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RESUMO  

Os dendrímeros são moléculas hiperramificadas que se apresentam com diferentes grupos 

terminais na sua estrutura e que, por exemplo, podem ser conjugados com complexos de metais 

de transição. Esta estratégia conduz à preparação de metalodendrímeros com propriedades de 

interesse e diversas aplicações, incluindo as terapêuticas. Os complexos de Ruténio (II) são 

potenciais fármacos anticancerígenos que poderão vir a substituir os fármacos derivados da 

cisplatina por serem dotados de uma variedade de propriedades mais vantajosas, como por 

exemplo: uma cinética de permuta dos ligandos biocompatível, múltiplos estados de oxidação 

acessíveis, a capacidade de interagir com o DNA e/ou com proteínas e baixa toxicidade. 

O objetivo principal desta dissertação de mestrado consistiu na preparação e caracterização 

de novos tipos de metalodendrímeros tendo como base os dendrímeros PAMAM: G0/G1-CN, 

G0/G1-(CNRu(η5-C5H5)(PPh3)2)𝑥(CF3SO3)𝑥, G0/G1-CO2
tBu e G0/G1-OH. Os polinitrilos – 

G0-(CN)4 e G1-(CN)8 – sintetizados a partir de G0/G1-PAMAM foram utilizados na preparação 

de nitrilo-metalodendrímeros de ruténio G0-(CNRu(η5-C5H5)(PPh3)2)4(CF3SO3)4 e G1-

(CNRu(η5-C5H5)(PPh3)2)8(CF3SO3)8, respetivamente. A estratégia de síntese aplicada foi 

adaptada a partir da metodologia previamente desenvolvida pelo Grupo de Materiais 

Moleculares do CQM e as técnicas de caracterização utilizadas para cada um dos dendrímeros 

e metalodendrímeros foram as técnicas de RMN (1H, 13C, 31P, HSQC) e de IV (com 

transformada de Fourier). G0/G1-PAMAM foram caracterizados adicionalmente por 

espetroscopia de massa. Todos os compostos foram sintetizados com sucesso, com bons 

rendimentos (77% – 94%), e os resultados obtidos confirmaram a sua estrutura. Os hidroxilo-

dendrímeros – G0-(OH)8 and G1-(OH)16 – foram sintetizados a partir dos ésteres G0-(CO2
tBu)8 

e G1-(CO2
tBu)16, respetivamente, segundo a adaptação da metodologia de N. Jayaraman et al. 

(1, 2). A sua caracterização foi realizada por espetroscopia de RMN (1H, 13C, COSY e HSQC) 

e de IV (com transformada de Fourier). Apenas os dendrímeros G0-(OH)8 e G0-(CO2
tBu)8 foram 

caracterizados por espetroscopia de massa. Os resultados adquiridos validaram a estrutura de 

todos os dendrímeros sintetizados que foram obtidos com rendimentos elevados (83% – 93%). 

Uma das principais linhas de trabalho futuro será a análise da atividade anticancerígena destes 

novos nitrilo-metalodendrímeros e a comparação destes resultados com a cisplatina.  

 

Palavras-chave: Dendrímeros, Ruténio (II), Metalodendrímeros, RMN, MS. 
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ABSTRACT 

 

Dendrimers are hyperbranched molecules having different terminal groups that can be 

conjugated with, for example, transition-metal complexes leading to new and interesting 

compounds with a variety of interesting therapeutic applications. In the last decade, Ruthenium 

(II) complexes revealed to be potential alternatives to the clinically used antitumor Platinum-

based drugs due to several characteristics, e.g. biocompatible ligand exchange rates, redox-

accessible oxidation states, covalent binding with DNA and/or proteins and low toxicity. 

The main goal of this master thesis was to prepare and characterize new PAMAM 

dendrimers based: G0/G1-CN, G0/G1-(CNRu(η5-C5H5)(PPh3)2)𝑥(CF3SO3)𝑥, G0/G1-CO2
tBu 

and G0/G1-OH. The polynitrile dendrimers – G0-(CN)4 and G1-(CN)8 – synthesized from the 

G0/G1-PAMAM, were used in the preparation of the nitrile ruthenium-based metallodendrimers 

G0-(CNRu(η5-C5H5)(PPh3)2)4(CF3SO3)4 and G1-(CNRu(η5-C5H5)(PPh3)2)8(CF3SO3)8, 

respectively. The applied synthetic strategy was adapted from the reported methodology 

previously developed by the Molecular Materials Research Group of CQM (Madeira Chemistry 

Research Centre) and the structural characterization techniques used for each 

dendrimer/metallodendrimer were the NMR (1H, 13C, 31P, HSQC) and FTIR. G0/G1-PAMAM 

were also characterized by MS. All the compounds were successfully synthesized, with good 

yields (77% – 94%), and the characterization data have confirmed their adequate structure. 

The hydroxyl moieties – G0-(OH)8 and G1-(OH)16 – were synthesized from the ester 

compounds – G0-(CO2
tBu)8 and G1-(CO2

tBu)16 – respectively, through the adaptation of the 

reported methodology of N. Jayaraman et al (1, 2). These compounds were characterized by 

NMR (1H, 13C, COSY and HSQC) and FTIR spectroscopy and only the G0-(OH)8 and G0-

(CO2
tBu)8 were characterized by MS. The obtained results have showed that all the dendrimers 

were properly synthesized with very good yields (83% – 93%). The main future goal is to 

analyse the anticancer activity of these new metallodendrimers G0/G1-(CNRu(η5-

C5H5)(PPh3)2)𝑥(CF3SO3)𝑥 and to compare it with cisplatin. 

 

 

 

Keywords: Dendrimers, Ruthenium (II), Metallodendrimers, NMR, MS.  
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Figure 19 - COSY spectrum of G0-PAMAM, in D2O. Each signal is marked with the respective 

group of protons that are neighbours and linked to each other by a carbon bond.  Each 

type of protons is represented with a unique letter (see scheme 1).  34 

Figure 20 - HSQC spectrum of G0-PAMAM, in D2O. Each signal is marked with the respective 

type of protons and type of carbon they are directly linked with.  Each type is represented 

with a unique letter (see scheme 1).  34 

Figure 21 - +MS2 spectrum of G0-PAMAM – fragmentation of the molecular ion (517.7 m/z). 

The molecular structure of the base peak (403.2 m/z) is also represented. 35 

Figure 22 - a) 1H-NMR and b) 13C-NMR spectra of G1-PAMAM, in CDCl3. Each signal is marked 

with the different type of carbons and protons that are represented with a un ique letter 

– see scheme 2). 38 

Figure 23 - COSY spectrum of G1-PAMAM, in D2O .  Each signal is marked with the respective 

group of protons that are neighbours and linked to each other by a carbon bond. Each 

type of protons is represented with a unique letter (see scheme 2).  38 

Figure 24 - HSQC spectrum of G1-PAMAM, in D2O .  Each signal is marked with the respective 

type of protons and type of carbon they are directly linked with.  Each type is represented 

with a unique letter (see scheme 2).  39 

Figure 25 - NMR spectra of purified G0-(CN)4: a) 1H-NMR in CDCl3; b) 1H-NMR in D2O; c) 

13C-NMR in CDCl3. The “e” and “h” signals represents the amide and amine protons, 

respectively, that are not detected in b) – orange arrows. The red stars represent the 

absence of MeOH. 43 

Figure 26 - COSY spectrum of purified G0-(CN)4, in CDCl3. Each signal is marked with the 

respective group of protons that are neighbours and linked to each other by a carbon 

bond. Each type of protons is represented with a unique letter (see scheme 1).  45 

Figure 27 - HSQC spectrum of purified G0-(CN)4, in CDCl3. Each signal is marked with the 

respective type of protons and type of carbon that are directly l inked with.  Each type is 

represented with a unique letter (see scheme 1).  45 

Figure 28 - Molecular structure of G0-(CN)8. 46 

Figure 29 - 1H-NMR spectrum of commercial dicyclopentadiene, in CDCl 3. Each signal is marked 

with the respective type of protons that are represented with a unique letter (see scheme 

5). 47 

Figure 30 - 1H-NMR spectrum of distilled cyclopentadiene, in CDCl 3. Each signal is marked with 

the respective type of protons that are represented with a unique letter (see scheme 5).  48 

Figure 31 - 1H-NMR spectrums of the obtained [RuCp(PPh3)2Cl]: a) orange crude crystals; b) 

purified dark yellow powder and c) impure brown powder, in CDCl 3. Each signal is 
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marked with the respective type of protons that are represented  with a unique letter (see 

scheme 4). 49 

Figure 32 - 31P-NMR spectrums of the corresponding samples from fig. 14; in CDCl 3. The “p” 

signal corresponds to the phosphorus from the [RuCp(PPh3)2Cl] (see scheme 4). 50 

Figure 33 - 1H-NMR spectra of the obtained products from the synthesis  reaction of G0-

(CNRuCp(PPh3)2)4(CF3SO3)4: a) the crude fraction after 22h of reaction and b) the 

brown powder after filtration; in CDCl3.  Each signal is marked with the respective type 

of protons that are represented with a unique letter (see scheme 1 and 3). The orange 

arrows points to the impurities/side-products that are needed to be removed.  54 

Figure 34 - 31P-NMR spectrums of the corresponding samples from fig. 18; in CDCl 3. The “m” 

signal corresponds to the phosphorus from the G0-(CNRuCp(PPh3)2)4(CF3SO3)4 

metallodendrimer (see scheme 1). The orange arrows points to the impurities/side -

products that are needed to be removed.  55 

Figure 35 - 1H-NMR spectra of the obtained products from the synthesis reaction of G0 -

(CNRuCp(PPh3)2)4(CF3SO3)4: a) after extracted by DCM and washed by Et2O; b) after 

dissolved in DCM and precipitated with Et 2O; c) after the second precipitation with 

Et2O; d) after the third precipitation; in CDCl 3. 57 

Figure 36 - 31P-NMR spectrums of the corresponding samples from fig. 18; in  CDCl3. 59 

Figure 37 - 13C-NMR spectrum of purified G0-(CNRuCp(PPh3)2)4(CF3SO3)4, in CDCl3. Each 

signal is marked with the respective type of carbons that are represented with a unique 

letter (see scheme 1).  60 

Figure 38 - HSQC spectrum of purified G0-(CNRuCp(PPh3)2)4(CF3SO3)4, in CDCl3. Each signal 

is marked with the respective type of protons and type of carbon they are directly linked 

with.  Each type is represented with a unique letter (see scheme 1).  60 

Figure 39 - NMR spectra of G1-(CN)8: a) 1H-NMR of the crude and b) the purified product; c) 

13C-NMR after purified; in CDCl3. The red star represents the absence of MeOH.  63 

Figure 40 - COSY spectrum of purified G1-(CN)8, in CDCl3. Each signal is marked with the 

respective group of protons that are neighbours and linked to each o ther by a carbon 

bond. Each type of protons is represented with a unique letter (see scheme 2).  64 

Figure 41 - HSQC spectrum of purified G1-(CN)8, in CDCl3. Each signal is marked with the 

respective type of protons and type of carbon they are directly linked with.  Each type 

is represented with a unique letter (see scheme 2).  65 

Figure 42 - 1H-NMR spectra of the a) crude, b) extracted by DCM and washed by Et 2O and c) 

purified G1-(CNRuCp(PPh3)2)8(CF3SO3)8, in CDCl3. Each signal is marked with the 

respective type of protons that are represented with a unique letter (see scheme 2 and 

3). The orange arrow represents the impurity/sub-product that was removed after the 

purification. 67 
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Figure 43 - 31P-NMR spectra of the corresponding samples from fig. 25; in CDCl 3. 68 

Figure 44 - 13C-NMR spectrum of G1-(CNRuCp)8, in CDCl3. Each signal is marked with the 

respective type of carbons that are represented wi th a unique letter (see scheme 2).  70 

Figure 45 - HSQC spectrum of purified G1-(CNRuCp)8, in CDCl3. Each signal is marked with 

the respective type of protons and type of carbon they are directly linked with.  Each 

type is represented with a unique letter (see scheme 2).  70 

Figure 46 - 1H-NMR spectrum of G0-(CO2
tBu)8: a) crude, b) purified by the L-L extraction and 

c) washed by dH2O and lyophilized, in CDCl3. Each signal is marked with the respective 

type of protons that are represented with a unique letter (see scheme 6). The red box 

point to the vestigial amounts of unreacted tert -butyl acrylate and the red stars represents 

the impurities of CDCl3 (1H-NMR in fig. 7A in attachment).  77 

Figure 47- 13C-NMR spectrum of purified G0-(CO2
tBu)8, in CDCl3. Each signal is marked with 

the respective type of carbons that are represented with a unique letter (see scheme 6).  78 

Figure 48 - +MS (total fragmentation) spectrum of purified G0-(CO2
tBu)8. The molecular ion 

(M+·) is represented in blue in the graphic area.  The structure of the base peak (643.4 

m/z) is also shown. 79 

Figure 49 - COSY spectrum of purified G0-(CO2
tBu)8, in D2O. Each signal is marked with the 

respective group of protons that are neighbours and linked to each other by a carbon 

bond. Each type of protons is represented with a unique letter (see scheme 6).  80 

Figure 50 - HSQC spectrum of purified G0-(CO2
tBu)8, in D2O. Each signal is marked with the 

respective type of protons and type of carbon they are directly linked with.  Each type 

is represented with a unique letter (see scheme 6).  80 

Figure 51 - Synthesis reaction of G0-(OH)8: a) Grey suspension of the reaction mixture before 

neutralization of LiAlH4; b) Settled white suspension of neutralized LiAlH 4. 82 

Figure 52 - NMR characterization of G0-(OH)8: 1H-NMR spectra of the a) impure fraction and 

b) pure fraction, and c) 13C-NMR spectrum of the pure fraction, in D 2O .  Each signal is 

marked with the respective type of protons that are linked to the corresponding carbon 

– they are represented with a unique letter (see scheme 6). The red stars represent the 

impurities of the impure fraction.  84 

Figure 53 - COSY spectrum of the pure fraction of G0-(OH)8, in D2O. Each signal is marked 

with the respective group of protons that are neighbours and linked to each other by a 

carbon bond. Each type of protons is represented with a unique letter (see scheme 6).  85 

Figure 54 - HSQC spectrum of the pure fraction of G0-(OH)8, in D2O. Each signal is marked 

with the respective type of protons and type of carbon they are directly linked with.  

Each type is represented with a unique letter (see scheme 6).  85 
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Figure 55 - +MS (total fragmentation) spectrum of the pure fraction of G0 -(OH)8. The molecular 

ion (M+·) is represented in blue in the graphic area.  The structure of the base peak (751.5 

m/z) is also shown. 86 
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1. METAL-BASED ANTICANCER DRUGS 

Metals, specifically transition metals, have a list of properties that offer several advantages 

in comparison with the more common organic-based drugs, which lead to the design of 

numerous therapeutic agents: a) a wide range of coordination numbers and geometries, b) “tune-

ability” of the thermodynamics and kinetics of ligand substitution, c) accessible redox states 

and d) a wide structural diversity. These properties of metals or more appropriately of the metal 

complexes can be exploited for oncology treatment (3-5). 

Cancer is a leading cause of death worldwide and was responsible for 8.8 million deaths 

in 2015. Nearly 1 in 6 deaths is due to cancer and the three deathliest types of cancer are: lung 

(1.69 million deaths), liver (788 000 deaths) and colorectal (774 000 deaths) (6). In a study from 

the World Health Organization published in 2014 (7), breast cancer was the most predominant 

among women while among men, the lung and prostate cancer had the highest incidences (fig. 

1).  

Figure 1 – Estimated world age-standardized cancer incidence and mortality rates (ASR), from the year of 

2012, per 100 000, in men and women (7). 
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Due to the progresses that were made in cancer therapy and diagnosis in the last 27 years, 23% 

of the cancer death rate has dropped since 1991 but, despite this progress, for the pancreatic, 

liver and uterine corpus types of cancer, death rates are increasing (8, 9). In the next two 

decades, about 20 million cancer cases are expected to occur, which leads to the quest for new 

and improved anticancer agents (10). 

Medicinal inorganic chemistry is a prosperous area for cancer research and, just about 50-

40 years ago, its potential for designing new anticancer agents has only been elucidated and 

explored after a) the pioneering work of Köpf H. and Köpf-Maier P. (11) (in the late 1970´s) 

that have tested transition metal cyclopentadienyl complexes for antitumor activity, and b) the 

discovery of the biological activity of cisplatin (cis-diamminedichloroplatinum (II), fig. 2) (12, 

13).  

 

 

 

 

 

 

 

 

 

 

 

 

 

This metallic coordination compound was firstly synthesized by Peyrone M., in 1844, and 

Werner A., in 1893, have discovered its chemical structure (14). Nevertheless, just in the mid 

1960´s, the findings of Rosenberg B. et al. (15) initiated several preclinical and clinical studies 

that have revealed its cytotoxic effects and its safety and therapeutic profile. Thus, in 1978, 

Figure 2 – Chemical structure (with optimised geometries) of three recognised platinum anticancer drugs: a) 

cisplatin; b) carboplatin and c) oxaliplatin (10). 
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cisplatin was approved by FDA (US Food and Drug Administration) to treat patients with 

testicular and bladder cancer types. Since then, the treatment was extended to head, neck, lung, 

colorectal and ovarian cancers (16, 17). In the early 1980´s, two additional platinum derivatives 

were discovered – cis-diamine(cyclobutene-1,1-dicarboxylate-O,O’)platinum (II) (carboplatin) 

and [(1R,2R)-cyclohexane-1,2-diamine](ethanedioato-O,O’)platinum (II) (oxaliplatin) (both 

structures are represented in fig. 2) – and nowadays are also approved by FDA for cancer therapy 

(18, 19). However, the use of cisplatin (the most used anticancer metallodrug) has been 

associated with several toxic side effects as neurotoxic, cardiotoxic, nephrotoxic (20), ototoxic 

and hepatoxic (21, 22). Additionally, the resistance to this drug revealed to be the major 

drawback (23, 24). During the last 40 years, an investigational effort was done to overcome this 

problem, including the use of cisplatin in combination with targeted anticancer agents but, truly, 

most of these solutions failed to improve the therapeutic profile of cisplatin in the clinical trials 

(25-27). Approximately ten other platinum compounds are currently in clinical trials (4) and 

more recently, it was published some studies that suggests the potential of novel platinum (II) 

complexes that were tested for anticancer activity in vitro (28) and in vivo (29) but there´s still 

a long way to go. For this reason, besides the platinum compounds, the development of other 

inorganic anticancer agents has increased, encompassing a large variety of metal ions and 

ligands that have been tailored according to the specific biological target.  

The main classes of metal-based anticancer drugs include:  platinum (II and IV), gold (I 

and III), palladium (II), ruthenium (II and III), copper (II), bismuth (III), gallium (III), rhenium 

(I) and tin (IV) derivatives. It has been showed that, some of them, have higher in vitro 

anticancer activity when compared with cisplatin. Their therapeutic effect in malignant 

formations is, specially, based in their ability to interact with the DNA (30-36) (examples in fig. 

3), leading to its damage and cell death (10, 37). Though, they can exhibit additional interactions 

with proteins and enzymes (38-43) (fig. 4) and even suffer a transformation in vivo that activate 

and/or improve their physiochemical, biopharmaceutical and pharmacokinetic properties 

(prodrug strategy (44-49); examples of these compounds in fig. 5) (4). 
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a) b) 

c) 
d) 

a) b) 

c) d) 

Figure 3 - Examples of metal-based compounds that target DNA: a) Cytotoxic Ru (II) arene complex (36); b) 

Intercalation of a Ru (II) complex into DNA (34); c) [γ-Ru(azpy)2Cl2] (31); d) A cytotoxic Os (II) arene 

complex (30) (adapted from ref. (4)). 

Figure 4 - Examples of metal-based anticancer drugs that target proteins and enzymes: a) Gold(III) meso-

tetraarylporphyrins complex (43); b) tris(8-quinolinolate)gallium(III) (KP46) (40); c) DW1 – a ruthenium 

staurosporin bioconjugate (41); d) Hexacarbonyl dicobalt complex containing a nucleoside ligand (39) 

(adapted from ref. (4)). 
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1.1. Ruthenium complexes 

The search for new compounds to treat cancer diseases have been relentless and ruthenium 

complexes are a potential target because of their unique properties: a) their expanded set of 

octahedral coordination geometry provides them the possibility to occupy a high number of 

spatial positions (with approximately 30 stereo isomers) which offers them unique possibilities 

to interact with DNA b) their ability of exist in the biological fluids in different oxidation states 

from II to IV and d) the facility to exchange with oxygen and nitrogen donor molecules in a 

similar way to platinum compounds (41, 50, 51). The idea of studying these compounds as 

anticancer agents started in 1975 with the observation that they, preferentially, localize in 

tumour tissue. The findings of this pioneering work begun with the hypothesis proposed by 

Clarke M.J. et al (52-55) that emphasized the mechanism of “activation by reduction” with the 

fac-[RuCl3(NH3)3] (fig. 6): Ru (III) (low reactive prodrug) is reduced in Ru (II) in a way that 

only the tumour cells get this activated or toxic form of the drug: the low oxygen content in the 

solid tumour masses creates a reducing environment and the lowering of the pH in the 

surrounding tissues, as a result of the lactic acid production from glycolysis (51, 56, 57).  

Som P. et al (58) studied the transportation of this metal to the cancer cells by transferrin, 

a molecule present in plasma and other fluids that have specific receptors overexpressed in the 

a) b) 

c) d) 

R1: ρ-cymene, biphenyl 

R2: NMe2, OH, H 

Figure 5 – Examples of metal-based anticancer prodrugs: a) Rh (III) complex photoactivatable (48); b) 

Ferrocifen (49); c) Cobalt–marimastat bioconjugate (47); d) Ru (II) arene complex with iodo and a 

phenylplazopyridine ligand (46) (adapted from ref. (4)). 
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tumour cells, presumably because of the higher need of iron of these rapidly dividing cells (59). 

Its strong affinity to transferrin launch the hypotheses that Ru (III) substitute Fe (III) , leading 

the cancer cells to cellular damage and induced apoptosis. Ruthenium not only have the ability 

to bind to transferrin but also to albumin (54). Brabec V. (60, 61) discovered the ability of 

ruthenium to interact with DNA through a different mechanism than cisplatin. This fact is 

extremely important to overcome the challenging resistance of tumour cells to platinum 

compounds (55, 62, 63). With the knowledge of this basic but imperative properties of 

ruthenium, the work of Keppler B. K. et al (64) and Sava G. et al (65, 66) press forward the 

progress for the ruthenium anticancer drugs. Firstly, a lead structure was found in the imidazole-

containing complex (ICR) named KP418 (fig. 6) – imidazolium trans-[tetrachloridobis(1H-

imidazole)ruthenate(III)] – that have showed in vivo anticancer activity against autochthonous 

colorectal cancer (67). This study lead to the discovery of several analogues of the KP418 

compound. The first to show promising results was the KP1019 (indazolium trans-

[tetrachloridobis(1H-indazole)ruthenate(III)], fig. 6) that have showed to be more active against 

the studied in vivo model of colon cancer and even more than 5-fluorouacil (5-FU), the standard 

anticancer drug for the colorectal cancer (68). Thus, this compound was selected for 

(pre)clinical evaluations and clinical phase I (69-71). In the other hand, Sava G. et al (65, 66) 

have synthesized DMSO-containing ruthenium complexes that was also inspired by the KP418 

compound: the imidazolium trans-[tetrachlorido(1H-imidazole)(S-dimethyl 

sulfoxide)ruthenate(III)] or NAMI-A ((72), fig. 6). It was not only active against primary 

tumours but also against metastases and the process of metastasising. Both compounds, KP1019 

and NAMI-A (42, 73, 74) have been clinically developed. In fact, NAMI-A was the first 

ruthenium compound to enter clinical trials and has completed the phase I study for dose finding, 

toxicity evaluation and PK determination (51). Another compound, the NKP-1339 (sodium 

trans-[tetrachloridobis(1H-indazole)ruthenate(III)], fig. 6), that is the sodium salt equivalent of 

KP1019, due to its higher solubility in water, has been selected as a lead candidate for clinical 

trials. It should be noted that both NAMI-A and NKP-1339 are currently under clinical 

evaluation (75-79).  

Besides this promising ruthenium complexes, in the last two decades, it was published a 

large number of papers that reported the preparation of novel compounds with biological 

activity against cancer cells in vitro and in vivo. Complexes such as RM175 (fig. 7a)) 

represented a breakthrough in the ruthenium mechanism of action since they are based of Ru 
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(II) that is already an active molecule and don´t need to be reduced. The expectations for this 

type of compounds are high because of the type of interactions with DNA that are conferred by  

 

the “piano-stool” shape which could overcome the mechanism of resistance. In the RM175, the 

“piano-stool” structure is given by an arene (η6-C6H5) and the amine ligands represent the “legs” 

with one chloride as leaving group (80, 81). Nevertheless, a series of different ligands could be 

incorporated, such as in the complexes of the RAPTA family (fig. 7b)). In this case, the ligand 

is a PTA (1,3,5-triaza-7-phosphoadamantane) molecule that enable this complexes to be 

selectively activated in the hypoxic environment of solid tumours showing antimetastatic (82, 

83), antiangiogenic (84, 85) and anticancer (86) properties in vivo (51, 87). Recently it was 

reported several studies with O,O- and O,N- chelating ligands linked to the arene-Ru (II), 

showing a potent in vitro cytotoxic activity (88-90). RDC11 (fig. 7c)) (RDC: ruthenium derived 

compounds) is a complex that showed excellent preclinical data and represents a good candidate 

for clinical trials. This compound does not cause severe side effects to the liver, neuronal 

sensory system, kidneys, or blood cells and are free of resistance in several cancer cell lines 

(91). 

 

Figure 6 – Genealogy of antitumour ruthenium complexes. The represented references refer to the first 

published studies that have suggested their therapeutic activity in an in vivo tumor model (75). 
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1.1.1. Cyclopentadienyl Ru (II) complexes 

The cyclopentadienyl ruthenium (II) complexes (with the general formula [(η5-

C5H5)Ru(P-P)L]+) (e.g. P-P: 1,2-bis(diphenylphosphine)ethane (dppe) or triphenylphosphine 

(PPh3); L: monodentate or bidentate nitrogen donors) have a piano-stool structure and were 

being prepared with different type of ligands in the past years. However, the anticancer activity 

of these compounds has been insufficiently studied, fact that is emphasized with the few number 

of papers that have been published. Nevertheless, promising results were observed (92, 93). 

Along this point, some examples of them will be mentioned.  

One of the explored aspects were the preparation of  ruthenium compounds with the aim 

to mimic the activity of staurosporine, a biomolecule that has a high affinity to the ATP binding 

site of the protein kinases, thus inhibiting their biological activity(94-96). This approach is very 

promising, since kinases are important molecular targets for the cancer treatment (their mutation 

or deregulation of their activity can induce cancer) (97). Additionally, the syntheses of such 

biomolecules, as the staurosporin, are often quite difficult because of their complex three-

dimensional structure and the need to maintain a specific conformation and special orientation 

(98). In the other hand, the organometallic moieties are relatively easy to synthesize in a specific 

spatial conformation and their specificity to target kinases, in some cases, is even higher than 

staurosporin (99, 100). An example of this type of ruthenium complexes is represented in fig. 

a) b) 

c) 

Figure 7 – Chemical structures of three ruthenium drug candidates: a) RM175 ([(η6-C6H5C6H5)RuCl 

(H2NCH2CH2NH2-N,N′)]PF6); b) RAPTA-T (Ru(η6-C6H5Me)(PTA)Cl2) and c) RDC11 

([Ru(phenanthroline)(κ-C,N-(2-phenyl-pyridine)(NCMe)2]PF6 (adapted from ref. (51)). 



 

Nitrile based PAMAM dendrimers functionalized with [RuCp(PPh3)2]+ moiety for anticancer applications 

University of Madeira          11 

3c) and other more have showed auspicious results. Some examples are the prepared compounds 

in the studies of Atilla-Gokcumen G.E. et al (101), Pagano N. et al (102), Smalley K.S. et al 

(103) and Bregmann H., Meggers E. (104). 

Ruthenium (II) cyclopentadienyl complexes with the general formula of [(η5-

C5H5)Ru(P-P)L]+ (P-P: 1,2-bis(diphenylphosphine)ethane (dppe) or triphenylphosphine (PPh3); 

L: monodentate or bidentate nitrogen donors) has been prepared and studied for anticancer 

applications by the group of Professor Helena Garcia at Lisbon University (ULisboa) during 

for, at least, 16 years (105-112). They exhibit anticancer activity against several cancer lines in 

the nanomolar range with better results when compared with cisplatin (105-107, 111). Among 

one of the most effective is the TM34 ([(η5-C5H5)Ru(2,2’- bipy)(PPh3)][CF3SO3], fig. 8a)) (92). 

Not only its anticancer activity was studied but also its mechanism of action. More recently, 

they have prepared quite a few carbohydrate Ru(II) complexes with the same general formula 

(the ligand is a carbohydrate-derived molecule) (109, 110, 112), which some of them have 

showed leading cytotoxic results (one of the most promising is presented in fig. 8b)) against the 

colorectal cancer when compared with the oxaliplatin, the chemotherapeutic metallo-drug used 

in the treatment of this type of cancer (112). 

 

 

 

 

 

 

 

 

 

 

a) b) 

Figure 8 – Molecular structures of two ruthenium complexes with the general formula [(η5-C5H5)Ru(P-P)L]+ 

(P-P: 1,2-bis(diphenylphosphine)ethane (dppe) or triphenylphosphine (PPh3); L: monodentate or bidentate 

nitrogen donors): a) TM34 ([(η5-C5H5)Ru(2,2’- bipy)(PPh3)][CF3SO3]) and b) a Ru (II) cyclopentadienyl 

complex with a carbohydrate-derived ligand (adapted from ref. (112)). 

CF3SO3 
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2. METALLODENDRIMERS AS ANTICANCER DRUGS 

Metal-based drugs, as it was already mentioned in the previous section, have a high 

number of attractive properties for anticancer treatment but there are also some limitations: 

dose-limiting water solubility, lack of cell specificity, toxicity and the primary structure of the 

metallocomplexes is affected which may alter its biological activity (3). A promising drug 

delivery strategy, the use of nanocarriers, can potentially overcome a great part of these 

limitations. In the past decades, nanotechnology had a great progress in chemotherapy (113-

116) and different types of nanocarriers, such as dendrimers, have been designed to enhance the 

pharmacokinetic properties and increase the water solubility of the metal-based drugs. These 

molecules are created in a specific way in order to transport the drug(s) safely to the target, 

protecting them from the elimination mechanisms and in vivo degradation and, at the same time, 

minimizing the toxic effects to the healthy cells (3). 

The metal-based anticancer drugs and the concept of multinuclearity is a growing area 

of research. Combining more than one metal in the same molecule can result in enhanced 

therapeutic activity (117-121). Furthermore, one way of introducing this concept is by 

conjugating these therapeutic agents onto dendrimers (122-126). 

2.1. Dendrimers in drug delivery applications 

Dendrimers are the result of the advances and innovations carried out in the 20 th century 

in the field of polymer science. These molecules were, for the first time, studied during 1970–

1990 mainly by two different groups: Vögtle F. et al. (127) and Tomalia D.A. et al. (128). Since 

then, numerous papers related to the synthesis of different families of dendrimers have been 

published. The expression “dendrimer” was built up from two Greek words “dendrons” meaning 

“tree” or “branch” and “meros” meaning “part” and, although having a well-defined finite 

molecular structure, they should be considered a sub-group of hyperbranched polymers (fig. 9) 

(129, 130). These synthetic polymeric macromolecules are characterized by having high 

branching points, three dimensional globular shape (131, 132), narrow polydispersity index 

(133) and a precisely controlled nanoarchitecture with a large number of tailor-made terminal 

groups which could be finely tuned. There are three distinct domains in a dendrimer´s 

architecture: a) a core composed by an atom or a molecule (with, at least, two identical chemical 
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functions), at the center; b) branches that arise from the core, represented by repeat units with, 

at least, one branch junction that are organized in a geometrical progression to originate radially 

concentric layers called “generations” (represented by the letter “G”); and c) many terminal 

functional groups (or end groups), generally located at the surface, that are vital in determining 

the properties of dendrimers  (fig.  10) (130). 

 

 

 

 

 

 

 

 

 

. 

 

 

 

Dendritic architecture is, most frequently, synthetized either by divergent or convergent 

approaches (fig. 11). In the divergent method (firstly introduced by Tomalia D.A. et al (134)), 

dendrimer is grown away from a central focal point (i.e.: core extending radially to the 

periphery); whereas in the convergent method (discovered by Frechet J.M. et al (135)), synthesis 

starts from the surface and proceeds towards the interior prior to the attachment of pre-

synthetized dendrons to the core (136). 

Low-generation dendrimers (G1 to G4 dendrimers), when compared with high-

generation dendrimers (G5 to G10) have significant advantages: a) are easy to synthesize, purify 

and characterize using well-known techniques; b) their yield is substantially better; c) 

Figure 10 - Schematic representation of the general structure of a dendrimer. G0, G1, G2, G3, and G4 are the 

generation number (adapted from ref. (130)). 

Figure 9 - Evolution of polymers towards dendritic structures (130). 
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demonstrate a low level of branching defects but still high degree of functionalities; d) show 

absence or reduced backfolding; e) may play an important role in controlling steric effects, the 

degree of electrophile/nucleophile interaction process and solubility; f) exhibit shorter blood 

circulation time; g) show an enhanced permeability and retention (EPR) effect – they 

accumulate at higher concentrations in the tumor vs. normal tissues; h) suffer easily cell 

endocytosis and renal excretion (137). 

Dendrimers, specifically as nanocarriers, have a number of peculiar properties that make 

them apposite for that end: a) the capability to transport higher loads of drug with the 

encapsulation of them in their internal cavities or with their conjugation at the “surface” (138, 

139); b) the possibilility of designing the complex with a specific number of monomers, 

polymeric branches and functional groups (138) and c) their multifunctional surface that 

enhances the selectivity of the drug (122, 140, 141).  

The mechanism of drug delivery is based on two different strategies. The enhanced 

permeability and retention (EPR) effect (fig. 12) justifies the accumulation of dendrimers 

preferably in the cancer cells due to their high vascularization and poor lymphatic drainage, 

which increase the bioavailability of the transported drug and reduce the side effects. However, 

the degree of vascularization in different tumours is not homogeneous which creates an 

important limitation for this strategy (142-145). In contrast, the dendritic complex (dendrimer 

+ drug ) could be synthesized with specific moieties at the surface that will interact specifically 

Figure 11 - The two most commonly used methods for dendrimers synthesis: divergent and convergent 

strategies (130). 
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with overexpressed cancer cells receptors. This approach will lead to the internalization of the 

complex, being more effective (146).  

 

2.1.1. PAMAM dendrimers 

There are many types of dendrimers having different functionalities that were 

synthetized in the last decades. Some of these include the PAMAM (Polyamidoamine) (147), 

PPI (PolyPropylene Imine) (148), liquid crystalline (LC) (149), core-shell (tecto) (150), chiral 

(151), peptide (152), hybrid (153), glycodendrimers (154), metallodendrimers (122, 155) (or 

metal-containing dendrimers), triazine based (156) and dendritics polyesters (157), 

polyglycerols (158), phosphorous dendrimers (159-161) and hybrid families of dendrimers.  

 PAMAM dendrimers were firstly synthetized by Tomalia and co-workers (128) in the 

mid-1980s and were the first dendritic structures that have been exhaustively investigated and 

have received widespread attention. These dendrimers have polyamide branches with tertiary 

amines as branching points and their synthesis is possible by using the divergent method with 

ethylenediamine or ammonia as initiator core reagents. They can be obtained having surface 

amino groups or carboxylic acid groups, being commercially available, usually as methanol 

solutions, up to generation 10 (129, 130). 

Figure 12 – Schematic representation of the EPR effect in drug delivery (adapted from ref. (145)).  

permeability 

nanoparticle drug loaded 

blood vessel 
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2.2. Metallodendrimers 

As it was introduced in point 2., the concept of multinuclearity can be applied to improve 

the effectiveness of the anticancer drugs. Dendrimers can be used as organic scaffolds for the 

incorporation of metal-based drugs, hence metallodendrimers. Thus, the attractive properties of 

dendrimers as nanocarriers and the anticancer activity of some metal-based drugs came together 

to develop an emerging area of interest. These interesting molecules could be prepared with 

different frameworks (fig. 13): a) the metal could be on the periphery of the metallodendrimer; 

b) scattered all over the framework or c) encapsulated in the internal cavities of the dendrimer 

(117).  

Since the metallodendrimers field is still in expansion (when compared to the other 

classes of dendrimers for biomedical applications), there are only a few examples of them 

reported in the literature. The first compounds to show promising cytotoxicity in some resistant 

and sensitive cancer cell lines was prepared through the combination of an anionic G3.5-

PAMAM dendrimer with cisplatin (162, 163). 

 

 

Figure 13 – Schematic representation of the metallodendrimers with the metallic moieties in several positions: 

a) on the periphery; b) scattered throughout the framework and c) encapsulated between the structure of the 

dendrimer (111). 
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Meanwhile, Zhao C. et al (141) have modified the G1-PAMAM dendrimer to prepare a 

multinuclear copper complex that also have showed good in vitro results against several cancer 

cell lines (fig. 14a)). Other two examples of prepared metallodendrimers are the multinuclear 

Pt (II) and Pd (II) G2-polyamide metallodendrimers (164) (fig. 14b)) and the G1-dinuclear 

gold(I) metallodendrimers prepared from alkyne-terminated precursors (165) (fig. 14c)).  

 

2.2.1. Polynitriles compounds as core ligands for the 

preparation of metallodendrimers 

Nitriles compounds are an important family of molecules due to several reasons, for 

example: they can be the substrates of the nitrile biocatalysis reaction for industrial production 

of carboxylic acids, waste treatment and surface modification (166, 167) and represent an 

essential starting material in organic and inorganic processes (168, 169) with applications on 

the field of materials (170) and other polymers (171, 172) among others. In fact, they are able 

to form addition compounds both with nucleophilic and electrophilic reagents. This important 

property derives from the electronic structure of the triple carbon-nitrogen bond. In terms of 

nucleophilic addition, they have the ability to stabilize a wide variety of transition metals in 

different oxidation states (173) in order to form new stable complexes with different properties, 

namely magnetic (174) and second- and third order non-linear optical properties (169, 170, 175, 

176). Thus, they act as ligands strongly activated in the presence of metal ions or electron 

withdrawing R moieties, as the CF3 (in contrast to their inertness in the free form), which 

enhances the rate of reaction in the 106 – 1010 range (177). Their coordination with low-valent 

and electron rich metal centres, also improve their reactivity towards electrophilic attack. They 

are also good σ-donors and isoelectronic with other unsaturated ligands – acetylide anions, 

carbon monoxide, dinitrogen, and isocyanides – which allow them to be involved in substitution 

or ligand conversion processes (137, 168, 178). In fact, the coordination of nitriles with 

transition metals, in respect to the metal centre, is described not only in terms of acceptor and 

electron donor, but also with a contribution of electrostatic interactions (179, 180). These 

interesting properties of nitriles make them, currently, a target of interest  (137, 168).  
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2.2.2. Ruthenium metallodendrimers 

Regarding the ruthenium metallodendrimers as potential anticancer agents there are still 

few reports available. Some examples are the compounds that were prepared and studied by 

Govender P. et al (122, 140, 181). The first to be prepared was the multinuclear arene ruthenium 

complexes coordinated to dendritic polypyridyl scaffolds (fig. 15). These compounds have 

demonstrated a moderate anticancer activity when compared with cisplatin, against ovarian 

cancer cell lines. Additionally, they have discovered a correlation between the size of the 

complex and the obtained cytotoxicity: the octa-coordinated metallodendrimers have showed 

the best results, when compared with the tetra-coordinated (140). 

a) c) 

b) 

Figure 14 – Molecular structures of three different metallodendrimers: a) multinuclear copper-functionalized, 

b) a multinuclear Pt (II) and Pd (II) G2-polyamide, and c) G1-dinuclear gold(I) (adapted from ref. (111)). 
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Two years later, they have also prepared a family of chelating, neutral, and cationic first 

and second generation ruthenium(II) arene complexes based on poly(propyleneimine) 

dendrimer scaffolds (fig. 16). The in vitro results were similar to their previous studies 

corroborating the achieved conclusion. They also performed DNA-binding experiments and 

have found that the observed increased anticancer activity was correlated with their increase of 

DNA binding activity (181). 

 

 

 

 

 

 

Figure 15 - Tetra- and octanuclear arene ruthenium complexes coordinated to dendritic polypyridyl scaffolds 

(134). 

Figure 16 - Chelating N,O- and N,N-ruthenium(II) arene metallodendrimers with poly(propyleneimine) dendrimer 

as scaffolds. They are coordinated with 4, 8, 16 or 32 n groups (adapted from ref. (181)). 
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The last family of the prepared ruthenium metallodendrimers was a series of neutral, 

chelating N,O-ruthenium(II)-arene and cationic, chelating N,O-ruthenium(II)-arene-PTA 

salicylaldimine metallodendrimers (fig. 17). A similar study was performed and the 

metallodendrimers with 32 end groups have shown the best proliferative activity (122, 182). 

 

 

 

 

 

As it was already demonstrated, metallodendrimers represents an exciting family of compounds 

with promising anticancer applications when compared with cisplatin. However, there are 

several crucial properties that must be extensively studied, such as the pharmacokinetics, 

biocompatibility, and stability under physiological conditions, toxicity and biodistribution. 

Thus, in vivo studies are urgent in other to a better understanding of the mechanism of action of 

these promising therapeutic molecules. Consequently, it is predicted for the next years a 

continuous increase of interest of the metallodendrimers in the field of anticancer therapy (117). 

3. SCOPE AND OBJECTIVES  

The theme of this work was inspired in the attractive and promising anticancer properties 

of the ruthenium complexes combined with the application of dendrimers as nanocarriers. 

Additionally, the versatility of dendrimers as building blocks for the preparation of other 

dendrimers with surface groups of interest, including poly-nitrile groups that will act as core 

ligands for the preparation of ruthenium metallodendrimers was also considered. Previous 

studies of our group (Molecular Materials Research Group of CQM – Madeira Chemistry 

Research Centre) (137, 183-185) as explored the ability of the nitrile groups from functionalized 

poly(alkylidenamine) dendrimers to coordinate and bridge with a ruthenium cyclopentadienyl 

Figure 17 – Cationic, chelating N,O-ruthenium(II)-arene-PTA salicylaldimine metallodendrimers (adapted 

from ref. (181)). 



 

Nitrile based PAMAM dendrimers functionalized with [RuCp(PPh3)2]+ moiety for anticancer applications 

University of Madeira          21 

complex [Ru(η5-C5H5(PPh3)2Cl] for the preparation of different cationic metallodendrimers. 

Their findings were crucial for the development of this work and, in this way, the main goal was 

to optimize a synthetic strategy to functionalize nitrile-based PAMAM dendrimers, from 

generations 0 and 1, with the organometallic moiety [Ru(η5-C5H5)(PPh3)2Cl]. Other goal was to 

fully characterize them with 1D/2D-NMR (one-dimensional/two-dimensional-Nuclear 

Magnetic Resonance), FTIR (Fourier Transform Infrared Spectroscopy) and MS (Mass 

Spectrometry) in order to evaluate their structure and determine the exact mass.  
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PART II – DEVELOPED METHODOLOGY 
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4. ORGANOMETALIC COMPOUNDS 

In this section, the developed methodology for the preparation of the nitrile ruthenium-based 

metallodendrimers G0-(CNRu(η5-C5H5)(PPh3)2)4(CF3SO3)4 and G1-(CNRu(η5-

C5H5)(PPh3)2)8(CF3SO3)8 will be presented and discussed. 

4.1. Materials and methods 

4.1.1. Reagents and solvents 

All reactions were carried out under a  nitrogen (N2) atmosphere by using standard Schlenk-

tube techniques (186, 187). Et2O (diethyl ether, C4H10O, ≥ 98%, CAS No. (Chemical Abstracts 

Service number) 60-29-7, ACROS Organics) and DCM (dichloromethane, CH2Cl2, 99.6%, CAS 

No. 75-09-2, ACROS Organics) were dried by the solvent purification system mBRAUN MB 

SPS-800 and degassed prior to use. MeOH (methanol, CH3OH, 99.9%, CAS No. 67-56-1, Fisher 

Chemical) and EtOH (ethanol absolute, C2H6O, ≥ 99.5%, CAS No. 64-17-5, Fisher Chemical) 

were also degassed. All the other chemicals were used as received: PAMAM dendrimer G(0.0) 

(surface: NH2, 54.95 % w/w, solvent: MeOH, Dendritech® Inc.); PAMAM dendrimer G(1.0) 

(surface: NH2, 36.25 % w/w, solvent: MeOH, Dendritech® Inc.); MeOH (99.99%, HPLC grade, 

ACROS Organics); CDCl3 (deuterated chloroform, 99.8 atom %D, CAS No. 865-49-6, Merck);  

D2O (deuterated water, 99.8 atom %D, CAS No. 7789-20-0, ACROS Organics); ACN 

(acrylonitrile, C3H3N, 99+%, CAS No. 107-13-1, ACROS Organics); CHCl3 (chloroform, 

99.8%, CAS No. 67-66-3, ACROS Organics); AgCF3SO3 (silver trifluoromethanesulfonate, 

99+%, CAS No. 2923-28-6, ACROS Organics); Dicyclopentadiene (C10H12, 95%, CAS No. 77-

73-6, ACROS Organics); RuCl3.𝑥H2O (Ruthenium (III) chloride hydrate, 35 to 40% Ru, CAS 

No. 14898-67-0, ACROS Organics); and PPh3 (triphenylphosphine, C18H15P, 99%, CAS No. 

603-35-0, ACROS Organics). 



 

Nitrile based PAMAM dendrimers functionalized with [RuCp(PPh3)2]+ moiety for anticancer applications 

 

           26                                                                                                         University of Madeira 

4.1.2. Samples preparation 

The G0/G1-PAMAM dendrimer commercial solutions (in MeOH; 3.46 mL for G0 – 54.95 

% w/w)  and 5.24 mL for G1 – 36.25 % w/w) were evaporated in the rotatory evaporator and 

dried under vacuum. It were then dissolved in water and lyophilized. 

4.1.3. Synthesis of poly-nitrile dendrimers G0/G1-CN 

For the preparation of the G0-nitrile dendrimer (G0-(CN)4), at room temperature and N2 

atmosphere, 1.87 g (3.63 mmol; 1 equivalent (eq.) mol) of G0-PAMAM was dissolved in 100 

mL of MeOH and 1.925 mL (1.54 g; 29.03 mmol; 8 eq. mol) of ACN was added dropwise. The 

reaction mixture was warmed up to 48°C and left stirring. After 3h, the heating was stopped and 

the mixture was allowed to cool down. The volatiles were removed by the rotatory evaporator 

and by vacuum to afford a crude product as a light-yellow oil (2.62 g, 3.59 mmol, 99% of yield). 

The performed 1H (proton) and 13C-NMR (carbon-13 Nuclear Magnetic Resonance) of the crude 

confirmed the identity of the tetra-nitrile dendrimer but it was needed to purify the compound. 

It was conducted a liquid-liquid (L-L) extraction with CHCl3-H2O and the aqueous fraction was 

freeze-dried to be obtained a purified G0-(CN)4 as a light-yellow oil (2.30 g, 3.15 mmol, 87 % 

of yield). It was characterized by 1H and 13C-NMR, COSY (correlation spectroscopy), HSQC 

(heteronuclear single-quantum correlation) and FTIR. 1H-NMR – proton Nuclear Magnetic 

Resonance – (400 MHz, CDCl3): δ = 7.292 (t (triplet), 3 H), 3.321 (q (quartet), 8 H), 2.918 (t, 7 

H), 2.773 (t, 8 H), 2.697 (t, 8 H), 2.524 (t, 8 H), 2.463 (s (singlet), 3 H), 2.343 (t, 8 H), 1.243 

(s) ppm. 13C-NMR (100 MHz, CDCl3): δ = 174.69 (‒HNC=O), 119.20 (NCCH2‒), 51.54, 50.53, 

48.30, 44.74, 39.18, 34.38, 19.04 ppm. COSY (400 MHz, CDCl3): four signals. HSQC (100 e 

400 MHz, CDCl3): seven signals. FTIR (NaCl – sodium chloride – cells): ṽ = 2248 (νCN) cm-1. 

The preparation of the G1-nitrile dendrimer (G1-(CN)8) was followed as the abovementioned 

procedure with 1.295 mL of ACN (1.04 g; 19.52 mmol; 16 eq. mol) for 1.74 g (1.22 mmol; 1 

eq. mol) of G1-PAMAM to be obtained 2.23 g (1.20 mmol; 99% of yield) of crude G1-(CN)8 

as a dark yellow oil. The performed 1H and 13C-NMR of the crude confirmed the identity of the 

octa-nitrile dendrimer and, subsequently, it was purified by the same method that was applied 

for the equivalent G0 dendrimer. It was possible to obtain 2.12 g of a purified G1-(CN)8 (1.14 

mmol) with an excellent yield of 94 %, with the same consistency than before, a dark yellow 

oil. It was fully characterized by the same methods that were used for G0-(CN)4. 
1H-NMR (400 
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MHz, CDCl3): δ = 7.651 (t, 4 H), 7.348 (t, 7 H), 3.375 (q, 16 H), 3.234 (q, 8 H), 2.914 (t, 15 H), 

2.757 (q, 39 H), 2.529 (t, 28 H), 2.339 (q, 24 H), 2.195 (s) ppm. 13C-NMR (100 MHz, CDCl3): 

δ = 172.95 (‒HNCH2CH2HNC=O), 172.74 (‒NCH2CH2HNC=O), 119.24 (NCCH2‒), 52.63, 

51.54, 50.54, 48.28, 44.76, 39.18, 37.83, 34.33, 19.01 ppm. COSY (400 MHz, CDCl3): six 

signals. HSQC (100 e 400 MHz, CDCl3): nine signals. FTIR (NaCl cells): ṽ = 2247 (νCN) cm-1. 

4.1.4. Synthesis of the organometallic compound 

[RuCp(PPh3)2Cl] 

Cyclopentadiene (Cp) is one of the starting compounds that are needed for the preparation of 

the organometallic moiety [RuCp(PPh3)2Cl] through the reported methodology of Bruce M. and 

Windsor N. (188) and Dias A.R. et al (189). It can be easily obtained from the liquid-phase 

cracking of dicyclopentadiene with gaseous N2 as the carrier gas. With temperatures of 170 to 

177°C (slower reflux of dicyclopentadiene), cyclopentadiene started distilling at 38° and the 

distillation continued during 7h at 38 – 42°C. It was obtained 15 mL (11.8 g, 178 mmol, 20 % 

of yield) of it, as a colorless liquid, that was immediately stored at -20°C to prevent dimerization. 

The subsequently performed 1H-NMR revealed that the compound was ready to use. A solution 

of RuCl3.𝑥H2O (3.92 g, 18.9 mmol, 1 eq. mol) in degassed EtOH (100 mL) was added to a 

stirred solution of PPh3 (16.3 g, 62.4 mmol, 3.3 eq. mol) in refluxing EtOH (100 mL), followed 

immediately afterward by freshly distilled cyclopentadiene (15 mL, 177.6 mmol, 9.4 eq. mol). 

The mixture was then refluxed with stirring until the colour has changed from black to reddish 

(during 2h) to be filtered when still warm. The separated orange solid was dried under vacuum 

to be obtained a crystalline crude product (11.2 g, 15.5 mmol, 82% of yield). The performed 1H 

and 31P-NMR spectra confirmed the identity of the [RuCp(PPh3)2Cl]. However, it was observed 

a small amount of a black-coloured solid impurity which confirmed the need to purify it. Thus, 

it was washed with cold EtOH, H2O, EtOH and Et2O (3 x 30 mL of each solvent), and dried 

under vacuum. 120 mL of DCM was added to dissolve the impurity (the orange powder has 

precipitated); the obtained black solution was filtered and the separated powder was dried under 

vacuum. It was obtained 7.4 g (10.2 mmol, 54% of yield) of a purified [RuCp(PPh3)2Cl] as a 

dark yellow powder, that was characterized by 1H and 31P-NMR. 1H-NMR (400 MHz, CDCl3): 

δ = 7.425 – 7.141 (three t, 12 H, overlapped by CDCl3, 12 H, PPh3), 4.136 (s, 5 H, C5H5) ppm. 

31P-NMR (161 MHz, CDCl3): δ = 38.83 (s, PPh3) ppm. 
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4.1.5. Synthesis of metallodendrimers G0/G1-

(CNRuCp(PPh3)2)𝒙(CF3SO3)𝒙  

For the preparation of the G0-(CNRuCp(PPh3)2)4(CF3SO3)4 metallodendrimer, the previous 

prepared organometallic moiety [RuCp(PPh3)2Cl] (1.64 g, 2.26 mmol, 4.1 eq. mol) was 

introduced with degassed MeOH (150 mL), under the N2 atmosphere, into a two-necked round-

bottomed flask. To the orange suspension was added the already dissolved (in 20 mL of the 

same solvent) G0-(CN)4 (0.40 g, 0.55 mmol, 1 eq. mol) and AgCF3SO3
 (0.77 g, 2.26 mmol, 5.4 

eq. mol). The total of MeOH added was 220 ml. The mixture was left stirring at room 

temperature and protected by light, and after 30 min it was observed that the colour of the 

suspension has changed to yellow, and after 1.5h was already brownish. After 22h of reaction, 

the performed 1H and 31P-NMR spectra revealed that the synthesis was completed. Doing so, 

after 24h, the reaction was stopped, filtered to remove the silver chloride (AgCl) solid produced 

as a secondary product, and dried under vacuum. The product was quickly extracted with 

dichloromethane (DCM; 100 mL; dried and previously degassed), washed with diethyl ether 

(Et2O; dried and previously degassed; 3 x 30 mL) and dried under vacuum. The performed 1H 

and 31P-NMR spectra exposed the need to purify the compound. The solid was dissolved in 15 

mL of DCM and precipitated with Et2O. After being at -20°C overnight, the solution was filtered 

(bronze colour) and the brown precipitate was dried under vacuum. This procedure was repeated 

two times. It was obtained 1.5 g (0.4 mmol) of the G0-(CNRuCp(PPh3)2)4(CF3SO3)4 as a brown 

semi crystalline powder with a good yield of 79 %. The final characterization was performed 

by 1H, 31P,13C-NMR, COSY and FTIR. 1H-NMR (400 MHz, CDCl3): δ = 7.362 – 7.071 (n.d. 

(not defined), 24 H, overlapped by CDCl3, 48 H, PPh3), 4.451 (n.d., 20 H, C5H5), 3.337 (n.d., 8 

H), 3.146 (n.d., 8 H), 3.042 (n.d., 7 H), 2.854 (n.d., 8 H), 2.619 (n.d., 12 H), 2.447 (n.d., 8 H) 

ppm. 31P-NMR (161 MHz, CDCl3): δ = 41.54 (d, PPh3) ppm. 13C-NMR (100 MHz, CDCl3): δ 

= 133.37, 130.25, 128.44 (PPh3), 122.47 (‒CNRuCp(PPh3)2), 83.65 (C5H5), 52.68, 52.36, 48.96, 

43.65, 42.99, 29.82, 20.65 ppm. HSQC (100 e 400 MHz, CDCl3): eleven signals. FTIR (KBr – 

potassium bromide): ṽ = 3058 (νAryl-H), 2328 (νCN), 1436 (νAryl C=C), 1265 (νCF), 747 (νCS) cm-1. 

Following the same procedure for the synthesis of the G0-(CNRuCp(PPh3)2)4(CF3SO3)4 

compound, it was prepared the next generation of it – G1-(CNRuCp(PPh3)2)8(CF3SO3)8. From 

0.52 g (0.28 mmol, 1 eq. mol) of G1-(CN)8, 1.66 g (2.28 mmol, 8.1 eq. mol) of [RuCp(PPh3)2Cl] 

and 0.68 g (2.65 mmol, 9.4 mmol) of AgCF3SO3, and 24h of reaction at room temperature (r.t.), 
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it was possible to synthetize the crude G1 metallodendrimer. After being extracted with DCM, 

washed by Et2O and precipitated, two times, also by Et2O after being dissolved in DCM, it was 

possible to obtain a much purer compound (1.6 g; 0.23 mmol), as a dark-brown microcrystalline 

powder, with a good yield of 77%. It was fully characterized by the same methods that were 

used for G0-(CNRuCp(PPh3)2)4(CF3SO3)4. 
1H-NMR (400 MHz, CDCl3): δ = 7.344 – 7.055 (n.d. 

(not defined), 48 H, overlapped by CDCl3, 96 H, PPh3), 4.422 (s, 40 H, C5H5), 3.293 (n.d., 8 

H), 3.222 (n.d., 17 H), 3.080 (n.d., 17 H), 2.784 (n.d., 41 H), 2.599 (n.d., 37 H), 2.448 (n.d., 16 

H) ppm. 31P-NMR (161 MHz, CDCl3): δ = 41.60 (s, PPh3) ppm. 13C-NMR (100 MHz, CDCl3): 

δ = 173.48 (‒HNCH2CH2HNC=O), 173.04 (‒NCH2CH2HNC=O), 133.32, 130.21, 128.44 

(PPh3), 122.45 (‒CNRuCp(PPh3)2), 83.52 (C5H5), 53.58, 52.33, 50.44, 48.37, 44.17, 39.70, 

38.71, 31.43, 20.83 ppm. HSQC (100 e 400 MHz, CDCl3): thirteen signals. FTIR (KBr): ṽ = 

3062 (νAryl-H), 2343 (νCN), 1435 (νAryl C=C), 1265 (νCF), 749 (νCS) cm-1. 

4.1.6. Characterization 

The commercial G0/G1-PAMAM dendrimer and the two prepared dendrimers were 

characterized by 1H, 13C-NMR, HSQC, COSY and FTIR. The two metallodendrimers were 

characterized by 31P-NMR instead of the COSY and the G0-PAMAM was also characterized 

also by MS. It was not possible to perform the MS spectra in time of all compounds due to a 

unsolved malfunction of the equipment.  

The NMR  (1H, 13C, 31P, COSY and HSQC) characterization was performed with ≈ 10 mg 

of each compound dissolved in 550 μL of solvent: D2O for G1-PAMAM and CDCl3 for the 

remaining compounds, including G0. The NMR spectra were recorded with a Bruker Avance 

II+ 400 at 299 K (probe temperature) spectrometer. All chemical shifts are reported in parts per 

million (δ, ppm) with reference to Me4Si (TMS –  tetramethylsilane). 

FTIR characterization were recorded on a Nicolet Avatar 360 FTIR spectrometer. About 5 

to 10 mg of each oily sample were analyzed in NaCl cells (25 x 4 mm). The solid samples were 

analysed in KBr. The main characteristics bands are reported in cm-1 and the type of vibration 

of each are also showed. Only the significant bands are cited in the text. 

The MS characterization were performed with filtered samples of 1 g/L of G0-PAMAM. 

The used syringe filter was PTFE hydrophilic with 0.22 μm of pore from SPECANALITICA. 

The analysis was performed with a Bruker Esquire 6000/Dionex LC-ESI-MS/MS (Liquid 
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Chromatography – Electrospray Ionization – Mass Spectrometry) spectrometer, in 30 minutes 

of run. Only one of the various obtained spectrums of +MS (total fragmentation), +MS2 (second 

fragmentation) and +MS3 (third fragmentation) is presented in this work and likewise, only the 

significant m/z (mass-to-charge ratio) values are cited in the text. 

4.2. Results and discussion  

The characterization of the newly formed dendrimers was possible through routine 

physical methods of analysis, namely 1H, 13C, 31P-NMR, COSY, HSQC, FTIR and MS.  

NMR is the most widely used technique for the characterization of dendrimers, 

especially during the step by step synthesis (the chemical transformations undergone by the end 

groups can be analysed) from low to high generations. They afford information about the 

structure and morphology of these molecules but they have also been used to probe their size. 

Due to the ubiquity of protons in organic and inorganic compounds, protons are the most 

receptive common NMR nuclei and can be easily observed. Thus, a basic one-dimensional (1D) 

proton NMR (1H-NMR) is the most common experiment. Nevertheless, there are several 

different experiments that can be extremely useful. For organic dendrimers, 1H and 13C-NMR 

are the most used, and for heteroatom-containing dendrimers, besides these two nuclei, the 31P-

NMR can afford valuable information because this experiment is very sensitive to small changes 

in the environment. In some cases, the two-dimensional (2D) experiments, such as homonuclear 

1H-1H COSY and heteronuclear 1H-13C HSQC, can be extremely useful to aid structural 

elucidation. In COSY, the coupling patterns and connectivity of spin systems that are coupled 

can be observed and, in HSQC, the relationships between specific carbon and proton resonances 

that are bonded by one or two multiple bonds are proton detected, so they produce useful data 

in a shorter period (190, 191). 

The IR (infrared) spectral changes are helpful during the synthetic sequence of 

dendrimers because they can assess the presence or disappearance of the functional groups at 

their pheriphery, since the synthetic sequence is typically characterized by changes in one or 

several functional end groups of atoms (192). 

The MS spectra (plots of intensity vs. m/z) allow the assessment of the exact mass of the 

dendrimer by the identification of the molecular ion (the one with the greatest  m/z value and 

represented by M+·) or the diverse fragments (with lower m/z values) obtained by different 



 

Nitrile based PAMAM dendrimers functionalized with [RuCp(PPh3)2]+ moiety for anticancer applications 

University of Madeira          31 

fragmentation patterns from the molecular ion. The nature of the fragments often provides a 

clue to the molecular structure of the compound (192). Thus, it is essential a detailed analysis 

of the obtained spectra of characterization to confirm if the synthesis reaction has worked and 

produced the desired compound (with or without impurities or sub-products of the reaction). 

The first step of this work was to characterize the starting dendrimers completely –

G0/G1-PAMAM (colourless and golden oil, respectively; molecular structures in schemes 1 and 

2) – to check their purity. Theirs 1H, 13C-NMR (in CDCl3 and D2O), COSY, HSQC, FTIR and 

MS obtained spectra and data are represented, for G0: in figs. 18a), b) and table 1; 1Aa), b) 

(section 7.1.1. in attachment); 19; 20; 2A (section 7.1.1.) and table 2; and 21, respectively; and 

for G1: in figs. 22a), b) and table 3; 23; 24 and 2A, respectively. Table 2 organize the data from 

the FTIR spectra of both generations. At the 1H-NMR (fig. 18a)), the singlet with 7.260 ppm 

correspond to the signal of the solvent CDCl3 and the other broad peak observed at ca. 1.7 ppm 

possibly belongs to the protons of H2O that was adsorbed by this solvent. Also, it was detected 

the characteristic signal for the –CH3 group of MeOH (3.455 ppm) which revealed that this 

solvent was not entirely removed by the evaporation and freeze-drying procedures. These ppm 

values were confirmed by the results presented in G. R. Fulmer et al.(193). Nevertheless, the 

presence of MeOH in the oily G0-PAMAM is not a problem for the next step – the synthesis 

reaction of G0-(CO2
tBu) 8 – because the solvent for this reaction is also MeOH. The obtained 

NMR data from both spectra of G0-PAMAM (fig. 18a) and b); table 1) was confirmed by the 

results acquired by the same molecule in W. Hung et al. (194) and A.P. Davis, et al. (195). In 

relation to the signal with 7.467 ppm it belongs, probably, to the –NH of the amide group (“e” 

signal). This conclusion is reasoned by the results obtained in H. Vahedi et al.  (196). By the 

analysis of the COSY and HSQC spectra (figs. 18 and 19, respectively), the molecular structure 

of the dendrimer is confirmed. In the COSY spectrum, each spot represents the group of protons 

that are neighbours and separated by one single carbon bond and in the HSQC spectrum 

represents the group of protons that are directly linked to each carbon of the molecule (except 

for the quaternary carbons, of course). The analysis of the FTIR spectrum (fig. 2A in section 

7.1.1. in attachment) confirmed the presence of the main functional groups of the molecule: the 

amide group (3077 cm-1; see table 2), the aliphatic –CN (1115 cm-1) of the core and the primary 

amine (3336 and 3287 cm-1) of the periphery of the dendrimer. These results are confirmed by 

the consultation of the table of characteristics IR vibrations frequencies for single bonds to 

heteroatoms existent on J. B. Lambert et al. (197). 
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Scheme 1 - Synthetic routes for the synthesis of the metallodendrimer G0-(CNRuCp(PPh3)2)4(CF3SO3)4. 

G0-(CNRuCp(PPh3)2)4(CF3SO3)4 
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Table 1 - 1H and 13C-NMR data, of the corresponding spectra represented in fig. 18a) and b) for G0-PAMAM. 

CDCl3 was the NMR solvent. The 1H chemical shifts values are averages. 

C atom 1H chemical shift (ppm) Multiplicity 
Integral 

13C chemical shift (ppm) 
Expected Obtained 

a 2.413 1 4 4 52.24 

b 2.795 3 8 8 50.79 

c 2.334 3 8 8 34.61 

d - - - - 173.3 

e 7.467 3 4 3 - 

f 3.259 4 8 8 42.49 

g 2.661 - 8 8 41.68 

a) 

b) 

a 

 

g 

 

c 

 

b 

 

f 

 

e 

 

MeOH 

c 

g 
f 

b 

 
a 

d 

Figure 19 - a) 1H-NMR and b) 13C-NMR spectra of G0-PAMAM, in CDCl3. Each signal is marked with the 

different type of carbons and protons that are represented with a unique letter – see scheme 1). 



 

Nitrile based PAMAM dendrimers functionalized with [RuCp(PPh3)2]+ moiety for anticancer applications 

 

           34                                                                                                         University of Madeira 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c-b 

 

c-b 
g-f 

 

g-f 

c 

g 

f 

b 
a 

Figure 19 - COSY spectrum of G0-PAMAM, in D2O. Each signal is marked with the respective group of 

protons that are neighbours and linked to each other by a carbon bond.  Each type of protons is represented 

with a unique letter (see scheme 1). 

Figure 20 - HSQC spectrum of G0-PAMAM, in D2O. Each signal is marked with the respective type of protons 

and type of carbon they are directly linked with.  Each type is represented with a unique letter (see scheme 1).  
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Table 2 - Main characteristic bands (cm-1), obtained by FTIR, for each functional group of G0/G1-PAMAM. 

The type of vibration is also showed. 

 

 

 

 

 

 

 

 

 

 

Regarding the MS, from the +MS2 spectrum (fig. 21) it was possible to identify the base peak 

– 403.2 m/z – that corresponds to the most intense ion detected in the spectrum which came 

from the fragmentation of the molecular ion – 517.7 m/z. The obtained m/z values are very 

similar to the expected: 516.4 and 401.3 m/z. Both results achieved from the FTIR and MS agree 

with the results acquired by W. Hung et al. (194) and P. Ilaiyaraja et al. (198). 

 

 

 

 

 

 

Functional group 
band (cm-1) 

Type of vibration* 
G0 G1 

C(=O)N–H 

3077 3077 

1464 

str 

bend 1463 

C=O of the amide 1644 1651 str 

C–N 1115 1130 str 

–CH2 (acyclic) 

2937 2939 asym str 

sym str 2868 2868 

N–H of the primary amine 

3336 3339 
str 

3287 3288 

1557 1557 bend 

*str: stretch; asym str: asymmetric stretch; sym str: symmetric stretch 

 

*str: stretch; asym str: asymmetric stretch; sym str: symmetric stretch 

289.2

403.2
+MS2(517.7), 3.7min #257

0

1
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3

4

5

7x10

Intens.

100 200 300 400 500 600 700 800 900 m/z

156.9 
175.2 

 

Figure 21 - +MS2 spectrum of G0-PAMAM – fragmentation of the molecular ion (517.7 m/z). The molecular 

structure of the base peak (403.2 m/z) is also represented. 
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Concerning the G1-PAMAM dendrimer (molecular structure in scheme 2), the results 

obtained for the 1H and 13C-NMR spectra (figs. 22a) and b) and data in table 3) are similar to 

the spectra obtained for G0-PAMAM, as it was already expected, because of the equivalence of 

the group of atoms. The main differences, besides the increase of the integration values, is the 

appearance of four different signals (“d’” to “g’”) from the inner shell of the dendrimer. They 

have chemical shifts slightly different to the “equivalent” group of protons and carbon of the 

outer shell – d to g – because of the change in the electronic environment that surround them. 

With the increase of the generation number, the “d’” to “g’” signals stay linked to tertiary amine 

groups and the others are related to primary amine groups. These obtained NMR data for the 

both spectra of G1-PAMAM was confirmed by the results acquired by the same molecule in W. 

Hung et al. (194) and P. Ilaiyaraja et al.  (198). The COSY and HSQC spectra (figs. 23 and 24, 

respectively) validate this conclusion with the elucidation of the structure of the dendrimer. The 

data obtained from the FTIR spectroscopy (see table 2 and fig. 2A in section 7.1.1. in 

attachment) are also in agreement with the data obtained from W. Hung et al. (194), being very 

similar to the results acquired for the G0 dendrimer, as the type of functional groups in their 

structure are exactly the same.  
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Scheme 2 - Synthetic routes for the synthesis of the metallodendrimer G1-(CNRuCp(PPh3)2)8(CF3SO3)8. 

[Ru(η5-C5H5)(PPh3)2Cl], AgCF3SO3 

MeOH 

 

G1-(CNRuCp(PPh3)2)8(CF3SO3)8 
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Figure 22 - a) 1H-NMR and b) 13C-NMR spectra of G1-PAMAM, in CDCl3. Each signal is marked with the 

different type of carbons and protons that are represented with a unique letter – see scheme 2). 

c 

a + g’ 

g 

b 

f 

f’ 
MeOH 

a) 

c – b 

g’ – f’ 

g – f 

Figure 23 - COSY spectrum of G1-PAMAM, in D2O. Each signal is marked with the respective group of 

protons that are neighbours and linked to each other by a carbon bond. Each type of protons is represented 

with a unique letter (see scheme 2). 
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Table 3 - 1H and 13C-NMR data, of the corresponding spectra represented in fig. 22a) and b) for G1-PAMAM. 

CDCl3 was the NMR solvent. The 1H chemical shifts values are averages. 

C atom 1H chemical shift (ppm) Multiplicity 
Integral 

13C chemical shift (ppm) 
Expected Obtained 

a Overlapped with “g’” - 4 * 49.98 

b 2.848 3 24 24 39.77 

c 2.453 3 24 24 32.79 

d - - - - 175.07 

d’ - - - - 174.58 

e 
Not detectable with D2O 

- 

- e’ 

f 3.261 3 16 15 49.07 

f’ 3.320 3 8 9 36.76 

g 2.736 3 16 16 41.61 

g’ 2.653 3 8 * 51.23 

*Sum of obtained integrals for “a” and “g’”: 12; expected sum: 12 

c 

f’ 

f 

g 

a 

g’ 

b 

Figure 24 - HSQC spectrum of G1-PAMAM, in D2O. Each signal is marked with the respective type of protons 

and type of carbon they are directly linked with.  Each type is represented with a unique letter (see scheme 2). 
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The preparation of the nitrile ruthenium-based metallodendrimers G0/G1-

(CNRuCp(PPh3)2)𝑥(CF3SO3)𝑥 was accomplished by adapting the reported methodology 

previously developed by our group (184). Due to the differences in solubility of the PAMAM 

dendrimers in comparison with the poly(alkylidenamine) dendrimers used by our group in the 

mentioned published work, it was necessary to optimize some reaction parameters to 

successfully synthesize the poly-nitrile moieties G0-(CN)4 and G1-(CN)8 by a Michael addition 

of the primary amines of the PAMAM dendrimers with ACN. It was performed several 

solubility tests in order to choose the appropriate solvent (table 4); the need of a catalyst was 

studied; different reaction temperatures were tested, and the effect of the time of reaction and 

an increasing number of eq. mol of ACN was also verified (table 5). It was concluded that: a) 

MeOH was the best solvent because it could totally dissolve the G0-PAMAM without reacting 

with the alkylating agent; b) 48 °C during 3h was enough to promote the reaction without the 

need of a catalyst and c) 2 eq. mol of ACN per each –NH2 group of the dendrimer was sufficient 

for the alkylation to occur.  

Table 4 - Conditions for the solubility tests performed with G0-PAMAM in several aprotic solvents. 

Solvent Temperature (°C) and time Result 

1,4-Dioxane r.t. Insoluble 

Acetone “ “ 

Acetonitrile “ “ 

DCM 40 (during 30 min) “ 

THF 40; 50 and 60 (30 min each) Suspension 

Ethyl acetate “ Insoluble 

DMSO r.t. Soluble 

10% DMSO: 90% THF “ Insoluble 

20% DMSO: 80% THF “ Insoluble 

30% DMSO: 70% THF “ Soluble 

 

This first synthesis reaction is a N-alkylation, by Michael addition, of the primary amine groups 

of the G0/G1-PAMAM with ACN (at 48 °C). The Michael addition refers to the addition of a 

40 

 

b) 
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nucleophile, designated as Michael donor, to an activated α, β-unsaturated carbonyl-containing 

compound – the Michael acceptor (199).  

Table 5 - Conditions applied for each performed test for the synthesis reaction of G0-(CN)4. 

Experiment 

no. 

Solvent Eq. mol of 

ACN 

Time of 

reaction (h) 

Temperature 

(°C) 

Major Product 

1 MeOH 8 + 8 3 + 3 48 then 80 G0-(CN)4 

2 “ 16 + 16 “ “ “ 

3 “ “ 6 + 16  “ “ 

3.1. - - +6 80 “ 

3.2. - - +18 “ “ 

3.3. - +8 +19 “ “ 

4 CHCl3 16 + 16 3 + 3 48 then 80 G0-(NH2)3CN 

4.1. - - +17 80 “ 

4.2. - +8 +20 “ “ 

5 DMSO 8 + 8 6 + 17 48 then 80 G0-(CN)4 

5.1. - +8 +17 100 “ 

 

In the concerned synthesis reaction of G0/G1-CN, the Michael donor is the –NH2 groups of the 

G0/G1-PAMAM dendrimers and the Michael acceptor is the unsaturated carbons of the ACN 

molecule (scheme 3). When the Michael donor is a nitrogen group, the Michael addition is often 

referred as the aza-Michael reaction (200). In this case, there´s no need to add the typical base 

catalyst for the reaction to occur because amines can act as both nucleophiles and bases. The 

reaction follows a second-order kinetics based on the concentration of the olefin acceptor and 

the amine. According to the structure of the ACN, the β-carbon will be more electrophilic than 

the α-carbon since the nitrile is an electron-withdrawing group. For this reason, the nucleophile 

adds to the β-carbon of the ACN (201). As follows, 1.87 g (3.63 mmol; 1 eq. mol) of G0-

PAMAM reacted with 1.925 mL (1.54 g; 29.03 mmol; 8 eq. mol) of ACN to afford a crude 

product as a light-yellow oil (2.62 g, 3.59 mmol, 99% of yield). 

 

 

 

Scheme 3 - Mechanism of reaction of the aza-Michael addition for the preparation of the G0/G1-CN 

dendrimers (adapted from (202)).  

R: G0/G1-PAMAM 
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The analysis of the 1H and 13C-NMR spectra (figs. 3A in attachment) of the crude confirmed 

the identity of the tetra-nitrile dendrimer: the three different signals (“i”: 2.5 and 19 ppm, “j”: 

2.9 and 45 ppm and “k”: 119 ppm; see scheme 1) of the incorporated –CH2CH2CN were detected 

with adequate integration values and multiplicity – two triplets with 8 protons each in the 1H-

NMR. These results are in agreement with the obtained data by our group (184) with similar 

compounds. Even after allowing G0-(CN)4 to be dried by vacuum for several hours and with a 

40°C water bath, it was not possible to remove all the solvent (MeOH) from the oily product. 

Thus, it was needed to purify the compound. It was performed an L-L extraction with CHCl3-

H2O and the aqueous fraction was freeze-dried to be obtained 2.30 g (3.15 mmol) of a purified 

dendrimer, as a light-yellow oil, with a good yield of 87 %. It was characterized by 1H and 13C-

NMR, COSY, HSQC and FTIR (figs. 25a) and c), 26, 27 and 4A respectively, and 

corresponding data in table 6 and 7). The analysis of the obtained 1D-NMR spectra revealed 

that the L-L extraction was appropriate (note that the MeOH peaks are totally absent in figs. 

25a) and c) – red stars). The structure of the dendrimer was confirmed by the 2D-NMR and, 

from the FTIR spectrum, one single typical C≡N stretch band with 2248 cm-1 was easily 

observed which confirms the correct functionalization of the dendrimer with the nitrile groups. 

The abovementioned synthesis reaction was performed with the objective of synthetizing G0-

(CN)8 (fig. 28) but, instead, the obtained product was the half-functionalized molecule G0-

(CN)4. In the typical aza-Michael reaction, primary amines react with two equivalents of the 

olefin acceptor to produce tertiary amines. This happens because secondary amines (the 

intermediary molecules of the reaction) are more nucleophilic than primary amines and are 

therefore more reactive. However, if the produced secondary amines are surrounded by an 

electronic and steric environment, as it happens in the G0-(CN)4 compound (see the structure in 

scheme 1 and compare with the structure in fig. 27), the abovementioned fact is not valid and 

consequently, in some cases, the reaction is incomplete with the secondary amine intermediate 

as final product (203). After performing all the previously described different experiments (table 

5) for the synthesis of the tetra-nitrile dendrimer G0-(CN)4, it was possible to conclude that, 

probably, it is needed a catalyst (NaOH (137) or NaH (204) for the synthesis reaction of the 

initial compound of interest G0-(CN)8. Unfortunately, due to the presence of amide groups in 

the structure of the departure dendrimer (G0-PAMAM) it is not possible to use these catalysts 

because they will hydrolyse the amides in the correspondent carboxylic acids, which will  cause 

the degradation of the dendrimer. 
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Figure 25 - NMR spectra of purified G0-(CN)4: a) 1H-NMR in CDCl3; b) 1H-NMR in D2O; c) 13C-NMR in 

CDCl3. The “e” and “h” signals represents the amide and amine protons, respectively, that are not detected in 

b) – orange arrows. The red stars represent the absence of MeOH. 
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Table 6 - 1H and 13C-NMR data, of the corresponding spectra represented in fig. 25a) and c), for the purified 

G0-(CN)4. CDCl3 was the NMR solvent. The 1H chemical shifts values are averages. 

C atom 1H chemical shift (ppm) Multiplicity 

Integral 
13C chemical shift (ppm) 

Expected Obtained 

a 2.463 1 4 3 51.54 

b 2.697 3 8 8 50.53 

c 2.343 3 8 8 34.38 

d - - - - 174.69 

e 7.292 3 4 3 - 

f 3.321 4 8 8 39.18 

g 2.773 3 8 8 48.30 

h 1.243 1 4 - - 

i 2.524 3 8 9 19.04 

j 2.918 3 8 7 44.74 

k - - - - 119.20 

 

 

The synthesis of related poly-nitrile compounds is available in the reviewed literature (1, 2, 137, 

184), which includes the synthetic procedures that were adapted for the applied synthesis of G0-

(CN)4 (see scheme 1), but all the departure dendrimers that they have used did not have amide 

groups. One possibility to successfully synthetize G0-(CN)8 is to protect the amide groups with, 

for example, tert-butyl groups (205) or triphenilmethyl groups (206), then undergo the reaction 

of the obtained product with ACN and NaOH or NaH as catalysts to produce the octa-nitrile 

compound and, in the end, unprotect the amide groups. Despite these encountered difficulties, 

one type of a poly-nitrile compound was successfully synthetized and fully characterized – the 

G0-(CN)4. The 1H-NMR (fig. 25b)) of it, in D2O, was another way to justify the half and uniform 

functionalization properly. Comparing the two 1H-NMR spectra of the product (in figs. 8a) and 

b)) it is possible to observe that the characteristic signal for the secondary amines of the 

dendrimer (the “h” signal; see scheme 1), with 1.243 ppm in the 1H-NMR spectrum performed 

in CDCl3 (fig. 25a)), is absent in the spectrum that was accomplished in D2O (performed from 

the same sample and concentration). This happens because of the protons exchange between the 

secondary amine groups of the dendrimer and D2O. Obviously, the same behaviour is observed 

for the signal of the amide groups of the dendrimer (the “e” signal) with 7.292 ppm. 
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c – b i – j 
g – f 

f – e 

Figure 26 - COSY spectrum of purified G0-(CN)4, in CDCl3. Each signal is marked with the respective group 

of protons that are neighbours and linked to each other by a carbon bond. Each type of protons is represented 

with a unique letter (see scheme 1). 

Figure 27 - HSQC spectrum of purified G0-(CN)4, in CDCl3. Each signal is marked with the respective type 

of protons and type of carbon that are directly linked with.  Each type is represented with a unique letter (see 

scheme 1). 
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Table 7 - Main characteristic bands (cm-1), obtained by FTIR, for each functional group of the purified G0/G1-

CN. The type of vibration is also showed. 

 

 

 

 

 

 

 

 

 

Figure 28 - Molecular structure of G0-(CN)8. 

From the liquid-phase cracking of dicyclopentadiene (see scheme 4, 1H-NMR in fig. 29), 

it was obtained cyclopentadiene (15 mL of a colourless liquid, 11.8 g, 178 mmol) with 20 % of 

yield (1H-NMR in fig. 30). The obtained yield depends upon the type of method that is used 

(207, 208). Besides the lower 20% of yield, 15 mL of it was totally enough for the preparation 

of the [RuCp(PPh3)2Cl]. The cyclopentadiene must be used immediately after distilled or in a 

period of 24h when properly storage at -20 °C. Thus, in our case, performing another 

methodology (for example, gas-phase cracking using H2 as the carrier gas (207) or liquid-phase 

cracking by reactive distillation (208) would not be beneficial and cost-effective. Furthermore, 

Functional group 
band (cm-1) 

Type of vibration* 
G0 G1 

C(=O)N–H 
3081 

1466 

3081 

1464 

str 

bend 

C=O of the amide 1651 1645 str 

C–N 1129 1131 str 

C≡N 2248 2247 str 

–CH2 (acyclic) 
2936 2937 asym str 

2841 2838 sym str 

N–H of the secondary amine 
3288 3288 str 

1555 1552 bend 

*str: stretch; asym str: asymmetric stretch; sym str: symmetric stretch 
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the 15 mL that was obtained, as it was already mentioned in section 5.1.4., contributed for the 

preparation of 11.2 g of [RuCp(PPh3)2Cl] that is useful for several months of work. 
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Figure 29 - 1H-NMR spectrum of commercial dicyclopentadiene, in CDCl3. Each signal is marked with the 

respective type of protons that are represented with a unique letter (see scheme 5). 
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Scheme 4 - Cracking of dicyclopentadiene. 
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Scheme 5 - Synthesis reaction of [RuCp(PPh3)2Cl]. 
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Adapting the procedures described in M. I. Bruce et al. (188) and A. R. Dias et al. (189), 

3.92 g (18.9 mmol, 1 eq. mol) of RuCl3.xH2O in EtOH reacted with 16.3 g (62.4 mmol, 3.3 eq. 

mol) of PPh3 in refluxing EtOH and with 15 mL (177.6 mmol, 9.4 eq. mol) of freshly distilled 

cyclopentadiene to originate 11.2 g (15.5 mmol, 82% of yield) of an orange crystalline crude 

product of [RuCp(PPh3)2Cl] (1H and 31P-NMR in figs. 31a) and 32a), respectively). The spectra 

analysis revealed the presence of the three characteristic signals of the organometallic product 

(“l” from the protons of the -PPh3 ring, “o” from the protons of the -Cp ring and “p” from the 

phosphorous; see scheme 4) with adequate integrations on the 1H-NMR, so it was concluded 

that the synthesis reaction was successful. However, it was observed a small amount of a solid 

black-coloured impurity that revealed the need to purify the compound. In this way, and after 

 

 

 

 

 

 

 

 

 

 

 

 

 

washing, filtrating, and drying the crude product as it is described in section 4.1.4., it was 

obtained 7.4 g (10.2 mmol, 54% of yield) of a purified dark yellow powder that was 

characterized by 1H and 31P-NMR (figs. 31b) and 32b), respectively). The separated impure 

fraction, as a brown powder, was also characterized by the same methods (see figs. 31c) and 

32c), respectively). 

α 
β γ 

Figure 30 - 1H-NMR spectrum of distilled cyclopentadiene, in CDCl3. Each signal is marked with the respective 

type of protons that are represented with a unique letter (see scheme 5). 
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a) 

b) 

c) 

o 

 

l1 

l2 + CDCl3 
l3 

 DCM 

PPh3O 

Figure 31 - 1H-NMR spectrums of the obtained [RuCp(PPh3)2Cl]: a) orange crude crystals; b) purified dark 

yellow powder and c) impure brown powder, in CDCl3. Each signal is marked with the respective type of 

protons that are represented with a unique letter (see scheme 4). 
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a) 

p 

PPh3O 

b) 

c) 

Figure 32 - 31P-NMR spectrums of the corresponding samples from fig. 31; in CDCl3. The “p” signal corresponds 

to the phosphorus from the [RuCp(PPh3)2Cl] (see scheme 4). 
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The preparation of the G0/G1-(CNRuCp(PPh3)2)𝑥(CF3SO3)𝑥 metallodendrimers, as it is 

described in section 4.1.5., was accomplished using the AgCF3SO3 instead of using Thalium (I) 

hexafluorophosphate (TlPF6), as the chloride abstractor used by our group (183, 184), for the 

preparation of similar compounds. In this work, it was decided to follow this alternative strategy, 

because of the high probability that the presence of residues of thalium in the purified 

metallodendrimer could affect the cytotoxic studies, as it is known that thalium is highly toxic 

(209). Additionally, to successfully synthesize the desired metallodendrimer, it was necessary 

to optimize some reaction parameters. Thus, some tests were performed and the conditions 

applied for each one are resumed in table 8. 

 

Table 8 - Conditions applied for each performed test for the synthesis reaction of G0-(CNRuCp(PPh3)2)4(CF3SO3)4. 

 

After performing the first experiment and obtaining a purified G0-(CNRuCp(PPh3)2)4(CF3SO3)4 

with a low yield of 8%, it was decided to change the solvent from EtOH to MeOH for the second 

test. The smaller size of MeOH (in comparison with EtOH) will contribute to a less interference 

during the functionalization of the ruthenium moiety with the tetra-nitrile dendrimer G0-(CN)4 

since that, probably, the solvent with a partial negative charge (δ-) will interact with the 

[RuCp(PPh3)2]
+ moiety (after the Cl- removal by the AgCF3SO3) which could form an aggregate 

(210, 211). Also, the eq. mol of the -RuCp complex and AgCF3SO3 was increased to 5 and 6.3, 

*Exp. 

no.  

Solvent 

(mL to mg 

of -RuCp*) 

Molar eq *R. 

tracking 

(h) 

Total and 

best r. time  

(h) 

Colour 

(sol.)* 
T (°C) 

Major Product 

(after purification); η* -RuCp  AgCF3SO3 

1 
EtOH  

(60 to 304) 
4.1 5.4 72; 96 118; 72 brown r.t. 

G0-

(CNRuCp(PPh3)2)4(CF3SO3)4 

(dark brown powder); 8% 

2 
MeOH  

(50 to 350) 
5 6.3 22; 44 66; 44 “ r.t. 

G0-

(CNRuCp(PPh3)2)4(CF3SO3)4 

(dark brown powder); 7% 

3 
MeOH  

(40 to 112) 
4.1 

5.4 (added 

in 3 parts) 

22; 42; 

70 
96 

light 

brown 
r.t. Mixture of Ru compounds 

4 
MeOH  

(75 to 317) 
“ “ 5; 23 49 bronze 

85 

(reflux) 

G0-

[(CN)2(CNRuCp(PPh3)2)2][(C

F3SO3)4] (brown powder) 

*Exp. no.: experiment number; -RuCp: [RuCp(PPh3)2Cl]; R.: reaction; colour (sol.): colour of the solution after filtration; η: yield  
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respectively, and the reaction was monitored at 22 and 44h (sooner than the exp. no. 1.) to be 

stopped after 66h. It was obtained a crude product with more undesired side-products than 

before and, consequently, to get a purer G0-(RuCp(PPh3)2)4 it was necessary to perform several 

purification procedures (precipitations with DCM/Et2O) that lead to a very low 7 % of yield for 

the purified compound. By this means, it was decided to perform another test (exp. no. 3) with 

the same conditions than experiment no. 1 (4.1 eq. of -RuCp and 5.4 of AgCF3SO3), but now 

maintaining MeOH as solvent, adding the AgCF3SO3 in 3 parts (with 5 min of interval between 

each addition) and with the first tracking of the reaction at 22h. At this time, the G0-

(CNRuCp(PPh3)2)4(CF3SO3)4 could be already synthetized with small quantities of the 

discussed undesired side-products, but due to the intense signal of the departure -RuCp complex 

it was decided to leave the reaction ongoing. The tracking of the reaction at 42, 70 and 96h has 

demonstrated that the G0-(CNRuCp(PPh3)2)4(CF3SO3)4 probably became de-functionalized 

with the increase of the reaction time to originate a mixture of ruthenium compounds. This 

conclusion was supported by the decrease in the intensity of the -Cp ring signal combined with 

the change of the multiplicity to a duplet in the 1H-NMR and the same behaviour was observed 

for -PPh3 signal in the 31P-NMR, while the signal of the departure -RuCp has remained 

practically unchanged. For the last experiment – exp. no. 4 – it was decided to apply high 

temperatures (reflux, at 85°C) while conserving the other conditions. The reaction was 

monitored at 5 and 22h and stopped after 49h. It was observed that the the high temperatures 

lead to the formation of several undesired side-products and the preparation of a half 

functionalized metallodendrimer – G0-(CN)2(CNRuCp(PPh3)2)2. This last observation was 

justified by the presence of the -Cp ring signal, in the 1H-NMR spectra, with an integration of 

≈ 10, a half of the value observed for the G0-(CNRuCp(PPh3)2)4(CF3SO3)4. Finally, after 

performing the discussed four experiments it was possible to optimize one set of experimental 

conditions that was needed to prepare the desired metallodendrimer with success: a) 4.1 and 5.4 

eq. mol of [RuCp(PPh3)2Cl] and AgCF3SO3, respectively; b) MeOH as solvent (at least 60 mL 

for 304 mg of [RuCp(PPh3)2Cl]); c) approximately 22h of reaction at room temperature; d) the 

colour of the reactional solution has to change from orange to yellow and finally to brownish; 

e) the produced AgCl powder has to settle completely (during at least 60 to 120 min) before 

filtration; f) the best filter paper is the one with 2 – 3 µm in size; g) the filtration has to be 

performed dropwise with a minimum  pressure that is conferred, preferentially, only by the 

gaseous nitrogen current and h) the precipitation with DCM/Et2O has to be accomplished on the 
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same day to prevent the decomposition of the product. Accordingly, 1.64 g (2.26 mmol, 4.1 eq. 

mol) of the organometallic moiety [RuCp(PPh3)2Cl] reacted with 0.77 g (2.26 mmol, 5.4 eq. 

mol) of AgCF3SO3 (protected from light) and 0.40 g (0.55 mmol, 1 eq. mol) of the previously 

prepared G0-(CN)4 (scheme 1). After 22h of reaction, one fraction of the obtained crude product 

was analysed by 1H and 31P-NMR (figs. 33a) and 34a), respectively). The analysis of the spectra 

revealed that the synthesis was certainly completed due to the absence of the signals from the 

departure organometallic moiety [RuCp(PPh3)2Cl] (with δ ≈ 4.1 and 38.9 ppm; see figs. 31a) 

and 32a), respectively) and the presence of two characteristic signals of the G0-

(CNRuCp(PPh3)2)4(CF3SO3)4: a singlet with δ ≈ 4.4 ppm with an adequate integration of ≈ 20 

H+ (in the 1H-NMR spectrum) that belongs to the “n” group of protons (see scheme 1) and the 

“m” signal with δ ≈ 41.5 ppm (in the 31P-NMR spectrum). Also, the characteristics “l” protons 

and all the group of protons of the core are present between δ ≈ 7.0 – 7.4 and 2.4 – 3.3 ppm, 

respectively. Accordingly, the “n”, “m” and “l” signals are all shifted when compared with the 

corresponding spectra of the free [RuCp(PPh3)2Cl] moiety, which also emphasizes the 

functionalization with the tetra-nitrile dendrimer. Additionally, the “j” signal (-CH2C≡N-) have 

a downfield shift when compared to the free G0-(CN)4. These results are in agreement with the 

obtained by our group (183, 184) with similar metallodendrimers. The only group of protons 

that were not detected in the 1H-NMR spectrum was the four protons of the amide (“e” signal) 

and amine groups (“h” signal) of the molecule. Probably it´s not possible to identify them in 

this concentration – 0.018 mg/µL – besides being identified in the departure compound G0-

(CN)4 with the same concentration, because of the big difference between the number of protons 

of these two signals (4 protons each) in comparison to the 140 protons from the signals of the 

functionalized ruthenium moieties of the metallodendrimer. After this confirmation that the 

reaction was completed, the reaction could be stopped, filtered to remove the AgCl solid 

produced as a secondary product, and dried under vacuum. It was obtained a brown powder 

(2.35 g, 0.67 mmol), analysed by 1H and 31P-NMR (figs. 33b) and 34b), respectively), with a 

yield higher than 100% certainly due to the presence of several molecules of solvent (MeOH) 

and impurities and/or by-products (note the orange arrows in the mentioned figs.). This fact 

revealed the need to purify the obtained product.   
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a) 

l1 

l3 
n 

n 

PPh3O 

j 

a + c i 

b 

g 

f 

MeOH CDCl3 + l2 

b) 

Figure 33 - 1H-NMR spectra of the obtained products from the synthesis reaction of G0-

(CNRuCp(PPh3)2)4(CF3SO3)4: a) the crude fraction after 22h of reaction and b) the brown powder after filtration; 

in CDCl3.  Each signal is marked with the respective type of protons that are represented with a unique letter (see 

scheme 1 and 3). The orange arrows points to the impurities/side-products that are needed to be removed. 
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After extraction with DCM and Et2O washing (1H and 31P-NMR represented in figs. 35a) and 

36a), respectively) it was still needed to remove the PPh3O and the undesired side-products 

and/or impurities that were previously mentioned and that was still present. Thus, the powder 

was dissolved in 15 mL of DCM and precipitated with Et2O. After being at -20°C overnight, 

the solution was filtered (bronze colour) and the brown precipitate was dried under vacuum. It 

a) 

b) 

m 
PPh3O 

m 

m 

Figure 34 - 31P-NMR spectrums of the corresponding samples from fig. 33; in CDCl3. The “m” signal corresponds 

to the phosphorus from the G0-(CNRuCp(PPh3)2)4(CF3SO3)4 metallodendrimer (see scheme 1). The orange arrows 

points to the impurities/side-products that are needed to be removed. 
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was possible to obtain 1.9 g (0.53 mmol) of a dark-brown powder with 96% of yield. The 

analysis of the performed 1H and 31P-NMR (figs. 35b) and 36b), respectively) have shown that, 

besides this purification process have removed the greater part of the PPh3O and the sub-

products/impurities, it was needed to repeat this process. Doing so, after the second purification, 

it was obtained 1.6 g (0.53 mmol) of it with a good yield of 84% (the performed 1H and 31P-

NMR are represented in figs. 35c) and 36c), respectively). After the third purification, it was 

possible to obtain 1.5 g (0.4 mmol, 79 % of yield) of the metallodendrimer without PPh3O (the 

performed 1H and 31P-NMR are represented in figs. 35d) and 36d), respectively). Through the 

analysis of all the 1H-NMR of the metalodendrimer that was done so far, it was easy to identify 

that the singlet from the Cp-ring (the “n” signal), since the 1H-NMR of the crude fraction (fig. 

35a)), became a duplet with the same integration than before. This result diverges from the 

expected and reported from our group with similar compounds (183, 184): the presence of only 

one Cp-ring signal around 4.5 ppm in the 1H-NMR spectrum and only one phosphorous signal 

in the 31P-NMR around 42 ppm lead to the conclusion that all the ruthenium moieties were 

equivalently coordinated to the cores. In this work, the Cp-ring and the phosphorous signal from 

the –PPh3 ligands (“m” signal), although not a singlet, have maintained the same arrangement 

during the three purification procedures. This fact, together with the adequate integration (20 

protons) of the “n” signal, could emphasize that the G0-(CNRuCp(PPh3)2)4(CF3SO3)4 

metallodendrimer was prepared as a unique compound with equivalent ruthenium moieties and 

not as a mixture of partially-functionalized metallodendrimers. Why? A possible explanation is 

given by the existence of intramolecular non-covalent interactions: a) arene-Arene interactions 

(212) between the aromatic π-systems (Cp and Ph rings); b) π-hydrogen bonds (213, 214) 

between these aromatic rings and the protons from the amide and secondary amine groups; c) 

aryl-heteroatom interactions (215) (although less frequent) accomplished with the nonbonding 

electrons of the oxygen and nitrogen (from the amide, secondary amines groups and even 

tertiary amines of the core) and these π-systems; and d) possibly dipole-dipole interactions 

between the ruthenium and the partial negative charge of the –NH and –(C=O)NH groups of the 

PAMAM dendrimer (216). To prove this hypothesis, it was performed a 13C-NMR (fig. 37 and 

data in table 9, including the 1H, 31P-NMR data), an HSQC (fig. 38) and FTIR (fig. 5A and table 

10) analysis. However, an analysis from MS and elemental analysis are still needed to support 

the obtained results. This work is ongoing. 
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Et2O 

DCM 

a) 

d) 

Figure 35 - 1H-NMR spectra of the obtained products from the synthesis reaction of G0-

(CNRuCp(PPh3)2)4(CF3SO3)4: a) after extracted by DCM and washed by Et2O; b) after dissolved in DCM and 

precipitated with Et2O; c) after the second precipitation with Et2O; d) after the third precipitation; in CDCl3. 
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The performed 13C-NMR and HSQC spectra, besides showing the presence of all the carbon 

signals of the molecule, have exposed that the carbons from the Cp ring (“n” signal), the nitrile 

group (“k” signal), the C-NH- (“g” signal), the C-NH(C=O) (“f” signal), the C-C=O (“c” signal) 

and the C-N- (“b” signal) are all shifted when compared with the free nitrile dendrimer (G0-

(CN)4). These results indicate that, besides the adequate functionalization of the ruthenium 

moiety in the tetra-nitrile dendrimer by a covalent bond of the ruthenium with the nitrile groups, 

probably the abovementioned intramolecular non-covalent interactions are also present. This 

conclusion is supported by the presence of similar shifts in the 1H-NMR spectrum (fig. 35d)) of 

the same sample (from the “j”, “g”, “i”, “n” and “a” to “c” signals) and shifts from the stretch 

bands of the C≡N, (C=O)N–H, N–H (secondary amines), C=O and C–N in the FTIR spectrum. 

The most distinguished shifts are from the first tree signals and functional groups which reveals 

the coordination with the -RuCp moiety and that, probably, the most frequent non-covalent 

intramolecular interactions are the arene-arene, π-hydrogen bonds and dipole-dipole 

interactions between the metal and the partial negative charge of the amides and secondary 

amines of the dendrimer. These interactions certainly have influenced the metallodendrimer 

synthesis, its own crystallinity and particularly the molecular rearrangement of the molecule 

(217).  

The study of the shifts observed from the stretch nitrile band (νCN) of the organonitriles 

after coordination with a metal centre, to higher or lower energies when compared with the free 

nitrile, can provide valuable information about the type of bond between the metal and the ligand 

(M-L), and the effect of the nitrile groups in the bond, as well as the other ligands of the molecule 

(in this particular case, the phosphines) (218). Accordingly, the increase in the CN stretching 

frequency, above that found for the free nitrile, in the order of 30 – 110 cm-1, is a common 

feature exhibited by N-bonded nitrile complexes (219). These results indicate that the nitrile 

groups are coordinated with the metal centre through the nonbonding electrons of the nitrogen 

atom – linear coordination (218). Similar results were obtained for the G0-

(CNRuCp(PPh3)2)4(CF3SO3)4 metallodendrimer in the FTIR spectrum, where the stretching 

nitrile band is shifted in 80 cm-1 when compared to the free nitrile (∆ν = ∆νCN coordinated ‒ ∆νCN 

free = 2328 ‒ 2248 = 80 cm-1). Yet in the FTIR spectrum, it was also possible to detect several 

typical bands of the aromatic rings from the functionalized ruthenium moiety (see the values in 

cm-1 for aryl C=C and aryl–H in table 10) and, additionally, the characteristic bands of the 

[CF3SO3
-] counterions was also present (≈ 1265 and 747 cm-1).  
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c) 

d) 

Figure 36 - 31P-NMR spectrums of the corresponding samples from fig. 35; in CDCl3. 
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Figure 37 - 13C-NMR spectrum of purified G0-(CNRuCp(PPh3)2)4(CF3SO3)4, in CDCl3. Each signal is marked with 

the respective type of carbons that are represented with a unique letter (see scheme 1).  

Figure 38 - HSQC spectrum of purified G0-(CNRuCp(PPh3)2)4(CF3SO3)4, in CDCl3. Each signal is marked with the 

respective type of protons and type of carbon they are directly linked with.  Each type is represented with a unique 

letter (see scheme 1). 

l1 

c 

b 

l2 

n 

l3 

f 

i 

j 
g 

a 

Et2O 

Et2O 



 

Nitrile based PAMAM dendrimers functionalized with [RuCp(PPh3)2]+ moiety for anticancer applications 

University of Madeira          61 

 

Table 9 - 1H, 31P and 13C-NMR data, of the corresponding spectrums represented in figs. 35d), 36d) and 37 for 

the purified G0-(CNRuCp(PPh3)2)4(CF3SO3)4. CDCl3 was the NMR solvent. The 1H and 31P chemical shifts 

values are averages. 

 

 

 

 

 

 

 

 

 

 

 

C atom 
1H chemical shift 

(ppm) 

Integral 31P chemical shift 

(ppm) 

13C chemical shift 

(ppm) Expected Obtained 

a Overlapped with “c” 4 * 

- 

52.36 

b 3.042 8 # 53.68 

c 2.619 8 * 29.82 

d 
- - 

Not detected in this 

concentration 

e Not detected in this 

concentration 
- 

- 

f 3.337 8 8 42.99 

g 3.146 8 # 43.65 

h Not detected in this 

concentration 

  

i 2.854 8  20.65 

j 2.447 8 8 48.96 

k - - 122.47 

m - - 41.54 - 

n 4.451 20 20 

- 

83.65 

l1 7.071 48 48 128.44  

l2 Overlapped with 

CDCl3 

48 - 130.25 

l3 7.362 25 24 133.37 

*Sum of obtained integrals for “a” and “c”: 12; expected sum: 12; # Sum of obtained integrals for “b” and “g”: 15; 

expected sum: 16 
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Table 10 - Main characteristic bands (cm-1), obtained by FTIR, for each functional group of the purified G0/G1-

(CNRuCp(PPh3)2)𝑥(CF3SO3)𝑥. The type of vibration is also showed. 

 

 

The successfully prepared compounds from generation 0 with optimized procedures press 

forward for the synthesis of similar compounds from generation 1. The G1-(CN)8 and G1-

(RuCp(PPh3)2)8 were prepared as it is specified in scheme 2. 

From 1.74 g (1.22 mmol; 1 eq. mol) of G1-PAMAM (golden oil) it was obtained 2.23 g 

(1.20 mmol; 99% of yield) of crude G1-(CN)8 as a dark yellow oil. The corresponding 1H-NMR 

is represented in fig. 39a). The spectrum is similar to the one obtained for G0-(CN)4 (fig. 25a)) 

and the differences encountered between them was already discussed for the characterization of 

the G1-PAMAM.  

After purification, it was obtained 2.12 g (1.14 mmol) of G1-(CN)8 with a very good yield 

of 94 % as a dark yellow oil. The 1H, 13C-NMR, COSY, HSQC and FTIR spectra of this purified 

compound are represented in figs. 39b), c) (data organized in table 11); 40, 41 and 4A (data 

organized in table 7), respectively. 

Functional group 

band (cm-1) 

Type of vibration* 
G0 G1 

C(=O)N–H 3325 3332 Str 

C=O of the amide 1634 1647 str 

C–N 1159 1158 str 

C≡N 2328 2343 str 

–CH2 (acyclic) 
2931 

2849 

2925 

2848 

asym str 

sym str 

N–H of the secondary 

amine 
3472 

3475 

1550 

str 

bend 

Aryl C=C 
1436 1435 str 

516 516 ring bend 

Aryl–H 

3058 3062 str 

1029 1028 in-plane bend 

696 696 
out-of-plane bend 

638 637 

C–S 747 749 str 

C–F 1265 1265 str 

*str: stretch; asym str: asymmetric stretch; sym str: symmetric stretch 
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a) 
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d’ 
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c) 

Figure 39 - NMR spectra of G1-(CN)8: a) 1H-NMR of the crude and b) the purified product; c) 13C-NMR after 

purified; in CDCl3. The red star represents the absence of MeOH.   
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c – b 
g’ – f’ 
g – f 

i – j 

f – e f’ – e’ 

Figure 40 - COSY spectrum of purified G1-(CN)8, in CDCl3. Each signal is marked with the respective group of 

protons that are neighbours and linked to each other by a carbon bond. Each type of protons is represented with a 

unique letter (see scheme 2). 

Table 11 - 1H and 13C-NMR data, of the corresponding spectra represented in figs. 39b) and c), for purified G1-

(CN)8. CDCl3 was the NMR solvent. The 1H chemical shifts values are averages. 

C atom 1H chemical shift (ppm) Multiplicity 
Integral 

13C chemical shift (ppm) 
Expected Obtained 

a Overlapped with “i” 4 * 51.54 

b 2.757 4 24 # 48.28 

c 2.339 4 24 24 34.33 

d - - - - 172.95 

d’ - - - - 172.74 

e 7.348 3 8 7 - 

e’ 7.651 3 4 4 - 

f 3.375 4 16 *1 39.18 

f’ 3.234 4 8 *1 37.83 

g Overlapped with “b” 16 # 50.54 

g’ Overlapped with “i” 8 * 52.63 

h 2.195 1 8 - - 

i 2.529 3 16 * 19.01 

j 2.914 3 16 15 44.76 

k - - - - 119.24 

 

 

 

 

 

 

 

 

 

 

 

*Sum of obtained integrals for “a”, “g’” and “i”: 28; expected sum: 28; #Sum of obtained integrals for “b” and “g”: 39; 

expected sum: 40; *1Sum of obtained integrals for “f” and “f’”: 24; expected sum: 24 
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From 0.52 g (0.28 mmol, 1 eq. mol) of G1-(CN)8, 1.66 g (2.28 mmol, 8.1 eq. mol) of 

[RuCp(PPh3)2Cl] and 0.68 g (2.65 mmol, 9.4 mmol) of AgCF3SO3, and 24h of reaction at room 

temperature with protection from the light, it was possible to synthetize the crude G1-

(CNRuCp(PPh3)2)8(CF3SO3)8 as a brown powder. The performed 1H and 31P-NMR (figs. 42a) 

and 43a), respectively) revealed that the synthesis was certainly completed. The characteristic 

signals from the G1-(CNRuCp(PPh3)2)8(CF3SO3)8 metallodendrimer were present:  in the 1H-

NMR, the Cp-ring signal with δ ≈ 4.4 ppm (“n” signal); the phenyl protons (“l” signals) with δ 

≈ 7.0 – 7.4 ppm and all the group of protons of the core between δ ≈ 2.4 – 3.3 ppm, and the 

phosphorous signal with δ ≈ 41.6 ppm (“m” signal) in the 31P-NMR. The “n”, “m” and “l” 

signals, in comparison with the free -RuCp moiety, are all shifted and also the downfield shift 

of the “j” signal when compared with the free octa-nitrile also confirms that the G1-

metallodendrimer was synthesized with success. After extraction, washing and purification by 

precipitation (1H and 31P-NMR spectra of the washed and purified compound in figs. 42 b),c) 

and 43b),c), respectively) it was obtained 1.6 g (0.23 mmol) of the G1-

(CNRuCp(PPh3)2)8(CF3SO3)8, as a dark-brown microcrystalline powder, with a good yield of 

Figure 41 - HSQC spectrum of purified G1-(CN)8, in CDCl3. Each signal is marked with the respective type of 

protons and type of carbon they are directly linked with.  Each type is represented with a unique letter (see 

scheme 2). 

j 

f 

a g 

b 

c 

i 

g’ 

f’ 
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77%. The NMR data from it is organized in table 12. It was performed a FTIR spectrum, in a 

KBr pellet (fig. 5A and data in table 10), a 13C-NMR (fig. 44 and data in table 12) and an HSQC 

(fig. 45). The obtained results agree with the acquired results for the G0-

(CNRuCp(PPh3)2)4(CF3SO3)4 that were already discussed. In the FTIR spectrum, a similar 

increase in the CN stretching frequency (when compared to the free nitrile) was found, in the 

order of 96 cm-1 (∆ν = 2343 ‒ 2247 = 96 cm-1), which also indicates a linear coordination 

between the nitrile group and the metal centre. It is also important to emphasize that the analysis 

of the 1H, 13C-NMR and FTIR spectra, likewise what was observed for the G0-

metallodendrimer, indicates that probably occurs non-covalent intramolecular interactions, 

specifically the arene-arene, π-hydrogen bonds and dipole-dipole (between the ruthenium and 

the partial negative charge of the amide and amine groups) because of the observed shifts from 

the “c”, “g” and “i” signals and the shifts from the stretch bands of the (C=O)N–H and N–H. 

The only encountered difference was the less evidence of dipole-dipole interactions of 

ruthenium with the non-bonding electrons from the C=O and C–N groups of the core: in the 1H-

NMR spectra, the “a” and “b” group of protons have similar chemical shifts (compare table 11 

with 12) and, in the FTIR spectrum, the stretching band for the C=O group has similar 

frequencies of vibration when compared with the free G1-(CN)4 (compare table 7 with 10). This 

happen probably because of the increasing number of bonds between the C=O and C–N groups 

of the core and the metallic end group (15 and 18 bonds for the G1, and 8 and 11 for the G0, 

respectively) and, additionally, the bonds of the core becomes more stretched with the increase 

of the generation number when the dendrimer is in solution with a good solvent. This last 

hypothesis is supported by the structural information of the PAMAM dendrimers obtained from 

extensive molecular dynamics (MD) simulations in explicit solvent – studies of P. K. Maiti et 

al. (220). 
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a) 

l1 

l3 

PPh3O 

CDCl3 + l2 
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a + g’ + c 
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Et2O 
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 Figure 42 - 1H-NMR spectra of the a) crude, b) extracted by DCM and washed by Et2O and c) purified G1-

(CNRuCp(PPh3)2)8(CF3SO3)8, in CDCl3. Each signal is marked with the respective type of protons that are 

represented with a unique letter (see scheme 2 and 3). The orange arrow represents the impurity/sub-product that 

was removed after the purification. 
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Figure 43 - 31P-NMR spectra of the corresponding samples from fig. 42; in CDCl3. 
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Table 12 - 1H, 31P, and 13C-NMR data, of the corresponding spectra represented in figs. 42c), 43c) and 44 for 

the purified G1-(CNRuCp(PPh3)2)8(CF3SO3)8. CDCl3 was the NMR solvent. The 1H chemical shifts values are 

averages. 

In this way, probably the most frequent type of non-covalent intramolecular interactions in the 

G1-metallodendrimer is the arene-arene interactions and the π-hydrogen bonds among the 

periphery that are weaker when compared to the dipole-dipole interactions. Thus, the total 

influence on the multiplicity of the “n” and “m” signals of the G1-(CNRuCp(PPh3)2)8(CF3SO3)8 

is lower when compared to the same compound from generation 0 and probably, that´s why 

their multiplicity is slightly different (compare figs. 35d) and 36d) with 42c) and 43b). However, 

this hypothesis must be supported from the MS and elemental analysis, which are ongoing.   

 

C atom 
1H chemical shift 

(ppm) 

Integral 31P chemical shift 

(ppm) 

13C chemical shift 

(ppm) Expected Obtained 

a Overlapped with “c” 4 * 

- 

52.33 

b 2.784 24 # 50.44 

c 2.599 24 * 31.43 

d - - 173.48 

d’ - - 173.04 

e 
Not detected in this 

concentration 
- - 

f 3.222 16 17 39.70 

f´ 3.293 8 8 38.71 

g 3.080 16 17 48.37 

g’ Overlapped with “c” 8 * 53.58 

h 
Not detected in this 

concentration 
- - 

i Overlapped with “b” 16 # 20.83 

j 2.448 16 16 44.17 

k - - 122.45 

m - - 41.60 - 

n 4.422 40 40 - 83.52 

l1 7.055 96 96  128.44 

l2 
Overlapped with 

CDCl3 
96 - 

- 
130.21 

l3 7.344 48 48 133.32 

*Sum of obtained integrals for “a”, “c” and “g’”: 37; expected sum: 36; # Sum of obtained integrals for “b” and “i”: 41; 

expected sum: 40 
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Figure 44 - 13C-NMR spectrum of G1-(CNRuCp(PPh3)2)8(CF3SO3)8, in CDCl3. Each signal is marked with the 

respective type of carbons that are represented with a unique letter (see scheme 2). 

Et2O 
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Figure 45 - HSQC spectrum of purified G1-(CNRuCp(PPh3)2)8(CF3SO3)8, in CDCl3. Each signal is marked 

with the respective type of protons and type of carbon they are directly linked with.  Each type is represented 

with a unique letter (see scheme 2). 
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5. ORGANIC COMPOUNDS 

In this section, the developed methodology for the preparation of the hydroxyl dendrimers 

G0-(OH)8 and G1-(OH)16 will be presented and discussed. 

5.1. Materials and methods 

5.1.1. Reagents and solvents 

All chemicals were purchased from commercial sources and used as received, with the 

exception of THF (C4H8O, 99.9%, CAS No. 109-99-9, HPLC grade, Fisher Chemical) that was 

dried by the solvent purification system mBRAUN MB SPS-800. The other chemicals that were 

used are listed: Tert-Butyl acrylate (98%, CAS No. 1663-39-4, Fluka); MeOH (99.9%, CAS 

No. 67-56-1, Fisher Chemical and 99.99%, HPLC grade from ACROS Organics); LiAlH4 (95%, 

CAS No. 16853-85-3, Fisher Chemical); CDCl3 (99.8 atom %D, CAS No. 865-49-6, Merck) 

and D2O (99.8 atom %D, CAS No. 7789-20-0, ACROS Organics). 

5.1.2. Samples preparation 

The G0/G1-PAMAM dendrimer commercial solution (in MeOH; 4.40 mL for G0 – 54.95 % 

w/w)  and 10.5 mL for G1 – 36.25 % w/w) were dried, dissolved in water and lyophilized. 

5.1.3. Synthesis of poly-ester dendrimers G0/G1-CO2tBu 

The G0-PAMAM dendrimer (1.71 g; 3.32 mmol; 1 eq. mol) was dissolved in 15 mL of 

MeOH. It was stirred until complete dissolution to be added tert-butyl acrylate (27.19 mmol; 

8.2 eq. mol), dropwise. This mixture stayed under stirring for 44h, and the solvent was removed 

in the rotatory evaporator and then dried under vacuum. It was obtained 4.66 g (3.02 mmol; 

91% of yield) of G0-(CO2
tBu)8 as a yellowish oil. The 1H-NMR (in CDCl3) spectrum of the 

crude product revealed the need to purify the prepared compound. In this way, it was performed 

a L-L extraction with Hex/9:1 MeOH:H2O and, subsequently, the dried G0-(CO2
tBu)8 was 

washed with distilled water and partially dissolved in it to be lyophilized. This last procedure 

was repeated. The purified compound (4.46 g; 2.89 mmol; 87% of yield) was characterized by 
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1H, 13C-NMR, COSY, HSQC, FTIR, and MS. 1H-NMR (400 MHz, CDCl3): δ = 3.290 (m 

(multiplet), 9 H), 2.838 and 2.740 (t, 26 H), 2.541 (t, 8 H), 2.405 and 2.364 (t, 25 H), 1.440 (s, 

72 H, ‒CO2C(CH3)3) ppm. 13C-NMR (100 MHz, CDCl3): δ = 172.98 (‒HNC=O), 172.19 (‒

CO2C(CH3)3), 80.65 (‒CO2C(CH3)3), 52.88, 50.33, 49.49, 45.05, 37.59, 35.96, 33.87, 28.28 (‒

CO2C(CH3)3) ppm. COSY (400 MHz, CDCl3): three signals. HSQC (100 e 400 MHz, CDCl3): 

eight signals. FTIR (KBr cells): ṽ = 1726 (ν‒COOtBu) cm-1. LC-MS/MS (ESI+): m/z = 1537.4 

[M]+, 643.4 (base peak). 

With the G1-PAMAM dendrimer (2.98 g; 2.09 mmol; 1 eq. mol) it was applied the same 

procedure: 33.8 mmol (16.2 eq. mol) of tert-butyl acrylate was added, and after 44h it was 

obtained 6.25 g (1.80 mmol; 86% of yield) of crude G1-(CO2
tBu)16 as a dark yellow oil. After 

purification, it was possible to obtain 6.03 g (1.73 mmol) with 83 % of yield. The 

abovementioned spectroscopic methods have characterized it, except MS. 1H-NMR (400 MHz, 

CDCl3): δ = 3.303 (m, 25 H), 2.815 and 2.731 (t, 60 H), 2.538 (t, 24 H), 2.406 and 2.344 (t, 57 

H), 1.438 (s, 144 H, ‒CO2C(CH3)3) ppm. 13C-NMR (100 MHz, CDCl3): δ = 172.98 (‒HNC=O), 

172.26 (‒CO2C(CH3)3), 80.68 (‒CO2C(CH3)3), 52.77, 50.30, 49.41, 45.02, 37.57, 35.80, 33.83, 

28.27 (‒CO2C(CH3)3) ppm. COSY (400 MHz, CDCl3): three signals. HSQC (100 e 400 MHz, 

CDCl3): eight signals. FTIR (KBr cells): ṽ = 1727 (ν‒COOtBu) cm-1. 

 

5.1.4. Synthesis of poly-hydroxyl dendrimers G0/G1-OH 

It was prepared, in advance, a suspension of LiAlH4 (1.43 g; 37.6 mmol; 16 eq. mol), 

dissolved in 150 mL of dried THF in the N2 atmosphere. Then, G0-(CO2
tBu)8 (3.63 g; 2.35 

mmol; 1 eq. mol), previously dissolved in 50 mL of dried THF, was added dropwise to the 

lithium solution, at 0°C. It was added more 50 mL of dried THF to the reaction mixture to avoid 

the formation of a compact paste and to allow the reagents to react freely. It was firstly stirred 

at 0°C, for 1 hour, and then was left under stirring, at room temperature, for 26h. It was cooled 

to 0°C, quenched with ice and left until the gray residue became a free white suspension and 

settled. After the neutralization, the suspension was filtered, the obtained paste was dissolved 

in distilled water and stirred overnight. Then, after filtration, the solution was lyophilized. It 

was obtained 2.14 g (2.18 mmol; 93% of yield) of G0-(OH)8 as a light yellow spongy, sticky 

oil. It was characterized by 1H, 13C-NMR, COSY, HSQC, FTIR and MS. 1H-NMR (400 MHz, 

CDCl3): δ = 3.650 (q, 16 H, ‒CH2OH), 3.334 (q, 8 H), 2.819 (t, 10 H), 2.715 and 2.643 (t and 
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m, 30 H), 2.435 (t, 8 H), 1.752 (m, 16 H, ‒CH2CH2OH) ppm. 13C-NMR (100 MHz, CDCl3): δ 

= 174.69 (‒HNC=O), 60.36 (‒CH2OH), 51.59, 50.54, 50.39, 49.16, 36.47, 32.67, 27.99 (‒

CH2CH2OH) ppm. COSY (400 MHz, CDCl3): four signals. HSQC (100 e 400 MHz, CDCl3): 

seven signals. FTIR (KBr cells): ṽ = 3676 (νOH), 1061 (νC‒OH) cm-1. LC-MS/MS (ESI+): m/z = 

981.7 [M]+, 751.5. 

For the preparation of the G1-hydroxyl dendrimer, it was followed the abovementioned 

procedure with 1.52 g of LiAlH4 (40.03 mmol; 32 eq. mol) for 4.35 g (1.25 mmol; 1 eq. mol) of 

G1-(CO2
tBu)16 to be obtained 2.62 g (1.11 mmol; 89% of yield) of pure G1-(OH)16 as a yellow 

spongy sticky oil. It was characterized by the same methods than G0-(OH)8, except MS. 1H-

NMR (400 MHz, CDCl3): δ = 3.654 (q, 33 H, ‒CH2OH), 3.345 (q, 24 H), 2.810 (t, 24 H), 2.718 

and 2.638 (t and m, 60 H), 2.445 (t, 24 H), 1.741 (m, 33 H, ‒CH2CH2OH) ppm. 13C-NMR (100 

MHz, CDCl3): δ = 175.07 (‒HNC=O), 60.36 (‒CH2OH), 51.70, 51.32, 50.41, 49.09, 36.46, 

32.80, 28.01 (‒CH2CH2OH) ppm. COSY (400 MHz, CDCl3): four signals. HSQC (100 e 400 

MHz, CDCl3): seven signals. FTIR (KBr cells): ṽ = 3432 (νOH), 1058 (νC‒OH) cm-1. 

 

5.1.5. Characterization  

The prepared four prepared dendrimers were characterized by 1H, 13C-NMR, HSQC, COSY 

and FTIR. The G0-(OH)8 and G0-(CO2
tBu)8 were additionally characterized by MS 

spectroscopy. It was not possible to perform the MS spectra of the G1-(OH)16 and G1-

(CO2
tBu)16 due to a malfunction of the equipment.  

The NMR (1H, 13C, HSQC, and COSY) characterization was performed with ≈ 10 mg of 

each compound dissolved in 550 μL of solvent: CDCl3 for G0/G1-CO2
tBu and D2O for G0/G1-

OH. The NMR spectra were recorded with a Bruker Avance II+ 400 at 299 K (probe 

temperature) spectrometer. All chemical shifts are reported in parts per million (δ, ppm) with 

reference to Me4Si. 

FTIR spectra were recorded on a Nicolet Avatar 360 FTIR spectrometer. About 5 to 10 mg 

of each oily sample were analysed in KBr cells (25 x 4 mm). The main characteristics bands are 

reported in cm-1, and the type of vibration of each are also showed. Only the significant bands 

are cited in the text. 

The MS spectra were performed with filtered samples of 1 g/L of G0-(OH)8 and 2 g/L of 

G0-(CO2
tBu)8 in MeOH. It were used syringe filters PTFE hydrophilic with 0.22 μm of pore 
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from SPECANALITICA. The spectra were recorded with a Bruker Esquire 6000/Dionex ESI 

LC-ESI-MS/MS spectrometer, between 30 minutes. Only one of the various obtained spectra of 

+MS, +MS2 and +MS3, is presented in this work, and likewise, only the significant m/z values 

are cited in the text. 

5.2. Results and discussion 

The preparation of G0/G1-OH as final compounds was accomplished by adapting the 

reported methodology of T. Krishna and N. Jayaraman  (1) and G. Jayamurugan and N. 

Jayaraman (2) (amine  ester  alcohol) to increase the length of the lateral chains of the core 

by incorporating different functional groups at the periphery of the dendrimers. The precursors 

G0/G1-CO2
tBu were synthetized by a Michael addition (N-alkylation) of tert-butyl acrylate, 

that was followed by the reduction of the resulting tert-butyl to give the respective alcohol 

(Scheme 6 and 7), the desired compound. 

In the synthesis reaction of G0/G1-CO2
tBu, the Michael donor is the –NH2 groups of the G0/G1-

PAMAM dendrimers and the Michael acceptor is the unsaturated α, β-carbons of the tert-butyl 

acrylate. The mechanism of the reaction is similar to the aza-Michael reaction previously 

discussed for the synthesis reaction of G0/G1-CN. Accordingly, for the synthesis of the G0-

(CO2
tBu)8 dendrimer (scheme 6), it was obtained 4.66 g (3.02 mmol; 91% of yield) of the crude 

product as a yellowish oil, from 1.71 g (3.32 mmol) of G0-PAMAM. The product was 

characterized by 1H-NMR (fig. 46a)) to confirm its identity and to identify the presence or 

absence of a solvent. From its analysis it was possible to conclude that MeOH (the solvent of 

the reaction, 3.479 ppm) is, often, not entirely removed by the rotatory evaporator and even 

under vacuum. A closer analysis revealed that the product was indeed the desired ester moiety 

with eight peripherals ester groups instead of the terminal primary amine groups of the starting 

dendrimer, although being still present vestigial amounts of unreacted tert-butyl acrylate that 

was in excess (see the red box in the fig. 46 a)). The structure of the dendrimer was confirmed 

by the presence of the three new groups of protons from the functionalized ester groups – μ, ε 

and θ –  with adequate multiplicity and integration values. All the other typical group of protons 

of the core are also present likewise in G0-PAMAM. Nevertheless, it was necessary to purify 

the compound: it was performed a L-L extraction with hexane/9:1 MeOH: H2O because of the 

differences in solubility of tert-butyl acrylate and the dendrimer. The tert-butyl acrylate is very 
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soluble in hexane, and the dendrimer is insoluble in this solvent but soluble in MeOH. The 

incorporation of water in the polar fraction was to decrease the solubility of tert-butyl acrylate 

in it (the solution that contains the dendrimer) by increasing the difference of polarity of the 

extraction solvents. The performed 1H-NMR spectrum (fig. 46b)) of the purified compound has 

shown that the applied purification process was a success because of the absence of the typical 

signals for the tert-butyl acrylate. It was still needed to remove the traces of MeOH from the 

product. It was implemented a simple procedure: washing the dendrimer with few amounts of 

distilled water at a time and lyophilized it. The poor solubility of the ester dendrimer and the 

high solubility of MeOH in water should enhance the separation of the remaining MeOH from 

the dendrimer with this purifying step. It was needed to repeat this step. The final 1H-NMR 

spectrum (fig. 46c)) have shown that finally the dendrimer was purified. It was obtained 4.46 g 

of it (2.89 mmol) with a good yield of 87%. The purified product was fully characterized by 

13C-NMR, FTIR, MS, COSY and HSQC. The obtained spectra are represented in figs. 47, 6A 

(in section 7.1.4. of attachment), 48, 49 and 50, respectively, with data summarized in tables 13 

and 14. A closer analysis of the 1H-NMR spectrum (fig. 46c)) have shown that the only signal 

that is not detected is the signal from the –NH of the amide (“e” signal) that is almost absent 

(red arrow). It is possible that the functionalization with the ester group interferes with the 

detection of this signal. One reason for this occurrence could be the increase of the molecular 

weight of the dendrimer because of the addition of the tert-butyl ester group in each “arm” that, 

possibly, enhance the conformational changes with the back folding of the molecule because of 

the probable hydrogen bonding between the protons of the amide groups and the oxygen from 

the ester groups (216). 
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Scheme 6 - Synthetic routes for the preparation of G0-(OH)8 dendrimer. 
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 Figure 46 - 1H-NMR spectrum of G0-(CO2
tBu)8: a) crude, b) purified by the L-L extraction and c) washed by 

H2O and lyophilized, in CDCl3. Each signal is marked with the respective type of protons that are represented 

with a unique letter (see scheme 6). The red box point to the vestigial amounts of unreacted tert-butyl acrylate 

and the red stars represents the impurities of CDCl3 (1H-NMR in fig. 7A in attachment). 
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The protons represented by the letter “a” (N-CH2-CH2-N, see scheme 6), that usually appear 

with a chemical shift of 2.413 ppm in the G0-PAMAM (see table 1), possibly gave rise to a 

singlet with an integral of 4 that is overlapped with the µ signal between 2.683 and 2.737 ppm 

(the HSQC spectra, fig. 50, have confirmed this conclusion). These protons of the core are 

downfield shifted probably because of the abovementioned back folding of the molecule due to 

possible intramolecular interations – dipole-induced dipole – between the polar ester groups and 

the protons from the –CH2 of the core. The integral sum of these two signals with the “b” signal 

is ≈ 28 (see fig. 46b) and table 13) which can include the eight “b” protons, the sixteen µ protons 

and the four “a” protons. In the 13C-NMR spectra (fig. 47) was detected the quaternary carbons 

from the ester groups of the dendrimer: ζ and η signals (see in scheme 6); the typical molecular 

ion (≈ 1537 m/z) and the base peak (≈ 643 m/z) were identified in the MS spectra (fig. 48) and 

are similar to the expected values of ≈ 1541 and 639 m/z, respectively; the COSY and HSQC 

spectra (fig. 49 and 50, respectively) have confirmed its molecular structure, and the 

characteristic bands from the tert-butyl ester groups (1726 and 2977 cm-1) was observed in the 

FTIR spectrum (table 14 and fig. 6A in attachment). 
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Figure 47 - 13C-NMR spectrum of purified G0-(CO2
tBu)8, in CDCl3. Each signal is marked with the respective 

type of carbons that are represented with a unique letter (see scheme 6). 
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Table 13 - 1H and 13C-NMR data, of the corresponding spectra represented in figs. 46c) and 47 for the purified 

G0-(CO2
tBu)8, and in figs. 8Ab) and c) (in section 7.1.4. in attachment) for the purified G1-(CO2

tBu)16. CDCl3 

was the NMR solvent. The 1H chemical shifts values are averages. 

 

 

 

C atom 

1H chemical shift (ppm) 
Multiplicity 

Integral 
13C chemical shift (ppm) 

Expected Obtained 

G0 G1 G0 G1 G0 G1 G0 G1 

a Overlapped by “µ” 4 4 * *1 50.33 50.30 

b 2.838 2.815 3 8 24 * *1 45.05 45.02 

c 2.405 2.406 3 8 24 # #1 35.96 35.80 

d - - - - 172.98 172.98 

e Not detectable - 

f 3.290 3.303 m 8 24 9 25 37.59 37.57 

g 2.541 2.538 3 8 24 8 24 52.88 52.77 

μ 2.740 2.731 3 16 32 * *1 49.49 49.41 

ε 2.364 2.344 3 16 32 # #1 33.87 33.83 

ζ - - - 172.19 172.26 

η - - - 80.65 80.68 

θ 1.440 1.438 1 72 144 72 144 28.28 28.27 

m: multiplet; *Sum of obtained integrals for “a”, “b”, “µ”: 26; expected sum: 28; *1 - obtained sum: 60; expected sum: 60 

#Sum of obtained integrals for “c” and “ε”: 25; expected sum: 24; #1 - obtained sum: 57; expected sum: 56 
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Figure 48 - +MS spectrum of purified G0-(CO2
tBu)8. The molecular ion (M+·) is represented in blue in the 

graphic area. The structure of the base peak (643.4 m/z) is also shown. 
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g – f 

b – c ε – μ 

Figure 49 - COSY spectrum of purified G0-(CO2
tBu)8, in D2O. Each signal is marked with the respective group 

of protons that are neighbours and linked to each other by a carbon bond. Each type of protons is represented 

with a unique letter (see scheme 6). 
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Figure 50 - HSQC spectrum of purified G0-(CO2
tBu)8, in D2O. Each signal is marked with the respective type 

of protons and type of carbon they are directly linked with.  Each type is represented with a unique letter (see 

scheme 6). 
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Table 14 - Main characteristic bands (cm-1), obtained by FTIR, for each functional group of purified G0/G1-

CO2
tBu. The type of vibration is also showed. 

 

                          

 

 

 

 

 

    

 

 

 

The preparation of the G0/G1-poly-hydroxyl dendrimers was accomplished by the 

reduction of the ester groups of the prepared G0/G1-CO2
tBu with LiAlH4 as the reducing agent. 

The reduction is, in fact, a nucleophilic acyl substitution reaction in which H replaces –Ot-Bu 

to give an aldehyde, which is further reduced to a primary alcohol by nucleophilic addition 

(mechanism of reaction in scheme 7). This intermediate reacts immediately and is not isolated 

because is much more reactive than the starting ester compound. The nucleophilic acyl 

substitution occurs on the carboxylate ion instead of the free carbonyl compound G0/G1-CO2
tBu 

to give a high-energy dianion intermediate because the hydride ion is a base as well as a 

nucleophile. In this intermediate, the two oxygens are certainly complexed to a Lewis acidic 

aluminum species (221, 222) .  

 

 

 

 

 

Functional group 
band (cm-1) 

Type of vibration* 
G0 G1 

C(=O)N–H 

3300 

1551 

1461 

3297 

1552 

1460 

str 

Comb C–N & N–H  

bend 

C=O of the amide 1650 1651 str 

–CO2
tBu 1726 1727 str 

C–N 1039 1039 str 

–CH3 2977 2977 asym str 

–CH2 (acyclic) 2933 2934 asym str 

–CH3 or –CH2 

(acyclic) 
2826 2830 sym str 

*str: stretch; asym str: asymmetric stretch; sym str: symmetric stretch; 

comb: combination. 

–N–CH2–CH2 R: G0/G1 

Scheme 7 - Mechanism of reaction of the reduction of the ester groups of G0/G1-CO2
tBu with LiAlH4 to give 

the G0/G1-OH dendrimers (adapted from ref. (220)). 
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For the synthesis reaction of the G0-(OH)8 dendrimer (scheme 6; fig. 51a)),  it was used 3.63 

g (2.35 mmol) of the previous prepared G0-(CO2
tBu)8, and it was obtained 2.14 g (2.18 mmol) 

of the desired hydroxyl dendrimer, as a light yellow spongy, sticky oil, with a very good yield 

of 93%. Nevertheless, this accomplishment was possible after the optimization of three reaction 

parameters: a) the eq. mol of LiAlH4; b) the neutralization process of this reducing agent and c) 

the extraction of the obtained product with the adequate solvent. It was needed to increase the 

eq. mol of the reducing agent from 12 to 16 (8 eq. mol of excess); to quench the obtained reaction 

mixture with ice (fig. 51b)) instead of cold water; and to extract the obtained G0-(OH)8 from 

the paste of the neutralized LiAlH4 with distilled water with stirring, overnight. It was also 

important to do not use the plug of Celite® for the subsequent filtration to avoid the retention of 

product in it.  

 

Figure 51 - Synthesis reaction of G0-(OH)8: a) Grey suspension of the reaction mixture before neutralization 

of LiAlH4; b) Settled white suspension of neutralized LiAlH4. 

In the past performed experiments the paste of neutralized LiAlH4 was filtered, and the 

obtained solution of the product in THF (the solvent of the reaction) was dried. It was noticed 

that the G0-(OH)8 could be synthesized but it was impure and the only discovered way to 

purified it was by dialysis. This method was not cost-effective because it was only possible to 

get yields of 9 to 19 % of the purified compound. It was needed to perform some solubility tests: 

the prepared hydroxyl dendrimer was highly soluble in H2O and hardly solubilized in THF. 

Thus, with this simple outcome, it was possible to optimize the procedure. After the end of the 

reaction, the filtered solution was dried and analysed by 1H-NMR (fig. 52a)). It was quickly 

noticed that this was the impure fraction of the product and it was obtained 168 mg (0.17 mmol; 

7% of yield) of it as a dark yellow oil. The lyophilized light yellow spongy, sticky oil that 

corresponds to the pure fraction of the compound was characterized by 1H, 13C-NMR (data 

organized in table 15; figs. 52b) and c), respectively), COSY (fig. 53), HSQC (fig. 54), FTIR 
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(data in table 16; fig. 11A in section 7.1.5. of attachment) and MS (fig. 55). The 1H and 13C-

NMR spectra shows the three signals of the functionalized hydroxyl groups (“ι”, “κ” and “λ”; 

see scheme 6) with adequate integrations and multiplicities, besides all the other characteristics 

signals of the core. The COSY and HSQC spectra validate the structure of the dendrimer; in the 

FTIR spectrum were identified all the main characteristics bands, including the bands for the 

hydroxyl group of the surface: the stretching –OH (3676 cm-1) and –COH (1061 cm-1) and 

bands. The –OH band is sharp which indicates, accordingly to J. B. Lambert et al. (197) the 

absence of intramolecular hidrogens bonds. This fact (notwithstanding the abovementioned 

probable backfolding of the G0-(CO2
tBu)8) could explain the “open structure” that, normally, is 

expected in lower generations of PAMAM dendrimers, namely the generation 0, accordingly to 

the studies of P. K. Maiti et al. (220) obtained from extensive molecular dynamics (MD) 

simulations in explicit solvent . The C-N stretching band (of medium intensity) is not visible 

because is probably overlapped by the the strong band of –COH since they are detected in the 

same interval of frequencies. Finally, the exact mass of the dendrimer could be confirmed by 

the identification of the molecular ion  (≈ 982 m/z) and the base peak (≈ 751 m/z) in the total 

fragmentation spectrum (fig. 55). These values are very similar to the expected values of ≈ 981 

and 749 m/z, respectively. 

Table 15 - 1H and 13C-NMR data, of the corresponding spectra represented in figs. 52 b) and c) for the pure 

fraction of G0-(OH)8, and in figs. 12A b) and c) (section 7.1.5.) for G1-(OH)16. D2O was the NMR solvent. The 
1H chemical shifts values are averages.  

 

C atom 

1H chemical shift (ppm) 
Multiplicity 

Integral 
13C chemical shift (ppm) 

Expected Obtained 

G0 G1 G0 G1 G0 G1 G0 G1 

a Overlapped by “ι” 4 4 * # 50.54 51.32 

b 2.819 2.810 3 8 24 10 24 49.16 49.09 

c 2.435 2.445 3 8 24 8 24 32.67 32.80 

d - - - - 174.69 175.07 

e Not detectable - 

f 3.334 3.345 4 8 24 8 24 36.47 36.46 

g 2.715 2.718 3 8 24 * # 51.59 51.70 

ι 2.643 2.638 5 16 32 * # 50.39 50.41 

κ 1.752 1.741 5 16 32 16 33 27.99 28.01 

λ 3.650 3.654 4 16 32 16 33 60.36 60.36 

*Sum of obtained integrals for “a”, “g” and “ι”: 30; expected sum: 28. #Obtained sum: 60; expected sum: 60. 
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Figure 52 - NMR characterization of G0-(OH)8: 1H-NMR spectra of the a) impure fraction and b) pure fraction, and 

c) 13C-NMR spectrum of the pure fraction, in D2O. Each signal is marked with the respective type of protons that are 

linked to the corresponding carbon – they are represented with a unique letter (see scheme 6). The red stars represent 

the impurities on the not pure fraction. 
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Figure 53 - COSY spectrum of the pure fraction of G0-(OH)8, in D2O. Each signal is marked with the respective 

group of protons that are neighbours and linked to each other by a carbon bond. Each type of protons is 

represented with a unique letter (see scheme 6). 
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Figure 54 - HSQC spectrum of the pure fraction of G0-(OH)8, in D2O. Each signal is marked with the respective 

type of protons and type of carbon they are directly linked with.  Each type is represented with a unique letter 

(see scheme 6). 
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Table 16 - Main characteristic bands (cm-1), obtained by FTIR, for each functional group of the pure fraction of 

G0/G1-OH. The type of vibration is also showed. 

 

 

 

 

 

 

 

 

 

 

 

 

The optimized  synthesis of the ester and hydroxyl dendrimers from generation 0, open 

the way to the preparation of similar compounds but with higher generations. The G1-

(CO2
tBu)16 and G1-(OH)16 were prepared as it is indicated in scheme 8.  
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O–H 3676 (sharp) 3432 (broad) str 

C–OH 1061 1058 str 

–CH2 (acyclic) 
2942 2953 asym str 

2837 2851 sym str 

134.1
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Figure 55 - +MS spectrum of the pure fraction of G0-(OH)8. The molecular ion (M+·) is represented in blue in 

the graphic area. The structure of the base peak (751.5 m/z) is also shown.  

*str: stretch; asym str: asymmetric stretch; sym str: symmetric stretch; comb: 

combination. 
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Scheme 8 - Synthetic routes for the preparation of G1-(OH)16 dendrimer. 

From 2.98 g (2.09 mmol) of G1-PAMAM (golden oil), it was obtained 6.25 g (1.80 

mmol) of crude G1-(CO2
tBu)16, like a dark yellow oil, with 86 % of yield. The corresponding 

1H-NMR is represented in fig. 8Aa) (in section 7.1.4. in attachment). The spectrum is very 

similar to the one obtained for G0-(CO2
tBu)8 (fig. 46a)), as it was already expected, because of 

the equivalence of the group of atoms. The only difference is the integration values that 

increases with the increase of the generation number (see table 13). After being purified, it was 

obtained 6.03 g (1.73 mmol) of the G1-ester dendrimer with a good 83 % of yield. The 1H, 13C-

NMR, COSY, HSQC and FTIR spectra of this purified compound are represented in figs. 8Ab), 

c) (data organized in table 13); 9A, 10A and 6A (data organized in table 14), respectively. 

 It was prepared 2.62 g (1.11 mmol) of “pure” G1-(OH)16, as a yellow spongy, sticky oil, 

with a good yield of 89 %, from 4.35 g (1.25 mmol) of G1-(CO2
tBu)16. Firstly, it was obtained 

354 mg (0.15 mmol; 11 % of yield) of an impure fraction of the product. From the performed 

1H-NMR (fig. 12Aa) in section 7.1.5. in attachment) it was already possible to conclude that the 

synthesis reaction was a success because of the similarity with the 1H-NMR of the G0-(OH)8 

(fig. 52a)) and the adequate integration values of each signal. Thus, the “pure” G1-hydroxyl 

dendrimer was fully characterized by 1H, 13C-NMR (fig. 12Ab), c), respectively), COSY (fig. 

13A), HSQC (fig. 14A) and FTIR (fig. 11A) spectroscopic methods and the obtained results 

were similar to the compound of generation 0 (see tables 15 and 16 and compare the spectra).  

G1-(OH)16 

 

7 
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The only encountered differences was observed in the FTIR spectrum where the –OH stretching 

band, that is broad (in contrast with the sharp band observed for G0-(OH)8), suffered a shift for 

lower frequencies (3432 cm-1 for G1-hydroxyl and 3676 cm-1 for G0). According to J. B. 

Lambert et al. (197), the broad –OH band when observed in the interval of 3400-3600 cm-1 is 

involved in intramolecular hydrogen bonds. In fact, it was expected that this type of interactions 

was present in the G1-(OH)16 dendrimer due to the increase number of hydroxyl groups at the 

“surface” with the increase of the generation number. The bonds of the core become more 

stretched and the high volume of the periphery explains this structural behaviour. This fact is 

supported by the findings of P. K. Maiti et al. (220) that were already mentioned in the 

discussion of the results obtained for the G1-(CNRuCp(PPh)3)8(CF3SO3)8. 
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6. CONCLUSIONS 

In this work, a series of new functionalized low generation PAMAM dendrimers – 

G0/G1-CN, G0/G1-(CNRu(η5-C5H5)(PPh3)2)𝑥(CF3SO3)𝑥, G0/G1-CO2
tBu and G0/G1-OH – 

were successfully synthesized with good yields (77% – 94%) and characterized by NMR (1H, 

13C, 31P, COSY, HSQC) and FTIR spectroscopic techniques. The polynitrile PAMAM 

dendrimers (G0-(CN)4 and G1-(CN)8) was used as scaffolds for the preparation of new cationic 

ruthenium (II) cyclopentadienyl metallodendrimers from generation 0 (G0-(CNRu(η5-

C5H5)(PPh3)2)4(CF3SO3)4) and 1 (G1-(CNRu(η5-C5H)(PPh3)2)8). They were obtained with good 

yields of 79% and 77%, respectively, from the reaction of the organometallic moiety [Ru(η5-

C5H5)(PPh3)2Cl] (also prepared with 54% of yield) with the organic core (with silver triflate as 

the chloride abstractor). The spectroscopic data lead to the conclusion that these two compounds 

were completely functionalized with the ruthenium cyclopentadienyl moieties equivalently 

coordinated to the core in a tetra- (for generation 0) and octa-coordination manner (for 

generation 1). Additionally, it was also possible to observe a strong evidence for the existence 

of intramolecular non-covalent interactions within these molecules that have influenced the 

optimization of the synthetic procedure and, mainly their structural arrangement. The most 

frequent type of interactions appears to be arene-arene between the aromatic π-systems 

(cyclopentadienyl and phenyl rings), π-hydrogen bonds between these aromatic rings and the 

protons from the amide and secondary amine groups of the organic scaffold and dipole-dipole 

interactions directly between the metal and the partial negative charge of these functional 

groups. This last hypothesis predicts a new type of interaction between the ruthenium and 

organic molecules that is not yet reported in the literature and, thus, demands more studies – 

such as, for example, elemental analysis and MS which are ongoing. Another hypothesis, that 

is supported by the spectroscopic data, is that the ruthenium metallodendrimer from generation 

1 probably exhibit a reduced number of dipole-dipole interactions, when compared with the 

generation 0, because of the increase of the periphery volume and the “protection” of the core. 

 This novel metallodendrimers based on PAMAM cores has emerged from the previous 

work that was done by our group with poly(alkylidenamine) dendrimers and belongs to a scarce 

family of cationic ruthenium metallodendrimers that was prepared through coordination of the 

nitrile groups of the organic cores with the metal. These compounds are currently under in vitro 

studies for anticancer applications.   
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 Regarding the poly-hydroxyl (G0/G1-OH) PAMAM dendrimers they were also 

successfully synthesized and characterized by NMR (1H, 13C, COSY, HSQC) and FTIR 

spectroscopic techniques. The G0-(OH)8 and G0-(CO2
tBu)8 dendrimers were also characterized 

by MS. They were prepared through a synthetic sequence that begun with an N-alkylation of 

the PAMAM surface amine groups that lead to the synthesis of the poly-ester dendrimers (G0-

(CO2
tBu)8 and G1-(CO2

tBu)16) with very good yields – 87% for G0 and 83% for G1. In turn, 

the reduction of its ester groups lead to preparation of the hydroxyl dendrimers once again with 

attractive yields of 93% and 89% for generation 0 and 1, respectively. The obtained 

spectroscopic data have confirmed the adequate functionalization of each compound and the 

probable existence of surface intramolecular hydrogen bonds for the G1-(OH)16 dendrimer. 

Thus, these new organic molecules are attractive scaffolds for the future preparation of a new 

family of ruthenium cyclopentadienyl metallodendrimers having acetylene groups as terminals, 

acting as a bridge between the organometallic moiety and the dendrimer scaffold. 

The achieved success of this work was only possible through optimization tests that have 

involved different parameters: type and quantity of solvent, molar equivalents, time of reaction, 

temperature, the need of catalysts and purification procedures. However, all the spent time and 

effort revealed to be worth it at the end since the final compounds were prepared and purified 

with relatively easy, quick and cost-effective procedures. Therefore, this work confirms the 

versatility of using PAMAM dendrimers as a building block for the preparation of a variety of 

dendrimers with different surface groups, including nitrile derivatives as scaffolds for the 

preparation of ruthenium metallodendrimers. 
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7. FUTURE PERSPECTIVES 

The suggested future perspectives of this work are the following: 

 Characterize by MS the ruthenium metallodendrimers and the G0/G1-CN, G1-

(CO2
tBu)16 and G1-(OH)16 dendrimers; 

 Characterize all the dendrimers by elemental analysis; 

 Because the stability of the compounds is extremely important for biomedical 

applications, it is needed to perform stability tests of the prepared metallodendrimers 

in similar solutions of the biological assays, with different pH values in physiological 

temperature (37ºC); 

 Synthesize the generation 2 of the prepared metallodendrimers: G2-(CNRu(η5-

C5H5)(PPh3)2)16(CF3SO3)16 in order to evaluate the existence of intramolecular non-

covalent interactions between the ruthenium moieties and the organic core and 

compare this results with the already prepared compounds of lower generations;  

 Perform cytotoxic studies in several cancer cell lines to determine the anticancer 

activity of the prepared metallodendrimers in comparison with cisplatin; 

 Apply a synthetic strategy to prepare novel acetylide ruthenium-based 

metallodendrimers (G0/G1-(CCRu(η5-C5H5)(PPh3)2)𝑥(CF3SO3)𝑥) with the same 

organic cores than the prepared nitrile-based metallodendrimers G0/G1-(CNRu(η5-

C5H5)(PPh3)2)𝑥(CF3SO3)𝑥 in order to compare their anticancer activities.  

As it is distinguished, a lot of work is forecasted for these new family of ruthenium (II) 

cyclopentadienyl metallodendrimers to considered them, in the future, potential anticancer 

agents. Although long, it is also forecasted an exciting and enthusiastic journey! 
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9. ATTACHMENT  

9.1. Characterization spectra 

9.1.1. G0/G1-PAMAM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1A - a) 1H-NMR and b) 13C-NMR spectra of G0-PAMAM, in D2O. Each signal is marked with the different 

group of carbons and protons that are represented with a unique letter – see scheme 1).  
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Figure 2A - FTIR spectra of G0/G1-PAMAM performed in KBr cells. 

 

9.1.2. G0/G1-CN 
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Figure 3A - a) 1H-NMR and b) 13C-NMR spectra of crude G0-(CN)4, in CDCl3. Each signal is marked with 

the different type of carbons and protons that are represented with a unique letter – see scheme 1). 

       

Figure 4A - FTIR spectra of purified G0/G1-CN performed in NaCl cells. 
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9.1.3. G0/G1-(CNRuCp(PPh3)2)𝒙(CF3SO3)𝒙 

Figure 5A - FTIR spectra of purified G0/G1-(CNRuCp(PPh3)2)𝑥(CF3SO3)𝑥 performed in a KBr pellet.  

9.1.4. G0/G1-CO2tBu 

Figure 6A - FTIR spectra of purified G0/G1-CO2
tBu performed in KBr cells.  
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Figure 7A - 1H-NMR spectra of CDCl3 contaminated. The red stars represent the impurities of the sample.  
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Figure 8A - NMR characterization of G1-(CO2
tBu)16: 1H-NMR spectra of the a) crude and b) purified product; c) 

13C-NMR spectrum of the purified, in CDCl3. 
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Figure 9A - COSY spectrum of purified G1-(CO2
tBu)8, in D2O. 

 

Figure 10A - HSQC spectrum of purified G1-(CO2
tBu)8, in D2O. 
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9.1.5. G0/G1-OH 

Figure 11A - FTIR spectra of G0/G1-OH performed in KBr cells.  
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Figure 12A - NMR characterization of G1-(OH)16: 1H-NMR spectra of the a) impure and b) “pure” fraction; c) 13C-

NMR spectrum of the “pure” fraction, in D2O. 
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Figure 13A - COSY spectrum of the pure fraction of G1-(OH)16, in D2O. 

Figure 14A: HSQC spectrum of pure fraction of G1-(OH)16, in D2O. 
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