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A b str a ct 

C y st ei n e pr ot e a s e s h a v e b e c o m e pr o mi si n g t ar g et s f or dr u g d e v el o p m e nt, p arti c ul arl y 

i n  li g ht  of  r e c e nt  a d v a n c e m e nt s  i n  tr e ati n g C O VI D -1 9  wit h  nir m atr el vir,  a  c o v al e nt 

r e v er si bl e i n hi bit or of t h e S A R S-C o V -2 m ai n pr ot e a s e ( M pr o ). Gi v e n t h e wi d e r a n g e of 

c y st ei n e pr ot e a s e s f o u n d i n v ari o u s or g a ni s m s, t h e p ot e nti al a p pli c ati o n s  of c o v al e nt 

c y st ei n e pr ot e a s e i n hi bit or s  t o a d dr e s s p ar a siti c, vir al, c a n c er o u s , a n d a ut oi m m u n e 

di s e a s e s ar e n u m er o u s. H o w e v er, a c hi e vi n g eff e cti v e dr u g d eli v er y t o t ar g et sit e s a n d 

mi ni mi zi n g  off -t ar g et  eff e ct s  r e q uir e s  t h e  d e v el o p m e nt  of  s el e cti v e  s c aff ol d s  wit h 

o pti m al p h y si c o c h e mi c al pr o p erti e s.  

I n t hi s di s s ert ati o n, I pr e s e nt t h e d e v el o p m e nt of s el e cti v e ( F-) vi n yl s ulf o n( at) e-b a s e d 

c y st ei n e pr ot e a s e i n hi bit or s wit h b e n efi ci al p h ar m a c o ki n eti c pr o p erti e s , f o c u si n g o n 

t hr e e t ar g et pr ot e a s e s fr o m t h e c at h e p si n f a mil y a s e x a m pl e s: Tr y p a n o s o m a br u c ei  

c at h e p si n L ( T b C at L, r h o d e s ai n), S c hi st o s o m a m a n s o ni  c at h e p si n B 1 ( S m C B 1), a n d 

h u m a n c at h e p si n S ( C at S).  

M ol e c ul ar d o c ki n g st u di e s c o m bi n e d wit h e n z y m e a n d p h e n ot y pi c a s s a y s w er e cr u ci al 

f or t h e  i n hi bit or  d e si g n  a n d  e v al u ati o n. T h e  r e s ult s  of  t h e s e  st u di e s  h a v e  b e e n 

e s s e nti al i n  g ui di n g  t h e  d e v el o p m e nt  of  i n hi bit or s  wit h  e n h a n c e d  effi c a c y  a n d 

s el e cti vit y .  M or e o v er,  v al u a bl e  i n si g ht s  i nt o  t h e  bi o di stri b uti o n  a n d  m et a b oli s m  of 

s e v er al  c o m p o u n d s h a v e  b e e n  o bt ai n e d  t hr o u g h i n vi v o st u di e s  a s  w ell  a s i n  vitr o 

m et a b oli s m  st u di e s.  T o  f urt h er  i m pr o v e  effi c a c y,  t ar g et e d  dr u g  d eli v er y  str at e gi e s 

w er e e x pl or e d i n o n e of t h e pr oj e ct s.  
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K u r z d ar st ell u n g 

C y st ei n pr ot e a s e n  si n d  z u  vi el v er s pr e c h e n d e n Zi el str u kt ur e n f ür  di e 

Ar z n ei mitt el e nt wi c kl u n g  g e w or d e n,  i n s b e s o n d er e  a n g e si c ht s  d er  j ü n g st e n 

F ort s c hritt e  b ei  d er  B e h a n dl u n g  v o n  C O VI D -1 9  mit  Nir m atr el vir,  ei n e m  k o v al e nt -

r e v er si bl e n I n hi bit or d er S A R S-C o V -2 M ai n Pr ot e a s e ( M pr o ). A n g e si c ht s d e s br eit e n 

S p e ktr u m s a n C y st ei n pr ot e a s e n, di e i n v er s c hi e d e n e n Or g a ni s m e n v or k o m m e n, gi bt 

e s z a hlr ei c h e p ot e n zi ell e A n w e n d u n g s m ö gli c h k eit e n f ür k o v al e nt e C y st ei n pr ot e a s e -

I n hi bit or e n  z ur  B e h a n dl u n g  v o n  p ar a sit är e n,  vir al e n,  c a n c er o g e n e n  u n d 

A ut oi m m u n kr a n k h eit e n. U m j e d o c h ei n e n eff e kti v e n Wir k st offtr a n s p ort a n di e Zi el ort e 

z u  err ei c h e n  u n d  Off - T ar g et-Eff e kt e  z u  mi ni mi er e n,  i st  di e  E nt wi c kl u n g  s el e kti v er 

Str u kt ur e n mit o pti m al e n p h y si k o c h e mi s c h e n Ei g e n s c h aft e n erf or d erli c h.  

I n  di e s er  Di s s ert ati o n wir d  di e  E nt wi c kl u n g  s el e kti v er  a uf  ( F -) Vi n yl s ulf o n( at) e n 

b a si er e n d er  C y st ei n pr ot e a s e- I n hi bit or e n  mit  v ort eil h aft en  p h ar m a k o ki n eti s c h e n 

Ei g e n s c h aft e n  pr ä s e nti ert , mit  F o k u s  a uf  dr ei Zi el p r ot e a s e n  a u s  d er  C at h e p si n-

F a mili e: Tr y p a n o s o m a br u c ei  c at h e p si n L ( T b C at L, r h o d e s ai n), S c hi st o s o m a m a n s o ni  

c at h e p si n B 1 ( S m C B 1) u n d d a s h u m a n e C at h e p si n S ( C at S).  

M ol e k ul ar e  D o c ki n g -St u di e n  i n  V er bi n d u n g  mit  E n z y m a s s a y s u n d  p h ä n ot y pi s c h e n 

T e st s  w ar e n  e nt s c h ei d e n d  f ür  di e  E nt wi c kl u n g  u n d  B e w ert u n g d er   I n hi bit or e n.  Di e 

Er g e b ni s s e  di e s er  St u di e n  w ar e n  a u s s c hl a g g e b e n d  f ür  di e  E nt wi c kl u n g  v o n 

I n hi bit or e n  mit  v er b e s s ert er  Wir k s a m k eit  u n d S e l e kti vit ät.  D ar ü b er  hi n a u s  w ur d e n 

d ur c h  I n- vi v o-St u di e n u n d I n-vitr o - M et a b oli s m u s-St u di e n w ert v oll e Er k e n nt ni s s e ü b er 

di e bi ol o gi s c h e V ert eil u n g u n d d e n M et a b oli s m u s ei ni g er S u b st a n z e n  g e w o n n e n. U m 

di e Wir k s a m k eit w eit er z u v er b e s s er n, w ur d e n i n ei n e m d er Pr oj e kt e Str at e gi e n z ur 

g e zi elt e n V er a br ei c h u n g („t ar g et e d d eli v er y“)  v erf ol gt. 
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I ntr o d u cti o n 

1 R el e v a n c e  of  P h y si c o c h e mi c al  P r o p erti e s  a n d  A D M E  

P ar a m et er s i n Dr u g D e si g n  

I m a gi n e a w orl d w h er e e v er y m e di c ati o n y o u t a k e i s s p e cifi c all y d e si g n e d t o t ar g et 

t h e c a u s e of y o ur di s e a s e. T hi s i s t h e r e alit y of m o d er n dr u g d e si g n, w h er e w e  u s e a 

v ari et y of t o ol s a n d t e c h ni q u e s t o d e v el o p t ar g et e d tr e at m e nt s. I n t hi s pr o c e s s, o n e of 

t h e m o st i m p ort a nt a s p e ct s i s t o c o n si d er t h e p h y si c o c h e mi c al pr o p erti e s of p ot e nti al 

dr u g s . T h e s e p ar a m et er s, s u c h a s li p o p hili cit y, s ol u bilit y , a n d m ol e c ul ar w ei g ht, c a n 

gr e atl y i m p a ct a dr u g' s eff e cti v e n e s s a n d s af et y, a n d m u st b e c ar ef ull y e v al u at e d t o 

d e v el o p  s u c c e s sf ul  tr e at m e nt s. H er e,  I  will  di s c u s s  t h e  eff e ct  of  p h y si c o c h e mi c al 

p ar a m et er s o n p h ar m a c o ki n eti c  pr o p erti e s  a n d  h o w  str u ct ur al  m o difi c ati o n s  of 

c o v al e nt c y st ei n e pr ot e a s e i n hi bit or s c a n aff e ct t h eir s el e cti vit y pr ofil e s a n d effi c a c y.  

1. 1 R ul e of Fi v e 

O pti mi zi n g l e a d str u ct ur e s wit h hi g h bi ol o gi c al a cti vit y t o w ar d s dr u g c a n di d at e s i n dr u g 

d e v el o p m e nt r e q uir e s t h e c o n si d er ati o n of p h y si c o c h e mi c al p ar a m et er s. T h e c o n c e pt 

of “ l e s s i s m or e” i s e m b o di e d i n t h e wi d el y u s e d  LI PI N S KI r ul e of fi v e i n dr u g d e si g n.1, 2  

T hi s g ui d eli n e st at e s t h at a dr u g c a n di d at e s h o ul d n ot vi ol at e c ert ai n p h y si c o c h e mi c al 

p ar a m et er s,  i n cl u di n g  m ol e c ul ar  w ei g ht,  li p o p hili cit y,  oft e n  r e pr e s e nt e d  b y  t h e  l o g P 

v al u e ,  a n d  h y dr o g e n  b o n d  d o n or s ( H B D) a n d  a c c e pt or s  ( H B A).  B y f oll o wi n g  t h e s e 

crit eri a, dr u g s h a v e t h e p ot e nti al t o b e or all y bi o a v ail a bl e a n d eff e cti v el y p e n etr at e c ell 

m e m br a n e s t o i nt er a ct wit h t ar g et pr ot ei n s, l e a di n g t o e n h a n c e d effi c a c y.1, 2   

M O L E C U L A R W EI G H T  

T h e L I PI N S KI r ul e of fi v e st at e s t h at t h e m ol e c ul ar w ei g ht of a dr u g c a n di d at e s h o ul d 

n ot e x c e e d 5 0 0  D alt o n. T hi s r e stri cti o n o n m ol e c ul ar w ei g ht i s b a s e d o n t h e i d e a t h at 

l ar g er  m ol e c ul e s  ar e  m or e  li k el y  t o  h a v e  d e cr e a s e d  s ol u bilit y  a n d  i n cr e a s e d 

p er m e a bilit y,  w hi c h  c a n  l e a d  t o  r e d u c e d  effi c a c y  a n d  i n cr e a s e d  t o xi cit y. 2  L ar g e 

li p o p hili c  c o m p o u n d s  c a n  a c c u m ul at e  i n m e m br a n e s  or   v ari o u s  ti s s u e s a n d  c a u s e 

a d v er s e  eff e ct s.  O n  t h e  ot h er  h a n d,  s o m e  l ar g e  m ol e c ul e s  mi g ht  h a v e  r e d u c e d 

p er m e a bilit y a n d t h er ef or e r el y o n a cti v e tr a n s p ort. 3  
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P A R TI TI O N C O E F FI CI E N T  

T h e l o g P v al u e, or p artiti o n c o effi ci e nt, s er v e s a s a m etri c f or a m ol e c ul e' s li p o p hili cit y . 

It i s c al c ul at e d a s t h e l o g arit h mi c r ati o of a m ol e c ul e’ s c o n c e ntr ati o n i n n -o ct a n ol t o it s 

c o n c e ntr ati o n i n w at er. T hi s f u n d a m e nt al p ar a m et er i n dr u g d e v el o p m e nt i s u s e d t o 

pr e di ct a dr u g’ s  s ol u bilit y, p er m e a bilit y, a n d  ( or al) bi o a v ail a bilit y. A hi g h er l o g P  v al u e 

i n di c at e s  el e v at e d  li p o p hili city , w hi c h  aff e ct s  a  dr u g' s  c a p a cit y  t o p a s s  a cr o s s   c ell 

m e m br a n e s  a n d  i nt er a ct  wit h  t ar g et str u ct ur e s . It i s a  v al u a bl e  t o ol t o  i m pr o v e t h e 

p h ar m a c o ki n eti c a n d p h ar m a c o d y n a mi c pr o p erti e s of a dr u g a n d , t h u s, pl a y s a cri ti c al 

r ol e i n e v al u ati n g a m ol e c ul e' s s uit a bilit y a s a dr u g c a n di d at e. 4, 5  I n LI PI N S KI’ s r ul e of 

fi v e,  t h e  l o g P  v al u e  s h o ul d  n ot  e x c e e d fi v e.1, 2   N e v ert h el e s s, it  s h o ul d  al s o  b e 

c o n si d er e d t h at c o m p o u n d s wit h  l o w l o g P v al u e s, t h u s h y dr o p hili c or e v e n c h ar g e d , 

ar e al s o n ot li k el y t o b e p er m e a bl e .6   

H Y D R O G E N B O N D S  

T h e  r ul e  of  fi v e al s o st at e s  t h at  a  dr u g  c a n di d at e  s h o ul d  h a v e  n o  m or e  t h a n  fi v e 

h y dr o g e n  b o n d  d o n or s  a n d n o  m or e  t h a n t e n  a c c e pt or s.1, 2  I n  dr u g  d e si g n,  it' s 

i m p ort a nt t o c o n si d er t h e n u m b er of H B D  a n d H B A , si n c e t h e s e f u n cti o n al gr o u p s c a n 

aff e ct a dr u g' s s ol u bilit y, st a bilit y, a n d bi o a v ail a bilit y. 7  If a dr u g h a s t o o m a n y H B D  a n d 

H B A ,  it  m a y  b e  m or e  li k el y  t o  f or m  u n w a nt e d H- b o n d s  wit h  ot h er  m ol e c ul e s  i n t h e 

b o d y,  r e d u ci n g effi c a c y  a n d i n cr e a si n g  t o xi cit y.8  Still,  h y dr o g e n  b o n d s  c a n  i m pr o v e 

s ol u bilit y a n d st a bili z e c o nf or m ati o n s. 7  

E X T E N D E D R U L E O F FI V E  

T h e  e xt e n d e d  r ul e  of  fi v e,  al s o  k n o w n  a s  t h e V E B E R  r ul e,  i s  a  m o difi c ati o n  of  t h e 

L I PI N S KI r ul e  of  fi v e  t h at  i n cl u d e s  a d diti o n al  p ar a m et er s  f or  dr u g-li k e  pr o p erti e s.6  I n 

a d diti o n  t o  t h e m o difi e d ori gi n al  p ar a m et er s  of  m ol e c ul ar  w ei g ht  ( 5 0 0– 7 0 0  D a) , 

li p o p hili cit y (l o g P ≤   7. 5),  a n d H B A/ H B D   ( 1 0/ 5),  t h e  e xt e n d e d  r ul e  of  fi v e  a d d s 

c o n str ai nt s o n a m ol e c ul e' s r ot at a bl e b o n d s (≤  1 5) a n d p ol ar s urf a c e ar e a  ( P S A, ≤  

1 4 0 Å ²).9  T h e s e a d diti o n al p ar a m et er s c o ntri b ut e t o a m or e c o m pr e h e n si v e e v al u ati o n 

of a m ol e c ul e' s p ot e nti al a s a dr u g c a n di d at e. T h e i d e a b e hi n d t h e e xt e n d e d r ul e of 

fi v e i s t h at dr u g s wit h t o o m a n y r ot at a bl e b o n d s or a t o o l ar g e p ol ar s urf a c e ar e a t e n d 

t o h a v e l o w er st a bilit y a n d bi o a v ail a bilit y.1 0  I n cr e a s e d r ot ati o n al d e gr e e s of fr e e d o m 

m a y l e a d t o a l ar g er diff u si o n al cr o s s s e cti o n, i nfl u e n ci n g p er m e a bilit y. A l ar g e p ol ar 

s urf a c e  c a n  al s o  r e d u c e  p a s si v e  diff u si o n. A d h eri n g  t o  t hi s  r ul e  c a n  i m pr o v e  t h e 

c h a n c e s  of  s u c c e s s  f or  dr u g  c a n di d at e s.  H o w e v er,  it  s h o ul d  b e  n ot e d  t h at  t h e s e 

g ui d eli n e s  ar e  n ot  a b s ol ut e  a n d  a  m ol e c ul e  t h at  vi ol at e s  o n e  or  m or e  of  t h e s e 

p ar a m et er s m a y still h a v e t h er a p e uti c p ot e nti al  ( e. g., a nti vir al a g e nt s li k e rit o n a vir).9  
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T hr e e e x a m pl e s f or dr u g s wit hi n or b e y o n d t h e r ul e of fi v e , t h at ar e or all y bi o a v ail a bl e 

aft er all, ar e s h o w n i n Fi g u r e 1. 

 

Fi g u r e 1.  E x a m pl e s f or dr u g s t h at  ar e wit hi n t h e s c o p e of L I PI N S KI’ s r ul e of fi v e ( o m e pr a z ol e, 
l eft),1 1  t h e  e xt e n d e d  r ul e  of  fi v e  (itr a c o n a z ol e,  mi d dl e)6  or  b e y o n d  t h e  r ul e  of  fi v e  (rit o n a vir, 
ri g ht).9  P h y si c o c h e mi c al p ar a m et er s r etri e v e d fr o m t h e N A TI O N A L C E N T E R F O R B I O T E C H N O L O G Y 

IN F O R M A TI O N  ( P u b C h e m, 2 0 2 3).1 2  

1. 2 A D M E P ar a m et er s  

P h ar m a c o ki n eti c s, oft e n r ef err e d t o a s “ w h at t h e b o d y d o e s t o t h e dr u g” , i s t h e st u d y 

of h o w a dr u g i s a b s or b e d  ( A), di stri b ut e d ( D), m et a b oli z e d ( M), a n d eli mi n at e d ( E) 

fr o m  t h e  b o d y,  i n  s h ort: A D M E   (Fi g ur e  2 ).1 3 – 1 5  T hi s  fi el d  of  st u d y  i s  criti c al  i n 

d et er mi ni n g t h e d o si n g a n d a d mi ni str ati o n  r o ut e of a dr u g, a s w ell a s u n d er st a n di n g 

t h e  f a ct or s  t h at  c a n  i m p a ct  it s effi c a c y  a n d  s af et y.  B y  c ar ef ull y  a n al y zi n g  t h e 

p h ar m a c o ki n eti c  pr o p erti e s  of  a  dr u g, w e  c a n  o pti mi z e  it s  t h er a p e uti c  eff e ct  a n d 

mi ni mi z e u n w a nt e d si d e eff e ct s. T h e st u d y of p h ar m a c o ki n eti c s i s a n e s s e nti al p art of 

dr u g  d e si g n  a n d  d e v el o p m e nt,  all o wi n g  u s  t o  b ett er  u n d er st a n d  t h e  d y n a mi c 

r el ati o n s hi p  b et w e e n  a  dr u g  a n d  t h e  b o d y.1 6, 1 7  T h e  A D M E  p ar a m et er s  ar e hi g hl y 

d e p e n d e nt o n t h e dr u g’ s p h y si c o c h e mi c al p ar a m et er s. 1 8   
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Fi g u r e  2.  A D M E  e x e m plifi e d  f or  p er or al  a d mi ni str ati o n   – s c h e m ati c  o v er vi e w of  s o m e 
i m p ort a nt a s p e ct s. T h e fi g ur e w a s p artl y g e n er at e d u si n g S E R VI E R M E DI C A L A R T , pr o vi d e d b y 
S E R VI E R , li c e n s e d u n d er a Cr e ati v e C o m m o n s Attri b uti o n 3. 0 o p e n  li c e n s e. 

A B S O R P TI O N  ( A) 

A s  d e s cri b e d  a b o v e,  t h e L I PI N S KI r ul e  of  fi v e  pl a y s  a n  i m p ort a nt  r ol e  i n  a  dr u g’ s 

a b s or pti o n i n t h e  i nt e sti n e s. Or al  bi o a v ail a bilit y  r ef er s  t o  t h e  fr a cti o n  of  a  dr u g t h at 

e nt er s t h e bl o o d str e a m aft er p er or al a d mi ni str ati o n a n d c a n r e a c h it s t ar g et sit e i n t h e 

b o d y. 1 9, 2 0  It  i s  i nfl u e n c e d  b y s e v er al f a ct or s,  i n cl u di n g  t h e  dr u g' s  s ol u bilit y,  st a bilit y, 

a n d  m et a b oli s m  i n  t h e i nt e sti n e a n d  li v er.  C ell  p er m e a bilit y,  e s p e ci all y  vi a  p a s si v e 

diff u si o n, r e m ai n s cr u ci al f or or al bi o a v ail a bili t y.2 1, 2 2  

DI S T RI B U TI O N  ( D) 

S e v er al  f a ct or s  aff e ct  t h e  di stri b uti o n,  d e p e n di n g  o n  t h e  ti s s u e.   Fir stl y,  t h e  cell 

p er m e a bilit y t h at  i s d et er mi n e d  b y  p h y si c o c h e mi c al  pr o p erti e s,  s u c h  a s  l o g P  a n d 

P S A .2 1, 2 2  U s u all y,  p a s si v e  diff u si o n   a cr o s s m e m br a n e s  i s criti c al ,  b ut  in s o m e  c ell 

t y p e s  or  ti s s u e s,  a cti v e  tr a n s p ort  i s k e y. 2 3  I n  ot h er s, effl u x  fr o m  c ell s  i s  i n v ol v e d, 

li miti n g di stri b uti o n i n s o m e ti s s u e s, e. g., b y P- gl y c o pr ot ei n ( P- g p)  i n br ai n ti s s u e ( s e e 

c h a pt er 1. 2 . 1).2 4 – 2 7  A n ot h er  f a ct or  i nfl u e n ci n g  t h e  bi o di stri b uti o n  i s  pl a s m a  pr ot ei n 

bi n di n g ( P P B). 2 8 – 3 0  Li p o p hili c dr u g s li k e p h e n yt oi n a d s or b t o pl a s m a pr ot ei n s, s u c h a s 

s er u m  al b u mi n, w hi c h  i m m e n s el y  i m pr o v e s  t h eir  pl a s m a s ol u bilit y. 3 1  P P B  g e n er all y 

pr ol o n g s a dr u g’ s pl a s m a h alf -lif e, si n c e o nl y t h e fr e e dr u g a m o u nt  i s e s s e nti al f or t h e 
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eff e ct a s w ell a s m et a b oli s m a n d e x cr eti o n.  Ad s or pti o n t o s er u m  al b u mi n i s a st e a d y 

st at e  b et w e e n t h e b o u n d  a n d  u n b o u n d fr a cti o n.3 2   W h e n t h e u n b o u n d  dr u g  i s 

m et a b oli z e d  a n d  e x cr et e d, n e w  dr u g  i s r el e a s e d fr o m pl a s m a pr ot ei n  bi n di n g . T hi s 

pr ol o n g s  t h e  h alf -lif e  c o m p ar e d  t o  dr u g s  t h at  ar e  c o m pl et el y  u n b o u n d  a n d  t h u s, 

m et a b oli z e d a n d e x cr et e d m or e r a pi dl y. 3 3, 3 4  T h e di stri b uti o n v ol u m e i s a f u n d a m e nt al 

c o n c e pt i n p h ar m a c o ki n eti c s t h at h el p s t o c h ar a ct eri z e dr u g di stri b uti o n i n t h e b o d y. 

D efi n e d a s t h e t h e or eti c al v ol u m e of fl ui d r e q uir e d t o a c c o u nt f or t h e t ot al a m o u nt of 

dr u g  i n  t h e  b o d y,  t hi s  p ar a m et er  t a k e s  i nt o  c o n si d er ati o n  t h e  d y n a mi c  i nt er pl a y 

b et w e e n  dr u g  c o n c e ntr ati o n  a n d  t h e  v ari o u s  p h y si ol o gi c al  c o m p art m e nt s. 3 5, 3 6  T h e 

p h y si c o c h e mi c al p ar a m et er s of a dr u g c a n gr e atl y i nfl u e n c e it s di stri b uti o n v ol u m e. 3 7  

F or e x a m pl e, dr u g s wit h hi g h li p o p hili cit y t e n d t o h a v e a l ar g er di stri b uti o n v ol u m e, a s 

t h e y c a n m or e e a sil y p e n etr at e c ell m e m br a n e s a n d di stri b ut e t o li pi d-ri c h ti s s u e s. O n 

t h e  ot h er  h a n d,  dr u g s  wit h  hi g h  h y dr o p hili cit y  t e n d  t o  h a v e  a  s m all er  di stri b uti o n 

v ol u m e,  a s  t h e y  ar e  m or e  r e stri ct e d  t o  t h e  e xtr a c ell ul ar  fl ui d  c o m p art m e nt.  Ot h er 

p h y si c o c h e mi c al f a ct or s s u c h a s m ol e c u l ar w ei g ht, pr ot ei n bi n di n g, a n d i o ni z ati o n c a n 

al s o i m p a ct t h e di stri b uti o n v ol u m e of a dr u g. 3 7  U n d er st a n di n g t h e s e p ar a m et er s a n d 

t h eir eff e ct s o n dr u g di stri b uti o n i s cr u ci al f or pr e di cti n g dr u g effi c a c y a n d t o xi cit y.3 8  

M E T A B O LI S M ( M) 

A  dr u g’ s  li p o p hili cit y  al s o  h a s  a  m aj or  eff e ct  o n it s  m et a b oli z ati on. 3 9, 4 0  T h e  m or e 

li p o p hili c, t h e hi g h er t h e m et a b oli s m r at e i n h e p at o c yt e s si n c e  t hi s u s u all y r e q uir e s 

p h a s e  I  a n d  p h a s e  II  r e a cti o n s  t o  e n a bl e  e x cr eti o n  ( s e e  c h a pt er 1. 2 . 2). Hi g h er 

m et a b oli z ati o n  r at e s  l e a d  t o  a  p ot e nti all y  hi g h er  fir st -p a s s  eff e ct  w hi c h  r e d u c e s  a 

dr u g’ s h alf -lif e.4 1, 4 2  T h e fir st -p a s s eff e ct r ef er s t o t h e p h e n o m e n o n w h er e a dr u g, u p o n 

or al  a d mi ni str ati o n,  i s  a b s or b e d  i nt o  t h e  bl o o d str e a m  t hr o u g h  t h e  i nt e sti n al  w all , 

tr a n s p ort e d dir e ctl y t o a n d t h e n m et a b oli z e d b y t h e li v er b ef or e r e a c hi n g t h e s y st e mi c 

cir c ul ati o n. T hi s m et a b oli c pr o c e s s c a n r e s ult i n a si g nifi c a nt d e cr e a s e i n t h e  dr u g’ s 

bi o a v ail a bilit y,  a s  a  p orti o n  of  t h e  d o s e  m a y  b e  m et a b oli z e d  or  e li mi n at e d  b ef or e 

r e a c hi n g it s i nt e n d e d t ar g et sit e. T h e e xt e nt of t h e fir st-p a s s eff e ct v ari e s d e p e n di n g 

o n t h e dr u g a n d i n di vi d u al f a ct or s , s u c h a s li v er f u n cti o n a n d bl o o d fl o w t o t h e li v er. 4 1 –

4 3  

E X C R E TI O N  ( E) 

Dr u g s  c a n  b e  e x cr et e d  fr o m  t h e  b o d y  i n  v ari o u s  w a y s. M o st  c o m m o nl y,  t h e y  ar e 

e x cr et e d b y  t h e bil e or ki d n e y s, b ut al s o vi a s w e at, t h e m a m m ar y or s ali v ar y gl a n d s , 

a n d t h e l u n g s.4 4, 4 5  A g ai n, p a s si v e diff u si o n i s cr u ci al. N e v ert h el e s s, d e p e n di n g o n t h e 

s u b st a n c e ,  t h er e m a y b e  a d diti o n al  a cti v e  tr a n s p ort   pr o c e s s e s.4 6   Bili ar y  e x cr eti o n 
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i n cl u d e s li p o p hili c dr u g s a n d t h eir m et a b olit e s.4 7  I n t h e e nt er o h e p ati c circ ul ati o n , t h e 

dr u g  i s  s e cr et e d  i nt o  t h e  i nt e sti n al  l u m e n  vi a  t h e  bil e  w h er e  it  c a n  b e  r e a b s or b e d , 

pr ol o n gi n g it s h alf -lif e.4 8, 4 9  T h e  e nt er o h e p ati c  cir c ul ati o n  i s  criti c al  f or  dr u g s  li k e 

di git o xi n  or st er oi d s  a s  w ell  a s e n d o g e n o u s  h or m o n e s. 5 0   H er e,  t h e dr u g s  ar e 

e v e nt u all y e x cr et e d i n t h e f e c e s. R e n al e x cr eti o n i s hi g hl y r e g ul at e d .4 4, 4 7, 5 1  T h er e ar e 

t hr e e  m ai n  pr o c e s s e s:  gl o m er ul ar  filtr ati o n,  a cti v e  s e cr eti o n,  a n d  p a s si v e 

r e a b s or pti o n. Ki d n e y s c a n e x cr et e s u b st a n c e s wit h a m ol e c ul ar w ei g ht u p t o 5 k D a, 

r et ai ni n g m o st pr ot ei n s.  G e n er all y, r e n al e x cr eti o n i n cl u d e s m or e h y dr o p hili c dr u g s , 

oft e n wit h m ol e c ul ar w ei g ht s ≤  5 0 0 D a .5 2  U n d er st a n di n g t h e r el ati v e c o ntri b uti o n of 

r e n al a n d bili ar y e x cr eti o n t o dr u g eli mi n ati o n i s i m p ort a nt f or o pti mi zi n g dr u g d o si n g 

a n d r e d u ci n g t h e ri s k of t o x i cit y. 

1. 2. 1 Bl o o d - Br ai n B arri er 

T h e bl o o d -br ai n b arri er ( B B B)  i s a s el e cti v el y p er m e a bl e m e m br a n e t h at s e p ar at e s 

t h e bl o o d cir c ul ati n g i n t h e b o d y fr o m t h e c e ntr al n er v o u s s y st e m ( C N S). It i s o n e of 

t hr e e  b arri er  str u ct ur e s  i n  t h e  C N S  – B B B,  bl o o d -C S F  b arri er, a n d  ar a c h n oi d 

e pit h eli u m. 5 3  C o m p o s e d of s p e ci ali z e d c ell s, s u c h a s a str o c yt e s a n d e n d ot h eli al c ell s, 

t h e B B B  h el p s t o pr ot e ct t h e d eli c at e n e ur al ti s s u e of t h e br ai n a n d s pi n al c or d fr o m 

h ar mf ul  s u b st a n c e s  a n d  p at h o g e n s  t h at  m a y  b e  pr e s e nt  i n  t h e  bl o o d str e a m. It s 

str u ct ur e i s u ni q u e, wit h ti g ht j u n cti o n s b et w e e n c ell s t h at pr e v e nt l ar g e m ol e c ul e s a n d 

m o st t o xi n s fr o m p a s si n g t hr o u g h. W hil e t hi s s er v e s a vit al pr ot e cti v e f u n cti o n, it c a n 

al s o hi n d er dr u g d eli v er y t o t h e br ai n .5 4 – 5 6  

A N A T O M Y  

T h e  B B B  i s  a  c ell ul ar  a n d  bi o c h e mi c al  str u ct ur e  c o n si sti n g  of  fi v e  m aj or  p art s ,  t h e 

n e ur o v a s c ul ar u nit ( N V U) : e n d ot h eli al c ell s  ( E C), p eri c yt e s, a str o c yt e s, i m m u n e c ell s, 

a n d  b a s e m e nt  m e m br a n e. 5 7  T h e  ar e a  b et w e e n  t h e  b a s e m e nt  m e m br a n e  a n d  t h e 

n e ur o n s  i s  c all e d V I R C H O W- RO BI N   s p a c e  an d  c o nt ai n s  i nt er stiti al  fl ui d  wit h  r e si di n g 

mi cr o gli a.   

E C ar e b o u n d t o g et h er b y  ti g ht j u n cti o n s t o pr e v e nt tr a n s p ort t hr o u g h t h e p ar a c ell ul ar 

s p a c e. 5 8, 5 9  T o o  l ar g e  or  t o o  p ol ar  m ol e c ul e s  ( e. g.,  gl u c o s e) c a n  e nt er  t h e  C N S  vi a 

tr a n s p ort pr ot ei n s.6 0   

P eri c yt e s c o v er t h e E C l a y er a n d r e g ul at e t h e bl o o d fl o w i n t h e C N S wit h t h eir l o n g 

m e m br a n e e xt e n si o n s , a n d m ai nt ai n t h e B B B p er m e a bilit y.6 1, 6 2   
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A str o c yt e s ar e gli al c ell s k n o w n pri m aril y f or t h eir m ai nt e n a n c e f u n cti o n s wit hi n t h e 

B B B  mi cr o e n vir o n m e nt , s u c h  a s i n n at e i m m u n e r e g ul ati o n,  el e ctr o c h e mi c al  a cti vit y 

m o nit ori n g, a n d p ar e n c h y m al w at er b al a n c e. 6 3, 6 4   

I m m u n e c ell s t h at ar e u s u all y  pr e s e nt i n t h e C N S  i n cl u d e p eri v a s c ul ar m a cr o p h a g e s 

a n d mi cr o gli a.  T h e m a cr o p h a g e s m ai nl y p h a g o c yt o s e  c ell d e bri s, w a st e pr o d u ct s, a n d 

p at h o g e n s. 6 5  Mi cr o gli a ar e a c c o u nt a bl e f or i n n at e i m m u nit y, a nti g e n pr e s e nt ati o n, a n d 

n e ur o n al d e v el o p m e nt. 6 6   

T h e b a s e m e nt m e m br a n e  i s a hi g hl y i ntri c at e m atri x of bi o m ol e c ul e s t h at e n v el o p s 

t h e v a s c ul ar t u b e a n d p eri c yt e s. It i s p art of t h e e xtr a c ell ul ar m atri x  ( E C M), a n d c o m e s 

i nt o dir e ct c o nt a ct wit h t h e a str o c yt e e n df e et. A d diti o n all y, i t c o nt ai n s m a n y str u ct ur al 

s u p p ort  m ol e c ul e s  ( c oll a g e n  I V,  l a mi ni n s,  h e p ari n e  s ulf at e  pr ot e o gl y c a n s,  a n d 

fi br o n e cti n). C o n si sti n g  of t w o l a y er s c o m pri si n g  diff er e nt l a mi ni n s, it s er v e s a s b ot h 

p h y si c al b arri er a n d  s c aff ol d f or c h e mi c al si g n al s. 6 7, 6 8    

Fi g ur e 3  s h o w s a s c h e m ati c o v er vi e w of t h e B B B.  

 

Fi g u r e 3.  O v er vi e w of c ell s  a n d tr a n s p ort m e c h a ni s m s  of  t h e bl o o d-br ai n b arri er. A d a pt e d fr o m 
S H A RI F  E T  A L . ( 2 0 1 8) a n d X I A O  E T  A L. ( 2 0 2 0).6 9, 7 0  C M T,  c arri er -m e di at e d  tr a n s p ort;  R M T, 
r e c e pt or-m e di at e d  tr a n s p ort. T h e fi g ur e  w a s  p artl y  g e n er at e d  u si n g S E R VI E R M E DI C A L A R T , 
pr o vi d e d b y S E R VI E R , li c e n s e d u n d er a Cr e ati v e C o m m o n s Attri b uti o n 3. 0 o p e n  li c e n s e. 
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P H Y SI O L O G Y  

T h e  B B B e n d ot h eli al  c ell s  c o nt ai n  t w o  tr a n s p ort er  t y p e s   – n utri e nt  a n d  effl u x 

tr a n s p ort er s.7 1, 7 2  F or  e x a m pl e,  G L U T 1  s u p pli e s  br ai n c ell s wit h vit al  gl u c o s e , a n d 

G L U T 1  l e v el s  ar e  hi g h er  i n  t h e  br ai n t h a n  i n p eri p h er al  ti s s u e s. 7 3   A d diti o n all y, 

r e c e pt or-m e di at e d  tr a n s p ort ( R M T) s y st e m s pr o vi d e  ir o n,  a m yl oi d pr ot ei n s, or  l o w -

d e n sit y li p o pr ot ei n ( L D L) t h at c arri e s c h ol e st er ol a n d li pi d s. F or ei g n, p ot e nti all y t o xi c, 

m at eri al s  m u st b e  eli mi n at e d  fr o m  t h e  C N S  a s  w ell  a s  m et a b oli c  w a st e  pr o d u ct s . 

T h er ef or e, effl u x p u m p s h y dr ol y z e a d e n o si n e tri p h o s p h at e ( A T P)  i n or d er t o g e n er at e 

e n er g y  t o  m o v e  c o m p o u n d s  a g ai n st  t h eir  c o n c e ntr ati o n  gr a di e nt s . A  pr o mi n e nt 

e x a m pl e i s P -gl y c o pr ot ei n ( M dr 1, P -g p)  t h at tr a n s p ort s s m all li p o p hili c m ol e c ul e s fr o m 

br ai n c ell s i nt o t h e v a s c ul ar l u m e n.7 1, 7 4 – 7 6   

I n a d diti o n t o p h y si c al b arri er s a n d tr a n s p ort m e c h a ni s m s, t h e N V U h a s ot h er w a y s 

t o r e g ul at e t h e B B B. P eri c yt e- m e di at e d r e g ul ati o n  i n v ol v e s gl ut a m at e, w hi c h tri g g er s 

t h e  r el e a s e  of  nitri c  o xi d e  a n d  pr o st a gl a n di n  E 2,  r el a xi n g  p eri c yt e  e xt e n si o n s.7 7, 7 8  

T h e s e c ell s al s o  c o nt ai n r e c e pt or s f or pl at el et -d eri v e d gr o wt h f a ct or ( P D G F), cr u ci al 

f or b arri er f or m ati o n a n d i nt e grit y, w hi c h h a s b e e n d e m o n str at e d u si n g k n o c k-o ut a n d 

k n o c k- d o w n m ut a nt s i n r o d e nt m o d el s. 7 9 – 8 1  P eri c yt e s dir e ct a str o c yt e f o ot pr oj e cti o n s 

a n d  r e d u c e  l e v el s  of  l e u k o c yt e  a d h e si o n  m ol e c ul e s .  Still, t h eir  i m p a ct  o n  ot h er 

tr a n s p ort m ol e c ul e s i s li mit e d, i m pl yi n g t h eir m ai n r ol e i s t o li mit p ar a c ell ul ar i nfl u x of 

s u b st a n c e s t o t h e  C N S.  A str o c yt e-m e di at e d  r e g ul ati o n   c o ntri b ut e s t o  t h e B B B 

i nt e grit y b y s ecr eti n g a n g 1  t o u pr e g ul at e t h e ti g ht j u n cti o n e x pr e s si o n.8 2  A d diti o n all y, 

a str o c yt e s r e d u c e  v a s c ul ar  p er m e a bilit y  b y  s e cr eti n g  T G F- β t o  sti m ul at e  t h e 

e x pr e s si o n  of P- g p. 8 2  T h e y  s e cr et e a n gi ot e n si n  c o n v erti n g  e n z y m e -1  ( A C E -1)  t o 

i n cr e a s e  a n gi ot e n si n  II  a n d  i n d u c e  v a s o c o n stri cti o n,  li miti n g  t h e  bl o o d  fl o w.8 3  

A str o c yt e s  al s o  r e g ul at e  B B B  p er m e a bilit y  b y  s e cr eti n g  a p oli p o pr ot ei n  E,  w hi c h 

r e g ul at e s ti g ht  j u n cti o n i nt e grit y  vi a  Lr p 1.8 4  M or e o v er,  a str o c yt e s  r e g ul at e  t h e 

pr o d u cti o n of a q u a p ori n -4, w hi c h i s n e c e s s ar y f or w at er tr a n s p ort i nt o t h e C N S. 8 5, 8 6  

O V E R C O MI N G T H E B L O O D -B R AI N B A R RI E R  

A g ai n, s e v er al p h y si c o c h e mi c al p ar a m et er s i nfl u e n c e t h e e xt e nt t o w hi c h s u b st a n c e s 

c a n p a s si v el y cr o s s t h e B B B.  S m all li p o p hili c m ol e c ul e s ( < 5 0 0 D a) ar e m or e li k el y  t o 

cr o s s t h e b arri er vi a p a s si v e diff u si o n .8 7, 8 8  C h ar g e d m ol e c ul e s h a v e m or e diffi c ult y b ut 

p o siti v el y  c h ar g e d  o n e s  ( a mi n e  gr o u p s , et c.)  p e n etr at e  t h e  B B B m or e  e a si l y t h a n 

n e g ati v el y c h ar g e d o n e s ( c ar b o x yl a ci d s , et c.).5 5, 5 6  T h e n e g ati v e c h ar g e i s r e p ell e d b y 

t h e n e g ati v el y c h ar g e d e n d ot h eli al c ell s.  
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S o m e c o m p o u n d s c a n a cti v el y cr o s s t h e B B B b y bi n di n g t o s p e cifi c tr a n s p ort er s t h at 

ar e e x pr e s s e d o n t h e B B B' s e n d ot h eli al c ell s. F or i n st a n c e , a mi n o a ci d s a n d gl u c o s e 

ar e k n o w n t o utili z e s p e cifi c tr a n s p ort er s t o f a cilit at e B B B cr o s si n g .5 6, 7 3, 8 9  Th e u ni q u e 

c a pill ari e s i n t h e B B B p o s s e s s e xtr a m e c h a ni s m s t o r e g ul at e tr a n s p ort, i n - a n d effl u x 

t o t h e br ai n. S m all g a s e s ( N 2 , O2 ) c a n p e n etr at e t h e B B B w h er e a s bi v al e nt c ati o n s 

( C a2 + , M g2 + ) r ar el y p a s s.5 7  A n i m p ort a nt r e g ul at or i s P- g p,  a n a cti v e effl u x p u m p. 7 5, 7 6, 9 0  

M a n y  li p o p hili c  m ol e c ul e s  ar e  s u b str at e s  of  P -g p  ( di g o xi n e,  l o p er a mi d e,  et c.). 9 0 – 9 2  

T h er ef or e, e v e n if t h e y c a n p a s s t h e B B B i n t h e fir st pl a c e, t h e y d o n ot r e m ai n i n br ai n 

ti s s u e. 

Ot h er  dr u g s c a n b e m et a b oli z e d i nt o m or e li p o p hili c f or m s t h at m or e li k el y cr o s s t h e 

B B B. A  pri m e   e x a m pl e i s fi n g oli m o d, a n  i m m u n o m o d ul at or y  a g e nt u s e d i n  t h e 

tr e at m e nt of M ulti pl e S cl er o si s. Fi n g oli m o d i s a pr o dr u g of a s p hi n g o si n e 1 - p h o s p h at e 

( S 1 P) r e c e pt or a g o ni st t h at c a n tr a v er s e t h e B B B a n d i s s u b s e q u e ntl y m et a b oli z e d i n 

br ai n ti s s u e . It i s p h o s p h or yl at e d b y s p hi n g o si n e ki n a s e, g e n er ati n g it s a cti v e f or m, 

fi n g oli m o d  p h o s p h at e.  N ot a bl y,  fi n g oli m o d  p h o s p h at e, d u e  t o  its  n e g ati v e  c h ar g e, 

w o ul d n ot h a v e b e e n a bl e t o p e n etr at e t h e B B B o n it s o w n. 9 3, 9 4  

I n  s u m m ar y,  a  dr u g' s  a bilit y  t o  cr o s s  t h e  bl o o d-br ai n  b arri er  i s  d e p e n d e nt  o n  it s 

m ol e c ul ar si z e, li p o p hili cit y, c h ar g e, bi n di n g t o tr a n s p ort er s, a n d m et a b oli s m. T h e s e 

f a ct or s s h o ul d b e c o n si d er e d w h e n d e si g ni n g dr u g s t h at t ar g et t h e c e ntr al n er v o u s 

s y st e m. 

1. 2. 2  M et a b oli s m 

Dr u g  m et a b oli s m  r ef er s  t o  t h e  bi o c h e mi c al  tr a n sf or m ati o n  of  dr u g s  a n d  ot h er 

x e n o bi oti c s  i n  t h e  b o d y,  i n v ol vi n g  a  s eri e s  of  e n z y m ati c  r e a cti o n s  t h at  m o dif y  t h e 

c h e m i c al str u ct ur e a n d pr o p erti e s of t h e s e c o m p o u n d s.9 5  T hi s pr o c e s s i s e s s e nti al f or 

t h e eli mi n ati o n of dr u g s fr o m t h e b o d y, a s w ell a s f or t h e a cti v ati o n or i n a cti v ati o n of 

t h eir p h ar m a c ol o gi c al eff e ct s. Dr u g m et a b oli s m o c c ur s m ai nl y i n t h e li v er a n d ot h er 

or g a n s,  w h er e s e v er al e n z y m e s,  i n cl u di n g  c y t o c hr o m e  P 4 5 0 s ( C Y P),  fl a vi n-

c o nt ai ni n g m o n o o x y g e n a s e s, a n d U D P  gl u c ur o n o s yltr a n sf er a s e s, c at al y z e a v ari et y 

of r e a cti o n s, s u c h a s o xi d ati o n, r e d u cti o n, h y dr ol y si s, a n d c o nj u g ati o n s. 3 9, 4 0, 9 6, 9 7  T h e 

i nt er-i n di vi d u al  v ari a bilit y  i n  dr u g  m et a b oli s m,  d u e  t o  g e n eti c,  e n vir o n m e nt al,  a n d 

lif e st yl e f a ct or s, c a n h a v e si g nifi c a nt i m pli c ati o n s f or dr u g effi c a c y a n d s af et y, a s w ell 

a s f or dr u g i nt er a cti o n s a n d p er s o n ali z e d m e di ci n e. 9 8  U n d e r st a n di n g t h e m e c h a ni s m s 

a n d  r e g ul ati o n  of  dr u g  m et a b oli s m  i s  t h u s  cr u ci al  f or  d e v el o p i n g a n d  o pti mi z i n g 

eff e cti v e a n d s af e t h er a pi e s. 1 8  T h e bi otr a n sf or m ati o n of dr u g s t y pi c all y i n v ol v e s t w o 

p h a s e s: p h a s e I a n d p h a s e II m et a b oli s m .9 6   
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P H A S E I  BI O T R A N S F O R M A TI O N  

P h a s e I i s t h e i niti al st e p, i n v ol vi n g  t h e c o n v er si o n of t h e p ar e nt c o m p o u n d i nt o o n e 

or  m or e  m et a b olit e s  t hr o u g h  o xi d ati o n,  r e d u cti o n,  or  h y dr ol y si s  r e a cti o n s,  a m o n g 

ot h er s. T h e e n z y m e s pri m aril y p arti ci p ati n g i n p h a s e I m et a b oli s m ar e t h e c yt o c hr o m e 

P 4 5 0  ( C Y P)   e n z y m e s, w hi c h ar e  f o u n d  m ai nl y  i n t h e  li v er  b ut  al s o i n  ot h er ti s s u e s 

s u c h  a s  t h e  i nt e sti n e  a n d  br ai n. 3 9, 4 0, 9 7, 9 9, 1 0 0  T h e s e  e n z y m e s  pl a y  a  criti c al  r ol e  i n 

d et er mi ni n g  a  dr u g' s  p h ar m a c o ki n eti c s,  effi c a c y,  a n d  p ot e nti al  f or  t o xi cit y. Ot h er 

i m p ort a nt  p h a s e  I  e n z y m e s  ar e  h y dr ol a s e s  ( e. g.,  e st er a s e s)  or N -

a c et yltr a n sf er a s e s. 1 0 1, 1 0 2  P h a s e I m et a b oli s m c a n i n cr e a s e t h e h y dr o p hili cit y of a dr u g, 

m a ki n g  it  m or e  r e a dil y  e x cr et e d  b y  t h e  b o d y . H o w e v er,  it   c a n  al s o g e n er at e  t o xi c 

i nt er m e di at e s ( e. g., m et a b oli s m of a c et a mi n o p h e n) t h at r e q uir e f urt h er m et a b oli s m b y 

p h a s e II e n z y m e s t o pr e v e nt h ar m  (Fi g ur e 4 ).1 0 3, 1 0 4  

P H A S E II  BI O T R A N S F O R M A TI O N  

P h a s e  II  dr u g  m et a b oli s m   u s u all y f oll o w s  p h a s e  I  m et a b oli s m  a n d  i n v ol v e s  t h e 

c o nj u g ati o n  of  t h e  p ar e nt  c o m p o u n d  or  it s  p h a s e  I  m et a b olit e s  wit h  e n d o g e n o u s 

c o m p o u n d s, s u c h a s gl u c ur o ni c a ci d, s ulf at e, or a mi n o a ci d s. T hi s pr o c e s s, k n o w n a s 

c o nj u g ati o n,  hi g hl y i n cr e a s e s  t h e  h y dr o p hili cit y of  t h e  dr u g  or  it s  m et a b olit e s, 

f a cilit ati n g  t h eir e x cr et i o n t hr o u g h  t h e  uri n e  or  f e c e s.1 0 5, 1 0 6  T h e  m aj or  e n z y m e s 

i n v ol v e d  i n  ph a s e  II  ar e  U D P  gl u c ur o n o s yltr a n sf er a s e s  ( U G T s),  s ulf otr a n sf er a s e s 

( S U L T s), a n d gl ut at hi o n e S-tr a n sf er a s e s ( G S T s), a m o n g ot h er s.1 0 7 – 1 1 3  U nli k e p h a s e I 

m et a b oli s m,  p h a s e  II bi otr a n sf or m ati o n d o e s  n ot  i n v ol v e  cr e ati n g  n e w c h e mi c al 

gr o u p s o n t h e dr u g b ut r at h er a d di n g pr e -e xi sti n g f u n cti o n al gr o u p s. B y d et o xif yi n g 

a n d  eli mi n ati n g  t o xi c  a n d  p ot e nti all y  h a z ar d o u s  m et a b olit e s  ari si n g  fr o m  p h a s e  I  

r e a cti o n s, p h a s e II m et a b oli s m pl a y s a cr u ci al r ol e i n s af e g u ar di n g t h e b o d y (Fi g ur e 

4 ).1 1 1, 1 1 3  

Fi g ur e 4  ill u str at e s th e bi otr a n sf or m ati o n of a c et a mi n o p h e n, a pri m e e x a m pl e. T h e 

m aj orit y  of  a c et a mi n o p h e n  i s  r a pi dl y  gl u c ur o ni d at e d,  s ki p pi n g  p h a s e  I 

m et a b oli s m. 1 0 4, 1 1 4, 1 1 5  N o n et h el e s s, p h a s e I r e a cti o n s li k e d e a c et yl ati o n or o xi d ati o n vi a 

C Y P 2 E 1  c a n  o c c ur.  T h e  o xi d ati o n  r e s ult s  i n  t h e  h e p at ot o xi c  m et a b olit e  N A P QI,  a 

Mi c h a el  a c c e pt or  t h at  c a n  r e a ct  wit h  all  s ort s  of  pr ot ei n s  t o  f or m  a d d u ct s 

( bi ot o xifi c ati on). 1 0 3, 1 1 5  T o d et o xif y, G S T h a s t o att a c h a gl ut at hi o n e r e si d u e t o N A P QI , 

w hi c h c a n b e tr a n sf or m e d t o t h e m er c a pt uri c a ci d d eri v ati v e. 1 0 4, 1 1 6   
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Fi g u r e  4.   Bi otr a n sf or m ati o n of  a c et a mi n o p h e n,  p h a s e  I  a n d  p h a s e  II  m et a b oli s m  i n cl u di n g 
bi ot o xifi c ati o n.  T h e fi g ur e  w a s  p artl y  g e n er at e d  u si n g S E R VI E R M E DI C A L A R T ,  pr o vi d e d  b y 
S E R VI E R , li c e n s e d u n d er a Cr e ati v e C o m m o n s Attri b uti o n 3. 0 o p e n  li c e n s e. 

S o m e dr u g s a n d m et a b olit e s m a y al s o b e tr a n s p ort e d o ut of c ell s a n d i nt o t h e bl o o d 

or uri n e b y effl u x tr a n s p ort er s, s u c h a s P -g p , w hi c h i s oft e n r ef err e d t o a s " p h a s e III 

m et a b oli s m”. H o w e v er,  t hi s  pr o c e s s  i s  n ot  c o n si d er e d  a  di sti n ct  p h a s e  of  dr u g 

m et a b oli s m, b ut r at h er a p art of t h e e x cr eti o n pr o c e s s. 1 1 7  
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2  Pr ot e a s e s 

Pr ot e a s e s, al s o k n o w n a s p e pti d a s e s or pr ot ei n a s e s, ar e e n z y m e s t h at c at al y z e t h e 

h y dr ol y si s  of  p e pti d e  b o n d s  i n  pr ot ei n s,  t h er e b y  br e a ki n g  d o w n  l ar g e  pr ot ei n 

m ol e c ul e s  i nt o  s m all er  p e pti d e s  a n d  a mi n o  a ci d s. O n c e  c o n si d er e d   n o n s p e cifi c 

d e gr a di n g  e n z y m e s, t h e y h a v e  e m er g e d  a s  k e y  pl a y er s  i n  m e di ati n g  si g n ali n g 

p at h w a y s a n d s p e cifi c cl e a v a g e pr o c e s s e s i n all li vi n g or g a ni s m s. 1 1 8, 1 1 9  A p pr o xi m at el y 

6 0 0 pr ot e a s e s h a v e b e e n i d e ntifi e d i n t h e h u m a n g e n o m e. 1 2 0, 1 2 1  T h e s e e n z y m e s ar e 

s u b st a nti al f or  n u m er o u s  p h y si ol o gi c al  pr o c e s s e s,  s u c h  a s  pr ot ei n  di g e sti o n,  bl o o d 

c o a g ul ati o n,  i m m u n e  r e s p o n s e, a p o pt o si s, a n d  c ell ul ar  si g n ali n g. 1 2 2  T h e y  al s o  pl a y 

e s s e nti al r ol e s  i n r e g ul ati n g pr ot ei n  t ur n o v er,  f ol di n g,  a n d  d e gr a d ati o n . Pr ot ei n 

t ur n o v er  i s  cr u ci al  f or  all  c ell ul ar  pr o c e s s e s  a n d  t h u s  hi g hl y  r e g ul at e d,  m ai nt ai ni n g 

c ell ul ar  h o m e o st a si s  a n d  r e s p o n di n g  t o  c h a n g e s  i n  t h e  e n vir o n m e nt  or  di s e a s e 

st at e s. 1 2 3 – 1 2 5  Pr ot e a s e s  ar e  hi g hl y  di v er s e  i n  str u ct ur e,  f u n cti o n,  a n d  s u b str at e 

s p e cifi cit y, m a ki n g t h e m attr a cti v e t ar g et s f or dr u g di s c o v er y. 

D y sr e g ul ati o n  of  pr ot e a s e  f u n cti o n  i s  a s s o ci at e d  wit h  v ari o u s  di s e a s e s,  s u c h  a s 

o st e o p or o si s,  c ar di o v a s c ul ar  di s e a s e s , n e ur o d e g e n er ati v e  di s or d er s, i nfl a m m ati o n, 

a n d  c a n c er,  w h er e  u n c o ntr oll e d  a n d  i n cr e a s e d  pr ot e ol yti c  a cti vit y  i s  a  c o m m o n 

f e at ur e.1 2 1, 1 2 6, 1 2 7  N ot t o b e  mi s s e d ar e  e x o g e n o u s pr ot e a s e s fr o m p ar a sit e s, vir u s e s, 

or  b a ct eri a ,  w hi c h  c a n b e e s s e nti al i n  i nf e cti o u s  di s e a s e s.1 2 8 – 1 3 1   C o n s e q u e ntl y, 

pr ot e a s e  i n hi bit or s  h a v e  e m er g e d  a s  pr o mi si n g  t h er a p e uti c  a g e nt s  t o  c o m b at 

pr ot e a s e- a s s o ci at e d di s e a s e s  ( s e e c h a pt er 4 ). 

2. 1  Cl a s sifi c ati o n a n d N o m e n cl at ur e  

Pr ot e a s e s ar e cl a s sifi e d a c c or di n g t o t h e E n z y m e C o m mi s si o n ( E C) s y st e m . T h e y ar e 

h y dr ol a s e s ( E C  3), m or e pr e ci s el y p e pti d a s e s ( E C  3. 4).1 3 2  T h er e ar e t w o m ai n s ort s, 

e n d o - a n d  e x o p e pti d a s e s.  E n d o p e pti d a s e s  cl e a v e  p e pti d e  b o n d s wit hi n  a  p e pti d e 

c h ai n, w hil e  e x o p e pti d a s e s  cl e a v e  at  t h e N- or C- t er min u s  ( a mi n o- or 

c ar b o x y p e pti d a s e s). 1 1 8, 1 1 9  A n ot h er w a y t o cl a s sif y pr ot e a s e s i s r el at e d t o t h eir a cti v e 

sit e r e si d u e m ai nl y r e s p o n si bl e f or c at al y si s ( M E R O P S s y st e m). 1 3 3  It c o m pri s e s fi v e 

pr ot e a s e  cl a s s e s:  a s p art at e,  c y st ei n e,  m et all o -,  s eri n e,  a n d  t hr e o ni n e  pr ot e a s e s.1 3 4  

B a s e d o n t h eir e v ol uti o n ar y ori gi n a n d t erti ar y str u ct ur e, t h e s e pr ot e a s e cl a s s e s ar e 

f urt h er  di vi d e d  i nt o  s u p erf a mili e s  ( cl a n s) a n d  f a mili e s.  1 3 3, 1 3 4  Fi g ur e  5  s h o w s  t h e  

pr ot e a s e cl a s sifi c ati o n  aft er  E C  a n d  M E R O P S  wit h  f o c u s  o n r el e v a nt  c y st ei n e 

pr ot e a s e s. 
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Fi g u r e  5.  Cl a s sifi c ati o n  of  ( c y st ei n e)  pr ot e a s e s  a c c or di n g  t o  E C  a n d  M E R O P S,  P a p ai n 
str u ct ur e: p d b 1 p p p. 1 3 3 – 1 3 6  

A  pr ot e a s e’ s  bi n di n g  p o c k et  c a n  b e c h ar a ct eri z e d a c c or di n g  t o  a  n o m e n cl at ur e  b y 

S C H E C H T E R  a n d B E R G E R (Fi g ur e 6 ).1 3 7  H er e, t h e a cti v e sit e i s di vi d e d i nt o s u b sit e s , 

e a c h o c c u pi e d b y t h e s u b str at e’ s a mi n o a ci d si d e c h ai n s.  B e gi n ni n g at t h e cl e a v a g e 

sit e, r e si d u e s t o w ar d s t h e s u b str at e’ s N -t er mi n u s ( n o n-pri m e d sit e)  ar e l a b el e d P 1 – 

P n  w h er e a s  r e si d u e s  t o w ar d s  t h e  C -t er mi n u s  ( pri m e d  sit e)  ar e  l a b el e d  P 1’ – P n’.  

A c c or di n gl y, t h e  r e s p e cti v e  bi n di n g  p o c k et s/ s u b sit e s  ar e  l a b el e d  S 1 – S n  a n d  

S 1’ – S n’.  
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i n v ol v e s a b a si c hi sti di n e r e si d u e s er vi n g a s a pr ot o n a c c e pt or ( c at al yti c d y a d). T hi s 

l e a d s  t o  t h e  f or m ati o n  of  a  hi g hl y  n u cl e o p hili c  t hi ol at e/i mi d a z oli u m  p air  pr e-

c at al yti c all y. 1 4 3  T h i s i s  e x p eri m e nt all y  c o nfir m e d  b y  p ot e nti o m etri c i o ni z ati o n  st at e 

d et er mi n ati o n a n d Q M/ M M st u di e s, wit h e vi d e n c e s u g g e sti n g str o n g pr ef er e n c e f or 

t h e i o ni c st at e wit hi n t h e e n z y m e' s e n vir o n m e nt.1 4 1, 1 4 4  F or  m o st cl a n C A pr ot e a s e s, 

th e  pr o p er  ori e nt ati o n  of  t h e  hi sti di n e  i s f a cilit at e d t hr o u g h  h y dr o g e n  b o n di n g  of  a n 

a s p ar a gi n e or a s p art at e r e si d u e ( c at al yti c tri a d), an e s s e nti al f a ct or t o pr e s er v e t h e 

i o n  p air  gr o u n d  st at e.1 4 0  A d diti o n al  f a ct or s  i n cl u d e  a  di p ol e  m o m e nt  ari si n g  fr o m a 

n e ar b y  α- h eli x  a n d  a  c o m pl e x  h y dr o g e n  b o n d  n et w or k  i n  t h e  a cti v e  sit e 

e n vir o n m e nt. 1 3 9, 1 4 5, 1 4 6  Fr o m  a  m e c h a ni sti c  p oi nt  of  vi e w,  p e pti d e  b o n d  h y dr ol y si s  i n 

c y s t ei n e pr ot e a s e s o c c ur s i n t w o m ai n st e p s: a c yl ati o n a n d d e a c yl ati o n ( S c h e m e 1 ). 

I n t h e  a c yl ati o n  st a g e,  t h e  n u cl eo p hili c  c y st ei n e  t hi ol at e  att a c k s  t h e  p e pti d e  b o n d' s 

c ar b o n yl c ar b o n, pr o d u ci n g a n a c yl -e n z y m e i nt er m e di at e . T h e f oll o wi n g  d e a c yl ati o n 

o c c ur s  vi a  b a s e  c at al y si s. T h e  i mi d a z ol e  nitr o g e n  of t h e  a cti v e  sit e  hi sti di n e 

d e pr ot o n at e s a  w at er  m ol e c ul e ,  w hi c h t h e n  att a c k s t h e t hi o e st er  i nt er m e di at e’ s 

c ar b o n yl- C, r e s ulti n g i n t h e fi n al cl e a v a g e pr o d u ct s. 

Wit hi n a cl a n , c y st ei n e pr ot e a s e s ar e cl a s sifi e d i nt o f a mili e s, b a s e d m ai nl y o n  t h eir 

s e q u e n c e  a n d  t erti ar y  str u ct ur e  si mil ariti e s.  T h e  l ar g e st  f a mil y  i s  C 1,  i n c or p or ati n g 

p a p ai n -li k e pr ot e a s e s.1 4 7  It f e at ur e s p ar a siti c c y st ei n e pr ot e a s e s (Tr y p a n o s o m a br u c ei  

c at h e p si n L, S c hi st o s o m a m a n s o ni  c at h e p si n B 1, et c.)  a s w ell a s h u m a n c at h e p si n s  

( e. g., c at h e p si n s B, K, L, S). T h e s e ar e f urt h er di s c u s s e d i n t h e f oll o wi n g c h a pt er . 
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3  C y st ei n e C at h e p si n s a s Dr u g T ar g et s 

C y st ei n e c at h e p si n s ar e f o u n d i n h u m a n s a n d v ari o u s ot h er or g a ni s m s  a n d e x hi bit 

hi g h s e q u e n c e a n d str u ct ur al si mil arit y  a m o n g t h e m s el v e s . D u e t o t hi s si mil arit y, off -

t ar g et eff e ct s m u st b e c o n si d er e d.  

3. 1  Di s e a s e R el e v a nt C at h e p si n s 

C at h e p si n s ar e r el e v a nt i n m a n y p h y si ol o gi c al a n d p at h ol o gi c al pr o c e s s e s. T a bl e 1  

s h o w s s e v er al di s e a s e  r el e v a nt c at h e p si n-li k e pr ot e a s e s a n d t h eir f u n cti o n s. 

C at h e p si n s ar e  pri m aril y  e n d o p e pti d a s e s  t h at  o p er at e  wit hi n  e n d ol y s o s o m al 

c o m p art m e nt s,  wit h s o m e b ei n g  e x pr e s s e d c o n stit uti v el y  i n all  ti s s u e s  w hil e ot h er s 

ar e  r e g ul at e d  a n d o c c ur  m ai nl y  i n  s p e cifi c  c ell  t y p e s. 1 4 8, 1 4 9  C at h e p si n  K   ( C at K), f or 

e x a m pl e ,  i s  s p e cifi c all y  e x pr e s s e d  i n  o st e o cl a st s  a n d  pl a y s  a  cr u ci al  r ol e  i n  b o n e 

r e m o d eli n g.1 5 0  O n t h e ot h er h a n d, c at h e p si n S  ( C at S) i s pr e d o mi n a ntl y e x pr es s e d i n 

i m m u n e  c ell s  a n d  i s  e s s e nti al  f or  a nti g e n  pr e s e nt ati o n.1 5 1 – 1 5 4  W hil e  c at h e p si n s  ar e 

m ai nl y  l o c at e d  i n  l y s o s o m al  c o m p art m e nt s,  r e c e nt  r e s e ar c h  h a s  al s o  s h o w n  t h at 

s o m e of t h e m h a v e e xtr a c ell ul ar r ol e s. F or i n st a n c e, C at S i s s e cr et e d a n d pl a y s a r ol e 

i n d e gr a di n g t h e e xtr a c ell ul ar m atri x ( E C M).1 5 5  I n a d diti o n, t he u pr e g ul ati o n of c ert ai n 

c at h e p si n s i s a s s o ci at e d wit h s e v er al i n v a si v e a n d d e g e n er ati v e di s e a s e s, s u c h a s 

o st e o p or o si s,  r h e u m at oi d  art hriti s,  a n d  c a n c er. 1 5 6 – 1 5 9  C y st ei n e  c at h e p si n s,  i n 

p arti c ul ar, h a v e b e e n f o u n d t o pl a y cri ti c al r ol e s i n t u m or pr o gr e s si o n a n d mi gr ati o n 

b y pr o m oti n g e xtr a c ell ul ar m atri x d e gr a d ati o n a n d a n gi o g e n e si s. 1 4 8, 1 5 9, 1 6 0  W hil e s m all 

m ol e c ul e  c y st ei n e  pr ot e a s e  i n hi bit or s  h a v e  d e m o n str at e d  a  r e d u ct i o n  i n  t u m or 

i n v a si o n i n  vitr o,  t h e  q u e sti o n  r e m ai n s  a s  t o  w h et h er  b ot h  t h e  e xtr a c ell ul ar  a n d 

i ntr a c ell ul ar e n z y m e p o ol s n e e d t o b e t ar g et e d f or eff e cti v e tr e at m e nt.1 4 8, 1 6 1  D e s pit e 

t h e c h all e n g e s, i n hi biti n g c at h e p si n s still r e pr e s e nt s a pr o mi si n g a p pr o a c h t o miti g at e 

t u m or pr o gr e s si o n.1 6 2 – 1 6 4  
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T a bl e 1.  Di s e a s e r el e v a nt c y st ei n e c at h e p si n s ( C 1 f a mil y) a n d t h eir f u n cti o n s. 

e n z y m e  or g a ni s m  f u n cti o n s di s e a s e  

T. br u c ei  

c at h e p si n L / 

r h o d e s ai n 
Tr y p a n o s o m a 

br u c ei 

h o st pr ot ei n d e gr a d ati o n, 

B B B cr o s si n g, i m m u n e 

e v a si o n 
H u m a n Afri c a n 

Tr y p a n o s o mi a si s 
T. br u c ei  

c at h e p si n B  

h o st pr ot ei n a n d 

tr a n sf erri n d e gr a d ati o n 

T. cr u zi c at h e p si n 

L / cr u z ai n  

Tr y p a n o s o m a 

cr u zi 

ti s s u e i n v a si o n, i m m u n e 

e v a si o n, p ar a sit e 

d e v el o p m e nt 

C h a g a s di s e a s e  

S. m a n s o ni  

c at h e p si n B 1 

S c hi st o s o m a 

m a n s o ni 

h o st pr ot ei n d e gr a d ati o n, 

p ar a sit e d e v el o p m e nt 
s c hi st o s o mi a si s 

f al ci p ai n s 
Pl a s m o di u m 

f al ci p ar u m 
h e m o gl o bi n d e gr a d ati o n  m al ari a 

c at h e p si n B 

h u m a n 

ly s o s o m al pr ot ei n 

d e gr a d ati o n , a p o pt o si s 

c a n c er, 

p a n cr e atiti s 

c at h e p si n K  b o n e r e s or pti o n /m o d eli n g  o st e o p or o si s  

c at h e p si n L 

l y s o s o m al pr ot ei n 

d e gr a d ati o n, a nti g e n 

pr o c e s si n g 

c a n c er, 

h y p er pl a si a 

c at h e p si n S 

E C M t ur n o v er, a nti g e n 

pr e s e nt ati o n a n d 

pr o c e s si n g , m a cr o p h a g e 

p ol ari z ati o n 

a ut o -i m m u n e 

di s e a s e s, c a n c er  

E C M = e xtr a c ell ul ar m atri x. 

3. 2   C at h e p si n S i n T u m or Mi cr o e n vir o n m e nt 

P art s of t hi s c h a pt er h a v e b e e n p u bli s h e d i n a r e vi e w i n 2 0 2 0. 1 6 5  C y st ei n e c at h e p si n s 

ar e a gr o u p of 1 1 pr ot e a s e s, o ut of w hi c h fi v e ( c at h e p si n s B, H, K, L, a n d S) h a v e 

b e e n r e p e at e dl y i m pli c at e d i n t h e pr o gr e s si o n of s oli d c a n c er s. 1 6 6  T h e y  ar e a gr o u p of 

l y s o s o m al pr ot e a s e s t h at m ai nl y f u n cti o n i n i ntr a c ell ul ar pr ot ei n c at a b oli s m. H o w e v er, 

c ert ai n c at h e p si n s, s u c h a s C at B, C at H, C at K, C at L, a n d C at S, ar e al s o e x pr e s s e d 

o n  t h e  c ell  s urf a c e  a n d  c a n  d e gr a d e E C M  pr ot ei n s.  C at S,  i n  p arti c ul ar,  c a n  br e a k 

d o w n v ari o u s c oll a g e n s, el a sti n, l a mi ni n -5, c ell s urf a c e r e c e pt or s s u c h a s pr ot e a s e -

a cti v at e d  r e c e pt or -2,  a n d  c ell  a d h e si o n  m ol e c ul e s  li k e E- c a d h eri n  a n d j u n cti o n al 
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a d h e si o n m ol e c ul e B ( J A M -B). 1 6 6  T hi s pr ot e ol yti c a cti vit y i s k e y i n ti s s u e r e m o d eli n g, 

c a n c er c ell gr o wt h, a n d m et a st a si s.  

T h e  e x pr e s si o n  a n d  a cti vit y  of  c y st ei n e  c at h e p si n s  ar e  u pr e g ul at e d  i n  c hr o ni c 

i nfl a m m ati o n  a n d  c a n c er,  wit h  C at B  a n d  C at S  b ei n g  o v er e x pr e s s e d  i n  v ari o u s 

c a n c er s,  i n cl u di n g  f olli c ul ar  l y m p h o m a,  g a stri c,  c ol o n,  br ai n,  br e a st,  a n d p a n cr e ati c 

c a n c er. 1 6 4, 1 6 7, 1 6 8  T h e s e c at h e p si n -m e di at e d m e c h a ni s m s c a n e n h a n c e E C M t ur n o v er 

a n d a n gi o g e n e si s, pr o m oti n g t u m or e x p a n si o n a n d s e c uri n g c a n c er n utri e nt s u p pl y. 

T h e y c a n al s o s u p pr e s s t h e T - c ell- m e di at e d a nti -c a n c er i m m u n e r e s p o n s e l o c at e d i n 

t h e t u m or mi cr o e n vir o n m e nt ( T M E). 

C a n c er c ell s  h a v e  d e v el o p e d  s e v er al m e c h a ni s m s  t o  e s c a p e i m m u n e s ur v eill a n c e, 

i n cl u di n g li mite d  t u m or a nti g e n pr e s e nt ati o n, s e cr eti n g f a ct or s t h at p ol ari z e n o n-t u m or 

a nti g e n - pr e s e nti ng c ell s ( A P C)  t o w ar d s a n M 2 -t y p e,  a n d i n hi biti n g  t h e  a cti v ati o n of 

t u m or-d e str o yi n g  C D 8 + T c ell s. M 2 -t y p e  A P C s  i n d u c e  t u m or t ol er o g e ni c  r e g ul at or y 

C D 4 +  T  c ell s  ( Tr e g) w hil e   s u p pr e s si n g t h e  c yt ot o xi c  C D 8 +  T  c ell s  r e s p o n si bl e  f or 

eli mi n ati n g  t u m or c ell s.1 6 7, 1 6 9, 1 7 0  C at B a n d C at S h a v e a p arti c ul arl y d e v a st ati n g eff e ct 

o n  a nti -t u m or  i m m u n e  r e s p o n s e s  b y  p ol ari zi n g  m y el oi d  A P C s  t o w ar d s  a n  M 2-

p h e n ot y p e, f a v ori n g t h e e x p a n si o n of m y el oi d -d eri v e d s u p pr e s s or c ell s ( M D S C s ) a n d 

t um or -a s s o ci at e d m a cr o p h a g e s ( T A M s), a n d d e cr e a si n g c yt ot o xi c C D 8 + T c ell s w hil e 

pr o m oti n g Tr e g c ell s. 1 6 6, 1 7 1  

C at S  i s  al s o  i n v ol v e d  i n  a nti g e n  pr o c e s si n g  a n d  pr e s e nt ati o n,  e n h a n ci n g  t h e 

e x pr e s si o n of m aj or hi st o c o m p ati bilit y c o m pl e x cl a s s II ( M H C -II) a n d a nti g e n l o a di n g 

o n  m y el oi d  c ell s,  i n cl u di n g  c a n c er  e pit h eli a. 1 5 1 – 1 5 3, 1 7 2  H o w e v er,  w hil e  a nti g e n 

pr e s e nt ati o n  vi a  M H C  cl a s s  I  ( M H C-I) a cti v at e s  c yt ot o xi c  C D 8 +  T  c ell s,  M H C -II 

pr e s e nt ati o n i n t h e T M E u s u all y a cti v at e s C D 4 + Tr e g c ell s . T hi s c a n a cti v el y s u p pr e s s 

t h e i m m u n e r e s p o n s e t o w ar d s c a n c er c ell s.1 6 9, 1 7 0, 1 7 3  A m o u s e m o d el h a s s u g g e st e d 

t h at  i n hi biti n g  C at S  a cti vit y d e cr e a s e s  o v er a ll  T c ell  i m m u nit y  u n d er p h y si ol o gi c al 

c o n diti o n s b ut i n cr e a s e s C D 8 + T  c ell i m m u nit y w h e n c a n c er c ell s ar e  pr e s e n t.1 7 4  

O v er all, i n hi biti n g c y st ei n e  c at h e p si n s,  s u c h  a s C at S, a p p e ar s  t o  b e  a  pr o mi si n g 

a p pr o a c h  t o r e str ai n t u m or  gr o wt h  a n d  e n h a n c e  t h e  i m m u n e  r e s p o n s e  a g ai n st 

t u m or s.1 5 1 – 1 5 3, 1 6 7  

3. 3  C at h e p si n Str u ct ur e  

Di s c o v eri n g t h e cr y st al str u ct ur e of n u m er o u s c at h e p si n-li k e pr ot e a s e s h a s l e d t o a 

d e e p er u n d er st a n di n g of t h eir m ol e c ul ar c o m p o siti o n. 1 7 5, 1 7 6  D e s pit e diff er e n c e s i n t h eir 

s p e cifi c  f u n cti o n s,  t h e  t erti ar y  str u ct ur e  of  t h e s e  pr ot e a s e s  r e m ai n s  r e m ar k a bl y 
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c o n s er v e d a cr o s s t h e f a mil y. T h e s e pr ot e a s e s ar e pr o d u c e d i n a n i n a cti v e f or m,  pr e -

pr o- c at h e p si n s, c o n si sti n g of a si g n al d o m ai n  ( pr e- p e pti d e), a n N- t er mi n al pr o- do m ai n  

( pr o-p e pti d e) ,  a n d  a  c at al yti c  d o m ai n,  wit h  t h e  pr o-d o m ai n  s er vi n g  m ulti pl e  cr u ci al 

p ur p o s e s. 1 7 7 – 1 7 9  N ot o nl y d o e s it e n s ur e c orr e ct f ol di n g a n d tr affi c ki n g, b ut it al s o a ct s 

a s a r e v er si bl e i n hi bit or, pr e v e nti n g pr e m at ur e pr ot e ol yti c a cti vit y. 1 8 0 – 1 8 2  A n e x a m pl e 

f or t hi s w o ul d b e T. br u c ei  c at h e p si n L ( T b C at L, r h o d e s ai n). 1 8 3  T h e N- t er mi n al si g n al 

p e pti d e dir e ct s t h e pr ot e a s e i nt o t h e l u m e n of t h e e n d o pl a s m ati c r eti c ul u m w h er e it i s 

cl e a v e d  off  b y  a  si g n al  p e pti d a s e,  g e n er ati n g t h e  i n a cti v e  pr o - c at h e p si n.1 7 9  T h e N-

t er mi n al pr o- d o m ai n o c c u pi e s t h e a cti v e sit e cl eft of t h e c at al yti c d o m ai n i n r h o d e s ai n, 

pr e v e nti n g s u b str at e bi n di n g a s s h o w n b y t h e s u p er p o siti o n of t h e cr y st al str u ct ur e s 

i n Fi g ur e 7 . T h e pr ot e ol yti c a cti vit y i s o nl y a cti v at e d aft er a ut o c at al yti c cl e a v a g e  (ci s  

a cti v ati o n) or cl e a v a g e b y ot h er pr ot e a s e s  (tr a n s a cti v ati o n) i n t h e l y s o s o m e, all o wi n g 

t h e  pr ot e a s e s  t o  p erf or m  t h eir  f u n cti o n s  eff e cti v el y  i n  t h eir  d e si g n at e d 

c o m p art m e nt s. 1 8 4 – 1 8 6  

 

Fi g u r e  7 . S c h e m ati c  o v er vi e w  of  t h e  pr ot e a s e  d o m ai n s.  T h e  i n a cti v e  pr e c ur s or  ( pr e - pr o-
c at h e p si n) i s  c o n v ert e d  i nt o  t h e  a cti v e  f or m aft er cl e a v a g e  of  t h e  si g n al p e pti d e a n d  pr o -
d o m ai n. Cr y st al str u ct ur e o v er l a y of a cti v e r h o d e s ai n ( p d b 2 p 7 u, p ur pl e) a n d pr o -r h o d e s ai n 
( p d b 7 a v m bl u e) wit h t h e hi g hli g ht e d pr o-p e pti d e ( y ell o w).  T h e pr o -p e pti d e bl o c k s t h e a cti v e 
sit e r e si d u e s a n d t h u s, hi n d er s s u b str at e cl e a v a g e. 1 7 6, 1 8 3  
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T h e str u ct ur al r e s e m bl a n c e c a n b e c o nfir m e d b y s u p e r p o siti o n of cr y st al str u ct ur e s. 

Fi g ur e 8  r e v e al s t h at r h o d e s ai n (T b C at L) s h ar e s a hi g h s e q u e n c e i d e ntit y ( 4 5 %) a n d 

str u ct ur al  si mil arit y  ( 5 9 %)  wit h  h u m a n  C at L,  w hi c h  i s  u n d erli n e d  b y  t h e r o ot  m e a n 

s q u ar e d e vi ati o n ( R M S D ) of 1. 3 4  Å.1 8 7  R M S D i s a m e a s ur e of t h e di st a n c e b et w e e n 

t w o  s et s  of  c o or di n at e s  i n  t hr e e-di m e n si o n al  s p a c e,  oft e n  u s e d  t o  q u a ntif y  t h e 

str u ct ur al  si mil arit y  b et w e e n  t w o  m ol e c ul e s  or  pr ot ei n  str u ct ur e s.  It  m e a s ur e s  t h e 

a v er a g e  d e vi ati o n  of  t h e  at o m s  b et w e e n  t w o  str u ct ur e s  aft er  o pti m al  ali g n m e nt, 

pr o vi di n g a n o v er all m e a s ur e of t h e diff er e n c e s i n t h eir s p a ti al arr a n g e m e nt.1 8 8, 1 8 9  

 

Fi g u r e 8.  (A ) Cr y st al str u ct ur e o v erl a y of r h o d e s ai n ( p d b 2 p 7 u, p ur pl e) a n d h u m a n c at h e p si n 
L  ( p d b  2 yj 8, d e e p t e al).1 9 0, 1 9 1  S u p er p o siti o n  p erf or m e d  wit h  M O E. 1 8 7   (B )  C al cul at e d  i d e ntit y .  
(C ) C al c ul at e d si mil arit y. (D ) C al c ul at e d R M S D. 

T h e  r e m ar k a bl e  str u ct ur al  r e s e m bl a n c e  b et w e e n i nt er s p e ci e s c at h e p si n s  b e c o m e s 

e v e n m or e a p p ar e nt w h e n c o m p ari n g S c hi st o s o m a m a n s o ni  c at h e p si n B 1 ( S m C B 1) 

wit h it s h u m a n e q ui v al e nt, c at h e p si n B ( C at B). C a t B-li k e pr ot e a s e s p o s s e s s a u ni q u e 

f e at ur e  i n  t h e  f or m  of  a n  o c cl u di n g  l o o p,  a  fl e xi bl e  r e gi o n  a b s e nt  i n C at L- li k e 

pr ot e a s e s.  U n d er  a ci di c  c o n diti o n s (p H < 5. 5) ,  t h e  o c cl u di n g  l o o p  str u ct ur e  i s 

r e s p o n si bl e f or t h e e n h a n c e d c ar b o x y p e pti d a s e a cti vit y of C at B si n c e it  bl o c k s p art  of 

t h e  a cti v e  sit e  cl eft.1 9 2  T hi s  all o w s  f or  t w o  hi sti di n e  r e s i d u e s  l o c at e d  wit hi n  t h e 

o c cl u di n g l o o p  (Fi g ur e 9 , y ell o w), w hi c h ar e p artl y pr ot o n at e d u n d er a ci di c c o n diti o n s, 

t o f or m  i o ni c  i nt er a cti o n s  a n d s p e cifi c all y  t ar g et  t h e  C-t er mi n al  c ar b o x yl  gr o u p  of  a 

s u b str at e p e pti d e at t h e P 2' p o siti o n, gi vi n g  pr ef er e n c e t o t h e cl e a v a g e of a C -t er mi n al 

di p e pti d e. 1 9 3  C o n v er s el y, at p H  v al u e s a b o v e 5. 5, t h e n or m al e n d o p e pti d a s e a cti vit y 

of c at h e p si n B i s f a v or e d. 1 9 4  T hi s u ni q u e f e at ur e of c at h e p si n B hi g hli g ht s it s v er s atil e 

a cti vit y a n d e m p h a si z e s it s i m p ort a n c e i n v ari o u s bi ol o gi c al pr o c e s s e s.  
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Fi g u r e  9.   (A )  Cr y st al  str u ct ur e  o v erl a y  of S m C B 1  ( p d b  3 s 3r,  d e e p  p ur pl e)  a n d  h u m a n 
c at h e p si n  B  ( p d b 1 g m y,  s al m o n) ,  o c cl u di n g  l o o p  hi sti di n e s  i n  y ell o w.1 9 5, 1 9 6  S u p er p o siti o n 
p erf or m e d  wit h  M O E. 1 8 7   (B )  C al c ul at e d  i d e ntit y.  (C )  C al c ul at e d  si mil arit y.  (D )  C al c ul at e d 
R M S D. 

A s ill u str at e d i n  Fi g ur e 9 , t h e s e q u e n c e i d e ntit y b et w e e n p ar a siti c S m C B 1 a n d h u m a n 

C at B i s 5 6 %, w hil e t h eir str u ct ur al si mil arit y i s 7 1 %, r e s ulti n g i n a n R M S D of 1. 0 2 Å.1 8 7  

T hi s  hi g h  d e gr e e  of  si mil arit y  hi g hli g ht s  t h e  e v ol uti o n ar y  c o n s er v ati o n  of  c at h e p si n 

str u ct ur e  a n d  f u n cti o n  a cr o s s  s p e ci e s,  d e s pit e  t h eir  di v er s e  bi ol o gi c al  r ol e s.  It  al s o 

s u g g e st s  t h e  p ot e nti al  f or  cr o s s -s p e ci e s  i n hi biti o n   of  c at h e p si n s,  w hi c h  c o ul d  b e 

l e v er a g e d  f or  t h e  d e v el o p m e nt  of  br o a d- s p e ctr u m  th er a p e uti c s  t ar g eti n g  c at h e p si n 

a cti vit y. 

H o w e v er,  t h er e  a r e  still  r e m ar k a bl e  diff er e n c e s  b et w e e n  c at h e p si n s  of  t h e  s a m e 

s p e ci e s,  e. g.,  c at h e p si n s  B  a n d  L  ( Fi g ur e 1 0 ).  T h e y  o nl y  s h ar e  a b o ut  2 5– 3 0 % 

s e q u e n c e  i d e ntit y  a n d  3 8 – 4 5 %  str u ct ur al  si mil arit y  wit h  a n  R M S D  of  2. 2 1 Å  aft er 

ali g n m e nt  i n  M O E. 1 8 7  T hi s  i s  d u e  t o  t h e  f a ct  t h at  s o m e  c at h e p si n s  h a v e  s p e ci al 

f e at ur e s, s u c h a s t h e o c cl u di n g l o o p i n C at B-li k e pr ot e a s e s m e nti o n e d e arli er. Ot h er 

i m p ort a nt  diff er e n c e s  ari s e  fr o m  t h e  a cti v e  sit e  w hi c h  i s  di s c u s s e d  i n  t h e  f oll o wi n g 

c h a pt er 3. 4 . T h e s e di sti n cti o n s ar e cr u ci al t o d e v el o p s el e cti v e i n hi bit or s . 



IN T R O D U C TI O N  

2 2  
 

 

Fi g ur e 1 0 . (A ) Cr y st al str u ct ur e o v erl a y of h u m a n C at L (p d b 2 yj 8, d e e pt e al) a n d h u m a n C at B 
( p d b  1 g m y,  s al m o n).1 9 1, 1 9 6  S u p er p o siti o n  p erf or m e d  wit h  M O E. 1 8 7   (B )  C al c ul at e d  i d e ntit y.  
(C ) C al c ul at e d si mil arit y. (D ) C al c ul at e d R M S D. 

3. 4  A cti v e Sit e 

T h e s tr u ct ur e of C 1 c y st ei n e pr ot e a s e s s u c h a s c at h e p si n s , r e pr e s e nt e d b y c at h e p si n 

S ( C at S)  c o m pl e x e d wit h t h e vi n yl s ulf o n e m or p h oli n o- L e u - h P h e-Ψ( C H = C H − S O 2 − P h)  

i n Fi g ur e 1 1 ,  r e v e al s  a  c o n s er v e d  a cti v e  sit e  i n  t h e  pr ot e a s e  f a mil y,  wit h  sli g ht 

v ari ati o n s a m o n g diff er e nt c at h e p si n- li k e pr ot e a s e s. 1 9 7, 1 9 8   

 

Fi g u r e 1 1 . C at S  a cti v e  sit e  ( p d b  1 n p z)  wit h  vi n yl s ulf o n e  li g a n d  mor p h oli n o- L e u - h P h e-
Ψ( C H = C H − S O 2 − P h ) i n vi ol et.1 9 7  I m p ort a nt r e si d u e s i n d e e pt e al.  

T h e i n hi bit or i nt er a ct s wit h f o ur diff er e nt r e gi o n s ar o u n d t h e a cti v e sit e, i n cl u di n g t hr e e 

n o n - pri m e d ( S 1– S 3)  a n d  o n e  pri m e d  s it e ( S 1’).  T h e  s u b str at e  s p e cifi cit y  i s 
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pr e d o mi n a ntl y  i nfl u e n c e d  b y  t h e  S 2  p o c k et,  w hi c h  f a v or s l ar g e h y dr o p h o bi c  si d e 

c h ai n s  s u c h  a s L - p h e n yl al a ni n e, L -l e u ci n e or  e v e n  l ar g er  r e si d u e s  li k e 

c y cl o h e x yl al a ni n e,  e s p e ci all y  d u e  t o  P h e 2 1 1  b et w e e n  S 2  a n d  S 3 .1 9 0, 1 9 7  It  c a n  fli p, 

t h er ef or e all o wi n g b ul ki er r e si d u e s i n S 2 c o m p ar e d t o ot h er c at h e p si n s, s u c h a s C at B 

or C at L. 1 9 7  Alt h o u g h L -ar gi ni n e i s pr ef err e d i n t h e S 1 p o c k et, L - h o m o p h e n yl al a ni n e i s 

al s o t ol er at e d. T hi s i s a d v a nt a g e o u s wit h r e g ar d s t o p h y si c o c h e mi c al pr o p erti e s si n c e 

t h e  c h ar ge d L -ar gi ni n e  r e si d u e  c a n  d e cr e a s e  p er m e a bilit y  c o m p ar e d  t o L -

h o m o p h e n yl al a ni n e. B ot h t h e S 3 a n d S 1’ p o c k et s ar e r el ati v el y u n str u ct ur e d a n d l a c k 

s p e cifi cit y f or p arti c ul ar si d e c h ai n s. 1 9 7, 1 9 8  T h e s e o b s er v ati o n s hi g hli g ht t h e p ot e nti al 

f or  r ati o n al dr u g  d e si g n  a g ai n st c at h e p si n- li k e c y st ei n e  pr ot e a s e s  b y  e x pl oiti n g  t h e 

s u btl e diff er e n c e s i n t h e a cti v e sit e.  
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4  C o v al e nt Pr ot e a s e I n hi bit or s 

C o v al e nt dr u g s  h a v e b e e n k n o w n si n c e t h e 1 9 t h c e nt ur y, e v e n t h o u g h t h eir c o v al e nt 

m e c h a ni s m of a cti o n oft e n  r e m ai n e d el u si v e u ntil t h e y w er e cli ni c all y t e st e d or e v e n  

u ntil  aft er t h e y w er e a p pr o v e d. Pr o mi n e nt e x a m pl e s ar e a s piri n, p e ni cilli n a nti bi oti c s, 

a c et a mi n o p h e n or  cl o pi d o gr el. 1 9 9 – 2 0 2   N e v ert h el e s s,  ma n y  m e di ci n al  c h e mi st s h a v e 

b e e n h e sit a nt t o intr o d u c e c h e mi c all y r e a cti v e el e ctr o p hili c gr o u p s i nt o t h e str u ct ur e 

of  p ot e nti al  dr u g s  t o  a v oi d  t o xi cit y  or  s el e cti vit y  pr o bl e m s.1 9 9   H e p at ot o xi cit y i n 

p arti c ul ar i s of r el e v a n c e, si n c e el e ctr o p hili c Mi c h a el a c c e pt or s c a n bi n d c o v al e ntl y t o 

li v er  pr ot ei n s,  a s h a s  b e e n s h o w n  f or  a c et a mi n o p h e n. 2 0 3   H er e, m et a b oli s m  t o  t h e 

hi g hl y  r e a cti v e  i nt er m e di at e  i s  e s s e nti al  f or  t o xi c it y  (s e e  c h a pt er 1. 2. 2 ).  T h e s e 

c o n c er n s h a v e li mit e d t h e d e v el o p m e nt of c o v al e nt dr u g s f or a l o n g ti m e. 

H o w e v er , c o v al e nt dr u g s h a v e r e e m er g e d (Fi g ur e 1 2 ).2 0 4 – 2 0 7  Si n c e t h e b e gi n ni n g of 

th e 2 1 st  c e nt ur y, s ci e nti st s h a v e b e g u n  t o i ntr o d u c e mil dl y  r e a cti v e el e ctr o p hili c gr o u p s 

i nt o  dr u g  c a n di d at e s t o a d dr e s s  n u cl e o p hili c  r e si d u e s  i n t ar g et  pr ot ei n s,  a pr o c e s s 

k n o w n  a s  t ar g et e d  c o v al e nt  i n hi biti o n  ( T CI). 2 0 8, 2 0 9  I n  c o ntr a st t o  t h e c oi n ci d e nt al 

d e v el o p m e nt of c o v al e nt dr u g s wit h o ut k n o wi n g t h eir m o d e of a cti o n  (“ s er e n di pit y”), 

t hi s m et h o d  r eli e s o n a str u ct ur e-g ui d e d a p pr o a c h . Fi n e-t u ni n g t h e c h e mi c al r e a cti vit y 

a n d s el e cti vit y of c o v al e nt dr u g c a n di d at e s  i s p o s si bl e d u e t o a d v a n c e d c o m p ut ati o n al 

m et h o d s. 2 0 8, 2 1 0  D e si g ni n g  a  t ar g et e d  c o v al e nt li g a n d  c a n i m pr o v e  it s  i n hi biti o n 

pr o p erti e s c o m p ar e d t o n o n -c o v al e nt dr u g s. 2 0 9, 2 1 0  

 

Fi g u r e 1 2 . C o v al e nt  dr u g  d e v el o p m e nt   – a  ti m eli n e. C oi n ci d e nt al  c o v al e nt  dr u g s  ar e 
hi g hli g ht e d  i n  y ell o w,  t ar g et e d  c o v al e nt  i n hi bit or s  ar e  hi g hli g ht e d  i n li g ht  r e d. Pr ot e a s e 
i n hi bit or s ar e fr a m e d i n r e d. 
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O n e  of  t h e  fir st  a p pr o v e d  t ar g et e d  c o v al e nt pr ot e a s e  i n hi bit or s  i s  t h e  pr ot e a s o m e 

i n hi bit or  b ort e z o mi b t o  tr e at  m ulti pl e  m y el o m a.2 1 1  M a n y  ot h er  pr ot e a s e  i n hi bit or s 

t ar g eti n g vir al pr ot e a s e s ( e. g., b o c e pr e vir f or h e p atiti s C vir u s, n ir m atr el vir f or s e v er e 

a c ut e  r e s pir at or y  s y n dr o m e  c or o n a vir u s  2  ( S A R S-C o V -2) ) h a v e  b e e n  a p pr o v e d  a s 

w ell a s a nti -di a b eti c dr u g s t ar g eti n g di p e pti d yl p e pti d a s e I V ( e. g., s a x a gli pti n). 2 1 2 – 2 1 5  

A p art fr o m c o v al e nt pr ot e a s e i n hi bit or s, s e v er al  c o v al e nt ki n a s e i n hi bit or s  h a v e b e e n 

d e v el o p e d f or c a n c er tr e at m e nt ( e. g., af ati ni b). 2 1 6, 2 1 7  

Still, t h er e ar e s o m e li mit ati o n s t o t h e el e ctr o p hili c gr o u p s  (“ w ar h e a d s”). D e p e n di n g 

o n  t h e a cti v e  sit e   r e si d u e ( c y st ei n e,  s eri n e,  et c.),  w ar h e a d s  c a n  b e  m or e  or  l e s s 

s uit a bl e. A p pr o pri at e w ar h e a d s f or c y st ei n e pr ot e a s e s ar e di s c u s s e d i n  c h a pt er  4. 1. 

4. 1  C y st ei n e Pr ot e a s e I n hi bit or s  

C y st ei n e pr ot e a s e i n hi bit or s u s u all y c o n si st of a p e pti d o mi m eti c r e c o g niti o n u nit  t h at 

i s r e q uir e d f or n o n-c o v al e nt i nt er a cti o n s i n t h e a cti v e sit e. T h e s e i nt er a cti o n s bri n g t h e 

w ar h e a d  i nt o  p o siti o n , i. e.,  at  t h e ri g ht  a n gl e  a n d di st a n c e fr o m t h e  n u cl e o p hili c 

c y st ei n e. Aft er t h e w ar h e a d i s i n t h e c orr e ct p o siti o n, t h e c o v al e nt r e a cti o n wit h t h e 

n u cl e o p hili c  r e si d u e  c a n  o c c ur, r e v er si bl y  or  irr e v er si bl y  m o dif yi n g t h e  a cti v e  sit e 

c y st ei n e ( s e e c h a pt er 4. 2 ). T h er e ar e f e w e xi sti n g e x a m pl e s of  n o n -c o v al e nt c y st ei n e 

pr ot e a s e i n hi bit or s. 2 1 8 – 2 2 0  

T h e el e ctr o p hili c m oi et y h a s t o b e w ell c h o s e n si n c e hi g hl y r e a cti v e gr o u p s l e a d t o 

s el e cti vit y  i s s u e s. Nitril e s  ar e wi d el y   u s e d d u e  t o  t h eir  mil d  el e ctr o p hili cit y  a n d 

r e v er si bilit y, r e s ulti n g i n f e w er off -t ar g et eff e ct s ( s e e c h a pt er 4. 2. 2 ).2 2 1, 2 2 2  A pr o mi n e nt 

e x a m pl e  i s  nir m atr el vir   ( P a xl o vi d® ),  a  c o v al e nt  i n hi bit or  of  t h e  S A R S-C o V - 2 m ai n 

pr ot e a s e  ( M pr o ), t h at  h a s  b e e n  o n  t h e  m ar k et  si n c e 2 0 2 1   (Fi g ur e 1 2 ), t h e  fir st  or al 

tr e at m e nt  f or C O VI D -1 9. 2 1 4, 2 2 3  It  m ar k s  a  mil e st o n e  n ot  o nl y  i n  t h e C O VI D -1 9 

tr e at m e nt, b ut al s o i n dr u g d e v el o p m e nt si n c e it i s t h e fir st a p pr o v e d t ar g et e d c o v al e nt 

c y st ei n e pr ot e a s e i n hi bit or  wit h a hi g h i m p a ct . It i s u s e d i n c o m bi n ati o n wit h rit o n a vir, 

w hi c h a ct s  a s  a  “ b o o st er ”  t o  r e d u c e t h e r a pi d m et a b oli s m  of  nir m atr el vir  b y 

C Y P 3 A. 2 1 4, 2 2 4  H o w e v er, nitril e s  c a n al s o r e a ct wit h s eri n e r e si d u e s , w hi c h a g ai n li mit s 

t h eir  s el e cti vit y.2 2 5, 2 2 6   S a x a gli pti n ( On gl y z a ® ) i n hi bits t h e  s eri n e  pr ot e a s e  di p e pti d yl 

p e pti d a s e I V  a n d  w a s fir st a p pr o v e d b y t h e F D A i n 2 0 0 9 f or t h e tr e at m e nt of  t y p e 2 

di a b et e s m ellit u s  (Fi g ur e 1 2 ).2 2 7  

A fr e q u e ntl y  u s e d  w ar h e a d  t h at  al m o st  e x cl u si v el y  r e a ct s  wit h  c y st ei n e s  i s t h e 

vi n yl s ulf o n e  m oi et y. 2 2 8 – 2 3 1  C o ntr ar y  t o nitril e s, u n s u b stit ut e d  vi n yl s ulf o n e s  r e a ct 

irr e v er si bl y wit h t h e a cti v e sit e c y st ei n e b ut still e x hi bit n o  a cti vit y t o w ar d s e n d o g e n o u s 
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t hi ol- c o nt ai ni n g n u cl e o p hil e s.2 3 2  T h eir m e c h a ni s m of a cti o n  a n d p o s si bl e m o di fi c ati o n s 

ar e d e s cri b e d i n c h a pt er  4. 3. 

4. 2  C o v al e nt- R e v er si bl e v s. C o v al e nt -Irr e v er si bl e I n hi biti o n 

Diff er e nt el e ctr o p hili c gr o u p s r e s ult i n diff er e nt m o d e s of i n hi biti o n. A cr yl a mi d e s bi n d 

irr e v er si bl y t o t h eir t ar g et w h er e a s nitril e s c a n di s s o ci at e a g ai n.2 3 3 – 2 3 5  T h er ef or e, w e  

di sti n g ui s h c o v al e nt -irr e v er si bl e fr o m c o v al e nt-r e v er si bl e i n hi bit or s. T h e y diff er i n t h eir 

c o v al e nt  i n hi biti o n  c o ur s e   ( c h a pt er 4. 2. 1 ),  l e a di n g  t o diff er e nt  a d v a nt a g e s  a n d 

di s a d v a nt a g e s ( c h a pt er 4. 2. 2 ). 

4. 2. 1 C o v al e nt I n hi biti o n C o ur s e  

T h e r e a cti o n of a  c o v al e nt i n hi bit or wit h it s t ar g et pr ot ei n i s m or e c o m pl e x t h a n t h at of 

n o n -c o v al e nt c o m p o u n d s  a n d c o n si st s of at l e a st t w o st e p s. 2 3 6  Fi g ur e 1 3  ill u str at e s 

t h e si m pl e st t w o-st e p m e c h a ni s m.  

 

Fi g u r e 1 3 . E n er g y di a gr a m f or t h e i n hi biti o n m e c h a ni s m of a c o v al e ntl y r e a cti n g li g a n d. Fi g ur e 
m o difi e d aft er  SC HI R M EI S T E R et al .2 3 7  

I n t h e fir st st e p, t h e li g a n d’ s r e c o g niti o n u nit bri n g s t h e m ol e c ul e i n p o siti o n, f or mi n g 

a n o n -c o v al e nt e n z y m e -i n hi bit or c o m pl e x ( E…. I). T hi s r e a cti o n f e at ur e s n o n- c o v al e nt 

i nt er a cti o n s of t h e li g a n d wit h t h e a cti v e sit e r e si d u e s. It i s r e v er si bl e b ut c a n l e a d t o 

c o nf or m ati o n al c h a n g e s  t h at e n a bl e “ sl o w-ti g ht bi n di n g”. T h e I C 5 0  v al u e c a n b e u s e d 

t o d e s cri b e t hi s fir st st e p. It i s t h e i n hi bit or c o n c e ntr ati o n t h at l e a d s t o 5 0 % i n hi biti o n.2 3 8  

H o w e v er, it i s still d e p e n d e nt o n t h e s u b str at e c o n c e ntr ati o n [ S] a n d t h e M I C H A E LI S-

M E N T E N c o n st a nt K m , w hi c h i s a m e a s ur e f or t h e s u b str at e’ s affi nit y.2 3 9  T h er ef or e, t h e 

K i v al u e ( K i = k 2 /k 1 ) i s m or e s uit a bl e, al s o t o c o m p ar e diff er e nt c o m p o u n d s. It d e s cri b e s 

t h e n o n-c o v al e nt c o m pl e x a s  a m e a s ur e f or t h e li g a n d’ s affi nit y t o t h e t ar g et pr ot ei n 
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wit h n o n -c o v al e nt i nt er a cti o n s. 2 3 6  I C5 0  v al u e s c a n b e c o n v ert e d i nt o K i v al u e s wit h t h e 

C H E N G - PR U S O F F  e q u ati o n f or c o m p etiti v e i n hi bit or s:2 3 8  

K � =  
I C� �

( 1  +  
[S ]
𝐾 �

)
 

W h e n  t h e  r e a cti v e  el e ctr o p hili c  m oi et y  i s  i n  t h e c orr e ct  p o siti o n, h e n c e  s uffi ci e ntl y 

cl o s e  a n d  i n  t h e  ri g ht  a n gl e,  it  c a n  u n d er g o  a  c o v al e nt  r e a cti o n  wit h  a  n u cl e o p hili c 

r e si d u e ( c y st ei n e, s eri n e, t hr e o ni n e, et c.). T hi s i s d e s cri b e d i n st e p t w o, r e s ulti n g i n 

t h e  c o v al e nt  c o m pl e x  ( E– I).  D e p e n di n g  o n  pr o d u ct  st a bilit y,  t h e r e a cti o n  c a n  b e 

r e v er si bl e or irr e v er si bl e. If k 4  >> 0 , t h e r e a cti o n c a n b e r e v er si bl e, b ut if k 4  ≈  0, t h e 

r e a cti o n i s irr e v er si bl e. If k 4  < < k 3 , t h e r e a cti o n i s sl o wl y r e v er si bl e, w h er e a s i n hi bit or s 

wit h k 3  ≅  k 4  oft e n  s h o w  a  o n e -st e p  m e c h a ni s m  li k e n o n -c o v al e nt  r e v er si bl e 

bi n d er s. 2 3 6, 2 4 0  

F or  irr e v er si bl e i n hi biti o n, t h e r e a cti o n i s hi g hl y e x ot h er mi c, s o r e v er si n g t h e c o v al e nt 

r e a cti o n w o ul d r e q uir e a t o o hi g h l ar g e a cti v ati o n e n er g y. T h e r e a cti o n c o ur s e c a n b e 

d e s cri b e d a s f oll o w s: 2 3 6  

 

H er e, t h e fir st -or d er r at e c o n st a nt d e s cri bi n g st e p t w o, t h e c o v al e nt r e a cti o n’ s v el o cit y , 

k i (or k i n a ct) i s e q u al t o k 3 i n Fi g ur e 1 3 . I n a d diti o n t o K i a n d k i, t h e s e c o n d-or d er r at e 

c o n st a nt k 2 n d  c a n b e d et er mi n e d f or irr e v er si bl e i n hi bit or s :2 4 1  

𝑘 � � � =  
𝑘 �

𝐾 �
 

It c o m bi n e s t h e f or m ati o n a n d d e c o m p o siti o n of t h e n o n-c o v al e nt c o m pl e x a s w ell a s  

t h e c o m pl et e irr e v er si bl e i n hi biti o n pr o c e s s. A w ell -k n o w n w ar h e a d t h at u n d er g o e s a 

c o v al e nt-irr e v er si bl e Mi c h a el  a d d iti o n wit h  a cti v e  sit e  c y st ei n e s  i s t h e  vi n yl s ulf o n e 

m oi et y. 2 3 1, 2 3 2  

C o v al e nt r e v er si b l e i n hi bit or s f or m a w e a k er c o v al e nt b o n d t h a n irr e v er si bl e li g a n d s. 

T h e y  c a n b e s u b di vi d e d i nt o ti m e-i n d e p e n d e nt a n d ti m e-d e p e n d e nt i n hi bit or s b a s e d 

o n t h eir pr o gr e s s c ur v e s  i n e n z y m e a s s a y s. D e p e n di n g o n k 3  a n d k 4 , t h e y c a n r e a ct 
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i n  a  o n e-st e p  or  t w o -st e p  m e c h a ni s m  ( s e e  a b o v e). R e v er si bl e  t i m e-d e p e n d e nt 

i n hi bit or s oft e n r e a ct i n a sl o wl y r e v er si bl e m a n n er ( k 3  > > k 4 ), t h u s i mit ati n g pr o gr e s s 

c ur v e s  fr o m  irr e v er si bl e  i n hi bit or s  ( “t w o-st e p  m e c h a ni s m” ,  s e e Fi g ur e 1 4 ). Fi g ur e 

1 4 A  a n d 1 4 C  b ot h  di s pl a y  bi p h a si c  pr o gr e s s  c ur v e s  t h at  i n di c at e  a  t w o - st e p 

m e c h a ni s m a n d ar e diffi c ult t o di sti n g ui s h. T o diff er e nti at e, f urt h er e x p eri m e nt s h a v e 

t o b e c o n d u ct e d ( e. g., dil uti o n a s s a y s). 

 

Fi g u r e 1 4 . S c h e m ati c  pr o gr e s s  c ur v e s  f or  diff er e nt  i n hi bit or s  at  diff er e nt  c o n c e ntr ati o n s . 
C o ntr ol wit h o ut a d d e d i n hi bit or i n bl a c k.  (A ) Pr o gr e s s c ur v e s f or irr e v er si bl e i n hi bit or s. Bi p h a si c  
pr o gr e s s c ur v e s  i n di c at e  ti m e - d e p e n d e n c y.  (B )  Pr o gr e s s  c ur v e s  f or  r e v er si bl e,  n o n-ti m e-
d e p e n d e nt i n hi bit or s. Li n e ar pr o gr e s s c ur v e s i n di c at e ti m e -i n d e p e n d e n cy. ( C ) Pr o gr e s s c ur v e s 
f or r e v er si bl e, ti m e-d e p e n d e nt i n hi bit or s. Bi p h a si c pr o gr e s s c ur v e s i n di c at e ti m e - d e p e n d e n c y. 

Ti m e -i n d e p e n d e nt  i n hi bit or s  h a v e  li n e ar  pr o gr e s s  c ur v e s (“ o n e-st e p”  m e c h a ni s m ,  

k 3  ≅  k 4 ) t h at all o w t h e c al c ul ati o n of a n I C5 0  v al u e t h at c a n f urt h er b e tr a n sf or m e d i nt o 

t h e K i v al u e  u si n g  t h e C H E N G - PR U S O F F  e q u ati o n. 2 3 8  T h e  pr o gr e s s  c ur v e s  f or  t i m e-

d e p e n d e nt i n hi bit or s , s u c h a s irr e v er si bl e or sl o wl y r e v er si bl e  i n hi bit or s, ar e bi p h a si c 

(Fi g ur e 1 4 ). F or mi n g t h e n o n - c o v al e nt c o m pl e x ( E…. I) i s r efl e ct e d i n t h e hi g h er sl o p e 

i n t h e b e gi n ni n g. Aft er p o siti o ni n g t h e w ar h e a d i n t h e a cti v e sit e, t h e c o v al e nt b o n d i s 

f or mi n g ( E– I),  r e s ulti n g  i n  a sl o p e  fl att e ni n g  i n  c a s e  of  ti m e-d e p e n d e nt  i n hi bit or s. 

T h o s e i n hi bit or s d o n ot r e a ct or r e a ct v er y sl o wl y b a c k t o t h e n o n -c o v al e nt c o m pl e x, 

t h u s bl o c ki n g t h e bi n di n g p o c k et f or pr ol o n g e d p eri o d s of ti m e. T hi s r e s ult s i n a sl o w er 

s u b str at e t ur n o v er , h e n c e t h e fl att e ni n g of t h e sl o p e. 

F or  sl o wl y  r e v er si bl e  i n hi bit or s, t h e o v er all r e a cti o n wit h  t h e  t ar g et  pr ot ei n  c a n  b e 

d e s cri b e d a s f oll o w s: 2 3 6, 2 4 0  
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T h e i n hi biti o n c o n st a nt s c a n b e d et er mi n e d u si n g t h e sl o w -bi n di n g e q u ati o n: 2 3 6  

[P ] =   v �  ∙ t  +  
v � −   v�

𝐾 � � �

 ∙ [1 − e x p ( − 𝑘 � � �  ∙ t)] + off  

Pl otti n g t h e k o b s  v al u e s a g ai n st t h e i n hi bit or c o n c e ntr ati o n s [I] r e s ult s i n t h e f oll o wi n g 

e q u ati o n fr o m w hi c h K i
a p p  c a n b e d eri v e d: 2 3 6  

𝑘 � � � =  𝐾 � + (
𝑘 �   ∙ [I]

𝐾 �
� � �

+ [I]
)  

K i
a p p , t h e a p p ar e nt K i, i s e q ui v al e nt t o t h e I C5 0  f or ti m e-i n d e p e n d e nt i n hi bit or s. It c a n 

b e u s e d i n t h e C H E N G - PR U S O F F  e q u ati o n t o c al c ul at e K i.2 3 6, 2 3 8  T h e r at e c o n st a nt s k 3  

a n d k 4  c a n oft e n b e d et er mi n e d si n c e k 4  < < k 3  f or sl o wl y r e v er si bl e ti g ht bi n d er s.2 3 6  

A d diti o n al  t o K i, w hi c h d e s cri b e s  t h e  n o n -c o v al e nt  c o m pl e x,  t h e  gl o b al  di s s o ci ati o n 

c o n st a nt K i*  f or  t h e  t ot al  c o v al e nt  i n hi biti o n  c a n  b e  d eri v e d   u si n g t h e  f oll o wi n g 

e q u ati o n:  

𝐾 �
∗ =  

𝐾 �

( 1  +  
𝑘 �
𝑘 �

)
 

R e v er si bl e,  sl o w -ti g ht  bi n d er s  c a n  b e  diff er e nti at e d  fr o m  irr e v er si bl e  i n hi bit or s  wit h 

v ari o u s m et h o d s, s u c h a s dil uti o n a s s a y s.  I n t hi s m et h o d, t h e t ar g et e n z y m e i s pr e-

i n c u b at e d  wit h  t h e  i n hi bit or s  a n d t h e  mi xt ur e  i s t h e n  dil ut e d wit h  a s s a y  b uff er  

( a p pr o xi m at el y 1 0 0-f ol d), f oll o w e d b y s u b str at e a d diti o n. If t h e i n hi biti o n i s r e v er si bl e, 

th e e n z y m ati c a cti vit y will  r e c o v er.2 3 7, 2 4 2  

4. 2. 2  Pr o s a n d C o n s 

Hi st ori c all y, c o v al e nt i n hi bit or s h a v e b e e n a v oi d e d a s dr u g c a n di d at e s si n c e t h e y ar e 

a s s o ci at e d wit h s e v er al di s a d v a nt a g e s  (Fi g ur e 1 5 ). A s m e nti o n e d i n c h a pt er 4 , t h e y 

or t h eir m et a b olit e s c a n r e a ct c o v al e ntl y wit h of f-t ar g et pr ot ei n s, s u c h a s li v er pr ot ei n s. 

T h e s e  off -t ar g et  m o difi c ati o n s  ar e  pr o bl e m ati c f or irr e v er si bl e  i n hi bit or s. T h e y  c a n 

r e s ult  i n  ( h e p at o-)t o xi cit y  or  ot h er  a d v er s e  e v e nt s. 2 4 3, 2 4 4  A d diti o n all y ,  irr e v er si bl y 

b o u n d  li g a n d s  r e m ai n  b o u n d e v e n aft er t h e  t ar g et  pr ot ei n  i s  d e gr a d e d,  l e a di n g  t o 

h a pt e ni z ati o n, a n d  t h u s  tri g g eri n g  a n  i m m u n e  r e s p o n s e.2 4 5  N e v ert h el e s s,  c o v al e nt 
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i n hi bit or s h a v e s o m e a d v a nt a g e s . D u e t o t h e c o v al e nt r e a cti o n, t h e r e si d e n c e ti m e at 

t h e t ar g et sit e i s u s u all y pr ol o n g e d, w hi c h c a n i m pr o v e effi ci e n c y  a n d all o w d o s a g e 

r e d u cti o n.2 3 3, 2 4 6  A n ot h er a d v a nt a g e i s r e d u c e d s e n siti vit y t o p h ar m a c o ki n eti c eff e ct s  

a n d r e si st a n c e. 2 4 5   

M o dif yi n g t h e li g a n d s t o b e c o v al e nt l y r e v er si bl e i s a n el e g a nt w a y t o mi ni mi z e  t h e 

di s a d v a nt a g e s w hil e pr e s er vi n g t h e  a d v a nt a g e s  of  c o v al e nt  i n hi biti o n, a s  s h o w n  i n 

Fi g ur e 1 5 .2 4 7   

 

Fi g u r e 1 5 . I n hi bit or m o d e of a cti o n a n d p ot e nti al si d e eff e ct s. Li g a n d i n d ar k bl u e, w ar h e a d i n 
r e d,  t ar g et  pr ot ei n  i n  li g ht  blu e  a n d  off -t ar g et  pr ot ei n  i n  gr e e n.  (A )  N o n-c o v al e nt  r e v er si bl e 
i n hi bit or. U n s p e cifi c bi n di n g a s w ell a s bi n di n g t o t h e t ar g et pr ot ei n i s r e v er si bl e. (B ) C o v al e nt-
irr e v er si bl e  i n hi bit or.  U n s p e cifi e d  r e a cti o n s  wit h  off-t ar g et  pr ot ei n s  c a n  l e a d  t o  t o xi cit y. 
Pr ot e ol y si s  r e s ult s  i n  h a pt e ni z ati o n  p ot e nti all y  tri g g eri n g  i m m u n e -r el at e d  si d e  eff e ct s.  
(C ) C o v al e nt-r e v er si bl e i n hi bit or.  I m pr o v e d r e si d e n c e  ti m e t hr o u g h c o v al e nt  bi n di n g wit h o ut 
ri s k of h a pt e ni z ati o n or irr e v er si bl e off-t ar g et m o difi c ati o n s. 

4. 3  Vi n yl s ulf o n e s a n d -s ulf o n at e s a s C y st ei n e P r ot e a s e I n hi bit or s 

Vi n yl s ulf o n e s ar e k n o w n t o  b e c o v al e nt- irr e v er si bl e c y st ei n e pr ot e a s e i n hi bit or s ( s e e 

4. 1 ).1 7 6, 2 3 1, 2 3 2  A pr o mi n e nt e x a m pl e i s p a n -c at h e p si n i n hi bit or K 1 1 7 7 7  t h at h a s alr e a d y 

e nt er e d  cli ni c al  tri al s  f or  C h a g a s  di s e a s e i n  t h e  p a st  (Fi g ur e 1 6 ).2 4 8 – 2 5 0  A p art  fr o m 

t h at, m a n y ot h er c at h e p si n- li k e pr ot e a s e s ar e t ar g et s f or K 1 1 7 7 7 . T h er e ar e st u di e s 

r e g ar din g p ar a siti c  di s e a s e s  li k e  H u m a n  Afri c a n  Tr y p a n o s o mi a si s  ( H A T), 

s c hi st o s o mi a si s  or  l ei s h m a ni a si s.  Ot h er  irr e v er si bl e  vi n yl s ulf o n e -b a s e d  i n hi bit or s  t o 
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tr e at p ar a siti c di s e a s e s, s u c h a s s c hi st o s o mi a si s, i n cl u d e W R R- 2 8 6  a n d W R R- 3 9 1 , 

t h at w er e b ot h b a s e d o n t h e K 1 1 7 7 7  s c aff ol d a n d f o u n d t o b e hi g hl y a cti v e a g ai n st 

t h e p ar a sit e’ s m aj or c y st ei n e pr ot e a s e S m C B 1 wit h s u b n a n o m ol ar affi nit y. 2 5 1   

I n hi biti n g h u m a n c at h e p si n s li k e C at B c a n d e cr e a s e t h e c ell e ntr y of c or o n a vir u s e s or 

fil o vir u s e s. M or e r e c e ntl y, a st u d y r e v e al e d t h at i n hi biti n g h u m a n C at L wit h K 1 1 7 7 7  

r e d u c e s  t h e pr o c e s si n g of  t h e  S A R S -C o V -2  s pi k e  pr ot ei n , bl o c ki n g  t h e  i nf e cti o n  i n 

h u m a n a n d m o n k e y c ell s. 2 5 2   

 

Fi g u r e 1 6 . Str u ct ur e  a n d  t ar g et s  of K 1 1 7 7 7  a n d  t h e  r e s ulti n g eff e ct s  u p o n  it s  i n hi biti o n.  
K 1 1 7 7 7  i s a p ot e nti al dr u g f or t h e tr e at m e nt of v ari o u s di s e a s e s b y t ar g eti n g c at h e p si n-li k e 
pr ot e a s e s i n h u m a n s ( C at L, C at B) a n d p ar a sit e s  (tr y p a n o s o m e s, s c hi st o s o m e s, L ei s h m a ni a  
p ar a sit e s ). T h e fi g ur e w a s p artl y g e n er at e d u si n g S E R VI E R M E DI C A L A R T , pr o vi d e d b y S E R VI E R , 
li c e n s e d u n d er a Cr e ati v e C o m m o n s Attri b uti o n 3. 0 u n p ort e d li c e n s e. 

I n  pr e cli ni c al  i n v e sti g ati o n s, K 1 1 7 7 7  w a s  f o u n d  t o  h a v e  a n  a c c e pt a bl e 

p h ar m a c o ki n eti c  pr ofil e , w a s  or all y  bi o a v ail a bl e,  s af e  i n  v ari o u s  a ni m al s,  a n d  n o n -

m ut a g e ni c. 1 7 6, 2 3 1, 2 5 0, 2 5 3, 2 5 4  T o  f urt h er  i m pr o v e  t h e K 1 1 7 7 7   s c aff ol d a n d  w ar h e a d 

r e a cti vit y,  a n d  h a v e c o n d u ct e d s e v er al st u di e s  o n 

t h e p ar a siti c c y st ei n e pr ot e a s e  r h o d e s ai n.2 5 5, 2 5 6   

B a s e d o n t h eir  w or k, I  p erf or m e d  f urt h er o pti mi z ati o n s i n t er m s  of  p h ar m a c o ki n eti c 

pr o p erti e s a n d  s el e cti vit y pr ofil e f or r h o d e s ai n  a n d ot h er  c at h e p si n  t ar g et s.  I  h a v e 

w or k e d wit h irr e v er si bl e a s w ell a s r e v er si bl e i n hi bit or s. I ntr o d u ci n g a fl u ori n e i n t h e 

α- p o siti o n of t h e vi n yl s ulf o n e d o u bl e b o n d r e s ult s i n c o v al e nt -r e v er si bl e i n hi bit or s.2 3 7  
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S c h e m e  2   s h ow s  t h e  s c h e m ati c  r e a cti o n m e c h a ni s m s  of  irr e v er si bl e  v s. r e v er si bl e 

vi n yl s ulf o n e- b a s e d i n hi bit or s.  

B ot h  i n hi bit or  t y p e s  u n d er g o  a  Mi c h a el -t y p e  a d diti o n  wit h  t h e  n u cl e o p hili c  c y st ei n e 

r e si d u e  i n t h e  a cti v e  sit e.2 3 2  T h e  ari si n g  c ar b a ni o n  i s  t h e n  pr ot o n at e d,  l e a di n g  t o  a 

c o v al e nt e n z y m e -i n hi bit or c o m pl e x. D e p e n di n g o n it s st a bilit y ( s e e c h a pt er 4. 2. 1 ), t h e 

r e a cti o n c a n b e r e v er s e d. 

 

 

S c h e m e  2.  I n hi biti o n  m e c h a ni s m  of irr e v er si bl e  a n d  r e v er si bl e  vi n yl s ulf o n e  d eri v ati v e s.  
R 1  =  p e pti d o mi m eti c  r e c o g niti o n  u nit,  R 2  =  P h  f or  vi n yl s ulf o n e s  or  O P h  f or  vi n yl s ulf o n at e s.   
(A ) Irr e v er si bl e vi n yl s ulf o n( at) e s. Aft er Mi c h a el a d diti o n t o t h e a cti v e sit e c y st ei n e, t h e f or m e d 
c o v al e nt  b o n d  i s  st a bl e , a n d t h e  e n z y m e  i s  bl o c k e d  irr e v er si bl y.  (B )  R e v er si bl e  fl u ori n at e d 
vi n yl s ulf o n( at) e s. T h e r e s ulti n g c o v al e nt b o n d  i s n ot a s st a bl e a n d c a n b e cl e a v e d t o r e v er s e 
t h e r e a cti o n. 

T h e pr oj e ct s i n t hi s t h e si s f o c u s o n  r e v er si bl e a n d irr e v er si bl e vi n yl s ulf o n( at) e- b a s e d 

i n hi bit or s  f or  s e v er al  c at h e p si n-li k e  pr ot e a s e s,  n a m el y t h e  p ar a siti c  prot e a s e s 

Tr y p a n o s o m a  br u c ei  c at h e p si n  L  ( T b C at L,  r h o d e s ai n), S c hi st o s o m a  m a n s o ni  

c at h e p si n B 1 ( S m C B 1), a n d h u m a n c at h e p si n S ( C at S).  T h e i n hi bit or s w er e d e si g n e d 

wit h r e g ar d t o s el e cti vit y t o w ar d s off -t ar g et c at h e p si n s a n d o pti mi z e d p h y si c o c h e mi c al 

pr o p erti e s. 
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P r oj e ct s a n d O bj e cti v e s 

T h e r e s ult s pr e s e nt e d i n t hi s di s s ert ati o n b el o n g t o  t h e  f o ur f oll o wi n g pr oj e ct s, wit h 

t hr e e alr e a d y p u bli s h e d or i n m a n u s cri pt f or m t o b e s u b mitt e d f or p u bli c ati o n. 

Pr oj e ct 1: I n v e sti g ati n g t h e P h ar m a c o ki n eti c Pr o p erti e s of R h o d e s ai n I n hi bit or s  

T h e b a c k gr o u n d a n d r e s ult s of t hi s pr oj e ct h a v e alr e a d y b e e n p u bli s h e d i n t h e J o ur n al 

of  M e di ci n al  C h e mi str y  i n  2 0 2 1: “ Fl u or o vi n yl s ulf o n e s  a n d -S ulf o n at e s  a s  P ot e nt 

C o v al e nt  R e v er si bl e  I n hi bit or s  of  t h e  Tr y p a n o s o m al  C y st ei n e  Pr ot e a s e  R h o d e s ai n: 

Str u ct ur e – A cti vit y  R el ati o n s hi p,  I n hi biti o n  M e c h a ni s m,  M et a b oli s m,  a n d  I n  Vi v o 

St u di e s.” J. M e d. C h e m.  2 0 2 1 , 6 4 , 1 6 , 1 2 3 2 2 – 1 2 3 5 8 ( s e e c h a pt er 1 ). 

Pr oj e ct  2:  O pti mi zi n g  t h e  P h y si c o c h e mi c al  Pr o p erti e s  of  N e w  S c hi st o s o m a 

m a n s o ni C at h e p si n B 1 I n hi bit or s  

T hi s pr oj e ct w a s p art of a n O p e n L a b I niti ati v e wit h . T h e b a c k gr o u n d 

a n d r e s ult s of t hi s pr oj e ct ar e pr e s e nt e d i n t h e m a n u s cri pt “ D u al Str at e gy t o D e si g n 

N e w  A g e nt s  T ar g eti n g S c hi st o s o m a  m a n s o ni :  A d v a n ci n g  P h e n ot y pi c  a n d S m C B 1 

I n hi bit or s  f or  I m pr o v e d  Effi c a c y”  t o  b e  s u b mitt e d  t o A C S  I nf e cti o u s  Di s e a s e s  ( s e e 

c h a pt er 2 ). 

Pr oj e ct  3:  D e si g ni n g  P ot e nt  a n d  S el e cti v e  C o v al e nt  R e v er si bl e  C at h e p si n  S  

I n hi bit or s a s P ot e nti al I m m u n o m o d ul at or s i n C a n c er T h er a p y 

T hi s pr oj e ct w a s p art of t h e C R C 1 0 6 6 ( Q 5 s u b pr oj e ct). T h e b a c k gr o u n d a n d r e s ult s 

of  t hi s  pr oj e ct  ar e  di s c u s s e d  i n  t h e  m a n u s cri pt  “ N e w  s u b n a n o m ol ar  c at h e p si n  S 

i n hi bit or s  wit h  hi g h  s el e cti vit y:  O pti mi zi n g  c o v al e nt-r e v er si bl e  α-fl u or o vi n yl s ulf o n e s 

a n d -s ulf o n at e s a s p ot e nti al i m m u n o m o d ul at or s i n c a n c er ” t h at h a s b e e n s u b mitt e d t o 

C h e m M e d C h e m  i n M ar c h 2 0 2 3 ( s e e c h a pt er 3 ). 

Pr oj e ct  4:  I m pr o vi n g t h e Effi ci e n c y of  C at h e p si n S I n hi bit or s b y N a n o c arri er -

M e di at e d D eli v er y  

T hi s  pr oj e ct  w a s  p art  of  t h e  C R C 1 0 6 6 ( Q 5  s u b pr oj e ct),  c o nti n ui n g  pr oj e ct  3. T h e 

b a c k gr o u n d a n d r e s ult s ar e pr e s e nt e d i n c h a pt er  4 .
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P u bli c ati o n s a n d M a n u s cri pt s 

1 P u bli c ati o n s 

1. 1 R e s e ar c h Arti cl e s  

I n t hi s di s s ert ati o n: 

S. J u n g, * N. F u c h s , * P. J o h e, A. W a g n er, E. Di e hl, T. Y uli a ni, C. Zi m m er, F. B art h el s, 

R. A. Zi m m er m a n n, P. Kl ei n, W. W ai g el, J. M e yr, T. O p at z, S. T e n z er, U. Di stl er, H. -

J.  R ä d er,  C.  K er st e n,  B.  E n g el s,  U.  A.  H ell mi c h,  J.  Kl ei n,  a n d  T.  S c hir m ei st er . 

“ Fl u or o vi n yl s ulf o n e s a n d -S ulf o n at e s a s P ot e nt C o v al e nt R e v er si bl e I n hi bit or s of t h e 

Tr y p a n o s o m al  C y st ei n e  Pr ot e a s e  R h o d e s ai n:  Str u ct ur e – A cti vit y  R el ati o n s hi p, 

I n hi biti o n M e c h a ni s m, M et a b oli s m, a n d I n Vi v o St u di e s.” J. M e d. C h e m.  2 0 2 1 , 6 4 , 1 6 , 

1 2 3 2 2 – 1 2 3 5 8.  

N ot i n cl u d e d:  

S. J u n g, N. F u c h s , C. Gr at h w ol, U. A. H ell mi c h, A. W a g n er, E. Di e hl, T. Will m e s, C. 

S otriff er,  a n d  T.  S c hir m ei st er.  “ N e w  p e pti d o mi m eti c  r h o d e s ai n  i n hi bit or s  wit h 

i m pr o v e d  s el e cti vit y  t o w ar d s  h u m a n  c at h e p si n s” E ur.  J.  M e d.  C h e m.  2 0 2 2 , 2 3 8 , 

1 1 4 4 6 0.  

S.  Bri n k m a n n, * S.  S e m ml er, * C.  K er st e n,  M.  A.  P atr a s,  M.  K ur z,  N.  F u c h s , S.  J. 

H a m m er s c h mi dt,  J.  L e g a c,  P.  E.  H a m m a n n,  A.  Vil ci n s k a s,  P.  J.  R o s e nt h al,  T. 

S c hir m ei st er,  A.  B a u er,  a n d  T.  F.  S c h ä b erl e.  “I d e ntifi c ati o n,  C h ar a ct eri z ati o n,  a n d 

S y nt h e si s  of  N at ur al  P ar a siti c  C y st ei n e  Pr ot e a s e  I n hi bit or s:  P e nt a citi di n s Ar e M or e 

P ot e nt F al citi di n A n al o g u e s ” A C S C h e m. Bi ol. 2 0 2 2 , 1 7 , 3 , 5 7 6 – 5 8 9.  

W. S o erj a wi n at a, K. S c hl e g el, N. F u c h s, A. S c h üffl er, T. S c hir m ei st er, R. Ul b er, a n d 

P. K a m p ei s. “ A p pli c a bilit y of a si n gl e-u s e bi or e a ct or c o m p ar e d t o a gl a s s bi or e a ct or 

f or t h e f er m e nt ati o n of fil a m e nt o u s f u n gi a n d e v al u ati o n of t h e r e pr o d u ci bilit y of gr o wt h 

i n p ell et f or m” E n g. Lif e S ci.  2 0 2 1 , 2 1 , 5 , 3 2 4 – 3 3 9.  

 

1. 2  R e vi e w s 

N ot i n cl u d e d:  

N.  F u c h s , * M.  M et a, * D.  S c h u p p a n,  L.  N u h n,  a n d  T.  S c hir m ei st er. “ N o v el 

O p p ort u niti e s  f or  C at h e p si n  S  I n hi bit or s  i n  C a n c er  I m m u n ot h er a p y  b y  N a n o c arri er -

M e di at e d D eli v er y” C ell s  2 0 2 0 , 9 , 9 , 2 0 2 1. 

 

 
* s h ar e d fir st a ut h or s hi p 
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2 M a n u s cri pt s 

I n t hi s di s s ert ati o n: 

N. F u c h s , * M. M et a, * B. L a nt z b er g, M. Br o s, S. L. K u a n, T. W eil, a n d T. S c hir m ei st er. 

“ N e w s u b n a n o m ol ar c at h e p si n S i n hi bit or s wit h hi g h s el e cti vit y: O pti mi zi n g c o v al e nt -

r e v er si bl e  α-fl u or o vi n yl s ulf o n e s  a n d -s ulf o n at e s  a s  p ot e nti al  i m m u n o m o d ul at or s  i n 

c a n c er” , su b mitt e d t o C h e m M e d C h e m . 

N. F u c h s ,* R. A. Zi m m er m a n n, * M. S c h wi c k ert, * A. G u n k el, C. Zi m m er, M. M et a, K. 

S c h wi c k ert, J. K ei s er, W. Ki ef er, a n d T. S c hir m ei st er.  “ D u al Str at e gy t o D e si g n N e w 

A g e nt s  T ar g eti n g S c hi st o s o m a  m a n s o ni :  A d v a n ci n g  P h e n ot y pi c  a n d S m C B 1 

I n hi bit or s f or I m pr o v e d Effi c a c y”, to b e s u b mitt e d t o A C S I nf e cti o u s Di s e a s e s . 

 
* s h ar e d fir st a ut h or s hi p 
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R e s ult s a n d Di s c u s si o n 

1 Fl u or o vi n yl s ulf o n e s  a n d  - Sulf o n at e s  a s  P ot e nt  C o v al e nt 

R e v er si bl e  I n hi bit o r s  of   t h e  T r y p a n o s o m al  C y st ei n e  Pr ot e a s e 

R h o d e s ai n:  Str u ct ur e- A cti vit y  R el ati o n s hi p,  I n hi biti o n 

M e c h a ni s m, M et a b oli s m, a n d I n Vi v o St u di e s 

4. 1 S u m m ar y a n d O w n C o ntri b uti o n 

H u m a n  Afri c a n  Tr y p a n o s o mi a si s  ( H A T,  Afri c a n  sl e e pi n g  si c k n e s s)  i s  a  s e v er e 

p ar a siti c di s e a s e cl a s sifi e d a s a n e gl e ct e d tr o pi c al di s e a s e ( N T D). 2 5 7  T h e c a u s ati v e 

pr ot o z o a n  p ar a sit e s  ar e  tr y p a n o s o m e s  ( Tr y p a n o s o m a  br u c ei,  T.  b. ),  tr a n s mitt e d  t o 

h u m a n s vi a t s et s e fli e s .2 5 8  T h e p at h o p h y si ol o g y of H A T i s s h o w n i n Fi g ur e 1 7 . 

 

Fi g u r e 1 7 . P at h o p h y si ol o g y  of  H u m a n  A fri c a n  Tr y p a n o s o mi a si s. 
Tr y p a n o s o m e s  ar e  tr a n s mitt e d  fr o m  i nf e ct e d  t o  h e alt h y  h u m a n s  vi a  t s et s e  fli e s.  Fir stl y,  t h e 
p ati e nt s  d e v el o p  a  h e m ol y m p h ati c  st a g e  of  t h e  tr y p a n o s o m al  i nf e cti o n  wit h  u n s p e cifi c 
s y m pt o m s. Aft er cr o s si n g t h e bl o o d -br ai n b arri er ( B B B), t h e tr y p a n o s o m e s i nf e ct br ai n ti s s u e 
r e s ulti n g i n m or e s e v er e s y m pt o m s a n d, e v e nt u all y, d e at h. 

T h e  p ar a siti c  i nf e cti o n  st art s  wit h  t h e  h e m ol y m p h ati c  st a g e  ( st a g e  I)  wit h  r at h er 

u n s p e cifi c s y m pt o m s ( e. g. , h e a d a c h e, f e v er, pr urit u s ).2 5 9  D uri n g di s e a s e pr o gr e s si o n, 

t h e tr y p a n o s o m e s cr o s s t h e bl o o d-br ai n b arri er ( B B B), pr o c e e di n g t o t h e n e ur ol o gi c al 

st a g e ( st a g e II). St a g e II i s c h ar a ct eri z e d b y sl e e p di st ur b a n c e s, l e a di n g t o c o m a a n d  
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d e at h if l eft u ntr e at e d. 2 5 9  H o w e v er, m o st a v ail a bl e dr u g s ( e. g., m el ar s o pr ol, s ur a mi n) 

s h o w  s e v er e t o xi cit y,  p o or  bi o a v ail a bilit y , a n d  n e e d  l o n g -ti m e  a d mi ni str ati o n  d u e  t o 

t h eir l a c k of effi ci e n c y, r e s ulti n g i n a n ur g e nt n e e d t o d e v el o p n e w t h er a pi e s a g ai n st 

H A T .2 6 0  

P ar a sit e d e v el o p m e nt a n d di s e a s e pr o gr e s si o n r el y o n r h o d e s ai n (T b C at L ), a m aj or 

tr y p a n o s o m al  c y st ei n e  pr ot e a s e  (Fi g ur e 1 8 ). R h o d e s ai n  i s  a  c at h e p si n  L -li k e 

pr ot e a s e  fr o m  t h e  p a p ai n  f a mil y  i n v ol v e d  i n  d e gr a di n g  h o st  i m m u n o gl o b uli n s,  ir o n 

a c q ui siti o n,  t ur ni n g  o v er  v ari a nt  s urf a c e  gl y c o pr ot ei n s,  a n d  cr o s si n g  t h e 

B B B. 1 7 6, 1 8 3, 2 5 9, 2 6 1   R h o d e s ai n i s  c o n si d er e d  a pr o mi si n g  t ar g et  f or  dr u g  d e v el o p m e nt  

a g ai n st H A T. 2 6 2  

 

Fi g u r e 1 8 . Cr y st al str u ct ur e of  r h o d e s ai n ( P D B: 2 p 7 u) wit h K 1 1 7 7 7  b o u n d i n t h e a cti v e sit e. 1 7 6  
(A ) Str u ct ur al o v er vi e w. (B ) K 1 1 7 7  ( d ar k gr e y) i n t h e a cti v e sit e b o u n d c o v al e ntl y t o C y s 2 5 
(r e d l a b el). 

H er e, w e d e si g n e d, s y nt h e si z e d, a n d e v al u at e d a s eri e s of fl u ori n at e d vi n yl s ulf o n e s 

a n d - s ulf o n at e s b a s e d  o n  t h e K 1 1 7 7 7   s c aff ol d,  r e s ulti n g  i n  c o v al e nt  r e v er si bl e 

r h o d e s ai n  i n hi bit or s  wit h a  hi g h  affi nit y,  l o w  c yt ot o xi cit y,  a n d  i m pr o v e d 

a ntitr y p a n o s o m al a cti vit y a n d s el e cti vit y t o w ar d s h u m a n c at h e p si n s. F urt h er m or e, w e 

i n v e sti g at e d t h eir bi o di stri b uti o n, e s p e ci all y t h eir a bilit y t o cr o s s t h e B B B. O ur fi n di n g s 

s u g g e st  t h at  c o m p o u n d  2 d -( H) cr o s s e s  t h e  B B B  a n d  a c c u m ul at e s  i n  br ai n  ti s s u e, 

m a ki n g it a p ot e nti al c a n di d at e f or f urt h er o pti mi z ati o n s t o d e v el o p n e w dr u g s a g ai n st 

H A T.  

T h e  r e s ulti n g arti cl e  w a s  p u bli s h e d i n t h e J o ur n al  of  M e di ci n al  C h e mi str y  titl e d 

“Fl u or o vi n yl s ulf o n e s  a n d -s ulf o n at e s  a s  p ot e nt  c o v al e nt  r e v er si bl e  i n hi bit or s  of  t h e 

tr y p a n o s o m al  c y st ei n e  pr ot e a s e  r h o d e s ai n:  str u ct ur e-a cti vit y  r el ati o n s hi p ,  i n hi biti o n 

m e c h a ni s m, m et a b oli s m, a n d i n vi v o st u di e s”.2 4 2  

M y  c o n tri b uti o n  t o  t h e  p u bli c ati o n  i s  s h o w n  i n Fi g ur e 1 9  a n d  c o n si st e d  of  r e-

s y nt h e si z i n g  vi n y s ulf o n e-b a s e d  i n hi bit or s (1 , 2 d -( H)) t h at  w er e pr e vi o u sl y  d e si g n e d 
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b y  a n d  t o  i n v e sti g at e  t h eir  p h ar m a c o ki n eti c 

pr o p erti e s. 2 5 5, 2 5 6  

 

Fi g u r e 1 9 . W or kfl o w f or pr oj e ct 1. 

O w n c o ntri b uti o n:  (r e-)s y nt h e si s of 1, 2 d -( H), s y nt h e si s of t h eir p ut ati v e m et a b olit e s 

(1 a , 1 b , 2l ), mi cr o s o m al  st a bilit y  a s s a y s , H P L C -M S  a s s a y s f or  m et a b olit e 

c h ar a ct eri z ati o n, fl u or o m etri c  e n z y m e  a s s a ys f or  m et a b olit e s  a n d 2 d -( H), 

bi o di stri b uti o n  st u di e s  i n  c oll a b or ati o n  wit h  fr o m P R O F . D R .   

’ s gr o u p, s a m pl e pr e p ar ati o n s fr o m ti s s u e s, H P L C -M S m et h o d f or ti s s u e - d eri v e d 

s a m pl e s , writi n g p art s of t h e arti cl e a n d t h e s u p p orti n g i nf or m ati o n, pr e p ari n g fi g ur e s 

( 1 8, 1 9), s c h e m e s ( 4– 6), a n d t a bl e s ( 7, 8) . 

C o nt ri b uti o n  f r o m  ot h er s:  ori gi n al  d e si g n  of  t h e  c o m p o u n d s   (1 – 4l ),  m ol e c ul ar 

d o c ki n g e x p eri m e nt s, s y nt h e si s of c o m p o u n d s 1 – 4l , fl u or o m etri c e n z y m e a s s a y f or 

c o m p o u n d s 1 – 4l , E SI -M S  a n d  M A L DI -M S  e x p eri m e nt s ,  M T T  a s s ay ,  Q M/ M M 

c al c ul ati o n s , r h o d e s ai n e x pr e s si o n a n d p urifi c ati o n, a nti -tr y p a n o s o m al a cti vit y a s s a y, 

writi n g of t h e ori gi n al dr aft . 

S u p p orti n g  I nf or m ati o n i s a v ail a bl e  at  t h e  f oll o wi n g  li n k:  

htt p s:// p u b s. a c s. or g/ d oi/ 1 0. 1 0 2 1/ a c s.j m e d c h e m. 1 c 0 1 0 0 2 ? g ot o = s u p p orti n g-i nf o    
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d o u bl e b o n d b y fl u ori n e ( c o m p o u n d 1 ) g e n er at es a n α -
fl u or o vi n yls ulf o n e,  w hi c h c a n u n d er g o a r e v ersi bl e  Mi c h a el-
t y p e a d diti o n  wit h t hi ols (Fi g ur e 1 ). 1 2

T h e d e v el o p m e nt of c o v al e nt i n hi bit ors h as s e e n a r es ur g e n c e
i n a c a d e mi a as  w ell as i n t h e i n d ustr y d uri n g t h e p ast d e c a d e.1 3

T h er e is  m u c h d e b at e o n t h e a d v a nt a g es a n d dis a d v a nt a g es of
c o v al e nt i n hi biti o n, es p e ci all y c o n c er ni n g r e v ersi bl e c o v al e nt
i n hi biti o n  m e c h a nis ms.1 4 O n t h e o n e h a n d, c o v al e nt r e v ersi bl e
i n hi bit ors all e vi at e s o m e of t h e c o n c er ns arisi n g fr o m c o v al e nt

irr e v ersi bl e pr ot ei n  m o difi c ati o ns, s u c h as t o xi cit y e m er gi n g
fr o m off -t ar g et eff e cts, 1 5 i di os y n cr ati c t o xi cit y,1 6 a n d h a pt e niz a-
ti o n,1 7 b ut  m ai nt ai n b e n e fi ts s u c h as e n h a n c e d p ot e n c y a n d
pr ol o n g e d r esi d e n c e ti m es. 1 8 ,1 9 I n r e c e nt st u di es  wit h r e v ersi bl e
fl u ori n at e d vi n yls ulf o n es a n d t h eir irr e v ersi bl e c o u nt er p arts, it
w as s h o w n t h at t h e el e ctr o p hili c gr o u p, t h e s o- c all e d  w ar h e a d,
a n d n ot t h e bi n di n g of t h e p e pti di c r e c o g niti o n u nit li mits t h e
ki n eti cs of i n hi biti o n of t h e pr ot e as e a n d t h at t h e fl u ori n at e d
vi n yls ulf o n e  w ar h e a d r e d u c es t h e r at e c o nst a nt of bi n di n g. 2 0 ,2 1

Fi g ur e 1. Str u ct ur es a n d i n hi biti o n  m e c h a nis ms of irr e v ersi bl e ( K 1 1 7 7 7 ;  A ) a n d c o v al e nt r e v ersi bl e (1 ; B ) p e pti d e- b as e d vi n yls ulf o n es.

Fi g ur e 2. Str u ct ur es of c o m p o u n ds 2 a 4l .

J o ur n al of  M e di ci n al  C h e mi str y p u b s. a c s. or g/j m c Arti cl e
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m a y b e i nt er pr et e d i n t er ms of st a bilit y of t h e pr ot ei n- b o u n d
st at e.

B as e d o n t h e r es ults o bt ai n e d fr o m d o c ki n g, a s eri es of
c o m p o u n ds ( 2 a 4i )  w er e s el e ct e d f or s y nt h esis a n d s u bs e q u e nt
e v al u ati o n of S A R ( Fi g ur e 2 ). F or all s el e ct e d c o m p o u n ds,
s c or es o bt ai n e d fr o m b ot h d o c ki n g a p pr o a c h es  w er e g e n er all y
hi g h er  w h e n c o m p ar e d t o st arti n g c o m p o u n d 1 ( T a bl e S 1 ).
D e p e n di n g o n t h e s u bstit uti o n p att er n of t h e  w ar h e a d at t h e P 1 ′
p ositi o n, c o m p o u n ds c a n b e s u b di vi d e d i nt o ar o m ati c
fl u or o vi n yls ulf o n es ( p h e n yl s u bstit u e nt at P 1 ′, c p ds 4 a 4i ),
ali p h ati c fl u or o vi n yls ulf o n es ( b e nz yl gr o u p at P 1 ′, c p ds 3 a 3i ),
a n d fl u or o vi n yls ulf o n at es ( p h e n ol est er at P 1 ′, c p ds 2 a 2 k ).

B as e d o n n o n c o v al e nt d o c ki n g ( T a bl e S 1 ), c o m p o u n ds ( 4j
4l )  wit h  m et hi o ni n e a n d S - b e nz yl c yst ei n e at P 1  w er e s u g g est e d
t o s h o w a c o m p ar a bl e ( y et sli g htl y l o w er ) affi nit y t o t h e
r es p e cti v e  m ol e c ul es  wit h a h o m o p h e n yl al a ni n e r esi d u e.  T h er e-
f or e, t h es e c o m p o u n ds  w er e i n cl u d e d i n t h e pr es e nt st u d y a n d
i n v esti g at e d f or t h eir p ot e n c y.

C h e mi str y. C o m p o u n ds 2 a 4l ( Fi g ur e 2 )  w er e s y nt h esiz e d
usi n g  H or n er  W a ds w ort h E m m o ns ( H W E ) c h e mistr y as t h e
k e y st e p ( S c h e m e 1 ).  T h e r e q uir e d b o c- pr ot e ct e d a mi n o-
al d e h y d es ( VI  VIII )  w er e pr e p ar e d usi n g  W ei nr e b c h e mistr y.
T h e a p pr o pri at e p h os p h o n at es ( 5 7 )  w er e s y nt h esiz e d i n t hr e e
di ff er e nt  w a ys ( S c h e m e 2 ).  T h e pr e p ar ati o n of p h os p h o n at e 5
h as b e e n p u blis h e d pr e vi o usl y. 1 2 P h os p h o n at es 6 a n d 7 w er e

o bt ai n e d b y fl u ori n ati o n of t h e r es p e cti v e n o n h al o g e n at e d
pr e c urs ors ( I V, V )  wit h S el e ct fl u or i n t h e pr es e n c e of  K H M D S.
T h e n o n h al o g e n at e d pr e c urs ors ( III  V)  w er e s y nt h esiz e d
a c c or di n g t o lit er at ur e pr o c e d ur es. 2 8

H W E ol e fi n ati o n of t h e al d e h y d es ( VI  VII )  wit h t h e
r es p e cti v e p h os p h o n at es (5 7 ) pr o vi d e d t h e c orr es p o n di n g
b o c- pr ot e ct e d vi n yls ulf o n es ( 8 1 2 ) as  mi xt ur es of ( E ) / ( Z )-
is o m ers (S c h e m e 1 ),  w h er e b y t h e ( E )-is o m er  w as g e n er all y
f a v or e d u n d er t h e e m pl o y e d c o n diti o ns.  O v er all yi el ds r a n g e d
fr o m 5 9 t o 7 5 %.  T h e (E )-is o m ers  w er e is ol at e d b y c ol u m n
c hr o m at o gr a p h y i n a c c e pt a bl e yi el ds ( 4 1 6 3 % ) a n d us e d f or t h e
n e xt st e ps. I n t h e c as e of vi n yls ulf o n at e 9 , t h e (Z )-is o m er  w as
als o is ol at e d ( ( Z )- 9 , yi el d 2 2 % ). I n t h e n e xt st e p, t h e b o c- gr o u p
w as r e m o v e d usi n g st a n d ar d pr ot o c ols, eit h er 4  M  H Cl i n
di o x a n e or  T F A i n  D C M, gi vi n g t h e a mi n e b uil di n g bl o c ks 1 3
1 7 i n q u a ntit ati v e yi el ds (S c h e m e 2 ).  T h es e b uil di n g bl o c ks  w er e
s u bj e ct e d t o p e pti d e c h e mistr y b as e d o n t h e b o c str at e g y  wit h
T B T U / H O Bt as t h e c o u pli n g r e a g e nt ( S c h e m e 3 ).  T h e d esir e d
c o m p o u n ds ( 2 a 4l )  w er e o bt ai n e d aft er o n e or t w o c o u pli n g
a n d d e pr ot e cti o n st e ps.

T h e  m et a b olit es of c o m p o u n ds 1 a n d 2 d- ( H ) , n a m el y 1 a , 1 b ,
a n d 2l ,  w er e s y nt h esiz e d usi n g si mil ar pr o c e d ur es t o t h at
d es cri b e d a b o v e. F or t h e N - d e m et h yl at e d  m et a b olit e 1 a
( S c h e m e 4 ), vi n yls ulf o n e 1 3 w as c o u pl e d  wit h XIII .  Aft er
r e m o v al of t h e b o c gr o u p, 1 a w as o bt ai n e d  wit h a yi el d of 9 3 %.

S c h e m e 3. S y nt h esis of  C o m p o u n ds 2 a 4l fr o m  B uil di n g  Bl o c ks 1 3 1 7 a

a R e a g e nts a n d c o n diti o ns: ( a )  T B T U,  H O Bt,  DI E A,  D M F, 0 ° C t o rt, 1 2 h, 5 9 8 1 %; ( b )  T B T U,  H O Bt,  DI E A,  D C M, 0 ° C t o rt, 1 2 h, 6 9 8 3 %;
( c ) 4  M  H Cl i n di o x a n e, rt, 3 0  mi n, q u a nt.; a n d ( d )  T B T U,  DI E A,  D C M, 0 ° C t o rt, 1 2 h, 6 2 8 4 %.
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I n S c h e m e 5 , t h e pr e p ar ati o n of t h e  m et a b olit e 1 b , t h e N -

o xi d e of c o m p o u n d 1 , is d es cri b e d.  T h e s y nt h esis st art e d  wit h

c o m p o u n d I X,  w hi c h  w as o xi diz e d  wit h m C P B A, 2 9 r es ulti n g i n

est er 3 7 ,  w hi c h  w as h y dr ol yz e d  wit h Li O H.  C o m p o u n d 3 8 w as

t h e n c o u pl e d  wit h vi n yls ulf o n e 1 3 , yi el di n g c o m p o u n d 1 b .

T h e N - o xi diz e d  m et a b olit e 2l of c o m p o u n d 2 d- ( H ) w as

pr e p ar e d as s h o w n i n S c h e m e 6 . Is o ni c oti ni c a ci d  w as est erifi e d

a n d t h e n o xi diz e d  wit h m C P B A. 2 9 T h e r es ulti n g c o m p o u n d 4 0

w as h y dr ol yz e d t o 4 1 a n d t h e n c o u pl e d  wit h 3 4- ( H ) , yi el di n g

t h e N - o xi d e 2l .

S c h e m e 4. S y nt h esis of t h e N - D e m et h yl at e d  M et a b olit e 1 aa

a R e a g e nts a n d c o n diti o ns: ( a ) ( 1 ) tri p h os g e n e,  D C M, 0 ° C, 1 h, 8 5 %. ( 2 ) 1- B o c pi p er azi n e,  T H F, rt, 1 8 h, 5 0 %, ( b ) Li O H,  T H F, 0 ° C t o rt, 3 h,
7 4 %, ( c )  H O Bt,  T B T U,  DI E A,  D C M, 0 ° C t o rt, 1 2 h, 4 5 %, a n d ( d ) 4  M  H Cl i n di o x a n e, rt, 1 h, 9 3 %.

S c h e m e 5. S y nt h esis of t h e N - O xi di z e d  M et a b olit e 1 ba

a R e a g e nts a n d c o n diti o ns: ( a ) m C P B A,  D C M, 0 ° C, 1 6 h, 5 2 %; ( b ) Li O H,  T H F, 0 ° C t o rt, 3 h, 5 3 %; a n d ( c )  H O Bt,  T B T U,  DI E A,  D C M / D M F,
0 ° C t o rt, 2 4 h, 2 3 %.
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i niti al i n hi bit or c o m pl e x  wit h t h e  C h e n g Pr us off e q u ati o n. 3 2

T h e K i* v al u e as t h e diss o ci ati o n c o nst a nt of t h e fi n al c o m pl e x

w as c al c ul at e d fr o m

* =
+ ( )

K
K

1
k

k

i
i

3

4

Fi g ur e 3. ( A ) E x a m pl e f or pr o gr ess c ur v es f or i n hi biti o n of r h o d es ai n b y c o m p o u n d 3 d . I n hi bit or c o n c e ntr ati o ns i n μ M. ( B ) E x a m pl e f or pr o gr ess
c ur v es f or i n hi biti o n of r h o d es ai n b y c o m p o u n d 4 a . I n hi bit or c o n c e ntr ati o ns i n μ M. ( C )  D e p e n d e n c e of i n hi biti o n p ot e n c y (I C 5 0 v al u es ) o n s u bstr at e
c o n c e ntr ati o n f or i n hi biti o n of r h o d es ai n b y c o m p o u n d 3 d . I n cr e asi n g I C5 0 v al u es at as c e n di n g s u bstr at e c o n c e ntr ati o ns s h o w c o m p etiti v e i n hi biti o n.
T h e K i v al u e is o bt ai n e d as t h e i nt er c e pt of t h e r e gr essi o n li n e  wit h t h e y - a xis (K i = 2 5 n M ). ( D )  D e p e n d e n c e of i n hi biti o n p ot e n c y (I C 5 0 v al u es ) o n t h e
s u bstr at e c o n c e ntr ati o n f or i n hi biti o n of r h o d es ai n b y c o m p o u n d 4 a . I n cr e asi n g I C5 0 v al u es at as c e n di n g s u bstr at e c o n c e ntr ati o ns pr o v e c o m p etiti v e
i n hi biti o n.  T h e K i v al u e is o bt ai n e d as t h e i nt er c e pt of t h e r e gr essi o n li n e  wit h t h e y - a xis (K i = 4 7 n M ).

Fi g ur e 4. ( A )  Dil uti o n ass a ys s h o w r e v ersi bl e i n hi biti o n of r h o d es ai n (s e e t h e t e xt ). F or all c o m p o u n ds, e nz y m e a cti vit y di d r e c o v er aft er dil uti o n,
e x c e pt f or t h e irr e v ersi bl e vi n yls ulf o n e K 1 1 7 7 7 ( c o ntr ol ).  C o m p o u n d 3 d s h o w e d f ast er r e v ersi bilit y t h a n c o m p o u n d 4 a .  Vi n yls ulf o n at e 2 d c a n b e
c o nsi d er e d a ti g ht- bi n di n g, sl o wl y r e v ersi bl e i n hi bit or. ( B )  Dil uti o n ass a ys of s e v er al c o m p o u n ds of t h e s eri es of vi n yls ulf o n at es. I n t h e c as e of
c o m p o u n d 2 d ,  w hi c h s h o w e d t w o-st e p i n hi biti o n i n t h e e nz y m e ass a y, e nz y m ati c a cti vit y r e c o v ers sl o w er c o m p ar e d t o vi n yls ulf o n at es 2 k a n d 2 a - (Z ),
w hi c h di d n ot s h o w bi p h asi c b e h a vi or.  T h e irr e v ersi bl e i n hi bit or K 1 1 7 7 7 w as us e d as a c o ntr ol.
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B ot h diss o ci ati o n c o nst a nts, K i a n d K i* ,  w er e als o c al c ul at e d
b y fi tti n g t h e i niti al (v i) a n d st e a d y-st at e ( v s) v el o citi es,
r es p e cti v el y, a g ai nst t h e i n hi bit or c o n c e ntr ati o ns usi n g t h e
Di x o n e q u ati o n ( M et h o d 2 ) 3 1

=
[ ]

+
*

[ ]

v

v

I

1
K

i, s

0 I

i
( ) a p p

K i
a p p w as o bt ai n e d fr o m fi tti n g v i a g ai nst [I] a n d K i

(* ) a p p fr o m
fi tti n g v s a g ai nst [I] ( v 0 is t h e s u bstr at e t ur n o v er v el o cit y i n t h e
a bs e n c e of t h e i n hi bit or ), a n d b ot h c o nst a nts  w er e c o n v ert e d
i nt o K i a n d K i* wit h t h e  C h e n g Pr us o ff e q u ati o n. 3 2

A c o m p aris o n of t h e diss o ci ati o n c o nst a nts f or i n hi biti o n of
r h o d es ai n b y i n hi bit ors 2 a 2i o bt ai n e d b y b ot h  m et h o ds is
s h o w n i n T a bl e 4 .

T h e d at a s h o w t h at b ot h  m et h o ds yi el d si mil ar diss o ci ati o n
c o nst a nts f or t h e i niti al l o w- a ffi nit y as  w ell as f or t h e fi n al hi g h-
a ffi nit y c o m pl e x pr o vi n g t h at b ot h  m et h o ds ar e r eli a bl e. F or all
c o m p o u n ds, t h e r at e c o nst a nt of diss o ci ati o n of t h e fi n al
c o m pl e x ( k 4 )  w as f o u n d t o b e sl o w er t h a n t h e r at e c o nst a nt of
ass o ci ati o n ( k 3 ), i n di c ati n g ti g ht bi n di n g of t h es e i n hi bit ors.
I nt er esti n gl y, vi n yls ulf o n at es ( Z )- 2 a , 2 k , a n d 2j di d n ot s h o w
ti m e d e p e n d e n c y of i n hi biti o n, b ut li n e ar pr o gr ess c ur v es si mil ar
t o t h e b e nz yl a n d p h e n yl vi n yls ulf o n es.  Dil uti o n ass a ys f or t h es e
t hr e e vi n yls ulf o n at es [( Z )- 2 a , 2 k , a n d 2j ] i n di c at e d a
si g nifi c a ntl y f ast er r e c o v er y of t h e e nz y m e a cti vit y c o m p ar e d
t o t h e ti m e- d e p e n d e nt i n hi bit or 2 d [s h o w n f or c o m p o u n d ( Z )-
2 a a n d 2 k i n Fi g ur e 4 B].

T o f urt h er q u a ntif y t h e d e gr e e of r e v ersi bilit y f or t h e di ff er e nt
w ar h e a ds, c o m p o u n ds 2 d , 3 d , a n d 4 d wit h i d e nti c al r e c o g niti o n
u nits  w er e s u bj e ct e d t o a di al ysis e x p eri m e nt. 1 2 H er e, r h o d es ai n
w as i n c u b at e d  wit h a n e x c ess of i n hi bit or ( 1 0-f ol d t h e I C 5 0

c o n c e ntr ati o n ) t o e ns ur e f ull i n hi biti o n.  T h e n, t h e  mi xt ur e  w as
di al yz e d a g ai nst a c o nti n u o us fl o w of e nz y m e b u ff er usi n g a 3. 5
k D a c ut- o ff di al ysis t u bi n g. 3 4 S a m pl es  w er e t a k e n aft er 1 0, 3 0, 6 0,
a n d 1 2 0  mi n a n d a n al yz e d f or t h eir r esi d u al e nz y m e a cti vit y  wit h
t h e st a n d ar d fl u or o m etri c ass a y.  T h e r es ults ar e pr es e nt e d as t h e

Fi g ur e 5. ( A ) E x a m pl e f or pr o gr ess c ur v es f or i n hi biti o n of r h o d es ai n b y c o m p o u n d 2 d .  C ur v e s h a p e i n di c at es ti m e- d e p e n d e nt i n hi biti o n. I n hi bit or
c o n c e ntr ati o ns i n μ M. ( B )  D e p e n d e n c e of i n hi biti o n p ot e n c y (I C 5 0 v al u es ) fr o m t h e s u bstr at e c o n c e ntr ati o n f or i n hi biti o n of r h o d es ai n b y c o m p o u n d
2 d . I n cr e asi n g I C5 0 v al u es at as c e n di n g s u bstr at e c o n c e ntr ati o ns s h o w c o m p etiti v e i n hi biti o n.  T h e K i v al u e is o bt ai n e d as t h e i nt er c e pt of t h e r e gr essi o n
li n e  wit h t h e y - a xis (K i = 1 9 n M ). ( C ) Pl ot of t h e r at e c o nst a nts k o bs f or t h e pr o gr ess c ur v es of c o m p o u n d 2 d fr o m Fi g ur e 5 A as a f u n cti o n of t h e
i n hi bit or c o n c e ntr ati o n. k 4 is o bt ai n e d fr o m t h e i nt er c e pt of t h e r e gr essi o n c ur v e  wit h t h e y - a xis.  T h e  m a xi m u m v al u e of k o bs at i n fi nit e i n hi bit or
c o n c e ntr ati o n pr o vi d es t h e s u m of k 3 a n d k 4 .  T h e c o n c e ntr ati o n of i n hi bit or yi el di n g a h alf- m a xi m al v al u e of k o bs is e q u al t o K i

a p p.

T a bl e 4. I n hi biti o n  D at a a n d  Ki n eti c P ar a m et ers k 3 a n d k 4 f or
Ti m e- D e p e n d e nt I n hi biti o n of  R h o d es ai n b y  C o m p o u n ds
2 a 2i

m et h o d 1 (sl o w- bi n di n g e q u ati o n ) a
m et h o d 2

( Di x o n e q u ati o n ) b

C p d K i/ μ M K i* / μ M k 3 /s
1 k 4 /s

1 K i/ μ M K i* / μ M

2 a 0. 0 9 8 0. 0 1 5 0. 0 5 5 0. 0 1 0 0. 1 1 0 0. 0 0 8

2 b 0. 0 4 5 0. 0 0 9 0. 0 4 5 0. 0 1 1 0. 0 6 0 0. 0 0 5

2 d 0. 0 2 4 0. 0 0 3 0. 0 7 5 0. 0 1 0 0. 0 2 2 0. 0 0 2

2 e 0. 0 9 8 0. 0 0 7 0. 0 6 5 0. 0 0 5 0. 1 2 4 0. 0 0 2

2f 0. 0 3 4 0. 0 0 5 0. 0 4 9 0. 0 0 9 0. 0 5 2 0. 0 0 4

2 g 0. 0 9 4 0. 0 0 7 0. 0 6 2 0. 0 0 5 0. 0 8 9 0. 0 0 4

2 h 0. 0 5 9 0. 0 1 0 0. 0 7 4 0. 0 1 5 0. 0 6 8 0. 0 0 6

2i 0. 1 5 2 0. 0 2 1 0. 0 5 5 0. 0 1 0 0. 1 5 5 0. 0 2 4
a C al c ul at e d  wit h sl o w- bi n di n g e q u ati o n (s e e t h e t e xt ). b C al c ul at e d
wit h t h e  Di x o n e q u ati o n (s e e t h e t e xt ). 3 1 M e a n v al u es of t hr e e
i n d e p e n d e nt ass a ys, st a n d ar d d e vi ati o ns l ess t h a n 1 0 %.
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fr a cti o n al a cti vit y of u ni n hi bit e d r h o d es ai n,  w hi c h  w as s u bj e ct e d
t o di al ysis i n t h e s a m e e x p eri m e nt (Fi g ur e 6 ).  C o m p o u n d 3 d

s h o w e d t h e f ast est r e v ersi bilit y ( 8 9 % r e c o v er y aft er 1 h ),  w hi c h is
i n a c c or d a n c e  wit h fi n di n gs fr o m t h e dil uti o n ass a y.  C o m p o u n d
4 d diss o ci at e d si g ni fi c a ntl y sl o w er ( 4 7 % r e c o v er y aft er 1 h ).
Vi n yls ulf o n at e 2 d dis pl a y e d t h e sl o w est r e v ersi bilit y ( 2 9 % aft er 1
h ),  w hi c h s u p p orts t h e ti g ht- bi n di n g n at ur e of t h e i n hi biti o n
wit h t h e f or m ati o n of a v er y st a bl e hi g h- a ffi nit y c o m pl e x.
K 1 1 7 7 7 w as us e d as a n irr e v ersi bl e c o ntr ol, s h o wi n g n o r e c o v er y
of t h e e nz y m ati c a cti vit y.

T h e  m ost p ot e nt c o m p o u n ds of e a c h s eri es  w er e als o t est e d
a g ai nst t h e h u m a n e nz y m es  C at L a n d  C at B. F or t h e t est e d
vi n yls ulf o n at es ( 2 a , 2 d , 2 e , a n d 2 g ), a bi p h asi c b e h a vi or  w as als o
o bs er v e d f or i n hi biti o n of  C at L. I n t h es e c as es, K i a n d K i* v al u es
w er e c al c ul at e d  wit h t h e  Di x o n e q u ati o n ( T a bl e 2 ). 3 1 F or
i n hi biti o n of  C at B, n o bi p h asi c b e h a vi or  w as o bs er v e d f or t h es e
c o m p o u n ds ( 2 a , 2 d , 2 e , a n d 2 g ).  T his c a n b e e x pl ai n e d  wit h t h e
l o w affi nit y of t h e c o m p o u n ds f or  C at B.  N ot a bl y, c o m p o u n ds
2 d , 2 e , a n d 2 g s h o w e d o nl y v er y  w e a k i n hi biti o n at
c o n c e ntr ati o ns of u p t o 1 1 μ M.

Di s c u s si o n of S A R. C o m p aris o n of t h e K i v al u es f or
r h o d es ai n of t h e st arti n g c o m p o u n d 1 ( K i = 1 9 0 n M )  wit h t h e
P 3- m o di fi e d a n al o g u es 4 a 4 c d e m o nstr at es t h at t h e e x c h a n g e
of N - m et h yl pi p er azi n e a g ai nst ar o m ati c r esi d u es  wit h n o or o nl y
li mit e d b asi cit y si g nifi c a ntl y e n h a n c es i n hi biti o n p ot e n c y ( e. g.,
c p d 4 b wit h K i = 1 2 n M ).  T his is als o r e fl e ct e d b y t h e s c or es
o bt ai n e d fr o m d o c ki n g f or t h es e c o m p o u n ds, f or e x a m pl e, f or 4 b
n o n c o v al e nt a ffi nit y as  w ell as t h e st a bilit y of t h e c o v al e nt
c o m pl e x ar e pr e di ct e d t o b e hi g h er ( T a bl e S 1 ).  A d diti o n all y,
c o m p o u n ds 4 a 4 c s h o w i m pr o v e d s el e cti vit y f or r h o d es ai n o v er
t h e h u m a n c at h e psi ns. L e a d c o m p o u n d 1 s h o ws a hi g h er affi nit y
f or h u m a n  C at L (K i = 2 3 n M ) t h a n f or r h o d es ai n ( K i = 1 9 0 n M ),
w hil e P 3- m o di fi e d c o m p o u n ds 4 a a n d 4 b sli g htl y f a v or
i n hi biti o n of r h o d es ai n ( 3-f ol d ). F urt h er m or e, s el e cti vit y f or
r h o d es ai n o v er  C at B is dr a m ati c all y e n h a n c e d b y t h es e str u ct ur al
v ari ati o ns.  T his is a r e m ar k a bl e i m pr o v e m e nt ( 2-f ol d ) c o m p ar e d
t o t h e  w e a k s el e cti vit y of st arti n g c o m p o u n d 1 .  A f urt h er i n cr e as e
i n p ot e n c y f or r h o d es ai n is o bs er v e d f or c o m p o u n ds  wit h a n
a d diti o n al 4- m et h yl s u bstit u e nt at t h e p h e n yl al a ni n e ar o m ati c
ri n g (4 d 4f ),  wit h c o m p o u n d 4 e ( K i = 5 n M ) b ei n g t h e  m ost
p ot e nt i n hi bit or i n t h e s eri es of p h e n yl vi n yls ulf o n es.  As
s u g g est e d fr o m n o n c o v al e nt d o c ki n g, t his i n cr e as e i n p ot e n c y

m a y b e dir e ctl y attri b ut e d t o a d diti o n al h y dr o p h o bi c i nt er-
a cti o ns of t h e 4- m et h yl gr o u p  wit h li p o p hili c r esi d u es li ni n g t h e
S 2 p o c k et ( Al a 2 0 8, L e u 1 6 0, Fi g ur e 7 ),  w hi c h is als o r e fl e ct e d i n

hi g h er s c or es c o m p ar e d t o c o m p o u n ds 4 a 4 c ( T a bl e S 1 ).
A d diti o n all y, i ntr o d u cti o n of t h e 4- m et h yl s u bstit u e nt f urt h er
i n cr e as es s el e cti vit y a g ai nst  C at L ( 1 4-f ol d f or 4 d ). I n c o ntr ast,
i n c or p or ati o n of a 3- m et h yl s u bstit u e nt (4 g 4i ) d o es r e d u c e
p ot e n c y a n d s el e cti vit y c o m p ar e d t o c o m p o u n ds 4 a 4 c . I n
p arti c ul ar, t h e c o m bi n ati o n of t h e 3- m et h yl s u bstit u e nt a n d t h e
3, 5- di fl u or o p h e n yl  m oi et y ( 4i ) is n ot a d v a nt a g e o us: c o m p o u n d
4i dis pl a y e d si g ni fi c a ntl y r e d u c e d p ot e n c y ( K i = 3 2 9 n M ).  T h e
c o nsi d er a bl e di ff er e n c e c o m p ar e d t o c o m p o u n d 4 e wit h a 4-
m et h yl s u bstit u e nt ( K i = 1 0 n M ) c a n n ot b e e x pl ai n e d e x cl usi v el y
wit h t h e sli g htl y r e d u c e d d o c ki n g s c or es ( T a bl e S 1 ).

Wit hi n t h e s et of b e nz yl vi n yls ulf o n es ( 3 a 3i ), t h e S A R
r el ati o ns hi ps ar e v er y si mil ar c o m p ar e d t o p h e n yl vi n yls ulf o n es
( 4 a 4i ).  C o ns e q u e ntl y, c o m p o u n ds 3 d a n d 3 e wit h a 4- m et h yl
s u bstit u e nt a n d a 4- p yri d yl or  D H B D  m oi et y, r es p e cti v el y, ar e
t h e  m ost p ot e nt a n d  m ost s el e cti v e i n hi bit ors (3 d : K i = 1 5 n M,
1 2-f ol d s el e cti vit y o v er  C at L ).  R e m ar k a bl y, c o m p o u n d 3 d
s h o w e d e v e n l o w er a cti vit y a g ai nst  C at B ( 3 5 % i n hi biti o n at 1 1
μ M ) c o m p ar e d  wit h its c o u nt er p art 4 d .  A g ai n, c o m p o u n d 3i
wit h a 3- m et h yl s u bstit u e nt a n d 3, 5- di fl u or o p h e n yl r esi d u e
s h o ws n oti c e a bl y l o w er p ot e n c y (K i = 3 8 0 n M ).  C o m p aris o n of
i n hi bit or y p ot e n c y f or b e nz yl a n d p h e n yl vi n yls ulf o n es  wit h t h e
s a m e r e c o g niti o n u nit ( e. g., 3 a vs 4 a ) r e v e als t h at t h e b e nz yl
s u bstit u e nt at t h e  w ar h e a d h as a n e g ati v e i nfl u e n c e o n i n hi biti o n
p ot e n c y. I n g e n er al, b e nz yl vi n yls ulf o n es h a v e sli g htl y i n cr e as e d
K i v al u es c o m p ar e d t o t h eir p h e n yl c o u nt er p arts.

T h es e fi n di n gs c a n n ot b e c orr el at e d  wit h s c or es fr o m d o c ki n g,
w hi c h g e n er all y pr e di ct e d a hi g h er a ffi nit y f or c o m p o u n ds  wit h a
b e nz yl gr o u p at P 1 ′.  C o m p ut ati o n al c o n cl usi o ns t o e x pl ai n t h es e
di ff er e n c es b et w e e n t h e or y a n d e x p eri m e nt  w o ul d b e d esir a bl e,
b ut ar e di ffi c ult b e c a us e t h e di ff er e n c es i n K i v al u es r es ult fr o m
a n i n cr e as e i n bi n di n g e n er g y of l ess t h a n 1 k c al  m ol − 1 ( e. g., 3 d K i

= 0. 0 1 5 μ M, i. e., Δ G = 1 1. 1 0 k c al  m ol − 1 vs 4 d K i = 0. 0 0 8 μ M,
i. e., Δ G = 1 1. 4 9 k c al  m ol − 1 ),  w hi c h is o ut of t h e s c o p e of e v e n
hi g h-l e v el q u a nt u m c h e mi c al c o m p ut ati o ns. P ossi bl y, e ntr o pi c

Fi g ur e 6. Di al ysis e x p eri m e nt f or c o m p o u n ds 2 d , 3 d , 4 d , a n d K 1 1 7 7 7 .
R h o d es ai n  w as i n c u b at e d  wit h t h e i n hi bit ors at a c o n c e ntr ati o n of 1 0-
f ol d t h e r es p e cti v e I C5 0 v al u e.  T h e  mi xt ur e  w as di al yz e d a g ai nst a
c o nti n u o us fl o w of b u ff er. S a m pl es  w er e t a k e n aft er 1 0, 3 0, 6 0, a n d 1 2 0
mi n a n d t h e s u bstr at e  w as a d d e d t o  m e as ur e t h e r esi d u al e nz y m e
a cti vit y. K 1 1 7 7 7 w as us e d as a n irr e v ersi bl e c o ntr ol.

Fi g ur e 7. N o n c o v al e nt bi n di n g  m o d e of c o m p o u n d 4 b (li g ht bl u e,
Fl e x X s c or e: 3 1. 2,  H y d e s c or e: 1 0. 0 k c al  m ol 1 ) a n d 4 e ( gr e e n,
Fl e x X s c or e: 3 2. 5,  H y d e s c or e: 1 1. 7 k c al  m ol 1 ) as pr e di ct e d b y
Fl e x X.  T h e el e ctr o p hili c β - c ar b o n of t h e fl u or o vi n yls ulf o n e  w ar h e a d
c o m es i n cl os e pr o xi mit y t o t h e n u cl e o p hili c s ulf ur of  C ys 2 5 ( 3. 0  Å ).
T h e s ulf o n e gr o u p f or ms h y dr o g e n b o n ds  wit h  Gl n 1 9 a n d  Tr p 1 8 4.  T h e
r e c o g niti o n u nit f or ms h y dr o g e n b o n ds t o  Gl y 6 6 a n d  As p 1 6 1.  T h e
a d diti o n al 4- m et h yl gr o u p of 4 e at t h e p h e n yl al a ni n e ar o m ati c ri n g
p oi nts i nt o a h y dr o p h o bi c c a vit y b et w e e n  Al a 2 0 8 a n d L e u 1 6 0, r es ulti n g
i n a d diti o n al li p o p hili c i nt er a cti o ns c o m p ar e d t o c o m p o u n d 4 b .
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e ff e cts d u e t o t h e hi g h er fl e xi bilit y of t h e b e nz yl gr o u p i n t h e
n o n c o v al e nt e nz y m e i n hi bit or c o m pl e x  m a y c o ntri b ut e.

T h e r es ults fr o m dil uti o n a n d di al ysis ass a ys r e v e al e d t h at
b e nz yl vi n yls ulf o n es ar e f ast er r e v ersi bl e t h a n t h eir p h e n yl
c o u nt er p arts,  w hi c h  m a y b e e x pl ai n e d  wit h a l o w er r e a cti o n
e n er g y f or t h e c o v al e nt b o n d-f or mi n g st e p, r es ulti n g i n a  w e a k er
c o v al e nt b o n d.

C o m p aris o n of t h e K i v al u es of st arti n g c o m p o u n d 1 ( K i = 1 9 0
n M ) a n d t h e c orr es p o n di n g vi n yls ulf o n at e 2 k ( K i = 1 0 8 n M )
d e m o nstr at es a n e arl y 2-f ol d i m pr o v e m e nt i n a ffi nit y f or
r h o d es ai n.  T h e i n cr e as e i n p ot e n c y  m a y b e p artl y attri b ut e d t o
t h e e nl ar g e d s u bstit u e nt at P 1′.  T h e r es ults fr o m n o n c o v al e nt
d o c ki n g s u g g est t h at t h e vi n yls ulf o n at e  m oi et y e xt e n ds f urt h er
i nt o t h e S 1′ p o c k et a n d f or ms n o n p ol ar i nt er a cti o ns  wit h
Tr p 1 8 4 ( Fi g ur e 8 ),  w hi c h is als o r e fl e ct e d b y t h e sli g htl y

e n h a n c e d s c or es.  A g ai n, s u bstit uti o n of t h e N - m et h yl pi p er azi n e
a g ai nst ar o m ati c r esi d u es ( c p ds 2 a 2i ) f urt h er i m pr o v es a ffi nit y
f or r h o d es ai n.  A d diti o n all y, a n d i n c o ntr ast t o c o m p o u n d 2 k ,
c o m p o u n ds 2 a 2i s h o w a bi p h asi c, ti m e- d e p e n d e nt i n hi biti o n
m e c h a nis m.

Dil uti o n a n d di al ysis e x p eri m e nts d e m o nstr at e d r e v ersi bilit y
f or c o m p o u n d 2 d ( Fi g ur es 4 a n d 6 ),  w hi c h is, h o w e v er,
si g nifi c a ntl y sl o w er c o m p ar e d t o vi n yls ulf o n at e 2 k ,  w hi c h
s u p p orts t h e ti g ht- bi n di n g pr o p erti es of 2 d .  T h e r el at e d
vi n yls uf o n es ( 3 d a n d 4 d ) d o n ot s h o w t w o-st e p i n hi biti o n,
i n di c ati n g t h at a c o m bi n ati o n of t h e pr o p erti es of t h e
fl u or o vi n yls ulf o n at e  w ar h e a d  wit h a p pr o pri at e n o n c o v al e nt
i nt er a cti o ns is r e q uir e d f or ti g ht bi n di n g.  T his is f urt h er
s u p p ort e d b y vi n yls ulf o n at e 2j wit h a  C bz gr o u p at P 3,  w hi c h
als o d o es n ot s h o w ti m e- d e p e n d e nt i n hi biti o n.  A m o n g t h e ti g ht-
bi n di n g c o m p o u n ds, 2 d s h o ws t h e hi g h est p ot e n c y f or r h o d es ai n
wit h a diss o ci ati o n c o nst a nt of t h e i niti al e n c o u nt er c o m pl e x K i =
2 4 n M, a n d  wit h a hi g h- a ffi nit y c o m pl e x f or m e d i n t h e s e c o n d
st e p (K i* = 3 n M ). Es p e ci all y, t h e c o v al e nt c o m pl e x is pr e di ct e d
t o b e v er y st a bl e (Fi g ur e 9 B ).  T his is i n e x c ell e nt a c c or d a n c e
wit h t h e hi g h s c or es o bt ai n e d fr o m b ot h d o c ki n g a p pr o a c h es f or
c o m p o u n d 2 d ( T a bl e S 1 ).  N ot a bl y, c o m p o u n d 2 d s h o w e d g o o d
s el e cti vit y o v er t h e h u m a n c at h e psi ns,  wit h 2 6-f ol d s el e cti vit y
a g ai nst  C at L a n d virt u all y n o a cti vit y a g ai nst  C at B ( 3 8 % at 1 1
μ M ),  w hi c h is a si g ni fi c a nt i m pr o v e m e nt c o m p ar e d t o t h e
st arti n g c o m p o u n d 1 .

Ass u mi n g t h at i n hi bit or bi n di n g t o  C at L a n d  C at B is si mil ar t o
r h o d es ai n bi n di n g a n d t h at t h e bi n di n g  m o d e is n ot l ar g el y
alt er e d f or t h e c o m p o u n ds pr es e nt e d h er ei n c o m p ar e d t o
K 1 1 7 7 7 ,  w hi c h is als o s u g g est e d b y t h e d o c ki n g (Fi g ur es 7 9 ),
t h e u n d erl yi n g  m ol e c ul ar  m e c h a nis ms f or s el e cti vit y c a n b e
e x pl ai n e d b y a n al ysis of t h e k n o w n  X-r a y str u ct ur es.  R h o d es ai n
s h ar es a n o v er all s e q u e n c e i d e ntit y of 4 4. 7 % a n d si mil arit y of
5 9. 1 %  wit h  C at L a n d 2 7. 9 % i d e ntit y a n d 4 7. 4 % si mil arit y  wit h
C at B, as  w ell as a hi g hl y si mil ar f ol d  wit h a n  C α - R M S D of 1. 3 5
a n d 2. 1 5  Å, r es p e cti v el y, k n o w n fr o m cr yst al str u ct ur es a v ail a bl e
i n t h e P D B3 5 ( e ntri es, r h o d es ai n: 2 p 7 u, 1 1 C at L: 2 x u 1, 3 6 a n d
C at B: 3 ai 8 ). 3 7 F or r esi d u es f or mi n g t h e bi n di n g sit e ( d e fi n e d as
all a mi n o a ci ds  wit hi n 6  Å of r ef er e n c e li g a n d K 1 1 7 7 7 ) i d e ntit y /
si mil arit y e v e n i n cr e as e t o 5 9. 1 % / 7 0. 2 % f or  C at L a n d 4 0. 4 % /
4 9. 1 % f or  C at B.  N e v ert h el ess, sli g ht str u ct ur al di ff er e n c es of
r esi d u es f or mi n g t h e S 1 S 3 sit es c a n b e o bs er v e d, e x pl ai ni n g t h e
s el e cti vit y pr ofi l e of t h e c o m p o u n ds u n d er i n v esti g ati o n.
A d diti o n all y,  C at B, di v er g e nt fr o m  C at L a n d r h o d es ai n, c o nt ai ns
a s o- c all e d o c cl u di n g l o o p (r esi d u es 1 0 4 1 2 4 ),  w hi c h is cr u ci al
f or t his e nz y m e’s e x o p e pti d as e a cti vit y.3 8 T his l o o p str u ct ur e
cl os es u p o n t h e S ′ sit es.  N eit h er p h e n yl- n or b e nz ylfl u or o vi-
n yls ulf o n e n or fl u or o vi n yls ulf o n at e  m oi eti es of t h e c o m p o u n ds
wit hi n t his st u d y r e a c h f ar e n o u g h t o w ar d t his sit es t o f or m
i nt er a cti o ns, b ut i n c o ntr ast  m a y e v e n c a us e cl as h es  wit h t h e
r esi d u es of  C at B (Fi g ur e 1 0 A ). F urt h er f o c usi n g o n t h e S 1 sit e
r e v e als o n e r esi d u e of t h e  C at B o c cl u di n g l o o p,  w hi c h pr o vi d es

Fi g ur e 8. O v erl a y of n o n c o v al e nt d o c ki n g p os es of c o m p o u n d 1
( m a g e nt a, Fl e x X s c or e: 2 7. 9,  H y d e s c or e: 6. 2 k c al  m ol 1 ) a n d
c o m p o u n d 2 k ( g ol d, Fl e x X s c or e: 2 8. 4,  H y d e s c or e: 8. 8 k c al  m ol 1 ).
T h e e nl ar g e d vi n yls ulf o n at e  m oi et y of c o m p o u n d 2 k e xt e n ds f urt h er
i nt o t h e S 1′ p o c k et a n d t h e ar o m ati c ri n g c a n f or m a d diti o n al
h y dr o p h o bi c i nt er a cti o ns  wit h  Tr p 1 8 4 ( π π -st a c ki n g i nt er a cti o ns ).

Fi g ur e 9. ( A )  N o n- c o v al e nt d o c ki n g p os e of c o m p o u n d 2 d pr e di ct e d
wit h Fl e x X ( Fl e x X s c or e: 3 4. 3,  H y d e s c or e: 3 8 ). ( B )  G e o m etr y of
t h e c o v al e nt c o m pl e x b et w e e n r h o d es ai n a n d c o m p o u n d 2 d as
pr e di ct e d  wit h  D O C K TI T E [s c or e ( a ffi nit y Δ G , k c al  m ol 1 ): 6. 2,
D S X s c or e: 1 9 5. 5].  T h e c o m bi n ati o n of t h e vi n yls ulf o n at e ar o m ati c
ri n g e xt e n di n g f urt h er i nt o t h e S 1′ p o c k et a n d f or mi n g li p o p hili c
i nt er a cti o ns  wit h  Tr p 1 8 4, a d diti o n al h y dr o p h o bi c i nt er a cti o ns of t h e 4-
m et h yl gr o u p at p h e n yl al a ni n e ar o m ati c ri n g  wit h t h e S 2 p o c k et a n d t h e
pr ef err e d 4- p yri d yl gr o u p at P 3 r es ults i n a hi g h a ffi nit y of c o m p o u n d 2 d
f or t h e bi n di n g sit e.  T his is r efl e ct e d fr o m hi g h er s c or es o bt ai n e d fr o m
b ot h d o c ki n g a p pr o a c h es c o m p ar e d t o its a n al o g u es ( T a bl e S 1 ).
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a n e x pl a n ati o n f or s el e cti vit y ( Fi g ur e 1 0 B ).  Gl u 1 2 2 r e a c h es
t o w ar d t h e S 1 p o c k et, n ot o nl y  m a ki n g t his sit e  m or e p ol ar, b ut
als o n arr o w er, cl as hi n g  wit h t h e h o m o p h e n yl al a ni n e  m oi et y of
t h e i n hi bit ors a n d t h er e b y c a usi n g s el e cti vit y o v er  C at B.  Wit hi n
t h e S 2 p o c k et, t h e l ar g est diff er e n c es  w er e f o u n d f or  C at B as  w ell
( Fi g ur e 1 0 C ).  C at B  Gl y 1 9 7 s h o ws a di ff er e nt ori e nt ati o n t h a n
t h e c orr es p o n di n g r esi d u es L e u 1 6 0 i n r h o d es ai n a n d  M et 1 6 1 i n
C at L.  A d diti o n all y,  Al a 2 0 8 / 2 1 4 ( e n u m er ati o n is r h o d es ai n /
C at L ) is e x c h a n g e d t o  Gl u 2 4 6,  M et 6 9 / 7 0 t o Pr o 7 6, a n d L e u 6 7 /
6 9 t o  T yr 7 5.  T h es e di ff er e n c es all t o g et h er r es ult i n a  m or e o p e n
a n d p ol ar p o c k et  wit hi n  C at B,  w hi c h l e a ds t o a hi g h er a ffi nit y f or
r h o d es ai n a n d  C at L f or i n hi bit ors c arr yi n g ( 3- or 4- m et h yl )-
p h e n yl al a ni n e  m oi eti es.  A d di ti o n all y, t h e s el e cti vit y f or
r h o d es ai n o v er  C at L i ntr o d u c e d b y t h e 4- m et h yl s u bstit uti o n
( c o m p o u n ds 2 d , 3 d , a n d 4 d ) is li k el y t o b e c a us e d b y n o n- p ol ar
i nt er a cti o ns  wit h L e u 1 6 0 b ei n g  m or e f a v or a bl e c o m p ar e d t o t h e
C at L  M et 1 6 1,  w hi c h is sli g htl y  m or e dist a nt a n d p ot e nti all y
i m p air e d i n its fl e xi bilit y u p o n bi n di n g.  T h e  m ost si g ni fi c a nt
i m pr o v e m e nt i n s el e cti vit y  w as t h e dis pl a c e m e nt of N - m et h yl
pi p er azi n e b y 4- p yri di n e or l ess pr o n o u n c e d b y  D H D B
( c o m p o u n ds 2 d , 2 e , 3 d , 3 e , 4 d , a n d 4 e ).  Wit hi n t h e S 3 sit e,
a ci di c a mi n o a ci ds  Gl u 6 3 a n d  As p 6 9 ar e f o u n d i n  C at L a n d
C at B, r es p e cti v el y,  w hil e i n r h o d es ai n P h e 6 1 sits at t h e
c orr es p o n di n g p ositi o n ( Fi g ur e 1 D ). B y t h e r e m o v al of t h e
p ositi v el y c h ar g e d N - m et h yl pi p er azi n e, t h e l oss of p ot e nti al
i o ni c i nt er a cti o ns o nl y  wit h t h e off -t ar g et c at h e psi ns is,
t h er ef or e, li k el y t o i m pr o v e t h e s el e cti vit y pr ofi l e of t h es e
c o m p o u n ds.  A d diti o n all y, t h e  T yr 7 5 r esi d u e i n  C at B c o m p ar e d

t o L e u i n r h o d es ai n a n d  C at L r es ults i n a s m all er S 3 p o c k et a n d
a n e n h a n c e d s el e cti vit y o v er  C at B, t o o.

I n c o ntr ast t o all ot h er c o m p o u n ds i n t his st u d y, t h e g e o m etr y
of t h e d o u bl e b o n d of c o m p o u n d ( Z )- 2 a h as a ( Z )-
c o n fi g ur ati o n.  B e c a us e ( Z )-is o m ers ar e o bt ai n e d as si d e
pr o d u cts fr o m  H W E ol e fi n ati o n, it  w as o b vi o us t o e x pl or e t h e
i nfl u e n c e of t h e g e o m etr y of t h e d o u bl e b o n d o n i n hi bit or y
p ot e n c y.  C o m p ar e d t o t h e ( E )-is o m er 2 a ( K i* = 1 5 n M ),
c o m p o u n d ( Z )- 2 a ( K i = 5 2 5 n M ) s h o ws  m ar k e dl y r e d u c e d
p ot e n c y a n d f or ms n o hi g h- a ffi nit y c o m pl e x, i n di c ati n g t h at t h e
( Z )- c o n fi g ur ati o n of t h e d o u bl e b o n d is n ot f a v or a bl e.

C o m p o u n ds  wit h a  m o di fi e d P 1 r esi d u e ( 4j 4l ) s h o w e d
r e d u c e d p ot e n c y f or r h o d es ai n c o m p ar e d t o t h e c o u nt er p arts
wit h h o m o p h e n yl al a ni n e,  w hi c h  w as alr e a d y a nti ci p at e d fr o m
n o n- c o v al e nt d o c ki n g s c or es.  N e v ert h el ess, c o m p o u n d 4 k ,  wit h
m et hi o ni n e at P 1 a n d t h e 4- p yri d yl  m oi et y at P 3, is still a p ot e nt
i n hi bit or of r h o d es ai n (K i = 5 6 n M ).

M S  A n al y si s. C o v al e nt pr ot ei n li g a n d i nt er a cti o ns  w er e
v eri fi e d b y E SI  M S f or c o m p o u n ds 2 a , ( Z )- 2 a , a n d 2j a n d
M A L DI- T O F  M S f or K 1 1 7 7 7 , 1 , 2 a , 2j , a n d 2 k .

I n all t hr e e c as es (2 a , ( Z )- 2 a , a n d 2j ), t h e pr ot ei n li g a n d
a d d u ct r es ulti n g fr o m  Mi c h a el a d diti o n  w as d et e ct e d i n t h e E SI
m ass s p e ctr a.  T h e o bs er v e d  m ass s hift c orr es p o n ds t o t h e  m ass
of t h e i n hi bit or [ e x e m pli fi e d f or c o m p o u n d 2 a i n Fi g ur e 1 1 ; f or
c o m p o u n ds ( Z )- 2 a a n d 2j , s e eFi g ur e S 2 ],  w hi c h s h o ws c o v al e nt
b o n d f or m ati o n.

T o f urt h er el u ci d at e p ossi bl e di ff er e n c es i n bi n di n g  m o d e
r el at e d t o c o m p o u n d v ari a bilit y, es p e ci all y t o c o nfi r m t h e

Fi g ur e 1 0. Str u ct ur e c o m p aris o n of r h o d es ai n ( or a n g e c ar b o n at o ms, p d b e ntr y 2 p 7 u ),  C at L ( c y a n c ar b o n at o ms, p d b e ntr y 2 x u 1 ), a n d  C at B ( m a g e nt a
c ar b o n at o ms, p d b e ntr y 3 ai 8 )  wit h i n hi bit or K 1 1 7 7 7 s h o w n  wit h gr e e n c ar b o n at o ms.  R esi d u e e n u m er ati o n is r h o d es ai n / C at L / C at B. F or ( B  D ), t h e
r h o d es ai n s urf a c e is s h o w n i n gr a y f or ori e nt ati o n. ( A )  W h ol e pr ot e as e str u ct ur es d e pi ct e d as c art o o ns  wit h t h e  C at B o c cl u di n g l o o p hi g hli g ht e d. ( B )
Cl os e vi e w of S 1 sit e r esi d u es.  C at B- u ni q u e o c cl u di n g l o o p s h o w n i n t h e u p p er ri g ht  wit h  Gl u 1 2 2 as a s el e cti vit y d et er mi ni n g f e at ur e o v er  C at B. ( C )
Cl os e vi e w of S 2 sit e r esi d u es. ( D )  Cl os e vi e w of S 3 sit e r esi d u es r e v e als a ci di c  Gl u 6 3 a n d  As p 6 9 i n c at h e psi ns t o f or m i o ni c i nt er a cti o ns  wit h t h e b asi c
c e nt er of c o m p o u n d K 1 1 7 7 7 ,  w hi c h is a bs e nt i n c o m p o u n ds  wit h  m or e f a v or a bl e s el e cti vit y pr ofi l es.
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c o v al e nt i n hi biti o n, a r e pr es e nt ati v e s u bs et of c o m p o u n ds
c o v eri n g t h e  m aj orit y of s y nt h esiz e d  m o di fi c ati o ns  w as s el e ct e d
a n d a n al yz e d b y  M A L DI- T O F  M S.  T h e ai m h er e  w as t o a n al yz e
w h et h er t h es e  m o di fi c ati o ns i m p e d e c o v al e nt b o n d f or m ati o n
b et w e e n t h e c at al yti c t hi ol at e a n d t h e vi n yl  m oi et y. E SI  M S is a
s oft er  m et h o d i n t er ms of tr a nsiti o n t o t h e g as p h as e,  w h er e n o n-
c o v al e nt a d d u cts c a n b e f o u n d as  w ell as c o v al e nt a d d u cts.
D e p e n di n g o n t h e  m atri x,  M A L DI- T O F  M S c a n dis cri mi n at e
b et w e e n c o v al e nt a n d n o n- c o v al e nt bi n di n g: t h e f or m ati o n of
n o n- c o v al e nt a d d u cts c a n b e s u p pr ess e d b y usi n g a n a ci di c
m atri x,  w hi c h  w as attri b ut e d t o t h e disr u pti o n of s alt bri d g es a n d
t h e s u bs e q u e nt d est a biliz ati o n of t h e n o n- c o v al e nt pr ot ei n
li g a n d c o m pl e x.3 9 − 4 1 T h er ef or e,  M A L DI- T O F  M S  w as a p pli e d
t o f urt h er i n v esti g at e t h e bi n di n g  m o d e.4 0 ,4 2 ,4 3

I n t er ms of  w ar h e a d  m o difi c ati o n, vi n yl s ulf o n e K 1 1 7 7 7 , α -
fl u or o vi n yls ulf o n e 1 , a n d α -fl u or o vi n yls ulf o n at es 2 a , 2j , a n d 2 k
w er e e v al u at e d. F urt h er m or e, t h e s el e ct e d s u bs et di ff er e d i n

t h eir s u bstit u e nts i n t h e P 3 p ositi o n, n a m el y is o ni c oti n yl a mi d e
( 2 a ), b e nz yl c ar b a m at e ( 2j ), a n d 4- m et h yl pi p er azi n e- 1- c ar b o x-
a mi d e ( K 1 1 7 7 7 , 1 , a n d 2 k ),  w hil e s h ari n g t h e pr e c e di n g P h e-
h P h e  m otif i n P 2 a n d P 1, r es p e cti v el y. K 1 1 7 7 7 w as us e d as a
k n o w n, str u ct ur all y e q ui v al e nt c o ntr ol c o m p o u n d f or its
a n al o g o us, t h o u g h c o v al e nt irr e v ersi bl e bi n di n g  m o d e.  A n o n-
c o v al e nt i n hi bit or of r h o d es ai n ( 4 2 ) c arr yi n g a fl u or o di nitr o-
b e nz e n e  m oi et y as a n ar o m ati c el e ctr o p hil e  w as c h os e n as a
c o ntr ol s u bst a n c e f or its di ff er e nt i n hi biti o n  m o d e ( Fi g ur e 1 2 )
c o m p ar e d t o t h e vi n yls ulf o n es.  T h e c o m p o u n d f or ms a ti g ht π -
c o m pl e x  wit h t h e c at al yti c t hi ol at e, t h e a d d u ct  m ass of  w hi c h  w as
d et e ct a bl e i n E SI  M S e x p eri m e nts  wit h r h o d es ai n. 4 4

F or all e v al u at e d α -fl u or o vi n yl a n al o g u es ( 1 , 2 a , 2j , a n d 2 k ) ,
c o v al e nt a d d u cts  wit h r h o d es ai n  w er e o bs er v e d b y  M A L DI-
T O F  M S.  T h e r es ulti n g s p e ctr a c o nsist e d of a br o a d p e a k
c orr es p o n di n g t o t h e pr ot ei n ( c a. 2 3. 3 k D a ), 4 5 − 4 7 a n d a s e c o n d
p e a k c orr es p o n di n g t o t h e c o v al e nt pr ot ei n i n hi bit or a d d u ct
( c a. 2 3. 8 k D a ) t h at s h o ws a  m ass s hift c orr es p o n di n g t o t h e  m ass
of t h e r es p e cti v e c o m p o u n d ( Fi g ur e 1 2 ).  T h e o bs er v e d
m ulti pli cit y of t h e p e a ks  w as attri b ut e d t o a d diti o ns of  m atri x
m ol e c ul es [ m (si n a pi ni c a ci d ) = 2 2 4  D a] t o r h o d es ai n, as si mil ar
p h e n o m e n a ar e d es cri b e d i n t h e lit er at ur e. 4 7 T h e f o ur
fl u or o vi n yl d eri v ati v es ( 1 , 2 a , 2j , a n d 2 k ) b e h a v e d li k e t h e
irr e v ersi bl e c o ntr ol s u bst a n c e K 1 1 7 7 7 ,  w hil e t h e n o n- c o v al e nt
i n hi bit or (4 2 ) di d n ot s h o w a n y d et e ct a bl e a d d u ct si g n als u n d er
t h e e v al u at e d c o n diti o ns.  A p art fr o m t h at, a n a d d u ct of 4 2 w as
f o u n d  wit h E SI  M S as p u blis h e d pr e vi o usl y.3 9 ,4 0 ,4 4 T h e i d e nti c al
b e h a vi or of K 1 1 7 7 7 a n d t h e α -fl u or o vi n yls ulf o n es /-s ulf o n at es
i n t h e  M A L DI- T O F  M S e x p eri m e nts c o ul d b e o bs er v e d usi n g
t w o diff er e nt  m atri c es, si n a pi ni c a ci d a n d a  mi xt ur e of α - c y a n o-
4- h y dr o x y ci n n a mi c a ci d a n d 2, 5- di h y dr o x y b e n z oi c a ci d, 4 3

r es p e cti v el y, t h e l att er d at a ar e s h o w n i n t h e Fi g ur e S 1 .  T h es e
fi n di n gs, c o m bi n e d  wit h t h e r es ults fr o m E SI  M S a n d t h e di al ysis

Fi g ur e 1 1. I nt a ct pr ot ei n li g a n d a d d u cts o bt ai n e d b y  m ass
s p e ctr o m etr y f or c o m p o u n d 2 a .  T h e o bs er v e d s hift c orr es p o n ds t o
t h e  m ass of t h e i n hi bit or c o nsi d eri n g t h e c h ar g e st at e of t h e pr ot ei n (m /
z = 1 1 + ).

Fi g ur e 1 2. M A L DI- T O F  m ass s p e ctr a of r h o d es ai n ( c a. 2 3 k D a ) i n t h e pr es e n c e of di ff er e nt i n hi bit ors ( 1 0-f ol d  m ol ar e x c ess of i n hi bit or t o pr ot ei n ).
Si n a pi ni c a ci d  w as us e d as t h e  m atri x s u bst a n c e.  T h e fi g ur es s h o w t h e r el e v a nt r a n g e of t h e s p e ctr u m t o dis pl a y [ M +  H] + ,  w hi c h  w er e b as eli n e
c orr e ct e d.
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a n d dil uti o n ass a ys, cl e arl y s h o w t h at t h e α -fl u or o vi n yls ulf o n es
a n d -s ulf o n at es ar e i n d e e d c o v al e nt r e v ersi bl e i n hi bit ors of
r h o d es ai n.

C o m p ari s o n of t h e I n hi biti o n  M e c h a ni s m s of K 1 1 7 7 7
a n d 1  b y  Q M/ M M  M o d eli n g. I n o ur pr e vi o us st u d y,1 2 t h e
c o m p ut e d r e a cti o n e n er gi es of K 1 1 7 7 7 a n d 1 di ff er e d o nl y
m ar gi n all y s o t h at t h e c o m p ut ati o n al r es ults c o ul d h ar dl y e x pl ai n
t h e tr a nsiti o n fr o m irr e v ersi bl e t o r e v ersi bl e i n hi biti o n. I n t h at
st u d y, b ot h r e a cti o n p at h w a ys h a d b e e n c al c ul at e d st arti n g fr o m
t h e  X-r a y str u ct ur e of t h e c o v al e nt e nz y m e i n hi bit or c o m pl e x of
K 1 1 7 7  wit h r h o d es ai n ( P D B: 2 p 7 u ) g oi n g b a c k w ar ds fr o m t h e
c o v al e nt t o w ar d t h e n o n- c o v al e nt c o m pl e x.  T o g e n er at e t h e
r e a cti o n p at h f or 1 , t h e h y dr o g e n at o m h a d b e e n s u bstit ut e d f or
fl u ori n e i n t h e  X-r a y str u ct ur e. It h a d b e e n n e c ess ar y t o st art t h e
c o m p ut ati o ns fr o m t h e  X-r a y str u ct ur e of t h e c o v al e nt c o m pl e x
b e c a us e n o e x p eri m e nt al i nf or m ati o n o n t h e n o n- c o v al e nt
c o m pl e x  w as a v ail a bl e.  M or e o v er, s u c h pr o c e d ur es h a d b e e n
v er y s u c c essf ul t o e x pl ai n t h e st er e o- a n d r e gi os el e cti vit y of
v ari o us e p o xi d e- a n d aziri di n e- b as e d i n hi bit ors a n d t o pr e di ct
i m pr o v e d i n hi bit ors.4 8 − 5 0 H o w e v er, s u c h a p pr o a c h es c a n b e
err or- pr o n e i n c as es  w h e n t h e g e o m etri es of t h e c o v al e nt a n d
n o n- c o v al e nt e n z y m e i n hi bit or c o m pl e x es di ff er l ar g el y,
es p e ci all y  w h e n s u bstit uti o n l e a ds t o l ar g e di ff er e n c es i n t h e
n o n- c o v al e nt c o m pl e x.

T o o bt ai n  m or e r eli a bl e i nsi g hts i nt o p ossi bl e di ff er e n c es
b et w e e n t h e n o n- c o v al e nt e n z y m e-i n hi bit or c o m pl e x es of
K 1 1 7 7 7 a n d 1 , at fi rst, n o n- c o v al e nt str u ct ur es st arti n g fr o m
t h e  X-r a y str u ct ur e of K 1 1 7 7 7 wit h r h o d es ai n ( P D B: 2 p 7 u )
w er e c al c ul at e d. F or 1 , t h e h y dr o g e n at o m i n t h e α - p ositi o n  w as
s u bstit ut e d b y fl u ori n e.  T h es e str u ct ur es t h e n  w er e us e d as
st arti n g p oi nts f or  M D si m ul ati o ns ( 1 0 ti m es 1 0 ns s e q u e n c es f or
e a c h c o m p o u n d ).  E x e m pl aril y, Fi g ur e 1 3 pr es e nts t h e

fl u ct u ati o ns i n t h e di h e dr al a n gl e ∠ H 3 C 3 C 2 H 2 (s e e Fi g ur e 1 4
f or d efi niti o n ) f or fi v e di ff er e nt  M D s a m pli n gs.  A v ari ati o n of
∠ H 3 C 3 C 2 H 2 fr o m 0 t o ± 1 8 0 ° d es cri b es t h e r ot ati o n of t h e
i n hi bit or ar o u n d t h e  C3 C 2 si n gl e b o n d, a dj a c e nt t o t h e d o u bl e
b o n d.  D u e t o t his r ot ati o n, t h e  C 1 X b o n d ( X =  H 1, F )  m o v es
fr o m t h e  Gl y 2 3- ori e nt e d si d e t o t h e o p p osit e si d e (Fi g ur e 1 4 ).
F or K 1 1 7 7 7 ,  m ai nl y v al u es b et w e e n 4 0 a n d 4 0° ( 3 2 0 ° )  w er e

f o u n d f or t h e ∠ H 3 C 3 C 2 H 2 a n gl e. I n t h e f oll o wi n g,  w e
d e n o mi n at e ali g n m e nts  wit h 4 0 ° < ∠ H 3 C 3 C 2 H 2 < 4 0 ° ( Fi g ur e
1 4 ) as “H- ori e nt ati o n ”. F or 1 , ∠ H 3 C 3 C 2 H 2 a d o pt e d v al u es
b et w e e n 1 2 0 a n d 1 9 0 ° ( 1 7 0 ° ), t h at is, t h e  w ar h e a d of t h e
c o m p o u n d os cill at es ar o u n d a p ositi o n,  w h er e t h e F- at o m is
ori e nt e d t o w ar d t h e b a c k b o n e  N H gr o u ps of  C ys 2 5, S er 2 4, a n d
t h e si d e- c h ai n  N H2 gr o u p of  Gl n 1 9 ( Fi g ur e 1 4 b ), b ut  m ai nl y
a d o pts p ositi o ns  wit h ∠ H 3 C 3 C 2 H 2 > 1 8 0 ° . I n t h e f oll o wi n g,
g e o m etri es  wit h 1 9 0 ° < ∠ H 3 C 3 C 2 H 2 < 1 2 0 ° ar e d e n o mi-
n at e d “F- ori e nt ati o n ”.

D uri n g t h e  M D si m ul ati o n, K 1 1 7 7 7 p o p ul at e d b ot h  H-
( ≈ 8 0 % ) a n d F- ori e nt ati o n ( ≈ 2 0 % ) i n di c ati n g t h at b ot h
ali g n m e nts ar e e n er g eti c all y q uit e si mil ar. I n c o ntr ast, 1
pr e d o mi n a ntl y a d o pt e d t h e F- ori e nt ati o n d u e t o attr a cti v e
i nt er a cti o ns  wit h t h e  N H b a c k b o n e gr o u p of  C ys 2 5, t h e si d e
c h ai n  N H 2 gr o u p of  Gl n 1 9 ( k n o w n as t h e o x y a ni o n h ol e of
r h o d es ai n ), a n d t h e  N H b a c k b o n e gr o u p of S er 2 4. Si mil ar
v ari ati o ns i n t h e str u ct ur es u p o n fl u ori n ati o n  w er e r e p ort e d i n
t h e lit er at ur e ).5 1 ,5 2

W hil e t h e ori e nt ati o n of t h e r e c o g niti o n u nit (i n Fi g ur e 1 4
gi v e n i n p ur pl e ) r e m ai n e d fi x e d i n t h e t orsi o n al  m oti o n ar o u n d
∠ H 3 C 3 C 2 H 2 , t h e r el ati v e p ositi o ns b et w e e n t h e att a c k e d d o u bl e
b o n d of t h e i n hi bit or a n d t h e i n v ol v e d si d e c h ai ns of  C ys 2 5 a n d
His 1 6 2 c h a n g e d dr asti c all y as s h o w n i n Fi g ur e 1 5 . I n b ot h c as es,
a s y n- a d diti o n t a k es pl a c e b e c a us e t h e t hi ol at e gr o u p of  C ys 2 5
a n d t h e pr ot o n at e d i mi d az ol e ri n g of  His 1 6 2 ar e f o u n d t o b e o n
t h e s a m e si d e of t h e d o u bl e b o n d (Fi g ur e 1 5 ), b ut f or t h e  H-
ori e nt ati o n, t h e  C S b o n d of t h e  C ys 2 5 si d e c h ai n is ort h o g o n all y
ori e nt e d  wit h r es p e ct t o t h e  C 1 C 2 d o u bl e b o n d  w hil e it is
ori e nt e d i n p ar all el f or t h e F- ori e nt ati o n.  T h e p ositi o n of t h e
pr ot o n at e d i mi d az ol e ri n g of  His 1 6 2 als o c h a n g e d a c c or di n gl y.

T o c al c ul at e t h e i n fl u e n c e of t h e di ff er e nt ori e nt ati o n of t h e
w ar h e a d of K 1 1 7 7 7 a n d 1 o n t h e i n hi biti o n  m e c h a nis m ( Fi g ur e
1 ), t h e c orr es p o n di n g r e a cti o n p at hs  w er e c o m p ut e d.  H o w e v er,
d u e t o t h e l ar g e n u m b er of l o c al  mi ni m a f or t h e n o n- c o v al e nt
c o m pl e x (t h e r e a ct a nt ) a n d t h e c o v al e nt c o m pl e x (t h e pr o d u ct )
i n c o m bi n ati o n  wit h t h e r o u g h n ess of t h e u n d erl yi n g p ot e nti al
e n er g y s urf a c e ( P E S ), t h e a p pr o pri at e pi ct ur e of t h e i n hi biti o n
r e a cti o n is n ot t h at of a si n gl e r e a cti o n p at h  wit h o n e st arti n g
p oi nt, o n e tr a nsiti o n st at e, a n d o n e pr o d u ct, b ut t h at of a v er y
r o u g h P E S  wit h v ari o us e n er g eti c all y si mil ar p at h w a ys st arti n g
fr o m a n d e n di n g at sli g htl y diff er e nt r e a ct a nts a n d pr o d u cts.  T o
a c hi e v e r e pr es e nt ati v e p at h w a ys,  w e p erf or m e d g e o m etr y
o pti miz ati o ns st arti n g fr o m t w o s el e ct e d s n a ps h ots of t h e  M D
si m ul ati o n f or e a c h i n hi bit or a n d c o m p ut e d t h e r e a cti o n p at hs
st arti n g fr o m t h e o bt ai n e d  mi ni m a.  T h e g e o m etri c al p ar a m et ers
of t h e r es p e cti v e  mi ni m a ar e gi v e n i n T a bl e S 2 .

T o c h ar a ct eriz e t h e r e a cti o n  m e c h a nis m,  w e fi rst c o m p ut e d
t w o- di m e nsi o n al s c a ns usi n g t h e dist a n c es  R ( Sc ys C 2 ) a n d
R ( H His C 1 ) as  m ai n r e a cti o n p ar a m et ers ( Fi g ur e 1 4 ).  T h e
r es ulti n g tr a nsiti o n st at es s er v e d as st arti n g p oi nts f or
s u bs e q u e nt I R C (i ntri nsi c r e a cti o n p at hs ) si m ul ati o ns, 5 3 t h e
c o urs e of  w hi c h g e n er all y gi v es g o o d i nsi g hts i nt o t h e r e a cti o n
m e c h a nis m (r e a cti o n b arri er, r e a cti o n e n er g y, a n d str u ct ur al
c h a n g es i n t h e c o urs e of t h e r e a cti o n ).  M or e d et ails ar e gi v e n i n
t h e E x p eri m e nt al S e cti o n . I n Fi g ur e 1 5 , r e pr es e nt ati v e I R Cs f or
K 1 1 7 7 7 st arti n g fr o m t h e  H- ori e nt ati o n a n d 1 st arti n g fr o m t h e
F- ori e nt ati o n ar e c o m p ar e d. Fi g ur e 1 6 als o s k et c h es t h e
g e o m etr y v ari ati o ns al o n g t h e I R Cs. F urt h er i nf or m ati o n o n
t h e g e o m etri es is gi v e n i n T a bl e S 3 .  A d diti o n al p at hs st arti n g
fr o m ot h er r e a ct a nt  mi ni m a s h o wi n g si mil ar s h a p es c a n als o b e
f o u n d i n t h e S u p p orti n g I nf or m ati o n ( Fi g ur es S 4 a n d S 7 ).

Fi g ur e 1 3. V ari ati o n of t h e di h e dr al a n gl e ∠ H 3 C 3 C 2 H 2 al o n g t h e  M D
si m ul ati o ns (s e q u e n c es of 1 0. 0 ns, r es p e cti v el y ) f or K 1 1 7 7 7 wit h  X =  H
(i n r e d ) a n d t h e fl u ori n at e d vi n yls ulf o n e  wit h  X = F (i n bl a c k ). Fi g ur e
1 3 d e fi n es t h e di h e dr al a n gl e a n d gi v es t h e c orr es p o n di n g ori e nt ati o n of
t h e  w ar h e a d i n t h e a cti v e sit e. Pl e as e n ot e t h at ∠ H 3 C 3 C 2 H 2 = 1 5 0 ° is
e q u al t o ∠ H 3 C 3 C 2 H 2 = 2 1 0 ° .
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Fi g ur e 1 6 s h o ws c o nsi d er a bl e diff er e n c es i n t h e I R Cs of b ot h
c o m p o u n ds.  W hil e t h e r e a cti o n p at h w a y f or t h e i n hi biti o n of
r h o d es ai n b y K 1 1 7 7 7 p ass es o v er a b arri er of a b o ut 1 2 k c al
m ol − 1 a n d h as a n e x ot h er mi c r e a cti o n e n er g y of a b o ut 2 0 k c al
m ol − 1 ,  w e pr e di ct a t h er m o n e utr al r e a cti o n f or t h e i n hi biti o n
r e a cti o n of 1 wit h a v er y hi g h b arri er of 2 5 k c al  m ol − 1 .  T h e s m all
r e a cti o n b arri er a n d t h e str o n g e x ot h er mi cit y ni c el y e x pl ai n  w h y
K 1 1 7 7 7 is a n effi ci e nt irr e v ersi bl e i n hi bit or.

T h e di ff er e nt s h a p es of t h e r e a cti o n p at h w a ys pr es e nt e d i n
Fi g ur e 1 6 m a y r es ult fr o m t h e di ff er e nt ori e nt ati o n of t h e ol e fi n
i n t h e a cti v e sit e or fr o m c h a n g es i n t h e el e ctr o ni c str u ct ur e d u e
t o t h e fl u ori n e s u bstit uti o n i n 1 .  T o o bt ai n  m or e i nsi g hts, t h e
r e a cti o n of K 1 1 7 7 7 fr o m t h e F- ori e nt ati o n  w as c o m p ut e d. F or
t his p ur p os e,  w e fi rst c o m p ut e d t h e e n er g y pr ofi l e of t h e
t orsi o n al  m oti o n of t h e  C1 C 2 d o u bl e b o n d ar o u n d t h e di h e dr al
a n gl e ∠ H 3 C 3 C 2 H 2 ( Fi g ur e S 3 ).  As e x p e ct e d fr o m t h e  M D
si m ul ati o ns, f or K 1 1 7 7 7 , t h e e n er g y diff er e n c e b et w e e n t h e  H-
a n d t h e F- ori e nt ati o n  w as f o u n d t o b e s m all ( 1 2 k c al  m ol − 1 ) s o
t h at t h e r e a cti o n c o ul d t a k e pl a c e fr o m b ot h ori e nt ati o ns.
H o w e v er, t h e t w o- di m e nsi o n al s c a n st arti n g fr o m t h e F-
ori e nt ati o n pr e di ct e d b arri ers of a b o ut 3 3 k c al  m ol − 1 a n d n e arl y
is ot h er m al r e a cti o ns (Δ E r e a c = 3 k c al  m ol − 1 ).  T his i n di c at es

t h at t h e diff er e nt st arti n g ori e nt ati o ns ar e l e a di n g f or c es f or t h e
o bs er v e d di ff er e n c es.  Att e m pts t o g e n er at e I R Cs f ail e d, p ossi bl y
b e c a us e t h e p at hs e n er g eti c all y li e a b o v e t h e p at h gi v e n i n Fi g ur e
1 5 a.

T his fi n di n g c o ul d als o i n di c at e t h at a r e a cti o n of 1 st arti n g
fr o m t h e  H- ori e nt ati o n is  m or e f a v or a bl e.  T o a ns w er t his
q u esti o n,  w e c al c ul at e d a t w o-st e p  m e c h a nis m f or i n hi bit or 1 . I n
t h e fi rst st e p, 1 w as f o u n d t o t wist fr o m t h e F- i nt o t h e  H-
ori e nt ati o n ( v ari ati o n of ∠ H 3 C 3 C 2 H 2 ). St arti n g fr o m t h e
o bt ai n e d l o c al  mi ni m u m,  w e t h e n c al c ul at e d t h e c o urs e of
i n hi biti o n b y c o m p o u n d 1 st arti n g fr o m t h e  H- ori e nt ati o n as t h e
s e c o n d st e p of t h e o v er all i n hi biti o n r e a cti o n.  T h e r es ult of t his
t w o-st e p i n hi biti o n r e a cti o n is s h o w n i n Fi g ur e 1 7 .

Fi g ur e 1 7 i n di c at es t h at t h e s h a p e of t h e r e a cti o n p at h of 1 , if it
st arts fr o m t h e  H- ori e nt ati o n, r es e m bl es t h e p at h f o u n d f or
K 1 1 7 7 7 ( Fi g ur e 1 6 ). St arti n g fr o m t h e  H- ori e nt ati o n ( Fi g ur e
1 7 , str u ct ur e 3 ), t h e r e a cti o n pr o c e e ds o v er a b arri er of a b o ut 1 8
k c al  m ol − 1 a n d h as a r e a cti o n e n er g y of a b o ut 1 2 k c al  m ol − 1 .
H o w e v er, t h e e x ot h er mi cit y of t h e  w h ol e r e a cti o n dr o ps t o o nl y

4 k c al  m ol − 1 , d u e t o t h e pr e vi o usl y n e c ess ar y tr a nsiti o n fr o m
t h e F- t o t h e  H- ori e nt ati o n.  Ot h er r e a cti o n c o urs es gi v e n i n t h e
S u p p orti n g I nf or m ati o n pr o vi d e a si mil ar pi ct ur e ( Fi g ur es S 8
S 1 0 ).

O ur i n v esti g ati o n r e v e al e d t h at t h e di ff er e n c es b et w e e n
K 1 1 7 7 7 a n d 1 ar e  m ai nl y d u e t o t h e i nt er a cti o n b et w e e n t h e
fl u ori n e at o m a n d t h e o x y a ni o n h ol e of r h o d es ai n,  w hi c h i n d u c es
a fl i p of t h e ol efi n gr o u p of t h e  w ar h e a d  wit hi n t h e a cti v e sit e.
T his c h a n g e i n t h e ori e nt ati o n si g ni fi c a ntl y c o m pli c at es t h e
f urt h er c o urs e of t h e i n hi biti o n r e a cti o n.  As a r es ult, f or i n hi bit or
1 , a t w o-st e p  m e c h a nis m b e c o m es  m or e f a v or a bl e,  w hi c h
c o nt ai ns a t orsi o n al  m o v e m e nt fr o m t h e F- t o t h e  H- ori e nt ati o n
b ef or e t h e a ct u al c o v al e nt  Mi c h a el-t y p e r e a cti o n c a n t a k e pl a c e
l e a di n g t o a c o nsi d er a bl y r e d u c e d e x ot h er mi cit y.  T h es e
di ff er e n c es ni c el y e x pl ai n t h e s wit c h fr o m t h e irr e v ersi bl e
( K 1 1 7 7 7 ) t o t h e r e v ersi bl e ( 1 ) i n hi biti o n  m o d e a n d ar e i n li n e
wit h all e x p eri m e nt al d at a,  w hi c h i n di c at e a c o v al e nt, b ut
r e v ersi bl e b o n d f or m ati o n f or v ari o us fl u ori n at e d i n hi bit ors.

Fi g ur e 1 4. S k et c h of t h e pr e d o mi n a nt ori e nt ati o n of t h e  w ar h e a ds ( b ol d ) i n t h e a cti v e sit e d uri n g t h e  M D si m ul ati o ns gi v e n i n Fi g ur e 1 3 . ( a )  H-
ori e nt ati o n: pr e d o mi n a nt c o nf or m ati o ns of K 1 1 7 7 7 ( X =  H )  wit h 4 0 ° ≤ ∠ H 3 C 3 C 2 H 2 ≤ 4 0 ° ( b ) F- ori e nt ati o n: pr e d o mi n a nt c o nf or m ati o ns f or t h e
fl u ori n at e d vi n yls ulf o n e 1 ,  wit h 1 9 0° ≤ ∠ H 3 C 3 C 2 H 2 ≤ 1 2 0 ° . F or  m or e i nf or m ati o n, s e e t h e t e xt.

Fi g ur e 1 5. R el ati v e ori e nt ati o n of  C ys 2 5 a n d  His 1 6 2  m oi eti es  wit h
r es p e ct t o t h e d o u bl e b o n d of t h e vi n yls ulf o n e gr o u p att a c k e d b y  C ys 2 5,
( a ) f or K 1 1 7 7 7 ( X =  H ) i n t h e  H- ori e nt ati o n, a n d ( b ) f or t h e
fl u ori n at e d vi n yls ulf o n e ( X = F ) i n t h e F- ori e nt ati o n.
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A ntitr y p a n o s o m al  A cti vit y a n d T o xi cit y. S el e ct e d
c o m p o u n ds  w er e t est e d f or a ntitr y p a n os o m al a cti vit y a n d
c yt ot o xi cit y ( T a bl e 5 ).  Tr y p a n o ci d al a cti vit y  w as  m e as ur e d
a g ai nst T. br ucei br ucei T C 2 1 1 5 4 ,5 5 or T. br ucei br ucei B S 4 4 9, as
d es cri b e d pr e vi o usl y. 5 6 ,5 7 C yt ot o xi cit y  w as  m e as ur e d f or
s el e ct e d c o m p o u n ds i n t h e  m a cr o p h a g e c ell li n e J 7 7 4. 1 a n d i n
H e L a c ells as d es cri b e d b ef or e. 1 2 ,5 5 M ost i n hi bit ors t est e d
s h o w e d si g nifi c a ntl y i m pr o v e d a ntitr y p a n os o m al a cti vit y
c o m p ar e d t o st arti n g c o m p o u n d 1 .  T his c orr el at es v er y  w ell
wit h t h e hi g h er i n hi bit or y p ot e n c y of t h e c o m p o u n ds f or
r h o d es ai n.  T h e c o m p o u n ds als o dis pl a y e d a n i m pr o v e d s af et y
pr o fi l e b y s h o wi n g n o r el e v a nt c yt ot o xi cit y i n  H e L a c ells or i n
t h e J 7 7 4. 1  m a cr o p h a g e c ell li n e.  M ost i nt er esti n gl y, fr o m t h e
h P h e s eri es, t h e c o m p o u n ds  wit h  N-t er mi n al  D H B D gr o u p a n d
4- M e- P h e r esi d u e at t h e P 2 p ositi o n ( 2 e , 4 e ) e x hi bit e d hi g h est

a ntitr y p a n os o m al p ot e n c y  wit h t h e s ulf o n at e 2 e b ei n g t h e  m ost
p ot e nt c o m p o u n d ( E C 5 0 = 0. 1 4 μ M ), si mil arl y a cti v e t o t h e
irr e v ersi bl e K 1 1 7 7 7 .  Als o,  wit hi n t h e 4- P yr s eri es, t h e
c o m p o u n ds  wit h 4- M e- P h e r esi d u e ( 2 d , 3 d , a n d 4 d ) ar e  m or e
p ot e nt t h a n t h os e  wit h P h e at P 2 p ositi o n ( 2 a ,4 a ). Pr o b a bl y, t h e
hi g h er li p o p hili cit y a n d t h us b ett er  m e m br a n e p er m e a bilit y of
t h es e c o m p o u n ds c o ntri b ut e t o t h eir b ett er a ntitr y p a n os o m al
a cti vit y.  N o di ff er e n c es ar e o bs er v e d b et w e e n t h e v ari o us
w ar h e a ds ( p h e n yl vi n yls ulf o n at e 2 d , b e nz yl vi n yls ulf o n e 3 d , a n d
p h e n yl vi n yls ulf o n e 4 d ).  Wit hi n t h e N M e- Pi p s eri es ( 1 ,4j , a n d
4l ), t h e c o m p o u n d  wit h  C ys ( B n ) i n t h e P 1 p ositi o n ( 4l ) is  m ost
a cti v e ( 3. 0 μ M ) d es pit e b ei n g a  m u c h l ess- p ot e nt i n hi bit or of
r h o d es ai n.  T his o bs er v ati o n  m a y b e e x pl ai n e d  wit h t h e r el ati v el y
hi g h t o xi cit y of t h e c o m p o u n d,  w hi c h s e e ms t o b e als o

Fi g ur e 1 6. R e pr es e nt ati v e i ntri nsi c r e a cti o n c o or di n at e (I R C ) si m ul ati o n of t h e i n hi biti o n r e a cti o n of K 1 1 7 7 7 ( a ) a n d 1 ( b ). S el e ct e d g e o m etri c al
p ar a m et ers of t h e i n di c at e d str u ct ur es ar e s u m m ariz e d i n T a bl e S 3 .
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c o n n e ct e d t o t h e N - M e- Pi p  m oi et y ( c o m p o u n ds K 1 1 7 7 7 , 1 , 4j ,
a n d 4l ).

S el e cti vit y o v er S eri n e a n d T hr e o ni n e Pr ot e a s e s. F or
s el e ct e d c o m p o u n ds, i n hi bit or y p ot e n c y a g ai nst ot h er pr ot e as es
(t h e t hr e o ni n e pr ot e as e 2 0 S pr ot e as o m e a n d t h e s eri n e pr ot e as e
N S 2 B / N S 3 of t h e  D e n g u e vir us )  w as t est e d ( T a bl e 6 ).  T h e
a cti vit y of t h e c o m p o u n ds a g ai nst t h e di ff er e nt c at al yti c all y
a cti v e s u b u nits of t h e pr ot e as o m e (tr y psi n-li k e, c as p as e-li k e, a n d
α - c h y m otr y psi n-li k e )  w as t est e d s e p ar at el y b y t h e us e of s p e cifi c
fl u or o g e ni c s u bstr at es (s e e E x p eri m e nt al S e cti o n ).  M ost
c o m p o u n ds s h o w e d n o r el e v a nt i n hi biti o n (l ess t h a n 5 0 % ) at
c o n c e ntr ati o ns of 1 1 μ M.  Hi g h est p er c e nt a g e i n hi biti o n  w as
o bs er v e d i n t h e c as e of t h e c as p as e-li k e a cti vit y f or c o m p o u n ds
2 d ( 4 4 % ) a n d 4 a ( 4 1 % ). I n hi bit or 4l w as t h e o nl y c o m p o u n d
t h at s h o w e d r el e v a nt i n hi biti o n of t h e α - c h y m otr y psi n-li k e
a cti vit y of t h e pr ot e as o m e ( 7 1 % at 1 1 μ M ).

I n  Vitr o  M et a b oli s m. T h e  m et a b olis m of c o m p o u n ds 1 a n d
2 d- ( H ) w as i n v esti g at e d usi n g r at li v er  mi cr os o m es a n d a n
N A D P H- g e n er ati n g s yst e m.  T h e c o v al e nt c yst ei n e pr ot e as e
i n hi bit or K 1 1 7 7 7 w as us e d as a c o ntr ol. Pr e vi o us i n vitr o
m et a b olis m st u di es b y J a c o bs e n a n d c o- w or k ers r e v e al e d t hr e e
m et a b olit es of K 1 1 7 7 7 d e pi ct e d i n Fi g ur e 1 8 .5 9

C o m p o u n d 1 ( fl u ori n at e d K 1 1 7 7 7 ) als o s h o w e d  N-
d e m et h yl ati o n ( 1 a ) a n d  N- o xi d ati o n ( 1 b ) as s h o w n i n Fi g ur e
S 1 3 .  T h e  m et a b olit es  w er e a n al yz e d vi a L C  M S fr a g m e nt ati o n.
A d diti o n all y, t h e p ot e nti al  m et a b olit es  w er e s y nt h esiz e d as
d es cri b e d i n t h e C h e mistr y s e cti o n, a n d t h eir fr a g m e nts a n d
r et e nti o n ti m es  w er e c o m p ar e d t o t h os e f o u n d i n t h e
m et a b olis m st u di es t o e ns ur e t h e i d e ntit y of t h e  m et a b olit es.
I n c o ntr ast t o t h e r e p ort e d  m et a b olis m of K 1 1 7 7 7 , t h e β -
h y dr o x y h o m o p h e n yl al a ni n e d eri v ati v e 3 2 di d n ot o c c ur, n eit h er
i n t h e e x p eri m e nts  wit h c o m p o u n d 1 n or i n t h os e  wit h K 1 1 7 7 7 .

Fi g ur e 1 7. R e a cti o n pr o fi l e of t h e t w o-st e p i n hi biti o n r e a cti o n of 1 .  T h e r ot ati o n a b o ut ∠ H 3 C 3 C 2 H 2 is gi v e n i n bl u e. Pl e as e n ot e t h at t h e r e a cti o n p at h
is p ut t o g et h er fr o m s e v er al I R Cs. S el e ct e d g e o m etri c al p ar a m et ers of t h e i n di c at e d str u ct ur es ar e s u m m ariz e d i n T a bl e S 3 . S e e als o Fi g ur e S 6 .

T a bl e 5.  A ntitr y p a n os o m al  A cti vit y a n d  C yt ot o xi cit y of S el e ct e d  C o m p o u n ds a

s u bstit uti o n T. b. b. E C 5 0 / μ M c yt ot o xi cit y  C C 5 0 / μ M

c p d R R 1 R 2 a a X 4 8 h J 7 7 4. 1  H e L a

K 1 1 7 7 7 P h H N - M e Pi p h P h e H 0. 1 8 ± 0. 0 3 b ,c 4 1 b > 1 0 d

1 P h H N - M e Pi p h P h e F 1 2. 5 ± 0. 4 c 3 8 1 0 ± 2

2 a O P h  H 4- P yr h P h e F 4. 8 ± 0. 9 c n. d. > 1 0 0

2 d O P h 4- M e 4- P yr h P h e F 1. 9 ± 1. 8 e n. d. > 1 0 0

2 e O P h 4- M e  D H B D h P h e F 0. 1 4 ± 0. 0 5 e n. d. > 1 0 0

3 d B n 4- M e 4- P yr h P h e F 1. 4 ± 0. 9 e n. d. > 1 0 0

4 a P h H 4- P yr h P h e F 3. 0 ± 0. 4 c > 1 0 0 > 1 0 0

4 d P h 4- M e 4- P yr h P h e F 1. 9 ± 1. 2 e n. d. > 1 0 0

4 e P h 4- M e  D H B D h P h e F 0. 8 0 ± 0. 5 e n. d. > 1 0 0

4j P h H N - M e Pi p  M et F 1 4. 1 ± 0. 6 c 4 3 7 7 ± 8

4l P h H N - M e Pi p  C ys ( B n ) F 3. 0 ± 0. 1 c 8. 7 8 ± 0. 4
a n. d. n ot d et er mi n e d. b S e e r ef 1 2 . cT. br ucei br ucei T C 2 1 1. d S e e r ef 5 8 . eT. br ucei br ucei B S 4 4 9.
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br ai n b arri er.  T h e c o m p o u n ds  w er e c h os e n f or t h e i n vi v o ass a ys
b as e d o n t h eir di ff er e n c es i n t h e  m o d e of i n hi biti o n ( c o v al e nt
r e v ersi bl e vs irr e v ersi bl e ) a n d b as e d o n t h eir p h ysi c o c h e mi c al
pr o p erti es ( T a bl e 8 ),  w hi c h ar e si mil ar f or c o m p o u n d 2 d- ( H )
a n d its fl u ori n at e d c o u nt er p art 2 d .

C o m p o u n d 1 w as f o u n d i n pl as m a s a m pl es b ut n ot i n t h e
br ai n h o m o g e n at e,  w h er e as c o m p o u n d 2 d- ( H ) c o ul d b e f o u n d
i n b ot h, pl as m a a n d br ai n tiss u e aft er i. p. a n d p. o. a d mi nistr ati o n,
r es p e cti v el y (Fi g ur es 1 9 , S 1 5, a n d S 1 6 ).  T h er ef or e, it c a n b e
c o n cl u d e d t h at 2 d- ( H ) is a bl e t o cr oss t h e bl o o d br ai n b arri er
d u e t o its hi g h er li p o p hili cit y.  A n a c c u m ul ati o n of t his
c o m p o u n d  w as als o s u g g est e d b e c a us e of a hi g h er  A U C aft er
m ulti pl e or al a d mi nistr ati o n c o m p ar e d t o a si n gl e d os e i. p.
a d mi nistr ati o n, t h us  m a ki n g it a p ossi bl e c a n di d at e f or t h e
tr e at m e nt of st a g e- 2  H A T.

F urt h er m or e, t h e distri b uti o n of t h e c o m p o u n ds i n t h e br ai n
e xtr a c ell ul ar s p a c e  w as als o i n v esti g at e d vi a  mi cr o di al ysis.  O nl y
c o m p o u n d 2 d- ( H ) c o ul d b e f o u n d i n t h e di al ys at e  wit h r e c o v er y
r at es fr o m t h e pl as m a c o n c e ntr ati o n b et w e e n 0. 8 a n d 6 % of
pl as m a v al u es aft er i. p. i nj e cti o n.  T his i n di c at es t h at t h e
li p o p hili c c o m p o u n d 2 d- ( H ) r e a c h es hi g h er c o n c e ntr ati o ns
i ntr a c ell ul arl y t h a n i n t h e e xtr a c ell ul ar fl ui d.

N ot a bl y, t h e  mi c e tr e at e d  wit h t h e c o m p o u n ds di d n ot s h o w
a n y si g ns of t o xi fi c ati o n.

It c a n b e c o n cl u d e d t h at t h e o pti miz ati o n of c o m p o u n d 1
t hr o u g h S A R st u di es n ot o nl y e n h a n c e d t h e i n hi bit or y p ot e n c y
a g ai nst r h o d es ai n a n d t h e s el e cti vit y o v er  C at B a n d  C at L b ut
als o r es ult e d i n a p ot e nti al dr u g c a n di d at e f or st a g e- 2  H A T  wit h
a hi g h er li p o p hili cit y ( c al c. S l o g P = 4. 7 7 c o m p ar e d t o 3. 9 6 f or
1 ) t h at is a bl e t o cr oss t h e bl o o d br ai n b arri er a n d a c c u m ul at e i n
br ai n tiss u e.

■ C O N C L U SI O N S

I n t his st u d y, c o m p o u n d 1 ( K i = 1 9 0 n M, E C 5 0 ( T. br ucei ) = 1 2. 5
μ M ),  w hi c h  w as r e c e ntl y i d e nti fi e d as a c o v al e nt r e v ersi bl e
c yst ei n e pr ot e as e i n hi bit or b y t h e a p pli c ati o n of a q u a nt u m-
c h e mi c al- b as e d d esi g n pr ot o c ol, 1 2 w as o pti miz e d i n t er ms of
i n hi bit or y p ot e n c y a n d s el e cti vit y f or r h o d es ai n. B as e d o n t h e
r es ults o bt ai n e d fr o m  m ol e c ul ar d o c ki n g a n d  M D si m ul ati o ns, a
s eri es of c o m p o u n ds  wit h a  m o difi e d r e c o g niti o n u nit a n d a n
alt er e d s u bstit uti o n p att er n of t h e  w ar h e a d  w er e s y nt h esiz e d.
I ntr o d u cti o n of ar o m ati c r esi d u es at P 3 si g nifi c a ntl y e n h a n c e d
t h e p ot e n c y f or r h o d es ai n (4 b : K i = 1 2 n M ) a n d i n cr e as e d t h e
tr y p a n o ci d al a cti vit y a g ai nst T. br ucei [4 a : E C5 0 ( T. br ucei ) = 3. 0
μ M]. I n c or p or ati o n of a 4- m et h yl s u bstit u e nt at t h e p h e n yl-
al a ni n e ar o m ati c ri n g a d diti o n all y i m pr o v e d s el e cti vit y a g ai nst
h u m a n c at h e psi ns ( 4 d : K i = 8 n M, 1 2-f ol d s el e cti vit y o v er  C at L,
m or e t h a n 2 0 0-f ol d s el e cti vit y o v er  C at B ). B y alt er ati o n of t h e
s u bstit uti o n p att er n of t h e  w ar h e a d, t w o n e w cl ass es of c o v al e nt
r e v ersi bl e c yst ei n e pr ot e as e i n hi bit ors  wit h disti n ct pr o p erti es
w er e o bt ai n e d.  T h e c o m p o u n ds fr o m t h e s eri es of b e nz yl
fl u or o vi n yls ulf o n es ( c p ds 3 a 3i ) s h o w e d a si mil ar p ot e n c y
c o m p ar e d t o t h e r es p e cti v e a n al o g u es  wit h p h e n yl s u bstit u e nts
( 4 a 4i ) b ut  w er e si g ni fi c a ntl y  m or e r a pi dl y r e v ersi bl e i n
dil uti o n a n d di al ysis ass a ys. S e v er al c o m p o u n ds i n t h e s eri es of
fl u or o vi n yls ulf o n at es ( 2 a 2i ) s h o w e d a bi p h asi c i n hi biti o n
m e c h a nis m,  wit h t h e f or m ati o n of a si n gl e di git n a n o m ol ar, hi g h-
a ffi nit y c o m pl e x i n t h e s e c o n d st e p ( 2 d : K i* = 3 n M ).  T his
c o m pl e x  w as s h o w n t o diss o ci at e  m ar k e dl y sl o w er i n di al ysis
e x p eri m e nts f or c o m p o u n d 2 d .  T h er ef or e, c o m p o u n d 2 d
r e pr es e nts a p ot e nt, ti g ht bi n di n g, a n d sl o wl y r e v ersi bl e i n hi bit or
of r h o d es ai n. F urt h er m or e, c o m p o u n d 2 d s h o ws s el e cti vit y o v er
C at L ( 2 6-f ol d ) a n d is o nl y a  w e a k i n hi bit or of  C at B ( 3 8 % at 1 1
μ M ). I n a d diti o n, n o r el e v a nt o ff -t ar g et a cti vit y a g ai nst
t hr e o ni n e a n d s eri n e pr ot e as es  w as o bs er v e d a n d t h e
c yt ot o xi cit y pr o fi l e i m pr o v e d c o nsi d er a bl y.  C o m p o u n ds  wit h a
D H B D  m oi et y at t h e  N-t er mi n us a n d 4- M e- P h e i n t h e P 2
p ositi o n ( 2 e ,4 e ) ar e n ot o nl y n a n o m ol ar i n hi bit ors of r h o d es ai n,
b ut ar e  m ost pr o misi n g  wit h r e g ar d t o t h eir t h e a ntitr y p a n os o-
m al a cti vit y a n d c yt ot o xi cit y pr o fi l e,  wit h E C5 0 v al u es
c o m p ar a bl e t o t h os e of t h e irr e v ersi bl e i n hi bit or K 1 1 7 7 7
( E C 5 0 = 0. 1 4 0. 8 0 μ M ) a n d n o c yt ot o xi c e ff e cts a g ai nst  H e L a
c ells ( E C 5 0 > 1 0 0 μ M ).

Mi cr os o m al st a bilit y ass a ys r e v e al e d  N- o xi d ati o n of t h e 4- P yr
s u bstit u e nt i n t h e P 3 p ositi o n of 2 d- ( H ) .  H o w e v er, t his d o es n ot
s e e m t o r e d u c e t h e i n hi bit or y p ot e n c y.  M or e o v er, t h e

T a bl e 8.  C o m p aris o n of 1, 2 d, a n d 2 d- ( H ) i n  T er ms of
P h ysi c o c h e mi c al Pr o p erti es a n d t h e  M e c h a nis m of I n hi biti o n

c p d i n hi biti o n  m o d e Sl o g P ( c al c. ) a T P S A [ Å 2 ] ( c al c. ) a

1 c o v al e nt r e v ersi bl e 3. 9 6 9 8. 8 2

2 d c o v al e nt r e v ersi bl e 5. 0 7 1 1 4. 4 6

2 d- ( H ) c o v al e nt irr e v ersi bl e 4. 7 7 1 1 4. 4 6
a C al c ul at e d usi n g  M O E. 6 0

Fi g ur e 1 9. ( A )  C o m p o u n d 1 w as f o u n d i n  m o us e pl as m a aft er 1 a n d 3 h, b ut n ot i n t h e br ai n h o m o g e n at e aft er i. p. a n d p. o. a d mi nistr ati o n, r es p e cti v el y.
( B )  C o m p o u n d 2 d- ( H ) s h o w e d pl as m a l e v els a n d distri b uti o n i n br ai n tiss u e aft er b ot h i. p. a n d p. o. a d mi nistr ati o n. B ot h di a gr a ms s h o w t h e a v er a g e
A U C v al u es of all t est e d  mi c e ( fi v e f or e a c h c o m p o u n d a n d r o ut e of a d mi nistr ati o n ).
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a c c u m ul ati o n of 2 d- ( H ) i n  m o us e br ai n tiss u e,  w hi c h di d n ot
o c c ur  wit h 1 , i n di c at es a c orr el ati o n of  C N S p er m e ati o n  wit h t h e
p h ysi c o c h e mi c al pr o p erti es of t h e t est e d i n hi bit ors, s u c h as
Sl o g P v al u es.  T h es e fi n di n gs c o n fi r m t h at t h e o pti miz e d c o v al e nt
r e v ersi bl e fl u or o vi n yls ulf o n at es s h o ul d b e f urt h er i n v esti g at e d as
p ossi bl e c a n di d at es f or t h e tr e at m e nt of b ot h st a g e- 1 a n d - 2
H A T.

B as e d o n t h es e f e at ur es, t h e hi g h- a ffi nit y, li p o p hili c, a n d
s el e cti v e r e v ersi bl e α -fl u or o vi n yls ulf o n es a n d s ulf o n at es as
i n hi bit ors of r h o d es ai n  m a y s er v e as a b asis f or t h e f ut ur e
d e v el o p m e nt of e ff e cti v e a n d n o n-t o xi c dr u gs f or t h e tr e at m e nt
of  H A T.

I n a d diti o n,  w e us e d  m ass s p e ctr o m etr y t o d e m o nstr at e t h e
f or m ati o n of a c o v al e nt b o n d.  Usi n g  Q M / M M a n d  M D
c o m p ut ati o ns,  w e c o ul d attri b ut e t h e di ff er e n c es i n i n hi biti o n
m e c h a nis ms b et w e e n K 1 1 7 7 7 (irr e v ersi bl e ) a n d 1 (r e v ersi bl e )
t o t h e i nt er a cti o n b et w e e n t h e fl u ori n e at o m a n d t h e o x y a ni o n
h ol e of r h o d es ai n.  D u e t o t his i nt er a cti o n, t h e ol e fi n gr o u p of t h e
w ar h e a d fl i ps i n t h e a cti v e sit e si g nifi c a ntl y c o m pli c ati n g t h e
f urt h er c o urs e of t h e i n hi biti o n r e a cti o n a n d l e a di n g t o a
c o nsi d er a bl y r e d u c e d e x ot h er mi cit y a n d t h us a r e v ersi bl e
i n hi biti o n.

■ E X P E RI M E N T A L S E C TI O N

S y nt h e s e s. G e n er al. All r e a g e nts a n d s ol v e nts  w er e of a n al yti c al
gr a d e q u alit y a n d p ur c h as e d fr o m Si g m a- Al dri c h,  Alf a  A es ar,  A cr os, or
T CI.  C h e mi c als  w er e us e d  wit h o ut f urt h er p uri fi c ati o n. S ol v e nts  w er e
p uri fi e d b y distill ati o n a n d d esi c c at e d b y st a n d ar d  m et h o ds if n e c ess ar y.
1 H a n d 1 3 C s p e ctr a  w er e r e c or d e d o n a Br u k er F o uri er 3 0 0 usi n g
D M S O- d 6 ,  C D Cl3 , or  C D2 Cl 2 as a s ol v e nt.  C h e mi c al s hifts δ ar e gi v e n i n
p arts p er  milli o n ( p p m ) usi n g r esi d u al pr ot o n p e a ks of t h e s ol v e nt as t h e
i nt er n al st a n d ar d (1 H / 1 3 C:  D M S O: 2. 5 0 / 3 9. 5 2 p p m,  C H Cl 3 : 7. 2 6 /
7 7. 1 6 p p m,  C H 2 Cl 2 : 5. 3 2 / 5 4. 0 0 p p m ).  T h e p urit y of t h e c o m p o u n ds
w as d et er mi n e d vi a  H P L C- M S ( δ = 2 5 4 n m ).  All c o m p o u n ds ar e > 9 5 %
p ur e a c c or di n g t o  H P L C a n al ysis.  Hi g h-r es ol uti o n  m ass s p e ctr a  w er e
o bt ai n e d o n a  W at ers  Q- T O F- Ulti m a 3-i nstr u m e nt.  Alt er n ati v el y, t h e
m ass s p e ctr a  w er e o bt ai n e d fr o m a n L C  M S s yst e m c o nsisti n g of a
1 1 0 0 s eri es  H P L C s yst e m fr o m  A gil e nt  wit h a n  A gil e nt P or os h ell 1 2 0
E C- C 1 8 1 5 0 × 2. 1 0  m m, 4 μ m c ol u m n.  T h e  m o bil e p h as e  w as 8 0 %
a c et o nitril e, 1 0 %  H 2 O, a n d 1 0 % of a 0. 1 % s ol uti o n of f or mi c a ci d i n
w at er.  D et e cti o n  w a v el e n gt h  w as 2 5 4 n m.  T h e  m ol e c ul ar  m ass  w as
d et e ct e d usi n g a n  A gil e nt 1 1 0 0 s eri es L C / M S D  Tr a p  wit h el e ctr o n
s pr a y i o niz ati o n ( E SI ) i n p ositi v e  m o d e. P urifi c ati o n  wit h a pr e p ar ati v e
H P L C s yst e m  w as p erf or m e d  wit h a  V ari a n Pr e p St ar s yst e m ( m o d el
2 1 8 )  wit h a n  A gil e nt  Z or b a x  X D B- C 1 8 2 1. 2 × 1 5 0  m m, 5 μ m c ol u m n.
C ol u m n c hr o m at o gr a p h y  w as p erf or m e d  wit h sili c a g el ( 0. 0 6 0. 0 2  m m
or 0. 0 4 0 0. 0 6 3  m m ) o bt ai n e d fr o m  C arl  R ot h.  All r e a cti o ns  w er e
m o nit or e d b y t hi n-l a y er c hr o m at o gr a p h y usi n g  M a c h er e y- N a g el
A L U G R A M  Xtr a SI L  G / U V 2 5 4 sili c a g el 6 0 pl at es f or d et e cti o n at
2 5 4 n m.  M elti n g p oi nts  w er e d et er mi n e d i n o p e n c a pill ari es usi n g a
St u art S M P 1 0-i nstr u m e nt.  O pti c al r ot ati o n [ α ] D

2 2 w as  m e as ur e d o n a n
P 3 0 0 0 p ol ari m et er fr o m  Kr uss at 2 2 ° C a n d is r e p ort e d i n c m 3 g 1 d m 1 .

S y nt h esis of St arti n g  M at eri als. P h e n yl  M et h a n es ulf o n at e 6 1 (I).
P h e n ol ( 2. 3 5 g, 1. 0 e q ui v )  w as diss ol v e d i n Et O A c a n d c o ol e d t o 0 ° C.
T E A ( 6. 9 3  m L, 2. 0 e q ui v ) a n d  m et h a n es ulf o n yl c hl ori d e ( 2. 5 2  m L, 1. 3
e q ui v )  w er e a d d e d s u c c essi v el y a n d t h e  mi xt ur e  w as all o w e d t o  w ar m t o
rt.  Aft er stirri n g f or 3 0  mi n, t h e s ol uti o n  w as  w as h e d  wit h  w at er ( 3× )
a n d bri n e ( 1 × ) a n d  w as dri e d  wit h  N a 2 S O 4 . E v a p or ati o n of t h e s ol v e nt
yi el d e d p h e n yl  m et h a n es ulf o n at e ( I) as a c ol orl ess p o w d er ( 3. 9 5 g,
9 2 % ). S p e ctr al d at a  m at c h e d t h os e r e p ort e d i n t h e lit er at ur e. 2 8

Di et h yl(( b e n z ylt hi o) m et h yl) p h os p h o n at e 2 8 (II). B e nz yl  m er c a pt a n
( 0. 8 4  m L, 1. 0 e q ui v )  w as diss ol v e d i n  T H F a n d c o ol e d t o 0 ° C.  N a H
( 6 0 % i n  mi n er al oil, 0. 3 2 g, 1. 0 e q ui v )  w as a d d e d i n p orti o ns a n d t h e
mi xt ur e  w as stirr e d f or 1 5  mi n.  Di et h yl i o d o m et h yl p h os p h o n at e ( 1. 2 4
m L, 1. 0 e q ui v )  w as a d d e d dr o p wis e a n d t h e  mi xt ur e  w as stirr e d f or 3. 5 h
at rt.  T H F  w as r e m o v e d i n v a c u o a n d Et O A c  w as a d d e d.  T h e or g a ni c
p h as e  w as  w as h e d  wit h  w at er ( 2 × ) a n d bri n e ( 1 × ) a n d dri e d  wit h

N a 2 S O 4 .  Aft er e v a p or ati o n of t h e s ol v e nt, t h e r esi d u e  w as p urifi e d b y
c ol u m n c hr o m at o gr a p h y ( p etr ol e u m et h er / Et O A c 1: 1 ), yi el di n g t h e
titl e c o m p o u n d as a c ol orl ess li q ui d. Yi el d: 1. 6 6 g ( 8 4 % ). 1 H  N M R ( 3 0 0
M Hz,  C D Cl 3 ): δ 7. 4 3 7. 2 1 ( m, 5 H ), 4. 2 5 4. 0 8 ( m, 4 H ), 3. 9 0 (s, 2 H ),
2. 5 4 ( d, JH P = 1 2. 9  Hz, 2 H ), 1. 3 4 (t, J = 7. 1  Hz, 6 H ). 1 3 C  N M R ( 7 5
M Hz,  C D Cl 3 ): δ 1 3 7. 3, 1 2 9. 4, 1 2 8. 7, 1 2 7. 4, 6 2. 7 ( d, JC P = 6. 7  Hz ),
3 7. 0 ( JC P = 2. 9  Hz ), 2 3. 8 ( JC P = 1 5 0  Hz ), 1 6. 6 ( JC P = 6. 0  Hz ). 1 H
N M R d at a ar e c o nsist e nt  wit h t h e lit er at ur e. 1 2

Di et h yl(( p h e n yls ulf o n yl) m et h yl) p h os p h o n at e 1 2 (III). T o a s ol uti o n
of  m et h yl p h e n yl s ulf o n e ( 3. 8 1 g, 2 4  m m ol ) i n dr y  T H F, n - B u Li ( 2. 5  M
i n h e x a n e, 2 1. 5  m L, 6 0  m m ol )  w as a d d e d at 0 ° C  wit h stirri n g.  Aft er 3 0
mi n, di et h yl c hl or o p h os p h at e  w as a d d e d dr o p wis e a n d t h e r e a cti o n
mi xt ur e  w as stirr e d at 0 ° C f or 1 h. 2 5  m L of a s at ur at e d s ol uti o n of
a m m o ni u m c hl ori d e  w as a d d e d a n d t h e v ol atil es  w er e e v a p or at e d.  T h e
r esi d u e  w as e xtr a ct e d  wit h  D C M a n d t h e c o m bi n e d e xtr a cts  w er e
w as h e d  wit h bri n e, dri e d  wit h s o di u m s ulf at e, c o n c e ntr at e d u n d er
r e d u c e d pr ess ur e, a n d p urifi e d b y c ol u m n c hr o m at o gr a p h y (li g ht
p etr ol e u m / Et O A c 1: 5 ) t o a ff or d t h e titl e c o m p o u n d as a c ol orl ess oil,
w hi c h s oli di fi e d u p o n st a n di n g ( 4. 1 1 g, 5 2 % ).  N M R d at a  w er e
c o nsist e nt  wit h t h e lit er at ur e. 2 8 ,6 2

P h e n yl( di et h o x y p h os p h or yl) m et h a n es ulf o n at e ( I V). P h e n yl  m et h-
a n es ulf o n at e (I, 2. 5 g, 1. 0 e q ui v )  w as diss ol v e d i n  T H F a n d c o ol e d t o

7 8 ° C.  K H M D S ( 1. 0  M i n  T H F, 1 5  m L. 1. 1 e q ui v )  w as a d d e d
dr o p wis e a n d t h e  mi xt ur e  w as stirr e d f or a n a d diti o n al 1 5  mi n.  Di et h yl
c hl or o p h os p h at e ( 1. 5  m L, 0. 7 e q ui v )  w as a d d e d sl o wl y a n d stirr e d f or 1
h at 6 0 ° C.  T h e r e a cti o n  w as q u e n c h e d b y a d diti o n of gl a ci al  A c O H ( 1
m L ) a n d t h e n all o w e d t o  w ar m t o rt.  T H F  w as r e m o v e d i n v a c u o a n d
Et O A c  w as a d d e d t o t h e r esi d u e.  T h e s ol uti o n  w as  w as h e d  wit h  w at er
( 2 × ) a n d bri n e ( 1 × ) a n d t h e n dri e d  wit h  N a 2 S O 4 . E v a p or ati o n of t h e
s ol v e nt g a v e a cr u d e pr o d u ct,  w hi c h  w as p uri fi e d b y c ol u m n
c hr o m at o gr a p h y ( p etr ol e u m et h er / Et O A c 1: 1 t o 1: 3 ), yi el di n g t h e
titl e c o m p o u n d as a c ol orl ess li q ui d ( 3. 3 g, 7 4 % ). 1 H  N M R ( 3 0 0  M Hz,
C D Cl 3 ): δ 7. 5 2 7. 2 9 ( m, 5 H ), 4. 3 6 4. 2 0 ( m, 4 H ), 3. 8 1 ( d, JH P = 1 7
Hz, 2 H ), 1. 4 4 1. 3 1 ( m, 6 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 4 9. 4,
1 3 0. 2, 1 2 7. 8, 1 2 2. 3, 6 4. 2 ( d, JC P = 6. 5  Hz ), 4 7. 3 ( d, JC P = 1 3 9  Hz ),
1 6. 4 ( d, JC P = 6. 3  Hz ).

Di et h yl(( b e n z yls ulf o n yl) m et h yl) p h os p h o n at e 2 8 (V ). C o m p o u n d II
( 2. 5 5 g, 1. 0 e q ui v )  w as diss ol v e d i n  D C M a n d c o ol e d t o 0 ° C.
S u bs e q u e ntl y, m C P B A ( 7 7 %, 5. 8 g, 3. 0 e q ui v )  w as a d d e d i n p orti o ns
a n d t h e  mi xt ur e  w as stirr e d f or 1 2 h at rt.  T h e n, t h e s ol uti o n  w as fi lt er e d
a n d  w as h e d  wit h 1  M  N a O H ( 4 × ),  w at er ( 1 × ), a n d bri n e ( 1 × ) a n d
dri e d  wit h  N a 2 S O 4 .  Aft er e v a p or ati o n of t h e s ol v e nt, t h e titl e c o m p o u n d
w as o bt ai n e d as a c ol orl ess oil. Yi el d: 2. 8 2 g ( 9 9 % ). 1 H  N M R ( 3 0 0
M Hz,  C D Cl 3 ): δ 7. 5 7 7. 4 7 ( m, 2 H ), 7. 4 4 7. 3 4 ( m, 3 H ), 4. 6 0 (s, 2 H ),
4. 2 4 ( d q, J = 8. 1, 7. 1  Hz, 4 H ), 3. 3 6 ( d, J = 1 6  Hz, 2 H ), 1. 3 7 ( dt, J = 7. 1,
0. 4  Hz, 6 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 3 1. 2, 1 2 9. 3, 1 2 9. 2, 1 2 8. 2,
6 3. 9 ( d, JC P = 6. 5  Hz ), 6 0. 4, 4 8. 0 ( d, JC P = 1 4 0  Hz ), 1 6. 5 0 ( d, JC P =
6. 4  Hz ). S p e ctr al d at a ar e c o nsist e nt  wit h t h e lit er at ur e. 1 2 ,6 3

( S) t ert B ut yl( 1 o x o 4 p h e n yl b ut a n 2 yl) c ar b a m at e (VI ). L - H o-
m o p h e n yl al a ni n e ( 5. 0 g, 2 8  m m ol )  w as diss ol v e d i n  T H F ( 1 5  m L )
a n d a s ol uti o n of  N a 2 C O 3 ( 3 g, 2 8  m m ol ) i n 1 0 0  m L of  w at er  w as a d d e d
f oll o w e d b y di-tert- b ut yl di c ar b o n at e ( 3 1  m m ol ) i n 7 5  m L  T H F.  T h e
mi xt ur e  w as stirr e d o v er ni g ht, dil ut e d  wit h  w at er ( 1 0 0  m L ), a n d
e xtr a ct e d  wit h  C H 2 Cl 2 .  T h e a q u e o us l a y er  w as a ci difi e d  wit h  K H S O 4 t o
p H 3 a n d e xtr a ct e d  wit h  C H 2 Cl 2 .  T h e c o m bi n e d or g a ni c e xtr a cts  w er e
dri e d  wit h s o di u m s ulf at e a n d c o n c e ntr at e d u n d er r e d u c e d pr ess ur e t o
gi v e cr u d e b o c- L - h o m o p h e n yl al a ni n e ( 7. 0 g, 8 9 % ).  T his cr u d e  m at eri al
( 4. 9 1 g, 1 8  m m ol )  w as diss ol v e d i n  D C M ( 1 0 0  m L ) a n d c o ol e d t o 0 ° C.
E D C  H Cl ( 4. 0 5 g, 2 1  m m ol ),  H O Bt ( 3. 2 3 g, 2 1  m m ol ), a n d  DI E A
( 1 3. 5  m L, 7 8  m m ol )  w er e a d d e d a n d t h e  mi xt ur e  w as stirr e d f or 1 5  mi n
b ef or e N ,O - di m et h yl h y dr o x yl a mi n e h y dr o c hl ori d e ( 2. 0 6 g, 2 1  m m ol )
w as a d d e d.  T h e  mi xt ur e  w as all o w e d t o  w ar m t o rt a n d  w as stirr e d f or 1 8
h.  D C M  w as r e m o v e d u n d er r e d u c e d pr ess ur e,  w at er ( 6 0  m L )  w as
a d d e d, a n d t h e s us p e nsi o n  w as e xtr a ct e d  wit h Et O A c.  T h e c o m bi n e d
or g a ni c e xtr a cts  w er e  w as h e d  wit h s at ur at e d a q  N a H C O 3 ( 5 × ) a n d
bri n e, dri e d  wit h s o di u m s ulf at e, a n d c o n c e ntr at e d u n d er r e d u c e d
pr ess ur e t o gi v e tert- b ut yl (S )- ( 1- ( m et h o x y ( m et h yl ) a mi n o )- 1- o x o- 4-
p h e n yl b ut a n- 2- yl ) c ar b a m at e as a cr u d e y ell o w oil ( 5. 6 4 g, 9 9 % ),  w hi c h
w as us e d i n t h e n e xt st e p  wit h o ut f urt h er p uri fi c ati o n. 1 H  N M R ( 3 0 0
M Hz,  D M S O- d 6 ): δ 7. 4 6 7. 1 8 ( m, 5 H ), 5. 2 8 ( d, J = 9. 3  Hz, 1 H ), 4. 7 3

J o ur n al of  M e di ci n al  C h e mi str y p u b s. a c s. or g/j m c Arti cl e
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(s, 1 H ), 3. 6 7 (s, 3 H ), 3. 2 1 (s, 3 H ), 2. 8 8 2. 6 1 ( m, 2 H ), 2. 1 8 1. 7 9 ( m,
2 H ), 1. 5 2 (s, 9 H ).  T h e cr u d e oil ( 4. 0 5 g, 1 2. 5  m m ol )  w as diss ol v e d i n
dr y di et h yl et h er ( 1 3 0  m L ) a n d c o ol e d t o 0 ° C. Li Al H 4 ( 0. 5 9 g, 1 5. 7
m m ol )  w as a d d e d p orti o n  wis e.  T h e  mi xt ur e  w as stirr e d f or 3 0  mi n a n d
s u bs e q u e ntl y q u e n c h e d b y a d diti o n of a q u e o us  K H S O 4 ( 0. 3 3  M, 6 5
m L ).  T h e or g a ni c p h as e  w as s e p ar at e d, a n d t h e a q u e o us p h as e  w as
e xtr a ct e d  wit h di et h yl et h er.  T h e c o m bi n e d or g a ni c e xtr a cts  w er e
w as h e d  wit h 3  M  H Cl, s at ur at e d a q  N a H C O 3 , a n d bri n e, dri e d  wit h
s o di u m s ulf at e, c o n c e ntr at e d u n d er r e d u c e d pr ess ur e, a n d p uri fi e d b y
c ol u m n c hr o m at o gr a p h y (li g ht p etr ol e u m / Et O A c 3: 1 ), yi el di n g t h e
titl e c o m p o u n d as a c ol orl ess s oli d ( 2. 4 4 g, 7 4 % ). 1 H  N M R ( 3 0 0  M Hz,
C D Cl 3 ): δ 9. 5 5 (s, 1 H ), 7. 4 0 7. 1 3 ( m, 5 H ), 5. 0 8 ( d, J = 4. 1  Hz, 1 H ),
4. 2 6 ( q, J = 5. 9  Hz, 1 H ), 2. 8 7 2. 6 3 ( m, 2 H ), 2. 3 5 2. 0 6 ( m, 1 H ),
2. 0 2 1. 7 7 ( m, 2 H ), 1. 4 7 (s, 9 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ
1 9 9. 6, 1 5 5. 6, 1 4 0. 7, 1 2 8. 8, 1 2 8. 7, 1 2 6. 5, 8 0. 4, 5 9. 7, 3 1. 6, 3 1. 2, 2 8. 4.
N M R d at a ar e c o nsist e nt  wit h t h e lit er at ur e. 6 4

( S) t ert B ut yl( 4 ( m et h ylt hi o) 1 o x o b ut a n 2 yl) c ar b a m at e (VII ).
B o c- L - M et- O H ( 2. 4 3 g, 1. 0 e q ui v )  w as diss ol v e d i n  D C M a n d c o ol e d
t o 0 ° C.  H O Bt ( 1. 4 9 g, 1. 0 e q ui v ) a n d  DI E A ( 5. 0  m L, 3. 0 e q ui v )  w er e
a d d e d s u c c essi v el y, a n d t h e  mi xt ur e  w as stirr e d u ntil all  m at eri als  w er e
s ol u biliz e d.  T o t his  mi xt ur e,  T B T U ( 3. 1 2 g, 1. 0 e q ui v )  w as a d d e d i n o n e
p orti o n a n d t h e n stirr e d f or 1 5  mi n at 0 ° C. N ,O - Di m et h yl h y dr o x yl-
a mi n e h y dr o c hl ori d e ( 1. 0 g, 1. 1 e q ui v )  w as a d d e d i n o n e p orti o n a n d
t h e  mi xt ur e  w as stirr e d f or 1 2 h at rt.  D C M  w as r e m o v e d i n v a c u o, a n d
t h e r esi d u e  w as dil ut e d  wit h Et O A c.  T h e or g a ni c l a y er  w as  w as h e d  wit h
w at er ( 5 × ), c o n c.  N a H C O 3 ( 2 × ), a n d 1  M a q  H Cl ( 2 × ) a n d dri e d  wit h
N a 2 S O 4 .  Aft er e v a p or ati o n of t h e s ol v e nt, t h e r esi d u e  w as p urifi e d b y
c ol u m n c hr o m at o gr a p h y ( p etr ol e u m et h er / Et O A c 2: 1 ), yi el di n g tert-
b ut yl ( S )- ( 1- m et h o x y ( m et h yl ) a mi n o )- 4- ( m et h ylt hi o )- 1- o x o b ut a n- 2-
yl ) c ar b a m at e as a c ol orl ess oil ( 2. 4 2 g, 8 5 % ). 1 H  N M R ( 3 0 0  M Hz,
C D Cl 3 ): δ 5. 2 3 ( d, J = 7. 7  Hz, 1 H ), 4. 7 8 (s, 1 H ), 3. 7 7 (s, 3 H ), 3. 2 0 (s,
3 H ), 2. 6 8 2. 4 2 ( m, 2 H ), 2. 0 8 (s, 3 H ), 2. 0 5 1. 9 2 ( m, 1 H ), 1. 8 9 1. 7 1
( m, 1 H ), 1. 4 2 (s, 9 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 2. 7, 1 5 5. 7,
7 9. 9, 6 1. 8, 5 0. 0, 3 2. 6, 3 2. 3, 3 0. 3, 2 8. 5, 1 5. 6.  T his  m at eri al ( 2. 4 2 g, 1. 0
e q ui v )  w as diss ol v e d i n  T H F a n d c o ol e d t o 0 ° C. Li Al H 4 ( 0. 4 1 g, 1. 3
e q ui v )  w as a d d e d i n p orti o ns a n d stirr e d f or 3 0  mi n.  T h e  mi xt ur e  w as
dil ut e d  wit h 5 0  m L di et h yl et h er a n d t h e n 1  M  K H S O 4 ( 5 0  m L )  w as
a d d e d c ar ef ull y.  T h e l a y ers  w er e s e p ar at e d, a n d t h e a q u e o us p h as e  w as
e xtr a ct e d t wi c e  wit h di et h yl et h er.  T h e c o m bi n e d or g a ni c l a y ers  w er e
w as h e d  wit h 1  M  H Cl ( 2 × ), s at ur at e d a q  N a H C O 3 , a n d bri n e, a n d t h e n
dri e d  wit h  N a 2 S O 4 .  Aft er e v a p or ati o n of t h e s ol v e nt, t h e r esi d u e  w as
p uri fi e d b y c ol u m n c hr o m at o gr a p h y ( p etr ol e u m et h er / Et O A c 2: 1 ) t o
gi v e t h e titl e c o m p o u n d as a c ol orl ess s oli d ( 1. 4 9 g, 7 7 % ). 1 H  N M R
( 3 0 0  M Hz,  C D Cl 3 ): δ 9. 6 3 (s, 1 H ), 5. 2 1 (s, 1 H ), 4. 3 9 4. 1 1 ( m, 1 H ),
2. 5 6 (t, J = 7. 2  Hz, 2 H ), 2. 3 4 2. 1 3 ( m, 1 H ), 2. 0 7 (s, 3 H ), 1. 9 9 1. 8 3
( m, 1 H ), 1. 4 4 (s, 9 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 9 9. 2, 1 5 5. 6,
8 0. 4, 5 9. 1, 2 9. 9, 2 8. 8, 2 8. 4, 1 5. 5.  N M R d at a ar e c o nsist e nt  wit h t h e
lit er at ur e.6 5

( R) t ert B ut yl( 1 ( b e n z ylt hi o) 3 o x o pr o p a n 2 yl) c ar b a m at e (VIII ).
L - C yst ei n e h y dr o c hl ori d e ( 5. 2 0 g, 1. 0 e q ui v )  w as diss ol v e d i n 6 0  m L 2
M  N a O H a n d 1 5 0  m L Et O H.  T o t h e  mi xt ur e, 5. 6 4 g ( 3. 9 2  m L, 1. 0
e q ui v ) b e nz yl br o mi d e is a d d e d dr o p wis e.  Aft er stirri n g f or 1 h, t h e
mi xt ur e is n e utr aliz e d b y a d diti o n of c o n c.  H Cl.  T h e pr e ci pit at e is
c oll e ct e d b y fi ltr ati o n a n d  w as h e d  wit h  w at er, di et h yl et h er, a n d et h a n ol.
S - B e nz yl L - c yst ei n e is o bt ai n e d as a c ol orl ess s oli d a n d dir e ctl y us e d f or
t h e n e xt st e p ( 6. 4 g. 9 1 % ). 1 H  N M R ( 3 0 0  M Hz,  D 2 O ): δ 7. 5 0 7. 2 4 ( m,
5 H ), 4. 1 7 ( q, J = 6. 5  Hz, 1 H ), 3. 8 8 3. 7 1 (s, 2 H ), 3. 0 9 2. 8 7 ( m, 2 H ).
1 3 C  N M R ( 7 5  M Hz,  D 2 O ): δ 1 7 1. 7, 1 3 8. 2, 1 2 9. 3, 1 2 9. 1, 1 2 7. 8, 5 1. 8,
3 5. 5, 3 0. 7. S - B e nz yl L - c yst ei n e ( 3. 0 g, 1. 0 e q ui v )  w as diss ol v e d i n  T H F
( 5 0  m L ), a n d  K 2 C O 3 ( 2. 9 4 g, 1. 5 e q ui v ) a n d  w at er ( 5 0  m L )  w er e
a d d e d.  Di- tert- b ut yl- di c ar b o n at e ( 3. 2 5 g, 1. 0 5 e q ui v ) diss ol v e d i n 5 0
m L  T H F  w as a d d e d dr o p wis e a n d stirr e d f or 1 2 h at rt.  T H F  w as
r e m o v e d i n v a c u o a n d t h e r esi d u e  w as e xtr a ct e d t wi c e  wit h  D C M.  T h e
a q u e o us l a y er  w as a ci di fi e d t o p H 3 b y a d diti o n of 1  M  K H S O 4 a n d
e xtr a ct e d  wit h  D C M ( 3 × ).  T h e c o m bi n e d or g a ni c l a y ers  w er e  w as h e d
wit h bri n e ( 2 × ), dri e d  wit h  N a 2 S O 4 , a n d e v a p or at e d u n d er r e d u c e d
pr ess ur e t o gi v e cr u d e b o c- S - b e nz yl L - c yst ei n e as a c ol orl ess oil ( 3. 0 5 g,
6 9 % ). 1 H  N M R ( 3 0 0  M Hz,  D M S O- d 6 ): δ 7. 3 8 7. 0 3 ( m, 5 H ), 4. 1 4
4. 0 2 ( m, 1 H ), 3. 7 1 (s, 2 H ), 2. 6 7 ( m, 2 H ), 1. 3 5 (s, 9 H ). 1 3 C  N M R ( 7 5
M Hz,  D M S O- d 6 ): δ 1 7 2. 6, 1 5 5. 4, 1 3 8. 3, 1 2 8. 9, 1 2 8. 4, 1 2 6. 9, 7 8. 3, 5 3. 2,

3 9. 5, 3 5. 2, 3 2. 4, 2 8. 2.  T his  m at eri al ( 3. 0 5 g, 1. 0 e q ui v )  w as diss ol v e d i n
D C M a n d c o ol e d t o 0 ° C.  H O Bt ( 1. 4 9 g, 1. 0 e q ui v ) a n d  DI E A ( 5. 0  m L,
3. 0 e q ui v )  w er e a d d e d s u c c essi v el y, a n d t h e  mi xt ur e  w as stirr e d u ntil all
m at eri als  w er e s ol u biliz e d.  T o t his  mi xt ur e,  T B T U ( 3. 4 0 g, 1. 0 e q ui v )
w as a d d e d i n o n e p orti o n a n d t h e n stirr e d f or 1 5  mi n at 0 ° C. N ,O -
Di m et h yl h y dr o x yl a mi n e h y dr o c hl ori d e ( 1. 0 g, 1. 1 e q ui v )  w as a d d e d i n
o n e p orti o n a n d t h e  mi xt ur e  w as stirr e d f or 1 2 h at rt.  D C M  w as
r e m o v e d i n v a c u o, a n d t h e r esi d u e  w as dil ut e d  wit h Et O A c.  T h e or g a ni c
l a y er  w as  w as h e d  wit h  w at er ( 5× ), c o n c.  N a H C O 3 ( 2 × ), a n d 1  M a q
H Cl ( 2 × ) a n d dri e d  wit h  N a 2 S O 4 .  Aft er e v a p or ati o n of t h e s ol v e nt, t h e
r esi d u e  w as p urifi e d b y c ol u m n c hr o m at o gr a p h y ( p etr ol e u m et h er /
Et O A c 2: 1 ), yi el di n g ( R )- tert- b ut yl ( 3- ( b e n z ylt hi o )- 1- ( m et h o x y-
( m et h yl ) a mi n o )- 1- o x o pr o p a n- 2- yl ) c ar b a m at e as a c ol orl ess oil ( 3. 2 5
g, 9 5 % ). 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 7. 4 2 7. 1 5 ( m, 5 H ), 5. 2 8 ( d, J
= 8. 6  Hz, 1 H ), 4. 8 4 4. 5 9 ( m, 1 H ), 3. 6 7 (s, 3 H ), 3. 2 1 (s, 3 H ), 2. 8 3
2. 5 4 ( m, 2 H ), 2. 1 5 1. 7 7 ( m, 2 H ), 1. 5 0 (s, 9 H ). 1 3 C  N M R ( 7 5  M Hz,
C D Cl 3 ): δ 1 7 3. 2, 1 5 5. 7, 1 4 1. 3, 1 2 8. 7, 1 2 8. 5, 1 2 6. 1, 6 1. 6, 5 0. 2, 3 8. 8,
3 4. 7, 3 1. 8, 2 8. 5.  T h e a b o v e c o m p o u n d ( 3. 0 g, 1. 0 e q ui v )  w as diss ol v e d
i n di et h yl et h er a n d c o ol e d t o 0 ° C. Li Al H 4 ( 0. 4 2 g, 1. 3 e q ui v )  w as
a d d e d i n p orti o ns a n d stirr e d f or 3 0  mi n.  T h e  mi xt ur e  w as dil ut e d  wit h
5 0  m L di et h yl et h er a n d t h e n 1  M  K H S O 4 ( 5 0  m L )  w as a d d e d c ar ef ull y.
T h e l a y ers  w er e s e p ar at e d, a n d t h e a q u e o us p h as e  w as e xtr a ct e d t wi c e
wit h di et h yl et h er.  T h e c o m bi n e d or g a ni c l a y ers  w er e  w as h e d  wit h 1  M
H Cl ( 2 × ), s at ur at e d a q  N a H C O 3 , a n d bri n e, a n d t h e n dri e d  wit h
N a 2 S O 4 .  Aft er e v a p or ati o n of t h e s ol v e nt, t h e r esi d u e  w as p urifi e d b y
c ol u m n c hr o m at o gr a p h y ( p etr ol e u m et h er / Et O A c 2: 1 ) t o gi v e t h e titl e
c o m p o u n d as a c ol orl ess s oli d ( 1. 7 0 g, 6 8 % ). 1 H  N M R ( 3 0 0  M Hz,
C D Cl 3 ): δ 9. 4 6 (s, 2 H ), 7. 3 2 7. 2 1 ( m, 1 3 H ), 5. 2 9 ( d, J = 2 1. 5  Hz, 2 H ),
4. 3 2 4. 1 6 ( m, 2 H ), 3. 6 7 (s, 5 H ), 2. 8 6 2. 7 0 ( m, 5 H ), 1. 3 9 (s, 2 4 H ).
1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 9 8. 8, 1 3 7. 7, 1 2 9. 1, 1 2 8. 8, 1 2 7. 3, 8 0. 6,
7 7. 2, 5 9. 3, 3 7. 1, 3 0. 8, 2 8. 4.  N M R d at a ar e c o nsist e nt  wit h t h e
lit er at ur e.1 2

( S) 2 ( 4  M et h yl pi p er a zi n 1 i u m 1 c ar b o x a mi d o) 3 p h e n yl pr o p a
n o at e 1 2 (I X). L - P h e n yl al a ni n e  m et h yl est er h y dr o c hl ori d e ( 2. 0 g, 1. 0
e q ui v )  w as s us p e n d e d i n  C H 2 Cl 2 a n d 2 5  m L of a s at ur at e d a q u e o us
s ol uti o n of  N a H C O3 w as a d d e d.  At 0 ° C, tri p h os g e n e ( 0. 9 2 g, 0. 3
e q ui v )  w as a d d e d a n d t h e  mi xt ur e  w as all o w e d t o stir f or 3 0  mi n at t his
t e m p er at ur e. S u bs e q u e ntl y, t h e or g a ni c p h as e  w as s e p ar at e d, a n d t h e
a q u e o us p h as e  w as e xtr a ct e d  wit h t hr e e p orti o ns of  D C M.  T h e
c o m bi n e d or g a ni c e xtr a cts  w er e  w as h e d  wit h bri n e, dri e d  wit h  N a 2 S O 4 ,
a n d c o n c e ntr at e d u n d er r e d u c e d pr ess ur e.  T h e r esi d u e  w as diss ol v e d i n
T H F a n d c o ol e d t o 0 ° C. N - M et h yl pi p er azi n e ( 0. 9 3 g, 1. 0 3  m L, 1. 0
e q ui v )  w as a d d e d dr o p wis e.  Aft er stirri n g f or 1 h,  T H F  w as r e m o v e d
u n d er r e d u c e d pr ess ur e a n d t h e r esi d u e  w as dil ut e d  wit h Et O A c.
A q u e o us  w or k- u p  w as p erf or m e d  wit h  w at er ( 1 × ), s at ur at e d a q
N a H C O 3 ( 1 × ), a n d bri n e ( 1 × ).  T h e or g a ni c l a y er  w as dri e d  wit h
N a 2 S O 4 a n d e v a p or at e d.  T h e cr u d e pr o d u ct  w as p uri fi e d b y c ol u m n
c hr o m at o gr a p h y ( C H 2 Cl 2 / M e O H 9: 1 ), gi vi n g  m et h yl ( 4- m et h yl pi p er-
azi n e- 1- c ar b o n yl )- L - p h e n yl al a ni n at e as a c ol orl ess oil. Yi el d: 1 H  N M R
( 3 0 0  M Hz,  C D Cl 2 ): δ 7. 3 0 7. 1 0 ( m, 3 H ), 7. 0 4 ( d, J = 7. 3  Hz, 2 H ),
4. 7 7 ( d, J = 7. 3  Hz, 1 H ), 4. 6 1 ( m, 1 H ), 3. 6 1 (s, 3 H ), 3. 2 9 3. 1 1 ( m,
4 H ), 3. 0 0 ( m, 2 H ), 2. 2 2 (t, J = 5. 0  Hz, 4 H ), 2. 1 6 (s, 3 H ).  T his  m at eri al
( 3. 0 g, 9. 4  m m ol )  w as diss ol v e d i n  T H F ( 2 0  m L ) a n d Li O H ( 1. 4 g, 3 3. 4
m m ol ) i n 1 0  m L  w at er  w as a d d e d.  T h e  mi xt ur e  w as stirr e d f or 1 8 h at rt
a n d t h e v ol atil es  w er e r e m o v e d u n d er r e d u c e d pr ess ur e.  W at er  w as
a d d e d t o t h e r esi d u e a n d t h e p H  w as a dj ust e d t o 2  wit h 1  M a q  H Cl.
T h e titl e c o m p o u n d  w as cr yst alliz e d at 4 ° C al o n g  wit h s o m e Li Cl a n d
c oll e ct e d b y fi ltr ati o n.  R e cr yst alliz ati o n fr o m  m et h a n ol g a v e t h e p ur e
c o m p o u n d as a c ol orl ess p o w d er. 1 H  N M R ( 3 0 0  M Hz,  D M S O- d 6 ): δ
7. 3 3 7. 0 5 ( m, 5 H ), 6. 6 8 ( d, J = 7. 9  Hz, 1 H ), 4. 2 8 4. 0 9 ( m, 1 H ),
3. 5 0 3. 1 6 ( m, 4 H ), 2. 9 8 ( m, 2 H ), 2. 4 6 2. 3 0 ( m, 4 H ), 2. 2 5 (s, 3 H ).
1 3 C  N M R ( 7 5  M Hz,  D M S O- d 6 ): δ 1 7 4. 6, 1 5 7. 1, 1 3 9. 0, 1 2 9. 4, 1 2 8. 0,
1 2 6. 1, 5 6. 0, 5 3. 1, 4 4. 8, 4 2. 7, 3 9. 5, 3 6. 9.

Is o ni c oti n o yl L p h e n yl al a ni n e 6 6 (X ). T o a s ol uti o n of L - p h e n yl-
al a ni n e et h yl est er h y dr o c hl ori d e ( 2. 5 0 g, 1 0. 8 8  m m ol ) a n d  T E A ( 4. 5
m L, 3 2. 6 5  m m ol ) i n  D C M, is o ni c oti n o yl c hl ori d e h y dr o c hl ori d e ( 1. 9 3
g, 1 0. 8 8  m m ol )  w as a d d e d i n s m all p orti o ns.  T h e  mi xt ur e  w as stirr e d f or
3 h,  w as h e d  wit h a s at ur at e d s ol uti o n of  N a H C O 3 , dri e d  wit h  N a2 S O 4 ,
a n d c o n c e ntr at e d u n d er r e d u c e d pr ess ur e. Et h yl is o ni c oti n o yl- L -
p h e n yl al a ni n at e ( 2. 8 4 g, yi el d 8 7 % )  w as o bt ai n e d as a y ell o wis h oil,

J o ur n al of  M e di ci n al  C h e mi str y p u b s. a c s. or g/j m c Arti cl e
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w hi c h cr yst alliz e d u p o n st a n di n g a n d  w as us e d i n t h e n e xt st e p  wit h o ut
f urt h er p urifi c ati o n. 1 H  N M R ( 3 0 0  M Hz,  D M S O- d 6 ): δ 9. 1 8 ( d, J = 7. 7
Hz, 1 H ), 8. 7 3 ( d, J = 5. 2  Hz, 2 H ), 7. 6 9 ( d, J = 5. 2  Hz, 2 H ), 7. 3 7 7. 1 2
( m, 5 H ), 4. 7 5 4. 5 7 ( m, 1 H ), 4. 1 0 ( q, J = 7. 1  Hz, 2 H ), 3. 0 5 3. 2 1 ( m,
2 H ), 1. 1 4 (t, J = 7. 1  Hz, 3 H ). 1 3 C  N M R ( 7 5  M Hz,  D M S O- d 6 ): δ 1 7 1. 3,
1 6 5. 0, 1 5 0. 3, 1 4 0. 6, 1 3 7. 4, 1 2 9. 1, 1 2 8. 3, 1 2 6. 6, 1 2 1. 3, 6 0. 7, 5 4. 4, 4 5. 7,
3 9. 5, 3 6. 2, 1 4. 0.  T h e a b o v e c o m p o u n d ( 2. 8 4 g, 9. 5 3  m m ol )  w as
diss ol v e d i n  w at er ( 3 0  m L ) a n d  T H F ( 3 0  m L ), t h e n Li O H ( 1. 2 0 g, 2 8. 6
m m ol )  w as a d d e d.  T h e  mi xt ur e  w as stirr e d f or 2 h b ef or e t h e or g a ni c
s ol v e nt  w as r e m o v e d u n d er r e d u c e d pr ess ur e a n d t h e a q u e o us r esi d u e
w as n e utr aliz e d  wit h 1  M a q  H Cl.  T h e titl e c o m p o u n d  w as cr yst alliz e d
at 4 ° C al o n g  wit h Li Cl.  R e cr yst alliz ati o n fr o m  m et h a n ol g a v e t h e p ur e
pr o d u ct as a c ol orl ess p o w d er ( 1. 5 9 g, 6 2 % ). 1 H  N M R ( 3 0 0  M Hz,
D M S O- d 6 ): δ 8. 7 6 8. 5 7 ( m, 2 H ), 8. 2 2 ( d, J = 7. 3  Hz, 1 H ), 7. 7 1 7. 5 7
( m, 2 H ), 7. 2 5 6. 9 9 ( m, 5 H ), 4. 2 6 (t d, J = 7. 4, 4. 6  Hz, 1 H ), 3. 2 7 2. 9 5
( m, 3 H ). 1 3 C  N M R ( 7 5  M Hz,  D M S O- d 6 ): δ 1 7 1. 9, 1 6 3. 4, 1 5 0. 2, 1 4 2. 1,
1 3 9. 5, 1 2 9. 4, 1 2 7. 7, 1 2 5. 6, 1 2 1. 0, 5 6. 1, 3 7. 2.

1 1 ( Trit ylt hi o) u n d e c a n oi c A ci d ( XI ). Tri p h e n yl m et h yl c hl ori d e
( 0. 6 3 g, 1. 0 e q ui v )  w as diss ol v e d i n  D C M ( 5  m L ).  T h er et o, a s ol uti o n
of 1 1- m er c a pt o u n d e c a n oi c a ci d ( M U A ) ( 0. 5 g, 1. 0 e q ui v ) i n  D C M ( 1 5
m L )  w as a d d e d dr o p wis e.  T h e  mi xt ur e  w as stirr e d f or 2 h at rt.  D C M
w as r e m o v e d b y distill ati o n, a n d t h e r esi d u e  w as p uri fi e d b y c ol u m n
c hr o m at o gr a p h y ( p etr ol e u m et h er / Et O A c 2: 1 ). 1 H  N M R ( 3 0 0  M Hz,
C D Cl 3 ): δ 7. 4 0 ( d, J = 7. 6  Hz, 6 H ), 7. 3 1 7. 0 9 ( m, 9 H ), 2. 3 2 (t, J = 7. 1
Hz, 2 H ), 2. 1 1 (t, J = 7. 3  Hz, 2 H ), 1. 6 0 ( q, J = 7. 4  Hz, 2 H ), 1. 4 6 0. 9 5
( m, 1 4 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 9. 7, 1 4 5. 2, 1 2 9. 8, 1 2 7. 9,
1 2 6. 6, 6 6. 5, 3 4. 1, 3 2. 2, 2 9. 5, 2 9. 3 2, 2 9. 2 7, 2 9. 1 6, 2 9. 1 2, 2 8. 7, 2 4. 8.  N M R
d at a ar e c o nsist e nt  wit h t h e lit er at ur e. 1 2

t ert  B ut yl ( S) 4 (( 1 Et h o x y 1  o x o 3  p h e n yl pr o p a n 2 yl)
c ar b a m o yl) pi p er a zi n e 1 c ar b o x yl at e ( XII ). T o a stirr e d s ol uti o n of
0. 7 9 8 g 1- b o c pi p er azi n e i n  T H F, a s us p e nsi o n of 0. 8 6 0 g ( S )- et h yl- 2-
is o c y a n at e- 3- p h e n yl pr o p a n o at e i n  T H F  w as a d d e d dr o p wis e.  T h e
mi xt ur e  w as stirr e d f or 1 8 h a n d t h e s ol v e nt  w as r e m o v e d u n d er r e d u c e d
pr ess ur e.  T h e r esi d u e  w as e xtr a ct e d  wit h Et O A c a n d t h e c o m bi n e d
e xtr a cts  w er e  w as h e d  wit h a s at ur at e d s ol uti o n of  N a H C O 3 a n d bri n e,
dri e d  wit h  N a 2 S O 4 , a n d c o n c e ntr at e d u n d er r e d u c e d pr ess ur e, r es ulti n g
i n a c ol orl ess oil ( 0. 8 1 g, 5 0 % ). 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 7. 4 9
7. 3 3 ( m, 3 H ), 7. 2 9 7. 1 8 ( m, 2 H ), 5. 1 0 4. 8 3 ( m, 1 H ), 4. 2 8 ( d q, J =
1 5. 5, 7. 2  Hz, 2 H ), 3. 7 0 3. 5 7 ( m, 1 H ), 3. 5 7 3. 4 8 ( m, 4 H ), 3. 4 8 3. 3 5
( m, 4 H ), 3. 2 9 3. 2 2 ( m, 2 H ), 1. 6 0 (s, 9 H ), 1. 3 9 (t d, J = 7. 1, 3. 3  Hz,
3 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 2. 6, 1 5 6. 5, 1 5 4. 6, 1 3 6. 3, 1 2 9. 3,
1 2 8. 5, 1 2 7. 0, 8 0. 2, 6 1. 4, 6 0. 4, 5 4. 3 7, 4 3. 9, 3 8. 4, 2 8. 4, 2 1. 1, 1 4. 2.

( 4 (t ert B ut o x y c ar b o n yl) pi p er a zi n e 1 c ar b o n yl) L p h e n yl al a ni n e
(XIII ). 0. 8 1 g of c o m p o u n d XII w as diss ol v e d i n  T H F a n d c o ol e d t o 0
° C.  A s ol uti o n of 0. 2 9 g Li O H i n  w at er  w as a d d e d dr o p wis e a n d t h e
mi xt ur e  w as stirr e d f or 3 h at r o o m t e m p er at ur e.  T h e s ol v e nt  w as
r e m o v e d u n d er r e d u c e d pr ess ur e a n d t h e p H of t h e r esi d u e  w as
a dj ust e d t o 2  wit h 1  M  H Cl.  T h e r esi d u e  w as e xtr a ct e d  wit h et h yl
a c et at e a n d t h e c o m bi n e d e xtr a cts  w er e  w as h e d  wit h bri n e, dri e d  wit h
N a 2 S O 4 , a n d c o n c e ntr at e d u n d er r e d u c e d pr ess ur e.  T h e cr u d e pr o d u ct
w as diss ol v e d i n di et h yl et h er, n - p e nt a n e  w as a d d e d, a n d t h e pr o d u ct
w as cr yst alliz e d at 4 ° C, gi vi n g a c ol orl ess s oli d ( 0. 5 6 g, 7 4 % ). 1 H  N M R
( 3 0 0  M Hz,  C D Cl 3 ): δ 9. 3 9 (s, 1 H ), 7. 2 5 7. 1 4 ( m, 3 H ), 7. 1 4 7. 0 4 ( m,
2 H ), 5. 0 5 ( d, J = 7. 1  Hz,  N H ), 4. 6 1 ( q, J = 6. 2  Hz, 1 H ), 3. 3 0 ( d d, J = 7. 9,
4. 0  Hz, 4 H ), 3. 2 4 3. 0 9 ( m, 4 H ), 3. 0 4 ( d d, J = 1 4. 0, 6. 8  Hz, 2 H ), 1. 3 9
(s, 9 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 4. 7, 1 5 7. 5, 1 5 4. 8, 1 3 6. 4,
1 2 9. 5, 1 2 8. 7, 1 2 7. 2, 8 0. 6, 5 4. 9, 4 3. 7, 3 7. 5, 2 8. 5.

P r e p a r a ti o n  of  P h o s p h o n a t e s 5 7 .  Di e t h yl(fl u o r o
( p h e n yls ulf o n yl) m et h yl) p h os p h o n at e1 2 ,6 7 (5 ). T o a stirr e d s ol uti o n
of p h os p h o n at e III ( 1. 5 4 g, 1. 0 e q ui v ) i n  T H F,  K H M D S ( 1  M i n  T H F,
6. 5 9  m L, 1. 2 5 e q ui v )  w as a d d e d dr o p wis e at 8 0 ° C.  Aft er 3 0  mi n at
t his t e m p er at ur e, S el e ctfl u or ( 2. 8 0 g, 1. 5 e q ui v ) i n 1 0  m L  D M F  w as
a d d e d a n d t h e r e a cti o n  mi xt ur e  w as stirr e d f or 3 h, sl o wl y  w ar mi n g t o 0
° C. 1 5  m L of a s at ur at e d s ol uti o n of a m m o ni u m c hl ori d e  w as a d d e d a n d
t h e v ol atil es  w er e e v a p or at e d.  T h e r esi d u e  w as e xtr a ct e d  wit h  D C M a n d
t h e c o m bi n e d e xtr a cts  w er e  w as h e d  wit h a s at ur at e d s ol uti o n of
N a H C O 3 a n d bri n e, dri e d  wit h  N a 2 S O 4 , c o n c e ntr at e d u n d er r e d u c e d
pr ess ur e, a n d p uri fi e d b y c ol u m n c hr o m at o gr a p h y (li g ht p etr ol e u m /
Et O A c 1: 6 ) t o a ff or d t h e titl e c o m p o u n d as a c ol orl ess s oli d. Yi el d: 1. 0 g
( 6 2 % ). 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 8. 0 1 ( d, J = 7. 5  Hz, 2 H ), 7. 7 4

(t, J = 7. 4  Hz, 1 H ), 7. 6 1 (t, J = 7. 7  Hz, 2 H ), 5. 3 8 ( d d, JH F = 4 5. 5  Hz,
JH F = 6. 6  Hz, 1 H ), 4. 4 0 4. 1 8 ( m, 4 H ), 1. 3 5 (t, J = 7. 1  Hz, 6 H ).  N M R
d at a  w er e c o nsist e nt  wit h t h e lit er at ur e. 1 2

P h e n yl( di et h o x y p h os p h or yl) fl u or o m et h a n es ulf o n at e ( 6 ). P h os-
p h o n at e I V ( 1. 7 3 g, 1. 0 e q ui v )  w as diss ol v e d i n  T H F ( 1 5  m L ) a n d
c o ol e d t o 7 8 ° C.  K H M D S ( 1  M i n  T H F, 7. 0  m L, 1. 2 5 e q ui v )  w as
a d d e d dr o p wis e a n d t h e  mi xt ur e  w as stirr e d f or a n a d diti o n al 3 0  mi n.
S el e ct fl u or ( 3. 0 g, 1. 5 e q ui v )  w as a d d e d i n o n e p orti o n a n d t h e  mi xt ur e
w as stirr e d f or 5  mi n.  T h e n,  D M F ( 1 2  m L )  w as a d d e d i n o n e p orti o n
a n d t h e  mi xt ur e  w as all o w e d t o  w ar m t o 0 ° C.  Aft er stirri n g f or 3 h, t h e
r e a cti o n  w as q u e n c h e d  wit h c o n c. a q  N H4 Cl ( 5  m L ) a n d  T H F  w as
r e m o v e d i n v a c u o. Et O A c  w as a d d e d a n d t h e or g a ni c p h as e  w as  w as h e d
wit h  w at er ( 3 × ) a n d bri n e ( 2 × ) a n d dri e d  wit h  N a 2 S O 4 .  T h e s ol v e nt
w as r e m o v e d u n d er r e d u c e d pr ess ur e a n d t h e r esi d u e  w as p uri fi e d b y
c ol u m n c hr o m at o gr a p h y ( p etr ol e u m et h er / Et O A c 1: 1 ), yi el di n g t h e
titl e c o m p o u n d as a c ol orl ess oil ( 0. 9 5 g, 5 2 % ). 1 H  N M R ( 3 0 0  M Hz,
C D Cl 3 ): δ 7. 5 0 7. 3 9 ( m, 2 H ), 7. 3 9 7. 2 8 ( m, 3 H ), 5. 6 3 ( d d, JH F = 4 5
Hz, JH P = 7. 2  Hz, 1 H ), 4. 4 5 4. 2 5 ( m, 4 H ), 1. 3 9 (t d d, J = 7. 1, 2. 0, 0. 7
Hz, 6 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 4 9. 6, 1 3 0. 3, 1 2 8. 0, 1 2 2. 2,
9 3. 4 ( d d, JC F = 2 3 2  Hz, JC P = 1 6 2  Hz ), 6 5. 7 ( d d, JC P = 1 0. 7  Hz, JC F

= 6. 7  Hz ), 1 6. 4 4 ( d, JC P = 5. 8  Hz ).
Di et h yl(( b e n z yls ulf o n yl) fl u or o m et h yl) p h os p h o n at e ( 7 ). P h os p h o-

n at e V ( 3. 7 7 g, 1. 0 e q ui v )  w as diss ol v e d i n  T H F ( 4 0  m L ) a n d c o ol e d t o
7 8 ° C.  K H M D S ( 1  M i n  T H F, 1 5. 4  m L, 1. 2 5 e q ui v )  w as a d d e d

dr o p wis e a n d t h e  mi xt ur e  w as stirr e d f or a n a d diti o n al 3 0  mi n.
S el e ct fl u or ( 6. 5 5 g, 1. 5 e q ui v )  w as a d d e d i n o n e p orti o n a n d t h e  mi xt ur e
w as stirr e d f or 5  mi n.  T h e n,  D M F ( 2 4  m L )  w as a d d e d i n o n e p orti o n
a n d t h e  mi xt ur e  w as all o w e d t o  w ar m t o 0 ° C.  Aft er stirri n g f or 3 h, t h e
r e a cti o n  w as q u e n c h e d  wit h c o n c.  N H4 Cl ( 5  m L ) a n d  T H F  w as
r e m o v e d i n v a c u o. Et O A c  w as a d d e d a n d t h e or g a ni c p h as e  w as  w as h e d
wit h  w at er ( 3 × ) a n d bri n e ( 2 × ) a n d dri e d  wit h  N a 2 S O 4 .  T h e s ol v e nt
w as r e m o v e d u n d er r e d u c e d pr ess ur e a n d t h e r esi d u e  w as p uri fi e d b y
c ol u m n c hr o m at o gr a p h y ( D C M / E t O A c 9: 1 ), yi el di n g t h e titl e
c o m p o u n d as a c ol orl ess oil ( 1. 9 2 g, 4 8 % ). 1 H  N M R ( 3 0 0  M Hz,
C D Cl 3 ): δ 7. 5 1 7. 3 2 ( m, 5 H ), 5. 2 8 ( d d, JH F = 4 5  Hz, JH P = 7. 1  Hz,
1 H ), 4. 6 7 4. 4 9 ( m, 2 H ), 4. 4 2 4. 2 1 ( m, 4 H ), 1. 3 9 (t d, J = 7. 1, 0. 7  Hz,
6 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 3 1. 4, 1 2 9. 5, 1 2 9. 2, 1 2 5. 8, 9 5. 2
( d d, JC F = 2 2 8  Hz, JC P = 1 6 1  Hz ), 6 5. 4 ( d d, JC F = 6. 3  Hz, JC P = 6. 2
Hz ), 5 7. 5, 1 6. 5 ( d, JC P = 5. 8  Hz ).

H W E  Ol e fi n ati o n ( C o m p o u n ds 8 1 2 ). Pr o c e d ur e A. T h e s p e ci fi e d
p h os p h o n at e ( 1. 0 e q ui v )  w as diss ol v e d i n  T H F a n d c o ol e d t o 0 ° C.
N a H ( 6 0 % i n  mi n er al oil, 1. 1 e q ui v )  w as a d d e d i n p orti o ns a n d t h e
mi xt ur e  w as stirr e d f or 1 5  mi n.  T h e c orr es p o n di n g b o c- pr ot e ct e d
a mi n o al d e h y d e ( 1. 0 e q ui v )  w as a d d e d i n o n e p orti o n, a n d t h e  mi xt ur e
w as all o w e d t o  w ar m t o rt.  Aft er stirri n g f or 1 h, Et O A c  w as a d d e d a n d
t h e or g a ni c p h as e  w as e xtr a ct e d  wit h  w at er, s at ur at e d a q  N a H C O3 , a n d
bri n e a n d fi n all y dri e d  wit h  N a 2 S O 4 . E v a p or ati o n of t h e s ol v e nt u n d er
r e d u c e d pr ess ur e pr o vi d e d t h e b o c- pr ot e ct e d vi n yls ulf o n es as a cr u d e
mi xt ur e of E / Z is o m ers. P urifi c ati o n a n d s e p ar ati o n of t h e is o m ers  w er e
a c hi e v e d b y c ol u m n c hr o m at o gr a p h y.  T h e pr o d u cts  w er e o bt ai n e d as
c ol orl ess s oli ds.

Pr o c e d ur e B. T h e s p e ci fi e d p h os p h o n at e ( 1. 0 e q ui v )  w as diss ol v e d
i n  T H F a n d c o ol e d t o 7 8 ° C.  K H M D S ( 1  M i n  T H F, 1. 0 e q ui v ) or
L H M D S ( 1  M i n  T H F, 1. 0 e q ui v )  w as a d d e d dr o p wis e a n d it  w as stirr e d
f or a d diti o n al 2 0  mi n.  T h e r es p e cti v e al d e h y d e ( 1. 0 e q ui v )  w as a d d e d i n
o n e p orti o n a n d t h e  mi xt ur e  w as all o w e d t o  w ar m t o rt o v er a p eri o d of 1
h.  Aft er stirri n g f or a n a d diti o n al h o ur at rt, Et O A c  w as a d d e d a n d t h e
or g a ni c p h as e  w as e xtr a ct e d  wit h  w at er ( 2 × ) a n d bri n e ( 1 × ).
E v a p or ati o n of t h e s ol v e nt u n d er r e d u c e d pr ess ur e g a v e t h e cr u d e
pr o d u ct as E / Z is o m ers. P urifi c ati o n b y c ol u m n c hr o m at o gr a p h y
all o w e d t h e is ol ati o n of t h e d esir e d ( E )-is o m ers.  T h e pr o d u cts  w er e
o bt ai n e d as c ol orl ess s oli ds.

t ert B ut yl ( S, E) ( 1 Fl u or o 5 p h e n yl 1 ( p h e n yls ulf o n yl) p e nt 1 e n
3 yl) c ar b a m at e 1 2 (8 ). Pr e p ar e d f oll o wi n g pr o c e d ur e  A usi n g 0. 3 5 g
of p h os p h o n at e 5 , 0. 3 g b o c- h o m o p h e n yl al a ni n al or b o c- h o m o p h e n y-
l al a ni n e al d e h y d e or b o c- h P h e- H (VI ), a n d 0. 0 5 g  N a H i n 6  m L  T H F.
C ol u m n c hr o m at o gr a p h y: p etr ol e u m et h er / Et O A c 3: 1. ( E )-is o m er:
Yi el d 0. 2 0 g ( 4 1 % ). 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 7. 9 5 ( d, J = 7. 6  Hz,
2 H ), 7. 7 0 (t, J = 7. 4  Hz, 1 H ), 7. 5 8 (t, J = 7. 6  Hz, 2 H ), 7. 3 6 7. 1 6 ( m,
3 H ), 7. 1 2 ( d, J = 7. 1  Hz, 2 H ), 6. 1 9 ( d d, JH F = 3 2. 3  Hz, JH  H = 7. 1  Hz,

J o ur n al of  M e di ci n al  C h e mi str y p u b s. a c s. or g/j m c Arti cl e
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1 H ), 4. 6 1 (s, 1 H ), 4. 4 6 (s, 1 H ), 2. 7 4 2. 5 2 ( m, 2 H ), 2. 0 0 1. 7 7 ( m,
2 H ), 1. 3 9 (s, 9 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 5 4. 9, 1 5 4. 7 ( d, JC F

= 3 0 0  Hz ), 1 4 0. 5, 1 3 7. 2, 1 3 4. 7, 1 2 9. 6 1, 1 2 8. 8, 1 2 8. 7, 1 2 8. 4, 1 2 6. 4, 1 1 8. 4
( d, JC F = 4. 6  Hz ), 8 0. 3, 4 6. 4 ( d, JC F = 2. 7  Hz ), 3 6. 2, 3 2. 0, 2 8. 3. ( Z )-
is o m er: Yi el d 0. 1 0 g ( 2 1 % ). 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 8. 0 9 ( d, J =
4. 2  Hz, 2 H ), 7. 6 9 (t, J = 7. 4  Hz, 1 H ), 7. 5 7 (t, J = 7. 7  Hz, 2 H ), 7. 3 7 7. 1 2
( m, 5 H ), 5. 8 1 ( d d, JH F = 2 1  Hz, JH  H = 1 0  Hz, 1 H ), 5. 3 5 5. 1 8 ( m,
1 H ), 4. 7 0 (s, 1 H ), 2. 8 9 2. 6 2 ( m, 2 H ), 2. 1 4 1. 8 6 ( m, 2 H ), 1. 4 6 (s,
9 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 5 5. 0, 1 5 2. 7 ( d, JC F = 2 9 3  Hz ),
1 4 1. 0, 1 3 7. 7, 1 3 4. 7, 1 2 9. 5, 1 2 9. 1, 1 2 8. 7, 1 2 8. 5, 1 2 6. 3, 1 2 1. 4 ( d, JC F =
1 1  Hz ), 8 0. 0, 4 6. 6 ( d, JC F = 5  Hz ), 3 7. 3, 3 2. 3, 2 8. 5.

P h e n yl ( S, E) 3 ((t ert B ut o x y c ar b o n yl) a mi n o) 1 fl u or o 5 p h e n yl
p e nt 1 e n e 1 s ulf o n at e ( 9 ). Pr e p ar e d f oll o wi n g pr o c e d ur e  A usi n g
0. 6 6 g of p h os p h o n at e 6 , 0. 5 3 g b o c- h o m o p h e n yl al a ni n al or b o c-
h o m o p h e n yl al a ni n e al d e h y d e or b o c- h P h e- H ( VI ), a n d 0. 0 9 g  N a H i n
1 2  m L  T H F.  C ol u m n c hr o m at o gr a p h y: p etr ol e u m et h er / Et O A c 5: 1.
( E )-is o m er: Yi el d 0. 3 8 g ( 4 3 % ). 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 7. 4 6
7. 3 2 ( m, 2 H ), 7. 3 2 7. 1 5 ( m, 6 H ), 7. 1 0 ( d, J = 7. 0  Hz, 2 H ), 5. 9 1 ( d d,
JH F = 3 1. 3  Hz, JH  H = 8. 6  Hz, 1 H ), 4. 6 8 4. 2 7 ( m, 2 H ), 2. 6 6 2. 4 3 ( m,
2 H ), 1. 9 7 1. 6 6 ( m, 2 H ), 1. 4 3 (s, 9 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ
1 5 4. 8, 1 5 0. 8, 1 4 8. 9 ( d, JC F = 2 9 6  Hz ), 1 4 0. 2, 1 3 0. 2, 1 2 8. 8, 1 2 8. 4,
1 2 8. 0, 1 2 6. 5, 1 2 2. 4 ( d, JC F = 4. 1  Hz ), 1 2 2. 3, 8 0. 4, 4 6. 3 ( d, JC F = 2. 1
Hz ), 3 5. 9, 3 1. 9, 2 8. 4. ( Z )-is o m er: yi el d 0. 2 2 g ( 2 2 % ). 1 H  N M R ( 3 0 0
M Hz,  C D Cl 3 ): δ 7. 4 4 7. 3 2 ( m, 2 H ), 7. 3 2 7. 1 3 ( m, 6 H ), 7. 0 4 ( d, J =
7. 2  Hz, 2 H ), 6. 1 4 ( br, 1 H ), 4. 8 8 4. 4 4 ( br, 2 H ), 2. 5 9 2. 4 6 ( m, 1 H ),
2. 4 6 2. 2 9 ( m, 1 H ), 1. 8 4 ( br, 1 H ), 1. 4 2 ( br, 1 H ), 1. 4 3 (s, 9 H ). 1 3 C
N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 5 4. 8, 1 4 9. 3, 1 4 7. 5 ( d, JC F = 2 9 6  Hz ),
1 4 0. 7, 1 3 0. 1, 1 2 8. 5, 1 2 8. 4, 1 2 8. 1, 1 2 6. 3, 1 2 4. 1 ( d, JC F = 9. 9  Hz ), 1 2 2. 4,
8 0. 4, 4 7. 1 ( d, JC F = 3. 6  Hz ), 3 6. 3, 3 2. 0, 2 8. 4.

P h e n yl ( S, E) 3 ((t ert B ut o x y c ar b o n yl) a mi n o) 5 p h e n yl p e nt 1
e n e 1 s ulf o n at e ( 9 ( H) ). Pr e p ar e d f oll o wi n g pr o c e d ur e B usi n g 1. 4 5
g of p h os p h o n at e I V, 1. 2 4 g b o c- h o m o p h e n yl al a ni n al or b o c-
h o m o p h e n yl al a ni n e al d e h y d e or b o c- h P h e- H ( VI ), a n d 6. 0  m L 1  M
L H M D S i n 2 5  m L  T H F.  C ol u m n c hr o m at o gr a p h y: c y cl o h e x a n e /
Et O A c 5: 1. ( E )-is o m er: Yi el d 0. 8 0 g ( 4 1 % ). 1 H  N M R ( 3 0 0  M Hz,
C D Cl 3 ): δ 7. 4 3 7. 3 5 ( m, 2 H ), 7. 3 5 7. 2 7 ( m, 3 H ), 7. 2 7 7. 2 0 ( m,
3 H ), 7. 1 8 7. 1 0 ( m, 2 H ), 6. 7 6 ( d d, J = 1 5. 1, 5. 1  Hz, 1 H ), 6. 4 8 ( d d, J =
1 5. 1, 1. 5  Hz, 1 H ), 4. 5 8 ( d, J = 8. 2  Hz, 1 H ), 4. 3 3 (s, 1 H ), 2. 7 7 2. 5 2 ( m,
2 H ), 1. 9 8 1. 7 2 ( m, 2 H ), 1. 4 9 (s, 9 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ
1 5 4. 9, 1 5 0. 4, 1 4 9. 6, 1 4 0. 2, 1 3 0. 0, 1 2 8. 8, 1 2 8. 4, 1 2 7. 4, 1 2 6. 6, 1 2 4. 4,
1 2 2. 6, 8 0. 5, 5 1. 0, 3 5. 6, 3 2. 0, 2 8. 4.

t ert B ut yl ( S, E) ( 1 ( B e n z yls ulf o n yl) 1 fl u or o 5 p h e n yl p e nt 1 e n 3
yl) c ar b a m at e ( 1 0 ). S y nt h esiz e d f oll o wi n g pr o c e d ur e B usi n g 0. 9 2 g
p h os p h o n at e 7 , 0. 7 4 g b o c- h o m o p h e n yl al a ni n al or b o c- h o m o p h e n yl a-
l a ni n e al d e h y d e or b o c- h P h e- H (VI ), a n d 2. 8  m L  K H M D S ( 1  M i n
T H F ) i n 1 4  m L  T H F.  C ol u m n c hr o m at o gr a p h y:  D C M / Et O A c 1 0 0: 1.
( E )-is o m er: yi el d: 0. 5 7 g ( 4 7 % ). 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 7. 3 9
7. 1 6 ( m, 8 H ), 7. 1 0 ( d, J = 7. 0  Hz, 2 H ), 5. 7 6 ( d d, JH F = 3 2. 8  Hz, JH  H =
8. 1  Hz, 1 H ), 4. 5 9 4. 3 8 ( m, 2 H ), 4. 3 5 (s, 2 H ), 2. 6 2 2. 3 8 ( m, 2 H ),
1. 9 1 1. 6 4 ( m, 3 H ), 1. 4 5 (s, 9 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ
1 5 4. 8, 1 5 2. 1 ( d, JC F = 3 0 0  Hz ), 1 4 0. 5, 1 3 1. 0, 1 2 9. 5, 1 2 9. 2, 1 2 8. 7,
1 2 8. 4, 1 2 6. 8, 1 2 6. 4, 1 2 0. 9 ( d, JC F = 3. 1  Hz ), 8 0. 3, 5 8. 9, 4 6. 1, 3 6. 2, 3 1. 8,
2 8. 5.  T h e ( Z )-is o m er  w as n ot is ol at e d.

t ert B ut yl ( S, E) ( 1 Fl u or o 5 ( m et h ylt hi o) 1 ( p h e n yls ulf o n yl) p e nt
1 e n 3 yl) c ar b a m at e ( 1 1 ). S y nt h esiz e d f oll o wi n g pr o c e d ur e B usi n g
0. 9 3 g p h os p h o n at e 5 , 0. 7 5 g b o c- M et- H, a n d 3. 1 5  m L L H M D S ( 1  M i n
T H F ) i n 2 0  m L  T H F.  C ol u m n c hr o m at o gr a p h y: P etr ol e u m et h er /
Et O A c 3: 1. ( E )-is o m er: Yi el d 0. 8 8 g ( 7 5 % ). 1 H  N M R ( 3 0 0  M Hz,
C D Cl 3 ): δ 7. 9 4 ( d, J = 7. 8  Hz, 2 H ), 7. 7 0 (t, J = 7. 3  Hz, 1 H ), 7. 5 8 (t, J =
7. 6  Hz, 2 H ), 6. 2 1 ( br d, JH F = 3 1. 5  Hz, 1 H ), 4. 7 4 ( br s, 1 H ), 4. 5 5 ( br s,
1 H ), 2. 5 7 2. 4 0 ( m, 2 H ), 2. 0 7 (s, 3 H ), 2. 0 0 1. 7 8 ( m, 2 H ), 1. 3 7 (s,
9 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 5 4. 9, 1 5 4. 7 ( d, JC F = 3 0 0  Hz ),
1 3 7. 1, 1 3 4. 7, 1 2 9. 6, 1 2 8. 8, 1 1 8. 0 ( d, JC F = 4. 6  Hz ), 8 0. 4, 4 6. 0 ( d, JC F =
1. 0  Hz ), 3 3. 8, 3 0. 2, 2 8. 3, 1 5. 7.  T h e ( Z )-is o m er  w as n ot f urt h er
c h ar a ct eriz e d.

t ert B ut yl ( R, E) ( 1 ( B e n z ylt hi o) 4 fl u or o 4 ( p h e n yls ulf o n yl) b ut 3
e n 2 yl) c ar b a m at e ( 1 2 ). S y nt h esiz e d f oll o wi n g pr o c e d ur e B usi n g 0. 5 5
g p h os p h o n at e 5 , 0. 5 5 g b o c-L - C ys ( B n )- H, a n d 1. 8 5  m L L H M D S ( 1  M
i n  T H F ) i n 1 0  m L  T H F.  C ol u m n c hr o m at o gr a p h y: P etr ol e u m et h er /
Et O A c 3: 1. ( E )-is o m er: yi el d 0. 4 4 g ( 5 4 % ). 1 H  N M R ( 3 0 0  M Hz,

C D Cl 3 ): δ 8. 0 0 7. 9 2 ( m, 3 H ), 7. 7 5 7. 5 3 ( m, 5 H ), 7. 3 0 7. 2 7 ( m,
3 H ), 6. 2 3 ( d d, JH F = 3 1. 8  Hz, JH  H = 8. 5  Hz, 1 H ), 4. 8 3 (s, 1 H ), 4. 5 9 (s,
1 H ), 3. 7 0 (s, 2 H ), 2. 7 3 2. 4 4 ( m, 2 H ), 1. 3 9 (s, 9 H ). 1 3 C  N M R ( 7 5
M Hz,  C D Cl 3 ): δ 1 5 6. 9, 1 5 4. 8, 1 3 7. 5, 1 3 7. 1, 1 3 5. 0, 1 3 4. 7, 1 2 9. 7, 1 2 9. 6,
1 2 9. 2, 1 2 9. 0, 1 2 8. 9, 1 2 8. 8, 1 2 7. 5, 1 1 7. 5, 8 0. 5, 4 6. 0, 3 6. 7, 3 5. 4, 2 8. 4.

P e pti d e  C h e mi str y. C o u pli n g Pr ot o c ols. Pr o c e d ur e C. T h e
s p e cifi e d c ar b o x yli c a ci d ( 1. 0 e q ui v ) a n d  H O Bt ( 1. 0 e q ui v )  w er e
diss ol v e d i n  D C M ( 8  m L ) a n d c o ol e d t o 0 ° C.  DI E A ( 3. 0 e q ui v )  w as
a d d e d sl o wl y, a n d t h e  mi xt ur e  w as stirr e d u ntil all  m at eri als  w er e
s ol u biliz e d.  T B T U ( 1. 0 e q ui v )  w as a d d e d i n o n e p orti o n a n d t h e
mi xt ur e  w as stirr e d f or 1 5  mi n at 0 ° C.  T h e s p e ci fi c a mi n e ( 1. 0 e q ui v )
w as diss ol v e d i n  D C M a n d a d d e d dr o p wis e t o t h e r e a cti o n  mi xt ur e.
Aft er stirri n g f or 1 2 h at rt,  D C M  w as r e m o v e d i n v a c u o a n d t h e r esi d u e
w as diss ol v e d i n Et O A c.  T h e or g a ni c p h as e  w as  w as h e d  wit h  w at er
( 5 × ), c o n c.  N a H C O 3 ( 2 × ), a n d 1  M a q  H Cl ( 2 × ) a n d t h e n dri e d  wit h
N a 2 S O 4 . E v a p or ati o n of t h e s ol v e nt g a v e t h e cr u d e pr o d u ct,  w hi c h  w as
p uri fi e d b y c ol u m n c hr o m at o gr a p h y.

Pr o c e d ur e  D. T h e s p e ci fi e d c ar b o x yli c a ci d ( 1. 0 e q ui v ) a n d  T B T U
( 1. 0 e q ui v )  w er e diss ol v e d i n  D C M a n d c o ol e d t o 0 ° C.  DI E A ( 3. 0
e q ui v )  w as a d d e d a n d t h e  mi xt ur e  w as stirr e d f or 1 5  mi n.  T h e r es p e cti v e
a mi n e ( 1. 0 e q ui v )  w as a d d e d i n o n e p orti o n.  Aft er stirri n g f or 1 2 h at rt,
D C M  w as r e m o v e d i n v a c u o, a n d t h e r esi d u e  w as diss ol v e d i n Et O A c.
T h e or g a ni c p h as e  w as  w as h e d  wit h  w at er ( 5 × ), c o n c.  N a H C O 3 ( 2 × ),
a n d 1  M a q  H Cl ( 2 × ) a n d t h e n dri e d  wit h  N a 2 S O 4 . E v a p or ati o n of t h e
s ol v e nt g a v e t h e cr u d e pr o d u ct,  w hi c h  w as p urifi e d b y c ol u m n
c hr o m at o gr a p h y.

Pr o c e d ur e E. T h e r es p e cti v e c ar b o x yli c a ci d ( I X or X , 1. 0 e q ui v ) a n d
H O Bt ( 1. 0 e q ui v )  w er e diss ol v e d i n  D M F ( 5  m L ) a n d c o ol e d t o 0 ° C.
DI E A ( 3. 0 e q ui v )  w as a d d e d a n d t h e  mi xt ur e  w as stirr e d f or 1 5  mi n.
T h e r es p e cti v e a mi n e ( 1. 0 e q ui v )  w as a d d e d i n o n e p orti o n a n d t h e
mi xt ur e  w as stirr e d f or 1 2 h at rt. Et O A c  w as a d d e d a n d a q u e o us  w or k-
u p  w as p erf or m e d  wit h 5 % a q Li Cl ( 5 × ),  w at er ( 2 × ), a n d s at ur at e d a q
N a H C O 3 ( 2 × ).  Aft er e v a p or ati o n of t h e s ol v e nt, t h e r esi d u e  w as
p uri fi e d b y c ol u m n c hr o m at o gr a p h y.

R e m o v al of B o c  Gr o u ps. Pr o c e d ur e F. B o c- pr ot e ct e d c o m p o u n ds
( 8 1 0 )  w er e diss ol v e d i n 4  M  H Cl / di o x a n e s ol uti o n ( 5 1 0  m L ).  Aft er
stirri n g f or 3 0  mi n at rt, di o x a n e  w as e v a p or at e d i n v a c u o a n d t h e
r esi d u e  w as  w as h e d s e v er al ti m es  wit h di et h yl et h er.  T h e pr e ci pit at e  w as
c oll e ct e d a n d dri e d u n d er r e d u c e d pr ess ur e.  T h e a mi n es  w er e o bt ai n e d
as h y dr o c hl ori d e s alts a n d  w er e s u ffi ci e ntl y p ur e t o b e us e d i n t h e n e xt
st e p  wit h o ut f urt h er p urifi c ati o n.

Pr o c e d ur e  G. B o c- pr ot e ct e d c o m p o u n ds ( 1 1 1 2 )  w er e diss ol v e d i n
D C M ( 1 0  m L ) a n d c o ol e d t o 0 ° C. 1  m L  T F A  w as a d d e d dr o p wis e, a n d
t h e r es ulti n g  mi xt ur e  w as stirr e d f or 1 h.  Aft er e v a p or ati o n t o dr y n ess i n
hi g h v a c u u m, t h e r esi d u e  w as  w as h e d  wit h di et h yl et h er a n d c oll e ct e d
b y fi ltr ati o n.  T h e a mi n es  w er e o bt ai n e d as  T F A s alt a n d dir e ctl y us e d f or
t h e n e xt st e p.

( S, E) 1 Fl u or o 5 p h e n yl 1 ( p h en yl s ulf o n yl) p e nt 1 e n 3 a mi n e
H y dr o c hl ori d e ( 1 3 ). Pr e p ar e d f oll o wi n g pr o c e d ur e F usi n g 0. 6 0 g of
c o m p o u n d 8 i n 1 2  m L 4  M  H Cl / di o x a n e. Yi el d: 0. 4 7 g ( 9 3 % ). 1 H  N M R
( 3 0 0  M Hz,  D M S O- d 6 ): δ 8. 6 5 (s, 3 H ), 8. 0 3 ( d, J = 7. 8  Hz, 2 H ), 7. 8 9 (t,
J = 7. 3  Hz, 1 H ), 7. 7 7 (t, J = 7. 6  Hz, 2 H ), 7. 3 2 7. 1 3 ( m, 3 H ), 7. 0 6 ( d, J =
7. 3  Hz, 2 H ), 6. 5 4 ( d d, JH F = 3 3  Hz, JH  H = 9. 8  Hz, 1 H ), 4. 0 9 3. 9 0 ( m,
1 H ), 2. 6 2 2. 3 4 ( m, 2 H ), 2. 2 5 2. 0 7 ( m, 1 H ), 2. 0 7 1. 8 9 ( m, 1 H ). 1 3 C
N M R ( 7 5  M Hz,  D M S O- d 6 ): δ 1 5 5. 2 ( d, JC F = 3 0 1  Hz ), 1 3 9. 9, 1 3 5. 9,
1 3 5. 6, 1 3 0. 2, 1 2 8. 5 4, 1 2 8. 4 5, 1 2 8. 1, 1 2 6. 2, 1 1 4. 5 ( d, JC F = 3. 7  Hz ),
4 5. 0 ( d, JC F = 2. 7  Hz ), 3 3. 4 ( d, JC F = 1. 4  Hz ), 3 0. 5.

P h e n yl ( S, E) 3 A mi n o 1 fl u or o 5 p h e n yl p e nt 1 e n e 1 s ulf o n at e
H y dr o c hl ori d e ( 1 4 ). Pr e p ar e d f oll o wi n g pr o c e d ur e F usi n g 0. 3 g of
c o m p o u n d 9 i n 7  m L 4  M  H Cl / di o x a n e. Yi el d: 0. 2 3 g ( 8 9 % ). 1 H  N M R
( 3 0 0  M Hz,  D M S O- d 6 ): δ 8. 7 2 (s, 3 H ), 7. 5 6 7. 4 7 ( m, 2 H ), 7. 4 7 7. 3 7
( m, 3 H ), 7. 3 1 (t, J = 7. 2  Hz, 2 H ), 7. 2 6 7. 1 9 ( m, 1 H ), 7. 1 9 7. 0 9 ( m,
2 H ), 6. 4 2 ( d d, JH F = 3 2  Hz, JH  H = 9. 7  Hz, 1 H ), 4. 1 5 (t d, J = 9. 2, 5. 3
Hz, 1 H ), 2. 4 8 2. 3 2 ( m, 2 H ), 2. 1 9 2. 0 1 ( m, 1 H ), 2. 0 0 1. 8 1 ( m, 1 H ).
1 3 C  N M R ( 7 5  M Hz,  D M S O- d 6 ): δ 1 4 9. 3 ( d, JC F = 3 0 0  Hz ), 1 4 8. 6,
1 4 0. 0, 1 3 0. 6, 1 2 8. 5, 1 2 8. 4, 1 2 8. 1, 1 2 6. 3, 1 2 2. 0, 1 1 8. 4 ( d, JC F = 3. 2  Hz ),
4 5. 2 ( d, JC F = 2. 2  Hz ), 4 0. 4, 3 3. 3, 3 0. 4.

P h e n yl ( S, Z) 3 A mi n o 1 fl u or o 5 p h e n yl p e nt 1 e n e 1 s ulf o n at e
H y dr o c hl ori d e ( 1 4 ( Z) ). Pr e p ar e d f oll o wi n g pr o c e d ur e F usi n g 0. 2 g
of c o m p o u n d 9- ( Z ) i n 7  m L 4  M  H Cl / di o x a n e. Yi el d: 0. 1 6 g ( 9 3 % ). 1 H

J o ur n al of  M e di ci n al  C h e mi str y p u b s. a c s. or g/j m c Arti cl e

htt p s:// d oi. or g/ 1 0. 1 0 2 1/ a c s.j m e d c h e m. 1 c 0 1 0 0 2
J.  M e d. C h e m. 2 0 2 1, 6 4, 1 2 3 2 2 1 2 3 5 8

1 2 3 4 4
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N M R ( 3 0 0  M Hz,  D M S O- d 6 ): δ 8. 6 8 (s, 3 H ), 7. 5 9 7. 4 5 ( m, 2 H ),
7. 4 4 7. 1 3 ( m, 6 H ), 7. 0 8 6. 9 8 ( m, 2 H ), 6. 7 3 ( d d, JH F = 2 1. 2  Hz, JH  H

= 1 0. 6  Hz, 1 H ), 4. 2 7 ( q, J = 7. 8, 1 H ), 2. 2 9 2. 0 2 ( m, 2 H ), 1. 9 5 1. 8 0
( m, 1 H ), 1. 6 8 1. 4 7 ( m, 1 H ). 1 3 C  N M R ( 7 5  M Hz,  D M S O- d 6 ): δ 1 4 8. 3,
1 4 8. 1 ( d, JC F = 2 8 8  Hz ), 1 4 0. 1, 1 3 0. 6, 1 2 8. 7, 1 2 8. 4, 1 2 8. 0, 1 2 6. 1,
1 2 2. 1, 1 2 0. 6 ( d, J = 1 6  Hz ), 4 5. 9 ( d, JC F = 6. 7  Hz ), 3 4. 3, 3 0. 2.

P h e n yl ( S, E) 3 A mi n o 5 p h e n yl p e nt 1 e n e 1 s ulf o n at e  H y dr o
c hl ori d e ( 1 4 ( H) ). Pr e p ar e d f oll o wi n g pr o c e d ur e F usi n g 0. 7 8 g of
c o m p o u n d 9- ( H ) i n 1 4  m L 4  M  H Cl / di o x a n e. Yi el d: 0. 3 4 g ( 5 1 % ). 1 H
N M R ( 3 0 0  M Hz,  D M S O- d 6 ): δ 8. 6 4 (s, 3 H ), 7. 5 0 7. 4 1 ( m, 2 H ),
7. 4 1 7. 3 4 ( m, 2 H ), 7. 3 4 7. 2 4 ( m, 3 H ), 7. 2 4 7. 1 7 ( m, 1 H ), 7. 1 6
7. 1 0 ( m, 2 H ), 6. 8 1 ( d d, JH  H = 1 5. 3, 6. 8  Hz, 1 H ), 4. 1 5 3. 9 5 ( m, 1 H ),
2. 6 1 2. 3 8 ( m, 2 H ), 2. 1 0 1. 8 4 ( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,  D M S O-
d 6 ): δ 1 4 9. 0, 1 4 5. 3, 1 4 0. 3, 1 3 0. 1, 1 2 8. 5, 1 2 8. 2, 1 2 7. 6, 1 2 7. 6, 1 2 6. 2,
1 2 2. 6, 5 0. 1, 3 3. 3, 3 0. 4.

( S, E) 1 ( B e n z yls ulf o n yl) 1 fl u or o 5 p h e n yl p e nt 1 e n 3 a mi n e  H y
dr o c hl ori d e ( 1 5 ). Pr e p ar e d f oll o wi n g pr o c e d ur e F usi n g 0. 4 6 g of
c o m p o u n d 1 0 i n 1 0  m L 4  M  H Cl / di o x a n e. Yi el d: 0. 3 7 g ( 9 5 % ). 1 H
N M R ( 3 0 0  M Hz,  D M S O- d 6 ): δ 8. 6 6 (s, 3 H ), 7. 4 8 7. 2 7 ( m, 7 H ),
7. 2 6 7. 0 9 ( m, 3 H ), 6. 1 3 ( d d, JH F = 3 3  Hz, JH  H = 9. 9  Hz, 1 H ), 4. 8 7 (s,
2 H ), 4. 0 4 (t d, J = 9. 3, 5. 0  Hz, 1 H ), 2. 3 9 (t, J = 8. 1  Hz, 2 H ), 2. 1 3 1. 9 7
( m, 1 H ), 1. 9 1 1. 7 4 ( m, 1 H ). 1 3 C  N M R ( 7 5  M Hz,  D M S O- d 6 ): δ 1 5 4. 1
( d, JC F = 3 0 4  Hz ), 1 4 0. 2, 1 3 1. 2, 1 2 9. 0, 1 2 8. 7, 1 2 8. 5, 1 2 8. 2, 1 2 7. 0,
1 2 6. 2, 1 1 5. 7 ( d, JC F = 2. 9  Hz ), 5 7. 6, 4 5. 0 ( d, JC F = 2. 2  Hz ), 3 3. 5, 3 0. 4.

( S, E) 1 Fl u or o 5 ( m et h ylt hi o) 1 ( p h e n yl s ulf o n yl) p e nt 1 e n 3
a mi ni u m 2, 2, 2 Tri fl u or o a c et at e ( 1 6 ). Pr e p ar e d f oll o wi n g pr o c e d ur e  G
wit h 0. 8 8 g c o m p o u n d 1 1 . Yi el d: 0. 6 0 g ( 6 5 % ). 1 H  N M R ( 3 0 0  M Hz,
D M S O- d 6 ): δ 7. 8 9 7. 8 2 ( m, 2 H ), 7. 8 2 7. 6 3 ( m, 1 H ), 7. 5 7 7. 5 2 ( m,
2 H ), 6. 2 1 ( d, JH F = 3 2  Hz, 1 H ), 4. 4 6 ( m, 1 H ), 2. 6 9 2. 4 1 ( m, 2 H ),
2. 0 6 (s, 3 H ), 2. 0 5 1. 7 5 ( m, 2 H ).

( R, E) 1 ( B e n z ylt hi o) 4 fl u or o 4 ( p h e n yls ulf o n yl) b ut 3 e n 2 a mi
ni u m 2, 2, 2 Tri fl u or o a c et at e ( 1 7 ). Pr e p ar e d f oll o wi n g pr o c e d ur e  G
wit h 0. 4 4 g c o m p o u n d 1 2 . Yi el d: 0. 3 7 g ( 8 1 % ). 1 H  N M R ( 3 0 0  M Hz,
D M S O- d 6 ): δ 8. 0 4 (s, 3 H ), 7. 9 5 7. 8 4 ( m, 2 H ), 7. 7 7 7. 5 5 ( m, 4 H ),
7. 2 5 7. 1 9 ( m, 4 H ), 6. 4 4 ( d d, JH F = 3 0  Hz, JH  H = 9. 1  Hz, 1 H ), 4. 2 0
4. 0 1 ( m, 1 H ), 3. 7 1 (s, 2 H ), 2. 9 1 2. 6 2 ( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,
D M S O- d 6 ): δ 1 6 1. 4, 1 6 0. 8, 1 5 5. 5, 1 3 6. 6, 1 3 5. 5, 1 3 5. 0, 1 2 9. 9, 1 2 9. 7,
1 2 9. 2, 1 2 9. 1, 1 2 8. 9, 1 2 7. 9, 1 1 7. 3, 1 1 3. 5, 1 1 1. 1, 7 7. 2, 4 6. 2, 3 6. 2, 3 3. 3.

t ert B ut yl (( S) 1 ((( S, E) 1 Fl u oro 5 p h e n yl 1 ( p h e n yls ulf o n yl)
p e nt 1 e n 3 yl) a mi n o) 1 o x o 3 p h e n yl pr o p a n 2 yl) c ar b a m at e
(1 8 ). S y nt h esiz e d f oll o wi n g pr o c e d ur e  C  wit h 0. 1 8 0 g c o m p o u n d 1 3 ,
0. 1 3 5 g b o c- L - P h e- O H, 0. 1 6 2 g  T B T U, 0. 0 7 8 g  H O Bt, a n d 0. 2 6 5  m L
DI E A. P uri fi c ati o n b y c ol u m n c hr o m at o gr a p h y ( p etr ol e u m et h er /
Et O A c 3: 1 ). Yi el d: 0. 2 1 g ( 7 3 % ). 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ
8. 0 0 7. 8 9 ( m, 2 H ), 7. 7 9 7. 6 8 ( m, 1 H ), 7. 6 7 7. 5 5 ( m, 2 H ), 7. 3 9
7. 1 2 ( m, 8 H ), 7. 1 0 7. 0 0 ( m, 2 H ), 6. 0 0 ( d d, JH F = 3 2  Hz, JH  H = 8. 5
Hz, 1 H ), 5. 8 2 ( d, J = 8. 0  Hz, 1 H ), 4. 9 1 (s, 1 H ), 4. 6 9 ( q ui nt, J = 7. 7  Hz,
1 H ), 4. 2 0 ( q, J = 7. 5  Hz, 1 H ), 3. 0 4 ( d d, J = 1 3. 7, 6. 6  Hz, 1 H ), 2. 9 5 ( d d, J
= 1 3. 7, 7. 6  Hz, 1 H ), 2. 5 2 (t, J = 7. 2  Hz, 2 H ), 1. 9 6 1. 7 5 ( m, 2 H ), 1. 4 0
(s, 9 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 0. 8, 1 5 5. 6, 1 5 4. 8 ( d, JC F =
3 0 1  Hz ), 1 4 0. 4, 1 3 7. 1, 1 3 6. 6, 1 3 4. 8, 1 2 9. 7, 1 2 9. 4, 1 2 9. 0, 1 2 8. 8, 1 2 8. 7,
1 2 8. 4, 1 2 7. 3, 1 2 6. 4, 1 1 7. 3 ( d, JC F = 4. 7  Hz ), 8 0. 6, 5 6. 2, 4 5. 0, 3 8. 4, 3 5. 7,
3 1. 8, 2 8. 4.

P h e n yl ( S, E) 3 (( S) 2 ((t ert B ut o x y c ar b o n yl) a mi n o) 3 p h e n yl pr o
p a n a mi d o) 1 fl u or o 5 p h e n yl p e nt 1 E n e 1 s ulf o n at e ( 1 9 ). S y nt h e-
siz e d f oll o wi n g pr o c e d ur e  C  wit h 0. 1 6 0 g c o m p o u n d 1 4 , 0. 1 1 4 g b o c-
P h e- O H, 0. 1 3 8 g  T B T U, 0. 0 6 6 g  H O Bt, a n d 0. 2 2 5  m L  DI E A.
P uri fi c ati o n b y c ol u m n c hr o m at o gr a p h y ( p etr ol e u m et h er / Et O A c 3: 1 ).
Yi el d: 0. 2 0 g ( 7 8 % ). 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 7. 4 7 7. 3 5 ( m,
2 H ), 7. 3 5 7. 1 0 ( m, 9 H ), 7. 0 8 6. 9 5 ( m, 4 H ), 5. 6 5 ( d, J = 7. 9  Hz, 1 H ),
5. 6 0 ( d d, JH F = 3 2  Hz, JH  H = 8. 3  Hz, 1 H ), 5. 0 2 ( d, J = 7. 1  Hz, 1 H ),
4. 6 8 ( q, J = 7. 4  Hz, 1 H ), 4. 1 8 ( d d, J = 8. 6, 5. 6  Hz, 1 H ), 3. 0 4 ( d d, J =
1 3. 4, 6. 2  Hz, 1 H ), 2. 8 5 ( d d, J = 1 3. 4, 8. 4  Hz, 1 H ), 2. 5 5 2. 3 5 ( m, 2 H ),
1. 8 3 1. 6 0 ( m, 2 H ), 1. 4 1 (s, 9 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ
1 7 0. 8, 1 5 5. 8, 1 4 9. 4, 1 4 9. 0 ( d, JC F = 2 9 7  Hz ), 1 4 7. 0, 1 4 0. 1, 1 3 6. 5,
1 3 0. 2, 1 2 9. 3, 1 2 9. 0, 1 2 8. 8, 1 2 8. 4, 1 2 8. 0, 1 2 7. 4, 1 2 6. 6, 1 2 2. 5, 1 2 1. 3 ( d,
JC F = 5. 1  Hz ), 8 0. 6, 5 6. 2, 4 4. 8, 3 8. 7, 3 5. 3, 3 1. 7, 2 8. 4.

P h e n yl ( S, Z) 3 (( S) 2 ((t ert B ut o x y c ar b o n yl) a mi n o) 3 p h e n yl pr o
p a n a mi d o) 1 fl u or o 5 p h e n yl p e nt 1 e n e 1 s ulf o n at e ( 1 9 ( Z) ). S y n-
t h esiz e d f oll o wi n g pr o c e d ur e  C  wit h 0. 1 2 8 g c o m p o u n d 1 4- ( Z ) , 0. 0 9 1 g
b o c- L - P h e- O H, 0. 1 1 0 g  T B T U, 0. 0 5 3 g  H O Bt, a n d 0. 2 0 4  m L  DI E A.

P uri fi c ati o n b y c ol u m n c hr o m at o gr a p h y ( p etr ol e u m et h er / Et O A c 3: 1 ).
Yi el d: 0. 1 5 0 g ( 8 1 % ). 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 7. 4 6 7. 0 8 ( m,
1 3 H ), 6. 9 7 ( d, J = 6. 8  Hz, 2 H ), 5. 9 4 5. 5 9 ( m, 2 H ), 4. 9 6 (s, 1 H ), 4. 8 0
( q, J = 8. 2  Hz, 1 H ), 4. 2 5 4. 1 1 ( m, 1 H ), 3. 1 4 2. 8 7 ( m, 2 H ), 2. 4 4 2. 1 7
( m, 2 H ), 1. 8 2 1. 6 1 ( m, 1 H ), 1. 5 3 1. 4 2 ( m, 1 H ), 1. 4 1 (s, 9 H ). 1 3 C
N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 1. 0, 1 5 5. 6, 1 4 9. 2, 1 4 8. 0 ( d, JC F = 2 8 9
Hz ), 1 4 0. 6, 1 3 6. 7, 1 3 0. 2, 1 2 9. 5, 1 2 8. 9, 1 2 8. 6, 1 2 8. 4, 1 2 8. 1, 1 2 7. 2, 1 2 6. 3,
1 2 3. 0, 1 2 3. 0 ( d, JC F = 1 2  Hz ), 8 0. 6, 5 6. 1, 4 6. 1 ( d, JC F = 5. 9  Hz ), 3 8. 5,
3 5. 7, 3 1. 8, 2 8. 4.

t ert B ut yl (( S) 1 ((( S, E) 1 ( B e n z yls ulf o n yl) 1 fl u or o 5 p h e n yl p e nt
1 e n 3 yl) a mi n o) 1 o x o 3 p h e n yl pr o p a n 2 yl) c ar b a m at e ( 2 0 ). S y n-
t h esiz e d f oll o wi n g pr o c e d ur e  C  wit h 0. 2 3 0 g c o m p o u n d 1 5 , 0. 1 6 5 g
b o c- L - P h e- O H, 0. 2 0 0 g  T B T U, 0. 0 9 5 g  H O Bt, a n d 0. 3 2 5  m L  DI E A.
P uri fi c ati o n b y c ol u m n c hr o m at o gr a p h y ( p etr ol e u m et h er / Et O A c 3: 1 ).
Yi el d: 0. 3 0 g ( 8 5 % ). 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 7. 4 2 7. 1 5 ( m,
1 1 H ), 7. 1 3 6. 9 7 ( m, 4 H ), 5. 6 8 ( d, J = 8. 0  Hz, 1 H ), 5. 5 3 ( d d, JH F = 3 3
Hz, JH  H = 8. 9  Hz, 1 H ), 4. 9 9 ( br s, 1 H ), 4. 6 8 ( q ui nt, J = 7. 8  Hz, 1 H ),
4. 3 5 (s, 2 H ), 4. 1 8 ( q, J = 7. 9  Hz, 1 H ), 3. 0 3 ( d d, J = 1 3. 5, 6. 4  Hz, 1 H ),
2. 9 1 ( d d, J = 1 3. 5, 8. 0  Hz, 1 H ), 2. 4 9 2. 2 9 ( m, 2 H ), 1. 7 0 1. 5 6 ( m,
2 H ), 1. 4 2 (s, 9 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 0. 6, 1 5 5. 6, 1 5 2. 3
( d, JC F = 3 0 1  Hz ), 1 4 0. 3, 1 3 6. 6, 1 3 1. 0, 1 2 9. 5, 1 2 9. 4, 1 2 9. 2, 1 2 9. 0,
1 2 8. 7, 1 2 8. 4, 1 2 7. 3, 1 2 6. 7, 1 2 6. 5, 1 1 9. 7 ( d, JC F = 4. 0  Hz ), 8 0. 6, 5 8. 8,
5 6. 2, 4 4. 7 ( d, JC F = 1. 3  Hz ), 3 8. 6, 3 5. 5 ( d, JC F = 1. 4  Hz ), 3 1. 7, 2 8. 4.

t ert B ut yl (( S) 1 ((( S, E) 1 Fl u or o 5 p h e n yl 1 ( p h e n yl s ulf o n yl)
p e nt 1 e n 3 yl) a mi n o) 1 o x o 3 ( m t ol yl) pr o p a n 2 yl) c ar b a m at e
(2 1 ). S y nt h esiz e d f oll o wi n g pr o c e d ur e  C  wit h 0. 2 2 0 g c o m p o u n d 1 3 ,
0. 1 7 3 g b o c- L - P h e ( 3- M e )- O H, 0. 1 9 8 g  T B T U, 0. 0 9 5 g  H O Bt, a n d
0. 3 3 0  m L  DI E A. P uri fi c ati o n b y c ol u m n c hr o m at o gr a p h y ( p etr ol e u m
et h er / Et O A c 3: 1 ). Yi el d: 0. 2 8 g ( 7 7 % ). 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ):
δ 8. 0 0 7. 8 8 ( m, 2 H ), 7. 7 6 7. 6 5 ( m, 1 H ), 7. 6 4 7. 5 3 ( m, 2 H ), 7. 3 1
7. 1 2 ( m, 4 H ), 7. 1 1 6. 8 8 ( m, 5 H ), 6. 0 4 ( d d, JH F = 3 2. 1  Hz, JH  H = 8. 4
Hz, 1 H ), 5. 9 3 ( d, J = 8. 0  Hz, 1 H ), 4. 9 2 (s, 1 H ), 4. 7 8 4. 5 9 ( m, 1 H ),
4. 2 1 ( q, J = 7. 3  Hz, 1 H ), 3. 0 1 ( d d, J = 1 3. 8, 6. 6  Hz, 1 H ), 2. 9 2 ( d d, J =
1 3. 8, 7. 5  Hz, 1 H ), 2. 5 8 2. 4 6 ( m, 2 H ), 2. 3 1 (s, 3 H ), 1. 9 3 1. 7 7 ( m,
2 H ), 1. 4 1 (s, 9 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 0. 9, 1 5 5. 6 2, 1 5 4. 9
( d, JC F = 3 0 3  Hz ), 1 4 0. 4, 1 3 8. 7, 1 3 7. 1, 1 3 6. 5, 1 3 4. 8, 1 3 0. 1, 1 2 9. 7,
1 2 8. 9, 1 2 8. 8, 1 2 8. 7, 1 2 8. 4, 1 2 8. 1, 1 2 6. 4, 1 2 6. 4, 1 1 7. 4 ( d, JC F = 3. 6  Hz ),
8 0. 6, 5 6. 2, 4 5. 2, 3 8. 2, 3 5. 8, 3 1. 8, 2 8. 4, 2 1. 5.

P h e n yl ( S, E) 3 (( S) 2 ((t ert B ut o x y c ar b o n yl) a mi n o) 3 ( m t ol yl)
pr o p a n a mi d o) 1 fl u or o 5 p h e n yl p e nt 1 e n e 1 s ulf o n at e ( 2 2 ). S y n-
t h esiz e d f oll o wi n g pr o c e d ur e  C  wit h 0. 2 8 0 g c o m p o u n d 1 4 , 0. 2 1 0 g
b o c- L - P h e ( 3- M e )- O H, 0. 2 4 2 g  T B T U, 0. 1 1 5 g  H O Bt, a n d 0. 4 0  m L
DI E A. P uri fi c ati o n b y c ol u m n c hr o m at o gr a p h y ( p etr ol e u m et h er /
Et O A c 3: 1 ). Yi el d: 0. 3 4 g ( 7 5 % ). 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 7. 4 0
(t, J = 7. 3  Hz, 2 H ), 7. 3 5 7. 0 8 ( m, 7 H ), 7. 0 8 7. 0 0 ( m, 3 H ), 6. 9 1 (s,
1 H ), 6. 8 0 ( d, J = 7. 3  Hz, 1 H ), 5. 7 8 ( d, J = 7. 7  Hz, 1 H ), 5. 6 5 ( d d, JH F =
3 1. 4  Hz, JH  H = 8. 3  Hz, 1 H ), 5. 0 4 (s, 1 H ), 4. 7 0 ( q ui nt, J = 8. 2, 7. 0  Hz,
1 H ), 4. 1 8 ( q ui nt, J = 8. 7, 8. 0  Hz, 1 H ), 3. 0 1 ( d d, J = 1 3. 3, 6. 1  Hz, 1 H ),
2. 8 3 ( d d, J = 1 3. 3, 8. 6  Hz, 1 H ), 2. 5 5 2. 3 7 ( m, 2 H ), 2. 2 8 (s, 3 H ), 1. 8 1
1. 6 5 ( m, 2 H ), 1. 4 2 (s, 9 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 0. 9,
1 5 5. 6, 1 4 9. 4, 1 4 9. 0 ( d, JC F = 2 9 7  Hz ), 1 4 0. 2, 1 3 8. 7, 1 3 6. 5, 1 3 0. 2,
1 3 0. 0, 1 2 8. 9, 1 2 8. 8, 1 2 8. 4, 1 2 8. 1, 1 2 8. 0, 1 2 6. 5, 1 2 6. 4, 1 2 2. 4, 1 2 1. 3 ( d,
JC F = 4. 9  Hz ), 8 0. 6, 5 6. 2, 4 4. 9 ( d, JC F = 1. 2  Hz ), 3 8. 5, 3 5. 4 ( d, JC F =
0. 9  Hz ), 3 1. 7, 2 8. 4, 2 1. 4.

t ert B ut yl (( S) 1 ((( S, E) 1 ( B e n z yls ulf o n yl) 1 fl u or o 5 p h e n yl p e nt
1 e n 3 yl) a mi n o) 1 o x o 3 ( m t ol yl) pr o p a n 2 yl) c ar b a m at e (2 3 ).
S y nt h esiz e d f oll o wi n g pr o c e d ur e  C  wit h 0. 2 3 0 g c o m p o u n d 1 5 , 0. 1 7 4
g b o c- L - P h e ( 3- M e )- O H, 0. 2 0 0 g  T B T U, 0. 0 9 5 g  H O Bt, a n d 0. 3 2 5  m L
DI E A. P uri fi c ati o n b y c ol u m n c hr o m at o gr a p h y ( p etr ol e u m et h er /
Et O A c 3: 1 ). Yi el d: 0. 2 8 g ( 6 9 % ). 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ
7. 4 1 7. 1 2 ( m, 9 H ), 7. 0 4 ( d, J = 7. 3  Hz, 3 H ), 6. 9 4 (s, 1 H ), 6. 8 5 ( d, J =
7. 3  Hz, 1 H ), 5. 7 3 ( d, J = 7. 8  Hz, 1 H ), 5. 5 6 ( d d, JH F = 3 2. 8  Hz, JH  H =
8. 8  Hz, 1 H ), 4. 9 9 (s, 1 H ), 4. 6 9 ( q ui nt, J = 8. 3, 7. 8  Hz, 1 H ), 4. 3 4 (s, 2 H ),
4. 1 8 ( q, J = 8. 7  Hz, 1 H ), 3. 0 1 ( d d, J = 1 3. 6, 6. 5  Hz, 1 H ), 2. 8 7 ( d d, J =
1 3. 6, 7. 9  Hz, 1 H ), 2. 4 9 2. 3 3 ( m, 2 H ), 2. 3 0 (s, 3 H ), 1. 7 2 1. 5 7 ( m,
2 H ), 1. 4 2 (s, 9 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 0. 7, 1 5 5. 6, 1 5 2. 3
( d, JC F = 3 0 1  Hz ), 1 4 0. 4, 1 3 8. 7, 1 3 6. 5, 1 3 1. 1, 1 3 0. 1, 1 2 9. 5, 1 2 9. 2,
1 2 8. 9, 1 2 8. 7, 1 2 8. 4, 1 2 8. 1, 1 2 6. 7, 1 2 6. 5, 1 1 9. 8 ( d, JC F = 4. 2  Hz ), 8 0. 6,
5 8. 8, 5 6. 2, 4 4. 8 ( d, JC F = 1. 3  Hz ), 3 8. 4, 3 5. 6, 3 1. 7, 2 8. 4, 2 1. 5.

J o ur n al of  M e di ci n al  C h e mi str y p u b s. a c s. or g/j m c Arti cl e

htt p s:// d oi. or g/ 1 0. 1 0 2 1/ a c s.j m e d c h e m. 1 c 0 1 0 0 2
J.  M e d. C h e m. 2 0 2 1, 6 4, 1 2 3 2 2 1 2 3 5 8
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t ert B ut yl (( S) 1 ((( S, E) 1 Fl u oro 5 p h e n yl 1 ( p h e n yls ulf o n yl)
p e nt 1 e n 3 yl) a mi n o) 1 o x o 3 ( p t ol yl) pr o p a n 2 yl) c ar b a m at e
(2 4 ). S y nt h esiz e d f oll o wi n g pr o c e d ur e  C  wit h 0. 2 0 0 g c o m p o u n d 1 3 ,
0. 1 7 3 g b o c- L - P h e ( 4- M e )- O H, 0. 1 9 8 g  T B T U, 0. 0 9 5 g  H O Bt, a n d 0. 3 0
m L  DI E A. P uri fi c ati o n b y c ol u m n c hr o m at o gr a p h y ( p etr ol e u m et h er /
Et O A c 3: 1 ). Yi el d: 0. 2 5 g ( 7 7 % ). 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 7. 9 4
( d, J = 7. 8  Hz, 2 H ), 7. 7 0 (t, J = 7. 2  Hz, 1 H ), 7. 5 9 (t, J = 7. 6  Hz, 2 H ),
7. 3 5 6. 9 2 ( m, 9 H ), 6. 0 3 ( d d, JH F = 3 2. 0  Hz, JH  H = 8. 4  Hz, 1 H ), 5. 8 9
( d, J = 8. 0  Hz, 1 H ), 4. 9 3 (s, 1 H ), 4. 7 0 ( q ui nt, J = 7. 4  Hz, 1 H ), 4. 2 0 ( q, J
= 7. 2  Hz, 1 H ), 3. 0 1 ( d d, J = 1 3. 6, 6. 4  Hz, 1 H ), 2. 9 1 ( d d, J = 1 3. 6, 7. 6  Hz,
1 H ), 2. 5 2 (t, J = 7. 5  Hz, 2 H ), 2. 3 3 (s, 3 H ), 1. 9 5 1. 7 7 ( m, 2 H ), 1. 4 1 (s,
9 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 0. 9, 1 5 5. 6, 1 5 4. 8 ( d, JC F = 3 0 1
Hz ), 1 4 0. 4, 1 3 7. 2, 1 3 7. 0, 1 3 4. 7, 1 3 3. 4, 1 2 9. 7 0, 1 2 9. 6 5, 1 2 9. 3, 1 2 8. 8,
1 2 8. 7, 1 2 8. 4, 1 2 6. 4, 1 1 7. 4 ( d, JC F = 4. 4  Hz ), 8 0. 5, 5 6. 2, 4 5. 0, 3 8. 0, 3 5. 8,
3 1. 8, 2 8. 4, 2 1. 2.

P h e n yl ( S, E) 3 (( S) 2 ((t ert B ut o x y c ar b o n yl) a mi n o) 3 ( p t ol yl)
pr o p a n a mi d o) 1 fl u or o 5 p h e n yl p e nt 1 e n e 1 s ulf o n at e ( 2 5 ). S y n-
t h esiz e d f oll o wi n g pr o c e d ur e  C  wit h 0. 2 9 2 g c o m p o u n d 1 4 , 0. 2 2 0 g
b o c- L - P h e ( 4- M e )- O H, 0. 2 5 2 g  T B T U, 0. 1 2 1 g  H O Bt, a n d 0. 4 1 0  m L
DI E A. P uri fi c ati o n b y c ol u m n c hr o m at o gr a p h y ( p etr ol e u m et h er /
Et O A c 3: 1 ). Yi el d: 0. 3 9 g ( 8 3 % ). 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ
7. 4 7 7. 3 5 ( m, 2 H ), 7. 3 5 7. 1 5 ( m, 6 H ), 7. 1 0 6. 9 8 ( m, 4 H ), 6. 9 2 ( d, J
= 8. 0  Hz, 2 H ), 5. 7 5 ( d, J = 7. 9  Hz, 1 H ), 5. 6 2 ( d d, JH F = 3 1  Hz, JH  H =
9. 0  Hz, 1 H ), 5. 0 5 ( d, J = 7. 8  Hz, 1 H ), 4. 7 0 ( q ui nt, J = 7. 7  Hz, 1 H ),
4. 2 0 4. 0 8 ( m, 1 H ), 3. 0 0 ( d d, J = 1 3. 5, 6. 1  Hz, 1 H ), 2. 8 1 ( d d, J = 1 3. 5,
8. 3  Hz, 1 H ), 2. 5 3 2. 3 6 ( m, 2 H ), 2. 2 9 (s, 3 H ), 1. 8 3 1. 6 2 ( m, 2 H ), 1. 4 1
(s, 9 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 0. 9, 1 5 5. 6, 1 4 9. 4, 1 4 9. 0 ( d,
JC F = 2 9 7  Hz ), 1 4 0. 2, 1 3 7. 0, 1 3 3. 3, 1 3 0. 2, 1 2 9. 7, 1 2 9. 2, 1 2 8. 8, 1 2 8. 4,
1 2 8. 0, 1 2 6. 5, 1 2 2. 4, 1 2 1. 4, 1 2 1. 3, 8 0. 6, 5 6. 3, 4 4. 8 ( d, JC F = 1. 5  Hz ),
3 8. 3, 3 5. 4, 3 1. 7, 2 8. 4, 2 1. 1.

P h e n yl ( S, E) 3 (( S) 2 ((t ert B ut o x y c ar b o n yl) a mi n o) 3 ( p t ol yl)
pr o p a n a mi d o) 5 p h e n yl p e nt 1 e n e 1 s ulf o n at e ( 2 5 ( H) ). S y nt h e-
siz e d f oll o wi n g pr o c e d ur e  C  wit h 0. 3 4 g c o m p o u n d 1 4- ( H ) , 0. 2 8 g
b o c- L - P h e ( 4- M e )- O H, 0. 3 2 g  T B T U, 0. 1 4 g  H O Bt, a n d 0. 7 0  m L  DI E A.
P uri fi c ati o n b y c ol u m n c hr o m at o gr a p h y ( c y cl o h e x a n e / Et O A c 4: 1 ).
Yi el d: 0. 2 4 g ( 4 2 % ). 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 7. 4 2 7. 3 2 ( m,
2 H ), 7. 3 1 7. 0 2 ( m, 1 2 H ), 6. 5 2 ( d d, JH  H = 1 5. 2, 4. 6  Hz, 1 H ), 5. 9 2 ( d d,
JH  H = 3 7. 5, 1 1. 8  Hz, 2 H ), 5. 0 0 (s, 1 H ), 4. 6 3 4. 4 7 ( m, 1 H ), 4. 3 1 4. 1 8
( q, 1 H ), 3. 0 8 2. 8 9 ( m, 2 H ), 2. 6 2 2. 4 2 ( m, 2 H ), 2. 3 1 (s, 3 H ), 1. 8 8
1. 6 0 ( m, 2 H ), 1. 4 3 (s, 9 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 1. 1,
1 4 9. 5, 1 4 9. 1, 1 4 0. 1, 1 3 7. 3, 1 3 3. 0, 1 2 9. 8 ( d, J = 3. 6  Hz ), 1 2 9. 1 ( d, J = 6. 7
Hz ), 1 2 8. 6, 1 2 8. 3, 1 2 7. 3, 1 2 6. 4, 1 2 4. 4, 1 2 2. 6, 5 6. 5, 4 9. 2, 3 5. 1, 3 1. 7, 2 8. 3,
2 1. 0.  m p 9 3 9 5 ° C.

t ert B ut yl (( S) 1 ((( S, E) 1 ( B e n z yls ulf o n yl) 1 fl u or o 5 p h e n yl p e nt
1 e n 3 yl) a mi n o) 1 o x o 3 ( p t ol yl) pr o p a n 2 yl) c ar b a m at e ( 2 6 ).
S y nt h esiz e d f oll o wi n g pr o c e d ur e  C  wit h 0. 2 3 0 g c o m p o u n d 1 5 , 0. 1 7 4
g b o c- L - P h e ( 4- M e )- O H, 0. 2 0 0 g  T B T U, 0. 0 9 5 g  H O Bt, a n d 0. 3 2 5  m L
DI E A. P uri fi c ati o n b y c ol u m n c hr o m at o gr a p h y ( p etr ol e u m et h er /
Et O A c 3: 1 ). Yi el d: 0. 2 9 0 g ( 7 9 % ). 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ
7. 4 3 7. 1 4 ( m, 8 H ), 7. 1 2 6. 9 9 ( m, 4 H ), 6. 9 6 ( d, J = 7. 4  Hz, 2 H ), 5. 6 6
( d, J = 7. 8  Hz, 1 H ), 5. 5 4 ( d d, JH F = 3 2. 9  Hz, JH  H = 8. 7  Hz, 1 H ), 4. 9 8
(s, 1 H ), 4. 6 9 ( q ui nt, J = 8. 3  Hz, 1 H ), 4. 3 4 (s, 2 H ), 4. 1 5 ( q, J = 7. 8, 7. 4
Hz, 1 H ), 3. 0 1 ( d d, J = 1 3. 6, 5. 9  Hz, 1 H ), 2. 8 5 ( d d, J = 1 3. 6, 8. 0  Hz, 1 H ),
2. 5 4 2. 3 3 ( m, 2 H ), 2. 3 0 (s, 3 H ), 1. 7 0 1. 5 5 ( m, 3 H ), 1. 4 2 (s, 9 H ). 1 3 C
N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 0. 7, 1 5 5. 6, 1 5 2. 3 ( d, JC F = 3 0 1  Hz ),
1 4 0. 4, 1 3 7. 0, 1 3 3. 4, 1 3 1. 0, 1 2 9. 7, 1 2 9. 5, 1 2 9. 3, 1 2 9. 2, 1 2 8. 7, 1 2 8. 4,
1 2 6. 7, 1 2 6. 5, 1 1 9. 8 ( d, JC F = 4. 0  Hz ), 8 0. 5, 5 8. 8, 5 6. 2, 4 4. 7 ( d, JC F =
1. 6  Hz ), 3 8. 1, 3 5. 6, 3 1. 7, 2 8. 4, 2 1. 2.

( S) 1 ((( S, E) 1 Fl u or o 5 p h e n yl 1 ( p h e n yl s ulf o n yl) p e nt 1 e n 3
yl) a mi n o) 1 o x o 3 p h e n yl pr o p a n 2 a mi ni u m C hl ori d e ( 2 7 ). S y nt h e-
siz e d b y f oll o wi n g pr o c e d ur e F  wit h 0. 2 1 g of c o m p o u n d 1 8 i n 1 0  m L 4
M  H Cl / di o x a n e. Yi el d: 0. 1 9 g ( 9 9 % )  T h e cr u d e pr o d u ct  w as us e d
wit h o ut f urt h er p uri fi c ati o n a n d c h ar a ct eriz ati o n f or t h e n e xt st e p.

( S) 1 ((( S, E) 1 Fl u or o 1 ( p h e n o x ys ulf o n yl) 5 p h e n yl p e nt 1 e n 3
yl) a mi n o) 1 o x o 3 p h e n yl pr o p a n 2 a mi ni u m C hl ori d e ( 2 8). S y nt h e-
siz e d b y f oll o wi n g pr o c e d ur e F  wit h 0. 2 0 g of c o m p o u n d 1 9 i n 8  m L 4  M
H Cl / di o x a n e. Yi el d: 0. 1 8 g ( 9 9 % ).  T h e cr u d e pr o d u ct  w as us e d  wit h o ut
f urt h er p urifi c ati o n a n d c h ar a ct eriz ati o n f or t h e n e xt st e p.

( S) 1 ((( S, Z) 1 Fl u or o 1 ( p h e n o x ys ulf o n yl) 5 p h e n yl p e nt 1 e n 3
yl) a mi n o) 1 o x o 3 p h e n yl pr o p a n 2 a mi ni u m C hl ori d e ( 2 8 ( Z) ).
S y nt h esiz e d b y f oll o wi n g pr o c e d ur e F  wit h 0. 1 5 g of c o m p o u n d 1 9-

( Z ) i n 8  m L 4  M  H Cl / di o x a n e. Yi el d: 0. 1 3 g ( 9 9 % ).  T h e cr u d e pr o d u ct
w as us e d  wit h o ut f urt h er p uri fi c ati o n a n d c h ar a ct eriz ati o n f or t h e n e xt
st e p.

( S) 1 ((( S, E) 1 ( B e n z yls ulf o n yl) 1 fl u or o 5 p h e n yl p e nt 1 e n 3 yl)
a mi n o) 1 o x o 3 p h e n yl pr o p a n 2 a mi ni u m C hl ori d e ( 2 9 ). S y nt h e-
siz e d b y f oll o wi n g pr o c e d ur e F  wit h 0. 3 0 g of c o m p o u n d 2 0 i n 1 0  m L 4
M  H Cl / di o x a n e. Yi el d: 0. 2 6 g ( 9 9 % ).  T h e cr u d e pr o d u ct  w as us e d
wit h o ut f urt h er p uri fi c ati o n a n d c h ar a ct eriz ati o n f or t h e n e xt st e p.

( S) 1 ((( S, E) 1 Fl u or o 5 p h e n yl 1 ( p h e n yl s ulf o n yl) p e nt 1 e n 3
yl) a mi n o) 1 o x o 3 ( m t ol yl) pr o p a n 2 a mi ni u m C hl ori d e ( 3 0 ). S y n-
t h esiz e d b y f oll o wi n g pr o c e d ur e F  wit h 0. 2 8 g of c o m p o u n d 2 1 i n 8  m L
4  M  H Cl / di o x a n e. Yi el d: 0. 2 5 g ( 9 9 % ).  T h e cr u d e pr o d u ct  w as us e d
wit h o ut f urt h er p uri fi c ati o n a n d c h ar a ct eriz ati o n f or t h e n e xt st e p.

( S) 1 ((( S, E) 1 Fl u or o 1 ( p h e n o x ys ulf o n yl) 5 p h e n yl p e nt 1 e n 3
yl) a mi n o) 1 o x o 3 ( m t ol yl) pr o p a n 2 a mi ni u m C hl ori d e ( 3 1). S y n-
t h esiz e d b y f oll o wi n g pr o c e d ur e F  wit h 0. 3 4 g of c o m p o u n d 2 2 i n 1 0
m L 4  M  H Cl / di o x a n e. Yi el d: 0. 3 0 g ( 9 9 % ).  T h e cr u d e pr o d u ct  w as us e d
wit h o ut f urt h er p uri fi c ati o n a n d c h ar a ct eriz ati o n f or t h e n e xt st e p.

( S) 1 ((( S, E) 1 ( B e n z yls ulf o n yl) 1 fl u or o 5 p h e n yl p e nt 1 e n 3 yl)
a mi n o) 1 o x o 3 ( m t ol yl) pr o p a n 2 a mi ni u m C hl ori d e ( 3 2 ). S y nt h e-
siz e d b y f oll o wi n g pr o c e d ur e F  wit h 0. 2 8 g of c o m p o u n d 2 3 i n 8  m L 4  M
H Cl / di o x a n e. Yi el d: 0. 2 5 g ( 9 9 % ).  T h e cr u d e pr o d u ct  w as us e d  wit h o ut
f urt h er p urifi c ati o n a n d c h ar a ct eriz ati o n f or t h e n e xt st e p.

( S) 1 ((( S, E) 1 Fl u or o 5 p h e n yl 1 ( p h e n yl s ulf o n yl) p e nt 1 e n 3
yl) a mi n o) 1 o x o 3 ( p t ol yl) pr o p a n 2 a mi ni u m C hl ori d e ( 3 3 ). S y n-
t h esiz e d b y f oll o wi n g pr o c e d ur e F  wit h 0. 2 5 g of c o m p o u n d 2 4 i n 8  m L
4  M  H Cl / di o x a n e. Yi el d: 0. 2 2 g ( 9 9 % ).  T h e cr u d e pr o d u ct  w as us e d
wit h o ut f urt h er p uri fi c ati o n a n d c h ar a ct eriz ati o n f or t h e n e xt st e p.

( S) 1 ((( S, E) 1 Fl u or o 1 ( p h e n o x ys ulf o n yl) 5 p h e n yl p e nt 1 e n 3
yl) a mi n o) 1 o x o 3 ( p t ol yl) pr o p a n 2 a mi ni u m C hl ori d e ( 3 4 ). S y n-
t h esiz e d b y f oll o wi n g pr o c e d ur e F  wit h 0. 3 9 g of c o m p o u n d 2 5 i n 1 0
m L 4  M  H Cl / di o x a n e. Yi el d: 0. 3 4 g ( 9 9 % ).  T h e cr u d e pr o d u ct  w as us e d
wit h o ut f urt h er p uri fi c ati o n a n d c h ar a ct eriz ati o n f or t h e n e xt st e p.

( S) 1  O x o 1 ((( S, E) 1 ( p h e n o x ys ulf o n yl) 5 p h e n yl p e nt 1 e n 3 yl)
a mi n o) 3 ( p t ol yl) pr o p a n 2 a mi ni u m C hl ori d e ( 3 4 ( H) ). S y nt h esiz e d
b y f oll o wi n g pr o c e d ur e F  wit h 0. 2 0 g of c o m p o u n d 2 5- ( H ) i n 4  m L 4  M
H Cl / di o x a n e. Yi el d: 0. 1 5 g ( 8 9 % ), c ol orl ess s oli d. 1 H  N M R ( 3 0 0  M Hz,
D M S O- d 6 ): δ 9. 0 6 ( d, J = 8. 4  Hz, 1 H ), 8. 5 7 (s, 3 H ), 7. 4 8 7. 3 8 ( m,
2 H ), 7. 3 7 7. 2 1 ( m, 5 H ), 7. 2 0 6. 9 7 ( m, 7 H ), 6. 5 8 ( d d, J = 1 5. 3, 4. 4
Hz, 1 H ), 6. 2 1 ( dt, J = 1 5. 3, 2. 1  Hz, 1 H ), 4. 4 6 (s, 1 H ), 4. 1 7 (s, 1 H ),
3. 1 7 2. 9 4 ( m, 2 H ), 2. 6 3 2. 5 0 ( m, 2 H ), 2. 2 3 ( d, J = 2. 7  Hz, 3 H ),
1. 8 2 1. 6 2 ( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,  D M S O- d 6 ): δ 1 6 7. 8, 1 5 0. 5,
1 4 9. 1, 1 4 1. 1, 1 3 6. 4, 1 3 1. 7, 1 3 0. 0, 1 2 9. 2 ( d, J = 5. 5  Hz ), 1 2 8. 3 ( d, J = 6. 1
Hz ), 1 2 7. 4, 1 2 5. 9, 1 2 3. 4, 1 2 2. 6, 5 3. 5, 4 9. 2, 3 4. 3, 3 1. 1, 2 0. 7.

( S) 1 ((( S, E) 1 ( B e n z yls ulf o n yl) 1 fl u or o 5 p h e n yl p e nt 1 e n 3 yl)
a mi n o) 1 o x o 3 ( p t ol yl) pr o p a n 2 a mi ni u m C hl ori d e ( 3 5 ). S y nt h e-
siz e d b y f oll o wi n g pr o c e d ur e F  wit h 0. 2 9 g of c o m p o u n d 2 6 i n 1 0  m L 4
M  H Cl / di o x a n e. Yi el d: 0. 2 6 g ( 9 9 % ).  T h e cr u d e pr o d u ct  w as us e d
wit h o ut f urt h er p uri fi c ati o n a n d c h ar a ct eriz ati o n f or t h e n e xt st e p.

P h e n yl ( S, E) 1 Fl u or o 3 (( S) 2 (is o ni c oti n a mi d o) 3 p h e n yl pr o p a
n a mi d o) 5 p h e n yl p e nt 1 e n e 1 s ulf o n at e ( 2 a ). S y nt h esiz e d b y f ol-
l o wi n g pr o c e d ur e E  wit h 0. 1 4 g of c o m p o u n d 1 4 , 0. 1 0 g c o m p o u n d X ,
0. 1 3 g  T B T U, 0. 0 6 2  H O Bt, a n d 0. 2 1  m L  DI E A.  C ol u m n
c hr o m at o gr a p h y: p etr ol e u m et h er / Et O A c 1: 3 t o 0: 1. Yi el d: 0. 1 6 g
( 7 3 % ), c ol orl ess s oli d.  m p 7 1 7 3 ° C. 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ
8. 7 0 ( d, J = 5. 9  Hz, 2 H ), 7. 6 4 ( d, J = 6. 0  Hz, 2 H ), 7. 5 1 ( d, J = 7. 6  Hz,
1 H ), 7. 4 5 7. 3 4 ( m, 2 H ), 7. 3 4 7. 1 1 ( m, 9 H ), 7. 1 2 7. 0 2 ( m, 2 H ), 6. 9 7
( d, J = 6. 6  Hz, 2 H ), 6. 2 2 ( d, J = 7. 6  Hz, 1 H ), 5. 6 1 ( d d, JH F = 3 1. 0  Hz,
JH  H = 9. 2  Hz, 1 H ), 4. 8 0 4. 6 2 ( m, 2 H ), 3. 2 2 ( d d, J = 1 3. 3, 6. 2  Hz, 1 H ),
2. 9 6 ( d d, J = 1 3. 3, 9. 0  Hz, 1 H ), 2. 5 2 2. 2 7 ( m, 2 H ), 1. 8 2 1. 5 5 ( m,
2 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 0. 2, 1 6 4. 8, 1 4 9. 3, 1 4 9. 2 ( d, JC F

= 2 9 7  Hz ), 1 4 7. 2, 1 4 2. 1, 1 3 9. 9, 1 3 6. 0, 1 3 0. 3, 1 2 9. 3, 1 2 9. 1, 1 2 8. 8, 1 2 8. 3,
1 2 8. 1, 1 2 7. 7, 1 2 6. 6, 1 2 2. 4, 1 2 1. 8, 1 2 0. 9 4 ( d, JC F = 4. 8  Hz ), 5 5. 7, 4 4. 9
( d, JC F = 1. 9  Hz ), 3 8. 9, 3 5. 3, 3 1. 7.  m p 7 1 7 3 ° C. L C  M S ( E SI, m / z ):
[ M +  H] + c al c d f or  C 3 2 H 3 0 F N 3 O 5 S, 5 8 8. 2 0; f o u n d, 5 8 8. 3. P urit y: 9 7 %.
[α ] D

2 2 1 0 ° ( c 0. 5,  C H Cl 3 ).
P h e n yl ( S, Z) 1 Fl u or o 3 (( S) 2 (is o ni c oti n a mi d o) 3 p h e n yl pr o p a

n a mi d o) 5 p h e n yl p e nt 1 e n e 1 s ulf o n at e ( 2 a ( Z) ). S y nt h esiz e d b y
f oll o wi n g pr o c e d ur e E  wit h 0. 1 0 g of c o m p o u n d 1 4- ( Z ) , 0. 0 7 3 g
c o m p o u n d X , 0. 0 8 6 g  T B T U, 0. 0 4 1 g  H O Bt, a n d 0. 1 4  m L  DI E A.
C ol u m n c hr o m at o gr a p h y: p etr ol e u m et h er / Et O A c 1: 3. Yi el d: 0. 1 2 g

J o ur n al of  M e di ci n al  C h e mi str y p u b s. a c s. or g/j m c Arti cl e

htt p s:// d oi. or g/ 1 0. 1 0 2 1/ a c s.j m e d c h e m. 1 c 0 1 0 0 2
J.  M e d. C h e m. 2 0 2 1, 6 4, 1 2 3 2 2 1 2 3 5 8

1 2 3 4 6
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( 7 9 % ), c ol orl ess s oli d. 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 8. 6 5 ( d, J = 5. 5
Hz, 2 H ), 7. 8 5 ( d, J = 7. 4  Hz, 1 H ), 7. 6 0 ( d, J = 5. 3  Hz, 2 H ), 7. 4 4 7. 0 7
( m, 1 4 H ), 6. 9 8 6. 8 3 ( m, 2 H ), 6. 3 8 ( d, J = 7. 2  Hz, 1 H ), 5. 5 8 ( d d, JH F =
2 0. 5  Hz, JH  H = 1 0. 1  Hz, 1 H ), 4. 9 6 ( dt, J = 1 4. 8, 6. 6  Hz, 1 H ), 4. 7 7 ( q, J
= 7. 7  Hz, 1 H ), 3. 2 4 ( d d, J = 1 3. 5, 6. 6  Hz, 1 H ), 3. 0 8 ( d d, J = 1 3. 4, 8. 7  Hz,
1 H ), 2. 3 7 2. 2 2 ( m, 1 H ), 2. 2 0 2. 0 8 ( m, 1 H ), 1. 6 9 1. 5 2 ( m, 1 H ),
1. 4 3 1. 3 2 ( m, 1 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 0. 7, 1 6 4. 9,
1 4 9. 3, 1 4 9. 1, 1 4 8. 2 5 ( d, JC F = 2 9 0  Hz ), 1 4 1. 9, 1 4 0. 3, 1 3 6. 4, 1 3 0. 2,
1 2 9. 5, 1 2 9. 0, 1 2 8. 6, 1 2 8. 7, 1 2 8. 2, 1 2 7. 5, 1 2 6. 4, 1 2 2. 5 ( d, JC F = 1 1. 4
Hz ), 1 2 2. 3, 1 2 1. 8, 5 5. 8, 4 5. 9 ( d, JC F = 5. 5  Hz ), 3 8. 6, 3 5. 8 ( d, JC F = 2. 3
Hz ), 3 1. 6.  m p 1 7 3 1 7 5 ° C. L C  M S ( E SI, m / z ): [ M +  H] + c al c d f or
C 3 2 H 3 0 F N 3 O 5 S, 5 8 8. 2 0; f o u n d, 5 8 8. 3. P urit y: 9 5 %. [ α ] D

2 2 1 3 ° ( c 0. 5,
C H Cl 3 ).

P h e n yl ( S, E) 3 (( S) 2 ( 2, 3  Di h y dr o b e n z o[ b][ 1, 4] di o xi n e 6 c ar b o x
a mi d o) 3 p h e n yl pr o p a n a mi d o) 1 fl u or o 5 p h e n yl p e nt 1 e n e 1
s ulf o n at e (2 b ). S y nt h esiz e d b y f oll o wi n g pr o c e d ur e  D  wit h 0. 1 0 g of
c o m p o u n d 2 8 , 0. 0 3 5 g 1, 4- b e nz o di o x a n e- 6- c ar b o x yli c a ci d, 0. 0 6 2 g
T B T U, a n d 0. 1 0  m L  DI E A.  C ol u m n c hr o m at o gr a p h y: p etr ol e u m
et h er / Et O A c 2: 1. Yi el d: 0. 0 8 8 g ( 7 1 % ), c ol orl ess s oli d. 1 H  N M R ( 3 0 0
M Hz,  C D Cl 3 ): δ 7. 4 6 7. 3 5 ( m, 2 H ), 7. 3 5 7. 1 0 ( m, 1 1 H ), 7. 0 4 ( d, J =
6. 5  Hz, 2 H ), 6. 9 6 6. 8 0 ( m, 4 H ), 6. 6 0 ( d, J = 7. 4  Hz, 1 H ), 5. 6 0 ( d d,
JH F = 3 1. 0  Hz, JH  H = 9. 0  Hz, 1 H ), 4. 8 2 ( q, J = 7. 4  Hz, 1 H ), 4. 6 7
( q ui nt, J = 7. 8  Hz, 1 H ), 4. 3 4 4. 1 9 ( m, 4 H ), 3. 1 7 ( d d, J = 1 3. 2, 6. 2  Hz,
1 H ), 2. 9 6 ( d d, J = 1 3. 2, 8. 6  Hz, 1 H ), 2. 4 5 2. 2 6 ( m, 2 H ), 1. 7 2 1. 5 2
( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 0. 9, 1 6 7. 0, 1 4 9. 4, 1 4 9. 0 ( d,
JC F = 2 9 7  Hz ), 1 4 7. 0, 1 4 3. 6, 1 4 0. 1, 1 3 6. 3, 1 3 0. 2, 1 2 9. 4, 1 2 9. 0, 1 2 8. 6,
1 2 8. 3, 1 2 8. 0, 1 2 7. 4, 1 2 6. 4, 1 2 2. 4, 1 2 1. 4 ( d, JC F = 4. 4  Hz ), 1 2 0. 7, 1 1 7. 5,
1 1 6. 8, 6 4. 7, 6 4. 3, 5 5. 2, 4 4. 8 ( d, JC F = 2. 0  Hz ), 3 8. 9, 3 5. 2 ( d, JC F = 1. 5
Hz ), 3 1. 6.  m p 1 6 7 1 6 8 ° C. L C  M S ( E SI, m / z ): [ M +  H] + c al c d f or
C 3 5 H 3 3 F N 2 O 7 S, 6 4 5. 2; f o u n d, 6 4 5. 3. P urit y: 9 8 %. [ α ] D

2 2 1 2 ° ( c 1,
C H Cl 3 ).

P h e n yl ( S, E) 1 Fl u or o 3 (( S) 2 (i s o ni c oti n a mi d o) 3 ( p t ol yl)
pr o p a n a mi d o) 5 p h e n yl p e nt 1 e n e 1 s ulf o n at e ( 2 d ). S y nt h esi z e d
b y f oll o wi n g pr o c e d ur e  D  wit h 0. 1 2 g of c o m p o u n d 3 4 , 0. 0 2 8 g
is o ni c oti ni c a ci d, 0. 0 7 3 g  T B T U, a n d 0. 1 2  m L  DI E A.  C ol u m n
c hr o m at o gr a p h y: p etr ol e u m et h er / Et O A c 1: 3. Yi el d: 0. 1 0 g ( 7 7 % ),
c ol orl ess s oli d. 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 8. 6 9 ( d, J = 3. 5  Hz, 2 H ),
7. 5 6 ( d, J = 3. 5  Hz, 2 H ), 7. 4 4 7. 3 6 ( m, 3 H ), 7. 3 6 7. 1 2 ( m, 7 H ), 7. 0 6
( d, J = 7. 7  Hz, 2 H ), 7. 0 1 6. 8 8 ( m, 4 H ), 6. 2 9 ( d, J = 7. 7  Hz, 1 H ), 5. 6 2
( d d, JH F = 3 1. 0  Hz, JH  H = 9. 1  Hz, 1 H ), 4. 8 1 4. 6 3 ( m, 2 H ), 3. 1 6 ( d d, J
= 1 3. 4, 5. 7  Hz, 1 H ), 2. 9 2 ( d d, J = 1 2. 9, 9. 6  Hz, 1 H ), 2. 4 7 2. 3 0 ( m, 2 H ),
2. 2 7 (s, 3 H ), 1. 8 0 1. 5 6 ( m, 3 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ
1 7 0. 3, 1 6 5. 3, 1 5 0. 4, 1 4 9. 3, 1 4 9. 2 ( d, JC F = 2 9 7  Hz ), 1 4 1. 0, 1 3 9. 9,
1 3 7. 4, 1 3 2. 8, 1 3 0. 2, 1 2 9. 8, 1 2 9. 2, 1 2 8. 8, 1 2 8. 2, 1 2 8. 1, 1 2 6. 6, 1 2 2. 4,
1 2 1. 2, 1 2 0. 9 ( d, JC F = 5. 2  Hz ), 5 5. 6, 4 4. 8 ( d, JC F = 1. 6  Hz ), 3 8. 6, 3 5. 4,
3 1. 6, 2 1. 1.  m p 7 8 7 9 ° C. L C  M S ( E SI, m / z ): [ M +  H] + c al c d f or
C 3 3 H 3 2 F N 3 O 5 S, 6 0 2. 2 1; f o u n d, 6 0 2. 3. P urit y: 9 7 %. [ α ] D

2 2 8 ° ( c 0. 5,
M e O H ).

P h e n yl ( S, E)  3 (( S)  2 (I s o ni c o ti n a mi d o)  3 (( p t ol yl)
pr o p a n a mi d o) 5 p h e n yl p e nt 1 e n e 1 s ulf o n at e ( 2 d ( H) ). S y nt h e-
siz e d b y f oll o wi n g pr o c e d ur e  D  wit h 0. 2 1 g of c o m p o u n d 3 4- ( H ) ,
0. 0 5 4 g is o ni c oti ni c a ci d, 0. 0 1 4 g  T B T U, a n d 0. 2 8  m L  DI E A.  C ol u m n
c hr o m at o gr a p h y: c y cl o h e x a n e / Et O A c 1: 3. Yi el d: 0. 0 8 0 g ( 3 5 % ),
c ol orl ess s oli d. 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 8. 7 1 ( d, J = 1 3. 0  Hz,
2 H ), 7. 6 5 ( d, J = 2 1. 2  Hz, 2 H ), 7. 5 2 7. 4 1 ( m, 1 H ), 7. 4 2 7. 3 2 ( m,
1 H ), 7. 3 2 7. 2 3 ( m, 3 H ), 7. 2 2 7. 1 5 ( m, 4 H ), 7. 1 5 7. 0 3 ( m, 2 H ),
7. 0 2 6. 9 0 ( m, 2 H ), 6. 7 1 6. 5 9 ( m, 1 H ), 6. 5 1 ( d d, J = 1 5. 2, 5. 1  Hz,
1 H ), 6. 3 2 ( d, J = 7. 7  Hz, 1 H ), 5. 9 9 ( d d, J = 1 5. 2, 1. 5  Hz, 1 H ), 4. 9 2 4. 7 3
( m, 1 H ), 4. 5 3 (s, 1 H ), 3. 2 9 3. 1 3 ( m, 1 H ), 3. 0 7 ( d d, J = 1 3. 5, 8. 9  Hz,
1 H ), 2. 6 0 2. 4 0 ( m, 2 H ), 2. 3 2 (s, 3 H ), 1. 8 3 1. 5 8 ( m, 3 H ). 1 3 C  N M R
( 7 5  M Hz,  C D Cl 3 ): δ 1 7 0. 5, 1 6 4. 5, 1 4 9. 4, 1 4 8. 7, 1 3 9. 9, 1 3 7. 6, 1 3 2. 7,
1 2 9. 9, 1 2 9. 1, 1 2 8. 7, 1 2 8. 3, 1 2 7. 4, 1 2 6. 5, 1 2 4. 6, 1 2 2. 5, 1 2 6. 6, 5 5. 9, 4 9. 6,
3 5. 1, 3 1. 7, 2 1. 1.  m p 8 4 8 6 ° C. L C  M S ( E SI, m / z ): [ M +  H] + c al c d f or
C 3 3 H 3 3 N 3 O 5 S, 5 8 4. 2 1; f o u n d, 5 8 4. 3. P urit y: 9 8 %. [ α ] D

2 2 1 1 ° ( c 0. 5,
M e O H ).

P h e n yl ( S, E) 3 (( S) 2 ( 2, 3  Di h y dr o b e n z o[ b][ 1, 4] di o xi n e 6 c ar b o x
a mi d o) 3 ( p t ol yl) pr o p a n a mi d o) 1 fl u or o 5 p h e n yl p e nt 1 e n e 1
s ulf o n at e (2 e ). S y nt h esiz e d b y f oll o wi n g pr o c e d ur e  D  wit h 0. 1 0 0 g of
c o m p o u n d 3 4 , 0. 0 3 4 g 1, 4- b e nz o di o x a n e- 6- c ar b o x yli c a ci d, 0. 0 6 0 g
T B T U, a n d 0. 1 0  m L  DI E A.  C ol u m n c hr o m at o gr a p h y: p etr ol e u m

et h er / Et O A c 2: 1. Yi el d: 0. 0 9 4 g ( 7 8 % ), c ol orl ess s oli d. 1 H  N M R ( 3 0 0
M Hz,  C D Cl 3 ): δ 7. 4 6 7. 3 5 ( m, 2 H ), 7. 3 4 7. 2 3 ( m, 5 H ), 7. 2 3 7. 1 2
( m, 4 H ), 7. 0 3 ( d, J = 7. 9  Hz, 2 H ), 6. 9 7 6. 8 8 ( m, 4 H ), 6. 8 8 6. 7 8 ( m,
2 H ), 6. 5 8 ( d, J = 7. 7  Hz, 1 H ), 5. 6 1 ( d d, JH F = 3 1. 2  Hz, JH  H = 9. 1  Hz,
1 H ), 4. 8 5 4. 6 0 ( m, 2 H ), 4. 3 4 4. 2 0 ( m, 4 H ), 3. 1 2 ( d d, J = 1 3. 3, 6. 1
Hz, 1 H ), 2. 9 1 ( d d, J = 1 3. 3, 8. 6  Hz, 1 H ), 2. 4 4 2. 3 0 ( m, 2 H ), 2. 2 6 (s,
3 H ), 1. 7 2 1. 5 5 ( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 0. 9, 1 6 6. 8,
1 4 9. 4, 1 4 8. 9 ( d, JC F = 2 9 6  Hz ), 1 4 7. 1, 1 4 3. 6, 1 4 0. 1, 1 3 7. 1, 1 3 3. 2,
1 3 0. 2, 1 2 9. 6, 1 2 9. 3, 1 2 8. 6, 1 2 8. 3, 1 2 8. 0, 1 2 6. 4, 1 2 2. 4, 1 2 1. 5 ( d, JC F =
4. 6  Hz ), 1 2 0. 6, 1 1 7. 5, 1 1 6. 8, 6 4. 7, 6 4. 3, 5 5. 3, 4 4. 7 ( d, JC F = 1. 7  Hz ),
3 8. 5, 3 5. 3, 3 1. 6, 2 1. 1.  m p 9 2 9 3 ° C. L C  M S ( E SI, m / z ): [ M +  H] +

c al c d f or  C 3 6 H 3 5 F N 2 O 7 S, 6 5 9. 2 2; f o u n d, 6 5 9. 3. P urit y: 9 5 %. [ α ] D
2 2 2 6 °

( c 1,  M e O H ).
P h e n yl ( S, E) 3 (( S) 2 ( 3, 5  Di fl u or o b e n z a mi d o) 3 ( p t ol yl)

pr o p a n a mi d o) 1 fl u or o 5 p h e n yl p e nt 1 e n e 1 s ulf o n at e ( 2f ). S y n-
t h esiz e d b y f oll o wi n g pr o c e d ur e  D  wit h 0. 1 0 g of c o m p o u n d 3 4 , 0. 0 3 0 g
3, 5- di fl u or o b e nz oi c a ci d, 0. 0 6 0 g  T B T U, a n d 0. 1 0  m L  DI E A.  C ol u m n
c hr o m at o gr a p h y: p etr ol e u m et h er / Et O A c 3: 1. Yi el d: 0. 0 9 7 g ( 8 1 % ),
c ol orl ess s oli d. 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 7. 4 6 7. 1 0 ( m, 1 2 H ),
7. 0 4 ( d, J = 7. 8  Hz, 2 H ), 6. 9 9 6. 8 4 ( m, 5 H ), 6. 2 3 ( d, J = 7. 7  Hz, 1 H ),
5. 5 8 ( d d, JH F = 3 1. 0  Hz, JH  H = 9. 2  Hz, 1 H ), 4. 8 0 4. 6 0 ( m, 2 H ), 3. 1 5
( d d, J = 1 3. 3, 6. 0  Hz, 1 H ), 2. 9 1 ( d d, J = 1 3. 3, 9. 1  Hz, 1 H ), 2. 4 9 2. 3 1
( m, 2 H ), 2. 2 6 (s, 3 H ), 1. 7 3 1. 5 6 ( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,
C D Cl 3 ): δ 1 7 0. 6, 1 6 4. 9 (t, JC F = 2. 6  Hz ), 1 6 3. 0 ( d d, JC F = 2 5 1, 1 2
Hz ), 1 4 9. 3, 1 4 9. 2 ( d, JC F = 2 9 7  Hz ), 1 4 0. 0, 1 3 7. 4, 1 3 6. 8 (t, JC F = 8. 5
Hz ), 1 3 2. 9, 1 3 0. 2, 1 2 9. 8, 1 2 9. 2, 1 2 8. 7, 1 2 8. 3, 1 2 8. 1, 1 2 6. 6, 1 2 2. 4, 1 2 1. 0
( d, J = 5. 0  Hz ), 1 1 0. 5 ( d d, JC F = 2 6. 2, 8. 8  Hz ), 1 0 7. 4 (t, JC F = 2 5. 4
Hz ), 5 5. 8, 4 4. 9 ( d, JC F = 2. 4  Hz ), 3 8. 5, 3 5. 4 ( d, JC F = 1. 6  Hz ), 3 1. 7,
2 1. 1.  m p 1 7 5 1 7 7 ° C. L C  M S ( E SI, m / z ): [ M +  H] + c al c d f or
C 3 4 H 3 1 F 3 N 2 O 5 S, 6 3 7. 2 0; f o u n d, 6 3 7. 2. P urit y: > 9 9 %. [ α ] D

2 2 7 ° ( c 0. 5,
C H Cl 3 ).

P h e n yl ( S, E) 1 Fl u or o 3 (( S) 2 (i s o ni c oti n a mi d o) 3 ( m t ol yl)
pr o p a n a mi d o) 5 p h e n yl p e nt 1 e n e 1 s ulf o n at e ( 2 g ). S y nt h esiz e d
b y f oll o wi n g pr o c e d ur e  D  wit h 0. 1 1 g of c o m p o u n d 3 1 , 0. 0 2 6 g
is o ni c oti ni c a ci d, 0. 0 6 7 g  T B T U, a n d 0. 1 1  m L  DI E A.  C ol u m n
c hr o m at o gr a p h y: p etr ol e u m et h er / Et O A c 1: 3. Yi el d: 0. 0 9 6 g ( 7 7 % ),
c ol orl ess s oli d. 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 8. 6 2 ( d, J = 4. 6  Hz, 2 H ),
7. 4 9 ( d, J = 4. 0  Hz, 2 H ), 7. 3 9 7. 0 3 ( m, 1 1 H ), 6. 9 7 ( d, J = 7. 3  Hz, 1 H ),
6. 9 4 6. 8 1 ( m, 3 H ), 6. 7 4 ( d, J = 7. 3  Hz, 1 H ), 6. 1 0 ( d, J = 7. 5  Hz, 1 H ),
5. 5 7 ( d d, JH F = 3 1. 0  Hz, JH  H = 9. 1  Hz, 1 H ), 4. 7 4 4. 5 0 ( m, 2 H ), 3. 1 1
( d d, J = 1 3. 1, 5. 7  Hz, 1 H ), 2. 8 8 2. 7 8 ( m, 1 H ), 2. 3 9 2. 2 1 ( m, 2 H ),
2. 1 7 (s, 3 H ), 1. 7 2 1. 4 9 ( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ
1 7 0. 2, 1 6 5. 3, 1 5 0. 3, 1 4 9. 3 3, 1 4 9. 2 5 ( d, JC F = 2 9 7  Hz ), 1 4 7. 3, 1 4 1. 2,
1 3 9. 9, 1 3 8. 9, 1 3 6. 0, 1 3 0. 2, 1 3 0. 0, 1 2 9. 0, 1 2 8. 8, 1 2 8. 5, 1 2 8. 2, 1 2 8. 1,
1 2 6. 6, 1 2 6. 4, 1 2 2. 4, 1 2 1. 2, 1 2 0. 9 ( d, JC F = 5. 0  Hz ), 5 5. 5, 4 5. 0 ( d, JC F =
2. 0  Hz ), 3 8. 9, 3 5. 4, 3 1. 6, 2 1. 4.  m p 6 7 6 8 ° C. L C  M S ( E SI, m / z ): [ M
+  H] + c al c d f or  C 3 3 H 3 2 F N 3 O 5 S, 6 0 2. 2 1; f o u n d, 6 0 2. 3. P urit y: > 9 9 %.
[α ] D

2 2 8 ° ( c 0. 5,  C H Cl 3 ).
P h e n yl ( S, E) 3 (( S) 2 ( 2, 3  Di h y dr o b e n z o[ b][ 1, 4] di o xi n e 6 c ar b o x

a mi d o) 3 ( m t ol yl) pr o p a n a mi d o) 1 fl u or o 5 p h e n yl p e nt 1 e n e 1
s ulf o n at e (2 h ). S y nt h esiz e d b y f oll o wi n g pr o c e d ur e  D  wit h 0. 1 0 g of
c o m p o u n d 3 1 , 0. 0 3 4 g 1, 4- b e nz o di o x a n e- 6- c ar b o x yli c a ci d, 0. 0 6 0 g
T B T U, a n d 0. 1 0  m L  DI E A.  C ol u m n c hr o m at o gr a p h y: p etr ol e u m
et h er / Et O A c 2: 1. Yi el d: 0. 0 8 8 g ( 7 2 % ), c ol orl ess s oli d. 1 H  N M R ( 3 0 0
M Hz,  C D Cl 3 ): δ 7. 3 7 7. 2 7 ( m, 2 H ), 7. 2 7 6. 9 9 ( m, 1 0 H ), 6. 9 4 ( d, J =
7. 7  Hz, 1 H ), 6. 9 1 6. 8 0 ( m, 3 H ), 6. 8 0 6. 7 0 ( m, 3 H ), 6. 5 2 ( d, J = 7. 7
Hz, 1 H ), 5. 5 7 ( d d, JH F = 3 1. 1  Hz, JH F = 9. 1  Hz, 1 H ), 4. 7 3 ( q, J = 7. 9
Hz, 1 H ), 4. 5 9 ( q ui nt, J = 7. 6  Hz, 1 H ), 4. 2 6 4. 0 9 ( m, 4 H ), 3. 0 7 ( d d, J =
1 3. 4, 6. 3  Hz, 1 H ), 2. 8 5 ( d d, J = 1 3. 4, 8. 5  Hz, 1 H ), 2. 3 8 2. 1 9 ( m, 2 H ),
2. 1 5 (s, 3 H ), 1. 6 5 1. 4 6 ( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ
1 7 0. 9, 1 6 6. 9, 1 4 9. 4, 1 4 9. 0 ( d, JC F = 2 9 7  Hz ), 1 4 7. 1, 1 4 3. 6, 1 4 0. 1,
1 3 8. 7, 1 3 6. 3, 1 3 0. 2, 1 3 0. 1, 1 2 8. 8, 1 2 8. 6, 1 2 8. 3, 1 2 8. 2, 1 2 8. 0, 1 2 6. 8,
1 2 6. 5, 1 2 6. 4, 1 2 2. 4, 1 2 1. 4 ( d, JC F = 3. 6  Hz ), 1 2 0. 6, 1 1 7. 5, 1 1 6. 8, 6 4. 7,
6 4. 3, 5 5. 2, 4 4. 9 ( d, JC F = 1. 1  Hz ), 3 8. 8, 3 5. 3, 3 1. 6, 2 1. 4.  m p 1 2 6 1 2 8
° C. L C  M S ( E SI, m / z ): [ M +  H] + c al c d f or  C 3 6 H 3 5 F N 2 O 7 S, 6 5 9. 2 2;
f o u n d, 6 5 9. 3. P urit y: 9 8 %. [α ] D

2 2 3 ° ( c 0. 5,  M e O H ).
P h e n yl ( S, E) 3 (( S) 2 ( 3, 5  Di fl u or o b e n z a mi d o) 3 ( m t ol yl)

pr o p a n a mi d o) 1 fl u or o 5 p h e n yl p e nt 1 e n e 1 s ulf o n at e ( 2i ). S y n-
t h esiz e d b y f oll o wi n g pr o c e d ur e  D  wit h 0. 1 0 g of c o m p o u n d 3 1 , 0. 0 3 0 g
3, 5- di fl u or o b e nz oi c a ci d, 0. 0 6 0 g  T B T U, a n d 0. 1 0  m L  DI E A.  C ol u m n

J o ur n al of  M e di ci n al  C h e mi str y p u b s. a c s. or g/j m c Arti cl e

htt p s:// d oi. or g/ 1 0. 1 0 2 1/ a c s.j m e d c h e m. 1 c 0 1 0 0 2
J.  M e d. C h e m. 2 0 2 1, 6 4, 1 2 3 2 2 1 2 3 5 8

1 2 3 4 7
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c hr o m at o gr a p h y: p etr ol e u m et h er / Et O A c 3: 1. Yi el d: 0. 0 7 5 g ( 6 2 % ),
c ol orl ess s oli d. 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 7. 3 6 7. 2 7 ( m, 2 H ),
7. 2 8 7. 0 3 ( m, 1 0 H ), 7. 0 3 6. 9 4 ( m, 2 H ), 6. 9 4 6. 8 0 ( m, 4 H ), 6. 7 4 ( d,
J = 7. 4  Hz, 1 H ), 5. 8 2 ( d, J = 7. 7  Hz, 1 H ), 5. 5 4 ( d d, JH F = 3 0. 9  Hz, JH  H

= 9. 1  Hz, 1 H ), 4. 6 8 4. 5 2 ( m, 2 H ), 3. 1 0 ( d d, J = 1 3. 4, 6. 0  Hz, 1 H ), 2. 8 0
( d d, J = 1 3. 3, 9. 1  Hz, 1 H ), 2. 4 1 2. 2 1 ( m, J = 7. 2  Hz, 2 H ), 2. 1 9 (s, 3 H ),
1. 6 8 1. 5 7 ( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 0. 3, 1 6 5. 0 (t,
JC F = 2. 7  Hz ), 1 6 3. 0 ( d d, JC F = 2 5 1, 1 2  Hz ), 1 4 9. 4, 1 4 9. 3 ( d, JC F =
2 9 8  Hz ), 1 3 9. 9, 1 3 9. 0, 1 3 7. 0, 1 3 6. 9, 1 3 6. 8, 1 3 6. 1, 1 3 0. 2, 1 3 0. 0, 1 2 9. 1,
1 2 8. 8, 1 2 8. 5, 1 2 8. 3, 1 2 8. 1, 1 2 6. 6, 1 2 6. 4, 1 2 2. 4, 1 2 0. 9 ( d, JC F = 5. 0  Hz ),
1 1 0. 5 ( d d, JC F = 2 6, 8. 7  Hz ), 1 0 7. 5 (t, JC F = 2 5  Hz ), 5 5. 6, 4 5. 0 ( d, JC F

= 2. 3  Hz ), 3 8. 8, 3 5. 4, 3 1. 6, 2 1. 4.  m p 1 2 9 1 3 0 ° C. L C  M S ( E SI, m / z ):
[ M +  H] + c al c d f or  C 3 4 H 3 1 F 3 N 2 O 5 S, 6 3 7. 2 0; f o u n d, 6 3 7. 3. P urit y: 9 6 %.
[α ] D

2 2 9 ° ( c 0. 5,  M e O H ).
P h e n yl ( S, E) 3 (( S) 2 ((( B e n z yl o x y) c ar b o n yl) a mi n o) 3 p h e n yl pr o

p a n a mi d o) 1 fl u or o 5 p h e n yl p e nt 1 e n e 1 s ulf o n at e ( 2j ). S y nt h e-
siz e d b y f oll o wi n g pr o c e d ur e E  wit h 0. 0 9 0 g of c o m p o u n d 1 4 , 0. 0 7 6 g
C bz- L - P h e- O H, 0. 0 8 2 g  T B T U, 0. 0 3 9 g  H O Bt, a n d 0. 1 3  m L  DI E A.
C ol u m n c hr o m at o gr a p h y: p etr ol e u m et h er / Et O A c 2: 1. Yi el d: 0. 1 2 g
( 7 8 % ), c ol orl ess s oli d. 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 7. 4 8 7. 1 4 ( m,
1 7 H ), 7. 0 6 6. 9 2 ( m, 4 H ), 5. 5 6 ( d d, JH F = 3 1. 1  Hz, JH  H = 9. 0  Hz,
2 H ), 5. 3 2 ( d, J = 5. 7  Hz, 1 H ), 5. 0 6 (s, 2 H ), 4. 6 8 ( q ui nt, J = 7. 5  Hz, 1 H ),
4. 2 2 ( d, J = 6. 6  Hz, 1 H ), 3. 0 7 ( d d, J = 1 3. 4, 6. 0  Hz, 1 H ), 2. 8 3 ( d d, J =
1 3. 4, 8. 6  Hz, 1 H ), 2. 5 2 2. 3 0 ( m, 2 H ), 1. 8 0 1. 6 4 ( m, 2 H ). 1 3 C  N M R
( 7 5  M Hz,  C D Cl 3 ): δ 1 7 0. 3, 1 5 6. 4, 1 4 9. 4, 1 4 9. 0 ( d, JC F = 2 9 7  Hz ),
1 4 0. 1, 1 3 6. 2, 1 3 6. 1, 1 3 0. 2, 1 2 9. 3, 1 2 9. 1, 1 2 8. 8, 1 2 8. 7, 1 2 8. 5, 1 2 8. 3,
1 2 8. 2, 1 2 8. 0, 1 2 7. 5, 1 2 6. 6, 1 2 2. 5, 1 2 1. 1 ( d, JC F = 4. 6  Hz ), 6 7. 4, 5 6. 6,
4 4. 9 ( d, JC F = 1. 1  Hz ), 3 8. 9, 3 5. 2, 3 1. 7.  m p 1 2 7 1 2 8 ° C. L C  M S
( E SI, m / z ): [ M +  H] + c al c d f or  C 3 4 H 3 3 F N 2 O 6 S, 6 1 7. 2 1; f o u n d, 6 1 7. 4.
P urit y: > 9 9 %. [ α ] D

2 2 1 7 ° ( c 0. 5,  C H Cl 3 ).
P h e n yl ( S, E) 1 Fl u or o 3 (( S) 2 ( 4  m et h yl pi p er a zi n e 1 c ar b o x a mi

d o) 3 p h e n yl pr o p a n a mi d o) 5 p h e n yl p e nt 1 e n e 1 s ulf o n at e ( 2 k ).
S y nt h esiz e d b y f oll o wi n g pr o c e d ur e E  wit h 0. 1 1 g of c o m p o u n d 1 4 ,
0. 0 8 6 g c o m p o u n d I X, 0. 0 9 5 g  T B T U, a n d 0. 1 5 5  m L  DI E A.  C ol u m n
c hr o m at o gr a p h y:  D C M / M e O H 9 5: 5. Yi el d: 0. 0 9 6 g ( 5 9 % ), c ol orl ess
s oli d. 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 7. 4 5 7. 3 5 ( m, 2 H ), 7. 3 5 7. 1 4
( m, 1 0 H ), 7. 0 6 6. 9 3 ( m, 4 H ), 6. 6 2 ( d, J = 7. 6  Hz, 1 H ), 5. 6 2 ( d d, JH F =
3 1. 2  Hz, JH  H = 9. 1  Hz, 1 H ), 5. 2 1 ( d, J = 7. 6  Hz, 1 H ), 4. 6 6 ( q ui nt, J =
7. 7  Hz, 1 H ), 4. 4 5 ( q, J = 7. 9  Hz, 1 H ), 3. 4 2 3. 2 4 ( m, 4 H ), 3. 0 5 ( d d, J =
1 3. 4, 6. 5  Hz, 1 H ), 2. 8 8 ( d d, J = 1 3. 4, 8. 4  Hz, 1 H ), 2. 4 9 2. 3 3 ( m, 6 H ),
2. 3 1 (s, 3 H ), 1. 7 8 1. 5 2 ( m, 3 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ
1 7 1. 8, 1 5 6. 9, 1 4 9. 4, 1 4 8. 9 ( d, JC F = 2 9 7  Hz ), 1 4 0. 2, 1 3 6. 8, 1 3 0. 2,
1 2 9. 4, 1 2 8. 9, 1 2 8. 7, 1 2 8. 4, 1 2 8. 0, 1 2 7. 3, 1 2 6. 5, 1 2 2. 4, 1 2 1. 5 ( d, JC F =
5. 1  Hz ), 5 6. 1, 5 4. 4, 4 5. 9, 4 4. 7, 4 3. 6, 3 9. 1, 3 5. 4, 3 1. 6.  m p 1 0 9 1 1 0 ° C.
L C  M S ( E SI, m / z ): [ M +  H] + c al c d f or  C 3 2 H 3 7 F N 4 O 5 S, 6 0 8. 2 6;
f o u n d, 6 0 9. 3. P urit y: > 9 9 %. [α ] D

2 2 1 0 ° ( c 0. 5,  C H Cl 3 ).
N (( S) 1 ((( S, E) 1 ( B e n z yls ulf o n yl) 1 fl u or o 5 p h e n yl p e nt 1 e n 3

yl) a mi n o) 1 o x o 3 p h e n yl pr o p a n 2 yl)is o ni c oti n a mi d e ( 3 a ). S y n-
t h esiz e d b y f oll o wi n g pr o c e d ur e E  wit h 0. 1 1 g of c o m p o u n d 1 5 ,
0. 0 8 0 g c o m p o u n d X , 0. 0 9 5 g  T B T U, 0. 0 4 5 g  H O Bt, a n d 0. 1 5 5  m L
DI E A.  C ol u m n c hr o m at o gr a p h y: p ur e Et O A c. Yi el d: 0. 1 4 g ( 8 1 % ),
c ol orl ess s oli d. 1 H  N M R ( 3 0 0  M Hz,  D M S O- d 6 ): δ 8. 9 7 ( d, J = 7. 9  Hz,
1 H ), 8. 7 1 ( d, J = 4. 4  Hz, 2 H ), 8. 3 5 ( d, J = 7. 8  Hz, 1 H ), 7. 7 0 ( d, J = 4. 4
Hz, 2 H ), 7. 4 4 7. 0 8 ( m, 1 5 H ), 5. 8 1 ( d d, JH F = 3 4. 1  Hz, JH  H = 8. 8  Hz,
1 H ), 4. 7 5 (s, 2 H ), 4. 7 0 4. 5 0 ( m, 2 H ), 3. 1 9 2. 8 7 ( m, 2 H ), 2. 4 9 2. 3 9
( m, 3 H ), 1. 8 6 1. 5 6 ( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,  D M S O ): δ 1 7 0. 4,
1 6 4. 8, 1 5 1. 4 ( d, JC F = 2 9 8  Hz ), 1 5 0. 2, 1 4 0. 9, 1 4 0. 9, 1 3 7. 9, 1 3 1. 0,
1 2 9. 1, 1 2 8. 8, 1 2 8. 6, 1 2 8. 3 0, 1 2 8. 2 9, 1 2 8. 1, 1 2 7. 5, 1 2 6. 4, 1 2 5. 9, 1 2 1. 4,
1 2 0. 4 ( d, JC F = 3. 8  Hz ), 5 7. 6, 5 5. 0, 4 3. 7 ( d, JC F = 2. 0  Hz ), 3 7. 0, 3 5. 0,
3 0. 9.  m p 1 6 9 1 7 1 ° C. L C  M S ( E SI, m / z ): [ M +  H] + c al c d f or
C 3 3 H 3 2 F N 3 O 4 S, 5 8 6. 2 2; f o u n d, 5 8 6. 4. P urit y: 9 6 %. [ α ] D

2 2 9 ° ( c 0. 5,
M e O H ).

N (( S) 1 ((( S, E) 1 ( B e n z yls ulf o n yl) 1 fl u or o 5 p h e n yl p e nt 1 e n 3
yl) a mi n o) 1 o x o 3 p h e n yl pr o p a n 2 yl) 2, 3 di h y dr o b e n z o[ b][ 1, 4]
di o xi n e 6 c ar b o x a mi d e ( 3 b ). S y nt h esiz e d b y f oll o wi n g pr o c e d ur e  D
wit h 0. 1 0 0 g of c o m p o u n d 2 9 , 0. 0 3 6 g 1, 4- b e nz o di o x a n e- 6- c ar b o x yli c
a ci d, 0. 0 6 4 g  T B T U, a n d 0. 1 0 4  m L  DI E A.  C ol u m n c hr o m at o gr a p h y:
p etr ol e u m et h er / Et O A c 2: 1 t o p ur e Et O A c. Yi el d: 0. 0 9 6 g ( 7 5 % ),
c ol orl ess s oli d. 1 H  N M R ( 3 0 0  M Hz,  D M S O- d 6 ): δ 8. 4 4 ( d, J = 8. 1  Hz,
1 H ), 8. 2 4 ( d, J = 8. 0  Hz, 1 H ), 7. 4 5 7. 0 9 ( m, 1 7 H ), 6. 8 9 ( d, J = 8. 3  Hz,

1 H ), 5. 8 2 ( d d, JH F = 3 4. 2  Hz, JH  H = 9. 0  Hz, 1 H ), 4. 7 4 (s, 2 H ), 4. 6 5
4. 4 7 ( m, 2 H ), 4. 3 4 4. 1 6 ( m, 4 H ), 3. 1 1 2. 9 1 ( m, 2 H ), 2. 4 8 2. 3 5 ( m,
2 H ), 1. 8 7 1. 5 4 ( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,  D M S O- d 6 ): δ 1 7 1. 0,
1 6 5. 4, 1 5 1. 3 ( d, JC F = 2 9 7  Hz ), 1 4 6. 1, 1 4 2. 8, 1 4 0. 9, 1 3 8. 2, 1 3 1. 0,
1 2 9. 1, 1 2 8. 7, 1 2 8. 6, 1 2 8. 3, 1 2 8. 1, 1 2 7. 5, 1 2 7. 0, 1 2 6. 2, 1 2 5. 9, 1 2 0. 9,
1 2 0. 5 ( d, JC F = 3. 9  Hz ), 1 1 6. 6, 1 1 6. 5, 6 4. 3, 6 4. 0, 5 7. 6, 5 5. 0, 4 3. 6 ( d,
JC F = 2. 4  Hz ), 3 6. 9, 3 5. 0, 3 0. 9.  m p 2 0 4 2 0 6 ° C ( d e c o m p ositi o n ).
L C  M S ( E SI, m / z ): [ M +  H] + c al c d f or  C 3 6 H 3 5 F N 2 O 6 S, 6 4 3. 2 3;
f o u n d, 6 4 3. 3. P urit y: > 9 9 %. [α ] D

2 2 7 ° ( c 0. 5,  C H Cl 3 / M e O H 1: 1 ).
N (( S) 1 ((( S, E) 1 ( B e n z yls ulf o n yl) 1 fl u or o 5 p h e n yl p e nt 1 e n 3

yl) a mi n o) 1 o x o 3 p h e n yl pr o p a n 2 yl) 3, 5 di fl u or o b e n z a mi d e ( 3 c ).
S y nt h esiz e d b y f oll o wi n g pr o c e d ur e  D  wit h 0. 1 2 0 g of c o m p o u n d 2 9 ,
0. 0 3 7 g 3, 5- di fl u or o b e nz oi c a ci d, 0. 0 7 5 g  T B T U, a n d 0. 1 2  m L  DI E A.
C ol u m n c hr o m at o gr a p h y: p etr ol e u m et h er / Et O A c 3: 1. Yi el d: 0. 0 9 4 g
( 6 5 % ), c ol orl ess s oli d. 1 H  N M R ( 3 0 0  M Hz,  D M S O- d 6 ): δ 8. 8 6 ( d, J =
8. 2  Hz, 1 H ), 8. 3 5 ( d, J = 7. 9  Hz, 1 H ), 7. 5 6 7. 4 1 ( m, 3 H ), 7. 4 1 7. 1 0
( m, 1 6 H ), 5. 8 1 ( d d, JH F = 3 4. 2  Hz, JH  H = 9. 1  Hz, 1 H ), 4. 7 5 (s, 2 H ),
4. 6 9 4. 5 1 ( m, 2 H ), 3. 0 9 ( d d, J = 1 3. 7, 5. 1  Hz, 1 H ), 2. 9 7 ( d d, J = 1 3. 7,
1 0. 1  Hz, 1 H ), 2. 4 9 2. 4 0 ( m, 2 H ), 1. 8 6 1. 5 7 ( m, 2 H ). 1 3 C  N M R ( 7 5
M Hz,  D M S O- d 6 ): δ 1 7 0. 4 8, 1 6 3. 7 (t, JC F = 2. 8  Hz ), 1 6 2. 2 ( d d, JC F =
2 5 1, 1 2  Hz ), 1 5 1. 4 ( d, JC F = 2 9 8  Hz ), 1 4 0. 9, 1 3 7. 9, 1 3 7. 4 (t, JC F = 8. 5
Hz ), 1 3 7. 3, 1 3 1. 0, 1 2 9. 1, 1 2 8. 8, 1 2 8. 6, 1 2 8. 3, 1 2 8. 1, 1 2 7. 5, 1 2 6. 4, 1 2 6. 0,
1 2 0. 4 ( d, JC F = 4. 1  Hz ), 1 1 0. 8 ( d d, JC F = 2 7, 8. 7  Hz ), 1 0 6. 9 (t, JC F =
2 6  Hz ), 5 7. 6, 5 5. 2, 4 3. 7 ( d, JC F = 2. 3  Hz ), 3 7. 0, 3 5. 0, 3 0. 9.  m p 1 9 4
1 9 6 ° C ( d e c o m p ositi o n ). L C  M S ( E SI, m / z ): [ M +  H] + c al c d f or
C 3 4 H 3 1 F 3 N 2 O 4 S, 6 2 1. 2; f o u n d, 6 2 1. 3. P urit y: > 9 9 %. [ α ] D

2 2 6 ° ( c 0. 5,
C H Cl 3 ).

N (( S) 1 ((( S, E) 1 ( B e n z yls ulf o n yl) 1 fl u or o 5 p h e n yl p e nt 1 e n 3
yl) a mi n o) 1 o x o 3 ( p t ol yl) pr o p a n 2 yl)is o ni c oti n a mi d e ( 3 d ). S y n-
t h esiz e d b y f oll o wi n g pr o c e d ur e  D  wit h 0. 1 1 g of c o m p o u n d 3 5 , 0. 0 2 6 g
is o ni c oti ni c a ci d, 0. 0 6 7 g  T B T U, a n d 0. 1 1  m L  DI E A.  C ol u m n
c hr o m at o gr a p h y: p etr ol e u m et h er / Et O A c 1: 3. Yi el d: 0. 0 9 1 g ( 7 3 % ),
c ol orl ess s oli d. 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 8. 6 9 ( d, J = 6. 0  Hz, 2 H ),
7. 6 1 7. 5 3 ( m, 2 H ), 7. 4 3 7. 2 8 ( m, 6 H ), 7. 2 5 7. 1 4 ( m, 3 H ), 7. 0 7 ( d, J
= 7. 8  Hz, 2 H ), 7. 0 1 6. 8 8 ( m, 4 H ), 6. 1 9 ( d, J = 7. 9  Hz, 1 H ), 5. 5 5 ( d d,
JH F = 3 2. 6  Hz, JH  H = 9. 2  Hz, 1 H ), 4. 7 6 4. 5 9 ( m, 2 H ), 4. 3 6 (s, 2 H ),
3. 1 4 ( d d, J = 1 3. 5, 6. 0  Hz, 1 H ), 2. 9 3 ( d d, J = 1 3. 4, 8. 6  Hz, 1 H ), 2. 4 4
2. 1 9 ( m, 5 H ), 1. 7 5 1. 5 0 ( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ
1 7 0. 2, 1 6 5. 1, 1 5 2. 5 ( d, JC F = 3 0 1  Hz ), 1 4 1. 3, 1 4 0. 1, 1 3 7. 3, 1 3 2. 8,
1 3 1. 0, 1 2 9. 8, 1 2 9. 5, 1 2 9. 3, 1 2 9. 2, 1 2 8. 7, 1 2 8. 3, 1 2 6. 7, 1 2 6. 5, 1 2 1. 3,
1 1 9. 4 ( d, JC F = 4. 3  Hz ), 5 8. 7, 5 5. 6, 4 4. 7 ( d, JC F = 2. 2  Hz ), 3 8. 4, 3 5. 6
( d, JC F = 1. 6  Hz ), 3 1. 6, 2 1. 2.  m p 1 8 1 1 8 3 ° C. L C  M S ( E SI, m / z ):
[ M +  H] + c al c d f or  C 3 4 H 3 4 F N 3 O 4 S, 6 0 0. 2 4; f o u n d, 6 0 0. 4. P urit y: 9 5 %.
[α ] D

2 2 1 3 ° ( c 0. 5,  M e O H ).
N (( S) 1 ((( S, E) 1 ( B e n z yls ulf o n yl) 1 fl u or o 5 p h e n yl p e nt 1 e n 3

yl) a mi n o) 1 o x o 3 ( p t ol yl) pr o p a n 2 yl) 2, 3 di h y dr o b e n z o[ b][ 1, 4]
di o xi n e 6 c ar b o x a mi d e ( 3 e ). S y nt h esiz e d b y f oll o wi n g pr o c e d ur e  D
wit h 0. 1 1 0 g of c o m p o u n d 3 5 , 0. 0 3 7 g 1, 4- b e nz o di o x a n e- 6- c ar b o x yli c
a ci d, 0. 0 6 7 g  T B T U, a n d 0. 1 0 8  m L  DI E A.  C ol u m n c hr o m at o gr a p h y:
p etr ol e u m et h er / Et O A c 1: 1 t o 0: 1. Yi el d: 0. 1 0 g ( 7 6 % ), c ol orl ess s oli d.
1 H  N M R ( 3 0 0  M Hz,  D M S O- d 6 ): δ 8. 4 1 ( d, J = 8. 0  Hz, 1 H ), 8. 2 3 ( d, J =
8. 0  Hz, 1 H ), 7. 4 3 7. 2 3 ( m, 9 H ), 7. 2 3 7. 1 1 ( m, 5 H ), 7. 0 4 ( d, J = 7. 9
Hz, 2 H ), 6. 8 9 ( d, J = 8. 4  Hz, 1 H ), 5. 8 1 ( d d, JH F = 3 4. 3  Hz, JH  H = 9. 1
Hz, 1 H ), 4. 7 4 (s, 2 H ), 4. 6 3 4. 4 7 ( m, 2 H ), 4. 3 2 4. 1 8 ( m, 4 H ), 3. 0 5
2. 8 7 ( m, 2 H ), 2. 4 9 2. 3 9 ( m, 2 H ), 2. 2 2 (s, 3 H ), 1. 8 6 1. 5 7 ( m, 2 H ).
1 3 C  N M R ( 7 5  M Hz,  D M S O- d 6 ): δ 1 7 1. 0, 1 6 5. 4, 1 5 1. 3 ( d, JC F = 2 9 7
Hz ), 1 4 6. 0, 1 4 2. 8, 1 4 0. 9, 1 3 5. 1 4, 1 3 5. 1 0, 1 3 1. 0, 1 2 9. 0, 1 2 8. 8, 1 2 8. 7,
1 2 8. 6, 1 2 8. 3, 1 2 7. 5, 1 2 7. 0, 1 2 5. 9, 1 2 1. 0, 1 2 0. 5 ( d, JC F = 3. 7  Hz ), 1 1 6. 6,
1 1 6. 5, 6 4. 3, 6 4. 0, 5 7. 6, 5 5. 1, 4 3. 6 ( d, JC F = 1. 6  Hz ), 3 6. 6, 3 5. 0, 3 0. 9,
2 0. 6.  m p 1 9 3 1 9 5 ° C. L C  M S ( E SI, m / z ): [ M +  H] + c al c d f or
C 3 7 H 3 7 F N 2 O 6 S, 6 5 7. 2 5; f o u n d, 6 5 7. 4. P urit y: 9 7 %. [ α ] D

2 2 8 ° ( c 0. 5,
C H Cl 3 / M e O H 1: 1 ).

N (( S) 1 ((( S, E) 1 ( B e n z yls ulf o n yl) 1 fl u or o 5 p h e n yl p e nt 1 e n 3
yl) a mi n o) 1 o x o 3 ( p t ol yl) pr o p a n 2 yl) 3, 5 di fl u or o b e n z a mi d e
(3f ). S y nt h esiz e d b y f oll o wi n g pr o c e d ur e  D  wit h 0. 1 2 g of c o m p o u n d
3 5 , 0. 0 3 6 g 3, 5- difl u or o b e nz oi c a ci d, 0. 0 7 3 g  T B T U, a n d 0. 1 2  m L
DI E A.  C ol u m n c hr o m at o gr a p h y: p etr ol e u m et h er / Et O A c 3: 1 t o p ur e
Et O A c. Yi el d: 0. 1 2 g ( 8 1 % ), c ol orl ess s oli d. 1 H  N M R ( 3 0 0  M Hz,
D M S O- d 6 ): δ 8. 8 2 ( d, J = 8. 1  Hz, 1 H ), 8. 3 2 ( d, J = 8. 0  Hz, 1 H ), 7. 6 1
7. 4 0 ( m, 3 H ), 7. 4 0 7. 2 3 ( m, 8 H ), 7. 2 3 7. 1 0 ( m, 5 H ), 7. 0 5 ( d, J = 7. 9

J o ur n al of  M e di ci n al  C h e mi str y p u b s. a c s. or g/j m c Arti cl e

htt p s:// d oi. or g/ 1 0. 1 0 2 1/ a c s.j m e d c h e m. 1 c 0 1 0 0 2
J.  M e d. C h e m. 2 0 2 1, 6 4, 1 2 3 2 2 1 2 3 5 8

1 2 3 4 8



P R O J E C T 1:  IN V E S TI G A TI N G T H E P H A R M A C O KI N E TI C  P R O P E R TI E S  O F R H O D E S AI N IN HI BI T O R S  

 

6 6  
 

  

Hz, 2 H ), 5. 7 9 ( d d, JH F = 3 3. 9  Hz, JH  H = 9. 3  Hz, 1 H ), 4. 7 5 (s, 2 H ),
4. 6 5 4. 4 8 ( m, 2 H ), 3. 0 2 ( d d, J = 1 3. 5, 5. 1  Hz, 1 H ), 2. 9 2 ( d d, J = 1 3. 6,
1 0. 0  Hz, 1 H ), 2. 4 8 2. 3 9 ( m, 1 H ), 2. 2 2 (s, 3 H ), 1. 8 3 1. 5 6 ( m, 2 H ).
1 3 C  N M R ( 7 5  M Hz,  D M S O- d 6 ): δ 1 7 0. 5, 1 6 3. 8 6, 1 6 3. 7 (t, JC F = 2. 6
Hz ), 1 6 2. 1 ( d d, JC F = 2 5 1, 1 2  Hz ), 1 5 1. 3 ( d, JC F = 2 9 8  Hz ), 1 4 0. 9,
1 3 7. 4 (t, JC F = 8. 4  Hz ), 1 3 5. 3, 1 3 4. 8, 1 3 1. 0, 1 2 9. 0, 1 2 8. 7, 1 2 8. 6, 1 2 8. 3,
1 2 7. 5, 1 2 6. 0, 1 2 0. 4 ( d, JC F = 4. 0  Hz ), 1 1 0. 8 ( d d, JC F = 2 6, 8. 4  Hz ),
1 0 6. 9 (t, JC F = 2 5  Hz ), 5 7. 6, 5 5. 3, 4 3. 7 ( d, JC F = 1. 5  Hz ), 3 6. 6, 3 5. 0,
3 0. 9, 2 0. 6.  m p 1 9 6 1 9 8 ° C ( d e c o m p ositi o n ). L C  M S ( E SI, m / z ): [ M
+  H] + c al c d f or  C 3 5 H 3 3 F 3 N 2 O 4 S, 6 3 5. 2 2; f o u n d, 6 3 5. 3. P urit y: 9 5 %.
[α ] D

2 2 9 ° ( c 0. 5,  M e O H / C H Cl 3 1: 1 ).
P h e n yl ( S, E) 1 Fl u or o 3 (( S) 2 (i s o ni c oti n a mi d o) 3 ( m t ol yl)

pr o p a n a mi d o) 5 p h e n yl p e nt 1 e n e 1 s ulf o n at e ( 3 g ). S y nt h esi z e d
b y f oll o wi n g pr o c e d ur e  D  wit h 0. 1 1 g of c o m p o u n d 3 2 , 0. 0 2 6 g
is o ni c oti ni c a ci d, 0. 0 6 7 g  T B T U, a n d 0. 1 1  m L  DI E A.  C ol u m n
c hr o m at o gr a p h y: p etr ol e u m et h er / Et O A c 1: 3. Yi el d: 0. 0 8 6 g ( 6 9 % ),
c ol orl ess s oli d. 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 8. 6 8 ( d, J = 4. 7  Hz, 2 H ),
7. 5 6 ( d, J = 5. 7  Hz, 2 H ), 7. 4 0 ( d, J = 7. 6  Hz, 1 H ), 7. 3 7 7. 2 8 ( m, 5 H ),
7. 2 5 7. 1 1 ( m, 4 H ), 7. 0 4 ( d, J = 7. 6  Hz, 1 H ), 6. 9 9 6. 9 0 ( m, 3 H ), 6. 8 4
( d, J = 7. 5  Hz, 1 H ), 6. 2 4 ( d, J = 7. 8  Hz, 1 H ), 5. 5 7 ( d d, JH F = 3 2. 5  Hz,
JH  H = 9. 1  Hz, 1 H ), 4. 7 8 4. 5 8 ( m, 2 H ), 4. 3 6 (s, 2 H ), 3. 1 5 ( d d, J = 1 3. 4,
6. 2  Hz, 1 H ), 2. 9 3 ( d d, J = 1 3. 4, 8. 5  Hz, 1 H ), 2. 4 3 2. 2 6 ( m, 2 H ), 2. 2 4
(s, 3 H ), 1. 7 4 1. 4 8 ( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 0. 2,
1 6 5. 2, 1 5 2. 5 ( d, JC F = 3 0 1  Hz ), 1 5 0. 3, 1 4 1. 2, 1 4 0. 1, 1 3 8. 8, 1 3 6. 0,
1 3 1. 0, 1 3 0. 0, 1 2 9. 5, 1 2 9. 2, 1 2 9. 0, 1 2 8. 7, 1 2 8. 4, 1 2 8. 3, 1 2 6. 7, 1 2 6. 5,
1 2 6. 5, 1 2 1. 2, 1 1 9. 4 ( d, JC F = 4. 1  Hz ), 5 8. 7, 5 5. 5, 4 4. 8 ( d, JC F = 2. 3
Hz ), 3 8. 7, 3 5. 6, 3 5. 7, 3 1. 6, 2 1. 4.  m p 8 1 8 2 ° C. L C  M S ( E SI, m / z ):
[ M +  H] + c al c d f or  C 3 4 H 3 4 F N 3 O 4 S, 6 0 0. 2 4; f o u n d, 6 0 0. 4. P urit y: 9 5 %.
[α ] D

2 2 7 ° ( c 0. 5,  M e O H ).
N (( S) 1 ((( S, E) 1 ( B e n z yls ulf o n yl) 1 fl u or o 5 p h e n yl p e nt 1 e n 3

yl) a mi n o) 1 o x o 3 ( m t ol yl) pr o p a n 2 yl) 2, 3 di h y dr o b e n z o[ b][ 1, 4]
di o xi n e 6 c ar b o x a mi d e ( 3 h ). S y nt h esiz e d b y f oll o wi n g pr o c e d ur e  D
wit h 0. 1 1 g of c o m p o u n d 3 2 , 0. 0 3 7 g 1, 4- b e nz o di o x a n e- 6- c ar b o x yli c
a ci d, 0. 0 6 7 g  T B T U a n d 0. 1 1  m L  DI E A.  C ol u m n c hr o m at o gr a p h y:
p etr ol e u m et h er / Et O A c 2: 1 t o 0: 1. Yi el d: 0. 0 9 4 g ( 6 9 % ), c ol orl ess
s oli d. 1 H  N M R ( 3 0 0  M Hz,  D M S O- d 6 ): δ 8. 4 3 ( d, J = 8. 1  Hz, 1 H ), 8. 2 5
( d, J = 8. 0  Hz, 1 H ), 7. 4 6 7. 2 3 ( m, 9 H ), 7. 2 3 7. 0 3 ( m, 6 H ), 6. 9 7 ( d, J
= 7. 2  Hz, 1 H ), 6. 9 0 ( d, J = 8. 3  Hz, 1 H ), 5. 8 3 ( d d, JH F = 3 4. 2  Hz, JH  H =
9. 0  Hz, 1 H ), 4. 7 4 (s, 2 H ), 4. 6 4 4. 4 9 ( m, 2 H ), 4. 3 9 4. 1 7 ( m, 4 H ),
3. 0 8 2. 8 6 ( m, 2 H ), 2. 4 9 2. 3 8 ( m, 2 H ), 2. 2 3 (s, 3 H ), 1. 8 7 1. 5 5 ( m,
2 H ). 1 3 C  N M R ( 7 5  M Hz,  D M S O- d 6 ): δ 1 7 1. 0, 1 6 5. 5, 1 5 1. 3 ( d, JC F =
2 9 8  Hz ), 1 4 6. 1, 1 4 2. 8, 1 4 0. 9, 1 3 8. 2, 1 3 7. 0, 1 3 1. 0, 1 2 9. 8, 1 2 8. 7, 1 2 8. 6,
1 2 8. 3, 1 2 7. 9, 1 2 7. 5, 1 2 7. 1, 1 2 6. 9, 1 2 6. 2, 1 2 5. 9, 1 2 0. 9, 1 2 0. 5 ( d, JC F =
4. 2  Hz ), 1 1 6. 6, 1 1 6. 5, 6 4. 3, 6 4. 0, 5 7. 6, 5 5. 0, 4 3. 6 ( d, JC F = 0. 9  Hz ),
3 6. 9, 3 5. 1, 3 0. 9, 2 1. 0.  m p 1 8 8 1 9 0 ° C. L C  M S ( E SI, m / z ): [ M +  H] +

c al c d f or  C 3 7 H 3 7 F N 2 O 6 S, 6 5 7. 2 5; f o u n d, 6 5 7. 4. P urit y > 9 9 %. [ α ] D
2 2 1 1 °

( c 0. 5,  C H Cl 3 ).
N (( S) 1 ((( S, E) 1 ( B e n z yls ulf o n yl) 1 fl u or o 5 p h e n yl p e nt 1 e n 3

yl) a mi n o) 1 o x o 3 ( m t ol yl) pr o p a n 2 yl) 3, 5 di fl u or o b e n z a mi d e
(3i ). S y nt h esiz e d b y f oll o wi n g pr o c e d ur e  D  wit h 0. 1 2 g of c o m p o u n d
3 2 , 0. 0 3 6 g 3, 5- difl u or o b e nz oi c a ci d, 0. 0 7 3 g  T B T U, a n d 0. 1 2  m L
DI E A.  C ol u m n c hr o m at o gr a p h y: p etr ol e u m et h er / Et O A c 2: 1. Yi el d:
0. 1 1 g ( 7 7 % ), c ol orl ess s oli d. 1 H  N M R ( 3 0 0  M Hz,  D M S O- d 6 ): δ 8. 8 3
( d, J = 8. 1  Hz, 1 H ), 8. 3 3 ( d, J = 7. 8  Hz, 1 H ), 7. 6 1 7. 0 2 ( m, 1 7 H ), 6. 9 8
( d, J = 7. 1  Hz, 1 H ), 5. 8 1 ( d d, JH F = 3 4. 1  Hz, JH  H = 9. 0  Hz, 1 H ), 4. 7 4
(s, 2 H ), 4. 6 7 4. 4 6 ( m, 2 H ), 3. 0 4 ( d d, J = 1 3. 5, 4. 7  Hz, 1 H ), 2. 9 3 ( d d, J
= 1 3. 5, 4. 7  Hz, 1 H ), 2. 4 8 2. 3 9 ( m, 2 H ), 2. 2 3 (s, 3 H ), 1. 8 3 1. 5 9 ( m,
2 H ). 1 3 C  N M R ( 7 5  M Hz,  D M S O- d 6 ): δ 1 7 0. 5, 1 6 3. 8 (t, JC F = 2. 7  Hz ),
1 6 2. 1 ( d d, JC F = 2 4 7  Hz, 1 3  Hz ), 1 5 1. 3 ( d, JC F = 2 9 8  Hz ), 1 4 0. 9,
1 3 7. 9, 1 3 7. 5 (t, JC F = 8. 5  Hz ), 1 3 7. 1, 1 3 1. 0, 1 2 9. 8, 1 2 8. 8, 1 2 8. 6, 1 2 8. 3,
1 2 8. 0, 1 2 7. 5, 1 2 7. 0, 1 2 6. 2, 1 2 6. 0, 1 2 0. 4 2 ( d, JC F = 3. 5  Hz ), 1 1 0. 8 ( d d,
JC F = 2 5  Hz, 8. 6  Hz ), 1 0 6. 8 (t, JC F = 2 6  Hz ), 5 7. 6, 5 5. 2, 4 3. 7 ( d, JC F =
2. 0  Hz ), 3 6. 9, 3 5. 0, 3 0. 9, 2 1. 0.  m p 1 7 6 1 7 8 ° C. L C  M S ( E SI, m / z ):
[ M +  H] + c al c d f or  C 3 5 H 3 3 F 3 N 2 O 4 S, 6 3 5. 2 2; f o u n d, 6 3 5. 3. P urit y > 9 9 %.
[α ] D

2 2 6 ° ( c 0. 5,  C H Cl 3 ).
N (( S) 1 ((( S, E) 1 Fl u or o 5 p h e n yl 1 ( p h e n yls ulf o n yl) p e nt 1 e n

3 yl) a mi n o) 1 o x o 3 p h e n yl pr o p a n 2 yl)is o ni c oti n a mi d e ( 4 a ).1 1

S y nt h esiz e d b y f oll o wi n g pr o c e d ur e E  wit h 0. 1 4 g of c o m p o u n d 1 3 ,
0. 1 0 7 g c o m p o u n d X , 0. 1 3 g  T B T U, 0. 0 6 2 g  H O Bt, a n d 0. 2 1  m L  DI E A.
C ol u m n c hr o m at o gr a p h y:  D C M / M e O H 1 9: 1. Yi el d: 0. 1 7 g ( 7 5 % ),

c ol orl ess s oli d. 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 8. 7 1 ( br, 2 H ), 7. 9 5 ( d, J
= 7. 5  Hz, 2 H ), 7. 7 6 7. 5 4 ( m, 5 H ), 7. 5 0 ( d, J = 7. 4  Hz, 1 H ), 7. 4 0 7. 0 8
( m, 8 H ), 6. 9 9 ( d, J = 6. 4  Hz, 2 H ), 6. 4 0 ( d, J = 7. 7  Hz, 1 H ), 6. 0 3 ( d d,
JH F = 3 1. 9  Hz, JH  H = 8. 8  Hz, 1 H ), 4. 8 7 4. 6 0 ( m, 2 H ), 3. 2 1 ( d d, J =
1 3. 5, 6. 3  Hz, 1 H ), 3. 0 8 ( d d, J = 1 3. 5, 8. 2  Hz, 1 H ), 2. 4 9 (t, J = 7. 4  Hz,
2 H ), 1. 9 6 1. 6 8 ( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 0. 3, 1 6 4. 9,
1 5 5. 1 ( d, JC F = 3 0 1  Hz ), 1 4 9. 4, 1 4 2. 1, 1 4 0. 2, 1 3 7. 1, 1 3 6. 2, 1 3 4. 9,
1 2 9. 7, 1 2 9. 4, 1 2 9. 1, 1 2 8. 8, 1 2 8. 7, 1 2 8. 3, 1 2 7. 7, 1 2 6. 5 0, 1 2 1. 7, 1 1 7. 0 ( d,
JC F = 5. 3  Hz ), 5 5. 6, 4 5. 1, 3 8. 8, 3 5. 7 ( d, JC F = 1. 9  Hz ), 3 1. 8.  m p 1 8 4
1 8 7 ° C. L C  M S ( E SI, m / z ): [ M +  H] + c al c d f or  C 3 2 H 3 0 F N 3 O 4 S,
5 7 2. 2 0; f o u n d, 5 7 2. 4. P urit y: 9 5 %. [ α ] D

2 2 1 1 ° ( c 0. 5,  C H Cl 3 ).
N (( S) 1 ((( S, E) 1 Fl u or o 5 p h e n yl 1 ( p h e n yls ulf o n yl) p e nt 1 e n

3 yl) a mi n o) 1 o x o 3 p h e n yl pr o p a n 2 yl) 2, 3 di h y dr o b e n z o[ b][ 1, 4]
di o xi n e 6 c ar b o x a mi d e ( 4 b ). S y nt h esiz e d b y f oll o wi n g pr o c e d ur e  D
wit h 0. 1 0 0 g of c o m p o u n d 2 7 , 0. 0 3 6 g 1, 4- b e nz o di o x a n e- 6- c ar b o x yli c
a ci d, 0. 0 6 4 g  T B T U, a n d 0. 1 0 4  m L  DI E A.  C ol u m n c hr o m at o gr a p h y:
p etr ol e u m et h er / Et O A c 1: 1. Yi el d: 0. 0 8 4 g ( 6 7 % ), c ol orl ess s oli d. 1 H
N M R ( 3 0 0  M Hz,  D M S O- d 6 ): δ 8. 4 3 ( d, J = 8. 0  Hz, 1 H ), 8. 3 5 ( d, J = 7. 8
Hz, 1 H ), 7. 9 4 ( dt, J = 7. 3, 1. 7  Hz, 2 H ), 7. 8 5 (tt, J = 7. 3, 1. 2  Hz, 1 H ),
7. 7 3 (tt, J = 6. 7, 1. 1  Hz, 2 H ), 7. 4 3 7. 0 6 ( m, 1 2 H ), 6. 8 9 ( d, J = 8. 3  Hz,
1 H ), 6. 3 0 ( d d, JH F = 3 4. 0  Hz, JH  H = 8. 9  Hz, 1 H ), 4. 6 8 4. 4 7 ( m, 2 H ),
4. 3 3 4. 1 8 ( m, 4 H ), 3. 1 0 2. 9 0 ( m, 2 H ), 2. 5 9 2. 5 0 ( m, 2 H ), 1. 9 6
1. 7 3 ( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,  D M S O- d 6 ): δ 1 7 1. 0, 1 6 5. 4, 1 5 3. 0
( d, JC F = 2 9 6  Hz ), 1 4 6. 1, 1 4 2. 8, 1 4 0. 8, 1 3 8. 2, 1 3 6. 6, 1 3 5. 2, 1 3 0. 1,
1 2 9. 1, 1 2 8. 2 7, 1 2 8. 2 6, 1 2 8. 1, 1 2 8. 0, 1 2 7. 0, 1 2 6. 3, 1 2 5. 9, 1 2 0. 9, 1 1 9. 2 ( d,
JC F = 4. 8  Hz ), 1 1 6. 6, 1 1 6. 5, 6 4. 3, 6 4. 0, 5 4. 9, 4 3. 8 ( d, JC F = 1. 6  Hz ),
3 6. 9, 3 5. 0 ( d, JC F = 2. 3  Hz ), 3 1. 0.  m p 1 8 7 1 8 9 ° C. L C  M S ( E SI, m /
z ): [ M +  H] + c al c d f or  C 3 5 H 3 3 F N 2 O 6 S, 6 2 9. 2; f o u n d, 6 2 9. 3. P urit y
> 9 9 %. [ α ] D

2 2 3 ° ( c 0. 5,  C H Cl 3 ).
3, 5  Di fl u o r o  N ( ( S )  1 ( ( ( S, E )  1 fl u o r o  5  p h e n yl  1

( p h e n yls ulf o n yl) p e nt 1 e n 3 yl) ami n o) 1 o x o 3 p h e n yl pr o p a n 2
yl) b e n z a mi d e ( 4 c ). S y nt h esiz e d b y f oll o wi n g pr o c e d ur e  D  wit h 0. 1 2 4 g
of c o m p o u n d 2 7 , 0. 0 3 9 g 3, 5- difl u or o b e nz oi c a ci d, 0. 0 7 9 g  T B T U, a n d
0. 1 2 5  m L  DI E A.  C ol u m n c hr o m at o gr a p h y: p etr ol e u m et h er / Et O A c
2: 1. Yi el d: 0. 1 2 g ( 8 1 % ), c ol orl ess s oli d. 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ):
δ 7. 9 9 7. 9 0 ( m, 2 H ), 7. 7 3 7. 6 3 ( m, 1 H ), 7. 5 7 (t, J = 7. 6  Hz, 2 H ),
7. 3 7 7. 0 9 ( m, 1 2 H ), 7. 0 0 6. 9 1 ( m, 2 H ), 6. 8 7 (tt, J = 8. 5, 2. 3  Hz, 1 H ),
6. 3 7 ( d, J = 7. 7  Hz, 1 H ), 5. 9 6 ( d d, JH F = 3 1. 8  Hz, JH  H = 8. 9  Hz, 1 H ),
4. 8 2 4. 6 1 ( m, 2 H ), 3. 1 4 ( d d, J = 1 3. 5, 6. 4  Hz, 1 H ), 3. 0 3 ( d d, J = 1 3. 5,
8. 2  Hz, 1 H ), 2. 4 5 (t, J = 7. 7  Hz, 2 H ), 1. 8 8 1. 7 2 ( m, 2 H ). 1 3 C  N M R ( 7 5
M Hz,  C D Cl 3 ): δ 1 7 0. 6, 1 6 5. 0 (t, JC F = 2. 8  Hz ), 1 6 3. 0 ( d d, JC F = 2 5 1,
1 2  Hz ), 1 5 5. 2 ( d, JC F = 3 0 1  Hz ), 1 4 0. 2, 1 3 7. 1, 1 3 6. 8 (t, JC F = 8. 3  Hz ),
1 3 6. 2, 1 3 4. 8, 1 2 9. 7, 1 2 9. 4, 1 2 9. 1, 1 2 8. 8, 1 2 8. 7, 1 2 8. 3, 1 2 7. 6, 1 2 6. 5,
1 1 6. 9 ( d, JC F = 5. 1  Hz ), 1 1 0. 5 ( d d, JC F = 2 7, 8. 7  Hz ), 1 0 7. 4 (t, JC F =
2 5  Hz ), 5 5. 7, 4 5. 1 ( d, JC F = 1. 5  Hz ), 3 8. 7, 3 5. 7, 3 1. 8.  m p 9 0 9 2 ° C.
L C  M S ( E SI, m / z ): [ M +  H] + c al c d f or  C 3 3 H 2 9 F 3 N 2 O 4 S, 6 0 7. 2; f o u n d,
6 0 7. 3. P urit y: 9 5 %. [ α ] D

2 2 5 ° ( c 0. 5,  M e O H ).
N (( S) 1 ((( S, E) 1 Fl u or o 5 p h e n yl 1 ( p h e n yls ulf o n yl) p e nt 1 e n

3 yl) a mi n o) 1 o x o 3 ( p t ol yl) pr o p a n 2 yl)is o ni c oti n a mi d e ( 4 d ).
S y nt h esiz e d b y f oll o wi n g pr o c e d ur e  D  wit h 0. 1 0 g of c o m p o u n d 3 3 ,
0. 0 2 4 g is o ni c oti ni c a ci d, 0. 0 6 3 g  T B T U, a n d 0. 1 0  m L  DI E A.  C ol u m n
c hr o m at o gr a p h y: p ur e Et O A c. Yi el d: 0. 0 9 4 g ( 8 3 % ), c ol orl ess s oli d. 1 H
N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 8. 6 9 ( d, J = 3. 8  Hz, 2 H ), 7. 9 5 ( d, J = 7. 7
Hz, 2 H ), 7. 7 0 (t, J = 7. 3  Hz, 1 H ), 7. 6 5 7. 4 6 ( m, 4 H ), 7. 3 0 7. 2 3 ( m,
1 H ), 7. 2 3 7. 0 1 ( m, 7 H ), 6. 9 6 ( d, J = 6. 8  Hz, 2 H ), 6. 3 2 ( d, J = 7. 8  Hz,
1 H ), 6. 0 1 ( d d, JH F = 3 1. 9  Hz, JH  H = 8. 8  Hz, 1 H ), 4. 8 4 4. 6 0 ( m, 2 H ),
3. 1 5 ( d d, J = 1 3. 6, 5. 7  Hz, 1 H ), 3. 0 1 ( d d, J = 1 3. 4, 8. 2  Hz, 1 H ), 2. 4 6 (t, J
= 7. 6  Hz, 2 H ), 2. 3 2 (s, 3 H ), 1. 9 0 1. 7 3 ( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,
C D Cl 3 ): δ 1 7 0. 3, 1 6 5. 4, 1 5 5. 1 2 ( d, JC F = 3 0 1  Hz ), 1 5 0. 7, 1 4 0. 8, 1 4 0. 1,
1 3 7. 4, 1 3 7. 1, 1 3 4. 8, 1 3 2. 9, 1 2 9. 8, 1 2 9. 7, 1 2 9. 3, 1 2 8. 8, 1 2 8. 7, 1 2 8. 3,
1 2 6. 5, 1 2 1. 0, 1 1 6. 9 ( d, JC F = 4. 8  Hz ), 5 5. 4, 4 5. 0 ( d, JC F = 1. 7  Hz ),
3 8. 4, 3 5. 8, 3 1. 8, 2 1. 2.  m p 8 4 8 6 ° C. L C  M S ( E SI, m / z ): [ M +  H] +

c al c d f or  C 3 3 H 3 2 F N 3 O 4 S, 5 8 6. 2 2; f o u n d, 5 8 6. 4. P urit y: 9 6 %. [ α ] D
2 2 1 2 °

( c 0. 5,  M e O H ).
N (( S) 1 ((( S, E) 1 Fl u or o 5 p h e n yl 1 ( p h e n yls ulf o n yl) p e nt 1 e n

3 yl) a mi n o) 1 o x o 3 ( p t ol yl) pr o p a n 2 yl) 2, 3 di h y dr o b e n z o[ b]
[ 1, 4] di o xi n e 6 c ar b o x a mi d e (4 e ). S y nt h esiz e d b y f oll o wi n g pr o c e d ur e
D  wit h 0. 0 6 5 g of c o m p o u n d 3 3 , 0. 0 2 3 g 1, 4- b e nz o di o x a n e- 6- c ar b o x yli c
a ci d, 0. 0 4 1 g  T B T U, a n d 0. 0 6 6  m L  DI E A.  C ol u m n c hr o m at o gr a p h y:
p etr ol e u m et h er / Et O A c 2: 1 t o 1: 1. Yi el d: 0. 0 5 7 g ( 7 0 % ), c ol orl ess

J o ur n al of  M e di ci n al  C h e mi str y p u b s. a c s. or g/j m c Arti cl e
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s oli d. 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 8. 0 0 7. 9 0 ( m, 2 H ), 7. 7 5 7. 6 5
( m, 1 H ), 7. 6 4 7. 5 3 ( m, 2 H ), 7. 2 6 (s, 1 H ), 7. 2 3 7. 0 3 ( m, 8 H ), 6. 9 3
( d d, J = 7. 8, 1. 5  Hz, 2 H ), 6. 8 5 ( d, J = 8. 4  Hz, 1 H ), 6. 7 9 ( d, J = 7. 7  Hz,
1 H ), 6. 7 0 ( d, J = 7. 9  Hz, 1 H ), 6. 0 2 ( d d, JH F = 3 2. 0  Hz, JH  H = 8. 7  Hz,
1 H ), 4. 8 3 ( q, J = 7. 5  Hz, 1 H ), 4. 6 8 ( q ui nt, J = 7. 7  Hz, 1 H ), 4. 3 4 4. 2 1
( m, 4 H ), 3. 1 3 ( d d, J = 1 3. 6, 6. 3  Hz, 1 H ), 3. 0 2 ( d d, J = 1 3. 6, 7. 8  Hz, 1 H ),
2. 5 4 2. 3 8 ( m, 2 H ), 2. 3 1 (s, 3 H ), 1. 8 7 1. 6 9 ( m, 2 H ). 1 3 C  N M R ( 7 5
M Hz,  C D Cl 3 ): δ 1 7 0. 8, 1 6 6. 8, 1 5 4. 8 ( d, JC F = 3 0 0  Hz ), 1 4 7. 0, 1 4 3. 6,
1 4 0. 3, 1 3 7. 3, 1 3 7. 0, 1 3 4. 7, 1 3 3. 3, 1 2 9. 7, 1 2 9. 6, 1 2 9. 3, 1 2 8. 8, 1 2 8. 6,
1 2 8. 4, 1 2 6. 9, 1 2 6. 3, 1 2 0. 6, 1 1 7. 6 2 ( d, JC F = 5. 1  Hz ), 1 1 7. 5, 1 1 6. 8, 6 4. 7,
6 4. 3, 5 5. 1, 4 4. 9 ( d, JC F = 1. 7  Hz ), 3 8. 3, 3 5. 7, 3 1. 8, 2 1. 2.  m p 9 5 9 7 ° C.
L C  M S ( E SI, m / z ): [ M +  H] + c al c d f or  C 3 6 H 3 5 F N 2 O 6 S, 6 4 3. 2 3;
f o u n d, 6 4 3. 3. P urit y: 9 6 %. [α ] D

2 2 1 3 ° ( c 1,  C H Cl 3 ).
3, 5  Di fl u o r o  N ( ( S )  1 ( ( ( S, E )  1 fl u o r o  5  p h e n yl  1

( p h e n yls ulf o n yl) p e nt 1 e n 3 yl) a mi n o) 1 o x o 3 ( p t ol yl) pr o p a n 2
yl) b e n z a mi d e ( 4f ). S y nt h esiz e d b y f oll o wi n g pr o c e d ur e  D  wit h 0. 0 6 5 g
of c o m p o u n d 3 3 , 0. 0 2 0 g 3, 5- difl u or o b e nz oi c a ci d, 0. 0 4 1 g  T B T U, a n d
0. 0 6 6  m L  DI E A.  C ol u m n c hr o m at o gr a p h y: p etr ol e u m et h er / Et O A c
3: 1. Yi el d: 0. 0 5 9 g ( 7 3 % ), c ol orl ess s oli d. 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ):
δ 8. 0 0 7. 9 1 ( m, 2 H ), 7. 7 4 7. 6 3 ( m, 1 H ), 7. 6 2 7. 5 3 ( m, 2 H ), 7. 3 1 ( d,
J = 7. 6  Hz, 1 H ), 7. 2 5 7. 0 9 ( m, 7 H ), 7. 0 5 ( d, J = 8. 0  Hz, 2 H ), 6. 9 7
6. 8 2 ( m, 3 H ), 6. 3 9 ( d, J = 7. 7  Hz, 1 H ), 5. 9 8 ( d d, JH F = 3 1. 9  Hz, JH  H =
8. 8  Hz, 1 H ), 4. 8 3 4. 6 0 ( m, 2 H ), 3. 1 1 ( d d, J = 1 3. 5, 6. 3  Hz, 1 H ), 2. 9 9
( d d, J = 1 3. 5, 8. 2  Hz, 1 H ), 2. 5 2 2. 4 0 ( m, 2 H ), 2. 3 1 (s, 3 H ), 1. 9 0 1. 7 4
( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 0. 7, 1 6 4. 9 5 (t, JC F = 2. 9
Hz ), 1 6 3. 0 2 ( d d, JC F = 2 5 1, 1 2  Hz ), 1 5 5. 1 2 ( d, JC F = 3 0 1  Hz ), 1 4 0. 2,
1 3 7. 3, 1 3 7. 2, 1 3 6. 9 (t, JC F = 8. 3  Hz ), 1 3 4. 8, 1 3 3. 0, 1 2 9. 8, 1 2 9. 7, 1 2 9. 3,
1 2 8. 8, 1 2 8. 7, 1 2 8. 3, 1 2 6. 5, 1 1 7. 0 5 ( d, JC F = 4. 8  Hz ), 1 1 0. 5 0 ( d d, JC F =
2 7, 9. 4  Hz ), 1 0 7. 3 7 (t, JC F = 2 5  Hz ), 5 5. 6, 4 5. 1 ( d, JC F = 1. 6  Hz ), 3 8. 3,
3 5. 7 ( d, JC F = 1. 5  Hz ), 3 1. 8, 2 1. 2.  m p 1 7 4 1 7 6 ° C. L C  M S ( E SI, m /
z ): [ M +  H] + c al c d f or  C 3 4 H 3 1 F 3 N 2 O 4 S, 6 2 1. 2 1; f o u n d, 6 2 1. 3. P urit y:
9 5 %. [ α ] D

2 2 9 ° ( c 0. 5,  M e O H ).
N (( S) 1 ((( S, E) 1 Fl u or o 5 p h e n yl 1 ( p h e n yls ulf o n yl) p e nt 1 e n

3 yl) a mi n o) 1 o x o 3 ( m t ol yl) pr o p a n 2 yl)is o ni c oti n a mi d e ( 4 g ).
S y nt h esiz e d b y f oll o wi n g pr o c e d ur e  D  wit h 0. 1 0 g of c o m p o u n d 3 0 ,
0. 0 2 4 g is o ni c oti ni c a ci d, 0. 0 6 3 g  T B T U, a n d 0. 1 0  m L  DI E A.  C ol u m n
c hr o m at o gr a p h y: p ur e Et O A c. Yi el d: 0. 0 7 1 g ( 6 3 % ), c ol orl ess s oli d. 1 H
N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 8. 6 9 ( d, J = 5. 2  Hz, 2 H ), 7. 9 4 ( d, J = 7. 5
Hz, 2 H ), 7. 7 4 7. 6 5 ( m, 1 H ), 7. 6 3 7. 4 8 ( m, 4 H ), 7. 3 4 7. 1 1 ( m, 6 H ),
7. 1 1 6. 8 8 ( m, 5 H ), 6. 3 1 ( d, J = 7. 8  Hz, 1 H ), 6. 0 1 ( d d, JH F = 3 1. 9  Hz,
JH  H = 8. 8  Hz, 1 H ), 4. 8 4 4. 5 9 ( m, 2 H ), 3. 1 6 ( d d, J = 1 3. 5, 6. 2  Hz, 1 H ),
3. 0 0 ( d d, J = 1 3. 5, 8. 4  Hz, 1 H ), 2. 4 5 (t, J = 7. 5  Hz, 2 H ), 2. 2 9 (s, 3 H ),
1. 8 9 1. 7 3 ( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 0. 3, 1 6 5. 4,
1 5 5. 1 0 ( d, JC F = 3 0 1  Hz ), 1 5 0. 6, 1 4 0. 9, 1 4 0. 1, 1 3 8. 8, 1 3 7. 0, 1 3 6. 0,
1 3 4. 7, 1 3 0. 1, 1 2 9. 7, 1 2 9. 0, 1 2 8. 8, 1 2 8. 7, 1 2 8. 4, 1 2 8. 3, 1 2 6. 5, 1 2 6. 4,
1 2 1. 1, 1 1 6. 9 ( d, JC F = 5. 2  Hz ), 5 5. 4, 4 5. 1 ( d, JC F = 1. 9  Hz ), 3 8. 7, 3 5. 8
( d, JC F = 1. 4  Hz ), 3 1. 8, 2 1. 5.  m p 1 8 2 1 8 4 ° C. L C  M S ( E SI, m / z ):
[ M +  H] + c al c d f or  C 3 3 H 3 2 F N 3 O 4 S, 5 8 6. 2 2; f o u n d, 5 8 6. 4. P urit y: 9 5 %.
[α ] D

2 2 3 ° ( c 0. 5,  C H Cl 3 ).
N (( S) 1 ((( S, E) 1 Fl u or o 5 p h e n yl 1 ( p h e n yls ulf o n yl) p e nt 1 e n

3 yl) a mi n o) 1 o x o 3 ( m t ol yl) pr o p a n 2 yl) 2, 3 di h y dr o b e n z o[ b]
[ 1, 4] di o xi n e 6 c ar b o x a mi d e (4 h ). S y nt h esiz e d b y f oll o wi n g pr o c e d ur e
D  wit h 0. 1 0 g of c o m p o u n d 3 0 , 0. 0 3 5 g 1, 4- b e nz o di o x a n e- 6- c ar b o x yli c
a ci d, 0. 0 6 3 g  T B T U, a n d 0. 1 0  m L  DI E A.  C ol u m n c hr o m at o gr a p h y:
p etr ol e u m et h er / Et O A c 1: 1. Yi el d: 0. 1 0 g ( 8 4 % ), c ol orl ess s oli d. 1 H
N M R ( 3 0 0  M Hz,  D M S O- d 6 ): δ 8. 4 4 ( d, J = 8. 1  Hz, 1 H ), 8. 3 8 ( d, J = 7. 8
Hz, 1 H ), 7. 9 4 ( dt, J = 7. 3, 1. 5 Hz, 2 H ), 7. 8 9 7. 8 0 ( m, 1 H ), 7. 8 0 7. 6 8
( m, 2 H ), 7. 4 2 7. 3 0 ( m, 2 H ), 7. 2 9 7. 0 2 ( m, 8 H ), 6. 9 8 ( d, J = 6. 9  Hz,
1 H ), 6. 9 0 ( d, J = 8. 3  Hz, 1 H ), 6. 3 1 ( d d, JH F = 3 4. 0  Hz, JH  H = 8. 9  Hz,
1 H ), 4. 6 5 4. 4 6 ( m, 2 H ), 4. 2 7 ( d, J = 5. 4  Hz, 4 H ), 3. 0 8 2. 8 4 ( m, 2 H ),
2. 6 1 2. 5 0 ( m, 2 H ), 2. 2 5 (s, 3 H ), 1. 9 6 1. 7 2 ( m, 2 H ). 1 3 C  N M R ( 7 5
M Hz,  D M S O- d 6 ): δ 1 7 1. 1, 1 6 5. 5, 1 5 2. 9 ( d, JC F = 2 9 5  Hz ), 1 4 6. 1,
1 4 2. 8, 1 4 0. 8, 1 3 8. 1, 1 3 7. 0, 1 3 6. 6, 1 3 5. 2, 1 3 0. 1, 1 2 9. 8, 1 2 8. 3, 1 2 8. 3,
1 2 8. 2, 1 2 7. 9, 1 2 7. 0, 1 2 6. 9, 1 2 6. 2, 1 2 5. 9, 1 2 1. 0, 1 1 9. 3 ( d, JC F = 4. 3  Hz ),
1 1 6. 6, 1 1 6. 5, 6 4. 3, 6 4. 0, 5 5. 0, 4 3. 8 ( d, JC F = 1. 5  Hz ), 3 6. 8, 3 5. 4, 3 1. 0,
2 1. 0.  m p 1 8 6 1 8 8 ° C. L C  M S ( E SI, m / z ): [ M +  H] + c al c d f or
C 3 6 H 3 5 F N 2 O 6 S, 6 4 3. 2 3; f o u n d, 6 4 3. 3. P urit y: > 9 9 %. [ α ] D

2 2 1 1 ° ( c 1,
C H Cl 3 ).

3, 5  Di fl u o r o  N ( ( S )  1 ( ( ( S, E )  1 fl u o r o  5  p h e n yl  1
( p h e n yls ulf o n yl) p e nt 1 e n 3 yl) a mi n o) 1 o x o 3 ( m t ol yl) pr o p a n 2

yl) b e n z a mi d e ( 4i ). S y nt h esiz e d b y f oll o wi n g pr o c e d ur e  D  wit h 0. 1 0 g of
c o m p o u n d 3 0 , 0. 0 3 1 g 3, 5- difl u or o b e nz oi c a ci d, 0. 0 6 3 g  T B T U, a n d
0. 1 0  m L  DI E A.  C ol u m n c hr o m at o gr a p h y: p etr ol e u m et h er / Et O A c 2: 1.
Yi el d: 0. 0 7 5 g ( 6 2 % ), c ol orl ess s oli d. 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ
7. 9 5 ( d, J = 7. 5  Hz, 2 H ), 7. 7 2 7. 6 4 ( m, 1 H ), 7. 5 7 (t, J = 7. 6  Hz, 2 H ),
7. 2 9 7. 2 3 ( m, 1 H ), 7. 2 5 6. 8 1 ( m, 1 3 H ), 6. 3 8 ( d, J = 7. 7  Hz, 1 H ), 6. 0 1
( d d, JH F = 3 1. 8  Hz, JH  H = 8. 8  Hz, 1 H ), 4. 8 1 4. 6 0 ( m, 2 H ), 3. 1 2 ( d d, J
= 1 3. 5, 6. 5  Hz, 1 H ), 2. 9 8 ( d d, J = 1 3. 5, 8. 1  Hz, 1 H ), 2. 4 5 (t, J = 7. 7  Hz,
2 H ), 2. 2 8 (s, 3 H ), 1. 8 8 1. 7 4 ( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,  C D Cl 3 ): δ
1 7 0. 6, 1 6 5. 0 2 (t, JC F = 2. 4  Hz ), 1 6 2. 9 9 ( d d, JC F = 2 5 1, 1 2  Hz ), 1 5 5. 1 4
( d, JC F = 3 0 1  Hz ), 1 4 0. 2, 1 3 8. 8, 1 3 7. 1, 1 3 6. 8 (t, JC F = 8. 4  Hz ), 1 3 6. 2,
1 3 4. 8, 1 3 0. 1, 1 2 9. 7, 1 2 9. 0, 1 2 8. 8, 1 2 8. 7, 1 2 8. 4, 1 2 8. 3, 1 2 6. 5, 1 1 7. 0 ( d,
JC F = 4. 9  Hz ), 1 1 0. 5 ( d d, JC F = 2 6, 8. 7  Hz ), 1 0 7. 4 (t, JC F = 2 5  Hz ),
5 5. 6, 4 5. 2 ( d, JC F = 1. 6  Hz ), 3 8. 5, 3 5. 7, 3 1. 8, 2 1. 4.  m p 1 7 6 1 7 8 ° C.
L C  M S ( E SI, m / z ): [ M +  H] + c al c d f or  C 3 4 H 3 1 F 3 N 2 O 4 S, 6 2 1. 2 1;
f o u n d, 6 2 1. 3. P urit y > 9 9 %. [α ] D

2 2 5 ° ( c 0. 5,  M e O H / C H Cl 3 1: 1 ).
N (( S) 1 ((( S, E) 1 Fl u or o 5 ( m et h ylt hi o) 1 ( p h e n yls ulf o n yl) p e nt

1 e n 3 yl) a mi n o) 1 o x o 3 p h e n yl pr o p a n 2 yl) 4  m et h yl pi p er a zi n e
1 c ar b o x a mi d e ( 4j ). S y nt h esiz e d b y f oll o wi n g pr o c e d ur e E  wit h 0. 1 1 g
of c o m p o u n d 1 6 , 0. 0 8 9 g c o m p o u n d I X, 0. 0 8 8 g  T B T U, 0. 0 4 2 g  H O Bt,
a n d 0. 1 4  m L  DI E A.  C ol u m n c hr o m at o gr a p h y:  D C M / M e O H 1 9: 1.
Yi el d: 0. 1 1 g ( 7 3 % ), c ol orl ess s oli d. ( 3 0 0  M Hz,  C D 2 Cl 2 ): δ 7. 8 5 ( d d, J =
7. 3, 1. 7  Hz, 2 H ), 7. 7 1 7. 5 9 ( m, 1 H ), 7. 5 9 7. 4 7 ( m, 2 H ), 7. 2 5 7. 1 3
( m, 3 H ), 7. 1 2 7. 0 1 ( m, 3 H ), 5. 9 9 ( d d, JH F = 3 2. 4  Hz, JH  H = 8. 8  Hz,
1 H ), 5. 0 6 ( d, J = 7. 7  Hz, 1 H ), 4. 7 6 4. 5 9 ( m, 1 H ), 4. 4 1 ( q, J = 7. 2  Hz,
1 H ), 3. 2 1 ( q, J = 4. 5  Hz, 4 H ), 3. 0 2 2. 7 9 ( m, 2 H ), 2. 3 1 2. 2 5 ( m, 2 H ),
2. 2 2 (t, J = 5. 1  Hz, 4 H ), 2. 1 6 (s, 3 H ), 1. 9 0 (s, 3 H ), 1. 8 2 1. 6 0 ( m, 2 H ).
( 7 5  M Hz,  C D 2 Cl 2 ): δ 1 7 2. 3, 1 5 7. 5, 1 5 5. 0 ( d, JC F = 2 9 8  Hz ), 1 3 7. 6,
1 3 7. 2, 1 3 5. 2, 1 3 0. 1, 1 2 9. 9, 1 2 9. 1, 1 2 7. 4, 1 1 8. 2 ( d, JC F = 4. 9  Hz ), 5 6. 3,
5 5. 1, 5 4. 0, 4 6. 4, 4 4. 7 ( d, JC F = 1. 8  Hz ), 4 4. 3, 3 9. 0, 3 3. 8, 3 0. 4, 1 5. 7.  m p
1 1 0 1 1 2 ° C.  H R- M S ( E SI, m / z ): [ M  +  N a ] + c al c d f or
C 2 7 H 3 5 F N 4 O 4 S 2 , 5 8 5. 1 9 8 1; f o u n d, 5 8 5. 1 9 7 3. [α ] D

2 2 1 2 ° ( c 1,  C H Cl 3 ).
N (( S) 1 ((( S, E) 1 Fl u or o 5 ( m et h ylt hi o) 1 ( p h e n yls ulf o n yl) p e nt

1 e n 3 yl) a mi n o) 1 o x o 3 p h e n yl pr o p a n 2 yl)is o ni c oti n a mi d e ( 4 k ).
S y nt h esiz e d b y f oll o wi n g pr o c e d ur e E  wit h 0. 1 1 g of c o m p o u n d 1 6 ,
0. 0 7 4 g c o m p o u n d X , 0. 0 8 8 g  T B T U, 0. 0 4 2 g  H O Bt, a n d 0. 1 4  m L
DI E A.  C ol u m n c hr o m at o gr a p h y:  D C M / M e O H 9 5: 5. Yi el d: 0. 0 9 8 g
( 6 6 % ), c ol orl ess s oli d. ( 3 0 0  M Hz,  C D 2 Cl 2 ): δ 8. 7 0 ( d, J = 4. 5  Hz, 2 H ),
7. 9 4 ( d, J = 7. 5  Hz, 2 H ), 7. 7 6 7. 5 3 ( m, 5 H ), 7. 4 4 7. 1 5 ( m, 9 H ), 7. 0 7
( d, J = 7. 3  Hz, 1 H ), 6. 2 6 ( d, J = 7. 8  Hz, 1 H ), 6. 0 4 ( d d, JH F = 3 2. 2  Hz,
JH  H = 8. 8  Hz, 1 H ), 4. 9 2 4. 5 5 ( m, 2 H ), 3. 2 3 3. 0 0 ( m, 2 H ), 2. 4 4
2. 2 4 ( m, 2 H ), 2. 0 5 1. 9 1 ( m, 3 H ), 1. 8 8 1. 7 4 ( m, 2 H ). ( 7 5  M Hz,
C D 2 Cl 2 ): δ 1 7 0. 0, 1 6 5. 2, 1 5 1. 4, 1 5 0. 6, 1 4 0. 7, 1 3 9. 4, 1 3 7. 0, 1 3 6. 2,
1 3 4. 8, 1 2 9. 6, 1 2 9. 3, 1 2 8. 9, 1 2 8. 6, 1 2 7. 3, 1 2 0. 8, 5 5. 1, 4 5. 3, 3 8. 3, 2 9. 8,
1 5. 2.  m p 6 4 6 6 ° C.  H R- M S ( E SI, m / z ): [ M +  N a] + c al c d f or
C 2 7 H 2 8 F N 3 O 4 S 2 , 5 6 4. 1 4 0 3; f o u n d, 5 6 4. 1 4 1 1. [α ] D

2 2 2 1 ° ( c 1,  C H Cl 3 ).
N (( S) 1 ((( R, E) 1 ( B e n z ylt hi o) 4 fl u or o 4 ( p h e n yls ulf o n yl) b ut 3

e n 2 yl) a mi n o) 1 o x o 3 p h e n yl pr o p a n 2 yl) 4  m et h yl pi p er a zi n e 1
c ar b o x a mi d e ( 4l ). S y nt h esiz e d b y f oll o wi n g pr o c e d ur e E  wit h 0. 1 1 g of
c o m p o u n d 1 7 , 0. 0 7 7 g c o m p o u n d I X, 0. 0 7 6 g  T B T U, 0. 0 3 6 g  H O Bt,
a n d 0. 1 3  m L  DI E A.  C ol u m n c hr o m at o gr a p h y:  D C M / M e O H 9: 1.
Yi el d: 0. 0 9 3 g ( 6 3 % ). ( 3 0 0  M Hz,  C D Cl 3 ): δ 8. 0 2 7. 9 1 ( m, 2 H ), 7. 7 9
7. 6 7 ( m, 1 H ), 7. 6 7 7. 5 4 ( m, 2 H ), 7. 4 3 7. 0 9 ( m, 1 0 H ), 6. 8 1 ( d d, J =
4 7. 2, 7. 8  Hz, 1 H ), 6. 1 6 ( d d, J = 4 3. 5, 3 1. 8, 8. 6  Hz, 1 H ), 5. 1 5 ( d d, J =
1 4. 7, 7. 4  Hz, 1 H ), 4. 9 3 4. 7 5 ( m, 1 H ), 4. 5 2 ( m, 1 H ), 3. 6 4 (s, 2 H ),
3. 5 4 3. 3 0 ( m, 4 H ), 3. 1 8 2. 9 9 ( m, 2 H ), 2. 6 7 2. 4 7 ( m, 2 H ), 2. 5 0
2. 3 8 ( m, 4 H ), 2. 3 6 (s, 3 H ). ( 7 5  M Hz,  C D Cl 3 ): δ 1 7 1. 7, 1 5 6. 9, 1 3 7. 4,
1 3 7. 4, 1 3 7. 0, 1 3 6. 9 3, 1 3 6. 9 0, 1 3 6. 8 7, 1 3 4. 8, 1 2 9. 7, 1 2 9. 5, 1 2 9. 4, 1 2 9. 0,
1 2 8. 9, 1 2 8. 8 5, 1 2 8. 7 6, 1 2 7. 5, 1 2 7. 3, 1 2 7. 2, 1 1 6. 6, 1 1 6. 5 7, 1 1 6. 5, 7 7. 2,
5 5. 9, 5 5 8 8, 5 4. 4, 5 4. 4, 4 5. 9, 4 5. 8, 4 4. 5, 4 4. 3, 4 3. 5 5, 3 8. 8, 3 8. 6, 3 6. 5, 3 5. 1,
3 5. 0.  m p 8 4 8 6 ° C.  H R- M S ( E SI, m / z ): [ M +  N a] + c al c d f or
C 3 2 H 3 7 F N 4 O 4 S 2 , 6 4 7. 2 1 3 8; f o u n d, 6 4 7. 2 1 5 2. [α ] D

2 2 1 3 ° ( c 1,  C H Cl 3 ).
S y nt h esis of t h e  M et a b olit es. t ert B ut yl 4 ((( S) 1 ((( S, E) 1 Fl u or o

5 p h e n yl 1 ( p h e n yls ulf o n yl) p e nt 1 e n 3 yl) a mi n o) 1 o x o 3 p h e n yl
pr o p a n 2 yl) c ar b a m o yl) pi p er a zi n e 1 c ar b o x yl at e ( 3 6 ). C o m p o u n d
XIII ( 0. 3 1 g )  w as diss ol v e d i n  D C M a n d c o ol e d t o 0 ° C. 0. 1 1 g  H O Bt,
0. 2 6 g  T B T U, a n d 0. 4 2  m L  DI E A  w er e a d d e d a n d t h e  mi xt ur e  w as
stirr e d f or 3 0  mi n. 0. 2 4 g of c o m p o u n d 1 3 w as a d d e d a n d t h e  mi xt ur e
w as stirr e d f or a n a d diti o n al 2 4 h at rt.  T h e r e a cti o n  w as st o p p e d  wit h 7
e q ui v of  w at er a n d t h e  mi xt ur e  w as  w as h e d  wit h a s at ur at e d s ol uti o n of

J o ur n al of  M e di ci n al  C h e mi str y p u b s. a c s. or g/j m c Arti cl e

htt p s:// d oi. or g/ 1 0. 1 0 2 1/ a c s.j m e d c h e m. 1 c 0 1 0 0 2
J.  M e d. C h e m. 2 0 2 1, 6 4, 1 2 3 2 2 1 2 3 5 8

1 2 3 5 0
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N a H C O 3 a n d bri n e, dri e d  wit h  N a 2 S O 4 , a n d t h e s ol v e nt  w as r e m o v e d
u n d er r e d u c e d pr ess ur e.  T h e cr u d e pr o d u ct  w as p uri fi e d b y c ol u m n
c hr o m at o gr a p h y ( c y cl o h e x a n e / Et O A c 1: 1 ), r es ulti n g i n a c ol orl ess oil
( 0. 2 1 g, 4 5 % ). 1 H  N M R ( 3 0 0  M Hz,  C D Cl 3 ): δ 7. 9 7 7. 8 8 ( m, 2 H ),
7. 7 4 7. 6 5 ( m, 1 H ), 7. 6 3 7. 5 3 ( m, 2 H, H - 2 7 ), 7. 3 5 7. 1 1 ( m, 8 H ),
7. 0 2 ( d d d, J = 7. 8, 3. 2, 1. 5  Hz, 2 H ), 6. 5 4 ( d, J = 4 1. 8  Hz, 1 H ), 5. 9 9 ( d d, J
= 3 2. 0, 8. 7  Hz, 1 H ), 5. 1 1 ( d, J = 2 7. 5  Hz, 1 H ), 4. 7 1 4. 5 6 ( m, 1 H ), 4. 4 7
( d, JC F = 1 0. 3  Hz ), 3. 4 5 3. 1 7 ( m, 8 H ), 3. 1 4 2. 9 1 ( m, 2 H ), 2. 5 6
2. 3 6 ( m, 2 H ), 1. 9 5 1. 6 2 ( m, 2 H ), 1. 4 6 (s, 9 H ). 1 3 C  N M R ( 7 5  M Hz,
C D Cl 3 ): δ 1 7 1. 6, 1 5 7. 0, 1 5 4. 7, 1 4 0. 4, 1 3 7. 1 ( d, J = 7. 3  Hz ), 1 3 6. 8,
1 3 4. 8, 1 2 9. 7, 1 2 9. 4, 1 2 8. 9, 1 2 8. 8, 1 2 8. 7, 1 2 8. 4, 1 2 7. 3 ( d, J = 5. 1  Hz ),
1 2 6. 4, 1 1 7. 4, 8 0. 4, 5 6. 1, 4 5. 1, 4 3. 7, 3 8. 5, 3 5. 8, 3 1. 8, 2 8. 5.

( S) 4 (( 1 Et h o x y 1 o x o 3 p h e nyl pr o p a n 2 yl) c ar b a m o yl) 1
m et h yl pi p er a zi n e 1 o xi d e ( 2 8 ). C o m p o u n d I X ( 1. 3 g )  w as diss ol v e d i n
D C M a n d c o ol e d t o 0 ° C. 0. 7 g of 3- c hl or o p er b e nz oi c a ci d  w as a d d e d
a n d t h e  mi xt ur e  w as stirr e d f or 1 6 h.  Tri p h e n yl p h os p hi n e  w as a d d e d t o
st o p t h e r e a cti o n.  T h e s ol v e nt  w as r e m o v e d u n d er r e d u c e d pr ess ur e,
gi vi n g t h e cr u d e pr o d u ct as a c ol orl ess oil ( 0. 8 2 g, 6 3 % ). 1 H  N M R ( 3 0 0
M Hz,  m et h a n ol- d 4 ): δ 7. 3 5 7. 1 1 ( m, 5 H ), 4. 8 7 (t, J = 2. 0  Hz, 4 H ), 4. 4 9
(t d, J = 5. 9, 2. 9  Hz, 1 H ), 4. 2 2 4. 0 3 ( m, 2 H ), 3. 4 7 3. 4 0 ( m, 1 H ),
3. 2 3 2. 8 7 ( m, 4 H ), 2. 3 9 ( d, J = 2. 9  Hz, 3 H ), 2. 0 4 1. 8 9 ( m, 2 H ),
1. 2 6 1. 1 0 ( m, 3 H ). 1 3 C  N M R ( 7 5  M Hz,  m et h a n ol- d 4 ): δ 1 7 4. 4, 1 5 9. 3,
1 3 8. 8, 1 3 0. 2, 1 2 9. 4, 1 2 7. 8, 6 2. 2, 5 7. 0, 5 5. 2, 4 5. 6, 4 4. 1, 3 8. 5, 1 4. 4.

( S) 4 (( 1 C ar b o x y 2 p h e n yl et h yl) c ar b a m o yl) 1  m et h yl pi p er a zi n e
1 o xi d e ( 3 8 ). C o m p o u n d 3 7 ( 0. 6 5 g )  w as diss ol v e d i n  T H F a n d c o ol e d
t o 0 ° C, a n d 0. 3 3 g of Li O H i n  w at er  w as a d d e d dr o p wis e.  T h e  mi xt ur e
w as stirr e d f or 3 h at r o o m t e m p er at ur e.  T h e pr o d u ct  w as is ol at e d fr o m
t h e a q u e o us p h as e gi vi n g a c ol orl ess s oli d ( 0. 3 1 g, 5 3 % ). 1 H  N M R ( 3 0 0
M Hz,  D M S O- d 6 ): δ 1 1. 4 9 (s, 1 H ), 7. 3 9 6. 8 2 ( m, 5 H ), 4. 1 5 3. 9 6 ( m,
1 H ), 3. 9 6 3. 6 7 ( m, 1 H ), 3. 1 6 2. 6 8 ( m, 8 H ), 2. 5 0 (s, 2 H ), 2. 3 3 (s,
3 H ). 1 3 C  N M R ( 7 5  M Hz,  D M S O- d 6 ): δ 1 7 3. 9, 1 5 7. 1, 1 3 8. 6, 1 2 9. 3,
1 2 8. 2, 1 2 6. 4, 5 5. 8, 5 1. 9, 4 2. 0, 4 0. 8, 3 6. 4.

Et h yl Is o ni c ot at e ( 3 9 ). Is o ni c oti ni c a ci d ( 2. 4 6 g )  w as diss ol v e d i n 4 0
m L et h a n ol a n d 1  m L of c o n c e ntr at e d  H 2 S O 4 w as a d d e d dr o p wis e.  T h e
mi xt ur e  w as r e fl u x e d f or 2 4 h a n d t h e s ol v e nt  w as r e m o v e d u n d er
r e d u c e d pr ess ur e.  T h e r esi d u e  w as e xtr a ct e d  wit h  D C M a n d t h e
c o m bi n e d e xtr a cts  w er e  w as h e d  wit h a s at ur at e d s ol uti o n of  N a H C O 3 ,
r es ulti n g i n a c ol orl ess oil ( 2. 2 g, 7 3 % ). 1 H  N M R ( 3 0 0  M Hz,  D M S O-
d 6 ): δ 8. 8 3 8. 7 3 ( m, 2 H ), 7. 8 8 7. 7 3 ( m, 2 H ), 4. 3 4 ( q, J = 7. 1  Hz, 2 H ),
1. 3 2 (t, J = 7. 1  Hz, 3 H ). 1 3 C  N M R ( 7 5  M Hz,  D M S O- d 6 ): δ 1 6 4. 8,
1 5 0. 8, 1 3 7. 2, 1 2 2. 6, 6 1. 7, 1 4. 1.

4 ( Et h o x y c ar b o n yl) p yri di n e 1  O xi d e ( 4 0 ). C o m p o u n d 3 9 ( 1. 5 1 g )
w as diss ol v e d i n  D C M a n d c o ol e d t o 0 ° C. 1. 7 3 g of 3- c hl or o p er b e nz oi c
a ci d  w as a d d e d a n d t h e  mi xt ur e  w as stirr e d f or 1 6 h.  Tri p h e n yl p h os-
p hi n e  w as a d d e d t o st o p t h e r e a cti o n.  T h e s ol v e nt  w as r e m o v e d u n d er
r e d u c e d pr ess ur e, gi vi n g t h e cr u d e pr o d u ct t h at  w as f urt h er p urifi e d b y
c ol u m n c hr o m at o gr a p h y ( c y cl o h e x a n e / Et O A c 1: 6 ), r es ulti n g i n a
c ol orl ess oil ( 0. 2 4 g, 2 9 % ). 1 H  N M R ( 3 0 0  M Hz,  D M S O- d 6 ): δ 8. 4 3
8. 1 9 ( m, 2 H ), 7. 9 7 7. 7 7 ( m, 2 H ), 4. 3 1 ( q, J = 7. 1  Hz, 2 H ), 1. 3 1 (t, J =
7. 1  Hz, 3 H ). 1 3 C  N M R ( 7 5  M Hz,  D M S O- d 6 ): δ 1 6 3. 7, 1 3 9. 9, 1 2 6. 8 5,
1 2 5. 7, 6 1. 9, 1 4. 5.

4 C ar b o x y p yri di n e 1  O xi d e ( 4 1 ). C o m p o u n d 4 0 ( 0. 2 0 g )  w as
diss ol v e d i n  T H F a n d c o ol e d t o 0 ° C. 0. 2 0 g of Li O H  w as diss ol v e d i n
w at er a n d a d d e d dr o p wis e t o t h e  mi xt ur e, t h e n stirr e d f or 3 h at rt.  T h e
pr o d u ct  w as is ol at e d fr o m t h e a q u e o us p h as e gi vi n g a c ol orl ess s oli d
( 0. 1 7 g, 1 0 0 % ). 1 H  N M R ( 3 0 0  M Hz,  D M S O- d 6 ): δ 8. 3 1 ( d, J = 6. 2  Hz,
2 H ), 7. 8 2 ( d, J = 6. 2  Hz, 2 H ). 1 3 C  N M R ( 7 5  M Hz,  D M S O- d 6 ): δ
1 6 5. 0 0, 1 3 9. 8, 1 2 7. 5, 1 2 7. 1.

4 ((( S) 1 ((( S, E) 1 Fl u or o 5 p h e n yl 1 ( p h e n yls ulf o n yl) p e nt 1 e n
3 yl) a mi n o) 1 o x o 3 p h e n yl pr o p a n 2 yl) c ar b a m o yl) pi p er a zi n 1
i u m C hl ori d e (1 a ). A 4  M s ol uti o n of  H Cl i n di o x a n e ( 3  m L )  w as a d d e d
t o 0. 2 0 8 g of c o m p o u n d 3 6 .  T h e  mi xt ur e  w as stirr e d f or 1 2 h a n d t h e
s ol v e nt  w as r e m o v e d u n d er r e d u c e d pr ess ur e.  T h e r esi d u e  w as  w as h e d
t hr e e ti m es  wit h di et h yl et h er i n a n ultr as o ni c b at h a n d t h e n l y o p hiliz e d,
r es ulti n g i n a c ol orl ess s oli d ( 0. 1 7 7 g, 9 3 % ). 1 H  N M R ( 3 0 0  M Hz,
D M S O- d 6 ): δ 8. 5 3 (s, 2 H ), 8. 1 0 7. 9 7 ( m, 2 H ), 7. 9 8 7. 6 6 ( m, 3 H ),
7. 4 0 6. 8 9 ( m, 1 1 H ), 6. 5 1 ( d d, J = 3 2. 7, 9. 8  Hz, 1 H ), 4. 5 8 4. 4 0 ( m,
1 H ), 4. 3 3 3. 9 3 ( m, 1 H ), 3. 6 1 3. 4 4 ( m, 8 H ), 3. 0 9 2. 8 3 ( m, 4 H ),
2. 3 4 1. 7 8 ( m, 2 H ). 1 3 C  N M R ( 7 5  M Hz,  D M S O- d 6 ): δ 1 6 3. 2, 1 5 7. 2,
1 3 9. 3, 1 3 6. 6, 1 3 5. 8, 1 3 2. 6, 1 3 0. 2, 1 2 9. 1, 1 2 8. 1, 1 2 6. 1, 1 1 9. 7, 1 1 7. 8,

1 1 5. 1, 5 7. 2, 5 2. 4, 4 6. 0, 4 2. 4, 4 2. 4, 3 6. 5, 3 5. 2, 3 5. 0, 3 3. 3.  m p 9 3 9 4 ° C.
L C  M S ( E SI, m / z ): [ M +  H] + c al c d f or  C 3 1 H 3 5 F N 4 O 4 S, 5 7 9. 2 4;
f o u n d, 5 7 9. 3. P urit y: 9 8 %. [α ] D

2 2 1 0 ° ( c 0. 5,  M e O H ).
4 ((( S) 1 ((( S, E) 1 Fl u or o 5 p h e n yl 1 ( p h e n yls ulf o n yl) p e nt 1 e n

3 yl) a mi n o) 1 o x o 3 p h e n yl pr o p a n 2 yl) c ar b a m o yl) 1  m et h yl pi
p er a zi n e 1 o xi d e ( 1 b ). C o m p o u n d 3 8 ( 0. 2 0 g )  w as diss ol v e d i n a 1: 1
mi xt ur e of  D C M / D M F a n d c o ol e d t o 0 ° C. 0. 0 5 g  H O Bt, 0. 1 1 g  T B T U,
a n d 0. 2 0  m L  DI E A  w er e a d d e d, a n d t h e  mi xt ur e  w as stirr e d f or 3 0  mi n
u ntil all c o m p o n e nts diss ol v e d. 0. 1 0 g of c o m p o u n d 1 3 w er e a d d e d, a n d
t h e  mi xt ur e  w as stirr e d f or a n a d diti o n al 4 8 h at r o o m t e m p er at ur e.  T h e
r e a cti o n  w as st o p p e d b y a d di n g 7 e q ui v of  w at er a n d t h e r esi d u e  w as
e xtr a ct e d  wit h Et O A c a n d  w as h e d  wit h  w at er ( 2 × ),  N a H C O 3 ( 2 × ), 1
M  H Cl ( 2 × ), a n d bri n e ( 1 × ).  T h e s ol v e nt  w as r e m o v e d u n d er r e d u c e d
pr ess ur e a n d t h e cr u d e pr o d u ct  w as p uri fi e d b y pr e p ar ati v e  H P L C a n d
el ut e d  wit h 7 0 %  w at er a n d 3 0 %  A C N, r es ulti n g i n a c ol orl ess oil ( 0. 0 4 g,
2 3 % ). 1 H  N M R ( 3 0 0  M Hz,  D M S O- d 6 ): δ 1 0. 1 3 (s, 1 H ), 8. 4 3 7. 4 5 ( m,
1 0 H ), 7. 3 3 7. 0 3 ( m, 5 H ), 6. 3 3 6. 2 6 ( m, 1 H ), 5. 8 1 ( d d, J = 2 2. 1, 1 0. 2
Hz, 1 H ), 5. 5 0 5. 2 8 ( m, 1 H ), 4. 4 8 ( q, J = 8. 0  Hz, 1 H ), 4. 3 6 4. 2 0 ( m,
2 H ), 3. 7 1 3. 1 2 ( m, 8 H ), 2. 5 0 ( q ui nt, J = 1. 9  Hz, 3 H ), 2. 0 6 ( d, J = 4 3. 8
Hz, 2 H ), 2. 0 4 1. 6 4 ( m, 2 H ). 1 3 C  N M R ( 3 0 0  M Hz,  D M S O- d 6 ): δ
1 7 2. 0, 1 5 7. 3, 1 4 2. 4, 1 3 9. 6, 1 3 6. 9, 1 3 4. 0, 1 2 9. 8, 1 2 9. 0, 1 2 8. 9, 1 2 8. 6,
1 2 8. 2, 1 2 7. 7, 1 2 6. 0, 1 0 5. 6, 6 0. 2, 5 7. 2, 5 0. 4, 4 2. 5, 3 6. 9, 3 0. 4. L C  M S
( E SI, m / z ): [ M +  H] + c al c d f or  C 3 2 H 3 7 F N 4 O 5 S, 6 0 9. 2 5; f o u n d, 6 0 9. 4.
P urit y: 9 9 %. [ α ] D

2 2 4 ° ( c 0. 5,  M e O H ).
4 ((( S) 1  O x o 1 ((( S, E) 1 ( p h e n o x ys ulf o n yl) 5 p h e n yl p e nt 1 e n 3

yl) a mi n o) 3 ( p t ol yl) pr o p a n 2 yl) c ar b a m o yl) p yri di n e 1  O xi d e ( 2l ).
C o m p o u n d 4 1 ( 0. 0 3 8 g )  w as diss ol v e d i n  D C M a n d c o ol e d t o 0 ° C.
0. 0 3 6 g  H O Bt, 0. 0 8 7 g  T B T U, a n d 0. 1 9  m L  DI E A  w er e a d d e d a n d t h e
mi xt ur e  w as stirr e d f or 3 0  mi n.  T h e n, 0. 1 4 g of c o m p o u n d 3 4- ( H ) w as
a d d e d a n d t h e  mi xt ur e  w as stirr e d f or a n a d diti o n al 2 4 h at r o o m
t e m p er at ur e.  T h e r e a cti o n  w as st o p p e d b y a d di n g 7 e q ui v of  w at er a n d
t h e r esi d u e  w as e xtr a ct e d  wit h  D C M a n d  w as h e d  wit h  w at er ( 2× ),
N a H C O 3 ( 2 × ), 1  M  H Cl ( 2 × ), a n d bri n e ( 1 × ).  T h e s ol v e nt  w as
r e m o v e d u n d er r e d u c e d pr ess ur e a n d t h e pr o d u ct  w as f urt h er p urifi e d
b y c ol u m n c hr o m at o gr a p h y ( Et O A c / M e O H 9: 1 ), r es ulti n g i n a
c ol orl ess s oli d ( 0. 0 2 1 g, 1 3 % ). 1 H  N M R ( 3 0 0  M Hz,  D M S O- d 6 ): δ
9. 1 1 8. 9 0 ( m, 1 H ), 8. 5 1 8. 3 9 ( m, 1 H ), 8. 3 6 8. 2 0 ( m, 2 H ), 7. 9 1
7. 7 8 ( m, 2 H ), 7. 5 2 7. 3 8 ( m, 2 H ), 7. 3 7 7. 2 9 ( m, 2 H ), 7. 2 7 7. 1 8 ( m,
6 H ), 7. 1 5 7. 0 0 ( m, 4 H ), 6. 6 8 ( dt, J = 1 5. 4, 4. 0  Hz, 1 H ), 6. 3 5 ( d d, J =
1 5. 4, 3. 0  Hz, 1 H ), 4. 7 2 ( q, J = 1 0. 1, 9. 0  Hz, 1 H ), 4. 4 1 (s, 1 H ), 3. 1 3
2. 9 2 ( m, 2 H ), 2. 6 6 2. 4 6 ( m, 2 H ), 2. 2 2 (s, 3 H ), 1. 2 7 1. 0 9 ( m, 2 H ).
1 3 C  N M R ( 7 5  M Hz,  D M S O- d 6 ): δ 1 7 1. 4, 1 6 3. 6, 1 4 9. 6, 1 4 1. 4, 1 3 9. 3,
1 3 6. 0, 1 3 5. 0, 1 3 0. 4, 1 2 9. 5, 1 2 9. 3, 1 2 8. 8 ( d, J = 3. 6  Hz ), 1 2 7. 9, 1 2 6. 3,
1 2 5. 5, 1 2 3. 6, 1 2 3. 0, 5 5. 9, 4 9. 4, 3 9. 9 ( m ), 3 4. 5, 3 1. 6, 2 1. 1.  m p 1 1 2 1 1 4
° C. L C  M S ( E SI, m / z ): [ M +  H] + c al c d f or  C 3 3 H 3 3 N 3 O 6 S, 6 0 0. 2 1;
f o u n d, 6 0 0. 3. P urit y: 9 7 %. [α ] D

2 2 6 ° ( c 0. 5,  M e O H ).
E n z y m e  A s s a y s. Fl u or o m etri c Ass a ys. R h o d es ai n  w as e x pr ess e d as

p u blis h e d pr e vi o usl y. 3 4 T h e i n cr e as e of fl u or es c e n c e u p o n cl e a v a g e of
t h e fl u or o g e ni c s u bstr at e  C bz- P h e- Ar g- A M C ( B a c h e m ) b y r h o d es ai n,
C at B, or  C at L  w as  m o nit or e d usi n g a  T E C A N I n fi nit e F 2 0 0 Pr o
fl u ori m et er ( δ e x cit ati o n: 3 6 5 n m, δ e missi o n: 4 6 0 n m ).  T h e e nz y m es
w er e dil ut e d fr o m a st o c k s ol uti o n (r h o d es ai n: 4  m g / m L i n 1 0  m M
s o di u m citr at e b uff er, p H 5. 5;  C at B ( h u m a n li v er,  C al bi o c h e m ): 0. 5 3 2
m g / m L;  C at L ( h u m a n li v er,  C al bi o c h e m ): 0. 2 6 6  m g / m L )  wit h
e nz y m e b u ff er (r h o d es ai n: 5 0  m M s o di u m a c et at e p H 5. 5, 5  m M
E D T A, 2 0 0  m M  N a Cl a n d 2  m M  D T T;  C at B / C at L: 5 0  m M  Tris  H Cl,
5  m M E D T A, 2 0 0  m M  N a Cl, 2  m M  D T T, p H 6. 5 ) a n d  w er e i n c u b at e d
f or 1 h at rt.  Ass a ys  w er e p erf or m e d i n bl a c k, fl at- b ott o m 9 6- w ell
mi cr otit er pl at es ( Gr ei n er bi o- o n e )  wit h a t ot al v ol u m e of 2 0 0 μ L at 3 7
° C. I n hi bit ors a n d t h e s u bstr at e  w er e pr e p ar e d as st o c k s ol uti o ns i n
D M S O.  Dil uti o n s eri es of i n hi bit ors i n  D M S O  wit h a  mi ni m u m of
s e v e n diff er e nt c o n c e ntr ati o ns  w er e pr e p ar e d i n d u pli c at e at l e ast. 1 8 0
μ L ass a y b u ff er (r h o d es ai n: 5 0  m M s o di u m a c et at e p H 5. 5, 5  m M
E D T A, 2 0 0  m M  N a Cl, a n d 0. 0 0 5 % Brij 3 5;  C at B / C at L: 5 0  m M  Tris
H Cl, 5  m M E D T A, 2 0 0  m M  N a Cl, 0. 0 0 5 % Brij 3 5, p H 6. 5 )  w as a d d e d
t o t h e 9 6- w ell pl at es, t h e n 5 μ L of t h e r es p e cti v e e nz y m e i n e nz y m e
b u ff er, f oll o w e d b y 1 0 μ L  D M S O  wit h or  wit h o ut i n hi bit or a n d fi n all y 5
μ L s u bstr at e ( fi n al s u bstr at e c o n c e ntr ati o ns f or r h o d es ai n 1 0 μ M, f or
C at B 1 0 0 μ M, a n d f or  C at L 6. 5 μ M ). Fl u or es c e n c e e missi o n  w as
m o nit or e d dir e ctl y aft er a d diti o n of t h e s u bstr at e.  T h e pr es e nt e d d at a

J o ur n al of  M e di ci n al  C h e mi str y p u b s. a c s. or g/j m c Arti cl e

htt p s:// d oi. or g/ 1 0. 1 0 2 1/ a c s.j m e d c h e m. 1 c 0 1 0 0 2
J.  M e d. C h e m. 2 0 2 1, 6 4, 1 2 3 2 2 1 2 3 5 8

1 2 3 5 1
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ar e  m e a n v al u es of t hr e e i n d e p e n d e nt  m e as ur e m e nts. St a n d ar d
d e vi ati o ns ar e l ess t h a n 1 0 % u nl ess ot h er wis e d e pi ct e d.

S cr e e ni n g of a cti vit y a g ai nst t h e c at al yti c all y a cti v e s u b u nits of t h e
pr ot e as o m e ( c o m m er ci all y o bt ai n e d fr o m E nz o ) a n d  D e n g u e vir us
N S 2 / N S 3 pr ot e as e  w as p erf or m e d  wit h a n i n hi bit or c o n c e ntr ati o n of
1 1 μ M i n  D M S O. 6 8 H u m a n 2 0 S pr ot e as o m e (fr o m h u m a n
er yt hr o c yt es, 0. 5  m g / m L )  w as dil ut e d  wit h e nz y m e b u ff er (f or
tr y psi n-li k e a cti vit y: 5 0  m M  Tris  H Cl, 5 0  m M  N a Cl, 0. 5  m M
E D T A, p H 7. 4; f or α - c h y m otr y psi n- / c as p as e-li k e a cti vit y: 5 0  m M
Tris  H Cl, 2 5  m M  K Cl, 1 0  m M  N a Cl, 1  m M  M g Cl 2 , 0. 0 3 % S D S, p H
7. 5 ).  Tr y psi n-li k e a cti vit y  w as  m e as ur e d  wit h t h e fl u or o g e ni c s u bstr at e
b o c- L e u- Ar g- Ar g- A M C ( B a c h e m ), α - c h y m otr y psi n-li k e a cti vit y  wit h
S u c c- L e u- L e u- V al- T yr- A M C ( B a c h e m ), a n d c as p as e-li k e a cti vit y  wit h
C bz- L e u- L e u- Gl u- A M C ( B a c h e m ).  M e as ur e m e nts  w er e c o n d u ct e d i n
i n bl a c k, fl at- b ott o m 9 6- w ell  mi cr otit er pl at es ( Gr ei n er bi o- o n e ) b y
s u c c essi v e a d diti o n of 1 8 0 μ L e nz y m e b u ff er, 5 μ L pr ot e as o m e i n
e nz y m e b u ff er, 1 0 μ L i n hi bit or ( 1 1 μ M i n  D M S O ) or 1 0 μ L p ur e
D M S O, a n d 5 μ L of t h e r es p e cti v e s u bstr at e ( fi n al s u bstr at e
c o n c e ntr ati o ns f or tr y psi n-li k e a cti vit y 8 5 μ M, α - c h y m otr y psi n-li k e
a cti vit y 7 0 μ M, a n d c as p as e-li k e a cti vit y 8 0 μ M ). Fl u or es c e n c e e missi o n
w as  m o nit or e d dir e ctl y aft er a d diti o n of t h e s u bstr at e.  D e n g u e vir us
N S 2 B / N S 3 pr ot e as e  w as dil ut e d fr o m a st o c k s ol uti o n ( 1  m g / m L )  wit h
e nz y m e b u ff er ( 5 0  m M  Tris  H Cl, 1  m M  C h a ps, 2 0 % gl y c er ol ). 6 8

S cr e e ni n g  w as p erf or m e d  wit h t h e s u bstr at e b o c- Gl y- Ar g- Ar g- A M C
( B a c h e m ) i n bl a c k, fl at- b ott o m 9 6- w ell  mi cr otit er pl at es ( Gr ei n er bi o-
o n e ) b y s u c c essi v e a d diti o n of 1 8 0 μ L e nz y m e b u ff er, 5 μ L  D e n g u e
pr ot e as e i n e nz y m e b u ff er, 1 0 μ L i n hi bit or ( 1 1 μ M i n  D M S O ) or 1 0 μ L
p ur e  D M S O, a n d 5 μ L of t h e s u bstr at e ( fi n al s u bstr at e c o n c e ntr ati o n
1 0 0 μ M ). Fl u or es c e n c e e missi o n  w as  m o nit or e d dir e ctl y aft er a d diti o n
of t h e s u bstr at e.

T h e pr es e nt e d i n hi biti o n d at a f or all e nz y m es ar e  m e a n v al u es of
t hr e e i n d e p e n d e nt  m e as ur e m e nts. St a n d ar d d e vi ati o ns ar e l ess t h a n
1 0 % u nl ess ot h er wis e d e pi ct e d.

C al c ul ati o n s. T h e  Gr a Fit pr o gr a m ( v ersi o n 5. 0. 1 3, 2 0 0 6, Erit h a c us
S of w ar e Lt d .,  U K )  w as us e d f or d at a a n al ysis a n d n o n-li n e ar r e gr essi o n.

F or i n hi bit ors s h o wi n g ti m e-i n d e p e n d e nt i n hi biti o n ( 2 a- ( Z ) , 2 k , 2j ,
3 a 3i , a n d 4 a 4l ), t h e r esi d u al e nz y m e a cti vit y  w as pl ott e d a g ai nst t h e
i n hi bit or c o n c e ntr ati o n. I C5 0 v al u es  w er e o bt ai n e d b y n o n-li n e ar
r e gr essi o n usi n g t h e e q u ati o n

=

+
[ ]( )

v
v

1
Si

0

I

I C5 0

wit h v 0 = e nz y m e a cti vit y i n t h e a bs e n c e of i n hi bit or, v i = e nz y m e a cti vit y
i n t h e pr es e n c e of i n hi bit or, [I] = i n hi bit or c o n c e ntr ati o n, a n d S = sl o p e
f a ct or.

K i v al u es  w er e o bt ai n e d b y c orr e cti n g t h e I C 5 0 v al u es t o z er o
s u bstr at e c o n c e ntr ati o n usi n g t h e  C h e n g Pr us off r el ati o ns hi p3 2

=
+

[ ]
K

I C

1
K

i
5 0

S

M

R h o d es ai n: [ S] = 1 0 μ M, K M = 0. 8 2 6 5 μ M,  C at L: [ S] = 6. 2 5 μ M, K M

= 6. 5 μ M,  C at B: [ S] = 1 0 0 μ M, a n d K M = 1 5 0 μ M.
C al c ul ati o n f or t h e i n hi bit ors  wit h sl o w, ti g ht- bi n di n g pr o p erti es

( 2 a 2i ) is pr es e nt e d i n t h e R es ults a n d  Dis c ussi o n s e cti o n.
Dil uti o n  A s s a y s. R h o d es ai n ( 5 μ L fr o m 4  m g / m L st o c k s ol uti o n )

i n e nz y m e b uff er ( 8 5 μ L )  w as i n c u b at e d f or 3 0  mi n  wit h i n hi bit ors ( 1 0
μ L i n  D M S O ) at c o n c e ntr ati o ns c orr es p o n di n g t o 1 0-f ol d t h e I C 5 0

v al u e o bt ai n e d fr o m fl u or o m etri c e nz y m e ass a y t o e ns ur e c o m pl et e
i n hi biti o n.  T h es e  mi xt ur es ( 2 μ L )  w er e dil ut e d 1 0 0-f ol d i n ass a y b u ff er
( 1 9 8 μ L ) c o nt ai ni n g 5 μ L s u bstr at e ( 4 0 0 μ M ) t o gi v e a fi n al s u bstr at e
c o n c e ntr ati o n of 1 0 μ M.  R e c o v er y of e nz y m e a cti vit y  w as  m e as ur e d
i m m e di at el y usi n g a fl u or es c e n c e r e a d o ut.  R h o d es ai n  wit h  D M S O a n d
n o i n hi bit or a d d e d  w as us e d as a r ef er e n c e  w hil e t h e irr e v ersi bl e
i n hi bit or K 1 1 7 7 7 w as us e d as a n irr e v ersi bl e c o ntr ol.

Di al y si s E x p eri m e nt s. Di al ysis e x p eri m e nts f or r h o d es ai n  w er e
p erf or m e d i n a c ust o m- b uilt di al ysis c h a m b er, all o wi n g t h e p ar all el
e x a mi n ati o n of fi v e s a m pl es. 2 6 A 3. 5 k D a  M W c ut- o ff di al ysis t u bi n g
( C arl  R ot h,  Z ell utr a ns  M W C O 3. 5 k D a )  w as c ut i nt o h alf a n d pl a c e d i n

t h e i nstr u m e nt, s e p ar ati n g a c o nti n u o us fl o w of b u ff er fr o m fi v e c a viti es
at t h e t o p of t h e i nstr u m e nt,  w h er e t h e s a m pl es ( 8 0 0 μ L )  w er e a d d e d.
T h er ef or e, 2 0 μ L r h o d es ai n i n e nz y m e b u ff er  w as a d d e d t o 7 4 0 μ L ass a y
b u ff er a n d 4 0 μ L  D M S O  wit h or  wit h o ut i n hi bit or. I n hi bit or
c o n c e ntr ati o ns of 1 0-f ol d t h e I C 5 0 v al u e  w er e c h os e n i n or d er t o
g u ar a nt e e c o m pl et e i n hi biti o n.  Aft er i n c u b ati o n f or 3 0  mi n, t h e
mi xt ur es  w er e tr a nsf err e d t o t h e c a viti es i n t h e i nstr u m e nt a n d di al yz e d
a g ai nst a c o nti n u o us fl o w of ass a y b u ff er c o nt ai ni n g 5 %  D M S O ( 3 0 0
m L / h ). S a m pl es ( 9 7. 5 μ L )  w er e t a k e n at di ff er e nt ti m e p oi nts ( 1 0, 3 0,
6 0, a n d 1 2 0  mi n ) a n d 2. 5 μ L of a s u bstr at e s ol uti o n  w as a d d e d t o gi v e a
fi n al s u bstr at e c o n c e ntr ati o n of 1 0 μ M. E nz y m e a cti vit y  w as d et er mi n e d
b y dir e ctl y  m e as uri n g t h e fl u or es c e n c e e missi o n.  T h e r es ults ar e gi v e n
i n fr a cti o n al a cti vit y of u ni n hi bit e d r h o d es ai n us e d i n t h e s a m e
e x p eri m e nt as p ositi v e c o ntr ol.

D o c ki n g Pr o c e d ur e s. Pr o c e d ur e f or  N o n c o v al e nt  D o c ki n g  wit h
Fl e x X/ L e a dI T ( vs. 2. 1. 3). 1 1 N o n- c o v al e nt d o c ki n g e x p eri m e nts  w er e
p erf or m e d usi n g t h e cr yst al str u ct ur e of r h o d es ai n  wit h c o v al e ntl y
b o u n d i n hi bit or K 1 1 7 7 7 ( p d b e ntr y 2 p 7 u ). 6 0 T h e bi n di n g sit e  w as
d e fi n e d as a 6. 5  Å s h ell ar o u n d K 1 1 7 7 7 .  W at er  m ol e c ul es pr es e nt i n t h e
cr yst al str u ct ur e  w er e o mitt e d e x c e pt  H O H- 5 1 2,  w hi c h  m e di at es
h y dr o g e n b o n di n g b et w e e n t h e i n hi bit or a n d t h e p e pti d e b a c k b o n e.
G e n er ati o n of 3 D- c o or di n at es a n d e n er g y  mi ni miz ati o n of t h e li g a n ds
w er e a c c o m plis h e d  wit h t h e  M ol e c ul ar  O p er ati n g E n vir o n m e nt
( M O E 2 0 1 4. 0 9 ) usi n g t h e  M M F F 9 4 x f or c e fi el d. 2 6 D o c ki n g c al c ul ati o ns
w er e e x e c ut e d  wit h L e a dI T v ersi o n 2. 1. 3. 2 7 T h e r es ults pr es e nt e d i n
T a bl e 1 ar e t h os e  wit h t h e b est  H Y D E s c or e 6 9 ,7 0 s el e ct e d fr o m t h e 1 0
hi g h est- pri c e d s ol uti o ns a c c or di n g t o Fl e x X s c or e ( T a bl e 7. 1 ).

Pr o c e d ur e f or C o v al e nt  D o c ki n g  wit h  D O C K TI T E. 6 0 C o v al e nt
d o c ki n g  w as p erf or m e d  wit h t h e  D O C K TI T E s oft w ar e i m pl e m e nt ati o n
( v ersi o n 1. 2 ) f or  M ol e c ul ar  O p er ati n g E n vir o n m e nt ( M O E, 2 0 1 4. 0 9;
C h e mi c al  C o m p uti n g  Gr o u p  U L C, 1 0 1 0 S h er b o o k e St.  W est, S uit e
# 9 1 0,  M o ntr e al,  Q C,  C a n a d a,  H 3 A 2 R 7, 2 0 2 1 ) 1 1 ,2 7 usi n g t h e cr yst al
str u ct ur e of r h o d es ai n  wit h c o v al e ntl y b o u n d i n hi bit or K 1 1 7 7 7 ( p d b
e ntr y 2 p 7 u ). 6 0 E n er g y  mi ni miz ati o n of t h e li g a n ds  w as p erf or m e d  wit h
M O E usi n g t h e  M M F F 9 4 x f or c e fi el d. 7 1 T h e di ff er e nt  w ar h e a ds  w er e
i m pl e m e nt e d i nt o t h e  D O C K TI T E  w ar h e a d fi lt er fi l e as d es cri b e d i n
t h e  D O C K TI T E  m a n u al.  T h e st a n d ar d  D O C K TI T E pr ot o c ol  w as
f oll o w e d as d es cri b e d.  T h e  m ai n p h ar m a c o p h or e d o c ki n g st e p  w as
p erf or m e d  wit h o ut p h ar m a c o p h or e r estri cti o n f or t h e n u cl e o p hili c
s ulf ur of  C ys 2 5.  T h e  A m b er 1 2: E H T f or c e fi el d 7 2 w as us e d f or t h e
p h ar m a c o p h or e d o c ki n g st e p.  D o c ki n g s ol uti o ns  w er e r es c or e d  wit h t h e
M O E i m pl e m e nt e d s c ori n g f u n cti o ns  A ffi nit y d G a n d a d diti o n all y  wit h
t h e e xt er n al e m piri c al s c ori n g f u n cti o n  D S X.7 3 T h e r es ults s h o w n i n
T a bl e S 1 ar e t h os e  wit h t h e b est  D S X s c or es.

M a s s S p e ctr o m etr y ( M S). E SI  M S A n al ysis. L y o p hiliz e d r h o d es ai n
w as r e c o nstit ut e d at 4  m g / m L i n 5 0  m M  N a O A c, 2 0 0  m M  N a Cl, a n d 5
m M E D T A ( p H 5. 5 ). Pri or t o  M S a n al ysis, r h o d es ai n  w as p uri fi e d b y
w e a k a ni o n e x c h a n g e ( W A X ) c hr o m at o gr a p h y usi n g a n A K T A pr ot ei n
p uri fi c ati o n s yst e m ( G E  H e alt h c ar e ) e q ui p p e d  wit h a Pr o P a c  W A X-
1 0 G 4 × 5 0  m m g u ar d a n d a Pr o P a c  W A X- 1 0 4 × 2 5 0  m m a n al yti c al
c ol u m n ( T h er m o Fis h er S ci e nti fi c ). 1 0 0 μ L of r h o d es ai n st o c k s ol uti o n
( 4  m g / m L )  w as dil ut e d i n 2 0  m M i mi d az ol e, 1  m M  D T T i n  w at er ( p H
6. 0 ) t o a fi n al v ol u m e of 1  m L, a n d s e p ar at e d r u n ni n g a gr a di e nt fr o m 0
t o 4 0 % B i n 4 0  mi n.  M o bil e p h as e  A  w as 2 0  m M i mi d az ol e, 1  m M  D T T
i n  w at er ( p H 6 ) a n d S ol v e nt B 1  M  N a Cl, 2 0  m M i mi d az ol e, a n d 1  m M
D T T i n  w at er ( p H 6 ).  C oll e ct e d fr a cti o ns  w er e t est e d f or a cti vit y.

F or  m ass s p e ctr o m etri c a n al ysis, t h e  W A X fr a cti o n c o nt ai ni n g a cti v e
r h o d es ai n  w as f urt h er dil ut e d i n 5 0  m M  N a O A c, 2 0 0  m M  N a Cl, 5  m M
E D T A, a n d 5  m M  D T T ( p H 5. 5 ) a n d i n c u b at e d f or 1 h at rt.  Aft er t h e
a d diti o n of t h e i n hi bit ors at a fi n al c o n c e ntr ati o n of 1 0 μ M, s a m pl es
w er e a n al yz e d b y L C  M S usi n g a n a n o A c q uit y  U P L C s yst e m ( W at ers
C or p or ati o n ) c o u pl e d t o a n a n o- E SI- Q- T O F  m ass s p e ctr o m et er
( S y n a pt  G 2- S  H D M S,  W at ers  C or p or ati o n ).  R h o d es ai n  wit h o ut
c o m p o u n d s er v e d as c o ntr ol. Pr ot ei n dr u g c o m pl e x es  w er e l o a d e d
o nt o a 2 0 0 μ m × 5 c m P e p S wift  M o n olit hi c P S- D V B c ol u m n fr o m
Di o n e x ( T h er m o S ci e nti fi c ) usi n g dir e ct i nj e cti o n  m o d e. F or L C
s e p ar ati o n, t w o  m o bil e p h as es  w er e us e d.  M o bil e p h as e  A c o nt ai n e d
0. 1 % f or mi c a ci d ( F A ) a n d 3 %  D M S O i n ultr a p ur e  w at er,  w h er e as
m o bil e p h as e B c o nsist e d of 0. 1 % F A a n d 3 %  D M S O i n  A C N.  A
gr a di e nt of 1 0 9 0 %  m o bil e p h as e B  w as r u n o v er 7  mi n at a fl o w r at e of

J o ur n al of  M e di ci n al  C h e mi str y p u b s. a c s. or g/j m c Arti cl e
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2 0 0 0 n L / mi n.  C ol u m n t e m p er at ur e  w as s et t o 4 5 ° C.  Aft er s e p ar ati o n,
t h e c ol u m n  w as ri ns e d  wit h 9 0 % of  m o bil e p h as e B a n d r e- e q uili br at e d
u n d er i niti al c o n diti o ns.  All  M S a n al ys es  w er e c o n d u ct e d i n p ositi v e-
m o d e E SI.

M A L DI T O F  M S A n al ysis. F or t his a n al ysis, a r e c o m bi n a nt r h o d es ai n
m ut a nt e x pr ess e d i n Pic hi a p ast oris w as us e d as d es cri b e d i n t h e e nz y m e
ass a y s e cti o n.  T h e l y o p hiliz e d pr ot ei n  w as r e c o nstit ut e d i n b u ff er  A ( p H
5. 5, 5 0  m M  N a O A c, 2 0 0  m M  N a Cl, 5  m M E D T A ) at a c o n c e ntr ati o n of
4  m g / m L ( = 1 7 4 μ M ).  T his st o c k s ol uti o n  w as dil ut e d i nt o b u ff er B
( p H 5. 5, 5 0  m M  N a O A c, 2 0 0  m M  N a Cl, 5  m M E D T A, 5  m M  D T T ) t o
a fi n al pr ot ei n c o n c e ntr ati o n of 1 or 1 0 μ M a n d i n c u b at e d f or
a p pr o xi m at el y 1 h, aft er  w hi c h t h e c o m p o u n d of i nt er est ( 4  m M st o c k i n
D M S O )  w as a d d e d at a fi n al i n hi bit or c o n c e ntr ati o n of 1 0 0 μ M. L at er,
t h e a n al yt es  w er e d es alt e d usi n g  Z e b a S pi n  D es alti n g  C ol u m ns ( 7 k D a
M W C O, 0. 5  m L;  T h er m o Fis h er S ci e nti fi c ) i n a c c or d a n c e  wit h t h e
m a n uf a ct ur er ’s i nstr u cti o ns a n d aft er w ar d c o pr e ci pit at e d  wit h a
M A L DI- m atri x, utilizi n g t w o s e p ar at e a p pr o a c h es: F or t h e fi rst  m et h o d,
a t hi n l a y er of si n a pi ni c a ci d (s at ur at e d et h a n oli c s ol uti o n )  w as
pr e p ar e d o n t h e t ar g et, o nt o  w hi c h, aft er fi l m f or m ati o n, a v ol u m etri c
3: 1  mi xt ur e of  m atri x-s ol uti o n t o a n al yt e s ol uti o n  w as a p pli e d. F or t h e
s e c o n d  m et h o d, usi n g a  mi xt ur e of α - c y a n o- 4- h y dr o x y ci n n a mi c a ci d
a n d 2, 5- di h y dr o x y b e nz oi c a ci d, 4 0 ,4 4 t h e pr e p ar ati o n of a b as al  m atri x
fi l m  w as o mitt e d a n d a v ol u m etri c 1: 1  mi xt ur e of  m atri x-s ol uti o n t o
a n al yt e s ol uti o n  w as pr e p ar e d a n d a p pli e d t o t h e t ar g et.  Aft er
e v a p or ati o n of t h e s ol v e nts ( c a. 1 5  mi n ),  m e as ur e m e nts  w er e c arri e d
o ut o n a r a pi fl e X  M A L DI- T O F / T O F  m ass s p e ctr o m et er ( Br u k er
D alt o ni k  G m b H, Br e m e n,  G er m a n y ).  T h e i nstr u m e nt is e q ui p p e d  wit h
a s c a n ni n g s m art b e a m 1 0 k Hz  N d: Y A G l as er at a  w a v el e n gt h of 3 5 5 n m
a n d a 1 0 bit 5  G Hz di gitiz er.  T h e a c c el er ati o n v olt a g e  w as s et t o 2 0 k V
a n d t h e  m ass s p e ctr a  w er e r e c or d e d i n p ositi v e i o n li n e ar  m o d e.
C ali br ati o n  w as d o n e  wit h t h e Br u k er pr ot ei n c ali br ati o n st a n d ar d II i n
a  m ass r a n g e fr o m 1 0 t o 7 0 k D a. S a m pl es  w er e  m e as ur e d at a l as er
p o w er of 1 0 0 % (si n a pi ni c a ci d ) or 7 0 % ( m atri x  mi xt ur e ),  wit h r a n d o m
w al k i o niz ati o n a cr oss t h e s a m pl e s p ot.  As c o ntr ol s a m pl es, r h o d es ai n i n
b u ff er B  wit h a  D M S O c o n c e ntr ati o n  m at c hi n g t h e s a m pl es, r h o d es ai n
i n c u b at e d  wit h a r e p ort e dl y n o n- c o v al e nt i n hi bit or,1 1 a n d a k n o w n
c o v al e nt-irr e v ersi bl e i n hi bit or ( K 1 1 7 7 7 ) 7 4 w er e us e d.  D at a a n al ysis  w as
p erf or m e d usi n g t h e o p e n-s o ur c e s oft w ar e  m M ass. 6 8

Q M/ M M  C o m p ut ati o n s. M D si m ul ati o ns  w er e p erf or m e d  wit h t h e
A m b er pr o gr a m p a c k a g e ( v ersi o n 2 0 1 8 ) i n c o m bi n ati o n  wit h t h e
F F 1 4 S B f or c e fi el d.  T h e u n k n o w n p ar a m et ers f or t h e li g a n d  w er e
c al c ul at e d usi n g  G A F F. 7 5 T h e o bt ai n e d e nz y m ati c s yst e m  w as b al a n c e d
wit h s o di u m i o ns.  W e a d d e d a n o ct a h e dr al  w at er e n v el o p e of 1 0  Å
c o nsisti n g of  TI P 3 P  w at er  m ol e c ul es Fi g ur e S 1 1 ). 7 6 All  M D si m ul ati o ns
w er e p erf or m e d u n d er p eri o di c b o u n d ar y c o n diti o ns i n t hr e e
c o ns e c uti v e st e ps. I n t h e fi rst st e p, t h e c a g e of  w at er  m ol e c ul es a n d
t h e n t h e  w h ol e s yst e m  w as  mi ni miz e d. I n t h e n e xt st e p, t h e s yst e m  w as
h e at e d i n a c o ntr oll e d  w a y fr o m 0 t o 3 0 0  K at 1 b ar, usi n g t h e S H A K E
al g orit h m 7 7 e m pl o yi n g t h e L a n g e vi n or B er e n ds e n t h er m ost at. 7 7 ,7 8 I n
t h e l ast st e p, t h e a ct u al  M D si m ul ati o n  wit h a d ur ati o n of at l e ast 1 0 ns
w as p erf or m e d.

W e us e d t h e s u btr a cti v e  Q M / M M a p pr o a c h e m pl o yi n g t h e
el e ctr ost ati c e m b e d di n g s c h e m e as i m pl e m e nt e d i n t h e pr o gr a m
p a c k a g e  G a ussi a n ( v ersi o n 2 0 1 6 ). 7 9 T h e  Q M p art is s p e ci fi e d i n Fi g ur e
S 1 2 . Pl e as e n ot e t h at l ar g er  Q M s p a c es di d n ot l e a d t o c o nsi d er a bl y
c h a n g es ( T a bl e S 4 ). F or t h e  Q M p art,  w e e m pl o y e d t h e ω B 9 7 X D
f u n cti o n al i n c o m bi n ati o n  wit h t h e 6- 3 1 + G* b asis s ets. 8 0 8 2 T h e  T A O-
T o ol kit  w as us e d. 8 3 F or t h e i ntri nsi c r e a cti o n c o or di n at e (I R C )
c o m p ut ati o ns, t h e tr a nsiti o n st at es  w er e d et er mi n e d usi n g t h e B er n y-
Al g orit h m. 8 4 All tr a nsiti o n st at es  w er e pr o v e d b y fr e q u e n c y
c al c ul ati o ns.

T h e r e a cti o n p at hs  w er e c h ar a ct eriz e d b y a t w o-st e p pr o c e d ur e.  T h e
c o v al e nt st e p of t h e i n hi biti o n  m e c h a nis m fi rst c o nsists of t h e att a c k of
t h e s ulf ur c e nt er of t h e t hi ol at e gr o u p of  C ys 2 5 o n t h e  C2 c e nt er of t h e
al k e n e gr o u p.  A d diti o n all y, a pr ot o n tr a nsf er fr o m t h e pr ot o n at e d
His 1 5 2  m oi et y t o t h e  C 1 c e nt er o c c urs ( Fi g ur e 1 ). B e c a us e it is u n cl e ar
w h et h er b ot h st e ps pr o c e e d s u bs e q u e ntl y or si m ult a n e o usl y,  w e fi rst
c o m p ut e d t w o- di m e nsi o n al s c a ns s el e cti n g t h e dist a n c es  R ( S c ys C 2 )
a n d  R ( H His C 1 ) as  m ai n r e a cti o n p ar a m et ers ( Fi g ur e 1 4 ). B y v ar yi n g
t h e  m ai n r e a cti o n p ar a m et ers a n d o pti mi zi n g all ot h er i nt er n al

c o or di n at es f or e a c h p air of  m ai n c o or di n at es, a  mi ni m u m e n er g y
p at h ( M E P ) fr o m t h e r e a ct a nt t o t h e pr o d u ct is o bt ai n e d,  w hi c h gi v es
t h e fi rst i nf or m ati o n a b o ut t h e s h a p e of t h e r e a cti o n p at h. St arti n g fr o m
t h e b arri ers o bt ai n e d i n t h es e s c a ns,  w e p erf or m e d i ntri nsi c r e a cti o n
c o or di n at e (I R C ) si m ul ati o ns.  D u e t o t h e r o u g h n ess of t h e c o m p ut e d
P E S, oft e n  m or e t h a n o n e tr a nsiti o n st at e  w as f o u n d f or t h e t w o-
di m e nsi o n al s urf a c e. I n s u c h c as es,  w e st art e d I R C fr o m e a c h  T S t o
e ns ur e t h at t h e y l e a d t o si mil ar r e a ct a nts a n d pr o d u cts.  T his  w as i n d e e d
t h e c as e.  O n e e x a m pl e is s h o w n i n Fi g ur es S 8 a n d S 1 0 i n  w hi c h
c o m p ut ati o ns st art e d fr o m sli g htl y di ff er e nt  T S b ut yi el d e d c o m p ar a bl e
s h a p es f or t h e r e a cti o n p at hs.  T h e s a m e h ol ds f or t h e s e c o n d st e p of t h e
r e a cti o n p at h gi v e n i n Fi g ur e 1 6 . F or t his fr a m e,  w e f o u n d f o ur  T S
w h os e I R Cs all l e a d t o v er y si mil ar r es ults.

A ntitr y p a n o s o m al  A cti vit y a n d  C yt ot o xi cit y. A ntritr y p a n os o-
m al a cti vit y of 2 a , 2 d , 2 e , 3 d , 4 d , a n d 4 e a g ai nst t h e T. br ucei br ucei
B S 4 4 9 c ell li n e, a d es c e n d a nt of t h e List er 4 2 7 str ai n, 8 5 ,8 6 w as
d et er mi n e d usi n g t h e  A T Plit e ass a y as d es cri b e d pr e vi o usl y. 5 6 ,5 7 ,8 7 2 a ,
2 d ,2 e , 3 d , 4 d , a n d 4 e w er e pr e p ar e d as 5  m M st o c k s ol uti o ns i n  D M S O
a n d dil ut e d i n  H MI- 9  m e di u m i n  m ulti pl e st e ps ( 1: 3, t h e n 1: 1 0, a n d
s u bs e q u e ntl y i n t e n 1: 2 dil uti o n st e ps usi n g s e p ar at e  mi cr o pl at es ). I n
w hit e 9 6- w ell  mi cr o pl at es ( P er ki n El m er ), 1 0 μ L of t h e fi n al 1 0 1
dil uti o ns  w er e a d d e d t o 9 0 μ L of a c ell s us p e nsi o n c o nt ai ni n g 2 5 0 0
c ells / m L, l e a di n g t o fi n al c o n c e ntr ati o ns of e a c h t est e d c o m p o u n d fr o m
1 6. 6 7 μ M t o 3 2. 5 5 n M i n t h e  mi cr o pl at es.  As a n e g ati v e c o ntr ol, 0. 3 %
D M S O  w as a d d e d t o t h e c ell s us p e nsi o n c orr es p o n di n g t o t h e hi g h est
D M S O c o n c e ntr ati o n a d d e d b y c o m p o u n d a p pli c ati o n.  A d diti o n of
1 0 %  D M S O s er v e d as a p ositi v e c o ntr ol b e c a us e all c ells di e at t his
c o n c e ntr ati o n.  T h e pl at es  w er e pr e p ar e d as tri pli c at es a n d i n c u b at e d f or
2 4 a n d 4 8 h at 3 7 ° C a n d 5 %  C O 2 .  Aft er t h e r es p e cti v e i n c u b ati o n ti m e,
5 0 μ L  A T Plit e 1 st e p s ol uti o n ( P er ki n El m er )  w as a d d e d t o e a c h  w ell.
T h e pl at e  w as s h a k e n or bit all y f or 2  mi n a n d l u mi n es c e n c e  w as
m e as ur e d at r o o m t e m p er at ur e  wit h a n I n fi nit e  M 2 0 0 P R O pl at e r e a d er
( T e c a n  Tr a di n g  A G ).  T h e  m e as ur e d l u mi n es c e n c e  w as pl ott e d a g ai nst
t h e c o m p o u n d c o n c e ntr ati o n t o o bt ai n a d os e r es p o ns e c ur v e.  T h e
E C 5 0 v al u es  w er e d et er mi n e d usi n g  Gr a Fit v ersi o n 5. 0 1 3 ( Erit h a c us
S oft w ar e Lt d. ).

A ntitr y p a n os o m al a cti vit y of t h e c o m p o u n ds 1 , 4 a , 4j , a n d 4l w as
d et er mi n e d as d es cri b e d pr e vi o usl y usi n g t h e  Al a m ar Bl u e ass a y. 5 4 ,5 5

C yt ot o xi citi es a g ai nst t h e  m a cr o p h a g e c ell li n e J 7 7 4. 1 a n d  H e L a c ells
w er e i n v esti g at e d a c c or di n g t o pr e vi o usl y d es cri b e d  m et h o ds. 1 2 ,8 8

I n  Vitr o  M et a b oli s m St u di e s. R at li v er  mi cr os o m es  w er e
p ur c h as e d fr o m Si g m a- Al dri c h a n d c h ar a ct eriz e d f or c yt o c hr o m e
P 4 5 0, c yt o c hr o m e B 5, a n d t h e a cti vit y of  C Y P 1 A,  C Y P 3 A,  C Y P 2 C, a n d
c yt o c hr o m e c r e d u ct as e.  T h e ass a y  w as p erf or m e d as p u blis h e d
pr e vi o usl y. 6 8

First,  N A D P H  w as g e n er at e d b y i n c u b ati n g p ot assi u m p h os p h at e
b u ff er ( 3 9 5 μ L, 1 0 0  m M, p H 7. 4 ),  M g Cl 2 ( 2 5 μ L, 8 0  m M ), gl u c os e- 6-
p h os p h at e ( 2 5 μ L, 1 0 0  m M ),  N A D P dis o di u m s alt ( 2 5 μ L, 2 0  m M ),
a n d gl u c os e- 6- d e h y dr o g e n as e ( 2 5 μ L, 1 0 0 I U / m L, Si g m a- Al dri c h ) at
3 7 ° C f or 1 0  mi n.  Aft er a d diti o n of t h e  mi cr os o m es ( 2 5 μ L, 2 0  m g / m L )
a n d i n c u b ati o n ( 1 0  mi n ) at 3 7 ° C, t h e i n hi bit ors ( 1 μ L, 5. 2 1  m M i n
a c et o nitril e )  w er e a d d e d t o t h e  mi xt ur e a n d t h e i n c u b ati o n c o nti n u e d at
3 7 ° C f or 6 0  mi n.  Ali q u ots of 5 0 μ L  w er e t a k e n at 0, 1 5, 3 0, 4 5, a n d 6 0
mi n a n d a d d e d t o 1 0 0 μ L of i c e- c ol d a c et o nitril e t o st o p t h e r e a cti o n.
T h e s a m pl es  w er e c e ntrif u g e d at 4 ° C, 1 0, 0 0 0 g f or 1 0  mi n.  T h e
s u p er n at a nt  w as a n al yz e d b y L C  M S / M S usi n g a n  A gil e nt P or os h ell
1 2 0 E C- C 1 8 1 5 0 × 2. 1 0  m m 4 μ m c ol u m n;  m o bil e p h as e: c o m p o u n d 1
( 3 5 % a c et o nitril e, 5 5 %  H 2 O, 1 0 % of a 0. 1 % s ol uti o n of f or mi c a ci d i n
w at er ) a n d c o m p o u n d 2 d- ( H ) ( 5 5 % a c et o nitril e, 3 5 %  H 2 O, 1 0 % of a
0. 1 % s ol uti o n of f or mi c a ci d i n  w at er ). I o n c hr o m at o gr a ms  w er e
o bt ai n e d usi n g el e ctr o ni c fi lt ers f or t h e i o ns of i nt er est.  C o ntr ol
i n c u b ati o ns  w er e p erf or m e d  wit h p ot assi u m p h os p h at e b uff er i nst e a d of
mi cr os o m es.  T h e L C  M S c hr o m at o gr a ms a n d t h eir c orr es p o n di n g
m ass s p e ctr a  w er e a n al yz e d usi n g  M est R e N o v a ( v. 1 2. 0. 4 ). 8 9

I n  Vi v o  Di stri b uti o n St u di e s. A ni m als a n d Tr e at m e nts. 6 0  m al e
a n d f e m al e  C D 1  mi c e of 3 5 4 5 g b o d y  w ei g ht ( 5 6 6 2 d a ys of a g e )
w er e p ur c h as e d fr o m  C h arl es  Ri v er L a b or at ori es, S ulzf el d,  G er m a n y.
Fi v e  mi c e p er c a g e  w er e h o us e d i n a c o ntr oll e d r o o m ( 2 2 ° C, 5 0 6 5 %
h u mi dit y; d a y / ni g ht c y cl e of 1 2 / 1 2 h )  wit h fr e e a c c ess t o  w at er a n d t h e
st a n d ar d l a b or at or y di et ( Altr o mi n,  G er m a n y ).  Aft er 7 d a ys of
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C yst ei n e Pr ot e as e fr o m  Afri c a n  Tr y p a n os o m es. J. Bi ol.  C he m. 2 0 2 1 ,
2 9 6 , 1 0 0 5 6 5.
( 1 1 )  K err, I.  D.; L e e, J.  H.; F ar a d y,  C. J.;  M ari o n,  R.;  Ri c k ert,  M.; S aji d,

M.; P a n d e y,  K.  C.;  C affr e y,  C.  R.; L e g a c, J.;  H a ns ell, E.;  M c k err o w, J.  H.;
Cr ai k,  C. S.;  R os e nt h al, P. J.; Bri n e n, L. S.  Vi n yl S ulf o n es as  A nti p ar asiti c
A g e nts a n d a Str u ct ur al B asis f or  Dr u g  D esi g n. J. Bi ol.  C he m. 2 0 0 9 , 2 8 4 ,
2 5 6 9 7 2 5 7 0 3.
( 1 2 ) S c hir m eist er,  T.;  K ess elri n g, J.; J u n g, S.; S c h n ei d er,  T.  H.;

W ei c k ert,  A.; B e c k er, J.; L e e,  W.; B a m b er g er,  D.;  Wi c h, P.  R.;  Distl er,
U.;  T e nz er, S.; J o h é, P.;  H ell mi c h,  U.  A.; E n g els, B.  Q u a nt u m  C h e mi c al-
B as e d Pr ot o c ol f or t h e  R ati o n al  D esi g n of  C o v al e nt I n hi bit ors. J.  A m.
C he m. S oc. 2 0 1 6 , 1 3 8 , 8 3 3 2 8 3 3 5.
( 1 3 ) Si n g h, J.; P ett er,  R.  C.; B ailli e,  T.  A.;  W hitt y,  A.  T h e  R es ur g e n c e

of  C o v al e nt  Dr u gs. N at. Re v.  Dr ug  Disc o very 2 0 1 1 , 1 0 , 3 0 7 3 1 7.
( 1 4 ) B a u er,  R.  A.  C o v al e nt I n hi bit ors i n  Dr u g  Dis c o v er y: Fr o m

A c ci d e nt al  Dis c o v eri es t o  A v oi d e d Li a biliti es a n d  D esi g n e d  T h er a pi es.
Dr ug  Disc o very  T o d ay 2 0 1 5 , 2 0 , 1 0 6 1 1 0 7 3.
( 1 5 )  K al g ut k ar,  A. S.;  D al vi e,  D.  K.  Dr u g  Dis c o v er y f or a  N e w

G e n er ati o n of  C o v al e nt  Dr u gs. E x pert  O pi n.  Dr ug  Disc o very 2 0 1 2 , 7 ,
5 6 1 5 8 1.
( 1 6 ) L a m m ert,  C.; Ei n arss o n, S.; S a h a,  C.;  Ni kl ass o n,  A.; Bj or nss o n,

E.;  C h al as a ni,  N.  R el ati o ns hi p b et w e e n  D ail y  D os e of  Or al  M e di c ati o ns
a n d I di os y n cr ati c  Dr u g-I n d u c e d Li v er I nj ur y: S e ar c h f or Si g n als.
He p at ol ogy 2 0 0 8 , 4 7 , 2 0 0 3 2 0 0 9.
( 1 7 ) L e e,  C.- U.;  Gr oss m a n n,  T.  N.  R e v ersi bl e  C o v al e nt I n hi biti o n of a

Pr ot ei n  T ar g et. A nge w.  C he m., I nt. E d. 2 0 1 2 , 5 1 , 8 6 9 9 8 7 0 0.
( 1 8 )  C o p el a n d,  R.  A.; P o m pli a n o,  D. L.;  M e e k,  T.  D.  Dr u g- T ar g et

R esi d e n c e  Ti m e a n d Its I m pli c ati o ns f or L e a d  O pti miz ati o n. N at. Re v.
Dr ug  Disc o very 2 0 0 6 , 5 , 7 3 0 7 3 9.
( 1 9 ) Br a ds h a w, J.  M.;  M c F arl a n d, J.  M.; P a a vil ai n e n,  V.  O.; Bis c o nt e,

A.;  T a m,  D.; P h a n,  V.  T.;  R o m a n o v, S.; Fi n kl e,  D.; S h u, J.; P at el,  V.;
T o n,  T.; Li,  X.; L o u g h h e a d,  D.  G.;  N u n n, P.  A.;  K arr,  D. E.;  G errits e n,
M. E.; F u n k, J.  O.;  O w e ns,  T.  D.;  V er n er, E.; Br a m el d,  K.  A.;  Hill,  R. J.;
G ol dst ei n,  D.  M.;  T a u nt o n, J. Pr ol o n g e d a n d  T u n a bl e  R esi d e n c e  Ti m e
Usi n g  R e v ersi bl e  C o v al e nt  Ki n as e I n hi bit ors. N at.  C he m. Bi ol. 2 0 1 5 ,1 1 ,
5 2 5 5 3 1.
( 2 0 ) J o h e, P.; J u n g, S.; E n dr es, E.;  K erst e n,  C.;  Zi m m er,  C.; Y e,  W.;

S ö n ni c hs e n,  C.;  H ell mi c h,  U.  A.; S otriff er,  C.; S c hir m eist er,  T.;
N e u w eil er,  H.  W ar h e a d  R e a cti vit y Li mits t h e S p e e d of I n hi biti o n of t h e
C yst ei n e Pr ot e as e  R h o d es ai n. A C S  C he m. Bi ol. 2 0 2 1 , 1 6 , 6 6 1 6 7 0.
( 2 1 ) S c h e c ht er, I.; B er g er,  A.  O n t h e Siz e of t h e  A cti v e Sit e i n

Pr ot e as es. I. P a p ai n. Bi oc he m. Bi o p hys. Res.  C o m m u n. 1 9 6 7 , 2 7 , 1 5 7
1 6 2.
( 2 2 ) J ais h a n k ar, P.;  H a ns ell, E.;  Z h a o,  D.- M.;  D o yl e, P. S.;  M c K err o w,

J.  H.;  R e nsl o,  A.  R. P ot e n c y a n d S el e cti vit y of P 2 / P 3- M o difi e d
I n hi bit ors of  C yst ei n e Pr ot e as es fr o m  Tr y p a n os o m es. Bi o org.  Me d.
C he m. Lett. 2 0 0 8 , 1 8 , 6 2 4 6 2 8.
( 2 3 ) S c hir m eist er,  T.; S c h mitz, J.; J u n g, S.; S c h m e n g er,  T.;  Kr a ut h-

Si e g el,  R. L.;  G uts c h o w,  M. E v al u ati o n of  Di p e pti d e  Nitril es as
I n hi bit ors of  R h o d es ai n, a  M aj or  C yst ei n e Pr ot e as e of  Tr y p a n os o m a
Br u c ei. Bi o org.  Me d.  C he m. Lett. 2 0 1 7 , 2 7 , 4 5 5 0.
( 2 4 ) Y a n g, P.- Y.;  W a n g,  M.; Li, L.;  W u,  H.;  H e,  C. Y.; Y a o, S.  Q.

D esi g n, S y nt h esis a n d Bi ol o gi c al E v al u ati o n of P ot e nt  Az a di p e pti d e
Nitril e I n hi bit ors a n d  A cti vit y- B as e d Pr o b es as Pr o misi n g  A nti-
Try p a n os o m a Br ucei A g e nts. C he m. E ur. J. 2 0 1 2 , 1 8 , 6 5 2 8 6 5 4 1.
( 2 5 )  C affr e y,  C.  R.;  H a ns ell, E.; L u c as,  K.  D.; Bri n e n, L. S.;  Al v ar ez

H er n a n d ez,  A.;  C h e n g, J.;  G w alt n e y, S. L.;  R o us h,  W.  R.; Sti er h of, Y.- D.;
B o g y o,  M.; St e v er di n g,  D.;  M c K err o w, J.  H.  A cti v e Sit e  M a p pi n g,
Bi o c h e mi c al Pr o p erti es a n d S u b c ell ul ar L o c aliz ati o n of  R h o d es ai n, t h e
M aj or  C yst ei n e Pr ot e as e of  Tr y p a n os o m a Br u c ei  R h o d esi e ns e. M ol.
Bi oc he m. P ar asit ol. 2 0 0 1 , 1 1 8 , 6 1 7 3.
( 2 6 ) Le a dI T / Fle x X ; Bi o S ol v eI T  G m b H: St.  A u g usti n,  G er m a n y 2 0 1 2.
( 2 7 ) S c h olz,  C.;  K n orr, S.;  H a m a c h er,  K.; S c h mi dt, B.  D O C K TI T E- A

Hi g hl y  V ers atil e St e p- b y- St e p  W or kfl o w f or  C o v al e nt  D o c ki n g a n d
Virt u al S cr e e ni n g i n t h e  M ol e c ul ar  O p er ati n g E n vir o n m e nt. J.  C he m.
I nf.  M o del. 2 0 1 5 , 5 5 , 3 9 8 4 0 6.
( 2 8 )  N g, S. L.; Y a n g, P.- Y.;  C h e n,  K. Y.- T.; Sri ni v as a n,  R.; Y a o, S.  Q.

“Cli c k ” S y nt h esis of S m all- M ol e c ul e I n hi bit ors  T ar g eti n g  C as p as es.
Org. Bi o m ol.  C he m. 2 0 0 8 , 6 , 8 4 4 8 4 7.

( 2 9 ) S u n,  A.  C.;  M c Cl ai n, E. J.; B e att y, J.  W.; St e p h e ns o n,  C.  R. J.
Visi bl e Li g ht- M e di at e d  D e c ar b o x yl ati v e  Al k yl ati o n of P h ar m a c e uti c all y
R el e v a nt  H et er o c y cl es. Org. Lett. 2 0 1 8 , 2 0 , 3 4 8 7 3 4 9 0.
( 3 0 ) E h m k e,  V.;  Wi n kl er, E.; B a n n er,  D.  W.;  H a a p,  W.; S c h w eiz er,  W.

B.;  R ott m a n n,  M.;  K ais er,  M.; Fr e y m o n d,  C.; S c hir m eist er,  T.;
Di e d eri c h, F.  O pti miz ati o n of  Tri azi n e  Nitril es as  R h o d es ai n I n hi bit ors:
Str u ct ur e- A cti vit y  R el ati o ns hi ps, Bi ois ost eri c I mi d az o p yri di n e  Nitril es,
a n d  X- R a y  Cr yst al Str u ct ur e  A n al ysis  wit h  H u m a n  C at h e psi n L.
C he m Me d C he m 2 0 1 3 , 8 , 9 6 7 9 7 5.
( 3 1 )  DI X O N,  M.  T h e  D et er mi n ati o n of E nz y m e I n hi bit or  C o nst a nts.

Bi oc he m. J. 1 9 5 3 , 5 5 , 1 7 0 1 7 1.
( 3 2 ) Y u n g- C hi,  C.; Pr us off,  W.  H.  R el ati o ns hi p b et w e e n t h e I n hi biti o n

C o nst a nt ( KI ) a n d t h e  C o n c e ntr ati o n of I n hi bit or  W hi c h  C a us es 5 0 p er
C e nt I n hi biti o n (I 5 0 ) of a n E nz y m ati c  R e a cti o n. Bi oc he m. P h ar m ac ol.
1 9 7 3 , 2 2 , 3 0 9 9 3 1 0 8.
( 3 3 ) P uri c h,  D. L. E n zy me  Ki netics,  C at alysis a n d  C o ntr ol,  A Refere nce of

T he ory a n d Best- Pr actice  Met h o ds ; Els e vi er, 2 0 1 0.
( 3 4 ) L u d e wi g, S.;  K oss n er,  M.; S c hill er,  M.;  B a u m a n n,  K.;

S c hir m eist er,  T. E nz y m e  Ki n eti cs a n d  Hit  V ali d ati o n i n Fl u ori m etri c
Pr ot e as e  Ass a ys. C urr.  T o p.  Me d.  C he m. 2 0 1 0 , 1 0 , 3 6 8 3 8 2.
( 3 5 ) B er m a n,  H.  M.;  W est br o o k, J.; F e n g,  Z.;  Gillil a n d,  G.; B h at,  T.

N.;  W eissi g,  H.; S hi n d y al o v, I.  N.; B o ur n e, P. E.  T h e Pr ot ei n  D at a B a n k.
N ucleic  Aci ds Res. 2 0 0 0 , 2 8 , 2 3 5 2 4 2.
( 3 6 )  H ar d e g g er, L.  A.;  K u h n, B.; S pi n nl er, B.;  A ns el m, L.; E c a b ert,  R.;

Sti hl e,  M.;  Gs ell, B.;  T h o m a,  R.;  Di ez, J.; B e nz, J.; Pl a n c h er, J.  M.;
H art m a n n,  G.; B a n n er,  D.  W.;  H a a p,  W.;  Di e d eri c h, F. S yst e m ati c
I n v esti g ati o n of  H al o g e n B o n di n g i n Pr ot ei n- Li g a n d I nt er a cti o ns.
A nge w.  C he m., I nt. E d. 2 0 1 1 , 5 0 , 3 1 4 3 1 8.
( 3 7 )  Mir k o vi c ,́  B.;  R e n k o,  M.;  T ur k, S.; S osi č, I.; J e v ni k ar,  Z.;

O b er m aj er,  N.;  T ur k,  D.;  G o b e c, S.;  K os, J.  N o v el  M e c h a nis m of
C at h e psi n  B I n hi biti o n b y  A nti bi oti c  Nitr o x oli n e a n d  R el at e d
C o m p o u n ds. C he m Me d C he m 2 0 1 1 , 6 , 1 3 5 1 1 3 5 6.
( 3 8 ) Ill y,  C.;  Q ur ais hi,  O.;  W a n g, J.; P urisi m a, E.;  V er n et,  T.;  M ort, J.

S.  R ol e of t h e  O c cl u di n g L o o p i n  C at h e psi n B  A cti vit y. J. Bi ol.  C he m.
1 9 9 7 , 2 7 2 , 1 1 9 7 1 2 0 2.
( 3 9 )  Z e hl,  M.;  All m ai er,  G. n. I n v esti g ati o n of S a m pl e Pr e p ar ati o n a n d

I nstr u m e nt al P ar a m et ers i n t h e  M atri x- Assist e d L as er  D es or pti o n /
I o niz ati o n  Ti m e- of- Fli g ht  M ass S p e ctr o m etr y of  N o n c o v al e nt P e pti d e /
P e pti d e  C o m pl e x es. R a pi d  C o m m u n.  M ass S pectr o m. 2 0 0 3 , 1 7 , 1 9 3 1
1 9 4 0.
( 4 0 ) S ali h, B.;  Z e n o bi,  R.  M A L DI  M ass S p e ctr o m etr y of  D y e - P e pti d e

a n d  D y e - Pr ot ei n  C o m pl e x es. A n al.  C he m. 1 9 9 8 , 7 0 , 1 5 3 6 1 5 4 3.
( 4 1 )  W o o ds,  A. S.;  H u estis,  M.  A.  A St u d y of P e pti d e- P e pti d e

I nt er a cti o n b y  M atri x- Assist e d L as er  D es or pti o n /I o niz ati o n. J.  A m. S oc.
M ass S pectr o m. 2 0 0 1 , 1 2 , 8 8 9 6.
( 4 2 )  H e c k,  A. J.  R.; v a n d e n  H e u v el,  R.  H.  H. I n v esti g ati o n of I nt a ct

Pr ot ei n  C o m pl e x es b y  M ass S p e ctr o m etr y. M ass S pectr o m. Re v. 2 0 0 4 ,
2 3 , 3 6 8 3 8 9.
( 4 3 ) L a u g es e n, S.;  R o e pst orff, P.  C o m bi n ati o n of  T w o  M atri c es

R es ults i n I m pr o v e d P erf or m a n c e of  M A L DI  M S f or P e pti d e  M ass
M a p pi n g a n d Pr ot ei n  A n al ysis. J.  A m. S oc.  M ass S pectr o m. 2 0 0 3 , 1 4 ,
9 9 2 1 0 0 2.
( 4 4 )  Kl ei n, P.; J o h e, P.;  W a g n er,  A.; J u n g, S.;  K u hl b or n, J.; B art h els, F.;

T e nz er, S.;  Distl er,  U.;  W ai g el,  W.; E n g els, B.;  H ell mi c h,  U.  A.;  O p atz,
T.; S c hir m eist er,  T.  N e w  C yst ei n e Pr ot e as e I n hi bit ors: El e ctr o p hili c
( H et ) Ar e n es a n d  U n e x p e ct e d Pr o dr u g I d e ntifi c ati o n f or t h e
Tr y p a n os o m a Pr ot e as e  R h o d es ai n. M olec ules 2 0 2 0 , 2 5 , 1 4 5 1.
( 4 5 )  W hitt al,  R.  M.; Li, L.  Hi g h- R es ol uti o n  M atri x- Assist e d L as er

D es or pti o n /I o niz ati o n i n a Li n e ar  Ti m e- of- Fli g ht  M ass S p e ctr o m et er.
A n al.  C he m. 1 9 9 5 , 6 7 , 1 9 5 0 1 9 5 4.
( 4 6 ) B a hr,  U.; St a hl- Z e n g, J.;  Gl eits m a n n, E.;  K ar as,  M.  D el a y e d

E xtr a cti o n  Ti m e- of- Fli g ht  M A L DI  M ass S p e ctr o m etr y of Pr ot ei ns
a b o v e 2 5 0 0 0  D a. J.  M ass S pectr o m. 1 9 9 7 , 3 2 , 1 1 1 1 1 1 1 6.
( 4 7 )  K oll m ei er,  A. S.; d e l a  T orr e,  X.;  M ull er,  C.; B otr e ,̀ F.; P arr,  M.  K.

I n- D e pt h  G as  C hr o m at o gr a p h y / T a n d e m  M ass S p e ctr o m etr y Fr a g-
m e nt ati o n  A n al ysis of F or m est a n e a n d E v al u ati o n of  M ass S p e ctr al
Dis cri mi n ati o n of Is o m eri c 3- K et o- 4- E n e  H y dr o x y St er oi ds. R a pi d
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( 4 8 )  Ml a d e n o vi c,  M.;  A ns or g,  K.; Fi n k,  R. F.;  T hi el,  W.; S c hir m eist er,
T.; E n g els, B.  At o misti c I nsi g hts i nt o t h e I n hi biti o n of  C yst ei n e
Pr ot e as es: First  Q M / M M  C al c ul ati o ns  Cl arif yi n g t h e St er e os el e cti vit y
of E p o xi d e- B as e d I n hi bit ors. J. P hys.  C he m. B 2 0 0 8 ,1 1 2 , 1 1 7 9 8 1 1 8 0 8.
( 4 9 )  Ml a d e n o vi c,  M.; J u n ol d,  K.; Fi n k,  R. F.;  T hi el,  W.; S c hir m eist er,

T.; E n g els, B.  At o misti c I nsi g hts i nt o t h e I n hi biti o n of  C yst ei n e
Pr ot e as es: First  Q M / M M  C al c ul ati o ns  Cl arif yi n g t h e  R e gi os p e cifi cit y
a n d t h e I n hi biti o n P ot e n c y of E p o xi d e- a n d  Aziri di n e- B as e d I n hi bit ors.
J. P hys.  C he m. B 2 0 0 8 , 1 1 2 , 5 4 5 8 5 4 6 9.
( 5 0 )  Vi ci k,  R.; B us e m a n n,  M.;  G el h a us,  C.; Sti efl,  N.; S c h ei b er, J.;

S c h mitz,  W.; S c h ulz, F.;  Ml a d e n o vi c,  M.; E n g els, B.; L ei p p e,  M.;
B a u m a n n,  K.; S c hir m eist er,  T.  Aziri di d e- B as e d I n hi bit ors of  C at h e psi n
L: S y nt h esis, I n hi biti o n  A cti vit y, a n d  D o c ki n g St u di es. C he m Me d C he m
2 0 0 6 , 1 , 1 1 2 6 1 1 4 1.
( 5 1 )  M ull er,  K.; F a e h,  C.;  Di e d eri c h, F. Fl u ori n e i n P h ar m a c e uti c als:

L o o ki n g b e y o n d I nt uiti o n. Scie nce 2 0 0 7 , 3 1 7 , 1 8 8 1 1 8 8 6.
( 5 2 )  T osst orff,  A.;  C ol e, J.  C.;  T a yl or,  R.;  H arris, S. F.;  K u h n, B.

I d e ntifi c ati o n of  N o n c o m p etiti v e Pr ot ei n- Li g a n d I nt er a cti o ns f or
Str u ct ur al  O pti miz ati o n. J.  C he m. I nf.  M o del. 2 0 2 0 , 6 0 , 6 5 9 5 6 6 1 1.
( 5 3 )  M a e d a, S.;  H ar a b u c hi, Y.;  O n o, Y.;  T a k ets u g u,  T.;  M or o k u m a,  K.

I ntri nsi c  R e a cti o n  C o or di n at e:  C al c ul ati o n, Bif ur c ati o n, a n d  A ut o-
m at e d S e ar c h. I nt. J.  Q u a nt u m  C he m. 2 0 1 5 , 1 1 5 , 2 5 8 2 6 9.
( 5 4 )  Vi ci k,  R.;  H o err,  V.;  Gl as er,  M.; S c h ult h eis,  M.;  H a ns ell, E.;

M c K err o w, J.  H.;  H olz gr a b e,  U.;  C affr e y,  C.  R.; P o nt e- S u cr e,  A.;  M oll,
H.; Sti c h,  A.; S c hir m eist er,  T.  Aziri di n e- 2, 3- Di c ar b o x yl at e I n hi bit ors
T ar g eti n g t h e  M aj or  C yst ei n e Pr ot e as e of  Tr y p a n os o m a Br u c ei as L e a d
Tr y p a n o ci d al  A g e nts. Bi o org.  Me d.  C he m. Lett. 2 0 0 6 , 1 6 , 2 7 5 3 2 7 5 7.
( 5 5 ) Ett ari,  R.; Pi nt o,  A.; Pr e viti, S.;  T a m b ori ni, L.;  A n g el o, I.  C.; l a

Pi etr a,  V.;  M ari n elli, L.;  N o v elli n o, E.; S c hir m eist er,  T.;  Z a p p al a ,̀  M.;
Gr ass o, S.; d e  Mi c h eli,  C.;  C o nti, P.  D e v el o p m e nt of  N o v el  Di p e pti d e-
li k e  R h o d es ai n I n hi bit ors  C o nt ai ni n g t h e 3- Br o m ois o x az oli n e  W ar h e a d
i n a  C o nstr ai n e d  C o nf or m ati o n. Bi o org.  Me d.  C he m. 2 0 1 5 , 2 3 , 7 0 5 3
7 0 6 0.
( 5 6 )  W a g n er,  A.; L e,  T.  A.; Br e n ni c h,  M.;  Kl ei n, P.; B a d er,  N.;  Di e hl,

E.; P asz e k,  D.;  W ei c k h m a n n,  A.  K.;  Dir dj aj a,  N.;  Kr a ut h- Si e g el,  R. L.;
E n g els, B.;  O p atz,  T.; S c hi n d eli n,  H.;  H ell mi c h,  U.  A. I n hi bit or-I n d u c e d
Di m eriz ati o n of a n Ess e nti al  O xi d or e d u ct as e fr o m  Afri c a n  Tr y p a n o-
s o m es. A nge w.  C he m., I nt. E d. 2 0 1 9 , 5 8 , 3 6 4 0 3 6 4 4.
( 5 7 ) Pr e viti, S.; Ett ari,  R.;  C os c o n ati, S.;  A m e n d ol a,  G.;  C h o u c h e n e,

K.;  W a g n er,  A.;  H ell mi c h,  U.  A.;  Ulri c h,  K.;  Kr a ut h- Si e g el,  R. L.;  Wi c h,
P.  R.; S c h mi d, I.; S c hir m eist er,  T.;  G ut, J.;  R os e nt h al, P. J.;  Gr ass o, S.;
Z a p p al a ,̀  M.  D e v el o p m e nt of  N o v el P e pti d e- B as e d  Mi c h a el  A c c e pt ors
T ar g eti n g  R h o d es ai n a n d F al ci p ai n- 2 f or t h e  Tr e at m e nt of  N e gl e ct e d
Tr o pi c al  Dis e as es ( N T Ds ). J.  Me d.  C he m. 2 0 1 7 , 6 0 , 6 9 1 1 6 9 2 3.
( 5 8 )  M ell ott,  D.  M.;  Ts e n g,  C.- T.;  Dr eli c h,  A.; F ajt o v á, P.;  C h e n n a, B.

C.;  K ost o miris,  D.  H.;  Hs u, J.;  Z h u, J.;  T a yl or,  Z.  W.;  K o c ur e k,  K. I.;  T at,
V.;  K atzf uss,  A.; Li, L.;  Gi ar di ni,  M.  A.; S ki n n er,  D.;  Hir at a,  K.; Y o o n,  M.
C.; B e c k, S.;  C arli n,  A. F.;  Cl ar k,  A. E.; B er ett a, L.;  M a n e v al,  D.;  H o o k,
V.; Fr u e h, F.;  H urst, B. L.;  W a n g,  H.;  R a us h el, F.  M.;  O ’D o n o g h u e,  A. J.;
d e Si q u eir a- N et o, J. L.;  M e e k,  T.  D.;  M c K err o w, J.  H.  A  Cli ni c al- St a g e
C yst ei n e Pr ot e as e I n hi bit or Bl o c ks S A R S- C o V- 2 I nf e cti o n of  H u m a n
a n d  M o n k e y  C ells. A C S  C he m. Bi ol. 2 0 2 1 , 1 6 , 6 4 2 6 5 0.
( 5 9 ) J a c o bs e n,  W.;  C hristi a ns,  U.; B e n et, L.  Z. I n  Vitr o E v al u ati o n of

t h e  Dis p ositi o n of a  N o v el  C yst ei n e Pr ot e as e I n hi bit or. Dr ug  Met a b.
Dis p os. 2 0 0 0 , 2 8 , 1 3 4 3 1 3 5 1.
( 6 0 ) M olec ul ar  O per ati n g E n vir o n me nt ( M O E ) |M O Es aic |P SI L O ;

C h e mi c al  C o m p uti n g  Gr o u p I n c.:  M o ntr e al,  Q C,  C a n a d a, 2 0 1 4.
( 6 1 ) L ei,  X.; J all a,  A.;  A b o u S h a m a,  M.; St aff or d, J.;  C a o, B.

C hr o m at o gr a p h y- Fr e e a n d E c o- Fri e n dl y S y nt h esis of  Ar yl  T os yl at es
a n d  M es yl at es. Sy nt hesis 2 0 1 5 , 4 7 , 2 5 7 8 2 5 8 5.
( 6 2 ) St o k es, B. J.; Li u, S.;  Dri v er,  T.  G.  R h 2 (II )- C at al yz e d  Nitr o-

Gr o u p  Mi gr ati o n  R e a cti o ns: S el e cti v e S y nt h esis of 3- Nitr oi n d ol es fr o m
β - Nitr o St yr yl  Azi d es. J.  A m.  C he m. S oc. 2 0 1 1 , 1 3 3 , 4 7 0 2 4 7 0 5.
( 6 3 ) S c h ei dt,  K.  A.;  R o us h,  W.  R.;  M c K err o w, J.  H.; S elz er, P.  M.;

H a ns ell, E.;  R os e nt h al, P. J. Str u ct ur e- B as e d  D esi g n, S y nt h esis a n d
E v al u ati o n of  C o nf or m ati o n all y  C o nstr ai n e d  C yst ei n e Pr ot e as e
I n hi bit ors. Bi o org.  Me d.  C he m. 1 9 9 8 , 6 , 2 4 7 7 2 4 9 4.
( 6 4 ) I v k o vi c, J.; L e m b a c h er- F a d u m,  C.; Br ei n b a u er,  R.  A  R a pi d a n d

Effi ci e nt  O n e- P ot  M et h o d f or t h e  R e d u cti o n of  N- Pr ot e ct e d α - A mi n o

A ci ds t o  C hir al α - A mi n o  Al d e h y d es  Usi n g  C DI / DI B A L- H. Org.
Bi o m ol.  C he m. 2 0 1 5 , 1 3 , 1 0 4 5 6 1 0 4 6 0.
( 6 5 )  W hit e, J.  D.;  X u,  Q.; L e e,  C.- S.;  V al eri ot e, F.  A.  T ot al S y nt h esis

a n d Bi ol o gi c al E v al u ati o n of ( + )- K al kit o xi n, a  C yt ot o xi c  M et a b olit e of
t h e  C y a n o b a ct eri u m L y n g b y a  M aj us c ul a. Org. Bi o m ol.  C he m. 2 0 0 4 , 2 ,
2 0 9 2 2 1 0 2.
( 6 6 )  W eiss e n b or n,  M. J.;  W e h n er, J.  W.;  Gr a y,  C. J.; S ǎr dzí k,  R.; E y ers,
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S c h w arz er,  D.;  Zi e b u hr,  W.; S c hir m eist er,  T.  As y m m etri c  Dis ulf a n yl-
b e nz a mi d es as Irr e v ersi bl e a n d S el e cti v e I n hi bit ors of St a p h yl o c o c c us
A ur e us S ort as e  A. C he m Me d C he m 2 0 2 0 , 1 5 ( 1 0 ), 8 3 9 8 5 0.
( 8 9 )  M n o v a 1 2. 0. 4  M estr el a b. htt ps: / / m estr el a b. c o m / d o w nl o a d _

fi l e / m n o v a- 1 2- 0- 4 / ( a c c ess e d  M a y 3, 2 0 2 1 ).
( 9 0 ) Li ets c h e, J.;  G or k a, J.;  H ar dt, S.;  K ar as,  M.;  Kl ei n, J.  C ust o m-

M a d e  Mi cr o di al ysis Pr o b e  D esi g n. J.  Vis u ali ze d E x p. 2 0 1 5 ,2 0 1 5 , 5 3 0 4 8.
( 9 1 ) B utt n er- E n n e v er, J. T he R at Br ai n i n Stere ot a xic  C o or di n ates , 3;

P a xi n os,  G.;  W ats o n,  C.;  A c a d e mi c Pr ess: S a n  Di e g o, 1 9 9 6; J o ur n al of
A n at o m y 1 9 9 7,  V ol. 1 9 1 ( 2 ), p p 3 1 5 3 1 7.

J o ur n al of  M e di ci n al  C h e mi str y p u b s. a c s. or g/j m c Arti cl e

htt p s:// d oi. or g/ 1 0. 1 0 2 1/ a c s.j m e d c h e m. 1 c 0 1 0 0 2
J.  M e d. C h e m. 2 0 2 1, 6 4, 1 2 3 2 2 1 2 3 5 8

1 2 3 5 8
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1. 3  P er s p e cti v e s 

I n  t hi s pr oj e ct,  w e  w er e  a bl e  t o  d e si g n  n e w  i n hi bit or s  f or  t h e  p ar a siti c  c y st ei n e 

pr ot e a s e  r h o d e s ai n.  U nli k e  pr e vi o u sl y  p u bli s h e d  i n hi bit or s, 1 7 6, 1 9 8, 2 3 1  t h e  n ew 

c o m p o u n d s  ar e  c o v al e nt -r e v er si bl e  wit h  l e a d  c o m p o u n d 2 d  a s  a  sl o w -ti g ht  bi n d er. 

T hi s  i n n o v ati v e  c h ar a ct eri sti c  pr o vi d e s  a  s ol uti o n  t o  t h e  li mit ati o n s  a s s o ci at e d  wit h 

c o n v e nti o n al  c o v al e nt  dr u g s,  s u c h  a s  h a pt e ni z ati o n,  off -t ar g et  eff e ct s,  a n d  t o xi cit y, 

w h il e still pr e s er vi n g t h eir b e n efit s, s u c h a s l o n g er r e si d e n c e ti m e s, r e d u c e d d o s a g e s, 

a n d i n cr e a s e d effi ci e n c y .2 4 6  Of p arti c ul ar si g nifi c a n c e, o n e of t h e o pti mi z e d i n hi bit o r s 

(2 d -( H)) h a s d e m o n str at e d t h e a bilit y t o cr o s s t h e bl o o d-br ai n b arri er ( B B B), off eri n g 

a pr o mi si n g st arti n g p oi nt f or f ut ur e o pti mi z ati o n s i n t h e fi g ht a g ai n st H A T.  

T o o bt ai n m or e i nf or m ati o n o n t h e p h ar m a c o ki n eti c pr o p erti e s, a d diti o n al or g a n s a n d 

ti s su e s s h o ul d b e i n v e sti g at e d. I n p arti c ul ar, t h e li v er w o ul d b e i nt er e sti n g t o g ai n m or e 

i n si g ht s i nt o t h e c o m pl et e m et a b oli s m a n d p o s si bl e fir st-p a s s eff e ct s. A n al y si s of C Y P 

e n z y m e s i n v ol v e d c o ul d pr e di ct p ot e nti al dr u g -dr u g i nt er a cti o n s.  Pr o dr u g str at e gi e s 

c o ul d al s o e xt e n d t h e c o m p o u n d s’ h alf -lif e, e s p e ci all y if fir st-p a s s eff e ct s o c c ur or t o 

i m pr o v e c ell p er m e a bilit y. 

C ell p er m e a bilit y i s a n ot h er m aj or p ar a m et er t o i n v e sti g at e. C a c o -2 or P A M P A a s s a y s 

c o ul d  pr o vi d e v al u a bl e i nf or m ati o n  o n  t hi s  m att er, p ar ti c ul arl y o n  p a s si v e  diff u si o n.  

H o w e v er,  s e v er al tr a n s p ort er m e c h a ni s m s  e xi st f or  C N S  p e n etr ati o n  w h e n   p a s si v e 

diff u si o n i s  n ot  s uffi ci e nt, s u c h  a s   c arri er-m e di at e d  tr a n s p ort  ( e. g., G L U T 1,  L A T 1, 

M C T 1, C N T 2). 8 8, 2 6 3  B y i n c or p or ati n g  t ar g eti n g str u ct ur e s f or s u c h c arri er s i n P 3, o ur 

i n hi bit or s’ B B B cr o s si n g  c o ul d b e i m pr o v e d. A n ot h er p o s si bilit y w o ul d b e a c h e mi c al 

dr u g d eli v er y s y st e m ( C D S) t h at li n k s a bi o d e gr a d a bl e li p o p hili c t ar g et or m oi et y (e. g., 

1, 4- di h y dr o- N -m et h yl ni c oti ni c a ci d)  t o t h e d e sir e d c o m p o u n d vi a h y dr o x yl gr o u p s .2 6 4  

T hi s c o n str u ct w o ul d b e m or e li p o p hili c a n d t h u s, a c c u m ul at e i n br ai n ti s s u e , w h er e 

t h e t ar g et or m oi et y w o ul d b e o xi di z e d t o a c ati o ni c i nt er m e di at e. T h e p o siti v e c h ar g e 

tr a p s  t h e  c o n str u ct  i n si d e  t h e  br ai n,  w h er e  t h e  a cti v e  a g e nt  i s  sl o wl y  r el e a s e d  b y 

h y dr ol y si s, f oll o w e d b y a r e a dil y r e m o v al of t h e t ar g et or m oi et y vi a a cti v e pr o c e s s e s. 

Si n c e t h er e  ar e  al s o  m a n y  effl u x  tr a n s p ort er s  t h at  c o ul d  aff e ct  C N S  p e n etr ati o n,  it 

w o ul d b e i ntr ui gi n g t o s e e if s o m e of o ur c o m p o u n d s ar e s u b str at e s f or P- gl y c o pr ot ei n 

or ot h er effl u x p u m p s. 

Fi n all y, t ar g et e d d eli v er y of o ur i n hi bit or s t o tr y p a n o s o m e s c o ul d f urt h er i m pr o v e t h eir 

effi c a c y , e. g., b y c o u pli n g t h e m t o a pt a m er s  t h at bi n d t o T. br u c ei ’s m e m br a n e a n d 

ar e tr a n s p ort e d t o t h e l y s o s o m e, w h er e t h e y c o ul d r el e a s e t h e a cti v e a g e nt. 2 6 5  
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2  D u al  Str at e gy t o  D e si g n N e w  A g e nt s  T ar g eti n g  S c hi st o s o m a 

m a n s o ni :  A d v a n ci n g  P h e n ot y pi c  a n d  S m C B 1  I n hi bit o r s  f o r  

I m pr o v e d Effi c a c y  

2. 1  S u m m ar y a n d O w n C o ntri b uti o n  

T h i s pr oj e ct w a s  p art of a n O p e n L a b Initi ati v e wit h . 

S c hi st o s o m i a si s,  al s o  k n o w n  a s “s n ail  f e v er ”,  i s  a  p ar a siti c  di s e a s e  c a u s e d  b y 

fl at w or m s of t h e g e n u s S c hi st o s o m a , e. g.,  S c hi st o s o m a m a n s o ni . It i s c o n si d er e d a 

n e gl e ct e d tr o pi c al di s e a s e , aff e ct i n g m or e t h a n  2 0 0 milli o n p e o pl e w orl d wi d e, m ai nl y 

i n  s u b-S a h ar a n  Afri c a,  b ut  al s o  i n  p art s  of  S o ut h  A m eri c a,  t h e  C ari b b e a n,  a n d 

S o ut h e a st  A si a. 2 6 6  S c hi st o s o mi a si s  i s  a  c hr o ni c  ill n e s s  t h at  c a n  l e a d  t o  l o n g -t er m 

h e alt h  pr o bl e m s,  i n cl u di n g  d a m a g e  t o  t h e  li v er,  s pl e e n,  a n d  bl a d d er,  a s  w ell  a s 

i n cr e a s e d s u s c e pti bilit y t o ot h er i nf e cti o n s.2 6 6, 2 6 7  Pr a zi q u a nt el (P Z Q ) i s c urr e ntl y t h e 

dr u g  of  c h oi c e t o tr e at s c hi st o s o mi a si s.  It  i s  a  s af e  a n d  eff e cti v e  m e di c ati o n  t h at 

t ar g et s  C a2 +   c h a n n el s, p ar al y zi n g  t h e  w or m s, w hi c h all o w s  t h e  b o d y t o e x p el  t h e m 

n at ur all y. 2 6 8  H o w e v er, t h er e h a v e b e e n r e p ort s of r e d u c e d s e n siti vit y t o P Z Q  i n s o m e 

ar e a s,  w hi c h  i s  c o n c er ni n g  gi v e n  t h e  r eli a n c e  o n  t hi s  dr u g i n  s c hi st o s o mi a si s 

tr e at m e nt.2 6 9  T h e  e m er g e n c e  of  dr u g -r e si st a nt S c hi st o s o m a  str ai n s  hi g hli g ht s  t h e 

n e e d  f or  c o nti n u e d  r e s e ar c h  i nt o  n e w  tr e at m e nt s  a n d  a p pr o a c h e s  t o  c o ntr ol  t h e 

s pr e a d of t h e di s e a s e. 2 7 0   

T h e  p ar a sit e’ s  m aj or  c y st ei n e  pr ot e a s e,  S c hi st o s o m a  m a n s o ni  c at h e p si n  B 1 

(S m C B 1) , i s a pr o mi si n g t ar g et f or n e w s c hi st o s o mi a si s tr e at m e nt s. I n hi bit or s of t hi s 

e n z y m e h a v e s h o w n effi c a c y i n pr e cli ni c al st u di e s a n d off er t h e p ot e nti al t o di sr u pt 

t h e  p ar a sit e' s  a bilit y  t o  f e e d  a n d  gr o w, w hil e  mi ni mi z i n g  t h e  ri s k  of  r e si st a n c e 

d e v el o p m e nt d u e t o t h e e n z y m e' s e s s e nti al f u n cti o n .1 9 5, 2 5 4   

I n t hi s pr oj e ct, w e f o c u s e d o n fi n di n g n e w c o v al e nt S m C B 1 i n hi bit or s b a s e d o n t h e 

r e s ult s of a n i n-h o u s e s cr e e ni n g ( e n z y m e i n hi biti o n a n d p h e n ot y pi c a s s a y). W e t h e n 

o pti mi z e d  t h e  l e a d s c aff ol d s  t o w ar d s  b ett er  eff e cti vit y  a g ai n st  t h e  l ar v a e,  s o  c all e d 

n e wl y  tr a n sf or m e d  s c hi st o s o m ul a  ( N T S),  a n d  t h e  a d ult  w or m s,  wit h  e m p h a si s  o n 

i m pr o vi n g t h e p h y si c o c h e mi c al p ar a m et er s. T h e w or kfl o w f or t hi s pr oj e ct i s d e pi ct e d 

i n Fi g ur e 2 0 . 
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Fi g u r e 2 0 . W or kfl o w f or pr oj e ct 2. 

W e  e v al u at e d  t h e  i n -h o u s e  s cr e e ni n g  d at a  b y  c orr el ati o n  a n al y si s  a n d  pi c k e d  l e a d 

str u ct ur e s f or  a  d u al  a p pr o a c h.  T h e n,  w e  o pti mi z e d  t h e s e  l e a d s,  s y nt h e si z e d,  a n d 

t e st e d t h e m i n c oll a b or ati o n wit h t h e S WI S S T R O PI C A L H E A L T H IN S TI T U T E . 

T h e r e s ult s of t h e pr oj e ct ar e pr e s e nt e d i n t h e f oll o wi n g pr eli mi n ar y m a n u s cri pt, titl e d 

“D u al  Str at e g y t o  D e si g n N e w  A g e nt s  T ar g eti n g S c hi st o s o m a m a n s o ni :  A d v a n ci n g 

P h e n ot y pi c  a n d S m C B 1  I n hi bit or s  f o r  I m pr o v e d  Effi c a c y”  t o  b e  s u b mitt e d  f or 

p u bli c ati o n i n A C S I nf e cti o u s Di s e a s e s  aft er i n s erti n g p e n di n g p er m e a bilit y d at a.  

O w n  c o ntri b uti o n:  fl u or o m etri c  a s s a y  e st a bli s h m e nt a n d K m   d et er mi n ati o n wit h 

, i n-h o u s e  s cr e e ni n g  f or S m C B 1 i nhi biti o n  wit h  

, c orr el ati o n  a n al y si s,  d e si g n  a n d  s y nt h e si s  of  o pti mi z e d c o m p o u n d s  

2 a – q , c al c ul ati n g  p h y si c o c h e mi c al  pr o p erti e s, t e sti n g  o pti mi z e d  i n hi bit or s 2 a – q  

a g ai n st S m C B 1, writi n g m ai n p art of t h e m a n u s cri pt, writi n g p art s of t h e s u p p orti n g 

i nf or m ati o n, pr e p ari n g t a bl e s (2, 3 ), a n d fi g ur e s (1, 2, 4 – 7, gr a p hi c al a b str a ct ). 

C o nt ri b uti o n f r o m ot h er s:  S m C B 1 e x pr e s si o n a n d p urifi c ati o n, S m C B 1 a cti v ati o n 

pr ot o c ol,  p h e n ot y pi c  a s s a y s , d e si g n a n d s y nt h e si s  of o pti mi z e d  c o m p o u n d s 1 a – m , 

t e sti n g c o m p o u n d s 1 a – m , writi n g p art s of t h e m a n u s cri pt a n d s u p p orti n g i nf or m ati o n , 

pr e p ari n g t a bl e 1 a n d fi g ur e 3 .  
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2. 2  M a n u s cri pt  

D u al Str at e g y t o D e si g n N e w A g e nt s T ar g eti n g S c hi st o s o m a 

m a n s o ni :  A d v a n ci n g  P h e n ot y pi c  a n d  S m C B 1  I n hi bit o r s  f or  

I m p r o v e d Effi c a c y 

N at ali e  F u c h s, 1 ⁑  ,1 ⁑  ,1 ⁑  ,1  

,1  ,1  ,1  ,2  ,1  

a n d 1*  

1 I n stit ut e of P h ar m a c e uti c al a n d Bi o m e di c al S ci e n c e s, J o h a n n e s G ut e n b er g U ni v er sit y M ai n z, 

St a u di n g er w e g 5, 5 5 1 2 8 M ai n z, G er m a n y. 

2 S wi s s Tr o pi c al a n d P u bli c H e alt h I n stit ut e, Kr e u z str a s s e 2, 4 1 2 3 All s c h wil, S wit z erl a n d. 

* All c orr e s p o n d e n c e t o Pr of. Dr. T a nj a S c hir m ei st er, s c hir m ei @ u ni- m ai n z. d e. 

⁑ N. F., R. A. Z., a n d M. S. c o ntri b ut e d e q u all y. 

 

A B S T R A C T  

 

I n t hi s st u d y, w e h a v e i d e ntifi e d a n d o pti mi z e d t w o l e a d str u ct ur e s fr o m a n i n- h o u s e 

s cr e e ni n g, wit h pr o mi si n g r e s ult s a g ai n st t h e p ar a siti c fl at w or m S c hi st o s o m a m a n s o ni  

a n d/ or it s t ar g et pr ot e a s e S. m a n s o ni  c at h e p si n B 1 ( S m C B 1). O ur c orr el ati o n a n al y si s 

hi g hli g ht e d  t h e  si g nifi c a n c e  of  p h y si c o c h e mi c al  pr o p erti e s  f or  t h e  c o m p o u n d s’ 

effi c a c y, r e s ulti n g i n a d u al a p pr o a c h t o o pti mi z e t h e l e a d str u ct ur e s r e g ar di n g b ot h 

p h e n ot y pi c  eff e ct s a n d S m C B 1  i n hi biti o n.  T h e  o pti mi z e d  c o m p o u n d s  fr o m  b ot h 

a p pr o a c h e s  (“ p h e n ot y pi c”  v s  “ S m C B 1”  a p pr o a c h)  d e m o n str at e d  i m pr o v e d  effi c a c y 

a g ai n st S. m a n s o ni  a d ult w or m s, wit h 2 h  fr o m t h e “S m C B 1” a p pr o a c h e m er gi n g a s 

t h e m o st p ot e nt c o m p o u n d. 2 h  di s pl a y e d n a n o m ol ar i n hi biti o n a g ai n st S m C B 1 ( K i = 

0. 0 5 0 µ M)  w hil e  m ai nt ai ni n g  s el e cti vit y  t o w ar d s  h u m a n  off -t ar g et  c at h e p si n s,  a n d 
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gr e at l y i m pr o v e d effi c a c y t o w ar d s S. m a n s o ni  a d ult s ( 8 6 % at 1 0 µ M, 6 8 % at 1 µ M), 

d e m o n str ati n g p ot e nti al a s a n e w t h er a p e uti c a g e nt f or s c hi st o s o mi a si s.  

 

A B B R E VI A TI O N S  

A C N,  a c et o nitril e;  A M C,  7 -a mi n o - 4-m et h yl c o u m ari n;  a q.,  a q u e o u s;  B o c, t ert- b ut yl 

c ar b a m o yl; C at B, h u m a n c at h e p si n B; C at L, h u m a n c at h e p si n L; C H, c y cl o h e x a n e; 

c p d, c o m p o u n d; D C M, di c hl or o m et h a n e; D E C P, di et h yl c hl or o p h o s p h at e; D H B D, 2, 3-

di h y dr o b e n z o[ b ][ 1, 4] di o xi n e; DI P E A, N, N -dii s o pr o p yl et h yl a mi n e;  D M F, 

di m et h ylf or m a mi d e;  D T T,  dit hi ot hr eit ol;  E A,  et h yl  a c et at e;  E D T A, et h yl e n e di a mi n e 

t etr a a c eti c  a ci d;  e q.,  e q ui v al e nt;  E SI,  el e ctr o s pr a y  i o ni z ati o n;  HI C,  h y dr o p h o bi c 

i nt er a cti o n  c hr o m at o gr a p h y; H O Bt,  1 - h y dr o x y b e n z otri a z ol e; h P h e, 

h o m o p h e n yl al a ni n e;  H W E,  H or n er - W a d s w ort h-E m m o n s;  K H M D S,  p ot a s si u m 

bi s(tri m et h yl sil yl) a mi d e;  L H M D S,  lit hi u m  bi s(tri m et h yl sil yl) a mi d e;  M e,  m et h yl;  M O E, 

M ol e c ul ar  O p er ati n g  E n vir o n m e nt;  N T S,  n e wl y  tr a n sf or m e d  s c hi st o s o m ul a;  p p m, 

p art s p er milli o n; SI, s el e cti vit y i n d e x; S m C B 1, S c hi st o s o m a m a n s o ni c at h e p si n B 1; 

S D, st a n d ar d d e vi ati o n; T B T U, 2- ( 1H - b e n z otri a z ol e- 1-yl) - 1, 1, 3, 3-t etr a m et h yl a mi ni u m 

t etr afl u or o b or at e; T E A, tri et h yl a mi n e; T H F, t etr a h y dr of ur a n; T P S A, t o p ol o gi c al p ol ar 

s urf a c e ar e a.   

 

I N T R O D U C TI O N 

S c hi s t o s o mi a si s  i s  a n  a c ut e  or  c hr o ni c  i nf e cti o u s  di s e a s e,  t h at  c a n  b e  c a u s e d  b y 

diff er e nt  s p e ci e s  of  t h e  g e n u s  S c hi st o s o m a,  a  f a mil y  of  h u m a n  bl o o d  fl u k e s.  M or e 

t h a n 1 4 0 milli o n p ati e nt s ar e aff e ct e d b y t hi s di s e a s e w orl d wi d e, m o st of t h e m i n s u b-

S a h ar a n Afri c a. 1, 2  Of all fi v e S c hi st o s o m a  s p e ci e s t h at c a n c a u s e s c hi st o s o mi a si s i n 

h u m a n s, S c hi st o s o m a m a n s o ni  i s t h e m o st wi d e s pr e a d, t hr o u g h o ut Afri c a, t h e Mi d dl e 

E a st  a n d  e v e n  t h e  A m eri c a s. 3  I nf e cti o n s  c a n  l e a d  t o  i nt e sti n al  or  h e p ati c  f or m s  of 

s c hi st o s o mi a si s. 4  D uri n g  it s  lif e  c y cl e, S.  m a n s o ni  d e p e n d s  o n  t w o  diff er e nt  h o st s, 

fr e s h w at er s n ail s of t h e g e n u s Bi o m p h al ari a  f or a s e x u al r e pli c ati o n a n d a m a m m ali a n 

h o st f or  s e x u al r e pli c ati o n. 3  U p o n c o m pl eti n g a s e x u al  r e pli c ati o n t h e  s n ail s  r el e a s e 

c er c ari a e  i nt o  t h e  fr e s h w at er.  T h e s e  i nf e cti o u s  c er c ari a e  p e n etr at e  h u m a n  s ki n 

e x p o s e d  t o c o nt a mi n at e d  w at er  a n d  st art  t h eir  s e x u al  r e pli c ati o n  wit hi n  t h e  h u m a n 

b o d y. O v er t h e n e xt 5 – 7 w e e k s, t hi s l ar v al st a g e, c all e d s c hi st o s o m ul a, d e v el o p s i nt o 

m at ur e d s c hi st o s o m e s u ntil t h e y b e gi n t o m at e. 3  F e m al e s c hi st o s o m e s ar e c a p a bl e 

t o pr o d u c e h u n dr e d s of e g g s d ail y.5, 6  E g g mi gr ati o n i nt o t h e i nt e sti n al l u m e n, w h er e 
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t h e y  ar e  e x cr et e d  wit h  f a e c e s,  c o m pl et e s  t h e  s e x u al  r e pr o d u cti o n  pr o c e s s.  O n c e 

r el e a s e d i nt o fr e s h w at er, t h e e g g s will h at c h a n d r el e a s e cili at e d mir a ci di a, w hi c h c a n 

n o w i nf e ct t h e s n ail h o st s t o b e gi n a s e x u al r e pli c ati o n. 5  F e c al e x cr eti o n of e g g s i s n ot 

q u a ntit ati v e, m e a ni n g t h at a c o n si d er a bl e n u m b er of e g g s r e m ai n i n t h e h u m a n b o d y. 

A n e arl y st u d y wit h h a m st er s a s m a m m ali a n h o st s f o u n d t h at o nl y ~ 2 0 % e g g s w er e 

f o u n d i n f a e c e s, w hil e ~ 8 0 % of t h e e g g s r e m ai n e d i n t h e b o dy. 6  Aft er 1 – 2 w e e k s, t h e 

e g g s will di e, i n d e p e n d e nt if t h e y r e a c h fr e s h w at er. 3  T h e h u n dr e d s of tr a p p e d, p arti all y 

d e a d, e g g s i n t h e h u m a n b o d y c a n i n d u c e s e v er e i nfl a m m at or y r e a cti o n s t h at m a y 

c a u s e t h e f ull pi ct ur e of t h e s c hi st o s o mi a si s di s e a s e. 7, 8   

T o d a y, t h e  o nl y  a p pr o v e d dr u g  f or t h e  tr e at m e nt  of  s c hi st o s o mi a si s  i s  pr a zi q u a nt el 

(P Z Q ).  Alt h o u g h  pr a zi q u a nt el  w a s  i ntr o d u c e d  i n  t h e  1 9 7 0 s,  v er y  f e w  c a s e s  of 

r e si st a n c e h a v e b e e n r e p ort e d.9  U ntil r e c e ntl y, e v e n att e m pt s t o i n d u c e a r e si st a n c e 

a g ai n st P Z Q  i n th e l a b or at or y h a s f ail e d. 1 0  Wit h a r e p ort e d c ur e r at e of ~ 9 0 %, P Z Q  

r e m ai n s a p o w erf ul t o ol t o fi g ht s c hi st o s o mi a si s. D e s pit e t h e a c hi e v e d s u c c e s s, t h e 

a ct u al  m e c h a ni s m  of  a cti o n  r e m ai n e d  el u si v e  u ntil  2 0 2 1,  w h e n P A R K  A N D  C O -

W O R K E R S  d e m o n str at e d t h at t h e t r a n si e nt r e c e pt or p ot e nti al m el a st ati n i o n c h a n n el i s 

t h e  t ar g et  of  pr a zi q u a nt el.1 1  H o w e v er,  t o  c o ntr ol  or  e v e n  er a di c at e  t hi s  di s e a s e,  it 

s e e m s n e c e s s ar y t o p ur s u e f urt h er dr u g d e v el o p m e nt t o al s o tr e at t h o s e p ati e nt s w h o 

h a v e s h o w n r e si st a n c e t o P Z Q . B y f o c u si n g o n a d diti o n al t ar g et s t h at ar e vit al t o t h e 

p ar a sit e,  a n  i m pr o v e d  tr e at m e nt  c o ul d  b e  a c c o m pli s h e d.  R e c e nt  p u bli c ati o n s  h a v e 

s h o w n  t h at  t h e  c at h e p si n  B -li k e  pr ot e a s e  of S.  m a n s o ni   (S m C B 1)  pr e s e nt s  a 

pr o mi si n g  t ar g et  f or  s m all  m ol e c ul ar  i n hi bit or s, si n c e  it s  i n hi biti o n  i s  l et h al  t o S. 

m a n s o ni. 1 2 – 1 4  Pr e vi o u s  st u di e s  al s o  s h o w e d  t h at  s u p pr e s si o n  of S m C B 1  a cti vit y  i n 

e arl y st a g e s c hi st o s o m ul a h a d a l o n g -t er m eff e ct o n t h eir gr o wt h a n d d e v el o p m e nt, 

u n d erli ni n g a c ert ai n v ul n er a bilit y, ari si n g  fr o m t hi s tar g et. 1 5  

T o d at e, s e v er al S m C B 1 i n hi bit or s h a v e b e e n r e p ort e d. O n e w ell -k n o w n e x a m pl e i s 

t h e  p a n-c at h e p si n  i n hi bit or K 1 1 7 7 7  (I C5 0  =  0. 0 0 2 1 µ M, k 2 n d   =  8. 8  ∙  1 04   M- 1s - 1),  a n 

irr e v er si bl e vi n yl s ulf o n e.1 6  It h a s pr o v e n t o b e effi ci e nt a g ai n st s c hi st o s o m e s i n mi c e, 

r e d u ci n g b ot h w or m n u m b er s a n d e g g pr o d u cti o n. 1 4  B a s e d o n t h e K 1 1 7 7 7  s c aff ol d, 

J Í L KO V Á  A N D C O -W O R K E R S  h a v e d e v el o p e d t h e p ot e nt irr e v er si bl e S m C B 1 i n hi bit or s 

W R R- 3 9 1  (I C5 0  = 0. 2 n M, k 2 n d  = 2. 1 ∙ 1 0 5  M- 1s - 1) a n d W R R- 2 8 6  (I C5 0 = 0. 6 n M, k 2 n d  = 

2. 0  ∙  1 0 5   M- 1s - 1).1 3, 1 6  T h e  c o m p o u n d s  ar e  eff e cti v e  a g ai n st  n e wl y  tr a n sf or m e d 

s c hi st o s o m ul a ( N T S) at c o n c e ntr ati o n s of 1 0 µ M f or b ot h a n d 1 µ M f or W R R- 2 8 6 aft er 

7 2  h o ur s. 1 3  A d diti o n all y,  t h e y  i ntr o d u c e d  a z a p e pti d e  nitril e s  a s  c o v al e nt -r e v er si bl e 

S m C B 1 i n hi bit or s wit h hi g h effi c a c y a g ai n st N T S. 1 2  H o w e v er, t h eir effi c a c y a g ai n st S. 

m a n s o ni a d ult s h a s n ot y et b e e n p u bli s h e d.  
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I n  or d er  t o  di s c o v er  n e w  p ot e nti al  a nti-s c hi st o s o m al  c o m p o u n d s,  w e  d e v el o p e d  a 

w or kfl o w  ( s e e  Gr a p hi c al  A b str a ct)  st arti n g  wit h  a n  i n -h o u s e  s cr e e ni n g  i n cl u di n g  7 6 

c o m p o u n d s,  t h at  pr o vi d e d  u s  wit h  l e a d  str u ct ur e s  (f or  all  str u ct ur e s  a n d  d at a  s e e 

S u p p orti n g  I nf or m ati o n )  f or  a  d u al  o pti mi z ati o n  a p pr o a c h.  W e  t h e n  p erf or m e d  a 

c orr el ati o n a n al y si s  of  t h e e ntir e s cr e e ni n g  d at a t o  o bt ai n o pti mi z ati o n  i d e a s.  Fr o m 

t h e s e i d e a s, w e d e si g n e d n e w c o m p o u n d s u si n g m ol e c ul ar d o c ki n g a p pr o a c h e s a n d 

i n p ut fr o m lit er at ur e. W e s y nt h e si z e d s e v er al o pti mi z e d str u ct ur e s a n d t e st e d t h e m o n 

t h e t ar g et e n z y m e a s w ell a s i n t h e p h e n ot y pi c a s s a y. 

 

R E S U L T S A N D DI S C U S SI O N  

I n-h o u s e s cr e e ni n g.  

W e i niti at e d o ur s e ar c h f or l e a d str u ct ur e s wit h a nti -s c hi st o s o m al a cti vit y b y s cr e e ni n g 

o ur  i n -h o u s e  li br ar y  i n cl u di n g  7 6  c o m p o u n d s  i n  a  p h e n ot y pi c  a s s a y  o n  n e wl y 

tr a n sf or m e d s c hi st o s o m ul a ( N T S) a n d S. m a n s o ni  a d ult s.1 7  T hi s li br ar y c o n si st e d of 

s e v er al c y st ei n e- t ar g eti n g i n hi bit or s d e c or at e d wit h diff er e nt c o v al e nt w ar h e a d s, s u c h 

a s  ( F -) vi n yl s ulf o n( at) e s,  nitril e s,  al d e h y d e s,  4-o x o e n o at e s,  nitr o al k e n e s,  a n d 

a cr yl a mi d e s. 1 8 – 2 3  I n a d diti o n, w e e v al u at e d all c o m p o u n d s f or t h eir i n hi bit or y eff e ct o n 

S m C B 1 u si n g a fl u or o m etri c e n z y m e a s s a y t o a n al y z e p ot e nti al c orr el ati o n s wit h t h e 

r e s ult s of t h e p h e n ot y pi c a s s a y. W e d et er mi n e d I C5 0  a n d K i v al u e s f or all c o m p o u n d s 

wit h S m C B 1 i n hi biti o n > 5 0 % at 2 0 µ M. I n t h e p h e n ot y pi c a s s a y, all s u b st a n c e s w er e 

i niti all y  a n al y z e d  at  1 0 µ M  o n  N T S.  If  a n  effi c a c y  of  > 7 0 %  d e a d  w a s  a c hi e v e d,  a 

s e c o n d s cr e e ni n g w a s p erf or m e d at 1 µ M o n N T S a n d at 1 0 µ M o n S. m a n s o ni a d ult s. 

L o w er  c o n c e ntr ati o n s  of  1 µ M  a n d  0. 1 µ M  w er e  t e st e d  o n  a d ult  w or m s  w h e n  7 0 % 

effi c a c y w a s a c hi e v e d i n t h e r e s p e cti v e pr e vi o u s s cr e e ni n g. A t a bl e wit h all d at a fr o m 

t h e i n-h o u s e s cr e e ni n g c a n b e f o u n d i n t h e S u p p orti n g I nf or m ati o n . T h e pr o c e d ur e 

of t h e i niti al s cr e e ni n g s i s d e s cri b e d i n Fi g ur e 1 . 
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Fi g u r e 1.  W or kfl o w of t h e i niti al i n -h o u s e s cr e e ni n g. All c o m p o u n d s w er e s cr e e n e d f or t h eir 
S m C B 1  i n hi biti o n  i n  a  fl u or o m etri c  e n z y m e  a s s a y  a s  w ell  a s  t h eir  effi c a c y  i n  a  p h e n ot y pi c 
a s s a y a g ai n st N T S a n d a d ult w or m s. 

T h e  t o p  t hr e e  c o m p o u n d s  ( K S 3 0 9 , S J 6 0 5 , S J 6 0 6 )  fr o m  t h e  p h e n ot y pi c  s cr e e ni n g 

a g ai n st S.  m a n s o ni  a d ult s  ar e  s h o w n  i n Fi g ur e  2 .  W hil e  t w o  of  t h e m  ar e 

vi n yl s ulf o n at e- b a s e d  i n hi bit or s  ( S J 6 0 5 , S J 6 0 6 ),  ori gi n all y  d e v el o p e d  f or 

r h o d e s ai n,1 9, 2 0  t h e  t hir d  i s  a n  4- o x o e n o at e-b a s e d  di a st er e o m eri c  b ort e z o mi b 

c o n g e n er ( u n p u bli s h e d r e s ult s). All t hr e e c o m p o u n d s ar e hi g hl y effi ci e nt a g ai n st N T S 

at 1 0 µ M ( 1 0 0 % effi c a c y). Alt h o u g h S J 6 0 5  a n d S J 6 0 6  e x hi bit hi g h S m C B 1 i n hi biti o n 

wit h K i v al u e s i n t h e l o w n a n o m ol ar r a n g e, o nl y m o d er at e effi c a c y a g ai n st a d ult w or m s 

at 1 0 µ M ( 5 5 % f or S J 6 0 5 , 5 8 % f or S J 6 0 6 ) w a s a c hi e v e d. I n c o ntr a st, K S 3 0 9  s h o w s 

w e a k i n hi biti o n of S m C B 1 ( K i > 1 0 0 µ M) b ut a str o n g eff e ct o n a d ult w or m s ( 7 6 % at 

1 0  µ M,  2 9 %  at  1 µ M)  i n t h e  p h e n ot y pi c  a s s a y,  i n di c ati n g t h at  it  a d dr e s s e s a n ot h er 

t ar g et. 

 

Fi g u r e 2.  P h e nt ot y pi c s cr e e ni n g of i n -h o u s e li br ar y – t o p 3 c o m p o u n d s wit h s cr e e ni n g r e s ult s 
a n d K i v al u e s.  

B a s e d o n t h e s e fi n di n g s, w e p ur s u e d a d u al str at e g y t o i n cr e a s e t h e a nti - s c hi st o s o m al 

eff e ct of  b ot h c o m p o u n d cl a s s e s o n a d ult S. m a n s o ni . I n or d er t o m a xi mi z e t h eir eff e ct, 

w e  f o c u s e d  pri m aril y  o n  i m pr o vi n g  t h eir  p h y si c o c h e mi c al  pr o p erti e s,  s u c h  a s 

li p o p hili cit y,  si n c e  t h e  s u b st a n c e s  h a v e  t o  p a s s  t w o  c ell  m e m br a n e s  t o  r e a c h  t h eir 
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t ar g et sit e.2 4  T hi s r e s ult e d i n t w o a p pr o a c h e s, t h e “ p h e n ot y pi c” a p pr o a c h f o c u si n g o n 

K S 3 0 9  d eri v ati z ati o n  a n d  t h e  “ S m C B 1”  a p pr o a c h  i n cl u di n g S J 6 0 5 /S J 6 0 6  

d eri v ati z ati o n s. 

 

C h e mi str y. 

T h e  s y nt h e si s  of  c o m p o u n d s 1 b – d ,  a n d 1 g , 1i , 1j  st art e d  fr o m  B o c -D -l e u ci n e 

(S c h e m e  5  i n t h e S u p p orti n g  I nf or m ati o n ). W ei nr e b  c h e mi str y  t o  g e n er at e  t h e 

r e q uir e d al d e h y d e s, p h o s p h o n at e pr e p ar ati o n f oll o w e d b y T B T U c o u pli n g s, B o c gr o u p 

r e m o v al s,  a n d  H or n er- W a d s w ort h-E m m o n s  r e a cti o n s  t o  f or m  t h e N - m et h yl at e d 

o x o e n o at e  or  vi n yl s ulf o n at e  w er e  p erf or m e d  ( d et ail e d  r o ut e  i n S u p p orti n g 

I nf or m ati o n). T h e N -m et h yl at e d  o x o e n o at e 1 a  ( P 2-N -M e -P 1)  w a s  pr e p ar e d 

a n al o g o u sl y ( S c h e m e 6  i n t h e S u p p orti n g I nf or m ati o n ).  

T h e  a z a p e pti d e 1 k  w a s  pr e p ar e d  st arti n g  fr o m  C b z -L -p h e n yl al a ni n e  w hi c h  w a s 

br o u g ht t o r e a cti o n wit h t ert-b ut yl c ar b a z at e u si n g T B T U c o u pli n g ( S c h e m e 7  i n t h e 

S u p p orti n g I nf or m ati o n ). C b z  cl e a v a g e,  T B T U  c o u pli n g s  a n d  B o c  gr o u p  r e m o v al 

l e d t o a h y dr a zi d e t h at w a s al k yl at e d i n a t w o-st e p r e d u cti v e a mi n ati o n ( m or e d et ail s 

i n S u p p orti n g I nf or m ati o n ). I n  t h e  l a st  st e p,  r e a cti o n  wit h  et h yl  f u m ar o yl  c hl ori d e 

g e n er at e d t h e fi n al a z a p e pti d e 1 k . Pr o p ar g yl a n d nitril e c o m p o u n d s 1 e  a n d 1f  w er e 

pr e p ar e d b y t h e s a m e s y nt h eti c p at h w a y ( S c h e m e 8  i n t h e S u p p orti n g I nf or m ati o n ).  

T h e s y nt h e si s of t h e a cr yl a mi d e d e c or at e d c o m p o u n d 1 h wit h i n v ert e d a mi d e b o n d s 

w a s  c o n d u ct e d  st arti n g  fr o m  B o c -D -p h e n yl al a ni n e  ( S c h e m e  9  i n  t h e S u p p orti n g 

I nf or m ati o n). Fir st,  c o u pli n g  wit h  2 -a mi n o p yr a zi n e  u si n g  C O M U,  f oll o w e d  b y B o c 

d e pr ot e cti o n l ed t o a n i nt er m e di at e t h at w a s  t h e n r e a ct e d wit h B o c-L -l e u ci n e b y T B T U 

c o u pli n g . Aft er B o c gr o u p r e m o v al, t h e a cr yl a mi d e f u n cti o n w a s i ntr o d u c e d b y r e a cti o n 

wit h a cr yl o yl c hl ori d e yi el di n g t h e fi n al pr o d u ct 1 h .  

T h e s m all m ol e c ul e d eri v ati v e s 1l a n d 1 m  w er e  e a c h pr e p ar e d i n a t w o -st e p s y nt h e si s 

(S c h e m e  1 0  i n  t h e S u p p orti n g  I nf or m ati o n ).  R e a cti o n  of a W ei nr e b  a mi d e  wit h 

vi n yl m a g n e si u m  br o mi d e  yi el d e d a n  a cr yl  d eri v ati v e  w hi c h  w a s  tr e at e d  wit h  et h yl 

a cr yl at e  u si n g  H o v e y d a  Gr u b b s  II  c at al y st  t o  gi v e  t h e  fi n al  c o m p o u n d 1l .  T h e 

a z a p e pti d e a n al o g u e 1 m  w a s pr e p ar e d st arti n g fr o m  a t ert-b ut yl c ar b a z at e t h at w a s 

al k yl at e d i n a  t w o -st e p  r e d u cti v e  a mi n ati o n  u si n g i s o b ut yr al d e h y d e  f oll o w e d  b y 

tr e at m e nt wit h P d/ C u n d er h y dr o g e n at m o s p h er e. T h e r e s ulti n g i nt er m e di at e w a s t h e n 
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4 , Fi g ur e 2  i n t h e S u p p orti n g I nf or m ati o n ). C o m p o u n d s wit h Sl o g P v al u e s of ≥ 2. 0 4 

(K S 3 0 9 , 1 a – c , 1 d -(E ), 1 d -(Z ), 1 g , 1i , 1j , a n d  1l ) a p p e ar e d t o h a v e a n effi c a c y of at 

l e a st 9 6 %. F or Sl o g P v al u e s r a n gi n g fr o m 0. 9 9 t o 2. 0 3, effi c a c y w a s o nl y 3 9– 6 1 %. 

T hi s  c orr el ati o n  w a s  al s o  o b s er v e d  f or S.  m a n s o ni  a d ult s  at  1 0 µ M  ( r =  0. 6 9,  

p = 0. 0 1 5). O v er all, 1 g  a s w ell a s it s pr e c ur s or s 1i  a n d 1j  s h o w e d t h e hi g h e st effi c a c y 

i n t h e c o m p o u n d s eri e s o n b ot h N T S a n d S. m a n s o ni a d ult s. I nt er e sti n gl y, 1 g  a n d 1j  

e v e n e x hi bit e d str o n g er i n hi biti o n of S m C B 1 c o m p ar e d t o K S 3 0 9  ( 6 8 –8 0 % v s 5 8 % at 

2 0  μ M), al b eit w e a k c o m p ar e d t o t h e S J 6 0 0 -s eri e s ( S J 6 0 5 /S J 6 0 6 ). Su b stit uti n g t h e 

4- o x o e n o at e w ar h e a d of K S 3 0 9  wit h a vi n yl s ulf o n at e ( 1 g ) r et ai n e d t h e s a m e T P S A 

( 1 2 7 Å2 ) b ut i n cr e a s e d t h e Sl o g P v al u e ( 3. 2 7 v s 2. 0 4), w hi c h mi g ht h a v e i m pr o v e d 

c ell  p er m e a bilit y.  F urt h er m or e,  t h e  vi n yl s ulf o n at e  mi g ht  b e  l e s s  pr o n e  t o  off -t ar g et 

r e a cti o n s  c o m p ar e d t o  t h e  hi g hl y r e a cti v e 4-o x o e n o at e  s u b str u ct ur e.  R e pl a ci n g  t h e 

p ol ar p yr a zi n o yl m oi et y of 1 g  i n P 3 wit h a m or e li p o p hili c B o c gr o u p (1j ) di d n ot c h a n g e 

effi c a c y, alt h o u g h it d e cr e a s e d t h e T P S A ( 1 1 1 Å 2 v s 1 2 7 Å 2 ) a n d i n cr e a s e d t h e Slo g P 

v al u e ( 4. 5 8 v s 3. 2 7, 1 g  a n d 2. 0 4, K S 3 0 9 ). I n s u m m ar y, t h e a nti-s c hi st o s o m al eff e ct 

c o ul d  b e  i n cr e a s e d,  h o w e v er,  t h e  t ar g et  of K S 3 0 9  d eri v ati v e s  r e m ai n s  u n k n o w n. 

T h er ef or e,  w e  di d  n ot  f urt h er  f o c u s  o n  t h e  p h e n ot y pi c  a p pr o a c h  b y  o pti mi zi n g  t hi s 

s eri e s, b ut r at h er o n t h e o pti mi z ati o n of t h e S J 6 0 5 /S J 6 0 6  i n hi bit or s a s t h eir eff e ct s 

a p p e ar e d t o c orr el at e wit h S m C B 1 i n hi biti o n.  

 

C orr el ati o n s a n d hit o pti mi z ati o n s.  

C orr el ati o n a n al y si s. 

F or c orr el ati o n s a n d o pti mi z ati o n i d e a s, w e st art e d b y c al c ul ati n g s e v er al i m p ort a nt 

p h y si c o c h e mi c al  p ar a m et er s  (l o g P,  T P S A  et c.)  u si n g  M O E  ( s e e T a bl e  1  i n 

S u p p orti n g  I nf or m ati o n ).2 5  W e  t h e n  p erf or m e d  a  c orr el ati o n  a n al y si s  f or  e a c h 

p h y si c o c h e mi c al p ar a m et er or t h e K i v al u e s wit h t h e o b s er v e d eff e ct s fr o m p h e n ot y pi c 

s cr e e ni n g,  i n cl u di n g  N T S  ( 1 0 µ M,  1 µ M  i n hi bit or)  a n d S.  m a n s o ni  a d ult s  ( 1 0 µ M 

i n hi bit or).  T h e  r e s ulti n g  c orr el ati o n s  ar e  s h o w n  i n T a bl e  2  i n  t h e  S u p p orti n g 

I nf or m ati o n  wit h  t h eir  r e s p e cti v e  p- v al u e s.  O nl y  p-v al u e s  < 0. 0 5  ar e  c o n si d er e d 

st ati sti c all y si g nifi c a nt.  

T h er e  i s  a  sli g ht,  b ut  st ati sti c all y  si g nifi c a nt,  c orr el ati o n  b et w e e n K i v al u e s  a n d  t h e 

eff e ct i n t h e p h e n ot y pi c s cr e e ni n g a g ai n st N T S at 1 µ M ( p = 0. 0 2 5). T h e c orr el ati o n 

f a ct or (r) i s n eg ati v e (r = – 0. 4 3) i m pl yi n g t h at l o w er K i v al u e s l e a d t o a hi g h er eff e ct. 

T h e n e g ati v e c orr el ati o n f or K i a n d t h e eff e ct o n S. m a n s o ni  a d ult s i s n ot si g nifi c a nt 

( p = 0. 1 8). T h e a d ult w or m s s e e m t o c o m p e n s at e t h e i n hi biti o n m or e eff e cti v el y t h a n 
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t h e N T S. It w a s r e p ort e d e arli er t h at s e v er al pr ot e a s e s ar e i n v ol v e d i n t h e di g e sti o n 

of bl o o d h a e m o gl o bi n. O n e e x pl a n ati o n f or t hi s o b s er v ati o n c o ul d b e t h at i n hi biti o n of 

S m C B 1 al o n e c a n b e c o m p e n s at e d b y ot h er pr ot e a s e s s u c h a s S. m a n s o ni  c at h e p si n 

D or c at h e p si n L. Si n c e t h e e x pr e s si o n l e v el s of pr ot e a s e s fl u ct u at e i n diff er e nt st a g e s 

of  d e v el o p m e nt,  a d ult  w or m s  m a y  o v er c o m e  i n hi biti o n  of S m C B 1  m or e  eff e cti v el y 

t h a n N T S.1 5, 2 6  F urt h er m or e a n a d diti o n al s e c o n d m e m br a n e h a s t o b e cr o s s e d i n a d ult 

w or m s. 2 7  T h e p o siti v e c orr el ati o n f a ct or b et w e e n Sl o g P a n d t h e eff e ct a g ai n st N T S  

(r = 0. 4 4 at 1 µ M) i n di c at e s t h at hi g h er l o g P v al u e s ar e b e n efi ci al ( p = 0. 0 4 8, 0. 0 2 1). 

T P S A  a n d  m ol e c ul ar  fl e xi bilit y  ( Ki er Fl e x)  d o  n ot  h a v e  a  si g nifi c a nt  eff e ct  o n  t h e 

s cr e e ni n g r e s ult s.  

Si n c e  t w o  c o m p o u n d s  fr o m  t h e  S J 6 0 0 s  s eri e s  ( S J 6 0 5 , S J 6 0 6 )  ar e  a m o n g  t h e  t o p 

t hr e e, w e d e ci d e d t o i n v e sti g at e a s u b-s et c o nt ai ni n g o nl y t h e s e c o m p o u n d s ( n = 1 6, 

r e s ult s i n T a bl e 3  i n t h e S u p p orti n g I nf or m ati o n ). T h e c o m p o u n d s ar e k n o w n t o b e 

p ot e nt  c y st ei n e  pr ot e a s e  i n hi bit or s  wit h  l o w  c yt ot o xi cit y  a s  r e p ort e d  b y J U N G E T A L . 

( 2 0 2 2).2 0  A g ai n, t h er e i s a si g nifi c a nt c orr el ati o n ( p = 0. 0 0 5) b et w e e n t h e K i v al u e f or 

S m C B 1 a n d t h e eff e ct a g ai n st N T S at 1 0 µ M i n hi bit or c o n c e ntr ati o n ( r = – 0. 6 7) li k e 

t h e c orr el ati o n d e s cri b e d a b o v e. T h e Sl o g P c orr el at e s wit h t h e eff e ct a g ai n st N T S at 

1 0  µ M ( r = 0. 6 6, p = 0. 0 0 5) a s w ell. H er e, w e h a v e a n a d diti o n al c orr el ati o n b et w e e n 

t h e  m ol e c ul ar  fl e xi bilit y  ( Ki er Fl e x)  a n d t h e  eff e ct  a g ai n st  N T S  at  1 0 µ M  ( r = – 0. 5 4,  

p  =  0. 0 3 2),  s u g g e sti n g  t h at  l o w er  fl e xi bilit y  i s  a d v a nt a g e o u s. K I E R’ s d efi niti o n  of 

fl e xi bilit y  i s  e ntir el y  str u ct ur e-b a s e d  u p o n  m ol e c ul ar  si z e,  br a n c hi n g,  c y cl e s  a n d 

n u m b er of h et er o at o m s. 2 8  

T h e si g nifi c a nt c orr el ati o n s f or t h e c o m pl et e c o m p o u n d s et a n d t h e S J 6 0 0 s u b gr o u p 

ar e s h o w n i n Fi g ur e 4 , s u g g e sti n g str o n g er c orr el ati o n s wit hi n t h e S J 6 0 0 s u b gr o u p 

a s c a n al s o b e dr a w n fr o m t h e c orr el ati o n f a ct or s (f or e x a m pl e N T S 1 0 µ M v s. K i: all 

c o m p o u n d s r = - 0. 2 7 v s. S J 6 0 0 s r = - 0. 6 7).  
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Fi g u r e 4.  C orr el ati o n s b et w e e n K i v al u e s or p h y si c o c h e mi c al p ar a m et er s a n d t h e eff e ct i n t h e 
p h e n ot y pi c s cr e e ni n g. ( A ) All c o m p o u n d s ( n = 7 6). L eft: eff e ct o n N T S at 1 µ M v s. K i (S m C B 1) 
i n µ M i n r e d ( n = 2 7). Ri g ht: eff e ct o n N T S at 1 µ M v s. l o g P i n r e d ( n = 2 7). ( B ) S J 6 0 0 s ( n = 
1 6). L eft: eff e ct o n N T S at 1 0 µ M v s. K i (S m C B 1) i n µ M i n gr e e n ( n = 1 6). Mi d dl e: eff e ct o n 
N T S at 1 0 µ M v s. l o g P i n gr e e n ( n = 1 6). Ri g ht: eff e ct o n N T S at 1 0 µ M v s. Ki er Fl e x i n gr e e n 
( n = 1 6). 

 

I n hi bit or d e si g n. 

T h e c orr el ati o n a n al y si s s u g g e st e d t h at a hi g h er ri gi dit y r e s ult s i n a hi g h er a cti vit y i n 

t h e  p h e n ot y pi c  a s s a y  (Fi g ur e  4 , T a bl e  3  i n  t h e S u p p orti n g  I nf or m ati o n ). 

N e v ert h el e s s,  t h e S m C B 1  i n hi biti o n  s h o ul d  n ot  b e  c o m pr o mi s e d  si n c e  it  al s o 

c orr el at e s  wit h  t h e  eff e ct  i n  N T S. Fi g ur e  5  s h o w s  n o n -c o v al e nt  d o c ki n g  p o s e s 

( g e n er at e d  wit h L E A D I T)2 9  f or  l e a d  str u ct ur e s S J 6 0 5   (K i =  1. 8  n M)  a n d S J 6 0 6   (K i = 

3. 4 n M)  r e v e ali n g  t h at  t h e  m o st  i m p ort a nt  i nt er a cti o n s  o c c ur  i n  t h e  S 1’  a n d  S 1 

s u b sit e s. Gl y 1 4 4 a n d Gl y 2 6 9 b ot h i nt er a ct wit h t h e a mi d e gr o u p b et w e e n P 1 a n d P 2, 

a n d Gl n 9 4 c a n f or m a n H -b o n d wit h t h e s ulf o n yl -o x y g e n at o m a s w ell a s Tr p 2 9 2. T h e 

r e si d u e s  i n  P 2/ P 3  d o  n ot  f or m  e s s e nti al  i nt er a cti o n s  i n  t h e  a cti v e  sit e  si n c e  t h e 

r e si d u e s r at h er pr otr u d e fr o m t h e bi n di n g sit e. 



P R O J E C T 2:  O P TI MI ZI N G T H E P H Y SI C O C H E MI C A L P R O P E R TI E S O F  N E W  S M C B 1  IN HI BI T O R S  

 

9 0  
 

 

Fi g u r e 5.  N o n-c o v al e nt d o c ki n g f or l e a d c o m p o u n d s S J 6 0 5  a n d S J 6 0 6  wit h LE A D I T.2 9  I m a g e s 
g e n er at e d  u si n g P Y M O L. 3 0 Li g a n d  i nt er a cti o n  m a p  g e n er at e d  wit h  M O E. 2 5  P D B  I D:  3 s 3r. 1 6   
(A ) D o c ki n g p o s e f or S J 6 0 5  (t e al). I m p ort a nt i nt er a cti o n p art n er s h o w n i n s al m o n. H y d e s c or e: 
– 3 4 k J/ m ol. ( B ) Li g a n d i nt er a cti o n s of S J 6 0 5  wit h t h e S m C B 1 a cti v e sit e. ( C ) D o c ki n g p o s e 
f or S J 6 0 6  ( y ell o w). I m p ort a nt i nt er a cti o n p art n er s s h o w n i n s al m o n. H y d e s c or e: – 2 5 k J/ m ol. 
(D ) Li g a n d i nt er a cti o n s of S J 6 0 6  wit h t h e S m C B 1 a cti v e sit e. 

B a s e d o n t h e s e i nt er a cti o n s, w e d e ci d e d t o m o dif y P 2/ P 3 w hil e m ai nt ai ni n g t h e P 1’ 

a n d P 1 r e si d u e s. T o e n h a n c e ri gi dit y, w e c h o s e v ari o u s bi - or tri c y cl e s i n P 2, s u c h a s 

i n d ol e,  2, 3- di h y dr o b e n z o[b ][ 1, 4] di o xi n e ( D H B D),  a n d  s e v er al  ot h er s,  r e s ulti n g  i n 

c o m p o u n d s 2 a – q  (Fi g ur e 6 ). W e pr e p ar e d c orr e s p o n di n g irr e v er si bl e vi n yl s ulf o n e s 

(2 b – f)  a n d -s ulf o n at e s  ( 2 g – q )  a s  w ell  a s  o n e  c o m p o u n d  wit h  a  r e v er si bl e α -

fl u or o vi n yl s ulf o n e w ar h e a d (2 a ). 
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T a bl e  2  al s o s h o w s  t h e  i n hi biti o n  d at a  f or  vi n yl s ulf o n at e -b a s e d  c o m p o u n d s 2 g – q . 

N ot a bl y,  t h eir  i n hi bit or y  p ot e n c y  h a s  i m pr o v e d  i n  all  c a s e s  c o m p ar e d  t o  t h e 

vi n yl s ulf o n e c o u nt er p art s, f or e x a m pl e 2 h  (K i = 0. 0 5 0 µ M) v s 2 c  (K i = 6. 7 µ M). Si n c e 

vi n yl s ulf o n at e s  pr o v e d  t o  b e  m or e  p ot e nt S m C B 1  i n hi bit or s,  w e  d e si g n e d  a n d 

s y nt h e si z e d a d diti o n al c o m p o u n d s ( 2l – q ) a n d wit h t h e s e o bt ai n e d K i v al u e s m o stl y i n 

t h e n a n o m ol ar r a n g e. T h e o pti mi z ati o n s f or 2l – q  w er e p erf or m e d b a s e d o n si mil ar or 

e v e n i m pr o v e d p h y si c o c h e mi c al pr o p erti e s c o m p ar e d t o 2 a – k  a n d t h eir f e a s ibilit y w a s 

t e st e d i n m ol e c ul ar d o c ki n g st u di e s. 

O v er all, 2 h   (K i = 0. 0 5 0 µ M, Fi g ur e  6  i n  t h e S u p p orti n g  I nf or m ati o n ), 2 n  

(K i = 0. 0 3 0 µ M), a n d 2 o  (K i = 0. 0 5 0 µ M) ar e t h e t o p 3 c o m p o u n d s i n t er m s of i n hi bit or y 

p ot e n c y. 2 h  al s o h a s t h e hi g h e st s el e cti vit y i n t h e s eri e s ( > 4 0 0 -f ol d t o w ar d s C at B a n d 

C at L) c o m p ar e d t o t h e m o d er at e s el e cti vit y of 2 n  a n d 2 o . N ot a bl y, t h e k i n a ct v al u e s f or 

m o st  vi n yl s ulf o n at e s  ar e  hi g h er  t h a n  f or  t h e  vi n yl s ulf o n e s,  s u g g e sti n g  a  f a st er 

c o v al e nt b o n d f or m ati o n.  

S A R di s c u s si o n.  

D o c ki n g  s c or e s  a n d  H y d e  s c or e s  w er e  g e n er at e d  u si n g L E A D I T a n d  ar e  s h o w n  i n 

T a bl e 6  i n t h e S u p p orti n g I nf or m ati o n .2 9  Si n c e w e m ai nt ai n e d P 1’ a n d P 1 c o m p ar e d 

t o S J 6 0 5  a n d S J 6 0 6  (Fi g ur e 7 B ), w e still o b s er v e d i nt er a cti o n s b et w e e n Gl y 1 4 4 a n d 

Gl y 2 6 9 wit h t h e a mi d e b o n d a s w ell a s a n a d diti o n al H -b o n d wit h Gl y 1 4 3 d uri n g n o n -

c o v al e nt d o c ki n g. Gl n 9 4 a n d Tr p 2 9 2 ar e al s o i n v ol v e d i n H -b o n d f or m ati o n wit h t h e 

s ulf o n yl gr o u p. T h e d o c ki n g p o s e s f or t o p c o m p o u n d 2 h  o v erl a p pi n g wit h S J 6 0 6  or 

2 p  ar e s h o w n i n Fi g ur e 7 . T h e p o s e s f or 2 h  a n d 2 p  ar e v er y si mil ar ( Fi g ur e 7 A ) a s 

e x p e ct e d fr o m H y d e s c or e s ( 2 h : – 3 9 k J/ m ol, 2 p : – 3 7 k J/ m ol). N o n et h el e s s, t h er e i s a 

diff er e n c e i n S m C B 1 i n hi biti o n. 2 h  i s o n e of t h e m o st p ot e nt i n hi bit or s i n t h e s eri e s  

(K i =  0. 0 5 0 µ M)  w h er e a s 2 p  i s  o nl y  a m o d er at e  i n hi bit or  (K i =  0. 4 1 µ M). T h eir k 2 n d  

v al u e s,  o n  t h e  ot h er  h a n d,  ar e  i n  t h e  s a m e  r a n g e   ( 1 04   M- 1s - 1)  d u e  t o 2 p ’ s  f a st er 

irr e v er si bl e r e a cti o n c o m p ar e d t o 2 h ( s e e T a bl e 2 ). 

2i s ur pri si n gl y  s h o w s  a  v er y  w e a k  i n hi biti o n  of S m C B 1  ( K i  > 1 0 0 µ M)  w hi c h  i s  n ot 

r efl e ct e d i n it s H y d e s c or e (– 3 3 k J/ m ol). L o o ki n g at t h e d o c ki n g p o s e s of b ot h 2i  a n d 

S J 6 0 6 , w e  n oti c e d  t h at  t h e  di st a n c e  b et w e e n  t h e β -c ar b o n  of  t h e  vi n yl s ulf o n at e 

d o u bl e  b o n d  t h at  u n d er g o e s  t h e  c o v al e nt  r e a cti o n  wit h  t h e  n u cl e o p hili c  C y s 1 0 0  i s 

i n cr e a s e d fr o m 2. 9 Å t o 4. 3 Å (Fi g ur e 5  i n t h e S u p p orti n g I nf or m ati o n ). C o v al e nt 

r e a cti o n s o c c ur m or e r e a dil y at di st a n c e s u p t o 3. 5 Å w hi c h c o ul d e x pl ai n t h e p o or 

i n hi bit or y a cti vit y.3 1  T h e s a m e m a y a p pl y f or 2 m (K i > 1 0 0 µ M) f or w hi c h a di st a n c e of 
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3. 9  Å  w a s  f o u n d.  T h e  di st a n c e s  f or  c o m p o u n d s 2 a – q  ar e  li st e d  i n T a bl e  6  i n  t h e 

S u p p orti n g I nf or m ati o n . 

 

Fi g u r e  7.  M ol e c ul ar  d o c ki n g  of 2 h , 2 p  a n d  i niti al  l e a d S J 6 0 6 .  N o n-c o v al e nt  d o c ki n g  wit h 
L E A D I T, i m a g e s w er e g e n er at e d wit h P Y M O L , li g a n d i nt er a cti o n m a p g e n er at e d wit h M O E.2 5, 3 0  
P D B I D: 3 s 3r. 1 6  (A ) O v erl a y of 2 h  ( vi ol et) a n d 2 p ( d e e pt e al). Im p ort a nt a cti v e s sit e r e si d u e s 
ar e s h o w n i n s al m o n. B ot h p o s e s ar e v er y si mil ar w hi c h i s r efl e ct e d b y t h eir H y d e s c or e s ( 2 h : 
– 3 9  k J/ m ol, 2 p : – 3 7  k J/ m ol). 3 2   (B )  O v erl a y  of 2 h  ( vi ol et)  a n d S J 6 0 6  ( y ell o w).  I m p ort a nt 
r e si d u e s i n t h e bi n di n g sit e ar e s h o w n  i n s al m o n. T h e bi n di n g p o s e s ar e si mil ar  e x c e pt f or 
a d diti o n al  i nt er a cti o n s  of  t h e  D H B D  m oi et y  of S J 6 0 6  wit h  Il e 1 4 5  a n d  Gl y 1 1 8.  ( C )  Li g a n d 
i nt er a cti o n s f or 2 h . (D ) Li g a n d i nt er a cti o n s f or 2 p . 

 

I n vitr o a cti vit y i n p h e n ot y pi c a s s a y. 

T h e r e s ult s f or t h e p h e n ot y pi c a s s a y of  2 a – q  c o m p ar e d t o l e a d s S J 6 0 5  a n d S J 6 0 6  

a s w ell a s t h e a p pr o v e d dr u g pr a zi q u a nt el ( P Z Q ) ar e s h o w n i n T a bl e 3 . All c o m p o u n d s 

w er e t e st e d a g ai n st n e wl y tr a n sf or m e d s c hi st o s o m ul a ( N T S) a n d S. m a n s o ni  a d ult s. 

C o m p ar e d  t o  st arti n g  c o m p o u n d s S J 6 0 5  a n d S J 6 0 6 ,  s e v er al  vi n y s ulf o n at e- b a s e d 

i n hi bit or s  ar e  m or e  effi ci e nt  a g ai n st  N T S  a n d S.  m a n s o ni  a d ult s.  E s p e ci all y 

c o m p o u n d s 2 h , 2i , 2 k ,  a n d 2 p  ar e  o ut st a n di n g  si n c e  t h e y  di s pl a y  a  hi g h  effi c a c y  

( ≥ 7 5 %) a g ai n st S. m a n s o ni  a d ult s at 1 0 µ M. 2 h  h a s t h e hi g h e st effi c a c y i n t h e s eri e s 

wit h  6 8 %  at  1 µ M  a n d  3 5 %  at  0. 1 µ M  w hi c h  i s  i n  a  si mil ar  r a n g e  a s P Z Q   
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c orr el ati o n b et w e e n hi g h er T P S A (r a n gi n g fr o m 7 5 u p t o 1 1 0 Å 2 ) a n d hi g h er effi c a cy 

(r = 0. 5 5, p = 0. 0 2 3, T a bl e 5  i n S u p p orti n g I nf or m ati o n ). 

Alt h o u g h t h e i niti al c orr el ati o n a n al y si s s u g g e st e d t h at a hi g h er li p o p hili cit y c o ul d b e 

b e n efi ci al, t hi s i s n ot t h e c a s e f or all o pti mi z e d c o m p o u n d s. A n e x a m pl e i s 2 e  wit h t h e 

hi g h e st  Sl o g P  i n  t h e  s eri e s  ( 6. 1 5)  b ut  o nl y  li mit e d  p ot e n c y  ( N T S:  4 2 %  at  1 0 µ M,  

S. m a n s o ni a d ult s: n. d.). I n c o ntr a st, 2 k  i s o n e of t h e t o p c o m p o u n d s ( N T S: 1 0 0 % at 

1 0 µ M, S. m a n s o ni  a d ult s: 8 6 % at 1 0 µ M)  wit h o n e of t h e l o w e st Sl o g P v al u e s  ( 4. 2 2). 

Fl e xi bilit y  al s o  s e e m s t o  h a v e  a  s m all er  i m p a ct o n  effi c a c y  t h a n  a s s u m e d.  T h e t o p 

c o m p o u n d s’  Ki er Fl e x  v al u e s  r a n g e  fr o m  5. 5 4  t o  6. 5 9  w h er e a s  c o m p o u n d s  wit h  a 

hi g h er ri gi dit y, s u c h a s 2 a  ( 5. 0 9), 2 b  ( 5. 1 4), a n d 2f  (5. 0 9) di d n ot p erf or m a s w ell i n 

t h e p h e n ot y pi c a s s a y. 

I n  s u m m ar y,  s e v er al  f a ct or s  c o m bi n e  t o  i nfl u e n c e  p h e n ot y pi c  effi c a c y  i n 

s c hi st o s o m e s. R e g ar dl e s s,  c o m p o u n d 2 h   di s pl a y s hi g h  p ot e n c y  a n d s h o ul d b e 

c o n si d er e d f or f urt h er st u di e s.  

 

C O N C L U SI O N S A N D P E R S P E C TI V E S  

U si n g  a n  i n-h o u s e  s cr e e ni n g  wit h  7 6  c o m p o u n d s,  w e  h a v e  i d e ntifi e d  t w o  l e a d 

str u ct ur e s, K S 3 0 9  a n d t h e S J 6 0 0 - s c aff ol d (S J 6 0 5 , S J 6 0 6 ), w hi c h s h o w e d pr o mi si n g 

r e s ult s  a g ai n st S.  m a n s o ni  a d ult s  a n d / or t h e  t ar g et  pr ot e a s e S m C B 1. K S 3 0 9  w a s 

m o st eff e cti v e a g ai n st S. m a n s o ni a d ult s at 1 0 µ M b ut di d n ot s h o w r el e v a nt i n hi biti o n 

of t h e t ar g et pr ot e a s e S m C B 1 at 1 0 0 µ M. S J 6 0 5  a n d S J 6 0 6 , o n t h e ot h er h a n d, w er e 

o nl y m o d er at el y eff e cti v e a g ai n st S. m a n s o ni  at  1 0 µ M b ut di s pl a y e d str o n g S m C B 1 

i n hi biti o n i n t h e l o w n a n o m ol ar r a n g e. A c orr el ati o n a n al y si s r e v e al e d t h e i m p ort a n c e 

of s e v er al p h y si c o c h e mi c al pr o p erti e s f or t h e p h e n ot y pi c effi c a c y, s u c h a s hi g h er l o g P 

v al u e s or, i n c a s e of t h e S J 6 0 0 s , m or e ri gi dit y. T h er ef or e, w e st art e d a d u al ap pr o a c h 

t o  o pti mi z e  t h e  l e a d  str u ct ur e s  wit h  r e g ar d  t o  p h y si c o c h e mi c al  pr o p erti e s.  T h e 

“ p h e n ot y pi c  a p pr o a c h”  u si n g K S 3 0 9  r e s ult e d  i n  1 4  d eri v ati v e s  wit h  alt er e d 

p h y si c o c h e mi c al pr o p erti e s yi el di n g t w o o pti mi z e d c o m p o u n d s ( 1 g , 1j ). 1 g  (S m C B 1 

i n hi biti o n: 6 8 % at 2 0 µ M; S. m a n s o ni  a d ult s: 1 0 0 % at 1 0 µ M, 4 3 % at 1  µ M) a n d 1j  

(S m C B 1 i n hi biti o n: 8 0 % at 2 0 µ M; S. m a n s o ni  a d ult s: 1 0 0 % at 1 0 µ M, 4 5 % at 1 µ M) 

e m er g e d t o b e t h e m o st p ot e nt c o m p o u n d s i n t hi s s eri e s, alt h o u g h t h eir m ai n t ar g et 

r e m ai n s u n k n o w n. T h e “S m C B 1 a p pr o a c h” u si n g S J 6 0 5  a n d S J 6 0 6  a s l e a d s r e s ult e d 

i n 1 7 d eri v ati v e s wit h hi g h er ri gi dit y a n d l o w er T P S A i n cl u di n g 7 o pti mi z e d c o m p o u n d s 

i n t er m s of effi c a c y (2 g , 2 h , 2j – m , 2 p ). S e v er al c o m p o u n d s di s pl a y e d str o n g S m C B 1 

i n hi biti o n  i n  t h e  n a n o m ol ar  r a n g e  wit h  i m pr o v e d  p h e n ot y pi c  effi c a c y  c o m p ar e d  t o 
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S J 6 0 5  a n d S J 6 0 6 .  Vi n y s ulf o n at e s  g e n er all y  pr o v e d  t o  b e  m or e  eff e cti v e  t h a n 

vi n yl s ulf o n e s. T h e m o st p ot e nt c o m p o u n d, 2 h , s h o w s n a n o m ol ar i n hi biti o n of S m C B 1 

w hil e  m ai nt ai ni n g  s el e cti vit y  t o w ar d s  h u m a n  off -t ar g et  c at h e p si n s  (K i =  5 0  n M,  

SI > 4 0 0). T h e effi c a c y of 2 h  t o w ar d s S. m a n s o ni a d ult s i m pr o v e d e n or m o u sl y ( 8 6 % 

at 1 0  µ M, 6 8 % at 1 µ M a n d 3 5 % at 0. 1 µ M) , d e m o n str ati n g effi c a c y i n a si mil ar r a n g e 

a s f o u n d f or t h e a p pr o v e d dr u g pr a zi q u a nt el  (S. m a n s o ni  a d ult s I C 5 0  = 0. 1 6 µ M) . 

F urt h er o pti mi z ati o n  of 2 h  h a s t h e  p ot e nti al t o  yi el d e v e n  m or e  p ot e nt  c o m p o u n d s, 

off eri n g a pr o mi si n g alt er n ati v e t o t h e c urr e ntl y a v ail a bl e dr u g P Z Q , w hi c h i s f a ci n g 

ri si n g r e si st a n c e.9  N e xt st e p s i n cl u d e m et a b oli s m st u di e s a n d pl a s m a st a bilit y t e st s t o 

pr e v e nt pr o bl e m s t h at m a y ari s e i n f ut ur e i n vi v o st u di e s. Fi n all y, pr e cli ni c al in vi v o 

st u di e s c o ul d gi v e v al u a bl e i n si g ht s i nt o bi o di stri b uti o n, f oll o w e d u p b y i n vi v o effi c a c y, 

e. g., wit h i nf e ct e d mi c e.  

 

E X P E RI M E N T A L S E C TI O N  

All e x p eri m e nt al pr o c e d ur e s i n cl u di n g a n al yti c al d at a  c a n b e f o u n d i n t h e  S u p p orti n g 

I nf or m ati o n. 

 

A C K N O W L E D G E M E N T S  

W e w o ul d ki n dl y li k e t o a c k n o wl e d g e t h e s u p p ort of , , 

a n d   (all  fr o m  J o h a n n e s   G ut e n b er g  U ni v er sit y,  M ai n z)  d uri n g  t hi s 

pr oj e ct. 

 

S U P P O R TI N G I N F O R M A TI O N  

P art s  of  t h e S u p p orti n g I nf or m ati o n  ar e  f o u n d  wit hi n  t h e  t h e si s,  e s p e ci all y  t h o s e 

c o n c er ni n g c o m p o u n d s t h at w er e s y nt h e si z e d b y m y s elf a s w ell a s a s s a y s t h at I h a v e 

p erf or m e d  ( s e e c h a pt er 2. 3 ). T h e   c o m pl et e S u p p orti n g  I nf or m ati o n   i n cl u di n g 

s p e ctr a c a n b e f o u n d o n t h e A p p e n di x C D.  
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Will m e s,  T.;  S otriff er,  C.;  S c hir m ei st er,  T.  N e w  P e pti d o mi m eti c  R h o d e s ai n 

I n hi bit or s wit h I m pr o v e d S el e cti vit y t o w ar d s H u m a n C at h e p si n s. E ur. J. M e d. 

C h e m . 2 0 2 2 , 2 3 8 .  

( 2 1) G a ut hi er,  J.  Y.;  Bl a c k,  W.  C.;  C o ur c h e s n e,  I.;  Cr o mli s h,  W.;  D e s m ar ai s,  S.; 

H o ul e,  R.;  L a m o nt a g n e,  S.;  Li,  C.  S.;  M a s s é,  F.;  M c K a y,  D.  J.;  O u ell et,  M.; 

R o bi c h a u d, J.; Tr u c h o n, J. F.; Tr u o n g, V. L.; W a n g, Q.; P er ci v al, M. D. T h e 

I d e ntifi c ati o n  of  P ot e nt,  S el e cti v e,  a n d  Bi o a v ail a bl e  C at h e p si n  S  I n hi bit or s. 

Bi o or g a ni c M e d. C h e m. L ett. 2 0 0 7 , 1 7  (1 7 ), 4 9 2 9– 4 9 3 3.  

( 2 2) B art h el s, F.; M ari n c ol a, G.; M ar ci ni a k, T.; K o n h ä u s er, M.; H a m m er s c h mi dt, S.; 

Bi erl m ei er, J.; Di stl er, U.; Wi c h, P. R.; T e n z er, S.; S c h w ar z er, D.;  Zi e b u hr, W.; 

S c hir m ei st er,  T.  A s y m m etri c  Di s ulf a n yl b e n z a mi d e s  a s  Irr e v er si bl e  a n d 

S el e cti v e  I n hi bit or s  of  St a p h yl o c o c c u s  A ur e u s  S ort a s e  A. C h e m M e d C h e m 

2 0 2 0 , 1 5  (1 0 ), 8 3 9– 8 5 0.  

( 2 3) B art h el s,  F.;  M e yr,  J.;  H a m m er s c h mi dt,  S.  J.;  M ar ci ni a k,  T.;  R ä d er,  H.  J.;  

Zi e b u hr, W.; E n g el s, B.; S c hir m ei st er, T. 2 -S ulf o n yl p yri mi di n e s a s Pri vil e g e d 

W ar h e a d s f or t h e D e v el o p m e nt of S. A ur e u s S ort a s e A I n hi bit or s. Fr o nt. M ol. 

Bi o s ci.  2 0 2 2 , 8 , 1 2 8 4.  
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( 2 4) P e ar c e, E. J.; M a c D o n al d, A. S. T h e I m m u n o bi ol o g y of S c hi st o s o mi a si s. N a t. 

R e v. I m m u n ol.  2 0 0 2 , 2  (7 ), 4 9 9– 5 1 1.  

( 2 5) M ol e c ul ar O p er ati n g E n vir o n m e nt ( M O E). C h e mi c al C o m p uti n g Gr o u p U L C : 

1 0 1 0  S h er br o o k e  St.  W e st,  S uit e  # 9 1 0,  M o ntr e al,  Q C,  C a n a d a,  H 3 A  2 R 7 

2 0 2 0.  

( 2 6) Li u,  S.;  C ai,  P.;  Pi a o,  X.;  H o u,  N.;  Z h o u,  X.;  W u,  C.;  W a n g,  H. ;  C h e n,  Q. 

E x pr e s si o n  Pr ofil e  of  t h e  S c hi st o s o m a  J a p o ni c u m  D e gr a d o m e  R e v e al s 

Diff er e nti al  Pr ot e a s e  E x pr e s si o n  P att er n s  a n d  P ot e nti al  A nti - S c hi st o s o m al 

I nt er v e nti o n T ar g et s. P L O S C o m p ut. Bi ol . 2 0 1 4 , 1 0  (1 0 ), e 1 0 0 3 8 5 6.  

( 2 7) F url o n g,  S.  T.  U ni q u e  R ol e s  f or  L i pi d s  i n  S c hi st o s o m a  M a n s o ni. P ar a sit ol. 

T o d a y 1 9 9 1 , 7  (2 ), 5 9– 6 2.  

( 2 8) Ki er,  L.  B.  A n  I n d e x  of  M ol e c ul ar  Fl e xi bilit y  fr o m  K a p p a  S h a p e  Attri b ut e s. 

Q u a nt. Str u ct. R el ati o n s hi p s  1 9 8 9 , 8  (3 ), 2 2 1– 2 2 4.  

(2 9 )  L e a dI T. Bi o S ol v eI T G m b H:  S a n kt  A u g u sti n, G er m a n y  2 0 1 7. 

w w w. bi o s ol v eit. d e/ L e a dI T. 

( 30) S c hr ö di n g er,  L.;  D e L a n o,  W.  T h e  P y M O L  M ol e c ul ar  Gr a p hi c s  S y st e m. 

S c hr ö di n g er , L L C. 2 0 2 0. htt p:// w w w. p y m ol. or g/ p y m ol. 

( 3 3) G e hri n g er,  M.;  L a uf er,  S.  A.  E m er gi n g  a n d  R e -E m er gi n g  W ar h e a d s  f or 

T ar g et e d  C o v al e nt  I n hi bit or s:  A p pli c ati o n s  i n  M e di ci n al  C h e mi str y  a n d 

C h e mi c al Bi ol o g y. J. M e d. C h e m . 2 0 1 9 , 6 2  (1 2 ), 5 6 7 3– 5 7 2 4.  

( 3 4) R e ul e c k e,  I.;  L a n g e,  G.;  Al br e c ht,  J.;  Kl ei n,  R.;  R ar e y,  M.  T o w ar d s  a n 

I nt e gr at e d  D e s cri pti o n  of  H y dr o g e n  B o n di n g  a n d  D e h y dr ati o n:  D e cr e a si n g 

F al s e  P o siti v e s  i n  Virt u al  S cr e e ni n g  wit h  t h e  H Y D E  S c ori n g  F u n cti o n. 

C h e m M e d C h e m  2 0 0 8 , 3  (6 ), 8 8 5– 8 9 7.  

( 3 5) M ei st er, I.; I n gr a m -Si e b er, K.; C o w a n, N.; T o d d, M.; R o b ert s o n, M. N.; M eli, 

C.; P atr a, M.; G a s s er, G.; K ei s er, J. A cti vit y of Pr a zi q u a nt el E n a nti o m er s a n d 

M ai n  M et a b olit e s  a g ai n st  S c hi st o s o m a  M a n s o ni. A nti mi cr o b.  A g e nt s  

C h e m ot h er . 2 0 1 4 , 5 8  (9 ), 5 4 6 6– 5 4 7 2.  
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2. 3   S u p p orti n g I nf or m ati o n 

G e n er al. 

S O L V E N T S A N D R E A G E N T S.  

All  r e a g e nt s  a n d  s ol v e nt s  w er e  c o m m er ci all y  p ur c h a s e d  fr o m M E R C K K G A A 

( D ar m st a dt,  G er m a n y),  V W R  ( D ar m st a dt,  G er m a n y),  B L D P H A R M A T E C H  

( K ai s er sl a ut er n, G er m a n y), T CI G E R M A N Y  ( E s c h b or n, G er m a n y) or T H E R M O F I S H E R 

S CI E N TI FI C  ( S c h w ert e,  G er m a n y).  U nl e s s  ot h er wi s e  st at e d,  c h e mi c al s  a n d  s ol v e nt s 

w er e  u s e d  wit h o ut  f urt h er  p urifi c ati o n.  F or  r e a cti o n  c o ntr ol,  t hi n  l a y er 

c hr o m at o gr a p hi e s  ( T L C)  w er e  p erf or m e d  u si n g  T L C  r e a d y -t o-u s e  fil m s  " A L U G R A M 

X T R A  SI L  G/ U V 2 5 4"  fr o m M A C H E R E Y - NA G E L  ( D ür e n,  G er m a n y) a n d  s u b s e q u e ntl y 

d et e ct e d u si n g a U V l a m p at λ = 2 5 4 n m or λ = 2 6 6 n m. F or p urifi c ati o n b y c ol u m n 

c hr o m at o gr a p h y,  sili c a  g el  ( 4 0 – 6 0 µ m)  fr o m M A C H E R E Y - NA G E L  ( D ür e n,  G er m a n y) 

w a s  u s e d.  T h e  a p pli e d  s ol v e nt s  w er e  a d a pt e d  t o  t h e  s a m pl e  a n d  ar e  i n di c at e d 

i n di vi d u all y. 

I NS T R U M E N T S A N D S O F T W A R E.  

B ot h 1 H  a n d 1 3 C  N M R  s p e ctr a  w er e  r e c or d e d  b y  m e a n s  of  a  Br u k er  F o uri er  3 0 0 

n u cl e ar m a g n eti c r e s o n a n c e s p e ctr o m et er.  M e st R e N o v a ( v er si o n 1 2. 0, M e st R e L a b 

R e s e ar c h) w a s u s e d f or e v al u ati o n. T h e c h e mi c al s hift δ  i s gi v e n i n p p m ( p art s p er 

milli o n) a n d t h e c o u pli n g c o n st a nt J  i n H z ( H ert z). M ulti pli citi e s ar e gi v e n b y s ( si n gl et), 

d ( d o u bl et), d d ( d o u bl et fr o m d o u bl et) t (tri pl et), q ( q ui nt et), a n d m ( m ulti pl et). Eit h er 

d e ut er at e d c hl or of or m ( δ H = 7. 2 6 p p m, δ C = 7 7. 2 p p m) or d e ut er at e d D M S O -d 6  (δ H 

= 2. 5 p p m, δ C = 3 9. 5 p p m) s er v e d a s s ol v e nt a n d r ef er e n c e.  

H P L C/ E SI -M S a n al y s e s w er e p erf or m e d f or i d e ntifi c ati o n, r e a cti o n c o ntr ol, a n d p urit y 

m e a s ur e m e nt s.  A n  A gil e nt  1 1 0 0  s eri e s  s y st e m  wit h  a n A GI L E N T R  P O R O S H E L L  1 2 0 

E C -C 1 8 R P c ol u m n ( 1 5 0 m m  x 2. 1 m m, p or e si z e: 4 µ m) w a s u s e d. D et e cti o n w a s 

p erf or m e d at λ = 2 5 4 n m. S a m pl e s w er e di s s ol v e d i n a c et o nitril e, a c et o nitril e/ w at er, 

or m et h a n ol. A c et o nitril e/ w at er ( + 0. 0 1 % f or mi c a ci d) i n diff er e nt r ati o s w a s u s e d a s 

fl o w  a g e nt.  M ol e c ul ar  m a s s e s  w er e c al c ul at e d  u si n g P E R KI N E L M E R C H E M D R A W  

S T A N D A R D  s oft w ar e  ( v er si o n  1 2. 0. 0 2).  P urit y  w a s  d et er mi n e d  u si n g M E S T R E N O V A 

( v er si o n 1 2. 0, ME S T R E L A B R E S E A R C H ). 

P urifi c ati o n  of  t h e  fi n al  st a g e s  w a s  a c hi e v e d  b y  hi g h  p erf or m a n c e  li q ui d 

c hr o m at o gr a p h y u si n g a V A RI A N P R E P S T A R  2 1 0 s y st e m a n d a n A GI L E N T Z O R B A X  X D B 

c ol u m n ( 2 1. 2 x 1 5 0 m m, 5 µ m). All fi n al c o m p o u n d s h a v e a p urit y of ≥ 9 5 %. 
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F or c hir al c o m p o u n d s, t h e o pti c al r ot ati o n w a s d et er mi n e d u si n g a K R Ü S S  OP T R O NI C 

P 3 0 0 0  p ol ari m et er ( H a m b ur g,  G er m a n y) at  a  w a v el e n gt h  of  λ  =  5 8 9  n m,  a 

t e m p er at ur e of T = 2 0 ° C, a n d a c o n c e ntr ati o n of 1 0 m g/ m L. D e cl ar e d m elti n g p oi nt s 

w er e  m e a s ur e d  wit h  gl a s s  c a pill ari e s  cl o s e d  o n  o n e  si d e a n d  a n  M P M -H 3  m elti n g 

p oi nt m et er fr o m S C H O R P P D E VI C E T E C H N O L O G Y ( Ü b erli n g e n, G er m a n y). 

 

S y nt h e s e s. 

 

S c h e m e  3.  S y nt h e si s  of  ( F -) vi n yl s ulf o n( at) e s 2 a – q .  R e a g e nt s  a n d  c o n diti o n s:  ( a)  1.  H O Bt, 
T B T U, DI P E A, N, O -di m et h yl h y dr o x yl a mi n e, D C M, 0 ° C – rt, 1 2 – 2 4 h. 2. Li Al H 4 , di et h yl et h er, 
0 ° C, 2 h, 8 6 %. ( b) Li H M D S or K H M D S, T H F ( dr y), − 7 8 ° C, 3 – 4 h, 3 0 – 4 7 %. ( c) H Cl or T F A, 
di o x a n e,  rt,  2 – 1 2  h,  9 5 – 9 8 % .  ( d)  H O Bt,  T B T U,  DI P E A,  D C M  or  D C M/ D M F,  0  ° C –  rt,  
2 4 – 4 8 h, 1 0 – 5 0 %. 

G E N E R A L S Y N T H E TI C P R O C E D U R E S.  

Pr o c e d ur e A: T B T U c o u pli n g wit h a mi n e h y dr o c hl ori d e s  

T o  a  0  ° C  c ol d  s ol uti o n  of  t h e  c ar b o x yli c  a ci d  ( 1. 0  e q ui v.)  i n  D C M  a n d/ or  D M F,  

H O Bt ∙ H 2 O ( 1. 0 e q.) a n d 2, 4, 6 -c olli di n e ( 2. 0 e q.) or DI P E A ( 3. 5 e q.) w er e a d d e d. Aft er 

stirri n g at 0 ° C f or 3 0 mi n, T B T U ( 1. 0 e q.) w a s a d d e d. T h e s ol uti o n w a s stirr e d f or 

f urt h er 3 0 mi n at 0 ° C, a n d t h e a mi n e h y dr o c hl ori d e ( 1. 0 or 1. 1 e q.) w a s a d d e d. Aft er 

stirri n g at rt o v er ni g ht, t h e s ol v e nt w a s r e m o v e d u n d er r e d u c e d pr e s s ur e. If D M F w a s 

u s e d,  it  w a s  r e m o v e d  b y  c o -di still ati o n  wit h n -h e pt a n e  ( 3 x  1 5 0 m L)  u n d er  r e d u c e d 

pr e s s ur e.  T h e  r e si d u e  w a s  t a k e n  u p  i n  et h yl  a c et at e  a n d  w a s h e d  wit h  s at ur at e d 
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N a H C O 3  s ol uti o n ( 3 x) a n d 1 M H Cl ( 3 x). T h e filtr at e w a s c o n c e ntr at e d u n d er r e d u c e d 

pr e s s ur e  t o  yi el d  t h e  d e sir e d  pr o d u ct.  If  n e c e s s ar y,  f urt h er  p urifi c ati o n  b y  c ol u m n 

c hr o m at o gr a p h y w a s c o n d u ct e d.  

Pr o c e d ur e B: H or n er - W a d s w ort h-E m m o n s r e a cti o n  

T h e c orr e s p o n di n g p h o s p h o n at e ( 3 4 – 3 6 , 1 e q.) w a s di s s ol v e d i n dr y T H F a n d c o ol e d 

t o –8 0 ° C. T h e n, L H M D S ( 1 M i n T H F, 1. 4 e q.) w a s a d d e d o v er 2 0 mi n. T h e al d e h y d e 

(3 8 , 0. 9 5 e q.) w a s di s s ol v e d i n T H F a n d a d d e d t o t h e s ol uti o n. Aft er stirri n g f or 2 h, 

t h e mi xt ur e  w a s w ar m e d  t o rt.  T H F  w a s r e m o v e d un d er r e d u c e d  pr e s s ur e a n d t h e 

r e si d u e w a s e xtr a ct e d wit h E A ( 3 x). T h e c o m bi n e d or g a ni c e xtr a ct s w er e w a s h e d wit h 

w at er  ( 3 x)  a n d  bri n e  ( 1 x).  T h e  e xtr a ct  w a s  dri e d  o v er  N a 2 S O 4 ,  a n d  v ol atil e s  w er e 

r e m o v e d  u n d er  r e d u c e d  pr e s s ur e.  Aft er  c ol u m n  c hr o m at o gr a p hi c  w or k -u p  ( C H/ E A 

6: 1 – 4: 1 ), t h e pr o d u ct s w er e o bt ai n e d a s c ol orl e s s oil s. 

Pr o c e d ur e C: B o c d e pr ot e cti o n  

T o a s ol uti o n of t h e B o c -pr ot e ct e d a mi n e i n D C M, T F A w a s a d d e d dr o p wi s e at 0 ° C. 

T h e r e a cti o n w a s stirr e d o v er ni g ht. S u b s e q u e ntl y, all v ol atil e s w er e r e m o v e d u n d er 

r e d u c e d pr e s s ur e. T h e pr o d u ct w a s t h e n l y o p hili z e d t o r e m o v e T F A. Alt er n ati v el y, 4  M 

H Cl i n di o x a n e w a s u s e d at r o o m t e m p er at ur e.  

S T A R TI N G M A T E RI A L S  A N D W A R H E A D P R E P A R A TI O N . 

Di et h yl(( p h e n yl s ulf o n yl) m et h yl) p h o s p h o n at e ( 3 4 ) 

T o a s ol uti o n of m et h yl p h e n yl s ulf o n e ( 1 e q., 2 0 m m ol, 3. 1 g) i n dr y T H F, n -B u Li w a s 

a d d e d ( 2. 5 e q., 2. 5 M i n h e x a n e, 5 0 m m ol, 1 8 m L) at 0 ° C wit h stirri n g. Aft er 3 0 mi n, 

di et h yl c hl or o p h o s p h at e ( 1. 1 e q., 1 7 m m ol, 3. 6 m L) w a s a d d e d dr o p wi s e. Stirri n g w a s 

c o nti n u e d  f or  1  h  at  0  ° C.  S u b s e q u e ntl y,  2 5 m L  of  a s at ur at e d  N H 4 Cl  s ol uti o n w a s 

a d d e d t o t er mi n at e t h e r e a cti o n. V ol atil e c o m p o n e nt s w er e r e m o v e d u n d er r e d u c e d 

pr e s s ur e a n d t h e r e si d u e w a s e xtr a ct e d wit h E A ( 3 x). T h e c o m bi n e d or g a ni c e xtr a ct s 

w er e  w a s h e d  ( 3 x)  wit h  bri n e  a n d  dri e d  o v er  N a 2 S O 4 .  Aft er  p urifi c ati o n  b y  c ol u m n 

c hr o m at o gr a p h y ( C H/ E A 1: 2), t h e pr o d u ct w a s o bt ai n e d a s a c ol orl e s s s oli d ( 3. 9 g, 

1 3. 5 m m ol, 6 8 %). 1 H N M R ( 3 0 0 M H z, C D Cl 3 ) δ [ p p m] = 7. 9 9 ( d, J = 1. 3 H z, 1 H), 7. 9 6 

( d, J  = 1. 6 H z), 7. 6 9 – 7. 6 2 ( m, 1 H), 7. 6 0 – 7. 5 2 ( m, 2 H), 4. 1 9 – 4. 0 8 ( m, 4 H), 3. 7 5 ( d, 

J  = 1 6. 9 H z, 2 H), 1. 2 8 (t d, J  = 7. 1, 0. 6 H z, 6 H). 1 3 C N M R ( 7 5 M H z, C D Cl 3 ) δ [ p p m]  

= 1 3 9. 9, 1 3 4. 1, 1 2 9. 1, 1 2 8. 3, 6 3. 4, 5 4. 7, 5 2. 9, 1 1 6. 2. M P = 4 5 – 5 0 ° C . 
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P h e n yl ( di et h o x y p h o s p h or yl) m et h a n s ulf o n at e ( 3 5 ) 

P h e n yl m et h a n e s ulf o n at e ( 1 e q., 3 0 m m ol, 5. 0 g) w a s di s s ol v e d i n dr y T H F a n d c o ol e d 

t o –8 0  ° C. K H M D S ( 1 M i n T H F, 1. 4 e q., 4 1 m m ol, 4 1 m L) w a s a d d e d sl o wl y. T h e 

s ol uti o n  w a s  stirr e d  f or  1 5  mi n.  T h e n,  di et h yl  c hl or o p h o s p h at e  ( 1. 1  e q.,  3 2  m m ol, 

5. 2 m L) w a s a d d e d sl o wl y. Stirri n g w a s p erf or m e d f or o n e h o ur at – 8 0 ° C a n d t h e n 

t h e r e a cti o n w a s st o p p e d wit h a c eti c a ci d. Aft er w ar mi n g t o rt, T H F w a s r e m o v e d at 

r e d u c e d pr e s s ur e a n d t h e mi xtur e w a s e xtr a ct e d wit h E A ( 3 x). T h e c o m bi n e d or g a ni c 

e xtr a ct s  w er e  w a s h e d  wit h  w at er  ( 3 x)  a n d  wit h  bri n e,  a n d  dri e d  o v er  N a 2 S O 4 .  T h e 

s ol v e nt  w a s  e v a p or at e d.  Aft er  p urifi c ati o n  b y  c ol u m n  c hr o m at o gr a p h y 

( c y cl o h e x a n e/ et h yl a c et at e 1: 2), a y ell o w s oli d w a s o btai n e d ( 1. 9 g, 6. 2 m m ol, 2 1 %). 

1 H N M R ( 3 0 0 M H z, C D Cl 3 ) δ [ p p m] = 7. 3 9 – 7. 3 1 ( m, 2 H), 7. 3 1 – 7. 2 6 ( m, 3 H), 4. 2 9 – 

4. 1 1 ( m, 4 H), 3. 7 6 ( d, J  = 1 7. 2 H z, 2 H), 1. 3 1 (t d, J  = 7. 1, 0. 7 H z, 6 H).  

Di et h yl (fl u or o( p h e n yl s ulf o n yl) m et h yl) p h o s p h o n at e ( 3 6 ) 

P h o s p h o n at e 3 4  ( 1 e q.,  1 2  m m ol,  3. 5  g)  w a s  di s s ol v e d  i n  dr y  T H F  a n d  stirr e d  at  

– 8 0  ° C.  T h e n,  L H M D S  i n  T H F  ( 1 M  i n  T H F,  1. 4  e q.,  1 5  m m ol,  1 5  m L)  w a s  a d d e d 

dr o p wi s e, a n d aft er 3 0 mi n, S el e ctfl u or  ( 1. 5 e q., 1 7. 9 m m ol, 6. 3 g) di s s ol v e d i n 1 0 m L 

of D M F w a s a d d e d. Aft er stirri n g f or 3 h, t h e t e m p er at ur e w a s sl o wl y w ar m e d t o 0 ° C. 

1 5 m L of s at ur at e d a m m o ni u m c hl ori d e s ol uti o n w a s a d d e d t o t er mi n at e t h e r e a cti o n. 

All v ol atil e s w er e r e m o v e d, a n d t h e r e si d u e w a s t a k e n u p i n D C M a n d w a s h e d fir st 

wit h  s at ur at e d  N a H C O 3  ( 3 x)  a n d  t h e n  wit h  bri n e  ( 3 x).  T h e  s ol uti o n  w a s  dri e d  o v er 

N a 2 S O 4 ,  a n d  s ol v e nt s  w er e  r e m o v e d  u n d er  r e d u c e d  pr e s s ur e.  Aft er  c ol u m n 

c hr o m at o gr a p hi c  s e p ar ati o n  ( C H/ E A  1: 2),  a  c ol orl e s s  s oli d  ( 0. 7  g,  2. 5 m m ol,  2 1 %) 

w a s o bt ai n e d. 1 H N M R ( 3 0 0 M H z, C D Cl 3 ) δ [ p p m] = 8. 0 6 – 7. 9 6 ( m, 2 H), 7. 7 6 – 7. 6 8 

( m, 1 H), 7. 6 5 – 7. 5 5 ( m, 2 H), 5. 3 8 ( d d, J  = 4 5. 5,  6. 6 H z, 1 H), 4. 3 8 – 4. 1 8 ( m, 4 H), 

1. 3 5 (tt, J  = 7. 1, 0. 8 H z, 6 H). 1 3 C N M R ( 7 5 M H z, C D Cl 3 ) δ [ p p m] = 1 3 6. 2, 1 3 4. 1, 1 2 9. 1, 

1 2 8. 3, 6 3. 4, 5 4. 7, 5 2. 9, 1 1 6. 2. M P = 6 1 – 6 5 ° C (lit. 6 2 ° C). 2 3 7  

(S )-t ert-B ut yl ( 1 -( m et h o x y( m et h yl) a mi n o)- 1- o x o- 4- p h e n yl b ut a n- 2-yl) c ar b a m at e ( 3 7 ) 

B o c -L - h o m o p h e n yl al a ni n e ( 1 e q., 1 2 m m ol, 3. 4 g) w a s di s s ol v e d i n D C M a n d c o ol e d 

t o 0 ° C. T h e n, T B T U ( 1. 2 e q. 1 4 m m ol, 4. 5 g), H O Bt ( 1. 2 e q., 1 4 m m ol, 1. 9 g), a n d 

DI P E A ( 4. 3 e q., 5 2  m m ol, 8. 8  m L) w er e a d d e d a n d t h e mi xt ur e w a s stirr e d f or 1 5 mi n. 

N ,O -di m et h yl h y dr o x yl a mi n e ( 1. 2 e q., 1 4 m m ol, 1. 4 g) w a s a d d e d a n d t h e r e a cti o n 

w a s stirr e d at rt f or 1 8 h. V ol atil e c o m p o n e nt s w er e r e m o v e d at r e d u c e d pr e s s ur e a n d 

t h e  r e si d u e w a s t a k e n u p i n E A.  It  w a s  d e a ci difi e d  4 x wit h s at ur at e d  N a H C O3  a n d 

w a s h e d  wit h  bri n e.  T h e  e xtr a ct  w a s  t h e n  dri e d  o v er  N a 2 S O 4 ,  all  s ol v e nt s  w er e 

e v a p or at e d,  a n d  t h e  cr u d e  pr o d u ct  w a s  u s e d  wit h o ut  f urt h er  w or k u p. 1 H  N M R 
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( 3 0 0 M H z, C D Cl 3 ) δ [ p p m] = 7. 2 2 – 7. 1 4 ( m, 3 H, H), 7. 1 1 ( dt,  J = 7. 9, 2. 0 H z, 3 H), 4. 6 0 

( s, 1 H), 3. 0 8 ( s, 3 H), 2. 7 4 ( s, 3 H), 2. 5 9 ( m, J  = 1 3. 9, 8. 9, 5. 6 H z, 2 H), 2. 0 1 – 1. 6 5 ( m, 

3 H),  1. 3 7 ( s,  9 H). 1 3 C  N M R ( 7 5  M H z,  C D Cl 3 ) δ [ p p m] = 1 7 3. 2,  1 5 5. 7,  1 4 1. 3,  1 2 8. 6, 

1 2 8. 5,  1 2 6. 1,  7 9. 7,  6 1. 6,  5 0. 2,  3 8. 9,  3 4. 7,  3 1. 8,  2 8. 5. [𝐾 ]� � �
� � = − 3 3°  ( c  =  1 0 

� �

� �
, 

M e O H). 

(S )-t ert-B ut yl ( 1 - o x o- 4- p h e n yl b ut a n- 2- yl) c ar b a m at e (3 8 ) 

W ei nr e b a mi d e 3 7  ( 1 e q., 1 1 m m ol, 3. 5 g) w a s di s s ol v e d i n 1 5 m L dr y T H F a n d t h e 

mi xt ur e w a s c o ol e d t o 0 ° C. Li Al H 4  ( 1. 3 e q., 1 4 m m ol, 0. 5 4 g) w a s a d d e d i n p orti o n s. 

T h e mi xt ur e w a s sl o wl y w ar m e d t o R T a n d stirr e d o v er ni g ht. T h e e x c e s s Li Al H 4  w a s 

d e str o y e d  u si n g  0. 3 3  M  K H S O 4 .  T H F  w a s  r e m o v e d  u n d er  r e d u c e d  pr e s s ur e.  T h e 

r e si d u e  w a s  t a k e n  u p  i n  E A  a n d  w a s h e d  wit h  3  M  H Cl ,  N a H C O3 ,  a n d  bri n e.  T h e 

or g a ni c p h a s e w a s dri e d o v er N a 2 S O 4 , a n d t h e s ol v e nt w a s e v a p or at e d. T h e cr u d e 

pr o d u ct r e m ai n e d a s a c ol orl e s s oil t h at s oli difi e d i n t h e r efri g er at or ( 2. 4 6 g, 9. 3 m m ol, 

8 6 %). 1 H N M R ( 3 0 0 M H z, C D Cl 3 ) δ [ p p m] = 9. 5 4 ( s, 1 H), 7. 3 6 – 7 . 0 7 ( m, 5 H), 4. 1 2 ( q, 

J  =  7. 2  H z,  1 H),  2. 7 2 – 2. 6 6  ( m,  1 H),  2, 0 4  ( s,  1 H),  1. 5 4 – 1. 3 9  ( m,  9 H). 1 3 C  N M R 

( 7 5 M H z, C D Cl 3 ) δ [ p p m] = 1 9 9. 5, 1 5 6. 2, 1 4 0. 3, 1 2 8. 7, 1 2 5. 9, 1 1 0. 5, 6 0. 4, 3 0. 9, 2 8. 3, 

2 1. 1. [𝑘 ]� � �
� � = − 1 5°  ( c = 1 0 

� �

� �
, M e O H). 

Di b e n z o[ b, d ]f ur a n- 4-c ar b o x yli c a ci d ( 3 9 ) 

Di b e n z of ur a n ( 1 e q. 1 2 m m ol, 2 . 0 g) w a s di s s ol v e d i n dr y T H F a n d c o ol e d t o – 8 0 ° C. 

T h e n, n -B u Li ( 1  e q., 1 2 m m ol, 4. 8 m L of a 2. 5 M s ol uti o n i n T H F) w a s a d d e d sl o wl y 

wit h stirri n g, gi vi n g a n or a n g e -y ell o w pr e ci pit at e. T h e mi xt ur e w a s sl o wl y w ar m e d t o 

rt  a n d stirr e d f or  3  h.  It w a s t h e n  c o ol e d  a g ai n  t o – 8 0  ° C a n d  dr y  i c e ( C O 2 ( s))  w a s 

a d d e d i n l ar g e e x c e s s. A c ol orl e s s s oli d w a s f or m e d. Aft er stirri n g f or 1 h, a 2  M N a O H 

s ol uti o n w a s a d d e d. T h e a q u e o u s p h a s e w a s a ci difi e d t o p H = 5 wit h H C l.  T h e pr o d u ct 

w a s e xtr a ct e d u si n g E A a n d t h e e xtr a ct w a s dri e d o v er N a 2 S O 4 . S u b s e q u e ntl y, t h e 

pr o d u ct w a s pr o c e s s e d b y c ol u m n c hr o m at o gr a p h y ( D C M/ M e O H 9 5: 1), o bt ai ni n g a 

c ol orl e s s s oli d ( 0. 3 6 g, 1. 7 m m ol, 1 4 %). 1 H N M R ( 3 0 0 M H z, D M S O -d 6 ) δ [ p p m] = 1 3. 3 1 

( s, 1 H), 8. 4 0 ( d d, J  = 7. 7, 1. 4 H z, 1 H), 8. 2 4 – 8. 1 8 ( m, 1 H), 8. 0 4 ( d d, J  = 7. 7, 1. 4 H z, 

1 H), 7. 7 9 ( dt, J  = 8. 3, 0. 8 H z, 1 H), 7. 6 1 – 7. 5 6 ( m, 1 H), 7. 5 3 – 7. 4 0 ( m, 2 H). 1 3 C N M R 

( 7 5 M H z, D M S O-d 6 ) δ [ p p m] = 1 6 5. 4, 1 5 5. 7, 1 5 4. 1, 1 2 9. 3, 2 8. 2, 1 2 5. 8, 1 2 5. 3, 1 2 3. 5, 

1 2 2. 9, 1 2 2. 7, 1 2 1. 3, 1 1 6. 0, 1 1 1. 8. M P = 2 1 0 – 2 1 4 ° C (lit. 2 1 2 ° C). 2 7 1  

Et h yl 3, 4 - di h y dr o- 2H - b e n z o[b ][ 1, 4] o x a zi n e- 6- c ar b o x yl at e (4 0 )2 7 2  

Et h yl  3 -a mi n o - 4-h y dr o x y b e n z oi c  a ci d  ( 1  e q.,  5. 5  m m ol,  1. 0  g)  a n d  K 2 C O 3  ( 4  e q., 

2 2  m m ol,  3. 0  g)  w er e  di s s ol v e d  i n  2 0  m L  D M F.  T h e n,  1, 2 -di br o m o et h a n e  ( 4  e q., 
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2 2  m m ol, 1. 9 m L) w a s a d d e d, f oll o w e d b y stirri n g at 7 0 ° C f or 1 4 h. Aft er c o oli n g t o rt, 

t h e r e a cti o n mi xt ur e w a s dil ut e d wit h 4 0 m L of 5 % Li Cl s ol uti o n. It w a s e xtr a ct e d wit h 

D C M ( 3 x), w a s h e d wit h w at er ( 1 x), a s at ur at e d N a H C O 3  s ol uti o n ( 2 x), a n d bri n e ( 1 x), 

t h e n dri e d o v er M g S O4 . T h e s ol v e nt w a s r e m o v e d u n d er r e d u c e d pr e s s ur e, a n d t h e 

pr o d u ct  w a s  p urifi e d  b y  c ol u m n  c hr o m at o gr a p h y  ( c y cl o h e x a n e/ et h yl  a c et at e  1: 3), 

o bt ai ni n g a li g ht r e d oil ( 0. 5 9 g, 2. 8 5 m m ol, 5 2 %). 1 H N M R ( 3 0 0 M H z, C D Cl 3 ) δ [ p p m] 

= 7. 8 9 ( s, 1 H), 7. 2 3 ( d, J = 2. 0 H z, 1 H), 4. 2 5 ( d, J  = 2. 4 H z, 2 H), 4. 2 3 – 4. 1 9 ( m, 2 H), 

3. 3 7 – 3. 3 2 ( m, 2 H), 1. 2 9 (t d, J  = 7. 1, 4. 2 H z, 3 H). 1 3 C N M R ( 7 5  M H z, C D Cl 3 ) δ [ p p m] 

= 1 6 6. 6, 1 4 9. 1, 1 3 3. 3, 1 2 3. 4, 1 2 0. 9, 1 1 6. 8, 1 1 6. 4, 6 5. 6, 6 0. 6, 4 0. 6, 1 4. 4.  

3, 4- Di h y dr o - 2H - b e n z o[b ][ 1, 4] o x a zi n e- 6- c ar b o x yli c a ci d (4 1 ) 

C o m p o u n d 4 0  ( 1  e q.,  2. 4  m m ol,  0. 5 0 g)  w a s  di s s ol v e d  i n  T H F  a n d  w at er. 

S u b s e q u e ntl y, Li O H m o n o h y dr at e ( 4 e q., 9. 7 m m ol, 0. 4 1 g) w a s a d d e d dr o p wi s e a n d 

t h e mi xt ur e w a s stirr e d f or 3 h. T h e pr o d u ct w a s pr e ci pit at e d at p H = 4 – 5  wit h  2 M 

H Cl.  T h e  s oli d  w a s  a s pir at e d,  a n d  t h e  filtr at e  l y o p hili z e d,  o bt ai ni n g  a  br o w n  s oli d 

( 0. 1 0 g, 0. 5 7 m m ol, 2 4 %). 1 H N M R ( 3 0 0 M H z, C D Cl 3 ) δ [ p p m] = 1 2. 1 4 ( s, 1 H), 7. 0 8 – 

6. 8 1  ( m,  2 H),  5. 7 5  ( s,  1 H),  4. 2 5 – 3. 8 4  ( m,  2 H),  3. 0 3  ( s,  2 H). 1 3 C N M R  ( 7 5  M H z, 

C D Cl 3 ) δ [ p p m] = 1 6 7. 9, 1 4 9. 3, 1 4 7. 4, 1 3 9. 2, 1 3 5. 1, 1 1 6. 2, 1 1 6. 1, 6 5.5. M P = 1 3 1 ° C.  

(S, E )-t ert-B ut yl ( 5 - p h e n yl- 1-( p h e n yl s ulf o n yl) p e nt- 1-e n - 3-yl) c ar b a m at e ( 4 2 ) 

S y nt h e si z e d  u si n g  p h o s p h o n at e 3 4  ( 1  e q.,  6. 0  m m ol,  1. 7 6  g)  a n d  al d e h y d e 3 8  

( 0. 9 5 e q.,  5. 7  m m ol,  1. 5 0 g)  a c c or di n g  t o  pr o c e d ur e B ,  r e s ulti n g  i n  a  c ol orl e s s  oil 

( 1. 1 g, 2. 8  m m ol, 4 7 %). 1 H N M R ( 3 0 0 M H z, C D Cl 3 ) δ [ p p m] = 7. 9 6 – 7. 8 3 ( m, 2 H), 7. 7 1 

– 7. 4 7 ( m, 3 H), 7. 3 4 – 7. 1 1 ( m, 5 H), 6. 9 1 ( d d, J = 1 5. 0, 5. 1 H z, 1 H), 6. 4 4 ( d d, J  = 1 5. 0, 

1. 6 H z, 1 H), 4. 5 8 ( d, J  = 8. 7 H z, 1 H), 2. 7 4 – 2. 6 2 ( m, 2 H), 2. 0 0 – 1. 7 7 ( m, 2 H), 1. 5 4 

– 1. 3 1 ( m, 9 H). 1 3 C N M R ( 7 5 M H z, C D Cl 3 ) δ [ p p m] = 2 0 5. 1, 1 7 1. 1, 1 5 2. 9, 1 4 5. 2, 1 4 0. 4, 

1 3 3. 9, 1 2 9. 4, 1 2 8. 6, 1 2 8. 4, 1 2 8. 0, 1 2 6. 3, 6 0. 4, 4 4. 3, 3 5. 2, 2 9. 6, 2 8. 2. [𝐾 ]� � �
� � = − 3 8°   

( c = 1 0 
� �

� �
, M e O H). 

(S, E )-P h e n yl 3 -((t ert- b ut o x y c ar b o n yl) a mi n o)- 5- p h e n yl p e nt- 1-e n e - 1-s ulf o n at e ( 4 3 ) 

S y nt h e si z e d  u si n g  p h o s p h o n at e 3 5  ( 1  e q.,  6. 0  m m ol,  1. 8 5  g)  a n d  al d e h y d e 3 8  

( 0. 9 5 e q.,  5. 7  m m ol,  1. 5  g)  a c c or di n g  t o  pr o c e d ur e B ,  r e s ulti n g  i n  a  c ol orl e s s  oil 

( 0. 7 5 g, 1. 8 m m ol, 3 0 %). 1 H N M R ( 3 0 0 M H z, C D Cl 3 ) δ [ p p m] = 7. 4 8 – 7. 3 4 ( m, 2 H), 

7. 3 5 – 7. 0 1 ( m, 6 H), 6. 7 5 ( d d, J  = 1 5. 1, 5. 1 H z, 1 H), 6. 4 7 ( d d, J  = 1 5. 1, 1. 6  H z, 1 H), 

4. 3 2 ( s, 1 H), 2. 7 9 – 2. 5 4 ( m, 2 H), 1. 8 4 – 1. 7 9 ( m, 2 H), 1. 5 2 – 1. 2 4 ( m, 9 H). 1 3 C N M R 

( 7 5 M H z,  C D Cl 3 ) δ [ p p m]  = 1 5 4. 8,  1 4 9. 5,  1 4 0. 1,  1 2 9. 8,  1 2 8. 7,  1 2 8. 4,  1 2 8. 3,  1 2 7. 3, 

1 2 6. 4, 1 2 4. 3, 1 2 2. 5, 3 5. 5, 2 9. 4, 2 9. 3, 2 8. 3. [𝑘 ]� � �
� � = −  5 ° ( c = 1 0  

� �

� �
, M e O H). 
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(S, E )-t ert- B ut yl ( 1-fl u or o- 5- p h e n yl- 1-( p h e n yl s ulf o n yl) p e nt- 1-e n - 3-yl) c ar b a m at e ( 4 4 ) 

S y nt h e si z e d  u si n g  p h o s p h o n at e 3 6  ( 1  e q.,  4. 0  m m ol,  1. 2  g)  a n d  al d e h y d e 3 8  

( 0. 9 5 e q.,  3. 8  m m ol,  1. 0  g)  a c c or di n g  t o  pr o c e d ur e B ,  r e s ulti n g  i n  a  c ol orl e s s  oil 

( 0. 6 5 g, 1. 6 m m ol, 3 9 %). 1 H N M R ( 3 0 0 M H z, C D Cl 3 ) δ [ p p m] = 8. 1 2 ( s, 2 H), 7. 7 7 – 

7. 5 5 ( m, 3 H), 7. 4 1 – 7. 1 8 ( m, 4 H), 5. 8 6 ( d d, J  = 2 1. 2, 1 0. 0 H z, 1 H), 5. 3 2 (t, J  = 8. 3 

H z, 1 H), 2. 9 3 – 2. 6 6 ( m, 2 H), 2. 1 2 – 1. 8 8 ( m, 1 H), 1. 5 0 ( s, 9 H). 1 3 C N M R ( 7 5 M H z, 

C D Cl 3 ) δ [ p p m] = 2 0 7. 0, 1 5 4. 9, 1 4 0. 9, 1 3 7.6, 1 3 4. 6, 1 2 9. 3, 1 2 9. 0, 1 2 8. 5, 1 2 8. 4, 1 2 6. 1, 

1 2 1. 3, 4 6. 4, 3 7. 2, 3 2. 2, 2 8. 4. [𝐾 ]� � �
� � = −  9 7 ° ( c  = 1 0  

� �

� �
, M e O H). 

(S, E )- 5- P h e n yl- 1-( p h e n yl s ulf o n yl) p e nt- 1-e n - 3-a mi n e ( 4 5 ) 

S y nt h e si z e d u si n g vi n y s ulf o n e 4 2  ( 1 e q., 2. 8 m m ol, 1. 1 g) a c c or di n g t o pr o c e d ur e C , 

gi vi n g a c ol orl e s s oil ( 0. 8 3 g, 2. 7 m m ol, 9 8 %). 1 H N M R ( 3 0 0 M H z, D M S O -d 6 ) δ [ p p m] 

= 8. 3 9 ( s, 3 H), 7. 9 5 – 7. 8 5 ( m, 2 H), 7. 8 0 – 7. 7 3 ( m, 1 H), 7. 7 2 – 7. 6 4 ( m, 2 H), 7. 3 1 – 

7. 2 3 ( m, 2 H), 7. 2 3 – 7. 1 3 ( m, 3 H), 7. 1 3 – 7. 0 8 ( m, 1 H), 6. 8 8 ( d d, J  = 1 5. 3, 7. 0 H z, 

1 H), 4. 0 0 ( d, J  = 7. 3 H z, 1 H), 2. 7 5 ( dt, J  = 1 4. 8, 7. 2 H z, 1 H), 2. 5 4 ( d, J  = 8. 2 H z, 1 H), 

2. 0 8  – 1. 8 2  ( m,  2 H). 1 3 C N M R  ( 7 5  M H z,  D M S O -d 6 ) δ [ p p m]  =  1 4 1. 3,  1 4 0. 7,  1 3 4. 0, 

1 3 4. 6,  1 3 4. 4,  1 3 0. 2,  1 2 9. 0,  1 2 8. 6 0,  1 2 7. 8,  1 2 6. 7,  5 0. 6,  3 4. 0,  3 1. 0. [𝑘 ]� � �
� � = − 3 3°   

( c = 1 0 
� �

� �
, M e O H).  

(S, E )-P h e n yl 3 -a mi n o - 5- p h e n yl p e nt- 1-e n e - 1-s ulf o n at e ( 4 6 ) 

S y nt h e si z e d u si n g vi n yl s ulf o n at e 4 3  ( 1 e q., 1. 8 m m ol, 0. 7 5 g) a c c or di n g t o pr o c e d ur e 

C ,  gi vi n g  a  c ol orl e s s  oil  ( 0. 5 6  g,  1. 8  m m ol,  9 8 %). 1 H  N M R  ( 3 0 0  M H z,  D M S O -d 6 ) 

δ [ p p m]  =  7. 9 6 – 7. 8 3  ( m,  2 H),  7. 4 4 – 7. 0 7  ( m,  6 H),  7. 0 5 – 7. 0 1 ( m,  2 H),  6. 9 6 ( dt,  

J  = 7. 5, 2. 5 H z, 1 H), 6. 7 5 ( d d, J  = 1 5. 5, 7. 5 H z, 2 H), 6. 6 9 – 6. 6 3 ( m, 1 H), 3. 0 8 – 2. 9 4 

( m,  1 H), 1. 5 9  ( m,  2 H),  0. 9 1 – 0. 7 8  ( m,  2 H). 1 3 C N M R  ( 7 5  M H z,  D M S O -d 6 )δ  [ p p m]  

=  1 5 7. 8,  1 5 7. 3,  1 2 9. 8,  1 2 8. 8,  1 2 6. 3,  1 1 9. 2,  1 1 5. 7,  5 2. 3,  2 3. 4,  1 4. 4. [𝑘 ]� � �
� � = −  4 1 °  

( c = 1 0 
� �

� �
, M e O H). 

(S, E )- 1- Fl u or o- 5- p h e n yl- 1-( p h e n yl s ulf o n yl) p e nt- 1-e n - 3-a mi n e ( 4 7 ) 

S y nt h e si z e d  u si n g  fl u or o vi n y s ulf o n e 4 4  ( 1  e q.,  1. 6  m m ol,  0. 6 5  g)  a c c or di n g  t o 

pr o c e d ur e  C ,  gi vi n g  a  c ol orl e s s  oil  ( 0. 4 9  g,  1. 5  m m ol,  9 5 %). 1 H  N M R  ( 3 0 0  M H z, 

D M S O -d 6 ) δ [ p p m] = 8. 7 0 ( s, 3 H), 8. 0 2 ( dd, J  = 7. 3, 1. 7 H z, 2 H), 7. 9 6 – 7. 6 6 ( m, 3 H), 

7. 3 5 – 7. 1 1 ( m, 3 H), 7. 1 0 – 7. 0 3 ( m, 2 H), 6. 5 5 ( d d, J H- F  = 3 2. 6  H z, J H- H  = 9. 8  H z, 1 H), 

4. 0 1 ( q d,  J = 8. 6, 7. 9, 3. 4 H z, 1 H) 2. 5 5 – 2. 4 5 ( m, 2 H), 2. 2 6 – 1. 9 1 ( m, 2 H). 1 3 C N M R 

( 7 5 M H z, D M S O-d 6 ) δ [ p p m] = 1 5 7. 2, 1 5 3. 2, 1 3 9. 9, 1 3 5. 9, 1 3 5. 6, 1 3 0. 2, 1 2 8. 5, 1 2 8. 5, 

1 2 8. 1, 1 2 6. 2, 1 1 4. 6, 4 5. 3, 3 3. 4, 3 0. 5. [𝐾 ]� � �
� � = − 3 7°  ( c = 1 0 

� �

� �
, M e O H). 
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1 0 9  
 

FI N A L C O M P O U N D S. 

(S, E )-N -( 1- Fl u or o- 5- p h e n yl- 1-( p h e n yl s ulf o n yl) p e nt- 1-e n - 3-yl) - 1H -i n d ol e- 7- c ar b o x-

a mi d e ( 2 a ) 

S y nt h e si z e d  a c c or di n g  t o  pr o c e d ur e  A  u si n g  fl u or o vi n yl s ulf o n e  4 7  ( 1  e q.,  1  m m ol, 

0. 3 4 g) a n d 1 H -i n d ol e- 7-c ar b o x yli c a ci d ( 1. 2 e q., 1. 2 m m ol, 0. 1 6 g). T h e pr o d u ct w a s 

o bt ai n e d  a s  a  c ol orl e s s  s oli d  ( 0. 0 1  g,  0. 0 2  m m ol,  2 %). 1 H  N M R  ( 3 0 0  M H z,  C D Cl 3 ) 

δ [ p p m] = 1 0. 1 9 ( s, 1 H), 7. 9 7 ( d d, J = 7. 3, 1. 8 H z, 2 H), 7. 8 2 ( d, J = 7. 6 H z, 1 H), 7. 7 6 

– 7. 6 6 ( m, 1 H), 7. 5 8 ( d d, J  = 8. 5, 7. 0 H z, 2 H), 7. 3 1 ( dt, J  = 6. 6, 1. 5 H z, 2 H), 7. 2 6 – 

7. 2 1 ( m, 2 H), 7. 2 0 – 7. 1 1 ( m, 3 H), 7. 0 8 (t,  J = 7. 6 H z, 1 H), 6. 5 8 ( d d, J H- F  = 3 2. 0 H z, 

J H- H  = 8. 2  H z, 1 H), 6. 4 7 – 6. 2 8 ( m, 1 H), 5. 0 8 ( p, J  = 7. 6 H z, 1 H), 2. 7 6 (t, J  = 7. 6 H z, 

2 H), 2. 1 8 – 2. 1 4 ( m, 2 H). 1 3 C N M R ( 7 5 M H z, C D Cl 3 ) δ [ p p m] = 1 6 7. 2, 1 5 6. 9, 1 4 0. 3, 

1 3 6. 9, 1 3 5. 4, 1 3 4. 6, 1 2 9. 6, 1 2 9. 5, 1 2 8. 8, 1 2 8. 7, 1 2 8. 4, 1 2 6. 4, 1 2 5. 7, 1 2 5. 3, 1 1 8. 9, 

1 1 8. 6, 1 1 7. 7, 1 1 7. 6, 1 1 5. 0, 1 0 2. 1, 4 5. 3, 3 5. 8, 3 2. 0. [𝐾 ]� � �
� � = − 8°  ( c = 1 0  

� �

� �
, M e O H). 

M P = 6 1 ° C. L C -M S: [ M + H + ] c al c. 4 6 3. 5, f o u n d 4 6 3. 1. P urit y: 9 8 % ( H P L C, 2 5 4 n m, 

A C N/ H 2 O 6 5/ 3 5, 0. 0 1 % H C O O H, tR  = 1. 2 8 mi n).  

(S, E )-N -( 5- P h e n yl- 1-( p h e n yl s ulf o n yl) p e nt- 1-e n - 3-yl) - 1H -i n d ol e- 7-c ar b o x a mi d e ( 2 b ) 

S y nt h e si z e d a c c or di n g t o pr o c e d ur e A u si n g vi n yl s ulf o n e  4 5  ( 1 e q., 0. 7 1 m m ol, 0. 2 4 g) 

a n d  1 H -i n d ol e- 7-c ar b o x yli c  a ci d  ( 1. 2  e q.,  0. 8 5  m m ol,  0. 1 4  g).  T h e  pr o d u ct  w a s 

o bt ai n e d a s a c ol orl e s s s oli d ( 0. 1 5  g, 0. 3 0  m m ol, 4 2 %). 1 H N M R ( 3 0 0 M H z, C D Cl 3 ) 

δ [ p p m] = 1 0. 0 7 ( s, 1 H), 7. 8 0 – 7. 7 3 ( m, 2 H), 7. 7 0 ( dt, J  = 7. 7, 0. 9 H z, 1 H), 7. 5 4 – 7. 4 6 

( m, 1 H), 7. 4 6– 7. 3 6 ( m, 2 H), 7. 2 2 – 7. 1 7 ( m, 2 H), 7. 1 7 – 7. 1 0 ( m, 2 H), 7. 0 8 – 7. 0 2 ( m, 

3 H), 7. 0 1 – 6. 9 6 ( m, 1 H), 6. 9 6 – 6. 9 1 ( m, 1 H), 6. 4 6 ( d d, J  = 3. 2, 2. 2 H z, 1 H), 6. 4 0 ( d d, 

J  = 1 5. 1, 1. 7 H z, 1 H), 4. 9 9 – 4. 9 0 ( m, 1 H), 2. 6 6 ( h e pt, J = 7. 4 H z, 2 H), 2. 0 5 – 2. 0 0 

( m, 2 H). 1 3 C N M R ( 7 5 M H z, C D Cl 3 ) δ [ p p m] = 1 6 7. 3, 1 4 6. 1, 1 4 0. 4, 1 3 4. 0, 1 3 5. 0, 1 3 3. 6, 

1 3 0. 9, 1 2 9. 6, 1 2 9. 4, 1 2 8. 8, 1 2 8. 4, 1 2 7. 7, 1 2 6. 5, 1 2 5. 7, 1 2 5. 3, 1 1 9. 0, 1 1 8. 6, 1 1 4. 9, 

1 0 2. 1, 4 9. 4, 3 5. 4, 3 2. 1. [𝑘 ]� � �
� � = − 2 0°  ( c = 1 0 

� �

� �
, M e O H). M P = 6 5 ° C. L C-M S: [ M + H + ] 

c al c.  4 4 5. 6,  f o u n d  4 4 5. 4.  P urit y:  9 8 %  ( H P L C,  2 5 4  n m,  A C N/ H 2 O  5 5/ 4 5,  0. 0 1 % 

H C O O H, tR  = 3. 8 6 mi n).  

(S, E )-N -( 5- P h e n yl- 1-( p h e n yl s ulf o n yl) p e nt- 1-e n - 3-yl) - 2, 3- di h y dr o b e n z o[b ][ 1, 4] di o xi n e-

5- c ar b o x a mi d e ( 2 c ) 

S y nt h e si z e d a c c or di n g t o pr o c e d ur e  A u si n g vi n yl s ulf o n e  4 5  ( 1 e q., 0. 7 1 m m ol, 0. 2 4 g) 

a n d  2, 3 - di h y dr o b e n z o[b ][ 1, 4] di o xi n e- 5-c ar b o x yli c  a ci d  ( 1. 2  e q.,  0. 8 5  m m ol,  0. 1 5  g). 

T h e  pr o d u ct  w a s  o bt ai n e d  a s  a  c ol orl e s s  s oli d  ( 0. 1 2  g,  0. 3 0  m m ol,  4 2 %). 1 H  N M R 

( 3 0 0 M H z, C D Cl3 ) δ [ p p m] = 7. 7 7 ( d d, J  = 7. 2, 1. 9  H z, 2 H), 7. 5 8 – 7. 4 6 ( m, 2 H), 7. 4 3 
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1 1 0  
 

( d d, J  = 8. 3, 6. 6 H z, 2 H), 7. 1 8 ( d d, J  = 7. 9, 6. 4 H z, 2 H), 7. 1 3 – 7. 0 9 ( m, 1 H), 7. 0 8 – 

7. 0 3 ( m, 2 H), 6. 9 9 – 6. 9 3 ( m, 1 H), 6. 9 3 – 6. 8 9 ( m, 1 H), 6. 8 4 (t, J  = 7. 9 H z, 1 H), 6. 4 1 

( d d, J  = 1 5. 1, 1. 8 H z, 1 H), 4. 9 9 – 4. 7 8 ( m, 1 H), 4. 2 9 – 4. 2 5 ( m , 4 H), 2. 7 3 – 2. 5 3 ( m, 

2 H), 2. 0 3 – 1. 7 7 ( m, 2 H). 1 3 C N M R ( 7 5 M H z, C D Cl 3 ) δ [ p p m] = 1 6 4. 5, 1 4 6. 3, 1 4 3. 7, 

1 4 2. 0, 1 4 0. 5, 1 4 0. 1, 1 3 3. 5, 1 3 0. 7, 1 2 9. 4, 1 2 8. 6, 1 2 8. 3, 1 2 7. 7, 1 2 6. 3, 1 2 4. 2, 1 2 1. 5, 

1 2 1. 5, 1 2 1. 2, 6 5. 1, 6 3. 5, 4 9. 5, 3 6. 0, 3 2. 1. [𝐾 ]� � �
� � = − 3 9°  ( c = 1 0 

� �

� �
, M e O H). M P = 6 3 

° C. L C -M S: [ M + H + ] c al c. 4 6 4. 6, f o u n d 4 6 4. 4. P urit y: 1 0 0 % ( H P L C, 2 5 4 n m, A C N/ H2 O 

5 5/ 4 5, 0. 0 1 % H C O O H, tR  = 2. 5 0 mi n).  

N -((S, E )- 5- P h e n yl- 1-( p h e n yl s ulf o n yl) p e nt- 1-e n - 3-yl) - 2, 3, 4, 9-t etr a h y dr o- 1H - c ar b a z ol-

1- c ar b o x a mi d e ( 2 d ) 

S y nt h e si z e d a c c or di n g t o pr o c e d ur e A u si n g vi n yl s ulf o n e  4 5  ( 1 e q., 0. 7 4 m m ol, 0. 2 5 g) 

a n d 2, 3, 4, 9 -t etr a h y dr o- 1H - c ar b a z ol e- 1-c ar b o x yli c a ci d ( 1. 2 e q., 0. 8 8 m m ol, 0. 1 9 g). 

T h e  pr o d u ct  w a s  o bt ai n e d  a s  a  c ol orl e s s  s oli d  ( 0. 0 9  g,  0. 2 0  m m ol,  2 7 %). 1 H  N M R 

( 3 0 0 M H z, C D Cl3 ) δ [ p p m] = 8. 7 5 ( s, 1 H), 7. 7 6 – 7. 6 6 ( m, 2 H), 7. 5 5 – 7. 4 6 ( m, 1 H), 

7. 4 1 (tt, J  = 8. 5, 5. 2 H z, 3 H), 7. 2 2 ( d d, J  = 8. 0, 3. 9 H z, 1 H), 7. 1 7 – 7. 0 8 ( m, 3 H), 7. 0 8 

– 7. 0 1 ( m, 2 H), 6. 9 6 (t d, J = 8. 6, 7. 7, 1. 6 H z, 2 H), 6. 7 6 ( dt, J  = 1 5. 1, 5. 6 H z, 1 H), 6. 3 6 

– 6. 2 2 ( m, 1 H), 5. 6 0 ( d, J = 8. 7 H z, 1 H), 4. 6 8 ( d, J  = 6. 5 H z, 1 H), 3. 6 6 ( q, J  = 7. 2, 6. 5 

H z, 1 H), 2. 6 5 ( d d, J  = 1 3. 3, 6. 6 H z, 2 H), 2. 5 1 ( q, J  = 9. 6, 7. 0 H z, 2 H), 2. 0 7 – 1. 6 5 ( m, 

6 H). 1 3 C N M R ( 7 5 M H z, C D Cl 3 ) δ [ p p m] = 1 7 3. 2, 1 4 5. 4, 1 4 0. 7, 1 4 0. 2, 1 3 6. 4, 1 3 3. 6, 

1 3 1. 1, 1 3 0. 7, 1 2 9. 4, 1 2 8. 7, 1 2 8. 5, 1 2 8. 3, 1 2 7. 6, 1 2 2. 3, 1 1 9. 5, 1 1 8. 4, 1 1 2. 7, 1 1 1. 3, 

4 9. 8,  4 2. 2,  3 5. 3,  3 2. 1,  2 7. 7,  2 0. 7. [𝑘 ]� � �
� � = − 1 8°  ( c  =  1 0 

� �

� �
,  M e O H).  M P  =  7 8  ° C.  

L C -M S:  [ M + H + ]  c al c.  5 0 0. 1,  f o u n d  5 0 0. 5.  P urit y:  9 6 %  ( H P L C, 2 5 4  n m,  A C N/ H 2 O 

7 0/ 3 0, 0. 0 1 % H C O O H, tR  = 1. 2 9  mi n).  

(S, E )-N -( 5- P h e n yl- 1-( p h e n yl s ulf o n yl) p e nt- 1-e n - 3-yl) - 2-( p h e n yl a mi n o) b e n z a mi d e (2 e ) 

S y nt h e si z e d a c c or di n g t o pr o c e d ur e A u si n g vi n yl s ulf o n e  4 5  ( 1 e q., 0. 8 0 m m ol, 0. 2 7 g) 

a n d  2 -( p h e n yl a mi n o) b e n z oi c  a ci d  ( 1. 2  e q.,  0. 9 6  m m ol,  0. 2 0  g).  T h e  pr o d u ct  w a s 

o bt ai n e d a s a c ol orl e s s s oli d ( 0. 1 8  g, 0. 4 0  m m ol, 5 0 %). 1 H N M R ( 3 0 0 M H z, C D Cl 3 ) 

δ [ p p m] = 7. 9 0 – 7. 8 1 ( m, 2 H), 7. 6 1 – 7. 5 3 ( m, 1 H), 7. 4 8 ( d d, J  = 8. 2, 6. 6 H z, 2 H), 7. 3 8 

– 7. 2 7 ( m, 7 H), 7. 2 6 ( s, 1 H), 7. 2 4 ( d, J = 2. 1 H z, 1 H), 7. 1 8 ( dt, J  = 8. 4, 1. 5 H z, 4 H), 

7. 1 1 – 7. 0 5 ( m, 1 H), 6. 7 6 – 6. 7 3 ( m, 1 H), 6. 5 0 (t d, J = 1 5. 6, 1 5. 1, 1. 6 H z, 1 H), 6. 3 8 

( d, J  = 8. 2  H z, 1 H), 4. 9 1 ( p, J = 6. 7 H z, 1 H), 2. 9 0 – 2. 6 3 ( m, 2 H), 2. 2 0 – 1. 9 8 ( m, 2 H). 

1 3 C N M R ( 7 5 M H z, C D Cl 3 ) δ [ p p m] = 1 6 8. 8, 1 4 5. 7, 1 4 1. 2, 1 4 0. 3, 1 3 9. 9, 1 3 3. 5, 1 3 2. 7, 

1 3 1. 0, 1 2 9. 3, 1 2 8. 8, 1 2 8. 4, 1 2 7. 6, 1 2 7. 5, 1 2 6. 5, 1 2 2. 9, 1 2 1. 1, 1 1 8. 2, 1 1 7. 2, 1 1 5. 8, 

4 9. 6, 3 5. 3, 3 2. 1. [𝑘 ]� � �
� � = − 4 6°  ( c = 1 0 

� �

� �
, M e O H). M P = 5 9 ° C. L C-M S: [ M + H + ] c al c. 
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4 9 7. 6, f o u n d 4 9 7. 3. P urit y: 1 0 0 % ( H P L C, 2 5 4 n m, A C N/ H 2 O 6 5/ 3 5, 0. 0 1 % H C O O H, 

tR  = 1. 9 9 mi n).  

(S, E )-N -( 5- P h e n yl- 1-( p h e n yl s ulf o n yl) p e nt- 1-e n - 3-yl) - 1H -i n d a z ol- 6-c ar b o x a mi d e ( 2f ) 

S y nt h e si z e d a c c or di n g t o pr o c e d ur e  A u si n g vi n yl s ulf o n e  4 5  ( 1 e q., 0. 7 4 m m ol, 0. 2 5 g) 

a n d  1 H -i n d a z ol e- 6-c ar b o x yli c  a ci d  ( 1. 2  e q.,  0. 8 8  m m ol,  0. 1 4  g).  T h e  pr o d u ct  w a s 

o bt ai n e d a s a c ol orl e s s s oli d ( 0. 2 0 g, 0. 2 0  m m ol, 2 7 %). 1 H N M R ( 3 0 0 M H z, C D Cl 3 ) 

δ [ p p m] = 8. 0 6 ( s, 1 H), 7. 9 6 ( s, 1 H), 7. 8 0 ( d, J  = 7. 6 H z, 2 H), 7. 7 0 – 7. 4 9 ( m, 2 H), 7. 4 9 

– 7. 3 1 ( m, 3 H), 7. 1 9 ( p, J = 6. 8 H z, 3 H), 7. 1 3 – 6. 9 8 ( m, 3 H), 6. 5 8 ( d,  J = 1 5. 0 H z, 

1 H), 4. 9 6 ( p, J  = 7. 1, 6. 6 H z, 1 H), 2. 7 0 ( h e pt, J = 6. 9 H z, 2 H), 2. 0 4 ( q, J = 7. 7 H z, 2 H). 

1 3 C N M R ( 7 5 M H z, C D Cl 3 ) δ [ p p m] = 1 6 7. 4, 1 4 6. 2, 1 4 0. 5, 1 3 9. 7, 1 3 3. 7, 1 3 2. 6, 1 3 0. 8, 

1 2 9. 4,  1 2 8. 7,  1 2 8. 4,  1 2 7. 6,  1 2 6. 3,  1 2 0. 0,  1 1 0. 1,  5 0. 2,  3 5. 3,  3 2. 1. [𝐾 ]� � �
� � = − 2 0°   

( c  =  1 0 
� �

� �
,  M e O H).  M P  =  8 5  ° C.  L C-M S:  [ M + H + ]  c al c.  4 4 5. 5,  f o u n d  4 4 5. 9.  P urit y: 

1 0 0 % ( H P L C, 2 5 4 n m, A C N/ H 2 O 6 5/ 3 5, 0. 0 1 % H C O O H, tR  = 1. 2 4 mi n).  

(S, E )-P h e n yl 3 -( 1H -i n d ol- 7- c ar b o x a mi d o)- 5- p h e n yl p e nt- 1-e n e - 1-s ulf o n at e ( 2 g ) 

S y nt h e si z e d  a c c or di n g  t o  pr o c e d ur e A u si n g  vi n yl s ulf o n at e  4 6  ( 1  e q.,  0. 7 4  m m ol, 

0. 2 7 g) a n d 1 H -i n d ol e- 7-c ar b o x yli c a ci d ( 1. 2 e q., 0. 8 8 m m ol, 0. 1 4 g). T h e pr o d u ct w a s 

o bt ai n e d a s a c ol orl e s s s oli d ( 0. 1 0  g, 0. 2 0  m m ol, 2 7 %). 1 H N M R ( 3 0 0 M H z, C D Cl 3 ) 

δ [ p p m] = 1 0. 3 3 ( s, 1 H), 7. 9 0 ( d, J = 7. 2 H z, 1 H), 7. 3 6 – 7. 3 3 ( m, 6 H), 7. 3 1 – 7. 1 9 ( m, 

6 H), 7. 1 8 – 7. 0 8 ( m, 2 H), 6. 8 9 ( d d, J  = 1 5. 2, 8. 4 H z, 1 H), 6. 6 7 ( q, J  = 2. 3 H z, 1 H), 

6. 6 3 – 6. 5 3 ( m, 1 H), 6. 4 3 ( d, J = 7. 9 H z, 1 H), 4. 9 6 ( d q, J  = 1 3. 7, 6. 8, 6. 4 H z, 1 H), 2. 7 8 

( h e pt, J =  7. 3  H z,  2 H),  2. 1 1  ( q, J  =  7. 7  H z,  2 H). 1 3 C N M R  ( 7 5  M H z,  C D Cl 3 )  

δ [ p p m] = 1 6 7. 4, 1 4 9. 6, 1 4 9. 4, 1 4 0. 2, 1 3 5. 4, 1 2 9. 8, 1 2 9. 7, 1 2 8. 9, 1 2 8. 4, 1 2 7. 3, 1 2 6. 6, 

1 2 5. 8, 1 2 5. 5, 1 2 4. 8, 1 2 2. 5, 1 1 9. 1, 1 1 8. 7, 1 1 4. 8, 1 0 2. 2, 4 9. 8, 3 4. 7, 3 2. 0. [𝑘 ]� � �
� � = − 1 7°  

( c  =  1 0 
� �

� �
,  M e O H).  M P  =  6 2  ° C.  L C-M S:  [ M + H + ]  c al c.  4 6 0. 5,  f o u n d  4 6 0. 9.  P urit y: 

1 0 0 % ( H P L C, 2 5 4 n m, A C N/ H 2 O 5 5/ 4 5, 0. 0 1 % H C O O H, tR  = 2. 3 7 mi n).  

(S, E )- P h e n yl  3-( 2, 3- di h y dr o b e n z o[b ][ 1, 4] di o xi n- 5- c ar b o x a mi d o)- 5- p h e n yl p e nt- 1-e n -

1- s ulf o n at e ( 2 h ) 

S y nt h e si z e d  a c c or di n g  t o  pr o c e d ur e  A u si n g  vi n yl s ulf o n at e  4 6  ( 1  e q.,  0. 7 1  m m ol, 

0. 2 6 g)  a n d  2, 3 - di h y dr o b e n z o[b ][ 1, 4] di o xi n e- 5-c ar b o x yli c  a ci d  ( 1. 2  e q.,  0. 8 5  m m ol, 

0. 1 5  g).  T h e  pr o d u ct  w a s  o bt ai n e d  a s  a  c ol orl e s s  s oli d  ( 0. 1 0  g,  0. 2 0  m m ol,  2 8 %).  

1 H N M R ( 3 0 0 M H z, C D Cl 3 ) δ [ p p m] = 7. 6 5 ( d d, J  = 7. 7, 1. 9  H z, 1 H), 7. 4 8 ( d, J  = 7. 8 

H z,  1 H),  7. 2 8 – 7. 1 7 ( m,  4 H),  7. 1 7 – 7. 1 1 ( m,  4 H),  7. 0 9 – 7. 0 2  ( m,  2 H),  6. 9 8  ( d d,  

J  = 8. 0, 1. 9 H z, 1 H), 6. 9 1 (t, J  = 7. 9 H z, 1 H), 6. 7 2 ( d d, J  = 1 5. 1, 5. 2 H z, 1 H), 6. 4 6 ( d d, 

J  = 1 5. 1, 1. 5 H z, 1 H), 4. 9 0 – 4. 7 1 ( m, 1 H), 4. 3 7 – 4. 1 7 ( m, 4 H), 2. 6 2 ( d d,  J = 1 4. 1, 
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9. 1 H z, 2 H), 2. 0 3 – 1. 7 8 ( m, 3 H). 1 3 C N M R ( 7 5 M H z, C D Cl 3 ) δ [ p p m] = 1 6 4. 5, 1 4 9. 7, 

1 4 9. 5, 1 4 3. 7, 1 4 2. 3, 1 4 0. 2, 1 2 9. 8, 1 2 8. 7, 1 2 8. 3, 1 2 7. 3, 1 2 6. 4, 1 2 4. 6, 1 2 4. 2, 1 2 2. 7, 

1 2 1. 7,  1 2 1. 3,  6 5. 2,  6 3. 5,  4 9. 8,  3 5. 4,  3 2. 1. [𝐾 ]� � �
� � = − 4 1°  ( c  =  1 0 

� �

� �
,  M e O H).  

M P = 6 4  ° C. L C-M S: [ M + H + ] c al c. 4 7 9. 5, f o u n d 4 7 9. 9. P urit y: 1 0 0 % ( H P LC, 2 5 4 n m, 

A C N/ H 2 O 5 5/ 4 5, 0. 0 1 % H C O O H, tR  = 1. 7 6 mi n).  

(S, E )-P h e n yl  5 - p h e n yl- 3-( 2, 3, 4, 9-t etr a h y dr o- 1H - c ar b a z ol- 1- c ar b o x a mi d o) p e nt- 1-e n -

1- s ulf o n at e ( 2i ) 

S y nt h e si z e d  a c c or di n g  t o  pr o c e d ur e A u si n g  vi n yl s ulf o n at e  4 6  ( 1  e q.,  0. 7 7  m m ol, 

0. 2 8 g)  a n d  2, 3, 4, 9 -t etra h y dr o- 1 H - c ar b a z ol e- 1-c ar b o x yli c  a ci d  ( 1. 2  e q.,  0. 9 2  m m ol, 

0. 2 0  g).  T h e  pr o d u ct  w a s  o bt ai n e d  a s  a  c ol orl e s s  s oli d  ( 0. 0 6  g,  0. 1 0  m m ol,  1 3 %).  

1 H N M R ( 3 0 0 M H z, C D Cl 3 ) δ [ p p m] = 8. 5 2 ( s, 1 H), 7. 9 2 ( s, 1 H), 7. 4 3 (t d, J  = 6. 7, 6. 0, 

1. 3 H z, 1 H), 7. 3 2 – 6. 9 9 ( m, 1 1 H), 6. 9 4 (t d,  J = 8. 5, 7. 7, 1. 6 H z, 1 H), 6. 5 7 ( d d, J  = 1 5. 1, 

9. 7 H z, 1 H), 6. 3 1 – 6. 2 8 ( m, 1 H), 4. 6 7 – 4. 5 2 ( m, 1 H), 3. 6 1 ( dt,  J = 2 3. 3, 5. 8 H z, 1 H), 

2. 6 7  ( h, J  =  6. 8,  6. 1  H z,  2 H),  2. 5 4 – 2. 3 4  ( m,  2 H),  2. 0 9 – 1. 9 2  ( m,  2 H),  1. 8 1  ( d q,  

J = 1 2. 1, 5. 6 H z, 2 H), 1. 6 8 – 1. 6 4 ( m, 2 H). 1 3 C N M R ( 7 5 M H z, C D Cl 3 ) δ [ p p m] = 1 7 3. 2, 

1 4 9. 4, 1 4 9. 0, 1 4 0. 4, 1 3 9. 9, 1 3 6. 4, 1 2 9. 8, 1 2 8. 7, 1 2 8. 2, 1 2 7. 3, 1 2 7. 2, 1 2 6. 5, 1 2 4. 6, 

1 2 2. 5,  1 2 2. 4,  1 1 9. 7,  1 1 8. 5,  1 1 2. 9,  1 1 1. 3,  4 9. 5,  4 1. 9,  3 5. 0,  3 2. 3,  2 7. 8,  2 1. 1,  2 0. 7. 

[𝑘 ]� � �
� � = − 4 7°  ( c  =  1 0 

� �

� �
,  M e O H).  M P  =  6 0  ° C.  L C-M S:  [ M + H + ]  c al c.  5 1 5. 6,  f o u n d 

5 1 5. 1. P urit y: 9 9 % ( H P L C, 2 5 4 n m, A C N/ H 2 O 5 5/ 4 5, 0. 0 1 % H C O O H, tR  = 3. 3 5 mi n).      

(S, E )-P h e n yl 5 - p h e n yl- 3-( 2-( ph e n yl a mi n o) b e n z a mi d o) p e nt- 1- e n - 1- s ulf o n at e (2j ) 

S y nt h e si z e d  a c c or di n g  t o  pr o c e d ur e  A  u si n g  vi n yl s ulf o n at e  4 6  ( 1  e q.,  0. 7 1  m m ol, 

0. 2 6 g) a n d 2 -( p h e n yl a mi n o) b e n z oi c a ci d ( 1. 2 e q., 0. 8 6 m m ol, 0. 1 8 g). T h e pr o d u ct 

w a s  o bt ai n e d  a s  a  c ol orl e s s  s oli d  ( 0. 1 3  g,  0. 2 5  m m ol,  3 5 %). 1 H  N M R  ( 3 0 0  M H z, 

C D Cl 3 ) δ [ p p m] = 7. 3 2 – 6. 9 8 ( m, 1 8 H), 6. 9 6 (t, J  = 7. 3 H z, 1 H), 6. 7 4 – 6. 6 0 ( m, 1 H), 

6. 3 9 ( d, J  = 1 5. 1  H z, 1 H), 6. 1 2 ( d, J  = 7. 7 H z, 1 H), 4. 7 1 ( p, J = 6. 7 H z, 1 H), 2. 6 1 ( h e pt,  

J  = 7. 3 H z, 2 H), 1. 9 3 ( p, J  = 6. 8 H z, 2 H). 1 3 C N M R ( 7 5 M H z, C D Cl 3 ) δ [ p p m] = 1 6 8. 7, 

1 4 9. 4, 1 4 9. 3, 1 4 5. 9, 1 4 1. 2, 1 4 0. 1, 1 3 2. 9, 1 2 9. 8, 1 2 9. 4, 1 2 8. 9, 1 2 8. 4, 1 2 7. 5, 1 2 7. 3, 

1 2 6. 6, 1 2 4. 9, 1 2 3. 0, 1 2 2. 5, 1 2 1. 2, 1 1 8. 1, 1 1 6. 8, 1 1 5. 9, 4 9. 8, 3 4. 8, 3 2. 0. [𝑘 ]� � �
� � = − 4 2°  

( c = 1 0 
� �

� �
, M e O H). M P = 6 1 ° C. L C-M S: [ M + H + ] c al c. 5 1 2. 2, f o u n d 5 1 2. 1. P urit y: 9 9 % 

( H P L C, 2 5 4 n m, A C N/ H2 O 6 5/ 3 5, 0. 0 1 % H C O O H, tR  = 2. 3 0 mi n).      

(S, E )-P h e n yl 3 -( 1H -i n d a z ol- 6- c ar b o x a mi d o)- 5- p h e n yl p e nt- 1-e n - 1- s ulf o n at e (2 k ) 

S y nt h e si z e d  a c c or di n g  t o  pr o c e d ur e  A  u si n g  vi n yl s ulf o n at e  4 6  ( 1  e q.,  0. 6 9  m m ol, 

0. 2 5 g) a n d 1 H -i n d a z ol e- 6-c ar b o x yli c a ci d ( 1. 2 e q., 0. 8 3 m m ol, 0. 1 3 g). T h e pr o d u ct 
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w a s  o bt ai n e d  a s  a  c ol orl e s s  s oli d  ( 0. 0 4  g,  0. 0 9  m m ol,  1 3 %). 1 H  N M R  ( 3 0 0  M H z, 

C D Cl 3 ) δ [ p p m] = 7. 8 1 ( s, 1 H), 7. 6 1 ( d, J  = 8. 5 H z, 1 H), 7. 2 6 ( s, 1 H), 7. 2 1 – 7. 1 4 ( m, 

4 H), 7. 1 1 (t, J  = 7. 5 H z, 5 H), 7. 0 3 ( d, J  = 7. 3 H z, 2 H), 6. 7 4 ( d d, J  = 1 5. 1, 5. 4 H z, 1 H), 

6. 4 9 ( d, J  = 1 5. 1 H z, 1 H), 4. 8 0 (t, J  = 6. 8 H z, 1 H), 2. 5 9 ( h e pt,  J = 7. 0 H z, 2 H), 1. 9 3 ( q, 

J  =  7. 3  H z,  2 H). 1 3 C N M R  ( 7 5  M H z,  C D Cl 3 ) δ [ p p m]  =  1 6 7. 4,  1 4 9. 5,  1 4 9. 3,  1 4 5. 2, 

1 4 0. 2, 1 2 9. 8, 1 2 8. 8,  1 2 8. 3, 1 2 7. 4, 1 2 6. 5, 1 2 5. 0, 1 2 4. 8, 1 2 3. 2, 1 2 2. 5, 5 0. 5, 3 4. 7, 3 2. 0. 

[𝐾 ]� � �
� � = − 8°  ( c  =  1 0 

� �

� �
,  M e O H).  M P  =  7 9  ° C.  L C-M S:  [ M + H + ]  c al c.  4 6 2. 5,  f o u n d 

4 6 2. 4. P urit y: 9 9 % ( H P L C, 2 5 4 n m, A C N/ H 2 O 6 5/ 3 5, 0. 0 1 % H C O O H, tR  = 1. 0 0 mi n).      

(S, E )-P h e n yl 3 -( 1H - b e n z o[d ]i mi d a z ol- 5- c ar b o x a mi d o)- 5- p h e n yl p e nt- 1-e n - 1- s ulf o n at e 

(2l ) 

S y nt h e si z e d  a c c or di n g  t o  pr o c e d ur e  A  u si n g  vi n yl s ulf o n at e  4 6  ( 1  e q.,  0. 6 6  m m ol, 

0. 2 4 g) a n d 1 H - b e n z o[d ]i mi d a z ol e- 5-c ar b o x yli c a ci d ( 1. 2 e q., 0. 7 9 m m ol, 0. 1 3 g). T h e 

pr o d u ct  w a s  o bt ai n e d  a s  a  c ol orl e s s  s oli d  ( 0. 0 9  g,  0. 1 9  m m ol,  2 9 %). 1 H  N M R 

( 3 0 0 M H z, C D Cl 3 ) δ [ p p m] = 9. 5 9 ( s, 1 H), 8. 0 8 ( d, J  = 3 2. 4 H z, 1 H), 7. 8 0 – 7. 5 5 ( m, 

1 H), 7. 5 6 – 7. 4 0 ( m, 1 H), 7. 3 8 – 7. 2 2 ( m, 1 H), 7. 1 1 – 6. 9 4 ( m, 8 H), 6. 8 9 ( d, J  = 7. 4 

H z, 3 H), 6. 7 2 ( d d,  J = 1 5. 2, 5. 5 H z, 1 H), 6. 5 0 ( d, J  = 1 4. 9 H z, 1 H), 4. 6 9 ( d, J  = 8. 7 H z, 

1 H), 2. 4 6 ( qt, J  = 1 4. 8, 8. 8, 8. 2 H z, 2 H), 1. 8 5 ( d,  J = 2 9. 3 H z, 2 H). 1 3 C N M R ( 7 5 M H z, 

C D Cl 3 ) δ [ p p m] = 1 6 8. 0, 1 6 2. 0, 1 5 0. 2, 1 4 9. 2, 1 4 4. 7, 1 4 0. 2, 1 3 6. 3, 1 2 9. 8, 1 2 8. 6, 1 2 8. 3, 

1 2 7. 4, 1 2 6. 3, 1 2 4. 4, 1 2 2. 4, 1 1 5. 3, 5 0. 4, 3 4. 7, 3 2. 1. [𝑘 ]� � �
� � = − 4 5°  ( c = 1 0 

� �

� �
, M e O H). 

M P = 8 9 ° C. L C -M S: [ M + H + ] c al c. 4 6 2. 5, f o u n d 4 6 2. 4. P urit y: 9 5 % ( H P L C, 2 5 4 n m, 

A C N/ H 2 O 6 5 / 3 5, 0. 0 1 % H C O O H, tR  = 0. 7 0 mi n).      

(S, E )- P h e n yl- 5- p h e n yl- 3-( 9H - x a nt h e n- 4- c ar b o x a mi d o) p e nt- 1-e n - 1- s ulf o n at e (2 m ) 

S y nt h e si z e d  a c c or di n g  t o  pr o c e d ur e  A  u si n g  vi n yl s ulf o n at e  4 6  ( 1  e q.,  0. 8 5  m m ol, 

0. 3 0 g)  a n d  b e n z o[ d ] o x a z ol e- 6-c ar b o x yli c  a ci d  ( 1. 2  e q.,  1. 0  m m ol,  0. 2 2  g).  T h e 

pr o d u ct w a s o bt ai n e d a s a c ol orl e s s s oli d ( 0. 1 1 g, 0. 2 2  m m ol, 2 5 %). 1 H N M R ( 3 0 0 

M H z, D M S O -d 6 ) δ [ p p m] = 8. 7 8 – 8. 7 5 ( d, 1 H), 8. 3 8 – 8. 3 1 ( m, 1 H), 8. 2 3 – 8. 2 1 ( d,  

J  = 7. 6 H z, 2 H), 7. 8 7 – 7. 8 2 ( dt, J = 7. 5, 1. 4 H z, 2 H), 7. 6 8 – 7. 6 6 ( d, 1 H), 7. 6 1 – 7. 4 4 

( m, 4 H), 7. 3 9 – 7. 3 6 ( m, 2 H), 7. 3 1 – 7. 2 8 ( d d, J = 7. 7, 1. 8 H z, 6 H), 6. 9 5 – 6. 8 9 ( d d,  

J = 1 5. 2, 5. 1 H z, 2 H),  4. 8 6 – 4. 8 0 ( m, 1 H), 3. 3 3 – 3. 2 7 ( d, J = 1. 4 H z, 2 H), 2. 7 3 – 

2. 6 5 (tt, J  = 9. 5, 4. 2 H z, 2 H),  2. 0 7 – 1. 9 3 ( m, 2 H). 1 3 C N M R ( 7 5 M H z, C D Cl 3 ) δ [ p p m] 

= 1 6 4. 5, 1 5 5. 9, 1 5 2. 9, 1 5 1. 8, 1 4 9. 6, 1 4 1. 5, 1 3 0. 4, 1 2 8. 9, 1 2 8. 8, 1 2 8. 6, 1 2 7. 9, 1 2 7. 7, 

1 2 6. 4, 1 2 5. 0, 1 2 4. 0, 1 2 3. 6, 1 2 1. 9, 1 2 0. 6, 5 0. 2, 3 4. 7, 3 2. 1. [𝑘 ]� � �
� � = − 2 8°  ( c = 1 0 

� �

� �
, 

M e O H).  M P  =  5 7 – 6 0  ° C.  L C - MS:  [ M + H + ]  c al c.  5 1 2. 5,  f o u n d  5 1 2. 1.  P urit y:  1 0 0 % 

( H P L C, 2 5 4 n m, A C N/ H2 O 6 5/ 3 5, 0. 0 1 % H C O O H, tR  = 3. 6 5 mi n).      
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P h e n yl  ( S, E )- 3-( b e n z o[d ] o x a z ol e- 6- c ar b o x a mi d o)- 5- p h e n yl p e nt- 1-e n e - 1- s ulf o n at e 

(2 n ) 

S y nt h e si z e d  a c c or di n g  t o  pr o c e d ur e  A  u si n g vi n yl s ulf o n at e  4 6  ( 1  e q.,  0. 4 3  m m ol, 

0. 1 5 g) a n d c ar b o x yli c a ci d 6  ( 1. 2 e q., 0. 5 1 m m ol, 0. 0 8 g). T h e pr o d u ct w a s o bt ai n e d 

a s a c ol orl e s s s oli d ( 0. 0 8 g, 0. 1 6  m m ol, 3 9 %). 1 H N M R ( 3 0 0 M H z, D M S O -d 6 ) δ [ p p m] 

= 1 0. 0 7 ( s, 1 H, H -1 2), 9. 5 2 ( s, 1 H), 8. 6 5 ( s, 1 H), 8. 5 4 – 8. 4 9 ( d, 1 H), 8. 2 9 ( s, 1 H), 7. 1 4 

– 7. 0 8 ( m, 2 H), 7. 0 2 – 6. 9 9 ( m, 3 H), 6. 9 3 – 6. 9 0 ( d, J = 7. 1 H z, 1 H), 6. 6 1 – 6. 5 0 ( d d, 

J  = 1 5. 2, 1. 3 H z, 1 H), 4. 4 6 – 4. 3 2 ( m, 1 H), 3. 1 1 ( s, 5 H), 2. 2 3 – 2. 1 0 ( m, 1 H), 1. 6 7 – 

1. 5 5  ( m,  1 H). 1 3 C  N M R  ( 7 5  M H z,  D M S O -d 6 ) δ [ p p m] =  1 6 6. 2,  1 5 6. 7,  1 5 1. 8,  1 5 1. 6, 

1 4 9. 6, 1 4 6. 6, 1 4 2. 6, 1 4 1. 5, 1 3 2. 2,  1 3 0. 4, 1 2 8. 8, 1 2 8. 3, 1 2 8. 7, 1 2 7. 9, 1 2 6. 4, 1 2 3. 0, 

1 1 1. 1, 5 0. 4, 3 4. 5, 3 2. 1. [𝐾 ]� � �
� � = − 5°  ( c = 1 0 

� �

� �
, M e O H). M P = 6 4 – 6 7 ° C. L C -M S: 

[ M + H+ ] c al c. 4 6 3. 1, f o u n d 4 6 3. 0. P urit y: 9 7 % ( H P L C, 2 5 4 nm, A C N/ H 2 O 5 0/ 5 0, 0. 0 1 % 

H C O O H, tR  = 3. 2 9 mi n).      

P h e n yl  ( S, E )- 3-( b e n z o[d ]i s o x a z ol e- 3- c ar b o x a mi d o)- 5- p h e n yl p e nt- 1-e n e - 1- s ulf o n at e 

(2 o ) 

S y nt h e si z e d  a c c or di n g  t o  pr o c e d ur e A u si n g  vi n yl s ulf o n at e  4 6  ( 1  e q.,  0. 4 5  m m ol, 

0. 1 6 g)  a n d  b e n z o[ d ]i s o x a z ol e- 3-c ar b o x yli c  a ci d  ( 1. 2  e q.,  0. 5 4  m m ol,  0. 0 9  g).  T h e 

pr o d u ct  w a s  o bt ai n e d  a s  a  c ol orl e s s  s oli d  ( 0. 0 4  g,  0. 0 5  m m ol,  1 0 %). 1 H  N M R 

( 3 0 0 M H z,  D M S O -d 6 ) δ [ p p m]  =  9. 1 7 – 9. 1 2  ( d, J  = 8. 5  H z,  1 H),  7. 8 9 – 7. 7 6  ( d,  

J  = 1 0. 2 H z, 1 H), 7. 6 5 – 7. 5 9 ( d, J  = 8. 6 H z, 2 H), 7. 5 1 – 7. 4 4 (t, 2 H), 7. 2 9 – 7. 1 8 (t, 

2 H), 7. 1 3 – 7. 0 8 ( m, 2 H), 7. 0 4 – 7. 0 0 ( m, 3 H), 6. 9 2 – 6. 8 6 ( m 2 H), 6. 7 8 – 6. 6 6 ( d d,  

J  = 1 5. 2, 1. 3  H z, 1 H), 6. 6 1 – 6. 5 6 ( d d, J = 1 5. 7, 5. 0 H z, 1 H), 4. 5 3 – 4. 4 4 ( m, 1 H), 2. 2 5 

– 2. 1 9  ( d, J  =  1. 9  H z,  1 H),  1. 7 1 – 1. 6 7  ( m,  1 H),  1. 1 7  ( s,  1 H). 1 3 C  N M R  ( 7 5  M H z, 

D M S O -d 6 ) δ [ p p m]  =  1 6 3. 7,  1 5 9. 1,  1 5 2. 5,  1 5 0. 7, 1 4 1. 3,  1 3 1. 5, 1 3 0. 4,  1 2 8. 8,  1 2 7. 9, 

1 2 6. 4,  1 2 5. 6,  1 1 0. 5,  4 9. 8,  3 4. 3,  3 2. 1. [𝑘 ]� � �
� � = − 1 3°  ( c  =  1 0 

� �

� �
,  M e O H).  

M P  =  7 5 – 7 7  ° C.  L C -M S:  [ M + H + ]  c al c.  4 6 3. 1,  f o u n d  4 6 3. 0.  P urit y:  1 0 0 %  ( H P L C, 

2 5 4  n m, A C N/ H 2 O 5 5/ 4 5, 0. 0 1 % H C O O H, tR  = 1. 4 3 mi n).      

(S, E )- P h e n yl- 3-( 3, 4- di h y dr o- 2H - b e n z o[b ][ 1, 4] o x a zi n- 7- c ar b o x a mi d o)- 5- p h e n yl p e nt-

1- e n - 1-s ulf o n at e ( 2 p ) 

S y nt h e si z e d  a c c or di n g  t o  pr o c e d ur e  A  u si n g  vi n yl s ulf o n at e  4 6  ( 1  e q.,  0. 8 5  m m ol, 

0. 3 0 g) a n d c ar b o x yli c a ci d 8  ( 1. 2 e q., 1. 0 m m ol, 0. 1 8 g). T h e pr o d u ct w a s o bt ai n e d 

a s a c ol orl e s s s oli d ( 0. 0 4 g, 0. 0 9  m m ol, 1 2 %). 1 H N M R ( 3 0 0 M H z, D M S O -d 6 ) δ [ p p m] 

= 8. 3 9 – 8. 3 4 ( d, 1 H), 7. 4 0 – 7. 3 5 ( d, J  = 8. 1  H z, 1 H), 7. 3 3 ( s, 3 H), 7. 3 1 – 7. 2 7 ( m, 

4 H), 7. 2 1 – 7. 1 6 ( m, 4 H), 6. 8 3 – 6. 7 0 ( d d, J = 1 2. 1, 1. 1 H z, 2 H), 5. 0 7 ( s, 1 H), 4. 1 8 – 
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4. 0 9  ( m,  2 H),  3. 3 3 – 3. 2 2  ( m,  2 H),  1. 9 1 – 1. 8 6  ( q, J  =  7. 7  H z,  2 H),  1. 2 5  ( s,  1 H).  

1 3 C  N M R  ( 7 5  M H z,  D M S O -d 6 ) δ [ p p m]  =  1 6 6. 9,  1 5 2. 0,  1 4 9. 6,  1 4 1. 5,  1 3 0. 4,  1 29. 0, 

1 2 8. 9,  1 2 8. 8,  1 2 8. 7,  1 2 6. 4,  1 2 4. 1,  1 2 3. 0,  1 1 7. 0,  1 1 5. 9,  1 1 5. 0,  4 9. 9,  3 4. 6,  3 2. 1. 

[𝐾 ]� � �
� � = − 1 0°  ( c = 1 0 

� �

� �
, M e O H). M P = 5 2 – 5 5 ° C. L C -M S: [ M + H + ] c al c. 4 7 9. 6, f o u n d 

4 7 9. 3. P urit y: 9 6 % ( H P L C, 2 5 4 n m, A C N/ H 2 O 5 5/ 4 5, 0. 0 1 % H C O O H, tR  = 2. 1 3 mi n).      

(S, E )- P h e n yl- 3-(i s o x a z ol e- 5- c ar b o x a mi d o)- 5- p h e n yl p e nt- 1-e n - 1-s ulf o n at e ( 2 q ) 

S y nt h e si z e d a c c or di n g t o pr o c e d ur e A u si n g vi n yl s ulf o n at e  4 6  ( 1 e q., 0. 3 4 m m ol, 0. 1 2 

g)  a n d  i s o x a z ol e - 5-c ar b o x yli c  a ci d  ( 1. 2  e q.,  0. 4 1  m m ol,  0. 0 5  g).  T h e  pr o d u ct   w a s 

o bt ai n e d a s a c ol orl e s s s oli d ( 0. 0 3 g, 0. 0 7  m m ol, 1 8 %). 1 H N M R ( 3 0 0 M H z, D M S O -

d 6 ) δ [ p p m] = 8. 9 4 – 8. 9 1 ( d, J = 8. 2 H z, 1 H), 8. 5 3 – 8. 5 1 ( d, J = 1. 9 H z, 1 H), 7. 2 4 – 

7. 0 6 ( m, 2 H), 7. 1 2 – 6. 9 9 ( m, 3 H), 7. 0 2 ( s, 1 H), 7. 0 0 ( s, 1 H), 6. 9 9 – 6. 8 6 ( m, 4 H), 6. 7 5 

– 6. 6 6 ( d d, J  = 1 5. 2, 1. 4 H z, 1 H), 6. 5 5 – 6. 4 7 ( d d, J  = 1 5. 2, 5. 6 H z, 1 H), 4. 4 3 – 4. 3 9 

( p, J  = 7. 4 H z, 1 H), 2. 3 6 – 2. 3 0 (t d, J = 1 5. 7, 8. 1, 1 H), 1. 1 3 ( s, 1 H). 1 3 C N M R ( 7 5 M H z, 

D M S O -d 6 ) δ [ p p m]  =  1 6 2. 8,  1 5 5. 9,  1 5 2. 2,  1 5 0. 6, 1 4 9. 5,  1 4 1. 2, 1 3 0. 4,  1 2 8. 8,  1 2 7.9, 

1 2 3. 0, 1 0 6. 9, 4 9. 8, 3 4. 2, 3 2. 0. [𝑘 ]� � �
� � = − 8°  ( c = 1 0 

� �

� �
, M e O H). M P = 1 3 0 – 1 3 2 ° C. 

L C -M S:  [ M + H + ]  c al c.  4 1 3. 5,  f o u n d  4 1 3. 1.  P urit y:  9 9 %  ( H P L C,  2 5 4 n m,  A C N/ H 2 O 

gr a di e nt, 0. 0 1 % H C O O H, tR  = 6. 0 8 mi n).     

  

Fl u or o m et ri c e n z y m e a s s a y s. 

S m C B 1 A U T O - A C TI V A TI O N. 

I n a cti v e  z y m o g e n  of S m C B 1  w a s  a cti v at e d  b y  a ut o -a cti v ati o n  a s  d e s cri b e d  i n 

lit er at ur e.2 7 3  Z y m o g e n w a s dil ut e d t o a fi n al c o n c e ntr ati o n of 2 µ M i n a cti v ati o n b uff er 

( 1 0 0 m M s o di u m a c et at e p H 5. 0, 2. 5 m M D T T, 1 m M E D T A, 0. 1 % P E G 6 0 0 0), d e xtr a n 

s ulf at e 5 0 0 k D a  w a s a d d e d t o a fi n al c o n c e ntr ati o n of 1 0 m g/ L t o i n d u c e a ut o cl e a v a g e 

of S m C B 1. Cl e a v a g e w a s p erf or m e d at 3 7 ° C f or 6 h . 

S m C B 1  A S S A Y P R O C E D U R E.  

T h e a s s a y w a s m o difi e d aft er J Í L K O V Á E T A L.1 9 5  A s s a y b uff er ( 1 0 0 m M s o di u m citr at e, 

2. 5  m M  D T T,  1  m M  E D T A,  0. 1 %  P E G  6 0 0 0,  p H  6. 0)  w a s  i n c u b at e d  wit h  1  n M 

a cti v at e d S m C B 1  at  3 7  ° C  f or  1 0  mi n.  Aft er w ar d s,  i n hi bit or  i n  D M S O  or  D M S O 

( n e g ati v e  c o ntr ol)  w a s  a d d e d  f oll o w e d  b y  2 0 µ M  of  t h e  s u b str at e Z -P h e -Ar g -A M C 

( BA C H E M ,  B a s el,  S wit z erl a n d).  T h e  mi xt ur e  w a s  m e a s ur e d  at  3 7 ° C  f or  1 0  mi n 

( s cr e e ni n g) or 3 0 mi n (I C5 0 , K i) o n a T E C A N S P A R K  ( δ e x cit ati o n: 3 6 5 n m, δ e mi s si o n: 

4 6 0 n m; T E C A N G R O U P , M ä n n e d orf, S wit z erl a n d) pl at e r e a d er u si n g bl a c k G R EI N E R 
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B I O- ON E C HI M N E Y 9 6 w ell mi cr otit er pl at e s ( G R EI N E R B I O- ON E G M B H , Fri c k e n h a u s e n, 

G er m a n y). I n hi bit or s cr e e ni n g c o n c e ntr ati o n s st art e d at 5 0 µ M, f oll o w e d b y 2 0 µ M, 

1 µ M,  2 0 0  n M,  a n d  5 0  n M.  I C 5 0   or K i v al u e s  w er e  d et er mi n e d  f or  c o m p o u n d s  wit h 

> 5 0 % i n hi biti o n at 2 0 µ M.  

K m  D E T E R MI N A TI O N.  

T h e a s s a y w a s p erf or m e d a s d e s cri b e d a b o v e u si n g v ari o u s s u b str at e c o n c e ntr ati o n s 

( 1. 2 5 – 1 0 0 µ M). G R A F I T ( v er si o n 5. 0. 1 3, 2 0 0 6, E RI T H R A C U S S O F T W A R E L T D ., U K) w a s 

u s e d f or d at a a n al y si s a n d n o n -li n e ar r e gr e s si o n.2 7 4  T h e K m  v al u e w a s c al c ul at e d a s 

d e s cri b e d b y Mi c h a eli s- M e nt e n: 

𝐾 𝑘 =  
𝑘 𝐾 𝑘 𝐾  ∙ [𝐾 ]

𝐾 𝑘 + [ 𝑘 ]
 

v 0  = i niti al v el o cit y; v m a x  = m a xi m al v el o cit y; [ S] = s u b str at e c o n c e ntr ati o n. 

I C5 0  A N D  K i C A L C U L A TI O N S. 

W e  u s e d G R A F I T ( v er si o n  5. 0. 1 3,  2 0 0 6, E RI T H R A C U S S O F T W A R E L T D .,  U K) f or  d at a 

a n al y si s  a n d  n o n -li n e ar  r e gr e s si o n.2 7 4   F or  c o m p o u n d s  wit h o ut  a  ti m e -d e p e n d e nt 

m o d e of i n hi biti o n ((fl u ori n at e d) vi n yl s ulf o n e s v s S m C B 1, C at B, C at L; vi n yl s ulf o n at e s 

v s  C at B,  C at L),  w e  pl ott e d  r e si d u al  e n z y m e  a cti vit y  i n  %  a g ai n st  t h e  i n hi bit or 

c o n c e ntr ati o n i n µ M, o bt ai ni n g I C 5 0  v al u e s b y n o n-li n e ar r e gr e s si o n:  

𝒗 𝒊 =  
𝒗 𝒐

𝟏 + (
[𝑰 ]

𝑰 𝑪 𝟓 𝟎
) 𝑺

 

v 0  = e n z y m e a cti vit y wit h o ut i n hi bit or; v i = e n z y m e a cti vit y i n pr e s e n c e of i n hi bit or;  

[I] = i n hi bit or c o n c e ntr ati o n; S = sl o p e f a ct or. 

K i v al u e s w er e c al c ul at e d wit h t h e C H E N G - PR U S O F F  e q u ati o n t o c orr e ct I C 5 0  v al u e s t o 

z er o s u b str at e c o n c e ntr ati o n: 2 3 8  

𝑲 𝒊 =  
𝑰 𝑪 𝟓 𝟎

𝟏 +  
[𝑺 ]
𝑲 𝒎

 

S m C B 1: [ S] = 2 0 µ M, K m  = 4. 3 µ M.   

C at B: [ S] = 1 0 0 µ M, K m  = 1 5 0 µ M. C at L: [ S] = 6. 2 5 µ M, K m  = 6. 5 µ M.  

F or c o m p o u n d s wit h a ti m e -d e p e n d e nt m o d e of i n hi biti o n ( vi n yl s ulf o n at e s v s S m C B 1), 

t h e K i v al u e s w er e c al c ul at e d a s pr e vi o u sl y p u bli s h e d f or irr e v er si bl e bi n d er s. 2 7 5  
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E = e n z y m e; I = i n hi bit or, k = r e a cti o n c o n st a nt;   

[ E---I] = n o n- c o v al e nt e n z y m e-i n hi bit or c o m pl e x; E —I = c o v al e nt e n z y m e-i n hi bit or c o m pl e x. 

P s e u d o- fir st  or d er  r at e  c o n st a nt s k o b s  w er e  d et er mi n e d  f or  i n di vi d u al  i n hi bit or 

c o n c e ntr ati o n s a c c or di n g t o a c o nti n u o u s m et h o d b y T I A N a n d T S O U , m o nit ori n g t h e 

f or m ati o n i n t h e pr e s e n c e of i n hi bit or a s a f u n cti o n of ti m e a n d fitt e d t o t h e f oll o wi n g 

e q u ati o n: 2 7 5  

[𝐾 ]𝑘 =   [ 𝑘 ]�  ∙ � 𝐾  −  𝑘 � 𝐾 𝐾 𝐾 𝑘  ∙ 𝑘� + 𝒗 𝒊 𝒗  

[ P]t = pr o d u ct c o n c e ntr ati o n at ti m e t; [ P]∞  = pr o d u ct c o n c e ntr ati o n at i nfi nit e ti m e; off = off s et 

v al u e. 

F oll o w e d b y pl otti n g t h e k o b s  v al u e s a g ai n st t h e i n hi bit or c o n c e ntr ati o n s [I] a n d fitti n g 

t o a h y p er b oli c e q u ati o n:  

𝒐 𝟏 𝑰 𝑰 =  
𝑪 𝟓  ∙ [𝟎 ]

𝑺 𝑲
𝒊 𝑰 𝑪

+ [ 𝟓 ]
 

T h e r e s ulti n g di s s o ci ati o n c o n st a nt of t h e i niti al e n z y m e -i n hi bit or c o m pl e x K i
a p p  w a s 

t h e n c orr e ct e d t o z er o s u b str at e c o n c e ntr ati o n wit h t h e C H E N G - PR U S O F F  r el ati o n s hi p, 

gi vi n g  t h e K i  v al u e.2 3 8  T h e  fir st -or d er  r at e  c o n st a nt k i w a s  f urt h er  u s e d  t o  c al c ul at e 

s e c o n d- or d er r a t e c o n st a nt s (k 2 n d ). 

𝟎 𝟏 𝑺 𝑲  =  
𝒎 𝒊

𝑲 𝒊
 

 

S el e cti vit y t o w ar d s h u m a n c at h e p si n s. 

C at h e p si n  B  ( C at B, S I G M A- AL D RI C H ,  D ar m st a dt,  G er m a n y)  a n d  c at h e p si n  L  ( C at L, 

S I G M A- AL D RI C H , D ar m st a dt, G er m a n y) w er e i n c u b at e d i n e n z y m e b uff er ( 5 0 m M Tri s-

H Cl, 5 m M E D T A, 2 0 0 m M N a Cl, 2  m M D T T, p H 6. 5) at r o o m t e m p er at ur e f or 2 0 – 

3 0  mi n. A s s a y b uff er ( 5 0 m M Tri s -H Cl, 5 m M E D T A, 2 0 0 m M N a Cl, 0. 0 0 5 % Brij 3 5, 

p H 6. 5) w a s mi x e d wit h c at h e p si n B or L i n e n z y m e b uff er, t h e n i n hi bit or i n D M S O or 

D M S O ( n e g ati v e c o ntr ol) w a s a d d e d, f oll o w e d b y 1 0 0 µ M ( C at B) or 6. 2 5 µ M ( C at L) 

s u b str at e Z -P h e -Ar g -A M C  ( B A C H E M , B a s el, S wit z erl a n d).  M e a s ur e m e nt s  w er e 

p erf or m e d  o n  a T E C A N S P A R K   ( δ  e x cit ati o n:  3 6 5  n m,  δ  e mi s si o n:  4 6 0 n m;  TE C A N 

G R O U P , M ä n n e d orf, S wit z erl a n d) pl at e r e a d er o n bl a c k G R EI N E R B I O- ON E C HI M N E Y  9 6 

w ell mi cr otit er pl at e s ( G R EI N E R B I O- ON E G M B H , Fri c k e n h a u s e n, G er m a n y). I n hi bit or 
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s cr e e ni n g c o n c e ntr ati o n s st art e d at 2 0  µ M, f oll o w e d b y 1  µ M, 2 0 0  n M, a n d 5 0  n M. K i 

v al u e s w er e d et er mi n e d f or i n hi bit or s wit h > 5 0 % i n hi biti o n at 2 0 µ M.  

 

C orr el ati o n a n al y si s.  

T h e c orr el ati o n a n al y si s w a s c o n d u ct e d vi a M I C R O S O F T E X C E L ( v er si o n 2 3 0 1), gi vi n g 

c orr el ati o n f a ct or s ( r). T o d et er mi n e p-v al u e s, t h e t -v al u e w a s c al c ul at e d fir st.  

𝐾 =  
𝑘  ∙ √ 𝑘  −  𝐾

√ 𝑘  − 𝐾 𝐾
 

n = n u m b er of c o m p o u n d s; r = c orr el ati o n f a ct or. 

T h e  p -v al u e  s h o ul d  r e m ai n  < 0. 0 5  a n d  w a s  t h e n  c al c ul at e d  i n M I C R O S O F T E X C E L  

( v er si o n 2 3 0 1): 

𝐾 .𝑘 𝑘 𝒗 𝒊 .𝒗 𝒐 ( 𝟏 𝑰 𝑰 ( 𝑪 ) ; 𝟓 𝟎 𝑺𝑲 𝒊 𝑰 𝑪 𝟓 )  

A B S( x) = |𝟎 |; v ari a n c e = n −  2.  

 

M ol e c ul ar d o c ki n g.  

N o n -c o v al e nt a p pr o a c h.  

T h e  pr ot ei n  cr y st al  str u ct ur e  of S m C B 1  wit h  r ef er e n c e  li g a n d K 1 1 7 7 7  ( 3 s 3r)  w a s 

l o a d e d  i nt o P Y M O L  a n d  w at er  m ol e c ul e s  w er e  r e m o v e d. 1 9 5, 2 7 6  M ol e c ul ar  m o d eli n g 

w a s  p erf or m e d  u si n g  M O E  ( v er si o n  2 0 1 9. 0 1)  wit h  e n er g y  mi ni mi zi n g  u si n g  a n 

M M F F 9 4 x  f or c e  fi el d. 1 8 7, 2 7 7  D o c ki n g  c al c ul ati o n s  w er e  p erf or m e d  u si n g L E A D I T 

( v er si o n 2. 3. 2) fr o m B I OS O L V E I T G M B H a n d s c or e s w er e d et er mi n e d u si n g a Fl e x X 

a n d H y d e al g orit h m. 2 7 8, 2 7 9  T h e bi n di n g sit e w a s d efi n e d i n a 6. 5 Å r a di u s ar o u n d t h e 

r ef er e n c e li g a n d. 

R e d o c ki n g of li g a n d K 1 1 7 7 7  r e s ult e d i n a p o s e wit h a n R M S D of 1. 2 6 Å ( s e e Fi g ur e 

S 1 ). Fl e x X a n d H y d e s c or e s ar e s h o w n i n T a bl e S 1 . 
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2. 4  P er s p e cti v e s 

W e  h a v e  s u c c e s sf ull y  i m pr o v e d  o ur  l e a d  str u ct ur e s  fr o m  t h e  i n-h o u s e  s cr e e ni n g , 

p arti c ul arl y t h e  vi n yl s ulf o n at e-b a s e d  c o m p o u n d s. 2 h  e m er g e d  a s  t h e  m o st  p ot e nt 

c o m p o u n d i n t h e s eri e s wit h i n hi biti o n i n t h e n a n o m ol ar r a n g e ( K i = 5 0 n M) a n d t h e 

hi g h e st effi c a c y i n S. m a n s o ni a d ult s ( 8 6 % at 1 0 µ M, 6 8 % at 1 µ M, 3 5 % at 0. 1 µ M).  

It s  effi c a c y  i s  i n  a  si mil ar  r a n g e t o  t h at  of pr a zi q u a nt el  (I C 5 0  =  0. 1 6 µ M),  t h e  o nl y 

a p pr o v e d dr u g t o tr e at s c hi st o s o mi a si s.  

Alt h o u g h 2 h  i s alr e a d y m or e t h a n 4 0 0-f ol d s el e cti v e t o w ar d s C at B a n d C at L, w ar h e a d 

m o difi c ati o n s, li k e i ntr o d u ci n g a fl u ori n e, t o r e s ult i n c o v al e nt r e v er si bl e i n hi bit or s c a n 

f urt h er di mi ni s h t h e p ot e nti al f or off-t ar g et eff e ct s. Si n c e t h e i n hi biti o n p ot e n c y i s still 

i n t h e mi cr o m ol ar r a n g e f or c o v al e nt r e v er si bl e F- vi n yl s ulf o n e 2 a , t h e p e pti d o mi m eti c 

s c aff ol d c o ul d b e c o m bi n e d wit h t h e α-fl u or o vi n yl s ulf o n at e w ar h e a d. If t h e i n hi bit or y 

p ot e n c y i s still n ot s uffi ci e nt, f urt h er s c aff ol d o pti mi z ati o n s t o i m pr o v e t h e a cti v e sit e 

i nt er a cti o n s s h o ul d b e p erf or m e d. 

Ot h er  n e xt  st e p s  i n cl u d e  p h ar m a c o ki n eti c  e v al u ati o n s.  P er m e a bilit y  a s s a y s  ar e 

i n e vit a bl e,  e. g.,  p ar all el  artifi ci al  m e m br a n e  p er m e ati o n  a s s a y  ( P A M P A)  or  C a c o-2 

a s s a y s. A s a pr eli mi n ar y t e st b ef or e a ni m al e x p eri m e nt s , i n vitr o m et a b oli s m st u di e s 

wit h mi cr o s o m e s  c o ul d alr e a d y gi v e  s o m e hi nt s a b o ut bi otr a n sf or m ati o n pr o c e s s e s  

a n d  m et a b oli c  st a bilit y .  T h e n, i n  vi v o  st u di e s  wit h  h e alt h y  a ni m al s  c o ul d  pr o vi d e 

e s s e nti al  k n o wl e d g e  o n  bi o di stri b uti o n  a n d  m et a b oli s m,  i m p ort a n t  p art s  of  A D M E. 

Wit h t h e a c q uir e d d at a, f urt h er str u ct ur al o pti mi z ati o n s c o ul d b e p erf or m e d.  

F urt h er  pr e cli ni c al  st u di e s  i n v ol v e i n  vi v o st u di e s  wit h  i nf e ct e d  a ni m al s,  t o  fi n d  o ut 

m or e a b o ut t h e c o m p o u n d s’ effi c a c y. D e p e n di n g o n t h e i n vi v o p erf or m a n c e, t ar g et e d 

d eli v er y  s y st e m s  c o ul d  b e  d e v el o p e d  t o  i m pr o v e  effi c a c y.  T h e  o ut er  s urf a c e  of 

s c hi st o s o m e s i s e n cl o s e d wit h t h e s o -c all e d t e g u m e nt w h er e s e v er al r e c e pt or s ar e 

f o u n d.2 8 0, 2 8 1  B a s e d  o n  t h e s e  s c hi st o s o m e -s p e cifi c  pr ot ei n s,  t h e  s urf a c e  of 

n a n o c arri er s c o ul d b e f u n cti o n ali z e d f or t ar g eti n g. A n e x a m pl e f or s u c h pr ot ei n s w o ul d 

b e    t etr a s p a ni n s  t h at  c a n  i nt er a ct  wit h  e xt a c ell ul ar  pr ot ei n s  a n d gl y c a n s. 2 8 0  

N a n o c arri er s c o ul d h a v e a d diti o n al b e n efi ci al eff e ct s o n c o m p o u n d st a bilit y, s ol u bilit y 

a n d r e d u c e off- t ar g et eff e ct s. 
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3 N e w s u b n a n o m ol ar c at h e p si n S i n hi bit or s wit h hi g h s el e cti vit y: 

O pti mi zi n g  c o v al e nt -r e v er si bl e  α -fl u or o vi n yl s ulf o n e s  a n d   

- s ulf o n at e s a s p ot e nti al i m m u n o m o d ul at or s i n c a n c er 

3. 1  S u m m ar y a n d O w n C o ntri b uti o n  

T hi s  pr oj e ct w a s  p art  of  t h e  s u b pr oj e ct  Q 5 (“T ar g eti n g  a n d  i m m u n o m o d ul at or  
str u ct ur e s a n d t h eir c o u pli n g t o t h er a p e uti c n a n o s y st e m s f or o n c ol o gi c al a p pli c ati o n ”) 
i n t h e C R C 1 0 6 6  (“N a n o di m e n si o n al p ol y m er t h er a p e uti c s f or t u m or t h er a p y ”). 

D uri n g t h e l a st d e c a d e s , t ar g eti n g t h e i m m u n e s y st e m i n c a n c er t h er a p y h a s b e c o m e 

a  v ali d  str at e g y.  S e v er al  c h e c k p oi nt  i n hi bit or s,  m ai nl y  m o n o cl o n al  a nti b o di e s,  ar e 

a p pr o v e d f or v ari o u s c a n c er s, e. g., i pili m u m a b or p e m br oli z u m a b .2 8 2, 2 8 3  Di s c o v eri n g 

n e w  t ar g et s  i n  t h e  i m m u n e  s y st e m  a n d  d e v el o pi n g  p ot e nti al  dr u g s  f or t h e m i s  of 

ut m o st  i m p ort a n c e  t o  o v er c o m e ari si n g  r e si st a n c e s t o  c urr e nt  t h er a pi e s.2 8 2, 2 8 3  

C o v al e nt  pr ot e a s e  i n hi bit or s  h a v e  r e c e ntl y  g ai n e d  i nt er e st  f or  t u m or 

i m m u n ot h er a p y.2 8 4  A  pri m ar y  e x a m pl e  f or  a  p ot e nti al  t ar g et  i s  t h e  h u m a n  c y st ei n e 

pr ot e a s e c at h e p si n S ( C at S)  t h at i s o v er e x pr e s s e d i n v ari o u s c a n c er s a n d i n v ol v e d i n 

t u m or pr o gr e s si o n.1 6 6  T hi s i n v ol v e s n ot o nl y e xtr a c ell ul ar m atri x ( E C M) d e gr a d ati o n t o 

s u p p ort  a n gi o g e n e si s,  b ut  al s o   t h e s u p pr e s si o n  of  c yt ot o xi c  C D 8 + T c ell s  t h at  c a n 

att a c k t u m or c ell s. C at S i s cr u ci al f or a nti g e n pr o c e s si n g  i n a nti g e n-pr e s e nti n g c ell s 

( A P C) a n d  f a v or s  M H C -II e x pr e s si o n, a n d t h u s, C D 4 + T c ell s ,  al s o  i n cl u di n g  Tr e g 

c ell s. 1 5 1 – 1 5 4  R e c e nt s t u di e s h a v e s h o w n t h at C at S k n o c k-d o w n c a n i m pr o v e t h e C D 8 +  

i m m u n e r e s p o n s e t o w ar d s t u m or s.1 6 4, 1 6 7  

T o d at e,  m o n o cl o n al a nti b o di e s ar e t h e m ai n p l a y er s i n i m m u n e t h er a p y, b ut  t h e y ar e 

a s s o ci at e d wit h  s e v er al  di s a d v a nt a g e s,  s u c h  a s  p o or p h ar m a c o ki n eti c  pr ofil e s , 

i m m u n e-r el at e d  si d e  eff e ct s,  i n eff e cti v e  t u m or  p e n etr ati o n,  a n d  hi g h  c o st s.2 8 5  O ur 

o bj e cti v e w a s  t o d e v el o p s m all m ol e c ul e i m m u n o m o d ul at or s t h at i n hi bit C at S a n d s hift 

t h e i m m u n e r e s p o n s e t o w ar d s c yt ot o xi c C D 8 + T c ell s. F or t h at p ur p o s e, w e  f o c u s e d 

o n i n -h o u s e c at h e p si n i n hi bit or s fr o m pr oj e ct 1  a n d o pti mi z e d t h e m f or C at S i n t er m s 

of  p ot e n c y  a n d  s el e cti vit y  t o w ar d s  c at h e p si n s  B  a n d  L , f oll o wi n g  t h e  w or kfl o w  i n 

Fi g ur e 2 1 .  

 



P R O J E C T 3:  P O T E N T &  S E L E C TI V E C O V A L E N T R E V E R SI B L E C A T S  IN HI BI T O R S A S IM M U N O M O D U L A T O R S  

 

1 2 2  
 

 

Fi g u r e 2 1 . W or kfl o w f or pr oj e ct 3. 

I d e a s  fr o m  lit er at ur e  r e s e ar c h t h at  w er e  v erifi e d  b y  m ol e c ul ar  d o c ki n g  r e s ult e d  i n 

o pti mi z e d  i n hi bit or s  t h at w e  h a v e s y nt h e si z e d  a n d  t e st e d  i n  a  fl u or o m etri c  e n z y m e 

a s s a y f or C at S, C at B a n d C at L. T h e r e s ulti n g c o m p o u n d s ar e hi g hl y a cti v e a g ai n st 

C at S a n d s el e cti v e t o w ar d s off- t ar g et c at h e p si n s. 

T h e r e s ult s  of  t h e  pr oj e ct  ar e  pr e s e nt e d  i n  t h e f oll o wi n g  m a n u s cri pt, titl e d  “N e w 

s u b n a n o m ol ar  c at h e p si n  S  i n hi bit or s  wit h  hi g h  s el e cti vit y:  O pti mi zi n g  c o v al e nt -

r e v er si bl e  α-fl u or o vi n yl s ulf o n e s  a n d -s ulf o n at e s  a s  p ot e nti al  i m m u n o m o d ul at or s  i n 

c a n c er” t h at w a s s u b mitt e d t o C h e m M e d C h e m i n M ar c h 2 0 2 3. 

O w n  c o ntri b uti o n:  d e si g n  a n d  s y nt h e si s  of  o pti mi z e d  c o m p o u n d s  2 a – 6 b , 

fl u or o m etri c e n z y m e a s s a y e st a bli s h m e nt, K m  d et er mi n ati o n, t e sti n g of c o m p o u n d s i n 

e n z y m e a s s a y s ,  s el e cti vit y  a s s a y s  f or  c at h e p si n s  B a n d L , writi n g m ai n p art of t h e 

m a n u s cri pt, writi n g m ai n p art of t h e s u p p orti n g i nf or m ati o n, pr e p ari n g t a bl e s ( 1, 2), 

s c h e m e s ( 1 – 4), a n d fi g ur e s ( 1 – 6) .  

C o nt ri b uti o n f r o m ot h er s:  d e si g n a n d s y nt h e si s of i niti al l e a d c o m p o u n d s 1 a  a n d 

1 b ,  s y nt h e si s  of 6 c ,  m ol e c ul ar  d o c ki n g,  c ell  vi a bilit y  a s s a ys o n  M D A -M B -2 3 1  a n d 

d e n driti c c ell s .  

S u p p orti n g I nf or m ati o n i s a v ail a bl e o n t h e A p p e n di x C D.  
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3. 3  P er s p e cti v e s 

T h e  pr e s e nt e d  r e s e ar c h  o n  c o v al e nt  r e v er si bl e  C at S  i n hi bit or s  b a s e d  o n α-

fl u or o vi n yl s ulf o n e s a n d -s ulf o n at e s  pr o vi d e s  a  pr o mi si n g  a p pr o a c h  t o  m o d ul at e  t h e 

i m m u n e r e s p o n s e i n c a n c er s b y t ar g eti n g t h e o v er e x pr e s s e d c y st ei n e pr ot ea s e C at S . 

W e h a v e  o pti mi z e d t h e l e a d str u ct ur e s of t h e i n hi bit or s a n d e v al u at ed t h eir s el e cti vit y 

a n d p ot e n c y t o w ar d s t h e off -t ar g et s C at B a n d C at L. T h e m o st p ot e nt i n hi bit or i n t h e 

s eri e s, 6 c , h a s s u b n a n o m ol ar affi nit y a n d hi g h s el e cti vit y t o w ar d s c at h e p si n s B a n d L  

wit h o ut c yt ot o xi c eff e ct s  at r el e v a nt c o n c e ntr ati o n s . T h e s e r e s ult s pr o vi d e a str at e g y 

t o i m pr o v e t h e a nti-t u m or i m m u n e r e s p o n s e b y i n hi biti n g C at S a n d  m a y l e a d t o t h e 

d e v el o p m e nt  of n e w   c a n c er i m m u n ot h er a pi e s  wit h  i m pr o v e d  effi c a c y  a n d r e d u c e d 

si d e eff e ct s.  

T h e n e xt st e p s w o ul d i n v ol v e f urt h er st u di e s t o v ali d at e t h e i n hi bit or s’  eff e cti v e n e s s t o 

m o d ul a t e t h e  i m m u n e r e s p o n s e  i n c a n c er s. C ell -b a s e d  a s s a y s  u si n g  i m m u n e c ell s  

( e. g., m a cr o p h a g e s, d e n driti c c ell s) a n d c a n c er c ell s c o ul d pr o vi d e m or e i n si g ht s i nt o 

t h eir bi ol o gi c al  a cti vit y.  T h e  e x pr e s si o n  l e v el s  of  M H C -I  a n d  M H C-II  u p o n  C at S 

i n hi biti o n  c o ul d  b e  d et er mi n e d  b y  tr e ati n g  d e n driti c  c ell s,  al s o  e n a bli n g  a d diti o n al 

f u n cti o n al a s s a y s f or T c ell a cti v ati o n. I n c a s e of p o siti v e r e s ult s, f urt h er st e p s  w o ul d  

i n cl u d e  t e sti n g  t h e  i n hi bit or s  i n  a ni m al  m o d el s  of  c a n c er  t o  e v al u at e  t h eir 

p h ar m a c o ki n eti c a n d p h ar m a c o d y n a mi c pr o p erti e s, t o xi cit y, a n d effi c a c y i n r e d u ci n g 

t u m or  gr o wt h  a n d  i m pr o vi n g  t h e  a nti-t u m or  i m m u n e  r e s p o n s e.  A d diti o n all y,  f urt h er 

o pti mi z ati o n  of  t h e  l e a d  str u ct ur e s  m a y  b e  r e q uir e d  t o  e n h a n c e  t h eir  p ot e n c y, 

s el e cti vit y, a n d p h ar m a c o ki n eti c  pr o p erti e s f or cli ni c al u s e. T o b e di s c u s s e d i n pr oj e ct 

4  i s t h e c o u pli n g of t h e i n hi bit or s t o n a n o c arri er s, p ot e nti all y i m pr o vi n g t ar g eti n g a n d, 

t h u s, effi c a c y.  

O v er all, t h e n e xt st e p s w o ul d i n v ol v e a c o m bi n ati o n of c ell- b a s e d a n d a ni m al st u di e s 

t o  f urt h er  d e v el o p  a n d  v ali d at e  t h e  p ot e nti al  of  t h e  C at S  i n hi bit or s  a s n e w  

i m m u n o m o d ul at or s i n c a n c er t h er a p y.
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4 I m pr o vi n g  t h e  Effi ci e n c y  of  C at h e p si n  S  In hi bit or s  b y  

N a n o c a rri er- M e di at e d D eli v er y  

4. 1  I ntr o d u cti o n a n d O bj e cti v e s 

T hi s  pr oj e ct  w a s  p art  of  t h e  Q 5  s u b pr oj e ct   (“T ar g eti n g  a n d  i m m u n o m o d ul at or  

str u ct ur e s a n d t h eir c o u pli n g t o t h er a p e uti c n a n o s y st e m s f or o n c ol o gi c al a p pli c ati o n ”; 

, , a n d   gr o u p) i n t h e C R C 1 0 6 6 (“ Na n o di m e n si o n al p ol y m er 

t h er a p e uti c s f or t u m or t h er a p y”). 

T h e u s e of n a n o c arri er s f or t ar g et e d dr u g d eli v er y t o i m m u n e c ell s i s a n i n n o v ati v e 

a p pr o a c h  t h at  h a s  t h e  p ot e nti al  t o  tr a n sf or m  t h e  fi el d  of  m e di ci n e. Alt h o u g h 

p h ar m a c o d y n a mi c  t ar g et  o pti mi z ati o n  i s  cr u ci al,  t h e i n  vi v o eff e cti v e n e s s  of  s m all 

m ol e c ul ar dr u g s, s u c h a s s o m e of t h e n e w C at S i n hi bit or s di s c u s s e d e arli er, m a y b e 

hi n d er e d  b y  p h y si c o c h e mi c al  p ar a m et er s. 2 8 6  P o or  s ol u bilit y  a n d  r e d u c e d 

bi o a v ail a bilit y c a n pr e v e nt t h e m fr o m e nt eri n g i n vi v o t e sti n g. H o w e v er, t h e v ari et y of  

a  n a n o c arri er’ s  pr o p erti e s  off er s  a u ni q u e   a d v a nt a g e t o  m o dif y  a  dr u g’ s 

p h ar m a c o ki n eti c  pr ofil e  a n d d eli v er it dir e ctl y  t o  it s  t ar g et  sit e.2 8 6  B y  pr e v e nti n g 

pr e m at ur e  r el e a s e  fr o m t h e  c arri er  or  u n w a nt e d e arl y m et a b oli c  d e gr a d ati o n  of t h e 

dr u g, n a n o c arri er  s y st e m s  c a n  i m pr o v e  t h e  o v er all  dr u g  p erf or m a n c e i n  vi v o w hil e 

r e d u ci n g u n w a nt e d off-t ar g et eff e ct s. N a n o c arri er s c a n b e e n gi n e er e d t o r e s p o n d t o 

s p e cifi c sti m uli, all o wi n g f or pr e ci s e a n d ti m el y dr u g r el e a s e at t h e sit e of t h e di s e a s e , 

e. g ., l y s o s o m al r el e a s e of c at h e p si n i n hi bit or s. T hi s l e v el of s p e cifi cit y a n d c o ntr ol c a n 

i m pr o v e  t h e  effi c a c y  of  dr u g s,  r e d u c e t h e  n u m b er  of  r e q uir e d  d o s e s,  a n d  e n h a n c e 

p ati e nt  o ut c o m e s  wit h  a n  i n cr e a s e d  t h er a p e uti c  wi n d o w .2 8 6, 2 8 7  Wit h  t h e  c o nti n u e d 

n a n ot e c h n ol o g y  d e v el o p m e nt,  t ar g et e d  dr u g  d eli v er y  vi a  n a n o c arri er s  i s s et t o 

tr a n sf or m m e di ci n e  b y  e n a bli n g  p er s o n ali z e d  tr e at m e nt s  f or  v ari o u s  di s e a s e s, 

i n cl u di n g c a n c er, a ut oi m m u n e di s or d er s, a n d i nf e cti o u s di s e a s e s.1 6 5, 2 8 8 – 2 9 1  

A s  alr e a d y  di s c u s s e d  i n pr oj e ct 3 (“N e w  s u b n a n o m ol ar  c at h e p si n  S  i n hi bit or s  wit h 

hi g h  s el e cti vit y:  O pti mi zi n g  c o v al e nt -r e v er si bl e  α-fl u or o vi n yl s ulf o n e s  a n d   

-s ulf o n at e s  a s  p ot e nti al  i m m u n o m o d ul at or s  i n  c a n c er ”), C at S  i n hi biti o n  i n  i m m u n e 

c ell s  c a n i m pr o v e  t h e C D 8 + i m m u n e  r e s p o n s e  a g ai n st  c a n c er  c ell s.  Si n c e C at S i s 

e x pr e s s e d i n m a n y c ell s  b e si d e s t h e i m m u n e c ell s, t ar g et e d d eli v er y t o i m m u n e c ell s 

c a n e n h a n c e t h e i n hi bit or s’ effi c a c y. 1 4 9  N a n o c arri er att a c h m e nt i s a n el e g a nt w a y t o 

i m pr o v e c ell-s p e cifi c d eli v er y a n d t h u s, effi c a c y. T h er ef or e, t h e Q 5 s u b pr oj e ct ai m s at 

c o m bi ni n g  p ot e nt  C at S  i n hi bit or s  a s  i m m u n o m o d ul at or s  wit h n a n o c arri er s  t h at  ar e 
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4. 2  R e s ult s a n d Di s c u s si o n 

4. 2. 1 I n hi bit or D e si g n 

I n or d er to a c hi e v e p ot e nt a n d s el e cti v e C at S i n hi biti o n, w e f u n cti o n ali z e d w ell - s uit e d 

i n hi bit or s fr o m t h e S A R st u d y i n pr oj e ct 3 (“N e w s u b n a n o m ol ar c at h e p si n S i n hi bit or s 

wit h  hi g h  s el e cti vit y:  O pti mi zi n g  c o v al e nt -r e v er si bl e  α-fl u or o vi n yl s ulf o n e s  a n d   

-s ulf o n at e s a s p ot e nti al i m m u n o m o d ul at or s i n c a n c er ”) wit h  a  li n k er  f or  n a n o c arri er 

att a c h m e nt. F or m y p art of t h e pr oj e ct, I  u s e d t h e hi g hl y p ot e nt c o m p o u n d 2  ( = 6 b  i n 

c h a pt er 3 , K i = 3 n M, SI > 1, 0 0 0 ) wit h a fr e e a mi n o m oi et y t o att a c h li n k er str u ct ur e s 

vi a a mi d e c o u pli n g s.  T h e li n k er s h o ul d b e cl e a v a bl e at l y s o s o m al p H ( 4 – 5)  a n d n ot 

h a v e a m aj or eff e ct o n t h e e n z y m e i n hi biti o n.  Li n k er att a c h m e nt i n  t h e i n hi bit or’ s P 3 

p o siti o n  w a s  f o u n d  s uit a bl e i n  m ol e c ul ar  d o c ki n g  st u di e s  si n c e  ot h er C at S bi n di n g 

sit e s mi g ht  b e  t o o  n arr o w a n d  t h e  b ul k y  S 2  sit e  i s  i m p ort a nt  f or  affi nit y  a n d 

s el e cti vit y. 1 9 7, 2 9 2  

S c h e m e  4  s h o w s  s e v er al  lit er at ur e -k n o w n  r e s p o n si v e  li n k er s  t h at  ar e  cl e a v e d  at 

a ci di c p H .2 9 3 – 2 9 5  A s a fir st a p pr o a c h t h at will b e di s c u s s e d i n t hi s c h a pt er, w e d e ci d e d  

t o u s e a h y dr a z o n e li n k er si n c e t h e p H o pti m u m f or it s cl e a v a g e s h o ul d b e ar o u n d 5, 

d e p e n di n g o n t h e att a c h e d r e si d u e s. 2 9 6   

 

S c h e m e 4.  p H -r e s p o n si v e li n k er s a n d t h eir cl e a v a g e pr o d u ct s. 2 9 3  
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T h e  li n k er-f u n cti o n ali z e d i n hi bit or s 3 – 5  w er e pr e p ar e d a s s h o w n i n S c h e m e 7 . T B T U 

c o u pli n g of w ar h e a d X  a n d di p e pti d e VI  r e s ult e d i n c o m p o u n d 1  t h at w a s alr e a d y p art 

of t h e S A R st u d y i n pr oj e ct 3  (“N e w s u b n a n o m ol ar c at h e p si n S i n hi bit or s wit h hi g h 

s el e cti vit y:  O pti mi zi n g  c o v al e nt -r e v er si bl e  α-fl u or o vi n yl s ulf o n e s  a n d   

-s ulf o n at e s a s p ot e nti al i m m u n o m o d ul at or s i n c a n c er ”) a s w ell a s c o m p o u n d 2  aft er 

b o c -gr o u p  r e m o v al. I n  a  n e xt  st e p,  ami d e  c o u pli n g s of 2  wit h  li n k er m oi eti e s  ( 4-

a c et yl b ut yri c  a ci d  or  6 -m al ei mi d o h e x a n oi c  a ci d)  u si n g  H O Bt, H A T U ,  a n d  c olli di n e 

g a v e  a c c e s s  t o 3  a n d 4 . C o m p o u n d  3  w a s  t h e n c o n v ert e d  t o  5  i n  a h y dr a z o n e 

f or m ati o n wit h 3- ( 2, 5- di o x o- 2, 5- di h y dr o- 1H - p yrr ol- 1- yl) pr o p a n e h y dr a zi d e i n m et h a n ol 

( wit h 0. 1 % T F A). 

 

S c h e m e  7.  S y nt h e si s  r o ut e  of fi n al  c o m p o u n d s 3 – 5 .  
( c)  H O Bt,  T B T U,  DI P E A,  D C M,  0  ° C – rt,  2 4 h,  6 5 %.  ( d) H Cl,  di o x a n e,  rt,  6  h, 7 4 %.  ( e)  6-
m al ei mi d o h e x a n oi c  a ci d ,  H O Bt,  H A T U,  c olli di n e,  D C M/ D M F,  0  ° C –  rt, 4 8  h, 2 3 %. (f)  4-
a c et yl b ut yri c a ci d, H O Bt, H A T U, c olli di n e, D C M/ D M F, 0 ° C – r t, 4 8 h, 3 4 %. ( g) 3-( 2, 5- di o x o-
2, 5 - di h y dr o- 1H -p yrr ol - 1- yl) pr o p a n e h y dr a zi d e, T H F, m et h a n ol, rt, 1 2 h, 3 8 %.  

T h e  r e a cti o n  c o ur s e  of  t h e h y dr a z o n e f or m ati o n  w a s  m o nit or e d  u si n g H P L C -M S 

(Fi g ur e 2 4 ). Si n c e it i s a n e q uili bri u m r e a cti o n, t h er e w a s n o c o m pl et e t ur n o v er fr o m 

3  t o 5 a s  s h o w n  i n  t h e  H P L C  c hr o m at o gr a m  at λ = 2 5 4  n m  ( Fi g ur e 2 4 A ). 

N e v ert h el e s s, t h e s u b s e q u e nt p urifi c ati o n vi a pr e p ar ati v e H P L C g a v e a c c e s s t o 5  wit h 

9 9 % p urit y.  
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Fi g u r e 2 4 . L C -M S r e a cti o n c o ntr ol f or h y dr a z o n e f or m ati o n of 5  aft er 3 h ; 4 5 % H2 O, 5 5 % A C N, 
0. 0 1 % H C O O H o n a n A GI L E N T  P or o s h ell 1 2 0 E C - C1 8  1 5 0 x 2. 1 0 m m, 4 µ m c ol u m n . (A ) H P L C 
c hr o m at o gr a m  @ 2 5 4  n m,  r et e nti o n  ti m e s:  1. 7 0  mi n  ( p e a k  1, fr a m e d  i n  r e d, e d u ct 3 )  a n d 
2. 1 5  mi n ( p e a k 2,  fr a m e d i n bl u e, pr o d u ct 5 ). (B ) E SI-M S s p e ctr u m i n p o siti v e m o d e f or p e a k 
1 . m/ z [ M + H + ] = 7 2 0. 2 f or c o m p o u n d 3 . (C ) E SI-M S s p e ctr u m i n p o siti v e m o d e f or p e a k 2. m/ z 
[ M + H+ ] = 8 8 5. 3 f or c o m p o u n d 5 . P urifi c ati o n vi a H P L C. 

4. 2. 3 Fl u or o m et ri c E n z y m e A s s a y  

T h e f u n cti o n ali z e d i n hi bit or s 3 – 5  w er e t h e n e v al u at e d i n fl u or o m etri c e n z y m e a s s a y s 

f or t h eir C at S i n hi biti o n a n d s el e cti vit y t o w ar d s off-t ar g et c at h e p si n s (T a bl e 2 ). T h eir 

bi p h a si c pr o gr e s s c ur v e s i n di c at e a ti m e -d e p e n d e nt m o d e of i n hi biti o n ( e x e m plifi e d 

f or 3 , Fi g ur e 2 5 ). Si n c e  α-fl u or o vi n yl s ulf o n at e s  ar e k n o w n  t o  b e  ti m e-d e p e n d e nt, 

c o v al e nt r e v er si bl e i n hi bit or s, a d diti o n al i n hi biti o n c o n st a nt s  w er e d et er mi n e d ( T a bl e 

2 ).2 4 2  

T a bl e 2.  I n hi biti o n d at a f or c om p o u n d s 3 – 5 ( all ti m e- d e p e n d e nt).2 3 6  

  3  4  5  

C at S 

K i [µ M]  0. 0 0 0 5  ±  0. 0 0 0 1  0. 0 0 0 3 ±  0. 0 0 0 1  0. 0 0 0 9  ±  0. 0 0 0 4  

k 3  [ s-1 ] 1. 4 ∙ 1 0 -3  1. 2 ∙ 1 0 -3  1. 1 ∙ 1 0 -3  

k 4  [ s-1 ] 6. 0 ∙ 1 0 -4  6. 0 ∙ 1 0 -4  3. 0 ∙ 1 0 -4  

K i* [ µ M]  0. 0 0 0 1 4  0. 0 0 0 1 0  0. 0 0 0 1 9  

C at B 
K i [µ M]  > 1 2  > 1 2  > 1 2  

SI C at B/ C at S  > 2 4, 0 0 0  > 4 0, 0 0 0  > 2 0, 0 0 0  

C at L 
K i [µ M]  > 1 0  > 1 0  > 1 0  

SI C at L / C at S > 2 0, 0 0 0  > 3 3, 0 0 0  > 1 6, 0 0 0  
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Fi g u r e 2 5 . I n hi biti o n d at a f or co m p o u n d 3  (t o p ri g ht). Bi p h a si c pr o gr e s s c ur v e s (l eft) i n di c at e 
ti m e-d e p e n d e nt i n hi biti o n , k o b s  v s. i n hi bit or c o n c e ntr ati o n pl ot ( b ott o m ri g ht) w a s u s e d f or K i 
d et er mi n ati o n. 

T h e  i n hi biti o n  c o n st a nt s K i a n d K i*  ar e  i n  t h e  s u b n a n o m ol ar  r a n g e  f or  all  t e st e d 

i n hi bit or s, r efl e cti n g  t h eir  hi g h  i n hi bit or y  p ot e n c y. H o w e v er,  t h e  c o m p o u n d s  r e m ai n 

hi g hl y s el e cti v e t o w ar d s C at B a n d C at L wit h m or e t h a n 1 6, 0 0 0 -f ol d s el e cti vit y.  

 

E = e n z y m e; I = i n hi bit or, k  = r at e c o n st a nt;  

E I = n o n- c o v al e nt e n z y m e -i n hi bit or c o m pl e x; E —I = c o v al e nt e n z y m e-i n hi bit or c o m pl e x. 

I n  a d diti o n, t h e  r at e  c o n st a nt  f or  t h e  f or m ati o n  of  t h e  c o v al e nt  e n z y m e-i n hi bit or 

c o m pl e x k 3  i s at l e a st t wi c e a s hi g h a s k 4 , s u g g e sti n g ti g ht bi n di n g t h at r e s ult s i n a 

sl o w er  di s s o ci ati o n of  t hi s  c o m pl e x . Si n c e  t h e f u n cti o n ali z e d  i n hi bit or s  di d  n ot  l o s e 

t h eir  i n hi bit or y a cti vit y,  t h e y  ar e  gr e at  c a n di d at e s  f or t h e f ut ur e  att a c h m e nt  t o 

n a n o c arri er s.  
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4. 3  C o n cl u si o n s a n d P er s p e cti v e s 

I h a v e s u c c e s sf ull y f u n cti o n ali z e d c o m p o u n d 2 (K i = 3 n M , SI > 1, 1 0 0) , d eri v e d fr o m a 

pr e vi o u s  S A R  st u d y, t o  e n a bl e  n a n o c arri er  att a c h m e nt. C o m p o u n d 4,  wit h  a  n o n -

cl e a v a bl e  li n k er , a n d  c o m p o u n d 5 , wit h  a  p H  s e n siti v e  li n k er , b ot h e x hi bit  p ot e nt 

i n hi biti o n of C at S wit h K i a n d K i* v al u e s i n t h e s u b n a n o m ol ar  r a n g e, w hil e m ai nt ai ni n g 

s el e cti vit y t o w ar d s C at B a n d C at L  ( SI > 1 6, 0 0 0). C o m p o u n d 3 , t h e cl e a v a g e pr o d u ct 

of 5  t h at i s s u p p o s e d t o b e r el e a s e d i n t h e l y s o s o m e, d e m o n str at e s s u b n a n o m ol ar 

i n hi biti o n  (K i =  0. 5  n M)  a n d  hi g h  s el e cti vit y  ( SI  > 2 0, 0 0 0) . T h e s e  pr o mi si n g  r e s ult s 

i n di c at e t h at f urt h er i n v e sti g ati o n a n d li n k a g e t o n a n o s c al e d eli v er y s y st e m s s h o ul d 

b e p erf or m e d. 

T o  b ett er  u n d er st a n d  t h e  ki n eti c s  of  li n k er  cl e a v a g e  at  a ci di c  p H,  a n  H P L C  a s s a y 

c o ul d b e d e v el o p e d. B y pr e -i n c u b ati n g t h e c o m p o u n d at v ari o u s p H v al u e s a n d t h e n 

a n al y zi n g t h e  s a m pl e s vi a  H P L C,  v al u a bl e  i n si g ht s  i nt o  cl e a v a g e  ki n eti c s  a n d  p H 

o pti m u m  c o ul d  b e  o bt ai n e d . It  w o ul d  al s o  b e e s s e nti al t o  e v al u at e  t h e  bi ol o gi c al 

a cti vit y  of  t h e  i n hi bit or -c arri er  c o n str u ct  c o m p ar e d  t o  t h e  pl ai n  i n hi bit or,  u si n g 

t e c h ni q u e s  s u c h  a s  e n z y m e  a s s a y s  or  i m m u n o a s s a y s.  I m m u n o a s s a y s wit h  

m a cr o p h a g e s  or  d e n driti c  c ell s c o ul d  h el p  t o i n v e sti g at e  t h e  i n hi bit or s’  eff e ct  o n 

i m m u n e c ell p ol ari z ati o n a n d T c ell sti m ul ati o n. 

W hil e t h e s y nt h e si z e d c o m p o u n d s pr o vi d e a g o o d st arti n g p oi nt  f or fir st e v al u ati o n s, 

f ut ur e  st u di e s s h o ul d  e x pl or e  alt er n ati v e  li n k er s t o  o pti mi z e i n hi bit or  r el e a s e. I n 

a d diti o n t o t h e H P L C cl e a v a g e a s s a y, a c ell-b a s e d cl e a v a g e a s s a y w o ul d b e a g o o d 

e n h a n c e m e nt, a s  m et a b oli c e n z y m e s , et c. c o ul d i nt erf er e  wit h  t h e i n hi bit or r el e a s e. I n 

or d er t o alr e a d y g ai n i n si g ht s i nt o m et a b oli s m, pr e c e di n g mi cr o s o m al st a bilit y a s s a y s 

c o ul d  b e  p erf or m e d. T o  f a cilit at e i m a gi n g  i n  c ell-b a s e d  or  e v e n i n  vi v o  a s s a y s, a 

fl u or o p h or e  or  r a di o a cti v e  m ar k er  w o ul d  b e n e c e s s ar y .  Fl u or e s c e nt  or  r a di o a cti v e 

l a b eli n g all o w s a v ari et y of d et e cti o n m et h o d s. H er e, t h e C at S i n hi bit or c o ul d s er v e a s 

a  t h er a p e uti c  a g e nt  w h er e a s  a  r a di o a cti v e  l a b el,  p o s si bl y 1 8 F  f or  t h e α-

fl u or o vi n yl s ulf o n at e s,  c o ul d  s er v e  a s  a  di a g n o sti c  t o ol  for  i m a gi n g.  Alt er n ati v el y,  a 

m o difi e d li n k er wit h a n o pti o n t o att a c h a fl u or e s c e nt or r a di o a cti v e pr o b e c o ul d b e 

e x pl or e d. 
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4. 4  E x p eri m e nt al S e cti o n 

4. 4. 1  G e n er al  

All r e a g e nt s a n d s ol v e nt s w er e of a n al yti c al gr a d e q u alit y a n d p ur c h a s e d fr o m S I G M A-

A L D RI C H , A L F A A E S A R , A C R O S , B L D  P H A R M A T E C H , F I S H E R S CI E N TI FI C , C H E M P U R  or 

T CI.  C h e mi c al s  w er e  u s e d  wit h o ut  f urt h er  p urifi c ati o n.  S ol v e nt s  w er e  p urifi e d  b y 

di still ati o n a n d d e si c c at e d b y st a n d ar d m et h o d s if n e c e s s ar y. 1 H a n d 1 3 C N M R  s p e ctr a 

w er e  r e c or d e d  o n  a B R U K E R  F o uri er  3 0 0   s p e ctr o m et er u si n g  D M S O -d 6 ,  C D Cl3  or 

C D 2 Cl 2  a s  s ol v e nt s .  C h e mi c al  s hift s δ  ar e  gi v e n  i n  p art s  p er  milli o n  ( p p m)  u si n g 

r e si d u al pr ot o n p e a k s of t h e s ol v e nt a s i nt er n al st a n d ar d ( 1 H / 1 3 C: D M S O: 2. 5 0 / 3 9. 5 2 

p p m,  C H Cl 3 :  7. 2 6  /  7 7. 1 6  p p m,  C H2 Cl 2 : 5. 3 2  /  5 4. 0 0  p p m).  T h e  p urit y  of  t h e 

c o m p o u n d s w a s d et er mi n e d vi a H P L C -M S ( λ = 2 5 4 n m , 2 1 0 n m). L C c hr o m at o gr a m s  

w er e  o bt ai n e d  fr o m  a n  L C -M S  s y st e m  c o n si sti n g  of  a n A gil e nt  1 1 0 0  s eri e s  H P L C 

s y st e m  wit h  a n A GI L E N T  P or o s h ell  1 2 0  E C - C1 8  1 5 0  x  2. 1 0  m m,  4 µ m  c ol u m n. T h e 

m o bil e p h a s e c o n si st e d of  a c et o nitril e, H 2 O, a n d  0. 0 1 % f or mi c a ci d i n w at er . M a s s 

s p e ctr a w er e d et e ct e d b y a n A GI L E N T  1 1 0 0 s eri e s L C/ M S D Tr a p wit h el e ctr o n s pr a y 

i o ni z ati o n ( E SI) i n p o siti v e m o d e. P urifi c ati o n wit h a pr e p ar ati v e H P L C s y st e m w a s 

p erf or m e d b y  a V A RI A N  Pr e p St ar s y st e m ( m o d el 2 1 8) wit h a n A GI L E N T  Z or b a x X D B -

C 1 8  2 1. 2  x  1 5 0  m m,  5 µ m  c ol u m n,  d et e ct e d  at  2 5 4  a n d  2 1 0  n m . C ol u m n 

c hr o m at o gr a p h y w a s p erf or m e d wit h sili c a g el ( 0. 0 6 – 0. 0 2 m m or 0. 0 4 0 – 0. 0 6 3 m m) 

o bt ai n e d fr o m C A R L R O T H . All r e a cti o n s w er e m o nit or e d b y t hi n-l a y er c hr o m at o gr a p h y 

u si n g  M A C H E R E Y - NA G E L  A L U G R A M  Xtr a  SI L  G/ U V 2 5 4  sili c a  g el  6 0  pl at e s  f or 

d et e cti o n  at  2 5 4  n m.  M elti n g  p oi nt s  w er e  d et er mi n e d  i n  o p e n  c a pill ari e s  u si n g  a 

S T U A R T  S M P 1 0 -i n str u m e nt.  O pti c al  r ot ati o n [𝐾 ]�
� �  w a s  m e a s ur e d  o n  a n  P 3 0 0 0 

p ol ari m et er fr o m K R Ü S S  at 2 2 ° C a n d ar e r e p ort e d i n c m 3  g- 1 d m - 1.  
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4. 4. 2 S y nt h e s e s 

G e n er al pr o c e d ur e s 

Pr o c e d ur e A : H or n er- W a d s w ort h-E m m o n s r e a cti o n.  

A  s ol uti o n  of  t h e  p h o s p h o n at e  ( 1. 0  e q)  i n  dr y  T H F  w a s  c o ol e d  t o – 7 8  ° C.  T h e n, 

K H M D S or L H M D S ( 1. 0  M  i n T H F) w a s a d d e d dr o p wi s e, a n d t h e mi xt ur e w a s stirr e d 

f or 3 0 – 6 0 mi n. Aft er w ar d s, a s ol uti o n of  t h e al d e h y d e ( 1. 2 e q) i n dr y T H F w a s a d d e d 

i n  p orti o n s  a n d  t h e  r e a cti o n  mi xt ur e  w a s  stirr e d  f or  3 – 4  h  a n d  t h e n  q u e n c h e d  b y 

a d di n g 7. 0 e q of w at er. T h e s ol v e nt w a s r e m o v e d u n d er r e d u c e d pr e s s ur e a n d t h e 

r e si d u e  w a s  e xtr a ct e d  wit h  E A  or  D C M  ( 3 x).  T h e  or g a ni c  p h a s e  w a s  w a s h e d  wit h 

w at er  ( 2 x),  s at ur at e d  a q.  N a H C O 3  ( 2 x)  a n d  bri n e  ( 1 x)  a n d  dri e d  wit h  N a 2 S O 4 . 

Aft er w ar d s, t h e or g a ni c s ol v e nt w a s r e m o v e d u n d er r e d u c e d pr e s s ur e a n d t h e cr u d e 

pr o d u ct w a s p urifi e d b y c ol u m n c hr o m at o gr a p h y.  

Pr o c e d ur e B : A mi d e c o u pli ng wit h T B T U. 

T h e  c ar b o x yli c  a ci d ( 1. 2  e q),  H O Bt  ( 1. 2  e q),  a n d  T B T U  ( 1. 2  e q)  w er e  di s s ol v e d  i n 

D C M a n d c o ol e d t o 0 ° C. T h e n, DI P E A ( 3. 5 e q) w a s a d d e d dr o p wi s e, a n d t h e mi xt ur e 

w a s stirr e d f or a p pr o x. 2 0  mi n u ntil all c o m p o n e nt s di s s ol v e d. T h e a mi n e ( 1. 0 e q)  w a s 

a d d e d i n p orti o n s a n d t h e r e a cti o n w a s stirr e d f or at l e a st 1 2  h at r o o m t e m p er at ur e. 

T h e mi xt ur e w a s q u e n c h e d b y a d di n g w at er a n d t h e a q u e o u s p h a s e w a s e xtr a ct e d 

wit h  D C M.  T h e n,  t h e  or g a ni c  p h a s e  w a s  w a s h e d  wit h  w at er  ( 2 x),  s at ur at e d  a q. 

N a H C O 3   ( 2 x), a n d  bri n e.  Aft er  dr yi n g  it  o v er  N a 2 S O 4 ,  t h e  or g a ni c  s ol v e nt  w a s 

e v a p or at e d  u n d er  r e d u c e d  pr e s s ur e  a n d  p urifi e d  vi a  c ol u m n  c hr o m at o gr a p h y  or 

H P L C.  

Pr o c e d ur e C : A mi d e c o u pli n g wit h H A T U. 

T h e  c ar b o x yli c  a ci d ( 1. 2  e q),  H O Bt  ( 1. 2  e q),  a n d H A T U  ( 1. 2  e q)  w er e  di s s ol v e d  i n 

D C M  or D C M/ D M F  a n d c o ol e d t o 0 ° C. T h e n, c olli di n e ( 2. 0 e q ) w a s a d d e d dr o p wi s e, 

a n d t h e  mi xt ur e  w a s stirr e d f or  a p pr o x.  2 0  mi n u ntil  all  c o m p o n e nt s  di s s ol v e d.  T h e 

a mi n e ( 1. 0 e q) w a s a d d e d i n p orti o n s a n d t h e r e a cti o n w a s stirr e d f or at l e a st 1 2 h at 

r o o m  t e m p er at ur e.  T h e  mi xt ur e  w a s  q u e n c h e d  b y  a d di n g  w at er  a n d  t h e  a q u e o u s 

p h a s e w a s e xtr a ct e d wit h D C M. T h e n, t h e or g a ni c p h a s e w a s w a s h e d wit h w at er ( 2 x), 

s at ur at e d a q. N a H C O 3  ( 2 x), a n d bri n e. Aft er dr yi n g it o v er N a2 S O 4 , t h e or g a ni c s ol v e nt 

w a s e v a p or at e d u n d er r e d u c e d pr e s s ur e a n d p urifi e d vi a c ol u m n c hr o m at o gr a p h y or 

H P L C.  
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Pr o c e d ur e D : Al k ali n e e st er h y dr ol y si s. 

T h e  c o m p o u n d  ( 1. 0  e q)  w a s  di s s ol v e d  i n  T H F.  Li O H  m o n o h y dr at e  ( 4. 0  e q)  w a s 

di s s ol v e d i n w at er a n d a d d e d dr o p wi s e. T h e n, t h e mi xt ur e w a s stirr e d f or at l e a st 6 h 

at r o o m t e m p er at ur e f oll o w e d b y e v a p or ati n g T H F u n d er r e d u c e d pr e s s ur e. T h e p H 

v al u e of t h e a q u e o u s r e si d u e w a s a dj u st e d t o 4 – 5 b y a d di n g 1 M  H Cl, r e s ulti n g i n t h e 

pr o d u ct pr e ci pit ati n g a s a s oli d.  

Pr o c e d ur e E : B o c gr o u p r e m o v al. 

A s ol uti o n of 4  M H Cl i n di o x a n e w a s a d d e d t o t h e b o c -pr ot e ct e d c o m p o u n d ( 1. 0  e q) 

u ntil  c o m pl et e  di s s ol uti o n  a n d  stirr e d  f or  at  l e a st  3 0  mi n  at  r o o m  t e m p er at ur e.  T h e 

r e si d u al s ol v e nt w a s eit h er e v a p or at e d u n d er r e d u c e d pr e s s ur e a n d t h e cr u d e pr o d u ct  

w a s l y o p hili z e d a n d u s e d wit h o ut f urt h er p urifi c ati o n or t h e pr o d u ct w a s pr e ci pit at e d 

wit h di et h yl et h er or n - p e nt a n e. 

  



P R O J E C T 4:  IM P R O VI N G T H E E F FI CI E N C Y O F C A T S  IN HI BI T O R S B Y N A N O C A R RI E R - ME DI A T E D D E LI V E R Y  

 

1 5 8  
 

St arti n g m at eri al s y nt h e si s  

P h e n yl m et h a n e s ulf o n at e ( I) 

 

M = 1 7 2. 2 0 g/ m ol  

P h e n ol ( 1. 0 e q, 5 0 m m ol, 4. 7 1 g) w a s  di s s ol v e d i n E A a n d c o ol e d t o 0  ° C. T E A  ( 2. 0 e q, 

1 0 0 m m ol, 1 3. 7 m L)  w a s a d d e d dr o p wi s e a s w ell a s m e s yl c hl ori d e  ( 1. 3 e q, 6 5 m m ol, 

5. 1 0 m L) , all o wi n g t h e mi xt ur e t o w ar m t o r o o m t e m p er at ur e a n d stir  f or 1 h. T h e n, 

t h e r e a cti o n mi xt ur e w a s e xtr a ct e d wit h E A ( 2 x) a n d t h e or g a ni c p h a s e w a s w a s h e d 

wit h  w at er  ( 3 x)  a n d  bri n e  ( 1 x) , a n d  dri e d  wit h  N a 2 S O 4 .  T h e  or g a ni c  s ol v e nt  w a s 

r e m o v e d  u n d er  r e d u c e d  pr e s s ur e  a n d  t h e  cr u d e  pr o d u ct  w a s  p urifi e d  b y  c ol u m n 

c hr o m at o gr a p h y ( C H: E A 4: 1 – 2: 1) , gi vi n g a c ol orl e s s s oli d ( 8. 1 8 g, 9 5 %). 

1 H N M R  ( 3 0 0 M H z, D M S O-d 6 ) δ [ p p m] = 7. 4 4 – 7. 3 3 ( m, 2 H, H- 4, H - 6), 7. 3 0 – 7. 1 9 

( m, 3 H, H- 1, H -2, H - 3), 3. 0 9 ( s, 3 H, H- 7 ). 

1 3 C N M R  ( 7 5 M H z, D M S O-d 6 ) δ [ p p m] = 1 4 9. 7 ( C- 5 ), 1 2 9. 9 (C- 1, C - 3), 1 2 7. 1 (C- 2 ), 

1 2 2. 0 ( C- 4, C - 6), 3 7. 1 (C- 7 ). 

F p  = 6 5 ±  2 ° C.  
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t ert-B ut yl ( S )-( 1-( m et h o x y( m et h yl) a mi n o)- 1- o x o- 4- p h e n yl b ut a n- 2-yl) c ar b a m at e ( II) 

 

M = 3 2 2. 4 1 g/ m ol  

N -b o c -L - h o m o p h e n yl al a ni n e ( 1. 0  e q,  2 0  m m ol,  5. 5 9  g) w a s  di s s ol v e d  i n  D C M  a n d 

c o ol e d t o 0 ° C. T h e n, T B T U  ( 1. 2 e q, 2 4 m m ol, 7. 7 1 g), H O Bt ( 1. 2 e q, 2 4 m m ol, 3. 2 4 g) , 

a n d DI P E A ( 3. 5 e q, 7 0 m m ol, 1 2. 2 m L) w er e a d d e d a n d t h e mi xt ur e w a s stirr e d f or 

2 0 – 3 0  mi n  u ntil  all  c o m p o n e nt s  di s s ol v e d. N, O -di m et h yl  h y dr o x y l a mi n e ( 1. 2  e q, 

2 4  m m ol, 2. 3 4 g) w a s a d d e d i n p orti o n s a n d t h e mi xt ur e w a s stirr e d f or at l e a st 1 2  h 

at  r o o m  t e m p er at ur e.  T h e r e a cti o n  w a s  st o p p e d b y  a d di n g  w at er  a n d t h e  a q u e o u s 

p h a s e  w a s  e xtr a ct e d  wit h  D C M  ( 2 x).  T h e  c o m bi n e d  or g a ni c  e xtr a ct s  w er e  w a s h e d 

wit h s at ur at e d a q. N a H C O 3  ( 2 x), a n d bri n e ( 1 x), t h e n dri e d wit h N a 2 S O 4 . Aft er r e m o v al 

of t h e s ol v e nt at r e d u c e d pr e s s ur e, t h e cr u d e pr o d u ct, a c ol orl e s s oil ( 6. 1 3 g, 9 5 %),  

w a s u s e d wit h o ut f urt h er p urifi c ati o n.  

1 H N M R  ( 3 0 0 M H z, D M S O-d 6 ) δ  [ p p m] = 7. 3 1 – 7. 2 1 ( m, 2 H, H- 1, H - 5), 7. 1 7 (t, J = 7. 0 

H z, 3 H, H- 2, H -4, H - 6), 6. 5 7 ( s, 1 H, N- H ), 4. 3 1 ( q, J = 7. 4 H z, 1 H, H- 9 ), 3. 5 5 ( s, 3 H, 

H- 1 8 ), 3. 0 6 ( s, 3 H, H- 1 7 ), 2. 8 3 – 2. 5 1 ( m, 2 H, H- 7 ), 1. 8 7 – 1. 7 2 ( m, 2 H, H- 8 ), 1. 3 9 ( s, 

9 H, H- 1 4 –  H-1 6 ). 

1 3 C  N M R  ( 7 5  M H z,  D M S O-d 6 ) δ  [ p p m]  =  1 7 3. 9  (C- 1 1 ),  1 5 5. 6  (C- 1 2 ),  1 4 2. 1  (C- 3 ), 

1 2 8. 4 ( C- 6 ), 1 2 8. 2 (C- 1, C - 5), 1 2 5. 8 (C- 2, C - 4), 7 7. 9 (C- 1 3 ), 6 0. 9 (C- 1 8 ), 5 0. 1 (C- 9 ), 

3 2. 3 ( C- 1 7 ), 3 1. 6 (C- 8 ), 3 1. 5 (C- 7 ), 2 8. 2 (C- 1 4 –  C-1 6 ). 

𝐾 𝑘 𝑘
𝐾  = – 4 0 ° ( c = 1 g/ 1 0 0 m L i n M e O H).  

 

 

  



P R O J E C T 4:  IM P R O VI N G T H E E F FI CI E N C Y O F C A T S  IN HI BI T O R S B Y N A N O C A R RI E R - ME DI A T E D D E LI V E R Y  

 

1 6 0  
 

t ert-B ut yl ( S )-( 1- o x o- 4- p h e n yl b ut a n- 2- yl) c ar b a m at e (III) 

 

M = 2 6 3. 3 4 g/ m ol  

C o m p o u n d  II ( 1. 0 e q, 1 5 m m ol, 5. 20 g)  w a s di s s ol v e d i n dr y di et h yl et h er a n d c o ol e d 

t o 0 ° C. Li Al H4  ( 1. 3 e q, 1 9. 5 m m ol, 0. 7 4 g) w a s a d d e d p orti o n wi s e  a n d t h e mi xt ur e 

w a s stirr e d f or 2 h. Aft er w ar d s, t h e r e a cti o n w a s st o p p e d wit h 0. 3 3 M K H S O 4  a n d t h e n 

e xtr a ct e d wit h di et h yl et h er ( 2 x). T h e c o m bi n e d e xtr a ct s w er e w a s h e d wit h w at er ( 2 x), 

1  M  H Cl  ( 2 x),  s at. a q.  N a H C O 3  ( 2 x),  a n d  bri n e  ( 2 x).  T h e  pr o d u ct  w a s  dri e d  o v er 

N a 2 S O 4 , r e s ulti n g i n a c ol orl e s s oil ( 3. 9 0 g, 9 9 %) t h at s oli difi e d u p o n st a n di n g.  

1 H N M R  ( 3 0 0 M H z, D M S O-d 6 ) δ  [ p p m] = 9. 5 5 ( s, 1 H, H- 1 0 ), 7. 4 6 – 7. 0 0 ( m, 5 H, H- 1, 

H- 2 , H- 4 –  H 6 ), 5. 0 7 ( s, 1 H, N- H ), 4. 3 7 – 4. 0 9 ( m, 1 H, H- 9 ), 2. 7 1 (t, J  = 7. 5 H z, 2 H, 

H- 7 ), 2. 3 7 – 2. 0 1 ( m, 2 H, H- 8 ), 1. 5 6 – 1. 2 8 ( m, 9 H, H- 1 4 –  H-1 6 ). 

1 3 C  N M R  ( 7 5  M H z,  D M S O-d 6 ) δ  [ p p m]  =  1 9 9. 7  (C- 1 0 ),  1 5 9. 8  (C- 1 2 ),  1 4 0. 2  (C- 3 ), 

1 2 8. 8 ( C- 1 , C- 5 ), 1 2 8. 6 (C- 2 , C- 4 ), 1 2 6. 5 (C- 6 ), 7 6. 7 (C- 1 3 ), 6 6. 0 (C- 9 ), 3 1. 6 (C- 7 ), 

3 1. 1 ( C- 8 ), 2 8. 4 (C 1 4 –  C 1 6 ). 

𝐾 𝑘 𝑘
𝐾  = – 2 8 ° ( c = 1 g/ 1 0 0 m L i n M e O H). 

  



P R O J E C T 4:  IM P R O VI N G T H E E F FI CI E N C Y O F C A T S  IN HI BI T O R S B Y N A N O C A R RI E R - ME DI A T E D D E LI V E R Y  

 

1 6 1  
 

Et h yl ( S )- 2-a mi n o - 3-c y cl o h e x yl pr o p a n o at e ( I V) 

 

M = 1 9 9. 2 9 g/ m ol  

(S )- 2-A mi n o - 3-c y cl o h e x yl pr o p a n oi c a ci d ( 1. 0 e q, 1 0 m m ol, 1. 7 0 g) w a s di s s ol v e d i n 

Et O H .  T h e n, S O Cl 2  ( 1. 1  e q,  1 1 m m ol,  0. 80 m L) w a s a d d e d dr o p wi s e.  T h e mi xt ur e 

w a s stirr e d u n d er r efl u x f or 1 2 h a n d t h e r e a cti o n w a s st o p p e d wit h s at. a q. N a H C O 3 . 

T h e s ol v e nt w a s e v a p or at e d u n d er r e d u c e d pr e s s ur e a n d t h e r e si d u e w a s e xtr a ct e d 

wit h E A, gi vi n g t h e cr u d e pr o d u ct  a s a c ol orl e s s oil ( 1. 4 0 g, 6 8 %)  t h at w a s u s e d wit h o ut 

f urt h er p urifi c ati o n.  

1 H N M R  ( 3 0 0 M H z, D M S O-d 6 ) δ  [ p p m] = 4. 2 0 – 4. 0 1 ( m, 2 H - H- 7 ), 4. 0 0 – 3. 8 3 ( m, 

2 H, N H 2 ), 3. 7 5 (tt, J  = 9. 3, 7. 0 H z, 1 H, H- 8 ), 1. 9 0 (t, J  = 7. 0 H z, 2 H, H- 1 1 ), 1. 6 5 – 1. 3 1 

( m, 1 1 H, H- 1  – H- 6 ), 1. 2 4 (t, J  = 8. 0 H z, 3 H, H- 1 2 ). 

1 3 C N M R  ( 7 5 M H z, D M S O-d 6 ) δ  [ p p m] = 1 7 3. 1 (C- 1 0 ), 6 0. 5 (C- 1 1 ), 5 4. 7 (C- 8 ), 3 6. 9 

(C- 7 ), 3 3. 4 (C- 1, C - 5), 3 3. 0 ( C-6), 2 6. 2 ( C- 3 ), 2 5. 5 (C- 2, C - 4), 1 3. 9 (C- 1 2 ). 

𝐾 𝑘 𝑘
𝐾  = – 2 5 ° ( c = 1 g/ 1 0 0 m L i n M e O H). 

    

 

  



P R O J E C T 4:  IM P R O VI N G T H E E F FI CI E N C Y O F C A T S  IN HI BI T O R S B Y N A N O C A R RI E R - ME DI A T E D D E LI V E R Y  

 

1 6 2  
 

Et h yl ( S )- 2-( 4-((t ert- b ut o x y c ar b o n yl) a mi n o) b e n z a mi d o)- 3- c y cl o h e x yl pr o p a n o at e (V ) 

 

M = 4 1 8. 5 3 g/ m ol  

C o m p o u n d V  w a s  s y nt h e si z e d  a c c or di n g  t o Pr o c e d ur e  B   u si n g N -b o c - 4-a mi n o 

b e n z oi c a ci d ( 1. 2 e q, 7. 5 m m ol, 1. 5 0 g) a n d I V ( 1. 0 e q, 6. 2 5 m m ol, 1. 2 5  g).  Th e cr u d e 

pr o d u ct , a c ol orl e s s s oli d ( 3. 1 0 g, 1 0 0 %), w a s u s e d wit h o ut f urt h er p urifi c ati o n . 

1 H N M R  ( 3 0 0 M H z, D M S O-d 6 ) δ  [ p p m] = 7. 9 7 – 7. 8 5 ( m, 1 H, N- H ), 7. 6 2 – 7. 3 8 ( m, 

4 H, H- 1 5, H -1 6, H -1 8, H -1 9 ), 6. 3 8 ( d, J  = 8. 2 H z, 1 H, N- H ), 4. 6 1 (t d, J  = 8. 5, 5. 6 H z, 

1 H, H- 8 ), 3. 9 9 ( q d, J  = 7. 1, 1. 9 H z, 2 H, H- 1 0 ), 2. 5 8 ( s, 1 H, H- 6 ), 1. 6 6 – 1. 5 2 ( m, 2 H, 

H- 7 ), 1. 3 3 – 0. 8 9 ( m, 1 8 H, H- 1 –  H- 5, H- 2 3  – H- 2 5 ), 0. 9 2 – 0. 4 9 ( m, 3 H).  

1 3 C  N M R  ( 7 5  M H z,  D M S O-d 6 ) δ  [ p p m]  =  1 7 3. 5  (C- 9 ),  1 6 6. 7  (C- 1 3 ),  1 5 2. 6  (C- 2 1 ), 

1 4 2. 0 ( C- 1 7 ), 1 3 2. 3 (C- 1 4 ), 1 2 8. 3 (C- 1 6 ), 1 2 8. 1 (C- 1 8 ), 1 1 7. 8 (C- 1 5 , C- 1 9 ), 8 1. 0 (C-

2 2 ), 6 1. 4 (C- 1 0 ), 5 0. 7 (C- 8 ), 3 4. 4 (C- 7 ), 3 3. 5 (C- 1 , C- 5 ), 3 2. 8 (C- 6 ), 2 8. 4 (C- 2 3 –  C-

2 5 ), 2 6. 4 (C- 3 ), 2 6. 2 (C- 2 ), 2 6. 1 (C- 1 ), 1 4. 2 (C- 1 1 ). 

𝐾 𝑘 𝑘
𝐾  = – 1 2 ° ( c = 1 g/ 1 0 0 m L i n M e O H). F p  = 8 8 ±  2 ° C.  

 

  



P R O J E C T 4:  IM P R O VI N G T H E E F FI CI E N C Y O F C A T S  IN HI BI T O R S B Y N A N O C A R RI E R - ME DI A T E D D E LI V E R Y  

 

1 6 3  
 

(S )- 2-( 4-((t ert- B ut o x y c ar b o n yl) a mi n o) b e n z a mi d o)- 3- c y cl o h e x yl pr o p a n oi c a ci d ( VI ) 

 

M = 3 9 0. 4 8 g/ m ol  

C o m p o u n d VI  w a s  pr e p ar e d  a c c or di n g  t o Pr o c e d ur e D  wit h c o m p o u n d V  ( 1. 0  e q, 

7. 5 m m ol, 3. 1 0 g) a n d Li O H m o n o h y dr at e ( 4. 0 e q, 3 0 m m ol, 1. 2 6  g). T h e fi n al pr o d u ct 

w a s cr y st alli z e d at p H 4 , gi vi n g a c ol orl e s s s oli d ( 2. 7 0 g, 9 2 %). 

1 H N M R  ( 3 0 0 M H z, D M S O-d 6 ) δ  [ p p m] = 9. 4 7 ( d, J  = 3 2. 7 H z, 1 H, O- H ), 8. 1 8 ( d, J  = 

7. 9 H z, 1 H, N- H ), 7. 7 8 – 7. 4 9 ( m, 2 H, H- 1 4, H -1 8 ), 7. 4 6 – 7. 1 9 ( m, 2 H, H- 1 5, H -1 7 ), 

4. 4 5 – 4. 1 1 ( m, 1 H, H- 8 ), 3. 5 4 – 3. 0 7 ( m, 2 H, H- 7 ), 2. 3 7 – 2. 0 8 ( m, 1 H, H- 6 ), 1. 6 4 – 

1. 2 9 ( m, 1 0 H, H- 1  – H- 5 ), 1. 4 0 – 1. 2 1 ( m, 9 H, H- 2 2  – H- 2 4 ). 

1 3 C  N M R  ( 7 5  M H z,  D M S O-d 6 ) δ  [ p p m]  =  1 7 4. 9  (C- 9 ),  1 6 7. 5  (C- 1 2 ),  1 5 3. 0  (C- 2 0 ), 

1 4 4. 2 ( C- 1 6 ), 1 3 0. 8 (C- 1 3 ), 1 2 4. 5 (C- 1 5, C -1 7 ), 1 1 7. 7 (C- 1 4 ), 1 1 7. 5 (C- 1 8 ), 8 0. 1 (C-

2 1 ), 5 0. 6 (C- 8 ), 3 4. 3 (C- 7 ), 3 3. 7 (C- 1, C - 5), 3 1. 9 (C- 6 ), 2 8. 5 (C- 2 2 –  C-2 4 ), 2 6. 5 (C-

2, C - 4), 2 5. 6 (C- 3 ). 

𝐾 𝑘 𝑘
𝐾  = – 1 1 ° ( c = 1 g/ 1 0 0 m L i n M e O H). F p  = 1 0 5 ±  2 ° C.  

 

  



P R O J E C T 4:  IM P R O VI N G T H E E F FI CI E N C Y O F C A T S  IN HI BI T O R S B Y N A N O C A R RI E R - ME DI A T E D D E LI V E R Y  

 

1 6 4  
 

P h o s p h o n at e s y nt h e si s 

P h e n yl ( di et h o x y p h o s p h or yl) m et h a n e s ulf o n at e ( VI I) 

 

M = 3 0 8. 2 8 g/ m ol  

C o m p o u n d I ( 1. 0  e q,  3 5  m m ol,  6. 0  g) w a s  di s s ol v e d  i n  dr y  T H F  u n d er  ar g o n 

at m o s p h er e  a n d  c o ol e d  t o – 7 8  ° C.  T h e n,  a  1. 0 M s ol uti o n  of  K H M D S  ( 1. 3  e q, 

4 5. 5  m m ol, 4 5. 5 m L)  i n T H F w a s a d d e d dr o p wi s e a n d t h e mi xt ur e w a s stirr e d f or 3 0 

– 6 0  mi n  f oll o w e d  b y  t h e  a d diti o n  of  di et h yl c hl or o p h o s p h at e ( D E C P, 1. 1  e q, 

3 8. 5  m m ol, 6. 3 0 m L ). T h e r e a cti o n mi xt ur e w a s stirr e d f or a n a d diti o n al 2  h a n d t h e n 

q u e n c h e d  wit h  s at ur at e d  a q.  N H 4 Cl.  T h e  s ol v e nt  w a s  r e m o v e d  u n d er  r e d u c e d 

pr e s s ur e  a n d  t h e  r e si d u e  w a s  e xtr a ct e d  wit h  E A  a n d  w a s h e d  wit h  w at er  ( 2 x) , a n d 

bri n e  ( 1 x),  dri e d  wit h  N a 2 S O 4 .  T h e  or g a ni c  s ol v e nt  w a s  e v a p or at e d  u n d er  r e d u c e d 

pr e s s ur e  gi vi n g  t h e  cr u d e  pr o d u ct  t h at  w a s  p urifi e d  b y  c ol u m n  c hr o m at o gr a p h y 

( C H: E A 1: 2 – 1 0 0 % E A) , r e s ulti n g i n a c ol orl e s s oil ( 5. 5 g, 5 1 %). 

1 H N M R  ( 3 0 0 M H z, D M S O-d 6 ) δ  [ p p m] = 7. 5 0 ( d dt, J  = 8. 8, 6. 3, 1. 6 H z, 2 H, H- 1, H -

5 ), 7. 4 3 – 7. 3 3 ( m, 3 H, H- 2 –  H- 4), 4. 6 3 ( d, J  = 1 7. 4 H z, 2 H, H- 7 ), 4. 2 5 – 4. 0 3 ( m, 4 H, 

H- 8, H -1 0 ), 1. 2 6 (t, J  = 7. 0 H z, 6 H, H- 9, H -1 1 ). 

1 3 C N M R  ( 7 5 M H z, D M S O-d 6 ) δ  [ p p m] = 1 4 8. 9 (C- 3 ), 1 3 0. 2 (C- 2, C - 4), 1 2 7. 5 ( C- 1, C -

5 ), 1 2 2. 3 (C- 6 ), 6 3. 0 ( d, J  = 6. 1 H z, C- 8, C -1 0 ), 4 6. 8 ( d, J  = 1 3 3. 8 H z, C- 7 ), 1 6. 1 ( d,  

J  = 6. 2 H z, C- 9, C -1 1 ). 

  



P R O J E C T 4:  IM P R O VI N G T H E E F FI CI E N C Y O F C A T S  IN HI BI T O R S B Y N A N O C A R RI E R - ME DI A T E D D E LI V E R Y  

 

1 6 5  
 

P h e n yl ( di et h o x y p h o s p h or yl)fl u or o m et h a n e s ulf o n at e ( VII I) 

 

M = 3 2 6. 2 8 g/ m ol  

C o m p o u n d VII  ( 1. 0  e q, 1 0  m m ol,  3. 1 0 g) w a s  di s s ol v e d  i n  dr y  T H F  u n d er  ar g o n 

at m o s p h er e a n d c o ol e d t o – 7 8  ° C f oll o w e d b y t h e a d diti o n of K H M D S ( 1. 0  M i n T H F, 

1. 3  e q,  1 3  m m ol,  1 3 . 0 m L ).  T h e  mi xt ur e  w a s  stirr e d  f or  3 0 – 6 0  mi n  a n d  t h e n 

S E L E C T F L U O R  ( 1. 5  e q,  1 5  m m ol,  5. 30 g) di s s ol v e d  i n  D M F  w er e  a d d e d  i n p orti o n s. 

Aft er w ar d s, t h e r e a cti o n mi xt ur e w a s stirr e d f or a n a d diti o n al 3 h at – 7 8  ° C a n d t h e n 

all o w e d t o w ar m t o 0 ° C, stirri n g f or 1 h. T h e r e a cti o n w a s st o p p e d b y a d di n g s at ur at e d 

a q. N H 4 Cl a n d t h e s ol v e nt w a s r e m o v e d  u n d er r e d u c e d pr e s s ur e. T h e r e si d u e w a s 

e xtr a ct e d wit h D C M a n d t h e or g a ni c p h a s e w a s w a s h e d wit h w at er ( 2 x), s at ur at e d a q. 

N a H C O 3  ( 2 x)  a n d bri n e ( 1 x),  dri e d  wit h N a 2 S O 4 .  N e xt, t h e  s ol v e nt  w a s  e v a p or at e d 

u n d er r e d u c e d pr e s s ur e  r e s ulti n g  i n t h e  cr u d e pr o d u c t  t h at  w a s  p urifi e d b y c ol u m n 

c hr o m at o gr a p h y ( C H: E A 2: 1 – 1: 2) , gi vi n g a c ol orl e s s oil ( 1. 4 1 g, 2 9 %).  

1 H N M R  (3 0 0 M H z, C D Cl 3 ) δ  [ p p m] = 7. 4 0  – 7. 1 9  ( m, 2 H, H- 1 , H- 5 ), 7.2 2 – 7. 0 2  ( m, 

3 H , H- 2  – H- 4 ), 4. 6 3 ( d, J  = 1 7. 4 H z, 1 H , H- 7 ), 4.1 8  – 4. 0 2 ( m, 4 H, H- 8, H -1 0 ), 1.4 1 – 

1. 1 4 ( m , 6 H, H- 9, H -1 1 ). 

1 3 C N M R  ( 7 5 M H z, C D Cl 3 ) δ  [ p p m] = 1 5 1. 2 (C- 6 ), 1 2 9. 6 (C- 2, C - 4), 1 2 7. 8 (C- 1 ), 1 2 4. 8 

(C- 5 ), 1 2 2. 0 (C- 3 ), 1 1 9. 9 (C- 7 ), 6 4. 5 (C- 8, C -1 0 ), 1 5. 9 (C- 9, C -1 1 ). 

  



P R O J E C T 4:  IM P R O VI N G T H E E F FI CI E N C Y O F C A T S  IN HI BI T O R S B Y N A N O C A R RI E R - ME DI A T E D D E LI V E R Y  

 

1 6 6  
 

H or n er- W a d s w ort h- E m m o n s r e a cti o n s 

P h e n yl ( S, E )- 3-((t ert- b ut o x y c ar b o n yl) a mi n o)- 1-fl u or o- 5- p h e n yl p e nt- 1-e n e - 1- s ulf o n at e 

(I X) 

 

M = 4 3 5. 5 1 g/ m ol  

Fl u or o vi n yl s ulf o n at e I X w a s pr e pr ar e d a c c or di n g t o Pr o c e d ur e A  u si n g p h o s p h o n at e 

VIII  ( 1. 0 e q, 4. 0 m m ol, 1. 3 g) a n d al d e h y d e III ( 1. 1 e q, 4. 4 m m ol , 1. 1 6 g ). T h e cr u d e 

pr o d u ct w a s p urifi e d b y c ol u m n c hr o m at o gr a p h y ( C H: E A 6: 1 – 4: 1) , gi vi n g t h e fi n al 

pr o d u ct a s a c ol orl e s s oil ( 0. 8 0 g, 4 6 %).  

1 H N M R ( 3 0 0 M H z, C D Cl3 ) δ  [ p p m] = 7. 4 6 – 7. 3 2 ( m, 2 H, H- 2, H - 4), 7. 3 2 – 7. 1 5 ( m, 

6 H, H- 1 2 –  H-1 6 , H- 3 ), 7. 1 0 ( d, J  = 7. 0  H z, 2 H, H- 1, H - 5), 5. 9 1 ( d d, J H- F = 3 1. 3 H z, J H-

H = 8. 6 H z, 1 H, H- 8 ), 4. 6 8 – 4. 2 7 ( m, 2 H, H- 9, N - H), 2. 6 6 – 2. 4 3 ( m, 2 H, H- 1 1 ), 1. 9 7 – 

1. 6 6 ( m, 2 H, H- 1 0 ), 1. 4 3 (s, 9 H, H- 2 1 –  H-2 3 ). 

1 3 C N M R  ( 7 5 M H z, C D Cl3 ) δ [ p p m] = 1 5 4. 8 (C- 1 9 ), 1 5 0. 8 (C- 6 ), 1 4 8. 9 ( d, J C- F = 2 9 6 

H z, C- 7 ), 1 4 0. 2 (C- 1 7 ), 1 3 0. 2 (C- 1 3, C -1 5 ), 1 2 8. 8 (C- 1 2 ), 1 2 8. 4 (C- 1 6 ), 1 2 8. 0 (C- 1 4 ), 

1 2 6. 5 ( C- 1, C - 5), 1 2 2. 4 ( d, J C- F = 4. 1 H z, C- 8 ), 1 2 2. 3 (C- 3 ), 8 0. 4 ( C- 2 0 ), 4 6. 3 ( d, J C- F 

= 2. 1 H z, C- 9 ), 3 5. 9 (C- 1 0 ), 3 1. 9 (C- 1 1 ), 2 8. 4 (C- 2 1 –  C-2 3 ). 

𝐾 𝑘 𝑘
𝐾  = – 1 5 ° ( c = 1 g/ 1 0 0 m L i n M e O H). 

  



P R O J E C T 4:  IM P R O VI N G T H E E F FI CI E N C Y O F C A T S  IN HI BI T O R S B Y N A N O C A R RI E R - ME DI A T E D D E LI V E R Y  

 

1 6 7  
 

P h e n yl ( S ,E )- 3-a mi n o - 1-fl u or o- 5- p h e n yl p e nt- 1-e n e - 1- s ulf o n at e h y dr o c hl ori d e (X ) 

 

M = 3 7 1. 8 5 g/ m ol  

Fl u or o vi n yl s ulf o n at e X  w a s s y nt h e si z e d a c c or di n g t o Pr o c e d ur e E  wit h c o m p o u n d I X 

( 1. 0 e q, 1. 7 m m ol, 0. 7 3 g). T h e cr u d e pr o d u ct w a s pr e ci pit at e d wit h n -p e nt a n e a n d 

t h e n l y o p hili z e d, r e s ulti n g i n c ol orl e s s s oli d ( 0. 5 5 g, 8 8 %). 

1 H N M R  ( 3 0 0 M H z, DM S O -d 6 ) δ  [ p p m] = 8. 7 7 ( s, 3 H, N H3 ), 7. 5 9 – 7. 5 0 ( m, 2 H, H- 2, 

H- 4 ), 7. 4 9 – 7. 3 9 ( m, 3 H, H- 1 3 –  H-1 5 ), 7. 3 6 (t, J  = 7. 2 H z, 2 H, H- 1, H - 5), 7. 2 8 – 7. 2 1 

( m, 1 H, H- 3 ), 7. 2 1 – 7. 1 1 ( m, 2 H, H- 1 2, H -1 6 ), 6. 4 5 ( d d, J H- F = 3 2. 0 H z, J H- H = 9. 7 H z, 

1 H, H- 8 ), 4. 1 5 (t d, J  = 9. 2, 5. 3 H z, 1 H, H- 9 ), 2. 5 2 – 2. 3 6 ( m, 2 H, H- 1 1 ), 2. 2 2 – 1. 8 5 

( m, 2 H, H- 1 0 ). 

1 3 C N M R  ( 7 5 M H z, D M S O-d 6 ) δ [ p p m] = 1 4 9. 7 ( d, J C- F  = 3 0 0 H z, C- 7 ), 1 4 9. 0 (C- 1 7 ), 

1 4 0. 4 ( C- 6 ), 1 3 0. 9 (C- 2, C - 4), 1 2 9. 3 (C- 1 3 ), 1 2 9. 2 (C- 1 5 ), 1 2 8. 9 (C- 1 2, C -1 6 ), 1 26. 4 

(C- 1 4 ), 1 2 2. 3 (C- 3 ), 1 1 8. 6 ( d, J C- F  = 3. 2 H z, C- 8 ), 4 5. 5 ( d, J C- F  = 2. 2 H z, C- 9 ), 3 3. 6 (C-

1 0 ), 3 0. 5 (C- 1 1 ). 

𝐾 𝑘 𝑘
𝐾  = – 1 3 ° ( c = 1 g/ 1 0 0 m L i n M e O H). F p  = 1 4 2  ±  2 ° C.   

 

  



P R O J E C T 4:  IM P R O VI N G T H E E F FI CI E N C Y O F C A T S  IN HI BI T O R S B Y N A N O C A R RI E R - ME DI A T E D D E LI V E R Y  

 

1 6 8  
 

A mi d e c o u pli n g s  

P h e n yl  ( S, E )- 3-((S )- 2-( 4-((t ert- b ut o x y c ar b o n yl) a mi n o) b e n z a mi d o)- 3- c y cl o h e x yl-

pr o p a n a mi d o)- 1- fl u or o- 5- p h e n yl p e nt- 1-e n e - 1-s ulf o n at e ( 1 ) 

 

M = 7 0 7. 8 6 g/ m ol  

C o m p o u n d 1  w a s pr e p ar e d a c c or di n g t o Pr o c e d ur e B  u si n g X  ( 1. 0 e q, 0. 5 4 m m ol, 

0. 2 0 g) a n d VI  ( 1. 2 e q, 0. 6 5 m m ol, 0. 2 5 g). T h e cr u d e pr o d u ct w a s p urifi e d vi a H P L C , 

gi vi n g a c ol orl e s s s oli d ( 0. 2 5 g, 6 5 %). 

1 H N M R  ( 3 0 0 M H z, D M S O-d 6 ) δ  [ p p m] = 9. 6 0 ( d, J  = 2. 6 H z, 1 H, N- H ), 8. 4 0 – 8. 1 0 

( m, 2 H, N- H ), 7. 9 4 – 7. 7 0 ( m, 2 H, H- 3 2, H -3 4 ), 7. 6 1 – 7. 3 4 ( m, 4 H,  H- 3 1, H -3 5, H -3, 

H- 5 ), 7. 3 5 – 7. 0 5 ( m, 5 H, H- 1 3 –  H-1 7 ), 7. 0 0 ( d, J  = 7. 2 H z, 2 H, H- 2, H - 4), 6. 1 5 ( d d, 

J H- F  = 3 3. 2 H z, J H- H  = 9. 0 H z, 1 H, H- 8 ), 4. 9 5 – 4. 8 1 ( m, 1 H, H- 2 0 ), 4. 6 6 – 4. 3 8 ( m, 1 H, 

H- 9 ), 2. 6 1 – 2. 3 2 ( m, 2 H, H- 1 1 ), 1. 8 5 – 1. 5 2 ( m, 8 H, H- 2 4 –  H-2 7 ), 1. 4 8 ( s, 9 H, H- 3 9 

–  H-4 1 ), 1. 2 8 – 1. 0 2 ( m, 3 H, H- 2 2, H -2 3 ), 1. 0 4 – 0. 7 3 ( m, 2 H, H- 2 1 ). 

1 3 C N M R  ( 7 5 M H z, D M S O-d 6 ) δ [ p p m] = 1 6 6. 3 (C- 2 9 ), 1 5 3. 1 (C- 1, C -3 7 ), 1 4 2. 9 (C-

1 2 ),  1 4 1. 2  (C- 3 3 ),  1 3 0. 9  (C- 3,  C -5, C -3 0 ),  1 2 8. 9  (C- 3 2,  C -3 4 ),  1 2 8. 8 (C- 1 3, C -1 7 ), 

1 2 8. 6 ( C- 1 5 ), 1 2 7. 8 (C- 2, C - 6), 1 2 2. 4 (C- 4 ), 1 1 7. 5 (C- 8 ), 7 9. 9 (C- 3 8 ), 4 2. 0 (C- 9 ), 3 4. 3 

(C- 2 1, C -1 0 ), 3 2. 4 (C- 2 3, C -2 7 ), 3 1. 5 (C- 2 2),  2 8. 5 ( C- 3 9 –  C-4 1 ), 2 6. 5 (C- 2 4, C -2 6 ), 

2 6. 1 ( C- 2 5 ). 

𝐾 𝑘 𝑘
𝐾  = – 1 5 ° ( c = 1 g/ 1 0 0 m L i n M e O H). F p  = 1 1 9  ±  2 ° C.  P urit y : 9 7 % ( E SI -M S: [ M + H + ] 

c al c . 7 3 0 . 2, f o u n d 7 3 0 . 2). 

  



P R O J E C T 4:  IM P R O VI N G T H E E F FI CI E N C Y O F C A T S  IN HI BI T O R S B Y N A N O C A R RI E R - ME DI A T E D D E LI V E R Y  

 

1 6 9  
 

4- (((S )- 3- C y cl o h e x yl- 1-(((S, E )- 1-fl u or o- 1-( p h e n o x y s ulf o n yl)- 5- p h e n yl p e nt- 1-e n - 3-

yl) a mi n o)- 1- o x o pr o p a n- 2- yl) c ar b a m o yl) b e n z e n a mi ni u m c hl ori d e ( 2 ) 

 

M = 6 4 4. 2 0 g/ m ol  

C o m p o u n d 2  w a s s y nt h e si z e d a c c or di n g t o Pr o c e d ur e E  u si n g 1  (1. 0 e q, 0. 3 5 m m ol, 

0. 2 5 g). T h e cr u d e pr o d u ct w a s p urifi e d u si n g vi a H P L C a n d l y o p hili z ati o n , r e s ulti n g 

i n a c ol orl e s s s oli d ( 0. 1 7 g, 7 4 %). 

1 H N M R  ( 3 0 0 M H z, D M S O-d 6 ) δ  [ p p m] = 8. 5 6 – 8. 1 9 ( m, 3 H , N- H ), 8. 0 6 – 7. 7 2 ( m, 

2 H , H- 3 2, H -3 4 ), 7. 6 1 – 7. 0 7 ( m, 1 0 H , H- 3 –  H-5, H -1 3 –  H-1 7, H -3 1, H -3 5 ), 7. 0 7 – 

6. 9 0 ( m, 2 H , H- 2, H - 6), 6. 4 5 ( d d, J  = 2 1. 8, 1 0. 0  H z, 1 H , N- H ), 6. 1 4 ( d d, J H- F  = 3 3. 3 H z, 

J H- H  = 9. 1 H z, 1 H , H- 8 ), 5. 0 6 – 4. 7 2 ( m, 1 H , H- 2 0 ), 4. 6 6 – 4. 3 5 ( m, 1 H , H- 9 ), 2. 6 3 – 

2. 3 4 ( m, 2 H , H- 1 1 ), 2. 3 4 – 2. 0 9 ( m, 2 H , H- 1 2 ), 1. 9 8 – 1. 4 3 ( m, 8 H , H- 2 4 –  H-2 7 ), 1. 4 5 

– 0. 9 9 ( m, 3 H , H- 2 2, H -2 3 ), 1. 0 4 – 0. 7 3 ( m, 2 H , H- 2 1 ). 

1 3 C  N M R  ( 7 5  M H z,  D M S O-d 6 ) δ  [ p p m]  = 1 7 2. 7  ( C- 1 9 ),  1 6 6. 0  (C- 2 9 ),  1 4 9. 2  (C- 1 ), 

1 4 1. 2 ( C- 7, C -1 2 ), 1 3 0. 9 (C- 3 0 ), 1 2 9. 6 (C- 3, C - 5), 1 2 8. 8 (C- 1 4, C -1 6 ), 1 2 8. 7 (C- 3 1, 

C- 3 5 ), 1 2 6. 4 (C- 1 5 ), 1 2 2. 4 (C- 2, C - 6), 1 2 0. 1 (C- 4, C -3 2, C -3 4 , C- 8), 6 6. 8 (C- 2 0 ), 4 2. 1 

(C- 9 ), 3 4. 3   (C- 2 1,  C -1 0 ),  3 3.6 ( C- 2 3,  C -2 7 ),  3 2. 4  (C- 1 1 ),  3 1. 5  (C- 2 2 ),  2 6. 5  (C- 2 4 ), 

2 6. 2  (C- 2 5 ), 2 6. 1 (C- 2 6 ). 

𝐾 𝑘 𝑘
𝐾  = – 9 ° ( c = 1 g/ 1 0 0 m L i n M e O H). F p  = 1 3 1  ±  2 ° C.  P urit y : 9 5 % ( E SI -M S: [ M + H + ] 

c al c . 6 0 7 . 3, f o u n d 6 0 7. 2). 

  



P R O J E C T 4:  IM P R O VI N G T H E E F FI CI E N C Y O F C A T S  IN HI BI T O R S B Y N A N O C A R RI E R - ME DI A T E D D E LI V E R Y  

 

1 7 0  
 

P h e n yl  ( S, E )- 3-((S )- 3- c y cl o h e x yl- 2-( 4-( 5- o x o h e x a n a mi d o) b e n z a mi d o) pr o p a n a mi d o)-

1- fl u or o- 5- p h e n yl p e nt- 1-e n e - 1- s ulf o n at e (3 ) 

 

M = 7 1 9. 8 7 g/ m ol  

C o m p o u n d 3  w a s pr e p ar e d a c c or di n g t o Pr o c e d ur e C  u si n g 2  ( 1. 0 e q, 0. 6 7  m m ol, 

0. 4 0 g ) a n d 4- a c et yl b ut y ri c a ci d ( 1. 2 e q, 0. 8 0  m m ol, 0. 1 1 g).  T h e cr u d e pr o d u ct w a s 

p urifi e d b y H P L C, r e s ulti n g i n a c ol orl e s s s oli d ( 0. 1 6 g, 3 4 %) .  

1 H N M R  ( 3 0 0 M H z, D M S O-d 6 ) δ  [ p p m] = 1 0. 1 0 ( s, 1 H, N- H ), 8. 5 7 – 8. 0 5 ( m, 2 H, N-

H ), 7. 8 8 ( d d d, J  = 9. 3, 6. 1, 3. 1 H z, 2 H, H- 3 2, H -3 4 ), 7. 6 7 ( dt, J  = 8. 9, 2. 3 H z, 2 H, H-

3 1, H -3 5 ), 7. 5 7 – 7. 3 4 ( m, 2 H, H- 1 3, H -1 7 ), 7. 3 6 – 7. 2 2 ( m, 3 H, H- 1 4 –  H-1 6 ), 7. 2 1 – 

7. 1 0 ( m, 2 H, H- 3, H - 5), 7. 0 1 ( d, J  =  7. 4  H z, 2 H, H- 2, H - 6), 6. 8 4 ( m, 1 H, H- 4 ),  6. 1 6 

( d d d, J H- F  = 3 3. 3 H z, J H- H  = 9. 1  H z, 5. 7 H z, 1 H, H- 8 ), 4. 6 9 – 4. 5 4 ( m, 1 H, H- 2 0 ), 4. 5 4 

– 4. 4 0 ( m, 1 H, H- 9 ), 2. 5 2 ( m, 2 H, H- 1 1 ), 2. 3 4 (t, J  = 7. 4 H z, 4 H, H- 3 8, H -4 0 ), 2. 0 9 ( s, 

3 H, H- 4 2 ), 1. 9 9 – 1. 4 5 ( m, 7 H, H- 1 0, H -2 1, H -3 9, H -2 2 ), 1. 4 7 – 0. 7 9 ( m, 1 0 H, H- 2 3 –  

H- 2 7 ).  

1 3 C N M R  ( 7 5 M H z, D M S O-d 6 ) δ  [ p p m] = 2 0 8. 6 (C- 4 1 ), 1 7 1. 7 (C- 1 9, C -3 7 ), 1 4 9. 2 (C-

1, C -2 9 ), 1 4 1. 2 (C- 8, C -1 2, C -3 3 ), 1 3 0. 9 (C- 3, C -5, C -3 0 ), 1 2 8. 8 (C- 1 3, C -1 7 ), 1 2 8. 7 

(C- 1 5 ), 1 2 2. 4 (C- 2, C -6, C -3 2, C -3 4 ), 1 1 8. 6 (C- 8, C -3 1, C -3 5 ), 4 2. 4 (C- 4 0 ), 3 9. 2 (C-

3 8 ), 3 5. 9 (C- 2 3, C -2 7 ), 3 4. 3 (C- 2 2 ), 3 2. 4 (C- 4 2 ), 3 1. 5 (C- 1 1 ), 3 0. 2 (C- 2 5 ), 2 6. 5 (C-

2 4 ), 2 6. 2 (C- 2 6 ), 1 9. 5 (C- 3 9 ).  

𝐾 𝑘 𝑘
𝐾  = – 1 4 ° ( c = 1 g/ 1 0 0 m L i n M e O H). F p  = 1 5 5  ±  2 ° C.  P urit y : 9 9 % ( E SI -M S: [ M + H + ] 

c al c . 7 2 0. 3, f o u n d 7 2 0 . 2). 

  



P R O J E C T 4:  IM P R O VI N G T H E E F FI CI E N C Y O F C A T S  IN HI BI T O R S B Y N A N O C A R RI E R - ME DI A T E D D E LI V E R Y  

 

1 7 1  
 

P h e n yl  ( S, E )- 3-((S )- 3- c y cl o h e x yl- 2-( 4-( 6-( 2, 5- di o x o- 2, 5- di h y dr o- 1H - p yrr ol- 1-yl) -

h e x a n a mi d o) b e n z a mi d o) pr o p a n a mi d o)- 1- fl u or o- 5- p h e n yl p e nt- 1-e n e - 1- s ulf o n at e (4 ) 

 

M = 8 0 0. 9 4 g/ m ol  

C o m p o u n d 4  w a s pr e p ar e d a c c or di n g t o Pr o c e d ur e C u si n g 2  ( 1. 0 e q, 0. 2 6  m m ol, 

0. 1 7 g)  a n d 6- m al ei mi d o h e x a n oi c  a ci d  ( 1. 2  e q, 0. 3 1 m m ol, 0. 0 6 5  g ).  T h e  cr u d e 

pr o d u ct w a s p urifi e d b y H P L C, gi vi n g a c ol orl e s s s oli d ( 0. 0 4 5 g, 2 3 %).  

1 H N M R  ( 3 0 0 M H z, D M S O-d 6 ) δ  [ p p m] = 1 0. 0 6 ( s, 1 H , N- H ), 8. 5 7 – 7. 9 9 ( m, 2 H , N-

H ), 7. 8 6 ( d dt, J  = 9. 3, 6. 9, 1. 9 H z, 2 H , H- 4 5, H -4 6 ), 7. 6 5 ( dt, J  = 8. 4, 1. 9 H z, 2 H , H-

3 2, H -3 4 ), 7. 5 6 – 7. 3 5 ( m, 2 H , H- 3 1, H -3 5 ), 7. 3 4 – 7. 2 0 ( m, 5 H , H- 1 3 –  H-1 7 ), 7. 1 5 

(tt, J  = 8. 1, 2. 0 H z, 2 H , H- 3, H - 5), 6. 9 8 ( d, J  = 1. 7 H z, 3 H , H- 2, H -4, H - 6), 6. 1 5 ( dt d, 

J H- F  = 3 3. 2  H z , J H- H  =  9. 1  H z, 1 H , H- 8 ), 4. 8 9 ( s, 1 H, H-2 0 ), 4. 7 1 – 4. 2 9 ( m, 3 H , H- 9 , 

H- 4 2 ), 2. 5 3 ( m, 2 H, H -1 1 ), 2. 3 1 (t, J  = 7. 4 H z, 2 H , H- 3 8 ), 1. 9 5 – 1. 6 8 ( m, 4 H , H- 1 0, 

H- 2 1 ), 1. 4 3 – 0. 5 0 ( m, 1 7 H , H- 2 2 –  H-2 7, H -3 9 –  H-4 1 ). 

1 3 C N M R  ( 7 5 M H z, D M S O-d 6 ) δ  [ p p m] = 1 7 1. 9  (C- 3 7 ), 1 7 1. 5 (C- 4 4, C -4 7 ), 1 6 6. 3 (C-

2 9 ), 1 4 9. 1 (C- 1 ), 1 4 1. 2 (C- 7, C -1 2, C -3 3 ), 1 3 4. 9 (C- 4 5, C -4 6 ), 1 3 0. 9 (C- 3,  C- 5 ), 1 2 8.9 

(C- 3 0 ), 1 2 8.8 ( C- 1 3 ), 1 2 8. 7 (C- 1 7 ), 1 2 6. 4 ( C-1 5 , C- 4), 1 2 2. 4 (C- 2, C -6, C -3 1, C -3 5 ), 

1 1 8. 5 ( C- 8 ), 4 0. 8 (C- 2 0 ), 3 9. 7  (C- 9 ), 3 7. 4 (C- 2 1 ), 3 6.7 ( C- 3 8 ), 3 4.3 ( C- 1 0 ), 3 3.6 ( C-

2 3, C -2 7 ), 3 2.4 ( C- 1 1 ), 3 1.5 ( C- 4 1 ), 2 8. 2 (C- 4 0 ), 2 6. 5 (C- 2 5 ), 2 6. 3 ( C- 2 4 ), 2 6. 1 (C-

2 6 ), 2 4. 9 (C- 3 9 ). 

𝐾 𝑘 𝑘
𝐾  = – 1 1 ° ( c = 1 g/ 1 0 0 m L i n M e O H). F p  = 1 5 0  ±  2 ° C.  P urit y : 9 8 % ( E SI -M S: [ M + H + ] 

c al c . 8 0 1 . 3, f o u n d 8 0 1 . 2). 

  



P R O J E C T 4:  IM P R O VI N G T H E E F FI CI E N C Y O F C A T S  IN HI BI T O R S B Y N A N O C A R RI E R - ME DI A T E D D E LI V E R Y  

 

1 7 2  
 

P h e n yl  ( S, E )- 3-((S )- 3- c y cl o h e x yl- 2-( 4-((E )- 5-( 2-( 3-( 2, 5- di o x o-2, 5 - di h y dr o- 1H - p yrr ol-

1- yl) pr o p a n o yl) h y dr a z o n o) h e x a n a mi d o) b e n z a mi d o) pr o p a n a mi d o)- 1- fl u or o- 5-

p h e n yl p e nt- 1- e n e - 1- s ulf o n at e (5 ) 

 

M = 8 8 5. 0 2 g/ m ol  

C o m p o u n d 3  ( 1. 0  e q,  0. 0 8 3  m m ol,  0. 0 6 0  g) w a s  di s s ol v e d  i n M e O H  at  r o o m 

t e m p er at ur e,  t h e n  a d di n g  0. 1 %  T F A. 3-( 2, 5- di o x o- 2, 5 - di h y dr o- 1H - p yrr ol- 1-

yl) pr o p a n e h y dr a zi d e ( 1. 1 e q, 0. 0 9 2 m m ol, 0. 0 2 0 g) w a s di s s ol v e d i n M e O H a n d a d d e d 

dr o p wi s e. Aft er 1 2 h, M e O H w a s r e m o v e d u n d er r e d u c e d pr e s s ur e a n d t h e r e si d u e 

w a s p urifi e d vi a H P L C, r e s ulti n g i n a c ol orl e s s s oli d ( 0. 0 2 8 g, 3 8 %). 

1 H- N M R  ( 3 0 0 M H z, D M S O-d 6 ) δ  [ p p m] = 1 0. 1 0 ( s, 2 H , N- H ), 8. 4 2 – 8. 1 0 ( m, 2 H , N-

H ), 7. 9 5 – 7. 8 0 ( m, 2 H , H- 5 0, H -5 1 ), 7. 6 7 ( dt, J  = 9. 0, 2. 4 H z, 4 H , H- 3 1, H -3 2, H -3 4, 

H- 3 5 ), 7. 5 6 – 7. 3 5 ( m, 3 H , H- 3, H -5, H -1 5 ), 7. 3 5 – 7. 0 9 ( m, 6 H , H- 2, H -6,  H- 1 3, H -1 4, 

H- 1 6, H -1 7 ), 7. 0 1 ( d, J  = 7. 4 H z, 1 H , H- 4 ), 6. 1 6 ( d d d, J H- F  = 3 3. 2  H z , J H- H  = 9. 0 H z , 5. 7 

H z, 1 H , H- 8 ), 4. 9 0 (m , 2 H , H- 4 7 ), 4. 5 5 ( dt, J  = 2 4. 9, 1 0. 2 H z, 2 H , H- 9, H -2 0 ), 2. 5 1 – 

2. 3 9 ( m, 4 H , H- 1 1, H -4 6 ), 2. 3 4 (t, J  = 7. 4 H z, 2 H , H- 3 8 ), 2. 0 9 ( s, 3 H, H- 4 2 ), 1. 9 6 – 

1. 4 6 ( m, 7 H , H- 1 0, H -2 1, H -2 2, H -3 9 ), 1. 4 6 – 0. 6 9 ( m, 1 0 H , H- 2 3 –  H-2 7 ). 

1 3 C N M R  ( 7 5 M H z, D M S O-d 6 ) δ [ p p m] = 1 7 2. 8  (C- 3 7 ), 1 7 2.7 ( C- 1 9 ), 1 7 1. 7 (C- 4 9, C -

5 2 ), 1 6 6.3 ( C- 4 5 ), 1 6 6.2 ( C- 2 9 ), 1 4 9.2 ( C- 4 1 ), 1 4 8. 9 (C- 1 ), 1 4 2. 5 (C- 1 2 ), 1 4 1. 2 (C-

3 3 ), 1 3 0.9 ( C- 8 ), 1 3 0. 8 (C- 5 0, C -5 1 ), 1 2 8.9 ( C- 4, C - 6), 1 2 8.8 ( C- 3 1, C -3 5 ), 1 2 8.7 ( C-

1 3, C -1 7 ), 1 2 8. 5 ( C- 4, C -1 4, C -1 6 ), 1 2 6. 4 (C- 1 5 ), 1 2 2. 4 (C- 2, C -6,  C- 3 0 ), 1 1 8.6 (C-

3 2, C -3 4 , C- 7), 5 1.7  (C- 9 ), 4 2. 4 (C- 2 0 ), 3 9.5 ( C- 1 0 ), 3 9.2 ( C- 2 1 ), 3 5. 9 (C- 3 8 ), 3 4.3 

(C- 4 0, C -4 6 ), 3 3.6 ( C- 1 1, C -2 5 ), 3 2.4 ( C- 2 4, C -2 6 ), 3 1.5 ( C- 2 3, C -2 7 ), 3 0.2 ( C- 2 2 ), 

2 6. 5  (C- 4 7 ), 2 6. 3 (C- 3 9 ), 1 9. 5 (C- 4 2 ). 

𝐾 𝑘 𝑘
𝐾  = – 1 2 ° ( c = 1 g/ 1 0 0 m L i n M e O H). F p  = 1 6 0  ±  2 ° C.  P urit y : 9 9 % ( E SI -M S: [ M + H + ] 

c al c . 8 8 5 . 4, f o u n d 8 8 5 . 3). 
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1 7 3  
 

4. 4. 3  Fl u or o m et ri c e n z y m e a s s a y s  

C at h e p si n S  

T h e a s s a y w a s m o difi e d aft er B R Ö M M E E T A L .2 9 7  C at h e p si n S  ( C at S, r e c o m bi n a nt fr o m 

E.  c oli , S I G M A- AL D RI C H ,  D ar m st a dt,  G er m a n y)  w a s  i n c u b at e d  i n  e n z y m e  b uff er 

( 3 5 mM  p ot a s si u m  p h o s p h at e,  3 5  mM  s o di u m  a c et at e,  2  mM  D T T,  2  mM  E D T A,  p H 

6. 5)  at  r o o m  t e m p er at ur e  f or  2 0 – 3 0  mi n.  A s s a y  b uff er  ( 5 0  m M K H 2 P O 4 ,  5 0 m M 

K 2 H P O 4 ,  2. 5 m M D T T,  2. 5  m M E D T A,  p H  6. 5)  w a s  mi x e d  wit h 1  –  5  n M C at S i n 

e n z y m e b uff er, f oll o w e d b y i n hi bit or i n D M S O or D M S O ( n e g ati v e c o ntr ol), a n d 1 0  µ M 

s u b str at e Z -V a l-V al -Ar g -A M C  ( B A C H E M , B a s el,  S wit z erl a n d ). T h e  fl u or e s c e n c e 

i n cr e a s e  u p o n  cl e a v a g e  of Z -V al -V al -Ar g -A M C  w a s  m o nit or e d  b y  a T E C A N S P A R K  

fl u ori m et er  (δ e x cit ati o n:  3 6 5  n m, δ  e mi s si o n:  4 6 0  n m; T E C A N G R O U P , M ä n n e d orf, 

S wit z erl a n d). Bl a c k, fl at -b ott o m 9 6 -w ell c hi m n e y mi cr otit er pl at e s ( G R EI N E R B I O- ON E , 

Fri c k e n h a u s e n, G er m a n y)  w er e  u s e d.  I n hi bit or  s cr e e ni n g  c o n c e ntr ati o n s  st art e d  at 

2 0  µ M , f oll o w e d b y 1 µ M , 2 0 0 n M, a n d 5 0 n M. I n hi biti o n c o n st a nt s w er e d et er mi n e d 

f or c o m p o u n d s wit h > 5 0 % i n hi biti o n at 2 0 µ M.  

I C5 0  a n d K i c al c ul ati o n s. 

G R A F I T ( v er si o n  5. 0. 1 3,  2 0 0 6, E RI T H R A C U S  S oft w ar e  Lt d.,  U K)  w a s  u s e d  f or  d at a 

a n al y si s a n d n o n- li n e ar r e gr e s si o n. 

T h e K i v al u e s w er e c al c ul at e d a s p u bli s h e d pr e vi o u sl y f or sl o w, ti g ht bi n d er s. 2 3 6   

 

E = e n z y m e; I = i n hi bit or, k  = r e a cti o n c o n st a nt;  

E I = n o n- c o v al e nt e n z y m e -i n hi bit or c o m pl e x; E —I = c o v al e nt e n z y m e-i n hi bit or c o m pl e x. 

T h e i niti al ( v i) a n d st e a d y- st at e ( v s ) v el o citi e s i n i n hi bit or pr e s e n c e a n d t h e p s e u d o-

fir st or d er r at e c o n st a nt s k o b s  w er e d et er mi n e d f or diff er e nt i n hi bit or c o n c e ntr ati o n s. 

T h e bi p h a si c pr o gr e s s c ur v e s w er e fitt e d t o t h e sl o w -bi n di n g e q u ati o n ( off  = off s et): 2 3 6  

(I) [𝐾 ] =  𝑘 𝑘  ∙ 𝐾 +  
𝑘 𝐾�  𝐾 𝐾

𝑘 𝑘 𝒗 𝒊
 ∙ [𝒗  − 𝒐 𝟏 𝑰 ( − 𝑰 𝑪 𝟓 𝟎  ∙ 𝑺) ] + 𝑲 𝒊 𝑰  

T h e n,  t h e k o b s  v al u e s  w er e  pl ott e d  a g ai n st  t h e  i n hi bit or  c o n c e ntr ati o n s  [I] u si n g t h e 

f oll o wi n g e q u ati o n: 
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(II) 𝐾 𝑘 𝑘 𝐾 =  𝑘 𝐾 + (
𝐾 𝐾   ∙[𝑘]

𝑘 𝒗
𝒊 𝒗 𝒐

� [𝟏]
)  

T h e r e s ulti n g di s s o ci ati o n c o n st a nt of t h e i niti al e n z y m e -i n hi bit or c o m pl e x K i
a p p  w a s 

t h e n c orr e ct e d t o z er o s u b str at e c o n c e ntr ati o n u si n g t h e C H E N G - PR U S O F F  r el ati o n s hi p 

(III), gi vi n g t h e K i v al u e: 2 3 8   

(III) 𝑰 𝑰 =  
𝑪 𝟓𝟎 𝑺  𝑲 𝒊  𝑰 𝑪

𝟓 𝟎 𝟏

𝑺 �  
[𝑲 ]

𝒎 𝒊

 

F urt h er c o n st a nt s s u c h a s k 3 , k4 , a n d K i* c o ul d b e d et er mi n e d fr o m t h e sl o w bi n di n g 

e q u ati o n ( I) a n d t h e k o b s  v s [I] pl ot ( II) u si n g t h e f oll o wi n g e q u ati o n ( I V):2 3 6  

(I V) 𝑲 𝒊
∗ =  

𝑲 𝐢

� 𝟏 �  
𝒌 𝟑
𝒌 𝟒

�
 

 

S el e cti vit y t o w ar d s ot h er h u m a n c at h e p si n s  

H u m a n  c at h e p si n  B  ( C at B,  S I G M A- AL D RI C H , D ar m st a dt,  G er m a n y)  a n d h u m a n 

c at h e p si n L ( C at L, S I G M A- AL D RI C H , D ar m st a dt, G er m a n y ) w er e i n c u b at e d i n e nz y m e 

b uff er  ( 5 0  m M  Tri s -H Cl,  5  m M E D T A,  2 0 0  m M  N a Cl,  2  m M  D T T,  p H  6. 5 )  at  r o o m 

t e m p er at ur e f or 2 0 – 3 0 mi n.  A s s a y b uff er  (5 0 m M Tri s -H Cl, 5 m M E D T A, 2 0 0 m M 

N a Cl, 0. 0 0 5 % Brij 3 5, p H 6. 5 ) w a s mi x e d wit h C at B or C at L  i n e n z y m e b uff er, t h e n 

i n hi bit or i n D M S O or D M S O ( n e g ati v e c o ntr ol) w a s a d d ed, f oll o w e d b y 1 0 0 µ M ( C at B) 

or 6. 2 5  µ M  ( C at L)  s u b str at e Z -P h e -Ar g -A M C  ( B A C H E M , B a s el,  S wit z erl a n d ). T h e 

e n z y m e  a cti vit y  w a s  m o nit or e d  b y  a T E C A N S P A R K ( TE C A N G R O U P , M ä n n e d orf, 

S wit z erl a n d)  fl u or e s c e n c e  r e a d er  u si n g  bl a c k G R EI N E R  fl at-b ott o m  9 6 -w ell c hi m n e y 

mi cr otit er  pl at e s  ( G R EI N E R B I O- ON E  G m b H, Fri c k e n h a u s e n,  G er m a n y).  I n hi bit or 

s cr e e ni n g  c o n c e ntr ati o n s  st art e d  at  2 0  µ M ,  f oll o w e d  b y  1 µ M ,  2 0 0 n M,  a n d  5 0 n M. 

I n hi biti o n c o n st a nts w er e d et er mi n e d f or i n hi bit or s wit h > 5 0 % i n hi biti o n at 2 0  µ M.
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O v er all C o n cl u si o n a n d P er s p e cti v e s 

W h e n  it  c o m e s  t o  d e v el o pi n g  eff e cti v e  dr u g s,  t h er e  ar e  f e w  t hi n g s  m or e  i m p ort a nt 

t h a n u n d er st a n di n g h o w t o m o dif y t h eir str u ct ur e s t o a c hi e v e d e sir e d o ut c o m e s. T h e 

pr oj e ct s  pr e s e nt e d  i n  t hi s  di s s ert ati o n  d e m o n str at e  a  d e e p  u n d er st a n di n g  of  t hi s 

pri n ci pl e, wit h a f o c u s o n c o v al e nt c y st ei n e pr ot e a s e i n hi bit or s. I n m y r e s e ar c h, I h a v e 

u n c o v er e d n e w w a y s t o n ot o nl y e n h a n c e t h e affi nit y of t h e s e i n hi bit or s f or t h eir t ar g et 

pr ot e a s e s ,  b ut  al s o  t o  i n cr e a s e  t h eir  s el e cti vit y  a n d  i m pr o v e  t h eir  p h ar m a c o ki n eti c 

pr o p erti e s. 

O n e  of  t h e  m o st  e x citi n g  a s p e ct s  i s  t h e  p ot e nti al t o  d e v el o p hi g hl y  t ar g et e d  a n d 

p er s o n ali z e d tr e at m e nt s f or a wi d e r a n g e of di s e a s e s , e. g., p ar a siti c,  or c a n c er o u s . 

B y  u n d er st a n di n g  h o w  t o fi n e-t u n e t h e  str u ct ur e  of  c o v al e nt  c y st ei n e  pr ot e a s e 

i n hi bit or s f or c ert ai n t ar g et s  a n d/ or  a p pli c ati o n s, w e  c a n  cr e at e p ot e nti al dr u g s t h at 

ar e t ail or e d t o s p e cifi c p ati e nt p o p ul ati o n s, wit h f e w er off -t ar g et eff e ct s a n d a hi g h er 

c h a n c e of s u c c e s s.  At t h e s a m e ti m e, t h e pr oj e ct s pr e s e nt e d i n t hi s di s s ert ati o n al s o  

off er  v al u a bl e  i n si g ht s  i nt o s o m e f u n d a m e nt al  pri n ci pl e s  of  dr u g  d e si g n  a n d 

d e v el o p m e nt , p arti c ul arl y r e g ar di n g A D M E e v al u ati o n (Fi g ur e 2 6 ).  

L e v er a g e  fr o m  c o m p ut er -ai d e d  m et h o d s  r e s ult e d  i n  i m pr o v e d  i n hi bit or  pr o p erti e s 

r a n gi n g  fr o m  p ot e n c y  o v er  s el e cti vit y  pr ofil e s  t o  e n h a n c e d  p h e n ot y pi c  effi c a c y.  I n 

p arti c ul ar,  m ol e c ul ar  d o c ki n g  a p pr o a c h e s  w er e  h el pf ul  t o  d e si g n  n e w  p ot e nt  a n d 

s el e cti v e  c o m p o u n d s  ( e. g.,  pr oj e ct 2  a n d 3 ).  C o m bi ni n g  d o c ki n g  st u di e s  wit h 

o pti mi z e d  fl u or o m etri c  e n z y m e  a s s a y s  w a s  cr u ci al  f or  S A R  st u di e s  a n d  s el e cti vit y 

pr ofil e s  ( e. g.,  pr oj e ct 2  a n d 3 ).   I n  sili c o pr e di cti o n  of  p h y si c o c h e mi c al  p ar a m et er s 

f oll o w e d b y a c orr el ati o n a n al y si s s u p p ort e d t h e i d e ntifi c ati o n of i m p ort a nt str u ct ur al 

m o difi c ati o n s f or i m pr o v e d effi c a c y i n p h e n ot y pi c a s s a y s ( pr oj e ct 2 ). M o st r e c e ntl y, 

artifi ci al i nt elli g e n c e ( AI) -b a s e d t o ol s, s u c h a s t h e l a n g u a g e m o d el C H A T G P T , h a v e 

g ai n e d i m m e n s e p o p ul arit y. 2 9 8  A s AI s y st e m s ar e c urr e ntl y e m er gi n g i n m a n y fi el d s 

( e. g., AL P H A F O L D 2  t o pr e di ct pr ot ei n f ol d s), c o m p ut ati o n al t o ol s f or dr u g d e v el o p m e nt 

a n d  pr o p ert y  pr e di cti o n  h a v e  t h e  p ot e nti al  t o  b e  of  e v e n  gr e at er  u s e  i n t h e  fi el d  of 

m e di ci n al c h e mi str y i n t h e n e xt y e ar s. 2 9 9 – 3 0 1  
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Fi g u r e 2 6 . S c h e m ati c o v er vi e w of pr oj e ct s 1 – 4 wit h t h eir l e a d c o m p o u n d s  a n d t h e u s e d dr u g 
d e si g n pri n ci pl e s.  T h e fi g ur e w a s p artl y g e n er at e d u si n g S E R VI E R M E DI C A L A R T , pr o vi d e d b y 
S E R VI E R , li c e n s e d u n d er a Cr e ati v e C o m m o n s Attri b uti o n 3. 0 u n p ort e d li c e n s e. 

A d diti o n all y, t h e c o m bi n ati o n of i n vitr o a n d i n vi v o st u di e s h a s off er e d u s ef ul i n si g ht s 

i nt o  o ur  c o m p o u n d s’  m et a b oli s m  a n d  bi o di stri b uti o n,  e s s e nti al  p ar a m et er s  f or  t h e 

d eli v er y t o di s e a s e r el e v a nt ti s s u e s ( pr oj e ct 1 ). F urt h er i n v e sti g ati o n s i nt o m et a b oli s m 

c o ul d  b e  o bt ai n e d  b y  d e e p e ni n g  e x p eri m e nt s  i n cl u di n g  t h e  u s e  of  i s ol at e d  C Y P 

e n z y m e s  t o  g ai n  m or e  k n o wl e d g e  a b o ut  t h e  i n v ol v e d  m et a b oli zi n g  e n z y m e s.  T h e 

s a m pl e pr e p ar ati o n pr ot o c ol f or ti s s u e e xtr a cti o n t h at I h a v e e st a bli s h e d i n o ur gr o u p 

c a n b e a d a pt e d t o f ut ur e pr oj e ct s i n v ol vi n g ti s s u e s a m pl e s.  

A n ot h er pri n ci pl e t h at h a s b e e n i nt e gr al t o m y di s s ert ati o n i s t h e u s e of n a n o c arri er s 

f or  t ar g et e d  d eli v er y  w hi c h  i n cl u d e s  m o dif yi n g  o ur  i n hi bit or s  ( pr oj e ct 4 ).  T h e 

f u n cti o n ali z e d  i n hi bit or s  t h at  w e  h a v e  d e v el o p e d  f or  n a n o c arri er  att a c h m e nt  ar e  a 

str o n g f o u n d ati o n f or f urt h er i n v e sti g ati o n s, n ot o nl y c o u pli n g t o n a n o c arri er s b ut al s o 
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r a di o a cti v e  l a b eli n g  or  i m m o bili z ati o n f or  v ari o u s  bi o p h y si c al  a p pli c ati o n s  ( e. g., 

s urf a c e  pl a s m o n  r e s o n a n c e  a s s a y s,  s wit c h S E N S E).  F ut ur e  pr oj e ct s  w o ul d 

p arti c ul arl y b e n efit fr o m l a b eli n g c o m p o u n d s wit h a r a di o a cti v e or fl u or e s c e nt pr o b e 

t o i n v e sti g at e c ell or ti s s u e di stri b uti o n t o m o nit or t ar g eti n g. 

O v er all, t h e pr e s e nt e d w or k c o ntri b ut e s t o t h e fi el d of dr u g d e v el o p m e nt of c y st ei n e 

pr ot e a s e  i n hi bit or s . W hil e  f o c u si n g o n  str u ct ur al  m o difi c ati o n s  of  c o v al e nt  c y st ei n e 

pr ot e a s e i n hi bit or s, I h a v e pr o vi d e d v al u a bl e i n si g ht s i nt o h o w t o cr e at e m or e eff e cti v e 

a n d  t ar g et e d p ot e nti al  dr u g s wit h  r e g ar d s  t o  p h ar m a c o ki n eti c pr o p erti e s a n d 

s el e cti vit y pr ofil e s . 
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pr ot ei n s c a n l e a d t o t o xi cit y. Pr ot e ol y si s r e s ult s i n h a pt e ni z ati o n p ot e nti all y tri g g eri n g 

i m m u n e-r el at e d  si d e  eff e ct s.    (C )  C o v al e nt-r e v er si bl e  i n hi bit or.  I m pr o v e d  r e si de n c e 

ti m e  t hr o u g h  c o v al e nt  bi n di n g  wit h o ut  ri s k  of  h a pt e ni z ati o n  or  irr e v er si bl e  off-t ar g et 

m o difi c ati o n s. ......................................................................................................... 3 0  

Fi g ur e  1 6.  Str u ct ur e  a n d  t ar g et s  of K 1 1 7 7 7  a n d  t h e  r e s ulti n g  eff e ct s  u p o n  it s 

i n hi biti o n. K 1 1 7 7 7  i s a p ot e nti al dr u g f or t h e tr e at m e nt of v ari o u s di s e a s e s b y t ar g eti n g 

c at h e p si n- li k e  pr ot e a s e s  i n  h u m a n s  ( C at L,  C at B)  a n d  p ar a sit e s  (tr y p a n o s o m e s, 

s c hi st o s o m e s, L ei s h m a ni a  p ar a sit e s). T h e fi g ur e w a s p artl y g e n er at e d u si n g S E R VI E R 

M E DI C A L A R T , pr o vi d e d b y S E R VI E R , li c e n s e d u n d er a Cr e ati v e C o m m o n s Attri b uti o n 

3. 0 u n p ort e d li c e n s e. .............................................................................................. 3 1  

Fi g ur e 1 7.  P at h o p h y si ol o g y of H u m a n Afri c a n Tr y p a n o s o mi a si s. Tr y p a n o s o m e s ar e 

tr a n s mitt e d  fr o m  i nf e ct e d  t o  h e alt h y  h u m a n s  vi a  t s et s e  fli e s.  Fir stl y,  t h e  p ati e nt s 

d e v el o p  a  h e m ol y m p h ati c  st a g e  of  t h e  tr y p a n o s o m al  i nf e cti o n  wit h  u n s p e cifi c 

s y m pt o m s. Aft er cr o s si n g t h e  bl o o d-br ai n b arri er ( B B B), t h e tr y p a n o s o m e s i nf e ct br ai n 

ti s s u e r e s ulti n g i n m or e s e v er e s y m pt o m s a n d, e v e nt u all y, d e at h. ......................... 3 6  
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Li st of S c h e m e s 

S c h e m e  1.  C at al yti c  st e p s  f or  p e pti d e  b o n d  h y dr ol y si s  b y  c y st ei n e  pr ot e a s e s 

( c at al yti c d y a d). C at al yti c c y st ei n e i n bl u e, hi sti di n e i n m a g e nt a. ........................... 1 4  

S c h e m e  2.  I n hi biti o n  m e c h a ni s m  of  irr e v er si bl e  a n d  r e v er si bl e  vi n yl s ulf o n e 

d eri v ati v e s.  R 1  = p e pti d o mi m eti c r e c o g niti o n u nit, R 2  = P h f or vi n yl s ulf o n e s or O P h 

f or  vi n yl s ulf o n at e s.    (A )  Irr e v er si bl e vi n yl s ulf o n( at) e s.  Aft er  Mi c h a el  a d diti o n  t o  t h e 

a cti v e sit e c y st ei n e, t h e f or m e d c o v al e nt b o n d i s st a bl e, a n d t h e e n z y m e i s bl o c k e d 

irr e v er si bl y. (B ) R e v er si bl e fl u ori n at e d vi n yl s ulf o n( at) e s. T h e r e s ulti n g c o v al e nt b o n d 

i s n ot a s st a bl e a n d c a n b e cl e a v e d t o r e v er s e t h e r e a cti o n. .................................. 3 2  

S c h e m e 3.  S y nt h e si s of ( F -) vi n yl s ulf o n( at) e s 2 a – q . R e a g e nt s a n d c o nditi o n s: ( a) 1. 

H O Bt,  T B T U,  DI P E A, N, O -di m et h yl  h y dr o x yl a mi n e,  D C M,  0  ° C – rt,  1 2 – 2 4  h.  2. 

Li Al H 4 , di et h yl et h er, 0 ° C, 2 h, 8 6 %. ( b) Li H M D S or K H M D S, T H F ( dr y), − 7 8 ° C, 3 – 

4 h,  3 0 – 4 7 %.  ( c)  H Cl  or  T F A,  di o x a n e, rt,  2 – 1 2  h,  9 5 – 9 8 %.  ( d)  H O Bt,  T B T U, 

DI P E A, D C M or D C M/ D M F, 0 ° C – rt,  2 4 – 4 8 h, 1 0 – 5 0 %. ................................ 1 0 3  

S c h e m e 4.  p H -r e s p o n si v e li n k er s a n d t h eir cl e a v a g e pr o d u ct s. 2 9 3  ....................... 1 4 9  

S c h e m e 5.  Fi n al c o m p o u n d s 3 – 5 . C o m p o un d 3  s er v e s a s a pr e c ur s or of 5  a n d i s al s o 

r el e a s e d  u p o n  li n k er  cl e a v a g e  at  a ci di c  p H.  C o m p o u n d 4  s er v e s  a s  a u n cl e a v a bl e 

c o ntr ol. C o m p o u n d 5  wit h a p H-r e s p o n si v e h y dr a z o n e li n k er. .............................. 1 5 0  

S c h e m e  6.  S y nt h e si s  r o ut e  of  di p e pti d e VI st arti n g  wit h  I V.    ( a) N -b o c - 4-a mi n o 

b e n z oi c  a ci d,  H O Bt,  T B T U,  DI P E A,  D C M,  0  ° C – rt,  1 2  h,  1 0 0 %.  ( b)  Li O H 

m o n o h y dr at e, T H F/ H 2 O, rt, 1 2 h, 9 2 %.  ................................................................ 1 5 0  

S c h e m e 7.  S y nt h e si s r o ut e of fi n al c o m p o u n d s 3 – 5 .  ( c) H O Bt, T B T U, DI P E A, D C M, 

0 ° C – rt, 2 4 h, 6 5 %. ( d) H Cl, di o x a n e, rt, 6 h, 7 4 %. ( e) 6 -m al ei mi d o h e x a n oi c a ci d, 

H O Bt, H A T U, c olli di n e, D C M/ D M F, 0 ° C – rt, 4 8 h, 2 3 %. (f) 4 -a c et yl b ut yri c a ci d, H O Bt, 

H A T U,  c olli di n e,  D C M/ D M F,  0  ° C – rt,  4 8  h,  3 4 %.  ( g)  3-( 2, 5-di o x o- 2, 5- di h y dr o- 1 H -

p yrr ol- 1- yl) pr o p a n e h y dr a zi d e, T H F, m et h a n ol, rt, 1 2 h, 3 8 %.  ............................... 1 5 1  

 

 

Li st of T a bl e s 

T a bl e 1.  Di s e a s e r el e v a nt c y st ei n e c at h e p si n s ( C 1 f a mil y) a n d t h eir f u n cti o n s.  ..... 1 7  

T a bl e 2.  I n hi biti o n d at a f or c o m p o u n d s 3 – 5 ( all ti m e-d e p e n d e nt). 2 3 6  .................... 1 5 2  
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