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RESUMO

OLIVEIRA, Fabricio Marques de, D. Sc., Universidade Federal de Vigosa,
Dezembro de 2014. Sintese, calculos tedricos, caracterizagao estrutural e
avaliagcao das atividades fitotoxica e inibitéria de urease de novos
fosforamidatos. Orientador: Luiz Claudio de Almeida Barbosa. Co-
orientadores: Anténio Jacinto Demuner e Célia Regina Alvares Maltha.

Os fosforamidatos sdo uma classe de compostos que apresentam pelo menos
um grupo —NR{Rz (R4 e Ry = alquila, arila) em suas estruturas. Relatos na
literatura evidenciam diversas atividades biologicas, seja na area médica,
agricola ou industrial para esses compostos. O presente trabalho teve por
objetivo sintetizar novos fosforamidatos, visando a avaliagdo de suas atividades
fitotdxica e inibitéria de urease. A sintese baseou-se em fendis substituidos
como material de partida. O tratamento dos fendis com cloreto de fosforila na
presenga de trietlamina forneceu os respectivos compostos organofosfatos
diclorados. A subsequente reagdo destes organofosfatos com aminas na
presenca de trietilamina resultou na formagao de 19 compostos fosforamidatos.
Estes compostos foram reunidos com mais 12 substéncias dessa classe
sintetizados no Laboratério de Sintese e Analise de Agroquimicos e suas
atividades biolégicas foram avaliadas contra Sorghum bicolor e Cucumis
sativus. Os compostos tris(4-bromofenil)fosfato e 4-fluorofenil-N,N’-dimorfolin-
1-ilfosfinato apresentaram valores de inibicao superiores ao observado para o
Glifosato sobre S. bicolor, enquanto que para C. sativus os mais ativos foram
os compostos  4-clorofenil-di(piperidin-1-il)fosfinato e  bis(3-clorofenil)-
dietilfosforamidato, que apresentaram 82 e 83% de inibicdo, respectivamente,
sobre o sistema aéreo na maior concentragdo (1 mmol L™'). Essas substancias
também tiveram suas atividades avaliadas contra a inibicdo de urease. Das 25
substancias testadas, seis apresentaram atividade comparavel ou superior ao
controle positivo (tiouréia), sendo que o composto bis(4-bromofenil)-N-

cicloexilamidofosfato parece ser o mais promissor. As propriedades ADMET

XXi



previstas para estes fosforoamidatos estdo de acordo com os requisitos gerais
para potenciais farmacos, confirmando que estes compostos possuem
propriedades fisico-quimicas que os qualificam para apresentarem satisfatérias
farmacocinética e biodisponibilidade. Além disso, ndo foram observadas
violagbes da regra de Lipinski para a maioria dos fosforoamidatos. A relagao
estrutura-atividade analisada para as 25 substancias sugere que a presencga do
grupo cicloexila € uma caracteristica estrutural importante associada com a
atividade inibitéria apresentada pelos compostos contra a enzima. Calculos
baseados na teoria de funcional da densidade foram realizados para obtengao
dos valores de energia de HOMO e LUMO, momento de dipolo molecular e
potencial eletrostatico dos compostos avaliados.

Descrevemos ainda neste trabalho um estudo experimental e tedrico
combinando estrutura molecular e RMN dos fosforoamidatos furano-2-il-N,N-
diisopropilamidoclorofosfato e furan-2-il-N,N,N’,N -diciclohexilamidofosfato. Na
escala de tempo da RMN uma rotagao livre das ligagdes simples C-N/P-N foi
observada em temperatura ambiente (298 K), enquanto que a rotagéo é
interrompida abaixo de 195 K para 0 furano-2-il-N, N-
diisopropilamidoclorofosfato. A partir das analises dos dados da RMN, a
energia de ativacdo livre (AG") para a rotacdo das ligagdes C-N/P-N foi
calculada como 9,9 + 0,3 kcal mol™'. Os dados experimentais foram reforcados
por calculos tedricos utilizando o método da teoria da densidade funcional
B3LYP e conjunto de bases 6-31G(d) que forneceu energia de ativacdo (AE¥)
igual a 9,2 kcal mol™. As estruturas dos compostos foram investigadas por
difragao de raios-X, e verificou-se que o] furano-2-il-N,N-
diisopropilamidoclorofosfato esta na forma de mistura racémica.

Por fim, foram determinados os deslocamentos quimicos de RMN de 'H e "*C
para trés fosforamidatos empregando-se calculos DFT, nos niveis B3LYP,
WPO04, TPSSh, M062X and wB97XD, e diferentes bases, levando-se em
consideragao a distribuicdo de Boltzamann para cada conférmero. Os valores
experimentais foram comparados com os tedricos e avaliados usando
correlacao linear, erro absoluto médio, desvio médio quadratico. Para o caso
do RMN de '°C, os resultados obtidos com GIAO/wB97XD/cc-pVTZ/SCRF
apresentaram o menor RMSD (2,073), mas requerendo maior tempo de

processamento. O melhor custo-beneficio neste caso foi obtido empregando-se
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GIAO/B3LYP/6-31G(d,p)/SCRF que forneceu o valor de desvio médio
quadratico igual a 2,121 a um custo de CPU vinte e seis vezes menor. No caso
do RMN de 'H a combinagdo CSGT/TPSSh/cc-pVTZ/SCRF forneceu o valor de
desvio médio quadratico igual a 0,070. Reduzindo o tempo computacional uma
vez e meia (CSGT/B3LYP/6-311++G(2d,p)/SCRF) foi possivel obter um bom
resultado (desvio médio quadratico igual a 0,088). De modo geral, avaliando-se
os parametros estatisticos, 0 método que se mostrou mais adequado a essa
classe de compostos foi CSGT/wB97XD/cc-pVTZ/SCREF.
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ABSTRACT

OLIVEIRA, Fabricio Marques de, D. Sc., Universidade Federal de Vigosa,
December 2014. Synthesis, theoretical -calculations, structural
characterization and evaluation of phytotoxic and urease inhibitory
activities of new phosphoramidates. Adviser: Luiz Claudio de Almeida
Barbosa. Co-advisers: Anténio Jacinto Demuner and Célia Regina Alvares
Maltha.

Phosphoramidates is a class of compounds which has at least one -NRR;
group in its structure (R and R, = alkyl, aryl). Reports in the literature show that
these compounds have several biological activities, whether in medical,
agricultural or industrial area. This study aimed to synthesize new
phosphoramidates in order to evaluate their phytotoxic and urease inhibitory
activities. Substituted phenols were used as starting material in the synthesis
route. The reaction of phenols with phosphoryl chloride, in the presence of
trimethylamine, provided the respective dichlorinated organophosphates
compounds. The subsequent reaction of these organophosphates with amines
and trimethylamine resulted in the formation of 19 phosphoramidate
compounds.

These compounds were combined with 12 other substances previously
synthetized at “Laboratério de Sintese e Anélise de Agroquimicos”. Their
biological activities were evaluated for Sorghum bicolor and Cucumis sativus.
Compunds tris(4-bromophenyl)phosphate and 4-fluorophenyl-N,N'-dimorfolin-1-
ylphosphinate showed higher inhibition values than glyphosate over Sorghum
bicolor. For C. sativus, the most active compounds were 4-chlorophenyl-
di(piperidin-1-yl)phosphinate and bis(3-chlorophenyl)-diethylphosphoramidate
with 82 and 83% of inhibition, respectively. This is the result for the aerial
system at the higher concentration (1 mmol L™). These substances were also
tested for urease inhibition. From the 25 tested substances, six had their activity
comparable to or higher than the positive control (thiourea). From all the tested

compounds, bis(4-bromophenyl)-N-cyclohexylaminophosphate seems to be the
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most promising molecule. The predicted ADMET properties for these
phosphoramidates are in accordance with the general requirements for potential
drugs. This fact confirms that these compounds have the physicochemical
properties that qualify them to present satisfactory pharmacokinetics and
bioavailability. Furthermore, there were no violations of Lipinski rule for most
phosphoramidates. The analyzed structure-activity relationship of the 25
substances suggests that the presence of the cyclohexyl group is an important
structural feature for the inhibitory activity showed by these compounds against
the enzyme. Calculations based on density functional theory were carried out to
obtain the energy values of HOMO and LUMO, molecular dipole moment, and
electrostatic potential for the evaluated compounds.

This work also presents an experimental and theoretical study combining NMR
and molecular structure of the phosphoramidates furan-2-yl-N,N-
diisopropylamidochlorophosphate and furan-2-yI-N,N,N’,N*-
dicyclohexylamidophosphate. On a time dependent NMR study, a free rotation
was observed for the single bonds C-N/P-N at room temperature (298 K).
However, this rotation is not observed at temperatures lower than 195 K for
furan-2-yI-N, N-diisopropylamidochlorophosphate. Based on the NMR data, the
free activation energy (AG") for the rotation of C-N/P-N bonds was calculated as
9.9 + 0.3 kcal mol". The experimental data was supported by theoretical
calculations using the density functional theory B3LYP method and the 6-
31G(d) basis set, which provided an activation energy (AE¥) of 9.2 kcal mol™.
The structures of the compounds were investigated by X-ray diffraction, and it
was found that furan-2-yI-N, N-diisopropylamidochlorophosphate is in the form of
racemic mixture.

Ultimately, it was determined the 'H and "*C NMR chemical shifts for three
phosphoramidates employing DFT calculations on B3LYP, WP04, TPSSh,
M062X, wB97XD levels and different bases. The distribution for each
Boltzmann conformer was taken into consideration. The experimental and
theoretical values were compared and evaluated using linear correlation, mean
absolute error and root-mean-square deviation (RMSD). For *C NMR, the
results obtained with GIAO/wB97XD/cc-pVTZ/SCRF showed the lowest RMSD
(2.073), but requiring more processing time. The best cost-benefit was obtained
employing GIAO/B3LYP/6-31G(d,p)/SCRF, which provided RMSD value of
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2.121 with a twenty-six times smaller CPU cost. For 'H NMR, the combination
CSGT/TPSSh/cc-pVTZ/SCRF provided a RMSD value of 0.070. Reducing the
computational time by a factor of one and a half (CSGT/B3LYP/6-
311++G(2d,p)/SCREF), it was possible to obtain a good result (RMSD of 0.088).
In general, after evaluating the statistical parameters, the method that was more
suitable for this class of compounds was CSGT/wB97XD/cc-pVTZ/SCREF.
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1. COMPOSTOS ORGANOFOSFORADOS E SUAS DIVERSAS
ATIVIDADES BIOLOGICAS

1.1. Introducao Geral

Os compostos que apresentam em suas estruturas o elemento quimico
fésforo sdo precursores indispensaveis a vida. Descoberto em 1669 por
Henning Brandt, o fésforo participa da formagao molecular do DNA e RNA, e é
utilizado como forma de armazenamento de energia por células na forma de
ATP (Figura 1). Esta presente em substancias constituintes dos tecidos 6sseo
e nervoso, além de atuar como agente tamponante no meio celular e ser
cofator de multiplos sistemas enzimaticos (WESTHEIMER, 1987; BORGES et
al., 2004).

H,N
=N
. N \ HoN
O 4 \ V =N
o-P-0— N~ N N )
I @) NH, . 9 9 4 N/
o { "0-P-0-P-0-P-0— _'N
o oul /2 o o O
0-P-0 N" o HO  OH
el
ATP
O OH

Fragmento da molécula do RNA

Figura 1 — Fragmento da molécula de RNA e da estrutura do trifosfato de
adenosina (ATP).

A partir do conhecimento das propriedades do elemento fdsforo,
diversos compostos passaram a ser sintetizados pelo homem buscando
atender as suas necessidades. Exemplos de compostos comerciais séo

apresentados na Figura 2.
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Figura 2 - Exemplos de compostos fosforados disponiveis comercialmente.

O Glifosato [N-fosfonometilglicina] (Figura 2) € o principio ativo do
Roundup®, herbicida comercial mais vendido no mundo. Somente o glifosato
representa em torno de 40% do consumo de agroquimicos no Brasil
(CARNEIRO, 2012). As principais caracteristicas que colaboram para a grande
aceitacao do glifosato no mercado sao o amplo espectro de acao, além de ser
toxicologicamente e ambientalmente seguro. Somam-se a estas propriedades a
boa translocagao nas plantas e sua agao lenta (DUKE, 2008).

O Foxim® (Figura 2) € um inseticida organofosfato que é produzido pela
Bayer Corporation, apresentando também propriedade acaricida. A substituicao
em sua estrutura de um grupo etoxi por um grupo metoxi levou a obtencgéo de
um analogo com atividade de 20-30% mais ativo sobre as espécies de inseto
Pieris rapae, Lygocoris lucorum e Ostrinia furnacalis, quando comparado ao
inseticida comercial (SUN, 2011).

O composto Tenofovir (Figura 2), comercializado com o nome Viread®,
atua inibindo a transcriptase reversa nucleotideo e é empregado no coquetel
anti-HIV (KARIM, 2010). Em 2009 essa mesma droga passou a ser utilizada no
Brasil também na supressdo do virus da hepatite B (BENHAMOU, 2006;
Ministério da Saude, 2009).

Outro exemplo de composto organofosforado utilizado como farmaco € o

Alendronato (Figura 2), principio ativo de medicamentos como Fosamax®,



Bonalen®, Endronax® Osteoform®, Recalfe®, Cleveron®, Osteoral®, entre
outros. Esse composto pertence a classe dos bisfosfonatos e € empregado no
tratamento da osteoporose, principalmente em mulheres (XU, 2004). Ainda na
classe dos bisfosfonatos, Pamidronato (Aredia®), Risedronato (Actonel®) e o
préprio Alendronato (Figura 2), inibem o crescimento do protozoario
Trypanosoma cruzi in vitro e in vivo, sem provocar toxicidade as células
hospedeiras (ICsp = 65 uM, 65 uM e 300 uM, respectivamente) (URBINA et al.,
1999; MONTALVETTI et al., 2011; UBGINA e DOCAMPO, 2003). Estas
estruturas serviram de modelo para que estudos na busca por bisfosfonatos
mais ativos conduzidos por SZAJNMAN e colaboradores (2001) levassem ao
desenvolvimento do composto 1-hidroxiheptano-1,1-bisfosfonato (1) (Figura 3)

que apresentou valor de ICs igual 18,1 uM.

< _oH

/\/\/XP\OH
HO P OH
J “oH

(1)

Figura 3 — Bisfosfonato com atividade sobre o protozoario T. cruzi.

Os compostos Fosmidomicina (2) e seu derivado FR900098 (3) (Figura
4) sdo membros de uma classe de produtos naturais de acido fosfénico que
sao potentes e seletivos inibidores da enzima DOXP reductoisomerase,
inibindo o crescimento de estirpes resistentes a multiplos farmacos de
Plasmodium falciparum in vitro (JOMAA et al., 1999). O pro-farmaco (4) (Figura
4), derivado destes produtos naturais, apresentou eficacia em ratos infectados
com o parasita da malaria Plasmodium vinckei comparavel a administracdo da
droga via intraperitoneal (REICHENBERG et al., 2001).

QH 9 QH 1 QH |
Ho N ~_ P N~ FReop N~ P~
g LOH \[( \[( o)

R
() @) (4)

Figura 4 — Drogas com atividade antimalarica.



1.2. Fosforamidatos

Os compostos conhecidos como fosforamidatos caracterizam-se por
apresentar pelo menos um grupo —NR¢R; (R e Ry = alquila, arila) em suas
estruturas, sendo derivados do acido fosforamidico (Figura 5) (SANTOS et al.,
2007).

I

P<
HO™ | ~NH,

OH

Figura 5 — Estrutura do acido fosforamidico.

A literatura relata diversos compostos da classe dos fosforamidatos com
atividade bioldgica, principalmente na area meédica, sendo utilizados no controle
de diversas patologias (DOMINGUEZ et al., 2008; SUN et al., 2006; DUAN et
al., 2008; KIRAN et al., 2008; PRASAD et al.; NGUYEN e KIM, 2008; YAN et
al., 2012; HU et al.; 2011; WANG et al.; 2010; MCGUIGAN et al., 2005;
MCGUIGAN et al., 2009; ROMAN et al., 2011; SERPI et al., 2012; CHO et al.,
2014). As estruturas de alguns compostos comercialmente disponiveis s&o

mostradas na Figura 6.

O N
i >N ﬁ N -8
A RONH, ! 0" “NH
H NA; VAN
NBPT Tioetilenotiofosforamida Ciclofosfamida
(inibidor de urease) (antineoplasico) (antineoplasico)

Figura 6 — Fosforamidatos disponiveis comercialmente.

O NBPT [N-(n-butil) tiofosférico triamida] apresenta bons resultados na
inibicdo da atividade da enzima urease - responsavel pela hidrolise da ureia,
minimizando as perdas de nitrogénio por volatilizagao (Figura 6). Na verdade, o
NBPT precisa ser oxidado ao [N-(n-butil) fosférico triamida] (NBPTO), sua
forma ativa. Trata-se do Uunico principio ativo efetivo e comercialmente
disponivel como inibidor de urease (Agrotain®). Pelo fato de o composto
apresentar caracteristicas muito similares a ureia, tais como teor de nitrogénio,
solubilidade e difusividade similares, o composto atua ocupando o sitio ativo da
enzima (AMTUL et al., 2002; UPADHYAY, 2012). Muitas espécies de bactérias



produzem urease, incluindo a Helicobacter pylori, bactéria responsavel pelas
ulceras do estdmago. Nessa linha de pesquisa, Dominguez e colaboradores
(2008) descreveram a sintese de diversos fosforamidatos (Figura 7) que

apresentaram elevada atividade biolégica sobre a enzima (ICsp na ordem de

nanomolar).
O, NH, 0, NH, 0, NH,
P NH, P NH, P NH,
o T
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Figura 7 - Compostos fosforamidatos sintetizados por DOMINGUEZ et al.

(2008) com atividade sobre urease.

Na linha de atividade antineoplasica destacam-se o0s compostos
tioetilenotiofosforamida e ciclofosfamida (Figura 6). O primeiro deles, conhecido
também como Tio-TEPA®, é indicado para o tratamento de cancer na bexiga e
no ovario, e apresenta efeito similar ao do cloreto de mecloroetamina (5)
(Figura 8), um dos agentes tumorais amplamente empregados (SANTOS et al.,
2007). A ciclofosfamida [2-[bis(2-cloroetil)amino]-2-oxo-1,3,2-oxazafosforinanal
(Figura 6), principio ativo do Endoxan®, é derivada da mostarda nitrogenada, e
utilizada no tratamento de diversos tipos de cancer (SUN et al., 2006; SANTOS
et al., 2007). Este composto serviu de modelo para a sintese do derivado TH-
302 (6) (Figura 8) que se demonstrou efetivo no controle de células tumorais
pancreaticas MIA PaCa-2, estavel ao metabolismo microssomal e eficaz como

antitumoral em combinagdo com o farmaco Gemcitabina® em ensaios in vivo



com camundongos. Por causa das suas propriedades pré-clinicas atrativas, o
composto 6 encontra-se em fase 1 de testes clinicos para o tratamento de
tumores solidos (DUAN et al., 2008).
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Figura 8 — Estrutura de compostos com propriedades antitumorais.

Diversos compostos fosforamidatos heterociclicos (7-17) com atividade
antibacteriana estao descritos na literatura (PRASAD et al., 2006; MADHAVA et
al., 2012). Os compostos 7-15 sdo mais ativos sobre Staphylococcus aureus,
Bacillus subtilis, Escherichia coli, Pseudomonas aeruginosa, Salmonella
typhimurium e Klebsiella pneumoniae do que a Ciprofloxacina® (18), um
antibidtico da classe das quinolonas (Figura 9) (PRASAD et al., 2006). Na
mesma linha, os compostos difenilfosforamidatos 16 e 17 apresentaram-se
duas vezes mais ativos sobre Bacillus subtillis, Staphylococcus aureus,
Pseudomonas aeruginosa e Escherichia coli, quando comparados ao padrao
comercial 18 (Figura 9) (MADHAVA et al., 2012).
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4—BrC6H4

Ciprofloxacina (18)
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H
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Figura 9 — Estrutura da Ciprofloxacina® e fosforamidatos com atividade

S
O

antibacteriana.



Compostos fosforamidatos mostarda (Figura 10) apresentaram elevada
atividade sobre Trypanosoma brucei, sendo que para 24 e 25 foram
evidenciados valores de ICsyo na ordem de namomolar (HU et al., 2011).

(19) R = H; ICsp = 3,4 uM

0\\P,NH2 (20) R = 2-OCH3; ICs50 = 1,2 uM
X o (21) R = 2-CF3; ICsp = 0,15 uM
N 3: 1Ls0
| o T\l (22) R = 2-F; ICsp = 0,27 uM
O2N R (23) R =3-F; IC50 = 3,2 uM
ol (24) R = 2,6-diF; ICs = 0,007 pM

(25) R = 2-CI; ICs = 0,008 pM

Figura 10 — Fosforamidatos mostarda com atividade sobre T. brucei.

Dicloridrato de hematoporfirina (26) € um farmaco com propriedades
antitumorais comercializado com o nome Apiabasilon® usado como modelo
para sintese de analogos. Ensaios in vitro realizados com células tumorais de
figado (BEL-7402) evidenciaram caracteristicas positivas do analogo 27. Este
composto foi seletivo para as células cancerosas e apresentou valor de ICs
(8,41 uM) ligeiramente inferior ao de 26 (ICso = 8,93 uM), usado como controle
positivo (Figura 11) (WANG et al., 2010).
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Figura 11 — Exemplos de compostos com atividade antitumoral.

Em estudos recentes pesquisadores tém efetuado a ligacdo de
grupamentos fosforamidatos a nucleosideos, uma estratégia conhecida como
fosforamidato pro-nucleotideo (do inglés “Phosphoramidate ProTide”)
(MCGUIGAN et al., 2005; MCGUIGAN et al., 2009; DERUDAS et al., 2009;
DONGUI et al., 2009; ROMAN et al., 2011; SERPI et al., 2012). Por meio dessa

estratégia busca-se melhorar o potencial terapéutico de um protétipo. A



introducdo desse grupamento favorece o processo de fosforilagdo in vivo,
através de trifosfatos, convertendo esses nucleosideos em suas formas ativas,
denominada nucleotideos. Esses analogos obtidos tem proporcionado
significativo avango no tratamento quimioterapico de cancer além de
representarem os compostos de maior importancia nos tratamentos antivirais.
Nessa linha de pesquisa, a Brivudina (28) (Figura 12), um potente inibidor dos
virus herpes simplex tipo 1 (HSV-1) e varicela zoster (VZV), tem servido de
modelo para o desenvolvimento de novos compostos. A introducdo do
grupamento fosforamidato levou a formagao da Timectacina (29), desenvolvido
pela New Biotics e que se encontra em fase de testes clinicos. Posteriormente,
a substituicdo do grupamento metila na ligacdo éster de 29 por benzila
forneceu o composto 30, que potencializou a atividade em 175 vezes contra o
cancer de célon HT115 (Figura 12) (MCGUIGAN et al., 2005).
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Figura 12 — Estrutura da Brivudina (28) e de seus derivados pro-nucleosideos

com atividade antitumoral.

Bons sistemas de liberacao de fosfato foram obtidos a partir da sintese
de derivados de 4’-azidocitidina (31). Os fosforamidatos derivados de 31 (32-
36) foram eficientes na inibicdo do virus de hepatite C, sendo obtido pro-

nucleosideo (32) até 3,4 vezes mais potente do que 31 (Figura 13).
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Figura 13 — Estrutura de 4’-azidocitidina (31) e de pro-nucleosideos com

atividade anti-hepatite C.

O Aciclovir® (37) (também disponivel comercialmente como Zovirax®), é
um nucleosideo analogo da purina, sintético, com atividade inibitoria in vitro e in
vivo contra os virus do herpes humano, incluindo Herpes simplex (HSV), tipos 1
e 2, Varicella zoster, Epstein-Barr e Citomegalovirus (WAGSTAFF et al., 1994).
Esta substancia é considerada inativa contra o virus HSV deficiente de timidina
quinase (ECso = 50 uM). Pro-nucleosideos obtidos a partir de 37 (38-41) foram
até 35 vezes mais ativos (ECso = 1,4 uM) sobre este virus quando comparados
ao material de partida (37) (Figura 14) (DERUDAS et al., 2009).
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(39) Avril = Naftil; AA = DMG; R” = Bn; ECsp = 3,2 uM
(40) Aril = Ph; AA = L-Leu; R”" = Bn; ECgo = 1,4 pM
(41) Aril = Ph; AA = L-lle; R”" = Bn; ECxo = 1,4 uM

Figura 14 — Estrutura do Aciclovir® (37) e dos pro-nucleosideos (38-41)

sintetizados por Derudas et al. (2009).

A atividade inseticida de compostos que contém anéis heterociclicos e
ligacbes P-N é relatada na literatura (WARE, 2000; SANTOS et al., 2007).

Alguns exemplos de inseticidas fosforamidatos estdo mostrados na Figura 15.
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Figura 15 — Estruturas de compostos fosforamidatos com atividade inseticida.

PAULA et al. (2008) descreveram, recentemente, a sintese de alguns
compostos da classe dos fosforamidatos. Os compostos 42, 43 e 44 (Figura
16) apresentaram elevada atividade inseticida sobre Ascia monuste orseis
(uma praga-chave de brassicas). Apds 72h de exposigao, causaram 90, 100 e
97,5% de mortalidade, respectivamente, a uma dose de 10 ug de composto/mg
de inseto. Este resultado é comparado ao inseticida comercial metilcloropirifos,

usado como controle positivo (100% de mortalidade).

o) o) o)
/o\ 0-P—N(C,Hs); /o\ 0-P-N(C,Hs); @o—'ﬁ?—o@
N(C2Hs)2 Cl N(C2Hs),
(42) (43) (44)
Figura 16 - Compostos organofosfatos com atividade inseticida descritos por
PAULA et al. (2008).

Dando continuidade ao trabalho, OLIVEIRA et al. (2012) avaliaram mais
detalhadamente a atividade biolégica destes fosforamidatos e também
sintetizaram outros compostos inéditos dessa classe. Entre os compostos
avaliados, os compostos furan-2-il N,N-diisopropilamidoclorofosfato (45) e
difuran-2-il piperidin-1-ilfosfonato (46) (Figura 17) apresentaram intervalo de
mortalidade superior a 87,50% contra A. monuste, a uma dose de 1 ug de
composto/mg de inseto, comparavel com a de metilcloropirifés, utilizado como

padrao de eficiéncia.
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Figura 17 - Compostos organofosfatos com atividade inseticida descritos por
OLIVEIRA et al. (2012).

Em se tratando do setor agricola, ainda, uma série de compostos
fosforados heterociclicos (47, 48 e 49; Figura 18) foram sintetizados (KIRAN et
al. 2007). Estes compostos tiveram a atividade biolégica avaliada contra o
fungo Ustilago scitaminea, responsavel por perdas de até 100% em culturas de
cana de acgucar. Além de secarem completamente a regidao tomada pelo fungo,
0s compostos ainda promovem o crescimento da planta, produzindo perfilhos
laterais saudaveis na moita sem novas infec¢oes. Este efeito secundario nao
foi observado para o padrdao Bavistina (50) (comercialmente disponivel como

Carbendazim®), o que evidencia caracteristicas positivas dos analogos

descritos.
Cl HO OCH3 OsN
(0]
N (0]
(0] (0] (0]
o.in o.i o.i S>—NH
P~ “on i i Ly
N OH N OH N OH H
Bavistina (50)
(fungicida)
Cl Cl Cl
F F F
(47) (48) (49)

Figura 18 — Estrutura da Bavistina e dos compostos fosforados heterociclicos

com atividade contra o fungo Ustilago scitaminea.

Ainda neste contexto, vale destacar a atividade herbicida dos compostos
Amiprofos-metilico (51) e Butamifos (52), disponiveis comercialmente. Estes
compostos atuam inibindo a polimerizacdo de microtubulos em células
vegetais, impedindo a formacgao de fusos cromaticos e induzindo a separagao

dos cromossomas metafasicos (MARA et al., 2011).
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(51) (52)
Figura 19 — Estrutura dos herbicidas comerciais Amiprofos-metilico (51) e
Butamifos (52).

Os compostos da classe dos fosforamidatos também vém sendo
explorados para a obtencdo de retardadores de chama, substancias que
ajudam a retardar ou impedir a combustao. Por exemplo, o fosforamidato difenil
piperazina-1,4-diilbis(metilfosfinato) (DPPMP, 53) (Figura 20) foi sintetizado e
testado como aditivo em policarbonato (PC), poli (tereftalato de butileno) (PBT),
copolimeros de etileno-acetato de vinila (EVA) e acrilonitrilabutadieno-estireno
(ABS) como agente retardador de chama (NGUYEN e KIM, 2008). A adicao de
DPPMP melhorou o efeito de retardamento de chama dos polimeros
anteriormente citados de acordo com o estudo. Os polifosforamidatos PDMPD
(54) e PDEPD (55) podem ser utilizados como retardadores de chama
termicamente estaveis para plasticos ou materiais poliméricos, onde baixa

inflamabilidade é necessaria (Figura 20) (TAl et al., 2001).

='CH2- R =-0O-
(53)
(54) (55)
Figura 20 — Estruturas de substancias da classe dos fosforamidatos com

potencial efeito retardador de chama.

Os compostos 56 e 57 (Figura 21) foram aplicados como aditivos para
lubrificantes em o6leo e comparados com os aditivos lubrificantes comerciais
dodecan-1-butil-7-aménio metiloctil fosfato (58) e dibutil-fosfonato (59) (Figura
21). Os resultados evidenciaram propriedades dos compostos contra desgaste,

redutores de fricgado, além de resistirem a pressdes elevadas. Sugere-se que o

12



mecanismo de protecdo é baseado na formacdo de uma pelicula contendo
fosfato e/ou polifosfato sobre a superficie esfregada (YAN et al., 2012).

O
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N o
(57) _\_\
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(58) (99)
Figura 21 — Compostos fosforados aplicados como aditivos para lubrificantes

em oleo.

1.3. Justificativa do Trabalho

Conforme discutido anteriormente, a literatura relata uma ampla
versatilidade e aplicabilidade dos compostos organofosforados, seja aplicado a
area agricola, industrial ou medicinal. No Laboratério de Analise e Sintese de
Agroquimicos (LASA), PAULA et al. (2008) e OLIVEIRA et al. (2012)
sintetizaram compostos dessa classe que apresentaram elevada atividade
inseticida (Figuras 16 e 17). Assim, buscou-se com esse trabalho a sintese de
novos compostos que possam melhorar as condicbes de vida da sociedade
e/ou dar uma contribuicdo cientifica no que diz respeito a essa classe de
compostos.

Inicialmente pretendia-se manter anéis furanicos aos compostos, uma
vez que muitos produtos naturais biologicamente ativos apresentam esse
grupamento (LIU et al., 2006). Entretanto, o baixo rendimento das reagdes
descritas por PAULA et al. (2008) e OLIVEIRA et al. (2012), bem como as
excelentes atividades biolégicas apresentadas por alguns compostos descritos

na literatura apresentando o grupamento fenoxi ligado ao atomo de fésforo
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motivaram a substituicdo do anel furanico por anéis fendlicos, conforme analise

retrossintética mostrada no Esquema 1:

0, o}
OH /P’CI “R-NRiR;

Esquema 1 — Analise retrossintética para obtengao dos fosforamidatos.

A presenga de halogénios como substituintes no fenol em diversas
posicoes € bastante interessante do ponto de vista biolégico. Nos ultimos 30
anos houve grande expansdo do uso de halogénios em compostos utilizados
como pesticida. A presenca de mais de um tipo de halogénio tem sido
importante para desempenho da atividade biolégica (Figura 22). Além disso,
diversos estudos vém sendo realizados no intuito de entender a correlacéo da
estrutura com a atividade bioldgica, propriedades fisico-quimicas dos

compostos bem como susceptibilidade metabdlica (JESCHKE, 2012).
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Figura 22 — Evolugdo mundial da sintese de compostos halogenados no
periodo de 1940-2010 (extraido de JESCHKE, 2012).
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CAPITULO 2

2. SINTESE E CARACTERIZAGCAO DE FOSFORAMIDATOS

2.1. Introducgao

Os primeiros estudos na quimica organica do fésforo foram realizados
em 1820 por Jean Lassaigne quando esterificou o acido fosférico empregando
alcool etilico. Em meados do século XX, Michaelis deu grande contribuicdo no
desenvolvimento na quimica dos compostos organofosforados, explorando a
nucleofilicidade do elemento. Dentre os diversos trabalhos conduzidos por
Michaelis, vale destacar a contribuicdo para a quimica de compostos contendo
a ligacao P-N, entre os quais se encontram os fosforamidatos (MCMURRAY et
al., 2001; SANTOS et al., 2007).

Caracteristicas como polarizabilidade do elemento, baixa a média
eletronegatividade e variavel numero de coordenacédo favorecem a diversidade
de compostos sintetizados. As diferentes atividades biolégicas dos
organofosforados estdo relacionadas, evidentemente, com caracteristicas
estruturais, tais como o tipo de heteroatomo ou grupo funcional ligado ao atomo
de fosforo e seu estado de oxidagao. Os fosforamidatos, conforme discutido no
primeiro capitulo, sdo largamente usados para fins industriais e exibem uma
grande diversidade de atividades biologicas, dentre as quais destacamos a
antiviral, antitumoral, antibacteriana, antimalarico, antiprotozoarios e inibidores
das enzimas urease, acetil e butirilcolinesterase (SANTOS et al., 2007).

A ligacado P-N, caracteristica dessa classe de compostos, € geralmente
obtida através de reagdes de cloretos de fésforo (PCl3) ou compostos

trivalentes de fosforo com diferentes aminas (SANTOS et al., 2007) (Esquema
1).
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Esquema 1 — Representacdo geral da reagdo de cloretos de foésforo com

aminas.

Em 1945, compostos fosforamidatos passaram a ser obtidos a partir de
fosfonatos clorados, obtidos como intermediarios de reacdo em meio anidro
(ATHERTON et al., 1945) (Esquema 2)

cl
('P') SO,Cl, ('P') HNR{R,/CCl, E,')

RO™ | H > RO7|CI > RO”|"NR4R,
OR Cly OR -10°C OR

: . . R4 R, =H, arila, alquila
R = isopropila, benzila ’

Esquema 2 — Obtencao de fosforamidatos a partir de fosfonato de dialquila.

Rendimentos igualmente satisfatérios foram obtidos empregando-se
fosfonatos de dialquila em reagdo com aminas e tetracloreto de carbono em
meio basico (SANTOS et al., 2007; ATHERTON et al., 1945). Essa metodologia
sintética ficou conhecida como reacao de Atherton-Todd e se mostrou efetiva
na obtencao de fosforamidatos (Esquema 3), com geracéo da espécie P(O)-CI
in situ. Este procedimento € vantajoso na medida em que ocorre em uma unica
etapa, ha grande diversidade de compostos P-H disponiveis comercialmente e
nao ha necessidade de uma etapa posterior de oxidagdo (WAGNER et al.,
2012).

0 0 R3
R1O—'F|;—H + CCly + +2R°R’°NH —= R1o—'F|'>—N' + CHCl; + [RZR3NH,]"Cr
B2
OR! or' R

R' = alquila, fenila; R2, R® = alquila, H
Esquema 3 — Reacao geral descrita por Atherton e Todd para obtencédo de

fosforamidatos.
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Por meio desta metodologia sintética, o fosfonato de dialquila encontra-
se em equilibrio com a sua forma fosfito (Esquema 4). O hidrogénio acido desta
espécie é removido por meio de reagao acido-base em meio aquoso e ocorre
um ataque nucleofilico do fésforo do intermediario gerado ao tetracloreto de
carbono. Na sequencia, ha o ataque nucleofilico da amina ao atomo de fésforo
resultando no correspondente fosforamidato. O mecanismo, proposto na
década de 40, esta representado no esquema 4 (ATHERTON et al., 1945).

@ - 9
Ro/Ff\H - Ro/Ff\OH RO”| “O'Na* Ro/'|D Na

OR OR R OR

L I

OR OR

o)
3 i q
INHR'RZ RO”| CI — = R2RIN | OR T m2ein~ PNOR
H . OR
\__/ CCl

Esquema 4 - Mecanismo proposto por Atherton e Todd para obtencdo de

fosforamidato a partir de fosfonato.

Contudo, GEORGIEV et al. (1993) realizaram calculos ab initio e
propuseram um mecanismo diferente para a etapa inicial do mecanismo das
reacoes de Atherton e Todd com aminas. Pela proposta, ha formacao do sal de
fosfénio a partir da reagédo da amina com o fosfonato, a qual atua como base.
Na sequencia, ha desprotonacdo do fosfonato e € gerado o anion fosfito e o
monoéster fosfonato. Ocorre um ataque nucleofilico do fésforo negativo da
espécie fosfito ao cloro do tetracloreto de carbono, formando assim o
intermediario fosforoclorado. Por fim, o anion triclorometanideo reage com o
monoéster fosfonato gerado na etapa anterior formando mais uma vez o sal de

fosfénio, conforme esquema 5.
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Esquema 5 - Mecanismo proposto por Georgiev et al. (1993) para reagéao de
Atherton e Todd.

Outra forma de se obter compostos fosforamidatos € a partir de cloreto
de fosforila (POCIs), que foi primeiramente reportado em 1946 por Charles
Wurtz. Uma grande variedade estrutural de compostos fosforados é possivel de
ser obtida, uma vez que POCI; reage com alcoois, fendis e aminas
(MCMURRAY et al., 2001). Diversos compostos com promissora atividade
biolégica vem sendo sintetizados a partir do POClI3, conforme se observa na
Figura 1 (MCGUIGAN, et al., 2009; DERUDAS et al., 2009; RUDA et al., 2010;
WANG et al., 2010). Diante dos bons resultados descritos na literatura, a
metodologia empregando-se POCI; foi usada neste trabalho.

Nesse capitulo descreve-se, portanto, a sintese e a caracterizagao
estrutural de uma série de fosforamidatos. Essas substancias foram
preparadas com vistas a avaliacdo de suas atividades fitotdxica e inibitéria de

urease.
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Figura 1 — Exemplos de compostos fosforamidatos obtidos a partir do POCIs.

2.2. Material e Métodos

2.2.1. Generalidades Metodolégicas

Os solventes utilizados nas reagdes foram de grau P.A., devidamente
secos. De modo geral, foram secos por refluxo sobre um agente secante,
destilados e armazenados sobre peneira molecular, sendo mantidos sob
atmosfera de nitrogénio, de acordo com os procedimentos descritos por
PERRIN e ARMAREGO (1994).

As anadlises por CCD foram realizadas empregando-se placas
cromatograficas de silica-gel impregnadas sobre aluminio (espessura de 250
pm). Os solventes utilizados como eluente foram previamente destilados.

As placas CCD foram reveladas com solugdo alcoodlica de acido
fosfomolibdico (12 g de 2H3P04.20M003.H,0/250 mL de etanol) e, ou, solugdo
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aquosa de KMnOy4 (3 g de KMnOy4, 20 g de K,CO3, 5 mL de NaOH 5%/300 mL
de agua) (CASEY et al., 1990), apds terem sido observadas sob lampada
ultravioleta (1 = 254 e 365 nm).

As separagbes cromatograficas em coluna foram feitas utilizando-se
silica-gel (70-230 mesh ou 230-400 mesh) como fase estacionaria.

As temperaturas de fusao foram determinadas em aparelho MQAPF-301
e nao foram corrigidas.

Os espectros no infravermelho foram obtidos por meio de um detector de
reflectancia difusa acentuada (PIKE GLADATR), em espectrofotdmetro FT-IR-
VARIAN 660 (Departamento de Quimica-UFV)

Os espectros de ressonancia magnética nuclear de hidrogénio (RMN de
'H, 300 MHz) e de carbono (RMN de 'C, 75 MHz) foram obtidos em
espectrometros VARIAN MERCURY 300 (Departamento de Quimica — UFV).
Utilizou-se como solvente cloroférmio deuterado (CDClI3) ou dimetilsulfoxido
deuterado (DMSO). Como padrao de referéncia interna utilizou-se o cloreto de
tetrametilsilano (o4 0). As constantes de acoplamento escalar (J) foram
expressas em Hertz (Hz).

Os espectros de massas, por impacto eletrénico, foram registrados em
equipamento CG-EM SHIMADZU GCMS-QP5050A.

Nas purificagcbes por recristalizacdo utilizaram-se os métodos
convencional, descrito por SHRINER et al. (1980), e por pares de solventes,
descrito por GONCALVES et al. (1988). Por este método, solubiliza-se o
composto em um solvente no qual ele seja soluvel a frio, adicionando-se a
seguir, a quente, um outro no qual ele seja muito pouco soluvel. A mistura é
entao resfriada até a recristalizacao e, por filtracdo ou decantacao, separam-se

os cristais da agua-mae.
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2.2.2. Procedimentos sintéticos

2.2.2.1. Furan-2(5H)-ona (60)

A um balao bitubulado de 500 mL, adaptado a um condensador e a um
funil de adigéo, adicionaram-se 33,0 g (343 mmol) de 2-furaldeido (furfural),
previamente purificado conforme descrito por PERRIN e ARMAREGO (1994),
juntamente com 140 mL de DCM. A adicdo de 14,7 g de sulfato de sodio foi
seguida, imediatamente, da adicdo de 10,30 g (0,091 mol) de N,N-
dietiletanolamina. Em seguida, 31,60 g de acido férmico foram adicionados a
mistura, cuidadosamente, por dois minutos. Apds esse tempo, 6,90 mL de
peréxido de hidrogénio 30% v/v foram adicionados a mistura, que foi entado
vigorosamente agitada, e 55 mL de peroxido de hidrogénio 30% v/v foram
adicionados gota a gota por cinco horas. Ao final da adi¢cdo, a mistura foi
mantida sob agitagdo e refluxo por 18 horas. A fase organica foi separada e a
fase aquosa, extraida com DCM (3 x 15 mL). Os extratos organicos foram
combinados, e a fase organica resultante foi lavada com solugédo saturada de
tiossulfato de sédio (2 x 10 mL). Em seguida, a fase organica foi seca com
MgSO, e filtrada. A fase orgénica resultante desse procedimento foi testada
para verificar a possivel presengca de peréxido de hidrogénio. Dois tubos de
ensaio foram empregados na realizagao do teste. Em cada tubo adicionaram-
se 5,0 mL de solugcdo de sulfato ferroso amoniacal (1% m/v), 0,50 mL de
solugéo de H,SO4 (0,5 mol L'1) e 0,5 mL de uma solucdo aquosa 0,1 mol L™ de
tiocianato de potassio. A um dos tubos adicionaram-se 5 mL de fase orgéanica.
Este tubo foi agitado vigorosamente. A auséncia de perodxido foi evidenciada
pelo ndo aparecimento de uma coloragdo marrom-avermelhada. Apds a
realizacédo do teste, a fase orgéanica foi concentrada sob pressao reduzida e o
liguido amarelado resultante foi fracionado em coluna de silica-gel eluida com
hexano-EtOAc 1:1 v/v. Esse procedimento resultou na obtencédo de 14,04 g

(0,167 mol) da lactona 60 com 49% de rendimento.
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Os dados espectroscopicos obtidos da lactona 60 foram consistentes
com os descritos na literatura (TEIXEIRA, 2008).

2.2.2.2. furan-2-il N,N,N’,N’-tetraetildiamido fosfato (42)

4__ 3
[ e}
53 g~ 0 R=NEL
1 NEt,

Primeira abordagem sintética - A um baldo de fundo redondo bitubulado (25
mL), conectado a um tubo de cloreto de célcio, adicionaram-se a lactona furan-
2(5H)-ona (2,0 g; 23,8 mmol) e 5,0 mL de DCM anidro. Em seguida, cloreto de
fosforila (POCI3) (2,2 mL; 24 mmol) foi adicionado a mistura de uma so6 vez.
Trietilamina (4,8 mL; 36 mmol) dissolvida em 4,0 mL de DCM anidro foi
adicionada a mistura reagente, gota a gota, ao longo de um periodo de uma
hora. Apds essa adicdo, a mistura resultante foi agitada por 18 horas.
Decorrido esse periodo, adicionou-se mais 0,80 mL (6,0 mmol) de trietilamina.
Agitou-se a mistura por mais 24 horas. O solvente foi, entdo, removido em um
evaporador rotatorio. Ao residuo resultante adicionaram-se, cuidadosamente,
12 mL de éter dietilico anidro seguido de 6,0 mL de pentano. O frasco foi
selado e a mistura foi agitada por dois minutos a temperatura ambiente. O
precipitado formado foi removido por filtragdo a vacuo. O filtrado foi
imediatamente lavado com 6,0 mL de éter dietilico e 12 mL de pentano. O
frasco contendo o filtrado foi hermeticamente fechado e a mistura foi mantida
em um refrigerador por 12 horas. Apds esse tempo, a solugado sobrenadante foi
transferida para um baldo tritubulado de 100 mL. O solvente foi
cuidadosamente removido sob presséo reduzida. O material resultante ndo foi
purificado. Adicionaram-se 10 mL de éter dietilico anidro a esse material. Ao
baldo tritubulado adaptou-se um tubo de cloreto de calcio e um funil de adigcao.
O baldo contendo a mistura reagente foi resfriado em uma mistura de gelo e
sal. Carregou-se o funil de adigcdo com dietilamina (18 mL; 180 mmol), que foi
adicionada lentamente a mistura reagente por um periodo de uma hora.
Terminada a adi¢ao, permitiu-se que a temperatura da mistura se igualasse a
temperatura ambiente e fosse elevada a 35 °C. A agitagdo da mistura, a esta

temperatura, foi continuada por 24 horas. O precipitado formado na reagao foi
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removido por filtragdo a vacuo, sendo lavado varias vezes com éter dietilico
anidro. O filtrado foi concentrado sob pressdo reduzida, resultando em um
material de coloracdo marrom. O material foi fracionado em coluna de silica-gel
eluida com hexano-EtOAc 3:1; 2:1; 1:1 vl/v, resultando no isolamento da
substancia 44 com rendimento de 6,2% (0,37 g; 1,3 mmol) e do composto 42

com rendimento de 46% (3,01 g; 11,0 mmol).

Substancia 44: bis (furan-2-il) N,N-dietilamidofosfato

N(C2Hs),

Os dados espectroscépicos obtidos para os compostos 42 e 44 foram

consistentes com os descritos na literatura (TEIXEIRA, 2008).

Segunda abordagem sintética - A um tubo selado adicionou-se furan-2(5H)-
ona (100 mg; 1,2 mmol) dissolvida em 3,0 mL de éter dietilico anidro. Em
seqguida, cloreto de fosforila (POCIs) (0,17 mL; 1,8 mmol) foi adicionado a
mistura de uma s6 vez. Trietilamina (0,3 mL; 2,4 mmol) dissolvida em 0,5 mL
de éter dietilico anidro foi adicionada a mistura reagente, gota a gota, ao longo
de um periodo de 5 minutos. Apds essa adigao, a mistura resultante foi agitada
por 48 horas. Decorrido esse periodo, o tudo selado foi resfriado em uma
mistura de gelo e sal. Adicionou-se dietilamina (0,37 mL; 3,6 mmol) lentamente
a mistura reagente por um periodo de 2 minutos. Terminada a adi¢ao, permitiu-
se que a temperatura da mistura se igualasse a temperatura ambiente. A
agitacdo da mistura, a esta temperatura, foi continuada por 24 horas. O
precipitado formado na reacao foi removido por filtragdo a vacuo, sendo lavado
varias vezes com éter dietilico anidro. O filtrado foi concentrado sob presséao
reduzida, resultando em um material de coloracdo marrom. O material foi
fracionado em coluna de silica-gel eluida com hexano-EtOAc 3:1; 2:1; 1:1 vlv,
resultando no isolamento da substéncia 43 com 20% de rendimento (58 mg;
0,24 mmol), da substancia 42 com rendimento de 15% (49 mg; 0,18 mmol) e da

substancia 61 com rendimento de 17% (18 mg; 0,31 mmol).
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Os dados espectroscépicos obtidos para os compostos 42 e 43 foram
consistentes com os descritos na literatura (TEIXEIRA, 2008). O subproduto 61

foi caracterizado apenas por espectrometria de massas.

Substancia 61: dicloreto dietilfosforamidico

EM, m/z (%): 191 (C4H1oCLLNOP [M+2]", 6); 189 (C4H1o,CLLNOP [M]*, 10); 178
(7); 176 (51); 174 (77); 156 (6); 154 (17); 150 (10); 148 (64); 146 (100); 126 (5);
124 (5): 119 (7); 117 (9); 154 (17); 112 (5); 110 (17); 71 (18); 47 (34); 44 (20);
42 (53); 41 (12); 40 (5).

2.2.2.3. 4-bromofenil fosforodicloridato (62)

O procedimento descrito a seguir foi baseado no trabalho publicado por
UCKUN et al. (2005).

A um baldo de fundo redondo (50 mL) adicionou-se cloreto de fosforila
(1,0 mL; 10,8 mmol) em éter dietilico anidro (10 mL) sob atmosfera de
nitrogénio. O balao foi resfriado a 0 °C em banho de gelo. Uma solugéo de 4-
bromofenol (1,700 g; 9,8 mmol) e trietilamina (1,5 mL; 10,8 mmol) em éter
dietilico anidro (25 mL) foi adicionada ao baldo gota a gota durante o periodo
de 1 hora. Apés esse periodo o banho de gelo foi removido e deixou-se que a
temperatura da mistura retornasse a temperatura ambiente gradualmente. A
mistura reacional foi mantida sob agitacdo por 18 horas. Na sequencia o
precipitado formado foi removido por filtragdo a vacuo em funil de vidro
sinterizado e o precipitado lavado com éter dietilico anidro. A mistura reacional
foi concentrada em evaporador rotatério levando a formagdo de um odleo
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amarelo claro, contendo o 4-bromofenil fosforodicloridato (62) (2,760 g; 9,5
mmol). Este 6leo ndo foi submetido a nenhum processo de purificagdo posterior
(97% de rendimento).

Caracteristica: 6leo amarelo claro, sem ser submetido a qualquer processo de
purificagao.

Rendimento: 97% (2,760 g; 9,5 mmol) a partir de 9,8 mmol do correspondente
4-bromofenol, utilizado como material de partida.

CCD: Rf = 0,36 (hexano-EtOAc 1:1 v/v).

IV (¥ mavem™): 3095; 1479; 1300; 1182; 1159; 1067; 1008; 931; 824; 760; 610;
549; 516.

RMN de 'H (300 MHz, CDCls) & (multiplicidade, J/Hz, nimero de hidrogénios,
atribuigao): 7,08-7,23 (d; 2H; H-1/H-5); 7,42-7,59 (d, 2H; H-2/H-4).

RMN de "®C (75 MHz, CDCls) & (multiplicidade, J/Hz, atribuicdo): 122,55 (C-3);
133,6 (d, ®Jcp = 2,0; C-1/C-5); 148,77 (s, C-2/C-4); 148,77 (s, C-6).

EM, m/z (%): 292 (CgH4BrCl,O.P [M+4]", 44); 290 (CeH4BrCl,0.P [M+2]™,
100); 288 (CgH4BrClL,O.P [M]™, 61); 254 (49); 252 (36); 173 (35); 75 (36); 64
(33); 63 (63).

Os compostos 2-bromofenil fosforodicloridato (63), 4-nitrofenil
fosforodicloridato (64) e 4-fluorofenil fosforodicloridato (65) foram preparados
utilizando-se o procedimento experimental descrito para a sintese do composto
(62). As estruturas das substancias (63), (64) e (65) foram confirmadas pelos

dados experimentais descritos a seguir.

2.2.2.4. 2-bromofenil fosforodicloridato (63)

Q _ci
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Caracteristica: 6leo amarelo claro, sem ser submetido a qualquer processo de
purificag&o.

Rendimento: 99% (2,810 g; 9,7 mmol) a partir de 9,8 mmol do correspondente
2-bromofenol, utilizado como material de partida.

CCD: Rf = 0,41 (hexano-EtOAc 1:1 v/v).

IV (¥ madem™): 3069; 2360; 1976; 1578; 1470; 1442; 1297; 1260; 1200; 1160;
1122; 1044; 1011; 934; 760; 750; 703; 652; 563; 539.

RMN de 'H (300 MHz, CDCIs) § (multiplicidade, J/Hz, nimero de hidrogénios,
atribuigado): 6,95-7,28 (m, 2H; H-1/H-3); 7,32-7,50 (m, 1H; H-2); 7,52-7,70 (m,
1H; H-4).

RMN de "®C (75 MHz, CDCIs) & (multiplicidade, J/Hz, atribuigdo): 115,28 (s; C-
5); 121,91 (s, C-1); 127,18 (s, C-3); 128,95 (s, C-2); 134,03 (s; C-4); 147,70 (d,
2Jop=8,2; C-6).

EM, m/z (%): 292 (CsH4BrCl,0,P [M+4]", 5); 290 (CeH4BrCl,0.P [M+2]™, 10);
288 (CeH4BrCl,0.P [M]™, 6); 211 (64); 209 (100); 145 (13); 143 (13); 119 (8);
117 (10); 63 (32); 50 (11); 38 (20); 32 (9).

2.2.2.5. 4-nitrofenil fosforodicloridato (64)

Q _c

o
.| C

Caracteristica: 6leo amarelo escuro, sem ser submetido a qualquer processo
de purificagao.

Rendimento: 95% (2,970 g; 11,6 mmol) a partir de 12,2 mmol do
correspondente 4-nitrofenol, utilizado como material de partida.

CCD: Rf = 0,55 (hexano-EtOAc 2:1 v/v).

IV (¥ maxem™): 3122; 3079; 2991; 1523; 1346; 1190; 1159; 1107; 935; 747; 550
RMN de 'H (300 MHz, CDCl;) & (multiplicidade, J/Hz, nimero de hidrogénios,
atribui¢cdo): 7,30-7,51 (m; 2H; H-1/H-5); 8,18-8,39 (m, 2H; H-2/H-4).
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RMN de "*C (75 MHz, CDCIls) § (multiplicidade, J/Hz, atribuicdo): 121,50 (s, C-
1/C-5); 126,36 (s, C-2/C-4); 145,28 (s, C-3); 155,36 (s, C-6).

EM, m/z (%): 259 (CsH4CIloaNO4P [M+4]", 3); 257 (CeH4CIoNO4P [M+2]™, 16);
255 (C16H24BrN2O2P [M]™, 29); 225 (39); 127 (19); 117 (22); 99 (17); 92 (13); 75
(71); 63 (61); 47 (29); 38 (38); 32 (100).

2.2.2.6. 4-fluoro fosforodicloridato (65)

Q _c

Caracteristica: 6leo amarelo claro, sem ser submetido a qualquer processo de
purificagao.

Rendimento: 91% (2,050 g; 9,0 mmol) a partir de 9,8 mmol do correspondente
4-fluorofenol, utilizado como material de partida.

CCD: R¢ = 0,39 (hexano-EtOAc 1:1 v/v).

IV (¥ mavem™): 3119; 3079; 1501; 1302; 1240; 1190; 1175; 1090; 946; 838;
691; 563.

RMN de 'H (300 MHz, CDCls) § (multiplicidade, J/Hz, nimero de hidrogénios,
atribuicéo): 6,97-7,22 (m; 2H; H-1/H-5); 7,24-7,32 (m, 2H; H-2/H-4).

RMN de *C (75 MHz, CDCls) & (multiplicidade, J/Hz, atribuicdo): 116,87 (m, C-
2/C-4); 122,10 (m, C-1/C-5); 145,46 (m, C-6); 160,90 (d, 2Jc = 245,5; C-6).
EM, m/z (%): 232 (CsH4Cl.FO4P [M+4]", 6); 230 (CsH4ClLFO4P [M+2]™, 41);
228 (CeH4ClLFO4P [M]™, 62); 194 (22); 192 (67); 111 (92); 94 (10); 83 (100); 81
(10); 75 (14); 63 (15); 63 (15); 57 (57); 47 (22).
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2.2.2.7. 4-bromofenil N,N -dicicloexilaminafosfinato (66)

O procedimento descrito a seguir foi baseado no trabalho publicado por
UCKUN et al. (2005).

A um baldo de fundo redondo (50 mL) adicionou-se p-bromofenil
fosforodicloridato (62) (0,500 mg; 1,7 mmol) em DCM anidro (10 mL) sob
atmosfera de nitrogénio. O baldo foi resfriado a 0 °C em banho de gelo. Ao
baldo adicionou-se trietilamina anidra (0,50 mL; 3,6 mmol). Uma solugdo de
cicloexilamina (0,340 g; 3,5 mmol) em DCM anidro (20 mL) foi adicionada ao
baldo gota a gota durante o periodo de 1 hora. Apds esse periodo o banho de
gelo foi removido e deixou-se que a temperatura da mistura retornasse a
temperatura ambiente gradualmente. A mistura reacional foi mantida sob
agitacdo por 18 horas. Na sequencia o precipitado formado foi removido por
filtracdo a vacuo em funil de vidro sinterizado e o precipitado foi lavado com
DCM anidro. A mistura reacional foi concentrada em evaporador rotatério
levando a formagdo de um o6leo amarelo claro. O material foi purificado em
coluna de silica-gel em gradiente de concentragcao (Hex:AcEt 3:1). O produto
(66) isolado como um sélido branco com rendimento de 29% (0,201 g; 0,5
mmol) e (67) como um solido amarelado com rendimento de 8% (0,064 g; 0,1

mmol).

Substancia 66

Caracteristica: solido branco amorfo, purificado por cromatografia em coluna
de silica-gel, empregando-se como eluente hexano-EtOAc 3:1 v/v.
Rendimento: 29% (0,201 g; 0,5 mmol) a partir de 1,7 mmol do correspondente
p-bromofenil fosforodicloridato, utilizado como material de partida.

CCD: R = 0,46 (hexano-EtOAc 2:1 v/v).

34



T¢ = 89,4-91,4 °C.

IV (¥ mavem™): 3223; 2927; 2852; 1483; 1449; 1213; 1095; 1009; 908; 828;
738; 639; 537.

RMN de 'H (300 MHz, CDCls) § (multiplicidade, J/Hz, nimero de hidrogénios,
atribuigdo): 1,05-1,92 (m, 20H, -CHy); 2,59 (t, Jnup = Inn12 = 10,05 2H, -NH);
2,98-3,14 (m, 2H; H-12); 7,08-7,13 (m, 2H; H-1/H-5); 7,36-7,41 (m, 2H; H-2/H-
4).

RMN de "*C (75 MHz, CDCls) & (multiplicidade, J/Hz, atribuigéo): 25,32 (C-8/C-
10)*; 25,58 (C-9)*; 36,18 (tripleto aparente, *Jcp = 5,1; C-7/C-11); 50,86 (s, C-
12); 116,99 (s, C-3); 122,25 (d, 3Jcp = 4,9; C-1/C-5); 132,65 (s, C-2/C-4);
150,83 (d, Jcp = 6,5; C-6). * Estas atribuicdes podem estar invertidas.

EM, m/z (%): 416 (C1gH28BrN2OoP [M+2]", 5); 414 (C1gH28BrN,O2P [M]™, 5);
373 (12); 371 (12); 161 (12); 98 (100); 81 (15); 79 (17); 56 (29); 55 (35); 43
(10); 41 (30).

Substancia 67: bis (4-bromofenil) N-cicloexilamidofosfato

Caracteristica: sélido amarelado, purificado por cromatografia em coluna de
silica-gel, empregando-se como eluente hexano-EtOAc em gradiente de
concentragéo (6:1, 5:1, 4:1, 3:1 v/v).

Rendimento: 8% (0,064 g; 0,1 mmol) a partir de 1,7 mmol do correspondente
p-bromofenil fosforodicloridato, utilizado como material de partida.

CCD: Rf = 0,43 (hexano-EtOAc 2:1 v/v).

T = 143,5-144,9 °C.

IV (¥ maxem™): 3177; 2929; 2855; 1583; 1481; 1197; 915; 830; 737; 521.

RMN de 'H (300 MHz, CDCls) & (multiplicidade, J/Hz, nimero de hidrogénios,
atribuicdo): 1,04-1,94 (m, 10H, -CHy); 2,99 (t, INup = Inn12 = 12,3; 2H, -NH);
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3,06-3,27 (m, 2H; H-12); 7,09-7,16 (m, 4H; H-1/H-5); 7,40-7,47 (m, 4H; H-2/H-
4).

RMN de "*C (75 MHz, CDCl;) & (multiplicidade, J/Hz, atribuicdo): 24,87 (C-8/C-
10)*; 25,17 (C-9)*; 35,44 (d, *Jcp = 5,1; C-7/C-11); 51,31 (C-12); 117,85 (C-3);
121,89 (d, *Jep = 5,1; C-1/C-5); 132,65 (C-2/C-4); 149,83 (d, 2Jcp = 6,9; C-6). *
Estas atribuicbes podem estar invertidas.

EM, m/z (%): 491 (C1gH20BraNOsP [M+4]", 16); 489 (C1gH20BraNOsP [M+2]™,
41); 487 (C1gH20BraNOsP [M]*, 19); 446 (100); 408 (37); 316 (9); 236 (16); 172
(33); 98 (71); 55 (54); 41 (43).

Os compostos  4-bromofenil-N,N’-dipipiridin-1-ilfosfinato  (68), 4-
bromofenil-N,N,N’,N -tetraetildiamidofosfato (69), 4-bromofenil-N,N’-
difenilfosfato (70), tris(4-bromofenil)fosfato (71), 4-
bromofenildimorfolinofosfinato  (72),  4-bromofenil-4,4 -dimetil-(N,N’-difenil)
fosfato (73), 4-bromofenil-N,N-diisopropilamidoclorofosfato (74), 2-bromofenil-
N,N’-dicicloexilamidofosfinato (75), 2-bromofenil-N,N -dipepiridin-1-ilfosfinato
(76), 2-bromofenil-N,N,N’,N’-tetraetildiamidofosfato (77), 4-nitrofenil-N,N’-

dicicloexilamidofosfinato (78), bis(4-nitrofenil)-N-cicloexilamidofosfato (79),

bis(4-nitrofenil)morfolinofosfonato (80), 4-fluorofenil-N,N,N",N’-
tetraetildiamidofosfato (81), 4-fluorofenil-N,N’-dimorfolin-1-ilfosfinato (82), 4-
fluorofenildi(piperidin-1-il)fosfinato (83), 4-fluorofenil-N,N’-

dicicloexilamidofosfinato (84) foram preparados utilizando-se o procedimento
experimental descrito para a sintese do composto (66). Especificamente no
caso do composto 70, o DCM utilizado como solvente foi substituido por
acetonitrila sob refluxo. As estruturas das substancias (68-84) foram

confirmadas pelos dados experimentais descritos a seguir.
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2.2.2.8. 4-bromofenil N,N -dipepiridin-1-ilfosfinato (68)
(D
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Caracteristica: 6leo amarelado claro, purificado por cromatografia em coluna
de silica-gel, empregando-se como eluente hexano-EtOAc 2:1 v/v.
Rendimento: 32% (0,212 g; 0,5 mmol) a partir de 1,7 mmol do correspondente
p-bromofenil fosforodicloridato, utilizado como material de partida.

CCD: Rf = 0,30 (hexano-EtOAc 2:1 v/v).

IV (¥ maxcm™): 2932; 2849; 1719; 1528; 1482; 1339; 1219; 1199; 1157; 1113;
1065; 1027; 1009; 956; 904; 830; 758; 729; 631; 608; 560; 473.

RMN de 'H (300 MHz, CDCI;) & (multiplicidade, J/Hz, nimero de hidrogénios,
atribuigao): 1,39-1,61 (m, 12H, H-8/H-9/H-10); 3,03-3,15 (m, 8H, H-7/H-11);
7,06-7,15 (m, 2H; H-1/H-5); 7,35-7,45 (m, 2H; H-2/H-4).

RMN de "*C (75 MHz, CDCl;) & (multiplicidade, J/Hz, atribuicdo): 24,69 (C-9);
26,29 (d, ®Jcp = 2,4; C-8/C-10); 45,77 (d, “Jcp = 2,4; C-7/C-11); 116,93 (C-3);
122,26 (d, *Jcp = 2,4; C-1/C-5); 132,64 (C-2/C-4); 150,92 (d, *Jcp = 6,2; C-6).
EM, m/z (%): 388 (C1sH2aBrN2O2P [M+2]™, 3); 386 (C1sH24BrN2O2P [M]™, 3);
238 (4); 240 (3); 216 (2); 215 (18); 132 (5); 130 (5); 86 (3); 85 (11); 84 (100); 55
(9); 42 (9).

2.2.2.9. 4-bromofenil N,N,N’,N’-tetraetildiamido fosfato (69)

NJ
5 6 O\ID/\N/\
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Caracteristica: 6leo amarelado claro, purificado por cromatografia em coluna

de silica-gel, empregando-se como eluente hexano-EtOAc 2:1 v/v.
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Rendimento: 13% (0,081 g; 0,2 mmol) a partir de 1,7 mmol do correspondente
p-bromofenil fosforodicloridato, utilizado como material de partida.

CCD: Rf = 0,33 (hexano-EtOAc 2:1 v/v).

IV (¥ mawem™): 2971; 2922; 2877; 1482; 1206; 1163; 893; 830; 718.

RMN de 'H (300 MHz, CDCl;) & (multiplicidade, J/Hz, nimero de hidrogénios,
atribuicdo): 0,99-1,13 (m, 12H, H-8); 3,04-3,20 (m, 8H, H-7); 7,06-7,15 (m, 2H;
H-1/H-5); 7,36-7,46 (m, 2H; H-2/H-4).

RMN de **C (75 MHz, CDCIs) & (multiplicidade, J/Hz, atribuigdo): 14,33 e 13,90
(d, ®Jcp = 2,2; C-8); 40,08 e 39,86 (d, 2Jc.p ~ 4,7; C-7); 118,16 e 116,73 (C-3);
122,28 e 122,20 (d, *Jcp =~ 2,4; C-1/C-5); 132,81 e 132,56 (C-2/C-4); 149,76 e
150,96 (d, 2Je.p ~ 5,8; C-6).

EM, m/z (%): 364(C14H24BrN,O.P [M+2]™,3); 362 (C14H24BrN,O,P [M]™,3); 349
(17); 347 (17); 191 (38); 72 (100); 58 (19); 56(17); 44 (33); 42 (28); 32 (81).

2.2.2.10. 4-bromofenil N,N -difenil fosfato (70)
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Caracteristica: sélido cristalino, purificado por cromatografia em coluna de
silica-gel, empregando-se como eluente hexano-EtOAc 2:1 v/v.

Rendimento: 16% (0,056 g; 0,14 mmol) a partir de 0,9 mmol do
correspondente p-bromofenil fosforodicloridato, utilizado como material de
partida.

CCD: Rf = 0,26 (hexano-EtOAc 2:1 v/v).

T¢= 189,8-191,4 °C.

IV (v mé.,(,cm'1): 3362; 3139; 2906; 1476; 1203; 912; 745; 506.

RMN de "H (300 MHz, CDCIs) § (multiplicidade, J/Hz, nimero de hidrogénios,
atribuicdo): 5,93 (d, 2H, Unur = 8,9; -NH); 6,96-7,11 (m, 8H, H-1/H-5/H-7/H-9/H-
11); 7,18-7,38 (m, 6H; H-2/H-4/H-8/H-10).
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RMN de *C (75 MHz, CDCI5) & (multiplicidade, J/Hz, atribuicdo): 118,59 (C-3)*;
118,69 (C-7/C-11)*; 122,61 (C-9)**; 122,69 (C-1/C-5)**; 122,90 (C-8/C-10)**;
129,67 (C-2/C-4); 132,95 (C-12); 138,85 (C-6). * Essas atribuicbes podem estar
invertidas. ** Essas atribuicbes podem estar invertidas.

EM, m/z (%): 404 (C1gH16BrN2O2P [M+2]™, 5); 402 (C16H24BrNoO2P [M]™, 5);
311 (35); 247 (22); 172 (74); 155 (27); 139 (40); 92 (100); 75 (27); 65 (69); 39
(33).

2.2.2.11. tris (4-bromofenil) fosfato (71)

Caracteristica: solido cristalino, purificado por cromatografia em coluna de
silica-gel, empregando-se como eluente hexano-EtOAc 5:1 v/v.

Rendimento: 26% (0,084 g; 0,15 mmol) a partir de 1,7 mmol do
correspondente p-bromofenil fosforodicloridato, utilizado como material de
partida. Nessa reacdo empregava-se 2,3-diidroxibenzaldeido como nucledfilo,
mas o produto esperado nao foi formado.

CCD: R = 0,37 (hexano-EtOAc 5:1 v/v).

T = 105,0-106,3 °C.

IV (¥ mawem™): 2959; 2920; 2850; 2364; 1578; 1476; 1399; 1297; 1230; 1182;
1160; 1067; 1012; 976; 953; 936; 922; 823; 773; 632; 538; 492; 452.

RMN de 'H (300 MHz, CDCls) (multiplicidade, J/Hz, nimero de hidrogénios,
atribui¢do): 7,06-7,13 (m, 6H, H-1/H-5); 7,43-7,51 (m, 6H; H-2/H-4).

RMN de *C (75 MHz, CDCl;) (multiplicidade, J/Hz, atribuigao): 149,40 (d, 2Jcp
= 7,6; C-6), 133,26 (C-2/C-4), 122,03 (d, *Jcp = 5,1; C-1/C-5), 119,25 (C-3).
EM, m/z (%): 564 (C1gH12Br3O4P [M+4]™, 92); 562 (C1sH12Brz04P [M+2]™, 100);
560 (C1gH12Brs04P [M]™, 34); 328 (30); 174 (71); 173 (59); 172 (72); 171 (44);
168 (66); 155 (33); 145 (52); 143 (54); 75 (65); 64 (37); 50 (44).
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2.2.2.12. 4-bromofenil dimorfolinofosfinato (72)

Caracteristica: cristal branco, purificado por cromatografia em coluna de silica-
gel, empregando-se como eluente hexano-EtOAc em gradiente de
concentracao (9:1, 6:1, 5:1, 4:1, 3:1 v/v).

Rendimento: 46% (0,307 g; 0,8 mmol) a partir de 1,7 mmol do correspondente
p-bromofenil fosforodicloridato, utilizado como material de partida.

CCD: Rf = 0,60 (hexano-EtOAc 3:1 v/v).

Te=112,7-113,9 °C.

IV (¥ maxem™): 2956; 2846; 1482; 1232; 1111; 967; 904; 840; 734; 473

RMN de 'H (300 MHz, CDCl;) & (multiplicidade, J/Hz, nimero de hidrogénios,
atribuicdo): 3,15-3,22 (m, 8H, H-7/H-10); 3,59-3,61 (m, 8H, H-8/H-9); 7,09-7,15
(m, 2H; H-1/H-5); 7,41-7,47 (m, 2H; H-2/H-4).

RMN de *C (75 MHz, CDCl;) & (multiplicidade, J/Hz, atribuicdo): 44,74 (s, C-
7/C-10); 66,96 (d, >Jcp = 5,8; C-8/C-9); 117,37 (s, C-3); 121,83 (d, 3Jcp = 5,0;
C-1/C-5); 132,68 (s, C-2/C-4); 150,09 (d, ?Jcp = 5,9; C-6).

EM, m/z (%): 392 (C14H20BrNoO4P [M+2]™, 11); 390 (C14H20BrN2O4P [M]™, 10);
377 (5); 361 (15); 347 (12); 335 (24); 134 (10); 86 (100); 56 (46); 42 (21).

2.2.2.13. 4-bromofenil 4,4 -dimetil-(N, N -difenil) fosfato (73)

Caracteristica: solido branco amorfo, purificado por cromatografia em coluna

de silica-gel, empregando-se como eluente hexano-EtOAc 3:1 v/v.
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Rendimento: 13% (0,099 g; 0,2 mmol) a partir de 1,7 mmol do correspondente
p-bromofenil fosforodicloridato, utilizado como material de partida.

CCD: Rf = 0,51 (hexano-EtOAc 2:1 v/v).

T¢=104,7-106,1 °C.

IV (¥ maxem™): 3377; 3139; 1616; 1482; 1202; 991; 817; 493.

RMN de 'H (300 MHz, CDCls) & (multiplicidade, J/Hz, nimero de hidrogénios,
atribui¢do): 1,67 (s, 6H, -CHs); 6,48-6,65 (m, 10H, H-1/H-5/H-7/H-8/H-10/H-11);
6,88-6,92 (m, 2H, H-2/H-4); 7,32 (d, 2H, Jnu-p = 9,9; -NH).

RMN de "*C (75 MHz, CDCls) § (multiplicidade, J/Hz, atribuicdo): 19,44 (C-13);
116,18 (C-3); 116,88 (d, 2Jcp = 7,4; C-7/C-11); 121,71 (d, 2Jcp = 4,6; C-1/C-5);
128,35 (C-9); 129,19 (C-8/C-10); 131,20 (C-2/C-4); 136,68 (C-12); 148,75 (d,
2Jop = 6,4; C-6).

EM, m/z (%): 432 (CooH20BrNoOoP [M+2]™, 44); 430 (C20H20BrN2O2P [M]™, 41);
261 (21); 241 (14); 107 (100); 79 (32).

2.2.2.14. 4-bromofenil N,N-diisopropilamidoclorofosfato (74)

o. Cl
LI
O
Br )\

EM, m/z (%): 357 (C12H1BrCINO,P [M+4]", 2); 355 (C12H1sBrCINO,P [M+2]",
7); 353 (C12H1sBrCINO,P [M]™, 5); 340 (44); 338 (31); 300 (26); 298 (100); 296
(76); 124 (8); 44 (43); 43 (38); 42 (38); 41 (77); 36 (25).

O composto 74 nao foi isolado, ficando adsorvido a silica ou alumina

apos fracionamento.
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2.2.2.15. 2-bromofenil N,N’-dicicloexilamidofosfinato (75)

Caracteristica: soélido branco em agulha, purificado por cromatografia em
coluna de silica-gel, empregando-se como eluente hexano-EtOAc 2:1 v/v.
Rendimento: 36% (0,250 g; 0,6 mmol) a partir de 1,7 mmol do correspondente
o-bromofenil fosforodicloridato, utilizado como material de partida.

CCD: Rf = 0,22 (hexano-EtOAc 2:1 v/v).

Te=111,6-113,2 °C.

IV (¥ maxem™): 3208; 2928; 2850; 1474; 1219; 1087; 908; 756; 506.

RMN de 'H (300 MHz, CDCI;) & (multiplicidade, J/Hz, nimero de hidrogénios,
atribuigao): 1,20-2,03 (m, 20H, -CHy); 2,69 (t, 2H, -NH); 3,05-3,25 (m, 2H; H-
12); 6,94-7.00 (m, 1H; H-3); 7,21-7,27 (m, 1H; H-2); 7,50-7,58 (m, 2H; H-1/H-4).
RMN de "*C (75 MHz, CDCl;) & (multiplicidade, J/Hz, atribuicdo): 25,04 (C-8/C-
10); 25,33 (C-9); 35,88 (d, ®Jcp = 4,8; C-7/C-11); 50,55 (C-12); 114,47 (C-5);
121,86 (d, ®Jcp = 2,9; C-1); 125,18 (C-3); 128,59 (C-2); 133,11 (C-4); 148,61 (d,
2Je-p = 6,0; C-6)

EM, m/z (%): 416 (C1gH28BrN2O2P [M+2]™, 4); 414 (C1gH28BrN2O2P [M]™, 4);
373 (21); 371 (21); 335 (57); 291 (9); 289 (10); 253 (14); 236 (10); 161 (11); 98
(100); 79 (21); 55 (46); 41 (50); 32 (39).

2.2.2.16. 2-bromofenil N,N’-dipepiridin-1-ilfosfinato (76)
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Caracteristica: soélido amarelo claro amorfo, purificado por cromatografia em
coluna de silica-gel, empregando-se como eluente hexano-EtOAc 1:1 v/v.
Rendimento: 34% (0,230 g; 0,6 mmol) a partir de 1,7 mmol do correspondente
o-bromofenil fosforodicloridato, utilizado como material de partida.

CCD: Rf = 0,32 (hexano-EtOAc 1:1 v/v).

T: = 60,7-62,4 °C.

IV (¥ mawem™): 2931; 2848; 1474; 1228; 1206; 1161; 904

RMN de 'H (300 MHz, CDCIs) § (multiplicidade, J/Hz, nimero de hidrogénios,
atribuigéo): 1,45-1,56 (m, 12H, H-8/H-9/H-10); 3,13-3,24 (m, 8H, H-7/H-11);
6,95 (td, J=8,1e J =1,5; 1H; H-3); 7,25 (id, J = 8,1 e J = 1,5; 1H; H-2); 7,53
(dt, J=8,1e J=1,5; 1H; H-1); 7,60 (dt, J= 8,1 e J = 1,5; 1H; H-4).

RMN de **C (75 MHz, CDCIs) & (multiplicidade, J/Hz, atribuicdo): 24,72 (C-9);
26,28 (d, *Je.p = 5,1; C-8/C-10); 45,84 (d, 2Jcp = 2,4; C-7/C-11); 114,21 (d, *Jcp
= 8,4; C-5); 121,11 (d, *Jec.p = 2,8; C-1); 125,00 (C-3); 128,68 (C-2); 133,47 (C-
4); 149,11 (d, 2Jcp = 4,9; C-6).

EM, m/z (%): 388 (C1sH24BrN2O2P [M+2]™, 2); 386 (C1sH24BrN2O2P [M]™, 2);
307 (11); 215 (15); 84 (100); 55 (14); 42 (13).

2.2.2.17. 2-bromofenil N,N,N’,N’-tetraetildiamido fosfato (77)
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EM, m/z (o/o)Z 364(C14H24BI’N202P [M+2]+.,3); 362 (C14H24BFN202P [M]+',3); 349
(22); 347 (22); 290 (23); 283 (23); 191 (50); 72 (100); 58 (17); 56 (21); 44 (32);
42 (30).

O composto 77 nao foi isolado, ficando adsorvido a silica apds coluna de

silica-gel (eluente hexano-EtOAc 2:1 v/v).
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2.2.2.18. 4-nitrofenil N,N’-dicicloexilamidofosfinato (78)
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Caracteristica: solido branco amorfo, purificado por cromatografia em coluna
de silica-gel, empregando-se como eluente hexano-EtOAc 3:1 v/v.
Rendimento: 32% (0,245 g; 0,6 mmol) a partir de 1,7 mmol do correspondente
p-nitrofenil fosforodicloridato, utilizado como material de partida.

CCD: R = 0,18 (hexano-EtOAc 1:1 v/v).

Te = 144,7-145,6 °C.

IV (¥ maxem™): 3377; 3184; 2924; 2851; 1340; 1224; 1109; 889; 742; 522

RMN de 'H (300 MHz, CDCI;) & (multiplicidade, J/Hz, nimero de hidrogénios,
atribuigao): 1,01-2,00 (m, 20H, -CH>); 2,11-2,70 (sinal alargado, 2H, -NH); 2,98-
3,18 (m, 2H; H-12); 7,33-7,43 (m, 2H; H-1/H-5); 8,14-8,24 (m, 2H; H-2/H-4).
RMN de "*C (75 MHz, CDCl;) & (multiplicidade, J/Hz, atribuicdo): 25,28 (C-8/C-
10)*; 25,51 (C-9)*; 36,12 (d, Jcp = 4,5; C-7/C-11); 51,03 (s, C-12); 120,4 (d,
3Jcp = 5,4; C-1/C-5); 125,75 (s, C-2/C-4); 144,00 (s, C-3); 156,95 (d, °Jcp = 5,8;
C-6). * Estas atribuicdes podem estar invertidas.

EM, m/z (%): 381 (C1sH2sN304P [M]™, 3); 338 (13); 256 (8); 98 (39); 81 (11); 79
(11); 65 (10); 56 (27); 55 (25); 41 (28); 39 (44); 32 (100).

O 4-nitrofenil N,N’-dicicloexilaminafosfinato (78) foi o segundo composto
eluido no processo de separagao cromatografica, isolado com rendimento de
32% (0,245 g; 0,6 mmol) como um solido branco amorfo. A primeira fragdo da
separagao cromatografica foi constituida pelo composto bis (4-nitrofenil) N-

cicloexilaminafosfato (79) isolado, com rendimento de 12% (0,088 g; 0,2 mmol).
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2.2.2.19. bis (4-nitrofenil) N-cicloexilaminafosfato (79)
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Caracteristica: soélido branco em agulha, purificado por cromatografia em
coluna de silica-gel, empregando-se como eluente hexano-EtOAc 3:1 v/v.
Rendimento: 12% (0,088 g; 0,2 mmol) a partir de 1,7 mmol do correspondente
p-nitrofenil fosforodicloridato, utilizado como material de partida.

CCD: Rf= 0,31 (hexano-EtOAc 1:1 v/v).

T¢=175,4-176,7 °C.

IV (¥ maxem™): 3160; 3114; 2926; 2851; 1512; 1341; 1207; 1105; 920; 854;
748; 532.

RMN de 'H (300 MHz, CDCIs) § (multiplicidade, J/Hz, nimero de hidrogénios,
atribuicdo): 1,16-1,90 (m, 10H, -CHy); 3,15-3,37 (m, 2H, -NH/H-12); 7,39-7,44
(m, 4H; H-1/H-5); 8,22-8,28 (m, 4H; H-2/H-4).

RMN de "*C (75 MHz, CDCl;) S (multiplicidade, J/Hz, atribuicdo): 24,79 (C-8/C-
10)*; 25,02 (C-9)*; 35,37 (d, 3Jcp = 5,1; C-7/C-11); 51,64 (s, C-12); 120,58 (d,
*Jep = 5,6; C-1/C-5); 125,74 (s, C-2/C-4); 144,73 (s, C-3); 155,55 (d, 2Jcp = 6,4;
C-6). * Estas atribuicdes podem estar invertidas.

EM, m/z (%): 421 (C1gH20N3O7P [M]™, 6); 378 (59); 340 (18); 139 (14); 109 (11);
98 (14); 81 (16); 65 (23); 55 (32); 41 (46); 39 (44); 32 (100).

2.2.2.20. bis(4-nitrofenil) morfolinofosfonato (80)
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Caracteristica: cristal branco, purificado por cromatografia em coluna de silica-
gel, empregando-se como eluente hexano-EtOAc em gradiente de
concentracéo (3:1, 2:1, 1:1 v/v).

Rendimento: 11% (0,087 g; 0,2 mmol) a partir de 1,7 mmol do correspondente
p-nitrofenil fosforodicloridato, utilizado como material de partida.

CCD: Rf = 0,38 (hexano-EtOAc 1:1 v/v).

T:=161,5-162,9 °C.

IV (¥ maxem™): 2858; 1588; 1513; 1342; 1199; 908; 846; 745; 471.

RMN de 'H (300 MHz, CDCls) § (multiplicidade, J/Hz, nimero de hidrogénios,
atribui¢do): 3,30-3,38 (m, 4H, H-7/H-10); 3,60-3,67 (m, 4H, H-8/H-9); 7,38-7,45
(m, 4H; H-1/H-5); 8,24-8,31 (m, 4H; H-2/H-4).

RMN de **C (75 MHz, CDCI;) & (multiplicidade, J/Hz, atribuicdo): 44,67 (s, C-
7/C-10); 66,59 (dupleto, *Jcp = 5,7; C-8/C-9); 120,55 (dupleto, *Jcp = 5,4; C-
1/C-5); 125,87 (s, C-2/C-4); 144,95 (s, C-3); 155,04 (d, 2Jcp = 6,5; C-6).

EM, m/z (%): 409 (C1sH1sN3OgP [M]™, 2); 366 (100); 352 (55); 271 (11); 213 (8);
150 (50); 75 (29); 56 (38); 44 (29).

2.2.2.21. 4-fluorofenil N,N,N’,N’-tetraetildiamido fosfato (81)

Caracteristica: cristal branco, purificado por cromatografia em coluna de silica-
gel, empregando-se como eluente hexano-EtOAc 3:1 v/v.
Rendimento: 25% (0,134 g; 0,4 mmol) a partir de 1,7 mmol do correspondente
p-fluorofenil fosforodicloridato, utilizado como material de partida.
CCD: Rf = 0,53 (hexano-EtOAc 3:1 v/v).
IV (¥ maxem™): 2973; 1501; 1380; 1168; 1025; 900; 817; 500.
RMN de 'H (300 MHz, CDCls) § (multiplicidade, J/Hz, nimero de hidrogénios,
atribuicao): 1,07 (t, J = 7,2; 12H, -CHs); 3,11 (dq, J = 7,2 e J = 18,3; 8H, -CH>);
6,91-7,03 (m, 2H; H-2/H-4); 7,13-7,20 (m, 2H; H-1/H-5).
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RMN de **C (75 MHz, CDCI;) § (multiplicidade, J/Hz, atribuicdo): 14,05 (d, *Jcp
=2,1; C-8); 39,63 (d, °Jcp = 4,7; C-7); 115,97 (d, 2Jc F = 23,0; C-2/C-4); 121,43
(9, J=4,8 e J =8,1; C-1/C-5); 147,39 (s, C-6); 158,96 (d, °Jcr = 239,9; C-3).
EM, m/z (%): 303 (C14H24FN20.P [M+1]", 3); 302 (C14H24FN2OP [M]*, 18);
287 (73); 230 (55); 216 (44); 191 (68); 166 (14); 120 (14); 111 (21); 72 (100); 58
(29); 44 (42).

2.2.2.22. 4-fluorofenil N,N’-dimorfolin-1-ilfosfinato (82)
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Caracteristica: cristal branco, purificado por cromatografia em coluna de silica-
gel, empregando-se como eluente hexano-EtOAc 3:1 v/v.

Rendimento: 55% (0,317 g; 1,0 mmol) a partir de 1,7 mmol do correspondente
p-fluorofenil fosforodicloridato, utilizado como material de partida.

CCD: R¢= 0,57 (hexano-EtOAc 3:1 v/v).

T¢= 128,7-130,1 °C.

IV (¥ maxem™): 2974; 2851; 1502; 1230; 1109; 965; 907; 843; 741; 489

RMN de 'H (300 MHz, CDCIs) § (multiplicidade, J/Hz, nimero de hidrogénios,
atribuigdo): 3,14-3,23 (m, 8H, H-7/H-10); 3,58-3,65 (m, 8H, H-8/H-9); 6,97-7,05
(m, 2H; H-2/H-4); 7,13-7,21 (m, 2H; H-1/H-5).

RMN de **C (75 MHz, CDCI;) & (multiplicidade, J/Hz, atribuicdo): 44,72 (s, C-
7/C-10); 66,94 (d, 2Jcp = 5,8; C-8/C-9); 116,22 (d, 2JcF = 23,3; C-2/C-4); 121,35
(q,J=49eJ=84; C-1/C-5); 146,82 (q, J=2,8 e J =5,8; C-6); 159,31 (d, 2Jc r
= 241,8; C-3).

EM, m/z (%): 331 (C14H20FN2O4P [M+1]7, 4); 330 (C14H20FN204P [M]™, 24);
315 (13); 299 (33); 287 (26); 273 (57); 134 (16); 123 (22); 86 (100); 56 (52); 42
(25).
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2.2.2.23. 4-fluorofenil di(piperidin-1-il)fosfinato (83)
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Caracteristica: 6leo amarelo claro, purificado por cromatografia em coluna de

silica-gel, empregando-se como eluente hexano-EtOAc 3:1 v/v.

Rendimento: 30% (0,168 g; 0,5 mmol) a partir de 1,7 mmol do correspondente
p-fluorofenil fosforodicloridato, utilizado como material de partida.

CCD: Rf = 0,51 (hexano-EtOAc 3:1 v/v).

IV (¥ maxem™): 2933; 2849; 1501; 1339; 1193; 1071; 903; 817; 733; 477.

RMN de 'H (300 MHz, CDCl;) & (multiplicidade, J/Hz, nimero de hidrogénios,
atribuicdo): 1,42-1,59 (m, 12H, H-8/H-9/H-10); 3,06-3,13 (m, 8H, H-7/H-11);
6,93-7,01 (m, 2H; H-2/H-4); 7,13-7,19 (m, 2H; H-1/H-5).

RMN de "C (75 MHz, CDCls) 5 (multiplicidade, J/Hz, atribuigdo): 24,44 (s, C-9);
26,04 (d, 3Jcp = 5,3; C-7/C-11); 45,49 (d, 3Jcp = 2,3; C-8/C-10); 115,87 (d, 2Jc r
= 23,1; C-2/C-4); 121,41 (q, J = 4,8 e J = 8,3; C-1/C-5); 147,40 (s, C-6); 158,99
(d, 2Jc F = 240,8; C-3).

EM, m/z (%): 327 (C1gH24FN2O2P [M+1]™, 3); 326 (C16H24FN202P [M]™, 16);
242 (8); 215 (32); 178 (12); 130 (12); 84 (100); 55 (22); 42 (12).

2.2.2.24. 4-fluorofenil N, N’-dicicloexilamidofosfinato (84)
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Caracteristica: solido branco amorfo, purificado por cromatografia em coluna

de silica-gel, empregando-se como eluente hexano-EtOAc 3:1 v/v.
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Rendimento: 28% (0,172 g; 0,5 mmol) a partir de 1,7 mmol do correspondente
p-fluorofenil fosforodicloridato, utilizado como material de partida.

CCD: Rf = 0,39 (hexano-EtOAc 2:1 v/v).

T¢=117,9-119,3 °C.

IV (¥ maxem™): 3232; 2926; 2853; 1503; 1435; 1198; 1087; 892; 812; 484.

RMN de 'H (300 MHz, CDCl5) & (multiplicidade, J/Hz, nimero de hidrogénios,
atribui¢do): 1,03-1,97 (m, 20H, -CH); 2,53 (t, J = 2,4; 2H, -NH); 2,99-3,16 (m,
2H; H-12); 6,92-7,02 (m, 2H; H-2/H-4); 7,13-7,21 (m, 2H; H-1/H-5).

RMN de "*C (75 MHz, CDCl;) & (multiplicidade, J/Hz, atribuicdo): 25,05 (C-8/C-
10)*; 25,34 (C-9)*; 35,94 (tripleto aparente, *Jcp = 5,0; C-7/C-11); 50,58 (s, C-
12); 115,93 (d, 2Jcr = 23,2; C-2/C-4); 121,48 (q, J = 4,8 e J = 8,2; C-1/C-5);
147,31 (9, J = 2,1 e J = 6,2; C-6); 159,11 (d, Jcr = 240,8; C-3). * Estas
atribuicdes podem estar invertidas.

EM, m/z (%): 355 (C1gH2sFN202P [M+1]", 7); 354 (C1gH28FN20.P [M]™, 33);
311 (57); 273 (15); 243 (20); 229 (33); 191 (24); 161 (22); 98 (100); 79 (29); 55
(62); 41 (35).

2.3. Resultados e Discussao

O presente estudo objetivou, inicialmente, dar continuidade aos
trabalhos de PAULA et al. (2008) e OLIVEIRA et al. (2012), uma vez que 0s
fosforamidatos 42-46 apresentaram elevada atividade inseticida. Além disso,
ha outros relatos de atividade bioldgica descritos na literatura para essa classe
de organofosfatos (SANTOS et al., 2007).

A presenga de um grupo das furanonas (60) na estrutura das
substancias € uma caracteristica importante, uma vez que s&do conhecidos
heterociclos com diversas atividades biologicas descritas na literatura:
antiinflamatoéria, antimicrobiana, antifungica, anticancer, antiviral HIV, fitotdxica,
inseticida, fago inibidor, entre outros (SOUZA et al., 2005).

Os fosforamidatos 42-46 foram sintetizados conforme analise

retrossintética mostrada no Esquema 6.
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O\CHO — & — O\P\\NRRQ
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(60) NR4R,

Esquema 6 - Metodologia sintética empregada na sintese dos fosforamidatos.

A reacdo de oxidagdo de Bayer Villiger do furfuraldeido com &acido
perférmico, gerado in situ pela reagdo do peréxido de hidrogénio com acido
férmico, fornece a lactona 60 com rendimento de 49% (Esquema 7), similar
aquele documentado na literatura (NASMAN, 1990).

H,0, HCOOH
@\ N,N-dietanolamina _ &
o~ CHO DCM, 49%

(60)
Esquema 7 - Sintese da furan-2(5H)ona (60) a partir do furfuraldeido.

Os dados espectroscopicos obtidos para a lactona 60 sdo consistentes
com os descritos na literatura (TEIXEIRA, 2008).

Na sequencia, a lactona 60 é submetida a reagao segundo adaptagao da
rota sintética descrita por Nasman (1990), conforme Esquema 8. O
intermediario 85 nao isolado apds o tratamento de 60 com cloreto de fosforila
(POCI3), é imediatamente submetido a reacao de substituicdo nucleofilica com

as aminas etilamina, cicloexilamina, diisopropilamina e piperidina.

— POCI3, Et3N Aminas 0,
&O > O\ /P/Cl ~ [\ /\P\/NR1R2

o DCM, ta. Et,0 0° O NRR,
(60) (85)
Esquema 8 - Reacgao para a sintese dos fosforamidatos a partir da lactona 60.

Empregando a lactona 60 como material de partida, os fosforamidatos
foram obtidos com rendimentos variando de 6,4 a 46,0% (OLIVEIRA et al.,
2012). O melhor rendimento (46%) foi obtido empregando-se etilamina como

nucledfilo.
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2.3.1. Tentativa de otimizagdo da sintese do furan-2-il N,N,N’,N’-
tetraetildiamidofosfato (42)

Diante dos baixos rendimentos alcangados por OLIVEIRA et al. (2012),
buscou-se otimizar o procedimento de sintese do furan-2-il N,N,N’N*-
tetraetildiamidofosfato (42) para entdo dar continuidade ao projeto de
desenvolvimento de novas substancias.

A tentativa de otimizacdo de sintese da substancia 42 consistiu na
variagdo de condi¢cdes reacionais bem como na simplificacdo de etapas
(Tabela 1). O procedimento geral pode ser consultado na segunda alternativa

descrita em 2.1.2.2.

Tabela 1 — Resultados experimentais da sintese do composto 42

Tempo Rendimento (%)?
Experimento Condigodes final da Solvente
reagao (h) 42 43 61 86

(Hlactona 60 (1,0 equiv.),
POCI; (1,5 equiv.), Et;N
(2,0 equiv); 24h (ii) Et,NH
(3,0 equiv.)

48 DCM - 8 6 11

(Hlactona 60 (1,0 equiv.),
POCI; (1,5 equiv.), Et:N
(2,0 equiv); 24h (i) EtoNH
(3,0 equiv.)

48 Et,O - 16 8 -

(hlactona 60 (1,0 equiv.),
POCI; (1,5 equiv.), Et;N
(2,0 equiv); 24h (ii) Et;NH
(3,0 equiv.)

72 Et,O 15 20 17 -

(Hlactona 60 (1,0 equiv.),
POCI; (1,5 equiv.), Et3;N
(2,0 equiv); 24h (ii) Et;NH
(3,0 equiv.)

48 THF - 10 7 -

(Hlactona 60 (1,0 equiv.),
POCI; (1,5 equiv.), Et;N
(2,0 equiv); 5 min (ii) Et,NH
(3,0 equiv.)

24 Et,O 5 34 28 7

(hlactona 60 (1,0 equiv.),
POCI; (1,5 equiv.), Et:N
(2,0 equiv); 5 min (ii) EtoNH
(3,0 equiv.)

24 DCM 12 14 12 -
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Tabela 1 — Resultados experimentais da sintese do composto 42 (continuagao)

Experimento

Condigoes

Tempo
final da
reacao (h)

Solvente

Rendimento (%)?

42 43 61

86

(hlactona 60 (1,0 equiv.),
POCI; (1,5 equiv.), EtzN
(2,0 equiv); 5 min (ii) Et,NH
(3,0 equiv.)

24

THF

12

(Hlactona 60 (1,0 equiv.),
POCI; (2,5 equiv.), Et;N
(2,0 equiv); 5 min (ii) EtoNH
(3,0 equiv.)

24

Et,O

12

(hlactona 60 (1,0 equiv.),
POCI; (2,5 equiv.), Et3;N
(2,0 equiv); 5 min (ii) Et,NH
(3,0 equiv.)

24

DCM

16

10

(hlactona 60 (1,0 equiv.),
POCIl; (2,5 equiv.), EtzN
(3,0 equiv); 5 min (ii) Et,NH
(3,0 equiv.)

24

Et,O

16

11

(hlactona 60 (1,0 equiv.),
POCI; (2,5 equiv.), Et3;N
(3,0 equiv); 5 min (ii) Et,NH
(3,0 equiv.)

24

THF

14

12

(Hlactona 60 (1,0 equiv.),
POCI; (1,5 equiv.), Et3N
(6,0 equiv); 5 min (ii) Et,NH
(3,0 equiv.)

24

Et,O

19

16

23

13

(Hlactona 60 (1,0 equiv.),
POCI; (2,5 equiv.), Et:N
(2,0 equiv); 24h (i) EtoNH
(3,0 equiv.)

48

THF

18

14

(ihlactona 60 (1,0 equiv.),
POCI; (2,5 equiv.), Et;N
(2,0 equiv); 24h (ii) Et;NH
(3,0 equiv.)

48

DCM

14

15

(Hlactona 60 (1,0 equiv.),
POCI; (1,5 equiv.), Et3;N
(3,0 equiv); 24h (ii) Et;NH
(3,0 equiv.)

72

Et,O

14

12

16

(Hlactona 60 (1,0 equiv.),
POCI; (2,5 equiv.), Et;N
(2,0 equiv); 24h (ii) Et;NH
(4,0 equiv.)

48

Et,O

12

13

11
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Tabela 1 — Resultados experimentais da sintese do composto 42 (continuagao)

Tempo Rendimento (%)?
Experimento Condigoes final da Solvente
reacao (h) 42 43 61 86

(hlactona 60 (1,0 equiv.),
POCI; (2,5 equiv.), EtzN
(3,0 equiv); 24h (ii) Et;NH
(3,0 equiv.)

17 72 Et,O M 17 14 -

(Hlactona 60 (1,0 equiv.),
POCI; (1,5 equiv.), Et;N
18 (2,0 equiv)y DMAP (1 72 Et,O 11 14 12 -
mol%); 24h (ii) Et;NH (3,0
equiv.)

(hlactona 60 (1,0 equiv.),
POCI; (1,5 equiv.), Et:N
19 (2,0 equiv); DMAP (5 72 Et,O 13 15 17 -
mol%); 24h (ii) Et,NH (3,0
equiv.)

@ Rendimentos expressos para os compostos 42 e 43 foram calculados considerando-se a
lactona 60 como limitante, enquanto para os compostos 61 e 86 o limitante foi o POCl;.

®Para condigao 3 todos os detalhes experimentais sdo descritos em 2.1.2.2.

° Todas as reagdes foram conduzidas sob nitrogénio.

Nos experimentos 1, 2 e 4 (Tabela 1), realizou-se a variacdo do solvente
empregado durante a reacgdo, sendo testados diclorometano, éter dietilico e
tetraidrofurano, devidamente anidros. O tempo reacional para a etapa i) foi de
24 horas. Em nenhum dos casos o solvente favoreceu a formagao do produto
de interesse (42). Entretanto, observa-se que no caso do experimento 2, no
qual emprega-se éter dietilico, o subproduto monoclorado (43) foi obtido em
maior rendimento (16%) quando comparado aos outros dois experimentos (8 e
10%). Mantendo-se o éter dietilico como solvente e aumentando-se o tempo de
reacao (experimento 3) observou-se a formagao da substancia 42 em 15% de
rendimento, e do subproduto 43 em 20%. Reduzindo-se o tempo da etapa i)
para 5 min, a formacado de 42 foi evidenciada nos experimentos 5 (5%) e 6
(12%) nos quais se utiliza éter dietilico e diclorometano, respectivamente. No
caso do experimento 7, que empregou THF como solvente, tal produto nao foi
formado.

Uma vez que a etapa de formacido do intermediario 85 corresponde a
um equilibrio (Esquema 9), pelo incremento de POCI; e/ou trietilamina,

esperava-se deslocar o equilibrio para a formacdo de 85. Por esse
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procedimento, tentou-se aumentar o rendimento dessa etapa de formacgao do
composto 85, uma vez que Nasman (1990) isolou esse intermediario com
rendimento de 60-65%.

— POCI, EtsN O,
o o\

(0] DCM, 25 °C e] Cl
(60) (85)

Esquema 9 - Etapa de formacéo do intermediario 85.

O aumento da quantidade de POCIs;, conforme descrito nos
experimentos 8-11 n&o favoreceu a formagao do composto 42. Aumentando-se
o tempo reacional da etapa i) para 24 horas (experimentos 14 e 16), o
composto 42 foi formado em 12% de rendimento quando se usou éter dietilico
como solvente (experimento 16). Realizou-se um acréscimo de 1 equivalente
de POCI3; no experimento 17 comparado ao 15; entretanto, nao foi significativo
o aumento no rendimento do composto 42 (de 9 para 11%) e do subproduto 43
(de 14 para 17%). No experimento 12 triplicou-se o numero de equivalentes de
trietilamina comparado ao experimento 5. Consequentemente, o produto de
interesse nao foi formado e o subproduto 43 obtido em 19%.

Segundo TIMPERLEY e WATERS (2005), a sintese dos compostos
dialquil N-fluoroalquilfosforamidatos 87 e 88 so foi possivel quando o material
de partida foi submetido as condicdes reacionais na presenca do catalisador 4-
dimetilaminopiridina (DMAP) e, mesmo assim, com rendimentos moderados

(Esquema 10).

RO, ,0 HyNCH,CF3 = RO__0

v 7

v

I\ I\
RO cCI  Et3N, Et,0 RO NHCH,CF;
cat. DMAP

R =n-Pr (87) 49%
i-Pr (88) 25%
Esquema 10 - Sintese dos dialquil N-fluoroalquilfosforamidatos 87 e 88 descrita

por TIMPERLEY e WATERS (2005).

Dessa forma, a lactona 60 foi submetida as condicbes descritas na
condicdao 3, que em maior rendimento forneceu o composto 42 de interesse
(15%). Porém, utilizou-se o catalisador DMAP em quantidades de 1 e 5 mol%

(condigdes 18 e 19, respectivamente). Surpreendentemente, o produto 42 foi
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obtido em menor rendimento nas duas situagdes, ndo sendo alcangado o
objetivo.

Os compostos 61 e 86 foram caracterizados apenas por espectrometria
de massas devido as estruturas simples. A presenca do pico do ion molecular
em m/z 189 para o composto 61 (Figura 2) é consistente com a féormula
molecular deste composto (C4H1,CI2NOP).

Com relacédo ao composto 86 observou-se em seu espectro de massas a
presenca de um pequeno pico de valor m/z 226, que corresponde ao pico do
ion molecular. Além disso, o pico de valor de m/z igual a 72 apresentou
intensidade igual a 100%. A grande intensidade para este pico é devido a
presenca de dois grupos etila ligados a nitrogénio na estrutura do composto
(Figura 3).

100 - 146
56
42
—~ 804
O\O
®© 174
: ;
[} -
3 0 CI” ' NEt,
x Cl
o
©
I 404
K7)
C
Q9
E 71
20 117
110
1 ‘ 189
0 .I|.||||||.| || .|||| || | | | I| || | ||. || ||
' I ' I
90 180

m/z

Figura 2 — Espectro de massas do subproduto 61.
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Figura 3 — Espectro de massas do subproduto 86.

2.3.2. Sintese de compostos fendlicos organofosfatos diclorados

Diante das tentativas infrutiferas de otimizagdo da sintese dos
fosforamidatos contendo o anel lactdnico, buscou-se na literatura grupos
interessantes do ponto de vista quimico e bioldgico para desenvolvimento de
novos fosforamidatos.

Compostos apresentando fendxidos diretamente ligados ao atomo de
fésforo sdo comuns na literatura e apresentam diversidade de atividades
biolégicas: anticancer (MCGUIGAN et al., 2005; VOORDE et al., 2011;
BORRELO et al., 2009; CONGIATU et al., 2006; KIRAN et al., 2008;
MCGUIGAN et al., 2011a); anti-HIV (UCKUN et al., 2005; DERUDAS et al.,
2009); antimalarico (MARA et al., 2011); anti hepatite C (GARDELLI et al.,
2009; MCGUIGAN et al., 2011b); inibidores de Trypanosoma cruzi (RUDA et
al., 2010), herpes simplex e virus influenza dos tipos A e B (DERUDAS et al.,
2010), bem como inibidores de urease (DOMINGUEZ et al., 2008). Neste
ultimo caso, particularmente, vale a pena chamar a atencido para o
fenilfosforodiamidato (PPD), que apresenta estrutura semelhante aos
compostos que sao objetivo desse trabalho. Juntamente com os compostos N-

n-butiltiofosforiltriamida (NBPT), N-n-butilfosforiltriamida (NBPTO) e N-
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diaminofosforil-4-fluorobenzamida (Flurofamida), sdo usados como modelo no
desenvolvimento de novas substancias com potencial atividade inibidora de
urease (Esquema 11).

NH;

i /P\ ‘P.
/\/\N/P\ NH2 /\/\N/P\ NH2 \ NH
H NH; O N2

NBPT NBPTO Flurofamida PPD
Esquema 11 — Alguns inibidores de urease usados como modelo para design

de novos compostos.

Uma vantagem da substituicdo da lactona 60 por fenodis substituidos é a
maior nucleofilicidade dos fendxidos comparado ao oxigénio carbonilico da
lactona, o que pode favorecer a obtencido de substancias em maior rendimento.
DERUDAS et al. (2010) relatam, inclusive, a obtengao de produtos resultantes
do tratamento do a-naftol com POCI; em 95% de rendimento.

Com base em todo esse conhecimento precedente da literatura,
idealizou-se que os fosforamidatos poderiam ser obtidos a partir do tratamento
inicial de fendis substituidos com POCI; e posterior reagdo com aminas. A
primeira etapa do desenvolvimento do presente estudo consistiu, portanto, na
sintese de compostos organofosfatos fendlicos diclorados.

DERUDAS et al. (2010) prepararam o diclorado correspondente a
reacao do a-naftol (1 equivalente) gotejando-se a esse reagente uma mistura
de POCI; (1 equivalente) e TEA anidra (1 equivalente) a -78 °C por um periodo
de 30 minutos. Na sequencia, a mistura foi mantida sob agitagdo ao longo da
noite a temperatura ambiente, levando a formacgéo do produto de interesse em
95% de rendimento. O tratamento do 4-bromofenol, um dos materiais de
partida neste trabalho, segundo as condi¢cbdes descritas por DERUDAS et al.

(2010) (Esquema 12) nao levou ao produto desejado.
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Esquema 12 — Tentativa de sintese do 4-bromofenil fosforodicloridato (62)
segundo condigdes descritas por DERUDAS et al. (2010).

A adicdo gota-a-gota da mistura de TEA e POCI; por 30 minutos ao
fenol, seja a temperatura ambiente ou a -78 °C, favoreceu a formagao do
composto 71 em detrimento do composto de interesse (62). A formagao de
triarilfosfato ja havia sido evidenciada por DHAWAN e REDMORE (1986) ao
tratarem 2 equivalentes de fendis substituidos com 1 equivalente de POCI3; na
presenca de acido de Lewis (AICl3), levando a uma mistura dos produtos
monoarilfosfato e ftriarilfosfato. No entanto, a formacao do diarilfosfato nao foi
evidenciada.

Buscou-se na literatura alternativas que pudessem auxiliar na resolugao
do problema encontrado. Notou-se que as sinteses baseavam-se na mesma
metodologia, porém, alterando-se o numero de equivalentes adicionados ou a
ordem como as substancias sdo adicionadas, conforme sumarizado na Tabela
2:
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Tabela 2: Condi¢bes reacionais para sintese de fosforados diclorados 62-65

% _ai
N
OH 0o o
| X POCI; . | N
/ _ TEA / _
R R
. . Referéncias,
Condigao Condigoes Solvente (Rendimento) (%)
MCGUIGAN et al. (2005), (78)
i) POCI; (1 equiv.); ii) fenol (1 Patente US 7951787 (77)
1 equiv.); iii) TEA (1 equiv.), —78°C; Et,O YUAN et al. (2009), (n.i.)*
iv) -78 °C — t.a.; t.r.=12-16h. RUDA et al. (2010), (n.i.)*

DERUDAS et al. (2009), (n.i.)*

i) POCI; (30 equiv.); i) fenol (1
2 equiv.); i) TEA (1 equiv.) a 20 °C; DCM WANG et al. (2010), (51)
t.r=1h

i) POCI; (1,1 equiv.); i) fenol (1
equiv.) + TEA (1 equiv.), 0°C; 2-

3 3 )0 9C > Lo Lr.o12-16h v) Et,0 UCKUN et al. (2005), (n.i.)
refluxo, 2h
i) POCI, (6 equiv.) + AICl; (3,4

4 mol%): ii) fenol (1 equiv.); refluxo, DCM ORLOFF et al. (1958), (77)
6h

5 1) POCl; (1 equiv.) + AlClcay; ii) DCM DHAWAN et al. (1986), (n.i.)*

fenol (2 equiv.); refluxo, 6h

* n.i. = composto nao isolado

Diferentemente do que foi observado no experimento representado no
Esquema 4, reagdes realizadas segundo as condi¢des 1-2 da Tabela 2
favoreceram a formacgao do produto de interesse. Entretanto, foi evidenciada
via CG/EM a formacdo do subproduto 71. Tentativas de separagao dos
compostos por coluna de silica gel, silica gel neutralizada com 1% de
trietilamina ou alumina, foram infrutiferas. Independentemente do solvente
utilizado nas condi¢cdes 1 e 2, éter dietilico ou diclorometano, os resultados
obtidos foram similares. Entretanto, observou-se que o sal formado é insoluvel
em éter dietilico, enquanto o composto de interesse 62 é soluvel, o que
favoreceria a etapa posterior de filtragao.

Diante da dificuldade de se isolar o composto 62, optou-se pela
realizacdo da reacdo conforme descrito na condigdo 3. A implementacdo da

metodologia sintética para obtengcdo do composto 62 a partir de 4-bromofenol

59



mostrou-se bem sucedida segundo as condigdes descritas por UCKUN et al.
(2005).

Uma mistura contendo o fenol (1 equivalente) e TEA anidra (1,1
equivalente) dissolvidos em éter dietilico anidro foi preparada e adicionada
gota-a-gota a um baldo contendo POCI; (1,1 equivalente) dissolvido em éter
dietilico anidro, em ambiente de nitrogénio. A adicdo foi realizada por um
periodo de 1h, sendo a mistura mantida resfriada a 0 °C. Posteriormente,
permitiu-se que a temperatura da mistura retornasse a temperatura ambiente
gradualmente. A medida que se adicionava uma gota da mistura j& era possivel
observar a formacdo do sal que permanecia em suspensado. Acreditava-se,
portanto, que a reagdo poderia ser interrompida apds alguns minutos. No
entanto, apds 6 horas de reacdo evidenciou-se ainda a presenca de fenol via
cromatografia em camada delgada. Por isso, 0 meio reacional foi mantido sob
agitacdo por um periodo de 18 horas, o que levou ao total consumo do fenol,
nao sendo necessario refluxar a reagdo conforme descrito na condigdo 3. A
proposta mecanistica para a formag¢ao dos compostos 62-65 esta representada

no Esquema 13.

Et\N o)
7 \
Hess Et" Et L 0 R
X cl—P-cl 7 \ cr — X
| |\ Y R |
& Cl o ~ A =
R R
R = p-Br (62)
0-Br (63)
p-NO, (64)
p-F (65)

Esquema 13 - Proposta mecanistica para a formagao dos compostos 62-65.

Na sequencia o precipitado formado foi removido por filtracdo a vacuo
em funil de vidro sinterizado e o precipitado lavado com éter dietilico anidro. A
mistura reacional foi exaustivamente concentrada a baixa pressdao em
evaporador rotatério levando a formacao de um 6leo amarelo claro.

Procedimento similar efetuado com as substancias 2-bromofenol, 4-
nitrofenol e 4-fluorofenol resultou na obtencao dos respectivos diclorados em
excelentes rendimentos (Esquema 14). Esses resultados demonstram que a
metolodogia corresponde a uma alternativa viavel para obtencdo dos

organofosfatos diclorados.
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POCI,
Ar—OH > Ar—OPCl,
TEA
o\\P " o O\\P _Cl O\\P _Cl
“"N\ W _ClI o~ \ -\
? o R cl ? G
Cl
BI’\©
Br NO, F
(62) (63) (64) (65)
97% 99% 95% 91%

Esquema 14 — Produtos diclorados obtidos a partir do tratamento de fendis com
POCI; e TEA.

E importante salientar que esses compostos ndo foram purificados
devido a elevada reatividade e instabilidade apresentada. No entanto, a pureza
observada via CG/EM foi satisfatéria (acima de 91%). RUDA et al. (2010)
sintetizaram compostos diclorados derivados de fendis substituidos em posicéo
para (—NO,, -OCH3; e —CH3), e nas posi¢gbes meta e orto (-CHs). Todos os
compostos foram submetidos a reagdes na sequencia sem purificacdo prévia
devido a instabilidade dos mesmos. Buscando verificar um possivel produto de
degradagao, uma aliquota do composto 62 foi deixada exposta ao ar em uma
bancada do laboratério durante 24 horas. Transcorrido esse tempo, o 6leo
amarelado adquiriu um aspecto solido. O material foi avaliado via CG/EM antes
e apos exposicdao ao ar e constatou-se que o diclorado se decompunha ao
fenol correspondente. A reatividade e instabilidade de organofosfatos
diclorados é destacada também por ROMAN et al. (2011). O diclorado formado,
sem purificagdo prévia, foi reagido com fendis substituidos para fornecer os
respectivos produtos monoclorados, também instaveis, com rendimento
variando de 59 a 93% (Esquema 15).

S Q s Qs
Q Hey A Cr/P\NJ( AOH Aro’/P\NJ<
CIC/I/P\Cl * \~|\/S Cl |\/S acetona, DBU Cl I\/S
iPr iPr -91 °C, 25-75 min iPr
Muito reativo 59-93%

Esquema 15 — Estrutura geral de compostos fosforados reativos e instaveis
descritos por ROMAN et al. (2011).
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Além de substituintes halogénios no fenol, uma opg¢ao bastante
interessante € a presenga do grupo —NO, em posi¢cdo para. Um bom grupo
abandonador ligado ao atomo de fésforo contribui para a atividade inseticida, e
0 substituinte —NO, em posicdo para torna o fendxido ainda melhor
abandonador. Este efeito esta relacionado com o mecanismo de agao do
paration etilico, inseticida disponivel comercialmente. Em sua forma ativada,
paraoxon etilico, a inativacdo da acetilcolinesterase ocorre via ataque
nucleofilico de um grupo hidroxila do aminoacido serina, presente na enzima,
ao atomo de fosforo do inibidor, carregado parcial positivamente.
Consequentemente, tem-se a formagdo de um complexo enzima-inibidor

bastante estavel, e a enzima torna-se inibida (Esquema 16) (FUKUTO, 1990).

En \../\ o _
O: IP +/OJ \\ /B\" _ — +’/O
Q - O’ O N\
A J O + o
II

H

) )

. .0
O / Q/ En + _Q N\O_

Complexo estavel
Esquema 16 — Efeito de um substituinte retirador de elétrons na reatividade do

paraoxon etilico (forma ativada do paration etilico).

Em primeiro momento foram entéao sintetizados quatro diclorados (62-65)
e caracterizados via espectroscopia no IV e de RMN, bem como espectrometria
de massas. As informacgdes espectroscopicas e espectrométricas obtidas sao

apresentadas nas Segdes 2.1.2.3 a 2.1.2.6.

A auséncia da banda na faixa de 3400-3600 cm™ no espectro no IV do
composto 62 (Figura 4), correspondente ao estiramento do grupo hidroxila de
fenol, confirmou o consumo do material de partida da reagdo. As duas bandas
observadas em 1182 e 1159 cm™ podem ser atribuidas ao estiramento de
ligacdo P = 0O, uma vez que a banda relacionada a este grupamento pode
aparecer como um dupleto. Quanto aos demais diclorados (63-65), as bandas
de absorcéo referentes ao estiramento de ligagdo P = O foram observadas,
respectivamente, em 1200 e 1160 cm™, 1190 e 1159 cm™ e 1175 e 1091 cm™.
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Figura 4 — Espectro no 1V do diclorado 62.

O espectro de RMN de "H do composto 62 é apresentado na Figura 5. O
sinal correspondente aos hidrogénios aromaticos H-1 e H-5, mais blindados por
estarem em posigdo orto em relagdo ao oxigénio, foi observado em oy 7,08-
7,23. Para o diclorado 64, o sinal para os hidrogénio H-1 e H-5 foi observado
ao redor de &4 7,30-7,51, enquanto para 65 foi observado em &y 6,97-7,22. Os
hidrogénio aromaticos H-2 e H-4, mais desblindados, apresentaram sinal em oy
7,42-7,59, &y 8,18-8,39 e &y 7,24-7,32 para os compostos 62, 64 e 65,
respectivamente. Esses sinais sao aqueles esperados para um anel aromatico
1,4-dissubstituido (SILVERSTEIN et al., 2006). O sinal em o4 6,95-7,28 no
espectro de RMN de 'H do composto 63, integrado para 2 hidrogénios, sao
referentes a H-1 e H-3, devido ao maior efeito de blindagem pelo oxigénio nas
posicoes orto e para. O sinal em 6y 7,32-7,50 é referente a H-2, e &4 7,52-7,70
a H-3.
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Figura 5 — Espectro de RMN de 'H (300 MHz, CDCls) do diclorado 62.

No espectro de RMN de '®C do diclorado 62 (Figura 6), o sinal

correspondente a C-6 foi observado em o&c 148,77.

Quanto aos demais

diclorados, os sinais para este carbono foram observados em & 147,70 (d, Jcp
= 8,2, C-6) (63), 155,36 (64) e 145,46 (65). O desdobramento do sinal de C-6 é
decorrente do acoplamento do atomo de carbono com fésforo. Os espectros de
RMN de 'H e "*C dos compostos 63, 64 e 65 foram obtidos em qualidade

razoavel, uma vez que as substancias ndo foram previamente purificadas

devido a capacidade de degradarem na silica.
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Figura 6 — Espectro de RMN de *C (75 MHz, CDClIs) do diclorado 62.

No espectro de massas do diclorado 62 (Figura 7), a presenga do pico

em m/z 288 ¢é consistente com a formula molecular deste composto

(CeH4BrCI,O2P). O pico do ion molecular também foi observado nos espectros
dos diclorados 63 (m/z 288), 64 (m/z 255) e 65 (m/z 228).
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Figura 7 - Espectro de massas do composto 62.

Os picos observados nos espectros de massas dos diclorados 62 e 63
em m/z 290 ([M+2]", 100 e 10%, respectivamente) confirmaram a presencga do
elemento bromo nas estruturas. Além do elemento bromo, a presenga de dois
atomos do elemento cloro nos compostos 62 e 63 justificou os picos
observados em m/z 292 ([M+4]", 44 e 5%, respectivamente). Os picos
observados em m/z 259 e m/z 232 para os diclorados 64 e 65,
respectivamente, referentes a [M+4]", confirmaram a presenca de dois 4tomos

de cloro nas estruturas.

2.3.3. Sintese dos fosforamidatos

Tendo assegurada a sintese dos fosforados diclorados 62-65 na primeira
etapa em excelentes rendimentos (91-99%), voltou-se a atengdo para a
obtencao dos fosforamidatos.

Normalmente a reagdo é realizada empregando-se o organofosfato
diclorado na presenca de uma base, e posterior adicdo das aminas.
Trietlamina (ROMAN et al., 2011; MARA et al., 2011; GARDELLI et al., 2009;
RUDA et al., 2010; VOORDE et al., 2011; TAIl et al., 2011, UCKUN et al.,
2005) e N-metilimidazol (VOORDE et al., 2001; MCGUIGAN et al., 2005;
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BORRELO et al., 2009; CHO et al., 2011; CONGIATU et al., 2006; RUDA et al.,
2010) sdo as bases mais comumente empregadas nesse tipo de reacgéo

(Esquema 17).

o ¢ Q. _NHR
R R
o o)
cl ) TEA (2eq) NHR
| N i) Amina (2 eq.) | S
2 A
R R
(1eq) _ .
Aminas = anilina
_ cicloexilamina
R = p-Br (62) dietilamina
0-Br (63) isopropilamina
p-NO,, (64) morfolina
p-F (65) piperidina

p-toluidina
Esquema 17 — Esquema geral para sintese de fosforamidatos, a partir dos

compostos diclorados 62-65.

A segunda etapa empregada na sintese dos fosforamidatos foi realizada
conforme metodologia descrita por UCKUN et al. (2005). Os organofosfatos
diclorados 62-65, sem prévia purificacdo, foram submetidos a reagdao de
substituicdo nucleofilica com aminas, na presenga de ftrietlamina a 0 °C
(UCKUN et al., 2005; ROMAN et al., 2011). A medida que ocorre a adi¢do da
amina, ligeiro aquecimento da mistura é observado. A literatura relata, ainda, o
processo de adicado de trietilamina a temperatura de -78 °C (CONGIATU et al.,
2006; DERUDAS, et al., 2009; VOORDE, et al., 2011). Apés o fracionamento
em coluna de silica-gel foram isolados os compostos 66-73, 75-76 e 78-84.

A estrutura dos compostos obtidos e os correspondentes rendimentos
sao apresentados na Tabela 3. As condi¢gdes de reacado nao foram otimizadas.
No entanto, de modo geral, as reagcdes se completaram 18 horas apés a adi¢ao

de trietilamina, a temperatura ambiente.
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Tabela 3 - Resultados experimentais da reacdo de sintese dos compostos

fosforados 66-84

Cadigo
(Rendimento %)

66 (29)

68 (32)

70 (16)

72 (46)

74 (0)

76 (34)

Estrutura

NH
NH

O~p_

I
(0]
Br

r

Cadigo
(Rendimento %)

67 (8)

69 (13)

71 (26)

73 (13)

75 (36)

77 (0)

Estrutura

O

N
O\/P\

0.

Br

{

/
O \lll:)\ /S

N
SRR

Br



Tabela 3 - Resultados experimentais da reacdo de sintese dos compostos

fosforados 66-84 (continuagéo)

Cédigo Cédigo
(Rendimento %) EStUM@  (Rondimento%)  EStrutura
Q O
NH o
78 (32) QOT\NH 79 (12) og
5 ok
O,N on @
O2N .
/o
80 (11) O 81 (25) o
TG 5
O2oN ) {‘_\
o O (D
82 (55) o 83 (30) o\\/PJ\\‘
< Sary
O
OuHN

PN
84 (28) éHN\O

F

Os dados espectroscopicos correspondentes aos compostos 66-84
estdo descritos nas segoes 2.1.2.7 a 2.1.2.24. Os espectros no infravermelho,
de RMN de 'H e de "*C, bem como o espectro de massas dos compostos 66-
73, 75-76 e 78-84 encontram-se em anexo.

Um dos primeiros compostos sintetizados foi o de numero 66. Uma
descricdo do processo de caracterizacdo deste composto sera apresentada a
seqguir.

Obtida como um solido branco amorfo (T; = 89,4-91,4 °C), a substancia
foi caracterizada empregando-se técnicas de espectroscopia no IV e de RMN

de 'H e "°C e espectrometria de massas.
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A banda de estiramento de —NH no IV do composto 66 (Figura 8)
apresentou-se alargada em 3223 cm™ devido a formacdo de ligacdes de
hidrogénio intermoleculares. Segundo Pretsch (1989), o estiramento de ligacao
P-N-C pode aparecer como duas bandas em 1110-930 e 770-680 cm™, de
modo que & razoavel atribuir as bandas em 1095 e 738 cm” a esse

estiramento.

66.8

66.6

66.4 -

66.2

Transmitancia (%)

66.0 -

65.8

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Numero de onda (cm'1)

Figura 8 - Espectro no IV do composto 66.

No espectro de RMN de 'H (Figura 9) o multipleto em & 1,05-1,92,
integrado para 20 hidrogénios, é referente aos atomos de hidrogénio
metilénicos dos anéis do grupo cicloexila. O sinal em &4 2,59, um tripleto
integrado para dois atomos de hidrogénio (t, Jnup = Inn12 = 10,0; 2H, -NH),
refere-se aos atomos de hidrogénio do grupo amino (-NH), e o sinal em &y
2,98-3,14, multipleto integrado para dois atomos de hidrogénio, corresponde
aos atomos de hidrogénio —CH dos anéis cicloexila. Observaram-se ainda
sinais em oy 7,08-7,13 e &4 7,36-7,41, referentes aos hidrogénios (H-1/H-5) e
(H-2/H-4), respectivamente, do aromatico.

Similarmente ao que ocorreu com os diclorados 62-65, alguns sinais no
espectro de RMN de "*C (Figura 10) encontraram-se desdobrados devido aos
acoplamentos C-P. Os carbonos C-8/C-9/C-10 apresentaram-se como
simpletos em o&c 25,32 e 25,58, o que esta de acordo com os valores de
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deslocamento quimico descritos na literatura para um grupo cicloexila ligado ao
atomo de nitrogénio (PRETSCH, 1989). Em razdo da proximidade dos
deslocamentos quimicos, as atribuicbes referentes a esses carbonos podem
estar invertidas. O sinal em & 36,18 (tripleto aparente, *Jcp = 5,1 Hz) é
referente aos atomos de carbono metilénicos C-7/C-11. Estes sinais
apresentaram-se como um aparente tripleto, provavelmente devido a
sobreposicao dos sinais referentes a dois dupletos. Pelo fato de a substancia
possuir dois anéis de seis membros, embora exista aparente simetria entre
eles, pode haver algum arranjo diferenciando-os ligeiramente, o que justificaria
a formacdo desses dupletos. Observaram-se ainda sinais em o&c 50,86,
referente ao atomo de carbono C-12; em o&c 116,99, referente ao C-3; em o&¢
122,25, referente ao atomo C-1/C-5 (d; Jec.p = 4,9 Hz); em & 132,65 referente
ao atomo C-2/C-4 e em & 150,83 (d, 2Jc.p = 6,5 Hz) referente ao carbono C-6.
Os valores das constantes de acoplamento encontram-se de acordo com a
literatura (TORRES et al., 2008; SOUZA et al., 2006; SOUZA et al., 2004).
Curiosamente, para os compostos 78 e 79 foi observado acoplamento do
fésforo com o carbono apenas em longas sequencias PNCC (3J), mas nao foi
observado com sequencia PNC (2J). Esta situagdo também é relatada por
SOUZA et al. (2006).
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Figura 9 - Espectro de RMN de 'H (300 MHz, CDCls) do composto 66.
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Figura 10 - Espectro de RMN de *C (75 MHz, CDCI3) do composto 66.
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Ainda com relacdo ao composto 66, isolado em 29% de rendimento,
observou-se em seu espectro de massas a presenga de um pequeno pico de
valor m/z 414, que corresponde ao pico do ion molecular. Além disso, o pico de
valor de m/z igual a 98 apresentou intensidade igual a 100%. A grande
intensidade para este pico é devido a presenga de dois grupos cicloexila na
estrutura do composto, uma vez que o valor de m/z igual a 98 poderia ser
atribuido a um anel cicloexila mais um grupo -NH (ver estrutura do fragmento
correspondente a m/z 98 para o composto 66 na Figura 11). Ainda com
respeito ao espectro de massas do fosforado 66, o fragmento com valor de m/z

98 é comum aos compostos 67, 75, 78, 79 e 84.
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Figura 11 - Espectro de massas e principal processo de fragmentacdo do

composto 66.
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Todas as substancias mostradas na Tabela 3 foram também
completamente caracterizadas com base nas informagdes da espectroscopia
no IV, de RMN de 'H e "*C, bem como espectrometria de massas.

Embora os rendimentos obtidos das reacdes dos diclorados 62-65 com
aminas primarias e secundarias tenham sido baixos (0-55%), o trabalho
publicado por TAI et al. (2011) nos motivou a empregar anilina como nucledfilo,
embora seja menos nucleofilica do que as aminas até entédo testadas. Naquele
trabalho, o tratamento do fenol com POCI;, e posteriormente com derivados da
anilina resultou na formacao de polimeros em rendimentos variando de 78 a
92% (Esquema 18).

o]
QO Rcl + HzN@RONH ) ELN. CHON % @ O ﬁ

refluxo
R = -CHz-, -SOz- ou -O-
78-92%

Esquema 18 — Polimeros sintetizados por TAI et al. (2011).

O tratamento do diclorado 63 (atomo de bromo em posigao orto no anel
aromatico) com anilina anidra, sob as condi¢gbes descritas em 2.1.2.6 ndo nos
forneceu o produto de interesse. Partimos entdo para a substituicdo do material
de partida 63 pelo 62, que apresenta o atomo de bromo em posi¢ao para no
anel aromatico, na tentativa de reduzir possivel impedimento espacial
(condi¢des descritas na Tabela 4). Entretanto, o produto esperado (70) nao foi

obtido (condicao 1).
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Tabela 4 - Condi¢bes reacionais para sintese do produto 70

Q H,N@

R~ EtsN O-p_
SescHTy i

(62) Br

Y

(70)

Condigao Condigdes Solvente Rendimento (%)

i) anilina (2 equiv.); ii) TEA (4 equiv.); a
1 iii) substancia 62 (1 equiv.), 0°C, 20 DCM 0
min; iv) °C — t.a.; t.r.=20h.

i) anilina (2 equiv.); ii) TEA (4 equiv.);

iii) DMAP 5 mol%,; iv) substancia 62 DCM? 0
(1 equiv.), 0°C, 20 min; v) °C — t.a,;

t.r.=20h.

i) anilina (2 equiv.); ii) TEA (4 equiv.); a
3 iii) substancia 62 (1 equiv.),0°C, 20 Tolueno 10
min; iv) refluxo; t.r.=20h.

i) anilina (2 equiv.); ii) TEA (4 equiv.); b
4 iii) substancia 62 (1 equiv.),0°C, 20 Tolueno 9
min; iv) refluxo; t.r.=20h.

i) anilina (2 equiv.); ii) TEA (4 equiv.); a
5 iii) substancia 62 (1 equiv.), 0°C, 20 CHsCN 16
min; iv) refluxo; t.r.=20h.

i) anilina (2 equiv.); ii) TEA (4 equiv.); b
6 iii) substancia 62 (1 equiv.), 0°C, 20 CHsCN 14
min; iv) refluxo; t.r.=20h.

@Empregou-se 0,5 mL de solvente para 100 mg do material de partida 62.

b Empregou-se 5 mL de solvente para 100 mg do material de partida 62.

O emprego de 5 mol% de DMAP, conforme descrito por TYMPERLEY e
WATERS (2005) néo favoreceu a formagédo da substancia desejada (condicao
2). Entretanto, a substituicio do DCM por tolueno anidro, e posterior
aquecimento até o refluxo, mesmo na auséncia de DMAP, favoreceu a
formagao do produto 70 em 10% de rendimento (condigao 3). Uma vez que nas
condigbes 1-3 empregou-se menor quantidade de solvente (solugdo mais
concentrada do que na condi¢cao descrita em 2.1.2.6), optou-se por realizar o
procedimento reacional em condi¢gdo mais diluida a fim de verificar se haveria

interferéncia. Entretanto, conforme verificado na condicdo 4 n&o houve
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influéncia significativa. Partimos entdo para a reagcdo segundo as condigcdes
descritas por TAIl et al. (2011), na qual se emprega CH3CN como solvente.
Observou-se que o sal formado ao longo da reagdo solubiliza-se quando
submetido ao refluxo, o que pode favorecer o processo. Apos refluxo por 20h o
produto foi obtido em 16% de rendimento (Esquema 19). Novamente, a diluicéo

do meio reacional (condicdo 6) n&o influenciou significativamente no

O o "y
ke 2 O

CH3CN
refluxo

rendimento.

Esquema 19 — Sintese do fosforamidato 70 segundo condi¢cdes descritas por
TAl et al. (2011).

Os compostos 74 e 77, particularmente, tiveram sua formacao
evidenciada apenas por espectrometria de massas (Figuras 12 e 13,
respectivamente). Os sinais em m/z em 357 ([M+4]", 2), m/z 355 (M+2]", 7) e
m/z 353 ([M]™, 5) estéo de acordo com a presenga de um atomo de cloro e um

atomo de bromo na estrutura do composto 74 (Figura 12).
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Figura 12 — Espectro de massas do composto 74.
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Durante a etapa de purificagao por coluna de silica gel, nenhum material
de interesse foi recuperado. No caso da substancia 74, por apresentar um
atomo de cloro ligado ao fosforo, a instabilidade do composto em silica era
esperada. Dessa forma, foi realizado o fracionamento em coluna de alumina, o

qgue nao contornou o problema enfrentado.
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Figura 13 — Espectro de massas e processos de fragmentacdo mais

importantes do composto 77.

Situacdo semelhante a descrita foi observada por TIMPERLEY e
WATERS (2005) ao tratar varios dicloretos fosforados com dois equivalentes
de 2,2,2-trifluoroetilamina e ftrietilamina, levando a obtencdo de misturas de
produtos de dificil purificagdo e, em alguns casos, instaveis.

Por fim, foram realizadas tentativas de sintese de compostos
heterociclicos conforme estruturas 89 e 90, a partir da reacédo do diclorado 62
com alcool 2-aminobenzilico e 2,3-diidroxibenzaldeido, respectivamente (Figura

14). Relatos na literatura evidenciam a possibilidade desse tipo de reagéo
77



(ALONSO et al. (2011) e GHOLIVAND et al. (2007). No entanto, nao

conseguimos obter os produtos desejados. N&do foi realizada etapa de

otimizagao.
Br Br
HN—P-0 O0~P-o
0] (0]
(89) (90)

Figura 14 — Estrutura dos compostos heterociclicos 89 e 90 que nao foram

formados.

2.4. Conclusoes

Descreveram-se neste capitulo as etapas envolvidas na preparagao de
19 fosforados inéditos. A tentativa de otimizacdo para sintese dos
fosforamidatos contendo grupo das furanonas ndo foi bem sucedida. No
entanto, o tratamento de fendis substituidos com cloreto de fosforila (POCI;)
levou a obtencdo de intermediarios organofosfatos diclorados (62-65) em
excelentes rendimentos (91-99%). Os compostos 62-65, sem prévia
purificacdo, foram submetidos a reacdo de substituicdo nucleofilica com
diferentes aminas, segundo condi¢cées descritas por UCKUN et al. (2005),
resultando nos produtos (66-73, 75-76 e 78-84) desejados em rendimentos
variando de 8 a 55%. Dois compostos foram formados (74 e 77), porém, nao
foram recuperados apds coluna de silica-gel.

Os dezessete fosforados sintetizados e isolados foram caracterizados

via espectroscopia no IV e de RMN, bem como espectrometria de massas.
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CAPITULO 3

3. AVALIAGAO DA ATIVIDADE FITOTOXICA DE
FOSFORAMIDATOS

3.1. Introducgao

Segundo o Fundo de Populacdo das Nagdes Unidas, UNFPA, nos
ultimos 50 anos, o numero de habitantes do mundo mais que duplicou,
passando de 2 bilhdes e 500 mil em 1950 para 7 bilhdes de pessoas em
outubro de 2011. Este numero mostra a populagdo em processo de
envelhecimento, sendo que a proporgao global de pessoas com mais de 60
anos, que era de 8% em 1950, cresceu para 11% em 2009 e esta projetada
para alcancgar 22% em 2050. Ainda que, na maioria dos paises, as taxas de
natalidade estejam descrescendo, a populagdo mundial segue aumentando e,
estima-se que sera alcangada a marca de 8 bilhdes e 900 mil pessoas até 2050
(UNFPA, 2013).

Diante deste aumento populacional, alguns desafios precisam ser
vencidos, tais como inclusdo social, reducdo da pobreza e aumento da
produtividade agropastoril associada com a sustentabilidade ambiental e
responsabilidade social, sem, entretanto, aumentar a area cultivada (UNFPA,
2013). Por essa razao, o uso de técnicas de manejo de culturas, melhoramento
animal e vegetal, conservagdo dos solos, sistemas de irrigagdo, combate a
pragas e aplicagdo de fertilizantes se traduzem em maior produtividade com
reflexo direto na producéo de alimento (NICHOLSON, 2007).

Diante da necessidade de proteger as produgdes agricolas contra
ataque de pragas, milhdes de ddlares sdo gastos anualmente com defensivos

agricolas. Assim, o produtor agricola precisa recorrer a diferentes métodos de
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controle, como o quimico, genético, biolégico ou mecanico (BARBOSA, 2004).
No Brasil, em 2012, as vendas de defensivos agricolas totalizaram US$ 9,71
bilhdes, 14,4% a mais do que as de 2011. Em reais, a comercializagdo somou
cerca de R$ 19,5 bilhdes, de acordo com dados do Sindicato Nacional da
Industria de Produtos para Defesa Agricola (SINDAG). Os segmentos lideres
foram os inseticidas, com 37,3% das vendas, os herbicidas, com 32,3%, e os
fungicidas, com 25,2%. Embora esteja em segundo lugar em valor de vendas,
os herbicidas responderam por 57,1% da quantidade total vendida em produto
comercial (Figura 1) (SINDAG, 2013).

Acaricidas Outros
1,2 7.9
Fungicidas :

11,8

Figura 1 — Participagcdo das classes na quantidade vendida de defensivos

agricolas, em produto comercial, Brasil, 2012.

O Brasil reune as maiores areas agricultaveis disponiveis, bem como
20% do volume de agua doce do mundo, podendo-se tornar o maior produtor
de graos, carnes e biocombustiveis do mundo. Esse potencial podera ser
viabilizado se houver maior controle sobre as pragas, se o mercado brasileiro
reduzir a dependéncia externa de fertilizantes nitrogenados e houver maior
incentivo a projetos de produgéao de fertilizantes (MAPA, 2013).

Embora seja grande o numero de compostos disponiveis
comercialmente com atividade fitotoxica, é crescente a necessidade de
desenvolvimento de novas substancias com esta atividade biologica. Esta
demanda justifica-se na medida em que se buscam compostos que sejam mais
seletivos e menos toxicos ao homem e animais domésticos, que possam ser
utilizados em menores doses, que apresentem novos mecanismos de agao,

além de serem pouco persistentes no meio ambiente. Soma-se a estes fatores,
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a necessidade de novos produtos que possam combater bidtipos de plantas
daninhas resistentes aos herbicidas comercialmente disponiveis. A resisténcia
aos herbicidas € um resultado normal e previsivel do processo de selecéo
natural. Os primeiros registros foram feitos na década de 1960, e hoje se
estima que existem 416 bidtipos resistentes e 222 espécies (129 dicotiledbneas
e 93 monocotiledéneas) de plantas daninhas que apresentem resisténcia a um
ou mais sitios de agao (resisténcia multipla) (MACIAS et al., 2000; BECKIE,
2006; SILVA et al., 2007; HEAP, 2013; HEAP, 2014).

Dentro deste cenario, vale a pena chamar a atencéo para a atividade
fitotoxica apresentada pelos compostos amiprofos-metilico e butamifos,
disponiveis comercialmente, que s&o fosforotioamidatos (Figura 2). Estes
compostos fazem parte de um pequeno grupo que atua inibindo a
polimerizagao de microtubulos em células vegetais, impedindo a formagao de
fusos cromaticos e induzindo a separacdo dos cromossomas metafasicos
(MARA et al., 2011). E importante chamar a atenc&o para a presenca do grupo
fenol diretamente ligado ao atomo de fésforo e da ligagdo P-N, similarmente as

estruturas sintetizadas neste trabalho.

Ad AT @»4?

Amiprofos-metilico Butamifos

Figura 2 — Estrutura dos herbicidas comerciais Amiprofos-metilico e Butamifos.

Além destes compostos supracitados, relatam-se, ainda, os compostos
fosforados Benzulida (fosforoditioato que atua inibindo a sintese de lipideos),
Glifosato e Sulfosato (glicinas com atividade sobre a enzima 5-enolpiruvoil-
chiquimato-3-fosfato sintetase — EPSPS -, que sintetiza os aminoacidos
aromaticos fenilalanina, tirosina e triptofano), além de Aménio-glufosinato e
Bialafos (acidos fosfinicos que inibem a glatamina sintetase) (Figura 3). Dentre
estes compostos destaca-se o glifosato, principio ativo do Roundup®, herbicida
mais vendido no mundo. No Brasil, segundo dados de 2009, suas vendas
responderam por cerca de um tergco do volume total de praguicidas
comercializados, sendo usado em mais de uma centena de -culturas
(QUEIROZ, 2011).
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Figura 3 — Estrutura de compostos fosforados com atividade fitotoxica

disponiveis comercialmente.

Descreve-se, neste capitulo, os resultados referentes a avaliagcdo da
atividade fitotoxica dos fosforamidatos sintetizados no Laboratério de Anadlise e
Sintese de Agroquimicos. Além dos compostos sintetizados neste trabalho,
avaliou-se a atividade bioldgica dos compostos descritos por PEREIRA (2013),

cujas estruturas estdo representadas na Tabela 1:
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Tabela 1 — Fosforamidatos descritos por PEREIRA (2013)
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3.2. Materiais e Métodos

3.2.1. Avaliagao da atividade fitotoxica sobre o desenvolvimento radicular
e da parte aérea de pepino (Cucumis sativus) e de sorgo (Sorghum

bicolor)

Foram preparadas solucbes-estoque dos fosforamidatos 66-73, 75-76,
78-84 e 91-100 nas concentragdes de 0,125; 0,250; 0,500 e 1,00 mmol L. Em
baldo volumétrico, uma quantidade adequada dessas substancias foi dissolvida
em dimetil sulfoxido (DMSO; 1,0% v/v) e o volume completado com agua
deionizada. Para cada uma das concentra¢des foram preparadas trés placas
de Petri recobertas com papel de germinagdo. Em seguida, 20 sementes da
espécie de interesse (C. sativus ou S. bicolor) foram espalhadas sobre cada
placa de Petri, para entdo serem umidecidas uniformemente com 5 mL da
solucao-estoque. As placas foram seladas com plastico filme, envolvidas com
papel aluminio e incubadas em camara de germinagao a 25 °C por 7 dias (para
pepino) ou 10 dias (para sorgo). Decorrido este periodo, o crescimento foi
avaliado por medigdo das radiculas (caule e raiz) com régua graduada em
milimetros e o0s resultados expressos em percentagem de crescimento
comparado ao controle. Considerou-se a média das medidas para cada
unidade experimental (placa de Petri).

Como controle positivo empregou-se o herbicida comercial glifosato
(Glifosato Plus Pikapau 480 g/L), exemplo de organofosforado, e o Pivot
(Imazetapir 100 g/L) preparados nas mesmas condigdes/concentracdes
descritas anteriormente, e uma solugdo de DMSO em agua (1% v/v) foi usada
como branco. As percentagens de inibicdo (ou estimulagdo) foram calculadas

em comparacao com esse controle.

3.3. Resultados e Discussao

Uma vez realizada a sintese dos compostos fosforamidatos, procedeu-
se a avaliagao da atividade fitotoxica destas substancias sobre espécies que
apresentam respostas eficazes em curto espaco de tempo. Dessa forma, foram

escolhidas as espécies Sorghum bicolor (sorgo), representante das
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monocotiledéneas, e Cucumis sativus (pepino), como representante das
dicotiledéneas. Estas espécies sdo comumente utilizadas em “screening” para
selecionar espécies potencialmente fitotoxicas (EINHELLING et al., 1983).

Os efeitos dos compostos 66-73, 75-76, 78-84 e 91-100 sobre a
germinacgao e o crescimento do sistema radicular de S. bicolor e de C. sativus,
em testes realizados em placas de Petri nas concentragdes de 0,125; 0,250;
0,500 e 1,00 mmol L' estdo apresentados nas Tabelas 2 e 3. Os valores
negativos representam inibicdo da atividade, enquanto os valores positivos
indicam que houve estimulo.

Ao longo dos experimentos utilizou-se uma solugdo de DMSO em agua
(1% v/v) como branco, de forma a garantir que a solugéo usada para solubilizar
os compostos ndo estava inibindo o desenvolvimento das espécies avaliadas.
Além disso, os percentuais de inibicao foram calculados comparativamente a
esse branco.

O comportamento apresentado pelos herbicidas comerciais Glifosato
(pés-emergente) e Pivot (pré-emergente) foram utilizados como parametro para
garantir que os experimentos estavam sendo realizados segundo condi¢gdes
adequadas. A medida que se reduziu a concentracdo do principio ativo,
reduziu-se também a porcentagem de inibigdo sobre as espécies avaliadas, o
que é o comportamento esperado, como se pode observar para o herbicida
Glifosato (Figura 4). Embora o herbicida mais adequado para ser utilizado
como controle positivo neste tipo de ensaio seja o Pivot, devido ao fato de ser
utilizado como pré-emergente, a discussado nesse trabalho sera realizada em
comparagao com o herbicida Glifosato. Essa decisdo justifica-se na medida em
que: i) a inibicdo apresentada pelos dois herbicidas comerciais nao diferiu
significativamente em nenhuma das duas espécies; ii) o glifosato, por ser um
composto organofosforado, apresenta estrutura mais semelhante aos

compostos em estudo.
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M Caule B Caule

M Raiz M Raiz

/ de estimulo sobre C. sativus
/ de estimulo sobre S. bicolor

-100 -100
Glifosato Glifosato

Figura 4 - Efeito do herbicida comercial glifosato sobre o crescimento radicular
e da parte aérea de pepino (C. sativus) e de sorgo (S. bicolor). Os numeros 1,
2, 3 e 4 referem-se, respectivamente, as concentragdes 1,00; 0,500; 0,250 e
0,125 mmol L™.

A maioria dos compostos avaliados foi considerada pouco ativa sobre as
especies testadas, sendo que os compostos 70 e 80 estimularam o
crescimento da parte aérea em até 40% (composto 70 a 1 mmol L'1). E
importante mencionar que nao houve inibigao significativa sobre a germinagao
das sementes, havendo pelo menos 80% de germinagédo em todos os casos
avaliados.

Observou-se para os compostos organofosforados 71 e 82 uma maior
atividade inibitéria sobre o sistema radicular de S. bicolor em comparagdo com
a parte aérea (Figura 5). Os valores de inibicdo obtidos sao superiores ao
observado para o controle positivo Glifosato. Outras substancias que merecem
destaque sdo os compostos 92 e 93, que inibiram o crescimento do caule
dessa espécie em 65 e 69%, respectivamente, e o crescimento de raiz em 53 e

62%, respectivamente.
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M Caule M Caule

M Raiz M Raiz

/ de estimulo sobre S. bicolor
/ de estimulo sobre S. bicolor

Composto 71 Composto 82

Figura 5 - Efeito dos fosforados 71 e 82 sobre o crescimento radicular e da
parte aérea de sorgo (S. bicolor). Os numeros 1, 2, 3 e 4 referem-se,

respectivamente, as concentragdes 1,00; 0,500; 0,250 e 0,125 mmol L™.

Em se tratando da espécie C. sativus, os melhores resultados foram
observados para os compostos 92 e 100. Estes compostos apresentaram 82 e
83% de inibicdo, respectivamente, sobre o sistema aéreo na maior
concentracdo (1 mmol L™). Estes compostos apresentaram, ainda, elevada
atividade sobre a raiz dessa espécie, com 72 e 75% de inibicao,
respectivamente, nessa mesma concentragao.

Outras substancias que merecem destaque sdo os compostos 68, 76 e
81, que apresentaram atividade inibitéria sobre o caule de pepino no valor de

77,77 e 80%, respectivamente, na maior concentragao.
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M Caule M Caule

M Raiz M Raiz

/ de estimulo sobre C. sativus
/ de estimulo sobre C. sativus

Composto 92 Composto 100

Figura 6 - Efeito dos fosforados 92 e 100 sobre o crescimento radicular e da
parte aérea de pepino (C. sativus). Os numeros 1, 2, 3 e 4 referem-se,

respectivamente, as concentragdes 1,00; 0,500; 0,250 e 0,125 mmol L™.

A partir dos valores de inibicao observados nao foi possivel estabelecer
uma correlacdo entre a fitotoxicidade e a estrutura dos compostos
fosforamidatos. Uma vez que para a maioria dos compostos ndo ha uma
obediéncia a condigdo de que, menor quantidade de principio ativo, menor sera
a atividade bioldgica, nao foi possivel determinar o valor de ECs,. Esse
parametro seria fundamental para auxiliar na correlagdo da atividade biolégica
com parametros como energia de HOMO e LUMO, momento de dipolo e
volume molecular.

Dessa forma, esses resultados nos mostram que ha substancias
potencialmente ativas dentro dessa classe avaliada. No entanto, ensaios mais
elaborados precisam ser realizados de forma que se possa estabelecer
correlagdes da atividade biolégica com as propriedades fisico-quimicas dos

compostos.

94



Tabela 2. Efeito dos compostos 66-73, 75-76, 78-84 e 91-100 e do herbicida glifosato sobre a espécie S. bicolor (sorgo)

Caule Raiz
Compostos 1,0 molL" 0,50 molL" 0,25 molL" 0,172 molL" 1,0molL" 0,50 molL" 0,25 molL" 0,12 mol L™
66 -37 -6 2 -19 -25 -10 1 -5
67 46 -10 24 49 -39 -63 -36 -3
68 -49 -44 -16 -48 -56 -37 -27 -36
69 -52 -70 -49 -58 -50 71 -53 -19
70 -10 54 -47 -55 -18 31 -53 -46
71 -27 -43 -26 -4 -91 -85 -81 -75
72 -67 -68 -49 -17 -50 -52 61 -43
73 -51 27 -63 -37 -47 -27 -34 -32
75 -32 -36 -25 4 18 12 1 25
76 -38 -54 -41 -21 -37 -39 -41 17
78 -3 -40 -39 -51 -15 -38 -28 -55
79 -40 -63 -55 -39 -51 -63 71 -43
80 -41 -41 -9 -47 -28 -34 -3 -47
81 -42 -65 -50 -8 -61 -57 -54 -20
82 -52 -53 -49 -8 -87 -81 -56 -56
83 -43 -57 -2 -55 -40 -60 -13 -57
84 -44 -54 -54 -53 -44 -44 -52 -55
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Tabela 2. Efeito dos compostos 66-73, 75-76, 78-84 e 91-100 e do herbicida glifosato sobre a espécie S. bicolor (sorgo

(continuagao)

Caule Raiz

Compostos 1,0 molL" 0,50 molL" 0,25 molL" 0,22molL" 1,0 molL" 0,50 molL" 0,25 molL" 0,12 mol L™
91 4 17 -41 -48 8 21 -30 -35
92 -65 -37 -55 -40 -53 -34 -48 -50
93 -69 -43 -53 -30 -62 -43 -48 -41
94 -32 -48 -38 -10 13 -39 -34 -8
95 -22 7 22 -18 -25 -8 -9 2
96 18 -45 -44 24 -2 27 -33 22
97 11 -26 -39 -36 -23 -31 -36 -18
98 -49 -30 -49 -23 -38 -35 -39 -29
99 -36 -43 27 -18 -49 -45 -23 17
100 -36 -48 -70 -29 -24 -43 -58 -34
101 -46 -43 -52 -31 -47 -23 42 -28
102 -38 -46 -68 -6 -44 -53 -73 -31

Glifosato -87 -83 -81 67 -78 -68 -63 -26
Pivot -89 -84 -81 72 -81 .73 -69 -59
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Tabela 3. Efeito dos compostos 66-73, 75-76, 78-84 e 91-100 e do herbicida glifosato sobre a espécie C. sativus (pepino)

Caule Raiz
Compostos 1,0molL" 0,50 molL" 0,25 molL" 0,92molL" 1,0molL" 0,50 mol L' 0,25 mol L' 0,12 mol L
66 -51 72 -52 -57 -55 -64 -49 -38
67 14 -1 27 -11 16 -16 -26 -13
68 77 -64 -57 -51 72 -67 -53 17
69 -62 -52 -52 -13 -40 -31 -23 -15
70 40 39 27 35 37 35 -11 8
71 18 14 19 0 7 0 -2 20
72 -34 -26 26 -32 3 -26 33 -20
73 11 36 29 -8 10 4 9 5
75 -31 -32 -50 -45 12 -34 -48 -29
76 77 -79 -49 61 71 -64 -38 47
78 -10 -52 -7 -31 -2 -55 -25 -25
79 33 7 40 -8 3 -6 19 17
80 35 41 25 7 16 7 -4 -19
81 -80 -64 -47 -50 77 -63 -34 -4
82 35 -15 2 14 24 -16 21 10
83 -61 -76 -38 -23 -84 77 -62 -55
84 -45 -31 -39 -57 -54 -18 -32 -62
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Tabela 3. Efeito dos compostos 66-73, 75-76, 78-84 e 91-100 e do herbicida glifosato sobre a espécie C. sativus (pepino)
(continuagao)

Caule Raiz

Compostos 1,0 molL" 0,50 molL" 0,25 molL" 0,22molL" 1,0 molL" 0,50 molL" 0,25 molL" 0,12 mol L™
91 -30 -19 -1 42 8 6 27 -33
92 -82 77 -67 -53 72 -69 -60 -20
93 -79 -65 -57 -48 -63 -59 -11 -23
94 -3 16 23 33 25 29 3 33
95 -51 -29 -54 -35 -37 17 -50 -32
96 -9 5 4 -30 13 18 16 -7
97 -21 -40 -40 9 -1 -13 -33 14
98 20 6 5 31 19 12 -15 48
99 -31 -31 -35 25 -32 -29 -20 -23
100 -83 -63 74 -59 -75 72 61 -45
101 -56 -13 2 -9 22 5 22 -23
102 -37 -32 -8 29 -16 -16 -10 24

Glifosato -69 -63 -57 -40 -73 -67 62 -59
Pivot .73 -68 -63 -52 -75 -69 -66 -61
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3.4. Consideragodes Finais

A avaliagdo da atividade fitotdxica contra as espécies sorgo e pepino
evidenciou a potencial atividade de 8 compostos fosforamidatos (68, 71, 76, 81,
82, 92, 93 e 100). Os resultados mostraram uma variacdo de atividade em
decorréncia das concentragdes utilizadas e do tipo de cultura. Para S. bicolor
0os compostos mais ativos foram 71, 82, 92 e 93, que chegaram a inibir em até
91% (71 a 1 mmol L") o crescimento de raiz dessa espécie. Dentre as
substancias testadas, as que mostraram maior inibicdo da parte aérea para C.
sativus foram os compostos 92 e 100, que inibiram em até 83% na maior

concentracao.
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CAPITULO 4

4. SYNTHESIS, MOLECULAR PROPERTIES AND DFT STUDIES
OF NEW PHOSPHORAMIDATES AS POTENTIAL UREASE
INHIBITORS

4.1. Abstract

In this work new phosphoramidates were prepared and screened for their
putative urease inhibitory activity. The importance of this class of compounds is
related to the wide range of biological activities which they exhibit.
Consequently, higher activity shown by phosphoramidates 3a, 4b, 5a, 5b, 5¢
and 9a suggests they could serve as lead substances for the development of
novel synthetic compounds with enhanced inhibitory ureolitic activity. Their
predicted ADMET properties are also in accordance with the general
requirements for drug-like compounds. Structure-activity relationship (SAR)
analyses suggest that the presence of cyclohexylamine group is an important
structural feature associated with enhanced activities. DFT calculations were
performed to obtain the energy values of HOMO and LUMO, and dipole

moment.

4.2. Introduction

Urease is a nickel-containing metalloenzyme that catalyzes hydrolysis of
urea to ammonia and carbon dioxide and occur in a wide variety of organisms
(ROBERTS et al, 2012; KRAJEWSKA, 2009; FOLLMER, 2010). High

concentrations of ammonia arising from these reactions is responsible for the
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endurance of bacteria Helicobacter pylori to acidic pH of the stomach during
colonization (FOLLMER, 2010; AMTUL et al., 2002). The enzymatic activity of
urease plays an effective role in pathogenesis of urinary and gastrointestinal
tracts, causing diseases such as gastritis, peptic ulcers and gastric cancer
(FOLLMER, 2010). Urease inhibitors play an important role in the treatment of
infections caused by urease producing bacteria (KRAJEWSKA, 2009). Among
such bacteria are H. pylori, a well-recognized pathogen that infects two-thirds of
world population causing 2% to 4% mortality among infected humans
(ROBERTS et al., 2012; DUCKWORTH et al., 2009). Currently, the treatment of
infections caused by H. pylori has been accomplished through a combination of
drugs due to the high level of antibiotic resistance exhibited by this bacteria
(ROBERTS et al., 2012). This highlights the need for the development of new
antimicrobials to treat H. pylori infections, and one important line of research is
to target the urease produced by this bacteria (FOLLMER, 2010; AMTUL et al.,
2002; LI et al., 2009).

Amongst the several classes of compounds known to inhibit ureases, the
phosphoramidates represent the most active (VASSILIOU et al., 2008). This
class of compounds have attracted much attention due to their wide range of
biological activities such as insecticides (PAULA et al., 2008; OLIVEIRA et al.,
2012a), anti-HCV (MCGUIGAN et al., 2009), anti-HIV (DERUDAS et al., 2009;
MEHELLOU et al., 2009), antiviral (HARRIS et al., 2001; DERUDAS et al.,
2010), inhibitor of reverse transcriptase (BORRELLO et al., 2009), antimalarial
(MARA et al., 2011) and inhibitor of hepatitis C virus (DONGHI et al., 2009).

Thus, in the present work, new phosphoramidates were prepared and
screened for inhibitory activity against urease from Jack bean using thiourea
and hydroxyurea as reference urease inhibitors. Urease activity was determined
by measuring the ammonia production using the indophenol method
(WEATHERBURN, 1967). In addition, the map of the electrostatic potential
(MEP) and the value of the frontier orbitals HOMO and LUMO and the dipole
moment for optimized geometries from DFT calculations were investigated, as
these features may be related to the interaction of the molecules with their
target sites. In silico physico-chemical properties of the evaluated compounds

were determined and the results are also discussed.
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The target compounds were synthesized by employing a short synthetic
sequence (Scheme 1) according to a procedure adapted from the literature
(UCKUN et al., 2005).
phosphoryl chloride and triethylamine in dry diethyl ether was stirred for 18

In the initial step a mixture of substituted phenols,

hours at room temperature resulting in the intermediates 1a-1f, that were used

without purification as shown in Scheme 1.

9a p-Cl (85%)

0,
o~ 10ap-Cl (64%) O 9b m-Cl (31%)
R \ N 9¢ p-Br (32%)
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11b p-Br (46%) 3 N 6 Q 8a m-Cl (13%)
11c p-F (55%) N o j N
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2 6 2b p-NO, (11%) o R 1b m-Cl N
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@1 v &
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3a p-Cl (38%) 2 ®
3b p-Br (16%) 0
4a p-Cl (66%) 6a p-Br (13%)
4b m-Cl (6%)
4c 0-Br (36%)
4d p-F (28%)

5a p-Cl (40%)
5b m-Cl (22%)
5¢ p-Br (8%)
5d p-NO, (12%)
Scheme 1 Structural formulas of the phosphoramidates synthesized. In
general, the conversion of 1a-f to compounds 2-11 was achieved by reaction

with different amines.

The intermediates 1a-1f were treated with different amines (two
equivalents) and triethylamine (two equivalents) in anhydrous dichloromethane
and the mixture maintained under magnetic stirring for 18 h. In sequence the
precipitate formed was removed by vacuum filtration on a sintered glass funnel

and the precipitate washed with anhydrous dichloromethane to afford the
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required products 2-11 (Scheme 1). Several attempts to optimize this reaction
were carried out, varying the amount of solvent, temperature, reaction time, etc.
However in some cases only a small amount of the required product was
formed and in general the yields of the required compounds varied from 6% to
91% after purification on a silica gel column. The formation of
bisarylphosphonates compounds (5a-d, 8a, 10a) may have been favored since
the intermediates 1a-1f were used in the next step without further purification.
Moreover, these intermediates can be degraded to the respective phenols.
Spectroscopic data (IR, '"H NMR, C NMR) of all the synthesized compounds

were in full agreement with the proposed structures (see Experimental)

The effect of each compound was assessed by comparing the inhibitory
characteristic of the phosphoramidates with that of thiourea and hydroxyurea,
the standard compounds which belong to the urease inhibitor group of
molecules. The inhibition of ureolitic activity of tested compounds varied from
4% to 83%. Compounds 4c, 4d, 5d, 9c, 9d, 11b and 11c, however, were found
to be positive allosteric effectors on urease as they stimulated urea hydrolysis

assisted by this enzyme (Table 1).

The phosphoramidates 11a and 2b stimulated urease activity only in
experiments carried out with urea concentrations as high as 20 mM. The
phosphoramidates 3a, 4b, 5a, 5b, 5¢ and 9a were found to be the most
promising urease inhibitors (Table 1). Thus, these compounds were further
investigated and their ICso (concentration necessary to inhibit urease by 50%)

were determined.
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Table 1. In vitro urease inhibitory activities of phosphoramidates 2-11

Urea (mM)
Compound 10.0 20.0

2a 36.53 £ 0.81 29.07 £ 3.83

2b 520+1.73 -4.05 £ 5.95

3a 29.00 £7.30 50.74 £ 3.44

3b 50.25 + 1.61 29.45 £ 1.93

4a 33.77 £ 2.68 30.95 £ 1.56

4b 36.00 £ 4.80 83.60 £ 0.36
4c -31.97 + 4.68 -11.43 £+ 14.43

4d -13.47 £ 2.13 -5.28 £ 2.60

5a 69.42 £ 4.00 79.45 + 3.03

5b 46.00 + 11.00 50.54 + 7.38

5c 72.05+6.15 74.04 + 6.96

5d -39.39 £ 0.56 -11.34 £ 0.45

6a 39.49 + 10.77 52.37 £ 4.14

7a 23.32 £ 0.30 10.22 £ 2.74

7b 16.44 £ 5.13 23.75+1.84

7c 5.15+5.37 17.00 + 6.41

8a 15.61 £ 5.34 3.97 £ 10.94

9a 62.05 £ 2.27 47.00 £ 0.33

9b 17.00 £ 4.56 13.29 £ 19.61

9c -25.37 £ 0.57 -8.95 + 3.56

9d -9.29 £ 0.46 -5.25 + 0.01

10a 30.24 £ 1.15 33.65+0.44

11a 15.69 £ 0.23 -3.89 + 1.48
11b -47.70 £ 5.56 -20.55 + 1.52
11c -45.76 £ 0.78 -16.64 + 2.16
Hydroxyurea (HU) 80.02 £ 6.03 71.18 £ 6.07
Thiourea (TU) 22.62 + 13.78 20.33 £ 11.32

Values are the mean * S.D. from three experiments (n = 3). Hydroxyurea and
thiourea were used as reference of urease inhibitors.

Table 2 shows that compound 5c¢ was approximately as potent as
hydroxyurea and four times more potent than the reference urease inhibitor
thiourea, under the test experimental conditions. The second best urease
inhibitor was the compound 5b followed by 5a, 9a, 4b and 3a. From the results
presented in Table 2, it can be observed that with exception of 3a all the other

compounds were more potent than thiourea.
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Table 2. Concentration of promising phosphoramidates necessary to inhibit
urease by 50% (ICsp).

Compound ICs50 (MM)

3a 2.77

4b 2.28

5a 1.16

5b 0.98

5c 0.69

9a 1.44
Hydroxyurea (HU) 0.61
Thiourea (TU) 2.72

Reactions were carried out in the presence of urea 10 mM.

Since the phosphoramidates inhibited the urease activity at different
extents a cluster analysis employing data obtained at 10 uM and 20 uM was
obtained in order to facilitate the grouping of these compounds and a

comparison with standard urease inhibitors hydroxyurea and thiourea (Figure

1).

Cluster Analysis

i
4a
10a

3b

3a
5b G1

9a
7a

9%b l_
8a
7b G2
U -

rc G3
4b

5a
|— G4
5¢c

HU

0 5 10 15 20 2 30 35 40
Linkage Distance
Figure 1 - Cluster analysis for phosphoramidates. (TU = thiourea and HU =
hydroxyurea)
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As can be observed in Figure 1, four main groups of compounds were
formed: G1 and G2 include compounds that are poor urease inhibitors,
including the reference thiourea (TU); G3 and G4 include compounds that are
better active urease inhibitors compared with the standard hydroxyurea (HU).
The inhibitory ureolitic activity of compounds 5a and 5¢ was comparable to that
of the hydroxyurea, 5¢ being the most active one. Among the three most active
phophoramidates (shown in G3 and G4), all of them bear the cyclohexylamine
group, which highlights the importance of this unit for biological activity. The
phenoxy group seems to not contribute for the inhibitory ureolitic activity of the
synthesized phosphoramidates as such group is present in all compounds,
including those that function as positive allosteric effectors. Compounds
prepared from p-bromophenol (1¢, 3b, 5¢, 6a, 7b, 9¢ and 11b), p-chlorophenol
(1a, 2a, 3a, 4a, 5a, 7a, 9a and 10a) or m-chlorophenol (1b, 4b, 5b, 8a, 9b and
11a) were among the most active, while compounds derived from p-nitrophenol
(1e, 2b and 5b), o-bromophenol (1d and 4c) or p-fluorophenol (1f, 4d, 7c, 9d
and 11c) were less active. However, it is important to highlight that the
presence of phenol groups per se is not the main feature associated with
biological activity since some compounds containing p-chlorophenol (2a, 3a, 4a,

10a) and p-bromophenol (3b and 6a) were poorly active.

A computational study was carried out to predict their physicochemical
properties, since it is related to the absorption, distribution, metabolism,
excretion and toxicity (ADMET) properties (MANGAL et al., 2013). Screening
was conducted to evaluate the characteristics of the candidate drugs based on
Lipinski’'s Rule of Five (LIPINSKI et al., 1997) and other related criteria added
by Veber and co-workers (VEBER et al., 2002). The molecular attributes
analyzed included the calculated octan-1-ol/water partition coefficient (cLogP <
5); number of hydrogen-bond donors (HBD < 5); number of hydrogen bond
acceptors (HBA < 10); molecular weight (MW < 500); number of rotatable bonds
(nRotb < 10); and topological polar surface area (TPSA < 140 A?). Values in
parentheses represent the ideal values according to Lipinski (LIPINSKI et al.,
1997) and Veber (VEBER et al., 2002). Physicochemical parameters (Tables 3
and 4) were calculated using Osiris Property Explorer (Tetko, 2005) and

Molinspiration (http://www.molinspiration.com/cgi-bin/properties), good free
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computational tools which help to predict pharmacokinetic properties of
candidate drugs used by several research groups (ALAFEEFY et al., 2012;
OLIVEIRA et al., 2012b; TEIXEIRA et al., 2013).

Normally, the drugs interacting with enzymes inside the body have LogP
values between 2 and 5 (TAMBUNAN et al., 2011). In this respect, most of the
25 compounds present LogP values within this range, the exceptions being
compounds 5a, 5b, 5¢c and 6a (Tables 2 and 3). Interestingly to note is that
despite the high LogP values, compounds 5a, 5b, 5¢ are among the most

actives.

Analysis of theoretical toxicity risks revealed that all compounds
examined might not be tumorigenic or irritating (Table 3). However, five
compounds might have mutagenic effect (3b, 5¢, 6a, 9¢ and 11b) and two
could possibly have some effect on mammalian reproduction (4d and 2b)
(Table 3). With regard to solubility in water of organic molecules (log S), only
compounds 5¢ (logS = -6.57) and 6a (logS = -7.19) present solubility values
outside the limits (-6.5 — 0.5).(Maalej et al., 2011) The negative values of the
drug-likeness calculations, between -28.83 and -11.68 (Table 3) indicate that
compounds of the series 2-11 do not contain fragments that are frequently
present in commercial drugs (LIPINSKI et al., 2001; PROUDFOOT, 2002).
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Table 3. Predicted drug-likeness properties and toxicity risks of compounds

calculated by Osiris package

Toxicity risks®

Comp. cLogP  LogS MW M T | R Druglikeness gg‘;?e
2a 361  -445 388 - - - - 15.79 0.33
2b 0.3 -1.87 357 - .- -23.46 0.36
3a 437  -6.40 358 - o 11.68 0.23
3b 446  -65 403 + - - - 15.17 0.17
4a 462  -599 370 - - o -16.24 0.23
4b 462  -599 370 .o 17.52 0.23
4c 470  -6.09 415 - -21.01 0.21
de 407  -557 354 .- -18.55 0.27
5a 5.4 -6.37 400 .o -21.03 0.19
5b 5.4 -6.37 400 - -22.31 0.19
5¢ 557  -6.57 489 + - - - 2422 0.12
5d 407  -557 354 - - o -18.55 0.27
6a 509  -7.19 431 + - - - -16.61 0.14
7a 3.77 -3.21 318 - .- 15.72 0.39
7b 321 279 363 - .o -18.05 0.42
7c 321 279 302 .- -18.05 0.42
8a 497  -4.98 374 - 21.84 0.26
9a 346  -3.92 342 .- -11.95 0.37
9b 346  -3.92 342 - .o -13.09 0.37
9¢ 354  -4.02 387 + - - - -15.0 0.28
od 2.9 -3.50 326 - 1414 0.41
10a 482  -584 386 - .o 16.74 0.25
11a 1.04  -2.15 346 - 1213 0.45
11b 112 224 391 + - - - 14.04 0.34
11c 049 172 330 - - - 13.19 0.46
HU 145  -1.00 76.0 - - L -0.19 0.09
TH 095 -0.88 76.0 - - 2.21 0.54

HU, Hydroxyurea; TH, Thiourea; clogP, calculated lipophilicity; logS, logarithm
of aqueous solubility measured in M; MW, molecular weight; M, mutagenic
effect; T, tumorigenic effect; |, irritating effect; R, reproductive effect, °Ranked
according to: (-), no bad effect; (x), medium bad effect; (+), bad effect

Compound 2b is the one with the highest HBA number (equal to 9), close
to the limit of 10 predicted by Lipinsky’s rule. On the other hand some
compounds (4a, 3a, 4b, 4c, 4d, 3b and 6a) show values of HBD = 2, while
hydroxyurea presents HBD = 4. From the data presented so far for compounds
of the series 2-11, the parameters described in Lipinski’s rules, are within the
limit set by such rules. Among the compounds studied, eleven of them have one
rule violation, which is within the limits established (two) (Lipinski et al., 2001).
Only compounds 4d (TPSA = 96.18) and 2b (TPSA = 97.07) (Table 4) are
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expected to exhibit moderate bioavailability, based on the acceptable range
(61 < TPSA =< 140), while for others it is expected a good bioavailability. TPSA
was used to calculate the percentage of absorption (%ABS) as reported (ERTL
et al., 2000). From all these parameters, it can be observed that all the title
compounds exhibited a great %ABS ranging from 75.51% to 97.69%. In general
the compounds in this series possess a high number of rotatable bonds (4-8)
and therefore, exhibit large conformational flexibility, while the standard’s

compounds presented nRotB = 0 (Table 4).

Table 4. Drug-likeness calculations of compounds by using Molinspiration

Cheminformatics software

Comp. TPSA® HBD HBA Lipinski's violations Volume nRotB %ABS°

2a 48.01 0 5 0 306.974 5 92.44
2b 97.07 O 9 0 300.977 5 75.51
3a 50.36 2 4 0 302.533 6 91.63
3b 50.36 2 4 1 306.882 6 91.63
4a 50.35 2 4 1 339.705 6 91.63
4b 50.36 2 4 1 339.705 6 91.63
4c 50.36 2 4 1 344.055 6 91.63
4e 50.36 2 4 0 331.101 6 91.63
5a 47.57 1 4 1 331.237 6 92.59
5b 47.57 1 4 1 331.237 6 92.59
5c 47.57 1 4 1 339.936 6 92.59
5d 50.36 2 4 0 331.101 6 91.63
6a 50.36 2 4 1 340.004 6 91.63
7a 3278 0 4 0 293.93 8 97.69
7b 3278 0 4 0 298.279 8 97.69
7c 32781 O 4 0 285.325 8 97.69
8a 3878 0 4 1 308.349 7 95.62
9a 3278 0 4 0 306.813 4 97.69
9b 3278 0 4 0 306.813 4 97.69
9c 3278 0 4 0 311.162 4 97.69
9d 3278 0 4 0 298.208 4 97.69
10a 38.77 O 4 1 314.791 5 95.62
11a 5125 O 6 0 291179 4 91.32
11b 5125 O 6 0 295.528 4 91.32
11c 51249 O 6 0 282.574 4 91.32
HU? 75349 4 4 0 63.327 0 83.00
TU? 52046 2 4 0 63.074 0 91.04

@ HBD, number of hydrogen bond donor; HBA, number of hydrogen bond
acceptor.

® TPSA: Total polar surface area

° %ABS =109 - 0.345 x TPSA(Ertl et al., 2000)

4 HU, Hydroxyurea; TU, Thiourea
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One factor closely related to the affinity of a receptor is the molecular

volume. This parameter does not seem to have a direct relationship with the

biological activity, since the compound used as a positive control (hydroxyurea)

showed small molecular volume (63 A®) compared to compound 5¢ (339.936

A%. In an attempt to find some correlation between electronic properties and
biological activity (CORREA-BASURTO et al., 2007; ARANTES et al., 2011) the

HOMOs and LUMOs of the compounds were examined. The calculated

energies gaps are also listed in Table 5. The computational calculations were
performed using Spartan (HEHRE and OHLINGER, 2010) and Gaussian

(FRISCH et al., 2009).

Table 5. Descriptors Quantum-Chemical for compounds of series 2-11 and

references
Comp. HOMO LUMO GAP? Moment dipole

2a -6.61 -0.92 -5.69 4.14

2b -6.35 -2.99 -3.36 8.35
3a -6.19 -0.88 -5.32 5.78

3b -6.01 -0.49 -5.52 5.77
4a -6.50 -0.82 -5.68 6.55
4b -6.56 -0.83 -5.72 8.62

4c -6.36 -0.38 -5.98 3.44

4d -6.58 -0.81 -5.77 6.63
5a -6.67 -0.92 -5.75 6.44

5b -6.86 -0.92 -5.94 5.55
5¢c -6.49 -0.77 -5.72 6.43

5d -7,05 -2,57 -4,48 5,96

6a -598 -0.89 -5.10 6.27

7a -6.32 -0.82 -5.51 7.25
7b -6.09 -0.36 -5.72 6.72
7c -6.04 -0.31 -5.74 6.28
8a -6.77 -0.91 -5.86 3.39
9a -6.31 -0.82 -5.49 7.03
9b -6.29 -0.82 -547 4.89

9c -6.21 -0.40 -5.82 6.99
9d -6.39 -0.80 -5.59 6.51
10a -6.66 -0.91 -5.74 6.28
11a -6.28 -0.84 -5.44 2.45
11b -6.26 -0.52 -5.73 4.51
11c -6.23 -0.47 -5.76 4.07
Hydroxyurea -7.60 -0.19 -7.41 5.00
Thiourea -6.06 -0.33 -5.73 7.70

4 GAP = HOMO-LUMO
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The 1Cso values were converted to their related negative logarithmic
state, which is log(1/ICso) and further used as dependent variable in developing
the QSAR models. The descriptors used in the regression analysis are cLogP,
HOMO energy, LUMO energy, GAP energy, moment dipole and molecular
volume (Tables 2, 3 and 4).

Preliminary analysis was carried out in terms of a correlation analysis
between —LogIlCsy and various molecular descriptors and the results are
presented in Table 6. This was done to remove the chances of intercorrelation

among the molecular descriptors that may lead to false predicting models.

Table 6. Correlation matrix for —LoglCsy with molecular descriptors.

LoglCs, HOMO LUMO GAP  Moment . iime clogP

dipole
-LoglCs 1.000
HOMO 0,645 1.000
LUMO 0.363 0.365 1.000
GAP 0.649 0.927 0.686 1.000

'\fj‘i’;;‘fgt 0.589 0578 0.105 0.503 1.000
Volume  0.248 0290 0970 0614 0.143 1.000
cLogP 0.178 0285 0963  0.609 0.078 0.984  1.000

The values of the selected descriptors used in the regression analysis
are presented in Tables 3, 4 and 5. The models were built using the multiple
linear regression (MLR) method as employed in the BuildQsar software (DE
OLIVEIRA and GAUDIO, 2001). The data depicted in Table 6, indicated poor
correlation between urease activity with these descriptors (see graphs in the
supplemental material). Thus, models using multiple linear regression (MLR)
method were obtained since it was not possible to validate using the Leave One
Out (LOO) method (DE OLIVEIRA and GAUDIO, 2001).

It appears that there is a correlation between the structure of compounds
HU, 5b, 5a, 9a, TU and 4b with the inhibitory activity of urease. Compounds 3a
and 5c¢ would be outliers in this linear regression (-LoglCsy = -0.1333MD +
0.7885; R? = 0.9823). However, no plausible explanation to justify the removal
of these compounds (3a and 5c¢) can be proposed. Furthermore, the structures
of the compounds used as positive control (HU and TU) differ significantly from

the compounds synthesized in this work.
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The highest and lowest energy difference between the HOMO and
LUMO (gap energies) were observed for compounds 4c¢ (-5.98 eV) and 2b (-
4.37 eV), respectively. However, it was not observed for these compounds
under discussion a clear correlation of biological activity with the measures of
nucleophilicity and electrophilicity (HOMO and LUMO energies, respectively).
Figure 2 shows the distributions and energy levels of the frontier molecular
orbital computed at the B3LYP/6-311++G(2d,p) level for the most active

compound (5c).

HOMO (-6.40 V) LUMO (-0.77 V)

Figure 2 - Molecular orbital surfaces and energy levels given in parentheses for
the HOMO and LUMO of the most active compound computed at B3LYP/6—
311++G(2d,p) level in water.

4.3. Experimental

4.3.1. Chemistry

All the chemicals were purchased from Sigma Aldrich (Milwaukee, WI,
USA) and used without purification. The 'H- and ">C-NMR spectra were
recorded on a Varian Mercury 300 instrument (300 MHz and 75 MHz
respectively). Tetramethylsilane was used as internal standard (6 = 0) and

deuterated DMSO as solvent. IR spectra were obtained using a Perkin Elmer
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Paragon 1000 FTIR spectrophotometer, using potassium bromide (1% v/v)
disks, scanning from 600 to 4000 cm™. HRMS data were recorded under ESI
conditions on a micrOTOF-QIl Bruker spectrometer. The melting points were
determined using a MQAPF-301 melting point apparatus (Microquimica, Brazil)
and were not corrected. Analytical thin layer chromatography analysis was
conducted on aluminum backed pre-coated silica gel plates. Flash column

chromatography was performed using silica gel 60 (63—230 pm).

4.3.1.1. General method of preparation of phosphorodichloridate derivatives
(1a-1f).

Phosphorus oxychloride (1.0 mL, 10.8 mmol) in dry diethyl ether (10.0
mL) was placed under a nitrogen atmosphere in a 50 mL round bottom flask.
The contents were cooled to 0 °C using an ice bath. A solution of substituted
phenols (9.8 mmol) and triethylamine (1.5 mL, 10.8 mmol) in anhydrous diethyl
ether (25 mL) was added dropwise while maintaining the temperature at 0 °C
throughout the addition (ca: 1 h). After this period, the ice bath was removed
and the mixture was allowed to gradually warm up to room temperature and
was stirred vigorously for 18 hours. The precipitated triethylammonium salt was
filtered through a sintered glass funnel under vacuum and the precipitate was
washed with additional anhydrous diethyl ether. The organic layers were
combined and the solvent was evaporated under vacuum using a rotary
evaporator to yield crude phosphorodichloridate (1a-1f) as viscous oil that were
used without further purification. The spectroscopic and spectrometric data of all

compounds are consistent with predicted in the literature.

4.3.1.2. General method of preparation of phosphoramidates.
Phosphorodichloridate derivatives (1a-1f) (500 mg, 1.7 mmol) were
placed into a round bottom flask under nitrogen atmosphere. Using a dry
syringe, anhydrous dichloromethane (10 mL) was added and the mixture was
cooled to 0 °C. A solution of different amines (6.9 mmol) in anhydrous
dichloromethane (20 mL) was added dropwise with vigorous stirring over a
period of 1 h. After completion of the addition, the reaction mixture was allowed

to gradually warm to room temperature and stirred for 18—22 h until the reaction
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was complete as evidenced from TLC analyses. The crude products were
concentrated in vacuum, anhydrous diethyl ether (15 mL) was added and the
precipitated triethylammonium hydrochloride salt was filtered. The precipitate
was further washed with additional diethyl ether (2 x 15 mL). The combined
ether extracts were combined and concentrated in a rotary evaporator under
reduced pressure to afford the required compounds. The synthesis of
compounds 2a, 3a, 4a, 5a and 10a is described in the literature (Krishnan et al.,
1985; Ruveda et al., 1975; Roubinek et al., 1980; Cramer and Hennrich, 1961;
KaSparek and Mollin, 1980).

4.3.1.3. Spectral data

bis(4-chlorophenyl) morpholinophosphonate (2a). It was obtained as a light
yellow amorphous solid in 65% vyield (purified by silica gel column
chromatography, using hexane/acetone 4:1 v/v as the eluting solvent): TLC R¢ =
0.45 (hexane/acetone 4:1 viv); mp: 73.1-74.6 °C. IR (ATR, cm™) ¥ max 2965,
2857, 2363, 1588, 1484, 1259, 1193, 1089, 911, 830, 771, 683, 538, 482. 'H
NMR (300 MHz, CDCI3) 6 3.23-3.31 (4H, m, H-7, H-10), 3.55-3.62 (4H, m, H-8,
H-9), 7.13-7.21 (4H, m, H-1, H-5), 7.25-7.34 (4H, m, H-2, H-4). *C NMR (75
MHz, CDCI3) 6 44.93 (CH,, C-7, C-10), 66.71 (CHy, d, J = 5.3 Hz, C-8, C-9),
121.63 (CH, d, J = 4.9 Hz, C-1, C-5), 130.07 (CH, C-2, C-4), 130.80 (C, C-3),
149.29 (C, d, J = 6.8 Hz, C-6). GC-MS m/z: 387 [M]"". HREIMS m/z (M + H"):
calcd for C16H16CI2NO4P, 388.0267; found, 388.0158.

bis(4-nitrophenyl) morpholinophosphonate (2b). It was obtained as a white
crystal in 11% vyield (purified by silica gel column chromatography, using
hexane/ethyl acetate 1:1 v/v as the eluting solvent): TLC Rf = 0.32
(hexane/ethyl acetate 1:1 v/v); mp: 161.5-162.9 °C. IR (ATR, cm™) ¥ max 2858,
1588, 1513, 1342, 1199, 908, 846, 745, 471; 'H NMR (300 MHz, CDCls) & 3.30-
3.38 (4H, m, H-7, H-10), 3.60-3.67 (4H, m, H-8, H-9), 7.38-7.45 (4H, m, H-1, H-
5), 8.24-8.31 (4H, m, H-2, H-4). *C NMR (75 MHz, CDCls) 6 44.67 (CH,, C-7,
C-10), 66.59 (CHy, d, J = 5.7 Hz, C-8, C-9), 120.55 (CH, d, J = 5.4 Hz, C-1, C-
5), 125.87 (CH, C-2, C-4), 144.95 (C, C-3), 155.04 (C, d, J = 6.5 Hz, C-6). GC-
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MS m/z: 409 [M]". HREIMS m/z (M + H"): calcd for C1H1sN30sP, 410.0748,;
found, 410.0759.

4-chlorophenyl N,N’-diphenyl phosphate (3a). It was obtained as a colorless
crystal in 38% vyield (purified by silica gel column chromatography, using
hexane/ethyl acetate 1:1 v/v as the eluting solvent): TLC Rf = 0.63
(hexane/ethyl acetate 1:1 v/v); mp: 169.4 — 170.0 °C. IR (ATR, cm™) ¥ max 3374,
3142, 2980, 2906, 2367, 1600, 1476, 1394, 1298, 1204, 911, 845, 746, 686,
508. "H NMR (300 MHz, DMSO) & 6.85 (2H, t, J = 6.9 Hz, -NH), 7.08-7.28 (10H,
m, H-7, H-8, H-9, H-10, H-11), 7.42-7.46 (2H, m, H-1, H-5), 8.50 (2H, m, H-2, H-
4). ®C NMR (75 MHz, DMSO) 6 118.08 (CH, d, J = 7.8 Hz, C-7, C-11), 121.57
(CH, C-9), 122.97 (CH, d, J = 4.7 Hz, C-1, C-5), 129.44 (C, C-3), 129.65 (CH,
C-8, C-10), 130.31 (CH, C-2, C-4), 141.32 (C, d, J= 1.7 Hz, C-12), 149.85 (C,
d, J = 6.3 Hz, C-6). GC-MS m/z: 358 [M]"". HREIMS m/z (M + H"): calcd for
C18H16CIN202P, 359.0711; found, 359.0607.

4-bromophenyl N,N’-diphenyl phosphate (3b). It was obtained as a colorless
crystal in 16% vyield (purified by silica gel column chromatography, using
hexane/ethyl acetate 2:1 v/v as the eluting solvent): TLC Rf = 0.26
(hexane/ethyl acetate 2:1 v/v); mp: 189.8-191.4 °C; IR (ATR, cm™) ¥ max 3362,
3139, 2906, 1476, 1203, 912, 745, 506. 'H NMR (300 MHz, CDCl3) 6 5.93 (2H,
d, J = 8.9 Hz, -NH), 6.96-7.11 (8H, m, H-1, H-5, H-7, H-9, H-11), 7.18-7.38 (6H,
m, H-2, H-4, H-8, H-10). *C NMR (75 MHz, CDCls) & 118.59 (C, C-3), 118.69
(CH, C-7, C-11), 122.61 (CH, C-9), 122.69 (CH, C-1, C-5), 122.90 (CH, C-8, C-
10), 129.67 (CH, C-2, C-4), 132.95 (C, C-12), 138.85 (C, C-6). GC-MS m/z: 402
[M]™. HREIMS m/z (M + H"): caled for C1gH1¢BrN2O2P, 403.0206; found,
403.0071.

4-chlorophenyl N,N’-dicyclohexylamidophosphinate (4a). It was obtained as an
amorphous solid in 66% yield (purified by silica gel column chromatography,
using hexane/ethyl acetate 3:1 v/v as the eluting solvent): TLC R = 0.12
(hexane/ethyl acetate 3:1 v/v); mp: 106.6-107.6 °C; IR (ATR, cm™) ¥ max 3230,
2925, 2851, 1488, 1434, 1310, 1204, 1087, 1002, 888, 834, 754, 648, 648, 529,
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486. "H NMR (300 MHz, CDCl3) 6 0.97-2.00 (20H, m, -CHy), 2.46 (2H, broad s,
-NH), 3.0-3.15 (2H, m, H-12), 7.07-7.19 (2H, m, H-1, H-5), 7.20-7.35 (2H, m, H-
2, H-4). ®*C NMR (75 MHz, CDCls) & 25.31 (CH,, C-8, C-10), 25.59 (CH,, C-9),
36.18 (CHy, t, J = 5.0 Hz, C-7, C-11), 50.86 (CH, C-12), 121.79 (CH, d, J= 5.1
Hz, C-1, C-5), 129.40 (C, C-3), 129.67 (CH, C-2, C-4), 150.28 (C, d, J= 6.5 Hz,
C-6). GC-MS m/z: 370 [M]*". HREIMS m/z (M + H*): calcd for C1gH2sCIN2O2P,
371.1650; found, 371.1571.

3-chlorophenyl N,N’-dicyclohexylamidophosphinate (4b). It was obtained as a
white amorphous solid in 6% yield (purified by silica gel column
chromatography, using hexane/ethyl acetate 1:1 v/v as the eluting solvent): TLC
Rr = 0.43 (hexane/ethyl acetate 1:1 v/v); mp: 92.0-93.0 °C. IR (ATR, cm™) ¥ max
3377, 3176, 2927, 2851, 1589, 1424, 1207, 1092, 1017, 930, 774, 666, 526. 'H
NMR (300 MHz, CDCl3) 6 1.02-1.99 (20H, m, -CH>), 2.50 (2H, broad s, -NH),
3.0-3.17 (2H, m, H-12), 7.04-7.31 (4H, m, H-1, H-2, H-3, H-5). *C NMR (75
MHz, CDCl3) 6 25.31 (CHy, C-8, C-10), 25.59 (CH, C-9), 36.15 (CHy, t, J=4.5
Hz, C-7, C-11), 50.90 (CH, C-12), 118.80 (CH, d, J = 4.9 Hz, C-5), 121.02 (CH,
d, J = 54 Hz, C-1), 124.51 (CH, C-3), 130.43 (CH, C-2), 134.85 (C, C-4),
152.28 (C, d, J = 6.3 Hz, C-6). GC-MS m/z: 370 [M]"". HREIMS m/z (M + H"):
calcd for C1gH2sCIN,O2P, 371.1650; found, 371.1574.

2-bromophenyl N,N’-dicyclohexylamidophosphinate (4c). It was obtained as a
white solid in 36% yield (purified by silica gel column chromatography, using
hexane/ethyl acetate 2:1 v/v as the eluting solvent): TLC Ry = 0.22
(hexane/ethyl acetate 2:1 v/v); mp: 111.6-113.2 °C; IR (ATR, cm™) ¥ max 3208,
2928, 2850, 1474, 1219, 1087, 908, 756, 506. 'H NMR (300 MHz, CDCl;) &
1.20-2.03 (20H, m, -CH), 2.69 (2H, t, J = 9.9 Hz, -NH), 3.05-3.25 (2H, m, H-
12), 6.94-7.00 (1H, m, H-3), 7.21-7.27 (1H, m, H-2), 7.50-7.58 (2H, m, H-1, H-
4). ®C NMR (75 MHz, CDCl3) & 25.04 (CH,, C-8, C-10), 25.34 (CH,, C-9),
35.88 (CHy, d, J = 4.8 Hz, C-7, C-11), 50.55 (CH, C-12), 114.47 (C, C-5),
121.86 (CH, d, J = 2.9 Hz, C-1), 125.18 (CH, C-3), 128.59 (CH, C-2), 133.11
(CH, C-4), 148.61 (C, d, J = 6.0 Hz, C-6). GC-MS m/z: 416 [M]"". HREIMS m/z
(M + H"): calcd for C1gH23BrN2O2P, 415.1145; found, 415.0993.
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4-fluorophenyl N,N’-dicyclohexylamidophosphinate (4d). It was obtained as a
white amorphous solid in 28% vyield (purified by silica gel column
chromatography, using hexane/ethyl acetate 2:1 v/v as the eluting solvent): TLC
R¢ = 0.39 (hexane/ethyl acetate 2:1 v/v); mp 117.9-119.3 °C; IR (ATR, cm™) ¥
max 3232, 2926, 2853, 1503, 1435, 1198, 1087, 892, 812, 484. '"H NMR (300
MHz, CDCI3) 6 1.03-1.97 (20H, m, -CH»), 2.53 (2H, t, J = 2.4 Hz, -NH), 2.99-
3.16 (2H, m, H-12), 6.92-7.02 (2H, m, H-2, H-4), 7.13-7.21 (2H, m, H-1, H-5).
3C NMR (75 MHz, CDCl3) & 25.05 (CH,, C-8, C-10), 25.34 (CH,, C-9), 35.94
(CH,, C-7, C-11), 50.58 (CH, C-12), 115.93 (CH, d, J = 23.2 Hz, C-2, C-4),
121.48 (CH, q, J = 4.8 Hz and J = 8.2 Hz, C-1, C-5), 147.31 (C, q, J = 2.1 Hz
and J = 6.2 Hz, C-6), 159.11 (C, d, J = 240.8 Hz, C-3). GC-MS m/z: 354 [M]™".
HREIMS m/z (M + H"): calcd for C1gH2sFN20O2P, 355.1945; found, 355.1963.

bis(4-chlorophenyl) cyclohexylphosphoramidate (5a). It was obtained as a
colorless solid in 40% yield (purified by silica gel column chromatography, using
hexane/ethyl acetate 3:1 v/v as the eluting solvent): TLC R; = 0.60
(hexane/ethyl acetate 3:1 v/v); mp: 123.7-124.2 °C. IR (ATR, cm'1) ¥ max 3192,
2933, 2854, 1589, 1483, 1201, 1092, 1014, 918, 834, 770, 661, 519. 'H NMR
(300 MHz, CDCl3) 6 1.06-1.93 (11H, m, -CHz, H-12), 3.17-3.22 (1H, m, -NH),
7.15-7.22 (4H, m, H-1, H-5), 7.28-7.32 (4H, m, H-2, H-4). *C NMR (75 MHz,
CDCl3) 6 25.14 (CH,, C-8, C-10), 25.43 (CH2, C-9), 35.67 (CHy, d, J = 5.0 Hz,
C-7, C-11), 51.56 (CH, C-12), 121.73 (CH, d, J = 5.1 Hz, C-1, C-5), 129.91 (CH,
C-2, C-4), 130.48 (C, C-3), 149.56 (C, d, J = 6.9 Hz, C-6). GC-MS nm/z: 399
[M]™. HREIMS m/z (M + H"): calcd for C4gH20CIoNOsP, 400.0631; found,
400.0520.

bis(3-chlorophenyl) cyclohexylphosphoramidate (5b). It was obtained as a white
amorphous solid in 22% vyield (purified by silica gel column chromatography,
using hexane/ethyl acetate 4:1 v/v as the eluting solvent): TLC R = 0.28
(hexane/ethyl acetate 4:1 v/v); mp: 89.3-89.7 °C. IR (ATR, cm™) ¥ max 3184,
2933, 2850, 1584, 1468, 1249, 1199, 1112, 940, 776, 674, 613. '"H NMR (300
MHz, CDCl3) 6 1.09-1.93 (11H, m, -CH,, H-12), 3.07-3.29 (1H, m, -NH), 7.10-
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7.34 (8H, m, H-1, H-2, H-3, H-5). 13C NMR (75 MHz, CDCl3) & 25.13 (CH,, C-8,
C-10), 25.43 (CH,, C-9), 35.65 (CH,, d, J = 5.0 Hz, C-7, C-11), 51.62 (CH, C-
12), 118.7 (CH, d, J = 4.9 Hz, C-5), 121.02 (CH, d, J = 5.5 Hz, C-1), 125.53
(CH, C-3), 130.65 (CH, C-2), 135.13 (C, C-4), 151.45 (C, d, J = 7.0 Hz, C-6).
GC-MS m/z: 399 [M]". HREIMS m/z (M + H*): calcd for CisH2Cl.NOsP,
400.0631; found, 400.0530.

bis(4-bromophenyl) cyclohexylphosphoramidate (5c). It was obtained as a light
yellow amorphous solid in 8% yield (purified by silica gel column
chromatography, using hexane/ethyl acetate 2:1 v/v as the eluting solvent): TLC
Rr = 0.46 (hexane/ethyl acetate 2:1 v/v); mp: 143.5-144.9 °C; IR (ATR, cm™) ¥
max 3177, 2929, 2855, 1583, 1481, 1197, 915, 830, 737, 521. "H NMR (300
MHz, CDCI3) 6 1.04-1.94 (10H, m, -CHy), 2.99 (1H, t, J = 12.3 Hz, -NH), 3.06-
3.27 (1H, m, H-12), 7.09-7.16 (4H, m, H-1, H-5), 7.40-7.47 (4H, m, H-2, H-4).
3C NMR (75 MHz, CDCl3) & 24.87 (CH,, C-8, C-10), 25.17 (CH,, C-9), 35.44
(CH2, d, J=5.1 Hz, C-7, C-11), 51.31 (CH, C-12), 117.85 (C, C-3), 121.89 (CH,
d, J = 5.1 Hz, C-1, C-5), 132.65 (CH, C-2, C-4), 149.83 (C, d, J = 6.9 Hz, C-6).
GC-MS m/z: 487 [M]". HREIMS m/z (M + H"): caled for CigH20BroNO3P,
487.9620; found, 487.9512.

bis(4-nitrophenyl) cyclohexylphosphoramidate (5d). It was obtained as a white
solid in 12% vyield (purified by silica gel column chromatography, using
hexane/ethyl acetate 3:1 v/v as the eluting solvent): TLC R; = 0.31
(hexanel/ethyl acetate 3:1 v/v); mp: 175.4-176.7 °C. IR (ATR, cm'1) ¥ max 3157,
2926, 2851, 1589, 1512, 1341, 1207, 1105, 920, 854, 748, 618, 532. '"H NMR
(300 MHz, CDCls) 6 1.16-1.90 (10H, m, -CHy), 3.15-3.37 (2H, m, -NH, H-12),
7.39-7.44 (4H, m, H-1, H-5), 8.22-8.28 (4H, m, H-2, H-4). *C NMR (75 MHz,
CDCl3) 6 24.79 (CHy, C-8, C-10), 25.02 (CH,, C-9), 35.37 (CHy, d, J = 5.1 Hz,
C-7, C-11), 51.64 (CH, C-12), 120.58 (CH, d, J = 5.6 Hz, C-1, C-5), 125.74 (CH,
C-2, C-4), 144.73 (C, C-3), 155.55 (C, d, J = 6.4 Hz, C-6). GC-MS m/z: 421
[M]”. HREIMS m/z (M + H*): caled for CigHoN3O;P, 422.1112; found,
422.1027.
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4-bromophenyl 4,4 °-dimethyl-(N,N’-diphenyl) phosphate (6a). It was obtained
as a white amorphous solid in 13% yield (purified by silica gel column
chromatography, using hexane/ethyl acetate 2:1 v/v as the eluting solvent): TLC
Rr = 0.51 (hexane/ethyl acetate 2:1 v/v); mp: 104.7-106.1 °C; IR (ATR, cm™) ¥
max 3377, 3139, 1616, 1482, 1202, 991, 817, 493. "H NMR (300 MHz, CDCl3) &
1.67 (6H, s, -CH3), 6.48-6.65 (10H, m, H-1, H-5, H-7, H-8, H-10, H-11), 6.88-
6.92 (2H, m, H-2, H-4), 7.32 (2H, d, J = 9.9 Hz, -NH). "*C NMR (75 MHz, CDCls)
6 19.44 (CHs, C-13), 116.18 (C, C-3), 116.88 (CH, d, J = 7.4 Hz, C-7, C-11),
121.71 (CH, d, J = 4.6 Hz, C-1, C-5), 128.35 (C, C-9), 129.19 (CH, C-8, C-10),
131.20 (CH, C-2, C-4), 136.68 (C, C-12), 148.75 (C, d, J = 6.4 Hz, C-6). GC-MS
m/z: 430 [M]”". HREIMS m/z (M + H"): calcd for CxoH20BrN.O2P, 431.0519;
found, 431.0532..

4-chlorophenyl N,N,N’,N’-tetraethyldiamidophosphinate (7a). It was obtained
as a light yellow oil in 38% vyield (purified by silica gel column chromatography,
using hexane/ethyl acetate 3:1 v/v as the eluting solvent): TLC R = 0.33
(hexane/ethyl acetate 3:1 v/v); IR (ATR, cm™) ¥ max 2972, 2933, 2874, 1592,
1486, 1380, 1163, 1091, 1025, 897, 763, 541. '"H NMR (300 MHz, CDCl3) &
1.07 (12H, t, J = 7.2 Hz, -CH3), 3.10 (8H, dq, J = 7.2 Hz and J = 3.0 Hz, -CH>),
7.12-7.19 (2H, m, H-1, H-5), 7.21-7.28 (2H, m, H-2, H-4). *C NMR (75 MHz,
CDCI3) 6 14.32 (CH3, d, J = 2.2 Hz, C-8), 39.95 (CHy, d, J = 11.4 Hz, C-7),
121.76 (CH, d, J = 5.3 Hz, C-1, C-5); 129.14 (C, C-3), 129.70 (CH, C-2, C-4),
150.40 (C, d, J = 6.0 Hz, C-6). GC-MS m/z: 318 [M]". HREIMS m/z (M + H"):
calcd for C14H24CIN2,O2P, 319.1337; found, 319.1235.

4-bromophenyl N,N,N’,N’-tetraethyldiamidophosphinate (7b). It was obtained
as a light yellow oil in 13% vyield (purified by silica gel column chromatography,
using hexane/ethyl acetate 2:1 v/v as the eluting solvent): TLC R = 0.33
(hexane/ethyl acetate 2:1 v/v); IR (ATR, cm™) ¥ max 2971, 2922, 2877, 1482,
1206, 1163, 893, 830, 718. 'H NMR (300 MHz, CDCl3) & 0.99-1.13 (12H, m, -
CHs), 3.04-3.20 (8H, m, -CHy), 7.06-7.15 (2H, m, H-1, H-5), 7.36-7.46 (2H, m,
H-2, H-4). "*C NMR (75 MHz, CDCl3) & 14.33 and 13.90 (CH3, d, J = 2.2 Hz, C-
8), 40.08 and 39.86 (CHy, d, J = 4.7 Hz, C-7), 118.16 and 116.73 (C, C-3),
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122.28 and 122.20 (CH, d, J = 2.4 Hz, C-1, C-5), 132.81 and 132.56 (CH, C-2,
C-4), 149.76 and 150.96 (C, d, J = 5.8 Hz, C-6). GC-MS m/z: 362 [M]".
HREIMS m/z (M + H*): calcd for C14H24BrN2O2P, 363.0832; found, 363.0743.

4-fluorophenyl N,N,N’,N’-tetraethyldiamidophosphinate (7c). It was obtained as
a white crystal in 25% vyield (purified by silica gel column chromatography, using
hexane/ethyl acetate 3:1 v/v as the eluting solvent): TLC R; = 0.53
(hexane/ethyl acetate 3:1 v/v); IR (ATR, cm™) ¥ max 2973, 1501, 1380, 1168,
1025, 900, 817, 500. '"H NMR (300 MHz, CDCls) 6 1.07 (12H, t, J = 7.2 Hz, -
CHs), 3.11 (8H, dq, J = 7.2 Hz and J = 18.3 Hz, -CH,), 6.91-7.03 (2H, m, H-2,
H-4), 7.13-7.20 (2H, m, H-1, H-5). *C NMR (75 MHz, CDCls) & 14.05 (CHs, d, J
= 2.1 Hz, C-8), 39.63 (CHy, d, J=4.7 Hz, C-7), 115.97 (CH, d, J = 23.0 Hz, C-2,
C-4), 12143 (CH, q, J = 4.8 Hz and J = 8.1 Hz, C-1, C-5), 147.43 (C, C-6),
158.96 (C, d, J = 239.9 Hz, C-3). GC-MS m/z: 302 [M]". HREIMS m/z (M + H"):
calcd for C14H24FN2O2P, 303.1632; found, 303.1653.

bis(3-chlorophenyl) N,N-diethyldiamidophosphinate (8a). It was obtained as a
light yellow oil in 13% yield (purified by silica gel column chromatography, using
hexane/ethyl acetate 3:1 v/v as the eluting solvent): TLC Rf = 0.36
(hexane/ethyl acetate 3:1 v/v); IR (ATR, cm™) ¥ max 2975, 1584, 1469, 1262,
1198, 1037, 925, 775, 676, 602, 541. "H NMR (300 MHz, CDCl3): & 1.07 (6H, t,
J =7.1Hz, -CHs), 3.23 (4H, dq, J=12.4 Hz and J= 7.1 Hz, -CHy), 7.31-7.64
(8H, m, H-1, H-2, H-3, H-5). *C NMR (75 MHz, CDCls): 5 8.68 (CHs, C-8),
46.78 (CHy, C-7), 121.39-121.97 (CH, m, C-5), 129.71-129.84 (CH, m, C-1),
130.19-130.36 (CH, m, C-3), 132.52-133.10 (CH, m, C-2), 147.85-148.04 (C, m,
C-4), 148.38-148.66 (C, m, C-6). GC-MS m/z: 373 [M]"". HREIMS m/z (M + H"):
calcd for C16H1sCIoNO3sP, 374.0474; found, 374.0383.

4-chlorophenyl N,N’-dipiperidin-1-ilphosphinate (9a). It was obtained as a light
yellow oil in 85% vyield (purified by silica gel column chromatography, using
hexane/ethyl acetate 3:1 v/v as the eluting solvent): TLC Rf = 0.23
(hexane/ethyl acetate 3:1 v/v); IR (ATR, cm™) ¥ max 2932, 2849, 1720, 1592,
1486, 1339, 1204, 1160, 1071, 956, 898, 832, 729, 565, 479. '"H NMR (300
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MHz, CDCls): & 1.39-1.65 (12H, m, H-8, H-9, H-10), 3.05-3.15 (8H, m, H-7, H-
11), 7.11-7.19 (2H, m, H-1, H-5), 7.22-7.34 (2H, m, H-2, H-4). *C NMR (75
MHz, CDCls): & 24.71 (CH,, C-9), 26.30 (CHy, d, J = 5.6 Hz, C-8, C-10), 45.77
(CHp, d, J = 2.7 Hz, C-7, C-11), 121.78 (CH, d, J = 5.3 Hz, C-1, C-5), 129.27 (C,
C-3), 129.65 (CH, C-2, C-4), 150.46 (C, C-6). GC-MS m/z: 342 [M]"". HREIMS
miz (M + H*): calcd for C16H22CIN,O4P, 343.1337; found, 343.1211.

3-chlorophenyl N,N’-dipiperidin-1-ilphosphinate (9b). It was obtained as a light
yellow oil in 91% vyield (purified by silica gel column chromatography, using
hexane/ethyl acetate 1:1 v/v as the eluting solvent): TLC Rf = 0.35
(hexane/ethyl acetate 1:1 v/v); IR (ATR, cm™) ¥ max 2934, 2849, 1588, 1472,
1339, 1070, 923, 730, 680, 475. 'H NMR (300 MHz, CDCls): 5 1.39-1.61 (12H,
m, H-8, H-9, H-10), 3.04-3.21 (8H, m, H-7, H-11), 7.05-7.32 (4H, m, H-1, H-2,
H-3, H-5). *C NMR (75 MHz, CDCls): & 24.71 (CH,, C-9), 26.29 (CH, d, J = 5.3
Hz, C-8, C-10), 45.78 (CHy, d, J = 2.3 Hz, C-7, C-11), 118.73 (CH, d, J = 5.0
Hz, C-5), 120.97 (CH, d, J = 5.5 Hz, C-1), 124.38 (CH, C-3), 130.41 (CH, C-2),
134.82 (C, C-4), 152.45 (C, d, J = 6.1 Hz, C-6). GC-MS m/z: 342 [M]"". HREIMS
m/z (M + H"): calcd for C16H24CIN2O2P, 343.1337; found, 343.1226.

4-bromophenyl N,N’-dipiperidin-1-ilphosphinate (9c). It was obtained as a light
yellow oil in 32% yield (purified by silica gel column chromatography, using
hexane/ethyl acetate 2:1 v/v as the eluting solvent): TLC Rf = 0.30
(hexane/ethyl acetate 2:1 v/v); IR (ATR, cm™) ¥ max 2932, 2849, 1719, 1528,
1482, 1339, 1219, 1199, 1157, 1113, 1065, 1027, 1009, 956, 904, 830, 758,
729, 631, 608, 560, 473. '"H NMR (300 MHz, CDCl3): 5 1.39-1.61 (12H, m, H-8,
H-9, H-10), 3.03-3.15 (8H, m, H-7, H-11), 7.06-7.15 (2H, m, H-1, H-5), 7.35-
7.45 (2H, m, H-2, H-4). *C NMR (75 MHz, CDCls): 5 24.69 (CH,, C-9), 26.29
(CHy, d, J = 2.4 Hz, C-8, C-10), 45.77 (CHy, d, J = 2.4 Hz, C-7, C-11), 116.93
(C, C-3), 122.26 (CH, d, J = 2.4 Hz, C-1, C-5), 132.64 (CH, C-2, C-4), 150.92
(C, d, J = 6.2 Hz, C-6). GC-MS m/z: 386 [M]"". HREIMS m/z (M + H"): calcd for
C16H24BrN2O2P, 387.0832; found, 387.0677.
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4-fluorophenyl N,N’-dipiperidin-1-ilphosphinate (9d). It was obtained as a light
yellow oil in 30% yield (purified by silica gel column chromatography, using
hexane/ethyl acetate 3:1 v/v as the eluting solvent): TLC R; = 0.51
(hexane/ethyl acetate 3:1 v/v); IR (ATR, cm™) ¥ max 2933, 2849, 1501, 1339,
1193, 1071, 903, 817, 733, 477. 'H NMR (300 MHz, CDCls): 5 1.42-1.59 (12H,
m, H-8, H-9, H-10), 3.06-3.13 (8H, m, H-7, H-11), 6.93-7.01 (2H, m, H-2, H-4),
7.13-7.19 (2H, m, H-1, H-5). *C NMR (75 MHz, CDCls): 5 24.44 (CH,, C-9),
26.04 (CHy, d, J = 5.3 Hz, C-7, C-11), 45.49 (CHy, d, J = 2.3 Hz, C-8, C-10);
115.87 (CH, d, J = 23.1 Hz, C-2, C-4), 121.41 (CH, q, J= 4.8 Hz and J = 8.3 Hz,
C-1, C-5), 147.40 (C, C-6), 158.99 (C, d, J = 240.8 Hz, C-3). GC-MS m/z: 326
[M]”. HREIMS m/z (M + H"): calcd for CieH24FN.O.P, 327.1632; found,
327.1663.

bis(4-chlorophenyl)piperidin-1-ilphosphonate (10a). It was obtained as a light
yellow oil in 64% yield (purified by silica gel column chromatography, using
hexane/ethyl acetate 3:1 v/v as the eluting solvent): TLC Rf = 0.74
(hexane/ethyl acetate 3:1 v/v); IR (ATR, cm™) ¥ max 3096, 2937, 2854, 1589,
1484, 1269, 1194, 1089, 908, 829, 769, 638, 479. "H NMR (300 MHz, CDCl3): &
1.39-1.60 (6H, m, H-8, H-9, H-10), 3.15-3.29 (4H, m, H-7, H-11), 7.13-7.25 (4H,
m, H-1, H-5), 7.26-7.35 (4H, m, H-2, H-4). *C NMR (75 MHz, CDCls): 5 24.33
(CHy, C-9), 25.93 (CHy, d, J = 4.5 Hz, C-8, C-10), 45.84 (CHy, d, J = 2.2 Hz, C-
7,C-11),121.69 (CH, d, J = 5.4 Hz, C-1, C-5), 129.92 (C, C-3), 130.41 (CH, C-
2, C-4), 149.59 (C, d, J = 6.4 Hz, C-6). GC-MS m/z: 385 [M]"". HREIMS m/z (M
+ H"): caled for C47H1gClI,NO3P, 386.0474; found, 386.0368.

3-chlorophenyl N,N’-dimorfolin-1-ilphosphinate (11a). It was obtained as a
colorless oil in 52% yield (purified by silica gel column chromatography, using
hexane/acetone 1:1 v/v as the eluting solvent): TLC R¢ = 0.40 (hexane/acetone
1:1 viv); mp: IR (ATR, cm™) ¥ max 2967, 2916, 2854, 1700, 1589, 1212, 1112,
930, 735, 503. '"H NMR (300 MHz, CDCl3): & 3.12-3.29 (8H, m, H-7, H-10),
3.54-3.73 (8H, m, H-8, H-9), 7.09-7.33 (4H, m, H-1, H-2, H-3, H-5). *C NMR
(75 MHz, CDCl3): 6 44.99 (CH, C7, C-10), 67.20 (CH>, d, J = 5.8 Hz, C-8, C-9),
118.57 (CH, d, J = 4.8 Hz, C-5), 120.87 (CH, d, J = 5.5 Hz, C-1), 125.10 (CH,
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C-3), 130.71 (CH, C-2), 135.18 (C, C-4), 151.80 (C, d, J = 6.0 Hz, C-6). GC-MS
m/z: 346 [M]”. HREIMS m/z (M + H): caled for Cq4H20CIN2O4P, 347.0922;
found, 347.0841.

4-bromophenyl N,N’-dimorfolin-1-ilphosphinate (11b). It was obtained as a
white crystal in 46% yield (purified by silica gel column chromatography, using
hexane/ethyl acetate 3:1 v/v as the eluting solvent): TLC R; = 0.60
(hexane/ethyl acetate 3:1 v/v); mp. 112.7-113.9 °C. IR (ATR, cm™) ¥ max 2956,
2846, 1482, 1232, 1111, 967, 904, 840, 734, 473. "H NMR (300 MHz, CDCl3): &
3.15-3.22 (8H, m, H-7, H-10), 3.59-3.61 (8H, m, H-8, H-9), 7.09-7.15 (2H, m, H-
1, H-5), 7.41-7.47 (2H, m, H-2, H-4). *C NMR (75 MHz, CDCls): 5 44.74 (CHa,
C-7, C-10), 66.96 (CHy, d, J = 5.8 Hz, C-8, C-9) 117.37 (C, C-3), 121.83 (CH,
d, J = 5.0 Hz, C-1, C-5), 132.68 (CH, C-2, C-4), 150.09 (C, d, J = 5.9 Hz, C-6).
GC-MS m/z: 390 [M]”. HREIMS m/z (M + H"): caled for Ci4H20BrN,O4P,
391.0417; found, 391.0281.

4-fluorophenyl N,N’-dimorfolin-1-ilphosphinate (11c). It was obtained as a white
crystal in 55% vyield (purified by silica gel column chromatography, using
hexane/ethyl acetate 3:1 v/v as the eluting solvent): TLC Rf = 0.57
(hexanel/ethyl acetate 3:1 v/v); mp. 128.7-130.1 °C. IR (ATR, cm'1) ¥ max 2974,
2851, 1502, 1230, 1109, 965, 907, 843, 741, 489. "H NMR (300 MHz, CDCls): &
3.14-3.23 (8H, m, H-7, H-10), 3.58-3.65 (8H, m, H-8, H-9), 6.97-7.05 (2H, m, H-
2, H-4), 7.13-7.21 (2H, m, H-1, H-5). *C NMR (75 MHz, CDCls): 5 44.72 (CHa,
C-7, C-10), 66.94 (CHy, d, J = 5.8 Hz, C-8, C-9), 116.22 (CH, d, J = 23.3 Hz, C-
2,C-4),121.35 (CH, q, J = 4.9 Hz and J = 8.4 Hz, C-1, C-5), 146.82 (C, q, J =
2.8 Hz and J = 5.8 Hz, C-6), 159.31 (C, d, J = 241.8, C-3). GC-MS m/z: 330
[M]™. HREIMS m/z (M + H"): calcd for Ci4H20FN,O4P, 331.1217; found,
331.1160.

4.3.1.4. Urease inhibition assay
The screening for identifying potential urease inhibitors was done by
incubating each synthesized compound at final concentration of 1.6 mM in

reactions containing buffer solution (Na;HPO4/NaH,PO4 50 mM, pH 7.4), urea
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(10 or 20 mM) and 1.25 x 102 U of urease (Sigma U-1500-100 kU). Each
mixture was incubated for 15 min at 25 °C and the reactions were interrupted
following the methodology described by Weatherburn (Weatherburn, 1967).
The ammonium concentration was determined by phenol hypochloride assay
(636 nm) and the inhibition percentage [INH(%)] was calculated by the following
equation: INH(%) = 100 — ((Aiw/Ag) % 100). In this equation Ay and Ag are
ammonium concentration in the tubes with and without inhibitor, respectively.
The inhibitory potential of the phosphoramidates was compared to those of the
standard inhibitors hydroxyurea and thiourea. The phosphoramidates that were
able to inhibit urease activity by over 40% were further used from 50 to 3200 yM
to determine the concentration necessary to inhibit the enzyme by 50% (ICsp).
All experiments were performed in triplicate. The cluster analysis was
performed by employing unweighted pair-group average as amalgamation

(joining) rule and city-block (Manhattan) distances as distance metric.

4.3.1.5. Quantum Chemical and Physicochemical Parameters

The physicochemical parameters were determined using the online
software provided by Molinspiration Cheminformatics (Bratislava, Slovak
Republic). Molecular attributes analyzed were n-octanol/water partition
coefficient (cLogP), the amount of hydrogen bond donors (HBD), the amount of
hydrogen bond acceptor (HBA), the molecular weight of the compounds (MW),
number of rotatable bonds (nRotb) and total polar surface area (TPSA). The
values of the total polar surface areas (TPSA) were determined using the above
software employing the method described by Ertl and co-authors (Ertl et al.,
2000) and it was used to calculate the percentage of absorption (%ABS)
according to the equation: %ABS = 109 - 0.345 x TPSA, as reported (ERTL et
al., 2000).

Quantum mechanical calculations for compounds of the series 2-11 were
performed using the Spartan 10 (HEHRE and OHLINGER, 2010) and the
Gaussian 09 (FRISCH et al., 2009) programs. Computational geometry
optimizations were carried out with the Spartan 10 software package employing
semi-empirical PM6 method. The most stable conformers were fully optimized
with at the B3LYP/6-31G(d,p) level of theory, where B3LYP is Becke three
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parameter exchange functional, combined with the Lee-Yang-Parr correlation
functional, at gas phase (BECKE, 1993). The DFT/B3LYP method is
recommended for the estimation of molecular properties related to reactivity of
molecules, such as the energy of the highest occupied molecular orbital (Exowmo)
and the energy of the lowest unoccupied molecular orbital (EL umo) (ZHANG and
MUSGRAVE, 2007). Predictions of the HOMO-LUMO energies and dipole
moment were performed in DFT energy calculations (B3LYP/6-311++G(2d,p))
considering the SMD solvation model and water as solvent (MARENICH et al.,
2009). Electrostatic potentials and HOMO/LUMO maps were calculated for the
geometries fully optimized that resulted from DFT calculations using Gaussian
09 at the B3LYP/6-311++G(2d,p).

4.4. Conclusions

In summary, 25 new phosphoramidates were prepared and evaluated for
their inhibitory activity against urease. Of these compounds, 5¢ appeared the
most promising, with good activity as urease inhibitors. The ADMET properties
predicted for these phosphoramidates are in accordance with the general
requirements for potential drugs, confirming that these compounds possess
physicochemical properties that qualify them to have good pharmacokinetics
and drug bioavailability. In addition, no violations of Lipinski’s rule were
observed for the majority of the phosphoramidates. The structure—activity
relationships suggested that the presence of cyclohexylamine group seems to
increase the biological activity of the compounds. The promising biological
results obtained, along with the good drug-likeness predictors that were
calculated, make these compounds valid leads for further studies in therapies
that require compounds with inhibitory activity ureolitic and for synthesizing new
phosphoramidates which might be serve as a valuable prototype with improved

potency.
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CAPITULO 5

5. ACOMPARISON OF DENSITY FUNCTIONAL METHODS FOR
THE ESTIMATION OF PROTON AND CARBON CHEMICAL
SHIFTS OF PHOSPHORAMIDATES

5.1. Abstract

'H and ®*C NMR chemical shifts were measured for three phosphoramidates
and computed using the B3LYP, WP04, TPSSh, M062X and wB97xD density
functional methods. The experimental and computed chemical shift values for
proton and carbon were compared, and computational methods were
comprehensively evaluated (using linear correlation (R?), mean absolute error
(MAE), root mean squared deviation (RMSD) and DP4 analysis criteria).
Applying a linear correction to the computed data improves the absolute
accuracy and reduces random errors. For *C NMR shift data, results from the
GIAO/wWB97xD/cc-pVTZ/SCRF combination show the lowest value of RMSD
(2.073), but incurred a high CPU cost. The best compromise cost-accuracy was
obtained for the GIAO/B3LYP/6-31G(d,p)/SCRF combination that provides
RMSD 2.121 at a CPU cost twenty-six times smaller than GIAO/wB97xD/cc-
pVTZ/SCRF. For 'H NMR shift data, CSGT/TPSSh/cc-pVTZ/SCRF shows
RMSD of 0.070. The method that best applies to this class of compound is
CSGT/wB97xD/cc-pVTZ/SCRF. DP4 analysis was used to correlate the
chemical shifts ("H and "C NMR) of the compounds and indicated that the
method that best applies to this class of compounds is CSGT/wB97xD/cc-
pVTZ/SCRF, with DP4 analysis of 51.9%. In general, the best results were

obtained when using implicit solvation model during calculations. The best
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method was applied on an external test set of 6 additional molecules and

provided satisfactory results.

5.2. Introduction

The organophosphorus (OP) compounds form a class of compounds
having at least one phosphorus atom connected to a carbon atom in their
structure and find wide application in several fields. Amongst these, one of the
most common classes include phosphoramidates, which incorporate one amide
functional group derived from the phosphoric acid. It has been found that these
compounds have particular importance due to their expressive biological
activities. These compounds are used in medicine, due to their potential
applications as anticancer (CONGIATU et al., 2006; DUAN et al., 2008; KIRAN
et al., 2008; LEWANDOWSKA et al., 2013; WANG et al., 2010; WITTINE et al.,
2009), anti-HIV (MEHELLOU et al., 2009; ZAKIROVA et al., 2012), inhibitors of
hepatitis C virus (MCGUIGAN et al., 2009; PERRONE et al., 2007; SOFIA et
al., 2012) and antimalarial agents (MARA et al., 2011). Within agriculture they
are reported to act as urease inhibitors (DOMINGUEZ et al., 2008), herbicides
(KATAGI, 1993) and insecticides (OLIVEIRA et al., 2012; PAULA et al., 2008).
In industry they find application both as antifire (KIRAN et al., 2007) and antirust
additives in lubricating oils (YAN et al., 2012). We recently published a review
highlighting the main phosphoramidates with potential biological activity and
applications within the medical area (OLIVEIRA et al., 2014).

Continuing our work on the search for new compounds with insecticidal
(OLIVEIRA et al, 2012; PAULA et al, 2008) and phytotoxic activities
(ALVARENGA et al.,, 2009; BARBOSA et al., 2012; BARBOSA et al., 2009;
BARBOSA et al., 2010; DEMUNER et al., 2009), a series of phosphoramidates
compounds were synthesized. In the last series of compounds, the inhibitory
activity of urease was evaluated (OLIVEIRA et al., 2014).

It is widely believed that the biological activity of the phosphoramidates is
correlated with their molecular properties (CORREA et al., 2012; TEIXEIRA et
al., 2009). Most studies focus on their crystal structures, DFT quantum chemical
calculations and NMR (GHOLIVAND et al., 2008; GHOLIVAND et al., 2010;
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OLIVEIRA et al., 2013). Whilst the application of NMR techniques to determine
the relative spatial orientation of substituents has become a routine task
examples of structural and stereochemical misassignments still appear in the
literature (NICOLAOU et al., 2005). The accurate calculation of NMR chemical
shifts with quantum chemical methods has provided an additional tool to
supplement or in some cases even replace NMR assignments. Consequently,
in a recent work, we have characterized phosphoramidates using quantum
chemical calculations (Density Functional Theory - DFT) couple to both dynamic
NMR studies and single crystal X-ray diffraction data (OLIVEIRA et al., 2013). It
is an important tendency nowadays that the computational chemistry methods
become useful tools to help the interpretation and analysis of the experimental
data.

From a theoretical standpoint, advanced computational protocols have
been developed for calculating NMR chemical shifts, mainly 'H and "*C, as well
as coupling constants of isolated molecules, in which the environmental effects
are neglected (COSTA et al., 2010). These effects are predominantly related to
the inherently large size of such systems, making conventional ab initio theories
either very computationally demanding or even prohibitive. The theoretical task
lies in calculating the molecular second-order magnetic response properties, in
which the calculation of the nuclear magnetic shielding tensor plays a relevant
role (COSTA et al., 2010). It is generally accepted that the calculation of these
proprieties requires gauge-invariant procedures. Therefore, some theoretical
methods have been proposed, in which the most commonly used approaches
are: the GIAO (Gauge Including Atomic Orbital) and CSGT (Continuous Set of
Gauge Transformation) method which computes the current density induced by
the magnetic fields by performing a gauge transformation at every point in
space (LODEWYK et al., 2012).

The molecular geometry optimization is often the most time consuming
step in determining the chemical shifts for the DFT and ab initio level
calculations. Therefore much effort has been paid to identify computational
methods that afford good geometries for further high quality NMR predictions at
minimal computational cost (SAROTTI et al., 2009). The use of DFT functionals
(such as B3LYP) coupled with the 6-31G(d) basis set (or superior) provides
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satisfactory results for common organic compounds (LODEWYK et al., 2012).
CPU time is particularly important in conformationally flexible compounds in
which an extensive conformational search is necessary to determine the relative
contribution of each conformer by means of a Boltzmann analysis (LODEWYK
etal., 2012).

Much effort has been directed toward the goal of calculating accurate
magnetic shielding tensors (LODEWYK et al., 2012; SAROTTI et al., 2012).
However, it is impractical to carry out such elaborate calculations for large
molecules more likely to be of interest to experimental organic chemists. It is
known that large basis sets are required to calculate accurate magnetic
shielding values and also that corrections due to electron correlation are
desirable (LODEWYK et al., 2012).

Recently, Sarotti (SAROTTI, 2013) has published a study in which the
geometry optimization was carried out using computationally inexpensive
methods (MM+, AM1 or HF/3-21G) and the NMR shielding constants were
computed at an affordable mPW1PW91/6-31G(d) level. Thus, given a set of
statistical parameters computed after correlation between experimental and
calculated chemical shifts, were classified using the knowledge derived from
trained artificial neural networks. The process was validated with a set of 26
natural products that had been incorrectly assigned along with their 26 revised
structures (SAROTTI, 2013). Thus, it was adduced that the use of
computational methods achieve results comparable to those obtained at a

greater computational cost.

5.3. Results and Discussion

Several research groups have published studies that aim to assess the
best methods which need to be applied to a number of molecules in the
prediction of the chemical shifts of the atoms, without incurring computational
penalties (CHEESEMAN et al., 1996; SAMULTSEV et al., 2014; SAROTTI et
al., 2012). These studies have allowed investigators to perform various
assignments of chemical shifts of atoms of complex molecules (AMINI, 2013;

MARELL et al., 2013). Therefore, researchers are working to develop various
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methodologies to be applied to these data in an attempt to evaluate the results
available and get the best correlation (ANDREWS et al., 2013; SAROTTI, 2013;
SAROTTI et al., 2012; SMITH et al., 2010).

In the present study, we aimed to establish the best methods to for the
assignment of the chemical shifts of 'H and ">*C NMR signals from theoretical
calculations using experimental chemical shifts data obtained from
phosphoramidates. For this purpose, molecules whose structures are depicted
in Figure 1 were used. Although the number of compounds tested is small, only
3, the chemical shifts values are related to 48 carbon atoms and 63 hydrogen

atoms, addressing a wide range of chemical shift.

Figure 1 - Phosphoramidate compounds 1, 2 and 3.

Magnetic shieldings can depend strongly on the conformation of a
molecule (LODEWYK et al., 2012). This is particularly important when dealing
with  conformationally flexible compounds, from which an extensive
conformational search must be done to determine the relative contribution of
each conformer for population levels by Boltzmann analysis (SAROTTI, 2013).
The structures of the compounds were submitted to a search for the lowest
energy conformations employing the PM6 method in the Spartan software
(SPARTAN ’10). These conformations were used as input for the geometry
optimization using Gaussian software (FRISCH et al., 2009). The geometries of
all molecules in the test set were optimized at the B3LYP/6-31G(d,p) level and

the contribution of each conformer was determined. One should keep in mind
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that Boltzmann statistics dictate that (at room temperature) a 1 kcal/mol
difference in free energy corresponds to an ~85:15 ratio and 3 kcal/mol
corresponds to a >99:1 ratio of two conformers. Therefore, many
conformational minima may not contribute significantly to the experimental
spectra (LODEWYK et al., 2012). Therefore, conformers that had a percentage

contribution of less than 1% were not considered.
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Table 1. Results of Calculations of 'H and ">*C NMR Chemical Shifts (Recommended Methods in Italic)

"H NMR C NMR
Number . othod® functional® basis set® SCRF? MAE®  RMSD' MAE® RMSD' t?rf:é’g
1 GIAO B3LYP 6-319(d.p) no 0165 0216 1.469 2177 6.8
2 GIAO B3LYP 6-311++g(2d.p) no 0140  0.184 1.595 2.258 100.1
3 GIAO B3LYP cc-pVTZ no 0129 0473 1.606 2313 166.1
4 GIAO WP04 cc-pVTZ no 0122  0.159 1.811 2.399 165.9
5 GIAO TPSSh cc-pVTZ no 0117  0.156 1.753 2.411 127.7
6 GIAO MO62X cc-pVTZ no 0137  0.182 1.783 2.555 114.9
7 GIAO WB97xD cc-pVTZ no 0129 0174 1.301 2.121 2208
8 GIAO B3LYP 6-31g(d.p) yes 0099 0122 1.393 2.121 9.1
9 GIAO B3LYP 6-311++g(2d.p) yes 0084  0.110 1.507 2.199 98.4
10 GIAO B3LYP cc-pVTZ yes 0080  0.106 1.502 2.234 175.8
11 GIAO WP04 cc-pVTZ yes 0076  0.099 1.718 2.336 156.7
12 GIAO TPSSh cc-pVTZ yes 0065  0.088 1.678 2.352 161.2
13 GIAO MO62X cc-pVTZ yes 0097  0.128 1.768 2537 157.9
14  GIAO WB97xD cc-pVTZ yes 0089  0.116 1.243 2.073 243.1
15 CSGT B3LYP 6-311++g(2d.p) no 0122  0.164 1.605 2.284 93.8
16 CSGT B3LYP cc-pVTZ no 0134 0471 1.629 2.308 143.2
17 CSGT WP04 cc-pVTZ no 0117  0.147 1.836 2.493 130.4
18 CSGT TPSSh cc-pVTZ no 0125  0.156 1.813 2.520 140.7
19  CSGT MOB2X cc-pVTZ no 0126 0471 1.730 2.476 162.5
20  CSGT wB97xD cc-pVTZ no 0117  0.154 1.392 2.226 209.6
21 CSGT B3LYP 6-311++g(2d.p) yes 0070  0.088 1.522 2.237 96.9
22 CSGT B3LYP cc-pVTZ ves 0.071 0.082 1.619 2.369 158.4
23 CSGT WP04 cc-pVTZ yes 0056  0.073 1.757 2.444 160.1
24 CSGT TPSSh cc-pVTZ yes 0053 0070 1.801 2.485 151.3
25  CSGT M062X cc-pVTZ yes 0084  0.098 1.704 2.445 135.9
26 CSGT WB97xD cc-pVTZ yes 0.066  0.077 1.322 2.157 233.6

? Method for calculating chemical shieldings. * B3LYP, WP04, wB97xD, M062X and TPSSh are hybrid functionals. ¢ The basis sets are denoted
by their corresponding keywords in Gaussian; 6-31G denote double-¢ basis sets; cc-pVTZ and 6-311G denote triple-¢ basis sets. @ Here, “yes”
means that chloroform was included as a solvent in a SMD-SCRF calculation; “no” refers to gas-phase calculations. ¢ Mean absolute error. ’
Root mean squared deviation. ¢ CPU time in hours for calculating the entire test set of all six conformers on a typical Linux workstation.
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Table 1 sums up the results obtained with all combinations of the two
methods to calculate magnetic shieldings (GIAO/CSGT), different functionals,
and different basis sets that were used. In order to assess the computational
cost, we have added in the last column a measure of the CPU time (obtained on
a typical Linux workstation) for a calculation of the entire data set of all
molecules. It is important to note that the method chosen for computation of
isotropic shielding constants need not have any direct connection to that utilized
for the geometry optimization step. At this stage, common practice is to average
the isotropic shielding constants for all nuclei that are symmetrically equivalent
(which should be identical to each other given tight enough convergence criteria
in the calculations) and for nuclei that are experimentally indistinguishable due
to free rotation around single bonds (for example, methyl hydrogens)
(LODEWYK et al., 2012). Diastereotopic or constitutionally heterotopic nuclei
are generally not averaged unless they are known to be indistinguishable in the
experimental spectrum (LODEWYK et al., 2012). This criterion was adopted in
the calculations of the chemical shifts of chemically identical atoms.

Linear regression approach has been extensively applied to predict '*C
and "H NMR chemical shifts in order to reduce systematic errors (JAIN et al.,
2009; LODEWYK et al., 2012; WIITALA et al., 2007). Care must be taken in
case "°C to avoid specific data that may adversely affect the quality of the linear
regression, such as shifts for carbons attached to heavy atoms (LODEWYK et
al., 2012). For this reason, the chemical shift related to the carbon atom directly
attached to the bromine atom in the compound 1 was removed from the linear
regression analysis (the value provided by the method without any treatment
was used in the final analysis). The data obtained theoretically were subjected
to the process of scaling by linear regression. Although this process does not
improve the results in all cases, as discussed by Jain et al. (2009) we chose to
use this approach in all compounds. This decision was taken considering that it
is a method easy to apply and has provided good results in several studies
(ALIEV et al., 2009; COSTA et al., 2010).

As shown in Table 1, the accuracy of the predictions shows no

correlation with the cost of the calculations. In fact one of the least costly
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methods (GIAO/B3LYP/6-31G(d,p)/SCRF) and one which is seventeen times
more expensive (GIAO/M062X/cc-pVTZ/SCRF) have almost the same rms
deviation (0.122 and 0.128 ppm in 'H NMR, respectively). This value is lower
than the value found for the GIAO/wB97xD/cc-pVTZ method (RMSD equal a
0.174), that presents a computational method that much higher (twenty-four
times longer) cost. The analysis of the statistical parameters calculated from the
*C NMR data show that the method GIAO/B3LYP/6-31G(d,p)/SCRF presented
RMSD value (2.121) equal to or less computational cost methods with more
than twenty-two times greater (RMSD 2.121 for GIAO/wB97xD/cc-pVTZ; RMSD
2.226 for CSGT/wB97xD/cc-pVTZ and RMSD 2.157 for CSGT/wB97xD/cc-
pVTZ/SCREF).

For 'H shift data, CSGT/TPSSh/cc-pVTZ/SCRF showed RMSD 0.070.
The method CSGT/B3LYP/6-311++G(2d,p)/SCRF) provided a good results
(RMSD 0.088). For '*C shift data, results from the GIAO/wB97xD/cc-
pVTZ/SCRF density functional showed the lowest value of RMSD (2.073), but
requiring a high CPU cost. The best cost-benefit in this case was for the method
GIAO/B3LYP/6-31G(d,p)/SCRF that provided RMSD 2.121 a CPU cost twenty-
six times smaller than CSGT/TPSSh/cc-pVTZ/SCREF.

The B3LYP/cc-pVTZ and wB97xD/cc-pVTZ levels of theory predict 'H
chemical shifts with comparable accuracy in GIAO method. The RMSDs for
B3LYP/cc-pVTZ are 0.173 and 0.106 ppm (gas phase and chloroform,
respectively) for this range of molecules while for wB97xD they are 0.174 and
0.116 ppm. The maximum absolute error for B3LYP predicts 'H shifts which
was 0.34 ppm in gas phase (0.21 in chloroform), and 0.37 for wB97xD in gas
phase (0.23 in chloroform). Considering the CSGT method, the results obtained
by employing the functional wB97xD (RMSD 0.154 in gas phase and RMSD
0.077 in chloroform) were slightly better than the B3LYP functional (RMSD
0.171 in gas phase and RMSD 0.082 in chloroform).

The WP04/cc-pVTZ and TPSSh/cc-pVTZ levels of theory predict *C
chemical shifts with comparable accuracy in GIAO and CSGT methods.
However, the results are slightly better when obtained from GIAO method in
both functional: WP04 (RMSD 2.399 and 2.336 (gas phase and chloroform) in
GIAO; RMSD 2.493 and 2.444 (gas phase and chloroform) in CSGT) and
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TPSSh (RMSD 2.411 and 2.352 (gas phase and chloroform) in GIAO; RMSD
2.520 and 2.485 (gas phase and chloroform) in CSGT). Opposite trend was
observed for the data obtained for the functional M062X (RMSD 2.555 and
2.537 (gas phase and chloroform) in GIAO; RMSD 2.476 and 2.445 (gas phase
and chloroform) in CSGT).

Inclusion of solvation model improves accuracy of predictions, which vary
between different methods. While the method GIAO/B3LYP/cc-pVTZ was
improved in the amount of 0.079 units in RMSD with the addition of solvent,
such improvement was only 0.018 to GIAO/M062X/cc-pVTZ method. This effect
is easily seen in the data analysis the statistical parameters obtained from 'H
NMR data and summarized in Figure 2. All methods under conditions which
considered the effect of the solvent gave the best results. In the case of carbon
chemical shifts (statistical parameters from >*C NMR summarized in Figure 2),
while the lowest RMSD value (2.073) has been a method for taking into
consideration the effect of solvent (GIAO/wB97xD/cc-pVTZ/SCREF), it can be
seen that good results were obtained without inclusion of solvent in the
calculations (RMSD 2.121 for GIAO/wB97xD/cc-pVTZ and RMSD 2.177 for
GIAO/B3LYP/6-31G(d,p)).

Gauge-including atomic orbital (GIAO) and continuous set of gauge
transformations (CSGT) are the most frequently employed methods in DFT-
NMR calculations, and it is recognized that accurate predictions require the
gauge-invariant procedures that these methods implement (LODEWYK et al.,
2012). In 1996, Cheeseman et al. (1996) concluded that shielding tensor
components determined using the GIAO and CSGT methods are found to
converge to the same value at sufficiently large basis sets. This observation
was confirmed for 'H chemical shifts by Rablen et al. (1999). Although we have
employed triple-zeta basis, in general, results obtained using method CSGT
were even better than those obtained with GIAO. However, it is noteworthy that
some methods only showed improvement in '"H NMR data, as is the case of
B3LYP/6-311G(2d,p)/SCRF which showed an RMSD value equal to 2.199
when employed GIAO, and a value of 2.237 employing CSGT. Recently,
Andrews and Spivey (2013) also reported that the CSGT predictions were
significantly more assured than the previous GIAO ones and indicated the
correct result via all measures both with and without empirical scaling.

143



5.3.1. DP4 Analysis

Methods for analyzing the “goodness of fit" have been further developed
by Smith and Goodman through statistical treatments that provide numerical
probabilities for analyzing various fits (SMITH et al., 2010). The DP4 analysis is
based on calculated error probabilities for computed chemical shifts. In this
analysis, a statistical student’s t distribution for these errors is employed. Next,
the Bayes’s theorem is applied to get an overall probability that the selected
structure is correct from the product of the individual error probabilities for each
atom (AMINI, 2014). This tool has been used by several research groups and
has the advantage of being more robust when compared to traditional statistical
methods such as analysis of absolute deviation or standard error (AMINI, 2014;
BROWN et al.,, 2012). Another advantage is the possibility to simultaneously
consider the data obtained in 'H and *C NMR.

One noteworthy example of the utility of the DP4 analysis is the case
described by Smith and Goodman (SMITH et al., 2010). With 32 possible
diastereomers, standard means of comparison of experimental and computed
chemical shifts (e.g., mean absolute error/deviation) do not point to the correct
isomer. However, the DP4 analysis indicates a strong match (approximately
85% probability) to the correct structure, with the remaining probability assigned
to one other candidate isomer, even with the limited availability of experimental
data in this case.

Data evaluation by DP4 analysis allows checking the correlation of the
methods tested with the experimental values of 'H and "*C NMR, separately or
simultaneously. These analyses are readily employed in due to the availability
of a Web-based applet online. In '"H NMR, the methods provided the best
results were CSGT/TPSSh/cc-pVTZ/SCRF, which provides a confidence rate of
26.5%, followed the CSGT/WP04/cc-pVTZ with 25.9% and CSGT/wB97xD/cc-
pVTZ/SCRF with 11.8%. In that order, these methods were those with the
lowest values of RMSD (0.070, 0.073 and 0.077, respectively). Is worth
mentioning that if the evaluation is only the chemical shifts of hydrogen, the first
two methods provide better results when compared to the third, at a less CPU

time (approximately 160 vs. 233 hours). In the case of the ">*C NMR chemical
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shifts, the best methods obtained from the DP4 analysis were:
GIAO/wB97xD/cc-pVTZ/SCRF (DP4 24.1%; RMSD 2.073), CSGT/wB97xD/cc-
pVTZ/SCRF (DP4 12.5%; RMSD 2.157), GIAO/wB97xD/cc-pVTZ (DP4 12.4%;
RMSD 2.121) and GIAO/B3LYP/6-31G(d,p)/SCRF (DP4 11.6%; RMSD 2.121).
These data show that for obtaining of chemical shifts in the ">*C NMR spectrum,
the GIAO/B3LYP/6-31G(d,p)/SCRF method provides comparable results to
those provided by the CSGT/wB97xD/cc-pVTZ/SCRF and GIAO/wB97xD/cc-
pVTZ methods, with a computational cost up to twenty-five times smaller.

Considering all the chemical shifts of both hydrogen as carbon, we could
perform the DP4 analysis (data not shown). The method gives better results
compared to the experimental data was CSGT/wB97xD/cc-pVTZ/SCRF, which
provides a confidence rate of 51.9%, followed the CSGT/B3LYP/6-
311++G(2d,p) with 13.9% and GIAO/wB97xD/cc-pVTZ/SCRF with 9.9%. This
tool works like a strict criterion for choosing a method that provides best results.
As an example, we can highlight the CSGT/TPSSh/cc-pVTZ/SCRF and
CSGT/WP04/cc-pVTZ/SCRF methods: RMSD 0.070 and 0.073, respectively,
for '"H NMR (lower than in CSGT/wB97xD/cc-pVTZ/SCRF method, RMSD
0.077), and RMSD 2.485 and 2.444, respectively, for *C NMR (higher than that
obtained in method CSGT/wB97xD/cc-pVTZ/SCRF, RMSD 2.157). The DP4
analysis allowed to distinguish which of the three methods mentioned that
correlates best with the experimental data, which could not be achieved by
evaluating only the MAE, Square Deviation and RMDS parameters.

Therefore, the combination of CSGT method with xB97XD functional and
cc-pVTZ basis set in chloroform is the best. In order to investigate the quality of
the linear relationship between the experimental and the calculated chemical
shifts, we used least squares regression. The linear relationships as well as the
fit equations are shown in Figure 2. In this condition, as illustrated in Figure 3,
the coefficient of determination values (R?) for 'H and "*C NMR are greater than
0.997. The comparison of the mean absolute error (MAE) between
computed/modeled versus experimental data sets revealed the MAE is 0.07 for
"H NMR and 1.32 for *C NMR, this represents an error of less than 2%.
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Figure 2 - Graphical representation of results from Table 1 that were obtained

by calculations with several methods (explanation of symbols, see inset).
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Figure 3 - Correlation plot of 'H and *C NMR chemical shifts calculated for
compounds 1-3 at the CSGT/wB97xD/cc-pVTZ/SCRF level versus experiment

(best results). Solvent effects (CDCl3) are taken into account within the SMD

model.

In order to test which methods offered the best cost/accuracy ratio are

bound to the test set that was used to derive the scaling parameters, we carried

out calculations on a “probe” set of 6 additional molecules shown in Figure 4.

The predetermined conditions have been applied to large complex molecules
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with conformational mobility. The lowest energy conformers were considered for
calculation of population levels. The experimental structural characterization
data are described in a previously published work (OLIVEIRA et al., 2013;
OLIVEIRA et al., 2014).

0 g cS’P\O
O-p_
1 "NH
(3
O2N Cl cl
4 5 6

Figure 4 - Molecules in the “probe” set.

The results of this exercise are very encouraging in that the rms errors
for the probe set were close to the values obtained for the test set (Table 2).
The most notable exceptions to this observation were ">*C NMR calculations for
compound 8, for reasons that we do not understand, the rms error for the probe
set was much larger than for the test set. The presence of the chlorine atom in
this case may have affected the result (LODEWYK et al., 2012). Surprisingly,
the best results for the “probe” set turned out to be for this same compound 8 in
"H NMR.
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Table 2. Results of calculations of 'H and *C NMR chemical shifts in the

“‘probe” set
'H NMR C NMR

Molecule
MAE RMSD MAE RMSD
4 0.169 0.190 1.745 1.727
5 0.101 0.110 1.514 1.768
6 0.126 0.135 0.688 0.862
7 0.077 0.105 1.380 1.683
8 0.012 0.015 4670 5.404
9 0.026 0.032 1.295 1.480
test set 0.066 0.077 1.322 2157

5.4. Conclusions

We have tested combinations of various methods, functionals, and basis
sets to calculate chemical shifts of a three complex organophosphorus
compounds. The most important conclusion of this study is that, contrary to
what has been claimed in the literature, it is possible to achieve good results
even with less CPU time, according to the needs.

DP4 analysis allowed determining a method that would apply to the H
and *C NMR chemical shifts. In this case, the best result has been achieved
with the wB97xD functional used in combination with cc-pVTZ basis set
(CSGT/wB97xD/cc-pVTZ/SCRF) resulting in the value of MAE as small as
0.066 and 2.157 ppm, respectively. If the only objective is the comparison of the
3C NMR data, the GIAO/wWB97xD/cc-pVTZ/SCRF method is recommended. For
rapid analysis, the method GIAO/B3LYP/6-31G(d,p)/SCRF with low CPU cost
gives results comparable to more robust methods. From the correlation
between theoretical and experimental data, it can be concluded that the model
adopted was sufficient for calculating the shielding tensors for the studied
compounds with accuracy and reduction of the computational time, which
validates it as an important tool to confirm the unequivocal assignments of 'H
and "°C NMR signals.
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5.5. Experimental Section
5.5.1. NMR Studies

One dimensional 'H and ">C NMR spectra were acquired either with an
MERCURY-300/Varian spectrometer at 300.069 MHz for 'H (32 k data points,
30° excitation pulse duration of 2.2 us, spectral width of 6 KHz, acquisition time
of 3.3 s and relaxation delay of 10 ms) and at 75.452 MHz for *C (32 K data
points 45° excitation pulse duration of 6.5 us, spectral width of 19 KHz,
acquisition time of 0.8 s and relaxation delay of 2.0 s) in 5 mm probes with
direct detection, using deuterated chloroform as a solvent and TMS as internal
standard (& = 0.00).

5.5.2. DFT Studies

The geometries of the phosphoramidates 1-3 were first designed in the
SPARTAN'10 software (SPARTAN °’10). Using the conformer distribution
routine of SPARTAN and the semi-empirical PM6 method (STEWART, 2007) a
conformational analysis of species was carried out to identify the most stable
conformers in each case. Those conformers were then fully optimized in a gas
phase using the Becke three parameter hybrid functional combined with the
Lee, Yang, and Parr correlation functional (B3LYP) (BECKER, 1993) and 6-
31G(d,p) (RASSOLOV et al., 2001) basis set. NMR chemical shifts were
computed at the B3LYP (BECKER, 1993), WP04 (WIITALA et al., 2006),
TPSSh (STAROVEROQV et al., 2003), M062X (HOHENSTEIN et al., 2008) and
wB97xD (MINENKOV et al., 2012) functional and 6-31g(d,p), 6-311++g(2d,p)
and cc-pVTZ basis set. WP04 functional was selected since it presented good
results similar to B3LYP (JAIN et al., 2009). For comparison, the chemical shifts
were calculated in the gas phase and employing Semiempirical Molecular
Dynamics (SMD, chloroform as solvent) (LODEWYK et al, 2012). The
Continuous Set of Gauge Transformations (CSGT) and Gauge-Including Atomic
Orbitals (GIAO) methods were evaluated (LODEWYK et al., 2012). The signal
of TMS calculated at the same level of theory was used as reference.
Vibrational frequency calculations were performed for all of the previous
optimized geometries in order to ascertain the nature of their stationary points
on the potential energy surfaces. All the DFT calculations were performed using
the Gaussian 09 program package (FRISCH et al., 2009).
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The chemical shift values for each isomer were obtained by using
Boltzmann weighted average shifts over the set of conformers, calculated by
first averaging the chemical shifts for degenerate symmetry related carbon
environments within each conformer. Each conformer then contributed a
percentage of its chemical shift value to the final total value per environment

depending on its Boltzmann weighted energy contribution at 298 K:

. Siofexp (~7f)
2 exp (— 5_'})

Here, 0” is the weighted average shielding tensor of the atom(s), a7 is

g

the shielding constant for nucleus x in conformer i, R is the molar gas constant
(8.3145 J K™ mol™), T is the temperature (298 K), and E; is the energy of the
associated conformer. Finally, TMS was optimized in a symmetry restricted
(tetrahedral) geometry optimization calculation and the NMR shielding tensor for
all atoms (carbon and hydrogen) was obtained at the same levels evaluated. All
final shifts were then calculated as 0tus — Ocalc.

Data was scaled according to equation below:

Scaic — intercept

o) =
scaled slope

Here, Oscaled is the scaled substrate shift (ppm), Ocaic is the calculated
compound shift (ppm) and the intercept and slope are the parameters of a linear
regression when plotting the experimental shifts against the calculated shifts for

a compound.
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CAPITULO 6

6. THE DIVERSE PHARMACOLOGY AND MEDICINAL
CHEMISTRY OF PHOSPHORAMIDATES - A REVIEW

6.1. Abstract

The phosphoramidates consist of compounds which possess at least one amino
group bound directly to the phosphorus atom and are, therefore,
phosphoramide acid derivatives. The inherent chemical properties of the
element phosphorus include polarizability, low to medium electronegativity and
derivatives exhibit low coordination numbers thereby allowing synthesis of a
diverse range of compounds. In line with their physicochemical properties,
phosphorus compounds have widespread industrial applications and also
demonstrate a diverse range of biological activities. In last two decades,
notably, phosphoramidates have been evaluated for both their antitumor and
antiviral efficacy. This brief review describes the most promising examples of
this class which possesses antiviral, antitumor, antibacterial, antimalarial and
anti-protozoal activity, as well as urease , acetyl and butyrylcholinesterase

enzyme inhibitor activity.

6.2. Introduction

The element phosphorus was discovered in 1669 by Henning
Brandt and since then, significant discoveries have been made regarding
its biological function (SANTOS et al., 2007).

The advent of suitable synthetic methodology coupled with

advances in analytical science has accelerated research into both
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isolating and designing both organic and organometallic compounds with
evermore diverse applications. Structural incorporation of a phosphorus
atom within biomolecules essential for life, notably DNA and RNA, are
especially abundant in cells. This element plays a pivotal role within ATP,
which is used by most living organisms for storing and translocating
energy (Figure 1). Phosphorus compounds also serve as cofactors of
multiple enzyme systems whereas others act as essential buffering
agents within the cellular mileau (SANTOS et al., 2007; WESTHEIMER,
1987).

HoN
]
Q ( \N/) ase
‘O-P-0— 4N NH, Ho,N  base
A\ N =N
phosphate G OH (| N g o ) )
group  -0-P-0— N/\ko 0-P-0-P-0-P-0— N~ N
| | |
e T;—-Z sugar o O O T;_?sugar
O  OH phosphate L5 oy
v group
Fragment of an RNA molecule ATP

Figure 1 - Fragment of an RNA molecule and the structural formula of

adenosine triphosphate (ATP).

The inherent properties of the element phosphorus include: a)
polarizability, b) low to medium electronegativity and c) low coordination
number, thereby, allowing the synthesis of a diverse range of compounds.
Biological and medicinal activities of organophosphorus compounds are
modulated, in part, by the nature of the element bound to phosphorus and
variations in its own oxidation state. In the last few decades, the
phosphoramidates in particular have attracted the attention of many
investigators. This class is characterized by having at least one -NR'R?
group (where R' and R? = alkyl, aryl, heteroaryl) bound to phosphorus,
itself derived from phosphoramidic acid (Figure 2) (WESTHEIMER, 1987).
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Figure 2 - a) Tetrahedral structure of phosphoramidic acid; b) planar

structure of carbamic acid.

Amongst the large array of activities and properties reported for
phosphoramidates, the following are particularly noteworthy: biological
activities and potential agricultural applications (KATAGI, 1993; OLIVEIRA
et al., 2012; PAULA et al., 2008), flame retardant properties (KIRAN et al.,
2007; NGUYEN et al.,, 2013), their use as antirust additives within
lubricating oils (YAN et al., 2012) and, notably, pharmaceuticals used for
treating and controlling various diseases (CHO et al., 2012; CHO et al.,
2013; CONGIATU et al., 2006; DERUDAS et al., 2010; DONGHI et al.,
2009; GARDELLI et al., 2009; KIRAN et al., 2008; LIU et al., 2012; LIU et
al., 2013; MARA et al., 2011; MCGUIGAN et al., 2009; MCGUIGAN et al.,
2011; MCGUIGAN et al., 2010; MCGUIGAN et al., 2011; MCGUIGAN et
al., 1992; MCGUIGAN et al., 2005, MENEGHESSO et al., 2013;
PERRONE et al., 2007; PRASAD et al., 2006; SANTOS et al., 2007;
SOFIA et al., 2012; VALIYEV et al., 2008; WANG et al., 2010; ZAKIROVA
et al., 2012). Considering the increasing interest in this class of
compound, especially within the pharmaceutical arena, this review

discusses the most significant examples of phosphoramidates imbued
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with antiviral, antitumor, antibacterial, anti-malarial, anti-protozoal
activities, as well as examples of selected compounds that act as
inhibitors of urease, butyryl and acetyl cholinesterase. Hopefully, this
review will encourage further attention upon this class of compounds,
especially that involving the discovery of new drugs for the treatment of
various diseases.

The use of vaccines during the last decades has assisted
humankind in the fight against diseases caused by viruses such as
rubella, measles, mumps and polio. However, for some viral pathogens
such as the Human papilloma virus (HPV) and human herpes virus
(HHV), amongst others, currently, there is neither any small molecule
(denoted here as drug) nor vaccine effective for managing such
infections. For other diseases, such as herpes simplex virus (HSV) and
Varicella-zoster virus (VZV), although some effective drugs are available,
in many cases off target-side effects in some patients can pose problems,
and in such cases, it is imperative to discover new, more efficacious drugs
(DE CLERCQ, 2002; SOFIA et al.,, 2012). For instance, two- drugs
Telaprevir and Boceprevir were approved in 2011 for treating hepatitis C
virus infection (HCV) in genotype 1 patients. However, these drugs do not
exert effect on genotypes 2-6 (SOFIA et al.,, 2012). In these cases, the
treatment also requires regular injections of pegalated a-interferon (PEG-
IFN)" with daily oral administration of ribavirin (a nucleoside analogue
which possesses useful and broad antiviral activity). However, daily
administration places additional burden upon the patient arising from
management of uncontrolled side effects (Figure 3). Amongst the large
array of possible scaffolds for antiviral drugs development, the
phosphoramidates promise considerable potential for development into
putative drugs (SOFIA et al., 2012).

! Interferons (IFNs) are proteins made and released by host cells in response to the presence of pathogens such
as viruses, bacteria, parasites or tumor cells. They facilitate communication between cells to trigger the protective
defences of the immune system allowing eradicate of either pathogens or tumors. The pegylated form of
interferon-alpha, with greater stability and in vivo activity, has substantially improved sustained virological
response rates when compared with unmodified interferon-alpha.
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Figure 3 - Structure of Telaprevir, Boceprevir and Ribavirin, drugs

approved for treating HCV infection in genotype 1 patients.

Nucleoside analogs are considered an important class of inhibitors of the
viral polymerase of several therapeutic targets especially HCMV, HSV, HIV and
HBV (ICHIKAWA et al., 2001). Recently some investigators have evaluated
phosphoramidate groups covalently linked to nucleosides, a strategy known as
'Phosphoramidate protide' (ARBELO ROMAN et al., 2011; BORRELLO et al.,
2009; CUI et al., 2011; DERUDAS et al., 2010; DERUDAS et al., 2009;
DONGHI et al., 2009; GARDELLI et al., 2009; HARRIS et al., 2001; LIU et al.,
2012; MCGUIGAN et al., 2009; MCGUIGAN et al., 2011; MCGUIGAN et al.,
2005; PERRONE et al., 2007; ZAKIROVA et al., 2012). This approach was
introduced by McGuigan et al. (1992) as a means of improving the therapeutic
potential of a prototype drug. The introduction of this group favors the
phosphorylation process in vivo, by converting the nucleosides into their active
forms as triphosphates derivatives, commonly known as nucleotides. These
phosphorylated analogues have significantly advanced both the chemotherapy
of neoplasms and antiviral treatments (HILFINGER, 2013; MCGUIGAN et al.,
1992). McGuigan et al. (2009) have synthesized several phosphorylated
nucleoside analogs that proved to be efficient phosphate releasing agents. The
phosphoramidate derivatives of 4'-azidocytidine (R1479) were effective in
inhibiting hepatitis C virus (HCV). From such compounds, pro-nucleoside
derivatives were evolved that were up to 3.4 times more potent (1; EC5 = 0.38
MM) than the standard compounds (R1479; ECso = 1.28 uM) (Figure 4).
Sofosbuvir (Figure 4) is a drug for the treatment of HCV approved by FDA in
December of 2013. This compound suppresses various HCV genotypes in

patients exposed to the drug for up to 12 weeks without causing any serious
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side effects. Clinical trials revealed a cure rate of 90% when sofosbuvir (Figure
4) is combined with peginterferon and ribavirin. Notably, with conventional
treatment that utilizes only peginterferon and ribavirin, the cure rate is less than
50% (HERBST et al., 2013).
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HO OH E R = Et; EC50 =0.38 HM YK H(j E

1)
2) R = iPr; ECsy = 0.99 M o
R1479; ECsp = 1.28 uM (3) R = n-Bu; ECs = 0.94 uM Y
(4) R = 2-Bu; ECs0 = 0.62 uM
(5) R = t-Bu; ECg0 = 0.72 pM

Figure 4 - Structural formulas of compounds with anti-HCV activity.

Sofosbuvir

Acyclovir® (also commercially available as Zovirax®) and a series of
derivatives were synthesized by Derudas et al. (2009). Acyclovir (ACV), a
synthetic purine nucleoside analogue, possesses inhibitory activity in vitro
and in vivo against human herpes viruses including Herpes simplex virus
(HSV) types 1 and 2, Varicella-zoster virus (VZV), Epstein-Barr virus
(EBV) and Cytomegalovirus (CMV) (DE CLERCQ, 2009). ACV s
considered inactive against virus HSV thymidine kinase deficient (HSV-1
TK") (ECso = 50 uM), whereas in the case of nucleoside, pro-activity was
increased 35 fold (ECso = 1.4 pM) (Figure 5). As for activities against
HSV-1 and HSV-2, the synthetic compounds proved slightly less active
than the standard product ACV employed as a control. Against HSV-1,
ACV revealed an ECs5y = 0.4 uM, whilst for compounds 6-9 the activities
were as follows: compound 6, EC5p = 0.9 uM; 7, 1.4 uM; 8, 0.8 uM; 9, 1.1
MM. For HSV-2, ACV had an ECsy = 0.2 pM and for the synthetic
phosphorous compounds the EC5p values were: compound 6, 0.5 pM; 7,
1.6 uM; 8, 0.7 uM; 9, 1.1 uM. In the same study, the investigators found
that pro-nucleoside derivatives 10-16, incorporating the amino acid
alanine, showed high activity (ECsp values lay between 0.8 and 42 yM) on
three cultures of HIV (HIV-1 CEM, HIV-2 CEM and MT-4) (Figure 5),

whilst ACV proved relatively inactive (ECso > 250 for all cultures). The pro-
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nucleosides 6-9 were also evaluated against HIV cultures, but failed to
demonstrate any useful activity against these infections (DERUDAS et al.
2009).

A

(o) (8]
Ho™ >0~
Acyclovir | </N | /jN\_l
o] ~
T/O\ // N N N—|2

HNIP\O/\/O\I
¥e) R’
R? R ECsg (uM)
° HSV-1 HSV-2  HSV-1TK
(6) Aryl=p-F-Ph: AA = L-Ala; R°= Bn 09 05 15
(7) Aryl = Naph; AA= DMG; R=Bn 1.4 16 32
(8) Aryl=Ph; AA =L-Leu; R”=Bn 08 07 14
(9 Aryl=Ph; AA=L-le; RZ =Bn 1.1 11 1.4
ECso (0M)
HV-1 CEM HV-2 CEM  HIV-1 MT4
(10) Aryl = Naph; AA= L-Ala; RZ=Bn 15 89 08
(11) Aryl = Naph; AA= L-Ala; R =n-Pr 66 24 10
(12) Aryl= Naph; AA= L-Ala; RZ= Me 10 13 47
(13) Aryl = Naph; AA= L-Ala; R =Et 12 19 17
(14) Aryl = Naph; AA= L-Ala; RZ=i-Pr 6.2 12 54
(15) Aryl = Naph; AA= L-Ala; R?= Me 17 % 15
(16) Aryl = Naph; AA= L-Ala; RZ=Bn 16 1 57

Figure 5 - Structure of Acyclovir® and synthetic pro-nucleosides actives
against HSV-1 TK- and HIV viruses (Derudas et al., 2009).

Phosphoramidate 2'-C-methyl guanosine monophosphate Pro-
drugs 18a-i, were active against HCV (Figure 6). Notably, the addition of a
phosphorous group to nucleosides (17a-i) enhanced biological activity
over 100 fold. Amongst the compounds synthesized, the insertion of the
amino acid alanine produced the most favorable modification, with ECsg
lying within the nanomolar range (Figure 6) (MCGUIGAN et al.,, 2011).
The phosphoramidate derivatives (20-30) of 4'-azidouridine (AZU, 19,
Figure 7), synthesized by Perrone et al., (2007) were up to 450 times
more active against HCV when compared with their corresponding, non-
phosphorylated, precursors. Data are presented as ECs, values
(representing the concentration of compounds reducing HCV replication

by 50%) and CCsy values (representing the concentration of compounds
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reducing cell viability by 50%) as determined using the WST assay. All
phosphoramidates tested (20-30) were non-toxic towards HCV in the
replication assay (CCsp > 100 pM). In this series, the most active
compound was 20 (EC5p = 0.22 pM), with the phosphorus atom in either
the R or S configuration. In general, it was observed that compounds
bearing naphthyl group (20-22) were more active when compared with

their corresponding analogues (23-30) bearing a phenyl group (Figure 7).
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HO OH O HO OH
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ECso (UM)
R Series 17 Series 18

a Cli 8.5 0.012
b OMe 4.6 0.010
¢ OFEt 8.8 0.08
d NHMe 13 0.035
e SMe 11 0.037
f O(CH,;);O0Me 12 0.043
g NHCH.Bn 24 0.270
h NHBn 30 0.79
i  OCH(CHj;), 9.3 0.023

Figure 6 - HCV Replicon activity of 6-substituted 2 -C-methylguanosine

nucleosides (17a-i) and ProTides (18a-i).
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Figure 7 - HCV Replicon activity of 4 -azidouridine nucleosides derivatives
(20-30).

—_ — — —

In an attempt to increase the concentration of the bioactive ribavirin
monophosphate in the cells, some phosphorylated derivatives of ribavirin
(Figure 8) were prepared (DERUDAS et al., 2010). Subsequent
pharmacological evaluation revealed that compound (31) was active
against Vesicular stomatitis virus (ECso = 20 yM), Vaccinia virus (ECso =
100 pM) and Influenza B (ECso = 14 pM); compound (32) was active
against Punta Toro virus (ECso = 100 pM) and (33) showed a better effect
against Vesicular stomatitis virus (ECso = 20 pM), Vaccinia virus (ECso =
20 pM) and Punta Toro virus (ECsp = 58 pM). These values are
comparable to the activity of ribavirin (Vesicular stomatitis virus, ECso = 22
MM; Vaccinia virus, ECso = 22 pM; Influenza B, ECso = 9 uM; Punta Toro
virus, ECso = 183 uM), clearly indicating that phosphorylation, in this case,
did not improve the desired bioactivity. Studies using cell lysate coupled
with molecular modeling investigations revealed a weak activation of
ProTide in comparison with the free monophosphate, which may provide

one explanation for the observed biological activity.
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Figure 8 - Phosphorilated derivatives of ribavirine.
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Stavudine (d4T), an analogue of thymidine, is the fourth
antiretroviral drug to achieve world-wide commercialization (DE CLERCQ,
2009). In 2011, Roman et al. synthesized several diasteroisomericaly
pure derivatives of d4T phosphoramidates (34-37). Antiviral activities
against HIV-1 and HIV-2 were evaluated and the corresponding ECsg
against type HIV-1 (llIB) are shown in Figure 9. Since the phosphorous
center is chiral, all compounds can exist in the Sp and Rp forms. All
isomers were examined and, in general, compounds with Sp
stereochemistry proved superior to the corresponding Rp analogues,
compound 36 being a notable exception (ARBELO ROMAN et al., 2011).

o)
NH (Sp)-(34) Ar = p-CI-Ph; R = CHj; ECso = 0.021 pM

| P (Rp)-(34) Ar = p-Cl-Ph; R = CHs; ECsg = 0.13 uM
ArO. S ol © (Sp)-(35) Ar = p-CI-Ph; R = Bn; ECso = 0.042 uM

. éP\o/\(:ﬂ (Rp)-(35) Ar = p-Cl-Ph; R = Bn; ECso = 0.14 uM
“__NH (Sp)-(36) Ar = p-Br-Ph; R = CH3; ECsg = 0.45 uM
- ( (Rp)-(36) Ar = p-Br-Ph; R = CH,; ECso = 0.19 uM
o) (Sp)-(37) Ar = p-Br-Ph; R = Bn; ECso = 0.029 uM

(Rp)-(37) Ar = p-Br-Ph; R = Bn; EC55 = 0.11 uM

Figure 9 - Structural formulas of diasteroisomericaly pure derivatives of
d4T phosphoramidates actives HIV-1 (lIIB)

Some reports have demonstrated that phosphoramidate derivatives
of dioxolane sugar nucleosides (DOA) possessing pyrimidines improved
the antiviral potency in vitro (LIANG et al., 2006; WANG et al., 2012). The
phosphoramidates 38 and 39, synthetized by Bondada et al. (2013) had
evaluated their activities against HIV-1 and HBV. The compound 38
displayed up to a 1070-fold greater potency versus HIV-1 compared to

their corresponding parent nucleoside (40), and, notably, were up to 12-
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fold more potent versus HBV (Figure 10). The improved and significant
dual antiviral activity of these novel phosphoramidate nucleosides was
partially explained by the increased intracellular formation of the
adenosine dioxolane triphosphate. Cytotoxicity was absent for compound
38 when tested at concentrations of 100 uM in human PBM cells, Vero
cells (kidney epithelial cells from the African green monkey) and CEM
cells (a human-T-cell-derived cell line), whereas compound 39 showed a

value of CCsp = 65 uM for Huh7 cells (Human Hepatoma Cell).
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(38)R = Ph ECs = 0.086 uM (HIV) loj N oj

ECap = 0.8 uM (HBV) o
R = COOPr DOA (40) ECxo = 92 mM (HIV)
(39) ECs0 = 0.77 pM (HIV) (Dioxolane-A) ECs0 > 10 mM (HBV)

ECso > 10 uM (HBV)

Figure 10 - Adenosine dioxolane nucleoside phosphoramidates as
antiviral agents for inhibiting Human Immunodeficiency and Hepatitis B

Viruses

Recently, Cho et al. (2012) have formulated a structure-activity
relationship (SAR) of C-nucleosides containing the 2'-C-Me as putative
NS5B inhibitors. In search of compounds with a better selectivity
compared to their precursors, structural changes were introduced within
both the heteroaromatic portion base and sugar moiety, coupled with a
monophosphate  prodrug approach. Judicious modification of
pharmacokinetic parameters led to the discovery of phosphoramidate GS-
6620 (Figure 11), the first C-nucleoside clinical candidate. During phase |
clinical trials GS-6620 showed potent anti-HCV activity in HCV-infected
patients, but with an unexpectedly high variability in PK/PD investigations
(CHO et al., 2013).
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(GS-6620)

Figure 11 - Phosphoramidate prodrug possessing HCV replicon activity.

In a study aimed at improving efficacy against HCV, several
phosphoramidate derivatives 2'-methycytidine were prepared (Figure 12).
Although Valopicitabine 1 (NM283) proved highly efficacious, phase II
clinical trials revealed some undesirable side effects. In the case of
derivative 41, a thirty fold increase in activity was observed in the
replication test, whilst compound 42 proved to be only ten times more
active. However, measurements of triphosphate levels in mouse liver
after oral administration, showed low levels of nucleoside triphosphate
(NTP) for both compounds. In contrast, compound 41, after six hours of
subcutaneous administration (DONGHI et al., 2009), exhibited high levels

of NTP.
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Figure 12 - Structure of NM283 and 5-Phosphoramidate prodrugs of 2'-C-
methylcytidine inhibitors of NS5B.
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The anti-influenza activity of 6-modified 2'-fluoro-2'-
phosphoramidate deoxyriboside ProTides was evaluated in vitro (Figure
13). Compounds 43-46 showed ECgg value ranging from 12 yM to 15 uM.
Xenobiotic Metabolism experiments with carboxypeptidase Y and whole-
cell lysates demonstrated that the 2’-fluoro-2’-deoxyguanosine ProTides
are readily cleaved by cellular enzymes to release the 6-modified 2’-
fluoro-2’-deoxyguanosine 5’-monophosphate. Further conversion into 2’-
fluoro-2’-deoxyguanosine 5’-triphosphate, the active metabolite that
inhibits the viral polymerase then occurs. Antiviral results were supported
by drug metabolism studies and calculations suggest that the clogP value
(in the range of 2-3) may be favourable. These compounds proved
inactive against HSV-1, HSV-2 TK-deficient HSV-1, as well as Vaccinia
and Vesicular stomatitis viruses (MENEGHESSO et al., 2013).

O R
So </N II\I\/JN\

(43) R = OCH3 X = Me; ECgg = 15 uM
(44) R = OCH,CHj; X = Me; ECgg = 14 uM
(45) R = OCH,CHj3 X = Et; ECgg = 12 uM
(46)R = CI, X = Bn; ECgg = 12 uM

Figure 13 - Phosphoramidate ProTides with anti-influenza virus activity.

The synthesis of numerous phosphoramidates with antiviral
activities has been described in the literature. Recently, Sofia et al. (2012)
published a review on inhibitors of hepatitis C virus NS5B RNA-dependent
RNA-polymerase highlighting in particular the phosphoramidates. Several
other research groups are also engaged in the search for promising
bioactive phosphorylated molecules but have only achieved sporadic
success (BORRELLO et al., 2009; CUI et al., 2011; DONGHI et al., 2009;
GARDELLI et al., 2009; HARRIS et al., 2001; LIANG et al., 2006; LIU et
al., 2012; MEHELLOU et al., 2009; MENEGHESSO et al., 2013; UCKUN
et al., 2005; VALIYEV et al., 2008; ZAKIROVA et al., 2012; ZLATEV et al.,
2009).
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6.3. Antitumoral Activity

Cancer is a disease characterized by abnormal cell division and
migration, accounting for approximately 13% of all human deaths
worldwide. In 2008, 12.4 million cases and 7.6 million deaths have been
reported. The forecast is that by 2030 there will be 27 million cancer
patients (LI et al., 2012; SHEWACH et al., 2009). Consequently, there is
an urgent need to develop new, cost effective and safe drugs
(chemotherapy agents) which may be used in combination with surgery
and radiation therapy to reduce overall mortality.

Notably, "Phosphoramidate protide" has also been used as a
strategy for the development of compounds possessing antitumor activity.
This strategy combines, generally, the advantage of high water solubility
with low toxicity (to normal cells) of such compounds (WAGNER et al.
2000). For instance, brivudine (BVdU) (Figure 14), a potent inhibitor of
Herpes simplex virus type 1 (HSV-1) and Varicella-zoster virus (VZV), has
served as a model for the development of newer, active, prototypes drugs
(KEAM et al.,, 2004; RABASSEDA, 2003). The incorporation of a
phosphoramidate group within this scaffold led to the discovery of
Thymectacin (NB1011, 47a) by the company New Biotics. This compound
selectively acts on tumor cells that express high levels of thymidylate
synthase (NEUTEBOOM et al., 2002; WILSON, 2006). Subsequently, the
replacement of the methyl by a benzyl group within Thymectacin (47a)
increased the potency against colon cancer HT115 by 175 fold (47b,
Figure 14) (MCGUIGAN et al.,, 2005). Cogiatu et al. (2006) have
synthesized a number BVdU phosphoramidate derivatives (48-54) (Figure
14) possessing high cytotoxic activity against the cell lines MDAMB231
(breast cancer) and PC-3 (prostate cancer) cell lines. Compounds 48-50
and 53, tested as diastereisomer mixtures, were the most active on
MDAMB231 cells, with ECso ranging from 0.32 pyM to 2.7 yM whilst
compounds 49-54 showed ECsp values in the range of 1.4-6.9 uM upon
PC-3. These compounds were more active than the standard control
NB1011 (ECs0 = 79 and 155 uM on MDAMB231 and PC-3, respectively).
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For compound 53, the mixture was separated by reversed phase
chromatography and each diastereocisomer was tested separately against
the MDAMB231 (breast cancer) cell line. The rapidly eluting
diastereoisomer (R stereochemistry on P center) was less active than the
mixture with an EC5p = 7.4 yM, whilst the slow eluting diastereoisomer (S
stereochemistry on the P center) was 10 times more potent than the
mixture, with an ECso = 0.5 yM highlighting the importance of investigating

pharmacology of individual stereoisomers.
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Br (47a)R = CHj (50) R=CHj3 R'=H, R?=CH(CH3)CH,CH;
(47b) R = Bn (51) R=Bn, R"=H, R%=CH(CH3)CH,CH

(52) R=CH3; R'=H, R?=Ph
(53) R=Bn, R'=H, R?>=CH,Ph
(54) R=Bn, R'=CH3 R?=H

Figure 14 - Structure of Brivudine (BVdU) and various pro-nucleoside

derivatives.

Some fluorinated pyrimidine nucleosides (ISMAIL, 2002) have been
used as chemotherapeutic agents since 1957 in the treatment of ovarian,
breast and gastrointestinal tumors (GREM, 2000; HEIDELBERGER et al.,
1957). The fluorinated pyrimidine 5-fluorouracil-2'-deoxynucleoside
(FUDR) is active against liver metastases, and is beneficially metabolized
within the host (HOMSI et al. 2006). In recent studies, McGuigan et al.
(2011) reported the synthesis of 39 FUDR phosphate pro-drugs
derivatives (Figure 15) and measured their relative cytotoxic activity within
tumor cell lines L1210/0, L1210/TK-, Cem/0, Cem/TK-, HelLa, HelLa/TK-.
The effect on L1210/0 infected with Mycoplasma hyorhinis (L1210.Hyor)
was also reported. In general, the compounds showed ability to release
the nucleoside monophosphate within intact cells whilst maintaining
activity in tumor cell cultures infected with mycoplasma. The ProTide’s
stability in both acidic and neutral pH, as well as host plasma, is of great
importance, especially considering that some compounds have proven
cytotoxicity within the namomolar range.
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Figure 15 - General structure of FUDR Prodrugs described of McGuigan
et al. (2011).

In 2013, Lewandowska et al. reported the synthesis of 4-
chlorophenyl N-alkyl phosphoramidate diesters of 3"-azido-2",3"-dideoxy-
5-fluorouridine (AddFU) (Figure 16) and evaluation of their cytotoxic
activity in three human cancer cell lines: cervical (HelLa), oral (KB) and
breast (MCF-7). The most active compound for all cell lines was
compound 56, which displayed ICs0 = 1.64 uM, IC50 = 1.64 uM and IC5p =
1.88 uM for HeLa, KB and MCF-7 cells, respectively. This compound was
more potent than the parent AddFU (IC5p = 11.06 pM, I1Cs0 = 8.11 yM and
ICs0 = 10.32 uM, respectively). Phosphoramidate 56 also exhibited
relatively high activity for these cell lines, displaying ICso = 4.21 yM for
HelLa, ICs0 = 3.81 uM for KB and IC5p = 5.41 yM for MCF-7. The authors
suggested that the mechanism of inhibition of these compounds differs
from that described by McGuigan et al. (2011) when devoid of the ester
motif, which initiates the hydrolysis process to release the nucleoside

analogue 5 -monophosphate.

cl O
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O~ N él\N
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N3 N3

(55) R = CH,CH3 AddFU

(56) R = -CH,CCH

Figure 16 - 3’'azido-2°,3 -dideoxy-5-fluorouridine phosphoramidates with

anticancer activity.

Other notable examples of compounds demonstrating useful

antineoplastic activities include triethylenethiophosphoramides and
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cyclophosphamides (Figure 17). For instance, Thio-TEPA®, which has
been previously used against a variety of neoplasms, demonstrated
consistent efficacy against breast and ovarian adenocarcinomas as well
as superficial papillary bladder carcinoma. The pharmacological effect is
considered similar to mechlorethamine hydrochloride (57), the first
systemic chemotherapeutic agent to be approved in the United States for
the treatment of Hodgkin’s disease, lymphosarcoma, chronic myelocytic
or lymphocytic leukemia, polycythemia vera, bronchogenic carcinoma and
mycosis fungoides (MF), the most common type of cutaneous T-cell
lymphoma (CTCL) (LESSIN et al., 2013; SANTOS et al., 2007). The
cyclophosphamide (2H-1,3,2-oxazaphosphorin-2-amine, N, N-bis(2-
chloroethyl)tetrahydro-2-oxide is the active principle of Endoxan®. This
genotoxic nitrogen mustard is used in the treatment of many cancers and
is also endowed with marked immunosuppressant properties (SANTOS et
al.,, 2007; SUN et al.,, 2006). In an attempt to alleviate carcinogenic
potential and find more selective agents, it has served as a template for
the synthesis of TH-302 (Figure 17). This nitro-1H-imidazole has proven
effective in the control of pancreatic tumor cells MIA PaCa-2, whilst also
surviving microsomal metabolism. In addition, when combined with
Gemcitabine®, it has proven particularly effective when tested in mice.
Such attractive preclinical properties of TH-302 have prompted Phase 1
clinical trials for the treatment of solid tumors (DUAN et al., 2008). The
presence of the nitro group may engender activity in hypoxic conditions
found in these neoplasms. Another series of compounds derived from
cyclophosphamide, namely trofosfamide (58), mafosfamide (59), and
ifosfamide (60) (Figure 17) represent some of the most widely used

anticancer chemotherapeutic agents (SANTOS ef al., 2007).
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Figure 17 - Chemical structures of some highly effective anticancer

agents.

Wang et al. (2010) prepared phosphoramidate derivatives of
haematoporphine dihydrochloride (HPD), a drug with anti-tumor
properties marketed under the name Apiabasilon®. For instance,
compound (61), shows selectivity against the liver tumor cancer cell line
(BEL-7402), possessing activity in the micromolar range in vitro (ICso =
8.41 uM; Figure 18).

HCI

OH 0
OH
HCI
OH

O

HO
HPD; IC5q = 8.93 uM

(61) ICs0 = 8.41 uM

Br

Figure 18 - Structure of the momomeric photosensitiser found within the
mixture denoted HpD (LIPSON et al.,, 1964) and its phosporamide
analogue of chlorin (61). The ICso reported are against the liver tumor cell
line BEL-7402
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Some highly potent anticancer heterocyclic phosphoramidates were
synthesized by Kiran et al. (2008). Tests in vitro, involving three human
tumor cell lines NCI-H460 (large cell Ilung), MCF-7 (breast
adenocarcinoma) and SF-268 (central nervous system glioblastoma),
cyclic compounds like 62 (ICso = 2.8-4.5 uM) showed greater activity
when compared to acyclic products such as 63 (IC50 = 71.3-90.4 pM)
(Figure 19). The investigators did not offer an explanation as to why such
cyclic compounds were highly active, and considering the limited number
of analogues prepared, further investigations, especially those involving
substitutions on the aromatic rings may produce compounds with superior

activity.

IETY wgigos
N @ H2N©NH2
i Cl

(62) (63)

Figure 19 - Anticancer phosphoramidates reported by Kiran et al. (2008).

Ghosh et al. (2009) reported that 7-benzylguanosine
monophosphate (GMP-7BN) (64) was a potent antagonist of eukaryotic
initiation factor 4E (elF4E) (K4 = 0.8 pM). However, this compound
possesses a negative charge at physiological pH preventing penetration
across the cell membrane (WAGNER et al.,, 2000). Consequently,
phosphoramidate derivatives of 64 were prepared and the pro-drug 65
was also active against elF4E (Figure 20). Furthermore, it was found that
the zwitterion 65 was very efficient in crossing the membrane of MDA-231
breast cancer and lung cancer (H460, H383 and H2009) cell lines.
Hydrolysis of the indolyl side chain once inside the cells provided the
active anion form 64 which was then entrapped within the cells (LI et al.,
2013).
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Figure 20 - Structures of 7Bn-GMP and 7Bn-GMP pro-drug.

6.4. Antibacterial activity

The incidence of clinically multi-resistant antibiotics bacterial
infections caused by bacteria has led to an unacceptable increase in
mortality rates. An absence of effective treatments makes it vitally
important that both health professionals and the public are sufficiently
informed to take necessary precautions so as to maximize the
effectiveness and lifetime of currently available antibiotics. Meanwhile,
both the pharmaceutical sector and academic investigators continue to
search for both novel targets and mechanisms of drug action rational drug
design thereby facilitating development of new and effective antibacterial
agents (BUSH et al., 2011; CARS et al., 2011; PIDDOCK, 2012). In this
context, amongst the several classes of compounds with putative
antibacterial activity, phosphoramidates possess considerable potential
for further development.

In 2011, Gholivand and Dorosti (2011) reported the synthesis of two
new N-phosphinyl ureas (Figure 21) and evaluated their antibacterial
activities against Staphylococcus aureus, Bacillus subtilis, Escherichia coli
and Salmonella typhi using the disc diffusion method and also obtained
the minimum inhibitory concentration (MIC) for each compound.
Compound 66 exhibited high activity against all of the microorganisms
under test (MIC = 1.17-18.8 pg.cm™ comparable with MIC of
Genatamycin used as a positive control) whilst compound 67 was virtually
inactive (MIC > 385 ug.cm™).
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Figure 21 - Two novel N-phosphinyl ureas with antibacterial activity.

Prasad et al. (2006) have synthesized a series of heterocyclic
phosphoramidates (68-76), which showed moderate activity against two
Gram-positive bacteria (Staphylococcus aureus, Bacillus subtilis) and four
Gram-negative bacteria (Escherichia coli, Pseudomonas aeruginosa,
Salmonella typhimurium and Klebsiella pneumoniae). Their antibacterial
activity was evaluated at concentrations of 20 pg/ml and 40 pg/ml with
Ciprofloxacin® a commercial quinolone antibiotic, as a comparator (Figure
22). Compounds 71-74 inhibited bacterial growth at a concentration of 20
pg/mL for both Gram-positive and Gram-negative bacteria. Compounds
73 and 74 exhibited the highest activity. Other diphenylphosphoramidates
(77-78), have been prepared by Madhala and coworkers (2012). When
tested against Bacillus subtilis, Staphylococcus aureus, Pseudomonas
aeruginosa and Escherichia coli, they were shown to be twice as effective

as Cyprofloxacin® (Figure 22).
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Figure 22 - Structural formulas of Cyprofloxacin® and some synthetic
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phosphoramidates with antibacterial activity.
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6.5. Antiurease activity

Urease is a nickel-dependent enzyme present in various organisms,
such as plants, fungi and bacteria, especially Proteus mirabilis, Klebsiella
aerogenes and Helicobacter pylori and, consequently, is of considerable
biological significance considering its ubiquity in organisms causing
diseases of the gastrointestinal and urinary tracts. By neutralizing gastric
acid through ammonia production from urea hydrolysis, H. Pylori, can
maintain 50% to 60% of the metabolic activity at pH = 2.5 (AMTUL et al.,
2002; DUCKWORTH et al., 2009; FOLLMER, 2010; KRAJEWSKA, 2009)
and is considered the leading cause of stomach ulcers. It has been
estimated that around half of the world population is infected with this
microorganism, and in some developing countries this can affect up to
85% of the adult population (DUCKWORTH et al., 2009). During the
search for novel enzyme inhibitors of urease phosphoramidates showed
excellent activity. Amongst putative urease inhibitors, N-(but-1-
ylthiophosphoric triamide (NBPT, Figure 23) excels in inhibiting the
enzyme (AMTUL et al., 2002; KRAJEWSKA, 2009). NBPT is a pro-drug
since it has to be oxidized to unmask the active form: N-(but-1-
yh)phosphoric triamide (NBPTO, Figure 23) (AMTUL et al., 2002). In an in
silico investigation of the active site of urease from H. pylori, a molecular
modelling study of phenylphosphorodiamidate (PPD, Figure 23)
demonstrated that this compound interacts with His221 through a
hydrogen bond involving its oxygen atoms. A hydrophobic interaction
between the benzene group with residues of Ala168, Ala169 and Ala365
(MAO et al., 2009) is also involved. A deeper understanding of such non-

covalent interactions may well lead to the design of superior inhibitors.

S
1l Il Il
- PTNH, A~ -PNH, @\ _P—NH
N™ " NH, N “NH, 0" “\H,
NBPT NBPTO PPD

Figure 23 - Chemical structures of phosphoramidates efficient as urease

inhibitors.
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During 2008, Dominguez et al. (2008) described the synthesis of
various phosphoramidates all highly active in the nanomolar range
against Jack bean urease in vitro (Figure 24). The reference compounds
NBPT and PPD used, showed ICsy equal to 100 and 3 nM, respectively.
Although no clear structure-activity relationship was found, this series of
compounds represents a useful template for further investigation as these

are currently the most potent urease inhibitors reported so far.

O, NH,
O, NH, O“pN,t,'ﬁ, P NH; Q, NH,
o o
ICs0 = 63 nM ICs0 = 26 nM ICs0 = 16 NM ICs0 = 300 nM
Q. NH; O, NH,
F’ NH, P NH, o
O, NH, O, NH, O, NH,
P-NH, N P-NH, "P—NH,
\>—NH H—NH \>—NH
S
ICs50=3nM ICs0=3.5 nM |C50 =5nM ICs0 =10 nM |050 =10 nM

Figure 24 - Aromatic phosphoramidates with high urease inhibitory activity
(DOMINGUEZ et al., 2008).

6.6. Miscellaneous

As this survey has shown, the phosphoramidates encompass a
diverse range of biological activities. These have, therefore, led several
investigators to explore the potential application of this class of
compounds against tropical diseases especially malaria and
leishmaniasis. Recent investigations include synthesis of nitrobenzyl
phosphoramide mustards (compounds 79-90, Figure 25) that proved
active against Trypanosoma brucei, Trypanosoma cruzi and Leishmania
major. These protozoan parasites cause major health problems in many
countries of the developing world spread across three continents (BAHIA
et al., 2009; PARSONS et al., 2005; TURNOCK et al., 2007). The highest
biological activity was associated with compounds 84 and 85, which

showed ICsp values in the namomolar range against T. brucei (HU et al.,

182



2011). Compound 86 revealed selectivity towards T. brucei
(DARDONVILLE et al., 2004) and served as a prototype for the
development of novel phosphonates with ECsy lying between 1.7-4.2 uM
(structures not shown) (HECKER et al., 2008). Disappointingly, these
compounds showed low bioavailability due to their inability to cross cell
membranes, therefore, only reaching the site of drug action in sub-
therapeutic concentrations in vivo. Thus, Ruda et al. (2010) prepared a
series of phosphoramidate derivatives 86 with better pharmacokinetic
properties. Among these compounds 87-90 showed ECsy values equal to

90, 40, 50 and 8 nM, respectively, against T. brucei.
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Figure 25 - Compounds with activity against T. brucei.

Malaria is a parasitic disease caused by the protozoan of the
Plasmodium genus, with the most virulent species been Plasmodium
falciparum. This disease is responsible for about 800,000 deaths per year,
many of them including children and pregnant women, and most of them
in sub Saharan Africa (WHO, 2010). Amongst a number of compounds
described by Mara et al. (2011) 91-94 showed good efficacy against P.
falciparum (ICso = 39-50 uM) (Figure 26). The bio-isosteric replacement of
isopropylamino group by other alkylamino substituents resulted in new
more pharmacologically potent phosphoramidates 95-104 (Figure 26).
Amongst such compounds, 95, 97, 99 and 104 (ICso = 17-32 yM) proved
most active.’”® Other examples of phosphoramidates (106-109) with
antimalarial activity were published recently which employed
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diphosphonic acid 105 as the lead structure (KEOUGH et al., 2013).
Compound 108 (ICso = 3.4 pM) was more potent than 106 (ICso = 6.6 uM),
107 (ICs0 = 9.7 yM) and 109 (ICso = 42 uM) cells on D6 (wild-type P.
falciparum strain proved most sensitive to these drugs). In cell lines W2
(chloroquine-and  pyrimethamine-resistant P.  falciparum  strain),
compound 108 showed IC5p value of 4.0 uM as 106, 107 and 109 had
values equal to 7.7, 7.1 and 48 pM, respectively. Compound 109 has little
or no effect since it was cytostatic (CCso > 300 uM) on the cell lines A549
(human lung carcinoma cells), C32 (human melonoma cells) and C32TG
(and thioguanine-resistant mutant of HGPRT-deficient cell line C32). The
pro-drug 107 shows low levels of cytotoxicity against C32 line cell (CCs¢ =
130 uM) and C32TG (CCso = 109 yM). According to the authors, these
values are not considered cytotoxic, since these pro-drugs fail to enter
mammalian cells. Compound 105 (Figure 26) represents a promising
prototype for the development of new phosphoramidates as pro-drugs
which may well possess useful antimalarial activity (KEOUGH et al.,
2013).
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Figure 26 - Chemical structure of compounds with activity against P. falciparum.
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The major health problems caused by parasites are currently
confined to the developing world but climate change may well shift these
zones of infection to the more developed areas. Sadly this area of world
health has attracted less attention from the pharma sector than desired. In
contrast, within several regions of the world, Alzheimer's disease has
attracted considerable attention from both pharmaceuticals companies
and academic institutions since increasing longevity has led to the
emergence of such conditions. Currently, cholinesterase inhibitors (ChEl)
are the main drugs commercially available for the treatment of Alzheimer's
disease, which is a leading cause of dementia worldwide, with
approximately 24 million cases reported annually (BALLARD et al., 2011;
REITZ et al., 2011). The rationale behind the use of these inhibitors is
based on the assumption that a cholinergic deficit is associated with the
disease, and aims at increasing the availability of synaptic acetylcholine
by inhibiting its main catalytic enzymes, acetyl (AChE) and
butyrylcholinesterase (BChE) (BALLARD et al., 2011; BRADY et al.,
2013). In 2010, Gholivand et al. (2010) synthesized and evaluated the
effect of compounds 110-114 (Figure 27) on the aforementioned
enzymes. As a result, these compounds revealed a mixed type
mechanism of action with moderate activity against BChE (ICso ranging
from 0.43 to 2.45 mM) and AChE (ICsp ranging from 1.95 to 18.62 mM).

H H
0. Ny~ 1\ -
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N (112) R = CgHsC(O)NH-; X=0
[Xj (113) R = CgH5C(O)NH-; X=CH, (114) R = CgH50-; X=CH,

Figure 27 - Chemical structure of compounds with activity against AChE
and BChE.

6.7. Rational drug design using Phosporamidates

The previous sections demonstrate that the incorporation of a
phosphoramidate at a critical point within the agonist or antagonist is

essential for success. During a drug design campaign, bioisosteric
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substitution should be carried out at a known xenobiotic transformation
point inferred from studies in vitro using the relevant receptor, usually, but
not exclusively an enzyme, which can now be achieved using
recombinant methods. For instance, since folate hydrolase | and
glutamate carboxypeptidase [I, PSMA possess proteolytic activities
toward vy-glutamyl folic acid derivatives and the neuropeptide N-
acetylaspartylglutamate (PINTO et al.,, 1996). Studies involving PSMA
substrate specificity revealed that acidic residues at the P1 and P19
positions are suitable targets for modification, and several folate-like and
N-acetylaspartylglutamate-like dipeptides with modest hydrolytic efficiency
were reported (BARINKA et al., 2002). Later, by adapting the dipeptide
motif for PSMA targeting, Lapi et al. developed a library of tetrahedral
phosphoramidates for PSMA inhibition (Figure 28) (MALLARI et al.,
2004).
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Figure 28 - Rational approaches towards the design of inhibitors active in

Vivo

Through adopting a seco-analogue approach (molecular pruning),
Wu et al. systematically identified several potent inhibitors (WU et al.,
2007) (Figure 29 & 30) and proposed a pharmacophore model involving
the zinc binding site which pseudo-irreversibly bind to PSMA (LIU et al.,
2008).
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Figure 29 - Computational docking of phosphoramidate inhibitors into the
active site of PSMA binding with Zinc represented by two spheres: (See
panel a, inhibitor 1a: (((S)-2-benzamido-2-carboxylatoethoxy)oxidophos-
phoryl)-L-glutamatej; yellow; re-rendered using PyMol from (WU et al.,
2007); see original paper for details of interactions with relevant amino

acids).

Figure 30 - Computational docking of phosphoramidate inhibitors into the

active site of PSMA binding with Zinc represented by two spheres: (See
panel c, inhibitor 1j, phosphonato-D-glutamate, yellow; re-rendered using
PyMol from (WU et al., 2007); see original paper for details of interactions

with relevant amino acids).
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An "®F labelled analogue of phosphoramidate (117, R* = H) showed
their suitability in PSMA-targeted delivery for prostate cancer using
positron emission tomography (ISMAIL et al., 2009) allowing them to track
its biodistribution data in murine xenografts in vivo. The uptake of 18F.
fluorobenzamido-phosphoramidate in vivo 119 in both PSMA+ and
PSMA- tumor models by PET and ex vivo biodistribution study revealed
that phosphoramidate probe 119 rapidly localized at the LNCaP PSMA+
tumor, whereas there was significantly less activity within the PC-3
PSMA- tumor model (Fig 31).

Figure 31 - PET transaxial images of male nude mice bearing
subcutaneous LNCaP (A and C) and PC-3 (B) tumor xenografts at 2 h
after injection of '®F-fluorobenzamido-phosphoramidate (3). Arrows
indicate tumor placement. Blocked LNCaP is shown in C. Reproduced
with permission from LAPI et al., 2009.

As an imaging agent, the '®F-labeled phosphoramidate, had high
uptake in the PSMA-expressing tumor and low background and some of
the accumulation seen in the kidney may be specific to the mouse. Such
findings clearly demonstrate that the leading phosphoramidate is a
PSMA-specific targeting ligand in vivo and uptake was specific to PSMA.
Consequently, these findings will allow further development of this class
of compounds and also provide a sensitive and specific imaging agent for
prostate cancer. Knowledge of drug action through crystallography is
the ideal guide for rational synthesis. For instance, the mode of binding to
thermolysin of the unsubstituted phosphoramidate inhibitor N-phosphoryl-
L-leucinamide was studied by single crystal x-ray diffraction methods
(Figure 32) and these were considered transition state analogues
(TRONRUD et al., 1986).
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Figure 32 - Binding to thermolysin of the unsubstituted phosphoramidate

inhibitor N-phosphoryl-L-leucinamide.

In general, the bond that is known to be cleaved is usually modified
and, in our experience, often tends to be the weakest bond possessing
dimensions that are normally longer than those averages culled from
crystal structure databases®® (F. M. D. Ismail & M. G. B. Drew
Unpublished study).

6.8. Conclusion

In this review, we briefly reported promising pharmacological
activities displayed by the phosphoramidate class of compounds.
Although various applications have been discussed in the literature, the
biological activity of this class deserves further investigation since they
reveal considerable potential for improving drug action especially with
respect to antitumor and antiviral activities. Rational drug design will be
improved as the structure of the target receptors and underlying
biochemistry and genetics becomes available. By a careful consideration
of ADMET approaches, more robust series of compounds can be

developed especially using 3D-QSARs.
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6.10. Abbreviations Used

7Bn-GMP, 7-benzyl guanosine monophosphate; A549 cell, human lung
carcinoma cells; AChE, Acetylcholinesterase; ACV, Acyclovir; AddFU, 3 -azido-
2°,3 -dideoxy-5-fluorouridine; ADMET, absorption, distribution, metabolism, and
excretion - toxicity in pharmacokinetics; Ala, alanine; APM, amiprophos methyl;
ATP, adenosine triphosphate; AZU, 4'-azidouridine; BChE,
Butyrylcholinesterase; BEL-7402 cell, liver tumor cancer cell line; BVdU,
brivudine; C32 cell, human melonoma cells; C32TG, thioguanine-resistant
mutant of HGPRT-deficient cell line C32; CEM cell, Human T cell lymphoblast-
like cell line; ChEIl, cholinesterase inhibitors; d4T, stavudine; DNA,
deoxyribonucleic acid; DOA, dioxolane sugar nucleosides; EBV, Epstein-Barr
virus; elF4E, eukaryotic initiation factor 4E; MIC, minimum inhibitory
concentration; FUDR, 5-fluorouracil 2°-deoxynucleoside; Gly, glycine; H460,
H383 and H2009 cells, human lung cancer cell lines; HBV, hepatitis B virus;
HCMV, human cytomegalovirus; HCV, hepatitis C virus; HeLA cell, human
cervical cancer cell lines; HHV, human herpes virus; HIV, human
immunodeficiency virus; HPD, haematoporphine dihydrochloride; HPV, Human
papilloma virus; HSV, herpes simplex virus; HSV-1 TK-, HSV-deficient
thymidine kinase; KB cell, human oral cancer cell lines; MCF-7 cell, human
breast cancer cell lines; MDA-231 cell, human membrane of breast cancer cell
lines; MDAMB231 cell, human breast cancer cell lines; MIC, minimum inhibitory
concentration; MT-4 cell, human T cell line MT4; NBPT, N-(n-butyl)
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thiophosphoric triamide; NBPTO, N-(n-butyl)phosphoric triamide; NCI-H460 cell,
human large cell lung cancer cell lines; NS5B, non-structural protein 5B; NTP,
nucleoside triphosphate; PC-3 cell, human prostate cancer cell lines; PEG-IFN,
pegalated a-interferon; Phe, phenylalanine; PK/PD, pharmacokinetic/
pharmacodynamics; PSMA, prostate-specific membrane antigen, PPD,
phenylphosphorodiamidate; RNA, ribonucleic acid; SF-268 cell, human central

nervous system glioblastoma cell lines; VZV, Varicella-zoster virus.
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7. SPECTROSCOPIC AND DYNAMIC NMR STUDY, X-RAY
CRYSTALLOGRAPHY AND DFT CALCULATIONS OF TWO
PHOSPHORAMIDATES: (C4H30,)P(0)(CL)CeH+4N AND
(C4H302)P(0)(CeH11NH),

7.1. Abstract

In recent years, research in organophosphorus compounds, particularly
phosphoramidates, have attracted attention because of their many applications.
In this work, we report a combined experimental and theoretical study on the
molecular structure and NMR spectra of two phosphoramidates (furan-2-yl N,N-
diisopropylamidochlorophosphate (1) and furan-2-yl N,N,N’,N"-
dicyclohexylamidophosphate (2)). In the NMR time scale a free rotation of the
C-N/P-N single bonds was observed at room temperature (298 K) while the
rotation freezes below 195 K for compound 1. From dynamic NMR analysis, the
activation free energy (AG") for rotation of the C-N bond was calculated as 9.9 +
0.3 kcal mol™. The experimental data were reinforced by theoretical calculation
using the density functional theory method B3LYP and the 6-31G(d) basis set
which provided activation energy (AE¥) of 9.2 kcal mol™. The structures of
compounds 1 and 2 were determined by single crystal X-ray diffraction method.
Compound 1 is formed by a racemic mixture, whose presence was evidenced

only in the structure determination by X-ray
7.2. Introduction

Organophosphorus compounds have attracted great attention due to
their biological activities. Among these, one of the most common class are the
phosphoramidates, which are characterized by the presence of at least one —
NR'R? group (R" and R? = alkyl, aryl) in their structures. Phosphoramidates are
extensively studied due to their potential applications as acetylcholinesterase
and urease inhibitors [1], insecticides [2,3], herbicides [4], antifire [5], anticancer
drugs [6-8], anti HIV [9-10], inhibitors of hepatitis C virus [11-12], antimalarial

agents [13], and antirust additives in lubricating oils [14]. Moreover, novel
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synthesized phosphoramidate derivatives of fenoprofen, ketoprofen, ibuprofen,
indomethacine and diclofenac possess significantly higher antiproliferative
activities than the corresponding nonsteroidal anti-inflammatory drugs (NSAID)
3-hydroxypropylamides [15].

Continuing our effort to develop new compounds with insecticidal [2,3]
and phytotoxic activity [16-19], we have synthesized new phosphoramidates
and quantified their activity against the Lepidoptera species that attack
important commercial crops [3]. Among the synthesized compounds, only furan-
2-yl  N,N-diisopropylamidochlorophosphate (1) and furan-2-yl N,N,N’,N*-

dicyclohexylamidophosphate (2) were obtained as single crystals (Figure 1).

o, cl

Figure 1 - Structure of compounds 1 and 2.

The biological functions of the phosphoramidates most probably are
correlated to their molecular properties [20-23]. Although the crystal structures
of some phosphoramidates have been reported recently [24-27], only a few
details about the structural and spectral properties of such substances have
been described in the literature. Knowledge of structure and molecular
properties are important for the detailed understanding of their effect on the
biological functions and help the rational design of new compounds [28].

Our aim is to provide valid support to the structural characterization of the
phosphoramidates. Dynamic NMR studies have been extensively used to
explore the kinetics and thermodynamics of stereo dynamic processes [29].
Thus, we report the dynamic 'H and ">*C NMR spectra and use them to estimate
the rotational barrier activation free energy (4G*) for hindered rotation of the C-
N bond [30] in phosphoramidate 1. Additionally, the single crystal X-ray
diffraction data and quantum chemical calculations using Density Functional
Theory (DFT) are also reported.
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7.3. Experimental
7.3.1. NMR Studies

One dimensional 'H- and "*C-NMR spectra were acquired either with an
MERCURY-300/Varian spectrometer at 300.069 MHz for 'H (32 k data points,
30° excitation pulse duration of 2.2 us, spectral width of 6 KHz, acquisition time
of 3.3 s and relaxation delay of 10 ms) and at 75.452 MHz for *C (32 K data
points 45° excitation pulse duration of 6.5 us, spectral width of 19 KHz,
acquisition time of 0.8 s and relaxation delay of 2.0 s) in 5 mm probes with
direct detection, using deuterated dichloromethane or chloroform as a solvent
and TMS as internal standard (& = 0.00).

7.3.2. Single-crystal X-ray diffraction

Crystals of compounds 1 and 2 were obtained by gently warming each
compound in hexane, followed by addition of dichloromethane dropwise until
the solid was completely dissolved. The resulting solution was left undisturbed
at room temperature. After 24 hours, white crystals, suitable for X-ray analyses,
were formed. They were separated, washed with cold hexane, and dried.

Well-shaped single crystals of 1 and 2 were chosen for the X-ray
experiment. The measurements were made at 298 K on an Enraf-Nonius
Kappa-CCD difractometer with graphite monochromated Mo Ka. Data were
collected up to ~50° in 20, with a redundancy of 4. The final unit cell parameters
were based on all reflections. The temperature was controlled using an Oxford
Cryosystem low temperature device. Data collection was made using the
COLLECT software [31]; integration and scaling of the reflections were
performed with the HKL Denzo-Scalepack software system [32]. The structures
were solved and the models refined using the SHELXL-97 software [33]. H
atoms on C atoms were positioned stereochemically and were refined with fixed
individual displacement parameters [Uiso(H) = 1.5Ueq(C) for methyl groups or
1.2U¢4(C) for aromatic, methine and methylene groups], using the SHELXL
riding model with C—H bond lengths of 0.96, 0.98 and 0.97 A for methyl,

methine and methylene groups, respectively. The hydrogen atoms bonded to
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the nitrogen atoms in 2 were found in successive difference Fourier maps and
were refined with free coordinates and Uiso(H) = 1.2Ueq(O). WINGX software
was used to analyze and prepare the data for publication. Molecular graphics
were prepared using ORTEP-3 for Windows [34] and Mercury [35]. Crystal data,
data collection procedures, structure determination methods and refinement

results are summarized below.

7.3.3. Computational Details

The geometries of the two phosphoramidates 1 and 2 were first designed
in the SPARTAN'10 software [36]. Using the conformer distribution routine of
SPARTAN and the semi-empirical PM3 method [37] a conformational analysis
of both species was carried out to identify the most stable conformers in each
case. Those conformers were then reoptimized with the B3LYP functional
[38,39] and the 6-311++G(2d,p) basis set. Approximated activation energies for
rotation around either the P-N or the C-N bonds were obtained by a relaxed
dihedral scan (by 30° step) around the corresponding bond using the 6-31G(d)
basis set. All the DFT calculations were performed using the Gaussian 09

program package [40].

7.4. Results and discussion

In a previous work we have described the preparation of some lactone
analogous to the natural compounds called nostoclides [17]. Lactone 3, used as
starting material, was synthesized previously [2]. The treatment of 3 with POCI;
in the presence of triethylamine afforded compound 4 (Scheme 1), which was
not isolated. Subsequent reaction of 4 with diisopropylamine (2 eq.) and DMAP
(5 mol%) furnished 1 in 14% yield. Formation of 1 resulted from substitution of
one of the chlorine atoms in 4 by the diisopropylamino group. Treatment of 4
with cyclohexylamine (2 eq.) and DMAP (5 mol%) furnished 2 in 10% yield, with
the complete substitution of chlorine atoms in 4 by the nucleophilic
cyclohexylamine [3]. The products were obtained as white crystals and the
structures of compounds 1 and 2 were confirmed by single crystal X-ray

diffraction (Figures 2 and 6).
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Scheme 1 - Synthesis of phosphoramidates 1 and 2 described by Oliveira and
co-workers (2012).

7.4.1. Crystal structure analysis

Crystal data, data collection procedures, structure determination
methods and refinement results are summarized in Table 1. Crystallographic
data for the structural analysis of the compounds discussed here have been
deposited at the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK, and are available on request quoting the deposition
numbers CCDC 902881 and 902882, for 1 and 2, respectively.

Figure 2 shows the R enantiomer of 1. Table 2 gives selected
experimental and calculated bond length and angles. Since 1 is a chiral
molecule crystallized in a centrosymmetric space group, its crystal structure is
formed by an equimolar mixture of a pair of enantiomers (R/S: 50/50) (Figure 3).
The intermolecular geometry of 1 was analyzed using Mogul [41], a knowledge
base of molecular geometry derived from the Cambridge Structural Database
(CSD; Version 5.33 of November 2011, with January 2012 and May 2012
updates) [42]. This analysis shows that all bond lengths and bond angles are in
agreement with the values expected for a good X-ray diffraction structure
refinement. The extended least-squares plane through the furan ring including
the exocyclic atom O2 [r.m.s = 0.0024 A and largest deviation = 0.003(2) A for

03], shows that this moiety is planar, as expected
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Table 1 - Crystal data, data collection details and structure refinement results for 1 and 2.

1

Empirical formula
Formula weight
Crystal system
Space Group

Unit cell (A, °)

Volume (A%

Z

Density (mg/m®)

b (mm™)

F (000)

Crystal size (mm?®)
emax (0)

Index ranges

Reflections collected
Independent reflections
Completeness t0 Omax (%)
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I>2c(])]

R indices (all data)
Apmax and Apmm (e.A-a)

C10H17N1O3P1

265.67

Triclinic

P-1

a=7.4216(2)
b=8.4341(3)
c=11.9649(4)
0=87.914(2)
=73.647(2)
y=70.935(2)
677.94(4)

2

1.301

0.393

280

0.21x0.24 x 0.38

26

-9<=h<=9,
-10<=k<=10,
-14<=|<=14

9784

2681 [R(int) = 0.0741]
99.1

2681 /0/149

1.048

R1 =0.0462, wR2 = 0.1236
R1 =0.0588, wR2 =0.1323

0.390 and -0.315 e.A-3

C16H27N203P1
326.27
Orthorhombic
Pbca
a=11.8810(5)
b=8.9415(3)
c=32.847(1)
a:B:y:QOO

3489.5(2)

8

1.242

0.171

1408

0.19x0.23 x 0.26

25

-13<=h<=14,

-9<=k<=10,

-19<=1<=40

16902

3396 [R(int) = 0.0944]

98.6

3396 /0/ 205

0.979

R1=0.0477, wR2 = 0.1099
R1=0.0981, wR2 = 0.1298

0.156 and -0.211
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Table 2 - Experimental (X-ray) and calculated selected bond lengths [A] and angles [°] for 1 and MOGUL [41] bond analysis.

Geometric Bond Mogul average B3LYP/ Geometric Bond Mogul average B3LYP/
Parameter length query 6-311++G(2d,p) parameter angle query 6-311++G(2d,p)
C10-C8 1.516(4) 1.52(3) 1.536 C2-C3-C4 108.0(3) 107(2) 106.524
C6-C5 1.506(4) 1.52(3) 1.529 03-C4-C3 109.7(2) 110(2) 110.280
C7-C5 1.528(4) 1.52(3) 1.533 C10—C8—N1 111.9(2) 113(2) 114.579
C9-C8 1.512(4) 1.52(3) 1.531 C6-C5-N1 111.1(2) 113(2) 114.144
C3-C2 1.422(4) 1.42(5) 1.434 C7-C5-N1 112.0(2) 113(2) 112.490
03-C4 1.406(3) 1.38(3) 1.369 C9—C8-N1 110.8(2) 113(2) 113.037
C3-C4 1.292(4) 1.32(4) 1.354 C8-N1-C5 117.3(2) 118(3) 124.980
C5-N1 1.500(3) 1.49(2) 1.501 02-P1-01 114.95(9) 110(4) 115.699
C8—N1 1.490(3) 1.49(2) 1.493 C4-03-C1 104.2(2) 107(1) 106.292
P1-02 1.605(1) 1.57(1) 1.640 03-C1-C2 113.2(2) 109(4) 111.650
P1-CI1 2.015(1) 2.02(5) 2.071 C3-C2-C1 105.0(2) 108(1) 105.252
03-C1 1.329(3) 1.35(3) 1.350 P1-N1-C5 121.6(2) 121(3) 116.189
C2-C1 1.311(3) 1.39(4) 1.355 P1-N1-C8 119.9(2) 121(3) 118.680
02-C1 1.365(3) 1.36(2) 1.358 02-P1-N1 107.0(1) 104(5) 106.524
P1-N1 1.606(2) 1.62(2) 1.645 O1-P1-N1 116.6(1) 114(2) 115.699
P1-0O1 1.452(2) 1.47(3) 1.465 Cl1—P1-N1 109.2(1) 107(2) 107.994
02-P1-Cl1 95.12(6) 103(2) 95.664
C10-C8-C9 112.7(3) 112(3) 111.194 02-C1-C2 131.4(2) 132(3) 132.586
C7-C5-C6 113.2(3) 112(3) 111.977 01-P1-CI1 111.8() 109(1) 113.175
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Figure 2 - The molecular structure of 1 (R enantiomer), showing the atom
numbering scheme. Displacement ellipsoids are drawn at the 30% probability

level and H atoms are shown as small spheres of arbitrary radii.
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Figure 3 - Molecular fragments highlighting the two enantiomers, a) R (molecule

in X, y, z) and b) S (molecule in -x, -y, -z).

The intermolecular analysis of 1 shows that a non-classical hydrogen
bond [C—H = 0.93 A, C...O = 3.364(3) A, H4...0 = 2.502(3) A, C—H...0 =
154.26°] involving the furan and P=0 group is the main intermolecular force that
contributes to the stabilization of the crystal packing (Figures 4 and 5). The
individual chains are themselves linked by VDW interactions forming a racemic
double chain along [010]. The furan rings in the double chains are laid in plane
parallel to (101) forming a ribbon along [010] (Figures 4 and 5). The shortest
Cl...Cl separation is 5.581(3) A, which is slightly longer than the limit (3.52 A) to
be considered as an intermolecular halogen-halogen interaction involving
chlorine [43].

212



Figure 4 - A partial packing diagram for 1, showing the racemic double chain
formed along [010]. Hydrogen bonds are shown as dashed lines. [Symmetry
codes: (i) x, y-1, z; (ii) x, y+1, z; (iii) -x+1, -y+1, -z+1; (iv) -x+1, -y+2, -z+1].

Figure 5 - The crystal packing illustration of 1 onto the plane ac. Hydrogen

atoms were omitted for clarity.

Figure 6 shows an ORTEP view of 2 with the ring label scheme. The
main geometric parameters are given in Table 1 and some experimental and
calculated bond length and bond angles are given in Table 3. Similarly to

compound 1, the molecular conformation of 2 was also analyzed using the
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MOGUL software, which revealed a good X-ray diffraction refinement. The
extended least-squares plane through the furan ring including the exocyclic O2
atom [r.m.s = 0.0206 A and largest deviation = -0.029(1) A for O2] shows that
also in this case this moiety is considerably planar. The intermolecular
arrangement of the furan rings in 1 and 2 shows that they are similar, as
expected. However, their orientations are different in relation to the O1=P1-02
plane in the phosphorus tetrahedral moiety (Figure 7). The least-squares plane
through the furan ring and the O1=P1-O2 triad form angles of 73.97(7)° and
53.6(1)° for 1 and 2, respectively. Moreover, in 1 the P=0 bond is oriented anti
to the C1—O3 bond, whereas in 2 the corresponding arrangement is syn
(Figure 7). Both cyclohexyl moieties have chair conformation with weighted
average absolute torsion angles of 54.87(10.52)° and 55.42(12.23)° for rings B
and C, respectively (1st is the e.s.d. internal and 2nd is the external one) [44].
Considering the two possible chair conformations of the cyclohexylamine ring,

the C5—N1 and C11—N2 bonds are both in equatorial orientation.

Figure 6 - The molecular structure of 2 with atom and ring labeling.
Displacement ellipsoids are drawn at the 30% probability level and H atoms are

shown as small spheres of arbitrary radii.
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Table 3. Experimental (X-ray) and calculated selected bond lengths [A] and angles [°] for 2 and MOGUL [41] bond analysis.

Geometric  Bond length Mogul B3LYP/ Geometric Bond Mogul B3LYP/
Parameter average 6-311++G(2d,p) parameter angle average 6-311++G(2d,p)
query query
C13-C12 1.528(3) 1.53(3) 1.534 C8-C7-C6 112.0(2) 111(2) 111.787
C14-C13 1.501(4) 1.51(4) 1.533 C8-C9-C10 111.0(2) 111(3) 111.675
C15-C14 1.513(3) 1.51(4) 1.534 C9-C8-C7 110.7(2) 111(4) 111.255
C15-C16 1.520(3) 1.53(3) 1.534 C2-C3-C4 107.1(2) 107(2) 106.842
C7-C6 1.518(3) 1.53(3) 1.534 03-C4-C3 110.5(2) 110(2) 110.089
C8-C7 1.498(3) 1.51(4) 1.532 C13-C12-C11  111.4(2) 111(2) 111.864
C9-C10 1.510(3) 1.53(3) 1.534 C15-C16-C11  111.6(2) 111(2) 111.747
C9-C8 1.517(3) 1.51(4) 1.533 C7-C6-C5 111.8(2) 111(2) 111.861
C3-C2 1.424(4) 1.42(5) 1.435 C9-C10-C5 112.0(2) 111(2) 111.883
03-C4 1.371(3) 1.38(3) 1.374 C10-C5-C6 110.6(2) 111(2) 110.945
C3-C4 1.315(4) 1.32(4) 1.353 C12-C11-C16  110.9(2) 111(2) 110.803
C10-C5 1.505(3) 1.51(3) 1.535 C10-C5—N1 112.6(2) 111(2) 111.889
C12-C11 1.515(3) 1.51(3) 1.536 C12-C11-N2 109.6(2) 111(2) 109.983
C16-C11 1.515(3) 1.51(3) 1.535 C16—-C11-N2 112.8(2) 111(2) 112.456
C6-C5 1.505(3) 1.51(3) 1.536 C6-C5-N1 111.0(2) 111(2) 110.999
C11-N2 1.471(3) 1.47(2) 1.464 P1-N1-C5 123.2(1) 124(2) 127.827
C5-N1 1.471(3) 1.47(2) 1.472 P1-N2-C11 123.7(1) 124(2) 129.383
P1-01 1.461(1) 1.48(1) 1.472 02-P1-01 108.3(8) 113(2) 116.179
03-C1 1.346(2) 1.35(3) 1.355 C4-03-C1 105.7(2) 107(1) 106.196
C2-C1 1.336(3) 1.39(4) 1.355 03-C1-C2 111.4(2) 109(4) 111.658
02-C1 1.353(2) 1.36(2) 1.349 C3-C2-C1 105.3(2) 108(1) 105.214
P1-02 1.640(1) 1.60(1) 1.651 O1-P1-N1 113.63(9) 113(4) 110.529
P1-N1 1.612(2) 1.62(1) 1.656 01-P1-N2 117.47(9) 113(4) 115.129
P1-N2 1.601(2) 1.62(1) 1.649 02-P1-N1 107.47(9) 103(5) 104.340
02-P1-N2 101.67(9) 103(5) 97.831
C14 C13C12 111.1(2) 111(2) 111.750 N2-P1-N1 107.3(1) 109(2) 111.768
C14 C15C16 111.1(2) 111(2) 111.698 02-C1-C2 133.4(2) 131(3) 133.844
C15C14 C13 111.3(2) 111(3) 111.193
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Table 4. Intermolecular hydrogen bond length (A) and angles (°) for 1. ‘D’ and ‘A’ mean hydrogen donor and acceptor, respectively.

D-H..A D-H H..A D..A D-H..A
N1-H1..01 0.77(3)  244(2) 3.110(2) 147(2)
N2-H2b...01 0.72(3)  2.22(3)  2.908(2) 162(3)

Symmetry codes (as Figure 8: V' -x-1/2, y+1/2, z
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Either the N1—H1 or N2—H2b groups act as intermolecular H bond
donor to the O1, giving rise to an infinite one-dimensional chain parallel to the
[010] direction (Figure 8 and Table 4). The linkage takes place through the
phosphorous tetrahedron by glide b (normal to a axis)- and translation-related
molecules. The orientation of individual chains along [010] is shown in the

packing illustration of 2 onto the plane ac (Figure 9).
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Figure 7 - Relative orientation of the furan ring and phosphorus tetrahedron in
(a)1 and (b) 2.
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Figure 8 - (a) View of the network of hydrogen bonds parallel to [001] which
stabilizes the packing of 2. (b) View showing only the phosphorous tetrahedral
and atom labeling involved in the hydrogen bonds. Symmetry codes: @ = -x-1/2,
y+1/2, z; W = x, y+1, z; W -x-1/2, y-1/2, z.
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Figure 9 - Packing illustration of 2 onto the plane ac. Hydrogen atoms were
omitted for clarity. The colors represent the eight equivalent positions of Pbac

space group.
7.4.2. NMR study

The 'H- and "*C-NMR spectra at 298K evidence couplings over long
distances in both phosphoramidates, 1 and 2. The 'H-NMR spectra of
compounds 1 and 2 show three double double doublets corresponding to H-3,
H-4 and H-5 (Figure 10). The furan hydrogen couples with neighboring
hydrogen atoms and shows a ddd splitting pattern due to its coupling with
phosphorus atom at 4 to 5 bond distance (Figure 10). The J values at 298 K are
shown in Table 5. The NMR spectrum of compound 2 also shows a multiplet at
0 3.03-3.18 for the —CH group coupled with the Hax and Heq. A multiplet
integrated for 20 hydrogen atoms at 6 1.05-1.96 for the hydrogens of cyclohexyl
coupled with neighboring hydrogen atoms was also observed. For the NH signal
of compound 2 a two bond distance coupling with the P atom and a two bond
distance coupling with —CH of cyclohexyl were observed. A ftriplet signal at ¢
2.64 is obtained for NH with Jpnt =~ 2Invch = 10 Hz, a value similar to that
described in the literature [25]. The 'H NMR spectrum of 1 displays two
doublets at & 1.29 and 1.34 integrated for 6 hydrogen atoms each (*JcnscH =
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6.9 Hz) for the two types of CH3 groups of the isopropyl moieties due to the fact
that the carbon atom of the CH group in the isopropyl substituent is prochiral.
The methine hydrogen of the isopropyl groups appears as a double septet at &
3.63 and 3.69 integrated for 2 hydrogens (*Jp, cy = 24.3 Hz) due to its coupling
with the methyl groups and the phosphorus atom. This analysis indicates that
the rotational energy barrier around the C-N and P-N bonds must be low,

consistent with the equivalent chemical shifts shown by the isopropyl moieties
on the NMR timescale.
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Figure 10 - The '"H NMR spectra of compounds 1 and 2 at 298 K in CDCls.

The ™C NMR spectra of compounds 1 and 2 show three doublets (589,
111 and 135, respectively) due to carbon atoms C-3, C-4 and C-5 (Figure 11).
The signal multiplicities are due to carbon coupling with phosphorus atom at a
distance of 3-4 bonds. Curiously, lower Jpc were obtained for compound 2
(Table 5) than for compound 1. The quaternary carbon atoms of compounds 1
and 2, C-2 (Figure 11), are coupled to phosphorus at & 149-152 (°Jpc = 6.5 and
5.1 Hz, respectively). For both compounds couplings at long distances were
observed, but 2JpcH coupling was not observed for compound 2. A similar
behavior was observed for the phosphoramidates described by Souza et al.
(2006) [45]. The "*C spectrum of compound 1 shows distinct signals for the

diastereotopic methyl carbon atoms which appeared as doublets (*Jcusp = 2.5
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and 1.6 Hz) due to 3Jpnc coupling, whereas the methine carbon atom doublet
shows larger 2Jpnc coupling (3Joup = 4.9 Hz). The ™C NMR spectrum of
compound 2 exhibits three signals for the ten carbon atoms of the —CH,
cyclohexyl moieties. These results indicate that the spatial orientations of the
aliphatic six-membered rings are the same. A (3Jp.cr2) coupling constant of 5.4
Hz was observed for the splitting of the -CH, carbon atom with the phosphorus
atom. The spectrum observed in this experiment for compound 1 was found to
correspond to that of a racemic mixture, whose evidence appeared only in

structure determination by X-ray (Figure 3).

1 /K
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-CH
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Figure 11 - The "*C NMR spectra of the compounds 1 and 2 at 298 K in CDCls.

Table 5. Selected coupling constant at 298 K of compounds 1 and 2.

Compound  “Juzp S Jhap s p 3Jcsp ‘Jeap ‘Jesp
1 1.2 0.9 0.9 4.4 2.1 2.2
2 1.2 0.3 0.6 35 1.2 1.2

An important point in the discussion of the equilibrium geometries of the
phosphoramidates is the activation barrier for rotation around the C-N and P-N
bonds. From the analysis of a molecular model, a 180° rotation around the P-N

bond, followed by a 180° rotation around each C-N bonds, results in the
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equivalence of the two isopropyl groups. With this in mind, we carried out a
NMR variable temperature study for compound 1. The results allowed
calculation of the higher free energy barrier for rotation, but would not allow us
to know which bond (C-N or P-N) correspond to the experimental data. From
the temperature of coalescence of the hydrogen lines the first-order rate
constant (Kcoalescence) Was calculated from the expression Kcoajescence = n(Av2 +
6J°)"2/(2"2) where Av is the difference in chemical shift between the centers of
the two doublets arising from the methyl hydrogens, and J is the coupling
constant. From the ™C NMR and the coalescence temperature, the rate
constant is related to the chemical shift difference from the expression
Kcoalescence = n(Av)/(Z”Z) where Av is the difference in chemical shift. Substituting
this value into the Eyring rate equation gives the expression AG? =
RTIN(6.62x10"%/Keomiescence) [46]. For comparison, the value of the free energy
barrier was calculated from the coalescence of the resonances and by
theoretical methods.

The behavior of 1 was monitored by 'H-NMR techniques at variable
temperatures. From the data, the relevant thermodynamic parameters were
calculated. To examine their behavior, the NMR tube containing compound 1
was placed in the NMR probe and cold slowly from 298 K to 178 K.

The determination of the exact temperature inside the sample is crucial
for the determination of the thermodynamic parameters. An error of £ 2 °C in
the temperature causes an error in AG* of 0.15 to 0.2 kcal mol™' and this is
usually the main source of errors in the dynamic NMR technique [47].
Therefore, the coalescence temperature was determined by performing several
'H NMR experiments (Figures 12 and 13).
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For compound 1, two separate doublets appeared in the 'H-NMR
spectrum at 298 K for the methyl carbons of the isopropyl groups since they are
diastereotopic. In this condition there is a free rotation of the C-N and P-N single
bonds so that the isopropyl groups become equivalent. Also, in the *C NMR
spectrum of 1 at this temperature, two signals (Figure 13: a = c # b = d and
Scheme 2) are observed for the methyl carbons of the isopropyl groups. At low-
temperature (< 195K), 'H and "*C NMR spectra of compound 1 show signals for
two diastereotopic isopropyl groups. Therefore, four signals are observed for
the methyl carbons (Figure 13: a # ¢ # b # d and Scheme 2) and two signals for
—CH (Figure 13: e # f and Scheme 2).
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Scheme 2 - Interchangeable processes of compound 1 at 298K.

The collected "H NMR spectra relevant to the dynamic effect are shown
in the following variable-temperature NMR (Figures 12 and 13).

The coalescence temperature was eventually observed at T¢c = 195 K in
'H NMR, and the higher activation energy (4G¥) for rotation around the C-N and
P-N single bonds was calculated as 9.9 + 0.3 kcal mol™". From this experiment
we cannot attribute calculated value to AG” for rotation of C-N or P-N. So, in
order to better understand this process, a molecular computational analysis was
carried out.
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7.4.3. Computational analysis

To help rationalize the experimental findings, we carried out a set of
calculations for phosphoramidates 1 and 2. The most stable conformers of 1
and 2 were obtained using the semi-empirical PM3 method [37] in the Spartan
software. The geometry of that conformations were then reoptimized using the
B3LYP/6-311++G(2d,p) approach. Each optimized geometry was confirmed as
a local minimum on the potential energy surface. Selected parameters of the
most stable optimized geometries are compared with the X-ray diffraction data
in Tables 2 and 3, which show that in general the experimental and computed
parameters are in close agreement. The only cases that deserve some attention
are the bond angles O1-P1-0O2, C8-N1-C5 in 1 and O2-P1-N2 in 2. The
computed values for the O1-P1-02 bond angles for compounds 1 and 2 are
115.70 and 116.18(°), respectively. The corresponding experimental bond
angles are 110(4)(°) and 113(2)(°). For the C8-N1-C5 bond angle in 1 the
difference between the experimental and theoretical values is a bit larger,
amounting to 6.9°. For the 02-P1-N2 bond angle in 2 the corresponding
difference is 5.7°.

In addition to the determination of the most stable geometry for each
phosphoramidate we also calculated the approximated activation energy for
rotation around the P-N and C-N single bonds for 1. The goal was to identify
whether the activation parameters determined in the dynamic NMR studies are
consistent with activation energies for rotation around these bonds.

The dynamic process represented in Scheme 2 is enough to interconvert
the pairs of diastereotopic isopropyl groups, however, to completely equilibrate
the four methyl groups (a, b, ¢ and d in Scheme 2) we have also to consider
rotation around the C-N bonds. To determine the activation parameter in each
case we performed a set of calculations with the dihedral angle involving both
the P-N and the C-N bonds fixed at a given value and optimization of the
additional degree of freedom. Starting from 0° the dihedral angle was increased
by a 30° step in each case up to the value of 330°. With this, we could not only
confirm the structure of minimal energy but also determine the transition
structure for rotation around the corresponding bond. The B3LYP/6-31G(d)
approach was employed for these calculations.
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Rotation around the P-N bond revealed two minima, the global minimum
energy structure, with one of the C-N bonds eclipsing the phosphoryl P=0O bond
and a local minimum energy structure with the lone pair on the nitrogen atom
eclipsing the P-Cl bond, 2.1 kcal.mol™" less stable than the global minimum. The
activation energy for interconversion between these two minima is 6.8 kcal mol™
(TS1). On the other hand, rotation around each of the C-N bond also revealed
two minima, the global minimum energy structure and a second one, 3.3 kcal
mol™ above the global minimum. The activation barrier for rotation around the
C-N bond is 9.2 kcal mol™ (TS2). The last value closely fits the experimental
9.9+0.3 kcal mol™” obtained by dynamic NMR studies. Based on these results
we are suggesting that the dynamic behaviour in these phosphoramidates is
characterized by rotation around both the P-N and the C-N bonds, with
activation energy for rotation around the C-N bonds being the higher value.
According to Scheme 2 rotation around the P-N bond interchanges the
isopropyl groups but not the methyl groups within each isopropyl groups.
Complete equilibration of the methyl groups occurs only after rotation around

the C-N bond, which is the process with the higher activation energy.
7.5. Conclusion

In an effort to prepare new compounds with potential biological activity
and rationalize their molecular properties, two phosphoramidates have been
studied by dynamic NMR, theoretical calculation, spectroscopic data and X-ray
crystallography. Compound 1 is a chiral molecule crystallized in a
centrosymmetric space group as an equimolar mixture of a pair of enantiomers
(R/S: 50/50). Geometrical parameters calculated with DFT methods are
consistent with the experimental X-ray data. The dynamic behavior of 1 was
investigated by NMR spectroscopy, which revealed the activation energy of 9.9
+ 0.3 kcal mol™. Based on computational calculation of the activation energies
for rotation around the P-N and C-N bonds, this experimental value was
attributed to the C-N bond.
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Figura 16 - Espectro de massas do composto 69.
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Figura 25 — Espectro de RMN de "H (300 MHz, CDCl3) do composto 71.
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Figura 26 - Espectro de RMN de *C (75 MHz, CDCls) do composto 71.
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Figura 28 - Espectro de massas do composto 72.
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Figura 29 — Espectro de RMN de "H (300 MHz, CDCl3) do composto 72.

1 2
(@)
@O 3Br
-t 6< >
Px
10__\|
9)7
O0—'g

Xpo 5 4
C-7/C-10
W C-2/C-4 IW Gm
T C-8/C-9
151.0 150.5 150.0 C-1/C'5
C-6 C-3
B FRSUSRR FR . L , -

T T T T T T T T T T T T T T T T T T T T T T T T T
160 155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40

Figura 30 - Espectro de RMN de *C (75 MHz, CDCl3) do composto 72.

245



100

90

80
S
8 70
o >
= >
““B w
E oo OH,NU [
& ] (%,’\N H 3 S
F 504 8

1 Br
40
30 T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Numero de onda (cm'1)

Figura 31 - Espectro no IV do composto 73.

100 - 107
—~ 80 - H!“/@/
o -
s O~P~NH
®© 1 e}
=
=
S 60 Br
)
0'd
8 432
I 40
‘» 79
C
o |
Q
£ 261

20

241
0 _ Il T e o I T
90 180 270 360 450
m/z

Figura 32 - Espectro de massas do composto 73.

246



5 O-p
6 /I/:’\NH
4 1 O 12 7
3
" 8 H-1/H-5/H-7/H-8/H-10/H-11

10 9
-CHj
H-2/H-4

T T T T T T T T T T
74 73 72 71 70 69 68 67 66 6.5

NN

T T 5 T
m o o o
© @ S ~
= = s "

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16
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Figura 46 - Espectro de RMN de *C (75 MHz, CDCls) do composto 78.
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Figura 52 - Espectro de massas do composto 80.
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Figura 54 - Espectro de RMN de *C (75 MHz, CDCls) do composto 80.
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Figura 68 - Espectro de massas do composto 84.
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