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ATRP catalysts of tetradentate guanidine
ligands — do guanidine donors induce a faster
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Tripodal tetradentate N donor ligands stabilise the most active ATRP catalyst systems. Here, we set out to
synthesise the new guanidine ligand TMG-4NMe,uns-penp, inspired by p-substituted tris(2-pyridyl-
methyl)lamine (TPMA) ligands. The impact of changing pyridine against guanidine donors was examined
through solid state and solution experiments and density functional theory (DFT) calculations. In the solid
state, the molecular structures of copper complexes based on the ligands TMG-4NMe,uns-penp, TMG-
uns-penp and TMGstren were discussed concerning the influence of a NMe, substituent at the pyridines
and the guanidine donors. In solution, the TMG-4NMe,uns-penp system was investigated by several
methods, including UV/Vis, EPR and NMR spectroscopy indicating similar properties to that of the highly
active TPMANMe2 system. The redox potentials were determined and related to the catalytic activity.
Besides the expected trends between these and the ligand structures, there is evidence that guanidine
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donors in tripodal ligand systems lead to a better deactivation and possibly a faster exchange within the
ATRP equilibrium than TPMA systems. Supported by DFT calculations, it derives from an easier cleavable
Cu—Br bond of the copper(i) deactivator species. The high activity was stated by a controlled initiator for
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Introduction

Since 1995,"* atom transfer radical polymerisation (ATRP) has
become a widespread method for controlled polymerisation
owing to good tolerance to air using advanced ATRP tech-
niques and the ability to synthesise polymers with a large
variety of architectures.”” In the ATRP mechanism exists a
reversible equilibrium between the dormant and active radical
species, which is usually mediated by a transition metal
complex with a metal centre that is stable in at least two adja-
cent oxidation states. Many systems have been used, but
copper complexes with multidentate N-donor ligands are the
most successful and widely used ATRP catalysts.* > The
copper(1) activator complex (Cu'L,) reacts with the dormant
radical chain or initiator (P-X) to yield the copper(u) deactiva-
tor complex (X-Cu'"L,,) and the active radical (P") by homolytic
cleavage of the C-X bond."® The radical can polymerise until
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continuous activator regeneration (ICAR) ATRP of styrene.

the deactivator complex shifts the equilibrium back to the
dormant side.'* To suppress side reactions and maintain
chain-end functionality, low radical concentrations and a
reversible exchange of the equilibrium are necessary.’>'® For
standard ATRP, this can be achieved by the position of the
equilibrium (Kxrgp) on the dormant side."* Contemporary
ATRP variations such as mechanoATRP,'”'® eATRP,"**° sup-
plemental activators and reducing agents (SARA) ATRP,>'
photoATRP,**>* activators regenerated by electron transfer
(ARGET) ATRP*>**” and initiators for continuous activator
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Scheme 1 Mechanism for ICAR ATRP with halidophilicity constants
(Kx), stability constants () and unwanted radical side reactions (shaded
red).?’
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regeneration (ICAR) ATRP?’° (Scheme 1) allow good poly-
merisation control combined with a low catalyst loading. An
increased ratio of the deactivator to activator complex is
necessary to achieve this.*’** The reason for this is that a
higher concentration of the deactivator complex improves the
deactivation reaction, which has an effect on the
dispersity.*"*> Therefore, in contrast to standard ATRP, high
Kyrrp values are essential for these methods. Because of this
interrelation, Karrp is an expression for the catalyst activity.>*3*
Furthermore, the activator complex concentrations during the
polymerisation should be low. This suppresses the formation
of organometallic intermediates and the resulting radical ter-
mination (RT) reactions such as reductive radical terminations
(RRT) and catalysed radical terminations (CRT), which
increase the dispersity.*>°

Combining these properties with the listed activator regen-
eration techniques allows low amounts of catalysts down to
parts per million levels and good control.>”*° This simplifies
purification steps and lowers costs. Karrp, the key value for
catalyst activity, is correlated with the redox potential (E,,,) for
copper complexes with N donor ligands.?”*® Low redox poten-
tials lead to high Kxrrp values meaning a better stabilisation of
the copper(u) complex. The activity can further be correlated
with the stability constants f of the copper complexes. Here, it
was found that Kurpp values scale with the ratio of f"/4". Large
values for both constants are necessary, but " must be larger
than g to induce a thermodynamic driving force for radical
formation.?”***° Additionally, the halidophilicity constant K&
is preferred to be large for efficient deactivation, and K%
should be low since Cu'L, is required for activation.*'™**
Several studies highlighted trends of how the coordination
sphere around the copper influences the catalyst activity.*> The
topology of the ligand, bridging units, denticity, the nature of
the N donors, and here especially a high donor strength lead
to an improvement.?®*®*” These efforts have resulted in the
most active ATRP systems to date, which are based on tetraden-
tate NR, substituted tris(2-pyridylmethyl)amine (TPMA) ligands
(an overview of the used abbreviations and the corresponding
ligand structures can be found in ESI Fig. $187).>”"*°

Guanidines exhibit excellent N donor properties and versa-
tility.*® Complexes with such ligands are not just suitable for
ATRP*™® but also for ring-opening polymerisation,>>®
oxygen activation,’®>® model complexes for the entatic state of
electron transfer proteins®® and photochemistry.®® Recently,
we reported the most active ATRP catalyst based on a bidentate
ligand, consisting of a NMe, substituted pyridine and a tetra-
methylguanidine (TMG) moiety (TMGm4NMe,py).*' It was
found that structural features also caused by the guanidine
function are the reason for the unexpected low redox potential
and, therefore, high catalytic activity.

This study presents a novel guanidine ligand inspired by
the most active tetradentate systems, but one pyridine donor is
exchanged by one guanidine donor. Besides the aim to syn-
thesise a highly active catalyst, we set out to investigate the
influence of guanidine donors in tetradentate, tripodal ligands
on the ATRP equilibrium.
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Results and discussion
Ligand synthesis

Formal exchange of a pyridine unit of TMPA™™** with the gua-
nidine unit leads to the novel hybrid guanidine ligand
TMG-4NMe,uns-penp (L1). The synthesis is accomplished in
three steps (Scheme 2). The literature-known compound 2-(1,3-
dioxoisoindolin-2-yl)ethan-1-aminium 2,2,2-trifluoroacetate (1)
was synthesised according to partly modified literature pro-
cedures from Franchini et al,®* Borovik et al,®® and Botta
et al.®* (Scheme S17). By a reductive amination with the alde-
hyde (2) inspired by Britovsek et al.,®® the new compound 2-(2-
(bis((4-chloropyridin-2-yl)methyl Jamino)ethyl)-isoindoline-1,3-
dione (3) was received. In the next step, dimethylamine was
inserted by nucleophilic aromatic substitution, and the phthal-
imide moiety was removed under basic conditions. The syn-
thesis of amine 4 was inspired by a reaction of Matyjaszewski
et al.*’ Finally, the guanidine ligand L1 was obtained by a reac-
tion of the amine precursor 4 with the Vilsmeier salt N,N,N',N'-
tetramethylchloroformamidinium chloride (TMG-VS).**%” The
ligands TMG-uns-penp (L2, uns £ unsymmetric, penp 2 pyridi-
nyl-decorated ethylenediamine, uns-penp was originally
reported by Mandel et al.®®) and TMGstren (L3) were addition-
ally selected for parts of this study to investigate the influence
of electron density donating substituents and the number of
guanidine donors on the catalyst structures and their redox
potentials. These ligands were resynthesised according to the
literature.*”°

Molecular structure in the solid state

The copper complexes [Cu(TMG-4NMe,uns-penp)Br|Br (C1),
[Cu(TMG-4NMe,uns-penp)Cl]|Cl (C2), [Cu(TMG-uns-penp)Br]
Br-MeCN (C3), [Cu(TMGstren)Br|Br (C4) and [Cu(TMGstren)]
Br-toluene (C5) were synthesised (Scheme 3) and their mole-
cular structure in the solid state were examined via single
crystal X-ray diffraction analysis. The molecular structures of
the cation units in the solid state are presented in Fig. 1 and
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Scheme 2 Synthetic pathway for the ligand TMG-4NMe,uns-penp (L1).
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Scheme 3 Synthesis and schematic view of the molecular structure in the solid state of various copper complexes starting from the corresponding
ligands L1, L2 and L3. To clearly specify the N donors in axial, basal or equatorial position, the N donors were defined as follows: pyridine donor =
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Npy. TMG donor = Ngya, tertiary N donor = Nyt

selected bond lengths, angles, and geometrical factors are
denoted in Table 1. Additional data can be found in the ESI
(Fig. S1, S2 and Tables S1-S3t). The Cu(u) ions in the complex
cations in C1-C4 are fivefold coordinated by four N donor
atoms and one halide atom, whereas the Cu(1) ion in the
complex cation in C5 is fourfold coordinated without a coordi-
nating halide atom. The 75 value can be used to quantify the
degree of distortion for fivefold coordinated systems and indi-
cate ideal trigonal-bipyramidal coordination geometry for a
value of 1 and an ideal square-pyramidal coordination geometry
for a value of 0.”* In the complex cations in C1-C3, the copper
atoms are distorted square-pyramidal coordinated (z5 =
0.36-0.40) and the copper atom in the complex cation in C4 is
trigonal-bipyramidal coordinated (z5 = 1.01). The geometry of
the fourfold coordinated copper atom can be described with the
7, value and the tetrahedral characteristic parameter (THCp,).”>
A 7, value of 1 indicates square-planar and a value of 0 indi-
cates a tetrahedral coordination geometry. In contrast, the

THCp, value reaches 100 for tetrahedral structures and a value
of 0 for trigonal-pyramidal structures. Therefore, the copper
atom in the cationic complex unit in C5 has a trigonal-pyrami-
dal environment (z, = 0.86, THCp, = —16.2). The negative value
can be explained with a smaller angle than 90° between the
axial and basal donors.

In the complex cations in C1 and C2, the NMe,-substituted
pyridine moieties, the tertiary amines, and the halides coordi-
nate in the basal positions, and the guanidine is axially
located. The Cu-N;, bond lengths to the same kind of donor in
both complex cations in C1 (Nj, = N,y with 2.010(2) A and 2.020
(2) A and Ny, = Niepe with 2.088(2) A) and in C2 (N, = Ny, with
2.009(2) A and 1.999(2) A and N}, = Ni¢ with 2.089(2) A) are
equal in the 3 o confidence interval. The bond lengths to basal
positions are shorter than the Cu-N. (Nux = Ngua) bond
lengths equal in both complexes (in C1: 2.188(3) A and in C2:
2.201(2) A). The Cu-X bond length is larger for the bromide
complex than for the chloride complex due to the larger ion
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[Cu(TMG-4NMe,uns-penp)Br]* [Cu(TMG-4NMe,uns-penp)CIJ*
inC1 in C2

[Cu(TMG-uns-penp)Br]*
inC3

[Cu(TMGstren)Br]*
inC4

[Cu(TMGgtren)]*
in C5

Fig. 1 Molecular structure of the cationic complex units in crystals of [Cu(TMG-4NMe,uns-penp)Br]Br (C1), [Cu(TMG-4NMe,uns-penp)CLICl (C2),
[Cu(TMG-uns-penp)Br]Br-MeCN (C3), [Cu(TMGstren)BrlBr (C4) and [Cu(TMGstren)]Br-toluene (C5) in the solid state. Key atoms are exemplarily
marked in one complex and H atoms as well as non coordinating anions or solvent molecules are omitted for clarity.
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Table 1 Key bond lengths, angles and geometrical factors of the complexes C1, C2, C3, C4 and C5

Complex Cc1 Cc2 C3 ca“ C5
Bond lengths [A]
Cu-N,, 2.188(2); Nay = Ngua 2.201(2); Nay = Ngua 2.231(4); Nox = Ny 2.112(3); Nay = Niere 2.200(2); Nay = Niere
Cu-Npyeq (1) 2.088(2); N}, = Ntert 2.089(2); Ny, = Neere 2.082(4); Ny, = Neere 2.061(3); Negq = Ngua 2.053(2); Ny, = Ngya
CU-Nyyeq (2) 2.010(2); Ny = 2.009(2); Np, = Ny 1.970(4); N, = Ngua 2.065(3); Neq = Ngua 2.053(2); Ny = Ngua
CU-Npyeq (3) 2.020(2); Np = 1.999(2); N, = N,y 2.031(4); Np, = Ny 2.138(3); Negq = Ngua 2. 053(2); N = Noua
Cu-X 2.438(1); X = Br 2.282(1); X = Cl 2.394(1); X = Br 2.447(1); X = Br
Coua=Nagua 1.308(4) 1.307(2) 1.328(5) 1.311 (av.) 1.305(2)
Coua—Nam1 1.367(4) 1.361(2) 1.339(6) 1.361 (av.) 1.380(2)
Coua—Namz 1.366(4) 1.373(2) 1.360(5) 1.360 (av.) 1.374(2)
Bond angles [°]
Nay-Cu-X 101.9(1) 102.7(1) 99.4(1) 179.4(1) —
Np/eq (1)-Cu-X 174.7(1) 174.5(1) 177.2(1) 98.8(1) —
Nax—Cu-Npyeq (1) 83.1(1) 82.7(1) 80.1(2) 81.8(2) 84.1(1)
Nax—Cu-Ni/eq (2) 107.7(1) 91.7(1) 95.6(2) 82.3(2) 84.1(1)
Nax-Cu-Niyeq (3) 92.5(1) 108.0(1) 102.8(2) 81.8(2) 84.1(1)
Npjeq (1)-Cu-Npseq (2)  82.2(1) 82.5(1) 84.0(2) 122.3(2) 119.0(1)
Nbjeq (1)-Cu-Npeq 3)  82.2(1) 82.0(1) 80.3(2) 113.1(2) 119.0(1)
Nbjeq (2)-Cu-Npjeq 3)  152.6(1) 153.0(1) 153.3(2) 118.8(2) 119.0(1)
Geometrical factors
7" /THCp A" — — — — 0.86/—16.2
75 0.37 0.36 0.40 1.01 —
p° 0.96 0.96 0.98 0.96 0.95
“Two crystallographic independent molecules are present in the asymmetric unit. Values for both are denoted in the ESI (Table S37).
360° — p .
bry = # Ideal square-planar complexes generate a 7, value of 0 whereas ideal tetrahedral complexes generate a 7, value of 1.”>
X, =1-6[109.5° — 4 . . _ .
“THCpy = (1 - 9'00 "|> % 100. The THCp, value reaches 100 for ideal tetrahedral complexes and 0 for ideal trigonal-pyramidal
complexes.72 Aoy = (aegoﬂ ) . Ideal square-pyramidal complexes generate a 75 value of 0, whereas ideal trigonal-bipyramidal complexes generate a
2a .
75 value of 1.7* ¢ p = ) with @ = d(Cgua=Ngua) and b and ¢ = d(Cgya—Nam).”®

radius. In the copper(un) bromide complex C3 with the unsub-
stituted pyridine moieties, one of the pyridine donors is
located in the axial position in contrast to C1 where both pyri-
dine donors coordinated in the basal position and the guani-
dine donor is located in the axial position. The other basal
positions in C3 are located with the other pyridine moiety,
guanidine, bromide and the tertiary amine donor. All Cu-N
bond lengths to basal located donors differ significantly due
to the different donor characteristics but the Cu-N. bond
lengths and the Cu-Np,;, bond lengths are equal in C1-C3.
The Cu-Br bond length in C3 is shorter (Cu-Br = 2.394(1) A)
relative to the analogous bond lengths in C1 (Cu-Br = 2.439(1)
A). The reason is the stronger electron density donating NMe,
substituted pyridine unit that leads to a higher electron
density at the copper centre (see DFT section).”>”””
Furthermore, the Cu-N,, bond lengths for both substituted
complexes are elongated compared to Cu-N;, bond lengths of
the unsubstituted complex C3, indicating better coordination
of the basal N donors. This is in accordance with a larger p
value in C3 (p = 0.98) than in C1 (p = 0.96) due to the stronger
coordination of the guanidine moiety. The p value reveals the
delocalisation of the electrons within the guanidine function
and is 1 for ideal delocalised systems.”®

2976 | Dalton Trans., 2024, 53, 2973-2990

Compared to the complex cations in C1-C3, in the copper
(1) bromide complex cation in C4 the copper atom is trigonal-
bipyramidal coordinated, despite the comparable ligand
design. Two crystallographic independent molecules are
present in the asymmetric unit (see Table S31). Here the guani-
dine N donors coordinate in the equatorial positions (mole-
cule 1: Cu-Neq (1) = 2.061(3), Cu-Neg (2) = 2.065(3), Cu-Neq (3)
= 2.138(3)); Molecule 2: Cu-Ngq (1) = 2.110(3), Cu-Neq (2) =
2.100(3), Cu-Neq (3) = 2.097(3) and the tertiary amine (mole-
cule 1: Cu-N,, = 2.112(3); molecule 2: Cu-N,, = 2.113(3)) and
the bromide (molecule 1: Cu-Br = 2.447(1); molecule 2: Cu-Br
= 2.440(1)) are axially located. Three equal donors may be the
reason for the change in the coordination geometry in the tri-
podal ligand structure, which was also observed in other
copper complexes with three equal N donors.””””® The trigo-
nal-bipyramidal structure with the tertiary amine and the
bromide at the axial positions enables comparison to the
structures of the copper(u) bromide complexes based on
various TPMA ligands.>””’®7° The average bond length to the
equatorially located atoms is slightly increased for C4 but
more significant is the elongated bond length to the axially
located atoms (Cu-Br = 2.447(1) A, Cu-Neye = 2.112(3) in C4 vs.
Cu-Br = 2.390(1) A, Cu-Niey¢ = 2.047(3) in TPMA™™®? and Cu-

This journal is © The Royal Society of Chemistry 2024
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Br = 2.384(6) A, Cu-Ner = 2.040(3) in TPMA).>””®7° On the one
hand, the longer Cu-Br bond length could indicate a lower
halidophilicity of C4 compared to the copper(n) TPMA
systems, although it is required to form the deactivator
complex in ATRP. On the other hand, a weaker and longer Cu-
Br bond length could lead to an enhanced deactivation reac-
tion. Furthermore, the only stable copper(i) bromide complex
(C5) was received based on the ligand L3. The other systems
tend to disproportionate and have a high sensitivity to air,
similar to the highly active TPMA™*-system.>” The guanidine
N donors in the Cu(1) complex C5 coordinate in the basal posi-
tions (Cu-Nj, (1) = 2.053(2), Cu-N,, (2) = 2.053(2), Cu-N,, (3) =
2.053(2)) and the bond lengths are shorter than of the axially
located tertiary amine (Cu-N,, = 2.200(2)). Analogous to pre-
vious studies for copper(1) complexes, the guanidine functions
here are less delocalised (p = 0.95) compared to that in the
copper(n) complexes.*>®® The significant structural difference
of the complex C5 without a coordinating halide is notable to
previously investigated ATRP systems based on the ligand
TPMA where a halide is coordinating.”® This can be interpreted
as a better stabilisation of the required Cu'L, activator species
induced by the guanidine moieties.*?

Structural studies in solution

In order to clarify the structure of the copper(i) and copper(u)
complexes in solution, a titration experiment and UV/Vis, EPR,
and variable temperature NMR spectroscopic experiments
were exemplarily conducted based on ligand L1. Since the
copper(i) bromide complex tends to disproportionate to
elemental copper and the copper(u) complex, the titration
experiment was only conducted for the copper(u) system. The
intention is to show that in solution as well as in the solid-
state the formation of a monochelate species is preferred.
Copper(u) bromide was dissolved in MeCN, and aliquots of L1
were added. Afterwards, the UV/Vis spectrum was obtained
(Fig. S371). The species formation was followed at 750 nm since
the complex C1 exhibits one maximum at this wavelength
(Fig. 2). It increases linearly up to adding a half equivalent of
L1, then decreases until one equivalent is reached. The course

" = CuBr, (750 nm),
0.2- - - r
. L]
015' - -
— L]
=2
T, - "aamg n n
< 01 F
0.054 F
0 r r T T T
0 0.5 1 1.5 2 25 3

eq. TMG-4NMe,uns-penp (L1)

Fig. 2 UV/Vis spectroscopic titration of 5 mM CuBr, in MeCN with L1.
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indicates that species distributions are present using insuffi-
cient amounts of ligand (less than 1 eq.). Presumably, there is
the formation of a binuclear species with either two N donors
of a ligand and two bromide ligands coordinating the copper
or a species with two adjacent halogen-bridged copper centres.
Nevertheless, a slight excess of ligand (more than 1 eq.) may
ensure the presence of the monochelate complex. Thus, an
equimolar amount or a slight excess of ligand is recommended
for experiments with in situ formed complexes (Table 2).
UV/Vis spectra of the copper(u) bromide, chloride, and tri-
flate complexes based on L1 were recorded, and for all three
complexes, two d-d transitions are obtained (Fig. 3). This is
typical for copper(u) complexes coordinated by tetradentate
ligand systems and has especially been observed for trigonal-
bipyramidal copper(u) complexes. For these complexes, the
transitions were related to the transitions de_j. % dy, — de
and d,, ~ d, — d,..*"* The transitions for C1 are centred at
750 nm and 924 nm, for C2 at 769 nm and 938 nm, and for
[Cu(TMG-4NMe,uns-penp)](OTf), at 632 nm and 902 nm.
There is a blue-shift depending on the anion for both tran-
sitions in the order OTf < Br < Cl. This is in accordance with
the transitions of the published copper(un) bromide (776 nm
and 1138 nm) and triflate (725 nm and 980 nm) complexes
based on the ligand TPMA™2.?” The transitions presented
here are blue-shifted; in particular, the first transition of the

Table 2 Extinction coefficients of selected copper(i) halide complexes
in MeCN for their maxima between 500 and 1100 nm using the ratio
CuXp/L=1/1

Amax [NM] (Emax [L{mol cm)™"])

Complex 500-800 nm 800-1100 nm
[Cu(TMG-4NMe2uns-penp)Br|Br (C1) 750 (112) 942 (118)
[Cu(TMG-4NMe2uns-penp)CI|CI (C2) 757 (104) 945 (127)
[Cu(TMG-4NMe2uns-penp)](OTf), 632 (106) 911 (110)
[Cu(TPMA"M**)Br]Br >’ 776 (n. d.) 1038 (n. d.)
[Cu(TPMANM<?)|(OTS), >’ 725 (n. d.) 980 (n. d.)

400 . . . . .
[—— [Cu(TMG-4NMe,uns-penp)Br]Br (C1)
—— [Cu(TMG-4NMe,uns-penp)CIICI (C2)
300 —— [Cu(TMG-4NMe,uns-penp)](OTf), L
£
[}
'S 200 .
E
=
w2 e
1001 e \W
Ay
0 \‘é,////
400 500 600 700 800 900 1000 1100
A [nm]

Fig. 3 UV/Vis spectra for 2.5 mM complex solutions in MeCN of [Cu
(TMG-4NMe2uns-penp)BrlBr (C1), [Cu(TMG-4NMe2uns-penp)Cl]ICL (C2),
and [Cu(TMG-4NMe2uns-penp)](OTf),.
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triflate complex is very different. This indicates a significant
influence of the guanidine moiety on the optical properties of
these complexes and a larger gap in the orbital energy levels.

The complex C1 was further exemplarily investigated
by EPR spectroscopic measurements. In a DCM/toluene =
1/1 mixture, an axial spectrum was obtained (Fig. S5f). The
EPR parameters could be simulated with the MATLAB tool
EasySpin:*® g; = 2.088, A; = 139 MHz, g, = 2.237, A, = 426 MHz,
g3 = 1.999 and A; = 193 MHz. The g and A parameters are
similar to the analogue TPMA™* complex in a DCM/toluene
= 1/1 mixture: g, = 2.173, A, = 255.3 MHz, g, = 2.198, A, =
336.5 MHz, g5 = 1.95 and A; = 260.1 MHz.*” The slight differ-
ences could be explained by different structures analogous to
the structures in the solid state. In MeCN it exhibits an isotro-
pic spectrum (Fig. S4F) with a calculated cubic tensor of gis, =
2.242. This is in an expected range compared to the tables of
Peisach and Blumberg.? 1t is also similar to the measurement
of the TPMA™™*? based copper(u) bromide complex in MeCN
with gigo = 2.123.77

Furthermore, the properties of the catalyst system based on
L1 were characterised by variable temperature NMR spec-
troscopy. The intention is to show that this system undergoes
fast ligand exchange in the presence of ligand excess relative
to copper like other multidentate pyridine-based systems
(Fig. 4 and Fig. $131).%> Analogous to the TPMAN*-system, by
using equimolar amounts of the ligand, the solution turned to
a dark suspension due to a disproportionation reaction from
[Cu(TMG-4NMe,uns-penp)Br] to elemental copper, free ligand,
and [Cu(TMG-4NMe,uns-penp)Br]Br in acetone-d®.>” Acetone
is a polar solvent that can interfere with the formation of the
copper(u) deactivator complex and, thus, with the disproportio-

— X S
N— e
! /N\
a+a' c+c' b+Db'
M 20°C N M
0°C

M -2c°c
N n
S \___-eoc

-40°C

ata'

c' [ b+b'

82 8.1

80 7973 72 71 70 69 68 67 66 65 64
5 [ppm]

Fig. 4 Aromatic region of variable-temperature *H NMR spectra of the
L1-based CuBr complex in dg-acetone at a molar ratio of [CuBr]: [L1] =
1:3.
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nating properties of the copper(i) complex.>” The reasons for
this are its polarity and its weak coordination ability with
copper(1). However, the main reason is the good stabilisation
of the copper(u) centre by L1. Under ligand excess (L1/CuBr =
3/1), the disproportionation equilibrium is shifted to the
copper(1) side. The previously paramagnetic dark suspension
changed to a yellow diamagnetic solution, suitable for NMR
spectroscopic investigations after a few minutes. At a tempera-
ture of 20 °C, the resonances are sharp and can be assigned in
the aromatic region analogously to the resonances in the free
ligand. The shifts vary slightly compared to the free ligand,
but the coupling pattern of the protons is very similar. This
indicates a fast exchange between the coordinated and the free
ligand. By a decrease of temperature to —40 °C, the first broad-
ening in the aromatic region was observed. This is reasoned by
a slower rate of ligand exchange that continues to slow down
at —80 °C. Here, the resonance of the proton c splits into sep-
arated resonance of free and coordinated ligand in an intensity
ratio of 2/1. This behaviour is similar to that in previous inves-
tigated TPMA systems.>”%

Electrochemistry

The ATRP catalyst activity is described by the equilibrium con-
stant which correlates to the redox potential for copper com-
plexes with N donor ligands.*® This allows the activity predic-
tion of new catalyst systems solely on the basis of their redox
potential.”” Therefore, cyclic voltammetric measurements of
the systems based on L1-L3 were conducted (Fig. 5 and
Fig. S6-S9t). The complexes were formed in situ dissolving
equimolar amounts of ligand and copper(u) salt in acetonitrile
at room temperature. The redox potential of the Fe/Fe' couple
was subsequently measured and it served as an internal stan-
dard. Afterwards, the redox potentials of the systems were
referred against saturated calomel electrode (SCE) for easier
comparability with the literature.®® The whole procedure was
realised under a nitrogen atmosphere in a glovebox with
degassed solvents to exclude oxygen, which is necessary due to

20E-64 [—— 20 mV/s - L
—— 50 mV/s / SN
— 100mVis /, R
1.0E64 | —— 200 mV/s| -
. 0.0E+0 - -
<
-1,0E-6 s
-2,0E-6 ‘ s
\\ //
-3.0E-6 \_/ s

-0.8 07 ~0l‘6 -0|.5 0.4 0.3 —0'.2
$vs. SCE [V]

Fig. 5 Cyclic voltammograms with various scan rates of the Cu'L/Cu''L

couple starting from a 1 mM [Cu(TMG-4NMe,uns-penp)BrlBr complex
solution in MeCN.
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Fig. 6 Calculated Karrp values against measured E;,, values for various
copper catalysts based on tetradentate guanidine ligands in the linear
correlation of Ey; vs. log(Katrp)-

the high air sensitivity of the catalyst systems. Scan rates of
200 mV s, 100 mV s7%, 50 mV s, and 20 mV s~ were used.
The received values for E,/,, the peak-to-peak separation (AE),
and predicted Karrp values (predicted by using the correlation
(Fig. 6))*® are denoted in Table 3. The system based on L1 and
L2 shows a reversible electron transfer (Tables S4-S71). A
quasi-reversible electron transfer for the systems based on L3
explains the large values of AE (Table S8+).

It shows on the one side that these ligands can stabilise the
electrochemically generated copper(i) complex, but on the
other side that higher reorganisation energy for the systems
based on L1 and L3 is required to change the geometry
between the copper(u) and copper(i) complexes.®” AE increases
for ligands with dimethylaminepyridino (DMAP) units com-
pared to pyridine units and for an increased number of TMG
units.

It is consistent with the quasi-reversible nature of the elec-
tron transfer for the TPMA™*? system®’ and a reversible elec-
tron transfer for the TPMA system.>® For the system based on
L3, a quasi-reversible redox wave with a peak-to-peak separ-
ation of AE = 440 mV was obtained.

A reason for the quasi-reversible behaviour in this magni-
tude could be the change in the coordination sphere by the
redox process from the copper(1) complex without a coordinat-

Table 3 Redox potentials and derived Karrp Values of various Cu'L/
Cu''L couples with L = L1-L3, TPMANM®2, and TPMA?7-38

Eqppvs. AE

Cu'L/Cu"L, L= X~ SCE[V] [mV]  Kargp
TMG-4NMe,uns-penp (L1)  Br~ -0.478 99 4.6x1072
TMG-4NMe,uns-penp (L1) Cl™ —0.601 79 —
TMG-4NMe,uns-penp (L1) OTf~ —-0.373 97 —
TMG-uns-penp (L2) Br~ -0.371 77 1.3x107°
TMGjstren (L3) Br~ -0.375 440 1.5x107°
TPMA™M? (ref. 27) Br~ -0.554 n.d. &1
TPMAM? (ref. 27) oTf~ -0302 n.d  —

TPMA (ref. 38) Br~ —0.240 70 9.6 x107°
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ing halide to the copper(u) species with a coordinating halide
like in the crystal structures. This change in the coordination
geometry seems to be different relative to other comparable
copper complexes with tripodal ligands like TPMA-based
copper(1) complexes where a halide is coordinating.”® To inves-
tigate the influence of the anion, measurements of the copper
bromide, chloride, and triflate systems based on L1 were con-
ducted. The copper bromide system possesses a higher redox
potential (E;,, = —0.478 V) relative to the appropriate copper
chloride system (E;;, = —0.601 V) and a lower redox potential
relative to the copper triflate system (E;, = —0.373 V). This
dependence on the halide is in accordance with the literature
and indicates a higher redox potential by a larger Cu-X bond
length.**®® The redox potential of the copper bromide system
of L1 (Ey;, = —0.478 V) compared to that of L2 (E;/, = —0.371 V)
is lower due to the electron density donating dimethylamine
moieties at the pyridines (AE;,(L1/L2) = —0.107 V) leading to
the most active ATRP catalyst based on a guanidine ligand
(Karrp = 4.6 x 107%). The difference is smaller and in an
expected range relative to the TPMA™? (E,,, = —0.554 V) and
TPMA (E;/, = —0.240 V) systems since only two pyridines are
substituted and not three (AE;,(TPMA™*/TPMA) = —0.314
V). Notable is that the redox potential of the system based on
L2 is lower than that of the TPMA system indicating stronger
electron density donating properties of the TMG unit relative
to pyridine units. The influence of guanidine donors on
activity is highly dependent on the ligand design, and the
described increase in activities for the tetradentate pyridine
ligands demonstrates the importance of studying these donors
(Fig. 6). Advances in the ligand design lead to L1, which is the
most reductive system based on guanidines to date. For the
bromide system based on L1, the redox potential is higher and
thus the activity is still lower relative to the system based on
TPMA™? concerning larger Kurrp values, but electrochemical
differences influenced by the guanidine functions were found.
The redox potential of the triflate system is lower (Ej, =
-0.373 V with L1 vs. Ey, = —0.302 V with TPMA™°?). The
smaller difference in the redox potential of the bromide to the
triflate system using the ligand L1 compared to the TPMA™™¢?
ligand suggests less interference between halide and the
copper centre induced by guanidine donors. A reason is a
larger distance between the halide and the copper centre by
the guanidine moiety. Lower redox potentials indicate a better
copper(u) stabilisation and depend on the donating properties
of the ligand.”””® In the triflate systems, the anion has less
influence on the redox potential. Therefore, it reveals even
more electron density donating properties of L1 relative to the
TPMA™¢? ligand and consequently stronger donating ability
of TMG relative to DMAP moieties in these systems. The large
peak-to-peak separation for the system based on L3 can
explain the similar E;,, values for the systems based on L3
(E1» = 0.375 V) and L2 even though three donating TMG moi-
eties are present in L3.

Using the redox potentials of the triflate system (Ei/z1.cu)
based on L1 and the previously determined standard redox
potential of the solvated Cu'/Cu" couple in MeCN at T = 25 °C

Dalton Trans., 2024, 53,2973-2990 | 2979


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3dt03392a

Open Access Article. Published on 08 January 2024. Downloaded on 4/4/2026 1:03:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(E1j2,cu = 1.06°V vs. SCE), the #"/f" ratio can be calculated (eqn
(1)).>”*> The obtained value of g"/f" = 1.7 x 10** is larger by
one order of magnitude than of the TPMA™%-system (8"/f' =
1.1 x 10**) revealing a huge driving force for copper(n) stabilis-
ation and radical formation in ATRP. Furthermore, using the
redox potential of the bromide system (E;/,, LCuBr) the ratio of

the apparent halidophilicity constants K% Xapp? K app €an be cal-
culated (eqn (2)).
ﬁ”
Inr = g Brnc = Buaca) (1)
KH F
In KE:E RT — (E1/2,.cu — E1/2,L0uBr) (2)

The received value of 60 is significantly lower than for the
TPMA™%system (=10°). Since a good stabilisation of the acti-
vator complex by guanidine donors in tripodal and tetraden-
tate ligands is proposed and the Cu-Br bond length is larger
in the copper(u) complexes with guanidine moieties, this low
value means a high stabilisation of the Cu"L, species. Even
though this is unwanted, it should lead to a large driving force
for the activation reaction. Because the redox potential of the
copper bromide system based on L1 is higher relative to the
TPMA™¢? system and therefore Krgp is lower (Kxrrp = 4.6 X
107?), concerning the relation Kyrgp = kact/kgeact the rate of de-
activation must be even higher. Presumably well-stabilised
species and the shifts of equilibria are highlighted in
Scheme 4. Thus, there are indications that the guanidine
moiety induces a faster exchange within the ATRP equilibrium.
The reasons for this are better stabilisation of the copper()
activator complex and improved deactivation by easier homoly-
tic bond cleavage due to a larger Cu-Br bond length in the
copper(u) deactivator complex.

[ R =H or NMe,

good Cu''L,, stabilisation

- Large "/ ratio

- Presented results === enhanced formation of Cu'L,
R
| |/\N by guanidine donors
N N—CU N = - Small Ky''/Ky' ratio + enhanced Cu'L,, formation

2| mmm good Cu'lL, stabilisation
- Enhanced Cul'L,, formation and good Cu''L,, stabilisa-
tion === large driving force for the activation reaction
- Large driving force for the activation reaction but small-
er Karrp relative to TPMANMeZ system wep large Kyoact

Scheme 4 Proposed impact of tetradentate guanidine ligands on ATRP
equilibrium.
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Density functional theory (DFT) calculations

DFT calculations were performed for the complex cations of
C1, C2, C3, C4, C5 and the related copper(u) bromide com-
plexes based on the ligands TPMA and TPMA™>, The func-
tional TPSSh°>®' and the basis set def2-TZVP°**° with a
polarisable continuum model (PCM), as a solvent model for
MeCN and empirical dispersion correction with the D3 version
of Grimme’s dispersion Becke-Johnson damping (GD3B]J) were
used in accordance with previous studies (additional infor-
mation is provided in the Experimental section).’®®® Except
for C1, the calculated complex structures by DFT are in agree-
ment with the experimental ones (Fig. 7 and Tables S9-S127).
In C1, the N¢—Cu-Br bond angle varies (174.7° vs. 163.8°),
which explains the large difference in the 75 values (0.37 vs.
0.11). The calculated minimum of the calculation was thereby
verified as described in the ESIT (DFT calculations of the com-
plexes) and the slightly changed position of the bromide in
the crystal structure was explained by packing effects.

In the following, the results for the copper(u) bromide com-
plexes are discussed exclusively. The calculations reveal
square-pyramidal structures for the complex cation in C1 and
C3, which correspond to the experimental structures. At this
point, analogous to C1, the calculated minimum for C3 was
also verified as described in the ESI{ in order to prove the
exchange of the coordinating donors as a function of the di-
methylamine substitution of the pyridine donors. Also corres-
ponding to the experimental structures, trigonal-bipyramidal

044 |

[Cu(TMG-4NMe,uns-penp)Br]*;

inC1
0 43 -0.41
| 47,
2
u
/ 2 1
98.5| 47,8 (b), 19.0 2 142, 9‘ 3
/N 2'443| ‘21.025((2)).12 2§$)z)ax) 2405
Br Br
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| 071 2136
N N—rCu1.28
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Fig. 7 Calculated NBO charges [e units] (red), charge-transfer energies
Ect [kcal mol™ (blue) and selected bond lengths [A] (green) for selected
Cu(n) deactivator complex cations (NBO7.0), TPSSh/def2-TZVP and PCM
solvent model for MeCN and empirical dispersion correction with
Becke—Johnson damping.
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structures were obtained for the complex cation in C4 and the
copper (i) bromide complexes based on the ligands TPMA and
TPMA™2, For all structures, the trends between the calcu-
lated bond lengths are the same as for the experimentally
determined structures and the root mean square deviation
(RMSD) values are small.

The optimised structures were used for natural bond orbital
(NBO) calculations to investigate the influence of the varied
donors on the NBO charges of the copper, the donating N
atoms, the coordinating bromide, and on the charge-transfer
energies (Ecr). The NBO charge of the N donors decreases in
the order: tertiary amine > pyridine > DMAP > guanidine,
revealing the strongest basicity for the guanidine donor and
the descending order of basicity within these systems.

In all complexes, Ecy are higher for DMAP vs. pyridine
donors showing better donor properties of DMAP units due to
electron density donating properties of the dimethylamine
substituents. Ecr of the guanidine donors strongly depends on
the complex geometry. As expected, Ecr of the axially located
guanidine donor in the square-pyramidal complex cation in
C1 is lower than of the basally located guanidine in C3.
Moreover, Ecr values of the equatorially located guanidine
donors in the trigonal-bipyramidal complex cation in C4 are
lower than of those pyridine donors in the TPMA complexes,
revealing weaker donation. The reason for this is the high
steric demand of the bulky TMG moieties. The steric demand
leads to interactions between the guanidines when three of
these coordinate in the same plane, resulting in weaker
donation despite their excellent donor properties.

It is proposed that a large Cu-Br bond length in the copper
(1) deactivator complexes is easily cleavable homolytically,
improving the deactivation reaction. In the calculated struc-
tures, the Cu-Br bond length for DMAP-containing complexes
is elongated compared to the analogue pyridine complexes
and even more by the number of guanidine donors, showing a
dependence on the different donors as obtained in the crystal
structures. Concerning Ecr of the bromide, there is a clear
dependency on the N donors. Ecy of the bromide decreases by
DMAP relative to unsubstituted pyridines, indicating that the
Cu-Br bond gets weaker by stronger donating N donors.

This can be illustrated by the sum of the Ecr values of all
coordinating N donors (Ecr,otal)- The value is higher for the
copper(n) bromide TPMA™* complex (Ecrtotal = 156.9 keal
mol™") than for the comparable TPMA complex (Ecriotal =
152.4 kcal mol™') and analogously when comparing the com-
plexes in C1 (Ecroral = 161.2 keal mol™) and C3 (Ecrotal =
149.9 kcal mol™). The Ecy of the bromide also decreases by
replacing a pyridine donor with a guanidine donor. In this
case, the sum of the Ecr values of all coordinating N donors
does not change significantly. Thus, certain electronic or steric
properties of the guanidine must therefore be the reason that
Ecr of the bromide decreases and consequently the bond is
weakened. For the complex cation in C4 with three guanidine
donors, Ecr of the bromide is the lowest in the presented
series. Since the interaction between the TMG units leads to a
weaker donation of these and a lower sum of Ecy values of all

This journal is © The Royal Society of Chemistry 2024
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coordinating N donors (Egr,oral = 114.5 keal mol™"), the steric
properties of the TMG moieties are mainly the reason for the
low Ecr of the bromide in C4. However, there is evidence that
the steric and the electronic properties of the guanidine
donors are the reason for lower Ecy values of the bromide, and
these correlate directly within these systems with the Cu-Br
bond lengths. Therefore, the performed calculations show the
bromide’s weaker coordination in dependency of the N donors
and emphasise the theory of a better cleavable Cu-Br bond by
guanidine donors.

Polymerisation

The catalyst system based on L1 contains a guanidine that
leads to a weaker and elongated Cu-Br bond length in the
deactivator complex and shows a very low redox potential
with reversibility in the redox process comparable to that
in the most active TPMA systems. Therefore, to assess the pre-
dicted high activity of this catalyst system the performance
of standard ATRP and ICAR ATRP of styrene were tested. EBiB
as initiator, AIBN as radical initiator and benzonitrile as
solvent were used analogue to the conditions by previous
studies.*>>>®! The complexes were prepared in situ using
copper(1) bromide and L1 or copper(u) bromide and L1 for

1.2 N M L :

400 600 800

t [min]

0 200

0 10 20 30 40 50 60 70
Conversion [%]

Fig. 8 Semilogarithmic plot of conversion vs. time (top) and plot of M,/
D vs. conversion (bottom) for ICAR ATRP of styrene with the CuBr,/L1
catalyst system. Conditions: Styrene//EBiB/Cat./AIBN = 100/1/0.1/1.5 in
benzonitrile at 60 °C.
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Table 4 Conversions, molar masses and dispersity for ICAR ATRP of styrene in benzonitrile with EBiB as initiator and AIBN as reducing agent using
the CuBr,/L1, CuBr,/L3 and CuBr,/TPMA catalyst systems with a ratio of styrene/EBiB/Cat./AIBN = 100/1/0.5/1.5 at 60 °C

TMG-4NMe,uns-penp (L1) TMG;tren (L3) TPMA
Mn Mn,th p Mn

t[h] p[%] [gmol™] [gmol™'] P [%] [gmol™] Mym[gmol™] b p[%] My[gmol™] M,g[gmol™] D

1 2 n. d. 200 n. d. 1 n. d. 100 n. d. 0 n. d. 0 n. d.
2 9 n. d. 900 n. d. 8 n. d. 800 n. d. 1 n. d. 100 n. d.
4 22 2700 2300 1.14 23 1700 2400 1.19 16 n. d. 1700 n. d.
6 34 3300 3500 1.13 35 2400 3700 1.17 29 1700 3000 1.10
8 44 4100 4600 1.14 46 2800 4800 1.18 40 2500 4200 1.09
10 53 4800 5500 1.15 55 3800 5700 1.13 50 3000 5200 1.09
12 61 5200 6400 1.16 62 3700 6500 1.18 57 3200 5900 1.12
14 67 5600 7000 1.19 67 4000 7000 1.19 63 3600 6600 1.12

standard ATRP or ICAR ATRP experiments, respectively. The
performance of standard ATRP with a ratio of M/I/Cat. = 100/1/
1 was tested but indicates an uncontrolled behaviour
(Fig. S151). A reason is the low redox potential resulting in a
high amount of copper(un) species and free radicals. That
causes more radical terminations, a change of radical concen-
tration, and a polymerisation not following pseudo-first-order
kinetics. In contrast, using a ratio of M/I/Cat./AIBN = 100/1/
0.1/1.5 at 60 °C, a linear increase of the semilogarithmic plot
of conversion vs. time was observed (Fig. 8) indicating a suc-
cessful ICAR ATRP. To quantify the results, polymerisations
were also carried out under analogous conditions, but with the
ligands L3 and TPMA (Fig. S16 and S177). The rate constants
kops depend on the AIBN concentration and the rate of
decomposition."®**°° The values (L1: kops = 1.4 X 107> + 1.6 x
1077 874 L3 kops = 1.5 X 107° £ 1.2 x 107> 574 TPMA: kops = 1.4
x 107 + 2.3 x 107> s7") are very similar to previous results
from us using comparable conditions (kops = 1.3 X 107> + 2.2 x
107> s7').>>°" The short induction period at the beginning
may be explained by radical consumption of the deactivator
complex until a specific ratio of activator to deactivator is
reached.

The controlled behaviour of the polymerisations were con-
firmed by the constant growth of the molar masses that fit to
the expected ones and low dispersities by increased conver-
sions up to 67% after 14 h for the system based on L1
(Table 4). This practical example underlines the excellent
mediator properties of the catalyst system based on L1, even if
the comparative experiments with L3 and TPMA show that
under these conditions there is barely any difference in poly-
merisation behaviour with regard to dispersity. However, the
conversion increases faster for L1 and L3 in these ICAR ATRP
experiments compared to TPMA. The main reason for this is
the low redox potential and a high value for Kurgp, which
promote activation, but due to successful deactivation and a
high amount of copper(n) deactivator species, the dispersities
are still low.>*> A high value for the equilibrium constant can
also be a reason for low dispersity due to the decrease of
unwanted side reactions such as CRT and RRT.*>*® The
elongation of the Cu-Br bond length in the deactivator
complex and the resulting presumed faster exchange within
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influence.

by guanidine donors may also have an

Conclusions

The synthetic pathway for the novel ligand TMG-4NMe,uns-
penp (L1) is presented. Besides L1, the tripodal and tetraden-
tate ligands TMG-uns-penp (L2) and TMGastren (L3) were used
to investigate the influence of guanidine moieties on the ATRP
catalyst properties. With these ligands, copper complexes were
synthesised and crystallised for structure analysis in the solid
state. Based on L1 and L2, distorted square-pyramidal com-
plexes were obtained, and it was found that the position of the
guanidine N donor changes by NMe, substitution at the pyri-
dines. Based on L3, a trigonal-bipyramidal structure that can
be related to the TPMA systems was received. Guanidine
donors increased the bond lengths between the copper centre
and the bromide ligand. This is underlined by the trigonal-
pyramidal copper(r) complex based on L3 without a coordinat-
ing halide which is different in the copper(i) halide complexes
based on the TPMA ligand where the halide coordinates.
Additionally, this system does not disproportionate despite the
strong donating guanidine donors. Thus, the stabilisation of
the activator complex by the guanidine moieties in tripodal
ligands seems to be higher.

The catalyst activities for the systems based on L1-L3 were
predicted by measurements of the redox potentials and using
the strong correlation with Kyrgp. As expected, dimethylamine
substituents at the pyridines lead to a lower redox potential,
making the system based on L1 the most active ATRP catalyst
based on a guanidine ligand (E;/, = —0.478 V vs. SCE, Kxrrp =
4.6 x 107%). Moreover, based on the measured redox potentials,
an overall faster exchange within the ATRP equilibrium was
derived, which could be important for future polymerisations
in terms of low dispersity.'°® The reasons proposed are the pre-
ferential presence of the activator complex and a weaker Cu-Br
bond in the deactivator complex that could improve the de-
activation reaction. An elongated Cu-Br bond length and its
weakening by guanidine units are supported by DFT calcu-
lations. A successful ICAR ATRP of styrene indicated high

This journal is © The Royal Society of Chemistry 2024
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activity and good reversibility within the ATRP equilibrium.
Controlled conditions with low dispersities and molar masses
that fit to the expected ones were obtained. This shows the
large potential of guanidine copper systems in ATRP and
opens up new avenues in ligand design for CRP methods.

Experimental part
General information

The synthesis of the ligands and complexes was conducted
under inert conditions under a nitrogen atmosphere (99.999%
purity) using the Schlenk technique or a glovebox. Purified
and degassed solvents were used and were purified according
to the literature.'® The chemicals for the synthesis of the
ligands and complexes were all purchased from ABCR, Acros
Organics, Alfa Aesar, Grissing, Fluka Analytical, Fisher-
Scientific, Sigma-Aldrich or TCI and were used as received
without further purification. The compounds 2-(1,3-dioxoi-
soindolin-2-yl)ethan-1-aminium 2,2,2-trifluoroacetate (1) and
4-chloropicolinaldehyde (2) were resynthesised by modifying
the literature procedures, which is described in the ESL{%4"%?
The Vilsmeier salt N,N,N',N'-tetramethylchloroformamidinium
chloride (TMG-VS), copper(i) bromide, L2 and L3 were syn-
thesized as described in the literature.®”-%%7%1%3

Ligand synthesis

2-(2-(Bis((4-chloropyridin-2-yl)methyl)amino)ethyl)isoindo-
line-1,3-dione (3).%°

Cl
. o N
9 T Ms  N=
N—12
o 7 6_1\*N N—
8 o) 11 7 \ 4

2-(1,3-Dioxoisoindolin-2-yl)ethan-1-aminium 2,2,2-trifluoroace-
tate (10.0 g, 32.9 mmol, 1 eq.), triethyl amine (3.33 g,
32.9 mmol, 1 eq.) and 4-chloropicolinaldehyde (9.31 g,
65.8 mmol, 2 eq.) were dissolved in DCM (200 mL) and stirred
for 1 h. To this solution sodium  tri(acetoxy)borohydride
(20.9 g, 98.7 mmol, 3 eq.) and DCM (100 mL) were added and
the suspension was stirred for 18 h. After that, the mixture was
quenched with saturated sodium hydrogen carbonate solution,
the organic layer was separated, and the aqueous phase was
extracted with DCM (2 x 150 mL). The combined organic layers
were dried over MgSO, and the solvent was removed under
reduced pressure. For purification, the product was diluted in
DCM (10 mL) and slowly added to n-hexane (300 mL). The pre-
cipitate was filtered and residual solvent removed under
reduced pressure (yield = 98%, 14.2 g, 32.2 mmol). "H NMR
(400 MHz, CDCL,): 6 = 8.32 (d, *Jun = 5.4 Hz, 2H, CH, 5), 7.83
(m, 2H, CH, 8), 7.73 (m, 2H, CH, 9), 7.31 (d, *Juy = 2.0 Hz, 2H,
CH, 2), 7.08 (dd, *Jumn = 5.4, “Jun = 2.0 Hz, 2H, CH, 4), 3.85 (m,
6H, CH,, 10 + 11), 2.89 (t, *Jyy = 5.9 Hz, 2H, CH,, 12) ppm. **C
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NMR (101 MHz, CDCl,): § = 168.4 (Cg, 7), 161.0 (Cq, 1), 149.9
(CH, 5), 144.7 (Cq, 3), 134.1 (CH, 9), 132.2 (Cg, 6), 123.5 (CH,
8), 123.4 (CH, 2), 122.6 (CH, 4), 59.8 (CH,, 10), 51.9 (CH,, 12),
35.9 (CH,, 11) ppm. IR (Diamond-ATR, neat) Jma: 3025 (vw),
2946 (vw), 2855 (vw), 1765 (m), 1706 (vs), 1679 (w), 1575 (m),
1555 (m), 1468 (w), 1454 (w), 1426 (m), 1393 (s), 1366 (m), 1352
(m), 1323 (m), 1280 (w), 1250 (vw), 1215 (W), 1186 (m), 1172
(w), 1133 (w), 1108 (m), 1087 (m), 1036 (w), 1019 (w), 981 (w),
970 (m), 955 (W), 940 (m), 895 (w), 875 (w), 862 (w), 825 (m),
802 (w), 739 (m), 720 (vs), 703 (s), 670 (m), 606 (W), 573 (W),
544 (w), 530 (m), 494 (w), 457 (m), 428 (s), 406 (W), 369 (W), 354
(s), 331 (m) ecm™'. HRMS (ESI", MeOH) m/z: isotopic distri-
bution caled for C,,H;oN,CL,O, [M + HJ": 441.0886 (100)
[CpH1o*°CLN,O,]",  442.0915 (26) [Cay'*CH16*’CLN,O,],
443.0864  (68)  [CyHio”°CIP7CIN,O,]",  444.0890  (17)
[C21"*CH,6>°CI*’CIN,O,]", 445.0839 (13) [CaH1o’ CLNLO,],
446.0862 (3) [Cp1"’CH;o”"CL,N,0,]; found: 441.0887 (100),
442.0920 (26), 443.0857 (68), 444.0887 (16), 445.0825 (11),
446.0855 (3).

Additional information on the synthesis of the target com-
pound and original analysis data files are available via
Chemotion Repository: https://dx.doi.org/10.14272/reaction/SA-
FUHFF-UHFFFADPSC-MBUHWDDXOF-UHFFFADPSC-NUHFF-
NUHFF-NUHFF-Z77.

N',N'-Bis((4-(dimethylamino)pyridin-2-yl)methyl )ethane-1,2-
diamine (4).”

[)\ /6 W i
N
3
42 =
\ 1 |
~ NS
°° N

2-(2-(Bis((4-chloropyridin-2-yl)methyl)Jamino)ethyl)isoindoline-
1,3-dione (6.88 g, 15.9 mmol, 1 eq.) and dimethylamine hydro-
chloride (16.0 g, 196 mmol, 12.3 eq.) were added to a 100 mL
pressure flask. Water (50 mL) was added and then NaOH
(7.82 g, 196 mmol, 12.3 eq.) was added and the flask was
quickly closed. The mixture was stirred at 150 °C overnight.
The cooled flask was opened and the mixture was diluted with
1 M NaOH (200 mL) and was stirred for 2 h. The solution was
extracted with MeCN (3 x 150 mL), the combined organic
layers were dried over Na,SO,, filtered and the solvent evapor-
ated under reduced pressure. The product was used for follow-
ing synthesis without further purification. (Yield = 67%,
3.50 g, 10.7 mmol). '"H NMR (400 MHz, CDCl;): § = 8.09 (d,
3w = 5.9 Hz, 2H, CH, 5), 6.73 (d, “Juu = 2.4 Hz, 2H, CH, 2),
6.31 (dd, *Juu = 5.9 Hz, *Jyu = 2.4 Hz, 2H, CH, 4), 3.69 (s, 4H,
CH,, 7), 2.93 (s, 12H, CHj, 6), 2.74 (t, J = 5.8 Hz, 2H, CH,, 9),
2.63 (t, J = 5.8 Hz, 2H, CH,, 8), 2.44 (br. s, 2H, NH,) ppm. **C
NMR (101 MHz, CDCly): § = 159.7 (Cq, 1), 154.9 (Cg, 3), 149.1
(CH, 5), 105.5 (CH, 2), 105.2 (CH, 4), 61.2 (CH,, 7), 57.6 (CH,,
8), 39.8 (CHy, 9), 39.1 (CHj3, 6) ppm. IR (Diamond-ATR, neat)
Dmax: 3353 (vw, 1(N-H)), 2896 (w), 2819 (w), 1596 (vs), 1540 (m),
1507 (m), 1449 (m), 1433 (m), 1373 (m), 1310 (w), 1269 (W),
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1220 (m), 1163 (w), 1130 (w), 1110 (w), 1068 (w), 1003 (m), 984
(m), 968 (m), 881 (W), 841 (W), 806 (m), 766 (W), 740 (W), 599
(vw), 482 (vw), 441 (vw), 318 (vw) cm™". HRMS (ESI*, MeOH) m/
z: isotopic distribution caled for C;gH,oNg [M + H]": 329.2453
(100) [C1gHyoNg]", 330.2483 (22) [C1,"*CH,oNg ", 331.2508 (2)
[C16"°CoHoNg]";  found: 329.2449 (100), 330.2481 (21),
331.2514 (2).

Additional information on the synthesis of the target com-
pound and original analysis data files are available via
Chemotion Repository: https:/dx.doi.org/10.14272/reaction/
SA-FUHFF-UHFFFADPSC-WNSOFCUINP-UHFFFADPSC-NUHFF-NU
HFF-NUHFF-ZZZ.

2-(2-(Bis((4-(dimethylamino)pyridin-2-yl)methyl Jamino)
ethyl)-1,1,3,3-tetramethylguanidine (TMG-4NMe,uns-penp, L1)
[synthesised analogously to the standard guanidine synthesis
protocol].**%”

Y
/N\
2 2

N',N'-Bis((4-(dimethylamino)pyridin-2-yl)methyl)ethane-1,2-
diamine (6.00 g, 18.3 mmol, 1 eq.) and triethylamine (2.22 g,
21.9 mmol, 1.2 eq.) were dissolved in acetonitrile (130 mL) and
the TMG-VS (3.75 g, 21.9 mmol, 1.2 eq.) in acetonitrile (30 mL)
was slowly added at room temperature to the reaction mixture.
After refluxing for 3 h, the mixture was cooled to room temp-
erature. An aqueous solution of sodium hydroxide (0.88 g,
21.9 mmol, 1.2 eq.) was added and triethylamine as well as the
solvents were removed under reduced pressure. A 50% solution
of potassium hydroxide in water (50 mL) was added and the
product was extracted with acetonitrile (3 x 150 mL). The com-
bined organic layers were dried over Na,SO,. Activated char-
coal was added and after filtration over Celite®, the solvent
was removed under reduced pressure and the raw product was
obtained (97%, 7.64 g, 17.9 mmol). For purification, toluene
was added to the raw product and refluxed under stirring for
10 min. The hot toluene phase was decanted and the solvent
was removed under reduced pressure. To the light brown oil,
n-heptane was added and refluxed for 10 min. The hot
n-heptane phase was decanted and the product crystallised
overnight. The bright yellow crystals were dispersed, filtered
and dried under reduced pressure (24%, 1.86 g, 4.36 mmol).
'H NMR (400 MHz, CDCl,): & = 8.08 (d, *Jyy = 5.9 Hz, 2H, CH,
7), 6.86 (d, “up; = 2.7 Hz, 2H, CH, 4), 6.30 (dd, /i = 5.9 Hz,
Yuu = 2.7 Hz, 2H, CH, 6), 3.76 (s, 4H, CH,, 11), 3.37-3.24 (m,
2H, CH,, 10), 2.93 (s, 12H, CHj3, 8), 2.81-2.73 (m, 2H, CH,, 9),
2.65 (s, 6H, CHj, 2), 2.59 (s, 6H, CHj 2) ppm “*C NMR
(101 MHz, CDCly): & = 160.5 (Cgua, 1), 160.5 (Cq, 3), 155.0 (Cq,
5), 149.1 (CH, 7), 105.2 (CH, 4), 105.1 (CH, 6), 61.3 (CH, 11),
57.4 (CH,, 9), 47.6 (CH,, 10), 39.7 (CHj, 2), 39.1 (CHj, 8), 39.0
(CHz, 2) ppm. IR (Diamond-ATR, neat) OJpmae 2929 (W,
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Y(CHatipn.)), 2888 (W, 1(CHauipn.)), 2812 (W), 1613 (s), 1597 (vs,
y(C=N)), 1541 (m), 1504 (m), 1444 (m), 1428 (m), 1413 (W),
1362 (s), 1313 (w), 1288 (w), 1267 (w), 1235 (m), 1219 (m), 1162
(w), 1128 (m), 1107 (w), 1081 (w), 1069 (w), 1010 (m), 952 (w),
920 (W), 894 (w), 878 (W), 850 (m), 823 (w), 807 (s), 739 (W), 662
(vw), 638 (vw), 593 (w), 578 (w), 537 (vw), 481 (w), 452 (W), 394
(w) cm™". HRMS (ESI*, MeOH) m/z: isotopic distribution calcd
for C,3H;30Ng [M + H]": 427.3299 (100) [Cp3H3oNg]", 428.3327
(28) [Cay"’CH3oNg]", 429.3350 (4) [Cay'*C,Hj0Ng]"; found:
427.3302 (100), 428.3322 (50), 429.3350 (6).

Additional information on the synthesis of the target com-
pound and original analysis data files are available via
Chemotion Repository: https:/dx.doi.org/10.14272/reaction/
SA-FUHFF-UHFFFADPSC-QPLGYGHVGP-UHFFFADPSC-NUHF
F-NUHFF-NUHFF-ZZ7Z.

Complex synthesis

[Cu(TMG-4NMe,uns-penp)Br|Br (C1). TMG-4NMe,uns-penp
(23.5 mg, 0.0550 mmol, 1.1 eq.) and CuBr, (11.2 mg,
0.0500 mmol, 1 eq.) were diluted in MeCN (1 mL) and the
complex was precipitated by addition of Et,O (15 mL). The
supernatant solution was decanted and after that the complex
was again diluted in MeCN (1 mL). By slow diffusion of Et,O
(10 mL) crystals suitable for X-ray diffraction were obtained.
Yield: 13.0 mg (0.0200 mmol, 37%), IR (Diamond-ATR, neat)
Umaxt 2928 (W, Y(CHaiipn)), 2890 (W, ¥(CHaipn)), 2858 (W,
Y(CHajipn.)), 1616 (vs), 1570 (vs), 1528 (vs, ©(C=N)), 1478 (m),
1440 (m), 1426 (m), 1388 (vs), 1347 (m), 1332 (w), 1278 (m),
1233 (m), 1159 (w), 1147 (m), 1098 (w), 1071 (w), 1018 (vs), 994
(m), 963 (m), 925 (w), 898 (w), 834 (vs), 764 (w), 719 (w), 686
(w), 606 (W), 557 (W), 525 (w), 481 (w), 461 (m), 397 (w), 353 (W)
em™'. EA caled for C,3H;5Br,CuNg [M]: C 42.5%, H 5.9%, N
17.2%; found: C 42.4%, H 5.8%, N 17.3%. HRMS (ESI+, MeCN)
m/z: isotopic distribution caled for C,3H35BrCuNg [M — Br]™:
568.1700  (69)  [C,3Hzs °Br®®CuNg];  596.1727  (20)
[Cy,"*CH35" Br®®CuNg]", 570.1685 (100) [CysHzs* Br*CuNg]",
571.1710  (28)  [Cy'°CH3*'Br®CuNg]’, 572.1674  (34)
[CasH3s® Br®CuNg]", 573.1695 (9) [Cpy'*CHsg® Bre®CuNg]’,
found: 568.1692 (74), 569.1720 (20), 570.1676 (100), 571.1701
(29), 572.1659 (33), 573.1683 (9).

Additional information on the synthesis of the target com-
pound and original analysis data files are available via
Chemotion Repository: https:/dx.doi.org/10.14272/reaction/
SA-FUHFF-UHFFFADPSC-NWKNMQBGGX-UHFFFADPSC-NUHFF-
LUHFF-NUHFF-Z77.

[Cu(TMG-4NMe,uns-penp)Cl]Cl (C2). TMG-4NMe,uns-penp
(23.5 mg, 0.0550 mmol, 1.1 eq.) and CuCl, (6.7 mg,
0.0500 mmol, 1 eq.) were diluted in MeCN (1 mL) and the
complex was precipitated by addition of Et,O (15 mL). The
supernatant solution was decanted and after that the complex
was again diluted in MeCN (1 mL). By slow diffusion of Et,O
(10 mL) crystals suitable for X-ray diffraction were obtained.
Yield: 6.7 mg (0.012 mmol, 24%), IR (Diamond-ATR, neat)
Umax: 3380 (vw), 2895 (W, ¥(CHaiipn.)), 1614 (vs), 1570 (s), 1523
(vs, y(C=N)), 1478 (m), 1441 (m), 1426 (m), 1388 (vs), 1347
(m), 1332 (w), 1305 (m), 1279 (m), 1265 (m), 1233 (m), 1158

This journal is © The Royal Society of Chemistry 2024
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(w), 1146 (m), 1099 (w), 1070 (w), 1020 (vs), 963 (m), 926 (W),
899 (w), 849 (m), 836 (s), 812 (w), 764 (W), 719 (vw), 686 (W),
606 (w), 556 (w), 524 (w), 481 (w), 459 (m), 403 (w), 358 (W)
cm™ ', EA caled for C,3H,,Cl,CuNgO, [M + 2H,0]: C 46.3%, H
7.1%, N 18.8%; found: C 46.2%, H 7.0%, N 18.4%. HRMS
(ESI', MeCN) m/z: isotopic distribution caled for
C,3H35CICUNg [M — CI]": 524.2201 (100) [Cp3H35>°C1%CuNg]";
525.2229  (29) [C,,"’CH35*°Cl®CuNg]",  526.2187  (81)
[Ca3H35° CI®CuNg]", 527.2212 (23) [C,"*CH;5*°CI®CuNg]",
528.2173  (18)  [Cp3H3° CI®°CuNg]',  529.2185  (4)
[Ca2"*CH;5* CI®CuNg ", 530.2208 (1) [Cy1"*CyH;4% CI®°CuNg]",
found: 524.2188 (100), 525.2209 (34), 526.2168 (78), 527.2185
(26), 528.2152 (17), 529.2154 (8), 530.2171 (2).

Additional information on the synthesis of the target com-
pound and original analysis data files are available via
Chemotion Repository:  https:/dx.doi.org/10.14272/reaction/
SA-FUHFF-UHFFFADPSC-RUGUWNHIXP-UHFFFADPSC-NUHFF-
LUHFF-NUHFF-Z7Z.

[Cu(TMG-uns-penp)Br[Br (C3). TMG-uns-penp (18.7 mg,
0.0550 mmol, 1.1 eq.) and CuBr, (11.2 mg, 0.0500 mmol, 1
eq.) were diluted in MeCN (1 mL) and the complex was precipi-
tated by addition of Et,O (15 mL). The supernatant solution
was decanted and after that the complex was again diluted in
MeCN (1 mL). By slow diffusion of Et,O (15 mL), crystals suit-
able for X-ray diffraction were obtained. Yield: 10.2 mg
(0.0181 mmol, 36%), IR (Diamond-ATR, neat) Jpax: 3410 (Vw),
2930 (vw, u(CHaipn)), 2911 (vw, u(CHaipn)), 2863 (vw,
V(CHajipn.)), 1600 (w), 1558 (m, y(C=N)), 1476 (w), 1448 (m),
1423 (w), 1394 (m), 1343 (w), 1300 (m), 1288 (m), 1231 (vs),
1184 (m), 1152 (s), 1100 (s), 1077 (m), 1032 (w), 983 (m), 951
(w), 920 (vw), 895 (w), 857 (vw), 842 (w), 824 (w), 806 (w), 771
(m), 741 (m), 723 (w), 648 (m), 635 (m), 588 (w), 555 (m), 516
(m), 479 (m), 467 (w), 420 (m), 403 (m), 385 (W), 354 (m), 291
(m) em ™. HRMS (ESI", MeCN) m/z: isotopic distribution caled
for  CyoHpgBrCuNg [M -  Br]:  482.0859  (69)
[C1oHa5  Br®CuNg]"; 483.0883 (16) [Cy5"°CHyg  BrP*CuN,]’,
484.0838  (100)  [CyoHps*'Br®®CuNe]’,  485.0862  (23)
[C15"CH,* Br®CuNg]", 486.0821 (33) [CyoH,s® Br¥®CuNg]",
487.0842 (7) [C1"°CH,s*'Br®®CuNg]’, found: 482.0848 (70),
483.0876 (17), 484.0829 (100), 485.0857 (24), 486.0814 (32),
487.0832 (8).

Additional information on the synthesis of the target com-
pound and original analysis data files are available via
Chemotion Repository: https://dx.doi.org/10.14272/reaction/
SA-FUHFF-UHFFFADPSC-XVFHQFWAYX-UHFFFADPSC-NUHF
F-LUHFF-NUHFF-Z277.

[Cu(TMG;tren)Br[Br (C4). TMGstren (24.2 mg, 0.0550 mmol,
1.1 eq.) and CuBr, (11.2 mg, 0.0500 mmol, 1 eq.) were diluted
in MeCN (1 mL) and the complex was precipitated by addition
of Et,O (15 mL). The supernatant solution was decanted and
after that the complex was again diluted in MeCN (1 mL). By
slow diffusion of Et,O (10 mL), crystals suitable for X-ray diffr-
action were obtained. Yield: 10.2 mg (0.0154 mmol, 30%), IR
(Diamond-ATR, neat) Jmax: 2959 (W, v(CHaipn.)), 2884 (W,
V(CHaiipn.)), 2842 (W, ¥(CHaiiph.)), 1574 (m), 1550 (vs, ¥(C=N)),
1529 (s), 1483 (m), 1460 (m), 1441 (m), 1424 (m), 1392 (vs),
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1344 (m), 1329 (m), 1246 (m), 1234 (w), 1213 (W), 1163 (m),
1150 (m), 1130 (w), 1079 (m), 1068 (m), 1040 (m), 1011 (m),
944 (w), 910 (m), 901 (m), 762 (m), 745 (W), 724 (W), 595 (W),
561 (w), 541 (w), 423 (m), 398 (w), 355 (m), 339 (m), 278 (m)
em ™. EA caled for Cy;H,gBr,CuNy, [M]: C 38.0%, H 7.3%, N
21.1%; found: C 37.7%, H 7.0%, N 21.1%. HRMS (ESI', MeCN)
m/z: isotopic distribution caled for C,;H,gBrCuN;, [M — Br]":
582.2546  (68)  [CpHsg °Br®®CuNy];  583.2568  (19)
[Ca0"®CH,s" Br®®CuNy ", 584.2525 (100) [C,p1Has® ' Br**CuN,,]",
585.2546  (27) [Cao"*CH,¥'Br¥®CuN;o]", 586.2509 (33)
[Cp1Hyg® Br®®CuNy,|*, 587.2527 (8) [Cao" CH,s®'Br®®CuNy,[",
found: 582.2537 (64), 583.2564 (14), 584.2517 (100), 585.2544
(23), 586.2504 (27), 587.2526 (6).

Additional information on the synthesis of the target com-
pound and original analysis data files are available via
Chemotion Repository: https:/dx.doi.org/10.14272/reaction/
SA-FUHFF-UHFFFADPSC-PIQUIJJCAD-UHFFFADPSC-NUHFF-
LUHFF-NUHFF-ZZ77Z.

[Cu(TMG;tren)|Br (C5). TMGjtren (24.2 mg, 0.0550 mmol,
1.1 eq.) and CuBr (7.2 mg, 0.050 mmol, 1 eq.) were diluted in
toluene (1 mL). The solution was layered with THF (1 mL). By
diffusion with THF, crystals suitable for X-ray diffraction were
obtained. Yield: 15.4 mg (0.0264 mmol, 52%), IR (Diamond-
ATR, neat) Imax: 2979 (W, (CHaiipn.)), 2961 (W, 1(CHajipn.)), 2921
(W, Y(CHaiipn.)), 2881 (m, ¥(CHajipn.)), 2840 (m, »(CHajiph.)), 2801
(w), 1564 (vs, y(C=N)), 1511 (s), 1486 (m), 1460 (m), 1426 (s),
1407 (m), 1383 (vs), 1349 (m), 1342 (m), 1324 (W), 1279 (W),
1246 (m), 1229 (m), 1155 (m), 1140 (m), 1117 (w), 1071 (m),
1044 (m), 1031 (w), 1017 (m), 997 (m), 938 (w), 900 (m), 879
(m), 780 (vw), 758 (m), 719 (w), 589 (w), 556 (vw), 504 (w), 403
(w), 350 (m), 266 (m) cm~". HRMS (ESI*, MeCN) m/z: isotopic
distribution caled for C,;H,sCuN;, [M — Br]": 503.3362 (100)
[C21H4s®CuNy,]*; 504.3380 (27) [Cro > CH,s*CuNy,]", 584.2525
(100) [Cp1H4s¥'Br®®CuNy,]", 505.3350 (48) [Cp1Has®CuNy,]",
506.3364  (12)  [Che"*CH,4*°CuNy]",  507.3393  (2)
[C10"°CyH,45%CuNo]", found: 503.3114 (100), 504.3139 (28),
505.3096 (50), 506.3120 (12), 507.3147 (1). The bulk material
was analysed with powder X-ray diffraction and was confirmed
to be the desired compound (Fig. S147).

Additional information on the synthesis of the target com-
pound and original analysis data files are available via
Chemotion Repository: https:/dx.doi.org/10.14272/reaction/
SA-FUHFF-UHFFFADPSC-RVITCRH]JVTG-UHFFFADPSC-NUHFF-
MUHFF-NUHFF-ZZZ.

Polymerisation studies

Ethyl a-bromoisobutyrate (EBiB, abcr, 98%), styrene (Acros
Organics, 99% stab.) and benzonitrile (Fluka Analytical, 98%)
have been purified by distillation over CaH,. AIBN (Sigma
Aldrich, 98%) as well as CuBr, (Griissing, 98%) were used
without further purification and all polymerisations were con-
ducted with in situ generated catalysts.

For standard ATRP experiments, first CuBr (0.19 mmol, 1
eq.), then ligand (0.19 mmol, 1 eq.) were directly weighed into
the polymerisation vessel under a nitrogen atmosphere inside
a glovebox. Outside the glovebox, first styrene (19 mmol, 100
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eq.), then benzonitrile (1 mL), and finally EBiB (0.19 mmol, 1
eq.) were added with gastight glass syringes using Schlenk
techniques. After the addition of the initiator, the reaction was
started by heating to 110 °C under vigorous stirring.

For ICAR ATRP experiments, first CuBr, (0.019 mmol, 0.1
eq.), then ligand (0.019 mmol, 0.1 eq.) were directly weighed
into the polymerisation vessel under a nitrogen atmosphere
inside a glovebox. Outside the glovebox, styrene (19 mmol, 100
eq.), benzonitrile (1 mL), EBiB (0.19 mmol, 1 eq.) and finally
AIBN (0.29 mmol, 1.5 eq.) were added with gastight glass syr-
inges using Schlenk techniques. After three cycles of freeze-
pump-thaw, the reaction was started by heating to 60 °C
under vigorous stirring.

For standard ATRP and ICAR ATRP experiments, the first
aliquot was taken with a glass pipette under inert conditions
after 2.5 min. At this point, the polymerisation mixture
reached its desired temperature and thus was chosen as the
starting point of the polymerisation. Further samples were
taken at certain time intervals. The samples were diluted in
CDCl;, and the conversion was measured via 'H NMR spec-
troscopy. Afterwards, for the ICAR ATRP experiments, the
polymer was precipitated in ethanol to remove the copper
complex and residual monomer. The solid, colourless poly-
styrene was dried overnight at 50 °C, and the molecular mass
and dispersity were measured by SEC.

Physical methods

X-ray diffraction analysis. The single crystal diffraction data
are presented in Tables S1 and S2.1 The data for L1 were col-
lected with a Bruker D8 goniometer with APEX CCD detector
using an Incoatec microsource with Mo-K, radiation (4 =
0.71073 A) at 100 K in w-scan mode. Temperature control was
achieved with an Oxford Cryostream 700. Data were collected
with SMART, integrated with SAINT and absorption corrected
with SADABS."**

Data of C1, C2, C3, C4 and C5 were collected with a four-
circle goniometer Stoe Stadivari equipped with a Dectris
Pilatus3 R 200 K hybrid pixel detector using a GeniX 3D high
flux157 Mo-K, source (1 = 0.71073 A) at 100 K. Temperature
control was achieved with an Oxford Cryostream 800. Data
were collected with X-Area Pilatus'® and integrated with
X-Area Integrate’®® and X-Area Recipe.'®” The absorption cor-
rection was performed with Stoe X-Red32, afterwards scaling
of reflections with X-Area LANA was performed.'®

The structures were solved by direct and conventional
Fourier methods and all non-hydrogen atoms were refined ani-
sotropically with full-matrix least-squares based on F>
(XPREP,'*® SHELXS'” and ShelXle''?). Hydrogen atoms were
derived from difference Fourier maps and placed at idealised
positions, riding on their parent C atoms, with isotropic dis-
placement parameters Ujso(H) = 1.2 Ueq(C) and 1.5 Ueg(Cmetnyl)-
All methyl groups were allowed to rotate but not to the tip.

In the complex C5, it was not possible to model the dis-
ordered solvent molecules (one molecule toluene) in an ade-
quate manner, and the data set was treated with the SQUEEZE
routine as implemented in PLATON.''*12
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Full crystallographic data have been deposited with the
Cambridge Crystallographic Data Centre as supplementary no.
CCDC 2289693 for L1, 2289694 for C1, 2289695 for C2,
2289696for C3, 2289697 for C4 and 2289698 for C5.t

UV/Vis spectroscopy. UV/Vis spectroscopic measurements
were performed with an Agilent Technologies Cary 60 UV/Vis
spectrophotometer. The measurements of the samples were
performed in Hellma QS cuvettes with an optical path length
of 10 mm. The titration experiments were performed in a com-
mercial Schlenk measurement cell and the spectra were
obtained with a quartz glass immersion probe (Helma,
1.00 mm, connected via a Cary 50 fiber optic coupler).

The titration experiment started with 5 mL of 5 mM CuBr,
in MeCN. After the addition of aliquots (56 pL, 0.1 eq.) of
44 mM L1 in MeCN, the solution was stirred for 30 s until the
UV/Vis spectrum was measured.

EPR spectroscopy. The EPR spectrum was measured with a
Magnetech Mini Scope MS 400. The setup included the
Resonator Rectangular TE102 and a microwave frequency
counter Magnetech FC. The measurement was performed in
an EPR tube, closed with Critoseal® wax. The 5 mM complex
solutions were prepared in situ by dissolution of the ligand
and CuBr, in the solvent and cooled to 77 K. The following
experimental parameters were chosen: microwave frequency of
9.4 + 0.1 GHz, B, field 335 mT, B, sweep 100.1898 mT, and
modulation amplitude 0.45 mT. The spectrum was simulated
with the Matlab tool EasySpin®® to obtain further information
about the spin system. The applied simulation function was
“pepper” which is a function for solid state continuous wave
EPR with arbitrary number of spins. The spin was simulated
with isotropic g-tensors.

Cyclic voltammetry (CV) measurements. The CV measure-
ments were conducted at room temperature under a nitrogen
atmosphere in a glovebox with a Metrohm Autolab
Potentiostat PGSTAT 101 using a three electrode arrangement
with a glassy carbon counter electrode, a Pt disc working elec-
trode (1 mm diameter) and a Ag wire as the reference electrode
(pseudo reference). The measurements were performed in
MeCN containing 0.1 mol L' NBu,PF, with a sample concen-
tration of 1 mM. Ferrocene was added afterwards as an
internal standard of the sample and all redox potentials are
referenced relative to the Fc/Fc' couple. Cyclic voltammograms
were measured with 200 mv s™, 100 mV s™!, 50 mv s~ and
20 mV s~'. For data acquisition and analysis, the NOVA 2.1
(Build 5763) software was used.

NMR spectroscopy. '"H NMR and *C NMR spectra were
measured on a Bruker Avance III HD 400 or a Bruker Avance II
400 nuclear resonance spectrometer. Measurements were con-
ducted in deuterated solvents at 25 °C. Resonances were refer-
enced to the residual solvent resonances, relative to TMS.
Chemical shifts were assigned with the use of two-dimensional
NMR experiments (COSY, HSQC, HMBC). For the Bruker
Avance III HD 400, the software Topspin (Version 3.5 pl 7)
from Bruker and for the Bruker Avance II 400 the software
TopSpin (Version 2.1) from Bruker were used for data acqui-
sition. For visualization and examination of the NMR spectra,
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the software MestReNova (Version 12.0.1-20560) from
Mestrelab Research was used. All NMR spectroscopic data were
deposited as original data in the Chemotion Repository and
are published under an Open Access model.'*? The link to the
original data is given in the analytical description. NMR
spectra of the compounds are also shown (see Fig. S10-S127).

Gel permeation chromatography (GPC). The average mole-
cular masses and the dispersities of the obtained polystyrene
samples were measured by SEC in THF as the mobile phase at
a flow rate of 1 mL min~". The utilised GPCmax VE-2001 from
Viscotek is a combination of two Malvern Viscotek T columns
(porous styrene divinylbenzene copolymer) with a maximum
pore size of 500 and 5000 A, an HPLC pump and a refractive
index detector (VE-3580) and a viscometer (Viscotek 270 Dual
Detector). Universal calibration was applied to evaluate the
chromatographic results. The program OmniSEC 5.12 was
used for integration and data analysis.

Elemental analysis (EA). Elemental analysis was conducted
with an elementar vario EL and an elementar vario EL cube or
was conducted with a Unicube from Elementar.

PXRD. PXRD experiments were performed under ambient
conditions on flat samples using a STOE STADI P diffract-
ometer with the Debye-Scherrer geometry (Cu-K,; radiation
4 =1.540598 A, STOE image plate detector IP-PSD).

IR spectroscopy. ATR FT IR spectra were measured with a
Shimadzu IRTracer 100 with CsI beam splitter in combination
with a Specac Quest ATR unit utilising a robust monolithic
crystalline diamond (resolution: 2 cm™). The program
LabSolution IR (Version 2.15) from SHIMADZU was used. All
IR spectroscopic data were deposited as original data in the
Chemotion Repository and are published under an Open
Access model.'"?

Mass spectrometry (MS). Electron spray ionization mass
spectrometry (ESI-MS) measurements were performed on an
UHR-TOF Bruker Daltonik maXis II, an ESI-quadrupole time-
of-flight (qToF) mass spectrometer capable of a resolution of
at least 80.000 FWHM. Detection was in either the positive or
negative ion mode. The mass spectrometer was calibrated sub-
sequently to every experiment via direct infusion of a L proline
sodium salt solution, which provided a m/z range of singly
charged peaks up to 3000 Da in both ion modes. The data
were collected with the program otofControl and processed in
Compass DataAnalysis. All MS spectrometric data were de-
posited as original data in the Chemotion Repository and are
published under an Open Access model.'*?

DFT calculation. Density functional theory (DFT) calcu-
lations were performed with Gaussian 16, Revision B.01, using
the default UltraFine grid (a 99590 grid).'"* The geometry
optimisations were started from the geometry of the solid state
structures of the cationic units if available using the TPSSh
functional®®®* and with the Ahlrichs type basis set def2-
TZVP?*>"** as implemented in Gaussian 16, Revision B.01."™* As
solvent model, the Polarizable Continuum Model (PCM) was
used as implemented in Gaussian 16. As empirical dispersion
correction, the D3 version of Grimme’s dispersion with Becke-
Johnson damping (GD3BJ) was used as implemented in

This journal is © The Royal Society of Chemistry 2024
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Gaussian16, Revision B.01.°°"°® Frequency calculations did not
show imaginary values. Additionally a Conformer-Rotamer
Ensemble Sampling Tool (CREST) calculation of the complex
cation of C1 was performed to verify the minimum found in
the DFT optimization (Version 2.12).'*>''® NBO calculations
were accomplished using the program suite NBO 7.0 delivering
the NBO charges and the charge-transfer energies by second-
order perturbation theory.''” *'° For visualization and extrac-
tion of the calculated structural information, GaussView
(Version 6.0.16) was used. The calculated energy values and
NBO results were extracted directly from the output files using
notepad++ (Version 7.8.1).
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