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ABSTRACT: The combination of [Co™ {k*N,0-NC4H;-C(H)=0},(PMe3),] (1) and tert-butyl-o-
bromoisobutyrate (tBiB-Br) is a suitable initiation system for controlling the radical polymerization
of styrene, by an Atom Transfer Radical Polymerization (ATRP) mechanism, below 70 °C and of
methyl methacrylate, by an Organometallic Mediated Radical Polymerization (OMRP)/Catalytic
Chain Transfer (CCT) interplay mechanism, below 50 °C. The pure ATRP nature of styrene
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polymerization allowed the synthesis of the polystyrene-b-poly(methyl methacrylate) block
copolymer, as confirmed by GPC/SEC and DOSY NMR studies. Attempts to isolate a Co(III)
species containing a Br atom (Co(III)-Br), supposedly a key ATRP deactivator , by reacting 1 and
tBiB-Br quantitatively afforded the cationic Co(Ill) complex [CO(HI){KZN,O-NC4H3-
C(H)=0},(PMes),]Br (2). Metathetic exchange reactions of complex 2 with TIX gave rise to
analogues of the type [Co™{k*N,0-NC4H;-C(H)=0},(PMe3),]X (3a, X=BF;; 3b, X=BPhy),
containing non-coordinating anions. In the absence of a radical initiator, complex 2 mediated the
formation of polystyrene and poly(methyl methacrylate), with poor control, likely via a Generation
of Activators by Monomer Addition (GAMA) mechanism. Complexes 3a and 3b, however, have
shown to be completely inactive. Addition of 0.5 equivalents of AIBN to 2, drastically improved the
molecular weight control in the polymerization of styrene, at 70 °C, through a reverse-ATRP

mechanism.
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Introduction

Reversible-deactivation radical polymerizations (RDRP) is a set of powerful tools to obtain well-
defined polymeric architectures leading to important applications in materials science and
technology. RDRP allows the synthesis of polymers with a predetermined molecular weight and
precise molecular weight distributions under mild reaction conditions.'! RDRP processes are
versatile enough to control polymer topology, composition and chain-end functionality. The control
in RDRP arises from rapid initiation and minimization of chain-breaking reactions, such as chain
transfer or undesired termination, by establishing an equilibrium between the propagating radicals
and dormant species.” RDRP processes can occur via Reversible Transfer (RT) or Degenerative
Transfer (DT). In RDRP by RT, a radical species is involved in the activation/deactivation
equilibrium of the propagating polymeric chain>® A particular case of RDRP by RT is Atom
Transfer Radical Polymerization (ATRP). In an ATRP process, an organometallic/coordination
compound is involved in an equilibrium with a halogen atom by means of a redox process, via
quick protection/deprotection of the polymeric propagating chain.** In RDRP by DT the control is
possible due to a transfer agent, by means of a transfer group.”

Whenever coordination/organometallic species are involved in RDRP, and the control
throughout the polymerization is based on the reversible homolytic cleavage of a metal-carbon alkyl
bond,*’ the process is called Organometallic Mediated Radical Polymerization (OMRP).® An
important phenomenon to point out is Catalytic Chain Transfer (CCT), occurring when an

organoradical, either per se or when stabilized by an organometallic deactivator, undergoes [-
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hydrogen transfer reactions.” CCT is likely dependent on the degree of stereochemical hindrance
and electronic effects induced by the coordination sphere of the metal complex and, more
importantly, on the nature of the monomer.'

The field of Cobalt Mediated Radical Polymerization (CMRP)'' has its origin in the use of
organocobalt(Ill) complexes to generate carbon-centred radicals, owing to the facile Co-C
homolysis, and to their propensity in exhibiting the persistent radical effect. By Co-R homolytic
cleavage, a one electron transformation occurs,'* leading to a carbon-centred radical R’ that initiates
polymerization, and a cobalt(Il) complex that acts as a persistent radical, being present in the
activation/deactivation equilibrium of RDRP. By these reasons, and taking into account the
properties of vitamin B12 complexes,”” porphyrinic Co(IIl) complexes have been part of the early
systems in CMRP, as pointed out in the seminal work of Wayland ez. al.,'* being one of the most

studied class of examples (Chart 1, A)."> Generally, molecular weight control is optimal when steric
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hindrance is high, because CCT is minimized. It was also found that increasing the donating
character of R substituents helps the controllability, since the equilibrium is shifted to the dormant
polymeric species, while the activity decreases. Complexes with sulfonated ligands have been used
for acrylic acid polymerization in aqueous media, giving rise to dispersities (D = My/M,) as low as
1.2.1

Bis(ketiminate) cobalt complexes have also been widely studied (Chart 1, B), especially for
the polymerization of vinyl acetate, producing polymers with B as low as 1.1."" In light of several
DFT studies, bis(acetylacetonate) complexes of the type Co(acac),L, (with L being pyridine,
tetrahydrofuran, dimethylsulfoxide or N,N-dimethylformamide, and acac being the acetylacetonate
ligand) have been developed (Chart 1, C),'"®?' leading to very active and controlled systems for a
wide range of vinyl monomers.'' Also in this case, the electron donating groups and the chelation
effect of the monomer improve the molecular weight control through the stabilization of the metal
mediator (the Co(acac), moiety).22 Aside from these quite explored examples, cobaltocene has been
applied in the ATRP of methyl methacrylate, leading to dispersities of 1.2.%

Our group has been involved in the synthesis and reactivity studies of cobalt complexes of
bidentate N,N-iminopyrrolyl and N, O-ketopyrrolyl ligands.”*** We have reported previously the
synthesis and characterization of the paramagnetic 19-electron complex [CO(H){KZN,O-NC4H3-
C(H)=0}2(PMes),] (Chart 1, 1),” which will now serve as the starting point of the present study,
owing to its resemblance with some of the Co(acac),L, mediators mentioned above. Therefore, in
this work, we present the first case of ketopyrrolyl cobalt RDRP mediation of styrene (Sty) and

methyl methacrylate (MMA), and attempt to obtain mechanistic insights into its behaviour.

II. /0-.,,,” | wNaz
>>:- Ol 0= Co\
G Co ) >~ - \ —,
S O/ | \O . N | (0]
L PMe
C 1
R=H E=0; R1=R,=Me L=pyridine
Ph R1=R,=CF3 tetrahydrofuran
4-OMeCgH,4 Ri=Me; R,=CF3 dimethylsulfoxide
2,4,6-Me;3CgH, Ry=R,=tBu N,N-dimethylformamide
4-SO3NaCGH4 E=NPh; Ry=Ph, R2=Me
R'=alkyl E=N(2,6-Me,CgH3); R1=Ph; R;=Me

Chart 1 Several cobalt-based compounds studied in RDRP: porphyrinic complexes (A), ketiminate and acetylacetonate
derivatives (B, C) and the complex of the present work (1).
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Results and Discussion

Homopolymerizations of styrene and methyl methacrylate mediated by complex 1 — ATRP
conditions: In order to work under ATRP conditions, complex 1 was combined with t-butyl-a-
bromoisobutyrate (tBiB-Br). The system 1/tBiB-Br was very active in the polymerization of Sty and
MMA, at temperatures ranging from 50 to 90 °C, and [monomer]:[1]:[tBIB-Br] ratios between
100:1:1 and 1000:1:1. No activity for this system was observed below 50 °C for Sty, and below 25
°C for MMA. Similarly, no activity was observed in the absence of either 1 or tBiB-Br (Sty auto-
initiation, observed at 90 °C, never exceeded 5% conversion). Figure 1 depicts the kinetics of
polymerization at different temperatures for Sty and MMA (see also Table S1 in ESI). The
polymerization of MMA (Figure 1a) always proceeded with a higher activity than that of Sty
(Figure 1b), but both cases follow a first order behaviour in Sty or in MMA. As expected, the

activity increased with increasing temperatures and higher monomer concentrations.
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Figure 1 First order kinetic plots (In([M]y/[M]) vs. time) for the homopolymerizations of MMA (a) and Sty (b), at 90
(squares), 70 (triangles), 50 (crosses) and 25 °C (diamonds). [Monomer]:[1]:[tBiB-Br]=500:1:1; V onomer: Violuene=:5
mL.

The plots of the number-average molecular weights (M,;) of the homopolymers obtained,
determined by Gel Permeation Chromatography/Size-Exclusion Chromatography (GPC/SEC),
versus the monomer conversion are represented in Figure 2 and show that the temperature plays an
important role. The system 1/tBiB-Br behaves relatively close to ideal at 50 °C in the
polymerization of MMA (Figure 2a), and below 70 °C for the polymerization of Sty (Figure 2b),

5


http://dx.doi.org/10.1039/c8nj00350e

Published on 27 February 2018. Downloaded by Freie Universitaet Berlin on 27/02/2018 14:12:00.

New Journal of Chemistry Page 6 of 29

View Article Online
DOI: 10.1039/C8NJO0350E

whereby the experimental molecular weights are close to the theoretical living polymerization line
(Mp={[M]/[tBiB-Br]}xconv).

In the case of MMA polymerization, the molecular weights are lower than the ones
predicted by the living polymerization line and this effect is more pronounced with increasing
temperatures, which is a consequence of a chain transfer-dominated polymerization. The P values
always lie between 1.6 and 1.2. The molecular weights lie lower than expected even for the best
results for the MMA polymerization (at lower conversions). Owing to the modest molecular weight
control exhibited in these polymerization reactions, additional experiments utilizing AIBN alone or
1/AIBN as radical initiators were performed (see Table S2 of the ESI). The polymerization of
MMA using 1/AIBN yielded polymers with molecular weights 1.1 to 1.7 times higher than the ones
obtained by mediation with 1/tBiB-Br (likely due to a non-quantitative decomposition of AIBN).
However, the molecular weights obtained with the 1/AIBN system are still dramatically lower (27
to 32 times lower) than those of the MMA polymerization with AIBN alone (classical free radical
polymerization conditions).

In Sty polymerization, the molecular weights lie closer to the ideal case, however having the
tendency do increase at higher conversions for reactions at higher temperatures, indicating the

minimization of unwanted termination reactions. The range of D values is between 1.8 and 1.3.
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Figure 2 Plots of molecular weight vs. conversion of MMA (a) and Sty (b), at 90 (diamonds), 70 (squares), 50
(triangles) °C. [Monomer]:[1]:[tBiB-Br]=500:1:1; Viyonomer: Viowene=9:5 mL. The straight lines represent the theoretical

living polymerization M,, values.
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The homopolymerization reactions involving complex 1 were also performed in 1,2-dichloroethane
or THF, from which no significant additional kinetic or molecular weight control effects have been
observed with respect to the reactions performed in toluene.

The '"H NMR spectra of the polystyrene (PS) samples obtained with controlled molecular weights
(Figure 3 (top)) display typically broad resonances and show atactic stereochemical configurations
(P=0.5). They also show a minor resonance at 4.7-4.5 ppm, corresponding to a terminal methine
proton (H® in Figure 3 (top)) of a bromine terminated polystyrene (PS-Br).*® The '"H NMR of the
poly(methyl methacrylate) (PMMA) formed under molecular weight controlled conditions (Figure 3
(bottom)) are typical of a highly syndiotactic-rich polymer (P>0.7), expected for a radical
polymerization.”” Furthermore, the '"H NMR spectra of the PMMA samples consistently show two
minor resonances, between 6.3 and 5.3 ppm, corresponding to the two geminal protons of the vinyl
end-group generated by p-hydrogen transfer reactions, and, between 2.6 and 2.3 ppm,

corresponding to the allyl protons of the same end-group.28

45 44 43
Sty * Sty Sty 3 4,5

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

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5
ppm

Figure 3 Stacking of typical '"H NMR spectra of the PS (top) (300 MHz, in 1,1,2,2-tetrachloroethane-d, (*), at 120 °C)
and of the PMMA (bottom) (300 MHz, in CDCl; (¥*), at 55 °C).[Monomer]:[1]:[tBiB-Br]=500:1:1; Vonomer: Violene=3:5
mL; reaction temperature: 70 °C for PS, and 50 °C for PMMA.
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Aside from NMR spectroscopy and GPC/SEC, selected polymer samples were analyzed by
MALDI-TOF mass spectrometry. In the case of styrene, inconclusive results were obtained owing
to the systematic failure in ionizing the respective samples. This property has been specifically
reported for bromine-terminated polystyrenes.” In the case of the analyzed PMMA samples (see
Figures S1 and S2 of the ESI), the lower molecular weight fractions revealed the absence of
bromine-terminated PMMA.

These observations indicate that, under ATRP conditions, the system behaves differently,
depending on the monomer.

Mechanistically wise, in the case of MMA, although initiation occurs through homolytic
cleavage, a Br termination could not be observed, ruling out an ATRP mediation. Additionally,
chain transfer reactions via B-hydrogen transfer of the PMMA chains are highly favoured, being this
process intensified at higher conversions and temperatures. For this reason, we propose that the
activation/deactivation process occurs via a OMRP/CCT interplay mechanism, whereby complex 1
is a persistent radical and reversibly protects to a certain extent the polymeric radicals (species
Co(II)-P, in Scheme 1), as evidenced by the experiments using 1/AIBN as mediator. This type of
mechanism interplay has been observed before, the first report by Poli et. al. using half sandwich
Mo(III)/Mo(IV) complexes.3 0

For the polymerization of Sty, other conclusions can be drawn. At higher temperatures and
conversions, recombination reactions and contamination effects from thermal initiation are favoured
(some PS GPC/SEC chromatograms at higher temperatures and conversions show bimodal
distributions), justifying the poorer control. At lower temperatures, termination reactions are
drastically minimized, occurring exclusively due to recombination with the bromine radical.
Polystyrenes with brominated end-groups are thus synthesized. Therefore, it is postulated that
styrene polymerization occurs via a pure ATRP mechanism, with the initiation of the
polymerization occurring by homolytic cleavage of tBiB-Br (Scheme 1), whereby a Co(Ill)
complex containing a Co-Br bond (Co(III)-Br) works as the radical chain deactivator species of the
polymerization process, being involved in a bromine atom transfer equilibrium with the radical

growing chain.

Page 8 of 29


http://dx.doi.org/10.1039/c8nj00350e

Page 9 of 29

Published on 27 February 2018. Downloaded by Freie Universitaet Berlin on 27/02/2018 14:12:00.

New Journal of Chemistry

View Article Online
DOI: 10.1039/C8NJO0350E

Initiation step:
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PMej

!
MMA CtBiB-Pn' J - tBiB-P,"

Co(lll)-P,
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Co(lll)-H

BiB-PyH |

Scheme 1 Proposed mechanisms for the homopolymerizations of Sty (ATRP) and MMA (OMRP/CCT).

Polymerization of MMA with a PS-Br macroinitiator mediated by complex 1 — synthesis of a
PS-b-PMMA block copolymer: Complex 1 combined with the previously synthesized PS-Br
macroinitiator successfully yielded a PS-b-PMMA block copolymer, in a polymerization reaction
with MMA. This polymerization reaction proceeded in a controlled manner (Figure 4a — see also
Table S1 of the ESI), at 50 °C, with an increase of the molecular weights and decrease of the b
values with conversion, varying from 1.76 to 1.36. The rate of this polymerization was lower than
the one of the corresponding MMA homopolymerization with the 1/tBiB-Br system. All of the
GPC/SEC chromatograms obtained throughout the copolymerization reaction correspond to

monomodal distributions and show lower retention times than those of the corresponding
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macroinitiator (Figure 4b). This indicates a successful chain extension of the polystyryl block with

methyl methacrylate units.

15000 - r3
13000 A PS-b-PMMA PS-Br
25
? 11000
) 2 @
= 9000 ;
r 15
7000
4 12 14 16 18 20 22
5000 T T T 1
0 0.05 0.1 0.15 0.2 retention time (min)
conversion
(a) (b)

Figure 4 (a) Plots of molecular weight (diamonds) and dispersity (triangles) vs. the MMA conversion throughout the
copolymerization reaction (the straight line represents the theoretical living polymerization M, values); (b) GPC/SEC
chromatograms of the PS-b-PMMA block copolymer (M,=12600 g mol', P=1.36) and the brominated PS
macroinitiator, PS-Br (M,=5500 g mol™, P=1.76). [MMA]:[1]:[PS-Br]=500:1:1; reaction temperature: 50 °C.

The "H NMR spectrum of the copolymer shows the expected resonances corresponding to both
polystyryl and poly(methyl methacrylate) blocks and the disappearance of the characteristic
resonance of a brominated polystyrene (see Figure S3 in ESI). The ratio of styrenic to methyl
methacrylate units is 1:1.69. The stereochemistries of the two blocks are similar to those observed
in the respective homopolymers.

To complement these results, Diffusion Ordered Spectroscopy (DOSY) NMR experiments
were performed. In the DOSY NMR spectrum of the block copolymer (Figure 5) it is possible to
observe that all of the styrenic and methyl methacrylate moieties have a single diffusion coefficient
(D) of 6.97x10™"° m” s, showing that, despite the difference in the structural natures of the two
blocks, a single entity is present in solution, thus confirming the presence of a true copolymer and

not a mixture of homopolymers.
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Figure 5 DOSY NMR spectrum of the PS-6-PMMA block-copolymer (500 MHz, in 1,1,2,2-tetrachloroethane-d,, at 25
°C).

Attempts to isolate the ATRP cobalt radical chain deactivator species: In an attempt to isolate
the complex species Co(III)-Br, proposed as a key species in the activation/deactivation
equilibrium of an ATRP process (see Scheme 1), the stoichiometric reaction of 1 and tBiB-Br was
performed. From a brown-yellow toluene solution of 1 and one equivalent of tBiB-Br, an orange
solid gradually precipitated. Washing of the resulting solid with toluene and recrystallization from
dichloromethane/n-hexane gave rise to the diamagnetic cationic complex [Co"™ {k*N,0-NC4H;-
C(H)=0},(PMe;),]Br (2) in a nearly quantitative yield (Scheme 2), possibly with concomitant
formation of organic products resulting from the recombination and/or disproportionation tBiB.
radicals. This cationic Co(IIT) complex is derived from the one-electron oxidation of 1 by tBiB-Br,
whilst maintaining its coordination sphere, and a bromine being present as the counter-anion.
Treatment of a dichloromethane solution of 2 with the thallium salts (TIBF4 or TIBPh4) smoothly
afforded quantitatively the complexes [CO(HD{KZN,O-NC4H3-C(H):O}2(PMC3)2]X (X=BFs (3a),

B(C¢Hs)4™ (3b)), by metathetic exchange of the bromine counter-anion by tetrafluoroborate and

11
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tetraphenylborate anions, respectively, with precipitation of thallium bromide (Scheme 2).
Complexes 2, 3a and 3b are insoluble in n-hexane, toluene, diethyl ether and THF and are soluble
in dichloromethane. These complexes are relatively stable to air, since they readily crystalized from
dichloromethane solutions exposed to air. This contrasts with the air sensitivity of complex 1,

particularly in solution.

PMeg —
/ov'l"’Cl Nz
o\
PMe3
1
OY(Br Toluene
tBu’O rt,72h
+
PMej
-0, C| Nz g
oY
N Yo
PMes3
2
CH,Cly, -TIBr CD,Cl,
rt,2h 7 B(C4Fs) rt, 2h
+ +
PMe; PMe; —
Ny 0. .
/O""'u(|3 g X 3 }‘Lo““.N 4
o\ N,z
</_£N/| o NT | Yo
PMes PMe3
3a: X=BF, [Br-B (CeFs)s]
3b: X=BPhy

4

Scheme 2 Attempts to isolate a Co(III)-Br radical chain deactivator species in the ATRP system 1/tBiB-Br.

The isolation of 2 did not afford the expected Co(IIl) complex containing a coordinated Br™ ligand.
A further attempt to trap such species, which is labelled as Co(III)-Br (Scheme 1), involved the
NMR-scale stoichiometric reaction of 2 and B(CgFs);, in CD,Cl,. However, the expected
abstraction of a PMejs ligand by B(C¢Fs); to give the neutral adduct (C¢Fs)B«—PMe; did not occur,
as no precipitate was observed in the reaction medium.’' Instead the formation of the cationic
complex [CO(IH){KZN,O-NC4H3-C(H):O}2(PMC3)2][BI‘B(C6F5)3] (4) took place, which contains the
same cationic moiety of compound 2 and the bromotris(pentafluorophenyl)borate anion resulting

from the addition of the Br” counter-anion of 2 to B(CgF5)s.
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Complexes 2, 3a, 3b and 4 are formally I18-electron diamagnetic species and were
characterized by NMR spectroscopy. The 'H NMR spectra of these compounds feature the expected
resonances for the formylpyrrolyl moiety and an intense triplet around 0.8 ppm, indicating the
presence of two trimethylphosphine for two formylpyrrolyl ligands. In addition, complex 3¢ also
shows the expected resonances for the tetraphenylborate counter-anion. The resonance
corresponding to the trimethylphosphine protons is a triplet (*Jyp=6 Hz), which is characteristic of a
proton-phosphorous virtual coupling in a complex displaying a phosphorus-metal-phosphorus trans
arrangement.”> The *C{'H} NMR spectra of these complexes display the expected resonances,
showing the same coupling pattern as far as the trimethylphosphine moiety is concerned — a triplet
consistent with a carbon-phosphorus frans virtual coupling (*Jep=13.5 Hz). It is also possible to
observe long range carbon-phosphorous couplings of the C3 and C5 carbons of the pyrrolyl moiety,
as they also appear as triplets, albeit with much smaller coupling constants. The *'P{'H} spectra of
these complexes show a singlet resonance at ca. 13 ppm, in accordance to similarly reported
compounds.®® The ""B{'H} resonances of complexes 3a, 3b and 4 appear between 0 and -7 ppm,

respectively, falling in the range of borate anions.*

X

Published on 27 February 2018. Downloaded by Freie Universitaet Berlin on 27/02/2018 14:12:00.

(a) (b)
Figure 6 (a) ORTEP-3 diagram of the X-ray diffraction structure of molecule 2, showing 50% probability ellipsoids,
with hydrogen atoms omitted for clarity. (b) Ball and stick representation of the superimposed X-ray diffraction
structures of complexes 2 (red), 3a (green) and 3b (blue), with hydrogen atoms and solvate molecules omitted for

clarity, showing the close equivalence between the cationic moieties of the three complexes.

Complexes 2, 3a and 3b were also characterized by X-ray diffraction. Selected bond distances and
angles are listed in Table 1, and the crystallographic data and a detailed selection of bond
parameters are presented in Tables S5 and S6 of the ESI, respectively. Complexes 2, 3a and 3b

crystallized in the orthorhombic, monoclinic and triclinic system, respectively. Complex 2 and 3b
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co-crystalized with one water and one dichloromethane molecule in the asymmetric unit,
respectively. Complex 3b has two half cationic molecules with each Co atom corresponding to 50%

occupancy.

Table 1 Selected bond distances and angles for complexes 2, 3a and 3b

2 3a 3b
Ligand 1 Ligand 2 Ligand 1 Ligand 2
Distances (A)
Co(1)-N(1) 1.899(4) 1.901(4)  1.898(2) 1.898(2)  1.898(2)
Co(1)-0(1) 1.921(4) 1.928(4)  1.912(2) 1.9199(19)  1.9219(19)
Co(1)-P(1) 2.2827(18)  2.2820(18) 2.2793(11)  2.2762(7)  2.2709(7)
O(1)-C(6) 1.271(6) 1.262(6)  1.285(5) 1.2854)  1.282(3)

Angles (°)

N(1)-Co(1)-O(1)  83.65(17) 83.74(18)  84.18(10) 84.73(9) 84.13(9)
O(1)-Co(1)-P(1)  88.38(12) 88.51(12)  89.12(9) 87.83(6) 87.95(6)
N(1)-Co(1)-P(1)  90.91(14) 90.17(14)  90.08(9) 89.53(7) 87.73(7)

The ORTEP-3 diagram of complex 2 is presented in Figure 6a. Since the Co(Ill) cationic units in
the three complexes are very similar, Figure 6b shows a superimposition of their ball and stick
representations. In all three complexes, the two trimethylphosphine ligands adopt a frans
conformation and the two bidentate formylpyrrolyl ligands are transoid in an almost octahedral
geometry around the metal centre: the N(1)-Co(1)-P(1) and O(1)-Co(1)-P(1) bond angles fall
between 87.73(7) and 90.91(14) degrees for all three complexes, and the N(1)-Co(1)-O(1) bite
angles lie between 83.65(17) and 84.73(9) degrees. The Co(1)-P(1), Co(1)-N(1) distances lie in the
range 2.2709(7)-2.2827(18) A and 1.898(2)-1.901(4) A, respectively, which are in accordance with
the values reported for Co(II) or Co(IIl) complexes containing ketopyrrolyl ligands.”>>® These
values are quite analogous to the ones reported by our group for the low-spin (S = 1/2) Co(Il)
precursor complex 1,> which is isostructural with 2, 3a and 3b, observation that can also be
extended to the formylpyrrolyl ligand bond parameters in this type of Co complexes.””® The
positive charge of the oxidized 18-electron Co(IIl) complexes is then compensated by the respective
counter-anion. The striking difference between precursor 1 and complexes 2, 3a and 3b lies in the
Col-O1 bond distance, which is considerably longer in complex 1 (2.3854(15) A) than in
complexes 2, 3a and 3b (1.912(2)-1.928(4) A). The latter values are in accordance with previously
reported Co(IIT) complexes featuring the ketopyrrolyl moiety.*® The shortening of the Co1-O1 bond

length is due to the formal loss of one electron — a Co(II) to Co(Ill) oxidation — from the d,.-based
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antibonding SOMO orbital of the Co(II) complex 1, which becomes empty,” thus generating an

electronically saturated and a more electrophilic metal centre.

Cyclic voltammetry studies of complexes 1, 2 and 3a: Complexes 1, 2 and 3a were studied by
cyclic voltammetry (CV) in dichloromethane solution, using [N(n-Bu)4][BF4] as a supporting
electrolyte, in order to evaluate their redox behaviour. The cyclic voltammograms are presented in
Figure 7 and the respective redox peaks are listed in Table 2. The cyclic voltammetry of the
paramagnetic 19-electron complex 1 shows a one electron oxidation process at -0.03 V vs. SHE
corresponding to the oxidation of Co(Il) to Co(III) displaying an approximately 2 fold increase in
the current-function (ipm/([l]x\/;); where ipox is the oxidation peak intensity and v is the scan rate)
for a 50 fold decrease in the scan rate (Figure S8 of the ESI). This behaviour indicates that the
oxidation process is not diffusion controlled, probably due to the presence of a homogeneous
chemical process.* The difference between peak potentials for the reduction and oxidation (AE,) is
substantially higher than what could be expected for a reversible process.”> The reduction

counterpart occurs at -0.21 V vs. SHE with a peak intensity ratio between the reduction and
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Figure 7 Normalized cyclic voltammograms at 200 mV s™' of complexes 1 (red), 2 (green) and 3a (blue) in

dichloromethane solutions of [N(#-Bu)4][BF4] (0.2 M).
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Table 2 Representative redox peaks of complexes 1, 2 and 3a. E;* and E;ed represent the oxidation and reduction

potentials, respectively, in V vs. SHE. Potentials measured at 200 mV s™'.

Complex E) E;ed AE, Ep
1 -0.03 -0.21 0.18 -0.12
2 0.14 -0.38 0.52 -0.12
3a 0.01 -0.29 0.30 -0.14

oxidation peaks (ipyeq/ipox) Of around 1 and practically independent of the scan rate.

Complex 3a shows a one electron reduction process at -0.29 V corresponding to the reduction of
Co(IIT) to Co(II) displaying a 1.8 fold increase in the current-function for a 20 fold decrease in the
scan rate, indicating that the reduction process is once more not diffusion controlled but is
influenced by the presence of a chemical process (Figure S8 of the ESI). The oxidation counterpart
occurs at 0.01 vs. SHE with a peak intensity ratio between the reduction and oxidation peaks
(ipred/ipox) of around 1.8 practically independent of the scan rate, indicating that only approximately
half of the original Co(IIl) complex that was reduced to Co(II) is again reoxidized back to Co(III).
This chemical irreversibility is in accordance with the observed behaviour for the current function
with scan rate. The difference between peak potentials for the reduction and oxidation (AE,) is
again substantially higher than what is expected for a reversible process.

The homogeneous chemical reaction detected in the electrochemical behaviour of both
complexes 1 and 3 could be due to the presence of an isomerization process in solution.*® The
presence of an equilibrium in solution between two isomers of both 1 and 3 with slightly different
E° could be envisaged as a possible explanation for the observed electrochemical behaviour.

The reduction peak potential of 1 shifting towards more anodic potentials with time was also
observed, significantly reducing the AE, value. This indicates that a time driven homogeneous
reaction is occurring in solution, leading to the more stable isomer, which is responsible for the less
negative peak reduction potential. Isomerization processes have been reported and their mechanism
investigated for other Co(IT) and Co(III) octahedral complexes bearing bidentate chelating ligands.*’

Complex 2 shows a one electron reduction process at -0.38 V vs. SHE corresponding to the
reduction of Co(Ill) to Co(Il). The oxidation counterpart occurs at 0.14 V vs. SHE with a peak
intensity ratio between the reduction and oxidation peaks (ipred/ipox) increasing considerably with
time. The instability of this complex in the time scale of the experiment contrasts with the
behaviour of the equivalent Co(IlI) complex 3a indicating a possible role of the Br" counter-ion in
this process. Initially the ratio of the reduction to the oxidation intensity peak was 1.7 indicating

that, as with 3a, only approximately half of the original Co(III) complex that was reduced to Co(II)
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was again reoxidized back to Co(Ill) complex. The difference between peak potentials for the
reduction and oxidation (AE,) is once more substantially higher than what is expected for a
reversible process, which again can be explained by the presence of an isomerization process.

In order to understand the possible role of the bromide counter-ion in the electrochemical
response of 2, addition of stoichiometric amounts of [N(n-Bu)4][Br] to a solution of 1 in the CV cell
caused an immediate shift in the cathodic peak potential of 1 towards anodic potentials, as observed
in the evolution with time during the CV study of 1 described above. The bromide ion could be seen

as a catalyst that promotes the formation of the supposed more stable isomer form of complex 1.

Homopolymerizations of styrene and methyl methacrylate mediated by complex 1 -
considerations on the nature of the Co(III) mediator species: Taking into account all the aspects
discussed above and the mechanisms proposed for the homopolymerizations of Sty (ATRP) and
MMA (OMRP/CCT) (see Scheme 1), some considerations of the possible nature of species Co(I1I)-
Br and Co(III)-P, can be envisaged.

A possibility could be that, owing to the antibonding nature of the SOMO orbital of the Co-
O bond in complex 1 and to the isomerization process detected in the CV studies, which is
promoted by the presence of Br’, the formylpyrrolyl ligands of 1 exhibit a hemilabile behaviour
consisting in the decoordination/coordination of the aldehyde arm of the formylpyrrolyl chelate.
Considering that the PMes; ligands do not undergo a facile dissociation process, the postulated

deactivator Co(III)-X (X= Br or P,) species of Scheme 1 could result from the addition of the

Published on 27 February 2018. Downloaded by Freie Universitaet Berlin on 27/02/2018 14:12:00.
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Scheme 3 Possible natures of the Co(III)-X (X= Br or P,) deactivator species operating in the proposed mechanisms
for the homopolymerizations of Sty (ATRP) and MMA (OMRP/CCT) (see Scheme 1).
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corresponding radical (halogen radical Bre or growing radical polymer chain P,+) to the site
liberated by the oxygen atom, resulting in the formal oxidation of 1 (Scheme 3, route a).

Alternatively, one could think that the deactivator species Co(III)-Br corresponds to the isolated
cationic complex 2 itself, in which the bromine atom is the counteranion. It would then participate
in an activator/deactivator equilibrium, via a direct Outer-Sphere Electron Transfer (OSET),

occurring between the anion and cation (Scheme 3, route b).

Homopolymerizations of styrene and methyl methacrylate mediated by complex 2 — Single-
component system: Following the CV studies, the activity of complexes 2, 3a and 3b was screened
in the polymerization of Sty and MMA (Table S3 in ESI). The reactions were conducted in 1,2-
dichloroethane due to the insolubility of these cationic complexes in aromatic solvents. Between 50
and 90 °C, for MMA, and 70 and 90 °C, for Sty, complex 2 was active in the respective
polymerization reactions, as a single-component initiator system. The system was active for
[monomer]:[2] ratios as high as 500:1 for Sty and 2000:1 for MMA polymerization, and follows a
first order kinetics in relation to the monomers. Although quite active for the MMA polymerization,
complex 2 leads to a lower activity when compared with 1/tBiB-Br mediation and, on the other
hand, similar activities for Sty polymerization were observed for both systems. Conversely, a
crucial observation is that complexes 3a and 3b are not active whatsoever towards the
polymerization of those monomers. The homopolymerization reactions mediated by complex 2
were also performed in toluene, however no activity was observed. Figure 8 shows that once the
ratio [monomer]:[2] increases the reaction rate decreases, as observed for the system mediated by
1/tBiB-Br. Although these results were quite promising for a single-component system, the control
throughout the homopolymerization reactions of MMA and styrene was poor as the molecular
weights obtained were much higher than expected. The activity of complex 2, which contains a
potentially coordinating Br counter-anion, in contrast with the inactivity exhibited by complexes 3a
and 3b, containing non-coordinating counter-anions, suggests that Br is somehow operating in the
polymerization processes mediated by complex 2.

The activity of complex 2 towards the polymerization of Sty and MMA can be based on a
possible mechanism of Generation of Activators by Monomer Addition (GAMA), reported for
some systems mediated by [FeBrsL,] (where L, is a phosphorus(III) ligand).*® In the present case,
the cobalt atom in complex 2 is already in the highest oxidation state, meaning that Br is prone to
oxidation to Bre, possibly via an OSET mechanism, leading to the observed polymerization activity

(Scheme 3, route b). This type of initiation, involving Bre as initiator, requires two molecules of
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Figure 8 First order kinetic plots (In([M]¢/[M]) vs. time) for the homopolymerizations of MMA (a) and Sty (b),
[monomer]:[2] ratios of 250:1 (circles), 500:1 (squares), 1000:1 (diamonds) and 2000:1 (triangles). Reaction

temperature:70 OC; Vmonomcr:Vl,2—dich10rocthanc =5:10 mL.

complex per polymer chain, which gives rise to polymer molecular weights higher by at least a

factor of two in relation to the theoretical living polymerization line.

Homopolymerizations of styrene and methyl methacrylate mediated by complex 2 — Reverse-
ATRP conditions: Complex 2 was also tested under reverse-ATRP conditions, by combination
with 0.5 equivalents of AIBN, in 1,2-dichloroethane solution, at 70 °C (Table S4 in ESI). In the case
of the polymerization of MMA, addition of AIBN to the system led to results similar to those

Published on 27 February 2018. Downloaded by Freie Universitaet Berlin on 27/02/2018 14:12:00.

observed when using complex 2 alone as a mediator.

In the case of Sty, significant differences were observed: by using AIBN, the reaction rate increased
around 1.5 times and the molecular weight control improved (Figure 9). In fact, the molecular
weights observed for the system 2/AIBN are now only around 1.5 times higher (instead of the 2- to
10-fold increase observed for 2 alone) than the ones predicted by the ideal line. Furthermore, the
dispersities (ca. 1.5) are lower than before. The improved molecular weight control over Sty
polymerization following the addition of AIBN is attributed to the much higher initiation efficiency,
in comparison with mediation by 2 alone. In this case, the initiation is due to the organic radicals
generated from the thermal decomposition of AIBN, enabling the bromine radicals to act
exclusively as atom transfer agents. This leads to an activation/deactivation equilibrium typical of a
reverse-ATRP mechanism, since the starting Co(Ill) complex 2 is in the highest oxidation state.

Since the decomposition of AIBN is not quantitative, only a fraction of
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Figure 9 (a) First order kinetic plots (In([M]o/[M]) vs. time) for the homopolymerization of Sty mediated with 2 (white
squares) and with 2/AIBN (black squares). (b) Plots of-M,, (squares) and P (diamonds) vs. conversion of Sty mediated
by 2 (white) and by 2/AIBN (black) (the straight line represents the theoretical living polymerization M,, values).
[Monomer]:[2]=500:1 and [Monomer]:[2]:[AIBN]=500:1:0.5. Reaction temperature=70 °C;

Vmonomcr:vl,2-dichlorocthanc =5:5mL.

those actually initiate the polymeric chains, leading to slightly higher effective

[monomer]:[2]:[ AIBN] ratios, which result in higher molecular weights.

Conclusions

Under ATRP conditions, the system [Co"™{k’N,0-NC4H;-C(H)=0},(PMes),] (1)/tBiB-Br
successfully mediated the RDRP of MMA below 50 °C and Sty below 70 °C. The polymerization of
Sty actually occurred via an ATRP mechanism, whereas MMA polymerization favoured an
OMRP/CCT interplay mechanism. The bromine termination of the PS formed with this system
allowed the formation of the block copolymer PS-6-PMMA, as confirmed by GPC/SEC and DOSY
NMR experiments.

In an attempt to isolate a Co(Ill) species containing a Br atom (Co(III)-Br), which could be a
key ATRP deactivator in this process, the stoichiometric reaction of 1 with tBiB-Br was conducted.
The formation of the cationic complex [CO(IH){KZN,O—NC4H3—C(H):O}2(PM€3)2]BI‘ (2) took place,
containing a Br’ counter-anion, from the one-electron oxidation of 1 by tBiB-Br. Metathetical
exchange reactions performed with compound 2, enabled the substitution of the coordinating
counter-anion Br’, by the non-coordinating BF, and B(Cs¢Hs)4™ ones, giving rise to complexes 3a

and 3b, respectively. The formulation of complexes 2, 3a and 3b was confirmed by NMR
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spectroscopy and X-ray diffraction. Complexes 1, 2 and 3a were studied by cyclic voltammetry,
showing quasi-reversible Co(II)/Co(IIl) redox behaviors, with 1 and 2 exhibiting the same
E,; value and 3a a more negative one.

Complexes 2, 3a and 3b were screened in the polymerization of Sty and MMA, among which
only complex 2 displayed activity as a single-component mediator, likely via a GAMA process,
caused by an outer-sphere electron transfer of the Br™ counter-anion and subsequent addition of Bre
to the monomers, albeit with poor molecular weight control. Under reverse-ATRP conditions,
complex 2 (i.e. 2/AIBN) was able to reasonably control the polymerization of styrene at 70 °C, but
not that of MMA. However, complexes 3a and 3b are completely inactive towards the

polymerization of Sty or MMA.

Experimental

General: All operations were performed under dry dinitrogen atmosphere using standard glovebox
and Schlenk techniques unless otherwise noted. Solvents were pre-dried with molecular sieves and
refluxed under dinitrogen and suitable drying agents (sodium/benzophenone for toluene, diethyl
ether and THF; CaH, for n-hexane, dichloromethane and 1,2-dichloroethane). Sty and MMA were
dried over CaH; and distilled under reduced pressure at or below room temperature prior to use and
stored at -20 °C. Complex 1,l TlBF4,3 ? and B(C6F5)340 were prepared as described in the literature.
TIBPh4 was prepared by reaction of NaBPh, with TI,SO,4. The remaining reagents were purchased

and used as received.

Published on 27 February 2018. Downloaded by Freie Universitaet Berlin on 27/02/2018 14:12:00.

Synthesis of [Co{k’N,0-NC4H;3-C(H)=0},(PMe3),][Br] (2): A Schlenk tube charged with 1 (0.4
g, 1 mmol) was dissolved in ca. 15 mL of toluene. A toluene solution of tBiB-Br (0.25 g, 1.1 mmol)
was added dropwise to the solution of 1 at room temperature. The mixture was stirred for 24 h at 30
°C, during which the yellow-brown solution turned into an orange suspension. The near colourless
supernatant liquid was filtered off, the orange solid washed with n-hexane and toluene (2 times) and
dried under vacuum. The solid was redissolved in dichloromethane, the solution was concentrated
and carefully double-layered with a threefold amount of n-hexane, and cooled to -20 °C,
quantitatively yielding an orange-red microcrystalline solid. Crystals suitable for X-ray diffraction
were grown from slow evaporation of a dichloromethane solution in air.

'H NMR (300 MHz, CD,Cl,): & 7.63 (s, 2H, C(O)H), 7.49 (s, 2H, H3,yx), 7.44 (t, 2H, Hdym,
Jun=3Hz), 6.75 (d, 2H, H5,y, *Jin=3Hz), 0.85 (t, 18H, P(CH3)s, “Jup=6 Hz). "C{'H} NMR (75
MHz, CD,Cl,): 8 181.0 (C(O)H), 145.8 (C2pym), 145.3 (t, C5pyr, “Jcp=3.8 Hz), 126.6 (Cdpyr), 121.5
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(t, C3pym> “Jep=3 Hz), 9.56 (t, P(CH3)s, “Jcp=13.5 Hz). *'P{'"H} NMR (121 MHz, CD,Cl,): § 13.2
(P(CHs;)3). Anal. Calc. For Ci¢HysBrCoN,O,P,: C, 40.11; H, 5.47; N, 5.85. Found: C, 39.93; H,
5.50; N, 5.64.

Synthesis of [Co{x’N,0-NC,H;-C(H)=0},(PMe),][X] (X=BF4 (3a), BPhy (3b)): A Schlenk
tube was charged with 2 (1 mmol) and dissolved in ca. 15 mL of dichloromethane, whereupon TIX
(1 mmol) was quickly added as a solid to the solution. The white coarse solid turned into a off-
white fine solid. The suspension was stirred for 2 h. The red solution was filtered, the volatiles
being removed under reduced pressure, and the residue subsequently washed with n-hexane and
toluene (2 times). The remaining solid was redissolved in dichloromethane, the solution
concentrated and carefully double-layered with a threefold amount of n-hexane, and cooled to -20
°C, quantitatively yielding an orange-red microcrystalline solid. Crystals suitable for X-ray
diffraction were grown from slow evaporation of a dichloromethane solution in air.

Data for 3a (X=BF;): 'H NMR (300 MHz, CD,CL,): 8 7.56 (s, 2H, C(O)H), 7.51 (s, 2H, H3 ),
7.44 (s, 2H, Hdpyr, *Jui=3 Hz), 6.75 (s, 2H, H5,y, *Jun=3 Hz), 0.85 (t, 18H, P(CH3)s, “Jip=6 Hz).
PC{'H} NMR (75 MHz, CD,Cl,): & 181.0 (C(O)H), 145.9 (C2pym), 145.3 (t, C5pym, Jcp=3.8 Hz),
126.5 (Cdpyn), 121.6 (t, C3pym, “Jep=3 Hz), 8.94 (t, P(CH3)3, “Jcp=13.5 Hz). *'P{'H} NMR (121
MHz, CD,CL): & 12.7 (P(CHs)3). "F{'H} NMR (282 MHz, CD,CL): & -152.6 (BFy). ""B{'H}
NMR (96 MHz, CD,Cly): 6 -1.2 (BFy). Anal. Calc. For CcH26BCoF4sN,O,P»: C, 39.54; H, 5.39; N,
5.76. Found: C, 39.67; H, 5.52; N, 5.51.

Data for 3b (X=BPh,): '"H NMR (300 MHz, CD,Cl,): & 7.48 (s, 2H, C(O)H), 7.39 (s, 2H, H3,yx),
7.33 (br, 9H, Homo(BPhy) + H4pyn), 7.03 (t, 8H, Hpew(BPhy), *Juy=2.3 Hz), 6.89 (t, 4H,
Hpura(BPhy), Jin=3 Hz) 6.76 (d, 2H, H5,y, *Ju=1.5 Hz), 0.78 (t, 18H, P(CH,);, “Jip=6 Hz).
PC{'H} NMR (75 MHz, CD,CL,): § 180.5 (C(O)H), 164.5 (q, Cipso(BPhy), 'Jcp=48.8 Hz) 145.8
(C2pym), 145.4 (t, C5pym, “Jcp=3.8 Hz), 136.5 (q, Comno(BPhy), *Jcp=3 Hz), 125.9 (q, Cmeta(BPhy),
*Jep=3 Hz), 122.3 (5, Cpara(BPhy)), 121.9 (t, C3pym, “Jep=3 Hz), 8.42 (t, P(CH3)s, “Jcp=13.5 Hz).
J'P{'"H} NMR (121 MHz, CD,Cl,): & 12.5 (P(CH3)3). "'B{'"H} NMR (96 MHz, CD,Cl,): & -6.6
(BPhy). Anal. Calc. For C4H4sBCoN,O,P;: C, 66.87; H, 6.45; N, 3.90. Found: C, 66.88; H, 6.61;
N, 4.01.

Generation of [C0{KZN,O-NC4H3-C(H)=O}z(PMe3)2] [BrB(C¢Fs);] (4): Complex 2 (20 mg,
0.0417 mmol) and B(C¢F5); (21.4 mg, 0.0417 mmol) were dissolved in CD,Cl, and placed in a J-
Young NMR tube. After 2 h, the NMR spectra were acquired, confirming the formation of complex

4 in a near quantitative yield.
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'H NMR (300 MHz, CD,Cl,): & 7.47 (br, 4H, C(O)H + H3,yy,), 7.39 (br, 2H, H4,,y), 6.74 (br, 2H,
H5,yn), 0.80 (t, 18H, P(CHs)s, “Jup=6 Hz). *'P{'H} NMR (121 MHz, CD,Cl,): & 12.4 (P(CH3)3).
"B{'H} NMR (96 MHz, CD,Cl,): & -0.1 ([BrB(C¢Fs);]). "F{'H} NMR (282 MHz, CD,Cl,): &
-130.7 (d, 2F, Fomno(BCeFs), *Jc=19.7 Hz), -159.2 (br, IF, Fpua(BCsFs)), -166.05 (t, 2F,
Funeta(BC6Fs), *Jcr=21.5 Hz).

General procedure for homopolymerization reactions: The appropriate mass of metal complex
was weighed (typically 0.090 mmol) under dinitrogen atmosphere to a degassed Schlenk tube,
which was subsequently charged with the reaction solvent (typically 4 mL) and a solution of tBiB-
Br (typically 0.090 mmol of initiator in 1 mL of solvent), for ATRP experiments, or solid AIBN
(typically 0.045 mmol), for reverse-ATRP experiments. The mixture was placed in a thermostated
oil bath (for experiments between 50 and 90 °C) or in a thermostated water bath (for experiments at
25 °C) set at the desired temperature. The monomer (typically 45 mmol) was then added quickly to
the previous mixture, defining the start of the reaction. Aliquots of the reaction mixture (1 mL) were
periodically withdrawn and precipitated in excess of methanol (ca. 10 times). The solid was filtered
off, washed with methanol and dried under vacuum until constant weight. The conversion of
monomer for each of the periodically withdrawn aliquots was calculated by dividing the obtained
polymer mass found in each aliquot by the initial mass of monomer existing in each aliquot (1 mL).
All the samples were analysed by GPC/SEC and selected samples were analysed by NMR

spectroscopy.
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Synthesis of the block-copolymer PS-b-PMMA from PS-Br: Using the same procedure
described above, the polymerization of styrene was carried out at 50 °C and at a
[monomer]:[1]:[tBiB-Br] molar ratio of 500:1:1. After 24 h of reaction, the reaction mixture was
dissolved in THF and passed through a dried silica column (Aldrich), under nitrogen, in order to try
to retain the residual metal complex. The resulting solution was evaporated to dryness, stored in a
degassed Schlenk tube and dried under vacuum, 0.821 g of a brownish solid being obtained. The
molecular weight of the solid was determined by GPC/SEC. 0.041 g of complex 1 (0.10 mmol) and
0.57 g of the polystyryl bromide solid were transferred to a degassed Schlenk tube. The solid
mixture was dissolved in 5.5 mL of toluene. 5.5 mL of methyl methacrylate (52 mmol) were added
to the previous solution and the mixture was thermostated at 50 °C ([monomer]:[1]:[tBiB-
Br]=500:1:1). Aliquots (1 mL) were withdrawn periodically and, after workup, analysed by
GPC/SEC, and some of them by NMR. The conversion of monomer for each of the periodically
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withdrawn aliquots was calculated by dividing the obtained polymer mass found in each aliquot by

the initial mass of MMA existing in each aliquot (1 mL).

NMR measurements: The NMR spectra of complexes, as well as those of PS and PMMA
homopolymers, were recorded on a Bruker “AVANCE I11” 300 MHz spectrometer at 299.995 MHz
('H), 75.4296 MHz (°C), 121.439 MHz (*'P), 282.218 MHz (‘°F) and 96.2712 MHz (‘'B), and
referenced in general to the residual protio- and carbon resonances of the corresponding solvents
(for 'H and "C spectra, respectively). The NMR spectra of the PS samples in 1,1,2,2-
tetrachloroethane-d, were performed at 120 °C. The NMR spectra of the PMMA samples in CDCl;
were performed at 55 °C. The NMR spectra of the PS-b-PMMA block-copolymer in 1,1,2,2-
tetrachloroethane-d,, were recorded on a Bruker “AVANCE 111" 500 MHz spectrometer equipped
with a 5 mm BBO probe, at 70 °C, and referenced to the proton or carbon resonances of
hexadimethylsiloxane (HDMSO) (8 0.06 for 'H, and & 2.0 for *C). The DOSY spectrum was
obtained at 25 °C using a bipolar stimulated echo sequence (STE) with smoothed square gradients.
All the solution samples were prepared in dried and degassed deuterated solvents at room
temperature, using standard 5 mm NMR tubes. For air/moisture sensitive compounds, the samples

were prepared in a glovebox in J. Young NMR tubes.

Molecular weight measurements: GPC/SEC analysis were performed by eluting THF solutions of
the polymeric samples at 35 °C (Waters oven) in two PolyPore columns (protected by a PolyPore
guard column) (Polymer Labs) mounted on a Waters 1515 isocratic HPLC pump. The detection was
performed by a Waters 2414 differential refractive index detector. The THF eluent was filtered
through 0.45 pm PTFE Pall membrane filters and degassed in an ultrasound bath. Solution samples
were filtered through 0.20 pum PTFE GVS filters. The system was calibrated with TSK Tosoh Co.
polystyrene standards.

MALDI-TOF mass spectrometry (MALDI-TOF MS): MALDI-TOF MS analyses were
performed by the Laboratorio de Analises da FCT-UNL, Monte da Caparica, Portugal, in a time-of-
flight mass spectrometer Voyager-DE™ PRO Workstation, using the MALDI ionization technique,
with analysis by a positive reflector. For the PMMA samples, a matrix of DHB+NaBF4 was used
and for the polystyrene samples, a matrix of ditranol+AgOOCCF; was used. The ionization of the

polystyrenes was unsuccessful.
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X-ray diffraction: Crystallographic and experimental details of crystal structure determinations are
listed in Table 2. The crystals were selected in air, covered with polyfluoroether oil and mounted on
a nylon loop. Crystallographic data were collected using graphite monochromated Mo-Ka radiation
(A=0.71073 A) on a Bruker AXS-KAPPA APEX II diffractometer equipped with an Oxford
Cryosystem open-flow nitrogen cryostat, at 150 K. Cell parameters were retrieved using Bruker
SMART"*! software and refined using Bruker SAINT* on all observed reflections. Absorption
corrections were applied using SADABS.* Structure solution and refinement were performed using
direct methods with the programs SIR2004* and SHELXL-2018/1* included in the package of
programs WINGX-Version 2014.1.*° When analysing the data of 2, a value of [E*-1| = 0.676 was
found, pointing to the presence of twinning in the crystal. Therefore, refinement as a 2-component
inversion twin was performed, and the BASF components refined equally to 0.37(2). All hydrogen
atoms were inserted in idealised positions and allowed to refine riding on the parent carbon atom.
All the structures refined to a perfect convergence. Graphic presentations were prepared with
ORTEP-II***" and Mercury 3.9.** Data was deposited in CCDC under the deposit numbers
1574383 for 2, 1574384 for 3a and 1574385 for 3b.

Cyclic voltammetry measurements: Cyclic voltammetry experiments on 3 mM solutions of
complexes 1, 2 and 3a in dichloromethane, using [N(n-Bu)4][BF4] (0.2 M) as a supporting
electrolyte, were performed at a scanning rate of 200 mV s’ with a three compartment
electrochemical cell, under nitrogen atmosphere, at room temperature, using a Pt disc working

electrode and a Pt wire counter electrode, with a Ag pseudo-reference electrode connected to the
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main compartment by a Luggin capillary. The redox potentials were calculated using the reference

potential of the ferrocene/ferrocenium couple.
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