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 2016/03/03 Strategies for Discovery of Lead Compounds

7 2016/03/17 Structure Activity Relationship

8 2016/03/31 Spatial Organization, Receptor Mapping and
Molecular Modeling

9 2016/04/14 Pharmacokinetic Properties

10 2016/04/28 Legal and Economic Aspects of Drug Development




Periodic Table
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1 Periodic Table of the Elements 2
H 2 13 14 15 16 17 H e
Hydrogen 1A Atomic 1A IVA VA VIA VIIA Helium
1.008 2A Number 3A 4A 5A 6A 7A 4.003
5 6 7 8 9 1
Li Be Symbol B C N O F Ne
Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine Neon
6.941 9.012 Name 10.811 12.011 14.007 15.999 18.998 20.180
12 s 13 14 15 16 17 18
Na Mg 3 4 5 6 7 8 9 10 11 12 Al Si P S Cl Ar
Sodium Magnesium 11]:] IVB VB ViB \11:3 vili 1B 1B Aluminum Silicon Phosphorus Sulfur Chlorine Argon
22,990 24.305 3B 4B 5B 6B 7B ¥ 8 ¥ 1B 2B 26.982 28.086 30 974 32.066 35.453 39.948
19 21 22 23 24 25 26 27 28 29 30 32 34 35 36
K Ca Sc Ti V Cr Mn Fe Co Ni Cu Z2n Ga Ge As Se Br Kr
Potassium Calcium Scandium Titanium i Cl i Iron Cobalt Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton
39.098 40.078 44.956 47.867 50.942 51.996 54.938 55.845 58.933 58.693 63.546 65.38 69.723 72,631 74.922 78.972 79.904 84.798
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
Rubidium Strontium Yttrium Zirconium Niobium Molybdenum  Technetium  Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon
85.468 87.62 88.906 91.224 92.906 95.95 98.907 101.07 102.906 106.42 107.868 112411 114.818 118.711 121.760 127.6 126.904 131.294
56 57-711 72 73 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
Cesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
132.905 137.328 178.49 180.948 183.84 186.207 190.23 192.217 195.085 196.967 200.592 204.383 207.2 208.980 [208.982] 209.987 222.018
87 88 89-103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Fr Ra Rf Db 9 Hs Mt Ds Rg Cn Uut FI Uup Lv Uus Uuo
Francium Radium Rutherfordium  Dubnium Seaborgium Bohnum Hassium Meitnerium D: i um C 1 Ununtrium F i Li i ium i
223.020 226.025 [261] [262] [266] [264] [269] [268] [269] [272] [277) unknown [289] unknown [298] unknown unknown
57 58 59 61 62 63 64 65 66 67 68 69 70 71
Lanthanid
enanide - | 3 Ce  Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Lanthanum Cerium P ymi Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
138.905 140.116 140.908 144.242 144 913 150.36 151.964 157.25 158 925 162.500 164 930 167.259 168.934 173.055 174.967
89 90 91 92 94 95 98 100 101 102 103
Actinid
gmde - Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actinium Thorium Pr ini i i Plutonium Americium Curium Cali i Fermium i i L i
227.028 232.038 231.036 238.029 237.048 244.064 243.061 247.070 247.070 251.080 [254] 257.095 258.1 259.101 [262]
Alkali Alkaline Transition Basic Sami 1N ) ' Noble . -
Metal Earth Metal Metal OB Gas | [enthenidg | Actinide
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Elements H, C, N, and O are usually found in drug molecules. Other elements that
may be present in the drug substances include S, P, F, CI, Br, and |. Metals such as Pt
and Ru are also constituents of anti-cancer drugs.



Chemical Synthesis

Organic Synthesis
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Oseltamivir (antiviral drug for treating influenza)

Z e

Hy

Inorganic Synthesis

cl_ G
P
HsN'  "NHs

Cisplatin (anticancer drug)

0
. |l -+
Nac_)//P O Na
ad T
+ 0

Foscavir (antiviral drug for treating herpes viruses)



Types of Organic Reactions

< Almost all organic reactions fall into one of four categories

Substitutions
H3C—Br + N\aOMe ———— > H3C—OMe + NaBr
MeOH
Additions
H H Br H
\ / I
Cc=C_+ Br—bBr — H—?—(II—H
4
H H H Br
Eliminations
H CHj; H CH;
H (IZ (IZ CH % \C—C/ + MeOH + NaB
|1 3 MeOH / \ © ab
H Br heat Ho CHs
Rearrangements
H H H-C CH
\ y H+ 3 3
; :C\ /C: \
H3C—( H H5C CH;

N\
HyC CHs



Types of Bond Cleavages
< Homolysis

. homolytic " o
AlB —oq — AT+ B
~ Cleavage radicals
< Heterolysis
A heterolytic ® ©
A:B bond " A T Bj
/\/ cleavage onS
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Heterolytic Bond Cleavage

Normally requires the bond to be polarized

ot O~

A>—B

Usually occurs with assistance




Brensted-Lowry Acids and Bases

Base Conjugate Acid
(H* acceptor) of H,0O

/ No

H—0:— 4+ H—d: — H—0—H + 20

; f H /
l
Acid Conjugate Base
(H* donor) of HCI




Lewis Acids and Bases

< Lewis Acids are electron pair acceptors.
< Lewis Bases are electron pair donors.

Lewis Base
(e© pair donor)
/ CI
R ®
C|—A|\6 + “eNH3; —>» C|—A| NH3
Cl |
o \
Lewis Acid

Cl
(e®© pair acceptor)

» In Lewis acid—base theory, the attraction of oppositely

charged species is fundamental to reactivity.



Heterolysis of Bonds to Carbon:
Carbocations and Carbanions
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Electrophiles and Nucleophiles

< Because carbocations are electron-
seeking reagents, chemists call them
electrophiles.

/ /\ |

—C® + C—B

\ |

carbocation anion
(a Lewis acid  (a Lewis base)
and electrophile)
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< Carbon atoms that are electron poor
because of bond polarity, but are not
carbocations, can also be electrophiles.

PNV S
AL

Lewis base Lewis acid
electrophile

oo@

C—0O-
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< Carbanions are Lewis bases

< A nucleophile is a Lewis base that
seeks a positive center such as a
positively charged carbon atom.

\/\;\Eﬁ 0. "2
C — Nu—C—Q:

nucleophile eIectrophlle

//\

—C® + —_— C—Nu

\

electrophile nucleophile
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How to Use Curved Arrows in
Illustrating Reactions

< Curved arrows

® show the direction of electron flow in a
reaction mechanism.

® point from the source of an electron pair
to the atom receiving the pair.

® always show the flow of electrons from a
site of higher electron density to a site of
lower electron density.

® never show the movement of atoms.
Atoms are assumed to follow the flow of
the electron. 13



Examples
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H3C O—H + OH — H3C




Inductive Effects

< Inductive effects are electronic effects
transmitted through bonds.

< The inductive effect of a group can be
electron donating or electron
withdrawing.

< Inductive effects weaken as the
distance from the group increases.



Inductive Effects

s O 0~
H3C—=—CH,—>—F
2 1

< The positive charge that the fluorine imparts to C1 is greater

than that imparted to C2 because the fluorine is closer to Cl1.

O
CH3/H‘04H CHCH,—O<H
Acetic acid Ethanol

Stronger acid Weaker acid



The Effect of Delocalization

* The conjugate base acetate is more stable
(the anion is more delocalized) than ethoxide
due to resonance stabilization.

©
20 /) [ i
)J\ ©) - /g —~ )L\C:{
CHs3 O CHs3 O CHs3 O

@® Thus, acetic acid is a stronger acid

than ethanol. .



Chirality & Stereochemistry

< An object is achiral (not chiral) if the
object and its mirror image are
identical.

18



< A chiral object is one that cannot be
superposed on its mirror image.
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Chiral Drugs

» 66% of all drugs in development are chiral, 51% are being

L 4

studied as a single enantiomer.

Of the $475 billion in world-wide sales of formulated
pharmaceutical products in 2008, $205 billion was attributable
to single enantiomer drugs.

NMe; HO -0

H

Escitalpram L-DOPA
(anti-depressant ) (treatment for Parkinson's)

20



Isomerism

-

Isomers

~

N

(different compounds with same
molecular formula)

)

|
4 )
Constitutional Isomers
(isomers whose atoms have a

different connectivity)

N )

a ] I
Stereoisomers

(isomers that have the same
connectivity but differ in spatial

arrangement of their atoms)

Enantiomers

(stereoisomers that are
nonsuperposable mirror
images of each other)

) 4 ] I
Diastereomers
(stereoisomers that are
NOT mirror images of
each other)
\ %




OH
\)\ (2-Butanol)
(I) and (II) are
Y nonsuperposable
H OH HO. H mirror images of

D
)\/ each other.




A Single Chirality Center
Causes a Molecule to Be Chiral

< The most common type of chiral
compounds that we encounter are
molecules that contain a carbon atom
bonded to four different groups. Such
a carbon atom is called an asymmetric
carbon or a chiral center and is
usually designated with an asterisk (*).

23



More about the Biological
Importance of Chirality

O’"”’W

(+)-Limonene (-)-Limonene
(limonene enantiomer  (limonene enantiomer
found in oranges) found in lemons)

A

24



< Two enantiomers should have the
same value of specific rotation, but the
signs are opposite.

CH, | CH;

HO g OH

25 o %5 .o
[oc]D— + 13.5 [OL]D 13.5

mirror



Molecules with More than One
Chirality Center

<+ Diastereomers

® Stereoisomers that are not
enantiomers.

® Unlike enantiomers, diastereomers
usually have substantially different
chemical and physical properties.

26
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< (I) & (II) are enantiomers to each other.

< (III) & (IV) are enantiomers to each
other.



Br,, g Br

r o= PTesa
H Ollln.. C_ H H _ C .‘\\\\O H
CH3/ : ‘CH3
BI’//,,,' ‘\\\Br
~C—H | H-G~
(III) | i | (IV)
CH 3//1:...C_ H H . C _‘\\\\\CH 3
HO i ~OH

< Diastereomers to each other:

® (I) & (III), (I) & (1V), (1I) & (1II),
(I1) & (IV).
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Organic Halides

] X = Cl, Br, I

< Halogens are more electronegative
than carbon.

29



< Prone to undergo
Nucleophilic Substitutions
(Sy) and Elimination
Reactions (E).

< Different reactivity than alkyl halides,

and do not undergo S, or E reactions.
30



Nucleophilic Substitution Reactions

o0 @ \6+ — /
NU® + ,c—/}@ - Nu—C, + X°
(nucleophile) \\\x‘“ ‘ (substrate) (product)\"’/ (leaving
group)
©
The Nu The bond The Nu® uses  The LG
donates Lo _
o ... between its e” pair to gains the
an e- pair ¢ . 5
to the Cand LG orm a new pair of e
substrate breaks, covalent bond  originally
" giving both with C. bonded
e” from the in the
bond to LG. substrate.
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Timing of The Bond Breaking & Bond
Making Process
< Two types of mechanisms
® 1sttype: S\2 (concerted
mechanism) include inversion of
configuration
R
R R
HO® \8+ /)’B; — Hg_'"'j,(‘I"-/}B; —>HO—C../

AW | N \R | K/
R Y = R




A Free Energy Diagram for a Hypothetical
Reaction with a Positive Free-Energy Change

Transition state

S Nu—R—LG?-

Nu—R + LG~
AGH Products

Reactants

Reaction coordinate

33



H 3/ €7/717.‘ =&

HAC

Carbocations
The Structure of Carbocations

—
-

sp2-sp? «t bond

Carbocations are
trigonal planar

The central carbon
atom in a carbocation is
electron deficient; it has
only six e® In its
valence shell

The p orbital of a
carbocation contains no
electrons, butitcan
accept an electron pair
when the carbocation
undergoes further
reaction

34



< Stability of cations
most stable (positive inductive effect)

R R R H
o b do > Lo > Lo
R7 SRIR7 H H~ SH H~ H

< Resonance stabilization of allylic and
benzylic cations POV N

®CH2 CH»
@ - -~ etc
® 35



The Stereochemistry of Sy1 Reactions

Ph Ph Ph

---- / > CH;—C—OCH;

w C
CH' Br N Y
CH,CH; CH3  CHyCH3 CH,CH;
(R) and (.5)

racemic mixture

(S) [\] (trigonal planar)

CH 36H /'/ . : \
attack from Ieftl/ 50:50 \\attack from right
on ¥ chance | 'y oh

CH;@A "CH; CH™ )\OCH3

CH,CH5 (1 : 1) CH,CH;
(R) (5) 36

CH,OH




Factors Affecting the Rates of
Syl and S, 2 Reactions

< The structure of the substrate

< The concentration and reactivity of the
nucleophile (for Sy2 reactions only)

<+ The effect of the solvent

< The nature of the leaving group 17



Organic Synthesis: Functional Group
Transformation Using S, 2 Reactions

PVl ——Me
A O
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Mechanism for an E2 Reaction

Et
A) CH3

aH
H™" ‘B 2\

EtO® removes
a p proton; C-H
breaks; new =
bond forms and
Br begins to
depart.

_Et—Q=

Partial bonds in
the transition
state: C—H and C
—Br bonds break,
new it C—C bond
forms.

Et-OH + Br@
C=Cis fully
formed and
the other
products are

EtOH and

o.
Br 39



Mechanism of an E1 Reaction

o carbon
/3 hyd rogen

HZO' é)’ HzOo

» \k + H 30@
\\“ slow 7fast

rd.s. (E1 product)

fast|H,0s

A

I\ H H,08
\\"' O@ OH + H3O
W \H W

(Sy1 product) 4o




Overall Summary

S\1 S22 E1 B2
CH3X — Very fast — —

Hindered bases give
— Mostly — mostly alkenes;
e.g. with tBuO®

1 i .
R \S/g:?llolllttslies’ ossible: Mostly Sy2 with Strong bases
| . w&ilth Hp o. ' weak bases; Very little promote E2;
RC HX Mng 2 e.g. with CH,CO0® e.g. with RO®, HO®

Very favorable Strong bases

LN e DSESI o AWOYS COMPEIES pgmote £
.J. / i S S}
MoOH e.g. with RO®, HO
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Structure of the Carbonyl Group
< Carbonyl compounds ‘21 (55

:0: :0:

PN PN

R H R R
Aldehyde Ketone



Structure of the Carbonyl Group

~ 120° o

7

0)
)"’ 120 ® Carbonyl carbon: sp? hybridized

C
® Planar structure
~ 120°u

< Polarization and resonance structure

- ©)]
0" 0
cot > C
7O\ /@\
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Reactions of Carbonyl Compounds
with Nucleophiles

< One of the most important reactions of
carbonyl compounds is nucleophilic
addition to the carbonyl group

o 87 (@
:ﬁ leophili 3(|)3
nucleophilic
W | Tl -

addition Nu \

44



< Two important nucleophiles:

@® Hydride ions (from NaBH, and
LiAIH,)
® Carbanions (from RLi and RMgX)

< Other important reactions:

:OH oxidation :ﬁ:
- =  __CQ
R . R H
H reduction
H
1° alcohol aldehyde

45



Oxidation-Reduction Reactions in
Organic Chemistry

< Reduction of an organic molecule usually
corresponds to increasing its hydrogen
content or decreasing its oxygen content

hydrogen content oxygen content
increases decreases
O 0
R)J\H reductlon )VH R)]\ OH reductlon R H
carboxylic aldehyde
aldehyde aIcohoI 3cid

46



Mechanism

e,
P +H@,IAIH—>R}OR'T
R OR H ¥
o O
R'O + )J\
R
|
_OnL
OH _0J O@ H ,?I H
% i i % -
H -% H -
R ' R '

Esters are reduced to 1° alcohols



Sodium Borohydride

< NaBH,
® less reactive and less basic than
LiAIH,,
® can use protic solvent (e.g. ROH)

® easily reduces more reactive
carbonyl groups (i.e. aldehydes and
ketones)

48



<+ Mechanism

_ O
)J\ + H—B—H —>™ R | R
+ 1 I
R7S*R ! H
O
ﬂ H” ~H
R
R H

Aldehydes are reduced to 1° alcohols
& ketones are reduced to 2° alcohols



Reactions of Grignard Reagents
with Carbonyl Compounds

<O 6_ 6+
L+ RMox > )TR"
‘ \R'/ TR

OH

50 R'
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Summary of Addition Reactions
to Ketones

RO OR 0 1. LiAIH, or NaBH,
>< . 2 ROH, H* 2-H307 "

/ . NaCN
/[ PPh; 2 Hy0™"
R' R'

51
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Reactions of Esters

0

P i
R™ O oH A R)J\OH

1. DIBAL, -78 °C
1.% 2. H;07 Aﬁﬁ, A
2. H30™ 0O Q
; =

AR LRMIX | e Sop |1, OH R™ "OH

RII 2. H30+ 2. HZO, H+
R'OH H™, A

2N Ao

R NH>
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Summary

The synthesis of molecules is governed by few
fundamental principles, notably, the nucleophile will
always attack the electrophile.

Next Lecture, 2016/02/04

Chemical synthesis of small and complex molecules.



