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Abstract

Modern life without catalysis is inconceivable. Asymmetric catalysts are a special type of
catalyst that preferentially produce one of two possible enantiomers over the other. The ability
to selectively obtain exclusively one of the possible enantiomers is of highest importance for
modern synthetic chemistry. To enable the transfer of chiral information from the catalyst to
the reaction substrates, asymmetric catalysts must be chiral. In conventional asymmetric

catalysts, the catalytic and chiral motifs are held close together within one single molecule.

In this work, we break the design limitation of conventional asymmetric catalysts with a
strategy we call ‘remote asymmetric induction’ (RAI). In RAI catalysts, the catalytic and chiral
motifs are independent of each other in their design and synthesis. To achieve this, we use the
multicomponent metal-organic framework MUF-77 (MUF = Massey University Framework).
MUEF-77 consists of three chemically distinct linkers that each occupy a specific position in the
framework without disorder or randomness. To create RAI catalysts, the catalytic and chiral
motifs are individually anchored to the different building blocks of MUF-77. By virtue of the
MUEF-77 structure, the catalytic and chiral motifs are in close proximity to one another in a
catalytic pore, which creates an active site. This enables the transfer of chiral information to the

reaction participants.

Initially the reaction scope of the RAI catalyst was expanded by screening a variety of
RAI-MOFs incorporating different catalytic and chiral functionalities across a range of model
reactions. A promising catalyst for one model reaction was identified and investigated in depth.
Through systematic modification of important reaction variables, the variation in
enantioselectivity of this system was explored. After parameter optimisation, very good to
excellent enantioselectivity was achieved. Control experiments confirmed that the origin of
enantioselectivity arises from remote cooperative interactions between the functionalities in the
active site. The catalysts were then tested for classical performance metrics and a hypothetical
transition state within the MOF pore was proposed. This work establishes RAI as an alternative

platform to develop high-performing asymmetric catalysts.
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Chapter 1 — Introduction
1.1 Asymmetric catalysis: the conventional approach
1.1.1 importance of asymmetric catalysisand its measure of success

Imagining a world without the influence of catalysis is nearly impossible.! Catalysts are
molecules that alter a reaction’s pathway by decreasing the activation energy needed to form a
desired product.? At the same time, the catalyst itself is not consumed and can participate in
many reaction cycles. The importance of catalysis becomes particularly obvious when applied
to chiral molecules, where the preferential formation of one of the two possible mirror-image
molecules is often critical.®> Many organic molecules like sugars and amino acids are chiral,
meaning that they have at least one stereogenic element: typically a carbon atom bound to four
chemically different partners.* ® Formally, molecules are also chiral if they lack an improper
axis of rotation.> This lack of symmetry means the molecule exists as a pair of
non-superimposable mirror images, known as enantiomers.®

Reactions catalysed by achiral catalysts generally produce both enantiomers in equal
amounts (provided that the product is chiral), resulting in a racemic mixture (Figure 1.1 A). In
contrast, asymmetric catalysts direct the reaction towards the preferential formation of one
enantiomer (Figure 1.1 B).* The ultimate goal is to obtain specifically just one of the two
enantiomers. This is central to life* ”8 and consequently also for modern synthetic chemistry,

especially in regards to the production of pharmaceuticals.®
A) substrate

o o o
> 3 + 2 ee =0%
achiral catalyst

enantiomer 1 enantiomer 2
50% 50%

B) substrate

I o : :
5. + ~’ ee = 80%
asymmetric catalyst

enantiomer 1 enantiomer 2
90% 10%

Y

C)
enantiomer 1 — enantiomer 2
ee [%] = - - - 100
enantiomer 1 + enantiomer 2

Figure 1.1 Schematic representation of the reaction outcome using A) an achiral catalyst
and B) an asymmetric catalyst. C) The equations for calculating the ee from enantiomer
mixtures is shown.



The success of preferentially producing one enantiomer is typically quantified using
enantiomeric excess (ee) (Figure 1.1 C). Alternative metrics such as the enantiomer ratio (er)
have also been proposed. This expresses enantiomer proportions as a ratio (Figure 1.1 B
er = 90:10).2% 1 While ee was originally assessed by optical rotation measurements, modern
analytical techniques, particularly chromatographic methods, allow direct quantification of
enantiomers.'? Despite recommendations to adopt er as the main metric, ee remains the

predominant measure in the asymmetric catalysis literature for reporting enantioselectivity.®
12,13

Enzymes, metal complexes, and organocatalysts have emerged as the three most widely
used platforms for the creation of efficient asymmetric catalysts.** They are commonly referred
to as the ‘three pillars of asymmetric catalysis’ (Figure 1.2).2>1" Although other approaches,
such as heterogeneous asymmetric catalysts, have been investigated, they remain comparatively
rare and often less successful.!8

Figure 1.2 The three pillars of asymmetric catalysis, each illustrated with a representative
example. 192

1.1.2 Enzyme catalysis

Enzymes, nature’s catalysts, have been unknowingly used by humanity for centuries as
biocatalysts in food production, for example by the use of yeast in bread making or bacterial
strains in cheese production.?? Today, enzymes are widely applied in both research and
industrial contexts.?3 24

Enzymes comprise long amino acid chains that fold into intricate three-dimensional
structures through non-covalent interactions (Figure 1.3)2> % The catalytically-active part of



an enzyme is referred to as the active site, which is often deeply buried within the structure.?’
Within the active site, multiple amino acid residues, often remote from one another in sequence
space, come together to cooperatively achieve the chemical transformation, while also
providing the chiral environment needed to exclusively form one enantiomer.?’?° This
cooperative architecture is often built from three amino acid residues and called a catalytic triad.
A classic example is the catalytic triad of serine, histidine, and aspartic acid found in serine
proteases (Figure 1.3)%

Figure 1.3 Schematic depiction of an amino acid chain folding into a three-dimensional
enzyme.3! The enzyme’s active site, consisting of a catalytic triad of serine, histidine, and
aspartic acid, is illustrated schematically.

Enzymes catalyse a diverse range of reactions, including carbon-carbon bond-forming and
redox reactions, that are relevant to asymmetric synthesis particularly for the production of
pharmaceuticals.3?-* Many of these reactions use prochiral or racemic substrates, yet enzymes
are capable of exclusively producing one enantiomer of the product (ee > 99.9%), making them
invaluable tools in stereoselective synthesis.®’

Beyond their exceptional enantioselectivity, enzymes are environmentally friendly and
energy efficient.® As they are derived from biological systems, they usually operate under mild
conditions: aqueous media, ambient temperatures, and physiological pH.?? 3% Enzymes can also
show outstandingly high reaction rates.*

However, enzymatic catalysis often faces one fundamental limitation: they are highly
specific for a single substrate. Their catalytic efficiency is generally not transferable across a
broad range of substrates, especially unnatural ones.***® This limitation has been partially
addressed through advances in directed evolution and protein engineering.*?






























































































































































































































































































































































































































































































































































































































Appendix
Appendix Chapter 2
Linker synthesis

Chiral linkers based on the structure: Hbdc-OX-(S/R)-R

o)
MeO,C B The title compound was prepared from backbone 1 (1.2 g, 4.5 mmol,
Nﬁ 1.0 eq.) and (R)-4-isopropyl-2-oxazolidinone (761.4 mg, 5.9 mmol,
1.3 eq.) according to the general procedure. Mezbdc-OX-(R)-4-iPr

O,Me

Me,bdc-0X-(R)-4-ipr  (850.0 mg, 2.7 mmol, 59%) was obtained as a slightly yellow oil after
silica-gel column chromatography (cyclohexane/EtOAc gradient from
9:1 to 7:3). The *H NMR spectrum agrees with literature data.'%®

IH NMR (500 MHz, CDCls) / S S&01-8.01 (m, 2H), 7.91 (s, 1H), 4.52 (t, J = 8.2 Hz, 1H),
4.35-4.27 (m, 2H), 3.95 (s, 3H), 3.92 (s, 3H), 2.08-2.01 (M, 1H), 1.03 (d, J = 6.8 Hz, 3H), 0.89
(d, J=7.0 Hz, 3H).

HO,C °y-0 The title compound was prepared from Meobdc-OX-(R)-4-iPr

Nﬁ (850.0 mg, 2.7 mmol, 1.0 eq.) according to the general ester hydrolysis

procedure. Hobdc-OX-(R)-4-iPr was obtained as a yellow, powdery solid

szdc_gi(R)_4_ipr (744.1mg, 2.5 mmol, 96%). The *H NMR spectrum agrees with literature
data.%

'HNMR (500 MHz,d6-DMSO) / SSP EU 7.92(m,2H},7.86(d,J=1.4 Hz,

1H), 4.47-4.39 (m, 2H), 4.27 (dd, J = 8.1, 5.8 Hz, 1H), 1.92-1.86 (m, 1H), 0.89 (d, J = 6.8 Hz,
3H), 0.81 (d, J = 6.9 Hz, 3H).

o)
MeO,C Q The title compound was prepared from backbone 1 (1.1 g, 4.0 mmol,
N
\é 1.0 eq.) and (R)-4-benzyloxazolidi-2-one (708.4 mg, 4.0 mmol, 1.0 eq.)
P according to the general procedure. Me2bdc-OX-(R)-4-Bn (923.5 mg,
O,Me

Me,bdc-OX-(R)-4-Bn  2-5 mmol, 63%) was obtained as a slightly yellow oil after silica-gel
column chromatography (cyclohexane/EtOAc gradient from 9:1 to 7:3).
The 'H NMR spectrum agrees with literature data.®
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E+M3() KU, $)$5D@B;IE9Q$SCI®: K=E_M8" 2B+8 ?F$./.014
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CO,H
H,bdc-OX-(R)-5-Ph

$
E+M3() BW&$()$5D@B;IE9$SC IS K=E_M 8" 2B+8 ?$F$/LUHL/ 4
HO,C O?f}@.,ph
CO,H
Hybdc-OX-(R)-5-Ph
$
E+M3() B>". $)$5D@B;IE9$C &S K=E.M8" 2B+8 ?FHLUHL/ 4
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0
MeO,C YO
N
G)
Ph

CO,Me
Me,bdc-OX-(R)-4-Bn

$
E+M3() B) & $)$5D@B:IE9SCIE: K=FLME" B SNFRAFS$./.014
HO,C Oﬁvo
Ph
COH
H,bdc-OX-(R)-4-Bn
$

E+M3() BI "&$)$5D@B;IE9$C I K=EL.M8" B NFAF$/LUHL/ 4

" $



CO,Me
Me,bdc-OX-~(S)-5-MeCl

E+M3() BK&$)$5D@B;|E9$CIE: K=E M 8#BrH@.09\F$./.0 14

CO,Me
Me,bdc-OX-(S)-5-MeCl

E+M3() B8, $)$5D@B;IE9$CI®: K=EM8#B-H@.0%F$...014

1:%%



O,
o)
HOC b@f, A
T,

CO,H
H,bdc-0OX-(S)-5-MeCl

E+M3() BN’&$()$5D @B;IE9$C &5 K= M8#B+ @.0 AFSE (YL

COH
H,bdc-0X-(S)-5-MeCl

E+M3() BQ®. $)$5D@B;|IE9$C &% K=F_M8#B+4@.0 \FBA (YL



CO,Me

R)
N()

CO,Me
Me,bdc-5N-(R)-CH3-Ph

E+M3() BT'&$)$5D@B;IE9$SCI® K=" 8" B& 18 2\F$./.014

CO,Me

N (R),

CO,Me
Me,bdc-5N-(R)-CH3-Ph

E+M3() BU%. $)$5D@B;IE9$CI®: K=B" 8" B& 18 ?$\F$./.014

1%



CO,H

N (R),

CO,H
H,bdc-°N-(R)-CH3-Ph

E+M3() INV&$)$5D@B;IE9SCEEK=B" 8" B& 18 ?HFBA(YL 4

COLH

(R),

CO,H
H,bdc-°N-(R)-CHg-Ph

E+M3() N3, $()$5D@B;IE9$CEBK=B" 8" B& 18 ?PRVA(YL 4



CO,Me

- OH
N()

CO,Me

Me,bdc-5N-(R)-CH,OH-Ph

E+M3() IN)"&$)$5D@B;IE9SCI® K=" 8" B& 1L& 8 2FHA(YL

CO,Me

- OH
N()

CO,Me

Me,bdc-5N-(R)-CH,OH-Ph

E+M3() NI, $)$5D@B;IE9SCI®: K=BB" 8" B& 1L& 8 AFWHE(YL



CO,H

o/ —OH
NG
COH

H,bdc-5N-(R)-CH,OH-Ph

$
I"#$%&( ) & H()$*+,-./01$23% &:45-6" B B& ;& K=$7H6D(A; B
CO,H
OH
N
CO,H
H,bdc-5N-(R)-CH,0H-Ph
$

I"HS%&( HUE $()$*+,-/01$23$ &:145-6' @ B& 1:& K=SIHED(A; B

I"# $



CO,Me

(S)
OH

N

CO,Me
Me,bdc-5N-(S)-LeuOH

"#$%E&( )( & H()$*+,-./01$23% (, 145-6" GBIE,0;& $?G@ 6B

CO,Me

(S)
OH

N

CO,Me
Me,bdc-5N-(S)-LeuOH

I"H$%&(), 7€ $()$*+,-./01$23$ (, 145-6" BHIE,0,& $WB@ 68

"D$



CO,H

(S)
OH

N

CO,H
H,bdc-5N-(S)-LeuOH

I"H$%E&( ) &) $*+,-./01$23$ &145-6' EBAE,0,& $?$@EH;@ B

CO,H
H,bdc-5N-(S)-LeuOH

I"H$%&(). "Y€ $()$*+,-/01$23$ &:145-6' GHAE,0;& $?$@C'H.@ B

'F $



CO,Me

N (S),
OH
CO,Me

Me,bdc-5N-(S)-ValOH

I"#$%E&C) &) +,-./01$23% (, 145-6' EBBIHK &SG,@ 608

CO,Me

L)
OH

CO,Me
Me,bdc-5N-(S)-ValOH

I"#$%&( )07 $()$*+,-./01$23$ (, 145-6" BPBRIHK;&$26,@ 6B

"l $



CO,H
H,bdc-°N-(S)-ValOH

$
I"#$%&( )1 & $()$*+,-./01$23$ &:45-6" EBBRIHK&$?$@C'H;@ B
H,bdc-°N-(S)-ValOH
$
I"#$%&( )¥2' % H()$*+,-./01$23% &:145-6" EBBIHK;&$?$E@E'H;@ B
$
I7L$



345'6787"'

0
HO,C }’0 ®
N\)vvulph

CO,H
H,bdc-OX-(R)-5-Ph

$
"#$%& ** MNOS$,H*0/,1,7.$ 23&:45-6P 6B H/6<=B
$
9:6&;'%&78".=>
5:6:;'%&7<8".=
$
I"#$%&( *+ 3B H)$*+,-./01$23% .=, $HK52K$+/250-.623R/5762>./24,?QHK5,=R5,$S>
H-,.2?,$7%.@: K%
$
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OH O

OZN\©5\/U\
of

$
"#$%&( ) ( $€ $()$*+,-./01$23$ .=, $HK52K$+/250-.$238/B762>./124,7QHK5,=R5,$S:
H-,.2?2,$>?%:@ &
$

I"HS%&()*, $RF)$*+,-./01$23$ .= STHRK>*$&>KK1H?$ 28625124, 7QHKS5,=R5,$S:
1, =RKH-/RKE:?$: @ 55

7 $



o
NO,

$

I"H$%&( *- $&H()$*+,-./01$23$ .=, H>-=H,KUH/250-.$2862>./2*.R/,?,$>.=$
R-K2=,VH?2$:7$: @:16%

$

"#$%E&( )*. B&H)$*+,-./01$23$ .=,$(>-=H,KUH-/250-.8B 6 R-K2=,V,@R?,5>.=$
?>./21,.=H?$?%$.@:K$

I7C$



©/VN02 HQD

$

I"#$%& )/ $&P)S*+,-./01$23% H$*.2-W$*2K03AB%=, $X/>, BKH3.*$/,H-.>22%
-2?.H>?>?288>./2* R/,?,$H?5$>?52K , $SHK HIM@SH?5$HS/, H-.>27$*2K0.>2?2$S=,/,
+/250-.$*>Y ?HK*$H/,$=>Y=K>Y=., 5$4R$4 BIWSS (P 2KZ, B32/$42.=$*+,-. /H$SF
@K

$

#5980 FOSRH)$*+,-./01$23$ .=, $<>-.,BA+,2YK, /$+/250283R+.H1>?,$=R5/2-=K 28
S>.=8,?QHK5,=RE?® ; B

7



5AA&=6"B@7A8&
C'=D&%'>E=8@&>">

3%3$B&=&ESH@ @&A88

O C7H13Br
KOC(CH3)3

0.0.
reflux

O over night

82%

AICl; NaOH
acetyl chloride Br,
I —_—
dry CH,ClI, 1,4-dioxane
0°C tor.t. 0°C to r.t.
2,7,12-Triacetyl-5,5",10,10’,15,15"- HsHheptt
hexaheptyltruxene 63%

80%

H<@&I&)*Y,H-.>22%%-=,1,$32/$.=,$*R?.= *>*$288& .5

M/OV,?,$ 8BSV [$FB$ 112K[$ %BLS \B9$ H?5$ +2.H*>01$
)" 640.2V>5 $GFEYS6#URT2K[SYHRBISS /, $*0*+,25,5%
Hept >?7$5/REM&X$8%7L$1EOSPRBYSEH. 12*+=,/ $H?5$-22K 5%
2$L$]BYST/212=,+.H?, 6| BUPSEBHE12K[$IBLS\BISSH*S
H55,5$ .2$ .=,$ -2K5$ *2K0.>27$ 2Z,/$ CL$ 1>?0.,*B$ M=,$ /,H-.>:
1>V.0/,$ SH*$ HKK2S 5% .28 SH/1$ 0+$ .2$/221$ ., 1+,/H.0/,$ H?5$
=,2$SHY,3KOV,5$ H.$ FL$ |:$ 2Z,/2>Y=.B$ 03.,/$ -22K>?Y$ .2$ /221$ ., 1+,/H.0/,[$ .=, $ SH/WS Y.
*Or+,2+>22$SHBSK. /, BH?5$*2K>5*$S /, $SH*=, 5$S> = SMEAFAEIBSM2>?, 5$*2KZ, $.
SH*$/,12Z,5$0?5$/,50-,58+/,+0/, BSM=,$5H/WSY/,,?$/,*>50,$SH*$5>**2K 7: KSBPRLAEOS
H?5$SH*=,5$S>.=$LB7$($& K$*2KSSBREBILEI[$*H.0/H.,5$' H&F2KO0.>2 2486 LLS1EI[$
SH.,/$88P6LLS1IEISH?5$5/>,5$27,/$(BA), 12ZHK$23$.=,$*2KZ,2.$R> K5,5$HSY/,, 7$*2K>5$ .=
SH*$/,-IR* HK>* 5$>7$_.;0-$.23R>K5% T 68, VH=,+RK./OV,$*$H$S=>. $-/R* HKK>?,$
*2KB#BIY[HBE 12K[6! 9B$

Hept Hept

5,5’,10,10°,15,15’-Hexaheptyltruxene

177%



%8$'()$87LLS(&Q[$: @K 9F S SHFBCD$8SSDBCSLQ[$C&I[$DB HSBEH[$%BCSEQ[$CLI[$
DB"EDBC"$81[$#&9[$ARICSS1[$#&9[$!BEIL7$81[$#E&I[SBMIFSS1[$%!&9[$ BEBE!$81[$
CH&I[SLBH#SBRDBCS&Q[$ %F& AR BFB1[$ %! &IBK)$8%!4#$(&Q[$:@:K 9Y S S
%7CBH#7[$%" BFE7[$%"LBCH#[$ %CFBC7[$%!#BC![$ %! 7BI"[$ %!"B#"[$ %!!BY%F[$ 77B7D[$ C#BFF[$ C!
IFBFI[$!#BIC[$!CBI![$!'B"F[$%GBILBS

OK:KBCB%S$Y[$!CB"[$112K[$%EBES ¥89$$>?.25H$3KH1,$
5/>,5$/2075$ 42..21$ 3KBPSVS H?$ H/GRR12*+=,/ BS b=>K,$
-22K>?Y$.28L$][$H-,.RK$-=K2/>5,$8%7$ 1EI$>*$*K2SKR$H55,5B$M
1>V.0/,$ >*$ *>//,5% H.$ LB CL$ 1>?(BOS$ *2K0.>2?$ 23$

1 1 6,VH=+RK./OV,B%B#$Y [RLBI$%BIBIS
>?$5/R8 1K1 B%71EBHS=, 2$5/2+S>455,5$.28.=,$* >//>?7Y$

OK:KGH-,.RK$-=K2/>5 $*2K0.$2 BIRESH H-.>22$1>V.0/ $SH*$
T eaneptxene g *.>11,5832/$%L$1>7HHSREBO/. =,/$* >// S$H. 92218, 1+,/H.0/$
32/$"$=20/*B$M=,$1>V.0/,$ SH*$+20/,5$22.2$H?$>-, GSH. /$*KO//RS
896LLS LEOBSM=,$/,50K.>2Y$*0%+, 245228 SH*$* >/, 58 H.$/221$ ., 1+,/H.0/,$2Z,/2>Y=.BSM=,$H\0,20
*O%+, 2*>29SH*$ ,V./H-.,5$ S> 851 K $H?5$ .= $ 2/Y H?>-$ +=H* $ SH*$ SH*=,5$ S>.=$ H$ *H.0/H.,5$
H&:  $2K0.>2?7B$M= $*2KZ,2.$SH*$/, 127 5$0?5 /$/,50-,58+/,**0/,$.28H332/5$.=,$-/05 $+/250-.$
H*$ H$ R, KK2S$ *2K>5B$ M=,$ -/05,$ +/250-.$ SH*$ /,-/R*. HK>* 5% >? D %EVIS R, RES
T 1 & VH=+RK/OV.$$R,KK2S$?, SRHEV[$6E 12K[$E 9BS

%8$'()$87LLS(&Q[S: @K 9 S SIB"#$85@SFB"$8Q[$CE&I[$FBIEERAE7$&Q[$C&I[SFBL"S
855[%%$ FBC[$%B"$ &Q[$ CAHHENBI [$#&9[$!BD!$ 8*[$ |8 ABBHS 81[$ #&I[$ABINS 81[$
%!&9[$LBE BDI$B1[$CH&I[$L BHASBEP$&Q[$%F&IHRBTS81[$%! £PBH$8%!#S(&Q[$

'H;&$ 8 7TBBY [$oCHEFL12K[#BY$\BOSH $H>**2KZ,5$ >?$
SH.,/B!7$1ES$H?5$-22K$R$ $]: BT /21>7,$80L B! ¥ CBE12K[$
"#BIS\BOSHIH55,56/2+S>* $H?5$.2280. >2BHF.>// 5$H.$
L$ 1:$ 32/$ %7$ 0>?BID[%BV/>H-,.RK | T 6 1
=,VH=,+.RK./0V,B%B"#3Y[$%BCF[$112K[BhBEE$XREF 55
>?$%PB>2VHBILS1IESH?58H55,55.28.=,$'H;&GB2K0.>27$
H.$§:B$M=,$/,H-.>2?$*2KOSAPHHKK2S,5$.23 GRA$/221$

$ . 1+/H.0/,$H?5%.=,2$SH*$=H. BHL2B]:$32/$ C$=TD3. /$

HsHheptt

I7#%



-22K>2$/221$.,1+,/H.0/ [$52K0.>27$23$,:&$ IR K$S7BFLSY 9$>?EIhL $1 BOH$55, BS
M=,R/YH?>-$+=B8H*$/,127,5$07?5,/$/,50-,5$+/,**0/,$/,*0K.>?Y$>7$.=,$32/1H.>22$23$H$R, KK
*2K>5B$M=,$/,H-.>22$1>V.0/,$SH*$H->5>3>,5$.2$+8&$c$%$S>.=$CH($&:KBSM=,$*2K>5$ Sk
3>K./H.>2?[$ SH*=,5$S5>.=$,V-,*$ SH.,/$ H?5$ 5/>,5$ 0?SH¥SZ B2B04E SH*$*0*+,?5,58$H?5
/,3KOV,$>?$H$1>V.0/,$523$K2/2,.=HB!L$ IESH?5$ M&B%$ 1 EB2/$ %L $ 1>?@D3.,/$=2.$
3>K./H.>24$E+. . $SH*$24 . H>? 5SH* SHSS=>. $HRBIHBY [$F# HRIAK [$#OBS

B$($B7LLS(&Q[S@(A; 6# '&O0 |/ SSP *B$FBG&Q[SC&I[SFBLISS$CLIHSFBLDSS5
a$FB#$&Q[$CEIBMEBISS 1[$#&9[$!BAB% " $81[$#&9[$HEBD 7$81[$"F&I[SLBFEHSIBCSEQ[S
%F&I[$ LEIBC!S 81[$ %! &OBH)$ 8%!4#$ (&Q[$ @(A; BH#G@:KI$S S SWH#DBCD[$%7CB%C[$
%"DBL"[$ %"CB"I[$ % CDB#D[$ %!1B%![$ %!FB!7[$ %!"BCF[$ %!CBL"[$ 77B7I[$ C7BF7[$ CLB##|
ICB"%[$ 1%BI![$ %GBNBB 8XM(AS$ e$ +$ _Af$ XOKKIS$ -HK-OKH., SR 58K +I$1GQ$
%L#BD7I{$3207551@DE%BDHACYB

$
2@"%7;";"=D&BHBL MIN O RQ'LQ"

OKK$45-6" @GP 9 '$=>/HKS?W,/[*$ S /,$ *R?.=,*>* 5$ H--2/5>7Y$ .2$ .=,$ +/2-,50/,*$
5,%-/>4 58> 7ABER)+), BB

GOzMe M=$ .>.K$ -21+2075$% SH*$ +/,+H/,5$ 3/21$ 4H-W422.$ !$
N 8"IDBRY[$ %HA2K[$ %BL$ ,\B9$ HEEH GH>?2H 6
Lo on -R-K2=,VRK,. =HEPKBF$ 1Y[$ CBL$112K[$!BCS,\BO$ H--2/557Y$ .28
Me;bdc-N-(S)-CH,OH-cycloHex ¢ Y,?,/HK$ +/2-50/,$ B$ (, 145-6" 6BRHR& 1;& 6R-K2& \$
8CH"BHY[$%BLIPK[$DD 9$SH*$24.H>? 5$H*$HF*K>Y=.KR$R, KK 2
H3.,/$ *>KBFHKS -2K01?$ -=/21H.2Y/H+=R¥K8=,VH?,G_.;0-$ Y/H5>,2.$ 3/Z%$ .293%i$
LB7'$M_O9B

"B$()$S7LLSEQ[$:@:K 9% S SIPBI#S$8*[$1&9[$"B7CS8[$'&I[$CBICSSH$HEHWEBBAHSS55[$
"BD$&Q[$%&9[$CB1$MHA[B7[$FBDS&Q[$% & BISHEBIL [$%& [ FBRHSS 1[$#E& [ BWBLTS
81[$7&9B

(, 145-6' BBB& 1:& 6R-K28& ISH*$=R5/2KR*,5$S>.=20.$30/.=,/$+0/>3>-H.>22$R/$H?HKR*>*
$

GOH M=$ >K$ -21+20?5$% SH*$  +/+H/5%  3/21$
N (, 145-6" EBBE 1:& 6R-K2&, \MBCH"BLY[$%BLE2K[$%BLS,\BIS$
Lo on H-2/557Y$ 2% =$ Y,2/HK$ *./$ =R5/2KR*>*$ +/2-,50/,B$
H,bdc-5N-(S)-CH,OH-cycloHex ¢ &145-6" BPB& 1;& 6R-K2& \$+/,->+>.H. 5$H.$+&$"BLSH*SH$3>?,[$
*K>Y=.KR$4,>Y,$*2K>5$8%| FBYHHKTITEIS

I7D$



%S ()$S7LLSEQ[S @; G'H;@9% S SIPB7I$SH$!&9[$"B!7$8*[$"&I[$SCBESBBBIIHSCBHS$LQ[S
%&9[$CBDD$EHHIB![$7BLS&Q[$% & ABBEB1[$%&[$BBRHF$B1[$4#& [ BBCFBL[$SCLI[$
%BWEBLD$S1[$IXAMBYS8%IHB(&Q[$ @; G'H;@9% S SHD!BDC[$%CH#BH#C[$%CLBI"[$%!"BLD[$
#DB"F[$7FBC"[$ 7"B!%[$ C#B"D[$'DB7"[$!"B"L[$!CB7#[$ &) BHENUBLIEBSS Af$ XOKKIS$
-HK-OKH.,5$32/$@(hs&1 ' % FHGAIC!B%" [$32025$1GQIB% 7BbL

$

oM M=,$.>.K,$-21+20758 SH*$ +/,+H/,5$ 3/21$ 4H-W422 $1$87"%BIS 1Y[$

%ER12K[$ %BL$ ,\B9$ HRSE 6H>?8C[@6>1,.=RE/E0.H?2K
So,Me 8I7LBRY[$ 'B%S$ 112KF8S \B9S$ H--2/5>2Y$ .2$ Y, ?,/HKS +/2F7B9/,$
Mezbde-"N-(S-CH,0H-Bug (| 45-6" GEB& 1;& 6TO$8!I7LB%S 1Y[$ D"7RIK[$ 7!°9$ SH*$
24 H>?,5% H*$ H$ R, KK2S$ 2>K$ BB K$ *2KO1RS$ -=/21H.2Y/H+=R$
8R-K2=,VH?,G_.;0-$Y/H5> 2 .$31@5$.261%i$LBN_O%B

©)

%%$'()$87LLS(&Q[$: @ Kc /| SSP V  + *$$%CB'$&Q[EBH7S S5
%CHRIQ[$!&9[$CBI%$8*[$#& BTRFRINB 1[$!8.9[$! BF MBS HHEBY[$"BCSE&Q[$%&I[$%BLCSS [$1&9B

(, 145-6" BPB& 1;& 6TOBH*$0*,5$32/$.=,$?,V.$*.,+$5>.=20.$30/.=,/$+0/>3>-H.>2?$2/$H?HKR*>*E

$
o M=,$.>.K,$-21+2075$ SH*$ +/,+H/,5$3/21$-6" B5B& 1:& 6
N 'TO$817LB%S 1Y[$ D"7B2K[$ %BLS \BOS H--2/552Y$ 2% .=, $Y,2,/HKS *../$
Lo =R5/2KR*>*$ +/2-,50/,B4B8E" BB 1;& BTOSH,->+>.H. 56 H.$ +&$

Hebdo-"N-(SFCH,0H-Bug  vBISHFGHEK>Y = KR$4,>Y , $*2K>5$H?5$SH*$/,-/R* HK>* 5$>2%, =H?2K$. 2+
H$S=>.,$*2K>5$8F!BC$1Y{HZKBES IB
®$'()$87LLS&Q[$@; 1D2' / SSP V 6'B"$81[$"&9[$"BEIBI#$81[$!&9[$
IBDI$855[$DBL[$"BC$&Q[$%&I[$%BLEIMBSEBH&Q[$ @; 1D2' / SSP
%CIBF#[$ %CCBD#[$ %!#BI"[$ DLBF7[$ 7IB7I[$ 7DB!"[$ C"B"I[$ IDB77B$ &)(A$ 8XM(A$ €3 +$ _Af$
-HK-OKH.,5$32/$8he&1L" % 7FAGQSCLH#BUCCH[$32075$1GQSCL#B%CT77B

$

o M=,$ .>.K,$ -21+2075% SH*$ +/,+H/,5$ 3/21$ 4H-W422.$ I$ 87L"B%S$ 1Y[$
N 06ECL2K[$ %BLS,\BOSHEERK,0->23B%I"BIS 1Y[$%BD$ 1 VaBFHBOS
Lon H--2/5>2Y$.2$Y 2 /HK$+2- BES *.,/$=RE/2KR*>*$SH*$24* /7, 5$50/>7Y$

szdC-sN-(S)-isoLeu0H$ =% *H?5H/5% -2?5>>27*BH-& BHB>*2E,0:&$ 8!FLBCS 1Y[$
1%!BI$ 12K[$#1 9$SH*$24.H>? S5IH*SHFK>Y=.KRIR,KK2S[$+2S5,/R$*2K>53$H3
H->5>3>-H.>2?%$23%.=,$SH.,/$+=H* $£$+&$"BCB

I7F$



RS ()$S7LLSEQ[$@ 2 1D2' / SSP Voo+ VR$%!B [$CBYIR QS
%&9[$CBD7$EESS BC[$7B"$&Q[$% BHBBETL[$%6& [ BBRIISE1[$% &I [$TMBT"$81[$%&I[$
%B'BHBC!$81[$%&I[$ L BHESIE"$&Q[$ C&I[$ L BIBRSSBLS & O[S CETBS 8%!1#$ (8Q[S

@2 1D2' | SSP

%%BD"B$&)(A$XM(A9S$-HK-OKH., 58B2/88)(M + FLGQSCLHB%CCH[$3207531GQSCL#BYC"

$

qoMe M=$ >K$ 21420758 SH*$ +/ +H/ 58 3/21$ 4H-W422.$ 1$

o 8T%HAN[S YB'12K[$ %BLS \BIS BERSEH1>72+,2. HOR IS
SoMe 819%%BC$1Y[$!BU%SUEBEOSH--2/5>2Y $.2$Y, 2, /HK$+/ FEED/,$
Me,bdc-SN-(S)}-CH,0H-(CHp);CHa ¢ (, 145-6" EBB%B& 1;& 68:&19:& $8!!DBI$ 1Y[$ DLIBUASK[S
71°9$ SH*$ 24.H>?,5% H*$ H$ *K>Y=.KR$ R,KK2S$ 26KEH3.,/$ *>I
-2K01?2$-=/21H.2Y/H+=R82=,VH?,G_.;0-$Y/H5>,?.$3@5$.26GiSLBI_OIB

(S)

"R$'()$87LLS(&Q[$:@:Kc /| SSP V BBCD$81[$"&9[$CBICSSH$#&I[$SEBD"$855(S
a$%LBF[$"B!$&Q[$%&9[$ CHAHBSRHS DBIS&Q[$ % 8BS EBE[$ %8 9[$ BBBRIS 81[$%&9[$
%BALBCI$81[$! &[S BHETL$81[$%&I[SL BHHNBEHE&Q[SCEIBBS%IHS(&Q[$: @K 9%

/| SSP

BXM(A$e$+$_AFSXOKKI$-HK-OKH.,5$3B/Sake’dh; ‘FAGQSC!IBY# I[$320?5$1GQSCHBY# LB

$

o M=,$ .>.K,$ -21+2075% SH*S +/,+H/ 5% B/2145-6' 65%B
N-% . & 1:& 8:819:& B!'DBI$1Y[$DLIBAA|S$%BLS \BOSH--2/557Y$
Lo, 2% =, Y,2/HKS *./$ =R5/2KR*>*$ +/2- 50/BS-6' @B

Habde-°N~(S)-CH,0H-(CH,),CHs ¢ & 1;& 8B:&19:& cB/,->+>.H. $1.$+&$"B7SH*$SH$3>?,[$S=>.,$*2K>5
8%!"BY%$1Y[$"| ORAGSHL OB

RS ()SB7LLS(&Q[$@; 1D2' / SSP Voo+ V$1$5%!BL[$"B"$S&®[S
%&9[$CBDDSEHBHBL[$7BLS&Q[$% EHB EBH$%0& I [$HHTD$81[$! & [ BT $81[$!&9[$
LBI7[$8h$DBCSQ[$RAPHS%!# $&Q[$@; 1D2' / SSP

%!DBLI![$#"'BL7[$#%B"#[$ 7#BCF[$CLBDF[$%FBC![$%CB#IB$&)(A$8XM(ASe$S+$_ AfSXOKKIS
g(hB: w’oet % 7FHGQ$!!B%%DI[$320?75$1GQ$!1#B%%I"B

$
e M=, $.>.K,$-21+2025$SH*$+/,+H/, 5$3/21$4H-W422,$1$87% BTS1Y
N %EL12K[$ %BLS \BO$ BIEH1>7240.HPRI$ 8%6H#CBLS 1Y[$
Eome YEEL2K[ B8 \BISH--2/5>7Y$.28Y, 2, [HKS+/2FES/ $I5-6" 6

Mebdo-"N-(R-CH,OH-CHCHs g g 088, 1;8 B& 1:& BI#'BFSLY[SFHY%BAGSH 9$SH*$24.H>?,5%

171 $



H*$HS*K>Y=.KR$R , KK2S$2>RHI-2HKOK2HH/21H.2Y/H+=K$8 G1,.=H?2A/H5>,?.$3/21$
%GER2$B7GLB7i$LBT OB

&P ()PB7LLS(&Q[$(;@ 6% / SSP Voo+ vV oo+ *@$BDS + (
&Q[$!&9[$!BEB71$81[$%& 9[$BBBIF%$8 1[$%08 HEBBER1[$%& 9[$% BRBERG[SCLIEH
'0$8%IHB&Q[I(,;@ 6 DIB++1P6#DBYH[$% " B#D[$%!IB77[$%!IBCF[$##BF![$#!BLI[$7DBH#C[$7!BL
NB#HL[$%L BB (ASSXM(ASeS+$_AFSXOKKI$-HK-0KH.,5$3Mg(ded o 1 FAGQSCLFB%"II[$
32075$1GQ$CLFBR6"FIB

$

o M=$ .>K.$ -21+20758 SH*$ +/+H/,5$ 8/2145-6' 68 B

N@C ’ & 1;& B& 1:& BI#'BFSLY[$F#%BA$[$%BLS,\BOSH--2/5>?Y$.2$.=,$
CO,H Y,?/HK$ ,*./$ =R5/2KR*>*$ +/2-50/B5-& A B& 1;& 6
Hobde-"N-(R)}-CH,0H-CH,CHy ¢ :& 1:& $+/,->+>.H..H.$ +&$ "BL$ H*$ H$ S=>.,$ *2K-96B[8%F7BC
##B'$I12K[$DD 9B

RS ()$87LLS(&Q[$@ 2 1D2' /| SSP VAR VR P98I [$BO[IG G
%&9[$CBDHSEESIB6BI[$7B"$&Q[$%LHHBEBA[$%6& [ BB $81[$%& OMBBIIGL [$%89[$
LBI#$81BIDB7$&Q[S CABEIS8%DHS(&Q[$@ 2 1D2' /| SSP

%I#BII[$ #7B77[$ #LBDI[$ 7#B7%[$ 1%B!I[$ FBFDBS$ &)(A$ 8XM(A$ e$ +$_ Af$ XOKKISEHK-0KH.,5$ 32
8: &t % 1FAGQSIDFB%LIC[$320?5$1GQ$HFB%LC"B

$

poMe M=,$ .>.K,$ -21+2075$ SH*$ +/,+H/,58 3/21$ 4H-W422.$ 1$ 87""BF$ 1Y[$
(S),

"N\, Y0BE12KS %BLS \BO$ BIHEH?>ZK"LBLS 1Y[$ %BIS 19aBF$\BIS
Co,Me H--2/5>?Y$ .2$ Y,? /HKS +/2-, 5B 145-6" BBBOKH;&$ 8!1#7B#$S 1Y[$
Meobdc-*N~(S)}-AlaOH ¢ || FB7$12K([$#C 9$SH*$24 . H>? 5$H*$HS*K>Y=.KRSR, KKRSFPEESH3.,/$
-2K01?$-=/21H.2Y/H+=R$B- G1,.=H?ZK/H5>,?.$3/24FH>$B7GLB7i$
LB7'_O%B

8% ()$87LLS(&Q[S:@:Kc /| S S P"B$&I[B"LEBCI$SL[$"§SCBICSS[$#8.ABCBEH

a$SUB 5" BERQ[$%& [ $EEB [ SLB [SDBLS&Q[$% A B EBA[$Y&IB 7 F $84/*[$VaRHEB5[S
*PSBRO[GRIBES )$8%HSEQ[$:@ K ¢ | S P@HBI7[$%"CBII[$%!FBD![$%!FB'B[$#"B#%
7DBID[$77B%7[$7!B"C[SRMBIBRM(ASe$+$_AFSXOKKIS$-HK-OKH. 5$32a&h o F$
1GQ$!I"BWCCH[$320?5$1GQ$!$B%CCLB

$

I#L$



o M=,$ >.K,$ -21+2075% SH*$ +/,+H/,5$ B/2145-6' EBIOKH:&S

N on 8I#7B#$1Y[SILFBIAK[$%BLS$,\BI$H--2/5>?Y $.2$.=,8Y,?,/HKS,*.,/$=R5/2KR*
COM +/2-,50/,B$&45-6" BBBOKH;&$/,->+>.H. $1.$+&$"BLEH*$SH$S=>.,$*2K>5$
H,bdc-ON-(S)-AlaOH ¢  8%77BC$1Y[$7HIBKES#7 9B

®$()S87LLS(&Q[$@ 2 1D2' / SSP Voo+ Va$%%B"[$"BLSR QS
%&9[$CB7D$ERSPE%BC[$#B#S$&Q[$ BRI WIS % &9[$% B RS $&Q[$ CROBH
8%!#$(&Q[$@ 1D2' / SSP

&)(A$ 8XM(AS e$+$_Af$ XOKKI$ -HK-OKH., 58B246806h % FELGQS$ 1#'BLF##[$ 320753 1GQ$
I#'BLF#IEB

$
oM M=,$.>.K $-21+2025$SH*$+/ +H/,5$3/21$4H-VRIPDEHS 1Y [$
NS 7"#B6 12K[$%BLS,\BOSREH >?240. HZB7LB7$1Y[$#I LAZK[$
Lo e 9%6B3$,\BOSH--2/5>7Y$.28Y, 2 /HK$+/TBS0/ 45-6' @ B& 1:& B

Mesbdc-"N-(R)-CHCHy-CHy ¢ :& BY6LIBF$LY[$SC7IBASHT 9$SH*$24.H>?, 5$HSHS*K>Y =.KR$R, KK
25>K$H3.,/$*BKK$12K012$-=/21H.2Y/H+=R$8 iSLB7H_0IB

"8&$'()$87LLS(&Q[$(;,@ 6% / SSP Vo4 V + G@B7F$8I[$ +
%&9[$%BEBDD$S1[$%& PHBBIFS1[$%&9[$%BUEEBHS.Q[$ RBI$S*MSDB"$&Q[SCLIBS
%5 ()$87LLS(&Q[S(;@ 699F S SHRHTBDH[$%"CBY%#[$%!FBCH[$%!FB%7[$#LBIC[$7#B77]
IDB%C[$%7BI![$ IBYCTEEXM(A$ e$+$_Af$ XOKKI$-HK-OKH.,5$328B6d&H o SEGQS$
I11B%7"C[$320?5$1GQ$!|!B%7CFB

$
o M=,$.> K $-21+20258SH*$+/ +H/,5¢3/245-6' 6 BE& 1:& &
NS & BULIBF$1Y[$SCTBEY$%BLS,\BIOSH--2/5>?Y. 2§14 *../$
Lo =R5/2KR*>*$+/2-,50/,B586" 6 B& 1:& A& B/,->+>.H. $.$+8$

Habde-°N-(R)-CH,CH3-CHz ¢ "BCSH*$HSS=>.,$*2K>5$8D"BF S 2| FBYEB

R$'()S87LLS(E&Q[$@ 2 1D2' / SSP Voo+ ABAT$81$%&9[$66BFL
%BD7$81[$%&IBEBEIS81[$%&9[$%BUEEBIRQ[$ELIS$S. [ DB "$&Q[$ CEOBH
87LL$(&Q[$@ 1D2' / SSP

IBI#B3$&)(A$SXM(A$e$+$ AFSXOKKIS-HK-OKH SBSBRIGY (1 ~FHGQS!I#B%LD"[$32075$1GQ$
I#1BY%LF#B

$

I#Y&



CO,M
e M=,$.>.K,$-21+20?5$SH*$+/,+H/,5$3/21$4H-W42?,$1$87%CBIS1Y[$
(S),

", % 12K[$%BLS,\BOSHPEEL ,. =2V 6+/2+RKH1BY#LBLS1Y[$
oMe \ %BF$112848%,\BOSH--2/5>2Y$.2$Y,?,/HK$+/FBG0/,85-6" 6
Mezbde-*N-(S)-CH;0CHs-CHs ¢ 83B& 1;:& B& BIDCB7$SLY[$FFIBRK[$## 9$SH*$24.H>? 5$H*$

H$ *K>Y=.KR$ R,KK2S$ 2>K$ GY3KE-2KO01P$ -=/21H.2Y/H+=R$
8R-K2=,VH?,G_.:0-$Y/H5>,2.$3@1$. %G %i$LBT OB

"R$'()$B7LLS(&Q[I@(A; 6# | SSP VAR Voo Ry +
IB7[$7B%$&Q[$%&SIBTRGEA [$%&9[$SCB!I$8*[$ GBMNSIBH$%0&[$%BHISEH H&Q[$CEIBS

%05 ()$8% HS(&Q[S@(A; BHIFB++1P6#7BCI[$%" CBH#'[$%!FB%7[$%! DBDD[$D7B7"[$7FBCY[$7#B
77BFI[$7'BI[S%7TRYASSXM(ASe$+$_Af$ XOKKIS$-HK-OKH. 5$329BheaH o FHGQS$
I11B%7"C[$320?5$1GQ$!I'B%7CFB

$

o M=$ >.K$ -21+2075% SH*$ +/,+H/,5$ 3/2185-6" 6B

o ‘& 1;:& B& B!DCB7$1Y[$FFIREK[$%BLS MBIH5>7Y$.2$.=,$
Co,H N Y2 HKS L [$=R52KR*S*$ +/2- 50/BHE BPBE 1;:& A& b
Hobde-"N-(S)}-CH0CH3-CH3 & +/,->+> H. $1.$+&$"B7SH*$SHSS=>.,$*2K>5$81% L Bl TN [HE77 DB |

)

&S ()S87LLSEQ[$@ 2 1D2' / SSP Voo+ V$1$%LBI[$"BF$&E®
%&9[$CB"1$85aER 0L B! [$#BLS&Q[$%&I[$SCB" %S HHERD[FOBE 9[$%B HEEHIB 7$&Q[$C&IBS

%eE ()$87LLS(&Q[$ @;G'H;@ 99B++19$%D7B"I[$%CIB"C[$%CCBF#[{$%!DBLD[$D7BCF[$7FBC7[$7I
THBIH[$ % 7 BBORBS XM (A$e$+$_AfSXOKKI$-HK-OKH., 5%828gh « FEGQBFBY%L[E
32075$1GRBBY%L B

$
COZMe OH n
M=,$.>.K,$-21+2075$SH*$+/,+H/,5$3/21$4H-W4272 $I$8"IBCSLY[$
NS %WHETI2K[$ %BLS \B9$ EHBIO1>?240.HOMRIS 8%#%B7$ 1Y[$
Yoo Y BEL2K[ 6B \BOSH--2/552Y$.2$Y, 2 /HK$+/2FB®/, $45-6" 6

Me;bdc-“N-(R)-(CH,);0H-CHs ¢ 8 9B:& 19:& B& BI%LBLSLY[SHFARRE7! 9$SH*$24.H>? 5$H*$
H$ *K>Y=.KR$ R,KK2S$ 2>K$ BI3KE-2K0LPH -=/21H.2Y/H+=R$
8 .;0- G1,.=H?2K/H5>,2.$3/243P$B7GLB7iSLBT OIB

&$'()$87LLS(&Q[$(;@ 6% / SSP V 6BID$81[$"&9[$CBII$8*[$#&HFSCBDD
CB##$81[$!&9[$6BL'B81[$%&I[$WBBBYS$81[$%&I[S U EMECEBERQ[SCRIBBSTLLS

(&Q[$(;@ 6 909B++1B6#DB%7[$%"'B"7[$%!IBDD[$%!IB7D[$#LBCF[$7DBC"[$7DBL![$7'BF%[$C
%DBIEB(ASSXM(ASe$+$_ATSXOKKIS-HK-OKH., 5$32Mat@ah o FHGQSCLFBY%"1[$320?75$
1GQ$CLFBYSF!B

$
I#! $



COH OH M=$ >K$ -21+2075$ SH*$ +/,+H/,5$ 3/2185-6" 68 %
(R)

N 8:&19;& G& MB!%LBLS1Y[$#FCEBHS %BLS,\BO$H--2/5>7Y$.2$.=,$
CO,H Y,?,/HKS *.,/$R5/2KR*>*$ +/2- 50/,B#686" 68 98:&19;& 6& b
Hobde-"N-(R)-(CH2).0H-CH3 ¢ +/,->+> H. $H.$ +&$ "BF$ H*$ H$ *K>Y=KR$ 4,>Y,$ *2K>5$ 8%CIB
"IFBR8I12K[$DC $B

$'()$87LLS&Q[$@ 2 1D2' / SSP V 6B"D$81[$"&9[$GBBH#$81[$%&9[$
CBICB#I1$81[$%&9[HCBIH$81[$%&9[HBUF$81[$%& [ $SHMBD6$81[$% &[S W RGLBIHS
&Q[$C&IBF()$87LLS(&Q[$@:2 1D2' |/ SSP
7DB%7[$7#BCF[$C7B%C[$%7BFCB$&)(A$8XM(ASe$+$ AfSXOK KB k8D KiH BB & (h
IDFB%L!C[$32075$1GQ$!DEB%LC%B

$
oM . M=,$.> K,$-21+20758SH*$+/, +H/,5$3/2 1$4H-W427?,$1$8"IDBISLY]S
R
N—"" %ECL2K[$ %BLS \BO$ HPSHE01>2H 6+2+H?28%7%BDS 1Y[$
CO,Me IBLEL12K[B6B5,\BOSH--2/5>?Y$.2$Y,?,/HKS$+/ 28R/, 85-6" 6

Me;bdc-*N-CH,CH-(R)}-CH:-OHg  :& 1:& 6 B& B& BUHLBISLY[$7"7BZK[$" 9$SH*$24.H>?,5%
H*$ H$*K>Y=.KR$ R,KK2S$ 2> K HGb /SKOK2$H=/21H.2Y/H+=R$
8R-K2=,VH?,G_.;0-$Y/H5>,2.$3(@4$. UG %iSLBT OB

R$'()S87LLS(&Q[S@(A; 6# | SSP Vo +*BSBERQ[G%&I[$"B IS8 [$"&I[$
CBF#$8*[$#&9[SCBPES81[$%&9[$! BHSERATE [$#BD$&Q[$%&I[SHBHESABERE 7B 7$8Q[$%&9[$
%B Y%L SEBRB R Q[SCLIER()$8%HS(&Q[S @K ¢ /| SSP
#'BI'[$#CB%7[$7IB"L[$7!BC"[{AGBDARS-HK-OKH A (e&h °B: vl % 1SAGQS$!I"BY%C[$
32075$1GQ$!I"E3%B

$
¢ Yo M=$.>.K,$-21+2075$ SH S +/,+H/ 553/28$-6" 68 1:& 6
N 8 B& B8 $B%HLBIS 1Y[S 7" 7HZK[$ %BLS MBAH5>7YS 28 =%
Sos Y,2/HKS *./$ =R5/2KR*>*$ +/2- 50/ 6& 1:& 6 BE B
Hibdo N-CH,CH-R)CHyOHE ;& §/,->+>.H. $1.$+&$'B"SHSHSS=>. $+2K>556%96 | RIRIIES"'B7$
DF'98
"8H(SBTLL(EQS@; 1D2' | SSP V. +  GBIVIS$BLS%EI[EBFD

IBDF$ 81[$!89[$ %B!CHESHRRQ[$ C&IBS ()$8%#$(&Q[$ @; 1D2' /| SSP
%CIBT#[$%CCBF7[$%!DBLI[$#7BI7[$# B7F[$7IBL![$ILBD%B$&) (ASSXM(ASe$+$ AFSXOKKI$-
g(NB: w&os' % 1FLGQICH BF##$32075$1GQ$!8"BLFDY%B

$

I#C$



CO,Me HO, M=,$>.K,$ -21+20?75% SH*$ +/,+H/,5$ 3/21$ 4H-W422,$ !$ 8CLIBDS 1Y[$

N@@ . Fo0"BB 12K[$ %BLS$ \BISEHTEBS 6H.>?240. H X6 [65>288119%B#S 1Y[$
oMe IBYH 12K[$ 1B#$ \BI$ H--2/5>2Y$ .23 Y, 2, /HKS +/BB§0/ 45-6" 6 B
Mezbde-*N-(R)-ThiOH ¢ M=/;8 BY#LBCSLY[$"I"BEK[$#% 9$SH*$24 . H>? 5$H*$SHS*K>Y=.KR$R KK2S$
25K$H3.,/$*BKK$12K012$-=/21H.2Y/H+=RSBIELB7 $M_O9B

%8$'()$87LLS(&Q[S@(A; 6# | SSP V 6B'C$81#B.9[$CRIIBF"$8TI%9[$
CBIBZB#7$81[$!&9[$HRHF7 $81[$%&9[$% BB BASIH&Q[$CRIBS8% #S(&Q[$: @K ¢/
8++19%6#7B"I[$ %""B%7[$ %!FBLY%[$ %!DBD7[$ ##BI%[$ #7B#F[$ 7TFBI#[$ 7#B%C[$ 7!B!I[$ %IBFFE
BXM(ARS$+$_AFSXOKKIS$-HK-OKH. 5$32Bbe@&h o +FAGQSC!"B%™I[$320?75$1GQSCIHB%"C7B

$

oM o, M=$ >K$ -21+2075$ SH*$ +/,+H/ 5% 8/2045-6" 6 BV=/:& $

Nﬁ)(@ ., B%HLAG[SI"BFS12K[$%BLS,\BOSH--2/5>7Y$.28.= 8,2 /HKS,*. /$=R5/2KR*>*$
COH +/2-,50/,B$&45-6' @ BM=/;& $/,->+>H.$.$+&$CB7$H*$H$3>?,[$*K>Y=KR$
Habde*N-(R)}-ThrOH ¢ 4 >Y $*2K>5$8|7BC$1Y [SARR[IH 7 9B

$'()$87LLS(&Q[$@; 1D2' / SSP Vo4 6'BN$81[$%&9[$CBII$
855[$R1$%!B%[$"B!$&Q[$%&9[$ CREPSHBA[S 7B"$& Q[$ %0 8 BEHIBIL[$%6&9[$% B BSBE7S
&Q[$C&IBH ()$8%!#$(&Q[$ @; 1D2' / SSP
##BID[$7IBFC[$7#BD![$%DB%7B$&)(A$8XM(A$e$+$ AFSXOKKISMMKn@ISH . /5 SFH IS
I"BLID![$32075$1GQ$!I"BLIS"B

HE=8@&>">"S'S$=<8"=7;">&6'K&=T7,6 &4 @E6&>

K,COj4

o} . . (0]
| B(OH), triphenyl phosphine [
N palladium(ll) acetate N
on-I . - on-d
Z THF Z
Br H20 Ph

H<@&I&) A-=,1H.>-$/ H-.>22$%-=,1,$32/$.=, $*R?.=, *>FS2BRK$307-.>2?HK>* 5!
4,7QHK5,=R5,*B
M=,$*R?.=,*>*$ 23$ +=,7RK$ 307-.>2?HK>* 5% 4,?QHK5, =R5,*$ SH*$ +,/32/1,5$ H--2/5>?Y$ .2$ .
+/2-,50/,$/,+2/., 5$4RDHK5Z2Y ,K$, BFHKR 62>./24,2QHK5,=R5,$8%BLS$,\BO$H?5$+=,7RK42/27>-$
H->5$8%B%$,\B9$S /,$5>**2KZ S 7$MEE$2K0.>27$23%] ¢B!B!$,\BI$>?$SHBH E9S
SH*$ H55,5$ H?5$ .=,$/,H-.>22% 1>V.0/,$ SH*$ 5:¥3%54/,5$ 0?5,/$ H?$ H/Y2?$ H.12%+=,/,B
M/>+=,2RK+=2*+=>288BBSH?5$+ HKKH5>0 1 8f8-BAMB IS, /,$ H55,5§H75%.=,$/,H-.>22$
1>V.0/, $H*$*.>// 5$H.$HTRZ /2> Y BD3. /$-22K>2Y$.2$/2218., 1+,/H.0/,[$*2K>5*$S /,$/,12Z,5$
AR$3>K./H.>22%$.=/20Y H2BSSH*=,5$S>.=$SH.,/$8%LS1EISH?5$_.;O-BRYA|IHLRA0/,$

#"' $



SH*$,V./H-.,5$S>.=$_.;08%"$IL$ 1BEH?5$.=,$-214>? 53 2/YH?>-$ +=H* *$S /,$5/>,5$27./$
(YA; ‘B M=$ -/05% +/250-$ SH*$ +0/>3>5$ 0*>?YE KHK>2H01?$ -=/21H.2Y/H+=R$
8R-K2=,VH?,G_.:0-$Y/H5> 7. $IRERS 0698

| M=,$>.K,$-21+20?5%$ SH*$ +/,+H/,5$ 3/@1/BTY2 G 67>./24,?QHK5,=R5,$
©) 3 IDBALY[P0BH 12K[$%BL$,\B9$H--2/5>?Y$.2$.=,$+/2-,50/,$5,*-/>4,5$H427 B
Ph T,?QHKS5,=R5;,$HC%BDY [$6B1 12K[B1"9$SH*$24.H>? 55tB$HFH*2K>5B%

Benzaldehyde 24 ¢ M=,$&$'()$*+,-./JO1$HY/, *$S>.=$K>.,/H.0/,$5H$IB

%S ()$8TLLS(&Q[S:@:Ke /| S BARB7ISE$UE[$S5IRIBTS&Q[SIEEBY7SEBEBYS
&Q[$%SDBI"$855MSFBS BRQ[$%SDBHDB#7$81[$! SOEMDB "D$S1[$CRIB
$

3"%BALY [PoBR6 2K[$%BLS$ \BO9$H--2/5>7Y$.2$.=,$+/2-,50/,$5,*-/>4,5$H427 B
Ph T,?QHK5,=RYSBIOBAY [F#BH12K[FCISSH*$24.H>? 5$H*$H$S=>. $*2K>5B:

Y S (S8TLLS (@O @K | S DR BYFSS [SHEEGS S HEeS
&Q[BEIFFB"CSEFHIER QSR IIDBHDB#F$S1[$! & [ SHEFF$1[SCHAB()$8%!#$(&Q[$
:@Kc | SSP  %"IB"#[$%""BC"[$ %CDBIF[$ %CDB"I[$ %C!BFF[$ %!IB7F[$ %!IB"7[$ ¥
%!4BID[$%!CEL 1B

O,N ? M=,$.>.K,$-21+2075% StA*H/,5$ 3/21$61/212 636?>./24,?QHK5,=R5,$

G&=%E'%&7<8":="A%B$<8

OH

o)
I COzMe NO
- 2
R 14-dioxane R @A/
] P

overnight $
H<@&I&) . -=,1H.>-$/ H-.>2?$*-=,1,$32/$.=,$*R?.=,*>*$23%/,+/,*,?.H.>Z,$&,?/R$/,
+/250-.*B

M=/,,$&,2/R$/,H-.>22$+/250- *$23%/,+/,*,2.H.>Z,$4,7QHK5,=R5,*$S,/, $>*2KH. 5$.2$-273>/1$
&<E:$-275>>2BH<@&I&®Y 7KH VHOHFWHG EHQ]DOGHK\GH X —
%[6GLR[DQH x—/ DQG QL[WBIESRI2MEKDERHABI?5$X 14-+56Y OHS
8YEEKY[$"B @12K[$BHBIS SH*$ H55, 58 H*$ H$=212Y,?,20%$ -H.HKR*. B M=,$/,H-.>22$ 1>V.0/,$

I#73$



KHDWHG DW xf& RYHUQLJKW 7KH VROYHQW ZDV UHPRYHG X

SH*$+H** 5$.=/20Y =$H$*=2/.$+KOY $2aAH*> g3 1 2PDS$.2$R> K5%$.=,$&,?/R$/,H-.>2?$4/250-.B
OH

ON \©5VN02 >, K5k$IB7$1Y [STHFRK[$D B $
o g BSOBILLEEQIE@Kc /| S FBHUSEBHEBIRQ[$%6&I[SHERAS

*BSARS! BR.Q[$%&9[$D B ASHBIBF$& Q[SHBOF $85HSB [$0BRQ[$
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