Medicinal Chemistry: An Overview

Course Outline

Lecture | Date Topic

1 2015/12/17 General Aspects of Medicinal Chemistry

2 2016/01/07 General Biochemistry

3 2016/01/21 Principles of Chemical Synthesis

4 2016/02/04 Chemical Synthesis of Small and Complex Molecules

5 2016/02/18 Chemical Synthesis of Peptides

6 2016/04/07 Strategies for Discovering Lead Compounds

7 2016/04/14 Structure Activity Relationship

8 2016/04/21 Spatial Organization, Receptor Mapping and
Molecular Modeling

9 2016/04/28 Pharmacokinetic Properties

10 2016/05/12 Legal and Economic Aspects of Drug Development




Chemical Synthesis of Peptides

The chemical synthesis of peptides is a reliable and predictable process
such that it is usually automated.
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A series of coupling reagents have been developed to activate the
carboxylic acid for nucleophilic attack. However, the choice of coupling
reagent requires careful consideration.

Orthogonal protecting groups have been developed to preclude the
formation of undesired products during peptide synthesis.



Solid-Phase Peptide Synthesis (SPPS)

M, = first amino acid from the C-terminus

§ : S, = protecting group for the side chain of M,
_ v < <. X = leaving group
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M, = second amino acid from the C-terminus
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Solid-Phase Peptide Synthesis (SPPS)
( ) FmOCNH—O 1) 20% piperidine in DMF

2 x 15 minutes,

room tempetature (rt)
. (Fmoc deprotection step)

2) Wash with DMF

0
HsC J]\ HZN_O
(0] HN O Fmoc Ce_ _CHs
FmocNH—O = (leaving group) N
H H
Fmoc rink amide resin R )0\3 O o)\ﬁ/CHs
HaC I PF
(0] ) HsC N CHj N 6
\
: polystyrene k N ;
§ linker beads CHy | HBTU (3 equiv)
DIPEA (6 equiv)
Fmoc-Ser(fBu)-NH—O
(0] DMF, rt Fmoc
1 hour
) 20% piperidine N
in DMF, rt Fmoc/
H,N-Ser(Bu) NH—O( § H.C g - i
2 2) Wash with DMF o— M 3 Fmoc-Ser(1Bu)-OH (3 equiv)
-«< HC CH,
Use HBTU, DIPEA, H3C7< 2) Wash with DMF
amino acids, and 20% H.C
piperidine in DMF to 3 CHs
elongate the peptide 1) 20% piperidine
chain in DMF, rt TFAITES/H,0
_ | 2) Wash with DMF 95/2.5/2.5)
Fmoc-peptide chaln-NH—O » peptide chain-NH—| — "y peptide chain-NH,
3) Wash with CH,Cl, rt, 3 h

4) Wash with MeOH

O - H same as above _ ,
;@_O > peptide chain-OH

Wang resin
(4-Benzyloxybenzyl alcohol polymer-bound)




Fmoc-Deprotection




Peptide Coupling

HsCe_ _CHs
N
CHz CHg OJ\Q/CHS_
I I PFg
HC” N7 CH, N CHs
k /N HBTU (3 equiv)
CHjg N
DIPEA (6 equiv)
Fmoc”™~
O/

HSC7< Fmoc-Ser(1Bu)-OH (3 equiv)

N Y

Vsolution in DMF that was
left on the bench for 5 minutes.

Fmoc-Ser(fBu)-NH—O
0O




Mechanism of Peptide Coupling

HsC CHjy
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The resin is ready for the coupling
of the second amno acid residue.



Stylissatin A
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Stylissatin A

Isolated from Stylissa massa, collected from Loloata Island, Papua New Guinea.
Proline-rich cyclic heptapeptide consisting of seven amino acid residues.

Inhibitor of nitric oxide production in lipopolysaccharide-stimulated murine
macrophage RAW264.7 cells (IC5, = 87 pM).

Kita, M.; Gise, B.; Kawamura, A.; Kigoshi, H. Tetrahedron Lett. 2013, 54, 6826. 8



Retrosynthesis of Stylissatin A

Tyr OH
Mellef’1 _:Me o) 0] Pheb ] )
.. N f@ & TFA<H-lleProPhelldTyrPhePro-OH %
H HN o
o N H-Pro—)

ProP % a a &
TFA<H-PhelleTyrPheProllePro-OH

Me
b Me

Proline (Pro) is usually positioned at the C-terminus of the linear peptide
because it prevents racemization during the cyclization step.

The cyclization site should not be sterically encumbered.

Davies, S. J. J. Peptide Sci. 2003, 9, 471.
Humphrey, J. M.; Chamberlin, A. R. Chem. Rev. 1997, 97, 2243.
White, C. J.; Yudin, Andrei, K. Y. Nat. Chem. 2011, 3, 509. 9



Solid-Phase Synthesis of Linear Heptapeptides

resin substitution

1) DMF (10 mi/g)
= (0.71 mmol/g)

rt, 1.0 h

4) Fmoc-lle-OH (5 equiv)
HBTU (5 equiv)
DIPEA (10 equiv)
HOBt (5 equiv)
DMF (5 ml/g)
rt,1h

5) Chloranil test

» Fmoc-llePro —O

7) 20% piperidine
in DMF (10 ml/g)

6) DMF wash

PFs

rt, (10 min)
(2 times)
8) Kaiser test

H-llePro~)

9) elongation of
the peptide

Et,SiH
TES

N\
Y
/

N

\

HOBt oH

H-Pro_o 2) Re.move solvenlt) H-Pro—O
50.5 mg (swelling of the resin)
( ~N -
| ~ N
Z
CH
O L o /—\ O ?)\lﬁ/ 3
- \\_// N CH
e Cr
| N HBTU
\ \_
2-chlorotrityl resin

chain

10) 20% piperidine in DMF
(10 ml/g), rt, (10 min)
2 1i
H-PhelleTyr(t-Bu)PheProllePro<) - (2 times)

11) DMF wash 11) Kaiser test

Fmoc-PhelleTyr(t-Bu)PheProllePro-)

12) CH.Cl, wash  TFA/TES/H,O
13) MeOH wash 95:2.5:2.5
14) Dried with N, (1.3 ml) HPLC
> > TFA<*H-PhelleTyrPheProllePro-OH
rt, 3 h (28 mq, 77%)

resin substitution
= (0.71 mmol/g)

H-Pro-()

50.5 mg

same conditions
as above

»  TFAe<H-lleProPhelleTyrPhePro-OH

(18 mg, 50%) 10



Macrolactamization

b b
TFA<H-lleProPhelle TyrPhePro-OH
+

HBTU

\_ (3 equiv) )
Y
solution in CH,CIl>-DMF (5:1)
added at 0.5 ml/h, for 11h
concentration of linear peptide; 1.8 mM

a a
TFA+*H-PhelleTyrPheProllePro-OH
+
HBTU

\_ (3 equiv) )
Y
solution in CH,Cl,-DMF (5:1)
added at 0.5 ml/h
concentration of linear peptide; 1.8 mM

OH
Me O o}

DIPEA Me_  F

(5 equiv) . N AN

CH,Cl, O N

rt, 11 h 0]

o)

overall concentration NH HN ProP
of the linear peptide . o

at the end of addition

O)\E)
Me

0.8 mM
lleb Me
8%
OH
Me O O
DIPEA Me §
(5 equiv)
y
CH,Cl, SN
rt, 11 h
overall concentration| phe3 NH
of the linear peptide o
at the end of addition
0.8 mM
Pro*

43% 11
43% (after 72 h)



IH-NMR Overlay Comparisons of Stylissatin A (600 MHz, CD;0OD)
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13C-NMR Overlay Comparisons of Stylissatin A (600 MHz, CD;0D)
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Specific Rotation and HRMS of Stylissatin A

OH

Me

N
H

HRMS (ESI) m/z 900.4614
[a]p%° —84 (¢ 0.25, MeOH) (calcd for C,gHg3N,NaOg [M+Na]*, A
Lit. [a]p25 =27 (¢ 0.11, MeOH) -2.2 mmu)

Kita, M.; Gise, B.; Kawamura, A.; Kigoshi, H. Tetrahedron Lett. 2013, 54, 6826. 14
Akindele, T.; Gise, B; Sunaba , T; Kita, M.; Kigoshi, H. Bull. Chem. Soc. Jpn. 2015, 600.



Summary

Fmoc-AA-OH (5 equiv)
HBTU (5 equiv)

DIPEA (10 equiv) HBTU (3 equiv)
HOBt (5 equiv) DIPEA (5 equiv)
H-Pro—) > TFA<H-PhelleTyrPheProllePro-OH
OME 77% CH,Cl,/DMF
y 5/1

rt, 11 h

OH

Prod

(33% overall yield)

15
Akindele, T.; Gise, B; Sunaba , T, Kita, M.; Kigoshi, H. Bull. Chem. Soc. Jpn. 2015, 600.



Vancomycin
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Isolated in 1956 by scientists at Eli Lilly from actinomycete Amycolatopsis orientalis, a
microbe taken from the jungles of Borneo.

A glycopeptide antibacterial agent capable of combating the deadly methicillin resistant
strains of Staphylococcus aureus.

However, vancomycin-resistant strains are emerging.
Nicolaou et al. Angew. Chem. Int. Ed. 1999, 38, 2096. 16



Mode of Action of Vancomycin

Vancomycin disrupts bacterial cell wall biosynthesis. It does this by binding to the

growing peptidoglycan thus precluding transgylcosidases from polymerizing the sugar
unit that is required for forming the cell wall backbone.

Five hydrogen bonds are responsible for the effectiveness of vancomycin. Loss of one
of the hydrogen bonds leads to a weaker potency by a factor one thousand.

l.oss of one HO Ho OH
hydrogen bond Hﬁ%ﬁﬂe

leads to a 1000-fold
decrease in potency

NHs H O Me

L-Lys-D-Ala-D-Ala L-Lys-D-Ala-D-Lac
Vancomycin-susceptible bacteria Vancomycin-resistant bacteria

Williams et al. Angew. Chem. Int. Ed. 1999, 38, 1172.

17
Hubbard, B. K. & Walsh, C. T. Angew. Chem. Int. Ed. 2003, 42, 730.



Synthetic Challenges in Vancomycin

Me

HO yo ¢H
HoN.) - Me
O OH

B-Disposed O/o
glycosidic linkage ———p»

s-cis Amide o

H
ot N
O
Epimerizable NH o
arylglycine —_,
HO,C Epimerizable
—OH arylglycines

OH

Nicolaou et al. Angew. Chem. Int. Ed. 1999, 38, 240.

18



Retrosynthetic Analysis of Vancomycin
N{' ) % e
Glycosidations o

formatfon

Nicolaou, K. C. & Synder, S. C.
Classics in Total Synthesis II;
Wiley-VC: Weinheim, 2003; pp 240. E

OTBS
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NHDdm

BnO
MeO

OMe Peptlde formation
OMe

16: protected vancomycin aglycon
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Retrosynthetic Analysis of Intermediate

Bisaryl ether )
formation \ =N
N®

Macro-
lactamization

Cl

Peptide OH
formation
'raso,.\

O

"N
H 13
Peptide
BRO formation
+OMe
OMe
MeO 39 v
G

Suzuki MeO

reaction \ .

Nicolaou, K. C. &'Synder, S. C. Classics in Total Synthesis Il
Wiley-VC: Weinheim, 2003; pp 240.

17
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Retrosynthetic Analysis of Intermediate 18

¢l Chlorination

HO

0~ "NHDdm
45

OTBS

]
> MeO
o)
BnO o Boc _ BnO
l]xl Peptide
OH HO ~"~me Fformation
+
EtO Me HO
NH2
0 Me O
47 48

Nicolaou, K. C. & Synder, S. C. Classics in Total Synthesis I,

Wiley-VC: Weinheim, 2003; pp 240. 21



Synthesis of Intermediates 42 & 43

0\ _WOH 1. (n-Bu),Sn0,
1. PhyP=CH,, HO toluene, 110 °C;
THF, -10 °C)__ BnBr, TBAI, 70 °C
2. AD-mix-j, 2. n-BulLi (2.2 equiv),
MeO OMe  {BuOH/H,0 MeO OMe  CgHg, 0—25°C, 2 h;
(84% overall) B(OMe)3, THF, -78->25 °C
64 (96% ee) 65 (49% overall) 42
O O
~NH2 NHBoc
HO , 1. MeOH, 2
TMSCI, MeO 1. Mel, KoCOg,
25°C,15h DMF, 25 °C
- -
2. Boc,0, 2. I, CF3COOAg,
KaCOg CHClIj, 25 °C
OH (93% overall) OH (84% overall)
66 67 43

Nicolaou, K. C. & Synder, S. C. Classics in Total Synthesis I,

Wiley-VC: Weinheim, 2003; pp 240. 22



Synthesis of Intermediate 40

OBn NaOH, BuoCl, OBn
OH 1. BnBr, K2COjy, BnOCONH,,
K1, DMF, 25 °C (DHQD),AQN,
o O o
| 2.KOH, gzgz?!_%(g"(f)m) P hwoz
o) / n-Pr 20 (1:1),
0 N PCoEt OEt 25 °C, 12 h OEt
68 OEt O 69 (45%, 87% ee) 70

(93% overall)
TBSOTT, 2,6-lutidine,

CH,Cly, 0 °C, 30 minl(ga%)
OBn

H21 '
Pd(OH)y/C,  TBSO..

MeOH, 25 °C o

302C]2, TBSO‘--.
Et,O/CH,Cl, 0

{(1:10),0°C,1h “NH (97%) “NHCbz
{80%) OEt OEt
72 71
Nicolaou, K. C. & Synder, S. C. Classics in Total Synthesis |, 23

Wiley-VC: Weinheim, 2003; pp 240.



Synthesis of Intermediate 38

1. LiAlH,, N
NH THF,0°C,2h N
NH, 1. SOCly; MeOH, 5 ? 5 2 NaNOy, 6 MHCIL . o
65 °C, 2 h T AcOH/HL0 (1:1),
2. Bry, AcOH o 0 °C, 30 min;
25°C,2h KOH, pyrrolidine
0% “oH (98% overall) 0% “OMe {71% overall) HO
73 74 75
; b o
I - 3= 25
DPPA = P;'?&P\ Na THF, -20 °C overall)
., -y :'r:
,;'q 1. AD-mix-c, N
N7 Ph3P, -BuOH/H,0 (1:1), N
Br Br _ DEAD, DPPA, Br - 25°C,6h Br: Br
~ THF,0°C,2h 2. TBSCI, imid,
(79%) DMF, 0 °C
N (84% overall) /
TBSO N3 “OH (95% ee)
78 76
PhsP, H,0, ﬂ L ﬂ
lTHF’ 60°C,3h TEMPO = N ~ N
.0 o]
¥ b i
NN N 1. TBAF, THF, N
Br Br BocyO, EtsN, g Br 0°C,2h »  Br Br
CH,Clp. 25 °C 2. TEMPO, NaOCl, @
(74% from 78) KBr, aq. NaHCO3/
acetone (1:1), 0 °C
TBS0 NH, TBso NHBoc (70% overall) HO NHBoc
o]
79 80 38

Nicolaou, K. C. & Synder, S. C. Classics in Total Synthesis I
Wiley-VC: Weinheim, 2003; pp 240.

24



Synthesis of Intermediate 41

Pd(PPh3}4, Na2003,
toluene/MeOH/HS0
(10:1:0.5), 90 °C, 4 h 81
(84%)
(41/81 = 2:1)
Suzuki coupling

Nicolaou, K. C. & Synder, S. C. Classics in Total Synthesis I,
Wiley-VC: Weinheim, 2003; pp 240. 25



Synthesis of C-O-D Ring System (36)

1. DPPA, DEAD,
PhsP, THF, -20 °C_
2, LiOH, THF/H,0 gng
(1:1),0°C, 2 h
(94% overall) MeO

EDC, HOAt, THF, o,
-30—>-10°C, 12 h ¢(87 %)

| TBSO., TBSO.,
NN
TMSOTH,
Br Br ~ 2,6-lutidine,
@ " CHuCl5, 0°C,3h
(90%)
HO NHBoc BnO Boc deprotection BnO
0
38

| |
(90%) | EDC, HOAL,
THF, -78—0 °C, 3 h

CuBr-MesS,
K2COg, py,
MeCN, 82 °C
(67%)
(1:1 mixture of
atropisomers)
Triazene-driven BnO
bisaryl ether synthesis

OMe

36:X=CLY=H

Nicolaou, K. C. & Synder, S. C. Classics in Total Synthesis Il; 8%X*=HY=¢
Wiley-VC: Weinheim, 2003; pp 240.

26



Completion of AB/C-O-D Ring System

1. TBAF, THF,
-25-5-15 °C

2. EtyP, MeCN/H,0

NHBoc (4:1),25°C, 20 h‘__

3. LiOH, THF/H,0
(1:1), -5-0 °C
(68% overall)

oF ' NE
o FDPP, l"'Prg t’ o
i ‘0: i :;: DMF, 025 °C, 12 h l(ss )

(P »

1. TBSOTH,
2,6-lutidine,
~ CHyCly,-20°C
2. TMSOTH,
2,6-lutidine,
CH,Cl, =20 °C
(82% overall)

Nicolaou, K. C. & Synder, S. C. Classics in Total Synthesis I, 27
Wiley-VC: Weinheim, 2003; pp 240.



Synthesis of Tr'ipepfide 18

N
OH HO " Me

EtO + Me
NH2

@] Me
47 48

EDC, HOBt,

BnO.
i | EDC, HOAt
MeO 7 -t THF, 0 °C
"o (82%)
0~ "NHDdm
44
0% | 1- TBSOTH, 2,6-lutidine,
overall)| , GH2Cl2, 0 °C

2. Hp, Pd(OH),/C, MeOH

1. SO,Cly, Et,0, 0 °C

THF,0°C, 12h
(93%)

Me

90

LiOH, THF/HgO .
(1 1), 0 °C, 1h (99%)

o ‘%

45 46

Me (2:1), 0

NHde

t ad
2. LiOH, +BuOH/H0
°C, 30 min
(71% overall)

Nlcolaou, K. C. & Synder, S. C. Classics in Total Synthesis I,
Wiley-VC: Weinheim, 2003; pp 240.



Construction of the D-O-E Domain

cl
HO
o)
N
HO' 7
H ©
0% “NHDdm

oy | EDC, HOBt, THF,
(®6 /u)l-15—aﬂ °C,12h

N
|
_N
N Cl
: BrHO
&
N o
H H
O NHDdm
92

(74%) | CuBr-Me;S, K2COs3,
py, MeCN, 82 °C, 2 h

(93/94 = 1:3)

Y,
o=
X QT8S
Q
N
N “
H H o
o] NHDdm
BnC OMe
MeO OMe
93: X =H, Y =Cl =74 5.G1,CeHs, 140 °C, 4 h

94: X=Cl, Y=H

Removal of the Triazene Moiety

Nal, lp, TMSCI, MeCN,
(TMSH;) 125 °C, 15 min

i. MeMgBr, THF, -50—-20 °C, 1 h;
iPrMgCl, -60—-40°C, 2 h

(34% overall |
from 93) | ii. B(OMe)3, -50—0°C,1h

iii. 30% Hy0,, 10% NaOH,
-20-0 °C, 20 min
OH

Cl
O O~
TBSO., Cl @ o OTBS
n H [o) Ilaoc
o N N N "’N‘Me
o H H (o] H Me
0 "NHDdm Me

MeO OMe 16 2 9



Synthesis of Aglycon 13 Protection of Aglycon 13

H
‘.\NNMe
Me
Me
13: vancomycin aglycon
1. Hz, PdIC, MeOH, 25°C, 1.5 h
749% 2. Cs,CO03, Mel, DMF, 0°C, 2 h 1. TBSOTT (20 equiv), 2,6-lutidine (60
of:era?n 3. Dess—Martin [O], CH,Clz, 25 °C, 30 min (66% overall) | equiv), CH,Cl/DMF (10:1), 0525 °C, 7 h
4. KMnOy, +-BuOH/aq. Na;HPO4 (3.5:1), 30 °C 2. CHaNg, Et20, 0 °C, 30 min
5. CH;N,, Et,0,25°C, 12 h
OMe otBS
of| o.
RO D
OTBS
L (o] H [o) ?oc o H
N N
ﬂ N N Nege 2 ’
s} H o H Me o}
0% “NHDdm Me 0™ "NH;
96 112
(62% overall) | 1. HF-py/py, THF, 0525 °C, 12 h 1. ChzCl, NaHCOj3,
Global deprotections | 2. AlBr3, EtSH/CH,Cl; (1:1),25°C, 4 h (55% overall) 1,4-dioxane/H,0 (10:1), 0 °C

2. KF-Al,03, MeCN, 0°C, 2 h

c!

oT8S
o

13: vancomycin aglycon
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Completion of the Synthesis

1: vancomycin

cl
OTBS
H 0
—N N
H H
NH,
OH
O y
WNo
N 7 "Me
o H Me
Me

1.[15], BFg-OEt,,

(70% | CHaCla,-78°C
overal[) 2. (n‘Bu)3an,

(54%
overall)

B
Global

deprotection

Pd(PPhg)q (cat.),
CH,Cl,, 25 °C

AcO DAc

OTBS

114

1. [14] ., BFyOEt,,
CH,Cly, -35 °C

2. HF-py/py (1:1),
THF, 025 °C

3. K,CO3, MeOH

4. Raney Ni,
n-PrOH/H,0 (2:1)

5. LiOH, THF/
H,0 (1:1),0°C

OTBS

AcO Q
AcO

AHO:SOOC(NH)CCI:;

Me
Me -0 F

AcO NHCbz

14

31



Summary

As is the chemical syntheses of complex molecules, the preparation of complex
peptides is demanding. The challenging structures posed by these “Everests” and
their indispensable medicinal values drive the constant development of novel
chemical reactions and synthetic strategies.

..... although the specific objective in synthetic work is defined with unique precision,
the manner of reaching it most emphatically is not. It would be possible to
synthesize a molecule....in countless different ways, no one of which would
resemble any other except in its outcome. Much of the charm and fascination of this
kind of work lies in the free reign which the imagination may be permitted in
planning the adventure, as well as in executing it.

R. B. Woodward, Harvey Lecture Ser. 1963-1964, 59, 31.

Next Lecture, 2016/04/07

Strategies for Discovering Lead Compounds
32



