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‘ Subcommittee Medicinal Chemistry and Drug Development

Quimica

e uma disciplina que estuda os aspectos relacionados

a descoberta, invencao e preparacao de

Monge et al., Eur. J. Med. Chem. 2000, 35, 1121
C. R. Ganellin et al., Eur. J. Med. Chem. 2000, 35, 163
C. G. Wermuth et al., Pure Appl. Chem. 1998, 70, 1129

Ann. Rep. Med. Chem. 1998, 33, 385 de interesse terapéutico, i.e. farmacos.
Eur. J. Med. Chem. 1996, 31, 747.

Estuda os fatores moleculares do modo de acéo dos farmacos,

IUPAC Incluindo a compreensao

http://www.iupac.org

da relacéo entre a estrutura quimica e a atividade terapéutica,

substancias bioativas,

absorcao, distribuicdo, metabolismo, eliminacao e toxicidade.

@@ Chemistry and Human Health Division (V1)
=A%~ Subcommittee on Medicinal Chemistry

I[UPAC and Drug Development. elezer © 2007
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Nobel Prize, 1959

“for their discovery of the mechanisms in the
biological synthesis of RNA and DNA”

Arthur K&r‘berg

“We have the paradox of the two cultures, chemistry

and biology, growing further apart even as they
discover more common ground. For the chemists,
the chemistry of biological systems is either too
mundane or too complex...”

Arthur Kornberg

Prémio Nobel de Quimica Annual Meeting of AAAS, 1987

2006
Roger Kornberg, 29{)6_,

losseic medicinal chemistry
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S¢l Drug Design

...Change Is In the air for drug

mterdlsc:lpllnary field at a time
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JIUY DIDGUNGH of transition ..
€€ Uppenbrink & J. Mervis (Eds.),
Science 287, 1951 (2000)

(Special Issue)
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AAS *¢ 1889
barbitdricos +—Li923
: 1934
cloroquina =
sulfonamidas 1935
penicilina «—1942
nitrofurano+«—uw992
progesterona< 1953
talidomida 1954
haloperidol < 1958
verapamil 1962
indometacina 1963
propranolol 1964
salbutamol 1968
prostaglandinas « 270
oxamniquina «—=970
P ST 1975
nifedipina <
cimetidina« 210
atenolol <« 1276
captopril «—2377
oxicams < 1980
praziquantel < 1980
aciclovir 1981

ranitidina

misoprostol
mefloquina . .
azidovudina ot
lovastatina ‘«
ozagrel

mifepristona

fluoxetina

salmeterol, amlodipina

tacrina, fanciclovir

indinavir, saquinavir
docetaxel, atorvastatina
Zileuton, efavirenz, olanzapina
zafirlukast, montelukast

infliximab

celecoxib orlistat sildenafil
galantamina rofecoxib ﬁ
imatinib =
apomorfina, etoricoxib ﬁ

vardenafil, gefitinibid, aripiprazola
rosuvastatina, rofecoxib
pregabalin, CaduetR

risperidona, vorinostat (Zolynza®)
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) melca Medicinal
¢r

€' Atualmente, 0s novos
/' farmacos, capazes de
| atuarem em qaéﬁ“ uer
alvo-terapéutico, sao
descobertos por
planejamento

S racional.

EJ Barreiro, CAM Fraga, ALP Miranda, Estratégias em Quimica Medicinal para
o Planejamento de Farmacos, Braz. J. Pharm. Sc., 37, 269-292 (2001).
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‘f Preclinical studies

Hessarch team formed Movel chemicals Chemicals testad for Formulation, stability Company files

and objectives sst syntheswed efficacy and safety in scak-up synthesis, Imvestigational hew
test tubes and animals. chionic safety in animals Drug (IND) application
Results used to choosa with FOA
drug candidate.

l

= %_ %ﬁ ‘_M

Clinical studies

ANVISA
“— “«—

Crug is approved FOA reviens NDA Company files New Phese Il large clinical Phase I; studies Phass | studiss
for marketing Urug Application (NOA) triaks in many patients In patients (sfficacy) in healthy humans
(toleration)

TA Lombardin & JA Lows IIT, Vature Rev. Drug Dise. 2004, 3, 853
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Aphrodisiacs are substances that
stimulate/increase sexual desire and
performance.

loimbina

Adaikan PG; Ratnam SS. Pharmacology of penile erection
in humans.Cardiovasc Intervent Radiol. 1988, 11, 191-4.

Yohimbe bark (Rubiaceae)
Aspidosperma sp., (Apocynaceae)

T. G. Waddell, H. Jones & A.L. Keith
J. Chem. Ed. 1980, 57, 341-342

Waddell TG, Ibach D Modern
chemical aphrodisiac, Indian J
Pharm Sci., 1989, 51, 79-82.
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Glicoésido
cardiotdnico

aglicona ou C/D-cis

genina

coitoxose | OH @, B-insaturada-y -lactona
2,6-dideoxi-D-ribo-hexose
CH, | d B/C-trans a,pB,y,d-insaturada-§-lactona

Glicosidos o | ABeis
cardiotonicos (

bufodienolidos

| @)
1 a 4 oses )
] cardenolidos
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@dice Terapéu@

Compreende a relacido entre a dose letal
cinquenta e a dose efetiva cinquenta.

1D OMS

ED< IT > 10
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B Meditienl

N-CH,-CH,Ph aumenta a atividade
N-CH,-CH=CH, produz antagonismo

\ /CH3
* remogéo da hidroxila N introducéo de hidroxila
reduz a atividade; — aumentaa atividade
* troca bioisostérica
reduza atividade;
* metilacéo reduz a
atividade;

* acetilacdo reduz a
atividade; * reducéo da hidroxila
aumenta a atividade;

\ ,”
O Z
L» HO T OH/ reduz a atividade;

reducéo da insaturacéo
aumenta a atividade

* oxidacao a carbonila
* acetilacdo aumenta a
atividade;
remocao aumenta a atividade
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. ., - Schultz et al., 1947
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1947
6-Dimetilamino-4,4-difenil-3-heptanona
C,H,,NO

Depridol
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. da morfina as butirofenonas...!

,CH3
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(V2
N ) N
of
meperidina O___CHj O _-CH,
O O

dphenmiyiote;  mebandazole; flunarizine;

ketanserin:
haloperidol, perifluridol s Lifertani, raconazale R1187
pipamperane fluspiriene domeeridone 0
e
® e c‘ ee e

2.8 N
ln , Lﬁ:fh 1950 1958 1980 1965 1970 19F5 1980 1985 1980 1905 §§§!
e
ARFGpE fertanyl lidoflazine; halapandal IS Tl —
Paul Janssen el i dropenisel ey amisale A nabs speridons=
_ pim&zide; lorcainide;
1926-2003 miconazobs; ketoconazola,
laperanmichs all entaml
astemizals

Figure 1. Some major pharmaceuticals introduced under Dir.

Paul Janssen's leadership.
&.iocg R.A. Galemmo, Jr., F. E. Janssens, P. J. Lewi, B. E. Maryanoff, “In Memoriam:

Dr Paul A. J. Janssen (1926-2003)”, J. Med. Chem. 2005, 48, 1668.

haloperidol
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Alcaloide quinolinico isolado de
Cinchona officinalis que originou os
farmacos anti-malaricos
qguinolinicos.

CHEMICAL

anopheles
mosquito

sporozoites
camrrEn o

-
-t
e
7

Cinchona sp.

\\Euh_r.:.‘r_,
within
Condessa del Cinchon mosquito gut
Francisca Henriquez de Rivera

(1576-1639)

A Quinina e a Malaria

Abphele
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A génese dos antimalariais:
guinina, prototipo natural

9-aminoacridina

H
H; CH3
CH

N, -
Azul de metileno
Bernardino Gomes, 1811 (Heinrich Caro, 1876;
Pelletier & Caventou, 1820 Paul Ehrlich, 1881)
R.Woodward & WE Doering
J. Am. Chem Soc 1944, 66, 849. l

JL Vennerstrom et al., Antimicrob.
Agents Chemother. 1995, 39, 2671.

| ﬂu “In Azul de metileno como antimalarial:

QUININE
PLORKYDRATE CODER
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1833 - (D)-isémero otico (0.25-3.0%)
Isolado por L. Henry & A. Delondre
Configuracéo: Prelog, Zalan,

Helv. Chim. Acta 27, 535 (1944)
1912 —efeito cardioativo reconhecido
antiarritmico

quinina quinidina
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9-aminoacridina 4-aminoquinolina 4-aminoquinolina

~
N OCHjs N
O N/O — NZ CH;,
-metoxifenila
mepacrina santoquina )
Cloroquina
(1934)
fotossensibilizante
: . H;CO
8-aminoquinolina N
N/

HN
Y\ANHZ
CH;

Primaquina
1944 -Un. Columbia

hemolitico
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cloroquina primaquina

e

L] *I JB1
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Cloroguina-primaquina




piperidinil

Molécula
“domesticada”

Prototipo
o LarianR
natural quinina mefloquina

C. J. Ohnmachtet al., J. Med. Chem. 14, 926 (1971)

—
\ -;,';'

Walter Reed Institute
US Army

Uma Unica dose ao dia p.o.
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Gary H. Posner
G. H. Posner et al., J. Am. Chem. Soc. 117, 5885 (1995)

Borstnik, K.; Paik, I.-H.; Posner, G. H. Malaria: New Chemo-therapeutic
Peroxide Drugs. Mini-Rev. Med. Chem. 2002, 2, 573.

Avery, M. A.; Alvim-Gaston, M.; Woolfrey, J. R. Synthesis and

Structure-Activity Relationships of Peroxidic Antimalarials

Based on Artemisinin. Adv. Med. Chem. 1999 4. 125. eliezer © 2007



@) Screening a library of more than 2687 existing drugs, Sullivan and co-workers

have identified an antihistamine that shows activity against malaria.

L LR

nature : :
chemical biology F David J. Sullivan Jr.
v The Johns Hopkins University Schoo

—

of Medicine, Baltimore, Maryland

Crp- O™

Astemizole ‘ -;/

Chong CR, Chen X, Shi L, Liu JO, Sullivan DJ Jr. A clinical drug library screen identifies astemizole as an
antimalarial agent. Nat. Chem. Biol. 2006, 2, 415-416.

of chloroquine-sensitive and multidrug-resistant parasites, and they show efficacy in two mouse
models of malaria. (C]'

oo — i) &

il

Aslemizols Fazoria

1O . TR LEGD 17%h A000

| i |
0 =i ] ol 1 BV
T I T O e
o [ S i & &0 S0 o0

| The antihistamine astemizole and its principal human metabolite are promising new inhibitors

Celia H. Arnaud, C&EN, Volume 84, Number 28, July 10, 2006, p. 6 eliezer ® 2007
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Curreant crisls - future catastrophe In Darfur,
Sudan, unless immediate acton is taken

"The intarational community has . Cataerronhie
known the extent of the crisis in :!r:,ll,: “L"'.I,";'I'"“,':‘JI",": =
Clarfur for many months,” said ToOn | ofyqees in Chad
kioene, M3F Emergency Fab 172884 flassive aid
Zoordinator., "But people are stll Pl cifldin Dafic
facirmg attacks . Peopls ore kil

Budan

ternfied, Although some faod has | Feb 28, 2004 Messles and
F wealnarksiting incriasing in

been distnbutad, much more =
rieaded in the coming weeks -
mick, rnare childran and thear
parents vill die”.

ALED) Bufdansss rafuqes

crizic is Chad

Go hare Far mpsi s,

MSF calls for the Israeli forces te stop firing on
clulllans In Gaza and to cease the masshre
destruction of homes

MEF dermande unhindered accecs bo provide relief. Dn the ground,
aur w@ames - though officially authorised 1o travel - argé having
quns ppinted at them and their path blocked by tanks, The risks
being run by aur omn volunteers, as well as ather humanitarian
agencies, are very signficant,

BV Find patsors.
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MSF concerns abouk
ongoing deportatian of
diamond miners cenfirmed
by loint assessment
FTo date, the Angolan suchorities
£lawrn Ba hbva ﬂl-p-a-lt-—d shaim
52000 Cengaled e satianals,
‘|E'|a|-j|l|'ll:l|l1 miners, theough
this region and hawe asncunced
ehiat & Turther 50,000 w 100,000
paopla will ba deported thraugh
this regian Inthe near futere. Gh
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- NATURE AND PoLiTiCs
IN THE PURSUIT OF AN
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cancer

Greene et al., J. Org. Chem. 1991, 56, 6939

acetilbaccatina-lll
taxotere

D.GUENARD, F. GUERITTE-VOEGELEIN, P. POTIER,
“Taxol and Taxotere: Discovery, Chemistry, and
Structure-Activity Relationships”, Acc. Chem.

Res. 1993, 26, 160-167.

é ; - E. J. Roh et al., Bioorganic & Medicinal Chemistry 2002, 10, 3145.
io eliezer©2007

tavia ha ol e Siskare da Sabstdncins B



T-TCA-Baccatin [l

H{'1

ErldAc

MH LA
P

MeOOH-THF

eliezer©2007


http://www.elsevier.com/locate/issn/09680896

Bristol-Myers Squibh &
Florida State Un. estabelecem BMS e NIH estabelecem
licensing agreement para uso licensing agreement para
pela BMS da semi-sintese do uso exclusivo de trés patentes
paclitaxel do NIH pela BMS

Monroe E. Wall & Mansuk| [ BMS patenteia |

C. Wani identificam o NClinicia Fasel a marca Taxol 1996

principio ative de T. de ensaios clinicos T

brevifola | 1 992

1990

1971 1983

O M »

r

1979
| 1985 1991

NSI(EUA) descobrem ([ gucan B. Horwitz | 1963 1998
!

atividade anti-tumaoral
em extratos de Taxus
hrevifolia do Pacifico

descobre gue paclitaxel
blogueia a divisdo celular| | |NCI e BMS assinam
alterando a dinamica terma de colaboracio
microtubular -

BMS e NCI assinam
segundo acordo de
cooperacdo para estudo
do paclitaxel

NCIinicia Fase Il BMS lanca TaxolR para

¢ gt ey L i tratamento do cincer de
® ovario
hw,gio eliezer ® 2007




Camptothecin Inibidor de

topoisomerase-1%

alcaldide
quinolinico de biossintese mista

Wall, ME & Wani, MC “Camptothecin: Discovery to Clinic”
Annals of the New York Academy of Sciences 1996, 803, 1
Wall, ME, MC Wani, CE Cook, KH Palmer, AT McPhail, GA Sim, “Plant antitumor

agents. 1. The isolation and structure of camptothecin, a novel alkaloidal leukemia
and tumor inhibitor from Camptotheca acuminata” J. Am. Chem. Soc.1966, 88, 3888.

Molécula
“domesticada”

NDC 0008-7529-01 5 ml Vial

irinotecan hydrochloride
injection

mg/mL
wzng:i?ul;ligh:'lt:mltl b . Hcl -BHED
dispr.'ilsi‘rfg without fluscnplmn. N
: e diluted hefore use. .
topotecan f = O Irinotecan
B Pharmacia&Upjohn .
SK&B Upjohn
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RusselllE. Marker (1902-1995)

& Gregory Pincus

(J. Chem. Educ. 1973, 50, 195).

Em 1937 no “ Pond Laboratory” da Universidade da
. Pensilvania, EUA, Marker concluiu a primeira sintese da

progesterona a partir da diosgenina: JACS 1947, 69, 2167

diesgenina

Dioscorea sp.

O

e ) A5 P. A. Lehman et al, J. Chem. Ed. 1973, 50, 195.
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Mifepristona
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Sistema Renina-Angiotensina

Angiotensinogénio
figado

- inibidores ; .
i:ﬁ ) FENIna e TIN5 f—

Asp-protease

Aiuiotensingl REDUCAO DA PRESSAO ARTERIAL
Asp-Brg-Val-Tyr-Ile-His-Pro-Phe—His Len-OH
l—' inibidores E c El—- inibidores
ECA
Zn-metalopeptidase Feedback
Angiotensina II peptideo Negativo
inativo

Asp-Arg-Val-Tyr-lle-His-Pro-Phe- OH 1934 — Harry Goldblat (EUA)

1940 — Bruno Menendez (ARG)
= antagonistas 1949 — Mauricio Rocha e Silva (BR)
1965 — Sérgio H. Ferreira (BR)

Receptores de Angiotensina Il Vasoconstrigao

AUMENTO DA PRESSAO ARTERIAL
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Agentes Anti-hipertensivos: inibidores da ECA

R Ondetti, 1997
HS\}\’('\' [wH | 'squibb [ SQ14,225)
IC 23nM
O CO,H
i — lw
Captopril P
‘,'.'_:“-Iw Captoprll
ACEi =10
e
—
Gaaz
HC 1y
\‘\\‘ N
HO,c~~ N
HO,C
Enalapril

- Merck, 1980 Cilazapril
én\ss 5 1986
L — ‘i. eliezer © 2007
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http://www.habit.co.yu/slike/lekovi/12s_cilazapril.jpg

e ] e ) e e e

Anti-hipertensivos inibidores da enzima conversora

.
Compound Company Target Protease
= class
Captopril Eristal-Myers Squibh ACE Metallo
= Enalapril Merck
Lisinopril Astraleneca
= Trandalapril Abbott
Lofenopril Menarini group
= Ramipril Aventis
Moexipril Bcehringer Mannheim
= Imidapril Trinity Fharmaceutic als
Perindopril Daiichi Pharmaceutical, Servier/Solvay
= Linapril Plizer
Fosinopril Eristol-Myers Squibh
= Benazepril Movartis
= l  Cilazapril Roche
= eliezer © 2007
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Z|dovud|na (AZT)
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¥ Alga vermelha
e o

- CenH-,O
Ptychodycus brevis 50T 17014
’ ’ - LD, 16 ng/ml
costa Florida (peixes, 1h)

;H H}H

Sintese: Nicolaou, 1995

23 centros estereogénicoss
11 ciclos trans J Am. Chem. Soc. , 117, 117 & 1173 (1995)].

Estrutura: Lin, 1981, 1987 [&s
Atividade: canais de sodio
(“Probe’” farmacologico)
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L Dg;,0.45 uM i.v.( rato)

H
OH

', W

o \\ OH
1" ®

SOH
<OH
N H;C
HO OH \
QA O :
4 \
. . HO OH
1971 - Isolada de corais marinhos O™ N""10
do gen. Palythoa B
1982 - vasoconstricao intensa
1983 -estrutura elucidada
1989 -sintese total estereosseletiva Palitoxina
C129|_|227N3054

Y. Kishi et al., 1989 PM 2684.20
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64 centros assimetricos
8 ligacbes duplas
42 grupos hidroxilas

264 isomeros



v Natural: Rinehart et aI J " - o
v Sintese: Corey@t a_lrJ Am. Chem.iSoc’E 920 :

v Hemi smtese ‘ Zan&resatal Org,Lett 2000 2, 2545 *

'i.f.‘-'.-'?-J 3, SR oy Cpe_mlca Review, 199
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e Freqiiéncia dos Grupos Funcionats
Cldssicos em Diferentes Compostos
100
R [l produtos naturais
[ siniéticos ‘*.i'l'fi' E.'B
EEEEEEEEEEN n .fﬂrl“ﬂﬂﬂs '

O.......i“..

40

20

acido aminﬂetuna éter ester alquil polar

* grupos polares: F, CN, NDE

Fonte: Angewanaie Chemie
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Sir H. W. Florey
1898-1968

" £ > o I. _ ] r. -_ i E B Chain
Sir A. Flemmg g
1881-1955
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Mecanismo Molecular de Acao
dos Antibioticos beta-lactamicos

.................................................................................................................................................

PM Blumberg & JL Stroming, Interaction of penicillin with bacterial
Cell — Penicillin-binding proteins and penicillin-sensitive enzymes,
Bacterial Reviews 1974, 38, 291-335.

cadeia peptidica Penicilina G

Lo oyt
SRS

| N | anel B-lactamico

P ICHB : .
:  CHs

b~ o “SoH

T

Inibicdo da D-alaninacarboxipeptidase do microorganismo,
prevenindo a insercdo da unidade dipeptidica acil-D-alanil-D-alanina,
etapa final da construcdo da membrana celular externa.

http://pubs.acs.org/cen/coverstory/83/8325/8325penicillin.html eliezer © 2007



n 7

Novas Geracoes de Antibioticos

Antibidtico B-lactamico
do Grupo dos Carbapenenos
Resistente a B-lactamases

Antibiotico B-lactamico monociclico
Nocardia uniformis
Ativo via Oral
azetidinones

(Sintético)
L
y ” i
r ) P " I‘ l
OH
HO__CHs N
H\: I_TI @) OH N\ OH
)
/—N / \_\ I/\ O /:L
O H2N O @) ~
OH NH >
S ’ 0Z “oH
tienamicina nocardicina
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'Os Farmacos.

sintéticos ...

eliezer © 2007
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Caracteristicas dos Farmacos

Heterociclicos
62%

Nao-heterociclicos
HJ Roth et al., 1988 38%

eliezer ® 2007
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Modelo Chave-Fechadura

Quimica



Hermiann Fmil Fizcher

s [ ] 1552-1919
..-(.

T J
S Quimica

glicose




. Y/
o -D-Glicose + ATP g . o -D-Glicose-6-fosfato + ADP

GLUCOQUINASE
( 9—0
HEXOQUINASE

*
Mg
e \ g -
i oH
ATP ADP

o -D-Glicose-6-fosfato

NH,
= [\
P,

N

R

Y oo
O H
OH OH

\\E\\\\\E\\\\\E\\\\\E\\\\\E\\\\\EE\\\*

adenosina-trifosfato

Biocatdlise enzimdtica: monomolecular, bimolecular; co-fatores, co-enzimas
eliezer ® 2007



Acido acetilsalicilico

Pontos farmacoforicos
Lasseié Grupos farmacoforicos

................................



@)
b
O/H @)
G II_I
0 O

@)
H?,C/k O ch/kO

AAS
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Visao dos Grupos Funcionals

Conformeros do acido acetilsalicilico

eliezer ® 2007
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| O conhecimento da estrutura quimica da “chave™:
efeitos conformacionais orto-

7 Iﬁl minaprina )\
/ N -

~_N Ki = 1700 nM (\o : o

C17H22N,0 HN/\/N\) ch/\ Cy7H,oN,0
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Visao dos Grupos Funcionais:NAH

L ASSBio-294 cardioativo

C13H1oN2O3S
PM 274

http://www.scielo.br/pdf/gn/v25n1/10436.pdf eliezer © 2007



.........................

Visao dos Grupos Funcionais

Provavel modelo topografico de interacdo: NAH
sitio doador-H Sitio hidrofobico

s GQY

aceptor

aceptor- H H doador H

sitio doador-H O sitio aceptor-H

én\so >
Current i°

Medicinal
Chemistry

Labantuiia b Faslia:oo oSt aic da Sukstasin lasdiim

Fraga & Barreiro, Curr Med Chem 2006, 13, 167-98 eliezer ® 2007



O conhecimento da estrutura quimica da “chave™:
efeitos conformacionais

 1013A

- eliezer © 2007
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N-acilidrazona

 Qual sub-unidade a-c é farmacoforica ?
e Como construir uma séerie congénere?
e Como otimizar o0 composto-prototipo?

eliezer © 2007



> espaco molecular
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Modelo Chave-fechadura

farmaco

biorreceptor
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Complementaridade do modelo
Chave-fechadura

Sitio-1dnico
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Isoméros do Acido Acetil Salicilico (AAS)

orto para meta
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Mecanismo molecular de acao do AAS

Tyr-385 b b -
H "hidrélise
-, trans-acetilagéo !

Q

; mm "l O
COX T 'O ’_’ C)L Ser-530
I} ﬁf\/ COX-1 Hy o ; "
COX-2
Tyr-348 l
12-LOX"

epi-lipoxina

Labawmturia hs Fuzliazim e Siwcare da Sukskincins Braciivmn
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Arginina

A
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= ::'-_' A
= Reia
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Tirosina

OH

NH,

Fenilalanina

E. J. Barreiro et al.,Selective PGHS-2 Inhibitors: A Rational Approach for
Treatment of the Inflammation, Current Medicinal Chemistry, 9, 849-867 (2002). eliezer © 2007



Modelo Chave-fechadura

farmaco

biorreceptor
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Estrutura Primaria das Proteinas

RESIDUO DE AMINO ACIDO

g ||—|
wHN
N NH
CADEIA PROTEICA™ ‘\ ﬁ\ " CADEIA PROTEIC/

o%

[ LIGACAO PEPTIDICA ]

Essenciais: His, lle, Leu, Lys, Met, Phe, Thr, Trp, Val

AMINO ACIDOS: o
Nao-essenciais: Ala, Arg, Asn, Asp, Cys, Glu, GIn, Gly, Pro, Ser, Tyr

Covalente: >200kJ/mol

I6nica: 20kJ/mol

For¢a das Ligag¢6es Droga-Bioreceptor: ) .
Hidrogénio: 7-40kJ/mol

Van der Waals:1.9kJ/mol
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