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SUMMARY

Palladiumcatalyzed asymmetric allylic alkylation and amination
reactions are among the most versatile methods-fora@id GN bond formation
that are widely applied in natural product synthesis. Our reseam@bpghas
acquired an important background in this reaction, and a general objective of this
PhD work is to apply itto the synthesis of different natural products or
analogues, as well as to enlarge the usefulness of this methodology to new
substrates andemv nucleophiles. In connection with this purpose, the specific
objectives of this thesis was the following:

1. Enantioselectiveformal synthesis ofhectrisine The work presented
in this section has asnaobjective the enantioselectiviermal synthesis of
nectrisine starting from the key synthon allylamine prepared through an
palladiumcatalyzed Dynamic Kinetic Asymmetric Transformation (DYKAT) of
racemic vinyloxirane using imidaarboxylate nucleophile. Crossmetathesis
would allow the elongation of the chain lengthand diastereoselective
dihydroxylation and cyclizatioof the corresponding amirester123 could lead
to lactam115 Nectrisine had been already prepared from compduiriland
consequently this synthesis would involve a formal sytighefaectrisine.

HO TBDPSO 2 3
N H Cyclisation R‘N’R OH
N -~ o} _ R1O\/k/i\

g o H COOEt
HO  ©OH HO  ©OH OH
Nectrisine 115 123

C.M R2 RS DYKAT
_ N — =
) ) R1O\/k/ 0
Dihydroxyation
Scheme |

Crossmetathesis reaction 428 with ethyl acrylate affordethe product
151in excellent yields (95%) in the presence of Hove@abbs catalysC2 (5
mol%). Reaction of compound51 with stoichiommetric Os@Qand TMEDA
afforded the osmate ester in excellent stereoselectivity (2@&dpsequent
controlled hydrolysis in the presence of HCI and MeOH (C = 0.24 mol/l)
rendered the desired dibb2aproduct in 91% overall yieldAfter hydrdysis of
Boc groups inl52a with TFA, the reaction crud&é53was treated with LiOH to

222 12



afford lactam154in 81% yield for the two step$urtherprotection ofprimary
hydroxyl groupby reaction with TBDPSCI provided compouh#l5in 89% yield
thus completinghe first formal synthesisf the glycosidase inhibitor nectrisine

in 7 steps and 48% overall yield starting from the commercially available
racemic butadiene monoepoxicheme 1)

PN 1) OSO4, TMEDA OH
Z “COOEt CH,Cly, -78°C to rt
Bz0” N B0\ COOEt _HeCh2 Bzo/\/'\rCOOEt
Boc VBoc €2 CH:Cl, _N. 2) HCI, MeOH, 2h, rt _N._ OH
reflux, 18h Boc™ 'Boc Boc” “Boc
95% 91%, 20:1
128 151 152a
LiOH, MeOH-THF H
I 81% (two steps) N_o
TFA o (two steps
> Bzo/\;/'\‘/cOOEt _— RO \ >, Nectrisine
CHCly NH, OH HO  OH

153 TBDPSCI, , 154: R=H

Im, DMF
! 115: R=
89% R=TBDPS

Scheme Il.

2. Enantioselectiveformal synthesis ofD-fagomine Aiming to explore
the synthesis o2 from 1 usingpalladiumcatalysis and taking into account the
role of DACH Trost ligands in the control of the regioselectiatythe reaction
we wondered whether structural elementstlie substrate able to provide
hydrogen bonding could bias the regiochemistry of palladiatalyzed allylic
amination of allylic carbonates to afford branched derivatifssan illustration
of this methodology wesnvisionedto apply to a short enantiosetive formal
synthesis of fagomine, an iminosugar that shows activity against mammalian gut
-JO XFRYV L G@alatiodid@sEs (Scherib).

[Pd]/ Trost L ' OH
RNH,
S
R/\/\/ X - > R/\‘/\ ***** f* ('j\/OH
regioselective Nu N
1 2 H
D-fagomine
Scheme II.
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In spite of years of study, controlling regioselectivity palladium
catalyzed asymmetric allylic amination is a leegfablished problem that has not
found a general soliain yet. Howeverin this PhD. thesiswe havefoundthatthe
branched regioisomer could be obtained as the only product in the reaction using
palladium/DACH naphthyl Trost ligand and carbona&. Both the yield and
enantioselectitity were excellent/e have show that this system tolerates the
use of relatively hard alkylamines as nucleophiles thus widening the synthetic
possibilities towards the obtention of enantioenriched allyl amwigish are
obtained in poor regioselectivity using butadiene monoepoxided) (as
electrophile The excellent control of the regiand enantioselectivity in this case
might be due to hydrogen bonding interactions between the hydroxyl group in the
substrate and the diphenylphosphino benzoic -@eitved ligand in the Pd
complex, astican be deduced by the dramatic change in the regioselectivity
when the hydroxyl group is protected or replaced by an alkyl chain (Sdv@me
The use of alkylamines as nucelophiles is limitedinbinderedprimary amines
as secondary amines led to a poagioselectivity. Thesteric hindrance of the
nucleophile could be responsible for the poor regioselectivity observed.

[Pd(n3-C3H5)Cll coopgra(ive_H-
(S,S)-DACH-Naphthyl ligand ' bonding del!vew R
{ ANuH of nucleophile R)
CH,CI. 4 P!
Ho/\/\/o\n/OCHa E ST > Cﬁ/\ — » HO X
0o RNH, N NHR

157 188

NH; NH,
RNH, NHz A~ NH,
MeO’
OMe

Scheme V.
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Based on this protocol a short formal enantioselective synthesis of
glycosidase inhibitoD-fagomine is described/|.

[Pd(n*C3Hs)Cll,
Ho™ P~ 0CO:Me (R.R)-DACH Grubbs II, (5 mol %)

/\/\
Naphthy! HN S| pTSAH,0 (1.0 equiv) ~
157 . _— HON _— OR?
CH.Cl, CH,Cl, reflux, 18h N
PN 217 R
= 6 NH, 91% vyield 218: R'=R%=H
0
94% ee 208: R'=Boc, R2=Si!BuPh,
OH
-
OH
N
H
fagomine
SchemeV.

3. Enantioselective synthesis of Cidofovir analogue$¥he research
described in this part aims to develop an asymmetric and regioselective metal
catalyzed allylic amination process using purinic and pyrimidinic bases and
palladium catalysts, aniis application to thesynthesis of acyclic nucleoside
analogus of Cidofovir based on cross metathesis reaction as the second key step
(Schemevl).

(6]
I
Lo~ OCOMe
ki O 157
N7 cross Z/
2\)} N QOH  metathesis 5
0” N (0] HO\/'\/\/ PL -~ Pd-catalyzed
b OCH,P(OH), OH  — Rrio_L_~ alyicamination
Q = Nucleobase 228 \
OH \ A~
. . =
Cidofovir c'dIOfOV" (¢}
analogues 54
SchemeVl.

For this purpose @ studied the Rdatalyzed asymmetric allylic
amination of vinyloxirane4) or allylic carbonatd 57 with differentpyrimidinic
and purinic bases as nucleophil&his method allowed us to obtain compounds
238241in excellent yields and enantioselectivities (Schertig. V
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[Pd(n3-C3Hs)Cl],

HO™ P\ -0COMe (S,S)-DACH-naphtyl ligand Base
157 + Base-H HO Z
CH,Cl,
X 229 238-241
(o) 234-237 excellent yield
54 excellent ee
N(Boc), (0] N(Boc), Cl N
Bz
oo oo ey O
-H- \ \
e O CLOXY U O
N0 N0 N~ N N~ N H
H H H H
229 234 235 236 237
Scheme V1.

The allylated nucleobase thus obtaiveere use to develop a short and
efficient enantioselectiveynthesis ofacyclic nucleoside®26 and 227. After
rutheniumcatalyzed crosmetathesis with diethyl allylphosphonate and removal
of protecting groupsacyclic nucleoside®26, 227 were obtainedn 66% and
59%yield (SchemeVIll).

H,N NH;
=N X
N N
P ﬁ)%
NN o N So o
i, OH i, OH
HO\/k/\/P\OH removal PG removaHDG/ HO\/‘\/\/P\OH
227 \ 226

RWOJB\/VE/OF@

“OR®
244 B= cytosine
245 B= Adenine

SchemeVI .
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4. Exploring the use of the catalytic system Pd/ Trost ligamdth
different imido and imidocarboxylate nucleophiles. The different products
obtained in this study were used as starting materials in the synthesis of valuable
different compounds such as lactam, lactone draimino4-deoxy sugar
(SchemdX) .

/ lactone
OR;

/\{g
Pd Rz
+ Trost Ligand N o
o o =
)k )k lactam
Ry N7 "R,
H O._OH
RHN/Q'IOH
OH

4-amino-4-deoxy sugar

Scheme X

The dynamic kinetic asymmetric transformatiobYKAT ) of butadiene
monoepoxide{4) using the catalyti®d/Trost ligandystem with different imido
and imidocarboxylate nucleophiles have been explored. As expected, the
resulting allylic imido carboxylate product isomerized through a facile in situ
acyl migration. We found that when acryloyl imido carboxyla2d8 and 249
were used as nucleophiles, very good to excelbr@Emaelectivity in the acyl
migration wer achieved. This selectivity could be probably explained by both
steric and electronic factors of the acyl moiety (Sch¥ne

[e] (0]

O o e
PPhy PhyP o R

BocO” TN
3, R
] S Nrsos PGl Moﬁ/\ A

o >>
o) 18h NHBoc 0
o 259b:n =0 259a:n =0
248:n=0
54 249 n=2 260b: n =2 260a:n =2

selectivity up to 85%

SchemeX.
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In the case of acryloyl imide&50 and251 no control of acyl migration
was possible and an almasgjuimolarratio of both isomers were always obtained
(SchemeXl).

Q Q o
NHHN

M (o]
S 3 )k R /\M)k R
54 [Pd(n*-C3Hs)Cll RO R v
HN ¥ HN._ R
* H CH,Cly, 18h n g
x N__R o) o)
Sty
o} o} 261a:n=2,R=H 261b:n=2,R=H
262a:n=2,R="Pr 262b:n=2,R="Pr
250:n=2,R=H
251:n=2,R="Pr Selectivity

50:50

SchemeXI.

Nevertheless this method allowed us to obtain enantiomerically enriched
allylic compounds bearing an acryloyl moietyNgtO or both positions which in
combination with the well known ringlosing metathesis reaction enabled us to
obtain very good yield of/aluable different compounds such as lacta®s,
lactone274and 4amino4-deoxy sugar803and304 (SchemeXll).

Z/’L:)Loj \ (o] o TBDPSO/\QR;C:O
AN é \ vtmw//

SchemeXII.
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ABBREVIATIONS AND ACRONYMS

A

AAA: Asymmetric Allylic Alkylation
AIDS: Acquired immune deficiency syndrome
ANPs: Acyclic nucleotide phosphonates
B

Boc: tert-butoxycarbonyl

BzCl: Benzoyl chloride

C

c.a.: Aproximately

CM: Crossmetathesis

c.m: complexe mixture

CMV: Cytomegalovirus

Conv: Conversion

CSA: Camphorsulfonic acid

D

DAB: 1,4-dideoxyimingD-arabinitol
DACH 1,2-diaminocyclohexane

DAST: Diethylaminosulfur trifluoride
DBU: 1,8-Diazabicyclo[5.4.0JundeG-ene
DCM: Dichloromethane

DDQ: 2,3Dichloro-5,6-dicyanal,4-benzoquinone
DEAD: Diethyl azodicarboxylate

DEPC: Diethyl phosphorocyanidate
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DHPA:
DHQ:
DIBAL
DHQD:
DMAP:
DMF:
DNA:
dNTPs :
DPPBA:
DYKAT:

Im

EWG:
e.g.:

HCMV:
HPLC:
HPMPA:
HPMPC:
HSV:

N
NaHMDS:
NBS:
NCS:
NMO:
NMR:

2 10 222

9-(2,3-dihydroxypropyl)adenine
Dihydroquinine

Diisobutyl aluminum hydride
Dihydroquinidine
4-Dimethylaminopyridine
N,N-Dimethylformamide
Deoxyribonucleic acid
2'-deoxynucleosid&-triphosphates
Diphenylphosphinobenzoic acid

Dynamic Kinetic Asymmetric Transformation

Electron Withdrawing Group

for exemple

Human cytomegalovirus

High Performance Liquid Chromatography
(S)9-(3-hydroxy-2-phosphonylmethoxypropyl)adenine
(9-1-(3-hydroxy-2-phosphonylmethoxypropyl)cytosine

Herpes simplex virus

Sodium bis(trimethylsilyl)amide
N-Bromosuccinimide
N-Chlorosuccinimide
N-methytmorpholineN-oxide

Nuclear Magnetic Resonance



PHAL:
PHN:
PMB:
PMEA:
PMPA:
PK:

Py:

Py

RCM:
RedAl:
RNA :

T
TBAF:
TBSOTf:

TBDPSCI:

TDF:
Temp:
Teoc:
TFA:
THF:
TIPSCI:
TLC:
TMEDA:

Phthalazine

Phenanthryl ether

p-methoxybenzyl
9-(2-phosphonylmethoxyethyl)adenine
(R)-9-(2-phosphonylmethoxypropyl) adenine
Protein kinase

iso-propyl

Pyridine

Ring-closing metathesis
Sodium bis(2methoxyethoxy)aluminium hydride

Ribonuckic acid

Tetran-Butylammonium fluoride
tert-Butyldimethylsilyl trifluoromethanesulfonate
tert-Butyldiphenylsilyl Chloride

Tenofovir disoproxil fumarate

Temperature

2-trimethylsilylethoxycarbonyl

Trifluoroacetic acid

Tetrahydrofuran

Triisopropylsilyl chloride

Thin Layer Grromatography

Tetramethylethylenediamine
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TML: Trost Modular Ligand

TMSBr: Trimethylsilyl bromide

TPAP: Tetran-propylammonium perruthenate
TK: Thymidine kinase

v

VZV: VaricellaZoster Virus
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General Introduction

|. Palladiumcatalyzed asymmetric allylic substitution reactions

[.1. Introduction

Fine chemicals and natural product chemistry rely on enantiomerically
pure compounds. The discovery of synthetic routes for preparing these
compounds is one of the most persistently pursued goals in chemistry.
Asymmetric catalysis is one of the most attract@mproaches because it can
provide very high reactivity and selectivity, and is environmentally friehdly.

Among asymmetric catalytic processes, metdhlyzed asymmetric
allylic alkylations (AAA) are unique in two respects. Firstly, they have multiple
mecdanisms by which asymmetry can be introduced and secondly, they can form
many types of bonds among which areHCC-O, GN, C-S, GP, and most
importantly, GC using the same catalyst systeMany different metals may be
used for such AAA processes incing palladium, platinum, gold, rhodium,
iridium, molybdenum and ruthenium, which have become more and more
interesting during the past few yearat present, palladiurhas far proven to be
the most versatile metal catalyst for its easy manipulation, datgdytic activity
and high enantioselectivignd for having the broadest scdpe.

The first time palladium was used in a commercial homogeneous
FDWDO\WLF SURFHVYV ZDV LQ WKH fv. 7KH UHDFW

(a) Asymmetric Catalysis in Organic Synthesis (Ed. R. Noyori), Wiley, New Yi®&84 (b)
Comprehensive Asymmetric Catalysis (Eds.: E. N. Jacobsen, A.,P#hltXYamamoto),
Springer, Berlin1999 (c) Asymmetric Catalysis in Industrial Scale: Challenges, Approaches
and Solutions (Eds.: H. U. Blaser, E. Schmidt), WN&yH, Weinheim,2003

2 Reviews: (a) B. M. Trost and D. L. Van VrankéZhem. Rey 1996 96, 395422; (b)B. M.
Trost and M. L. CrawleyChem. Rey 2003 103 29212943; (c)Z. Lu and S. MaAngew.
Chem., Int. Ed 2008 47, 258297

Trost. B. M.; Lee, C. Asymmetric Allylic Alkylation Reactions. In Catalytic Asymmetric
Synthesis, 2nd ed.; Ojim I., Ed.; WileyVCH: New York,2000Q p 593.

4 For selected publications sé& Sawamura, M.; Ito, Y Chem. Rev1992, 92, 857-871. (b)
Trost, B. M. Pure. Appl. Chem1996 68, 779784Trost, B. M.J. Org. Chem.2004 69,
58135837.(c) Mori, M. Chem.Pharm.Bull. 2005 53, 457470.(d) Belda, O.; Moberg, C.
Acc. Chem. Re2004 37, 159167.
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produces acetaldehyde from déme and water, using PdChs catalystand
marked the beginning of modern palladium chemidtgter, Smid and Hafnkr
UHSRUWHG -aWKPt damphexyV In @65, Tsujireported a palladium
mediated allylic substitution as a stoichiometric reactidrereafter, the reaction

was further developed by starting from alkenes and using additional phosphine
ligands which accelerate the reaction, and later the asymmetric version of the
reaction was reportéd. Further on the reaction was improved by emiplg the

use of allylic acetates and performing the reaction catalyticSithg¢me L'°

Since then palladiumcatalyzed allylic substitution reactiohas known a
remarkable development and today, it has emerged as a powerful methodology in
organic synthesis to-C and GX bond forming?

PA(0), L,
Ro~_LlG N _ R _~_Nu

Schemel. Palladiumcatalyzed allylic alkylation reaction.

The Pdcatalyzed allylic alkylations are easy to carry out and can be
performed under mild conditions at ambigemperature. The most corom
substrates are allylic acetates, but a variety of leaving groups can be utiized
example carbonates, phosphates, carbamates or halides. Besides, for the
introduction of functionalized allylic side chains, vinyl epoxides 4-vinyl-1,3-
dioxolan2-ones? are also suitable candidates, at least foc#&dlyzed reactions.

For most substrates, the use of a stoichiometric amount of base is necessary to
generate the soft nucleophiles. However, allylic carbonates undergo
decarboylation, and since a sufficiently basic alkoxide is formed in the process,
no extra base is needed.

Smidt, J; Sieber, RAngew. Cheni959 71,626.

Smid,J,; Hafner, W. Angew. Cheml959 71, 176182

Tsuji, J.; TakahashH.; Morikawa,M. Tetrahedron Lett1965 6, 43874388.

Hata,G.; TakahashiK.; Miyake, A. Chem.Commun197Q 13921393.

Atkins, K. E.; Walker,W. E.; Manyik,R.M. TetrahedrorLett 197Q 11, 38213824.

10 Trost,B. M.; Fullerton,T. J.J. Am. ChemSoc 1973 95, 292-294.

u (a) Trost, B. M.; Molander, G. AJ. Am. Chem. So0d 981, 103 59695972. (b) Tsuji, J.;
Kataoka, H.; Kobayashi, YTetrahedron Lett1981, 22, 25752578. (c) Kimura, M.; Mukai,
R.; Tamaki, T.; Horino, Y.; Tamaru, YJ. Am.Chem. So2007, 129, 4122-4123.

12 Kang, S:K.; Kim, S-G.; Lee, JS.Tetrahedron: Asymmet992 3, 11391140.

© 0 N o ua

2 16 222



General Introduction

A variety of nucleophiles can be applied in tRelcatalyzed AAA
reaction, such as alkali metal enolates or heteroatom nucleophiles, but the most
commonlyused are soft stabilized carbon nucleophiles, e.g. malonates.

[.2. Mechanistic Considerations of Allylic Alkylation

1.2.1. Catalytic cycle

The allylic alkylation reaction has been the object of numerous
investigations, from the scope to the mechanisnhefcatalytic cyclé®'*** The
generally accepted mechanism of palladicetalyzed allylic substitution is
shown inScheme 2An allylic substratel, typically an acetate or a carbonate,
reacts with the catalyst, which enters the catalytic cycle at the Pd(0) oxidation
level. Both Pd(0) and Pd(Il) complexes can be used as precatalysts, because
Pd(Il) is easily reduceth situto the active Pd(0) form by, excess phosphine
ligand, certain nucleophiles or other components present in the reaction mixture.
+HQFH WKH LQLWLDO ELQGLQJ RI W-sompRt2W6DO WR
IROORZHG E\ R[LGDWLYH DGGLWLRQ-aI@P@MIBELQI WF
complex3 and 4 with the leaving group as counteRQ 6WUXFWalyUD OO\ '\
palladium intermediate is a square planarel#Etron complex consisting of
ligands and a coordinated allyl unit. The substituents on the allyl unit are defined
as syn (R synto the substituent on C2 of the allyl) aadti (R anti to the
substituent on C2). The oxidative addition in these types of complexes is also
referred to as ionizationbecause it generates iondifferent possible
configurations of the allyl ligand apmssiblewhen the allyl moiety is substituted
at both termini the synsyn3 andsynanti 4 andanti,anti (not represented in the
VFKHPH -alK Hntefmediate resulting from ale-ROH¢{Q HOHFWUR:
typically prefers thsynsyn FRQ ¢ IXUDWLRQ DZRHOHFVVAIYYWHP W I
is locked in theantianti FRQ ¢ JXUDWLRQ 2QH FDQ W2HKikeQN RI W
GLVSODFHPHQW RI WKH OHDYLQJ JURXS E\ WKH LQF
electrophilic Pd(ll) center activates the allyl system forlenghilic attack at the
allyl termini. Addition of the nucleophile at C1 or C3 generates an unstable

13 Bosnich, B.; Mackenzie, P. BRure & Appl. Chem 1982 54, 189195, and references
therein.

14 Consiglio, G.; Waymouth, R. MChem. Rev1989 89, 257-:276.

15 Frost, C. G.; Howarth, J.; Williams, J. M. Tetrahedron: Asymetry, 1992 3, 10891122.
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Pd(O}olefin complex5 or 5' which readily releases the final prod&tand a
Pd(0) species whichndergoes oxidative addition to another substrate maecul
Although attack on the central carbon of the allyl is possible, it is not common
and is generally followed by reductive elimination, forming cyclopropahies
ratelimiting step can be either the oxidative addition or the nucleophilic
substitution, depnding on the relative height of their respective transition states.

R_ACR
\/\Nr R~ X
or Nu Pd°Ln V\Rf
1
Nu > X R’
T
decomplexation complexation
LnPd, PdL, Pdin
R ‘\/ * RI S N
\é\( o Nul AR R X
N>
nucleophilic [ ®PdL N
addition R ‘ nR' ionization
N~
NuH synsyn 3 X
“pa,
R4
AR
R

~ synanti

Scheme2. Catalytic cycle in Palladiursatalyzed allylic alkylation.

The oxidative addition process proceeds with inversionoofiguration
of the initial carbordeaving group bondwhereas the nucleophilic substitution
step in the AAA catalytic cycle can occur through two distinct mechanistic
pathways that largely depend on the nature of the metal and nucleophile.
Nucleophiles an be qualitatively classifiedia the mechanism by which they
D W W D FhallyWdokiplex intermediate Scheme B The first mechanistic
SDWKZD\ SDWK D LV XVXDOO\ DWsnhiizdeXcwhiers WR 3VR
nucleophilessuch as carbanionsKg<20) and involves the external attack at the
carba on the face opposite to the palladium, so the final compound obtained will
have overall retention of configuration.
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,Q WKH FDVH RI 3K Dud<tabiliQed EddhdrRrbi¢ddophitssch
asorganometallic reagenisthe initial attack proceeds dirgctt the palladium
atom followed by subsequent reductive elimination to form the new bond
resulting in overall inversion of configuratidischeme 3path b).Heteroatom
based nucleophiles such as amines or alcttanis also feasible and they usually
react via inversion, as for the stabilized carbon nucleophiles. Carboxylates can
react both as soft and hard nucleophiles, depending on the reaction conditions.

@/L
L
“Pd,
Lol Soft Nucleophile R\;//YR
A4 Retention Nu
Pd®
5 path a
R R PO R R }
X Inversion ) L\ /L L /®
— Pd
Pd—Nu L
Hard Nucleophile >
_—

Inversion T N
path b u

Scheme3. Stereochemistry in RAAA reactions.

Because nucleophilic attack is the microscopic reverse of ionization,
similar principles govern this step of the catalytic cycle and it could be
considered R-like, with Pd(ll) displaced. To ensure an antipnar trajectory,
the nucleophile approaches inexosenseigurel).

~H R 8
i 180° % <180°
Nu
exo approach endo approach

Figure 1. Exo approach of the nucleophile.

16 Backvall, J-E.; Andersson, P. G. Am. Chem . So&992 114, 63746381.

17 Backvall, J:E.; Nordberg, R. EJ. Am. Chem. Sot981, 103 49594960.
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, "\QDPLF SURHRIlYPd EovhpleRes

7 K H-allyl)Pd intermediates plagn important role as key intermediates
in the catalytic cycle and since they are often relatively stable, they can be
isolated and analyzed both in solution and in solid state. As expected from the
strong preference of Pd(ll) for a square planar coordinageometry, in most
complexes the Pd(ll) center is surrounded by the allyl system and two other
ligands located in a plane defined by the two allyl termini and the metal center. In
solution, several dynamic processes can occur, making the analysisiotigored
of the outcome of allylic substitution often difficult. Since the timescale of the
relevant dynamic processes is suitable for investigation by coalescence or
VDWXUDWLRQ WUDQVIHU WHF R-gly)PH ebxhplezasheve LF SURF
been obsated and studied using NMR spectroscopy technique. These processes
were in fact some of the earliest exchange to be studied by NMR technique, and
were reviewed already in 1975 by VriéZe.

1.2.2.1.Syranti H{FKDQ JHAR UVR PHUL]DWLRQ

In palladiumcatalylHG DOO\OLF DON\O-aWhR4MGUMUHDFWLR
complexes are often in a state of dynamic equilibrium. On the time scale of the
catalytic cycle, ligands can dissociate, reassociate, and change their conformation
and geometry. In a typical alkylation mi@n, the syranti substituents in a
S D O O D&l XdmplEx can exchange positions hundreds of times faster than
alkylation. The palladium can coordinate to the allyl in two different modes,
HLWKHU WR DOO W Kaly)Pd, DrQdooneél. OR D U E Re@®WPHE R Q
(Scheme4 7KHVH WZR LVRPHULF IRUG-PV?BdheridapY ROYHG L
of the allyl moiety. The isomerization oces via a change in coordination of
SDOODGLXP WR WKETi2@G\ E R Q B PL-GonWl&xHtan rotate
IUHHO\ DQG W K3lyhPd Iddhikplex \BAK Feform, either back to the
starting complex or to the complex where one of the termittiellylic moiety
has undergone syn/anti isomerization and the other two carbon atoms in the
allylic moiety have been inverte®¢heme 3 The rate ofthis isomerization is
increased in the presence of external ligasdch as a halidesince these

18 Vrieze K. In Dynamic Nuclear Magnetic Resonance Spectroscopy; Jackman, L. M., Cotton

F. A., Eds., Academic Press: New Yotl§75 and references therein.
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FRRUGLQDWH WR 3G PRASOMDELOKH WKHRPSOH[ LV
PRQRVXEVWLWXWHG DOO\O WHUPLQXVY URWDWLRC
rehybridL]DW LR Q U HYaxi@ Wx¢hahdge db thé& coordinated allyl. It is
LPSRUWDQW WR SR-L'QWsomeétivation KdesVnotdkthange the
positions of the ligands in relation to the allyl termini, even in the absence of
added ligand and the Pdnter stays square planar throughout the process. This
equilibrium is very facile whethe allyl moietyis monosubstitutedand normally

displaced toward thgynisomer side in the case of monosubstitution.

c-C
~_R 31 H 13
/_\/ n’n /grlR—Lz rot /\(I,R n'-n /‘\
Pd HOY Pd-L, Pd R
Ly Ly 1 L, Ls Lo
n’ n' n' n’
syn-isomer anti-isomer

Scheme4. & E LVRPHUL]DWLRQ

1.2.2.2. Apparent allyl rotation @yrn'syn anti/anti isomerization

As the name itself reveals, apparent allyl rotation implies the formal
rotation of the allyl moiety around the imaginary-&tyl bond axis. In this
process the two termini of the allyl system switch position with respect to the
other two coordination sitesS¢heme h If the two ligaads are different and
chiral, this isomerization leads to a diastereomeric complex even if the allyl
system has structurally identical termini. These two diasterecisomeric complexes
can undergo nucleophilic addition at different rates and different régotisiy
changing the product distribution of the reaction. However, if the ligands are
identical, allyl rotation generates two identical structures and therefore has no
FRQVHTXHQFH 6HYHUDO PHFKDQLVPV KDYH-EHHQ S
1 E L ViRaRdd With concomitant rotation around the-Bd ERQG L'Q WKH !
complex.
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RoAR Ru\/\/R R\;/\/R RoAaR
Pd = pg = P T Fd
/N 7N\
L L L1/ A ) L2/ A 1 L L

Schemeb. Allyl rotation.

1.2.2.3. Pd(Oxatalyzed allyl exchange

Another type of isomerization is shown 8ctheme 6 Similarly to the
nucleophilic addition step, the electrophilic allyl system bound to Pd(ll) can react
with Pd(0) complex? The Pd(0) complex & GV W R \Afacel ofl thel allylE
ligand and displaces the Pd(Il) complex on the backside. Therefore, this process
results in an inversion of configuration at all three carbon atoms. The precise
mechanism for this process is unclear at present, bubtlesving conclusions
were made. Isomerization can be inhibited by (1) a reactive allylic substrate, (2) a
low Pd(0) concentration, (3) bidentate ligands, and (4) halide ions. However,
because the concentration of palladium species in catalytic reactiomscts
lower than that of the substrate and the nucleophile, this isomerization is usually
slow compared to product formatioBaheme B In contrast @ the previously
describedsynanti exchange and apparent allyl rotation that are unimolecular this
isomerization is bimolecular. Therefore, as long as the amounts of Pd(0) used are
minimized, this isomerization can usually be avoided in catalytic expet$sme
However, such a process can sometimes become operative, for example when the
UV WO\ J HallyHcompaxHuens@ut to be unreactive.

L /L L /L
Pd® LoPd(0) Pd®
R1/\:7\R2 R1/\7\ R,

Scheme6. Pd(0)}catalyzed allyl exchange.

19 (a) Mackenzie, P. B.; Whelan, J.; Bosnich,JBAm. Chem. S0&985 107, 20462054. (b)
Murahashi, Sl.; Taniguchi, Y.; Imada, Y.; Tanigawa, ¥. Org.Chem 1989 54, 32923303.
(c) Keinan, E.; Sahai, M.; Roth, Z.; Nudelman, A.; Herzig]. Org. Chem1985 50, 3558
3566.
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1.2.2.4.Ligand exchange

In solution and in the presence of excess ligands, it is possible to
H[FKDQJH RQH RU ERWK RI W RalylPHlLDOconiex/TH G ; LQ
exchange can proceed either via a dissociative or an associative mechanism
(Schemey).

Pd
/N
dissociative L X associative
mechanism _% \\j mechanism
/l5d Pd
AN
! 4 x

v
AN

Scheme?. Ligand exchange via the dissociative and the associative mechanism

|.3. Regioselectivity

When thetransiently | R U P FalBy/l Belcomplex is unsymmetrically substituted

the issue of siteelectivity comes into play. With X8/mmetrically disubstituted
substrates, various ligands have been synthesized and used in this reattion a
high eewere obtained® However, in the case of unsymmetrical substrates such
as7 or 8, the intermediate #-allyl)palladium(ll) complex formed after ionization

can be attacked by nucleophiles at both termini of the allylic system, posing the
problem of regioselectivity. It is generally accepted that ircétdlyzed AAA,

the regioselectivity is influenced by apging steric and electronic effects. Steric
factors will direct the nucleophilic attack to the less hindered allylic terminus to

20 For examples, see: (a) Trost, B. Wcc. Chem. Red996 29, 355364. (b) Von Matt, P.;
Pfaltz, A. Angew. Chem., Int. Ed. Endl993 32, 566568. (c) Kudis, S.; Helmchen, G.
Angew. Chem., Int. EA998 37, 304%3050.
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minimize steric interactions with the nucleophile, yielding to achiral linear
product 10 rather than the chiral branched ison®&rwhich is the preferred
product for applications in asymmetric synthésf.By contrast, electronic
factors tend to favor the attack at the more electropositive carbon, usually the
more substituted terminus. It is difficult to rationalize the regiodbanoutcome

of nucleophilic addition onallyl complexes since steric effects are often
superimposed with electronic ones. High regind enantioselectivity for certain
substrates in allylic alkylation reactions were, however, achieved by employing
chiral metal complexes other than Pd such as W, Mo, arid Ir.

The allylic carbon atoms in theyn andanti- L VR P H U V *Ralllyi\py H
have different reactivity. In monosubstituted allylic substrates, the resaltiitg
isomer has a moderate preference forrivdenucleophilic substitution, whereas
the synisomer has a strong preference for terminal nucleophilic attack.
Therefore, by increasing the amount of the desired isomer of the intermediate in
the reaction, it is possible to increase the desired setgcfi¥i In most cases,
thesyrrisomer is the more stable one.

2L (a) Norsikian, S.; Chang, @N. Curr. Org. Synth.2009 6, 264289. (b) Helmchen, G.
Dahnz, A Dbon,P. Schelwies, M.; Weihofen, Rhem. Commur2007, 675-691.

2 Trost, B. M,; Dietsche, T. J.; Fullerton, T.10.0rg. Chem1974 39, 737.738.

23 Examples of other metaktalyzed allylic substitutions: (a) W:loyd-Jones, G. C.; Pfaltz, A.
Angew.Chem., Int. Ed. EnglLl995 34, 462464. (b) Mo: Trost, BM.; Hildbrand, S.; Dogra,
K. J. Am. Chem. Sod999 121, 1041610417. (c) Ir: BartelsB.; Helmchen, G.Chem.
Commun1999 741-742. (d) FeXu, Y.; Zhou, B.J. Org.Chem.1987, 52, 974977. (e)Rh:
Evans, P. A.; Nelson, J. D. Am. Chem. So&998 120, 558%5582. (f) Ru: Kondo, T.; Ono,
H.; Satake, N.; Mitsudo, T.; Watanable, ®rganometallics 1995 14, 19451953. (g) Pt:
Blacker, A. J.; Clarke, M. L.; Loft, M. S.; Mahon, M. F.; Humphries, B4, Williams, J. M.
J. Chem. Eur. 1200Q 6, 353-360.

24 Sjogren, M.; Hansson, S.; Akermark, B.; Vitagliano, @rganometallics 1994 13, 1963

1971.

Sjogren, M.; Hansson, S.; Norrby,-8.; Akermark, B.; Cucciolito, M. E.; Vitagliano, A.

Organometallics1992 11, 39543964.

25
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syn-complex
PdL,
R/\/ —_— R/\‘/\
. “ Nu
AN X . B \
R PdL,

9

7 Pd(0), 2L
or T R/\Jé R/\/"‘%,/Nu
X X ) “ ) 10
R/'\/ ) ) /
8 R PdL,
Q// . R
R = H, alkyl, OPG, OH N

X = 0Ac, OCO,R' i anti-complex i Nu
ent-9

Scheme8. Metalcatalyzed allylic substitution reaction with unsymmetrical
monosubstituted substratéss.

There are several factors that influence the regioselectivity of the reaction
such as steric ancelectronic effects from both the substrates and the
nucleophiles, but also the nature of the metal, the liggfidslvent:’ the nature
of the leaving group®?® and the presence of additives, which can interfere and
give enhanced or unexpected regiochemistry. Moreover, regioselectivity is also
known to be sensitive to the regiochemical memory of the position of the leaving
group® the preferred configuratié®® DQG WR G\QDPLF H[FKDQJH
ally)Pd intermediaté* Recently, control of the regioselectivity in palladium(0)
catalyzed allylic alkylation have been review&d.

26 (a) Hayashi, T.; Yamamoto, A; Ito, Y.; Nishioka, E.; Miurdl.; Yanagi, K.J. Am.Chem.
Soc 1989 111, 63016311. (b) Kranenburg, M.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.
Eur. J.Inorg. Chem1998 25-27.(c) Frolander, A.; Lutsenko, S.; Privalov, T.; Moberg,JC.
Org. Chem 2005 70, 98829891. (c) Lu, Z.; Ma, SAngew Chem., Int. EQ@008 47, 258
297.

a7 (a) Trost, B. M.; Toste, F. DJ. Am. Chem. So&999 121, 45454554.(b) Cook, G. R.; Yu,
H.; Sankaranarayanan, S.; Shanker, R. 3m. Chem. So2003 125 51155120. (c) Cook,
G. R.; Saraswathiamma, MetrahedrorLett 2005 46, 64916494.

2 Fristrup, P.; Jensen, T.; Hoppe, J.; Norrby, PCBem. EurJ. 2006 12, 53525360.

29 Kazmaier, U; Stolz, D.; Kramer, K.; Zumpe, F. Chem. EurJ. 2008 14, 1322-1329.

%0 Lloyd-Jones, G. C.; Stephen, S.Chem. Eur. J1998 4, 25392549.

st Hansson, S.; Norrby, f0.; Spgren, M.; Akermark, B.; Cucciolito, M. E.; Giordano, F.;
Vitagliano, A.Organometallicsl993 12, 49434948.
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Herein, we wiOO IRFXV RQ WKH UHJLRVHOHFWLYLW\
nucleophiles, since nonstabilized nucleophiles have been shown to present some
propensity for attack at the more substituted termifus.

1.3.1. Effect of the substituent on the allyl moiety
1.3.1.1.Steric control of the regioselectivity

As said before, soft carbon nucleophiles approach preferentially to the
OHVV VXEVWLW XW-Hgpaladiun? copplaxeRwithVakgdodEevel of
regioselectivity tominimize the steric interactions between t@&allyl complex
and the nucleophiled=or example, in the palladiuoatalyzed allylic substitution
of 11 with sodium dimethyl malonate, a remarkable differentiation was observed
between the methyl group at &nd propyl,i-propyl or i-butyl substituents at;
(Scheme 9% n this series, as the difference in the group size increases, the ratio
of 1213 varied from 77:23 to >99:1 in favour of the-@kylated compound.
However, the situation is not so simpledagiectronic effects are superimposed
with steric effects mainly when R Bcheme 9s a polar group.

Pd(PPh3)4 cat
\/\CF R THF j\/% R ~_R
c NN ' \/I
OAc NaCH(CO;Me);  Me0,C™ ~CO,Me MeO,C~ ~CO,Me

1 12 13

R = propyl, i-propyl, i-butyl

Scheme9. Steric control of the regioselectivity.

82 Keinan, E.; Sahai, Ml. Chem. Soc., Chem. Comm1i884 648650.
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1.3.1.2. Functional groups effect

1.3.1.2.1. Electronic control of the regioselectivity

Electronwithdrawing groups on allylic substrate such as R = R'@
R'OCO,® NC-** 3% PhsQ-,* (R'OLP(O),* PhS*) have been shown to
XVXDOO\ GLUHFW WKH lKFallddutkchraplek aDtheWwharé N R Q
remote side frm this group, whereas electrdonating groups such as RGR'
favor the attack close to this grotip.For mone and disubstituted

G L SKRV &alylpaRadium system, it has been shown by density functional
study that the shortest R{terminal) bondis the one closest to the most
electronwithdrawing group. This fact has been rationalized in terms of
molecular orbital interactions between the allyl ligand and the metal. The
nucleophilic attack takes place at the carbon atom which presents a lonQer Pd
bond. For example, the carbonate derivatives of allylic (hydroxy)phosphonates
14 (EWG) underwent palladium catalyzed amination leading to the
corresponding allylic amine$5 in high yields$® whereas the presence of the

% (a) Jackson, W. R.; Strauss, J. U.Tetrahedron Lett1975 25912592. (b) Collins, D. J.;
Jackson, W. R.; Timms, R. Netrahedron Lett1976 495496. (c) Jackson, W. R.; Strauss,
J. U.Aust. J. Cheml977, 30, 553562. (d) Tsuji, J.; Ueno, H.; Kobayashi, Y.; Okumoto, H.
Tetrahedron Lett1981, 22, 25732574. (e) Ognyanov, V. |.; Hesse, Bynthesid 985 645
647. (f) Ono, N.; Hamamoto, I.; KigjA. J. Chem. Soc., Perkin Trans1986 14391443. (g)
Tanikaga, R.; Jun, T. X.; Kaji, Al. Chem. Soc., Perkin Trans199Q0 11851191.

34 (a)Keinan, E.; Roth, ZJ. Org. Chem1983 48, 17691772

% (a) Ogura, K.; Shibuya, N.; lida, HetrahedronLett 1981, 22, 15191522.(b) Alonso, |.;
Carretero, J. C.; Garrido, J. L.; Magro, V.; Pedregall. @Qrg.Chem 1997, 62, 56825683

% (a) Zhu, J.; Lu, XTetrahedron Lett1987, 28, 18971900. (b) Ohler,E.; Kanzler, Synthesis
1995 539. (c) Principto, B.; Maffei, M.; Siv, C.; Buono, G.; Peiffer, Getrahedron1996
52, 20872096.

37 (a) Godleski, S. A.; Villhauer, E. B. Org. Chem1984 49, 22462252.(b) Godleski, S. A.;
Villhauer, E, B.J. Org. Chem.1986 51, 486491. (c) Yamamoto, Y.; AMasum, M.;
Takeda, AChem. Commurl99§ 7, 831-832.

% (a) Billups, W. E.; Erkes, R. S.; Reed, L.$nth. Commuri98Q 10, 147-154. (b) Trost, B.
M.; Merlic, C. A.J. Org. Chem199Q 55, 11271129. (c) Chaptal, N.; Colovragotteland,
V.; Grandjean(.; Cazes, B.; Goré, Jetrahedron Lett199], 32, 17951798. (d) Vicart, N.;
Cazes, B.; Goré, Jetrahedron Lett1995 36, 535538. (e) YamamotoY.; Al-Masum, M.
Synlett 1995, 9, 96970.

39 De La Cruz, M. A.; Shabany, H.; Spilling, C. Phosphorus @fur Silicon Relat. Elem.
1999 144, 181-184
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methoxy group (EDG) in substraté6, directed the attack of various
carbonucleophiles at the more substituted ca(SBohemel0).%®

Meg,o o Pd©AQ, PR, MeO
P -
MeO W 1 THF, HNR, MeO” P\/\(&
OCO,Et 64-98% yield NR,
14
R1 = Ph, Me 15
R2 =Bn, Et, (CHchz)o
Pd(PPhjz), Nu
_ NaH or none H
X/\/\OMe - > \/\OME
NuH
16 17

X =0Ac, OCO,Me

SchemelO. Electronic control of the regioselectivity.

, 7-8ubstituent Effects

With substrates bearing polsmbstituents such as Z = Cl, OH, OR, OAc,
OCOR, NR, or NG, at the homoallylic position, the nucleophilic attack proceeds
with high regioselectivity remote from these groufgchemell).

It has been recogniz@d WKDW WKH HOHFWURQLF HIIHFW
substituents, such as Z = Cl, OH, OR, O®COR, NR, and NQ,** are likely
to be transmitted to the allylic moiety, increasing the regioselectivity ®f th
nucleophilic attackremote from these group3his observed regioselectivity
cannot be simply explained by the electkdd WKGUDZLQJ HI{HFWV RI
substituent Z $cheme 1), since the electron deficiency is created at the more
substituted terminus of the allyl moiefihis regioselectivity was explained by a

405, A. Godleski, Comprehensive Organic Synthesis, eds. B. M. Trost and I. Fleming, New

York, vol. 4, ch. 3.31991

4 (a) Szabo, K. JJ. Am. Chem. S0d 996 118 78187826.(b) Szabd, K.J. Chem. Eur. J.
1997, 3, 592600. (c) Szabo, KJ.; Hupe, E.; Larsson, A. L. D rganometallics1997, 16,
37793785. (d) Jonasson, C.; Kritikos, M.; BackvalkEl; Szab6, KJ. Chem. Eur. J200Q
6, 432436. (e)Szabo, KJ.Chem. Soc. Re2001, 30, 136143.
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QHZ W\SE RHOHFWURQLF LQW H&ubsktWeht Ru\MtheEdtWV Z HH Q
metal moiety as suggested by some theorical studies. Indeed, these interactions
FKDQJH WKH VW datypadaditin Bobmpéx eteating an asymmetric
distortion of the allylmetal bond. Thes®d bond becomes shorter 1th&;-Pd

bond enhancing the reactivity of the less substituted allyl terrfffitfs.

Nu

LG

Pd] cat & --
R/\)\/Z [ ] R Cs

LG = leaving group
Z=Cl, OH, OR, OAc, OCO3R, NRy NO,
R = Alkyl

Schemell. 7 K HSubstituent Effects.

-Silyl- V X E V W L\l \aa@ium, intermediates hawvaiso shown to
X Q G H-kgiBselective nucleophilic substitution with malonates or enctates.

Numerous examples are reported with cyclic or acyallidic substrates
containing homoallylic free hydrox§;° ether!’ acetaté¢®*® benzoate or
carbonate and vinyl epoxid&sFor examples, the use of cyclic or acyclic vinyl
epoxide to formation of new-C bond in high regioselectivitwas efficiently

42 Helmcten G.;A. Pfaltz,A. Acc. Chem. Res200Q 33, 336:345.

43 Pfaltz A. Acc. Chem. Resl993 26, 339345,

4 p.v. Matt, G. C. Lloydlones, A. B. E. Minidis, A. Pfaltz, L. Macko, M. Neuburger, M.
Zehnder, H. Ruegger and P. S. Pregadely. Chim. Actal995 78, 265284

% Genet, J. P.; Balabane, M.; LegrasTétrahedron Lett1982 23, 331-:334.

4 Deardorff, D.R.; Linde, R. G.Martin, A. M.; Shulman, M. JJ. Org. Chem1989 54, 2759
2762.

a7 Backvall, J. E.; Bystroem, S. E.; Nordberg, RJIEOrg. Chem1984 49, 46194631.

48 Baeckvall, J. EAcc. Chem. Re4983 16, 335342,

4 Chapsal, B. D.; Hua, Z.; Ojima, Tetrahedron: Asymmet006 17, 642657.

50 Tsuda, T.; Horii, Y.; Nakagawa, Y.; Ishida, T.; Saegusd, Qrg.Chem 1989 54, 977-979.
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appliedto the synthesis of natural molecules such as prostaglafdide, chains
of steroid€? or carbocyclic nucleosidés.

1.3.1.2.3. Intramolecular directing group effect

(l¢e FLHQW DSSURDFKHV WR GLUHFW WKH UHJLR'
catalyzed allylic substitution reaction have been obtained using substrates
FDSDEOH RI FRRUGLQDWLQJ WR WKH PHWDO 7KXV II
groups reported that a regiosdiee addition to allylic acetatel8, catalyzed by
palladium, can be achieved by incorporation of a thioether or tertiary amine into
the substrate in the homoallylic positiSi™° It was the first time when
heteroatoms capable of coordinating to palladium could change or even reverse
the expected regiochemical and stereochemical outcome. Reactions with the
malonate amin proceed with high selectivity to provide the produ&
substituted at the terminus of the allyl moiety proximal to the heteroatom, even if
that position is more substituted. The selectivity of the reaction is reversed with a
homoallylic ether or whenhe number of methylene units between the
heteroatom and the allylic moiety is increased. Potential explanations for the
observed high regioselectivity in the presence of the homoallylic tertiary amine
or thioether are illustrated Bcheme 120ne possible scenario uses the amine or
sulfide as a coordinating group to bring the nucleophile, via coordination to the
counterion, to the metaBtheme 1R Then, the nucleophile could be directed to
the metal center followed by reductive coupling of the two carbon ligands on the
metal. The stereochemical ocatme would be overall inversion of configuration.

51 Takahashi, T.; Kataoka, H.; Tsuji,J.Am. Chem. Sot983 105, 147149.

52 Takahashi, T.; Ootake, A.; Tsuji, J.; TachibanaT&trahedrorl985 41, 57475754,

% Peel, M. R.; Sternbach, D. D.; Johnson, MJROrg. Chem1991, 56, 49904993,

5 Krafft, M. E.; Wilson, A. M.; Fu, Z.; Procter, M. J.; Dasse, Q.JA Org. Chem1998 63,
17481749.

55 Krafft, M. E.; Fu, Z.; ProctemM. J.; Wilson, A. M.; Dasse, O. A.; Hirosawa, Bure Appl.
Chem.1998 70, 10831090.
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_Pd_
OAc Ph3P Cl Et02C COzEt EtOQC COzEt
/W /\/\(/\ ¥ L\/\
R Y  THF, 75°C RN Y RNF Y
18 70-90% 19 20
R =Me, H ol 81  Y=SMe
Y = N(CHs),, SCH3 EtO,C~ ~CO,Et 19:1 Y = N(CHy),
~ MR
N AT Nu_PPhg
M- ®Pd_ Pd
Q PPhy ——> .
_ N/\/\/\R
EtO  CO,Et I

Schemel?2. Heteroatorrdirected palladiuntatalyzed allylation.

Another interesting example of an intramolecular directing group in
palladiumcatalyzed allylic alkylation was the -@ridyldimethylsilyl (2
PyMeSi) group which functions as the removable directing group for palladium
catalyzed regioselective allylic alkylation of allylic acetaRl leading
predominantly t22.>° Moreover,it has been shown that the regioselectivity can
be completely switched by the type of nucleophile used. The structural analysis
R W kahyl)palladium complex revealed the distortion of the allyl ligand on
palladium 24, which might be the reason for wsual inner siteselective
nucleophilic attack of soft carbon nucleophil€slieme 18

Nu

R/\)\/SiMezPy

soft '\V 88-100% selectivity Nu

OAc
22 Ph
R/\)\/SiMezPy Pd cat. SN siMe,

Pd,,, Y
R5P "'N \
21 hard Nu Nu _

R)\/\/SiMezPy 24

100% selectivity

23

Schemel3. Heteroatorrdirected palladiuntatalyzed allylation

% Itami, K.; Koike, T.; Yoshida, J. U. Am.Chem. Soc2001, 123 69576958.
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Control of the regioselectivity by the substrate has also been ob$srved
Cook and coworkers for the palladitcatalyzed allylic amination of -5
vinyloxazolidinones25 with imide-type nucleophiles affording the branched
product26, probably as a consequence of a hydrogen bond directing Etféct.
The regioselectivity wamfluenced by the type of substrate, the solvents, and the
nucleophile reflecting changes in the strength of the hydrogen bteduse of
the protic solvent ethanol induced reversal of the regioselectivity, supporting the
hypothesis of a hydrogen bondibgtween the substrate and nucleophile.

022
O o  (pdmiciHgcy O /] i
A (R)-BINAP Ph)kN/H(N Ph)kNH

Ph” N N Y -
Ph\\o'% Phthalimide | Ph _~3 :
== THF P‘d® NPhth

25 oL 26

selectivity b/l
95:5

Schemel4. Hydrogenbond directed palladiuroatalyzed allylic substitution.
Evidence for direction of the nucleophile visydrogen bonding was

obtained by replacing the hydrogen of the amide with a methyl, resulting in the
production of only the normally expected linear pro®&¢{Schemel5).

0 [Pd(n°-C3Hs)Cll; 0
R)-BINAP M
Ph)LN,Me (R) Ph)LN, e
; Phthalimide Pha_ A~
Ph._~_~_-0CO;Me il X-"“NPhth

only regioisomer
27 28

Schemel5. Evidence for direction of the nucleophile ¥igdrogen bonding.

57 Cook, G. R.; Shanker, P. S.; Pararajasinghamyrigew. Chem. Int. EA999 38, 110113.
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An unusualuse of internal ring straito drive regioselectivity has also
been described. Using tethered alkene as a nontraditional control element,
UHJLRVHOHFWL Yatyl Bdsa®mpékeR @ pvsRibiE® The directing
effect overcomes the normal steric bias, and reaction can occur at the more
VXEVWLWXWHG WHUPLQXYV -diyl nnieyRXQrey Hiffdciioh RQ D O L]
analysis of the alkeAeound intermediate sheds light on the mechanism by
providing structural evidence for alkene binding such in interme@@td hus,
allylic benzoate29 underwent allylation affording only isomers dier@&kin
very good yield Schemel6).

R

R _Pd 2 R
RS R PhsP” >Cl R R RO
Z 1 N X-R3

OBz Q. Xy Pd©®

Et0,C” “CO,Et PRs Me0,C~ ~CO,Me

29 30 31

THF, 75°C
Ry=R,=H, CH,

Schemel6. Alkene-directed palladiuncatalyzedallylation.

1.3.2. Ligand effect

Over the last decades, an important number of types of ligands have been
intensively synthesized and widely investigated. However, the vast majority of
the studies published in the field of palladieatalyzed allylic alkiation have
been focused on asymmetric induction, while less attention has been paid to
regioselectivity. With soft nucleophiles, the nucleophilic attack is usually
produced in the less sterically hindered terminus of the allyl moiety. However,
this prefeence can be overturned by the modification of the ligand associated to
the allylpalladium complex and several noticeable achievements concerning the
regioselectivity derived from the ligand effects will be discussed herein.

%8 Akermark, B.; Vitagliano, AOrganometallics1985 4, 12751283.
59 Krafft, M. E.; Sugiura, M.; Abboud, K. AJ. Am. Chem. So2001, 123 91749175.
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1.3.2.1. Steric and electrongffects of the ligand

Considering sterics, ligands with wider bite anglg® increasing steric
hindrance at the palladium center tend to favor addition to the less substituted
allyl terminus. However, it was found that the presence of substituerdgeon
terminus ofthe allyl moiety distorted the symmetry of the terminal palladium
allyl bonds leading to a notable difference in bonding distang®{Conger than
C,;-Pd). As the bite angle increasé results in more steric hindrance of the allyl
moiety, leading to a more pronounced IV€\SH FRRUGLQD WityfeQ LQVWH
(Figure 3. This distortion induced the favorable formation of the branched
product in the nucleophilic attack. Moreover, as the Hamkding to the
substituted site of the allyl moiety decreases with wider bite angle, electronic
effects must also be taken into account.

Nu \ ’/\Nu
ider Nu
1'AB3R M 1 3 R
NuwR /\( bite angle /\( /\‘/R
R ®p R\@\ ®F;d\R R
Pd oL
L
n3-bonding mode 1" n3-bonding mode

Figure 2. Steric effect of the ligand.

The application of ligands in the allylic alkylation reaction has a dual
SXUSRVH ERWK W K PalylFax hu¢lBophlliRaptadk land €ortrol of
the selectivity in the reaction. Consid&xid HOHFWUR@did-NgandRRG &
increase the cationic character of the allyl through Hmmiding® and
consequently the rate of nucleophilic attack is incre&s€he increased cationic
character makes more stable the substituted allyl terminus amdtsdir
nucleophilic addition to that position (path C 8theme 1) This effect was

% The natural bite angle { of a bidentate ligand is defined as the preferred chelation angle

determined only by ligand backbone constraints
Crabtree, R., H. The Organometallic Chemistry of the Transition Metals, John Wiley & Sons,
Inc., Hoboken, New Jerse2005
62 Akermark, B.; Krakenberger, B.; Hansson, S.; VitaglianoQAganometallics1987, 6, 620
628.

61
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observed by*C NMR spectroscopy where the 8 always observed downfield

thanthe @ ,Q FRQWUDVW U HddRatihg Ro@nds pr@Qrvde@adition 1

at the less substituted terminus (path D5ohemel?). The influence from the

ligand arises from the bonding via a free electron pair on the ligand to the metal
1IGRQDWLRQ DQG WKH EDFN GRQDWadcéemingy RP WKH

s LoL LA N b Lok
RO© ¢ | e o, o - . PO . Pl
& J \\ \
R ~ y
\4\ \/@\R 1\/3\R ®\/\R Nu/\/\R
2

Schemel?. Electronic effects of the ligand.

1.3.2.3. Chiral ligands

As for many other palladium catalyzed reactions, considerable effort has
been made in the area of ligand design to afford the desired- ragi
stereoselectivity in thasymmetric allylic alkylation reactiori$?°****> Many of
the bidentate ligands used in the reaction induce selectivity by both steric and
electronic effects. Initially, chiral bidentate phosphines which proved to be so
efficient in enantioselective hydrogenation reactions were used as ligands in Pd
AAA reactions. Although higbecould be obtained in certain cases, e.g. with the
well known G-symmetric BINAP ligand developed by Noyoriadt,® the scope
of standarddiphosphinesdn allylic substitutionseemslimited. Indeed, for soft
nucleophiles, the nimophilic addition to the allyl system is takipéace outside
the coordination sphere and, therefore, cannot be directly controlled by the chiral
ligand.

Hayashi etal. found a solution to this problem by synthesizing a
bifunctional ligand systerh 1. They postulated that the side chain could reach
over the allyl system and could interact with theclaaphile by hydrogen
bonding, hence, directing nucleophilic attadlis ligand has been used in the

% Review on P,Nigands: Guiry, P.Saunders, C. RAdv. Synth. CataR004 346, 497:537.

5 Review on S,Higands: Martin, E.; Diéguez, M. ®. Chimie2007, 10, 188205.

85 Trost, B. M.; Van Vranken D. L.Chem. Rev1996 96, 395422 , and references therein.

66 Miyashita, A.; Yasuda, A.; Takaya, H.; Toriumi, K.; Ito, T.; Souchi, Ngyori, R.J. Am.
Chem. Socl198Q 102, 79327934.
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asymmetric allylic amination of-Butenyl acetat82 with benzylamine $cheme
18).%* ®" The nuclephilic attack occurred selectively at the more substituted
position leading to optically éiwe 3-benzytamino1-butene33 of up to 84%ee

Pda(dba)s, CHCl,
L1b NHBn

N ope > o eNANypn | 87% vield, 84% ee

BnNH, AN branched:linear = 97:3
32 THF, 0°C 33 37
Me R4 Me
\ ‘N—"
N— N OH-Nu

L1a R;=R,=H Me,, R ' Me,,
= = 2 via : Ph
L1b R;=H, Ry=CH,OH o
L1c R;=R,=CH,OH PPh, P
Fe  oon Fe ,—d
= " N\

Ph Ph

(hydroxyalkyl)ferrocenylphosphine

Schemel8. Pd-catalyzed amination of-Butenyl acetat82 with benzylamine usingl.

7TURVWYYV OLIJDQGYVY DUH XQGRXEWHGO\ WKH PRVW
substitution reaction. Most of the total synthesis applications using a chiral ligand
useCy-symmetric Trost modular ligan@ML) developed by Trost &ll. These
ligands are derived from chiral diamines an@phenylphosphino)benzoic acids
(DPPBA) (Figure 3.

5 (a) Hayashi, T.Pure & Appl. Chem.1988 60, 7-12. (b) Hayashi, T.; Kishi, K.; Yamamoto,

A.; Ito, Y. Tetrahedron Lett199Q 31, 17431746.
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) /\:; o) o) /\:; o S : O
\%NH HN%/ NH HN : % NH HN%/ :
PPh, Ph,P O PPh, Ph,P O PPhy PhyP

(R,R)-DACH-phenyl (R,R)-DACH-naphthyl (R,R)-stillbene
L2 L3

. Q, /S

NH HN
o o)
O O NH HN
Ph,  PhyP
PPh,Ph,P

(R,R)-L5 (RR)-L6

Figure 3. Chiral ligands developed by Trost for asymmetric allylic transformations.

The concept of Trost was to increase the bite angle and, as a
conseguence, createtight chiral cavity in which the allyl system is embedded.
In this casetrans1,2-diaminocyclohexanone is used as a chiral scaffold to
induce a specific chiral arrangemeott the four Pphenyl groups which are
positioned very close to the coordination sitems to the P atoms. Based on
molecular modeling and -Xay structural data, Trost and coworkers have devised
a cartoon model of the chiral pocket around the allyl iggor a mnemonic that
can be used to predict both regamd enantioselectivity. Th@odel depicts the
PRUH UHDFWLYH DQG SUR&algfaixdiuw KétnpeR LhHhiyY WD EO |
model, the walls represent the chiral space created by the prédipellaray of
the phenyl rings; the raised flaps represent the phenyls which lie in a plane
approximately parallel to the allyl, while the lowered flaps represent phenyls
which are somewhat perpendicular to the allyl. Minimizing any steric
interactions between ¢happroaching nucleophile and the chiral ligand also
directs it to approach from the front left quadrafthile the cartoon depicts the
ligand in a G-symmetric fashion in the allyl complex, tegistingstructuraldata
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suggest that it does not coordinétea C,-symmetric manne¥ The cartoon thus
considers only a timaveraged monomeric species which the ligand
coordinates in a £symmetric manner.

7

Flap

v PH\Pd/ : N

-~ Wall

Figure 4. Cartoon model to describe tRetligand complex.

Although investigation on the structural features of this system had been
precluded by the difficulty to avoid oligomeric species, a very accurate work
published in 2009 by Lloydones and Norrb$ based on NMR studies, isotopic
labelingand computational studies, gave a deeper insight of the key events that
occur in the P&AAA. In addition to the steric interactions due to the phenyl
groups, these authors identifidthta hydrogerbond interactiorof one NH unit
in Pd/R,R-L2 can substantially accelerate both ionization and nucleophilic
attackThe amide bondontained in the chiral ligand facilated gBalelivery of
the nucleophilewhereagpro-R delivery can be facilitated by an escoounterion
M* binding to the carbonyl of theother amide unit Thus, selectivity in
nucleophilic attack depends identity of escort iori, Mounterion X and
availability of a hydrogen bond acceptor, in a-fgtionship to the nucleophilic
site (e.g., malonate, phathalimide, carboxylate, carboe#te, Consequently,
both the regieand stereochemical outcome of the process are influefoga ¢

68 Lloyd-Jones, G. C.; Stephen, S. C.; Fairlamb, I. J. S.; Martorell, A.; Dominguez, B.; Tomlin,
P. M.; Murray, M.; Fernandez, J. M.; Jeffery, J. C.; Rihannessen, T.; Guerziz, Hure.
Appl. Chem2004 76, 589-601.

69 Butts, C.P.; Filali E.; Lloyd-Jones, G.C.; Norrby, FO.; Sale, D.A.; Scramm, YJ. Am.
Chem. Soc2009 131, 99459957
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5). This conclusion opens up the possibilityr further development of this
reaction including design of new ligands.

s =) Q
HN A 'H o Nu
\

N
|‘\\‘

7/ M: \\
‘X ‘éj:::: ~\\ \ o

@

Nu

%\/ o @Qf\/ @

Figure 5. Model for ionization in the FI(R,R-DACH phenyl ligand_2-catalyzed
reaction of cyclohexenyl esters witkicleophiles; Pré&and preR nucleophile delivery.

These diphosphine ligands are the most versatile ligands fcatalyzed
allylic alkylation available today and have been used with excellent selectivity
for many classes of substrates including geminal diacetatsesubstrats, and
cycloalkenyl estersFor example, this catalytic system has been used in the
preparation of branched allyl aryl ether and branched allyl sulfémeésed, with
the catalytic system containing ligardt-L2, the allylation ofp-methoxyphenol
with (E)-crotyl carbonate35 produed ether36 with 90% ee and a high
regioselectivity. With benzenesulfinate as the nucleophile, the reaction also led to
the branched regioisoma7 although withslightly lower regioselectivity?

o
Pd,(dba); CHCI o)

(¢}
3 C ~
ent-L2, toluene /\7 + /\/\O

p-MeOCgH,4OH .
36 branched:linear = 96:4

93% yield, 90% ee
~N"N0c0,Et
Pda(dba); CHCl5 SO,Ph
L2, PhSO,Na =
2 U SO,Ph

CH20|2-H20 3:1

35

il

7
branched:linear = 83:17
97% yield, 90% ee

Schemel9. Allylation of (E)-crotyl carbonat&5 using Trost ligand

" Trost, B. M.; Krische, M. J.; Radinov, R.; Zanoni, &.Am. Chem. Sod996 118 6297
6298.
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Vinyl epoxides show a very marked propensity to give-addition
products in PeAA with carbon nucleophiles in the presence of an achiral
phosphine, which appears to lmver for amines. In case of the former, this
could be attributed to the electronic effect of the epoxide oxygen, which directs
the attaclof the carbaniomt the remote side of the allyl termifi{* Asymmetric
palladiumcatalyzed allylic amination of vinylepoxide, however, leads to the 1,2
adduct in excellent regioand enantioselectivities using the family of Trost
ligand Figure 3 and with variousoft nucleophiles. One example is presented in
Scheme26 and discussed in more details

It has long been recognized that ligands on Pd can influence the
regioselectivity of nucleophilic attack as we have just discussed above. In
particular, the large trans effect of phosphorus will enhance reactivity on the
allylic terminustrans to any phospine.”” This phenomenon was utilized in a
breakthrough in asymmetric allylic alkylation in the early 1990s, wthen
research groups of Pfaltz, Helmchen, and Willianagpendently introduced the
phosphineoxazoline class of ligands now known as PH®X.In contrast to
allyl complexes with Caymmetric ligands, complexation of the metal by P,N
ligands results in electronic discrimination of the twiglal termini. This can be
explained in terms of orbital overlap, where the ligandsrans positions are
coordinated to the metal via one common metal orbital. The more strongly one of
the ligands binds to the metal, the weaker the bond to the otherd liga
becomes?™ In thesetypes of haresoft heterodonor ligandghe steric bulk
directs the position of the substrate with respect to the chiral scaffold and
thereafter the donor atom with the largtsins effect is believed to direct the
attack of the ncleophile. For example, special ligands and catalysts have been
developed for allylic substitution with-or 3-monosubstituted allyl substrates

m (a) Trost, B.M.; Cossy, . Am. Chem. Sod982 104, 68816882; (b) Trost, B.M.; Chen,

S-F.J. Am. Chem. So498, 108, 60536054. (c) Trost, B.M.; Kuo, GH.; Benneche, TJ.

Am. Chem. S0d 983, 110, 621-622

Akermark, B.; Zetterberg, K.; Hansson, S.; Krakenberger, B.; Vitagliand, Srganomet.

Chem 1987, 335, 133142.

™ (a) Sprinz, J.; Helmchen, Getrahedron Lett1993 34, 17691773. (b) Allen, J. V.; Coote,
S. J.; Dawson, G. J.; Frost, C. G.; Martin, C. J.; Williams, J. M. £hem. Soc., Perkin
Trans. 11994 20652072.

™ Coe, B. J.; ®nwright, S. JCoord Chem. Re\200Q 203 5-80.

s Backtorp, C.; Norrby, PO.J. Mol.Cat.A 2010 328 108113.

72
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such as 4or 3-phenylallyl acetat@8 and39 (Scheme 2 Normally, most of P4d
catalysts afford mainly the achiral line4t product with this kind of substrate.
However, in presence of ligand§ and L8, the opposite regioselectivity was
observedand the chiral branched isom#was obtained as the major isonoér
up to 94%ee*>"®

OAc
=
Ph
[Pd(m3-C3H5)Cll,
o B L7 ooLs Meozc:(:jzlvle . Mioicjcogwe
= x
CH,(CO,Me) Ph Ph
X 2(COzMe);
Ph "0Ac BSA/KOAc 40 a1
30 CH,Cl, rt

L7: b/l = 76:24, yield = 86%, 90% ee
L8: b/l = 84:16, yield = 90%, 94% ee

Ko
ey o1
SO TS

L7 L8

Scheme20. Allylic substitution 0f38 and39 using chiral ligand developed by Pfaltz et
al.

The regioselectivity was explained by two factors. Firstly, the phosphite
is less electron donating than a phosphine group, inducing a more electrophilic
Pd center whiclshould enhance the cationic character of the transition state and
thus, facilitate nucleophilic attack at the more substituted allyl terminus. The
mechanism of the nucleophilic substitution shifts from\@-$pe to a more
cationic {l-type. Secondly, thehindered binaphthyl system forces the
substituted end of the allyl ligand to the less hindered positems to the
phosphite group. In this geometry, nucleophilic addition occurred at the
substituted terminus for electronic reasansnsto PdP bond).

% prétot, R.; Pfaltz, AAngew.Chem., Int. Ed1998 37, 323325

222 41 2



CHAPTER1

O \@/ -_ —_— -’

Nu

Sn1-type TS

Scheme21. Shifts from a {2-type to a more cationicyd-type mechanism with
phosphitetype P,N ligand.

Several other groups developed bidentate ligands with two different
coordinating heteroatom$;” mostly phosphorus and nitrogen, but also, for
example, sulfuf®

One of these sulfurontaining ligands is BINAP(S), which was usad
palladiumcatalyzed allylic amination reaction of unsymmetrical substrsuieh
as methyimonosubstituted allylic carbonated2."%881828  The reaction
proceeded with very high regioselectivity in favor of branched isoder
although modestnantioselectivitiesvere obtained§cheme 2

" Lu, Z.; Ma, SAngew Chem., Int. E@008 47, 258297.

8 (a) Pellissier, H.Chiral Sulfur Ligands: Asymmetric CatalysRSC: Cambridge2009 (b)
Evans, D. A.; Campos, K. R.; Tedrow, J. Bichael, F. E.; Gagh M. R.J. Am. Chem. Soc
200Q 122 79057920.

Faller, J. W.; Wilt, J. C.; Parj, Org. Lett 2004 6, 13011304.

80 gelvakumar, K.; Valentini, M.; Pregosin, P. S.; Albinati,@rganometallicsl999 18, 459t
4597.

81 Evans, D. A.; Campos, K. R.; Tedrow, J. S.; Michael, F. E.; Gagne, W.A8n. Chem. Soc
200Q 122 79057920.

82 Evans, D. A.; Campos, K. R.; Tedrow, J. S.; Michael, F. E.; Gagne,.M. Rrg. Chem
1999 64, 29942995.

8 Albinati, A.; Pregosin, P. S.; Wick, lOrganometallicsL996 15, 24192421
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[Pd(h3-C3H5)Cl], NHBn

L9
/\/\OCOZEt /'\/ + e Y NHBn
CHQ(COZMG)Q
42 BSA/KOAC 43 44
CH,Cly, rt

b/l = 93:7, yield = 99%, 45% ee

s o o=t

P
PPh, & ,
O O PPh, d

(S)-BINAP(S)

L9 - -

Scheme22. Allylic substitution of methyimonosubstituted allylic carbonaté® using
BINAP(S) as chiral ligand.

In spite of the intense interest in reversing the preferred regioselectivity in
the Pdcatalyzed allylic substitution of nesymmetric monosubstituted Iylic
substrates to favor branched products, the regioselectivity in palladitatyzed
allylic substitution reaction remains a challenge.

As discussed above, several factors can determine the regiochemical
outcome of the addition of soft nucleophiles @allylpalladium complexes.
Steric and electronic properties of both substrate and catalyst are the two mains
factors that dictate the regioselectivity. Steric properties tend to favor the
nucleophilic attack to the less substituted allyl terminus andeagenerated by
the size of the ligand, the steric environement of the allyl moiety and the size of
the nucleophile. In contrast, electroféctors tend to help the nigophilic attack
at the more substituted electropositive carbon. Electronic factolmtim the
substrate and the bmpd are able to induce a reversiom the expected
regioselectivity, in favor of the branched isomer. Moreover, the nature of the
leaving group, the solvent, the presence of additives and little changes in reaction
conditions are able to affect the regioselectivity. Above, we have selected
different examples that appeared to us to be the most relevant ones.
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l.4. Enantioselectivity

Each step of the AAA catalytic cycle shown 8theme2 offers the
possibility of controlling absolute stereochemistry. Therefore, several
mechanisms for enantiodiscrimination are available in transitietatcatalyzed
AAA reactions. These steps are (a) metafin complexation, (b) ionization, (c)
enantiofaFH GLV FULPLQ DAL eo@pléx] (dV Kudleaghilic attack at
enantiotopic termini, and (e) enantioface discrimination in the nucleophile. The
final decomplexation of the metal from the olefinic product cannot change the
stereochemistry of the proci

l.4.1 Metatolefin complexation as enantiodiscrimination

In many other catalytic asymmetric reactions, differentiation of
enantiotopic olefin faces is an operative mechanism of enantioselection. When
the olefin is not symmetrically substituted, the atdigand complex must
distinguish between the two prochiral faces of the olefin. In the first olefin
complexation stepScheme , if the rate of iorzation of one complex is faster
WKDQ WKH RWKHU RQH DQG QXFOHRSKLOLF -DWWDFN |
T LVRPHUL]DWLRQ WKHQ HQDQWLRWRSLF ROHILQ
enantiodetermining stepS¢heme 2B The AAA reaction of methyl crotyl
carbonate 45) with p-methoxyphenol (PMPdepresents an example of this type
of enantiodiscriminatio! Bu;1&0 LV NQRZQ WR LQFUHBVH WKH
LQWHUFRQY H-blyl PRQmMRBlIéx&¥KTHe €&ct that addition of 30 mol%
of Bu;NCI reduced these suggests that enantiotopic face coordination is the
enantiodetermining event. The use of a less polar solvent such as toluene
increased the enantioselectivity.

8 Trost, B.M Crawley,M. L. Chem. Eur. J.2004 10, 22372252
85 (a) Crociani,B.; Di Biana,F.; Giovencq A.; Boschi, T. Inorg. Chim. Acta 1987, 127, 169
182. (b)Trost, B.M Toste,F. D.J. Am. Chem. Sqd 999 121, 45454554,
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Pd,(dba)/L2
PMP OPMP

/\/\OCO Me —————— >
2
CH,Cl, additive NS

45 46

without additive 81% ee
(90% in toluene)
BuyNCl as additive 31% ee

Scheme23. Metalolefin complexation as enantiodiscriminatiprocess

[.4.2. Enantiotopic ionization of leaving groups

Selective ionization of enantiotopic leaving groups has been widely used
in total synthesis to induce specific stereochemistry during substitution. There are
two types of electrophiles for this mechanistic clas®sel,l-diacyloxy-2-
alkenes or an achirajemdisubstituted allylic substrate. As there are two
potential leaving groups onmaesoor on an achiral gerdisubstituted system, the
catalyst has to differentiate two enantiotopic leaving groups in the ionization
step. For this kind of enantiodiscrimiien, the rate of equilibration of
GLDVWH U{RIpaiadiurk c@mplexes must be slower than the rate of
nucleophilic addition. Hence, increasing the rate of trapping of the initially
formed allyl complex leads to higher enantioselectivity.

One examplds the reaction of gerdiacetate47 with sodium salt of
methylmalonate, affordingt8 in high yield and excellent enantioselectivity
(Scheme 2%

OAc
OAc [Pd(n3-C3Hs)Cll
x
x ent-L.2 RW
R/\)\OAC HsCO,C~ “CO,CH;
NaH, THF, 0°C
47 R = -C3H 48
st H3CO,C
91% ee
H3C02C 80% yle'd

Scheme24. Enantiotopic ionization of leaving groups.

8  Trost, B. M.; Lee, C. BJ. Am. Chem. So2001, 123 36713686
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In this event, the catalyst differentiates between both the prochiral leaving
JURXSY DQG WKH & IDFHV RI WKH ROHILQ ,RQL]DWL
could leadto different complexessynanti and synsyn complexes where the
latter one is prefeed. Then nucleophilic attack onto this diastereomer ¢&ie
excellentee

1.4.3. Enantiofacial exchange of th?-aIIyI)Pd complex

, I WKH GLD YV VidlledaR interédiate® interconvert faster than
nucleophilic attackhereforeunder CurtirHammett conditions Eigure 6) or if
WKH LQLWLDO ROH¢{Q FRRUGLQDWLRQ LV UDSLG DQG |
coordination or enantiotopic ionization are not the enantioselection step in an
AAA reaction.

Where

ky ka ky ku, kg : =—o—7 interconversion
PA 41— A = B l > Py ky_k, : nucleophilic attack
slow kp slow "Curtin-Hammett Conditions"

fast ky ky <<kp, kg

Figure 6. CurtinrHammet principle.

In this type of process, there are several issues that complicate the picture
in function of the starting allylic substrate. Not only enantioselectivity but
regioselectivity of nucleophilic addition have to be considered with an achiral
allylic ester and wh a chiral racemic ester. In the reaction depicte&céheme
25, with linear allylic carbonatd9, two diastereomeric Pcbmplexes %1 vs. 53)
can beformed after ionization. These two diastereomeric complexes can
LQWHUFRQYHHU®VHVKURKBEK DBNLRQ LQYROYLQJ WKH WHI
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system. If the more abundant (assuming similar rates of nucleophilic attack) or
the more reactive diaster®oH U talyl @mplex leads to the product, then high
enantioselectivity will be observedssuming that every intermediates gives
complementary regioselectivityn the reaction with the chiral racemic allylic
cabonateés0, the same type of equilibration@as but in this case a 1:1 mixture

of diastereomeric intermediate palladium complexes is initially formed. This
constitutes a dynamic kinetic asymmetric transformation (DYKAT). In most
cases, the resultant enantiomerically enriched product is structdré#yent

than the starting material and, thus the process is more properly termed an
asymmetric transformation rather than a resolution. DYKAT reactions differ
from traditional kinetic asymmetric reactions in that both enantiomers of the
racemic startingnaterial are converted into a single chiral product. Thus, this
allows potential yields of 100% of a particular enantiomer as opposed to only 50
% for a traditional kinetic resolution process.

— @ _
I'DdL*
R/\-/
51
Nu
RN 0co,Me RN
( ) 49 Pd(0)L* Nu 54
T X—PdL* - .
L OCO,Me R/\) 52 R/\/\Nu
N
55
50
©paLr
¥R/\—/ 53 |

Scheme25. Enantioselection by discrin@ D W L R Q-alR/l inféihededes

An example of this class of enantioinduction is the DYKAT of butadiene
monoepoxidg54) which has been efficiently employed by Trost andvookers
in various toal synthese§7. C-, O, as well afN-nucleophiles can be used in this
transformation. For instance, using phthalimide as a soft nucleophile theith

8  Trost, B. M; Machacek, M. R.; Aponick, AAcc. Chem. Res200§ 39, 747760 and
references therein.
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family of diphenylphosphino benzoic aail@rived ligands developed by Trost,
racemic butadiene monoepoxigereadily transformed into a single enantiomer
in very good yield® Using the cartoon model developed by Trost, both the +egio
and enantioselectivity are rationalized. Indeed, WRIR)-Trost ligandL3, (R)-

54 will ionize via a mismatched pathway to @ffl 55a while (S)-54 undergoes a
matched ionization to give5b (Scheme 26 The intermediateS5aand55b can
UHDGLO\ LQWHUW &R B BRMMWME inddosEbstituted allyl terminus,

a CurtinHammett situationbeing VHW XS LQ ZKLFK WKH PRUH
allylpalladium complex leads selectively to the product. Phthalimide is directed
to react at the more substituted carbon by hydrogen bondingeddic
approach vi&d5bis favored and yields the branched product in @&%

However, the use of harder nucleophiles such as alkylamines in the
palladiumcatalyzed allylic amination still poses a challenge and has not been
reported probably becausé their low ability for hydrogen bonding involving

L

the amino protonE XW DOVR GXH WR WKH IDVWHU QGXFOHRSKL

disomerization Pronucleophiles such as alcohols (regiodirected by boron),
imides and carberQ X F O H R S K L O-kbitesteXsE ikav® been employed with
success.

8  (a) Trost, B. M.; Horne, D. B.; Woltering, M. Angew. Chem. Int, EQ003 42, 59875990.
(b) Harris, M. C. J.; Jackson, M.; Lennon, I. C.; RamsderA.; Samuel, HTetrahedron
Lett.200Q 41, 3187#3191.(F 7URVW % O 2 Q. R&OAD08 %0, 1B6931372.
(d) Trost, B. M.; Lemoine, R. O.drahedron1996 37, 91619164.
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X Nu ™
H O — OH
Nu 55a
Mismw
1.2% (R,R)-L3 o
/\ﬁo 0.4% [Pd(n3-C3Hs)Cll
54 5% Na,COj .
Matched B Matched
Q = Y ow
¥ :
NuH = HN B, (o)
NN 56

O 55b kH‘
Nu

Scheme26. DYKAT of 54 using phthalimide as nleophile.

l.4.4. Enantiotopic allyl termini differentiation

If a chiral allylic substrate generatesnaeso @&llyl intermediate after
ionization, then the two allylic termini of the complex are enantiotopic and
regioselective addition controlled by the ligand to one of the enantiotopic
positions is the enantiodetermining step. The most extensively studieglexam
of such a system is dphenylallyl acetaté?, which on ionizationcreates a
meso @&llyl ligand 58. When a chiral catalyst is employed, one terminus of the
@&llyl ligand of 58 can be preferentially attacked by the nucleophile (path a or
path b) toafford one enantiomer of produs® (Scheme 27)

/Q//\
k @) OAc L‘,%L MeO,C.__CO,Me  MeO,C._CO,Me
Nu /\/i . a\\ . ;/b R b H
or Ph Ph PR N p base ph/\/\ph
Nu
( d> 57 58 59
NN
—————

Scheme27. Enantiotopic allyl termini differentiation.
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1.4.5. Prochiral nucleophile face differentiation

7TKHUH LV DQRWKHU ZD\ WR LQGXFH HQDQWLRVHO
allyl-ligand complex can differentiate between the prochiral faces of the
nucleophile. This kind of asymmetry appears to be quite challenging. The use of
ligands that can impose aad enough chiral environment around prochiral
QXFOHRSKLOHV V&EK HWR\QE®MEW, &N overcome these
demands and give excellent enantioselectivity with allyl acetates. An example of
this type of enantiodiscrimination is the dikiyon of tetralone60 with 1-
acetoxy2-methyl2-propene, to give the quaternasybstituted addudl in high
yield and excellente(Scheme 282

\Q// o [Pd(n3-C3Hs)Cll, o)
COCHPh _ entll
£ TMG, toluene, 0°C “C0,CH,Ph

d 60 ACO\)L 61

©

95% ee
81% yield

Scheme28. Prochiral nucleophile face differentiation.
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II. Asymmetric allylic substitution reactionsvith other transition
metal catalysts

Transition metatatalyzed asymmetric allylic alkylation reactions have
proven to be extremely useful and versatile synthetic transformations. Their
enantioselective reactions have witnessed wiplglications in the synthesis of
numerous pharmaceutical and natural producsher transition metals than
palladium have been applied for thisC or Gheteroatom coupling reaction,
including:  iridium®®  iron®%*°  nickel™  rutheniun?®  rhodium?
molybdenur®®® and tungsteA*®® However, as we have discussed above,
XQV\PPHWULFDO DOO\OLF VXEVWUDWNconpkek FK R U |
upon oxidative addition, in the presence of palladium catalyst preferentially lead
to achiral linear substitution products. Only in very few cases, the introduction of
special ligands or substrates could deliver good levels of both-regid

enantioselectivity.

Rhodiumcatalysts have been reported to give excellent level of
regioselectivity, although the number of catalytic enantioselective studies is very
limited®® The airsensitivity of W and Mocatalysts also liited their
applications despite their excellent performance in selective allylations of
unsymmetrical allylic substrates. In contrast to all the afmogrtioned transition
metal catalysts, chiraldHFRPSOH[HY KDYH EHHQ GHPRQVWUDWH
caalysts for regie and enantioselective allylic substitutions dihear
monosubstituted electrophiié 6L Q FH WeatadtyzgdalWationns by Takeuchi

89 For selected publications see: a) Ohmura, T.; Hartwig, J. Am. Chem. So2002 124
1516415165. b) Takeuchi, R.; Tanabe, K.; Yamashita, K.; Shigd, Nm. Chem. So2001
123 95259534. c) Kiener, C. A.; Shu, C. T.; Incarvito, C.; Hartwig, JJFAm. Chem. Soc
2003 125 1427214273. d) Janssen, J. Pelsichen, GTetrahedron Lett1997 38, 8025
8026. e) Garci'ebra, C.; Janssen, J. P.; Rominger, F.; HelmchebrGanometallic2004
23, 54595-470. f) Lipowsky, G.; Miller, N.; Helmchen GAngew. Chem., Int. EQ004 43,
45954597

% (a) Plietker B. Angew. Chem. Int. EQ006 45, 14691473. (b) Plietker BAngew. Chem. Int.
Ed. 2006 45, 60536056.

%L (a) Yatsumonji, Y.; Ishida, Y.; Tsubouchi, A.; TakedaOFg. Lett 2007, 9, 46034606. (b)
Didiuk M.T., Morken J.P., Hoveyda A.H. Am. Chem.&:. 1995 117, 72737274.

92 Trost, B. M; LautensM. J. Am. Chem. So982 104, 5545545

% Lloyd-Jones, G.C.; Pfaltz AAngew. Chem. Int. EA995 34, 462464,

222 51 2



CHAPTER1

et al.”* and its enantioselective version by Helmcheralet in 1997, many

efforts have been made fmovarious research groups, expanding the scope of this

reaction. The Hartwig group have extensively studied the mechanistic aspect of
WKLY UHDFWLRQ OHDGLQJ WR WKH LGHQWL{FDWLRC
broaden the reaction types. The invaridiilyh regie and enantioselectivity with
SUHGLFWDEOH SUR G xatilyzEdRalyliclsxhsuNonfRrgakBs| theon

extremely attractive in organic synthesis.

For example, Hartwig and emorkers achieved high enantioselectivities
(9599 % eefV  ZhigW Kranchedo-linear ratios (> 10 : 1) by using a
phosphoramidite ligand_.10-12 in iridium-catalyzed allylic amination with
monosubstituted allylic carbonates as starting matéfidfs® The nucleophile
scope is very general, including aromatic and aliphatic primary amines as well as
cyclic and acyclic aliphatic secondary amines.

[I(COD)CI)l; NR.R
X L* N2
R X""0C0Me + RyRpNH ————> _
Base, THF R
O~
o ) L10(S, S, So) Ar=Ph
aS O:P—N L11 (S,, Se, S¢) Ar = 2-MeOCgH,4
OO )— L1128, S, So) Ar = 1-naphtyl
Ar
A
O [I(COD)CI)];

r
N

Scheme29. Phosphoramiditgigands used in Iridiumcatalyzed allylic amination
reaction.

The mechanism for iridiuroatalyzedallylic amination was identified by
Kieneret al.and differs from palladium catalyt.

% Takeuchi, R.; Kashio, MAngew. Chem. Int. EA997, 36, 263265.

% Janssen, J.PHelmchen GTetrahedron Lett1997 38, 80258026.

96 Polet, D; Alexakis, A; Tissot&roset, K; Corminboeuf, C.; Ditrich, KChem. Eur. J2006
12, 35963609.

9 Tissot&@roset, K; Polet, D.; Alexakis, AAngew. Chem. Int. EQ004 43, 24262428

% Shu, C; Leitner, A.; Hartwig, J. FAngew. Chem. Int. EQ004 43, 47974800
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As mentioned in the general introduction, palladicemalyzed
asymmetric allylic alkylation reaction asnong the most versatile methods for
C-X bond formation widely applied in naturptoduct synthesisOur reseash
group has acquired an important background in this reaction, and a general
objective of this PhD work is to apply ib the synthesis of different natural
productsandanalogueshereof as well as tdoroaden the scope of the reactton
new substrate@nd new nucleophilesin connection with this purpose, the
specific objectives of this thesis are the following:

1. Enantioselective synthesis of nectrisifidhe work presented in this
section has as a final objective the enantioselective synthesimabfisine
starting from the key synthon allylamine prepared through an palladium
catalyzed Dynamic Kinetic Asymmetric Transformation (DYKAT) of racemic
vinyloxirane using imido nucleophiles.

HO
N R2 _R®
N — N —1 /YJ)
R'o I~
HO OH

Nectrisine

2. Enantioselectivdormal syrthesis ofD-fagomine Aiming to explore
the synthesis o2 from 1 using palladium catalysts, and taking into account the
role of DACH Trost ligands in the control of the regioselectivity, we wondered
whether structural elements in the substrate able to provide hydrogen bonding
could bias the regiochemistry of palladitgaialyzed allylic amination of allylic
electrophile to afford branched derivativés. an extension of this methodologic
work, we sought toapply this protocol to a short enantioselective formal
synthesis obD-fagomine, an iminosugar that shows activityinggmammalian
JXWI O XFRYV L G@alattoddgses.

[Pd]/ Trost L
RNH,
R /\/\/ X .. > R/\‘/\
regioselective Nu
1 2
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3. Enantioselective synthesis dfidofovir analogues The research
described in this part aims to develap asymmetric and regioselective metal
catalyzed allylic amination processes using purinic and pyrimidinic bases and
palladium catalysts, and the application of the previous method to the synthesis
of acyclic nucleosides analogues of Cidofovir.

NH,
e ® ]
A \ o o N ﬁ/OH [Pd]
O~ 'N \/k/\/ < _
KﬁTOCHZHOHb <~> OH or
= Nucleobase
OCO,M
OH N HO N 2Me
Cidofovir Cidofovir
analogues

4. A final objective of the Thesis was to explore the use of the catalytic
system Pd/ Trost ligandgith different imido and imidocarboxylate nucleophiles.
The different products obtained in this study were used as starting maiterials
the synthesis ofaluabledifferent compounds such as lactam, lactone 4nd
amino4-deoxy sugatr.

/\{g
Pd R,
+ Trost Ligand N o
O O =
)k )L lactam
R N7 "R,
H O__OH
RHN/E'IOH
OH

4-amino-4-deoxy sugar
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Enantioselective formal synthesis of nectrisine







Enantioselective formal synthesis of nectrisine

l. Introduction- Iminosugars

Polyhydroxylated pyrrolidines and piperidines, also called azasugars,
represent an interesting class of glycosidase inhibitwais have beemvidely
recgynized as potential therapeutic ageimisthe treatment of diabetes, cancer,
and viral infections.

l.1. Glycosidases and glycosyltransferases

Enzymes are one of the four major classes of nature's biopolymers,
playing a fundamental role in life's processes. In particular, glycosyltransferases
and glycosidases, also known as glycoside hydrolases, are abgjuit
macromolecules, which catalyze glycosyl group transfer reactions that assemble,
trim and shape bioactive glycoprotein and glycolipid conjuga@gerall, these
processes involve cleavage of the glycosidic bond linking a sugar's anomeric
carbon with aroligo- or polysaccharide, or a nucleoside diphosphate group. The
glycosidases transfer the liberated glycosyl group to water, while transferases
transfer it to a different nucleophilic acceptBcheme30).

glycosyl

-0 transferase o) glycosidase, H,O
HO~-——~J — HO/T//\\ HO/N/.O: .
Nu R'= Nucleoside R R' = Oligo or OH
Nu = nucleophilic acceptor diphosphate group polysaccaride unit

Scheme30. Role of glycosidases and transferases

Glycoside hydrolases are found in essentially all domains of life. In
bacteria and prokaryotic cells, they afeund as bothintracellular and
extracellular enzymes that are largely involved in nutrient acquisition. In higher
organisms, glycoside hydrolasare located within the endoplasmic reticulum
and Golgi apparatusvhere they mediatequality-control systems and ER
associated degradation mechanisims.the lysosome, theyparticipatein the
degradation of carbohydrate structures. Deficiency in spedysozomal

1 (a) Kobata, A.Anal. Biochem1979 100, 1-14. (b) Kornfeld, R.; Kornfeld, SAnnu. Rev.
Biochem1976 45, 217-237. c) Marshal, J. Ad. Carbohydr. Chem. Bioched974 30, 257
370.d) Pandey, GProc. Indian Natn. Sci. Aca@005 71, 137-153.
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glycoside hydrolases can lead to a range of lysosomal storage disorders that
result indevelopmentaproblems or death. Glycoside hydrolases are also present
in salivawhere they degrade complex carbohydrates sudhcésse or sucrose

In the gut they are found as glycosylphosphatidyl anchored enzymes on
endothelial cells thus involved iimtestinal digestionMoreover, the glycoside
hydrolases take part in thdosynthesisand degradation aflycogenin the body.
Hence, heir function or dysfaction has been implicated in a number of different
diseases such &@auchers and Fabry diseadds this context, inhibition of these
glycosidases can have profound effects in a variety of processes, including viral
infection (cellvirus recognition), cacer, and genetic disorders, maturation,
transport and secretion of glycoproteins.

The glycosidases are classified based on the stereochemistry of the
DQRPHULF JO\FRVLGLF ERQg@lyvésdasss {axaHglydeside DYH 7K
bond) catalyze the cled&¥JH RI-D@FRVLGLF ERQ@I@&Eoddases) HDV

HTXDWRULDO JO\FRVLGH ERQG -dfybowitic WoKkdd. VDPH H
Moreover, it has been shown by polarimety;NMR spectroscopy, and product
analysis of transglycosylation experiments that glyasd can be categorized
in two groups according to the anomeric configuration of the sugar product
relative to the substrate: retaining or inverting glycosidases.

The mechanisms of glycoside cleavage have been reviewed several
times*® In most cases, hydrolysis of the glycosidic bond is catalyzed by two
residues of the enzyme: an acid (proton donor) and a base/nuclédgrilboth
mechanisms the reaction usually proceeds through transition states with
significant oxocarbenium iclike charactef.Hence, from all compounds that are
known to inhibit the action of glycoside hydrolases, the ones that mimic this

2 (a) FanJ. Q; Ishii, S, Asano,N.; Suzuki,Y. Nature Medicinel999 5, 112115.(b) Asano,
N.; Ishii, S;; Kizu, H.; lkeda, K.; Yasuda,K.; Kato, A.; Martin, O. R. Fan,J. Q.Eur. J.
Biochem 200Q 267, 41794186.(c) Butters,T. D.; Dwek, R. A.; Platt, F. M. Chem. Rev
2000 100, 4683. (d)Asano, N.Glycobiology2003 13, 93R104R.

Rempel, B. P.; Withers, S. Glycobiology2008 18,570-586.

Sinnott, M. L.Chem. Rev199Q 90, 11711202.

Henrissat, B.; Bairoch, ABiochem J1996 316, 695696.

Koshland, D. EBiol. Rev.1953 28, 416436.

o o B~ W
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Enantioselective formal synthesis of nectrisine

JO\FRVLGDVH 3HRpREDNHH @QLXIPQ V Lpsrtidrigrly visktblevVH DUH
(Figure 3.

6+

NS
HO Q&8 O0—R
HO >
5

OH ‘Q—R
i

Figure7. *HQHULF JO\FRVLGD-MWHCRNRFDUEHQVYLXWLRQ VWL

Any chemical entity that is capable of mimicking either the charge or
shape of the substrate or that of any of the transition states, can act as a reversible
inhibitor of that particular glycosidase. These entities are termetyessidase
inhibitors.

Glycosyltransferases (GTs) are enzymes that establish natural glycosidic
linkages on a wide range of small and macromolecules including cell wall
components, natural products, other saccharides, proteins and even nucleic acids.
These enzymes are involvad inany processes of cellular biochemistry, such as
protein and lipid glycosylation, as well as in the synthesis of polysaccharides
such as cellulose, the main component of biomass. The role of cell surface
oligosaccharides in processes like intercellutmognition, cancer cell metastasis
and the immune response to viral and bacterial infection has generated an
increased interest in the inhibition of GTs involved in the biosynthesis of
oligosaccharides and glycoconjugates, which may lead to the discdveoyed
drug therapie$.

a) Withers, S. G.; Namchuk, M.; Mosi Rainosugars as Glycosidase Inhibitors: Nojirimycin
and BeyondWiley-VCH, Weinheim,1999 b) Bols, M. Acc.Chem. Resl998 31, 1-8.

8 (a) Boons, G. Jletrahedron1996 52, 10954121. (b) Varki, A.Glycobiology 1993 3, 97
130 (c) Dwek, R. AChem. Rey 1996 96, 683-720.
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[.2. Iminosugars and related alkaloids

Alkaloids are nitrogen containing molecules which are widely distributed
in nature. They are produced by a wide variety of organisms such as plants,
bacteria, fungi, marine animals, somedkiand a few mammal€ver the years,
the group of polyhydroxylated alkaloids hgained considerable interest as
potential therapeutic agents and as tools to gain a better insight in biological
SURFHVVHV 7KLV VSHFL¢{(F JURXSdRS cBriboNydrax® L G V
mimics in which the endocyclic oxygen is replaced by a nitrogen. The molecules
are commonly referred to as azasugars, iminosugars or iminocyclitols. This
alteration in combination with their structural resemblance to normal natural
sugarsis the reason why they are often evaluated as inhibitors of glycosftiases
and glycosyltransferasés.

Over the past 40 yeasswide range of iminosugars and related alkaloids
were isolated from the leaves, root bark and fruits of the mulberry tree and
microorganisms.Although they do not conform to a single structural class,
naturally occurring polyhydroxylated alkaloids inhibg glycosidases are
divided into five structural classes: pyrrolidines, piperidines, indolizidines,
pyrrolizidines and nortropanes. Some natural occurring emblematic
polyhydroxylated alkaloids are depictedrigure 8.

(@) Rdoerts, M.; Wink, M. Alkaloids-Biochemistry, Ecological Functions and Medical

Applications;Plenum Press, New York998 (b) Wink, M. The Alkaloids: Chemistry and

Biology; Academic Press, San Diegb993 43, 1-118. (c) Wink, M. Function of Plant

Secondary Metabolites and Thetxploitation in Biotechnology, Annual Plant Reviews;

6KHI(¢HOG $FDGHPLF189HVV 6KHI{HOG

0 Asano, N.; Nash, R. J.; Molyneux, R. J.; Fleet, G. W.elrahedron Asymn200Q 11, 1645
1680.

1 Compain, P.; Martin, O. RBioorg. Med. Chen001, 9, 3077-3092.
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Enantioselective formal synthesis of nectrisine

H
N H
HO °© HO W
HO" “'OH HO"
OH

OH
Nojirimycin 1-deoxynojirimycin Fagomine D-AB1 DMDP
62 63 64 65 66

Indolizidines

OH  oH OH
- N
HO' N

(+)-castanospermine (-)-swainsonine Nectrisine
67 68 69
Pyrrolizidines
HO OH HO OH
M = H OH
NH
HO=_N Ho\ﬁ\(
H0H2c HO— HO
Alexine (+)-australine Calystegine B,
70 71 72

Figure 8. Some emblematic natural occurring polyhydroxylated alkaloids.

The scientific history of iminosugars began in gely 1960's with the
purely academic exercise of the synthesis of sugar derivatives containing a
heteroatom in the ring to form "heteros&®'* The first natural occurring
iminosugar to be discovered was theubstitutedamino-glucose (samino5-
deoxyD-glucopyranose) which was isolated in 1965 fro&ireptomyces
nojiriensis by Ishida etal. and named nojirimycin (N&2).*® In addition to

2 (a) Paulsen, HAngew. Chem. Int. Ed. Engll962 1, 597. (b) Paulsen, HAngew. Chem.
Int. Ed. Engl, 1962 1, 454. (c) Paulsen, H.; Todt, K. Ad@arbohydr. Chem. Biocherh968
23,116.

13 (a) Jones, J. K. N.; Turner, J. £.Chem. Sa¢1962 46994703. (b) Jones, J. K. N.; Szarek,
W. A. Can. J. Chem 1963 41, 636:640.

14 (@) Hanessian, S.; Haskell, T. H. Org. Chem.1963 28, 26042610. (b) Hanessian, S.
Chem. Communl966 796-798.

15 (@) Nishikawa, T.; Ishida,N. J. Antibiotics 1965 18, 132133. (b) Inouye,S.; Tsuruoka,T.;
Niida, T. J. Antibiotics 1966 19, 288292 (c) Ishida, N.; Kumagai, K.; Niida, T.;
HamamotoK.; Shomura;T. J. Antibiotics 1967, 20, 62-65.
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antimicrobial activity, nojirimycin was found few years later to be a potent
L QKL E L WIRQGRitosidases’ This finding naturally stimulated further
intensive synthetic studies in this area. Alternative deoxynojirimycin syntheses
were developed and hundreds Nfsubstituted and ®ranched derivatives of
deoxynojirimycin were synthesized in the Bayer laboratoriesngnather and
screened for their biological activity. Twenty years later, these studies led to the
generation of miglitol (zhydroxyethyldeoxynojirimycin) which was approved
for treatment of notinsulindependent diabetes in Europe and the USA.

Soon afterthe discovery of naturally occurring iminosugars in micro
organisms, alkaloid @mists began to isolate multipkgdroxylated piperidine
alkaloids from plants. The first to be isolated was fagori{@hydroxymethyi
3,4dihydroxypiperidine) from Fagopyrum esculentum (Polygonaceae),
followed by tdeoxynojirimycin (DNJ63) whichwas obtained by Inouye at.*®
by reduction ofNJ or by isolation from bacterial cultufeor mulberries?®

Mulberry trees additionally contain the polyhydroxylated pyrrolidine
alkaloid, 1,4dideoxy1,4-imino-D-arabinitol (DAB1 65), which was originally
isolated from fruits ofAngylocalyx boutiqgueanud.eguminosag® and found to
be a good inhibitor with a broad inhibitory spectrum toward mammalian
glycosidases particularfj. Almost simultaneously, anotheyrrolidine alkaloid,
2,5dideoxy-2,5imino-D-mannitol (DMDP67), was isolated from a species of
the legume genusonchocarpusThis is a powerful inhibitor of a large range of
- DV ZH-@uodiddses, even more potent thaedxynojirimycin which is
frequently used as a standatd.

16 Niwa, T.; Inouye,S. Tsuruoka,T.; Koaze,Y.; Niida, T. Agric. Biol. Chem 197Q 34, 966
967.

7 Koyama, M.; Sakamura, @gric. Biol. Chem 1974 38, 11111112.

18 Inouye, S.; Tsuruaka, T.; Ito, T.; Niida, Tetrahedronl 96§ 24, 2125- 2144

19 Murro, S.; Miyata, SAgric. Biol. Chem198Q 44, 219- 221.

20 Yagi, M.; Kuono, T.; Aoyagi, Y.; Murai, HNippon Nogei Kagaku Kaishi976 50, 571-572.

2L Nash, R. J.Bell, E. A.; Williams, J. MPhytochemistryl985 24, 1620:622.

2 Fleet, G. W. J.; Smith, P. \etrahedron1986 42, 56855692.

#  Card,P. J.;Hitz, W. D. J. Org. Chem 1985 50, 891-893.
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Enantioselective formal synthesis of nectrisine

The first example of polyhydroxylated indolizidine alkaloids discovered
was Swainsoning68), isolated from the leaves &wainsona canesceffsThe
ODWWHU KDV UHFHLYHG PXFK DWWH@@hhdii@asé XH WR
D QG *R@ahhosidase Il inhibitory action. It was also the first inhibitor
selected for being tested as an anticamcag, reaching phase | clinical trials.
The seeds of another Australian leguf@astanospermum australeere found
to contain another polyhydroxylated indolizidine, castanospermine. It is a potent
LQKLELWRU R-4luddsiiRs® Rriei DliSturbs the lysomal catabolism of
glycogen®

In addition to produag indolizidine alkaloidsCastanospermum australe
coproduces two pyrrolizidine alkaloids, alexitf@0)?’ and australine(71)%,
which were the first two isolated molecules from this category. These idkalo
did not inhibit many glycosidases, but showed some inhibition of lactose,
trehalose and cellubiose hydrolysis.

Among the most recently recognized groups of iminosugars are the
polyhydroxylated nortropane alkaloids calystegines (A, B and C), which have
been isolated from the familieSolanaceaeand Convolvulaceae Calystegines
have three structural features in common: a nortropane ring system; two to four
secondary hydroxyl groups varying in position and stereochemistry; and, a novel
aminoketal functioniity, which generates a tertiary hydroxyl group at the
bicyclic ring bridgehead’ They have shown inhibitory activity toward almond
JO X FRV L GiltbteRd@Bidase (GCase).

24 ColegateS. M, Dorling, P. R; Huxtable,C. R.Aust. J. Chem1979 32, 22572264.

% Molyneux, R. J., Roitman, J. N., Dunnheim, G., Szumilo, T. and Elbein, AARh.
Biochem. Biophysl986 251, 450457.

% gaul, R., Ghidoni, J., Molyneux, R. J. and Elbein, APioc. Natl. Acad. Sgi1985 82, 93
97.

a7 Nash,R. J; Fellows, L. E,; Dring, J. V, Fleet,G. W. J; Derome,A. E,; Hamor, T. A,
Scofield,A. M.; Watkin, D. J. Tetrahedron Lett1988 29, 2487-2490.

28 Molyneux, R. J; BensonM.; Wong, R. Y.; Tropea,J. E; Elbein, A. D.J. Nat. Prod 1988
51, 11981206.

2 Asano, N; Kato, A.; Oseki, K.; Kizy, H.; Matsui, fEur. J. Biochem1995 229, 369376. (b)
Asano, N; Yokoyama, K.; Sakurai, M.; i#e, K.; Kizu, H.; Kato, A.; Arisawa, M.; Hoke, D.;
Drager, B.; Watson, A. A.; Nash, J. Raytochemistr001, 57, 721-726.

%0 Asano, N., Kato, A., Oseki, K., Kizu, HMatsui, K.Eur. J. Biochem 1995 229, 369-376.
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|.3. Therapeutic potentialBiological interactions

Given the broad range of biological and pathological processes in which
glycosidases and glycosyltransferases are involtleete has been a steadily
increasing interest in creatingpecific inhibitors of these enzyme3he
realization that iminosugars nfighave enormous therapeutic potential in many
diseases has led to the development of an impressive number of synthetic routes
to create such compoundBhe biological activity of iminosugars in relation to
their ability to inhibit glycosidases has beemlely reviewed*

The use of glycosidase inhibiting sugar mimetics, such as iminosugars, to
prevent the formation of the aberradtlinked oligosaccharides and to inhibit
catabolic glycosidases in order to stop tumour metastasis has emerged as a new
therapetic strategy against cancer. One of the more widely investigated
iminosugars is theswainsoning(68). This alkaloid was found tinteract with
enzymes involved in the metabolic pathway of glycans responsible for tumour
cell invasion. Byinhibiting Golgi .-mannosidase |lit acts as a competitive
inhibitor of N-linked glycan processing in the Gobgpparatustherefore reducing
invasion of tumour cells. SW presents low toxicity and was chosen for Phase |
human cancer trials, and reached Phase Il tedtiggre9).

7KH GLVFRYHU\ RI VWURQJ -¢yl@ésidadeyViyRI@® RI GLJH
attracted an enormous interest of various research groups. Finall99éan
iminosugarbased drug has been approved for treatment ofrsatin-dependent
diabetes in Europe and the USBlysef™) (Figure9).

Lysosomalstorage disorders are a group of disorders that result from the
abnormal metabolism of macro substances such as glycosphingolipids, glycogen,

st For revews: (a) MolyneuxR. J; Lee, S. T; Gardner,D. R.; PanterK E.; James, L. F.

Phytochemistry,2007, 68, 29732985. (b) Melo, E. B.; Gomes,A. S.; Carvalho, |I.
Tetrahedror2006 62, 1027710302.(c) Oikonomakos\. G.; Tiraidis,C.; Leonidas,D. D.;
ZographosS. E.;Kristiansen,M.; JessenC. U; NorskovLauritsen,L.; Agius, L. J. Med.
Chem 2006 49, 568%5701.(d) Bellincampi, D.; Camardella, L.; Delcour, J. A.; Desseaux,
V.; D'Ovidio, R.; Durand, A.; Elliot, G.; Gebruers, K.; Giovane, A.; Juge, N.; Sorensen, J. F.;
Svensson B.; Vairo, D. Biochim. Biophys. Acta 2004 1696, 265274. (e) N. Asano,
Glycobiology2003 13, 93R. (f) WatsonA. A.; Fleet,G. W. J; Asano,N.; Molyneux,R. J;
Nash,R. J.Phytochemistry2001, 56, 265295. (g) AsanoN.; Nash,R. J; Molyneux,R. J;
Fleet,G. W. J.Tetrahedron Asymmetr)200Q 11, 16451680.
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Enantioselective formal synthesis of nectrisine

mucopolysaccharides and glycoproteins in lysosofnéghis anomalies are

caused by deficiencies in lysosomal enzyf&sGaucher disease is the most
FRPPRQ O\WRVRPDO VWRUDJH GLVHDVH DQG UHVXO
J O X F RV LguEovdrebrosidase). One strategy is to use a small molétule,
butyl-1-deoxynojirimycin ~ Zavescd")*®* to  inhibit  ceramidespecific
glucosyltransferase and prevent the Ilysosomal accumulation of
glycosphingolipids (Substrate Reduction Therapy, SRgufe9).%

OH
OH OH
L OH /__ﬁ OH/_/
N N
HO
\_)""OH "o "o
OH OH

Swainsonine
w (68) Zavesca™ Glyset™

Figure 9. Structure of Swainsonine, ZaveS¢and Glyset".

Various iminosugars have airal activities, in particular, against the
Human Immunodeficiency Virus (HIV) which is responsible for the Acquired
Immune Deficiency Syndrome (AIDS). This activity is exerted by disrupting the
viral envelope and thus preuwery further viruscell contact. It has been shown
that castanosperming67) (inhibiting glucosidase 1) andDNJ (inhibiting
glucosidase | and Il ) were active against the viruss¢l1C- J P/ $V
DNJis cytotoxic®” a number of alkyl derivatives of DNJ were tested against HIV
and N-butyl-deoxynojirimycin Zavescd') was found to be the most attractive
one® Another example, maybe the most popular one, is the influenza virus
which is designated by the viral coat pinte hemagglutinin (H) and
neuraminidase (N). Both these viral proteins in fact bind specific carbohydrate
sequences on the host cell surface. The glycomimetic drug used for the treatment
of Influenza A Virus is the viral neuraminidase inhibifbamiflu. This drug

%2 Winchester, B., Vellodi, A. and Young, Biochem Soc.Trans200Q 28, 150154,

% Fan, JQ. Trends Pharmacobci, 2003, 24, 355360.

3 Desnick, R. J. and Schuchman, EN#4t. RevGenet, 2002 3, 954966.

% Qjima, I.; Vidal, E. SJ. Org. Chem 1998 63, 79998003.

% Butters, T. D., Dwek, R. A.; Platt, F. NCurr. Top. Med. Chen2003 3, 561-574.

87 Ratner, LAids ResHuman Retrovirused992 8, 165173.

38 Karpas A.; Fleet, G. W. J.; Dwek, R. A,; Petursson, S.; Namgoong, S. K.; Ramsden, N. G.;
Jacob, G. S.; Rademacher, T. Woc. Natl. Acad. Sci1988 85, 92299233.
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mimics the transition state of the hydrolysis of the terminalcltylneuraminic
acid by neuraminidasénother alkaloidthat have antiviral activity isectrisine
(69) which has been shown to potentiate the activitgidbvudine (AZT, 3*-
azido3-deoxythymidine) Figure10).>

T
HOA\_AC o CO,Et
Loy AcHN
OH HO" HN® o

H,PO,

Oseltamivir phosphate

DNJ Castanospermine Tamiflu

Nectrisine AZT

Figure 10. Iminosugarbased drugs as antiviral agents.

l.4. Nectrisine- Chemical synthesis

Dihydro-2-hydroxymethylpyrrole or Nectrisine 69), is a fungal
metabolite which was isolated from a strain of the fungestricine lucidaF-
4490 as an immunomodulator, and obtained from the fermentation broth of
actinomycete Kitasatosporia kifunerf$8€° ,\W ZDV IR X Q GgWtsidagK LE LW
- DQGPDQQRVLGDXHRYV L G D\NEEtYYQdIBsaminiase, in that
order of inhibition strength. Nectrisine enhances the activity of the mouse
immune systemin vitro and exhibits a competitive action against the
immunosuppressive factor produced in the serum of twinearing mice.

3% Tatatsuki, K.; Hattori, T.; Kaizu, T.; Okamoto, M.; Yokato, Y.; Nakamura, K.; Kayakiri, H.
1990. Antiretroviral pyrroline and pyrrolidine sulfonic acid derivatives. European Patent
Application, EP O 407 701 A2.

40 gShibata, T.; Nakayama, O.; Tsurumi, Y.; Okuhara, M.; Terano, H.; Kohsaka, Mtibiot
1988 41, 296-301.
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Enantioselective formal synthesis of nectrisine

Moreover, nectrisine is imlved in the prevention of different diseases such as
Newcastle disease virds.

Due to this impressive biological activity many organic chemists are
focused on developing new methods to synthesize nectrisine. Several
stereoselective syntheses of nectasihave been reported startinfigom
compounds of the chiral pool likearbohydrates (path ,&* diethyl tartrate
(path b)**** aminoacids (path ¢f,and *DUQHU TV DO G HKSehéme SDW K
3D).

(e} MOMO, OMOoMm
TBDPSO/\)kH TBSO OH
NBn2
O
\ Carbohydrates
7 H <: HO :} (glycal, glucose, arabinose)
O = R
)(NBOC HO  OH
69

Scheme31: Nectrisine synthesis. Reported procedures

4 Tsujii, E.; Muroi, M.; Shiragami, N.; Takatsuki, ABiochem. Biophys. Res. CommA96
220, 459466.

42 Bosco, M.; Bisseret, P.; Bouiketer C.; Eustache, Detrahedron Lett2001, 42, 79497952

43 (a) Merino, P.; Delso, |.; Tejero, T.; Cardona, F.; Marradi, M.; Faggi Parmeggiani, C.;
Goti, A. Eur. Org. Chem2008 2929-2947. (b)Kayakiri, H.; Nakamura, K.; Takase, S.;
Seloi, H.; Uchida, |.; Terano, H.; Hashimoto, M.; Tada, T.; KodaCl&em.Pharm. Bull
1991, 39, 28072812

4 Kim, Y. J.; Takatsuki, A.; Kogoshi, N.; Kitahara, Tetrahedron1999 55, 83533364

4 Kim, Y. J; Kitaraha[T. Tetrahedron Lett1997, 38, 34233426

4 Hulme, A. N.; Montgomery, C.HTetrahedron Lett2003 44, 76497653.

a7 Ribes, C.; Falomir, E. Carada, M.; MardA. J. Org. ChenR008 73, 77797782
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l.4.1. Path a: Synthesis from carbohydrates

In 1988, Hashimotogroup confirmed the structure of nectrisine by
performing a synthesis frord-glucose®® (Scheme32). Thus, compound’3,
already prepared by Niida et. for their synthesis of nojirimyciff, was N-
acylated with trifluoroacetic anhydride and subsequent acidic hydrolysis of
resulting74 with TFA afforded the triolr5. Oxidative cleavage with Nal@ave
the pyranose 76. Although the 20-benzyl group resisted the usual
hydrogenolysis (K (5 atm), 10% P«C), deprotection was achieved by
hydrogenolysis using Pd black in 4.4% HCO®dOH to afford77 in 98%
yield. The two acyl groups iA7 were finally hydrolyzed with a slight excess of
0.5N aqueous NaOH to furnish nectris{e8) in 96% yield.

OTr HO
ref (o) (0]
s ) TFA OH
D-glucose —_——,  RHN Q. — F3COCHN
"'o)< 82% 5

BnO BnO  ©OH
73:R=H 75
74: R = COCFg4
OH
0 N
NalOy THF £ cocHN: QOH 0.5 N aq. NaOH |
R HO"
OHCO  OR OH
Pd-black 76:R =Bn 69

HCOOH-MeOH 77:R=H

Scheme32. Synthesis of nectrisine froBrglucose

Two years later, another synthetic protocol was devised by Samuel J.
Danishefsky etal.® Nectrisine was synthesized from GlycaB which was
obtained in 40% overall yield from-glucal (Scheme33). Treatment of78 with
m-CPBA in methanol followed by desilylation (TBAFHF) and afterwards by
selective bromination (BR/CBr), afforded compound’9. Protection of the

48 Kayakiri, H.; Takase, S.; Seloi, H.; Uchida, I.; Terano, H.; Hashimotol érahedron Lett
1988 29, 17251739.

4 none, S.; Tsuruoka, T.; Ito, T.; Niida, Tetrahedronl968 23, 21252144

%0 Chen, SH.; Danishefsky, S.Jetrahedron Letf.99Q 31, 22292232.
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hydroxyl function wih TBSClimidazole gave the etheé80 (50% from 78),
which was then treated with zinc in aqueous ethanol to affbid 75% yield.
Reduction of aldehyd81 with sodium borohydride and subsequent silyl transfer
gave rise t@2, in 76% vyield. Inversion at fvas accomplished (40% overall) by
triflation followed by azidolysis (sodium azide, DMF rt.). Ozonolysiss, (O
CH,CI, -78°C) of83 gave84 which, upon desilylation and acetylation generated
the pyranosyl aceta&5 in 80% yield. Hydrogenation of the latter fRd/Al,Os)
followed by acylation with triflouroacetic anhydride afforded a quantitative yield
of86 )LQDOO\ GHEHQ]\ODWLR Q°>Mdnw@d by seBUdr@d@ D Q TV |
treatment with 1N sodium hydroxide@ Dowex acidic resin provided nectrisine
(69) in high yield Scheme33).

OH 1) m-CPBA, MeOH Br
HOL_~ OTBS  2) TBAF, THF
U — Bno% 3) PPhg/CBry Bnoﬁ/OMe
HO__ . o — BnO _ — >  BnO
40% OR
D-glucal 78 79:R=H

80: R TBS 50% yield from 78

\

! OB gno 1) TfOH
ii) silyl shift n
Zn, EtOH BESO/iI\WH (ii) sily BnO
75% HO oTBS

TBSO 0O 2) NaN3, DMF
40%
81 82
X
o Na AcO Xo 1) P(OH),
gn&\ 0% > BEOO‘ \ L \ 69
(] n -
Sres 2) DOWEX-H

83: X =CH, 85: X =N

84:X=0 86: X = NHCOCF

Scheme33. Synthesis of nectrisine from-Blucal.

It seems important to mention the attempt of synthesizing nectrisine from
D-glyceraldehyde. Indeed, in 2000, Humphrey andwodkers usedD-
glyceraldehyde acetonid for the synthesis of protected nectrisB#(Scheme
34).>> Compound87 was converted into 3:8iethoxy-2-hydroxypropanal8g,

51 pearlman, W.MTetrahedron Lett1967 8, 16631664
52 Humphrey, AJ; Parsons, F.; Smith, ME.B.; Turner, NJ. Tetrahedron Lett200Q 41,
4481-4485
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which  then  underwent transketolasediated condensation  with
hydroxypyruvate to afford the tri@9in 56% yield. After silylation 089 (74%)

and treatment with hydroxylamine, oxing8® was obtainedn 82% vyield. A
diastereomeric mixture of amin@&4 (65%) was obtained after reduction 80
using Raney nickel which upon cyclization by treatment with
iodotrimethylsilane gave a 3:2 mixture of cyclic imines from which the major
diastereomer92, bearing the stereochemistry found in nectris{(®®), was
isolaed. However, treatment 82 under a range of desilylation conditions (e.g.
TBAF; AcCOHH,0+7 +) AXR UL G H:adetb¥itril®) faied to yield a pure
sample of nectrising9).

o

1) TEMPO, EtOAc OH A CJK/OH
2

WLO Bn(CHa)sNCI, NaBr Eto%

0\)v0 2) NaOCl, 15h \ transketolase,

17% OEt O thiamine pyrophosphate,
87 88 pH7
oH 9 1) TBSOTF, NEt TBSQ  hoH
EtO ot " s EtO OTBS
OEt OH 2) NH,OH.HCI OEt OTBS
89 90

TBSO OTBS
TBSO NH, -

Ho RaneyNi  gio otes TMsl L
_ = —_ N
OEt OTBS oTBS

91 92

Scheme34. Attempt to synthesis of nectrisine frdbaglyceraldehyde.

In 2001, EustacHéreported a synthesis of nectrisine from commercially
available 2,3,8ri-O-benzytD-arabinose(93) (Scheme35) which was first
converted to the-lyxose derivatived4 through a Wittig olefinatiof and two
successive Mitsunobu reactions, first witlnitrobenzoic acid, then with
phthalimide. Hydrazinolysis of phthalimid®* (Scheme35) and treatment of
the resulting crude amine with trifluoroacetic anhydride provided the
trifluoroacetamide95. Dihydroxylation (Os@NMO) and oxidative cleavage

% Freeman, F.; Robarge, R.Darbohydr.Res.1986 154 270-274.
5 Bouix, C.; Bisseret, P.; EustacheTa&trahedron Lett1998 39, 825828.
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(NalQy) of the resulting dioled to an aldehyde which cyclised to the protected
aminal 96 upon standing. Initial attempts to remove the begeglips in96 by
hydrogenolysis, using a variety of conditions were disappointing, as the desired
deprotected produ@7 was obtained only inolw yield, always accompanied by
substantial amounts of the aminoalcohol arising from reduction of the latent
aldehyde function i®7. Hydrolysis of the trifluoroacetamide with diluted NaOH
and concomitant dehydration, followed by 4{erxchange chromatograph
(Sephadek CM-C-25 (NH,"), elution with 2% aqueous ammonia) completed
their synthesis of nectrisine, thus obtained in nine steps and 18% overall yield
starting from commercially available 2,35 O-benzyl(D)-arabinose.

1) n-BuLi, CHyPPhy*Br -, THF, 0°C to RT, 85% o ii o

O _on 2) P-NO;PhCOOH, PPh 5, DEAD, toluene, 0°C to RT, N

OBn
BnOAQF then KOH (2M) in water, reflux, 67% BnO\/k/?\/

BnO OBn E.
3) HNPht, PPh,, DEAD, toluene, 0°C to RT, 60%; n

93 9

o
F C)LNH 0Os0Oy (cat.), NMO,THF/acetone/H,0 4/4/1,
3 OBn .
1) NoHy-H,0, ethanol, reflux, 1.5 h; H rt, 48 h;
BnO. =

2) (CF3C=0),0, NEt3, 0°C-rt, 2 h, OBn NalO,4, THF/acetone/H,0 (4/4/1), rt, 1.5 h,
72% (two steps) 95 98% (two steps)

FsC o F3C\fo
\rf o N ~OH NS
OH  BCls, CHyCly, -78°C, 2 h, NaOH (0.5 M), rt, 30 min, then HO
BnO HO™ .1, 30 min,
" Mogn  then-40°C, 16 h, 96% HO  ‘OH ACOH to pH 4, 96% HO  OH
Sephadex® 69

BnO

96

Scheme35. Synthesis of Nectrisine from-arabinose.
In 2008, Gott*® used cyclic nitroned8 to synthesize nectrisine. They
convertedd-arabinose into cyclic nitror@8™ in 4 steps and 21% overall yield.

Deoxygenation of nitroné8 to provide imine99 was achieved by
addition of triphenylphosphe (10 mol%) to trimethylphosphite in triethylamine

5% cardona, F.; Faggi, E.; Liguori, F.; Cacciarini, M.; Goti,T&trahedron Lett2003 44, 2315
2318
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affording99in good yield. Further debenzylation with BGh order to preserve
the imine functionality, gave nectrisif@9) in 67 % yield*?

aseps DM OBn BnO,  OBn

root 21% \  (MeO)sP PhyP, 7\—/\
D-Arabinose e G _ .

- = I N+ I\\ N/
OBn c‘) Et3N, reflux, 62% OBn

98 99

Ho, OH

BCls, CH,Cly 7 \
- > W 7

N
67% OH

69

Scheme36. Synthesis of Nectrisine from-arabinose

1.4.2. Path b: Synthesis frobr(-)-diethyl tartrate

Kitahara and cavorkerd** reported a synthesis of nectrisine frong-)-
diethyl tartrate as the starting material in a synthesis that initially had as objective
the preparation of aldehyde intermedia@® (Scheme37). A modified Strecker
reactiori® of the aldehydel00°’ with p-methoxybenzylamine and diethyl
phosphorocyanidate (DEPC) in THF gave aminonitti® as an inseparable
diastereomeric mixture (2 steps, 96%). Removal of the silyl protecting group
from 101 followed by oxidation of the resulting primary hydroxyl group with
TPAP?® afforded the lactam103 which was treated with sodium methoxide to
produce tle methyl esterl04 in 62% yield from101 The lactam was then
reduced with LiBH (lithium borohydride) in THF to form an alcohol as a
chromatographically separable mixture of two diastereoisotrarslactam105
and cislactam106, in 87% vyield, and a riat of (56:44) Gcheme37).

5% Harusawa, S.; Hamada, Y.; Shioiri, Tetrahedron Lett1979 20, 46634666

57 (a) lida, H.; Yamazaki, N.; Kibayashi, G. Org. Chem1987 52, 333%3342. (b) Kuwahara,
S.; Moriguchi,M.; Miyagawa, K.; Konno, M.; Kodama, Oletrahedron1995 51, 8809
8814.

%8 Griffith, W. P.; Ley, S. V.; Whitcombe, G. P.; White, A. D. J. Chem. SBhem. Commun
1987 16251627

2 74 222



Enantioselective formal synthesis of nectrisine

MOMO,  OMOM  p-(CHy0)CeHsCHoNH,, MOMO_ OMOM rgar THF 87% MOMO ~ OMOM
;
TBSO CHO (EtO),P(O)CN, THF, 96% TBSO)—>MCN HO CN
HN HN
PMB PMB
100 101 102
MOMO, ~ OMOM MOMO_ ~ OMOM MOMO,  OMOM
TPAP, NMO, MS4A, CH,Cl, LiBHy, THF, 87% OH )\_) OH
O N R - = O N to N e
NaOMe, MeOH, 0°C-rt | ‘ i
then HCI PMB PMB PMB
62% 103: R=CN
104;: R=CO,Me 105 106

MOMO,  OMOM  TPsCI, imidazole, DMF, MOMO_ ~ OMOM  CAN, CHyCN-H,0 MOMO_  OMOM

N _ > _
OH b\/OTBDPS b\/OTBDPs
ob\/ 96% o (9:1), 84% o

N N N

PMB PMB H
105 107 108

MOMO_  OMOM
(Boc),0, EtzN, DMAP, LiEtyBH, THF, -78°C \

- - e OTBDPS
OTBDPS HO™"
CH,Cl,, quant 07N 93% \
! Boc

109 110

6N HCI, THF, 2h, >80%  HOQ, OH

"

OH
Dowex 1-X2(OH"), 90% Ny

69

Scheme37. Synthesis of nectrisin@9) from D-(-)-diethyl tartrate.

Protection of the primary alcohol ofranslactam 105 with t-
butyldiphenyilsilyl chloride (TBDPSCI) and & gave the silyl ethet07in 96%
yield (Scheme37). Treatment ofL07 with ceric ammonium nitrate (CARPin
CH3CN-H,0 (9:1) at 0°C afforded lactafr®8in 84% yield. The key step in this
synthesis is the reduction of the lactam to the aminohal. The reduction of
108 with various reducing reagents (DIBAH, LiEt;BH, NaBH, etc) did not
afford the desired product. To face this problé&protecting group, PMB, was
replaced with the more electravithdrawing and easily removable Boc group.
Thus lactam 108 was treated with ei-butyl dicarbonate (Bogp and E4N in
CH.CI, to give imide 109 in quantitative yield. Reduction of the imide with

59 Kronentha) D.R.; Han, C.Y.; Taylor, M.KJ. Org. Chem.1982 47,27652768.
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LiEtsBH (Super Hydrid®&) in THF at-78°C cleanly afforded the amino alcohol
110in 93% yield. The final task was the removal of the protecting groups. This
was accomplished by treatment of 6N HCI in THF at 50°C for 2h to give the
amino sugar precursdr (>80% yield), followed by ion exchange column
chromatography (Dowex resin, Gidrm) which afforded nectrisingg9) in 90%
yield (Scheme37).

1.4.3. Path c: Synthesis from aminoacids

Few years later, Hulme and -wmrkers reported arefficient total
synthesis of nectrisine from-Serine as the starting materf8iConversion ob-
serine to aldehyde intermedidt&l was achieved in five steps with 88% overall
yield. Aldehydel11ll ZDV FR QY HU W-tih€ativaked \&skdH 2 in excellent
yield (95%) under HornekWadsworthrtEmmons conditions using the mild base
Ba(OH), (Schemed8).%* Osmium tetroxidecatalysed dihydroxylatioresulted in
a moderate yield (59%) of diolkl13 and 114 in a 65:35 diastereomeric ratio,
favouring the undesired alyndiol 113 The use of ABmix-. UHVXOWHG LQ D Y
sluggish reaction and only a modest improvement in yield (65% based on the
unrecovered starting material) and no apparent increase in diastereoselectivity.
However, the diastereoselectivity could be overturned woue of the desired
syndiol 114 by use of ADmix- EXW DJDLQ WKH UHDFWLRQ UDWE
days) and the diastereoselectivity modest (32188114). Separation of the
desiredsyn diastereometfl14, conversion to the corresponding Weinreb amide
and removal of theN-benzyl protecting groups using Pd(QH% 3HDUOPDQTYV
catalyst resulted in conversiamsituto the previously reported lactati5°

8 Naleway J.J.; Raetz, CR. H.; Anderson, LCarbohydr.Res 1988 179, 199209.
51 patersonl.; Yeung. K. S.; Smail, J. BSynlett1993 774776.
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A)OL (MeO),POCH,CO,Me, Ba(OH), , W\i
TBDPSO™ " “H TBDPSO™ OMe
NBn, NBn,
THF:H,0 (40:1), rt, 1 h; 108, THF,
111 rt, 18 h, 95% 112

AD-mix-B, MeSO,NH,, acetone:H,0 (3:1),
rt, 7 d, 68% (52:53 ratio= 32:68)

TBDPSO H OH O QH o
N Ref 61 A~ A~
0 "% 1BDPSO OMe , TBDPSO " OMe
NBn,OH NBn,OH
HO  ‘OH
115 114 113

Scheme38. Synthesis of compountiLt3and114.

Sequential protection in the hydroxghd aminofunctions affordedl17
(Scheme39). The increased carbonyl electrophilicity resulting fra¥Boc
protection facilitated the smooth reduction of the lactam with Super Hydride
HYHQ DW i fl&8 WeRtingLtivetamino alcoha&tl8 with 6N HCI at 50°C
for 2h led to the clean removal of all of the protecting groups and the formation
of an intermediate aminosugdrl9 Neutralisation and purification by ien
H[FKDQJH FKURPDWRJUDSK\ >'RéHHrectrisine(69in@ SURY
excellent yield'®

TBDPSO  H TBDPSO  H TBDPSO  5o°
K(_T ‘TBSOTH, 2,6-utidine, N._o Boc,0, EtsN, DMAP (cat.), KLNTO
Sinacheiiilsielibtod
CH,Cly, t, 3 h, 85% CH.Clj tt, 1.5 h, 96%
2 ° TBSO  OTBS ~ 272 ° TBSO  OTBS
116 17
LiEtsBH, THF,
-78°C, 15 min , 96%
HO TBDPSO  Boc
Dowex 1X2 (HO-), OH (
Ny (HO-) EQZSH 6N HCI (aq.), THF, N_ _OH
H,0 (80%). HO 50°C, 2 h A
HO OH HsN* CI TBSO OTBS
69 19 118

Scheme39. Synthesis of nectrisine from aminoacids.
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1.4.4. Path d: Synthesis fro®arner aldehyde

In 2008, a short stereoselective rfml synthesis of nectrisine was
published by Marcand coworkeré® Dihydroxy esterl20 was obtained in two
steps and 83% overall yield from Garse(R)-aldehydevia olefination and
dihydroxylation®® Acidic treatment of120 caused cleavage of the Boc and
acetonide groups, followed by in situ spontaneous formation of the lactam ring
(Scheme40). This gave a crude triol which was then subjected to selective
silylation of the primary alcohol group to yield pyrrolidinoh&5in 67% yield.
Sincel15was a late intermediate in Hulmesynthesis 069" this constitutes a
formal synthesis of this natural compound.

OH H
/\/'\rcooa 1)TFA,0°C,2n  TBDPSO N
o L, . o
%N\ OH 2) TBDPSC, Im, HO'
Boc DMF, rt, 16h OH
120 67% 115
HO N
. N
—_— o
HO'
OH

69

Scheme40. Formalsynthesis of nectrisinom Garner aldehyde.

52 (a) Campbell, A. D; Raynham, T. M.; Taylor, R. J. KSynthesi€4998 17071709. b) Liang,
X.; Andersch, J.; Bols, Ml. Chem. SocPerkin Trans1 2001, 21362157.
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[l. Results and discussion

Il.1. Retosynthetic Scheme

5HFHQWO\ RXU JURXS GHVFULEHG WKDW
combination with crosmetathesis and dihydroxylation reactions is an efficient
strategy foraccessing important natural products such as sphin§dsine
jaspine® A similar protocol has also been described for the synthesis of
phytosphingosiné’®® We considered that a related procedure could be applied to
the synthesis of iminosugars such as nectrisine.

R2 _R®
N

OH
R 1. Cross-metathesis
R'O ' }
1. Deprotection \/'\;/\R4 ‘Qj'hydroxylatlon
2. Cyclization ®
" ' / 12?H \ R R
N N
\\(_\Z ) R1ON
124
HO o

69

H b
]

% RQ H R? _R® ’/),1 Cross-metathesis
Ref 46 K(_TO ] \/’\VI\/Q\H 2. Dihydroxylation
— RO -
G < COOEt
OH OH
122

123

Scheme4l. Retrosynthetic scheme proposed.

Our aim at the beginning of this work was to explore a new
enantioselective method to obtain nectris(66) in a short and efficient way.
Scheme4l shows the retrosynthesigroposedwhere the final step is the
formation of the imine bond by two different approaches: a) via intramolecular
nucleophilic additiorto an aldehyde or surrogate,(R CHO or surrogatefrom
compoundL21or b) from lactaml22which can be obtaindaly cyclization of the
corresponding aminester derivativel23 Nectrisine had been already prepared
from compoundl22 and consequently this synthesis would involve a formal
synthesis of nectrisin®.In our approach compourntl canbe obtained from

% Llaveria, J.; Diaz, Y.; Matheu, M. I.; Castillén, Grg. Lett 2009 11, 205208.

5 Llaveria, J.; Diaz, Y.; Matheu, M. I.; Castillén, Bur. J. Org.Chem.2011, 15141519

65 Meek S. J. 21%ULHQ 5 9 ; Storérk R.WRL MHoveyda A. HNature 2011, 471,
461-466.
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the allylaminel24, which is accesible in high enantiomeric purity from butadiene
monoepoxide by using Pd/DACH as the catalytic syst€messmetathesis
would allow theelongationof the chain lengthin this casethe choice of the R
functional group would be critical since it must be compatible with the -cross
metathesis reaction and the cyclization process. Configuration of the double bond
resulting from crossnetathesis must b& in order to provide the correct
configuration of théwydroxyl groups irnL22 after the dihydroxylation reaction.

II.2. Approach to enantioselide synthesis of nectrisine

[1.2.1. Synthesis of allyl amines by asymmetric-ddalyzed allylic
amination of butadiene monoepoxide.

For our purposes, we began with the preparation of the enantioenriched
2-amina3-butenol by means od dynamic kineticasymmetric transformation
(DYKAT) consisting in the deracemization of butadiene monoepoxide via
asymmetric Pdtatalyzed allylic aminatian Thus, reaction of butadiene
monoepoxide(54) with 2 mol% of Pd *C;Hs)Cl],, 6 mol% of RR)-DACH
ligand L3 and imide125, which is readily prepared from a reported proce§bire,
affordedallylic carbamatel26 in 95% yield and99% ee Compoundl26 was
subsequently treated with-tdbutyl dicarbonate and DMAP in & as solvent
for 20h affording the fully protected compouatlyl imide 128 in quantitative
yield. Deprotection of the benzoyl group ®26 using LiOH in THF furnished
the corresponding@ohol 127in a quantitative yield§chemet?2).

&6 TURVW % 0 2M.%TRNesHW.;.%Ameriks, M. KChem. Eur. J2011, 17, 7890
7903.
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NHHN
th Ph,P O
A~ ©)L O'Bu 6 mol % (R,R)-L3 y o "™
o H 2 mol% [(n®-C3Hs)PdCl], R/NTOK
0

54 125 CH,Cl,, 35°C, 18h

Boc,0, DMAP ~ 126: R = H, 95%, 99% ee
Et3N, 20h 128: R = Boc, 99%

_ HO "
LiOH, THF HN. O
20h, r.t T j<
O

quant.
127

Scheme42. Synthesis of enantioenriched allybarbamate426, 127and128

I1.2.2. Synthesis of allyl aminalerivatives by Ru-catalyzed cross
metathesis

Among the many types of transitionetalcatalyzed G@C bond forming
reactions, olefin methatesis has come to ftve in recent years owing to the
wide range of transformations that are possible with commercially available and
easily handledcatalysts Consequently, olefin metathesis is now widely
considered as one of the most powerful synthetic tools in orgdma@mistry.

Until recently the intermolecular variant of this reaction, cros$athesis, had
been neglected despite its potential. With the evolution of new catalysts, the
selectivity, efficiency, and functiongroup compatibility of this reaction have
improved to a level that was unimaginable just a few years ago.

The second generation Grubbs catalyst is compatible with a wide range of
functionalities®’” The generation of olefins with electravithdrawing functional
JURXSYV V XRdatupated. aldehydgeketones and esters, remains a difficult
WDVN LQ RUJDQ L F -dohjQdate&dHunttignal2gvédpbl tbmatible with
alkylidene Schrock catalyst failed to react with first generation of Grubbs
catalyst. However, second generation of ruthenium catapsl, Hoveyda

67 (@) Yamamoto, T.; Hasegawa, H.; Hakogi, T.; Katsumur®r§. Lett. 2006 8, 55695572.
(b) Chaudhari, VD.; Kumar, K. S. A.; Dhavale, D. DOrg. Lett. 2005 7, 58055807.(c)
MoralesSerna, J. A.; Llaveria, J.; Diaz, Y.; Matheu, M. |.; CastillonQ&y. Biomol. Chem.
2008 6, 45024504.(d) Torsell, S.; Somfai, FOrg. Biomol. Chem2004 2, 16431646.
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*UXEEV FDWDO\WWYV ZHUH IRXQG WR EH YHU\ HIILFL
unsaturated carbonyl compourfls.

As mentioned in the retrosynthesis, for the -datalyzed cross
metathesis different . -unsaturated aldehyde surrogatesre considexd =+
acrolein @29, vinyldioxolane(130) andacrolein diacetatél3l). Gemdiacetate
131 was readily prepared using a known procedur&@he corresponding
aldehyde was reacted with a stoichiometric amount of acetic anhydride in the
presence of fluoroboric acid adsorbed slica-gel as catalyst to give the
diacylated prduct in 95% yield. The reactioproceeded smoothly at room
temperatureinder solvenfree conditions and/ascompleted within 5 minutes of
reaction time without any side reactioshemet3).

. OAc
HBF,4-SiO, cat.
NNy ¢ A0 —— 2T

free solvent
95% 131

OAc

Scheme43. Synthesis of gendiacetated 31.

In our group theross metathesis reactiohcompoundl28with acrolein
and dioxolanéhad previously been studiéiWhen compound128 was treated
with acrolein in dichloromethane abom temperaturéTable 1, entry 1), or in
toluene at 80°CT@ablel, entry2 LQ WKH SUHVHQFH RI VHFRQG JH
catalyst C2) the reactiondid not proceed. Driving the reaction in refluxing
dichloromethane, compouriB2 was obtained in 34%ield (Table 1, entry3).
Likewise, the use of the HoveydaUXEE TV F D08 Di® \refiikiig
dichloromethane did not improve the yield, which poorly eqdali®s (Tablel,
entry 4). Furthermore, when an excess of acrolein was used, the yield did not
increase either. These results are in agreement with the previously reported

% (a) Chatterjee, A. K.; Choi. T. L.; Sanders, D. P.; Grubbs, R. Am. ChemSoc.2003 125,
1136011370.(b) Chatterjee, A. K.Morgan, J. B.Scholl, M; Grubbs, R. HJ. Am. Chem.
Soc 200Q 122, 37833784.

69 Kamble,V. T.; BandgarB. P.;Joshi,N. S.;Jamodey. S. Synlett2006 17, 27192722

" Azzouz M. (2012) Enantioselective Synthesis of NatuPabducts Ph.D. Thesis. Universitat
Rovira i Virgili, Spain.
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moderate yields and poor selectivities provided by the eredathesis of
acrolein and simple alkes®®

Table 1. Crossmetathesis of allylimide$28with acrolein(129).[™*

[Ru] Catalyst
BZO/\;/\ + /\CHO e — BZO/\/\/CHO

N Solvent, reflux N

N(Boc), overnight N(Boc),

128 129 132

~N N-
Mes— N N~Mes Mes T Mes
C|/,T Ph cl,
[Ru] Catalysts : Cl,’R‘uﬁ CI’F\]U’
PCys 'PrO
Grubbs Grubbs-Hoveyda
Second Generation Second Generation
Cc2 C3
Temperature Conversior”!
Entr Solvent Catalyst
g C) g (%)

1 CH.CI, rt C2 -
2 toluene 80 Cc2 -
3 CH,CI, 40 Cc2 34
4 CH.CI, 40 C3 13

[ Conditions:mixture of allyl imide (1 equiv) , alkene (5 equiv) and catalyst (5 mol%) were stirred
for 12h in 0.5M solution®™ Determined byH NMR spectroscopy.

When the reaction between theldic derivativel28 and vinyldioxolane
(130) was performed under similar reaction conditions to those optimized
previously +dichloromethane at reflux as solvent, us®g (5 mol%)or C3 (5
mol%) catalysts,afforded 136 in 55% and54% vyields, respectivelyTable 2,
entries 1, 2)An increase in theaumber of equivalents of vinyldioxolar{&30),
while working under similar conditionsallowed to increase the yield in
compoundL36upto 78% {Table2, entry 3).
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Table 2. Crossmetathesis of allylimidé28with vinyldioxolane(130).2"*

B207 YN + /\VO M, /\/\/Ok;>
N(Boc), OJ CH,Cl, reflux B20 f(Boc)
overnight 2
128 130 133
Conversion”
Entry Catalyst (%)
(Yield)™ (%)
1 Cc2 64(55)
2 C3 64(54)
3¢ c2 82(78)

[Econditions:mixture of allyl imide (1 equiv), alkene (5 equiahd catalyst
(5 mol%) were stred at reflux for 12h in 0.5Msolution of
dichloromethand® Determined byH NMR spectroscopy Isolated yield.
[ 10 equivalent of vinyldioxolangl 30) were used.

In this contextwe decided to test thallylic carbamatel26. An initial
essay with theallylic carbamatel26 and acroleine diacetat¢131) did not
proceed when the reaction was carried out in dichloromethane at reflux for 12h in
the presence afecond generation Grubk catalyst(5 mol%) (Table 3, entry
1). When the reaction was performed in the presencélmfeydaGrubbs
catalystsC3 (5 mol%) the result was also negativ&aple 3, entry 2).By
contrastallylic carbamatel27 andacrolein diacetaté31 reactedin presence of
5 mol% of C3 at reflux of dichloromethane affargil34in a 70% of conversion
whereas withsecond generation of Grubbs catalyst, the reaction did not advance.
(Table 2, entries 3, 4). Finally, the conversion was increased to an excellent 98%
with 7.5 mol% of C3 catalyst loading d&ble 3, entry 5).Then we investigated
the crosametathesiglihydroxylation sequence withllylimide 128 and alkene
131 (Table 3, entries 6, 7)However, the crosmetathesiseaction of compound
128 with 130in the presence o2 or C3 catalysts did not provide the desired
product135 We considered that the high bulkiness of the two reagents could be
responsible for the failure of this reaction.
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Table 3. Crossmetathesis of allylimide$26, 127 and128with acrolein diacetat&31./

OAc OAc
SN [Ru] Catalyst
" 'QR;OC ' \)\OAC CH,Cly, reflux R1OW\OAC
2>2, NR,Boc
overnight
126: Ry =Bz, R, =H 131 134:R; =Bz, Ry =H
127:R;=H,R, = H 135:R;=H,R, = H
128: Ry = Bz, R, = Boc 136: Ry =Bz, R, = Boc
: Conversion”
Entry Allylamide Catalyst Product (Yield) ©
1 126 C2 134 -
2 126 C3 134 -
3 127 C2 135 -
4 127 C3 135 75% (70%)
5l 127 C3 135 98% (95%)
6 128 C2 136 -
7 128 C3 136 -

e Conditions:mixture of allylic carbamate(1 equiv), alkene (5 equiv) and catalyst (5
mol%) were stirred at reflux for 12h in 0.5M solution of dichlorometh&hBetermined by
'H NMR spectroscopy® Isolated yield!¥! 7.5 mol% of catalyst was used.

Indeed the replacement @he acrolein by masked aldehytid0 and131
allowed improving the results tiie crosametathesis reaction

11.2.3. Dihydroxylation of allyl imides

Bearing in mind the retrosynthetic scheme for the synthesis of nectrisine,
the dihydroxylation reaction was subsequently explored. Two possible ways of
diastereoselection control could be possible in the dihydroxylation of enantiopure
E-allylic amines. Thepresence of a chiral centre in the substrate can control the
diastereoselectivity, normally directing the dihydroxylatianti to the amine
group. Moreover, the use of chiral ligands could allow a double
stereodifferentiation stimulated by the substraie the catalyst control.

However, recent research in dihydroxylation assays of related structurally
allyl amides from our group had showed that the reaction works better in an
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achiral fashio** When the diastereoselective dihydroxylation of-tudic
derivative133 bearing a dioxolane ringgas performed usin@.1 equiv. of OsQ
and stoichiometric amounts of oxidant NMO at room temperatimeer these
conditions, the desired produd89wasobtained with total conversion but with
unsatisfactory selectivity (ratia39d139b = 1:1) (Table 4, ertry 1). However,
when the reactiowas performedvith an aqueous solution of Ogénd NMO as
oxidant, diastereoselectivity was increasedSteil (139d139b). The mixture
was carefully separated obtaining a 70% and 25% vyield, respectibeily,
together with a minor amount of the partially deprotected derivaB@b (Table
4, entry 2).Previous results on similar systems had shown thahing the
reaction at low temperature did not improve significantly the diastereoselectivity.

To facilitate the purification of the dihydroxylated produei]ylic
carbamatel35 was silylated under general conditions affording @protected
allylic carbamate37in 92% yield Gchemet4).

OAc OAc
HO onc TBDPSO™ OAc
NHBoc 22, L NHBoc
92%
135 137

Schemed4. Synthesis of compounti37.

Thus, we initially tried the diastereoselective dihydroxylation of
compound 137 using Os@NMO in dichloromethane at rt. All the starting
material was consumed as determinedbNMR after 24h of reactioriT@ble4,
entry 3). However, a complex mixture was obtained probably as a result of the
acetate hydrolysis. In order to reduce side reactions, we changed the temperature
to 0°C. Unfortunately, the cgstex mixture was again observed By NMR
spectroscopy of the crude produtabled, entry 4).

' (a) Llaveria, J.; Diaz, Y.; Matheu, M. I.; Castillén, ®rg. Lett. 2009 11, 205208. (b)
Llaveria, J (2011) Synthesiof Sphingoid Baseby Transition MetalCatalyzed Reactions
Ph.D. Thesis. Universitat Rovira i Virgili, Spain.
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Table 4. Dihydroxylation reaction of alkends33” and137using OsQNMO.™

OH OR,

R'O” ™ OR,
RZN\R3OH
OR,
R o/\/\)\om 139a: R'=Bz, R?= R%=Boc, R*= (CH,),
R E—— 140a: R'=TBDPS, R?=H, R%=Boc, R*= Ac
R2 ‘R3
OH OR,
133: R'=Bz, R%= R%=Boc, R*= (CH,), + ROT Y77 TOR,

137: R'=TBDPS, R?=H, R3=Boc, R*= Ac r2N-gaOH

139b: R'=Bz, R?>= H, R®=Boc, R*= (CH,),
140b: R'=TBDPS, R%=H, R®=Boc, R*= Ac

T t Ratio Conversiod® Yield™
Entry Substrate ©C) (h) Product alb (%) (%)
1 136 24 1394139 1:1 >908 n.d
2 136 rt 24 1394139 5.51 >08 95
3 137 it Complex >98 ;
mixture
4 137 oo 24 COMPleX >08 -
mixture

[ Conditions: all reactions were stirred in the presence of,@8Q equiv.)and NMO (2.5
equiv)’ Data etracted from Mariam Azzouz Fb. Thesis!9 Determined byH NMR.[? Isolated
yield. ! (2.5 mol%) of OsQin water were used .

The use of a stoichiometric amount of Qsé&voided the need of a
reoxydant substance such as NMO which could be responsible for the failure of
the dihydroxylation reaction of compoudd7. It hasbeen reported that the use
of a bidentate amine as an additive in addition to the stoichiometric amount of
OsQ, speeded up the reaction and efficiently dihydroxylated alkenes evé@ at
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°C. Moreover, in many examples, this system has been describegrovéen
diastereoselectivities compared to those of the catalytic/MD systen'?

Thus, the reaction ofl37 with stoichiometric Os® and TMEDA
promoted osmylation in excellent yield (96%) and good selectivity (87:13) to
give, however, the expected osmal88 as an inseparable mixture of
diastereoisomers. The ratio of diastereocisomers was determinéd bR
spectroscopyf the crude reaction mixtures. This osmate estteuldbe cleaved
during workup to liberate the dioDne method consisted in the usesoflium
sulfite as reducing agent to reduce osmium (VI) and thereby facilitate hydrolysis
of the glycol ligand from the metallhe osmate ester proved to be inert to
hydrolysis under this workup in standard conditicdBshiemed5).

OAc

OAc 0 b
TBDPSOW oA 0s0,, TMEDA TBDPSOA/%\
- NH O\ 0

_— lo)

o.__NH
X h CH,Cl,, -78°C to rt o SO4-N-
o} 96%, diast. mixt. 87:13 o N

137 138
OH OAc
Na?so;;zq' TBDPSOWOAc
THE A XOTNH OH
0

141

Scheme45. Osmylation of alkene$37with OsQ/TMEDA.

At this stage, theelative configuration of the diol moiety is not known.
Indeed, configuration assignment of acyclic diastereomeric products obtained
from dihydroxylation, is usually achieved by comparison with the
spectroscopical data of a further advanced cyclic inteiatesdwhich would be
nectrisine, in our case.

2 Donohoe, T. J.; Blades, K.; Helliwell, M.; Mogre. R.; Winter, J. J. Gl. Org. Chem1999
64, 298032981

2 88 222



Enantioselective formal synthesis of nectrisine

[1.2.4. Deprotection and cyclization reactions
[1.2.4.1. Attempt to nectrisine's synthesis from compol@@a

- Deprotection tests in compoud89.

Previous results obtained by our gr6uphave demonstratedhat
trifluoroacetic acid was more efficient than HCI/Et@tt Boc removal?® Thus
the treatment ofixture 139a/139bwith TFA* afforded amixture of 142a/142b
with 50% conversion(Scheme46). This low efficiency was attributed to
acetalyzation/hydrolysis processes occurring because of the dioxolane moiety,
but no aldehyde product was observed in the reaction crude.

OH O/>
O

BzO Y
NH, OH

OH O

OH ©O
/\/H/k /\/t\/L TFA, CH,Cly
BzO~ ™ O * BzO” ™ -~ 0 - = 142a
= Z Z OH O
(Boc),N  OH BocHN  OH 0°C, 2h : 3
* BzO Y v (¢]
139a 139b NH, OH

142b

Scheme46. Boc-deprotection reaction.

Removal of the dioxolane protecting groip142 could directly afford
monoprotected nectrisine by releasing the aldehyde group and forming the imine
concomitantly.However,any attempbf removing the dioxolane ring to induce
the cyclization inl142 by treatment with HCAndp-TsOH* in THF at 50°C or rt
furnished degradation products on8chemet?).

OBz
™ O/> Hydrolysis N
Bzo/\/'\‘/L o %—» D
NH, OH HO"
OH

142a

Schemed7. Attempt to cyclization.

7 Bimalendu, R.Kausikisankar, P.; Balaram, Nglycocon;. J. 2008 25, 157166.
7 Ppuls, R.; AlHaras, A.; Rissig, H. UOrg. Lett 2002 4, 23532355.
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[1.2.4.2. Attempt to nectrisine's synthesis from compol®8l

Due to the difficultyof hydrolysingthe dioxolane ring wéocusedour
attention to the dacetate derivativel38 All protecting groups (TBDPS,
CH(OACc), Boc) in compound.38 are acidlabile and could be removed in the
same acidic medium. Thusevenvisaged that removal of all protecting groups by
acid hydrolysis from the mixture of compourd®8 could directly afford the
unprotected nectrisine by release of the aldehyde and amine groups and
concomitant formation of the imine after neutralisatioleed, acidic medium is
the method of choice to hydrolyse the osmate ester mQisity) ether, Boc and
acetal groups.

In the first instance, any attempt to remove selectively silyl ether and Boc
group (e.g. TBAF, TFA) afforded degradation products coraplex mixture.

Careful hydrolysis of gerdiacetates using Zemplén conditions
(MeONa/MeOH) didn't lead to the free aldehyde. Instead, judgintHb)MR
spectroscopy, a complex mixture was obtained.

At this stage, we thought that a more drastic acid medium could
hydrolyse faster all the protecting groups avoiding side reactions. For this
purpose, the mixturé38was treated with HCI 6N in THF at 50°C for 2 hours
(Schemet8). After neutralization with Amberlit®©H the crude was washed with
EtOAc. The organic phases contained the silyl group and TMEBANMR
spectroscopy of the aqueous phase showed a very complex mixture. However,
signals characteristic of a carbohydrate compound were detected.

Qo Amberllte OH H
o s N—

1) HCI (6N) / THF OH HO N
TBDPSO/\/% _ ns0C Fgf \
OH .
HaN ©

138 119 69

Scheme48. Acid-hydrolysis of compound38.

> Donohoe, T. JSynlet2002 8, 12231232
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Enantioselective formal synthesis of nectrisine

We also analyzed the crude product by E8&ss spectrometry.
Nectrisine ( [M+H] = 132.0654) was observed as traces whereas one of the most
abundant peaks was detected at m/z = 263.1235 m.u. This m/z could correspond
to a dimeric form of nectrisine.

It has beeneaported that nectrisine exists as the imino form, as judged
from 'H- and*C-NMR data, while its stereoisomers suchLasylo 143 andL-
lyxo 144 were reported to adopt mainly the dimeric ford#3c and 144¢
respectively Figure 11, A). This was explained by steric factors. Indeed,
nectrisine seems to be much more stable #¥#8b and 144b because its three
substituents on the pyrroline ring are all itrans,and not eclipsed, relationship
while 143bhas one pair antl44b has two pairs of substituents which areciis,
and eclipsed, relationship. On the other hand, the dimeric fbd®and 146 of
nectrisineare likely to be less stable tham3c and 144c because of steric
hindrance Figurel1l, B)

OH
A H
OH
i N\ OH i NS HN
HO (—Z“” ——~ HO —_ H H
A 5 N__O
N HO  OH iz
HO  ©OH Ho <;;ZZH
143a 143b wo o
143¢
OH
H H
N H
OH TN N OH
L <y
o T s HO — . HO (AjffN
HO  OH HO  OH Ho 0 oM
144a 144b
144c
B /OH
: H
H
OH
N\ HN HO H/N NH
HO™ o H >‘;\o \_OH
HO  ©OH N -0 OH
nectrisine HOAQ) HO —
HO  OH OH
145 146

Figure 11. Dimeric forms of stereocisomers péctrisine.
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In our case, the possible formation of stereoisomers of nectrisine could
arise from the diastereoselective dihydroxylation reaction. Indeed, the non
catalytic system used for the oxidation of alkeh@g (OsQ/TMEDA) has been
reported to give syn selectivity for cyclic allylic alcohols and
trichloroacetamide® This phenomenon is due to efficient hydrogen bonding
between the oxidant and the substrate, thus promoting an oxidation with
stereochemistry opposite to that obtained under more staiteaydUpjohn)
conditions’’ In our substratel37 this syn selectivity would be explained by
hydrogen bonding between the NHBoc group (bearing a fairly acidic proton) as
hydrogen bond donor and osmium tetroxide as hydrogen bond acceptor directing
the dihydpxylation at the more hindered facgchemed9). Indeed, coordination
of a Lewis base to the metal increases the electron density on osmium and, in so
doing, reduces badbonding by the oxo ligands, thus making these atoms more
electron rich. Electromich oxo ligands are prone to efficient hydrogemding.
TMEDA forms a bidentate complex with osmium tetroxide, making both the
metal and oxo groups even more electrich again.

The model developed to explain this diastereoselectivity is similar to the
one used by others for the epoxidation of acyaligic alcohols with peracid.
In this model the conformeB is energetically favoured relative to conforrder
(Scheme49). Indeed, in conformeA, the required geometry for hydrogen bond
causes more 1:8llylic (A" straindue tothe presence of insidalkyl (R = -
CH,OTBDPS) group than in conform@r although there is some increase in the
1,2-allylic (A'? strain between the NHBoc group and wiwgylic hydrogen atom.

76 Donohoe, T. J.; Blades, K.; Moore, P. RVaring, M. J.; Winter, J. J. G.; Helliwell, M;
Newcombe, N. J.; Stemp, G. Org. Chem2002 67, 79467956.

7 VanRheenen, V.; Kelly, R. C.; Cha, D. Yetrahedron Lett1976 19731976.

®  Henbest, H. BWilson, R. A. L.J. Chem. Soc1957 117, 19581965.
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OAc OH OAc QH OAc
/\/\)\ 0s04 :
TBDPSO™ OAc — TBDPSO™ OAc , TBDPSO™ 7 " "OAc
NHBoc TMEDA BocHN  OH BocHN  OH
137 anti-147 syn-147
P 2
- —
OH 1C~0Ac (o} _NC
)k R H O:OS'O
0" "N o] / 0
- H OAc
O S//O O _N H HC
07 X0 %/ WH%ja/:\ OAc
-~ N o H
7\ R

R = CH,OTBDPS

R = CH,OTBDPS

A B

Scheme49. Proposed model for the attack of osmium tetroxide on chiral allylic
carbamate 37.

It is noticeable that the stereoselective dihydroxylation reactions of allylic
amines have not been studied as thoroughly as those of allylic alédfdten,
poor or inconsistent stereochemical results have been reported for acyclic allylic
DPLQR GHULYDWLYHV ZLWHnh dekdral E@és, BVRIQhR Wad D W L R (
established Shpless asymmetric dihydroxylation reactions produced mixed
results®

9 For a review, see: (a) Cha, J. K.; Kim-8L.Chem. Rev1995 95, 17611795, and references
cited therein; (b) Dee, M. F.; Rosati, R. Bioorg. Med. ChemLett 1995 5, 949952. (c)
Azuma, H.; Tamagaki, S.; Ogino, K. Org. Chem.200Q 65, 35383541.(d) Dolle, R. E.;
Herpin, T. F.; ShimshockTetrahedron Lett 2001 42, 18551858. (e) Hulme, A. N
Montgomery, C. HTetrahedron Lett2003 44, 76497653.
For the stere@ontrolled osmylations of cyclic allylic amino derivatives, see: (a) D S.;
Hong, Y. S.; Kim, Y. GJ.Ind. Eng. Chem1997, 3, 326,Chem. Abstr 1998 129, 202696z;
(b) Donohoe, T. J.; Blades, K.; Helliwell, M.; Moore, P. R.; Winter, J. 1J.®rg. Chem
1999 64, 2980.
81 (a) Huang, Y.; Dalton, D. R.; Carroll, P.J1.0rg. Chem1997, 62, 372376.(b) Imashiro, R.;
Sakurai, O.; Yamashita, T.; Horikawa, Fetrahedronl998 54, 1065710670.(c) Broady, S.
D.; Rexhausen, J. E.; Thomas, E.JT.Chem. Soc., Perkin Trans1B99 10831094. (d)
Shirota, O.; Nakanishi, KBerova, N.Tetrahedron1999 55, 1364313658.(e) Thoen, J. C;
MoralesRamos, A. I.; Lipton, M. AOrg. Lett 2002 4, 44554458.(f) Yang, G.; Schmieg,
J.; Tsuji, M.; Franck, R. WAngew. Chem., Int. E@004 43, 38183822.

80
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If complexation between the imide group and osmium tetroxide as in
compoundl49is not possiblethen ananti product should be expected, as the
well known Kishi model explains the diastereofacial discrimination. As a
conseqguence, correct configuration of the diol moiety should lead to nectrisine
after removal of all protecting groups and the cyclization rea¢kimure13).

PG removal OH OAc anti OAc
HO N and cyclization W dihydroxylation /\/\)\
N TBDPSO ; OAc
ﬁe TBDPSO™ ™ OAc :
HO"

H OH Oo.__N_ O
OH o__N_oO :>T/ T \fi
TR 0o o
nectrisine 6 O

148 149

Schemeb0. New retrosynthetic scheme to nectrisine synthesis.

In order to confirm this hypothesis, the preparation of a compound such
as149would be interesting. Therefore, we decided to prepare it from compound
137. However, any attempt (e.g. Ba@; BocO, DMAP) afforded degradation
products or no reactiols¢hemesl).

OAc OAc

TBDPso/A\g/&§>/l\OAc Boc0 TBDPSO/A\ﬁ/X§°/l\OAc
>y > K
o) 0 o
137 149

Schemeb1. Attempt at the synthesis of compout¥d from compoundL37.

Considering this result, we envisaged a cross metathesis reaction with
alkene 131 and 150'. The latter was readily prepared from compolad by
protection of the primary alcohol with TBDPSCI and imidazole in
dichloromethane affording compouiO in 92% yeld. Further protection of the
carbamate function with Be® in EgN furnished 150" in excellent vyield.
Unfortunately, no reaction occurred between the two cross patiBeend150'.

Once again, the failure of this reaction could be explained biitfebulkiness
of the two reagentsSchemeb2).
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HO Y™ X . TBDPSO™ N Boc,0 TBDPSO™ "X
= BuPh,SiCl, Im. - 2 =
HNYO " HNTO - . o__N_oO
i 7< CHCly, rt, 18h I 7< Et,N, DMAP X Tof Tof j<
92% 95%
127 150 150°
= OAc
OAc
OA

7 TBDPSO™ ™ OAc
o._N_ O
C20rC3 >( e j<
o o

CH,Cly, reflux
18h

Schemes2. Attempt to synthesise compoutd9from compoundL27.

[1.3. Enantioselectivéormal synthesis of nectrisine

The synthetic approache to nectrisine discussed above allogsvéal
prepare the skeleton of this compound incorporating the appropriate
functionalities, but failed in the step of removal of protecting groups, providing
mixtures of compounds where nectrisine could be detected by mass
spectrometry.

In view of the unsucasful cyclisation using aldehydsurrogateswe
turned our attention to the synthesis of lactah® (R= SiPh'Bu), which had
already been transformed into nectrisiBel{emes3).*°

HO N RO H OH
X ref 47
(0] COOEt
\\.(_Z f— k(—f fr— R1O/\i/H/ —> RO Y X
HO  OH Ho oM (Boc),N  OH (Boc),N

69 115: R = TBDPS

Scheme53. Retrosynthetic scheme to lactdr5 synthesis.
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Related lactams had been prepared using the -@dulapproach, and by
anchoring allylamines in the amino function 24, followed by ringclosing
metathesi§? That process involved protection and deprotection steps and we
considered that it could be @assed through a synthetic sequence similar to the
previously discussed one. The only difference consists in the replacement of the
previously investigated aldehyde functionality with an ester, and thus the cross
metathesis reaction was studied using edloyylate.

Crossmetathesis reaction 428 with ethyl acrylate affordethe product
151in excellent yields (95%) in the presence of Hove@abbs catalys€C2 (5
mol%) (Schemes4). Similarly to the previous study, reaction of compodd
with stoichiommetric Os@Qand TMEDA afforded the osmate ester in excellent
stereoselectivity 40:1) which, however, was proved be inert to hydrolysis
under the reaction conditions. Subsequent controlled hydrolysis in the presence
of HCI and MeOH (C = 0.24 mol/l) rendered the desired ti&#ta product in
91% overall yield.Kishi conducted a comprenhensive investigation abosit th
control of the stereoselectivity in OgCatalyzed dihydroxylation of acyclic
allylic alcohols and ethefé. The observed stereoselectivity trends in
dihydroxylations of allylic substrates determined the outlining of an empirical
model for predicting théliastereoselectivityin this case, no complexation with
di-Boc group is expected, and therefore we also propose the Kishi model to
explain the observed diastereofacial discrimination.

82 (a) Lee, J. H; Shin, S.; Kang, J.; Lee, $.0rg. Chem2007, 72, 74437446.(b) Trost, B. M;
Horne, D. B.; Woltering, M. XChem. Eur. J2006 12, 6607%6620.
8  Cha, J. K.; Christ, W. J.; Kishi, Y.etrahedron Lett1983 24, 39433946.
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s 1) 0sO,, TMEDA OH
= o
PN COOEt CH,Cl,, -78°C to rt COOE
BzO” YN T BzO/WCOOEt T B
Boc Boc  C2 CH:Cl, _N. 2) HCI, MeOH, 2h, rt N._OH
reflux, 18h Boc”™ 'Boc Boc” “Boc
95% 91%, 20:1
128 151 152a
LiOH, MeOH-THF H
OH N
TFA COOEt 81% (two steps) O Ref47
> | BzO Y E—— RO \ _—»  Nectrisine
CH,Cl, lile OH HO' OH
153

TBDPSCI, , 154: R=H

Im, DMF
' 115: R=
9% R=TBDPS

Schemeb4. Formal synthesis of nectrisine from compouras.

In this model, minimization of both the'Astrain and electrostatic
repulsions between Os=0 and theh€eroatom bond are believed to lead to
predominant formation of the #hti product®® The smallest up at the
stereogenic centre is aligned parallel to the double bond and the osmium attacks
on the opposite site from the nitrogen of the allylic cerBehémes5).

o OH O OH O
BZOW’LO/\ OsO4 BZO/\E/H)'LO/\ BZONO/\
XOWNTOK : OH I OH

o._N_ O o._N_oO
00 0 0 00 NI b b S
151 © ©
152a anti 152b syn
0OsO4

e

E1OOC H OBz EtOOC O
H ~H
H
> "1

5 o OBz
OsO4

Schemebs. Proposed model for the attack of osmium teroxide on chiral allylic amine
151

8 Haller, J.; Strassner,. THouk, K. N.J. Am.Chem. Soc1997 119, 80318034.
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With compoundl52a in hand, the removal of doc protectinggroup
was attemptedby treatment with chlorhydric acid in THF and with TFA in
dichloromethane at 0°C. It was expected that under these reaction conditions
cyclization would be produced. Unexpectedly, itheitu spontaneous formation
of the lactam ring was not observed under either of the reaction conditions. In the
reported formal synthesis of nectrisine, cyclization is produced in a fully
deprotected produé® Moreover, in parallel studies with other substrates, we
had observed that the benzoate grouplb® prevented cyclizatianThus, after
hydrolysis of Boc groups it52a with TFA, the reaction crud&53 was treated
with LiOH to afford lactaml54in 81% yeld for the two steps. Furtheelective
protection of primary hydroxyl group by reaction with TBDPSCI provided
compoundL15in 89% vyield. The synthesis of nectrisine from this compound has
been prewusly reported and hence, this approach constituted a formal
synthesig’

In summary, the first enantioselective formal synthesis oflymsidase
inhibitor nectrisine has been carried out in 7 stams$ 486 overall yield starting
from the commercially available racemic butadiene monoepoxide. All
spectroscopic data of the obtained compound are in agreement with those
reported for the comgund 115 and confirmed the assignement of the relative
configuration in the dihydroxylation reaction.
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[ll. Experimental section

[11.1. General Methods

All chemicals used were reagent grade and used as supplied unless
otherwise specified. HPLC graddichloromethane (C}l,), tetrahydrofuran
(THF) and dimethylformamide (DMF) were dried using a solvent purification
system (Pure SOLV systed®). Toluene was purified using the standard
procedure.

'H and**C NMR spectra were recorded on a Varian® Mercvi¥ 400
(400 MHz and 100.6 MHz respectively) or Varian 408 spectrometer in
CDCl; as solvent, with chemical shiftg)(referenced to internal standards CPCI
(7.26 ppm'H, 77.16 ppm>C) or MeSi as an internal reference (0.00 ppfh).
NMR spectra are repted as follows (s = singlet, d = doublet, t = triplet, q =
quartet, b = broad; coupling constant(s) in Hz; integration). 2D correlation
spectra (gCOSY, NOESY, gHSQC, gHMBC) were visualized using VNMR
program (Varian®). ESI MS were run on an Agilent® 119€ries LC/MSD
instrument. Optical rotations were measured at room temperature in a-Perkin
Elmer® 241 MC apparatus with 10 cm cells. IR spectra were recorded on a
JASCO FT/IR600 plus Fourier Transform Infrared Spectrometer ATR Specac
Golden Gate. Reactisnwere monitored by TLC carried out on 0.25 mm E.
Merck® silica gel 60 F254 glass or aluminium plates. Developed TLC plates
were visualized under a shavave UV lamp (250 nm) and by heating plates that
were dipped in ethanold80O, (15:1) and basic solutip of potassium
permanganate. Flash column chromatography was carried out using forced flow
of the indicated solvent on Fluka® or Merck® silica gel 60 (280 mesh).
Flash column chromatography (FCC) was performed using flash silica gel (32
63 m) and usig a solvent polarity correlated with TLC mobility.

Compounds t-butyl benzoylimido carboxylat®&, (-)-(S)-tert-butyl-1-
hydroxybut3-en-2-ylcarbamate126°’ (-)-(9-tert-butyl-1-benzoyloxybut3-ene
2-yl-carbamatd 28% prop-2-ene1,1-diyl diacetatel 31,% (9-tert-butyl-(1-((tert-

8 Trost, B. M.; Fandrick, D. R.; Brodmann, T.; Stilles, D.Ahgew. Chem. Int. EQ007, 46,
61236125.
8  Trost, B. M.; Lee, C. BJ. Am. Chem. So2001, 123 36713686.
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butyldiphenylsilyl)oxy)but3-en-2-yl)carbamate 150°" were  synthesized
according to reported procedurdd. NMR and**C NMR resulted to be identical
to the reported ones.

8 Gartner, M.; WeihofenR.; Helmchen, GChem. Eur. J2011, 17, 76057622
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[11.2. Compound characterization

(29-2-(bis-(tert-Butoxycarbonyl)amino)but-3-en-1-yl benzoate (128)*

Compound126 (1.24 g, 3.17 mmol) was dissolved

o i o in freshly destilled triethylamine (11 mLand then
X Tor Tof j< DMAP (1.04 g, 8.51 mmol) was added. The

Cherical Formula: CagHagNOs mixture was cooled to 0 °C and -tirt-butyl

Molecular Weight: 391,4640 dicarbonate (4.9 mL, 16.48 mmol) was added.

After 10 minutes the mixture was warmedroom

temperature and it was stirred 80 h. The crude was dissolved in aqueous

NH4Cl and the aqueous phase was extracted with ethyl acetate. The combined

organic layers were washed with water and brine and they were dried over

MgSQ,. The solvent wasemoved under vacuum and the crude was purified by

silica gel chromatography using 97:3 hexaethyl acetate asluentto afford

1.23 g of productl28 as a colorless oil (99%]..]p*° i30.5 ¢ 1, CHCE). 'H

NMR (400 MHz, CDCk): / (ppm) 8.067.99 (m, 2H), 7.59.49 (m, 1H), 7.47

7.36 (m, 2H), 6.01 (ddd] = 17.2, 10.5, 6.1 Hz, 1H), 5.33 (d#i=17.2 Hz, 1.2

Hz, 1H), 5.27 (ddJ =10.5 Hz, 1.2 Hz, 1H), 5.22.16 (m, 1H), 4.66 (ddl= 11.0

Hz, 8.9 Hz, 1H), 4.60 (dd] = 11.0 Hz, 6.0 Hz, 1H), 1.46 (s, 18HJC NMR

(100 MHz, CDCl): / (ppm)L66.2, 152.8, 133.7, 133.1, 130.1, 129.8, 128.4,

118.4, 82.8, 64.8, 57.2, 28ATIR-ATR (cm™): 3094, 2979, 2933, 1723, 1700,

1452, 1367, 1347, 1267, 1112, 855, 7HMRS (ESI-TOF) m/z [M+Na]"

calcd for GiH,gNaNG;: 414.1893, Found: 414.1892.

BzO” X

(2S,3E)-2-(bis-(tert-Butoxycarbonyl)amino)-4-(1,3-dioxolan-2-yl)but -3-en-1-yl

benzoate (13).”

To a solution of product28(100 mg, 0.26 mmol) and

0
/\/\/L} Il generation Grubbs catalyst (11 mg, 0.013 mmol) in
Bzg N o dichloromethane (6 mL),-2inyldioxolane (31) (0.13
X Wor Tor W< mL, 1.3 mmol) was added at reflukhe reactionwas

Chemical Formula: C,4HasNOg | Stirred at reflux for 12hand thenevaporation of
Molecular Weight: 463,5270 solvent and purificatin by silicagel chromatography
(hexane€tOAc, 10:3) provided the desired product
133 (94 mg, 78%)H NMR (400 MHz, CDCL): / (ppm) 8.02 (d,J =8.4 Hz, 2H),
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7.54 (t,J=7.6 Hz, 1H), 7.41 (dd] = 8.4 Hz, 7.6 Hz, 2H), 6.11 (dd,= 16.0 Hz, 6.4
Hz, 1H), 5.74 (ddJ = 16.0 Hz, 6.0 Hz, 1H), 5.28 (d,= 6.0 Hz, 1H), 5.2%.23 (m,
1H) , 4.69 (ddJ = 11.2 Hz, 10.8 Hz, 1H), 4.58 (ddi= 11.2 Hz, 6.0 Hz, 1H), 3.97
3.91 (m, 4H), 1.45(s, 18H}*C NMR (100 MHz, CDCly): / (ppm)166.3, 12.6,

133.3, 131.5, 130.1, 130.0, 128.5, 103.2, 83.1, 65.2, 64.7, 55.9,FA8R-ATR

(cm™): 2979, 2933, 2888, 1721, 1701, 1367, 1348, 1267, 1147, 1113, 968, 712.
HMRS (ESI-TOF) m/z [M+Na]® calcd for G,H;sNaNQs;: 486.2104, Found:

486.2109.

(+)-(2S 3E)-4-(tert-Butoxycarbonylamino)-5-hydroxypent-2-ene-1,1-diyl

diacetate (13).

OAc

HOWOAC

Chemical Formula: C44H23NO,
Molecular Weight: 317,3380

the reaction mixture was concentrated and purified by column chromatography

Compound127 (50 mg, 0.267 mmol) and pred
enel,-GL\O GLDFHWDWH /
dissolved in CHCI, (2 mL) at room temperature.
Second generation Grubbs catalyst (5 mol%) was
added to the solution andet the reaction mixture
was refluxed under argon for 12 h. After cooling

with hexanes:ethyl acetate (6:4) to afford compodB8 (80 mg, 95%) as a
brown oil. . +175.0 € 7.5, CHC}). '"H NMR (400 MHz, CDCL): / (ppm)
7.10 (d,J = 60 Hz, 1H), 5.99 (ddJ = 15.7 Hz, 4.8 Hz1H), 5.73 (ddJ = 15.7
Hz, 6.0 Hz,1H), 5.05 (bs1H), 4.824.77 (m, 1H), 3.6B.62 (m, 2H), 2.70 (bs,
1H), 2.06 (s, 6H), 1.42 (s, 9HYC NMR (100 MHz, CDCls): / (ppm) 168.8,
155.8, 134.7, 125.1, 89.0, 80.0, 64.8, 53.3, 28.4 (3C), 21.0 IR -ATR
(cm™): 3370, 2977, 2931, 1761, 1695, 1521, 1168, BBORS (ESI-TOF) m/z:
[M+Na]" calcd for G4H24NO-Na: 340.1367, found: 340.1340.

(+)-(2S 3E)-4-(tert-Butoxycarbonylamino)-5-(tert-butyldiphenylsilyloxy)
pent-2-ene1,1-diyl diacetate (137).

NHBoc

OAc

TBDPSOWOAC

Chemical Formula: C3gH41NO-Si
Molecular Weight: 555,7430

Compound 134 (260 mg, 0.82 mmol) as
dissolved in dry DMF (1 mLand treated under
argon withtert-butylchlorodiphenylsilang256

/ PPRO DQG LPLGD]ROH
mmol). The mixture was then stirred for 16h at
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room temperature. Workup (extraction with,&t and column chromatography
on silica gel with hexanesthyl acetate (9:1) providetl37 (418 mg, 92%) as a
colorless oil. .*° +23.4 € 2.1, CHC}). *H NMR (400 MHz, CDCL): / (ppm)
7.727.56 (m, 5H), 7.44.36 (m, 5H), 7.20 (d] = 6.1 Hz, 1H), 6.04 (dd] = 15.7
Hz, 5.0 Hz, 1H), 5.76 (ddd,= 15.7 Hz, 6.1 Hz, 1.6 Hz, 1H), 4.91 (k 8.6 Hz,
1H), 4.35 (bs, 1H), 3.73.61 (m, 2H), 2.6 (s, 3H), 2.05 (s, 3H), 1.45 (s, 9H),
1.05 (s, 9H)*C NMR (100 MHz, CDCly): / (ppm)168.5, 168.4, 155.1, 135.6,
135.5, 135.2, 133.0, 132.8, 129.9, 129.8, 127.8, 127.7, 124.5, 88.8, 79.6, 65.5,
52.8, 28.3, 26.8, 20.8, 20.FTIR-ATR (cm™): 3360, 2962, 2931, 2858, 1762,
1716, 1239, 1203, 1112, 1007, 961, 768MRS (ESI-TOF) m/z. [M+Na]"
calcd for GgH4:NNaO;Si: 578.2545, found: 578.2546.

(+)-(2S,3R,4R)-4-(tert-Butoxycarbonylamino)-5-(tert-butyldiphenylsilyloxy) -
2,3dihydroxy-1,1-diyl  diacetate tetramethylethylenediamine  osmate
derivative (138)

Compound 137 (1.2 g, 2.1 mmol) was

(0] OA
)\C dissolved in CHCI, (2 mL) at-78°C under
TBDPSO™ Ohe d TMEDA (0.035 mL, 2.3 mmol)
BocHH 0N o, ry argon. : , 2.

o] N— was added and the reaction was stirred for 5
d I\) minutes before the rapid addition of osmium
Chemical Formula: C36Hs7N30410sSi | - tetraoxide (0.535 g, 2.1 mmol). The dark
Molecular Weight: 926,1770 . .

coloured solution was stirred for 2 hours at
78°C before being warmed to room temperature. The solvent was reimoved
vacuoto get a black solidPurification by silica gel chromatography using ethyl
acetate:methand:2 as eluent afforded compoud@8(1.86 g, 96%, inseparable
mixture of two diastereoisomers, 87:13) as a dark oil.

Compound 138 (major}) *H NMR (400 MHz, CDCL): / (ppm)7.70 (m, 5H),
7.42:7.29 (m, 5H), 7.17 (d] = 5.4 Hz, 1H), 5.56 (d] = 9.2 Hz, 1H), 4.77 (dd]

=5.4 Hz, 2.4 Hz, 1H), 4.58.44 (m, 1H), 4.27 (J = 5.4 Hz, 1H), 3.90 ()= 9.0

Hz, 1H), 3.73 (dd,] = 9.0 Hz, 5.5 Hz, 1H), 3.12.92 (m, 4H), 2.882.70 (m,

12H), 2.10 (s3H), 2.03 (s3H), 1.37 (s, 9H), 1.04 (s, 9HYC NMR (100 MHz,
CDCly): / (ppm) 169.1, 168.7, 156.1, 135.8, 135.7, 134.1, 134.0, 129.5, 129.5,
127.6, 127.6, 88.4, 88.2, 85.5, 78.5, 64.3, 63.5, 56.1, 52.4, 51.5, 51.2, 28.5, 26.9,
21.13, 21.09FTIR-ATR (cm™): 3436, 2930, 2857, 1763, 1707, 1474, 1367,
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1242, 1112, 1011, 838, 704IMRS (ESI-TOF) m/z [M+Na]® calcd for
CseHs7N3NaO,,OsSi: 950.3269, found: 950.3252.

(2R,3R,49)-2-((bis-tert-butoxy)carbonyl)amino-4-(1,3-dioxolan-2-yl)-3,4-
dihydroxybutyl benzoate (L399 and (2R,3S,4R)-2-((bis-tert-
butoxy)carbonyl)amino-4-(1,3-dioxolan-2-yl)-3,4-dihydroxybutyl ~ benzoate
(139b)."

To a solution of

OH O OH © product 136 (0.28 g,
: /> 3 0.6 mmol) in

BzO BzO

NH OH dichloromethane

X j< >f (25mL) cooled at 0°C,

NMO (0.38 g, 15

139a 139b | q o
Chemical Formula: CpgHgsNO1o Chemical Formula: CgHprNOg mmol)  an s@
Molecular Weight: 497,5410  Molecular Weight: 397,4240 (0.044 mL, 0.015

mmol) were added.
The solution was stirred at room temperature for 24h. Thetio;m mixture was
guenched bwddition of a solution dila,S,0;andstirred for 15min. The aqueous
layer was extracted witkEtOAc three times and the combined organic layers
were washed with brine, dried over Mg&shd concentred in vacuo. Purification
of the product liexanedEtOAC) provided two productd39a(0.2 g, 70%) and
139b(0.06 g, 25%).

Compound (139a)[ .]p** i ¢ 0.7, CHC}). *H NMR (400 MHz, CDCL): /
(ppm)8.02 (d,J = 8.0 Hz, 2H), 7.54 (t) = 7.6 Hz, 1H), 7.42 () = 8.0Hz, 2H),
5.04 (d,J = 4.0 Hz, 1H), 4.8 (dd] = 6.4 Hz, 2.0 Hz, 2H), 4.58 (ddd~= 8.8 Hz,
4.8 Hz, 1H), 4.32 (t) = 8.0 Hz, 1H), 4.0.96 (m, 4H), 3.67 (1) = 4.8 Hz, 1H),
3.07 (bs, 1H), 1.64 (bs, 1H), 1.44 (s, 18HC NMR (100 MHz, CDCly): /
(ppm) 166.3, 153.9, 133.1, 130.1, 129M8.4, 104.1, 83.5, 70.5, 69.85.4,
63.3, 58.1, 28.1FTIR-ATR (cm™): 3481, 2978, 2924, 1720, 1702, 1367, 1349,
1269, 1148, 1070, 852, 71HMRS (ESI-TOF) m/z [M+Na]" calcld for
C,yH3sNNaOyp: 520.2159, Found: 520.31
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Compound (139b) [ .]o*° | F &+'& OIMR (400 MHz, CDCL): /
(ppm)8.01 (d,J = 80 Hz, 2H), 7.57 (tJ = 7.2 Hz, 1H), 7.44 (t) = 8.0Hz, 2H),
5.04 (d,J = 5.2 Hz, 1H), 4.6%.60 (m, 3H), 4.4 (dd] = 13.2 Hz, 3.6 Hz, 1H),
4.033.95 (m, 4H), 3.66 (bs, 1H), 2.60 (bs, 1H), 1.64 (bs, 1H), 1.52 (s,'4EH).
NMR (100 MHz, CDCly): / (ppm) 166.2, 149.1, 133.6, 129.9, 129118.7,
102.0, 84.6, 74.6, 72.85.4, 63.6, 55.6, 28.ETIR-ATR (cm™): 3339, 2972,
2899, 2357, 1717, 1455, 1378, 1271, 1086, 1046, 880,HIE&RS (ESI-TOF)
m/z. [M+Na]" calcld for GgH,/NNaGQs: 420.1634, Found: 420622

(2R,3R,45)-2-Amino-4-(1,3-dioxolan-2-yl)-3,4-dihydroxybutyl benzoate (142a)
(2R,35,4R)-2-Amino-4-(1,3-dioxolan-2-yl)-3,4-dihydroxybutyl benzoate
(1420b)*

A solution of the mixture 1393
139b (0.1 g, 0.2 mmol) in

A/ﬂ/ﬂs /\/?i/okj CH,Cl, (1 mL) was treated with
Bz0" % © Bz0” Y7 Y7 7O | triftuoroacetic (1 mL). The
NH; OH NH, OH Lo .
reactiomixture was then stirred
142a 142b

for 2h at 0°C. Removal of all
Chemical Formula: C14H19NOg volatiles under reduced pressure
Molecular Weight: 297,3070 .
gawe two products one soluble in
MeOH (1423 0.024 g, 40%, Maj) and other soluble in CB@X2b, 0.018 g, 30
%, Min).

Compound 142a[ D> +8.7 € 0.8, CH;OH). '"H NMR (400 MHz, CDCL): /
(ppm)8.13 (d, 2HJ = 7.2 Hz), 7.64 (t) = 6.8 Hz, 1H), 7.51 (1) = 8.0 Hz, 2H),

5.06 (d,J = 4.4 Hz, 1H), 4.75 (dd) = 12.0Hz, 3.6 Hz, 1H), 4.56 (dd] = 12.0

Hz, 7.2 Hz, 1H), 4.11 (dd] = 6.0Hz, 3.6 Hz, 1H), 4.08.95 (m, 4H), 3.88.79

(m, 1H), 3.72 (tJ = 3.6 Hz, 1H).*C NMR (100 MHz, MeOD): / (ppm) 158,

125.1, 121.3, 121.1, 120.1, 94.7, 63.6, 59.4, 56.9, 56.8, 53.7, BBIR-ATR

(cm™): 3343, 2922, 1719, 1668, 1540, 1271, 1181, 1131, 1044, 974, 836, 708.
HMRS (ESI-TOF) m/z [M+H] calcd for G4H,NOs 2981285, Found:
298.1288.
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Compound 142b [ Dp® +13.8 €1,CHCL). '"H NMR (400 MHz, CDCL): /
(ppm)8.01 (d,J = 7.6 Hz, 2H), 7.59 (&) = 6.8Hz, 1H), 7.46 (t) = 7.6 Hz, 2H),
5.37(bs, 1H), 5.06 (d] = 4.8 Hz, 1H), 4.64 (dd] = 4.8 Hz, 2.8 Hz, 1H), 4.51
(dd,J = 10.8 Hz, 3.2 Hz, 1H), 4.38.26 (m, 2H), 4.08.95 (m, 4H), 3.68 (bs,
1H), 2.60 (bs, 1H)FTIR-ATR (cm™): 3343, 2922, 1750, 1718, 1451, 1394,
1315, 1270, 1114, 1070, 1027, 7HMRS (ESI-TOF) m/z [M+Na]* calcd for
CisHioNNaGs: 320.1105 , Found: 320.29.

(29)-2-(bis-(tert-Butoxycarbonyl)amino)-1-tert-butyldiphenylsilyl -but-3-en-1-
ol (150.

Compound 150 (651 mg, 1.53 mmol) was
Q dissolved in freshly destilled triethylamine (11
Sho ™ mL), and then DMAP (187 mg, 1.53 mmol) was

%OTNTOK added. The mixture was cooled to 0 °C and di
©c O tert-butyl dicarbonate (1.33 mL, 6.1thmol)
Chﬁz‘l::lﬂIZSW;':NC;‘)Z';“;';%SS' was added. After 10 minutes the mixture was
warmed to room temperature and stirred for 10
h. The crude was dissolved in aqueous,BlHand the aqueous phase was
extracted with ethyl acetate. The combined organic layers were washed with
brine and water and they were dried over Mg%OThe solvent was removed
under vacuum and the crude was purified by silica gel chromatography using
97:3 hexangethyl acetate agluentto afford 764 mg of producl50' as a
colorless oil (95%)[ .]p*°> +12.4 € 1.05, CHC}). '"H NMR (400 MHz, CDCly):
/ (ppm)7.71-7.63 (m, 4H), 7.45.31 (m, 6H), 5.92 (ddd] = 17.3 Hz, 10.5 Hz,
6.3 Hz, 1H), 5.19 (dtJ = 17.3 Hz, 1.4 Hz, 1H), 5.13 (di,= 10.5 Hz, 1.4 Hz,
1H), 4.98 (dttJ =8.9Hz, 63 Hz, 1.5 Hz, 1H), 4.09 (dd,= 9.9 Hz,89 Hz, 1H),
3.77 (dd,J = 9.9 Hz, 6.3 Hz, 1H), 1.47 (s, 18H), 1.04 (s, 9K¢ NMR (100
MHz, CDCIl3): / (ppm)153.1, 135.6, 135.6, 134.6, 133.6, 133.6, 129.7, 129.6,
127.7, 127.7, 117.5, 81.0, 64.3, 60.6, 28.1, 26.8, EXBR-ATR (cm™): 3071,
2979, 2931, 2857, 1741, 1701, 1367, 11HBIRS (ESI-TOF) m/z [M+Na]"
calcd for GgH43sNNaG;Si: 548.2803, found: 548.2802.
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Ethyl (2E,49)-5-benzoyloxy-4-(bis-(tert-butoxycarbonyl)amino)-pent-2-
enoate (154).

o) To a solution of product28 (0.3 g, 0.77 mmol)

a0~ Ao~ | and (0,024 g, 0.0385 mmol) of Hovey@aubbs
o__N__O catalyst in dichlorometane (2 mL), ethylacrylate

>( R W< yst In di ( ) ylacry

O O (0.41 mL, 3.85 mmol) was added. The reaction
Chemical Formula: C54H33NO, mixture was further stirred tareflux for 12h.
Molecular Weight: 463,5270 i . i
Evaporation of solvent and purification of the
crude by silica chromatography usihgxanes/ethyl acetate 90:6 provided the
desired producti5la (339 mg, 95%) as yellow liquid. [ .]p*° +13.8 €1.1,
CHCL). 'H NMR (400 MHz, CDCL): / (ppm) 7.97 (dd,J = 8.4, 1.3 Hz, 2H),
7.557.47 (m, 1H), 7.4947.33 (m, 2H), 7.00 (dd] = 16.0 Hz, 5.0 Hz, 1H), 5.97
(dd,J=16.0 Hz, 1.9 Hz, 1H), 5.49.30 (m, 1H), 4.691.58 (m, 2H), 4.15 (q] =
7.1 Hz, 2H), 1.41 (s, 9H), 1.23 (§, = 7.1 Hz, 3H).*C NMR (100 MHz,
CDCly): /(ppm) 165.9, 165.7, 152.1, 143.5, 133.2, 129.7, 129.7, 128.3, 122.8,
83.3, 64.1, 60.6, 55.3, 27.9, 14RTIR-ATR (cm™): 2979, 1720, 1452, 1367,
1350, 1265, 1231, 1149, 1112, 975, 854, HARS (ESI-TOF) m/z [M+Na]*
calcld for G4H3sNNaGs: 486.2104, Found: 486.2123.

Ethyl (2S,3R,4R)-5-(benzoyloxy)}4-(bis-(tert-butoxycarbonyl)amino)-2,3
dihydroxypentanoate (152).

Compound 151 (890 mg, 1.92 mmol) was

w Py dissolved in CHCI, (20 mL) under dry argon and
BzO™ © the solution was cooled t@8°C. ThenTMEDA
(Boc),N OH

/ PPRO zZDV DGGHG DQG W
was stirred for 5 minutes before thapid
addition of osmium tetraoxide (488 mg, 1.92
mmol). The dark coloured solution was stirred for 2 hourg8fC before being
warmed to room temperature and stirred for 5h. The solvent was rernmoved
vacuo and the black solid was dissolved in methanol (5 mL). Concentrated
hydrochloric acid (10 drops) was added and the reaction was stirred for 2 hours.
The solvent was removexd vacuoto afford productit52ain 91% yield (870 mg)
as one diastereoisomér]p” 6.2 ( 10, CHCE). 'H NMR (400 MHz, CDCly):
/ (ppm) 8.027.91 (m, 2H), 7.47 (t) = 7.5 Hz, 1H), 7.34 (1) = 7.5 Hz, 2H),

Chemical Formula: C54H35NO4q
Molecular Weight: 497,5410
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4.824.62 (m,3H), 4.46 (t,J = 8.8 Hz, 1H), 4.27 (d] = 5.4 Hz, 1H), 4.22 (¢] =

7.1 Hz, 2H), 3.55 (dJ = 5.4 Hz, 1H), 3.31 (d) = 9.9 Hz, 1H), 1.39 (s, 18H),

1.24 (t,J = 7.1 Hz, #). *3C NMR (100 MHz, CDCly): / (ppm)172.9, 166.3,
152.2, 133.1, 130.1, 129.8, 128.3, 83.4, 71.9, 70.9, 63.1, 62.2, 57.8, 27.9, 14.2.
FTIR-ATR (cm™): 3484, 2979, 2931, 1723, 1452, 1367, 1348, 1268, 1227,
1149, 1114, 711HMRS (ESI-TOF) m/z [M+Na]* calcd for G4H3zsNNaOyq:
520.2159, Found: 520.2156.

(3R,4S,5R)-3,4-Dihydroxy -5-(hydroxymethyl)pyrrolidin -2-one (154)*

o H An icecooled solution of dihydroxy estet52
ﬁ/\/Eo (117 mg,0.2354 mmol) in CKCl, (1 mL) was
HO BH WUHDWHG ZLWK WULAXRURDFHWLF
Chemical Formula: CsHoNO, mixture was then stirred for 2 h at 0°C. Removal
Molecular Weight: 147,1300 of all volatiles under reduced pressure gave crude

153 which was dissolved in THF. WA aqueous
solution of LIOH (0.4 mL, 0.6 mmol, 1M) was added tottkalution and the
mixture was stirred at room temperature for 20 h. The crude was diluted with
water, and it wasvashedwith dichloromethane. The combined organic layers
were washed with brine, dried over anhydrous MgSiered and the solvent
was remeed under vacuum. The crude was purified by silica gel
chromatography using CHgMeOH/NH,OH (28% ag), 5:3:1 as a solvent to
afford compoundl54 (28 mg) in 81% vyield[ .]o*>= +10.4 € 0.12, HO), ([ .]o
2= +15.2 € 0.4, H,0) described)*H NMR (400 MHz, D;O): / (ppm)4.32 (d,J
= 8.0 Hz, 1H), 4.02 (dd] = 8.0Hz, 3.1 Hz, 1H), 3.80 (dd] = 12.3Hz, 3.1 Hz,
1H), 3.63 (ddJ = 12.3Hz, 4.9 Hz, 1H), 3.47 (ddd] = 8.0Hz, 4.9Hz, 3.1 Hz,
1H). **C NMR (100 MHz, D,0): / (ppm)175.4, 75.4, 74.2, 59.8, 57AMRS
(ESI-TOF) m/z [M-H]" calcd for GHoNO,: 147.0532, found: 147.0502.

88 Jeon, J.; Kim, $.; Lee, J. H.; Oh, J. S.; Park, D. Y.; Kim, Y. Bull. Korean Chem. So2009
30, 10031008.
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(3R,4S,5R)-5-(((tert-Butyldiphenylsilyl)oxy)methyl) -3,4-dihydroxypyrrolidin -
2-one (115)"

Compound 154 (14 mg, 0.0951 mmol) was

H
TBDPSO/j/\N\/:o dissolved in dry DMF (1mL) and treated under
Ho” argon with tert-butyldiphenylsilyl chloride (29
OH / PPRO DQG LPLGD]ROH

Chemical Formula: Cy4H7NO4Si

Molecular Weight: 385 5350 mmol). The mixture was then stirred for 16h at

room temperature. Workup (extraction with
Et,O) and column chromatography on silica gel (ethyl acetate) proA@ed
89% vyield (32 mg)'H NMR (400 MHz, CDCly): / (ppm) 7.667.57 (m, 4H),
7.477.33 (m, 6H), 6.07 (bs, 1H), 4.28 (@= 7.5 Hz, 1H), 4.00 (tJ = 7.5 Hz,
1H), 3.89 (dd,) = 10.5 Hz, 3.2 Hz, 1H), 3.63 (dd~= 10.5 Hz, 7.4 Hz, 1H), 3.53
(td,J=7.4 Hz, 3.2 Hz, 1H), 1.04 (s, 9H).
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Enantioselective formal synthesis ofé&yomine

[. Introduction

Allylamines are valuable intermediates in organic synthesis and are also
present in biologically important natural produ®gure 12).' The independent
reactivity of the alkene and the amine portions of allylamines allow for the
stepwise functionalization of these motifs. Moreover, chiral amines are important
compounds irorganic chemistry since they have been employed as chiral®ases,
nucleophiles® auxiliaries® and ligand®' for asymmetric synthesfs.

Syringolin A Lycoperine A Himandravine

Figure 12. Selected natural products containing chiral allylic amine.

Therefore, the development of methods for introducing nitrogen
functionality into organic frameworks has been an important research topics in
synthetic chemistry andonsiderable effort has been devoted to the synthesis of
chiral allylic amines?’

1 (a) Nakamura, Y.; Burke, A. M.; Kotani, S.; Ziller, J. W.; Rychnovsky, SOmy. Lett 2009
12, 72-75. (b) Dai, C.; Stephenson, C. R.Qrg. Lett 201Q 12, 34533455. (c) Clark, R. B;
+H 0 )\IH & /RIODQG 29%ULHQ : - 3O0ODPRQGRQ [/ 6
Med. Chem2011, 54, 15131528. (d) Chackalamannil,;3avies, R.; McPhail, A. TOrg.
Lett. 2001, 3, 14271429.

For some recent examples see: (a) GeafD.; Malan, C.; Harms,K.; Knochel,P. J. Org.

Chem 1999 64, 55815588. (b) DaviesS. G.; McCarthy,T. D. Synlett1995 700.702. (c)

Choi, l.-Y.; Lee,H. G.; ChungK.-H. J. Org. Chem2001, 66, 24842486. (d) Hashizum4,.;

YoneharaK.; Ohe,K.; Uemura,S.J. Org. Chem200Q 65, 51975201.

s Wei, Z.-Y.; Kraus E. E.Synthesi4994 1463 1466and references cited therein.

4 (a) Cheikh, R. B.; Chabouni, R.; Laurent, A.; Mison, P.; Nafti, 8ynthesid4983 685700.
(b) Johannsen, M.; Jgrgenséf, A. Chem. Rev1998 98, 16891708. (c) Ellman, J. A;
Owens, T. D.; Tang, T. FAcc. Chem. Re2002 35, 984995. (d) Trost, B. M.; Crawley, M.
L. Chem. Rev2003 103 29212944. (e) Burk, M. J.; Allen, J. G.; Kiesman, W.JF.Am.
Chem. Soc1998 120, 657-663.
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General methods for the synthesis of these compounds can be divided
into two large categories: nudghilic allylic substitution and direct allylic
amination® Examples of nuclephilic allylic substitution include the Mitsunobu
reaction of allyl alcohol$the thermal [3,3kigmatropic rearrangement of allylic
trichloroacetamides (Overman rearrangem@nble Gabriel amination of allyl
halides’ and palladium® copper,** iron-*? rhodium'® catalized allylic
aminations. On the other hand, the direct allylic amination methods involve the
nitrene addition with allylsilanes and the ene reattimi diimido and aza
compounds. In addition to the approaches cited abother methods have
proposed solutions that are yet to gain broad support by the organic chemists.
Such methods include indirect approaches such asopeging reactions of
epoxides? azetidine¥ and aziridine¥ followed by elimination, olefination of

5 (a) Hili, R.; Yudin, A. K. Nat. Chem. Biol2006 2, 284287. (b) Ricci, A. Amino Group
Chemistry: From Synthesis to the Life Sciencesgd.; WileyVCH: Weinheim, Germany,
2007.

6 (a) Ricci A. Modern Amination Methods WILEN/CH, Weinheim 2000 (b) For a review
of synthetic appraches to allylic amines, sedohannsenM; JgrgensenK.A Chem. Rev
1998 98, 16891708.

7 (a) Mitsunoby O. Synthesid981 1-28 (b) Sen,S.E, Roach S.L. Synthesid995 756 758.

8 (@) OvermanL. E. J. Am. Chem. Sod976 98, 29012910. (b) Calter,M.; Hollis, T.K.;
Overmanl.E.; Ziller, J, Zipp, G.G.J. Org. Chem1997, 62, 14491456

° (a) GibsonM.S.; BradshawR.W. Angew. Cheml968 80, 986996 (b) Osby,J.O; Martin,
M.G.; GanemB. Tetrahedron Lett1984 25, 20932096

10 (a) Togni,A.; Burckhardt,U.; Gramlich,V.; PregosinP.S; SalzmannR. J. Am. Chem. Soc.
1996 118 103%1037 (b) Tsuiji, J,; TakahashiH.; Morikawa M. Tetrahedron Lett1965 6,
43874388 (c) Lei, A.; Lu, X. Org. Lett 200Q 2, 235%236Q (d) Trost,B. M.; Krueger,
A.C.; Bunt,R.C; ZambrangJ.J. Am. Chem. So&996 118 65206521

1 (a) Baruah,J. B.; Samuelsn, A.G. Tetrahedron1991, 47, 94499454 (b) Germon,C:;
Alexakis,A.; Normant J.F.Tetrahedron Lett198Q 21, 37633766

12 (a) SrivastavaRR.S; Nicholas M. Tetrahedron Lett1994 35, 8739 (b) EnderspD.; Jandeleit,
B.; von Berg S. Synlett1997, 421-431

13 (a) EvansP. A.; Robinson,J.E; Nelsen J.D.J. Am. Chem. S0d999 121, 67616762 (b)
FagnouK.; Lautens M. Org. Lett 200Q 2, 23192321

14 (@) Loreto, M. A.; Tardella, P. A.; Tofani, letrahedron Lett1995 36, 82958298. (b)
ChandaB. M.; Vyas, R.; Bedekar, A.\. Org.Chem 2001, 66, 30-34. (c) MatsumotoM.;
Kitano, Y.; KobayashiH.; lkawa H. Tetrahedron Lett1996 37, 81918194

15 Concell)n, J. M.; Siarez, J. R.; del Solar, \@rg. Lett 2006 8, 349351.

% Ghorai, M. K.;Kumar, A.; Das, KOrg. Lett 2007, 9, 54415444,

7 (@) Dickinson, J.M.; Murphy, J.ATetrahedron1992 48, 13171326. (b) Penkett, CS.;
Simpson, |1D. Tetrahedron Lett2001, 42, 30293032.
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N-p U R W H-arifihbaBiehyde® DV ZHOO DV U HGXafvdtedRiQivesk |
amides or oximeigure13).*

R3 u~\_OH
R4
SiR; N Mitsunobu 2 4 NH
/\r \)\/SiRs reaction 4\)]\
R
R \O1 "CCl3
1) nitrene addition \ /7 1) Overman
2) H* rearrangement
) 2) Hydrolysis
RuANRi1R,
\ Ri~
“ ™N

]
me_tal-catal_yzc_ad N R reduction
allylic substitution 1 of imines

ene reaction

Figure 13. Some synthetic approaches to allylamines.

All these methods are constantly improving on the substrate scope, as
well as the degree of regiand stereoselectivity, and each method summarized
here has its own advantages and tétions when compared to each other.
Transition metal catalysis can be viewed as a superior category of allylic
amination methods mostly because they offer the most variability by virtue of
having additional parameters to control the fate of reactiomeigiates. For this
purpose, several transition metals have been used. In particular, palladium has
proven to be the most versatile metal catalyst for this reaction, for its high
catalytic activity, easy manipulation and high enantioselect¥ityonetheles,
the process is still amenable for further implementation. On one hamdiARd

18 (@) Reetz, M. TChem. Rev1999 99, 11211162 (b) Wei, Z -Y.; Knaus, E. ESynthesis
1994 14631466.

19 (@) Hayashi, T.; Ishigedani, MTetrahedron 2001, 57, 25892595 (b) Moody, C.J;
GallagherP.T.; Lightfoot, A. P, Salwin, A. M. Z. J. Org. Chem1999 64, 44194425

20 For selected publications see a) Trost, BJMOrg. Chem2004 69, 58135837. b) Mori, M.
Chem. PharmBull. 2005 53, 457%70. c) Trost, B. M.; CrawleyChem. Rev2003 103
29212943. d) Belda, O.; Moberg, @cc. Chem. Re004 37, 153167. e)Sawamura, M.;
Ito, Y. Chem. Rev1992 92, 857-871. f) Trost, B. MPure. Appl. Cheml996 68, 779784.
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typically requires soft nucleophiles such as malonates or imides and application
to hard nucleophiles has hardly been reported. On the other hand, only
electrophiles with gootkaving groups, such as esters or carbonates, have proven
efficient in this process. Besides, those with -stabilized leaving groups have

not been reported, with the exception of vinyl epoxides, which due to their ring

strain are reactive towards ioniian in the PEAAA.

The synthesis of allyamine9 5 2+ 1X 2)5Whichis a useful
chiral building block in organic synthesi€??® is an excellent example for
illustrating the regioselectivity problems in palladium allylic amination. Indeed,
with the exception of a few examples, the easily accessible allylic electrophiles
(Scheme 5K/ predominantly react at the unsubstituted allyl terminus and
consequently, the more thermodynamically stable achiral linear prdfuist
formed rather than the chiral branched iso®ewhich is tie preferred product
for applications in asymmetric synthe&isThus, the synthesis of branched allyl
amines using this approach has been of little preparative value.

[Ir] / NuH= RNH,

R/\/\
Nu
9

R = H, alkyl, OPG
X = OAc, OCO,R'

/\/\/NU
[Pd] / PPhg, R
54 NuH or MNU 10

Schemeb6. Metalcatalyzed allylic substitution reaction with unsymmetrical
monosubstituted substratésb4.

2L (a) Trost, B. M.; Bunt, R. C.; Lemoine, R. C.; Calkins, T.J.Am. Chem. So200Q 122,
59685976 (b) Ghamm, C.; Franck, G.; Miller, N.; StorK,; Brédner, K.; Helmchen, G.
Synthesi008 33313350.

22 Trost, B. M.; Horne, D. B.; Woltering, M. Angew. Chem. Int. E@003 42, 5987599Q

#  Trost, B. M.; Horne, D. B.; Woltering, M. Chem. Eur. J2006 12, 66076620.

24 (a) Norsikian S.; Chang, GW. Curr. Org. Synth.2009 6, 264289. (b) Helmchen, G.
Dahnz, A.Dbon, P. Schelwies, M.; Weihofen, Ehem. Commur2007, 675-691.

2 116 222



Enantioselective formal synthesis ofé&yomine

Judging by the impressive number of publications, controlling
regioselectivity in palladiurcatalyzed allylic substitution has been an important
goal in or@nic chemistry.

As discussed in the general introduction, there are several factors that
influence the regioselectivityf the reaction such as steric and electronic effects
from both the substrates and the nucleophiles, but also the nature of thehmetal, t
ligands, the solvent, the presence of additives, etc have a strong influence on the
regioselectivity.

For example, substrafé affords compound® when iridium is used as
catalyst??® while compoundlOis affordedwith palladium catalyst limiting the
applicability of this latter process in asymmetric proce&sSeyinyl epoxide
shows a very marked propensity to give-agdition products in RAA with
carbon nucleophiles in the presence of an achiral phosphine, and could be due to
the electronic effeatf the epoxide oxygemirectingthe attack at the remote side
of the allyl termini¥’ Asymmetric palladiurcatalyzed allylic amination of vinyl
epoxide 54, however, leads to the Zalduct 9 in excellent regie and
enantioselectivities using the family diphenylphosphino benzoic aeittrived
ligands developed by TrostS€¢heme 5p6 and imides as soft nucleophiles.
Nevertheless, the use of harder nuchélgs such as amines still poses a
challenge, and no examples with this system have been described. A few ligands
have also shown to provide an efficient control of regioselectivity in the
palladiumcatalyzed allylic substitution reaction of unsymmetrisabstrates,
such as BINAP(S) developped by Falleraét?® These ligandslirect amines to
the more substituted site on the palladiu@llyl complex, which ultimately
results in the irreversible formation of branched proditdn addition to
catalyst modfications, there were also instances when the reactants themselves
were biased to give high branched selectivities. Trost and coworkers have shown

% Hartwig, J. F.; Stanley, L. MAcc. Chem. Re201Q 43, 14611475

26 Lee, J. H.; Shin, S.; Kang, J.; Leé& J. Org. Chem2007, 72, 74437446

a7 (a) Trost, B. M.; Molander, G.Al. Am. Chem. So@981, 103 59695972; (b) Trost, B. M.;
Cossy, JJ. Am. Chem. Sod982 104, 68816882; (c) Trost, B. M.; Chen, &. J. Am.
Chem. Soc1986, 108, 60536054. (d) Trost, B. M.; Kuo, GH.; Benneche, TJ. Am. Chem.
Soc 1988, 110, 621622

2 (a) Faller, J. W.; Wilt, J. COrg. Lett. 2005 7, 633636. (b)Faller, J. W.; Wilt, J. C.
Organometallic2005 24, 50765083.
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that ring size could be used to control selectivities in intramolecular allylic
aminatior?® Indeed, 2vinyl pyrrolidines form kinetically faster via a favourable
5-exotrig transition state, and are more thermodynamically stable than the
corresponding allylic tetrahydroazepin&kemes7, 1). Certain substituents on

the allyl substrates such as trifluoromethyl group may also favor the formation of
branched isomerS.Another factor that can control regioselectivity is transient
intermolecular interactions. Cook showed that the presence hafmoallylic
secondary amide directs the approaching phthalimide to the vicinal terminus via
a hydrogen bond between the amidiotpn and the oxygen of the phthalimide
(Schemés7, 2)3*

/
Pd/Trost ligand 1)
PMBHN/\/\/\/OAC T vy N\
PMB
WPdL,
E\ﬁ\\\PdLn r)\
RN Vs
N
R NH
R
5-exo-trig 7-endo-trig
1,8 i
Pd/L
Ph NJ<O s Ph)kNH (2
Ph\\c'% Phthalimide Pha A
\ THF NPhth
@ N\
022
8
H
7
oo
Ph\/\/_\
D
Pd_®
L

Scheme5s7. Ring-size control and Hbonddirected control in Pdatalyzed AAA.

2 Trost, B. M.; Krische M. J.; Radinov, R.; Zanoni, G. Am. Chem. Sod996 118, 6297

6298

Kawatsura, M.; Hirakawa, T.; Tanaka, T.; lkeda, D.; Hayase, S.; Itoleffahedron Lett
2008 49, 24502453

Cook, G. R.; Yu, H.; Sankaranarayanan, S.; Shanker, B. &n. Giem. Soc2003 125
51155120

30

31
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Control of theregioselectivityby the substrate has also been observed in
cases other than vinylepoxi@d. Thus, palladiuntatalyzed allylic amination of
5-vinyloxazolidinones with imidgype nucleophiles affords the branched product
probably as a consequence of a hydrogen bond directing Bffranucleophiles
such as alcohols (regiodirected by boron), imides and carbcdieophiles such
D \ketoesters, have been employed with success.

In spite of thantenseinterest in reversing the preferred regioselectivity in
the Pdcatalyzed allylic substitution of nesymmetric monosubstituted allylic
electrophiles to favor branched products, the regiod enantioselectivity of
unsymmetrical morosubstituted substrates in palladigatalyzed allylic
substitution reaction remains a challenge.

[l. Results and discusion

The synthesis of chiral allyl amine derivatives is typically carried out
using butadiene monoepoxide as the allylic electrophila iRd asymmetric
allylic amination using acidi®N-nucleophiles such as imides or carbamates. The
choice of the vinyl epoxide was based on the idea that the alkoxide originated
from the ionization of the substrate could direct nucleophilic attack of filde ac
nucleophile on the proximal site, probably though hydrogen bonding, thus
providing the branched chiral allylic amine. Contrarily, anionic nucleophiles such
as malonates furnish linear achiral-hddition products when achiral phosphines
are used in éhiral reactions. The use of chiral diphenylphosphino ligand,
developed by Trost based on a modular concept, provides an excellent control of
the regie and enantioselectivity of the process

Trying to gain a deeper insight into the key roles of this m®icee
becameinterestedin exploring the allylic amination oE-4-hydroxy-buten2-yl
methyl carbonate derivatives, a linear allylic electrophile that upon ionization
XQGHU 7URVWIV FRQGLWLRQV FR XalyallatiwP DO O\
intermediates as those from butadiene monoepoxide. The aim of this work is to
explore tle effectof installing ornot an hydroxyl function on the terminal carbon

%2 Shanker, P. S.; PararajasinghamAiigew. Chem. Int. EA999 38, 110113.
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of the allyl carbonate othe regie or/and enantioselectivty of the process using
amines ad\-nucleophilesand Trost's ligand as a chiral induc{Bcheme 58

Pd / Ligand
R/\/\/OCOZMG —g> R/\/\ + R/\/\/NU
. Nu
amine

R = OH, OPG, methyl branched linear

Schemeb8. Pd-catalyzed AAA ofE-4-hydroxy-buten2-yl methyl carbonate derivatives.

II.1. Synthesis of startingnaterial allylic carbonates

For our purpose, various derivatives of allylic carbonate were synthesized
starting from bisallylic diol ((E)-but-2-enel,4-diol 156). Synthesis oftie latter
was reported by reduction of b@yne1,4diol (155 (Scheme59).* The
reaction was carried out in THF and providédbin very good yield (90 %). The
reaction proceeds throughti@nsselective hydrometallation of the triple bond
releasing the alkene dog the protolytic workup. Compound157 was
synthesized following standard procedures described in the liter&aherfe
59).3* Methoxy derivativel58 was obtained froml57 after methylation in basic
conditions.We also prepared the very bulky trityl derivativils9 from diol 156
through tritylation followed by carbonatation reaction.

CICOOCH; Py

M

eOZCO\/\/\OH

0°C, AcCN
18h

36% 157

Ho 1) LiAIH, THF 1) CICOOCH; Py
o 18h, 0°C 0°C, AcCN
— HO\/\/\OH MeOQCO\/\/\O/
OH  2)HCI 2) NaH, THF, Mel
155 90% 156 30 % 158

Ph
1) THCl DMAP, DVF 160,00~~~ Xz:
2) CICOOCH;z Py
0°C, CH,Cl

45 %

159

Schemeb9. Synthesis oéllylic carbonated57-159.

33 McDonald, W. S. Verbicky, C. A.; Zercher, C. K.Org. Chem1997, 62, 12151222.
34 Helmchen, G. Dahnz, A. Dben, P. Schelwies, M\Weihofen, R.Chem. Commur2007,
675691
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In order toexploreif homoallylic alcohols could also play a directing
role, we prepared compourid0 via cross metathesis reaction of allyl methyl
carbonate and commercially available-Btgn-1-ol (Schemes0).

2"d Gen. Grubbs

catalyst (5 mol%)

HO "X HO """ 0c0,Me

but-3-en-1-of  ~_-OC0:Me 160

CH,Cly, reflux, 18h
46%

Scheme60. Synthesis oéllylic carbonatel 60via cross metathesis reaction.

With the aim todeterminethe effects of oxygen on the regioselectivity,
the simple E)-methyl pent2-enyl carbonatd 61 was prepared fromE)-pent2-
enl-ol under similar conditions to those used for the preparation ol58
(Schemesl).

CICOOCH;, Py

NSO NG _-OCOMe
0°C, CH,Cl,
18h 161

98%

Scheme61. Synthesis o#llylic carbonatel 61

I1.2. PalladiumCatalyzed Allylic Amination reaction

N-nucleophiles such as imides, purines and pyrimidines contain a
relatively acidic proton. Trost and -ewrkers have rationalized the high
branchedegioselectivity observed in the reaction of butadiene monoep&xide
with imides by the existence of a hydrogen bonding which directs the
nucleophilic attack to the more hindered position. As the alkoxide generated in
W K-Hllyl@Pd intermediate is the only base present in the reaction medium able
to deprotonate the nucl®KLOH D 3SUR[LPLW\ HIIHFW~ PLJKW |
case of allylic carbonat&57 a similar situation could be considered. Indeed, the
methoxide anion generated during the oxidative addition step is sufficiently basic
to deprotonate these typeinucleophiles. Consequently the deprotonated form
might be involved in a hydrogeE RQG ZLWK WKH IUHH KaBUR[\O JU
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complex, directing the nucleophilic attack at the nearest electrophilic carbon
leading to the branchedgioisomer

The study wasifst carried out usinge-4-hydroxy-buten2-yl methyl
carbonate derivativesl57 and for the sake of comparison, butadiene
monoepoxide54, two substrates that, upon ionization underARd could
formally give the V D P Hallyigalladium intermediate. The lattehas been
profusely used in the PAAA reaction using relatively acidic soft nitrogenated
nucleophiles, but no references have been given with respect to its application
with harder amine nucleophilé$??® |In our hands, reaction of butadiene
monoepoxides4 with 4-methoxybenzylaminel62 in the presence of 2 mol%
[Pd 3-C4Hs)Cl], and 12 mol % of PRhin dichloromethane (Table 1, entry 1),
afforded a mixture of branchelb3 and linearl68 amines in a 24:76 ratio. As
expected, the use of chira,§-L3 under similar conditions increasdtie
percentage of the branched produd3 leading, though, to a very poor
regioselectivity (44:56) Table 5, entry 2). The use of a soft nucleophile like
phthalimideis described to provide practically exclusively the branched is&imer.
These results cdinm the crucial role of the nucleophile in the regioselectivity
control of palladium allylic amination of vingpoxide54.

We then turned our attention to linear carborii& Reaction with 4
methoxybenzylaminel62 in the presence dPd( 3-C;Hs)Cl]/PPh in CH,Cl,
gave a 60:40 mixture of branched prod@68 and linear bisallylated product
173 (Table5, entry 3). It should be noted that doublkylation processes have
already been observed and frequently occur since the product, a secondary
amine, is more nucleophilic than the startingterial®® Interestingly the use of
Pd/S,9- L3 as a catalytic system afforded the branched isdii8ras an only
regioisomer (Table 1, entry 4) in an enantiopure form (88%4R)).*® To assess
the role of hydrogen bonding in the regiochemical outcome of the previeus Pd
AAA, the reaction ofl57 and 162 was performed in methanol as a solvent, to
afford a 20:80 mixture of branchetb3linear 168 (Table 5, entry 5), thus

% Trost, B.M.; Frandick, D.R. Aldrichimica Acta2007, 40, 59-72.

%  Asignment of the absolute configuration was determined by comparison of the otpical
rotation with that of the §-enantiomer described in Gnami@.; Franck, G.; Miller, N.;
Stork, T.; Brodner, K.; Helmchen, Gynthesi2008 333%:3350.
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providing a revese regioselectivity with respect to thalbtainedpreviously in
dichloromethane.

Additional evidences of the role of hydrogen bonding were obtained
starting from hydroxyl protected derivativehus the reaction ofl58 with
amine 162 in the presence oPd/§S,3-L3 catalytic system afforded a 35:65
mixture of branched64/linear 169 (Table 1, entry 6). Furthermore, the-R4A
of derivative 159 with a very bulky trityl group as a protecting group, under
standard reaction conditions afforded the linearablidated productl75in an
almost exclusively manneféble5, entry9) without any traces of the branched
product In order to determine the role electronic effects in the regioselectivity
of the process’™®’ compound161, with a methyl group instead of a hydroxyl
moiety, was treated with62 under simila conditions, to furnish a mixture of
allyl amines, where the linear isomer was the major diablé 5, entry 7) in a
process which resulted in virtually the same regioselectivity to that observed with
158 To prove whether homoallylic alcohols could also play a directing role,
alcohol160was also reacted with amiié2 under similar conditions, but in this
case a complex mixture was obtain&dlfle5, entry 8).

87 Catalan, JJ. Org. Chem1997 62, 8231-8234.
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Table 5. PalladiumCatalyzed Allylic Aminatiorof 54 and157-161

gNHz
o 162 NHp-OMeBn

Me
/54\"'40 (PA(*-CHg)ClL, R\/;\/ R/\/\/NHp—OMeBn (nglp—OMeBn
Ligand branched mono-allylated linear bis-allylated linear
R/\/\/o OMe  CH,Cl,
j
157: R= OH 163: R=OH 168: R=OH 173: R=OH
158: R= OCH3 164: R=OCHj 169: R=OCHj3; 174: R=0OCHj3
159: R= OTr 165: R=0OTr 170: R=0OTr 175: R=0OTr
160: R= CH,OH 166: R=CH,OH 171: R=CH,OH 176: R=CH,OH
161: R= CHj 167: R=CH, 172: R=CHj 177:R=CHj,
Entry Substrate Ligand Products Conv. Ratio™
y g (%)  branched/linear
1 54 PPh 163,168 >08 24:76!
2 54 (S,9-L3 163,168 >08 44:56
3 157 PPh 163,173 >08 60:40H1
4 157 (S,9-L3 163,168 >98 >98:2
5 157 (S,9-L3 163,168 >98 20:80
6 158 (S,9-L3 164,169 >08 35:65
7 161 (S,9-L3 167,172 >98 30:70
8 160 (S,9-L3 166, 171 >98 Compl. Mixt.
9 159 (S,9-L3 175 >98 -

[@ Conditions: CatalystHd 3-C3Hs)Cl], (2 mol%), DACH-naphthyl Trost ligandL3 (6 mol%) or

PPh (12 mol%),substrat€1.0 equiv.) nucleophilg(1.1 equiv), reaction time = 16hconcentration

= 0.02 M.™ Ratio of branched /linear has determined‘by NMR spectroscopy of the crude
products!? Racemicl63was obtained® ee= 98% [R). Detemined by HPLC on chiral columns.
Assignment of absolute configuration is determined by comparison of the optical rotation with that
described for thegj-enantiomer. Re86 ¥ The reaction was performed in MeOiThe reaction

of amine162 with the carbonatd57 gave the bisllylated linear product73 the monoallylated
linear productlé8was not found¥ The reaction of amin&62with the carbonaté59gave the bis
allylated linear product75, the monoallylated linear produt?0and branched produd65 were

not found.
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Control experiments using PPlas a ligand should give us some
information on the key issues that govern thgiaselectivty of the racemic
process in the substrates tested. Comparison of entries 1 arichBléb infers
that the product distribution depends on the regiochemistry of the starting
material*®

When Pd 3-C;Hs)Cl],is usedas a precursor metal complex, high levels
of regioretention should be observed starting from either linear or branched
substrateScheme62a andScheme62b). Under these conditions the highly
reactive anionic [Pd(PRYCI]" complex is expected to readily ionize the allyl
electrophile to give nesymmetric intermediate& andB. These complexesa
preferentially formed byrans-effect of phosphorus in the initial ionization step,
followed by nucleophilic attackrans to the phosphin& The results obtained
herein, however, give the opposite trend. Unexpected preferential formation of
the branched isomer from linear substréig7 could be explained from
intermediateC by directing nucleophilic attack of the hydroxyl group in the
substrate (R=H), counteracting ttrans-effect of phosphine in the nucleophilic
addition step $cheme62c). More difficult to explain is the relatively high
amount of linear isomer from epoxid®l, which could arise from repulsive
interactions of the incoming nucleophile with the alkoxide Bchgmes2d).

Nu_

a) \ c) o
H
LG X —> //“\/ e Nu HO/Y\ - //‘\\/\O’ - LG\/\/\OH

pd jor i Nu Pd
7Y major isomer PN
c APPhs obtained major isomer Cl c PPhg
trans-effect of P C;s:aén:eﬁ
b) d) \
— . - AN
Y\ "'b.,,/‘-\\ Y\ Nu\/\/\OR P‘d Yo Shn /\{é
LG C|’Pd‘PPh Nu major isomer PhsP" Cl T
B 3 major isomer obtained D
obtained repulsive
interactions
trans-effect of P interactions

Scheme62. Repulsive or hydrogebondig interactions may counteract the electronic
properties of unsymmetrical Radlyl complexes.

%8 (a) Fristrup, P.; Ahlquist, M.; Tanner, D.; Norrby;®. J. Phys. Chem. 8008 112, 12862
12867.(b) Fristrup, P.; Jensen, T.; Hoppe, J.; NorrbyOPChem. Eur. J2006 12, 5352
5360. (c) Sjogren, M.P. T.; Hansson, S.; Akermark, B.; Vitagliano, @rganometallics
1994 13, 19631971.
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Judgingby the results, and despite being structurally relateed A4 of
vinyl epoxide and allylic carbonate seem to proceed throuifreht reaction
paths.

Reaction of a vinyl epoxidé&4 with soft nucleophiles is typically
described toproceedthrough a dynamic asymmetric kinetic transformation
(DYKAT), where the starting racemate is transformed into an enantioenriched
branched produc The key issue for the success of this asymmetric
transformation is assuring that the process proceeds under -Bartimet
FRQGLWLRQV VR WK D-#llylpdlatiunsibtBrmedietesHihieiHavd F &
formed by ionization of the enantiomeric pair bigetchiral catalyst, can
isomerize by means of &V S mechanism before being attacked by the
nucleophile. In this way, transformation of both enantiomers is eventually biased
towards the preferential branched regioisomer in excellent enantioselectivity. A
premise for this process to take place is using soft stabilized nucleophiles, where
QXFOHRSKLOLF DWWDFN LV VaywaZlldunGiRegQediateW K UHV S
interconversion.

In contrast, there is no literature of the application of this DYKAT
processwith amines adN-nucleophiles. With such nonstabilizédnucleophiles,
CurtirrHammet conditions are not likely to be met, probably due to the fact that
the rate of nucleophilic attack is very high compared to that of diastereomeric
intermediates interconversion. Taking into account lyatallyl Pd complexes
are usually the most plausible intermediatgsen bidentated ligands are used,
every enantiomer 054 LV LQGHSHQGHQWO\ WUDQVIRUPHG LQW
allylpalladium complex179 and 181, which will ultimately react with the
nucleophile without any présus interconversionSchemes3). Thisseemso be
the case of the reaction of vinyl epoxide wifhmethoxybenzyl amine,
considering the obtention ofgeimolar ratio of branched and linear aminated
products Table 5, entry 2). The complementary regiochemiocatcome of the
two intermediates could arise from hydrogending directed nucleophilic
attack of the amine involving the NH amide bond on the concave shape of the
ligand, as described tyoyd-Joneset al*?
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cooperative H-
bonding

{0 Be
[Pd(n*-C3Hs)Cll, O LN H-bonding \
(S,5)-L3 \\ \\\H o assisted wH o .
N matched u elivery of
CHZClz I}pﬁk” P ionization 3 V\ nucleophwle HO%
é@ d Pd” @@ NHR

(R)-54 178 179

[Pd(n*-C5Hs)Cll, Q H\g j(HwNH ‘ o HY ;:\(
(S.5yL3 O \ H H-bonding
CH,Cl, O y M O mismatched 3":” O delivery of
IR “Pp ionization /M nucleophile
P N — RAINOC~NA oy

(S)-54 d d @ linear

180 181

Scheme63. Model which accounts for thregioselectivity and enantioselectivity in the
Pd-AAA reaction of54 with unstabilizechardN-nucleophiles.

On the other hand, to understand biehaviorof linear allyic carbonate
157, it could be compared with the A of an analogous substrate,
methylhexenyl carbonat&82 described by Trost. In this study, the typical
regioselectivity towrds the linear achiral product provided by this non
symmetrical allylic electrophilein achiral PdAAA was eventually biased
WRZDUGV WKH EUDQFKHG L \Rlieméd)XThe Ry aspEBIV W TV (
was optimizing the reaction conditions so that Cdrfammet conditions were
approached, favoringS V &quilibration of the diastereomeric Raallyl
complexes 184, 185 and consequently giving reasonably high branched
regioselectivities and moderately high enantioselectivities. The reaction
conditions were carefully explored to meet Cutfammet requirement, such as:
a) large diphenylphosphino benzoic abi@ked ligands witha sterically
emcubered environment to slow down the rate of nucleophilic attack, increasing
the chances for SV S equilibration; b) use of anO-nucleophile (4
methoxyphenol) to diminish steric demands of the nucleophile, so that only the
steric requiremess of the ligand prevail; ¢) low concentrations to assure the
prevalence of monomeric catalytic systems and lower changgqirBcesses of
Pd on the Pd@allyl complexes; d) use of GBI, as the solvent instead of THF,
since the percentage of branchediosomers is increased with increasing the
solvent polarity; ande) use of chloride salts, sindbey seem to promote

% Trost, B. M.; Toste, F. DJ. Am.Chem. Socl999 121, 45454554
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S V faterconversion otthe diastereomeric RAED OO\O FRPS@IW[HY YLD C
intermediates.

(E),
NC PN
T

182
8 (0]

(R,R)-DACH phenyl
[Pd(n*(C3Hs)Cll,
CH,Cl,
H-bonding
delivery of
Nu
—_— PerAr

linear

—A
. ’ ‘ ionization
R —

Pr\/\/x
184

kinetically favored complex
183

1 Best reaction conditions for
approaching Curtin-Hammet
conditions:
0.1 M substrate
(R,R)-DACH cat
30 mol% BuyNCI
CH3;CN

Z R), Pr

OAr

thermodynamically
more stable complex

80 : 20 branched : linear ratio
62% ee for branched regioisomer

Schemeb4. Rationalization of regioselectivity and enantioselectivity in theARe
reaction of methylhexenyl carbonate with methoxyphenol.

Comparing these results with those obtained by we should first take
into account that inthe latter, the reaction parameters towards Ctliimmet
conditions were not optimized. Consequently, all protected substrates gave
predominantly linear achiral regioisomers with a b/l ratio around 1/3, which is
virtually the same as that obtained with theopiimized reaction described by
Trost with a phenolate as a nucleophile (b/l 1:4). These results could be explained
by direct matched nucleophilic attack on the primarily formed kinetic favored
complex187, in a process with n& \ S equilibration(Schemes5). Worthy of
note is that the trityl protected substra&9, which could have had more chances
to equilibrate to give a thermodynamically matable complex by releasing
steric strain, gave the best linear:branched ratio. This means that, indeed, the
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process is far away from Curitdammet conditions, probably due to the high
reactivity of the nucleophile used. Furthermore, in light of the simila
performance of the substratd$8 and 159, the steric encumbrance of the
protecting group does not appear to be a determining issue in the regioselectivity
of the process. It is, therefore, surprising to see that the unprotected sulistrate

is able toreverse the regiocontrol of the process. Sterics, as we have pointed out,
does not seem to be the reason, since ionizatidtboto give the kinetically
favored complex, followed by direct nucleophilic attack would give the linear
regioisomer. Another méanism must be operating.

Based on the work by LlayJoneset al** we hypothesized that the initial

kinetically favored ionization of the electrophile, whelepartureof the leaving
group is assisted by hydrogen bonding interaction with thé &nide bondni

the chiral catalyst, is followed by a fass$ V LQWHUFRQYHUVLRQ R
allylpalladium complex to render the diastereomeric intermedi@8(Scheme

65). The driving force for this isomerization could be explained by some degree
of stabilization of the latter complex with respeciLl8 due to hydrogen bonding
interactions between the-N bond and the hydroxyl group in the substrate
(Scheme6b5), an interaction which is not present when this unit is protected.
Along these lines, the regioselectivity obtained from reactiod5f and p-
methoxybenzylamine in methanol as a solvent (T&blentry 5, b/l ratio of
20:80), similar to those obtained with the protected substrates, underlines the
importance of hydrogehonding interactions, disrupted when the solvent is
protic.
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" O/\/\/O\H/OCH3

(0]
l [Pd(n3-C3Hs)Cll

(S,9)-L3
CH,Cl,
H-bonding
O, H'Y /'K delivery of
O N\ H ‘ ionization y nucleophile ©
“\H 4 O I I\\llJH > RUNNEAOR
A o A" oR REH
PW%\Q From 158, 159, 161
186 187 1 T—-6-T
equilibration
for R=H
cooperative H-
bonding delivery
/. ~HNu of nucleophile (R)
Ol — HO X
A NHR

From 157
188

Scheme65. Rationalization of regioselectivity and enantioselectivity in theAR&
reaction ofallylic carbonatewnith N-nucleophile.

Another very important issue is, if the model based on steric deactivation
of the nucleophile by the pendant phenyl groups of the ligand is object of
guestion how can we explain the regioselectivity (and the enantioselectivity) in
the nieleophilic attack?.loyd-Jones and collaborators showed that the approach
of an anionic nucleophilenay be guided by two opposing interactions: either H
bonding assisted delivery of the nucleophile by thél Mmide bond of the
concave surface or alternatively by dip@e interactions between the escort
counterion of the nucleophile and the concave orientated adjacent amide carbonyl
group in close proximity with the allyl group. The selectivity of the process
appears to be a result of the coordinating properties of the éstoso that with
weakly coordinating escort ions the hydrogen bond will dominate, whereas with
strong coordinating escort ions hydrogen bonding will be attenuated and
interactions with the carbonyl group will be more important.

Attempting to search foan analogous situation for reaction1df7 with
4-methoxybenzylamineseveral comments have to be taken into account. First
amines are not expected to be in an anionic form in the presence of carbonate or
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alternatively, methoxide anion, plausibly formdyy decomposition of the
carbonate leaving group after ionization. Secondly, if they were in some degree,
there are no escort anions in the medi@m.that as it maythe most plausible
directing mechanism active in our case should be hydrogen bondingrgediv

the amine or amide nucleophile by theHNbond present in the catalyst- H
Bonding delivery of the nucleophile by the hydroxylic function in the substrate
could also be regarded, although it does not appear to be a dominant process,
judging by the rgioselectivity obtained in the racemic reacti@mable 5, entry

3).

The excellent regioand enantioselectivity obtained in the preliminary
resultsof allylic amination of substraté57 with common amines using R8/3-
L3 catalytic system prompdeus to investigate the generalization of this reaction.
The tolerance of various functional groups under the optimized reaction
conditions such as substrates withCQlouble bond, aromatics, and cycloalkyl
groups, have been examined. Thus we studiecetition of carbonatés7 with
a range of nitrogenucleophiles189-192 to give the corresponding allylic
aminesl93-196 in excellent yields (up to 96%Y&ble6, entries 15). Moreover,
in all cases, excellent enantioselectivities were obtained (90 to 98%). These
results reveal the scope and generality of the protocol with respect to various
primaryamines.
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Table 6. PalladiumCatalyzed Allylic Amination ofL57 with nitrogernucleophilesl89-
1921

[Pd(n’~C3Hs)Cll,

(S,9)-L3 Nu
= OCO,Me + RNH :
HO > 2 2 cHch HO A~
157 189-192 193-196
NH, NH,
NH
©/\ 2 Meo/gj/\/ @ S~ NH
OMe
189 190 191 192
Conversion
Entr R-NH Products b/l Ratio™  ee%
y 2 (Yield)® °
1 189 193 >98(93) >08:2 90 R
2 190 14 >98 (96) >08:2 % R
3 191 195 >98 (91) >08:2 98 R)
4 192 19% >98 (90) >08:2 96 R)

B §RQGLWLRQV(GH)ATI (¥ Wol%), (S,9-L3 (6 mol%), carbonate (1 equiv),
nucleophile (1.1 equiv.), reaction time = 16h, concentration = 0.02 Idolated yield of branched
regioisomet Ratio of branched /linear has determined By NMR spectroscopy of the crude
products® Determined by HPL®n chiral columns. Assignment of absolute configuration is given
for cases in which it was indenpendently confirmed, determined by comparison of the optical
rotation with that described fogfenantiomer. (Ref36).
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The reaction with secondary amines was next explored. The treatment of
157 with pyrrolidine 197a and dibenzylamind97b using Pd/§,3-L3 as catalyst
under the optimized reaction conditioradforded in both cases principally the
linear isomersl198 and 199 with a branched/linear ratio of 33:67 and 15:85,
respectively $cheme66). These results clearly show the sensibility of the
regioselectivity of this reaction to the steric hindrance of the nucleophile, so that
the steric requirements of secondary amines outwhiglestrictions imposed by
the DACH Naphthyl ligand, with a sterically encumbered environment.

[Pd(n*~C3Hs)Cl],

(S,S)-L3
157 + NuH Ho P~ NR:

CH,Cl,

Ph Ph 198: NR,= pyrrolidinyl, 69%
[ \ 199: = 9
NUH = . kN) NR2= NBny,, 71%

H H
197a 197b

Scheme66. Palladiumcatalyzed allylic amination df57 with nitrogennucleophiles
197aand197b.

Similarly, when the reaction of amir0was carried out with an excess
of 157, compound202 was obtained§cheme67). The outcome of this reaction
can be explained by the initial formation of the branched deriva&dkvia an
initial Pd-catalyzed allylic amination, which will act as a nucleophile in a second
allylic amination of 157 in excessto afford the tertiary amin€202 as a
conseguence of thetatk on the terminal position (linear isomer).

[Pd(n*~C3Hs)Cl] *
157 + HN A~ (S.5yL3 HOTYTS
CH,Cl HO SN NS
(excess) 200
202
HN NN }
HO_~o” 201

Scheme67. Exploring the regioselectivity of the process using carbob@ien excess.
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The use oftert-butylamine 203 as a bulky primary amine nucleophile
furnished linear amine204 as the major regioisomer (ratio linear/branched
70:30), thus underscoring the importance of the bulkiness of the nucleophile to
control the regioselectivity of the proceScemess).

[Pd(n*~C3Hs)Cll,
H HN J<

(S,S)-L3 __ A N
157+ NH, HO™ N j< * HO AZ
CH,Cl,
203 0% 204 204
70 : 30

Scheme68. Palladiumcatalyzed allylic amination df57 with bulky amine203

11.3. Attempts of synthesis d®d(S9-L3) complex E H D U(Q.81,0)
moiety

The study of the structure and reactivity of the transition metal allyl
complexes is an important issue in the coordination chemistry and controlled
catalytic synthesis. In allflF VXEVWLWXWLRQ UHB&EWP&Q WKH
complexes play a keawle in the catalytic processes

The mechanism of asymmetric Tstijiost allylation reaction has,
generally, been explored in great depttdowever, for the case dPd/Trost
ligand systemthere has been a nezsmplete lack of structural detdiuntil the
recent, very accurate work by Lloyidnes and Norrb¥. Before that, the
interpretation was based only omempirical "cartoon model" in which the time
averaged structure of coondited ligand is represented bZasymmetric folded
surface Figure14).*

40 Evans, L. A; Fey, N.; Harvey, J. N.; Hose, D.; Lledohes, G. C.; Murray, P.; Orpen, A. G.;
Osborn, R.; Owersmith, G. J. J.; Purdie, M. Am. Chem. Sq@2008 130, 1447114473.

41 Trost, B. M.; Machacek, M. R.; Aponick, Acc. Chem. Res200§ 39, 747760.

42 Butts, C. P.; Filali, E.; Lloyd-Jones,G. C.; Norrby,P-O.; Sale,D. A.; Schramm,Y. J.
Am.Chem. Soc2009 131, 99459957.
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time-average ligand
Co-symmetry

[n3-(C3Hs)PA(R,R)-L]

Figure 14. Wall-kand ADS FDUWRRQ PRGHO LQYRR-YX.LQJ 3G FRPS

In the course of our studies aimeduaterstanding which factors control
theregioselectivity of the Rdatalyzed allylic amination reaction, we decided to
synthesize such compl@05 (Figurel5).

p——’Pd\P

O . O
\/\/ /H:\

Cationic Monomeric Palladium n3-C4H;0
of the Standard Ligand (S,S)-L3
(205)

Figure 15. Cationic Pdallyl complex205.

Thus, for our purpose, we prepdreomplex206 by mixing [Pd,(dba)]
with butadiene monoepoxid®4) in THF in the presence of LiClThe color of
the solution rapidly turned from purple to yellow and the NMR spectrum
VKRZHG |RUP&alyipaliadiir complex206 which could be isolated
(Schemeb9). The application of chloride salts has been reported to be necessary
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to form a stable complex, such @6 R W KH U Z LA\ahyl)-pakatium!
complex formed fron®4 and [Pd(dba)] easily decomposes.

OH
Cl
A [Pdy(dba)s] LN
o —> <—Pd /Pd—)
; AN
LiCl, THF Ci
1h
54 60% 206 HO

Scheme69. Synthesis of complek06.

Reaction of comple06with (S,3-L3 (Pd/L = 1:2) in CDCl, or &-THF
and in presence of NaPBr NaBF, asa counteion results in the generation of a
mixture of complexes whoséH and *C NMR spectra are essentially
unassignable due to the broad and overlapping nature of the signals arising from
numerous speciefigurel6).

/ \) &/Ga\p

Q PPh, Ph,

o

Ar, O ¢ O Ar, o N
R NH HN PL® NH
Pd O’
| 2 HN™
n
20

NH ph, Ph, o
7 o) P P
\® Pd
Pdf)) ®\PPh
Ph,P o) 2
O N

Figure 16. Linear and cyclic oligomer comple207and208.

43 Kjellgren, J.; Aydin, J.; Wallner, O. A.; Saltanova, I. V.; Szab6, ICkiem. Eur. J2005 11,

52605268.
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The®'P is somewhat simpler but even here, we can distinguishigime
17, three major environments appearing as broad single30Q(®pm).

(S,9)-L3
[Pd(n3-C4H;OH)Cll, ————>
NaBF, or NaPFg
206 dg-THF of CD,Cl,

Figure 17. *'P{1H} NMR spectra of complexes generated in situ fr@y8)L3 and
> 3 G-C4H,0H)CI], complex.

In fact, it has been reported that this system has a high propensity for
reversible oligomerization which depends on both temperature and
concentratiort? Oligomerization occurs at higher concentrations and at lower
temperatures. It was also noted that the countesfothe complex was also
important so that more coordinating counterions favor the oligomerization
process. These aggregates could be eitheatsuch a07 or cyclicsuch a08
and are interconverting reasonably rapidly in solutkigyre16).

The use of very low interacting [B((3(EF:)2)CeHs)s” (BAr'F) for
stabilizing cationic electrophilic Pd complex, and keeping a relatively low
concentration of [Pd}., however, did not allowus to prepare monomeric
complexes relatively free of oligomer, as judged by the complexity of NMR
spectra. Moreover, despite many attempts, we have been unable to crystallize any

4 (a) Fairlamb, I. J. S.; Lloydones, G. CChem. Commur200Q 24472448.(b) Lloyd-Jones,
G. C.; Stephen, S. C.; Fairlamb, I. J. S.; Martorell, A.; Dominguez, B.; Tomlin, P. M.;
Murray, M.; Fernandez, J. M.; Jeffery, J. C.; Righannessen, T.; Guerzig, Pure. Appl.
Chem 2004 76, 589-601.
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complex from the mixture of monomeric and oligomeric complexes generated by
reaction of enantiomerically pure ligah8 with [Pd(K¥-C,H,OH)ClI],.

Il.4. Enantioselective formal synthesismfagomine.

Discovery of polyhydroxylated piperidines (iminosugars) is one of the
PRVW QRWDEOH DFKLHYHPHQWYV L€y arekiddycelda& RI1 QD W
secondary metabolites in a vast array ofiedént organisms, although the
majority originate in plant§ Their structural similarity to monosaccharides
confers these compounds the inhibition properties of carbohyoiatessing
enzymesand therefore they areised in a wide range of potential therapeutic
strategies including the treatment of viral infections, cancer, diabet&%éfc.
For this reason, both the synthesis of polyhydroxylated piperidines and their
application as therapeutigents have been spurred.

As it was discussed in chapter 3,2-Dideoxy azasugars are a
representative example of naturally occurring polyhydroxylated piperidines and
represent an important class of glycosidase inhibitor2R,3R,4R2-
hydroxymethylpiperidines,4-diol, D-fagomine is representativaf this class of
natural products since its first isolation from the seeds of Japanese buckwheat
Fagopyrum esculentutdoench in 1974° Fagomine and its epimers have been
reported to have $8H DFWLYLW\ DJDLQV-WORPRRFNDGRDA DXQW
galactosidase. MoreovebD-Fagomine has a potent antihyperglycemic effect in
streptozocidAnduced diabetic mice and markedly potentiates immunoreactive
insulin releasé’ In addition to that, it also logrs postprandial blood glucose
concentration and modulates bacterial adhesion. To date, a number of synthetic

45 Magalhaes, A. F.; Santos, C. C.; Magalhaes, E. G.; Noguiera, MhytochemAnal 2002
13, 215221.

4 Heightman, T. D.; Vasella, A. Rngew. Chem., Int. EA999 38, 750770.

47 Zeche| D. L.; Withers, S. GAcc. Chem. Reg00Q 33, 11-18.

4 stiitz, A. E. Iminosugars as glycosidase inhibitors: nojirimycin and beyond; Wiy

Weinheim, Germany]999

AmézquetaS.; Galan, E. Fuguet, E. Carrascal, M. Abian, J, Torres, J. LAnal. Bioanal.

Chem, 2012 402 19531960 and references herein.

50 (a) Nojima, N; Kimura, I.; Chen, F. J.; Sugihara, Y.; HarunoJMat.Prod., 1998 61, 397
400. (b) Taniguchi,S; Asano, N.; Tomino, F.; Miwa,Horm. Metab. Res 1998 30, 679
683.

49
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methods for the preparation of fagomine have begorted’* The majority of
synthetic approaches have involved asymmetric synthesis for theuntiost of
stereogenic centers, chemical and enzymatic resolution, and synthetic strategy
from a readily available chiral pool.

In this context, hydroxymethylpiperider298 has proven to be an ideal
precursor for the synthesis difagomine and all its isomer209-211 (Figure
18).%"

N chiral building w
Boc blocks Boc

D-fagomine

Figure 18 Fagomine and its all isome2§9-211

This key intermediate was prepared in a stereoselective manner from
Garner aldehyde in 7 steps and 26% overall yi€ldhéme70). After Wittig

51 (a) Babich, L.; van Hemert, L. J. C.; Bury, A.; Hartog, A. F.; Falcicchio, P.; van der Oost, J.;

van Herk, T.; Wever, R.; Rutjes, F. P. J.Green Chem 2011, 13, 28952900. (b). Kim, J.
Y.; Mua, Y.; Jin, X.;. Park, S. H.; Pham, V. T.; Song, D. K.; L& Y.; Ham, W. H.
Tetrahedron 2011, 67, 94269432. (c) Bartali, L.; Casini, A.; Guarana, A.; Occhiato, E. G.;
Scarpi, D. EurJ. Org. Chem 2010 58315840. (d) Bartali, L.; Scarpi, D.; Guarna, A,
Prandi, C.; Occhiato, E. Gynlett2009 913916.(e) Kumari, N.; Reddy, B. G.; Vankar, Y.
D. Eur. J. Org. Chem 2009 1, 160169 (f) Yokoyama, H.; Ejiri, H.; Miyazawa, M.;
Yamaguchi, S.; Hirai, YTetrahedron: Asymmetr2007, 18, 852856. (g) Castillo, J. A,;
Calveras, J.; Casas, J.; Mitjans, M.; Vinardell,P.; Parella, T.; Inoue, T.; Sprenger, G. A.;
Joglar, J.; Clapés, Rrg. Lett. 2006 8, 606%6070. (h) Takahata, H.; Banba, Y.; Ouchi, H,;
Nemoto, H.; KatoA.; Adachi, I.J. Org. Chem2003 68, 36033607. (i) Lindsay, K. B.;
Pyne, S. GJ. Org. Chem2002 67, 77747780. (j) Désiré, J.; Drangld, P. J.Gore, P. M;;
Shipman, MSynlett2001, 13291331.(k) Banba, Y.; Abe, C.; Nemoto, H.; Kato, A.; Adachi,
l.,; Takahata, HTetrahedron: Asymmetr001 12, 817819. (I) Degiorgis, F.; Lombardo,
M.; Trombini, C.Synthesid997 12431245.(m) Fleet, G. W. J.; Smith, P. Wetrahedron
Lett 1985 26, 14691472.
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olefination, subsequent hydrolysis aDesilylation, compoun@14was subjected
to a threestep sequence (deprotectidfrAlkylation, N-protection) to afford the
diene215 Ringclosing metathesis (RCM) &f15 furnished the chiral building
block 208in a very good yield.

CHO PhsP*CHgl", —_—

NaN(TMS), : 1) p-TsOH.H,0, MeOH /C
o N — > O. N- OTBDPS
O N Boc THE ><_ B¢ ) 18pPSCI, DMAP, Im  BocHN
CH,CI
212 63% o 214
72%
1) CF3COOH, CH,Cl N
1) CF5COOH, CH,Cl, /(/OTBDPS Grubbs | catalyst y OTBDPS
2)4 Br-1-butene, K,CO3 CH,Cl, !
CH4CN Boc
0
3) (Boc),0, EtzN, THF 215 o7% 208

60%

Scheme70. Reported synthesis of piperidia@8.

In this context, we thought that thisefulness of our synthetic protocol
could be illustrated by the enantioselectpmeparationof piperidine208in a
two-step procedure from carbondt&?.

Our synthetic strategy is based on the utilization ofaptically active
(R)-3-amino1-butene4-ol (217) as a key intermediate and rinfpsing alkene
metathesis (RCM)3cheme71).°>*® This efficient approach could give access to
enantiomerically pure, stereochemically defined, five; and severmembered
heterocyclic scaffolds by just changing tienucleophilein the palladium
catalyzed AAA These substituteN-heterocyclic compourg] endowed with an
internal double bond, are versatile precursors suitable for further
functionalization. Asymmetric syntheses employing such intermediates could

52 For a review on olefin metathesis, s¢&) Trnka T. M.; Grubbs,R. H. Acc. Chem. Res.
2001,34, 1829. (b)Furstner A. Angew. Chenm200Q 112, 31463172.

For a recent review on the use of RCM in the synthesis of iminosugars see: Dragutan, |.;
Dragutan, V.; Demonceau, RSC Advance2012 2, 719736.

53
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lead to disclosure of further biologically relevant piperidine/azepane alkaloids
and iminosuges>*

Thus, reaction of allylic carbonalé7 with amine216in the presence of
Pd/R,R-L3 catalytic system afforded crud2l?. This productwas directly
subjected to ringlosing metathesisising : ULJKW TV FRW@hBH \WgesRQ V
PRO RI1 *UXEE \efhendtidir Ba@l@st n the presence of one equivalent
amount ofp-toluenesulfonic acidptTsOH.HO) to produce the azacycloalkene
218 in excellent 91% vyield and 94% ee (Scheme 71). Indeed, RCM of
compounds containing basic amines may poison the catalyst and have some
limitations. However, it has been reported that these limitations can be overcome
by protection or primnation of the amine. In this case, treatment of the secondary
amine withp-TSA was necessary as the RCM with the free base of the amine did
not proceed at all.

O-silylation andN-Boc protection of compoun?18 (87% yield over the
two steps) completed the synthesis of the piperidine intermezii@tdescribed
by Takahata, H. et al. in the total synthesi®dfagomine™ The spectroscopic
(*H and"*C NMR) data for syntheti208was identical to those reported.

As compound208 has been used as a synthetic intermediate in the
synthesis ob-fagomine, it involve a formal synthesis of this natural product.

Pd(n3-C3Hs)Cl Grubbs II, (5 mol %)
[Pd(n°-C3H5)Cl]2 HN X b N
(RR)-L3 p-TSA.H,0 (1.0 equiv)
157+ S~ N2 ———— HON OR?
CHyCl CH,Cl, reflux, 18h N
216 217 R’
91% yield 218: R'=R*=H
0
94% ee 208: R'=Boc, R2=Si'BuPh,
OH
Ref 51h wOH
= OH
b
H
fagomine

Scheme71. Formal synthesis db-fagomine.

54 Dragutan, I.; Dragutan, V.; Mitan, C.; Vosloo, H. C. M.; Delaude, RemonceauA.

Beilstein J. OrgChem.2011,7,699-716
% Wright, D. L.; Schulte, J. P. II; Page, M. @rg. Lett.200Q 2, 1847-1850.

222 141 2



CHAPTER4

In conclusion, plladium/DACH Naphtylcatalyzed allylic amination of
carbonate 157 affords compoundschiral branched amined63 192-195
intermediates for the preparation of biologically important compounds, in high
yields and regioand enantioselectivities. Amines can be used as nucleophiles,
differently than when butadiene monoepox{8d) was used. In this case the use
of amines as raleophiles mainly afforded the linear produéte hypothesized
that he excellent control of the regi@nd enantioselectivity in this situation
couldbedue to hydrogen bonding interactions between the hydroxyl group in the
substrate and the diphenylphbsm benzoic acidlerived ligand in the Pd
complex,it can be deduced by the dramatic change in the regioselectivity when
the hydroxyl group is protected or replaced by an alkyl chdiaybe future
works could focus on computational calculations of thep@sed interactions in
order to support the hypothesis & seems to be dificult to sefurther
experiments to confirm these.

These results enlarge the application of the palladdé@H Naphtyl
system for the preparation of the typé3 allyl amines, and dsed on this
protocol a short formal enantioselective synthesis of glycosidase inhilitor
fagomine is reported.
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[ll. Experimental Section
[ll.1. General Methods.

All chemicalsincluding DACHnaphthyl ligand and [Pd@ls)Cl], used
were reagent grade and used as supplied unless otherwise specified. HPLC grade
dichloromethane (C}Cl,), tetrahydrofuran (THF) and dimethylformamide
(DMF) were dried using a solvent purification system (Pure SOLV sy4fm

'H and *C NMR spectra wre recorded at 400 MHz and 101 MHz,
respectively, in CDGl DV VROYHQW XQOHVV VWDWHG ZLW
referenced to internal standards CR@L26 ppntH, 77.16 ppnt®C) or MeSi as
an internal reference (0.00 ppmH NMR spectra are reported as follows (s =
singlet, d = doublet, t = triplet, q = quartet, b = broad; coupling constant(s) in Hz;
integration).2D correlation spectra (gCOSY, NOESY, gHSQC, gHMBC) were
visualized using VNMR program (Varian®). ESI MS wera en an Agilent®
1100 Series LC/MSD instrument. Optical rotations were measured at room
temperature in a Perkilmer® 241 MC apparatus with 10 cm cells. dpectra
were recorded on a JASCO FT/0 plus Fourier Transform Infrared
Spectrometer ATR SpecdaBolden Gate. Reactions were monitored by TLC
carried out on 0.25 mm E. Meftkilica gel 60 F254 glass or aluminium plates.
Developed TLC plates were visualized under a sivaste UV lamp (250 nm),
by heating plates that were dipped in ethan@/®j (15:1), or in a basic solution
of potassium permanganate. Flash column chromatography was carried out using
forced flow of the indicated solvent on Flifkar Merck silica gel 60 (238400
mesh) and was performed using flash silica gely32 m) and using a soént
polarity correlated with TLC mobility.
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Absolute configurations for new nonracemic chiral compounds were
assigned on the basis of a general rule concerning the steric course of the Pd
catalyzedallylic substitution®* This rule was found to be correct for all cases that
were verified. Configuration of compounds obtained from carbobafewas
identical to those obtained froB¥. Allylic carbonatesl57, 159 and 161 were
synthesized according to reported proceddfes.

56 Levi M. Stanley and John F. Hartwid. Am. Chem. Sqc2009 131, 89718983 Gnamm,
C.; Franck, G.; Miller, N.; Stork, TBrodner, K.; HelImchen, GBynthesi2008 3331;3350.
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[11.2. Compound characterization

General Procedure for the Palladiyoatalyzed Asymmetric Allylic Amination of
Allylic Carbonates

In a Schlenk tube under argonmmsphere were introduced [P&
CsH5)Cl2 (1 mg, 2 mol%), the §,3-DACH Naphthyl ligandL3 (5.5 mg, 6
mol%) and CHCI, (10 mL). The resulting solution was stirred for 20 minutes.
Then, the carbonate (0.115 mmol) and nucleophile (0.127 mmol) were
successively introduced. The mixture was stirred at room temperature for 18h.
The reaction mixture was then diluted withQH The phases were separated and
the aqueous phase was extracted with,@H The combined organic phases
were dried over MgS§) filtered, and concentrated in vacuum. The resulting
crude was purified by flash chromatography to afford the pure product. The
enantomeric excess was determined-bMPLC analysis using a DAICEL
CHIRALCEL OD-H column. Initially a racemic mixture was prepared and
separated in order to confirm signals of both enantiomers.

(E)-But-2-ene1,4-diol (156)

A suspension of LIAIH (9.7g, 255.5 mmol) in

Ho SO anhydrous THF (100 mL) was cooled to 0°C, in an ice
Chemical Formula: C4HgO, bath. A solution of zutynel,4diol (10g, 116.2
Molecular Weight: 88,1060 | mymol) in THF (20 mL) was added dropwise over 30
minutes and the resulting suspension was refluxed for
20h. The mixture was let teeturn at room temperature and was cooled to 0°C.
Then, it was hydrolyzed by addition of aqueous solution of HCI 10% (50mL)
until no gas was developed. Removal of the salts by filtration, washing the filter
cake with E2O and evaporation of the solvent affed a yellow oil. Silica was
added to the residue and the solvents were removed under reduced pressure. The
residue was loaded into a chromatographic column and purified using Hexanes /
ethyl acetate 30:70 as eluent which gave the title compound aglesolal (9.2
g, 90%)."H NMR (400 MHz, DMSO-d6): / S S®67 (tdJ = 2.5 Hz, 1.4 Hz,
2H), 4.67 (td) = 2.5 Hz, 1.4 Hz, 2H), 3.938.90 (m, 4H)*C NMR (100 MHz,
DMSO-d6): / S S130.1 (2C), 61.2 (2C).
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(E)-4-Hydroxybut-2-en-1-yl methyl carbonate (157)

A solution of E)-but-2-enel,4-diol (156) (1 g,
11.35 mmol) and pyridine (1.3 mL, 15.89 mmol) in

I anhydrous AcCN (10 mL) was cooled to 0°C and
Chemical Formula: GehrgO4 methyl chloroformate (0.964 mL, 12.48mol) was
Molecular Weight: 146,1420 added dropwise. The mixture was stirred at 0°C for
1h, allowed to warm up to room temperature, and
then stirred for 18 h. Water (10 mL) was added, the phases were separated, and
the aqueous layer was extracted with,Chl (3 x 10 mL). The combigd organic
phases were washed with a saturated solution of €(®0mL) and NHCI (2 x
10 mL), dried over MgS§) filtered, and concentrated in vacuum. Crude product
was purified by flash chromatography on silica (Hexanes / ethyl acetate 8:2) to
afford 157 as a colored oil (0.6 g, 36 %H NMR (400 MHz, CDCl;): / SSP
5.93 (dtt,J = 15 Hz, 4 Hz, 1.4 Hz, 1H), 5.80 (d&~= 15 Hz, 6 Hz, 1.4 Hz, 1H),
4.60 (dqJ=6.0 Hz, 1.5 Hz, 2H), 4.13 (d,= 4.0 Hz2H), 3.75 (s, 3H), 2.21 (bs,
1H). °C NMR (100 MHz, CDCly): / S SP55.7, 134.5, 124.2, 67.7, 62.5,
54.9.

HO/\/\/O\H/O\

(E)-4-M ethoxybut-2-enyl methyl carbonate (158)

To a solution of (Ex-Hydroxybut2-enyl methyl
carbonatel57 (0.6 mg, 4.1 mmol) in THF (25 mL)

3 at room temperature, NaH (0.2 g, 8.2 mmol) was
Chemical Formula: C,Hy,0, | @dded. After 15 min., C#i (1.02 mL, 16 mmol)
Molecular Weight: 160,1690 was added dropwise to theaction mixture and

stirred for four hours. Then, sat. NEI/H,O was

added to the reaction mixture and the organic layer was separated. The aqueous
layer was extracted three times with dichloromethane. The combined organic
layer was washed with brine added over magnesium sulfate. After removal of
the solvents with a rotary evaporator, the residue was purified by column
chromatography (Si® hexane : ethyl acetate =8:3) to glh&&B8as an uncolorless
oil (558 mg, 85%)'H NMR (400 MHz, CDCly): / S SP92-5.71 (m, 2H),
4.58 (dd,J = 3.4, 2.3 Hz, 2H), 3.98.81 (m, 2H), 3.73 (s, 3H), 3.28 (s, 3HC
NMR (100 MHz, CDCly): / (ppm) 155.6, 131.6, 125.8, 71.9, 67.6, 58.1, 54.9.
HMRS (ESI-TOF) m/z [M+H] " Calcd for GH,50, 161.0808, found: 161.0826.
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(E)-Methyl 4-(trityloxy)but -2-enyl carbonate (159)

A solution of trityl chloride (1.42 g, 5.11
( @O%OTO\ mmol), triethylamine (1 mL), and DMAP
3

o] (0.03 g, 0.23 mmol) in 5 mL of DMF was
Chemical Formula: C43H4604 added slowly taa solution of E)-but-2-ene
Molecular Weight: 236,2670 1,4-diol (156) (0.5 g, 5.68 mmol) in DMF (2

mL). The reaction mixture was stirred at room temperature under nitrogen. The
reaction mixture was poured in ice water and extracted witfCGK#¥ x 20 mL).

The organic phases werersbinated and washed with saturated aqueougCNH
(30 mL) and water and dried over Mg$S@fter removal of the solvent under
reduced pressure, the resulting orange oil was purified using flash
chromatography on silica (Hexanes / ethyl acetate 3:1) todwd¥i99 g of a
white solid (59%). A solution of the freshly prepar&)-4-(trityloxy)but-2-en-1-

ol (0.99 g, 3.0 mmol) and pyridine (0.4 mL, 4.2 mmol) in anhydrougQGH10

mL) was cooled to 0°C and methyl chloroformate (0.35 mL, 4.5 mmol) was
added drowise. The mixture was stirred at 0°C for 1h, allowed to warm up to
room temperature, and then stirred for 18 h. Water (20 mL) was added, the
phases were separated, and the aqueous layer was extracted ¥@th (@bt 20

mL). The combined organic phases avashed with a saturated solution of
CuSQ (20 mL) and NHCI (2 x 30 mL), dried over MgSQ filtered, and
concentrated under vacuum. The crude product was purified by flash
chromatography on silica (Hexanes / ethyl acetate 95:5) to affé@las
uncoloredoil (0.89 g, 77 %)'H NMR (400 MHz, CDCly): / S SP467.43

(m, 6H), 7.327.27 (m, 6H), 7.26.21 (m, 3H), 6.00 (dtt] = 15.7 Hz, 5.5 Hz, 1.8
Hz,1H), 5.892 (dtt,), = 15.7 Hz, 5.0 Hz, 1.8 HiH), 4.664 (dd,) = 5.2 Hz, 1.0

Hz, 2H), 3.802 (s, 3H), 3.638 (dd= 5.2 Hz, 1 Hz, 2H)**C NMR (100 MHz,
CDCly): I S SP55.743,144.1 (3C), 132.5, 128.7 (6C), 128.0 (6C), 127.2 (3C),
124.0, 87.0, 68.2, 63.8, 55.0
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(E)-5-Hydroxypent-2-enyl methyl carbonate (160).

A solution of allyl alcohol (11.7 mL, 172 mmol)
HO\/\/\/O\H/O\ and pyridine (15.2 mL, 189 mmol) in dry ether (100

o) mL) was cooled to 0°C under nitrogen. To this
Chemical Formula: C7H1,0,4 solution, methyl chloroformate (14.6 mL, 948
Molecular Weight: 10,1690 mmol) was added dropwise over 30 minutes. A
white precipitate appeared and the resulting suspension was stirred for 18 h at
room temperature. After the reaction was complete, the suspension was filtered
through celite and the filtrate was washed withused CuSQ (20 mL) to
remove excess pyridine. The layers were separated and the aqueous phase was
extracted with diethyl ether (3 x 20 mL). The combined organic extracts were
dried over MgSQ filtered and distilled (5$0°C at 35 mmHg) to obtain pure
allyl methyl carbonate (19.3 g, 98 %But-3-ert1-ol (30mg, 0.40 mmol) and
freshly preparedallyl methyl carbonate (47 mg, 0.40 mmol) were added via
syringe to a stirred solution of"2generation Grubbs catalyst (0.02 mmol, 5
mol%) in CHCI, (2 mL). The flak was fitted with a condenser and refluxed
under argon for 12h. The reaction mixture was then reduced in volume to 0.5 mL
and purified directly on a silica gel column, eluting with hexanes : ethyl acetate
(6:4) to givel60as a brown oil (30 mg, 46%) NMR (400 MHz, CDCly): /
(ppm)5.79 (dtt,J = 15.3 Hz, 6.7 Hz, 1.0 Hz, 1H), 5.68 (ditz 15.3 Hz, 6.1 Hz,
1.0 Hz, 1H), 4.57 (dd) = 6.1 Hz, 1.0 Hz, 1H), 3.76 (s, 3H), 3.66 (pseudadlg
6.1 Hz,2H), 2.32 (pseudo @, = 6.1 Hz,2H), 1.73 (tJ = 5.2 Hz,1H). °C NMR
(100 MHz,CDClj): / S S¥55.7, 132.9, 126.2, 68.4, 61.6, 54.9, 36IMRS
(ESI-TOF) m/z [M+H]" Calcd for GH,40, 161.0808, found: 161.0786.

(E)-methyl pent-2-enyl carbonate (161)

A solution of the E)-pent2-enl-ol (1 g, 11.6
/\/\/OTOMe mmol) and pyridine (1.3 mL) in anhydrous &,
o] (12 mL) was cooled to 0°C and methyl
Chemical Formula: C7H+203 | chloroformate (1.0 mL, 13.9 mmol) was added
Molecular Weight: 144,1700 . . .
dropwise. The mixture was stirred at 0°C for 1h,
allowed to warm up to room temperature, and then stirred for 18 h. Water (20
mL) was added, the phases were separated, anatieous layer was extracted
with CH,CI, (3 x 30 mL). The combined organic phases were washed with a
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saturated solution of CugQ@0 mL) and NHCI (2 x 30 mL), dried over MgSQ
filtered, and concentrated under vacuum. Crude product was purified by flash
chromatography on silica (Hexanes / ethyl acetate 90:10) to afféidas
uncolored oil (1.64 g, 98 %).

(-)-(2R)-2-(4-Methoxybenzylamino)but-3-en-1-ol (163).

Following the general procedure carbonsb& was
HO/Y\ treated with (4-methoxyphenymethanaminel62
" in the presence of the Pd catalysts. The reaction
crude was purified by flash  column
chromatography (silica gel, hexaretOAc, 1:1) to
OMe give 163 as a colorless oil (23 mg, 969HPLC
C&iﬂiﬁ:;%tistczgr ;77282 [Daicel Chiralcel OBH, n-hexanéPrOH, 85:15,
flow = 0.5 mL/min, detection, UV 210 nm;
retention times (min), 12.68 (99.0 %), 16.57 (0.96 %) 98&4 .]p »° i c
0.41, CHC})). *H NMR (400 MHz, CDCls): / (ppm)7.24 (d,J = 8.4 Hz, 2H),
6.86 (d,J = 8.4 Hz, 2H), 5.68 (dddl = 17.0 Hz, 10.8 Hz, 7.4 Hz, 1H), 5.25 (,
=10.8 Hz, 1H), 5.23 (d]= 17.0 Hz, 1H), 3.81 (dl = 13.0 Hz, 1H), 3.80 (s, 3H),
3.61 (d,J = 13.0 Hz, 1H), 3.60dd, J= 10.5 Hz,J = 6.0 Hz, 1H), 3.38 (dd] =
10.5 Hz, 7.9 Hz, 1H)3.283.13td, J = 7.8, 4.6 Hz, 1) *C NMR (100 MHz,
CDCly): /(ppm)158.9, 137.5, 132.3, 129.5 (2C), 117.9, 114.0 (2C), 64.7, 62.0,
55.4, 50.4FTIR -ATR (cm™): 3297 2924, 1512, 124HMRS (ESI-TOF) m/z
[M+H] " calcd for GoH;gNO,: 208.1332, found: 208.1184.

N-(4-methoxybenzyl)pentl-en-3-amine (167) and (E)-N-(4-
methoxybenzyl)pent2-en-1-amine (172).

Carbonate 161 was treated with(4-

N h methoxyphenyl)methanaming62 and
H\/©/°Me following the general procedur@he
AN reaction crude was purified by flash
167 172 | column chromatography (silica gel,
_ hexanes€£tOAc, 9:1) to givel67 (3
Chemical Formula: C43HgNO
Molecular Weight: 205,3010 mg, 12%)and172 (16 mg, 68% dsa

colorless oil 19 mg, 80%) (ratio
30:70).
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Compound 167:'H NMR (400 MHz, CDCly): / (ppm) 7.257.19 (m, 2H),
6.896.83 (m, 2H), 5.61 (ddd] = 17.1, 10.3, 8.2 Hz, 1H), 5.2207 (m, 2H),
3.79 (s, 3H), 3.76 (d] = 12.9 Hz, 1H), 3.59 (d] = 12.9 Hz, 1H), 2.93 (td] =

8.2, 5.4 Hz, 1H), 1.61.36 (m, 2H), 0.87 (tJ = 7.5 Hz, 3H)."*C NMR (100
MHz, CDCIl5): / (ppm) 158.6, 141.2, 132.9, 129.5, 116.347, 113.9, 62.8, 55.4,
50.7, 28.5, 10.5.HMRS (ESI-TOF) m/z [M+H]" calcd for GaH,oNO:
206.1539, found: 206.1542.

Compound 172:'H NMR (400 MHz, CDCly): / (ppm) 7.257.19 (m, 2H),
6.87-6.80 (M, 2H), 5.66.55 (m, 1H), 5.55.42 (m, 1H), 3.80 (s, 3H), 3.48 (s,
2H), 2.99 (dd,J = 1.0 Hz,J = 6.5 Hz, 2H), 2.04..99 (m, 2H), 0.99 (] = 7.8 Hz,
3H). *C NMR (100 MHz, CDCly): / (ppm) 158.7, 136.3, 131.2, 130.5 (2C),
125.7, 113.6 (2C), 56.6, 55.4, 55.3, 25.6, 1BBIR-ATR (cm™): 2961, 2932,
1511, 1247, 969HMRS (ESI-TOF) m/z [M+H]* calcd for GaHNO:
206.1539, found: 206.1531.

(R)-1-Methoxy-N-(4-methoxybenzyl)but3-en-2-amine  (164) and E)-4-
methoxy-N-(4-methoxybenzyl)but2-en-1-amine (169).

To a solution of [E)-
4-hydroxybut2-enyl

\O OMe
/
é_mr@’o Voo /WH\/@ methyl carbonate
e
\

(157 (0.6 mg, 4.1
Chemical Formula: C13H1gNO, mmOI) i THF (25
Molecular Weight: 221,3000 mL) at room
temperature, NaH

(0.2 g, 8.2 mmol) was added. After 15 min.,££LE.02 mL, 16 mmol) was added
dropwise to the reaction mixture and stirred for four hours. Then, saCIRHHO

was added to the reaction mixture and the organic layer was separated. The
aqueous layer was extracted three times with dichloromethane. The combined
organic layers was washed with brine and dried over magnesium sulfate. After
removal of the solvem with a rotary evaporator, the residue was purified by
column chromatography (hexanes: ethyl acetate =8:3) tolg8as an colorless

oil that appeared slightly contaminated with -tlithethoxybutane, which could

not be separated and the mixture was afiyeused in the next reaction.
Following the general procedure carbonal®8 was treated with “
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methoxyphenyl)methanamiri&2in the presence of the Pd catalyst. The reaction
crude was purified by flash column chromatography (silica gel, Hex@&t@Ac,

1:1) to give an inseparable mixture of regioisomesg and 169 (15 mg, 60%
yield; ratio 35:65). Spectroscopical data extracted from the spectrum of the
mixture. 164: 'H NMR (400 MHz, CDCly): / (ppm) 7.257.17 (m, 2H), 6.89
6.78 (m, 2H), 5.8%6.63 (m, 1H),5.27 (dd,J = 17.0, 1.7 Hz, 1H), 5.21 (dd,=
10.1, 1.7 Hz, 1H), 3.79 (s, 3H), 3.78 (= 12.8 Hz, 1H), 3.58 (d] = 12.8 Hz,
1H), 3.383.32 (m, 3H), 3.32 (s, 3H)169: 'H NMR (400 MHz, CDCly): /
(ppm) 7.257.17 (m, 2H), 6.8%.78 (m, 2H), 5.8%.63 (m, 2H), 3.98.87 (m,
2H), 3.51 (s, 3H), 3.52 (s, 2H), 3.31 (s, 3H), 3.07)&, 5.3 Hz, 2H).HMRS
(ESI-TOF) m/z [M+H] " calcd for GsH»O,: 222.1489, found: 222.1480.

Bis-allylated linear product (173).

Following the general procedure carbonhy
OH was treated with (4
| o methoxyphenyl)methanamine 162 in the
\/©/ ~ | presence of the [Pd{-C;Hs)Cl], and PPk as
ligand. The product ratio was determéhby*H
Chemical Formula: C1H23NO3 NMR spectroscopy (branchelb3bis-allylated
Molecular Weight: 277,3640 i 1
linear 173 60:40). 'H NMR (400 MHz,
CDCly): /(ppm)7.197.12 (m, 2H), 6.846.71 (m, 2H), 5.7%.59 (m, 4H), 4.10
4.02 (m, 2H), 3.73 (s, 3H), 3.47 (s, 2H), 3286 (M, 4H)*C NMR (100 MHz,
CDCly): /(ppm)158.8, 132.3, 130.3, 129.6, 129.5, 113.7, 63.5, 57.6, 55.4, 55.4.
FTIR-ATR (cm™): 3297, 2924, 1512, 124HMRS (ESI-TOF) m/z [M+H]*
calcd for GgH.4NO4: 278.1751, found: 278.1736.

HO/\/\/N
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Bis-allylated linear product (175).

Following the general procedure
carbonate 159 was treated with (4-
Ph Ph methoxyphenyl)methanaming62 in the
presence of the Pd catalysthie reaction
crude was purified by flash column
chromatography (silica gel, hexanes
EtOAc, 95:05) to givel75as a colorless oitH NMR (400 MHz, CDCly): /
(ppm) 7.50-7.41 (m, 12H), 7.32.19 (m, 22H), 5.95.61 (m, 4H), 3.79 (s, 3H),
3.643.62 (m, 6H), 318-3.02 (m, 4H).”*C NMR (100 MHz, CDCly): / (ppm)
158.7, 144.4, 131.3, 130.4, 130.3, 129.0, 128.8, 127.9, 127.1, 113.7, 86.9, 64.7,
57.0, 55.4, 55.3HMRS (ESI-TOF) m/z [M+H]" calcd for GsHs;NOs:
762.3942, found: 762.3951.

Chemical Formula: Cs4H5/NO3
Molecular Weight: 762,0060

(-)-(2R)-2-(Benzylamino)but-3-en-1-ol (193).

Carbonatel57 was treated with benzylamink89
HO Y . .
HN following the general procedure. The reaction crude
was isolated by flash column chromatography
(silica gel, Hexane&tOAc, 1:1) to givel93 as a
_ colorless oil (18 mg, ¥ld: 93%). HPLC [Daicel
Chemical Formula: C44H45NO . .
Molecular Weight: 177,2470 Chiralcel OBH, n-hexanePrOH, 85:15, flow =

0.5 mL/min, detection, UV 210 nm; retention times
(min), 11.67 (95.18 %), 14.89 (4.82 %) 90e% [ .]p>> i ¢ 0.6, CHC}). *H
NMR (400 MHz, CDCls): / (ppm)7.367.30 (m, 3H), 7.29.24 (m, 2H), 5.75
5.64 (m, 1H), 5.2%.20 (m, 2H), 3.89 (d] = 13.0 Hz, 1H), 3.69 (dl = 13.0 Hz,
1H), 3.63 (dd,) = 10.6, 4.5 Hz, 1H), 3.40 (dd,= 10.6, 7.9 Hz, 1H), 3.24 (ddd,

= 7.7, 7.7, 4.5 Hz, 1H)"*C NMR (100 MHz, CDCl): / (ppm) 140.0, 137.2,
128.6, 128.4, 127.3, 118.1, 64.7, 62.2, 5EDIR-ATR (cm™): 3303, 2926,
2851.HMRS (ESI-TOF) m/z [M+H]" calcd for G;HgNO: 178.1226, found:
178.1082.
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2-(3,4-Dimethoxyphenethylamino)but3-en-1-ol (1%4).

Carbonate 157 was treated with 23,4

Ho/\‘/\ dimethoxyphenyl)ethanamind90 following the
NH general procedure. The reaction crude was purified
/Ojg)/ by flash column chromatography (silica gel,
~o hexanes£tOAc, 1:1) and gavd 94 as a colorless

Chemical Formula: C14Hp:NO3 oil (28 mg, 96%). HPLC [Daicel Chiralcel OB,
Molecular Weight: 251,3260 n-hexanePrOH, 90:10, flow = 0.5 mL/min,

detection, UV 210 nm; retention times (min),
25.97 (97.3 %), 29.11 (2.7 %) 9566 [ .]o > i c 0.18, CHC}). 'H NMR

(400MHz, CDCl3): / (ppm)6.75 (m, 3H), 5.62 (ddd] = 17.0 Hz, 10.7 Hz, 7.6

Hz, 1H), 5.17 (dJ) = 10.7 Hz, 1H), 5.15 (d] = 17.0 Hz, 1H), 3.87 (s, 3H), 3.85

(s, 3H), 3.58 (ddJ = 10.4 Hz,4.5 Hz, 1H), 3.33 (ddJ = 10.4 Hz,7.9 Hz, 1H),
3.223.15(m, 1H), 3.002.67 (m, 4H) *C NMR (100 MHz, CDCl): / SSP
149.0, 147.6, 137.5, 132.5, 120.7, 117.5, 112.0, 111.4, 64.6, 62.8, 56.0, 56.0,
48.5, 36.2FTIR-ATR (cm™): 3297, 2927, 1514, 1260, 1026MRS (ESI-

TOF) m/z [M+H]* calcd for G4H2NOs: 252.1594, found252.1592.

(-)-(2R)-2-(Cyclohexylamino)but-3-en-1-ol (195).

Carbonatel57 was treated with pentatramine

Ho/Y\ 191 following the general procedure. The reaction
HN\O crude was purified by flash  column
chromatography (silica gel, EtOAdeOH, 9:1) to

Cl\:sgﬁ;mz;ﬁ fggHz‘éQf give 195 as a white foam (18 mg, 91%HPLC

: [Daicel Chiralcel OBH, n-hexan€PrOH, 85:15,
flow = 0.5 mL/min, detection, uv 306 nm; retention times (min), 6.54 (99.14%),
5.59 (0.86%) 98 %e [ .]Jo> i  c0.72, CHC}). *H NMR (400 MHz, CDCly):
/ (ppm)5.71:5.60 (m, 1H), 5.26.14 (m, 2H), 3.58.53 (m, 1H), 3.38.25 (m,
2H), 2.52 (ttJ = 10.3 Hz,J =3.8 Hz,1H), 2.32 (bs, 1H), 1.94.86 (m, 1H), 1.82
1.67 (m, 3H), 1.63.54 (m, 1H), 1.33.09 (m, 4H), 1.090.94 (m, 1H)."*C
NMR (100 MHz, CDCls): / (ppm) 138.1, 117.0, 64.7, 59.1, 53.6, 37.7, 33.3,
26.2, 25.2, 24.8FTIR-ATR (cm’l): 3248, 2923, 2855, 1083MRS (ESI-
TOF) m/z [M+H] " calcd for GgH,oNO: 170.1539, found: 170.1600.
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(-)-(2R)-2-(Pentylamino)but-3-en-1-ol (196).

Carbonatel57 was treated with pentalramine
HO/Y\ 192 following the general procedure. The reaction
HN. A~~~ crude was purified by flash  column
Chemical Formula: CoH1gNO | chromatography (silica gel, EtOAdeOH, 9:1) to
Molecular Weight: 1572570 1 give commpund 196 as a colorless oil (16 mag,
90%). HPLC [Daicel Chiralcel O, n-hexane
'PrOH, 85:15,flow = 0.5 mL/min, detection, uv 313 nm; retention times (min),
6.23 (98.18%), 7.81 (1.82%) 966& [ .]o>° i  c1.15, CHCJ). 'H NMR (400
MHz, CDCl3): /(ppm)5.735.61 (m, 1H), 5.26.17 (m, 2H), 3.62 (ddJ = 10.6
Hz,J= 4.7 Hz,1H), 3.39 (ddJ = 10.6 Hz,J = 7.8 Hz,1H), 3.20 (tdtJ = 7.8 Hz,
J=4.7Hz,J= 0.9 Hz,1H), 2.85 (bs, 1H), 2.71 (ddd~= 11.4 HzJ=8.1 HzJ =
6.6 Hz, 1H), 2.50 (ddd] = 11.4 HzJ = 8.1,J = 6.4 Hz, 1H), 1.58.41 (m, 2H),
1.37-1.23 (m,4H), 0.99.85 (m, 3H)."*C NMR (100 MHz, CDCly): / SSP
137.1, 118.0, 64.3, 63.0, 47.0, 29.7, 29.6, 22.6, HIIR -ATR (cm™): 3298,
2927, 2857, 1457, 1048HMRS (ESI-TOF) m/z [2M+Na]" calcd for
CigH3sN,NaO,: 337.2831, found: 337.2885.

(E)-4-(pyrrolidin -1-yl)but-2-en-1-ol (198)°’

Carbonatel57 was treated with pyrrolidiné97a
following the general procedureThe reaction
crude was purified by flash  column
chromatography (silica gel, EtOAc) to give
compound198 as a colorless oil (11 mg, 69%).
'H NMR (400 MHz, CDCly): / (ppm)5.91:5.72 (m, 2H), 4.18.09 (m, 2H),
3.153.09 (m, 2H), 2.52.50 (m, 4H), 1.83.76 (m, 4H).*C NMR (100 MHz,
CDCly): /(ppm)133.5, 127.8, 59.8, 53.8, 52.4, 23.5.

HO/\/\/D

Chemical Formula: CgH5NO
Molecular Weight: 141,2140

57 Hennequin, L.F.; Stokes, E.S.E.; Thomas, A.P.; Johnstone, C.; Plé, P.A.; Ogilvie, D.J,;
Dukes, M.; Wedge, S.R.; Kendrew, J.; Curwen, J.®4ed. Chem2002,45,13001312.
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(E)-4-(Dibenzylamino)but-2-en-1-ol (199)°°

Carbonate 157 was treated  with

dibenzylamine 197 following the general
\/@ procedure The reaction crude was purified by

HO/%/N flash column chromatography (silica gel,

C,\;;n; ﬁ;f&;g;:i gé‘;H;;ZNOO HexanesEtOAc, 1:1) to give compounii99

as a colorless oil (21 mg, 71%H NMR

(400 MHz, CDCl): / (ppm)7.437.16 (m, 10H), 5.8%.71 (m, 2H), 4.10 (d] =

4.3 Hz, 2H), 3.819, 4H), 3.58 (s, 4H), 3.07 (d,= 4.8 Hz, 2H)*C NMR (100

MHz, CDClj): / SSP39.7, 131.9, 129.8, 128.9, 128.5, 128.3, 126.94, 63.4,

58.1, 55.3.

(E)-4-((1-Hydroxybut -3-en-2-yl)(pent-4-enyl)amino)but-2-en-1-ol (202).

Carbonatel57(2 equiv.) was treated with pentan

Ho/Y\ l-amine 200 (lequiv.) following the reaction
Ho SN conditions. The reaction crude was purified by
Chemical Formula: Cy3Hp3NO, flash column chromatography (silica gel, EtGAc
Molecular Weight: 25,3320 MeOH, 9:1) to give202as a colorless oil (45 mg,

86%)'H NMR (400 MHz, CDCly): / (ppm)

5.865.62 (m, 4H), 5.27 (ddd] = 10.5 Hz,J = 1.7 Hz,J = 0.6 Hz, 1H), 5.15
(ddd,J =17.2 Hz,J = 1.7 Hz,J = 0.9 Hz, 1H), 4.18..12 (m, 2H), 4.14 (d) =
5.4 Hz, 2H), 3.498.44 (m, 2H) 38-3.26 (m, 2H), 2.95 (ddl= 14.4 HzJ=7.5
Hz, 1H), 2.633.53 (m, 1H), 2.33 (ddd}, = 13.0 Hz,J = 8.3 Hz,J = 4.6 Hz, 1H),
2.141.96 (m, 2H), 1.64.47 (m, 2H)."*C NMR (100 MHz, CDCl;): / SSP
138.4, 132.6, 132.2, 130.1, 120.1, 114.9, 63.6, 63.3, 60.8, 51.7, 48.7, 31.5, 27.6.
FTIR-ATR (Cm'l): 3366, 2924, 1418, 997, 91HMRS (ESI-TOF) m/z
[M+H] " calcd for GsH,4NO,: 226.1802, found: 226.1859.

58 Cresswell, A. J.: DaviesS. G.; Lee, J. A.; Morris, M. J.; Roberts, P. M.; Thomson, J. E.
Org. Chem 2012 77, 72624#281.
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(E)-4-(tert-Butylamino)but-2-en-1-ol (204)

Carbonatel57 was treated with teifbutylamine

H 203following the general procedur&he reaction
Ho/\/\/N\ﬁ crude was purified by flash  column
Chemical Formula: CgHyNO chromatography (silica gel, QHIZ/M(?OH) to
Molecular Weight: 143,2300 | 9ive compound204 as a colorless oil (11 mg,
69%). 'H NMR (400 MHz, CDCly): / (ppm)
5.835.79 (m, 2H), 4.13.08 (m, 2H), 3.21 (d) = 4.6 Hz, 2H), 2.30 (bs, 1H),
1.13 (s, 9H)*C NMR (100 MHz, CDCly): / (ppm)131.4, 130.1, 77.5, 77.2,
76.8, 63.0, 51.1, 44.3, 28.8HMRS (ESI-TOF) m/z [M+Na]® Calcd for
CgH1/NNaO: 166.1202, found: 166.1225.

(+)-(29)-2-(But-3-enylamino)but-3-en-1-ol (217).

Carbonatel57 was treated with be@-enrl-amine

: 216 in the presence ofR{R-DACH Naphtyl or

HN. _~_~ . .

Chemical Formula: GabieNO (R,R-L3 Il.gand following thg Igeneral procedure.
Molecular Weight: 141,2140 The reaction crude was purified by flash column
chromatography (silica geEtOAcMeOH, 9:1) to
give 217 as a colorless oil (14 mg, 89%). HPLC [Daicel Chiralcel-BDn-
hexanéPrOH, 85:15,flow = 1 mL/min, detection, uv 309 nm; retention times
(min), 4.0 (97%), 4.4 (3%) 94 %e [ .]p* +12.1 € 4.1, CHC}). 'H NMR (400
MHz, CDCly): /(ppm)5.78 (tddJ=17.0 HzJ=10.1 HzJ = 6.8 Hz, 1H), 5.64
(ddd,J=17.2 HzJ=10.6 HzJ = 7.6 Hz, 1H), 5.2%.17 (m, 2H), 5.146.01 (m,
2H), 3.59 (dd,J = 10.5 Hz,J = 4.5 Hz,1H), 3.35 (ddJ = 10.5 Hz,J = 8.0 Hz,
1H), 3.223.13 (m,1H), 2.76 (tdJ = 11.2 Hz,J = 7.0 Hz, 1H), 2.56 (td) = 11.2
Hz,J = 6.7 Hz, 1H), 2.3@.19 (m, 2H).°*C NMR (100 MHz, CDCl): / SSP
137.7, 136.5, 117.5, 116.7, 64.6, 62.8, 46.1, 3BAR-ATR (cm'l): 3277,
3075, 2919, 2849, 1455, 110HMRS (ESI-TOF) m/z [M+H]" calcd for
CgH1gNO: 142.1226, found: 141.1241.
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(-)-(29) (1,2,5,6Tetrahydropyridin -2-yl)methanol (218).

In a Schlenk tube under argon atmosphere [Pd(
N o C:H5)Cll, (1 mg, 2 mol%), the R,R-DACH

@ Naphthyl ligand or R,R-L3 (5.5 mg, 6 mol%) and
Chemical Formula: CgHyNO | CH2Cl2 (10 mL), were introduced. The resulting
Molecular Weight: 13,1600 |  golution was stirred for 20 minutes, and then, the

carbonatel57 (0.115 mmol) and buB-en-1-amine

216(0.127 mmol) were successively introduced. The mixture was stirred at room
temperature for 18h. Thep;toluenesifonic acid monohydrate (22 mg, 0.115
mmol) was added to the solution and the mixture was stirred for 30 min at room
WHPSHUDWXUH XQWLO WKH VROXWLR QueaétdiionPH KRP
catalyst (5 mg, 0.0058 mmol, 5 mol %) was added, and théi@olvas stirred
under reflux for 18h. Water (20 mL) was added, the phases were separated, and
the aqueous layer was extracted with,CH (3 x 10 mL). The aqueous phase
was concentrated under vacuum. The residue was dissolved in MeOH and
Amberlite™-OH was added. The heterogeneous solution was stirred for 2 hours
and then, filtered, and concentrated to afford pure prall&¢12 mg, 92%) as a
colorless oil.[ .]p *° i ¢ 32, MeOH).'H NMR (400 MHz, CD,0D): /
(ppm)5.925.82 (m, 1H,), 5.63 (ddd} = 10.3,J = 4.2 Hz,J = 2.2 Hz, 1H), 3.50
(dd,J=6.2, 3.1 Hz, 2H), 3.48.33 (m, 1H), 3.05 (ddd,= 12.1 HzJ=5.5 Hz,J
= 3.9 Hz, 1H), 2.81 (ddd] = 12.1 Hz,J = 8.8,J = 4.9 Hz, 1H), 2.22.11 (m,
1H), 2.161.96 (m, 1H)*C NMR (100 MHz, D,0): /(ppm)128.0, 124.4, 63.1,
54.4, 39.9, 23.4FTIR-ATR (cm™): 3301, 3027, 2922, 2852, 1636, 1454.
HMRS (ESI-TOF) m/z [M+H]" calcd for GHy;,NO: 114.0913, found:
114.0908.

(S)-tert-Butyl  2-((tert-butyldimethylsilyloxy)methyl) -5,6-dihydropyridine -
1(2H)-carboxylate (208).

5 Compound 218 (0.010g, 0.088 mmpl was

NOC‘\\\ dissolved in dry CBCl, (1 mL) and treated

@ OTBDPS under argon withtert-butyldiphenyl chloride
Chemical Formula: CypHgyNOSSI (0.03 mL, 0.1. mmol) and |m|daz.ole(0.01 g, 0.2
Molecular Weight: 451,6820 mmol).The mixture was then stirred for 16h at

room temperatureThe reaction mixture was
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then diluted with HO. The phases were separated and the agueous phase was
extracted with CECl,. The combined organic phases were dried over MgSO
filtered, and concentrated in vacuuio stirred solution of crude mixture (0.088
mmol), EgN (0.019 mL, 0.13 mmol) and DMAP (catalytic amount) in,CH (2

mL) was added (Bogd (0.03mL, 0.13 mmol) at o temperature. After being
stirred for overnight, the solvents were removed under reduced pressure. The
residue was then partitioned with,® and EtOAC. The aqueous layer was
extracted with EtOAC (3 times) and the combined organic layers were washed
with saturated aqueous NaHgCbrine, dried (MgSG) and concentrated in
vacua The reaction crude was purified by flash column chromatography (4%
EtOAc in hexanes) and ga2@8as a colorless oil (25 mg, 87%).]o* A
(c0.94,CDCL), [ .]o*" A c 1.04 CDCly) described)'H NMR (400 MHz,
CDCly): / (ppm) 1.04 (s, 9H), 1.34.50 (m, 9H), 1.82.03 (m, 1H), 2.12.27

(m, 1H), 2.813.08 (m, 1H), 3.68.81(m, 2H), 4.091.26 (m, 0.5H), 4.38.51

(m, 0.5H), 5.625.85 (m, 1H), 5.88%.01 (m,1H), 7.3%.44 (m, 6H), 7.6&.70

(m, 4H). °C NMR (100 MHz, CDCl): / 8n) 162.4, 135.5, 135.5, 133.4,
129.6, 127.6, 127.5, 126.8, 79.9, 66.7, 55.55, 41.0, 36.4, 31.3, 26.8, 26.0, 19.2.

Stoichiometric reaction of [Pgdba)] and vinyl epoxidé4 affording
complex206

[Pd.dba] (94 mg, 0.1640 mmol) was mixed with vinyl epoxi8lé23 mg,
0.3281 mmol,) and LiCl (35 mg, 0.8203 mmol,) in THF (10 mL). The progress of
the reaction was followed byH NMR spectroscopy. After 60 min the product
was purified by column chromatography ksing CHCI, until all dibenzylidene
acetone was eluted and then CH/Et,0O 1:1 to get pure comple206. 'H NMR
(400 MHz, CDCL): / S S¥®845.36 (m, 1H), 4.06 (d) = 6.8 Hz, 1H), 3.97
(dt,J=11.0, 4.0 Hz, 1H), 3.80 (dd,= 15.0, 2.5 Hz, 1H), 3.58 (dd,= 15.0, 4.0
Hz, 1H), 3.00 (dJ = 12.1 Hz, 1H)**C NMR (100 MHz, CDCLy): / S S108.4,
83.1, 60.8, 59.7.
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Synthesis of acyclic nucleoside analogues

[. Introduction

I.1. Acyclic Nucleoside Analogue

7KH 3QRUPDO” DQG PRUH DEXQGDQW YLUDO OL
herpesviruses, replicates their genome and expresses their genes autonomously,
independent of the host cell metabolism. Unlike retroviruses as the HIV virus,
herpesviruses do not haveexerse transcriptiostep in their replicative cycle, so
thattheir DNA genome must be replicated by the viral DNA polymetase.

At present, the drugs prescribed for the treatment of herpesvirus
infections are nucleoside analogues like acyclic guanosiale@res (acyclovir,
penciclovir, ganciclovir) and their oral prodrug forms (valaciclovir, famciclovir
and valganciclovir, respectivelyfFigure 19.2 A prodrug is a compound that has
to undergo transformation within the body before eliciting its therapeutic action.
This strategy is based on chemically modifying an active substance by attaching
pro-moieties to pharmacophorésdeally, it should overcome the biochemical
and physical barriers impeding drug transport of the parent substance. All of the
nucleoside analoguesrgsented before, target the viral DNA polymerase.
Nonetheless, in order for this to happen, they have to interact with viral DNA
synthesis. For this reason, they need to be phosphorylated intracellularly to form
sequentially the monpdi-, and triphosphatnucleosidé.

1 De Clercq, ENat. Rev. Drug Dis2002 1, 13-25.

2 McKenna, C. E.Kashemirov, B. A.Eriksson, U. Amidon, G. L; Kish, P. E; Mitchell, S;
Kim, J-S.; Hilfinger, J. M.J. OrganometChem 2005 690, 26732678.

3 Votruba I.; Bernaerts R.; Sakuma T.; De ClercqMerta A; Rosenberg.] Holy A. Mol.
Pharmacol.1987 32, 524529.
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Figure 19. Antiviral agents available for the treatment of herpesvirus infections.

In their triphosphate form, these nucleoside analogues can interact with
the viral DNA polymeras@as competitive inhibitors or as alternative substrates.
In the last case, the incorporation of these compounds can prevent further chain
elongation. The first phosphorylation step is crucial for the antiviral activity of
the acyclic nucleoside analogues.fact, this step confines the effectiveness of
the compounds to viruses that do induce a specific kinase phosphorylating of the
compounds while making them inactive against viruses that either do not induce
a specific TK (thymidine kinase) or PK (protekinase) or have developed
resistance to the compounds through mutations in these enzymes. Thus,
acyclovir, penciclovir, and ganciclovir are ineffective against HEV (herpes
simplex virus), TKVZV (varicellazoster virus), PKCMV (cytomegalovirus),
and any other DNA viruses (polyomavirus, papillomavirus, adenovirus, and
poxvirus) that fail to ensure phosphorylation of the nucleoside to the nucleoside
monophosphate (nucleotide}.>°

4 De Clercq, E.; Field, H. Br. J. Pharmacol.2006 147, 1-11.

5 Bronson, J. J.Ghazzouli, I; Hitchcock, M. J. M. Webb, R. R.; Martin, J. Cl. Med. Chem
1989 32, 14571463.

6 De Clercq, ECIin. Microbiol. Rev2003 16, 563596.
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I.2. Acyclic Nucleoside Phosphonates (ANPS)

There is another rdiad class of compounds that shows the same
biological activities: the acyclic nucleoside phosphonates (ANPs). The ANPs are
nucleotide analogues in which a phosphonate group is linked to a purine or
pyrimidine through an aliphatic chain via an ether linkajbe phosphonate
group (with a stable £ bond) is equivalent to a phosphate group, but, unlike
phosphate, phosphonate can no longer be cleaved by the esterases or any
catabolic enzymes at large. These esterases would normally convert nucleoside
monophospates back to their nucleoside form. For this reason, ANPs show a
broader antiviral activity spectrum than acyclic nucleoside analogues such as
ACV.’

There are three ANPs that have been formally licensed for the treatment
of severe viral infections: (i)Cidofovir, Vistide® for HCMV (Human
Cytomegalovirus) infections (i.e. HCMYV retinitis) in AIDS patients, (ii) adefovir
dipivoxil, Hepserd for chronic HBV (hepatitis B virus) infections, and (iii)
tenofovir  disoproxil fumarate (TDF), Vire8d for HIV (Human
Immunodeficiencyirus) infections AID$Figure 20.>%°°

NH,
N7 N\ N7 N\ _
N
PSS a e DU Ut
e N 0" o o, 0 \ HOL O
YOYOVO/ ~ YOTOVO/P\/O COOH  HO™ ™
0 o] HO
Adefovir Tenofovir Cidofovir
[PMEA] [(R)-PMPA] [(S)-HPMPC]

Figure 20. Structure of the principal ANPs.

7 Topalis, D; 3 U D GUy;RbY, V, Caillat, C; Azzouzi, A; Broggi, J; Snoeck, R.Andrei, G;

Lin, J; Eriksson, S. Alexandre, J. A. G.EI-Amri, C.; Deville-Bonne, D, Meyer, P;

Balzarini, J.; Agrofoglio, L. AJ. Med Chem2011, 54, 222232.

Balzarini, J;, Pannecouque, CDe Clercq, E.Aquaro, S, Perno, GF.; Egberink, H.; Holy,

A. Antimicrob. Agents Chemoth&002 46, 21852193.

° Webb II, R. R, Wos, J. A; Bronson, J. J.; Martin, J. Qetrahedron Lett1988 29, 5475
5478

10 Declercq, EBiochemPharmacol 2007, 73, 911-922.

222 163 2



Among ANPs, the cytosine derivative S{1-(3-Hydroxy-2-
phosphonylmethoxypropyl)cytosine (HPMPC) is one of the most active ones.
The antiviral properties dEidofovir, now on the market as Vis#d (Figure 20
were first described in 1987 by De Cleregal This compound and its cyclic
analogue have demonstrafadritro (andin vivoin somecases) activity against a
wide range of DNA viruses including polyomaapilloma, adene, herpes and
pox-viruses. Among the family of herpesviridae, all eight human herpesviruses
have proved to be susceptible to the inhibitory effects of cidofovir. SEinee
applies to vaccine, variola, cowpox and monkeypox among the poxviruses. The
human cytomegalovirus (HCMV) figures among the members of herpesviruses
that can cause severe complications in immunocompromised patients. Actually,
cidofovir is the first agclic nucleoside phosphonate licensed for the intravenous
treatment of HCMV retinitis in AIDS patient§.

This short intraluction on the acyclic nucleoside analogues shows us that
antiviral chemotherapy is well established for the prevention and treatment of
many important virus infections. Until the 1950s, the kind of viruses discussed

here was widely believed not to be stsE WLEOH WR 3DQWLELRWLF’

was based on the notion that a virus inhibitor must indyitad toxic for the host
cell. Acyclic nucleoside analogues have been thigsithat changed this concept.
The prodrug concept is now an integral pdrthe drug discovery process and it
will continue to be widely exploited by the medicinal chemist.

1.3. Acyclic nucleoside analogues synthesis

Due to the relevant biological properties of acyclic nucleosides, a high
number of analogues have been prepamd @sted as antiviral compounds,
containing modifications in any part of the Cidofovir structdtdsdeed, such

u D .UHpPHURY,A Piskal® @.6Masajikova, M.; Andrei, G.; Naesens, L.; Neyts,
J.; Balzarini, J.; De Clercq, E.; Snoeck, R.Med.Chem 2007, 50, 1069161077. (b) Holy,
A. Curr. Pharm. Des2003 9, 256%2592.(c) De Clercq, EAntiviral Res 2007, 75, 1-13.(d)
Holy, A. Antiviral Res2006 71, 248253.(e) Ruiz, J. C.; Beadle, J. R.; Aldern, K. A.; Keith,
K. A.; Hartline, C. B.; Kern, E. R.; Hostetler, K. ¥ntiviral Res 2007, 75, 87-90. (f) Ciesla,
S. L.; Trahan, J.; Wan, W. B.; Beadle, J. R.; Aldd(nA.; Painter, G. R.; Hostetler, K. Y.
Antiviral Res 2003 59, 163171.(g) Keith, K. A.; Hitchcock, M. J.; Lee, W. A.; Holy, A,;
Kern, E. R. Antimicrob.Agents Chemother2003 47, 21932198. (h) Bindanset, D. J;
Beadle, J. R.; Wan, W. B.; Hostetl&t, Y.; Kern, E. R J. Virol. 2004 190, 499503.
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modifications can assist inseveral ways, including modification of the
heterocyclic basecarbon chain and phosphonate maietyhe former is
somewhat limited, taking into account that the ability to form hydrogen bonds
must be retained in order to achieve some biological activity. Accordingly, the
number of heterocycles that can be used as alternative bases is limited even
though there is a caiderable catalogue of possibilitigsigure 21collects some

of these analogues with modifications in the carbon chain.

Most of the modificationinvolve the hydroxymethyl chair220), which
has been removed or replaced by series of methyl and ethyl derivatives including
the corresponding unsaturated fragments. The alkyl chain has also been replaced
by a triethylenglycol unitZ21). Another modificdion involves the exchange of
atoms at positions 4 and 5 giving rise to the replacement of the phosphonate by a
phosphate unit222), (223. Vinyl ANP (224) and their allyl 225 analogues
have also been describ&d.

It is particularly noticeable thathé mly access to these nucleoside
analogues is chemical synthesis, and a great effort is still necessary to develop
new routes to a wide variety of modified nucleosides.

12 Hiroki, K.; Topalis, D.; Broggi, J.; Pradere, U.; Roy, V.; BerteRaboin, S.; Nolan, P. S;
Deville-Bonne, D; Andrei, G.; Snoeck, R.; Garin, D.; Crance, J.; Mgrofolio, L. A.
Tetrahedror2008 64 3517-3526.
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Figure 21. SeveralCidofovir analogues.

Based on the nucleophilicty of nucleic bases, acyclic nucleosides are
commonly synthesized by alkylation with halogenated hydrocarbons, aza
Michael additiorreduction sequence with Michael acceptors such .as
unsaturated aldehydes or ringenng reaction with propylene oxides or
pyranoid ring Scheme 7@ More recently, Mitsunobu couplifyand the
addition of different nucleophiles to-@lenyl-9H-purines, catalyzed by silver,
have been reportéd. However, many of these procedures afford achiral
compounds or racemic mixtures, although antiviral activity depends on the
configuration of the nucleoside, both enantiomers showing very different
activities.

13 For a recent reviewbout chemical synthesis atyclic nucleosides se&uo, H-M.; Wu, Y .-
Y.; Niu, H.-Y.; Wang, D-C.; Qu, G:R. in Chemical Synthesis of Nucleosidaalogues
Merino, P. ed., Wiley, p. 16362,2013

14 Gug, H.-M.; Wu, Y.-Y.; Niu, H.-Y.; Wang, D:C.; Qu, G:R. J. Org. Chem201(Q 75, 3863
3866.

5 Wei, T.;Xie, M-S.; Qu, GR.; Niu, HY.; Gou, HM. Org. Lett.2014 16, 900-903.
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N\

= X OR
T +  NuH addition Alkylation B ¢ ~Ah
B won rey'
B = Nucleic Base
R4 =H, OH, CH,0H, Alkyl, etc
Ry =H, OH
R = H, CH,PO(OEY),, etc
ring-opening i) aza-Michael
rey w‘q
ii) reduction
Ro/\@O + B B+ RSN

Scheme72. General methods to synthesize acyclic nucleosides analogues.

Consequently, the development of methods allowing the synthesis of both
enantiomers with high optical purity sghly desirable.

Il. Results and Discussion
Il.I. Retrosynthé&c scheme

In this context, our aim is to propose a new enantioselective method to
obtainstructurally related Cidofovir2R4) and allyl ANP 225 (Figure22). From
a structural point of view, the target compounds present a structure where the
nucleic base is directly connected to a stereocenter, whose stereochemistry was
chosen according to that presenCidofovir.

o NH, o
S e oy
0N o 07N 4 9/ oH 0~ "N 9 on
Zp-OH 1;K,Zlg\fl/P\OH "o
on | Sou!
vinyl ANP (224) HPMPC (Cidofovir) allyl ANP (225)

target compounds

Figure 22. Structural relationship betweenddfovir and the target compounds.
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Based on a similar stratedy thatused in the synthesis of nectrisine, we
thought that starting from carbonét&7, or from vinyl epoxide54, compound
226 and 227 could be easily prepared through a palladicatalyzed allylic
substitution reaction, using nucleic bases as nucleophileswtdl by cross
metathesis reaction with allydiethylphosphonat€Scheme73). This strategy
would afford unsaturated compounds relatethad of the allyl ANP analogues
Moreover, other purine and pyrimidine bases could be also considered in order to
afford a smallibrary of acyclic nucleotide phosphonate analogues.

HO/\/\/OCOQMe

/ 157

cross

B 9/0H metathesis B /

HO\/'\/\/ P< =~ Pd-catalyzed
OH — R1O\/k/ allylic amination

228
226: B = cytosine \Qj\

227: B = adenine M

O
54

Scheme73. Retrosynthesis of ANP226and227.

II.2. Synthesis of allyl amines by a fdtalyzed allylic amination
reaction.

As alreadydiscussed in the introduction and in the previous chapter, Pd
catalyzed asymmetric allylic substitution has become a powerful tool for the
construction of @, G-N, C-O and GS bonds of defined configuration with high
enantioselectivityParticularly, Pecatalyzed deracemization of vinyl epoxide is
an efficient procedure for preparingathino3-butenl-ol derivatives® which
are versatile staring materials for the synthesis of natural products. We have
recently shown that this type of amiatcohol derivéives can also be efficiently
obtained from methyl-butenl,4-diol-carbonate

The use of nucleobasé¥ as nucleophiles in asymmetric Batalyzed
allylic alkylation™ is not trivial. These molecules have been shown to behave

6 Trost, B. M.; Home, D. B.Weltering, M.J. Chem Eur. J. 2006 12, 6607-662Q
7 Trost, B M.; Kuo, G. H.; BennecheT. J. Am. ChemSoc 1988 110, 621-622
8 Trost, B M.; MadsenR.; Guile, S, D. Tetrahedron Lett1997, 38, 17071710.
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differently to other simple noleophile®?! such as malonates, sulfinates, azides
and amines in desymmetrization processes. Thus, nucleobases displayed a
remarkable effect on the catalytic turnover and the enantioselectivity of
desymmetrization reactions, probably because the nuclegphiys a role, and

also due to their ability to serve as competitive ligands, and thereby disrupt the
normal coordination of palladium.

In order to avoid selectivity problems, and/or-aikylation, the process
demands previous protection of theconday amino functionalities other than
N*. Furthermore, protection would increase the lipophilicity of the compounds,
allowing for the use of common organic solvents in thed&dlyzed asymmetric
allylic amination.

Thus, reaction of cytosine with B@nhydride in the presence of DMAP
and THF at room temperature afforded the full protected product after 12h,
which was treated with NaHG@nd MeOH at 50°C for 1h to give the desired
product229in 98% yield Schemer4).

Boc\N,Boc Boc\N,Boc
Boc,0 (4eq) NaHCO3
/g DMAP (cat) ‘ SN MeOH ‘ NN
_—
THF, overnight l}l/&o 1h, 50°C N/go
rt, 99% Boc 98% H

cytosine
229

Scheme74. Synthesis of starting materiaP9.

Thus, we initially tested the reaction of vinyl epoxitié with di-Boc-
cytosine229in the presence of 2 mol% @Pd K¥-C;Hs)Cl], associated with 6
mol% of R,R-L3 in dichloromethane at reflux for 18 h. These conditions led to
the desired product as a single regioisomer in 87 % vyield, but with a moderate

¥ Trost B. M. Acc. Chem. Re4996 29, 355364

20 Trost B. M.; MadsenR.; Guile, S D.; Brown, B. J. Am. Chem. So200Q 122,59475956

2L Trost B.M.; Madsen, R.; Guile, S.G.; Elia, &£. H. Angew Chem Int. Ed Engl. 1996 35,
15691572

22 Andrea, P.; Giampaolo, G.; lvana, P.; Mariolino, C.; Giammaridc. J. Org. Chem2008
34, 57865797
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enantiomericexcess of 79%gee (Table 7, entry 1). When the reaction was
conducted at room temperatupFrpduct230 was obtained in an excellent 94%
yield and 90%ee (Table 7, entry 2). However, decreasing the temperature to
10°C was detrimental for the enantioselectivity, which decreased to B&iSke

7, entry 3).

Table 7. Influence of temperature on allylamination of butadiene monoepoxidsing
229as nucleophiles, arf®d *-C3Hs)CI]./(R,R-L3 as catalytic systeffl.

Q :'Z O Boc. .Boc
NH HN N
~N
Boc., 8 OO OO N 0
00N E0° PPh, PhP DS

W . EIN (R,R)-L3 6mol% " O\/N‘\; . Boc J\i;“/\/\/OH
N/go [Pd(n*~C3Hs)Cll, 2mol% E}loc
H CH,Cl,,18h
54 229 230 231
Temp. Conversion  Yield of 230 ee
Entry (°C) (%) [b] (%) [c] (%) [e]
1 reflux >08 87 79
2 rt >98 94 90
3 -10 >08 91 85

el Conditions: catalyst (2 mol%)R(R-L3 (6 mol%), butadiene monoepoxi@g4) (1 equiv),229
(2.0 equiv.), 18hroom temperatureconcentration: 0IM. ' Determined by'!H NMR. Only
branche regioisomer was observed Isolated yield of branche230 conpound.”® determined by
chiral HPLC ODH Column.

In order to obtain high enantioselectivities, in addition to a selective
alkylation of one diastereomeric intermediate over the other, a Gdmtimmett
condition must be established, wherein interconversfddd-allyl intermediates
is rapid and successfully competes with nucleophilic addition. In this regard,
KHDWLQJ FDQ IDYRU HlyKibt€rmédiatesMuRaQth® sameKime E
can also balance the rates of corresponding nucleophilic additions, leading to
decreased ené#ioselectivities, as it happens to be the case. On the other hand,
lower enantioselectivities when the reaction was performed at lower temperatures
PD\ EH DWWULEXW-HIgl canpleWdqtilidcabovy beirg Islaer than
the rate of nucleophilicteack.
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Synthesis of acyclic nucleoside analogues

Both the regie and enantioselectivity are rationalized with the cartoon
model of Trost cheme 75°° (9-54 will ionize via a matched pathwag &fford
233 while (R)-54 undergoes a mismatched ionization to gi282 The
intermediate232and233 FDQ UHDGLO\ LQ WHE FFRHFKHBDWW VIP\ [DE &
the allyl terminus. Protected cytosir#29 is directed to react at the more
substituted carbon by hyogen bonding. Nucleophilic approach V283 is
favored because the nucleophile enters under a raised flap, while2B2thmde
the nucleophile encounters a lowered flap.

Mismatched ®d

ionizaty' j

H O 232

M N \
sa O o=
N= n—c—n reaction B B
Matched N—Boc oc., .Boc
ionization od N
1 | SN
ﬂ Matched N/go
\E’l@/ Ho X~
~No\0 230

233 A\H\N
N
o )

/
Boc

N/Boc

Scheme75. Model developed by Trost explaining both the regiad the steroselectivity
of the reaction.

We then tested the reaction of carbonat directly with diBoc-
cytosine £29. Results are collectenh Table 8. Initially, carbonatel57 was
reacted with229in the presence of 2 mol% dP( *-C;Hs)Cl], and 6 mol% of
(S,9-L3 in dichloromethaneTable 8, entry 1). The branched produ280 was
obtained in 94% vyield and 87%e The use of BSAOAC did not improve the
results Table8, entry 3. Lowering the temperature raised the enantioselectivity
from 87% to 91.% (Table8, entry 3. Further optimization focused on catalyst
loading. When the catalysts loading was decreased from 2 mol% to 0.5 mol% a

2 Trost, B. M.; Toste, F. DI. Am. Chem. Sot999 121, 45454554,
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drastic drop in the enantioselectivity waduced Table 8, entries 1, Jand 6).
Similarly, raising the catalyst to 3 mol% had not significant influenceeon

It has been shown that this reaction is fairly sensitive to concentration
effects and enantioselectivity waatered by minor concentration changes.
Indeed, the interconversion between the two diastereoisomeric intermediates is a
unimolecular process; therefore, its rate should be unaffected by concerdfation
nucleophile On the other hand, nucleophilic attaskbimolecular, and its rate
GHSHQGVY ERWK RQ WKH FRQFHQWUDWLRQalRIl WKH QXF
intermediate. Thus, the rate of nucleophilic attack in more concentrated media
increases and consequently occurs bef@ equilibration of te Gllyl
intermediateis produced. Thus, decreasing the concentration to 0.@Ewas
raised to >99%Table8, entry 7).
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Synthesis of acyclic nucleoside analogues

Table 8. Influence of Pd loading and temperature on allylic amination of carbdiate
with cytosine derivative29 affording230using Pd/ R,R-L3 as catalytic systeffl.

Boc\ Boc
NH HN
Boc\
PPh2 h,P

HO\//§°/\OCOOM9 . )§ (R,R)-L3 6mol%
[Pdn>~C3Hs)Cl], 2mol%
CH,Cl,,18h
157 229 230
P T Conversion
Entr %) ! ee (%)
y (mol %) C) (%) q )
(Yield) (%)
1 2 rt >98 (94) 87
2l 2 rt >98 (95) 83
3 2 -10 >98 (92) 92
4 1 rt >98 (90) 47
5 0.5 rt >98 (92) 22
6 3 rt >98 (93) 83
71 2 rt >98 (92) 99

econditions: CatalystHd{ 3-C3Hs)Cl], / (R,R-L3 (1:3), 157 (1 equiv.), 229 (2.0 equiv.),
reaction time = 1818h, concentration = 0.02 M A branched/linear ratio > 98:<2 was
observed in all case¥! Isolated yield of branched regioisom&t.Determined by HPLC (see
experimental sectionf! 3 equiv. of BSAand 4 mol% of KOAc were addétiConcentration =
0.01 M.

Under all the conditions evaluated, the brandNeadkylated product was
observed exclusively, demonstrating the high regioselectivity of the
transformation.

From Table 8, it can be concluded that substra&/ provides excellent
yields andregio- and enantioselectivities in the reaction with-ltbccytosine
(229 using Pd/(R,R-L3 as the catalytic system. Wieein decided to extend this

222 173 2



comparative study to other pyrimidinic and purinic bases. Results are collected in
Table9.

In the case of uracil, imrder to avoid the reactivity through3,l\this
group was protected as*enzoyl derivative 34) with an excess of benzoyl
chloride, in the presence of pyridinelzsse Scheme 76A).** Adenine was also
protected using the same methodology as in the case of cytosine protection
(Scheme 76B) yielding to theN,N-diboc adenineZ35) in very good yield.

B

o
BzCl, Py
ﬁkNH _ acetonitrile ﬁk )K©
N/go 0°C , 12h A
H

65%

uracil 234
A
NH, Boc\N,Boc Boc.  .Boc
N
N A Boc,0O (4eq) NaHCO3;
| )N DMAP (cat) </N | SN MeOH NN
—_—_—
Ny A AL AL
H THF, overnight ‘ N 1h, 50°C N N
rt, 99% Boc 96%
adenine

Scheme76. Synthesis of starting materiaB4 and235.

Thus, when234 was treated with carbonafib?7 or epoxide54, in the
presence of PdR,R-DACH-naphtyl, compoun@38was obtained with a similar
enantioselectivity in both caseBable9, entries 1, 2).

24 Kwon, S,C.; Gi Jeong, C.; Sang Moo IGwang II, A.; Hakjune, RJ. Med.Chem.2007, 50,

60326038.
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Synthesis of acyclic nucleoside analogues

Table 9. PalladiumCatalyzed Allylic Amination of carbonate57 and epoxides4 with
pyrimidinic and purinic base234-237.%

[Pd(n3-C3Hs)Cll

Ho/\ﬁ:;OCOZMe +  Base-H (5,513 HO Base/
CH,Cl,
- 238: Base = Bz-ur
OM a2t 239: gase = lI?I(Boc)z—ade
54 240: Base = Cl-pur
241: Base = benzimidazole
o) N(Boc), Cl
LT oL O
) \ N \
Base-H: H /&O tN P H> QN/ H> H
234 235 236 237

Entr Starting Nucleophile Product Conv.” ee
Y material P (Yield)® %)
1 157 234 238 >98 (92) 84
2 54 234 238 >98 (83) 84
3 157 235 239 >98 (92) >99
4 54 235 239 >98 (92) 94
5° 157 236 240 >98 (96) 95
6° 54 236 240 >98(89) 96
7° 157 237 241 >98 (92) 90
8 54 237 241 >98(89) 90

& Conditions: CatalystHd( 3-C3Hs)Cl], (2 mol%), R,R-L3 (6 mol%), 157 or 54 (1.0 equiv.),

nucleophile (2.0 equiv.), rime = 16h,concentration= 0.0L M. ! Isolated yield of branched
regioisomer.”! Ratio of branched /linear has been determinedtbyNMR spectroscopy of the
crude productd? Determined by HPLC (see experimental secti6h{S,3-L3 (6 mol%) was used.

Then, purinic bases were testddi-bocadenosine 435 reacted with
carbonatel57 in the presence ofR(R-L3 to provide239in an excellent 96%
yield and 99%ee (Table 9, entry 3). When the reaction was conducted with
epoxide54 yield was also excellent and enantioselectivity achievéd @2able
9, entry 4). 6Chloropurine 236) is a versatile starting material in nucleoside
synthesis since it allows a set of useful and well known transformations for
synthesizing nucleoside derivatives. When carbob@avas treated witl236in
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the presence ofR;R-L3 under similar conditions, enantioselectivity decreased
slightly in comparison with the case wh285was used, achiving 94%e(Table

9, entry 5), while reaction with monoepoxidg4 furnished240in lower ee 89%
(Table 9, entry 6). When the reaction was driven using carbor&te or
monoepoxide54 and benimidazde (8€) as nucleophile, the yield was also
excellent but enantioselectivity was a bit lower, achieving @@% both cases
(Table9, entiies 7,8).

[I.3. Synthesis of allyl aminesderivatives by Ru-catalyzed cross
metathesi

Bearing in mind the retrosynthetic scheme for the synthesis of cidofovir
analogues, the cross metathesis reaction was subsequently ex@leeedhe
past decadeWKH ROH¢{;Q PHWDWKHVLVY UHDFWLRQ KDV EHF
advanced organic synthesis, mainly due to the introduction of various ruthenium
catalysts such as those developed by Grébbgveyda?’ Nolan? The ring
closing metathesis reactions haveebealready utilized in the construction of a
variety of phosphorus containing organic molecélds. 2003 Grubbset al*°
reported a general model for selectivity in crosstathesis (CM), in which they
ranked olefin reactivity in CM and categorized theksfins by their abilities to
undergo homodimerization via CM and by the stability of those homodimers.

% Azzouz M. (2012) Enantioselective Synthesis of NatuPabducts Ph.D. Thesis. Universitat
Rovira i Virgili, Spain.

26 (a) Fu, G. C.; Grubbs, R. H. Am. Chem. Sot992 114 54265427. (b) Fu, G. C.; Nguyen,
S. T.; Grubbs, R. HJ. Am. Chem. So0&993 115 98569857. (c) Scholl, M.; Trnka, T. M.;
Morgan, J. P.; Gabbs, R. HTetrahedron Lett1999 40, 22472250.

a7 (a) Kingsbury, J. S.; Harrity, J. P. A.; Bonitatebus, P. J.; Hoveyda, A. Am. Chem. Soc
1999 121, 791-799. (b) Harrity, J. P. A.; Visser, M. S.; Gleason, J. D.; Hoveyda, A. Am.
Chem. Socl997, 119 14881489. (c) Garber, S. B.; Kingsbury, J. S.; Gray, B. L.; Hoveyda,
A. H.J. Am. Chem. So200Q 122 81688179.

2 Hang, J.; Stevens, E. D.; Nolan, S. P.; Peterson, J. Am. Chem. Sod 999 121, 8168
8179.

2 (a) Hanson, P. R.; StoianayD. S Tetrahedron Lett1998 39, 39393942.(b) Hanson, P. R.;
Stoianova, D. STetrahedron Lett1999 40, 32973300.(d) Bujard, M.; Gouverneur, V.;
Mioskowski, C.J. Org. Chem1999 64, 21192123. (e) Schuman, M.; Trevitt, M.; Redd, A.;
Gouverneury. Angew.Chem., Int. Ed200Q 39, 24912493

30 (a) Chatterjee, A. K.; Choi. T. L.; Sanders, D. P.; Grubbs, R. Am. ChemSoc.2003 125,
1136011370. (b) Chatterjee, A. K. Morgan, J. P. Scholl, M. Grubbs, RJHAmM. Chem.
S0c.200Q 122 37833784
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Synthesis of acyclic nucleoside analogues

Based on this model, H. Kumamoto at*? described the syntheses of various
acyclic nucleoside phosphonates via alkene emetmthesis. They established
the reactivity and stereochemistry of the crosspling metathesis of various €5
substituted crotylated uracil with vinyl(and allyl) phospatas.

As model substrates for synthesizing acyclic nucleosides containing
pyrimidinic and purinic bases we selected compow#kand 239, containing
cytosine and adenine moieties, respectiv@lye primary hydroxyl group was
initially protected by reactiowith tert-butyldiphenylsilyl chloride in DMF in the
presence of imidazole to afford compourgdR and243 in 85% and 80% vyield
respectively(Scheme 78 According to the retrosynthetic scheme and following
previous works in this field® compounds242 and 243 were then treated with
diethyl allylphosphonate in the presenceGriubbs secondeneration catalyst
(C2) to afford compound244 and 245, in an excellent 92% and 90% vyield,
respectively, as a result of the cresstathesis reaction. Compounds with
configuration were exclusively obtained as judged'yNMR spectroscopy of
the crude product. Removal of protecting groups in both nucleic bases and
phosphonate moieties was carried out by treatment of comp@dddsnd 245
with TMSBr in dichloromethan& to afford the target acyclic nucleosid286
and227in excellent yields?

E/OEt
Z " 0Et
B B 2" Gen. Grubbs C2
TBDPSCI, imidazole o
HO\/k/ — = 5 TBDPSO\/'\/ (5 mol%)
DMF, 12h, rt, CH,Cl,, reflux, 16h,
230: B = N(Boc),-cyt 242: B = N(Boc),-cyt (85%)
239: B = N(Boc),-ad 243: B = N(Boc),-ad (80%)
B o} B' O on
1 _OEt TMSBr, CH,CI i
TBDP! \/'\/\/P\ bl et N HOMP\
SO & OEt OH
rt, 60h
244: B = N(Boc),-cyt (92%) 226: B' = cytosine (93%)
245: B = N(Boc),-ad (90%) 227: B' = Adenine (89%)
N(Boc), N(Boc),
N
B= ‘ \/l or ¢ fj\l
N~ ~0 N N7

| /
Scheme77. Synthesis of target compoug@6 and227.
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In conclusion, acyclic nucleoside®26 and 227 were successfully
prepared in high yields and enantioselectivities, by pallagiatalyzed allylic
substitution of compound$57 and 54, using pyrimidinic and purinic bases as
nucleophiles, followed by rutheniubatalyzed crosmetathesis diethyl
allylphophonate and removal of protecting groups.

Biological evaluation of these nucleosides analogues as chemotherapeutic
and antiviral agents is currently in progress in the Laboratory of Virology and
Chemotherapy of Prof. Jan Balzarini (University of Leuvemr|gBim), and
therefore due activity profiles of these compounds will be presented when
provided.
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Synthesis of acyclic nucleoside analogues

[ll. Experimental Section

[11.1. General Methods

All chemicals used were reagent grade and used as supplied unless
otherwise specified. HPLC grade dichlorahene (CHCI,), tetrahydrofuran
(THF) and dimethylformamide (DMF) were dried using a solvent purification
system (Pure SOLVsysted?). Toluene was purified using standard procedtrre.

'H and**C NMR spectra were recorded on a Varian® Mercury VX 400
(400 MHz and 100.6 MHz respectively) or Varian 408 spectrometer in
&'&0 DV VROYHQW ZLWK FKHPLFDO VKLIWV3;/ UHIH
(7.26 ppm'H, 77.23 ppn>C) or MeSi as an intetal reference (0.00 pprmH
NMR spectra are reported as follows (s = singlet, d = doublet, t = triplet, g =
quartet, b = broad; coupling constant(s) in Hz; integrati@h). correlation
spectra (gCOSY, NOESY, gHSQC, gHMBC) were visualized using VNMR
progran (Varian®). ESI MS were run on an Agiléni100 Series LC/MSD
instrument. Optical rotations were measured at room temperature in a-Perkin
Elmer® 241 MC apparatus with 10 cm cells. IR spectra were recorded on a
JASCO FT/IR600 plus Fourier Transform Infred Spectrometer ATR Specac
Golden Gate. Optical rotations were measured at 598 nm on a Jas@®IP
digital polarimeter using a 100 mm céllhe enantiomeric excess was determined
by an HPLC analysis using a DAICEL CHIRALCEL GHDcolumn.

Reactions were onitored by TLC carried out on 0.25 mm E. Merck®
silica gel 60F254 glass or aluminium plates. Developed TLC plates were
visualized under a shewtave UV lamp (250 nm) and by heating plates that were
dipped in ethanol/k80, (15:1) and basic solution of pess&ium permanganate.
Flash column chromatography was carried out using forced flow of the indicated
solvent on Fluka® or Merck® silica gel 60 (2800mesh). Radial
chromatography was performed on 1 or 2 mm plates of Kieselgel 60 PF254 silica
gel, dependingn the amount of product. Flash column chromatography (FCC)
was performed using flash silicagel 82 P DQG HPSOR\HG D VROYH
correlated with TLC mobility.

st Perrin, D. D.; Armarego, W. L. RRurification of Laboratory ChemicalS8rd ed., Pergamon

Press, Oxford,989
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[11.2. Compound characterization

General Procedure 1. Palladivcatalyzed allylic amiation from butadiene
monoepoxide.

In a Schlenk tube under argon atmosphere [P@¢Hs)Cl], (2 mol%),
the DACH naphthyl Trost Ligand3 (6 mol%), the nucleophile (1.1 equiv.) and
CH,CI, (c = 0.01M) were introduced. The resulting solution was stirred for 20
minutes. Thenbutadiene monoepoxidd.0 equiv.) is added in one portion. The
mixture was stirred at room temperature for 18h. The reaction mixture was then
diluted with HO. The phases were m®ated and the aqueous phase was
extracted with CECl,. The combined organic phases were dried over MgSO
filtered, and concentrated in vacuum. The resulting crude was purified by flash
chromatography to afford the pure product.

General Procedure 2. Padium-catalyzed allylic amination from (E)-
Hydroxybut2-en1-yl methyl carbonate in basic medium

In a Schlenk tube under argon atmosphere [P@¢Hs)Cl], (2 mol%),
the DACH naphthyl Trost liganfL3) (6 mol%) and CHCI, (c = 0.0L M). The
resulting solution was stirred for 20 minutes. Theéne carbonat€1.0 equiv.),
nucleophile (2.0 equiv.), BSA (3.0 equiv.) and KOAc (4 mol %) were
successively introduced. The mixture was stirred at room temperature for 18h.
The reaction mixturgvas then diluted with 0. The phases were separated and
the aqueous phase was extracted with,@}H The combined organic phases
were dried over MgSg) filtered, and concentrated in vacuum. The resulting
crude was purified by flash chromatography to affihre pure product.

General Procedure 3. Palladiveatalyzed allylic amination from (E)-
Hydroxybut2-en1-yl methyl carbonate in absence of base.

In a Schlenk tube under argon atmosphere [P@¢Hs)Cl], (2 mol%),
the DACH naphthyl Trost ligantl3 (6 mol%) and CHCI, (¢ = 0.0LlM) were
introduced. The resulting solution was stirred for 20 minutes. Thergarbonate
(1.0 equiv.) andhe nucleophile(2.0 equiv.) were successively introduced. The
mixture was stirred at room temperature for 18h. Tlaetren mixture was then
diluted with HO. The phases were separated and the aqueous phase was
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Synthesis of acyclic nucleoside analogues

extracted with CECl,. The combined organic phases were dried over MgSO
filtered, and concentrated in vacuum. The resulting crude was purified by flash
chromat@graphy to afford the pure product.

4-((bis(tert-Butoxycarbonyl)amino)-1-((29-1-hydroxybut-3-en-2-yl)-1,2-
dihydropyrimidine -2-one (230).

Following the general procedure 1 compound
>|\ )OL i J< 230 was prepared from butadiene monoepoxide
o N 0 (54) (0.015mL),229(0.06 g, 0.231 mmoljPd( *-
ﬁi CaHs)Cl]» (1 mg, 0.003 mmol) andR(R-L3 (5.5
N™ "0 mg, 0.008 mmol) indichloromethane g mL).
Ho A~ o . _
Purification by silica chromatography (10:2
Chemical Formula: C1gHx7NsOs) - hexanes/EtOAc) provided the desired prod2@®®
Molecular Weight: 381,4290
as a yellow syrup (41 mg, 94%) and 90 &é

Following the general procedure 3 compound 230 was prepared from
carbonatel57 (17 mg, 0.116 mmi), compound229 (72 mg, 0.231 mmol),
[Pd( 3-C4Hs)Cl], (1 mg, 0.003 mmol) anthe (R,R-L3 (5.5 mg, 0.008 mmol) in
dichloromethane (12 mL). Purification by siliagel chromatography (10:2
hexanes/EtOAc) provided the desired prod2®80 as a yellow syrup (40 mg,
92%) and 99%ee determined by chiral HPLCD@icel Chiralcel OBH, n-
hexanePrOH, 85:15.flow = 0.5 mL/min, detection, uv 254 nm; retention times
tr(R) = 16.8 min andx{S) = 19.2 min).

[9o°° i c 1.06, CHCJ) for ee = 99% 'H NMR (400 MHz, CDCly): /
(ppm) 7.67 (d,J = 7.5 Hz, 1H), 7.05 (d1 = 7.5 Hz, 1H ), 6.0 (ddd] = 17.0 Hz,
10.6 Hz, 5.9 Hz, 1H), 5.42 (dd,= 10.6 Hz, 1.5 Hz, 1H), 5.30 (dd= 17.0 Hz,
1.5 Hz, 1H), 5.2&.23 (m,1H), 4.003.94 (m, 2H), 3.15 (bs, 1H).55 (s, 18H).
%C NMR (100 MHz, CDCly): /(ppm)161.9, 155.8, 149.7, 147.2, 132.7, 120.5,
96.2, 85.1, 62.7, 61.2, 27.BTIR-ATR (cm™): 2918, 2849, 1775, 1741, 1665,
1460, 1369, 1313, 1253, 1154, 1131, 7BBIRS (ESI-TOF) m/z [M+H]"
calcd for GgH»gN3Og: 382.1973, found: 382.1946.
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(9)-3-Benzoyt1-(1-hydroxybut-3-en-2-yl)pyrimidine -2,4(1H,3H)-dione (238).

Following the general procedure 1 compound
? 9 238 was prepared from butadiene monoepoxide

ﬁ /N:‘\© (54) (0.03 mL), 3-benzoylpyrimidine2,4(1H,3H)

HOJ\; dione234 (0.1 g, 0.46 mmol)[Pd( *-CsHs)Cl], (3

mg, 0.008 mmol) and thR[R)-L3 (0.02 g, 0.025

Chemical Formula: C1sH1N204 | mymo) jn dichloromethane8@ mL). Purification by

Molecular Weight: 286,2870

silica chromatography (1:1 hexanes/EtOAc)
provided the desired product as a yellow syrup (27 mg, 83%) and &84%
Following the general procedure 2 compound 238 was prepared from
carbonat 157 (17 mg, 0.116 mmol)234 PJ PPRO %6 9%
0.3469 mmol), KOAc (0.5 mg)> 3 G-C;Hs)Cl], (1 mg, 0.003 mmol) and the
(RR)-L3 (5.5 mg, 0.008 mmol) in dichloromethar(@2 mL). Purification by
silica gel chromatography (1:1 hexanes/EtOAc) provided the desired pradact
as a yellow oil (30 mg, 90%) and 96 && Following the general procedure 3
compound9b was prepared from carbonat&7 (17 mg, 0.116 mmol), product
234 (72 mg, 0.231 mmol)Pd( 3-C;Hs)Cl], (1 mg, 0.3 mmol) and th&’(R)-L3
(5.5 mg, 0.008 mmol)in dichloromethane 12 mL). Purification by silica
chromatography (1:1 hexanes/EtOAc) provided the desired pr@B&as a
yellow syrup (30 mg, 92%) an84% ee determined by chiral HPLCDaicel
Chiralcel ODH, n-hexane<PrOH, 85:15.flow = 0.5 mL/min, detection, uv 254
nm; retention times (min), 83, 108(R) = 83 min and«(S) = 100 min).

[40° 1 c¢1.8, CHCL) for ee= 96%. ‘H NMR (400 MHz, CDCl3): /| SSP
7.947.91 (m, 2H), 7.65 (tt) = 7.4 Hz, 1.2 Hz, 1H), 7.50.46 (m, 2H), 7.42 (d}

= 8.0 Hz, 1H), 5.9 (ddd] = 17.0 Hz, 10.6 Hz, 6.3 Hz, 1H), 5.77 {¢ 8.0 Hz,
1H), 5.42 (dd,J = 10.6 Hz, 1.5 Hz, 1H), 5.35 (dd= 17.0 Hz, 1.5 Hz, 1H), 5.23
5.07 (m,1H), 3.903.79 (m, 2H), 2.38Ks, 1H)."*C NMR (100 MHz, CDCly): /
(ppm) 169.1, 162.4, 150.4, 142.9, 135.3, 131.8, 131.5, 130.6 (2C), 129.3 (20C),
120.9, 101.8, 62.6, 59.FTIR-ATR (cm™): 3481, 1743, 1699, 1649, 943.
HMRS (ESI-TOF) m/z [M+H]" calcd for GsHisN,O, 287.1026, found:
287.1015.
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6-(bis-tert-Butoxycarbonyl)amino)-9-((29-1-hydroxybut-3-en-2-yl)-9H-

purine (239).

o o
>|\OJ\NJJ\O)<

Chemical Formula: C1gH,7N505
Molecular Weight: 405,4550

Following the general procedure 1 compound
239 was prepared from butadiene monoepoxide
(54) (0.02 mL),235( 0.1 g, 0.3 mmol),>3 G-
C3H5)Cl]2 (2 mg, 0.006 mmol) and thdRR)-L3

(23 mg, 0.019 mmol) in dichloromethane (27 mL).
Purification by silicagel chromatography (1:1
hexanes/EtOAc) provided the desired prodig9

as a yellow syrup (0.101 g, 92%) and 94e%

determined by chiral HPLC (Daicel Chiralcel &) n-hexanesPrOH 90:10, 1
mL/min?, tzx(R) = 15.4 min andg{S) = 18.2 min).Following the general
procedure 3 compound239 was prepared from carbonat&7 (17 mg, 0.116
mmol), 235(72 mg, 0.2312 mmol) 3 G-C;Hs)Cl], (1 mg, 0.003 mmol) and the
(RR)-L3 (5.5mg, 0.008 mmol) in dichloromethane (12 mL). Purification by
silica chromatography (1:1 hexanes/EtOAc) provided the desired prd8@et

a yellow oil (43 mg, 92%) and 99%e.[ §o>° i

¢ 0.92, CHC}) for ee=

99%. 'H NMR (400 MHz, CDCly): / (ppm) 8.84 (s, 1H), 8.17 (s, 1H), 6.20
(ddd,J = 17.1 Hz, 10.5 Hz, 6.4 Hz, 1H), 5.40 (s 10.5 Hz, 1H), 5.3®.18 (m,
1H), 5.14 (dJ= 17.1 Hz, 1H), 4.28.10 (m, 2H), 3.80 (bs, 1H), 1.47 (s, 18H).
13C NMR (100 MHz, CDCly): / (ppm)153.0, 151.7, 150.8, 150.6, 145.1, 132.7,
129.1, 119.7, 84.1, 63.8, 61.3, 2FTIR -ATR (cm™): 3347, 2979, 2926, 1787,
1600, 1107HMRS (ESI-TOF) m/z [M+H]* calcd for GgH,sNsOs: 406.2085,

found: 406.2073.

(2R)-(6-Chloro-9H-purin -9-yl)but-3-en-1-ol (240).

Chemical Formula: CgHgCIN,O
Molecular Weight: 224,6480

Following the general procedure 1 compound
240was prepared from butadiene monoepox#® (
(0.024 mL), 236 (0.05 g, 0.3235 mmol),> 3 G-
C;3H5)Cl], (2 mg, 0.006 mmol) and th&§-L3 (14
mg, 0.017 mmol ) in dichloromethane (30 mL).
Purification by silica chromatography (1:1
hexanes/EtOAc) provided the desired prod240

as a colorless oil (60 mg, 89%) and 963 determined by chiral HPLC.
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Following the general procedure 3 Compound240 was prepared from
carbonatel 57 (17 mg, 0.116 mmol236(72 mg, 0.231 mmol)> 3 G-C;Hs)Cl],

(1 mg, 0.003 mmol) and th&§-L3 (5.5mg, 0.0069 mmol) in dichloromethane
(12 mL). Purification by silicagel chromatography (1:1 hexanes/EtOAc)
provided the desired produ2d0 as a colorless oil (25 mg, 96%) and 9%%
determined by chiral HPLCD@icel Chiralcel OBH, n-hexanesPrOH, 90:10,
flow = 1 mL/min, detection, uv 254 nm; retention times (min), 18.3130
tr(R) = 19.30 min andk(S) = 18.31 min)[ §o>° +10.8 € 1.23, CHC}) for ee=
96%. '"H NMR (400 MHz, CDCly): / S S®870 (s, 1H), 8.23 (s, 1H), 6.21
(ddd,J=17.0 Hz, 10.4 Hz, 6.4 Hz, 1H), 5.43 (dd; 10.4 Hz, 1.4 Hz, 1H), 5.30
5.25 (m, 1H), 5.24 (dd] = 17.0 Hz, 1.4 Hz, 1H), 4.28.15 (m, 2H), 3.86 (t) =
6.3 Hz, 1H).*C NMR (100 MHz, CDCly): / S S#1.8, 151.5, 151.4, 145.5,
132.2, 131.2, 120.4, 63.7, 61 BTIR-ATR (cm™): 3347, 2927, 1591, H,
1337.HMRS (ESI-TOF) m/z [M+H]" calcd for GH1,CIN,O: 225.0538, found:
225.0494.

(R)-2-(1H-Benzo[d]imidazol1-yl)but-3-en-1-ol (241)

was prepared from butadiene monoepoxi&d) (
(0.03 mL), 237 (0.05 g, 0.42 mmol), >3 G

_ C;sH5)Cl]» (3 mg, 0.009 mmol) and th&§)-L3 (16
Chemical Formula: C41H{2N>,O i .

Molecular Weight: 188,2300 mg, 0.023 mmol) in dichloromethane (39 mL).
Purification by silica gel chromatography (1:1
hexanes/EtOAc) provided the desired prod2di as a colorless oil (62 mg,
89%) and 90%ee determined by chiral HPLCFollowing the general
procedure 3 compound 241 was prepared from carbonat&7 (17 mg, 0.116
mmol), 237 (72 mg, 0.2312 mmol) 3 G-C;Hs)Cl], (1 mg, 0.003 mmol) and the
(§9-L3 (5.5 mg, 0.008 mmol) in dichloromethane (12 mL). Purification by
silica gel chromatography (1:1 hexanes/EtOAc) provided the desired pradfct
as a colorless oil (20 mg, 92%) and 9@&determined by chiral HPLMaicel
Chiralcel ODH, n-hexane<PrOH, 92:08.flow = 0.5 mL/min, detection, uv 254
nm; retention times (min), 28.680.24 z(R) = 30.24 min andg{S) = 28.61
min). [ §o°°> +26 ( 0.80, CHC}J) for ee= 90%. 'H NMR (400 MHz, CDCly): /
(ppm)7.84 (s, 1H), 7.53 (d,= 7.7 Hz, 1H), 7.36 (dl = 7.7 Hz, 1H), 7.21 (d =
7.7 Hz, 1H), 7.14 (d) = 7.7 Hz, 1H), 6.11 (ddd] = 17.0 Hz, 10.8 Hz, 5.7 Hz,

Following the general procedure 1compound?241
{ Z—N
\
N)
HON
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Synthesis of acyclic nucleoside analogues

1H), 5.37 (d,J = 10.8 Hz, 1H), 5.20 (d) = 17.0 Hz, 1H), 5.08.97 (m, 1H),
4.224.10 (m, 2H).*C NMR (100 MHz, CDCly): / S S®]3.1, 142.1, 140.7,
132.9, 123.0, 122.5, 119.9, 119.4, 110.6, 63.3, GOTER -ATR (cm™): 3089,
2922, 1492, 1457THMRS (ESI-TOF) m/z. [M+H]" calcd for GiH13N,O:
189.1022, found: 189.1005.

tert-Butyl  N-[(tert-butoxy)carbonyl]-N-{1-[(29-1-[(tert-butyldiphenylsilyl)
oxy]but-3-en-2-yl]-2-oxo-1,2-dihydropyrimidin -4-yl}carbamate (242).

Compound 230 (0.1 g, 0.26 mmol) was
Sl e = dissolved in dry DMF (3 mL) and treated
N under argon withtert-butyldiphenyl chloride
© fil (0.08 mL, 0.3 mmol) and imidazole (0.04 g,
N" "0 0.6 mmol). The mixturavas then stirred for

%S_ON 16h at room tem i
perature. Workup (extraction
with Et,0) and column chromatography on
_ , silica gel (10:2) hexanes/EtOAc provid2d?2
Chemical Formula: C34H45N306Si
Molecular Weight: 619,8340 as a colorless 0137 mg, 85%)[ 9p>° i
(c1.27, CHCY). *H NMR (CDCI 5, 400 MHz).
/| S S®P75(d,J= 8.0 Hz, 1H), 7.57 (ddd, = 6.0 Hz, 3.2 Hz, 1.6 Hz, 2H), 7.48
(ddd,J = 6.4 Hz, 28 Hz, 1.2 Hz2H), 7.497.30(m, 6H), 6.98 (d,J = 7.2 Hz,
1H), 6.01 (ddd) = 17.6 Hz, 10.4 Hz, 6 Hz, 1H), 5.38 (dtk 10.4, 0.8 Hz, 1H),
5.375.34 (m, 1H), 5.32 (dd] = 17.6 Hz, 0.8 Hz, 1H), 3.97 (d,= 3.6 Hz, 2H),
1.57 (s, 18H), 1.02 (s, 9HJC NMR (CDCl5, 100 MHz): / (ppm)161.9, 155.1,
149.8, 147.1, 135.7, 135.5, 133, 132.6, 130.1, 128, 120.6, 95.6, 84.9, 63.9, 59.6,
27.9, 26.7, 19.3FTIR-ATR (cm'l): 2931, 289, 1742, 1671, 1524, 1455, 1370,
1319, 1256, 1137, 1110, 784, 7THMRS (ESI-TOF) m/z [M+H]"* calcd for
C34H46N306Si: 620.3156, found 620.3171.
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tert-Butyl  N-[(tert-butoxy)carbonyl]-N-{9-[(29)-1-[(tert-butyldiphenylsilyl)
oxy]but-3-en-2-yl]-9H-purin -6-yl}carbamate (243).

Compound 239 (0.25 g, 0.6 mmol) was
>4 dissolved in dry DMF (7 mL) and treated under

9\ >LN>\\O . . .

o argon withtert-butyldiphenyl chloride (0.18mL,

N \\5 0.66mmol)and imidazole(0.09 g,1.32 mmol).
4N N The mixture was then stirred for 16h at room

%Si-o\/K/ temperature. Workup (extraction with,8) and

column chromatography on silica gel (10:2)
hexanes/EtOAC provide@43 (309 mg, 80%).
Chemical Formula: C3sHysNsOsSi | [ §p2° | c 1.13, CHC}). *H NMR (CDCl 3,

Moleoular Weight: 6438500 | 100MHZ): /| S S®79 (s, 1H), 8.26 (s, 1H),

7.48 (td,J = 8.0 Hz, 1.6 Hz, 4H), 7.3@t, J=9.6

Hz, 1.2 Hz, 2H), 7.32 (tJ = 7.2 Hz, 4H), 6.02 (ddd] = 17.2 Hz, 10.4 Hz, 6.4
Hz, 1H), 5.34 (dd,) = 11.6 Hz, 0.8 Hz, 1H), 5.36.20 (m, 1H), 5.17 (dd] =
17.2 Hz, 0.8 Hz, 1H), 4.16(dd,= 11.2 Hz, 6.8 Hz, 1H), 4.05 (dd~ 10.8 Hz, 4
Hz, 1H), 1.43 (s, 18H), 0.94 (8H).*C NMR (CDCl;, 100 MHz) / (ppm)
153.3, 151.8, 150.5, 150.3, 144.5, 135.5, 135.4, 132.5, 130.1, 128.9, 127.9,
119.8, 83.7, 64.8, 59.£27.9, 26.8, 19.1FTIR-ATR (cm'l): 2987, 2362, 1733,
1716, 1558, 1540, 1507, 1456, 1395, 1259, 1066, HMRS (ESI-TOF) m/z
[M+Na]" calcd for GsHisNsNaQsSi: 666.3088, found 666.3073.

tert-Butyl N-[(tert-butoxy)carbonyl]-N-{1-[(2S,3B5-1-[(tert-butyldiphenyl
silyl)oxy]-5-(diethoxyphosphoryl)pent 3-en-2-yl] -2-oxo-1,2-
dihydropyrimidin -4-yl}carbamate (244).

To a solution o242 (0.05 g , 0.08 mmol) and
>|\ )OL j\ )< Il generation Grubbs catalyst (0.004 g, 0.004
(@) (@) . .
mmol) in dichloromethane (4 mL),
diethylallylphosphonate (0.06 mL, 0.32 mmol)
N"So o i
- Po_| was added and the solutionwas heated to
%ﬁs' O\/'\/\/P\O reflux for 16h. After evaporation dhe solvent
@ ~ purification by silica gel chromatography
hexanes/EtOAc (1:2) provided the desired
Chemical Formula: C39HsgN3O0gPSi ..
Molecular Weight: 769,9478 product244as yellow liquid(57 mg, 92%).
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[957° 0 c 1.2, CHC}). 'H NMR (CDCl 3, 400 MHz). / S SP68 (d,J =
7.6Hz, 1H), 7.56 (dd) = 6.8Hz, 0.8Hz, 2H), 7.45 (dd,= 6.4 Hz, 1.2 Hz, 2H),
7.38 (m, 6H), 6.97 (dJ = 7.2Hz, 1H), 5.85.80 (m, 2H), 5.29 (brs, 1H), 415
4.00 (m, 4H), 3.96 (dJ = 4Hz, 2H), 2.62 (dJ = 6.4Hz, 1H), 2.58 (dJ = 6Hz,
1H), 1.57 (s, 18H), 1.27 (§,= 6.8Hz, 6H), 1.03 (s, 9H}*C NMR (CDCl3, 100
MHz): / (ppm)161.7, 154.6, 148, 146.9, 135.5, 132.530.0 129.9, 12%,
128.5, 127.8, 126,85.4, 84.7, 63.62.1, 59.4,30.6 (d,J = 140 Hz) 27.7, 26.8
19.1 16.4 FTIR-ATR (cm™): 2969, 2931, 1741, 1671, 1455, 1370, 1319, 1255,
1111, 1024, 735, 701HMRS (ESI-TOF) m/z [M+H]" caled for
CagHsN3O,PSiP: 770.3602, found 770.3628.

tert-Butyl N-[(tert-butoxy)carbonyl]-N-{9-[(2S,3B-1-[(tert-butyldiphenyl
silyl)oxy]-5-(diethoxyphosphoryl)pent 3-en-2-yl]-9H-purin -6-yl}carbamate
(245).

To a solution of produck43 (0.14 g, 0.22
o % >4 mmol) and Il generation Grubbs catalyst
7LO>\\N © (0.009 g 0.011 mmol) in dichlorometane
N \‘S (11 mL) at reflux was added
4N N 0, diethylallylphosphonate (0.16 mL, 0.88
%—Si—o P> | mmol). The reaction was maintained at
K reflux for 16h. Then, solvent was evaporated
and the resulting crude was purified $iljca
Chemical Formula: C4oHssN5OgPSi gel chromatography hexan&0OAc (2:1) to
Molooular Weight: 7999798 afford the desired produ@45as a greenish

liquid (157 mg, 90%)[ §o>° | c 1.36, CHCJ)). 'H NMR (CDCl;, 400
MHz): / S S&77 (s, 1H), 8.20(s, 1H), 7.4229 (m, 10H), 6.1%5.02 (m, 1H),
5.76 (ddd,J = 15.6 Hz, 14.4 Hz, 7.6 Hz, 1H), 5.25 (bs, 1H), 4.16(td,10.4,

6.4 Hz, 2H), 4.08.95 (m, 4H), 3.61 (dJ = 7.2 Hz, 2H), 2.56 (d) = 7.6 Hz,
1H), 1.43 (s, 18H), 1.22 (8,= 6.8 Hz, 6H), 0.93 (s, 9H}*C NMR (CDCl;, 100
MHz): /(ppm)153.2, 151.9,80.6, 150.4, 144.5, 132.5,132.4, 130.1, 129.1, 129,
128, 126.2, 126.1, 83.8, 64.8, 62.2, 62.1, 53®@6 (d,J = 140 Hz) 280, 26.9,
19.2 16.6 FTIR-ATR (cm™): 2929, 2856, 1788, 1599, 1452, 1369, 1252, 1139,
1111, 1026, 704HMRS (ESI-TOF) m/z [M+H]" calcd for GoHs/NsOg PSi:
794.3714, found 794.3701.

222 187 2



[(2E,49-4-(4-amino-2-0x0-1,2-dihydropyrimidin -1-yl)-5-hydroxypent-2-en-
1-yllphosphonic acid (226).

Compound 244 (0.08 g, 0.1 mmol), was
solubilized in CHCI, (7 mL), and treated with
| /go TMSBr (0.08 mL, 0.6 mmol). The reaction
HO ME:OH mixture was stirred for 60 h at room
_ OH temperature. The reaction waguenched by
Ch,\jg;;ﬁilgfweﬂ;ar;tf;;?;j‘;fgfp adding MeOH 8 mL) and then the reaction
mixture was evaporated to dryness by heating at
60°C. this process was repeated three times. Then the resulting residue was
extracted with HO and CHCI,, and the inorganic phase was evaporated to
dryness to afford the desiredropound226 (25 mg, 93%) as yellow liquid.
[90®° 1 ¢2.89, MeOH)!H NMR (D,0O, 400 MHz): / S SP85 (dJ=7.8
Hz, 1H), 6.16 (dJ = 7.8 Hz, 1H), 5.7%.56 (m, 2H), 5.16 (bs, 1H), 3.88 (@=
6.0 Hz, 2H), 2.65 (dJ = 7.0 Hz, 1H), 2.61 (d] = 7.0 Hz, 1H).*C NMR (D,0,
100 MHz): /(ppm)158.8, 149.0, 147.0, 127.5, 127.4, 94.6, 60.9, 5.8, (d,J
= 130 Hz) FTIR-ATR (cm™): 2969, 1715, 1669, 1540, 1394, 1043, 973, 872,
793, 762, 748, 702HMRS (ESI-TOF) m/z [M+H]" calcd for GH14,NzOsP:
276.0749 , found 276.0760.

[(2E,49-4-(6-amino-9H-purin -9-yl)-5-hydroxypent-2-en-1-ylJphosphonic
acid (227).

N Compound 245 (0.05 g, 0.06 mmol), was
2
<N solubilized in CHCI, (4 mL), and treated with
) 7 TMSBr (0.64 mL, 0.36mmol). The reaction
HO\/",‘\/\/‘.P?:OH mixture was stirred for 60 h at room temperature.
OH The reaction wasgjuenchedy adding MeOH (3
Chemical Formula: C1oH14N504P . .
Molecular Weight 120991,;2284 mL) and then the reaction mixture was

evaporated to dryness by heating at 60°C. this
process was repeated three times. Then the
resulting residue was extracted with@Hand CHCI,, and the inorganic phase
was evaporated to dryness tooaff the desired compour2®7 (16 mg, 89%) as a
yellow liquid. [ §o>° | ¢ 1.93, MeOH).'H NMR (D,0, 400MHz): / SSP
8.44 (s, 1H), 8.40 (s, 1H), 6.02(m, 1H), 5.76 (m, 1H), 5.35 (bs, 1H), 4.11&d,
12.0 Hz, 8.4Hz, 1H), 4.05 (dd~=12.0 Hz, 5.2 Hz, 1H), 2.65 (d~ 7.0 Hz, 1H),
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2.59 (d,J = 7.0 Hz, 1H).*C NMR (D,0, 100 MHz): / (ppm) 149.6, 148.3,
143.9, 143.6, 127.8, 127.6, 127, 126.9, 118.1, 62.3, 39.2,(d,J = 130 Hz)
FTIR-ATR (cm™): 3070, 2325, 1691, 1609, 1531, 1496, 1425, 1387, 1224,
1107, 937, 770HMRS (ESI-TOF) m/z [M+Na]" calcd for GgHisNsNaOQ,P:
323.0759, found 323.0770.
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Exploring synthetic applications of Ruitalyzed DYKAT process

|. Introduction

[.1. Dynamic Kinetic Asymmetric Transformation of butadiene
monoepoxide withmido carboxylatesasN-nucleophiles

Efficient synthetic methods reqad to assemble complex molecules
include reactions that are both selective (chemagic, diastereq andenantio)
and economical in atom count (maximum number of atoms of reactants
appearing in the products). Transition metalalyzed methods that are both
selective and economical for formation of cyclic structures, of great interest for
biological purposegepresent an important startitapl for this goal®

In the previous chapters, we have seen that dynamic kinetic asymmetric
transformations (DYKAT) of racemic compounds is aficefnt and atom
economic reactiorthat allows to convert a racemstartirg material into an
enantioenriched produ€tMoreover, it has been proven to be a versatil method
towards the synthesis of usefulchiral and biologically important target
molecules’

Butadiene monoepoxidénas becomeeadily available as a cheap raw
materialnow commercially available on large scalEhe functional versatility of
this fourcarbon building block makes it an interesting synthon if the racemic
starting material can be directly converted into enantiomerically pure products.

1 (a) Trost, B. M.Sciencel991, 254, 1471. (b) Trost, B. MAcc. Chem.Re2002 35, 695705.

(c) Trost, B. M.Chem. Pharm. Bull2002 50,1-14. (c) Trost, B. M.Fandrick D. J. Am.

Chem Soc. 2003 125, 1183611837
2 (a) Trost,B. M.; McEachernE. J.; TosteF. D.J. Am. Chem. So&998 120, 1270212703.

(b) Trost,B. M.; Calkins,T. L.; Oertelt,C.; Zambrano,). Tetrahedron Lett1998 39, 1713

1716. (c) TrostB. M.; Jiang,C. J. Am. Chem. So2001, 123 1290712908.
s (a) Trost,B. M. Acc. Chem. Red499§ 29, 355364. (b) TrostB. M.; Crawley,M. L. Chem.
Rev 2003 103 29212944, (c) TrostB. M. J. Org.Chem 2004 69, 58135837.
Both butadiene and isoprene monoepoxides are commercially available. Such epoxides are
available by the direct epoxidation of the corresponding dienes. For butadiene monoepoxide
from diene and oxygen, see: (a) Monnier, J. R. In 3rd World f@gsgon Oxidation
Catalysis, 1997 (b) Grasselli, R. K., Oyama, S. T., Gaffney, A. M., Lyons, J. E., Eds,;
Elsevier: New York,1997 135149. For isoprene monoepoxide, see: (a) ERitinchi, G.;
Centini, F.; Re, LJ. Org. Chem 1976 41, 1648165Q (b) Fransen, M. R.; Palings, |.;
Lugtenberg, JRecl. Trav . Chim. PayBas198Q 99, 384.
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Trost group which has been one of the most active one in rel&edatalyzed

AAA through DYKAT using its owrfamily of chiral ligands has extensively

and succesfully employed vinyl epoxide as electrophile heddlyzed AAAby

taking advantage of ring strain to #itate ringopening The effect of
substitution on the epoxide, to creatajuaternary center asymmetricallyas

also been studied by the use of isoprene monoepoxide. They have shown tha
racemic vinyl epoxidesundergo a regio and enantioselective Rudtalyzed
DYKAT with a number of carbonnudeophiles® as well as heteatom
nucleophiles such as alcoff@ndphthalimide(Schemerg). #°

Scheme78. Pd-catalyzed DYKAT of vinyl epoxide with various nucelophiles

The analogous vinyl aziridines have remained a challenge in this
transformation since they are normally less reactive toward nucldigphi
additions® Indeed, vinyl aziridines require a strong electvathdrawing group
on the nitrogen atom to increase the electrophilicity of the adjacent carbon
atoms’ Neverthelesdrost et al. havesuccessfullyemployedvinyl aziridines in

5 Trost, B. M; Bunt,R. C; Lemoine, R. C.; Calkins, T. L1. Am. Chem. So200Q 122 5968

5976.
6 (a) Trost, B. M.; Fandrick, D. RI. Am. Chem. So2003 125 1183611837. (b) Trost, B.
M.; Fandrick, D. R.; Brodmann, T.; Stiles, D. Angew. Chem., Int. EQ007, 46, 6123
6125.
For Pd catalysis with vinyl aziridines, see: (a) Butler, A. C. D.; Inman, G. A.; Alped, H.
Org. Chem?200Q 65, 58875890. (b) bng, C.; Alper, HTetrahedron: Asymmeti3004 15,
1537-1540. (c) Sebelius, S.; Olsson, V. J.; Szabd).KAm.Chem. Soc2005 127, 10478
10479. (d) Fontana, F.; Tron, G. C.; Barbero, N.; Ferrini, S.; Thomas, S. P.; Aggarwal, V. K.
Chem. Commur2010Q 46, 267-269.
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