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1- Maximizar a eficiência do uso dos recursos
2. Eliminar ou minimizar o perigo e a poluição
3. Visão holística e análise de ciclo de vida

Metas para uma química
sustentável



Maximizar a 
eficiência do 

uso dos 
recursos

Metas para uma química sustentável

Economia atômica
Encontrar alternativas

Reduzir
derivatizações

Usar catalisadores

Planejar

o Balanço de massa e energia
o Conversão e seletividade
o Subprodutos – identificar e 

quantificar
o Utilidades – quantificar e 

minimizar

Medir

Ser eficiente

Ser
sustentável

1



Eliminar ou
minimizar o 
perigo e a 
poluição

Evitar a persistência
Métodos sintéticos

mais verdes
Processos seguros

Planejar

o Análise em tempo real
o Perdas e emissões
o Incompatibilidades
o Resíduos – monitorar, 

reportar e minimizar.

Medir

Ser eficiente

Ser
sustentável

2
Metas para uma química sustentável



Visão
holística e 
análise de 

ciclo de vida Ser eficiente

Ser
sustentável

PLANEJAR MEDIR

3
Metas para uma química sustentável



Tipo de reação química 

M. Lancaster, Green Chemistry: An introductory text,  2nd ed. , 2010, cap. 1, p.9

Reações com economia atômica elevada Reação com economia atômica baixa

Rearranjos

Adições

Diels Alder
Substituições

Eliminações

Wittig

Grignard

Reduções Oxidações



Reações que sempre terão baixa economia atômica

Reação de GRIGNARD (RMgBr)

Reduções estequiométricas (LiAlH4)

Oxidações estequiométricas (CrO3, KMnO4)



Síntese orgânica e química verde

A maioria das estatégias confiáveis para a síntese de moléculas
alvo foram desenvolvidas a 50-100 anos!

Ainda hoje, se ensina a eficiência de compostos de cromo, ósmio
e chumbo como oxidantes, esses protocolos populam os livros
didáticos, as virtudes dos solventes organoclorados e 
metodologias com baixa eficiência atômica.

as propriedades toxicológicas
de muitas substâncias não

eram conhecidas ainda



As indústrias farmacêuticas tem feito um 
esforço para implementar a química verde em 
seus laboratórios de pesquisa e 
desenvolvimento, compilando guias para 
escolha de reagentes, ácidos, bases, 
solventes. Assim, fazendo melhores escolhas 
de reagentes e solventes desde os passos 
iniciais para a descoberta de novas drogas.

Síntese orgânica e química verde



Como escolher ácidos e bases?



Guia para escolha de ácidos e bases desenvolvido por pesquisadores de GSK

Green Chem., 2015, 17, 945
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o Ácidos minerais (H2SO4, H3PO4, etc.) e  Ácidos de Lewis (AlCl3, ZnCl2, etc.), 
normalmente usados em quantidades estequiométricas ou excesso e não podem 
ser facilmente recuperados e reciclados. 

o Bases (hidróxidos, hidretos, alcoóxidos, aminas), normalmente em quantidades 
estequiométricas ou excesso e não podem ser facilmente recuperadas e 
recicladas. 

A solução é escolher ácidos ou bases mais amigáveis ou a sua substituição por 
sólidos ácidos ou básicos, como por ex. zeólitas, argilas ácidas e heteropoliácidos, 
etc., que são recicláveis.

Roger A. Sheldon, Pure Appl. Chem., Vol. 72, No. 7, pp. 1233–1246, 2000 

Síntese orgânica limpa
Encontrar alternativas verdes ao uso de reagentes



Sólidos Ácidos-Básicos

Zeólitas: Aluminossilicatos cristalinos

üMateriais sintéticos

üÁrea superficial elevada
üSítios ácidos e básicos de superfície
üPoros, canais e cavidades de dimensões definidas
üSão diferenciadas pelos arranjos dos átomos

üUso industrial (em reações de craqueamento, 
deshidratação, isomerização, alquilação e 
desproprocionamento)

19

Macroporo (dp > 50 nm)
Mesoporo (2 nm < dp < 50 nm)
Microporous (dp < 2 nm)



MCM-41



Zeólitas são também chamadas de peneiras moleculares



Sólidos Ácidos-Básicos

Nas zeólitas, os sítios ácidos de Bronsted e Lewis podem ser controlados
em termos de quantidade (densidade) e natureza (força).

o A quantidade de sítios ácidos de Bronsted está relacionada à razão Si:Al (ou SAR – silica/alumina 
ratio). No entanto, como a geração dos sítios ácidos também está associada ao desbalanceamento
de cargas gerado pela substituição isomórfica de ânions de cargas diferentes, quanto maior o 
número de átomos de alumínio, menos desbalanceada estará a rede e menor será a força dos sítios
ácidos. 

Quim. Nova, Vol. 32, No. 2, 538-542, 2009



Entre as técnicas de medida da densidade de sítios ácidos, as mais importantes são os
métodos de dessorção térmica programada (TPD - Thermal Programmed Desorption), 
tipicamente de moléculas sonda básicas quimissorvidas, como a amônia ou aminas. 

TPD de NH3: 
Temperatura de dessorção – informação sobre a força do ácido, 
Determinação da massa dessorvida – informação sobre a quantidade de sítios ácidos
*Não permite distinguir Bronsted e Lewis

Sólidos Ácidos-Básicos

Como determinar a força e quantidade dos sitios ácidos em sólidos?



Sólidos Ácidos-Básicos

Como determinar a força e quantidade dos sitios ácidos em sólidos?

A natureza do sítio ácido pode ser realizada por espectroscopia de infravermelho (IV), 
ressonância magnética nuclear (RMN) ou por microcalorimetria

• A técnica de IV com sondas moleculares, empregando a molécula de piridina
é uma das técnicas mais empregadas!

A interação da piridina com os sítios
ácidos de Brønsted ou de Lewis
gera espécies com freqüências de 
vibração características. Pode ser feita
a quantificação destas espécies pela
área das bandas formadas nos
espectros.

Quim. Nova, Vol. 32, No. 2, 538-542, 2009



Methods and Reagents for Green Chemistry, ed. Tundo, Perosa & Zecchini, 2007, John Wiley & Sons, Cap. 12, p. 231  

Em que reações as zeólitas podem ser úteis em síntese 
orgânica? 

- Alquilações e Acilações de  Friedel-Crafts e outras 
substituições eletrofílicas aromáticas, adições e eliminações, 
ciclizações, rearranjos, isomerizações e condensações.

Sólidos Ácidos-Básicos



Exemplo: alquilações de Friedel-Crafts

Síntese orgânica com ácidos de Lewis



Exemplo: alquilações e acilações de Friedel-Crafts

Síntese orgânica com ácidos de Lewis



Exemplo: alquilações e acilações de Friedel-Crafts

Síntese orgânica com ácidos de Lewis

Qualquer outro reagente que pode gerar carbocátion pode ser usados 
em alquilações, ex.   álcoois (R-OH) e alquenos (R-C=C). 

Exemplos: Formação do carbocátion pela protonação de alqueno.



Alquilações usando zeólitos

Aplicação de zeólitas em alquilações de Friedel-Crafts

Evita o uso de ácidos de Lewis com AlCl3 em 
quantidades estequiométricas

Síntese orgânica – escolha de reagentes - zeólitas

Mota, et al J. Braz. Chem. Soc., Vol. 17, No. 4, 758-762, 2006



Roger A. Sheldon, Pure Appl. Chem., Vol. 72, No. 7, pp. 1233–1246, 2000 

Síntese orgânica limpa com zeólitas

Primeira aplicação comercial de uma acilação de Friedel-Crafts catalisada por zeólitas: a 
acetilação do anisol ZEOLITE-CATALYZED FRIEDEL-CRAFTS ACYLATION

S. Ratton, Chem. Today (Chim. Oggi), March/April, 1998, 33

MeO

MeO

+  CH3COCl

+  (CH3CO)2O

AlCl3

solvent

H-beta

+  HCl

MeO

O

MeO

O

+  CH3CO2H   

Homogeneous Heterogeneous 

AlCl3 >1 equivalent H-beta, catalytic & regenerable 
Solvent (recycle) No solvent 
Hydrolysis of products No water necessary 
85-95% yield >95% yield /higher purity 
4.5 kg aqueous effluent per kg 0.035 kg aqueous effluent per kg 

 

 

12 unit operations                       3 unit operations

* Evita a preparação do CH3COCl: CH3COOH + O=SCl2 → CH3COCl + SO2 + HCl

ZEOLITE-CATALYZED FRIEDEL-CRAFTS ACYLATION
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Argilas ácidas: Montmorilonita

Argilas são minerais de ocorrência natural. Aluminossilicatos lamelares formados por – 
SiO4 tetraédros e MO6 octaédros (M=Al3+, Mg2+, Fe3+, Fe2+, etc.) em camadas 
lamelares.

Sólidos ácidos e básicos

Trocas iônicas permitem
conferir proriedades ácidas
às argilas. 



K10 - tratamento de montmorilonita com ácido sulfúrico 
Clayzic: Cloreto de zinco suportado em Montmorilonita

Evita o uso de ácidos 
de Lewis com AlCl3 e 
ZnCl2 em 
quantidades 
estequiométricas. 

Aplicação de argilas modificadas em alquilações de Friedel-Crafts:

Síntese orgânica limpa com argilas ácidas



Roger A. Sheldon, Pure Appl. Chem., Vol. 72, No. 7, pp. 1233–1246, 2000 

Argilas básicas: Hidrotalcitas

•fórmula geral [Mg8-xAlx(OH)16(CO3)x/2]nH2O 

•Naturais ou sintéticas.

•Também chamadas de óxidos duplos lamelares, são hidróxidos de alumínio-
magnésio com estrutura lamelar onde o excesso de cargas positivas é 
compensada por carbonatos no espaço interlamelar. 

•A calcinação transforma a hidrotalcita num óxido misto de magnésio e alumínio 
fortemente básico que pode atuar como um catalisador básico sólido. 

Sólidos Ácidos-Básicos



Devemos nos preocupar com o uso
de solventes?



Indústria Farmacêutica
O USO DE SOLVENTES   

 contribuiu com 85 % em 
massa

Recuperação 50-80%

SOLVENTES X FATOR E

-PROCESSO
-FORMULAÇÕES
-PURIFICAÇÕES
 -EXTRAÇÕES
 -CROMATOGRAFIAS
 -RECRISTALIZAÇÕES

SOLVENTES VOLÁTEIS
(perda por evaporação)

Devemos nos preocupar com o uso de solventes?



Kim Alfonsi et al. Green Chem., 2008, 10, 31–36

Solventes indesejáveis

PESQUISADORES DE UMA GRANDE FARMACEUTICA CRIARAM 
UM GUIA DE ESCOLHA DE SOLVENTES



Substituição de solventes indesejáveis

•50% de redução de uso de solventes clorados
•97% de redução de uso de éteres indesejáveis

PESQUISADORES DE UMA GRANDE FARMACEUTICA CRIARAM UM GUIA 
DE ESCOLHA DE SOLVENTES, MAS QUAL FOI O RESULTADO PRÁTICO?



D. Prat et al. Green Chem., 2014, 16, 4546–4551

OUTRAS 
EMPRESAS 
ADERIRAM A
ESSA IDÉIA!



Undesirable
Pentane
Hexane(s)
Di-isopropyl ether
Diethyl ether
Dichloromethane
Dichloroethane
Chloroform
Dimethyl formamide
N-Methylpyrrolidinone
Pyridine
Dimethyl acetate
Dioxane
Dimethoxyethane
Benzene
Carbon Tetrachloride

Preferred
Water
Acetone
Ethanol
2-Propanol
1-Propanol
Ethyl acetate
Isopropyl acetate
Methanol
Methyl ethyl ketone
1-Butanol
t-Butanol

Undesirable

The Good, the Bad and the Ugly A guide to solvent selection

Preferred Usable
Cylcohexane
Heptane
Toluene
Methylcyclohexane
Methyl t-butyl ether
Isooctane
Acetonitrile
2-MethylTHF
Tetrahydrofuran
Xylenes
Dimethyl sulfoxide
Acetic acid
Ethylene glycol

Usable



Solvent alternatives
Pentane
Hexane(s) Heptane

Di-isopropyl ether
Diethyl ether
Dioxane
Dimethoxyethane

Dimethyl formamide
N-Methylpyrrolidinone
Dimethyl acetate

Acetonitrile *

Pyridine Triethylamine **

Benzene Toluene

* Acetonitrile is a relatively poor substitute for these 
dipolar aprotic solvents, especially for reactions 
involving a strong base. Identifying alternatives for this 
group is an important priority for green chemistry.

** If pyridine is used as a base.

† If a chlorinated solvent needs to be used, 
dichloromethane is the better choice.

†† If doing chromatography, an Ethyl acetate/heptane 
mixture is a good substitute for chlorinated solvents.

Principles of Green Chemistry:

Synthetic methods should be designed to use substances 
that possess little or no toxicity to human health and the 
environment.

The use of solvents should be made unnecessary 
whenever possible and, when used, innocuous.

Substances used in a chemical process should be chosen 
so as to minimise the potential for chemical accidents.

Source:

A study by Pfizer Global Research and Development: 
K Alfonsi, J Colberg, P J Dunn, T Fevig, S Jennings, 
T A Johnson, H P Kleine, C Knight, M A Nagy, D A Perry and 
M Stefaniak. “Green chemistry tools to influence a medicinal 
chemistry and research chemistry based organisation” Green 
Chem., 2008, 10, 31-36.

Poster compiled by Michael Clarke, Centre for Green 
Chemistry, Monash University. Available online at:

www.greenchem.org

†

2-Methyl THF or
Methyl t-butyl ether

Ethyl acetate ††
Dichloroethane
Chloroform
Carbon Tetrachloride

Dichloromethane



• ÁGUA COMO SOLVENTE PARA REAÇÕES ORGÂNICAS

A água é um solvente barato, normalmente disponível, não inflamável, não tóxico 
e que não polui o meio ambiente.

Problemas! 
-baixa solubilidade de muitos compostos orgânicos 
-incompatibilidade de intermediários,reagentes e catalisadores 
com a água, 
-competição do processo desejado com hidrólise ou de reações 
com participação da água

Video sugerido: 
https://www.youtube.com/watch?v=8xYntTazEqo

https://www.youtube.com/watch?v=8xYntTazEqo


• ÁGUA COMO SOLVENTE PARA REAÇÕES ORGÂNICAS

Produção industrial de 1-butanal (em operação desde 1984)

Solvente: H2O
P= 50 atm
Catalisador solúvel em água
Produção: 330.000 t/ano

Vantagens: 
1 - uma geração de efluentes aquosos 70 vezes menor do que o processo 
convencional (catálise heterogênea e carbonila de cobalto como catalisador),
2 - menor geração de subprodutos orgânicos em cerca de 6 vezes menos 
que o processo com a carbonila de cobalto,
3 - uma considerável menor razão de Kg de subprodutos (ou rejeitos) por Kg 
de 1-butanal (< 0,04) em relação ao processo tradicional (> 0,6).



Altamente biodegradável

Economicamente viável
Fácil obtenção

• ÁLCOOIS COMO SOLVENTE PARA REAÇÕES ORGÂNICAS

Relativamente baratos

Fácil obtenção

Não-tóxidcos

Biodegradáveis Podem ser imiscíveis  
com água, não-
voláteis, 
termicamente 
robustos e, em 
princípio, recicláveis

Etanol

PEG
PPG



Síntese da Sertralina usando apenas etanol como solvente 
(intermediário da síntese do Zoloft)

Taber et al Organic Process Research & Development 2004, 8, 385-388

Isômero cis (50% 
da massa perdida)



Síntese da Sertralina (intermediário da síntese do Zoloft)

Taber et al Organic Process Research & Development 2004, 8, 385-388

1º etapa: uso de TiCl4 como dessecante 
e 5 equiv. da amina
- Formação de espécies insolúveis e 
difíceis de serem filtradas

Reação realizada em álcool: a espécie 3 é 
pouco solúvel em álcool – direciona o 
equilíbrio para a formação de 3 (>95%)

Produção: 100 toneladas/ano 

440 t/ano de TiO2 e MeNH2.HCl
40 t isômero trans
140 t TiCl4
90 t monometilamina

A nova rota evita:



Síntese da Sertralina (intermediário da síntese do Zoloft)

Apenas 2 solventes, 24% do total 
usado no processo anterior

Elimina a necessidade de uso, destilação 
e recuperação de 4 solventes

Taber et al Organic Process Research & Development 2004, 8, 385-388



Síntese do Citrato de Sildenafila (princípio ativo do ViagraTM)

G r e e n C h e m . , 2 0 0 4 , 6 , 4 3 – 4 8



Síntese do Citrato de Sildenafila (princípio ativo do ViagraTM)

G r e e n C h e m . , 2 0 0 4 , 6 , 4 3 – 4 8

Rota sintética linear

Rota sintética convergente



Síntese do Citrato de Sildenafila (princípio ativo do ViagraTM)

G r e e n C h e m . , 2 0 0 4 , 6 , 4 3 – 4 8



G r e e n C h e m . , 2 0 0 4 , 6 , 4 3 – 4 8

Síntese do Citrato de Sildenafila (princípio ativo do ViagraTM)



G r e e n C h e m . , 2 0 0 4 , 6 , 4 3 – 4 8

Síntese do Citrato de Sildenafila (princípio ativo do ViagraTM)



G r e e n C h e m . , 2 0 0 4 , 6 , 4 3 – 4 8

Síntese do Citrato de Sildenafila (princípio ativo do ViagraTM)



Como escolher o
métodos sintético mais verde

e mais seguro?



Kim Alfonsi et al. Green Chem., 2008, 10, 31–36

Guia para escolha de reagentes desenvolvido por pesquisadores de Pfizer

The guide and replacement table seem almost ridiculously

simple but when used by our enthusiastic site teams they led to

amazing results, including a 50% reduction in chlorinated

solvent use across the whole of our research division (more

than 1600 lab based synthetic organic chemists, and four scale-

up facilities) during the time period 2004–2006. Even sites that

had an increase in the number of chemists during that period

were able to report a 50% reduction in chlorinated solvent use.

In addition, we were able to reduce the use of an undesirable

ether by 97% over the same two year period and substantially

promote the use of heptane compared with hexane (more

toxic) and pentane (much more flammable).

The development of a reagent guide

This was much more challenging than the solvent guide

because of the wide variety of reagents and by the fact that

reagents by their very nature are designed to be reactive

(whereas solvents are ideally inert), potentially causing

additional safety and environmental issues. To our knowledge,

no other company has tried to develop a guide of this nature.

We wanted the guide to achieve three purposes.

N To provide a balanced assessment of chemical methodo-

logies, taking into account the many constraints that scientists

have to take into account when making decisions in their

work. To our mind the ideal reagent would have three ideal

characteristics:

N (i) The ability to work in good yield in a wide variety of

‘‘drug like molecules’’ —this is a characteristic highly valued

by medicinal chemists.

N (ii) The ability of a reagent to be used for scale-up to

prepare multi-kilogram batches—a characteristic valued by

our Chemical R and D, Kilo Lab and Pilot Plant chemists and

engineers.

N (iii) To be as green as possible. Our green chemistry

teams would like to introduce the greenest possible reagent

as early as possible in the discovery/development process.

The assessment of greenness included worker safety, ecotoxi-

city and atom economy.

N To provide easy access to the chemical literature or

procedures for reagents that score well in the assessment. In

the on-line Pfizer version of the guide, reagents that score well

are linked directly through electronic links to key literature

papers, internal procedures or both.

N To raise awareness of newer emerging green methodologies.

We decided to map the reagents onto a series of grids (or

Venn diagrams), with each grid representing a commonly used

chemical transformation. Each Venn diagram indicates which

of the three ideal characteristics each reagent met. A break-

down of the grids and a discussion of the zones in the grid are

shown in Fig. 2.

Zone 1: reagents in this zone have all three desirable

characteristics. These are reagents we would like our scientists

in medicinal chemistry and chemical research and development

to try first.

Zone 2: the reagents in this zone meet the wide applicability

and scalability criteria but do not meet our greenness criterion.

Reagents in this zone are still fully acceptable for use in late

discovery/early development. Note that reagents with gross

environmental issues, such as a thallium or tin reagent, would

not be in this zone as they would fail the scalability criterion,

but reagents with a slightly higher molecular weight and poor

atom economy, such as EDCI for amide coupling, would make

this zone.

Zone 3: this zone retains the positive attributes of scalability

and greenness and reagents in this zone are good for our

chemical research and development groups.

Zone 4: this zone has positive attributes for greenness and

wide applicability but fails the scalability criterion, an example

might be an electrolysis reaction where the company does not

have access to large-scale electrolysis equipment.

Reagents in zones 5, 6 and 7 only meet one positive attribute

and are less favoured. In the Pfizer electronic version of the

guide, only reagents that fall in zones one to four are hypertext

linked to in-house procedures or key references.

Two sample grids are shown to illustrate the reagent guide

with a further two available in the electronic supplementary

information.{
Fig. 314,15 shows the grid for the oxidation of alcohols to

aldehydes.

The three most common oxidants used by Pfizer’s medicinal

chemists for this transformation are Dess–Martin period-

inane16 or its precursor IBX, tetrapropylammonium perruthe-

nate (TPAP)17 and the Swern oxidation.18 All of these methods

have significant scale-up issues, for example Dess–Martin

periodinane is a high energy molecule14 that has poor atom

economy and is prohibitively expensive for use on a multi-

kilogram scale. The use of stoichiometric TPAP again has very

poor atom economy and is also prohibitively expensive for

large-scale use. A review of large-scale oxidations since 1980

revealed only one large-scale use of TPAP to catalyse an

oxidation with a co-oxidant and no examples of stoichiometric

use.15 The Swern oxidation is used at Pilot Plant scale but

Fig. 2 The zones in the Venn diagram (or grid) that form the basis of

the reagent guide.

This journal is ! The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 31–36 | 33



Exemplo: Oxidação de álcoois

Kim Alfonsi et al. Green Chem., 2008, 10, 31–36

Reagentes mais utilizados:

1) Periodinana de Dess-Martin (DMP)

2) Ácido 2-Iodoxibenzóico (IBX)

3) Perrutanato de tetrapropilamônio (N(C3H7)4RuO4) – TPAP

4) Oxidação de Swern (DMSO e (COCl)2 )



Exemplo: Oxidação de álcoois

Outros reagentes utilizados:

4. Oxidações QFL-5928 - Síntese Orgânica

Prof. Luiz F. Silva Jr - IQ-USP - 2012 6

ii) Oxidação de Collins (ou Sarett)

Trabalhos pioneiros: Sisler (1948) e Sarett (JACS 1953, 75, 422).

Condições típicas: CrO3, piridina, CH2Cl2.

TL 1968, 3363.

Procedimento atual: JOC 1970, 35, 4000.o d o a ua O 0, 35, 000

Exemplo 1 – Oxidação de álcool primário para aldeído:

Exemplo 2 – Oxidação de lactol para lactona:

iii) Oxidação com PCC

Preparação do PCC:

Condições típicas: PCC, CH2Cl2.

TL 1973, 2647.

Exemplo:

Desvantagem: condições levemente ácidas.

Clorocromato de piridínio (PCC)

Diclorocromato de piridínio (PDC)



generates toxic by-products and the stench of dimethylsulfide.

Hence, the purpose of the reagent guide is to influence the

medicinal chemist away from the reliable but environmentally

unfriendly methods to more friendly methods, such as the

oxidation with bleach (NaOCl) catalysed by nitroxyl radicals,

such as TEMPO19 and PIPO.20 In addition, there has been an

explosion in the chemical literature of methods that use

molecular oxygen as an oxidant, with more than 150 papers

in the last 3 years. These methods carry some challenges on

scale-up, as the use of molecular oxygen to aerate flammable

solvents is a significant safety concern. These concerns can be

reduced by using oxygen diluted with large volumes of

nitrogen but still these methods21,22 lie on the edge of

acceptability when judged against the scalability criteria. An

improved safety profile and more acceptable scalability is

obtained if the oxidation is performed in water.23 Again, the

purpose of the reagent guide is to provide scientists with easy

up-to-date access to developments in this exciting area of green

oxidation. Other methods shown in Fig. 3 can be found in the

following publications.24,25

A similar Venn diagram covering the oxidation of secondary

alcohols to ketones can be found in the electronic supplemen-

tary information.{
Fig. 4 shows the grid for amide formation from acids (not

prone to racemisation) and amines.

For the oxidation grids we were able to set strict criteria for

greenness (reaction by-products should be either water or

sodium chloride and there should be no major process safety

issues). For amide formation, the majority of literature

methods had very poor atom economy. We decided to set

the greenness criteria for this transformation as the following.

N Side products should have a molecular weight less than

200.

N No major process safety issues.

N No major environmental issues.

The first of these criteria, based on atom economy, might

seem overly generous but in fact 50% of the reagents in Fig. 4

fail this criterion.

Uronium salts, such as HATU26 and HBTU,27 have become

widely used in research laboratories but have many green

chemistry issues. Their by-products have molecular weights of

398 and 397, respectively, for accomplishing a dehydration

reaction (removing a molecule of water with a molecular

weight of 18). They are both highly energetic molecules and

HATU is shock sensitive.28 The phosphorus based reagent

BOP29 and PyBOP30 are again energetic molecules and have

even worse atom economy. BOP has the further major

disadvantage that its manufacture and use involve HMPA

(a class 1 carcinogen).

Dicyclohexyl carbodiimide (DCC) and di-isopropyl carbo-

diimide fail our green criteria because of their very strong

sensitisation properties and hence in recent years have become

rarely used for scale-up in the pharmaceutical industry.

Cyanuric chloride is similarly a very strong sensitiser. Oxalyl

chloride does not meet our greenness criteria on account of

its poisonous by-product carbon monoxide. 1-Chloro-4,6-

dimethoxy-1,3,5-triazine (CDMT) is a sensitiser but has been

used by some process groups for scale-up.31 EEDQ,32

PPACA,33 and EDCI34 do not meet our greenness criteria

on the basis of atom economy but are widely used for scale-up

chemistry. Thionyl chloride and chloroformates are the

most common reagents for this transformation used by the

pharmaceutical industry,35 N,N9-carbonyldiimidazole (CDI)

is growing in popularity and was used in the commercial

synthesis of sildenafil36 and sunitinib.37 We judged that thionyl

chloride did not fully meet our greenness criteria because of its

worker safety issues but was preferred to oxalyl chloride for

acid chloride formation. Although reagents such as CDI and

isobutyl chloroformate are described as green, they are not

Fig. 3 Oxidation of primary alcohol to aldehyde.
Fig. 4 Amide formation from acids (not prone to racemisation) and

amines.
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In 1999, Epp and Widlanski described5 the oxidation of alcohols to
carboxylic acids using catalytic TEMPO, with bis(acetoxy)iodobenzene—
PhI!OAc"2, commonly referred as BAIB—as secondary oxidant in an
acetonitrile–aqueous buffer mixture. This procedure for the oxidation of primary
alcohols possesses the distinctive advantage of producing the rather benign
iodobenzene and acetic acid as side compounds. Furthermore, in contrast to
other oxidation procedures, it is possible to perform the oxidation of Epp and
Widlanski in the absence of metallic salts.

Mechanism

The available experimental data are consistent with a mechanism,4# 6 as shown
below, in which the secondary oxidant transforms TEMPO, or a related stable
radical, in an oxoammonium salt that operates as the primary oxidant, trans-
forming the alcohol into the corresponding aldehyde. This results in the formation
of a hydroxylamine that is oxidized to a TEMPO radical, thus completing the
catalytic cycle.

The catalytic cycle can in fact be more complex, because TEMPO radicals can dispro-
portionate into oxoammonium salts and hydroxylamines under acidic catalysis. 6a
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PIPO, a readily prepared polymer immobilised TEMPO, can
be employed as an efficient recyclable heterogeneous cata-
lyst for the chlorinated hydrocarbon solvent-free and
bromide-free bleach oxidation of a variety of alcohols and
polyols.

The use of stable nitroxyl radicals, such as TEMPO, as catalysts
for the oxidation of alcohols to aldehydes, ketones and
carboxylic acids is well documented.1 Typically, these trans-
formations employ 1 mol% of the nitroxyl radical and a
stoichiometric amount of a terminal oxidant, e.g. sodium
hypochlorite,2 MCPBA (m-chloroperbenzoicacid),3 sodium
bromite,4 trichloroisocyanuric acid5 and oxygen in combination
with CuCl6 or RuCl2(PPh3)3.7 In particular, the TEMPO-bleach
protocol using bromide as co-catalyst introduced by Anelli
et al.2 is finding wide application in organic synthesis. Although
only a small amount of catalyst is used, recyclability is an issue
and several heterogeneous TEMPO systems have been re-
ported.8 For example, MCM-418g and silica-supported TEM-
PO8h,i have been applied in oxidation reactions using hypo-
chlorite as the oxidant. The preparation of these catalysts
involves initial functionalisation of the support followed by
covalent attachment of a 4-substituted TEMPO.

Here, we report the use of a readily prepared polymer
immobilised TEMPO as a catalyst for alcohol oxidations. It was
derived from a commercially available oligomeric, sterically
hindered amine, poly[[6-[(1,1,3,3-tetramethylbutyl)amino]-
1,3,5-triazine-2,4-diyl][2,2,6,6-tetramethyl-4-piperidinyl)-
imino]-1,6-hexanediyl[(2,2,6,6-tetramethyl-4-piperidinyl-
imino]], better known as Chimassorb 944 (MW ≈ 3000; see
Scheme 1 for structure). This compound is used as an
antioxidant and a light stabiliser for plastics. It contributes
significantly to the long term heat stability of polyolefins and
has broad approval for use in polyolefin food packaging.9

Nitroxyl radicals are normally prepared by treating the
analogous secondary amine with Na2WO4·2H2O and hydrogen
peroxide.10 In the case of Chimassorb 944, the same procedure
was applied resulting in the formation of an oligomeric TEMPO
(Scheme 1). Probe-MS data revealed that the mass of each
segment increased by 30 owing to transformation of two
secondary amine moieties into the corresponding nitroxyl
radicals. This new polymer immobilised TEMPO, further
referred to as PIPO (polyamine immobilised piperidinyl oxyl),

proved to be an effective catalyst for oxidations of alcohols with
hypochlorite using the Anelli protocol.2†

Primary and secondary aliphatic and benzylic alcohols were
smoothly converted to the corresponding aldehydes and ketones
in CH2Cl2 (Table 1). Under these conditions the system was
homogeneous as PIPO is soluble in dichloromethane. In
contrast, in the absence of solvent (entry 3) PIPO was an active
heterogeneous catalyst. The heterogeneous nature of the
catalyst was confirmed in a filtration experiment, in which the
reaction mixture was filtered after 10 min. The filtrate showed
no activity at all during 1 h after filtration. The residue,
however, could be reused at least twice as a catalyst. The minor
loss of activity ( < 5%) observed is probably due to mechanical
losses occurring during filtration of the small amount of
catalyst.

Further investigation revealed that the use of bromide was not
necessary. Thus, in contrast to the conventional TEMPO-bleach
oxidations, which use dichloromethane as solvent and bromide
as a co-catalyst,2 PIPO catalyses the oxidation of a variety of
alcohols in the absence of organic solvent and using only a
hypochlorite solution (0.35 M, pH 9.1) as the oxidant (Table 2).
However, under these conditions primary aliphatic alcohols
such as octan-1-ol, gave low selectivities to aldehydes owing to
over-oxidation of octanal to octanoic acid (entry 1). This
problem was circumvented by using MTBE as the organic
solvent, in which PIPO is not soluble, affording an increase in
selectivity to 94% (entry 2). Here again, filtration experiments
confirmed that this system was heterogeneous, analogous to the
solvent-free conditions.

In addition to primary and secondary aliphatic alcohols
(entries 2–7), benzylic alcohols were also efficiently oxidised
(entries 9 and 10), complete conversion being observed within
30 min. In competition experiments, the catalyst showed a
marked preference for primary alcohols (entries 8 and 11). This
is analogous to the already reported homogeneous2 and
heterogeneous8h TEMPO systems. Chirality on the a-position is
not affected during oxidation as shown by the selective
oxidation of (S)-2-methylbutan-1-ol to (S)-2-methylbutanal
(entry 12).11

Scheme 1 Synthesis of PIPO.

Table 1 PIPO-catalysed oxidation of alcohols with bromide/hypo-
chloritea

Entry Substrate Product t/min Conv.(%)b Sel.(%)b

1 Octan-1-ol Octanal 20 > 99 > 99
2 Octan-2-ol Octan-2-one 20 > 99 > 99
3c 45 95 > 99
4 Benzyl alcohol Benzaldehyde 20 > 99 > 99
5 1-Phenylethanol Acetophenone 20 > 99 > 99
a 0.8 mmol substrate, 2.5 mg PIPO (1 mol% nitroxyl), 2 ml CH2Cl2, 0.16 ml
0.5 M KBr solution (10 mol%), 0.14 g KHCO3, 2.86 ml 0.35 M
hypochlorite solution (1.25 equiv.), 0 °C. b Conversion and selectivity
determined by GC using n-hexadecane as internal standard. c No CH2Cl2
(solvent-free).

This journal is © The Royal Society of Chemistry 2000
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PIPO, a readily prepared polymer immobilised TEMPO, can
be employed as an efficient recyclable heterogeneous cata-
lyst for the chlorinated hydrocarbon solvent-free and
bromide-free bleach oxidation of a variety of alcohols and
polyols.

The use of stable nitroxyl radicals, such as TEMPO, as catalysts
for the oxidation of alcohols to aldehydes, ketones and
carboxylic acids is well documented.1 Typically, these trans-
formations employ 1 mol% of the nitroxyl radical and a
stoichiometric amount of a terminal oxidant, e.g. sodium
hypochlorite,2 MCPBA (m-chloroperbenzoicacid),3 sodium
bromite,4 trichloroisocyanuric acid5 and oxygen in combination
with CuCl6 or RuCl2(PPh3)3.7 In particular, the TEMPO-bleach
protocol using bromide as co-catalyst introduced by Anelli
et al.2 is finding wide application in organic synthesis. Although
only a small amount of catalyst is used, recyclability is an issue
and several heterogeneous TEMPO systems have been re-
ported.8 For example, MCM-418g and silica-supported TEM-
PO8h,i have been applied in oxidation reactions using hypo-
chlorite as the oxidant. The preparation of these catalysts
involves initial functionalisation of the support followed by
covalent attachment of a 4-substituted TEMPO.

Here, we report the use of a readily prepared polymer
immobilised TEMPO as a catalyst for alcohol oxidations. It was
derived from a commercially available oligomeric, sterically
hindered amine, poly[[6-[(1,1,3,3-tetramethylbutyl)amino]-
1,3,5-triazine-2,4-diyl][2,2,6,6-tetramethyl-4-piperidinyl)-
imino]-1,6-hexanediyl[(2,2,6,6-tetramethyl-4-piperidinyl-
imino]], better known as Chimassorb 944 (MW ≈ 3000; see
Scheme 1 for structure). This compound is used as an
antioxidant and a light stabiliser for plastics. It contributes
significantly to the long term heat stability of polyolefins and
has broad approval for use in polyolefin food packaging.9

Nitroxyl radicals are normally prepared by treating the
analogous secondary amine with Na2WO4·2H2O and hydrogen
peroxide.10 In the case of Chimassorb 944, the same procedure
was applied resulting in the formation of an oligomeric TEMPO
(Scheme 1). Probe-MS data revealed that the mass of each
segment increased by 30 owing to transformation of two
secondary amine moieties into the corresponding nitroxyl
radicals. This new polymer immobilised TEMPO, further
referred to as PIPO (polyamine immobilised piperidinyl oxyl),

proved to be an effective catalyst for oxidations of alcohols with
hypochlorite using the Anelli protocol.2†

Primary and secondary aliphatic and benzylic alcohols were
smoothly converted to the corresponding aldehydes and ketones
in CH2Cl2 (Table 1). Under these conditions the system was
homogeneous as PIPO is soluble in dichloromethane. In
contrast, in the absence of solvent (entry 3) PIPO was an active
heterogeneous catalyst. The heterogeneous nature of the
catalyst was confirmed in a filtration experiment, in which the
reaction mixture was filtered after 10 min. The filtrate showed
no activity at all during 1 h after filtration. The residue,
however, could be reused at least twice as a catalyst. The minor
loss of activity ( < 5%) observed is probably due to mechanical
losses occurring during filtration of the small amount of
catalyst.

Further investigation revealed that the use of bromide was not
necessary. Thus, in contrast to the conventional TEMPO-bleach
oxidations, which use dichloromethane as solvent and bromide
as a co-catalyst,2 PIPO catalyses the oxidation of a variety of
alcohols in the absence of organic solvent and using only a
hypochlorite solution (0.35 M, pH 9.1) as the oxidant (Table 2).
However, under these conditions primary aliphatic alcohols
such as octan-1-ol, gave low selectivities to aldehydes owing to
over-oxidation of octanal to octanoic acid (entry 1). This
problem was circumvented by using MTBE as the organic
solvent, in which PIPO is not soluble, affording an increase in
selectivity to 94% (entry 2). Here again, filtration experiments
confirmed that this system was heterogeneous, analogous to the
solvent-free conditions.

In addition to primary and secondary aliphatic alcohols
(entries 2–7), benzylic alcohols were also efficiently oxidised
(entries 9 and 10), complete conversion being observed within
30 min. In competition experiments, the catalyst showed a
marked preference for primary alcohols (entries 8 and 11). This
is analogous to the already reported homogeneous2 and
heterogeneous8h TEMPO systems. Chirality on the a-position is
not affected during oxidation as shown by the selective
oxidation of (S)-2-methylbutan-1-ol to (S)-2-methylbutanal
(entry 12).11

Scheme 1 Synthesis of PIPO.

Table 1 PIPO-catalysed oxidation of alcohols with bromide/hypo-
chloritea

Entry Substrate Product t/min Conv.(%)b Sel.(%)b

1 Octan-1-ol Octanal 20 > 99 > 99
2 Octan-2-ol Octan-2-one 20 > 99 > 99
3c 45 95 > 99
4 Benzyl alcohol Benzaldehyde 20 > 99 > 99
5 1-Phenylethanol Acetophenone 20 > 99 > 99
a 0.8 mmol substrate, 2.5 mg PIPO (1 mol% nitroxyl), 2 ml CH2Cl2, 0.16 ml
0.5 M KBr solution (10 mol%), 0.14 g KHCO3, 2.86 ml 0.35 M
hypochlorite solution (1.25 equiv.), 0 °C. b Conversion and selectivity
determined by GC using n-hexadecane as internal standard. c No CH2Cl2
(solvent-free).
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Grid 3 : Oxidation of secondary Alcohols to Ketones 
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Exemplo: Oxidação de álcoois secundários

Critérios para classificação
como verdes:
-água e NaCl como sub-
produto
-reagentes seguros

OBS: não foram incluídas
nessa análise as oxidações
catalíticas, que podem
atender aos critérios usados
no estudo.
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