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1. Introduction

Tetrahedron

chlorination/regioselective dehydrochlorinativahs-oximation
) ) ) ) ) o protocol (Scheme 1é)? conditions that could also be used to
Enantiomerically pured-amino acids and their derivatives are geprotectN-benzylf-amino esterda.? Alternatively, chiralN-
important chiral building blocks for the synthesi$ drug  ajlyl-B-amino estergd was deprotected using a tandem rhodium
molecules and natural produltsThey are also useful as catalysed isomerisation/imine hydrolysis approacchéme
monomers for the preparation of biologically actppeptides  1¢)2™ Further to these reports, we now report that lithNip-
and ap-peptided that are more resistant to proteolytic cleavagemethoxybenzyN-(trimethylsilyl)amidele can also be used as an
than peptides derived from-amino acids. For example,p-  achiral aza-nucleophile in these type of chirabiig mediated
peptides have been reported that display antiblatiotifungall  aza-conjugate addition reactions to afford chiral-p-
antiviral,” anticancef, and cholesterol uptake inhibitory methoxybenzyl p-amino-esters6 with excellent levels of
activities.” Relatively shor}-peptides sequences are also knownenantiocontrol. The@-methoxybenzyl (PMB) fragments of these
to display defined secondary structuteswhich enables N-pMB-B-amino esterss may then be oxidatively deprotected
foldameric B-peptides to be used to investigate medmmallyusing ceric ammonium nitrate (CAN) to afford chifdH-B-

relevant protein-protein interactiotfs. However, the range of amino esterss that can contain hydrogenolytically sensitive
naturally occurringd-amino acid derivatives available from the fynctionality (Scheme 1e).

chiral pool is limited, and as a consequence metlooy is
required for their preparation in enantiopure fdtnEffective
strategies that currently exist, include those thase kinetic

resolution’” stereoselective addition of enolate equivalents to

imines?® Curtius rearrangement of chiral succinate denrest*
Arndt-Eistert homologation of chirab-amino acids® and
hydrogenation/reduction ofN-enamine and N-acyl-enamide
derivatives'®

One of the more popular strategies employed fosymthesis of
enantiopurgd-amino acid derivatives involves the stereoselectiv
conjugate addition of aza-nucleophile equivalents ofp-
unsaturated acid equivaleritaithin this area, a range of highly
effective protocols have been developed based oa
stereoselective addition of lithium amides to emoatceptors.

For example, Yamamoto and coworkers have reportet tha

achiral lithium N-trialkylsilylamides such ada add to chiral
enoate acceptors that contaistereocentres with good levels of
diastereocontraf® Alternatively, Davies and coworkers have
employed chiral lithium amides derived froma-
methylbenzylamine for the diastereoselective syithef an
impressive number dg§-amino esters? Tomioka and coworkers
have developed an elegant external chiral liganurageh that
enables achiral lithium amides to be used as azkeophiles for
the enantioselective synthesis ffamino esters. They first
reported that addition of lithium  N-benzylN-
(trimethylsilyl)amide 1a to o,p-unsaturated ester8 in the
presence of a stoichiometric amount of the cheajatity-
symmetric ligand R,R-1,2-dimethoxy-1,2-diphenylethane,
gave protodesilylatedN-benzylf-amino esterst with excellent
levels of enantiocontrol (e.g. 93% ee #&).° TheseN-aryl-p-
amino esters could then Bedeprotected under hydrogenolytic
conditions (Pd(OH)JC, 7 atm. H) to afford their parent-amino
esters5a in good yield (Scheme 14} This external chiral ligand
controlled methodology has proven to be usefultiersynthesis
of a range of cyclig-amino acid derivative$;and intermediates
for the synthesis of the drugs otamixaban, prematim?* and
the alkaloid natural products (-)-aspidospermidine(-)-
kopsininé* and (-)-lycorin€® However, the hydrogenolysis
conditions used to deproteldtbenzylf-amino esterda derived
from cinnamate acceptors were reported to be prailem
because these conditions resulted in competingatgaof their
B-nitrogen bonds to afford unwanted 3-arylpropanoZtes
order
introduced a range of lithiurlN-(trialkylsilyl)-amides 1b-d as
second generation aza-nucleophiles for the enabticsve
synthesis oN-protectedg-amino esterdb-d with good levels of
enantiocontrol ¥89% ee) (Schemes 1b-dY’ A range of
different N-deprotection strategies were employed to deprote
theseN-protectedB-amino estergl to afford their parent chiral
NH-B-amino ester®a in good yield. ChiraN-anthraceny-9-yB-
amino-esters 4b could be deprotected wunder milder
hydrogenolytic conditions using,iL atm) and 10% Pd/C over a
period of 24 h (Scheme 18).Chiral N-mesitylamineB-amino-
esters 4c was deprotected through a three stéy

th

to address this problem, Tomioka and coworker

a. Tomioka's enantioselective N-benzyl--amino ester methodology?®

Ph Ph

MeS  OMe

Pd(OH),/C (20 mol%)
©/\N/TMS 2(36eq) ©/\NH o Hy (7 atm) NH, O
1 I —— : R
u /\)OL Ph/\)J\O(-Bu MeOH,RT,94%  Ph ot-Bu
Ph”-""0t-Bu " 5a
1a (3 eq) 2a 4a, 93% ee
toluene, -78°C, 0.7 h;
NH4Cl(aq), 92%
b. Tomioka's ive N- 9-yl-B-amino ester 6
. o0
O TS MeG  OMe PdIC (10 mol%)
O I‘_i 2336eq.) NH O H, (1 atm) I§lH2 o
9 SN Ph/\)J\O(-Bu
A~ Ph otBu MeOH, RT, 24h, 81%
Ph"X""0t-Bu 5a
1b 3 eq.) 3a 4b, 91% ee
toluene, -78 °C, 1.5 h, 90%
c. Tomioka's i ive N- i B-amino-ester 7a
Ph Ph i. NCS/CH,Cl,
-20°C,1h
MeG  OMe ii. Dibutylamino-DBA
/@CN/TMS 2(36eq) toluene, RT, 72 h B:IHQ o
I H
Li /\)?\ NH O ii. NH, OH.HCI(ag)/THF Ph Ot-Bu
Ph™X Ot-Bu Ph Ot-Bu RT, 15 min, 81% 5a
1¢ 3 eq) 3a 4c, 99% ee
toluene, -78 °C, 2 h;
NH4Cl(aq), 90%
d. Tomioka's enantioselective N-allyl-3-amino ester methodology27b
Ph  Ph
MeG  OMe \L
N TBS 2(36q) NH O Rh(PPh3):Cl (10mol%)  NH, O
! B _— i
u /\)‘i Ph otBu  MeCN(ag), A, 3h,87% Ph Of-Bu
1d@eq) PN "OtBu 4d, 89% e 5a
3a

toluene, -78 °C, 1.5 h;
HF (aq)/MeCN, 95%

e. This work

Ph  Ph

MeG  OMe

/@/\N/TMS 2(36eq)
Meo ’ /\/ﬁ\
R Of-Bu

3

TMSCI (5 eq.)
toluene, -78 °C;
NH4Cl(aq)

Scheme 1: Tomioka’s external chiral ligand2 methodology for the
enantioselective synthesisfamino esters.

ggH o i. CAN, MeCN/H,0 NH, O
MeO Rt R/\)LOFBU

ii. AcOH, MeCN/H,O
6,95% ee 5
8 examples

1e (1.5eq)

g. Results and Discussion

As part of a research program directed towards thmmaetric
synthesis ofi-amino acid€ as chiral precursors for the synthesis
of novel heterocyclic scaffolds, we required acdesa range of

esters containing hydrogenolytically  sewsiti

-amino
CEunctionality. Davies and coworkers had previousiyorted the

use of lithiumN-benzylN-a-methylp-methoxybenzylamid& as
a chiral aza-nucleophile for the diastereoselectiynthesis of
chiral haloarylg-amino esters such &° whoseN-benzyl and
N-PMB protecting groups could be removed under diida

conditions via stepwise treatment with excess CAN (Scheme
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2a)® This enabled lithium amide (or its enantiomer) to be used N-Trimethylsilyl-p-methoxybenzylamineg was first prepared

for the asymmetric syntheses of a range of hydrolg&oally
sensitive haloaryl and pyridinyl containingramino-acids, -
lactams and heterocycles with good levels of stenetol %
Given this precedent, we reasoned that lithiul(4-
methoxybenzyl-1,1,1-trimethyl-silanamide might be useful as
an aza-nucleophile for Tomioka’s chiral ligand caygte
addition methodology, since it would enable t&MB groups
of its correspondin§-amino-ester adduc&to be removed using

CAN under oxidative conditions (Scheme 1e).

Tomioka and coworkers previously attempted to emithjum
amidele as an aza-nucleophile using their standard camdit{3

eg. amide, 3.6 eq. chiral ligar&] toluene, -78 °C), but reported

that it was unsuccessful in delivering any chigegamino ester
product (Scheme 2b), even when more forcing conditimere

employed®® However, we noticed that they had reported that

addition of an excess of trimethylsilyl chlorideMECI) had the
potential to improve both the yield and stereodelitg of these
types of aza-conjugate addition reactions. For @tanreaction
of 1.5 equivalents of lithium amidea with tert-butyl-cinnamate
3a and 1.8 equivalents of ligar®lin toluene at -78 °C afforded
N-benzylf-amino esterda in 81% vyield and 82% ee, which
could be improved to 97% yield and 97% ee in thesence of
5.0 equivalents of TMSCI (Scheme 28)Consequently, we
decided to investigate whether carrying out azatwatp
addition reactions of lithium amidke with 3a in the presence of
excess TMSCI might afford chirdl-PMB-B-amino-esterss in
good yield and high ee.

a. Davies' 2nd generation oxidative deprotection methodology for the diastereoselective

synthesis of chiral bromoaryl-B-amino ester 52°
MP/\NE 0

0
O/\)%t b
/@/\ /\@ P N
r\(j/\)komau
8

THF, -78 °C

88% de, 78%
CAN (2.1 eq) 81%
MeCN/H0, RT

B < CAN (4 eq) PMP™ 'NH O
I - B
womu MeCN/H20, RT, 54% BFWOr-Bu

Purified by
recrystallisation
of HCl salt

>95%ee 88% de

>95% de

b. Tomioka's unsuccessful attempt to use lithium amide 1e for the asymmetric synthesis of
B-amino ester 6a2°

Ph  Ph
N TMS MeO OMe
2, (3.6 eq.
/©/\|‘_i A No Product
MeO 0
1e (3 eq) PhA\AOt—Bu

3a
toluene, -78 °C

c. Excess trimethylsilylchloride improves the enantioselectivity of conjugate addition
reactions of lithium amide 1a%°

Ph Ph
MeG OMe
@AN/TMS 2,(1.8eq.) @AUH [0}
Li A)(i PhA)kOt-Bu
1a (1.5eq.) Ph™ X Ot-Bu 4a
3a No TMSCI: 81%, 82% ee

toluene, -78 °C 5 eq. TMSCI: 97%, 97% ee

Scheme 2: A range of successful and unsuccessful aza-catgugddition
reactions that have been investigated for syntleégisamino esterda and8.

by treatingp-methoxybenzylamine with-butyllithium in THF at
0 °C, followed by addition of TMSCI and heating eflux for 12
hours. Its corresponding lithium amide was then generatada
treatment of 1.5 equivalents of amiBewith n-butyllithium in
toluene at -78 °C. A solution of 1.8 equivalentshifal ligand2
in toluene was then added to this solution of lithiamidele in
toluene at -78 °C, followed by further addition ofalution of
tert-butyl-cinnamate3a in toluene at -78 °C. The reaction was
then stirred for 5 h before work-up at -78 °C ushig,Cl(aq).
Promisingly, and in contrast to Tomioka'’s previoeport that no
aza-conjugate addition reaction occurfethis reaction produced
some of the desired protodesilylat8dPMB-3-amino estei6a,
albeit in low 35% yield and poor enantioselectiviBs% ee)
(Scheme 3a). Encouraged by this result, we repehisdaza-
conjugate reaction under identical conditions, pkciat we
employed a solution dert-butyl-cinnamate and 5.0 equivalents
of TMSCI in the final addition step. To our deligithhe presence
of excess TMSCI resulted in formation of the deaki(R)-N-
PMB-B-amino estefa in a much improved 77% yield and 95%
ee (Scheme 3b).

(a) Lithium amide 1e affords a low yield of scalemic p-amino ester 6a (25% ee)
i. n-BuLi (1.5 eq.), -78 °C, toluene, 30 min
ii. Ph  Ph

MeS  OMe
2,1.8eq.

toluene, -78 °C, 30 min

TMS
N
Me0/©/\

9(1.5eq)

jond
ii o MeO PhAAOt-Bu

Ph/\)kot-Bu (1ea) o

3a 35% vyield, 25% ee
toluene, -78 °C, 5 h

iv. NH,Cl(aq), -78 °C to rt

(b) Lithium amide 1e in the presence of excess TMSCI affords a good yield of enantiopure -
amino ester 6a (95% ee)
i. n-BuLi (1.5 eq.), -78 °C, toluene, 30 min
ii Ph Ph
MeG OMe
2,1.8eq.
/@/\N/TMS toluene, -78 °C, 30 min
iii o
MeO
M
9(1.5eq) PhMot.Bu , 5.0 eq. TMSCI

3a, (1eq.)
toluene, -78 °C, 5 h

iv. NH,Cl(aq), -78 °C to rt
Scheme 3: Chiral ligand 2 mediated aza-conjugate addition reaction of
lithium amide le to tert-butyl enoate3a in the presence of excess TMSCI
affordsf-amino estefa in good yield and high ee.

el
0 Ph/\)kot-Bu

6a

77% yield, >95% ee

The scope and limitation of this aza-conjugate tmfuireaction
was then investigated by reacting lithium amigewith a range
of ao,p-unsaturatedtert-butyl enoates3b-h in the presence of
excess TMSCI, including some substrates that ooedai
hydrogenolytically sensitive functionality (Tablg. ITherefore,
tert-butyl cinnamate ester substrates containing hglb-3b-c
and cyano-aryl substituen@l afforded their corresponding+
amino ester®b-d in good yields (62-79%) and with 95% ee
(Table 1, Entries 2-4). However, E)tert-butyl 3-(4-
nitrophenyl)acrylat8e proved less reactive, affordimdgPMB-f-
amino estebe in only 40% yield and 95% ee (Table 1, Entry 5),
with the poor yield being due to the presence otactedtert-
butyl enoate3e. Aza-conjugate addition reactions of heteroatom
containingtert-butyl enoates were also successful, wihtért-
butyl 3-(thiophen-2-yl)acrylat&f and E)-tert-butyl 3-(furan-2-
yl)acrylate 3g affording their corresponding-amino esterssf
(95% ee) andbg (95% ee) in 86% and 73% yield respectively
(Table 1, Entries 6-7). Finally, it was shown thaé timple
acyclic E)-tert-butyl hept-2-enoatsh afforded its corresponding
N-PMB-B-amino estefh in 68% yield and 95% ee.
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Table 1: Substrate scope of chiral ligand mediated azgugate addition ~ enolatel2 as its corresponding@)-silyl-ketene acetal3 in situ.

reactions of lithium amidge to a,-unsaturated ester derivativésh. This would perturb the equilibria of the potentialigversible
) ) intramolecular aza-conjugate addition stepl<—=12), by
i. n-BuLi (1.5 eq.), . — . .

toluene, -78 °C, 30 min preventing the reverse ElcB-elimination reaction@fenolate

i. Pho Ph 12 from occurring. Furthermore, it has been shown #mtates

MeG O such adl2 can react with lithium amide complexes of ligghtb

™S 2(18¢eq) afford competing dimeric lithium complexes suchldg® which

/©/\N toluene, -78 °C, 30 min @AMH o Id tentially b ible i

S oo A, COU potentially be responsible for competing non-

MeO " o~ stereoselective aza-conjugate addition pathways affatd N-
9(15¢q) sah e 6a-h PMB-B-amino esteb with poorer levels of control in the absence

(1eq)
TMSCI (5 eq.) of TMSCI. Therefore, we propose that the presencexskss

toluene -78 °C, 5 h; NH,Cl(aq)

TMSCI ensures thafZj-enolatel? is rapidly trapped out as G-
silyl ketene acetal3,** which ensures that the concentration of
free enolatel2 remains sufficiently low to ensure that the

Entry  Enoate R NMPMBB-  Yield €  enantioselective pathway toN-PMB-B-amino ester 6
3 Amino Ester (%) (%)~
6a-h
. Ph  Ph
1 3a & 6a 77 95 e A L LV
N/TMS MeO OMe H go \\] 6 Ph
S, V. D NN “Ph
@AI‘J 2 r(iz L Limo—XP
MeO oluene PH Me N I
e -78 °C, 30 min $ \; Me
2 3b 6b 79 95 1e ™S PMB
10
B o]
Enolate 12
e No TMSCI = R/\AOt—Bu
3 3c 6¢c 76 95 3
Toluene, -78 °C, 5 h
Cl Cl
7%: - . o —
4 3d 6d 62 95 R
t-BuQ, Y
NC 'BuO, Ko _PMP .
u m\/ Me pho\ Ot-Bu
% AN \//R\ l\ge Ph /\g:__;o\
5 3e /©/ 6e 40 95 Li\‘/u-g‘oy\’:h Enolate 12 Ph lN A
ON N\ E—— ™S
PMP—_s SiMESMe No TMSCI PM
slow
6 3f / \ 5 6f 86 95 Enolate-amide-ligand "
- L ternary complex 14 |
\ Competing aza-conjugate Good
addition pathway that occurs : i
7 39 @5\ 69 73 95 \ with poor stereocontrol Enantioselectivity
8 3h N 6h 68 95 PMP” NH O P oL
- - R Ot-Bu R NotBu
a. See experimental section for syntheseeitfbutyl enoates3; b. Isolated 6 12
yields of N-PMB-B-amino ester$a-h after purification by chromatography; Poor ee
c. Ee’s ofN-PMB-B-amino-ester$a-h inferred from ee values subsequently TMSCI| Fastand
determined for their pareit-deprotected-amino ester§a-h (vide infra); d. Licy ~| Ireversible
Error limit of +3% ee arising from detection limiff the '"H NMR chiral Protodesilylation during
derivatisation protocol used to determine the eé’8-amino ester$a-h; e. PMP” ONH O reaction work-up PMP/\MTMSTMS
Low vyield of N-benzylf-amino ester6e due to poor conversion, with R&)KOt BU R f ot
- -Bu
significant amounts of unreacteeit-butyl enoate3e present in théH NMR 6 13
spectrum of the crude reaction product. High ee

Tomioka and coworkers have recently employid NMR predominates (Figure 1).

spectroscopy to demonstrate that addition of cigaind2 to  Figure 1. Potential role of TMSCI in improving vyields and
lithium amidele initially results in formation of a mixture @is-  enantioselectivities of chiral ligan@ mediated aza-conjugate addition
and trans- cyclic heterodimeric complexes (onbis-dimer 10 reactions of lithium amidée with tert-butyl enoates.

shown in Figure 13> They proposed that addition tért-butyl

enoate3 results in dissociation of these heterodimeric plexes ~ Having successfully identified conditions that eweablithium
to afford a new monomeric complegl containing one amide le to be used as an effective aza-nucleophile for the

equivalent of lithium amide, one equivalent of ehiigand and ~ €nantioselective synthesis 6FPMB-f-amino esterssa-h, we
one equivalent of enoate. Intramolecular transfethe amide next investigated theN-deproteCtlon und_er OX|dat|V(=T conditions.
fragment of complex1 to its enoate fragment then occurs in a 1réatment ofN-PMB-f-amino estei6a with 4.0 equivalents of
highly enantiofacial manner to afford Z{enolatel2 that is then ~ CAN in MeCN/HO (5:1) solution, followed by basic work up
protonated on work-up with Njgl(aq) to afford the desired- ~ USing NaHCQ@q),” affordedN-PMB-imine 15a in essentially
PMB-B-amino ester6 (Figure 1). The role of TMSCI in quantitative yield (_Sch_eme 4). A pla_lu5|ble mgchanfsnrntms _
improving the yield and enantioselectivity of thegpe of aza- CAN mediated omdaﬂvel\l-_deprotectlon step is presented in
conjugate addition reactions is unclear, howevisrpossible that Scheme 4, whereby CAN first acts an electron accépior the

it acts as an electrophili©-silylating agent to trap outzf-  P-methoxyphenyl (PMP) group to afford a stabiliseatlical
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cation16. A benzylic proton ofl6 is then deprotonated by water acid and enantiopure BINOL to afford a mixture of
to afford a stabilized benzylic radical resonance fordv. A diastereomeric imino-boronate
second equivalent of CAN then oxidises raditdl to afford
benzylic cationl8 which is resonance stabilized as its iminium
speciesl9 that is subsequently isolated as imifta after basic
workup. After a short optimisation screen of solveatsds and
reaction time, it was found that stirring a solatiof N-PMB-

OMe

i. CAN (4 eq.), MeCN/H,0, 1, 2 h;

imine 15a in MeCN/H,0 (5:1) in the presence of 15 eq. of acetic NaHCOs(aq) M
acid at room temperature for 48 h followed by ndis@agion with NH O ii. ACOH (15 eq.), R Ot-Bu
NaHCOy(aq) and purification by chromatography, furnistiy R~ ot MeCN/H,0, 1t, 48 h; 5a-h

B-aminotert-butyl ester5a in 83% yield and 95% ee. Th&)¢ NaHCO5(aq)

configuration and 95% ee oR)-B-aminoiert-butyl ester5a was
confirmed by comparison of the sign and magnitudeit®
specific rotation of R)-N-benzyl$-amino of [«]3® +20.0 € 1.2,
CHCILy), with the literature value df]2*+19.7 € 0.96, CHC)).”®

6a-h

Table 2: CAN deprotection reactions bFPMB--amino esters.

onte _ one ) Entry N-PMB-B- R B-Amino  Yid ee
|.N<I)AN (4 eq.) i. AcOH (15 eq.) Amino Ester Ester d (% )C-d
eCN/H,0 MeCN/H,0 ora
#, 2 h, quant 1, 48 h, 83% 6a-h 5a-h (%)
ii. NaHCOs(aq) ii. NaHCO(aq) NH; O
N o KN o Wot@u 1 6a @i“ 5a 68 95
Wor-su WOI-BU 5a
6a 15a ‘%{ b
2 6b 5b 56 95
K Ce(lV) B
ce(lll Y
3 6C 5c 68 95
OMe OMe
Cl Cl
H H NaHCO3(aq) ? 4 J & " 510 95
O o H “:‘/HO ° /©/ >
] Ot-Bu Wo;-su c
16 19

N
5 6e /@i‘z 5e 65 95
J |

OMe OMe OMe 6 6f @;\ 5f 36° 95
? Ce(IV) Ce(lll) ? S
- AN
oo W o wew o 7 69 @5 5g 73 95
wot-Bu W Ot-Bu wot-Bu o <
17 18
8 6h Y 5h 60 95

Scheme 4: CAN mediated oxidativél-deprotection oN-PMB-B-amino ester
6a to afford an intermediate imiriba that is then hydrolysed under aqueous
acidic conditions to affori-amino esteba.

a. Isolated vyields ofp-amino esters5a-h after purification by
chromatography; b. Lower yields df-amino esters due to competing
cleavage of theitert-butyl ester fragments in the imine hydrolysis step
This oxidativeN-deprotection methodology was then applied togive their correspondinf-amino acids; c. Ee’s determined by derivatisation

unmask the remaining\-PMB-3-amino esterssb-h to afford
their corresponding deprotecteldH-B-amino estersbb-h in
moderate to good yields (36-73%) over two steps I€Tap. It
was found that the <60% vyields obtained for formatd NH--

amino estersb, 5e and 5f (Entries 2, 4 and 6) were due to

competing acid catalysed cleavage of thesrt-butyl ester
fragments to afford their corresponding acids ire timine
hydrolysis step. Evidence for this compettegt-butyl cleavage

pathway was obtained frotH NMR spectroscopic and mass

spectrometric analysis of the aqueous washings ef citude
reaction products of the imine hydrolysis reactjomiich clearly
revealed the presence of their corresponfliagino acids®

The enantiomeric excesses @Famino estersb5a-h were
confirmed as 95% ee using a simple three-compoghirgl
derivatisation protocol previously developed in owsearch

of B-amino estersba-h with 2-formylphenylboronic acid andR)-BINOL

followed by 'H NMR spectroscopic analysis of the ratio of theutnt
mixture of diastereomeric imino-boronate esféi; Error limit of £3% in ee
arising from the detection limit of tel NMR chiral derivatisation protocol.

esters whose ratio can be determinedHyNMR spectroscopic
analysis. Since no kinetic resolution occurs irs therivatisation
process, this diasteromeric ratio corresponds écetiantiomeric
ratio of the parent chiral amine. For examgl@mino esterk)-

ba was first derivatised via treatment with  2-
formylphenylboronic acid20, (rac)-BINOL, and KCO; in

CDCl; for 10 min to afford a 50:50 mixture of the diastameric
iminoboronate estersR{n,R)-21 and Gw,R)-22 (Scheme 5a).
Analysis of the'H NMR spectrum of this mixture revealed well
resolved resonances corresponding to the diastgieot
methylene andert-butyl ester protons of theR{y,R)-21 (CH",

group® In this approach, a chiral amine of unknownCH® and @%) and Gw,R-22 (CH® CH® and GH°)

enantiomeric excess is derivatised with 2-formylphdyoronic

diastereomers respectivelfdy = 0.1-0.4 ppm), whose integrals
could be used to accurately determine their diastaeric ratio
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(Figure 2a). A sample df-amino esterR)-5a generated using
our enantioselective aza-conjugate addition prdfosas then
derivatised with 2-formylphenylboronic ac#d and enantiopure

Tetrahedron

B-amino ester$ under oxidative conditions enables this second
generation variant of Tomioka's external chiralahgl mediated
lithium amide methodology to be used for the ermeealiective

(R)-BINOL, with *H NMR spectroscopic analysis revealing that synthesis off--amino ester$ that contain functionalities that are
(Ren,R)-21 and Ren,9-22 were present in a diastereomeric ratio susceptible to hydrogenolysis.

of 97.5:2.5 (Scheme 5b). This ratio was accuratetgmined by
comparison of the integral ratios of the well resdltert-butyl
proton singlet resonances ®&§,R)-21 (O(CH®;) and Ren,9-22
(O(CHP,) at 50.85 ppm ands1.15 respectively (Figure 2b).
Therefore, since no kinetic resolution occur in tregivatisation
process, it follows that this 97.5:2.5 diasteromeratio
corresponds to the enantiomeric ratio of chiral renfia, thus
allowing us to conclude that it had been formed5#eSee.

(a) Derivatisation of 3-amino-ester (R)-5a with 2-formylphenyl boronic acid 20 and (rac)-BINOL affords a 50 : 50
mixture of (Rgn,R)-21 and (Sgn,R)-22 iminoboronate esters

A CO,C(CHE)3

Neoole HC’*

He COC(CH )

N+,

: S rYx
A Ot-Bu + B(OH), (rac)-BINOL
cDCly l !
0 : 50

(Rain,R)-21 (Sein.R)-22

(b) Derivatisation of -amino-ester (R)-5a (95% ee) with 2-formylphenyl boronic acid 20 and (R)-BINOL affords a
97.5 : 2.5 mixture of (Rgn,R)-21 and (Rgn,S)-22 iminoboronate esters

Ph
5a
20

e CO,C(CHBy)3
oo /* OO ““*
B(OH), (R)}-BINOL )4\ M NsH

975
(ReinR)-21 (Ren.S)-22
Scheme 5: Chiral derivatisation protocol used to determtine enantiopurity

of B-amino esteba as 95% ee.

He $O2C(CH )3

NH, O
/\)kot Bu +

5a (95%ee) CDCly

o £osC(c H3hy

r/ My HA T"'”
]’ o

CumpiexA

(RenR)-21

s E AL H.;‘ co;ccw‘ ah

P

ComplexB

Wi, L(J L (CHB,):

\ Oo r-HH
CJ To)—'\

Complex A

(ReinR)-21

|

BS B0 75 70 65 60 55 S0 48 40 315 30 25 20 18

ppm

Figure 2. a) 'H NMR spectrum of 50:50 mixture of diastereomeric
iminoboronate ester complexeRsf,R)-21 and Gn,R)-22. b) *H NMR
spectrum of a 97.5:2.5 mixture of diastereomeridn@ghoronate ester
complexesRein,R)-21 and Rein,9-22.

3. Conclusions

Aza-conjugate addition of lithium amide to tert-butyl enoates,
in the presence of a stoichiometric amount of aereal chiral
ligand 2 and excess trimethylsilyl chloride, affortt-butyl N-
PMB-B-amino ester§a-h with excellent levels of enantiocontrol.
The resultanttert-butyl N-PMB-B-amino esters6a-h may be
deprotectedia treatment with CAN, followed by acid hydrolysis
of their resultant imine intermediates, to affoneit parent chiral
B-amino-esterda-h (95% ee). The ability to deproteitPMB-

4. Experimental

General methods

Reactions that required the use of dry solvents wenelucted in
oven dried glassware under an atmosphere of nitrogiey inert
atmosphere techniques. Dry solvents were obtainegalsging
them through anhydrous alumina columns using amVative
Technology Inc. PS-400-7 solvent purification sgstePetrol
refers to the fraction of petroleum ether boiling4®-60 °C.
Hexanes refers to the hexane fraction of petroleSolvents
were evaporated on a Bichi Rotorvapor. All comméscial
available compounds were used as obtained from claémi
suppliers.'H and *C NMR spectra were run in CDCUlsing
Bruker Avance 250/300/400/500 MHz spectrometers. Gtam
shifts @) are quoted in parts per million and are referdrtoethe
residual solvent peak. Coupling constarisgre quoted to the
nearest 0.1 Hz. Infra-red spectra were recordedRerldn Elmer
Spectrum 100 FT-IR spectrometer, using a UniversaRA
accessory for sampling, with only selected absormcioted as
v in cm' Mass spectra were recorded on a micrOTOF
electrospray time-of-flight (ESI-TOF) mass specteden (Bruker
Daltonik GmbH, Bremen, Germany), using acetonitrilevater
to dissolve the sample. TLC was carried out usmgmercially
available polyethylene backed plates coated with ckier
Kieselgel 60 GF254. Plates were visualised under igkt I(at
254 nm) or by staining with potassium permanganateéyydrin
or phosphomolybdic acid followed by gentle heatidash
chromatography was performed under manually geserat
medium pressure using Merck 60 H silica gel (35475 unless
otherwise stated.

(R,R)-1,2-Dimethoxy-1,2-diphenylethghe

(R,R)-Hydrobenzoin (1.00 g, 4.67 mmol) was added drop\sse
min) to a stirred refluxing suspension of sodiundiige (60%
dispersion, 0.467 g, 11.7 mmol) in dry THF (10 mhis
mixture was heated at reflux for a further 30 mésuaind then
cooled to 0 °C prior to the addition of methyl iddi(15.0 mL,
100 mmol). The reaction was then stirred at roompeature
overnight, whereupon TLC analysis showed consumgpifoife
starting material. The mixture was cooled to 0 °@ gnenched
with water (10 mL), extracted with EtOAc (3 x 50 mL), \Wwed
with brine, dried over anhydrous MggQO filtered and
concentratedin vacuo The residue was recrystallised from
hexane/BE to afford the title compound as a white crystalline
solid (0.68 g, 60%)[a]3’-15.1 € 1.8, CHCY) (Lit.*" [a]3® -15.2
(c 2.1, CHCY); 'H NMR (300 MHz, CDCJ) 8H = 7.23-7.15 (6H,
m, Ph), 7.08-6.98 (4H, m, Ph), 4.34 (2H, s, CHQ)ZH.30 (6H,
s, OCH); *C NMR (75 MHz, CDC}) 6C = 138.2, 127.9, 127.8,
127.6, 87.7, 57.2; IR (thin filmpmax (cni'): 1492 (w, C=C),
1455 (w, C=C); HRMS (ESI): m/z 265.1188,,8:sNa0,
[M+Na]" requires 265.1199.
N-(4-Methoxybenzyl)-1,1,1-trimethylsilanamihe

n-Butyllithium solution (2.3 M in hexanes, 6.6 mL,.28nmol)
was added to a stirred solution para-methoxybenzylamine
(5.00 g, 36.4 mmol) in THF (140 mL) at 0 °C. Thacton was
stirred at room temperature for 8 hours before gpeimoled to 0
°C and a solution of addition of TMSCI (4.67 mL,.86nmol) in



THF (40 mL) added dropwise. The reaction was heateeflax
for 12 hours, concentrated, triturated with pentéh& 100 mL)
and solvent removenh vacuoto afford the title compound as a
yellow oil (5.59 g, 73% yield)*H NMR (300 MHz, CDC)) &, =
7.16 (2H, dJ = 8.6 Hz, CHOCCH), 6.82 (2H, dJ = 8.6 Hz,
CH;OCCH), 3.77 (2H, dJ = 7.8 Hz, G1,N), 3.7 (3H, s, OEl),
1.90 (1H, br. s, N), 0.00 (9H, s, Si(8,)3); **C NMR (75 MHz,
CDCls) 8c= 158.2, 136.5, 129.1, 113.85, 55.2, 45.3, 0.0(thim
film) Vmax (cMY): 3305 (w, NH), 1505, 1499 (m, m, C=C).

(E)-tert-Butyl 3-phenylacrylatda

A solution of iodobenzene (2.69 g, 13.2
diisopropylethylamine (6.90 mL, 39.6 mmolgrt-butyl acrylate
(2.12 mL, 14.5 mmol), tri(o-tolyl)phosphine (0.4018.2 mmol)
and palladium(ll) acetate (0.15 g, 0.66 mmol) inQW#e(80 mL)
was heated at reflux for 17 hours. The suspension thes
cooled to room temperature, diluted with water (60) nalhd

7
(thin film) ‘vnax (cm?): 1706 (s, C=0); HRMS (ESI)m/z
295.0244, GH,.ClLNaO, [M+Na]" requires 295.0269.

(E)-tert-Butyl 3-(4-cyanophenyl)acrylaBal
4-Formylbenzonitrile (0.39 g, 3 mmol) was used tepare the
titte compound as a white solid (0.59 g, 82% vyield)ng general
procedure 1. Mp. 140-142 °&4 NMR (300 MHz, CDC)) 8, =
7.67 (2H, d,J = 7.6 Hz, NCC@®), 7.58 (2H, d,J = 7.6 Hz,
NCCCHCH), 7.55 (1H, dJ = 16.1 Hz, GI=CHCOQ,), 6.45 (1H,
d, J = 16.1 Hz, CH=EICO,), 1.54 (9H, s, C(H,)s); *C NMR
(75 MHz, CDC}) 6. = 165.4, 141.1, 139.0, 132.6, 128.3, 123.8,
118.4, 113.1, 81.2, 28.1; IR (thin film),. (cm™): 2226 (m, CN),

mmol) 1702 (s, C=0); HRMS (ESI)m/z 252.0990, GH;sNNaO,

[M+Na]" requires 252.1000.

(E)-tert-Butyl 3-(4-nitrophenyl)acrylatge

4-Nitrobenzaldehyde (0.30 g, 2 mmol) was used to gyeephe
titte compound as a colourless oil (0.35 g, 70%dyiausing

extracted with EtOAc (3 x 50 mL). The combined organicgeneral procedure IH NMR (300 MHz, CDCJ) §,, = 8.14 (2H,

extracts were washed with brine and water, dried ovieydgrous
MgSQ, and concentrateih vacuo.The residue was purified by
flash chromatography (EtOAc-petrol, 1:30) to affofuk ttitle
compound as a yellow oil (1.94 g, 72% yielji NMR (300
MHz, CDCk) &y = 7.51 (1H, d J = 16.0 Hz, GI=CHCQ,), 7.47-
7.25 (5H, m, Ph), 6.30 (1H, d,= 16.0 Hz, CH=EICO,), 1.46
(9H, s, C(®Hs)3); *C NMR (75 MHz, CDCJ) & = 166.3, 143.6,
134.7, 123.0, 128.8, 128.0, 120.2, 80.5, 28.2;th# (film) vy
(cm?): 1703 (s, C=0); HRMS (ESI): m/z 227.1025.@;NaO,
[M+Na]" requires 227.1043.

General Procedure 1. Synthesis ofert-butyl enoatesb-g.

Methylmagnesium bromide (1 eq.) was added to a isoluif
tert-butyl 2-(diethoxyphosphoryl)acetate (1 eq.) in diptF (0.1
M) at room temperature under an inert atmosphert the
mixture stirred for 15 minutes. A dry THF (0.2 M)lsiion of the
appropriate aryl aldehyde (1 eq) was then addedwdsep(5
min) and the reaction mixture heated at refluxif8rours. After
cooling to room temperature, saturated,SHaq) was added and
the mixture extracted with ED (3 x 30 mL). The combined
organic extracts were washed with brine and waterd dvieer
anhydrous MgS® filtered and concentrateth vacuo The
residue was then purified by silica gel chromatogya(EtOAC-
petrol, 1:30) to afford the desiréert-butyl enoates.

(E)-tert-Butyl 3-(4-bromophenyl)acrylagb
4-Bromobenzaldehyde (0.36 g, 2 mmol) was used tpapecthe
titte compound as a white solid (0.404 g, 72% yielting
general procedure 1. Mp. 53-55 &t NMR (300 MHz, CDCJ)
dy = 7.47 (1H, dJ = 15.8 Hz, GI=CHCQ,), 7.42 (2H, dJ=6.8
Hz, BrCCH), 7.29 (2H, dJ = 6.8 Hz, BrCE&ICH), 6.31 (1H,
d, J = 15.8 Hz, CH=EICO,), 1.46 (9H, s, C(H,)s); *C NMR

(75 MHz, CDC}) .= 166.1, 142.2, 133.6, 132.1, 129.36, 124.2

120.9, 80.8, 28.2; IR (thin filmpmay (cm?): 1704 (s, C=0);
HRMS (ESI): m/z 305.0129, GH:sBrNaO, [M+Na]* requires
305.0153.

(E)-tert-Butyl 3-(2,4-dichlorophenyl)acrylage
2,4-Dichlorobenzaldehyde (0.52 g, 3 mmol) was usegrépare
the title compound as a colourless oil (0.59 g, Agétd) using
general procedure 3 NMR (300 MHz, CDC)) &, = 7.92 (1H,
d,J = 16.0 Hz, ®i=CHCGQ,), 7.54 (1H, dJ = 8.5 Hz, GICClI),
7.43 (1H, d,J = 2.0 Hz, CCIGICCI), 7.25 (1H, ddJ) = 8.6 and
2.0 Hz, CBCH), 6.35 (1H, dJ = 16.1 Hz, CH=EICO,), 1.54
(9H, s, C(®Hs)3); *C NMR (75 MHz, CDC)) 8. = 165.6, 138.1,
136.0, 135.4, 131.5, 129.9, 128.3, 127.5, 123.2),838.2; IR

d,J = 8.7 Hz, GNCCH), 7.57 (2H, d,J = 8.7 Hz, QNCCHCH),
7.53 (1H, dJ = 16.0 Hz, G®I=CHCQ,), 6.42 (1H, d,J = 15.9 Hz,
CH=CHCO,), 1.46 (9H, s, C(85),); “*C NMR (75 MHz, CDCJ)
8c = 165.3, 148.3, 140.9, 140.6, 128.5, 124.5, 128115, 28.1;
IR (thin film) vy (cm’): 1708 (s, C=0); HRMS (ESI)m/z
272.0878, GH1sNNaQ, [M+Na]* requires 272.0899.

(E)-tert-Butyl 3-(thiophen-2-yl)acrylatef
Thiophene-2-carboxaldehyde (0.44 g, 4 mmol) was used
prepare the title compound as a colourless 0il0(@,671% yield)
using general procedureH NMR (300 MHz, CDC)) &, = 7.67
(1H, d,J = 15.7 Hz, G=CHCQO,), 7.32 (1H, d,J = 5.1 Hz,
CHS), 7.20 (1H, dJ = 3.5 Hz, GICS), 7.02 (1H, ddJ = 5.1 and
3.6 Hz, CHGICHS), 6.16 (1H, dJ = 15.7 Hz, CH=EICO,),
1.51 (9H, s, C(Bly);); °C NMR (75 MHz, CDCJ) 8 = 166.2,
139.8, 136.1, 130.5, 128.0, 119.0, 80.5, 28.2;th# (film) vyay
(cm™): 1699 (s, C=0); HRMS (ESIjn/z233.0591, GH,NaO,S
[M+Na]" requires 233.0612.

(E)-tert-Butyl 3-(furan-2-yl)acrylat&g

Furan-2-carboxaldehyde (0.48 g, 5 mmol) was useprépare
the title compound as a yellow oil (0.52 g, 65% djelsing
general procedure iH NMR (300 MHz, CDC)) &, = 7.38 (1H,
d, J = 1.6 Hz, GHO), 7.26 (1H, dJ = 15.9 Hz, GI=CHCO),

6.50 (1H, d,JJ = 3.4 Hz, GICO), 6.38 (1H, ddJ = 3.4 and 1.8
Hz, CHCHCHO), 6.18 (1H, dJ = 15.9 Hz, CH=EICO,), 1.44
(9H, s, C(®Hs)3); C NMR (75 MHz, CDC)) 8. = 166.4, 151.2,
144.4, 130.1, 118.0, 114.0, 112.1, 80.4, 28.2;th (film) vyax

(cm?): 1701 (s, C=0); HRMS (ESIn/z217.0875, GH,,NaO,

[M+Na]" requires 217.0841.

(E)-tert-Butyl hept-2-enoatgh
'tert-Butyl acrylate (5.92 mL, 40.8 mmol) and Grubbs 2nd
generation catalyst (0.10 g) were added to a solutidvex-1-ene
(2.89 mL, 13.6 mmol) in CKl, (29 mL) under an inert
atmosphere. The reaction mixture was stirred at
temperature for 24 hours and then filtered throeglite and
concentratedn vacuo Distillation of the residue afforded the
titte compound as a colourless oil (1.42 g, 55%dyieBp. 90 °C
@ 0.8 Torr;'H NMR (250 MHz, CDC)) &, = 6.78 (1H, dtJ =
15.7 and 6.9 Hz, C}€H=CH), 5.66 (1H, dtJ = 15.7 and 1.5 Hz,
CH,CH=CH), 2.10 (2H, qdJ = 7.1 and 1.5 Hz, CHCH,-CH),
1.49 (9H, s, C(Bl3)3), 1.37-1.18 (4H, m, CKH,CH,), 0.93 (3H,
t,J = 7.1 Hz, G45,CH,); °C NMR (75 MHz, CDCJ) 5. = 166.6,
148.5, 123.3, 80.3, 32.2, 30.6, 28.5, 22.6, 1RAthin film) v,

room



8
(cm?): 1706 (s, C=0); HRMS (ESI):m/z 207.1343,
CuiHxNaG, [M+Na]" requires 207.1361.

General Procedure 2: Enantioselective Synthesis dfl-p-
methoxybenylB-amino ester§a-h.

n-Butyllithium (2.5 M in hexanes, 1.5 eq.) was addedpevise
(5 min) to a solution ofN-(4-methoxybenzyl)-1,1,1-trimethyl-
silanamine9 (1.5 eq.) in dry toluene (0.33 M) at -78 °C. After
stirring the mixture at -78 °C for 30 minutes, dugon of chiral
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(1H, dd,J = 8.4 and 2.1 Hz, CHECCI), 7.09 (2H, dJ = 8.6 Hz,
CHCHCOCH,), 6.75 (2H, d,J = 8.6 Hz, CHEICOCH;), 4.44
(1H, dd,J = 8.6 and 4.5 Hz, ENH), 3.70 (3H, s, O8;), 3.46
(1H, d,J = 12.5 Hz, NHE"H®), 3.41 (1H, d,J = 12.8 Hz,
NHCH"H®), 2.51 (1H, ddJ = 15.6 and 4.7 Hz, ©’"CH?*CQ)),
2.40 (1H, ddJ = 15.5 and 8.8 Hz, CKCH®CO,), 1.31 (9H, s,
C(CH3)3); °C NMR (75 MHz, CDC)) 8. = 170.6, 158.7, 138.5,
134.2, 133.3, 129.4, 129.3, 127.5, 113.8, 81.083,556.1, 51.0,
42.2, 28.1; IR (thin film)vy., (cm?): 1723 (s, C=0); HRMS

ligand 2 (1.8 eq.) in dry toluene (1 M) was added dropwise (5ESI): m/z 432.1128, C;Hp:Cl.NNaO, [M+Na]" requires

min). After stirring the mixture for a further 30 moites at -78 °C,
a solution of the appropriatert-butyl esterl (1 eq.) and TMSCI
(5 eq.) in dry toluene (2 M) was then added dropv{senin).
The reaction mixture was stirred for 5 hours at *Z8and then
quenched via the careful addition of saturated,Blthq). After
allowing the suspension to stir and warm to room &xaoire,

432.1110.

(R)-tert-Butyl 3-(4-cyanophenyl)-3-((4-methoxybeyayino)-
propanoatesd

(E)-tert-Butyl 3-(4-cyanophenyl)acrylatéd (0.23 g, 1 mmol)
was used to prepare the title compound as a yellbW0d3 g,

saturated NaHCgaq) was added carefully and extracted with62% vyield) using general procedure [2]3¢ +42.7 ¢ 3.35,
EtOAc (3 x 100 mL). The combined organic extracts ever EtOAc); *H NMR (300 MHz, CDC)) 8, = 7.56 (2H, dJ = 8.4
washed with brine and water, dried over anhydrous MgSOHz, CHCHCCN), 7.42 (2H, dJ = 8.4 Hz, GHHCHCCN), 7.07

filtered and concentrated vacuoand then purified by silica gel
chromatography to afford the desirdPMB-B-amino esteBa-
h.

(R)-tert-Butyl 3-((4-methoxybenzyl)amino)-3-phenyfaiooate
6a

(E)-tert-Butyl 3-phenylacrylatela (1.18 g, 5.8 mmol) was used
to prepare the title compound as a yellow oil (1g527% vyield)
using general procedure [2]% +25.9 € 3.2, CHCl,); '"H NMR
(300 MHz, CDC}) &y = 7.43-7.26 (5H, m, Ph), 7.22 (2H, 3=
8.6 Hz, GCICHCOCH), 6.87 (2H, d,J = 8.6 Hz, CHEICOCH),
4.09 (1H, ddJ = 8.6 and 5.5 Hz, BNH), 3.82 (3H, s, O8,),
3.61 (1H, dJ = 12.9 Hz, NHE®"H®), 3.51 (1H, dJ = 12.9 Hz,
NHCH"H®), 2.68 (1H, ddJ = 15.3 and 8.7 Hz, ©’"CH?*COQ)),
2.56 (1H, dd,J = 15.3 and 5.6 Hz, C}CH®CO,), 2.20 (1H, br. s,
NH), 1.40 (9H, s, C(85)s); *C NMR (75 MHz, CDC)) 8¢ =
171.1, 158.6, 142.8, 132.6, 129.3, 128.5, 127.3,8.80.6, 59.1,
55.3, 50.8, 44.3, 28.0; IR (thin filmy,., (cm™): 1721 (s, C=0);
HRMS (ESI): m/z 364.1911,C,;H,,NNaO; [M+Na]® requires
364.1889.

(R)-tert-Butyl 3-(4-bromophenyl)-3-((4-methoxybereylno)-
propanoatesh

(E)-tert-Butyl 3-(4-bromophenyl)acrylatéb (0.55 g, 1.95 mmol)
was used to prepare the title compowmsda white solid (0.64 g,
79% vyield) using general procedure [2]%° +38.6 ¢ 1.71,
EtOAc); 'H NMR (300 MHz, CDCJ) &, = 7.40 (2H, dJ = 8.3
Hz, CHCHCBY), 7.18 (2H, d,J) = 8.3 Hz, GICHCBYr), 7.09 (2H,
d, J = 85 Hz, GHICHCOCH), 6.77 (2H, d,J = 8.5 Hz,
CHCHCOCH;), 3.95 (1H, ddJ = 8.4 and 5.4 Hz, BNH), 3.72
(3H, s, OGHs), 3.48 (1H, dJ = 12.5 Hz, NHE"H®), 3.38 (1H,
d,J = 12.5 Hz, NHCHH®), 2.52 (1H, dd,J = 15.4 and 8.4 Hz,
CH*CH®CO,), 2.40 (1H, ddJ = 15.4 and 5.4 Hz, C}CH®CO,),
1.94 (1H, br. s, N), 1.30 (9H, s, C(85)s); *C NMR (75 MHz,

(2H, d,J = 8.6 Hz, GICHCOCH,), 6.76 (2H, d,J = 8.6 Hz,
CHCHCOCH), 4.03 (1H, ddJ = 8.4 and 5.3 Hz, BNH), 3.71
(3H, s, O®5), 3.46 (1H, dJ = 12.9 Hz, NHE"H®), 3.38 (1H,
d,J = 12.9 Hz, NHCHH®), 2.53 (1H, dd,J = 15.4 and 8.3 Hz,
CH*CH®CQ,), 2.41 (1H, ddJ = 15.4 and 5.4 Hz, C}€H®CO,),
2.09 (1H, br. s, N), 1.29 (9H, s, C(85)3); *C NMR (75 MHz,
CDCly) 8. = 170.4, 158.7, 148.5, 132.4, 131.8, 129.3, 128.2,
118.9, 113.8, 111.2, 81.2, 58.8, 55.3, 50.9, 4380; IR (thin
film) vmax (cMY): 2226 (M, CN), 1703 (s, C=0); HRMS (ESI):
m/z389.1855C,,H,¢N,NaO; [M+Na]" requires 389.1841.

(R)-tert-Butyl 3-((4-methoxybenzyl)amino)-3-(4-niihenyl)-
propanoatece

(E)-tert-Butyl 3-(4-nitrophenyl)acrylatée (0. 49 g, 2 mmol) was
used to prepare the title compound as a yellow@83 g, 40%
yield) using general procedure [2]3° +35.7 € 2.6, EtOAc);'H
NMR (300 MHz, CDC)) &y = 8.12 (2H, d,J = 8.7 Hz,
CHCHCNO,), 7.47 (2H, dJ = 8.7 Hz, GHCHCNO,), 7.06 (2H,
d, J = 85 Hz, GZICHCOCH), 6.75 (2H, d,J = 8.5 Hz,
CHCHCOCH;), 4.08 (1H, ddJ = 8.4 and 5.3 Hz, BNH), 3.70
(3H, s, OGHs), 3.46 (1H, dJ = 12.9 Hz, NHE&"H®), 3.38 (1H,
d,J = 12.9 Hz, NHCHH®), 2.53 (1H, ddJ = 15.4 and 8.4 Hz,
CH*CH®CO,), 2.42 (1H, dd,) = 15.4 and 5.3 Hz, C}CH®CO,),
2.09 (1H, br. s, N), 1.28 (9H, s, C(B5)3); °C NMR (75 MHz,
CDCly) 8c = 170.4, 158.8, 150.7, 147.3, 131.8, 129.3, 128.3,
123.8, 113.9, 81.3, 58.5, 55.3, 50.9, 43.7, 2&Qthin film) vyax
(cm®: 1722 (s, C=0); HRMS (ESI):m/z 409.1777,
C.Ho6N,NaQ; [M+Na]” requires 409.1739.

(R)-tert-Butyl 3-((4-methoxybenzyl)amino)-3-(thioptieyl)-
propanoatesf

(E)-tert-Butyl 3-(thiophen-2-yl)acrylatelf (0.55 g, 2.61 mmol)
was used to prepare the title compound as a coksudi (0.78
g, 86% yield) using general procedure[2]3° +23.5 ¢ 3.4,

CDCly) 8c = 170.8, 158.6, 141.8, 132.2, 131.6, 129.3, 129.1FtOAc); '"H NMR (300 MHz, CDCJ) &, = 7.19-7.12 (3H, m,

121.1, 113.8, 80.9, 58.5, 55.3, 50.8, 44.1, 2&Qthin film) vyax
(cm?: 1739 (s, C=0); HRMS (ESI):m/z 442.1006,
C,H,eBrNNaGQ;[M+Na]" requires 442.0994.

(R)-tert-Butyl 3-(2,4-dichlorophenyl)-3-((4-methtenzyl)-
amino)propanoatéc

(E)-tert-Butyl 3-(2,4-dichlorophenyl)acrylatdc (0.45 g, 1.67

mmol) was used to prepare the title compound as a yelibw o

(0.52 g, 76% yield) using general procedurd@?’ +24.1 ¢
1.58, CHCl,); "H NMR (300 MHz, CDC)) &, = 7.48 (1H, dJ =
8.5 Hz, GHCHCCI), 7.29 (1H, dJ = 2.1 Hz, CCIGICCI), 7.19

CHCHCOCH,, CHS), 6.89-6.86 (2H, m, l@CHCS), 6.77 (2H, d,
J = 8.6 Hz, CHEICOCH;), 4.30 (1H, ddJ = 8.0 and 5.5 Hz,
CHNH), 3.72 (3H, s, 08, 3.63 (1H, d,J = 12.8 Hz,
NHCH"H®), 3.50 (1H, d,J = 12.9 Hz, NHCHH®), 2.64 (1H, dd,
J = 15.5 Hz, 8.3, 8°"CH’CO,), 2.56 (1H, ddJ = 15.4 and 5.5
Hz, CH'CH®CO,), 2.07 (1H, br. s, N), 1.32 (9H, s, C(8,)s);
¥*C NMR (75 MHz, CDCJ) 8. = 170.7, 158.6, 147.8, 132.2,
129.5, 126.5, 124.5, 124.4, 113.8, 80.1, 55.3,,58066, 44.6,
28.1; IR (thin film)vya, (cm?): 1722 (s, C=0); HRMS (ESIjn/z
370.1450C;H,sNNaO,S[M+Na]” requires 370.1453.



(R)-tert-Butyl 3-(furan-2-yl)-3-((4-methoxybenzyl)amjprop-
anoatetg

(E)-tert-Butyl 3-(furan-2-yl)acrylatelg (0. 49 g, 2.57 mmol) was
used to prepare the title compound as a yellow®82 g, 73%
yield) using general procedure[2]%¢ +57.3 € 3.3, EtOAc);'H
NMR (300 MHz, CDC}) &4 = 7.37 (1H, dJ = 1.9 Hz, GHO),
7.21 (2H, dJ = 8.7 Hz, GZICHCOCH,), 6.84 (2H, dJ = 8.7 Hz,
CHCHCOCH;), 6.32 (1H, ddJ = 3.1 and 1.9 Hz, BCHO), 6.20
(1H, d,J = 3.1 Hz, GICHCHCO), 4.14 (1H, dd) = 7.7 and 6.4
Hz, CHNH), 3.79 (3H, s, 08,), 3.68 (1H, d,J = 12.6 Hz,
NHCH"H®), 3.54 (1H, d,J = 12.6 Hz, NHCHAH®), 2.18-2.01
(2H, m, H,CO,), 1.96 (1H, br. s, N), 1.40 (9H, s, C(85),);
¥C NMR (75 MHz, CDCJ) &. = 170.7, 158.6, 155.3, 141.7,
132.2, 129.4, 113.7, 110.0, 106.8, 80.7, 55.3,,52035, 41.1,
28.0; IR (thin film)vya, (cm): 1725 (s, C=0); HRMS (ESIjn/z
354.1691C;H,sNNaQ, [M+Na]* requires 354.1681.

(R)-tert-Butyl 3-((4-methoxybenzyl)amino)heptandiite
(E)-tert-Butyl hept-2-enoatédh (1.01 g, 5.5 mmol) was used to
prepare the title compound as a yellow oil (1.2 &%6yield)
using general procedure ]2 -3.5 € 2.02, CHCL,); '"H NMR
(300 MHz, CDC}) & = 7.20 (2H, dJ = 8.6 Hz, GZICHCOCH,),
6.80 (2H, d,J = 8.6 Hz, CHEICOCH;,), 3.72 (3H, s, 08y,),
3.65 (2H, s, NHEl,), 2.90 (1H, quintet) = 6.1 Hz, GINH), 2.29
(2H, d,J = 6.1 Hz, G1,CO,), 1.65 (1H, br. s, N), 1.37 (9H, s,
C(CHg3)3), 1.30-1.14 (6H, m, C¥H,CH,CH,), 0.82 (3H, t,J =
7.2 Hz, H;CH,); °C NMR (75 MHz, CDC)) 5= 172.4, 158.9,
133.1, 129.7, 114.1, 80.8, 55.7, 54.8, 50.8, 48484, 28.5, 28.3,
23.2, 14.4; IR (thin film)vp., (cm?): 1722 (s, C=0); HRMS
(ESI):m/z322.2377C,gH3,NO; [M+H] " requires 322.2381.

(R,E)-tert-Butyl 3-((4-methoxybenzylidene)amino)-aph-
propanoatel5a

Cerium ammonium nitrate (1.72 g, 2.94 mmol) was ddbea
solution of R)-tert-Butyl 3-((4-methoxybenzyl)amino)-3-
phenylpropanoatéa (0.251 g, 0.736 mmol) in MeCN-B (5:1,
9.4 mL) and the bright orange solution stirred aom
temperature for 2 hours, before saturated Nak{&f) (50 mL)
was added. The mixture was partitioned between brideEaO
and the aqueous layer further extracted witfOER2 x 20 mL).
The combined organic extracts were dried over ardugr
MgSQ,, filtered and concentratesh vacuoto afford the title
compound as a yellow oil (0.204 g, 82% vyielf§]3* -30.0 ¢
2.9, CHCL,); '"H NMR (300 MHz, CDC)) &, = 8.36 (1H, s,
CH=N), 7.76 (2H, d,) = 8.5 Hz, GICHCOCH), 7.50 (2H, d,J =
7.7 Hz, Ph), 7.41- 7.36 (2H, m, Ph), 7.32-7.27 (1HPim), 6.96
(2H, d,J = 8.5 Hz, CHEICOCH), 4.82 (1H, ddJ = 9.5 and 4.9
Hz, CHN=CH), 3.89 (3H, s, 0B,), 2.97 (1H, ddJ = 15.0 and
1.5 Hz, G4*H®), 2.86 (1H, ddJ = 14.9 and 4.8 Hz, CHH®),
1.39 (9H, s, C(Bly)s); °C NMR (75 MHz, CDCJ) §. = 170.7,
161.7, 160.5, 143.1, 130.1, 129.2, 128.5, 127.7,.0,2113.9,
80.6, 71.4, 55.4, 44.8, 28.1; IR (thin film). (Cm’l): 1723 (s,
C=0); HRMS (ESI): m/z 362.1754,C,HsNNaQ; [M+Na]*
requires 362.1732.

General Procedure 3: Oxidative deprotection ofert-butyl N-
PMB-B-amino ester§a-h

Cerium ammonium nitrate (4 eq.) was added to aisoldf the
appropriateN-PMB-B-amino esteb (1 eq.) in MeCN-HO (5:1,
0.2 M) and the bright orange solution stirred atmatemperature
for 2 hours before saturated NaH{&¥) (50 mL) was added.
The mixture was partitioned between brine angOE&and the
aqueous layer further extracted with,@&t(2 x 20 mL). The
combined organic extracts were dried over anhydidgSO,,
filtered and concentrateith vacuo The resultant crude product
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was dissolved in MeCN-4D (5:1, 0.2 M), acetic acid (15 eq.)
was then added and the reaction mixture stirred catmr
temperature for 48 hours. The reaction mixture vas diluted
with water (5mL) and washed with Bt (3 x 10 mL). The
aqueous layer was basified with saturated Nak{&{), extracted
with Et,O (3 x 20 mL), and the combined organic extractediri
(MgSQ,), filtered and concentrateith vacuoto afford a crude
product that was purified by chromatography to affdhe
desiredtert-butyl B-amino esteba-h.

(R)-tert-Butyl 3-amino-3-phenylpropanodia

N-PMB-3-amino estefa (0.1 g, 0.3 mmol) was used to prepare
the title compound as a yellow oil (0.044 g, 68%ld)ieusing
general procedure Ja]%¥’ +20.0 € 1.2, CHC}) (Lit.” [a]?
+19.7 € 0.96, CHC)); '"H NMR (300 MHz, CDCJ) &, = 7.15-
7.33 (5H, m, Ph), 4.31 (1H,1,= 6.9 Hz, GINH), 2.52 (2H, d,)
=7.0 Hz, H,CO,), 2.41 (2H, br. s, N,), 1.35 (9H, s, C(85),);
*C NMR (75 MHz, CDCJ) 8. = 171.4, 145.4, 128.5, 127.3,
126.3, 80.7, 52.8, 45.4, 28.1; IR (thin film),, (cm): 3312 (w,
N-H), 1725 (s, C=0); HRMS (ESIm/z 222.1500,C;3H,NO,
[M+H] " requires 222.1489.

(R)-tert-Butyl 3-amino-3-(4-bromophenyl)propano&ke
N-PMB-3-amino esteréb (0.19 g, 0.46 mmol) was used to
prepare the title compound as a colourless 0il7(0.9, 56%
yield) using general procedure[&]%® +21.7 ¢ 0.92, CDCY); 'H
NMR (300 MHz, CDC)) &, = 7.37 (2H, d,J = 8.5 Hz,
CHCHCBY), 7.17 (2H, dJ = 8.5 Hz, G1CHCBI), 4.29 (1H, br. s,
CHNH,), 2.47 (2H, d,J = 6.7 Hz, ®,C0O,), 1.76 (2H, br. s,
NH,), 1.34 (9H, s, C(8,)3); *C NMR (75 MHz, CDCJ) 8¢ =
171.0, 143.7, 131.6, 128.2, 121.0, 81.0, 52.2,,4811; IR (thin
film) vmay (cM’): 3662 (M, N-H), 3376 (w, N-H), 1722 (s, C=0);
HRMS (ESI): m/z 300.0620, C,3H;oBrNO, [M+H]" requires
300.0599.

(R)-tert-Butyl 3-amino-3-(2,4-dichlorophenyl)propate5c
N-PMB-3-amino ester6¢c (0.14 g, 0.33 mmol) was used to
prepare the title compound as a yellow oil (0.066&0 yield)
using general procedure [3]3* +37.6 € 0.85, CDCJ); 'H NMR
(300 MHz, CDCJ) 8, = 7.44 (1H, dJ = 8.4 Hz, GICHCCI),
7.20 (1H, dJ = 1.8 Hz, CCIGICCI), 7.8 (1H, ddJ = 8.4 and 1.9
Hz, CCICHCH), 4.70 (1H, br. s, BNH,), 2.60 (1H, dd,J = 16.0
and 4.0 Hz, NHE"H®), 2.44 (1H, dd,J = 16.0 and 9.0 Hz,
NHCH"H®), 2.29 (2H, br. s, N,), 1.36 (9H, s, C(B,)); “C
NMR (75 MHz, CDC}) 8. = 170.8, 136.4, 133.4, 133.3, 129.4,
128.4, 127.5, 81.2, 48.7, 42.8, 28.1; IR (thin Jilog., (cm?):
3383 (w, N-H), 1725 (s, C=0); HRMS (ESln/z 312.0525,
C,3H1,CIL,NNaQ, [M+Na]” requires 312.0534.

(R)-tert-Butyl 3-amino-3-(4-cyanophenyl)propano&te
N-PMB-3-amino ester6d (0.16 g, 0.45 mmol) was used to
prepare the title compound as a yellow oil (0.05B546 yield)
using general procedure ]2 +16.0 € 0.5, CDC}); 'H NMR
(300 MHz, CDC}) 3, = 7.68 (2H, dJJ = 8.0 Hz, CHEICCN),
7.55 (2H, d,J = 8.0 Hz, GICHCCN), 4.50 (1H, br. s, IENH,),
2.63 (2H, d,J = 6.6 Hz, G1,CO,), 2.14 (2H, br. s, N,), 1.46
(9H, s, C(®Hs)3); *C NMR (75 MHz, CDC)) 8. = 171.6, 145.2,
132.4, 127.3, 118.8, 111.3, 81.3, 52.5, 44.8, 2R 1(thin film)
Umax (CMY): 2228 (m, CN), 1723 (s, C=0); HRMS (ESH/z
247.1448C,H1N,0, [M+H] " requires 247.1447.

(R)-tert-Butyl 3-amino-3-(4-nitrophenyl)propanode

N-PMB-3-amino ester6e (0.13 g, 0.33 mmol) was used to
prepare the title compound as a yellow oil (0.05B%6 yield)
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using general procedure Ba]?® +9.1 € 0.55, CDC)). 'H
NMR (300 MHz, CDCJ) &, = 8.11 (2H, d,J = 8.9 Hz,
CHCHCNO,), 7.49 (2H, dJ = 8.6 Hz, GCICHCNOQ,), 4.42 (1H,
br. s, GHNH,), 2.51 (2H, d,) = 6.7 Hz, &1,C0,), 1.78 (2H, br. s,
NH,), 1.34 (9H, s, C(8,)3); *C NMR (75 MHz, CDCJ) §¢ =
170.6, 152.2, 147.2, 127.4, 123.8, 81.3, 52.3,,4880L; IR (thin

film) vpmay (cm™): 3382 (w, N-H), 1720 (s, C=0); HRMS (ESI):

m/z289.1156C,:H,sN,NaQ, [M+Na]" requires 289.1164.

(R)-tert-Butyl 3-amino-3-(thien-2-yl)propanodit
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