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Abstract

This thesis dcuments the gnthesis ofa-amino acid building blocksusinga readily
avalable carbamate astarting material via a Pd-catalyzedasymmetric allylation

reaction.

This method produceactans bearing a range of potaandhydrophobicside chaing
and canbe used to synthesize di-peptidomimetic containing Freidinger lactans
directly. In addition, amild hydrdysis protocolvia a phthalimide intermediateallows
the transformation ofazlactons into the carespondingfree amine containing
constrained amino adi building blaks through a simplethree step sequence,

generating the products in good yiedahd enantiocontrol.

Futher studiesdemonstrated thattri-peptidomimetics based orMIF1 and RGZzan
be synthesizedwith these Fradinger lactans, and the former analoguéad a stable

i ll-turn structure Fnally, the olefin on the Freidinger lactam building blocksn be
modified into other functional groupsshowing the synthetic tractability of the
method.
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1. Introduction

1.1. Paladium-Catalysed Deceboxylative Asymmetric Allylic Alkylation (DAAA)

In 1980, Tsuji et al. first reported that allyl acetoacetate can rearramdéHF under
Pd(OAg) and PPh catalysis to prodO S I -unsaturated methyl ketones In the
following years, Bhoughthe Tsuji group and otharextended thereactionscopeand
demonstrated that the reaction offered excellent regioselectivities, the

enantioselectivity of sucheactiors has only bgun to be studied in the past 20 years.

The accepted DAAA nieanismconsiss of three stepgSchemel.l1). Thefirst step is

the process ofoxidative addition. In this stp, the P@0) complex coordinaes with
the allyl fragmentandionizationof the allylic carbonate takes placeDecarboxylaion
is the second stepnlthis step a Pdll) enolateis formed byreleasingCQ. In the las
step, the intermediate alyl Pdl) enolate undergoesreductive elimnation to form
the finalproduad and thePd0) complex can be regenerated a the same timeln this
processthe spedfic mechanisn and enantioselectiity will be influence by the type

of ligandand other factors (suckassolvents additives, temperature and so o). 2

o 0
o)J\o/\/ 79

=
R2 Rs S R3 OR R1)J§(U\O/\/

R2R3
reductive elimination x

L Pd\/\
(OF

Schene 1.1



The controversial part ofDAAA mechanisnis whether the reductive elimnation
occurs vianinner sphere o outer sphee mechanisn (Scheme 1.2 Although there

is general acceptance that praucleophiles with pKa<25 participate in outer sphere
alkylation, he picture is quie complex and the precise mechanism depends on many

factors?

m Il_\ /I‘_ L I‘_
/\de\ \ /@ @
inner sphere outer sphere
Schene 1.2

In 2009 the Trostgroup studiedthe reductive elimnation step of the DAAAY using
stereochemicaprobesand they reported that a nearlyperfect kinetic resolution was
observed which supports the outer sphere mechanism(Scheme 13).* The sudy
showed that one erantiomer of (+/-)-1.1 wasconvertedto the allylation product(+)-
1.2 but the other enantiomerdid notreact. They further discoveed that the relative
stereochemistry othe Ctmethyl group and C2H of (+)-1.2 derived from anouter
sphereelimination because #liminationreactionoccurredviainner here, the Ct

methyl groyp and C2H could be orthe same side asdrawn (product 1.3).

o] & O
5.5 mol% NH HN
PPhy Ph,P o :
o)LO = = Ph

o
L Q 2.5 mol% Pd,dbasCHCly
o o Ph

Dioxane, r.t. 12h

- H H
T B " +
O‘ (+)-1.2, 39% yield, 99% ee ()-1.1, 37% yield, 99.5% ee

(+-)1.1
outer sphere
®/© /Q
€] ! 0 0 ‘Ph
f Ph Pd” -
Q" Pd7; PR TR

H H inner sphere (0]
o T i “‘ ******** i

Schene 1.3
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Computational studieperformed by theStoltz group demonstratedthat the DAAA
reacton between had prochiral eolate nucleophiles and noprochiral allylgroups
using(9-t-Bu-phosphinoxazdine (PHOX) ligandoccurred via an inner sphere
pathway which wasdifferent from outer sphereDAAA reactionbetween softenolate
nucleophilesand prochiral allyl fragmentgScheme #).° They also proposed a
sevenmembeed intermediate that operated during the reductive elimination step

highlightingthe possibility oinner-spherereductive elimnation.

/O~
O =} N /\N
o~ Pd 3y
0 O/\/ \O F:d
Pd cat, o) /J o)y
PHOX | S
@PHOX) -

b

\\O> Pd—N
PPh, N—/ 0 N o X
"By -
(S)-t-Bu-phosphinooxazoline
(PHOX) ligand

Schene 1.4

In general althoughopinionsdiffer on the nature of the reductivelimination step
the general mechansm of DAAA reaction is almost alwaysthe same However,
further studiesof the DAAAmMechanismwill cortinue to help us understand the
structure of keyintermediates which canhelp in theoptimisation ofenantioseéctive

conditions.

TheTrost groupdiscoveed that the cistransisomerisn of ernolate carbonats played
a vital rde in the DAAAreaction (Scheme 1.k° In this case,wo enol carbonate
isomeis showeddifferent stereochemical otcomesunder the sameenantioselective
conditions. The reaction of (E)-1.4 afforded one enantioner product (R)-1.5 with
highyield and high edut (2-1.4 afford the other enantomer product (9-1.5with a

lower yield and selectivityThe Harrity group alsoobservedthe similar situation

11



when they used (E/2)-1.6 as substrate.” Although the cistransisomerisn did not
influence the enantioselectivitythe yield decreasgéfrom 52%to 10%.Overall, these

results suggds that single enol isomersshould be usel when carrying ot
enantioselective DAAfactiors.

Trost group's work

) (R,R)-ANDEN-Phenyl Trost Ligand (5.5%)
o)ko/\/ Pdydbaz*CHCI; (2.5%), r.t., dioxane, 16 hrs

o)
W
A :
= (0] ! 0
O)\(zim NH  HN
(S)-1.5, 75% yield, 60% ee
)CL (R,R)-ANDEN-Phenyl Trost Ligand (5.5%) o PPh, PhyP
= Pd,dbaz*CHCI3 (2.5%), r.t., dioxane, 2 hrs
o o ~F pdbag 3 (2.5%) O)H/\/ (R,R)-ANDEN-Phenyl Trost Ligand

(E)1.4 (R)-1.5, 94% yield, 97% ee

Harrity group's work

R,R)-ANDEN-Phenyl Trost Ligand (5.5% 0]
oTBS (R,R) y gand (5.5%)

0, Q o)
- Pd(dba), (5%), 0 ‘C, Toluene, 16 hrs CO,Et NH HN
A “F N(HBoc
CO,Et Y/Nioc PPh, Ph,P

(E/Z)-1.6 0" "o (E)-1.6: (R)-1.7; 10% yield, 45% ee (R,R)-DACH-Phenyl Trost Ligand
(2)-1.6: (R)-1.7; 52% yield, 49% ee

Schene 1.5

h-Disubstituted ketones have beenused in the DAAAreaction to generde the
correspondingh -quaternary substitutedallylation goducts The Wang group used
the 2-fluoropropiophenonel.8 as a substrate to afford "-carbonyl tertiary alkyl
fluorides 1.10with useful yield and ee valséScheme 1.6§.2 It wasworth noting that
they pre-formed the enolateintermediate 1.9 using LIHMO5 and that this enolate

intermediateparticipatein the DAAAreactionasa singleZ-isometr

o
1. LIHMDS . _~.-0CO0Me P
—_— X
F (S)-t-Bu-phosphinooxazoline F
R R R

(PHOX) ligand (3.0 mmol%)
18 1.9 [Pd(C3Hs)Cl]; (1.5 mmol%) 110
THF, 0 °C, 1 hour

86% (78% ee)
88% (73% ee)
74% (77% ee)
83% (77% ee)
88% (82% ee)
91% (84% ee)
57% (82% ee)

Z 0
@

°
K\J
PPh, N
:tBu

(S)-t-Bu-phosphinooxazoline (PHOX) ligand

TARRRET
TWOTOZT

> =5 =

Schene 1.6
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Cyclicketoegershavealsobeenwidely employedin the DAAAeaction. In 1997 the
Trost group reportedhat the enantioselectivly could be significantlyenhancedby
addingN,N,NY\&tetramethylguamdinium (TMG) asan basc addtive in the allylaion
of a-tetralones, but the enantioselectivly was onlybetween -16 and 70 by using
other beasic additives NaH, n-GiHoLi, N&CQ), which cansuggest that optimising
enantioselectivity isnot limited to solvent, ligands and reaction temperature
(Schemel.7 a).° Althoughi -keto esters are excellent substratéor decarboxylative
asynmmetric allylicalkylation with the standard Trostligand ketone enolées are not
ideal In 2001,You et al publshed amore efficient ligand (R,R,Sp,9dl) which can

afford allylation produts with high ee valus (up to 95% egSchemel.7 b).0

a) [{Pd(n-C3H5)Cl},] (0.5 mol%)
(R,R)-DACH-Phenyl o
Trost Ligand (1.2 mol%)

H HN

CO,Bn
N
MeO

98% (91% ee)

\/\OAC toluene, TMG
0°C, 1h

LDA, allyl acetate

[{Pd(r-C3Hs)Cl},] (2.5 mol%) 0 R
(R,R,Sp,Sp)-1 (7.5 mol%) @é\
~"pac THF 50 C,1h =
93%, (95% ee)
Scleme 1.7

o} o]
N
PPh; Ph,P

(R,R)-DACH-Phenyl Trost Ligand

Q

I

PPh, Ph,P
Fe 2 2

=

(R,R,Sp,Sp)-1

Interestingly, He and Wang et alreported the synthesisof a double allylation

product, a crucial intermediate in the total synthesis o)-fluperzine Awith high

enantioselectivityand yield (Schemel.8).1t

7
N. _OMe [{Pd(z-C3Hs)Cl}] (0.5 mol%) N R,
‘ = ferrocenylphosphine ligand (11 mol%) X OMe N,
7 _ — Ra
o OAc : o
CO,Me Toluene, -20 C, 24 hrs MeO,C PPh,
OAc Fe _pph
82% (90.3% ee) ©/ 2
H R, = cyclopentyl
74 N R, = (CH,)s0OH
N o ferrocenylphosphine ligand
/
_ —
MeO,C

(-)-huperzine A

Schene 1.8
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h -Trisubstituted ketones or their enolates can also be used in the DAAA reaction
These are digtinguished from h-tetrasubstituted ketones or enolatedy the
differencebetweenan intermolecularreactionand a formal intramolecularreaction
(Scheme 19). Carbonate asa functiona group eplaces the H o the h-C of
disubstituted ketones to form a trisubstituted substate or the corresponding
enolate Intramolecularreactiors usuallyoccurrapidly and the ratio of nucleophilic
fragments to electrophilic fragments strictly 1:1, which cansuppress sideeactions

caused by excessliisstrate.

i /
R )H/R1 + /—/ intermolecular DAAA reaction
3 AcO
Rz

a-Trisubstituted ketones 0 =
O ™ Ry
o 0 JC AN Ry Ry
= or o 0
3 R4 allylation product
R1 RQ R3
R, intramolecular DAAA reaction

a-Tetrasubstituted ketones or enolates

Schene 1.9

An nteresting eample of this chemisy was reported by the Trost group who
investigated the regioselectivity o#llylation of a-hydroxycabonyl derivatives
(Scheme 110).*2In this casel.11and 1.12 canbe convertedinto isomeic erolates
that lead to productsl.13 or 1.14. TheTrost groupspeculated that therewas an
equilibrium betweenintermediates| and Il. Consiering that the st@bility of | was
higher thanll, the prodwct 1.13 should be thethermodynamic productwhich
required the rate of allylaion to be slowe than the rate of equilibration. They
speculaed that the rate difference of allylation versus equilibration could be

influenced by the ligand and thesize of he silyl group

14



B L. Y,
Pd ,
OSiR'; OSiR'y, L OSIR, OSiR';
)\/OCOZAIIyI — e D O CHO
R R Pd — R
" v oL Allyl
' ! L 113
B ® L 1
S L\Td/ Lbj_\‘ Q
OCOLAllyl o & _Pd—, -
o] OSiR';
)\/OSiR13 - OSIR! —_— - — =R
R R)\/ I R)\/OSIR 3 Allyl
112 1.14
Stheme 1.10

In practice,the two enolcarbonates gave the same produgcalthoughthe reaction

rateswere quite different. As showmsSteme 111 a), the reactionrate of 1.15is

faster than that of 1.16 although the yield and enantioselectivitywere not

significantly different. Thiswasreasonableconsidering thatl.16 needed to undergo

a silyl transfer stepto form the allylation product The smpe of this process @as

broad, aad afforded a series ofproducts with high yieldand enarntioselectivties

(Schene 1.11 b).

a)

OTBS

on &OcozAllyl

1.15 (R,R)-ANDEN-Phenyl
Trost Ligand (5.5%)
Pd,dbazsCHCI3 (2.5%),

r.t., dioxane,

0.25 h, 93%, 92%ee
OTBS

Ph” CHO

OCO,Allyl 1h, 86%, 91%ee

X OTBS

Ph

1.16
(R,R)-ANDEN-Phenyl
Trost Ligand (5.5%)
Pd,dbas*CHCI3 (2.5%),
o) r.t., dioxane,

[0} O

NH HN
PPh, Ph,P

(R,R)-ANDEN-Phenyl Trost Ligand

X
OTBS

R CHO

MeO

92%, 85% ee

93%, 92% ee 94%, 92% ee

oTBS
OTBS OTBS
CHO :
CHO o o
NO, \

81%, 93% ee

69%, 79% ee 93%, 98% ee

Scheme 1.11

89%, 98% ee

\
OTBS
// CHO
Ph
76%, 89% ee
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Stoltzreported a newclass ofamide enolatesand appliedhem inthe DAAAeaction
to generat a new carba badkbonewith quaternarycarbonstereacenter (Scheme
1.12).23 This methodologyfforded highly enantioselectiveproductsby wsing a novel

electronically perturbed Trost ligand

1. Pd(dba), (4%)
Electronically perturbed
Trost ligand (7%)

o) a o)
on EtOAc or THF o NH HN
MeO,C. )‘S(\/\
MeO,C A R 2. Grubbs' Il (6%) N COMe | FyC PAry Ar,P CF,4
X B methyl acrylate Bn Ri Re
n

Ro 40 'C, CH,Cly, 3 hrs Ar = 4-CF3Ph
Electronically perturbed Trost ligand

(o}

o] 0 o

=
XWCOZMG XWCOZMe X)k\/\COZMe
n-hex N Ph
TBSO
69% & 85%, 94%ee 76% & 79%, 94%ee 77% & 76%, 76%ee
o o o
=
XWCOZMe X&\ACOzMe X7 NN co,Me
n-Bu Et n-hex Et n-hex’
76% & 85%, 82%ee 64% & 85%, 94%ee 56% & 84%,76%¢ee Ph
Schene 1.12

As with h-subgituted cyclic ketones, h-substituted cyclic keto esters and enol
carbonatesare also prealent in asymmetric allylatiorreactions. The Nakamura
group reported that h -fluoro-i -keto estes can beallylated to affordh -fluoro-i -allyl
ketones with high enantioselectiity (Scheme 1.13 a).!# The Behenna goup
demondrated that 1-cyclohexenyl allyl carbonatecan undergahe DAAAreactionto
providethe correspondig allylation producs with high e§Scheme 1.3 b).1> Smilar
reactions with very hidh enantioselectidies were published by the Trost group
(Scheme 1.2¢).16
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Pd,(dba)s-CHCl3 (2.5 mol%)

a) o O (S)-t-Bu-phosphinooxazoline Q
O/\/ (PHOX) ligand(6.25 mol%) Cij\":\/
F THF, 0 °C
(o)
94% (96% ee) \\)
PPhy N—/
o Pd,(dba),-CHCI3 (5 mol%) “tBy
b) O)ko/\/ (S)-t-Bu-phosphinooxazoline (S)-t-Bu-phosphinooxazoline

(PHOX) ligand (12.5 mol%) (PHOX) ligand

O
-

THF, 0 °C

96% (88% ee)

Pd,(dba)s'CHClj (2.5mol%) o]
o o (R,R)-ANDEN-Pheny!

o/\/ Trost Ligand (5.5 mol%) (o) ﬁ (0]
1,4-dioxane, 23 °C, 16h PhS NH HN
PhS 75% (100% ee)
o PPhy  Ph,P

Pd,(dba), CHCl3 (2.5mol%)

(0]
oko/\/ (R,R)-ANDEN-Phenyl H (R,R)-ANDEN-Phenyl Trost Ligand
Trost Ligand (5.5 mol%) )
THF, 0°C -

81% (97% ee)

Schene 1.13

In summary, a large number of studies have demonstrated thaDxAéAreactionis
a powerful method tageneratechiral quaternary stereccenters on carborbackbones
This makes the synésis of many nairal products andsmall molecule drug scaffolds

possible.

1.2 The applicationof azlactonesn DAAAreaction

Azlactones have proven to be a powerful class ofsubstates for the synthesisof
unnaural amino acidsearingquaternaryGstereocenters(Scleme 1.14.2 Although
the azlactorescan bereadily synthesiged from commercialnatural aminoacids they
racemiz in this processThusthe enantioselectiveDAAAreacton offers aneffective

methodto addresshis problem

O ]

R
R Q 1. ArCOCI RW)( asymmetric R hydrolysis R' Q
OH — =~ o — 0O — R OH
2.D N= Ikylati N=
NH, CcC \< alkylation \< NH,
Ar Ar . . .
natural amino acids a-tertiary animo acids
Schene 1.14
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The Trost goup reported using i -benzyl alactones as substratesin the DAAA
reaction (Schemel5).t” Comparedwith linear allylic aetates A, the reactions with
branched substituted dV/lic acetées B had higheree vdues. They also discovered
that the nucleophilicfragment(azlacbnes) coud attack themore substitutedcarbon
of the allyl group this results in the generation of thdi-tertiary products 1.17, 1.18
albet in minor amourts which were recovered in low yeld with poor

enantioeledivity.

R, =Ph 9]
RN"onc Ry = Pr R\
A O R192% (91% ee)
[{Pd(n-C3Hs5)Cl},] (2.5 mol%) Bn' N— R, 88% (83% ee)
(R,R)-DACH-Pheny! Trost

Ligand (7.5 mol%) OAc

toluene, Et3N, RT, 3 h TMS)\/ ™S \
Bn 0 B _E 69% (98% ee)

N={ N

Ph
)\/\OAC WO O

" SERNESY

NH HN
78% (99% ee) 117 12% (27% ee)
PPh, Ph,P
)\\/
o
=

(R,R)-DACH-Phenyl Trost Ligand OAc O

"=l
Ph

75% (99% ee) 1.18 15% (20% ee)

Schene 1.15

Phosphates were introduced asreplacenents for carbonateby the Trost groupin
20128 When p-methoxybenzyl metyl carbonate 1.19 was used for allylating
azlactonesthe yield was lowalthoughthe enantioselectivitywas high(Scheme 1.16
a). When using phosphates 1.20, 1.21 that exhibit higher reactivity,adding CsCQ
and 'BuOHcan significantlyimprove theyield and enaribselectivity of the reaction

(Scheme 1.1®).
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(0]

(n3-C3Hs)PdCp, 5 mol%
/@AOCOQMe \%ko (S,S)-Stilbene Trost Ligand, 6 mol%
MeO

+ N= -
BUOH, Toluene, 75 °C
1.19

NH HN
PPhy Ph,P

25% yield, 89% ee (S,S)-Stilbene Trost Ligand
b)
o o (n-C3Hs)PdCp, 5 mol% RQ\%&
i R,R)-Stilbene Trost Ligand, 6 mol% o
‘ A OP\O(;E’ Rz%o (R,R)-Sti ig o N=
R/w/ t + N= CsCOj3, 'BUOH, CH,Cl,, 25-50 °C = |
s
1.20 R

up to 99% yield, up to 96% ee

o NH HN
o] o (n%-C3H5)PdCp, 5 mol% Rz\%k
‘ A op-OPh RZ%O (R,R)-Stilbene Trost Ligand, 6 mol% o PPh, PhyP
\
R/1/ OPh + N= CsCO3, 'BUOH, CH,Cly, 25-50 °C é (R,R)-Stilbene Trost Ligand
A
1.21 e

up to 91% vyield, up to 95% ee

\
- z
o

Scheme 1.16

It is worth mentioning thatSerra et alreported that azlactone enol carbonatesan
also be converted intothe mrresponding Hylation productwith useful yeld and

enantioselectiviy (Scheme 1.7).19

[PdCl(allyl)]l, 10 mol%
(R,R)-DACH-Phenyl o

OJ\O/\/ Trost Ligand 4 mol% \ NH HN
- \/>HJ\O
Rj%o CH4CN, rt, 30 min R™ N={ PPh, Ph.p
N= Ar ? z

(R,R)-DACH-Phenyl Trost Ligand

(0] (0] (0] (0]

W w w N
X0 X o X~ o 0
w “ N (
N={ BN N= ﬁ N= 2 N=(
Ph Ph Ph S Ph
83%, 70% ee o 8% 70%ee 83%, 63% ee o 86% 64%ee

o
P (0] B o) B (0]

N=( N={ N={

Ph p-CICgH, p-CICgH,
86%, 85% ee 96%, 62% ee 90%, 68% ee
Schene 1.17
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1.3 Theapplication of avitterionic intermediatesin the DAAAreaction

Due totheir excellentcyclzation reactivitycyclic carbamate&.22 have ben widely
applied in the DAAA reaction (Scheme 1.8). Z& A (i (i S N&lIglpakadum -
intermediate 1.23 can beformed after decarboxylationof these precursos. The
cationterminal of 1.23 can be att@ked by thenucleophilicfragmentand the anion
terminal canbe used in thesynthesis of functionaled nitrogenheterocyclesby

intramoleculamreaction.

CO, : and@
/ S
HJ\ cation terminal
O _N_ decarboxylation
\ﬂ/ EWG g EWG anion terminal
0 1.22 1.23
Schene 1.18

Thus, the design ofwitterionic precursos is crucial for theDAAAcycloaddition
reaction Diverse lactones and cyclic daamates have ben appliedin the DAAA
cycloaddition reactionto realizethe synthesisof variouscycic compound with the
potential to generate chiral quaternarystereacenters.?® This section of the thesis

mainly introduces thepplicationof carbamagsin thisreaction(Scheme 119).

= o o

o EWG\N)J\ EWG. )L EWG. J\
T G gg

EWG
1.24 1.25 1.26 1.27

Schene 1.19

Carbanate 1.28 has be@ commonly goplied indecarboxylative [4+2¢ycloaddition
reactiors for synthesis of ematic nitrogen heterocycke The Tunge groupreported

a new[4+2] cycloadditionreactionto synthesis hydroquinolinesdy usingcarbamate
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1.28 as a precursor(Scheme 120) in 20082 The hydroquinolinesafforded by this
protocol were generated with excellent vyields, enantioselectivies and

diaskereoselectiities.

(R,R)-ANDEN-Phenyl X

A NC.__CN Trost Ligand (11 mol%) i CN Q ﬁ 0
o \ Pd,(dba)s (5 mol%) WCN NH HN
.
N/&O CHyCl, 1t, 4-6 hrs N PPh, PhyP
‘ R
R

(R,R)-ANDEN-Phenyl Trost Ligand

T CON T CN i CON i CN i CN
v L ! L YL e
T Ts Ts Ts
s NO, Ts COMe CFs OAc S
78%, 96% ee, d.r>99:1 76%, 96% ee, d.r=25:1 90%, 91% ee, d.r=45:1 52%, 91% ee, d.r=92:1 78%, 89% ee, d.r=36:1
Sheme 1.20

Enantioenriched benzazepindsave been synthesizedy the Gloriusgroup by using
carbamate 1.28 in a DAAANHCorganocatalysd synergisticreaction?? NHCcatalyst
1.29 camot only convertthe enall1.30to NHGhomoenolate1.31 but also workas
chiral auxiliay to control the enantioselectivity of thereaction (Scheme 1.2).

Glorius screeneda variety of enals to afford diverse benzazepineswith excellent

enantioselectivies(Scheme 122).

r.
AN 1IN ol
co, y Pd HO :i
Ph
0 =
A o NW
NS0 Ts \/<\N,N
128 pg 1.31
DAAA J—ph
NHC Organocatalysis OHC\/\

1.30

. O\/Zj\\

T P NN ~ar
< ph NHC catalyst 1.29

(IQ

Ts’ 0

Product

Scheme 1.21
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AN
NHC catalyst 1.29 (15 mol%) 3 R
5 mol% Pd(PPhj)
i + oHc—/ R > (PPha)
N o 1 equiv. Cs,CO3 N

! THF, rt, 24h

R4=H 86%; 12:1 d.r.; 99% ee
R4=Me 60%; 10:1 d.r.; 97% ee
R1=OMe 82%; 20:1 d.r.; 98% ee
R1=NMe, 93%; 20:1 d.r.; 99% ee
R4=ClI 64%; 12:1d.r.; 97% ee
R4=F 77%; 20:1 d.r.; 98% ee

Ri=NO, 98%;20:1d.r;91% ee | 87%; 11:1dr. 80%: 10:1 dr. o
0

98% ee 98% ee

~= ;.\\\\

Ts 0
42%:0211 dr. 60%; 6:1 d.r. 60%; 6:1 d.r. 69%; 15:1 d.r.
84% ee 95% ee 95% ee 98% ee

Schene 1.22

In 2016, the Jargensergroup first reported the synthesis otetrahydroquindines
with high erantioselectivties and diastereoselectiities by introducing chiral
organocatdyst 1.32 on the "X Junsaturated aldehyde .33 instead of usinga chiral
ligand 22 Iminium-ion intermediate 1.34 underwent DAAAcycloaddition reaction

with carbamate 1.35 to form correspondingetrahydroquinolire (Scheme 1.3).

X
0
/g H 1.32
N~ 0
H
1.35

products

Scheme 1.23
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Jorgenserscreenedaldehydes with diverse aromatic groups and alkyfroups to
afford various tetrahydroquinolires with excellent enantioselectivity and

diastereoselectivitfScheme 1.24).

Ph

x [th N
o) (0]
\ N OTMS (20 moi%) 1
L, "
PA(PPhy) (5 mol%
o (PPhS) (5 mol%) e
1.32

phCO,H (15 mol%) H
CH,Cl,, -20°C, 2h

R=0OMe 57%; >20/1 d.r.; 99% ee
R=NO, 70%; >20/1 d.r.; 99% ee
R=Cl 74%;>20/1d.r; 99% ee
R=Br  93%;>20/1d.r.; 99% ee
R=Ph 72%;>20/1 d.r; 99% ee

R=Ph 91%; >20/1 d.r.; 99% ee
R=2-Naph 86%; >20/1 d.r.; 99% ee

X o

Iz

OMe
89%; >20/1d.r; 99% ee  65%; >20/1d.r.; 9% ee  66%; >20/1 d.r.; 99% ee 79%; >20/1 d.r.; 99% ee 41%; >20/1 d.r.; 99% ee

Schene 1.24

5-Vinyloxazolidinone 1.36 and trisubstituted akenes can be combind to synthesie
pyrrolidine with control of multiple stereacentres by a [3+2 metal catalygd
cycloadditionin the preserce of a new chiral oniungphosphine hybrid ligand.37.2*
In this studygchiral ligand1.37 played avital role inconstruction ofthree contiguous
stereacentres (Scteme 1.5 a). The Oa group screeneddifferent trisubstituted
alkenes1.38 and carbamate 1.39to build variouspyrrolidines 1.40 with excellent
enantioselectivity and diastereoselectivity $cheme 1.2 b). These intermediates
could be conveted into the bicyclic lactara 1.41 which is the scaffoldof thrombin

inhibitor analoguedl.42 (Scheme 1.2 ¢).
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a)

o Pd,(dba)s-CHCl5 (1.25 mol%) Ph
) ) CO,Et
)k NO, Ligand (5 mol%) NosN \NO
NosN~ O + Ph%)\ 08 2
\_/\/ CO,Et Toluene
/ 3
E/Z=1:2 § /
1.36 PPh; g°
@@ 27% yield, d.r. =5:8:3:1
NMes 24 h|

B Naph

O Ar2 =4-CF3CgH,
99% yield, d.r. = 11:1.4:1:<1
\/Q 95% ee (for major isomer)
e

AI' 2P

Ar! 0°C,8h]
b) o
1 Pd,(dba)s-CHCl3 (1.25 mol%) Ry N
CN NosN” YO Ligand 1.37 (5 mol%)
os NosN -1CO,Et
Ry~ + \_A/
CO,Et z — Toluene R
1.38 1 /
1.39 1.40 /
Ph 4-BrPh 4-MeOPh 2-naphthyl 2-furyl Et
CN CN CN CN CN CN
NosN -1CO,Et NosN: Z,..CozEt NosN "1CO,Et NosN “1CO,Et  NosN ~1CO2Et  NosN -1CO,Et
: . = oY —Ph
7 4 4 7 4 4
98%: 98% ee 99%: 97% ee 99%; 99% ee 94%; 99% ee 99%; 97% ee 99%; 98% ee

dr. =>20:11:<t:ND  d.r. =17:1:<t:ND  dr. = >20:1:<T:ND  d.r. = >20:1:<1:ND 4. =>20:1:<t:ND  dr. =>20:1:<1:ND

iBu CHZPh 4-CIPh 4-MeOPh

CN Pon "en CN CN
NosN ICOzEt NosN COzEt NosN 'COzEt NosN ICOZEt NosN 1CO,Et NosN ~1CO4Et
\ z —Ph

=Ph

/ J

99%, 99% ee 99%, 95% ee 70%; 94% ee 99%; 93% ee 94%; 94% ee 97%; 95% ee
d.r. =>20:1:<1:ND d.r. =>20:1:<1:ND d.r. =>20:1:<1:ND  d.r. =9.8:1:<1:ND d.r. =8.6:1:<1:ND d.r. =9.3:1:<1:ND

c)
Ph Ph O
% CO,Et N
NosN ~'"NO, _— NosN N—PMB
//’ 1.41
Schene 1.25

In the sane vyear, the Ooi group also published the synthesis of various
imidazolidines1.44 with high enantioselectivityand diastereoselectivityby the
metal-catalysed cycloaddition reactionbetweenthe carbamatesl.39 and N-sulfonyl

imines 1.43 in the preserce of the chiral oniungphosphine lbrid ligand 1.45
(Scheme 126).2°
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A" Ar'=4-PhCgH,
Ar?=4-CF3CgH,

o) Pd,(dba)s-CHCls (1.25 mol%) ;\2 OO
i /
NosN” 0 4 Raw N- Ligand 1.45 (5 mol%) NosN”~ “NSO,PMP ON
2" ~S0,PMP = S
_— 143 Toluene, 20 °C, 24 h TR CO | 145
Ry ' Va . AP
1.39 1.44 Ar
Ph Ph Ph Ph 2-MeCgH,
NosN~ "NSO,PMP NosN~ "NSO,PMP NosN~ "NSO,PMP NosN"  NSO,PMP NosN~ "NSO,PMP
—Et By ~iBu T=(CHz);:Ph Ll
Va J V4 7 Va
90%, 96% ee 99%, 96% ee 99%, 94% ee 92%, 92% ee 93%, 99% ee
>20:1 dr >20:1 dr >20:1 dr 1:1 dr >20:1 dr
2-MeOCgH, 2-CICgH,4 4-OMeCgH, 2-furyl 1-naphthyl
NosN™ "NSO,PMP NosN” "NSO,PMP ~ NosN” "NSO,PMP  NosN~ "NSO,PMP NosN™ NSO,PMP
/ / / / /
92%, 97% ee 92%, 95% ee 80%, 96% ee 99%, 95% ee 94%, 98% ee
>20:1 dr 19:1 dr 7:1dr 14:1 dr >20:1 dr
°Hex iPr Bu
NosN~ “NSO,PMP NosN” "NSO,PMP  NosN”~ "NSO,PMP
D \_L_ R4
4 va 4
99%, 98% ee 99%, 98% ee 99%, 92% ee
>20:1dr >20:1 dr 6:1dr
Schene 1.26

The Harrity group reported that diversepiperidine analogue can ke afforded by a

simple and versatile Pd-catdyzed cycloaddition strategy between carbamatel.46

anddiones andketo lactones (Scheme 127).26

1. O 82%
Q )— o
/ N O O
o N
> o)
O (15mol%) % ‘ 80%
(e} NBoc o]
70f Pd(dba), (5 mol%), CH,Cly, .t d
o O
1.46 2. TFA
N 71%
CO,Et
Scheme 1.27
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On this basis, Harrity's group designedraange of DAAAcycloaddition reactions
between different substrates andarbamatesl1.46 to provide different piperidine
products with high enantioselectivity and yield in the preserce of different chiral
ligands Spiropiperidinescan be providd by the reaction between carbamatel.46
and keto ester substrates 1.47 (Scheme 128 a).?® 3-Huoropiperidines can be
delivered by the reaction between carbamate 1.46 and h-fluoro- -ketoester
subgrates 1.48 (Scheme 1.8 b).” 27

a) Pd(dba), (5 mol%) NHBoc
o o Chiral Ligand (15 mol%) TFA, cn—120|2
+
O\b)LR' OWNB“ CH,Cl,,-20°C,16 h

o o
62%, 94% ee 85%, 98% ee 66%, 92% ee 85%, 94% ee

O\_U,o
T \ T
= 4 =g
17
P
—z
(o]
Py
—z
@]

b) Pd(dba)s (5 mol%)

o (R,R)-DACH-Pheny!

)Krco Et * Trost Ligand (5.5 mol%) CO,Et TFA, CHZC|2
R 2 " 0. _NBoc i
Pr2NEt (1.2 equiv)
F hig (12eq
H)Boc

Bu (5.0 equiv), Toluene,0°C
1.48 o (6.0 equiv)
1.46

RZ O R'=H,  78%,75% ee
COLEt R'=CI, 50%, 81% ee
R'=NO,, 77%, 80% ee
o F R'=CFs, 82%, 81% ce
1= o, o,
o) N(H)Boc R1 MeO, 68%, 74% ee 83%, 86% oo
NH HN R'=Me, 47%, 77% ee
o
PPh, Ph,P COzEt CO,Et O CO,Et
O F
(R,R)-DACH-Phenyl Trost Ligand H)Boc

N(H)Boc N(H)Boc
80%, 76% ee 65%, 61% ee 80%, 82% ee

R'=H, 84% o o o
R'=Cl, 84% N—OEt N—OFEt N—0Et
R'=NO,, 74% : —~F ~F

R'=CF3, 76%
R'=MeO, 94%
R'=Me, 71%

pZ

N NF
N
£ O
76% 99%

Schene 1.28

New carbametes are being esigred to be suitablenot only for the synthesis of
target heterocycic compounds but also to address limitaihs assoated with
chargestabilsing groups. Foexample,Guodesgned new carbanate 1.49where the

electron-withdrawing groupat the N atom forms a part of the target heterocycle?®
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The Guo groupscreeneddiverse carbamatesind nudeophilic substratesto afford
various eightmembered heterocycle products (Scheme 129 a) and  -lactamswith

excellent enantioselectivitgnd yield(Scheme 129 b).

a) Pd,dbay CHCI; (5 mol%) OO 5™
phosphoramidite chiral b

_ N
1) Ts /4
NGEA X N— P-N
oA TsTUNTSN Ligand (20 mol%) N N@ D
N N-R; + = . H PH
\/*\( CH,Cl,, 25 °C, 12 h NN
R Rz
R, O

1.49 phosphoramidite chiralLigand
R,=Ph 88% 93% ee
R,=2-FCgH, 60% 96% ee R,=Ph 96% 90% ee
R,=4-FCgH, 95% 93% ee R,=3-FCgHy 80% 90% ee
R,=3-CICgH, 91% 92% ee Ry=4-FCgHy 89% 91% ee
Ts /¢N Ry=4-CICgH,4 86% 96% ee Ts /¢N R,=3-CICgHy 7% 91% ee
N=N R,=3,4-Cl,CgHs  91% 95% ee N-N R2=4-CICgH, 91% 92% ee
_ " 0
N R;=3-BrCeH,  83% 94%ee H Rp=4-BrCeHs 76% 1% ee
NN OMe | R,=4-BrCeH,  93% 94% ee LR Rp=4-CF3CeH,  71%  90% ee
_ R, R,=3-MeCgH, 94% 92% ee
R,=3-MeCgHy 89% 92% ee K K
R, O Rod-MoOoH 93%  93% ee Ph O R,=4-MeCgH, 94% 90% ee
e ° ° R,=3,5-Me,CgHs  95% 91% ee
R,=4-PrCgH, 85% 90% ee R,=3.0MeCeH,  88% 93% ee
Rp=4-CyCeHs  95% B88% ee R,=4-OMeCgH,  66% 90% ee
Ry=4-BuCeHs  82% 90% ee R;=4-OCF;CeH;  65% 90% ee
R2=2-Naphyhyl! 96% 94% ee
R,=3-Thienyl! 91% 90% ee
b)
MeO.

MeO.
Pdydbag-CHCI5 (5 mol%) ° , OO Ph,
\©\ 0o NC. CN phosphoramidite chiral ’ArCN QF‘ N/
Ligand (20 mol% S
A gand ( ) " Noen O I
O)\'/\/ Ar CH,Clp, 0 C, 24 h o “ Ph

Ar Ar

phosphoramidite chiralLigand

MeO MeO MeO. MeO. MeO
\@ Fh \@ ph @ £n @L e \Q B
{ CN { CN L CN { CN { CN
N N
N CN N CN N CN CN CN
o = o = o = o %= o =

Ph 4-CICgH, 4-BrCgH, 4-MeCgH, 2-Naphthyl
95%, 95% ee 91%, 91% ee 89%, 91% ee 79%, 95% ee

95%, 92% ee

MeO. MeO MeO. MeO

L CN { CN CoN ZeN
N N
N CN CN N CN CcN
o Z o Z o =z o =

3-Thienyl Ph Ph Ph
97%, 92% ee 82%, 94% ee 86%, 95% ee 75%, 97% ee
Schene 1.29

In conclusion,carbamates are a mwerful zwitterionic precursors that build diverse
heterocycle compaunds which can be used athe scaffdd of many target
compounds New carbamates and cyaddition protocols will continue to be

designed tadeliver moe diverseheterocycic compounds
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1.4The development 6Freidngerlactams

About 60%of FDAapproved dugscontaina nitrogen heterocycle® The lactamasa
drug scaffolds widely present in traditionatirugsand naturalproducts.For example,
penicillinGisai -lactam antibiotiqScheme 130 a). Piperlonguminaused & an Asian
traditional medicine for millenniashows antitumour activity (Scheme 130 b)3,
Therefore, the design and application of the lactaoaffdd is of great significance

for the dewelopmert of drugs

a) b)

0

LT, o S
N=——r S. Me |
Hj/:N Me OMe

© EOOH OMe
Penicillin G _ .
B-lactam antibiotic Piperlongumine
Schene 1.30

Researches have for many yearsbeen committed to the synthess and study of
amino acidanaloges Among the many approaches taketie use ofpeptide bond
surrogatesand novel peptide chainbackbames have been employedo generate
compounds with improved pharmacaoigtic profiles better drug properties and

highermarket value.

Freidinger et alfound that the introduction of dipeptid lactams intoa polypeptide
chainis an effective method of limiting the conformation of the peptide (Scheme
1.31a).3! The resllting lactamcanenforcethe trans conformation ofthe amidobond
in the peptidechain¢ . along withcontrollingthe dihedral angls of the main chain
y 1. Thelactam ringcan alsampact conformational flexibility of the dihedral angs
f1 andf.. Although several strategies exist fothe synthesis of Freidinger lactams
they generally provide motifs that lack functionality hat limits their further

elaboration downstreanfScheme 1.31b).30
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Scheme 1.31

The introduction offFreidingerlactams has beeshownto improve thepotency of
peptide drugsFor example, théuteinizinghormonereleasinghormone (LHRH has
al -turn that is stabilisedy the formation ofthe H-bond between carbony-O ofthe
(i)-tyrosire residueand amide-H of the (i+3)-leucineresidue (Schemel.32). Thei -
turn playeda vital role in the biactivity of LHRH TheFreidingr group showedthat
a constraired configuration can be built into the LHRH by using glactam as
surrogate for the (i+1)-glycine residue (Scheme 1.26* This comstrained peptide
fragment can stahbilise the i -turn structure to enhance thepotency of the LHRH

whichwas demonstreed both in vivoandin vitro.
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Schene 1.32

The Stefanuccigroup reported that [D-Ala2, ded_eu5] enkephalin amide (DAPEA)
anabgue A20Q which was generated by troducing (R-"-amino- -lactam (Agl)in
DAPB, has high seletvity and potency at theMOR reeptor (a class ofopioid
receptory (Scheme 1.3).3% By using docking studies, they identified the
conformationof A2Dwhich led to the propsal hat ai -turn played an important
role inbinding atthe MOR reeptor. Interegingly, A2 a diastereomerof A2D, did not

show thei -turn feature.
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A2: Tyr-(s)-Agl-Gly-Phe-NH, A2D: Tyr-(R)-Agl-Gly-Phe-NH,
Sheme 1.33

In summary, the introduction dfreidingerlactamsin peptide drugs is a strong and

effective strategyto improve ther therapeutic potentid
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2. Previouswork

Qurrent approachesto Freidinger latams rely almost exclusively on #h
stereospeific elaboration of avdablea-amino acids, athde novoasymmetric routes
to functionalizableconstrained amino acid building blocks are almosknown. In
addition, in many ofthese casesthe buildng of Freidingerlactamsrelieson the a-
amino acig with special sie grougs (suchas methionine lysne and so onthat are
involved in the ring fornmg process. Ais meansthat Feidinger lactamsannot be
introducedat al sitesin apeptidomimetic At the sametime, thisapproachis limited

by the fact hat the sidegroupsare sacrificed in the ringoirming process

We envisagd tha functionalized Freidinger lactams could be made available
through the condensatiorreadion of a 2-aminomethylp-allyl intermediate and an
a-amino acid anion equivate (Scheme2.1). We identified azlactonessasynthetic

equivalent of the amino acid anion, and the cyclic carbamate as the refgutic

component.
H 0
O OR O« N H R2
Boc(H)N . . R4(H)N/ﬁfN N/\COZR3
R'(H)N © N RIHN o)
2 MAEEN 2
R R modification

j/ — Io 1 Boo(H)N .
RN AR jﬁ O  NBoo
| R " N |

Shene 2.1. Straiegy of this project to synthegeFreidinger lactams
The synthesisof a series azlactoneswas performed within the group before

commencing the project(Scheme 2.2) and these were convenient for useas

substratesin the lactam formingreaction3*
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Sheme 2.2. Azlactonessynthesizegreviously in the group

Previas workalsopresented feasible exprimental conditiondor the synthesis of -
lactams via allylation/cyclization of azlactorn@heme2.3). Under these contions,
a series ofdifferen(i -lactamswere synthesizedin useful yields. Howeverat this
point, the method was rgtricted to the syntlesis of raemic -lactans, which limis

their applicationin biology and medicine.

5 mol% Pd(dba), NHCOR O —
0o 15 mol% L1 R4 “
j: )Re O.__NBoc ‘ -
R N \n/ DCM, 40 C, 16 h (6] H O © /
L1

o) then TFA, RT, 1h
2eq 1eq

NHCOPh ~ NHCOPh NHCOPh NHCOPh NHCO'Pr NHCOPh
Me ipr "Bu SBu Bn Bn
07 "N 0~ "N 07 "N 0”7 "N 07 "N 0” >N
H H H H H H
66% 74% 66% 55% 64% 84%
NHCOPh NHCOPHh NHCO!Bu NHCOCF; NHCOCF; f NACOPh
Ph B Bn Ph Bu
07N
07 "N 0" N 0” "N o” N o~ N
H H H H H H
80% 39% 61% 93% 33% 61%
H NHCOR NHCOCF
CgH4Br-4 _N 8
\n/ MeOzC
o)
0~ N 07 "N
H H
94% 30%

Sheme 2.3. 1 -Lactamssyntheszedpreviouslyin the goup
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3. Aims

This progct will focus orthe development of a facile and enantiosete/e route to
lactam motifsthat coud be integrated into peptidomimeticéScheme 3L). At the
same time, this strategy neeslto ensure tle highreactivity andversatilityin order to

be usal in gran scaleexperiments.

o o NHCOR
j: >R, + Pd source, chiral Ligand R1i\//|/
2
N O\H/NBOC additives

R; @) N
o) H
High ee value, High yield

Scheme 3l. Ehantioseéctive synthess strategyfor Freidinger lactams

After identifying optimal conditiors for the asynmetric synthesisof the key lactam
motifs, a suitablehydrolysisstrategyfor the removalof the amide groupneedsto be
devebped for forming single Freidnger lactamblocks with a free amne goup
(Scheme 2). These Freidinger lactam monomers can be usd to syntheie
constrained oligopeptide fragments bearing an olefin that offers the potei for

late-stage functionalisation.

NHCOR NH,
R1\;|\1/% hydrolysis strategy R1\;|\l/\//|/

@) N @) N
H H
High ee value, High yield

Sheme 3.2. Hydrolysis straggy
Finally,targets will be developethat incorporatethese Freidinger lactanbuilding

blocks, with the work mainly diviced into two directions (Scheme 3.3). One is

modification of the olefin so that itcanbe taggedwith functional mdecules such as a
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fluorescent organic dye. Another goal is the synthess of constrained

peptidomimetics by using theselactams

Coupling to Functional tag
a-amino acids ~™~_ "~

, \
'NH, | -~
)
\ 2 1, N
N /o \
\ !
.

N-Alkylation with
a-halo-carboxylic acids

Constrain

MIF-1 J; N
) o)

HoN

Shene 3.3. Modification and application ofreidinger lactanilocks.
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4. Synthesis ofubstratesand Ligands

4.1. Synthesis otarbamate

Cabamate (4) is the prearsor to our key dipolar intermediatefor the lactam
synthesisand is made in d@hree-step sequence.The fist step involvestreating the
commercial diol(CJ) with I> and PPh in DCMEtOACc(1:1) with imidazoleto form 3-
iodo-propanl1-ol (C2 (Scheme 41). There are twahings to rote about thisreaction
The first pont isthat the reactionis performedin the dark becausdight will not only
accelerate the decomposition abdine but it also decomposgthe product The
second point is thathe reactionis highly exothermic upon addition of iodineThus,

it is necessaryto keep the mixture(diol, imidazole PPk in DCM/EOAg at0 and
to add theiodine slowlyto the mixture.
l,, PPhs, imidazole %}\

C1 c2
44% Yield

Sheme 4.1. Method to synthesizé€2

In the subsequent stepAgOCNN refluxing toluene was usedio convert C2to the
cycliccarbamateC3(Scheme 4.2 Thisreactionwas ale carriedout in the absence
of light Anally, thecycliccarbamateintermediate (C3 was protected by Boaising
DMAP ascatalyst. The final praluct cabamate (C4 was geerally isolated as a
colorlessoail after purification by flash column chromatographyHowever,it slowly

transformed to awhite solid ater storingin the freezer forabout one week
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%J\ AgOCN, % Boc,0, cat. DMAP

0 (0] NH O.__NBoc
OH | PhMe, 120 C \n/ THF \ﬂ/
0 (0]
C3,82% C4, 97%

Scheme 4.2Method to synthesizecarbamate

4.2. Synhesis ofLigand

The chiral ligands used ttevelopthe asymmetric dlylation stepin this pojed were
all purchased or providedytthe laboratory (synthesized Ipreviousteam members
Sheme4.3).

: og e &0 @;:: % @% &3
g;:: ::13 % Sestvalies 027

9pala L0 C; O CKCQQ/

L9 dr5:1 L10  dr>20:1

Sheme4.3. The list ofigands wsed in thigroject.

Ligand L4 ((RR-ANDMR-phenyl Trost ligand was particularly expensie, so we had to
prepare this to have reamable quantities dr screeningoptimization studies

(Scheme4.4). The ligandvas ynthesized ly the couplingreactionof chiral diamine
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and benzoic acidUsually DIC, DCC and BiCwere used ashe couplingreagents
to promote suchreactiors. However, after many experiments,vitasfound that DIC
was more suitable for tis reaction Useof EDC.HCtesuted in a decrease iield,
while DCCraised problems as thby-product DCUwas difficult to remove by flash
column chromatographyue to co-elution with the product (4. In contrast the by-

product of DICcan beeasilyremoved by flash @lumnchromatograhy.

(@)
OH DIC, DMAP o
¥ g NH  HN
o PPh2 DCM, r.t.
H,N NH,
PPh, Ph,P
90%, L4

Sheme4.4. Method to synthesielL4.

4.3. Synthesis ofazlactones

Although a number of dactones were available when the projecstarted (cf.
Scheme 29), additional elamples were required as tharoject progresed and their
synthesis will be discussed her&enerally speakingsynthetic gproaches o©
azlactonexan be divided into two methats (Stheme 45). The first method is to first
syrnhesize theamide intermediate in an alkaline aqueous satut or THE-and hen
use a deldrating agat (AccO or EDC.HCto cyclize the amidantermediate to
obtain an azlactoneln a modificéion of this routethat is used in cases whei@
groups are easy hydrolysedwhen heagd in a strag alkaline aqueous sdion (such
as ester groups) anacid chlorideis employedto form the amide intermediate. The
secondmethod s to use TFAA directly. In tlapproach TFRAANnot only generates the
correspondingamide intermediate butalsoactsasa dehydrating agnt to cycliz the
amide to the correspondig azlactone In this case, the azlactone hasspecificR

group (CE).
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Method 1

1
a ji 1M NaOHaq), 75 C JCJ)\ j‘\ Ac,0 v
> 2 04> /> R
H,N" COH  then R2COCL 90 min Ry O 90 C,1h i N

R ] o R EDC.HC,DCM  Ox-O
)\ 1™ NaOH(aq), 75 C JJ\ )\ _ j\: />_R2

2 )

HaN"COH thenR?COC, 90min  R° 7 €O 0CtoRT 16h />N
¢ 0O R 0

R R2COCI, THF, reflux I EDC.HCI, DCM j\:0>_R2

> o2 - /4

H,N~ SCO,H overnight R® N COH  oCtoRT 16h R N
Method 2

R 3 eq TFAA Ox-0 A Os_0O

P — j\: )—CFs I »—CF;
H2N COzH R1 N R'] N

Sheme4.5. Srategies forsynthesizingzlactones

Although routes to a range of azlactones were developed withthe goup, many
azlactores with important amino acid residues (such as tryptophaglutanic acid,
and lysne and ® on) were missing.Accordindy, we synthesized azlactones with
neutral side chaingeg 4a, 4b, acidic sidehains(ester protected 4h) andbasic side
chains (Boc protected, 4f) by the aboe method (Sheme 46). Overall, the
azlacones prepaed allowed us to acas manydifferent types of anabgues of

natural amiro aads.
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© O HO e Q
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Shene 4.6. Using differentstrategies to syntheie correspondingazlactones

In the processof synthesizing azlactorg we found many tings worth explring.
Frst of all, for the choice of AeO versusEDC.HCLhe latter was preferableeven
though it had little effect on the yield. fie posttreatment of EDCHQ is simpler
which greatly reducs the product loss during podteatment and purification.
Moreover, theconditionsused withEDC.HIGre milder, and it is more suitable as a
dehydrating agenfor the synthesis ofzlactoneswith readily hydrolysablegroups.
Secondly, theropertiesof azlactore @o) are quite special. Although the polayi of
this substance isery low, its solubilityn DCMis alsovery low. Therefore, a large
amount of whie solid appeared after theeaction and this was collected ty
filtration to obtain the product with a yield of 60%. The reason tbis property has
not been identified, buit couldbe closely rkated to the influence of bromine atom
because Br ipolarisabé and can undergo halogeésonding A final note is that al
azlactores need b be kept in the refrigeratr. Sme azlactonesare readily
hydrolyzed even when steed in therefrigerator, and suclazhaonesneed to be

used immediatelafter synthesis
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We also sythesized some special azlanes using dipeptidesScheme 4.7). The
reasons for studying these systemsare twofold. On the one hand, dipeptie-like
Freidinger lactanbuilding blocks can be firally obtained using such azlactones as
starting materals. On the other hand, the influencef the R group on the reaction
efficiency and stereoselectivityan be studiedand compare to the correspondig

arylgroups. A summary of our routes to these azlanesis shown irStheme 47.

0 o)
N Ac0 O NHCb
N z
CszN/\[( \:)J\OH — j:)\/
0 Bn Bn N

‘ EDC.HCI OIO NHCbz
- —
Bn N

4i, 29%
H 0 o)
N
BocHN ™ (" \;)J\OH __bee | I‘}\/NHBOC
O Bn Bn~ N 4j, 83%
o)
H o)
N o)
CszN/\[f ;QJ\OH EDC.HCI /&FNHCbz
O Bu N 4k, 37%

Sheme 4.7. Usirg dipeptides to synthesize corrg@nding azlactones

From the analysis fothe resuts, we found thatEDCHCI is the most wtable
dehydrating agentvhen Cbz is used #ise N-protected group. Althoud the yield of
azlactone is oly 20%-30%,when other dehydrating agnts (AcO or DCPDwere useal
the reactiondid not proceedat all. For the Bod\-protected group, DCC is theost

suitable dehydrating agerand the yield of azlactomwasup to 83%in this case

We also sythesized thecoresponding azlactones using-ZroPhe & the starting
material (Scheme 4.8). The lactam obtained from this azlactomeould allow he
direct incorporation of proine, a naturally occurring constrained amino acid
Unfortunately, the synthesis of this azmne was not suces$ul. TheNMR spetrum
of the purified canpound was verycomplexand could not beconclusivelyanalyzed
The mass spectim showed that there were two products respectively the

molecular weight of the target prodi (M) and the molecwdr weight d the target
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product plus18 (M+18). Since the spdfic reasonfor the failure of thereactionis
unclear we proposethat a combination ofproline racemizéaion and Chzrotamers
may lead to a compleXNMR spectrum and the hydrolysis of the @acbne may
causeproduct (M+18) to appear in themass spectrumRegardless our inability to

easily work wth this compound led téhe approachbeingabandoned

O_({@ EDC HO! @\Oi%_@
Q~0 — @QEW

Schenme 4.8. Possibleracemizationof azlactonerom Z-Pro-Phe
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5. Seleted Optimization Experimets

5.1. Arst SelectedOptimization Experiments

This partof the research project took placeuringthe pandemic, and somany of the
required reagentscould not be elivered in time Accodingly, we usd asingle
variable method to xreenthe bestexperimental condiions. That is, only one of the
conditions was chaged in adjacent experiments, and e best canditions were

selected forthe nextexperiment.

5.1.1. Ligard screening

Ligandidentification is criticafor establiding efficient asymmetric amsformations
It was ou view that the fine tuningof other factars swould bebuilt on the ked ligard
candidate and so wedecided to saeen all the ligands first under the same
conditionsandthen choose théestligand b goonto the nextoptimizationprocess
We first seleted one ligand from each othe three diferent typesof ligands(Phox
Ligand,BINA° Ligand, and Tos Ligand) for comparison(Table 1, Enties 1, 2, 3.
We foundthe Trost ligand family mersuitable forour experiments than the ther
two. According to he comparison(Table 1, Enties 4, 5, 6, 7), we found L4to be our
bestTrost ligand providing prodict with anee vaue of up to 81%
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Tablel. Ligandscreening

(0] . (0]
2.5 mol% Ligand
. N/>§Ph 7.5mol% [1°-CaHsPdCI, 7 Ph
O\"/NBoc 'BUOH, TEA, 0.05 moliL®l
0 room temperature, 20 hrs 5a NHBoc
NH HN ;: NH HN
NH HN
PPh, Ph,P PPhy PhyP
PPh, Ph,P
L2
O
~N  PPh,
g‘ Op-N |
NH HN OO °
PPh, Ph,P O
L5 L6
Entry solvent Ligand (L) Yied (%) ee (%)
1 DCM L5 98 14
2 DCM L6 95 8
3 DCM L1 93 25
4 Dioxane L1 96 53
5 Dioxane L2 98 49
6 Dioxane L3 85 63
7 Dioxane L4 30 81

[a] Cocentration with respe&t to cyclic carbamate. [b] Yeld after chromabgrgphy. [c]
Determined by chiral HPL®ith a constant low rate of 1 mL/min usinghexane/isopopyl
alcolol 95:5 as the mobile pase.

5.1.2. The optimisation of solvent and temperature

In our selectedoptimization experiments the type of solventalso plag a vital role.
According to thecompaison of entry 1, entry 2, and entry 6 (Tade 2)

enantio®lectivities improved in the oder: 1,4-dioxane > DCM> acetonitrile, and
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comparingentries 8, entry 9, andentry 10, dioxane proved tobe the syerior ether
based solventToluene as the least polaolent alsogave a relatively high eevalue

but the yield was very poadn this case

Table 2. Solent andtemperature screening

> >\ 2.5 mol% Ligand -0
p—pp 25 mol Ligan >—ph
OTNBOC ' :sfon:,)lT/;A[,nzoCri':,fgg lrLzoI/L[a] = N>\
o Solvent, temperature 5a NHBoc

Entry solvent Temp Ligand (L)  Yield (%)™ ee (%)™

1 Acetoritrile rt L1 95 10

2 DQV rt L1 93 25

3 Dav 0 L1 93 35

4 DCM -20 L1 83 25

5 Toluene 0 L1 10 50

6 Diaxane rt L1 96 53

7 Dioxane rt L2 98 49

8 Dioxane rt L3 85 63

9 DME rt L3 98 16

10 THF rt L3 71 46

11 Dioxane rt L4 40 81

[a] Cocentration with respect to cyclic carbamae. [b] Yield after chromabgrgphy. [c]
Determined by chiral HRLwith a constantflow rate of 1 mL/min using hexane/isoppyl
alcolol 95:5 as the mobile phase

The reaction temperature can dso influence the ee valueAccading to entry 2,
entry 3, and entry 4 (Table 2), we found the rebtionship betweenreaction
temperature and ee &ue s non-linear. With the decreasein temperdure, the ee

value increased atfirst and then fell. Although a reaction temperature of 0
appeaed to bebed in DCM unfortunately the freezingpoint of 1,4-dioxaneis 10

andso weconductedreactiors in this solventtaroom temperaturefor convenience
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5.1.3. Summary ofother factorsexplored

In gereral, the most commonPd/ligandratios are between1:1.1 and 1:3If the ratio
of the ligand is too high, oligomeric Pd-complexs rather than maomeric Pd-
complexespredominate whichtypically leads to a reduction ithe enantioselectiity

of the ensuingallylationreacion (Scheme 51).%

+L

& Ph Q a Ph
Ph, (0] F’h
NH HN - C :)
Ppg- R NH HN p\Pd
-L ® ®
hPh . h

L=n*-C3Hs L=n3-C3Hs

Shene 5.1. Oligomerisation offrost ligand based catalysts

We therefore compared the influence of two different Pd/ligand ratios on the
enantioelectivty (Table 3). Acording to the esult, we found a small increas in
ligand rato does not significantly affect yieldand enantiosekctivity. Thus, we
decided tomaintain a 2:3 Pd/ligandratio in orderto produce an efficienteaction

while minimisingwaste ofthe chiral Igand.

Table 3. Pd/ligand ratio screening

(0] 0 le)

x mol% L1 0
»~—Ph
. N>\ y mol% [n3-C3H5PdCl], N/>\Ph
OTNBOC ‘BUOH, TEA, 0.05 mol/L?!
room temperature, 20 hrs
o} p 5a NHBoc

Pdloading  Ligand loaihg

Entry solvent Pd: Ligand  Yield (96)®! ee (%)

(x mok9 (y mol%)
1 DCM 2.5 7.5 2:3 93 35
2 DCM 2.5 15 1:3 94 35

[a] Cocentration with respect to ¢yclic carbamate [b] Yield after chromatography. [c]
Determined by chiral HPL®@ith a constanh flow rate of 1 mLmin using hexane/isopropyl
alcahol 955 as the mobile phae
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A surprising bservation was thathe reaction did not proceed in the abence of
base (Table 4, Enties 8 and 9), and using a stronger basethan triethylamine can
increasethe Vield, but has no influenceon enantiosekctivity (Entries1 and 3. When
we used DBU abasewe foundthat somewhite precipitateformed and TLCanalysis
showedthere was noazlactoneremainingin the reacion mixture after 20 hours,
althoughsome carbamate still remaired. We thought it was possibléhat azla¢cone
was hydrolysed by a strong base.Thus, we wanted toimprove the yieldby
decreasingthe concentratiom of the reaction to prevent the formation of by-
products Fortunately with the deceasein concentration not only the yeld but also
the ee value inmeased althoughthe latter change was relatively insignifiza(Table
4, Enties 3, 4, 5, 6. Finally,we found when the comrentrationwas 0.018 mol/L, the

yield and ee valugarrived at 85%when usingdbBUasa base

Accordngto Table4, Entry7, we foundthe main function ofBuOH wasto increae
the yield of the reaction. 'BuOH can promote the enol structure of azlactonesby

analogy tostudies reported by Tros@ group3®
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Table4. Concentration and base screiag.

0] o e} o
2.5 mol% L4
HH N/>\Ph 75 moI{’/o [1°-CsHsPdCll, N/>\Ph
O\H/NBOC Dioxane, room temperature, ‘BuOH
o) Base, concentration, 5a NHBoc
Ertry Conclal (mol/L) Base Yield @)l ee (%)
1 0.05 TEA 30 81
2 0.05 DBU 50 81
3 0.025 DBU 67 82
4 0.0167 DBU 85 85
5 0.0125 DBU 78 84
6 0.01 DBU 64 82
7a 0.0167 DBU 50 83
gl 0.0167 - No reaction -
i 0.0167 - No reaction -

[a] Wncentration with respect to ¢sclic carbamate. [b] Yield after chromabgraphy. [c]
Determined by chiral HPLQ@vith a congant flow rate of 1 mL/min usng hexae/isopropyl
alcolol 95:5 as the mobile phasdd] Reation without ‘BuOHJe] Readtion without DBU [f]
Reactionwithout DBUand'BuOH The palladium souce is{ 3-GHsPdC}..

Ultimately, the optimum vyield and enantioseletivity at the first selected

optimization experimentswere found to be the conditionsshown in Scheme 52,

which providedthe intermediate compoundwith 85% eeand 85%yield by usingL4

asachiral ligand and doxane assolvent at room temperature

@)

0
/>~Ph
N

(0] NBoc

0]

2.5mol% L4 0
o 3_ />‘Ph
7.5 mol% [n°-C3HsPdCI], N
'BuOH, DBU, Dioxane o
room temperature, 20 hrs NHBoc

5a, 85% vyield, 85% ee

Schemeb.2. Generalmechanismof DAAA
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5.2. Preliminary stidy of the scope bthe allylationreaction

We screered the allylation reactionof a small selection ddifferent azlactoneausing
the optimal reaction conditions. Unfortunately, although he yields were acceptable
the ee valus werejust around 80% $heme 53), which was notiseful enaigh for
the nextstage ofthe researchprogram Thus it was neces®y to find a better set of
conditions that would providehigher ee valus We alsoexplored the effect of
various substituents at the azlactol@? position We fownd that whenthe R group
is too big bm, -QCH)3) or small n, -CE) the enantiosekctivity waslost. This latter
result was particularly disappointingecause-Ck wassignificant for later hydrolysis

strategies asthe correspondindactams aregeneraed astrifluoroacetamides.

.o 0 |
: NH HN |
; PPh, Ph,P !
I L4 E
O e e e e e e e e e e e e e e e e e e e e e e e == - - 1 O O
Io} 2.5% [n3—C3H5PdCI]2> » N/>~R2
+ / RZ
O\H/NBOC RN 7.5% L1, ‘BuOH, DBU
o) rt, 20 h NHBoc
O o 0 o>\ © o>\
»~—Ph 2 —Ph
Ph N/>\Ph \S N N
NHBoc NHBoc NHBoc
5a 95%: 85% ee 5¢, 73%; 77% ee 5d, 93%; 80% ee
© 0] © 0]
Ph Ph
7 />§CF3
N N
NHBoc NHBoc
5m, trace, 0% ee 5n, trace, 0% ee

Shenme 5.3. Initial scope of allylation intermedates.
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5.3. SecondSelectedOptimization Experiments

In order to impove the reactionfurther, we returned to the idea ofmodulating the
readion temperature. As we discssed in5.2.2 we continued to use room
temperaturerather than 0  because thefreezingpoint of dioxane isQ . Thus,
we wondered if theprocessof mixing dioxanewith other solventscould lower the
freezingpoint of the medium Toluenewas chosen aghe solvent additive because
according toTable 2, Entries 5,6, the reaction proceeds with low converonbut the
ee valueof the productis basically the same as thiat dioxane Wetried different
toluend dioxaneratios and bund the solvent did not freez when the ratio of these
solvens was 2:8. Pleasinglyas shownin Table 5, Enry 1, the ee valuencreased to
91% although the yield decreased to 209%inally, weincreased theyield of the
reactionfrom 20% to 90% bghandng the reaction concentration and usingHuinig's
base(Table 6, Enry 4).

Table6. SecondSelectal Optimization Experiments

O o}

0] o
2.5 mol% L4
)—Ph mo )—Ph
. N 7.5 mol% [n°-C3HsPdCll, N
O\H/NBoc 'BUOH, Base, 20 hrs, 0 ‘C
o Base, Concentration 5a NHBoc
Ertry solvent Conclal (mol/L) Base Yield ¢o)M] ee (%)l
1 200/3_toluene in 0.0167 DBU 20 91
ioxane
20% toluene in
2 dioxane 0.05 TEA 20 91
3 200/3.toluene in 0.05 DIPEA 70 91
ioxane
4 20% toluene in 0.1 DIPEA 90 90

dioxane

[a] Cancentration with respect to ¢sclic carbamate. [b] Yield after chromabgraphy. [c]
Determined bychiral HRCwith a consant flow rate of 1 mL/min using hexane/isopropy!
alcolol 95:5 as the mobile phase
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5.4. Furtherstudy of the scope bthe allylation reaction

We continued to screenthe allylation reactionof different azladones using he new
optimal conditiors. Pleasingly as shown in Sheme 5.4, the ee values of target
allylation intermediates (5a-5h) were found to bebetween 8090% When we used
azlactonedglerived fromdipeptides, the ee valueof the allylation intermedates (5i-
5k) was faund to increase, with the example bearing &bz protecting group

delivering the product withup to 96%ee.

Regarding the scope oR!, we generally foased on natural amino acid siddains
However, we found wen Rt was a phenyl group, ot only the ee value but atsthe
yield of 5| waslower as compared tamther products.In addition, when Rt was an
isopropyl groupalthough twoenantiomerswere notfully separatedby chiral HPLC
the ee vale was lover than 50% Theseresuts suggets that branchel substituents

at R can result in redcedenantiosegctivity.

%0
2.5% [n3-C3H5PdCll, ) )—R?
+ >\ 2 » R N
NB°° 7.5% L4, 'BUOH, DIPEA
80:20 dioxane:toluene, 0 °C NHBoc
o)
0
Ph D—Ph
HN N
\
NHBoc NHBoc NHBoc NHBoc NHBoc
5a, 90%; 90% ee Sb, 85%; 88% ee 5¢c, 87%; 80% ee 5d, 83%; 83% ee 5e, 85%; 83% ee
0 0
0
NHCbz O NHBoc
Bn />\/ Bn />“/
N N
BocHN
NHBoc NHBoc NHBoc NHBoc NHBoc
5f, 75%; 80% ee 59, 70%; 83% ee 5h, 80%; 76% ee 5i, 83%; 96% ee 5], 83%; 88% ee
0 o] 0
O NHCbz Ph 0 0
/ Y Br />\Ph
N N N
NHBoc NHBoc NHBoc NHBoc
5k, 83%; 86% ee 51, 57%; 35% ee 50,67%; 77% ee 5p, 83%; <50% ee

Shene 5.4. Scope of enatioselectivity in allydtion products
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5.5. Mechanism ofthe allylation reaction

A plausiblecatalytic cyclebased on the data from our expeiments is depicted in
Sheme 55. We foundthat when we usedan achiralligand the reactionproceeded
in the absence obase although the wild was just 4% However the reactiondid
not proceedwhen we use Trost ligands without a base It is possiblethat when we
usedan achiralligand the Pdcomplex A playedthe role of base However whenwe
used Trostigands becauseof the large sterichindrance the Pd compleXA was not
able tofunctionin this way Therefore the base additive converted the azlactoneto
the corresponding enolate B, while '‘BuCH prevened Pd comple A from
transformingto the unreactivea five-membered metallocycleWhat is less clear is
why both'BuCH and the base additive anequired, and e there may ke an added

role played by the Hbond donor properts offBuOH

0 Ligand, Pd ° o]
igand,
O>\ 5 'BuOH, base />*R2
O\n/NBoc * " N R —_— R'7TN
(0] NHBoc
Ox0
Pt
R"\'N
NHBoc

| o % —
HL\/LnPd

NHBoc o)
@j\: )—R?
R1

H~ o

(@) 0 o
tBuO or R3N 0 o]
/>-R2 - I )—R! =— 2
R'©™N R2 N>§ RT) N/>\R

B

Sheme 5.5. Mechanism of oubDAAAreaction.
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6. The Synthesisof FreidingerLactams

The allylation intermedates (5a5l) could be smoothly @nsformed © the
corresponding lactams (6a-6l) after removal of the Bogroup with TFA. The
methodolog/ showed good generality, delivering lactam minbesring both polar
and hydrophobic sidehains. Moreover, we were able to crystaflilactamsa,b and
both showedthe (R-configuraion a the newly generated stereogenic center. The
stereacchemistry of theremainingcompoundswas assigned by inferencéleasingly,
the subjection of azlactoneSi-k to our optimized conditions generated dnkGly
dipeptides wih or without a Cbzprotecting goup, and Cbzprotected FlerGly, both
with high erantiomeric ratios.It is worth noting that indole canbe de@mmposed by
highly concentraed TFA solubn (75 mmol TFAin 10 mL DCM. Thus when we
synthesized Ep (6€), we useda relatively low-concentration TFAsolution (8 mmol

TFAin 10 mLDCM andmonitored thereactioncarefullyby TLC analysis

0
0
)R o)
r17TON TFA
= b A
1

N(H)Boc o R
5a-5k 6a-6k
0 Q Y“'\f 0 -§ % 0 0
L - X HN. 4 s HN AN N L
H@Nk% g ﬁ'}‘:"" ﬁjj?ﬁkph X W éHJ\Ph PN PR
o ~H L @ o f.,."ﬁ'\g,,’u‘ﬁ") 0 ~I2S< 0 o
Ph e ) » T &
6a; 86%, 95:5 er ' 6b; 79%, 92:8 er " 6c; 81%, 90:10 er 6d; 80%, 94:6 er

0 o 0 0
HN éu)kph HN éu)kph HN éu)kph HN éu)kph

o N o] \(1)3 o} o} \
HN N(H)Cbz oH CO,Me

6e; 81%, 92:8 er 6f; 70%, 90:10 er 6g; 65%, 92:8 er 6h; 74%, 90:10 er
o o) o JOL
HN. NK/N(H)Cbz HN. 4 N)K/NHz HN. NK/N(H)Cbz HN. _—
e H 3 Ph
0 Nph 0 ph o) Y o)
6i; 83%, 98:2 er 6j; 84%, 94:6 er 6k; 86%, 93:7 er 61; 86%, 68:32 er

Shene 6.1. Scope of enantioselective Freidinger lactam syntheses
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Fortunately according © the 3D &uctures of 6a,b, the corfiguration of the newly

generated stereognic cente is the same a the naturd amino acds (exemplified

specifically withL-leucinein Shene 6.2). It means we casynthesizeconstrainedL-

amino acid building block&ith synthetcally useful enantomeric @tios with good

efficiency
co 2 i/‘\///\ / '\\\ ’
Y = . & — N
O Y = IH
\\/l\ o
R Configuration
6d

4<

HS
:

INHZ

HO™ ~O

L amino acid

Sheme 6.2. Compaisonbetweenstructure of6b and natral L-leucine

We have developed a model to explain the trenolsserved in our asymmetric

allylation processAs shavn in Scheme®6.3, pathway ki proceeds ia a Hbond

interaction with the catalys N-H groupaccording to the Lloydones Norrby mod#&.

The alernative appro@&hk: is lesdavorableas theG4 substituentPhpoints towards

the catalysttbofQeadingto destabilizingsteric interactions

N h

N.
H

10

\
sy

kq

—_—

L4 Ar

BoeN._O — |
T % §?
o)
N

Sheme 6.3. Influenceon enantoselectivty

Favoured

Disfavoured

O,

o
Rel_ P>—Ph
§ N
; NHBoc

O,

3
= N/ Ph

NHBoc
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7. Synthesis of Freidingedlactam building blocks

bearing a free amine group

7.1. The design of a new hydrolysis strategy

Orignally,we planned to synthasize theFreidinger lactam building blocks withfree
amine group by hydrolysing the benzamide group generated in our initial studies.
However, we were aware of the potential problem that the lactams can also be
hydrolysed durig thisproces. Indeed, a#r attempting to hydrolyse the amide @b
using 6 M HCI aeflux, by analyzing the crudéH NMR spectrum, we found that the
diagnostic AB spin peaks on tlaetamring disappeared, and a large number of new

peaks appeared betwan 1-2 ppm (Scheme 7.).

AA,-FLy-Gly tripeptide fragment

Os_Ph OxPh
. . i
'Bu T\I/H 6 M HCI Bu TJ/H B
Y\J; reflux ?/\J; NH;
N (0]
N0 HN"HO™ 0 N
Major product Not observed
6b (NMR analysis)

Scheme 7.1Hydolysis studes of6b
In this context, Connon and aworkers designed a family of azlactones that offer
mild hydrolysis protocols via formation of phthalohe intermediates, and swe set

out to investigate vinether this chemistry could offer a useful solution to this
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problem Gcheme 7.2% We designed two routes to synthesise threlevant
phthalimide intermediates and we chose route B as our preferred prasedlhe

reasons for thishoice willbe discussechi7.3.

Connon and co-workers' work

NHy(CH,),NH Ph—
2( 2)2NH, NH,
Bno{ MeOH reflux Bno{
(0]

CO,Me )\
b NH,(CH,),NH H
ARoute By N/)\© . YI ase YI @ 2 2)2NH; YI

This work

(@)

NHBoc
COzPr
cl _NH(CHz)NH,
cl
NHBoc Cl

Schemer.2. Designnga new hydrolysis strategy

7.2 Synthesis of new azlactones

Pleasinglywe were able tosynthesizethe required azlactones containing antho-
benzoate moiety usingstablished cbmistry. Thuswe couldaccess analogues with
neutral side chains (e@a, 7b, 79, acidic side chains (ester protected, 71 and

basicside chaingCbzprotected, 7€) (Scheme 7.8successfully
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O o) o
/'}( ogy DPIC.DMAP, TEA /H( O'Bu 1.TFA, rt, overmght j:N/
+ 7
R
Me — FHN DCM, rt., overnight OMe T2 TRAAL TFAA, 1t 1h MeO
o Step 1 Step 2 6}
o}
o © ‘
~ :
o |
7a, 97% 7a 90% ! 7aa, 60% 7aa 60%
Ph
i — D
N o'Bu 0'Bu } Ph N
H | o
0
(O / o
0 o 1 7ab, 45% 7ac, 40%
7b, 95% 7c, 90% ‘
COOBn NHCbz o
o] 0 )3 /
N
i f)
N O'Bu N O'Bu :
g o A BnOOC ChzN 0
0 h 0 h 7ad, 60% 7ae, 56%
7d, 85% 7e, 92%
Ox-0
COOMe ; 4
N
OBu o]
MeOOC /
o)
7af, 65%

7f, 85%

Scheme 7.3Scope of nevazlactones

It should ke noted that the purpose of adding tiieylamine (TEA) in the first step is

to neutralize hydrochloric acid to releatiee free amino group foreaction However,

triethylamine alsccould promote phthalimide formatiorasa sideproductwhich was

isolatedand analysed by nmi{Scheme?7.4). Therefoe, TEA should not be added in

excess; the protonatedmine (B) should be sted with 1 equivalent of TEA before

adding the remaining reagentsmpnomethyl phthalate®A, DMAP, and DIC, stirring for

30 mins Scheme 7.4)

R
OH | ®/H(Ot8
H3N
O 3
©
Cl ©

DIC DMAP, TEA

DCM, rt., overnight
Step 1

OBu
©¢ /H(O Bu excess TEA ; /Hf

by -product

Sdeme 7.4 Thesidereactionof step 1
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7.3 Synthesis ofiew Freidingeractams

With regard to the key allylationyclisation step, we used a o®t reaction to
synthesize Freidireg lactms directly becawswe found tte allylation intermediates
were difficult to resolveby chiral HPLOhe crudeallylationintermediates {ba-7bf")
could be smoothly transformed to the corresponding lactafisa(7bf) after removal
of the Boc-group with TR (Scheme 7.5)The product ee as not assessed tathis

stagedueto the propensity forcyclisation to the imide

0

IO CO,Me
R N/ N one-pot reaction [e) CO,Me
(0] NBoc
\ﬂ/ N
7aa-7af 0 o R H
1.7.5% L4 7ba-7bf
2.5% [n3-C3HsPdCI], COzMe
'BuOH, DIPEA 2 TFA
dioxane:PhMe (8:2), 0 C
NHBoc

allylation intermediate 7ba'-7bf"

ZT

0" o
SMe |
7bc, 93%

7bd, 95% 7be, 93% 7bf, 95%

Scheme 7.5The scope of neWwreidinger lactam syntheses
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7.4 Synthesi®f phthalimide intermediates

The next stegn this seuence was he formation of the phthalinde unit. r this

step, base appears to play a vital role in ensuring a high coowersthe cyclisation
step. According t@able 7.1, Entries 1, 2, and ®ith the pKka of basancreasing, the
conversionincreases from 0% t80% Finally, heating theeaction at 80 °C in THF

delivered the optimal conditions.

Table 7.1 Base, solvent and temperature screening

O CO,Me N
; 1.5 eq. Base . Nm
: Solvent -
© Y?ba O 7ca

Entry Base Solvent Temperature Conversion
1 TEA CHCE 403 0
2 DIPEA CHG 403 30%
3 DBU CHG 403 80%
4 DBU THF 803 100%

As was discussed iScheme 7.2, we decided to synthesise two phthalimide
intermediates {caandT O QF OO2 NRA Y 3 & and foanyesrptg thsr & 2 NJ
suitability for the synthesis of feeamine products§cleme 7.6). In the event we

found route Ato be more effective for two reasons. Firstly, we found that the polarity

of T OBnAT 0 ke very similar, which meant that it was difficult toamitor the
reactionby TLC analysis, and pyrithe product by flas mlumn chromatograpi
Secondlyalthough the ee value othe product7cawasassame & the compound
7calyenerated byroute B the yield of 7cawas high tlan 7caQThus we chose the

route A as our synthetic strategy
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2 o GO:2Me )\ H )\ Q
wer o33 — T, — 0
N" o O o)
H q N 0o

NHBoc
90%, 84% ee 7ba, 99% 7ca, 83%
Cl
Q CO,Pr /k cl cl o ¢©
Q Cl : H S cl
Route B Bu7™ — \’\/IN . — Y\/EN
Cl 0
cl N O0Y o0 N0 cl
NHBoc Cl )\ H (¢]]
95%, 84% ee 7ba, 80% 7ca', 50%

Sheme 7.6 Compaative routesto two phthalimide intermediates.

Finally, the Freidinger lactam@hb@a - 7bf) could be smoothly transformed to the
corresponding phthalimide intermediate3da- 7cf) (Scheme 7.7. Interestingly we
observed that racemi@cb and 7cfwere poorly stuble n common organicavents.
Additionally, 7cf showed particularly weak UV absorption which matddifficult to
analyse by chiral HPLC. Thus,based the ee alue on tke allylation product {bf) in

this paticular caseasthese shouldbe the sameasthe lactam product During the
synthesis of eantiomer 7cfthe extremely low solubility resulted in difficulties when
purifying via flash chromatography thereby giving lower yields relative to the other

analogues.

(e}
O CO,Me 1.5 eq. DBU
=N THF, reflux : N)b
oR 4
7ba-7bf
0 0] o)
HN. N:; HN_ =N HN __+ N;
iB Bn 0 2 0
o © o 0 \SMe
7ca; 83%, 92:8 er 7cb; 86%, 98:2 er 7cc; 83%, 92:8 er
(0] 0 (0]
| N:; HN =N HN 2N
( H )2 O ( :\)4 O :\ O
O “cooBn O 'NHcbz O ‘coome
7cd; 86%, 90:10 er 7ce; 90%, 96:4 er 7cf; 60%, 90:10 er

Schemer.7 Thesce ofphthalimide intermediatesyntheses
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7.5 Synthesis of the Freidinger lactam building blocks containing a free amine

group.

The final &p involved he hydrolysis of the phthalimide group. Initial studiesng
hydrazine in TH (1 M)showedpoor reactivity. In contrast, hydrazine monohyate
led to complete conversion and the produétlawas clearly observable. Surprisingly
however, some reduced ByroductT R W& formed at the same time. Finally, we
realizd that hydrazine could react witloxygento form diimide, a strong reducing
agent Thus we conducted theeactionunder a nitrogen atmosphere, and we were

pleased to find that the fanation of byproducts wa greatly suppressed.

Table 7.2hydrolysis ofimisation

o)

N —_— NH, —— NH,
N0 g N0 i N0
H H ! H

7

ca 7da 1 by-product 7da’

O] :
NoHsH,O ——> HN=NH

hydrazine Reaction : Product :
Atm. Solvent Temp. . Conversion
monohydate (eq) time By-product
Air EtOH 75 6 16 h 100% 1:1
Air EtOH 75 6 6 hours 60% 2:1
Air  'PrOH 75 6 16 h 100% 1:1
Air  'PrOH 65 3 16 h 60% 1:0.1
No 'PrOH 75 6 16 h 95% >08:2

We continued to optimize our experimeat corditions (Table 7.3. Finally, we found
ethylenediamine to be superior thydrazine forphthalimide hydrolysis;conversion

was at 100% with no reduced 4pyoduct obsered.
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Tale 7.3 hydrolysis conditio optimizing

(@)
NH>(CH5)oNH,
N ) NH,
'PrOH, reflux
N (0] N (6]
H 0 H
7ca 7da

NH(GH)NH: (eq) Conc. (M) Reactiortime (h)  Conversion

4.5 0.1 16 80%
4.5 0.1 24 90%
9 0.2 24 100%

We wereable to transform7ca7cfinto the corresponding e amine buildng blocks
7da7df through a sinple protocol, generating the products imood yield and
enantiocontrol. Interestingly, the product derived from glutamic acid ba3ed
underwent fwrther cyclizion when subjected tothis sequéce, generating

funcionalized spiro lactan7Tdd.

H,N(CH,),NH,

HN.__=NH,
R
o)
7da-7df

7db; 82%, 98:2 er 7dc; 79%, 92:8 er

NH, :
e O “co,Me
N(H)Cbz
7cd COOBn 7dd; 77%, 90:10 er |  7de; 83%, 96:4 er  7df; 57%, 90:10 er

Scheme 7.The scpe of phthalimide intermediatesyntheses
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8. Application in Tripeptide Synthesis

8.1. Synthesis of RGD analogue

RGD is a recognition mbtfor integrin receptors and the inecporation of this
tripeptide into cylic periapeptides has led to the successful identification of
selective ligands for integrin receptor stypes, with Cilengide being a prominent
exemplar® We targeted a constraied RGD analogue usingdf as the stating amino
acid in order to estaldh thepotential of this chemistry for peptidomimetic synthesis
(Scheme 8l a). Initially, we were concerned that the free amigooup of 7df was
not going to bereactive enough towardsamide formation because of steric
hindrance. However, the yield aftep 1turned out to be excellert by using HOAt and
EDCI as coupling reagents. Disappointingly, the yield dftte2 was nothigh (4099,
which may be due to the irimolealar condensation oérginine itself Schene 8.1
b). Finally the deprotection reaction was succedsal as eyected. Notably,
purification of 8b allowed ts isolation as a single diastereoisomand the final

analogue8cwas purified by preparative HPLC.

a) N(H)Pbf
HOAT EDCI, DIPEA 1 TFA )K/ )3
HN NH
g NH, step 1 )K/ 2 HOAT, EDCI, DIPEA N(H)Boc
\
O “coome O “coome step2 ~Eoome
7df; 90:10 er ) 8b, 40%
8a, 80%, 90:10 ar 1. NaOH, MeOH/THF
2. TFA, TES, DCM step 3
3. HPLC purification

Attt

0 “oon ©

b) RGD analoge 8c, 30%
HN _N(H)Pbf AN N(H)Pbf NH
NH HOAT, EDCI, DIPEA NH JC
(s el \N ﬁ)g ., PHRHN b
H
° N(H)Boc N Q» N(H)Boc o
(6] N= N

Scheme 8.1The procedure of RGD analoguatbgses
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8.2. Ynthesis of MIFL analogwe

MIF1 (Scheme 8.3) is a hypohalamic neuropeptidederived endogenouslyby
cleavage of th hormone axytocin.®? It displays a rangef bioactivities ad has been
d0dzRASR F2NJ 0KS (NBI 0 Y&lwndifor esantidepredshniayidh 2 y Q& R.
nootropic activities. Reasingly, we were abldo successfully syndgsize MIFL
andogue 8g within a short synthetic sequences¢heme 8.B). Instep 2 we used
LHMDSas baedirectly in orderto exploit the large steric hindnce of this hse to

select the less starally hinderedlactam proton rather tlan the amide

HOAT, EDCI, DIPEA

Boc o
<TE/J\OH

7da; 90:10 er 8e, 93%, 90:10 dr

©N(TMS),

89, 90%, MIF-1 analogue

Sheme 8.2 MIF1 analogue synthesis

To demonstrate the effet of the Freidinger lactarbuilding blocks on the peptide
structure, we needed @ perform Xray analysis on the N1 analogues. Although
the MIF1 analogue8gwas a yellow oil, fortoately, 8f was a colodess solid. Thus,
we grew suitable crystals @&f for Xray crystallographic analysigve used different
solvents ina ratio of 19 (high polarity solvent: low polayi solvent) to dissolvesf.

With the high polarity solvent evaporag, crystals would gow in the low polarity
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solvert (Table 8.). Finaly, after trying different solvent mixtures we obtained

crystals suable for Xray diffraction using acetone/hexares a solvent mixture.

Table 81 Mixture solvents screening for ctgdgrowing.

Entry High polarity solvent low polarity solvent
1 DCM Toluene/Hexae/Petrol
2 EtO Toluene/Hexane/Petrol
3 EtOAC TolueneHexanéPetrol
4 Acetone TolueneHexanéPetrol

We were able to grow suitable gstals of8f for Xray crystallograpie analysis and as

shown in Table 8.2this compoundshowed the 1@membeaed glycinamideproline

hydrogen bond and dihedral angles that a@nsistent withbll-type turns. Notably,

the Hbond interaction betweenthe Gterminal glycinamide hydrogen and theqgty!

catbonyl oxygen Bsbeen observedn natural MIF1, both in solution and in the solid

state,*° highlighting that these lactam mimicsin deliver pegtles that maintain key

secondary stratural features.

Table 8.2%ray crystallographic analysis &ff

i+1 T i+l > 42 T2
type Il -60 120 80 0
type II 60 -120 -80 0
MIF1 analogue -52.74 137.63 76.34 1.44
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9. Modification of the olefin

In plaming experiments ér the modification of the olefinwe had anticipated that
this objective shoud berelatively straightforward Howeverpy compaisonto similar
reactions de<cribed in the literature we foundthat the alkene functionasaion of
our ladams raised a number of chaliges This chapter discusses thessactiors

one by one andliscuses the possible reasons foihe problems that arose

9.1 Hydroazidationof the olefin

As Freidnger lactam building blocks were designed for the synthess of
peptidomimetics we first thaight of addition of hydrazoic acatcross aralkene This
would introduce the aide that could be exploited in click chemistiyu@ work
provided a feasible plan (Scheme 9).4' They proposed that an azide radical
geneiated by the reaction between TMS8l; and benziodoxole would add to an
alkene ThenHNs whichwasformed throughthe reactionbetweenazide radicabnd
H-O, would mnvett the carbonradicalto a GH bond thugeforming the azide radical

for propagation

0
L
I/
R' R? oy (0.1-0.2 eq) R' R?
= + TMSN;
R3 1.8 eq H,0, CH,Cly, 22 C, 2-4 hrs RS N,

OH Step 2
(HNS)m m21
HN3-mediated R' v R?
@fJ\OTMS . N, decomposmon H%3—<
R® N
n nx1
Sheme 9.1
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We performedthis reactionusing 7ba as startingmaterial. However, the product 9a
was not formed as expected, bunstead phthalimide intermediate 7ca was
generated (Scheme 9.2a). We speculated thatphthalimide formation could be
consuminghe reagents and save usedintermediate 7cadirectly. Unfortunately,the
target product9awas still not formed(Scheme9.2b), although the by-product 9aQ
wasisolated albeit dter only 3% conwersion We believe that9aQarisesafter the
formation of the carbon radical intermediate which does noteact with HN as

hoped, but instead is futher oxidised toform an enamidc. This approachwas

TMSN; (l) o Q
ZO/CHZCIZ 0
HN HN N
N
0 0 0
7ca

9a Not observed

abandonedat thisstage.

O
N, N3
TMSN; o) Q
=
H O/CHzCIQ
HN N HN N
O 9a Not observed 9a' 30% conversion
7ca
A
= HN3
via N N3
_H®
_—_— —_— ® — 92’
HN NR, HN NR, O HN NR,
(0] (6] (e}
Sheme 9.2
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9.2 Hydroboratoncoxidation of the olefin

After failed attemptsto introduce the azide group directbn the alkene, we decided
to convert the alkene to hydroxyl group by a hydroborationoxidaion reaction
Although quite rare, hydoboration in the presence of amides ikrown which
provided some reassuraac that we could complete this trafmation
chemosdectivdy.*> We nitially used phthalimide intermediate7caas the starting
material forthis purpose(Scheme 93). However, we did not get the corresponding
alcohol product. It is possiblethat the phthalimide carbonyl may compete for
reaction with 9-BBN Thus, we used 7da with 9-BBN in large excesg15 eq.
Unfortunately, we stilldid not observethe target product Fnally, we used 6b as the
starting material for afinal attempt. Once again the target product was not

generatel.

Byanalyzinghe crudeH NMRspectrum of these three reactiors, we found that the
diagrostic AB spin peaks on ¢hamide ring disappearednd a large mmber of new
peaks ppeared between 2 ppm. It is likdy then that the hydoboration cannot

compee with lactam reduction in ousystem

OH
o o
1.9-BBN (15 eq.), 24 h
HN N HN N Not
i 2. H202, 2 M NaOH i observed
o Pr o o 'Pr o
7ca
OH
1.9-BBN (15 eq.), 24 h Not
HN NH
HN NH; 2. Hy0,, 2 M NaOH 2 observed
o 'Pr o Pr
7da
OH
iPr 2. Hy;05, 2 M NaOH HN N(H)COPh observed
(6] iP
o r

6b

Sheme 9.3
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9.3. Oxidative cleavage stratags

We decidedto persistwith alcoholforming reactiors asthe hydroxyl goup provides
a convenienpoint from which to attach ¢her useful functionality (e.g. alkegn azide).
Therebre, we next tried to convert the olefin to a hydroxyl group via the

correspondingketone.

9.3.1 Oxidative cleavage d the olefin to ketone.

Befae cawerting the olefin into a carbony group, we decided to protect the free
amino groupas atert-butyl carbamate After some optimisationwve found thd the
use of THF/wate(1:2 v/v) mixed solvenigaveexcelent yields in the protection step
of 75-92%(Scheme 4).

Boc,0 (2eq.), TEA (3 eq.)

—
HN NH; THF/H,O (1:2 vIv) HN NHBoc
R R
0 o}
7da, R='Pr 9b, 92%, R='Pr
7da, R=Bn 9c, 75%, R=Bn
Shene 9.4

We then converted theolefin to a carboryl usirg Ruds and NalQ. Compared with
the oxidation ofan olefin with Oz, the adwantages of this methodare that the
reactans were more readily availablend saér, the reaction conditionsare milder
andthe work-up is simpler.From a mechanistic viewjptt, Rudsz and NalO first form
RuQ, whichcanoxidizethe olefinto a 1,2diol. Then the excess of Nal{ranoxidize
the diol to two carbonylsby kreakingthe G:Cbond. Sub-stoichiometric amounts of
Ruds can be usedecause theRuV' formed in thereaction canbe oxidized by NalQ

to reform RuQ4 (Scheme %).
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0 O0=I—OH NalOs

Shene 9.5

After severasmallscde tests, we found that using 4eq. NalQ: and 0.15eq. of Ru@

resulted ina smoothreactionwith the olefin at room temperaturg(Schene 9.6).

0
NalOy4 (4 eq.), RuCl; (0.15 eq.)
HN NHBoc MeCN:DCM:H,0=1:1:1.5 HN NHBoc
R 0°C 30mins, room temperature 4 hrs o) R
_i .
9b, R="Pr 9ba, 80%, R=Pr
9¢c, R=Bn

9ca, 85%, R=Bn

Sheme 9.6
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9.3.2 Reduction of carbonyl to hydroxyl

As expected,the carbonyl group was saces$ully reduced ly K-Sledride to the
hydroxyl group However, as shovn as Scheme 9, different R groups ha a
signficant influence on thereductiondiasterecselectivity The d.r. valuewas only 2:1
when the R wasBn groupbut the d.r. value could be up to 10:1 whenR wasan 'Bu
group.The major diastereomer &bb was assigneds the 1,3cisamino alcohd, and

the assignmet is dscussed later.

0 OH
K-selectride (1.5 eq.) -
HN NHBoc THE i H@-NHBOC
R -78°C-0°C,3h R
o 8 0 C,3hrs 0
9ba, R='Bu 9bb, R='Bu, 88% yield, d.r.=10:1
9ca, R=Bn 9cb, R=Bn, 85% yield, d.r.=2:1
Sheme 9.7

9.4. Modification of the hydroxyl group.

We wanted to use the hydoxylto append anazide groupor alkyneby a Mitsunobu
reaction or a substtution reaction Thus,we designed two exgrimental protocolsto

achievethisgoal.

9.4.1 Gonversion ofthe hydroxyl to the azidegroup

At first, we wantedto convert the hydrocyl goup to the azide group by Mitsunobu
reaction(Scheme9.8 g. Notably, t is necessarto stir the mixtureof 9bb, DEADand
PFhs for half an hour ad then slowlyto add diphenyl phosphorylazideto prevent
triphenylphosphine undrgoing a Stadingerreaction (Scheme 9.8 » Unfortunately,

the productdid notform after repeded experimats.
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OH o N,
I
(PhO),PN; (1.1 eq.)

HN . NHBoc DEAD (1.2 eq.), HN . NHBoc
‘Bu PPh; (1.1 eq), 5 Bu
9bb THF, rt, 16 hrs

Not observed

b) O o] (0] 10
i ® o ny Mo Il I
(PhO)PN=N7N_ —> (PhO),PN=N-N" "= (PhORPN=N ﬁ' (PhO),PN=PPh,
PPh3 PhSP_N N2
PhyP ®
Sheme 9.8

We next tried to convert the hydroxylto a better leavinggroup which could be
replaced byan aide anion Thus, we converted the hydroxyto the corresponding
mesylate group which proceeded in100% conversion Unfortunately, the azide
subgitution reaction wasfoundto be unsucessful even ithe preenceof a number

of different bases (TEA, DIPEBBU) (Scheme9.9).

OH OMs N3
MsCI (1.5 eq.) NaN5 (1.5 eq.)
HN . NHBoc NEts, DCM HN . NHBoc HN ) NHBoc
iBu 'Bu 'Bu
(0] (0] (0]
9bb 100% conversion

Not observed

Sheme 9.9

9.4.2 Gonversion of the hydroxyl to an alkyne.

As wewere unalte to in@rporate an azide, we decided toingall an dkyne as an
alternative way of enabling downsiam #lickQchemistry. At first, we tried the
Mitsunobu reactionto connect thealkyne onto the hydroxyl(Scheme 910). However,

the yield d the readion was quite poorWe tried to increasethe yield by heating
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prolonging thereactiontime, increasingthe conentration of thereadion substate

etc. but the results were not satisfactory.

SiMe3
OH =
OH DEAD (1.2 eq)
+ PPh3 (1.1 eq) o)
HN ~NHBoc F THF, rt, 16 hrs
Bu MesSi 1.1 (eq.) HN NHBoc
Bu
9bb

9d, 30% yield

Sheme 9.10

We then decided to explae a base promoted alkylagion of 9bb with propargyl
bromideto connectan alkyne. However, werecognised the poteridl for the baseto
simultaneouslydeprotonate the lactamN-H, leading to the formation adby-products.

Thus, wedid asmal-scaletest to establishwhich group wasmore reactive (Scheme

9.11).

OH 0N N

NaH (1.1 eq.)
+ = Br +
HN . ~-NHBoc Z" THF, overnight HN NHBoc N\ _NHBoc
'Bu iBu 'Bu
I °
9bb 9e, 20% vyield 9¢'
9e:9e'=20:1
Sheme 9.11

As shown aScheme 91, it appearsthat the hydroxyl group was far more reactive
than thelactam However, the yield was falower than we had expected (only 20%.
Thus, we decided to protect the lacam first to avad the problem of non-selective
alkylation(Schene 9.12. Then weused4 eg. NalQ; and 0.15eq. of Ru@ resulted in
a smoothreactionto convertthe olefin to a carboryl followed by wing KSelectride

to reducethe ketone to give primary alcohol produ@gQ
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OH

NaH (1.5 eq.)
—_—
HN “NHBoc N “NHBoc N NHBoc
By Br~ “CO,'Bu BUOLC Bu ¢ iBu
(1.5¢eq.) uta o] BuO,C o
9b 9f 99', 87% yield, 5:1 d.r.
o)

1. NalOy4 (4 eq.), 2. K-Selectride
RuCl; (0.15 eq.) (1.5 eq)

N NHBoc

i
BuO,'C Bu

9g, 80% yield

Sheme 9.12

With substrate9gQin hand, we reexamined the alkylation step.As shown in the
Table 9.1, we foundthat the use of excessstrong base(Entry 5) or elevated
temperatures(Entries 3), led to hydrolysis ofhe staiting materialdgQWhen ve used
fewer equivalens of baseat room temperaturethe conversiorof the reactionwas
only 10%.Fnally, we foundthat using NaOH as bas andacetone as solvent the
reacton yield could be improvedto 30% when thereaction was heated at reflux.

Howeverthis reailt was still not satsfactory

Table9.1
OH ///\o
'BuO,C._N NBoe F /\ Br e 'BuO,C. N _Boc
I e L
9¢g' 9h
Entry Base Equivalent Solvent Temperature Yield
1 L"Bu 1.5eq THF r.t. 10% conersion
2 LHMDS 1.5eq THF r.t. 10% conversion
3 LHMDS 1.5eq TH reflux Hydrolysid?
4 NaH 1.5eq TH r.t. 10% conversion
5 NaH 3eq THF r.t. hydrolysis
7 NaOH 4eq Acetone r.t. 10%conwersion
8 NaOH 4deq Actone reflux 30%

a) Neither products9h nor starting material®gould be detected byH NMR

spectroscopy.

74



Finaly, we wed NaOH as base toluene/water (1:1 v/v) as the solvent, and
tetrabutylammonium hydrogensulfate aphasetransfer catalgt for the reaction

(Scheme9.13). Pleasngly, the reactionyield wassignificantly improvedip to 92%

OH ///\O

"BuN(HSO,) (0.1 6q)
+ Br t
oc ///\ NaOH (aq.), toluene BuO,C N

: N’B :
o H (5eq.) 0] ;
QQ'Y Y

9h, 92%

'‘BuO,C. N .Boc

Iz

Shenme 9.13

9.43 nOe Aralysis ¢ compound 9h

Examinationof compaind 9h by nOe nmrspectrogopyindicated thatboth H atoms
of C7 show a through sp&e corelation signal withonly the axiaH atoms of C3and
C1 Additionally there is alsoa through space correlatio signal between the
equatorial H gaom of C and both the axial andequatorial H atoms of C3f the the H
atom of @ was axial,there woud be no through space correlationignal with the

axial H atom of C3, #nefore C2is(R) rather than (S.

9
8
H 7 0
1 H
H
2
H

5 4
Y NIy
I 1
6 3TN o A ) L. @;Ilﬂ | A
N0 Ny e — LE
5 Boc HEW CDC13 NMEDAL 3\ NMRSQ IV rront_year\data\Darsu\nmr) nmrs: L%
5 i
p— H o
3
J H@LN
g
s HHf,L\ \—CO;Bu
- Boc

| LM |y !
\\?ﬁ@i\ ' ! :
/

ok 5 i
ST L
| o
- 5 )
-1 +
& H=“~%7 o
. 1A
H

H2N\_co,Bu
P RO,

E
e Boc

—T T T T T T
[ 5 4 3 2 1 F2[ppm]

Sheme 9.14
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9.5. Other modifications of the olefin

9.5.1 Gyclopropanationof the olefin

We chose to ity to Wamthe oldin as aninert hydrocarton by perfornmng a
Simmons3Snith reaction Thus we usel 9f as starting material to carry out ths
reaction (Scheme 9.15). Disappointingly, cyclopropanationof the olefin was not
successfyl nether heating the readion mixture nor addng exes Zn and Chil»

improved natters.

CH2|2 (12 eq)

Zn (12 eq.) BUO.C
> Bu N : _.Boc
Et,0, rt, 16 h e SN
0O \(
no reaction
Sheme 9.15

Mykhailiuk group reported a usdul approachto convert olefins to difluorinated
cyclopropane (Scheme 916).% Unfortunately, this protocoldid not work on our

reaction.

Mykhailiuk group's work
F

F
Y/ﬁn TMSCF; (2.5 eq.), Nal (0.5 eq.), %\{f{ .
N THF, reflux for 4 h N> n  85% -87% yield

Boc Boc

Our reaction

TMSCF; (2.5 eq.)

ocC _—

t
Nal (0.5eq),  BUYO2C~ N

L .B

Y |
o

Y THF, reflux 5 WH/
of

t
BuOC N _Boc  ho reaction

Shenme 9.16
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9.52 Olefin metathesis

We tried a seres of meathesis reactiors but the results werenot satisfactory
(Scheme 9.7). At first, we used allyl alcohol as the etathesispartner but the
readion was not siceessful. Weadded Ti((Pr) in an attempt to sequester the
primary alcohol Howe'er, the reaction still did not proceed. While neither styrene
nor stilbene particpated in thereaction, we found that wheralkene9i was used as a
substrde, the reaction was successful andomplete conversionof our alkenewas
observed Interestingly we bund tha the reactionwas seledve for formation of the

monomethyl- instead of dinethylolefin, albet with no E/Z selectivi.

MsN NMs
—RUCIZ
1 O'Pr (0.1 eq.)
BuO,C + Rionge 'BUO,C._N_~
DCE, 50 C :
(4 eq.) Y
no reaction
Substrates used: /\/OH /\/OH /\Ph Ph\/\ph
Ti(O'Pr),
—RUC|2
'BuO,C._ '‘BuO,C.__N
DCE, 50 C
o] Y (4 eq.)
9j 75% 1:1 E/Z
Sheme 9.17

9.5.3 Olefin Epoxidation

We next exploredolefin epoxidation as a mears to introducing an aternative

functional group that could enablehte ladam to be furtherderivatized We usal the
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relativelymild conditions ofoxoneand acetone in the presene of NaH®:s (Scheme
9.18). Thereaction rate unexpectedlyslow,andtook three dgsto reach ompletion,

howewer, the product wasisolated in excellent yitel.

Oxone (16 eq.)

NaHCO; (85 eq.
oc a 3(85eq) 'BuO,C N

acetone/H,0, r.t., 3 days : N

~,. .B
O\( O\H(
of

9j, 90%, 2:1 d.r.

'‘BuO,C N _Boc

Scheme 9.18

9.53 Olefin reduction

Finally,as thecyclopropanatiorreaction had failed toWgpCthe olefin, we dedded to
explore thehydrogenationof 9f. Thereaction proceeded smoothlyand in highyield,
although compound9j was generatd with modest diastereoselectivy (3:1 dr.,
Scheme9.19).

H,, 10% Pd/C
degassed MeOH/EtOAc

r.t., overnight O \(

9k, 95%, 3:1d.r.

'‘BuO,C. N

Sheme 9.19
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10. Opportunities for Further Study

10.1Reactim of pre-functionalised carbamate

We have undertaken preliminary studies tiie use of moe heavilysubstituted
carbamate derivativelOa (provided bya group membey in the lactam forming
reaction (Schemel10.1). Pleasingl, 10a was transformed it lactan 10b in high
yield, and with excdéent regiocontrol and E/Z selectiy. We attribute the high
selectvity to a combination of minimization of sterieffects and allyic drain as
highlighied inl.

1.5 mol% Pd(dba), PE 0
(0] o HJ\/Ph 15 mol% L0, CH,Cl,, r.t. Ph N NH  Yield 80%
Apn T BooN__O p— jor 2091 EZ
N~ Ph e 2. TFA |
Ph
4a 0 10a Ph 10b
Ph o)
BocN Ph H
minimise NH
azlactone. ‘\ allylic strain \([)]/ not observed
addition Ph
10b*

Schemel0.1

We usedour enantioglective conditions to develop the asymmetric allylation step
for this reaction (Scheme 1(@). Unfortunately, not onlywasthe yieldvery low, bu

alsoboth the E/Z selectivityand theenantioseletvity were poor.

o 1.7.5% L4, 2.5% [n3-C3HsPdCI],
0 Ph ‘BuOH, DIPEA,
N/)\Ph ¥ BocN_ _O dioxane:PhMe (8:2), 0 'C
Ph \Jf 2. TFA
4a 10a 10b Yield 20%
15% ee
Schemel0.2
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Finally,we were undle to generatelOb with useful levelof enantiocontroldespite
screening a range of chiral ligands and efforts to addr this limitatio could be a

usefd avenue ofurther study(Tablel0.1).

Table10.1

1.7.5% Chiral Ligand,
o 2.5% [h3-C3H5PdCl],, DIPEA, H o Ph o
3\ Ph DCM, room temperature, 16 hrs PhWN NH Phj{“ NH
+ +
N/ Ph BOCNTO 2 TFA 0 o
& | P

3.0 O

g;::z ::7@ &%% %
R S G

L9 dr>20:1

Ligand Yieldof 10b Yieldofm n 0 ¢ eevalueof 10b

1 L5 10% 10% 5%

2 L4 20% 10% 14%
3 L3 10% 30% 15%
4 L7 90% - 20%
5 L8 80% - 15%
6 L9 85% - 20%
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10.2 nOe Analysis of copound 10b

Examimtion of compoundlOb by nOe nmrspectios®py indicatedthat the H atoms
of G show a though space correlation gmal with the H atoms of € and N7.
Additiondly, there is dso a throughspace correlation signal betweenetHatoms of
Cl and aromaitc H of pheny C9but the H atoms of @ show no space correléion

signal withany aranatic H Therefore 10bis (E) rather than g).

i

T
Fi [ppm)

Schemel0.3
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10.3 Devéopment of a new drategyto synthesi® azlactones

The syithesis ofazlactoneslOd waslimited bythe availabity of the starthg material

B. Unfortunately, they are limitedommercially wih respect to available amino acid

side chains.
DIC (1.1 eq.)
R DMAP (1.1 eq.) 1. TFA 0 CO,Me
oH , ® O NEt3 (1.0 eq.) /vﬁr j< 2. TFAA b
o  NJ N
cr 0 10d
SA SB
‘ new stratgy to synthesize azlactone 10d [
Schemel0.4

An alternative was to try to use the parent aminacid but the challengewas to
couple with SAwithout homocouping of the amino acid substrat®riginally, we
wanted to address tis problem by amide coupling reacton (Scheme 10.p
According to the assumption SA would be activated by EDCGHQAt to form
intermediate 10e followed by addng L-leucineto form intermedate 10f. Finally,
TFAA was addea tonvert 10f to product 7ab. Unfortunately, the strategywas not

suc@ssful

Schemel05

We wanted toclarify the reaon whythe strategy failed Thus,a new experimental

protocolwasdesigned.We usedN-hydroxyphthalimideto activate SAand separated
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