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Abstract 

 

Cancer is the second leading cause of death worldwide. Conventional therapies are 

characterized by clinical inefficiency and serious side effects, like high toxicity in healthy 

tissues. For these reasons, the investigation for more effective therapies increased in the 

recent years. With the progress in the area of medicinal chemistry, we read headlines almost 

every day about potential promising new drugs on the horizon for diseases like cancer, 

however, these drugs present poor stability, high toxicity, small half-lives, aggregation 

tendency and the transport is hindered by biobarriers such as the blood brain barrier or cell 

membranes. To solve these problems, researchers from different areas, such as biology, 

materials science, pharmacy, medicinal chemistry and chemistry, have oriented their work 

with the aim to develop more efficient drug delivery systems. In the past decades, the 

advances of nanotechnology have facilitated the development of several nanovehicles as drug 

delivery systems, as an advantage in the field of Medicinal Chemistry. Among the 

nanomaterials proposed, hybrid mesoporous organosilicas have aroused significant interest as 

candidates for nanomedical applications.  

The aim of this work was to synthesize mono-organosilanes precursors based on carbohydrates 

derivatives. The use of carbohydrate as organic part is an innovative work with great 

potential to prepare anti-tumoral supports for drug delivery, once carbohydrates are involved 

in numerous important biological processes linked to cancer. In the first part of the present 

work, was synthesised the carbohydrates derivates, from D-glucose, D-ribose, 1,2:5,6-di-O-

isopropylidene-α-D-glucofuranose and methyl--D-glucopyranoside. In the second part of the 

work, was prepared the organotriethoxysilanes involving a cross-link between the 

carbohydrate derivatives and 3-(triethoxysilyl)propyl isocyanate. Then, these 

organotriethoxysilanes will be used to functionalized mesoporous hybrids organosilica, with 

the aim of achieve carrier systems for anti-tumoral drug delivery. The functionalities into the 

mesoporous materials will interact with potential new drugs or others already in the market, 

and release them to the specific target sites, giving new and better ways to hit the disease 

target. 
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Resumo alargado 

 

Atualmente, o cancro é segunda maior causa de morte no mundo, e a as terapias ditas 

convencionais, como por exemplo, a quimioterapia, trazem diversos efeitos adversos para o 

paciente, nomeadamente a elevada toxicidade nos tecidos saudáveis. Este tipo de terapias é 

ineficaz porque os métodos utilizados não são seletivos para o alvo pretendido. Posto isto, e 

devido à taxa limitada de sucesso e às consequências não desejadas das terapias 

convencionais, a procura de novas alternativas, é primordial, nomeadamente a procura de 

terapêuticas eficazes e seletivas, que promovam uma libertação controlada e uma entrega 

precisa no sítio-alvo biológico. Estes são os principais objetivos na área da química medicinal.  

Os avanços na nanotecnologia têm facilitado o desenvolvimento de vários nano-veículos como 

sistemas de entrega de fármacos, o que se tornou numa vantagem na área da química 

medicinal. Os materiais híbridos mesoporosos de sílica têm atraído muita atenção devido as 

suas propriedades únicas, incluindo uma elevada área de superfície especifica, um grande 

volume de poro, tamanho do poro ajustável, natureza não tóxica, pouca reatividade para 

quelar grupos presentes no sistema, estabilidade química e a possibilidade de modificação da 

superfície do poro. A funcionalização destes materiais com precursores organotrietoxisilanos, 

permite a obtenção de materiais híbridos multifuncionais com características sem 

precedentes e combinações únicas, que permitiram a interação com fármacos e a sua 

libertação em locais específicos a uma velocidade controlada. 

A utilização de hidratos de carbono como componente orgânica na síntese deste tipo de 

precursores é um trabalho inovador e pode ser uma vantagem na medida em que, são 

considerados os produtos naturais funcionalmente mais versáteis e podem originar 

glicoconjugados com grande importância em diversas áreas, particularmente na indústria 

farmacêutica, uma vez que vez que estão envolvidos em inúmeros processos biológicos, 

nomeadamente no reconhecimento da superfície celular. Consequentemente, a química 

medicinal dos hidratos de carbono tem sido incrivelmente desenvolvida ao longo dos anos 

assim como o seu uso como agentes terapêuticos. Além disso, a facilidade com que este tipo 

de moléculas tem em estabelecer ligações com outros compostos, faz deles ótimos candidatos 

para funcionalização de sistemas de entrega de fármacos, aumentando a sua eficácia, 

atividade e diminuindo possíveis efeitos adversos.   

Deste modo, por forma a obter precursores organotrietoxisilanos baseados em derivados de 

hidratos de carbono, foram elaboradas uma série de reações: (1) proteção e desproteção 

seletiva de açúcares, por forma a melhorar a sua solubilidade no tipo de solventes utilizados 

nas reações consequentes; (2) reações de formação de precursores organotrietoxisilanos do 

tipo Z3Si-R, entre os derivados glucídicos e o 3-(trietoxisilil)propil isocianato. 
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A síntese dos derivados de hidratos de carbono foi efetuada com base em três sequências 

reacionais. A primeira sequência reacional iniciou-se na metil-α-D-glucopiranose e na D-

glucose e em cada um destes compostos foram realizadas reações de titilação, seguidas de 

uma acetilação e por ultimo uma destritilação, originando os compostos 2,3,4–O-triacetil–1–O–

metil–β–D-glucopiranose e 1,2,3,4-tetracetil-β-D-glucopiranose respetivamente. A segunda 

sequência reacional iniciou-se com a D-ribose, a qual foi protegida com um grupo metil no 

hidroxilo do carbono 1 e protegida com o grupo isopropopilideno nas posições dos carbonos 2 

e 3, num só passo, originando o metil-2,3-O-isopropilideno-β-D-ribofuranose. A terceira e 

ultima sequência reacional iniciou-se com o 1,2:5,6-di-O-isopropilideno-α-glucofuranose que 

foi benzilado, e de seguida foi feita uma hidrólise, com o objetivo de remover os 

isopropilidenos das posições referentes aos carbonos 5 e 6. Posteriormente, foi feita uma 

clivagem oxidativa para a formação do aldeído na posição referente ao carbono 5. Numa fase 

seguinte, tentou sintetizar-se uma hidrazona através da redução do aldeído anteriormente 

sintetizado. Contudo, não foi possível obter-se o produto proposto, devido ao excesso de 

aldeído comparativamente à quantidade de hidrato de hidrazina utilizada na sua reação de 

síntese, ocorrendo uma dimerização, e formando-se a azina 5-(1’,2’-dimetilenehidrazona)–

bis-[3-O-Benzil-1,2:5,6-di-O-isopropylidene-α-D-glucopiranose]. 

 1,2:5,6-di-O-isopropilideno-α-glucofuranose e 1,2-O-Isopropilideno-α-D-xilofuranose também 

foram utilizados como componente orgânica para a síntese de precursores. 

Numa fase seguinte, foi realizada a síntese dos precursores organotrietoxisilanos, sendo a 

ligação entre o componente derivado de hidrato de carbono e o 3-(trietoxisilil)propil 

isocianato, efetuada por nós de reticulação de tipo ureia e uretano 

Devido à impossibilidade de formação da hidrazona, optou-se por sintetizar o precursor 3,5,6-

tri-O-metil(3-(trietoxisilil)propil)carbamato-1,2:5,6-di-O-isopropilideno-α–D-glucofuranose.  

Os compostos propostos foram todos sintetizados com sucesso, com exceção dos compostos 

Bis(3,5-O-metil(3-(trietoxisilil)propil-carbamato-1,2-O-isopropilideno-a–D-glucofuranose) e 

3,5,6-tri-O-metil(3-(trietoxisilil)-propil)carbamato-1,2:5,6-di-O-isopropilideno-α–D-

glucofuranose, que por falta de tempo não foi possível uma nova tentativa de síntese, através 

de uma metodologia diferente.  

Os precursores organotrietoxisilanos foram obtidos com rendimentos entre 65% e 90%. 

As sínteses dos precursores organotrietoxisilanos baseados em hidratos de carbono, revelaram 

um tempo de reação bastante longo e um constante aperfeiçoamento, tanto da temperatura, 

como do tempo de reação, assim como do solvente a ser utilizado é necessário. O controlo 

dos parâmetros de reação é essencial, uma vez que neste tipo de compostos pode facilmente 

haver hidrólise dos grupos etóxidos e consequente perda do precursor.  

Nesta dissertação são apresentados os resultados da síntese e a caracterização estrutural dos 

derivados de hidratos de carbono e dos respetivos precursores organotrietoxisilanos, sendo as 
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respetivas estruturas dos compostos obtidos, comprovadas por espetroscopia de 1H-RMN, de 

13C-RMN e ainda por espetroscopia de infravermelho. 

 

Palavras Chave 

Derivados de hidratos de carbono, precursores organotrietoxisilanos, híbridos mesoporosos de 

organosilica, aplicações biomédicas.  
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1. Introduction  

Cancer is a complex disease characterized by growth and uncontrolled dissemination of 

abnormal cells.1,2 There are over than 100 types of cancer and despite of all efforts in 

scientific research to their early diagnosis and treatment, this disease has high morbidity and 

mortality and your impact still rising.1 It is estimated that in 2012 occurred 14 million of new 

cases, 8.2 million deaths per year in world population and is predicts an increase about 70% of 

new cases in the next twenty years. This is a present pathology but will be increasingly a 

condition of the future.3  

Conventional therapies are the most utilized, however classical chemotherapy provides some 

undesirable effects to patient like the fact of anticancer agents in chemotherapy aren’t very 

selective and consequently their toxicity in healthy tissues is very high.4 Due to the limited 

rate of success and undesired effects of conventional therapies, search of new therapies 

instead of chemotherapy is crucial.1  

Over the years, the search for new bioactive molecules to selectively target the tumour has 

been increasingly developed.5 In addition, the increase of the progress in the field of 

medicinal chemistry, allowed the discover of large amounts of potentially promising new 

drugs. However, some therapeutic agents are usually restricted by poor stability, high 

toxicity, small half-lives, aggregation tendency and transport is hindered by biobarriers such 

as the blood brain barrier or cell membranes. In fact, until very recently, the most common 

ways to drug delivery in humans are injection and oral administration, but these methods are 

not efficient for some therapies and present some disadvantages, like serious side effects and 

low controllability levels.6–8 Furthermore, the inability to deliver controlled therapeutic 

concentration of drugs to the desired location can also result in a decrease in the efficacy of 

drug.8 For solve this problems, controlled release technologies started gaining increasing 

attention because presents numerous advantages comparing with conventional modality for 

cancer therapy.9  Once drug carrier plays a critical role on loading and releasing of the drug, 

several research groups have present different nanovehicles as drug delivery systems.10 Drugs 

controlled release principle involves the delivery of a predetermined quantity of drug in a 

specific period of time in a predictable behaviour and to be effective must be able to 

transport the desired drug molecules with little loss and release the guest molecules in a 

controlled manner before reaching the targeted destinations.9 The researchers, supported by 

many fields of study, such as biology, materials science, pharmacy and chemistry, have been 

worked together to develop drug delivery systems.11 Drug delivery systems has become one of 

the most important themes in the field of controlled release.6,12 Formulations based on 

liposomes are already on the market and a variety of other delivery systems are still 

emerging.13 With all your potential, nanotechnology-based drug delivery systems hold the 

promise of significantly improving quality of life through ‘‘nanomedicine’’.14  
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The advances of nanotechnology have facilitated the development of new drug carriers 

allowing to circumvent the previous problems. The field of present research involves creation 

and utilization of materials, devices or systems on the nanometer scale and is currently 

undergoing a huge development on many fronts, more recently in drug delivery. An example 

of this, involves the combination of nanotechnology-based target-specific drug therapy with 

methods for early diagnosis of pathologies that allow achieve functional drug delivery goals.14 

The advantages involving using nanomaterial-based drug delivery vehicles is increase the 

concentration of drugs to be delivered, which results in improved adsorption capacity and 

controlled release properties that consequently can enhance the efficacy of drugs.8 In a 

perfect scenario, the delivery drug systems should be capable to respond to external 

stimulation, such as osmotic conditions, pH ranges, enzymes presence, magnetic field, 

ultrasounds, etc.15 Drug delivery systems have gained more and more attention to get better, 

mainly chemotherapy and radiotherapy efficiency with the purpose of reduce the toxic side 

effects of anticancer drugs and selective reaching of target.16 More recently, nanomaterials 

have also been used for genome editing.17 

The ability of assemble and organize inorganic, organic, and even biological components in a 

single material can be an exciting direction for developing novel multifunctional materials 

presenting a wide range of novel properties and even change the material properties, giving 

more capable, intelligent and smaller systems.18  

Among the nanovehicles proposed, ordered mesoporous silica or ordered mesoporous 

organosilica nanoparticles nave aroused significant interest as candidates for nanomedical 

applications.19 

 

1.1. Ordered mesoporous materials  

The first synthesis of an ordered mesoporous material was described in the patent literature 

in 1969. However due the lack of control20 the remarkable features of this product were not 

recognized. A new class of sol-gel materials emerged in 1992 by Mobil’s group, named 

ordered mesoporous molecular sieves M41S.21, classed as Periodic Mesoporous Silicas (PMSs). 

The first member of this class, MCM-41 (Mobil Composition of Matter No. 41). MCM-41 

materials are prepared by surfactant-mediated self-assembly synthesis of surfactant micelles 

and tetraethylorthosilicate (TEOS).22 Due the need of larger pores, framework structure 

molding of these materials around surfactant micelles has been expanding microporous 

molecular sieves applications, beyond the 1-2 nm restrictions.23 Surfactant micelles were 

removed by calcinations or solvent extraction, leaving behind well-ordered porous 

mesostructures silica (PMS) structures which pore diameters are between 2 and 5 nm and 

specific surface areas of about 900-1000 m2/g.24The main characteristic of the previous 
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materials are their high pore volume (~1 cm3/g) and a very narrow pore-size distribution (1.8 

to 10 nm in novel type of silica diameter, depending on the surfactant used as template). 25,26 

Numerous silica mesophases with different structures were obtained. The most well-known 

representatives of this class include: 

 MCM-41 (Mobil Composition of Matter) (Figure 1), with a hexagonal arrangement of 

the mesopores. It is the first mesoporous solid synthesized that show a regular 

ordered pore arrangement and a very narrow pore size distribution27; 

 MCM-48 (Figure 1), with a cubic arrangement of the mesopores, more precisely, a 

bicontinous gyroid structure;24,28 

 MCM-50, with a laminar structure (Figure 1).24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1- Structures of M41S family of mesoporous molecular sieves: a) MCM-41 (2D-haxagonal); b) MCM-
48 (cubic structure) and c) MCM-50 (lamellar structure). 24,25 

 

An alternative, but less versatile approach to PMS materials was described by Kuroda et al.21 

The as-prepared materials were represented by the notation FSM-n (Folded Sheet Mesoporous 

Materials-n, where n is the number of carbon atoms in the surfactant alkyl chain). These PMS, 

are prepared under hydrothermal and basic conditions. Through the addition of aquaternary 

ammonium surfactant to a solutions of sol-gel precursors (e.g. metal alkoxides), were 

observed a formation of a highly two-dimensional ordered hexagonal array (honeycomb) of 

unidimensional pores with a very narrow pore size distribution.  

Since the discovery of the MCM-4129 and FSM-1629, a large research effort has been invested in 

the synthesis and characterization of a variety of different, although related materials21. 

Ordered mesoporous materials, such as the families of Santa Barbara Amorphous (SBA), 

hexagonal mesoporous silica (HMS), Michigan State University (MSU), Mesoporous Silica 
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Template (KIT), Fundan University (FDU), Amnionic-surfactant-templeted Mesoporous Silica 

(AMS), Highly Ordered mesoporous silica (HOM), etc.,30–44 characterized with highly controlled 

pore size, shape, and arrangement were proposed. Interesting chemical functionality were 

obtained, through innovative combinations of templates or texturing agents (ionic and non-

ionic surfactants, amphiphilic block copolymers, biopolymers, ionic liquids, dendrimers, etc.), 

starting from mineral precursors (salts, alkoxides, organosilanes, nanobuilding blocks 

(clusters, nanoparticles, etc), and sol-gel reaction media (solvents, water content, pH, 

complexing agents, aging conditions, etc.) The chemical composition, molecular bonding and 

supramolecular architecture are responsible for the levels of organization of mesoporous 

structure. Macroscopic features such as grain size, texture and porosity are very important for 

determining mechanical strength and materials performance23.  

In the past decade has seen an explosive interest in PMS, as testified by the number of 

papers, mainly applied as drug carriers, in the field of controlled drug release. PMS present 

several advantages15,such as good biocompability, non-toxic nature, etc.24,45–47 In addition, 

they have been considered one of the most promising materials in biomedical applications48, 

mainly in gene delivery49,50, diagnostic imaging51, photodynamic/photothermal therapy52 and 

even tissue engineering53. However, the PMS frameworks have some limitations, like neutral 

natures and hydro-thermal stability. Although, both in aqueous medium it is possible 

functionalization the pores whit functional groups to expand your applications in different 

research areas.54  

 

1.1.1. Mechanism of porous mesoporous silica 

The formation process of the PMS is based on two different pathways, illustrated on scheme 

1: (1) the Liquid Crystal Templating Mechanism (LCT)25, where the concentration of the 

surfactant is so high, that a lyotropic liquid-crystalline phase is formed without requiring the 

presence of the precursor inorganic framework materials; and (2) Cooperative self-assembly 

process21 (route 2) between the surfactant molecules (present at lower concentration) and 

the inorganic species. 

 

1.1.1.1.  Liquid crystal template mechanism  

Mobil’s group, proposed the LCT mechanism for the formation of mesostructured 

materials.55 The LCT mechanism opened a wide variety of approaches for developing new 

materials. The LCT is the most successful way to produce ordered mesoporous materials56 

(Scheme 1 (1)), and the successful preparation of new porous materials could be achieved by 

developing new synthesis pathways and by taking advantage of the liquid-crystal chemistry 

provided by the surfactant.56,20 MCM-41 is synthesized using a micelle-based liquid crystal 
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templating method at a variety of pH values from a source of silica and a cationic 

trimethylammonium bromide surfactant at concentrations under which micelle formation of 

the organic phase is favorable.57 New materials have been increasingly developed by many 

researchers and consequently the application of surfactants in synthesis in general. Thanks to 

this, comes up a huge variety of new materials based on templating mechanisms, phenomena 

and concepts.25 The LCT involves the formation of a liquid-crystalline phase before 

condensation of the inorganic network occurs (route 1, scheme 1). The surfactants (SDAs) 

form first spherical micelles and then cylindrical micelles in the aqueous system. When the 

surfactant is concentrated enough, a liquid-crystal structure with regular hexagonal array will 

be produced. The inorganic precursors are deposited on the micelle rods of the liquid-

crystalline phase through the attraction of the hydrophilic surfaces of the micelles. Then the 

inorganic monomer molecule or oligomer will polymerize, leading to the formation of the 

mesostructure organic/inorganic hybrid phase. This can be viewed as a hexagonal array of 

surfactant micellar rods embedded in the silica matrix. The removal of the surfactant through 

calcination or extraction produces an open mesoporous framework. Thus, the structure and 

pore dimensions of mesoporous materials are intimately linked to the properties of the 

surfactant (e.g., surfactant chain length and surfactant/inorganic precursor ratio) and of the 

solution chemistry (e.g., water concentration, processing humidity and evaporating 

temperature).25,58 

 

1.1.1.2. Cooperative templating mechanism     

This mechanism is the most popular mechanism for the formation of PMS proposed by Stucky 

and coworkers. (Scheme 1, route (2)) It is the cooperative interaction between organic and 

inorganic species at molecular scale that leads to assembly to 3D ordered arrangements. 

Silicate polyanions such as silicate oligomers interact with positively charged groups in 

cationic surfactants driven by Coulomb forces. The final mesophase is the ordered 3D 

arrangement with the lowest interface energy. Multiple mesostructures can be templated by 

one surfactant template, because the final mesostructure is determined on the matching 

charge density at the surfactant/ inorganic species interfaces. Different families of PMS have 

been proposed using this methodology.55,59 

 

 

 

 

 

Scheme 1- Scheme for formation of mesoporous materials by structure-directing agents: (route 1) TLC 
mechanism, (route 2) cooperative self-assembling process.55 
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1.2. Sol-gel process 

The combination of organic-inorganic building blocks within a single material is particularly 

attractive from the point of view of materials science because it is possible combine different 

organic functional variation with the advantages of a thermally stable and robust inorganic 

subtract. Synthesis of this type of materials requires soft conditions and sol-gel is usually the 

nanofabrication method in which occurs polymerisation of inorganic part through hydrolysis 

reactions to form reactive species that will condense.60 

Sol-gel materials are metastable solids formed in kinetically controlled reactions from 

molecular precursors that are building blocks for the following materials. The sol-gel process 

is a versatile solution process for making advanced materials, including ceramics and organic-

inorganic hybrids. In general, the sol-gel process involves the transition of a solution system 

from a liquid "sol" (mostly colloidal) into a solid "gel" phase. Utilizing the sol-gel process, it is 

possible to fabricate advanced materials in a wide variety of forms: ultrafine or spherical 

shaped powders, thin film coatings, fibers, porous or dense materials, and extremely porous 

aerogel materials. An overview of various sol-gel processes is illustrated in Figure 3. 

Thus, the sol-gel process  are constituted by two distinct phases61 (Scheme 2): (1) Phase sol, 

who is a stable suspension of crystalline or amorphous nanoparticles in a liquid; (2) Phase gel, 

is a porous three-dimensionally continuous solid network.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2- Schematic representation of the different stages and routes of the sol-gel technology.62 
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The control of the properties of the final material are achieved by controlling the chemical 

nature of the organic and inorganic phases, the size and morphology of these domains (nm to 

sub-pm scale) and the nature of the interphase interaction. The first step in the procedure is 

obviously to find some common suitable solvents and compatible reactants.63 

The present silica-based materials taking the advantage of easy synthesis of organosilane 

precursors, good controllability in sol-gel condensation, flexibility for shaping and high 

chemical stability due the silica framework. The free energy of silica is very close to its most 

stable form crystalline quartz; Si-O bonds are so strong that the silica sol–gel process has 

highly irreversible character. Amorphous silica is stable over a very high temperature range 

and period of time. This means that the shape of silica can be formed at room temperature 

and then be retained practically infinitely. Once more, this distinguishes silica from other 

oxidic materials where crystallization frequently occurs.27  

 

1.2.1. Polymerization  

The chemical principle of silica-based materials is the transformation of Si-OR and Si-OH 

containing species in siloxane compounds by condensation reactions (Scheme 3). This occurs 

by connecting R-SiO3 tetrahedra of hybrid materials by corner sharing. To obtain a stable sol-

gel, the number of siloxane bounds, Si-O-Si, should be maximized, and consequently, the 

number of silanol (Si-OH) and alkoxy (Si-OR) groups should be minimized. In alkoxysilane-

based systems, hydrolysis reaction must precede condensation to generate Si-OH groups. In 

the step of condensation, is observed the formation of Si-O-Si units, weither alcohol (Scheme 

3 (C), or more frequently water (Scheme 3 (b).64 Different factors can influence the velocities 

of hydrolysis and condensation of sol-gel process, like pH, temperature, reaction-time, 

concentration of reagents, nature and concentration of catalyst, solvent type, molar ratio 

H2O/Si (R) and aging temperatures and drying.65 
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Scheme 3 - Chemical reactions of classical sol-gel process.62 

 

More frequent precursors are aqueous solutions of silicates and silicon alkoxides Si(OR)4, 

mainly tetramethoxysilane (TMOS) and TEOS. Molecular precursors R’-Si(OR)3, (R'=alkyl, 

phenyl, H, etc.) are also used to produce hybrid materials.64 

As, were refer previous, the gelation process is initiated in alkoxyde precursor system by 

water addiction, yielding the hydrolysis process to give Si-OH groups (Scheme 3 (a)). As the 

mixture of Si-(OR)4 in water and alcohol react very slowly, sometimes it’s necessary acid or 

basic catalyse to initiate the hydrolysis and condensation reactions of alkoxysilanes, that are 

employed either neat or dissolved in an organic solvent. Once, alkoxysilanes are immiscible 
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with water, alcohols are often used to homogenize the reaction mixture (same alcohol as 

liberated by the hydrolysis reaction to avoid alcohol exchange reactions). So-gel is the 

processing of alkoxysilanes from type R’-Si(OR)3, R’=hydrolytically stable organic moiety, in 

silsesquioxanes, R’-SiO3/2. Non-polar solvents, like tetrahydrofuran and dioxane are 

sometimes used for organotrialkoxysilanes, R’-Si(OR)3 or incompletely hydrolysed alkoxide 

systems.64 

 

1.3. Functionalized periodic mesoporous silica 

The surface of PMS can be modified with various types of functional groups, introducing new 

catalytic adsorption functions inside the mesoporous wall.66 This method allows the 

modification the physical and chemical properties of PMS, through the attachment of an 

organic group to the silicate wall. In addition, this Organic functionalization permits modifye 

the properties of the hybrids, such as hydrophobicity and hydrophilicity and allow the 

interaction with guest molecules.67  

The functionalization evolves the reaction of organosilane, chlorosilanes or silazanes 

precursors [(R’O)3Si-R, ClSi-R3 or HN-(SiR3)3, respectively, where R`=CH2 or CH2CH3, and R is 

an organic group with free silanol groups of the pore surface. Their introduction can be 

performed following two main strategies (Figure 2). Depending the way how this occurs we 

can have two situations68:  

 (1) Grafting: If this occurs under synthetic procedure, silica phase can be retained, 

result consequently in a reduction of the porosity of the PMS; (Figure 2 (1)) 

 (2) Co-condensation: if the organosilane precursors react in the initial stages of the 

synthetic procedure, the diffusion of further molecules into the centre of the pores 

will be engaged, which result in nonhomogeneous distribution of the organic groups 

within the pores. (Figure 2 (2)) 

 

 

 

 

 

 

 

Figure 2- General modification methods to introduce organoalkoxysilanes as precursors. 1. Grafting and 
2. Co-condensation.24 
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Organic functionalities that can be incorporated into the pore walls of the silica network are 

numerous, like alkyl, thiol, amino, cyano/isocyano vinyl/ allyl organophosphine alkoxy, 

aromatic groups and many others.69 However, it is important refer that at  high loading levels 

of functional groups, the control of the distribution of the precursors in the mesoporous 

channels is problematic and can damage the  mesostructured arrangement and textural 

properties.70  

 

1.3.1. Post-synthetic Grafting  

Functionalization of PMS with organic moieties by post-synthetic grafting allows modifying the 

inner surfaces of PMSs with organic groups. The post-synthetic grafting (1) involves the 

reaction between organosilane, chlorosilanes or silazanes precursors under synthetic 

procedures with free silanol (Si-OH) groups of the PMS phase (Figure 2 (1) and Figure 3). In 

this case, the silica phase can be retained, who result in a reduction of the porosity of the 

PMS. Thus, in the present methodology it is possible the observation of pore blocking, 

especially in the case of small mesopores and large organic groups. 27,24  

 

 

 

 

 

 

 

 
 
 
 
Figure 3- Grafting for organic modification of mesoporous pure silica phases with terminal organosilanes 
of the type (R'O)3Si-R. R=organic functional group.24 

 

1.3.2. Direct Co-condensation 

Co-condensation (Figure 2 (2)) is an alternative method to synthesize organically 

functionalized PMS, where the hydrolysis and condensation of tetraalkoxysilanes (typically 

TEOS) and a non-bridged organosilane occurs in the initial stages of the synthetic 

procedure58,71,72 (Figure 2 (2) and Figure 4). Instead of post-synthetic grafting, the direct co-

condensation (one-pot synthesis) allow the introduction of large organic groups and high 

loadings of organics and ultra-large pore diameters. Moreover, the one-pot synthesis is 
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simple, efficient and less time-consuming than post-synthesis modification. A great number 

of organically modified silica phases have been synthesized by co-condensation.24,27,73 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 4- Co-condensation method (direct synthesis).69 

 

1.4. Peridodic mesoporous organosilica  

Limitations of PMS lead to discover periodic mesoporous organosilica (PMOs) in 1999 23 With 

this discover, organosilicon chemistry proves to be very important for the design of new 

materials and consequently new mesoporous solid based on templating mechanisms have 

been increasingly developed58. 

PMO (Figure 5) are a class most representative of organic-inorganic hybrid materials in which 

bridged organosilica precursors (RO)3Si-R’-Si-(OR)3, where R’ is an organic group and R= CH2 

and CH2CH3, are incorporated into three dimensional network structure of the silica matrix 

through two covalent bonds. PMO materials synthesis is originated by self-assembling of 

bridged organosilane precursors that are uniformly distributed in the porous wall which 

generally exhibit disordered pore systems with a relatively wide distribution of pore.58,74,75 

With the presence of the bridging organic groups inside the frameworks, PMOs may be more 

advantageous than purely PMS, due to the greater variability of pore surface properties that 

can be achieved. Presence of inorganic Si function in framework structure provides a robust 

framework and the organic functions make flexible frameworks that can be tailored in a 

number of important applications.27 In addition, the PMO present advantages relatively to the 

PMS, such as excellent hydrothermal and mechanical stability, the hydrophobicity or 

hydrophilicity properties can be tuned by the choice of the organic component 24, and high 

concentration of organic functional group in the framework.  
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PMO has been largely used in catalysis, chromatography, hydrophobic drug carriers, enzyme 

immobilization, and low hemolytic materials.76 One-dimensional nanostructures are the 

classes of materials more recently studied, such as nanowires, nanofibers, nanotubes, and 

nanorods in which, the last have been extensively studied for many applications especially as 

drug-delivery applications, more recently.77  

  

 
 

 

 

 

 

 

 

 

 

Figure 5- General self-assembling method to prepare PMO. R=organic bridge. Adapted27,54 

 

1.5. Sylilated precursors  

Since 1999, the appearance of new precursors increasingly (Figure 6). Due to the diversity of 

constitution formulae of organosilica precursors, the physical/ chemical property and 

corresponding functions of such PMOs can be facilely tuned by introducing adequate organic R 

parts homogeneously within the mesoporous framework.75 Actually there is a huge variety of 

organic moieties (R) for structural control and functionalization of these materials. Although 

R group is limited to a relatively simple organic bridges such as ethylene, ethenylene, 

phenylene and thiophene.78 More recently, new synthetic procedures were established to 

synthesize organosilane precursors, allowing the introduction of a great variety of organic 

groups, since hydrocarbons and heteroaromatics to metal complexes in frameworks and much 

more.58,79,80  

The synthesis of promising hybrid materials depends critically on the nature of organosilane 

precursors, The number of organosilane precursors potentially available for the synthesis of 

PMO or PMS is extremely large, so the development of new material compositions will 

continue to be a fertile research area.81,82  
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Figure 6- Examples of silylated organosilica precursors that have been converted into PMOs since 1999. 
Terminal Si atoms: Si(OR)3 with R=CH3, C2H5.
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1.6. Applications 

Organic-inorganic nanocomposites are everywhere in nature, such as in crustacean carapaces, 

in mollusc shells and bone or teeth. Some companies already patented organic-inorganic 

materials and we can found them in paints, paper, coupling agents such as silanes, silicones 
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or another metal-organic molecules allowing modification of glass, ceramics or metallic 

surfaces.24 

Hybrid materials represent an huge source of inspiration 68 and various potential applications 

have been suggested13,45,47,50,53,83–92, such as optical materials and sensors93, solid catalysts93, 

bioencapsulation 94, and particularly promising is the work of drug delivery systems that react 

to an external stimulus by releasing an active compound (stimulus-response behaviour)95. 

Among the different types of inorganic nanomaterials, PMO and PMS nanoparticles have 

received growing attention by the scientific biomedical community and have emerged as 

promising multifunctional platforms for nanomedicine, due to some interesting features such 

as their biological stability and their drug-releasing properties.96 Silica chemistry has been 

being one of the most active research subjects due to the existence of abundant silicate 

species, diverse chemical interactions and its contributions to material science, geology and 

pharmacy.75 Silica is one of the most biocompatible materials manifested by the facts that it 

is an endogenous substance present mainly in bones and it has been used commercially as the 

excipient in oral-taken drugs.97 Additionally, silica is “Generally Recognized As Safe (GRAS)” 

by the U. S. Food and Drug Administration (FDA).98 Heart-stirringly dye-doped fluorescent 

silica nanoparticles, well-known as “Cornell-dots” (C-dots) 99 have been approved by FDA for 

human stage I molecular imaging of cancer, which gives the great confidence about future 

clinical translation potentials of silica-based NPs for cancer diagnosis and therapy.100,101 

Pharmaceutical agents have been loaded into the PMS and PMO, with aim of to be them 

release in the body. This interaction between the PMS and the guest molecules would have a 

strong effect on the drug adsorption and release properties of the carrier matrices. 

Additionally, textural and structural properties have been observed to modulate the 

adsorption and release characteristics of these PMO and PMS. 90 The efficient internalization 

of MSN in a wide variety of cell lines has been demonstrated by several groups.102  

 Over the years numerous types of drug delivery systems based in PMOs and PMS, have been 

surged. Among them, the gold-capped mesoporous Silica nanospheres, in which different 

stimuli-responsive strategies, such as chemical, pH, electrostatic interaction, enzymatic,  

redox, and photoirradiation, have been applied as “triggers” for uncapping the pores and 

releasing the guest molecules from MSN.103 

 

1.7. Carbohydrates  

Carbohydrates, may also be called glucides or sugars and the last one is due their sweet 

taste. Those compounds are the most abundant biomolecules in world, and are truly 

important chemical compounds because are part of natural products group and have an 

important role in a great number of biological activities, being the major components of 
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human diet.104,105 They are the most functionally versatile natural products and can be 

converted into important products to many field of research like food industry, textile, 

pharmaceutical and agrochemical. Over the years, carbohydrate chemistry has been an 

important link between organic chemistry, medicinal chemistry and biology.106  

The nomination of carbohydrate was introduced in 19th century and it’s due the sugars 

molecular form, CnH2nOn. This formula was abandoned when was verified that compounds 

could also have in their structure, elements like sulphur, nitrogen and phosphorus. This 

compounds are water soluble due the presence of hydroxyl groups and there was always 

evidence for the carbonyl group of an aldehyde or ketone. In fact the condensation of 

aldehydes and ketones with alcohols and polyols is one of the first reactions of organic 

chemistry.107 The three dimensional structures of carbohydrates are determinant by their 

chemical and physical properties. Despite some have the same empirical formula, can have 

configurational differences at successive stereogenic carbon centres, each has distinct 

chemical reactivity and chromatographic behavior.108 Once carbohydrates have chiral centres 

in their structure, the number of possible stereoisomers is given by the formula 2n (n= number 

of chiral centres). Carbohydrates include polyhydroxy aldehydes, ketones or acids constituting 

a diversified class of compounds due to their wide range of stereoisomers. These 

polyhydroxylated aldehydes or ketones were divided into two subclasses that are 

distinguished by the number of carbon atoms of each other, containing 3 to 9 carbons 

typically very functionalized. Glyceraldehyde is the simplest sugar with only 3 carbons. 

Aldoses, like glucose, which have linear carbon chains with an aldehyde (CHO) group at C-1, a 

varying number of secondary alcohols (-CHOH), (which offer a variable number of chiral 

centres) and a primary alcohol at the end of the chain, and ketoses, like fructose, which have 

a primary alcohol at both ends and a ketone in the chain, exists too, however are much less 

abundant than aldoses. Carbohydrates can be divided, in three distinct according to their 

number of structural units 108: 

 Monosaccharides; 

 Oligosaccharides; 

 Polysaccharides. 

Monosaccharides are the simplest carbohydrates, so cannot be hydrolysable in simpler 

carbons, unlike oligosaccharides and polysaccharides that are achieved by glyosidic bonds 

between monosaccharides, making possible their hydrolysis.107 

Once carbohydrates have both carbonyl and hydroxyl functions, they are able to form 

intramolecular hemiacetals. Furthermore, the equilibrium of this reaction is displaced to the 

formation of the cyclic hemiacetal107, because the preferred chemical forms at most 

monosaccharides and the majority of their derivatives are based on cyclic tetrahydrofuran or 

tetrahydropyran structures, becoming the linear sugar form, non-existent, in both solution 

and solid form. In solutions of free sugars (aldoses, ketoses, some glycosylamines), the rings 
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were formed in chemical equilibrium with the acyclic aldehyde or keto form which is 

structurally identical to the fisher projection commonly used to present the stereochemical 

configurations of the monosaccharides.108 The cyclic form is obtained by nucleophilic addition 

of the hydroxyl group on carbon-5 to the aldehyde group (carbon-1) in linear conformation. 

The cyclic structure formed have an extra stereogenic centre (carbon-1), so the product of 

cyclization may exist in two isomeric forms. This occurs at anomeric centres, where 

electronegative substituents in axial positions tend to be much more likely for sugars than 

they are for pure carbocyclic rings. An example is the methoxy group at C-1 of 

methylglucopyranoside that has higher occurrence in axial than in equatorial conformation. 

This phenomenon is called anomeric effect. Although, aqueous solutions of glucose in 

equilibrium contain 36 % of α-glucopyranose, with its axial O1H group, compared with 64% of 

the all-equatorial β-form. In general, β-form is more prevalent than α-form, thus the 

equatorial form is more stable than axial form. D-Aldopentoses and D-aldohexoses exist in 

aqueous solution primarily as a mixture of the α- and β-pyranose forms and in this pyranoses 

forms, it is the chair convention that is almost always preferred, but in general cyclic 

carbohydrates are represented according to the Haworth convention. (Figure 7) Thus, the 

half-chair is a common conformation for some carbohydrate derivatives where chemical 

modification of the pyranose ring has occurred.106,108 

 

 

 

 

 

 

 

 

Figure 7- Structure of D-glucose in Fisher projection (A), half-chair equatorial disposed (B), and axial 
disposed (C) and Haworth projection in α-anomer (E) and β-anomer (D).108 

 

1.7.1. Protecting groups – hydroxyl protecting groups 

Protection strategies are important for all syntheses of organic molecules, mainly in 

carbohydrates chemistry because of the large number of functional groups. Traditional 

synthesis of saccharides requires tedious and time-consuming protection/deprotection steps. 

Hydroxyl groups are the functional groups more prevalent which necessitates regioselective 

protecting strategies, being the protection of these hydroxyl groups, the most important 
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protection reaction in carbohydrate chemistry, including the anomeric hemiacetal. Amino-

protecting groups (for amino-deoxy sugars) and carboxyl protecting groups (for uronic and 

ulosonic acids) are also importants.109 In this work it will be analysed some protecting groups 

that were used in experimental work. 

The hydroxyl groups of carbohydrates have identical properties to simple alcohols and can be 

substituted to give ethers, esters or ketals. During oxidation, acylation, halogenation or 

dehydration reactions of these compounds, a hydroxyl group must be protected.110 So, arise 

the dual needs of synthesis, the ability to carry out chemical reactions in carbohydrates, and 

protecting groups, introduced by chemical reaction that protect one part of molecule, yet 

allow access to another.104 However, a selective protection is necessary when all functional 

groups of a molecule are from same type. Selective protection becomes an issue that has 

been addressed by the development of a number of new methods.110 The hydroxyl groups 

protection reaction plays an important role in a sequence, so protecting groups has been 

developed over the years.111 The most used hydroxyl protecting groups are acetates, 

benzoates, benzyl ethers, benzylidene and ispopropylidene acetals, that can be introduced to 

protect several hydroxyl groups simultaneously. Although several, other protecting groups can 

be used.108 

1.7.1.1. Isopropilydene acetals  

The introduction of isopropylidene acetals can be performed by the use of acetone and acid 

catalysis (scheme 4). When aldehydes or ketones react with open chain 1,2-diol or 1,3-diol 

produced cyclic acetals, like ispropylidenes. These protecting groups allow the protection of 

two hydroxyl groups in cis-position 1,2 or 1,3 simultaneously. If 1,2-diol is attached to a ring, 

like occurs in monosaccharides, formation of cyclic acetals happen only when the hydroxyl 

groups are in cis-position, one each other.104,111 

 

 

 

Scheme 4- Introduction of isopropylidene acetals in D-glucose.104 

1.7.1.2. Benzyl ethers 

Benzylations are usually performed under strongly basic conditions. There are more 

alternatives but are usually less efficient and can be used for the introduction of only one or, 

at most, a few benzyl groups. These protecting groups promotes a type of protection non 

selective and offer a versatile means of protection for the hydroxyl groups.104,109 (Scheme 5) 
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Scheme 5- Protection of α-D-methyl-glucopyranoside with benzyl ethers.104 

 

1.7.1.3. Trityl ethers 

The trityl (Triphenylmethyl) ether is one group for the selective protection of a primary 

alcohol. Introduction of a trityl group is made by addition of trityl chloride and pirydine.104 

(Scheme 6) 

 

 

 

 

Scheme 6- Selective protections of 1-O-methoxy-D-ribofuranose with triphenylmethyl ether.104 

 

1.7.1.4. Acetates  

Acetates are excellent protecting groups because they can be introduced and removed in high 

yields in large number under mild conditions. Standard conditions for esterification is acetic 

anhydride (especially for acetates) in pyridine. The reaction in pyridine is general and usually 

gives the same anomer of the penta-acetate as found in the parent free sugar. Sodium 

acetate can also be used, instead of pyridine, giving rapid anomerization of the free sugar 

and the more reactive anomer is then preferentially acetylated.104,109(Scheme 7) 

 

 

 

 

Scheme 7- Protection of D-glucose with acetates.104 

 

1.7.2. Carbohydrates and glycoconjugates in drug development  

The biological activity in carbohydrate chemistry have been increasingly and several 

biological roles for carbohydrates has emerged, ranging from functions like energy storage to 

complex processes that regulate transport, protein function, intercellular adhesion, signal 
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transduction, malignant transformation, and viral and bacterial cell-surface recognition.109 In 

an ideal situation, both carbohydrate chemistry and glycobiology acting together.112 The 

glycoconjugates are important compounds in biology, in which carbohydrates are covalently 

linked to non-sugar moieties like proteins, peptides or lipids. Both carbohydrates and 

glycoconjugates have important role in biological processes and naturally occurring in 

different biological processes. Scaffolds are an example of this. These kind of associations can 

be involved in the initiation steps of many diseases, such as stomach cancer, influenza and 

cholera, and biological processes like cancer metastasis.113,114 

Carbohydrate-related drug discovery targets have been increasingly discovered and validated, 

carbohydrate with potential pharmaceutic activities has being exploited by the 

pharmaceutical industry.115 A good drug is a target-specific drug and target specificity also 

means recognition, and this is where carbohydrates can be used.112,113 Already exist numerous 

examples of applications of carbohydrate-based drugs (Figure 8), such as your use in diabetes 

type 1 and type 2116, viral infection,117 such as neuraminidase inhibitors that have been 

developed for treatment of influenza virus118, HIV treatment119 and inflammatory diseases120, 

once carbohydrates molecules plays an important role in specific recognition events between 

cells that involves binding between oligosaccharide constituents of glycoproteins or other 

glycoconjugates and lectins on the surfaces of the binding components. For example, 

pathogenic bacteria and biological toxins are bound and ingested by macrophages and 

selectins on endothelial cell surfaces bind leukocytes of the blood and this results in the 

leukocytes migrating to neighbouring tissues to prevent inflammation. Other examples of 

potential applications of carbohydrate derivatives is in treatment of thrombosis,121 bacterial 

infections122 and anticancer vaccines.123,124 Stereochemical diversity of carbohydrates makes 

them valuable tools for drug discovery. Carbohydrates can also inhibit carbohydrate-process 

enzymes, known as glycosidase inhibitors which are of considerable therapeutic value,125 like 

inhibitors of intestinal α-glycosidase that are used to treat type 2 diabetes mellitus by 

blocking oligosaccharide hydrolysis and glucose uptake.126 Some binding specificities of 

carbohydrate to proteins have already been identified, and others are been screened on 

glycoarrays127 to determine their glycan-binding (glycopeptides and glycoproteins) epitopes 

which provide continuous supply of carbohydrate-related targets for the structure-based 

design of new chemical entities that mimic bioactive carbohydrates, giving a novel class of 

therapeutics.128 
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Figure 8- Examples of some carbohydrate and carbohydrate-derived drugs. These contained glycosidase 
inhibitors for the treatment of diabetes (voglibose, miglitol and acarbose), the prevention of influenza 
virus infections (zanamivir and oseltamivir), sulphated glycosaminoglycans for the treatment of 
thrombosis (fondaparinux). In addition, carbohydrate-derived drugs are used to treat Gaucher’s disease 
(miglustat) and epilepsy (topiramate).128 

 

1.7.3. Drug delivery systems based in glycoconjugates 

Drug selectively targeting have several therapeutic advantages like low toxicity and lower 

dose levels to be efficient. This phenomenon involves exploiting either binding interaction of 

ligand to targeting receptor or binding interaction of receptor at the site for an introduced 

ligand, named glycotargeting.129 Cell surface-bound receptors represent suitable entry sites 

for drug delivery into cells by receptor-mediated endocytosis and carbohydrates have the 

ability to bind proteins at the site of localization that make them candidates with great 

potential.130 Although, your pharmacokinetic problems, in particular the fact that they are 

small molecules which makes them suffer from fast release.131 Consequently, 

glycoconjugation with macromolecules allow longer circulation times and a more precisely 

delivery. Utilization of glycoconjugates to glycotargeting can be divided in two types129:  

 Macromolecule is itself the drug or therapeutic agent; 

 Macromolecule have an important role in aiding in delivery of drug or therapeutic 

agent.  

Over the years have emerged numerous drug delivery systems based in glycoconjugates with 

aim to improve drug delivery, such as poly(amino acids), that are commonly used as 

macromolecules scaffolds, glycotargeted gene delivery systems that are conjugated with 

lipides132, once liposomes give some insight into the behaviour of macromolecular 

construction, have been widely used.130 Although, these are products of aggregation of 

glyconjugates with small MW and due your lipophilic nature, some drugs can be excluded.129 

Nanoparticles also have been widely used133, such as the example of carbohydrate 

components conjugated to gold nanoparticles that have in vitro antibacterial activities 

against vancomycin-resistant enterococci134. Protein can be also itself the drug. The first 

example of a glycosylated protein drug was β-glucocerebrosidase, used to treat Gaucher's 

syndrome. Although it is a commercial drug for several years, strong evidence has only 
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recently emerged that suggests the success of β-glucocerebrosidase in part, due to the 

selective delivery to macrophages, which is mediated by glycan structures present in this 

protein.135 The first example of targeting of glycoconjugates carriers was in 1999, a phase I 

clinical study in humans. Doxorubicin and galactosamine were linked to a polymer and, among 

other issues, the copolymer drug reduced in five times the cardiotoxicity compared to free 

doxorubicin.129 Cyclodextrin are cyclic oligosaccharides and have mainly been used as 

pharmaceutical excipients for low molecular weight drugs to improve their solubility, 

stability, taste, bioavailability, etc,136 but have recently been used as drug carrier combined 

with several functional materials such as ligands, polymers, nanosphere, microsphere, 

liposome, and micelle have recently been developed for low molecular weight drugs, 

proteins, or nucleic acids.137 Glycoconjugates as drug delivery systems are one of the 

biomedical applications of carbohydrates that have been increasingly developed due to their 

great potential in this area. 

 

1.7.4. Glycomimetics in drug discovery  

Despite important biological role of carbohydrates, pharmacokinetic drawbacks are inherently 

linked to them, such as your high polarity that makes this type of compounds unable to cross 

passively through the enterocyte layer in the small intestine also due to their molecular mass 

and number of hydrogen bridged donors and acceptors. This makes oral availability almost 

impossible. Furthermore, as they are available for parenteral administration, their renal 

excretion it’s higher. In addition to the lack of affinity, they suffer from low tissue 

permeability, short serum half-life and poor stability. This can be overcome by systematically 

eliminating polar groups and metabolic soft spots that aren’t required to affinity by designing 

a prodrug, their oral availability become possible.131 The challenges in field of medicinal 

chemistry are represented by increasingly drug discovery that can be achieved by the 

development of drug-like glycomimetics. Those compounds are design to overcome 

insufficient pharmacodynamic and pharmacokinetic properties.138 
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2. Aims  
 

According to all information described above, the dissertation project aimed the synthesis 

and characterization of mono-organosilanes precursors, from type Z3Si-R, in which Z is a 

hydrolysable group (usually ethoxy groups) and R is an organic group. These precursors 

assemble organic properties are carbohydrate-based derivatives. Finally, hybrid materials are 

prepared from previous precursors using the classical sol-gel process, as a start point for the 

development of several mesoporous hybrids nanoparticles as nanovehicles for drug delivery 

systems. 

Carbohydrates are a type of biomolecules involved in numerous biological processes. 

Depending on their primary structures, they have a role of physical, chemical and biological 

properties, that can make them candidates with great potential to be part of monosylilated 

precursors. Your high number of hydrogen bridge donors and acceptors can be an advantage 

to establish hydrogen bonds with a drug or therapeutic agent. Cell-surface recognition also is 

very important property that allow to connect it with virus, bacteria even cancer cells. 

However, they have limited pharmacokinetic due the fact of they can have great water 

solubility (only in your unmodified form), because of your high polarity that makes them 

unable to cross passively through the enterocyte layer in small intestine that ally to the 

presence of charges (sulphates and carboxylates) makes oral availability impossible. 

Furthermore, they are molecules with small molar weight (MW) that promote your fast 

clearance. These drawbacks can be overcome by your association with silica-derived 

materials, that is an innovative work in drug delivery systems. This association will be able 

later to prepare organic-inorganic hybrid mesoporous materials. Once was proved that they 

have good biocompatibility and there is the possibility the inclusion of drugs into your pores 

by attachment with organosilane precursors. Thus, the synthesis of these carbohydrate-based 

silylated precursors may have a huge potential to prepare drug delivery systems for 

biomedical applications.  
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3. Discussion of results 

In this chapter will be presented and discussed the experimental results of synthesis of 

starting materials sugar derivatives from monosaccharides like 1,2:5,6-di-O-isopropylidene-α-

D-glucofuranose, methyl--D-glucopyranoside, D-glucose and D-ribose and the synthesis of 

organotriethoxysilanes precursors with a urethane cross-linked, even the failed synthesis of a 

type of precursors from organic\inorganic cross-linked obtained (table 6). 

The results were discussed and presented by the chronological order in which they were 

synthesized, doing a brief reference about the relevance of the used type of synthesis.  

3.1. Synthesis of carbohydrate derivatives 

The aim is to synthesize carbohydrate-based compounds with a free hydroxyl group to be 

covalently bonded to the inorganic compound ICPTES (3-(triethoxysilyl)propyl isocyanate) 15. 

(Table 1) Protection of hydroxyl groups is needed to improve solubility of the sugar 

derivatives in THF (tetrahydrofuran) that is the solvent used to synthetize the 

organotrioxysilane compounds. As THF is a polar aprotic solvent, unmodified carbohydrates 

are only soluble in polar solvents capable of hydrogen bonding interactions.131 Therefore, 

were performed series of selective and non-selective, protections and deprotections, in order 

to get the minimum of free hydroxyl groups.  
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3.1.1. 2,3,4–O-tri-acetyl–1–O–methyl–β–D-glucopyranose (4a) and 1,2,3,4-

tetra-O-acetyl-β-D-glucopyranose (4b)  

2,3,4-tri-O-acetyl-1-O-methyl-β-D-glucopyranose 4a and 1,2,3,4-tetra-O-acetyl-β-D-

glucopyranose 4b, are obtained from 1-O-methyl-α-D-glucopyranose 1a and D-glucose 1b, 

respectively, by a sequence reaction that is initiated with a tritylation139, followed by an 

acetylation140 and finally a detritylation141, according to the described methods.(scheme 8).  

 

 

 

 

 

 

 

 

 

 

Scheme 8- Synthetic strategy of final compounds 2,3,4–O-tri-O-acetyl–1–O–methoxy–β–D-glucopyranose 
(4a) and 1,2,3,4-tetra-O-acetyl-β-D-glucopyranose (4b). Conditions and yields: a) PhCCl, TEA, DMF, r.t., 
overnight, 2a=60%, 2b=44%; b) AC2O, SA, reflux, 1h, 3a= 70%, 3b=78%; c) FA, ETOAc, r.t., 30 min, 
4a=82%, 4b=75%. 

 

3.1.1.1. Selective protection of primary alcohol  

First, it was made a protection of the hydroxyl group of the carbon 6. Tritylation is a good 

option, once it is a regeoselective ether protection method for the primary alcohols.142 1-O-

methyl-6-O-triphenylmethyl-β-D-glucopyranose 2a and 6-O-triphenylmethyl-D-glucopyranose 

2b are obtained by a selective reaction between -OH of C-6 and trityl chloride, under basic 

conditions provided by trimethylamine under nitrogen atmosphere. In the present procedure 

was used 4-dimethylaminopyridine (DMAP) used and as catalyst in order to get a better 

efficiency of the reaction. The yield in both 2a and 2b, 60% and 44%, respectively, was 

acceptable, once that technique provides better yields when the all hydroxyl groups are 

protected than in reducing monosaccharides142, that explain the lower yield of compound 2b 

than 2a.  

The structure of both compounds was proved comparing spectroscopic dates, 13C and 1H NMR 

(tables 1 and 2), to the literature.139 
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3.1.1.2. Protection with acetyl groups  

The hydroxyl groups of the carbons 2, 3, 4 and 5 in the case of 2a and 1, 2, 3, 4 and 5 in the 

case of compound 2b, need also to be protected and for that was used the acetylation 

method. This reaction occurs with acetic anhydride under basic conditions. The method 

proposed is performed with sodium acetate140 instead traditional method with pyridine143,  

due to toxicity that is inherently linked to it.  

The structure of both compounds was proved by comparing spectroscopic dates, 13C NMR and 

1H NMR (tables 1 and 2), in the literature.144 

Acetylation was proved by 1H-RMN analyses of 6-O-triphenylmethyl-2,3,4–tri-O-acetyl–1–O–

methyl–β–D-glucopyranose 3a, for the presence of 9 protons at δ 2.09, 1.99 and 1.73 ppm (3 

CH3) and in 6-O-triphenylmethyl-1,2,3,4–O-tetra-O-acetyl–β–D-glucopyranose 3b due to the 

presence of 12 protons at δ 1.99–2.214 ppm (4 CH3). In 13C-NMR is proved by the presence of 3 

carbonyl groups at δ 171.20, 170.5 and 170.07 ppm for 3a or 4 carbonyl groups at δ 170.24, 

169.33, 169.05 and 168.95 ppm for 3b.  

After FTIR analysis we can prove the acetylation by the vibration of carbonyl group at 1733 

cm-1.  

3.1.1.3. Selective deprotection of trityl group  

Finally, a selective deprotection of trityl group was performed under acidic conditions, using 

formic acid. Procedures for its selective cleavage are scarce and most are aggressive methods 

that cannot be selective in the presence of other sensitive protecting groups. This method 

using an acid in ethyl acetate is more gently, and additionally is a very simple method for 

detritylation. Reactional conditions were optimized and were obtained acceptable yields with 

longer reaction times. The reactions were performed during 2h with 82% and 75% yield of 

compounds 4a and 4b, respectively.  

Detritylation was verified the disappearance of trityl group at δ 7.18-7.57 ppm (m, 15 H) and 

appearance of a broad singlet at δ 2.66 and 2.35 ppm in 1H-NMR of 4a and 4b, respectively. In 

13C-NMR spectrum data can observe also the presence of trityl group by the carbons at δ 

143.6, 128.8, 127.9, 127.1 ppm (tables 1 and 2).  
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Table 1- Comparing compounds 2a and 2b, 3a and 3b, 4a and 4b by 1H-NMR spectrum dates. 

 

a) Not applicable  

Table 2- Comparing compounds 2a and 2b, 3a and 3b, 4a and 4b by 13C-NMR spectrum dates. 

 

a) Not applicable  

  Ph-H (Hz) C-CH3 (Hz) O-CH3 (Hz) H-1 (Hz) H-6a (Hz) H-6b (Hz) 

1H-NMR 

2a 
7.50 – 7.16 
(m, 15H) 

 

a) 
3.54 – 3.28 

(m, 3H) 
 

4.75 (d, 1H, 
J=3.8) 

 

3.74 – 3.58 (m, 2H) 
 

2b 
7.36-7.14 
(m, 15H) 

a) a) 
4.92 (t, 1H, 

J=4.0 Hz) 
3.65-3.51 (m, 2H) 

3a 7.49 – 7.16 
(m, 15H) 

 

2.09, 1.99, 
1.73 (3s, 

9H) 
3.46 (s, 3H) 

 
5.01 (d, 1H, 

J=3.7) 
 

 
3.19 

(dd, 1H, 
J=10.4; 2.3) 

 
3.12 

(dd,1H, 
j=10.4; 

5.3) 

3b 
7.18-7.57 
(m, 15H) 

1.99-2.21 
(3s, 12H) 

a) 
5.73 (d, J=3.6, 

1H) 

3.07 (dd, 
J=10.2; 2.5, 

1H) 

3.37 (dd, 
J=10.2; 
5.1, 1H) 

4a a) 
2.08, 2.06, 
2.02 (3s, 

9H) 
3.42 (s, 3H) 

4.97(d, 1H, 
J=3.7) 

3.80(dd,1H, 
J=2.7; 1.9) 

3.60 (dd, 
1H, J=4.6; 

4.0) 

4b a) 
2.12, 2.07, 
2.04, 2.03 
(4s,12H) 

a) 
5.73 (d, 1H, 

J=8.2) 
3.64 (dd, 2H, J=11.8; 

10.0) 

  
Ph-C 
(Hz) 

 
C-Ph3 
(Hz) 

 

C=O (Hz) 
O-CH3 

(Hz) 
C-1 
(Hz) 

C-6 (Hz) 
 

13C-NMR 

2a 
143.75, 128.66, 
127.90, 127.13 

86.96 a) 55.21 99.10 74.62 

2b 
148.20, 128.21, 
128.00, 127.12 

81.03 a) a) 92.68 61.67 

3a 
 

143.75, 128.66, 
127.90, 127.13 

82.94 
171.20, 170.5, 

170.07 
56.42 

72.6 
 

60.91 

3b 
143.6, 128.8, 
127.9, 127.1 

86.7 
170.24, 169.33, 
168.05, 168.95 

a) 91.91 61.69 

4a a) a) 
170.47, 170.19, 

170.07 
55.35 96.81 60.91 

4b a) a) 
170.52, 170.15, 

169.84 
a) 92.03 60.94 
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3.1.2. 1-O-Methyl-2,3-O-isopropylidene-β-D-ribofuranoside (6) 

This procedure allows the protection with a methyl ether group in anomeric carbon (C-1) of 

D-ribose 5, and simultaneously, the hydroxyls protection on carbons 2 and 3 with an 

isopropylidene group, in a one pot reaction. This method145 was choosing because it is fast 

and simple, furthermore it allows good yields (89%). (Scheme 9) 

The structure is proved by the presence of the quaternary carbon of the isopropylidene group 

at δ 112.2 ppm in 13C-NMR spectrum and CH3 of isopropylidene group at δ 1.28, 1.44 ppm in 

1H-NMR spectrum. (Table 3) 

 

 

 

 

 

 

 

 

 

Scheme 9- Synthetic strategy of final compound 6. Conditions and yield: a) Acetone, methanol, r.t., 
48h, 89%. 

  

Table 3- 13C-NMR and 1H-NMR spectrum dates of compound 1-O-methyl-2,3-O-isopropylidene-β-D-
ribofuranoside 6 comparing to α-D-ribose. 

 

a) Not applicable  

 
O-CH3 

(Hz) 

CH-1 

(Hz) 

CH-2 

(Hz) 
CH-3 (Hz) 

CH2-5 

(Hz) 
CH3 (Hz) 

C-CH3 

(Hz) 

13C-NMR 

 

6 

55.6 110.1 81.6 85.9 64.1 24.8, 26.5 112.2 

1H-NMR 
3.32 (s, 

3H) 
4.91 (s, 

1H) 

 

4.77 (dd, 
1H, 

J=6.5, 
5.3) 

4.50 (dd, 1H, 
J=6.0, 2.3) 

3.54-3.63 
(m) 

1.28, 1.44 
(2s, 6H) 

a) 

13C-NMR 
146 

 

α-D-
ribose 

 

a) 97.8 72.4 71.50 62.9 a) a) 

1H-NMR 
147 

a) 5-6 2.1-3.1 4.81 3.8-4.3 a) a) 
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3.1.3. 1,2-O-isopropylidene-3-O-benzyl-5-hydrazine-α-D-xylofuranose (11)  

 

From a sequence reaction that is initiated by 1,2:5,6-di-O-isopropylidene-α-D-glucofuranose 7 

was initiated by a benzylation148 of hydroxyl on carbon 3, followed by a selective deprotection 

of isopropylidene139 group between C5-C6, next an oxidative cleavage139 to produce the 

aldehyde and finally formation of an hydrazone139, according to the described methods, like is 

presented on following scheme (scheme 10).     

 

 

Scheme 10- Synthetic strategy to obtain compound 11. Conditions and yield: a) BnBr, NaH/DMF, r.t., 20 

min, 98%; b) AcOH 80%, 1h, 60ºC, 74%; c) 1.EtOH 2.SP/H2O, 20 min, 95%; d) 1. N2H4.H2O/EtOH 2. AcOH, 

1h a 80ºC:  

 

3.1.3.2. Benzylation  

Primarily it was made a benzylation on hydroxyl group of C-3 in order to get all hydroxyl 

groups protected with aim to be able to the following reactions. This method148 was choosing 

because allows good yields in an easy and fast method. Therefore, compound 7 as treated in 

N,N-dimethylformamide (DMF) with benzyl bromide (BnBr) and was used a Lewis base, sodium 

hydride (NaH), as catalyst to get 3-O-Benzyl-1,2:5,6-di-O-isopropylidene-α-D-glucofuranose 8 

with a yield of 98%.  

The structure of this compound 8 was according to literature. 139  

3.1.3.3. Selective deprotection of 5, 6 hydroxyl groups  

In order to synthesize the 3-O-benzil-1,2-O-isopropylidene-α-D-glucofuranose 9 was 

performed a selective deprotection of isopropylidene group in the position 5,6 of compound 
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8, by a reaction with acetic acid solution 80%, for 1h at 60°C. This method139 is simple and 

fast, allowing a selective hydrolysis in a good yield of 74%.   

The structure of this compound 9 was according to literature.139 

3.1.1.4. Oxidative cleavage  

In this stage was performed an oxidative cleavage to the compound 9, in order to cleave the 

C-C of vicinal diols and form an aldehyde (C-O). This synthetic method was realized 139 with 

sodium periodate in ethanol under light in high yields. The reaction was very fast because the 

vicinal diols are cis-diols and the obtained yield was 87%, according to the literature.139 

The structure of 3-O-benzil-1,2-O-isopropilideno--D-gluco-pentodialdo-1,4-furanose 10 is 

proved by the presence of carbonyl group at δ 198.53 ppm in 13C-NMR and the disappearance 

of H-5 in 1H-NMR. (tables 4 and 5) 

3.1.1.5. Aldehyde reduction  

It was realized a wölf-kishner reduction in order to prepare an hydrazone 11 from aldehyde 

10. The reaction conditions were adapted and was performed with hydrazine hydrate 1 

equivalent in ethanol and posteriorly addiction of acetic acid glacial over 1h at reflux. After 

1h was observed that hydrazine hydrate had already reacted but there was still present 

aldehyde in the reaction. The workup was difficult but were isolated two fractions of 

chromatographic column. By 1H-NMR and 13C-NMR analysis (tables 4 and 5), it was observed 

that first fraction is very impure but are present 2 singlets at δ 8.25-7.85 ppm that are the 

two protons of amine group. By analysis of 1H-NMR and 13C-NMR of pure fraction it was 

observed that all signs are correct, including the sign of benzyl group at δ 7.55-7.05 ppm that 

integrate to 10 H, and the signals of sugar are duplicated, due the presence of chiral carbon 

which origins 2 isomers (α and β). However, the signals of NH2 aren’t presents. By analysis of 

the literature 149 concludes that during the reaction one of the available amino groups of 

hydrazine reacts to form 1,2-O-isopropylidene-3-O-benzyl-5-hydrazine-α-D-xylofuranose 11, 

or both amino groups react to form an azine, 5-(1’,2’-dimetylenehydrazine)–bis-[3-O-benzyl-

1,2:5,6-di-O-isopropylidene-α-D-glucopyranose] 11a, (scheme 11) depending on the 

stoichiometry and the experimental conditions. Aldehydes reacts readly with hydrazine in 

alcoholic solvents to give the corresponding azines. To solve this problem, a solution would be 

added a large excess of hydrazine hydrate and excluded the traces of acid149. 
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Scheme 11- Proposal reaction mechanism to aldehyde reduction of compound 10. Conditions and yield:  
a) 1.N2H4.H2O (< 1 equi.)/EtOH 2.AcOH reflux, 1h; b) NH2NH2.H2O (excess) EtOH, reflux; c) H+, EtOH 
R'RCO; 25%.149 

 

 

Table 4- Comparing compounds 10 and 11 by 1H-NMR spectrum dates. 

 

a) Not applicable  

 

 

 

 

 

 

Ar-CH 
(Hz) 

CH3 (Hz) CH2-Ar (Hz) H-5 (Hz) 
CH2-6a 

(Hz) 
CH2-6b 

(Hz) 
NH2 

1H-
NMR 

10 
7.36-7.31 

(m) 
1.60,1.36 
(2s, 6H) 

4.60-4.53 (m, 
1H) 

4.79-4.71 (m, 
1H) 

 

9.61 (s, 
1H) 

a) a) 

11 
7.55-7.05 

(m) 
1.49,1.31 
(2s, 6H) 

a) 
4.64 (d, 

1H, J=3.7) 
a) 

Not 
found 
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Table 5- Comparing compounds 10 and 11 by 13C-NMR spectrum dates.  

 

a) Not applicable  

 

Table 6- Carbohydrate derivatives used as organic component to synthesize mono-organosilane 
precursors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) Not applicable 

b) No obtained compound  

 

  

Ar-C (Hz) 
qC-Ar-C 

(Hz) 

CHO 

(Hz) 
CH-5 

(Hz) 
CH2-Ar 

(Hz) 
CH2-6a 

(Hz) 
CH2-6b 

(Hz) 
C=N 

(Hz) 

13C-NMR 

10 
128.50, 
128.29, 
128.04 

113.44 198.53 a) 72.21 a) a) 

11 129.75-127.29 137.04 a) 82.86 72.18 84.07 160.65 

ORGANIC COMPOUND YIELD (%) 
ORGANIC/INORGANIC 

CROSS-LINK TYPE 

4a 82% Urethane 

4b 75% Urethane 

6 89% Urethane 

7 a) Urethane 

19 a) Urethane 

21 b) Urea 
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3.2. Synthesis of nono-organosylilated precursors 

In the present stage were prepared the silylated precursors150 (Scheme 12) involving a 

urethane and urea cross-link between the carbohydrate derivatives and inorganic compound 

3-(Triethoxysilyl)propyl isocyanate 15. (table 15) 

 

Scheme 12- Synthesis of organotriethoxysylilane based on carbohydrate. Conditions and yields: a) THF, 
60°C, 10 days, 71%; b) THF, 50°C, 6 days, 90%; c) THF, 50°C, 6 days, 87% d) THF, 60°C, 10 days, 65%; e) 
THF, 60°C, 5 days, 80%.  

 

3.2.1. 6-O-methyl(3-(trietoxysilyl)propyl)carbamate-1-O-methyl-2,3,4–tri-O-

acetyl–β–D-glucopyranose (16a) and 6-O-methyl(3-

(trietoxysilyl)propyl)carbamate-1,2,3,4–tetra-O-acetyl–β–D-

glucopyranose (16b) 

 

Synthesis of these precursors 6-O-methyl(3-(trietoxysilyl)propyl)carbamate-1-O-methyl-2,3,4–

tri-O-acetyl–β–D-glucopyranose 16a and 6-O-methyl(3-(trietoxysilyl)propyl)carbamate-1,2,3,4–

tetra-O-acetyl–β–D-glucopyranose 16b, was obtained by urethane cross-link between the 

ICPTES 15 and compounds 4a and 4b. (Scheme 13) The synthetic method150 is a simple 

technique but as is a SN1 reaction and the use of a polar aprotic solvent in the present 

procedure like THF promote slowing of the reaction. Reaction is initiated by nucleophilic 

attack of hydroxyl group of organic compound (4a and 4b) to the carbonyl group of isocyanate 

group. In the first synthesis of the present precursor occurred formation of a film which 

means that might have occurred polymerization and decomposition, once silyl groups have 

high reactivity. This phenomenon could be related to the fact that the precursor was stored 

in a reaction flask without any solvent, so in the next reactions, all precursors were stored in 

solution. Control reaction of these two precursors, it’s very important and was performed by 
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FTIR and we can easily both observe the existence of a linkage between the organic and 

inorganic compounds since during the formation of the urethane cross-link, a sharp absorption 

band in the region of 2273 cm-1, assigned to the vibration of isocyanate group, decreased until 

disappear, at the end of reaction. (Graphic 1) At the same time, urethane group bands, 

become more intense and consequently appears a band at 1751 cm-1 assigned to the amide 

group. Furthermore, at 1756 cm-1 also appears a carbonyl group from acetate groups. 

According to the comparison between 1H-NMR and 13C-NMR of 4a and 16a, is observed a 

variation from the shifts of sugar 4a, particularly an increase in shift of CH2-6, relatively to 

16a (tables 7 and 8). Compound 16b showed similar behaviour in relation to 16a.  

 

 

 

 

 

 

Scheme 13- Synthetic route150 to prepare bridged organosilane precursors 16a and 16b. Conditions and 
yields: 16a: THF 50°C, 6 days, 90%; 16b: THF, 50°C, 6 days, 87% 

 

Graphic 1- Comparison of ICPTES FTIR (b) to precursor 16a FTIR (a). As it could be observed, isocyanate 
band at 2263 cm-1 (b), disappeared in precursor (a) after 6 days of reaction at 50°C/60°C. Appears a 
band at 1755 cm-1(a) assigned to the amide group. 
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Table 7- 1H-NMR spectrum signals of carbohydrate derivative 4a comparing to signals of carbohydrate in 
the precursor 16a. 

 

 

 

Table 8- 13C-NMR spectrum signals of carbohydrate derivative 4a comparing to signals of carbohydrate in 
the precursor 16a. 

 

 

 

 

 

  

H-1 
(Hz) 

H-2 
(Hz) 

H-3 
(Hz) 

H-4 (Hz) H-5 (Hz) 
CH2-6a 

(Hz) 
CH2-6b 

(Hz) 
C-CH3 

1H-
NMR 

4a 
4.97 

(d,1H, 
J=3.7) 

5.53 (t, 
1H, J=9.8 

Hz) 

3.75-3.68 
(m) 

5.03 (t, 
1H, J=9.8 

Hz) 

4.87 (dd, 
1H, J= 

10.2, 3.6) 

3.80 
(dd, 
1H, 

J=2.7, 
1.9) 

3.60 
(dd, 1H, 
J=4.6, 
4.0) 

2.08, 
2.06, 
2.02 

(3s, 9H 

16a 

4.93 (d, 

J=3.6, 

1H) 

5.45 (t, 
J=9.8,1H) 

4.16 (d, 
J=4.3,1H) 

5.01 (t, 
J=10,1H) 

4.86 (dd, 
J=10.2, 
3.6,1H) 

4.11-3.91 (m, 2H) 

2.06, 
2.01, 
1.98 

(3s, 9H) 

C-1 
(Hz) 

C-2 
(Hz) 

C-3 
(Hz) 

C-4 
(Hz) 

C-5 
(Hz) 

C-6 
(Hz) 

CH3 

(Hz) 
C=O 
(Hz) 

13C-NMR 

4a 96.81 70.96 68.85 69.84 69.28 60.91 
20.67, 
22.62, 
22.65 

170.47, 
170.19, 
170.07,  

16a 96.70 70.80 68.83 69.80 67.45 67.95 
20.71. 
20.67, 
20.63 

170.15, 
170.07, 
169.55 
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3.2.2. 5-O-ethyl(3-(trietoxysilyl)propyl)carbamate-1-O-methyl-2,3–O-

isoropylidene–β–D-glucofuranose (17) 

 

Synthesis of this precursor 5-O-ethyl(3-(trietoxysilyl)propyl)carbamate-1-O-methyl-2,3–O-

isoropylidene–β–D-glucofuranose 17 150 was also obtained by urethane cross-link, between the 

ICPTES 15 and compound 6 (scheme 14) Control reaction was realized by FTIR and is equally 

observed the existence of a linkage between the organic and inorganic compounds by 

disappearance of absorption band in the region of 2273 cm-1. Reaction time was the same of 

the previous precursors (5 days). 1H-NMR and 13C-NMR are presented in table 9 and 10. 

According to the comparison between 1H-NMR and 13C-NMR of 6 and 17, is observed a 

variation from the shifts of sugar 6, particularly an increase in shift of CH2-5, relatively to 17. 

(Tables 9 and 10) 

 

 

 

 

Scheme 14- Synthetic route150 to prepare bridged organosilane precursor 17. Conditions and yields: 
THF, 60°C, 5 days, 80%. 

 

Table 9-1H-NMR spectrum signals of carbohydrate derivative 6 comparing to signals of carbohydrate in 
the precursor 17. 

 

 

 

H-1 (Hz) H-2 (Hz) H-3 (Hz) 
H-4 
(Hz) 

CH2-5 
(Hz) 

CH3 (Hz) 

1H-NMR 

6 4.93 (s, 1H) 
4.79 ( dd, 
J=6.5, 5.3, 

1H) 

4.55 ( dd, 
J=6.0, 2.3, 

1H) 

4.37 (dd, 
J=7.2, 

2.7, 1H) 

3.54-3.63 
(m, 2H) 

1.28, 1.44 
(2s, 6H) 

17 4.91 (s, 1H) 
4.77 (dd, 

J=6.5, 5.3, 
1H) 

4.50 (dd, 
J=6.0, 2.3, 

1H) 

4.26 (dd, 
J=7.2, 

2.7, 1H) 

4.15-4.03 
(m, 2H) 

1.32, 1.51 
(2s, 6H) 
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Table 10- 13C-NMR spectrum signals of carbohydrate derivative 6 comparing to signals of carbohydrate 
in the precursor 17. 

 

 

3.2.3. 3-O-ethyl(3-(trietoxysilyl)propyl)carbamate-1,2:5,6-di-O-

isopropylidene-–D-glucofuranose (18) 

 

Synthesis of these precursor 3-O-ethyl(3-(trietoxysilyl)propyl)carbamate-1,2:5,6-di-O-

isopropylidene-α–D-glucofuranose 18 was performed (scheme 15) 150. Reaction time of this 

precursor is more slowly, once the hydroxyl group C-3 of commercial carbohydrate 7 is a 

nucleophile less reactive than the previous precursors. Reaction control was performed by 

FTIR and we can observe the existence of a linkage between the organic and inorganic 

compounds since during the formation of the urethane cross-link, a sharp absorption band in 

the region of 2273 cm-1, assigned to the vibration of isocyanate group, decreased after 2 days 

of reaction until disappear, at the end of 10 days at 50-60ºC (Graphic 2) Urethane group 

bands, become more intense and consequently appears a band at 1714 cm-1 assigned to the 

amide group. This precursor precipitates in the reaction medium because it is poorly soluble.  

According to the comparison between 1H-NMR and 13C-NMR of 7 and 18, is observed a 

variation from the shifts of sugar 7, particularly an increase in shift of CH-3, relatively to 18. 

(Tables 11 and 12) 

 

 

Scheme 15- Synthetic route150 to prepare bridged organosilane precursor 18. Conditions and yields: 
THF, 60°C, 10 days, 71%. 

C-1 (Hz) C-2 (Hz) C-3 (Hz) C-4 (Hz) C-5 (Hz) CH3 (Hz) 
C-CH3 
(Hz) 

13C-NMR 

6 110.10 81.60 85.90 88.40 64.10 
24.80, 
26.50 

112.20 

17 109.94 81.35 81.46 67.94 68.92 
24.96, 
24.61 

112.08 
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Graphic 2- Comparison precursor 18 FTIR after 2 days of reaction (a) to precursor 18 FTIR after 10 days 
of reaction (b) at 50ºC/60ºC. As it could be observed, isocyanate band at 2263 cm-1 (a), disappeared 
completly in precursor (a) after 10 days of reaction at 50°C/60°C. Appears a band at 1716 cm-1 
increasingly more intense (b) assigned to the amide group. 

 

Table 11- 1H-NMR spectrum signals of carbohydrate derivative 7 comparing to signals of carbohydrate in 
the precursor 18. 

 

 

 

 

H-1 
(HZ) 

H-2 (HZ) 
H-3 
(HZ) 

H-4 (HZ) 
H-5 
(HZ) 

CH2-6a 
(HZ) 

CH2-b 
(HZ) 

CH3 (HZ) 

1H-NMR 

7 
151 

5.94 
(d,1H, 
J=3.5) 

4.53 (d, 
1H, 

J=3.5) 

4.33-
4.22 
(m, 
1H) 

4.05 (dd, 
1H, J=6.1, 

1.9 

4.33-
4.22 

(m, 1H) 

4.17 (dd, 
1H, 

J=8.4, 
6.3 

4.01 (dd,  
J=8.4,6.1

, 1H) 

1.45, 
1.37, 
1.50, 

1.32 (4s, 
12H) 

18 
5.91 (d, 
J=3.6, 

1H) 

4.55 (d, 
J=3.6, 

1H) 

4.36-
4.26 
(m, 
1H) 

4.14 (dd, 
J=7.5, 

6.2, 1H) 

4.36-
4.26 

(m, 1H) 

4.04 (dd, 
J=7.9, 

2.8, 1H) 

3.97 (dd, 
J=8.6, 

5.3, 1H) 

1.47, 
1.42, 
1.34, 

1.29 (4s, 
12H) 
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Table 12- 13C-NMR spectrum signals of carbohydrate derivative 7 comparing to signals of carbohydrate 
in the precursor 18. 

 

3.2.4. Bis(3,5-O-methyl(3-(trietoxysilyl)propyl)carbamate-1,2-O-

isopropylidene-α–D-glucofuranose  (20) 

In contrast to other carbohydrate derivatives previously synthesized, these commercial 

compound, 1,2-O-Isopropylidene-α-D-xylofuranose 19 has two free hydroxyl groups, so the 

stoichiometry of the reaction changed from NCO/OH: 1/1 to NCO/OH: 2/1. (scheme 16) The 

used technique was adapted 150. Reaction time of this precursor is equally slowly, because 

while hydroxyl group C-5 is a nucleophile more reactive, the hydroxyl group C-3 is less 

reactive. After 10 days of reaction the sharp absorption band in the region of 2273 cm-1, 

assigned to the vibration of isocyanate group, completely disappear, (Graphic 3) Urethane 

group bands, become more intense and consequently appears a band at 1751 cm-1 assigned to 

the amide group. According to the comparison between 1H-NMR and 13C-NMR of 19152 and Bis-

(3,5-O-Methyl(3-(trietoxysilyl)propyl)carbamate-1,2-O-isopropylidene-a–D-glucofuranose 20, is 

observed a variation from the shifts of sugar 19, particularly an increase at δ CH-3 and at δ 

CH2-6 relatively to 20, which proves the linkage of 15 in C-3 an C-6 of 19. (Tables 13 and 14) 

 

 

 

Scheme 16- Synthetic route150 to prepare bridged organosilane precursor 20. Conditions and yields: 
THF, 60°C, 10 days, NCO/OH: 2/1, 65%; 

 

 

  

C-1 (HZ) 
C-2 
(Hz) 

C-3 
(Hz) 

C-4 
(Hz) 

C-5 
(Hz) 

C-6 
(Hz) 

CH3 

(Hz) 
C-CH3 
(Hz) 

13C-NMR 

7 
151 

105.3 85.10 74.90 81.20 73.20 67.6 

26.8, 
25.2, 
26.8, 
26.2 

109.6, 
11.8 

18 105.24 85.27 75.01 81.23 73.32 67.58 

26.72 
26.16 
25.58 
225.29 

111.76 
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Table 13- 1H-NMR spectrum signals of carbohydrate in the precursor 20. 

 

 

 

Table 14- 13C-NMR spectrum signals of carbohydrate in the precursor 20. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Graphic 3- FTIR of precursor 20 after 10 days at 50ºC/60ºC. As it could be observed, isocyanate band, 
disappeared completely. Appears a band at 1707 cm-1, assigned to the amide group. 

  

H-1 (HZ) 
H-2 
(HZ) 

H-3 
(HZ) 

H-4 
(HZ) 

C-CH3 

(HZ) 
CH2-5a 
(HZ) 

CH2-5b 
(HZ) 

1H-NMR 20 
5.91 (d, 

J=3.6, 1H) 

5.01 (d, 
J=3.6, 

1H) 

5.20-
5.09 (m, 

1H) 

4.61-
4.43 (m, 

1H) 

1.52, 
1.31 (2s, 

6H) 

4.45 (dd, 
J=11.7, 
4.8, 1H) 

4.30 (dd, 
J=11.47, 
4.8, 1H) 

 
C-1 (HZ) 

 
C-2 
(HZ) 

 
C-3 (HZ) 

 
C-4 
(HZ) 

 
C-5 
(HZ) 

 
C-CH3 
(HZ) 

 
CH3 (HZ) 

13C-NMR 20 104.55 79.93 84.96 76.66 69.7 112.20 
26.70, 
26.19 
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3.2.5. 3,5,6-tri-O-ethyl(3-(trietoxysilyl)propyl)carbamate-1,2:5,6-di-O-

isopropylidene-–D-glucofuranose (22) 

Possible synthesis of these precursor150 3,5,6-tri-O-ethyl(3-(trietoxysilyl)propyl)carbamate-

1,2:5,6-di-O-isopropylidene-α–D-glucofuranose 22 was obtained by urea and urethane cross-

link between the ICPTES 15 and compound 21153. (scheme 17) Reaction is initiated by 

nucleophilic attack of amine group of organic compound 21 to the carbonyl group of 

isocyanate group. This compound 21 has three free hydroxyl groups, so the stoichiometry of 

the reaction is NCO/(NH2/OH): 3/1. Control reaction of these two precursors, was equally 

performed by FTIR and we can easily both observe the existence of a linkage between the 

organic and inorganic compounds since during the formation of the urea cross-link, a sharp 

absorption band in the region of 2273 cm-1, assigned to the vibration of isocyanate group, 

decreased until disappear, at the end of reaction. At the same time, urea group bands, 

become more intense and consequently appears a band at 1697 cm-1 (Graphic 4).  However, 

when was observed the 1H and 13C NMR, we can conclude that the precursor it was very 

impure, which means the precursor needs to be purified, but purification is a problem once 

silica-gel chromatography cannot be utilized for purification of conventional precursors unlike 

for general organic compounds. Recrystallization also they are not a good option because it’s 

very difficult crystallize a carbohydrate due your properties.131 

 

 

Scheme 17- Possible synthetic route150 to prepare bridged organosilane precursor 22. Conditions: THF, 
60°C, 10 days. 

 

 

 

 
 

 

 

Graphic 4- Comparison of ICPTES FTIR (b) to precursor 22 (a). As it could be observed, isocyanate band 
disappeared in precursor (a) after 8 days of reaction at 50°C/60°C. Appears a band at 1697 cm-1(a) 

assigned to the urea group. 
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Table 15- Synthesis of organosilane bridged precursors: organic, inorganic, precursors and yields. 
Reaction conditions: ICPTES, organic compound/THF, 50-60°C. 

a) No obtained compound 

  

Organic Inorganic Precursor Yield (%) 

4a ICPTES 16a 90% 

4b ICPTES 16b 87% 

6 ICPTES 17 80% 

7 ICPTES 18 71% 

19 ICPTES 20 65% 

21 ICPTES 22 a) 
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4. Conclusions and future work 
 

The aim of this work was to synthesize monosilylated precursors with a carbohydrate 

derivative. In summary, was performed the synthesis and characterization of mono 

organosilylated precursors. 

It was achieved with success, the synthesis of new types of mono-oranosylilated precursors 

16a, 16b, 17, 18, 19 and 20 with carbohydrate derivatives 4a, 4b and 6 and with 

commercial carbohydrates 7 and 19, in good yields. 

The synthesis of compound 21 and 22 was not possible.  

Synthesis of precursors is difficult and slow, furthermore, in the future, requires a great 

optimization namely in time and temperature. 

As prospects for the future, these precursors were herein used to prepare mesoporous 

organosilica hybrid envisioning their future potential use as an anti-tumoral drug delivery 

platform with the aim of achieve new materials for biomedical applications, opening the 

opportunity to link it with potential new drugs or others already in the market, in particularly 

to have a controlled release of them, giving new and better ways to hit the disease target. 

Loading a drug inside the pores walls, through the studies of interaction between the 

carbohydrate derivative and the therapeutic agent, we can study their delivery with pH 

changes and even, cytotoxic evaluation, should also be a prospect for the future. 
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5. Experimental section 

5.1. General data  

Reagents and solvents were bought from Fluka, Merck, Aldrich or Acros Organics and are 

analytically pure and, if necessary, were dried with molecular sieves 4 Å and purified by 

standardized methods.154 

To the reactions that can be followed by thin layer chromatography, this technique was used 

to check the progress of reactions and during purification. Were used TLC plates (aluminium 

plates of 2 mm, coated with Silica-gel (Macherey-Nagel 60 G/UV254) powered by UV light (λ= 

254 nm) and immerse in a revealing solution and then heated at 200 º C. The revealing 

solution was: Sulphuric acid (10%) in ethanol or Sulphuric acid (1.5 mL), vanillin (3 g) in 

ethanol (100 mL). Both eluent and volumetric proportion are referred for each case. The Rfs 

(retention factors) were calculated by the ratio between the distance moved by the product 

and the distance moved by the solvent. 

The synthesized compounds were purified by chromatography columns using silica gel 60G 

(40-63 μm and 230-400 mesh) as stationary phase and chromatographic columns were 

performed with ambient pressure or medium pressure chromatography, using a pump. 

The infrared by Fourier Transform (FTIR) spectra were obtained in attenuated total 

reflectance mode (ATR) in equipment Thermoscientific Nicolet IS10: smart iTR (Smart Omni 

Transmission Acessory; SmartrankBR) and Omnic 8.2 software. Precursors were analysed in 

solution form (tetrahydrofuran solvent). For FTIR data acquisition, on the face of a highly 

polished KBr plate, was applied the sample in solution which, after drying the solvent was 

placed the second plate. The two KBr plates were used as reference in absorbance 

calculations. All the sample spectra were collected at room temperature in the 4000-600 cm-1 

range by averaging 32 scans at a spectral resolution of 4 cm-1. 

1H Nuclear Magnetic Resonance (NMR) and 13C Nuclear Magnetic Resonance (NMR) spectra 

were performed on a Bruker spectrometers type Brüker Avance III (400,13 MHz and e 100,63 

MHz, respectively) using Tetramethylsilane (TMS) as the internal standard, at Universidade da 

Beira Interior. Were processed in Topspin 3.1 software. DMSO-d6 or CDCl3, were used as 

solvents and also, as internal standard, (DMSO-d6, δ= 2,50 ppm e 39,52 ppm or CDCl3, δ= 7,26 

ppm e 77,16 ppm in 1H e 13C NMR, respectively) Correlations homonuclear 2-dimensional COSY 

type (Correlated Spectrometry) were performed to allow completion of the assignment of 

certain signals. Chemical shifts (δ) of the various signals are expressed in parts per million 

(ppm). The coupling constants (J) are given in Hertz (Hz) and the multiplicity of signals is 

indicated on the spectra, using the abbreviations: bs (broad singlet), s (singlet), d (doublet), 

dd (double doublet), q (quartet), dt (double triplet), td (triple doublet), ddd (double double 

doublet), m (multiplet) and t (triplet). 
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For each synthesized compound, both 2D structure and respective Simplified Molecular Input 

Line Entry Specification (SMILES) are represented. SMILES are important for in silico 

predictions and that was performed in Chembiodraw 13.0, ChembiodrawSoft® software. 

5.2. Synthesis of carbohydrate derivatives - starting materials  

For the synthesis of the organic component of the precursor were used as base carbohydrate, 

the 1-O-methyl-α-D-glucopyranose and D-Glucose, which were modified by a reaction 

sequence involving 3 steps, D-ribose which was methylated and protected with isopropylidene 

in only one step, and the 1,2:5,6-di-O-isopropylidene-α-D-glucofuranose, which was modified 

by a reaction sequence involving 4 steps. 

5.2.1. Reaction sequence from methyl-α-D-glucopyranoside (1a) and D-

Glucose (1b) 

5.2.1.1. 1-O-methyl-6-O-tripenhylmethyl-α-D-glucopiranoside (2a) and 6-O-

thriphenylmethyl-α-D-glucopiranoside (2b) 

 

 

  

 

 

 

 

Scheme 18- Preparation of 2a and 2b from 1a and 1b, respectively. Yield: 2a=60%, 2b=44%. 

 

Chemical formula 2a/2b: C26H28O6/ C25H26O6 

M.W. 2a/2b = 436.50/ 422.17 g/mol 

 

It was prepared a solution of 1-O-methyl-α-D-glucopyranoside 1a or D-glucose 1b (1g, 5 

mmol; 1g, 6 mmol), respectively, in DMF (2.67 mL; 3.20 mL). Then this solution, was placed 

under nitrogen atmosphere and was added trityl chloride (1.49 g, 5.3 mmol; 1.49 g, 6.36 

mmol), thrietylamine (1.26 mL; 1.51 mL) and DMAP (49 mg; 58.8 mg). The reaction mixture 

was stirring at room temperature overnight. After addition of a mixture of ice and water (50 

mL, 60 mL), an extraction was performed with dichloromethane (3x20 mL; 3x24 mL) and the 

organic phase was washed with a saturated solution of ammonium chloride (50 mL; 60 mL), 

distilled water (50 mL; 60 mL) and after drying with anhydrous sodium sulfate. Filtration and 

concentration under the pressure, gives a residue which was purified by column 

chromatography under moderate pressure using Ethyl Acetate/N-Hexane (EA/H) (2:1) as 
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eluent to afford the corresponding trityl derivative 2a or 2b. (Scheme 18) 2a- Yield: 60%. Rf: 

0.21 (EA/H: 3/1). 2b- Yield: 44%. Rf: 0.17 (EA/H: 3/1). 139 

2a: 

FTIR (cm-1): 3490 (OH), 1590 (C=C aromatic). 

1H NMR (400 MHz, Chloroform-d) δ 7.50 – 7.16 (m, 15H, 3 Phenyl), 4.75 (d, J = 3.8 Hz, 1H, 

H-1), 3.74 – 3.58 (m, 2H, CH2-6), 3.54 – 3.28 (m, 7H, H-2, H-3, H-4, H-5 and O-CH3). 

13C NMR (101 MHz, Chloroform-d) δ 143.75, 128.66, 127.90 and 127.13 (3 Phenyl + 1 qC 

aromatic) 99.10 (C-1), 86.96 (C-Ph3), 74.62, 72.17, 71.67 and 70.01 (C-2, C-3, C-4 and C-5), 

63.96 (C-6), 55.21 (O-CH3). 

2b: 

FTIR (cm-1): 3490 (OH), 1590 (C=C aromatic). 

1H NMR (400 MHz, DMSO-d6) δ 7.36 – 7.14 (m, 15H, 3 Ph-H), 4.92 (t, J = 4.0 Hz, 1H, H-1), 

4.80 (d, J = 5.4 Hz, 1H, OH), 4.66 (d, J = 4.7 Hz, 1H, OH), 4.48 (d, J = 6.7 Hz, 1H, OH), 4.40 

(bs, 1H, OH), 3.65 – 3.51 (m, 3H, CH2-6, H-4 and H-5), 3.18 – 2.98 (m, 2H, H-2 and H-3). 

13C NMR (101 MHz, DMSO-d6) δ 148.20, 128.21, 128.00 and 127.12 (3 Ph-C + 1 qC aromatic), 

92.68 (C-1) 81.03 (C-Ph3), 73.54, 72.82, 72.41 and 71.03 (C-2, C-3, C-4 and C-5) 61.67 (C-6). 

 

5.2.1.2. 6-O-triphenylmethyl-2,3,4-tri-O-acetyl–1–O–methyl–α–D-glucopyranose (3a) and 

6-O-triphenylmethyl-1,2,3,4-tetra-O-acetyl–β–D-glucopyranoside (3b) 

 

 

 

 

 

 

 

 

Scheme 19- Preparation of 3a and 3b from 2a and 2b, respectively. Yield: 3a=70%, 3b=78%. 

 

 

Chemical formula 3a/3b: C32H34O9/ C33H34O10 

M.W. 3a/3b = 562.62/422.17 g/mol 
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Anhydrous sodium acetate (0.31 g) and acetic anhydride (5.7 mL, 60.3 mmol) was added into 

a reaction flask. This mixture was heated under reflux for 20 minutes. Then, compound 2a (1 

g, 2.29 mmol) or 2b (1g, 2.37 mmol), was slowly added to previous solution at room 

temperature. The mixture was in reflux for 1 hour. After the end of reaction, the reaction 

mixture was drop in 10 mL of cold water to cause the precipitation of crystals. The mixture is 

put in an ice bath to continue the crystallization. In the end, the crystals are filtered under 

vacuum to give the acetylated compound 3a or 3b. (Scheme 19) The end of reaction is 

controlled by TLC. 3a- Yield: 70%. Rf: 0.63 (EA/H: 1/3). 3b- Yield: 78%. Rf: 0.60 (EA/H: 1/3). 

140 

3a: 

FTIR (cm-1): 1733(C=O), 1590 (C=C aromatic). 

1H NMR (400 MHz, Chloroform-d) δ 7.49 – 7.16 (m, 15H, 3 Ph-H), 5.43 (t, J = 10.2 Hz, 1H, H-

2), 5.06 (t, J = 10.3 Hz, 1H, H-4), 5.01 (d, J = 3.7 Hz, 1H, H-1), 4.93 (dd, J = 10.2, 3.7 Hz, 1H, 

H-5), 3.95 – 3.88 (m, 1H, H-3), 3.46 (s, 3H, O-CH3), 3.19 (dd, J = 10.4, 2.3 Hz, 1H, H-6a), 3.12 

(dd, J = 10.4, 5.3 Hz, 1H, H-6b), 2.09 (s, 3H, C-CH3), 1.99 (s, 3H, C-CH3), 1.73 (s, 3H, C-CH3). 

13C NMR (101 MHz, Chloroform-d) δ 171.20 (C=O), 170.5 (C=O), 170.07(C=O), 143.75, 128.66, 

127.90 and 127.13 (3 Ph-C + 1 qC aromatic), 82.94 (C-Ph3), 75.20 (C-5), 72.6 (C-1), 71.8 (C-2), 

70.95 (C-3), 68.7 (C-4), 60.91(C-6), 56.42 (O-CH3), 20.67 (O=C-CH3), 22.65 (C-CH3), 22.62 (C-

CH3). 

3b:  

FTIR (cm-1): 1733(C=O), 1590 (C=C aromatic). 

1H NMR (400 MHz, Chloroform-d) δ 7.18–7.57 (m, 15H, 3 Ph-H), 5.73 (1H, d, J = 3.6 Hz, H-1), 

5.30 (1H, t, J = 10.0, Hz H-4), 5.11–5.47 (m, 3H, H-2, H-3 and H-5), 3.07 (1H, dd, J = 10.2, 2.5 

Hz, H-6a), 3.37 (1H, dd, J = 10.2, 5.1 Hz, H6-b), 3.70 (1H, d, 3.4 Hz, H-5), 1.99–2.214 (3 s, 

12H, C-CH3);  

 

13C NMR (101 MHz, Chloroform-d) δ 20.6 (C-CH3), 170.24, 169.33, 169.05 and 168.95 (3 

C=O), 143.6, 128.8, 127.9 and 127.1 (3 Ph-C + 1 qC aromatic), 91.91 (C-1), 86.7 (C–Ph3), 

74.08 (C-5), 73.2 (C-3), 70.5 (C-2), 61.69 (C-6), 68.3 (C-4). 
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5.2.1.3. 6-O-triphenylmethyl-2,3,4-tri-O-acetyl-1-O-methyl-α-D-glucopyranoside (4a) 

and 1,2,3,4-tetra-O-acetyl-β-D-glucopyranoside (4b) 

 

 

 

 

 

 

 

 

 

Scheme 20- Preparation of 4a and 4b from 3a and 3b, respectively. Yield: 4a=82%, 3b=75%. 

 

Chemical formula 4a/4b: C15H24O7/ C14H20O10 

M.W. 4a/4b = 316.35/ 348.11 g/mol 

 

The 3a (1g, 1.77 mmol) or 3b (1g, 2.37 mmol) compound was dissolved in a mixture of formic 

acid (FA) (4.2 mL; 7 mL) and EA (6.3 mL; 10.5 mL) at room temperature for 30 minutes. 

After the end of reaction, the solution was diluted with ethyl acetate, washed successively 

with brine and a saturated solution of sodium hydrogen carbonate until still neutral (3 series). 

Finally, the compound was dried with anhydrous sodium sulphate and concentration under the 

pressure. (Scheme 20) The residue was purified by column chromatography under moderate 

pressure using EA/H (2:1) as eluent. 4a- Yield: 82% Rf: 0.25 (EA/H: 1/3). 4b- Yield: 75%. Rf: 

0.20 (EA/H: 1/3).141 

4a: 

FTIR (cm-1): 3490 (OH), 1733(C=O).  

1H NMR (400 MHz, Chloroform-d) δ 5.53 (t, J = 9.8 Hz, 1H, H-2), 5.03 (t, J = 9.8 Hz, 1H, H-

4), 4.97 (d, J = 3.7 Hz, 1H, H-1), 4.87 (dd, J = 10.2, 3.6 Hz, 1H, H-5), 3.80 (dd, J = 2.7, 1.9 

Hz, 1H, H-6a), 3.75 – 3.68 (m, 1H, H-3), 3.60 (dd, J = 4.6, 4.0 Hz, 1H, H-6b), 3.42 (s, 3H, O-

CH3), 2.66 (bs, 1H, OH), 2.08 (s, 3H, C-CH3), 2.06 (s, 3H, C-CH3), 2.02 (s, 3H, C-CH3). 

13C NMR (101 MHz, Chloroform-d) δ 170.47 (C=O), 170.19 (C=O), 170.07 (C=O), 96.81 (C-1), 

70.96 (C-2), 69.84 (C-4), 69.28 (C-5), 68.85 (C-3), 60.91 (C-6), 55.35 (O-CH3), 20.67 (C-CH3), 

22.65 (C-CH3), 22.62 (C-CH3). 
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4b:  

FTIR (cm-1): 3325 (OH), 1733(C=O).  

1H NMR (400 MHz, Chloroform-d) δ 5.73 (d, J = 8.2 Hz, 1H, H-1), 5.31 (t, J = 9.5 Hz, 1H, H-

4), 5.15 – 5.05 (m, 2H, H-2 and H-3), 3.77 (d, J = 13.9 Hz, 1H, H-5), 3.64 (dd, J = 11.8, 10.0 

Hz, 2H, CH2-6), 2.35 (bs, 1H, OH), 2.12 (s, 3H, C-CH3), 2.07 (s, 3H, C-CH3), 2.04 (s, 3H, C-

CH3), 2.03 (s, 3H, C-CH3). 

13C NMR (101 MHz, Chloroform-d) δ 170.52 (C=O), 170.15 (C=O), 169.84 (C=O), 92.03 (C-1), 

74.12 (C-4), 73.20 (C-2),70.55 (C-3), 68.36 (C-5), 60.94 (CH2-6), 20.97, 20.95, 20.91, 20.90 (C-

CH3).  

5.2.2. Reaction sequence from D-Ribose (5) 

5.2.2.1. 1-O-Methoxy-2,3-O-isopropylidene-β-D-ribofuranose (6) 

 

 

 

 

 

 

 

Scheme 21- Preparation of 6 from 5. Yield: 89%. 

Chemical formula: C9H16O5 

M.W. = 204.10 g/mol 

 

D-ribose 5 (1 g, 6.66 mmol) was dissolved in 5 mL of dry acetone and 5 mL of dry methanol at 

room temperature. The sulphuric acid (0.5 mL) was slowly added. The stirred mixture was 

kept for 48h at room temperature, and the reaction was quenched with NaHCO3 to neutralize 

the solution. The mixture was filtered and concentrated to a reduced volume. The resulting 

residue was dissolved with water, extracted three times with ethyl acetate, dried with 

MgSO4, filtered and evaporated in the evaporator. (Scheme 21) 145 Yield: (89%). Rf: 0.48 

(EA/H: 1/1) 

 

FTIR (cm-1): 3570 (OH). 

1H NMR (400 MHz, Chloroform-d) δ 1.28 (s, 3H, C-CH3), 1.44 (s, 3H, C-CH3), 3.23 (bs, 1H, 

OH), 3.39 (s, 3H, O-CH3), 3.54-3.63 (m, 2H, CH2-5), 4.37 (dd, 1H, J=7.2, 2.7 Hz, H-4), 4.55 

(dd, 1H, J= 6.0, 2.3 Hz, H- 3), 4.79 (dd, 1H, J=6.5, 5.3 Hz, H-2), 4.93 (s, 1H, H-1). 
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13C NMR (101 MHz, CDCl3) δ 24.8 (C-CH3), 26.5 (C-CH3), 55.6 (O-CH3), 64.10 (C-5), 81.60 (C-

2), 85.90 (C-3) 88.40 (C-4), 110.10 (C-1), 112.2 (C-CH3). 

5.2.3. Reaction sequence from 1,2:5,6-di-O-isopropylidene-α-D-glucofuranose 
(7) 

5.2.3.1. 3-O-benzyl-1,2:5,6-di-O-isopropylidene-α-D-glucofuranose (8) 

 

 

 

 

 

 

 

Scheme 22- Preparation of 8 from 7. Yield: 98%. 

 

Chemical formula: C18H24O6 

M.W.= 336.16 g/mol 

 

D-glucose diacetonide 7 (2.5 g, 9.605 mmol) was dissolved in anhydrous DMF (4 mL). After 

that, the suspension was cooled in an ice bath and benzyl bromide (2.275 mL, 13.3 mmol) was 

added dropwise, followed by the addition slowly of sodium hydride (NaH) because the 

reaction is very exothermic. After the addition of compounds, the ice bath is removed after 

10 min. Then, a tube with calcium chloride and cotton was introduce in the round bottom 

flask to retain the fumes released. The end of the reaction was controlled by TLC, and was 

completed after stirring at room temperature during 20 min, the end of reaction was 

controlled by TLC. To the reaction mixture was added slowly 2 mL of MeOH to react with the 

excess of the NaH. DMF was removed under reduced pressure, obtaining a residue that was 

dissolved in dichloromethane (DCM) (25 mL) and washed with water and brine, dried with 

magnesium sulphate (MgSO4). In the last step the compound was filtered, and DCM was 

evaporated to give a yellow oil 14.(Scheme 22)155 Yield: 98%. Rf: 0.48 (Ethyl Acetate/Toluene 

(EA/Tol): 2/1) 

FTIR (cm-1): 1605 (C=C).  

- 1H-NMR and 13C-NMR according to literature139. 
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5.2.3.2. 3-O-benzyl-1,2-O-isopropylidene-α-D-glucofuranose (9) 

 

 

 

 

 

 

Scheme 23- Preparation of 9 from 8. Yield: 74%. 

 

Chemical formula: C15H20O6 

M.W. = 296.13 g/mol 

 

To the 3-O-Benzyl-1,2:5,6-di-O-isopropylidene-α-D-glucofuranose 8 (1g, 4.1 mmol) was added 

acetic acid 80% (28.6 mL), and heated at 60°C, over 1h. Followed the addition of toluene to 

the residue (21 mL) and after, was concentrated repeatedly for 3 times. The residue was 

purified by column chromatography under moderate pressure using EA/Tol: 1/5 as eluent. 

(Scheme 23) Yield: 74%, syrup. Rf: 0.39 (EA/H: 1/3).  

- 1H-NMR and 13C-NMR according to literature139. 

5.2.3.3. 3-O-benzil-1,2-O-isopropylidene--D-gluco-pentodialdo-1,4-furanose (10) 

 

 

 

 

 

 

 

Scheme 24- Preparation of 10 from 9. Yield: 95%. 

Chemical formula: C14H16O5 

M.W.= 264.10 g/mol 

 

A solution of sodium periodate (SP) (1.67 g, 7.8 mmol) in water (33.4 mL), was poured over a 

solution of 3-O-Benzyl-1,2-O-isopropylidene-α-D-glucofuranose 9 (1,0 g, 3.22 mmol) in ethanol 

(EtOH) (6.7 mL). After 20 minutes with stirring at room temperature, under light, was added 

EtOH (330 mL). The suspension was filtrated and evaporated under the pressure (low 
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temperatures), and extracted with DCM (3x20 mL). All organic fractions were combined, dried 

with anhydrous sodium sulphate, filtrated and concentrated.139 (Scheme 24) yield: 87%, syrup. 

Rf: 0.60 (EA/Tol: 2/1). 

FTIR (cm-1): 1730 (C=O), 1605 (C=C aromatic) 

1H NMR (400 MHz, Chloroform-d) δ 9.61 (s, 1H, H-5), 7.36-7.31 (m, 5H, Ar-CH), 5.76 (d, J= 

3.4, 1H, H-1,), 4.79-4.71 (m, 1H, CH2-Ar), 4.60-4.53 (m, 1H, CH2-Ar), 4.14 (d, J= 8.9, 1H, H-

4), 3.93-3.84 (m, 1H, H-3), 1.60 (s, 3H, CH3), 1.36 (s, 3H, CH3). 

13C NMR (101 MHz, CDCl3) δ 198.53 (C=O), 137.30 (qC-Ar-C), 128.50, 128.29, 128.04 (Ar-C), 

113.44 (C-CH3), 104.72 (C-1), 79.54 (C-4), 77.79 (C-2), 77.21(C-3), 72.21 (CH2-Ar), 26.93 

(CH3), 26.62 (CH3). 

5.2.3.4. 5-(1’,2’-dimetylenehydrazone)–bis-[3-O-benzyl-1,2:5,6-di-O-isopropylidene-α-

D-glucopyranoside] (11a) 

 

 

 

 

 

 

 

 

Scheme 25- Preparation of 11a from 10. Yield: 25%. 

Chemical formula: C15H20N2O4 

M.W.= 292.33 g/mol 

 

Mixture of 3-O-benzyl-1,2-O-isopropylidene--D-gluco-pentodialdo-1,4-furanose 10 (0.733 g, 

2.75 mmol) and hydrazine hydrate (0.2 mL, 3.02 mmol) was prepared and dissolved in ethanol 

(10 mL). After stirring at room temperature for 5 min, to a completely dissolution, was added 

glacial acetic acid dropwise (0.1 mL). Solution was heated at 80°C to 1h. The end of reaction 

was verified by TLC.139 (Scheme 25) yield: 25 %, syrup. Rf: 0.60 (EA/Tol: 1/2). 

FTIR (cm-1): 1570 (C=C aromatic). (C=N) 

1H NMR (400 MHz, Chloroform-d) δ 7.55 – 7.05 (m, 10H, 2 Ar-CH), 6.05 and 6.00 (2 d, J = 3.7 

Hz and J = 3.7 Hz, 1H, H-1), 4.88 and 4,76 (2 dd, J = 5.8, 3.4 Hz, and J = 6.3, 3.4 Hz, 1H, H-

4), 4.64 (d, J = 3.7 Hz, 1H, H-5), 4.61 – 4.41 (m, 3H, CH2-a, CH2-b, H-3), 4.16 and 4.10 (2 d, J 

= 3.5 Hz and J = 3.5 Hz, 1H, H-2), 1.49 and 1.40 (2 s, 3H, CH3), 1.32 and 1.28 (2 s, 3H, CH3) 
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13C NMR (101 MHz, CDCl3) δ 160.65 (C=N), 137.04, C-CH3), 129.75-127.29 (Ar-C) 105.22 (C-1), 

84.07 (C-2), 82.86 (C-5), 82.20 (C-3), 79.73 (C-4), 72.18 (CH2-Ar), 26.92 and 26.38 (2 CH3). 

 

5.3. General procedure for synthesis of mono-organosilylated 

precursors  

For the synthesis of the precursors were used as base carbohydrate, the starting materials, 6-

O-triphenylmethyl-2,3,4-tri-O-acetyl-1-O-methyl-α-D-glucopyranoside 4a, 1,2,34-tetra-O-

acetyl-β-O-acetyl-β-D-glucopiranoside 4b and 1-O-methyl-2,3-O-isopropylidene-β-D- 

ribofuranose 6. Furthermore, are also used as based carbohydrate, D-glucose diacetonide 7 

and 1,2-O-Isopropylidene-α-D-xylofuranose 19. 

 

 

 

 

 

Scheme 26 – Preparation of 16a,b-20 from OH-sugar or NH2-sugar 22 and ICPTES 15. 

 

Sugar (1 eq, 4.04 mmol) was dissolved in THF (lowest possible) by stirring. A volume of 1 mL 

(1 eq, 4.04 mmol) of ICPTES 15 was added to this solution in a reaction flask. The flask was 

then sealed and the solution stirred for 4-10 days at moderate temperature (50-60ºC). Solvent 

was removed under the pression to give the correspondings monosilylated precursors 16a,b-

20. The reactions were controlled by FTIR and characterized with 13C-NMR and 1H-NMR.150 
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5.3.1. 6-O-ethyl(3-(triethoxysilil)propyl) carbamate-1-O-methyl-2,3,4-tri-O-

acetyl-α-D-glucopyranose (16a) and 6-O-methyl (3-

(triethoxysilyl)propyl) carbamate-1,2,3,4-tetra-O-acetyl-β-D-

glucopyranoside (16b)  

 

 

 

 

 

 

 

 

 

Figure 9- Structure of 16a and 16b. Yield: 90%. 

 

Chemical formula 16a/16b: C24H43NO12Si /C25H43NO13Si 

M.W. 16a/16b= 565.26/595.23g/mol 

 

16a: 

This compound (Figure 9) was prepared from sugar derivative 4a.  

Reaction time: 6 days. Yield: 90 (%). Oil; 

FTIR (cm-1): 3392 (NH), 1751 (urethane), 1706 (C=O), 1647 (urethane), 1227, 1038 (SiOEt), 

956 (NCH2) 774 (Si-O).  

1H NMR (400 MHz, Chloroform-d) δ 5.45 (t, J = 9.8 Hz, 1H, H-2), 5.01 (t, J = 10.0 Hz, 1H, H-

4), 4.93 (d, J = 3.6 Hz, 1H, H-1), 4.86 (dd, J = 10.2, 3.6 Hz, 1H, H-5), 4.16 (d, J = 4.3 Hz, 1H, 

H-3), 4.11 – 3.91 (m, 2H, CH2), 3.80 (q, J = 7.0 Hz, 6H, CH2-O), 3.39 (s, 3H, O-CH3), 3.21 – 3.08 

(m, 2H, N-CH2), 2.06 (s, 3H, CH3-isopropylidene), 2.01 (s, 3H, CH3-isopropylidene), 1.98 (s, 

3H, CH3-isopropylidene), 1.67 – 1.52 (m, 2H, CH2-CH2), 1.20 (t, J = 7.6 Hz, 9H, CH3-CH2), 0.66 

– 0.55 (m, 2H, CH2-O). 

 

13C NMR (101 MHz, CDCl3) δ 170.15, 170.07, 169.55 (C=O), 155.84 (O=C-NH), 96.70 (C-1), 

70.80 (C-2), 69.80 (C-4), 68.83 (C-3), 67.95 (C-6), 67.45 (C-5), 58.43 (CH2-CH3), 55.39 (O-

CH3), 43.52 (CH2-N), 23.18 (CH2-CH2), 20.71, 20.67, 20.63 (CH3-isopropylidene), 18.26 (CH3-

CH2),7.58 (CH2-Si). 
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16b: 

This compound was prepared from sugar derivative 4b. 

Reaction time: 6 days. Yield: 87 (%). Oil; 

FTIR (cm-1): 3392 (NH), 1751 (urethane), 1706 (C=O), 1647 (urethane), 1227, 1038 (SiOEt), 

956 (NCH2) 774 (Si-O). 

1H NMR (400 MHz, Chloroform-d) δ 5.70 (t, J = 9.3 Hz, 1H, H-2), 5.33 – 5.17 (m, 1H, H-4), 

5.11 (d, J = 9.5 Hz, 1H, H-1), 5.06 (dd, J = 11.9, 3.8 Hz, 1H, H-5 ), 4.52 (d, J = 4.3 Hz, 1H, H-

3),  4.21 – 3.88 (m, 2H, CH2-6), 3.80 (q, J = 7.1 Hz, 6H, CH2-CH3), 3.19 – 3.07 (m, 2H, N-CH2), 

2.10 (s, 3H, CH3-isopropylidene ), 2.06 (s, 3H, CH3-isopropylidene), 2.02 (s, 3H, CH3-

isopropylidene), 2.00 (s, 3H, CH3-isopropylidene), 1.62-1.57 (m, 2H, CH2-CH2) 1.21 (t, J = 6.9 

Hz, 9H, CH3-CH2), 0.65 – 0.57 (m, 2H, CH2-Si). 
 

13C NMR (101 MHz, CDCl3) δ 170.11, 169.09, 168.80, 168.06 (O=C-CH3) 156.92 (O=C-NH), 

91.72 (C-1), 70.39 (C-2), 70.25 (C-4), 68.51 (C-3), 68.17 (C-5), 67.97 (C-6), 58.45 (CH2-CH3), 

43.27 (N-CH2), 23.18 (CH2-CH2), 20.71, 20.67, 20.63, 20.20 (CH3-isopropylidene), 18.28 (CH3-

CH2), 7.59 (CH2-Si). 

 

5.3.2. 5-O-ethyl(3-(triethosysilyl) propyl) carbamate-1-O-methyl-2,3-O-

isopropylidene-β-D-glucofuranose (17) 

 

 

 

 

 
 

Figure 10- Structure of 17. Yield: 80%. 

Chemical formula: C19H37NO9Si 

M.W. = 451.22 g/mol 

 

This compound (Figure 10) was prepared from sugar derivative 6.  

Reaction time: 5 days. Yield: 80 (%). Oil; 

FTIR (cm-1): 3392 (NH), 1751 (urethane), 1706 (C=O), 1647 (urethane), 1227, 1038 (SiOEt), 

956 (NCH2) 774 (Si-O). 
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1H NMR (400 MHz, Chloroform-d) δ 4.91 (s, 1H, H-1), 4.77 (dd, J = 6.5, 5.3 Hz, 1H, H-2), 

4.50 (dd, J = 6.0, 2.3 Hz, 1H, H-3), 4.37 (dd, J = 7.2, 2.7 Hz, 1H, H-4), 4.15 – 4.03 (m, 2H, 

CH2-5), 3.88 – 3.75 (m, 6H, CH2-CH3), 3.32 (s, 3H, O-CH3), 3.22 – 3.12 (m, 2H, N-CH2), 1.69 – 

1.55 (m, 2H, CH2-CH2), 1.48 (s, 3H, C-CH3), 1.33 (s, J = 2.3 Hz, 3H, C-CH3), 1.23 (t, J = 6.9 Hz, 

9H, CH3-CH2), 0.63 (m, J = 6.9 Hz, 2H, CH2-Si). 

13C NMR (101 MHz, Chloroform-d) δ 155.94 (C=O), 112.08 (C-CH3), 109.94 (C-1), 81.35 (C-2), 

81.46 (C-3), 67.94 (C-4), 68.92 (C-5), 60.54 (CH2-CH3), 55.48 (CH3-O) 43.45 (CH2-N), 24.68, 

24.55 (CH3-isopropylidene), 23.23 (CH2-CH2), 18.25 (CH2-CH3), 14.64, 7.60 (CH2-Si) 

 

5.3.3. 3-O-ethyl(3-(triethylsylil)propyl)carbamate-1,2:5.6-di-O-isopropylide-α-

D-glucofuranose (18) 

 

 

 

 

 

 

 

Figure 11- Structure of 18. Yield: 71%. 

Chemical formula: C22H41NO10Si 

M.W. = 507.25 g/mol 

 

This compound (Figure 11) was prepared from commercial 1,2:5,6-di-O-isopropylidene-α-D-

glucofuranose 7.  

Reaction time: 10 days. Yield: 71(%). Oil; 

FTIR (cm-1): 3392 (NH), 1751 (urethane), 1706 (C=O), 1647 (urethane), 1227, 1038 (SiOEt), 

956 (NCH2) 774 (Si-O).  

 

1H NMR (400 MHz, Chloroform-d) δ 5.91 (d, J = 3.6 Hz, 1H, H-1), 4.55 (d, J = 3.6 Hz, 1H, H-

2), 4.36 – 4.26 (m, 2H, H-3, H-5), 4.14 (dd, J = 7.5, 6.2 Hz, 1H, H-4), 4.04 (dd, J = 7.9, 2.8 

Hz, 1H, CH2-6a), 3.97 (dd, J = 8.6, 5.3 Hz, 1H, CH2-6b), 3.79 (q, J = 7.0 Hz, 6H, CH2-CH3), 

3.27 – 3.08 (m, 2H, N-CH2), 1.66 – 1.53 (m, 2H, CH2-CH2), 1.47 (s, 3H, CH3-isopropylidene), 

1.42 (s, 3H, CH3-isopropylidene), 1.34 (s, 3H, CH3-isopropylidene), 1.29 (s, 3H, CH3-

isopropylidene), 1.20 (t, J = 6.9 Hz, 9H, CH3-CH2), 0.63 (m, J = 6.9 Hz, 2H, CH2-Si). 
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13C NMR (101 MHz, CDCl3) δ 154.87 (C=O), 111.76 (C-CH3), 109.54, 109.2 (C-CH3), 105.24 (C-

1), 85.27 (C-2), 81.23 (C-4), 75.01 (C-3), 73.21 (C-5), 67.58 (C-6), 58.42 (CH2-CH3), 43.46 

(CH2-N), 26.72, 26.16, 25.58, 25.29 (CH3-isopropylidene), 18.26 (CH2-CH3), 7.64 (CH2-Si). 

 

5.3.4. Bis(3,5-O-ethyl(3-(triethoxysilyl)propyl)carbamate-1,2-O-

isopropylidene-–D-glucofuranose  (20) 

 

 

 

 

 

 

 

Figure 12- Structure of 20. Yield: 65%. 

Chemical formula: C27H55N2O13Si2 

M.W. = 684.91 g/mol 

 

 

This compound (Figure 12) was prepared from commercial 1,2-O-Isopropylidene-α-D-

xylofuranose 19. Contrary to other precursors, the stoichiometric ratio NCO/OH = 2/1. 

Reaction time: 10 days. Yield: 65 (%). Oil; 

FTIR (cm-1): 3392 (NH), 1751 (urethane), 1706 (C=O), 1647 (urethane), 1227, 1038 (SiOEt), 

956 (NCH2) 774 (Si-O). 

1H NMR (400 MHz, Chloroform-d) δ 5.91 (d, J = 3.6 Hz, 1H, H-1), 5.20 – 5.09 (m, 1H, H-3), 

5.01 (d, J=3.6, 1H) 4.61 – 4.43 (m, 1H, H-4), 4.45 (dd, J=11.7, 4.8 Hz, 1H, CH2-5a), 4.30 (dd, J 

= 11.7, 4.8 Hz, 1H, CH2-5b ), 3.82 (q, J = 7.2, 6.0 Hz, 12H, CH2-CH3), 3.25 – 3.10 (m, 4H, N-

CH2), 1.67 – 1.55 (m, 4H, CH2-CH2), 1.52 (s, 3H, C-CH3), 1.31 (s, 3H, C-CH3), 1.23 (t, J = 7.2 

Hz, 18H, CH3-CH2 ), 0.63 (m, J = 6.9 Hz, 4H, CH2-Si). 
 

13C NMR (101 MHz, CDCl3) δ 159.80 (C=O), 112.20 (Cq), 104.55 (C1), 84.96 (C3), 79.93 (C2), 

76.66 (C4), 69.71 (C-5) 58.45 (CH2-CH3), 43.20 (CH2-N) 26.70 (CH3), 26.25 (CH2-CH2), 26.19 

(CH3), 18.26 (CH3-CH2), 7.53 (CH2-Si) 
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5.3.5. 3,5,6-tri-O-ethyl(3-(triethoxysilyl)propyl)carbamate-1,2:5,6-di-O-

isopropylidene-–D-glucofuranose (22) 

 

 

 

 

 

 

 

 

 

Figure 13- Possible structure of 22. 

 

FTIR (cm-1): 3392 (NH), 2271.69 (isocyanate) 1697 (urea), 1700 (C=O), 1227, 1038 (SiOEt), 956 

(NCH2) 774 (Si-O). 

This compound (Figure 13) was prepared from sugar derivative 21. Reaction time: 10 days. 

Oil; 

It was not possible purify.  

 

 

  



 

62 

 

 

  



  

63 

 

6. References 
 

(1)  Lauren, P. Molecular Biology of Cancer: Mechanisms, Targets, and Therapeutics; 2012. 

(2)  Boultwood, J.; Fidler, C. Molecular Analysis of Cancer; 2002. 

(3)  Métodos de Tratamento : Liga Portuguesa Contra o Cancro. 

(4)  Cheung-Ong, K.; Giaever, G.; Nislow, C. DNA-Damaging Agents in Cancer 
Chemotherapy: Serendipity and Chemical Biology. Chem. Biol. 2013, 20 (5), 648–659. 

(5)  Sanna, V.; Nurra, S.; Pala, N.; Marceddu, S.; Pathania, D.; Neamati, N.; Sechi, M. 
Targeted Nanoparticles for the Delivery of Novel Bioactive Molecules to Pancreatic 
Cancer Cells. J. Med. Chem. 2016, 59 (11), 5209–5220. 

(6)  Yan, L.; Chen, X. Nanomaterials for Drug Delivery, Second Edi.; Elsevier Ltd, 2013. 

(7)  Yang, P.; Gai, S.; Lin, J. Functionalized Mesoporous Silica Materials for Controlled Drug 
Delivery. Chem. Soc. Rev. 2012, 41 (9), 3679. 

(8)  Wang, G.; Otuonye, A. N.; Blair, E. A.; Denton, K.; Tao, Z.; Asefa, T. Functionalized 
Mesoporous Materials for Adsorption and Release of Different Drug Molecules: A 
Comparative Study. J. Solid State Chem. 2009, 182 (7), 1649–1660. 

(9)  Yang, P.; Quan, Z.; Lu, L.; Huang, S.; Lin, J. Luminescence Functionalization of 
Mesoporous Silica with Different Morphologies and Applications as Drug Delivery 
Systems. Biomaterials 2008, 29 (6), 692–702. 

(10)  Parhi, P.; Mohanty, C.; Sahoo, S. K. Nanotechnology-Based Combinational Drug 
Delivery: An Emerging Approach for Cancer Therapy. Drug Discov. Today 2012, 17 (17–
18), 1044–1052. 

(11)  Yan, L.; Chen, X. Nanomaterials for Drug Delivery. In Nanocrystalline Materials: Their 
Synthesis-Structure-Property Relationships and Applications; 2013; pp 221–268. 

(12)  Abildskov, J.;Connell, J. P. Molecular Thermodynamic Modeling and Design of 
Microencapsulation Systems for Drug Delivery. J. Chem. Eng. Data 2011, 56, 1229–
1237. 

(13)  Mamaeva, V.; Sahlgren, C.; Lindén, M. Mesoporous Silica Nanoparticles in Medicine-
Recent Advances. Adv. Drug Deliv. Rev. 2013, 65 (5), 689–702. 

(14)  de Villiers, M. M.; Aramwit, P.; Kwon, G. S. Nanotechnology in Drug Delivery; 2009. 

(15)  Moritz, M.; Geszke-Moritz, M. Mesoporous Materials as Multifunctional Tools in 
Biosciences: Principles and Applications. Mater. Sci. Eng. C 2015, 49, 114–151. 

(16)  Salehi, R.; Irani, M.; Rashidi, M.-R.; Aroujalian, A.; Raisi, A.; Eskandani, M.; Haririan, 
I.; Davaran, S. Stimuli-Responsive Nanofibers Prepared from poly(N-
Isopropylacrylamide-Acrylamide-Vinylpyrrolidone) by Electrospinning as an Anticancer 
Drug Delivery. Des. Monomers Polym. 2013, 16 (February), 515–527. 

(17)  Heath, J. R. Nanotechnologies for Biomedical Science and Translational Medicine. 
Proc. Natl. Acad. Sci. 2015, 112 (47), 201515202. 

(18)  Soler-Illia, G. J. D. A. A.; Sanchez, C.; Lebeau, B.; Patarin, J. Chemical Strategies to 
Design Textured Materials: From Microporous and Mesoporous Oxides to Nanonetworks 
and Hierarchical Structures. Chem. Rev. 2002, 102 (11), 4093–4138. 

(19)  Croissant, J. G.; Cattoën, X.; Wong, M.; Man, C.; Durand, J.-O.; Khashab, N. M. 
Syntheses and Applications of Periodic Mesoporous Organosilica Nanoparticles. 
Nanoscale 2015, 7, 20318–20334. 



 

64 

 

(20)  Li, W.; Zhao, D. An Overview of the Synthesis of Ordered Mesoporous Materials. Chem. 
Commun. (Camb). 2013, 49 (10), 943–946. 

(21)  Huo, Q.; Margolese, D. I.; Ciesla, U.; Feng, P.; Gier, T. E.; Sieger, P.; Leon, R.; 
Petroff, P. M.; Schüth, F.; Stucky, G. D. Generalized Synthesis of Periodic 
Surfactant/inorganic Composite Materials. Nature 1994, 368 (6469), 317–321. 

(22)  Vallet-Regi, M.; Mila, A.; Del Real, R. P., New Property of MCM-41: Drug Delivery 
System. Chem. Mater. 2001, 13 (2), 308–311. 

(23)  Hunks, W. J.; Ozin, G. a. Challenges and Advances in the Chemistry of Periodic 
Mesoporous Organosilicas (PMOs). J. Mater. Chem. 2005, 15 (35–36), 3716. 

(24)  Hoffmann, F.; Cornelius, M.; Morell, J.; Fröba, M. Silica-Based Mesoporous Organic–
Inorganic Hybrid Materials. Angew. Chemie Int. Ed. 2006, 45 (20), 3216–3251. 

(25)  Kresge, C. T.; Roth, W. J. The Discovery of Mesoporous Molecular Sieves from the 
Twenty Year Perspective. Chem. Soc. Rev. 2013, 42 (9), 3663–3670. 

(26)  Alothman, Z. A. A Review: Fundamental Aspects of Silicate Mesoporous Materials. 
Materials (Basel). 2012, 5 (12), 2874–2902. 

(27)  Gu, S.; Jaroniec, M. A New Approach to Synthesis of Periodic Mesoporous 
Organosilicas: Taking Advantage of Self-Assembly and Reactivity of Organic Precursors. 
J. Mater. Chem. 2011, 21 (17), 6389. 

(28)  Wei, Y.; Xu, J.; Dong, H.; Dong, J. Preparation and Physisorption Characterization of 
D-Glucose-Templated Mesoporous Silica Sol-Gel Materials. Chem. Mater. 1999, 11 (8), 
2023–2029. 

(29)  Inagaki, S.; Guan, S.; Fukushima, Y.; Ohsuna, T.; Terasaki, O. Novel Mesoporous 
Materials with a Uniform Distribution of Organic Groups and Inorganic Oxide in Their 
Frameworks. J. Am. Chem. Soc. 1999, 121 (41), 9611–9614. 

(30)  Zhao, D. Triblock Copolymer Syntheses of Mesoporous Silica with Periodic 
50&amp;nbsp;to 300&amp;nbsp;Angstrom Pores. Science (80-. ). 1998, 279 (5350), 
548–552. 

(31)  Sakamoto, Y.; Kaneda, M.; Terasaki, O.; Zhao, D. Y.; Kim, J. M.; Stucky, G.; Shin, H. 
J.; Ryoo, R. Direct Imaging of the Pores and Cages of Three-Dimensional Mesoporous 
Materials. Nature 2000, 408 (6811), 449–453. 

(32)  Zhao, D.; Yu, C.; Fan, J.; Tian, B.; Stucky, G. D. High-Yield Synthesis of Periodic 
Mesoporous Silica Rods and Their Replication to Mesoporous Carbon Rods. Adv. Mater. 
2002, 14 (23), 1742–1745. 

(33)  Tanev, P. T.; Pinnavaia, T. J. A Neutral Templating Route to Mesoporous Molecular 
Sieves. Science (80-. ). 1995, 267 (5), 865–867. 

(34)  Bagshaw, S. A.; Prouzet, E.; Pinnavaia, T. J. Templating Mesoporous Molecular Sieves 
by Nonionic by Polyethylene Ocide Surfactants. Science (80-. ). 1995, 269 (5228), 
1242–1244. 

(35)  Ryoo, R.; Kim, J. M.; Ko, C. H.; Shin, C. H. Disordered Molecular Sieve with Branched 
Mesoporous Channel Network. J. Phys. Chem 1996, 3654 (96), 17718–17721. 

(36)  Kleitz, F.; Choi, S. H.; Ryoo, R. Cubic Ia3d Large Mesoporous Silica: Synthesis and 
Replication to Platinum Nanowires, Carbon Nanorods and Carbon Nanotubes. Chem. 
Commun. (Camb). 2003, No. 17, 2136–2137. 

(37)  Liu, X.; Tian, B.; Yu, C.; Gao, F.; Xie, S.; Tu, B.; Che, R.; Peng, L. M.; Zhao, D. Room-
Temperature Synthesis in Acidic Media of Large-Pore Three-Dimensional Bicontinuous 
Mesoporous Silica with Iad Symmetry. Angew. Chemie - Int. Ed. 2002, 41 (20), 3876–
3878. 



  

65 

 

(38)  El-Safty, S. A.; Hanaoka, T. Fabrication of Crystalline, Highly Ordered Three-
Dimensional Silica Monoliths (HOM-N) with Large, Morphological Mesopore Structures. 
Adv. Mater. 2003, 15 (22), 1893–1899. 

(39)  Yu, C.; Yu, Y.; Zhao, D. Highly Ordered Large Caged Cubic Mesoporous Silica Structures 
Templated by Triblock PEO–PBO–PEO Copolymer. Chem. Commun. 2000, No. 7, 575–
576. 

(40)  El-Safty, S. A.; Evans, J. Formation of Highly Ordered Mesoporous Silica Materials 
Adopting Lyotropic Liquid Crystal Mesophases. J. Mater. Chem. 2002, 12 (1), 117–123. 

(41)  Fan, J.; Yu, C.; Gao, F.; Lei, J.; Tian, B.; Wang, L.; Luo, Q.; Tu, B.; Zhou, W.; Zhao, 
D. Cubic Mesoporous Silica with Large Controllable Entrance Sizes and Advanced 
Adsorption Properties. Angew. Chemie - Int. Ed. 2003, 42 (27), 3146–3150. 

(42)  Han, L.; Che, S. Anionic Surfactant Templated Mesoporous Silicas (AMSs). Chem. Soc. 
Rev. 2013, 3740–3752. 

(43)  El-Safty, S. A.; Hanaokat, T. Microemulsion Liquid Crystal Templates for Highly 
Ordered Three-Dimensional Mesoporous Silica Monoliths with Controllable Mesopore 
Structures. Chem. Mater. 2004, 16 (3), 384–400. 

(44)  El-Safty, S. A.; Hanaoka, T.; Mizukami, F. Large-Scale Design of Cubic Ia3d Mesoporous 
Silica Monoliths with High Order, Controlled Pores, and Hydrothermal Stability. Adv. 
Mater. 2005, 17 (1), 47–53. 

(45)  Xu, Y.; Qu, F.; Wang, Y.; Lin, H.; Wu, X.; Jin, Y. Construction of a Novel pH-Sensitive 
Drug Release System from Mesoporous Silica Tablets Coated with Eudragit. Solid State 
Sci. 2011, 13 (3), 641–646. 

(46)  Szegedi, A.; Popova, M.; Goshev, I.; Mih??ly, J. Effect of Amine Functionalization of 
Spherical MCM-41 and SBA-15 on Controlled Drug Release. J. Solid State Chem. 2011, 
184 (5), 1201–1207. 

(47)  Gonzalez, B.; Colilla, M.; de Laorden, C. L.; Vallet-Regi, M. A Novel Synthetic Strategy 
for Covalently Bonding Dendrimers to Ordered Mesoporous Silica: Potential Drug 
Delivery Applications. J. Mater. Chem. 2009, 19 (47), 9012–9024. 

(48)  Yang, P.; Gai, S.; Lin, J.; Kresge, C. T.; Leonowicz, M. E.; Roth, W. J. Functionalized 
Mesoporous Silica Materials for Controlled Drug Delivery. Chem. Soc. Rev. 2012, 41 
(9), 3679. 

(49)  Slowing, I. I.; Vivero-Escoto, J. L.; Wu, C.-W.; Lin, V. S.-Y. Mesoporous Silica 
Nanoparticles as Controlled Release Drug Delivery and Gene Transfection Carriers. 
Adv. Drug Deliv. Rev. 2008, 60, 1278–1288. 

(50)  Trewyn, B. G.; Giri, S.; Slowing, I. I.; Lin, V. S.-Y. Mesoporous Silica Nanoparticle 
Based Controlled Release, Drug Delivery, and Biosensor Systems. Chem. Commun. 
(Camb). 2007, No. 31, 3236–3245. 

(51)  Parveen, S.; Misra, R.; Sahoo, S. K. Nanoparticles: A Boon to Drug Delivery, 
Therapeutics, Diagnostics and Imaging. Nanomedicine Nanotechnology, Biol. Med. 
2012, 8 (2), 147–166. 

(52)  Ghosh, P.; Han, G.; De, M.; Kim, C. K.; Rotello, V. M. Gold Nanoparticles in Delivery 
Applications. Adv. Drug Deliv. Rev. 2008, 60 (11), 1307–1315. 

(53)  Ravichandran, R.; Sundaramurthi, D.; Gandhi, S.; Sethuraman, S.; Krishnan, U. M. 
Bioinspired Hybrid Mesoporous Silica-Gelatin Sandwich Construct for Bone Tissue 
Engineering. Microporous Mesoporous Mater. 2014, 187, 53–62. 

(54)  Wahab, M. A.; Beltramini, J. N. Recent Advances in Hybrid Periodic Mesostructured 
Organosilica Materials: Opportunities from Fundamental to Biomedical Applications. 
RSC Adv. 2015, 5 (96), 79129–79151. 



 

66 

 

(55)  Dongyuan Zhao, Ying Wan, W. Z. Mechanisms for Formation of Mesoporous Materials. 
Ordered Mesoporous Mater. 2013, No. 2. 

(56)  Ciesla, U.; Schu, F.; Goethe-universita, J. W. Ordered Mesoporous Materials. Chem. 
Soc. Rev. 1999, 27 (7), 131–149. 

(57)  Antonelli, D. M.; Nakahira, A.; Ying, J. Y. Ligand-Assisted Liquid Crystal Templating in 
Mesoporous Niobium Oxide Molecular Sieves. Inorg. Chem. 1996, 35 (11), 3126–3136. 

(58)  Nunes, S. C.; Almeida, P.; Bermudez, V. D. Z. Ordered Mesoporous Sol – Gel Materials : 
From Molecular Sieves to Crystal-Like Periodic Mesoporous Organosilicas. 2015, 1–30. 

(59)  Blin, J. L.; Impéror-Clerc, M. Mechanism of Self-Assembly in the Synthesis of Silica 
Mesoporous Materials: In Situ Studies by X-Ray and Neutron Scattering. Chem. Soc. 
Rev. 2013, 42 (9), 4071–4082. 

(60)  Danks, A. E.; Hall, S. R.; Schnepp, Z. The Evolution of ‘sol–gel’ Chemistry as a 
Technique for Materials Synthesis. Mater. Horiz. 2016, 3 (2), 91–112. 

(61)  Schubert, U. Part One Sol – Gel Chemistry and Methods. In The Sol-Gel Handbook: 
Synthesis and Processing; 2015; pp 1–28. 

(62)  Brinker, C. J.; Scherer, G. W. Sol-Gel Science : The Physics and Chemistry of Sol-Gel 
Processing; Academic Press, 1990. 

(63)  Judeinstein, P.; Sanchez, C. Hybrid Organic/inorganic Materials: A Land of 
Multidisciplinarity. J. Mater. Chem. 1996, 6 (4), 511. 

(64)  Schubert, U. Part One Sol – Gel Chemistry and Methods. Sol-Gel Handb. Synth. Process. 
2015, 1–28. 

(65)  Milea, C. a; Bogatu, C. The Influence of Parameters in Silica Sol-Gel Process. Bull. 
Transilv. Univ. Brasov Eng. Sci. 2011, 4 (1), 59–66. 

(66)  Suriyanon, N.; Punyapalakul, P.; Ngamcharussrivichai, C. Synthesis of Periodic 
Mesoporous Organosilicas Functionalized with Different Amine-Organoalkoxysilanes via 
Direct Co-Condensation. Mater. Chem. Phys. 2015, 149, 701–712. 

(67)  Park, S. S.; Ha, C.-S. Organic-Inorganic Hybrid Mesoporous Silicas: Functionalization, 
Pore Size, and Morphology Control. Chem. Rec. 2006, 6 (1), 32–42. 

(68)  Sanchez, C.; Shea, K. J.; Kitagawa, S.; Sanchez Clément, K. J. Hybrid Materials 
Themed Issue. Chem. Soc. Rev. 2011, 40 (2), 588–595. 

(69)  Hoffmann, F.; Cornelius, M.; Morell, J.; Fröba, M. Silica-Based Mesoporous Organic-
Inorganic Hybrid Materials. Angew. Chemie - Int. Ed. 2006, 45 (20), 3216–3251. 

(70)  Davis, J. J.; Huang, W.-Y.; Davies, G.-L. Location-Tuned Relaxivity in Gd-Doped 
Mesoporous Silica Nanoparticles. J. Mater. Chem. 2012, 22 (43), 22848. 

(71)  Macquarrie, D. J. Direct Preparation of Organically Modified MCM-Type Materials. 
Preparation and Characterisation of aminopropyl–MCM and 2-cyanoethyl–MCM. Chem. 
Commun. 1996, 53 (16), 1961–1962. 

(72)  Babonneau, F.; Leite, L.; Fontlupt, S.; Beck, J. S.; Vartuli, J. C.; Roth, W. J.; 
Leonowicz, M. E.; Kresge, C. T.; Schmitt, K. D.; Chu, C. T.-W. Structural 
Characterization of Organically-Modified Porous Silicates Synthesized Using CTA+ 
Surfactant and Acidic Conditions. J. Mater. Chem. 1999, 9 (1), 175–178. 

(73)  Wight, A. P.; Davis, M. E. Design and Preparation of Organic-Inorganic Hybrid 
Catalysts. Chem. Rev. 2002, 102 (10), 3589–3614. 

(74)  Park, S. S.; Santha Moorthy, M.; Ha, C.-S. Periodic Mesoporous Organosilicas for 
Advanced Applications. NPG Asia Mater. 2014, 6 (4), e96. 

(75)  Chen, Y.; Xu, P.; Chen, H.; Li, Y.; Bu, W.; Shu, Z.; Li, Y.; Zhang, J.; Zhang, L.; Pan, 



  

67 

 

L.; Cui, X.; Hua, Z.; Wang, J.; Zhang, L.; Shi, J. Colloidal HPMO Nanoparticles: Silica-
Etching Chemistry Tailoring, Topological Transformation, and Nano-Biomedical 
Applications. Adv. Mater. 2013, 25 (22), 3100–3105. 

(76)  Guan, B.; Cui, Y.; Ren, Z.; Qiao, Z.-A.; Wang, L.; Liu, Y.; Huo, Q. Supporting 
Information: Highly Ordered Periodic Mesoporous Organosilica Nanoparticles with 
Controllable Pore Structures. Nanoscale 2012, 4 (20). 

(77)  Ali, H. R.; Ali, M. R. K.; Wu, Y.; Selim, S. A.; Abdelaal, H. F. M.; Nasr, E. A.; El-Sayed, 
M. A. Gold Nanorods as Drug Delivery Vehicles for Rifampicin Greatly Improve the 
Efficacy of Combating Mycobacterium Tuberculosis with Good Biocompatibility with 
the Host Cells. Bioconjug. Chem. 2016, acs.bioconjchem.6b00430. 

(78)  Mizoshita, N.; Tani, T.; Inagaki, S. Syntheses, Properties and Applications of Periodic 
Mesoporous Organosilicas Prepared from Bridged Organosilane Precursors. Chem. Soc. 
Rev. 2011, 40 (2), 789–800. 

(79)  Barrera, E. G.; Livotto, P. R.; Santos, J. H. Z. D. Hybrid Silica Bearing Different 
Organosilanes Produced by the Modified Stöber Method. Powder Technol. 2016, 301. 

(80)  Carvalho, A. P. A.; Soares, B. G.; Livi, S. Organically Modified Silica (ORMOSIL) Bearing 
Imidazolium – Based Ionic Liquid Prepared by Hydrolysis/co-Condensation of Silane 
Precursors: Synthesis, Characterization and Use in Epoxy Networks. Eur. Polym. J. 
2016, 83, 311–322. 

(81)  Brinker, C. J. Control of Morphology in Mesoporous and Hybrid Materials; 2010. 

(82)  Chemtob, A.; Ni, L.; Croutxé-Barghorn, C.; Boury, B. Ordered Hybrids from Template-
Free Organosilane Self-Assembly. Chem. - A Eur. J. 2014, 20 (7), 1790–1806. 

(83)  Park, S. Y.; Barton, M.; Pendleton, P. Mesoporous Silica as a Natural Antimicrobial 
Carrier. Colloids Surfaces A Physicochem. Eng. Asp. 2011, 385 (1–3), 256–261. 

(84)  Rodriguez-Liviano, S.; Nunez, N. O.; Rivera-Fernandez, S.; de la Fuente, J. M.; Ocana, 
M. Ionic Liquid Mediated Synthesis and Surface Modification of Multifunctional 
Mesoporous Eu: Nanoparticles for Biomedical Applications. Langmuir 2013, 29 (10), 
3411–3418. 

(85)  Gao, L.; Sun, J.; Li, Y. Functionalized Bimodal Mesoporous Silicas as Carriers for 
Controlled Aspirin Delivery. J. Solid State Chem. 2011, 184 (8), 1909–1914. 

(86)  Chen, N.-T.; Cheng, S.-H.; Souris, J. S.; Chen, C.-T.; Mou, C.-Y.; Lo, L.-W. Theranostic 
Applications of Mesoporous Silica Nanoparticles and Their Organic/inorganic Hybrids. 
J. Mater. Chem. B 2013, 1, 3128. 

(87)  Esquivel, D.; Van Der Voort, P.; J. Romero-Salguero, F. Designing Advanced Functional 
Periodic Mesoporous Organosilicas for Biomedical Applications Electrodes. AIMS Mater. 
Sci. 2014, 1 (1), 70–86. 

(88)  Alexa, I. F.; Pastravanu, C. G.; Ignat, M.; Popovici, E. A Comparative Study on Long-
Term MTX Controlled Release from Intercalated Nanocomposites for Nanomedicine 
Applications. Colloids Surfaces B Biointerfaces 2013, 106, 135–139. 

(89)  Gary-Bobo, M.; Hocine, O.; Brevet, D.; Maynadier, M.; Raehm, L.; Richeter, S.; 
Charasson, V.; Loock, B.; Morère, A.; Maillard, P.; Garcia, M.; Durand, J. O. Cancer 
Therapy Improvement with Mesoporous Silica Nanoparticles Combining Targeting, Drug 
Delivery and PDT. Int. J. Pharm. 2012, 423 (2), 509–515. 

(90)  Vallet-Regí, M. Mesoporous Silica Nanoparticles: Their Projection in Nanomedicine. 
ISRN Mater. Sci. 2012, 2012, 1–20. 

(91)  Slowing, I. I.; Trewyn, B. G.; Giri, S.; Lin, V. S. Y. Mesoporous Silica Nanoparticles for 
Drug Delivery and Biosensing Applications. Adv. Funct. Mater. 2007, 17 (8), 1225–
1236. 



 

68 

 

(92)  Wang, S. Ordered Mesoporous Materials for Drug Delivery. Microporous Mesoporous 
Mater. 2009, 117 (1–2), 1–9. 

(93)  Correia, S. F. H.; Antunes, P.; Pecoraro, E.; Lima, P. P.; Varum, H.; Carlos, L. D.; 
Ferreira, R. A. S.; André, P. S. Optical Fiber Relative Humidity Sensor Based on a FBG 
with a Di-Ureasil Coating. Sensors (Switzerland) 2012, 12 (7), 8847–8860. 

(94)  Gill, I.; Ballesteros, A. Bioencapsulation within Synthetic Polymers (Part 1): Sol–gel 
Encapsulated Biologicals. Trends in Biotechnology. 2000, pp 282–296. 

(95)  Cheng-Yu Lai; Brian G. Trewyn; Dusan M. Jeftinija; Ksenija Jeftinija; Shu Xu; Srdija 
Jeftinija and; Victor S.-Y. Lin. A Mesoporous Silica Nanosphere-Based Carrier System 
with Chemically Removable CdS Nanoparticle Caps for Stimuli-Responsive Controlled 
Release of Neurotransmitters and Drug Molecules. 2003. 

(96)  Lin, C. X. (Cynthia); Qiao, S. Z.; Yu, C. Z.; Ismadji, S.; Lu, G. Q. (Max). Periodic 
Mesoporous Silica and Organosilica with Controlled Morphologies as Carriers for Drug 
Release. Microporous Mesoporous Mater. 2009, 117 (1–2), 213–219. 

(97)  Rosenholm, J. M.; Mamaeva, V.; Sahlgren, C.; Linden, M. Nanoparticles in Targeted 
Cancer Therapy: Mesoporous Silica Nanoparticles Entering Preclinical Development 
Stage. Nanomedicine 2012, 7 (1), 111–120. 

(98)  Llp, H. GRAS Notice 000554: Synthetic amorphous silica 
http://www.fda.gov/downloads/food/ingredientspackaginglabeling/gras/noticeinvent
ory/ucm438717.pdf. 

(99)  Zhang, W.; Hu, X.; Zhang, X. Dye-Doped Fluorescent Silica Nanoparticles for Live Cell 
and In Vivo Bioimaging Wen-Han. 2016. 

(100)  Chen, Y.; Chen, H.; Shi, J. In Vivo Bio-Safety Evaluations and Diagnostic/therapeutic 
Applications of Chemically Designed Mesoporous Silica Nanoparticles. Adv. Mater. 
2013, 25 (23), 3144–3176. 

(101)  Benezra, M.; Penate-Medina, O.; Zanzonico, P. B.; Schaer, D.; Ow, H.; Burns, A.; 
DeStanchina, E.; Longo, V.; Herz, E.; Iyer, S.; Wolchok, J.; Larson, S. M.; Wiesner, U.; 
Bradbury, M. S. Multimodal Silica Nanoparticles Are Effective Cancer-Targeted Probes 
in a Model of Human Melanoma. J. Clin. Invest. 2011, 121 (7), 2768–2780. 

(102)  Vivero-Escoto, J. L.; Slowing, I. I.; Trewyn, B. G.; Lin, V. S.-Y.; Slowing  II. Mesoporous 
Silica Nanoparticles for Intracellular Controlled Drug Delivery. Small 2010, 6 (18), 
1952–1967. 

(103)  Vivero-Escoto, J. L.; Slowing, I. I.; Wu, C.-W.; Lin, V. S.-Y. Photoinduced Intracellular 
Controlled Release Drug Delivery in Human Cells by Gold-Capped Mesoporous Silica 
Nanosphere. J. Am. Chem. Soc. 2009, 131 (10), 3462–3463. 

(104)  Stick, R. V. Carbohydrates : The Sweet Molecules of Life; Academic, 2001. 

(105)  Mann, J., Davidson, S., Hobbs, J., Banthorpe, D., Harborne, J. Natural Products : Their 
Chemistry and Biological Significance; Longman Scientific & Technical, 1994. 

(106)  Hanessian, S. Preparative Carbohydrate Chemistry; Marcel Dekker, 1997. 

(107)  Solomons, T. W. G.; Fryhle, C.; Snyder, S. Organic Chemistry, 11th Edition; Organic 
Chemistry; Wiley Global Education, 2012. 

(108)  Finch, P. Carbohydrates : Structures, Syntheses, and Dynamics; Kluwer Academic 
Publishers, 1999. 

(109)  Levy, D. E. (Daniel E. .; Fu ̈gedi, P. The Organic Chemistry of Sugars; Taylor & Francis, 
2006. 

(110)  Greene, T. W.; Wuts, P. G. M. Protective Groups in Organic Synthesis; John Wiley & 
Sons, Inc.: New York, USA, 1999. 



  

69 

 

(111)  Guo, J.; Ye, X. S. Protecting Groups in Carbohydrate Chemistry: Influence on 
Stereoselectivity of Glycosylations. Molecules 2010, 15 (10), 7235–7265. 

(112)  Klysov, A. A. Chapter I- Carbohydrates and Drug Design. Glycobiol. Drug Des. 2012, 3–
22. 

(113)  Crucho, C. I. C.; Correia-Da-Silva, P.; Petrova, K. T.; Barros, M. T. Recent Progress in 
the Field of Glycoconjugates. Carbohydr. Res. 2015, 402 (October), 124–132. 

(114)  Appelhans, D.; Klajnert-Maculewicz, B.; Janaszewska, A.; Lazniewska, J.; Voit, B. 
Dendritic Glycopolymers Based on Dendritic Polyamine Scaffolds: View on Their 
Synthetic Approaches, Characteristics and Potential for Biomedical Applications. 
Chem. Soc. Rev. 2015, 44 (12), 3968–3996. 

(115)  Carbohydrates in Drug Design and Discovery; Jimenez-Barbero, J., Canada, F. J., 
Martin-Santamaria, S., Eds.; RSC Drug Discovery; Royal Society of Chemistry: 
Cambridge, 2015. 

(116)  Cipolla, L. Carbohydrate Chemistry: State of the Art and Challenges for Drug 
Development; IMPERIAL COLLEGE PRESS, 2015. 

(117)  von Itzstein, M. The War against Influenza: Discovery and Development of Sialidase 
Inhibitors. Nat. Rev. Drug Discov. 2007, 6 (12), 967–974. 

(118)  Moscona, A. Neuraminidase Inhibitors for Influenza. N. Engl. J. Med. 2005, 353 (13), 
1363–1373. 

(119)  Oppenheimer, S. B.; Alvarez, M.; Nnoli, J. Carbohydrate-Based Experimental 
Therapeutics for Cancer, HIV/AIDS and Other Diseases. Acta Histochem. 2008, 110 (1), 
6–13. 

(120)  Kilcoyne, M.; Joshi, L. Carbohydrates in Therapeutics. Cardiovasc. Hematol. Agents 
Med. Chem. 2007, 5 (3), 186–197. 

(121)  Gandhi, N. S.; Mancera, R. L. Heparin/heparan Sulphate-Based Drugs. Drug Discov. 
Today 2010, 15 (23), 1058–1069. 

(122)  Roy, R. New Trends in Carbohydrate-Based Vaccines. Drug Discov. Today Technol. 
2004, 1 (3), 327–336. 

(123)  Jones, S. Improving Glycoconjugate Vaccines. Nat. Biotechnol. 2012, 30 (2), 158–158. 

(124)  Vliegenthart, J. F. G. Carbohydrate Based Vaccines. FEBS Lett. 2006, 580 (12), 2945–
2950. 

(125)  Asano, N.; Nash, R. J.; Molyneux, R. J.; Fleet, G. W. . Sugar-Mimic Glycosidase 
Inhibitors: Natural Occurrence, Biological Activity and Prospects for Therapeutic 
Application. Tetrahedron: Asymmetry 2000, 11 (8), 1645–1680. 

(126)  van de Laar, F. A. Alpha-Glucosidase Inhibitors in the Early Treatment of Type 2 
Diabetes. Vasc. Health Risk Manag. 2008, 4 (6), 1189–1195. 

(127)  Huang, G.; Peng, D.; Chen, X. Using the Glycoarray Technology in Biology and 
Medicine. Curr. Pharm. Biotechnol. 2013, 14 (7), 708–712. 

(128)  Ernst, B.; Magnani, J. L. From Carbohydrate Leads to Glycomimetic Drugs. Nat. Rev. 
Drug Discov. 2009, 8 (8), 661–677. 

(129)  Davis, B. G.; Robinson, M. a. Drug Delivery Systems Based on Sugar-Macromolecule 
Conjugates. Curr. Opin. Drug Discov. Devel. 2002, 5 (2), 279–288. 

(130)  Ahmad, M. U.; Ali, S. M.; Ahmad, A.; Sheikh, S.; Chen, P.; Ahmad, I. Carbohydrate 
Mediated Drug Delivery: Synthesis and Characterization of New Lipid-Conjugates. Data 
Br. 2015, 4, 273–278. 

(131)  Linhardt, R. J.; Bazin, H. G. Properties of Carbohydrates. Glycoscience: Chemistry and 



 

70 

 

Chemical Biology I-III. 2001, pp 53–61. 

(132)  Ahmad, M. U.; Ali, S. M.; Ahmad, A.; Sheikh, S.; Chen, P.; Ahmad, I. Carbohydrate - 
Lipid Conjugates for Targeted Drug and Gene Delivery. Lipid Technol. 2015, 27 (10), 
223–226. 

(133)  Ye, Z.; Zhang, Q.; Wang, S.; Bharate, P.; Varela-Aramburu, S.; Lu, M.; Seeberger, P. 
H.; Yin, J. Tumour-Targeted Drug Delivery with Mannose-Functionalized Nanoparticles 
Self-Assembled from Amphiphilic β-Cyclodextrins. Chem. - A Eur. J. 2016. 

(134)  Gu, H.; Ho, P. L.; Tong, E.; Wang, L.; Xu, B. Presenting Vancomycin on Nanoparticles 
to Enhance Antimicrobial Activities. Nano Lett. 2003, 3 (9), 1261–1263. 

(135)  Tekoah, Y.; Tzaban, S.; Kizhner, T.; Hainrichson, M.; Gantman, A.; Golembo, M.; 
Aviezer, D.; Shaaltiel, Y. Glycosylation and Functionality of Recombinant β-
Glucocerebrosidase from Various Production Systems. Biosci. Rep. 2013, 33 (5). 

(136)  Loftsson, T.; Brewster, M. E. Pharmaceutical Applications of Cyclodextrins. 1. Drug 
Solubilization and Stabilization. J. Pharm. Sci. 1996, 85 (10), 1017–1025. 

(137)  Higashi, T.; Motoyama, K.; Arima, H. Cyclodextrin-Based Drug Carriers for Low 
Molecular Weight Drugs, Proteins, and Nucleic Acids; 2016; pp 27–45. 

(138)  Ernst, B.; Magnani, J. L. From Carbohydrate Leads to Glycomimetic Drugs. Nat. Rev. 
Drug Discov. 2009, 8 (8), 661–677. 

(139)  Figueiredo, J. A. Síntese de Pseudo C-Nucleosidos, Universidade da Beira Interior, 
1997. 

(140)  Šardzík, R.; Noble, G. T.; Weissenborn, M. J.; Martin, A.; Webb, S. J.; Flitsch, S. L. 
Preparation of Aminoethyl Glycosides for Glycoconjugation. Beilstein J. Org. Chem. 
2010, 6, 699–703. 

(141)  Bessodes, M.; Komiotis, D.; Antonakis, K. Rapid and Selective Detritylation of Primary 
Alcohols Using Formic Acid. Tetrahedron Lett. 1986, 27 (5), 579–580. 

(142)  Zwanenburg, B. Science of Synthesis: Houben-Weyl Methods of Molecular 
Transformations. Sci. Synth. Houben-Weyl Methods Mol. Transform. Georg Thieme 
Verlag Stuttgart - New York 2004, 27, 135. 

(143)  Ge, Z.; Zhang, X.; Dai, J.; Li, W.; Chao, J.; Feng, L. Acetylation Reaction of 
Polytetramethylene Glycol with Acetic Anhydride in Pyridine. J. Appl. Polym. Sci. 
2007, 104 (2), 1138–1142. 

(144)  Forsyth, S. A.; MacFarlane, D. R.; Thomson, R. J.; von Itzstein, M. Rapid, Clean, and 
Mild O-Acetylation of Alcohols and Carbohydrates in an Ionic Liquid. Chem. Commun. 
(Cambridge, United Kingdom) 2002, No. 7, 714–715. 

(145)  Schleiss, J.; Rollin, P.; Tatibouet, A. Palladium-Catalyzed Coupling Reactions of 
Thioimidate N-Oxides: Access to α-Alkenyl- and α-Aryl-Functionalized Cyclic Nitrones. 
Angew. Chemie, Int. Ed. 2010, 49 (3), 577–580, S577/1–S577/37. 

(146)  Omicron. 46617. 

(147)  Nucleic acid structure http://www.atdbio.com/content/5/Nucleic-acid-structure 
(accessed Oct 2, 2016). 

(148)  Lu, W.; Navidpour, L.; Taylor, S. D. An Expedient Synthesis of Benzyl 2,3,4-Tri-O-
Benzyl-Beta-D-Glucopyranoside and Benzyl 2,3,4-Tri-O-Benzyl-Beta-D-
Mannopyranoside. Carbohydr. Res. 2005, 340 (6), 1213–1217. 

(149)  Katritzky, A. R.; Meth-Cohn, O. Comprehensive Organic Functional Group 
Transformations; Alan R. Katritzky, F., Otto Meth-Cohn Charles W. Rees, F., Eds.; 
Pergqmon, 1995. 

(150)  Zea Bermudez, V.; Gonçalves, M. C.; Carlos, L. D. Coordination of Eu3+ in Mono-



  

71 

 

Urethane Cross-Linked Hybrid Xerogels. Ionics (Kiel). 1999, 5 (3–4), 251–260. 

(151)  Pascariu, M. C.; Sisu, E.; Ordodi, V. L.; Rusnac, L. M. Spectral Analysis of 
Diisopropylidenated Monosaccharides . Low Energy EI-MS Fragmentation Study. 2011, 
56 (70), 6–11. 

(152)  1,2-O-Isopropylidene-α-D-xylofuranose 99% | Sigma-Aldrich 
http://www.sigmaaldrich.com/catalog/product/aldrich/296368?lang=pt&region=PT. 

(153)  Rita, A. P. G. Síntese de Um Potencial Inibidor Da β-Secretase E Sua Interação Com O 
Enzima, Universidade da Beira interior, 2012. 

(154)  Armarego, W. L. F.; Chai, C. L. L. Purification of Organic Chemicals; 2009. 

(155)  Lu, W.; Navidpour, L.; Taylor, S. D. An Expedient Synthesis of Benzyl 2,3,4-Tri-O-
Benzyl-Beta-D-Glucopyranoside and Benzyl 2,3,4-Tri-O-Benzyl-Beta-D-
Mannopyranoside. Carbohydr. Res. 2005, 340 (6), 1213–1217. 

 

 

  



 

72 

 

  



  

73 

 

7. Attachments 
 

Part of the present work was present in several scientific meetings:  

 

 “Synthesis of mono-silylated carbohydrates-based precursors for the future 

preparation of hybrid mesoporous organosilica with potential biomedical 

applications”- A. Marta, S. C. Nunes, P. Almeida, S. Silvestre, M. Domingues, J. A. 

Figueiredo, M. I. Ismael, in: I Simpósio FinEnTech, at UBI, Covilhã, January 28-29 

2016; Oral communication. 

 

 “Synthesis of mono-sylilated carbohydrates-based precursors for preparation of hybrid 

mesoporous organosilica with potential biomedical application “– A.Marta, S.C.Nunes, 

P.Almeida, S.Silvestre, J.A.Figueiredo, M.I.Ismael, to present in XXII Encontro Luso-

galego de Quimica, november 9-11 , Bragança, 2016; Poster communication. 

 

 “Synthesis of hybrid mesoporous organosilica based on mono-silylated carbohydrates 

precursors with potential biomedical applications” in: Jornadas de Quimica e 

Bioquimica, at UBI, may 2016; Oral communication. 

 

 


