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Anticancer agents

An Introduction to Medicinal Chemistry
by Graham Patrick, 2017
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Normal Cell Cycle

The cell "double checks” the

duplicated chromosomes for :
error, making any needed
repairs.

S

/ Each of the 46
chromosomes is
duplicated by the
cell.

Cellular contents,
excluding the chromosomes,
are duplicated.

Cell cycle arrest,
{© Clinical Tools. Inc =
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Established Possible Targets
for Anticancer Agents 1n Cell Cycle

Most anticancer drugs act mainly Checkpoint 2

esis, e.g.
alkylating agents,jantimetabolites,

many cytotoxic antibiotics

Some anticancer drugs
act during mitosis, e.g.
vinca alkaloids, taxanes

, Positive regulatory forces:
Negative regulatory forces:
- growth factors,
» cyclins/cdks
D,E,AB

* Rb gene action
* p53 gene action ———»

Checkpoint 1

[1] Rang , Dale, Ritter Pharmacology. 4th ed.; 1999.p.664,665,666.
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Cancer Treatment

Treatment approaches:
Surgery

Radiation therapy
Immunologic treatment
Hormonal therapy
Chemotherapeutic agents

Jd Goals in:

v Cure

v’ Reduce size of tumor

v’ Sensitize tumor to radiation

v" Destroy microscopic metastases
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Pharmacologic Classification of

Chemotherapeutic Agents
[. DNA (cross) linking agents; mostly DNA alkylating agents

II. Antimetabolites
III. DNA topoisomerase poisons & DNA intercalating agents:
III.1. Camptothecins; 111.2. Epipodophyllotoxins

II1.3. Antibiotics: 111.3.a. Anthracyclines; I11.3.b. Anthracenediones

IV. DNA interacting miscellaneous antibiotics:
IV.1. Phenoxazine; IV.2. Glycopeptide; IV.3. Mitomycin
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Pharmacologic Classification of
Chemotherapeutic Agents- Contd.
V. Mitosis inhibitors: natural alkaloids
V1. Tyrosine Kinase & related ihibitors
VII. Histone deacetylase ihibitors

VIII. Immunomodulators

[X. Miscellaneous: hormonal, and specific agents

SRAmini Nov 2024
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|. DNA (Cross) Linking Agents:

DNA Alkylating Agents
DNA Alkylators

DNA Methylators
Organometalics

SRAmini Nov 2024
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Drugs Used to Treat
Neoplastic Diseases

“Wictoria F Rochs

Drugs covered or mentioned in this chapter—Continued

PYRIMIDINE ANTAGOMNISTS

= Capecitabine

¢ Floxuridine

* Fluorouracil
ANTIFOLATES

» Methotrexate

* Pemetrexed

* Pralatrexate
DA POLYMERASE INHIBITORS

» Cladribine

» Clofarabine

» Cytarabine

* Fludarabine

* Gemcltabine

= Trifluridine/tpiracil
DMNA METHYLTRAMSFERASE INHIBITORS

* Arzacitdine

* Decitabine

» Melarabine

MISCELLAMEOUS ANTIMETABOLITES

= Hydroxyurea

* Pentostatin
DA CROSE-LINKIMNG AGEMNTS
MNITROGEM MUSTARDS
Bendamustine
Chlorambucil
Cyclophosphamide
Ifosfamide
Mechlorethamine
Melphalan
Thiotepa
TRIAZEMES AMD PROCARBAZINE

* Dacarbazine

* Procarbazine

» Temozolomide
MITROSOUREAS

* Carmustine

SRAmMiIni Nov 2024

* Lomustine

* Sureptozocin
ORGAMOPLATINUM COMPLEXES

* Carboplatin

= Cisplatin

* Oxaliplatin

MISCELLAMEOQLS ANTICANCER
AGEMTS

* Arsenic trioxide

= Bexarotene

= Bleamyein
Dactinomycin
Gemtuzumab ozogamicin
conjugate
= Inowizumab ozogamicn conjugate
* Mitomycin
* Mitorane
= Trabectedin
* Trednoin

12



3N/ES . . 1Nj S 134\
SN/ Nucleic Acid Components E%\J’LNEB
1 \ b

e Pyrimidines: U, C, T e Purines: A. G
° b
|O NH, |O NH o
| NH | SN s NH /N XN ) \| NH
/K /g | /K < | ) \NH N/)\NH

Uracil CYtOSine Thymlne Adenine Guanine
2.,4-dioxo- 2-amino-4-0xo- 5-methyl-2,4-dioxo- 6-amino- 2-amino-6-0xo-
pyrimidine pyrimidine pyrimidine purine purine ’
* Ribose o » 2-Deoxyribose 0

3 3’
OH |OH Oof

 Phosphate Group: PO,3-: HO-P(O)(OH)-O-
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Nucleotides in DNA: Structures & Nomenclatures

NH, 0 o
hJIN} | N'} FJ\
N N 0" "N
O O O
ID—%"—ID—CHE IZZII—IL—II:}—IIEHEI D_llll'_
O L8] O
H H H H H H
OH H OH OH H
Nucleotide: Dieoxradenyiote Deoxyeuanyiote Dieoxthymnidyliate Drepoorevtidylote
{deoradenosine { i {deoxyihrmidine [ deoxsroytidine
3 -monophosphate) 5 -monophosphats) 5'-monophosphate) 3'-monophosphate)
Symbols: A dA dAMP G, 4G, dGMP T 4T 4THP C, dC, 4dChP
MNucleoside: Deocrodenosine Deoxyzuanosine Dreomythemidine Deoxpeyiidine

(a) Deoxvribonucleotides

FIGURE 8-4 Dwoxyribonucleotides and ribonucleotides of nucleic
acids. All nuclectides are shown in their free form at pH 7.0, The nu-
cleotide units of DNA (a) are usually symbolized as A, G, T, and C,
sometimes as dA. dG, dT, and dC; those of RNA (b) as A, G, U, and
C. In their free form the deoxyribonuclectides are commonly abbre-
viated dAMP, dGMP. dTMP and dCMP; the ribonuclectides, AMP

From Lehninger’s 2005

GMP, UMP and CMP. For each nucleotide, the maore common name
is followed by the complete name in parentheses. All abbreviations
assuma that the phosphate group is at the 5° position. The nucleoside
portion of each molecule is shaded in light red. In this hﬁ]:l the fol-
lowing itlustrations, the ring carbons are mot shown



2@ Normal DNA Backbone

Thymine
1 Adenine
' b |
1N’P 5 l_::l 2 ens P- 'S 3 end
[ e '
2"“"-»“ 4 ~Ng
b
¥ -0

3 H | :

. P - . ' F'I"msph_ate- p w2 !
| —— &q

N\,

\"eRE e

J . | ‘P‘
i ‘ |?“£.mh Cytosine /™
o\[&: suanine 5' end

i O %

‘hosphate-
lnnu?.—:h.-..-n‘n"‘r. u n
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DNA Alkylating Agents 1n

Two General Types of DNA Alkylation
* Mono-alkylation

- Monoalkylated
* Bis-alkylation:
v’ inter-strand cross linking )
v’ intra-strand cross linking < Crossinked (ntrastrand

Nature Reviews | Cancer
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DNA Alkylating Agents: Chemistry & Mechanism

e Chemistry: electrophilic:
v" mono-functional
v’ bi-functional

 MOA: irreversible alkylation or complexation
v not cell cycle specific but more toxic to late G; & S phases

« Side effect:
v’ interaction to electron rich groups such as: -SH; -OH; -NH-
v" in enzymes & membrane bound receptors
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Chemical Classification for
[. DNA (Cross) Linking Agents

I.1-Nitrogen mustards: beta halo-ethyl nitrogens:

a. beta halo-ethyl amine: aliphatic amine or aromatic amine

b. beta halo-ethyl phosphoramide nitrogen: cyclic phosphoramide
[.2-Aziridin

[.3-DNA alkylators / methylators:

a. Sulfonate ester: busulfan

b. Hydrazine: procarbazine

c. Triazene: dacarbazine

d. Tetrazine: temozolomide

e. Triazine: altretamine

[.4-Nitroso-Ureas (NUs)

[.5- Organometallic agents: platinum agents (DNA cross linkers)

. e SRAmini Noy 2024
1.6. Miscellaneous antibiotic: mitomycin
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DNA (Cross) Linking Agents

Nitrogen mustards and aziridine-mediated alkylators:

H@ Cl Gl \_\ B
ﬂ'v’ﬂL%ﬂ' N—@—EHE—E—EMH
'IZH'-' Cl
Mechlorethamine Melphalan
hydrochloride (Alkeran)
(Mustargen) cl
A eoon
Cl
Chlorambucil
(Leukeran)
Cl Cl
e o 2~ i
CEC Che ok
MH M M
cl s 2
Cyclophosphamide lfosfamide Thiotepa
(Cytoxan) (Ifex) (Thioplex)

SRAmiIni Nov 2024
Figure 313.55 DNA alkylating and cross-linking agents,

=]
I_,_r‘
M M
HOOG(CHz)y — ¢ ]@/ N
N [ |
Cu,
Bendamustine
{ Ireanda)
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DNA (Cross) Linking Agents-Continued

Nitrosoureas:
i J‘i OH cH.0H
Ci cl Cl o
w'ﬁ H'ﬂ“"' w’i“ H‘D oH Miscellaneous DNA alkylators:
O=N 0= M 1"
HH';_ x CoNH OH  (HChN > N ‘.a_r,,.hl[c“a:';r
Carmustine Lomustine Streptozocin N N CHgste = 0={Cha1y = 0=BlCH,
(BICMLU) {CeaNL) (Zanosar) N(CHa)
I [
Altretamine Busulfan
DNA methylators: (Hexalen) (Myleran)
0 o O
oo E—NH—< C=NH; C ~NH;
el L™
@ f
Hac_r:"J‘H‘CHE {N N:N—Nﬂ’ M Il:'l
H &
H CH G A N N
CH
’ mlnnplntlnum complexes: Q
Procarbazine hydrochlorida Dacarbazine Temozolomida L el L
(Matulane) (DTIC-Dome) (Temadar) i W Yoo Ny i 7
H:|NH RGI O&G:ﬁxﬂ 0 A 0
Hy
o ' H
Q o
Cisplatin Carboplatin Oxaliplatin
(Flatinol-AC) (Paraplatin) {Eloxatin)

SRAmini Nov 2024
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Figure 313.55 DNA alkylating and cross-linking agents,



I.1. Nitrogen Mustards:
Beta-Halo-Ethyl-Amines: Aliphatic or Aromatic Amines

Nitrogen mustards and aziridine-mediated alkylators: o

©

H_CI Cl
Cl |® Cl \ NH2 HOOC N T
S R N—@GHQ—H—GDDH Mﬁ
I -
CHa cl N
. H,C
Mechlorethamine
hydrochloride Melphalan
(Mustargen) (Alkeran)
Cl
Cl /_/
—— N N
”_Q_/_\EDDH HOOC(CHa)3— \
— N o
i
Gl CH3
Chlorambucil Bendamustine

(Leukeran) (Treanda) 21




I.1. Nitrogen Mustards:
Beta-Halo-Ethyl-Phosphoramide Nitrogens

D'x M{CHaGHaGl g
4

Cl
<: QP&ON CO‘P&ON H n:uﬁ: PN
| s | 2 s
NH M— N G
Trofosfamide

Cyclophosphamide Ifosfamide
(Cytoxan) (Ifex)
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[.2.Aziridine

Nitrogen mustards and aziridine-mediated alkylators:

Defng

LA

Thiotepa
(Thioplex)

SRAmini Nov 2024
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© Q 0T

[.3. DNA Alkylators/Methylators

DNA methylators:

@/E-NH
Hgﬂ—N N- CH3

Procarbazine hydrochloride

(Matulane)

Sulfonate ester: busulfan
Hydrazine: procarbazine
Triazene: dacarbazine

Tetrazine: temozolomide
Triazine: altretamine

2
—NH; c: NH5
B 31
/ LCH3
LN N=N-N_ (
H CH3
D N'
CHg
Dacarbazine Temozolomide
(DTIC-Dome) (Temodar)
Miscellaneous DNA alkylators:
(H3C)aN N, _-N(CHa)
T
N, =N GHgSGg—D—I:CHg}q—D—SDQEHg
T
N(CH3)2
Altretamine Busulfan
(Hexalen) (Myleran)

SRAmini Nov 2024
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I.4. Nitroso-Ureas

Nitrosoureas:

OH cH,0H
O ®)
O
CE%NJ‘LH%E| - I o o
| H N N{> H3C=N=C=NH
O=N | H el OH
=N O=N

Carmustine Lomustine Streptozocin

(BICNU) (CeeNU) (Zanosar)
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[.5. Organoplatinum Agents

Organoplatinum complexes: <;>

0 HoN NH;
e 0, ™ v
HaM Cl #Pt‘x D'Pt‘D
0 NH; ; i
O
0 O
_Cisplatin Carboplatin Oxaliplatin
(Platinol-AQ) (Paraplatin) (Eloxatin)
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I. DNA (Cross) Linking Agents:

[.1-Nitrogen Mustards: Beta-Halo Ethyl Nitrogen

1

R
a. Beta-halo ethyl amine: mostly in Bis-form: /\/N/\Rz
v’ aliphatic amine halogen

v’ aromatic amine: anilinic

b. Beta- halo ethyl phosphoramide nitrogen

SRAmini Nov 2024 27



[.1. Nitrogen Mustards:
Beta-Halo-Ethylamines: Aliphatic or Aromatic Amines: SAR

Nitrogen mustards and aziridine-mediated alkylators:

- SAR i o )
— 2
Clo~py~-C \ _.< >‘ oy
r;q IN \ ,—CHz H COOH
CH3 Gl'f
Mechlorethamine
hydrochloride Melphalan
(Mustargen) (Alkeran)
Cl
Cl /_/
pe—r N N
N_G_/_\EGDH HOOC(CHz)3—¢ \
— N o
Cl CHs
Chiorambucil Bendamustine
(Leukeran) (Treanda)
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[.1. Nitrogen Mustards: MOA

« Bis- B-halo-ethyl amines (nitrogens): as prodrug: |o-ci-cihdem—c-c

Bis-pB-haloalkylamine

v stepl: intramolecular nucleophilic attack: aziridinium cation

v’ step2: intermolecular nucleophilic attack by N7-G

™) Cl ©
Cl
Cl ci.jH :;H Ec[:i ci? ol @NH-'R ———— N E . @
—CHo=CH-=N=CH>=CHo- + -
PR T Lintramolecular /(ST © O\~ [guanine-DNA
nucleophilic attack .

6" &t N NH

Bis(p-haloalkyl)amine Aziridinium ianl <N NZ > NHy Alkylated DNA
I

deoxynbose-5'-phosphate-DNA

* Reactive intermediate: highly electrophilic aziridinium cation
* Molecular mechanism: as prodrug:

v DNA alkylation through G-N7

v . L
hydrolytic depurination SRATT Now 2024 .



4 to 5 steps in Mechanism of DNA Alkylation & DNA
Destruction through Nitrogen Mustards

e Cl o)
% g C

i i
X | i Step 1: Step 2! Inlermolecular |
CI={CH, = CH, § N CH = CH, {ci - - ,N\/\t
e ra Intramalecular i nucleap hilic attack Gl (A uaninej- DNA
nucleophilic altack

Bis([3-haloalkyl)amine Aziridinium ion ,.J\

=

Alkylated DNA

Step 3: Inframalacular

d ribose-6'-phosphate-DMNA :
eoxyribose-5 -phosphate nucleophilic attack

® © @
Cl C Step 4: Intarmolecular ©
& [ﬁ - Cl
DMAatguanine i CH; = CHg NI— CH; = CHyH guanineJONA nucleaphilic attack &_
' /’—\ \/ guanine P DNA
Cross-linked DNA /J\ —
Aziridinium ion

|
DMNA-5"-phosp hata—duownbuse

Step 5: Hydrolytic depurination

2 DNA [damaged)

o o
cl Cl
® R &
inelt CH. — CHaf- N - CH. — CH. I i
guaninelChs ~OHe| N-CH-CHfouaning (o) L 0004 30

Figure 33.56 DNA destruction through nitrogen mustard-mediated alkylation.



Aqueous Inactivation or Decomposition
of Nitrogen Mustards by Water

H H

B b b b a®
H H
Cl
) s o[ n
.-—-.H. [Ll ‘nl""." d K
C|-"'f"“‘\...-"‘++"-...r""ﬂ"‘|:1 = ol
a F B }
H
Active mustard a,
H
b
2HCI HCL
R R
| -llr-“ |
= N = N -
He T™~".. ~"ToH cl~ o~~~ [oH
Ho @ Ko

Inactive

cl
| t iol
dehalogenated dio \Q &}I’ADH /
N-R

Figure 33.57 Aqueous decomposition of nitrogen mustards.



|.1. Nitrogen Mustards: Mechlorethamine:
Inactivation of Nitrogen Mustards by Sodium Thiosulfate

* Mechlorethamine: the aliphatic mustard CH,
v HCI salt \
v pKa= 0.1 Cl/\/ \/\c|

* Even in skin contact: should be inactivated with:
v" sodium thiosulfate (Na,S,0,): reactant anion: S,0;%
v' produce inactive, highly ionized & water soluble thio-sulfate ester

&
(\ 4 Na

I
m-"""‘m-—*”x—”“‘m + Jo-5— D

1l

.
Mechl{:retharnlne 2 MaCl

®|e N g @
Na | ossol "~ os.oslne

Inactive thiosuliate ester

Figure 33.58 Mechlorethamine inactivation by sodium thiosulfate,
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|.1. Nitrogen Mustards: Melphalane

« Melphalane: phenylAlanin Mustard: PAM (L-PAM); Alkeran®
v aromatic mustard: less reactive than allphatlc

v L-Phe act as homing device H : ycom

» Cell penetration: active transport & facilitated diffusion
* Dosage form: oral
v' SE: mutagenic: to induce leukemia

SRAmini Nov 2024 33



|.1.Nitrogen Mustards: Chlorambucil _
» Chlorambucil: Leukeran® :@_/J

v aromatic mustard: less reactive than aliphatic®

« Cell penetration: facilitated diffusion > active transport
* Dosage form: oral

* Active Metabolite: Phenyl Acetic acid Mustard: PAM
 Inactive metabolites: ?

HOOCC HEGN{CHECHEGI}Q

Phenylacetic acid mustard (an active chlorambucil metabolite)

cl R

N COOH —
/_/N —@—/ /_/N @—/_\ COOH

Cl Rz

Inactive chlorambucil hydrolysis
products

Rs = Cliimonch dmm_.r}}|

Phenylacetic acid mustard
{active chlorambucil
metabolite)

34




|.1. Nitrogen Mustards: Bendamustine o

« Bendamustine: Treanda®

HOOC

\_\_</N:©/N\/\Cl
N

/

C

v" N-methyl benz-imidazole analogue of chlorambucil
* Purine like ring substitution: promote antimetabolite
v' provides extra MOA in addition to DNA alkylation

» Metabolism: active but clinically insignificant

v N_demethy|ation . N[ CHCHACl s ) ™ NICHACHa Gl
HOOG (CHa)y =4 @ HEDE'[EHE] j@l
od
CH3

v' y-hydroxylation )

N-Desmethyl

pendamustine

« Dosage form: only |V

« Can induce p53-mediated stress response

e Can induce apoptosis

y—Hyd rﬂx’,lbe ndamustine

(Bendamustine metabaolites)

SRAmini Nov 2024

Cl
—
M M
HOOC(CHZ)s—{ D/ \
|:] cl
CH

Bendamustine
(Treanda)
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I.1. Nitrogen Mustards:
Beta-Halo-Ethyl-Amines (Nitrogens): Phosphoramide: SAR

cl &
<:Q 4’0 O, J?O / DﬂEPFNiGHEEHEEI:E
P-N <: P-NH 0PN~
NH \— : .
Cl el Ko
Cyclophosphamide ifosfamide Trofosfamide
(Cytoxan) (Ifex)
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|.1. Nitrogen Mustards: Phosphoramides: Cyclophosphamide
« Cyclophosphamide: CTX; Cytoxan® C\PZO Py
Chemistry: oxazaphosphorine b\

Chiral prodrug: CYP4350 related bio-activation \\\
Metabolic & non-metabolic activation processes. ’
Active metabolites: phosphoramide mustard (pK,= 4.75)

Toxic metabolites: |0 HO\P Zo Py
v" Chloro-acetaldehyde (CI-CH,-CHO) i N
v" Acrolein (CH,=CH-CHO) H|° . \\\
| cl

CH,
« Adjuvant in therapy: mercaptoalkyl sulfonate natrium: Mesna; MESNA
HS

SO;Na
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Cyclophosphamide Bio-Activation

QQ‘ p"N{CHerH aCl)a D\‘ F}N{CH?C HaCl)
HN® 'O _cyPaebiaas _ HN”
HO
Cyclophosphamide Carbinolamine
(Prodrug) (transported into cells)
%
Gl —"GH; = CH
CYP3A4/2B6 Chloroacetaldehyde
(N-Dechioroathylation {nephro- and neurotoxic)

I

W, W s

PLIR ol
HN O HN O

S

Inactive metabolites

U HJN
H "0

,:q, &
€ e
O

Acrolein

O (uro- and nephrotoxic)

'H

C H3PCy, NH5

2

Cl
- E‘D‘ o

Aldophosphamide
(transported into cells)

Decomposition

Cyclization

/

@ o

W
c G F
lwn I|t‘L;::I

/\ ©

MNH;

.rF B N~., Decomposition
Cl

HaMN

oas

Phosphoramide mustard

Bis([j-chloroethyl) amine

pK, = 4.75 (trapped in cells)

/ Cyclization
cl®
®
C~n Cla g

A\

42 Aziridinium ion

(major product at pH 7.4)

Protonated aziridine

3° Aziridine free base

Figure 33.59 Cyclophosphamide metabolism.

SRAmini Nov 2024
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Interaction of Cys & GSH to Acrolein

(’\E —Cys

O -
E5H
G5 - CHy—GH,—CH - - C- E‘I} EHE
Glutathione adduct it ."1
(nontoxic) .ﬂ.nmlﬂln In bladder
[(generated in iver) '\
in bladder '
GEH>\ \
N HS - Cys 0
H- E | "::HE- = H-C=HC—HC-5—Cys
A-‘:Lﬂlem

(released in blﬂlﬂdEr}l

Iﬁ.lkylated Cys in bladder
(toxicity)

Figure 33.60 G5H conjugation with acrolein.
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Acrolein Detoxification By Mesna

« Consider activation of Di-Mesna by Glutathione dehydrogenase
e Follow MESNA adduct product

H-C AR i
“L=C=CH = T]
H o |HS & |— y-c-cH,-CH,—-S-Cys
Acrolei bladder cell Cys
S Alkylated bladder cell (inactivated)
+
] Y S e
038-CHz—CH,—8H| —= H-C-CH,—CHz| §—CHy - CH.—S05
Mesna Mesna adduct
active sulthydryl reagent) (water soluble, excretable)
A

|Glutathione dehydrogenase

9 ©
%E—EHE-GHQ:TEE—CHE-CHE'SG:;

D‘II I
(inactive disulfide)

Figure 33.61 Acrolein detoxification by mesna.

SRAmini Nov 2024
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Detoxification of Chloro-Acetaldehyde by NAC
* NAC: N-Acetyl Cysteine: HS-CH,-CH(NHCOCH;)COOH

ﬁ-.
o & 0 CH; ‘l'-li'
1] |

I
H-C-CHz-Cl +| HsC—C-NH—CH—C-0OH

-

Chloracetaldehyde N-acetylcysteine
(Mucomyst)

F HCI

O
S-CH.-C-H
1
1 1 L
HiC=C—NH-CH—C-0

N-acetylcysteine (mercapturic acid) conjugate:
lonized and readily excretable

Figure 33.63 Chloroacetaldehyde detoxificationby N-acetylcysteine.
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|.1. Nitrogen Mustards: Phosphoramides: Ifosfamide

Ifosfamide: Ifex® Co\p{wc.
Cyclophosphamide analogue: compare the structures.g

Cl

CYP450 related bio-activation: slower rate: due to steric reasons
(0]

|
Active metabolites: ))

Toxic metabolite: chloro-acetaldehyde: > cyclophosphamide
Nephrotoxicity & neurotoxicity
Adjuvant in therapy: Mesna HS

AN

SO;Na
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Bio-Activation
of Ifosfamide

Figure 33.62 Ifosfamide metabolism.

cl

o NH ci

= J/

- | NN
[ N

CYP3A4/2BE

INH
Ot I
0
k~/L+:'JH

SRAmir

-::|1
NH
Os)
0

TN

).

ltosfamide Carbinolamine H
(Prodrug) (transported into cells)
Aldoifosfamide
(transported into cells)
CYP3A4/2B6 (N-Dechloro-
athylation)
0
I Decomposition
0 C.
\ ; == H
™~ Cl—CH.—CH :
< . Acrolein
Chloroacetaldehyde
{ (nephro- and neurotoxic)
Ci
©
oL (8} /_/
- cl o
_\—N_H
o, o, e Y o NH; Ifosfamide mustard
“p x oF (trapped in cells)
i L i
o NH G "N 0" "NH
+ +
k.) k/l l\.) Gyclizatlmy/
£
Inactive metabolites E)
u
a * _\._m

HN
AB

Protonated 3° aziridine | 43




|.1. Nitrogen Mustards: Phosphoramides: Tr-e/o-fosfamide

« Compare the structure to cyclophosphamide & ifosfamide.

(0
< \ O MNICH-CH-CI
/P<N/\/C| D*-bp-fi Gl
N o "N
= W
Cl
cl Trofosfamide

* Dechloro-ethylation:
v" bioactivation to cyclophosphamide & ifosfamide
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[.2.Aziridine
« SAR

Nitrogen mustards and aziridine-mediated alkylators:

Defng

LA

Thiotepa
(Thioplex)

SRAmini Nov 2024
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.2. Aziridin DNA Alkylating Agents: Thio/TEPA

* Thiotepa; TEPA: Tri-Ethylene-thio-PhosphorAmide 3
 Chemistry: tertiary aziridine %OLNH i - D”i"’ﬂ
. Metabol(i)tes: :/P\N“\f . hotens
[ N 2 (Tiopio)
IV AV lwi —Im
< 4 LNV
- Active metabolites: N/P\°H
v TEPA: through oxidative desulfurization )\

v" aziridinium ion
 MOA: weak alkylator
« SE: CNS penetration
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DNA Alkylation by Thiotepa

tN-IIJEI-N::; - - [:N-E-N:]

DNA = Hz0 s
hile

nucleop

Thiotepa TEPA
Direct DNA Hydrolytic aziridine release
alkylation - DNA
\(' nucleophile
@
S H,
[/\H'E"N:} H'N:<| — HEN..-'-..,__,,.DNA
M ;
DA £N E":D] Alkylat=d DHAl
Alkylated DNA [ n=P-0H
M
£

FIGURE 37.8 Mechanism of thiotepa DNA alkylation,
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|.3. DNA Alkylators:
Chemical Classification: Subclass “a”

(1 PGk

to Subclass “e

a. Sulfonate ester: busulfan cHiS0;-0~(CHz)y=0-50,CH, PNA methylators:
b. Hydrazine: procarbazine . <
c. Triazene: dacarbazine HaC_N_N_CHJ@/
: : Busulfan
d. Tetrazine: temozolomide (Myleran)
e. Triazine: altretamine Procarbazine hydrochloride
(Matulane)
DNA methylators:
0 N(CH
C-NH C =NH> (H3C)2N N (CHz)2
= 1 NN
¢\ CH3 P N zN
N7 “N=N-N_ T
2 e N NN N(CH)
CH3 .
Dacarbazine Temozolomide Altretamine
(DTIC-Dome) (Temodar) (Hexalen)
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[.3.a. DNA Alkylators: Sulfonate Ester: Busulfan

« Busulfan: Myleran®: a sulfonic acid ester

H;C O\\ /CH3
« SAR \\
« MOA:
* Mono- or di-alkylated adduct to N7- Guanine in DNA
* also cystein alkylation

* provide cross linker: how?

 Metabolite: ?
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DNA Cross-Alkylation by Busulfan

IEHEE.JIZZI;E:|
CH3805=0~={CHz)s ‘1-;- 50zCH3 -4'}—1- CH350;=0=—{CH:}d-guanine-DNA
CH3504
Busulfan Monoalkylated DNA
2 0
HN i
HM
Js A2 LY
N As
DNA-5'-phosphate-daoiyribose DNA-5-phosphate-deoxyribose
o o
@U@
HINT 2 j“‘l NH
N B N Ny
HaN™ N7 N r‘il N “NH;
OMA-5'-phosphate-decxyribose deoxyribose-5-phosphate-0MNA

Cross-linked DMNA

FIGURE 37.13 Busulfan-mediated DNA alkylation,
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[.3.b.DNA Alkylators: Hydrazine: Procarbazine

 Procarbazine
e CYP450 related bi

H
H1C=N=NH;

Methylhydrazine

 Metabolites:

v’ active metabolite: |
+ N, + hydro

« SAR

« MOA: free radical | Methyldiazene

v guanine methylatic
* Resistant to hydra;

* Drug interactions: .

|

HaC=N=NH —

SRAmini Nov 2024

at

CHs*

+H'+N2

0°,

|

C8,

Guanine methylation
N
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[.3.b.DNA Alkylators: Hydrazine: Procarbazine

* Procarbazine )
« CYP450 related bioactivation @ v
» Metabolites:
v" active metabolite: methyl radical
+ N, + hydrogen radical + aldehyde (?)
« SAR
 MOA: free radical mechanism:
v' guanine methylation: at Oy or N, or Cg
* Resistant to hydrazines & triazenes:
* Drug interactions: ?

CH,
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Bio-Activation

of Procarbazine-
Pathway1-
Minor Pathway

Ha ot N=N1CH

Procarbazine

H
HaC-N-NWH:z

Figure 33.65 Procarbazine metabolism and mechanism of action. i@

-

Ha = N = H

- HOpPNENFCH

Azaprocarbazine

ovpe ﬁ.-ﬁf/rl«m oatway

S=CH

|| H
2
::l' 53




Bio-Activation

of Procarbazine-
Pathway 2- s n_< ::.? H_<
. - -N
Major Pathway o
~- Q)
HH t
HaC~N-N-CHs M0z  HoiN=NTCH:
Procarbazine Azoprocarbazine

O
H wn H a
HiC-N-NHz . C-N
Methylhydrazine O=cH|‘ :
SRAmini Nov 2024 54

Figure 33.65 Procarbazine metabolism and mechanism of action.



Bio-Activation

of Procarbazine-
Pathway 2-
Major Pathway-
] y . s,
Contd. HaC-N-NHz - : ,C-N—< -
Methylhydrazi O=CH]
l n".["‘..'."‘ﬂ
oxCase
H;C-N:NH - a-h- * Hs » N}
o
Methyidiazene ‘ cﬁ.(
Guanine methyiation 0=C
at 0% C8 N7 OH

N-Isopropyiterephthalamic
acd (major urinary
metabolite)

SRAmini Nov 2024 55
Figure 33.65 Procarbazine metabolism and mechanism of action.



[.3.c. DNA Alkylators: Triazene: Dacarbazine

e Dacarbazine: DTIC® NN CHs
N-—N
N/\g_N// “cH,
« CYP450 related bio-activation: \\N )
. N\
e Metabolites: \CH3 \\
v’ active metabolite: methyl carbocation L

+ N2|+ diazomethane

« SAR
« MOA: Guanine (N7- or O6 ) methylation
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|.3.d. DNA Alkylators:Tetrazine: Temozolomide

Chemistry: imidazolotetrazine j\
\Il\l N’\\N
o NN
Bio-activation J\;NHQ
not related to CYP450: O

non-enzymatically produce MTIC
SAR
MOA: Guanine (N7- or O6-) alkylation
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O

Bio-Activation of 0 G,
. R Q C —-MNH; C MH -NH,
Dacarbazine (Triazene) [y — cﬁ (1 oy {1
& H CHa
Temozolomide (Tetrazine) — P e o
0 7 P nctatoite) *

1 Monenzymatic
C-MH:
N +
{
N Ca
™ CHy—N=N
8] ar

CHy o) Diazamqthane

Temozolomide HN | ”\>
HaM ‘JQ‘N T
¢ FOIIOW the common pathways . DNA —5'-phosphate-deoxyribose
I L EH;

o
NZ M
|-
HaN S NT TN

DMNA — 5'-phosphate-deoxyribose
08-Methyguanine-DNA

Figure 33.64 Metabolic activation of triazenes,
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[.3.d. DNA Alkylators: Triazine: Altretamine

 SAR:
v’ chemistry:

6- membered triazine ring

* Prodrug: CYP-related bio-activation

« MOA:?

HsC. ..CHj

_ LCHz0H
(HaClzM . N, ,MICHalz (HaClaN N M,
i Y o
M ! =
h CYP450 ¥
N(CH3}a M{CHa)z
Altretamine Carbinolamine
(Hexamethylmelamine, metabolite
HMM)
O
{?J*CHE / HECH
HaC )M M N
(HaClz : QT; CHs i
N,T,,N o
N{CH) ¥ H
[ iz DNA—F!ITIEEIH (HaC)aM N-‘.\rN‘CH
Hiaiiin cross-linking “r]j' | 3
iminium ion ‘T”'
NICH3)z
Guanine, protein,
cytesine nucleophiles Pentamethylmelamine
(PRNY

N,CHE—DNFHGF protein
T
L
‘\Tr'

M{CHa)z

[HaGkMN

Alkylated DNA or protein

FICURE 37.12 Altretamine metabolism and mechanism of action,
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SAR

[.4. Nitroso-Ureas (NUs)

Nitrosoureas:

EIWN
I
O=n

o

JLHWEI

Carmustine
(BICNU)

o

GiwﬁNJLHAO

i
O=p

Lomustine
(CeehMU)

SRAmini Nov 2024

OH CHOH

0
H
a
HaC =N=C = NH

I OH
O=n

Streptozocin
(Zanosar)
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|.4. Nitrosoureas (NUs): Carmustine

« Carmustine: BCNU®: BiCNU®

TO
N NH
Cl/\// T \/\CI
(@)

* Metabolites:
v" active electrophiles: chloro/hydroxyl ethyl carbocation
v' other metabolites: isocyanate + N,

v theory of-vinyl-carbocation as active metabolite is retracted

+ MOA:
v DNA alkylation & DNA cross links by N-, or Os-Guanine

v also protein-(Lys) carbamylation
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|.4. Nitrosoureas (NU): Lomustine

« Lomustine: CCNU® I

CI/\//N\H/NH
« Crosses BBB 0

* Metabolites:

v" active electrophiles: chloro/hydroxyl ethyl carbocation
v' other metabolites: isocyanate + N,

v’ theory of-vinyl-carbocation as active metabolite is retracted
« MOA:

v DNA alkylation & DNA cross links

v also protein-(Lys) carbamylation
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HG_CH?_CHE

e
N l | 2-Hydroxyethyl carbocation Nz +OH

(DNA alkylating species)

Bio-activation on
Acetaldehyde
* | Pathway A

e H- release from urea moiety.

HO-N=N{CH=CH: | + O=C=N-R
M-R

Vinyl diazotic acid Isocyanate Dxazulldin% derivative

« SAR HCI

O
I
2_
I
1

——
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Figure 33.66 Nitrosourea decomposition to cytotoxic electrophiles.



NU HCI
Bio-activation )/A

[}

i ! —
o Pathway B | = j‘\ : E*.Hji

Y~ ~n-R 1 cl e

E G:r!d N : —i v’“‘*;i., \ N-R

. | : O=N x

[
* H-release from urea moiety. | wiosourea !

Bt - \\i
e SAR

Clvﬁ-\m
” FlO=C=N-=R
@ N
Ny + GO H / ,-_;-,""" Isocyanate
i GI%N “’
® I Lys— NH. l
Cl—CH, — CH; ot N
2-Chloroethyl carbocation HO
(DNA alkylating species) .
Lys—N-C-NHR

Carbamylated Lys

Figure 33.66 Nitrosourea decomposition to cytotoxic electrophiles.
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DNA Cross Linking

of NU Active Metabolites

e Follow G(N7)-alkylation.

 Follow C-cross linked DNA.

e Follow G(0O6)-alkylation.

|
Cl~g
Cl-CH,-GH®  _[NA NN
2-Chloroethyl carbncatinnl L"*N rlq
|
DNAl DMA
cl OE*EhtGrﬂEthylﬂ
guanine
o
HN .
M2
B
DNA
N7-Chloroethylguanine
hydrolysis
OH
0 )
HO-CHp—CHy  |2NA HN)K”;N>
2-Hydroxyethyl carbodation L.}N N
I
DNA

DMNA l

HD‘-"’“G
oY
|
S, \

DNA

DNA

N1-0O6-Ethano-
guanine

\ N__—~ M
Uy
NH; L‘“N T

DMA

- ing-N3-cytosine
crosslinked DNA

N7-Hydroxyethylguanine

O6-Hydroxyethylguanine
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Figure 33.67 DMNA cross-linking by 2-chloroethyl carbocation.
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[.5. Organometallic Agents: Organo-Platinum Agents

e Chemistry:

R—NH,| X

v" Cisplatin: X =Cl; R'& R>=H —

Pt
2\

v Carboplatin: X = 0-OCC(cyclobuty)CO-O; R' & R2=H R*—NF] "X

v' Oxaliplatin: X = O-CO-CO-O; R! & R? = trans(1,2-cyclohexyl)

e SAR:

Organoplatinum complexes: 0

- _C=CH,
@ NHa HzN\ /NHE - T
o HaM N= =
H3N ci \pt Pt ° \"pt/ CHa HaM . /NH£-<:>
Mo S o 0 2N ) .-‘PE"“C|
,P1\ o MH3 Cl Cl ClI™ 1
Hal ci o] Df}’ Qb D‘_F,-CHE
Cisplatin Carboplatin Oxaliplatin Picoplatin s
{Platinol-AQ) (Paraplatin (Eloxatin Satraplatin

(investigational)

 MOA: cross electrophilic reaction with Guanine of DNA:
v link to N7-Guanine, adjacent Gs to provide G-X-G
v intrastrand > interstrand crosslink
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DNA Cross Linking by Platin Complex

Ciplatin

Guanine N7 position

N o)
) | Replication inhibition
N
7 N--H- N G \>“ N ) Transcription inhibition
N4 =N Cell-cycle arrest
'\{.: O ) N/ DNA repair
H- ™. ' Cell death

SRAmini Nov 2024 67



DNA Interaction/Cross Link by Cis-Platin Complex

f HN[® ] ‘Ha

\ f
,-f’ \. OH,
Gispiaun monoaquo form
Cisplatin (active)
H:0
o
2 H.0
HsN NH
TN K  Cisplatin
Pt - :

N diaquo
N7 N7 4form (active)

[ |
DNA -—Guaninel— — Guanine —DNA

| |
DA Guanine 4+— Guanine|- DNA

Cross-linked DNA Diguanosine dinucleotide

Figure 33.68 Cisplatin activation and DNA cross-linking,
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Activation of Oxaliplatin
 Site of action: narrow minor groove

N 0 A0
LN 07,
- =

HoN NH. H-0 H.N NH,
A — \ A

N7
Pl

— o[@ o]
0O O /}\(GH
0 g

O O o o
Oxaliplatin Oxaliplatin QOR=Co0

Hz0

Oxaliplatin diaquo form DACH

aciive NH

HaM

H.0 | [oH.

Figure 33.71 Activation of oxaliplatin.
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Cisplatin Inactivation by Sulfur or Oxygen Groups:
Thiols & Sulfate Anions: Amifostine & Thiosulfate Salt

0 Alkaline
u_ OH SH
i %.E-P i H_N"""""-..-"""“N"ﬁ‘"-...-"

HzM H “OH phosphatase - H

Amifostine (a thiophosphate Active thiol metabolite
prodrug)

/’-—_-\\ MNa MNa H MH
HigN NH N :

’ 2 \/
\Pl’/ ¢ ® " 0= 8=~ DB ) L
Fai? Sap s ; 0:8:0 08:0;
2 NaCl @ ®

Ma Ma

Cisplatin Sodium thiosulfate Water-soluble adduct

Figure 33.69 Cisplatin inactivation by sodium thiosulfate.
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Amifostine: to Decrease Risk of Ototoxicity of Cisplatin

Alkalne

o
o phasphatass
- S5H
B - : -r""""'-..'..-l"'"""l- ""'q”"'l-.'.r
HoN LN H.-r'-.,l____.. b2 7] HM H
H oH
Amilostine (a thicphosphate prodrug) Active thiol metabolite
Cl "“‘*F-HEI
Hal _Hal'-.lj \r-lHa
{ -
HH} HE Y lr
S|\ o
H:M 1"'5 - "'h_ H_.hlm ”-""‘H"-" '-.FH..-
", |L H P
Pl EH HaM MH5
! s ol ™ e g
HaN H
HM

Figure 33.70 Amifostine activation and reaction with cisplatin,



