.6 (C-Ar), 128.3 (C-Ar), 127.9 (C-Ar), 115.4 (CN)L& (C-6), 79.9 (C-7), 73.8
(CH, 6-O-Bn), 72.0 (CH 7-O-Bn), 63.2 (C-1), 61.3 (C-7a), 53.2 (C-5); HRMS (ESI)
m/z calcd. for [G,H,oN,O,+Na]": 387.1315, obsd.: 387.1317.

0

/Oﬁ/ NH;

1%, N

7a 5 .HCI
<7 6 . .

HO  ~“OH  (556R,7R,7aS)-5-Aminomethyl-6,7-dihydroxy-tetr anydro-pyrrolo
[1,2-c]oxazol-3-one hydrochloride (13). Carbamatel?2 (100 mg, 0.27 mmol) was
dissolved in CHCJ (4.5 mL) and transferred into a Fischer-Porter bottle, Et@
mL), HCI in ether (1.4 mL 2M) and Pd(OH)C (230 mg) were then added and the
vessel was charged with,H7 bar). The reaction mixture was stirred vigorously at

room temperature for 3 d. After releasing the ptessure, the reaction mixture was
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filtered through a plug of celite, washing with EtOH and@{ and concentrateth
vacuo to provide aminel3 as the HCI salt (50.1 mg, 0.26 mmol, 98%lR = 0.25
(DCM/MeOH/EtOH/30% aq. NK 5/2/2/1, viv); p]p® = -50.0 (c = 0.1, HO); IR
(film) 3928, 2925, 2854, 1727, 1642, 1404, 1243, 1083, 1088, cm’. 'H NMR:
(500 MHz, 2% DCl in BO, 20°C) § 4.64 (t,2J1215= 9.2,J1a7a= 8.9 Hz, 1H, H-1a),
4.52 (dd,2J1a1= 9.2, J1p7a= 3.3 Hz, 1H, H-1b), 4.49 (dd)s¢ = 4.4, J7 = 0.5 Hz,
1H, H-6), 4.36 (dt,Jia7a= 8.9, Jip7a = 3.3, J7.7a i1 Hz, 1H, H-7a), 4.09 (br s, 1H,
H-7), 4.04 (dt,Jchonrzs = 8.5, Js6 = Jonantzs = 4.4 Hz, 1H, H-5), 3.30 (ddJ,p =
13.4,dchannzs = 4.4 Hz, 1H, CHaNH), 3.21 (dd2Jap = 13.4,Jconmz,s = 8.5 Hz, 1H,
H-CHbNH,); '3C NMR: (125 MHz, 2% DCl in O, 20°C) § 164.9 (C-3), 77.7 (C-6),
75.1 (C-7), 64.4 (C-1), 61.8 (C-7a), 58.8 (C-5), 39.3 (BIH,); HRMS (ESI)m/z calcd.
for [C,H,,N,O,+Na]": 211.0689, obsd.: 211.0684.

HO H NH-
6\, N 1
5 2

HO\;4 *%oH 1-Amino-1,2,5-trideoxy-2,5-imino-L-iditol (1). A solution of NaOH
in EtOH (0.5 ml, 2M) was added to amino carbam&8(16.0 mg, 0.09 mmol) and
stirred at reflux for 2 h. The resulting reaction mixture waaded directly onto
a Dowex-H ion-exchange resin column and washed withOHto remove excess
salt. The hydrolysed amine was then eluted with 30% aq.; Wit concentrated
in vacuo to provide amino hexitoll (13.5 mg, 0.08 mmol, 98%). Ry = 0.01
(DCM/MeOH/EtOH/30% aq. Nkl 5/2/2/1, viv); (HCI salt) §]p%° = +6.0 (c = 1.0,
H,0); IR (film, free base) 3376, 2881, 2854, 1651, 1549, 1393812115, 1059, 946,
836 cm'. 'H NMR: (500 MHz, 2% NaOD in DO, 20°C) ¢ 4.14 (d,J23=4.0,J34 <1

Hz, 1H, H-3), 4.09 (dJ4 5= 4.0,J5.4 <1 Hz, 1H, H-4), 3.73 (dfJgaep= 11.2,J5,64= 6.5
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Hz, 1H, H-6a), 3.64 (dRJgaeo= 11.2,J56, = 6.5 Hz, 1H, H-6b), 3.35 (tdJs 62 = JIs.60
=6.5,J45= 4.0 Hz, 1H, H-5), 3.28 (td)12 = J1p2 = 6.9,J25 = 4.0 Hz, 1H, H-2), 2.77
(dd,?J121p=12.7,J142= 6.9 Hz, 1H, H-1a), 2.66 (dd)141p= 12.7,J1p>= 6.9 Hz, 1H,
H-1b); 3C NMR: (125 MHz, 2% NaOD in DO, 20°C) § 77.3 (C-3), 77.0 (C-4), 61.1
(C-5), 60.4 (C-6), 59.9 (C-2), 40.1 (C-1); HRMS (E&Wz calcd. for [GH,,N,O;+H]":
163.1077, obsd.: 163.1077H NMR (500 MHz, D,O, 2HCI salt, 20°C) § 4.41 (dd,
Jo3=3.4,334=1.7 Hz, 1H, H-3), 4.40 (dd],5 = 3.6,J54= 1.7 Hz, 1H, H-4), 4.17 (td,
Jiao=J1pp = 6.8,Jp3 = 3.4 Hz, 1H, H-2), 4.07 (ddd]s 6. = 8.8,J5.6p = 4.6,J45 = 3.6
Hz, 1H, H-5), 4.00 (dd?Jga 65= 12.2,J5 6= 4.6 Hz, 1H, H-6a), 3.91 (ddJsa 0= 12.2,
Js.60 = 8.8 Hz, 1H, H-6b), 3.58 (dfJ1a15= 13.7,J122 = 6.8 Hz, 1H, H-1a), 3.49 (dd,
231a1p=13.7,J1p 2= 6.8 Hz, 1H, H-1b)*C NMR (125 MHz, DO, 2HCI salt, 20°C) §
74.5 (C-3), 74.2 (C-4), 63.8 (C-5), 58.2 (C-2), 57.2 (C-6,83(C-1).
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Chapter 3

Application of | ,-mediated Carbamate
Annulation to the Synthesis of

Amino-imino-hexitols

3.1 Introduction

Given the potential of pyrrolidines as glycosidase intuts{ (see Sections 1.1 and 1.2
and references cited therein), we were interested in dewvejcefficient methodology
for the preparation of amino-imino-hexitols. To this ende Wemonstrated that the
combination of a diastereoselective Strecker reactionthadecently developed,-I
promoted carbamate annulation methodolotjgillowed for the synthesis of theido
derived amino-imino-hexitol in 39% overall yield fromp-arabinose (Scheme 3.1).
Here, we illustrated that benzyl-protected aldehy’jereadily prepared fronp-

arabinose, underwent a highly diastereoselective Streckaction to give thesyn-3
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and anti-4 alkenylaminesdr = 9:1), which were readily separated by flash column
chromatography. The maj@yn-isomer was subjected tg hnd excess NaHCOn
THF:H,O to give, by way of intermediate iodide the 4,5¢is carbamaté in excellent
yield and diastereoselectivitgi( >95:5). Treatment of carbamaavith Pd(OH),/C in
the presence of 2M HCI followed by hydrolysis then gave knawido amino-imino-

hexitol 1.4

BnO O  NH,OAC

ref. 5 I TMSCN EtOH
D-Arabinose X X

OBn 88% dr— 1:9

2 anti4 syn-3
NaHCOg3, I,
THF:H,O
85%
0
HO  H  NHz  1)H, PdOH)IC 00— ld
\CZ) 2MHCI, CHCIZEIOH /[y L. N__cN
<t o N <
e O g
HO OH 96% (2 steps) BnO  ‘OBn BnO OBn
1 5

Scheme 3.1 Preparation ol from D-arabinose

To further explore this methodology, we herein repash the application of our
carbamate annulation to the synthesis of other amino-irh&atols including 1-
amino-1,2,5-trideoxy-2,5-imine-mannitol and 1-amino-1,2,5-trideoxy-2,5-imirm-
glucitol,” and the previously undisclosed stereoisomers withotgalacto 7, p-talo 8,
andL-altro 9 configurations (Fig. 3.1). Factors influencing the diasisedectivity of

the L,-mediated carbamate annulation will also be noted.
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HO H NH, HO H NH, HO NH;
HO OH HO  OH HO OH
7 8 9

Fig. 3.1 Novel amino-imino-hexitols

3.2 Synthesis of Amino-imino-hexitols

To gain access to the 3@s-series of hydroxylated iminosugars, we required the 3,4-
anti-substitutedy-aminonitrile precursors, and consequentiytibose as the starting
material (Scheme 3.2). Methyl iodoribosidé was conveniently prepared according
to literature precedehtand subjected to a Vasella reacfiohto give aldehydell in
excellent (97%) yield. Aldehydgl was then treated with NjfOAc and TMSCN to give
a-aminonitrilesyn-12, the chelation-controlled Cram product, as the major dr@stmer
(syn-12:anti-13, 8:1) and in excellent (92%) overall yield. It is interegfito note
that thesyn-stereoselectivity of the Strecker reaction does not apfede affected
by the relative configuration between C-2 and C-3 of the limddehyde, with similar
diastereoselectivities being obtained for both the a®rtf. Scheme 3.%)and ribose
derived aldehydes. The diastereomeys-12 and anti-13, were readily separated via
flash column chromatography (hexanes:EtOAc, Bls 0.27 for a-aminonitrile syn-
12, R = 0.16 for a-aminonitrile anti-13) and their relative configurations confirmed

following subsequent cyclisationifle infra).

The major Strecker produayn-aminonitrile 12 was then subjected to a carbamate
annulation via treatment with NaHG@nd |, (Scheme 3.3). Surprisingly, in contrast

to the usual high selectivity of this reactfoftwo diastereomeric carbamat#4 and
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|
BnO O
0 Zn, EtOH
b-Ribose  'ef-8 kQMOMe H,0, AcOH \/’\)
_— -/ _—

BnO  ©OBn  reflux,6h OBn

0,
10 9% 11
NH4OAC
TMSCN, EtOH

reflux, 92%
dr = 8:1 (syn:anti)

BnO  NH, BnO  NH,
OBn OBn
syn-12 anti-13

Scheme 3.2 Preparation ofv-aminonitriles commencing with-ribose

15 (dr = 4:1) were formed. Here, the major carbamate was theci4;somer14, as
confirmed by X-ray analysis (Fig. 3.2(a)). Cyclisation oé tminor Strecker product,
anti-aminonitrile 13, however, gave only one diastereonis; in 53% vyield. This
was also crystallised and a crystal structure obtained @&R&(b)). Though the yield
of anti-aminonitrile 13 was modest, there was no evidencelbyNMR of the other
carbamate diastereomer or the intermediate primary iodidé NMR of the crude
reaction mixture, however, did indicate that retro-Stexcgroducts (e.g. aldehydes)
were formed in addition to the desired product. It is alsernesting that both ribose-
derived alkenylamines took longer to cyclise (6 days), wt@npared to the cyclisation
of arabinose-derivegyn-3 (20 h). This suggests that the activation energies for the
formation of 14, 15 and 16 are higher than for the formation a0, which could be
due to steric constraints encountered by the benzyloxypgrat C-3 and C-4 when
transforming from the linear (3,dnti) to cyclised (3,4eis) structures. In earlier studies

by Tamaruet al.,*! it was also observed that cyclisation of 1,2-alkoxy subsil
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pentenylic alcohols proceeded much more slowly when fogrthie 2,5¢is, as compared

to the 2,5trans, products.

NaHCOg3, I,
BnO MMz ryen0 (1) o~ o~

R /
W _— . N..CN N_..CN
Y . IS + Y
- CN rt, 6 d, 85% \ /
OBn Kl K

dr=4:1(14:195)

BnO OBn BnO OBn
syn-12 14 15
NaHCOg3, | o
BnO  NH, aHCOg, I o~

THF:H,0 (1:1
\/'\/LCN 20 (1) L. N__cn
: rt, 6 d, 53% Cr
OBn —

BnO  ©OBn
anti-13 16

Scheme 3.3 Carbamate annulations withtribose-derivedv-aminonitriles

To further tease out the effects that the substituents havbe diastereoselectivity of
the annulation, the minor arabinose derived aminoniaiie-17 was also subjected to
the carbamate annulation conditions (Scheme 3.4). Hewrdisation resulted in the
generation of two carbamate producfis:(9, dr = 6:1) following stirring at room
temperature for 48 h, with the configuration of each diasi@er being determined
at subsequent stages in the synthegide(infra). A full discussion of the observed
diastereoselectivities of the,-mediated carbamate annulation will be provided in

chapters five and six.
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(b)

Fig. 3.2 Crystal structures of carbamate$(a) and16 (b)
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NaHCOs, I» e) e}
\/H/\ THF:H,0 (1 N J{l . Jil .
. at + St
1t 48 h, 95%
dr=6:1 (18 19 BnO OBn BnO OBn

antil7 18 19

Scheme 3.4 |,-mediated carbamate annulation usingrabinose derivednti-17

Having noted the interesting diastereoselectivity of tadbamate annulation, we were
then interested in using the said carbamates as intermeda@tthe synthesis of amino-
imino-hexitols. To this end, carbamald was first hydrogenated using Pd(QH)

in the presence of 2M HCI with the objective of simultanegusimoving the benzyl
groups and reducing the nitrile to the amine (Scheme 3.530/ling to TLC analysis,
this reaction appeared to proceed smoothly and followihigasgel chromatography
(DCM/EtOH/MeOH/30% aq. NE| 5/2/2/1, viviviv) only one product was observed.
HRMS also gave a molecular ion of 189.0869 [M+¥HJrresponding to the expected
[C,H;,N,O,+H]*. Close analysis of the NMR spectral data, however, revetied
presence of a carbonyl peak@164.0 ppm in theé*C NMR spectra, which correlated
by HMBC to two methylene protons &t3.59 and 3.49 ppm (Fig. 3.3) instead of the
downfield methylene protons a4.13 and 3.72 ppm. This HMBC correlation indicated
that the carbonyl was next to a GNH group rather than a C}® group due to the
comparative upfield proton chemical shifts. Further analyyy 2D NMR (COSY,
HMBC, HSQC) revealed that, rather than the desired aminarsugea-derivativ0
was formed in 30% vyield (unoptimised). We presume the ureafaaned via the ring
closure of the intermediate amine on the carbamat2linlue to thecis-relationship
across the ring nitrogen, which allowed the basic amino grolese proximity to

the carbonyl for migration. After silica gel chromatogrgpthe product fractions
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required heatingn vacuo to remove the aqueous solvents, this could have aided in the

transformation from carbama®d to urea20.

_MMMWWWWWWMWMWWWWM P L m  O
F2 1
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Fig. 3.3 HMBC spectrum of ure&0, (500 MHz in D,O)
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/OJ( PA(OH),/C, Hp, HCI NH,
. NG WCN CHCIEtOH, 72h . N ./
¢ ) = (77 .Hcl
S -, 99% N .
BnO  OBn HO  OH
14 LiOH, THF 21
quant.
0 Cl H NH,
HCI, CHCl3:EtOH o~ 3M H,S0, o
20 h; then basic o, N__CN reflux, 18 h \ / :
chromatography g DOWEX-OH | Ho OH
30% & -, uant.
BnO  OBn a 22
16
] HO NH
H 2
HO >_N\H 6M HCl \, N_ ./
\:,,, N reflux, 2 h ’ ’
7 .Y
quant. HO  OH
HO  ©OH
20 7 (+ .2HCl when from 21)

Scheme 3.5 Deprotection of carbamatet

An attempt was made to prevent urea formation by changinglépeotection order
through the hydrolysis of carbamdté with LiOH, however, this led to epimerisation of
the protonx to the nitrile and carbamai was isolated in quantitative yield. Carbamate
16 was identified by analysis of théd and**C NMR spectra. Features of note were a
change of chemical shift for the H-5 epimerised proton frido(hH) 4.52 in14 to 4.57
ppm and a shift of the carbonyl peak fran§*C) 157.4 in14 to 160.8 ppm. While not
effecting the desired transformation, this epimerisatoiavour the thermodynamically
more stabldrans relationship between the carbamate and the nitrile, pesval high
yielding route for the preparation of carbamd® Previously, carbamat&6 could
only be prepared from the minor ribose-derived Streckedpect The hydrogenation of

carbamate4 using Pd(OH)/C was then repeated, and during workup it was observed
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that if the amine remained protonated, by keeping the cmmditacidic throughout,
the desired amine functionalised carbam2tecould be obtained in excellent (99%)
yield and without the need for further purification. Attempd hydrolyse carbamagi
under acidic conditions then followed but surprisingly tiee of 6M HCI gave chloro-
amino-imino-hexitol22 as the major product and only minor amounts of the desired
D-galacto amino-imino-hexitol7. Acidic conditions were needed to hydrolyse the
carbamate ir21 as using the previously used basic conditions would leadrmdtion

of the urea derivativ@0. Urea20 was very stable under the basic hydrolysis conditions
that were tried earlier. Though a potentially useful sytithentermediate, chloride
22 decomposed upon purification by silica gel chromatograptd/taus could not be
isolated in sufficient purity for subsequent biologicalesssnent. Subjecting carbamate
21 to 3M H,SO, at reflux, however, followed by neutralisation with basic W&X
allowed for amino-imino-hexitof to be obtained in quantitative yield as the free base.
Urea-derivative20 could also be quantitatively converted to the desired armtino-
hexitol 7 as the hydrochloride salt following treatment with reflux@iM HCI. Using the
optimised routel4 — 21 — 7), the target amino-imino-hexit@l, can now be prepared

in 36% overall yield fronD-ribose.

Armed with this knowledge, the remaining carbamates wesa thansformed into their
corresponding amino-imino-hexitols (Scheme 3.6). Treainof carbamatd5 with
Pd(OH)/C in the presence of 2M HCI led to the smooth conversion imtna 23
(98% vyield). The carbamate i23 was then hydrolysed using a solution of NaOH
in EtOH, followed by neutralisation with DOWEX-Hto complete the synthesis and
generate noveb-talo amino-imino-hexitol8. Here, it is important to note that when

there is a 2,3rans relationship between the aminomethyl and carbamate rasidtie
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corresponding urea derivative is not formed and base-reztiaydrolysis can be used.
Amino-imino-hexitol8 was characterised by a combination of NMR spectroscdpic (
13C, COSY, HSQC, HMBC) analysis and mass spectrometry (fidratterisation can
be found in the experimental section). Analyses of the dev@aled characteristic
NMR resonances atid §) 2.77 (dd) and 2.62 ppm (dd) for the H-1 methylene protons,
1, and X, respectively (Fig. 3.4), which correlated in the HSQC te tipfield C-

1 chemical shift C § 40.4 ppm, Fig. 3.5). Here, also the H-6 methylene proton
resonances were observed &t (5) 3.68 (dd) and 3.56 ppm (dd), fora6and &,
respectively, and correlated in the HSQC to the C-6 metleytanbon at'¢C ) 62.4
ppm. HRMS also gave an exact m/z of 163.1084 [M+Nedrresponding to the
expected [GH,,N,O;+H]".
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Fig. 3.4 H NMR spectrum for amino-imino-hexit@, (500 MHz, 2% NaOD in DO)
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Carbamatel6 was then hydrogenated to give the corresponding a@4n®9% yield),
and subsequent hydrolysis proceeded uneventfully to yreddnovelL-altro derived
amino-imino-hexitol9 in 37% overall yield frombp-ribose. Though we had already
assigned the stereochemistry®ofrom the crystal structure of the precursor carbamate
24, the 'H NMR and *C NMR data was consistent with that of the known
altro enantiomer and the optical rotation of similar magnitudée dpposite sigrt?13
Carbamatel8, with the cis-relationship between the aminomethyl and carbamate
functionalities, was then hydrogenated and the ammonilin2Sabtained in excellent
(99%) yield. The acid catalysed hydrolysis 26 using 3M H,SO, then gave the-
glucitol derived amino-imino-hexitdl4, again in excellent yield. Spectral data fbt
matched that previously reportédFinally, carbamatd9, derived fromp-arabinose,
was hydrogenated in 90% yield to generate the deprotectedea?s, which was
subsequently hydrolysed under basic conditions to givektiosvn D-mannitol derived

amino-imino-hexitol12.”14
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Scheme 3.6 Amine reduction and carbamate hydrolysis
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3.3 Conclusion

In summary, an efficient route for the preparation of a nunab@mino-imino-hexitols
has been presented. In particular, the two novel aminoarhexitols7 and 9 were
efficiently prepared in 36% and 37% overall yield fra¥ribose, respectively. During
the course of this work, the power of a highly diastereos®iecStrecker reaction
without the need for chiral Lewis acids or catalysts has béemonstrated. The
diastereoselectivity of the reaction can be explained &y @nam-chelation control
model for bothD-arabinose ana-ribose derived aldehydes. Moreover, the potential
of our novel carbamate annulation for the cyclisation oftgeted and functionalised
alkenylamine precursors has been highlighted. The applicaof the carbamate
annulation to a variety of alkenylamines and an understeyal the factors controlling
the diastereoselectivity of the reaction should make tlegwdology a valuable addition

to the synthetic chemist’s toolbox.
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3.4 Experimental

General Experimental

Unless otherwise stated all reactions were performed widerHF was distilled from
LiAIH , prior to use. All chemicals obtained from commercial sugggliwere used
without further purification. Zn dust was activated by theefal addition of conc.
H,SO,, followed by decantation and washing with EtOH (3 x) and mesa(3 x), and
storage under dry hexanes. All solvents were removed byoeatipn under reduced
pressure. Reactions were monitored by TLC analysis oragi@ coated plastic sheets
(0.20 mm, Polygram SIL G/UV254) with detection by coatingtwR0% H,SO, in
EtOH followed by charring ata. 150°C, by coating with a solution of ninhydrin in
EtOH followed by charring ata. 150°C, by coating with Hanessian’s stain followed by
charring atca. 150°C, or by coating with a solution of 5% KMnQand 1% NalQ

in H,O followed by heating. Column chromatography was perforraadsilica gel
(40-63 um). Dowex Monosphere M-31 acidic resin and Dowex 1x4-50 dassin
were used for ion exchange chromatography. Melting poit@$\vere obtained with a
Gallenkamp apparatus and are uncorrected. High-resolotass spectra were recorded
on a Waters Q-TOF Premi&t Tandem Mass Spectrometer using positive electro-
spray ionisation. Optical rotations were recorded using@iiR-Elmer 241 or Rudolf
Research Analytical Autopol Il polarimeter at the sodiuntii. Infrared spectra were
recorded as thin films using a Bruker Tensor 27 FTIR specttemequipped with
an Attenuated Total Reflectance (ATR) sampling accesson,aae reported in wave
numbers (cm). Nuclear magnetic resonance spectra were measured udiagam

Inova operating at 500 MHz fotH and 125 MHz for'3C or a Varian Direct Drive
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operating at 600 MHz and 133 MHZH and*C chemical shifts{) were internally
referenced to the residual solvent peak, (CPD€¥.26 ppm and 77.16 ppm,D =4.79
ppm). NMR peak assignments are based on 2D NMR experime@SYCHSQC, and
HMBC).

OBn (2R,3R)-2,3-Dibenzyloxypent-4-enal (11). To a solution of methyl
iodoribosidel0® (1.63 g, 3.59 mmol) in EtOH/ED/AcOH (40/2/1, viviv, 54 mL) was
added Zn (1.17 g, 18.0 mmol). The mixture was stirred at refitun3 h, cooled to
room temperature and filtered through a celite plug with EtOBhe resulting mixture
was further diluted with EtOAc and washed twice with sat. &gHCO;, then HO and
brine, dried (MgS04), filtered and concentratedacuo to provide the aldehydgl as a
colourless oil (1.03 g, 3.48 mmol, 97%% = 0.57 (hexanes/EtOAc, 2/1, viv)y[p*'-° =
-29 (c = 1.0, CHC)); IR (film) 3064, 3031, 2925, 2868, 1729, 1455, 1207, 1062710
933, 735, 696 cm. 'H NMR: (500 MHz, CDC}, 20°C) § 9.64 (d,J;» = 2.0 Hz, 1H,
H-1), 7.38-7.27 (m, 10H, H-Ar), 5.88 (dddy 5, = 17.7,J454= 10.4,J54= 7.6 Hz, 1H,
H-4), 5.38 (dt,Js 50 = 10.4,2J5050= “J352 = 1.2 Hz, 1H, H-5a), 5.35 (dlt]ssp = 17.7,
2d5a5p= *J35p = 1.2 Hz, 1H, H-5b), 4.71 (J,p = 12.0 Hz, 1H, CHa 23-Bn), 4.66
(d, 2J,5= 12.0 Hz, 1H, CHb 20-Bn), 4.65 (d2J,p= 12.0 Hz, 1H, CHa 32-Bn), 4.42
(d, 2Jap = 12.0 Hz, 1H, CHb 39-Bn), 4.17 (ddt,Jz4 = 7.6, J,3 = 4.7,%J35 Hz, 1H,
H-3), 3.90 (ddJ, 3 = 4.7,J1, = 2Hz, 1H, H-2);'3C NMR: (125 MHz CDC}, 20°C) &
201.8 (C-1), 137.9 (G-3-0-Bn), 137.3 (Ci 2-O-Bn), 134.2 (C-4), 128.6 (C-Ar), 128.5
(C-Ar), 128.2 (C-Ar), 128.2 (C-Ar), 127.9 (C-Ar), 128.8 (&), 120.2 (C-5), 85.0 (C-
2), 80.3 (C-3), 73.1 (CKH2-O-Bn), 70.6 (CH 3-O-Bn); HRMS (ESI)m/z calcd. for
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[C,oH,,05*+Na]": 319.1305, obsd.: 319.1311.

BnO NH BnO  NH,

5 1 S 1
6 3 2 CN 6\)4\3;)2\(:N
OBn and OBn (25,35,4R)-2-Amino-3,4-dibenzyloxyhex-5-

enenitrile (syn-12) and (2S,3S,4R)-2-Amino-3,4-dibenzyloxyhex-5-enenitrile
(anti-13). To a solution of aldehyd&l (166 mg, 0.56 mmol) in EtOH (11.2 mL) was
added NHOACc (471 mg, 5.60 mmol). The mixture was stirred at room terajpee for
15 mins, at which point TMSCN (144L, 1.12 mmol) was added dropwise. The clear
colourless solution was stirred at room temperature for.4Bhe resulting solution was
diluted with EtOAc, washed with sat. ag.” NaHE®,O and brine, dried (MgSg),
filtered and concentratedh vacuo. Purification of then-aminonitriles using gradient
flash chromatography (hexanes/EtOAc, 16/11/1, v/v), gave firstv-aminonitrilesyn-
12 as a pale yellow oil (147 mg, 0.46 mmol, 82%) and theaminonitrileanti-13 as a
pale yellow oil (18.9 mg, 0.06 mmol, 10%), (dr = 8yn-12:anti-13). syn-12: R =0.27
(hexanes/EtOAc, 2/1, viv)pp'® = -22.4 (c = 1.0, CHG)); IR (film) 3397, 3327, 3088,
3064, 3032, 2871, 2372,1710, 1497, 1455, 1392, 1214, 1082, B35, 741, 698 cth
'H NMR: (500 MHz, CDC}, 20°C) § 7.37-7.30 (m, 10H, H-Ar), 5.84 (ddds s5= 17.2,
Js.60=10.5,J45= 7.9 Hz, 1H, H-5), 5.46 (dddls ga= 17.2,2Ja6p= 1.7,%J4.6a= 0.7 Hz,
1H, H-6a), 5.45 (dddJs g, = 10.5,26a 60 = 1.7,%J46p = 0.7 Hz, 1H, H-6b) 4.76 (RJ.,
=10.8 Hz, 1H, CHa 39-Bn), 4.68 (d2J,,= 10.8 Hz, 1H, CHb 39-Bn), 4.62 (d2J,

= 11.4 Hz, 1H, CHa 49-Bn), 4.36 (d2J,,= 11.4 Hz, 1H, CHb 40-Bn), 4.08 (d J,3 =
2.0 Hz, 1H, H-2), 4.06 (tt)45=J34=7.9,%),6= 0.7 Hz, 1H, H-4), 3.66 (dd]3 4= 7.9,
Jo3=2.0 Hz, 1H, H-3), 1.82 (br s, 2H, Nt 3C NMR: (125 MHz CDC]}, 20°C) §
137.7 (Ci 4-O-Bn), 137.2 (Ci3-O-Bn), 135.3 (C-5), 128.7 (C-Ar), 128.6 (C-Ar), 128.6
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(C-Ar), 128.5 (C-Ar), 128.5 (C-Ar), 128.4 (C-Ar), 128.2 (&), 128.2 (C-Ar), 128.0
(C-Ar), 121.3 (C-1), 120.8 (C-6), 81.5 (C-3), 79.0 (C-4),84CH, 3-O0-Bn), 70.8 (CH
4-0-Bn), 44.4 (C-2); HRMS (ESIWz calcd. for [GH,,N,O,+H]*: 323.1754, obsd.:
323.1762anti-13: R; = 0.16 (hexanes/EtOAc, 2/1, viviy]p*® = -2.8 (c = 1.0, CHC));
IR (film) 3388, 3325, 3088, 3065, 3031, 2869, 2231, 1643, 14965, 1392, 1210,
1086, 1070, 1028, 936, 738, 698 ¢ntH NMR: (500 MHz, CDC}, 20°C) § 7.38-7.30
(m, 10H, H-Ar), 5.90 (dddJs 2= 17.3,J5,6, = 10.3,d45 = 7.8 Hz, 1H, H-5), 5.51 (ddd,
Js6a= 17.3,2J6a6p= 1.7,%J46a= 1.0 Hz, 1H, H-6a), 5.47 (dddls ¢, = 10.3,%Jga 6=
1.7,%J46a = 1.0 Hz, 1H, H-6b) 4.81 (d2J,, = 11.2 Hz, 1H, CHa 3-Bn), 4.64 (d,
23, = 11.3 Hz, 1H, CHa 43-Bn), 4.62 (d,2J.5, = 11.2 Hz, 1H, CHb 39-Bn), 4.39
(d, 23, = 11.3 Hz, 1H, CHb 49-Bn), 4.08 (d,J, 3 = 4.2 Hz, 1H, H-2), 4.05 (ttJ45 =
J3a=7.8,%046= 0.7 Hz, 1H, H-4), 3.64 (ddJs+ = 7.8,J,5 = 4.2 Hz, 1H, H-3), 1.76
(br s, 2H, NH); 13C NMR: (125 MHz CDC}, 20°C) § 137.8 (Ci 4-O-Bn), 137.6 (Ci
3-0-Bn), 135.2 (C-5), 128.6 (C-Ar), 128.1 (C-Ar), 128.1 (C-Af)28.0 (C-Ar), 128.0
(C-Ar), 121.2 (C-1), 120.5 (C-6), 82.6 (C-3), 81.0 (C-4),Z8CH, 3-0-Bn), 70.9 (CH
4-0-Bn), 45.9 (C-2); HRMS (ESljn/z calcd. for [CoH,,N,O,+H]*: 323.1754, obsd.:
323.1763.

General Procedure for the Carbamate Annulation. To a solution ofa-aminonitrile

(1 mmol) in THF (3.5 mL), were added (634 mg, 2.5 mmol), KO (3.5 mL) and
NaHCQO, (1.68 g, 20 mmol). The reaction mixture was stirred at roomgerature for
varying lengths of time (20 h — 6 d), quenched with sat. aq,3@; and extracted with
EtOAc. The organic layer was washed with®land brine, dried (MgS§), filtered and

concentratedn vacuo. Purification was achieved using gradient flash chromapdgra
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(hexanes/EtOAc, v/v) or (DCM/EtOAC, V/v).

/
1 /,’< N .\‘CN
Ta 5

Bn0 ' °oBn (5R,6S,7R,7aS)-6,7-Dibenzyl oxy-3-oxotetr ahydropyrrol o[ 1,2-c]oxazol -
5-carbonitrile (14). By subjectinga-aminonitrilesyn-12 (492 mg, 1.53 mmol) to the
general procedure for the carbamate annulation for 6 daocaabel4 was obtained as a
white solid (378 mg, 1.04 mmol, 68%, dr = 4:1, 18:19). Cnysation (DCM) yielded
fine white needles for which a single crystal X-ray diffractiwvas obtained then solved
and refined using Olex®. R; = 0.19 (DCM/EtOAc, 50/1, v/v); MP = 198.9 — 199°C;
[a]p?° = +34.5 (c = 1.0, CHG); IR (film) 3066, 3028, 2953, 2921, 2887, 2251, 1737,
1395, 1269, 1256, 1150, 1101, 1046, 1002, 702, 694.citd NMR: (500 MHz, CDCL,
20°C) § 7.43-7.30 (m, 10H, H-Ar), 5.18 (dJ.,= 11.8 Hz, 1H, CHa 7-Bn), 4.78 (d,
2J,p=11.9 Hz, 1H, CHa 8-Bn), 4.71 (d,2J,,= 11.9 Hz, 1H, CHb 62-Bn) 4.68 (d,
2),5=11.8 Hz, 1H, CHb 70-Bn), 4.51 (dd2J;41p= 8.8,J1a7a= 6.8, Hz, 1H, H-1a),
4.42 (d,Js6 = 7.1 Hz, 1H, H-5), 4.35 (tJ1a,10= Jip7a= 8.8 Hz, 1H, H-1b), 4.37 (dd,
Js6=7.1,J67= 2.7 Hz, 1H, H-6), 4.09 (dddl;p, 74= 8.8,J147a= 6.8,J77a= 2.7 Hz, 1H,
H-7a), 3.87 (tJ77a= Js7 = 2.7 Hz, 1H, H-7);3C NMR: (125 MHz CDC}, 20°C) ¢
157.4 (C-3), 137.4 (G7-O-Bn), 136.1 (Ci 6-O-Bn), 129.0 (C-Ar), 128.9 (C-Ar), 128.7
(C-Ar), 128.3 (C-Ar), 128.3 (C-Ar), 128.2 (C-Ar), 112.9 (NB3.7 (C-6), 74.5 (C-7),
73.8 (CH, 6-0-Bn), 73.6 (CH 7-0O-Bn), 64.1 (C-1), 58.8 (C-7a), 47.2 (C-5); HRMS
(ESI) mvz calcd. for [G,H,,N,O,+Na]": 387.1315, obsd.: 387.1321.
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BnO ' °oBn (5R,6S,7R,7aR)-6,7-Dibenzyloxy-3-oxotetr ahydropyr rolo[ 1,2-c]oxazol -
5-carbonitrile (15). By subjectinga-aminonitrilesyn-12 (492 mg, 1.53 mmol) to the
general procedure for the carbamate annulation for 6 d acaakel5 was obtained as
a colourless oil (94.5 mg, 0.26 mmol, 17%, dr = 4:1, 18:1R)= 0.31 (DCM/EtOAC,
20/1, VIV); [p]p® = +45.2 (c = 1.0, CHG); IR (film) 3064, 3032, 2919, 2872, 1761,
1455, 1393, 1306, 1214, 1136, 1027, 1010, 737, 699.ctH NMR: (500 MHz, CDC},
20°C) § 7.45-7.27 (m, 10H, H-Ar), 4.96 (d)., = 11.5 Hz, 1H, CHa 63-Bn), 4.77 (d,
Jo3=5.0 Hz, 1H, H-5), 4.73 (RJap= 11.5 Hz, 1H, CHb 69-Bn), 4.64 (d2J,,= 11.9
Hz, 1H, CHa 70-Bn), 4.46 (dd2J1,15= 9.6,J1a7a= 8.3 Hz, 1H, H-1a), 4.36 (RJap

= 11.9 Hz, 1H, CHb 70-Bn), 4.29 (t,J¢7 = Js6 = 5.0 Hz, 1H, H-3), 4.23 (tdJ1a7a=
J77a=8.3,J1p7a= 2.7 Hz, H-7a), 4.08 (ddJ14 1= 9.6,J1p 7a= 2.7 Hz, 1H, H-1b), 3.56
(dd, J77a= 8.3,Js7 = 5.0 Hz, 1H, H-7);"3C NMR: (125 MHz CDC}, 20°C) § 160.2
(C-3), 136.6 (C 7-O-Bn), 136.5 (Ci 6-O-Bn), 129.0 (C-Ar), 128.8 (C-Ar), 128.8 (C-
Ar), 128.6 (C-Ar), 128.6 (C-Ar), 128.0 (C-Ar), 115.0 (CNYF (C-7), 77.1 (C-6), 74.5
(CH, 6-O-Bn), 73.2 (CH 7-O-Bn), 66.3 (C-1), 60.0 (C-7a), 53.1 (C-5); HRMS (ESI)
m/z calcd. for [G,H,,N,O,+Na]": 387.1315, obsd.: 387.1328.

<7 6~
BnO ~  OBn (5S6S,7R,7aS)-6,7-Dibenzyloxy-3-oxotetr ahydropyr rolo[ 1,2-¢] oxazol -
5-carbonitrile (16). By subjectinga-aminonitrileanti-13 (25.0 mg, 0.08 mmol) to the

general procedure for the carbamate annulation for 6 d acaabel6 was obtained as

90



a white solid (14.9 mg, 0.04 mmol, 53%). Crystallisation (®Cyielded colourless
plates for which a single crystal X-ray diffraction was ab&d then solved and refined
using Olex2'® R = 0.45 (DCM/EtOAc, 20/1, vIV); ¢]p®° = +13.6 (c = 0.5, CHG));
MP =97.4 — 97.6C; IR (film) 3034, 2953, 2923, 2852, 1757, 1456, 1395, 1204111
1075, 1005, 772, 735, 696 ¢m'H NMR: (500 MHz, CDC}, 20°C) § 7.43-7.25 (m,
10H, H-Ar), 4.93 (d,2J,, = 11.9 Hz, 1H, CHa ©-Bn), 4.79 (d,2J,p = 11.9 Hz, 1H,
CHa 6:0-Bn), 4.69 (d2J,, = 11.9 Hz, 1H, CHb 69-Bn), 4.59 (d 2J,, = 11.9 Hz, 1H,
CHb 7-0-Bn), 4.57 (d,Js ¢ = 6.8 Hz, 1H, H-5), 4.46 (ddJs 7 = 3.4,J56 = 6.8 Hz, 1H,
H-6), 4.40 (dd,2J1a1p= 8.6,J1a7a= 3.7 Hz, 1H, H-1a), 4.34 (1015 = J1a7a= 8.6
Hz, 1H, H-1b), 4.03 (tdJ1a7a= Jip.7a= 8.6,J7.7a= 3.4 Hz, 1H, H-7a), 3.95 ()7 74=
Js.7 = 3.4 Hz, 1H, H-7);*C NMR: (125 MHz CDC}, 20°C) § 160.8 (C-3), 137.2 (G-
7-0-Bn), 136.1 (Ci 6-O-Bn), 129.0 (C-Ar), 128.8 (C-Ar), 128.8 (C-Ar), 128.4 (CHAr
128.1 (C-Ar), 128.0 (C-Ar), 117.9 (CN), 86.0 (C-6), 76.2 {§-73.8 (CH 7-O-Bn),
73.8 (CH, 6-0-Bn), 63.7 (C-1), 59.5 (C-7a), 50.9 (C-5); HRMS (ESijz calcd. for
[C,;H,oN,O,+Na]": 387.1315, obsd.: 387.1320.

Synthesisof 16 viaEpimerisation. To a solution of carbamate! (11.0 mg, 0.03 mmol)
in THF (0.6 mL) was added LiOH ag. (2M, 0.3 mL). The reactiorxtmie was stirred at
room temperature for 4 h, then quenched with sat. aq,End extracted with EtOAc.
The organic layer was washed with® and brine, dried (MgS§) and concentrategh
vacuo to provide carbamat#6 as a colourless oil (11.0 mg, 0.03 mmaquantitative).

Spectral data as above.
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BnO ' *oBn (5R,6R,7R,7aS)-6,7-Dibenzyl oxy-3-oxotetr ahydropyrrolo[ 1,2-c]oxazol -
5-carbonitrile (18). By subjectinga-aminonitrileanti-174 (140 mg, 0.43 mmol) to the
general procedure for the carbamate annulation for 48 bacaatel8 was obtained as
a colourless oil (129 mg, 0.35 mmol, 81%, dr = 6:1, 21: )= 0.29 (hexanes/EtOAc,
1/1, viv); [a]p?* = +25.7 (c = 1.0, CHG); IR (film) 3064, 3032, 2919, 2872, 2247,
1752,1471, 1395, 1246, 1096, 1077, 1007, 740, 698.ctH NMR: (500 MHz, CDC},
20°C) § 7.42—7.27 (m, 10H, H-Ar), 4.73 (dJ., = 12 Hz, 1H, CHa 70-Bn), 4.60 (d,
2),5=11.9 Hz, 1H, CHa 63-Bn), 4.55 (s, 1H, H-6), 4.53 (dJ.,= 11.9 Hz, 1H, CHb
6-O-Bn), 4.46 (dd2J1, 1= 8.6,J1a7a= 5.6 Hz, 1H, H-1a), 4.44 (RJap = 12 Hz, 1H,
CHb 7-0-Bn), 4.42 (1,214 15= J1p.7a= 8.6 Hz, 1H, H-1b), 4.36 (dddl; 7a= 8.6,J14 74
= 5.6,J7.7a= 3.2 Hz, 1H, H-7a), 4.22 (dls s = 0.5 Hz, 1H, H-5), 3.79 (dd}; 7= 3.2,
Js.7= 1.0 Hz, 1H, H-7);*C NMR: (125 MHz CDC}, 20°C) § 157.5 (C-3), 136.3 (G-
7-0-Bn), 135.9 (Ci 6-O-Bn), 129.0 (C-Ar), 128.9 (C-Ar), 128.9 (C-Ar), 128.6 (CHAr
128.4 (C-Ar), 128.2 (C-Ar), 113.5 (CN), 87.0 (C-6), 78.2 {§-73.2 (CH 6-O-Bn),
71.9 (CH, 7-O-Bn), 62.6 (C-1), 62.0 (C-7a), 50.6 (C-5); HRMS (E$Mjz calcd. for
[C,,H,oN,O,+Na]': 387.1315, obsd.: 387.1324.

IO NG LCN

N 6
BnO OBn (5R,6R,7R,7aR)-6,7-Dibenzyloxy-3-oxotetr anydropyr rolo[1,2-c]oxazol-
5-car bonitrile (19). By subjectinga-aminonitrileanti-174 (140 mg, 0.43 mmol) to the

general procedure for the carbamate annulation for 48 bacaatel9 was obtained as a
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colourless oil (21.4 mg, 0.06 mmol, 13.6%, dr = 6:1, 21: )= 0.50 (hexanes/EtOAc,
1/1, viv); [o]p?* = +5.7 (c = 1.0, CHG)); IR (film) 3064, 3032, 2919, 2872, 2250, 1762,
1455, 1391, 1211, 1099, 1072, 740, 698 tmH NMR: (500 MHz, CDC}, 20°C) §
7.41-7.28 (m, 10H, H-Ar), 4.80 (dls¢ = 2.1 Hz, 1H, H-5), 4.65 (d2J., = 12.0 Hz,
1H, CHa 70-Bn), 4.63 (d,J,, = 11.5 Hz, 1H, CHa 6>-Bn), 4.51 (dddJ1472= 8.7,
2J1a1p= 7.5,%J1a7= 4.0 Hz, 1H, H-1a), 4.50 (FPJ,, = 12.0 Hz, 1H, CHb 7-Bn),
4.46 (d,2J,,= 11.5 Hz, 1H, CHb 69-Bn), 4.37 (ddJs 6 = 2.1,J6.7 = 2.7 Hz, 1H, H-6),
4.12 (dd,J1a1p= 7.5,J1p7a= 4.4 Hz, 1H, H-1b), 4.09 (ddd)157a= 8.7, J1p7a= 4.4,
J77a= 0.5 Hz, 1H, H-7a), 3.87 (dddJ1a7= 4.0,J67 = 2.7,J77a= 0.5 Hz, 1H, H-7);
13C NMR: (125 MHz CDC}, 20°C) § 160.0 (C-3), 136.6 (G-7-O-Bn), 135.7 (Ci 6-
0-Bn), 129.1 (C-Ar), 129.0 (C-Ar), 128.9 (C-Ar), 128.8 (CHAN28.7 (C-Ar), 128.6
(C-Ar), 128.3 (C-Ar), 128.1 (C-Ar), 115.9 (CN), 86.8 (C-B6.4 (C-6), 73.0 (CH 7-
0-Bn), 72.8 (CH 6-0-Bn), 67.4 (C-1), 62.7 (C-7a), 52.3 (C-5); HRMS(ESI) m/zochl
for [C,,H,,N,O,+Na]": 387.1315, obsd.: 387.1321.

S

s( )a

Ho'® "o (5S,6R,7S,7aR)-6,7-Dihydr oxy-5-(hydroxymethyl)tetrahydro-1H-
pyrrolo[1,2-climidazol-3(2H)-one (20). Carbamateld (147 mg, 0.40 mmol) was
dissolved in CHCJ (3.0 mL) and transferred into a Fischer-Porter bottle, EtGH
mL), HClin ether (1.0 mL 2M) and Pd(OH}C (110 mg) were then added and the vessel
was charged with 7 bar pressure of. H'he reaction mixture was stirred vigorously at
room temperature for 3 d. After releasing pressure the reaction mixture was filtered

through a plug of celite, washing with EtOH and DCM/MeOH/E30% aq. NH,
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(5/2/2/1, viviviv) and concentrated vacuo. Purification was achieved by dry-loading
using gradient flash chromatography (DCM/MeOH/EtOH/30% MdH,, 50/2/2/1—
5/2/2/1, viviviv) to provide the ure20 as a colourless oil (23.0 mg, 0.12 mmol, 30%).
R = 0.48 (DCM/MeOH/EtOH/30% aq. Ni 5/2/2/1, viviviv); p]p?t = -22.0 (¢ = 1.0,
H,0); IR (film) 3288, 2927, 1658, 1492, 1451, 1372, 1130, 1028, 957, 700 cm.
'H NMR: (500 MHz, D,O, 20°C) § 4.61 (dd,Js = 8.1,Js 7 = 4.0 Hz, 1H, H-6), 4.13
(dd, 2Jap = 12.0, Js5 chaon = 3.2, Hz, 1H, H-CHaOH) 4.12 (dddyp 74 = 9.5, J1a7a=
8.1,J377a= 4.0 Hz, 1H, H-7a), 3.99 ()67 = J77a= 4.0 Hz, 1H, H-7), 3.76 (dt)s6 =
8.1, Js chaon = Js.crbon = 3.2 Hz, 1H, H-5), 3.72 (dfJap = 12.0,J5 chpon = 3.2 Hz,
H-CHbOH) 3.59 (dd?J1a1p= 9.5,J1a7a= 8.1 Hz, 1H, H-1a), 3.49 (£J1a1p= J1p7a=
9.5 Hz, 1H, H-1b);"*C NMR: (125 MHz D,O, 20°C) § 164.0 (C-3), 74.2 (C-6), 69.1
(C-7), 60.1 (C-7a), 58.5 (C-5), 55.3 (GEH), 38.7 (C-1); HRMS (ESIj'z calcd. for
[C,H,,N,O,+H]*: 189.0870, obsd.: 189.0869.

General Procedure for Hydrogenation of Carbamates. Protected carbamate (0.27
mmol) was dissolved in CHGI(4.5 mL) and transferred into a Fischer-Porter bottle,
EtOH (7.5 mL), HCl in ether (1.4 mL 2M) and Pd(O}¢ (230 mg) were then added
and the vessel was charged with 7 bar pressure,offHe reaction mixture was stirred
vigorously at room temperature for 3 d. After releasingdressure the reaction mixture
was filtered through a plug of celite, washing with EtOH angtHand concentrated in

vacuo to provide the amino carbamate as the hydrochloritle sa
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HO' ' ®oH (5R,6S,7R,7aS)-5-(Aminomethyl)-6,7-dihydroxytetrahydropyrrolo
[1,2-c]oxazol-3(1H)-one hydrochloride (21). By subjecting carbamatit (60 mg, 0.16
mmol) to the general procedure for the hydrogenation ofaradies, ammonium s&li
was obtained as a white solid (30.8 mg, 0.16 mmol, 99%) artiducrystallised from
MeOH. R’ = 0.29 (DCM/MeOH/EtOH/30% aq. Ni 5/2/2/1, vIVIVIV); )28 = +30.0
(c = 1.0, HO); MP = 230.0 — 230.5C; IR (film) 3362, 2960, 2930, 1724, 1633, 1433,
1261, 1127, 1075, 949, 897 ¢m'H NMR: (500 MHz, D,O, 20°C) § 4.66 (dd,Js¢
=7.6,J57 = 3.4 Hz, 1H, H-6), 4.56 (t2J101p= J1a7a= 9.3 Hz, 1H, H-1a), 4.49 (dd,
231a10= 9.3,J1a7a= 7.1 Hz, 1H, H-1b), 4.25 (dddl;a 7a= 9.3,J1p7a= 7.1,J772= 3.4
Hz, 1H, H-7a), 4.13 (t)7.7a= Je7 = 3.4 Hz, 1H, H-7), 4.04 (tdJs s = Js cronnz = 7.6,
Js.cHantz = 3.4 Hz, 1H, H-5), 3.59 (dcBJap = 14.2,J5 chantz = 3.4 Hz, 1H, CHaNH),
3.38 (dd,2Jap = 14.2,J5.cronnz = 7.6 Hz, 1H, CHbNH): 13C NMR: (125 MHz D,O,
20°C) § 159.7 (C-3), 74.3 (C-6), 69.1 (C-7), 64.5 (C-1), 60.3 (C;&&.0 (C-5), 36.7
(CH,NH,); HRMS (ESI)m/z calcd. for [GH,,N,O,+H]*: 189.0870, obsd.: 189.0869.

0
oz M,
1 N_ ./
7a 5 .HCI

S7 6 ‘ ‘
HO OH (5R,6S,7R,7aR)-5-(Aminomethyl)-6,7-dihydroxytetr ahydropyrrolo

[1,2-c]oxazol-3(1H)-one hydrochloride (23). By subjecting carbamat&5 (4 mg,
0.01 mmol) to the general procedure for the hydrogenatiocradfamates, ammonium
salt 26 was obtained as a colourless oil (2.0 mg, 0.01 mmad¥)98R; = 0.25
(DCM/MeOH/EtOH/30% ag. NK 5/2/2/1, viviviv); p]p®>" = -10.0 (c = 0.7, HO);
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IR (film) 3382, 3284, 2927, 2855, 1735, 1630, 1402, 1243, 12214, 999, 768 crh

'H NMR: (500 MHz, D,O, 20°C) § 4.59-4.56 (m, 1H, H-1a), 4.36-4.34 (m, 2H, H-6
and H-1b), 4.00-3.94 (m, 3H, H-5, H-7 and H-7a), 3.17 &g, = 13.2,J5 crannz= 3.6
Hz, 1H, CHaNH), 3.12 (dd2J, = 13.2,J5 cronmez = 7.8 Hz, 1H, CHbNH); 3C NMR:
(125 MHz D,0, 20°C) § 163.7 (C-3), 74.3 (C-6), 73.3 (C-7), 67.9 (C-1), 60.2 (C:7a)
58.7 (C-5), 39.6 (CENH,); HRMS (ESI)m/z calcd. for [GH,,N,O,+H]*: 189.0870,
obsd.: 189.0873.

0]

75(_75).HCI

Ho' ©oH (5S,6S,7R,7aS)-5-(Aminomethyl)-6,7-dihydr oxytetr ahydropyrrolo
[1,2-cloxazol-3(1H)-one hydrochloride (24). By subjecting carbamat#6 (104 mg,
0.29 mmol) to the general procedure for the hydrogenaticcadfamates, ammonium
salt 24 was obtained as a colourless oil (53.0 mg, 0.28 mmol, 99%).= 0.22
(DCM/MeOH/EtOH/30% aq. N 5/2/2/1, vivIviv); B]p? = +14.8 (c = 1.0, HO);
IR (film) 3233, 2978, 2903, 2837, 1736, 1622, 1506, 1403, 12689, 1013, 916, 823,
775 cmt. 'H NMR: (500 MHz, D,O, 20°C) § 4.57 (t,%J1a10 = J1a7a= 9.3 Hz, 1H,
H-1a), 4.54 (dd2J1415= 9.3,J1p7a= 3.7 Hz, 1H, H-1b), 4.24 (ddls¢ = 7.8,J67 = Hz,
1H, H-6), 4.21-4.20 (m, 1H, H-7a) 4.06 (br s, 1H, H-7), 3.62 Jt 6 = Js,cHonmz = 7.8,
Js cHannz2 = 3.4 Hz, 1H, H-5), 3.28 (dJ,p = 13.2,J5 cpant2 = 3.4 Hz, 1H, CHaNB),
3.01 (dd,2J,p, = 13.2,J5,cHonmz = 7.8 Hz, 1H, CHbNH); 3C NMR: (125 MHz D,O,
20°C) § 164.4 (C-3), 76.6, (C-6), 71.4 (C-7), 64.6 (C-1), 60.7 (C&).4 (C-7a), 42.0
(CH,NH,); HRMS (ESI)m/z calcd. for [GH,,N,O,+H]*: 189.0870, obsd.: 189.0872.

96



0]

7al /5 .HCI

Ho' ' ®YoH (5R,6R,7R,7aS)-5-(Aminomethyl)-6,7-dihydroxytetr ahydropyrrolo
[1,2-c]oxazol-3(1H)-one hydrochloride (25). By subjecting carbamat#3 (100 mg,
0.27 mmol) to the general procedure for the hydrogenaticcadfamates, ammonium
salt25 was obtained as a white solid (51.4 mg, 0.27 mmol, 99%) aridducrystallised
from EtOH.R; = 0.62 (DCM/MeOH/EtOH/30% aq. NH 5/2/2/1, viviviv); p]p?>8 =
+60.2 (c = 0.83, HO); MP = 183.3 — 184.0C; IR (film) 3356, 2961, 2929, 1716, 1633,
1428, 1262, 1143, 1094, 1063, 1007, 949, 893'chid NMR: (500 MHz, D,O, 20°C)
§ 4.63-4.59 (m, 1H, H-1a), 4.52—4.47 (m, 2H, H-7a, and H-11)54t,J 7= Js 6= 1.9
Hz, 1H, H-6), 4.01 (ddJ; 7= 2.8,J67 = 1.9 Hz, 1H, H-7), 3.72 (dddls cponz = 10.0,
Js cHanmz = 3.2,J56 = 1.9 Hz, 1H, H-5), 3.59 (dfJ.p = 13.9,J5 chanHz = 3.2 Hz, 1H,
CHaNH,), 3.53 (dd,2J, = 13.9,Js5 crpnnz = 10.0 Hz, 1H, CHbNH); 3C NMR: (125
MHz D,0O, 20°C) § 160.2 (C-3), 82.2 (C-6), 73.3 (C-7), 63.9 (C-1), 63.2 (C;BD.5
(C-5), 39.3 (CHNH,); HRMS (ESI)m/z calcd. for [GH,,N,O,+H]*: 189.0870, obsd.:
189.0871.

@)

o5{ NH,

1 N_ ./

7a 5 .HCI

57 6 . .

HO  ~OH  (5R,6R,7R,7aR)-5-(Aminomethyl)-6,7-dihydroxytetrahydropyrrolo
[1,2-c]oxazol-3(1H)-one hydrochloride (26). By subjecting carbamat&9 (16 mg,
0.04 mmol) to the general procedure for the hydrogenatiocradfamates, ammonium

salt 26 was obtained as a colourless oil (7.0 mg, 0.04 mmol, 909R. = 0.41

(DCM/MeOH/EtOH/30% aq. Nk} 5/2/2/1, vIvIvIv); f]p?*8=+10.0 (c = 0.4, HO); IR
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(film) 3330, 3247, 2924, 1731, 1641, 1404, 1235, 1084, 1018, 873 cmt. 'H NMR:
(500 MHz, D,O, 20°C) § 4.70 (dd,2J1a15= 9.6, J1a7a= 8.1 Hz, 1H, H-1a), 4.48 (dd,
231a10= 9.6,J1p 7a= 4 Hz, 1H, H-1b), 4.07-4.02 (m, 3H, H-6, H-7 and H-7a), 3.8dd(d
Js,cronnz= 11,356 = 4.9,J5 crantz= 3.3 Hz, 1H, H-5), 3.37 (ddJap = 13.1,J5 cHanm2=
3.3 Hz, 1H, CHaNH), 3.19 (dd 23, =13.1,d5 cronmz = 11, 1H, CHbNB); 3C NMR:
(125 MHz D,0, 20°C) § 163.6 (C-3), 79.2 (C-6), 78.4 (C-7), 68.4 (C-1), 61.6 (C-5),
60.9 (C-7a), 40.8 (CKNH,); HRMS (ESI)mz calcd. for [GH,,N,0,+H]*: 189.0870,
obsd.: 189.0874.

Ho™ *on 1-Amino-6-chloro-1,2,5,6-tetr adeoxy-2,5-imino-p-galactitol dihy-
drochloride (22). Amino carbamate2l (4 mg, 0.07 mmol) was dissolved in HCI
(1.2 mL, conc.). The solution was stirred at reflux for 3 h,ntteoled and con-
centrated in vacuo. Purification was attempted using gnadiash chromatography
(DCM/MeOH/EtOH/30% aqg. Nkl 15/2/2/1— 5/2/2/1, viviviv) to provide chloro-
imino-galactitol22 as a white solid with an inseparable decomposition prodistt a
observed. R = 0.37 (DCM/MeOH/EtOH/30% aqg. N§i 5/2/2/1, viviviv);'H NMR:
(500 MHz, 2% DCI in RO, 20°C) § 4.65 (dd,Jo 3= 7.1,J34 = 4.4 Hz, 1H, H-3), 4.47
(t, Js5=J34=4.4 Hz, 1H, H-4), 4.08 (td) 5= J1a= 7.1,d1p,= 5.4 Hz, 1H, H-2), 4.02
(dd, 2Jga 6= 13.2,56a= 4.4 Hz, 1H, H-6a), 4.01 (tdls ¢p = 11.5,J5,6a= Ju5 = 4.4, Hz,
1H, H-5), 3.90 (dd2Jgaer= 13.2,J56, = 11.5 Hz, 1H, H-6b), 3.61 (ddJ1a 1= 13.7,
Jia2= 7.1 Hz, 1H, H-1a), 3.44 (dd)141,= 13.7,J1p> = 5.4 Hz, 1H, H-1b)}*C NMR:
(125 MHz, 2% DCl in O, 20°C) § 70.2 (C-3), 70.2 (C-4), 62.4 (C-5), 55.8 (C-2), 39.5
(C-6), 36.9 (C-1); HRMS (ESIiz calcd. for [GH,,*CIN,O,+H]*: 181.0738, obsd.:
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181.0741mz calcd. for [GH,53"CIN,O,+H]*: 183.0709, obsd.: 183.0713.

General Procedure for Acidic Hydrolysis of Carbamates. Amino carbamate (0.05
mmol) was dissolved in 580, aq.” (1 mL, 3M). The solution was refluxed for 12 — 18
h, then cooled and neutralised by the addition of Dowex-@id-exchange resin. The
resin mixture was filtered with $0 and the filtrate concentrat&avacuo to provide the
pure amino-imino-hexitols as the free base. Imino-hegitwére also characterised as

the dihydrochloride salt with the addition of deuteriumaride.

HO OH  1-Amino-1,2,5-trideoxy-2,5-imino-D-galactitol (7). By subjecting
amino carbamat®l (9.7 mg, 0.05 mmol) to the general procedure for the acidic
hydrolysis of carbamates for 18 h, imimegalactitol 7 was obtained as a white solid
(8.4 mg, 0.05 mmoluantitative). R = 0.01 (DCM/MeOH/EtOH/30% aq. N}15/2/2/1,
VIVIVIV); (HCI salt) [a]p% = -2.0 (c = 0.47, HO); IR (film) 3316, 2965, 1644, 1364,
1315, 1081, 1019, 835 cta *H NMR (500 MHz, D,O, 2HCI salt)d 4.59 (dd,Jz 3 =
7.2,d34=4.7Hz,1H, H-3), 4.42 (J45=J34=4.7 Hz, 1H, H-4), 4.03 (td)23 = J1a2=
7.2,d12=5.7 Hz, 1H, H-2), 3.97 (d®Jsaep= 12.5,J562= 4.7 Hz, 1H, H-6a), 3.88 (dd,
2)a60= 12.5,J56, = 9.0 Hz, 1H, H-6b), 3.75 (dts 65 = 9.0,J5,62 = Jus = 4.7 Hz, 1H,
H-5), 3.57 (dd2Jya15= 13.9,J14,= 7.2 Hz, 1H, H-1a), 3.42 (d&J1a 1p= 13.9,d1p, =
5.7 Hz, 1H, H-1b)23C NMR (125 MHz, D,O, 2HCl salt)s 70.1 (C-3), 69.7 (C-4), 62.1
(C-5), 57.3 (C-6), 55.7 (C-2), 36.8 (C-1); HRMS (E®ijz calcd. for [GH,,N,O5+H]":
163.1077, obsd.: 163.10844 NMR: (500 MHz, 2% NaOD in DO, 20°C) § 4.21 (dd,
J45=6.2,J34=5.1Hz, 1H, H-4), 4.03 (34 = J2,3= 5.1 Hz, 1H, H-3), 3.63 (ddJea 60
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=11.4,J562= 5.1 Hz, 1H, H-6a), 3.58 (ddJea o= 11.4,J5 6o = 5.1 Hz, 1H, H-6b), 3.07
(dt, Jas=6.2,d56a= Js.60= 5.1 Hz, 1H, H-5), 2.92 (td)1a»= J1p»= 6.5,J55= 5.1 Hz,
1H, H-2), 2.76 (dd2J1a 1= 13,J1a2= 6.5 Hz, 1H, H-1a), 2.61 (ddJ1a16= 13,15, =
6.5 Hz, 1H, H-1b)*C NMR: (125 MHz, 2% NaOD in O, 20°C) § 73.0 (C-4), 71.6
(C-3), 61.3 (C-2), 60.4 (C-6), 60.3 (C-5), 40.2 (C-1).

HO H  NH,
6\, N_ .1

5 Zz
4 3

HO OH  1-Amino-1,2,5-trideoxy-2,5-imino-D-glucitol (14).” By subjecting
amino carbamat5 (4.2 mg, 0.02 mmol) to the general procedure for the acidic
hydrolysis of carbamates for 12 h, imimeglucitol 14 was obtained as a white solid
(3.6 mg, 0.02 mmoluantitative). R = 0.01 (DCM/MeOH/EtOH/30% aq. N15/2/2/1,
vIVIVIV); (HCI salt) [¢]p2%! = +8.0 (c = 0.38, HO); IR (film) 3121, 3050, 2930, 2799,
1633, 1401, 1082, 964, 879 cdn'H NMR (500 MHz, D,O, 2HCI salt)§ 4.38 (t,Js5
= J34= 3.0 Hz, 1H, H-4), 4.29 (tJ3 4= J23 = 3.0 Hz, 1H, H-3), 4.03 (dfJga 6= 9.8,
Js6a = 3.0 Hz, 1H, H-6a), 3.99 (dt)s 6, = 7.3, J564 = J4,5 = 3.0 Hz, 1H, H-5), 3.96
(dd, 236 60= 9.8,J56p= 7.3 Hz, 1H, H-6b), 3.84 (td], > = 6.9,J,5= 3.0 Hz, 1H, H-2),
3.57 (d,J1» = 6.9 Hz, 2H, H-1);23C NMR (125 MHz, D20, 2HCI saltj 77.5 (C-3),
74.0 (C-4), 64.1 (C-5), 62.5 (C-2), 56.9 (C-6), 39.2 (C-1RMS (ESI)m/z calcd. for
[CeH.N,O4+H]*: 163.1077, obsd.: 163.1081H NMR: (500 MHz, 2% NaOD in RO,
20°C) 6 3.97 (dd,Jas5=5.5,J54 = 2.7 Hz, 1H, H-4), 3.67 (dPJsaco= 11.5,J564= 6.2
Hz, 1H, H-6a), 3.65 ()34 = J; 3 = 2.7 Hz, 1H, H-3), 3.55 (dJga 6p= 11.5,J5 6p = 6.2
Hz, 1H, H-6b), 3.16 (tdJs 6a= Js.60= 6.2,J45= 5.5 Hz, 1H, H-5), 2.78 (dddl,, ,= 7.0,
Ji1a2=5.1,J23= 2.7 Hz, 1H, H-2), 2.74 (dfJ141p= 12.8,J122= 5.1 Hz, 1H, H-1a),
2.60 (dd,2J1415= 12.8,J15, = 7.0 Hz, 1H, H-1b)13C NMR: (125 MHz, 2% NaOD in
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D,0, 20°C) § 80.7 (C-3), 77.6 (C-4), 65.5 (C-2), 60.7 (C-5), 60.3 (C-8.54(C-1). The
structural characterisation data were consistant witeetlieported in the literaturekey
data includes: (free base)]p?° = +24.0 (c = 0.7, HO); 3C NMR (D,O, pH 1)§ 57.8
(C-6), 40.2 (C-1).

General Procedure for Basic Hydrolysis of Carbamates. A solution of NaOH in
EtOH (0.5 ml, 2M) was added to the amino carbamate (0.08 maral)stirred under
reflux for 2 h. The resulting reaction mixture was loaded atlyeon to a Dowex-H
ion-exchange resin column and washed witfOHo remove excess salt. The amine
product was then eluted with 30% aq. NENd concentrateth vacuo to provide the
pure amino-imino-hexitols as a mixture of protonationestatvhich were characterised
as both the free base by adding sodium deuteroxide and tlgdrdithloride salt with

the addition of deuterium chloride.

HO OH  1-Amino-1,2,5-trideoxy-2,5-imino-D-talitol (8). By subjecting amino
carbamate23 (5 mg, 0.03 mmol) to the general procedure for the basic hysiof
carbamates, imino-talit@ was obtained as a colourless oil (4.1 mg, 0.03 mmol, 95%).
R = 0.01 (DCM/MeOH/EtOH/30% aq. N§i 5/2/2/1, viviviv); (HCI salt) §]p?"4 =
+11.1 (c =0.27 HO); IR (film) 3322, 2927, 1622, 1497, 1403, 1278, 1127, 100851
981 cm. 'H NMR: (500 MHz, 2% DCI in DO, 20°C) § 4.42 (t,J34 = Jo5 = 3.6 Hz,
1H, H-3), 4.31 (ddJs5 = 8.6,J34 = 3.6 Hz, 1H, H-4), 3.99-3.97 (m, 1H, H-2), 3.97
(dd, 2Jga 6= 12.7,J562= 3.4 Hz, 1H, H-6a), 3.83 (ddJsa 0= 12.7,J56p = 5.8 Hz, 1H,
H-6b), 3.70 (dddJ, s = 8.6,J5,6, = 5.8,J5 6a= 3.4 Hz, 1H, H-5), 3.60 (dckJ1a 1= 13.9,
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Jia2= 7.1 Hz, 1H, H-1a), 3.43 (ddJ141p= 13.9,J1p> = 6.1 Hz, 1H, H-1b)!*C NMR:
(125 MHz, 2% DCI in BO, 20°C) ¢ 71.2 (C-4), 70.0 (C-3), 62.4 (C-5), 57.9 (C-6),
57.6 (C-2), 35.9 (C-1); HRMS (ESHvz calcd. for [GH,,N,O5;+H]*: 163.1077, obsd.:
163.1084;H NMR: (500 MHz, 2% NaOD in DO, 20°C) § 4.03 (t,J34= J, 5= 4.1 Hz,
1H, H-3), 3.89 (ddJ45=8.3,J34= 4.1 Hz, 1H, H-4), 3.68 (dJsa b= 11.7,J562= 3.9
hz, 1H, H-6a), 3.56 (ddfJeaep= 11.7,J56p = 6.3 Hz, 1H, H-6b), 3.09 (td]1a 2= J1p2=
7.1,3,5=4.1 Hz, 1H, H-2), 2.99 (dddlss = 8.3,J56, = 6.3,J562= 3.9 Hz, 1H, H-5),
2.77 (dd2J141p= 13.0,J142= 7.1 Hz, 1H, H-1a), 2.62 (ddJ)14 1= 13.0,J1»= 7.1 Hz,
1H, H-1b); 3C NMR: (125 MHz, 2% NaOD in RO, 20°C) § 74.1 (C-4), 72.4 (C-3),
62.4 (C-6), 62.0 (C-5), 60.6 (C-2), 40.4 (C-1).

S4 3%
HO OH  1-Amino-1,2,5-trideoxy-2,5-imino-L-altritol (9). By subjecting

amino carbamat4 (12.3 mg, 0.06 mmol) to the general procedure for the hydisly
of carbamates, imino-hexit® was obtained as a colourless oil (10.6 mg, 0.06 mmol,
quantitative). R = 0.01 (DCM/MeOH/EtOH/30% aq. N§15/2/2/1, viviviv); (HCI salt)
[a]p?”4 = -20.0 (c = 0.45 HO); IR (film) 3302, 2928, 1622, 1402, 1342, 1221, 1124,
1039, 1027 crd. 'H NMR: (500 MHz, 2% DCI in BO, 20°C) § 4.18 (dd,J34 = 3.7,
Jus= 2.9 Hz, 1H, H-4), 4.14 (dd), 3= 9.7,J55 = 3.7 Hz, 1H, H-3), 3.84 (dRJsa 6=
16.1,J5 6= 8.7 Hz, 1H, H-6a), 3.75 (ddJsa6p= 16.1,J56, = 8.7 Hz, 1H, H-6b), 3.74
(td, Js 6a= J5,60= 8.7,d45= 2.9 Hz, 1H, H-5), 3.66 (dddl, 5= 9.7,J14 = 7.9,J152= 5.9
Hz, 1H, H-2), 3.41 (dd2J1, 1= 14.0,14,= 7.9 Hz, 1H, H-1a), 3.36 (ddJ;, 1,= 14.0,
Jib2 = 7.9 Hz, 1H, H-1b)3C NMR: (125 MHz, 2% DCl in DO, 20°C) § 74.0 (C-4),
69.3 (C-3), 62.8 (C-5), 57.3 (C-6), 56.9 (C-2), 39.0 (C-1RMS (ESI)m/z calcd. for
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[CsH14sN,O5+H]*: 163.1077, obsd.: 163.107% NMR: (500 MHz, 2% NaOD in DO,
20°C) § 4.05 (t,J45 = J3.4 = 4.1 Hz, 1H, H-4), 3.79 (dd), 3 = 8.1,J34 = 4.1 Hz, 1H,
H-3), 3.70 (dd2Jga6p= 11.2,J56a= 6.3 Hz, 1H, H-6a), 3.58 (ddJsaco= 11.2,J56p =
6.3 Hz, 1H, H-6b), 3.17 (td)s 2= Js.e0 = 6.3,J45 = 4.1 Hz, 1H, H-5), 2.93 (tdJ, 5 =
Jib2=8.1,J1a2= 4.4 Hz, 1H, H-2), 2.76 (dfJ1a10= 13.2,J122= 4.4 Hz, 1H, H-1a),
2.57 (dd,2J141p= 13.2,J1p2 = 8.1 Hz, 1H, H-1b);"*C NMR: (125 MHz, 2% NaOD in
D,0, 20°C) § 75.6 (C-3), 72.6 (C-4), 62.7 (C-2), 60.6 (C-6), 59.6 (C-B,84C-1). The
structural characterisation data were consistant witgeported in the literatur&for
the enantiomer, except for the optical rotation being ofilsimmagnitude but opposite

sign: [¢]p?° = +18 (c = 0.1, HO).

HO = " OH  1-Amino-1,2,5-trideoxy-2,5-imino-bD-mannitol (12).”*4 By subject-
ing amino carbamat@6 (4.0 mg, 0.02 mmol) to the general procedure for the basic
hydrolysis of carbamates, imino-mannitid was obtained as a colourless oil (3.2 mg,
0.02 mmol, 91%)R; = 0.01 (DCM/MeOH/EtOH/30% aq. NK 5/2/2/1, viviviv); (HCI
salt) [a]p2”4 = +40.0 (c = 0.10, HO); IR (film) 3209, 2925, 1603, 1503, 1406, 1123,
1065, 1034, 813 crh 'H NMR: (500 MHz, 2% DCI in DO, 20°C) 6 4.08 (t,J34=J23
= 7.0 Hz, 1H, H-3), 4.04 ()45 = J34 = 7.0 Hz, 1H, H-4), 3.89 (dPJsaep= 12.7,J5 64
= 3.9 Hz, 1H, H-6a), 3.79 (ddJsaco= 12.7,J56 = 7.0 Hz, 1H, H-6b), 3.73 (td], , =
7.2,3,53= 7.0 Hz, 1H, H-2), 3.61 (td)ss = Js.60 = 7.0, Js6a = 3.9 Hz, 1H, H-5), 3.36
(d,J;1,= 7.2 Hz, 2H, H-1)3C NMR: (125 MHz, 2% DCl in RO, 20°C) § 76.4 (C-3),
73.9 (C-4), 63.4 (C-5), 58.4 (C-6), 58.0 (C-2), 38.6 (C-1RMS (ESI)m/z calcd. for
[CH,,N,O5+H]*: 163.1077, obsd.: 163.10844 NMR: (500 MHz, 2% NaOD in RO,
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20°C) 6 3.83 (t,Ju5 = Jg4 = 7.6 Hz, 1H, H-4), 3.75 ()34 = Jo5 = 7.6 Hz, 1H, H-3),
3.72 (dd,2Jgaep= 11.7,J564 = 4.4 Hz, 1H, H-6a), 3.64 (ddJeaer= 11.7,J560 = 6.1

Hz, 1H, H-6b), 2.99 (ddd)s s = 7.6,J56, = 6.1,J56a= 4.4 Hz, 1H, H-5) 2.95 (tdJ, 5 =

Jib2 = 7.6,d1a2= 4.4 Hz, 1H, H-2), 2.83 (dRJ1a1p= 13.2,J14, = 4.4 Hz, 1H, H-1a),
2.67 (dd,2J141p= 13.2,J3p> = 7.6 Hz, 1H, H-1b);"*C NMR: (125 MHz, 2% NaOD in
D,0, 20°C) § 79.4 (C-3), 77.7 (C-4), 62.0 (C-2), 61.9 (C-6), 61.5 (C-B.54C-1). The
structural characterisation data were consistant witeettreported in the literaturée;

key data includes: (free base)]p?° = +49.4 (c = 0.9, HO); 13C NMR (D20, pH 1)i

76.4 (C-3), 73.6 (C-4), 38.6 (C-1).
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Chapter 4

Biological Evaluation of

Amino-imino-hexitols

4.1 Introduction

Having developed methodology for the synthesis of aminimaahexitols (Chapters 2
and 3) we sought to evaluate their potential glycosidasibitany activity.! Azasugars
have shown great promise for the treatment of lysosomahgéodisorders as eluded to
in Chapter 1. In fact, Zavesé&(1, Fig. 4.1) as a potent inhibitor of glucosylceramide
synthase, is used clinically to treat Gaucher disease ifotime of substrate reduction
therapy (SRTY. Lysosomal storage disorders are a group of over 50 rare wiatab
disorders that result from genetic deficiencies in lysodaenaymes® As a result of
mutations to metabolic enzymes, macromolecules such aslgids and glycoproteins
build up in the lysosome, which leads to pathogengsisGaucher disease, the

most prevalent of the lysosomal storage disorders, is dabgedeficiency of/-

107



glucocerebrosidase (GCase), the enzyme responsible doogliceramide degrada-
tion.23 The accumulation of glucosylceramide in the lysosome cassgere symptoms
such as liver or spleen damage, bone pains, and skeletah$dsi Treatments for
Gaucher disease include enzyme replacement therapy (BRIoh is costly and does
not treat the neuropathogenic types of the disease due tindfdity of proteins

to cross the blood-brain barriér. SRT, on the other hand, reduces the amount
of glucosylceremide in the lysosome by inhibiting the eneymsponsible for its
biosynthesis. A downside of this therapy is the requiren@miarge doses of inhibitor,
which can lead to unwanted side-effetts A third strategy is active-site-specific
chaperone (ASSC) therapyAn ASSC is a small molecule that can bind specifically
to the active site of a misfolded enzyme to stabilise thecsirne and prevent it from
being degraded in the cell as a mutant profeinthus, finding specific inhibitors
of 3-glucocerebrosidase can lead to treatments of Gaucheasdisas administration
of ASSCs at a sub-inhibitory dose has been shown to be thetfape An example

of an ASSC is the piperidene deoxygalactonojirimycin (D@)J,an inhibitor of a-
galactosidas@ which is currently in phase three clinical trials for theament of the

lysosomal storage disorder Fabry’s disease.

Fig.4.1 Azasugars as clinical drugs
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Deficiencies ing-hexosaminidases are also responsible for a number of dysals
storage diseasésAbsence of enzymes to cleave a termiNahcetyl/3-D-glucosamine
gives rise to Sanfilippd1° Tay-Sachs and Sandhtfliseases. Finding potent inhibitors
of #-hexosaminidases could help elucidate the catalytic nesireof the enzymes, and
hence lead to the design of ASSCs to treat these debilitgtmgtic diseases.The
inhibition of N-acetyl{3-D-hexosaminidase by tlmanno acetamided, Fig. 4.2) first
prepared by Wong and co-workéfshas also led to potential treatments for osteoarthri-
tist*>*and bacterial infectioh (discussed in Chapter 1.2). Other amino-imino-hexitols
have proven potent glycosidase inhibitors such as thejilmiecompounds based on the
D-manno scaffold @) prepared by Wrodnigg and co-workéfs?® in which coumarin

derivative5 proved to be a powerfut-glucosidase inhibitot’

SR, o %

3 4

Fig. 4.2 Amino-imino-hexitols as glycosidase inhibitors

The work in this chapter outlines the synthesidledicylated amino-imino-hexitols from
the previously synthesised hexitols (Chapter 3), alondp witbsequent evaluation of
the glycosidase kinetics of these amino-hexitols, the&cprsors, and that of the
ido scaffold. To gauge the potential glycosidase inhibitorvétg of our synthesised
amino-imino-hexitols we sent samples to the laboratoryrofddsor Stephen Withers
(University of British Columbia, Canada) for kinetic evation. We chose a panel

of glycosidases based on their importance and availahtititgetermine the inhibition
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dissociation constanK(, discussed in Chapter 1.1) for each of the azasugars.

4.2 N-Acylation of Amino-imino-hexitols

Acetylated derivatives of the novel stereoisomergjalacto 6, b-talo 7 andL-altro 8,

were prepared as literature precedence suggestblthaylation improves glycosidase
activity (Scheme 4.13%18-26 Subjectingb-galacto hexitol 6 to acetic anhydride in
MeOH? gave acetamid® along with the bis-acetamid&d in 57% combined yield

in a ratio of 4:1.7 9:10) and they could be separated by chromatography. Selective
acetylation ofp-talo 7 and L-altro 8, however, proceeded smoothly to give the

corresponding acetamidé$ and12, in 77% and 65% vyield, respectively.

HO H NHp HO H NHAc HO AC NHAC
\,, N_ ./ Ac,0, MeOH \, N_ ./ \, N/
. o . o " I Lo
;’ -15°C, 1 h ;’ /\—\/
HO  OH (4:1.7,9:10) HO  OH HO  ©OH
6 ST% 9 10
HO NH HO NHAc
\& M2 Ac,0, MeOH K& |
RS Lt
-15°C —rt, 4 h
HO OH 77% HO OH
7 11
HO NH HO NHAC
1 &) 2 Ac,0, MeOH \ &)
‘. LN
-15°C —rt, 5 h
HO OH 65% HO OH
8 12

Scheme 4.1 Preparation of acetamides from amino-imino-hexi6i8
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4.3 Glycosidase Inhibition

The novel amino-imino-hexitol6{8), their carbamate precursorB3( 14 and 15) and
acetamides9-12), and the previously reportadido derivative (6)%° and carbamate
precursor 17) were then sent to the laboratory of Professor Stephen VEitfer
kinetic studies against three chosen glycosidases. The@aomis were tested for
their ability to inhibit human lysosomab-D-glucocerebrosidase (GCase), N-acetyl-
(-D-hexosaminidase fror@treptomyces plicatus (SPHEX) and 3-D-glucosidase from
Agrobacterium sp. (ABG) (Table 4.1). ABG is a benchmark enzyme that lilesuof
compounds have been tested against, to compare the kiotattsazasugars evaluated

in the Withers laboratory/~2°

111



AN’

Table4.1 Glycosidase inhibition studiés

Enzyme Amino-imino-hexitols
HO H  NH, HO H  NH, HO H  NH, HO H  NH,
\, N \, N " N_ ./ \, N
%u i 7_ \__/ 2HCl mHCI
HO  ‘OH HO  OH HO  OH HO  OH
16 6 7 8
GCase 9 n.i.* n.i. n.i.*
SPHEX n.i. n.i. n.i. n.if
ABG n.it n.it 0.006 1.1
0 0 0 0
0 0 0 0
I, N N2 LN ”‘;\JHZ N ”‘;\JHZ I, N N2
LZ).HCI HCI " Hel Q).HCI
HO  OH HO  OH HO  ©OH HO  ©OH
17 13 14 15
GCase n.i.* n.i. n.i. n.i.
SPHEX n.i. n.it n.it n.it
ABG n.it n.it 0.06 2.3
HO H NHAc HO A NHAC HO H NHAc HO H NHAc
VL, N_ ./ \, N N_ \,.
HO  ‘OH HO OH HO  “OH HO  “OH
9 10 11 12
GCase n.i.* n.i.* n.i.* n.i.*
FHEX 0.5 n.it n.it 0.5
ABG 0.8 n.i 0.07 1.3

aKey: K; values (mM) of compounds with GCasei=D-glucocerebrosidase from human lysosoSex =N-acetyl3-D-hexosaminidase from
Streptomyces plicatus, ABG = 3-D-glucosidase fromgrobacteriumsp., n.i. = no inhibition was observed up to 10 mM inhibitoncentration, n.i.*
= no inhibition was observed up to 2 mM inhibitor concentratin.i} = no inhibition was observed up to 1 mM inhibitor concentrati



Assays were performed in a similar manner for all three gdidases tested to
determine the inhibition dissociation constaiit)(for each amino-imino-hexitdi.
Kinetic experiments were run in 96-well plates at°&7 comprising the purified
enzyme, the natural substrate as pheitrophenylglycosid€ (18) and the potential
azasugar inhibitor10) being evaluated (Scheme 4.2). The concentrations of both
the substrate and inhibitor were varied independently lier glycosidase catalysed
reactions. Glycosidase activity rates, or enzyme velpaigéye determined by measuring
the amount ofp-nitrophenol R0) released by the hydrolysis of substrdi® to the
hemiacetal product2(), as measured by its absorbance at 405hmhe data gained
from the rate experiments provided information on ihevalue from initial analysis of
a linear plot of the inverse velocity against inhibitor centration. Subsequent analysis
fit the data directly to the Michaelis-Menton equation, whdescribes the enzymatic

reaction in the presence of a competitive inhibitor.

NO,
=0 NO, Glycosidase =0
2Oy R
O OH
OH
20

Substrate H\’\?) ’
N -
HO~—/
Inhibitor
19

18 21

Scheme 4.2 Schematic of a general enzymatic kinetic assay

As can be seen in Table 411-jdo aminel6 exhibited weak selective inhibition of GCase
(Ki =9 mM), the enzyme involved in Gaucher disease, howeverlalel of inhibition is
likely to be ineffective for any therapeutic effect. Chamgihe stereochemistry around
the pyrrolidine ring at C-2 and C-3 far-galacto configured amin®, resulted in a loss

of any glycosidase inhibitory activity (no inhibition obbsed up to 1, 2 and 10 mM
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concentrations). However, inverting the stereochemiatr¢-5 for D-talo configured
amine? provided an azasugar with very good selective glycosidasditory activity
for ABG (K; = 0.006 mM), this may be due to tlmtalo configuration being more
favourable for residing in the glycosidase active-site. tiithe opposite 2,%rans-
configuration across the imino-ring faraltro amine8, selective inhibition of ABG
was also observedK( = 1.1 mM), however, with only moderate inhibition of the

enzyme.

The glycosidase inhibitory activity of the carbamate presous follows a similar trend
to that observed with the respective amines. Thuiglo carbamatel7 and b-galacto
carbamatel3 showed no glycosidase inhibitory activity for any of the ymes tested.
Furthermore, th®-talo carbamatd4 exhibited good selective inhibition of AB&K( =
0.06 mM), although it was an order of magnitude less poteam timine7. Moderate
selective inhibitory activity was also observed foraltro carbamatel5 (K; = 2.3

mM).

Examining the glycosidase inhibitory activity of tiNeacyl derivatives, it can be seen
thatD-galacto acetamidé inhibits bothSoHEX and ABG with aK; of 0.5 mM and 0.8
mM, respectively. However, the addition of a secddcyl group in bis-acetamidi
resulted in loss of all glycosidase inhibitory activity. dib-talo acetamidell exhibited
good selective inhibitory activity for ABGK; = 0.07 mM), with a similar value to-
talo carbamatd4, however, an order of magnitude less potent thetalo amine7. In
the case of -altro acetamidd2 inhibitory activities were observed for bofpHEX and
ABG (K; = 0.5 and 1.3 mM), similar to the inhibitory activities obged for acylated
amino-imino-hexitold. Given that thed-manno isomer of these compounds, (refer

Fig. 4.2) has been shown to inhibit Jack bé&@acetyl{3-D-hexosaminidasek{ = 1.9
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um),12 it appears as though the functional group pattern aroungyttrelidine scaffold

is more important than stereochemistry for the inhibitibthis enzyme.

Of the five compounds found to be selective ABG inhibitorsjsitaltogether sur-
prising thatD-talo amine 7 had the most potent inhibitory activity as generaly
acylated derivatives of amino-imino-hexitols are bettehibitors than their parent
compounds®18-26 Here, it should also be noted that more lipophiNesubstituted
derivatives generally exhibit improved inhibitory actiwi For example,D-manno
acetamide8 and aminet both exhibited &; of 0.025 mM against ABG? whereasN-
functionalised lipophili@-manno derivatives, such & showed potent inhibition in the
nanomolar rang& In view of this, the preparation of lipophilic derivativeftbe b-talo
scaffold has the potential to produce noteworthy glycasedahibitors. Moreover, our
amino-imino-hexitols have only been evaluated against allsimnge of glycosidases
and may well show inhibitory activity for other glycosyl hydytic enzymes, therefore

testing a broader range of glycosidase enzymes may be oéstbte

4.4 Conclusion

In summary, we have synthesised four noMehcylated amino-imino-hexitols in one
step from the amine precursors. A library of amino-iminodtas, including theN-acyl
derivatives has been evaluated for glycosidase inhib#otiyity against three enzymes:
human lysosoma#-D-glucocerebrosidase (GCasH}acetyl{3-D-hexosaminidase from
Streptomyces plicatus (SpHex), and3-D-glucosidase fromAgrobacterium sp. (ABG).
Unfortunately, no good inhibitors were found for GCase, ghecosidase involved in

Gaucher diseaseL-ldo amine 16 is unlikely to have any potential therapeutic effect
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as an active-site-specific chaperone (ASSC) for GCase, avikhof only 9 mM. In
the case o pHEX, two inhibitors were identified with activity in the sub#limolar
range. Both thed-galacto (9) andL-altro (12) isomers of the acylated amino-imino-
hexitols had inhibitory activities of 0.5 mM and in spite bietvaried stereochemistry
around the pyrrolidine ring the acetamido moiety of the agas influences inhibitory
activity for pHEX. Furthermore, several amino-imino-hexitol derivagwhave shown
promising selective glycosidase activity against ABG (&,@, 14, and11), with theD-
talo configuration exhibiting good selective inhibition @fD-glucosidase. Moreover-
talo amine7 was found to be the most potent inhibitor in the micromolageand may
show inhibitory activity for other types of glycosidaseslight of these findings, further
derivatisation of thep-talo scaffold has the potential to provide powerful glycosidase

inhibitors.
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4.5 Experimental

General Experimental

All chemicals obtained from commercial suppliers were usé@tout further purifica-
tion. All solvents were removed by evaporation under redyressure. Reactions were
monitored by TLC analysis on silica gel coated plastic sh@@20 mm, Polygram SIL
G/UV254) with detection by coating with 20%,80, in EtOH followed by charring
at ca. 150°C, by coating with a solution of ninhydrin in EtOH followed lmharring
at ca. 150°C, or by coating with a solution of 5% KMnQand 1% NalQ in H,O
followed by heating. Column chromatography was performedibica gel (40-63:m).
High-resolution mass spectra were recorded on a Waters R-Hi®@®miefM Tandem
Mass Spectrometer using positive electro-spray ionisafiuclear magnetic resonance
spectra were recorded using a Varian Inova operating at 5B@ kor *H and 125
MHz for 3C or a Varian Direct Drive operating at 600 MHz and 133 MH# and
13C chemical shiftsq) were internally referenced to the residual solvent peajO(B
4.79 ppm for'H). NMR peak assignments are based on 2D NMR experiments YCOS
HSQC, and HMBC).

General Procedure for the Acetylation of Amino-imino-hexitols?® Amino-imino-
hexitol (0.05 mmol) was co-evaporated with dry toluene (@15 three times, placed
under argon and dissolved in dry MeOH (500). Acetic anhydride (0.05 mmol) was
added to the solution at -15C. The solution was concentrated in vacuo when TLC
analysis (DCM/MeOH/EtOH/30% aq. N§15/2/2/1, viviviv) revealed the reaction was

complete. Purification was achieved using flash chromaptgyréo provide the pure
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acetamides (DCM/MeOH, 5/1, v/v containing 1% of 30% aq.;NH

HO H  NHAC
6),, N_ .1

,,5(—7_2.\
Ho* *oH 1-Acetamido-1,2,5-trideoxy-2,5-imino-D-galactitol (9). By sub-
jecting iminoD-galactitol 6 (8.0 mg, 0.05 mmol) to the general procedure for the
acetylation of amino-imino-hexitols for 1 hour at -I&, acetamide& was obtained
as a colourless oil (4.0 mg, 0.02 mmol, 409%.= 0.29 (DCM/MeOH/EtOH/30% aq.
NH,, 5/2/2/1, viv/vIv);*H NMR: (500 MHz, D,O, 20°C) § 4.48 (dd,J3 4 = 4.7,J25 =
6.3 Hz, 1H, H-3), 4.41 ()34 = Js5 = 4.7 Hz, 1H, H-4), 3.94 (ddJeaeo = 12.2,J5 64
= 4.5 Hz, 1H, H-6a), 3.87 (ddlgaep= 12.2,J56, = 8.6 Hz, 1H, H-6b), 3.77-3.74 (m,
2H, H-2, H-5), 3.64 (ddJ1a 1= 14.5,J14,= 5.4 Hz, 1H, H-1a), 3.59 (ddl3, 1= 14.5,

Jib2 = 7.8 Hz, 1H, H-1b), 2.00 (s, 3H, COGH 3C NMR: (125 MHz D,O, 20°C) §
175.2 (C=0), 69.9, 69.7 (C-3, C-4), 61.2, 59.4, 57.8 (C-5,C-6), 36.8 (C-1), 21.6

(COCH;). HRMS (ESI)m/z calcd. for [GH;;N,O,+H]+: 205.1183, obsd.: 205.1185.

HO  AC  NHAC
6\, N_ 1

5( )2
\‘A4 3"/ . . . . .

HO = = OH 1-Acetamido-1,2,5-trideoxy-2,5-acetimido-D-galactitol (10). By
subjecting iminop-galactitol6 (8.0 mg, 0.05 mmol) to the general procedure for the
acetylation of amino-imino-hexitols for 1 hour at -2&, bis-acetamid&0 was obtained
as a colourless oil and appeared as a 1:1 mixture of rotamehe INMR spectra (2.0
mg, 0.008 mmol, 17%)R; = 0.50 (DCM/MeOH/EtOH/30% aq. N§15/2/2/1, vIvIviv);

'H NMR: (500 MHz, D,O, 20°C) § 4.38 (dd,Js 5 = 6.3,J3 4 = 5.6 Hz, 1H, H-4"),

4.34 (dd,Js5 = 7.6,d34 = 5.4 Hz, 1H, H-4), 4.27 (ddJ, 3 = 7.0,J34 = 5.4 Hz, 1H,
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H-3), 4.24 (dd,Jy 5 = 3.0,J3.4 = 5.6 Hz, 1H, H-3"), 4.18-4.12 (m, 4H, H-2, H-2',
H-5, H-5'), 3.89 (dd,Jeaeo= 12.2,J56a= 5.0 Hz, 1H, H-6a), 3.87 (ddlea e = 11.5,
Js 62 = 6.0 Hz, 1H, H-6a’), 3.81 (dd)ea 6 = 11.5,J5 6 = 4.5 Hz, 1H, H-6b’), 3.79
(dd, Jeaep = 12.2,J565 = 5.5, 1H, H-6b), 3.60 (ddJ1a1p= 14.1,J14, = 6.3 Hz, 1H,
H-1a), 3.57 (ddJ1a 10 = 13.4,J12 2 = 5.8 Hz, 1H, H-1a"), 3.50 (dd)1415= 14.1,J1p
= 6.3 Hz, 1H, H-1b), 3.48 (ddl1q 1 = 13.4,J1p > = 7,7 Hz, 1H, H-1b’), 2.12 (s, 3H,
NCOCH;), 2.11 (s, 3H, NCOCH), 1.97 (s, 3H, NHCOCH), 1.94 (s, 3H, NHCOCH);
13C NMR: (125 MHz D,0O, 20°C) § 175.1 (NC=0), 175.0 (NC=0’), 174.3 (NHC=0),
174.1 (NHC=0"), 70.3 (C-3), 70.2 (C-4), 70.1 (C-4), 69.6-8], 62.2 (C-5), 61.1
(C-5"), 60.0 (C-2'), 59.3 (C-6), 59.0 (C-6"), 58.7 (C-2), 38(C-1), 38.1 (C-1’), 21.8
(NHCOCH;), 21.8 (NHCOCH), 21.7 (NCOCH,), 21.2 (NCOCH’). HRMS (ESI)
m/z calcd. for [CoH,gN,Os+Na]": 269.1108, obsd.: 269.1115.

HO H NHAC

HO* ~oH 1-Acetamido-1,2,5-trideoxy-2,5-imino-p-talitol (11). By subject-
ing imino-D-talitol dihydrochloride7 (4.0 mg, 0.017 mmol) to the general procedure
for the acetylation of amino-imino-hexitols for 3 hours 25-°C, then 1 hour at room
temperature, acetamidé was obtained as a colourless oil (2.0 mg, 0.009 mmol, 77%).
R = 0.30 (DCM/MeOH/EtOH/30% aq. N 5/2/2/1, viviviv);'H NMR: (500 MHz,
D,0, 20°C) § 4.17 (t,J23=J34= 3.8 Hz, 1H, H-3), 4.11 (dd]45 = 8.8,J34 = 3.8 Hz,
1H, H-4), 3.83 (ddJea o= 12.2,5.6a= 3.5 Hz, 1H, H-6a), 3.71 (ddiga 6o = 12.2,J5,65 =
5.8 Hz, 1H, H-6b), 3.55-3.49 (m, 1H, H-1a), 3.45-3.36 (m, BHLb, H-2, H-5), 1.97
(s, 3H, COCH); ¥C NMR: (125 MHz D,0, 20°C) § 174.7 (C=0), 72.2, 71.0 (C-3,
C-4), 61.7, 59.9, 59.1 (C-2, C-5, C-6), 37.8 (C-1), 21.7 (BQC HRMS (ESI)m/z
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calcd. for [GH,,N,O,+H]*: 205.1183, obsd.: 205.1184.

<4 37 _ . . .
HO =~ OH 1-Acetamido-1,2,5-trideoxy-2,5-imino-L-altritol (12). By sub-

jecting imino+.-altritol dihydrochloride8 (5.0 mg, 0.021 mmol) to the general procedure
for the acetylation of amino-imino-hexitols for 2 hours 86-°C, then 3 hours at room
temperature, acetamid2 was obtained as a colourless oil (2.6 mg, 0.013 mmol, 65%).
R = 0.31 (DCM/MeOH/EtOH/30% ag. NH 5/2/2/1, viviviv);'"H NMR: (500 MHz,
D,0, 20°C) § 4.18 (t,Jy5 = Js4 = 3.9 Hz, 1H, H-4), 3.98 (dd], 5 = 8.5,J54 = 3.9 Hz,
1H, H-3), 3.80 (ddJeaen=11.4,J56,= 6.8 Hz, 1H, H-6a), 3.66 (ddlga6p= 11.4,J5 6

= 6.8 Hz, 1H, H-6b), 3.47 (ddl1a1p= 14.1,J12,= 4.4 Hz, 1H, H-1a), 3.41 (tdls a =
Js.ep = 6.8,J45 = 3.9 Hz, 1H, H-5), 3.32 (ddJ1a1p= 14.1,J1p, = 7.4 Hz, 1H, H-1b),
3.22-3.25 (m, 1H, H-2), 2.00 (s, 3H, COQH174.9 (C=0), 74.5 (C-3), 71.3 (C-4),
60.0 (C-5), 59.7 (C-2), 59.6 (C-6), 41.1 (C-1), 21.7 (COLHHRMS (ESI)mz calcd.

for [CgH,,N,O,+H]": 205.1183, obsd.: 205.1185.
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Chapter 5

M echanistic Consider ations and
Diaster eoselectivity of the | ,-mediated

Carbamate Annulation

5.1 Introduction

The L-mediated carbamate annulation is highly diastereoseteot favour of 3,4-
and 4,5eis-carbamates, (Scheme 5!1). Indeed, where R= H, only the 3,4eis
isomer is observett® However, as illustrated in chapter three of this thesis, a
decrease in diastereoselectivity can be observed wHen @N° Given that the J-
mediated carbamate annulation is paramount to our systbésimino-imino-hexitols,
we wanted to investigate the mechanism and reasons for éiseedtoselectivity of the

reaction.
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RO R! I H
S I, N R1 N R1
NH, —— —_—
OR NaHC03

RO OR RO OR

3,4-cis, R=H, R'=H
4,5-cis, R =Bn, R' =CN

Schemeb5.1 General scheme fosdmediated carbamate annulation

5.2 Mechanistic Considerations

As a first step in understanding more about the mechanismsétmulation, it needed
to be determined whether the proposed primary iodide (g.§cheme 5.2) was indeed
an intermediate in the reaction. Previous attempts totisdlee suspected iodoazasugar
intermediate in the protecting-group-free carbamate ktion had been unsuccessful
(Chapter 1.3.3), however, when extending thenkediated carbamate annulation to the
synthesis of amino-imino-hexitols, we isolated the iodoaywhich was formed during
reactions to produce carbamé&édAs highlighted in Chapter 2 and also illustrated in
Scheme 5.2 below). Here, alkenylaminayn-3 was treated with either NIS in DCM
or 1.2 equiv. of NaHCQand I, in THF/H,O (1:1) to give iodoaminé in good (80%
yield). Subjection of iodidd to excess NaHCOthen led to the smooth transformation
of 1 into carbamate, again in good (85%) yield. Having established that iodaemi
1 could be converted to carbam&gewe then repeated the carbamate annulation and
through careful analysis by TLC, NMR spectroscopy and mpsstsometry, observed
that iodoaminel was formeden route to 2. This confirmed the role of iodoamirie

as an intermediate formed in thgrhediated carbamate annulation. Furthermore, as
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the formation of iodoaming is irreversible, it is highly likely that this step deterrem
the diastereoselectivity of the reaction. These findingsadso supported by literature
precedent whereby the reactions of alkenylamines with NajH€a. 1-3 equiv.) and,l

are found to yield iodoaminés® The diastereoselectivities of these literature iodamine

forming reactions are discussed further in Section 5.3.

0

H,N NIS, CH,Cl, I H I OJ(

\T—Z‘CN 79%; or . NGACN NaHCOgz(sat) /[
_ (_Z’ CN

3 I, NaHCO3 THF:H,0 (1:1)
Bno- O8N (12equiv)  BnO  OBn 85% Bno. oBn
THF:H,0 (1:1), 80%
3 1 2

Scheme 5.2 Formation of iodoazasugaren route to the synthesis of carbamae

Having established that an iodoamine is initially formedhe carbamate annulation,
the next question to address was the mechanism of &fdition. As discussed in
the introduction (Section 1.3.2), the source of £aas been shown to come from
the dissolution of NaHCQin H,O en route to the carbamate. To this end, we have
proposed three reaction pathways from the intermediatsimihe (Scheme 5.8)The
first involves formation of an aziridine, which has been prasly reported by Verhelst
et al.® and also by Diaba and Bonjoéh.Subsequent ring opening of the aziridine by
CO, then provides the carbamate. The second pathway involvasbarmate as a key
intermediate, while the third proposed mechanism occuarshe formation of carbamic

acid, which subsequently cyclises with displacement oidied
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Scheme 5.3 Possible mechanisms for the carbamate annulation

To gain insight into the potential reaction pathways for lthienediated annulation, we
decided to synthesise azirididgo determine if it was an intermediag¢a route to the
carbamate. To this end, iodoamifievas treated with AgCO, (2 equiv.) to provide
aziridine4 [Ry = 0.19 (hexanes/EtOAc, 1:1, v/v) in good (70%) yield, (Schef)?
The structure oft was established by 2D (COSY, HSQC and HMBC) and 3B &énd
13C) NMR in combination with high resolution mass spectroméi€,,H,,N,O,+NaJ"

= 343.1416, full characterisation data can be found in tipeBrental section).
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I H N

\,, N__cN  Ag2COs, THF H,E—Z,CN
! rt, 20 h, 70%
; B

Scheme 5.4 Formation of aziridinet from iodoaminel

Analysis of these data revealed characteri$idNMR resonances, (Fig. 5.1) observed
at § 1.87 (dd) and 1.76 ppm (dd), for the aziridine methylene qurst§ and &,
respectively, and 2.66 ppm (ddd) for the aziridine methine proton (H-5). Theidine
methylene protons correlated in the HSQC to the upfiINMR resonance at 30.2
ppm (C-6, Fig. 5.2), with the carbon signal for C-5&9.8. The nitrile carbon chemical
shift, observed atfC NMR ) 116.6 ppm, was confirmed by HMBC correlations to H-2
and H-3.
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Having formed aziridind, attempts were then made to convemto carbamat using
the previously disclosed carbamate annulation conditiSneeme 5.5). Thus, aziridine
4 was treated witha) excess NaHCOfor seven days) for two days with the addition
of 1,, andc) for eighteen days with the addition of KI; however in all easthere was
no trace of the corresponding carbamatey TLC or *H NMR of the crude reaction
mixture and only starting material was observed. Failufetm the carbamate suggests
that the annulation does not occur via an aziridine interatedPathway, Scheme 5.3)
and that either the carbonate (Pathwhyor the carbamic acid (Pathwaif ) is formed
during the annulation. Literature precedent suggestscidudtamic acids readily form
upon exposure of amines to G& 2 and therefore an annulation mechanism involving
a carbamic acid seems most likely. That said, further erpents (such as determining

kinetic isotope effects (KIEs)) would need to be undertalzefore any conclusion can

be made.
a) NaHCO3 (30 equiv.)
X ™
THF:H,0 (1:1), rt, 7 d o
N__.CN - - o~
H b) NaHCO;3 (30 equiv.), I, (2 equiv.) I N
X P ‘e CN
BnO  ‘OBn THF:H,0 (1:1), 1t, 2 d q
BnO  OBn
4 ¢) NaHCO3 (30 equiv.), I, (2 equiv.) 2
X =

Kl (2 eq.),THF:H,0 (1:1)
rt, 18 d

Scheme 5.5 Attempted transformation of aziridirieinto carbamat®
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5.3 Diastereoselectivity

The high degree of diastereoselectivity observed in th@ddiated carbamate annu-
lation reaction can be discussed by first considering theiquie reactions to produce
3,4<cis-carbamates performed by Stocker, Timmer and co-workéelpng with other
iodocyclisations from the literature, since we now knowt tha iodoamine is formed
as the key intermediate in the carbamate annulation. Astiited (Table 5.1), the
stereochemistry at the allylic position exerts stereawdmin the carbamate annulation
and this appears to be independent of stereochemistrylabtheallylic position (entries

1 and 2} or lack thereof (entry 3J. As already discussed in the introduction (Chapter
1) the observed diastereoselectivities for the proteeagiragyip-free annulations can be
explained by Stocker and Timnfevia a transition state model originally proposed
by Chamberlinet al.}*6 and in line with theoretical studies by Gouverneur and co-
workers!’ where thecis-isomer is produced via the electronically favoured ‘Oplane’
envelope conformation that positions the allylic hydroxylplane with the double
bond? Similarly, 3,4<is-diastereoselectivity has been observed for the halasatadin

or amidomercuration of a number Nfsubstituted alkenylamines, includiibgsulfonyl
(e.g., entry 4, N-t-butyloxycarbonyf® N-methoxycarbonyl (e.g., entry 53,and N-
benzyloxycarbonyf derivatives and although slight differences in diastestamgivity
can be observed when changes to the solvent, reaction tetaper or choice of
iodinating reagent are made, ttis-isomer is the major product. Moreover, the reactions
presented in Table 5.1 show that iodocyclisations on alkeniynes without amv-amine

substituent give predominantly 3¢fls-products.
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Table5.1 cis-Diastereoselectivity of previous carbamate annulatimr Stocker and
Timmer and other iodocyclisations from the literature

dr Yield

Entry Alkenylamine Cyclic produét (cisltrans) (%)

0
OH o~
N

I v %_7 ~955 99
OH .

HO OH
O

OH /o—/{
_ ) @ >05:5 9g
OH | —

HO  OH

. N .
3 WNHZ o >955  9¢

HO'
| SOTol
OH N
4 R 96:4 86
NS NHSO,Tol
HO
| COMe
OH \, N .
5 93:7 83
WNHCOZMe <_7
HO

@Reactions performed vigdmediated cyclisation in the presence of NaHCO
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When the carbamate annulation methodology was appliedgitire synthesis of amino-
imino-hexitols (Chapter 3), however, a decrease in diaes&lectivity was observed in
a couple of instances. As illustrated (Table 5.2), thebose derived major Strecker
product, aminonitrilesyn-5, gave a mixture of diastereomers (4dgtrans, entry
1), while the minor Strecker produataminonitrileanti-6 led to exclusive formation
of one diastereomer, (entry 2).However, for the carbamate annulation of the
arabinose derived-aminonitriles, the major Strecker prodisyh-3 provided the 4,5-
cis-product exclusively (entry 3)whereas a mixture of diastereomers was produced in
the annulation ofanti-7 (6:1, cis/trans, entry 4)° To explain the diastereoselectivities
observed in the carbamate annulation of these alkenylamipessessing a nitrile
substituento to the amine, the transition states for the formation of thseoved
carbamates need to be considered. Therefore, we proposes#ion state model that
builds on Stocker and Timmer’s original model for the praiteg-group-free carbamate
annulatiod where attack of the internal-nucleophile on thealkene complex takes
place via a 5-membered ring transition state in which theogén approaches the
double bond in an envelope conformation and follows a BOngitz-like trajectory?!
However, unlike the earlier model, the effect of theamine substituent on the transition
states can also be considered. (A computational invesigaif iodocyclisation

transition states is presented in Chapter 6).
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Table5.2 Diastereoselectivity of carbamate annulations presdnttds thesis

dr Yield

Entry Alkenylamine Cyclic produét (cistrans) (%)

O O
S Ole
x : . NS CN N_..CN
1 © CN ¢y K@ 4:1 8%
OBn R R
syn- 5 BnO  ©OBn  BnO OBn
8 9

B
NNNeN e NNaCN _ $
2 . (_]’ ~95:5 5

anti- 6 BnO  OBn

BnO  NH, /04

N ... N
3 \/'\/LCN ‘(_Z’CN ~95:5 85

OBn R
syn-3 BnO OBn
2
o) o)
BnO  NH, /o—/{ o~
X . N .CN N_..CN
4 CN * 6:1 95
OBn
anti- 7 BnO OBn BnO OBn
11 12

aReactions performed vig-mediated cyclisation in the presence of NaHCO
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In the case of the cyclisation of tlmeribose-derived Strecker produsin-5 (Fig. 5.3),
the benzyloxy substituent on the ring (depicted in blue) banpositioned either in
the plane of the double bond ( OBn-in-plane), or almost perpendicular to that plane
(B, H-in-plane). Of these two transition statds, which ultimately leads to the major
carbamateé, has minimal overlap between the electron-withdrawihg o and reacting
me=c orbitals, thereby resulting in a lower energy transitiatest In contrast, transition
stateB has overlapping benzyloxy*c_o and double bondc-c orbitals, which results

in the removal of electron density from thebond and a higher energy transition state.
Similarly, one can view the more favourable transition est@t) as having the C-O
bond in the plane of the olefin to minimise unfavourable etestatic interaction$?

At this point, however, the influence of the nitrile substitti on the transition state
also needs to be considered. Anthe dihedral angle between the plane of the nitrile
dipole and the lone pair of electrons on the amine is appratéip 180 (depicted in
green). This results in electron density being withdravamfithe nitrogen nucleophile
thus raising the transition state energy of conforein contrast, the dihedral angle
between the nitrogen dipole and the lone pair of electrotiseodmine in transition state
B is approximately 90and thus has less of a negative influence on the nucleopilici
of the amine. Accordingly, the transition statesAoandB become closer in energy and

some of therans-carbamate produ&is also formed in the cyclisation.
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Fig. 5.3 Proposed transitions states leading to the formation dfasaateB (A, major product) an® (B, minor product)
from alkenylaminesyn-5 and the formation of carbamat#Qj (C) from alkenylamineanti-6



When considering the formation of carbamédt@ from the anti-a-aminonitrile 6
(Fig. 5.3), similar transition states can be drawn with teazyloxy substituent in the
plane of the double bond( OBn-in-plane, lower energy TS), or almost perpendicular
to that plane, H-in-plane, higher energy TS). In addition, the nitrilegp in transition
stateC does not reduce the nucleophilicity of the amine, while amsition staté® the
nitrile dipole leads to electron density being withdrawemfrthe amine through @=ccy
overlap. For this reason, there is a large energy differ&eteeen the two transition

states and carbamat® (from C) is the only product observed.

Similar analyses can also be used when explaining the cieliastereoselectivity of
the carbamate annulation for tibearabinose derived alkenylaminegn-3 andanti-7
(Fig. 5.4). Here, as for the ribose derivatives (refer Fi§) Zhere are two influences on
the transition state energy of the cyclisation. Thus, ferrttajor Strecker produsyn-3,
the electronically preferred transition stake OBn-in-plane, lower energy TS) leads to
the only carbamate observe?),(as the dihedral angle of the nitrile substituent is also
favourable (90), compared with the least preferred conforméyr {80°, H-in-plane,
higher energy TS) where the nitrile dipole reduces the rydidicity of the amine.
However, in the cyclisation of alkenylamiramti-7 the two transition states are closer
in energy, as the preferred conformati@s, (OBn-in-plane— 11) has reduced amine
nucleophilicity due to the dihedral angle of the nitrile olig (180, compared to the
least preferred conformeld( 90°, H-in-plane— 12) where the nitrile dipole has limited
electron withdrawing influence on the nucleophile. Fumhere, we can not rule out
that thetrans-products being preferred in the carbamate annulation @irelure to the
steric influence of the nitrile group positionado the amine, during the iodocyclisation

of both arabinose deriveahti-7 and ribose derivedyn-5.
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Fig.5.4 Proposed transitions states leading to the formation tlecaate? (E) from alkenylaminesyn-3 and the formation
of carbamatesi{l) (G, major product) and2 (H, minor product) from alkenylaminanti-7



The reducedcis-diastereoselectivity observed in the carbamate anoulgtiof a-
aminonitriles can also be rationalised by examining therditure for iodocyclisations
performed on alkenylamines with a substituent at dhamine position. There are
not many examples, however, Daviesagf illustrated (Table 5.3) that the presence
of a CH,CO,tBu group « to the amine influences the stereochemical outcome of
iodoaminocyclisations. Though the 4cEs-product is the major diastereomer following
concomitantN-debenzylation (entry 1), the relative stereochemistrytr@ chiral-
auxiliary anda-amine position can reduce, or even reverse, this selsctivhis cis-
selectivity is thought to occur via the rapid equilibriatiof the two diastereomeric
iodonium ions and subsequent cyclisation as the raterdetarg step. Surpris-
ingly, halocyclisation or amidomercuration of a g@benzylatedN-benzyloxycarbonyl
protected alkenylamine derived from-arabinose, however, resulted in preferential
formation of the 4,3rans-diastereomer (entry Z§. Thistrans-selectivity was attributed
to the differential steric requirements in the transitidatss, and may reflect the
added steric-considerations that need to be taken intauateghen an alkenylamine
possesses both anamine substituent and ax-protecting groug®?* For example,
O-cyclisation of a similar system (where NHCbz is replaced@iyt) gives thecis-
diastereomer preferentially (9:tjs/trans)®® Moreover, a substituent at the-amine
position of alkenylamines has been shown to influence thetbemical outcome
of the carbamate annulation, and may reduce the higldiastereoselectivity of the

iodocyclisation.
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Table 5.3 Diastereoselectivity of literature halocyclisations lwitlkenylamines
possessing an-amino substituent

. : dr Yield
Entry Alkenylamine Cyclic produét (cisltrans) (%)
/LN ~Ph l?” COsBul Bn CO,tBu
Ph COstBu N
1 j\_)\/ \_% 8¢
°° TP
CbzHN | bz Obn

2 18 \(_Z <5:95  5@3

aEntry 1 performed via j-mediated cyclisation in the presence of NaHC®@ntry 2 performed via
NIS-mediated cyclisation in the presence of HMPA

54 Conclusion

The mechanism of the,dmediated carbamate annulation has been investigated. An
aziridine @) was formed from the intermediate iodoamiri® isolateden route to the
formation of the carbamat@), Subsequent attempts to form the carbam2f&¢m the
aziridine @) were unsuccessful, which suggests that an aziridine ismattermediate
during the annulation. The diastereoselectivity of thmediated carbamate annulations
of a-aminonitriles derived fronD-ribose éyn-5 and anti-6) and D-arabinose gyn-3
andanti-7) have been considered. Comparisons to the previous catbamaulations
from Stocker and Timmer, along with halocyclisations or @omnercurations from

the literature have been drawn, where it was revealed thanglamines without
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a substituent at the-amine position have a high degree @$§-diastereoselectivity.
Furthermore, alkenylamines possessingcaamino substituent can reduce or even
reverse the 4,5ts-diastereoselectivity, particularly in the presence ofNaprotecting
group. Moreover, transition states for the iodocyclisatd the a-aminonitriles have
been postulated based on a preferred ‘O-in-plane’ confttomaand to reflect the
influence of the nitrile substituent on the diastereossfiégtof the reaction. Here, it
was proposed thab-ribose derivedsyn-aminonitrile 5 and b-arabinose derivednti-
aminonitrile 7 both had reducedis-selectivity due to the negative effect of the nitrile
dipole on the nucleophile in the O-in-plane’ conformatié&s.a result, the ‘H-in-plane’
becomes relatively less disfavoured, thereby loweringetiergy of the TS and leading

to some of theérans-product being observed.

141



5.5 Experimental

General Experimental

All chemicals obtained from commercial suppliers were usé@tout further purifica-
tion. All solvents were removed by evaporation under redymessure. Reactions were
monitored by TLC analysis on silica gel coated plastic sh@&20 mm, Polygram SIL
G/UV254) with detection by coating with 20%,80, in EtOH followed by charring
at ca. 150°C, or by coating with a solution of 5% KMnQOand 1% NalQ in H,O
followed by heating. Column chromatography was performedibca gel (40-63:m).
High-resolution mass spectra were recorded on a Waters R-Hi@®mief™ Tandem
Mass Spectrometer using positive electro-spray ionisatifuclear magnetic resonance
spectra were measured using a Varian Inova operating at $00fdt *H and 125 MHz
for 3C or a Varian Direct Drive operating at 600 MHz and 133 MH# and **C
chemical shifts ) were internally referenced to the residual solvent pe@RQCl, =
7.26 ppm and 77.16 ppm). NMR peak assignments are based otVEDeXperiments
(COSY, HSQC, and HMBC).

6 1
N.2.cN
3

H™5
Bno 'OBn (2S,3R,4R,55)-1-Aza-2-cyano-3,4-dibenzyl oxybicyclo[ 3.1.0lhexane (4).
To a solution of iodoaminé& (113 mg, 0.25 mmol) in THF (2.5 mL), under an argon
atmosphere, was added A0, (137 mg, 0.50 mmol). The resulting reaction mixture
was stirred at room temperature for 20 h then filtered thraugalite plug and washed
with EtOAc. The filtrate was washed with,B and brine, dried (MgSg), filtered and

concentratedn vacuo. Purification was achieved using gradient flash chromapdgra
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(hexanes/EtOAc, 20/4 1/1, viv) to provide aziridind as a colourless oil (57 mg, 0.17
mmol, 70%).R; = 0.19 (hexanes/EtOAc, 1/1, vivi1 NMR: (500 MHz, CDC}, 20°C)

§ 7.39-7.31 (m, 10H, H-Ar), 4.64 (s, 2H, GH-O-Bn), 4.62 (d,2J,p = 11.8 Hz, 1H,
CHa 30-Bn), 4.59 (d,2J,5, = 11.8 Hz, 1H, CHb 39-Bn), 4.54 (t,J54 = J45= 5.1 Hz,
1H, H-4), 4.02 (dJ,5 = 6.8 Hz, 1H, H-2), 3.96 (dd],5 = 6.8,J54= 5.1 Hz, 1H, H-3),
2.66 (dddJs ga=5.4,d45=5.1,J56p= 3.6 Hz, 1H, H-5), 1.87 (ddls 2= 5.5,J6a.60= 1.5
Hz, 1H, H-6a), 1.76 (ddJs ep = 3.6, Jea e = 1.5 Hz, 1H, H-6b)3C NMR: (125 MHz
CDCl,, 20°C) § 137.7 (Ci 4-O-Bn), 136.9 (Ci 3-O-Bn), 128.73 (C-Ar), 128.72 (C-
Ar), 128.4 (C-Ar), 128.27 (C-Ar), 128.25 (C-Ar), 128.0 (9A116.6 (CN), 82.9 (C-4),
81.1 (C-3), 73.2 (CH3-0O-Bn), 72.8 (CH 4-O-Bn), 56.9 (C-2), 39.8 (C-5), 30.2 (C-6);
HRMS (ESI) m/z calcd. for [GH,oN,O,+Na]": 343.1417, obsd.: 343.1416.

Protocol for Attempted Conversion of Aziridine (4) into Carbamate (2). To a
solution of aziridine4 (6.0 mg, 0.018 mmol) in THF (0.25 mL), was addegH(0.25
mL) and NaHCQ (50.0 mg, 0.60 mmol). The reaction mixture was left to stir at
room temperature for seven days, at this point TLC analysgigcated only starting
material present (aziridingéR; = 0.27 [hexanes/EtOAc, 1/2, viv], carbamatB; = 0.50
[hexanes/EtOAc, 1/2, viv]). Upon addition of (10.2 mg, 0.04 mmol) the reaction
mixture was stirred for a further two days, again with ongrghg material indicated by
TLC analysis. To further attempt reproduction of theriediated carbamate annulation
conditions, KI (6.6 mg, 0.04 mmol) was added. The reactioxtuné was stirred at room
temperature for a further 18 days, then quenched with satNag5,0; and extracted
with EtOAc. The organic layer was washed with®and brine, dried (MgS§), filtered
and concentrateith vacuo to obtain aziridinet as the only isolated compound according

to 'H NMR analysis of the crude material.
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Chapter 6

Theoretical Studies of thelz-mediated

Carbamate Annulation

6.1 Introduction

The remarkable diastereoselectivity of theriediated carbamate annulation of alkenyl-
amines makes this an important reaction for the synthesigagugars. Gaining further
understanding of the diastereoselectivity could allow pnediction of outcomes for
future carbamate annulations with structurally divergemylamines. This information
could then lead to improved design of synthetic routes ferteparation of azasugars.
As such, we decided to perform a theoretical investigatich® carbamate annulation
using computational modelling to explore the factors gowey the diastereoselectivity
of the reaction. Previously we have established that theainodocyclisation of
alkenylamine®n route to the formation of carbamates is the key stereoselecteist

the L,-mediated carbamate annulation (discussed in Chapteobexample, iodoamine
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1 (Scheme 6.1) was isolated from the cyclisation of alkenyt&® with |, and NaHCQ
and then subsequently transformed into carbandatender those same carbamate
annulation condition? Therefore, we wanted to use density functional theory (DB T)
find transition states (TSs) for the possible stereoisoreensed in the iodocyclisation

of a variety of alkenylamines.

0
I H
BnO  NH o—
n 2 |, NaHCO; |, N__cN lnNaHCO;
WCN - - /," N CN
THF:H,0 (1:1) . THF:H,0 (1:1) q
OBn N :
BnO OBn <
80% 85% BnG  OBn
2 1 3

Scheme 6.1 Isolation of iodoaminé en route to the formation of carbamat

The analysis of previous experimental halocyclisationftm iodolactones by Cham-
berlin and co-workerd showed that they were under kinetic rather than thermodigmam
control to provide theis-cyclic products. Further work by Chamberlin, Hehre, and co
workers?*-° centred on developing reactivity models by assessing #reaselectivity of
electrophilic cyclisations. They considered the relasiffenities of diastereotopic olefin
faces toward a test electrophile(Husing DFT calculations. The proposed reactivity
models of the electrophilic halocyclisations of acyclilylit alcohols and ethers suggest
that there are two lowest energy conformations that can tiedlde twocis andtrans
cyclic products: one conformation where the electrophitackssyn to H in an ‘O-in-
plane’ conformationA, Fig. 6.1), and one where the electrophile attagksto OH in

an ‘H-in-plane conformation’®).® These models provide an indication of which face of
an allylic bond will be attacked by an electrophile in a kinetically tofied addition

reaction.
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A O-in-plane = cis B H-in-plane = trans

Fig. 6.1 Preferred conformers for electrophilic attack of an olefin

Furthermore, empirical data suggested that electrophttack on an acyclic allylic
alcohol or ether with an internal nucleophile preferred‘en-plane’ conformer, A)

to give the majoris-cyclic product?® In this conformation the internal nucleophile
was constrained to be in a position for backside attack on(dlvated)w bond.
However, attack on the less abundant ‘H-in-plane’ confarges/e rise to the minor
trans-diastereomer. An example is shown in Scheme 6.2, wherdaommisation of
hydroxyacid4 produced theis-iodolactonés in ca. 20:1 selectivity via the ‘O-in-plane’
conformer. These findings were the reverse of the diastelexity observed when

there was an external nucleophile, such as in the reactialtohol6 with |, and water

to form iodohydrin?.

H
o0 o y Lﬁo
.
I A"
HO cis, 95%

"O-in-plane' TS HO
4 5
OH OH
OH I, H,O :
=
R)\/\ syn, 99% |
"H-in-plane' TS
6 7

Scheme 6.2 lodolactonisation compared with iodohydrin formation
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It was believed that for halocyclisations the initially fioed, favoured (‘O-in-plane’)}

7w complex was trapped by an internal nucleophile before ps#ar as it collapsed to an
energetically unfavourable iodonium ion. However, whennternal nucleophile was
present, as for haloadditions, the reaction would procdeenligh to an iodoniumion TS
and the initial ‘O-in-plane’ conformation would change vat favoured by repositioning

the allylic OHsyn to the iodonium ionD, Fig. 6.2 or ‘H-in-plane’).

=7 X+ H3C

Ho@ /N AN
+
Cng R HO /7/‘x
QL

H
C Least preferred—cis D Most preferred —==trans

Fig. 6.2 Lowest energy conformers for simple onium ion TSs

Chamberlin argued that the reason for the difference in bsewed diastereoselectiv-
ities for the halocyclisation vs. haloaddition of allylicahols was due to a change in the
rate determining step (rds) of the reaction, iregomplex trapping for cyclisations vs.
onium ion formation for addition%.Thus, the difference in rds would alter the position
of the transition state along the reaction coordinate,yprnsg an ‘early’ reactant-type
TS for the electrophiler complex and ‘late’ product-type TS for onium ion formation.
The change in TS timing would then affect which face oftH®ond preferentially reacts
with the electrophile. These postulations were based @ulzdions of simple oniumion
TSs, where the lowest energy conformers for the two diasteees C andD, positioned
the hydroxylsyn to the halogen. This was presumed to be due to the stabiksiagt

of the oxygen electron pair on the developing positive chargthe TSs. Here, the

lowest energy onium ion conformatio®) resembled the ‘H-in-plane’ TS, seen in the
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formation of iodohydrin7. However, conformatiorC, which resembled the ‘O-in-
plane’ TS after G-C; bond rotation, was higher in energy due to the unfavourabhics

interactions of the methyl group and alkyl chain.

More recently, work by Gouverneur and co-workers inveséiddhe directing abilities
of allylic fluorides on the diastereoselectivity of ioddiace formation (Scheme 6.3).
Here, they found that a series of allylic fluoridéa<{c) provided thecis iodolactones
(9a-c) as the predominant diastereomers upon iodocyclisatith liand NaHCQ.

Furthermore, they investigated this effect using DFT t@dwatne the role of fluorine in

the excellent diastereoselectivities observed.

lo, NaHCO3 @) 0O
R ’Rl DCM/Hzo "lRl
dr >20:1, 24-95% F R
8aR=H,R'=Bn 9aR=H,R!=Bn
8bR=H,R'=H 9bR=H,RI=H
8c R =Me, Rl = Me 9¢c R=Me, Rl =Me

Scheme 6.3 lodocyclisation of allylic fluorides

Calculations were made of an unsubstituted iodonium igrF{g. 6.3) to discover
that the iodonium complex was somewhere between an iodoimomand iodonium-
7 complex, with bond lengths for C—C of 1.44 and C—I of 2.29A.8 They then made
calculations of the rotamers of an iodonium ion substitwt#th a fluoromethyl group
and discovered that the fluorine substituent prefers tmside (11) by 12.55 kJ mot

with respect tooutside, and 20.92 kJ mol with respect to thanti conformer. They

also looked at the TS of4m complexes of 2-fluorobut-3-ene with an external formate

nucleophile. Here, they found that the rotamers where tloedlgroup wasnside with
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the methyl group eithesutside (111) or anti were equal in energy. These isomers, with
the fluorine substituennside, were preferred versusitside by 4.2 kJ mof andanti by
12.6 kJ mot. Finally they found TS structures for the iodoetherificataf an allylic
fluoride containing an internal alcohol nucleophile. Thenimum energy structures
were those with the conformation needed for backside npbiéo attack of the J-7
complex. Here, the structure with fluoriieside (1) was 8.78 kJ mot more favoured
than the conformer with the fluorirmitside (V). In both cases the rest of the molecule

satanti to the L-m complex.

(T) ® ?
|
2.29{ 52.29 2.26 [ \2.38
inside outside F H
1.44 1.44 H
anti !
I 1}
&
I/ 10”
3.06/ \ 2.68 \I
Me = :\\
4 | H Y~ F
2.66
: H
. o
O\Br/o o
H
II1 v v

Fig. 6.3 Preferred TS conformations of fluorine substituted iodonaomplexes

Gouverneur proposed that anti fluorine substituentK, Fig. 6.4) was energetically
disfavoured as this position aligns th&c_g orbital with one of the C—I bonds, having
a destabilising effect on the-ir-complex. However, the preferredside fluorine

substituent positionE) would minimise thes*c_g orbital and C—I bond interactions.

The fluorineinside would also enable its lone pairs of electrons to have a staigl
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effect on the partial positive charge of therd-complex.

E Inside fluorine F Anti fluorine

Fig. 6.4 Preferredinside fluorine conformation ) and disfavouredanti fluorine
conformation F)

The work presented in this chapter builds on past computationodels of the
halocyclisations to form furans from work by Chamberlin 8% and Gouverneur
and co-workerg. Our aim was to determine the differences in transition stakergy
or structure that could account for the higls-selectivity observed in thedmediated
carbamate annulation. We also wanted to refine our previdgisribdeP which
postulated about the effects of the dipole interactions pitde substituent at ther-
amine position on the amine nucleophile of alkenylaminek,imediated carbamate

annulations (see Chapter 5).

6.2 Computational Methods

All calculations were performed with the programme pack@gessian09, Rev B.0%,
using density functional theory (DFT) with the B3LYPdensity functional and the
LANL2DZ'? basis set. B3LYP with the LANL2DZ basis set has been shown to

effectively model the geometries and energies of compotimascontain iodiné34
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Geometrically optimised structures were confirmed usiagdency calculations, where
minima must have no imaginary frequencies and transitiai@stexactly one imaginary
frequency. The found transition states were verified byquering an intrinsic reaction
coordinate calculation (IR&) with subsequent optimisation to the preceding and
following minima. The electronic structures of stationgyints were also analysed

by the natural bond order (NBO) methé&d.

6.3 DFT Calculationsof lodocyclisations

To determine what factors govern the transition state éeeipat lead to the stereo-
selectivity in the iodocyclisations, a number of linearadilamine structures possessing
allylic-directing groups were used as starting points mdhlculations (Table 6.1). We
wanted to explore the scope of the carbamate annulatiotsand without protecting
groups anda-amine substituents, and to compare with the previous ceetipoal
halocyclisation model3#%7 Here, we chose to analyse the carbamate annulation of
three alkenylamines with a methylene graupo the amine; the diol derived from-
ribose (L0 — 11),1” the alcohol from 2-deoxyp-ribose (2 — 13)'® and the methyl ether
from 2-deoxyb-ribose (4 — 15). To ascertain the influence of theamine position on
carbamate annulation diastereoselectivity, we choseviestigate the iodocyclisations
of both thesyn- (2 — 3) and anti- (16 — 17 and 18) a-aminonitriles possessing
benzyl ether protecting groups. For all of the alkenylarsine Table 6.1 we used
density functional theory to calculate the optimised geti@ecorresponding to starting
material, iodine complexes, transitions states and pitsdong the reaction coordinate

of the initial iodocyclisationen route to the formation of carbamates. For ease of
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comparison of all the different structural alkenylaminles atom numbering has been
changed for this Chapter. The numbering starts at 1 for ttregen atom and moves

down the carbon chain ending at 6.

155



Table6.1 Diastereoselectivity of iodocyclisations observed ekpentally

dr Yield

Alkenylamine Cyclic produét (cisltrans) (%)

OH o
0
SA A, /_/'(V
W 7 ~95:5 997
10 HO " OH
OH o _{O
WNHZ /, N
(__7 >95:5 g8
HO'
12 13
OMe o _/(O
WNHZ /, N

(_7 ~95:5 75

MeO

14 s
o)
BnO  NH, o
NS S

CN

OBnN >95:5 85
) BnO ; OBnN
BnO  NH o o

j ,9—/( o~

CN . N \.CN N_..CN
OBn ( < + 6:1 95

16 17 18

s

aReactions performed vig-mediated cyclisation in the presence of NaHCO
bAs determined from analysis of the crude reaction mixturéHbNMR spectroscopy.
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6.3.1 Alkenylamines Possessing an a-Amine M ethylene

The iodocyclisation reaction profile ofribose derived alkenylamin&@, Scheme 6.4)
plots the electronic energied Feeo) Of the optimised geometries relative to the starting
materials, alkenylamin@0 and L. Here, the reaction proceeds with an exothermic
process upon complexation of to the alkener-bond (C-1 -26.65 kJ mot and
IC-2 -19.41 kJ mot). The two iodine complexed,C-1 and IC-2 exist in a pre-
equilibrium, favouring J approach to th&e-face of the alkene ovesi-face approach,
before passing through the transition states, TS-1 and trans TS-2, which lead

to the diastereomeric iodoaminess P-1 (experimentally observed) andans P-2
(experimentally not observed). The activation energyl 81 (33.55 kJ mot) was
11.16 kJ mot less than that of S-2 (44.71 kJ mot). Interestingly, thecis iodoamine
P-1, (-10.02 kJ mol) leading to the observed carbamatil)(was 9.86 kJ mot less
stable than thdrans iodoamineP-2 (-19.88 kJ mof). It was also found that the
difference in transition state electronic energy betwdwncis T-1 (6.89 kJ mot)
and trans T-2 (25.30 kJ mof) was significant at 18.40 kJ mbl We found the
relative Gibb’s free energies from the frequency calcalaiofTS-1 andTS-2, where
AG = AFgec+ AFEvih + AEot + AFEwans The value ofAG was then related to the
equilibrium constantAG = —RTInK) to find the theoretical diastereomeric product
distribution of the iodoamineB-1 and P-2, (cigtrans, Table 6.2). It was found that
the theoretical diastereoselectivity was higher than #teaable experimental value of

>95:5 in favour of the 4,%is-carbamatd.l.
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Table 6.2 Relative transition-state Gibbs energies (kJ M@nd diastereoselectivities
in the iodocyclisation of alkenylamirkO

Transition State AG?® (kJ molt) dr? (%) drF (%)

TS-1cis 0.00 99.7 >95.0
TS-2 trans 14.05 0.3 <5.0

a8B3LYP/LANL2DZ
bRelative to thecis TS
CExperimental results
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Scheme 6.4 Reaction coordinate of the iodocylisation
Energy (kJ maol) is shown relative to alkenylamiri®

of alkenylamiieto form iodoaminegis P-1 andtrans P-2.



The optimised 3D TS structuresis TS-1 (a) andtrans TS-2 (c) depict the calculated
bond lengths of nucleophile approach apdricomplex in Fig. 6.5. Here, Newman
projections ofcis (b) andtrans (d) TSs show a view down thes€C, bond to depict
the calculated dihedral angles of both the allylic hydro¢GdCsC,O(H), in red) and
hydrogen (GCsC4H, in black) to the G-Cs; bond, and the line of nucleophilic approach
to the allylic hydroxyl (NCsC4O(H), in blue). The transition state structurdss{1
andTS-2) both possess an-ir complex rather than an iodonium ion, as postulated by
Chamberlifi and found by GouvernetitHowever, there is a degree of pyramidalisation
in the G—GC; olefin. The L—Cs—Cs bond lengths have progressed from the initiadr|
complexesl(C-1 andI C-2) to a more asymmetric system in which the }-dhd N—-Cs
bonds are forming, and I-I bond lengthening, suggestiveadyrct-like (late) transition
states. Furthermore, the amine nucleophilg @pproaches £bf the L-r-complex from
either theS-face to give &is- TS, or theRe-face to give thérans-TS. The difference in
the calculated distances betwees1 andTS-2 is small, howeveris-TS-1is a slightly
earlier TS due to the longer;NCs nucleophile approach (1.9237vs 1.902,&), longer
I-Cs distance (2.55& vs 2.531A) and shorter lengthening C5-C6 bond (1.486's
1.442,&), where the uncoordinated alkene is 1.34®oth of the TSs position the allylic
hydroxyl (G;—OH) in plane with the &-Cs bond, however, im S-1 C,-OH is cis with

a small dihedral angle (5°8(b)), whereas iTS-2 the G-OH is trans with respect to
Cs—Gs (176.2, (d)). The allylic hydrogen (g-H) is also positioned out of the plane by
116.8, (TS-1) and 55.4, (TS-2).
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H
116.7

N\\o‘
H

(b) Viewed down G—-C,
bond inTS-1

(c) TS-2trans (d) Viewed down G—C, bond
inTS-2

Fig. 6.5 Calculated transition-state structures for the iodosgtion of alkenylamine
10 en route to the formation of carbamat&l. Newman projections show dihedral
angles of GCsC4O(H) (‘O-in-plane’, in red), GCsC4H (‘H-in-plane’, in black) and
the N;CsC,O(H) (in blue). [Distances i, angles in deg.]

What appears to account for the significant energy differdoetween theis andtrans
TSs is the position of £OH inside (TS-1) vs outside (TS-2) or the ‘inside-alkoxy
effect’.” Interestingly, both theis andtrans optimised TS structures sit in an envelope
conformation that positions the nucleophile in such a way tie line of attack (IN-Cs)
has an approximate 9@ihedral angle with the allylic directing/£0H (N;CsC,O(H)
=116.7 (b) and 66.9 (d)). The constraint of this envelope conformation alsovad
for backside attack of the amine ony Gf the expanded,ir-complex with an attack

angle of ca113°.1° Alternatively the 5-membered TS envelopes could be conddrin
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such a way that the {€sC,O(H) dihedral angle was approximately & hd still allow
for backside nucleophilic attack. The reason for the apprately 90 N;CsC,O(H)
dihedral angle could be due to the need to limit the intesactf the dipoles by
positioning the partial negative lone pair of electrons be amine perpendicular to

the lone pair of electrons on the allylic oxygen.

A single point calculation with Natural Bond Orbital (NBO)alysis was performed on
both TS structured;S-1 ((a), Fig. 6.6) and’ S-2 (b), to determine the effect the relative
position the allylic-OH has on the electronic nature of tf@nsition states. In theis
TS-1 the calculated electron withdrawing allylic* c,_on orbital has minimal overlap
with the newly forming N—Cs bond and lone pair of electrons og;Ghe late stages of
the L-m-complex. This is also the case for the allyitc,_on Orbital in thetrans TS-2.
These electronic interactions illustrate the favouralblefearmation of the ‘O-in-plane’

model4’

‘ |

J

(8 TS1cis (b) TS-2trans

Fig. 6.6 Calculated natural bond orbital (NBO) images that show ti@mal orbital
interactions ofg* c4_on — on1_csand rxe, for cisTS-1 (a) andtrans TS-2 (b)
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Next we calculated the iodocyclisation of the more simpleée®xyD-ribose derived
alkenylamine without a homoallylic substituerit2( Scheme 6.5), which proceeds
through similar structural transformations as did alkanyhel10. Here, it was found
that theA Fgec to form the L-m-bond-complex with approach from tlie-face (C-3)
leading to the observed product, was favoured by -25.38 KJ} ncompared to -16.66
kJ mol? for the S-face complex I(C-4) which leads to the experimentally unobserved
product. However, a small difference in energy of 0.48 kJ-meas found between
the two transition states in favour ofs TS-3 (5.49 kJ mot') vs trans TS-4 (5.97 kJ
mol?). When calculating the theoretical diastereoselectifriyn the TS-3 and TS-

4 AG values, it was found that the experimental carbamate ationlgave higher
selectivity for the 4,5%is-carbamatel3 by around 10%, (Table 6.3). The margin of
error in these type of DFT calculations420 kJ mof. Here, it is important to note that
the calculated thermodynamic energies of the iodocyatisajpresented should all have
a margin of error of a similar magnitude because they ardalbame type of electronic

system??

Table 6.3 Relative transition-state Gibbs energies (kJMa@nd diastereoselectivities
in the iodocyclisation of alkenylamiri

Transition State AG2® (kJ mot?) dr? (%) dr (%)

TS-3cis 0.00 835 >95.0
TS-4 trans 3.88 17.5 <5.0

aB3LYP/LANL2DZ
PRelative to theis TS
CExperimental results

Looking in more detail at the calculated 3D transition stitectures for the iodocyc-

lisation of12 (TS-3 (a) andT S-4 (c), Fig. 6.7) we can see that both-Cs—C; complexes
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have progressed along the reaction coordinate towardsepnaduct-like TS, although
the cis TS-3 is a relatively earlier transition state than tinens TS-4. The difference

in reaction coordinate position is illustrated by a muchglennucleophile approach of
N;—Cs for thecis- TS by 0.14A (1.988A, (a) vs 1.849%, (c)) and 0.03A shorter G—-Cs
bond length (1.428,, (a) vs 1.452A, (c)). The Newman projections afs TS-3 (b)
andtrans TS-4 (d), depict a different picture to those 85-1 andTS-2 (see Fig. 6.5).
Here, the G—OH is approximately in-planeisto Cs—Cs in TS-3 (23.8), whereas for
TS4itis the G—H that is in-plane (119, such that the,lelectrophile approachesgn

to the G-OH.® Both cis andtrans TSs also have a 5-membered envelope conformation
where the nucleophile approach(MCs) is approximately 90to the plane of the &
OH bond, (NCsC,O(H) = 96.4 (b) and = 130.0(d)) as was the case for the TSs in the
iodocyclisation ofl0. NBO analysis shows that there is some energetically unfaae
0*ca_on — oni_cs and ocs_ orbital overlap intrans TS-4 ((b) Fig. 6.8) compared to

minimal o* c4_on — Nn1 @andnes_cg Orbital overlap forcis TS-3 (a).
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Scheme 6.5 Reaction coordinate of the iodocylisation of alkenylamiZeto form iodoamine<is P-3 and trans P-4.
Energy (kJ mol) is shown relative to alkenylamiri



3.101

(b) Viewed down G-C,
bond inTS-3

(c) TS4trans (d) Viewed down G—C4
bond inTS-4

Fig. 6.7 Calculated transition-state structures for the iodosgtion of alkenylamine
12 en route to the formation of carbamat&3. Newman projections show dihedral
angles of GCsC4,O(H) (‘O-in-plane’, in red), GCsC4H (‘H-in-plane’, in black) and
the N;CsC4O(H) (in blue). [Distances i, angles in deg.]

(a) TS-3cis (b) TS4trans

Fig. 6.8 Calculated natural bond orbital (NBO) images that show ti@mal orbital
interactions ob* c4_oq— NN1 andrcs_cefor cisTS-3 (a) and smal— oyni_csandocs
orbital overlap fotrans TS-4 (b)
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We then wanted to add a methyl group to the deoxy-ribose el@@kenylaminel4,
Scheme 6.6) to ascertain the effects of an ether on the aliijtecting properties
in the iodocyclisation. Here, methyl iodoribosi@d, prepared in two steps from
2-deoxyb-ribose?! was subjected to a mixture of AQ and Mel to produce the
iodoriboside methyl ethe?2 in excellent yield (90%). A Vasella reaction with reductive
amination, as pioneered previously in our research gtéefvas then carried out on
iodomethoxyribosid@2 in the hope of producing the primary methyl ether alkenylami
14 as the major product. This was the case when the unprotemdedboside?1 was
subjected to a Vasella reductive amination and the primiagnglaminel2 was formed
as the only product and in excellent yieldd5:5, 81%):” However, using the optimised
conditions for the Vasella reductive amination, with a &aexcess of NEFDAc and NH
ag. 30%, a mixture of primary/secondary amines (14123) were obtained and in poor
isolated yield. The primary/secondary amine ratio washdistaed by thesH NMR and

13C spectra of the crude material.
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2 steps O .OMe NaH, Mel O ..OMe

2-Deoxy-D-ribose . - .
ref. 21 DMF,0°C—rt &
HO 1 h, 90% MeO
21 22
NH4OAc, Zn,
NaCNBH3, NH3 30%
EtOH, reflux, 18 h
o <10% (1:1,14: 23)
4 l,, NaHCO4 OMe )Oxe/\ OMe
X N ANNF
§ 7 THE:H,0, 1t, 20 h \/'\/\NHz N
75%, >95:5
MeO
15 14 23

Scheme 6.6 Formation of methyl ether alkenylamiid
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The selectivity in the Vasella reductive amination of iadoside22 is not particularly
surprising as the reductive amination of substrates witizyeethers have also produced
approximate 1:1 mixtures of primary/secondary amfitesThe poor yield can be
attributed to the volatility of the methyl ether alkenylamail4 in that isolation was
difficult with the reaction conditions used, including a D@&X-H* column and
subsequent silica chromatography. However, enough rabteais isolated to perform
the l,-mediated carbamate annulation on the methyl ether al&enyke,14, to produce
4,5cis-carbamatd5s in a diastereoselectivity of95/5, (refer Table 6.1). Carbamél®
was proven to have the 4¢bs configuration by methylating a sample of known 45~
hydroxycarbamatél with Mel and NaH in DMF, and finding that the NMR spectral

data matched for both methyl ether compounds.

The calculated reaction coordinate of the iodocyclisatibmethyl ether alkenylamine
14 follows the reaction mechanism described for the previdkesnglamines discussed
(Scheme 6.7). Here, the relative transition state eletremergies are reversed so that
trans TS-6 is lower in energy thamis TS-5. There is also little energetic preference
for Re-face approach ovesi-face approachl C-5 = -17.47 kJ mol vs IC-6 = -15.87
kJ molt), and thetrans iodoamineP-6 is 6.2 kJ mof energetically more stable than
the thecis iodoamineP-5. However, the product distribution calculated from A&’s
(TS5 vs TS-6) predicts an almost 50:50 ratio ofs/trans products (Table 6.4). This
can not account for the observed experimental diasterstsety of >95:5 (cig/trans)
within a reasonable margin of error, compared to the preiao iodocyclisations. The
anomaly exhibited with the iodocyclisation of methyl etipeotected alkenylaming4
can also not be explained by examining the 3D transitiore stictures and Newman

projections TS5 (a), (b) andT S-6 (c), (d), Fig. 6.9).
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Table 6.4 Relative transition-state Gibbs energies (kJ M@nd diastereoselectivities
in the iodocyclisation of alkenylamirit

Transition State AG? (kJ molt) dr?  dr® (%)

TS-5cis 0.00 51.8 >95.0
TS-6trans 0.19 48.2 <5.0

aB3LYP/LANL2DZ
bRelative to thecis TS
CExperimental results

Here, the trend of later product-like TSs continue wirdns (T S-6) later thancis (TS
5), albeit by a small degree; the nucleophile approact+() is shorter by 0.0
(1.907A, (c) vs 1.931A, (a)) and G—-Cs bond longer by 0.00&\ (1.446 A, (c) vs
1.438A, (@)). The GCsC4O(Me) dihedral angle is more acute fos TS-5 ((b), 43.3)
so that OMe is not in the plane of the pyramidalised olefig+G) as much as for
trans TS-6 ((d), 163.3). However, the envelope conformation of bails andtrans
TSs position the nucleophile so that the@yC,O(Me) dihedral angle is very close to
90r, as has been discussed for the previous iodocyclisatiorirli&tgres. We can only
speculate as to why the TS energy difference for the cyabisaif methyl etherl4
does not correlate with experimental results, it may be thete is a complexity in
the reaction pathway that we have not proficiently accoufdgeth our calculations or

model of the reaction.
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Fig. 6.9 Calculated transition-state structures for the iodosgtion of alkenylamine
14 en route to the formation of carbamat&s. Newman projections show dihedral
angles of GCsC4,O(Me) (‘O-in-plane’, in red), @CsC4H (‘H-in-plane’, in black) and
the N;\CsC,O(Me) (in blue). [Distances iR, angles in deg.]

6.3.2 Alkenylamines Possessing an a-Amine Nitrile

Next we wanted to determine what adding @amine substituent to alkenylamines
while also retaining an ether allylic directing group woud to the structure of
the transition states in the iodocyclisation. Hence, tHeutated reaction profile of
arabinose derived benzyl protec®a-«a-aminonitrile2 is shown in Scheme 6.8. Here,

there is virtually no energetic preference in the iodine ptax pre-equilibrium for either
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Re- or S-face approach of,Ito the alkene double bond,G-7 Re = -18.31 kJ mot
vsIC-8 S = -18.05 kJ mol). However, the two TS geometries found fos (TS-7
= 18.46 kJ mol) andtrans (TS-8 = 28.49 kJ mot) have a difference in activation
energy of 10.02 kJ mdl Interestingly, theérans iodoamineP-8 is 9.74 kJ mol more
energetically favoured than thees P-7. Taking into account the full thermodynamic
picture of the TSs by relating\G (cig/trans) to the equilibrium constant, we found
that the calculated values almost relate to the experirhdrgistereoselectivity though

predict a loweris-selectivity by 6% (Table 6.5).

Table 6.5 Relative transition-state Gibbs energies (kJM@nd diastereoselectivities
in the iodocyclisation of alkenylamir

Transition State AG? (kJ mol) dr*  dr® (%)

TS-7cis 0.00 89.0 >95.0
TS-8trans 5.25 11.0 <5.0

aB3LYP/LANL2DZ
bRelative to theeis TS
CExperimental results

The 3D transition state structureis TS-7 ((a), Fig. 6.10) andrans TS-8 (c) show the
same late TS position on the reaction coordinate, with amasstric I,-Cs—Cs complex
and pyramidalised &-Cs olefin bond, as already discussed for the iodocyclisation of
the previous alkenylamines possessingcaamino methylene. Here, there are two
potential structural influences on the TS energy, the xedgbosition of the ¢-OBnN
group, and then-nitrile substituent, which will be discussed shortly inngoarison

to the anti-aminonitrile (16) TSs. The position of &EOBN in the favouredl S-7 (b)

is in-plane, (GCsC4O(Bn) = 43.2) in a similar magnitude to the /80Bn for TS-8
((d), GCsC4O(Bn) = 149.9), however, situatedhside (b) vsoutside (d) the L,-Cs—Cs
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complex. Furthermore, the;85C,O(Bn) dihedral angle is very close to Ofbr both
cis(78.2, (b)) andtrans (92.2, (d)) TSs, following the trend seen in the previous TSs
discussed. It appears that the benzyl ether groups do nadenghe preferred ‘O-in-

plane’ conformation or perpendicular positioning of thamemattack to the GO(BN).

/
814 .|
Ph H -
<O\‘/<%\ 43.2
HL O  Ph
. 78.2
- cC} H
w/ N -
(a) TS7cis (b) Viewed down G-C4 bond in
TS7

(c) TS-8trans (d) Viewed down G-C4
bond inTS-8

Fig.6.10 Calculated transition-state structures for the iodosgtion of alkenylamine

2 en route to the formation of carbamat Newman projections show dihedral angles
of CsCsC4O(Bn) (‘O-in-plane’, in red), @CsC4H (‘H-in-plane’, in black) and the
N1Cs5C4,O(Bn) (in blue). [Distances iR, angles in deg.]
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We then wanted to examine the iodocyclisatioranfi-a-aminonitrile 16 to compare
with those iodocyclisations already discussed, as thismgllamine shows reduced
cis-diastereoselectivity in the experimentglrediated carbamate annulation (6:1,
cigtrans, refer Table 6.1). The calculated reaction coordinate efitddocyclisation
of aminonitrile 16 depicts a similar reaction path as for the rest of the alle@nytes
(Scheme 6.9). Here, there is a small energetic preferentgaamplexation for the
Re diastereotopic olefin face of 3.35 kJ mpl(IC-9 = -10.59 kJ mol vs IC-10 =
-7.24 kJ mot). Furthermore, the difference in activation energy to famimTS-9 is

a small degree (1.98 kJ mdl more thantrans TS-10. However, when calculating
the diastereoselectivity from TS&G's it was found that the theoretical selectivity was
greater for thecis diastereomer by approximately 12% more than the experignt

observed ratio of dr = 83.3:16. %ji¢/trans, Table 6.6).

Table 6.6 Relative transition-state Gibbs energies (kJ Mand diastereoselectivities
in the iodocyclisation of alkenylamirks

Transition State AG? (kJ molt) dr?  dr® (%)

TS9cis 0.00 95.0 833
TS-10trans 7.51 5.0 16.7

a8B3LYP/LANL2DZ
PRelative to thecis TS
CExperimental results

Considering the optimised 3D structure TS-9 ((@), Fig. 6.11) antrans TS-10 (¢),
we can see that both are late-stage TS structures on thereagbrdinate as previously
discussed in terms of the progression gfrtcomplex. However, theis TS is slightly
later than thdrans TS indicated by shorter a;NCs approach by 0.04 (1.814A, @)
vs 1.8534, (c)) and I-G bond (2.4844, (a) vs 2.5004, (c)). This is the reverse of the
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trend seen for all the other iodocyclisation TSs. The pasiof G-OBn in plane for
TS9 (b) is calculated to be almoanti the G—Cs bond (GCsC,O(Bn) dihedral angle
=53.3), compared td S-10 (d) where the @CsC,O(Bn) dihedral angle of 176°2uts
the G,-OBn in the plane, bubutside the G—Cs bond. Interestingly, here, as for all of
the other calculated iodocyclisation TSs, the 5-memberegenvelope conformation
positions the line of nucleophilic attack almost perpeuntdicto the G—O(Bn) bond for

both thecisandtrans TS (N;CsC,O(Bn) = 66.0A (b) and 65.6A (d)).
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(a) TS9cis (b) Viewed down G—C, bond
inTS9

g 1762
\ / Ph
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. 65.6
N- H
H
C
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N
(c) TS-10trans (d) Viewed down G—-C4 bond in

TS 10

Fig.6.11 Calculated transition-state structures for the iodosgtion of alkenylamine
16 en route to the formation of carbamately and 18. Newman projections show
dihedral angles of §CsC4O(Bn) (‘O-in-plane’, in red), @CsC4H (‘H-in-plane’, in
black) and the NCsC,O(Bn) (in blue). [Distances i, angles in deg.]

The extent to which the-amino nitrile affects TS energy for the iodocyclisatiofboth
syn- (2, TS-7 andT S-8) andanti-aminonitrile (16, TS-9 andT S-10) can be determined
by looking at the influence of the nitrile substituent on thkeleophilicity of the amine

(N1). This can be inferred by measuring the N{€N dihedral angle (Fig. 6.12). Here,
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the measured dihedral angle ¢rs TS-7 (135.6, (a)) shows the nitrile dipole has an
effect on N by withdrawing some electron density. In contrast, the NCNdihedral
angle intrans TS-8 (154.%, (b)) related to the nitrile withdrawing electron densityrh
N;, and to a greater extent thars TS-7. Whereas, the nitrile dipoles ihS-9 and
TS-10 have a similar electronic influence on the nucleophile, aNBN,Cs dihedral
angles inTS-9 (131.%, (c)) andTS-10 (129.9, (d)) show that both have some electron
withdrawing on the amine. Therefore, the sizeable diffeean relative energy between
TS7 andTS-8 could be due to the difference in electronic influence of dh@mino
nitrile substituent. This is compared 1&-9 andTS-10 where the nitrile dipole exerts
a similar effect in both optimised TS structures and theg@ngap between the TSs is
significantly smaller. This explanation of nitrile dipol&fluence on TS energy provides

an update on our previous postulations, (ChaptéPs).
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135.6

(8) TS7cis

(c) TS9cis (d) TS-10trans

Fig. 6.12 Calculated natural bond orbital (NBO) images that show tifferénce in
NCN;Cs dihedral angle forcis TS-7 (a) andtrans TS-8 (b) and the similar NCINCs
dihedral angle focis TS-9 (c) andtrans TS-10 (d)
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6.4 Conclusions

We have gained further insight into the factors dictating diastereoselectivity in the
|,-mediated carbamate annulation of alkenylamines, withvétitbut protecting groups
and a-amine substituents. lodocyclisations, to produce iodoanmtermediate®en
route to the formation of carbamates were investigated usingitefusmctional theory
calculations. Stationary points were found on the energiase of five different iodocy-
clisations corresponding to starting alkenylamines,nedtomplexes, transition states
and final products. It was found that the theoretical TS Gililee energies roughly
matched the experimental diastereoselectivities withirearetical error of-12% (less
than the error for these calculations #20 kJ mof) for all of the iodocyclisations
except one. The calculation did not reproduce the expetaigndeterminedcis-
selectivity as there was no theoretical diastereoselgctior the iodocyclisation of
methyl ether alkenylamin&4. This anomaly could be due to further complexity in
the mechanism not accounted for in the calculated iodcsaftotin reactions. Taken as
a whole, botlris andtrans TSs were found to be late-stage on the reaction coordinate
with thecis-TSs earlier than thi#ans-TSs by varying degrees for most of the computed
iodocyclisations. Evidence was found for tkis ‘O-in-plane’ modet~’ by noting
the GCsC4O(X) dihedral angles and examining the TS molecular orbitdowever,
in the current calculations thieans-TSs were also found to prefer the ‘O-in-plane’
conformation rather than the 'H-in-plane’ conformatiorhiieh was not predicted by
earlier model$:” There was also a trend in tles-TSs for the allylic-O(X) group to
prefer to residenside the GCs complex and prefer to residmitside in trans-TSs. The
role of the nitrile on TS energy for the iodocyclisation@faminonitriles, 2, and16)

was found to be important for both sets of TSs. Here, meagtine NCNCs dihedral

182



angle indicated that the nitrile dipole was more electrotmdriawing for therans TS-8
thancis TS-7 (2), in contrast, the nitrile dipole had the same electronfeatffor cis
TS9 andtrans TS-10 (16) so that the two TSs were much closer in energy. It is also
interesting to note that the perpendicular nucleophiliackt relative to the allylic-O(X)
holds true whether the alkenylamine TSs have constraintsogre.g. bulky benzyl
groups TS-7-TS-10) through to no other substituenfE%3 andTS-4). The fact that
all of the TS structures discussed in this chapter exhibgredicular nucleophile attack
to the allylic directing group indicates there may be a grelectronic preference for the
5-membered ring envelope that positions the amine in thm$ocmation, which limits
the positioning of the rest of the molecule in the TS. Thiddea could be useful in
determining the preferred 5-membered ring TS conformdtofuture iodocyclisations

of alkenylamines.
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6.5 Experimental

General Experimental

Unless otherwise stated all reactions were performed waderHF was distilled from
LiAIH , prior to use. All chemicals obtained from commercial suggliwere used
without further purification. Zn dust was activated by theeal addition of conc.
H,S0O,, followed by decantation and washing with EtOH (3 x) and Imesa(3 x), and
storage under dry hexanes. All solvents were removed byoeaipn under reduced
pressure. Reactions were monitored by TLC analysis oragiiéd coated plastic sheets
(0.20 mm, Polygram SIL G/UV254) with detection by coatingm20% H,SO, in EtOH
followed by charring ata. 150°C, by coating with a solution of ninhydrin in EtOH
followed by charring ata. 150°C, or by coating with a solution of 5% KMnGand 1%
NalO, in H,O followed by heating. Column chromatography was perforimedilica
gel (40-63um). Dowex Monosphere M-31 acidic resin was used for ion exgha
chromatography. High-resolution mass spectra were redoah a Waters Q-TOF
PremiefM Tandem Mass Spectrometer using positive electro-spragatian. Optical
rotations were recorded using a Rudolf Research AnalyAcabpol Il polarimeter at
the sodium D-line. Infrared spectra were recorded as thimsfilsing a Bruker Tensor
27 FTIR spectrometer, equipped with an Attenuated TotaleRifhce (ATR) sampling
accessory, and are reported in wave numbersciduclear magnetic resonance spectra
were measured using a Varian Inova operating at 500 MH#Hand 125 MHz fort*C

or a Varian Direct Drive operating at 600 MHz and 133 MH# and**C chemical
shifts () were internally referenced to the residual solvent pe@RGl; = 7.26 ppm

and 77.16 ppm). NMR peak assignments are based on 2D NMRimes (COSY,
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HSQC, and HMBC).

MeO ° 2 Methyl 2,5-dideoxy-5-iodo-3-methoxy-a/3-D-ribofuranoside 22.
Methyl riboside21?! (156 mg, 0.60 mmol) was co-evaporated with dry toluene (0.5
mL) three times, placed under argon and dissolved in dry DMB (nL). Mel (0.05
mmol) was added to the solution, which was cooled t€ Gor 15 mins. NaH (0.66
mmol) was added and the resulting mixture allowed to warnotmr temperature with
stirring. After 1 hour, the reaction was quenched by thefohesldition of H,0, diluted
with further H,O, and extracted twice with EtOAc. The organic layer was \edshith
brine, dried (MgSQ), filtered and concentrateish vacuo. The residue was purified
using silica gel gradient flash chromatography (hexaneg3AEf 50/1— 10/1) to give
the methyl methoxyriboside®? as a colourless oil in a 3:2 ratio of and 5 anomers
(147 mg, 0.54 mmol, 90%R; a = 0.47,3 = 0.38 (hexanes/EtOAc, 2/1)a]p?°° = -54
(c = 1.0, CHC)); IR (film) 2985, 2927, 2829, 1441, 1371, 1203, 1100, 1038, 984
cmt. a-22: 'H NMR: (500 MHz, CDC}, 20°C) 6§ 5.15 (dd,J1 2o = 5.4,J1 22= 2.2 Hz,
1H, H-1), 4.20 (dddJs s = 8.4,J45.= 6.3,J34 = 3.0 Hz, 1H, H-4), 3.99 (ddd]a5=
6.8,J2p3= 5.4 Hz, 1H, H-3), 3.36 (s, 3H, 1-OMe), 3.34 (s, 3H, 3-OMe2B(dd,2Js, 5,
=10.1,J454= 6.3 Hz, 1H, H-5a), 3.22 (ddJsa 50= 10.1,d4 5= 8.4 Hz, 1H, H-5b), 2.28
(ddd, 2354 26 = 13.8,J205= 6.8,J124= 2.2 Hz, 1H, H-2a), 2.12 (d&J2a = 13.8,J5.2
= J12o= 5.4 Hz, 1H, H-2b);"*C NMR: (125 MHz CDC}, 20°C) § 106.0 (C-1), 84.0
(C-4), 83.8 (C-3), 57.3 (3-OMe), 55.5 (1-OMe), 39.6 (C-2)I, C-5); 3-22: 'H NMR:
(500 MHz, CDC}, 20°C) § 5.10 (J324= 5.4,J1.25 = 1 Hz, 1H, H-1), 3.97 (ddJ4 5. =
8.5,J450 = Ja4 = 4.5 Hz, 1H, H-4), 3.68 (dddl,a5= 8.0,J34 = 4.5,J5p5= 2.2 Hz, 1H,
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H-3), 3.39 (s, 3H, 1-OMe), 3.36 (s, 3H, 3-OMe), 3.35 (8t 5o = 10.8,J4 5= 8.5 Hz,
1H, H-5a), 3.33 (dd2Jsa 5o = 10.8,J45a= 4.5 Hz, 1H, H-5b), 2.25 (dddhJza 5= 13.9,
Jras= 8.0,J124= 5.4 Hz, 1H, H-2a), 2.02 (dddJsa20= 13.9,203= 2.2,J120 = 1 Hz,
1H, H-2b); ¥C NMR: (125 MHz CDC}, 20°C) § 105.6 (C-1), 84.9 (C-3), 81.6 (C-4),
57.8 (3-OMe), 55.4 (1-OMe), 38.6 (C-2), 8.6 (C-5)(3-22: HRMS (ESI)mvz calcd.
for [C,H,5l04+Na]": 294.9802, obsd.: 294.9814.

OMe
5\4/3'\2/1\'\“"2 (35)-1-Amino-3-methoxy-pent-5-ene 14. To a solution of iodo-
riboside 22 (1.55 g, 5.7 mmol) in a saturated solution of MBAc in EtOH (114
mL) were added activated Zn (1.86 g, 28.5 mmol), NaCNEHO7 g, 17.1 mmaol),
and 30% aqueous NH46 mL). The mixture was stirred at reflux for 18 h, cooled
to room temperature, and concentrated under reduced peessbhe residue was
redissolved in HO, loaded onto a Dowex-Hon-exchange resin, and washed several
times with HO to remove excess salt. The amine product was then elut&d3@%o
aqueous NEl and further purification was achieved using gradient fldstormatog-
raphy (DCM/EtOH/MeOH/30% aq Ni 100/2/2/1— 25/2/2/1, viviviv), to provide
methoxyalkenylamind4 as a colourless liquid (10 mg, 0.09 mmeil5% yield). R; =
0.11 (DCM/EtOH/MeOH/30% aq Nk 50/2/2/1, viviviv). IR (film) 3294, 3077, 2928,
2853, 2823, 1661, 1451, 1423, 1377, 1105, 993, 92%.ctd NMR: (500 MHz, CDC},
20°C) § 5.67 (ddd Js 4 = 13.5,J45,= 10.1,J4 5 = 8.4 Hz, 1H, H-4), 5.24-5.19 (m, 2H,
H-5), 3.65 (dtJs 4 = 13.5,J0a3= Jop3 = 7.1 Hz, 1H, H-3), 3.27 (s, 3H, OMe), 2.78 (t,
J12a=J12p= 7.1 Hz, 1H, H-1), 1.74 (dBJ24 2= 13.8,J1 25= Joa 3= 7.1 Hz, 1H, H-2a),
1.63 (dt,2Jo4 2= 13.8,J1 2p=J2p 3= 7.1 Hz, 1H, H-2b), 1.39 (br-s, 2H, Nj)t *C NMR:
(125 MHz CDCL, 20°C) § 138.7 (C-4), 117.4 (C-5), 81.4 (C-3), 56.3 (OMe), 39.4 (C-
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2), 38.8 (C-1); HRMS (ESIiwzcalcd. for [GH,sNO+H]*: 116.1070, obsd.: 116.1074.

meo ' ° (7S,7aS)-7-M ethoxy-tetr ahydro-pyrrolo[ 1,2-c]oxazol-3-one 15. To a
solution of methoxyalkenylamin&} (10 mg, 0.09 mmol) in THF (0.9 mL), were added
[, (68.5 mg, 0.27 mmol), kD (0.9 mL) and NaHCQ(226.8 g, 2.7 mmol). The reaction
mixture was stirred at room temperature for 20 h, quenchet sat. ag. Ns5,0,
and extracted with EtOAc. The organic layer was washed wif® End brine, dried
(MgSQ,), filtered and concentrated vacuo. Purification was achieved using gradient
flash chromatography (hexanes/EtOAc, 26/11/2, v/v) to provide methoxycarbamate
15 as a colourless viscous liquid (10 mg, 0.07 mmol, 75% yidR)(film) 2954, 2923,
2853, 1741, 1467, 1397, 1244, 1206, 1089, 1073, 1000, 777 ehb2 (dd,?Js, 5=
8.5,J454= 3.6 Hz, 1H, H-5a), 4.39 (EJsa50= Jus 50 = 8.5 Hz, 1H, H-5b), 3.90 (dt]4 55

= 8.5,J454= J34 = 3.6 Hz, 1H, H-4), 3.70 (tJ5.4 = Jop 3 = 3.6 Hz, 1H, H-3), 3.60 (dd,
231a10= 10.4,J1424= 8.6 Hz, 1H, H-1a), 3.31 (s, 3H, OMe), 3.25, {2 15= J1p2p =
10.4 Hz, 1H, H-1b), 2.31 (ddJ2a 2= 13.4,J1 2a= 8.6 Hz, 1H, H-2a), 3.85 (dddJa 26
=13.4,J1p 2= 10.4,J5, 3= 3.6 Hz, 1H, H-2b);*C NMR: (125 MHz CDC}, 20°C) §
79.0 (C-3), 63.6 (C-4), 63.0 (C-5), 56.3 (OMe), 44.0 (C-19,13(C-2); HRMS (ESI)
m/z calcd. for [GH,,NO,+H]*: 158.0812, obsd.: 158.0822.
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Cartesian coordinates for stationary points

P
2
I -1.974045 0.544267 0.000000

| -4.836898 0.544267 0.000000

HI

2

|-2.014284 0.166909 0.000000
H -3.650548 0.166909 0.000000

10

19

C 0.680764 0.068401 0.531186

H 0.533802 0.046938 1.625220

C -0.576168 -0.550948 -0.107080
H-0.426671 -0.600714 -1.198009
C -1.863351 0.249584 0.202251
H -1.846859 1.203886 -0.339217
H-1.894529 0.471313 1.276575
C 1.927604 -0.726919 0.202036
H 1.935520 -1.730855 0.623708
C 2.954616 -0.289088 -0.553762
H 2.952273 0.693235 -1.021895
H 3.818599 -0.919758 -0.746899
N -3.031804 -0.610251 -0.115886
H -3.849670 -0.450431 0.465590
H -3.273434 -0.642452 -1.104392
0 0.731861 1.454117 0.061777
H 1.552886 1.884329 0.380456
0-0.710131 -1.893129 0.440895
H-1.678184 -2.098069 0.372465

IC-1

21

C -0.669634 0.080115 -0.741894
H -0.359047 -0.121369 -1.780369
C 0.555687 -0.172266 0.160905
H 0.261717 0.006443 1.207881
C 1.758615 0.733103 -0.200274
H 1.552519 1.766013 0.106797

H 1.896543 0.725121 -1.288800
C -1.794551 -0.868983 -0.389016
H -1.583084 -1.916496 -0.596322
C -2.969749 -0.498101 0.196729
H -3.154384 0.533841 0.482855
H -3.710501 -1.239070 0.483284
N 2.975085 0.147540 0.414956

H 3.827647 0.268257 -0.124200
H 3.111329 0.386028 1.395039
0-1.023268 1.484679 -0.570558
H-1.706258 1.748738 -1.223870
0 0.932613 -1.564092 -0.023554
H 1.902650 -1.592733 0.185639

1 -3.998775 -0.155725 -2.586116
1-5.382216 0.470832 -5.104612

IC-2

21

C -0.610222 0.094770 -0.021975
H-0.458894 0.125038 -1.116438
C 0.719620 -0.382533 0.593782
H 0.588653 -0.481500 1.682360
C 1.899310 0.573482 0.299223
H 1.783414 1.497754 0.879271
H 1.889843 0.838491 -0.765857
C -1.734514 -0.881701 0.244853
H -1.539907 -1.888420 -0.122425
C -2.914215 -0.581193 0.854072
H -3.130253 0.415339 1.231095
H -3.706655 -1.319710 0.932065
N 3.159317 -0.161685 0.571929
H 3.944733 0.104108 -0.015255
H 3.420077 -0.200831 1.555300
0-0.857133 1.435390 0.497402
H-1.635797 1.840541 0.061611
0 0.998099 -1.681351 0.000995
H 1.983771 -1.780057 0.059409
1-1.896963 -1.614481 3.517670
1-1.484885 -2.483214 6.280527

TS1

21

C -2.870638 0.748952 0.380515
H-2.329753 1.192724 1.227093
C -4.394349 1.041700 0.518456
H -4.571305 2.006377 1.008314
C -5.014069 -0.133703 1.275768
H -6.106955 -0.095474 1.222391
H-4.697976 -0.160055 2.323859
C -2.606736 -0.781001 0.395585
H-2.336840 -1.153168 1.387334
C-1.916321 -1.407336 -0.696274
H-2.117907 -1.050516 -1.702980
H-1.697976 -2.469296 -0.612630
N -4.450997 -1.313470 0.560517
H-4.532717 -2.214632 1.032972
H -4.792568 -1.349250 -0.404098
0-2.482706 1.397096 -0.856971
H-1.509423 1.343659 -0.997666
0-5.016715 1.010271 -0.797657
H -4.395356 1.431910 -1.436508
10.469099 -0.531084 -0.401553
13.377542 0.561842 -0.176963

TS2

21

C -3.266603 -0.689457 -0.659787
H -2.593145 -0.206162 0.056508
C -4.495452 -1.325973 0.025265
H-4.187508 -1.902435 0.905641
C -5.155970 -2.233472 -1.051418
H-6.096740 -1.776082 -1.368179
H -5.360489 -3.234226 -0.664783

188

C -2.548008 -1.792444 -1.422611
H -2.050783 -1.431511 -2.324959
C -1.882190 -2.862543 -0.721937
H -2.356570 -3.284721 0.162723
H-1.351130 -3.590406 -1.331538
N -4.196098 -2.337592 -2.199904
H -4.085709 -3.273045 -2.590490
H -4.364706 -1.622975 -2.912430
0-3.741614 0.263693 -1.662015
H-4.381416 0.877822 -1.239088
0 -5.463624 -0.296251 0.399655
H -5.360144 -0.023035 1.334130
10.112704 -1.788204 0.406140

12.515911 -0.561695 1.968047

P-1

19

C -0.859765 -0.139688 -0.870315
C-2.118435 1.786478 0.033480
C -2.984467 0.524288 0.194111
C -2.377282 -0.500973 -0.803668
H -0.439644 -0.398924 -1.851557
H -1.885439 2.178281 1.032885
H-2.647012 2.565829 -0.531830
H -4.044829 0.705922 -0.020664
H -2.807541 -0.346321 -1.801969
N -0.928467 1.318115 -0.713572
H -0.070437 1.854986 -0.676734
0 -2.725194 -1.820292 -0.305158
H-2.141168 -2.521999 -0.662655
C 0.018790 -0.775841 0.234389
H-0.478511 -0.811766 1.204015
H 0.982597 -0.267328 0.301532
10.614640 -2.883552 -0.232298
0 -2.840411 0.035944 1.562069
H -3.064497 -0.923360 1.555022

P-2

19

C 0.890962 0.596552 -0.405394
C 3.130604 1.102512 0.428967
C 2.921887 -0.414356 0.520115
C 1.382697 -0.547921 0.534261
H 4.083082 1.327588 -0.060916
H 3.140599 1.550873 1.432033
H 3.383809 -0.865672 1.408234
H 0.998993 -0.394027 1.553979
N 1.978685 1.609001 -0.370033
H 2.234261 1.967704 -1.285536
0 1.054803 -1.884888 0.064102
H 0.082165 -2.006866 0.020952
0 3.457777 -1.019419 -0.691640
H 2.955114 -1.846825 -0.867887
C -0.394754 1.293456 0.063052
H -0.708297 2.084378 -0.619286
H -0.303542 1.679792 1.079757
1-2.145726 -0.095969 0.114320



H 0.749083 0.183443 -1.414356

12

18

C -2.075050 0.328354 0.077818
H-1.677132 -0.664532 0.361987
C -1.563861 1.369208 1.092404
H-1.894730 2.366137 0.779992
H-2.022997 1.161747 2.071701
C -0.028894 1.362569 1.225087
H 0.403594 1.641695 0.258827
H 0.307912 0.327795 1.442725
C -3.589939 0.240646 0.060756
H -4.031209 -0.235666 0.938944
C -4.388592 0.697376 -0.925039
H-3.983243 1.196917 -1.801954
H-5.469971 0.602573 -0.865606
N 0.407234 2.342650 2.233894
H 0.119090 2.139516 3.187214
H 1.378075 2.632804 2.169749
0-1.515948 0.711444 -1.222068
H-1.835771 0.098337 -1.917869

IC-3

20

C 3.428672 -0.543045 -0.058761
H 2.661239 -0.862910 0.668844
C 3.953692 -1.792883 -0.799589
H 4.669896 -1.483603 -1.569201
H 4.492467 -2.432901 -0.084444
C 2.816575 -2.596385 -1.464478
H 2.338688 -1.959736 -2.215574
H 2.046913 -2.827906 -0.700506
C 4.546630 0.145563 0.697210
H 4.907105 -0.380207 1.583146
C 5.134813 1.318050 0.321595
H 4.825814 1.827985 -0.586730
H5.981803 1.724417 0.867068
N 3.351630 -3.790561 -2.132493
H 3.688933 -4.526940 -1.520145
H 2.814170 -4.138447 -2.919039
0 2.822619 0.319427 -1.069652
H 2.345229 1.065261 -0.645024
1 3.098378 2.604420 2.118811

1 1.237083 4.289754 3.645678

IC-4

20

C 1.995970 0.181289 0.501664
H 2.455742 0.032607 1.498477
C 0.497965 -0.171363 0.608447
H 0.003069 0.065759 -0.339219
H 0.397395 -1.255456 0.768971
C -0.201049 0.592850 1.750793
H-0.143471 1.664951 1.536026
H 0.359337 0.421576 2.693626
C 2.746978 -0.709054 -0.466708
H 2.855039 -1.748121 -0.149722
C 3.314657 -0.303465 -1.635236

H 3.228272 0.723970 -1.978482
H 3.916864 -0.980826 -2.233555
N -1.615850 0.208869 1.835372
H -1.800709 -0.747100 2.122715
H -2.238737 0.886202 2.261239
0 2.067574 1.596321 0.139561
H 2.995701 1.913416 0.162055
11.000589 -1.521004 -3.230717
1-0.848687 -2.593573 -5.219245

TS3

20

C 2.802262 0.999344 -0.033866
H 2.086866 1.496731 -0.703854
C 4.232723 1.564472 -0.244013
H 4.242090 2.398328 -0.952945
H 4.555363 1.956248 0.726961
C 5.178967 0.438477 -0.713763
H 6.222922 0.649622 -0.450128
H 5.125117 0.292876 -1.798704
C 2.724408 -0.504984 -0.354152
H 2.781006 -0.716947 -1.425987
C 1.906199 -1.383634 0.415304
H 1.859573 -1.236683 1.490950
H 1.803781 -2.412123 0.079100
N 4.670096 -0.802643 -0.074721
H 4.967679 -1.685063 -0.491457
H 4.762649 -0.817779 0.942888
0 2.454107 1.274788 1.354400
H 1.484937 1.170203 1.487258
1-0.474758 -0.566432 -0.136195
1-3.377713 0.410986 -0.621522

TS4

20

C 3.063513 0.549676 -1.117873
H 3.007744 -0.009952 -2.062723
C 4.468428 1.146193 -0.920281
H 4.886178 1.513244 -1.862270
H 4.385485 2.002324 -0.238256
C 5.326274 0.032265 -0.306822
H 6.273058 0.389902 0.111594
H 5.541782 -0.755419 -1.036501
C 2.746011 -0.431972 0.041077
H 2.261818 0.072088 0.882487
C 2.200787 -1.737672 -0.288086
H 2.623718 -2.256245 -1.148862
H 1.920808 -2.389205 0.538551
N 4.444797 -0.564639 0.759432
H 4.610049 -1.556595 0.946979
H 4.468860 -0.028451 1.632284
0 2.133112 1.663060 -1.125561
H 1.230288 1.347143 -1.362228
1-0.093795 -1.233826 -1.182862
1-2.957599 -0.708735 -2.344748

P-3
18
C 1.084445 -0.102369 0.479544

189

C 2.355297 1.851723 -0.180106
C 3.260657 0.639972 -0.470769
C 2.575263 -0.556179 0.229417
H 0.898573 -0.072524 1.568064
H 2.414440 2.613206 -0.965915
H 2.636460 2.327604 0.779058
H 3.271479 0.421642 -1.543447
H 4.292153 0.785946 -0.135480
H 3.039423 -0.780987 1.199910
N 1.009688 1.238294 -0.141932
H 0.251163 1.833266 0.184050
0 2.727112 -1.705204 -0.656737
H 2.405228 -2.524955 -0.221703
C 0.021636 -0.985504 -0.188887
H 0.304286 -1.264289 -1.203127
H -0.965710 -0.522547 -0.162675
1-0.268631 -2.908748 0.900425

P-4
18

C -1.164787 -0.216300 -0.180056
C -2.790203 1.616414 -0.251538
C -3.351776 0.529363 0.687020
C -2.564490 -0.735435 0.296353
H -2.901322 2.622791 0.169831
H -3.310656 1.600683 -1.227756
H -3.116754 0.766769 1.730117
H -4.433415 0.392034 0.591820
N -1.367301 1.236247 -0.334259
H -0.728907 1.773706 -0.909731
C -0.709280 -0.828954 -1.517908
H 0.260566 -0.446334 -1.845679
H -1.455506 -0.711580 -2.308043
H -0.418272 -0.435978 0.596036
H -3.057491 -1.253737 -0.541922
0 -2.496996 -1.617554 1.450307
H -2.062925 -2.462676 1.202845
1-0.367064 -3.032409 -1.369923

14

21

C -0.901014 -0.741681 -0.148505
H-0.972677 -0.887694 -1.233623
H -0.870656 -1.739347 0.315585
C-2.151799 0.020417 0.329316
H -2.042809 0.248317 1.409846
H-2.196328 0.979274 -0.196927
C0.411411 -0.012384 0.186903
H0.471881 0.170992 1.276186
C 1.627497 -0.801035 -0.255415
H 1.680233 -1.001557 -1.327830
C 2.598400 -1.244085 0.568548
H 3.443057 -1.821631 0.199660
H 2.571524 -1.049727 1.640454
N -3.371398 -0.744425 0.014800
H -3.454042 -1.636581 0.495356
H -4.235053 -0.210201 0.030865
0 0.343759 1.282497 -0.511444
C 1.382036 2.230605 -0.133405
H 2.385583 1.863178 -0.391415



H 1.172430 3.146881 -0.692591
H 1.349583 2.445538 0.947520

IC-5

23

C -1.069794 -0.453526 -0.326577
H-1.142212 -0.365993 -1.417874
H-1.276821 -1.501628 -0.065798
C -2.132891 0.461857 0.311505
H -2.015559 0.434445 1.414493
H -1.943061 1.492334 -0.006346
C 0.358776 -0.108371 0.121677
H 0.429632 -0.124462 1.224261
C 1.398012 -1.038622 -0.471153
H 1.354893 -1.149679 -1.556309
C 2.386122 -1.654920 0.234580
H 3.159105 -2.237942 -0.259202
H 2.481664 -1.527784 1.311508
N -3.477341 0.073095 -0.142450
H -3.783790 -0.850306 0.151428
H -4.197253 0.780608 -0.034436
00.618022 1.261331 -0.359303
C 1.776254 1.917566 0.236217
H2.716261 1.411132 -0.025622
H 1.785039 2.932423 -0.170074
H 1.685146 1.962185 1.333329
10.745388 -4.201091 0.448975

1 -0.389499 -6.840484 0.978465

IC-6

23

C -0.909601 -0.627220 -0.170139
H-1.169538 -0.684481 -1.233883
H -0.904433 -1.653559 0.224623
C -1.981436 0.210897 0.558138
H-1.672533 0.348024 1.614427
H-2.011699 1.205467 0.102678
C 0.508869 -0.031007 -0.011089
H 0.754855 0.040977 1.064296
C 1.530339 -0.899458 -0.718324
H 1.658056 -0.680561 -1.780458
C 2.199542 -1.942565 -0.150912
H 2.807661 -2.616037 -0.748736
H 2.059228 -2.209203 0.895116
N -3.304569 -0.412027 0.413767
H -3.435615 -1.289910 0.907094
H -4.099852 0.212884 0.490686
0 0.453247 1.305806 -0.598146
C 1.575896 2.179196 -0.272532
H 2.520883 1.803883 -0.688867
H 1.339700 3.148680 -0.718871
H 1.687101 2.292556 0.817022
14.721321 -0.431125 0.404356

| 7.357766 0.576151 1.188727

TS5

23

C 4.379664 0.721103 -1.284187
H 4.245153 0.323291 -2.298645

C 5.286545 -0.204770 -0.436562
H 6.061829 -0.693669 -1.034569
H 5.763234 0.366187 0.363347
C 3.027352 0.755163 -0.554811
H 2.262457 1.268927 -1.152081
C 2.592685 -0.697547 -0.327045
H 2.546145 -1.276559 -1.254287
C 1.613777 -1.050957 0.665721
H 1.355043 -2.103752 0.761015
H 1.625199 -0.493871 1.599952
N 4.376949 -1.230687 0.183263
H 4.534577 -2.194506 -0.113058
H 4.322742 -1.162270 1.200420
0 3.226571 1.416722 0.731555
C 2.269150 2.478899 1.060403
H 1.241773 2.096172 1.086971
H 2.559113 2.844535 2.048717
H 2.334113 3.300077 0.332235
1-0.559213 -0.264531 -0.352178
1-3.292388 0.761998 -1.483217
H 4.805769 1.725296 -1.363785

TS6

23

C -4.409711 -0.067156 1.139809
H-4.116745 -0.869673 1.827380
H-4.858188 0.741697 1.723529
C-5.379090 -0.580017 0.055801
H-6.122483 -1.283076 0.445500
H-5.891048 0.263172 -0.411745
C -3.182526 0.437808 0.367021
H-2.357602 0.703300 1.040338
C-2.737265 -0.679757 -0.589790
H-2.482354 -0.328949 -1.592011
C-1.931898 -1.777413 -0.101476
H-1.672839 -2.561652 -0.810984
H-2.101962 -2.130580 0.915068
N -4.515870 -1.238955 -0.989983
H-4.467222 -2.256622 -0.911611
H -4.751423 -0.959440 -1.944765
0 -3.625340 1.604163 -0.391839
C-2.548782 2.512746 -0.795864
H-1.813981 2.013485 -1.442806
H -3.031785 3.326084 -1.342574
H-2.028946 2.913815 0.084979
10.358894 -0.754477 0.105284
13.220617 0.475954 0.424333

P-5

21

C -0.150561 -2.579151 0.061188
C 1.655268 -0.960494 -0.289223
C 0.447222 -0.186501 0.276661
C-0.736110 -1.126421 -0.061895
H-0.503765 -3.174210 -0.796538
H 2.596589 -0.666878 0.191163
H 1.756807 -0.767527 -1.374886
H 0.533516 -0.093960 1.366126
H 0.345347 0.812867 -0.159978
H-1.047049 -0.961499 -1.108496

190

C -0.613929 -3.281593 1.347669
H -1.698645 -3.350566 1.418457
H-0.187394 -2.819454 2.237344
N 1.308004 -2.356441 0.034520
H 1.884712 -3.099680 -0.343560
0-1.897550 -0.989118 0.801126
10.097824 -5.383939 1.411016

C -2.629323 0.256675 0.629747
H -3.517300 0.178482 1.262494
H -2.032704 1.124849 0.946302
H -2.938275 0.395208 -0.419245

P-6

21

C -1.000308 0.153071 -0.092865
C -2.066184 2.320848 -0.283918
C -3.153376 1.354731 0.243204
C -2.511078 -0.058174 0.252158
H -2.101690 3.294158 0.219131
H -2.189095 2.500725 -1.368463
H -3.403522 1.590503 1.281808
H -4.071290 1.391960 -0.352367
N -0.821045 1.607490 0.060849
H 0.067036 2.014039 -0.219614
H -0.365904 -0.393910 0.614420
H -2.973592 -0.736560 -0.481661
0 -2.719656 -0.598132 1.592409
C -2.501545 -2.031652 1.727725
H -1.456954 -2.312174 1.528069
H -2.751968 -2.275636 2.763865
H -3.153801 -2.599369 1.046070
C -0.633095 -0.255614 -1.540769
H 0.398220 0.014244 -1.780712
H-1.313910 0.170046 -2.282964
1-0.677557 -2.453214 -1.922083

2

46

C -0.996385 1.676375 -2.050712
H -1.980349 1.910358 -2.457094
H -0.333676 1.094754 -2.687471
C -0.609686 2.101096 -0.831693
H 0.383312 1.884253 -0.444704
C -1.505542 2.902649 0.086127
H -2.469208 3.081403 -0.421550
C -0.966661 4.281402 0.537030
H -1.766615 4.749937 1.128807
C 0.301526 4.191895 1.439310
H 0.120753 3.380783 2.155160
C 0.443875 5.459336 2.228886
N 0.598818 6.453641 2.848770
N 1.484124 3.887410 0.633015
H 1.552878 4.456481 -0.207092
H 2.352058 3.791722 1.150712
0 -1.753434 2.202275 1.358838
0-0.678924 5.069798 -0.652786
C -2.556890 0.985998 1.241952
H -3.475028 1.223833 0.674867
H -2.006189 0.220978 0.677111
C -1.214889 6.436031 -0.663840



H-2.297931 6.390533 -0.457307
H-0.743094 7.036069 0.127151
C -0.962380 7.056271 -2.024802
C-0.984121 8.461208 -2.158192
C -0.739642 6.257481 -3.165109
C -0.800305 9.061652 -3.416978
H-1.139119 9.087433 -1.280632
C -0.549637 6.859564 -4.423714
H-0.702049 5.178678 -3.052963
C -0.583207 8.261107 -4.555592
H-0.818363 10.145239 -3.507586
H-0.374117 6.236569 -5.297994
H-0.436270 8.723569 -5.528867
C -2.905963 0.479945 2.627996
C -3.110037 -0.900766 2.834920
C -3.071943 1.368252 3.710969
C -3.486771 -1.387279 4.100751
H-2.971377 -1.598291 2.010084
C -3.441183 0.882136 4.978949
H -2.896488 2.428387 3.556670
C -3.654006 -0.496015 5.178027
H -3.640616 -2.453971 4.246999
H-3.561076 1.575112 5.808726
H -3.939960 -0.870250 6.158244

IC-7

48

C -0.448888 0.572005 2.388373
H-0.970923 1.501619 2.186775
H-0.666113 0.051426 3.316533
C 0.573313 0.158802 1.581241
H1.141340 -0.736758 1.820997
C 0.977372 0.850877 0.302351
H 0.683106 0.200257 -0.540264
C 2.511584 1.081357 0.167801
H2.678138 1.618904 -0.779489
C 3.081295 1.932082 1.328776
H 2.384193 2.764445 1.488245
C 4.398755 2.512678 0.916760
N 5.453326 2.956855 0.623836
N 3.159438 1.129261 2.545379
H 3.727626 0.292050 2.456230
H 3.283112 1.643443 3.410584
0 0.310744 2.143418 0.198099
0O 3.241407 -0.177445 0.170628
C -0.253424 2.454552 -1.137815
H 0.560286 2.477622 -1.878960
H-0.958419 1.655319 -1.408598
C 3.453582 -0.807699 -1.148655
H 2.512186 -1.248298 -1.507344
H 3.767800 -0.023140 -1.855898
C 4.521700 -1.867356 -1.009186
C 5.828474 -1.503286 -0.614294
C 4.236150 -3.219551 -1.284405
C 6.831900 -2.479873 -0.496417
H 6.052562 -0.461815 -0.394406
C 5.242417 -4.199193 -1.172645
H 3.230484 -3.510886 -1.581981
C 6.541801 -3.830845 -0.778047
H 7.834932 -2.191750 -0.191288
H5.012574 -5.239681 -1.388383

H 7.319780 -4.585483 -0.690193
C -0.948815 3.791395 -1.058159
C -2.293639 3.870273 -0.636636
C-0.263175 4.978380 -1.392396
C -2.940676 5.115923 -0.544169
H -2.831155 2.959581 -0.380245
C -0.907254 6.226060 -1.301824
H 0.773498 4.928789 -1.721019

C -2.248199 6.296910 -0.876898
H-3.977168 5.165804 -0.219883
H -0.370252 7.134683 -1.562762
H -2.748688 7.259942 -0.809660
1-2.264618 -1.105963 0.837973

1-4.424270 -2.622106 -0.504121

IC-8

48

C0.572761 2.327328 -1.476874
H -0.055247 2.752858 -2.254745
H 1.587719 2.057446 -1.754003
C 0.181463 2.323320 -0.168491
H 0.856267 1.971381 0.609357
C-1.157850 2.834305 0.320336
H -1.930992 2.623510 -0.437485
C -1.205350 4.365656 0.584274
H -2.234591 4.596860 0.893282
C -0.240273 4.798330 1.720602
H -0.421441 4.126844 2.568558
C -0.581118 6.190295 2.157073
N -0.807852 7.299289 2.495736
N 1.144606 4.658083 1.276369
H 1.3357255.112747 0.387292
H 1.853911 4.801174 1.988091
0 -1.531310 2.246199 1.602975
0 -0.856286 5.063786 -0.645588
C -2.001161 0.855489 1.547636
H -2.796443 0.787756 0.785457
H-1.183491 0.191565 1.236101
C -1.842029 6.080257 -1.101056
H -2.789794 5.567452 -1.322363
H -2.006416 6.802868 -0.291105
C -1.285328 6.755954 -2.329638
C -0.460061 7.894014 -2.202240
C -1.570915 6.254987 -3.617460
C 0.077231 8.517055 -3.343345
H -0.241549 8.290856 -1.212708
C -1.035810 6.875841 -4.761144
H -2.211026 5.381105 -3.725764
C -0.209259 8.008250 -4.625538
H 0.710048 9.394599 -3.235444
H -1.263349 6.483570 -5.749350
H 0.202645 8.491300 -5.508476
C -2.525212 0.457074 2.911810
C -2.359008 -0.868053 3.365558
C-3.217481 1.380451 3.723702
C -2.886537 -1.270087 4.607332
H-1.817735 -1.586934 2.752783
C -3.737568 0.981956 4.968476
H -3.331526 2.405496 3.383547
C -3.577373 -0.345407 5.413202
H -2.752785 -2.294942 4.945349

191

H -4.265597 1.702142 5.589394
H -3.981239 -0.652895 6.374895
1-0.245744 -0.439425 -1.943625
1-0.951995 -3.136471 -2.907355

TS7

48

C 0.861939 -0.863806 -2.301127
H 1.255932 -1.736737 -1.783111
H 0.757731 -0.987957 -3.378873
C 1.354354 0.434355 -1.845807
H 0.900181 1.294236 -2.343592
C 1.537324 0.703283 -0.344397
H 0.578246 0.968717 0.107258
C 2.544252 1.874623 -0.253679
H 2.839543 2.083792 0.780620
C 3.735701 1.327381 -1.084571
H 4.168780 0.492177 -0.524796
C 4.767948 2.315916 -1.415522
N 5.609138 3.102344 -1.669629
N 3.068937 0.747607 -2.317963
H 3.055438 1.407867 -3.101214
H 3.466027 -0.151379 -2.604045
0 2.157771 -0.444934 0.299837
O 2.043545 3.045788 -0.941203
C 1.360018 -1.095947 1.381885
H 1.338072 -0.411978 2.241891
H 0.338204 -1.247812 1.015346
C 1.469725 4.129291 -0.092591
H 2.275071 4.537856 0.533526
H 1.183404 4.878204 -0.836602
C 0.296011 3.680367 0.752449
C -0.905218 3.247303 0.144415
C 0.396015 3.667835 2.160090
C-1.978167 2.784612 0.925926
H -0.995726 3.254041 -0.939904
C -0.684249 3.223049 2.948791
H 1.310326 4.012931 2.641225
C-1.867334 2.773417 2.332512
H -2.882573 2.415517 0.449663
H -0.600801 3.223488 4.032970
H-2.696782 2.412236 2.934752
C 2.024763 -2.404775 1.725446
C 1.559139 -3.609995 1.157056
C 3.123587 -2.442099 2.611364
C 2.186374 -4.832173 1.463131
H 0.702043 -3.593266 0.486711
C 3.754514 -3.661438 2.917042
H 3.481165 -1.518869 3.064119
C 3.286748 -4.859827 2.341830
H 1.815026 -5.755897 1.026404
H 4.597627 -3.680823 3.603477
H 3.768677 -5.804418 2.582648
1-1.501739 -0.792953 -1.640370
| -4.505941 -0.520941 -0.609170

TS8

48

C 1.022704 -0.474557 1.763861
H 1.886026 -0.857035 1.219777



H 1.004743 -0.768890 2.814056
C 0.664239 0.928681 1.497748
H-0.201751 1.277154 2.067740
C 0.599230 1.441545 0.032574
H 0.421249 0.606807 -0.653888
C 1.935396 2.159709 -0.263445
H 1.883505 2.749820 -1.185691
C 2.107008 3.042870 0.992486
H 1.273502 3.752023 1.033604
C 3.391109 3.745467 1.100504
N 4.411527 4.329510 1.188765
N 1.908240 2.019138 2.091821
H 2.739381 1.419586 2.170869
H 1.655835 2.421574 2.999558
0-0.417620 2.473858 -0.099962
0O 3.048434 1.233360 -0.237036
C -1.775238 1.987115 -0.456209
H-1.693795 1.439981 -1.407783
H-2.130916 1.282572 0.306224
C 3.347583 0.548226 -1.527327
H 2.410977 0.158131 -1.948243
H 3.764189 1.301486 -2.210118
C 4.323087 -0.567192 -1.252613
C 5.709879 -0.307926 -1.206009
C 3.856651 -1.880175 -1.024172
C 6.618240 -1.345521 -0.929169
H 6.076729 0.701382 -1.382517
C 4.763898 -2.919569 -0.748886
H 2.789976 -2.094869 -1.066695
C 6.146215 -2.653280 -0.700110
H 7.685082 -1.138967 -0.896946
H 4.395389 -3.927788 -0.579042
H 6.848234 -3.456860 -0.491197
C -2.693997 3.180773 -0.574941
C -2.311064 4.314981 -1.324340
C -3.965849 3.154685 0.032806
C -3.187272 5.405792 -1.460742
H-1.329571 4.341192 -1.790927
C -4.848093 4.243149 -0.110525
H -4.272815 2.284088 0.609051
C -4.460261 5.371962 -0.855907
H -2.884799 6.275528 -2.039471
H -5.829149 4.208754 0.356625
H -5.140107 6.213292 -0.966855
1-0.825173 -1.799158 0.874406
1-3.215171 -3.457136 -0.408493

P-6

46

C -1.588439 -1.172301 -0.848849
C -0.005324 0.051088 0.556206
C-1.106419 1.015561 0.053725
C -2.299990 0.066434 -0.197269
H-1.359359 1.789617 0.787783
H -3.039641 0.500256 -0.884064
N -0.257211 -1.210396 -0.205755
H 0.499026 -1.537674 -0.800446
H-1.518717 -0.987188 -1.933285
C -2.340700 -2.430089 -0.651359
N -2.941524 -3.435337 -0.506679
H-0.175839 -0.130111 1.624018

C 1.429206 0.530226 0.323190
H 2.157536 -0.234735 0.601720
H 1.575966 0.876857 -0.699820
11.944150 2.260286 1.597428

0 -0.666387 1.594570 -1.211883
0-2.887175 -0.240748 1.091687
C -4.355215 -0.455623 1.087342
H -4.844745 0.501959 0.852268
H-4.607766 -1.187155 0.308075
C -1.315169 2.868211 -1.570676
H-2.376221 2.697129 -1.808747
H-1.257693 3.540442 -0.699874
C -0.591033 3.456486 -2.759521
C 0.741291 3.906030 -2.622811
C-1.229686 3.571210 -4.010565
C 1.422009 4.457541 -3.721722
H 1.239745 3.818723 -1.659536
C-0.551411 4.127705 -5.112713
H-2.255172 3.224800 -4.127333
C 0.776406 4.571300 -4.970222
H 2.447386 4.801115 -3.607470
H-1.054213 4.212807 -6.073117
H 1.302335 5.001212 -5.819456
C-4.766123 -0.957100 2.450145
C-4.561081 -2.311048 2.796328
C -5.352629 -0.085950 3.391055
C -4.933615 -2.781934 4.067572
H-4.107262 -2.986068 2.074398
C -5.728530 -0.556052 4.663844
H-5.510947 0.959560 3.131978
C-5.518813 -1.905906 5.004261
H-4.771462 -3.825434 4.326689
H-6.180297 0.123289 5.382921
H -5.808661 -2.271825 5.986660

P-7

46

C 0.151594 -0.360239 1.880811
C 0.449201 1.186642 0.002181
C 0.944581 -0.219051 -0.398512
C 0.180076 -1.180030 0.545046
H 0.754868 -0.460961 -1.450898
H0.714586 -2.129617 0.682288
N 0.078569 1.042187 1.432156
H 0.430546 1.741625 2.076205
H 1.085884 -0.574940 2.426520
C-0.978973 -0.732678 2.758778
N -1.871853 -1.035258 3.468263
0 2.371855 -0.269321 -0.089277
0 -1.143237 -1.396301 -0.008172
C-1.719379 -2.744164 0.232803
H-1.130799 -3.474916 -0.342511
H -1.639488 -2.980661 1.301860
C 3.116025 -1.308010 -0.805299
H 2.756371 -2.310104 -0.521050
H 2.938720 -1.180504 -1.887107
C 4.591550 -1.173547 -0.485782
C5.167670 0.091405 -0.245326
C5.414173 -2.319193 -0.469172
C 6.547682 0.206284 0.003081
H 4.530129 0.969978 -0.240959

192

C 6.796269 -2.204154 -0.227970
H 4.979516 -3.302743 -0.642541
C 7.367491 -0.939435 0.009261

H 6.982553 1.185348 0.190872

H 7.420279 -3.094742 -0.218659
H 8.434170 -0.848500 0.200094

C -3.161483 -2.731951 -0.210641
C -4.166867 -2.257837 0.660669
C -3.520964 -3.184640 -1.497224
C -5.510666 -2.234305 0.246742
H -3.895072 -1.904787 1.652984
C -4.865381 -3.162421 -1.913147
H -2.750513 -3.548439 -2.174830
C -5.863066 -2.686721 -1.040684
H -6.278757 -1.867505 0.923318
H-5.132893 -3.512621 -2.907263
H -6.902817 -2.669506 -1.359299
C -0.797450 1.656200 -0.772743
H-1.562071 0.880890 -0.822611
H -1.198798 2.572606 -0.339524
H 1.269109 1.902504 -0.128295

1-0.325546 2.194414 -2.873926

17

46

C 0.139909 -3.112206 0.188019
H 0.168489 -3.289102 -0.887563
H 0.379077 -3.960231 0.824882
C-0.162131 -1.904963 0.705352
H-0.181817 -1.762956 1.783514
C -0.512423 -0.706041 -0.151657
H -0.378874 -0.989155 -1.210698
C 0.320869 0.580607 0.113279

H 0.158876 1.266675 -0.732893
C -0.085229 1.396083 1.363510
H-1.162069 1.575032 1.285559
0-1.902736 -0.263174 0.036632
01.742734 0.309116 0.262166
C -2.921314 -1.207506 -0.432366
H -2.642029 -1.547459 -1.445766
H -2.948214 -2.089220 0.221727
C 2.449620 -0.058487 -0.962358
H2.087210 -1.038797 -1.312173
H 2.240370 0.685920 -1.748407
C 3.937578 -0.127361 -0.676240
C 4.858170 0.014640 -1.736243
C 4.417498 -0.370776 0.627166
C 6.241200 -0.093454 -1.500675
H 4.498970 0.213844 -2.745236
C 5.801616 -0.472851 0.863243
H 3.707622 -0.467372 1.442192
C6.717612 -0.337930 -0.197971
H 6.941449 0.019127 -2.325226
H 6.162833 -0.657444 1.872398
H 7.786269 -0.417906 -0.012816
C -4.265950 -0.510159 -0.453368
C -5.425141 -1.196980 -0.037857
C -4.384272 0.815669 -0.923389
C -6.687343 -0.575607 -0.101514
H -5.344142 -2.214256 0.341480
C -5.642816 1.440319 -0.980665



H -3.489444 1.353425 -1.224098
C -6.799623 0.745542 -0.573782
H-7.573808 -1.115499 0.223045
H-5.723314 2.463886 -1.339746
H-7.772597 1.229224 -0.618960
N 0.628850 2.677848 1.325262
H 0.309778 3.366551 2.000369
H 1.640066 2.569922 1.298355
C 0.144981 0.652499 2.641262
N 0.321525 0.139818 3.690517

IC-9

48

C-0.772201 -0.652483 2.257253
H-1.462955 -1.442110 1.976985
H-0.274096 -0.733191 3.219258
C -0.664269 0.485335 1.509720
H-0.027383 1.305622 1.833097
C -1.370463 0.695073 0.186262
H-0.735957 0.275684 -0.613952
C -1.595565 2.202997 -0.143753
H-1.848815 2.295582 -1.213276
C -2.740713 2.844461 0.700567
H -2.457244 3.898097 0.809997
0 -2.642782 -0.024044 0.209533
0-0.401180 2.990731 0.129884
C-3.119617 -0.533258 -1.103168
H-3.377398 0.317479 -1.748577
H-2.299848 -1.102656 -1.566538
C 0.703722 2.807963 -0.830480
H 1.173247 1.823912 -0.690406
H 0.282038 2.848857 -1.849964
C 1.719877 3.908615 -0.619421
C 3.090281 3.597918 -0.509132
C 1.312341 5.259064 -0.561473
C 4.045200 4.621815 -0.354787
H 3.414902 2.559425 -0.539381
C 2.263151 6.281557 -0.400499
H 0.254597 5.500624 -0.626855
C 3.633731 5.966204 -0.300549
H 5.099645 4.370137 -0.271530
H 1.940617 7.319123 -0.353628
H 4.368851 6.758102 -0.178123
C -4.325419 -1.407444 -0.860803
C -4.166470 -2.788021 -0.612369
C -5.623490 -0.852013 -0.869880
C -5.286853 -3.603616 -0.370934
H -3.168536 -3.223010 -0.608544
C -6.745121 -1.666943 -0.629080
H-5.755367 0.211278 -1.057412
C -6.579591 -3.043298 -0.379114
H-5.155180 -4.666475 -0.182856
H-7.741259 -1.231352 -0.638707
H-7.447369 -3.672932 -0.196382
N -2.868992 2.257130 2.027940
H-3.160705 2.881972 2.770021
H-3.278810 1.328466 2.050604
C -4.017350 2.805287 -0.079297
N -5.038033 2.742337 -0.670191
| 1.595155 -1.669276 0.843548

1 3.851786 -3.096715 -0.423870

1C-10

48

C 0.071733 -0.627251 -1.779592
H 1.102763 -0.376785 -1.542583
H -0.290707 -0.361210 -2.768755
C -0.687550 -1.396117 -0.943161
H-1.684352 -1.713177 -1.239149
C-0.197425 -1.911643 0.396608
H 0.209742 -1.073794 0.986612
C 0.950739 -2.961135 0.287424
H 0.968229 -3.480527 1.257571
C 0.766299 -3.985394 -0.865649
H 1.131341 -3.494248 -1.777549
0 -1.235223 -2.586036 1.175535
0 2.223459 -2.311548 0.022061
C -2.338593 -1.750714 1.710829
H -2.445016 -2.081858 2.750465
H -2.041252 -0.693784 1.707705
C 3.002844 -1.932051 1.217259
H 2.492600 -1.122745 1.760893
H 3.063585 -2.812353 1.876921
C 4.376825 -1.489896 0.769216
C 5.198081 -2.373384 0.034293
C 4.860924 -0.206822 1.093639
C 6.484197 -1.975585 -0.368504
H 4.823301 -3.360128 -0.226819
C 6.152587 0.191262 0.696141

H 4.231917 0.484092 1.652440

C 6.966319 -0.692624 -0.036158
H 7.109775 -2.660494 -0.935899
H 6.517099 1.183180 0.952108

H 7.962858 -0.387004 -0.346233
C -3.634867 -1.957009 0.950381
C -4.228090 -0.905603 0.221401
C-4.276228 -3.216071 0.982501
C -5.439097 -1.107828 -0.469794
H -3.748305 0.070484 0.192621
C -5.480931 -3.422789 0.288640
H -3.829607 -4.030774 1.549708
C -6.066497 -2.367095 -0.440165
H -5.887688 -0.287909 -1.025349
H -5.965956 -4.395639 0.320134
H -7.001296 -2.524595 -0.972904
N -0.633361 -4.354379 -1.041272
H -0.840340 -5.025215 -1.771063
H-1.198647 -4.414272 -0.200960
C 1.675867 -5.148638 -0.616356
N 2.372386 -6.086728 -0.443153
1-0.974951 1.862879 -0.612111
1-1.651455 4.569896 0.327707

TS9

48

C -0.566397 0.003964 1.476536
H -1.153606 0.866940 1.169393
H -0.974041 -0.546715 2.322929
C 0.879242 0.138661 1.425959
H 1.438251 -0.748723 1.735233
C 1.551542 0.851104 0.249018

193

H 1.451235 0.256576 -0.664910
C 3.029632 1.046404 0.659748

H 3.542633 1.757414 -0.001177
C 2.973087 1.567320 2.139982

H 3.637502 0.921994 2.723722

0 0.923251 2.160633 0.123522

0O 3.728843 -0.223078 0.740473
C 0.706323 2.661893 -1.261643
H 1.679737 2.942312 -1.688700
H 0.271988 1.845460 -1.853537
C 4.224610 -0.764277 -0.557927
H 3.417047 -0.718235 -1.300968
H 5.054894 -0.124120 -0.889274
C 4.665078 -2.188556 -0.335525
C 3.754398 -3.250732 -0.525014
C 5.985347 -2.473750 0.073606
C 4.157130 -4.579908 -0.301548
H 2.735797 -3.046018 -0.849269
C 6.389623 -3.802188 0.298751
H 6.694198 -1.659876 0.215945
C 5.474947 -4.857468 0.111823
H 3.449604 -5.390290 -0.455589
H 7.409105 -4.014653 0.611327
H 5.787207 -5.885349 0.280303
C-0.225072 3.845289 -1.190712
C -1.621596 3.654322 -1.272745
C 0.284506 5.151102 -1.026888
C -2.496144 4.752803 -1.187263
H-2.021913 2.651316 -1.407794
C -0.588181 6.251241 -0.940107
H 1.359972 5.307864 -0.964993
C -1.980565 6.053351 -1.019946
H -3.569749 4.597371 -1.257250
H-0.187051 7.254013 -0.815809
H -2.655940 6.903348 -0.958490
N 1.552739 1.344205 2.601867

H 1.463644 1.020595 3.567244

H 0.956718 2.158854 2.413841

C 3.383219 2.970002 2.299557

N 3.721359 4.092543 2.429468

1-1.013924 -1.613360 -0.354095
1 -1.501540 -3.598480 -2.764759

TS10

48

C -0.263662 -0.931140 1.751358
H -1.343865 -1.007924 1.654243
H 0.099191 -0.755227 2.762803
C 0.559854 -1.778620 0.910125
H 1.635583 -1.649105 1.035782
C 0.132976 -2.077851 -0.535582
H -0.083553 -1.151886 -1.079792
C-1.102809 -3.015882 -0.489013
H -1.139049 -3.585419 -1.426929
C-0.881742 -3.947704 0.753183
H -1.654429 -3.674014 1.479783
0 1.152092 -2.873223 -1.219459
0 -2.351384 -2.332805 -0.229961
C 2.246140 -2.136691 -1.912512
H 2.521315 -2.814834 -2.726283
H 1.833557 -1.213778 -2.340487



C-2.967971 -1.674630 -1.414243
H -2.252503 -0.953967 -1.833764
H-3.177522 -2.452285 -2.163448
C -4.227746 -0.980632 -0.962309
C -5.473765 -1.638779 -1.035383
C -4.168495 0.335082 -0.453559
C -6.646602 -0.993414 -0.602250
H -5.526574 -2.652594 -1.428446
C -5.339731 0.981525 -0.019440
H -3.212816 0.852318 -0.393490
C -6.580783 0.318684 -0.093720
H -7.603551 -1.505868 -0.664345
H -5.284215 1.995704 0.367371
H -7.486956 0.820822 0.236835
C 3.432004 -1.845780 -1.015180
C 3.704926 -0.533181 -0.574261
C 4.284649 -2.899593 -0.611156
C 4.806389 -0.277432 0.265954
H 3.061716 0.290200 -0.877188
C 5.382334 -2.646987 0.230580
H 4.094973 -3.911201 -0.967080
C 5.644609 -1.333141 0.671800
H 5.004289 0.738149 0.597907

H 6.037165 -3.461902 0.530097
H 6.496961 -1.135101 1.317121
N 0.453311 -3.579399 1.335765
H 0.526968 -3.725430 2.344243
H 1.231960 -4.000269 0.815157
C -0.974354 -5.385485 0.457647
N -1.052314 -6.539130 0.224187
10.109075 1.345485 0.788961
10.491961 4.191668 -0.500748

P-9

46

C-1.042493 -1.647776 2.062285
C 0.131655 0.399622 2.032724
C0.173181 -0.101725 0.566491
C -0.904825 -1.212311 0.534627
H-0.048012 0.678462 -0.171639
H -0.592959 -2.054683 -0.098751
N -0.042756 -0.852538 2.836969
H 0.845459 -1.357563 2.908748
H-0.774578 1.005214 2.161029

C 1.354364 1.175314 2.513858

H 1.283012 1.404929 3.577755

H 2.282311 0.655494 2.274985
11.529833 3.134142 1.515161

0O 1.498429 -0.676262 0.364849
0-2.135192 -0.628421 0.038980
C-3.171364 -1.597260 -0.312294
H -2.754086 -2.316312 -1.038836
H-3.477532 -2.166912 0.580475
C 1.897272 -0.837991 -1.047226
H 1.219088 -1.549836 -1.542291
H 1.803723 0.138544 -1.546408
C 3.321613 -1.338086 -1.081790
C 4.397243 -0.428462 -0.989698
C 3.596391 -2.717652 -1.186550
C 5.725685 -0.890564 -0.997803
H 4.193317 0.637299 -0.906711
C 4.924266 -3.183878 -1.195703
H 2.773896 -3.427415 -1.254375
C 5.991858 -2.270420 -1.101306
H 6.547414 -0.182009 -0.926635
H 5.125086 -4.249454 -1.275753
H7.018581 -2.628771 -1.109851
C -4.368128 -0.875872 -0.905352
C -4.322640 0.495132 -1.224628
C -5.551266 -1.605352 -1.154363
C-5.447676 1.127442 -1.789875
H-3.415697 1.054429 -1.022946
C-6.672503 -0.974364 -1.721076
H -5.599926 -2.664850 -0.905079
C -6.623925 0.397040 -2.041536
H-5.404624 2.187217 -2.030773
H-7.578335 -1.546288 -1.908098
H-7.491058 0.887425 -2.477511
C -0.894765 -3.093513 2.277400
N -0.783495 -4.258900 2.427072
H-2.047904 -1.343760 2.385037

P-10

46

C 0.008978 -0.327487 1.797949
C 0.195864 1.213744 -0.113843
C 0.715638 -0.177245 -0.537449
C 0.085095 -1.163884 0.476627

194

H 0.430674 -0.444930 -1.561931
H 0.697638 -2.066858 0.603294
N -0.159965 1.053359 1.319275
H 0.092022 1.802700 1.954436
0 2.163604 -0.153269 -0.374627
0 -1.240898 -1.501216 -0.006209
C -1.820806 -2.715688 0.586334
H -1.216684 -3.587576 0.292409
H-1.787686 -2.633147 1.686046
C 2.882868 -1.182126 -1.136187
H 2.470288 -2.175640 -0.887469
H2.729373 -1.011349 -2.212519
C 4.354592 -1.119045 -0.786394
C 5.325322 -1.252066 -1.800330
C 4.771318 -0.969771 0.554457
C 6.697211 -1.248805 -1.482357
H 5.013911 -1.352367 -2.838903
C 6.141518 -0.959435 0.870730
H 4.030674 -0.844480 1.338503
C 7.108746 -1.103117 -0.144333
H 7.437012 -1.351305 -2.272932
H 6.452785 -0.839329 1.905736
H 8.167568 -1.095807 0.104144
C -3.248446 -2.863129 0.108007
C-4.129273 -1.760287 0.135228
C -3.725005 -4.113836 -0.333521
C -5.466479 -1.909632 -0.271508
H -3.760021 -0.790560 0.458658
C -5.066802 -4.266961 -0.733465
H -3.051824 -4.968656 -0.370256
C -5.940956 -3.164678 -0.703662
H-6.136662 -1.053431 -0.252844
H -5.423664 -5.236756 -1.071893
H -6.975888 -3.279395 -1.016904
C 1.220728 -0.524312 2.638775
N 2.167932 -0.666757 3.329245
H -0.856032 -0.652402 2.392471
C-1.074688 1.659826 -0.863927
H-1.818651 0.863618 -0.906635
H -1.495519 2.560583 -0.415758
1-0.664452 2.227562 -2.967231
H 1.000665 1.944150 -0.255158
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Chapter 7

Future Prospects

The biological activity of azasugars has been largelylatted to their ability to mimic
the oxocarbenium ion-like transition state formed duringjyecosidase reaction. This
ability has led to functional and stereochemical modifaadiof the azasugar scaffold in
the development of specific and potent glycosidase inhiitd The work presented in
this thesis has described the development of syntheticadetbgy to prepare a series of
amino-imino-hexitols as azasugar scaffolds. The aminoorhexitols were evaluated
for their biological activity against a panel of glycosidasvith thed-talo configuration
exhibiting good selective inhibition of-D-glucosidase. The key transformation in
the synthetic route to produce amino-imino-hexitols wasl.amediated carbamate
annulation of alkenylamines possessing aaminonitrile moiety. As eluded to in
Chapter 5, we have proposed three potential pathways fomtdahanism of addition
of CO, to the intermediate iodoamine in the carbamate annulatibich could proceed
via an aziridine (Pathway, Scheme 7.1), carbonate (PathwB)y or carbamic acid

(PathwayC) intermediate. We suggested that an aziridine is not annrgdiate in
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the carbonylation as it was not transformed to the carbamvhen subjected to the
annulation conditions. To determine whether carbonyfapooceeds via pathwal
(carbonate) orC (carbamic acid), we can utilise the measurement of kinsttope
effects (KIEs). The measurement of KIEs is a powerful toal oobing reaction
mechanisms that has been used to elucidate events takrggipléhe rate determining

step (rds) of a wide range of reactioh$>

N
é /| A= unlikely

o T coy

O»\o s o~/

H® H 5 H
= NH, 2 N_ @ COs~ N
\>_// = | | _— =
RG NaHCO3 /p
RO
RO Wi : _/ "
O @)
. r

N

RO

Scheme 7.1 Proposed pathways for carbonlyation of iodoamine

Isotope effects have generally been measured by kinetipettion reactions using
isotopically labeled and unlabelled reactafitddowever, the synthesis of isotopically
labeled reactants can be tedious, and a new synthesis angettom reaction is
required for each KIE determination. Seminal work by Sitglerevealed that carbon
KIEs could be measured at natural abundance uSI8gNMR analysis® to provide

information on the fundamental bonding changes of carbemsibccurring in the rds of
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a reaction. With Singleton’s technique, KIEs can be derivenh the ratio of*2C/*3C in
the carbons of the reacting starting material (SM). Theaasbnvolved in the rds of the
reaction will have an isotopic enhancement or diminishnoéAtC over'?C, which can
be determined by recovering a sample (R) of SM from a reatéiken to a high degree
of conversion and comparing the measut& NMR spectrum with that of a standard
(Ro) of SM. Any difference in the isotopic ratio of R{Rvill be apparent by examining
the comparative integrations of the carbon signals ift#8eNMR spectrum of the SM.
The integrations are referenced to the chemical shift ohtermal carbon known not to
be involved in the transformation. However, the observédididince in R/B is small
due to the low natural abundance '6€ (1.1%). Thus, high precision NMR data is
necessary to accurately determine the difference in tlegiations of carbon signals
within experimental error and this requires a large amo@imaterial to be measured
in the'3C NMR (ca. 2 mmol at 125 MHz). For successful KIE analysis ogaction;
the unreacted SM must be recovered in sufficient quantitiNlfdR measurements; the
reaction must be irreversible and the mechanism not chateaeaction proceeds and
the reaction must be clean with no side product formatioreré&tore, we believe the-
mediated carbamate annulation is an ideal reaction to stsihg the?C/*3C natural

abundance KIE technique.

lodoamin€l was considered as a starting material to investigate KIEth&omechanism
of CO, addition to produce carbamaf since a route to gram quantities bfhad
previously been established via the halocyclisation oemkamine3 (Scheme 7.2).
However, with a molecular weight of 448 gmolodoaminel was not ideal to use as
a starting material for natural abundarté€/**C KIE analysis, due to the difficultly of

dissolving enough material (2 mmol, 896 mg) in deuteratédeshin a 5 mm i.d. NMR
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tube.

0
I H
H,N o—{

ﬁCN NIS, CH,Cl,» \/,,. N CN l,, NaHCO3 /'/ N CN

B — - > -
75% THF/H,0 (1:1) q

BnO OBn 2 \
BnO OBn 80-90% BhO  OBn

3 1 2

Scheme 7.2 Formation of iodoazasugdaren route to the synthesis of carbamate

An ideal molecule to study KIEs for thg-mediated carbamate annulation would have
a low molecular weight for the dissolution of ca. 2 mmol in aMR tube, while
also possessing the necessary functionality to undergonaalation, and a carbon
to act as an internal NMR standard. Thus alkoxy alkenylanffieScheme 7.3)
derived from 2-deoxyp-ribose fits these criteria, with a molecular weight of 115
gmol! when R = Me, and 191 gmélwhen R = Bn. KIEs could be determined for
the cyclisation of alkenylamind to iodoamine5, for the annulation of alkenylamine
4 to carbamates, and for the CQ addition of iodoamines to carbamates. The
combined results from these KIE experiments could then lmepemed to theoretical
KIEs derived using density functional theory (DFT). Thisrgmarison would indicate
whether the initial iodocyclisation or subsequent Cadition was the rds of the
carbamate annulation and whether the addition of, @@ceeded via a carbonate or

carbamic acid intermediate.

We produced the simplified alkenylamide(R = Me, as discussed in Chapter 6),
utilising the Vasella reductive aminatitn'®on methyl 2,5-dideoxy-5-iodo-3-methoxy-
ol 3-D-ribofuranoside. However, this route was not high yieldihg to the formation

of a major byproduct and difficulties in isolating the alk&mgine. As we needed
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WNHZ

4
NaHCOs, I
NIS, DC:V \LHF/HQO
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RO
RO
5 6

R = Me or Bn

Scheme 7.3 Proposed routes to determine KIEs for themediated carbamate
annulation

large quantities of material to run the KIE experiments @cted amines were used
in the reductive amination. Thus, a Vasella reductive ationain the presence of
diphenylmethylamine was performed, however, all atteniptseemove the diphenyl-
methyl group were unsuccessful whilst also keeping the yhedther intact. When
p-methoxybenzylamine was used as an amine source in thed&/aselictive amination
a secondary amine byproduct was formed along with the akgirenary amine and

problems were also encountered removinggmethoxybenzyl moiety.

In light of the difficulties with the Vasella reductive amtran protocol other ways to

make an alkoxy alkenylamine framework have been explohags & concise racemic
route was anticipated involving a [2+3] dipolar cycloadutitas the key step based on
the procedure by Torssell and Das (Scheme ?.4t)is important to note that a racemic
alkenylamine will not be detrimental to obtaining KIEs, & ttarbamate annulation
of (39-1-amino-3-methoxy-pent-4-ene is known to producedbaliastereomer as the

only observable product (Chapter 6), therefore, both emauars should cyclise via the
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same mechanistic pathway. Furthermore, as enantiomeesitientical spectral data,
measurement of the racemic alkenylamifewill not affect the determination of R{R

in the 3C NMR spectra. Here, the [2+3] dipolar cycloaddition of llitme ) and
nitromethaneg) produced the cyclic oxim8 in 20% vyield and, although this reaction
was low yielding, further optimisation could be achievedindRopening of oxime9
under basic conditions gave hydroxy nitril® in good (89%) yield. At this point
alkylation of nitrile 10 in the presence of A@ could be carried out with either Mel
or BnBr to produce the alkoxy nitril&1, which could be subsequently reduced to the

alkenylamine4 with treatment by LiAlH,.

o) TMSCI, Et3N EtsN 1.5 eq oH
I benzene/MeCN, 2:1 N relflux 1 h
= ’ N
W + /IE\O > . O/ - CN
= rt12d, TFA2d 89%
7 8 20% 9 10

Ag,0, RX
R = Me or Bn

o)
OJ{I l,, NaHCO3 OR LiAlH4, Et,0 OR

O B
%_7 THF/H,0 WNHZ SN

RO
6 4 11
LNIS
| H
0
RO
5

Scheme 7.4 Preparation of a racemic alkoxy alkenylamine for KIE aniaslys

Methoxy alkenylamine4, R = Me) was prepared using the racemic route shown in

Scheme 7.4, however, this compound is highly volatile whchkes it difficult to
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reliably recover in a quantitative amount from KIE experitee Although carbamate
annulation of alkenylamind (R = Me) successfully produced thes-carbamates,
attempts to isolate the iodoamiBewere yet unsuccessful. However, it is anticipated
that the benzyloxy alkenylamind,(R = Bn) will not be volatile, and can be prepared
through the use of BnBr and AQ (10 — 11) followed by reduction of the nitrile
via treatment with LiAIH,. A benzyl ether increases the weight of the alkenylamine
compared to a methyl ether, however, we anticipate the 4oéida molecular weight
should facilitate the smooth re-isolation of the SM in theeKdxperiments. We also
believe the iodoaminés( R = Bn) can be synthesised from alkenylaméiéR = Bn)
using NIS in DCM. With this racemic route, gram quantitiebehzyloxy alkenylamine
(4, R = Bn) can be prepared and utilised as the SM for the KIE éxyasts. Moreover,
analysis of the experimental KIE data will enable furthercedation of the J-mediated

carbamate annulation mechanism.

203



References

10.
11.

12.
13.
14.

. Borges de Melo, E.; da Silveira Gomes, A.; Carvalhdletrahedron 2006, 62,

10277-10302.

Merino, P.; Delso, I.; Marca, E.; Tejero, T.; Matute, ®rr. Chem. Biol. 2009, 3,
253-271.

. Pearson, M. S. M.; Mathé-Allainmat, M.; Fargeas, V.; tetbn, J.Eur. J. Org.

Chem. 2005, 2005, 2159-2191.

. Afarinkia, K.; Bahar, ATetrahedron: Asymmetry 2005, 16, 1239-1287.
. Winchester, B. GTetrahedron: Asymmetry 2009, 20, 645—-651.

Caines, M. E. C.; Hancock, S. M.; Tarling, C. A.; WrodnidgM.; Stick, R. V,;
Stutz, A. E.; Vasella, A.; Withers, S. G.; Strynadka, N. CAdgew. Chem. Int. Ed.
2007, 46, 4474-4476.

. Wijdeven, M. A.; Willemsen, J.; Rutjes, F. P. J.Hur. J. Org. Chem. 2010, 2010,

2831-2844.

. Stocker, B. L.; Dangerfield, E. M.; Win-Mason, A. L.; Ha$|é&5. W.; Timmer, M.

S. M. Eur. J. Org. Chem. 2010, 2010, 1615-1637.

Singleton, D. A.; Merrigan, S. R.; Liu, J.; Houk, K. N. Am. Chem. Soc. 1997,
119, 3385-3386.

Singleton, D. A.; Schulmeier, B. B. Am. Chem. Soc 1999, 121, 9313-9317.

Singleton, D. A.; Nowlan, D. T.; Jahed, N.; Matyjaszeiygk Macromolecules
2003, 36, 8609-8616.

Denmark, S. E.; Sweis, R. F.; Wehrli, D Am. Chem. Soc. 2004, 126, 4865—-75.
Denmark, S. E.; Bui, T. Org. Chem. 2005, 70, 10393-10399.

Hirschi, J. S.; Takeya, T.; Hang, C.; Singleton, D.JAAM. Chem. Soc. 2009, 131,
2397-403.

204



15.
16.
17.
18.
19.

20.

Gonzalez-James, O. M.; Singleton, D.JAAM. Chem. Soc. 2010, 132, 6896-6897.
Singleton, D. A.; Thomas, A. Al. Am. Chem. Soc. 1995, 117, 9357-9358.
Bernet, B.; Vasella, Adelv. Chim. Acta 1979, 62, 1990-2016.

Bernet, B.; Vasella, Adelv. Chim. Acta 1979, 62, 2400-2410.

Dangerfield, E. M.; Plunkett, C. H.; Win-Mason, A. L.; &ker, B. L.; Timmer, M.
S. M. J. Org. Chem. 2010, 75, 5470-5477.

Das, N. B.; Torssell, K. B. Getrahedron 1983, 39, 2247-2253.

205



