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1. Introduction  

1.1 Macrocycles in Drug Discovery and Chemical Biology 
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libraries that have structural and physicochemical features likely 
to be favorable for binding to protein targets as well as for good 
bioavailability. We additionally provide evidence that large, natu-
ral productÐderived MCs can bind targets that are not druggable 
by conventional, druglike compounds, giving concrete support to 
the notion that natural productÐinspired MCs can expand the range 
of proteins that can be targeted with pharmaceutically relevant  
synthetic small molecules.

RESULTS
To identify a representative, nonredundant set of proteinÐMC X-ray 
co-crystal structures for analysis, we began by identifying all of the 
entries in the Protein Data Bank (PDB) that contained natural prod-
ucts or natural productÐderived MC ligands with ring sizes of 14 
or more atoms. We filtered the structures in this set using several 
additional criteria (Online Methods) to exclude low-quality struc-
tures and also certain chemotypes, such as cyclic nucleotides, that 
we considered to have low relevance for drug discovery. Most nota-
bly, where the database contained complexes of the same protein 
bound to close structural analogs of a given MC or complexes of a 
given MC bound to paralogs or orthologs of the same protein target, 
we selected one representative example to avoid biasing our data 
set with multiple copies of essentially the same complex. This selec-
tion process resulted in the unexpectedly small number of 22 dis-
tinct MCÐprotein complexes, encompassing 19 distinct MCs and 13 
distinct proteins (Supplementary Results, Supplementary Fig. 1). 
Although this set represents a relatively small number of complexes, 
it contains all of the nonredundant examples that we could find that 
met our quality criteria and thus represents the most complete data 
set available on which to base such an analysis.

Characteristics of the test set
The MCs in the test set range in size from 14Ð35 ring atoms, with 
molecular weight (MW) values ranging from 365 Da to 1,291 Da. 
For the subsequent analysis, we found it useful to divide these com-
pounds into two size categories: Ôsmall MCsÕ, which include the six 
MCs in the test set with MW <600 Da (i.e., within or close to the 
accepted upper limit for conventional drugs21), and Ôlarge MCsÕ, 
which comprise the 13 MCs with MW >600 Da, which thus sub-
stantially violate this key descriptor of conventional druglikeness. To 
determine whether the limited number of nonredundant MCs for 
which complex structures exist are representative of natural prod-
uct MCs in general and of MC drugs in particular, we compared 
our test set against 3,747 natural product MCs15 and also against  
44 MC compounds identified as approved drugs, primarily taken 
from the CHEMBL database29 (Supplementary Table 1). In terms 
of ring size, our test set is fairly representative of all natural product 
MCs and closely mirrors the size distribution found for approved 
MC drugs even though only three compounds are common to 
both sets (Supplementary Fig. 2). In terms of lipophilicity (clogP); 
polar surface area (PSA); number of hydrogen bond donors (NHBD), 
hydrogen bond acceptors (NHBA) and rotatable bonds (NRB), the large 
MCs in the test set closely match the oral MC drugs, with an average 
MW that is approximately threefold higher than that for conven-
tional oral drugs and a substantially higher number of HBDs and 
acceptors but with comparable lipophilicity, as measured by clogP  
(Fig. 1 and Supplementary Table 2). Both the large MCs in the test 
set and the oral MC drugs additionally have a greater NRB value com-
pared to the set of all of the oral drugs. In contrast, the small MCs in 
the test set have structural and physicochemical properties that fall 
within the ranges observed for conventional oral drugs, aside from 
having a slightly higher average MW. From these results, it is clear 
that (i) approved MC drugs occupy a region of chemical space that 
is quite distinct from that defined by conventional druglike ligands 
and (ii) the MCs in our test set seem to resemble the subset of MC 
drugs that can be taken orally.

Protein-MC binding geometry and extent of interface
The MC-protein binding modes observed among the test set can be 
described in terms of three broadly distinct interaction geometries. 
Slightly more than half of the large MCs bind with the MC ring 
roughly perpendicular to the protein surface, such that one edge of 
the ring binds along the bottom of an extended groove or cleft on the 
protein, with substituents interacting with adjacent binding pockets 

1,400 10
8
6
4
2
0

Ð2
Ð4

35

30

25

20

15

10

5

0

Ð6
Ð8

1,200

1,000

800

*
*

a b

c d

*

*

* *

* *

* *
*

*

*

*

*
*

*

*

600

600

500

400

300

200

100

0

M
W

 (
D

a)
P

S
A

 (
•2 )

N R
B

cL
og

P

400

200

0

MC test set MC drugs All oral
drugs

All Large Small All Oral Non-
oral

Non-
oral

Non-
oral

Non-
oral

MC test set MC drugs All oral
drugs

All Large Small All Oral

MC test set MC drugs All oral
drugs

All Large Small All Oral

MC test set MC drugs All oral
drugs

All Large Small All Oral

e

MW

300

200

100

400

0

10

20

30

Large MCs
Small MCs
Oral MC drugs
Non-oral MC drugs
All oral drugs

0 300 60 0 1,200900

P
S

A
 (

•2 )

N RB

Figure 1 | Properties of MCs in the test set compared to MC drugs and to 
all oral drugs. (aÐd) Physicochemical properties relevant to druglikeness 
for the MCs from the test set, including molecular weight (a), cLogP (b), 
PSA (c) and NRB (d), in comparison to the 18 oral MC drugs and the 26  
non-oral MC drugs from Supplementary Table 1 as well as the 1,193 oral 
drugs described previously50. The bold horizontal lines indicate the mean 
value, and the vertical bars show the 10Ð90% value range. An asterisk 
indicates that the mean value differs from that for all oral drugs at the  
P < 0.05 significance level, calculated using classical (non-paired) 
StudentÕs t-tests after establishing sample normality using the  
Anderson-Darling test (Online Methods). Numerical values for these and 
other properties are collected in Supplementary Table 2. (e) Conventional 
drugs and MC drugs occupy distinct regions of chemical space. The 
spheroids represent approximately the 10thÐ90th percentile range of 
values observed for MW, PSA and NRB. The colored ÔXÕ symbols show the 
mean values for each compound class, and the dotted lines show the 
projection of the mean values on the MW versus NRB axes that represent 
the floor of the plot. The transparent blue box shows the range of property 
values encompassed by the Rule of Five (MW �a 500 Da)21 and VeberÕs 
Rules (PSA �a 140 • 2, NRB �a 10)48.
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O
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/0!)!=)3"(%!()-23)4!<3/*27-!.)4"7./(*3"(!GF %!$%%!R%=&"3/4"=2&!"&!)(/-.%3!*32'!*%#%4/<%*!

8,!-.%!%V<4/"-)-"/(!/0!)!=)73/7,74"7!()-23)4!<3/*27-!)&!)!&-)3-"('!</"(-F!R.%!4)-% T&-)'%!

=/*"0"7)-"/(!/0!3)<)=,7"(!,"%4*%*!-."&!=RXJ!?"()&%&!"(."8"-/3!H ."7.!.) &!8%%(!2&%*!0/3!

-.%!-3%)-=%(-!/0!)*#)(7%*!3%()4!7%44!7)37"(/=)F%&$%'!S(!)**"-"/(D!."'. T-.3/2'.<2- T

&73%%("('!d9R+e!/0!=)73/7,74%!7/=</2(*!7/44%7-"/(&!.)&!"*%(-"0"%*!."-!7/=</2(*&F!

RuKTPOP!H)&!*"&7/#%3%*!03/=!)!PODOOOT=%=8%3%*!=)73/7,74%!4"83)3,!7/(&-327-%*!2&"('!

)!<3/<3"%-)3,!&/4"*!<.)&%!<)3)44%4!&,(-.%&"&!<4)-0/3=F%"!+73%%("('!/0!-.%!=)73/7,74%!

4"83)3,!)')"(&-!')&-3/"( -%&-"()4!-)3'%-&!8,!R3)(U,=%!K.)3=)!<3/*27%*!)!74"("7)4!

7)(*"*)-%D!RuKTPOPD!)&!)!&%4%7-"#%!)'/("&-!/0!-.%!'.3%4"(!3%7%<-/3F%(!R."&!8"/4/'"7)44,!

)7-"#%!=)73/7,74%!KKS!"(."8"-/3!&./H&!-.%!</-%(-")4!/0!=)73/7,74%&!)&!</H%3024!-//4&!0/3!

-)3'%-"('!4)3'%3!<3/-%"(!&230)7%&F!

!

!"#$%&'3)'IV)=<4%&!/0!(/( T()-23)4!=)73/7,74%!*32'&!)(*!)!74"("7)4!7)(*"*)-% !

!
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$%&<"-%!-.%!8%(%0"7")4!7.)3)7-%3"&-"7&!)(*!-.%3)<%2-"7!</-%(-")4&!/0!=)73/7,74"7!

&7)00/4*&!*%&73"8%*!)8/#%D!-."&!7/=</2(*!74)&&!.)&!8%%(!2(*%3%V<4/3%*!)(*!<//34,!

%V<4/"-%*!0/3!-.%!*"&7/#%3,!/0!*32'&!)(*!7.%="7)4!<3/8%&F!R."&!"&!=)"(4,!*2%!-/!-.%!0)7-!

-.)-!-.%!'%(%3)-"/(!/0!7/=<4%V!=)73/7,74%&D!%&<%7")44,!(/(T<%<-"*"7!=)73/7,74%&D!(%%*&!

%V-%(&"#%!&,(-.%-"7!%00/3-&F!+-327-23)4!7/=<4%V"-,!)(*!&-%3%/7.%="7)4!*%(&"-,!/0!

=)73/7,74"7!7/=</2(*&!/0-%(!7)2&% &!*"00"724-"%&!"(!)()4/'!&,(-.%&"&D!H."7.!023-.%3!

"=<%*%!-.%!*%&"'(!)(* !2&%!/0!-.%&%!&7)00/4*&F!S(!3%')3*!-/!-."&!=)--%3D!/23!&-3)-%'"%&!0/3!

-.%!7/( &-327-"/(!/0!7/=<4%V!()-23)4!)(*!2(()-23)4!=)73/7,74%&!H"44!8%!"(-3/*27%*D!

2&"('!03)'=%(-!)&&%=84,!-.)-!)44/H&!-.%!%00"7"%(-!=/*"0"7)-"/(!/(!3"('!&,&-%=&F!

!
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1.2 Goals of Dissertation 

>/(&"*%3"('!-.%!-.%3)<%2-"7!</-%(-")4!/0!()-23)4!/3!2(()-23)4!=)73/7,74%!

7/=</2(*&!H"-.!0)#/3)84%!<3/<%3-"%&D!-.%3%!.)&!8%%(!'3/H"('!(%%*&!0/3!-.%!*"&7/#%3,!

)(*!*%#%4/<=%(-!/0!)!(%H!74)&&!/0!=)73/7,74%&F!S(!-."&!3%')3*D!-."&!*"&&%3-)-"/(!H"44!8%!

0/72&%*!/(!-.%!&,(-.%&"&!/0!)!()-23)4!<3/*27-!)(*!()-23)4 T<3/*27- T4"?%!7/=</2(*&!H"-.!

)!=)73/7,74"7!7/3%F!R.%!'/)4!/0!7.)<-%3!N!"&!-/!"(-3/*27%!)!7/(#%3'%(-!&,(-.%-"7!&-3)-%',!

0/3!-.%!7/(&-327-"/(!/0!)!()-23)4 T<3/*27- T4"?%!=)73/7,74%!4"83)3,!7/(-)"("('!)!."'.!

*%' 3%%!/0!7.%="7)4!*"#%3&"-,F!G,!)*/<-"('!()-23%W&!*%&"'(D!-%-3).,*3/<,3)(T7/(-)"("('!

=)73/7,74%&!.)#%!8%%(!'%(%3)-%*!#")!)!-)(*%=!)44,4"7!/V"*)-"/(Y/V)T7/(:2')-"/(!

3%)7-"/(F!>.%="(0/3=)-"7!)()4,&%&!H%3%!2-"4"U%*!-/!*%=/(&-3)-%!<.,&"7/7.%="7)4!)(*!

&-327-23)4!*"#%3&"-,!/0!-.%!*%&"'(%*!=)73/7,74%&F!>.)<-%3!a!H"44!0/72&!/(!-.%!&,(-.%-"7!

&-2*"%&!-/H)3*&!-.%!-/-)4!&,(-.%&"&!/0!)(!)(-"02(')4!()-23)4!</4,?%-"*%D!0/3)U/4"(%!BF!

R."&!7.)<-%3!)"=&!-/!*%&73"8%!-.%!3%-3/&,(-.%-"7!)()4,&"&!/0!-.%!()-23)4!=)73/7,74%!)(*!

"(#%&-"')-%!-.%!)&,==%-3"7!&,(-.%&"&!/0!-.%!-.3%%!03)'=%(-&!7/(&"&-"('!-.%!</4,?%-"*%!

8)7?8/(%F!54-"=)-%4,D!-.%!'/)4!/0!-.%!*"&&%3-)-"/(!H/24*!8%!-/!<3/#"*%!#)42)84%!"(&"'.-&!

0/3!*%&"'("('!)(*!&,(-.%&"U"('!=)73/7,74"7!&=)44!=/4%724%&!-.3/2'.!-.%!&-2*"%&!/(!8/- .!

()-23)4!)(*!2(()-23)4!=)73/7,74%&F !

!
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2. Design and Synthesis of a Natural-Product-Like 
Macrocycle Library Containing Tetrahydropyran 
Moieties 

d<284"&.%*!"(!Chem. Eur. J.!*4(5 D!25D!ZbOO\ ZbOè!

2.1 Introduction 

4"!"! #;%<%)')%&10#&=#>&1*+1)%&1'/#5.1)6+)%(#;%?-'-%+0#

+73%%("('!-%7.(/4/'"%&!/0!&=)44T=/4%724%!4"83)3"%&!)')"(&-!#)3"/2&!8"/4/'"7)4!

&,&-%=&!.)#%!&%3#%*!)&!7327")4!<4)-0/3=&!0/3!*"&7/#%3"('!(%H!7.%="7)4!=/*24)-/3&F!

>/(&%L2%(-4,D!-.%3%!.)#%!8%%(!%V-%(&"#%!%00/3-&!0/3!'%(%3)-"('!&=)44T=/4%724%!4"83)3"%&!

-/!"*%(-"0,!</-%(-")4!*32'!7)(*"*)-%&F %)$%+!B4-./2'.!&27.!%(*%) #/3&!.)#%!)77/=<4"&.%*!

-.%!*%#%4/<=%(-!/0!4%)*!7/=</2(*&!0/3!(%H!-.%3)<%2-"7&D!-.%!=):/3"-,!/0!7233%(-!&=)44T

=/4%724%!*32'&!)**3%&&!) !3%4)-"#%4,!()33/H!3)('%!/0!<3/-%"(!0)="4"%&F!S(!NOPcD!

X#%3"('-/(!)(*!7/ TH/3?%3&!%V)="(%*!-.%!*"&-3"82-"/(!/0!-.%!.2=)(!<3/ -%"(!0)="4"%&!

-)3'%-%*!8,!R.%![//*!)(*!$32'!B*="("&-3)-"/(!d[$Be T)<<3/#%*!*32'&F%*!R.%!)()4,&"&!

3%#%)4%*!-.)-!3./*/<&"(T4"?%!M!<3/-%"(T7/2<4%*!3%7%<-/3&!dMK>J&eD!"/(!7.)((%4&D!

?"()&%&D!)(*!(274%)3!./3=/(%!3%7%<-/3&!H%3%!*/="()(-D!)&!&./H(!"(!["'23%! ZF!

[23-.%3=/3%D!9/<?"(&!)(*!M3//=!%&-"=)-%*!-.)-!%V"&-"('!*32' T4"?%!=/4%724%&!7)(!-)3'%-!

/(4,!vPO\ P`w!/0!-.%!<3/-%"(&!%(7/*%*!"(!-.%!.2=)(!'%(/=%!)(*!/(4,!)!&28&%-!/0!-.%&%!

<3/-%"(&!)3%!3%4)-%*!-/!.2=)(!*"&%)&%&F&#!B&!)!3%&24-D!8"/4/'"7)4!-)3'%-&!-.)-!)3%!.)3*!-/!
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)**3%&&!2&"('!7233%(-!*32'T4"?%!=/4%724%&!.)#%!8%%(!/0-%(!3%')3*%*!)&!"(-3)7-)84%D!

H."7.!"(742*%!<3/-%"(\ <3/-%"(!"(-%3)7-"/(&!)(*!<3/-%"( \ (274%"7!)7"*!"(-%3)7-"/(&F&!!

!
!

!"#$%&'6)'K3/</3-"/(!/0!.2=)(!<3/-%"(!*32'!-)3'%-&!"(!=):/3!0)="4"%&!d["'23%!3%<3/*27%*!
H"-.!-.%!<%3="&&"/(!03/=! 3%0F%*e'

!

S-!.)&!8%%(!7/(&"*%3%*!-.)-!/(%!/0!-.%!=)"(!3%)&/(&!/0!-)3'%-!4"="-)-"/(!"&!)!4/H!

*%'3%%!/0!&-327-23)4Y<.,&"7/7.%="7)4!*"#%3&"-,!"(!7/(#%(-"/()4!&,(-.%-"7!4"83)3"%&F&%!S-!"&!

(/-)84%!-.)-!7/(#%(-"/()4!*32' T4"?%!=/4%724%&!)3%!/0-%(!*%&"'(%*!8)&%*!/(!;"<"(&?"W&!

324%T/0T0"#%' !H."7.!"&!*%3"#%*!03/=!7/==/(!0%)-23%&!/0!%V"&-"('!*32'&D!-/!"(73%)&%!-.%!

4"?%4".//*!/0!<3%&%(-"('!0)#/3)84%!<.,&"7/7.%="7)4!<3/<%3-"%&F!B4-./2'.!"-!.)&!8%%(!

2-"4"U%*!)&!)!3)<"*!)(*!7/(#%("%(-!-//4!0/3!%#)42)-"('!*32' T4"?%(%&&D!-.%!&=)44!=/4%724%&!

-.)-!0)44!H"-."(!-.%!324%T/0T0"#%!&.)3%!)!."'.!*%'3%%!/0!&-327-23)4!&"="4)3"-,!H"-.!/(%!

12%

19%

10%

3%

56%

Proportion of human protein drug 
targets in major families

GPCRs (7TM1)
Ion channels
Kinases
Nuclear receptors
Other
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)( /-.%3F![23-.%3=/3%D!-.%3%!)3%!%V7%<-"/(&D!%&<%7")44,!()-23)4!<3/*27-&D!-.)-!)3%!/2-&"*%!

-.%!324%T/0T0"#%!7.%="7)4!&<)7%!82-!&-"44!%V."8"-!0)#/3)84%!/3)4!)8&/3<-"/(F&&!B(/-.%3!

0)7-/3!7/(-3"82-"('!-/!)!4"="-%*!/772<)(7,!"(!7.%="7)4!&<)7%!"&!-.)-!-3)*"-"/()4!*32' T4"?%!

=/4%724%&!.)#%!3%4)-"#%4,!&"=<4%!&7)00/4*&!)(*!4/H!sp&Ysp%!3)-"/&!*2%!-/!-. %"3!."'.!

&,(-.%-"7!)77%&&"8"4"-,!d["'23%!ceF&'!R.%3%0/3%D!%V<4/3"('!)!83/)*%3!3)('%!/0!7.%="7)4!

&<)7%!8%7/=%&!)(!"=</3-)(-!)"=!"(!/3*%3!-/!"(73%)&%!8"/4/'"7)4!-)3'%-!*"#%3&"-,F!

!
!

!"#$%&'7)'IV)=<4%&!/0!8%&-T&%44"('!&=)44!=/4%724%!*32'&'

!

4"!"4#2')3-'/ @A-&B3() @;%C+#>6+<%('/#;%?-'-%+0#

1)-23)4 T<3/*27- T4"?%!&=)44T=/4%724%!4"83)3"%&!.)#%!8%%(!'%(%3)-%*!-/!*"&7/#%3!

(%H!4%)*!7/=</2(* &!)(*!7.%="7)4!<3/8%&!"(!-.%!*32'!*"&7/#%3,!0"%4*D!&"(7%!-.%!()-23)4!

<3/*27-!<//4!/00%3&!)!."'.!*%'3%%!/0!&?%4%-)4!*"#%3&"-,!)(*!&-327-23)4!7/=<4%V"-,!)4/('!

H"-.!</-%(-!8"/4/'"7)4!)7-"#"-"%&F&"$&(!S(!/3*%3!-/!<3/#"*%!()-23)4T<3/*27- T4"?%!7/=</2(*&!

0/3!&73%%("('D!&%#%3)4!&-3)-%'"%&!.)#%!8%%(!"(-3/*27%*F&)!R.%!0"3&-!&-3)-%',!"&!-.%!

7/(&-327-"/(!/0!7/=</2(*!7/44%7-"/(&!8,!2-"4"U"('!)#)"4)84%!()-23)4!<3/*27-&!)&!&-)3-"('!

</"(-&F!+%7/(*D!)!*"#%3'%(-!&-3)-%',!7)(!8%!)*)<-%*!03/=!8"/&,(-.%-"7!*%&"'(!"(!()-23%!

Cl
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O N
H

O
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N
N
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O
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0/3!-.%!'%(%3)-"/(!/0!7/=<4%V!)(*!*"#%3&%!=/4%724%&F!;)&-4,D!&-327-23)44,!&"=<4"0"%*!/3!

-32(7)-%*!()-23)4!<3/*27-!&7)00/4*&!7)(!8%!'%(%3)-%*!"(!/3*%3!-/!<3/#"*%!)!&200"7"%(-!

(2=8%3!/0!7/=</2(*&!0/3!&73%%("('F!9%3%D!-.3%%!%V)=<4%&!/0!-./&%!&-3)-%'"%&!)3%!

*%&73"8%*F!

9%3'%(3/-.%3!)(*!7/ TH/3?%3&!3%</3-%*!)!&,(-.%-"7!&-3)-%',!0/3!-.%!73%)-"/(!/0!

()-23)4!<3/*27- T4"?%!7/=</2(*&!H"-.!."'.!&7)00/4*!*"#%3&"-,!2&"('!3%)*"4,!)#)"4)84%!

()-23)4!<3/*27-&!)&!7/==/(!"(-%3=%*")-%&F &+!E"-.!7/=8"()-"/(&!/0!3"(' T%V<)(&"/(D!3"('T

02&"/(D!)(*!3"(' T3%)33)('%=%(-!3%)7-"/(&D!()-23)4!<3/*27-&!H%3%!*"#%3'%(-4,!

-3)(&0/3=%*!"(-/!7/=<4%V!7/=</2(*!7/44%7-"/(&F!B&!)(!%V)=<4%D!'"88%3%44"7!)7"*!*)( !H)&!

2-"4"U%*!)&!)!7/==/(!"(-%3=%*")-%!0/3!-.%!&,(-.%&"&!/0!&-327-23)44,!*"#%3&%!</4,7,74%&!

d+7.%=%!PeF!M"88%3%44"7!)7"*!"&!)!<4)(-!./3=/(%!"&/4)-%*!03/=! Gibberella fujikuroi39D!

7/(-)"("('!)!-%-3)7,74"7!*"-%3<%(%!7/3%!H"-.!)!02&%*!4)7-/(%D!-H/!)44,4"7!)47/./4&D!)(!

%V/7,74"7!/4%0"(!)(*!)!7)38/V,4"7!)7"*F!R.%&%!&,(-.%-"7!.)(*4%&!%()84%* !-.%!&%4%7-"#%!)(*!

"(*%<%(*%(-!02(7-"/()4"U)-"/(!/0!%)7.!3"('!/0! -.%!7/3%!&-327-23%!-.3/2'.!)!#)3"%-,!/0!

3%)7-"/(&!-.)-!*"&-/3-!-.%!3"('!&,&-%=F!;)7-/(%!/<%("('!3%)7-"/(!/0! *)( !0/44/H%*!8,!

*%3"#)-"U)-"/(&!/(!-.%!7)38/V,4"7!)7"*!)(*!)47/./4&!<3/*27%*!-%-3)7,74"7!-3"%(%!*)*D!H."7.!

H) &!023-.%3!*"#%3&"0"%*!"(-/!-H/!&7)00/4*&!*)1!)(*! *)2!2&"('!(%2-3)4!/3!)7"*"7!/V"*)-"#%!

7/(*"-"/(&F!G)&%*T<3/=/-%*!4)7-/(%!3%)33)('%=%(-!/0!'"88%3%44"7!)7"*!*)( !0/44/H%*!8,!

)="*)-"/(D!%</V"*)-"/(D!)(*!E)'(%3 \ 6%%3H%"(!dE6e!3%)33)('%=%(-!023("&.%*!

7/=</2(*! *)3F!>4%)#)'%!/0!-.%!4)7-/(%!3"('!"(!*)( !0/44/H%*!8,!=%-.,4)-"/(D!/V"*)-"#%!
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74%)#)'%!/0!-.%!*"/4D!)(*!&28&%L2%(-!"(-3)=/4%724)3!n`xNo!7,74/)**"-"/(!)00/3*%*!)7%-)4!

*)6F!RH/!*"00%3%(-!&%-&!/0!-.3%%T&-%<!3%)7-"/(!&%L2%(7%&!%00"7"%(-4,!82"4-!2<!-.%!&7)00/4*&!

*)7!)(*! *)8F!R.%!&,(-.%&"U%*!7/=</2(*!7/44%7-"/(&!&./H%*!3"7.%3!&-%3%/7.%="7)4!7/(-%(-!

7/=<)3%*!-/!-.)-!/0!7/==%37")4!&=)44 T=/4%724%!4"83)3"%&F!

!
!

9/:&;&' ( )'9%3'%(3/-.%3W&!3"('T*"&-/3-"/(!&-3)-%',!-/!82"4*!()-23)4!<3/*27- T*%3"#%*!
*"#%3&%!&7)00/4*&!03/=!'"88%3%44"7!)7"*&+'

!

X'23"!)(*!7/ TH/3?%3&!*%&"'(%*!-.%!*"#%3'%(-!&,(-.%&"&!/0!"(*/4%!)4?)4/"*T-,<%!

7/=</2(*&!#")!)! #)3"%-,!/0!"(-3)=/4%724)3!7,74"U)-"/(&!/0!)!</4,2( &)-23)-%*!7/==/(!

"(-%3=%*")-%!*)5!d+7.%=%!NeF'# !R."&!"*%)!H)&!"(&<"3%*!8,!8"/&,(-.%-"7!)&&%=84,!4"(%&!"(!

()-23%D!%=<4/,"('!*%.,*3/&%7/*"(%!H."7.!.)&!8%%(!<3/</&%*!)&!)(!"(-%3=%*")-%!"(!-.%!

H OH

CO2HHMe
HO

O
O

O

OAc

OH

AcO
MeMeO2C CO2Me

H

O

HMe

OH
O

NH
O

O

O

HO

H OH

CO2MeH

O O

MeMeO2C
H

O

O
OMe

H

O2N

NH
O
Me

Me

Me

H

O

Me

OAcAcO MeMeO2C CO2Me

O
H

O

gibberellic acid (2.1)

3 steps
(oxid.
cleavage/
[4+2])

3 steps
(decarb.,
aromatization)

3 steps
(WM rearr.)

3 steps
(lactone
opening)

3 steps
(aromat.,
WM rearr.,
BV oxid.)

OAc

CO2HHMe
AcO
MeO2C

i) m-CPBA
ii) PCC

i) m-CPBA
ii) PCC, H+

2.2

2.3 2.4

2.5

2.6

2.7

2.8
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8"/&,(-.%&"&!/0!=)(,!"(*/4%!)4?)4/"*&F '! !R.%!&,(-.%&"&!8%')(!H"-.!-.%!<3%<)3)-"/(!/0!-.%!

7/==/(!"(-%3=%*")-%! *)5!"(!&"-2!03/=!)!<3%723&/3!%(,(%!*)(4 !-.3/2'.!>2dSe T7)-)4,U%*!

*".,*3/<,3"*"(%!0/3=)-"/(F!E"-.!-.%!3%&24-"('!"(-%3=%*") -%!*)5D!*"00%3%(-!-,<%&!/0!

"(-3)=/4%724)3!7,74"U)-"/(!H%3%!%V<4/3%*!-/!<3/#"*%!0/23!()-23)44,!/77233"('!&7)00/4*&!

d*)(( \ *)(2e!)(*!(/( T()-23)4!-,<%!&-327-23%!*)(3 !"(!)!*"#%3'%(-!=)((%3F!J%*/V T=%*")-%*!

7,74"U)-"/(&!<3/*27%*!%"-.%3!('/2("%(&"(%T-,<%!&7)00/4*!*)(( !/3!2(()-23)4 T-,<%!&?%4%-/(!

*)(3F!S(!)**"-"/(D!n`xNo!7,74"U)-"/(&!023("&.%*!"8/')T-,<%!*)(* D!)&<"*/&<%3=)T-,<%!*)(1D!

)(*!)(*3)('"("( T-,<%!&7)00/4*!*)(2F!R.%!#%3&)-"4"-,!/0!-."&!&,(-.%-"7!)<<3/)7.!%()84%&!-.%!

7/(7"&%!-/-)4!&,(-.%&%&!/0!()-23)4!<3/*27-&!dyeT#"(7)*"00/3="(%!*)(6 !)(*!dye T)(*3)('"("(%!

*)(7 !H"-."(!PN!&-%<&!03/=!-3,<-)="(%F!!

!
!

9/:&;&' * )'G"/&,(-.%&"&T"(&<"3%*!)<<3/)7.!-/!023("&.!*"#%3&%!)4?)4/"*)4!&7)00/4*&'# '

DCE, 60 °C

N

N

COR2

CO2MeR1

dehydrosecodine
(2.9)

common intermediate
(in situ)

N

N

CO2MeR1

COR2

CuI

N

N

CO2MeR1

H

CO2Me

N
H

N

OTIPS
MeO2C

N
H

N CO2Me

Me
H
CO2Me

N
H

N

CO2Me

CO2Me
H

N
H

N

CO2Me

H

N
H

N

CO2MeCO2Me

[Ru(bpy)3]-
(BF4)2

R 2 = OMe

2 stepsDCE, 120 °C

R2  = OMe

2 ste
ps

4 steps
N
H

N

MeO2C

R 2 = Me4 steps 2 steps

2.10

iboga type (2.12)

ngouniensine type (2.11)

aspidosperma type (2.13) (±)-vincadifformine (2.16) (±)-andranginine (2.17)

andranginine type (2.14)

unnatural type (2.15)
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!

P_!

! !

B28g!)(*!7/ TH/3?%3&!3%</3-%*!-.%!7/(&-327-"/(!/0!) !()-23)4!<3/*27- T4"?%!

7/=</2(*!4"83)3,!8)&%*!/(!0/23!0)="4"%&!/0!8"/4/'"7)44,!)7-"#%!)4?)4/"*&!"(742*"('!

+-%=/()7%)%!)4?)4/"*&D!<,33/4/L2"(/4"(%!=)3"(%!)4?)4/"*&D!42<"(!)4?)4/"*&D!)(*!

B=)3,44"*)7 %)%!)4?)4/"*&F'%!S(!/3*%3!-/!"=<3/#%!#%3&)-"4"-,!)(*!&,(-.%-"7!-3)7-)8"4"-,D!-.%!

/3"'"()4!&-327-23%&!H%3%!&"=<4"0"%*!-/!<3/*27%!-.%!?%,!&7)00/4*&!*)(8 \ *)*( !H."4%!3%-)"("('!

)--3)7-"#%!7/=</(%(-&!d+7.%=%!aeF!+-%=/()7%)%!)(*!B=)3,44"*)7%)%!)4?)4/"*!&7)00/4*&!

d*)(8 !)(*! *)(5e!H%3%!<3%<)3%*!2&"('!)!$"%4&\ B4*%3Y+7.="*-!3%)7-"/(F!R.%!&7)00/4*&!*)*4< !

)(*! *)*4= !H%3%!7/(&-327-%*!-.3/2'.!&24023!,4"*%T=%*")-%*!&<"3/)((24 )-"/(!0/44/H%*!8,!

3"('!%V<)(&"/(!2&"('!)(!)U"*/!)47/./4F!;)&-4,D!)U"*%! *)** !H)&!7/(#%3-%*!"(-/!-.%!-3"7,74"7!

&<)3-%"(%!*)*( !#")!-.%!"(-3)=/4%724)3!+7.="*-!3%)7-"/(F!B0-%3!-.%!7/(&-327-"/(!/0!-.%!?%,!

&7)00/4*&!*)(8 \ *)*( D!*%3"#)-"U)-"/(&!/(!)="(%!/3!)47/./4! 02(7-"/()4"-"%&!H%3%!<%30/3=%*!

-/!*"#%3&"0,!-.%!7/=</2(*!4"83)3, !d*)*6\ *)*5eF!G,!8)4)(7"('!8%-H%%(!-.%!'%(%3)-"/(!/0!

()-23)4!<3/*27- T4"?%!7/=</2(*&!)(*!-.%!"=<3/#%=%(-!/0!-.%!&,(-.%-"7!)77%&&"8"4"-,D!Z_Z!

7/=</2(*&!H%3%!<3%<)3%*!-.)-!3%&%=84%!()-23)4!)4?)4/"*&F!



!

!

PQ!

!
!

9/:&;&' 1)'B4?)4/"* T"(&<"3%*!7/=</2(*!4"83)3,!8,!-.%!B28g !'3/2< '%!

!

N
O

H
N
H

F
N

O
Me
H

HH
N

N

O
H
N

O
N
H

H

H

O
H
N

O

N

H
Et

O
O

Me

Neostenine
(Stemonaceae alkaloid )

N

OH
C6H13

Lepadiformine
(Pyrroloquinoline 
marine alkaloid )

N
H

N

Sparteine
(Lupin alkaloid )

NO
H

OMe
OMe

Me
Mesembrine

(Amaryllidaceae alkloid )

TBSO

R1

N3

O

N
O

H
R1

O

DielsÐAlder/
Schmidt

N3

O

Me

TMSO

N

O
Me
H

H
O

O

R2

Ph2S

BF4
N3

R3

OH

R2

N

OR3

HO

R2

NO

HO

R3

+

1. 2.

n

n
n

O
O

N3

O

N
H

O

O

Intramolecular 
Schimidt

CF3

2.22

DielsÐAlder/
Schmidt

2.18 2.19 2.20B 2.21

Natural
Product
Family

Simplified
Scaffold

Synthesis

Examples
of

Library
Compounds

2.20A

2.252.242.23

2.26 2.27 2.28 2.29



!

!

NO!

4"!"D#,'(-&(.(/+0#%1#>6+<%('/#;%?-'-%+ 0#

6)73/7,74"7!*32'&!)3%!)(/-.%3!74)&&!/0!&=)44!=/4%724%&!-.)-!)3%!/0-%(!</&"-"/(%*!

/2-&"*%!-.%!7/(#%(-"/()4!*32' T4"?%!&<)7%!82-!&-"44!%V."8"-!</-%(-!8"/4/'"7)4!)7-"#"-"%&!)(*!

0)#/3)84%!<.,&"7/7.%="7)4!<3/<%3-"%&F!E"-.!-.%!3%7/'("-"/(!/0!-.%3)<%2-"7!</-%(-")4!/0!

=)73/7,74"7!&7)00/4*&!"(!-.%!*32'!*"&7/#%3,!0"%4*D!-.%3%!.)&!8%%(!'3/H"('!"(-%3%&-!"(!

'%(%3)-"('!=)73/7,74%!4"83)3"%&!2&"('!#)3"/2&!-%7.(/4/'"%&F!J%7%(-!)*#)(7%&!"(!-.%!

&,(-.%&"&!/0!(/( T<%<-"*/="=%-"7!=)73/7,74%!4"83)3"%&!H"44!8%!83"%04,!3%#"%H%*D!H. "7.!

"(742*%!)!03)'=%(-T8)&%*!*/=)"(!&.2004"('!&-3)-%',D! )! 3"(' T%V<)(&"/(!)<<3/)7.D !) !

*"#%3&"-,T/3"%(-%*!&,(-.%&"&D!)(*!) !$1B T-%=<4)-%*!&,(-.%&"&F!!

!

*)()1)( '!%,#;&>? @.,A&0'BC;,">'9:$DDE">#'9?%,?&#F'

6)37)23%44%!)(*!7/TH/3?%3&!3%</3-%*!)!=/*24)3!)<<3/)7.!0/3!-.%!&,(-.%&"&!/0!)!

=)73/7,74%!4"83)3,!#")!03)'=%(-T8)&%*!*/=)"(!&.2004"('F '&!R."&!&-3)-%',!H)&!*%#"&%*!-/!

3)<"*4,!7/(&-327-!&-327-23)4Y&-%3%/7.%="7)4!)()4/'&!-.)-!)44/H%*!-/!/8-)"(!2&%024!

&-327-23%T)7-"#"-,!3%4)-"/(&."<!03/=!-.%!"("-")4!4"83)3,!=%=8%3&F!S(&<"3%*!8,!-.%!

(2=%3/2&!<,3)( T7/(-)"("('!=)73/7,74%&!"(!()-23%D!-.%,!)"=%*!-/!'%(%3)-%!=)73/7,74%&!

H"-.!)!<,3)(!7/3%F!R/!)7."%#%!-."&D!-.3%%!03)'=%(-&!d< \ Ge!H%3%!<3%<)3%*!H."7.!7)(!8%!

3%)*"4,!=/*"0"%*D!"(-%37.)('%*D!/3!&.2004%*!d+7.%=%!` eF!R.%!<,3)( T7/(-)"("('!

=)73/7,74%!&7)00/4*&!*)12\ *)16!H%3%!<3%<)3%*!-.3/2'.!)="*%!7/2<4"('&!)(*!

=)73/7,74"U)-"/(!#")!(274%/<."4"7!)3/=)-"7!&28&-"-2-"/(!2&"('!-.%!-.3%%!03)'=%(-&F!R.%!



!

!

NP!

<,3)(!03)'=%(-!d < e!.)&!-.3%%!&-%3%/'%("7!7%(-%3&!)(*!_!&-%3%/"&/=%3&!7/24*!8%!<3%<)3%*F!

S(!)**"-"/(D!`!*")&-%3%/=%3&!/0!-.%!4"(%)3!03)'=%(-!d=e!H%3%!<3%<)3%*!0/3!-.%!*/=)"(!

&.2004"('F!R.%3%0/3%D!aN!7/=8"()-"/(&!/0!&-%3%/"&/=%3&!0/3!%)7.!=)73/7,74"7!&7)00/4*!7)(!

8%!<3/*27%*F![23-.%3=/3%D!7.)('"('!)!</&"-"/(!/0!)!&28&-"-2%(-!/(!-.%!)3/=)-"7!

03)'=%(-!d=e!)(*!*/=)"(!&.2004"('!7/(-3"82-%*!-/!"(73%)&"('!-.%!&"U%!/0!-.%!4"83)3,F!R."&!

&-3)-%',!0%)-23%&!-.%!&,(-.%&"&!/0!#)3"/2&!&-%3%/"&/=%3&!2&"('!)!=/*24)3!)<<3/)7.!)(*!

)44/H&!3)<"*!)77%&&!-/!*%3"#)-"U)-"/(!0/3!0/44/H!2<!=%*"7"()4!7.%="&-3,!%00/3-&F!

!
!

9/:&;&' 2)'6)37)23%44%W&!03)'=%(-T8)&%*!*/=)"(!&.2004"('!)<<3/)7.!0/3!-.%!&,(-.%&"&!/0!
<,3)( T8)&%*!=)73/7,74%&'&!

!

HO2C N Boc

MeOMe

Me
O

R1

MeO

R2 CO2H
F

R4R3

O
O

MeO

N

2.30A; R1 = OTBDPS, R2 = NHMe
2.30B; R1 = NHMe, R2 = OTBDPS

Me

O
Me

OMe
N
MeO

R4

R3

2.31A; R3 = H, R4 = CN
2.31B; R3 = CN, R4 = H

8 stereoisomers 4 stereoisomers

O
NH

MeO

OO

Me
OMe

N
Me

O

R3

R4

2.33; R3 = H, R4 = CN
2.34; R3 = CN, R4 = H

2.35; R3 = H, R4 = CN
2.36; R3 = CN, R4 = H

32 stereoisomers 32 stereoisomers

Domain shuffling

++

B C

A

C B

A

A B C

2.32



!

!

NN!

*)()1)* 'H">#@IJK,>A"C>'9?%,?&#F'

! S(!NOPND!-.%!R)(!'3/2<!<3/</&%*!)!&-3)-%',!0/3!-.%!7/(&-327-"/(!/0!*"#%3&%!

=)73/7,74%&!2&"('!)!(/( T74)&&"7)4!=)73/7,74"U)-"/(!3%)7-"/(F'' !R.%!"*%)!.)3(%&&%*!-.%!

&,(-.%&"&!/0!=)73/4)7-/(%&!)(*! =)73/4)7-)=&!#")!-.%!/V"*)-"#%!3"('!%V<)(&"/(!3%)7-"/(!

d+7.%=%!beF!R.%!&,(-.%&"&!7/==%(7%*!H"-.!-.%!7/(#%3&"/(!/0!-.%!7,74"7!PDaT*"?%-/(%!*)17!

"(-/!-.%!7/33%&</(*"('!PDaT*"&"4/V,*"%(%&!*)18F!$"%4&\ B4*%3!3%)7-"/(!/0!*)18!H"-.!#)3"/2&!

*"%(/<."4%&!&27.!)&!)4*%.,*%&!/3!"="(%&!'%(%3)-%*!-.%!</4,7,74"7!&28&-3)-%!*)15F!R.%!

3%&24-"('!?%-/(%!02(7-"/()4"-,!"(!*)15!7)(!8%!023-.%3!*%3"#)-"U%*!"(!)!&-%3%/&%4%7-"#%!H),D!

H."7.!7/(-3"82-% &!-/!"(73%)&%* !&-%3%/7.%="7)4!*"#%3&"-,F!;)&-4,D!-.%!/V"*)-"#%!3"('!

%V<)(&"/(!/0!-.%!?%,!&28&-3)-%!*)24!H"-.!)!83"*'"('!*/284%!8/(*!H)&!<%30/3=%*F!B0-%3!

&73%%("('!#)3"/2&!3%)7-"/(!7/(*"-"/(&D!-.%,!0/2(*!-.)- !) !32-.%("2=dSSSeT8)&%*!/V"*)(-!

&,&-%=!"&!-.%!=/&-!%00"7"%(-!=%-./*!-/!<3%<)3%!8/-.!=)73/4)7-/(%&!)(*!=)73/4)7-)=&!

*)2(F!5&"('!-."&!&-3)-%',D!P_!=)73/7,74"7!&7)00/4*&!/0!POT!-/!PNT=%=8%3%*!4)7-/(%&!)(*!

4)7-)=&!H%3%!'%(%3)-%*!H"-."(!0"#%!&-%<&!)(*!-.%!&28&%L2%(-!)<<%(*)'%!*"#%3&"0"7)-"/(!

H)&!7)33"%*!/2-!-/!'"#%!)**"-"/()4!PN!=)73/7,74%&F!!



!

!

Na!

!
!

9/:&;&' 3)'XV"*)-"#%!3"('!%V<)(&"/(!&-3)-%',!0/3!-.%!&,(-.%&"&!/0!-.%!=)73/7,74%!4"83)3,'' '

!

*)()1)1'B"L&%A"?F@M%"&>?&0'9F>?:&A"A'

$"#%3&"-,T/3"%(-%*!&,(-.%&"&!d$X+e!.)&!8%%(!%V<4/"-%*!0/3!-.%!%00"7"%(-!

7/(&-327-"/(!/0!*"#%3&%!7.%="7)4!4"83)3"%&!H"-.!."'.!&?%4%-)4!*"#%3&"-,F'" $') !5&"('!-.%!$X+!

7/(7%<-D!+<3"('!)(*!7/ TH/3?%3&!*%#%4/<%*!)(!)*#)(7%*!82"4*Y7/2<4%Y<)"3!)4'/3"-.=!-/!

'%(%3)-%!bQ!*"&-"(7-!&7)00/4*&!d+7.%=%!ZeF'+ !S(!-.%!82"4*!<.)&%D!&%#%(!*"00%3%(-!)U"*/!

82"4*"('!84/7?&!d*)21!)(*! *)22e!H%3%!<3%<)3%*F!R.%&%!82"4*"('! 84/7?&!H%3%!7/2<4%*!-/!)!

#)3"%-,!/0!%4%7-3/<."4%&!"(742*"('!)7,4!7.4/3"*%&D!)4*%.,*%&D!)(*!"&/7,)()-%&!-/!,"%4*!*)23!

)(*! *)26F!R.3/2'.!-.%!=24-"*"=%(&"/()4!7/2<4"('!<.)&%D!-.%!)U"*%!02(7-"/()4!'3/2< &!"(!

*)21!)(*! *)22'H%3%!7/(#%3-%*!"(-/!#)3"/2&!=/-"0&!&27.!)&!23%)!)(*!'2)("*"(%F!;)&-4,D!

-.%&%!4"(%)3!&28&-3)-%&!d*)23!)(*! *)26e!H%3%!7,74"U%*!#")!)U"*%Y)4?,(%!7,74/)**"-"/(!/3!

%(,(%!=%-)-.%&"&!"(!-.%!<)"3!<.)&%D!4%)*"('!-/!-.%!0/3=)-"/(!/0!-.%!=)73/7,74%&!d*)27!)(*!

*)28eF!S-!"&!(/-)84%!-.)-!-."&!)<<3/)7.!-//?!)*#)(-)'%!/0!042/3/2&!&/4"* T<.)&%!%V-3)7-"/(F!

S(&-)44)-"/(!/0!)!</4,042/3/7)38/(!-)'!-/!-.%!82"4*"('!84/7?! *)2*!%()84%*!-.%!%00"7"%(-!

O O TMSO

OTMS

n n

Base;
TMS-X H

Y

R

(Y = O, NR2) O

n

Y

R

OR1

n

Y

R

Nu

Y

n

R

OR1
NuO

O

Diels–Alder

Oxidative
ring expansion

Ketone
Functionalization

1. Nu
2. R1–X

2.37 2.38 2.39

2.41 2.40



!

!

N !̀

<23"0"7)-"/(!/0!<3/*27-&!03/=!-.%!3%)'%(-&!)0-%3!%)7.!3%)7-"/(F!B-!-.%!4)&-!&-)'%!/0!-.%!

&,(-.%&"&D!-.%!</4,042/3/7)38/(!-)'&!H%3%!74%)#%*!8,!-3)(&%&-%3"0"7)-"/(D!-3)(&)="*)-"/(D!

%&-%3!.,*3/4,&"&D!)(*!%&-%3!3%*27-"/(F!B&!)!3%&24-D!-.%!=)73/7,74%!4"83)3,!H"-.!)!."'.!

*%'3%%!/0!&?%4%-)4!*"#%3&"-,!H)&!%00"7"%(-4,!7/(&-327-%*!2&"('!-.%!$X+!7/(7%<-!H"-."(!

0"#%!&-%<&F!

!
!

9/:& ;&' 6)'X2-4"(%!/0!-.%!&,(-.%-"7!&-3)-%',!2&%*!0/3!-.%!7/(&-327-"/(!/0!+<3"('W&!
*"#%3&"-,T/3"%(-%*!&,(-.%&"&'+ '

RFO

O
NH

RFO

O
N O

O

N3

RFO

O
N O

N3

RFO

O
N O

O

NH

O
NH

N

O

N3

RFO

O
N O

N NHPh

HN

R N O

O

NH

O
NH

N

O

N
NN

R N O

N NHPh

HN

Build

Couple

Pair

Synthesis of azido
building blocks

(7 azido buliding blocks)

Multidimensional
coupling

(33 linear precursors)

Macrocyclizations
(59 macrocyclic scaffolds)

2.42

2.43 2.44

2.462.45

2.482.47

R = COORF

R = COOMe, CONHCy,
       COOH, or CH2OH

R = COORF

R = COOMe

Cleavage
of the

fluorous tag



!

!

Nb!

*)()1)2'BN< @I>/C0&0'O".%,%"&A'

$1B T%(7/*%*!7.%="7)4!4"83)3"%&!)3%!)!7/44%7-"/(!/0!&,(-.%-"7!=/4%724%&!-.)-!)3%!

7/(:2')-%*!H"-.!&./3-!$1B!&-3)(*& F!R.%!-%7.(/4/',!H)&!0"3&-4,!"(-3/*27%*!"(!PQQ`F'* !

X#%3!-H/!*%7)*%&D!-."&!=%-./*!.)&!8%%(!%#/4#%*!-/!<3/#"*%!)!#)3"%-,!/0!&=)44!=/4%724%&!

0/3!"(!#"-3/!&%4%7-"/(!"(!-.%!=%*"7"()4!7.%="&-3,!0"%4*F!+"(7%!$1B!-)'&!02(7-"/(!)&!

"*%(-"0"7)-"/(!8)3!7/*%&D!-."&!=%-./*!)44/H&!-.%!7/(&-327-"/(!)(*!&73%%("('!/0!)!=)&&"#%T

&"U%*!7/=</2(*!4"83)3,F!S(!NOP_D!;"2W&!'3/2<!&,(-.%&"U%*!NbZDOOO!=)73/7,74%&!2&"('!

$1B T%(7/*%*!)(*!$1B T-%=<4)-%*!4"83)3,!&,(-.%&"&!=%-./*/4/',!d["' 23%!_eF"#!+7)00/4*!

82"4*"('!84/7?! B D!H."7.!H)&!)--)7.%*!-/!-.%!bW!%(*!/0!-.%!$1B!-%=<4)-%D!H)&!7/2<4%*!-/!

82"4*"('!84/7?! < !4"(?%*!-/!-.%!7/33%&</(*"('!z)(-"7/*/(W!$1BF!5(*%3!-.%!&)=%!

<3/7%*23%D!-.%!82"4*"('!84/7?&!=!)(*! G!H%3%!"(7/3</3)-%*!-/!-.%!&7)00/4*!82"4*"('!84/7?!
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reduced the frequency of unacceptable mismatched product for-
mation from 5.3 to 0.1%, but the yields of matched reactions also 
decreased substantially from 92 to 53% average apparent conversion 
(Supplementary Table!4). As a result, temperatures of 30, 30 and 
37 ¡C were chosen for DTS reactions 1, 2 and 3, respectively. Despite 
these sequence specificity improvements, the remaining number of 
templates not involved in any mismatched conversions provided an 
insufficient number of codons to support the DTS of 256,000 mac-
rocycles (Supplementary Tables!3 and 4).

Mismatched product formation probably arises from a single 
problematic codon:anticodon combination, and thus some codons in 
excluded templates were probably innocent bystanders that did not 
contribute to mismatched product formation. We sought to identify 
the smallest possible set of problematic codons that, once removed 
from the codon pool, would enable all remaining reagentÐtemplate 
combinations to satisfy the above orthogonality criteria. To identify 
the problematic codons, we assumed a model in which each template 
behaves as a chain of four independent codons (Fig.!2c) and where 
contributions of DNA hybridization between a given anticodon and 
each of the four codons to reaction conversion were additive. These 
assumptions allowed us to convert experimental reactivity tables 
(Supplementary Tables!3 and 4) into an anticipated Ôannealing factorÕ 
table that assigns the expected contribution of each individual codonÐ
anticodon hybridization to overall conversion (Supplementary 
Table!5). This process is summarized in Fig.!2e. For each case of a 
templateÐreagent combination that resulted in unacceptable mis-
matched product formation, we designed and synthesized new 
templates containing each of the four original codons in a different  

surrounding codon context and performed new DTS reactions with 
the original reagent. The resulting iterative deconvolution used 80 
templates and 1,890 additional DTS reactions (Supplementary 
Tables!7 to 9), and resulted in the refinement of annealing factors 
for 1,372 codonÐanticodon pairs initially identified as potentially 
problematic. The refined annealing factors confirmed that 813 of 
these codonÐanticodon pairs do not cause ≥ 7% mismatched product 
formation, which substantially contributed to the identification of a 
maximum set of orthogonal codons (Supplementary Table!8).

We excluded the most promiscuous codons by inspection from 
further consideration, resulting in the removal of 7, 5 and 1 codons 
from reactions 1, 2 and 3, respectively. The least promiscuous codons 
(12, 15 and 6 codons from reactions 1, 2 and 3, respectively, and all 
30 scaffold codons), showing no mismatched reactivity, were directly 
included into the final orthogonal codon set. The remaining 44 
Ôgrey-areaÕ codons (Supplementary Table!11) could not be excluded 
or included by inspection because their suitability was mutually 
dependent on the inclusion or exclusion of other grey-area codons; 
instead, they were analysed further by a computational approach. 
We developed a mathematical model in which the presence (1) or 
absence (0) of each of the remaining 44 codons was represented by a 
binary digit in a 44-digit binary string, which was divided into three 
sub-strings corresponding to each codon group. Each of the possible 
binary sub-strings (211, 210 and 223 sub-strings for codon groups 1, 2 
and 3, respectively) representing a candidate set of viable codons was 
scored computationally using the annealing factor table to identify 
the number of incompatible sequence pairs contained within each 
codon set (see Supplementary Fig.!1 for details). The three pools that 
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Fig. 1 | DNA-templated macrocycle library synthesis scheme. Key aspects of the previously described first-generation (grey) and second-generation 
(black, colour) library syntheses are shown. In the first step, scaffold building block D, attached to the 5′  end of the template, undergoes coupling with 
building block A, which is initially attached to the corresponding ‘anticodon’ DNA via a cleavable bis(2-(succinimidooxycarbonyloxy)ethyl) sulfone 
(BSOCOES) linker. Unreacted templates are capped with acetic anhydride. The linker is cleaved at high pH, liberating the amino group of building block A, 
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S S

O

HO

H H
HN O

n

S S

O
H H

HN OO

MeO2C

O

S S

O
H H

HN OO

S S

O
H H

HN OO

O
O

S S

O
H H

HN OO

nO

2.51A, n = 0 
(13-membered ring)

25% for 2 steps

2.51B, n = 1
(14-membered ring)

62% for 2 steps

2.51C, n = 2
(15-membered ring)

68% for 2 steps

2.50A, n = 0
2.50B, n = 1
2.50C, n = 2

2.51A, n = 0
2.51B, n = 1
2.51C, n = 2

1. 1 N LiOH
    THF/H2O
    25 ¡C, 1 h

2. MNBA, DMAP
    CH2Cl2 (1 mM)
    25 ¡C, 24Ð36 h

S S

O

OPMB

H H
CO2H

1. amine 
    coupling
2. DDQ

2.49



!

!

aa!

)**"-"/(!"&!0)#/3%*!-/!<3/*27%! cis!<3/*27-! *)33<F![23-.%3=/3%D!-."&!&,(-.%-"7!=%-./*!

*/%&!(/-!3%L2"3%!.)3&.!3%)7-"/(!7/(*"-"/(&!&27.!)&!&-3/('!)7" *&!/3!-3)(&"-"/( T=%-)4!

7/=<4%V%&!-/!)7-"#)-%!-.%!7/(:2')-%!)77%<-/3F!R.%!"(-3)=/4%724)3!/V)T7/(:2')-%!)**"-"/(!

/0!-.%!"(-%3=%*")-%!*)31!<3/7%%*&!2(*%3!-.%!="4*!3%)7-"/(!7/(*"-"/(!8%7)2&%!-.%!PDaT

*"-.")(%!'3/2<!/(!> T̀ !</&"-"/(!0)7"4"-)-%&!-.%!3%)7-"/(!-.3/2'.!-.%!gemT*"&28&-"-2%(-!

%00%7-F!G,!2-"4"U"('!-."&!&,(-.%-"7!=%-./*D!#)3"/2&!R9KT7/(-)"("('!()-23)4!<3/*27-&!.)&!

8%%(!&,(-.%&"U%*F"",-") $"+,-(#$(! !E%!*%7"*%*!-/!'%(%3)-%!R9KT7/(-)"("('!=)73/7,74%&!2&"('!

-."&!-)(*%=!)44,4"7!/V"*)-"/(Y/V) T7/(:2')-%!)**"-"/(!*2%!-/!-.% !."'.!%00"7"%(7,!)(*!

&-%3%/&%4%7-"#"-,!/0!-.%!3%)7-"/(F!

!
!

9/:&;&' 5)'+,(-.%&"&!/0!) !NDZTcisT-%-3).,*3/<,3)(!#")!)!-)(*%=!)44,4"7!/V"*)-"/(Y/V) T
7/(:2')-%!)**"-"/( '

!

R.%!&,(-.%&"&!/0!-.%!R9KT7/(-)"("('!=)73/7,74%!4"83)3,!7/==%(7%*!H"-.!-.%!

<3%<)3)-"/(!/0!)44,4"7!)47/./4&!*)38!)(*! *)35!)&!&28&-3)-%&!0/3!-.%!-)(*%=!)44,4"7!

/V"*)-"/(Y/V) T7/(:2')-%!)**"-"/(!d+7.%=%! POeF!>."3)4!%</V"*%!*)37<!)(*! *)37=(' $(" !H%3%!

O
R

H
H

OH
R

H
H

OH
R

H

O

O

H

H

H

O

O
R

H
H

O

"cis"
(major)

"trans"
(minor)

S S

OH OHR H

MnO2 S S

OH OR H
2.52 2.53 2.54A 2.54B

2.55B2.55A

1,3-diaxial
interaction

S

S

S

S

S

S
S

S



!

!

a` !

7/2<4%*!-/!?(/H(!*"-.")(%! *)36"" !-/!'"#%!)44,4"7!)47/./ 4&!*)38!)(*! *)35F!X(%T</-!)44,4"7!

/V"*)-"/(!)(*!/V) T7/(:2')-%!)**"-"/(!/0! *)38!)(*! *)35!<3/7%%*%*!-/!'%(%3)-%!-.%!*%&"3%*!

NDZTcisTR9K!7/(-)"("('!)4*%.,*%&!H"-.!."'.!&-%3%/&%4%7-"#"-,!d*3!rNO@PeD!H."7.!H%3%!

023-.%3!7/(#%3-%*!"(-/!=%-.,4!%&-%3&!*)64!)(*! *)6( !-.3/2'.! NT.%-%3/7,74"7!7)38%(%!

d19>e T=%*")-%*!%&-%3"0"7)-"/(!3%)7-"/(!2&"('!*"=%-.,4!-3")U/4"2=!"/*"*%!)(*!6(X %F(#!

9,*3/4,&"&!/0!-.%!=%-.,4!%&-%3&!*)64!)(*! *)6( !8,!-3%)-=%(-!H"-.!4"-."2=!.,*3/V"*%!

<3/#"*%*!7/==/(!"(-%3=%*")-%&! *)6*!)(*! *)61F!

!
!

9/:&;&' (4)'+,(-.%&"&!/0!-.%!7/==/(!"(-%3=%*")-% '*)6*D!*)61D!)(* '*)66'

CO2Me
O

OPMB

H H

O

OPMB

H H
O

OHO

OPMB

H

S S

OH

H
OHO

PMBO

H

O

OPMB

H H

CO2Me

O

CH2Cl2, 25 ¡C, 15 h
84% for 2 steps

2.56

CO2Me
O

PMBO

H H

O

O
H

PMBO

R

2.57A, R = H
2.57B, R = OTBS

1. MnO2, CH2Cl2
    25 ¡C, 24 h
2. dimethyl triazolium 
    iodide, DBU,
    MnO2, MeOH
    CH2Cl2, 25 ¡C, 15 h

H H

TBS

TBS

SS SS SS

SSSSSS

t-BuLi
then 2.57B

THF/HMPA
Ð78 ¡C, 1 h

53%

t-BuLi
then 2.57A

THF/HMPA
Ð78 ¡C, 1 h

67%

CH2Cl2
25 ¡C, 24 h

MnO2

2.592.582.64

1. MnO2, CH2Cl2
    25 ¡C, 24 h
2. dimethyl triazolium 
    iodide, DBU,
    MnO2, MeOH
    CH2Cl2, 25 ¡C, 15 h

1 N LiOH, THF/H2O
25 ¡C, 5 h
88% for 3 steps

2.602.65 2.61

1 N LiOH, THF/H2O
25 ¡C, 5 h
68% for 3 steps

1 N LiOH, THF/H2O
25 ¡C, 5 h
80%

CO2H
O

OPMB

H H
O

OPMB

H H

CO2H

CO2H
O

PMBO

H H

O
TBS

SSSSSS

2.622.66 2.63

CO2MePh3P



!

!

ab!

! S(!)!&"="4)3!=)((%3D!)!7/==/(!"(-%3=%*")-%! *)66!7/(-)"("('!)(!)**"-"/()4!

*/284%!8/(* !H)&!<3%<)3%*!-.3/2'.!-.%!*"-.")(%!7/2<4"('!0/44/H%*!8,!-H/ T7)38/(!

%4/(')-"/(F!B0-%3!-.%!-)(*%=!)44,4"7!/V"*)-"/(Y/V) T7/(:2')-"/(!3%)7-"/(!/0!7/=</2(*!

*)38D!-.%!3%&24-"('!)4*%.,*%!*)62!H)&!-3%)-%*!H"-.!=%-.,4!

d-3"<.%(,4<./&<./3)(,4"*%(%e)7%-)-%!-/!023("&.!dEeTiD^T2(&)-23)-%*!=%-.,4!%&-%3!*)63!"(!

_`w!,"%4*!0/3!N!&-%<&F!G)&"7!.,*3/4,&"&!H"-.!4"-."2=!.,*3/V"*%!,"%4*%*!-.%!*%&"3%*!

7)38/V,4"7!)7"*!*)66F!R."&!3%)7-"/(!&%L2%(7%!H)&!=/3%!%00%7-"#%!-.)(!-.%!3%#%3&%!

&%L2%(7%D!H."7.!H)&!-.%!-H/ T7)38/(! ./=/4/')-"/( !0/44/H%*!8,!-.%!*"-.")(%!7/2<4"('D!

)&!&./H(!"(!+7.%=%! PPF!R.%!PDaT*"-.")(%! *)36!H)&!7/(#%3-%*!"(-/!)4*%.,*%!*)67!8,!

K)3"?. \ $/%3"('!/V"*)-"/(F!E"--"'!3%)7-"/(!/0!-.%!)4*%.,*%! *)67!<3/#"*%*!-.%!7/(:2')-%*!

%-.,4!%&-%3!*)68!"( !QOw!,"%4*!)&!)(!"&/=%3"7!="V-23%F!$SGB;!3%*27-"/(!/0!-.%!%&-%3!*)68!

,"%4*%*!-.%!7/33%&</(*"('!)47/./4! *)65!H."7.!H)&!&28:%7-%*!-/!-.%!PDaT*"-.")(%!7/2<4"('!

3%)7-"/(F!9/H%#%3D!-.%!3%&24-"('!*"%(%!<3/*27-!*)74!H)&!2(&-)84%!/(!&"4"7)!'%4!

<23"0"7)-"/(D!H."7.!3%&24-%*!"(!#%3,!4/H!,"%4*F!



!

!

aZ!

!
!

9/:&;&' (( )'B--%=<-!-/H)3*&!-.%!&,(-.%&"&!/0!7/=</2(* '*)74'

!

! 5&"('!-.%!-)(*%=!)44,4"7!/V"*)-"/(Y/V) T7/(:2')-%!)**"-"/(D!-.%!-.3%%!7/==/(!

"(-%3=%*")-%&!*)6*D!*)61D!)(*! *)66!H"-.!)!NDZTcisTR9K!7/3%!H%3%!<3%<)3%*F!B&!-.%&%!

"(-%3=%*")-%&!d*)6*D!*)61D!)(*! *)66e!7/(-)"(!)!<3"=)3,!)47/./4!)(*!)!7)38/V,4"7!)7"*!)-!-.%!

%(*!/ 0!-.%!&-327-23%&D!)!#)3"%-,!/0!82"4*"('!84/7?&!7)(!8%!)&&%=84%*!-/!3)<"*4,!"(73%)&%!

-.%!7.%="7)4!*"#%3&"-,!/0!-.%!=)73/7,74%!4"83)3,F!S-!"&!)4&/!(/-)84%!-.)-!)(!)**"-"/()4!

.,*3/V,4!'3/2<!/3!*/284%!8/(*!"(!7/=</2(*! *)61!)(*! *)66!H/24*!7/(-3"82-%!-/!023-.%3!

=/*24)-%!4/'! P!#)42%D!</4)3!&230)7%!)3%)D!)(*!3"('!3"'"*"-,!/0!0"()4!=)73/7,74%!&-327-23%&F!!

!

*)*)*)1'=$"E0">#'=EC/SA'<AA&;.EF'

E"-.!-.%!7/==/(!"(-%3=%*")-%&! *)6*D!*)61D!)(*! *)66'"(!.)(*D!H%!7)33"%*!/2-!-.%!

&?%4%-)4!*"#%3&"0"7)-"/(!&-%<!8,!7/2<4"('!#)3"/2&!82"4*"('!84/7?&F!S(!-.%!=%)(-"=%D!-.%!

OH

SS
H

SS
H

O

SO3áPy
Et3N

DMSO

CH2Cl2
0 to 25 ¡C, 3 h

88%

CH2Cl2
25 ¡C, 20 h

90%

Ph3P CO2Et

DIBAL-H

toluene
Ð78 ¡C, 30 min

quant.

SS
H

CO2Et
(E/Z = 10:1)

O
H

PMBO

S S
H

S S

OH

OPMB

H

t-BuLi
then

THF/HMPA
Ð78 ¡C, 1 h

OH OH

unstable

2.56 2.67 2.68

2.69 2.70



!

!

ac!

3%&24-"('!7/=</2(*&!H/24*!8%!4"(%)3!&28&-3)-%&!0/3!=)73/7,74"U)-"/(&D!H."7.!"&!-.%!

&%7/(*!*"#%3&"0"7)-"/(!&-%<F!R.%!&,(-.%&"&!/0!4"(%)3!<3%723&/3&!0/3!&%#%(!*"00%3%(-!

=)73/7,74"U)-"/(&!H"-.!."'.!&?%4%-)4!*"#%3&"-,!H/24*!8%!*%&73"8%*!"(!-.%!0/44/H"('!

7.)<-%3F!

!

*)*)*)1)( '9F>?:&A"A'CD'O">&,%'T%&/$%AC%A'DC%'U,/%CE,/?C>"P,?"C>'

B&!)!=)73/4)7-/(%!"&!)!7/==/(!=/-"0!"(!</4,?%-"*%!()-23)4!<3/*27-&D!H%!& %-!/2-!

-/!'%(%3)-%!*"#%3&%!4"(%)3!<3%723&/3&!0/3!=)73/4)7-/("U)-"/(&!)&!&./H(!"(!+7.%=%!PNF!

M4,7"(%!=%-.,4!%&-%3!d*)7(e!)(*!<.%(,4)4)("(%!=%-.,4!%&-%3!d*)7*e!H%3%!7/2<4%*!-/!*)6*!

#")!9BR5!7/2<4"('!3%)7-"/(!0/44/H%*!8,!K6G!*%<3/-%7-"/(!2&"('!$$q!-/!023("&.! -.%!

4"(%)3!<3%723&/3&!*)77!)(*! *)78F!S(!/3*%3!-/!"(7/3</3)-%!)!02&%*!)3/=)-"7!3"('!&,&-%=!-/!

-.%!0"()4!7,74"7!&-327-23%D!=%-.,4!NTdNT)="(/<.%(,4e)7%-)-%! d*)71e!H)&!7/2<4%*!-/!*)6*!)&!

H%44F!S(!)!&"="4)3!=)((%3D!*"<%<-"*%&!*)72\ *)76!H%3%!"(&-)44%*!-/!*)6*!-/ !<3%<)3%!

7/=</2(*&! *)84\ *)8*F!!



!

!

a_!

!
!

9/:&;&' (* )'K3%<)3)-"/(!/0!4"(%)3!<3%723&/3&!0/3!=)73/4)7-/("U)-"/(!03/=!*)6*'

!

! ;"(%)3!&28&-3)-%&!*)81\ *)86'7/(-)"("('!)!*/284%!8/(*!/3!)!.,*3/V,4!'3/2<!H%3%!

<3%<)3%*!2&"('!-.%!&)=%!<3/7%*23%!H"-.!-.%!7/==/(!"(-%3=%*")-%&!*)66!)(*! *)61!

d+7.%=%!PaeF!R.%!*%&"3%*!7/=</2(*&!*)81\ *)86!H%3%!/8-)"(%*!"(!%V7%44%(-!,"%4*&F!

CO2H
O

OPMB

H H

SS

2.62

NH2

MeO2C

NH2

MeO2C
Ph

NH2

MeO2C

NH2

Ph

O

H
NMeO2C

NH2

OBn

O

H
NMeO2C

HN

O

H
NMeO2C

1. amine linker , HATU
    i-Pr2NEt, CH2Cl2
    25 ¡C, 18Ð24 h

2. DDQ, CH2Cl2/H2O
    25 ¡C, 1 h

O
H H

NHO

MeO2C

SS

OH

O
H H

HO

HN O

MeO2C

O
H H

HO

HN O

MeO2C
Ph

O
H H

HO
O NH

MeO2C

O
H H

HN O
Ph

O

H
NMeO2C

OH
O

H H
HN O

OBn

O

H
NMeO2C

OH
O

H H
N O

O

H
NMeO2C

OH

SS SS
SS

SSSSSS

2.77 2.78 2.79

2.80 2.81 2.82

amine linkers

2.73

2.74

2.75

2.76

2.71 2.72



!

!

aQ!

!
!

9/:&;&' (1)'K3%<)3)-"/(!/0!4"(%)3!<3%723&/3&!0/3!=)73/4)7-/("U)-"/(!03/='*)61!)(*! *)66'

!!

*)*)*)1)*'9F>?:&A"A'CD'O">&,%'T%&/$%AC%A'DC%'G$@/,?,EFP&0'<P"0&V<ESF>&'GF/EC,00"?"C>Q'
I>F>&' U&?,?:&A"AQ',>0'9C>C#,A:"%,'G%CAA@GC$KE">#'

! 1%V-D!H%!'%(%3)-%*!-.%!4"(%)3!<3%723&/3&!0/3!>2dSeT=%*")-%*!)U"*%Y)4?,(%!

7,74/)**"-"/(!d>2BB>e (( D!%(,(%!=%-)-.%&"&() D!)(*!+/(/')&."3)!73/&& T7/2<4"('!3%)7-"/( (+$

(* !d+7.%=%!P`eF!>)38/V,4"7!)7"*!*)6*!H)&!7/2<4%*!-/!<3/<)3',4 T7/(-)"("('!)="(%! *)87!

CO2H
O

PMBO

H H
O
TBS

SS

OH

PMBO

H
HN O

CO2Me

O
TBS

OH

PMBO

H
HN O

CO2Me

O
TBS

SS

SS

2.85

2.86

2.63

2.71
HATU, i-Pr2NEt

CH2Cl2
25 °C, 20 h

99%

2.73
HATU, i-Pr2NEt

CH2Cl2
25 °C, 24 h

82%

O

OPMB

H H

CO2H

SS

2.66

O

OH

H H

HN OH
N Ph

O

MeO2C

SS
1. 2.74, HATU
    i-Pr2NEt, CH2Cl2
    25 °C, 24 h, 99%

2. DDQ, CH2Cl2/H2O
    25 °C, 1 h, 99%

2.83

S S

O

OH

H H

HN O

MeO2C

1. 2.71, HATU
    i-Pr2NEt, CH2Cl2
    25 °C, 24 h, quant.

2. DDQ, CH2Cl2/H2O
    25 °C, 1 h, quant.

2.84



!

!

`O!

0/44/H%*!8,!K6G!*%<3/-%7-"/(!-/!'"#%!7/=</2(*! *)54F!R."&!7/=</2(* !7)(!8%!023-.%3!

7/(#%3'%(-4,!*"#%3&"0"%*!0/3!-.%!<3%<)3)-"/(!/0!&28&-3)-%&!/0!-.3%%!*"00%3%(-!

=)73/7,74"U)-"/(!3%)7-"/(&F!R/&,4)-"/(!/0!-.%!<3"=)3,!)47/./4!"(! *)54!0/44/H%*!8,!

)U"*)-"/(!,"%4*%*!)U"*%!)4?,(%!*)5( !)&!)!&28&-3)-%!0/3!>2BB>F!R.3/2'.!$>>!7/2<4"('!/0!

*)54!H"-.!a T"/*/8%(U/"7!)7"*!/3!a T82-%(/"7!)7"*D!-.%!&28&-3)-%&!*)5*!)(*! *)51!H%3%!

<3%<)3%*!0/3!+/(/')&."3)!73/&&T7/2<4"('!3%)7-"/(!)(*! %(,(%!=%-)-.%&"&D!3%&<%7-"#%4,F!

X-.%3!)U"*%!)4?,(%&!d*)58\ *)(44e!H%3%!)4&/!'%(%3)-%*!"(!)!&"="4)3!=)((%3F!!



!

!

`P!

!
!

9/:&;&' (2)'K3%<)3)-"/(!/0!4"(%)3!<3%723&/3&!0/3!>2BB>D!%(,(%!=%-)-.%&"&D!)(*!
+/(/')&."3)!73/&& T7/2<4"('!3%)7-"/(!03/=! *)6*'

!

OH HN3 HN
O

O

R
O

OH HOH HN
O

O

R
O

SS SS

OH HOPMB CO2H

SS

OH HOH HN
O

O

O

SS

Ph

OH HN3 HN
O

O

O

SS

Ph

OH H

O

NH
O

O Ph

O O
O

O

HN
H H

OO

O

O

PhI

OH H
HN O

O

O

OH
OH H
HN O

O

O

N3

OH H
HN O

MeO2C

OH

SS
SS

SS SS SS

1. 2.87, HATU
    i-Pr2NEt, CH2Cl2
    25 °C, 24 h
    99%

2. DDQ
    CH2Cl2/H2O
    25 °C, 1 h
    99%2.62

2.90 2.91

1. p-TsCl, Et3N
    DMAP, CH2Cl2
    25 °C, 1 h

2. NaN3, DMF
    50 °C, 1 h
    76–86% for 2 steps

2.97 2.100

1. 2.88 or 2.89, HATU
    i-Pr2NEt, CH2Cl2
    25 °C, 24 h
    88–97%

2. DDQ
    CH2Cl2/H2O
    25 °C, 1 h
    90–99%

1. p-TsCl, Et3N
    DMAP, CH2Cl2
    25 °C, 1 h

2. NaN3, DMF
    50 °C, 1 h
    77% for 2 steps

1. p-TsCl, Et3N
    DMAP, CH2Cl2
    25 °C, 1 h

2. NaN3, DMF
    50 °C, 1 h
    77% for 2 steps

1. 1 N LiOH
    THF/H2O
    25 °C, 1 h

2. propargyl bromide
    K2CO3, DMF
    25 °C, 24 h
    76% for 2 steps

2.94, R = H 
2.95, R = CH2OBn

2.98, R = H 
2.99, R = CH2OBn

3-iodobenzoic acid
DCC, DMAP
CH2Cl2, 25 °C, 16 h

3-butenoic acid
DCC, DMAP
CH2Cl2, 25 °C, 16 h
99%

see
Scheme 
10 and 12

2.96

2.92 2.93

NH2
O

O

Ph

NH2
O

O
NH2

O

O

OBn

2.87

2.88

2.89

99%



!

!

`N!

*)*)*)1)1'9F>?:&A"A'CD'O">&,%'T%&/$%AC%A'DC%'H">#@GECA">#'U&?,?:&A"A'

B--%=<-&!0/3!-.%!&,(-.%&"&!/0!4"(%)3!<3%723&/3&!/0!3"('T74/&"('!=%-)-.%&"&!H%3%!

*%&73"8%*F)#!["3&-4,D!H%!*%&"'(%*!)!*"%(%!7/=</2(*!*)(4( !H."7.!.)&!-H/!)44,4!'3/2<&!

)--)7.%*!-/!8/-.!-.%!<3"=)3,!)47/./4!)(*!7)38/V,4"7!)7"*!02(7-"/() 4!'3/2<&!d+7.%=%!PbeF!

R/!)7."%#%!-."&D!)44,4)-"/(!/0!-.%!7)38/V,4"7!)7"*!*)6*!2&"('!)44,4!83/="*%!)(*!</-)&&"2=!

7)38/()-%!H)&!<%30/3=%*F!B0-%3!K6G!*%<3/-%7-"/(D!-.%!&%7/(*!)44,4)-"/(!H)&!)--%=<-%*!

H"-.!-.%!7/=8"()-"/(!/0!&/*"2=!.,*3"*%!)(*!)44,4!83/="*%F!9 /H%#%3D!-.%!3%)7-"/(!')#%!

)!.,*3/4,U%*!<3/*27-! *)(43!dN`we!)(*!)!7,74"7!*"=%3!*)(42!dcPwe!"(&-%)*!/0!-.%!*%&"3%*!

<3/*27- !*)(4( F!E%!&<%724)-%*!-.)- !-.%!)44,4!%&-%3!02(7-"/()4"-,!/0!*)(41!"&!L2"-%!3%)7-"#%!

2(*%3!-.%!7/(*"-"/(D!-.2&!8%"('!&2&7%<-"84%!-/!%"-.%3!%&-%3"0"7)-"/(!H"-.!-.%!<3"=)3,!

)47/./4!"(!)(/-.%3!=/4%724%!/3!.,*3/4,&"&!8,!H)-%3!2</(!)L2%/2&!H/3?2< F!G)&%*!/(!-.%!

3%&24-D!H%!*%7"*%*!-/!7.)('%!-.%!-)3'%-!&-327-23%!7.)('"('!)(!)44,4!%&-%3!-/!)(!)44,4!)="*%!

'3/2<F !



!

!

`a !

!
!

9/:&;&' (3)'B--%=<-!-/!-.%!&,(-.%&"&!/0!*"%(%!*)(4( '

! !

! R.%!&%7/(*!)--%=<-!0/3!-.%!'%(%3)-"/(!/0!*"%(%!7/=</2(*&! *)(45\ *)((( !"&!

"442&-3)-%*!"(!+7.%=%!PZF!K6G!*%<3/-%7-"/(!/0!*)6*!0/44/H%*!8,!)44,4)-"/(!/(!-.%!<3"=)3,!

)47/./4!,"%4*%*!7/=</2(*! *)(43F!R.3%%!*"00%3%(-!)="(%&!*)(46\ *)(48!</&&%&&"('!)44,4!

'3/2<&!H%3%!7/2<4%*!-/!-.%!7)38/V,4"7!)7"*!*)(43!-/!023("&.!-.%!*%&"3%*!*"%(%!&28&-3)-%&!

*)(45\ *)((( !"(!%V7%44%(-!,"%4*&!dQb\ QQweF!

O
H H

OPMB

SS

O O

Br

K2CO3

DMF
25 ¼C, 1 h

86%

DDQ

CH2Cl2/H2O
25 ¼C, 1 h

97%

NaH
Br

THF
0 to 25 ¼C, 5 h

2.105
(24%)

+

S S

O
H H

O

O

O

O

O

S S

H H

2.104
(71%)

2.101
Desired Product

O
H H

OH

SS

O O

O
H H

O

SS

O O

O
H H

O CO2H

SS

O
H H

OPMB CO2H

SS

2.62 2.102 2.103



!

!

`` !

!
!

9/:&;&' (6)'K3%<)3)-"/(!/0!4"(%)3!<3%723&/3&!0/3!3"('T74/&"('!=%-)-.%&"&!03/='*)6*'

!

*)*)*)1)2'9F>?:&A"A'CD'O">&,%'T%&/$%AC%A'DC%'N$/E&CK:"E"/'<%C;,?"/'9$.A?"?$?"C>',>0'
TF%"0C>&'9F>?:&A"A'

R.%!<3%<)3)-"/(!/0!&28&-3)-%&!d*)((6 !)(*! *)(*( e!0/3!(274%/<."4"7!)3/=)-"7!

&28&-"-2-"/()! !)(*!<,3"*/(%!0/3=)-"/( )%!H)&!<%30/3=%*!2&"('!) !&"="4)3!<3/7%*23%F![/3!

-.%!&,(-.%&"&!/0!7/=</2(*! *)((6 D!-.%!7/==/(!"(-%3=%*")-%!*)6*!H)&!7/2<4%*!-/!-.%!

)="(%!4"(?%3!*)((* !H."7.!H)&!<3%<)3%*!03/=!G/7TLT<.%(,4)4)("(%!)(*!` T042/3/TaT

O
H H

OPMB CO2H

SS

2.62

2.109 (95%)

S S

CO2H
O

O

H H

S S

O

O

H H

O

NH

amine linker
HATU, i-Pr2NEt
CH2Cl2, 25 ¡C, 24 h

2.110 (99%)

O

O

H H
NH

O

O

O

SS

NH2áTFA
O

O

2.111 (97%)

O

O

H H
NH

O

O

O

SS

NH2áTFA
O

O

Ph

Ph

1. DDQ, CH2Cl2/H2O
    25 ¡C, 1 h
    60%

2. allyl bromide, NaH, THF
    0 to 25 ¡C, 24 h
    85%

2.105

NH2

2.106

2.107

2.108



!

!

`b !

("-3/8%(U,4!83/="*%!d+7.%=%!PceF!R.%!3%&24-"('!*)((1 !H)&!&28:%7-%*!-/!K6G!

*%<3/-%7-"/(!)(*!023-.%3!%4)8/3)-%*!H"-.!mT.,*3/V,<.%(,4)7%-"7!)7"* !d*)((3 e!-/!'"#%!

*)((6 !)&!)!<3/*27-F!

!
!

9/:&;&' (7)'K3%<)3)-"/(!/0!4"(%)3!<3%723&/3&!0/3!(274%/<."4"7!)3/=)-"7!&28&-"-2-"/(!03/= '
*)6*'

!

9BR5!7/2<4"('!/0!-.%!7)38/V,4"7!)7"*! *)6*!H"-.!<.%(,4)4)("(/4!%-.%3! *)((7 )&!

0/44/H%*!8,!K6G!*%<3/-%7-"/(!<3/#"*%*!)47/./4! *)((8 !d+7.%=%!P_eF!B0-%3!-.%!)4?,4)-"/(!

/0!-.%!)47/./ 4!*)((8 !H"-.!NT83/=/=%-.,4)73,4)-% !d*)((5 eD!-.%!%-.,4!%&-%3!02(7-"/()4"-,!"(!

*)(*4 !H)&!7/(#%3-%*!"(-/!<"#)4/,4!.,*3/V)=)-%!-.3/2'.!.,*3/4,&"&!)(* !)( !I$>S!

7/2<4"('!3%)7-"/( )%!-/!023("&.!-.%!7/=</2(*! *)(*( !"(!Zbw!,"%4*!0/3!N!&-%<&F!

OH HOPMB O N

O

OF

O2N

Ph

OH HOO O N

O

OF

O2N

Ph

OH

H

H

SS

SS

OH HOPMB CO2H

SS

2.62

HATU, i-Pr2NEt

NH2·TFA

Ph

O

O

F

O2N

OH HOH O N

O

OF

O2N

PhH

SS

DCC, DMAP
CH2Cl2, 25 ℃, 20 h

HO2C OTBS1.

2. TBAF, THF
    –20 ℃, 10 min
    60% for 2 steps

CH2Cl2
25 °C, 20 h

99%

CH2Cl2/H2O
25 °C, 1 h

99%

DDQ

2.113

2.114 2.116

2.112

2.115



!

!

`Z!

!

9/:&;&' (8)'K3%<)3)-"/(!/0!4"(%)3!<3%723&/3&!0/3!<,3"*"(%!&,(-.%&"&!03/='*)6*'

'

*)*)*)2'U,/%C/F/E"P,?"C>A'

*)*)*)2)('U,/%CE,/?C>"P,?"C>'

9)#"('!)7."%#%*!-.%!<3%<)3)-"/(!/0!)!#)3"%-,!/0!4"(%)3!&28&-3)-%&D!H%!&%-!/2-!-/!

%V<4/3%!=)73/7,74"U)-"/(!3%)7-"/(&!"(!/3*%3!-/!"(7/3</3)-%!*"#%3&%!02(7-"/()4"-"%&!"(-/!

=)73/7,74"7!&7)00/4*&F!["3&-D!=)73/4)7-/("U)-"/(!H)&!7)33"%*!/2-!)&!&./H(!"(!+7.%=%!PQF!

9,*3/4,&"&!/0!-.%!=%-.,4!%&-%3&!*)77\ *)8*!H"-.!4"-."2=!.,*3/V"*%!<3/ #"*%*!-.%!

7/33%&</(*"('!&%7/!)7"*&D!H."7.!H%3%!-3%)-%*!H"-.!NT=%-.,4 TZT("-3/8%(U/"7!)(.,*3"*% (&!

)(*!7/(#%3-%*!-/!-.%!*%&"3%*!=)73/4)7-/(%&!*)(** \ *)(*7 F!9)3&.%3!7/(*"-"/( &!&./24*!8%!

2&%*!H"-.!%4%#)-%*!3%)7-"/(!-%=<%3)-23%!d_O!{>e!0/3!-.%!=)73/7,74"U)-"/(!/0!-.%!&28&-3)-%!

*)(*1 D!</&&"84,!8%7)2&%!-.%!8%(U,4!'3/2<!3"'.-!(%V-!-/!-.%!7)38/V,4"7!)7"*!."(*%3%*!-.%!

7,74"U)-"/(!%#%(-F!R.%!7,74"U%*!<3/*27-&!*)(** \ *)(*7 !H%3%!&28:%7-%*!-/!PDaT*"-.")(%!

O
HH
O

OH
NH

O Ph

SS

Br

CO2Et

O
HH
O

O

O

EtO

NH

O Ph

SS

65% for  2 steps

1. 1 N LiOH, THF/H2O
    25 ! , 18 h
2. PivOÐNH2áTfOH, EDCáHCl
    pyridine, CH2Cl2
    25 ! , 25 h

O
HH
O

O

O

PivOHN

NH

O Ph

SS

O
H H

OPMB CO2H

SS

2.62

HATU, i-Pr2NEt
CH2Cl2, 25 ¡C, 20 h
96%

2. DDQ, CH2Cl2/H2O
    25 ¡C, 1 h
    95%

NH2áTFA

Ph

O
1.

NaH

THF
0 to 25 ! , 24 h

82%
2.118

2.120 2.121

2.117

2.119



!

!

`c !

*%<3/-%7-"/(!"(!-.%!<3%&%(7%!/0!=%-.,4!"/*"*%!)(*!7)47"2=!7)38/()-%!-/!,"%4*!

=)73/4)7-/(%&!*)(*8 \ *)(11F!

!
!

9/:&;&' (5)'6)73/4)7-/("U)-"/(!/0 !*)77\ *)8*!2&"('!-.%!+.""()!7/(*"-"/( !

!

1%V-D!=)73/4)7-/("U)-"/(&!/0!-.%!2(&)-23)-%* !&28&-3)-%&!*)81!)(*! *)82!H%3%!

)--%=<-%*!2(*%3!-.%!&)=%!+.""()!7/(*"-"/(!d+7.%=%! NOeF!5(0/3-2()-%4,D!-.%!4"(%)3!

<3%723&/3!*)82!H)&!(/-!7,74"U%*!4"?%4,!*2%!-/!-.%!"(73%)&%*!3"'"*"-,!7/="('!03/=!-.%!

*/284%!8/(*!"(! *)82F!E.%(!-.%!4"(?%3!<)3-!H)&!4/('!%(/2'.!-/!0)7"4"-)-%!-.%!7,74"U)-"/(D!

)&!"(!-.%!7)&%!/0!-.%!&28&-3)-%!*)81D!-.%!*%&"3%*!=)73/4)7-/(%!*)(13!H)&!/8-)"(%*F!

1. 1 N LiOH
    THF/H2O
    25 ¡C, 1 h

2. MNBA, DMAP
    CH2Cl2 (1 mM)
    25 ¡C, 19Ð48 h

O
H H

NHO

MeO2C

SS

OH

O
H H

HN O

O
H H

HN O
Ph

O
H H

O NH

O
H H

HN O
Ph

O

H
N

O
H H

HN O
OBn

O

H
N

O
H H

N O

O

H
N

O

O

O

O

O

O

O

O O

O

O

O

O
H H

NHO

SS

O

O

a: Modified Shiina condition was used (MNBA, DMAP, 4• MS, toluene/THF, 80 ¡C, 21 h)

O
H H

NHO
O

O

O

MeI
CaCO3

MeCN/H2O
40 ¡C, 15Ð22 h

O O O

OOO

2.128 2.129a 2.130

2.131 2.132 2.133

2.77Ð2.82 2.122Ð2.127 2.128Ð2.133



!

!

`_ !

!
!

9/:&;&' *4)'6)73/4)7-/("U)-"/(!/0! *)81!)(*! *)82!2&"('!+.""()!7/(*"-"/( !

!

;)&-4,D!=)73/4)7-/("U)-"/(!3%)7-"/(&!/0!-.%!.,*3/V,!&28&-3)-%&! *)83!)(*! *)86!H%3%!

%V)="(%*!d+7.%=%!NP\ Ǹ eF!E.%(!-.%!&28&-3)-%!*)83!H)&!&28:%7-%*!-/!K6G!*%<3/-%7-"/(!

)(*!8)&"7!.,*3/4,&"&!)&!*%&73"8%*!)8/#%D!)(! "(&%<)3)84%!="V-23%!/0!*)(18< !)(*! *)(18= !

H)&!/8-)"(%* !d+7.%=%!NPeF!61GB T=%*")-%*!7,74"U)-"/(!/0!-.%!="V-23%!<3/*27%*!-.%!PT̀

=%=8%3%*!<3/*27-!*)(15< !dNcwe!)(*!-.%!PaT=%=8%3%*!<3/*27-! *)(15= !dZOwe!H."7.!

H%3%!&%<)3)-%*!)(*!7/(0"3=%*!8,!! 9!16J!)()4,&"&F!R."&!2(%V<%7-%*!/2-7/=%!7/24*!8%!

%V<4)"(%*!8,!PDNTODOT&"4,4!="'3)-"/(!03/=!-.%!&%7/(*)3,!)47/./4!-/!-.%!<3"=)3,!)47/./4!

"(! *)(17!*23"('!-.%!.,*3/4,&"&!&-%<F!!!

O

OH

H H

HN O
H
N Ph

O

MeO2C

SS

2.83

S S

O

OH

H H

HN O

MeO2C
2.84

1. 1 N LiOH
    THF/H2O
    25 ¡C, 1 h
    71%

2. MNBA, DMAP
    CH2Cl2 (1 mM)
    25 ¡C, 24 h

S S

O
H H

N
H

O
O

O

O
H H

HN O
H
N Ph

O

SS

2.135

O

O

2.134

1. 1 N LiOH
    THF/H2O
    25 ¡C, 1 h

2. MNBA, DMAP
    CH2Cl2 (1 mM)
    25 ¡C, 48 h
    50% for 2 steps

O
H H

HN O
H
N Ph

O 2.136

O

O

O

MeI
CaCO3

MeCN/H2O
40 ¡C, 48 h

72%



!

!

`Q!

!
!

9/:&;&' *( )'+"4,4!="'3)-"/(!*23"('!-.%!&,(-.%&"&!/0!-.%!.,*3/V,!=)73/4)7-/(% '*)(15< '

!

! R/!023-.%3!7/(0"3=!-.%!&-327-23%!/0!-.%!PaT=%=8%3%*!=)73/4)7-/(%!*)(15=D!H%!

&,(-.%&"U%*!PaT=%=8%3%*!3"('!&?%4%-/(&!*)(2 ( ')(*! *)(2 * !#")!)!*"00%3%(-!&,(-.%-"7!3/2-%!

)&!&./H(!"(!+7.%=%! NNF!["3&-D!RG+!'3/2<!H)&!3%=/#%*!2&"('!-%-3)TnT82-,4!)==/("2=!

042/3"*%!-/!)#/"*!-.%!&"4,4!="'3)-"/(F!R.%!3%&24-"('!&%7/(*)3,!)47/./4! *)( 24!H)&!

.,*3/4,U%*!)(*!&28&%L2%(-4,!7,74"U%*!-/!023("&.!-.%!*%&"3%*!=)73/4)7-/(%!*)(2 ( F!S(!

)**"-"/(D!K6G!*%<3/-%7-"/(!/0! *)(2 ( !,"%4*%*!-.%!03%%!)47/./4! *)(2 *F!9)#"('!-.%!.,*3/V,!

=)73/4)7-/(%&!d*)(15< D!*)(15= D!*)(2( D!)(*! *)(2* e!"(!.)(*D! ! 9!16J!&<%7-3)!/0! -.%!

.,*3/V,!=)73/4)7-/(%& !H%3%!7/=<)3%*!-/!)()4,U%!-.%!&-327-23%&!d["'23%!POeF!E%!

%V<%7-%*!-.)-!-.%!=%-."(%!<3/-/(!(%"'.8/3"('!-.%!&%7/(*)3,!)47/./4!"( !-.%!PaT

=%=8%3%*!=)73/4)7-/(%&!*)(15= D'*)(2( D!)(*! *)(2* !H/24*!8%!=/3%!*/H(0"%4*!&."0-%*!

-.)(!-.)-!"(!-.%!P` T=%=8%3%*!=)73/4)7-/(%!*)(15< D!&"(7%!-.%!0/3=%3!"&!4"(?%*!-/!-.%!

O
H

PMBO

H
HN O

CO2Me

O
TBS

SS

DDQ

CH2Cl2/H2O
25 ¡C, 1 h

91%

 1 N LiOH

THF/H2O
0 ¡C, 20 min

1,2-O,O-silyl migration productdesired

O
H

HO

H
HN O

CO2Me

O
TBS

SS

O
H

HO

H
HN O

CO2H

O
TBS

SS

O
H

OTBS

H
HN O

CO2H

OH

SS

+

CH2Cl2
25 ¡C, 17 h

MNBA
DMAP

S S

O

TBSO

H H

O

HN O

O

S S

O

OTBS
O
H H

HN O

O

+

2.139A (27%) 2.139B (60%)

2.85 2.137 2.138A 2.138B



!

!

bO!

7)38/(!*"3%7-4,!7/((%7-%*!-/!-.%!%&-%3!/V,'%(F!B&!H%!<3%*"7-%*D!-.%!=%-."(%!<3/-/(&!

03/=!PaT=%=8%3%*!3"('&!d*)(15= D'*)(2( D!)(*! *)(2* e!H%3%!&./H(!8%-H%%(!`FQ!)(*!bFP!<<=!

H."4%!-.%!<3/-/(!03/=!P` T=%=8%3%*!3"('!*)(15< !)<<%)3%*!)-!`FP!<<=F!G)&%*!/(!-.%&%!

3%&24-&D!H%!7/(742*%*!-.)-!-.%!/8-)"(%*!*)(15= !)(*! *)(15< !H%3%!PaT=%=8%3%*!)(*!P`T

=%=8%3%*!4)7-/(%!&-327-23%&D!3%&<%7-"#%4,F!!

!
!

9/:&;&' ** )'+,(-.%&"&!/0!-.%!PaT=%=8%3%*!.,*3/V,!=)73/4)7-/(%&! *)(2 ( ')(* '*)(2 * '

S S

O

RO
O
H H

HN O

O

TBAF

THF
0 to 25 ¡C, 17 h

35%

DDQ, CH2Cl2/H2O
25 ¡C, 3 h

O
H

PMBO

H
HN O

CO2Me

O
TBS

SS

2.85

O
H

PMBO

H
HN O

CO2Me

OH

SS

2.140

1. 1 N LiOH
    THF/H2O
    25 ¡C, 30 min

2. MNBA, DMAP
    CH2Cl2 (1 mM)
    25 ¡C, 20 h
    76% for 2 steps

2.141: R = PMB

2.142: R = H



!

!

bP!

!
!

!"#$%&'(4)!! 9!16J!&<%7-3)!/0!.,*3/V,!=)73/4)7-/(%&! d*)(15< D'*)(15= D'*)(2( D')(* '*)(2* e'

!

! S(!/3*%3!-/!&,(-.%&"U%!-.%!/3"'"()44,!*%&"'(%*!PT̀=%=8%3%*!.,*3/V,!

=)73/4 )7-/(%! *)(15< D!H%!*%#"&%*!)!*"00%3%(-!3/2-%!8,!7.)('"('!-.%!.,*3/4,&"&YK6G!

*%<3/-%7-"/(!&%L2%(7%!d+7.%=%!NaeF!S(!-."&!&7.%=%D!8)&"7!.,*3/4,&"&!H)&!<%30/3=%*!0"3&-!

)(*!-.%(!K6G!*%<3/-%7-"/(!/0!-.%!7/33%&</(*"('!7)38/V,4"7!)7"*!H)&!0/44/H%*!-/!

<3%#%(-!-.%!&"4,4!="'3)-"/(!2(*%3!-.%!8)&"7!7/(*"-"/(F!R.%!3%&24-"('!&%7/!)7"*!*)(18< !H)&!

-3%)-%*!H"-.!61GB!)(*!7,74"U%*!-/!<3/#"*%!-.%!*%&"3%*!PT̀=%=8%3%*!=)73/7,74%!

!

NMR

S S

O

PMBO

O

H H

HN O

O

S S

O

OH

O

H H

HN O

O

5.1 ppm

5.0 ppm

S S

O

TBSO

H H

O

HN O

O

4.1 ppm

S S

O

TBSO

O

H H

HN O

O

4.9 ppm

2.139B 

2.139A 

2.141 

2.142 



!

!

bN!

*)(15< !"(!QOw!,"%4*F!PDaT*"-.")(%!*%<3/-%7-"/(!0/44/H%*!8,!*%&"4,4)-"/(!'%(%3)-%*!-.%!

=)73/4)7-/(%! *)(22!H"-.!)(!)**"-"/()4!.,*3/V,4!'3/2<F !

!

9/:&;&' *1)'+,(-.%&"&!/0!-.%!.,*3/V,!=)73/7,74% '*)(22'

!

9)#"('!&%723%*!)!&277%&&024!3/2-%!-/!-.%!<3%<)3)-"/(!/0!)!.,*3/V,!=)73/4)7-/(%!

H"-./2-!-.%!&"4,4!="'3)-"/(D!H%!%=8)3?%*!/(!-.%!&,(-.%&"&!/0!)(/-.%3!.,*3/V,!)()4/'!

*)(28!d+7.%=%!N`eF!$%<3/-%7-"/(&!/0!*)86!)(*!+.""()!=)73/4)7-/("U)-"/(!<3/7%%*%*!

&=//-.4,!-/!,"%4*!-.%!=)73/7,74"7!&7)00/4*! *)(26D!)(*!-.%!0/44/H"('!PDa T*"-.")(%!

*%<3/-%7-"/(!'%(%3)-%*!?%-/(%!*)(27F!E.%(!*)(27!H)&!-3%)-%*!H"-.!-%-3)TnT82-,4!

)==/("2=!042/3"*%D!-.%!-3)(&%&-%3"0"7)-"/(!<3/*27-!*)(25!d`Pwe!H)&!/8-)"(%*!)4/('!H"-.!

-.%!*%&"3%*!<3/*27-!*)(28!dPPweF!B4-./2'.!H%!%V<4/3%*!/-.%3!*%&"4,4)-"('!3%)'%(-&!

d9[|<,3"*"(%D!G[&|XI- %D!B7>4Y6%X9D!RGB[YB7X9D!)(*!R[BeD!)44!3%)7-"/(&!<3/*27%*!-.%!

="V-23%!/0!*)(28!)(*! *)(25!"(!H."7.!7/=</2(*! *)(25!H)&!-.%!=):/3!<3/*27-F!R)?%(!

OH

HO

H
HN O

CO2H

O
TBS

SS1. 1 N LiOH
    THF/H2O
    25 °C, 1 h

2. DDQ
    CH2Cl2/H2O
    25 °C, 1 h
89% for 2 steps

2.138A

OH

PMBO

H
HN O

CO2Me

O
TBS

SS

2.85

S S

OH H
HN O

MNBA
DMAP
CH2Cl2

25 °C, 20 h
90% O

O

TBSO

OH H
HN O

O

O

TBSO

O

MeI
CaCO3

MeCN/H2O
40 °C, 19 h

85%

THF
0 to 25 °C, 5 h

64%

OH H
HN O

O

O

HO

O
2.139A

2.143 2.144

TBAF



!

!

ba!

-/'%-.%3D!H%!'%(%3)-%*!PO!*"00%3%(-!=)73/4)7-/(%!&7)00/4*&!H"-.!#)3"/2&!3"('!&"U%&!)(*!

02(7-"/()4!'3/2<&!2-"4"U"('!61GB T=%*")-%*!7,74"U)-"/(F!!

!
!

9/:&;&' *2)'+,(-.%&"&!/0!.,*3/V,!=)73/4)7-/(% '*)(28')(* '*)(25'

!

*)*)*)2)*'G$+W-@/,?,EFP&0'<P"0&V<ESF>&'GF/EC,00"?"C>'

X23!&,(-.%-"7!)<<3/)7.!0/3!>2dSeT7)-)4,U%*!)U"*%Y)4?,(%!7,74/)**"-"/( (( !/0!-.%!

)U"*%!)4?,(%&!d*)5(D!*)58\ *)(44e!H)&!"442&-3)-%*!"(!+7.%=%!NbF!S(!-.%!<3%&%(7%!/0!>2S!)(*!

9}("'W&!8)&%D!-.%!4"(%)3!<3%723&/3&!d*)5(D!*)58D!)(*! *)55e!H%3%!7,74"U%*!-/!<3/*27%!-.%!

*%&"3%*!7,74"7!=/(/=%3&!d*)(34\ *)(3* e!H"-.!7,74"7!*"=%3&!d*)(31\ *)(33e!H."7.!H%3%!

7/(0"3=%*!8,!."'. T3%&/42-"/(!=)&&!&<%7-3/=%-3,F!S(-%3%&-"('4,D!)!7,74"7!*"=%3!/0!-.%!

)("4"(%T7/(-)"("('!&28&-3)-%! *)(44' H)&!(/-!/8-)"(%*!2(*%3!- .%!7,74/)**"-"/(!7/(*"-"/(F!

E"-.!-.%!-3")U/4%T02&%*!=)73/7,74%&!*)(34\ *)(36!"(!.)(*D!*%<3/-%7-"/(!/0!)!PDaT*"-.")(%!

OH

HO

H
HN O

CO2H

O
TBS

SS
1. 1 N LiOH
    THF/H2O
    25 °C, 1 h

2. DDQ
    CH2Cl2/H2O
    25 °C, 1 h
88% for 2 steps

2.145

OH

PMBO

H
HN O

CO2Me

O
TBS

SS

2.86

MNBA
DMAP
CH2Cl2

25 °C, 20 h
77%

O

O

O

NHOTBSO

SS

H H

O

O

O

NHOTBSO
H H

O

2.148 (11%)

O

O

O

NHOHO
H H

O

OH H
NH

O
O

O

HO

O

+

2.149 (41%)

MeI
CaCO3

MeCN/H2O
40 °C, 19 h

82%

THF
0 to 25 °C, 16 h

TBAF

2.146

2.147



!

!

b` !

'3/2<!H)&!7)33"%*!/2-F!R.%!-,<"7)4!6%SY>)>X&!7/(*"-"/(!H)&!(/-!%00%7-"#%!"(!-."&!7)&%D!

8%7)2&%!)!-3")U/4%!=/"%-,!H)&!)4&/!&2&7%<-"84%!-/!=%-.,4)-"/(!-/!<3/*27%!)!=%-.,4!

-3")U/4"2=!&)4-F![/3!-."&!3%)&/(D!-.%!-3")U/4%T7/(-)"("('!=)73/7,74%&! *)(34\ *)(36' H%3%!

-3%)-%*!H"-.!NT83/=/&277"("="*%!H."7.!&277%&&0244,!3%&24-%*!"(!-.%!0/3=)-"/(!/0!

=)73/7,74%&!*)(37\ *)(61F!!



!

!

bb!

!
!

9/:&;&' *3)'+,(-.%&"&!/0!-.%!-3")U/4%T7/(-)"("('!=)73/7,74%& '*)(37\ *)(61'#")!>2dSeT
7)-)4,U%*!7,74/)**"-"/(F !

!

O
H H

N3 HN

O
O

O

SS

S S

O
H H

O

O

N
N

N

HN O

S S

O
O

O

N
N

N

N
H

O

SS

O
O

O

N
N

N

H
N

O

+

R

R
R

R

CuI, i-Pr2NEt
THF (1 mM)
reflux, 24 h

O
H H

HN O
O

O

N3

SS

O
H H

HN O

O

N

SS

N
N

O

CuI, i-Pr2NEt
THF (1 mM)
reflux, 19Ð24 h

2.98: R = H
2.91: R = CH2Ph
2.99: R = CH2OBn

2.150: R = H (50%)
2.151: R = CH2Ph (61%)
2.152: R = CH2OBn (56%)

2.153: R = H (15%)
2.154: R = CH2Ph (33%)
2.155: R = CH2OBn (28%)

O
H H

O

O

N
N

N

HN O

O
O

O

N
N

N

N
H

O

O
O

O

N
N

N

H
N

OR R

R

2.157: R = H (67%)
2.158: R = CH2Ph (61%)
2.159: R = CH2OBn (69%)

2.160: R = H (46%)
2.161: R = CH2Ph (94%)
2.162: R = CH2OBn (82%)

O
O

O

O
H H

HN O

O

N
N
N

O

O

2.156 (78%)

NBS, 2,6-lutidine
MeCN/H2O
0 ¡C, 15Ð20 min

NBS, 2,6-lutidine
MeCN/H2O
0 ¡C, 15Ð20 min

NBS, 2,6-lutidine
MeCN/H2O
0 ¡C, 15 min

2.163 (68%)

2.100



!

!

bZ!

*)*)*)2)1'H">#@GECA">#'U&?,?:&A"A'

! J"(' T74/&"('!=%-)-.%&"&)#!/0!-.%!4"(%)3!&28&-3)-%&!*)(45\ *)((( !H)&!"(#%&-"')-%*!

d+7.%=%!NZeF!R.%!-3%)-=%(-!/0!-.%!*"%(%!*)(45!H"-.!M3288&!N(*T'%(%3)-"/(!7)-)4,&-!

2(*%3!)!3%042V"('!7/(*"-"/(! ,"%4*%*!)(!"(&%<)3)84%!="V-23%!/0!cis!)(*! trans 7,74"U%*!

<3/*27-&F!R.%!="V-23%!/0!-H/!"&/=%3&!&=//-.4,!2(*%3H%(-!PDaT*"-.")(%!*%<3/-%7-"/(!-/!

'"#%!-.%!trans!=)73/7,74%!*)(63< !dcOwe!)(*!-.%!cis =)73/7,74%!*)(63= !dPOweF!R.%!

&-%3%/7.%="&-3,!H)&!*%-%3="(%*!8,!)()4,U"('!7/2<4"('!7/(&-)(-&!/0!-.%!#"7"()4!<3/-/(&!

)73/&&!)!*/284%!8/(*D!H."7.!H%3%!PbFZ!9U!"(!-.%!trans <3/*27-! *)(63< !)(*!PPFb!9U!"(!-.%!

cis <3/*27- !*)(63= F!R.%!*/284%!8/(*T7/(-)"("('!=)73/7,74%&! *)(68!)(*! * )(65!H%3%!)4&/!

<3%<)3%*!2(*%3!-.%!&)=%!<3/7%*23%F!

!
!

9/:&;&' *6)'+,(-.%&"&!/0!-.%!=)73/7,74%&!d*)(63< D'*)(63= D'*)(68D!)(*! *)(65e!-.3/2'.!-.%!
32-.%("2= T7)-)4,U%*!3"(' T74/&"('!=%-)-.%&"&!

!

2.109

S S

O

O

H H

O

NH

O

O

H H
NH

O

O

O

SS

S S

O
H H

NHO
O

CH2Cl2 (1 mM)
reflux, 17 h

Grubbs II

2.164 (47%)

O
H H

NH

O

O

O

O

Grubbs II

SS

O
H H

NHO
O

MeI, CaCO3

O

O
H H

HN O
O

O

+

R R

2.110: R = H
2.111: R = CH2Ph

2.166: R = H (92%)
2.167: R = CH2Ph (87%)

CH2Cl2 (1 mM)
reflux, 19 h

MeCN/H2O
40 ! , 19 h

O
H H

NH

O

O

O

O

R

2.168: R = H (71%)
2.169: R = CH2Ph (60%)

O

MeI, CaCO3

MeCN/H2O
40 ! , 19 h

2.165A (70%) 2.165B (10%)



!

!

bc!

*)*)*)2)2'I>F>&'U&?,?:&A"A',>0' 9C>C#,A:"%,'G%CAA@GC$KE">#'

! J"(' T74/&"('!%(,(%!=%-)-.%&"&() !)(*!+/(/')&."3)!73/&& T7/2<4"('!3%)7-"/( (+$(* !

H%3%!%V<4/"-%*!-/!'%(%3)-%!-.%!=)73/7,74%&!*)5*!)(*! *)51!d+7.%=%!NceF!!["3&-D!3"('T74/&"('!

=%-)-.%&"&!/0!-.%!%(,(%!&28&-3)-%!*)51!H)&!&-2*"%*F!S-!H)&!3%</3-%*!-.)-!-.%! endoYexo!

&%4%7-"#"-,!/0!-.%!3"('!74/&23%!3%)7-"/(!"&!&"'("0"7)(-4,!)00%7-%*!8,!3"('!&"U%!*2%!-/!-.%!

*"00%3%(7%&!"(!3"('!&-3)"(!/0!-.%!"(-%3=%*")-%&F)' !E.%(!)!3"('!&,&-%=!7/(-)"(&!=/3%!-.)(!

PN!)-/=&D!)(!endoT<3/*27-!"&!<3%0%3%(-")44,!'%(%3)-%*F!6/3%/#%3D!9)(&%(!)(*!;%%!0/2(*!

-.)-!-.%! EYZ!&%4%7-"#"-,!/0!-.%!PDaT*"%(%!7)(!8%!"=<3/#%*!8,!<%30/3="('!-.%!3%)7-"/(!

2(*%3!%-.,4%(%!)-=/&<.%3%F)' !B77/3*"('!-/!-."&!<3/7%*23%D!)!="V-23%!/0!/23!&28&-3)-%!

*)51!)(*!-.%!M3288&!N(* T'%(%3)-"/(!7)-)4,&-!H )&!3%042V%*!2(*%3!%-.,4%(%!)-=/&<.%3%!

4%)*"('!-/!-.%!0/3=)-"/(!/0!-.%!*%&"3%*!%(,(%!=)73/7,74%!*)(74F!R.%!7/2<4"('!7/(&-)(-!/0!

-.%!<3/-/(&!/(!-.%!"(-%3()4!/4%0"(!"&!PbF_!9U!d"(!>$&X$eD!-.2&!7/(0"3="('!-.%!<3/*27-!"&!

"(!)! trans!7/(0"'23)-"/(F!1%V-D!"(-3)=/4%724)3!+/(/')&."3)!7/2<4"('!3%)7-"/(!/0!&28&-3)-%!

*)5*!H)&!7)33"%*!/2-F!S(!-.%!<3%&%(7%!/0!-%-3)?"&d-3"<.%(,4<./&<."(%e<)44)*"2=D!-.%!

3%)7-"/(!&=//-.4,!<3/7%%*%*!-/!023("&.!-.%!)3,4!)4?,(%T7/(-)"("('!=)73/7,74%! *)(7* F!R.%!

3%&24-"('!=)73/7,74%&!*)(74!)(*! *)(7* !H%3%!&28:%7-%*!-/!*"-.")(%!*%<3/-%7-"/(!-/ !

<3/*27%!*)(7( !)(*! *)(71F!



!

!

b_!

!
!

9/:&;&' *7)'I(,(%!=%-)-.%&"&!)(*!+/(/')&."3)!73/&& T7/2<4"('!0/3!-.%!<3%<)3)-"/(!/0!-.%!
=)73/7,74%'*)(7( ')(*! *)(71'

!

*)*)*)2)3'N$/E&CK:"E"/'<%C;,?"/'9$.A?"?$?"C>',>0'TF%"0C>&'9F>?:&A"A'

! 1274%/<."4"7!)3/=)-"7!&28&-"-2-"/(!)(*!<,3"*/(%!&,(-.%&"&!H%3%!<%30/3=%*!-/!

"(7/3</3)-%!)!8")3,4!%-.%3!/3!)!<,3"*/(%!=/"%-,!"(-/!)!=)73/7,74%!&7)00/4*!d+7.%=%!N_eF!

E.%(!&28&-3)-%!*)((6 !H)&!-3%)-%*!H"-.!</-)&&"2=!7)38/()-%D!-.%!&28&-"-2-"/(!3%)7-"/(!

/77233%*!/(!-.%!)7-"#)-%*!)3,4!042/3"*%!-/!'%(%3)-%!-.%!8")3,4!=)73/7,74%!*)(72!"(!_Pw!

,"%4*F!6%)(H."4%D!-.%!"(&-)44)-"/(!/0!)!<,3"*/(%!3"('!"(!)!=)73/7,74%!H)&!7)33"%*!/2-!

)77/3*"('!-/!-.%!3%</3-%*!<3/7%*23%!8,!>/&&,!)(*!7/ TH/3?%3&F)%!R.%!4"(%)3!)73,4"7!

.,*3/V)=)-%! *)(*( !2(*%3H%(-!)!3./*"2=dSSSeT7)-)4,U%*!>\ 9!

)7-"#)-"/(Y.%-%3/7,74"U)-"/(!!-/!,"%4*!-.%!7,74"U%*!<3/*27-&!*)(76< !)(*! *)(76= !)&!)(!

"(&%<)3)84%!="V-23%F!RH/!3%'"/"&/=%3&!*)(76< !)(*! *)(76= !H%3%!/8-)"(%*!</&&"84,!*2%!-/!

OH H

O

NH
O

O Ph

Grubbs II
ethylene

CH2Cl2 (1 mM)
reflux, 17 h

68%

OH H

O

NH
O

O PhO

OO O

SS SS

2.93 2.170

Pd(PPh)4
Et2NH O

HN
H H

O
O

O

HN
H H

OO

O

O

PhI O

O

Ph

O O

SS SS

O

HN
H H

O

O

O

Ph

O O

O

OH H

O

NH
O

O PhO

O

O

MeI, CaCO3

MeCN/H2O
40 ℃, 7 h

65%

2.171

MeCN (1 mM)
50 ℃, 19 h

58%

MeI, CaCO3

MeCN/H2O
40 ℃, 7 h

72%

2.92 2.172 2.173



!

!

bQ!

dPe!-.%!2&%!/0!-.%!-%3="()4!)4?,(%!d(/-!)(!"(-%3()4!)4?,(%e!)(*!dNe!-.%!&200"7"%(-4,!4)3'%!

3"('!&"U%!H."7.!<3/#"*%* !)!7.)(7%!-/!.)#%!8/-.!7/(0/3=)-"/(&F!E"-.!-.%!7,74"U%*!

<3/*27-&!d*)(72D!*)(76< D!)(*! *)(76= e!"(!.)(*D!*"-.")(%!*%<3/-%7-"/(!3%)7-"/(&!H%3%!

<%30/3=%*!-/!'"#%!=)73/7,74%&!d*)(73D!*)(77< D!)(*! *)(77= eF!

!
9/:&;&' *8)'+,(-.%&"&!/0!=)73/7,74%!*)(73D!*)(77< D!)(*! *)(77= !#")!(274%/<."4"7!)3/=)-"7!

&28&-"-2-"/(!)(*!32-.%("2=dSSSeT7)-)4,U%*!<,3"*/(%!&,(-.%&"&'

O
H H

OO
O N

O

OF

O2N

Ph

OH

H

SS

O
HH
O

O

O

PivOHN

NH

O Ph

SS

O
O

H H
NHO

O

OO

O

O2N

K2CO3
DMF (10 mM)
70 ℃, 2 h

Ph

SS

O
O

H H
NHO

O

OO

O

O2N

Ph

O

O
HH

NHO

PhO

O

O N
H

[Cp*RhCl2]2 (10 mol%)
CsOAc, MeOH (5 mM)
reflux, 30 min

(54%, combined yield)

O
HH

HN O

PhO

O

O

HN

+

SS SS

(79%, combined yield)

O
HH

NHO

PhO

O

O N
H

O
HH

HN O

PhO

O

O

HN

+

O O

MeI, CaCO3
MeCN/H2O
40 ℃, 17 h

MeI, CaCO3
MeCN/H2O
40 ℃, 17 h

2.116 2.121

2.174 (81%) 2.176A 2.176B

2.175 (69%) 2.177A 2.177B



!

!

ZO!

*)*)*)2)6'M?:&%'<??&;K?A'DC%'U,/%C/F/E"P,?"C>'

X23!)--%=<-&!-/H)3*&!-.%!"(&-)44)-"/(!/0!#)3"/2&!.%-%3/7,74%&!"(-/!)!=)73/7,74%!

&7)00/4*!)3%!*%&73"8%*!.%3%F!E%!"(#%&-"')-%*!-.%!&,(-.%&"&!/0!)!=)73/7,74%!7/(-)"("('!)!

02&%*T/V)*")U/4%!&,&-%=F!S(!NOPZD!-.%!l2*"(!'3/2<!3%</3-%*!)!=)73/7,74"U)-"/(!3%)7-"/(!

8%-H%%(!)!4"(%)3!<%<-"*%D!)(!)4*%.,*%D!)(*!dNT"&/7,)("="(/e-3"<.%(,4<./&<./3)(%F )" !S(!

/3*%3!-/!)<<4,!-."&!=%-./*!-/!/23!&,&-%=D!-.%!&28&-3)-%!V!H)&!<3%<)3%*!H."7.!.)&!)="(%!

)(*!7)38/V,4"7!)7"*!.)(*4%&!d+7.%=%!NQeF!R.%!&,(-.%&"&!7/==%(7%*!H"-.!9BR5!

7/2<4"('!/0! *)6*!H"-.! *"<%<-"*%!*)(78!-/!'"#%!*)(75!"(!__w!," %4*F!K6G!*%<3/-%7-"/(!)(*!

$>>!7/2<4"('!H"-.!G/7 T<3/-%7-%*!'4,7"(%!0/44/H%*!8,!-.%!-3%)-=%(-!/0!-3"042/3/)7%-"7!

)7"*!'%(%3)-%*!&28&-3)-%!*)(8* !0/3!-.%!/V)*")U/4%!0/3=)-"/(F!5(0/3-2()-%4,D!-."&!=%-./*!

H)&!(/-!)<<4"7)84%!-/!/23!&,&-%=D!<3/*27"('! )! 7/=<4%V!="V-23%!/0!2("*%(-"0"%*!

7/=</2(*&F !



!

!

ZP!

!
!

9/:&;&' *5)'B--%=<-&!-/H)3*&!-.%!"(&-)44)-"/(!/0!)(!/V)*")U/4%!=/"%-, '

!

1%V-D!-.%!&,(-.%&"&!0/3!)!&28&-3)-%!/0!"(-3)=/4%724)3!$"%4&\ B4*%3!3%)7-"/()( $)) !H)&!

)--%=<-%*!d+7.%=%!aOeF!E%!*%&"'(%*!&28&-3)-%!*)(88D!H."7.!.)&!)(!%4%7-3/(!*/()-"('!

'3/2<!/(!-.%!7)38/V,4"7!)7"*!&"*%!)(*!)!*"%(/<."4%!/(!-.%!<3"=)3,!)47/./4!&"*%F!B0-%3!

.,*3/4,&"&!/0!-.%!=%-.,4!%&-%3!*)(82D!$>>!/3!I$>S!7/2<4"('!3%)7-"/(!/0!-.%!3%&24-"('!

7)38/V,4"7!)7"*!*)(83!H"-.!dEeTbT.,*3/V,<%(- TaT%(TNT/ (%!H)&!%V<4/3%*F!9/H%#%3D!-.%!

*%&"3%*!<3/*27-!*)(87!H)&!(/-!/8-)"(%*!)(*!-.%!=):/3!<3/*27-!H)&!."'.4,!2(&-)84% !/(!

&"4"7)!'%4!<23"0"7)-"/(F!

O

SS

O

H H

O

NH
O

NH Ph

CO2tBuBocHN

O

O

SS

O

H H

O

NH
O

NH Ph

CO2HTFA·H2N

O

Boc-Glycine
DCC

DMAP
CH2Cl2

25 °C, 19 h
94%

TFA
CH2Cl2

0 to 25 °C, 5 h

O

SS

OPMB

H H

O

NH
O

NH Ph

CO2tBu

O

SS

CO2H

OPMB

H H

NH2

Ph

N
H

O

t-BuO2C

HATU
DIPEA
CH2Cl2

25 °C, 22 h
88%

O

SS

OH

H H

O

NH
O

NH Ph

CO2tBu

DDQ
CH2Cl2/H2O
25 °C, 1 h

72 %

CN N PPh3

H

O

DCE/MeCN
50 ºC

2.62 2.179 2.180

2.181 2.182

O

SS

O

H H

O

NH
O

HN PhO

O

N N
NH

2.183

2.178



!

!

ZN!

!
!

9/:&;&' 14)'B--%=<-&!-/!-.%!&,(-.%&"&!/0!"(-3)=/4%724)3!$"%4&\ B4*%3!&28&-3)-%'*)(88'

!

E%!)4&/!-3"%*!-.%!"(7/3</3)-"/(!/0!)!<,3)U/4%!=/"%-,!-/!)!=)73/7,74%!#")!PDaT

*"</4)3!7,74/)**"-"/(!/0!)!*")U/)4?)(%!H"-.!)(!)4?,(%F!S("-")44,D!-.%!&28&-3)-%!*)(52!H)&!

*%&"'(%*!7/(-)"("('!)!*")U/!'3/2<!/(!-.%!7)38/V,4"7!)7"*!&"*%!)(*!)(!)4?,(%!/(!-.%!

/-.%3!&"*%!d+7.%=%!aPeF!9BR5!7/2<4"('!H"-.!)(!)="(%D!K6G!*%<3/-%7-"/(D!)(*!$S>!

7/2<4"('!H"-.!<3/<"/("7!)7"*!H%3%!7)33"%*!/2-!-/!023("&.!-.%!*%7/3)-%*!)U"*%!)4?,(%!

*)(5* !)&!)!<3/*27-F!>/(#%3&"/(!/0!-.%!)U"*%!*)(5* !"(-/!-.%!*")U/! *)(51!H)&!)--%=<-%*!

)77/3*"('!-/!J )"(%W&!<3/7%*23%F)+!9/H%#%3D!<3/<"/("7!%&-%3!H)&!.,*3/4,U%*!*23"('!-.%!

3%)7-"/(F!

!

O

SS

OPMB

HH NH

O

OMe Ph

O
O

SS

OPMB

HH NH

O

OH Ph

O

1 N LiOH

THF/MeOH
25 °C, 30 min

99%

O

SS

OPMB

HH NH

O

O Ph

O

O

DCC or EDCI·HCl
DMAP
CH2Cl2

25 °C, 24 h

O
OH

2.184 2.185 2.187

O

SS

O

HH NH

O

O Ph

O

O

O

2.188

2.186



!

!

Za!

!

9/:&;&' 1()'B--%=<-&!-/!-.%!&,(-.%&"&!/0'*)(52!0/3!-.%!<,3)U/4%!"(&-)44)-"/(!

!

R/!)#/"*!-.%!.,*3/4,&"&!<3/84%=D!H%!2-"4"U%*!-.%!)4?,(%!7/=</2(*! *)54!)&!)!

&-)3-"('!=)-%3")4!"(!H."7.!-.%!-3"<4%!8/(*!H)&!"(&-)44%*!)&!)!<3/<)3',4!'3/2<!d+7.%=%!

aNeF!$>>!7/2<4"('!/0! *)54!H"-.!NT)U"*/)7%-"7!)7"*!d*)(53e!,"%4*%*!-.%!)U"*%!)4?,(%!*)(56!

"(!Q`w!,"%4*F!G,!)*/<-"('!J)"(%W&!=%-./*D!-.%!)U"*%!'3/2<!H)&!&277%&&0244,!7/(#%3-%*!

"(-/!-.%!*")U/!'3/2<!-/!023("&.!&28&-3)-%! *)(57F!9/H%#%3D!-.%!*%&"3%*!<3/*27-!*)(58!H)&!

(/-!/8-)"(%*!</&&"8 4,!*2%!-/!-.%!4)7?!/0!)(!)7-"#)-"('!'3/2<!)-!-.%!i T</&"-"/(!/0!

*"</4)3/<."4%F!

O
HH

SS

OPMB

CO2H

NH2áTFA
O

Ph

O
N3

O
HH

SS

OPMB

O

NH

O PhO

N3

O
HH

SS

OH

O

NH

O PhO

N3

O
HH

SS

O

O

NH

O PhO

N3

O

O
HH

SS

O

O

NH

O PhO

N2

O

O

O
N

O

O
PPh2

THF/H2O, 25 ¡C

then
sat. aq. NaHCO3

    25 ¡C

DIC
DMAP

CH2Cl2
0 to 25 ¡C, 2 h

84%

O

OH

DIC, DMAP

CH2Cl2
0 to 25 ¡C, 2 h

DDQ

CH2Cl2/H2O
25 ¡C, 1 h

92%

2.62 2.190 2.191

2.192 2.194

2.189

2.193



!

!

Z`!

!
!

9/:&;&' 1*)'B--%=<-!-/H)3*&!-.%!"(&-)44)-"/(!/0!)!<,3)U/4%!=/"%-,!-/!)!=)73/7,74% '

'

*)*)*)3'<KK&>0,#&'B"L&%A"D"/,?"C>A'

9)#"('!)7."%#%*!-.%!7/(&-327-"/(! /0!R9KT7/(-)"("('!=)73/7,74"7!&?%4%-/(&D!H%!

%=8)3?%*!/(!-.%!0"()4!*"#%3&"0"7)-"/(!&-%<!-/!023-.%3!=/*24)-%!-.%!<.,&"7/7.%="7)4!

<3/<%3-"%&!/0!-.%&%!=)73/7,74%&!d+7.%=%!aaeF!E."4%!-.%!=)73/4)7-/(%! *)(1( !H)&!7./&%(!

)&!)(!%V)=<4%!0/3!-.%!)<<%(*)'%!*"#%3&"0"7)-"/(!&-%<D!-."&!=%-./*!7)(!8%!)<<4"%*!-/!-.%!

/-.%3!=)73/7,74"7!&?%4%-/(&F!R.%!?%-/(%!02(7-"/()4"-,!/(!-.%!R9K!7/3%!/0!*)(1( !H)&!

%V<4/"-%*!)&!)!&,(-.%-"7!.)(*4%!-/!8%!7/(#%3-%*!"(-/!7)38/(,4D!.,*3/V,D!/3!/4%0"("7!

02(7-"/()4!'3/2<F!R.%!?%-/(%!*)(1( !H)&!&-%3%/&%4%7-"#%4,!3%*27%*!-/!)47/./4!*)**4 !8,!

1)G9 ' !"(!Qbw!,"%4*F!S(!)**"-"/(D!-.%!?%-/(%!H)&!&277%&&0244,!7/(#%3-%*!-/!iD^T

2(&)-23)-%*!%&-%3!*)**( !8,!)!9/3(%3 \ E)*&H/3-. \ I==/(&!3%)7-"/(!H"-.!=%-.,4!

O

SS

HH NH

O

PhO

O

OH

O

SS

HH NH

O

PhO

O

O

N3

O

OH

O
N3

DCC
DMAP
CH2Cl2

25 °C, 2 h
94%

O

SS

HH NH

O

PhO

O

O

N2

O

O

O N

O

O
PPh2

THF/H2O
25 °C, 3.5 h

then
sat. aq. NaHCO3

    25 °C, 17 h
62%

Toluene

reflux, 17 h

O

SS

HH NH

O

PhO

O

O

O
N N

H

2.90 2.196 2.197

2.198

2.195 2.193



!

!

Zb!

*"%-.,4<./&<./(/)7%-)-%F!6%-.,4%()-"/(!/0!-.%!?%-/(%! *)( 1( !8,!;/=8)3*/ \ R)?)"!

/4%0"()-"/( )* $+! !<3/*27%*!=)73/7,74%!*)(55!H"-.!)!-%3="()4!/4%0"(!'3/2<!dN`wD!abw!83&=eF!

R/!"=<3/#%!-.%!,"%4*D!E"--"'T-,<%!/4%0"()-"/(!H)&!)4&/!)--%=<-%*!H"-.!-.%!7/=8"()-"/( !

/0!=%-.,4-3"<.%(,4<./&<./("2=!"/*"*%!)(*! n-82-,44"-."2=F!5(0/3-2()-%4,D!-."&!)--%=<-!

3%&24-%*!"(!) !4/H%3!,"%4*!dPOwe!H"-.!"(&%<)3)84%!-3"<.%(,4<./&<."(%!/V"*%!)&!)!

8,<3/*27-F !

!
!

9/:&;&' 11)'B<<%(*)'%!*"#%3&"0"7)-"/(!/0!-.%!=)73/4)7-/(% '*)(1( '

OH H
HN OH

N

O

O

O Ph

O

OH H
HNH

N

O

O

O

CH2

Ph
O

OH H
HN OH

N

O

O

O Ph

OH

OH H
HNH

N

O

O

O

CO2Me

Ph
O

2.199 (24%, 35% brsm)

TMSCl, BrCH2CH2Br
Zn, CH2Br2, TiCl4 
–40 to 25 °C, 4 h

NaBH4, MeOH
–40 ℃, 1 h

2.200 (95%)

NaH, THF
0 to 25 ℃, 1 h

2.201 (77%)

MeO2C P(OEt)2

O

R1–OH
EDC·HCl, DMAP
CH2Cl2

OH H
HN OH

N

O

O

O Ph

O

2.131

R2

OH H
HN OH

N

O

O

O

O

Ph

R1

O

O

O

11

O

AcO
OAc

OAc

OAc

O

AcO
OAc

OAc

OAc

R2–OAc
BF3·OEt2
CH2Cl2

R1 = R2 =

2.202 (55%)

2.203 (41%)

2.204 (62%)

2.205 (29%)

2.206 (13%)

2.202–2.204 2.205–2.206



!

!

ZZ!

! R/!023-.%3!%V<)(*!-.%!*"#%3&"-,!/0!-.%!=)73/7,74"7!4"83)3,D!H%!7)33"%*!/2-!

)7,4)-"/(!)(*!'4,7/&,4)-"/(!/0!-.%!&%7/(*)3,!)47/./4! *)*44F!R."&!*%3"#)-"U)-"/(!H)&!

*%#"&%*!&"(7%!'4,7/&,4)-%*!/3!)7,4)-%*!=)73/4"*%&!)3%!)82(*)(-!"(!()-23)4!<3/*27-&!)(*!

-.%"3!<.,&"7)4!<3/<%3-"%&!)(*!8"/4/'"7)4!)7-"#"-"%&!)3%!&"'("0"7)(-4,!*"00%3%(-!03/=!-./&%!/0!

-.%!<)3%(-!7/=</2(*&F +%!B7,4)-"/(!/0! *)*44!H"-.!7"-3/(%44"7!)7"*D!&/38"7!)7"*D!)(*!

<)4="-"7!)7"*!<3/#"*%*!-.%!*%7/3)-%*!=)7 3/7,74%&!*)*4* \ *)*42F![23-.%3=/3%D!

'4,7/&,4)-"/(!H"-.!'427/&%!)7%-)-%!)(*!=)((/&%!)7%-)-%!,"%4*%*!-.%!0"()4!7/=</2(*!

*)*43!)(*! *)*46F!

! !



!

!

Zc!

4"4"D#>6+<%1=&-<')%(#:1'/.0+0 #

B0-%3!-.%!7/(&-327-"/(!/0!/23!*%&"'(%*!=)73/7,74%!4"83)3,D!H%!<%30/3=%*!

7.%="(0/3=)-"7!)( )4,&%&!"(742*"('!<3"(7"<)4!7/=</(%(-!)()4,&"&!dK>Be!)(*!<3"(7"<)4!

=/=%(-!/0!"(%3-")!dK6Se!-/!%#)42)-%!-.%!7.%="7)4!*"#%3&"-,!/0!-.%!4"83)3,F'' !R/!)7."%#%!

-."&D!/23!a`!=)73/7,74%!4"83)3,!=%=8%3&!H%3%!7/=<)3%*!-/!bO!-/<T&%44"('!&=)44T=/4%724%!

*32'&!d$32'!&%-eD!cb!*"#%3&%!()-23)4!<3/*27-&!d1)-23)4!K3/*27-!+%-eD!)(*!aZ!=)73/7,74"7!

()-23)4!<3/*27-&!d6)73/7,74"7!1K!+%-e!H."7.!)3%!&./H(!"(!R)84%!PF!!

!

R,.E&' ( )'>/=</2(*&!2&%*!"(!<3"(7"<)4!7/=</(%(-!)()4,&"& !

Series Compounds 

Drug Set 
 

(50 
compounds) 

Abilify Coreg Imitrex Prevacid Toprol 

Aciphex Crestor Januvia Protonix Tricor 

Actos Cymbalta Lamictal Revlimid Valtrex 

Adderall Diovan Levaquin Risperdal Wellbutrin 

Ambien Effexor Lexapro Serevent Xarelto 

Avandia Eliquis Lipitor Seroquel Zetia 

Benazepril Flonase Lyrica Singulair Zocor 

Celebrex Fosamax Nexium Sovaldi Zoloft 

Cialis Gilenya Norvasc Tecfidera Zyprexa 

Concerta Gleevec Plavix Topamax Zyrtec 

Natural 
Product  

Set 
 

(75 
compounds) 

Actinonin Cephamycin C Estrone Muscarine Spongistatin 1 

Adrenaline Cerebroside FK228 Mycobactin S SQ26180 

Adriamycin Coformycin FK506 Penicillin G Staurosporine 

Amphotericin B Colchicine Forskolin Phorbol MA Streptogramin B 

Apoptolidin Compactin FTY720 Plaunotol Streptomycin 

Arglabin Cyclosporin A Fumagillin Prostaglandin f2a Talaromycin B 

Artemisinin Cytochalasin B Geldanamycin Pseudomonic acid A Taxol 

Avermectin B1a Dalfopristin Ginkgolide B Quinine Telomestatin 

Bestatin Daptomycin Lactacystin Radicicol Thienamycin 

Bleomycin Discodermolide Lipstatin Rapamycin Trapoxin B 

Brefeldin A Duocarmycin A Longithorone A Reserpine Trichostatin 

Brevetoxin B Echinocandin B Midecamycin A1 Rifamycin B Validamycin 

Caffeine Epothilone A Mizoribine Salicylihalamide A Vancomycin  

Calicheamicin G1 Ergotamine Monensin Scopolamine Vincristine 



!

!

Z_!

Calyculin A Erythromycin A Morphine Spergualin Zaragozic acid A 

Macrocyclic 
NP 
Set 

 
(36 

compounds) 

2,4,6,8-Tetramethyl-3,4-
dihydroxydec-8(9)-
enolide 

Cembrene A Jasmine 
Ketolactone Manzamine A Pristinamycin IIB 

Apicularen A Cladospolide D Jatrophane 1 Methymycin Sorangicin A 
Aspergillide A Curvularin Kendomycin Neomethymycin Xestospongin C 
Bacitracin A Cyanolide A Largazole Neopeltolide Zampanolide 
Batatoside L Decarestrictine A1 Lasonolide A Nostopeptolide A1  
Bryostatin 1 Fluvirucin A1 Leucascandrolide A Pinolidoxin  
Budmunchiamine A Hypothemycin Lyngbouilloside Pladienolide B  
Caspofungin Iriomoteolide 3a Mandelalide A Polymyxin B  

THP-MC 
Library 

Set 
 

(34 
compounds) 

2.128 2.144 2.161 2.173 2.202 

2.129 2.148 2.162 2.175 2.203 

2.130 2.149 2.163 2.177A 2.204 

2.131 2.157 2.165A 2.177B 2.205 

2.132 2.158 2.168 2.199 2.206 

2.133 2.159 2.169 2.200 2.207 

2.136 2.160 2.171 2.201  

!

K>B!"&!)!-//4!-.)-!2&%&!)!4"(%)3!-3)(&0/3=)-"/(!-/!7/(#%3-!)!&%-!/0!7/33%4)-%*!

#)3")84%&!d"(!-."&!7)&%D!=/4%724)3!H%"'.-&D!</4)3!&230)7%!)3%)D!(2=8%3!/0!&-%3%/'%("7!

7%(-%3&D!%-7e!"(-/!)!&%-!/0!#)42%&!/0!<3"(7"<)4!7/=</(%(-&F+&!K>B!)44/H&!2&!-/!#"&2)4"U%!

=24-"*"=%(&"/()4!*)-)!"(-/!4/H%3!*"=%(&"/()4!&<)7%F!E%!%V)="(%*!NO!&-327-23)4!)(*!

<.,&"7/7.%="7)4!<3/<%3-"%&!/0!PQb!7/=</2(*&!dR)84%!NeF!IV)="()-"/(!/0!-.%!7/=</(%(-!

4/)*"('&!"(!K>B!"(*"7)-%*!-.)-!-.%!=)"(!7/(-3"82-/3&!/0!-.%!K>P!)V"&!)3%!=/4 %724)3!

H%"'.- D!(2=8%3!/0!/V,'%(&!)(*!.,*3/'%(!8/(*"('!)77%<-/3&D!H."4%!-.%!'3%)-%&-!

7/(-3"82-/3&!/0!-.%!K>N!)V"&!)3%!.,*3/<./8"7"-,!)(*!7)4724)-%*!)L2%/2&!&/428"4"-,F!S(!

K>P!#&F!K>N!<4/-D!-.%!=%=8%3&!/0!/23!=)73/7,74"7!4"83)3,!&."0-!"(!)!(%')-"#%!*"3%7-"/(!

)4/('!-.%!K>P!)V"&!7/=<)3%*!-/!-.%!&=)44 T=/4%724%!*32'&D!7/#%3"('!)!*"&-"(7-!3%'"/(!/0!

-.%!7.%="7)4!&<)7%!)(*!7/(&"*%3)84,!/#%34)<<"('!H"-.!=)73/7,74"7!()-23)4!<3/*27-!

&<)7%!d["'23%!PP)eF!S(!<4/-&!K>P!#&F!K>a!d["'23%!PP8e!)(*!K>a!#&F!K>N!d["'23%!PP7eD!-.%!



!

!

ZQ!

=)73/7,74"7!4"83)3,!=%=8%3&!)3%!</&"-"/(%*!8%-H%%(!*32'!&<)7%!)(*!=)73/7,74"7!

()-23)4!<3/*27-!&<)7%F!!

!

!

!"#$%&'(( )'K3"(7"<)4!7/=</(%(-!)()4,&"&!dK>Be!)(*!<3"(7"<)4!=/=%(-!/0!"(%3-")!
dK6Se!<4/-&f!d, e!K>B!<4/-!/0!K>P!#&F!K>Nf!d. e!K>B!<4/-!/0!K>P!#&F!K>af!d/ e!K>B!<4/-!/0!

K>a!#&F!K>Nf!d0e!K6S!<4/-!"442&-3)-"('!-.%!-.3%%T*"=%(&"/()4!&.)<%!*"#%3&"-,!/0!-.%!
7/=</2(*!&%-& '

!

! !

! !
!
!
!
!
!
!
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$#$

'#$

&#$

%#$

"#$

!()
#$

!($
#$ !)#
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!

!

cO!

R,.E&'* )'+-327-23)4!)(*!<.,&"7/7.%="7)4!<)3)=%-%3&!2&%*!"(!K>B'

Parameters Description 
MW Molecular weight 
N Number of nitrogen 
O Number of oxygen 
XlogP Calculated n-octanol/water partition coefficient 
HBD Number of hydrogen bond donors 
HBA Number of hydrogen bond acceptors 
RotB Number of rotatable bonds 
tPSA Topological polar surface area 
ALOGPs Calculated n-octanol/water partition coefficient (alt) 
ALOGpS Calculated aqueous solubility 
nStereo Number of stereocenters 
R Number of R stereocenters 
S Number of S stereocenters 
RSdelta R – S 
nStMW nStereo ÷ MW (stereochemical density) 
Rings Number of rings 
RngAr Number of aromatic rings 
RngSys Number of ring systems 
RngLg Number of atoms in largest ring outline 
RRsys Rings ÷ RngSys (ring complexity) 

!

1%V-D!H%!7)33"%*!/2-!)!K6S!)()4,&"&!-/!%V)="(%!-.%!=/4%724)3!&.)<%!*"#%3&"-,!/0!

-.%!-%&-!&%-&!d["'23%!PP*eF!K3"(7"<)4!=/=%(-&!/0!"(%3-")!7)4724)-"/(&!H%3%!<%30/3=%*!

2&"('!-.%!6/4%724)3!X<%3)-"('!I(#"3/(=%(-!d6XID!#NOP_FOPe!&/0-H)3%!<)7?)'%+' !8,!/23!

7/44)8/3)-/3D!-.%!9)3'3/#%!4)8!)-!$2?%!5("#%3&"-,F!K6S!)()4,&"&!/0!-.3%%T*"=%(&"/()4!

&.)<%&!/0!7/=</2(*&!<3/#"*%&!)(!"(-2"-"#%!*%&73"<-"/(!/0!=/4%724)3!&.)<%!<4/--%*!/(!)!

-.3%%T&"*%*!-3")('24)3!'3 )<.!H"-.!-.3%%!%V-3%=%&!d3/*D!*"&?D!)(*!&<.%3%eF+"!;/H T%(%3',!

7/(0/3=)-"/(&!0/3!%) 7.!=/4%724%!"(!-.%!7/=</2(*!&%-&!H%3%!7)4724)-%*!)(*!-.%(!<4/--%*!

/(!)!-.3%%T&"*%*!-3")('24)3!=)<!8/2(*%*!8,!7)(/("7)4!&.)<%&F!R.%!*32'!3%0%3%(7%!&%-!

4"%&!)4/('!3/*T4"?%!)(*!*"&?T4"?%!)V%&F!S(!7/(-3)&-D!/23!=)73/7,74"7!4"83)3,!&./H%*!



!

!

cP!

*%73%)&%*!3/*T4"?%!7.)3)7-%3!7/=<)3%*!-/!-.%!*32'!&%-D!H."4%!%V-%(*"('!=/3%!"(-/!

&<.%3%T4"?%!&<)7%!)(*!/#%34)<<"('!H"-.!()-23)4!<3/*27-&F!R.%!=)73/7,74"7!4"83)3,!

</&&%&&%&!"(73%)&%*!=/4%724)3!&.)<%!*"#%3&"-,!7/=<)3%*!-/!&=)44T=/4%724%!*32'&F!

!

4"4"E#$%&/&F%('/#K*'/3')%&1#

S(!/3*%3!-/!)&&%&&!-.%!</-%(-")4!/0!-.%!'%(%3)-%*!=)73/7,74%!4"83)3,!0/3!7.%="7)4!

<3/8%!)(*!-.%3)<%2-"7!*%#%4/<=%(-D!-.%!4"83)3,!=%=8%3&!H%3%!&73%%(%*!0/3!"(."8"-"/(!/0!

92.c!7%44&D!)!.%<)-/7,-%T*%3"#%*!7)37"(/=)!7%44!4"(%!d["'23%!PNeF!R.%!7%44!#")8"4"-,!-%&-!

H)&!<%30/3=%*!8,!/23!7/44)8/3)-/3D!-.%!$%38,&."3%!'3/2<!)-!$2?%!5("#%3&"-,F!$"=%-.,4!

&240/V"*%!)(*!83%0%4*"(!B!H%3%!2&%*!)&!)!(%')-"#%!7/(-3/4!)(*!)!</&"-"#%!7/(-3/4D!

3%&<%7-"#%4,F!E.%(!-.%!POO!~6!/0!%)7.!=)73/7,74%!H)&!-3%)-%*!-/!-.%!7)(7%3!7%44!4"(%D!-.%!

3%&24-!&./H%*!-.)-!7/=</2(*! *)(71!%V."8"-!-.%!=/&-!</-%(-!"(."8"-"/(!dQPwe!)=/('!-.%!

R9KT=)73/7,74%&D!0/44/H%*!8,!*)(73!daaweD!*)(28!daPweD!)(*!*)(*8 !dNcweF!R.%&%!0/23!

=)73/7,74%!=%=8%3&!H%3%!</"(-%*!/(!-.%!K>B!)(*!K6S!<4/-&!d0"'23%!PaeF!S(!)**"-"/(!-/!

-.%!7,-/-/V"7"-,!-%&-D!8"/4/'"7)4!%#)42)-"/(!/0!-.%!R9KT7/(-)"("('!=)73/7,74%!4"83)3,!"(!

-3)(&73"<-"/(!0)7-/3&D!<)-"%(-T*%3"#%*!V%(/'3)0-!-2=/3&D!)(*!02(')4!"(0%7-"/(&!"&!"(!

<3/'3%&&F!
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!
!"#$%&'(* )'>,-/-/V"7"-,!*)-)!/0!-.%! =)73/7,74%!4"83)3,!"(!92.c!7%44&!d&%%!["'23%!Pa!0/3!
&-327-23%!"(0/3=)-"/(e'
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2.3 Conclusions 

S(!&2==)3,D!H%!"(-3/*27%*!)(!)<<3/)7.!0/3!-.%!'%(%3)-"/(!/0!)!&-327-23)44,!

*"#%3&%!)(*!7/=<4%V!=)73/7,74%!4"83)3,!8)&%*!/(!-.%!-)(*%=!)44,4"7!/V"*)-"/(Y/V) T

7/(:2')-%!)**"-"/(Y/V"*)-"/(!3%)7-"/(F![/3!-.%!&?%4%-)4!*"#%3&"-,D!H%!2&%*!-.%!7/2<4"('!/0!

PDaT*"-.")(%&!-/!7."3)4!%</V"*%&!0/44/H%*!8,!-.%!-)(*%=!/V"*)-"/(Y/V) T7/(:2')-%!

)**"-"/(!3%)7-"/(!-/!"(-3/*27%!-%-3).,*3/< ,3)(&!-/!-.%!=)73/7,74"7!&7)00/4*F!IV<)(&"/(!

/0!-.%!&?%4%-)4!*"#%3&"-,!/0!=)73/7,74%&!H)&!)7."%#%*!8,!=/*"0"7)-"/(&!"(!3"('!&"U%&!dP`T!

-/!a_T!=%=8%3%*!3"('&eD!&7)00/4*&D!)(*!*%'3%%!/0!&)-23)-"/(F!B!*"#%3&%!&%-!/0!

=)73/7,74"U)-"/(!3%)7-"/(&!H)&!&277%&&0244,!%V<4/"-%*!-/!"(7/3</3)-%!#)3"/2&!

02(7-"/()4"-"%&!"(-/!=)73/7,74"7!&?%4%-/(&F!R.%!R9K&!"(!=)73/7,74%&!H%3%!023-.%3!

%4)8/3)-%*!H"-.!)<<%(*)'%&!&27.!)&!)7,4!)(*!'4,7/&,4!'3/2<&!-/!%V<)(*!-.%!

<.,&"7/7.%="7)4!<3/<%3-"%&!/0!=)73/7,74%&F!>.%="(0/3=)-"7!)()4,&%&!*%=/(&-3)-%*!-.)-!

/23!=)73/7,74%!4"83)3,!7/#%3&!)!*"&-"(7-!7.%="7)4!&<)7%!7/=<)3%*!-/!-.%!7/(#%(-"/()4!

*32' T4"?%!&<)7%D!H."4%!&"'("0"7)(-4,!/#%34)<<"('!H"-.!=)73/7,74"7!()-23)4!<3/*27-!&<)7%F!

+"(7%!-.%3%!%V"&-&!)!(2=8%3!/0!3%)*"4,!)#)"4)84%!7."3)4!%</V"*%&!)(*!02(7-"/()4"U%*!PDaT

*"-.")(%&D!H%!%V<%7-!-.)-!/23!)<<3/)7.!7)(!8%!%)&"4,!%V<)(*%*!-/!)!4)3'%3!&"U%!/0!

=)73/7,74%!4"83)3,!H"-.!)!."'.!4%#%4!/0!&-327-23)4!*"#%3&"-,F!6/3%/#%3D!"-!"&!0)"34,!

&-3)"'.-0/3H)3*!-/!"(7/3</3)-%!&-327-23)44,!=/3%!7/=<4%V!-%-3).,*3/<,3)(&!"(-/!

=)73/7,74"7!8)7?8/(%&F"( $"+,-(! $(%!R."&!(%H!&%-!/0!=)73/7,74"7!7/=</2(*&!H"44!<3/#"*%!
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#)42)84%!"(&"'.-&!0/3!()#"')-"('!)!83/)*%3!8"/4/'"7)4!&<)7%!-.)-!.)&!8%%(!"(-3)7-)84%!

2&"('!-.%!7/(#%(-"/()4!&=)44!=/4% 724%&F+(!

!

 

!
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2.4 Experimental Sections 

4"E"!#H+1+-'/#,+)6&B0 #

B44!3%)7-"/(&!H%3%!7/(*27-%*!"(!/#%(T*3"%*!'4)&&H)3%!2(*%3!("-3/'%(F!5(4%&&!

/-.%3H"&%!&-)-%*!)44!3%)'%(-&!H%3%!<237.)&%*!03/=!7/==%37")4!&2<<4"%3&!)(*!2&%*!

H"-./2-!023-.%3!<23"0"7)-"/(F!B44!&/4#%(-&!H%3%!B=%3"7)(!>.%="7)4!+/7"%-,!dB>+e!'3)*%!

/3!8%--%3!)(*!2&%*!H"-./2-!023-.%3!<23"0"7)-"/(!%V7%<-!-%-3).,*3/023)(!dR9[eD!H."7.!H)&!

03%&.4,!*"&-"44%*!03/=!&/*"2=Y8%(U/<.%(/(%!%)7.!-"=%!8%0/3%!2&%F!B()4,-"7)4!-."(!4),%3!

7.3/=)-/'3)<.,!dR;>e!H)&!<%30/3=%*!H"-.!'4)&&!8)7?%*!&"4"7)!'%4!dZO!je!<4)-%&!H"-.!

042/3%&7%(-!"(*"7)-"/(!dE.)-=)(eF!]"&2)4"U)-"/(!H)&!)77/=<4"&.%*!8,!5]!"33)*")-"/(!)-!

Nb`!(=D!/3!8,!&-)"("('!H"-.! pT)("&)4*%.,*%!&/42-"/(!/3! </-)&&"2=!<%3=)(')()-%!

&/42-"/(!0/44/H%*!8,!.%)-"('F![4)&.!7/42=(!7.3/=)-/'3)<.,!H)&!<%30/3=%*!8,!2&"('!

&"4"7)!'%4!d<)3-"74%!&"U%!NaO•`OO!=%&.D!ZO!jeF!B44!P9!16J!)(*!!&>!16J!&<%7-3)!H%3%!

3%7/3*%*!H"-.!)!])3")(!`OO!d`OO!69Ue!)(*!)!G32?%3!bOO!dbOO!69Ue!&<%7-3/=%-%3F!B44!

16J!€!#)42%&!)3%!'"#%(!"(!<)3-&!<%3!="44"/(!d<<=e!)(*!)3%!3%0%3%(7%*!-/!-.%!3%&"*2)4!

"&/-/</=%3!&/4#%(-!&"'()4&!d>9>4&@!δ!t!cFNZ!<<=D!>$%9X$@!δ!t!aFaP!<<=D!>$&+dXe>9$ %@!

δ!t!NFbO!<<=D!>$%9>1@!δ!tPFQ`!<<=e!0/3!! 9!16J!&<%7-3)D!/3!-.%!&/4#%(-!&"'()4&!0/3!!&>!

&<%7-3)F!>/2<4"('!7/(&-)(-&!dJe!)3%!'"#%(!"(!9%3-U!d9Ue!)(*!=24-"<4"7"-"%&!)3%!"(*"7)-%*!

2&"('!-.%!7/(#%(-"/()4!)883%#")-"/(!d&!t!&"('4%-D!*!t!*/284%-D!-!t!-3"<4%-D!L!t!L2)3-%-D!=!t!

=24-"<4%-!/3!/#%34)<!/0!(/(T%L2"#)4%(-!3%&/()(7%&D!83!t!83/)*eF!I4%7-3/&<3),!"/("U)-"/(!

dI+Se!=)&&!&<%7-3/=%-3,!d6+e!H)&!3%7/3*%*!H"-.!)(!B'"4%(-!PPOO!&%3"%&!d;>Y6+$!-3)<e!
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&<%7-3/=%-%3!)(*!<%30/3=%*!-/!/8-)"(!-.%!=/4%724)3!=)&&%&!/0!-.%!7/=</2(*&F!S(03)3%*!

dSJe!)8&/3<-"/(!&<%7-3)!H%3%!*%-%3="(%*!H"-.!)!R.%3=/T["&.%3!d1"7/4%-!ZcOOe!

&<%7-3/=%-%3F!X<-"7)4!3/-)-"/(!#)42%&!H%3%!=%)&23%*!H"-.!)!J2*/4<.!J%&%)37.!

B()4,-"7)4!dBNPPON!BKSYPEe!</4)3"=%-%3F!

!

4"E"4#H+1+-'/#A-&(+B3-+0 #

GC$KE">#'CD'(Q1@B"?:",>&',>0'IKCJ"0&'+XT(- '

R/!)!7//4%*!d\ c_!{>e!&/42-"/(!/0!)(!)44,4"7!)47/./4!dPFO!%L2"#e!"(!R9[Y96KB!dPOYPD!OFOb!

6e!H)&!)**%*!*3/<H"&%! tTG2;"!dPFc!6!"(!<%(-)(%D!aFb!%L2"#eF!R.%!3%&24-"('!="V-23%!H)&!

&-"33%*!0/3!b!="(!8%0/3%!%</V"*%!dNFO!%L2"#e!H)&!)**%*F!B0-%3!&-"33"('!0/3!P!.!)-!\ c_!{>D!

-.%!3%)7-"/(!="V-23%!H)&!L2%(7.%*!H"-.!&)-23)-%*!)L2%/2&!19' >4!)(*!*"42-%*!H"-.!

I-XB7F!R.%!4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!)L2%/2&!4),%3!H)&!%V-3)7-%*!H"-.!I-XB7F!R.%!

7/=8"(%*!/3')("7!4),%3&!H%3%!H)&.%*!H"-.!83"(%D!*3"%*!/#%3!)(.,*3/2&!1)%+X' D!)(*!

7/(7%(-3)-%*!in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!)&!"(*"7)-%*F!

'

<EEFE"/'MJ"0,?"C>Q'MJ,@/C>Y$#,?&'<00"?"C>Q'MJ"0,?"L&'IA?&%"D"/,?"C>',>0'ZF0%CEFA"A'
+XT*-'
'
[<EEFE"/'CJ"0,?"C>VMJ,@/C>Y$#,?&',00"?"C>VMJ"0,?"L&'&A?&%"D"/,?"C>\'R/!)!&/42-"/(!/0!)(!

)44,4"7!)47/./4'dPFO!%L2"#e!"(!>9%>4%!dOFP!6e!H)&!)**%*!6(X %!dbFO!%L2"#eD!)(*!-.%!

3%&24-"('!="V-23%!H)&!&-"33%*!0/3!b!.!)-!Nb!{>F!B(!)**"-"/(!/0!6(X%!dbFO!%L2"#e!H)&!

3%<%)-%*!-.3%%!-"=%&!%#%3,!a!.F!E.%(!-.%!&-)3-"('!=)-%3")4'H)&!7/=<4%-%4,!7/(&2=%*D!)!
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="V-23%!/0!*"=%-.,4-3")U/4"2=!"/*"*%!dOFN!%L2"#eD!$G5!dPFN!%L2"#D!OFP!6!"(!>9%>4%eD!

6(X %!dbFO!%L2"#e!)(*!6%X9!dbFO!%L2"#e!"(!>9%>4%!H)&!)**%*!"(!/(%!</3- "/(F!B0-%3!

&-"33%*!)-!-.%!&)=%!-%=<%3)-23%!0/3!N`!.D!-.%!3%)7-"/(!="V-23%!H)&!0"4-%3%*!-.3/2'.!)!<)*!

/0!>%4"-%!)(*!7/(7%(-3)-%*!in vacuoF![ZF0%CEFA"A\'R.%!3%&"*2%!H)&!*"&&/4#%*!"(!

R9[Y6%X9Y9 %X!dNYPYPD!OFP!6e!H)&!)**%*!;"X9!dPFO!6!"(!9%XD!aFO!%L2"#e!)-!Nb!{>F!B0-%3!

&-"33%*!)-!-.%!&)=%!-%=<%3)-23%!0/3!Pc\ N`!.D!-.%!3%)7-"/(!="V-23%!H)&!7//4%*!-/!O!{>D!

)7"*"0"%*!H"-.!P!1!9>4!dPO!%L2"#eD!)(*!*"42-%*!H"-.!>9%>4%F!R.%!4),%3&!H%3%!&%<)3)-%*D!

)(*!-.%!)L2%/2&!4),%3!H)&!%V-3)7-%*!H"-.!>9%>4%F!R.%!7/=8"(%*!/3')("7!4),% 3&!H%3%!

*3"%*!/#%3!)(.,*3/2&!1) %+X' !)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!)&!

"(*"7)-%*F!

'

Z<R]'<;"0&'GC$KE">#'H&,/?"C>'+XT1- '

R/!)!&/42-"/(!/0!)!7)38/V,4"7!)7"*!dPFO!%L2"#e!"(!>9%>4%!dOFP!6e!H%3%!)**%*!)="(%!dPFN!

%L2"#eD!9BR5!dNFO!%L2"#eD!)(*!iTK3%1I-!dbFO!%L2"#e!)-!Nb!{>F!B0-%3!&-"33"('!0/3!P_\ N`!.!)-!

Nb!{>D!-.%!3%)7-"/(!="V-23%!H)&!7/(7%(-3)-%*!in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!)&!

"(*"7)-%*F!

'

TU='B&K%C?&/?"C>'+XT2-'

R/!)!&/42-"/(!/0 !)!K6G T<3/-%7-%*!)47/./4'dPFO!%L2"#e!"(!>9%>4%Y9%X!dPOYPD!OFP!6e!H)&!

)**%*!$$q!dPFb!%L2"#e!"(!/(%!</3-"/(F!B0-%3!&-"33"('!-.%!3%)7-"/(!="V-23%!)-!Nb!{>!0/3!P!
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.D!-.%!3%)7-"/(!H)&!L2%(7.%*!H"-.!&)-23)-%*!)L2%/2&!1)9>X &!)(*!*"42-%*!H"-.!%V7%&&!

9 %XF!R.%!3%&24-"('!="V-23%!H)&!&-"33%*!#"'/3/2&4,!0/3!P!.F!R.%!4),%3&!H%3%!&%<)3)-%*D!

)(*!-.%!)L2%/2&!4),%3!H)&!%V-3)7-%*!H"-.!>9%>4%F!R.%!7/=8"(%*!/3')("7!4),%3&!H%3%!

H)&.%*!H"-.!83"(%D!*3"%*!/#%3!)(.,*3/2&!1) %+X' D!)(*!7/(7%(-3)-%*!in vacuoF!R.%!

3%&"*2%!H)&!<23"0"%*!)&!"(*"7)-%*F!

'

ZF0%CEFA"A'+XT3-'

R/!)!&/42-"/(!/0!)(! %&-%3!dPFO!%L2"#e!"(!R9[Y9%X!dNYPD!OFP!6e!H)&!)**%*!;"X9!dPFO!6!"(!

9 %XD!NFO!%L2"#e!)-!Nb!{>F!B0-%3!&-"33"('!)-!-.%!&)=%!-%=<%3)-23%!0/3!P\ P_!.D!-.%!3%)7-"/(!

="V-23%!H)&!7//4%*!-/!O!{>D!)7"*"0"%*!H"-.!P!1!9>4!dZ!%L2"#eD!)(*!*"42-%*!H"-.!>9%>4%F!

R.%!4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!)L2%/2&!4),%3!H)&!%V-3)7-%*!H"-.!>9%>4%F!R.%!

7/=8"(%*!/3')("7!4),%3&!H%3%!*3"%*!/#%3!)(.,*3/2&!1) %+X' !)(*!7/(7%(-3)-%*! in vacuo.!

R.%!3%&"*2%!H)&!<23"0"%*!)&!"(*"7)-%*F!

'

UN=< @U&0",?&0'U,/%CE,/?C>"P,?"C>'+XT6-'

R/!)!&/42-"/(!/0!N T=%-.,4 TZT("-3/8%(U/"7!)(.,*3"*%!d61GBD!PFN!%L2"#e!"(!>9%>4%!dOFOON!

6e!H)&!)**%*!$6BK!dNFb!%L2"#eF!B!&/42-"/(!/0!)!&%7/T)7"*!dPFO!%L2"#e!"(!>9 %>4%!dOFOOa!

6e!H)&!&4/H4,!)**%*!-/!-.%!3%)7-"/(!="V-23%!/#%3!PO!.!#")!)!*3/<<"('!02((%4!)-!Nb!{>F!

B0-%3!&-"33"('!0/3!)**"-"/()4!Q\ a_!.D!-.%!3%)7-"/(!="V-23%!H)&!7/(7%(-3)-%*!in vacuoF!R.%!

3%&"*2%!H)&!<23"0"%*!)&!"(*"7)-%*F!!
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!

_O!

(Q1@B"?:",>&'B&K%C?&/?"C>'$A">#'U&WVG,GM3'+XT7-'

R/!)!&/42-"/(!/0!)! PDaT*"-.")(% T<3/-%7-%*!?%-/(%!dPFO!%L2"#e!"(!6%>1Y9%X!daYPD!OFOb!6e!

H%3%!)**%*!>)>X &!dbFO!%L2"#e!)(*!6%S!d`O!%L2"#e!"(!)!&%)4%*!-28%!)-!Nb!{>F!R.%!3%&24-"('!

&2&<%(&"/(!H)&!&4/H4,!.%)-%*!-/!`O!{>!)(*!&-"33%*!0/3!c\ `_!.F!R.%!3%)7-"/(!="V-23%!H)&!

7//4%*!-/!3//=!-%=<%3)-23%D!)(*!-.%(!*"42-%*!H"-.!>9 %>4%F!R.%!3%)7-"/(!="V-23%!H)&!

0"4-%3%*!-.3/2'.!)!<)*!/0!>%4"-%!)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!)&!

"(*"7)-%*F!

'

R=9'B&K%C?&/?"C>'+XT8-'

R/!)!7//4%*!dO!{>e!&/42-"/(!/0!)!RG+T<3/-%7-%*!)47/./4'dPFO!%L2"#e!"(!R9[!dOFOa!6e!H)&!

)**%*!RGB[!dPFO!6!"(!R9[D!PFN!%L2"#e!*3/<H"&%F!B0-%3!b!="(D!-.%!3%)7-"/(!="V-23%!H)&!

)44/H%*!-/!H)3=!-/!Nb!{>!)(*!&-"33%*!0/3!b\ PZ!.F!R.%!3%)7-"/(!H)&!L2%(7.%*!8,!)**"('!

PvN!*3/<&!/0!9XB7F!R.%!="V-23%!H)&!7/(7%(-3)-%*!in vacuoD!)(*!-.%!3%&"*2%!H)&!

<23"0"%*!)&!"(*"7)-%*F!

'

RCAFE,?"C>'+XT5-'

R/!)!&/42-"/(!/0!)(!) 47/./4!dPFO!%L2"#e!"(!>9%>4%-dOFb!6e!H%3%!)**%*!pT-/42%(%&240/(,4!

7.4/3"*%!dPFN!%L2"#eD!-3"%-.,4)="(%!dNFb!%L2"#eD!)(*!$6BK!dOFP!%L2"#e!)-!Nb!{>F!B0-%3!

&-"33"('!)-!-.%!&)=%!-%=<%3)-23%!0/3!P!.D!-.%!3%)7-"/(!="V-23%!H)&!*"42-%*!H"-.!>9%>4%!

)(*!9 %XF!R.%!4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!)L2%/2&!4),%3!H)&!%V-3)7-%*!H"-.!>9%>4%F!



!

!

_P!

R.%!7/=8"(%*!/3')("7!4),%3&!H%3%!*3"%*!/#%3!)(.,*3/2&!1) %+X' !)(*!7/(7%(-3)-%*! in 

vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!)&!"(*"7)-%*F!

!

<P"0,?"C>'+XT(4-'

R/!)!&/42-"/(!/0!)!-/&,4)-%*!)47/./4!dPFO!%L2"#e!"(!>9 %>4%-dOFb!6e!H)&!)**%*!&/*"2=!

)U"*%!daFO!%L2"#e!)-!Nb!{>F!R.%!3%)7-"/(!="V-23%!H)&!&4/H4,!.%)-%*!-/!bO!{>!)(*!&-"33%*!

0/3!P!.F!R.%!3%)7-"/(!="V-23%!H)&!7//4%*!-/!3//=!-%=<%3)-23%!)(*!*"42-%*!H"-.!I-XB7!

)(*!9 %XF!R.%!4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!/3')("7!4),%3!H)&!H)&.%*!H"-.!9 %X!

&%#%3)4!-"=%&F!R.%!3%&24-"('!/3')("7!4),%3!H)&!*3"%*!/#%3!)(.,*3/2&!1)%+X' !)(*!

7/(7%(-3)-%*!in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!)&!"(*"7)-%*F!

'

G$+W-@/,?,EFP&0'<P"0&V<ESF>&'GF/EC,00"?"C>'+XT((-'

R/!)!&/42-"/(!/0!)! 4"(%)3!)U"*%T)4?,(%'dPFO!%L2"#e!"(!*3,!R9[!dOFOOP!6e!H)&!)**%*!i-

K3%1I-!daFO!%L2"#e!)-!Nb!{>F!B0-%3!82884"('!1%!-.3/2'.!-.%!&/42-"/(!0/3!Pb!="(D!>2S!dNFO!

%L2"#e!H)&!)**%*!)(*!-.%!3%)7-"/(!="V-23%!H)&!.%)-%*!-/!3%042V!0/3!PQ\ N`!.F!R.%!

="V-23%!H)&!7//4%*!-/!3//=!-%=<%3)-23%!)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!H)&!

<23"0"%*!)&!"(*"7)-%*F!

'

'

'



!

!

_N!

(Q1@B"?:",>&'B&K%C?&/?"C>'$A">#'N@.%C;CA$//">";"0&'+XT(*- '

R/!)!7//4%*!dO!{>e!&/42-"/(!/0!)!PDaT*"-.")(% T<3/-%7-%*!?%-/(%'dPFO!%L2"#e!"(!6%>1Y9%X!

d`YPD!OFOa!6e!H%3%!)**%*!NDZT42-"*"(%!dPZ!%L2"#e!)(*!NT83/=/&277"("="*%!d_FO!%L2"#eF!

B0-%3!&-"33"('!0/3!Pb!="(!)-!-.%!&)=%!-%=<%3)-23%D!-.%!3%)7-"/(!="V-23%!H)&!*"42-%*!H"-.!

>9 %>4%D!)(*!-.%!3%)7-"/(!H)&!L2%(7.%*!8,!)**"('!&)-23)-%*!)L2%/2&!1)9>X &F!R.%!

4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!/3')("7!4),%3!H)&!H)&.%*!H"-.!&)-23)-%*!)L2%/2&!

1)9>X &-)(*!&)-23)-%*!)L2%/2&!1) %+%X &F!R.%!3%&24-"('!/3')("7!4),%3!H)&!*3"%*!/#%3!

)(.,*3/2&!1) %+X' !)(*!7/(7%(-3)-%*! in vacuo.!R.%!3%&"*2%!H)&!<23"0"%*!)&!"(*"7)-%*F!

'

H">#@GECA">#'U&?,?:&A"A'+XT(1-'

B!*"%(%!dPFO!%L2"#e!H)&!*"&&/4#%*!"(!>9%>4%!dOFOOP!6e!)-!Nb!{>F!M3288&!N(*T'%(%3)-"/(!

7)-)4,&-!dPO!=/4we!H)&!)**%*D!)(*!-.%!3%)7-"/(!="V-23%!H)&!.%)-%*!-/!3%042VF!B0-%3!

3%042V"('!0/3!Pc\ PQ!.D!-.%!3%)7-"/(!="V-23%!H)&!7//4%*!-/!Nb!{>!)(*!*"=%-.,4!&240/V"*%!

dvPO!*3/<&e!H)&!)**%*!-/!-.%!&/42-"/(F!B0-%3!Pc!.D!-.%!3%)7-"/(!="V-23%!H)&!7/(7%(-3)-%*!

in vacuo.!R.%!3%&"*2%!H)&!<23"0"%*!)&!"(*"7)-%*F!

'

BGG'GC$KE">#'+XT(2-'

R/!)!&/42-"/(!/0!)(!)47/./4!dPFO!%L2"#e!"(!>9%>4%!dOFOb!6e!H%3%!)**%*!)7"*!dPFP!%L2"#eD!

NDNkT*"7,74/.%V,47)38/*""="*%!dPFN!%L2"#eD!)(*!$6BK!dOFP!%L2"#e!)-!Nb!{>F!B0-%3!&-"33"('!



!

!

_a!

0/3!PZ\ NO!.!)-!-.%!&)=%!-%=<%3)-23%D!-.%!3%)7-"/(!="V-23%!H)&!7/(7%(-3)-%*!in vacuo.!R.%!

3%&"*2%!H)&!<23"0"%*!)&!"(*"7)-%*F! !



!

!

_` !

4"E"D#86+#,+<?+-0#&=#)6+#8+)-'6.B-&9.-'1 @>&1)'%1%1F#,'(-&(.(/%(#
;%?-'-.# #

!

!"#$%&'(2)'R.%!=%=8%3&!/0!-.%!-%-3).,*3/<,3)(T7/(-)"("('!=)73/7,74"7!4"83)3,!
d7/(-"(2%*!/(!(%V-!<)'%f!-.%!(2=8%3!/0 !&,(-.%-"7!&-%<&!H)&!7/2(-%*!03/=!*)36!)(*! *)37<!

2(4%&&!/-.%3H"&%!&-)-%*eF!

OH H

HN O

O

H
N Ph

O

O

O

OH H
N OH

N

O

O

O

O

OH H
HN OH

N

O

O

O OBn

O

OH H
HN OH

N

O

O

O Ph

O

OH H
O NH

O

O

O

OH H
HN O

O

O

O

Ph

OH H
HN O

O

O

O

OH H
HN O

O

O

O

HO

O

O

O

NHOHO
H H

O

OH H
NH

O
O

O

HO

O

OH H

O

O

N
N

N
HN O

O

O
O

O

N
NN

N
H

O

O
O

O

N
N N

H
N

O

O

O

OH H

O

O

N
N

N
HN O

O

Ph

O
O

O

N
NN

N
H

O

O
O

O

N
N N

H
N

O

O

O

Ph

Ph

OH H

O

O

N
N

N
HN O

O

OBn

O
O

O

N
NN

N
H

O

O
O

O

N
N N

H
N

O

O

O

OBn

BnO

OH H
HN O

N

O

O

N
N

O

OH H
NHO

O

O

OH H NH

O

O

O

O

O

OH H NH

O

O

O

O

O

Ph

OH H

O

NH
O

O PhO

O

O

O

HN
H H

O

O

O Ph

O O

O

O
O H H

NHO

O

OO

O

O2N

Ph

O

O HH
NHO

PhO

O

O N
H

O HH
HN O

PhO

O

O

HN

O O

OH H
HNH

N

O

O

O

CH2

Ph
O

2.128
(9 steps)

2.129
(9 steps)

2.130
(9 steps)

2.131
(9 steps)

2.132
(9 steps)

2.133
(9 steps)

2.136
(9 steps)

2.144
(10 steps

from 2.56 and 2.57B)

2.148
(10 steps

from 2.56 and 2.57B)

2.149
(10 steps

from 2.56 and 2.57B)

2.157
(10 steps)

2.158
(10 steps)

2.159
(10 steps)

2.163
(12 steps)

2.160
(10 steps)

2.161
(10 steps)

2.162
(10 steps)

2.165A
(9 steps)

2.168
(9 steps)

2.169
(9 steps)

2.171
(9 steps)

2.173
(9 steps)

2.175
(10 steps)

2.177A
(11 steps)

2.177B
(11 steps)

2.199
(10 steps)



!

!

_b!

!
!

!"#$%&'(2'+/C>?">$&0-)'R.%!=%=8%3&!/0!-.%!-%-3).,*3/<,3)(T7/(-)"("('!=)73/7,74"7!
4"83)3,!d-.%!(2=8%3!/0!&,(-.%-"7!&-%<&!H)&!7/2(-%*!03/='*)36')(*! *)37<' 2(4%&&!/-.%3H"&%!

&-)-%*eF!

!
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H H
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O

2.207
(8 steps)

2.200
(10 steps)

2.201
(10 steps)

2.202
(11 steps)

2.203
(11 steps)

2.204
(11 steps)

2.205
(11 steps)

2.206
(11 steps)

O

O



!

!

_Z!

4"E"E#5.1)6+)%(#A-&(+B3-+0#'1B#:1'/.)%('/#J')' #

!

+,(-.%&"U%*!03/=!)44,4"7!)47/./4! *)36"" !dNFaP!'D!PNFP`!==/4e!)(*!%</V"*%!*)37<(' !dbF`O!'D!

N`FN_!==/4e!)77/3*"('!-/! XT( F!K23"0"7)-"/(!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!

d.%V)(%&YI-XB>D!PYPe!)00/3*%*!*"/4!*)38!daFaZ!'D!Zcwe!)&!7/4/34%&&!/"4@!nio%". !\ PPFN!dc!PFOD!

>9>4 &ef!SJ!d(%)-e@!•/01 !t!a`OOD!NQaND!PbPND!P``OD!PN`ZD!POaND!_PQ!7=2! f!! 9!16J!d`OO!69UD!

>$>4 &e!δ cFNZ!d*D!J!t!_FZ!9UD!N9eD!ZF__!d*D!J t!_FZ!9UD!N9eD!bF_N!d*-D!J!t!PPFOD!ZFQ!9UD!P9eD!bFcO!

d*-D!J!t!PPF`D!cF`!9UD!P9eD!`F``!d&D!N9eD!`FPc\ `FNZ!d=D!P9eD!`FOZ\ `FP`!d=D!P9eD!aFQb\ `FO`!d=D!

P9eD!aF_O!d&D!a!9eD!aFZa!d83!&D!P9eD!aF`a\ aFba!d=D!N9eD!NFQ`!d83!&D!P9eD!NFcP\ NFQP!d=D!b9e!NFZZ!

d**D!J t!PbFND!ZF_!9UD!P9eD!NFNO!d**D!J!t!PbFPD!QFP!9UD!P9eD!PFQP\ NFOc!d=D!a9eD!PFZc\ PFcc!d=D!

N9eD!PFbN\ PFZO!d=D!N9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!PbQFPD!PaPFQD!PaOFaD!PNQFaD!PNZFPD!

PPaFcD!cNFbD!ZQFQD!Z_FaD!b_FPD!bbFND!bPFQD!``FZD!acFOD!abFPD!NZFND!NZFPD!NbFcD!N`F_f!9J6+!dm/ze@!

n6x1)o 3!7)47*!0/3!>%!9 &%X ' +%!`abFPZa`f!0/2(*@!`abFPZ`PF!

!

'

O
H

PMBO

S S

OH

H

S S

OHO

OPMB

H67%

t-BuLi
THF/HMPA (10:1)

Ð78 ¡C, 1 h+

2.57A 2.56 2.58

H

OH

PMBO

S S

OH

H
54%

t-BuLi
THF/HMPA (10:1)

–78 °C, 1 h+

S S

OHO

PMBO
O
H

OTBS

2.57B 2.56 2.59TBS

H



!

!

_c!

+,(-.%&"U%*!03/=!)44,4!)47/./4!*)36"" !dbON!='D!NFZa_!==/4e!)(*!%</V"*%!*)37=(" !dPF_Z!'D!

bFNcZ!==/4e!)77/3*"('!-/! XT( F!K23"0"7)-"/(!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!

d.%V)(%&YI-XB>D!NYPe!)00/3*%*!*)35!dcb`!='D!b`we!)&!7/4/34%&&!/"4f!nio%". !!\ _FP!dc!PFOD!

>9>4 &ef!SJ!d(%)-e@!•/01 !t!NQaOD!N_bbD!PbP`D!PN`_D!PPOOD!POa`D!_abD!ccZ!7=2! f!! 9!16J!d`OO!

69UD!>$>4 &e!δ!cFNZ!d*D!J!t!_Fc!9UD!N9eD!ZF_c!d*D!J!t!_FZ!9UD!N9eD!bF_P!d*-D!J!t!PPFbD!cFO!9UD!

P9eD!bFcP!d*-D!J!t !PPFaD!cFN!9UD!P9eD!`F`c!d&D!N9eD!`FPN\ !`FNb!d=D!N9eD!aFQ_\ `FPO!d=D!N9eD!aF_P!

d&D!a9eD!aFZP!d&D!P9eD!aF`c!d**D!J!t!POFOD!`FZ!9UD!P9eD!aF`O!d**D!J!t!QFQD!bFZ!9UD!P9eD!NFcZ\ NFQZ!

d=D!b9eD!NFcN!d**D!J!t!PbFND!ZFc!9UD!P9eD!NFaa!d-D!J!t!ZFN!9UD!P9eD!NFPc!d**D!J!t!PbFOD!_F`!9UD!

P9eD!PF_c\ NFOb!d=D!a9eD!PFcO\ PFcb!d=D!N9eD!OF__!d&D!Q9eD!OFOQ!d&D!a9eD!OFOZ!d&D!a9ef!!&>!16J!

dPNb!69UD!>$>4&e!δ!PbQFND!PaPFQD!PaOFPD!PNQFbD!PNZFbD!PPaF_D!c`FPD!caFPD!cOFaD!ZZFcD!b_FND!bbFaD!

bNFPD!`bFPD!`aFND!aZF_D!NZFaD!NZFND!NbFQD!NbFOD!P_FPD!•`FaD!•`Fcf!9J6+!dm/ze@!n6x1)o3!7)47*!0/3!

> %)9 '( X "+%+"!bZbFN``_f!0/2(*!bZbFN`bPF!

!

!

+,(-.%&"U%*!03/=!*"/4!*)38!dNFba!'D!ZFPaN!==/4e!)77/3*"('!-/!XT* F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d>9 %>4%Y6%X9D!aOYPe!)00/3*%*!7)38/V,4"7!)7"*!*)6*!dNFN_!'D!_cw!

0/3!N!&-%<&e!)&!7/4/34%&&!/"4@!nio%". !\ aFa!dc!PFOD!>9>4&ef!SJ!d(%)-e@!•/01 !t!NQacD!NQacD!NaZOD!

PcPND!PbPaD!PN`cD!POQOD!POabD!_NO!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!cFNa\ cFNc!d=D!N9eD!

S S

OHO

OPMB

H

S S

CO2HO

OPMB

H H

1. MnO2, CH2Cl2, 25 °C, 18 h
    then, dimethyl triazolium iodide
    DBU, MeOH, MnO2, 25 °C, 24 h
2. 1 N LiOH, THF/MeOH/H2O
    25 °C, 17 h

87% for 2 steps

2.58 2.62
H



!

!

__!

ZF_c!d*D!J t!cFQ!9UD!N9eD!`F`N!d&D!N9eD!`FPb\ `FN`!d=D!P9eD!aFcc\ aF_c!d=D!`9eD!aFa_\ aFbO!d=D!

N9eD!NFZ_\ NFQ_!d=D!`9eD!NFbZ!d**D!J t!PbFcD!cF_!9UD!P9eD!NF`_!d**D!J t!PbFcD!`FQ!9UD!P9eD!NFa`!

d*D!J t!PaFc!9UD!P9eD!NFPZ\ NFNN!d=D!P9eD!PFQ`\ NFO`!d=D!N9eD!PFbO\ PFc_!d=D!Z9ef!!&>!16J!d PNb!

69UD!>$>4 &e!δ!PcbF_D!PbQFPD!PaOFZD!PNQF`D!PNQF`D!PPaFQD!PPaF_D!cNFcD!cNFbD!ZQF_D!ZQF`D!bbFaD!

`cF_D!`aFPD!`NFbD!`OFbD!aNFND!NZFOD!NbFQD!NbF_D!NbFcf!9J6+!d m/ze@!n6x1)o3!7)47*!0/3!>%!9 &#1 "+%!

``QFP`a_f!0/2(*!``QFP`aQF!

!

!

+,(-.%&"U%*!03/=!*)35!dcOO!='D!PFN_Q!==/4e!)77/3*"('!-/!XT* F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d>9 %>4%Y6%X9D!NOYPe!)00/3*%*!*)61!d`__!='D!Z_w!0/3!N!&-%<&e!)&!

7/4/34%&&!/"4@!nio%". !\ NFb!dc!PFOD!>9>4&ef!SJ!d(%)-e@!•/01 !t!NQaOD!N_b`D!NaZOD!PcPND!PbPaD!PN`_D!

POQ_D!_aZ!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!cFNb!d*D!J!t!_F`!9UD!N9eD!ZF_Z!d*D!J!t!_FZ!9UD!

N9eD!`F``!d&D!N9eD!`FPZ!d****D!J!t!PPFZD!cF`D!bF`D!NFc!9UD!P9eD!aFQN\ `FON!d=D!N9eD!aFcQ!d&D!a9eD!

aFN_\ aFbO!d=D!N9eD!NFZZ\ NFQc!d=D!`9eD!NFba!d**D!J!t!PbF_D!cFc!9UD!P9eD!NF`N!d**D!J!t!PbFcD!bFa!

9UD!P9eD!NFa`!d*D!J!t!PaFZ!9UD!P9eD!NFP_!d*D!J!t!PaF_!9UD!P9eD!PFQN\ NFOb!d=D!N9eD!PF`Q\ PFc_!

d=D!`9eD!OF_c!d&D!Q9eD!OFOb!d&D!a9eD!OFO`!d&D!a9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!PcbFcD!PbQFND!

PaOFcD!PNQF`D!PPaF_D!c`FPD!caFOD!ZQF_D!ZQFaD!Z_FcD!bbF`D!`cF_D!`aFbD!`NF`D!`OFQD!`OFZD!NZFOD!NbFQD!

S S

CO2HO

PMBO
O
H H

1. MnO2, CH2Cl2, 25 °C, 18 h
    then, dimethyl triazolium iodide
    DBU, MeOH, MnO2, 25 °C, 24 h
2. 1 N LiOH, THF/MeOH/H2O
    25 °C, 24 h

68% for 2 steps

2.59 2.63

S S

OHO

PMBO
O
H

TBS

H

TBS



!

!

_Q!

NbF_D!P_FND!•`FaD!•`FZf!9J6+!dm/ze@!n6x1)o3!7)47*!0/3!>%)9 '' X (+%+"!bcQFNN`Pf!0/2(*!

bcQFNNaZF!

!

'

[<EEFE"/'MJ"0,?"C>VMJ,@/C>Y$#,?&'<00"?"C>\'R/!)!&/42-"/(!/0!*"/4! *)38'dNOO!='D!OF`_b!

==/4e!"(!>9 %>4%!db!=;e!H)&!)**%*!6(X %!dNPO!='D!NF`N`!==/4eD!)(*!-.%!3%&24-"('!

="V-23%!H)&!&-"33%*!0/3!a!.!)-!Nb!{>F!B(!)**"-"/(!/0!6(X %!dNPO!='D!NF`N`!==/4e!H)&!

3%<%)-%*!-.3%%!-"=%&!%#%3,!a!.F!E.%(!*"/4!*)38'H)&!7/=<4%-%4,!7/(&2=%*D!-.%!3%)7-"/(!

="V-23%!H)&!-.%(!0"4-%3%*!-.3/2'.!)!<)*!/0!>%4"-%!H"-.!>9 %>4%!-/!)00/3*!-.%!732*%!

)4*%.,*%!*)62D!H."7.!H)&!7)33"%*!-/!-.%!(%V-!&-%<!H"-./2-!023-.%3!<23"0"7)-"/(F![^"??"#'

ME&D">,?"C>\!R/!)!&/42-"/(!/0!-.%!732*%!)4*%.,*%!*)62!"(!>9 %>4%!dPO!=;e!H)&!)**%*!

%-.,4!d-3"<.%(,4<./&<./3)(,4" *%(%e)7%-)-%!dP_`!='D!OFbN_!==/4e!)-!Nb!{>F!R.%!3%&24-"('!

="V-23%!H)&!&-"33%*!0/3!Pb!.D!)(*!7/(7%(-3)-%*!in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!

7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!.%V)(%&YI-XB7D!bYPe!-/!)00/3*!dEeT%(/)-%!*)63'dPQO!

='D!_`w!0/3!N!&-%<&e!)&!)!=):/3!"&/=%3@!>/4/34%&&!/"4f!nio%". !x`Fc!dc!PFOD!>9>4&ef!SJ!d(%)-e@!

• /01 !t!NQaZD!NQOZD!N_bcD!PcPZD!PbPaD!PN`ZD!POQ`D!POacD!_PQ!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!

δ!cFN\̀ cFN_!d=D!N9eD!ZFQZ!d*-D!J t!PbF_D!cFN!9UD!P9eD!ZF_c!d*D!J t!_Fc!9UD!N9eD!bF_c!d*D!J t!PbFc!

9UD!P9eD!`F`N!d&D!N9eD!`FP_!dLD!J t!cFP!9UD!N9eD!aF_N\ aFQO!d=D!P9eD!aF_O!d&D!a9eD!aFZQ\ aFcc!d=D!

1. MnO2, CH2Cl2, 25 °C, 24 h
2. 

    CH2Cl2, 25 °C, 15 h

84% for 2 steps

S S

OHO

OPMB

H

S S

O

OPMB

H H

CO2Et

Ph3P CO2Et

2.58 2.65

H



!

!

QO!

P9eD!aFaQ\ aFbP!d=D!N9eD!NF_b\ NFQP!d=D!N9eD!NFcN\ NFcc!d=D!N9eD!NFaZ\ NF`b!d=D!P9eD!NFNc\ NFab!

d=D!P9eD!NFPZ\ NFNb!d=D!N9eD!PFcO\ PF_N!d=D!P9eD!PFbO\ PFZQ!d=D!a9eD!PFN_!d-D!J t!cFP!9UD!a9ef!

!&>!16J!dPNb!69UD!>$>4 &e!δ!PZZFaD!PbQFPD!P``F_D!PaOFcD!PNQFND!PNaF`D!PPaFcD!cNFZD!cNFbD!cPFND!

ZQFQD!ZOFND!bbFaD!`_FOD!`aFPD!`NFQD!a_F`D!aNF`D!NbFQD!NbF_D!NbF_D!P`Faf!9J6+!d m/ze@!n6x1)o3!7)47*!

0/3!>%"9 &(X "+%!bOaFP_QZf!0/2(*!bOaFP_QZF!

!

!

R/!)!&/42-"/(!/0!%-.,4!%&-%3!*)63'dPZP!='D!OFa`b!==/4e!"(!R9[Y6%X9Y9%X!dNYPYPD!-/-)4!aFb!

=;e!H)&!)**%*!;"X9!dOFZQ!=;D!PFO!6!"(!9 %XD!OFZQO!==/4e!)-!Nb!{>F!R.%!3%)7-"/(!

="V-23%!H)&!&4/H4,!.%)-%*!-/!`O!{>!)(*!&-"33%*!0/3!P!.F!R.%!3%)7-"/(!="V-23%!H)&!7//4%*!

-/!O!{>D!)7"*"0"%*!H"-.!P!6!7"-3"7!)7"*!dvNFb!=;eD!)(*!*"42-%*!H"-.!>9%>4%F!R.%!4),%3&!

H%3%!&%<)3)-%*D!)(*!-.%!)L2%/2&!4),%3!H)&!%V-3)7-%*!H"-.!>9%>4%F!R.%!7/=8"(%*!

/3')("7!4),%3&!H%3%!*3"%*!/#%3!)(.,*3/2&!1) %+X' !)(*!7/(7 %(-3)-%*!in vacuo. R.%!

3%&"*2%!H)&!<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!>9%>4%Y6%X9D!NOYPe!-/!

)00/3*!7)38/V,4"7!)7"*!*)66'dPPN!='D!cNwe!)&!7/4/34%&&!/"4@!nio%". !xbFP!dc!OFQbD!>9>4&ef!SJ!

d(%)-e@!•/01 !t!NQaQD!NQOZD!N_ZOD!NabQD!PZQbD!PZbPD!PbPaD!PN`cD!POQP!7=2! f!! 9!16J!d`OO!69UD!

>$>4 &e!δ!cFN\̀ cFN_!d=D!N9eD!cFOc!d*-D!J t!PbFZD!cFN!9UD!P9eD!ZF_c!d*D!J t!_Fb!9UD!N9eD!bFQO!d*D!J 

t!PbFc!9UD!P9eD!`F`a!d&D!N9eD!aF_a\ aFQa!d=D!P9eD!aF_O!d&D!a9eD!aFZQ\ aFc_!d=D!P9eD!aFaQ\ aFbN!

1 N LiOH
THF/MeOH/H2O 

40 °C, 1 h
S S

O

OPMB

H H

CO2H

S S

O

OPMB

H H

CO2Et

72%

2.65 2.66



!

!

QP!

d=D!N9eD!NF_b\ NFQP!d=D!N9eD!NFcP\ NFc_!d=D!N9eD!NFN_\ NF`Q!d=D!N9eD!NFNP!d*D!J t!PaFN!9UD!N9eD!

PFQb\ NFO`!d=D!N9eD!PFbO\ PF_O!d=D!Z9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!PcPFbD!PbQFND!P`cF_D!

PaOFcD!PNQF`D!PNNF_D!PPaF_D!cNFcD!cNFbD!cPFND!ZQFQD!bbF`D!`_FOD!`aFND!`aFOD!a_FbD!aNF`D!NZFOD!NbFQD!

NbF_f!9J6+!dm/ze@!n6x9o3!7)47*!0/3!>%&9 &%X "+%!`baFPcZ`f!0/2(*!`baFPcZaF!

!

U,/%C/F/E&A'D%C;'U,/%CE,/?C>"P,?"C>''

!

+,(-.%&"U%*!03/=!*)6*!dcO!='D!OFPZ`!==/4e!)(*!'4,7"(%!=%-.,4!%&-%3!.,*3/7.4/3"*%!dNb!

='D!OFPQc!==/4e!)77/3*"('!-/! XT1F!K23"0"7)-"/(!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!

d.%V)(%&YI-XB7D!NYae!)00/3*%*!*)*47!dcc!='D!Qb!we!)&!7/4/34%&&!/"4@!nio%". !\ ZFa!dc!PFOD!

>9>4 &ef!SJ!d(%)-e@!•/01 !t! aaPQD!NQ`ZD!NQOcD!Pc`_D!PZZOD!PbPND!PN`bD!PNOcD!POaa!7=2! f!! 9!16J!

d`OO!69UD!>$>4&e!δ!cFNa!d*D!J!t!_FZ!9UD!N9eD!cFO`!d-D!J!t!bFb!9UD!P9eD!ZF_`!d*D!J!t!_FZ!9UD!N9eD!

`F`O!d&D!N9eD!`FOQ\ `FPZ!d=D!P9eD!`FOb!d**D!J!t!P_F`D!bF_!9UD!P9eD!aFQP!d**D!J!t!P_FaD!bFO!9UD!

P9eD!aF_O\ aF__!d=D!P9eD!aFc_!d&D!a9eD!aFcO!d&D!a9eD!aFa_\ aF`_!d=D!N9eD!NFQN!d***D!J!t!P`FaD!_FcD!

aF`!9UD!P9eD!NFZZ\ NF_Z!d=D!a9eD!NFa`\ NF`_!d=D!N9eD!NFN_!d*-D!J!t!PaFcD!NFN!9UD!P9eD!NFPZ!d*-D!J!

t!PaFQD!NFP!9UD!P9eD!PF_Q\ NFO`!d=D!N9eD!PF`c\ PFcb!d=D!Z9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!

PcPFOD!PcOFaD!PbQFND!PaOFZD!PNQFaD!PPaF_D!cNFZD!cNFbD!ZQFQD!bbFaD!bNFaD!`cFcD!`aFPD!`NFaD!`NFaD!`PFND!

S S

O

PMBO

H H
CO2H

S S

O

PMBO

H H
HN O

MeO2C

H2N-Gly-OMe·HCl
HATU, i-Pr2NEt

CH2Cl2, 25 °C, 20 h
95%

2.62 2.207



!

!

QN!

aNFbD!NZFOD!NbFQD!NbFcD!NbFcf!9J6+!dm/ze@!n6x1)o3!7)47*!0/3!>%'9 &"1X (+%!bNOFPcQ_f!0/2(*!

bNOFP_PPF!

!

'

+,(-.%&"U%*!03/=!*)6*!dbZ!='D!OFPaP!==/4e!)(*!;T<.%(,4)4)("(%!=%-.,4!%&-%3!

.,*3/7.4/3"*%!daP!='D!OFP``!==/4e!)77/3*"('!-/! XT1F!K23"0"7)-"/(!8,!&"4"7)!04)&.!

7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!PYPe!)00/3*%*!*)*48!dcN!='D!Qawe!)&!7/4/34%&&!/"4@!nio%". !

xNcFZ!dc!PFOD!>9>4&ef!SJ!d(%)-e@!•/01 !t!aa`ND!NQ`_D!NQO_D!Pc``D!PZcOD!PbPaD!PN`cD!PO_QD!POaa!

7= 2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!cFPc\ cFN_!d=D!`9eD!cFOQ!d*D!J!t!_FO!9UD!N9eD!cFOa!d*D!J!t!

_F`!9UD!P9eD!ZF_c!d*D!J t!cF`!9UD!N9eD!`FQN!d*-D!J t!cFcD!bFb!9UD!P9eD!`F`O!d&D!N9eD!`FOa\ `FPN!d=D!

P9eD!aF_O!d&D!a9eD!aFZ`\ aFcN!d=D!`9eD!aFaa\ aF`P!d=D!N9eD!aFPO!d-D!J t!bFP!9UD!N9eD!NF_Q\ NFQ_!

d=D!P9eD!NFcO\ NF_Z!d=D!a9eD!NFaa\ NF`c!d=D!N9eD!NFOb\ NFaN!d=D!N9eD!PFQO\ NFOc!d=D!N9eD!PFN_\

PFcO!d=D!Z9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!PcPF_D!PcOFaD!PbQFPD!PaZFPD!PaOFcD!PNQF`D!PNQFND!

PN_FbD!PNcFPD!PPaF_D!cNFbD!ZQF_D!ZQF_D!bbFaD!bNFQD!bNFND!`cFcD!`NF_D!`NFaD!`NFPD!a_FOD!aNFND!NbFQD!

NbFQD!NbFcD!NbFZf!9J6+!d m/ze@!n6x1)o3!7)47*!0/3!>&!9 '! 1X (+%!ZPOFNNZ_f!0/2(*!ZPOFNNbbF!

!

S S

O

PMBO

H H
CO2H

S S

O

PMBO

H H
HN O

MeO2C

H2N-Phe-OMe·HCl
HATU, i-Pr2NEt

CH2Cl2, 25 °C, 18 h
93%

Ph

2.62 2.208



!

!

Qa!

'

+,(-.%&"U%*!03/=!*)6*!db_!='D!OFPab!==/4e!)(*!=%-.,4!NTdNT)="(/<.%(,4e)7%-)-% +)$++!dZN!

='D!OFPZN!==/4e!)77/3*"('!-/! XT1F!K23"0"7)-"/(!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!

d.%V)(%&YI-XB7D!PYPe!)00/3*%*!*)*45!dZZ!='D!_bwe!)&!7/4/34%&&!/"4@!nio%". !xPFZ!dc!PFND!

>9>4 &ef!SJ!d(%)-e@!•/01 !t!aaO_D!NQ`cD!N_b_D!PcaZD!PbPND!PN`ZD!POQPD!POaa!7=2! f!! 9!16J!d`OO!

69UD!>$>4 &e!δ!_FZc!d83!&D!P9eD!cFcP!d*D!J t!_FN!9UD!P9eD!cFNQ!d-D!J t!cF_!9UD!P9eD!cFNP!d=D!

a9eD!cFPa!d-D!J t!cFZ!9UD!P9eD!ZF_b!d*D!J t!_FO!9UD!N9eD!`Fac!d&D!N9eD!`FNa\ `FaP!d=D!P9eD!aF_N\

aFQO!d=D!P9eD!aF_O!d&D!a9eD!aFZ_!d&D!a9eD!aFZP!d&D!N9eD!aFa_\ aF`b!d=D!N9eD!NFQ`!d***D!J!t!P`F`D!

_FcD!aF`!9UD!P9eD!NFcb\ NF_c!d=D!N9eD!NFcP!d***D!J!t!P`FbD!cFOD!aFZ!9UD!P9eD!NFbc!d*D!J t!bFQ!9UD!

N9eD!NF`P!d*D!J t!PaF`!9UD!P9eD!NFPQ!d*D!J t!PaFQ!9UD!P9eD!PFQa\ NFO_!d=D!N9eD!PFba\ PFcb!d=D!

Z9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!PcNFbD!PZQFND!PbQFPD!PaZFaD!PaOFcD!PaOFZD!PNQFND!PN_FaD!

PNZFQD!PNbFcD!PNbFbD!PPaF_D!cNFZD!cNFbD!cOFPD!ZQF_D!bbFaD!bNFbD!`cF_D!`aF_D!`aFPD!`NFbD!a_FND!aNF`D!

NZFOD!NbFQD!NbFcD!NbFcf!9J6+!d m/ze@!n6x9o3!7)47*!0/3!>&#9 &*1X (+%!bc`FNNQNf!0/2(*!

bc`FNNQcF!

!

S S

O

PMBO

H H
CO2H

HATU, i-Pr2NEt
CH2Cl2, 25 ¡C, 18 h

85%

O
H H

PMBO
O NH

MeO2C

SS

NH2

MeO2C

2.62
2.209

NH2·TFAH
N Ph

O

MeO2C

1. HOBt, EDC·HCl, CH2Cl2
    then H2N-Gly-OMe·HCl, DIPEA
    25 ℃, 14 h, 85%

NHBoc
HO Ph

O 2. TFA, CH2Cl2
    0 to 25 ℃, 2 h, quant.

Boc-L-phenylalanine 2.74



!

!

Q !̀

R/!)! &/42-"/(!/0!G/7 T; T<.%(,4)4)("(%!dPFQa!'D!cFNc!==/4e!"(!>9%>4%!dca!=;e!H%3%!)**%*!

PT.,*3/V,8%(U/-3")U/4%!.,*3)-%!dPFP_!'D!_Fca!==/4e!)(*!PT%-.,4TaTdaT

*"=%-.,4)="(/<3/<,4e7)38/*""="*%!.,*3/7.4/3"*%!dI$>|9>4D!PFZc!'D!_Fca!==/4e!)-!Nb!

{>F!B0-%3!&-"33"('!0/3!aO!="(!)-!-.%!&)=%!-%=<%3)-23%D!'4,7"(%!=%-.,4!%&-%3!.,*3/7.4/3"*%!

dQbQ!='D!cFZ`!==/4e!)(*!iTK3%I-!daF_O!=;D!NPF_!==/4e!H%3%!)**%*!-/!-.%!&/42-"/(!)-!Nb!

{>F!B0-%3!P`!.D!-.%!3%)7-"/(!="V-23%!H)&!*"42-%*!H"-.!>9%>4%!)(*!9 %XF!R.%!4),%3&!H%3%!

&%<)3)-%*D!)(*!-.%!/3')("7!4),%3!H)&!H)&.%*!H"-.!&)-23)-%*!)L2%/2&!1)9>X &D!P!6!

7"-3"7!)7"*D!)(*!83"(%F!R.%!3%&24-"('!/3')("7!4),%3!H)&!*3"%*!/#%3!1)%+X' !)(*!

7/(7%(-3)-%*!in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!

d>9 %>4%Y6%X9D!NOYPe!-/!)00/3*!-.%!<3/*27-!dNFO_!'D!_bwe!)&!7/4/34%&&!/"4F!R.%!<3/*27-!

H)&!*"&&/4#%*!"(!>9%>4%!dZO!=;e!)(*!-.%!3%)7-"/(!H)&!7//4%*!-/!O!{>F!!R3"042/3/)7%-"7!

)7"*!dPb!=;e!H)&!)**%*!*3/<H"&%D!)(*!-.%!3%&24-"('!="V-23%!H)&!&-"33%*!0/3!PO!="(!)-!O!

{>!)(*!-.%(!)44/H%*!-/!H)3=!-/!Nb!{> F!B0-%3!&-"33"('!0/3!N!.!)-!Nb!{>D!-.%!3%)7-"/(!

="V-23%!H)&!7/(7%(-3)-%*F!R.%!3%&"*2%!H)&!7/T%#)</3)-%*!H"-.!-/42%(%!&%#%3)4!-"=%&!-/!

)00/3*!*)72'dNFOQ!'D!L2)(-Fe!)&!7/4/34%&&!/"4D!H."7.!H)&!&/4"*"0"%*!2</(!&-)(*"('@!!! 9!16J!

d`OO!69UD!>$>4&e!δ _FPO!d83!&D!P9eD!cFPZ\ cFa`!d=D!b9eD!`FaQ\ `Fbc!d=D!P!9eD!aFQQ!d**D!J!t!

P_FOD!bFa!9UD!P9eD!aFc`!d**D!J!t!P_FPD!bFP!9UD!P9eD!aFbc!d&D!a9eD!aFOO\ aFNc!d=D!N9eF!

!



!

!

Qb!

!

+,(-.%&"U%*!03/=!*)6*!d`O!='D!OFOQ_a!==/4e!)(*!*"<%<-"*%!*)72!dNc!='D!OFPPa!==/4e!

)77/3*"('!-/! XT1F!K23"0"7)-"/(!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!PYae!

)00/3*%*!*)*(4 !dZO!='D!QQwe!)&!7/4/34%&&!/"4@!nio%". !\ PZFb!dc!PFOD!>9>4&ef!SJ!d(%)-e@!•/01 !t!

aNQaD!NQabD!N_bcD!PcbND!PZ`cD!PbPaD!PN`ZD!PNOcD!POQO!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!

cFPN\ cFNZ!d=D!c9eD!cFOP!d*D!J!t!_FN!9UD!P9eD!ZF_N!d*D!J!t!_FZ!9UD!N9eD!ZFca!d-D!J!t!bF`!9UD!P9eD!

`Fc`!dLD!J!t!cFO!9UD!P9eD!`Fa_!d&D!N9eD!aFQb\ `FON!d=D!P!9eD!aFQN!d**D!J!t!ZF`D!bF`!9UD!N9eD!aFcb!
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1. 1 N LiOH, THF/H2O, 25 °C, 1 h
2. MNBA, DMAP, CH2Cl2, 25 °C, 24 h

68% for 2 steps
O

O2.77 2.122
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1. 1 N LiOH, THF/H2O, 25 ¡C, 1 h, 99%

2. MNBA, DMAP, 4• MS
    toluene/THF, 80 ¡C, 21 h, 25%
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1. 1 N LiOH, THF/H2O, 25 ¡C, 1 h
2. MNBA, DMAP, CH2Cl2, 25 ¡C, 24 h

59% for 2 steps
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1. 1 N LiOH, THF/H2O, 25 ¡C, 1 h
2. MNBA, DMAP, CH2Cl2, 25 ¡C, 19 h

89% for 2 steps

2.80 2.125
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1. 1 N LiOH, THF/H2O, 25 ¡C, 1 h
2. MNBA, DMAP, CH2Cl2, 25 ¡C, 2 days

71% for 2 steps

2.81 2.126
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1. 1 N LiOH, THF/H2O, 25 °C, 1 h
2. MNBA, DMAP, CH2Cl2, 25 °C, 24 h

64% for 2 steps

2.82 2.127
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1. 1 N LiOH, THF/H2O, 25 ℃, 1 h
2. MNBA, DMAP, CH2Cl2, 25 ℃, 2 days

50% for 2 steps
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2.83 2.135
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O 1. propargyl bromide, K2CO3, DMF
    25 ! , 1 h, quant.

2. TFA, CH2Cl2
    0 to 25 ! , 2 h, quant.Boc-Gly-OH 2.88
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CH2Cl2, 25 ! , 18 h

88%

S S

O

OPMB

H H
NH

O

O

O

O

O
NH2áTFA

2.62 2.214

NH2áTFA
O

O

NHBoc
HO

O 1. propargyl bromide, K2CO3, DMF
    25 ! , 1 h, 99%

2. TFA, CH2Cl2
    0 to 25 ! , 2 h, 99%Ph Ph

2.87Boc-L-phenylalanine



!

!

PNQ!

+,(-.%&"U%*!03/=!G/7T; TK.%TX9!dPP_!='D!OF``b!==/4e!)77/3*"('!-/!-.%!&)=%!<3/7%*23%!

)&!*%&73"8%*!0/3!*)88F!>/=</2(*! *)87'dPaP!='D!Q_w!0/3!N!&-%<&e!H)&!/8-)"(%*!)&!)!H."-%!

&/4"*F![<ESFE,?"C>\!! 9!16J!d`OO!69UD!>$>4 &e!δ!cFN\̀ cFab!d=D!a9eD!cFPN\ cFPQ!d=D!N9eD!

`FQ`!d*D!J!t!_Fb!9UD!P9eD!`Fcc!d**D!J!t!PbFcD!NFb!9UD!P9eD!`FZ_!d**D!J!t!PbFZD!NFP!9UD!P9eD!`FbZ\

`FZc!d=D!P9eD!aFPb!d**D!J!t!P`FOD!bFc!9UD!P9eD!aFO_!d**D!J!t!P`FOD!ZF`!9UD!P9eD!NFbP!d-D!J!t!NFb!

9UD!P9eD!PF`P!d&D!Q9eF![=C/'0&K%C?&/?"C>\!! 9!16J!d`OO!69UD!>$>4 &e!δ!cFN_\ cFaZ!d=D!a9eD!

cFNP\ cFNb!d=D!N9eD!`Fcb!d**D!J!t!PbFZD!NFb!9UD!P9eD!`FZZ!d**D!J!t!PbFbD!NFb!9UD!P9eD!`FaN!d-D!J!t!

ZFa!9UD!P9eD!aFaa!d**D!J!t!P`FcD!bF_!9UD!P9eD!aFNc!d**D!J!t!P`FbD!cFO!9UD!P9eD!NFba!d-D!J!t!NF`!

9UD!P9eF!

!

!

+,(-.%&"U%*!03/=!6, !d_b!='D!OFNOO!==/4e!)(*!-.%!)="(%!<)3-!9(4. !dcN!='!OFN`O!==/4e!

)77/3*"('!-/! XT1F!K23"0"7)-"/(!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!PYPe!

)00/3*%*!(1!dPNP!='D!QQwe!)&!7/4/34%&&!/"4@!ni o%". !xPOFN!dc!PFZD!>9>4&ef!SJ!d(%)-e@!•/01 !t!

aN_bD!NQacD!NQO_D!Pc`_D!PZZZD!PbPND!PN`ZD!PPca!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!� � � � � \

cFNb!d=D!b9eD!cFO_\ cFPa!d=D!N9eD!cFOZ!d*D!J!t!_FN!9UD!P9eD!ZF_`!d*D!J!t!_FZ!9UD!N9eD!`FQ`!d*-D!J!

t!_FaD!bFc!9UD!P9eD!`FcP!d**D!J!t!PbFbD!NFb!9UD!P9eD!`FZ`!d**D!J!t!PbFbD!NFb!9UD!P9eD!`Fa_!d&D!

S S

O

PMBO

H H
CO2H

HATU, i-Pr2NEt
CH2Cl2, 25 ! , 21 h

99%

S S

O

OPMB

H H
NH

O

O

O

O

O
NH2áTFA

Ph

Ph

2.62 2.215

2.87



!

!

PaO!

N9eD!`FO`!d****D!J!t!PPF`D!cFZD!`FOD!NFP!9UD!P9eD!aFcZ!d&D!a9eD!aFZP\ aFZ_!d=D!P9eD!aFNQ\ aFac!

d=D!N9eD!aFOc\ aFPa!d=D!N9eD!NFQO!d***D!J!t!P`FbD!_FcD!aFa!9UD!P9eD!NFZZ\ NF_a!d=D!a9eD!NF`_!d-D!J!

t!NFb!9UD!P9eD!NFaN\ NF`O!d=D!N9eD!NFNN!d*-D!J!t!PaF_D!NFP!9UD!P9eD!NFPP!d*-D!J!t!PaF_D!NFO!9UD!

P9eD!PF_Q\ NFOa!d=D!N9eD!PF`Z\ PFZZ!d=D!a9eD!PFaa\ PF`N!d=D!a9ef!!&>!16J!dPNb!69UD!>$>4 &e!

δ!PcOFbD!PcOFND!PbQFPD!PabFcD!PaOFZD!PNQF`D!PNQFND!PNQFND!PN_FbD!PN_FbD!PNcFPD!PPaFcD!cbFbD!cNFbD!

cNF`D!ZQFcD!ZQFcD!bbFaD!bNFZD!bNFZD!`cFZD!`NFcD!`NFND!`NFPD!acF_D!aNFPD!NbFQD!NbF_D!NbFcD!NbFbf!9J6+!

dm/ze@!n6x9o3!7)47*!0/3!>&&9 '! 1X (+%!ZPNFN``_f!0/2(*!ZPNFN`baF!

!

!

+,(-.%&"U%*!03/=!G/7TOT8%(U,4T; T&%3"(%!dPP_!='D!OF`OO!==/4e!)77/3*"('!-/!-.%!&)=%!

<3/7%*23%!)&!*%&73"8%*!0/3!*)88F!>/=</2(*! *)85'dPNQ!='D!Q_w!0/3!N!&-%<&e!H)&!/8-)"(%*!

)&!)!H."-%!&/4"*@!! 9!16J!d`OO!69UD!>$>4 &e!δ!cFNa\ cFaZ!d=D!b9eD!`Fca!d**D!J!t!PbFcD!NFa!9UD!

P9eD!`FZ_!d**D!J!t!PbFcD!NFa!9UD!P9eD!`FbQ!d*D!J!t!PPFQ!9UD!P9eD!`F`Z!d*D!J!t!PPFQ!9UD!P9eD!`FNP\

`FaN!d=D!P9eD!aFQO!d83!&D!N9eD!NFQb\ aFON!d=D!P9eD!NF_Z\ NFQa!d=D!P9eD!NFbO!d-D!J!t!NF`!9UD!P9eF!

!

!

NH2áTFA
O

O

NHBoc
HO

O 1. propargyl bromide, K2CO3, DMF
    25 ! , 1 h, 99%

2. TFA, CH2Cl2
    0 to 25 ! , 2 h, 99%OBn OBn

Boc-O-benzyl-L-serine 2.89

S S

O

PMBO

H H
CO2H

HATU, i-Pr2NEt
CH2Cl2, 25 ! , 24 h

97%

S S

O

OPMB

H H
NH

O

O

O

O

O
NH2áTFA

OBn

OBn

2.62 2.216

2.89



!

!

PaP!

+,(-.%&"U%*!03/=!*)6*!d`Q!='D!OFPPb!==/4e!)(*!-.%!)="(%!<)3-!*)85!d`Z!='!OFPa_!==/4e!

)77/3*"('!-/! XT1F!K23"0"7)-"/(!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!PYPe!

)00/3*%*!*)*(6 !dcN!='D!Qcwe!)&!7/4/34%&&!/"4@!nio%". !xbFc!dc!PFZD!>9>4&ef!SJ!d(%)-e@!•/01 !t!

aNQND!NQabD!Na`ND!PcbND!PZcPD!PbPaD!PN`c!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!cFNa\ cFa_!d=D!

b9eD!cFNP!d*D!J!t!_Fc!9UD!N9eD!ZF_`!d*D!J!t!_FZ!9UD!N9eD!`Fcc\ `F_`!d=D!P9eD!`FZZ\ `FcZ!d=D!N9eD!

`FbP!d*D!J!t!PNFN!9UD!P9eD!`F``!d*D!J!t!PNFN!9UD!P9eD!`FaZ!d&D!N9eD!`FPa!d****D!J!t!PPFND!QF`D!bFcD!

aFN!9UD!P9eD!aFQO!d**D!J!t!QFbD!aFP!9UD!P9eD!aFcQ\ aF_b!d=D!P9eD!aFcc!d&D!a9eD!aFZb!d**D!J!t!QFbD!

aFN!9UD!P9eD!aFN_\ aF`O!d=D!N9eD!NFQ`!d***D!J!t!P`F`D!_F_D!aFa!9UD!P9eD!NFc`\ NF_Z!d=D!N9eD!NFcO!

d***D!J!t!PbFND!cFaD!`FO!9UD!P9eD!NFac\ NFbP!d=D!a9eD!NFaO!d*D!J!t!PaFc!9UD!P9eD!NFP`!d*D!J!t!PaFc!

9UD!P9eD!PF_Q\ NFOb!d=D!N9eD!PFZ`\ PF_O!d=D!N9eD!PF`a\ PFZ`!d=D!`9ef!!&>!16J!dPNb!69UD!

>$>4 &e!δ!PcOFZD!PZQFbD!PbQFPD!PacFZD!PaOFcD!PNQFND!PN_F`D!PNcF_D!PNcFZD!PPaF_D!ccFaD!cbF`D!caFND!

cNFZD!cNFbD!ZQFQD!ZQF_D!ZQFcD!bbFaD!bNF_D!bNFbD!`cF_D!`NFQD!`NFaD!`NFOD!aNFaD!NZFOD!NbFQD!NbF_D!NbFcf!

9J6+!d m/ze@!n6x9o3!7)47*!0/3!>&'9 '&1X )+%!Z`NFNbb`f!0/2(*!Z`NFNbZOF!

!

!

+,(-.%&"U%*!03/=!*)*(2 !da_!='D!OFOcN_!==/4e!)77/3*"('!-/!XT2F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d>9 %>4%Y6%X9D!POYPe!)00/3*%*!*)52!dNQ!='D!QQwe!)&!7/4/34%&&!/"4@!

DDQ
CH2Cl2/H2O
25 °C, 1 h

99%

S S

O

OPMB

H H NH

O

O

O

S S

O

OH

H H NH

O

O

O

2.214 2.94



!

!

PaN!

nio%". !\ bF`!dc!PFOD!>9>4&ef!SJ!d(%)-e@!•/01 !t!aN_cD!NQ`OD!NabQD!PcbZD!PZb`D!PP_`D!ZZQ!7=2! f!! 9!

16J!d`OO!69UD!>$>4 &e!δ!cFOP!d83!&D!P9eD!`Fc`!d*D!J!t!NFb!9UD!N9eD!`FP`\ `FNN!d=D!P9eD!`FOP\

`FP`!d=D!N9eD!aF_a\ aFQN!d=D!P9eD!aFbc\ aFcO!d=D!N9eD!NFQb!d***D!J!t!P`F`D!QFOD!aFa!9UD!P9eD!

NFcZ\ NF_Z!d=D!N9eD!NFcN!d***D!J!t!P`FZD!cFOD!aFc!9UD!P9eD!NFbP!d-D!J!t!NFb!9UD!P9eD!NFaQ\ NF`Q!

d=D!N9eD!NFaN!d*-D!J!t!PaFcD!NFP!9UD!P9eD!NFPa\ NFP_!d=D!P9eD!PF_Q\ NFOc!d=D!N9eD!PFbN\ PFc`!d=D!

Z9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!PcPFOD!PZQF`D!ccFPD!cbFcD!cNFZD!cOFPD!ZNFbD!bNF_D!`cFcD!`aFND!

`NF`D!`NFaD!`PFND!aNFPD!N_FcD!NZFOD!NbFQD!NbFcf!9J6+!dm/ze@!n6x9o3!7)47*!0/3!>!+9 %)1X "+%!

`ONFP`Oaf!0/2(*!`ONFP`O`F!

!

!

+,(-.%&"U%*!03/=!*)*(3 !dPNP!='D!OFNOO!==/4e!)77/3*"('!-/!XT2F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d>9 %>4%Y6%X9D!aOYPe!)00/3*%*!*)54!dQ_!='D!QQwe!)&!7/4/34%&&!/"4@!

nio%". !xPQFP!dc!PF`D!>9>4&ef!SJ!d(%)-e@!•/01 !t!aNQND!NQaQD!NQOQD!PN`cD!PZbND!PbNQD!PPcZD!cbP!

7= 2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!cFNc\ cFaa!d=D!N9eD!cFNP\ cFNZ!d=D!P9eD!cFPP\ cFPZ!d=D!

N9eD!cFOQ!d*D!J!t!_FP!9UD!P9eD!bFOP!d*-D!J!t!_FND!bF`!9UD!P9eD!`FcQ!d**D!J!t!PbFbD!NFb!9UD!P9eD!

`FZQ!d**D!J!t!PbFbD!NFb!9UD!P9eD!`FOb\ !`FPb!d=D!P9eD!aFZc!d****D!J!t!PPFbD!ZFQD!`F_D!NFO!9UD!P9eD!

aF` \̀ aFb`!d=D!N9eD!aFPa\ aFNP!d=D!N9eD!NFQb!d***D!J!t!P`FbD!QFOD!aFN!9UD!P9eD!NFc_\ NF_Z!d=D!

DDQ
CH2Cl2/H2O
25 °C, 1 h

99%

S S

O

OPMB

H H NH

O

O

O

S S

O

OH

H H NH

O

O

O

Ph Ph

2.215 2.90



!

!

Paa!

N9eD!NFcb!d***D!J!t!P`FbD!cFPD!`FO!9UD!P9eD!NFba!d-D!J!t!NFb!9UD!P9eD!NF`b!d**D!J!t!PbFcD!_F`!9UD!

P9eD!NFac!d**D!J!t!PbFcD!aFP!9UD!P9eD!NFNc!d*-D!J!t!PaFcD!NFN!9UD!P9eD!NFPO!d*-D!J!t!PaF_D!NFP!9UD!

P9eD!PFQN\ NFOZ!d=D!N9eD!PFZb!d**D!J!t!PaFcD!PPFa!9UD!P9eD!PFbc!d**D!J!t!PaF_D!PPFa!9UD!P9eD!

PFNb\ PFbP!d=D!`9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!PcOF_D!PcOFaD!PabFcD!PNQFZD!PN_FbD!PNcFPD!

ccFOD!cbFcD!cNF`D!ZQF_D!ZNFbD!bNFcD!bNFcD!`cFZD!`NFQD!`NFND!acFcD!aPFcD!N_F`D!NbFQD!NbF_D!NbFcf!9J6+!

dm/ze@!n6x9o3!7)47*!0/3!>%"9 &&1X "+%!`QNFP_caf!0/2(*!`QNFP_cbF!

!

!

+,(-.%&"U%*!03/=!*)*(6 !dQ`!='D!OFP`Z!==/4e!)77/3*"('!-/! XT2F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!PYNe!)00/3*%*!*)53!dZQ!='D!QOwe!)&!7/4/34%&&!/"4@!

nio%". !xPNFP!dc!PFPD!>9>4&ef!SJ!d(%)-e@!•/01 !t!aN_QD!NQ`OD!NQOQD!PcbND!PZbbD!PbNQD!PPQND!POb`D!

c``!7= 2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!cFN_\ cF`P!d=D!a9eD!cFNO\ cFNc!d=D!N9eD!`F_N!d*-D!J!t!

_FZD!aFP!9UD!P9eD!`FcN!d*D!J!t!NFb!9UD!N9eD!`FbN!d*D!J!t!PNFP!9UD!P9eD!`F`c!d*D!J!t!PNFP!9UD!P9eD!

`FPb!d****D!J!t!PPFbD!ZFQD!`FcD!NFP!9UD!P9eD!aFQP!d**D!J!t!QFbD!aFP!9UD!P9eD!aFcc\ aF_Z!d=D!P9eD!

aFZ_!d**D!J!t!QFbD!aFN!9UD!P9eD!aF`_!d-D!J!t!ZFO!9UD!N9eD!NFQ`!d***D!J!t!P`F`D!QFOD!aFa!9UD!P9eD!

NFcb\ NF_b!d=D!N9eD!NFcP!d***D!J!t!P`FbD!ZFQD!aFZ!9UD!P9eD!NF`c!d-D!J!t!NFb!9UD!P9eD!NFab\ NF`b!

d=D!N9eD!NFaO!d*-D!J!t!PaF_D!NFP!9UD!P9eD!NFPP!d*-D!J!t!PaFcD!NFP!9UD!P9eD!PF_Q\ NFOZ!d=D!N9eD!

DDQ
CH2Cl2/H2O
25 ¡C, 1 h

90%

S S

O

OPMB

H H
NH

O

O

O

S S

O

OH

H H
NH

O

O

O

OBn OBn

2.216 2.95



!

!

Pa !̀

PFcP!d**D!J!t!PaF_D!PPFa!9UD!P9eD!PF`P\ PFZc!d=D!b9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!PcOFZD!

PZQFcD!PacFbD!PN_FbD!PNcFQD!PNcFcD!cbFbD!caFaD!cNFZD!ZQFQD!ZQFQD!ZNFbD!bNFQD!bNFbD!`cFcD!`aFPD!`NFaD!

`NFOD!aNFOD!N_FcD!NZFOD!NbFQD!NbFcf!9J6+!dm/ze@!n6x9o 3!7)47*!0/3!>%(9 &"1X (+%!bNNFPQcQf!

0/2(*!bNNFPQ_PF!

!

!

[ZF0%CEFA"A\'+,(-.%&"U%*!03/=!*)56'd`O!='D!OFO__c!==/4e!)77/3*"('!-/!XT3F!R.%!732*%!

3%)7-"/(!="V-23%!H)&!2&%*!0/3!-.%!(%V-!&-%<!H"-./2-!023-.%3!<23"0"7)-"/(F!

[T%CK,%#FE,?"C>\'R/!)!&/42-"/(!/0!-.%! 732*%!3%&"*2%!"(!$6[!dP!=;e!H%3%!)**%*!h %>X &!

dac!='D!OFNZZ!==/4e!)(*!<3/<)3',4!83/="*%!dOFOa!=;D!_O!H-w!"(!-/42%(%D!OFNZZ!==/4eF!

R.%!3%)7-"/(!="V-23%!H)&!&-"33%*!)-!Nb!{>!0/3!N`!.!)(*!*"42-%*!H"-.!I-XB7!)(*!%V7%&&!

9 %XF!R.%!4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!/3')("7!4),%3!H)&!H)&.%*!H"-.!9 %X!&%#%3)4!

-"=%&F!R.%!3%&24-"('!/3')("7!4),%3!H)&!*3"%*!/#%3!)(.,*3/2&!1)%+X' !)(*!7/(7%(-3)-%*! in 

vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!.%V)(%&YI-XB7D!

PYPe!-/!)00/3*!)47/./4!*)57'daN!='D!cZw!0/3!N!&-%<&e!)&!7/4/34%&&!/"4@!nio%". !\ NFZ!dc!OF`D!

>9>4 &ef!SJ!d(%)-e@!•/01 !t!aNQOD!NQaQD!NaZOD!Pc`PD!PZZaD!PbNND!PP`b!7=2! f!! 9!16J!d`OO!69UD!

>$>4 &e!δ!_FbP!d&D!P9eD!cFZ_!d*D!J!t!_Fa!9UD!P9eD!cFaN!d-*D!J!t!cFcD!PFc!9UD!P9eD!cFN`!d**D!J!t!cFPD!

PF`!9UD!P9eD!cFPZ!d-*D!J!t!cFbD!PFN!9UD!P9eD!`FcP!d*D!J!t!NF`!9UD!P9eD!`FN`\ `FaZ!d=D!P9eD!aF_Z\

76% for 2 steps

S S

O
H H

HN O
O

O

OH

S S

O
H H

HN O
OMe

O

OH

1. 1 N LiOH, THF/H2O
    25 ! , 1 h
2. propargyl bromide
    K2CO3, DMF, 25 ! , 24 h

2.96 2.97



!

!

Pab!

aFQZ!d=D!P9eD!aFZb\ aFcZ!d=D!N9eD!aFbb\ aFZ`!d=D!N9eD!NFQc!d***D!J!t!P`FbD!_FQD!aFN!9UD!P9eD!

NFc_\ NFQO!d=D!N9eD!NFc`!d***D!J!t!P`FZD!ZFQD!aFb!9UD!P9eD!NFb`\ NFZ!̀d=D!N9eD!NFbN!d-D!J!t!NF`!

9UD!P9eD!NFaQ\ NF`c!d=D!P9eD!NFP_!d*-D!J!t!PaFcD!NFP!9UD!P9eD!PFQP\ NFPO!d=D!N9eD!PFca!d**D!J!t!

PaFcD!PPFa!9UD!P9eD!PFba\ PFZ_!d=D!b9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!� PcPFbD!PZQFaD!PaZFND!

PaOFQD!PN_FZD!PNZFQD!PNZFPD!PNbFQD!cbFcD!cNFcD!cOFaD!ZNFZD!baFOD!`cF_D!`aFZD!`aFND!`NF`D!a_FPD!aNFND!
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OH HN3 HN
O

O

O

1. p-TsCl, Et3N, DMAP
    CH2Cl2, 25 ℃, 1 h
2. NaN3, DMF, 50 ℃, 1 h

76% for 2 steps

SS

OH HOH HN
O

O

O

SS

2.94 2.98
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O
H H

N3 HN

O
O

O

1. p-TsCl, Et3N, DMAP
    CH2Cl2, 25 ! , 1 h
2. NaN3, DMF, 50 ! , 1 h

77% for 2 steps

SS

Ph

O
H H

OH
HN

O
O

O

SS

Ph

2.90 2.91
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OH HN3 HN
O

O

O

1. p-TsCl, Et3N, DMAP
    CH2Cl2, 25 ! , 1 h
2. NaN3, DMF, 50 ! , 1 h

86% for 2 steps

SS

OBn

OH HOH HN
O

O

O

SS

OBn

2.95 2.99
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NFcZ\ NF_c!d=D!N9eD!NFcN!d***D!J!t!P`FcD!cFPD!aF_!9UD!P9eD!NFbP\ NFb_!d=D!N9eD!NFbO!d-D!J!t!NFb!
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1. p-TsCl, Et3N, DMAP
    CH2Cl2, 25 ! , 1 h
2. NaN3, DMF, 50 ! , 1 h

77% for 2 steps
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O
H H
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O

O

OH

SS

2.97 2.100
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d=D!a9eD!PF_O\ PFQN!d=D!P9eD!PFbQ\ PFZ_!d=D!P9eD!PFbP\ PFbQ!d=D!P9eD!PFaZ!d**-D!J!t!P`F_D!POFPD!
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SS S S

OH H

O

O

N
N

N
HN O

CuI, i-Pr2NEt
THF (1 mM)
reflux, 24 h

2.150 (50%)

S S

O
O

O

N
NN

N
H

O

SS

O
O

O

N
N N

H
N

O

+

2.153 (15%)2.98
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+,(-.%&"U%*!03/=!*)(3* !d`a!='D!OFOc_c!==/4e!)77/3*"('!-/! XT(* F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!P@PO!! !>9 %>4%Y6%X9D!NOYPe!)00/3*%*!?%-/(%!

*)(35!dNb='D!ZQwe!)&!)!H."-%!&/4"*@!nio%". !\ PNFN!dc!OF`PD!>9>4&ef!SJ!d(%)-e@!•/01 !t!aaOND!

NQbaD!N_Z_D!Pc`OD!PcPcD!PZZcD!PbabD!PNPaD!POQ`D!cbP!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!cFc`!

d&D!P9eD!cFNc\ cFac!d=D!a9eD!cFNO\ cFNZ!d=D!N9eD!ZFbZ!d*D!J!t!_Fb!9UD!P9eD!bF``!d*D!J!t!PNFQ!9UD!

P9eD!bFaP!d*D!J!t!PaFP!9UD!P9eD!`FcZ!d*-D!J!t!cFcD!aFc!9UD!P9eD!`FbN!d*D!J!t!PPFc!9UD!P9eD!`F`c!d*D!

J!t!PPF_!9UD!P9eD!`Fab\ `F`N!d=D!N9eD!aFQN!d***D!J!t!QFbD!aFZD!PFa!9UD!P9eD!aFZb\ aFcb!d=D!N9eD!

aFPO!d**-D!J!t!POF_D!ZF_D!aFN!9UD!P9eD!NFcN\ NF_N!d=D!P9eD!NFaQ\ NF`_!d=D!N9eD!NFO_\ NFNQ!d=D!

`9eD!PF_Z\ PFQc!d=D!P9eD!PFaO\ PFbO!d=D!P9eD!PFNZ\ PFac!d=D!P9ef!!&> !16J!dPNb!69UD!>$>4 &e!

δ!NObFQD!PcOFaD!PZQFaD!P`aF_D!PacFaD!PN_FZD!PN_FND!PN_FPD!PNaFPD!cbFbD!caFcD!caFZD!ZQFaD!bQFZD!bNFcD!

`QF_D!`cFND!`ZFcD!`PFbD!aNFcD!N`Faf!9J6+!dm/ze@!n6x9o3!7)47*!0/3!>%&9 %+1 ' X ( !`bcFNO_Nf!0/2(*!

`bcFNO_OF!

!

!

NBS, 2,6-lutidine
MeCN/H2O
0 ! , 15 min
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+,(-.%&"U%*!03/=!*)(33!dNa!='D!OFONPO!==/4e!)77/3*"('!-/!XT(* F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!P@PO!! !>9 %>4%Y6%X9D!POYPe!)00/3*%*!?%-/(%!

*)(6* !dPZ!='D!_Nwe!)&!)!H."-%!&/4"*@!! 9!16J!d`OO!69UD!>$>4 &e!δ!cFQP!d&D!N9eD!cFNb\ cFaa!

d=D!Z9eD!cFPc!d*D!J!t!_F`!9UD!N9eD!cFOb\ cFP`!d=D!`9eD!bFaa!d*D!J!t!PNFb!9UD!N9eD!bFN`!d*D!J!t!

PNFb!9UD!N9eD!`Fcc\ `F__!d=D!N9eD!`FNc\ `F`O!d=D!`9eD!`FPb\ `FNb!d=D!N9eD!aF_c\ `FO`!d=D!Z9eD!

aFZN!d**D!J!t!QFbD!aFO!9UD!N9eD!aF`Q\ aFZO!d=D!N9eD!NFbc!d**D!J!t!PbFcD!QFO!9UD!N9eD!NF`Z!d*D!J!t!

PbFN!9UD!N9eD!NFPZ\ NFac!d=D!_9eD!PFQb\ NFPO!d=D!N9eD!PFZb\ PFcc!d=D!N9eD!PFab\ PFbc!d=D!`9ef!

9J6+!d m/ze@!n6x9o3!7)47*!0/3!>'( 9 "( 1 +X !%!QPaF`OQPf!0/2(*!QPaF`O_OF!

!

!

+,(-.%&"U%*!03/=!*)(36!dN`!='D!OFO`cc!==/4e!)77/3*"('!-/! XT(* F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!P@PO!! !>9 %>4%Y6%X9D!`OYPe!)00/3*%*!?%-/(%!

*)(61!dPa!='D!Z_we!)&!)!H."-%!&/4"*@!nio%". !\ aPFc!dc!OFPcD!>9>4&ef!SJ!d(%)-e@!•/01 !t!aa`QD!

NBS, 2,6-lutidine
MeCN/H2O
0 ℃, 20 min
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NBS, 2,6-lutidine
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0 ℃, 15 min

68%

OH H
HN O

N

O

O

N
N

O

OH H
HN O

N

O

O

N
N

SS

2.156 2.163



!

!

PbO!

NQbZD!PcNPD!PbZaD!P`bND!PNbPD!PPbOD!cbZ!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!_FNN!d&D!P9eD!

_FPO!d*D!J!t!_FN!9UD!P9eD!cFaN!d-D!J!t!cF_!9UD!P9eD!cFNZ\ cFNQ!d=D!P9eD!cFPa!d-D!J!t!cFb!9UD!P9eD!

ZF_`!d&D!P9eD!bFbc!d*D!J!t!PaFN!9UD!P9eD!bFPa!d*D!J!t!PaFP!9UD!P9eD!`Faa!d***D!J!t!PaF`D!QF`D!aFb!

9UD!P9eD!`FNP!d***D!J!t!P`FOD!ZFZD!aF`!9UD!P9eD!`FOc\ `FPc!d=D!P9eD!aFZ`\ aFcZ!d=D!N9eD!aFbP\

aFZO!d=D!P9eD!NFZa!d**D!J!t!PaF_D!NFQ!9UD!P9eD!NFb`!d**D!J!t!PaFQD!QF`!9UD!P9eD!NF`b!d*D!J!t!P`F`!

9UD!P9eD!NFaO\ NF`O!d=D!N9eD!NFNa!d**D!J!t!P`FcD!PPFa!9UD!P9eD!PF_`\ NFOO!d=D!N9eD!PF`_\ PFbQ!

d=D!P9eD!PFNQ\ PFaQ!d=D!P9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!NObF`D!PcPFbD!PZ_FbD!P`aFcD!PaZFZD!

PaPF_D!PNQFOD!PNbF_D!PNaF`D!PNNFcD!PNPF`D!cZF`D!c`FOD!ZOFOD!`QFaD!`cFQD!`ZFQD!`bFPD!aQFQD!aNFaD!NZFbf!

9J6+!d m/ze@!n6x9o3!7)47*!0/3!>%!9 %'1 ' X "!`PaFP_NOf!0/2(*!`PaFP_PaF!

!

U,/%C/F/E&A'D%C;'H">#@GECA">#'U&?,?:&A"A'

!

R/!)!&/42-"/(!/0! *)6*'dP_Z!='D!OF`ab!==/4e!"(!>9%>4%Y9%X!dPOYPD!-/-)4!`F`!=;e!H)&!)**%*!

$$q!dP`_!='D!OFZba!==/4e!"(!/(%!</3-"/(F!B0-%3!&-"33"('!)-!Nb!{>!0/3!P!.D!-.%!3%)7-"/(!

H)&!L2%(7.%*!H"-.!&)-23)-%*!)L2%/2&!1)9>X &-dvP!=;eF!1)%+X' !H)&!)**%*!-/!-.%!

3%)7-"/(!="V-23%F!B0-%3!&-"33"('!0/3!aO!="(D!-.%!3%)7-"/(!="V-23%!H)&!0"4-%3%*D!H)&.%*!

H"-.!6%X9D!)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!7/42=(!

7.3/=)-/'3)<.,!d&"4"7)!'%4D!>9 %>4%Y6%X9YB7X9D!NOYPYOFNe!-/!)00/3*!)47/./4!* )*(7 'd_O!
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!

PbP!

='D!ZOwe!)&!7/4/34%&&!/"4@!nio%". !x_FP!dc!PFaD!>9>4&ef!SJ!d(%)-e@!•/01 !t!a`NcD!NQ``D!NQO_D!NaZOD!

PcPcD!P`NaD!PN_O!7=2! f!! 9!16J!d`OO!69UD!>$ &X$e!δ!`FPQ!d***D!J!t!PNFcD!cFbD!bFc!9UD!P9eD!

aFc_!d*D!J!t!PPFQD!ZFa!9UD!P9eD!aF`Q\ aFZN!d=D!N9eD!NFc`\ aFOO!d=D!`9eD!NFa_\ NF`Q!d=D!a9eD!NFNN!

d*D!J!t!PaFQ!9UD!P9eD!PF_Q\ NFO`!d=D!N9eD!PF``\ PFca!d=D!Z9ef!!&>!16J!dPNb!69UD!>$ &X$e!δ!

Pc`F_D!caF_D!cPFPD!ZNF_D!``F`D!`aFcD!`PFZD!aaFOD!NQFZD!NcFPD!NZFcD!NZFbf!9J6+!dm/ze@!n6x9o3!7)47*!

0/3!>!&9 %%X ' +%!aOcFPOaNf!0/2(*!aOcFPOa_F!

!

!

R/!)!7//4%*!dO!{>e!&/42-"/(!/0!*)* (7' d_O!='D!OFNZP!==/4e!"(!R9[!db!=;e!H)&!)**%*!1)9!

daP!='D!ZOw!*"&<%3&"/(!"(!="(%3)4!/"4D!OFc_a!==/4eF!B0-%3!-.%!3%)7-"/(!="V-23%!H)&!

&-"33%*!0/3!NO!="(!)-!-.%!&)=%!-%=<%3)-23%D!)44,4!83/="*%!H)&!)**%*F!R.%!3%)7-"/(!H)&!

)44/H%*!-/!H)3=!-/!3//=!-%=<%3)-23%F!B0-%3!&-"33"('!0/3!Pb!.!)-!Nb!{>D!-.%!3%)7-"/(!

="V-23%!H)&!*"42-%*!H"-.!>9%>4%!)(*!L2%(7.%*!8,!&)-23)-%*!)L2%/2&!19 ' >4F!R.%!4),%3&!

H%3%!&%<)3)-%*D!)(*!-.%!)L2%/2&!4),%3!H)&!%V-3)7-%*!H"-.!>9%>4%F!R.%!7/=8"(%*!

/3')("7!4),%3&!H%3%!*3"%*!/#%3!)(.,*3/2&!1) %+X' !)(*!7/(7%(-3)-%*! in vacuo.!R.%!

3%&"*2%!H)&!<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!>9%>4%Y6%X9D!NOYPe!-/!

)00/3*!*)(43!dcc!='D!_bwe')&!7/4/34%&&!/"4@!nio%". !xbFO!dc!PFND!>9>4&ef!SJ!d(%)-e@!•/01 !t!NQO_D!

N_ZOD!PcPOD!P`NND!POcZD!QN`!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!POFac!d83!&D!P9eD!bF_c!d**-D!J 

allyl bromide, NaH
THF, 0 to 25 ¡C, 15 h
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!

!

PbN!

t!PcFND!POF`D!bFZ!9UD!P9eD!bFNa!d**D!J!t!PcFND!PFc!9UD!P9eD!bFP`!d**D!J!t!POF`D!PFZ!9UD!P9eD!`FP_!

d****D! J!t!PPFND!cFbD!bF`D!PFQ!9UD!P9eD!aFQa!d*D!J!t!bFZ!9UD!N9eD!aFcN\ aF_N!d=D!P9eD!aFa`\ aF`_!

d=D!N9eD!NFQP!d***D!J!t!P`F`D!_FOD!aFQ!9UD!P9eD!NF_N!d***D!J!t!P`FbD!ZFcD!aFQ!9UD!P9eD!NFZ_\ NFc_!

d=D!N9eD!NFbb!d**D!J!t!PbFcD!cFc!9UD!P9eD!NF``!d**D!J!t!PbFcD!bF`!9UD!P9eD!NFa`!d*-D!J!t!PaFcD!NFP!

9UD!P9eD!NFPZ!d*-D!J!t!PaFQD!NFP!9UD!P9eD!PFQO\ NFON!d=D!N9eD!PF`Z\ PFc`!d=D!Z9ef!!&>!16J!dPNb!

69UD!>$>4 &e!δ!PcZFOD!Pa`FQD!PPZFQD!cNFZD!cPFcD!cOFOD!ZQFaD!`cFcD!`aFOD!`NF`D!`OFbD!aNFND!NbFQD!

NbF_D!NbFcD!NbFZf!9J6+!dm/ze@!n6x9o3!7)47*!0/3!>!( 9 %)X ' +%!a`cFPa`bf!0/2(*!a`cFPa`_F!

!

!

+,(-.%&"U%*!03/=!*)(43!daO!='D!OFO_ZZ!==/4e!)(*!)44,4)="(%!dPa!~;D!OFPca!==/4e!

)77/3*"('!-/! XT1F!K23"0"7)-"/(!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!PYPe!

)00/3*%*!*)(45!daN!='D!Qbwe!)&!7/4/34%&&!/"4@!nio%". !\ aF`!dc!OF`D!>9>4&ef!SJ!d(%)-e@!•/01 !t!

aaOOD!NQaQD!N_bcD!NabQD!PZ`aD!Pb`PD!POQaD!QNN!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!ZFb_!d&D!

P9eD!bFcb\ bFQb!d=D!N9eD!bFN`!d**D!J t!PcFND!PF`!9UD!P9eD!bFPa\ bFNO!d=D!N9eD!bFPO!d**D!J t!POFaD!

PFN!9UD!P9eD!`FOc\ `FPZ!d=D!P9eD!aFQa!d*D!J!t!bFb!9UD!N9eD!aFc_\ aFQO!d=D!a9eD!aFab\ aF`c!d=D!

N9eD!NFQa!d***D!J!t!PNFaD!_FZD!aFa!9UD!P9eD!NF_P!d***D!J!t!PbFPD!cFbD!aFZ!9UD!P9eD!NFZc\ NFc_!d=D!

N9eD!NF`P!d**D!J!t!PbF`D!_Fb!9UD!P9eD!NFa`!d**D!J!t!PbFZD!aFa!9UD!P9eD!NFN_!d*D!J!t!PaFc!9UD!P9eD!

NFPZ!d*D!J t!PaF_!9UD!P9eD!PFQO\ NFOZ!d=D!N9eD!PF`_\ PFc`!d=D!Z9ef!!&>!16J!dPNb!69UD!>$>4 &e!
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allylamine
HATU, i-Pr2NEt

CH2Cl2, 25 ¡C, 24 h

2.105 2.109



!

!

Pba!

δ!PcOFcD!Pa`FQD!Pa`F`D!PPcFOD!PPZFaD!cNFbD!cPFQD!cOFND!cOFOD!`cFcD!`aFaD!`NFcD!`PF_D!aNFZD!NZFOD!NbFQD!

NbF_f!9J6+!dm/ze@!n6x9o3!7)47*!0/3!>!* 9 &!1X &+%!a_ZFP_P_f!0/2(*!a_ZFP_NaF!

!

!

+,(-.%&"U%*!03/=!*)(43!dNO!='D!OFObcc!==/4e!)(*!'4,7"(%!)44,4!%&-%3*%!dPb!='D!OFOZQa!

==/4e!)77/3*"('!-/! XT1F!K23"0"7)-"/(!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!

PYPe!)00/3*%*!*)( (4 !dNb!='D!QQwe!)&!7/4/34%&&!/"4@!nio%". !\ `Fb!dc!OF`D!>9>4&ef!SJ!d(%)-e@!•/01 !t!

aNNbD!NQaZD!Pc`QD!PZZOD!Pba`D!P`NaD!PacQD!PPQPD!POQOD!Q_Z!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!

δ!cFO`!d-D!J!t!bFP!9UD!P9eD!bF_P\ bFQ_!d=D!N9eD!bFN_\ bFaZ!d=D!P9eD!bFNP\ bFN_!d=D!N9eD!bFPb!d**D!

J t!POF`D!PFN!9UD!P9eD!`Fbc\ `FcO!d=D!N9eD!`FPN\ `FP_!d=D!P9eD!`FPO!d**D!J!t!P_F`D!bFb!9UD!P9eD!

aFQQ!d**D!J!t!P_F`D!bFN!9UD!P9eD!aFQN\ aFQc!d=D!N9eD!aF_P\ aF_Q!d=D!P9eD!aFaZ\ aFbO!d=D!N9eD!

NF_Q\ NFQQ!d=D!P9eD!NFZc\ NF_Z!d=D!a9eD!NFac\ NFbO!d=D!N9eD!NFNQ!d*D!J!t!PaFb!9UD!P9eD!NFPc!d*D!J!

t!PaF_!9UD!P9eD!PF_Q\ NFO_!d=D!N9eD!PF`_\ PFc_!d=D!Z9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!PcPFPD!

PZQFZD!PabFOD!PaPFcD!PPQFOD!PPZFQD!cNFbD!cPFQD!cOFND!cOFOD!ZZFOD!`cFcD!`aFND!`NF`D!`NFaD!`PF`D!aNFbD!

NZFOD!NbFQD!NbF_D!NbFcf!9J6+!dm/ze@!n6x9o3!7)47*!0/3!>%!9 &&1X "+%!```FP_caf!0/2(*!

```FP_cPF!

!

!
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CH2Cl2, 25 °C, 24 h
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2.105 2.110
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Pb !̀

!

+,(-.%&"U%*!03/=!*)(43!dNO!='D!OFObcc!==/4e!)(*!<.%(,4)4)("(%!)44,4!%&-%3*&!dNP!='D!

OFOZQa!==/4e!)77/3*"('!-/!XT1F!K23"0"7)-"/(!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!

d.%V)(%&YI-XB7D!NYPe!)00/3*%*!*)((( !dNb!='D!Qcwe!)&!7/4/34%&&!/"4@!nio%". !xPcFb!dc!OFbD!

>9>4 &ef!SJ!d(%)-e@!•/01 !t!aaNZD!NQacD!N_ZOD!NaZOD!Pc`PD!PZcPD!PbNbD!PPQND!POQPD!QNQ!7=2! f!! 9!

16J!d`OO!69UD!>$>4 &e!δ!cFNZ\ cFaa!d=D!N9eD!cFP_\ cFN`!d=D!P9eD!cFPP!d*D!J!t!cFb!9UD!P9eD!

cFO`!d*D!J!t!_FN!9UD!P9eD!bFcQ\ bFQb!d=D!N9eD!bFNP\ bFab!d=D!a9eD!bFPb!d*D!J!t!POF`!9UD!P9eD!`FQ`!

d*-D!J!t!_FaD!bFQ!9UD!P9eD!`FZO!d*D!J!t!bF_!9UD!N9eD!`FON\ `FPN!d=D!P9eD!aFQa!d*D!J!t!bF`!9UD!N9eD!

aFZN\ aFca!d=D!P9eD!aFNc\ aF`N!d=!N9eD!aFOb\ aFP_!d=D!N9eD!NFQa!d***D!J!t!P`FZD!_FcD!aFO!9UD!

P9eD!NF_P!d***D!J!t!P`FcD!cFPD!aFb!9UD!P9eD!NFZ_\ NFc_!d=D!N9eD!NFaN\ NF`b!d=D!N9eD!NFNb!d*D!J!t!

PaFc!9UD!P9eD!NFPa!d*D!J!t!PaF_!9UD!P9eD!PFQO\ NFOc!d=D!N9eD!PFZb!d**D!J!t!PaF_D!PPF`!9UD!P9eD!

PF`Q\ PFZP!d=D!N9eD!PFaP\ PF`c!d=D!a9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!PcPFPD!PcOF`D!PaZFPD!

PabFPD!PaPFZD!PNQFbD!PN_FZD!PNcFPD!PPQFPD!PPZF_D!cNFZD!cPF_D!cOFND!ZQFQD!ZZFOD!baFOD!`cFcD!`NFQD!`NF`D!

`NFND!a_FPD!aNFaD!NZFOD!NbFQD!NbF_D!NbFZf!9J6+!dm/ze@!n6x9o3!7)47*!0/3!>%+9 &*1X "+%!ba`FNa`Nf!

0/2(*!ba`FNa`NF!

!

!

97%

S S

CO2H
O

O

H H
O

O

H H
NH

O

O

O

HATU, i-Pr2NEt
CH2Cl2, 25 ¡C, 24 h

SS

NH2áTFA
O

O

Ph

Ph

2.105 2.111



!

!

Pbb!

!

+,(-.%&"U%*!03/=!*)(45'daZ!='D!OFOQa`!==/4e!)77/3*"('!-/!XT(1 F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!PYae!)00/3*%*!)(!"(&%<)3)84%!="V-23%!/0!EYZ!

"&/=%3&!d*)(62D!EYZ!t!POYPD!PZ!='D!`cwe')&!7/4/34%&&!/"4@!! 9!16J!d`OO!69UD!>$>4 &D!6):/3!

"&/=%3e!δ!ZFPQ!d83!&D!P9eD!bFZc\ bF_`!d=D!N9eD!`FPa\ `FNc!d=D!N9eD!`FOQ!d**D!J!t!PaFaD!bFN!9UD!

P9eD!aFQb!d**D!J!t!PaFPD!ZFP!9UD!P9eD!aFZb\ aFc`!d=D!P9eD!aFaZ\ aFb`!d=D!a9eD!NF_O\ NFQZ!d=D!

N9eD!NFZQ\ NFcQ!d=D!N9eD!NFaa!d**D!J!t!P`FaD!NFQ!9UD!P9eD!NFNP\ NFaO!d=D!N9eD!NFOc\ NFPb!d=D!

P9eD!PFQ`\ NFO`!d=D!N9eD!PFZb\ PFc`!d=D!N9eD!PFZP!d**D!J t!PaFZD!PPFa!9UD!P9eD!PFbb!d**D!J t!

PaFcD!PPFN!9UD!P9eD!PF`a\ PFbN!d=D!P9eD!PFa`\ PF`a!d=D!P9ef!9J6+!dm/ze@!n6x9o3!7)47*!0/3!

> !) 9 %)1X &+%!ab_FPbObf!0/2(*!ab_FPbOOF!

!

!

+,(-.%&"U%*!03/=!*)((4 !daZ!='D!OFO_PN!==/4e!)77/3*"('!-/!XT(1 F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!PYae!)00/3*%*!)(!"(&%<)3)84%!="V-23%!/0!EYZ!

"&/=%3&!d*)(66D!aP!='D!QNwe!)&!)!H."-%!&/4"*@!! 9!16J!d`OO!69UD!>$>4 &D!6):/3!"&/=%3e!δ!

S S

O
H H

NHO
O

S S

O

O

H H

O

NH
47%

Grubbs II
CH2Cl2 (1 mM)

reflux, 17 h

2.109 2.164

92%
O

O

H H NH

O

O

O
OH H NH

O

O

O

O

Grubbs II
CH2Cl2 (1 mM)

reflux, 19 h

SS SS

2.110 2.166



!

!

PbZ!

ZFQZ!d83!&D!P9eD!bFcQ\ bFQc!d=D!N9eD!`FZP\ `Fca!d=D!N9eD!`FaP!d**D!J t!P_FPD!ZF`!9UD!P9eD!`FPa\

`FNN!d=D!P9eD!aFQ`\ `FON!d=D!N9eD!aFQP!d**D!J t!QFOD!`FO!9UD!P9eD!aF_P\ aF__!d=D!P9eD!aF`O\ aFbb!

d=D!N9eD!NFQO\ aFOO!d=D!P9eD!NFZQ\ NF__!d=D!a9eD!NF`b!d**D!J!t!PbF`D!QFO!9UD!P9eD!NFa_!d**D!J t!

PbFaD!NFc!9UD!P9e!NFNc!d*-D!J!t!PaFZD!NFO!9UD!P9eD!NFNO!d*-D!J!t!PaF_D!PFQ!9UD!P9eD!PFQN\ NFOQ!d=D!

N9eD!PFZ`\ PFcN!d=D!N9eD!PFbO\ PFZP!d=D!a9eD!PFaQ\ PF`Q!d=D!P9ef!9J6+!dm/ze@!n6x9o3!7)47*!

0/3!>!* 9 %*1X "+%!`PZFPbZOf!0/2(*!`PZFPbbcF!

!

!

+,(-.%&"U%*!03/=!*)((( !da`!='D!OFOZac!==/4e!)77/3*"('!-/! XT(1 F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!aYNe!)00/3*%*!)(!"(&%<)3)84%!="V-23%!/0!EYZ!

"&/=%3&!d*)(67D!=):/3@="(/3!t!b@PD!N_!='D!_cwe!)&!)!H."-%!&/4"*@!! 9!16J!d`OO!69UD!

>$>4 &D!6):/3!"&/=%3e!δ!cFNO\ cFab!d=D!`9eD!cFO_\ cFPc!d=D!N9eD!bFZN\ bFc_!d=D!N9eD!bFOc!

d***D!J!t!_FcD!bF_D!`FN!9UD!P9eD!`F_c!d**D!J!t!PPFZD!`Fa!9UD!P9eD!`FN_!d**D!J!t!PPFbD!`F`!9UD!P9eD!

`FOb\ `FP`!d=D!P9eD!aFQP\ aFQQ!d=D!P9eD!aF_b!d**D!J!t!PaFcD!`FP!9UD!P9eD!aFbb\ aFZZ!d=D!P9eD!

aF`N\ aFbO!d=D!P9eD!aFNZ\ aFa`!d=D!P9eD!aFNa!d**D!J!t!PaFZD!`Fa!9UD!P9eD!aFPP!d**D!J!t!PaFZD!bFc!

9UD!P9eD!NFQZ!d***D!J t!P`FaD!QF`D!aFP!9UD!P9eD!NFcP\ NF_Z!d=D!a9eD!NFbO!d**D!J!t!PZFPD!POFa!9UD!

P9eD!NFaP!d**D!J!t!PZFPD!PFZ!9UD!P9eD!NFNb!d*-D!J!t!PaFcD!NFN!9UD!P9eD!PFQb\ NFPP!d=D!a9eD!PFZN!

87%
O

O

H H NH

O

O

O Ph
OH H NH

O

O

O

O

Ph

Grubbs II
CH2Cl2 (1 mM)

reflux, 19 h

SS SS

2.111 2.167



!

!

Pbc!

d**D!J!t!PaFcD!PPFa!9UD!P9eD!PFbP!d**D!J!t!PaFcD!PPF`!9UD!P9eD!PFPb\ PFaa!d=D!`9ef!9J6+!dm/ze@!

n6x9o 3!7)47*!0/3!>%(9 &"1X "+%!bOZFNONQf!0/2(*!bOZFNOaOF!

!

!

+,(-.%&"U%*!03/=!*)(62' dPb!='D!OFO`PQ!==/4e!)77/3*"('!-/!X T7F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d>9 %>4%Y6%X9D!`OYPe!)00/3*%*!-3)(&!/4%0"(!*)(63< !dcF_!='D!cOwe!

H"-.!7"&!/4%0"(!*)(63= !dPFP!='D!POweF!

transT)4?%(%!*)(63< @!E."-%!&/4"*f!nio%". !xPPcFP!dc!OFPaD!>9>4&ef!SJ!d(%)-e@!•/01 !t!aNQOD!NQaND!

N_bND!PcPQD!PZ`ZD!Pb``D!POcQ!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!ZFOP!d83!&D!P9eD!bF_a!d*-D!J!t!

PbFZD!ZFO!9UD!P9eD!bFcN!d*-D!J!t!PbFZD!bF`!9UD!P9eD!`FaN!d***D!J!t!P`FQD!_FcD!bFc!9UD!P9eD!`FO`\

`FPb!d=D!N9eD!`FOO!d**D!J!t!PaF`D!ZFb!9UD!P9eD!aF`Q\ aFZO!d=D!N9eD!aFa`\ aF`b!d=D!N9eD!NF`b!d**D!

C!t!P`FPD!NFZ!9UD!P9eD!NFac\ NF`a!d=D!P9eD!NFPQ\ NFac!d=D!`9eD!PFZP\ PF_N!d=D!a9eD!PF`b\ PFbb!d=D!

P9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!NObF_D!PZQF_D!PaPFPD!PN_FcD!c`FaD!cPFZD!ZQFaD!`_F`D!`cFaD!

``FPD!`OFaD!aNFPD!NcF`f!9J6+!dm/ze@!n6x9o3!7)47*!0/3!>!' 9 %!1X ' !aNZFPbQ_f!0/2(*!ab_FPZONF!

cisT)4?%(%!*)(63= @!! 9!16J!d`OO!69UD!>$>4 &e!δ!ZFQ_!d83!&D!P9eD!ZFOa\ bFQO!d=D!P9eD!bFc`!d*-D!

J!t!PPFbD!ZFP!9UD!P9eD!`FN`!d*-D!J!t!PaFbD!_FP!9UD!P9eD!`FON\ `FPb!d=D!N9eD!aF_a\ aFQZ!d=D!P9eD!

aFcN\ aF_N!d=D!P9eD!aFbO\ aFbQ!d=D!N9eD!aF`N\ aF`Q!d=D!P9eD!NFba!d**D!J!t!PbFZD!POFa!9UD!P9eD!

NFP_\ NF`N!d=D!Z9eD!PFQN\ NFO`!d=D!P9eD!PFZc\ PFc_!d=D!N9eF!

S S

O
H H

NHO
O

O
H H

NHO
O

MeI, CaCO3
MeCN/H2O, 40 ! , 19 h

80%

O

2.164 2.165A

O
H H

HN O
O

O

2.165B

+



!

!

Pb_!

!

+,(-.%&"U%*!03/=!*)(66!dNc!=' D!OFOZbO!==/4e!)77/3*"('!-/!XT7F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d>9 %>4%Y6%X9D!`OYPe!)00/3*%*!)(!"(&%<)3)84%!="V-23%!/0!EYZ!

"&/=%3&!d*)(68D!=):/3@="(/3!t!`@PD!Pb!='D!cPwe@!! 9!16J!d`OO!69UD!>$>4 &D!6):/3!

"&/=%3e!δ!ZFZQ!d83!&D!P9eD!bFc`\ bFQ_!d=D!N9eD!`FbQ\ `Fca!d=D!N9eD!`Fab!d**D!J!t!P_FPD!ZFZ!9UD!

P9eD!aFQa\ `FOc!d=D!a9eD!aF_Q!d**D!J!t!PcFQD!`FO!9UD!P9eD!aFZN\ aFc`!d=D!P9eD!aFaQ\ aFb`!d=D!

N9eD!NFPQ\ NFb_!d=D!Z9eD!PFZa\ PF__!d=D!N9eD!PF`_\ PFZN!d=D!N9ef!9J6+!dm/ze@!n6x9o3!7)47*!

0/3!>!( 9 %&1X (!aNZFPbQ_f!0/2(*!aNZFPZONF!

!

!

+,(-.%&"U%*!03/=!*)(67!dNb!='D!OFO`Q`!==/4e!)77/3*"('!-/!XT7F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d>9 %>4%Y6%X9D!POYPe!)00/3*%*!)(!"(&%<)3)84%!="V-23%!/0!EYZ!

"&/=%3&!d*)(65D!=):/3@="(/3!t!b@PD!PN!='D!ZOwe@!! 9!16J!d`OO!69UD!>$>4 &D!6):/3!

"&/=%3e!δ!cFPQ\ cFaO!d=D!a9eD!cFOc\ cFPa!d=D!N9eD!cFO`!d*D!J!t!_F`!9UD!P9eD!bFcQ!d*-D!J!t!PbFQD!

`FQ!9UD!P9eD!bFca!d*-D!J!t!PbFZD!bFN!9UD!P9eD!bFOa!d***D!J!t!_F`D!bF_D!`F`!9UD!P9eD!`F__!d**D!J!t!

MeI, CaCO3
MeCN/H2O, 40 ! , 16 h

71%
OH H NH

O

O

O

O

SS

OH H NH

O

O

O

O

O

2.166 2.168

MeI, CaCO3
MeCN/H2O, 40 ℃, 20 h

60%
OH H NH

O

O

O

O

SS

OH H NH

O

O

O

O

O

Ph Ph

2.167 2.169



!

!

PbQ!

PNFND!bF`!9UD!P9eD!`Fab!d**D!J!t!PNFND!bFN!9UD!P9eD!aFQQ!d**D!J!t!PaFcD!`Fa!9UD!P9eD!aF_P\ aFQO!

d=D!N9eD!aF`Z\ aFb`!d=D!P9eD!aFa_\ aF`b!d=D!P9eD!aFNP\ aFaN!d=D!N9eD!aFPa!d**D!J!t!PaFcD!bFQ!9UD!

P9eD!NFbQ!d**D!J!t!PbFQD!QF_!9UD!P9eD!NF`P!d**D!J!t!PbFQD!NFP!9UD!P9eD!NFaO\ NFaZ!d=D!a9eD!NFPQ!

d**D!J!t!P`F`D!PPFb!9UD!P9eD!PFNb\ PFbO!d=D!Z9ef!9J6+!dm/ze@!n6x9o3!7)47*!0/3!>%&9 %*1X ( !

`PZFNOZ_f!0/2(*!`POFNOZ`F!

!

U,/%C/F/E&'D%C;'I>F>&'U&?,?:&A"A''

!

+,(-.%&"U%*!03/=!*)54!daP!='D!OFOZaP!==/4e!)77/3*"('!-/!XT(2 F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!PYPe!)00/3*%*!*)51'dab!='D!QQwe!)&!7/4/34%&&!/"4@!

nio%". !xPaFa!dc!OFZD!>9>4&ef!SJ!d(%)-e@!•/01 !t!aNQPD!NQaPD!PcabD!PZZbD!PbaOD!PPc`!7=2! f!! 9!

16J!d`OO!69UD!>$>4 &e!δ!cFNb\ cFaP!d=D!N9eD!cFPQ\ cFNb!d=D!P9eD!cFOQ\ cFPb!d=D!N9eD!cFON!d*D!

J!t!_FO!9UD!P9eD!bF_`\ bFQZ!d=D!P9eD!bFPb\ bFNO!d=D!P9eD!bFPP\ bFPb!d=D!P9eD!`FQ_!d*-D!J!t!_FPD!

bFb!9UD!P9eD!`Fcc!d**D!J!t !PbFZD!NFZ!9UD!P9eD!`FZ_!d**D!J!t!PbFbD!NFc!9UD!P9eD!`FO`\ `FPN!d=D!

P9eD!aFQP\ `FON!d=D!N9eD!aFZO\ aFZQ!d=D!P9eD!aFP`!d*D!J!t!bFa!9UD!N9eD!aFOZ!d**D!J!t!cFOD!PF`!9UD!

N9eD!NFQO\ NFQ_!d=D!P9eD!NFZQ\ NF_`!d=D!a9eD!NFbN!d-D!J t!NFb!9UD!P9eD!NFaa\ NF`Z!d=D!N9eD!NFNZ!

d*D!J!t!PaFZ!9UD!P9eD!NFOQ!d*D!J!t!PaFc!9UD!P9eD!PF_Q\ NFOa!d=D!N9eD!PFbO\ PFZ_!d=D!a9eD!PFN_\

PF`O!d=D!a9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!PcPFQD!PcOFQD!PcOFZD!PaZFOD!PaOFcD!PNQFQD!PN_FQD!

OH H

O

NH
O

O

PhO O

SS

OH H

O

NH
O

O

PhOH

SS 3-butenoic acid
DCC, DMAP

CH2Cl2, 25 ℃, 16 h

99%

2.90 2.93



!

!

PZO!

PNcFbD!PP_FQD!cbFQD!cNFbD!cOFND!Z`FQD!baFOD!baFOD!`cFQD!`aFPD!`NFbD!`NF`D!aQFbD!a_FPD!a`FND!aNFND!NZFND!

NZFOD!NbFaD!N`Fcf!9J6+!dm/ze@!n6x9o3!7)47*!0/3!>%*9 &)1X (+%!bZOFNPabf!0/2(*!bZOFNPabF!

!

!

R.%!4"(%)3!<3%723&/3!*)51'daN!='D!OFObcN!==/4e!H)&!*"&&/4#%*!"(!*3,!>9%>4%!dbc!=;eF!

I-.,4%(%!H)&!82884%*!-.3/2'.!-.%!&/42-"/(!0/3!PO!="(F! M3288&!N(* T'%(%3)-"/(!7)-)4,&-!

dQFc!='D!OFOPP`!==/4e!H)&!)**%*!)(*!-.%!3%)7-"/(!H)&!.%)-%*!-/!3%042V!2(*%3!)(!

%-.,4%(%!)-=/&<.%3%F!B0-%3!Pc!.D!-.%!3%)7-"/(!="V-23%!H)&!7//4%*!-/!Nb!{>!)(*!*"=%-.,4!

&240/V"*%!dvPO!*3/<&e!H)&!)**%*!-/!-.%!&/42-"/(F!B0-%3!&-"33"('!0/3!N!.!)-!Nb!{>D!-.%!

3%)7-"/(!="V-23%!H)&!7/(7%(-3)-%*!in vacuo.!R.%!3%&"*2%!H)&!<23"0"%*!8,!&"4"7)!04)&.!

7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!PYPe!-/!)00/3*! * )(74'dNN!='D!Z_we!)&!7/4/34%&&!0/)=@!

nio%". !xbbFP!dc!OFaZD!>9>4&ef!SJ!d(%)-e@!•/01 !t!aac`D!NQPPD!Pca`D!PZZZD!PbNPD!PNbPD!PPc_D!cbP!

7= 2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!cFP\̀ cFNZ!d=D!`9eD!ZFQc\ cFOZ!d=D!N9eD!ZFO`\ ZFaO!d=D!

N9eD!bFbN!d*D!J!t!PPF`!9UD!P9eD!bF`O!d&D!P9eD!bFaZ!d&D!P9eD!bFOO!d*-D!J!t!_FND!bFN!9UD!P9eD!`FaP!

d*D!J!t!PPFb!9UD!P9eD!`FPN!d-*D!J!t!QF_D!bF_!9UD!P9eD!aFQZ\ `FO`!d=D!P9eD!aFca!d-*D!J!t!QFQD!bFQ!9UD!

P9eD!aFbN\ aFZO!d=D!P9eD!aFNP\ aFNQ!d=D!P9eD!aFOa\ aFPc!d=D!a9eD!NFQO\ NFQ_!d=D!P9eD!NF`Q!d**D!J 

t!PZFOD!QFc!9UD!P9eD!NFN_!d*D!J!t!PZFO!9UD!P9eD!NFNN!d*D!J!t!PaFc!9UD!P9eD!NFOQ!d*D!J!t! PaF_!9UD!

P9eD!PFQa\ NFOZ!d=D!N9eD!PFbO\ PFZc!d=D!a9eD!PFaZ\ PF`Z!d=D!P9eD!PFP`\ PFNa!d=D!P9eD!OF__\ PFON!

O
H H

O

NH

O

O

Ph

Grubbs II, ethylene
CH2Cl2 (1 mM)

reflux, 17 h
68%

O
H H

O

NH

O

O

Ph

O

OO O

SS SS

2.93 2.170



!

!

PZP!

d=D!P9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!PcOFcD!PcOFZD!PcOFbD!P`OFZD!PaZFOD!PaPFZD!PaOFOD!PN_FZD!

PNcFOD!PN`FQD!PNNFQD!cNFOD!cOFOD!Z`FaD!ZaF_D!bNFZD!`cFbD!`aF`D!`NFZD!`NF`D!aQFaD!acFcD!aPFaD!NZFOD!

NbF_D!N`Fbf!9J6+!dm/ze@!n6x9o3!7)47*!0/3!>%*9 &)1X (+%!bZOFNPabf!0/2(*!bZOFNPaQF!

!

!

+,(-.%&"U%*!03/=!*)(74'dNP!='D!OFOacb!==/4e!)77/3*"('!-/!XT7F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d>9 %>4%Y6%X9D!POYPe!)00/3*%*!*)(7( 'dPN!='D!Zbwe!)&!)!H."-%!

&/4"*@!nio%". !x``F_!dc!OFPQD!6%X9ef!SJ!d(%)-e@!•/01 !t!aa_`D!NQNcD!PcNZD!PZZZD!PbNbD!PNbcD!PP_ND!

cbN!7=2! f!! 9!16J!d`OO!69UD!>$ &>1Y$ %X!t!POYPe!δ!cFPa\ cFaP!d=D!a9eD!cFOO\ cFPN!d=D!N9eD!

ZFNN!d*D!J!t!PZFP!9UD!P9eD!ZFOO!d***D!J!t!PZFOD!_FPD!bFc!9UD!P9eD!bFaa!d&D!P9eD!bFaN!d&D!P9eD!bFPb!

d*D!J!t!PPFc!9UD!P9eD!`Fcc!d-D!J!t!ZFO!9UD!P9eD!`Fb`!d*D!J!t!PPFc!9UD!P9eD!`FO_!d***D!J!t!POFcD!

cF`D!bFQ!9UD!P9eD!aFcZ\ aFQO!d=D!N9eD!aF`P\ aFb`!d=D!P9eD!aFP`\ aFNP!d=D!P9eD!aFPO!d**D!J!t!PZF`D!

_FP!9UD!P9eD!NFQZ\ aFOc!d=D!N9eD!NF`c!d**D!J!t!PZFOD!QF`!9UD!P9eD!NFaa!d**D!J!t!PZFOD!NF`!9UD!

P9eD!NFNa\ NFaN!d=D!a9eD!NFNO!d**D!J!t!P`F_D!PPFO!9UD!P9eD!PFbO\ PFZc!d=D!N9eD!PFaP\ PF`N!d=D!

P9eD!PFPQ\ PFaO!d=D!P9ef!!&>!16J!dPNb!69UD!>$ &>1Y$ %X!t!POYPe!δ!NOcFQD!PcNFND!PcPFcD!

PcPF`D!P`PFcD!PacFND!PaNFZD!PaOFZD!PNQFbD!PNcFQD!PNbFZD!PNNFcD!ccFND!c`FND!ZbFaD!ZbFPD!b`FPD!`cFZD!

`cFaD!`NF_D!aQF`D!a_FPD!aNFZD!NbFNf!9J6+!dm/ze@!n6x9o3!7)47*!0/3!>%(9 &!1X ) !`cOFNPcaf!0/2(*!

`cOFNPcPF!

O
H H

O

NH

O

O

Ph

O

O

SS

O
H H

O

NH

O

O

Ph

O

O

O

MeI, CaCO3
MeCN/H2O, 40 ℃, 7 h

65%

2.170 2.171



!

!

PZN!

U,/%C/F/E&'D%C;'9C>C#,A:"%,'G%CAA@GC$KE">#'H&,/?"C>'

!

+,(-.%&"U%*!03/=!*)54'dNc!='D!OFOb`P!==/4e!)(*!aT"/*/8%(U/"7!)7"*!dPb!='D!OFObQb!

==/4e!)77/3*"('!-/! XT(2 F!K23"0"7)-"/(!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!

`Yae!)00/3*%*!*)5*'daQ!='D!QQwe!)&!7/4/34%&&!/"4@!nio%". !xPNFP!dc!OFcD!>9>4&ef!SJ!d(%)-e@!• /01 !t!

aNQZD!NQaaD!Pc`_D!PZZZD!PNbZD!c`Z!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!_Fa`!d&D!P9eD!cFQc!d**D!

J!t!cF_D!PFa!9UD!P9eD!cF_c!d**D!J!t!cF_D!PFb!9UD!P9eD!cFNP\ cFaO!d=D!a9eD!cFPc!d-D!J t!cFQ!9UD!P9eD!

cFOQ\ cFP`!d=D!N9eD!cFOa!d*D!J!t!_FN!9UD!P9eD!`FQQ!d*-D!J!t! _FOD!bFa!9UD!P9eD!`FcN!d**D!J!t!PbFZD!

NFb!9UD!P9eD!`FZb!d**D!J!t!PbFbD!NFb!9UD!P9eD!`FPb\ `FNZ!d=D!N9eD!`FOc\ `FP`!d=D!P9eD!aFZZ\ aFc`!

d=D!P9eD!aFP`!d*D!J!t!bF`!9UD!N9eD!NFQ`!d***D!J!t!P`F`D!QFOD!aFa!9UD!P9eD!NFcP\ NF_b!d=D!a9eD!

NFbP!d-D!J!t!NF`!9UD!P9eD!NFab\ NF`c!d=D!N9eD!NFNc!d*D!J!t!P`FO!9UD!P9eD!NFPN!d*D!J!t!PaFQ!9UD!

P9eD!PFQO\ NFOZ!d=D!N9eD!PFcO\ PFcQ!d=D!P9eD!PFZZ!d**D!J!t!PaF_D!PPF`!9UD!P9eD!PFbc!d**D!J!t!

PaFcD!PPFN!9UD!P9eD!PFab\ PF`Q!d=D!a9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!PcOFZD!PcOFaD!PZbFPD!

P`PF_D!Pa_F`D!PabFcD!PaNFaD!PaOFND!PNQFcD!PN_F_D!PN_FZD!PNcFND!QaFQD!cbFcD!cNFaD!ZQFQD!ZbF`D!bNFcD!

bNFcD!`cFZD!`NFQD!`NFaD!`NFND!acF_D!aNFOD!NZFOD!NbF_D!NbFOD!N`FZf!9J6+!dm/ze@!n6x9o3!7)47*!0/3!

> &%9 &(S1X(+%!cNNFPPONf!0/2(*!cNNFPOQbF!

!

3-iodobenzoic acid
DCC, DMAP

CH2Cl2, 25 ! , 16 h

99% O
O

HN
H H

O
O

O

O Ph

I

SS

OH
O

HN
H H

O

O

O Ph

SS

2.90 2.92



!

!

PZa!

!

R/!)!&/42-"/(!/0! *)5*'dPQ!='D!OFONZa!==/4e!"(!6%>1!dNZ!=;e!H%3%!)**%*!

-%-3)?"&d-3"<.%(,4<./&<."(%e<)44)*"2=!dPb!='D!OFOPaN!==/4e!)(*!I-%19!db!~;D!OFOaQb!

==/4e!)-!Nb!{>F!R.%!3%&24-"('!="V-23%!H)&!.%)-%*!-/!bO!{>!)(*!&-"33%*!0/3!Pc!.F!R.%!

="V-23%!H)&!7//4%*!-/!Nb!{>!)(*!*"42-%*!H"-.!I-XB 7!)(*!9 %XF!R.%!4),%3&!H%3%!

&%<)3)-%*D!)(*!-.%!/3')("7!4),%3!H)&!H)&.%*!H"-.!&)-23)-%*!)L2%/2&!19 ' >4!)(*!83"(%F!

R.%!3%&24-"('!/3')("7!4),%3!H)&!*3"%*!/#%3!)(.,*3/2&!1) %+X' !)(*!7/(7%(-3)-%*! in vacuoF!

R.%!3%&"*2%!H)&!<23"0"%*!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!PYPe!-/!)00/3*!

*)(7* 'dQFO!='D!b_we!)&!<)4%!,%44/H!/"4@!nio%". !xaOFb!dc!OFaND!>9>4&ef!SJ!d(%)-e@!•/01 !t!aab`D!

NQ`cD!PcbPD!PcNOD!PZZcD!PNQ_D!PNaPD!cba!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!_FOa!d*-D!J!t!cF_D!

PF`!9UD!P9eD!cF_P!d-D!J!t!PFZ!9UD!P9eD!cFbb!d*-D!J!t!cFcD!PF`!9UD!P9eD!cF`O\ cF`c!d=D!N9eD!cFPN\

cFPc!d=D!N9eD!ZF_Z\ ZFQZ!d=D!a9eD!bFOb\ bFPQ!d=D!N9eD!`FZc!d*D!J!t!PbF`!9UD!P9eD!`FbZ!d*-D!J!t!

POF`D!aF_!9UD!P9eD!`FO`\ `FPN!d=D!P9eD!aFQN\ `FOP!d=D!P9eD!aFbN\ aFZO!d=D!P9eD!aFaN!d**D!J!t!

PaFQD!aFP!9UD!P9eD!aFPb!d**D!J!t!PaFQD!ZFO!9UD!P9eD!NFQc!d***D!J!t!PaFOD!QFZD!aFO!9UD!P9eD!NFZQ\

NF_c!d=D!a9eD!NF`b\ NFbN!d=D!N9eD!NFN_!d*D!J!t!PaF_!9UD!P9eD!NFPQ!d*D!J!t!P`Fc!9UD!P9eD!NFON\

NFPN!d=D!P9eD!PFQO\ NFOP!d=D!P9eD!PFcc!d**D!J!t!PaFcD!PPF`!9UD!P9eD!PF`Q\ PFZ`!d=D!`9eD!PFNP\

PFaN!d=D!P9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!PcOFcD!PcOFaD!PZbFbD!PaZFaD!PabFcD!PaaFcD!PaOFZD!

Pd(PPh)4, Et2NH
MeCN (1 mM)

50 ! , 19 h

58%

O

HN
H H

O
O

O

HN
H H

OO

O

O Ph

I O

O Ph

O O

SS SS

2.92 2.172



!

!

PZ !̀

PNQF_D!PNQF_D!PN_FcD!PN_FZD!PNZFcD!PNNFbD!_cF`D!_bFND!cNFaD!cOFOD!Z`F`D!b`FaD!bPF_D!`cFZD!`NFbD!`NFND!

`NFOD!acFbD!aNFQD!NZFPD!NZFOD!NbF_D!N`F_f!9J6+!dm/ze@!n6x9o 3!7)47*!0/3!>&%9 &"1X (+%!bQ`FPQcQf!

0/2(*!bQ`FPQ_OF!

!

!

+,(-.%&"U%*!03/=!* )(7* !dNb!='D!OFO`NP!==/4e!)77/3*"('!-/!XT7F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d>9 %>4%Y6%X9D!NOYPe!)00/3*%*!*)(71'dPb!='D!cNwe!)&!)!H."-%!

&/4"*@!nio%". !xacFO!dc!OFNbD!>9>4&ef!SJ!d(%)-e@!•/01 !t!aaZ`D!NQbQD!PcPQD!PZcOD!PbNND!PNNQD!cb`!

7= 2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!_FO`!d*D!J!t!cF_!9UD!P9eD!cF_N!d&D!P9eD!cFbc!d*D!J!t!cFc!9UD!

P9eD!cF`Z!d-D!J!t!cFc!9UD!P9eD!cFaQ!d*D!J!t!_FZ!9UD!P9eD!cFPO\ cFP_!d=D!N9eD!ZF_b\ ZFQc!d=D!a9eD!

bFPO\ bFP_!d=D!N9eD!`FcO!d*D!J!t!PbF`!9UD!P9eD!`F``!d***D!J t!POFQD!bF_D!aF`!9UD!P9eD!`FPP!d***D!

J!t!PPFOD!_F_D!aFO!9UD!P9eD!aF_c!d**-D!J!t!PNFPD!ZFOD!NFQ!9UD!P9eD!aFa_\ aF`Z!d=D!P9eD!aFab!d**D!J!

t!P`FOD!aFN!9UD!P9eD!aFPc!d**D!J!t!P`FOD!ZFO!9UD!P9eD!NFZ_!d**D!J!t!PbFQD!NFc!9UD!P9eD!NF`_\ NFb_!

d=D!N9eD!NF`b!d*D!J!t!P`FP!9UD!P9eD!NFab!d*D!J!t!P`F`!9UD!P9eD!NFNQ!d**D!J!t!P`FPD!PPF_!9UD!P9eD!

PFb_\ PFc_!d=D!N9eD!PFaZ\ PFbZ!d=D!N9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!NObFZD!PcOFQD!PZQFND!

PZbFaD!PaZFND!PabFcD!PaaFQD!PaOFbD!PNQFQD!PNQFcD!PN_F_D!PN_FcD!PNZF_D!PNNFbD!_cF`D!_bFOD!caFZD!Z`FND!

b`F`D!bPF_D!`ZFQD!`ZF`D!`NF`D!acF`D!aaFcD!N`F`f!9J6+!dm/ze@!n6x9o3!7)47*!0/3!>%*9 %*1X ) !

bO`FNOPcf!0/2(*!bO`FNOPbF!

MeI, CaCO3
MeCN/H2O, 40 ! , 7 h

72%

O

HN
H H

O

O

O Ph

O O

SS

O

HN
H H

O

O

O Ph

O O

O

2.172 2.173



!

!

PZb!

U,/%C/F/E&'D%C;'N$/E&CK:"E"/'<%C;,?"/'9$.A?"?$?"C>'

!

+,(-.%&"U%*!03/=!G/7T; TK.%TX9! dPOZ!='D!OF`OO!==/4e!)(*!T̀042/3/TaT("-3/8%(U,4!

83/="*%!dPOa!='D!OF``O!==/4e!)77/3*"('!-/!-.%!&)=%!<3/7%*23%!)&!*%&73"8%*!0/3!*)88F!

>/=</2(*! *)((* !dP`Q!='D!_Qw!0/3!N!&-%<&e!H)&!/8-)"(%*!)&!<)4%!,%44/H!/"4F![<ESFE,?"C>\!

! 9!16J!d`OO!69UD!>$>4 &e!δ!cFQN!d**D!J!t!cFOD!NFa!9UD!P9eD!cF`_!d***D!J!t!_FZD!`FND!NFa!9UD!

P9eD!cFP_\ cFaN!d=D!`9eD!cFOb\ cFP`!d=D!N9eD!bFPO!d&D!a9eD!`FQc!d*D!J!t!_FP!9UD!P9eD!`Fba\ `FZc!

d=D!P9eD!NFQZ\ aFPZ!d=D!N9eD!PF`P!d&D!Q9eF![=C/'0&K%C?&/?"C>\'! 9!16J!d`OO!69UD!>$ &X$e!

δ!cFQ_!d**D!J!t!cFPD!NFa!9UD!P9eD!cFZ`!d***D!J!t!_FZD!`FND!NFa!9UD!P9eD!cF`P!d**D!J!t!POFQD!_FZ!9UD!

P9eD!cNa\ cFab!d=D!a9eD!cFP`\ cFNa!d=D!N9eD!bFNb!d&D!N9eD!`FaQ!d-D!J t!cFP!9UD!P9eD!aFPb\ aFNc!

d=D!N9eF!

!

!

+,(-.%&"U%*!03/=!*)6*'d`b!='D!OFPOZ!==/4e!)(*!)="(%!<)3-!*)((* !dba!='D!OFPNc!==/4e!

)77/3*"('!-/! XT1F!K23"0"7)-"/(!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!aYNe!

)00/3*%*!*)((1 'dcc!='D!QQwe!)&!,%44/H!/"4@!nio%". !xaFZ!dc!OF_D!>9>4&ef!SJ!d(%)-e@!•/01 !t!aaZbD!

NHBoc
HO

O
1. 4-fluoro-3-nitrobenzyl bromide
    K2CO3, DMF
    25 ! , 2 h, 92%

2. TFA, CH2Cl2
    0 to 25 ! , 1 h, 97%

Ph

NH2áTFA

Ph

O

O

F

O2N

Boc-L-Phe-Oh 2.112

O
H H

OPMB
O HN

O

OF

O2N

Ph

SS

O
H H

SS

CO2H

OPMB

99%

HATU, i-Pr2NEt
CH2Cl2, 25 ¡C, 20 h

NH2áTFA

Ph

O

O

F

O2N

2.62 2.113

2.112



!

!

PZZ!

NQa_D!Pc`bD!Pb`OD!Pa`QD!PO__!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!cFQO!d**D!J!t!cFOD!NFa!9UD!

P9eD!cF`Z!d***D!J!t!_FZD!`FND!NFa!9UD!P9eD!cFPc\ cFNb!d=D!Z9eD!cFPO!d*D!J!t!_FO!9UD!P9eD!cFOO\

cFOZ!d=D!N9eD!ZF_`!d*D!J!t!_FZ!9UD!N9eD!bFOc!d&D!N9eD!`FQP!d*-D!J!t!_FOD!ZFa!9UD!P9eD!`F`O!d&D!N9eD!

`FOc!d*-*D!J!t!PPFaD!bFcD!NFP!9UD!P9eD!aFcc!d&D!a9eD!aFZZ\ aFcb!d=D!P9eD!aFaN\ aF`N!d=D!N9eD!aFOP\

aFPN!d=D!N9eD!NFQP!d***D!J!t!P`F`D!_FaD!aFb!9UD!P9eD!NFZQ\ NF_Z!d=D!a9eD!NFab\ NF`a!d=D!N9eD!

NFNN!d*-D!J!t!PaFZD!NFP!9UD!P9eD!NFP`!d*-D!J!t!PaFZD!NFO!9UD!P9eD!PFQN\ NFO`!d=D!N9eD!PFb_\ PFcO!

d=D!N9eD!PFaZ\ PFbZ!d=D!`9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!PcPFND!PcOFbD!PbQFPD!PbbFN!d*D!J4 $5 

t!NZZFc!9UeD!PabFcD!PabF`!d*D!J4 $5 t!_Fc!9UeD!PaNF`!d*D!J4 $5 t!`Fb!9UeD!PaOFZD!PNQFND!PN_FZD!PNcFPD!

PNZFOD!PP_Fc!d*D!J4 $5 t!NPFP!9UeD!PPaFcD!cNFZD!ZQF_D!ZQFcD!Z`F_D!bbFaD!baFOD!`cFZD!`NF_D!`NFND!`NFPD!

a_FPD!aNFND!NbFQD!NbF_D!NbFcf!9J6+!dm/ze@!n6x9o3!7)47*!0/3!>&)9 '&[1 %X ++%!cNcFNbP_f!0/2(*!

cNcFNbPcF!

!

!

+,(-.%&"U%*!03/=!*)((1 'dcb!='D!OFPOa!==/4e!)77/3*"('!-/!XT2F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!PYNe!)00/3*%*!*)((2 'dZN!='D!QQwe!)&!,%44/H!/"4@!

nio%". !xZFZ!dc!OFcD!>9>4&ef!SJ!d(%)-e@!•/01 !t!aab_D!NQ`OD!NaZOD!Pc``D!PZbaD!Pb`OD!PabO!7=2! f!! 9!

16J!d`OO!69UD!>$>4 &e!δ!cFQb!d**D!J!t!ZFQD!NFa!9UD!P9eD!cFbN!d***D!J!t!_FZD!`FND!NFa!9UD!P9eD!

O
H H

OPMB
O NH

O

OF

O2N

Ph

SS

O
H H

OH
O NH

O

OF

O2N

Ph

SS
DDQ

CH2Cl2/H2O
25 ¡C, 1 h

99%

2.113 2.114



!

!

PZc!

cFNZ\ cFaP!d=D!P9eD!cFPQ\ cFNZ!d=D!a9eD!cFOQ!d*D!J!t!_FO!9UD!P9eD!cFOP\ cFOc!d=D!N9eD!bFPa!d&D!

a9eD!`FQc!d*-D!J!t!_FPD!ZFN!9UD!P9eD!`FO_\ `FPZ!d=D!P9eD!aFcO\ aFc_!d=D!P9eD!aFbb!d-D!J!t!bFc!9UD!

N9eD!aFOb\ aFPZ!d=D!N9eD!NFQ`!d***D!J t!P`F`D!_FcD!aF`!9UD!P9eD!NFcP\ NF_Z!d=D!a9eD!NFac\ NF`_!

d=D!N9eD!NFNZ!d*-D!J!t!PaFcD!NFN!9UD!P9eD!NFPa!d*-D!J!t!PaF_D!NFP!9UD!P9eD!PFQa\ NFO_!d=D!N9eD!

PFZa\ PFcO!d=D!P9eD!PFbN\ PFZO!d=D!N9eD!PFa_\ PF`_!d=D!a9ef!9J6+!d m/ze@!n6x9o3!7)47*!0/3!

> %*9 &"[1 %X )+%!ZOcFPQ`af!0/2(*!ZOcFPQ`PF!

!

!

[BGG'/C$KE">#\'+,(-.%&"U%*!03/=!*)((2 'd`O!='D!OFOZZO!==/4e!)(*!mT

.,*3/V,<.%(,4)7%-"7!)7"* !d*)((3 e*' !dPQ!='D!OFOcNb!==/4e!)77/3*"('!-/!XT(2 F!R.%!732*%!

3%)7-"/(!="V-23%!H)&!2&%*!0/3!-.%!(%V-!&-%<!H"-./2-!023-.%3!<23"0"7)-"/(@!! 9!16J!d`OO!

69UD!>$>4 &e!δ!cFQ`!d**D!J!t!ZFQD!NFa!9UD!P9eD!cFbO!d***D!J!t!_FZD!`FND!NFa!9UD!P9eD!cFPP\ cFNZ!

d=D!b9eD!ZFQ_\ cFOc!d=D!a9eD!ZF_b!d*D!J!t!cFb!9UD!P9eD!ZFcc!d-D!J!t!NFP!9UD!P9eD!ZFca!d**D!J!t!_FOD!

PF_!9UD!P9eD!bFPP!d&D!a9eD!`FQa!d*-D!J!t!_FOD!ZFP!9UD!P9eD!`FO`\ `FP`!d=D!P9eD!`FOO!d-D!J!t!ZFb!9UD!

N9eD!aFZ`\ aFca!d=D!P9eD!aFba!d&D!N9eD!aFPN!d**D!J!t!PaFQD!bFc!9UD!P9eD!aFOZ!d**D!J!t!PaF_D!ZFZ!

9UD!P9eD!NF__\ NFQc!d=D!P9eD!NFZQ\ NF_Z!d=D!a9eD!NFa`\ NF`Z!d=D!N9eD!NFNb!d*D!J!t!PaFb!9UD!P9eD!

NFOQ!d*D!J!t!PaFc!9UD!P9eD!PFQP\ NFOa!d=D!N9eD!PFb_\ PFcZ!d=D!a9eD!PFbP!d**D!J!t!PaFcD!PPFN!9UD!

O
H H

OH
O NH

O

OF

O2N

Ph

SS

O
H H

OO
O NH

O

OF

O2N

Ph

OH

SS

DCC, DMAP
CH2Cl2, 25 ! , 20 h

HO2C
OTBS1.

2. TBAF, THF
    Ð20 ! , 10 min

60% for 2 steps

2.114 2.116

2.115



!

!

PZ_!

P9eD!PFN_\ PFa_!d=D!N9eD!OFQc!d&D!Q9eD!OFP_!d&D!Z9eF![R=9'0&K%C?&/?"C>\'R/!)!7//4%*!d\ NO!{>e!

&/42-"/(!/0!-.%!732*%!3%)7-"/(!="V-23%!"(!R9[!dN!=;e!H)&!)**%*!RGB[!dOFPa!=;D!PFO!6!"(!

R9[D!OFPaN!==/4e!*3/<H"&%F!B0-%3!PO!="(D!-.%!3%)7-"/(!="V-23%!H)&!)44/H%*!-/!H)3=!-/!

O!{>!)(*!*"42-%*!H"-.!I-XB7!)(*!9 %XF!R.%!4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!)L2%/2&!4),%3!

H)&!%V-3)7-%*!H"-.!I-XB7F!R.%!7/=8"(%*!/3')("7!4),%3&!H%3%!*3"%*!/#%3!)(.,*3/2&!

1) %+X' !)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!&"4"7)!04)&.!

7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!NYae!-/!)00/3*! *)((6 'dNQ!='D!ZOw!0/3!N!&-%<&e!)&!

7/4/34%&&!/"4@!nio%". !xZF_!dc!OF`QD!>9>4&ef!SJ!d(%)-e@!•/01 !t!aaa_D!NQ`OD!Pca`D!PZbOD!Pb`OD!Pa`QD!

PNc_D!PPc_!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!cFQP!d*D!J!t!ZF_!9UD!P9eD!cF`a\ cFbO!d=D!P9eD!

cFPN\ cFNb!d=D!b9eD!ZFQ_\ cFOc!d=D!a9eD!ZFcP\ ZF_N!d=D!a9eD!bFOQ!d&D!N9eD!`FQa!dLD!J!t!ZFc!9UD!

P9eD!`FOc\ `FPZ!d=D!P9eD!aFQ`\ `FOc!d=D!N9eD!aFZZ\ aFcb!d=D!P9eD!aFb`!d&D!N9eD!aFPN!d**D!J!t!

PaFbD!ZFP!9UD!P9eD!aFOZ!d**D!J!t!PaF_D!ZFc!9UD!P9eD!NF__\ NFQ_!d=D!P9eD!NFZ_\ NF_Z!d=D!a9eD!

NFa_\ NF`Z!d=D!N9eD!NFNZ!d*D!J!t!PaFb!9UD!P9eD!NFOQ!d*D!J!t!PaF_!9UD!P9e!PF_Q\ NFOb!d=D!N9eD!

PFbc\ PFZQ!d=D!N9eD!PF`a\ PFbb!d=D!N9eD!PFN_\ PF`N!d=D!N9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!

PcPFcD!PcPFbD!PcOFQD!PbZFbD!PbbFa!d*D!J4 $5 t!NZZFa!9UeD!PacFaD!PabFZD!PabFbD!PaNFa!d*D!J4 $5 t!aFZ!

9UeD!PNQFQD!PNQFaD!PN_FcD!PNcFaD!PNZFPD!PNPFaD!PP_F_!d*D!J4 $5 t!NPFO!9UeD!PPZFND!PP`FbD!cNFaD!ZQFQD!

ZbFPD!Z`FQD!baFND!`cFZD!`NFQD!`NFaD!`NFND!`PFbD!a_FPD!aNFOD!NZFOD!NZFOD!NbF_D!N`FZf!9J6+!dm/ze@!

n6x9o 3!7)47*!0/3!>&)9 '! [1 %X *+%!c`PFNaPOf!0/2(*!c`PFNaP_F'

!



!

!

PZQ!

!

R/!)!&/42-"/(!/0! *)((6 'dPQ!='D!OFONbZ!==/4e!"(!$6[!da!=;e!H)&!)**%*!h %>X &!dP`!='D!

OFPOa!==/4e!)-!Nb!{>F!R.%!3%&24-"('!="V-23%!H)&!&4/H4,!.%)-%*!-/!cO!{>!)(*!&-"33%*!0/3!N!

.F!R.%!3%)7-"/(!H)&!7//4%*!-/!Nb!{>D!)(*!*"42-%*!H"-.!I-XB7!)(*!9 %XF!R.%!4),%3&!H%3%!

&%<)3)-%*D!)(*!-.%!/3')("7!4),%3!H)&!H)&.%*!H"-.!9 %X!&%#%3)4!-"=%&F!R.%!3%&24-"('!

/3')("7!4),%3!H)&!*3"%*!/#%3!)(.,*3/2&!1) %+X' !)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!

H)&!<23"0"%*!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!NYae!-/!)00/3*!*)(72'dNP!='D!

_Pwe!)&!7/4/34%&&!/"4@!nio%". !\ OFQN!dc!OFabD!>9>4&ef!SJ!d(%)-e@!•/01 !t!aaZZD!NQaaD!Pca`D!PZZ_D!

PbaaD!P``bD!PNbND!cba!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!cFQN!d*D!J!t!NFN!9UD!P9eD!cF`O!d-D!J!t!

cFQ!9UD!P9eD!cFOQ\ cFN`!d=D!_9eD!cFON\ cFOc!d=D!N9eD!ZF_b!d-D!J t!PFQ!9UeD!ZF_O!d*D!J!t!_FZ!9UD!

P9eD!bFaN!d*D!J!t!PNF`!9UD!P9eD!bFPa!d*-D!J!t! _F_D!bFN!9UD!P9eD!`FQ_!d*D!J!t!PNF`!9UD!P9eD!aFQc\

`FOc!d=D!N9eD!aF_`!d***D!J!t!POF_D!_FPD!bFO!9UD!P9eD!aFbN\ aFZ`!d=D!a9eD!aFNO!d**D!J!t!PaF_D!bFO!

9UD!P9eD!aFOZ!d**D!J!t!PaFQD!bFZ!9UD!P9eD!NFc_\ NFQP!d=D!N9eD!NFZQ\ NFcc!d=D!N9eD!NFba!d**D!J!t!

PZFOD!NFQ!9UD!P9eD!NFaQ!d**D!J!t!PZFOD!ZF_!9UD!P9eD!NFPZ!d*D!J!t!PaFZ!9UD!P9eD!PFQb\ NFON!d=D!

N9eD!PFQN!d*D!J!t!PaFc!9UD!P9eD!PFcP!d**D!J!t!PaFcD!PPFb!9UD!P9eD!PFbO\ PFZO!d=D!P9eD!PFNc\ PFac!

d=D!P9eD!PFPN\ PFNN!d=D!N9eD!OF_b\ OFQZ!d=D!P9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!PcOFQD!PcOF_D!

PcOFND!PbbFZD!PbOFQD!P`OF_D!PaZF`D!PaZFPD!Pa`FZD!PaOF_D!PaOF_D!PNQFZD!PN_FZD!PNcFND!PNZFbD!PNZFND!

O
O

H H
NHO

O

OO

O

O2N

K2CO3
DMF (10 mM)

70 ! , 2 h

81%
Ph

O
H H

OO
O NH

O

OF

O2N

Ph

OH

SS
SS

2.116 2.174



!

!

PcO!

PNOFND!PPQFbD!PP_F_D!cNFbD!ZQFcD!ZbFZD!ZbFPD!bNFZD!`cFZD!`NF`D!`PFQD!`PF_D!`PFbD!a_FND!aNFND!NZFOD!

NbFcD!N`FcD!N`FZf!9J6+!dm/ze@!n6x9o3!7)47*!0/3!>&)9 '# 1 %X *+%!cNPFNN`_f!0/2(*!cNPFNNa`F!

!

!

+,(-.%&"U%*!03/=!*)(72'dab!='D!OFO`_Z!==/4e!)77/3*"('!-/! XT7F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d>9N>4NY6%X9D!`OYPe!)00/3*%*!*)(73'dNP!='D!ZQwe!)&!)!H."-%!

&/4"*@!nio%". !xZFc!dc!OFaD!>9>4&ef!SJ!d(%)-e@!•/01 !t!aacaD!NQb_D!PcNcD!PZZQD!PbaND!PNbOD!cbP!

7= 2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!cFQa!d*D!J!t!NFP!9UD!P9eD!cFaZ\ cF`a!d=D!N9eD!cFP_\ cFN`!

d=D!a9eD!cFPZ!d**D!J!t!_FND!NFb!9UD!P9eD!cFOQ!d*D!J!t!cFb!9UD!P9eD!ZFQQ\ cFO`!d=D!N9eD!ZFQP\ ZFQc!

d=D!N9eD!ZFcb\ ZF_O!d=D!P9eD!bFPc!d*D!J!t!PNFa!9UD!P9eD!bFPP!d*D!J!t!PNFa!9UD!P9eD!bFON!d*-D!J!t!

_FPD!bFZ!9UD!P9eD!aFQO\ `FOP!d=D!N9eD!aFc_\ aF_Z!d=D!P9eD!aFbZ!d&D!a9eD!aFac\ aF`Z!d=D!P9eD!aFPQ!

d**D!J!t!P`FPD!bF`!9UD!P9eD!aFPa!d**D!J!t!P`FPD!bFQ!9UD!P9eD!NF`_\ NFb_!d=D!N9eD!NFaQ!d**D!J!t!

P`FZD!PPFP!9UD!P9eD!NFN_\ NFab!d=D!P9eD!NFNb!d*D!J!t!P`FN!9UD!P9eD!NFOQ!d**D!J!t!P`FND!PPF_!9UD!

P9eD!Pba\ PFZ`!d=D!P9eD!PFNc\ PF`N!d=D!a9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!NObFND!PcPFND!

PcOF_D!PZQF`D!PbZFPD!PbOFcD!P`PFaD!PaZFND!PaZFOD!Pa`FQD!PaPFPD!PaOFcD!PNQF`D!PN_FZD!PNcFaD!PNZFaD!

PNbFQD!PNPFOD!PPQFND!PP_FaD!caFZD!ZZFOD!Z`F_D!bNF_D!`ZFQD!`ZFbD!`NFbD!`PFZD!acF_D!aNFbD!N`Faf!9J6+!

dm/ze@!n6x9o3!7)47*!0/3!>&'9 &'1 %X !# !ZaPFNN_Zf!0/2(*!ZaPFNN_NF!

MeI, CaCO3
MeCN/H2O, 40 ! , 17 h

69%

O
O

H H
NHO

O

OO

O

O2N

Ph

SS

O
O

H H
NHO

O

OO

O

O2N

Ph

O

2.174 2.175



!

!

PcP!

U,/%C/F/E&'D%C;'TF%"0C>&'9F>?:&A"A'

!

+,(-.%&"U%*!03/=!*)6*'dPOO!='D!OFNa`!==/4e!)(*!<.%(,4)4)("(/4!%-.%3!d*)((7 e)&!d_P!='D!

OFN_P!==/4e!)77/3*"('!-/! XT1F!K23"0"7)-"/(!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!

d.%V)(%&YI-XB7D!PYPe!)00/3*%*!*)*(8 !dPab!='D!QZwe!)&!7/4/34%&&!/"4@!nio%". !\ QZF`!dc!NF`D!

>9>4 &ef!SJ!d(%)-e@!•/01 !t!aN_bD!NQa`D!N_b_D!PZb_D!PbPND!PN`ZD!PO_QD!POaaD!cON!7=2! f!! 9!16J!

d`OO!69UD!>$>4&e!δ!cFNZ\ cFaP!d=D!N9eD!cFPb\ cFNZ!d=D!b9eD!ZF_Z!d*D!J!t!_FZ!9UD!N9eD!ZFcQ!d*D!

J!t!_Fc!9UD!P9eD!`F`N!d&D!N9eD!`FN_\ `FaZ!d=D!P9eD!`FP`!d**D!J!t!PbF_D!NF`!9UD!P9eD!`FOQ!d**D!J!t!

PbF_D!NF`!9UD!P9eD!`FOP\ `FOc!d=D!P9eD!aFZ_\ aF_Q!d=D!`9eD!aFa`\ aFbN!d=D!`9eD!NFQa!d***D!J!t!

P`FaD!_FcD!aF`!9UD!P9eD!NFcO\ NF__!d=D!b9eD!NF`O!d-D!J!t!NF`!9UD!P9eD!NFaO\ NFaQ!d=D!N9eD!NFNZ!d*D!

J!t!PaFc!9UD!P9eD!NFPZ!d*D!J!t!PaF_!9UD!P9eD!PF_c\ NFPO!d=D!a9eD!PFcO\ PFcQ!d=D!P9eD!PFZO\ PFZ_!

d=D!P9eD!PF`_\ PFZO!d=D!a9ef!!&>!16J!dPNZ!69UD!>$>4 &e!δ!PcOFPD!PbQFPD!PacFQD!PaOFZD!PNQFbD!

PNQFND!PN_FaD!PNZF`D!PPaFcD!cQFbD!c`FQD!cNFbD!cNF`D!ZQFQD!ZQFcD!ZQFZD!b_FaD!bbFND!`QFZD!`cFZD!`aFOD!

`NFZD!`NFaD!acF`D!aNF`D!NbFQD!NbF_D!NbFcf!9J6+!d m/ze@!n6x9o3!7)47*!0/3!>&&9 '&1X "+%!bQ_FNZbbf!

0/2(*!bQ_FNZZaF!

!

!

O
H H

SS

CO2H

OPMB

96%

HATU, i-Pr2NEt
CH2Cl2, 25 ¡C, 24 h

O
HH
O

OPMB
NH

O Ph

SS
NH2áTFA

Ph

O

2.62 2.218

2.117
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!

PcN!

!

+,(-.%&"U%*!03/=!*)*(8 !dPac!='D!OFNNQ!==/4e!)77/3*"('!-/!XT2F!K23"0"7)-"/(!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!PYNe!)00/3*%*!*)((8 'dPO`!='D!Qbwe!)&!7/4/34%&&!/"4@!

nio%". !\ NOF_!dc!PFcD!>9>4&ef!SJ!d(%)-e@!•/01 !t!aN__D!NQ`OD!NQOcD!N_ZbD!PZ`cD!PbacD!POQOD!POZZD!

cbP!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!cFNZ\ cFac!d=D!N9eD!cFPb\ cFNZ!d=D!a9eD!ZFc_!d*D!J!t!

_F_!9UD!P9eD!`FN_\ `Fa_!d=D!P9eD!`FPN\ `FNN!d=D!N9eD!`FOQ!d*-*D!J!t!QFaD!bFaD!NF`!9UD!P9eD!aF_N!

d*-*D!J!t!PPF_D!ZFOD!PFQ!9UD!P9eD!aFZa!d-D!J!t!ZFP!9UD!N9eD!aF`c!d**D!J!t!QFaD!aFQ!9UD!P9eD!aF`a!

d**D!J!t!QF`D!aFZ!9UD!P9eD!NFQ`!d***D!J!t!P`FaD!QFOD!aFN!9UD!P9eD!NFZQ\ NFQO!d=D!b9eD!NF``!d-D!J!t!

NF`!9UD!P9eD!NFaN\ NF`a!d=D!N9eD!NFNQ!d*D!J!t!PaF_!9UD!P9eD!NFPP\ NFP_!d=D!N9eD!PFQO\ NFOc!d=D!

N9eD!PFbO\ PFc`!d=D!b9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!PcOFPD!PacF_D!PNQF`D!PN_F`D!PNZF`D!cQF`D!

c`FQD!cNF`D!cOFOD!ZQFZD!ZNFbD!b_F`D!`QFcD!`cFZD!`aFOD!`NFbD!`NFND!acFaD!aNFOD!N_FcD!NbFQD!NbF_D!NbFZf!

9J6+!d m/ze@!n6x9o3!7)47*!0/3!>%"9 &"1X ' +%!`c_FNO_Of!0/2(*!`c_FNO__F!

!

!

!

DDQ
CH2Cl2/H2O
25 ¡C, 1 h

95%

O
HH
O

OPMB
NH

O Ph

SS

O
HH
O

OH
NH

O Ph

SS

2.218 2.118
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!

Pca!

!

R/!)!7//4%*!dO!{>e!&/42-"/(!/0!*)((8 'dPO`!='D!OFNP_!==/4e!"(!R9[!dNFN!=;e!H)&!)**%*!

1)9!dPc!='D!ZOw!*"&<%3&"/(!"(!="(%3)4!/"4D!OF`ab!==/4eF!B0-%3!-.%!3%)7-"/(!="V-23%!H)&!

&-"33%*!0/3!aO!="(!)-!-.%!&)=%!-%=<%3)-23%D!%-.,4!NT83/=/=%-.,4)73,4)-% !d*)((5 e!dOFPb!

=;D!PFOQ!==/4e!H)&!)**%*!*3/<H"&%!)-!O!{>F!R.%!3%)7-"/(!="V-23%!H)&!)44/H%*!-/!H)3=!

-/!Nb!{>!)(*!&-"33%*!0/3!NO!.F!R.%!="V-23%!H)&!*"42-%*!H"-.!I-XB7!)(*!L2%(7.%*!H"-.!

&)-23)-%*!)L2%/2&!19 ' >4F!R.%!4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!)L2%/2&!4),%3!H)&!

%V-3)7-%*!H"-.!I-XB7F!R.%!7/=8"(%*!/3')("7!4),%3&!H%3%!*3"%*!/#%3!)(.,*3/2&!1)%+X' !

)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!

d.%V)(%&YI-XB7D!aYNe!-/!)00/3*!*)(*4 'dPOb!='D!_Nwe!)&!7/4/34%&&!/"4@!nio%". !!\ PbFa!dc!PFcD!

>9>4 &ef!SJ!d(%)-e@!•/01 !t!aN__D!NQOcD!N_Z`D!PcPaD!PZZZD!PbaOD!PNcaD!PPOaD!cON!7=2! f!! 9!16J!

d`OO!69UD!>$>4&e!δ!cFNc\ cFa`!d=D!N9eD!cFPZ\ cFN`!d=D!a9eD!ZFcc!d*D!J!t!_FQ!9UD!P9eD!ZFNZ!dLD!J!

t!PFb!9UD!P9eD!bF_a!dLD!J!t!PFc!9UD!P9eD!`FN_\ `FaZ!d=D!P9eD!`FNO!dLD!J!t!cFP!9UD!N9eD!`FPZ!d-D!J!t!

PFZ!9UD!N9eD!`FPN\ `FPb!d=D!N9eD!`FON\ `FO_!d=D!P9eD!aFc`\ aF_a!d=D!P9eD!aFaQ\ aFbN!d=D!`9eD!

NFQa!d***D!J!t!P`F`D!_F_D!aFa!9UD!P9eD!NFcO\ NF_Z!d=D!b9eD!NF`N!d-D!J!t!NF`!9UD!P9eD!NFaO\ NFa_!

d=D!N9eD!NFNZ!d*-D!J!t!PaF_D!NFP!9UD!P9eD!NFPb!d*-D!J!t!PaF_D!NFP!9UD!P9eD!PFQO\ NFOZ!d=D!N9eD!

PFcO\ PF_O!d=D!P9eD!PFbO\ PFZ_!d=D!b9eD!PFNQ!d-D!J!t!cFP!9UD!a9ef!!&>!16J!dPNb!69UD!>$>4 &e!δ!

O
HH
O

OH
NH

O Ph

SS

NaH, THF
0 to 25 ! , 24 h

Br

CO2Et

O
HH
O

O

O

EtO

NH

O Ph

SS

82%

2.118 2.120

2.119
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!

Pc`!

PcOFaD!PZZFOD!Pa_FOD!PacFZD!PNQFZD!PN_FbD!PNZFbD!PNbF`D!cQFZD!cbFOD!cNFbD!cOF_D!cOFPD!ZQFcD!ZQFOD!

ZOF_D!b_FbD!`QF_D!`cFcD!`aFND!`NFcD!`NFaD!acFZD!aNFbD!NZFOD!NbFQD!NbF_D!NbF_D!P`Faf!9J6+!dm/ze@!

n6x9o 3!7)47*!0/3!>&!9 '&1X (+%!bQOFNZObf!0/2(*!bQOFNbQaF!

!

!

[ZF0%CEFA"A\'+,(-.%&"U%*!03/=!*)(*4 'dbO!='D!OFO_`_!==/4e!)77/3*"('!-/!XT3F!R.%!732*%!

3%)7-"/(!="V-23%!H)&!2&%*!0/3!-.%!(%V-!&-%<!H"-./2-!023-.%3!<23"0"7)-"/(@!! 9!16J!d`OO!

69UD!>$>4 &e!δ!cFP\̀ cFaN!d=D!b9eD!ZFcQ!d*D!J!t!_F_!9UD!P9eD!ZFac!d*D!J!t!PF`!9UD!P9eD!bFQP!d*D!

J!t!PFZ!9UD!P9eD!`FN_\ `Fab!d=D!P9eD!`FP`\ `FNO!d=D!N9eD!`FPa!d-D!J!t!NF_!9UD!N9eD!`FOa\ `FO_!d=D!

P9eD!aFcb\ aF_a!d=D!P9eD!aF`Z\ aFb`!d=D!N9eD!aF`b!d**D!J!t!QFbD!aF_!9UD!P9eD!aF`P!d**D!J!t!QFaD!

aFb!9UD!P9eD!NFZb\ NFQc!d=D!Z9eD!NF`P!d-D!J!t!NFa!9UD!P9eD!NFaN\ NFaQ!d=D!N9eD!NFNa\ NFNQ!d=D!

P9eD!NFPP\ NFP_!d=D!P9eD!PFQO\ NFO`!d=D!N9eD!PFZQ\ PFc_!d=D!P9eD!PF`Z\ PFZZ!d=D!b9eF![IBG'

/C$KE">#\'R/!)!&/42-"/(!/0!-.%!732*%!3%&"*2%!"(!>9%>4%!dN!=;e!H%3%!)**%*!OT

<"#)4/,4.,*3/V,4)="(% *" !da`!='D!OFPNc!==/4eD!PT%-.,4TaTdaT

*"=%-.,4)="(/<3/<,4e7)38/*""="*%!.,*3/7.4/3"*%!dI$>|9>4D!aN!='D!OFPZQ!==/4eD!)(*!

<,3"*"(%!dOFOc!=;D!OF_`c!==/4e!)-!Nb!{>F!B0-%3!&-"33"('!0/3!Nb!.!)-!-.%!&)=%!-%=<%3)-23%D!

-.%!3%)7-"/(!="V-23%!H)&!*"42-%*!H"-.!I-XB7!)(*!(%2-3)4"U%*!8,!P!6!7"-3"7!)7"*F!R.%!

65% for  2 steps

O
HH
O

O

O

EtO

NH

O Ph

SS 1. 1 N LiOH, THF/H2O
    25 ! , 18 h
2. PivOÐNH2áTfOH, EDCáHCl
    pyridine, CH2Cl2
    25 ! , 25 h O

HH
O

O

O

PivOHN

NH

O Ph

SS

2.120 2.121



!

!

Pcb!

4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!)L2%/2&!4),%3!H)&!%V-3)7-%*!H"-.!I-XB7F!R.%!7/=8"(%*!

/3')("7!4),%3&!H%3%!*3"%*!/#%3!)(.,*3/2&!1) %+X ' !)(*!7/(7%(-3)-%*! in vacuoF!R.%!

3%&"*2%!H)&!<23"0"%*!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!d.%V)(%&YI-XB7D!PYPe!-/!)00/3*!*)(*( '

daZ!='D!Zbw!0/3!N!&-%<&e!)&!7/4/34%&&!/"4@!nio%". !!\ POFa!dc!OFZND!>9>4&ef!SJ!d(%)-e@!•/01 !t!NQPZD!

PZb`D!PbQcD!PN_ZD!PPcbD!POObD!_OQ!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!POFNc!d&D!P9eD!cFNZ\

cFaO!d=D!N9eD!cFPb\ cFNa!d=D!a9eD!ZFcN!d*D!J!t!_F_!9UD!P9eD!ZFaP!d*D!J!t!PFa!9UD!P9eD!bFZN!d*D!J!t!

PF`!9UD!P9eD!`FNZ\ `FaZ!d=D!P9eD!`FNP!d&D!N9eD!`FOQ\ `FP_!d=D!N9eD!`FON\ `FOQ!d=D!P9eD!aFc`\

aF_N!d=D!P9eD!aF`b\ aFb`!d=D!N9eD!aF``!d**D!J!t!QF`D!aFQ!9UD!P9eD!aF`O!d**D!J!t!QFaD!aFZ!9UD!P9eD!

NFQN!d***D!J!t!P`FcD!_F_D!aFb!9UD!P9eD!NFZc\ NF_c!d=D!b9eD!NF`N!d-D!J!t!NFa!9UD!P9eD!NFNQ\ NF`P!

d=D!N9eD!NFNZ!d*D!J!t!PaFc!9UD!P9eD!NFPb!d*D!J!t!PaF_!9UD!P9eD!PFQP\ NFOZ!d=D!N9eD!PFcc!d*LD!J!t!

PaF`D!ZFZ!9UD!P9eD!PFbc\ PFZQ!d=D!N9eD!PF`P\ PFbc!d=D!a9eD!PFaP!d&D!Q9ef!!&>!16J!dPNb!69UD!

>$>4 &e!€!PcZF`D!PcOFND!PZ`FND!Pa_FOD!PaZF`D!PNQFZD!PN_FbD!PNcFPD!PNZFZD!cQFZD!cbFOD!cNF`D!cOFZD!

cOF`D!cOFND!ZQFcD!b_FbD!`QF_D!`cFcD!`aFPD!`NF`D!a_FbD!acFbD!aNFND!NcFND!NZFOD!NbFQD!NbF_D!NbFZf!9J6+!

dm/ze@!n6x9o3!7)47*!0/3!>&'9 '+ 1 %X )+%!ZZPFNQcZf!0/2(*!ZZPFNQ_aF!

!

!

O
HH
O

O

O

PivOHN

NH

O Ph

SS

O
HH

NHO
Ph

O

O

O N
H

[Cp*RhCl2]2 (10 mol%)
CsOAc (2 equiv)

MeOH (5 mM)
reflux, 30 min

54% (combined yield)
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HN O
Ph

O

O

O

HN

+

2.176A 2.176B

SS SS

2.121



!

!

PcZ!

R/!)!#"'/3/2&4,!&/42-"/(!/0!n><‚J.>4 %o%!daFZ!='D!bFP`!~=/4D!PO!=/4!we!)(*!>&XB7!dNO!

='D!OFPOa!==/4e!"(!3%042V"('!6%X9!dNFO!=;e!H)&!)**%*!)!&/42-"/(!/0!.,*3/V)=)-%!

*)(*( 'daa!='D!OFObP`!==/4e!"(!6%X9!dOFb!=;e!*3/<H"&%!/#%3!aO!="(F!X(7%!-.%!)**"-"/(!

H)&!7/=<4%-%D!-.%!3%)7-"/(!="V-23%!H)&!3%042V%*!0/3!)**"-"/()4!aO!="(D!7//4%*!-/!Nb!{>D!

)(*!-.%(!7/(7%(-3)-%*F!R.%!3%&"*2%!H)&!*"&&/4#%*!"(!>9%>4%!)(*!-.%!3%&24-"('!&/42-"/(!

H)&!H)&.%*!H"-.!)!&)-23)-%*!)L2%/2&!1)9>X &!)(*!83"(%F!R.%!3%&24-"('!/3')("7!4),%3!

H)&!*3"%*!/#%3!1)%+X' !)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!&"4"7)!

04)&.!7.3/=)-/'3)<.,!d>9 %>4%Y6%X9D!aOYPe!-/!)00/3*!)(!"(&%<)3)84%!="V-23%!/0!

3%'"/"&/=%3&!d*)(76< ')(*! *)(76= D'Pb!='D!b`w!7/=8"(%*!," %4*e!)&!/3)('%!/"4F!R.%!

&-327-23%&!/0!-.%!"&/=%3"7!<,3"*"(%&!H%3%!*%-%3="(%*!8,!16J!&<%7-3/&7/<"7!)()4,&"&F)%,-

*( @!! 9!16J!d`OO!69UD!>$>4 &D!6):/3!"&/=%3e!δ!cFac!d*D!J!t!ZFc!9UD!P9eD!cFNc\ cFaa!d=D!N9eD!

cFPa\ cFNN!d=D!a9eD!ZFQc!d*D!J!t!_Fb!9UD!P9eD!ZFNO!d*D!J!t!ZFc!9UD!P9eD!`FbN!d*D!J!t!PNF`!9UD!P9eD!

`Fac!d*D!J!t!PPFc!9UD!P9eD!`FaN!d*D!J!t!PPFQ!9UD!P9eD!`FNO\ `FaO!d=D!N9eD!aF_P\ aFQO!d=D!P9eD!

aF`_\ aFZO!d=D!a9eD!aFac!d*D!J!t!`F`!9UeD!NFZN\ NFQQ!d=D!Z9eD!NFPN\ NFNc!d=D!a9eD!PF_O\ NFO_!d=D!

`9eD!PFbN\ PFcN!d=D!a9eD!PFac\ PF`Q!d=D!P9eD!PFNN\ PFa`!d=D!P9ef!9J6+!dm/ze@!n6x9o3!7)47*!

0/3!>%*9 &+1 %X "+%!bbQFNNQbf!0/2(*!bbQFNNQbF!

!



!

!

Pcc!

!

+,(-.%&"U%*!03/=!3%'"/"&/=%3"7!="V-23%!*)(76< ')(*! *)(76= 'dPb!='D!OFONZ_!==/4e!

)77/3*"('!-/! XT7F!K23"0"7)-"/(!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!d>9 %>4%Y6%X9D!NOYPe!

)00/3*%*!)(!"(&%<)3)84%!="V-23%!/0!3%'"/"&/=%3&!d*)(77< ')(*! *)(77= D!QFc!='D!ccwe!)&!)!

H."-%!&/4"*@!! 9!16J!d`OO!69UD!>$>4 &D!6):/3!"&/=%3e!δ!cF`Q!d*D!J!t!_FQ!9UD!P9eD!cFNc\ cF`P!

d=D!a9eD!cFPP\ cFNb!d=D!a9eD!ZFNO!d*D!J!t!ZFc!9UD!P9eD!`FbZ\ `FZc!d=D!N9eD!`FN_\ `Fa_!d=D!P9eD!

`FP_!d*D!J!t!PNFc!9UD!P9eD!`FOQ!d*D!J!t!PNFN!9UD!P9eD!aF_N\ aFQa!d=D!P9eD!aFbZ\ aFZZ!d=D!N9eD!

aFNZ\ aF`Z!d=D!a9eD!NF_Z\ aFOO!d=D!N9eD!NFbO\ NFbc!d=D!P9eD!NFNc\ NFaa!d=D!P9eD!NFPN\ NFN`!d=D!

N9eD!PF_Q\ NFOP!d=D!N9eD!PFZc\ PF_P!d=D!N9eD!PF`O\ PFbb!d=D!N9ef!9J6+!dm/ze@!n6x9o3!7)47*!

0/3!>%(9 &%1 %X (!`ZQFNaaaf!0/2(*!`ZQFNaNcF!

!

U,/%C/F/E&A'D%C;'<KK&>0,#&'B"L&%A"D"/,?"C>'

!

B7-"#)-%*!U"(7!*2&-!dN_b!='D!`Fac!==/4e!H)&!*3"%*!2(*%3!."'.!#)722=!"(!)!NO!=;!#")4!

0"--%*!H"-.!)!&%<-2=!7)<!d"(!)!bO!{>!&)(*!8)-.eF!5</(!7//4"('D!-.%!#")4!H)&!042&.%*!H"-.!

MeI, CaCO3
MeCN/H2O
0 ! , 17 h

79%

O
HH

NHO

PhO

O

O N
H

O
HH

HN O

PhO

O

O

HN
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2.176A 2.176B
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2.177A 2.177B

O O

O
H H

HN O
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O

O
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O

24% (35% brsm)

O
H H

HN
H
N

O

O

O

CH2

Ph
O

TMSCl, BrCH2CH2Br
Zn, CH2Br2, TiCl4 
Ð40 to 25 ¡C, 4 h

2.132 2.199



!

!

Pc_!

1 %F!B(.,*3/2&!R9[!dc!=;eD!PDNT*"83/=/% -.)(%!dPQ!~;D!OFNNO!==/4eD!)(*!R6+>4!dbFZ!~;D!

OFO``!==/4e!H%3%!)**%*!-/!-.%!#")4F!B0-%3!&-"33"('!0/3!PO!="(D!*"83/=/=%-.)(%!dOFPO!=;D!

PF`N!==/4e!H)&!)**%*F!R.%!="V-23%!H)&!7//4%*!-/!\ `O!{>!)(*!R">4 ' !dPFOP!=;D!PFO!6!"(!

>9 %>4%D!PFOP!==/4e!H)&!)**%*!&4/H4,D!*3/<H"&%!/#%3!PO!="(F!R.%!3%&24-"('!)&.T842%!

&2&<%(&"/(!H)&!H)3=%*!-/!O!{>!/#%3!`b!="(!-.%(!&-"33%*!)-!O!{>!0/3!N!*),&F!B(!)4"L2/-!/0!

-.%!;/=8)3*/!3%)'%(-!-.2& T/8-)"(%*!d`bN!~;D!OFOQQN!==/4D!`!%Le!H)&!)**%*!-/!?%-/(%!

*)(1* 'dPO!='D!OFON`_!==/4e!"(!>9%>4%!dNFb!=;e!)-!O!{>F!B0-%3!&-"33"('!)-!O!{>!0/3!aO!="(D!

-.%!3%)7-"/(!="V-23%!H)&!)44/H%*!-/!H)3=!-/!Nb!{>!)(*!&-"33%*!0/3!)**"-"/()4!`!.F!R.%!

="V-23%!H)&!*"42-%*!H"-.!I-XB7!)(*!L2%(7.%*!H"-.!&)-23)-%*!)L2%/2&!1)9>X &F!R.%!

4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!)L2%/2&!4),%3!H)&!%V-3)7-%*!H"-.!I-XB7F!R.%!7/=8"(%*!

/3')("7!4),%3&!H%3%!H)&.%*!H"-.!83"(%D!*3"%*!/#%3!1)%+X' D-)(*!7/(7%(-3)-%*! in vacuoF!

R.%!3%&"*2%!H)&!<23"0"%*!8,!&"4"7)!04)&.!7.3/=)-/'3)<.,!d>9%>4%Y6%X9D!`OYPe!-/!)00/3*!

11,' dNF`!='D!N`wD!abw!83&=e!)&!)!H."-%!&/4"*!H"-.!-.%!3%7/#%3%*!&-)3-"('!=)-%3")4!*)(55'

daFO!='D!aOwe@!nio%". !!xNZF`!dc!OFOcD!>9>4&ef!SJ!d(%)-e@!•/01 !t!aaPND!NQNQD!Pca`D!PZ`ZD!Pb`OD!

PN_Q!7=2! f!! 9!16J!d`OO!69UD!>$>4 &e!δ!cFOQ\ cFaa!d=D!Z9eD!ZF`Z!d*D!J!t!cFN!9UD!P9eD!`FQb!

d***D!J!t!POFPD!ZFcD!aFc!9UD!P9eD!`Fc_!d&D!N9eD!`Fbb!d**D!J!t!P_FOD!_Fb!9UD!P9eD!`FPa!d*-D!J!t!PPFOD!

`FN!9UD!P9eD!aF_O\ aFQP!d=D!P9eD!aFb`\ aFZ_!d=D!N9eD!aFbP!d**D!J!t!PaFZD!aFZ!9UD!P9eD!aFOZ\ aFPZ!

d=D!P9eD!NFQP!d**D!J!t!PaFbD!ZFc!9UD!P9eD!NFbP!d**D!J!t!PZFcD!QFZ!9UD!P9eD!NF``!d**D!J!t!PZFQD!aFa!

9UD!P9eD!NFPb\ NFNa!d=D!P9eD!PFQP\ NFOZ!d=D!a9eD!PFZc\ PFcc!d=D!P9eD!PF`c\ PFZ`!d=D!N9eD!PFaN\

PF`O!d=D!P9ef!!&>!16J!dPNb!69UD!)7%-/(%Td6e!δ!PcPFQD!PcOF`D!PZQFcD!P`bFZD!Pa_FQD!PaOFbD!



!

!

PcQ!

PNQFND!PNcF`D!POQF`D!ccFbD!cbF_D!ZbFbD!bbFOD!`aFPD!`NF_D!`OFQD!`OFaD!a_F`D!aNF_D!NaFaf!9J6+!dm/ze@!

n6x9o 3!7)47*!0/3!>%%9 %+1 %X "!`OPFNOcPf!0/2(*!`OPFNOZcF!

!

!

R/!)!7//4%*!d\ `O!{>e!&2&<%(&"/(!/0!*)(1* 'dPbP!='D!OFacb!==/4e!"(!6%X9!dcN!=;e!H)&!

)**%*!&/*"2=!8/3/.,*3"*%!dNP!='D!OFbZa!==/4eF!B0-%3!&-"33"('!0/3!P!.!)-!-.%!&)=%!

-%=<%3)-23%D!-.%!3%)7-"/(!="V-23%!H)&!&4/H4,!H)3=!-/!O!{>D!L2%(7.%*!H"-.!&)-23)-%*!

)L2%/2&!19 ' >4D!)(*!7/(7%(-3)-%*F!R.%!3%&"*2%!H)&!*"&&/4#%*!"(!>9%>4%D!)(*!-.%!

3%&24-"('!&/42-"/(!H)&!H)&.%*!H"-.!9 %XF!R.%!)L2%/2&!4),%3!H)&!%V-3)7-%*!H"-.!>9 %>4%!

&%#%3)4!-"=%&F!R.%!7/=8"(%*!/3')("7!4),%3&!H%3%!*3"%*!/#%3!)(.,*3/2&!1)%+X' !)(*!

7/(7%(-3)-%*!in vacuo!-/!)00/3*! *)*44'dP``!='D!Qbwe!)&!)!H."-%!&/4"*@!nio%". !!\ PNFO!dc!OFNaD!

>9 &>1Y6%X9!t!PYPef!SJ!d(%)-e@!•/01 !t!aaN_D!NQaaD!PcaPD!PZ`OD!PbaZD!PNbOD!QQQD!cbO!7=2! f!! 9!

16J!d`OO!69UD!$6+X Td6e!δ!_FNQ!d-D!J!t!bFc!9UD!P9eD!cFQP!d*D!J!t!_FZ!9UD!P9eD!cFNO\ cFN_!d=D!

N9eD!cFPO\ cFPQ!d=D!a9eD!`FZQ!d*D!J!t!`Fc!9UD!P9eD!`FbZ!d-*D!J!t!_FND!ZFb!9UD!P9eD!aF_b\ aFQZ!d=D!

N9eD!aFcZ!d**D!J!t!PZF_D!bF`!9UD!P9eD!aFZb!d**D!J!t!PZFQD!bF_!9UD!P9eD!aFbN\ aFZN!d=D!N9eD!aFPc\

aFNZ!d=D!P9eD!NF_Q!d**D!J!t!PaFbD!ZFb!9UD!P9eD!NFcc!d**D!J!t!PaFZD!_FO!9UD!P9eD!NFaQ!d**D!J!t!

PaFZD!aFb!9UD!P9eD!PFQ`!d**D!J!t !PaFcD!_Fa!9UD!P9eD!PFba\ PFcb!d=D!`9eD!PFaN\ PF`a!d=D!N9eD!PFPb!

dLD!J!t!PPF`!9UD!P9eD!OF__!dLD!J!t!PPFb!9UD!P9ef!!&>!16J!dPNb!69UD!$6+X Td6e!δ!PcPFbD!
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NaBH4, MeOH
Ð40 ! , 1 h

95%

2.132 2.200



!

!

P_O!

PZQFbD!PZQFaD!PacF_D!PNQFOD!PN_FPD!PNZFND!cNFbD!cNFPD!ZZFaD!Z`FZD!Z`FbD!baFbD!`NFPD!`PFQD!`OF_D!`OFcD!

acFQD!aNFND!NNFPf!9J6+!dm/ze@!n6x9o3!7)47*!0/3!>%!9 %+1 %X (!`ObFNONOf!0/2(*!`ObFNONNF!

!

!

R/!)!7//4%*!dO!{>e!&2&<%(&"/(!/0!1)9!dbF`!='D!ZOw!*"&<%3&"/(!"(!="(%3)4!/"4D!OFPa`!

==/4e!"(!R9[!dP!=;e!H)&!)**%*!=%-.,4!*"%-.,4<./&<./(/)7%-)-%!dPQ!~;D!OFPa`!==/4e!

*3/<H"&%F!B0-%3!PO!="(D!)!&2&<%(&"/(!/0!*)(1* 'dP_!='D!OFO``c!==/4e!"(!R9[!dP!=;e!H)&!

)**%*!*3/<H"&%!)-!O!{>F!B0-%3!&-"33"('!0/3!PO!="(!)-!O!{>D!-.%!3%)7-"/(!="V-23%!H)&!

)44/H%*!-/!H)3=!-/!Nb!{>!)(*!&-"33%*!0/3!P!.F!R.%!3%)7-"/(!H)&!L2%(7.%*!H"-.!&)-23)-%*!

)L2%/2&!19 ' >4D!)(*!*"42-%*!H"-.!I-XB7!)(*!9 %XF!R.%!4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!

)L2%/2&!4),%3!H)&!%V-3)7-%*!H"-.!I-XB7F!R.%!7/=8"(%*!/3')("7!4),%3&!H%3%!*3"%*!/#%3!

1) %+X' !)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!&"4"7)!04)&.!

7.3/=)-/'3)<.,!d>9 %>4%Y6%X9D!_OYPe!-/!)00/3*!*)*4( 'dPZ!='D!ccwe!)&!)!H."-%!&/4"*@!

nio%". !!xPFa!dc!OFNZD!>9&>1ef!SJ!d(%)-e@!•/01 !t!aaOND!NQbOD!PcPbD!PZ`ZD!P`aZD!PNNaD!PPZ_D!PPbPD!
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T%">/"K,E'GC;KC>&>?'<>,EFA"A'+TG<-'

K3"(7"<)4!7/=</(%(-!)()4,&"&!dK>Be!H)&! <%30/3=%*!2&"('!-.%!<3/7%*23%!"(-3/*27%*!8,!

R)( '',-*+ F!R.%!<4/-&!&./H(!"(!["'23%!PP!H%3%!'%(%3)-%*!03/=!7/=</2(*!&%-&!)8/#%D!)(*!

-.%!NO!&-327-23)4!)(*!<.,&"7/7.%="7)4!<3/<%3-"%&-H%3%!*%-%3="(%*!8,!03%%!/(4"(%!

7.%="(0/3=)-"7!-//4&!d6/4"(&<"3)-"/( !#! D!]>>!;)8 !#%eD!>.%=$3)H!)(*!=)(2)4!

"(&<%7-"/(&!dR)84%!NeF!R.%!=%)(!)#%3)'%!#)42%&!0/3!%)7.!7/=</2(*!&%-&!H%3%!7)4724)-%*!

dR)84%!aeF!!

!

R,.E&'1)'B#%3)'%!&-327-23)4!)(*!<.,&"7/7.%="7)4!<)3)=%-%3&!8,!7/=</2(*!&%3"%&!!!!!!!!!!!
d6!t!(+-6E!ƒ!POOO!0/3!74)3"-,e'

   Drug  
Set 

Natural 
Product Set  

Macrocyclic  
NP 
Set 

THP-MC 
Library Set  

MW 355 629 485 472 
N 2.4 2.6 0.4 2.5 
O 3.0 9.7 7.5 7.1 
XlogP  2.5 1.5 3.4 1.1 
HBD 1.6 4.9 2.2 1.5 
HBA 5.6 10.8 7.9 9.6 
RotB  6.2 9.7 5.3 3.1 
tPSA 72 183 111 103 
ALOGPs  2.5 2.1 3.1 1.3 
ALOGpS  -3.7 -3.8 -3.8 -3.5 
nStereo  1.3 9.1 7.5 3.6 
R 0.6 4.1 3.7 2.5 
S 0.7 5.0 3.9 1.2 
RSdelta    -0.1 -0.9 -0.2 1.3 
nStMW 3.4 13.9 15.1 7.5 
Rings  2.9 3.8 2.7 3.5 
RngAr  2.0 1.0 0.2 1.3 
RngSys  2.1 2.0 1.4 1.7 
RngLg  8.1 15.8 16.8 20.9 
RRsys  1.4 2.3 2.1 2.3 

!

!

!
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R,.E&'2)'>/=</(%(-!4/)*"('&!0/3!K>B!/0!-.%!=)73/7,74"7!4"83)3,!H"-.!%&-)84"&.%*!
3%0%3%(7%!&%-&!dR/<!-.3%%!7/(-3"82-"('!<)3)=%-%3&!)3%!=)3?%*!,%44/He'

 PC1 PC2 PC3 

MW -0.3349 0.0848 -0.0921 
N -0.1383 -0.1530 -0.4127 
O -0.3322 -0.0591 0.0543 
XLogP  0.0394 0.5125 0.0670 
HBD -0.2633 -0.2188 -0.1581 
HBA -0.3236 -0.0895 -0.0798 
RotB  -0.2075 0.0491 -0.2656 
tPSA -0.3163 -0.1632 -0.1409 
nStereo  -0.3135 0.0114 0.2222 
R -0.2722 -0.0252 0.2935 
S -0.3076 0.0418 0.1305 
nStMW -0.1918 -0.0553 0.4031 
RSdelta  0.1000 -0.0904 0.1774 
Rings  -0.2065 0.1923 -0.0391 
RngAr  -0.0030 0.1314 -0.4228 
RngSys  -0.1549 0.0973 -0.2736 
RngLg  -0.1987 0.1298 0.1798 
RRSys -0.0893 0.1361 0.2117 
ALOGPs  -0.0168 0.5332 -0.0173 
ALOGpS  0.1074 -0.4704 0.1140 
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T%">/"K,E'UC;&>?'CD'W>&%?",'+TUW-'

6%37?!=/4%724)3!0/37%!0"%4*!Q`V!d66[[Q`Ve!)(*!-.%!'%(%3)4"U%*!G/3(!&/4#)-"/(!=/*%4!

H%3%!2&%*!-/!'%(%3)-%!&-)84%!7/(0/3=%3&!0/3!%)7.!=/4%724%F!K3"(7"<)4!=/=%(-&!/0!"(%3-")!

7)4724)-"/(&!H%3%!<%30/3=%*!2&"('!-.%!6/4%724)3!X<%3)-"('!I(#"3/(=%(-!d6XID!

#NOP_FOPe!&/0-H)3%!<)7?)'%!#&D!)(*!-.%!7/(0/3=)-"/()4!&%)37.!H)&!<%30/3=%*!H"-.!-.%!

0/44/H"('!&%--"('&@!

Method LowModeMD 
Rejection Limit 150 
RMS Gradient 0.005 
Iteration Limit 10000 
MM Iteration Limit 500 
RMSD Limit 0.15 
Energy Window 3 
Conformation Limit 10000 
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GF?C?CJ"/"?F'<AA,F'

;"83)3,!=%=8%3&!H%3%!&73%%(%*!0/3!"(."8"-"/(!/0!92.c!7%44&D!)!.%<)-/7,-%T*%3"#%*!

7)37"(/=)!7%44!4"(%F!>/=</2(*&!dPOO!~6e!"(!-3"<4"7)-%!H%3%!"(728)-%*!H"-.!92.c!dcDOOO!

7%44&YH%44e!7%44&!"(!a_`TH%44!H."-%!="73/-"-%3!<4)-%&!0/3!b!*),&!"(!)!&-)(*)3*!-"&&2%!724-23%!

"(728)-/3!)-!ac!{>F!R.%!0"()4!7/(7%(-3)-"/(!/0!$6+X!H)&!Pw!)(*!-.%!)&&),!#/42=%!H)&!

aO!~;F!G3%0%4*"(!B!dPO!~6e!H)&!-.%!</&"-"#%!7/(-3/4F!>%44!#")8"4"-,!H)&!)&&%&&%*!)0-%3!

)**"-"/(!/0!>%44R"-%3TM4/!dK3/=%')e!-/!%)7.!H%44!)(*!3%4)-"#%!42="(%&7%(7%!H)&!

* %-%3="(%*!H"-.!)(!I(]"&"/(!dK%3?"(!I4=%3eF!$)-)!H%3%!(/3=)4"U%*!-/!-.%!$6+X!

7/(-3/4!)(*!<4/--%*!)&!-.%!)#%3)'%!y!-.%!&-)(*)3*!*%#")-"/(F!+"'("0"7)(7%!H)&!)&&%&&%*!8,!

<%30/3="('!)!-H/ TH),!B1X]BD!$2((%--W&!=24-"<4%!7/=<)3"&/(!-%&-!dM3)<.K)*!K3"&=eF!!

!
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3. Synthetic Studies toward Forazoline A  

3.1 Introduction 

3.1.1 Clinical Needs in Antifungal Drug Development  

[2(')4!"(0%7-"/(&!.)#%!8%%(!)!7/(-"(2/2&!-.3%)-!-/!.2=)(&!)(*!=%*"7)44,!

"=</3-)(-!02(')4!*"&%)&%&!7)(!8%!7)-%'/3"U%*!"(-/!-H/!-,<%&!8,!-"&&2%!/3!/3')(!4%#%4&D!

*%<%(*"('!/(!<3"=)3,!7/4/("U)-"/(!&"-%&F !#' !R.%!0"3&-!-,<%!"(742*%&!=,7/&%&!/0!<.,&"7)4!

8)33"%3&!/0!8/*,!&230)7%&!&27.!)&!&2<%30"7")4D!72-)(%/2&D!&2872-)(%/2&D!)(*!=27/&)F!S(!

.%)4-.,!"(*"#"*2)4&D!."'.!8/*,!-%=<%3 )-23%!)(*!)!</H%3024!"==2(%!&23#%"44)(7%!

)*%L2)-%4,!3%&"&-&!-.%!02(')4!7.)44%('%&F!#" !R.%!&%7/(*!=):/3!'3/2<!/0!02(')4!"(0%7-"/(&!

"&!)(!"(#)&"#%!02(')4!"(0%7-"/(!-.)-!7)(!)00%7-!-.%!7%(-3)4!(%3#/2&!&,&-%=D!84//*&-3%)=D!/3!

/3')(&!"(742*"('!?"*(%,D!42('D!)(*!4"#%3F!S==2(/7/=<3/="&%*!<)-"%(-&D!H./!.)#%!)!

3%*27%*!)8"4"-,!-/!0"'.-!/00!)--)7?!03/=!<)-./'%("7!02('"D!)3%!<)3-"724)34,!#24(%3)84%!-/!)!

4)3'%!(2=8%3!/0!/<</3-2("&-"7!"(#)&"#%!02(')4!"(0%7-"/(&F!

S(#)&"#%!02(')4!"(0%7-"/(!.)&!8%7/=%!)!=):/3!<284"7!.%)4-.!<3/84%=!)(*!"&!

H"*%4,!3%7/'("U%*!)&!)!4%)*"('!7)2&%!/0!&28&-)(-")4!=/38"*"-,!)(*!=/3-)4"-,!"(!-.%!

.%)4-.7)3%!%(#"3/(=%(-F![/3!"(*"#"*2)4&!"(0%7-%*!H"-.!.2=)(!"==2(/*%0"7"%(7,!#"32&!

d9S]eD!02(')4!"(0%7-"/(!7)(!8%!4"0%T-.3%)-%("('F!S-!H)&!%&-"=)-%*!-.)-!-.%3%!H%3%!=/3%!

-.)(!P!="44"/(!7)&%&!/0!9S] T)&&/7")-%*!73,<-/7/77)4!"(0%7-"/(!<%3!,%)3!"(!-.%!NOOO&D!)(*!

ZOODOOO!/0!-.%&%!7)&%&!4%*!-/!*%)-.F!#( !S(!)**"-"/(D!-.%!)*#%(-!/0!)''3%&&" #%!7)(7%3!

7.%=/-.%3)<,!)(*!<3%&73"<-"/(!/0!"==2(/&2<<3%&&"#%!=%*"7)-"/(!0/3!/3')(!
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-3)(&<4)(-)-"/(!.)#%!)4&/!7/(-3"82-%*!-/!-.%!"(73%)&%*!"(7"*%(7%!/0!&%3"/2&!02(')4!

"(0%7-"/(&F!#) !

$%&<"-%!-.%!.2'%!74"("7)4!(%%*D!-.%3)<%2-"7!/<-"/(&!0/3!-.%!-3%)-=%(-!/0!"(#)&"#%!

02(')4!"(0%7-"/(&!)3%!4"="-%*!-/!/(4,!0/23!=):/3!74)&&%&!/0!*32'&!d</4,%(%&D!0427,-/&"(%D!

)U/4%&!)(*!%7."(/7)(*"(&e !)&!&./H(!"(!["'23%!P cF!S-!"&!"=</3-)(-!-/!(/-%!-.)-!)44!0/23!

&-327-23)4!74)&&%&!/0!)(-"02(')4!)'%(-&!H%3%!"*%(-"0"%*!0"#%!*%7)*%&!)'/F!K/4,%(%&!)3%!-.%!

/4*%&-!74)&&!/0!)(-"02(')4&!)(*!0"3&-!*"&7/#%3%*!"(!-.%!PQbO&D!/0!H."7.!)=<./-%3"7"(!G!"&!

-.%!/(4,!-3%)-=%(-!0/3!&,&-%="7!02(')4!"(0%7-"/(&!d["'23%!P_eF!B=<./-%3"7"(!G!.)&!-.%!

=/&-!83/)*!&<%7-32=!/0!)(-"02(')4!)7-"/(D!2&%*!"(!7/=8"()-"/(!H"-.!b T0427,-/&"(%!0/3!-.%!

-3%)-=%(-!/0!73,<-/7/77)4!=%("('"-"&F!#+!R."&!*"&7/#%3,!8//&-%*!-.%!*%#%4/<=%(-!/0!/-.%3!

)(-"02(')4&!&27.!)&!)U/4%T7/(-)"("('!)(-"02(')4&!)(*!%7."(/7)(*"(&!"(!-.%!PQZO&!)(*!

PQcO&F!B!&=)44!(2=8%3!/0!)(-"02(')4!7./"7%&!H/24*!(/-!8%!)!<3/84%=!8,!"-&%40D!"0!-.%,!

)**3%&&!"(#)&"#%!02(')4!"(0%7-"/(&!H"-.!&)-"&0)7-/3,!/2-7/=%&F!9/H%#%3D!-.%&%!02(')4!

)'%(-&!&200%3!03/=!&%#%3)4!4"="-)-"/(&!&27.!)&!%=%3'"('!*32'!3%&"&-)(7%!=%7.)("&=!)(*!

."'.!-/V"7"-,F!$%-)"4&!/0!-.%!0/23!74)&&%&!/0!)(-"02(')4!*32'&!-.)-!)3%!7233%(-4,!<3%&73"8%*!

"(!74"("7!H"44!8%!*"&72&&!"(!-.%!(%V-!7.)<-%3F!
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!"#$%&'() *'!"##$%&'(%&)*"%+,-'./$#,0$"&)12!
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!

!"#$%&'(8)'R"=%4"(%!*%<"7-"('!?%,!="4%&-/(%&!/0!)(-"02(')4!*32'!*%#%4/<=%(-!d["'23%!
3%*3)H(!H"-.!-.%!<%3="&&"/(!03/=!3%0F!#* e!

O

O

OH OH OH OH OHO

O

OH
OH

CO2H
H

O

OH

H

OHH2N

HO
Amphotericin B

N

N
OH

N
N

N

N

F

F

Fluconazole

N
OH

N

N

F

F

Voriconazole
N

N

F

N
N

N

F

F

O

O

O N N N
N
N

O

OH

Posaconazole

H

HH

H

HN
NH

O

H2N
HO

HN
O

HN

OH

NO
OH

N O

NH

O

H
N

O

H2N

HO

O

HO
OH

OH

HO H

Caspofungin

N
N

NH

HN

H
N

NH

NH

OO

O
O

OH

O

HO

HO

HO

HO

OH

OH

OH

H

HH
OH

H

O
O

Anidulafungin

Polyenes (1950s) Azoles (1960s)

Echinocandins (1970s)

N
H

N

O

NH2

F

5-Flucytosine (1960s)



!

PQc!

D"!"4#>3--+1)#:1)%=31F'/#86+-'9+3)%(0#'1B#>6'//+1F+0 #

1)()*)( 'TCEF&>&A'

B=<./-%3"7"(!G!"&!"&/4)-%*!03/=!Streptomyces &<%7"%&!)(*!-.%!=/&-!</-%(-!

)(-"02(')4!"(!74"("7)4!2&%!-/*),F!R."&!=)73/7,74"7!()-23)4!<3/*27-!</&&%&&%&!)!(2=8%3!/0!

.,*3/V,4!'3/2<&!)(*!*/284%!8/(*&!-.)-!)3%!3%&</(&"84%!0/3!-.%!=%7.)("&=!/0!)7-"/(F !!# $

!!! !B=<./-%3"7"(!G!8"(*&!-/!%3'/&-%3/4D!H."7.!"&!)!=)"(!7/=</(%(-!/0!02(')4!7%44!H)44&D!

)(*!*"&32<-&!<4)&=)!=%=83)(%&!4%)*"('!-/!4%)?)'%!/0!#"-)4!7%4424)3!7/(&-"-2%(-&!)(*!

24-"=)-%4,!*%)-.!/0!02(')4!7%44&F!!%!9/H%#%3D!)=<./-%3"7"(!G!7)(!)4&/!"(-%3)7-!H"-.!

7./4%&-%3/4!d.2=)(!=%=83)(%!&-%3/4e!)(*!-."&!3%&24-&!"(!&"'("0"7)(-!./&-!-/V"7"-,!

"(742*"('!"(02&"/()4!-/V"7"-,D!3%()4!*,&02(7-"/(!)(*!4/H!84//*!</-)&&"2= !!& $!!' D!H."7.!.)&!

8%%(!)!<3"=)3,!*3)H8)7?!/0!)=<./-%3"7"(!GF!S(!)**"-"/(D!4/H!&/428"4"-,!)(*!

8"/)#)"4)8"4"-,!.)# %!8%%(!)!=):/3!7.)44%('%F!+"(7%!73,&-)44"(%!)=<./-%3"7"(!G!"&!"(&/4284%!

"(!H)-%3!)-!<9!cD!-.%!*%/V,7./4)-%!&)4-!/0!)=<./-%3"7"(!G!d02('"U/(%„e!H)&!*%#%4/<%*!

"(!PQZZ!82-!"-!&./H&!&%#%3%!-/V"7"-,F!R/!)44%#")-%!-.%!-/V"7"-,!<3/84%=D!4"<"*!0/3=24)-"/(&!

/0!)=<. /-%3"7"(!G!&27.!)&!B8%47%-„!)(*!B=G"&/=%„!H%3%!*%#%4/<%*!)(*!)<<3/#%*!8,!

[$B!"(!-.%!="* TPQQO&F!!' $!!" !



!

PQ_!

!
!

!"#$%&'(5)'B(-"02(')4!-)3'%-&!d["'23%!)*)<-%*!H"-.!<%3="&&"/(!03/= !3%0F!!( e'

!

1)()*)*' !E$/F?CA">&'

[427,-/&"(%!"&!)!&,(-.%-"7!<,3"="*"(%!)()4/'!/3"'"()44,!*%#%4/<%*!)&!)(!

)(-"7)(7%3!)'%(-!)(*!4)-%3!"*%(-"0"%*!)&!)(!)(-"02(')4!*32'F !!) $!!+ !S-!"&!-3)(&0/3=%*!"(-/!bT

042/3/23)7"4!8,!)!7,-/&"(%!*%)="()&%D!-.)-!"&!(/-!<3%&%(-!"(!.2=)(&D!)(*!-."&!7/=</2(*!

"(-%30%3%&!H"-.!J1B!)(*!$1B!=%-)8/4"&=!8,!"(7/3</3)-"/(!"(-/!J1B!&-327-23%&!)(*!

"(."8"-"/(!/0!-.,="*,4)-%!&,(-.)&% !d["'23%!NOeF!!* ![427,-/&"(%!"&!'%(%3)44,!2&%*!"(!

)*:2(7-"#%!-.%3)<,!H"-.!)=<./-%3"7"(!G!*2%!-/!3)<"*!*%#%4/<=%(-!/0!3%&"&-)(7%!*23"('!

=/(/-.%3)<,D!7)2&%*!8,!=2-)-"/(&!/0!-.%!%(U,=%&F !%#!

!

5-Flucytosine

nucleus

cell wall
cell membraneergosterol

1,3-! -glucan synthase

Polyenes

Azoles

Echinocandins

UDP-glucose
1,3-! -glucan

1,6-! -glucan

cytosol

lanosterol



!

PQQ!

!
!

!"#$%&'*4)'6%7.)("&=!/0!)7-"/(!/0!b T0427,-/&"(% 

!

1)()*)1'<PCE&A'

R.%!0"3&-!)U/4%T8)&%*!*32'!="7/()U/4%!H)&! "(-3/*27%*!"(!-.%!PQcO&!)(*!-.%!

&%7/(*!)(*!-."3*!'%(%3)-"/(&!/0!)U/4%!*32'&!&27.!)&!0427/()U/4%!)(*!#/3"7/()U/4%!.)#%!

8%%(!*%#%4/<%*!H"-.!)(!"=<3/#%*!&<%7-32=!/0!)(-"02(')4!)7-"#"-,D!<.)3=)7/?"(%-"7&D!

&)0%-,D!)(*!0/3=24)-"/(&F!BU/4%&!)3%!-.%!=/&-!H"*%4,!2&%*!)(-"02(')4!)'%(-&!0/3!-.%!

-3%)-=%(-!/0!"(#)&"#%!02(')4!"(0%7-"/(&!%!D!%&<%7")44,!"(!3%&/237%T4"="-%*!3%'"/(&!8%7)2&%!

)=<./-%3"7"(!G!)(*!b T0427,-/&"(%!)3%!L2"-%!%V<%(&"#%!)(*!(/-!3%)*"4,!)#)"4)84%F!!R.%!

=%7.)("&=!/0!)7-"/(!/0!)U/4%&!"(#/4# %&!-.%!"(."8"-"/(!/0!-.%!7,-/7.3/=%!K`bO T*%<%(*%(-!

%(U,=%!PT̀i T*%=%-.,4)&%D!H."7.!7/(#%3-&!4)(/&-%3/4!"(-/!%3'/&-%3/4D!)(*!-."&!3%&24-&!"(!

-.%!*%73%)&%!/0!%3'/&-%3/4!&,(-.%&"&!)(*!-.%!)772=24)-"/(!/0!P`Ti T=%-.,4)-%*!

<3%723&/3&F!%%$!%&!+"(7%!%3'/&-%3/4!.)&!)(!"=</3-)(-!3/4%!"(!&-"=24)-"('!02(')4!7%44!'3/H-.D!

)U/4%&!"(!'%(%3)4!%V."8"-!02('"&-)-"7!)7-"#"-,!%V7%<-!0/3!#/3"7/()U/4%!H."7.!"&!02('"7"*)4!

) ')"(&-! A. fumigatusF!%' '6):/3!*3)H8)7?&!/0!)U/4%&!="'.-!8%!*2%!-/!)!&"'("0"7)(-!"(7"*%(7%!

/0!=24-"<4%!3%&"&-)(7%!)(*!-.%!"(*27-"/(!/0!*32'\ *32'!"(-%3)7-"/(&!*2%!-/!-.%"3!)8"4"-,!/0!

73/&&T"(."8"-"/(!/0!K`bO T*%<%(*%(-!%(U,=%&F!%"!

N
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O
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F
H2O NH3
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1)()*)2'I/:">C/,>0">A !

I7."(/7)(*"(!G!"&!-.%!0"3&-!<3/-/-,<%!/0!%7."(/7)(*"(&!H."7.!"&!)!02(')4!

&%7/(*)3,!=%-)8/4"-%!"&/4)-%*!03/=!Aspergillus nidulansF!%"!+%="&,(-.%-"7!%00/3-&!.)#%!

<3/#"*%*!%7."(/7)(*"(!)()4/'&!&27.!)&!7)&</02('"(D!="7)02('"(D!)(*!)("*24)02('"(!

H"-.!0)#/3)84%!&/428"4"-,!)(*!8%--%3!<.)3=)7/?"(%-"7!<3/<%3-"%&!0/3!74"("7)4!&%--"('&F!

I7."(/7)(*"(&!7/(&"&-!/0!)!7,74"7!.%V)<%<-" *%!7/3%!H"-.!)!4"<"*!&"*%!7.)"(!-.)-!"&!

3%&</(&"84%!0/3!)(-"02(')4!)7-"#"-,F!%($!%+!R.%&%!7/=</2(*&!)3%!&<%7"0"7!)(*!(/(T

7/=<%-"-"#%!"(."8"-/3&!)')"(&-!^ TdPDaeTDT'427)(!&,(-.)&%!%(U,=%!7/=<4%V!H."7.!"&!)!

'427/&,4-3)(&0%3)&%!%(U,=%!"(#/4#%*!"(!-.%!0/3=)-"/(!/0!'427)(!</4,=%3&!/0!02(')4!7%44!

H)44F!B4-./2'.!-."&!74)&&!/0!)(-"02(')4&!%V."8"-&!3%*27%*!%00"7)7,!)')"(&-!Cryptococcus 

neoformans126-128D!-.%,!&./H!3%4)-"#%4,!83/)*T&<%7-32=!02('"7"*)4!)7-"#"-,!H"-.! 4"--4%!./&-!

-/V"7"-,!)(*!3%*27%*!*32' \ *32'!"(-%3)7-"/(F!B&!)!3%&24-D!%7."(/7)(*"(&!.)#%!8%7/=%!)!

0"3&-T4"(%!7./"7%!0/3!-.%!-3%)-=%(-!/0!*%)*4,!(/&/7/=")4!7)(*"*%=")!)(*!"(#)&"#%!

7)(*"*")&"&F!%*!

!

3.1.3 Natural Products as Antifungal Agents  

E"-.!-.%!2(=%-!=%*"7)4!(%%*&!=%(-"/(%*!)8/#%D!-.%3%!.)#%!8%%(!%00/3-&!"(!

*"&7/#%3,!)(*!*%#%4/<=%(-!/0!(%H!7.%="7)4!%(-"-"%&!H."7.!.)#%!4/H!./&-!-/V"7"-,D!

83/)* T&<%7-32=!)7-"#"-,D!02('"7"*)4!)7-"#"-,D!)(*!(%H!=%7.)("&=&!/0!)7-"/(!*"00%3%(-!

03/=!%V"&-"('!)(-"02(')4!*32'& . S(!<)3-"724)3D!()-23)4!<3/*27-&!)(*!-.%"3!&,(-.%-"7!



!

NOP!

*%3"#)-"#%&!.)#%!&%3#%*!)&!)!'3%)-!<4)-0/3=!-/!*%#%4/<!-.%3)<%2-"7&!0/3!"(0%7-"/2&!

*"&%)&%&!%*D!)(*!"-!"&!(/-%H/3-.,!-.)-!-H/!/2-!/0!0/23!74) &&%&!/0!7233%(-!)(-"02(')4!*32'&!

)3%!*%3"#%*!03/=!()-23)4!<3/*27-&!d</4,%(%&!)(*!%7."(/7)(*"(&eF!1)-23)44,!<3/*27%*!

&=)44!=/4%724%&!.)#%!<3/#"*%*!*"#%3&%!)(*!<3"#"4%'%*!&7)00/4*&!<3/#%(!-/!"(-%3)7-!H"-.!

8"/4/'"7)4!-)3'%-&D!)4/('!H"-.!-)3'%-!&%4%7-"#"-,!)(*!"(-3"(&"7!<.)3=)7/4/'"7)4!<3/<%3-"%&F!

S(!-."&!3%')3*D!=)(,!()-23)4!<3/*27-&!H"-.!)(-"02(')4!)7-"#"-,!.)#%!8%%(!3%</3-%*F !&#$!&%!

!B&!)(!%V)=< 4%D!&/3*)3"(!H)&!"&/4)-%*!03/=!Sordaria araneosa!&&!)(*!"-&!&%="T

&,(-.%-"7!*%3"#)-"#%&!H%3%!<3%7"4"("7)44,!*%#%4/<%*!8,!M4)V/\ E%447/=%!)(*!6%37?!&' !

d["'23%!NPeF!R."&!74)&&!/0!)(-"02(')4&!"&!?(/H(!-/!.)#%!)!(/#%4!=/*%!/0!)7-"/(D!H."7.!

"(#/4#%&!&%4%7-"#%!8"(*"('!-/!-.%!%4/(')-"/(!0)7-/3!N!dI[TNe!)(*!3"8/&/=%!7/=<4%VF!&" $!&( !

G,!&-)8"4"U"('!-.%!3"8/&/=%\ %4/(')-"/(!0)7-/3!N!7/=<4%VD!<3/-%"(!8"/&,(-.%&"&!"(!02('"!"&!

"(."8"-%*F!B4-./2'.!-.%3%!.)#%!8%%(!&,(-.%-"7!%00/3-&!0/3!-.%!*%#%4/<=%(-!/0!</-%(-!

&/3*)3"(!*%3"#)-"#%&!&) $!&+D!"(!#"#/!%00"7)7,!/0!&/3*)3"(&!.)#%!(/-!,%-!8%%(!&200"7"%(-4,!."'.!

-/!%(-%3!74"("7)4!*%#%4/<=%(-F!!

!
!

!"#$%&'*( )'+-327-23%&!/0!()-23)4!<3/*27-T*%3"#%*!)(-"02(')4&'

!
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B(/-.%3!%V)=<4%!7)(!8%!B+KNaQcD!H."7.!"&!)!.%V)<%<-"*%!=%-)8/4"-%!/0!)!02(')4!

&-3)"(!6[ Ta`c_aa!"&/4)-%*!03/=!6)4),&")(!4%)0!4"--%3!"(!NOPc!8,!B&-%44)&!d["'23%!NPeF!&* !

R.%!=/4%724)3!-)3'%-!/0!B+KNaQc!.)&!(/-!8%%(!74%)34,!%427"*)-%*!,%-D!82-!"-!"&!0/2(*!-.)-!

B+KNaQc!"&!-)?%(!2<!8,!-.%!&"*%3/<./3%!"3/(!-3)(&</3-%3!P!d+"-PeF!+"(7%!-."&!-3)(&</3-%3!

/(4,!%V"&-&!"(!02('"D!(/-!=)==)4")(!7%44D!B+KNaQc!"&!8%4"%#%*!-/!.)#%!4/H!./&-!-/V"7"-,F!

S(!<)3-"724)3D!"-!&./H&!."'.!"(!#"-3/!)(*!"(!#"#/!%00"7)7,!-/H)3*!)U/4% T&2&7%<-"84%!)(*!

)U/4%T3%&"&-)(-!&-3)"(&!/0!Aspergillus &<%7"%&F!!

 

3.1.4 Discovery, Identification, and Antifungal Activity of Forazoline A  

[/3)U/4"(%!B!"&!)(!)(-"02(')4!()-23)4!<3/*27-!"&/4)-%*!03/=!-.%!&-3)"(!E66G T

`QQD!)(!Actinomadura!&<F!724-"#)-%*!03/=!-.%!)&7"*")(!Ecteinascidia turbinata!8,!G2'("W&!

'3/2<!"(!NOP`!d["'23%!NNe.!"# !S(!<)3)44%4!H"-.!*"&7!*"002&"/(!)&&),D!-.%,!)()4,U%*!a`!

"(#%3-%83)-%T)&&/7")-%*!8)7-%3")4!%V-3)7-&!2&"('!;>6+T8)&%*!=%-)8/4/="7&!-.)-!)44/H&!

L2)4"-)-"#%!)(*!L2)(-"-)-"#%!=%)&23%=%(-!/0!=%-)8/4"-%&!"(!)!7/=<4%V!&)=<4%F!'! !;>6+!

<3/0"4"('!)(*!<3"(7"<)4!7/=</(%(-!)()4,&"&!dK>Be!3%&24-%*!"(!-.%!"*%(-"0"7)-"/(!/0!(%H!

)(-"02(')4!()-23)4!<3/*27-&D!0/3)U/4"(%!B!)(*!GF!'% $!'' !R.%!3%4)-"#%!7/(0"'23)-"/(!)(*!

7/((%7-"#"-,!H%3%!%427"*)-%*!8,!)!7/=8"()-"/(!/0!%V-%(&"#%!P$!)(*!N$!16J!)()4,&%&D!

"(742*"('! !&> \ !&>!'>X+lD! !&> \ !" 1!96q>D!)(*!$[R!d*%(&"-,!02(7-"/()4!-.%/3,e!

7)4724)-"/(&F!



!

NOa!

!
!

!"#$%&'** )'R.%!&-327-23%&!/0!0/3)U/4"(%!B!)(*!G'

!

R."&!&-2*,!3%#%)4&!-.)-!0/3)U/4"(%!B!%V."8"-&!<3/="&"('!)(-"02(')4!)7-"#"-,!

)')"(&-!<)-./'%("7! Candida albicans &-3)"(!in vitro!H"-.!)!="("=2=!"(."8"-/3,!

7/(7%(-3)-"/(!/0!PZ!~'Y=;D!&./H"('!&,(%3'"&-"7!%00%7-!H"-.!)=<./-%3"7"(!GF!6/3%!

"=</3-)(-4,D!-."&!</4,?%-"*%!&./H%*!</-%(-! in vivo!%00"7)7,!7/=<)3)84%!-/!)=<./-%3"7"(!

G!"(!)(!"==2(/7/=<3/="&%*!=/2&%!=/*%4!/0!*"&&%="()-%*!7)(*"*") &"&!)')"(&-!Candida 

albicans!hPF!I00"7)7,!"(!)!02(')4 T"(0%7-%*!=/2&%!=/*%4!H)&!*%-%3="(%*!8,!=%)&23"('!

?"*(%,!02(')4!823*%(F!E.%(!="7%!H%3%!-3%)-%*!H"-.!0/3)U/4"(%!B!)-!)!3)('%!/0!

7/(7%(-3)-"/(&D!"-!H)&!/8&%3#%*!-.)-!P!4/'!#702Y?"*(%,!dPFb!y!OFPNe!3%*27-"/(!"(!/3')("&=!

823*%(!7/=<)3%*!-/!-.)-!/0!-.%!7/(-3/4!="7%F!1/-)84,D!-.%3%!H)&!(/!)<<)3%(-!./&-!

-/V"7"-,F!!

S(!)**"-"/(D!7.%="7)4!'%(/="7!<3/0"4"('!H)&!<%30/3=%*!-/!"(#%&-"')-%!-.%!

=%7.)("&=!/0!)7-"/(!/0!0/3)U/4"(%!BF!B0-%3!&73%%("('!0/3)U/4"(%!B!)')"(&-!/#% 3!0/23!

-./2&)(*!*%4%-"/(!=2-)(-!,%)&-!&-3)"(&D!&%(&"-"#"-,!/3!3%&"&-)(7%!-/!0/3)U/4"(%!B!H)&!
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O

O
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S O
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Forazoline A (X = Cl)
Forazoline B (X = Br)
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NO!̀

)()4,U%*!8,!L2)(-"0"7)-"/(!/0!$1B!8)37/*%&F!!M%(/="7!<3/0"4"('!*)-)!&2''%&-%*!-.)-!

0/3)U/4"(%!B!=),!.)#%!)!2("L2%!=%7.)("&=!/0!)7-"/(!*"00%3%(-!03/=!7)&</02('"(D!

0427/()U/4%D!/3!)=<./-%3"7"(!GD!8%7)2&%!&%(&"-"#%!=2-)(-&!-/!0/3)U/4"(%!B!H"-.!*%4%-"/(!

/0!'%(%&!LEM3!)(*! FPK1!H%3%!(/-!=/&-!&%(&"-"#%!&-3)"(&!-/!-.%!%V"&-"('!)(-"02(')4&F!

[23-.%3=/3%D!=2-)(-&!/0!SDS3!)(*! DEP1!'%(%&!H%3%!=/&-!3%&"&-)(-!-/!0/3)U/4"(%!BD!-.2&!

&2''%&-"('!-.)-!0/3)U/4"(%!B!=),!8%!"(#/4#%*!"(!-.%!3%'24)-"/(!/0!<./&<./4"<"*!

8"/&,(-.%&"&!)(*!=%=83)(%!"(-%'3"-,F !

B4/('!H"-.!-.%!"(-%3%&-"('!)(-"02(')4!)7-"#"-,!/0!0/3)U/4"(%!BD!"-!.)&!&-327-23)44,!

"(-3"'2"('!0%)-23%&!&27.!)&!."'.4,!02(7-"/()4"U%*!7,74/ .%V)(%TPDaT*"/4!H"-.! ) !-%3-")3,!

7.4/3"*%!)(*!)(!i T=%-./V,!&28&-"-2-%*!-.")U/4"*"(%F!R.%3%0/3%D!H%!)"=!-/!%V<4/3%!-.%!

&,(-.%&"&!/0!0/3)U/4"(%!B!0/72&"('!/(!-.%!7/(&-327-"/(!/0!&28&-327-23%&!/0!-.%!=/4%724%D!

H."7.!H"44!8%!*%&73"8%*!"(!-.%!0/44/H"('!7.)<-%3F!!

!



!

NOb!

3.2 Results and Discussion 

3.2.1 Retrosynthetic Analysis ' 

X23!3%-3/&,(-.%-"7!)()4,&"&!/0!0/3)U/4"(%!B!"&!*%<"7-%*!"(!+7.%=%!a`F!E%!

%(#"&"/(%*!-.)-!-H/!"*%(-"7)4!'4,7/&"*%&D!0/3/&)="(%&D!7/24*!8%!&"=24-)(%/2&4,!"(&-)44%*!

-/!-.%!7/33%&</(*"('!)'4,7/(!H."7 .!H/24*!8%!'%(%3)-%*!#")!=)73/4)7-/("U)-"/(!/0!-.%!

4"(%)3!<3%723&/3!1)(F!R3"T&28&-"-2-%*!dZeT)4?%(%!02(7-"/()4"-,!"(!1)(!H/24*!8%!'%(%3)-%*!

-.3/2'.!)!+2U2?"!/3!1%'"&."!73/&& T7/2<4"('!3%)7-"/(!/0!?%,!"(-%3=%*")-%!1)*!)(*! 1)1F!E%!

)(-"7"<)-%*!-.)-!-.")U/4"*"(%!03)'=%(-! =!H/24*!8%!&,(-.%&"U%*!8,!7/(*%(&)-"/(!/0!)4?,4!

7.)"(! 1)3!H"-.!7,&-%"(%!"(!7/(:2(7-"/(!H"-.!i T)4?/V,4)-"/(D!) (*! 03)'=%(-! 1)3'H/24*!8%!

*%3"#)-"U%*!03/=!7/=</2(* '1)6!'" !2&"('!)&, ==%-3"7!+.)3<4%&&!%</V"*)-"/(!)(*!*"=%-.,4!

-."/?%-%(%!0/3=)-"/(F![2(7-"/()4"U%*!7,74/.%V)(%!03)'=%(-! < !H/24*!8%!<3%<)3%*!03/=!

7/==%37")44,!)#)"4)84%!-%3<%(%!dSeT7)3#/(%F!
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!
!

9/:&;&' 12)'J%-3/&,(-.%-"7!)()4,&"&!/0!0/3)U/4"(%!B'

!

X23!'/)4!/0!-."&!7.)<-%3!"&!-.%!"(#%&-"')-"/(!-/H)3*&!-.%! 7/(&-327-"/( !/0!-.%!=):/3!

03)'=%(-&!< \ GF!R.%!*%-)"4%*!&,(-.%-"7!)--%=<-&!0/3!-.%!%()(-"/&%4%7-"#%!7/(&-327-"/(!/0!

7,74/.%V)(%D!-.")U/4"*"(%D!)(*!-.%!)4?,4!7.)"(!8)7?8/(%&!H"44!8%!&%L2%(-")44,!*"&72&&%*F!

54-"=)-%4,D!-.%!&,(-.%-"7!&-3)-%',!0/3!-.%!)&&%=84,!/0!-.%!-.3%%!03)'=%(-&!H"44!8%!

/2-4"(%*D!H."7.!H/24*!)77/=<4"&.!-.%!-/-)4!&,(-.%&"&!/0!0/3)U/4"(%!BF!

O

O

Cl

OHO

O

O

O

S
HN

O

OMe
N

S O

NMe2

NMe2

Forazoline A
antifungal polyketide

O

OTBS

CO2Et
SH

H2N

CO2Me
OTBS

OAc

HO

MeO OMe

OH

OR1

Cl

OR2
O

R3O

S
HN

O

OMe
N

S
CO2H

macrocyclization 
& glycosylation

cross-coupling

condensation
& ! -alkoxylation

(S)-carvone

MeO2C

MeS SMe

O

R3O
OR2

OTBS

3.73.43.5

OTBS

OAc

R4O

IOR2
O

R3O

S
HN

O

OMe
N

S
CO2Me

I

+

OTBS

R3O
OR2

O

SHN O

OMeMeO2C

3.33.23.1

3.6 3.8

Fragment AFragment BFragment C



!

NOc!

D"4"4#5.1)6+0%0#&=#'#L31()%&1'/%M+B#>.(/&6+N'1+#

1)*)*)( '9F>?:&A"A'CD'?:&'GF/EC:&J,>&'!%,#;&>?'L",'R"?,>"$; @U&0",?&0'H,0"/,E'
H&,/?"C>'

X23!0"3&-!)--%=<-!-/!-.%!&,(-.%&"&!/0!-.%!7,74/.%V)(%!03)'=%(-!B!3%4"%*!/(!)!

3)*"7)4!3"(' T/<%("('!3%)7-"/(!d+7.%=%!abeF!'( !R.%!&,(-.%&"&!7/==%(7%*!H"-.!dReT7)3#/(%!

d1)5e!H."7. !H)&!&28:%7-%*!-/!%</V"*%!0/3=)-"/(!"(!-.%!<3%&%(7%!/0!.,*3/'%(!<%3/V"*%!

)(*!&/*"2=!.,*3/V"*%F!+28&%L2%(-!?%-/(%!3%*27-"/(!2&"('!; T+%4%7-3"*%!/0!1)(4!<3/#"*%*!

?(/H(!&%7/(*)3,!)47/./4 !') F!B7%-,4!<3/-%7-"/(!/0!-.%!)47/./4!0/44/H%*!8,!/U/(/4,&"&!/0!

-.%!7/33%&</(*"('!)7%-)-%!)00/3*%*!-.%!&28&-3)-%!1)(* !0/3!-.%!-"-)("2= T=%*")-%*!3"(' T

/<%("('!3%)7-"/(F !

!
!

9/:&;&' 13)'+,(-.%-"7!)<<3/)7.!0/3 '1)(1'#")!-.%!3)*"7)4!3"(' T/<%("('!3%)7-"/( '

! !

E%!)--%=<-%*!3"('T/<%("('!)(*!"&/=%3"U)-"/(!/0!-.%!-3" T&28&-"-2-%*!%</V"*%!1)(* !

<3/=/-%*!8,!>< %R">4!-/!'%(%3)-%!-.%!?(/H(!7/=</2(*! 1)(1!'( F!B77/3*"('!-/!-.%!

<3/</&%*!=%7.)("&=!/0!-.%!3%)7-"/(!d+7.%=%!aZeD!7/=</2(*! 1)(* !"&!7/(#%3-%*!"(-/!

)4?/V,-"-)("2=!3)*"7)4! 1)(2!)(*!023-.%3!3%*27%*!-/!-.%!)4?/V,!-"-)("2=!7)38)("/(! 1)(3!"(!

OH

OO

O

AcO

Cp2TiCl2, Zn

O

AcO

O3, CH2Cl2
Ð78 ¡C

O

O

1. L-Selectride, THF
    Ð78 ¡C, 30 min

O

H2O2
6 M NaOH

68% for 3 steps

MeOH
Ð15 ¡C, 2 h

2. Ac2O, DMAP, pyridine
    25 ¡C, 20 h

then PPh3
Ð78 to 25 ¡C, 20 h

66%

THF

(R)-carvone (3.9) 3.10 3.11

3.12 3.13



!

NO_!

-.%!<3%&%(7%!/0!%V7%&&!)=/2(-!/0!><%R">4F!S(!-.%!7/23&%!/0!-.%!3%)7-"/(D!-.%3%!)3%!-.3%%!

</&&"84%!<3/*27-&!d1)(1D!1)(6D!)(*!1)(7e!03/=!-.%!-"-)("2=!&<%7"%&!1)(2!)(*! 1)(3F!E"-.!-.%!

4/H!7/(7%(-3)-"/(!/0!R"dSSSeD!-.%!3)*"7)4!1)(2!)8&-3)7-&!.,*3/'%( !)-/=!4%)*"('!-/!-.%!

0/3=)-"/(!/0!-.%!&)-23)-%*!)47/./4! 1)(6F!S(!)**"-"/(D!)4?/V,!-"-)("2=!7)38)("/(! 1)(3!

7/24*!2(*%3'/!^ T.,*3"*%!%4"="()-"/(!/3!^ T)7%-)-%!%4"="()-"/(!-/!'%(%3)-%!/4%0"(!1)(7!/3!

1)(1F!E%!0/2(*!-.)-!-.%!*%&"3%*!T̂)7%-)-%!%4"="()-"/(!<3/*27-!1)(1!H)&!/8-)"(%*!H"-.!

4/H!,"%4*!)(*!-.%!/-.%3!</&&"84%!<3/*27-&!1)(6!)(*! 1)(7!H%3%!)4&/!/8&%3#%*!2(*%3!-.%!

3%)7-"/(!7/(*"-"/(F!S(!/3*%3!-/!'%(%3)-%!-.%!7,74/.%V)(%!&7)00/4*!"(!)!=/3%!%00"7"%(-!H),D!

)(/-.%3!&,(-.%-"7!3/2-%!H)&!*%#"&%*F!

!

9/:&;&' 16)!K/&&"84%!<3/*27-&!03/=!-.%!><%R">4T<3/=/-%*!%</V"*%!/<%("(' !3%)7-"/(!'( !

!

1)*)*)*'9F>?:&A"A'CD'?:&'GF/EC:&J,>&'!%,#;&>?'L",'U$S,"F,;,'<E0CE',>0'=,&F&% _
`"EE"#&%'MJ"0,?"C>'H&,/?"C>'

X23!&%7/(*!)<<3/)7.!H)&!"("-")-%*!H"-.!-.%!<3%<)3)-"/(!/0!7,74/.%V%(/(%!V!8,!

"(-3/*27"('!)!(%H!&-%3%/7%(-%3!)-!>T̀ !</&"-"/(!d+7.%=%!aceF!dSeT7)3#/(%!d1)8e!H)&!-3%)-%*!

O

O

AcO

Cp2TiCl Cp2TiCl

O

OH

AcO

O
AcO

OTiL3

O

OH

AcO

Ti
O

O

L3TiO

O

O

OH

! -hydride
elimination

! -acetate
elimination

3.12 3.14 3.15

hydrogen
abstraction

3.16 3.17 3.13



!

NOQ!

H"-.!=%-.,4=)'(%&"2=!83/="*%!"(!-.%!<3%&%(7%!/0!7)-)4,-"7!"3/(dSSSe!7.4/3"*%D!<3/#"*"('!

)!#"(,4/'/2&!%(/4)-%!H."7.!H)&!-3)<<%*!8,!)! t-82-,4!-3"=%-.,4&"4,4!'3/2<F!+28&%L2%(-!

62?)",)=)!)4*/4!3%)7-"/(!/0! 1)(8!H"-.!-3"=%-.,4!/3-./0/3=)-%!<3/#"*%*!7/=</2(*! 1)(5D!

)(*!-.%!16J!&<%7-32=!/0! 1)(5!H)&!"(!)'3%%=%(-!H"-.!-.)-!/0!-.%!3%</3-%*!%()(-"/=%3!

&,(-.%&"U%*!8,!S(/2%W&!'3/2<F!'+ !

!
!

9/:&;&' 17)'+,(-.%&"&!/0!1)*2!#")!62?)",)=)!)4*/4!)(*!G)%,%3 \ ]"44"'%3!/V"*)-"/( '

!

J%*27-"/(!/0!-.%!3%&24-"('!?%-/(%!1)(5!2&"('!; T+%4%7-3"*%!H)&!7)33"%*!/2-!"(!/3*%3!

-/!023("&.!)V")4!)47/./4! 1)*4F!R/!7/(0"3=!-.%!&-%3%/7.%="&-3,!)-!>TP!</&"-"/(D!-.%!&)=%!

&28&-3)-%!1)(5!H)&!3%)7-%*!H"-.!4"-."2=!)42="(2=!.,*3"*%!-/!)00/3*!%L2)-/3")4!)47/./4!

1)*3!"(!H."7.!-.%!&-%3%/7.%="7)4!/2-7/=%!H)&!'/#%3(%*!8,!-/3&"/()4!%00%7-!d+7.%=%!a_eF!

G,!7/=<)3"('!-.%!<3/-/(!&<4"--"('!<)--%3(&!"(!-.%!16J!&<%7-3)D!H%!7/(0"3=%*!-.)-!-.%!

OTBS

(MeO)2HC

O

O

OTBS

(MeO)2HC

O

OTBS

OAc

(MeO)2HC

O

OH

(MeO)2HC

(MeO)2HC

OOTMSO

(S)-carvone (3.8)

m-CPBA
NaHCO3

(MeO)2HC

OH

O

L-Selectride
TBSCl

imidazole

O3
CH2Cl2, Ð78 ¡C

then PPh3
Ð78 to 25 ¡C, 2 h

75%

m-CPBA, NaHCO3

MeMgBr, FeCl3, THF
Ð20 ¡C, 2 h

then
TMSCl, DMPU, Et3N

0 to 25 ¡C, 16 h

CH(OMe)3, BH3áOEt2

CH2Cl2
Ð50 ¡C, 2.5 h

45% for 2 steps
(5:1 dr)

THF
Ð78 ¡C, 40 min

88%

CH2Cl2
Ð30 to 0 ¡C, 2 h

80%

DMF
60 ¡C, 15 h

93%

CH2Cl2
25 ¡C, 2 d

3.18 3.19

3.20 3.21

3.22 3.23 3.24

1

4



!

NPO!

'%(%3)-%*!7/=</2(*!"&!-.%!*%&"3%*!)V")4!)47/./4!d["'23%!NaeF!R.%!<3/-/(!)-!>TP!</&"-"/(!

/0!-.%!)V")4!)47/./4!1)*4!)<<%)3!)&!)!-3"<4%-!)-!aFQP!<<=!H"-.!aFN!9U!/0!7/2<4"('!7/(&-)(-D!

H."4%!-.%!<3/-/(!d`FPQ!<<=e!)-!>TP!</&"-"/(!/0!-.%!%L2)-/3")4!)47/./4!1)*3!&./H&!)!4)3'%3!

7/2<4"('!7/(&-)(-!*2%!-/!-.%!7/2<4"('!H"-.!-.%!<3/-/(!)-!> TZ!</&"-"/(!"(!-.%!)(-"!

7/(0"'23)-"/(F!9)#"('! -.%!)V")4!)47/./4!1)*4!"(!.)(*D!H%!7)33"%*!/2-!.,*3/V , T*"3%7-%*!

%</V"*)-"/(!)(*!RG+!<3/-%7-"/(!-/!,"%4*!7,74/.%V)(%! 1)**F!B-!-."&!</"(-D!&-%3%/7.%="&-3,!

"(*27-"/(!03/=!d SeT7)3#/(%!)-!0"#%!&-%3%/'%("7!7%(-%3&!"(!03)'=%(-!< !H)&!7/=<4%-%*F!!

XU/(/4,&"&!<3/7%%*%*!&=//-.4,!-/!'"#%!?%-/(%!1)**!H."7.!H)&!0/44/H%*!8, !G)%,%3\

]"44"'%3!/V"*)-"/(F!

!
!

9/:&;&' 18)'h%-/(%!3%*27-"/(&!-/!&,(-.%&"U%!)V")4!)(*!%L2)-/3")4!)47/./4!1)*4!)(*! 1)*3!

!

(MeO)2HC

O

(MeO)2HC

OH

L-Selectride

THF
Ð78 ¡C, 40 min

88%

THF
Ð78 ¡C, 30 min

60%(MeO)2HC

OH

LiAlH4

1
6

1
6

3.25 3.19 3.20



!

NPP!

!
!

!"#$%&'*1)'! 9!16J!&<%7-3)!/0!-.%! 1)*4!)(*! 1)*3!

!

X23!)--%=<-&!0/3!3%'"/&%4%7-"#%!%</V"*%!/<%("('!2&"('!/3')(/72<3)-%!3%)'%(-&!"&!

&2==)3"U%*!"(!R)84%!aF!B**"-"/(!/0!4"-."2=!*"=%-.,472<3)-%!-/!7,74/.%V)(%!%</V"*%&!

.)&!8%%(!2&%*!0/3!-.%!&,(-.%&"&!/0!."'.4,!&28&-"-2-%*!7,74/.%V)(%&F!'* $!"# !B&!-.%!

3%'"/&%4%7-"#"-,!/0!%</V"*%!3"('!/<%("('!2&"('!6% %>2;"!"&!'%(%3)44,!*"7-)-%*!8,!&-%3"7!

0)7-/3&D!H%!)(-"7"<)-%*!-.)-!-.%!*%&"3%*!3"('!/<%("('!<3/*27-!"(!H."7.!-.%!=%-.,4!'3/2<!

"&!"(&%3-%*!)-!&-%3"7)44,!=/3%!)77%&&"84%!>Ta!</&"-"/(!H/24*!8%!/8-)"(%*F!R.%!

/3')(/72<3)-%!H)&!'%(%3)-%*!"( !&"-2!2&"('!7/<<%3dSe!"/*"*%!)(*!=%-.,4!4"-."2=!)(*!

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)

1
.9

1
3

.3
0

3
.0

9

1
.3

9

1
.2

0
1

.0
9

3
.4

6
3

.0
0

1
.1

5
1

.0
4

2
.1

4

0
.8

7

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)

4
.2

6
4

.2
6

2
.1

2

3
.5

4
3

.0
0

1
.0

7

1
.0

3

2
.2

8

0
.8

7

H

H

H

HO

H

R2 R1

H

H3C

H

H

OH

H

H

R2 R1

H

H3C

3.20
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1H NMR (400 MHz, Chloroform-d) δ 5.60 (s, 1H), 4.91 – 4.73 (m, 26H), 4.14 (d, J = 3.4 Hz, 6H), 
3.42 (s, 8H), 3.38 (s, 6H), 2.44 – 2.32 (m, 3H), 2.01 (ddd, J = 12.2, 5.7, 2.8 Hz, 4H).

3.603.653.703.753.803.853.903.954.004.054.104.154.204.254.304.354.404.454.504.554.60
f1 (ppm)

1
.0

1

1
.0

0

3
.9

0
1
8

3
.9

0
9
8

3
.9

1
7
8



!

NPN!

-3%)-%*!H"-.!&28&-3)-%!1)*1!d%(-3,!PeF!9/H%#%3D!-.%!3%)7-"/(!H)&!&42''"&.D!)(*!-.%!(%H4,!

0/3=%*!<3/*27-!H)&!2(*%&"3%*!7/=</2(*! 1)14!"(!H."7.!-.%!=%-.,4!'3/2<!H)&!)**%*!)-!

-.%!%(*!/0!-.%!)7%-,4!'3/2<F!IV</&23%!/0!7/=</2(*! 1)**!-/!6%>2d>1e;"!/3!

=%-.,4=)'(%&"2=!83/="*%!H"-.!>2G3|+6% %!4%*!-/!(/!3%)7-"/(!/3!-.%!0/3=)-"/(!/0!

2("*%(-"0"%*!<3/*27-!d%(-3,!N\ aeF!R/!-%&-!H.%-.%3!&-%3"7!824?"(%&&!)-!)*:)7%(-!>T̀ !

</&"-"/(!)00%7-&!-.%!%</V"*%!3"('!/<%("('!3%)7-"/(D!&28&-3)-%!1)*6!H)&!<3%<)3%*!03/=!1)**!

8,!)7%-)4!*%<3/-%7-"/(!)(*!)4*%.,*%!3%*27-"/(F!E.%(!-.%!3%&24-)(-!<3"=)3,!)47/./4! 1)*6!

H)&!)44/H%*!-/!3%)7-!H"-.!>2S!)(*!6%;"D!-.%!3%'"/&%4%7-"#%!3"('!/<%("('!<3/*27-!1)*5!

H)&!/8-)"(%*!H"-.!N`w!,"%4*!)4/('!H"-.!ZOw!/0!-.%! 3%7/#%3%*!&-)3-"('!=)-%3")4!d%(-3,!`eF!

E%!-.%(!%V)="(%*!-.%!&/4#%(-!%00%7-!)(*!0/2(*!-.)-!-.%!2&%!/0!*"%-.,4!%-.%3!"(&-%)*!/0!

R9[!*3)=)-"7)44,!"(73%)&%*!-.%!3%)7-"/(!,"%4*D!%#%(!H"-.!-.%!&-%3"7)44,!."(*%3%*!

&28&-3)-%!1)**!d%(-3,!beF!!

!

!

!

!

!

!

!

!



!

NPa!

R,.E&'3)!X<-"="U)-"/(!/0!%</V"*%!3"('!/<%("('!3%)7-"/(!2&"('!=%-.,472<3)-% !

!

entry  substrate  Cu source  reagent  solvent  temperature  result  

1 3.23 CuI MeLi THF –78 to 25 °C undesired (3.30, 18%) 
+ 3.23 (69%) 

2 3.22 CuCN MeLi THF –78 to 25 °C no reaction 

3 3.22 CuBr·SMe2 MeMgBr THF –78 to 25 °C unidentified + 3.22 (78%) 

4 3.26 CuI MeLi THF –25 to 25 °C desired (3.29, 24%) 
+ 3.26 (60%) 

5 3.22 CuI MeLi Et2O –40 to 25 °C desired (3.28, 97%) 

!

S(!&2==)3,D!-.%!&,(-.%&"&!/0!)(!)*#)(7%*!<3%723&/3!-/!-.%!03)'=%(-!< !H)&!

&277%&&0244,!)77/=<4"&.%*F!R.%!&-%3%/7.%="7)4!"(0/3=)-"/(!"(!-.%!()-23)44,!/77233"('!

-%3<%(%!1)8!H)&!&277%&&0244,!-3)(&0%33%*!8,!2-"4"U"('!62?)",)=)!)4*/4!3%)7-"/(D!

&-%3%/&%4%7-"#%!?%-/(%!3%*27-"/(!)(*!.,*3/V, T*"3%7-%*!%</V"*)-"/(D!-.2&!"(&-)44"('!0"#%!

&-%3%/7%(-%3&!H"-."(!)!7,74/.%V)(%!03)=%H/3?F!R."&!3/2-%!%()84%&!3)<"*!)(*!%00"7"%(-!

7/(&-327-"/(!/0!-.%!."'.4,!02(7-"/()4"U%*!7,74/.%V)(%!&7)00/4*F'

OTBS

R

O

X

OTBS

R

HO

X

reagents

solvent
temp., 18 h

H3C

3.23; R = CH(OMe)2, X = O
3.22; R = CH(OMe)2, X = CH2
3.26; R = CH2OH, X = CH2

OTBS

(MeO)2HC

O

O

3.303.27; R = CH(OMe)2, X = O
3.28; R = CH(OMe)2, X = CH2
3.29; R = CH2OH, X = CH2



!

NP!̀

3.2.3 Attempts for the Synthesis of Methyl (2 S,3S)-2-amino -3-
mercapto -3-methoxy -2-methylpropanoate  

9)#"('!)7."%#%*!-.%!&,(-.%&"&!/0!)!<3%723&/3!-/!03)'=%(-!< D!H%!-23(%*!/23!

)--%(-"/(!-/!-.%!-.")U/4"*"(%!7/(&-327-"/(F!B!&"'("0"7)(-!(2=8%3!/0!-.")U/4,4 T7/(-)"("('!

()-23)4!<3/*27-&!H"-.!=)73/7,7 4"7!7/3%&!.)#%!8%%(!3%</3-%*!%&<%7")44,!"(!-.%!)3%)!/0!

-."/<%<-"*%!)(-"8"/-"7&!"! D!82-!)<3)-/V"(!&240/V"*%!"&!-.%!/(4,!%V)=<4%!/0!-.")U/4"(%!

()-23)4!<3/*27-&!7/(-)"("('! )!&240/V"*%!=/"%-,!/(!-.%!3"('!2<!-/!*)-%!d["'23%! Ǹ eF!

[23-.%3=/3%D!iT02(7-"/()4"U%*!-.")U/4"*"(%!&240/V"*%&!H"-./2-!)!02&%*!3"(' !)3%!

%V-3%=%4,!3)3%!&7)00/4*&F!"%$!"' !S(!-."&!3%')3*D!H%!)"=!-/!%V<4/3%!-H/!*"00%3%(-!&-3)-%'"%&!

0/3!-.%!&,(-.%&"&!/0!-.%!iT)4?/V,!-.")U/4"*"(%!&240/V"*%!)&!&./H(!"(!+7.%=%!aQF!["3&-D!

/V) T7/(:2')-%!)**"-"/(!3%)7-"/(&!/0!iD^ T2(&)-23)-%*!%&-%3!1)1(!H%3%!"(#%&-"')-%*F!S(!

)**"-"/(D!i T02(7-"/()4"U)-"/(&!H%3%!)--%=<-%*!2&"('!K2==%3%3T-,<%!3%)7-"/(&!/0!

-.")U/4"*"(%!&240/V"*%!&28&-3)-%&F!G%0/3%!*"&72&&"('!-.%&%!)--%=<-&!"(!*%-)"4D!-.%!&-2*"%&!

0/3!-.%!&,(-.%&"&!/0!-.%!-.")U/4"*"(%!8)7?8/(%!H"44!8%!*%&73"8%*F!

!
!

!"#$%&'*2)'R.%!&-327-23%&!/0!0/3)U/4"(%!B!)(*!)<3)-/V"(!B!&240/V"*%''

!

N
N

O

N

H
N

O
O

O

O

O

N

S
O

OH

MeO

Apratoxin A sulfoxide

O

O

Cl

OHO

O

O

O

S
HN

O

OMe
N

S O

NMe2

NMe2

Forazoline A



!

NPb!

!
!

9/:&;&' 15)'RH/!)<<3/)7.%&!-/H)3*!-.%!&,(-.%&"&!/0!)!<3%723&/3!-/!03)'=%(-'='

 

1)*)1)('GC>0&>A,?"C>'H&,/?"C>A'

E%!%V<4/3%*!7/(*%(&)-"/(!3%)7-"/(&!/0!LT7,&-%"(%!=%-.,4%&-%3!H"-.!#)3"/2&!

7/(*%(&)-"/(!<)3-(%3&!)&!)!=/*%4!&-2*,!d["'23%! NbeF!+"(7%!7/(*%(&)-"/(!/0!7,&-%"(%!H"-.!

7,)("*%&!.)&!8%%(!H%44!&-2*"%*!0/3!-.%!&,(-.%&"&!/0!)!-.")U/4"(%!=/"%-,!"" $!"+ D!H%!

<3"=)3"4,!-%&-%*!7/==%37")44,!)#)"4)84%!7,)("*%&!d1)11\ 1)16e!7/(-)"("('!%&-%3D!?%-/(%D!

)7%-)4D!)(*!)47/./4!02(7-"/()4"-"%&F!!9/H%#%3D!)44!-.%!3%)7-"/(&!H"-.!7,)("*%&!d1)11\ 1)16e!

3%&24-%*!"(!-.%!0/3=)-"/(!/0!)!7/=<4%V!="V-23%!/0!2("*%(-"0"%*!<3/*27-&!2(*%3!3%042V"('!

7/(*"-"/(&F !

!
!

!"#$%&'*3)'6/*%4!&-2*,!0/3!-.%!7/(&-327-"/(!/0!)!-.")U/4"*"(%!&7)00/4* !

S
HN

O

OMe
CO2Me

X

Y

S
N

CO2Me

OHC
oxa-conjugate
addition

S
HN

O

CO2Me

X

Y

Pummerer
rearrangement

Fragment B3.31 3.32

R
Y

X

condensation
partner

H2N

SH

CO2Me

cysteine

HN

S

CO2Me

R

Condensation
+

N N
OO

EtO
NOO

N

PMBO

H

O

OEt

NH
SMe

SMe

O

O

3.33 3.34 3.35 3.36

3.37 3.38 3.39

thiazolidine



!

NPZ!

R/!'%(%3)-%!-.%!-.")U/4"*"(%!8)7?8/(%!2(*%3!="4*%3!7/(*"-"/(&D!H%!%V)="(%*!

=/3%!3%)7-"#%!7/(*%(&)-"/(!<)3-(%3&!&27.!)&!<3/<"/()4*%.,*% !d1)17eD!%-.,4!"="*)-%!

1)18!"* D!)(*!*"=%-.,4!-."/?%-%(%!1)15!(# !d+7.%=%!`OeF!B44!/0!-.%!3%)7-"/(&!<3/7%%*%*!

&=//-.4,!)-!3//=!-%=<%3)-23%!"(!-.%!<3%&%(7%!/0!="4*!8)&%&!&27.!)&!&/*"2=!8"7)38/()-%!

)(*!-3"%-.,4)="(%D!-/!'%(%3)-%!7/=</2(*! 1)24!(! D!1)2(!(%D!)(*!1)2*!3%&<%7-"#%4,F!1%V-D!H%!

023-.%3!-%&-%*!-.%!3%)7-"#"-,!/0!7/=</2(*!1)2(!)(*! 1)2*!-/H)3*!-.%!"(&-)44)-"/(!/0!-.%!

&240/V"*%!)(*!)7"*T<3/=/-%*!*%)7%-,4)-"/(F !(& $!(' 'XV"*)-"/(!/0!-.%!-."/%-.%3!02(7-"/()4"-,!

"(!- .")U/4"*"(%!1)2('H"-.!9 %X %YR0%X!<3/#"*%*!-.%!7/33%&</(*"('!&240"(,4!*%3"#)-"#%!1)21F!

R3%)-=%(-!/0!&24023"7!)7"*!-/!T̂*"?%-/(%!1)2*!023("&.%*!*%)7%-,4)-%*!<3/*27-!1)22D!H."7.!

</&&%&&!-.%!*%&"3%*!)4?,4"*%(%!-.")U/4"*"(%!&7)00/4*F!(& '!

!
!

9/:&;&' 24)'R.")U/4"*"(%!&,(-.%&"&!#")!#)3"/2&!7/(*%(&)-"/(!3%)7-"/(& '

OEt

NHáHCl

H2N

SH

CO2Me

áHCl
Et3N, CH2Cl2

0 to 25 ¡C, 17 h
quant.

N

S

CO2Me
H2O2, Tf2O N

S

CO2Me

O

O O

MeS SMe

Et3N, EtOH
25 ¡C, 1 h

78%

HN

S
O

O

CO2Me

0 to 25 ¡C, 16 h

H2SO4
HN

S

O

CO2Me

EtOH
25 ¡C, 2 h

(2:1 dr)

CHO

NaHCO3, EtOH/H2O
25 ¡C, 16 h

quant. (2:1 dr)

HN

S

CO2Me

L-cysteine
metylester

3.40

3.41

3.42

3.43

3.44

3.37

3.38

3.39



!

NPc!

G)&%*!/(!-.%!=/*%4!&-2*,D!H%!*%7"*%*!-/!2-"4"U%!-.%!7/(*%(&)-"/(!/0!7,&-%"(%!

H"-.!*"=%-.,4!-."/?%-%(%!)&!)!&-3)-%',!0/3!-.%!7/(&-327-"/(!/0!-.%!?%-%(%!NDST)7%-)4!

=/"%-,F!S(!-.%!0/44/H"('!7.)<-%3&D!-H/!)<<3/)7.%&!-/H)3*!"(&-)44)-"/(!/0!i T=%-./V,!

-.")U/4"*"(%!H"44!8%!*"&72&&%*F!

!

1)*)1)*'MJ, @GC>Y$#,?&'<00"?"C>'

X23!"("-")4!)<<3/)7.!-/!-.%!"(&-)44)-"/(!/0!)(!i T)4?/V,!'3/2<!H)&!8)&%*!/(!/V) T

7/(:2')-%!)**"-"/(F!E%!<3%<)3%*!-.%!-.")U/4"(%!1)27!)77/3*"('!-/!-.%!<3%#"/2&4,!

3%</3-%*!<3/7%*23%!0/3!-.%!%()(-"/=%3!&,(-.%&"&!(" D!)(*!2-"4"U%*!-."&!7/=</2(*! 1)27!)&!)!

&28&-3)-%!0/3!/V)T7/(:2')-%!)**"-"/(!&-2*,!dR)84%! ` eF!S(!NOPcD!>./3%44!et al. 3%</3-%*!-.%!

&,(-.%&"&!/0!=%-./V,!&28&-"-2-%*!7/=</2(*! 1)26!03/=!iD^ T2(&)-23)-%*!=%-.,4!%&-%3!1)23!

8,!-.%!2&%!/0!4"-."2=!=%-./V"*%!"(!R9[Y6%X9!&/4#%(-!d+7.%=%!̀PeF!(( !R."&!=%-./*! H)&!

)<<4"%*!-/!/23!&28&-3)-%!1)27!d%(-3,!PeF!!

!
!

9/:&;&' 2()'S(&-)44)-"/(!/0!)!=%-./V,!'3/2<!-/!V!3%</3-%*!8,!>./3%44! et al.166!

!

E%!0/2(*!-.)-!-.%!=%-.,4!%&-%3!'3/2< !H)&!.,*3/4,U%*!8,!-.%!2&%!/0!&/*"2=!

=%-./V"*%!"(!R9[Y6%X9D!H."7.!H)&!7/(&"&-%(-!H"-.!/23!%V<%7-)-"/(F!9/H%#%3D!

N

S

O CO2Me

N

S

O CO2H

OMeLiOMe (4 equiv.)

THF/MeOH
25 ¡C, 4 h

3.45 3.46 (75%)



!

NP_!

)4*%.,*%!)(*! NDST)7%-)4!<%)?&!H%3%!)4&/!(/-!/8&%3#%*!"(!-.%!! 9!16J!&<%7-32=F!B&!

&"="4)3!-,<%&!/0!/V"*)-"#%!*%0/3=,4)-"/(!.)#%!8%%(!3%</3-%*D!%&<%7")44,!0/3!-.%!&,(-.%&"&!

/0!L2"(/4"(%&!() $!)# D!H%!)&&2=%*!-.)-!-.%!0/3=,4!'3/2<!=),!(/-!8%!&-)84%!2(*%3!-."&!

7/(*"-"/(F![23-.%3=/3%D!&"(7%!-.%!=%-./V,!<%)?!H)&!(/-!/8&%3#%*!"(!-.%!! 9!16J!/0!-.%!

<3/*27-D!H%!-%(-)-"#%4,!)&&"'(%*!-.%!<3/*27-!&-327-23%!)&!1)25F!S(!/3*%3!-/!/8-)"(!

)**"-"/()4!"(0/3=)-"/(!)8/2-!-.%!&-327-23%!/0!-.%!<3/*27-D!7/=</2(*! 1)25!H)&!%V</&%*!

-/!B' %X!)(*!"/*/=%-.)(%!H."7.!3%&24-%*!"(!-.%!0/3=)-"/(!/0! 1)34F!!

!

R,.E&'6)'B--%=<-&!-/!/V) T7/(:2')-%!)**"-"/(!/0!-.")U/4"*"(%! 1)27'

!
!

entry conditions temp / time results 

1 NaOMe (4 equiv), THF/MeOH 25 °C, 20 h 3.49 

2 NaOMe (4 equiv), THF 25 °C, 20 h no reaction 

3 DBU (4 equiv), MeOH 25 °C, 2 d 3.49 (slow) 

4 Tf2NH (0.1 equiv), MeOH 0 °C, 18 h 3.50 

5 Tf2NH (1 equiv), MeOH 0 °C, 1 h 3.50 

6 TfOH (0.1 equiv), MeOH 0 °C, 3 h 3.50 

7 P(t-Bu)3, MeOH 25 °C, 20 h no reaction 

8 Pd(MeCN)2Cl2, MeOH, CH2Cl2 25 °C, 3 h no reaction 

!

S(!-.%!)8&%(7%!/0!=%-.)(/4!)&!)!7/T&/4#%(-D!(/!3%)7-"/(!/77233%*!</&&"84,!*2%!-/!

<//3!&/428"4"-,!/0!&/*"2=!=%-./V"*%!d%(-3,!NeF!E.%(!$G5!H)&!-3%)-%*!"(&-%)*!/0!

N

S

CO2Me
OHC

N

S

CO2H

OMe

oxa-Michael 
addition

OHC
N

S

CO2H

OH

(observed)(desired)

N

S

CO2Me

OHor

3.49 3.503.47 3.48



!

NPQ!

&/*"2=!=%-./V"*%!-/!&28&-3)-%!1)27D!-.%!3%)7-"/(!H)&!=27.!&4/H%3!-.)(!%(-3,!P!

'%(%3)-"('!-.%!&)=%!<3/*2 7-!1)25!d%(-3,!aeF!1%V-D!H%!"(#%&-"')-%*!/V)T7/(:2')-%!)**"-"/(!

/0!1)27!"(!)7"*"7!=%*")F!+28&-3)-%!1)27!H)&!%V</&%*!-/!-3"042/3/=%-.)(%&240/("="*%!

)00/3*"('!7/=</2(*! 1)34!)&!)!<3/*27-!H."7.!H)&!&4/H4,!*%7/=</&%*!*23"('!-.%!

3%)7-"/(!d%(-3,! \̀ beF!R.%!&)=%!3%&24-!H)&!/8-)"(%*!H.%(!&28&-3)-%!1)27!H)&!3%)7-%*!H"-.!

-3"04"7!)7"*!d%(-3,!ZeF!5(*%3!-.%&%!)7"*"7!7/(*"-"/(&D!.,*3/4,&"&!/0!-.%!=%-.,4!%&-%3!H)&!

(/-!/8&%3#%*!82-!&-"44!*%0/3=,4)-"/(!/77233%*F!B4-./2'.!<./&<."(% T7)-)4,U%*!

.,*3/)4?/V,4)-"/( !)! !d%(-3,!ce!)(*!)!<)44)*"2= T7)-)4,U%*!3%)7-"/(!)%$!)& !d%(-3,!_e!H%3%!

)4&/!%V<4/3%*D!)44!)--%=<-&!H%3%!(/-!%00%7-"#%!0/3!-.%!"(&-)44)-"/(!/0!)(!iT=%-./V,!'3/2<!

-/!)!-.")U/4"*"(%!3"('F !

!

1)*)1)1'T$;;&%&%@?FK&'H&,%%,>#&;&>?'

X23!&%7/(*!)<<3/)7.!0/3!-.%!&,(-.%&"&!/0!)(!i T=%-./V,!-.")U/4"*"(%!&240/V"*%!

3%4"%*!/(!)!K2==%3%3T-,<%!3%)33)('%=%(-F!R.%!K2==%3%3!3%)33)('%=%(-!.)&!8%%(!

H"*%4,!)<<4"%*!-/!7/(&-327-!iT02(7-"/()4"U%*!&240"*%&F!)' $!)" !B**"-"/(!/0!)!.)4/'%(D!)(!

)7%-/V,D!/3!)!-3"042/3/)7-/V,!'3/2<!2&"('!-.%!K2==%3%3 T-,<%!3%)33)('%=%(-!.)&!8%%(!

3%</3-%*!)(*!7/=<3%.%(&"#%4,!&-2*"%*!)(*!&%4%7-%*!%V)=<4%&!H%3%!&./H(!"(!+7.%=%!

`NF!)( $!)* !K2==%3%3!3%)7-"/(!/0!)!&240/V"*%!1)3(!2&"('!)7%-"7!)(.,*3"*%!3%&24-%*!"(!-.%!

0/3=)-"/(!/0! 1)3*!)&!)!="V-23%!/0!-H/!*")&-%3%/=%3&F!)* ![2(7-"/()4"U)-"/(&!/0!-.%!i T

</&"-"/(!/0! 1)31!)(*! 1)36!H%3%!)4&/!3%</3-%*!-/!<3/#"*%!-.%!-3"042/3/)7%-,4!<3/*27-!1)32!



!

NNO!

)(*!i T7.4/3/!&240"*%!1)37D!3%&<%7-"#%4,F!)) $!)+ !$2%!-/!-.%!."'.!3%)7-"#"-,!/0!-.%&%!02(7-"/()4!

'3/2<&D!1)32!&28&%L2%(-4,!2(*%3H%(-!)(!%4"="()-"/(!3%)7-"/(!-/!'"#%! 1)33D!)(*!1)37!H)&!

&28:%7-%*!-/!)!&28&-"-2-"/(!3%)7-"/(!2&"('!)(!)4?,4U"(7!83/="*%!)&!)!(274%/<."4%F!

!!

!
!

9/:&;&' 2*)'IV)=<4%&!/0!)!K2==%3%3T-,<%!3%)33)('%=%(-!0/3!iT02(7-"/()4"U)-"/(&!/0!)!
&240"*%!)) $!)* '

!

S(!PQ_cD!R/?"-/. !et al.!&./H%*!-.)-!)!&"4,4/V,!'3/2<!7)(!8%!&-%3%/&<%7"0"7)44,!

"(&-)44%*!-/!-.%!iT</&"-"/(!/0!)!&240"*%!2&"('!)(!/<-"7)44,!)7-"#%!-.")U/4"*"(%!&240/V"*%F!+#!

E%!*%7"*%*!-/!)<<4,!-."&!=%-./*!-/!/23!&,&-%=!d+7.%=%!̀ aeF!R/!&,(-.%&"U%!)!&28&-3)-%!

0/3!-."&!3%)7-"/(D!<3/-%7-"/(!/0!)="(%!"(!-.%!?%-%(%!NDST)7%-)4!1)2*!H)&!7)33"%*!/2-!"(!-.%!

Chem. Eur. J. 2019, 25, 6113

N

S

O

CO2Et

O

Ac2O, TFA

1,2-DCE
70 ¡C, 16 h

N

S

O

CO2Et

O

O

Org. Lett. 2018, 20, 5541

O

TFAA

1,2-DCE
25 ¡C, 4 h

J. Org. Chem. 2019, 84, 9584

O

PhS
NCS

benzene
25 ¡C, 15 min

3.51 3.52 (67%)

3.53 3.54

3.573.56

S
Ph

O

O S
Ph

O

O

CF3 O S
Ph

3.55 (92%)

MOMO

O
Cl

MOMO

PhS
O

MOMO

PhS

R

ZnBr
R

THF
0 to 25 ¡C, 4 h

3.58 (85%)



!

NNP!

<3%&%(7%!/0!=%-.,4!7.4/3/0/3=)-%!-/!'"#%!7/=</2(*! 1)6*D!H."7.!H)&!&28:%7-%*!-/!&240"*%!

/V"*)-"/(!2&"('!.,*3/'%(!<%3/V"*%!)(*!)7%-"7!)7" *F!E.%(!-.%!3%&24-"('!&240/V"*%!1)61!

H)&!-3%)-%*!H"-.!t-82-,4*"=%-.,4&"4,4!-3"042/3/=%-.)(%&240/()-%!)(*!-3"%-.,4)="(%D!-.%!

7/33%&</(*"('!i T&"4,4/V,!-.")U/4"*"(%!1)62!H)&!*%-%7-%*F!B()4,&"&!/0!! 9!16J!&2''%&-%*!

-.)-!-.%!/8-)"(%*!<3/*27- !1)62!"&!)!&"('4%!*")&-%3%/=%3!*2%!-/!-.%!&-%3%/&<%7"0"7!()-23%!/0!

-.%!3%)7-"/(D!82-!)**"-"/()4!&<%7-3/&7/<"7!&-2*"%&!&./24*!8%!0/44/H%*F!R.%!&)=%!3%)7-"/(!

7/(*"-"/(&!H%3%!)<<4"%*!-/!&28&-3)-%!1)63!(" D!H."7.!4%*!-/!-.%!0/3=)-"/(!/0!-.%!*%&"3%*!i T

02(7-"/()4"U%*!-.")U/4"*"(%!1)66!)4/('!H"-.!-.%!%4"="()-"/(!<3/*27-! 1)67F!R.%!

/8&%3#)-"/(!/0!-.%!%4"="()-"/(!&"*%!<3/*27-!1)67!H)&!"(!)77/3*)(7%!H"-.!-.%!3%</3-%*!

3%&24-D!H."7.!"&!-.)-!=/(/ T&28&-"-2-"/(!)-!-.%!NDST)7%-)4!</&"-"/(!3%&24-%*!"(!-.%!

0/3=)-"/(!/0!)!7/(&"*%3)84%!)=/2(-!/0!iD^ T2(&)-23)-%*!&240"*%F!+#!I(7/23)'%*!8,!-.%!

&277%&&024!"(&-)44)-"/(!/0!iT&"4/V,!02(7-"/()4"-,!-/!-.%!-.")U/4"*"(%&D!&28&-3)-%!1)63!H)&!

-3%)-%*!H"-.!=%-.,4!-3"042/3/=%-.)(&240/()-%!82-!/(4,!-.%!&-)3-"('!=)-%3")4!H)&!

3%7/#%3%*!d+7.%=%!`` eF!



!

NNN!

!
!

9/:&;&' 21)!+"4"7/(!K2==%3%3!3%)7-"/(!+#!/0!-.%!-.")U/4"*"(%!&240/V"*%!1)61!)(*! 1)63'

!

!
!

9/:&;&' 22)'B--%=<-!-/!-.%!&,(-.%&"&!/0!1)68'

!

!

N

S

CO2Me
OHC

O

TBSOTf, Et3N N

S

CO2Me
OHC

OTBS
N

S

CO2Me
OHC

+

3.67 (29%)

CH2Cl2
0 ¡C, 1 h

HN

S
O

O

CO2Me

N

S
O

O

CO2Me
MeO2C

Et3N N

S
O

O

CO2Me
MeO2C

O

N

S
O

O

CO2Me
MeO2C

OTBS

CH2Cl2
25 ¡C, 24 h

TBSOTf
Et3N N

S
O

O

CO2Me
MeO2C

O TBS

N

S
O

O

CO2Me
MeO2C

O TBS

H2O2
AcOH

3.42 3.62 3.63

3.64

MeO Cl

O

4:1 dr

25 ¡C, 20 h
32%

CH2Cl2
0 ¡C, 1 h

3.65 3.66 (40%)

N
S

O

PhOC

CO2Me
TBSOTf

Et3N

CH2Cl2
0 ¡C, 3 h

N
S

PhOC

CO2Me

OTBS N
S

PhOC

CO2Me

+

3.59 3.60 (59%) 3.61 (9%)

Tetrahedron Lett. 1987, 28, 5903

Our Attempts

N

S

CO2Me
OHC

O

MeOTf, Et3N, CH2Cl2 N

S

CO2Me
OHC

OMe

3.65 3.68

0 to 25 ¡C, 24 h



!

NNa!

R.2&D!H%!-23(%*!/23!)--%(-"/(!-/!-.%!-H/T&-%<!&%L2%(7%!7/(&"&-"('!/0!dPe!

)7-"#)-"/(!/0!-.%!i T</&"-"/(!/0!-.%!&240"*%!)(*!dNe!=%-./V,!&28&-"-2-"/(F!R.%3%!)3%!&%#%3)4!

3%</3-&!)8/2-!-."&!-,<%!/0!-3)(&0/3=)-"/( !+! $!+%!)(*!)!-,<"7)4!<3/7%*23%!"(742*%&!

K2==%3%3!3%)33)('%=%(-!/0!)!&240/V"*%!2&"('!-3"042/3/)7%-"7!)(.,*3"*%!)(*!&28&%L2%(-!

&28&-"-2-"/(!/0!-.%!-3"042/3/)7%-/V,!'3/2<!-/!)!=%-./V,!02(7-"/()4"-,!d+7.%=%! `beF!E%!

)<<4"%*!-."&!<3/7%*23%!-/!-.%!&28&-3)-%!1)61!2&"('!>$>4 &-)&!)!3%)7-"/(!&/4#%(-F!+&!B0-%3!

%V</&23%!/0!-.%!&240/V"*%!1)61!-/!-3"042/3/)7%-"7!)(.,*3"*%!0/3!PFb!.D!)(!"(-%3=%*")-%!H)&!

0/3=%*!)(*!*%-%7-)84%!/(!R;>F!R.%!</&&"84%!&-327-23%!/0!-.%!"(-%3=%*")-%!="'.-!8%!1)71!

*2%!-/!-.%!)<<%)3)(7%!/0!)!*/H(0"%4*!&."0-%*!*/284%-!)-!ZFZb!<<=!"(!-.%!! 9!16J!

&<%7-32=D!H."7.!7/24*!7/33%&</(*!-/!-.%!<3/-/(!)-!> Tb!</&"-"/(F!9/H%#%3D!-.%!

"(-%3=%*")-%!1)71!*"*!(/-!3%)7-!H"-.!=%-.)(/4!)(*!"-!H)&!."'.4,!2(&-)84%!/(!&"4"7)!

7.3/=)-/'3)<.,F!B4-./2 '.!=/*"0"%*!K2==%3%3 T-,<%!3%)7-"/(&!H%3%!)--%=<-%*!2&"('!N-

7.4/3/&277"("="*%!+' D!8%(U/,4!<%3/V"*%!+" $!+( D!/3!$$q T"(*27%*!/V"*)-"#%!7/2<4"(' !+) D!

-.%&%!)--%=<-&!4%*!-/!%"-.%3!(/!3%)7-"/(!/3!-.%!0/3=)-"/(!/0!)(!2(&-)84%!"(-%3=%*")-%F!



!

NN!̀

!
!

9/:&;&' 23)'B--%=<-!0/3!-.%!"(&-)44)-"/(!/0!-.%!iT=%-./V,!'3/2<!-/! 1)61')77/3*"('!-/ !-.%!
4"-%3)-23%&!+! $!+%'

!

S(!&2==)3,D!-H/!)<<3/)7.%&!-/H)3*&!-.%!7/(&-327-"/(!/0!-.%!02(7-"/()4"U%*!

-.")U/4"*"(%!=/"%-,!H%3%!"(#%&-"')-%*!#")!-.%!/V)T7/(:2')-%!)**"-"/(!)(*!-.%!K2==%3%3!

3%)33)('%=%(-F!R.%!)4?,4"*%(%!-.")U/4"*"(%!8)7?8/(%!H)&!&,(-.%&"U%*!8,!-.%!

7/(*%(&)-"/(!/0!7,&-%"(%!H"-.!*"=%-.,4!-."/?%-%(%F!B4-./2'.!-.%!/V) T7/(:2')-%!)**"-"/(!

3%)7-"/(!/0!1)27!H"-.!#)3"/2&!7/(*"-"/(&!*"*!(/-!023("&.!-.%!*%&"3%*!<3/*27-D!H%!

7/(0"3=%*!-.%!"(&-)44)-"/(!/0!-.%!&"4,4/V,!'3/ 2<!)-!-.%!i T</&"-"/(!/0!-.%!-.")U/4"*"(%!

&240"*%!#")!-.%!&-%3%/&<%7"0"7!K2==%3%3!3%)33)('%=%(-F!S(!/3*%3!-/!7/=<4%-%!-.%!

&,(-.%&"&!/0!-.%!iT=%-./V,!-.")U/4"*"(%!&7)00/4*D!)**"-"/()4!)--%=<-&!7)(!8%!2(*%3-)?%(!

d+7.%=%!`ZeF!X(%!)<<3/)7.!H/24*!8%!)(/*"7!=%-./ V,4)-"/(!/0!&240"*%&!2&"('!I-&1 Ta9[!

3.63 3.73 3.74

TFAA
CDCl3 MeOHN

S
O

O

CO2Me
MeO2C

O

N

S
O

O

CO2Me
MeO2C

O

O
CF3

N

S
O

O

CO2Me
MeO2C

OMe

25 ¡C
2 d

0 to 25 ¡C
1.5 h

S
O

O

OPh

S
O

OPh

OMeTFAA, pyridine
0 ¡C, 30 min

then MeOH, PPTS
25 ¡C, 48 h

31%

Tetrahedron 2009, 65, 599

3.69 3.70

N

O

O

S
O

Me

N

O

O

S

Me
OMe

TFAA, pyridine
CH2Cl2

0 ¡C, 30 min

then MeOH, p-TsOH
25 ¡C, 24 h

81%

J. Med. Chem. 1996, 39, 1403

3.71 3.72

Our Attempt

5
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)&!)!&2<</3-"('!&)4-!3%</3-%*!8,!S&/?)H)!et al. "(!NOPcF!++![42/3/&240/("2=!"/(! 1)76!

H/24*!8%!0"3&-!0/3=%*!8,!)!042/3"*%!"/(D!)(*!-.%!&28&%L2%(-!*%<3/-/()-"/(!)(*!

%4"="()-"/(!3%)7-"/(&!'%(%3)-%!7)-"/(!"(-%3=%*")-%!1)77!H."7.!3%)7-&!H"-.!=%-.)(/4!-/!

<3/#"*%!i T=%-./V,4)-%*!<3/*27-! 1)78F!S(!)**"-"/(D!-.%!i T02(7-"/()4"U)-"/(!7/24*!8%!

<%30/3=%*!#")!)!&"('4%-!/V,'%( T=%*")-%*!<./-//V"*)-"/(F !+* !R3%)-=%(-!H"-.!! X %!-/! 1)75!

H"-.!)!7)-)4,-"7!)=/2(-!/0!&%(&"-"U"('!*,%!0/44/H%*!8,!"(!&"-2!3%*27-"/(!/0!-.%!

7/33%&</(*"('!<%3/V"*%!<3/#"*%*!.%=")7%-)4!1)84F!>/(#%3&"/(!/0!7/=</2(*! 1)84!-/! 1)8(!

<3/7%%*%*!H"-.!M./&%UW&!7.4/3%()="(%!3%)'%(-!*# D!)(*!-.%!0/44/H"('!&/4#/4,&"&!,"%4*%*!

i T=%-./V,!-." )U/4"*"(%!1)8*F!!

!
!

9/:&;&' 26)'S(&-)44)-"/(!/0!)!=%-./V,!'3/2<!-/!)!&240"*%!&28&-3)-%!2&"('!)!042/3"*%!"/(T
=%*")-%*!%4%7-3/7.%="&-3,!++!/3!)!&"('4%-!/V,'%( T=%*")-%*!<./-//V"*)-"/( !+* !

!

R SPh
-2e, -H+

R SPh

H

F

-HF
R SPh

MeOH

R SPh

OMe

R = Me, CH2F, CHF2, CF3CH2 CF3CH(OMe), CF3CH(CO2Et)

3.75 3.78

J. Electrochem. Soc. 2017, 164, G121

Eur. J. Org. Chem. 2011, 2011, 4667

S
N

Boc

S
N

Boc

HO1. O2/light
    meso-tetraphenylporphyrin
    THF, Ð78 ¡C

2. Ph3P, 25 ¡C

S
N

Boc

Cl
1-chloro-1-dimethylamino
-2-methylpropene
CH2Cl2, 0 ¡C, 18 h
78%

66%

S
N

Boc

MeO

MeOH

25 ¡C, 2 h
54%

3.79 3.80

3.813.82

Et3N-3HF
MeOH/MeCN

4F/mol

-H

3.76 3.77



!
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3.2.4 Efforts towards the Synthesis of the Alkyl Chain Fragment  

+,(-.%-"7!&-2*"%&!0/3!-.%!)4?,4!7.)"(!03)'=%(-!G!H%3%!<%30/3=%*!d+7.%=%!`ceF!S(!

-."&!3%')3*D!H%!%(#"&"/(%*!-.)-!-.%!&-%3%/7.%="&-3,!)-!>Ta!)(*!> T̀!</&"-"/(!7/24*!8%!

3%)*"4,!"(&-)44%*!2-"4"U"('!+.)3<4%&&!)&,==%-3"7!%</V"*)-"/(F!*! !X(%!%(*!/0!-.%!3%&24-"('!

)4?,4!7.)"(!H/24*!8%!023-.%3!7/(#%3-%*!-/! T̂?%-/%&-%3!0/3!-.%!7/(*%(&)-"/(!H"-.!dSeTNT

=%-.,47,&-%"(%D!)(*!-.%!/-.%3!%(*!H/24*!8%!7/((%7-%*!-/!-.%!7,74/.%V)(%!03)'=%(-!< F!!

!
!

9/:&;&' 27)'+,(-.%-"7!)--%=<-&!-/!-.%!&,(-.%&"&!/0!03)'=%(-!G!03/=!#)3"/2&!)44,4"7!
)47/./4& '

!

R/!-%&-!-.%!0%)&"8"4"-,!/0!-."&!3/2-%D!?(/H(!)44,4!)47/./4!1)82!H)&!<3%<)3%*!03/=!ZT

=%-.,4 TbT.%<-%(TNT/(%!1)81!)77/3*"('!-/!-.%!3%</3-%*!<3/7%*23%!*%!)(*!&28:%7-%*!-/!

)&,==%-3"7!+.)3<4%&&!%</V"*)-"/(!d+7.%=%!`_eF!9/H%#%3D!-.%!*%&"3%*!)47/./4! 1)83!H)&!

(/-!*%-%7-%*!*23"('!-.%!3%)7-"/(D!)(*!-.%!&)=%!3%&24-!H)&!/8-)"(%*!H"-.!-.%!-3%)-=%(-!/0!

mT7.4/3/<%38%(U/"7!)7"*F!B0-%3!)!4"-%3)-23%!&%)37.D!H%!0/2(*!-.)-!-.%!*%&"3%*!&-327-23%!

1)83!"&!L2"-%!2(&-)84%!)(*!&4/H4,!7,74"U%&!-/!'%(%3)-%!)!cT=%=8%3%*!3"('!0/44/H%*!8,!

%</V"*%!/<%("('!-/!'"#%!7/=</2(*! 1)86F!*& $!*' !S(!/3*%3!-/!<3%#%(-!7,74"U)-"/(!)&!)!&"*%!

HO

O

HO

O

O

HO

EtO O

OTBS

HO

MeO2C

MeS SMe

O

R3O
OR2

OTBS

3

4

Fragment C
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3%)7-"/(D!H%!*%7"*%*!-/!<3/-%7-!-.%!?%-/(%!02(7-"/()4"-,!2&"('!%-.,4%(%!'4,7/4!-/!.)#%!-.%!

?(/H(!)44,4"7!)47/./4! 1)87!*" !H"-.!)(!)7%-)4!'3/2<F!5(0/3-2()-%4,D!-."&!&28&-3)-%!1)87!H)&!

(/-!3%)7-"#%!2(*%3!-.%!+.)3<4%&&!)&,==%-3"7!%</V"*)-"/(!7/(*"-"/(!)(*!(/!3%)7-"/(!

/77233%*F!

!
!

9/:&;&' 28)'+,(-.%-"7!&-2*,!2&"('!-.%!)44,4"7!)47/./4&! 1)82!)( * '1)87'

!

1%V-D!H%!%V)="(%*!-.%!3%)7-"#"-"%&!/0!)44,4"7!)47/./4!1)54!7/(-)"("('!)(!%-.,4!%&-%3!

02(7-"/()4"-,!H."7.!H)&!<3%<)3%*!03/=!N T=%-.,4 TaT82-%(TNT/4!d1)85eF!*( $!*) !+.)3<4%&&!

)&,==%-3"7!%</V"*)-"/(!/0!-.%!)44,4"7!)47/./4! 1)54!<3/#"*%*!-.%!*%&"3%*!%</V"*%!<3/*27-!

1)5(!d+7.%=%!`QeF!R/!%V)="(%!-.%!0%)&"8"4"-,!/0!)(!)7"*T<3/=/-%*!3%'"/&%4%7-"#%!3"('T

/<%("('!3%)7-"/(D!H%!<3%<)3%*!-.%!3)7%="7!%</V"*%!1)5*!)&!)!&28&-3)-%!8,!-.%!-3%)-=%(-!

/0!mT7.4/3/<%38%(U/"7!)7"*!-/!-.%!)44,4"7!)47/./4!1)54F!E.%(!-.%!7/=</2(*! 1)5*!H)&!

%V</&%*!-/!T̀=%-./V,8%( U,4!)47/./4!"(!-.%!<3%&%(7%!/0!;%H"&!)7"*!dG[&|XI- %e!/3!G3…(&-%*!

HO

OO

SeO2
t-BuOOH

CH2Cl2
0 to 25 ¡C

56%

HO

O

O(+)-DET, Ti(Oi-Pr)4

t-BuOOH, 4• MS

CH2Cl2
Ð20 ¡C, 48 h

HO
O

O

m-CPBA
CH2Cl2

HO

O

O

3.84 3.85

3.86

slowly cyclized

HO

O

O

O
HO

O

O

ethylene glycol
p-TsOH, CaSO4

34% (68% brsm)

THF
25 ¡C, 3 h

(+)-DET, Ti(Oi-Pr)4

t-BuOOH, 4• MS

CH2Cl2
Ð20 ¡C

3.87 3.88

3.83

unstable
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)7"*!ddxeT7)=<./3&240/("7!)7"*eD!-.%!*%&"3%*!3%'"/&%4%7-"#%!3"('T/<%("('!H)&!/8&%3#%*!

82-!)77/=<)(,"('!.,*3/4,&"&!)(*!7,74"U)-"/(!-/!<3/*27%!2(*%&"3%*!<3/*27-! 1)51!"(!8/-.!

7)&%&F'

!
!

9/:&;&' 25)'+,(-.%-"7!&-2*,!2&"('!-.%!%&-%3T7/(-)"("('!)44,4"7!)47/./4 '1)54'

!!

+"(7%!-.%!)44,4"7!)47/./4&!H"-.!?%-/(%D!)7%-)4D!)(*!%&-%3!d1)82D!1)87D!)(*!1)54e!H%3%!

(/-!%00%7-"#%!0/3!-."&!&,(-.%-"7!3/2-%D!H%!*%7"*%*!-/!<3%<)3%!&"4,4T<3/-%7-%*!)47/./4! 1)53F!

B0-%3!/8-)"("('!-.%!)47/./4! 1)53!)77/3*"('!-/!-.%!3%</3-%*!<3/7%*23%!'" D!3)7%="7!

%</V"*)-"/(!H)&!7)33"%*!/2-!-/!023("&.!7/=</2(*! 1)56!H."7.!H)&!&28:%7-%*!-/!)!&%-!/0!

3"(' T/<%("('!7/(*"-"/(&!)&!&2==)3"U%*!"(!R)84%! bF!E.%(!&28&-3)-%!1)56!H)&!-3%)-%*!

H"-.!` T=%-./V,8%(U,4!)47/./4YG[ &|XI- %!7/=8"()-"/(D!)&!-.%!&) =%!7/(*"-"/(!*"&72&&%*!

)8/#%D!-.%!3%)7-"/(!/0!7/=</2(*! 1)56!H)&!=27.!&4/H%3!-.)(!-.)-!/0!-.%!%&-%3T7/(-)"("('!

%</V"*%!1)5*!d%(-3,!PeF!6/&-!/0!-.%!&-)3-"('!=)-%3")4!3%=)"(%*!%#%(!H.%(!-.%!

-%=<%3)-23%!H)&!3)"&%*!-/!Nb!{>F!! 9!16J!&<%7-32=!/0!-.%!<3/*27-!&./H% *!-.)-!-.%3%!

OEtO

HO

OEtO

HO
O

m-CPBA, CH2Cl2
0 ¡C, 30 min
72%

OEtO

HO

O PMBOH
BF3áOEt2

OHO

HO

OPMBHO O

HO
HO

+

O

CH2Cl2
Ð20 to 0 ¡C

30 min

PMBOH
(+)-CSA

CH2Cl2
Ð20 to 0 ¡C

30 min

3.92 3.94 3.93

(+)-DET, Ti(Oi-Pr)4

t-BuOOH, 4• MS

CH2Cl2
Ð20 ¡C, 20 h

32%

1. triethyl orthoacetate
    CyCO2H, reflux, 3 h
    94%

2. SeO2, t-BuOOH
    CH2Cl2, 0 ¡C, 20 h
    55%

HO

3.89 3.90 3.91

O

HO
HO

O

3.93
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H%3%!(/!<%)?&!7/33%&</(*"('!-/!-.%!RG+!'3/2<D!-.2&!&2''%&-"('!-.%!RG+!'3/2<!"&!(/-!

&-)84%!%(/2'.!2(*%3!-."&!7/(*"-"/(F!E%!2-"4"U%*!dxeT7)=<./3&240/("7!)7"*!)(*!

-"-)("2=dS]e!"&/<3/</V"*%!)&!)(!)4-%3()-"#%!)7"*!<3/=/-%3!*+ D!82-!&"="4)3!3%&24-&!H%3%!

/8&%3#%*!d%(-3,!N\ aeF!R.%!3%)7-"/(!H"-.!."'.%3!-%=<%3)-23%&!4%*!-/!7/=<4%-%!

7/(&2=<-"/(!/0!-.%!&-)3-"('!=)-%3")4! 1)56D!82-!)(!2("*%(-"0")84%!<3/*27-!="V-23%!H)&!

/8-)"( %*!d%(-3,!`eF!>/(&"*%3"('!-.%!4/H!3%)7-"#"-,!/0!T̀=%-./V,8%(U,4!)47/./4!2(*%3!-.%!

7/(*"-"/(&D!H%!*%7"*%*!-/!7.)('%!-.%!(274%/<."4%!-/!8%(U/"7!)7"*D!H."7.!3%&24-%*!"(!-.%!

0/3=)-"/(!/0!-.%!*%&"3%*!3"(' T/<%("('!<3/*27-! 1)58!H"-.!=/*%3)-%!,"%4*!d%(-3,!beF!!

'

R, .E&'7)'J%'"/&%4%7-"#%!3"('T/<%("('!3%)7-"/(&!/0!-.%!)44,4"7!)47/./4!1)53'

!
!

entry R conditions temp / time results 

1 PMB BF3·OEt2, CH2Cl2 –78 to 25 °C, 24 h mostly starting material 

2 PMB (+)-CSA, CH2Cl2 0 to 25 °C, 3 h mostly starting material 

3 PMB Ti(Oi-Pr)4, toluene 25 °C, 5 h mostly starting material 

4 PMB Ti(Oi-Pr)4, toluene 60 °C, 2 h unidentifiable mixture 

5 Bz Ti(Oi-Pr)4, toluene 25 °C, 2 h desired (3.98, 45%) 

!

E"-.!-.%!%</V"*%!3"(' T/<%("('!<3/*27-! 1)58!"(!.)(*D!H%!<%30/3=%*!RI6KX T

7)-)4,U%*!/V"*)-"/( !** !/0!-.%!*"/4!1)58!d+7.%=%!bOeF!S(!-.%!<3%&%(7%!/0!1)>4X%!)&!-.%!

&-/"7."/=%-3"7!/V"*)(-D!-.%!7/33%&</(*"('!7)38/V,4"7!)7"*! 1)55!H)&!<3/*27%*!H."7.!H)&!

OTBS

HO
O

OTBS

HO

HO

OR

conditions

3.96 3.97; R = PMB
3.98; R = Bz

R OH

OTBS

HO

3.95

m-CPBA
CH2Cl2

0 ¡C, 2 h
quant.
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023-.%3!&28:%7-%*!-/!^T?%-/%&-%3!&,(-.%&"&!8,!)*/<-"('!)!<3/7%*23%!3%</3-%*!8,!

6)&)=2(%!)(*!7/ TH/3?%3&F%##$%#!!R.%!7)38/V,4"7!)7"*!1)55!H)&!)7-"#)-%*!8,!PDPWT

7)38/(,4*""="*)U/4%!H."7.!H)&!3%)7-%*!H"-.!=)'(%&"2=!=%-.,4=)4/()-%!-/!023("&.!-.%!

*%&"3%*!T̂?%-/%&-%3!<3/*27-!1)(44F!

!
!

9/:&;&' 34)'+,(-.%&"&!/0!-.%!)4?,4!03)'=%(-!G!03/=!)47/./4! 1)58!

!

S(!&2==)3,D!-.%!)<<3/)7.!0/3!-.%!7/(&-327-"/(!/0!)4?,4!03)'=%(-! G!&7)00/4*!H)&!

*%&73"8%*!H."7.!2-"4"U%*!+.)3<4%&&!)&,==%-3"7!%</V"*)-"/(D!)7"*T<3/=/-%*!%</V"*%!

/<%("('D!)(*!*"=%-.,4!-."/?%-%(%!0/3=)-"/(F!B0-%3!)7."%#"('!%()(-"/&%4%7-"#%!&,(-.%&"&!

/0!-.%!^T?%-/%&-%3!&7)00/4*D!-.%!-."/?%-%(%!0/3=)-"/(!2&"('!>+%Y6%S!0/44/H%*!8,!-.%!

7/(*%(&)-"/(!H"-.!N T=%-.,47,&-%"(%!H/24*!8%!7)33"%*!/2-!-/!'%(%3)-%!-.")U/4"*"(%!

=/"%-,F!

 

3.2.5 Future Work towards Fragment Assembly  

E%!.)#%!)77/=<4"&.%*!-.%!&,(-.%&"&!/0!-.%!02(7-"/()4"U%*!7,74/.%V)(%!1)*8!)(*!

-.%!3)7%="7!7/(&-327-"/(!/0!-.%!)4?,4!7.)"(!<)3-!1)(44D!)4/('!H"-.!-.%!"(#%&-"')-"/(!/0!-.%!

OTBS

HO2C

HO
OBz

TEMPO, NaClO2, NaClO
phosphate buffer (pH 7.4)

MeCN/H2O
35 ¡C, 19 h

28%OTBS

HO
OBz

HO

3.98 OTBS

HO
OBz

O
CO2Me

KO OMe

O O

MgCl2, CDI

THF
25 ¡C, 19 h

3.99 3.100



!

NaP!

&,(-.%&"&!/0!)!i T=%-./V,!-.")U/4"*"(%!=/"%-,F!B4-./2'.!H%!.)#%!(/-!,%-!"*%(-"0"%*!)(!

%00%7-"#%!&-3)-%',!0/3!-.%!&,(-.%&"&!/0!-.%!."'.4,!2(2&2)4!)(*!2(<3%7%*%(-%*!iT=%-./V,!

-.")U/4"*"(%!&240/V"*%D!-.%!)&&%=84,!<4)(!-/H)3*&!-/-)4!&,(-.%&"&!/0!0/3)U/4"(%!B!2&"('!

-.%!-.3%%!03)'=%(-!< \ G!"&!/2-4"(%*!.%3%!d+7.%=%!bPeF!!

!
!

9/:&;&' 3()'+,(-.%-"7!<4)(!0/3!-.%!)&&%=84,!/0!-.%!03)'=%(-!< \ G'

MeO2C

MeS SMe

O

R3O
OR2

OTBS

SH

H2N

CO2Me

O

R3O
OR2

OTBS

SHN

CO2Me
1.

2. decarboxylation

OH

OR1

R4O

OR2
O

R3O

S
HN

O

N

S
CO2H

O

O

Cl

OHO

O

O

O

S
HN

O

N

S O

NMe2

NMe2

macrocyclizationdeprotections
OTBS

OR1

R4O

OR2
O

R3O

S
HN

O

N

S
CO2Me

OTBS

OR1

R4O

OR2
O

R3O

S
HN

O

CN

OTBS

OR1

R4O

OR2
O

R3O

S
HN

CO2Me

2. NH4OH, EtOH
3. PPh3, CCl4, THF

! -alkoxylation

O

R3O
OR2

I

SHN

CO2Me

R4O
OTBS

OR1

I

Suzuki or Negishi
cross-coupling

1. TBAF
2. PPh3, I2

HS
NH2

CO2Me

3.5 3.102 3.103

3.3

3.104 3.105 3.106

OTBS

OR1

R4O

OR2
O

R3O

S
HN

CO2Me

1. H2O2 
    or m-CPBA

OR5 OR5

OR5 OR5

OR5

1. glycosylation

2. chlorination

O

OR1

R4O

OHO

R3O

S
HN

O

N

S O

OR5

3.107 3.108

3.101

3.109 Forazoline A



!

NaN!

[3)'=%(-!)&&%=84,!H/24*!7/==%(7%!H"-.!7/(*%(&)-"/(!8%-H%%(!*"=%-.,4!

-."/?%-%(%!1)3!)(*!N T=%-.,47,&-%"(%!=%-.,4%&-%3!d1)(4( e!0/44/H%*!8,!*%7)38/V,4)-"/(F!

R.%!3%&24-"('!?%-%(%!NDS-)7%-)4!1)(4*!H/24*!8%!&28:%7-%*!-/!&"4,4!*%<3/-%7-"/(!)(*!B<<%4!

3%)7-"/(!-/!<3%<)3%!)4?,4!"/*"*%!1)(41F!E%!%(#"&"/(!-.)-!)!+2U2?"!/3!1%'"&."!73/&&T

7/2<4"('!3%)7-"/(!/0!-.%!"/*"*%! 1)(41!H"-.!)4?%(,4!"/*"*%! 1)1!H/24*!%00%7-"#%4,!'%(%3)-%!

-.%!-3"T&28&-"-2-%*!dZeT)4?%(%!02(7-"/()4"-,D!H."7.!H/24*!)&&%=84%!-.%!)4?,4!7.)"(!

03)'=%(-! G!)(*!-.%!7,74/.%V)(%!03)'=%(-! < F!R."&!-,<%!/0!-3"T&28&-"-2-%*!dZeT)4?%(%!

&,(-.%&"&!"&!H%44!&-2*"%*!"(!4"-%3)-23%&F%#%$%#'!1%V-D!/V"*)-"/(!/0!-."/%-.%3!1)(42!H"-.!9 %X %!

/3!mT>KGB!H/24*!<3/#"*%!-.%!7/33%&</(*"('!&240/V"*%D!H."7.!7/24*!8%!</&&"84,!

-3)(&0/3=%*!"(-/!i T)4?/V,! -.")U/4"*"(%F!R.%!%&-%3!1)(43!H/24*!8%!(%V-!7/(#%3-%*!-/!

7,)("*%! 1)(46!0/44/H%*!8,!7/(*%(&)-"/(!H"-.! LT7,&-%"(%!=%-.,4%&-%3!-/!'"#%!1)(47F%#"!

+28&%L2%(-!.,*3/4,&"&!)(*!RG+!*%<3/-%7-"/(!H/24*!023("&.!&28&-3)-%!1)(48!H."7.!H"44!

8%!&28:%7-%*!-/!=)73/4)7-/("U)-"/(F!["()44,D!'4,7/&,4)-"/(!H"-.!-H/!0/3/&)="(%& %#($%#)!)(*!

7.4/3"()-"/(!H/24*!0"("&.!-.%!-/-)4!&,(-.%&"&!/0!0/3)U/4"(%!BF!

!



!

Naa!

3.3 Conclusion 

! S(!7/(742&"/(D!H%!.)#%!8%%(!"(#%&-"')-"('!-.%!&,(-.%&"&!/0!-.3%%!=):/3!03)'=%(-&!

< \ G!/0!0/3)U/4"(%!BF!>/(&-327-"/(!/0!-.%!."'.4,!02(7-"/()4"U%*!7,74/.%V)(%!3"('!"(!

03)'=%(-!B!H)&!%00"7"%(-4,!)77/=<4"&.%*!2-"4"U"('!62?)",)=)!)4*/4D!G),%3 \ ]"44%'%3!

3%)7-"/(D!)(*!)**"-"/(!/0!4"-."2=!*"=%-.,472<3)-%F!B=/('!0"#%!&-%3%/7%(-%3&!/(!-.%!

7,74/.%V)(%D!0/23!&-%3%/7%(-%3&!H%3%!&277%&&0244,!-3)(&0%33%*!H"-.!-.%!*%&"3%*!

&-%3%/7.%="&-3,!03/=!-.%!%()(-"/=%3"7)44,!3"7.!dSeT7)3#/(%F!+,(-.%-"7!&-2*"%&!-/H)3*&!

03)'=%(-!G!H%3%!)4&/!7)33"%*!/2-!2&"('!/V) T7/(:2')-%!)**"-"/(!)(*!K2==%3%3 T-,<%!

3%)7-"/(&F!B0-%3!-.%!7/(&-327-"/(!/0!-.%!?%-%(%!NDST)7%-)4!=/"%-,!8,!-.%!7/(*%(&)-"/(!/0!

7,&-%"(%!H"-.!*"=%-.,4!-."/?%-%(%D!)--%=<-&!-/!/V)T7/(:2')-%!)**"-"/(!/0!-.%!-.")U/4"*"(%!

1)27!7/(-)"("(' !iD^T2(&)-23)-%*!%&-%3!H%3%!*%&73"8%*F!S(!)**"-"/(D!#)3"/2&!K2==%3%3!

3%)33)('%=%(-!7/(*"-"/(&!H%3%!"(#%&-"')-%*!)(*!H%!)7."%#%*!-.%!&,(-.%&"&!/0!-.%!iT

&"4,4/V,4)-%*!-.")U/4"*"(%!1)62F!["()44,D!)(!)*#)(7%*!<3%723&/3!-/!03)'=%(-!G!H)&!

&,(-.%&"U%*!"(!)!3)7%="7!0/3=!-/!*%-%3="(%!-.%!&,(-.%-"7!0%)&"8"4"-,!/0!-.%!3%)7-"/(&F!E%!

7/(0"3=%*!-.)-!%</V"*)-"/(!/0!)44,4"7!)47/./4! 1)53!0/44/H%*!8,!3%'"/&%4%7-"#%!%</V"*%!

/<%("('!)(*!^ T?%-/%&-%3!0/3=)-"/(!023("&.%*!-.%!*%&"3%*!1)(44F!R.%3%0/3%D!-.%&%!"("-")4!

&-2*"%&!H"44!8%!)!="4%&-/(%!-/H)3*&!-.%!)&&%=84,!/0!-.%!-.3%%!03)'=%(-!< \ G!H."7.!

H/24*!7/=<4%-%!-.%!-/-)4!&,(-.%&"&!/0!0/3)U/4"(%!BF!



!

Na !̀

3.4 Experimental Sections!

B44!3%)7-"/(&!H%3%!7/(*27-%*!"(!/#%(T*3"%*!'4)&&H)3%!2(*%3!("-3/'%(F!5(4%&&!

/-.%3H"&%!&-)-%*!)44!3%)'%(-&!H%3%!<237.)&%*!03/=!7/==%37")4!&2<<4"%3&!)(*!2&%*!

H"-./2-!023-.%3!<23"0"7)-"/(F!B44!&/4#%(-&!H%3%!B=%3"7)(!>.%="7)4!+/7"%-,!dB>+e!'3)*%!

/3!8%--%3!)(*!2&%*!H"-./2-!023-.%3!<23"0"7)-"/(!%V7%<-!-%-3).,*3/023)(!dR9[eD!H."7.!H)&!

03%&.4,!*"&-"44%*!03/=!&/*"2=Y8%(U/<.%(/(%!%)7.!-"=%!8%0/3%!2&%F!B()4,-"7)4!-."(!4),%3!

7.3/=)-/'3)<.,!dR;>e!H)&!<%30/3=%*!H"-.!'4)&&!8)7?%*!&"4"7)!'%4!dZO!je!<4)-%&!H"-.!

042/3%&7%(-!"(*"7)-"/(!dE.)-=)(eF!]"&2)4"U)-"/(!H)&!)77/=<4"&.%*!8,!5]!"33)*")-"/(!)-!

Nb`!(=D!/3!8,!&-)"("('!H"-.! pT)("&)4* %.,*%!&/42-"/(!/3!</-)&&"2=!<%3=)(')()-%!

&/42-"/(!0/44/H%*!8,!.%)-"('F![4)&.!7/42=(!7.3/=)-/'3)<.,!H)&!<%30/3=%*!8,!2&"('!

&"4"7)!'%4!d<)3-"74%!&"U%!NaO•`OO!=%&.D!ZO!jeF!B44!! 9!16J!&<%7-3)!H%3%!3%7/3*%*!H"-.!)!

])3")(!`OO!d`OO!69Ue!)(*!)!G32?%3!bOO!dbOO!69Ue!&<%7-3/=%-%3F!B44!16J!€!#)42%&!)3%!

'"#%(!"(!<)3-&!<%3!="44"/(!d<<=e!)(*!)3%!3%0%3%(7%*!-/!-.%!3%&"*2)4!"&/-/</=%3!&/4#%(-!

&"'()4&!d>9>4&@!δ!t!cFNZ!<<=D!>$%9X$@!δ!t!aFaP!<<=e!0/3!! 9!16J!&<%7-3) F!>/2<4"('!

7/(&-)(-&!dJe!)3%!'"#%(!"(!9%3-U!d9Ue!)(*!=24-"<4"7"-"%&!)3%!"(*"7)-%*!2&"('!-.%!

7/(#%(-"/()4!)883%#")-"/(!d&!t!&"('4%-D!*!t!*/284%-D!-!t!-3"<4%-D!L!t!L2)3-%-D!=!t!=24-"<4%-!

/3!/#%34)<!/0!(/( T%L2"#)4%(-!3%&/()(7%&D!83!t!83/)*eF!



!

Nab!

!

R"-)(/7%(%!*"7.4/3"*%!><%R">4%!dPPc!='D!OF`cP!==/4e!)(*!</H*%3%*!u(!dQc!='D!PFbZ!

==/4e!H%3%!<4)7%*!"(!)!3/2(*T8/--/=%*!04)&?!2(*%3!)(!)3'/(!)-=/&<.%3%F!B(.,*3/2&!

03%&.!*"&-"44%*!)(*!*%/V,'%()-%*!R9[!dOFZ!=;e!H)&!)**%*D!)(*!&-"33"('!H)&!=)"(-)"(%*!

0/3!P!.!)-!Nb!{>F!R/!-.%!3%)7-"/(!="V-23%D!)!&/42-"/(!/0!1)(* !dbO!='D!OFNaZ!==/4e!"(!03%&.!

*"&-"44%*!)(*!*%/V,'%()-%*!R9[!dNF`!=;e!H)&!)**%*!)-!Nb!{>F!B0-%3!&-"33"('!0/3!`!.!)-!Nb!

{>D!-.%!="V-23%!H)&!L2%(7.%*!H"-.!&)-23)-%*!)L2%/2&!1)9%KX' !dN!=;e!)(*!83"(%!dN!=;e!

)(*!&-"33%*!0/3!aO!="(F!R.%!3%)7-"/(!="V-23%!H)&!*"42-%*!H"-.!*"%-.,4!%-.%3!)(*!-.%(!

0"4-%3%*!-.3/2'.!)!<)*!/0!>%4"-%F!R.%!0"4-3)-%!H)&!H)&.%*!H"-.!83"(%F!R.%!3%&24-"('!

/3')("7!4),%3!H)&! *3"%*!/#%3!1)%+X' !)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!H)&!

<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!.%V)(%&YI-XB7D!̀YPe!-/!)00/3*!1)(7!)&!

7/4/34%&&!/"4@!! 9!16J!d`OO!69UD!>.4/3/0/3= Tde!δ!bF`_!d-D!J!t!`FP!9UD!P9eD!bFNN!d&D!P9eD!bFNO!

d&D!P9eD!`F`P!dLD!J!t!`Fc!9UD!P9eD!aFPP\ aFNO!d=D!P9eD!NFNN!d&D!a9eD!NFOb\ NFP`!d=D!Z9eD!PF_b!

d***D!J!t!P`FPD!POF`D!aFZ!9UD!P9eD!PFcc!d***D!J!t!PaF_D!POFZD!aF`!9UD!P9eF!

!

!

!

O

O

AcO

Cp2TiCl2, Zn

THF
25 ¡C, 4 h

3.12 3.17
O

AcO

OH



!

NaZ!

!

R"-)(/7%(%!*"7.4/3"*%!><%R">4%!dPPc!='D!OF`cP!==/4e!)(*!</H*%3%*!u(!dQc!='D!PFbZ!

==/4e!H%3%!<4)7%*!"(!)!3/2(*T8/--/=%*!04)&?!2(*%3!)(!)3'/(!)-=/&<.%3%F!B(.,*3/2&!

03%&.!*"&-"44%*!)(*!*%/V,'%()-%*!R9[!dOFZ!=;e!H)&!)**%*D!)(*!&-"33"('!H)&!=)"(-)"(%*!

0/3!P!.!)-!Nb!{>F!R.%!3%)7-"/(!="V-23%!H)&!)**%*!-/ !)!&/42-"/(!/0! 1)(* !dbO!='D!OFNaZ!

==/4e!"(!03%&.!*"&-"44%*!)(*!*%/V,'%()-%*!R9[!dNF`!=; e!)-!Nb!{>F!B0-%3!&-"33"('!0/3!Z!.!)-!

Nb!{>D!-.%!="V-23%!H)&!L2%(7.%*!H"-.!&)-23)-%*!)L2%/2&!1)9%KX' !dN!=;e!)(*!83"(%!dN!

=;e!)(*!&-"33%*!0/3!aO!="(F!R.%!3%)7-"/(!="V-23%!H)&!*"42-%*!H"-.!*"%-.,4!%-.%3!)(*!-.%(!

0"4-%3%*!-.3/2'.!)!<)*!/0!>%4"-%F!R.%!0"4-3)-%!H)&!H)&.%*!H"-.!83"(%F!R.%!3%&24-"('!

/3')("7!4),%3!H)&!*3"%*!/#%3!1) %+X' !)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!H)&!

<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!d&"4"7 )!'%4D!.%V)(%&YI-XB7D!NYPe!-/!)00/3*!1)(1')(* '

1)(6!)&!7/4/34%&&!/"4f!! 9!16J!&<%7-32=!*)-)! /0!1)(6!"&!"(!)77/3*)(7%!H"-.!-.%!3%</3-%*!

*)-) F!'( f!1)(1@!! 9!16J!d`OO!69UD!>$>4 &e!δ!bFP`\ bFN`!d=D!P9eD!aF_Z\ aFQc!d=D!P9eD!NF_Z\ aFOO!

d=D!P9eD!NF`P!d*D!J!t!_F`!9UD!P9eD!NFPQ!d&D!a9eD!NFOc\ NFPZ!d=D!Z9eD!PFZO\ PFZ_!d=D!P9eD!PF`c\

PFb`!d=D!P9eD!PFO_!d*D!J t!cFP!9UD!a9eF!

!

!

O

O

AcO

Cp2TiCl2, Zn

THF
25 ¡C, 4 h

3.12 O
AcO

OH

O

OH

+

3.13 3.16



!

Nac!

!

R/!)!7//4%*!d\ NO!{>e!&/42-"/(!/0![%>4&!dN`!='D!OFP`Z!==/4e!"(!R9[!dPN!=;e!H)&!)**%*!

=%-.,4=)'(%&"2=!83/="*%!&/42-"/(!daFO!6!"(!*"%-.,4!%-.%3D!`F__!=;D!P`FZ`b!==/4eF!R/!

-."&!="V-23%D!)!&/42-"/(!/0!dSeT7)3#/(%!dPFO!'D!ZFZbc!==/4e!"(!R9[!daFZ!=;e!H)&!)**%*!

/#%3!N!.F!B0-%3!&-"33"('!PFb!.!)-!\ NO!{>D!-.%!="V-23%!H)&!)44/H%*!-/!H)3=!-/!O!{>F!!

R3"=%-.,4&"4,4!7.4/3"*%!dPFPc!=;D!QFP_c!==/4eD!$6K5!dOFQc!=;D!cFQ__!==/4eD!)(*!

-3"%-.,4)="(%!dPFNP!=;D!_FZb`!==/4e!H%3%!)**%*!&%L2%(-")44,!)-!O!{>F!R.%!3%&24-"('!

="V-23%!H)&!)44/H%*!-/!H)3=!-/!Nb!{>!)(*!&-"33%*!0/3!PN!.F!+)-23)-%*!)L2%/2&!1)9>X &!

&/42-"/(!dPO!=;e!H)&!)**%*!)-!O!{>F!R.%!="V-23%!H)&!0"4-%3%*!-.3/2'.!)!<)*!/0!>%4"-%!

)(*!-.%!0"4-3)-%!H)&!*"42-%*!H"-.!%-.,4!)7%-)-%F!R.%!/3')("7!4),%3!H)&!H)&.%*!H"-.!83"(%D!

*3"%*!/#%3!1)%+X' D!)(*!7/(7%(-3)-%*!in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!7/42=(!

7.3/=)-/'3)<.,!d&"4"7)!'%4D!.%V)(%&YI-XB7D!bOYPe!-/!)00/3*!1)(8!dPFOa!'D!cOwe!)&!7/4/34%&&!

/"4F!R.%!%()(-"/=%3!/0!1)(8!"&!-.%!?(/H(! 7/=</2(*!)(*! ! 9!16J!&<%7-32=!*)-)!"&!"(!

)77/3*)(7%!H"-.!-.%!3%</3-%*!*)-)F!'+ !

!

!

!

OTMSO

(S)-carvone

MeMgBr, FeCl3, THF
Ð20 ¡C, 2 h

then
TMSCl, DMPU, Et3N

0 to 25 ¡C, 16 h
70% 3.18



!

Na_!

!

R/!)!7//4%*!d\ bO!{>e!&/42-"/(!/0!1)(8!dPFOa!'D!`FZNc!==/4e!"(!>9%>4%!dPZ!=;e!H%3%!)**%*!

-3"=%-.,4!/3-./0/3=)-%!dOFZP!=;D!bFbbN!==/4e!)(*!8/3/(!-3"042/3"*%!*"%-.,4!%-.%3)-%!

dOFZa!=;D!bFO_Q!==/4eF!B0-%3!&-"33"('!NFb!.!)-!\ bO!{>D!&)-23)-%*!)L2%/2&!1)9>X&!

&/42-"/(!H)&!)**%*!)-!O!{>F!R.%!4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!)L2%/2&!4),%3!H)&!

%V-3)7-%*!H"-.!I-XB7F!R.%!7/=8"(%*!/3')("7!4),%3&!H%3%!*3"%*!/#%3!1)%+X' !)(*!

7/(7%(-3)-%*!in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!

.%V)(%&YI-XB7D!NOYPe!-/!)00/3*!1)(5!dZcO!='D!Zbwe!)&!7/4/34%&&!/"4F!R.%!%()(-"/=%3!/0!1)(5!

"&!-.%!?(/H(!7/=</2(*!)(*! ! 9! 16J!&<%7-32=!*)-)!"&!"(!)77/3*)(7%!H"-.!-.%!3%</3-%*!

*)-)F !'+ !

!

!

R/!)!7//4%*!d\ c_!{>e!&/42-"/(!/0! 1)(5!dNF_O!'D!PNF`_a!==/4e!"(!R9[!dNbO!=;e!H)&!)**%*!;T

+%4%7-3"*%!dPFO!6!"(!R9[D!PbFO!=;D!P`FQ_O!==/4e!/#%3!Pb!="(!)(*!-.%!3%&24-"('!="V-23%!

H)&!&-"33%*!0/3!`O!="(!)-!\ c_!{>F!Z!6!1)X9!dPb!=;e!)(*!.,*3/'%(!<%3/V"*%!&/42-"/(!daO!

H-F!w!"(!9 %XD!Pb!=;e!H%3%!)**%*!*3/<H"&%!)-!O!{>!)(*!-.%!="V-23%!H)&!&-"33%*!0/3!P!.!)-!

Nb!{>F!!R.%!4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!)L2%/2&!4),%3!H)&!%V-3)7-%*!H"-.!I-XB7F!R.%!

(MeO)2HC

OOTMS
CH(OMe)3, BH3áOEt2

CH2Cl2
Ð50 ¡C, 2.5 h

65%
3.18 3.19

(MeO)2HC

OH

L-Selectride

THF
Ð78 ¡C, 40 min

88%(MeO)2HC

O

3.19 3.20



!

NaQ!

7/=8"(%*!/3')("7!4),%3&!H%3%!H)&.%*!H"-.!&)-23)-%*!)L2%/2&!1)9>X &-&/42-"/(D!*3"%*!

/#%3!1) %+X' D!)(*!7/(7%(-3)-%*!in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!7/42=(!

7.3/=)-/'3)<.,!d&"4"7)!'%4D!. %V)(%&YI-XB7D!aYPe!-/!)00/3*!1)*4!dNF`Q!'D!__we!)&!7/4/34%&&!

/"4@!! 9!16J!d`OO!69UD!>$>4 &e!δ!bFZZ!d&D!P9eD!`FcQ\ `F_b!d=D!N9eD!`FNO!d*D!J!t!NFc!9UD!P9eD!

aFQN!d-D!J!t!aFN!9UD!P9eD!aF`a!d&D!a9eD!aFaQ!d&D!a9eD!NF`a!d**D!J!t!POFaD!aFP!9UD!P9eD!NFa`\ NF`O!

d=D!P9eD!PF_N!d&D!a9eD!PFc`\ PF_P!d=D!N9eD!PFcP!d&D!a9eF!

!

!

R/!)!7//4%*!d\ c_!{>e!&/42-"/(!/0! 1)(5!dNb!='D!OFPPP!==/4e!"(!R9[!dP!=;e!H)&!)**%*!

4"-."2=!)42="(2=!.,*3"*%!&/4 2-"/(!dNFO!6!"(!R9[D!OFOc!=;D!OFPaac!==/4e!*3/<H"&%F!

B0-%3!&-"33"('!a!.!)-!\ c_!{>D!-.%!3%)7-"/(!H)&!L2%(7.%*!H"-.!H)-%3!)-!O!{>F!R.%!3%&24-"('!

="V-23%!H)&!*"42-%*!H"-.!I-XB7!)(*!H)-%3F!R.%!4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!/3')("7!

4),%3!H)&!*3"%*!/#%3!1)%+X' !)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!

7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!.%V)(%&YI-XB7D!aYPe!-/!)00/3*!1)*3!dPb!='D!ZOwe!)&!

7/4/34%&&!/"4@!! 9!16J!d`OO!69UD!>$>4 &e!δ!bFZO!d&D!P9eD!`F_P!d&D!N9eD!`FPZ\ `FNN!d=D!P9eD!

`FP`!d*D!J!t!aF`!9UD!Z9eD!aF`N!d&D!a9eD!aFa_!d&D!a9eD!NF`c\ NFba!d=D!P9eD!NFaZ\ NF`a!d=D!P9eD!NFOP!

d***D!J!t!PNFND!bFcD!NF_!9UD!P9eD!PF_O!d&D!a9eD!PFc`!d&D!a9eD!PFZ_!d-*D!J!t!!PNFOD!QFOD!P9eF!

!

(MeO)2HC

OH

THF
Ð78 ¡C, 3 h

60%(MeO)2HC

O

LiAlH

3.19 3.25



!

N`O!

!

R/!)!7//4%*!d\ aO!{>e!&/42-"/(!/0! 1)*4!dNFNQ!'D!POFPP_!==/4e!"(!>9%>4%!dPOO!=;e!H%3%!

)**%*!&/*"2=!8"7)38/()-%!dPFN_!'D!PbFPcc!==/4e!)(*!mT7.4/3/<%38%(U/"7!)7"*!d†ccwD!

NFcN!'D!PNFP`P!==/4eF!R.%!3%)7-"/(!="V-23%!H)&!)44/H%*!-/!H)3=!-/!O!{>!/#%3!N!.F!

+)-23)-%*!)L2%/2&!1) %+%X &!&/42-"/(!)(*!&)-23)-%*!)L2%/2&!1)9>X &!&/42-"/(!H%3%!

)**%*!)-!O!{>F!R.%!4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!)L2%/2&!4),%3!H)&!%V-3)7-%*!H"-.!

>9 %>4%F!R.%!7/=8"(%*!/3')("7!4),%3&!H%3%!H)&.%*!H"-.!&)-23)-%*!)L2%/2&!1)9>X&!

&/42-"/(!dƒ!NeD!*3"%*!/#%3!1)%+X' D!)(*!7/(7%(-3)-%*!in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!

7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!.%V)(%&YI-XB7D!NYPe!-/!)00/3*!1)*( !dPFQZ!'D!_Owe!)&!

7/4/34%&&!/"4@!! 9!16J!d`OO!69UD! >$>4 &e!δ!`F_N!d&D!P9eD!`FZ_!d&D!P9eD!`FaQ!d*D!J!t!ZFN!9UD!

P9eD!aF_O!d**D!J t!ZFND!bF`!9UD!P9eD!aF`_!d&D!a9eD!aFac!d*D!J!t!aFN!9UD!P9eD!aFaa!d&D!a9eD!NFNc\

NFa`!d=D!P9eD!NFNN!d-*D!J!t!ZFPD!aFa!9UD!P9eD!PF_`!d83!&D!P9eD!PFcP!d&D!a9eD!PFZZ!d***D!J!t!PaFZD!

_FND!bFN!9UD!P9eD!PF`_!d***D!J!t!PaFcD!ZF`D!aFN!9UD!P9eD!PF`P!d&D!a9 eF!

!

!

R/!)! &/42-"/(!/0! 1)*( !dbb!='D!OFNNc!==/4e!"(!$6[!dOFa!=;e!H%3%!)**%*!"="*)U/4%!daP!

='D!OF`b`!==/4e!)(*! tertT82-,4*"=%-.,4&"4,4!7.4/3"*%!dbP!='D!OFa`P!==/4e!)-!Nb!{>F!R.%!

OH

(MeO)2HC

m-CPBA, NaHCO3
O

(MeO)2HC

OH

CH2Cl2
Ð30 to 0 ¡C, 2 h

80%

3.20 3.21

TBSCl, imidazole

OH

(MeO)2HC

O

OTBS

(MeO)2HC

O
DMF

60 ¡C, 15 h
93%

3.21 3.22



!

N`P!

3%&24-"('!="V-23%!H)&!.%)-%*!-/!ZO!{>!)(*!&-"33%*!)-!-.%!&)=%!-%=<%3)-23%!0/3!PN!.F!R.%!

3%)7-"/(!="V-23%!H)&!7//4%*!-/!Nb!{>!)(*!-.%(!*"42-%*!H"-.!H)-%3!)(*!I-XB7F!R.%!4),%3&!

H%3%!&%<)3)-%*D!)(*!-.%!/3')("7!4),%3!H)&!H)&.%*!H"-.!H)-%3!dƒ!aeD!*3"%*!/#%3!1)%+X' D!

)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!d&"4"7)!

'%4D!.%V)(%&YI-XB7D!POYPe!-/!)00/3*!1)**!dcb!='D!Qawe!)&!7/4/34%&&!/"4@!! 9!16J!d`OO!69UD!

>$>4 &e!δ!`F_`!d&D!P9eD!`FZO!d&D!P9eD!`FbP!d*D!J!t!_FZ!9UD!P9eD!aF_a!d**D!J!t!POFND!bFb!9UD!P9eD!

aF`Q!d&D!a9eD!aFNb!d&D!a9eD!aFPc!d*D!J!t!`F_!9UD!P9eD!NFab!d**D!J!t!_FZD!`F_!9UD!P9eD!NFNZ\ NFaN!

d=D!P9eD!PFcb!d&D!a9eD!PFba\ PFZN!d=D!N9eD!PFaO!d&D!a9eD!OFQO!d&D!Q9eD!OFOc!d&D!a9eD!OFOb!d&D!a9eF!

!

!

B!&/42-"/(! /0!1)**!dcb!='D!OFNPO!==/4e!"(!>9%>4%!dN!=;e!H)&!7//4%*!-/! \ c_!{>F!XU/(%!

H)&!82884%*!-.3/2'.!-.%!&/42-"/(!2(-"4!)!842%!7/4/3!*%#%4/<%*F!B0-%3!b!="(D!-.%!%V7%&&!/0!

/U/(%!H)&!3%=/#%*!H"-.!)(!X %!<23'%D!)(*!-3"<.%(,4!<./&<."(%!dPPO!='D!OF`NP!==/4e!

H)&!)**%*F!R.%!&/42-"/(!H)&!)44/H%*!-/!H)3=!-/!Nb!{>!)(*!&-"33%*!0/3!N!.F!R.%!&/4#%(-!

H)&!3%=/#%*!2(*%3!#)722=D!)(*!-.%!3%&"*2%!H)&!*"42-%*!H"-.!*"%-.,4!%-.%3!)(*!83"(%F!!

R.%!4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!/3')("7!4),%3!H)&!*3"%*!/#%3!1)%+X' !)(*!

7/(7%(-3)-%*!in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!

.%V)(%&YI-XB7D!bYPe!-/!)00/3*!1)*1!dbZ!=' D!cbwe!)&!7/4/34%&&!/"4@!! 9!16J!d`OO!69UD!

OTBS

(MeO)2HC

O

O

OTBS

(MeO)2HC

O

O3
CH2Cl2, Ð78 ¡C

then PPh3
Ð78 to 25 ¡C, 2 h

75%

3.22 3.23



!

N`N!

>$>4 &e!δ!`F``!d*D!J!t!_F_!9UD!P9eD!aFcZ!d**D!J!t!_FQD!bFZ!9UD!P9eD!aF`Z!d&D!a9eD!aFNZ!d&D!a9eD!

aFP`!d*D!J!t!`FO!9UD!P9eD!NFc`!dLD!J!t!`FZ!9UD!P9eD!NFZa!d*-D!J!t!_F_D!aF`!9UD!P9eD!NFPZ!d&D!a9eD!

PFZQ\ PF_N!d=D!N9eD!PFaP!d&D!a9eD!OFQO!d&D!Q9eD!OFO_!d&D!a9eD!OFOc!d&D!a9eF!

!

!

R/!)!&/42-"/(!/0! 1)*1!dNb!='D!OFOcO!==/4e!"(!>9%>4%!H%3%!)**%*!1)9>X &!dQ!='D!OFPOb!

==/4e!)(*! mT7.4/3/<%38%(U/"7!)7"*!d†ccwD!PQ!='D!OFO_`!==/4eF!B0-%3!&-"33"('!N!*),&!)-!

Nb!{>D!&)-23)-%*!)L2%/2&!1)%+%X &!&/42-"/(!H)&!)**%*F!B0-%3!&-"33"('!NO!="(!)-!Nb!{>D!-.%!

/3')("7!4),%3!H)&!H )&.%*!H"-.!&)-23)-%*!)L2%/2&!1)9>X &!&/42-"/(!dƒ!NeF!R.%!/3')("7!

4),%3!H)&!*3"%*!/#%3!1)%+X' !)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!

7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!.%V)(%&YI-XB7D!bYPe!-/!)00/3*!1)*2!)&!7/4/34%&&!/"4@!! 9!

16J!d`OO!69UD!>$ >4&e!δ!`FQc\ bFON!d=D!P9eD!`F`P!d*D!J!t!_FQ!9UD!P9eD!`FPP!d**D!J!t!POFbD!bFP!

9UD!P9eD!aF`c!d&D!a9eD!aFab!d&D!a9eD!aFPN!d*D!J!t!`F`!9UD!P9eD!NFNa!d**D!J!t!QFOD!`F`!9UD!P9eD!

NFOa!d&D!a9eD!PF_Z!d*-D!J!t!PaFQD!bFO!9UD!P9eD!PFZP!d**D!J!t!PaFcD!POFc!9UD!P9eD!PF`P!d&D!a9eD!OFQO!

d&D!Q9eD!OFOQ!d&D!a9eD!OFOZ!d&D!a9eF!

!

!

OTBS

OAc
(MeO)2HC

O
m-CPBA, NaHCO3

OTBS

(MeO)2HC

O

O

CH2Cl2
25 ¡C, 2 d

3.23 3.24



!

N`a!

!

R/!)!7//4%*!d\ Pb!{>e!&/42-"/(!/0!7/<<%3!"/*"*%!dab!='D!OFP_!==/4e!"(!R9[!dOFaZ!=;e!H)&!

)**%*!=%-.,44"-."2=!&/42-"/(!dPFZ!6!"(!*"%-.,4!%-.%3D!OFNa!=;D!OFaZ!==/4e!*3/<H"&%F!

B0-%3!&-"33"('!NO!="(!)-!\ Pb!{>D!)!&/42-"/(!/0!1)*1!dPa!='D!OFOaZ!==/4e!"(!R9[!dOFaZ!=;e!

H)&!)**%*!*3/<H"&%!)-! \ c_!{>F!R.%!3%&24-"('!="V-23%!H)&!)44/H%*!-/!H)3=!-/!Nb!{>!)(*!

&-"33%*!0/3!P_!.F!R.%!3%)7-"/(!="V-23%!H)&!L2%(7.%*!H"-.!H)-%3!)(*!-.%(!0"4-%3%*!

-.3/2'.!)!<)*!/0!>%4"-%F!R.%!0"4-3)-%!H)&!*"42-%*!H"-.!I-XB7!)(*!H)-%3D!)(*!-.%!/3')(" 7!

4),%3!H)&!*3"%*!/#%3!1)%+X' !)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!

7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!.%V)(%&YI-XB7D!NYPe!-/!)00/3*!1)14!)&!7/4/34%&&!/"4@!! 9!

16J!d`OO!69UD!>.4/3/0/3= Tde!δ!`F`Z!d*D!J!t!_F_!9UD!P9eD!aF_P!d**D!J!t!_FQD!bFN!9UD!P9eD!

aF`c!d&D!a9eD!aFNc!d&D!a9eD!aFPc!d*D!J!t!aFc!9UD!P9eD!NFcN\ NF_P!d=D!P9eD!NFbQ\ NFZ!̀d=D!P9eD!

NF`O\ NFbb!d=D!N9eD!PFcZ!d***D!J!t!P`FZD!_FcD!`Fb!9UD!P9eD!PFZb\ PFcN!d=D!P9eD!PFa`!d&D!a9eD!PFOc!

d-D!J!t!cFN!9UD!a9eD!OFQN!d&D!Q9eD!OFPO!d&D!a9eD!OFO_!d&D!a9eF!

!

!

!

OTBS

(MeO)2HC

O

O

OTBS

(MeO)2HC

O

O

CuI, MeLi, THF
Ð78 to 25 ¡C, 18 h

18%
(58% brsm)

3.23 3.30



!

N`` !

!

'[B&K%C?&/?"C>V'H&0$/?"C>\'R/!)!7//4%*!dO!{>e!&/42-"/(!/0!1)**!dPb!='D!OFO`N!==/4e!"(!

>9 %>4%!dP!=;e!H)&!)**%*!-3"042/3/)7%-"7!)7"*!dOFNb!=;e!*3/<H"&%F!B0-%3!&-"33"('!N!.!)-!O!

{>D!-.%!3%)7-"/(!="V-23%!H)&!*"42-%*!H"-.!>9%>4%F!R.%!3%)7-"/(!="V-23%!H)&!L2%(7.%*!

H"-.!&)-23)-%*!)L2%/2&!1)9>X &F!R.%!/3')("7!4),%3!H)&!&%<)3)-%*D!*3"%*!/#%3!1)%+X' D!

)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!H)&!*"&&/4#%*!"(!6%X9!)(*!-.%!3%)7-"/(!="V-23%!

H)&!7//4%*!-/!O!{>F!+/*"2=!8/3/.,*3"*%!H)&!)**%*D!)(*!-.%!3%&24-"('!&2&<%( &"/(!H)&!

&-"33%*!0/3!`O!="(!)-!O!{>F!R.%!3%)7-"/(!="V-23%!H)&!7/(7%(-3)-%*!in vacuo!)(*!-.%!

3%&"*2%!H)&!*"42-%*!H"-.!I-XB7!)(*!H)-%3F!R.%!/3')("7!4),%3!H)&!&%<)3)-%*D!*3"%*!/#%3!

1) %+X' D!)(*!7/(7%(-3)-%*!in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!

d&"4"7)!'%4D!.%V)(%&YI-XB7D!NYPe!-/!)00/3*!1)*6!d`!='D!aOwe!)&!7/4/34%&&!/"4@!! 9!16J!d`OO!

69UD!>$>4 &e!δ!`F_a!d&D!P9eD!`FZQ!d&D!P9eD!aFQb!d-D!J!t!ZFP!9UD!P9eD!aFcQ!d**D!J!t!POFcD!cFN!9UD!

P9eD!aFca!d**D!J!t!POF_D!bFZ!9UD!P9eD!aFNP!d*D!J!t!aF`!9UD!P9eD!NFPQ\ NFNb!d=D!P9eD!NFPN\ NFPQ!

d=D!P9eD!PFcN!d&D!a9eD!PFba\ PFb_!d=D!N9eD!PFa`!d&D!a9eD!OFQP!d&D!Q9eD!OFOQ!d&D!a9eD!OFOc!d&D!a9eF!

[IKCJ"0&'MK&>">#\'R/!) !7//4%*!d\ NO!{>e!&/42-"/(!/0!7/<<%3!"/*"*%!dN`!='D!OFPN_!==/4e!

"(!R9[!dOFa!=;e!H)&!)**%*!=%-.,44"-."2=!&/42-"/(!dPFZ!6!"(! *"%-.,4!%-.%3D!OFPZ!=;D!

OFNbZ!==/4e!*3/<H"&%F!B0-%3!&-"33"('!Pb!="(!)-!\ NO!{>D!)!&/42-"/(!/0!1)*6!d`!=' D!OFOPN_!

==/4e!"(! R9[ !dOFa!=;e!H)&!)**%*!*3/<H"&%!)-! \ Nb!{>F!B0-%3!&-"33"('!P!.!)-! \ Nb!{>D!-.%!

OTBS

(MeO)2HC

O

OTBS

O

HO

1. TFA, CH2Cl2/H2O, 0 ¡C, 2 h
2. NaBH4, MeOH, 0 ¡C, 40 min

30% for 2 steps

CuI, MeLi, THF
Ð25 to 25 ¡C, 18 h

OTBS

HO

HO

Me24%
(40% brsm)

3.22 3.26 3.29



!

N`b!

3%)7-"/(!="V-23%!H)&!)44/H%*!-/!H)3=!-/!Nb!{>!)(*!&-"33%*!0/3!Pc!.F!R.%!3%)7-"/(!

="V-23%!H)&!L2%(7.%*!H"-.!H)-%3!)(*!-.%(!0"4-%3%*!-.3/2'.!)!<)*!/0!>%4"-%F!R.%!0"4-3)-%!

H)&!*"42-%*!H"-.!I-XB7!)(*!H)-%3D!)(*!-.%!/3')("7!4),%3!H)& !*3"%*!/#%3!1)%+X' !)(*!

7/(7%(-3)-%*!in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!

.%V)(%&YI-XB7D!NYPe!-/!)00/3*!1)*5!dPFO!='D!N`wD!`Ow!83&=e!)&!7/4/34%&&!/"4@!! 9!16J!d`OO!

69UD!>$>4 &e!δ!`F_a!d&D!P9eD!`FcQ!d&D!P9eD!aFZc!d**D!J!t!aFND!NFa!9UD!P9eD!aFZ`!d**D!J!t!PPFaD!aFb!

9UD!P9eD!aFZO!d**D!J!t!PPF_D!NF`!9UD!P9eD!NFZP!d-*D!J!t!PNFND!aFc!9UD!P9eD!NFN`\ NFaN!d83!&D!P9eD!

PF_b!d**D!J!t!PPFaD!ZFQ!9UD!P9eD!PFcN!d**D!J!t!PNF_D!NFP!9UD!P9eD!PFZZ!d&D!a9eD!PFbQ\ PFZb!d=D!

N9eD!PFOb!d&D!a9eD!PFOa!d*D!J!t!ZF_!9UD!a9eD!OFQa!d&D!Q9eD!OFPO!d&D!Z9eF!

!

!

R/!)!7//4%*!d\ NO!{>e!&/42-"/(!/0!7/<<%3!"/*"*%!d_O!='D!OF`NP!==/4e!"(!*"%-.,4!%-.%3!dOF`N!

=;e!H)&!)**%*!=%-.,44"-."2=!&/42-"/(!dPFZ!6!"(!*"%-.,4!%-.%3D!OFba!=;D!OF_`P!==/4e!

*3/<H"&%F!B0-%3!&-"33"('!Pb!="(!)-!\ NO!{>D!)!&/42-"/(!/0! 1)**!dPb!='D!OFO`NP!==/4e!"(!

*"%-.,4!%-.%3!dOF`N!=;e!H)&!)**%*!*3/<H"&%!)-!\ `O!{>F!B0-%3!&-"33"('!N!.!)-!\ `O!{>D!-.%!

3%)7-"/(!="V-23%!H)&!)44/H%*!-/!H)3=!-/!Nb!{>!)(*!&-"33%*!0/3!Pc!.F!R.%!3%)7-"/(!

="V-23%!H)&!L2%(7.%*!H"-.!H)-%3!)(*!-.%(!0"4-%3%*!-.3/2'.!)!<)*!/0!>%4"-%F!R.%!0"4-3)-%!

H)&!*"42-%*!H"-.!I-XB7!)(*!H)-%3D!)(*!-.%!/3')("7!4),%3!H)&!*3"%*!/#%3!1) %+X' !)(*!

7/(7%(-3)-%*!in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!

OTBS

(MeO)2HC

O
MeLi, CuI

Et2O
Ð40 to 25 ¡C, 19 h

97%

OTBS

(MeO)2HC

HO

3.22 3.28



!

N`Z!

.%V)(%&YI-XB7D!PbYPe!-/!)00/3*!1)*8!dPb!='D!Qcwe!)&!7/4/34%&&!/"4@!! 9!16J!d`OO!69UD!

>$>4 &e!δ!`Fcc\ `F_O!d=D!P9eD!`Fcb\ `Fcc!d=D!P9eD!`FPQ!d*D!J!t!OFQ!9UD!P9eD!aFZa!d*D!J!t!NFN!9UD!

P9eD!aF`b!d&D!a9eD!aFa`!d&D!a9eD!NFbN!d-*D!J!t!PNFND!`F`!9UD!P9eD!NFPc!d&D!P9eD!NFOP!d**D!J!t!PPFOD!

ZF_!9UD!P9eD!PFZZ!d&D!a9eD!PFbc\ PFZ`!d=D!N9eD!PF`Z!d-D!J t!PPF`!9UD!P9eD!PFOb!d*D!J!t!ZF_!9UD!

a9eD!PFOa!d&D!a9eD!OFQa!d&D!Q9eD!OFOQ!d&D!a9eD!OFOQ!d&D!a9eF!

!

!

R/!)!&/42-"/(!/0! 1)2(!daP!='D!OFPcQ!==/4e!"(!%-.)(/4!dOFQ!=;e!H%3%!)**%*!.,*3/'%(!

<%3/V"*%!daO!H-w!"(!9%XD!ac!~;D!OFab_!==/4e!)(*!-3"04"7!)(.,*3"*%!d_Q!~;D!OFO_Q!==/4eF!

B0-%3!&-"33"('!N!.!)-!Nb!{>D!-.%!3%)7-"/(!="V-23%!H)&!*"42-%*!H"-.!I-XB7!)(*!H)-%3F!R.%!

4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!)L2%/2&!4),%3!H)&!%V-3)7-%*!H"-.!I-XB7!dƒ!`eF!R.%!

7/=8"(%*!/3')("7!4),%3&!H%3%!*3"%*!/#%3!1)%+X' !)(*!7/(7%(-3)-%*! in vacuo!-/!)00/3*!

1)21!)&!)!732*%!<3/*27-@!! 9!16J!d`OO!69UD!>$ &X$e!δ!`FQN!d**D!J!t!_FcD!aF_!9UD!P9D!

*")&-%3%/=%3!BeD `Fcc!d**D!J!t!cFcD!bFN!9UD!P9D!*")&-%3%/=%3!GeD!!`FPO!d**D!J!t!P`FcD!aF_!9UD!

P9D!*")&-%3%/=%3!BeD!aFQZ!d**D!J t!P`FcD!_Fc!9UD!P9D!*")&-%3%/=%3!BeD!aFca\ aFcQ!d=D!Z9eD!

aFZ_!d**D!J!t!P`FaD!bFN!9UD!P9D!*")&-%3%/=%3!GeD!aF`Q!d**D!J!t!P`FaD!cF_!9UD!P9D!*")&-%3%/=%3!

GeD!NFNP\ NFab!d=D!`9eD!PFOQ\ PFPQ!d=D!Z9eF!

!

N

S

CO2Me
H2O2, Tf2O N

S

CO2Me

O

EtOH
25 ¡C, 2 h3.41 3.43

1:1 dr



!

N`c!

!

R/! )!&/42-"/(!/0! *"%=-.,4!-."/?%-%(%!(# !daO!='D!OFP`c!==/4e!"(!%-.)(/4!dPFb!=;e!H%3%!

)**%*!7,&-%"(%!=%-.,4%&-%3!.,*3/7.4/3"7!)7" *!dNb!='D!OFP`c!==/4e!)(*!-3"%-.,4)="(%!

dOFPO!=;D!OFcab!==/4eF!B0-%3!&-"33"('!P!.!)-!Nb!{>D!-.%!3%)7-"/(!="V-23%!H)&!7/(7%(-3)-%*!

in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!>9%>4%Y6%X9D!

`OYPe!-/!)00/3*!1)2*!dN_!='D!c_we!)&!)!,%44/H!&/4"*@!! 9!16J!d`OO!69UD!>$>4 &e!δ!`Fc`\

`FcQ!d=D!P9eD!aFc_!d&D!a9eD!aFNc\ aFaN!d=D!N9eD!NF`c!d&D!a9eD!NF`b!d&D!a9eF!

!

!

R/!)!7//4%*!dO!{>e!&/42-"/(!/0! 1)2*!dNc!='D!OFPPP!==/4e!"(!>9%>4%!dP!=;e!H)&!)**%*!

7/(7%(-3)-%*!&24023"7!)7"*!dOFOa!=;D!OF```!==/4eF!B0-%3!&-"33"('!PO!="(!)-!O!{>D!-.%!

3%)7-"/(!="V-23%!H)&!)44/H%*!-/!H)3=!-/!Nb!{>F!B0-%3!&-"33"('!PZ!.!)-!Nb!{>D!-.%!3%)7-"/(!

="V-23%!H)&!*"42-%*!H"-.!>9%>4%!)(*!(%2-3)4"U%*!8,!7)3%0244,!)**"('!&)-23)-%*!)L2%/2&!

1)9>X &!&/42-"/(F!R.%!4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!)L2%/2&!4),%3!H)&!%V-3)7-%*!H"-.!

>9 %>4%F!R.%!7/=8"(%*!/3')("7!4),%3&!H%3%!*3"%*!/#%3!1)%+X' !)(*!7/(7%(-3)-%*! in vacuo!

O O

MeS SMe

Et3N, EtOH
25 ¡C, 1 h

78%

HN

S
O

O

CO2Me

3.42

H2N

SH

CO2Me

áHCl

L-cysteine
metylester

HN

S
O

O

CO2Me

CH2Cl2
0 to 25 ¡C, 16 h

H2SO4
HN

S

O

CO2Me

3.42 3.44



!

N`_!

-/!)00/3*! 1)22!)&!)!732*%!<3/*27-@!! 9!16J!d`OO!69UD!>$>4 &e!δ bFa`!d&D!P9eD!`FcP!d**D!J t!

cFaD!bFc!9UD!P9eD!aF_O!d&D!a9eD!aF`a\ aF`Q!d=D!N9eD!NFOZ!d&D!a9eF!

!

!

[MJ, @/C>Y$#,?&',00"?"C>\'R/!)!&/42-"/(!/0! 1)27!dab!='D!OFPba!==/4e!"(!R9[Y6%X9!dPYPD!

NFc!=;e!H)&!)**%*!&/*"2=!=%-./V"*%!daa!='D!OFZP!==/4e!)-!Nb!{>F!B0-%3!&-"33"('!NO!.!)-!

Nb!{>D!-.%!&2&<%(&"/(!H)&!7/(7%(-3)-%*F![U&?:FE,?"C>\!R.%!3%&"*2%!H)&!*"&&/4#%*!"(!

)7%-/("-3"4%!dN!=;e!)(*!B ' %X!dPOZ!='D!OF`bQ!==/4e!)(*!6%S!dOFPO!=;D!PFba!==/4e!H%3%!

)**%*!)-!Nb!{>F!B0-%3!&-"33"('!N`!.!)-!Nb!{>D!-.%!="V-23%!H)&!0"4-%3%*!-.3/2'.!)!<)*!/0!

>%4"-%!)(*!7/(7%(-3)-%*F!R.%!3%&"*2%!H)&!<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!d&"4"7)!

'%4D!.%V)(%&YI-XB7D!PYPe!-/!)00/3*!1)34!)&!7/4/34%&&!/"4@!! 9 '16J! d`OO!69UD!>$>4&e!δ bFcb!

d**D!J t!bFZD!`Fb!9UD!P9eD!`FPN!d*D!J t!`Fa!9UD!P9eD!`FPP!d*D!J t!bFQ!9UD!P9eD!aFQN!d&D!a9eD!PFOb!

d&D!Q9eF!

!

!

R/!)! &/42-"/(!/0! 1)2*!d`O!='D!OFPZ`!==/4e!"(!>9%>4%!dN!=;e!H%3%!)**%*!=%-.,4!

7.4/3/0/3=)-%!dPQ!~;D!OFNbO!==/4e!)(*!-3"%-.,4)="(%!dcO!~;D!OF`Qa!==/4eF!B0-%3!&-"33"('!

N

S

CO2Me
OHC

N

S

CO2H

OH
NaOMe

THF/MeOH
25 ¡C, 20 h

Ag2O, MeI N

S

CO2Me

OH

3.47 3.49 3.50

MeCN
25 ¡C, 24 h

HN

S
O

O

CO2Me

N

S
O

O

CO2Me
MeO2C

Et3N

CH2Cl2
25 ¡C, 24 h

3.42 3.62

MeO Cl

O



!

N`Q!

Z!.!)-!Nb!{>D!)**"-"/()4!=%-.,4!7.4/3/0/3=)-%!dPQ!~;D!OFNbO!==/4e!)(*!-3"%-.,4)="(%!dcO!

~;D!OF`Qa!==/4e!H%3%!)**%*F!B0-%3!&-"33"('!P_!.D!-.%!3%)7-"/(!="V-23%!H)&!7/(7%(-3)-%*!

in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!

.%V)(%&YI-XB7Y>9%>4%D!PYPYPe!-/!)00/3*!1)6*!)&!,%44/H!&/4"*@!! 9!16J!d`OO!69UD!>$>4 &e!

δ!bFb`!d*D!J!t!cFa!9UD!P9eD!aF_N!d&D!a9eD!aFcQ!d&D!a9eD!aFaO!d**D!J!t!PPFcD!PFa!9UD!P9eD!aFN`!d**D!

J!t!PPFQD!cFb!9UD!P9eD!NF`N!d&D!a9eD!NFa`!d&D!a9eF'

!

!

R/!)!&/42-"/ (!/0! 1)6*!dNN!='D!OFOca!==/4e!"(!)7%-"7!)7"*!dP!=;e!H)&!)**%*!.,*3/'%(!

<%3/V"*%!daO!H-w!"(!9%XD!NN!~;D!OFNPQ!==/4eF!B0-%3!&-"33"('!NO!.!)-!Nb!{>D!-.%!3%)7-"/(!

="V-23%!H)&!7/(7%(-3)-%*!in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!7/42=(!

7.3/=)-/'3)<.,!d&"4"7)!'%4D!>9 %>4%Y6%X9D!`OYPe!-/!)00/3*!1)61!dc!='D!aNwe!)&!7/4/34%&&!

/"4@!6):/3!"&/=%3@!! 9!16J!d`OO!69UD!>$>4 &e!δ!bF`N!d**D!J!t!QFQD!ZFN!9UD!P9eD!aF_Z!d&D!a9eD!

aFcQ!d&D!a9eD!aFbc!d**D!J!t!PaFQD!ZFN!9UD!P9eD!NFcQ!d**D!J!t!PaFQD!QFQ!9UD!P9eD!NF`b!d&D!a9eD!NFaZ!

d&D!a9eF!

!

!

N

S
O

O

CO2Me
MeO2C

N

S
O

O

CO2Me
MeO2C

O

H2O2
AcOH

3.62 3.63
4:1 dr

25 ¡C, 20 h
32%



!

NbO!

!

R/!)! &/42-"/(!/0! 1)61!dc!='D!OFONN!==/4e!"(!>9%>4%!dOFb!=;e!H%3%!)**%*!-3"%-.,4)="(%!d`!

~;D!OFONQ!==/4e!)(*!tert-82-,4*"=%-.,4&"4,4!-3"042/3/=%-.)(%&240/()-%!dZ!~;D!OFONc!

==/4e!)-!O!{>F!B0-%3!&-"33"('!P!.!)-!O!{>D!-.%!3%)7-"/(!="V-23%!H)&!*"42-%*!H"-.!>9%>4%!

)(*!&)-23)-%*!)L2%/2&!1)9>X &!&/42-"/(F!R.%!4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!/3')("7!

4),%3!H)&!*3"%*!/#%3!1)%+X' !)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!

7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!.%V)(%&YI-XB7D!`YPe!-/!)00/3*!1)62!d4%&&!-.)(!P!='e!

)&!7/4/34%&&!/"4@!! 9!16J!d`OO!69UD!>$>4 &e!δ!bFbO!d&D!P9eD!bF`P!d&D!P9eD!aFcQ!d&D!a9eD!aFcc!d&D!

a9eD!NF`P!d&D!a9eD!NFaa!d&D!a9eD!OF_a!d&D!Q9eD!OFPb!d&D!a9eD!OFPP!d&D!a9eF!

!

!

R/!)! &/42-"/(!/0! 1)6*!dZO!='D!OFN`a!==/4e!"(!>9%>4%!dNF`!=;e!H%3%!)**%*!-3"%-.,4)="(%!

d``!~;D!OFaPb!==/4e!)(*!tert-82-,4*"=%-.,4&"4,4!-3"042/3/=%-.)(%&240/()-%!dZc!~;D!OFNQP!

==/4e!)-!O!{>F!B0-%3!&-"33"('!P!.!)-!O!{>D!-.%!3%)7-"/(!="V-23%!H)&!*"42-%*!H"-.!>9%>4%!

)(*!&)-23)-%*!)L2%/2&!1)9>X &!&/42-"/(F!R.%!4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!/3')("7!

4),%3!H)&!*3"%*!/#%3!1)%+X' !)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!

7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!.%V)(%&YI-XB7D!_YPe!-/!)00/3*!1)66!dab!='D!`Owe!)(*!

N

S
O

O

CO2Me
MeO2C

O

3.63

TBSOTf
Et3N N

S
O

O

CO2Me
MeO2C

OTBS

3.64

CH2Cl2
0 ¡C, 1 h

N

S

CO2Me
OHC

O

TBSOTf, Et3N N

S

CO2Me
OHC

OTBS
N

S

CO2Me
OHC

+

3.67 (29%)

CH2Cl2
0 ¡C, 1 h

3.65 3.66 (40%)



!

NbP!

1)67!dPZ!='D!NQwe!)&!7/4/34%&&!/"4@!! 9!16J!d`OO!69UD!>$>4 &e!δ _FaO\ _F`b!d=D!P9eD!bF_c\

bFQa!d=D!P9eD!bFNb\ bFbO!d=D!P9eD!`FbZ\ bFP_!d=D!P9eD!aFZ_\ aF_N!d=D!a9eD!OF_`\ PFOO!d=D!P_9eD!

OFOc\ OFPb!d=D!Z9ef!G@!! 9!16J!d`OO!69UD!>$>4 &e!δ!_F_`!d&D!P9eD!cFOc!d&D!P9eD!bF_N!d&D!P9eD!

aF_N!d&D!a9eD!OFQb!d&D!Q9eF!

!

!

R/!)!7//4%*!dO!{>e!&/42-"/(!/0! 1)54!dPPQ!='D!OFZQP!==/4e!"(!>9%>4%!dNFa!=;e!H)&!)**%*!

m7.4/3/<%38%(U/"7!)7"*!d†ccwD!NaN!='D!PFOc!==/4eF!B0-%3!&-"33"('!aO!="(!)-!O!{>D!-.%!

3%)7-"/(!="V-23%!H)&!*"42-%*!H"-.!>9%>4%!)(*!L2%(7.%*!H"-.!&)-23)-%*!)L2%/2&!

1)9>X &!&/42-"/(F!R.%!4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!/3')("7!4),%3!H)&!H)&.%*!H"-.!

&)-23)-%*!)L2%/2&!1)%+%X &!&/42-"/(!)(*!&)-23)-%*!)L2%/2&!1)9>X &!&/42-"/(F!R.%!

3%&24-"('!/3')("7!4),%3!H)&!*3"%*!/#%3!1)%+X' !)(*!7/(7%(-3) -%*!in vacuoF!R.%!3%&"*2%!

H)&!<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!.%V)(%&YI-XB7D!aYNe!-/!)00/3*!1)5*!

dQ`!='D!cNwe!)&!7/4/34%&&!/"4F!

!

!

m-CPBA
CH2Cl2

0 ¡C, 30 min
72%

OEtO

HO

OEtO

HO

O

3.923.90



!

NbN!

!

R/!)!7//4%*!d\ NO!{>e!&/42-"/(!/0!1)5*!dPN!='D!OFOZ`!==/4e!"(!>9%>4%!dOFZ!=;e!H%3%!)**%*!

` T=%-./V,8%(U,4!)47/./4!d__!='D!OFZ`!==/4e!)(*!8/3/(!-3"042/3"*%!*"%-.,4!%-.%3)-%!d`!

~;D!OFOaN!==/4eF!R.%!3%)7-"/(!H)&!)44/H%*!H)3=!-/!O!{>!/#%3!aO!="(F!R.%!3%)7-"/(!

="V-23%!H)&!*"42-%*!H"-.!>9%>4%!)(*!H)-%3F!R.%!/3')("7!4),%3!H)&!*3"%*!/#%3!1) %+X' !

)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!d&"4"7)!

'%4D!>9%>4%Y6%X9D!`OYPe!-/!)00/3*!1)52!dc!='D!acwe!)(*! 1)51!)&!7/4/34%&&!/"4f!1)52@!! 9!

16J!d`OO!69UD!>.4/3/0/3= Tde!δ!cFNN!d*D!J!t!_F`!9UD!N9eD!ZF_c!d*D J!t!_Fb!9UD!N9eD!`Fb`!d-D!J!

t!cF`!9UD!P9eD!`F`Q!d*D!J!t!PPF`!9UD!P9eD!`F``!d*D!J!t!PPFb!9UD!P9eD!aF_O!d&D!a9eD!aF`c!d*D!J!t!QFN!

9UD!P9eD!aFaa!d*D!J!t!QFN!9UD!P9eD!NF`Z\ NFbZ!d=D!N9eD!NFOQ\ NFNQ!d=D!N9eD!PFPQ!d&D!a9ef!

1)51@!! 9!16J!d` OO!69UD!>.4/3/0/3= Tde!δ!`FbO!d-D!J!t!cFb!9UD!P9eD!aFZb!d*D!J!t!PPFP!9UD!P9eD!

aFbO!d*D!J!t!PPFO!9UD!P9e!NF`_\ NFZN!d=D!N9eD!NFPa\ NFab!d=D!N9eD!PFNa!d&D!a9eF!

!

!

R/!)!7//4%*!dO!{>e!&/42-"/(!/0!1)53'daNO!='D!PFaQ!==/4e!"(!>9%>4%!dP`!=;e!H)&!)**%*! mT

7.4/3/<%38%(U/"7!)7"*!d†ccwD!acO!='D!PFZc!==/4eF!B0-%3!&-"33"('!N!.!)-!O!{>D!&)-23)-%*!

OEtO

HO

O PMBOH
BF3áOEt2

OHO

HO

OPMBHO O

HO
HO

+

O

CH2Cl2
Ð20 to 0 ¡C

30 min

3.92 3.94 3.93

OTBS

HO

3.95
OTBS

HO
Om-CPBA

CH2Cl2

0 ¡C, 2 h
quant.

3.96



!

Nba!

)L2%/2&!1) %+%X &!&/42-"/(!)(*!>9 %>4%!H%3%!)**%*!)-!O!{>F!R.%!4),%3&!H%3%!&%<)3)-%*D!

)(*!-.%!/3')("7!4),%3!H)&!H)&.%*!H"-.!&)-23)-%*!)L2%/2&!1)9>X &!&/42-"/(!dƒ!NeF!R.%!

/3')("7!4),%3!H)&!*3"%*!/#%3!1) %+X' !)(*!7/(7%(-3)-%*! in vacuoF!R.%!3%&"*2%!H)&!

<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!.%V)(%&YI-XB7D!aYPe!-/!)00/3*!1)56!da`N!

='D!L2)(-Fe!)&!7/4/34%&&!/"4@!! 9!16J!d`OO!69UD!>$>4 &e!δ!aFcb\ aF_N!d=D!N9eD!aFcO!d*D!J!t!

PNFN!9UD!P9eD!aFb_!d*D!J!t!PNFN!9UD!P9eD!aFP_!d-D!J!t!ZFN!9UD!P9eD!PFcP\ PFQP!d=D!N9eD!PFaO!d&D!

a9eD!OFQO!d&D!Q9eD!OFOZ!d&D!Z9eF!

!

!

R/!)!&/42-"/ (!/0 !1)56!dNOO!='D!OF_PN!==/4e!"(!-/42%(%!d_!=;e!H%3%!)**%*!8%(U/"7!)7"*!

dQQO!='D!_FPN!==/4e!)(*!-"-)("2=dS]e!"&/<3/</V"*%!dOFN`!=;D!OF_N!==/4eF!B0-%3!&-"33"('!

N!.!)-!Nb!{>D!-.%!3%)7-"/(!="V-23%!H)&!*"42-%*!H"-.!I-XB7!)(*!&)-23)-%*!)L2%/2&!

1)9>X &!&/42-"/(F!R.%!4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!/3')("7!4),%3!H)&!*3"%*!/#%3!

1) %+X' !)(*!7/(7 %(-3)-%*!in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!

d&"4"7)!'%4D!.%V)(%&YI-XB7D!aYPe!-/!)00/3*!1)58!dPaO!='D!`awe!)&!7/4/34%&&!/"4@!! 9!16J!d`OO!

69UD!>$>4 &e!δ!_FOa!d*D!J!t!cF`!9UD!N9eD!cFZO!d-D!J!t!cF`!9UD!P9eD!cF`Z!d-D!J!t!cFc!9UD!N9eD!bFNN!

d**D!J!t!_FbD!aFc!9UD!P9eD!aFZc\ aF_O!d=D!N9eD!aF`_!d*D!J!t!PNFO!9UD!P9eD!aFaN!d*D!J!t!PNFP!9UD!

OTBS

HO
OBz

HO
BzOH

Ti(Oi-Pr)4

toluene
25 ¡C, 2 h

43%

3.98

OTBS

HO
O

3.96



!

Nb !̀

P9eD!NFNa!d****D!J t!P`F_D!QFbD!bFQD!aFZ!9UD!P9eD!PFQa!d**-D!J t!P`FbD!_FZD!`F`!9UD!P9eD!PFP_!d&D!

a9eD!OF_Z!d&D!Q9eD!OFOP!d&D!a9eD!OFOO!d&D!a9eF!

!

!

R/!)!&/42-"/(!/0! 1)58!dPaO!='D!OFaba!==/4e!"(!6%>1Y9%X!d`YPD!b!=;e!H%3%!)**%*!

<./&<.)-%!8200%3!&/42-"/(!dN!=;D!PFO!6D!<9!cF`eD!RI6KX!dN_!='D!OFPcZ!==/4eD!)(*!

1)>4X %!dPQP!='D!OFPPZ!==/4eF!R.%!3%&24-"('!8"<.)&"7!="V-23%!H)&!&4/H4,!.%)-%*!-/!ab!

{>!)(*!)!&/42-"/(!/0!1)X>4!"(!9 %X!dOF`!=;!bw!1)X>4!"(!PFN!=;!9 %Xe!H)&!)**%*!/#%3!P!

.F!B0-%3!&-"33"('!P_!.!)-!ab!{>D!-.%!3%)7-"/(!="V-23%!H)&!7//4%*!-/!Nb!{>F!R.%!3%)7-"/(!

="V-23%!H)&!*"42-%*!H"-.!>9%>4%!)(*!&)-23)-%*!)L2%/2&!19 ' >4!&/42-"/(F!R.%!4),%3&!

H%3%!&%<)3)-%*D!)(*!-.%!/3')("7!4),%3!H)&!H)&.%*!H"-.!83"(%D!*3"%*!/#%3!1)%+X' D!)(*!

7/(7%(-3)-%*!in vacuo.!R.%!3%&"*2%!H)&!<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!

>9 %>4%Y6%X9 D!NOYPD!Pw!B7X9e!-/!)00/3*!1)55!da_!=' D!N_we!)&!7/4/34%&&!/"4@!! 9!16J!d`OO!

69UD!>$>4 &e!δ!_FOc!d*D!J!t!cFb!9UD!N9eD!cFbQ!d-D!J!t!cFb!9UD!P9eD!cF`b!d-D!J!t!cFc!9UD!N9eD!bFb_!

d-D!J!t!bFa!9UD!P9eD!aFb_\ aFcZ!d=D!N9eD!PFQ_\ NFP_!d=D!N9eD!PFbO!d&D!a9eD!OF_c!d&D!Q9eD!OFOa!d&D!

a9eD!OFON!d&D!a9eF!

!

OTBS

HO2C

HO
OBz

TEMPO, NaClO2, NaClO
phosphate buffer (pH 7.4)

MeCN/H2O
35 ¡C
28%OTBS

HO
OBz

HO

3.98 3.99
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6)'(%&"2=!7.4/3"*%!da!='D!OFOaP!==/4e!)(*!</-)&&"2=!=/(/=%-.,4!=)4/()-%!dZ!='D!

OFO`P!==/4e!H%3%!&2&<%(*%*!"(!R9[!dOFa!=;e!)(*!.%)-%*!)-!Zb!{>!0/3!a!.F!B0-%3!-.%!

)8/#%!3%)7-"/(!.)*!<3/7%%*%*!0/3!P!.D!1)55!dZ!='D!OFOPZ!==/4e!H)&!*"&&/4#%*!"(!R9[!dOFN!

=;e!)(* !7)38/(,4*""="*)U/4%!d`!='D!OFON`!==/4e!H)&!)**%*!)-!Nb!{>F!R.%!3%)7-"/(!

="V-23%!H)&!&-"33%*!)-!Nb!{>!0/3!N!.F!R.%!=)'(%&"2=!=)4/()-%!&2&<%(&"/(!H)&!7//4%*!-/!

aO!{>!)(*!)**%*!*3/<H"&%!-/!-.%!)7-"#)-%*!)7"*F!B!H."-%!<3%7"<"-)-%!0/3=%*!3)<"*4,!

*23"('!-."&!)* *"-"/(!&/!#"'/3/2&!&-"33"('!H)&!(%7%&&)3,!-/!)#/"*!74)=<"('F!R.%!3%&24-"('!

&2&<%(&"/(!H)&!&-"33%*!)-!`O!{>!0/3!PQ!.!-.%(!7//4%*!-/!O!{>!)(*!L2%(7.%*!H"-.!)!

&)-23)-%*!)L2%/2&!19 ' >4!&/42-"/(F!R.%!4),%3&!H%3%!&%<)3)-%*D!)(*!-.%!)L2%/2&!4),%3!

H)&!%V-3)7-%*!H"-.!I-XB7 F!R.%!7/=8"(%* !/3')("7!4),%3 &!H%3%!*3"%*!/#%3!1)%+X' !)(*!

7/(7%(-3)-%*!in vacuoF!R.%!3%&"*2%!H)&!<23"0"%*!8,!7/42=(!7.3/=)-/'3)<.,!d&"4"7)!'%4D!

.%V)(%&YI-XB7D!NYPe!-/!)00/3*!1)(44!dOFN!=' e!)&!7/4/34%&&!/"4@!! 9!16J!d`OO!69UD!>$>4 &e!

δ!_FOc!d*D!J!t!_FO!9UD!N9eD!cFbQ!d-D!J t!ZF_!9UD!P9eD!cF`Z!d-D!J!t!cFZ!9UD!N9eD!bFbZ!d-D!J!t!bFa!9UD!

P9eD!`Fca!d&D!P9eD!aFcP!d&D!Z9eD!aFbZ\ aF_c!d=D!c9eD!PFQN\ NFON!d=D!N9eD!PFNb!d&D!a9eD!OF_Q!d&D!

Q9eD!OFOc!d&D!a9eD!OFO`!d&D!a9eF!

!

!

OTBS

HO2C

HO
OBz

OTBS

HO
OBz

O
CO2Me

KO OMe

O O

MgCl2, CDI

THF
25 ¡C, 19 h

3.99 3.100
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 4. Conclusion 
6)73/7,74%&!)3%!</&"-"/(%*!8%-H%%(!7/(#%(-"/()4!&=)44!=/4%724%&!)(*!'"')(-"7!

8"/4/'"7&!"(!7.%="7)4!&<)7%F!R."&!74)&&!/0!&7)00/4*&!<3/#"*%&!</-%(-")4!-/!"(-%3)7-!H"-.!

%V-%(*%*!-)3'%-!&230)7%&!H."4%!3%-)"("('!0)#/3)84%!<.)3=)7/4/'"7)4!<3/<%3-"%&F!M"#%(!

-.%!' 3/H"('!(%%*!0/3!'%(%3)-"('!*"#%3&%!=)73/7,74%&!0/3!-.%!*%#%4/<=%(-!/0!(%H!

-.%3)<%2-"7&!)(*!7.%="7)4!<3/8%&D!H%!"(#%&-"')-%*!%00"7"%(-!&-3)-%'"%&!0/3!-.%!<3%<)3)-"/(!

/0!()-23)4!)(*!2(()-23)4!=)73/7,74%&!8)&%*!/(!03)'=%(-!)&&%=84,F!["3&-D!/23!=/*24)3!

)<<3/)7 .!0/3!-.%!7/(&-327-"/(!/0!)!4"83)3,!/0!-%-3).,*3/<,3)( T7/(-)"("('!=)73/7,74%&!

H)&!"(-3/*27%*F!G,!2&"('!-.3%%!*"00%3%(-!*"#%3&"0"7)-"/(!&-%<&D!()-23)4!<3/*27- T4"?%!

=)73/7,74%&!H%3%!'%(%3)-%*!H"-.!)!."'.!4%#%4!/0!<.,&"7/7.%="7)4!)(*!&-327-23)4!

*"#%3&"-,!H."7.!H%3%!%#)42)-%*!8,!<3"(7"<)4!7/=</(%(-!)()4,&"&!)(*!<3"(7"<)4!=/=%(-!

/0!"(%3-")F!+%7/(*D!-.%!&,(-.%-"7!&-2*,!-/H)3*&!)(-"02(')4!0/3)U/4"(%!B!H)&!*%&73"8%*F!

G)&%*!/(!-.%!3%-3/&,(-.%-"7!)()4,&"&D!H%!%V<4/3%*!-.%!&-%3%/&%4%7-"#%!&,(-.%&"&!/0!-.3%%!

=):/3!03)' =%(-&!/0!-.%!=)73/7,74"7!</4,?%-"*%F!E%!%V<%7-!-.)-!/23!&-2*"%&!/(!-.%!

&,(-.%&"&!/0!*"#%3&%!=)73/7,74%&!H/24*!/00%3!/<</3-2("-"%&!)(*!"(&"'.-&!0/3!-.%!

*%#%4/<=%(-!/0!(%H!8"/)7-"#%!=)73/7,74%&F! !
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acF! M)37")T>)&-3/D!6Ff!u"==%3=)((D!+Ff!+)(?)3D!6F!MFf!h2=)3D!hFD!+7)00/4*!*"#%3&"-,!
&,(-.%&"&!)(*!"-&!)<<4"7)-"/(!"(!< 3/8%!)(*!*32'!*"&7/#%3,F!Angewandte Chemie 
International Edition *4(6 D!55!dNceD!cb_ZTcZObF!

a_F! 92"'%(&!SSSD!JF!EFf!6/33"&/(D!hF!>Ff!9"7?4"(D!JF!EFf![4//*!C3D!RF!BFf!J"7.-%3D!6F![Ff!
9%3'%(3/-.%3D!KF!CFD!B!3"('T*"&-/3-"/(!&-3)-%',!-/!7/(&-327-!&-%3%/7.%="7)44,!
7/=<4%V!)(*!&-327-23)44,!*"#%3&%!7/=</2(*&!03/=!()-23)4!<3/*27-&F!Nature 
chemistry *4(1 D!5!daeD!PQbF!

aQF! >3/&&D!GF!IFD!M"88%3%44"7!)7"*F!K)3-!SF!Journal of the Chemical Society (Resumed) (532D!
`ZcOT̀ZcZF!

`OF! 6"U/'27."D!9Ff!X"?)H)D!9Ff!X'23"D!9FD!G"/'%(%-"7)44,!"(&<"3%*!&,(-.%&"&!)(*!
&?%4%-)4!*"#%3&"0"7)-"/(!/0!"(*/4%!)4?)4/"*&F!Nature chemistry *4(2 D!6!dPeD!bcF!

`PF! ["(%0"%4*D!CF!6Ff!+.%3=)(D!$F!9Ff!h3%"-=)(D!6Ff!E"44")=&D!JF!6FD!I()(-"/=%3"7!
()-23)4!<3/*27-&@!/77233%(7%!)(*!8"/'%(%&"&F!Angewandte Chemie International 
Edition *4(* D!51!dNOeD!`_ONT̀_aZF!

`NF! 67;%/*D!6F!>Ff!+"('.D!MFf!K4)=<"(!SSSD!CF!1Ff!J)(%D!$Ff!E)('D!CF!;Ff!$),D!]F!EFf!
B28gD!CFD!K3/8"('!7.%="7)4!&<)7%!H"-.!)4?)4/"*T"(&<"3%*!4"83)3"%&F!Nature chemistry 
*4(2 D!6!dNeD!PaaF!

`aF! >/=%3D!IFf!;"2D!9Ff!C/4"-/(D!BFf!>4)8)2-D!BFf!C/.(&/(D!>Ff!B?%44)D!;F!GFf!6)37)23%44%D!
;F!BFD![3)'=%(-T8)&%*!*/=)"(!&.2004"('!)<<3/)7.!0/3!-.%!&,(-.%&"&!/0!<,3)( T
8)&%*!=)73/7,74%&F!Proceedings of the National Academy of Sciences *4(( D!108!dPceD!
ZcbPTZcbZF!



!

NZP!

``F! h/<<D![Ff!+-3)--/(D!>F![Ff!B?%44)D!;F!GFf!R)(D!$F!+FD!B!*"#%3&"-,T/3"%(-%*!&,(-.%&"&!
)<<3/)7.!-/!=)73/7,74%&!#")!/V"*)-"#%!3"('!%V<)(&"/(F! Nature chemical biology 
*4(* D!8!d`eD!ab_F!

`bF! +<3"('D!$F!JFD!$"#%3&"-,T/3"%(-%*!&,(-.%&"&f!)!7.)44%('%!0/3!&,(-.%-"7!7.%="&-&F!
Organic & biomolecular chemistry *441D!1!dNNeD!a_ZcTa_cOF!

`ZF! G23?%D!6F!$Ff!+7.3%"8%3D!+F!;FD!B!<4)(("('!&-3)-%',!0/3!*"#%3&"-,T/3"%(-%*!
&,(-.%&"&F!Angewandte chemie international edition *442D!43!dPeD!`ZTb_F!

`cF! M)44/H),D!EF!JFf!S&"*3/T;4/8%-D!BFf!+<3"('D!$F!JFD!$"#%3&"-,T/3"%(-%*!&,(-.%&"&!)&!
)!-//4!0/3!-.%!*"&7/#%3,!/0!(/#%4!8"/4/'"7)44,!)7-"#%!&=)44!=/4%724%&F!Nature 
communications *4(4 D!1D!_OF!

`_F! G%7?=)((D!9F!+Ff!1"%D![Ff!9)'%3=)(D!>F!IFf!C/.)(&&/(D!9Ff!R)(D!lF!+Ff!E"47?%D!$Ff!
+<3"('D!$F!JFD!B!&-3)-%',!0/3!-.%!*"#%3&"-,T/3"%(-%*!&,(-.%&"&!/0!=)73/7,74"7!
&7)00/4*&!2&"('!=24-"*"=%(&"/()4!7/2<4"('F! Nature chemistry *4(1 D!5!dPOeD!_ZPF!

`QF! G3%((%3D!+Ff!;%3(%3D!JF!BFD!I(7/*%*!7/=8"()-/3")4!7.%="&-3,F!Proceedings of the 
National Academy of Sciences (55* D!89!dPNeD!ba_PTba_aF!

bOF! 5&)(/#D!$F!;Ff!>.)(D!BF!SFf!6)")(-"D!CF!KFf!;"2D!$F!JFD!+%7/(*T'%(%3)-"/(!$1B T
-%=<4)-%*!=)73/7,74%!4"83)3"%&!0/3!-.%!*"&7/#%3,!/0!8"/)7-"#%!&=)44!=/4%724%&F!
Nature chemistry *4(8 D!10!dceD!cO`F!

bPF! ;/3%(-%D!BFf!;)=)3")(/ T6%3?%-%'"D!CFf!B48%3"7"/D![Ff!B4#)3%UD!6FD!
R%-3).,*3/023)( T7/(-)"("('!=)73/4"*%&@!)!0)&7"()-"('!'"0-!03/=!-.%!*%%<!&%)F!
Chemical reviews *4(1 D!113!dceD!`bZcT̀ZPOF!

bNF! >.%(D!qFT9Ff!h"('&-/(D!$F!MFD!u)=<)(/4"*%!)(*!*)7-,4/4"*%@!7,-/-/V "7!-2824"(T
)&&%=84,!)'%(-&!)(*!<3/="&"('!)(-"7)(7%3!4%)*&F!Natural product reports *4(2Q!31!
dQeD!PNONTPNNZF!

baF! E3"'.-D!BF!IFf!G/-%4./D!CF!>Ff!M2U=‰(D!IFf!9)3=/*,D!$Ff!;"(4%,D!KFf!67>)3-.,D!KF!
CFf!K"--&D!RF!KFf!K/=</("D!+F!BFf!J%%*D!CF!hFD!1%/<%4-/4"*%D!)!=)73/4"*%!03/=!)!
4"-."&-"*!&</('%!/0!-.%!0)="4,!1%/<%4-"*)%F!Journal of natural products *447D!70!daeD!
`PNT̀PZF!

b`F! M2()&%?%3)D!+F!KFf!;"D!lFf!J)-(),)?%D!JFf!;2/D!$Ff!;/D!CFf!J%"8%(&<"%&D!CF!9Ff!Š2D!uFf!
>4)3%T+)4U4%3D!6F!CFf!l%D!RFf!K)24D!]F!CFD!$"&7/#%3,D!-/-)4!&,(-.%&"&!)(*!?%,!
&-327-23)4!%4%=%(-&!0/3!-.%!"==2(/&2<<3%&&"#%!)7-"#"-,!/0!7/7/&/4"*%D!)!



!

NZN!

&,==%-3"7)4!'4,7/&, 4)-%*!=)73/4"*%!*"=%3!03/=!=)3"(%!7,)(/8)7-%3")F!
Chemistry–A European Journal *4(6 D!22!dN`eD!_Pb_T_PZZF!

bbF! h"=D!9Ff!K)3?D!lFf!9/('D!CFD!+-%3%/&%4%7-"#%!+,(-.%&"&!/0!ND!ZT7"&TR%-3).,*3/<,3)(&!
-.3/2'.!)!R)(*%=!B44,4"7!XV"*)-"/(YXV)T6"7.)%4!J%)7-"/(!K3/=/-%* !8,!-.%!
'%=T$"&28&-"-2%(-!I00%7-@!+,(-.%&"&!/0!dxeT1%/<%4-/4"*%!6)73/4)7-/(%F!
Angewandte Chemie International Edition *445D!48!d`PeD!cbccTcb_PF!

bZF! h"=D!9Ff!9/('D!CFD!R/-)4!&,(-.%&"&!/0!7,)(/4"*%!B!)(*!7/(0"3=)-"/(!/0!"-&!)8&/42-%!
7/(0"'23)-"/(F! Organic letters *4(4 D!12!dPNeD!N__OTN__aF!

bcF! G,%/(D!+F!JFf!K)3?D!9Ff!h"=D!9Ff!9/('D!CFD!+-%3%/&%4%7-"#%!&,(-.%&"&!/0!ND!ZT-3)(&T
-%-3).,*3/<,3)(!#")!<3"=)3,!*")="(% T7)-)4,U%*!/V)T7/(:2')-%!)**"-"/(!3%)7-"/(!
/0!iD!^T2(&)-23)-%*!?%-/(%@!R/-)4!&,(-.%&"&!/0!K&,=8%3"(F!Organic letters *4(( D!13!
dNPeD!b_PZTb_PQF!

b_F! ;%%D!hFf!h"=D!9Ff!9/('D!CFD!B!+-%3%/&%4%7-"#%![/3=)4!+,(-.%&"&!/0!
;%27)&7)(*3/4"*%!BF!Organic letters *4(( D!13!dPOeD!NcNNTNcNbF!

bQF! K)3?D!9Ff!h"=D!9Ff!9/('D!CFD!B![/3=)4!+,(-.%&"&!/0!+>9!abP``_F!Organic letters 
*4(( D!13!dP`eD!ac`NTac`bF!

ZOF! ;%%D!hFf!h"=D!9Ff!9/('D!CFD!1T9%-%3/7,74"7!>)38%(%!>)-)4,U%*!XV"*)-"#%!
6)73/4)7-/("U)-"/(@!R/-)4!+,(-.%&"&!/0!dxeT$)7-,4/4"*%F!Angewandte Chemie 
International Edition *4(* D!51!dNaeD!bcabTbca_F!

ZPF! ;%%D!hFf!h"=D!9Ff!9/('D!CFD!+-%3%/&%4%7-"#%!+,(-.%&"&!/0!R%-3).,*3/<,3)(&!-.3/2'.!
R)(*%=!)(*!X3')(/7)-)4,-"7!XV)T6"7.)%4!J%)7-"/(&@!+,(-.%&"&!/0!-.%!
R%-3).,*3/<,3)(!>/3%&!/0!%(-TdxeT+/3)('"7"(!BF!European Journal of Organic 
Chemistry *4(* D!2012!dbeD!PONbTPOaNF!

ZNF! G)?%3D!CF!GFf!h"=D!9Ff!9/('D!CFD!R/-)4!&,(-.%&"&!/0!74)#/&/4"*%!B!#")!-)(*%=!)44,4"7!
/V"*)-"/(Y/V) T7/(:2')-%!)**"-"/(!3%)7-"/(F! Tetrahedron letters *4(3 D!56!dNaeD!aPNOT
aPNNF!

ZaF! +.""()D!SFf![2?2"D!9Ff!+)&)?"D!BFD!+,(-.%&"&!/0!4)7-/(%&!2&"('!&28&-"-2-%*!8%(U/"7!
)(.,*3"*%!)&!)! 7/2<4"('!3%)'%(-F!Nature protocols *447D!2!dPOeD!NaPNF!

Z`F! J):D!SF!]F!KFf!+2*)4)"D!BFD!B&,==%-3"7!&,(-.%&"&!/0!d+eT#"')8)-3"(„!)(*!d+e T
*".,*3/?)#)"(!#")!7/8)4-!7)-)4,U%*!.,*3/4,-"7!?"(%-"7!3%&/42-"/(!/0!%</V"*%&F!
Tetrahedron Letters *448D!49!dPZeD!NZ`ZTNZ`_F!



!

NZa!

ZbF! +.)3=)D!GF!6Ff!M/(-)4)D!BFf!h2=)3D!KFD!I()(-"/&%4%7-"#%!6/*24)3!R/-)4!+,(-.%&"&!
/0!6)73/4"*%&!+7.cNbZc`!)(*!>T`T%<"T+7.cNbZc`F!European Journal of Organic 
Chemistry *4(6 D!2016!dZeD!PNPbTPNNZF!

ZZF! h/48D!9F!>Ff!["((D!6Ff!+.)3<4%&&D!hF!GFD!>4"7?!7.%="&-3,@!*"#%3&%!7.%="7)4!02(7-"/(!
03/=!)!0%H!'//*!3%)7-"/(&F! Angewandte Chemie International Edition *44( D!40!dPPeD!
NOOT̀NONPF!

ZcF! ]"44)3D!9Ff![3"('&D!6Ff!G/4=D!>FD!J"('!74/&"('!%(,(%!=%-)-.%&"&@!B!</H%3024!-//4!
0/3!-.%!&,(-.%&"&!/0!.%-%3/7,74%&F!Chemical Society Reviews *447D!36!dPeD!bbTZZF!

Z_F! +/(/')&."3)D!hFf!R/.* )D!lFf!9)'".)3)D!1FD!B!7/(#%("%(-!&,(-.%&"&!/0!)7%-,4%(%&@!
7)-)4,-"7!&28&-"-2-"/(&!/0!)7%-,4%("7!.,*3/'%(!H"-.!83/=/)4?%(%&D!"/*/)3%(%&!
)(*!83/=/<,3"*"(%&F! Tetrahedron letters (573D!16!dbOeD!``ZcT̀`cOF!

ZQF! +)(-)(*3%)D!CFf!Gg*)3*D!BFT>Ff!>/44"(&D!+F!hFD!>2!dSeT7)-)4,U%*!=)73/7,74"7!
+/(/')&."3) T-,<%!73/&&T7/2<4"('F!Organic letters *4(2 D!16!dPbeD!a_QNTa_QbF!

cOF! ;%%D!>F!EFf!M3288&D!JF!9FD!+-%3%/&%4%7-"#"-,!/0!=)73/7,74"7!3"('T74/&"('!/4%0"(!
=%-)-.%&"&F!organic Letters *444D!2!dP`eD!NP`bTNP`cF!

cPF! I#)(&D!$F!BFf!E)-&/(D!KF!+FD!+,(-.%&"&!/0!-.%!/3"%(-"7"(!>6!dNT̀e!=)73/7,74%!
2-"4"U"('!)!(274%/<."4"7!)3/=)-"7!&28&-"-2-"/(!&-3)-%',F!Tetrahedron letters (556D!37D!
aNbPTaNb`F!

cNF! h3"%'%3D!CFTKFf!;%&2"&&%D!$Ff!J"77"D!MFf!K%33"(D!6FTBFf!6%,%3D!>Ff!>/&&,D!CFD!J./*"2=!
dSSSeT>)-)4,U%*!> \ 9!B7-"#)-"/(Y9%-%3/7,74"U)-"/(!)&!)!6)73/7,74"U)-"/(!+-3)-%',F!
+,(-.%&"&!/0!6)73/7,74"7!K,3"*/(%&F!Organic letters *4(7 D!19!dPOeD!NcOZTNcOQF!

caF! C/'24)D!+Ff!$)&)3"D!GFf!h.)-3)#)-.D!6Ff!>.)(*3)&%?)3D!MFf!h"-)=8"D!+F!+Ff!B3,)D!KFD!
G2"4*"('!)!6) 73/7,74"7!R//48/V!03/=!>T;"(?%*!>)38/.,*3)-%&!S*%(-"0"%&!
B(-")('"/'%(%&"&!B'%(-&!03/=!u%83)0"&.!B&&),F!European Journal of Organic 
Chemistry *4(1 D!2013!dNaeD!bOaZTbO`OF!

c`F! 9)(&%(D!IF!>Ff!;%%D!$FD!J"('!74/&"('!%(,(%!=%-)-.%&"&@!7/(-3/4!/#%3!=/*%!
&%4%7-"#"-,!)(*!&-%3%/&%4%7-"#"-,F!Journal of the American Chemical Society *442D!126!
d`ZeD!PbOc`TPbO_OF!

cbF! [3/&-D!CF!JFf!+7244,D!>F!>Ff!l2*"(D!BF!hFD!XV)*")U/4%!'3)0-&!"(!<%<-"*%!=)73/7,74%&F!
Nature chemistry *4(6 D!8!dPNeD!PPObF!



!

NZ !̀

cZF! 67>)24%,D!CF!BFf!1)')&)H)D!hFf!;)(*%3D!KF!BFf!6"&7.?%D!+F!MFf!+%=/(%&D!6F!BFf!
h"&."D!lFD!R/-)4!&,(-.%&"&!/0!<"(()-/V"(!BF!Journal of the American Chemical Society 
(558D!120!daOeD!cZ`cTcZ`_F!

ccF! u)<0D!>F!EFf!9)33"&/(D!GF!BFf!$3).4D!>Ff!+/3%(&%(D!IF!CFD!B!$"%4&\ B4*%3!
=)73/7,74"U)-"/(!%()84%&!)(!%00"7"%(-!)&,==%-3"7!&,(-.%&"&!/0!-.%!)(-"8)7-%3")4!
()-23)4!<3/*27-!)8,&&/="7"(!>F! Angewandte Chemie International Edition *443D!44!
d`OeD!ZbaaTZbacF!

c_F! 6,%3&D!IF!;Ff!J)"(%&D!JF!RFD!B!K./&<."(%T6%*")-%*!>/(#%3&"/(!/0!BU"*%&!"(-/!
$")U/!>/=</2(*&F! Angewandte Chemie International Edition *445D!48!dPaeD!NabQT
NaZaF!

cQF! R)?)"D!hFf!9/--)D!lFf!X&."=)D!hFf!1/U)?"D!9FD!I00%7-"#%!=%-./*&!/0!7)38/(,4!
=%-.,4%()-"/(!2&" ('!>9 %S%Tu( T6%&B4!)(*!>9 %G3%Tu( TR">4' !&,&-%=F!Tetrahedron 
letters (578D!19!dNceD!N`PcTN`NOF!

_OF! ;/=8)3*/D!;FD!6%-.,4%()-"/(!/0!7)38/(,4!7/=</2(*&!H"-.!u( –>9 %G3%–R">4' F!
B<<4"7)-"/(!-/!'"88%3%44"(&F!Tetrahedron Letters (58* D!23!d`PeD!`NQaT̀NQZF!

_PF! 9"8"(/D!CFT"Ff!X?)U/%D!RFf!R)?)"D!hFf!1/U)?"D!9FD!>)38/(,4!=%-.,4%()-"/(!/0!%)&"4,!
%(/4"U)84%!?%-/(%&F!Tetrahedron Letters (583D!26!d`beD!bbcQTbb_OF!

_NF! E%,=/2-. TE"4&/(D!BF!>FD!R.%!3/4%!/0!7)38/.,*3)-%&!"(!8"/4/'"7)44,!)7-"#%!()-23)4!
<3/*27-&F!Natural product reports (557D!14!dNeD!QQTPPOF!

_aF! E%(*%3&?"D!RF!BFf!+-3)--/(D!>F![Ff!G)2%3D!JF!BFf!h/<<D![Ff!R)(D!$F!+FD!K3"(7"<)4!
7/=</(%(-!)()4,&"&!)&!)!-//4!0/3!4"83)3,!*%&"'(@!)!7)&%!&-2*,!"(#%&-"')-"('!()-23)4!
<3/*27-&D!83)(*T()=%!*32'&D!()- 23)4!<3/*27-T4"?%!4"83)3"%&D!)(*!*32'T4"?%!
4"83)3"%&F!S(!Chemical BiologyD!+<3"('%3@!NOPbf!<<!NNbTN`NF!

_`F! 6/4%724)3!X<%3)-"('!I(#"3/(=%(-!d6XIeD!NOP_FOPD!>.%="7)4!>/=<2-"('!M3/2<!
S(7FD!POPO!+.%38//?%!+-F!E%&-D!+2"-%!‹QPOD!6/(-3%)4D!q>D!>)()*)D!9aB!NJcD!NOP_F!

_bF! +)2%3D!EF!9Ff!+7.H)3UD!6F!hFD!6/4%724)3!&.)<%!*"#%3&"-,!/0!7/=8"()-/3")4!
4"83)3"%&@!)!<3%3%L2"&"-%!0/3!83/)*!8"/)7-"#"-,F!Journal of chemical information and 
computer sciences *441D'` 3 daeD!Q_cTPOOaF!

_ZF! +7.3%"8%3D!+F!;Ff!h/-UD!CF!$Ff!;"D!6Ff!B28gD!CFf!B2&-"(D!>F!KFf!J%%*D!CF!>Ff!J/&%(D!9Ff!
E."-%D!IF!;Ff!+?4)3D!;F!BFf!;"(*&4%,D!>F!EFD!B*#)(7"('!8"/4/'"7)4!2(*%3&-)(*"('!



!

NZb!

)(*!-.%3)<%2-"7&!*"&7/#%3,!H"-.!&=)44T=/4%724%!<3/8%&F!Cell *4(3Q'P61 dZeD!PNbNT
PNZbF!

_cF! ;%%D!+Ff!;"=D!9FTCFf!>.)D!hF!;Ff!+24"?/H&?"D!MF!BFD!B&,==%-3"7!)<<3/)7.%&!-/!PD!NT
*"&28&-"-2-%*!="-/&%(%&!8)&%*!/(!-.%!"(-3)=/4%724)3!7,74"U)-"/(!/0!*")U/%&-%3&F!
Tetrahedron ( 557Q'53 d`_eD!PZbNPTPZbaNF!

__F! +)(-"D!6Ff!6}44%3D!+F!RFf![/4'2%"3)&TB=)*/3D!BF!BFf!5--3,D!BFf!9%44"%3D!KFf!E"3-.D!RFD!
I()(- "/&%4%7-"#%!+,(-.%&"&!/0!-3)(&TND!aT$".,*3/TP9T"(*/4%&!R.3/2'.!>\ 9!
S(&%3-"/(!/0!iT$")U/7)38/(,4!>/=</2(*&F! European Journal of Organic Chemistry 
*4(7D'2017 dP`eD!P__QTP_QaF!

_QF! B&.-/(D!hF!+Ff!$%(-"D!6Ff!1/3=)(D!6F!9Ff!C%)(!C3D!$F!CF!+FD!B!'%(%3)4!=%-./*!0/3!
-.%!0)7"4%!&,(-.%&"&!/0!/<-"7)44,!)7-"#%!NT&28&-"-2-%*!<"<%3)U"(%&!#")!
02(7-"/()4"U%*!ND!bT*"?%-/<"<%3)U"(%&F!Tetrahedron letters 24(2D'55 daNeD!`bOPT̀bO`F!

QOF! >.)?3)8/3-,D!+Ff!;"(D!+FT9Ff!+."2)(D!$Ff!R)"D!$FT[FD!+,(-.%&%&!/0!&/=%!iT7,74"7!
-3"<%<-"*%&!)&!</-%(-")4!"(."8"-/3&!0/3!96MT>/B!J%*27-)&%F!Amino acids *4(3D'47 
d_eD!P`QbTPbObF!

QPF! R&28/?23)D!hFf!]/('D!hF!hFf!K3)*"<-)D!BF!JFf!X'23)D!BFf!53)(/D!+Ff!R).)3)D!RFf!
1/U)?"D!+Ff!X(/%D!9Ff!1)?)/D!lFf!+"8')-244"()D!JFD!S(!#"#/!'/4*!7/=<4%V!7)-)4,&"&!
H"-."(!4"#%!="7%F!Angewandte Chemie International Edition *4(7D'56 dPaeD!abcQTab_`F!

QNF! 92D!6Ff!;"D!;Ff!E2D!9Ff!+2D!lFf!l)('D!KFTlFf!5--)=7.)(*)("D!6Ff!Š2D!qF T9Ff!l)/D!+F!
qFD!624-"7/4/3D!/(%T)(*!-H/ T<./-/(!"=)'"('!/0!%(U,=)-"7!)7-"#"-"%&!"(!4"#%!7%44&!
H"-.!042/3%&7%(-4,!q2%(7.%*!B7-"#"-,TG)&%*!K3/8%&!dLBGK&eF!Journal of the 
American Chemical Society *4(( D'133 daPeD!PNOOQTPNONOF!

QaF! ;)('D!+F!GFf!XW1%4%D!hF!6Ff!R2('%D!CF!BFD!$%7)38/V,4)-"#%!)44,4)-"/(!/0!)="(/!
)4?)(/"7!)7"*&!)(*!%&-%3&!#")!*2)4!7)-)4,&"&F!Journal of the American Chemical 
Society *4(2Q'136 daQeD!PaZOZTPaZOQF!

Q`F! *%!;%=/&D!IFf!B'/23"*)&D!IFf!+/3"(D!MFf!M2%33%"3/D!BFf!>/==%3Œ/(D!BFf!K)(73)U"D!
BFf!G%-U%3D!CF![Ff!;)((/2D!6F!SFf!B3*"&&/(D!CFD!>/(7%<-"/(D!+,(-.%&"&D!)(*!G"/4/'"7)4!
I#)42)-"/(!/0!X3"'"()4!$"&7/*%3=/4"*%!B()4/'2%&F! Chemistry–A European Journal 
*4((Q'17 daZeD!POPNaTPOPa`F!

QbF! M2"=/(*D!1Ff!M/3%4&?,D!+F!SFf![)'(/2D!hFD!J./*"2=!dSSSeT7)-)4,U%*!.%-%3/7,74%!
&,(-.%&"&!2&"('!)(!"(-%3()4!/V"*)(-@!"=<3/#%*!3%)7-"#"-,!)(*!=%7.)("&-"7!&-2*"%&F!
Journal of the American Chemical Society *4((Q'133 dPZeD!Z``QTZ`bcF!



!
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QZF! G%(UD!+Ff!1/ "-U4"D!+Ff!+"%'%4D!CF!+Ff!I8%34"D!$Ff!C%&&%(D!9F!CFD!>/(-3/44%*!/V,'%(!3%4%)&%!
03/=!<,3"*/(%!%(*/<%3/V"*%&!<3/=/-%&!7%44!&23#"#)4!2(*%3!)(/V"7!7/(*"-"/(&F!
Journal of medicinal chemistry *4(1Q'56 dN`eD!POPcPTPOP_NF!

QcF! 9%D!EFf!K"()3*D!IFf!K)L2%--%D!;F!BFD!R/-)4!+,(-.%&"&!/0!>3%(24)-)(!$"-%3<%(%&@!
+-3)-%',!)(*!&-%3%/7/(-3/44%*!7/(&-327-"/(!/0!)!8"7,74"7!?%-/T4)7-/(%!82"4*"('!
84/7?F!Helvetica chimica acta ( 553Q'78 dNeD!aQPT̀ONF!

Q_F! G)2%3D!JF!BFf!E23&-D!CF!6Ff!R)(D!$F!+FD!IV<)(*"('!-.%!3)('%!/0!z*32'')84%W-)3'%-&!
H"-.!()-23)4!<3/*27- T8)&%*!4"83)3"%&@!)(!)7)*%="7!<%3&<%7-"#%F!Current opinion in 
chemical biology *4(4Q'14 daeD!aO_TaP`F!

QQF! 67M3)-.D!1F!BFf!G3"7.)7%?D!6Ff!1:)3*)3&/(D!CF!RFD!B!'3)<."7)4!:/23(%,!/0!
"((/#)-"#%!/3')("7!)37."-%7-23%&!-.)-!.)#%!"=< 3/#%*!/23!4"#%&F!Journal of chemical 
education *4(4Q'87 dPNeD!Pa`_TPa`QF!

POOF! [/3&?/4"(D!&</('"&-)-"(!PD!)(*!)</<-/4"*"(!H%3%!(/-!"(742*%*!"(!K6S!)()4,&"&F !

POPF! 6/4S(&<"3)-"/(! \ !03%%!/(T4"(%!7.%="(0/3=)-"7&!-//4f!
.--<@YYHHHF=/4"(&<"3)-"/(F7/=Y7'"8"(Y<3/<%3-"%&!

PONF! )e!SF!]F!R%-?/D!]"3-2)4!>/=<2-)-"/()4!>.%="&-3,!;)8/3)-/3,f!
.--<@YYHHHF#774)8F/3'Y4)8Y)4/'<&Yf!8e!SF!]F!R%-?/D!CF!M)&-%"'%3D!JF!R/*%&7."("D!BF!
6)23"D!$F!;"#"('&-/(%D!KF!I3-4D!]F!BF!K)4,24"(D!IF!]F!J)*7.%(?/D!1F!+F!u%0"3/#D!BF!
+F!6)?)3%(?/D!]F!lF!R)(7.2?D!]F!]F!K3/?/<%(?/F!J. Comput.-Aided Mol. Des.!*443D!
19D!`ba\ `ZaF!

POaF! 6/4%724)3!X<%3)-"('!I(#"3/(=%(-!d6XIeD!NOP_FOPD!>.%="7)4!>/=<2-"('!M3/2<!
S(7FD!POPO!+.%38//?%!+-F!E%&-D!+2"-%!‹QPOD!6/(-3%)4D!q>D!>)()*)D!9aB!NJcD!NOP_F!

PO`F! J"7.)3*&/(D!6F!$FD!>.)('"('!<)--%3(&!)(*!-3%(*&!"(!&,&-%="7!02(')4!"(0%7-"/(&F!
Journal of Antimicrobial Chemotherapy *443Q'b6 d&2<<4APeD!"bT"PPF!

PObF! G)33%--D!$FD![3/=!()-23)4!<3/*27-&!-/!74"("7)44,!2&%024!)(-"02(')4&F!Biochimica et 
Biophysica Acta (BBA)-Molecular Basis of Disease *44*Q'1587 dNTaeD!NN`TNaaF!

POZF! K)3?D!GF!CFf!E)((%=2%.4%3D!hF!BFf!6)3&-/(D!GF!CFf!M/#%(*%3D!1Ff!K)<<)&D!KF!MFf!
>."44%3D!RF!6FD!I&-"=)-"/(!/0!-.%!7233%(-!'4/8)4!823*%(!/0!73,<-/7/77)4!=%("('"-"&!
)=/('!<%3&/(&!4"#"('!H"-.!9S]YBS$+F! Aids *445Q'23 d`eD!bNbTbaOF!
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POcF! B()"&&"%D!IFD!X<</3-2("&-"7!=,7/&%&!"(!-.%!"==2(/7/=<3/="&%*!./&-@!
%V<%3"%(7%!)-!)!7)(7%3!7%(-%3!)(*!3%#"%HF!Clinical infectious diseases ( 55*Q'14 
d+2<<4%=%(-APeD!+`aT+baF!

PO_F! $),D!CF!1Ff!>.)2D!RF!RFf!E/48%3&D!6Ff!6)"D!KF!KFf!$2('D!1F!RFf!6)"D!1F!9Ff!K.2D!1F!
9Ff!1'.")D!9F!$Ff!K./('D!1F!$Ff!R.)"D!>F!qFD!>/=8"()-"/(!)(-"02(')4!-.% 3)<,!0/3!
73,<-/7/77)4!=%("('"-"&F!New England Journal of Medicine *4(1Q'368 dP`eD!PNQPT
PaONF!

POQF! J/%=%3D!RFf!h3,&)(D!$F!CFD!B(-"02(')4!*32'!*%#%4/<=%(-@!7.)44%('%&D!2(=%-!
74"("7)4!(%%*&D!)(*!(%H!)<<3/)7.%&F!Cold Spring Harbor perspectives in medicine 
*4(2Q'4 dbeD!)OPQcOaF!

PPOF! 9/&&)"(D!6F!BFf!M.)((/2=D!6F!BFD!1%H!"(#%&-"')-"/()4!)(-"02(')4!)'%(-&!0/3!
-3%)-"('!"(#)&"#%!02(')4!"(0%7-"/(&F!Expert opinion on investigational drugs *444Q'9 
d_eD!PcQcTP_PaF!

PPPF! B(*%&D!$FD!S(!#"#/!<.)3=)7/*,()="7&!/0!)(-"02(')4!*32'&!"(!-3%)-=%(-!/0!
7)(*"*")&"&F!Antimicrobial agents and chemotherapy *441Q'47 d`eD!PPcQTPP_ZF!

PPNF! M3),D!hF!>Ff!K)4)7"/&D!$F!+Ff!$)"4%,D!SFf!I(*/D!6F!6Ff!5(/D!GF!IFf!E"47/7?D!GF!>Ff!
G23?%D!6F!$FD!B=<./-%3"7"(!<3"=)3"4,!?"44&!,%)&-!8,!&"=<4,!8"(*"('!%3'/&-%3/4F!
Proceedings of the National Academy of Sciences *4(*Q'109 dceD!NNa`TNNaQF!

PPaF! $%3),D!MFD!B=<./-%3"7"(!G!(%<.3/-/V"7"-,F!Journal of antimicrobial chemotherapy 
*44*Q'49 dPeD!acT̀NF!

PP`F! 9)="44D!JF!CFD!B=<./-%3"7"(!G!0/3=24)-"/(&@!)!7/=<)3)-"#%!3%#"%H!/0!%00"7)7,!)(*!
-/V"7"-,F!Drugs *4(1Q'73 dQeD!QPQTQa`F!

PPbF! 1'D!BFf!E)&)(D!hF!6Ff!;/<%UTG%3%&-%"(D!MFD!$%#%4/<=%(-!/0!4"</&/=)4!</4,%(%!
)(-"8"/-"7&@!)(!."&-/3"7)4!<%3&<%7-"#%F!J Pharm Pharm Sci *441Q'6 dPeD!ZcT_aF!

PPZF! K%30%7-D!CF!JFD!R.%!)(-"02(')4!<"<%4"(%@!)!3%)4"-,!7.%7?F!Nature reviews Drug 
discovery *4(7Q'16 dQeD!ZOaF!

PPcF! 9%"*%48%3'%3D!>Ff!M3"%&8)7.D!;Ff!6/(-)'D!GF!CFf!6//3%(D!$Ff!>32UD!XFf!+7.("-U%3D!JFf!
M32(8%3'D!IFD!+-2*"%&!/(!042/3"()-%*!<,3"="*"(%&@!SSF!%00%7-&!/(!-3)(&<4)(-%*!
-2=/3&F!Cancer research ( 538Q'18 daeD!aObTaPcF!
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PP_F! ]%3=%&D!BFf!M27.%4))3D!9FTCFf!$)(?%3-D!CFD![427,-/&"(%@!)!3%#"%H!/0!"-&!
<.)3=)7/4/',D!74"("7)4!"(*"7)-"/(&D!<.)3=)7/?"(%-"7&D!-/V"7"-,!)(*!*32'!
"(-%3)7-"/(&F!Journal of Antimicrobial Chemotherapy *444Q'46 dNeD!PcPTPcQF!

PPQF! E)4*/30D!BFf!K/4)?D!BFD!6%7.)("&=&!/0!)7-"/(!/0!b T042/3/7,-/&"(%F!Antimicrobial 
Agents and Chemotherapy ( 581Q'23 dPeD!cQT_bF!

PNOF! 9/<%D!EF!EFf!R)8%3(%3/D!;Ff!$%(("('D!$F!EFf!B(*%3&/(D!6F!CFD!6/4%724)3!
=%7.)("&=&!/0!<3"=)3,!3%&"&-)(7%!-/!0427,-/&"(%!"(!>)(*"*)!)48"7)(&F!
Antimicrobial agents and chemotherapy *442Q'48 dPPeD!`accT̀a_ZF!

PNPF! ;)&&T[4•34D!>FD!R3")U/4%!)(-"02(')4!)'%(-&!"(!"(#)&"#%!02(')4!"(0%7-"/(&F!Drugs 
*4((Q'71 dP_eD!N`ObTN`PQF!

PNNF! G/&&7.%D!9F!]Ff!h/,=)(&D!;Ff!6/%3%%4&D!9FD!K`bO!"(."8"-/3&!/0!2&%!"(!=%*"7)4!
-3%)-=%(-@!0/72&!/(!=%7.)("&=&!/0!)7-"/(F! Pharmacology & therapeutics ( 553Q'67 
dPeD!cQTPOOF!

PNaF! ;/3)(*D!RFf!h/7&"&D!GFD!J%7%(-!)*#)(7%&!"(!)(-"02(')4!)'%(-&F!Mini reviews in 
medicinal chemistry *447Q'7 dQeD!QOOTQPPF!

PN`F! 6%4%-")*"&D!CFf!B(-)7./</24/&D!>Ff!+-%3'"/</24/2D!RFf!K/23()3)&D!+Ff!J/"4"*%&D!IFf!
E)4&.D!RF!CFD!$"00%3%(-")4!02('"7"*)4!)7-"#"-"%&!/0!)=<./-%3"7"(!G!)(*!#/3"7/()U/4%!
)')"(&-!B&<%3'"442&!&<%7"%&!*%-%3="(%*!8,!="73/83/-.!=%-./*/4/',F!
Antimicrobial agents and chemotherapy *447Q'51 dQeD!aaNQTaaacF!

PNbF! 6)%3-%(&D!CFD!9"&-/3,!/0!-.%!*%#%4/<=%(-!/0!)U/4%!*%3"#)-"#%&F!Clinical 
Microbiology and Infection *442Q'10,!PTPOF!

PNZF! M3/44D!BF!9Ff!E)4&.D!RF!CFD!B(-"02(')4!7.%=/-.%3)<,@!)*#)(7%&!)(*!<%3&<%7-"#%&F!
Swiss medical weekly *44*Q'132 dNaN`eF!

PNcF! B(*%&D!$Ff!6)37."44/D!hFf!;/H-.%3D!CFf!G3,&?"%3D!BFf!+-)=&-)*D!RFf!>/(?4"(D!JFD!S(!
#"#/!<.)3=)7/*,()="7&!/0!96J!aNcOD!)!'427)(!&,(-.)&%!"(."8"-/3D!"(!)!=23"(%!
7)(*"*")&"&!=/*%4F!Antimicrobial agents and chemotherapy *441Q'47 d`eD!PP_cTPPQNF!

PN_F! ])4'2&D!CF!6FD!E.)-W&!(%H!"(!)(-"02(')4&ˆ!Current infectious disease reports *441Q'5 
dPeD!PZTNPF!

PNQF! K)<<)&D!KF!MFf!h)200=)(D!>F!BFf!B(*%&D!$F!JFf!>4)(7,D!>F!CFf!6)33D!hF!BFf!X&-3/&?,T
u%"7.(%3D!;Ff!J%8/4"D!BF!>Ff!+7.2&-%3D!6F!MFf!])UL2%UD!CF!BFf!E)4&.D!RF!CFD!>4"("7)4!
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<3)7-"7%!'2"*%4"(%!0/3!-.%!=)()'%=%(-!/0!7)(*"*")&"&@!NOPZ!2<*)-%!8,!-.%!
S(0%7-"/2&!$"&%)&%&!+/7"%-,!/0!B=%3"7)F!Clinical Infectious Diseases *4(3Q'62 d`eD!%PT
%bOF!

PaOF! $"!+)(-/D!JFD!1)-23)4!<3/*27-&!)&!)(-"02(')4!)'%(-&!)')"(&-!74"("7)44,!3%4%#)(-!
<)-./'%(&F! Natural product reports *4(4Q'27 dceD!PO_`TPOQ_F!

PaPF! J/%=%3D!RFf!Š2D!$Ff!+"('.D!+F!GFf!K)3"&.D!>F!BFf!9)33"&D!MFf!E)('D!9Ff!$)#"%&D!CF!IFf!
G"44&D!MF![FD!>/(03/(-"('!-.%!7.)44%('%&!/0!()-23)4!<3/*27-T8)&%*!)(-"02(')4!
*"&7/#%3,F!Chemistry & biology *4((Q'18 dNeD!P`_TPZ`F!

PaNF! 1%'3"D!6Ff!+)47"D!RF!KFf!+."(/82T6%&L2"-)D!>F!+Ff!>)</7"D!SF!JFf!+#"*U"(&?"D!RF!SFf!
h"/&."=)D!IF!+FD!I)34,!&-)-%!3%&%)37.!/(!)(-"02(')4!()-23)4!<3/*27-&F!Molecules 
*4(2Q'19 daeD!NQNbTNQbZF!

PaaF! 9)2&%3D!#F!$Ff!+"''D!9FD!S&/4"%32('!2(*!)88)2!#/(!&/3*)3"(F!PF!6"--%"42('!}8%3!
&/3*)3"(F!Helvetica Chimica Acta ( 57(Q'54 d`eD!PPc_TPPQOF!

Pa`F! X**&D![F!>FD!+/3*)3"(!)(-"02(')4!)'%(-&F!Expert Opinion on Therapeutic Patents 
*44(Q'11 dNeD!N_aTNQ`F!

PabF! $/=Ž('2%UD!CF!6Ff!h%44,D!]F!BFf!h"(&=)(D!XF!+Ff!6)33"/--D!6F!+Ff!*%!4)&!9%3)&D![F!
MFf!6)3-Ž(D!CF!CFD!+/3*)3"(&@!)!(%H!74)&&!/0!)(-"02(')4&!H"-.!&%4%7-"#%!"(."8"-"/(!/0!
-.%!<3/-%"(!&,(-.%&"&!%4/(')-"/(!7,74%!"(!,%)&-&F!Antimicrobial Agents and 
Chemotherapy ( 558Q'42 dQeD!NNc`TNNc_F!

PaZF! C2&-"7%D!6F!>Ff!9&2D!6FTCFf!R&%D!GFf!h2D!RFf!G)4?/#%7D!CFf!+7.=)-UD!$Ff!1"%4&%(D!CFD!
I4/(')-"/(!0)7-/3!N!)&!)!(/#%4!-)3'%-!0/3!&%4%7-"#%!"(."8"-"/(!/0!02(')4!<3/-%"(!
&,(-.%&"&F!Journal of Biological Chemistry ( 558Q'273 dZeD!aP`_TaPbPF!

PacF! h)=)"D!lFf!h)?2-)D!6Ff!+."8),)=)D!RFf![2?2/?)D!RFf!h2H).)3)D!+FD!B(-"02(')4!
)7-"#"-"%&!/0!JTPab_baD!)!&/3*)3"(!*%3"#)-"#%D!"(!%V<%3"=%(-)4!7)(*"*")&"&!"(!="7%F!
Antimicrobial agents and chemotherapy *443Q'49 dPeD!bNTbZF!

Pa_F! 9)()*)-%D!RFf!R/=" &."=)D!6Ff!+."3)"&."D!1Ff!R)()8%D!$Ff!6/3"?)H)D!9Ff!G)33%--D!
$Ff!6)-&2=/-/D!+Ff!X.-/=/D!hFf!6)?"D!hFD![JNQOb_PD!)!(/#%4!&/3*)3"(!*%3"#)-"#%@!
&,(-.%&"&!)(*!)(-"02(')4!)7-"#"-,F! Bioorganic & medicinal chemistry letters *445Q'19 
dbeD!P`ZbTP`Z_F!
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PaQF! 1)?)=23)D !SFf!l/&."=23)D!+Ff!6)&)?"D!RFf!R)?)&%D!+Ff!X.&2="D!hFf!9)&."=/-/D!6Ff!
[232?)H)D!+Ff![2:"%D!BFD!B+KNaQc@!)!(/#%4!)(-"02(')4!)'%(-!<3/*27%*!8,!
B73%=/("2=!<%3&"7"(2=!6[ Ta`c_aaF!The Journal of antibiotics *4(7Q'70 dPeD!`bF!

P`OF! E,7.%D!RF!KFf!K"/-3/H&?"D!CF!+Ff!9/2D!lFf!G3)2(D!$Ff!$%&.<)(*%D!JFf!67S4H)"(D!+Ff!
X('D!SF!6Ff!6,%3&D!>F!;Ff!M2U%"D!SF!BFf!E%&-4%3D!EF!6FD![/3)U/4"(%!B@!6)3"(%T
$%3"#%*!K/4,?%-"*%!H"-.!B(-"02(')4!S(!]"#/!I00"7)7,F!Angewandte Chemie 
International Edition *4(2Q'53 d`aeD!PPb_aTPPb_ZF!

P`PF! u. /2D!GFf!Š")/D!CF![Ff!R24"D!;Ff!J%&&/=D!9F!EFD!;>T6+ T8)&%*!=%-)8/4/="7&F!
Molecular BioSystems *4(*Q'8 dNeD!`cOT̀_PF!

P`NF! h32'D!$Ff!u23%?D!MFf!J%#%3=)((D!XFf!]/&D!6Ff!]%4"7%3D!MF!CFf!6}44%3D!JFD!
$"&7/#%3"('!-.%!."**%(!&%7/(*)3,!=%-)8/4/=%!/0!6,V/7/772&!V)(-. 2&@!)!&-2*,!
/0!"(-3)&<%7"0"7!*"#%3&"-,F!Appl. Environ. Microbiol. *448Q'74 dPOeD!aOb_TaOZ_F!

P`aF! h32'D!$Ff!u23%?D!MFf!+7.(%"*%3D!GFf!M)37")D!JFf!6}44%3D!JFD!I00"7"%(-!="("('!/0!
=,V/8)7-%3")4!=%-)8/4"-%!<3/0"4%&!%()84%*!8,!4"L2"*!7.3/=)-/'3)<.,\
%4%7-3/&<3),!"/("&)-"/( T-"=%T/0T04"'.-!=)&&!&<%7-3/=%-3,!)(*!7/=</2(* T8)&%*!
<3"(7"<)4!7/=</(%(-!)()4,&"&F! Analytica chimica acta *448Q'624 dPeD!QcTPOZF!

P``F! 9/2D!lFf!G3)2(D!$F!JFf!6"7.%4D!>F!JFf!h4)&&%(D!CF!;Ff!B*()("D!1Ff!E,7.%D!RF!KFf!
G2'("D!RF!+FD!6"73/8")4!&-3)"(!<3"/3"-"U)-"/(!2&"('!=%-)8/4/="7&!-//4&!0/3!-.%!
*"&7/#%3,!/0!()-23)4!<3/*27-&F!Analytical chemistry *4(*Q'84 dPOeD!`NccT̀N_aF!

P`bF! E)('D!CFf!9&2( 'D!JF!KFf!M./&.D!+F!hFD!+-%3%/&%4%7-"#%!h%-)4TR%-.%3%*!
S(-3)=/4%724)3!$"%4&•!B4*%3!>,74/)**"-"/(&F!B(!B<<3/)7.!-/!-.%!NTXV)*%7)4"(!
+<"3/?%-)4!>/3%!/0!B(-"02(')4!B'%(-![2&"*"4)7-/(%!>F!Organic letters *442Q'6 dPNeD!
PQaQTPQ`NF!

P`ZF! G%3=%:/D![Ff!+)(*/#)4D!>FD!><NR">4TK3/=/-%*!S&/=%3"U)-"/(!/0!R3"&28&-"-2-%*!
I</V"*%&!-/!%!V/T6%-.,4%(%!B44,4"7!B47/./4&!/(!>)3#/(%!$%3"#)-"#%&F!The Journal 
of organic chemistry *442Q'69 dPZeD!bNcbTbN_OF!

P`cF! 9)-)?%,)=)D!+Ff!12=)-)D!9Ff!X&)()"D!hFf!R)?)(/D!+FD!I00"7"%(-!%()(-"/&<%7"0"7!
&,(-.%&"&!/0!?%,!BT3"('!&,(-./(&!0/3!-.%!<3%<)3)-"/(!/0!PF!)4<.)FD!NbT
*".,*3/V,#"-)="(!$a!2&"('!)!7.3/="2=!dSSe T=%*")-%*!3%)7-"/(F!The Journal of 
Organic Chemistry ( 585Q'54 dPbeD!abPbTabPcF!

P`_F! B&)8)D!RFf!h)-/.D!lFf!53)8%D!$Ff!S(/2%D!6FD!R/-)4!&,(-.%&"&!/0!73/-/<./38/4/(%F!
Angewandte Chemie International Edition *4(3Q'54 d`_eD!P``bcTP``ZPF!



!

NcP!

P`QF! R)((%3D!$Ff!B(*%3&&/(D!KF!MFf!R%*%(8/3'D!;Ff!+/=0)"D!KFD!B!&,(-.%-"7!)<<3/)7.!-/!
-.%!u/)(-.)="(%!)4?)4/"*&F! Tetrahedron ( 552Q'50 daOeD!QPabTQP``F!

PbOF! 9),)&."D! lFf!R/,/&."=)D!6Ff!M/-/.D!9Ff!S&."?)H)D!9FD!$"<.%(,4<3/4"(/4!&"4,4!
%-.%3!7)-)4,&"&!"(!)(!)&,==%-3"7!0/3=)4!7)38/!nax!ao!7,74/)**"-"/(!3%)7-"/(!#")!)!
*/="(/!6"7.)%4Yh(/%#%()'%4!7/(*%(&)-"/(F! Organic letters *448Q'11 dPeD!`bT̀_F!

PbPF! G)'4%,D!6F!>Ff!$)4%D!CF!EFf!6%33"--D!IF!BFf!Š"/('D!ŠFD!R."/<%<-"*%!)(-"8"/-"7&F!
Chemical reviews *443Q'105 dNeD!Z_bTcP`F!

PbNF! 9%37.%(D!+F!JFD!+,(-.%&%&!)(*!-.%3=)4!-3)(&0/3=)-"/(&!/0!NT)4?,4!-.")U/4"*"(%!
&240/V"*%&F!Tetrahedron Letters ( 585Q'30 d`eD!`NbT̀N_F!

PbaF! [2:"-)D!RFf![27."')="D!RFD!I4%7-3/4,-"7!<)3-")4!042/3"()-"/(!/0!/3')("7!7/=</2(*&F!
NOF!I4%7-3/&,(-.%&"&!/0!(/#%4!.,<%3#)4%(-!"/*/8%(U%(%!7.4/3/042/3"*%!*%3"#)-"#%&!
)(*!"-&!)<<4"7)-"/(!-/!"(*"3%7-!)(/*"7!'%= T*"042/3"()-"/(F! Tetrahedron letters ( 556Q'
37 dNceD!`cNbT̀cN_F!

Pb`F! $•)=8)&?"D!uFf!6)3?/#"•D!JFf!h4%"(<%-%3D!IFf!G)3)()7T+-/:)(/#"•D!6FD!NT
B4?,4"*%(%T̀ T/V/-.")U/4"*"(%!+ T/V"*%&@!&,(-.%&"&!)(*!&-%3%/7.%="&-3,F!
Tetrahedron *4(1Q'Z9 daPeD!Z`aZTZ``cF!

PbbF! S,%(')3D!GF!+Ff!$/33D!JF!RFf!J%=%3&D!EF!BFD!>.%="7)4!8)&"&!0/3!-.%!8"/4/'"7)4!
)7-"#"-,!/0!"=%V/(!)(*!3%4)-%*!7,)(/)U"3"*"(%&F!Journal of medicinal chemistry *442Q'
47 dPeD!NP_TNNaF!

PbZF! l"('D!lFf!R)/3"D!hFf!h"=D!9Ff!9/('D!CFf!;2%&7.D!9FD!R/-)4!&,(-.%&"&!)(*!=/4%724)3!
-)3'%-!/0!4)3')U/4%D!)!."&-/(%!*%)7%-,4)&%!"(."8"-/3F!Journal of the American 
Chemical Society *448Q'130 dNZeD!_`bbT_`bQF!

PbcF! [)('D!ŠFf!u.)('D!hFf!l)/D!9Ff!92)('D!lFD!>2d SeT>)-)4,U%*!/V"*)-"#%!./=/ T
7/2<4"('!/0!-.")U/4"(% T̀ T7)38/V,4)-%&@!&,(-.%&"&!/0!`D!`kT8"-.")U/4"(%!*%3"#)-"#%&F!
Organic & biomolecular chemistry *4(6Q'14 da`eD!_OaOT_Oa`F!

Pb_F! M2/D!lFf!u./2D!CFf!M)/D!GFf!u.)/D!6Ff!l)(D!CFT;Ff!Š2D!uFf!>./"D!+Ff!l%D!RFD!R/-)4!
+,(-.%&"&!/0!9/")="*%!B!5&"('!)(!I#)(& \ R"&.7.%(?/!J%)7-"/(!)&!)!h%,!+-%<F!
Organic letters *4(5Q'21 dP`eD!b`cPTb`c`F!

PbQF! B(%44"D!KF!;Ff!G)(0"D!+Ff!6/(-)()3"D![Ff!q2"7"D!+FD!XV"*)-"/(!/0!*"/4&!H"-.!)4?)4"!
.,</7.4/3"-%&!7)-)4,U%*!8,!/V)==/("2=!&)4-&!2(*%3!-H/ T<.)&%!7/(*"-"/(&F!Rhe 
Journal of Organic Chemistry ( 585Q'54 dPNeD!NQcOTNQcNF!



!

NcN!

PZOF! ;")('D!+Ff!u%('D!>F!>Ff!R")(D!9F!lFf!+2(D!GF!MFf!;2/D!ŠF!MFf!J%(D![F!UFD!J%*/V!)7-"#%!
&/*"2=!"/*"*%Y3%7,74)84%!.%-%3/'%(%/2&!&/4"*!)7"*@!)(!%00"7"%(-!*2)4!7)-)4,-"7!
&,&-%=!0/3!%4%7-3/7.%="7)44,!/V"*)-"#%!iT>•!9!-."/7,)()-"/(!)(*!&240%(,4)-"/(!/0!
?%-/(%&F!Advanced Synthesis & Catalysis *4(8Q'360 dceD!P``T̀P`bNF!

PZPF! >)4=%&D!6Ff!I&7)4%D![Ff!K)/4"("D![FD!]")84%!2&%!/0!NT&28&-"-2-%*!-.")U/4"*"(%T̀ T
=%-.)(/4!*")&-%3%/"&/=%3"7!="V-23%&!*23"('!)&,==%-3"7!8/3)(%!3%*27-"/(!/0!
)3/=)-"7!?%-/(%&F!Tetrahedron: Asymmetry ( 557Q'8 dNPeD!aZQPTaZQcF!

PZNF! I=-%(‘&D!9Ff!B4*%3"(D!;Ff!B4=L#"&-D![FD!B(!%()(-"/&%4%7-"#%!?%-%(%•!"="(%!
7,74/)**"-"/(!=%-./*!0/3!&,(-.%&"&!/0!&28&-"-2-%*!3"(' T02&%*!NT<,3"*"(/(%&F!The 
Journal of organic chemistry *44(Q'66 dNOeD!ZcbZTZcZPF!

PZaF! 6)D!lFf!E)('D!6Ff!;"D!$Ff!G%?-23.2(D!GFf!;"2D!CFf!;"2D!qFD!iTB4?%(/,4!?%-%(%!+D!+T
)7%-)4T8)&%*!=24-"7/=</(%(-!3%)7-"/(@!)(!%00"7"%(-!)<<3/)7.!0/3!-.%!&%4%7-"#%!
7/(&-327-"/(!/0!</4,02(7-"/()4"U%*!7,74/.%V)(/(%&F! The Journal of organic 
chemistry *445Q'74 d_eD!aPPZTaPNPF!

PZ`F! l2)(D!9Ff!E)('D!6Ff!; "2D!lFf!E)('D!;Ff!;"2D!CFf!;"2D!qFD!5(%V<%7-%*!9,*3/83/="7!
B7"*T>)-)4,U%*!>� !>!G/(*T[/3="('!J%)7-"/(&!)(*![)7"4%!+,(-.%&"&!/0!
>/2=)3"(&!)(*!G%(U/023)(&!G)&%*!/(!h%-%(%!$"-."/)7%-)4&F!Chemistry–A 
European Journal *4(4Q'16 d`beD!Pa`bOTPa`bcF!

PZbF! M3)7")T]"-/3")D!CFf!X&)(-%D!SFf!>)-"#"%4)D!>Ff!6%3"(/D!KFf!R%:%3/D!RFD!+%40T
J%'%(%3)-"/(!/0!>."3)4"-,!H"-.!; T>,&-%"(%!-.3/2'.!PD!aT$"</4)3!>,74/)**"-"/(&!
8%-H%%(!$")U/)4?)(%&!)(*!I()(-"/=%3"7)44,!K23%!R.")U/4"(%&@!IV<%3"=%(-)4!)(*!
>/=<2-)-"/()4!+-2*"%&F! The Journal of organic chemistry *4(8Q'83 dceD!aQZOTaQcNF!

PZZF! >./3%44D!IFf!$)&D!KFf!B4=L#"&-D![FD!$"#%3&%!02(7-"/()4"U)-"/(!/0!-.")U/4/!3"('T02&%*!
NT<,3"*/(%&F!The Journal of organic chemistry *447Q'72 dPaeD!`QPcT̀QN`F!

PZcF! B<+"=/(D!CF!EFf!$23.)=D!$F!MFf!J%%&D!BF!9FD!+,(-.%&"&!/0!&/=%!NT<.%(,4<,33/4%!
*%3"#)-"#%&F!Journal of the Chemical Society, Perkin Transactions 1 ( 578Q'!dPNeD!Pb__T
PbQ`F!

PZ_F! h2=)3D!hF!9Ff!K%32=)4D!KF!RFD!B!(/#%4!/(%T</-!/V"*)-"#%!*%0/3=,4)-"/(!/0!1T
0/3=,4*".,*3/L2"(/4"(%&!%=<4/,"('!0%33" 7!7.4/3"*%!.%V).,*3)-%F!+,(-.%&"&!/0!`T
7.4/3/TNT<.%(,4L2"(/4"(%&!)(*!`T7.4/3/TNTdPD!aT*"<.%(,4TP9T<,3)U/4T`T,4e!
L2"(/4"(%&F!Journal of Heterocyclic Chemistry *448Q'45 dNeD!bQcTbQQF!



!

Nca!

PZQF! R3)#%(D!]F![Ff!>.%<-&/#D!$F!BFf!+/4/#:/#)D!1F!KFf!>."8"&/#)D!RF!BFf!]/3/(/#D!SF!SFf!
$/4/-/#D!+F!6Ff!S#)(/#D!SF!]FD!K./-/"(*27%*!0/3=)-"/(!/0!-.%!4)&%3!*,%!7/2=)3"(!Z!
03/=!"-&!*".,*3/!*%3"#)-"#%&F!Dyes and Pigments *4(7Q'146,!PbQTPZ_F!

PcOF! +=%-&D!JF!CFf!R/30&D!IFf!;%="’3%D![Ff!>/&D!KFf!>)<</%(D!$Ff!R%.3)("D!hF!BFD!+,(-.%&"&!
) (*!)(-"-28%3724)3!)7-"#"-,!/0!PT)(*!a T&28&-"-2-%*!8%(U/!n'o!"&/L2"(/4"(%TbD!POT
*"/(%&F!Organic & biomolecular chemistry *4(5Q'17 dPPeD!NQNaTNQaQF!

PcPF! +-%H)3-D!SF!>Ff!G%3'=)(D!JF!MFf!R/&-%D![F!$FD!K./&<."(%T7)-)4,U%*!.,*3)-"/(!)(*!
.,*3/)4?/V,4)-"/(!/0!)7-" #)-%*!/4%0"(&@!2&%!/0!)!&-3/('!(274%/<."4%!-/!'%(%3)-%!)!
&-3/('!8)&%F!Journal of the American Chemical Society *441Q'125 dNQeD!_ZQZT_ZQcF!

PcNF! 6"44%3D!hF!CFf!h"-)')H)D!RF!RFf!B82TX=)3D!6F!6FD!h"(%-"7&!)(*!=%7.)("&=&!/0!
=%-.,4!#"(,4!?%-/(%!.,*3/)4?/V,4)-"/( !7)-)4,U%*!8,!<)44)*"2=!dSSe!7/=<4%V%&F!
Organometallics *44(Q'20 dNPeD!``OaT̀`PNF!

PcaF! E)8("-UD!RF!>Ff!l2D!CF!qFf!+<%(7%3D!CF!GFD!I#"*%(7%!-.)-!<3/-/(&!7)(!8%!-.%!)7-"#%!
7)-)4,&-&!"(!;%H"&!)7"*!=%*")-%*!.%-%3/T6"7.)%4!)**"-"/(!3%)7-"/(&F!Chemistry–A 
European Journal *442Q'10 dNeD!`_`T̀QaF!

Pc`F! G23D!+F!hFf!K)*H)D!BFD!R.%!K2==%3%3!3%)7-"/(@!=%-./*/4/',!)(*!&-3)-%',!0/3!-.%!
&,(-.%&"&!/0!.%-%3/7,74"7!7/=</2(*&F!Chemical reviews *442Q'104 dbeD!N`OPTN`aNF!

PcbF! $%!;277."D!XFf!6"/--"D!5Ff!6/*%()D!MFD!R.%!K2==%3%3!J%)7-"/(!/0!+240"(,4!
>/=</2(*&F! Organic Reactions *442Q'40,!PbcT̀ObF!

PcZF! G/3*H%44D![Ff!K"--D!GF!6FD!R.%!0/3=)-"/(!/0!iT7.4/3/!&240"*%&!03/=!&240"*%&!)(*!
03/=!&240/V"*%&F!Journal of the American Chemical Society ( 533Q'77 daeD!bcNTbccF!

PccF! ;"D!ŠFf!>)3-%3D!JF!MFD!K2==%3%3!>,74"U)-"/(!J%#"&"-%*@!5(3)#%4"('!/0!B7,4!
XV/("2=!S/(!)(*!]"(,4!+240"*%! K)-.H),&F! Organic letters *4(8Q'20 dP_eD!bb`PTbb`bF!

Pc_F! >.)(*)(?)3D!+F!+Ff!J)'.)#)(D!+FD!+-%3%/&%4%7-"#%!+,(-.%&"&!/0!-.%!>P\ >NN!>)38/(!
[3)=%H/3?!/0!d•eTB=<."*"(/4"*%!hF! The Journal of organic chemistry *4(5Q'84 dPbeD!
Qb_T̀QZONF!

PcQF! $)(-/(D![Ff!X-.=)(D!6 Ff!;)H&/(D!BF!6Ff!6/(7/4D!CFf!M."(%-D!BFf!J"'/D!GFf!$)“7.D!
BFD!K.%(,4"/*"(%!dSSSe!$")7%-)-%YS%T6%*")-%*!$/="(/!B<<3/)7.!0/3!K,33/4/!nPD`o!
R.")U"(%&!)(*!PD`TR.")U"(%&!8,!)!X(%TK/-!6/3"(!J%)33)('%=%(-!/0!NDSTB7%-)4&F!
>hemistry–A European Journal *4(5Q'25 dN`eD!ZPPaTZPP_F!



!

Nc !̀

P_OF! R/?"-/.D!1Ff!S')3)&."D!lFf!B(*/D!EFD!+"4"7/(!<2==%3%3!3%)7-"/(!/0!-.")U/4"*"(%!+T
/V"*%&f!B!(%H!=%-./*!0/3!&-%3%/&<%7"0"7!>Tb!02(7-"/()4"U)-"/(!/0!-.")U/4"*"(%&F!
Tetrahedron letters ( 587Q'28 d`ceD!bQOaTbQOZF!

P_PF! 67I4."((%,D!JF!+Ff!67>/3="7?D!CF!IFf!G"88,D!6F!>Ff!$/284%D!CF!BFf!J)*)7"7D!6Ff!
$2=/(-D!KFD!1274%/&"*%!B()4/'&F!P`F!R.%!&,(-.%&"&!)(*!)(-"-2=/3!)7-"#"-,!"(!
="7%!/0!=/4%724)3!7/=8"()-"/(&!/0!b T042/3/23)7"4!)(*!NTdNT7.4/3/%-.,4eTNT
("-3/&/23%)!= /"%-"%&!&%<)3)-%*!8,!)!-.3%%T7)38/(!7.)"(F! Journal of medicinal 
chemistry ( 556Q'39 dceD!P`OaTP`PNF!

P_NF! E)-)()8%D!lFf!+)?)?"8)3)D!RFD!+,(-.%&"&!/0!=%-.,4!`DZTOT8%(U,4"*%(%TNDaT*"*%/V, T
bT-."/ T̂ T*4T-.3%/T.%VTNT%(/<,3)(/&"*%!#")!.%-%3/T$"%4&\ B4*%3!3%)7-"/(!)(*!
2(2&2)4!&-)8"4"-"%&!/0!PDbT)(.,*3/ T̀DZTOT8%(U,4"*%(%!NDaT*"*%/V, TbT-."/ T*4T-.3%/T
.%VTNT%("-/4F!Tetrahedron *445Q'65 daeD!bQQTZOZF!

P_aF! h/8),)&."D!hFf!h/,)=)D!IFf!h/(/D!>Ff!1)=)-)=%D!hFf!1)?)=23)D!hFf![232?)H)D!
1FD!I#"*%(7%!0/3!S(-%3=/4%724)3!S(-%3)7-"/(!8%-H%%(!+240/("2=!)(*!+240"*%!
+24023!B-/=&!)(*!S-&!B<<4"7)-"/(!-/!+,(-.%&"&!/0!>,74"7!G"&!d*"&240"*%e!$"=%3F!The 
Journal of organic chemistry *44(Q'66 dZeD!NO_bTNOQOF!

P_`F! 6/(-"7%44"D!+Ff!538)(D!IFf!;)('%3D!RFf!9/4U%3D!EFf!K)7%D!]FD!B!+-3)"'.-0/3H)3*!
9/=/4/')-"/(!/0!>)38/(!$"/V"*%!H"-.!6)'(%&"2=!>)38%(/"*&!%(!J/2-%!-/!iT
9)4/7)38/V,4"7!B7"*&F!Advanced Synthesis & Catalysis *4(5Q'361 dbeD!POOPTPOOZF!

P_bF! B*)=D!EFf!9%"4D!6FD!R.%!<./-/7.%="7)4!'%(%3)-"/(!/0F!)4<.)FT&24023T&28&-"-2-%*!
7,74/<3/<,47)38"(,4!3)*"7)4&!)(*!-.%"3!2-"4"U)-"/(!)&!)!=%7.)("&-"7!<3/8%!0/3!
%4%7-3/(!-3)(&0%3!"(!-.%!<%3/V"*%T&240"*%!3%)7-"/(F!Journal of the American Chemical 
Society ( 55(Q'113 dbeD!PcaOTPcaZF!

P_ZF! $%M/%,D!$F!BFf!M3)=</#("?D!$F!CFf![4/&"D!EF!CFf!6)3&.D!hF!>Ff!E)('D!ŠF!>Ff!h4%"(D!
;F!;Ff!67$)("%4D!hF![Ff!;"2D!lFf!;/('D!6F!BFf!h)-"D!EF!6FD!E)-%3T&/4284%!<3/*32'&!
/0!-.%!.2=)(!"==2(/*%0"7"%(7,!#"32&!<3/-%)&%!"(."8"-/3&!4/<"()#"3!)(*!
3"-/() #"3F!Journal of medicinal chemistry *445Q'52 dQeD!NQZ`TNQcOF!

P_cF! Š2D!lFT>Ff!;%8%)2D!IFf!M"44)3*D!CF!EFf!B--)3*/D!MFD!J%'"/T)(*!&-%3%/&%4%7-"#%!$$qT
"(*27%*!/V"*)-"#%!7/2<4"('!/0!"&/7.3/=)(&!)(*!"&/-."/7.3/=)(!H"-.!)47/./4&F!
Tetrahedron letters ( 551Q'34 dNèD!a_`PTa_``F!

P__F! S&/?)H)D!6Ff!+)(/D!6Ff!h28/-)D!hFf!+2U2?"D!hFf!S()'"D!+Ff![27."')="D!RFD!B(/*"7!
6%-./V,4)-"/(!/0!N TB7,4/V, TaD!aD!aT-3"042/3/<3/<,4!+240"*%&!B77/=<)(,"('!H"-.!
nPDNoTJ%)33)('%=%(-!/0!-.%!B7,4/V,!M3/2<!)(*!B(/*"7!>,74"U)-"/(!/0!N TdtT



!

Ncb!

G2-/V,7 )38/(,4e!/V, TaDaDaT-3"042/3/<3/<,4!+240"*%F!Journal of The Electrochemical 
Society *4(7Q'164 dPaeD!MPNPTMPNcF!

P_QF! $2-.)4%3D!JF!XFf!E,&&D!GFD!>/(#%3&"/(!/0!4T>,&-%"(%!"(-/!*TiTB="(/!B7"*&!)(*!
J%4)-%*!R3)(&0/3=)-"/(&F!European journal of organic chemistry *4((Q'2011 dN`eD!
`ZZcT̀Z_OF!

PQOF! M./&%UD!;Ff!M%/3'%Th/7.D!SFf!K)-"(,D!;Ff!9/2-%?"%D!6Ff!G/#,D!KFf!1&."=,2=2?"U)D!
KFf!K.)(D!RFD!B!'%(%3)4!)(*!<3)7-"7)4!=%-./*!/0!&,(-.%&"&!/0!NT*"&28&-"-2-%*TPT
7.4/3/ T)(*!P T83/=/%()="(%&F!Tetrahedron ( 558Q'54 daPeD!QNOcTQNNNF!

PQPF! h)-&2?"D!RFf!+.)3<4%&&D!hF!GFD!R.%!0"3&-!<3)7-"7)4!=%-./*!0/3!)&,==%-3"7!
%</V"*)-"/(F! Journal of the American Chemical Society ( 584Q'102 dP_eD!bQc`TbQcZF!

PQNF! K)-%4D!9F!9Ff!+"'=)(D!6F!+FD!I()(-"/&%4%7-"#%!<)44)*"2=T7)-)4,U%*!)4?%(,4)-"/(!/0!
-3"&28&-"-2-%*!)4?%(/4&!-/!0/3=!)44,4"7!L2)-%3()3,!7%(-%3&F!Journal of the American 
Chemical Society *4(6Q'138 d`aeD!P`NNZTP`NNQF!

PQaF! C/.(&-/(D!GFf!X%.4&7.4)'%3D!BFD![)7"4%!&,(-.%&"&!/0!-.%!%()(-"/=%3&!/0!03/(-)4"(F!
Canadian journal of chemistry ( 582Q'62 dPPeD!NP`_TNPb`F!

PQ`F! 9/*'&/(D!$F!6Ff!G)"4%,D!CF!6Ff!9)33"&/(D!RFD!B!7,74/)**"-"/(T3%)33)('%=%(-!
)<<3/)7.!-/!-.%!&L2)4%&-)-"(&F!Tetrahedron letters ( 556Q'37 dNZeD!`ZNaT̀ZNZF!

PQbF! M2-.%3-UD!BFf!;%2-U&7.D!6Ff!E/40D!;F!6Ff!M2<-)D!KFf!J2==%4-D!+F!6Ff!M/**)3*D!JFf!
[)3’&D!>Ff!R."%4D!EFf![2"3&-(%3D!BFD!9)40T&)(*H"7.!32-.%("2=!7)38%(%!7/=<4%V%&!
4"(?!-3)(&T.,*3/'%()-"/(!)(*!'%= T.,*3/'%()-"/(!/0!"( -%3()4!)4?,(%&F!Journal of 
the American Chemical Society *4(8Q'140 d_eD!aPbZTaPZQF!

PQZF! I('D!9F!6Ff!6,4%&D!$F!>FD!PF!+,(-.%&"&!/0!-.%!7/==/(!>F!P\ >F!Pa!.,*3/<./8"7!
*/=)"(!/0!-.%!G T-,<%!)=<."*"(/4"*%&F!Tetrahedron letters ( 555Q'40 dPNeD!NNcbTNNc_F!

PQcF! J)8%D!KFf!G)33)D!;Ff!J"(?%4D!CFf!J"74%)D!JFf!>"-3/(D!>F!BFf!h4)<&7."(&?"D!RF!BFf!
C)(2&?/D!BFf!$"7?&7.)-D!CF!+FD!>/(0/3=)-"/()4!B()4,&"&D!R.%3=)4!J%)33)('%=%(-D!
)(*!IST6+![3)'=%(-)-"/(!6%7.)("&=!/0!dP!dPOe!ID!`ID!Z+D!cJeTM%3=)73)*"%(TZT/4!
8,!Pa>T;)8%4"('!IV<%3"=%(-&F!Angewandte Chemie International Edition *4(3Q'54 
d`beD!Pa``_TPa`bPF!

PQ_F! R/(%D!9Ff!9"?/3) D!6Ff!9)=)*) D!RFf!1"&."D!RFf!X"?)H) D!lFf!l/(%="-&2D!XFD!
B4-%3()-"#%!+,(-.%&%&!/0!-.%!>QT>Pb!)(*!>P T>b!+%'=%(-&!/0!I3,-.3/(/4"*%!B!#")!



!

NcZ!

J%'"/ T)(*!+-%3%/T+%4%7-"#%!J%*27-"#%!J"('!X<%("('!/0!NDaTI</V,!B47/./4&F!
"hemical and pharmaceutical bulletin ( 585Q'37 dbeD!PPbbTPPbQF!

PQQF! u.)/D!6Ff!;"D!CFf!6)(/D!IFf!+/('D!uFf!R&7.)%(D!$F!6Ff!M3)8/H&?"D!IF!CFf!J%"*%3D!KF!CFD!
XV"*)-"/(!/0!<3"=)3,!)47/./4&!-/!7)38/V,4"7!)7"*&!H"-.!&/*"2=!7.4/3"-%!7)-)4,U%*!
8,!RI6KX!)(*!84%)7.F! The Journal of Organic Chemistry ( 555Q'64 dceD!NbZ`TNbZZF!

NOOF! B44)(D!hF!6Ff!9/('D!GF!$Ff!+-/4-UD!GF!6FD!IV<%*"%(-!&,(-.%&"&!/0!aT
.,*3/V,"&/L2"(/4"(%&!)(*!N T.,*3/V, TPD!T̀()<.-./L2"(/(%&!#")!/(% T</-!)3,(%!
)7,4T)4?,4)-"/(Y7/(*%(&)-"/(F! Organic & biomolecular chemistry *445Q'7 dNaeD!`QZOT
`QZ`F!

NOPF! ;"(D!;Ff!J/=)(/D!>Ff!6)U%- D!>F!=FD!K)44)*"2=T7)-)4,U%*!4/(' T3)('%!*%7/(:2')-"#%!
"&/=%3"U)-"/(!/0!."'.4,!&28&-"-2-%*!iD!^ T2(&)-23)-%*!7)38/(,4!7/=</2(*&F!
Journal of the American Chemical Society *4(6Q'138 daNeD!POa``TPOabOF!

NONF! +="-.!SSSD!BF!GFf!q"2D!lFf!C/(%&D!$F!JFf!h/8),)&."D!hFD!R/-)4!&,(-.%&"&!/0!d\ eT
*"&7/*%3=/4"*%F!Journal of the American Chemical Society ( 553Q'117 d`_eD!PNOPPT
PNOPNF!

NOaF! +="-.D!BF!GFf!G%)27.)=<D!RF!CFf!;)6)37.%D!6F!CFf!h)20=)(D!6F!$Ff!q"2D!lFf!
B3"=/-/D!9Ff!C/(%&D!$F!JFf!h/8),)&."D!hFD!I#/42-"/(!/0!)!'3)=T&7)4%!&,(-.%&"&!/0!
dxeT*"&7/*%3=/4"*%F!Journal of the American Chemical Society *444Q'122 daZeD!_Zb`T
_ZZ`F!

NO`F! +="-.D!BF!GFf![3%%U%D!GF!+Ff!Š")(D!6Ff!9"3/&%D!RFD!R/-)4!&,(-.%&"&!/0!dxeT
*"&7/*%3=/4"*%@!)!."'.4,!7/(#%3'%(-!0/23-. T'%(%3)-"/(!)<<3/)7.F! Organic letters 
*443Q'7 dQeD!P_NbTP_N_F!

NObF! G/,7%D!JF!CFf!624L2%%(D!MF!>Ff!K)--%(*%(D!MFD!R/-)4!&,(-.%&"&!/0!-.")(')U/4%D!)!
(/#%4!"(."8"-/3!/0!9S] TP!03/=!</4,)('"2=!&<F! Tetrahedron letters ( 552Q'35 daPeD!
bcObTbcO_F!

NOZF! R"%-U%D!;Ff!G/.(?%D!1Ff!$"%-UD!+FD!+,(-.%&"&!/0!-.%!$%/V,)="(/&2')3!dxeT* T
[/3/&) ="(%!#")!)!1/#%4!$/="(/•h(/%#%()'%4•9%-%3/ T$"%4&•B4*%3!J%)7-"/(F!
Organic letters *445Q'11 dPaeD!NQ`_TNQbOF!

NOcF! G)"D!lFf!+.%(D!ŠFf!;"D!lFf!$)"D!6FD!R/-)4!&,(-.%&"&!/0!d•eT&<"(/&,(!B!#")!
7)38/(,4)-"#%!=)73/4)7-/("U)-"/(F! Journal of the American Chemical Society *4(6Q'
138 da`eD!PO_a_TPO_`PF!



!

Ncc!

Biography 
9,2(:"!;%%! 3%7%"#%*!)!G)7.%4/3!/0!+7"%(7%!*%'3%%!"(!<.)3=)7,!)-!l%2('()=!

5("#%3&"-,D!+/2-.!h/3%)!"(![%832)3,!/0!NOPOF!+.%!%)3(%*!.%3!6)&-%3!/0!+7"%(7%!*%'3%%!"(!

=%*"7"()4!7.%="&-3,!03/=!-.%!7/44%'%!/0!<.)3=)7,!)-!+%/24!1)-"/()4!5("#%3&"-,D!+/2-.!

h/3%)!"(![%832)3,!/0!NOPNF!S(!-.%!0)44!/0!NOP`D!&.%!8%')(!.%3!'3)*2)-%!7)3%%3!)-!$2?%!

5("#%3&"-,!)(*!3%7%"#%*!.%3!$/7-/3!/0!K."4/&/<.,!"(!/3')("7!7.%="&-3,!"(!1/#%=8%3!/0!

NOPQF!

!
ZC>C%A'a'<b,%0'
h)-.4%%(!u"%4"?![%44/H&."<!BH)3* ! NOP_\ NOPQ!
>F!JF!9)2&%3!6%=/3")4![%44/H&."<! NOPc\ NOP_!
1)-"/()4!J%&%)37.![/2(*)-"/(!/0!h/3%)D!Gh!NP!J%&%)37.!+7./4)3&."< ! NOPO\ NOPP!
l%2('()=!5("#%3&"-,D!+7./4)3&."<!0/3!B7)*%="7!IV7%44%(7%! NOO_\ NOOQ!

 

T$.E"/,?"C>A',>0'T,?&>?'
'
nPPo! +F!;%%D!lF!6F!;%%D!Z)@c)'O&&D!9F!C%/(D!9F!;%%D!$F!+."(D!+F!h"=F!”6%=83)(%!02&"/(!

-.3/2'.!-.%!'%(%3)-"/(!/0!-3")U/4%!7%3)="*%!#")!74"7?!7.%="&-3,!)-!-.%!=%=83)(%!
&230)7%•!Asian J. Org. Chem. *4(5 D!in press d.--<&@YY*/"F/3'YPOFPOONY):/7FNOPQOOa`Ne!
!

nPOo! Z)'O&&D!hF!+,4#%&-%3D!IF!JF!$%38,&."3%D!CF!9/('F!”+,(-.%&"&!)(*!)()4,&"&!/0!()-23)4!
<3/*27- T4"?%!=)73/7,74%&!#")!-)(*%=!/V"*)-"/(Y/V) T7/(:2')-%!)**"-"/(!3%)7-"/(&•!
Chem.–Eur. JF!*4(5 D!25D!ZbOO\ ZbO`F!
!

nQo! 6F!;%%D!CF!u.)/D!+FT9F!hH)?D!CF!>./D!6F!;%%D!JF!BF!M"44%&<"%D!$FTlF!hH/(D! Z)'O&&D!
9FTCF!K)3?D!qF!E2D!KF!u./2D!CF!9/('F!”+-327-23%T)7-"#"-,!3%4)-"/(&."<!/0!&240/(,4!
<"<%3)U"(%!;<V9!"(."8"-/3&!)()4,U%*!8,!)(!;<VI T7/2<4%*!=)4)7."-%!'3%%(!)&&),•!
ACS Infect. Dis. *4(5 D!5D!Z`P\ ZbPF!
!

n_o! CF!M)2-)=D!+F!G)(&?/-)D!Z)'O&&D!lFTCF!;%%D!lF!9F!C%/(D!CFTBF!h"=D!GFT+F!C%/('F!
”$/H( T3%'24)-"/(!/0!7)-.%<&"(!+!)(*!=)-3"V!=%-)44/<3/-%"()&%TQ!#")!+37D!)!(/(T



!

Nc_!

3%7%<-/3!-,3/&"(%!?"()&%D!&2<<3%&&%&!-3"<4%T(%')-"#%!83%)&-!7)(7%3!'3/H-.!)(*!
=%-)&-)&"&•!Exp. Mol. MedF!*4(8 D!50D!PP_\ PaPF!!

!
nco! GF!h"=D!JF!J)-(),)?%D!Z)'O&&D!MF!+."D!+F!;F!u%44%3D!>F!;"D!9F!;2%&7.D!CF!9/('F!

”+,(-.%&"&!)(*!8"/4/'"7)4!%#)42)-"/(!/0!4)3')U/4%!U "(7T8"(*"('!'3/2<!)()4/'&•!
Bioorg. Med. Chem.!*4(7 D!25(12)D!aOcc\ aO_ZF!
!

nZo! Z)'O&&D!$FTMF!h"=D!+F!G)(&?/-)D!lF!hF!;%%D!RFTMF!1)=D!CFTBF!h"=D!GFT+F!C%/('F!
”K,3"*/V"(% T*%3"#%*!8"7,74"7!)="*/TD!23%"*/TD!)(*!7)38)=)-/ T<,3"*"(/4&@!
&,(-.%&"&!)(*!)(-")('"/'%("7!)7-"# "-"%&•!Org. Biomol. Chem.!*4(2 D!12D!_cON\ _cPOF!
!

nbo! Z)'O&&D!lFThF!;%%D!6FT+F!+/(D!RFTMF!1)=D!GFT+F!C%/('F!”R/7/<.%3/4!&"*%!7.)"(!
&,(-.%&"&!#")!)&,==%-3"7!/3')(/7)-)4,-"7!-3)(&0%3!.,*3/'%()-"/(!)(*!7/(#%("%(-!
=%)&23%=%(-!/0!&-%3%/&%4%7-"#"-,•!Tetrahedron Lett.!*4(2 D!55D!b_bQ\ b_QcF!
!

n`o! Z)'O&&D!lF!h)('D!$FTMF!h"=D!9FTCF!C)('D!RFTMF!1)=D!CFTBF!h"=D!GFT+F!C%/('F!
”+,(-.%&"&!)(*!)(-")('"/'%("7!)7-"#"-,!/0!Z T)="*/ TND`DbT-3"=%-.,4<,3"*"( TaT/4&•!
Bioorg. Med. Chem. Lett.!*4(2 D!24(14)D!aPaP\ aPaZF!
!

nao! $FTMF!h"=D!lF!h)('D!Z)'O&&D!RFTMF!1)=D!CFTBF!h"=D!GFT+F!C%/('F!”ZTB="(/ TND`DbT
-3"=%-.,4<,3"*"( TaT/4&@!B!(%H!'%(%3)4!&,(-.%-"7!3/2-%!)(*!)(-")('"/'%("7!
)7-"#"-,•! Eur. J. Med. Chem.!*4(2 D!78D!PNZ\ PaQF!
!

nNo! GFT+F!C%/('D!CFTBF!h"=D!lF!h)('D!$FTMF!h"=D!Z)@c)'O&&D!+FTlF!K)3?D!lF!C"(D!CF!G"(D!RFTMF!
1)=!–B="*/<,3"*"(/4!*%3"#)-"#%&!/3!<.)3=)7%2-"7)4 4,!)77%<-)84%!&)4-&!-.%3%/0D!
)(*!<.)3=)7%2-"7)4!7/=</&"-"/(!7/(-)"("('!&)=%!)&!)7-"#%!"('3%*"%(-&!0/3!
<3%#%(-"('!/3!-3%)-"('!*"&%)&%&!7)2&%*!8,!)('"/'%(%&"&–!h/3%)!K)-%(-!B<<4"7)-"/(!
POTNOPaTOO`aZPa!dNOPae!
!

nPo! Z)@c)'O&&‚D!>F!;"=‚D!+F!9H)('D!GFT+F!C%/('D!+F!h"=F!”+"4#%3T=%*")-%*!exoT&%4%7-"#%!
-)(*%=!*%&"4,4)-"#%!83/="()-"/(Y/V,7,74"U)-"/(!/0!&"4,4 T<3/-%7-%*!)4?,(%&@!
+,(-.%&"&!/0!NT83/=/=%-.,4%(% T-%-3).,*3/023)(•! Chem.–Asian J.!*4(( D!6(8)D!PQ`a\
PQ`cF!d‚)2-./3&!7/(-3"82-%*!%L2)44,!-/!-."&!H/3?Fe!!
!


