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Quotes

Dias de sol

Abencgoada seja a angustia, por que em igual propor¢ao sera o alivio.

Abencoada seja a despedida e a falta, porque novo gosto e belas cores terd a
presenca que se seguird ao jubilo do encontro.

Abencoado seja o desejo que nos aperta o peito, porque faz nos agarrarmos a vida
e aos sonhos e que apesar de tormento, nos leva a diante.

Abencoado portanto seja esse dia de sol, porque logo desponta trovosa tormenta

a lavar os céus e a banhar meu ser cansado da refrega.

Sergio Augusto Venturinelli Jannuzzi
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“In the beginning God created the heavens and the earth.”
Genesis 1.1
“All have their worth and each contributes to the worth of the others.”
J.R.R. Tolkien, The Silmarillion

“It’s a dangerous business, Frodo, going out your door. You step onto the road,

and if you don’t keep your feet, there’s no knowing where you might be swept off

22

to.
J.R.R. Tolkien, The Lord of the Rings
“Never trust the storyteller. Only trust the story.”
Neil Gaiman, The Sandman, Vol. 6: Fables and Reflections
“Reality 1s frequently inaccurate.”
Douglas Adams, The Restaurant at the End of the Universe

“My goal is simple. It is a complete understanding of the universe, why it is as it

1s and why it exists at all.”

Stephen Hawking
“Don’t Panic.”

Douglas Adams, The Hitchhiker’s Guide to the Galaxy
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Abstract

2-(1H-IMIDAZOL-2-YL)HETEROARYL LIGANDS AND
THEIR FE(II), RU(II) AND CU(I) COMPLEXES.

Focusing on the development of new ligands for coordination and supramolecular
chemistry, a class of the 1H-imidazol-2-yl N-heteroaryl derivatives were investi-
gated. Complexes with transition metals were planned to verify the electronic prop-
erties and multidentate behaviour of the ligands. A fourth ligand with a tridentate
binding site and its copper(Il) complex were studied in order to evaluate an applica-
tion in controlled polymerization catalysis.

In the first chapter, a series of 2-(1H-imidazol-2-yl)heteroaryl ligand where syn-
thesized and characterized. Their 'H and *C NMR where assigned and the pK,H
values were obtained in order to evaluate the o-donor ability of the ligand. The
effect of the six-membered N-heterocycle over the electronic structure of the 2-(1H-
imidazol-2-yl) moiety was evaluated and showed that the electron-withdrawing ef-
fect of the azine/diazine that can be used to modulate the ligand-metal bond.

In the second chapter, a homoleptic ruthentum(II) complex with 2-(1H-imidazol-
2-yl)pyridine (Himpy) was synthesized, purified and characterized. Due to the non-

symmetry of the ligand, the synthesis of two isomers (meridional or facial) were

XV



possible. The obtained product [Ru(Himpy),](PFs), was the meridional isomer
(mer) and it was fully characterized using 'H NMR techniques. The UV-Vis absorp-
tion spectrum of the compound showed a complex metal-to-ligand charge-tranfer
(MLCT) transition and its solvatochromic behaviour.

In the third chapter, in order to evaluate the monodentate binding site of the 2-(1H-
imidazol-2-yl)pyrazine ligand a pentacyanidoferrate(Il) complex was synthesized.
The characterization confirmed that the coordination occurs with the 2-pyrazine moi-
ety via the N4 and free imidazol-2-yl moiety. The cyclic voltammetry showed the
redox-active character of the ligand and the pH-dependency of the metal and ligand
redox potential. The electronic spectrum was also found to be pH-dependent allow-
ing the study of the correlation between the observed data, the electrochemical data
and the electronic structure of the complex.

In the fourth chapter, the 2,6-di(1H-imidazol-2-yl)pyridine (H,dimpy) was used
as a catalyst for Cu(I)-mediated atom transfer radical polymerization (ATRP) for
styrene polymerization in bulk and in DMF, as solvent. Due to the low solubil-
ity of the complex, only the system with solvent led to a controlled polymeriza-
tion that resulted in a monomodal polystyrene with relative low polydispersity in-
dex (1.3). Similar results were obtained with terpyridine alkyl-derivatives. On the
other hand, without the solvent, a green intermediate (Cu(Il)) precipitated lead-
ing to a non-controlled polymerization. Therefore, confirming the importance of
the solubilization of the Cu(Il) intermediate in the system. Additionally, a Cu(Il)
complex was synthesized to investigate the catalyst intermediate. The complex
1:1:1 Cu(Il):H,dimpy:Cl was obtained and characterized by ESI-MS, FI-IR, UV-

Vis, cyclic voltammetry and also the structure was obtained by single-crystal XRD.
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The crystal showed the [Cu,(H,dimpy),(;.—Cl),](PF¢), - 2H,0 dimeric complex,
with the copper ion in a distorced square-based pyramid geometry (7= 0.301) with
chloride bridge. The magnetic characterization of the crystal showed a ferromagnetic

coupling that was also confirmed by U-DFT calculations.
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Resumo

LIGANTES 2-(1H-IMIDAZOL-2-IL)HETEROARIL E SEUS
COMPLEXOS DE FE(II), RU(IT) E CU(II).

Tendo como foco o desenvolvimento de novos ligantes para quimica de coordenagao
e supramolecular, os compostos do tipo 1H-imidazol-2-i1 N-heteroaril foram estuda-
dos no que tange a modulacao de suas propriedades pelo anel N-heterociclico de seis
membros. Os seus complexos com metais de transi¢cao foram planejados para ver-
ificar as propriedades eletronicas e o carater multidentado dessa classe de ligantes.
Por fim, um quarto ligante com um sitio tridentado e seu complexo de cobre(Il) foram
estudados para avaliar a sua aplicacao em uma catélise de polimeriza¢ao controlada.

No primeiro capitulo, uma série de ligantes da classe dos 2-(1H-imidazol-2-1l)he-
teroaril foram sintetizados e caracterizados. Os espectro de RMN de 'H e '3C foram
atribuidos e os seus valores de pK, foram obtidos para uma avaliacdao da capacidade
o-doadora dos ligantes. Um estudo comparativo foi realizado e a influéncia do anel
N-heterociclico de 6 membros sobre a estrutura eletronicas do anel imidazolico foi
avaliado. Foi observado que o carater retirador da azina/diazina pode ser utilizado
para modular a ligacao metal-ligante.

No segundo capitulo, o complexo homoléptico de ruté€nio(Il) com o ligante 2-(1H-
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imidazol-2-il)piridina (Himpy) foi sintetizado, purificado e caracterizado. Devido a
nao-simetria do ligante, era esperado a presenca de dois possiveis isOmeros (merid-
ional or facial). Porém, o produto obtido [Ru(Himpy),](PF,), apresentou apenas
o isomero meridional e este foi caracterizado através de varias técnicas de RMN
de 'H. O espectro de absor¢do no UV-Vis do composto apresentou um transi¢do de
transferéncia de carga do tipo metal-ligante e seus comportamento solvatocromico.

No terceiro capitulo, para avaliar o sitio de coordenacdo monodentado com lig-
ante 2-(1H-imidazol-2-il)pirazina um complexo de pentacianoferrate(Il) foi sinte-
tizado. A caracteriza¢do confirmou a coordenacao pelo N4 do grupo 2-pirazina e
a presenca do grupo imidazol-2-il descoordenado. A voltametria ciclica mostrou
o carater redox-ativo do ligante e a dependéncia com pH dos potenciais redox do
metal e do ligante. O espectro de eletr6nico também se mostrou uma dependéncia
com o pH, possibilitando um estudo correlacionando os espectros obtidos, os dados
eletroquimicos e a estrutura eletronica do complexo.

Por fim, no quarto capitulo o ligante 2,6-di(1H-imidazol-2-il)piridine (H,dimpy)
foi utilizado como catalisador para um polimerizacao radicalar controlada por trans-
feréncia de dtomo (ATRP) mediada por Cu(I) de poliestireno em “bulk” e em DMF,
como solvente. Devido a baixa solubilidade do complexo, apenas o sistema com
solvente levou a uma polimerizacao controlada gerando um produto monomodal e
com um baixo indice de polidispersividade (1.3), similar aos resultados obtidos com
derivados alquilados de terpiridina. Porém sem o solvente, um intermediario verde
de Cu(Il) precipitou durante a reacao, levando a uma polimerizagao nao-controlada.
Uma vez confirmada a importancia da solubilidade com intermediario de Cu(Il)

no meio reacional. Adicionamente, um complexo de Cu(ll) foi sintetizado como
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modelo para investigar o intermedidrio catalitico. O complexo com propor¢ao 1:1:1
Cu(Il):H,dimpy:Cl foi obtido e caracterizado por ESI-MS, FT-IR, UV-Vis, voltame-
tria ciclica e sua estrutura foi resolvida por difracao de raios X de monocristal. A
cristal mostrou o complexo dimérico [Cu,(H,dimpy),(.—Cl),](PF,), - 2 H,0, onde
o ion de cobre esta em uma geometria de piramide de base quadrada distorcida (7=
0.301) com pontes de cloreto. A caracterizacdo magnética do cristal mostrou um
acoplamento ferromagnético entre os ions de cobre em acordo com o resultado ob-

servado por calculos de U-DFT.
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Chapter 1

2-(1H-imidazol-2-yl)heteroaryl ligands

1.1 Introduction

The planning and synthesis of coordination compounds has been attracting a lot
of attention during the last years. Beside the variety of possible architectures, it is
possible to modulate their properties such as magnetism, luminescence, molecular
recognition and so forth. However, the preparation of these rational designed com-
pounds still are a challenge for the synthetic inorganic chemistry.>

Aromatic N-heterocycles ligands have been studied for a long period in coordi-
nation chemistry due to their rigid structures and their conjugated electronic systems
that favors the formation of coordination compounds with strong light absorption in
the visible region.®’” The complexes of imidazole ligands are prominent not only
because of their optical properties, but also for the possibility of deprotonation or
derivatization of the N-H group, thus altering the electronic structure and reactivity
of the compound.®?

Henceforth, the planning of transition metal complexes with aromatic ligands and

multiple coordination sites is a tendency in supramolecular chemistry. Compounds

1
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with multiple metallic centers connected by conjugated systems are of great tech-
nological interest. They can be used in solar energy conversion, as pigments in
photovoltaic cells, as catalysts and as electrochemical sensors.!%!!

The development of new ligands that lead to complexes with interesting proper-
ties for both academia and technological application, like photocatalysts and photo-
voltaic cells pigments, is a well-exploited field.!*!? However, combine the rational
complexes synthesis with supramolecular strategies to optimize the interesting prop-
erties is relative new approach.'#-'® Therefore by uniting both fields, supramolecular
species generated by the new ligands could be built up.

In this work a series of 2-(1H-imidazol-2-yl)heteroaryl have been synthesized,
using a simple one-pot reaction,!” and characterized. Their 'H and '*C NMR spectra

were assigned and a comparative study was made in order to evaluate the effect of the

number and position of the nitrogens in the structure over their electronic properties.

1.2 Results and discussion

1.2.1 NMR spectroscopy characterization
2-(1H-imidazole-2-yl)pyridine - Himpy
The product was mainly characterized using 'H NMR and is shown in Figure

The signals assignments were done, presented in Table and are in agreement

with literature.!” The numbered structures used in the assignments are shown in

Figure

For the imidazole moiety, only one signal for the H6/H7 was observed, this is due

to the annular prototropic tautomerism, shown in Figure [1.3] which is common in

Laboratory of Coordination Chemistry 2
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(a) Himpy (b) Himpm (¢) Himpz
Figure 1.1: Structure of the ligands with numbered hydrogens.

Table 1.1: Assignment of the 'H NMR spectrum of the Himpy in d°-DMSO.

0 (ppm) Signal type J (Hz) Integration Hydrogen

7.16 s - 2 H6/H7
1.3 ddd 7.5,4.8,1.2 | H2
7.88 td 7.5, 1.8 | H4
8.04 dt 7.5, 12 1 H3
8.59 ddd 48,18,1.2 1 HI
12.68 s (br) - - HS5

polyazins like pyrimidines, triazoles and tetrazoles.!'*!° Consequently, the hydro-
gens H6 and H7 from the imidazole ring are equivalent and a single broad signal at
7.16 ppm could be observed, which integrates for two hydrogens. This tautomeric
equilibrium is facilitated by protic solvents and the water content in dg-DMSO favors
the tautomerism.

Broadening of signals was also favored by the quadrupolar effect caused by N,
mainly the hydrogen atoms bonded to nitrogen.?’ Therefore it is a main effect that
causes broadening of HS signal.

On the *C NMR, shown in Figure it was possible to observe six well-defined
signals and one broad low-intense signal. Consequently, this result corroborates the
annular prototropic tautomerism, illustrated in Figure for the carbons.

Due to the fast interconversion between the tautomers, the signals from carbons

Laboratory of Coordination Chemistry 3
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- =—T.156

T T T T

.5 84 83 8.2

o

(a) 'H

1 80

H,0 1l H

(b) 13C

Figure 1.3: Annular prototropic tautomeric equilibrium present on the ligand Himpy, favored by protic sol-

vents.

C9 and C10 coalesce, generating a broad signal. The signal attribution from *C

NMR was made, shown in Table

2-(1H-imidazole-2-yl)pyrimidine - Himpm

1.2

and is in agreement with it.!”

The 'H NMR spectrum, shown in Figure demonstrates three signals, two

being from the pyrimidine ring and one for the imidazole ring. Once again, the pro-

totropic annular tautomerism is present, which turns the hydrogen pairs (H1, H3) and

Laboratory of Coordination Chemistry
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_-148.50
“~149.40
146.08
137.66
—124.54
—123.41
115.88

T T T T T T

‘ ppm

Figure 1.4: 3C NMR spectrum of the Himpy obtained in the 500 MHz spectrometer.

Table 1.2: Assignment of the 1*C NMR spectrum of the Himpy in d®-DMSO.

C3 Cs C9/C10 C4 7 C2 Co6
0 (ppm) 11997 12352 124.56 137.72 146.23 14940 14949

(HS5, H6) equivalent, increasing the symmetry (C, to Cs) and reducing the number
of signals from five to three signals. This is corroborated by the signal observed for
the pair (H1, H3), a duplet, and for H2, a triplet, indicating the chemical equivalence
between the meta hydrogens for the 2-substituted pyrimidine.

The structure of Himpm with numbered hydrogen and the signal attribution is

shown in Figure and in Table[1.3] respectively.
Figure|1.7|and|1.6a|show the 1*C NMR spectrum of the Himpm and the structure

with numbered carbon and nitrogen used for assignments, respectively.

It was possible to observe four signals instead of six, due to the prototropic annu-

Laboratory of Coordination Chemistry 5
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T.435
T.422

—.2860

7447

_—8.881
T—8.869

T

-

13.0 ppm

1) 1 T 1 T 1 T 1 L} 1 L} 1 L} 1 L} 1 L} 1 ) 1 ) 1 I !
94 93 9.2 91 9.0 89 88 8.7 86 85 84 83 82 8.1 80 79 78 7.7 76 75 74 7.3 7.2 ppm

< B T

Figure 1.5: 'H NMR spectrum of Himpm obtained in the 600 MHz spectrometer

Table 1.3: Assignment of the 'H NMR spectrum of the Himpm in d°-DMSO.

d (ppm) Signal type ?*J(Hz) Integration Hydrogen

7.26 s - 2 H4/H5
7.44 t 4.8 1 H2
8.88 d 4.8 2 HI1/H3
13.09 s (br) - | HS5

lar tautomerism, that makes the carbon pairs (C4, C6) and (C9 and C10) equivalent.
The assignments were made using two-dimensional '1H-*C NMR techniques,

heteronuclear single quantum coherence (HSQC) and heteronuclear multiple-bond

correlation (HMBC) spectroscopies. The assignments are shown on Table [1.4]

The results obtained were consistent with literature.!’

Laboratory of Coordination Chemistry 6
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sﬁm a s[ﬁ%a
° N/)a\”a‘“‘) "N 7/\'\*/)9

9 1
! /)
N
H/'}E 0 H 1 %

(a) Himpm (b) Himpz

Figure 1.6: Structure of the ligands with numbered carbons and nitrogens.

——158.11
—157.35
144.80
1.0
120.45

-~ x " o o o,

T T T T T T T

170 165 160 155 1;0 1:15 140 135 13IO 125 ‘}2ID 1;5 1;0 ppm
Figure 1.7: 13C NMR spectrum of the Himpm obtained in the 500 MHz spectrometer.
2-(1H-imidazole-2-yl)pyrazine - Himpz

The obtained 'H NMR spectrum was in agreement with the expected for a mono-
substituted pyrazine, where the three signals from pyrazine are in the 8.6-9.3 ppm
region. In the case of imidazole, the spectrum is highly sensible to the prototropic
annular tautomerism. When a protic solvent is present (wet sample) the H5 and
H6 became chemically equivalent and a single signal is observed in 7.26 ppm. The

Himpz shown a minor hydrophilic character when compared with the Himpy and

Laboratory of Coordination Chemistry 7
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Table 1.4: Assignment of the *C NMR spectrum of the Himpm in d®-DMSO.

£ C9/C10 C7 (2 C4/C6
o (ppm) 12045 130.68 144.80 157.35 158.12

Himpm. Therefore it has allowed the acquisition of a spectrum were the signals of
the H5 and H6 of imidazole were chemically non-equivalent, as it could be seen in

Figure The structure and numbering used for attribution and the experimental

data are given in Figure[I.Ic|and Table

—7.351
—7.174

A N

T T T T T T T T T T T T T T T

8.8 8.6 8.4 8.2 8.0 78 7.6 74 ppm
&l ke

7.2
Figure 1.8: '"H NMR spectrum of the Himpz obtained in the 500 MHz spectrometer.

Due to the slow rate of interconversion between the tautomers, all seven signals
expected for the *C NMR were observed, as it could be seen in the Figure It was
possible to differentiate the carbons from imidazole, with a shift of 10 ppm. How-
ever, the signals obtained where broad due to the influence of the prototropic annular

tautomerism even in a unfavorable medium. The complete attribution was possi-

Laboratory of Coordination Chemistry 8
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Table 1.5: Assignment of the 'H NMR spectrum of the Himpz in d®-DMSO.

0 (ppm) Signal type J(Hz) Integration Hydrogen

&lT s - 1 HS5
g = s - 1 H6
8.60 d 29 1 H2
8.66 dd 25; 1.5 1 HI
D25 d 15 1 H3
13.06 s - 1 H4

ble by two-dimensional ! 1H-3C HSQC and HMBC NMR. The results and structure
with carbon numbering used for attribution are given in Table and Figure

respectively.

—143.92
.80
130.65
120.32

_-144.90
144,24
N143.71
—141

U. ‘L.:_ s ; e, i I

T T T T T T T T T T 1
146 144 142 140 138 136 134 132 130 128 126 124 122 120 ppm

Figure 1.9: *C NMR spectrum of the Himpz obtained in the 500 MHz spectrometer.

The results obtained were consistent with the literature.!’

Laboratory of Coordination Chemistry 9
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Table 1.6: Assignment of the >C NMR spectrum of the Himpz in d®-DMSO.

C9 C10 {3 () C5 Co6 2
0 (ppm) 12032 130.72 141.80 143.71 14392 14424 14490

1.2.2 Comparative studies

A comparative study has been performed in order to evaluate the effect of the
number of nitrogens and their position into the electronic structure of the ligands
using the 1H-imidazol-2-yl moiety, that is common to all ligand as a probe. The 'H
NMR chemical shift for the imidazole hydrogens are shown in Table[1.7]and it could
be seen that amine hydrogen is the HS in Himpy and H4 in Himpz/Himpm, and the
aryl hydrogens the H6/H7 in Himpy and H5/H6 in Himpz/Himpm. (See Figure[I.T)

Table 1.7: Chemical shift (§) of the hydrogens in the 1H-imidazol-2-yl moiety for the ligands in d®~-DMSO.
For the imidazole, the literature data was obtained in D,0!

Himpy Himpm Himpz Imidazole

Amine hydrogen 12.68 13.09  13.06 -
Average of aryl hydrogens  7.16 7.26 7.26 7.14

Comparing the chemical shift for both hydrogens of the imidazol-2-yl moiety, the
more relevant change occurs from the azine (pyridine) to a diazine (pyrimidine and
pyrazine), however almost no difference was observed between the diazines. There-
fore, the number of nitrogens is more important for the acidity of those hydrogens
than their relative position.

The same was made using the C7 carbon (See Figure and as probe to
evaluate the six-membered N-heterocycle over the electronic density of the imida-
zole. The results are shown in Table[1.8]

It was possible to observe that for the Himpy ligand the C7 is more deshielded

Laboratory of Coordination Chemistry 10
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Table 1.8: Chemical shift (§) of the C7 carbon in the 1H-imidazol-2-yl moiety for the ligands in d°-DMSO.!

Himpy Himpm Himpz Imidazole
C7 146.23 14480 14371 135.46

when compared with the diazines. One might be surprised, however when it comes
to the electronic communication between the rings, it 1s expected that the 2-pyrazyl
moiety, the most acidic one (pK,x 0.65),%! would delocalize the m-electronic density
of the imidazol ring towards the diazine. Consequently, the density over the C7 in-
creases towards the azine or diazine then decreasing the chemical shift. The observed
series are consistent with the pK,z of free six-membered N-heterocycles.?!+%2

Due to the importance of the pK,y over the properties of the N-heterocycles, they

were experimentally calculated in H,O for the three ligands and are shown in Table

Table 1.9: Experimentally calculated pK, ;s of the ligands.

Himpy Himpm Himpz Pyridine*® Pyrimidine®* Pyrazine’' Imidazole?
pKeny  5.10 5.21 451 525 1.23 0.65 6.99

The Himpz was the ligand with the lowest pK,x value, it is in agreement with
the expected for a 1H-imidazol-2-yl moiety bonded to a electron-deficient group.
The same is observed for the Himpy, however the 2-pyrimidine derivative have the
highest pK,y in series, even if the free pyrimidine pK,y is lower than for the pyri-
dine. This can be explained by the possibility of second intramolecular hydrogen
bond (See Figure[I.10) between the protonated imidazole moiety and the pyrimidine
nitrogen. Leading to a more stable system when compared to the other ligands.

The pK,z measurement can be related to the o-donor ability of the ligand toward

a coordination with a Lewis acid. Consequently, it is expected that in the Himpm

Laboratory of Coordination Chemistry 11
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|/\ B
Hee & He 7 H\ﬁ/

ﬁ\_/ N \:/NH

Figure 1.10: Intramolecular hydrogen bond upon protonation of the Himpm.

ligand complexes, o-effect will be stronger when compared with the Himpz. Leading
to a possible tuning of the transition metal complexes with a simple change in the

position of the nitrogens in the diazine.

1.3 Conclusion

The 2-(1H-imidazol-2-yl)heteroaryl, with heteroaryl = pyridine, pyrimidine and
pyrazine, were synthesized and characterized. The 'H and '*C spectra were assigned
with aid of two-dimensional experiments. The comparative properties of those lig-
ands were made using the 1H-imidazol-2-yl moiety as a probe and demonstrating
the effect of the azine/diazine upon the electronic structures. The comparative re-
sults suggest that these ligands could be used to prepare transition metal complexes
allowing the tuning of their properties in respect with slightly changes in the nitro-

gens number and position.

Laboratory of Coordination Chemistry 12
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1.4 Experimental

1.4.1 Materials and methods

Materials

2-Pyridinecarbonitrile (99%), 2-pyrazinecarbonitrile (99%), 2-pyrimidinecarbo-
nitrile (97%) 2,2-diethoxyethylamine (98%) and 2,2-dimethoxyethylamine (99%)
were purchased from Sigma Aldrich. Methanol, acetic acid, hydrochloric acid, di-
ethyl ether (Et20), ethyl acetate, dichloromethane, chloroform, acetonitrile, sodium
hydroxide and sodium carbonate (99.5%) were purchased from Vetec-Sigma (Brazil).
Sodium lumps were purchased from Riedel-de Haén. All reagents were used as re-

ceived from commercial source, with no further purification, except when noted.

Physical Measurements

Electronic spectra in the 190-1100 nm range were acquired by using a 1.00 cm
quartz cuvette in a diode array HP8453 UV/Visible absorption spectrophotometer
equipped with a HP89090A Peltier.

Electrospray ionization mass spectrometry (ESI-MS) measurements were carried
out using a Waters Quattro Micro APIL. Samples were evaluated in the positive mode
in an 1:1 methanol:water solution with addition of 0.10% (v/v) formic acid.

The values of pH were measured using a Metrohm 827 pH Lab pHmeter.

Elemental analyses for carbon, hydrogen and nitrogen were performed using a
Perkin Elmer 2400 CHN analyzer.

'H and 3C NMR spectra were acquired in deuterated dimethylsulfoxide (DMSO)
solutions using a Bruker Avance III - 500MHz (11.7T) and a 600MHz (14.09T)

Laboratory of Coordination Chemistry 13
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spectrometers.

1.4.2 Synthesis of 2-(1H-imidazol-2-yl)pyridine - Himpy

The ligand was synthesized using the procedure described by Voss et al.!’

A 100 mL round-bottom flask was filled with 2.60 g (25 mmmol) of 2-pyridine-
carbonitrile, 10 mL MeOH and 0.47 mL (2.5 mmol) of a 30% solution of NaOMe
m MeOH. The mixture was stirred for 1 hour at 40 °C. 2.72 mL (25 mmol) of 2,2-
dimethoxyethanamine followed by 2.75 mL of AcOH were added dropwise to the
mixture and heated to reflux for 30 min. After the mixture was left to cool at rt, 30
mL of MeOH and 25 mL of HCI 6 mol L™! were added and the reaction was heated
to reflux for 4.5 hours.

After, the solution was evaporated to dryness and a freshly prepared warm so-
lution of a 1 g mL~! of K,CO, was added dropwise, bringing the pH to 10. This
resulted in a reddish suspension that, after cooled at rt, was filtered and the filtrate
was extracted with 50 mL of CH,Cl,. The resulting red solution was evaporated
to dryness and recrystallized in boiling EtOAc. The product was obtained as a red-
dish powder with a 52% yield. Anal. calc. for [(CgH,N;y), - (H,O)]: C 64.20; H
5.05; N 28.08; found: C 64.69; H 4.70 e N 28.16. ESI-MS (MeOH) m/z: 145.9
[H,impy]*, 118.8 [(H,impy)—(CN)]* and 91.6 [(H,impy)—2(CN)]*. 'H NMR (600
MHz, DMSO-dg) o 8.58 (ddd, 1H, J= 4.8, 1.8, 1.2 Hz)), 8.03 (dt , 1H, J= 7.5,
1.2), 7.87 (td, 1H, J= 7.5, 1.8), 7.34 (ddd, 1H, J= 7.5, 4.8, 1.2) and 7.15 (s, 1H).
13C NMR (125.7 MHz, DMSO-dg) § (ppm) 149.49, 149.40, 146.23, 137.72, 124.56,
123.52 and 119.97.
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1.4.3 Synthesis of 2-(1H-imidazol-2-yl)pyrimidine - Himpm

The ligand was synthesized using the procedure described by Voss er al.!’

To a 100 mL flask were added 2.62 g (25 mmol) of 2-pyrimidinecarbonitrile, 10
mL of MeOH and 0.47 mL of a 30% solution of NaOMe in MeOH. The mixture
was kept under vigorous stirring at room temperature for 1.5 hour. Then, 1.63 mL
(15 mmol) of aminoacetaldehyde dimethyl acetal were added, followed by dropwise
addition of 2.75 mL of AcOH. The system was heated to reflux for 30 minutes. After
cooling, 15 mL of MeOH and 12.5 mL of HC1 6 mol L~! were added and the system
was again heated to reflux for 5 hours.

After the reaction time, the solvent was rotary evaporated and 27.5 mL of a warm
K,CO; 1 g mL™! solution were carefully added, forming a yellowish suspension
which after cooling, was filtrated in a Buchner funnel. The precipitate was extracted
with 3 x 50 mL of MeOH, forming a yellowish solution, which was rotary evapo-
rated, and the precipitate was filtrated, washed with Et,O and dried under vacuum.
The product showed a pale yellow color, with yield of 68%. Elemental analysis
calculated for (C;H¢N,): C 57.33; H 4.14; N 38.34; found: C 57.17, H 4.14 and
N 38.86. ESI-MS (MeOH): 147.0 [H,impm]™*, 120.0 [(H,impz)—(CN)]" and 92.9
[(H,impz)—2(CN)]*. 'H NMR (600 MHz, DMSO-dg) 6 (ppm) 13.09 (s, 1H), 8.88
(d, 2H, J=4.8), 7.44 (t, 1H, J=4.8) and 7.26 (s, 2H). 13C NMR (125.7 MHz, DMSO-
de) 0 (ppm) 158.12, 157.35, 144.80, 130.68 and 120.45.

1.4.4 Synthesis of 2-(1H-imidazol-2-yl)pyrazine - Himpz

The ligand was synthesized using the procedure described by Voss et al.!’
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A 50 mL round-bottom flask was filled with 0.471 mL (5 mmmol) of 2-pyrazine-
carbonitrile, 5 mL MeOH and 0.47 mL (1 mmol) of a 30% solution of NaOMe in
MeOH. The mixture was stirred for 20 minutes at rt.

0.727 mL (5 mmol) of 2,2-diethoxyethanamine followed by 0.6 mL of AcOH
were added dropwise to the mixture and stirred for 1 hour at 50°C. After the mixture
was left to cool at rt, 10 mL of MeOH and 2.5 mL of HCI 6 mol L~! were added and
the resulting mixture was heated to reflux for 5 hours.

The solution was evaporated to dryness, resolubilised in 15 mL of water and ex-
tracted with 3 x 5 mL of Et,O, resulting in a deep brown solution. The pH was
adjusted to 8-9 with a NaOH 2 mol L~! solution then the volume was reduced to
favor the product precipitation. The brown product was filtered and washed with
Et,O. The product was obtained as a brown powder with a 38% yield. Anal. calc.
for (C;H¢N,); - (NaCl): C 50.76; H 3.65; N 33.83; found: C 51.92; H 3.86 and N
33.95. ESI-MS (MeOH): 146.9 [H,impz]* and 119.8 [(H,impz)—(CN)]*. 'H NMR
(500 MHz, DMSO-dg) 6 (ppm) 13.06 (s, 1H), 9.25 (d, 1H, J= 1.5), 8.66 (dd, 1H, J=
2.5,1.5),8.60 (d, 1H, J= 2.5), 7.35 (s, 1H) and 7.17 (s, 1H). *C NMR (125.7 MHz,
DMSO-ds) 6 (ppm) 144.90, 144.24, 143.92, 143.71, 141.80, 130.72 and 120.32.

1.4.5 Determination of pK,,

The pK,p values of ligands were measured spectrophotometricaly according to

) i P
Toma and Malin?® using the expression

H=pK,g+ log —— 1.1
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where [A] and [HA] are the molar concentration of base and protonated species
respectively calculated using Beer’s Law at the wavelengths indicated in Table([I.10]
The initial acidic solution was titrated with NaOH 2 or 0.05 mol L~! depending
on the proximity of the equivalence point. The pH value was determined using a
calibrated pHmeter.

Table 1.10: Experimental conditions for pK,; determination.

A initial conc. (umol L™') initial pH A HA (nm) A A (nm)
Himpm 47 1.01 269 284
Himpy 50 0.99 283 293
Himpz 58 2.80 292 318
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Chapter 2

mer-[Ru(Himpy)3](PFg)-

2.1 Introduction

Chelating N-heterocycles ligands play an important role in coordination chem-
istry due to the diversity of properties that arrise from the interaction between them
and the metal center.>2"% Symmetric N-heterocycles chelating ligand, as bipyridines
(bpy),?! phenanthroline (phen),?*3% and terpyridines (terpy),**3 are well described

in literature due their well-know and facile synthesis. Their metal complexes are also

d36. 37 3840

well-explore and applied in a broad range of areas, such as photocatalysis,

35,41,42 4345 8

supramolecular chemistry, bioinorganic and sensoring ¢

The ruthenium complexes with bipyridines and terpyridines derivatives have an
important role in coordination chemistry, mainly because of their well known electro-
chemical, spectroscopic and photoreactivity properties.>>%->! The studies of Meyer
et al regarding water oxidation and photochemistry with these complexes were 1m-
portant for a better understanding of the phenomena behind the observed proper-
ties.>>® Nowadays, ruthenium compounds with other N-heterocyclic ligands are

in full development, attempting to improve previously observed properties or un-
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57-61

ravel new properties. However, complexes with those classical ligands still

provide new questions and new answers despite their simplicity and well-studied
behaviour.*-62-65

The spectroscopic properties of ruthenium(Il) complexes with N-heterocyclic lig-
ands, mainly those associated to the metal-to-ligand charge transfer transition (ML-
CT), are deeply related to the chemical reactivity.”* %% Typically, N-heterocycles
with low-lying m*-orbitals can receive electron density from ruthenium, via photoex-
citation (*MLCT), leading to a transient charge-separation with the reduced-radical
ligand and the oxidized metal ion. This excited state can relax via internal conversion
and decay through an intersystem crossing, resulting in highly reactive long-lived
triplet and responsible for the photoreactivity of those complexes.>® 7072

Knowing the importance of the MLCT transition to the reactivity of the ruthenium
complexes, we have decided to synthesize?® the ruthenium(Il) complex with 2-(1H-
imidazol-2-yl)pyridine due to the non-symmetric donor-character. In the pyridyl
moiety we expected a electron-deficient behaviour that favors the MLCT transition,
whereas the imidazole moiety it is expected a high basicity that increases the electron
density in the metal.”>~’® Additionally, we expected to study the MLCT transition

in this complex using experimental and theoretical methods to better understand the

influence of the donation character of the ligand in the electronic structure.
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2.2 Results and discussion

2.2.1 Structural characterization

The ligand Himpy was synthesized using the one-pot method described by Voss
et al and the 'H and 13C NMR spectra were consistent with the literature data.!” The
Ru(Il) complex was synthesized as described by Stupka er al.?® The 'H NMR, in
DMSO-d;, showed the presence of the free ligand, further confirmed by elemental
analysis, suggesting that the purification proposed in the literature was not enough
to purify the complex from the ligand excess used in the reaction. Consequentely, a
additional purification of the complex was carried out by washing the sample with
CHCl;, 1n order to dissolve ligand impurity. The residual powder was dissolved in
CH;CN, to remove any inorganic impurity (NH,CI mainly), filtered and evaporated
to dryness.

After the purification, the UV-Vis spectra of complex and the ligand in MeOH
were obtained as shown in Figure The blue shift of the 7 — 7 bands of the
ligand has been observed and a broad band in 440 nm, that is typically assigned to a

MLCT transition. Both were in agreement with Stupka et al.?®

14

— Himpy
—- [Ru(Himpy);](PFe),
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Figure 2.1: UV-Vis spectra of the [Ru(Himpy)4](PFg), and of the ligand Himpy in MeOH.
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Another '"H NMR spectrum in DMSO-d;; of the purified sample was taken and
proved its purity, however after one day the spectrum was acquired again (Figure
and showed the signals of the free ligand in 8.60 and 7.37 ppm. Leading to
the hypothesis of the ligand displacement by DMSO given that it is a coordinating
solvent. In order to avoid the ligand exchange by the solvent, the 'H NMR was
reacquired in CH,CN-d;. Acetonitrile was chosen due the solubility of the complex

and the low basicity solvent.

/ 13 0
M ) N W/ NNy W

86 85 84 83 B2 87 BO 79 7B 77 76 TS5 74 73 72 71 70 69 6B 67 66 65 ppm

Figure 2.2: '"H NMR spectrum of the complex [Ru(Himpy),](PF,), in DMSO-dg obtained in the 500 MHz
spectrometer.

The 'H NMR spectrum of the complex in CH;CN-d3 showed different signals
pattern from the one described in literature.?® This change in the pattern was asso-
ciated to the proportion between the meridional (C; symmetry) and the facial (Cs)
isomers, and in our spectrum it was only possible to see the signals associated only

with the mer isomer. Suggesting that the discussion of isomers proportion made by
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Stupka et al was misconceived due to the ligand equilibrium in dimethylsulfoxide,
that is prevented in acetonitrile.

The imidazole signals were the probe that enabled the differentiation between the
isomers. This is due to the symmetry of the complex that causes the emergence of
only one signal, for the two hydrogens bonded to the carbons in the imidazol-2-yl
moiety, in the fac 1somer and three signals in the mer isomer. The signals coming
from the 2-pyridyl moiety does not showed much sensibility to the symmetry of the
complex, leading to a very complex signal that does not allow the 1somer differenti-
ation.

A 'H-'H NMR Correlation Spectroscopy (COSY) experiment have presented the
correlation between the signals of the hydrogens in the 2-pyridyl moiety and between
the hydrogens in the imidazol-2-yl moiety. This enabled the separation of the signals
in two groups, one for each moiety. For the 2-pyridyl we find the signals in 7.24
(H2, see structure in Figure , 7.77 (H4), 7.93 (H1) and 8.02 (H3) ppm and for the
imidazol-2-yl the signals in 6.60 (H7) and 7.40 (H6) ppm. The spectrum is shown in
Figure[2.3]

For the imidazol-2-yl group it was expected a doublet signal for each hydrogen
(H6 and H7) in the complex. That in the mer isomer, due the C1 symmetry, leads
to three doublet signals, one for each imidazole hydrogen bonded to carbon. This
1s observed in the signals centered in 6.60 ppm but for the signals centered in 7.40
ppm we have only observed one doublet signal (7.38 ppm) and one triplet-like signal
(7.41 ppm).

In the mer isomer there is one imidazole trans to a pyridine and two imidazole

trans to an imidazole. We have expected that two of the imidazole signals were
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Figure 2.3: 'H-'H NMR COSY spectrum of the complex [Ru(Himpy);](PF), in CH;CN-d3 obtained in the
400 MHz spectrometer.

closely related, indicating that the triplet-like signal could actually be two coalesced
doublet signals coming from the imidazoles trans located to another imidazole.

In order to prove the aforementioned hypothesis the double irradiation 'H NMR
experiment was made and is shown in the Figure[2.4] When the signals centered in
6.60 ppm were saturated it was possible to observe the simplification of the signals
in 7.40 ppm to three singlets, therefore, validating the hypothesis and enabling the
assignment of the signals. The double irradiation also confirmed the assignment of
2-pyridyl signals and showed that the eletronic comunication between the hydrogens
in the ligand remain strong as have been seen for the free ligand.

As a further evidence of the real nature of the triplet-like signal, centered in 7.41
ppm, a simple *J constant calculation was performed. Knowing that the value of the

3] must be equal between the signals of the imidazol-2-yl hydrogens (H6 and H7)
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Figure 2.4: 'H NMR spectrum of the complex [Ru(Himpy);](PF), in CH;CN-d3 with double irradiation at
6.66 ppm obtained in the 400 MHz spectrometer.

(®J = 1.48 Hz) and considering an impossible accuracy, we have calculated that if
the peak in 7.4190 ppm were a doublet than the correlated peak should be in 7.4153
ppm and if the peak was at 7.4146 than the correlated peak should be at 7.4109 ppm.
According to this the difference between the internal signals should be 0.0007 ppm.
Considering the technique accuracy, this separation is not observable and leading to
the coalescence of the internal peaks, resulting in a triplet-like signal.
Consequentely by proving that the mer isomer in CH;CN-d3, more refined assing-
ment was made using the fact that in this isomer we have two imidazol-2-yl groups
chemically closely related (A and A’), due the trans position, and another more dis-
tinct (B). Then in the signals of the hydrogens H6 and H7, we have observed that
there are two doublet with similar chemical shift (in this case so close that leads to

a triplet-like signal) which we assigned as the A and A’ imidazoles and the more
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isolated doublet we assigned as the B imidazole.
Using all these information the ' NMR spectrum of the mer-[Ru(Himpy),](PF),
complex in CH,CN-d3 was assigned as shown in the Figure
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Figure 2.5: Assigned 'H NMR spectrum of the complex mer-[Ru(Himpy);J(PF), in CH;CN-d; obtained in
the 400 MHz spectrometer.

Due to the low solubility of the complex in acetonitrile and other non-coordinating
solvents, the *C NMR spectrum was not possible to obtain in the saturated solution
used in the experiment. The high resolution ESI-MS was performed and showed that
the double charged molecular ion in m/z = 268.5, with the correct isotopic pattern and
also showed fragments derived from the deprotonation of the ligand in the complex

in m/z = 536.1, that has been extensively studied by Stupka et al,?® and from the exit
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of one ligand in m/z = 391.0, as has been observed in the presence of a coordinating

solvent. The spectrum is shown in Figure [2.6]
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Figure 2.6: ESI-QTOF-MS of the [Ru(Himpy); J(PF), in a H,O/MeOH solution, the peak at 512.50 is an
internal contamination of the equipment.

Knowing that we have the mer-isomer as major product, a spectroscopic study
of the complex was proposed in order to better understand the nature of the bands
observed in the UV-Vis absorption spectrum. The spectra of the complex were ac-

quired in different solvents and as shown in Figure[2.7] it is possible to see the shift
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of both bands with the solvent. For the intraligand band, the shift is more explicit
due the maintenance of the band shape, this data was consistent with that observed

for the [Ru(bpy);]**.””
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Figure 2.7: UV-Vis spectra of the mer-[Ru(Himpy),](PFy), in different solvents.

The observed shift for the intraligand band have a linear relation with the Gut-

) 78-80
2

mann acceptor number (AN showing a negative solvatochromism, that is at-

tributed to the different solvation interaction with the solute, mainly due to hydrogen-

bond between the amine moiety of the imidazole and the protic solvents.?33
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Figure 2.8: Linear relation between the intraligand band energy and the Gutmann AN for MeOH, EtOH and
H, 0,

For the MLCT band, the result is similar as observed for the [Ru(bpy):,,]z",84 but
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due to the lower symmetry the MLCT band is more complex and a carefully theoreti-
cal analysis of the absorption spectrum using multiconfigurational ab initio calcution

will be performed.

2.3 Conclusion

The synthesis of the ligand Himpy and its ruthenium(Il) complex were accom-
plished, according to the literature.!”-?® However, for the complex further purifica-
tion was needed to remove the ligand excess, observed via 'H NMR and elemental
analysis. The nuclear magnetic resonance showed that the complex decomposes in
dimethyl sulfoxide and there was a need to change the solvent. Using acetonitrile as
the "H NMR solvent, a complete assignment of the spectrum was made and showing
that, in solution, the mer- 1somer is the major product. Knowing this, a experimental
spectroscopic study were made showing the solvatochromic behaviour of the com-

plex.

2.4 Experimental

2.4.1 Materials and methods

Materials
2-Pyridinecarbonitrile (99%), 2,2-dimethoxyethylamine (99%), ammonium hex-
afluorophosphate (>95%) and ruthenium(IIl) chloride hydrate ReagentPlus were

purchased from Sigma Aldrich. Methanol, acetic acid, hydrochloric acid, diethyl

ether (Et,0), ethyl acetate, dichloromethane, chloroform, acetonitrile and sodium
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carbonate (99.5%) were purchased from Vetec-Sigma (Brazil). Sodium lumps were
purchased from Riedel-de Haén. All reagents were used as received from commer-

cial source, with no further purification, except when noted.

Physical Measurements

Electronic spectra in the 190-1100 nm range were acquired by using a 1.00 cm
quartz cuvette in a diode array HP8453 UV/Visible absorption spectrophotometer
equipped with a HP89090A Peltier.

Electrospray ionization mass spectrometry (ESI-MS) measurements were carried
out using a Waters Quattro Micro APIL. Samples were evaluated in the positive mode
in an 1:1 methanol:water solution with addition of 0.10% (v/v) formic acid.

Electrospray 1onization quadrupole time-of-flight mass spectrometry (ESI-QTOF-
MS) measurements were carried out in a Waters Synapt HDMS instrument (Manch-
ester, UK). A sample of [Ru(Himpy);](PF¢), was solubilized in 50 : 50 H,O/MeCN
(0.1% formic acid v/v) at a concentration of ca. 4 mg mL ™!, then further diluted
100-fold in the same solvent mixture and immediately analyzed. Resulting solutions
were directly infused into the instruments ESI source at a flow rate of 15 mL min~".
Typical acquisition conditions were capillary voltage: 3 kV, sampling cone voltage:
20V, source temperature: 100 °C, desolvation temperature: 200 °C, cone gas flow:
30 L h™!, desolvation gas flow: 900 L h™!, trap and transfer collision energies: 6
and 4 eV, respectively. ESI mass spectra (full scans) and fragment ion spectra for
quadrupole-isolated ions (QTOF-MS/MS) were acquired in reflectron V-mode at a

scan rate of 1 Hz. For fragment ion spectrum experiments by collision-induced dis-

sociation (argon as collision gas), the desired ion was isolated in the mass-resolving
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quadrupole, and the collision energy of the trap cell was increased until sufficient
fragmentation was observed. Prior to all analyses, the instrument was externally
calibrated with phosphoric acid oligomers (H;PO, 0.05% v/v in 50:50 H,O/MeCN)
ranging from m/z 99 to 980.

Elemental analyses for carbon, hydrogen and nitrogen were performed using a
Perkin Elmer 2400 CHN analyzer.

'H and '3C NMR spectra were acquired in deuterated acetonitrile (CD;CN) and
dimethyl sulfoxide (DMSO) solutions and using a Bruker Avance III - 400MHz
(9.39T) and S00MHz (11.7T) spectrometers.

2.4.2 Synthesis of 2-(1H-imidazol-2-yl)pyridine - Himpy

The ligand was synthesized using the procedure described by Voss et al.!’

A 100 mL round-bottom flask was filled with 2.60 g (25 mmmol) of 2-pyridine-
carbonitrile, 10 mL MeOH and 0.47 mL (2.5 mmol) of a 30% solution of NaOMe 1n
MeOH. The mixture was stirred for 1 hour at 40 °C.

2.72 mL (25 mmol) of 2,2-dimethoxyethanamine followed by 2.75 mL of AcOH
were added dropwise to the mixture and the reaction mixture was heated to reflux
for 30 min. After the mixture cooled at the rt, 30 mL of MeOH and 25 mL of HCI 6
mol L~! were added and the reaction was heated to reflux for 4.5 hours.

After, the solution was evaporated to dryness and a freshly prepared warm solu-
tion of a 1 gmL™! of K,CO; was added dropwise, increasing pH to 10. This results
in a reddish suspension that, after cooled at the rt, was filtered and the filtrate was ex-
tracted with 50 mL of CH,Cl,. The resulting red solution was evaporated to dryness

and recrystallized in boiling EtOAc. The product was obtained as a reddish powder
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with a 52% yield. Anal. calc. for [(CgH,N3), - (H,O)]: C 64.20; H 5.05; N 28.08;
found: C 64.69; H 4.70 e N 28.16. ESI-MS (MeOH) m/z: 145.9 [H,impy]*, 118.8
[(H,impy)—(CN)]* and 91.6 [(H,impy)—2(CN)]*. 'H NMR (600 MHz, DMSO-d;)
0 8.58 (ddd, 1H, J= 4.8, 1.8, 1.2 Hz)), 8.03 (dt, 1H, J= 7.5, 1.2), 7.87 (1d, 1H, J=
7.5, 1.8), 7.34 (ddd, 1H, J= 7.5, 4.8, 1.2) and 7.15 (s, 1H). *C NMR (125.7 MHz,
DMSO-dg) o (ppm) 149.49, 149.40, 146.23, 137.72, 124.56, 123.52 and 119.97.

2.4.3 Synthesis of [Ru(Himpy);](PFg)-

The complex was synthesized using the procedure described by Stupka et al.?®

0.3531 g (2.42 mmol) of Himpy and 0.1443 g (0.69 mmol) of RuCl;-(H,0O)x were
added to a round-bottom flask containing 30 mL of ethylene glycol and the mixture
was heated to reflux for 1 hour.

After the solution was cooled to rt, 30 mL of a saturated solution of NH,PF, was
added dropwise, under stirring, resulting in an orange suspension, which was left
overnight in the refrigerator. It was filtered, washed with 4 x 10 mL of H,O and 4
x 10 mL Et,O and dried under reduced pressure.

Further purification was performed by washing the powder with 8 x 10mL of
CHCl,. Additionally, the powder was dissolved in CH;CN and the solution was
filtered and evaporated to dryness. The purified powder was dried under reduced
pressure until constant mass.

The product was obtained as an orange powder with a 35% yield. ESI-MS (ACN)
m/z: 268.5 [Ru(Himpy)3]2+, 536.1 [Ru(Himpy),(impy)]* and 391.0 [Ru(Himpy)-
(impy)]" Apae nm (L mol~! ecm™1) in MeOH: 296 (36929), 446 (15524), Anal. calc.
for [Ru(CgH;Nj3);](PF¢), - 2 (CH;CN): C37.01; H 3.00; N 16.96; found: C 37.83; H
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2.97 e N 16.27 'H NMR (600 MHz, DMSO-d;) & 8.02 (m, 3H), 7.93 (m, 3H), 7.77
(m, 3H), 7.40 (3 d, 3H, J= 1.6 Hz ), 7.24 (m, 3H) and 6.60 (3 d, 3H, J= 1.6 Hz).
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Chapter 3

Nag [Fe(CN) 5(Himpz)]

3.1 Introduction

Coordination chemistry is an important tool in synthetic supramolecular chem-
istry due to the high yields and controlled geometries of the products and the possi-
bility to include interesting properties associated to the metal centers.®>=7 The de-
velopment of ligands, especially with simple synthetic procedures, is of fundamental
importance in the planning of new functional supramolecular systems.3%% Click
chemistry or one-pot synthesis of N-heterocycles are feasible and available strate-
gies for high-yield synthesis of supramolecular ligands such as imidazoles, triazoles
and tetrazoles whose interest steam from polydenticity, (de)protonation ability and
easy derivatization after synthesis.!”-8-1

Pentacyanidoferrate complexes were extensively studied due to their electrochem-
ical and spectroscopic properties.?®%?= This class of compounds has the ability to
coordinate to only a monodentate site of a ligand, making it an attractive complex to

take place as an electrochemical or spectroscopic active center in a the supramolec-

ular system.>%%-% Moreover, its high affinity to N-heterocycles makes it an useful

35



CHAPTER 3. NA3[FE(CN)s(HIMPZ)] Eduardo Guimardes Ratier de Arruda

probe to evaluate the properties of this kind of ligand, such as donor and acceptor
abilities. 26 92:99- 100

Redox potential and the energy of the metal-to-ligand charge transfer (MLCT)
band in the visible region were shown to be a function of the pK, and back-bonding
ability of such ligands, thus evidencing the effects of electron donation or withdraw-
ing of substituents of pyridine and pyrazine derivatives.?% 0!

The reversible Fe(II)/Fe(Ill) redox process of cyanidoferrates allowed the devel-
opment of many electrochemical sensors for biologically-relevant molecules such
as cysteine.'%? The N-heterocycle in this case was specifically planned to integrate
a supramolecular assembly with carbon nanotubes. Upon dissociation of the N-
heterocycle, pentacyanidoferrate can also be used as a precursor in the formation of
Prussian blue-like structures that acts as active layer in electrocatalytical oxidation
of ascorbic acid.!%’ The current rationalization of the role of the N-heterocycle in the
redox process consists 1n its ability to stabilize Fe(II) via back-donation. Ligand such
as N-methylpyrazinium leads to lower oxidation potential than pyrazine owing the
strong 7 back-bonding of the former.?® A diazine used as bridging ligand in a ruthe-
nium mixed-valence compound was shown to be a cation radical when oxidized.!%
The non-innocent character of diazines and derivatives in redox process of transition
metals compounds is a field worth an investigation and which can take advantage of
the well-known electrochemical properties of pentacyanidoferrate.

The energy of the MLCT band depends on the surrounding chemical environ-
ment, giving rise to solvatochromic behaviour characterized by preferential solvation

by lower alcohols rather than water.!°*1% We have showed that the preferential sol-

vation can be shifted using a polymeric ligand such as poly(4-vinylpyridine), owing
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intermolecular interactions of the solvated coil embedding pendant pentacyanido-
ferrate moieties.®® Recently, highly solvatochromic viologen-like ligands showed
interesting behaviour as dyes responsive to solvent polarity.!%® The importance of
intermolecular interaction between [Fe(CN);]?~ group and solvent molecules was
demonstrated by multiconfigurational quantum mechanical calculations. Five ex-
plicit hydrogen-bonded water molecules resulted in MLCT energy closer to exper-
imental value in comparison to the model of continuum polarizable medium. The
agreement is even higher when fourteen molecules are explicitly placed solvating
the [Fe(CN);]*~ group.”® The idea that followed was to investigate experimentally
whether modifications on the structure of the N-heterocycle could result in changes
of the solvation sphere of [Fe(CN);]*~ group thus changing solvatochromic proper-
ties.

In the present work we explore the ligand 2-(1-H-imidazol-2-yl)pyrazine (Himpz),
which is particularly interesting to bridge transition metals and form supramolecular
structures. In order to pave the ground for doing so, we first aimed at the evaluation
one of the two binding sites, that are the monodentate site in the pyrazine ring and
a bidentate site gathering the imine nitrogen of imidazole and the other nitrogen of
the pyrazine ring. We used pentacyanidoferrate to favor the coordination of the mon-
odentate site whereas H" was used in the second site as a model Lewis acid instead
of a transition metal. The effect of pH on the redox potential and on the MLCT en-
ergy were investigated and compared to pyrazinepentacyanidoferrate(Il). The redox-
active character of the N-heterocycle as well as the spectroscopic response to pH are

key features to design molecular devices and responsive materials.
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3.2 Results and discussion

3.2.1 Synthesis and characterization

The ligand 2-(1-H-imidazol-2-yl)pyrazine (Himpz) was synthesized using the
one-pot method described by Voss et al and the 'H and *C NMR spectra were con-
sistent with the literature data.!’

The pentacyanidoferrate(Il) complex was synthesized, in high yield, using a well-
known methodology for N-heterocyclepentacyanidoferrate(Il) reported in the litera-

ture 26,92,93

The product showed a high water affinity that results in a deliquescent
character. This affinity is confirmed by the elemental analysis that showed a 6.5
water molecules per complex.

The UV-Vis absorption spectrum of complex in H,O is shown in the Figure
The bands in 224, 270 and 316 were assigned to m — 7™ intraligand transitions and
the band in 481 nm assigned as a MLCT transition. This MLCT band is responsible
for the intense reddish-orange color of the solution. The Aj;zc7 and the molar ab-
sorptivity observed for the Na,[Fe(CNy)(Himpz)] complex were coherent with the
literature for the pyrazinepentacyanidoferrate(I) complex Na;[Fe(CN)s(pz)].!%”

The FT-IR showed strong signals assigned to the asymmetric strech of the cyani-
des in 2055 cm™! and in 2095 cm™!, that are consistent with low-spin Fe(II)-d®
N-heterocyclepentacyanidoferrates. %3

Due to his diamagnetic behaviour, the 'H NMR in D,O was acquired and is shown
in the Figure The signals of the 2-pyrazine moiety hydrogens shifted while the

signals of the imidazol-2-yl moiety did not change upon coordination. It suggests

the coordination via the 2-pyrazine moiety while the imidazol-2-yl remains uncoor-
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Figure 3.1: UV-Vis absorption spectra of the complex Na,;[Fe(CN)s(Himpz)] in water and of the ligand Himpz
in MeOH.

dinated.

In the literature,'” it was observed that the imidazol-2-yl moiety is involved in
a prototropic annular tautomerism, common to azolic systems,!®!° that leads to
a chemical equivalence of the hydrogens H5 and H6. Due the protic solvent used
(D,0), the tautomeric equilibrium was observed in the '"H NMR spectrum of the
Na,;[Fe(CN)s(Himpz)] complex. It results in only one signal for both hydrogens
(H5/H6), in 7.26 ppm, and also the disappearance of amine hydrogen due the deu-
tertum exchange. This is coherent with the free imidazol-2-yl moiety in the complex,
remaining available to participate in the prototropic annular tautomerism. Lead-
ing to the conclusion that the ligand coordinates by the 2-pyrazine ring. Neverthe-
less, this diazine have two coordination sites (N1 and N4) that can interact with the
[Fe(CN)5]3‘ moiety. The 'H NMR spectrum of the complex showed that the hy-
drogens H2 and H3 were deshielded while the hydrogen H1 was shielded that is

consistent with the coordination by the nitrogen N4. The deshielding of the hydro-
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Figure 3.2: 'H NMR of the Na,[Fe(CN)s(Himpz)] complex in D, O.

gens H2 and H3 is consequence of the acid character of the coordinated Fe(II) and
the shielding of the H1 is due the w-acceptor character of the pyrazine ring.?*-1%7

The coupling pattern of the 2-pyrazine moiety also changes with the coordina-
tion. Once coordinated by the N4, the communication between the hydrogen H1 and
H3 decreases, due to the decrease of the electronic density in the ring, leading to
the decoupling of the signals. The assignment of signals obtained in the 'H NMR
spectrum of the complex is shown in the Table[3.1]

Table 3.1: Assignment of the signals of "H NMR spectrum of the complex Na,[Fe(CN)s(Himpz)] in D,O.

0 (ppm) Signal type J(Hz) Integration Hydrogen

7.26 S - 2 HS5/H6
8.21 d 3.0 1 HI
8.97 d 3.0 1 H2
053 s - 1 H3
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The *C NMR spectrum in D,O was acquired and showed seven signals that were
assigned using two-dimensional 'H-1*C experiments. Five signals were attributed to
the Himpz and the other two to the axial and equatorial cyanides.

There were expected seven peaks for the ligand, but due the intense prototropic
tautomerism these two signals assigned to C9 and C10 carbons are too broad and low
intense. This is favored in a protic solvent like D,O where the imidazol-2-yl moiety
1s involved in the hydrogen-deuterium exchange, leading to the disappearance of the

those signals.

) 2 o g 3 B
& o 8~NH oo o i ol
5 5 o & B o 2=
N ~ :r | i VI
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I 5
N:
N =N
CN., S, | o
NZ/ \N
| o
N 5 Co
C2
C7
CNes
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Figure 3.3: 1*C NMR of the Na,[Fe(CN)s(Himpz)] complex in D,O.

This results are in agreement that the coordination is via the 2-pyrazine moiety,
did not prevent the imidazol-2-yl moiety of taking the part in the annular prototropic

tautomerism equilibrium. The assigned '3C NMR spectrum is shown in the Figure

[3.3]and the assignment in the Table[3.2]
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Table 3.2: Assignment of the signals of 1*C NMR spectrum of the complex Na, [Fe(CN)s(Himpz)] in D,O.

(7 Co6 4 5 C5 CN-axial CN-equatorial
0 (ppm) 141.72 142.33 14295 149.04 151.26 173.13 178.22

It was possible to see that in the complex the signals related to the carbons C3 and
C5, neighbors of the coordinated nitrogen N4, were deshielded by the coordination
with the Fe(Il) and shifted in approximate +7 ppm. This is consistent with the co-
ordination via the N4 of the 2-pyrazine moiety. On the other hand, the signal of the
carbons C2 and C6 were shielded with the coordination and shifted between -2 to -3
ppm, in aggrement with the hypothesis of m-acceptor character of the pyrazine ring.

The signal of the imidazol-2-yl carbon C7 do not change much with the coordi-
nation, only a slightly shielding (1.38 ppm) that is coherent with m-acceptance of the
2-pyrazine bonded to the imidazol-2-yl moiety. The cyanides signals were consistent
with the literature data for N-heterocyclepentacyanidoferrate(II).!%-11° Thus, the 'H
and 13C NMR experiments confirmed the coordination of the ligand Himpz with the

[Fe(CN)S]S‘ moiety via the nitrogen N4 and that the imidazol-2-yl in uncoordinated.

3.2.2 Electrochemical characterization

Cyclic voltammetry provides information about the character of the different lig-
ands over the metal, which is reflected on the half wave potentials of the iron redox
pair. Figure[3.4]shows the voltammogram of the pentacyanidoferrate (IT) complexes
containing the Himpz ligand.

The complex shows a quasi-reversilbe redox process at 0.64 V vs SHE (AE = 68
mV) at 100 mV s~! corresponding to the [Fe(CN5)(Himpz)]>~/3~ redox pair. This

value is in agreement with other pentacyanidoferrate (II) complexes, where the redox
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Figure 3.4: Cyclic voltammograms of 1.10~% mol L~! aqueous solutions of pentacyanidoferrate(II) complexes
containing the Himpz ligand in Britton-Robinson buffer solution in at a) pH 4.0, b) pH 7.0, ¢) pH 10.0 contain-
ing KC10.1 mol L~!. Scan rate 100 mV s 1.

potential is influenced by different ligands.

Higher values of half wave potentials are observed when the backbonding abil-
ity of the N-heterocycle increases. Thus, the results indicate that the Himpz ligand
has a higher 7-acceptor behavior than pyrazine over the pentacyanidoferrate(Il) moi-
ety. 100,111
There is a shift of the half wave potentials from 0.67 V vs SHE at pH 4.0 to 0.63
V vs SHE at pH 7.0 and 10.0. From the cyclic voltammograms it is also possible
to note a redox process with E’= 0.424 V vs SHE, which we assigned to be ligand

centered, even though further experiments need to be done in order to confirm these
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hypothesis.
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Figure 3.5: Cyclic voltammograms of 1.10~3 mol L' aqueous solutions of himpz in Britton-Robinson buffer
solutions containing KC1 0.1 mol L%, Scan rate 100 mV s~ .

The redox process in the cathodic region can be assigned to the redox process
of pyrazine, which could be seen in the cyclic voltammograms of the free ligand
(Figure[3.5). The half wave potentials decrease with pH increment, which is consis-
tent with pyrazine electrochemical reduction that is highly dependent of the pH.!!?
This process is observed in ligand and complex with similar redox potentials and
the pH dependency. It suggests that the pyrazine electrochemical reduction is almost
independent of the presence of the pentacyanidoferrate.

The values of the redox process for the Himpz, Na;[Fe(CN)s(Himpz)], pyrazine
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and its analogous pentacyanidoferrate(Il) complex are shown in Table|3.3

Table 3.3: Half wave potentials obtained from cyclic voltammetry (V vs SHE) in pH values of 4, 7 and 10 and
the pK, values of the N-heterocycle protonation equilibria.

Fe!!/Fe!!! L /L pK,
-+ 7 10 4 7 10
pz -0.66'2 0.657"
Himpz -0.39  -0.61 -0.81 4.51"
[FE(CN)ijJR_ 05544 4

[Fe(CN);Himpz]*~ 0.67 0.63 0.63 -0.35 -0.60 -0.76 541

"illl

“Value presented and discussed on Chaptcr|l| » This process was not observed by Toma et a

The value of the pK, of the ligand Himpz is in between the values of pyrazine
(0.65)?! and imidazole (6.99).% This suggests that the protonation occurs in the im-
idazole moiety, whose electron density was diminished by the electron-withdrawing
effect of the pyrazine moiety. Since the imidazole moiety in the Na;[Fe(CN)s-
(Himpz)] is free to protonate, the pK, was measured and is shown in Table
The value obtained is higher than for the free ligand, showing that the coordination
via the pyrazine moiety increases the electron density over the ligand, possibly due
to the m-acceptor character of the diazine.

Comparing the values of the redox potential for the Fe(Il)/Fe(IIl) process in func-
tion of the pH, it could be observed that the value increase 0.04 V only when pH is
below the pK,. This proves that the electroactive species 1s indeed the complex with

protonated N-heterocycle [Fe"ﬂ"(CN )stimpz]y o

. Moreover, the shift in the re-
dox process centered on the metal caused by the protonation also indicate the strong
electron delocalization among the both diazine and imidazole rings.

The protonated species [Fe(CN)s(H,impz)]*~ was observed in the UV-Vis spec-

trum of the complex in acidic solution and showed a shift in the MLCT to lower
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energy when compared to the [Fe(CN)S(Himpz)]S_. We rationalize the effect of pro-
tonation in the redox potential as following: in low pH the protonation stabilize the
LUMO containing the unpaired electron and the molecule 1s consequently more eas-
ily oxidized. In order to support the hypothesis that the reduction in the cathodic
region 18 due to Himpz®*~ — Himpz, we investigated the electronic absorption of
its pentacyanidoferrate(Il) complex in different pH values. The MLCT band is at-
tributed to an electronic transfer from the HOMO, whose character 1s mainly Fe(3d),
to LUMO 7, of the N-heterocycle.”® Owing the distinct character of the frontier
orbitals the protonation of Himpz will stabilize mainly the LUMO. Therefore we
expect that the energy of the MLCT in low pH would decrease. The opposite was
already shown by Toma and Malin.?® Lowering the pH from 5.0 to 0.3, they noticed
an increase of the MLCT transition energy, that was attributed to the protonation of
the cyanides, which in turn lead to stabilization of Fe(3d) orbitals and increasing the
gap between the ground and excited states.

Figure presents the UV-Vis spectra in different pH values. As expected, in
alkaline pH when Himpz is neutral the MLCT is at 479 nm (20880 cm '), whereas
in acidic medium it goes to 511 nm (19570 cm™1!). This result corroborate our hy-
pothesis above and demonstrate the usefulness of pentacyanidoferrate to probe the

electronic structure of the coordinated N-heterocycle.

3.3 Conclusion

The novel complex Na;[Fe(CN)s(Himpz)] was synthesized in accordance with

the synthetic strategy known for pentacyanidoferrate complexed with N-heterocycles.
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Figure 3.6: Variation of the electronic absorption spectra of Na;[Fe(CN)sHimpz] by increasing stepwise the

pH by titration with NaOH 0.05 mol L~!. The arrows show the evolution of the spectra during the titration and
each line represents a pH increase of 0.23 in average.

The characterization by NMR showed that the coordination occurs with the 2-pyrazi-
ne moiety via the N4. The cyclic voltammetry results supported the coordination by
the pyrazine moiety. Additionally, it showed the redox-active character of the ligand
and the pH-dependency of the metal and ligand redox potential. The metal-to-ligand
charge transfer band was also found to be pH-dependent in agreement with the elec-
trochemical data, suggesting the stabilization of the 7* LUMO of the Himpz with the

protonation of the imidazole moiety leading to a red-shift of the spectrum.
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3.4 Experimental

3.4.1 Materials and methods

Materials

2-Pyrazinecarbonitrile (99%), 2,2-diethoxyethylamine (98%), pyrazine (>99%)
and ammonium hydroxide (m/v 28%) were purchased from Sigma Aldrich. Sodium
nitroprusside dihydrate (99%) was purchased from Acros Organics. Sodium io-
dide (98%) and ethanol were purchased from Merck. Potassium chloride (>99%)
was purchased from Synth. Methanol, acetic acid, hydrochloric acid, diethyl ether
(Et20), sodium hydroxide and acetonitrile were purchased from Vetec-Sigma (Bra-
zil). Sodium lumps were purchased from Riedel-de Haén. All reagents were used as
received from commercial source, with no further purification, except when noted.

The precursor Na;[Fe(CN)s(NH;)] - 3 (H,O) was synthesized from the sodium

nitroprusside dihydrate with ammonium hydroxide, as described in the literature.'!3

Physical Measurements

Electronic spectra in the 190-1100 nm range were acquired by using a 1.00 cm
quartz cuvette in a diode array HP8453 UV/Visible absorption spectrophotometer
equipped with a HP89090A Peltier.

IR spectra were measured using a Bomem MB-Series Model B100 FT-IR spec-

trophotometer in the 4000 - 400 cm™! range with resolution of 4 cm™1.

Samples
were prepared as KBr pellets.
Electrospray ionization mass spectrometry (ESI-MS) measurements were carried

out using a Waters Quattro Micro APIL. Samples were evaluated in the positive mode
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in an 1:1 methanol:water solution with addition of 0.10% (v/v) formic acid.

Elemental analysis for carbon, hydrogen and nitrogen were performed using a
Perkin Elmer 2400 CHN analyzer.

The values of pH were measured using a Metrohm 827 pH Lab pHmeter.

'H and ¥C NMR spectra were acquired in deuterated dimethylsulfoxide (DMSO)
and water (D,0O) solutions and using a Bruker Avance III - 500MHz (11.7T) spec-
trometer.

Cyclic voltammograms of himpz and the respective pentacyanidoferrate(Il) com-
plex were obtained with a Autolab EcoChemie PGSTAT20, using a Britton-Robinson

4 containing KCI 0.1 mol L~ as supporting electrolyte in all mea-

buffer solution!!
surements. A glassy carbon electrode was used as working electrode, a Ag/AgCl or
saturated calomel electrode as reference electrodes and a platinum electrode as aux-
iliary electrode. Nitrogen was used before each measurement to avoid the presence

of oxygen.

3.4.2 Synthesis of 2-(1H-imidazol-2-yl)pyrazine - Himpz

The ligand was synthesized using the procedure described by Voss et al.!’

A 50 mL round-bottom flask was charged with 0.471 mL (5 mmmol) of 2-pyrazi-
necarbonitrile, 5 mL MeOH and 0.47 mL (1 mmol) of a 30% solution of NaOMe in
MeOH. The mixture was stirred for 20 minutes at rt.

0.727 mL (5 mmol) of 2,2-diethoxyethanamine followed by 0.6 mL of AcOH
were added dropwise to the mixture and the reaction mixture was stirred for 1 hour
at 50°C. After the mixture was cooled to rt, 10 mL of MeOH and 2.5 mL of HCI 6

mol L.~} were added and the reaction was heated to reflux for 5 hours.
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After that, the solution was evaporated to dryness, resolubilised in 15 mL of water
and extracted with 3 x5 mL of Et, O, resulting in a deep brown solution. The pH was
adjusted to 8-9 with a NaOH 2 mol L™! solution then the volume was reduced to
favor the product precipitation. The brown product was filtered and washed with
Et,O. The product was obtained as a brown powder with a 38% yield. Anal. calc.
for (C;H¢N,); - (NaCl): C 50.76; H 3.65; N 33.83; found: C 51.92; H 3.86 and N
33.95. ESI-MS (MeOH): 146.9 [H,impy]* and 119.8 [(H,impy)—(CN)]*. '"H NMR
(500 MHz, DMSO-dg) 6 (ppm) 13.06 (s, 1H), 9.25 (d, 1H, J= 1.5), 8.66 (dd, 1H, J=
2.5, 1.5),8.60 (d, 1H, J= 2.5), 7.35 (s, 1H) and 7.17 (s, 1H). *C NMR (125.7 MHz,
DMSO-dg) 0 (ppm) 144.90, 144.24, 143.92, 143.71, 141.80, 130.72 and 120.32.

3.4.3 Synthesis of Na;[Fe(CN);(Himpz)]

The complex was synthesized using a procedure adapted from the N-heterocycle-
pentacyanidoferrate(Il) literature, that was extensively studied by Toma et al.?%°>%3

0.1010 g (0.69 mmol) of Himpz and 10 mL of H,O were added to a 100 mL
beacker and stirred. After partial dissolution, a solution of 0.1754 g (0.55 mmol)
of Nas[Fe(CN)s(NH;3)] - 3(H,O) in 7 mL of water was added dropwise and then
stirred for 30 minutes in the dark at 0°C. Posteriorly, a solution of 1.8103 g of Nal
in 3 mL of water was added and then absolute ethanol was added in amount enough
to precipitate the product. The reddish-orange powder produced was filtered and
washed with cold absolute ethanol then dried under reduced pression.

The product was obtained as an reddish-orange powder with a 85% yield. Anal.
calc. for Na;[Fe(CN;)(C;HgN,)] - 6.5 (H,0): C 27.82; H 3.70; N 24.33; found: C
27.31; H3.27 and N 24.52. A\,0 nm (L mol™! em™!) in H,O: 224 (16932), 270
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(8445), 316 (8021) and 481 (3772), FT-IR (KBr) (cm™1): don 2055 and 2095, 'H
NMR (500 MHz, D,0) § (ppm) 9.53 (s, 1H), 8.97 (d, 1H, J= 3.0), 8.21 (d, 1H, J=
3.0) and 6.60 (s, 2H).

3.4.4 Determination of pK,

The pK, g values of the Himpz and Na;[Fe(CN)s(Himpz)] were measured spec-

trophotometricaly according to Toma and Malin?® using the expression

[A]
[HA]

pH = pK,g + log 3.1)

where [A] and [HA] are the molar concentration of base and protonated species
respectively calculated using Beer’s Law at the wavelengths indicated in Table
The initial acidic solution was titrated with NaOH 2 or 0.05 mol L~! depending
on the proximity of the equivalence point. The pH value was determined using a
calibrated pHmeter.

Table 3.4: Experimental conditions for pK, ; determination.

A initial conc. (umol L™1) initial pH A HA (nm) A A (nm)
Himpz 58 2.80 202 318
Na;[Fe(CN)s(Himpz)] 127 4.09 300 319
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Chapter 4

Hodimpy as a ligand for Cu(I)-mediated
ATRP

4.1 Introduction

Transition metal mediated atom transfer radical polymerization (ATRP) is one of
the most versatile and successful that controls living radical polymerization (CRP).!!>
This method provides a synthetic approach for polymers and copolymers of several
architectures with well-defined composition and narrow molecular weight distribu-
tion, while maintaining the livingness of the chain.!!®-117

Cu-mediated ATRP with nitrogen-based ligands has been extensively studied due
to their robustness, versatility and low cost.!!® Usually, a suitable ligand must be
a good electron donor and facilitate a reversible one-electron Cu(I)/Cu(ll) redox
process.!!% 129 Furthermore, the ligand should also be easily substituted, allowing

123,124

modification to improve solubility,'?!-122 change in steric topology or immobi-

lization of the catalyst.!?>126

Typically bipyridine derivatives or branched N-alkyl polyamines chelators have
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utilized. However, other ligands with different denticity, bite angle, basicity and
steric topology were also studied in order to provide data of possible rationalization
of the synergy between the metal and ligand, showing the crucial role of the ligand
in the effectiveness of CRP.!18:127.128

Imidazol-2-yl ligands play an important role in coordination chemistry due to

129-132

their higher basicity when compared to pyridines, 1 H-deprotonation abili-

28,133-135 136-138

and possible N-derivatization and in this line of reasoning Yama-

ty

mura and Matyjaszewski'2°

showed that the tripodal ligands bearing 2-pyridyl and
2-imidazoyl moieties were active for Cu-mediated ATRP. Electron donation have
been increased with the number of imidazole moieties, leading to complexes with
higher formation constants and catalytic activity.

Previous studies revealed that substituted-terpyridines have been successfully used
as catalysts in the ATRP,'?! specially for polymerization of vinyl acetate!?%-140 thus
we have decided to explore the 2,6-di(1H-imidazol-2-yl)pyridine (H,dimpy) as a
ligand with Cu(I)-mediated for controlled polymerization (ATRP). This ligand com-
bines the denticity of terpyridine, an enhanced electron donor character of the imida-
zole moieties'*! and the possibility of N-derivatization to address solubility demands.

142,143

In order to prove the structural similarity with terpyridine-Cu(Il) complexes, a

thorough characterization of H,dimpy-Cu(Il) have been described.
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4.2 Results and discussion

4.2.1 Syntheses

The Hodimpy ligand was synthesized using the procedure described by Voss and
co-workers.!” The product was characterized using spectroscopic and spectromet-
ric techniques and results were consistent with literature data.!”-!** The copper(Il)
complex have been synthesized adapting the method described by Stupka and co-
workers!3* for other transition metal complexes of the Hodimpy ligand. The product
was obtained as a dark-green powder, that was further dissolved in methanol/H,O

and, after evaporation at rt, yielded single crystals suitable for XRD.

4.2.2 Ligand characterization

The 'H NMR spectrum in DMSO-dg showed two distinct series of peaks in the
aromatic region, one that can be assigned to the 2,6-substituted-pyridine moiety in
7.96, 7.90 and 7.88 ppm and two other peaks in 7.47 and 7.14 ppm that can be
assigned to the 2-substituted-imidazole moiety. It was also possible to observe the
signal of the amine hydrogens in 12.85 ppm. Results show a non-equivalence of
the hydrogens in the imidazole moiety that was not described in literature for this
molecule.!”-13* This occurs due to the slow intermolecular proton exchange of dry
sample.!** The *C NMR spectrum of the ligand showed six signals, as expected, in
117.8 118.9, 130.2, 138.2, 146.1 and 148.2 ppm. The ESI-MS spectrum of the ligand
showed the mono-protonated molecular ion at m/z 212 and the double protonated

molecular ion at m/z 106.5. These results were consistent with literature.!”
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4.2.3 Cu(I)-ATRP assays

The synthesis of polystyrene (PS) homopolymers via ATRP is a well-established
methodology in literature, hence it was used as a standard reaction to evaluate the
performance of H,dimpy as a ligand for ATRP. Catalysts based on copper have been

widely studied and reported in literature.!?! 145-147

Two independent systems, using
the monomer itself (bulk polymerization) or dimethylformamide (solution polymer-
1zation) as solvents to prepare Cu(I)/Hodimpy complexes, were used. Both reactions

were carried out at 110 °C during 18 h. The chemical equation is shown in Figure

1
\ H = Br
@*fBr/ CuBr / Nw/fwj\(—“
\\.N HNJ? _ n
18hat 110 °C
Under Ar

[monomer]:[initiator]:[CuBr]:[ligand]
200 I 1 % 1.5

Figure 4.1: Chemical equation of the styrene Cu(I)-ATRP assays.

Gel permeation chromatography (GPC) curves of polystyrene synthesized from
bulk (PS-b) or solution (PS-s) polymerization are shown in Figure Monomodal
and multimodal GPC curves were observed by PS-s and PS-b, respectively. The
number average molecular weight (M,,) and polydispersity index (M,,/M,, = D) val-
ues of PS-b and PS-s are shown in Table[4.1l GPC measurements indicated that PS-b
and PS-s presented 1.7 and 1.3 D values, respectively.

One of the literature criteria used to define a controlled polymerization is based

on the D values, where M,,/M,, < 1.5 is considered a narrow molecular weight distri-
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Figure 4.2: GPC curves of PS-s and PS-b homopolymers.

Table 4.1: Molecular parameters obtained for the PS homopolymers.

Polymer M, (gmol 1)® D Mpgyy(gmol™') M, (theo) (g mol™!)

PS-b 2,100 1.7 6.800 20,800
PS-s 16,300 1.3 20,400 20,800

“ Determined by GPC with THF as the eluent with respect to polystyrene standards.
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bution.! 18145148199 Normally, very narrow D values (M,,/M,, < 1.2) are obtained at
low monomer conversion rates and/or by using solvent in the polymerization.!%-152
Poor controlled reaction was achieved for PS synthesized under bulk condition due
to the Hydimpy hydrophilic character not providing suitable conditions for its solu-
bilization in styrene [1:1.5 molar ratio styrene:Hsdimpy].

Other important observation was the formation of a green suspension in the re-

action medium, that is typically assigned to the copper(Il) intermediates, 331

sug-
gesting the formation of a resting state that disrupts the polymerization and leads to
the product with lower molar mass and high polydispersity. On the other hand, in the
PS synthesis in DMF solution the reaction medium was homogeneous and lead to a
better controlled polymerization, as determined by GPC, reinforcing the importance
of a good solubility of the ligand and the copper(Il) intermediate to the controlled
catalysis.

According to proton nuclear magnetic resonance (\-H NMR) measurements, the
chain end functionality of the PS homopolymers was confirmed. Additionally, these

homopolymers were made up of around 91 and 122 styrene monomeric units, per

bromide chain end.

a a
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c ,fl \\\ \
HC. 2 - H _Br
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L8 .5 )
\‘\._ /' d |/ S D| h“‘\\‘..\b )\
o N e u
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& & 4 3 7 1
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] T

Figure 4.3: 'H NMR spectrum of the PS-s with inset showing the 4.60-4.35 ppm range magnification obtained
in the 500 MHz spectrometer.
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Figure shows the proton nuclear magnetic resonance (\H NMR) spectrum of
PS-s synthesized via ATRP. The signals at 4.60 - 4.35 ppm were attributed to the
hydrogen located in the « position of the bromine chain end (hydrogen “a”), con-
firming the existence of a bromide end group in the PS homopolymers. The complex
asymmetric shape of these signals depends on the differences in the chemical envi-
ronments of the polymer chain (i.e. polymer tacticity, the restricted motion of the end
groups and conformation effects).!>® Based on the signal intensity ratios between the
7.37 - 6.21 ppm range and those in the 4.60 - 4.35 ppm range, the calculated molec-
ular weight by 'H NMR (Mpgyy) of PS-s, considering the ratio monomer:chain end,
was ca. 20,400 g mol L.

Comparing this result with the one obtained for the controlled polymerization of

21 we have also observed that the solu-

styrene using terpyridine and its derivatives,'
bility of the Cu(Il) intermediate was a limiting factor for a better controlled reaction
with lower polydispersity. Our result, for the polymerization using DMF as solvent,
was in agreement with the described for the alkyl-substituted terpyridines with a
polydispersity lower than 1.3, suggesting a controlled behaviour and confirming that
the solubility of the catalyst and its intermediate is central for Cu(I)-mediated ATRP.

An importante feature that H,dimpy has is that alkyl-substitution is easier achiev-
ed when compared with terpyridines. The reactive amine moiety of the imidazole
allows the easy addition of a hydrophobic alkyl group via a simple nucleophilic sub-
stitution with the corresponding alkyl halide.!?”-1°7-15 ‘While for the terpyridines,
a palladium catalyzed coupling is needed for the production of an alkyl-branched

derivative. Showing the versatility of the imidazol-2-yl moieties as ligand, allowing

the tuning the catalyst for different media, increasing or decreasing the hydrophobic-
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ity of the copper complex.

4.2.4 Copper(Il) complex

During the polymerization reaction of styrene in the absence of solvent, the for-
mation of a dark-green powder was observed. Attempts to isolate and characterize
this residue were unsuccessful and consequently Cu(Il) complex was synthesized
to provide structural information for possible intermediate. Suitable single crystals
were obtained when CuCl, - (H,0), reacted with H,dimpy in 1:1 ratio. However
even if the halide used in the synthesis is different from the bromide complex possi-
bly produced during the polymerization reaction, these results can give insight into
the possible structure of this intermediate. Moreover, analogue copper(Il) complexes
with the 2,6-di(benzimidazol-2-yl)pyridine and or terpyridine were obtained with

CthI.ide_121,142,l43,16{)

Crystal structure

A single crystal suitable for XRD was obtained and refinement revealed a dimeric
structure with two chloride bridges with an overall [Cu,(H,dimpy),(11—Cl), J(PF;), -
2 H,0 formula (Table . The dimeric structure has an inversion center (C; point
group) positioned half-way between the two p-Cl bridges resulting in observation of
one unique atom of each type (Figure[4.4). Only one imidazole ring is involved in hy-
drogen bonding with the unique water molecule in the crystal [N(5)- - - O(1)=2.821(3)
A, angle N(5)-H(5)-O(1) ca. 161.9°]. The presence of the PF, counter-ions confirms
that the ligand is not deprotonated in the complex.

Some selected bond distances and angles are shown in Table It 1s possible
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Figure 4.4: ORTEP image of the complex [Cu,(H,dimpy),(x—Cl),](PF), - 2 H,0.

Table 4.2: Data from the single-crystal XRD of the [Cu,(H,dimpy),(x—Cl),](PF), - 2 H,O complex

Molecular formula
Formula weight ( Da)

A (Mo Koy, A)
Space group
Crystal System
a(A)

b (A)
¢ (A)

BC)

V (A%

Z
T (K)

Peate (g cm™?)
F(000)
Reflections collected/unique
Data/restraints/parameters
Ry, wRs [1 > 20 (I)]
Diff. peak and hole (e/A?)
Goodness of fit in F?

[Cu,(C,,H,,N;),CL [(PF,), - 2H,0

0946.44
0.71073
P2,/e
Monoclinic
12.744(3)
6.873(1)
18.606(4)
102.255(4)
1592.5(5)

2
100
1.986
952
25865/3653 [R,;,,; = 0.0528]
3653/0/241
0.0315, 0.0785
0.55, -0.42
0.902
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to conclude that the Cu(p-Cl)9Cu core 1s rhomboid, where the copper is the obtuse
vertex (93.61°) and the chloride the acute vertex (86.39°), with the Cu(1)-Cu(la)
distance of 3.4811 A and the CI(1)-Cl(1a) of 3.702 A. Cu(Il) is in a distorced square-
pyramidal geometry (7= 0.301, using o = 158.43 and 3 = 176.48)'°! and the Cu(u-
Cl),Cu dimer can be classified as parallel showing a 0.562 A difference between the
Cu-Cl,;.q and the Cu-Cl,, s, bond distances, which is consistent with literature data
for copper(Il) complexes with the Cu(u-Cl);Cu core,!42 143, 162-164

The structure is different from one obtained for the analogous complex with 2,6-
bis(benzimidazol-2-yl)pyridine!®® that is also neutral but has two chloride ligands
per Cu(Il) giving the same coordination geometry but without the ;-Cl bridge. This
can be related to the presence of PF ions in this case but the different Lewis basicity

of these ligands cannot be ruled out.

Table 4.3: Selected bond distances and angles from the single-crystal XRD of the complex

Bond distance (A) Angle (°)

Cu(1)-CI(1)  2.2441(7) Cu(1)-CI(1)-Cu(la)  86.39(2)
Cu(la)-CI(1) 2.8063(8) CI(1)-Cu(1)-Cl(1a) 93.61(2)
N(3)-Cu(l)  1.978(2) N(1)-Cu(1)-N(4) 158.43(9)
N(D-Cu(l)  1.991(2) N(4)-Cu(1)-CK(1) 176.48(6)
N@4)-Cu(l)  2.001(2) N(3)-Cu(1)-Cl(1a) 95.82(6)
Cu(1)-Cu(la) 3.4811(8) N(4)-Cu(1)-Cl(2a) 89.81(6)
CI(1)-Cl(1la)  3.702(1)  N(3)-C(10)-C(5)-N(4) -1.4(3)
N(3)-CI(1)  4220(2) N(1)-C(1)-C(4)-N3) -0.2(3)
O(8)-H(26)  1.992(3)

The shortest Cu(II)-N distance is for pyridine N(3), 0.023 A smaller than for
imidazole N(4) and 0.013 A for the other imidazole N(1) which is consistent with
the rigidity of the tridentate ligand resulting in a relatively short N(3)-Cu(1)-N(5)

angle (158.43°) for the frans imidazoles. The three rings in H,dimpy are almost
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coplanar with torsion angles N(3)-C(10)-C(5)-N(4) and N(1)-C(1)-C(4)-N(3) near
0°. Moreover, CI(1) in the base of the pyramid is frans to pyridine with a nearly
linear angle (176.48°) which confirms that Cu(Il) is sitting in the base of the pyramid.

A powdered sample of the crystals was analysed by FT-IR and compared to the
spectrum of the free ligand (Figure . Two absorption bands at 559 cm™! and
831 cm™! present in the spectrum of the complex and absent in the ligand’s can
be assigned to PF; stretching modes.'® 1% Bands at 1448 cm™! and 1467 cm™!
present in the spectrum of the ligand are shifted to 1402 cm ™! and 1431 cm ™! upon
coordination and can be assigned to C=N stretching modes suggesting coordination
through 1mine moieties. The N-H stretching bands also corroborates this type of
coordination. In the ligand, two bands are observed at 3319 and 3353 cm~ !, but in
the complex only one broad band is observed at 3371 cm™~!, suggesting the gain of
symmetry and the strengthening of the bond. This result is in agreement with the

structure observed by crystallography.

Magnetic characterization

The magnetic behaviour of the complex was studied in the 2-300 K temperatu-
re range and in order to confirm that the crystalline structure did not change with
temperature we have determined unit cell parameters at rt and we have observed that
the only change was the predicted expansion of the cell (See Support Information)
with increasing temperature.

The experimentally determined bulk magnetic properties of the copper complex
are shown in Figure (Panel A, circles). At 300 K the product x /T, where s

represents the molar magnetic susceptibility, gives 0.83 K cm?® mol ™!, hence value
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Figure 4.5: FT-IR spectra of the copper(ll) complex and the H,dimpy ligand.

larger than that anticipated for two interacting S=1/2 spin-system (where x /T =
0.75 K cm® mol~! with Gavg = 2.00) being in thermal equilibrium according to the
Boltzmann distribution between triplet and singlet states. Upon lowering the temper-
ature, the ;T product increases slowly and then sharply below 25 K, providing a
clear indication that the dominating inter and intramolecular interactions in the bulk
material are ferromagnetic in nature. However, the observed magnetic trend is very
complex.

The crystalline material shows formation of zig-zag chains with short intermolec-
ular contacts among the dimeric units. The system can be best described according
to the Heisenberg Hamiltonian (H = Zi,j J;.j5:S;) including Zeeman effect in terms
of three interacting (S=1/2)-spin system (S;=3/2, quartet) according to the model

A in the temperature range 5-300 K (Figure Panel B) and as fully interacting
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dimers (quintet) below 5 K, according to the model B (Figure Panel C). The
numerical results are given within the panel B and C for simplicity, where positive
J indicates antiferromagnetic interactions and negative J the ferromagnetic interac-
tions. Simulations have been carried out by considering an applied field of 0.5 T in
line with the experimental conditions employed, an averaged g-value (g,,,) of 2.00
and a diamagnetic contribution of 9.2x107* cm? mol 1.

In order to investigate in more detail the exchange interaction between the metal
centers we performed broken-symmetry U-DFT calculations with the structure ob-
tained by XRD. Calculations considered only the dimeric structure, neglecting water

and PF,. Magnetic coupling analysis resulted in data presented in Table and use

67, 168

of Equation}4.1 results in ./ = 1.1 cm~!. This is indicative of a ferromagnetism

in agreement with the experimental results.

_ Ens — Eps
( Sm ar ) 2

The spin density (Figure reveals a great contribution from Cu(Il) d,2_,2 or-

J = (4.1)

bitals and H,dimpy o orbitals from both centers. This was expected based on the
fact that the unpaired electron must be in the more destabilized 3d orbital, the one
directed to the ligands. It can be seen that spin density is also spread over both chlo-
ride bridges, suggesting that the mechanism for exchange interaction may be through

them.

Characterization in solution

A solubility assay was made and showed that crystals are very soluble in water,

soluble in DMF and methanol and almost insoluble in non-polar solvents, revealing
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Figure 4.6: A) Experimental magnetic susceptibility in the 2-300 K temperature range and theoretical fittings
based on two different models (B and C) for exchange interaction in dimeric [Cu,(H,dimpy),(x—Cl), (PF), -
2H,0.
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Figure 4.7: Spin density obtained from U-B3LYP/def2-TZVP using the experimental geometry of the dimeric
[Cu,(H, dimpy)g(,u.—Cl)z]2+ unit in the triplet state (S = 1).

the high polarity of the complex.

The ESI-(+)-MS spectrum (See Support Information in the end of the chapter)
shows the [Cu(H2dimpy)CI]" molecular ion at m/z 309 and 311 but the most intense
peaks were assigned as the [Cu(Hdimpy)]" fragment at m/z 273 and 275. Moreover,
the fragments [Cu(Hdimpy)(MeOH)]" at m /2 305 and 307 and [Cu(Hdimpy)(H,O)]*
at m/z 291 and 293 were observed. All three fragments originated from the loss of
HCI from the molecular ion suggesting the lability of the chloride and the protic
character of the amine hydrogen in the complex. All peaks have copper isotopic
pattern distribution.

The MS/MS analysis of the molecular ion at m/z 309 showed the formation of an
intense peak at m/z 273, confirming the assignment of the [Cu(Hdimpy)]* fragment
as well as the 1:1:1 copper:Hadimpy:chloride proportion in the first coordination
sphere for the compound.

UV-Vis spectra of both Hadimpy ligand and complex are shown in Figure
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Figure 4.8: UV-Vis spectra of the H,dimpy in MeOH and the copper(1I) complex in H,O.

The ligand spectrum shows three intense bands at 206, 277, 318 nm that could be
assigned to m — 7" bands. It is possible to observe a redshift in all three bands upon
coordination with Cu(Il). The spectrum of the complex also revealed a very weak
and broad band at 680 nm that can be assigned to a d — d band. In comparison
with the UV-Vis spectrum of copper(Il) chloride dissolved in water (814 nm) there
is a blueshift, which is consistent with an increase in ligand field after coordination
through the imine moiety (See Support Information).

The energy of the d — d band is consistent with pentacoordinated Cu(Il) in a

6

square-pyramidal structure,'®® suggesting presence of the solvent molecule as the

fifth ligand or mantainance of the dimer observed in the solid state in analogy with
other examples with chloride and N-donor ligands, !4 143,162,164

Ciclic voltammetry of the complex in acetonitrile solution (Figure [4.9) revealed
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Figure 4.9: Ciclic voltammetry of the complex in acetonitrile at 100 m V s~ 1.

that Cu(II)/Cu(I) reduction occurs irreversibly at E,. = —0.69 V vs Ag/AgCl. There
are two irreversible processes at E,, +0.51 and +1.22 V that can be assigned to
oxidation of Cu(I) and the ligand, respectively. This electrochemical behaviour is
in agreement with similar complexes, e.g. with modified terpyridines with imidazol
in the central pyridine ring in which the Cu(II)/Cu(I) reduction occur around E,,. =
—0.2 vs Ag/AgCL.'""% The lower reduction potential observed in the present case
confirms the higher Lewis basicity of H,dimpy in comparison to the terpy ligand.
The irreversibility of the Cu(II)/Cu(I) reduction process can be explained by a high
lability of the [Cul(szimpy)Cl] formed upon reduction. The high lability can be
associated with the efficiency of the Cu(l) assisted polymerization since the catalyst

must be regenerated in each step of the catalytic cycle.
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4.3 Conclusion

The Cu(I)/Hadimpy complex was successfully applied to obtain polystyrene via
ATRP using DMF as a solvent. Futhermore, polystyrene synthesized in these con-
ditions presents controlled molecular weight and a relatively narrow polydispersity,
similar to the result obtained with terpyridine derivatives.'?! Without DMF as sol-
vent, a non-controlled polymerization occurs and can be assigned partially to the low
solubility of the ligand H,dimpy in styrene and to the formation of a green copper(1l)
intermediate, highly insoluble, that removes the catalyst from the medium. To inves-
tigate this possible catalyst intermediate, a novel copper(Il) complex with 2,6-(1H-
imidazol-2-yl)pyridine was synthesized and obtained as a green powder that crystal-
lized in water/MeOH to give dark green-bluish crystals. The ESI-(+)-MS showed the
1:1:1 proportion between H,dimpy:Cu(Il):chloride and the lability of the chloride in
aqueous solution. Spectroscopic analysis confirmed the coordination via the imine
moieties and suggested the formation of a pentacoordinated copper(1l) complex that
was confirmed via single-crystal XRD. The crystal structure showed a dimeric com-
plex with formula [Cu,(H,dimpy),(1—CI),](PF), - 2H,0, in which Cu(Il) is in a
distorted square-pyramidal geometry.

In the ATRP reaction, it is expected a similar ”square-like” structure for the cop-
per(Il) bromide intermediate, without the halide bridge due the size of bromide, and
with a similar hydrophilicity, reinforcing the importance of the solvent for the homo-

geneity of the catalytic system.
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4.4 Experimental

4.4.1 Materials and methods

Materials

Styrene (>99%), copper(I) bromide (98%), (1-bromoethyl)benzene (97%), 2,6-
pyridinedicarbonitrile (97%) and 2,2-diethoxyethylamine (98%) were purchased from
Sigma-Aldrich. Potassium hydroxide (<85%) was purchased from Fluka Analyti-
cal. Methanol, diethyl ether (Et,O), dimethylaformamide (DMF), tetrahydrofuran
(THF) and copper(II) chloride dihydrate (>99%) were purchased from Vetec-Sigma
(Brazil). Sodium lumps were purchased from Riedel-de Haén. All reagents were
used as received from commercial source, with no further purification, except when

noted.

Removal of inhibitors present in the monomers

Equal volumes of styrene and aqueous NaOH solution (10% w/v) were vigorously
stirred in a 500 mL separation funnel. Then, phase separation was observed and
the bottom phase was discarded. The upper phase was washed three times with
distilled water, always discarding the bottom phase. After that, the styrene fraction
was distilled at 40 &= 2 °C and the pure styrene was collected in a flask immersed in

liquid nitrogen.

Physical Measurements

Electronic spectra in the 190-1100 nm range were acquired by using a 1.00 cm

quartz cuvette in a diode array HP8453 UV/Visible absorption spectrophotometer
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equipped with a HP89090A Peltier.

Electrospray ionization mass spectrometry (ESI-MS) measurements were carried
out using a Waters Quattro Micro APIL. Samples were evaluated in the positive mode
in an 1:1 methanol:water solution with addition of 0.10% (v/v) formic acid.

IR spectra were measured using a Bomem MB-Series Model B100 FI-IR spec-

trophotometer in the 4000 - 400 cm™! range with resolution of 4 cm™?,

Samples
were prepared as KBr pellets.

Gel permeation chromatography (GPC) measurements were performed using a
Viscotek GPCmax VE 2001, equipped with Viscotek VE 3580 RI Detector and three
Shodex KF-8060M columns working at 40 °C. Degassed THF was used as an eluent
(1 mL min~!) and as a solvent to prepare 8.0 mg mL~! sample solutions. The PS
molecular weights were determined using polystyrene standards.

'H NMR spectra of the polymers were obtained in deuterated chloroform solu-
tions (CDCl;) using a Bruker Avance III - S00MHz (11.7T) spectrometer operating
at 499.8731 MHz.

The cyclic voltammetric (CV) measurements were performed using a PGSTAT-30
potentiostat model from AUTOLAB (Eco Chemie, Netherlands) interfaced to a com-
puter controlled by the NOVA (v.1.10) software. A conventional electrochemical cell
with three electrodes was used. Ag/AgCl as reference electrode, a coil of platinum
wire as auxiliary and glassy carbon electrode (GCE) without modifications as work-
ing electrode were used for all the measurements in acetonitrile medium containing
lithium perchlorate (0.1 mol L™1). Oxygen was removed by bubbling nitrogen for

10 min through the solution before each electrochemical measurement. GCE sur-

face was previously cleaned mechanically by polishing with 1.0, 0.3, then 0.05 pm

Laboratory of Coordination Chemistry 72



CHAPTER 4. H,DIMPY AS A LIGAND FOR CU(I)-MEDIATED ATRP Eduardo Guimardes Ratier de Arruda

alumina in water slurry on microcloth pads. Adherent particles were removed from
the electrode surface by rinsing with double distilled water, followed by sonication
in ethanol:water (50:50, v/v) solution and further rinsed with double distilled water
before dried at air.

Temperature dependent dc magnetic susceptibility was performed on dried pow-
der sample using Quantum Design MPMS XL Superconducting Quantum Interfer-
ence Device (SQUID) magnetometer during cooling from 300 K to 5 K under an
applied field of 0.5 T.

The crystallographic measurements were obtained with a Bruker Kappa APEX
II Duo diffractometer with Mo-Ka radiation (A = 0.71073 A). The measurement
was made at 100 K using the Oxford Cryostream 700 cryostat. The structure was
solved and refined using SHELXL97.!"!  ORTEP diagrams was generated using
PLATON.!"2

4.4.2 Ligand Synthesis

A 100 cm? flask was filled with 2,6-pyridinedicarbonitrile (10 mmol) and MeOH
(10 cm?), and a 30% solution of NaOMe in MeOH (0.4 cm®, 1 mmol) freshly pre-
pared. The reaction mixture was stirred for 2 h at rt. and 2,2-diethoxyethanamine
(2 equiv.) was added followed by AcOH (1.2 cm?, 20 mmol). The reaction mixture
was heated to 50 °C for 1 h and cooled to rt. MeOH (20 ¢cm?) and 6 mol L' HCl in
H,0 (5 cm?) were added, and the reaction mixture was kept under reflux for 5 h.

Once the previous step was completed, the solvent was removed on a rotatory
evaporator, and the residue was taken up in a 1:1 mixture of H,O and Et,O (30

cm?®) and two layers separated. The pH of the aqueous layer was adjusted to 8-
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9 with 2 mol L' aqueous KOH, and aqueous mixture was stirred for 30 min to
allow complete precipitation of the product. The solid was collected by filtration and
dried under vaccum to provide pure 2,6-di(1H-imidazol-2-yl)pyridine (Hodimpy).
The compound was obtained as a white solid with 70% yield. ESI-MS (MeOH): m/z
212 [Hydimpy]* and 106.5 [(H,dimpy)];. "H NMR (400 MHz, DMSO-dg) § 12.85
(s, 1H), 7.96 (s, 1H), 7.90 (s, 1H), 7.88 (s, 1H), 7.47 (s, 1H) and 7.14 (s, 1H). 13C
NMR (125.7 MHz, DMSO-dg) 6 148.2, 146.1, 138.2, 130.2, 118.9 and 117.8.

4.4.3 Preparation of polystyrene via ATRP

The [monomer]:[initiator]:[CuBr]:[ligand] ratios used in this section were 200:1:-
1:1.5. Styrene (10.0 mL, 87.3 mmol) and (1-bromoethyl)benzene (0.060 mL, 0.436
mmol) were added to a Schlenk flask under continuous argon flux (positive pres-
sure). The mixture was degassed by four freeze-pump-thaw cycles. After each thaw,
the Schlenk was opened under argon flux (5 seconds), to remove the released gases
from the solution and again closed under argon atmosphere. Then, CuBr (0.062 g,
0.436 mmol) and H2dimpy (0.125 g, 0.654 mmol) were dissolved in DMF (5 mL)
and were added dropwise into the frozen mixture under argon flux. The mixture was
degassed by further two freeze-pump-thaw cycles. The Schlenk flask was then im-
mersed in a pre-heated oil bath at 110 °C. After 18 h, THF (20.0 mL) was added to
solubilize the solid product. The resulting mixture was permeated through a column
filled with alumina (0.15 m length), using THF as an eluent in order to remove the
metal complex catalyst from the polymeric solution. The polymeric solution was
precipitated in methanol followed by drying under vacuum at 40 °C until reaching

constant mass, thus obtaining a white solid product.
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4.4.4 Complex synthesis

A solution of CuCl, - 2H,0(34.1 mg, 0,2 mmol) in 3 cm® of water was added
to the solution of 2,6-di(1H-imidazol-2-yl)pyridine (42.1 mg, 0,2 mmol) in 3 cm?®
of methanol. After 15 min, a saturated solution of NH,PF, was added to promote
the crystallization of the product. The resulting deep green solution was reduced
by rotatory evaporation and upon cooling the complex precipitated as a dark green
powder which was filtered off and washed with Et,O and single crystals suitable for
XRD were obtained by slow evaporation of a H,O/MeOH solution. The compound
was obtained as a deep green solid with 52% yield. ESI-MS (MeOH): m/z 309 and
311 [Cu(H,dimpy)CI]*, 273 and 275 [Cu(Hdimpy)]*. A nm (L mol~! em™!) in
MeOH: 257 (2991), 311 (3244), 376 (1502) and 707 (14).

4.4.5 DFT calculations

Magnetic coupling constants were calculated by the broken-symmetry U-DFT
approach, as implemented in Orca version 3.0.0.!”> The calculations were run on
top of the structure determined by X-ray diffraction using B3LYP!"*!7> functional
with a triple zeta valence polarized basis set constructed considering relativistic ef-
fects (def2-TZVP).'7® The reported .J values were calculated according to the litera-

ture. 167,168
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Support Information - Hodimpy as a ligand for Cu(I)-mediated ATRP.

Table 4.4: Data from the single-crystal XRD of the [Cu,(H,dimpy), (;:—Cl),](PFy), - 2H,0 complex sample
at room temperature.

A (Mo Ka, A) 0.71073

Space group P2,/c
Crystal System  Monoclinic
a(A) 12.8088(5)

b(A) 6.9009(3)

c (A) 18.8547(6)
B©) 102.050(2)
V (A% 1629.89(11)

T (K) 296(2)

Table 4.5: Magnetic coupling analysis obtained with broken-symmetry U-B3LYP/def2-TZVP. The XRD ex-
perimental geometry was used neglecting water and PF.

SHS' 1.0
9. 2.0054
B2, 1.0054

Eys -5628.915503 hartree
Ers -5628.915498 hartree
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Figure 4.10: ESI-(+)-MS spectrum of the copper complex in MeOH/H;0.

Laboratory of Coordination Chemistry TT



CHAPTER 4. H,DIMPY AS A LIGAND FOR CU(I)-MEDIATED ATRP Eduardo Guimardes Ratier de Arruda

100+ 273
-
309
250
O T T T T T T T T T T T T T T T Ty T Tt T t T T T T f T T miz
40 B0 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360

Figure 4.11: ESI-(+)-MS-MS spectrum of the peak at m/z = 309 corresponding to the [Cu(H,dimpy)C1]*
fragment.
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Figure 4.12: UV-Vis spectra of the copper(II) complex and CuCl, in H,O.
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Figure 4.13: UV-Vis spectra of the copper(II) complex in H,O and in the solid state.
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Chapter 5

Conclusion and Perspectives

5.1 Conclusion

A series of 2-(1H-imidazol-2-yl)heteroaryl ligands were synthesized and their
properties were investigated extensively. The effect of the number and relative posi-
tion of nitrogens, in the six-membered N-heterocycles, were evaluated by 'H and 13C
NMR and pK,H measurements. It showed that increasing the number of nitrogens
leads to a strong electron-withdraw effect of the N-heterocycles over the imidazole
moiety, but the relative position of the nitrogen can tune the properties and even
increase the basicity of the system.

The 2-(1H-1imidazol-2-yl)pyridine (Himpy), the simplest ligand of the series, was

8 in order

used to synthesize a Ru(Il) complex, previously described in literature,?
to evaluate the bidentate binding site of this ligands. Due to the non-symmetric
behaviour of the ligand, two possible isomers were expected. However, only the
meridional isomer was observed. The solvatochromic behaviour of the complex was
investigated, but for a accurate description of the MLCT transition a theoretical study

1s proposed.

81



CHAPTER 5. CONCLUSION AND PERSPECTIVES Eduardo Guimardes Ratier de Arruda

In order to evaluate the monodentate binding sites of the pyrazine moiety of the 2-
(1H-imidazol-2-yl)pyrazine (Himpz) ligand, a pentacyanidoferrate(Il) complex was
synthesized. The characterization confirmed the expected coordination and showed
interesting electrochemical and spectroscopic properties. The pH-dependent be-
haviour of the redox potentials and electronic spectra is strongly related with the
free imidazole moiety that is uncoordinated and free to be protonated.

Aiming at a synthetic application, the tridentate ligand 2,6-di(1H-imidazol-2-
yDpyridine (Hodimpy) ligand was used in a Cu(I)-mediated controlled polymeriza-
tion catalysis. During the catalytic reaction a Cu(Il) intermediate was observed and
in order to evaluate it properties a new Cu(Il) complex was synthesized. The solution
characterization of the complex suggested a pentacoordinated complex with 1:1:1
proportion between copper:Hsdimpy:chloride. This was confirmed by the single-
crystal XRD structure that showed a dimeric complex with g-chloride bridges as the
fifth ligand. The magnetic measurements showed a ferromagnetic coupling in the
solid that was consistent with the theoretical data for the dimeric system. The cyclic
voltammetry showed the Cu(l/II) redox potential and the redox active behaviour of

the ligand.

5.2 Perspectives

It was proved that the 2-(1H-imidazol-2-yl)heteroaryl compounds are an interest-
ing class of ligand for coordination chemistry. Their versatility arises of the tuning
of their properties by changing the number and relative position of nitrogens in the

N-heterocycle or the number of 1H-imidazol-2-yl moieties. A diversity of prop-
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erties could be observed in their complexes due to the m-acceptor character of the
azine/diazine moiety and the protonation versatility of the imidazole. The investi-
gation of the kind of ligands is suggested due to their promising application for it,
such as in catalysis, magnetic materials, spin-crossover complexes, supramolecular

chemistry and molecular devices.
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