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Introduction

Position of substituents directs the electron
transfer properties of entatic state complexes:
new insights from guanidine-quinoline copper
complexest

Joshua Heck, Anastasia Kucenko, Alexander Hoffmann and

Sonja Herres-Pawlis (2 *

In a previous study, we showed that the properties and the ability as an entatic state model of copper gua-
nidine quinoline complexes are significantly influenced by a methyl or methyl ester substituent in the
2-position. To prove the importance of the 2-position of the substituent, two novel guanidine quinoline
ligands with a methyl or methyl ester substituent in the 4-position and the corresponding copper com-
plexes were synthesized and characterized in this study. The influence of the substituent position on the
copper complexes was investigated with various experimental and theoretical methods. The molecular
structures of the copper complexes were examined in the solid state by single-crystal X-ray diffraction
(SCXRD) and by density functional theory (DFT) calculations indicating a strong dependency on the substi-
tuent position compared to the systems substituted in the 2-position from the previous study. Further, the
significantly different influence on the donor properties in dependency on the substituent position was
analyzed with natural bond orbital (NBO) calculations. By the determination of the redox potentials, the
impact on the electrochemical stabilization was examined. With regard to further previously analyzed
guanidine quinoline copper complexes, the electrochemical stabilization was correlated with the charge-
transfer energies calculated by NBO analysis and ground state energies, revealing the substituent
influence and enabling a comparatively easy and accurate possibility for the theoretical calculation of the
relative redox potential. Finally, the electron transfer properties were quantified by determining the elec-
tron self-exchange rates via the Marcus theory and by theoretical calculation of the reorganization ener-
gies via Nelsen's four-point method. The results gave important insights into the dependency between
the ability of the copper complexes as entatic state model and the type and position of the substituent.

one methionine (S donor).> The fast electron transfer is rep-
resented by high electron self-exchange rates k;; ranging from

Copper proteins are crucial for many processes in all living
organisms. For fast and reversible electron transfer processes,
type 1 copper proteins are responsible.! In the active site, they
possess a copper center coordinated by four donors in a dis-
torted coordination geometry, whereby the donors are two his-
tidines (N donor), one cysteine (S donor) and in most cases

Institute of Inorganic Chemistry, RWTH Aachen University, Landoltweg 1a, 52074
Aachen, Germany. E-mail: sonja. herres-pawlis@ac.rwth-aachen.de

tElectronic supplementary information (ESI) available: Experimental data of the
methods and details of the synthesis with characterization (NMR and IR spec-
troscopy and mass spectrometry), crystallographic information, UV/Vis-spectra,
CVs and stopped-flow UV/Vis spectra, DFT details, NMR spectra, additional plots
and further discussions. CCDC 2358203-2358207. For ESI and crystallographic
data in CIF or other electronic format see DOI: https:/doi.org/10.1039/
d4dt01539h

This journal is © The Royal Society of Chemistry 2024

~10% to ~10° M~" s7".% This characteristic property of the type
1 copper proteins led to the introduction of the term “entatic
state” by Vallee and Williams in 1968.* The entatic state prin-
ciple is not limited to type 1 copper proteins but also appli-
cable to other metalloproteins and proteins without a metal
ion. According to the definition, the protein exhibits a rigid
framework that does not allow, in the case of a metalloprotein,
the metal ion in the active site to exist with its energetically
preferred coordination geometry. The resulting energization
leads to the efficiency of the protein.*” Further possibilities for
the energization of a protein were suggested and discussed in
the literature.”® The “rack” mechanism was proposed by
Lumry and Eyring and it explains the energization by signifi-
cant structural changes of the protein framework caused by
allosteric effects and by a possibly adverse structural configur-
ation for the metal ion.” In contrast, in the “induced fit”
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mechanism, the protein framework possesses a local flexibility
that leads to an enforced coordination geometry of the metal
ion.'® In the “induced-rack” theory by Malmstrém, the protein
framework has a certain degree of flexibility resulting ideally
in two different protein structures. In one structure, the
protein framework is relaxed but the coordination geometry
around the metal ion is strained and, therefore, energetically
unfavorable. In the other structure, the coordination geometry
around the metal ion is relaxed but the protein framework is
strained and, therefore, energetically unfavorable.'' The “elec-
tronic entatic state” was proposed by Rorabacher et al. As for
the entatic state, the structural strain of the protein is an
important factor but further, the influence of electronic effects
is considered."” Comba suggested a generalized definition by
naming the energization as entasis caused by adverse inter-
actions between the metal ion and ligand sphere.>"? In any
case how the energization is explained, it results in a faster
reaction because the energy levels of the reactants and pro-
ducts are closer to the energy level of the transition state
resulting in a smaller activation energy. The entatic state of
type 1 copper proteins can be explained by the extraordinary
coordination sphere around the copper center. Which deviates
significantly from the ideal tetrahedral coordination geometry
preferred by Cu(i) and the ideal square-planar coordination
geometry preferred by Cu(n).® Further, the coordination sphere
is very similar in the Cu(i) and the Cu(u) species. Both aspects
result in a facilitated transition between the oxidation states
and, therefore, an enhanced electron transfer. Parallel, the
concept of the “in-between-state” has been proposed by
Falcone and Hureau for intrinsically disordered peptides in
copper binding proteins.**

Meanwhile, the entatic state principle is applied to explain
the improved activity in catalysis or certain properties of metal
complexes besides a biological background.”'® Various copper
complexes were reported as model complexes for type 1 copper
proteins and their electron self-exchange rates (Fig. 1). The
redox couples [Cu(bib),]"** and [Cu(bite)]"** by Stanbury et al.
exhibit very small electron self-exchange rates k;;.'® Comba
et al. reported a copper complex redox couple of a rigid bispi-
dine ligand and its electron transfer properties.""” Due to its
inflexibility, the bispidine ligand is preorganized resulting in a
low internal reorganization energy ;. Nevertheless, the metal
ion is not fixed in the ligand cavity during the electron transfer
resulting in a significant rearrangement of the solvent sphere
and, therefore, a high solvent reorganization energy As. In
sum, this leads to a low electron self-exchange rate k;; of ~10"
M~ s7! in water at 25 °C."” This result demonstrates that the
reorganization of the ligand and solvent sphere is crucial for
the electron transfer. However, also copper complex redox
couples with high k;, values comparable with those of type 1
copper proteins are known. The redox couple [Cu([15]
aneS;bpy)]”>* by Rorabacher et al. exhibits a k;; of ~10° M~
s~ in MeCN at 25 °C which is similar to the redox couple [Cu
(H,Tpy™™*)CI]”"* by Szymczak et al. with a ky; of ~10° M~ s
in THF at room temperature.'"® For several years, we exam-
ined copper guanidine quinoline complex redox couples as
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Fig. 1 Ligands used to synthesize copper complexes that were ana-

lyzed as entatic state model complexes for the electron
transfer.12'13'16_19'21'23

entatic state models. Due to the significantly distorted coordi-
nation geometries of the Cu(i) and Cu(u) species from the
ideal coordination geometries, the related Cu(r) and Cu(u)
species of a redox couple possess very similar structures.'® >’
The influence of different guanidine moieties and substitution
position was examined in the electron transfer. The TMG
moiety enabled higher k;; values compared to the DMEG
moiety due to a higher similarity of the Cu(i) and Cu(u)
species.”’ Various substituents in the 2-, 4- and 6-position
were tested whereby a methyl and methyl ester substituent in
the 2-position of TMG2Mequ (L2) and TMG2Meequ (L4)
induced the strongest enhancement of the electron transfer
properties.”>>* Therefore, an increase in ky; by one order of
magnitude from ~10> M~ s™* for [Cu(TMGqu),]"*" (C1/C2)
to ~10° M™' s7' for [Cu(TMG2Mequ),]"*" (C3/C4) and
[Cu(TMG2Meequ),]"** (C5/C6) in MeCN at 25 °C was observed.
In the case of [Cu(TMG2Mequ),]"** (C3/C4), we explained the
increase with the higher similarity between the Cu(i) and Cu(u)
species caused by the steric demand of the methyl substituent
and in the case of [Cu(TMG2Meequ),]"** (C5/C6), with the
various influences of the methyl ester substituent on the
copper complexes.”?

In this study, two novel ligands with a methyl or methyl
ester substituent in the 4-position were synthesized. The sub-
stituent influence on the properties of the corresponding
copper complexes was examined by a plethora of experimental
and theoretical methods. The results are discussed in relation
to those of the previous study.

This journal is © The Royal Society of Chemistry 2024
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Results and discussion
Synthesis of the ligands

The synthesis of L7 and L8 proceed analogously from the
nitration of 4-methylquinoline (1) and methyl quinoline-4-car-
boxylate (5) in the 8-position resulting in 4-methy-8-nitroqui-
noline (2) and methyl 8-nitroquinoline-4-carboxylate (6)
(Scheme 1).>* 5 was obtained in a preceding step by esterifica-
tion of quinoline-4-carboxylic acid (4). Afterward, 2 and 6 were
reduced with hydrogen using Pd/C as catalyst yielding the
amine precursors 4-methy-8-aminoquinoline (3) and methyl
8-aminoquinoline-2-carboxylate (7).>° In the last step, the reac-
tion of 3 and 7 with the Vilsmeier salt N,N,N',N'-tetramethyl-
chloroformamidinium chloride (TMG-VS) resulted in L7 and
L8 analogously to the procedure reported earlier.”® The mole-
cular structure of L7 in the solid state was determined by
SCXRD (molecular structure and crystallographic data are pro-
vided in Fig. S1 and Table S1 in the ESIf).

Influence of the substituents on the electronic properties of
the ligands

Density functional theory (DFT) calculations were performed for
L7 and L8 applying the functional TPSSh and the basis set def2-
TZVP with a solvent model for MeCN using the polarizable conti-
nuum model (PCM) and an empirical dispersion correction
using the D3 version of Grimme’s dispersion with Becke-
Johnson damping (GD3B]J) (further information in the ESI{).>”*
This combination was chosen because previous studies showed
very good results for comparable systems.>*>***7 After struc-
tural optimization calculations, natural bond orbital (NBO) calcu-
lations were executed to analyze the substituent influence on the
guanidine N donor Ng,, and quinolinyl N donor Ny, of both
ligands and the acyl O atom O, and alcohol O atom Oy of the
methyl ester substituent of L8. The results of L7 and L8 are com-
pared with the results of L1, L2 and L5 from the previous study
(Fig. 2).%*

The NBO charge of the Ng,, donor is not affected by the sub-
stitutions entailing that the basicity of the Ng,, donor is not
affected electronically. Since the same donor type is discussed,
this result indicates that the donor strength of the Ny, is also
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Fig. 2 Calculated NBO charges (in e units, red) of the Ngu, and Ng,
donor atoms of L1,?* L2,%* L5,% L7 and L8 and of the O,y and Oy
atoms of L5 and L7 (NBO6.0, TPSSh, def2-TZVP, GD3BJ, PCM (MeCN)).

not affected by the substituents. Further, the NBO charge of the
Ngua donor is more negative than the NBO charge of the Ng,
donor indicating a higher basicity of the N, donor. However,
since NBO charges only correlate with basicity and different
donor types are compared this does not imply that the Ng,,
donor is a stronger donor than the Ny, donor.?>**?>3%37:38 The
basicity and possible donor strength of the Ny, donor of L2 and
L7 are not significantly affected by the weak electronic influence
of the alkyl substituents. In contrast, the strong electron density
withdrawing effect of the methyl ester substituents of L5 and L8
leads to an increase of the NBO charge of the Ny, donor in com-
parison to the unsubstituted ligand. Therefore, the basicity and
the possible donor strength of the Ny, donor are decreased.
However, the effect of the methyl ester substituent in the 2-posi-
tion of L5 is stronger than in the 4-position of L8. The NBO
charges of the O,y and O, atoms are not affected by the posi-
tion of the methyl ester substituent.

Synthesis and structural characterization of the copper
complexes

The reaction of two equivalents of L7 or L8 with Cu(1) or Cu(u)
salts with weakly coordinating anions resulted in the corres-

SN
N TMG-VS, _TMG-VS, NEt; _ N
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_0._0
HO Q
_MeOH, HpSO, _ _HNOs, H;S0, _ _Hy PAC TMG-VS, NEt, D
——————
N T MeoH, T RSO, “MeoH, MeCN, reflux, | N
2 reflux, 16 h 0°C,6h rt,7h 30 min N._N
N
p NH2

"X

TMG4Meequ (L8)

Scheme 1 Synthetic routes for the synthesis of TMG4Mequ (L7) (top) and TMG4Meequ (L8) (bottom).
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ponding bis(chelate) Cu(i) and Cu(u) complexes. The Cu(i)
complexes were crystallized by dissolving L7 or L8 and
[Cu(MeCN),4]PF in DCM followed by layering with pentane or
slow evaporation of the solvent (Scheme 2, top). The Cu(u)
complexes were crystallized similarly by dissolving L7 or L8
and [Cu(MeCN),](OTf), in MeOH followed by layering with
Et,O or slow evaporation of the solvent (Scheme 2, bottom).
The complex cations [Cu(TMG4Mequ),]" (C11), [Cu
(TMG4Mequ),(OTf)]" ((C12+0Tf)), [Cu(TMG4Meequ),]" (C13)
and [Cu(TMG4Meequ),]" (C14) were structurally characterized
by SCXRD measurements (Fig. 3) of the crystallized
compounds C11-PFg, (C12+OTf)-OTf, C13-PFs and C14-OTf
(molecular structures in the solid state and crystallographic
data are shown in Fig. S2-S5 and Tables S1, S2 in the ESIT).
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Scheme 2 Synthesis of the Cu() (top) and Cu(i) (bottom) compounds
C11-X-C14-X.
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C11-PF, possesses two independent molecules in the unit cell
which are very similar (Table S3 in the ESIf). Therefore, only
one independent molecule is discussed in the following.
Important bond lengths, bond angles and structure para-
meters of the copper complex cations C11-C14 are compared
with those of [Cu(TMGqu),]" (C1), [Cu(TMGqu),]** (C2),
[Cu(TMG2Mequ),]"  (C3),  [Cu(TMG2Mequ),]**  (C4),
[Cu(TMG2Meequ),]* (C7) and [Cu(TMG2Mequ),]** (C8) of the
crystallized compounds C1-PFs, C2-OTf, C3-PFs, C4-BF,,
C7-PF, and C8-BF, of previous studies (Table 1)."%*?

The geometry of the coordination sphere around the metal
center is described by the 7, parameter and the plane angle x
between the planes stretched by the two N donors of each
ligand and the copper center.*® In the case of (C12+OTf), the
weakly coordinating triflate is not considered for the calcu-
lation of the 7, parameter because the previous study empha-
sized that the weak coordination of a triflate has no significant
influence on the 7z, parameter.>® The 7, value enables the
characterization between an ideal square-planar (z; = 0) or
ideal tetrahedral (z, = 1) coordination geometry. The average
coordination geometry of the related Cu(i) and Cu(u) com-
plexes is described by the @z, parameter, which is the mean of
the 7, parameters of the related Cu(i) and Cu(u) complexes.
The similarity between the coordination geometry of the
related Cu(r) and Cu(u) complexes is described by the Az, para-
meter and plane angle difference Ax, which are the difference
between the 7, parameters and the plane angles x of the
related Cu(r) and Cu(u) complexes, respectively. To describe the
similarity between the whole structures of the related Cu(r) and
Cu(u) complexes, the root-mean-square deviation (RMSD) is
applied.*®

In general, all complexes are highly distorted from an ideal
coordination geometry indicated by z, values clearly deviating
from 0 or 1. The Cu(1) complex cations possess higher 7, values

(z4 = 0.57 to 0.67) compared to the corresponding Cu(u)
o ! e
: g
(] o
o ° ° e °
o o
e o ©®
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Fig. 3 Molecular structures of the Cu()) and Cu(i) complex cations C11-C14 in crystals of C11-X-C14-X (H atoms, non-coordinating anions and

solvent molecules are omitted for clarity).

12530 | Dalton Trans., 2024, 53, 12527-12542

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt01539h

Open Access Article. Published on 11 July 2024. Downloaded on 4/29/2026 12:35:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

View Article Online

Paper

Table 1 Selected bond lengths, bond angles and structure parameters of [Cu(TMGqu),l* (C1),*° [CU(TMGqu),I?* (C2),*° [Cu(TMG2Mequ),l* (C3),%3
[CU(TMG2Mequ),I** (C4),2® [Cu(TMG2Meequ),l* (C7),2® [Cu(TMG2Meequ),** (C8),%> [Cu(TMG4Mequ),l* (C11), [Cu(TMG4Mequ),(OTf)I* ((C12 +

OTf)), [Cu(TMG4Meequ),l* (C13) and [Cu(TMG4Meequ),]?* (C14)

[Cu(TMGqu),]"** [Cu(TMG2Mequ),]">"  [Cu(TMG2Meequ),]"** [Cu(TMG4Mequ),] "> [Cu(TMG4Meequ),]"**
C1(Cu()) C2(Cu(w) C3(Cu(t)) C4(Cu@)) C7(Cu®) C8(Cu(u)) C11(Cu(t)) (C12+OTf)(Cu(w) C13 (Cu(t)) C14 (Cu(n))
Bond lengths [A]
Cu-Ngya,1/ 2.068(3),  1.959(2),  2.091(3), 1.979(4),  2.047(4),  2.039(2),  2.082(3), 1.987(3), 2.056(2), 1.969(2),
2.095(3)  1.964(2) 2.097(3)  1.978(4)  2.029(4)  2.043(2) 2.055(3) 1.994(3) 2.063(2) 1.953(2)
Cu-Ngu1/2 1.966(4), 1.976(2),  1.994(3), 1.987(4),  2.053(3), 1.960(2),  1.970(3), 1.988(3), 2.003(2), 1.969(2),
1.999(3)  1.975(2) 1.994(3)  1.972(4)  2.083(4)  1.959(2) 1.993(3) 1.977(3) 1.987(2) 1.979(2)
Cu-Ogey1,1/2 2.962(4), 2.616(2),
4.312(4)  2.595(2)
Cu-Ouic 1/ 4.511(4),  4.428(2),
3.235(4)  4.441(2)
Cu-OTf 2.444(3)
Bond angles [°]
Ngua,12-Cu-Ngy 12 82.6(2), 83.5(1), 81.7(2), 83.2(2), 81.3(2), 82.2(1), 82.8(2), 82.2(2), 81.7(1), 83.8(1),
82.1(2) 83.7(1) 81.6(2) 83.6(2) 81.3(2) 82.2(1) 82.5(2) 82.6(2) 81.8(1) 83.3(1)
Ngua,1~Cu-Ngya > 129.1(2)  149.4(1) 126.0(2)  135.9(2)  124.4(2)  120.2(1) 127.5(2) 144.5(2) 133.8(1) 147.5(1)
Ngua12-Cu-Nguon  108.2(2),  102.6(1),  111.7(2), 105.4(2), 133.0(2), 105.3(1),  111.3(2), 101.9(2), 115.9(1), 104.1(1),
114.1(2)  103.5(1) 113.2(2)  107.2(2)  137.8(2)  106.9(1) 120.9(2) 102.2(2) 107.3(1) 104.5(1)
Ngu,1~Cu-Ngu,» 149.0(2) 154.9(1) 149.9(2) 154.6(2) 105.9(2) 163.7(1) 138.1(2) 165.6(2) 146.2(1) 152.4(1)
Structure parameters
o[ 0.58 0.40 0.60 0.49 0.63 0.54° 0.67° 0.35 0.57 0.43
@14 ] 0.49 0.54 0.59” 0.51 0.50
Az [] 0.18 0.10 0.09” 0.32 0.14
4 (CuN,, CuN’,) [?]  65.1 42.5 68.2 54.7 69.0 65.6” 74.2 40.8 63.0 45.9
Ag[] 22.6 13.5 3.5" 33.5 17.1
RMSD [A] 0.346 0.153 2.283 0.529 0.532
« _360°—(a+p)

7 .2 b The comparability of this value is limited due to the 4

141°

complex cations (z; = 0.35 to 0.54) because Cu(1) prefers a
tetrahedral and Cu(u) a square-planar coordination geome-
try.'* Regarding the Cu-Ngy, and Cu-Ny, bond lengths, they
are comparable among the Cu(1) complexes C1, C3, C11
and C13 and among the Cu(u) complexes C2, C4, (C12+OTf)
and C14. In the Cu() complexes C1, C3, C11 and C13,
the Cu-Ngy, bond lengths are significantly shorter than the
Cu-Ngy, bond lengths whereas the Cu-Ngy, and Cu-Ng, bond
lengths are more similar in the Cu(u) complexes C2, C4,
(C12+0Tf) and C14. Therefore, the methyl substituent
in the 2- or 4-position or the methyl ester substituent in
the 4-position have no significant influence on the bond
lengths of C2, C3, C11, (C12+0Tf), C13 and C14 compared to
the unsubstituted C1 and C2. The 7, values and bond lengths
of C7 and C8 are not comparable with the other com-
plexes due to the significant influence of the methyl ester
substituent.*

In the previous study, we found that the methyl substituent
in the 2-position of L2 increases the r, parameters of C3 and
C4 compared to C1 and C2 and, therefore, also the @z, para-
meter of C3 and C4. In addition, the coordination geometries
and structures of C3 and C4 possess a higher similarity indi-
cated by the smaller Az, parameter, plane angle difference Ax
and RMSD of C3 and C4 compared to C1 and C2. We substan-
tiated these effects with the steric demand of the methyl sub-
stituent and not with an electronic effect since the methyl sub-
stituent only induces a weak electronic influence.>® The results
of C11 and (C12+OTf) prove this argumentation because the

This journal is © The Royal Society of Chemistry 2024

+2 coordination motif. ° The weakly coordinating triflate is not considered.

observed structural effects in C3 and C4 compared to C1 and
C2 are not visible in C11 and (C12+OTf). However, the 7, para-
meters of C11 and (C12+OTf) differ significantly from those of
C1 and C2 which is probably caused by packing effects and the
weak coordination of the triflate in (C12+OTf) (see discussion
of the DFT results). Due to the 4-position of the methyl substi-
tuent, the electronic effect on the Ny, donor of L7 is similar to
that of the methyl substituent in the 2-position of L2 (see dis-
cussion of the NBO results of the ligands). Therefore, the
steric demand of the methyl substituent in the 2-position of
L2 is proven to be the reason for the particular structural pro-
perties of C3 and C4.

Further, we discovered that the methyl ester substituent in
the 2-position of L5 induces a substantial difference in the
structures in C7 and C8 compared to all other related Cu(i)
and Cu(u) complexes indicated by the high RMSD. We consti-
tuted the elongated Cu-Ng, bond length in C7 compared to C1
with the weakened donor properties of the Ny, donor in C7
induced by the electron density withdrawing effect and the
steric demand of the methyl ester substituent.>®> However, no
elongation of the Cu-Ng, bond length is present in C13 which
entails that the elongation in C7 is not caused by the electron
density withdrawing effect but just by the steric demand. In
C8, we observed a 4 + 2 coordination motif due to the donor
properties of the methyl ester substituent in the 2-position.?®
This coordination motif is not possible in C14 resulting in a
significantly higher structurally similarity between C13 and
C14 compared to C7 and C8.
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The results show that the 2-position is crucial for the substi-
tuent influence on the complex structures because the struc-
tural particularities of C3, C4, C7 and C8 are not present in
C11-C14. Therefore, the investigation of C11-C14 enables the
analysis of the pure electronic effect of the methyl and methyl
ester substituent without the influence of a steric demand or
additional donor properties.

DFT calculations of the copper complexes

DFT calculations for C11-C14 were performed analogously to
the DFT calculations for L7 and L8 (further information in the
ESI{).>”** In the case of C12, the weakly coordinating triflate
present in the molecular structure of (C12+OTf) was not con-
sidered for the calculations. First, optimization calculations
were performed (Table 2, more structural information are pro-
vided in Tables S4 and S5 in the ESIf). In general, the com-
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plexes possess a high agreement between the molecular struc-
tures in the solid state and the calculated structures.

Following the optimization calculations, NBO calculations
were performed for C11-C14 to investigate the substituent
influence on the NBO charges of the copper center caused by
the methyl ester substituent. In the previous study, we argued
that the Ny, donor in C7 is affected by the steric demand and
electron density withdrawing effect of the methyl ester substi-
tuent.?® However, the results of C13 show that the influence of
the methyl ester substituent in C7 is thus limited to the steric
demand.

Contrary to the Cu(1) complexes, the substituent influence
on the Ng,, and Ng, donor is more noticeable in the Cu(u)
complexes (Fig. 4, bottom). In C4, a significant weakening of
the donor properties of the Ny, donor, revealed by the sub-
stantially decreased charge-transfer energy compared to C2, is

Table 2 Overview of the discussed ligands, complex cations and redox couples

Ligand (label)

Complex cation (label)

Complex redox couple (label)

[Cu(TMGqu),]"*" (R1)
[Cu(TMG2Mequ),]”*" (R2)
[Cu(TMG2°Hexqu),]"*" (R3)
[Cu(TMG2Meequ),]/*" (R4)
[Cu(TMG4NMe,qu),]"* (R5)
[Cu(TMG4Mequ),]”*" (R6)

[Cu(TMG4Meequ),]”** (R7)

TMGqu (L1) [Cu(TMGqu),]" (C1)
[Cu(TMGqu),]** (C2)
TMG2Mequ (L2) [Cu(TMG2Mequ),]" (C3)
u(TMGZMequ)Z]Z* (ca)
TMG2‘Hexqu (L4) [ u(TMGZCHexqu)Z] ( 5)
[Cu(TMG2° Hexqu)] (ce)
TMG2Meequ (L5) [Cu(TMG2Meequ),]" (C7)
[Cu(TMG2Meequ),|** (C8)
TMG4NMe,qu (L6) [ u(TMG4NMe2qu)] (C9)
[Cu(TMG4NMe2qu)] (c10)
TMG4Mequ (L7) [Cu(TMG4Mequ),]" (C11)
u(TMG4Mequ),|** (C12)
TMG4Meequ (L8) [Cu(TMG4Meequ),]" (C13)
[Cu(TMG4Meequ),|** (C14)

040 046
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1-0.69] 2 0o r i
™ /N N_ 203 0-0.58
X X 2 OGN 3.901
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Fig. 4 Selected calculated NBO charges [e units] (red), charge-transfer energies Ect [kcal mol™] (blue) and bond length [A] (green) of the Cuf() (top)
and Cu() (bottom) complex cations C1-C4,%* C7,2° €82 and C11-14 (in case of nonexistent or insignificant differences between both ligands, the
average values are presented and the coordination of one bidentate ligand is simplified; NBO6.0, TPSSh, def2-TZVP, GD3BJ, PCM (MeCN); all values

are provided in Table S6 and S7 in the ESI¥).
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present. Since this effect on the Ng,, donor does not occur in
C12, the steric demand of the methyl substituent in the 2-posi-
tion is responsible for the effect in C4. The results of C14 show
that the extraordinary long Cu-Ng,, bond length and weak
donor properties of the Ng,, donor in C8 compared to C2 are a
result of the 4 + 2 coordination motif present in C8 and not of
a possible electronic influence of the methyl ester substituent
on the N, donor. The Ny, donor in C12 and C14 is affected
in the opposite way by the substituents compared to the Ng,
donor in C4 and C8. In C4, the steric demand of the methyl
substituent elongates the Cu-Ng, bond length resulting in a
lower charge-transfer energy and, therefore, weaker donor pro-
perties of the Ny, donor compared to C2. In contrast, the weak
electron density donating effect of the methyl substituent
induces a higher charge-transfer energy and, therefore,
increased donor strength of the Ny, donor in C12 compared to
C2. In C8, the pulling effect of the O, donor on the Cu(u)
center, induced by the 4 + 2 coordination motif, shortens the
Cu-Ng, bond length compared to C2 leading to a significantly
increased charge-transfer energy of the Ny, donor. If this
pulling effect of the methyl ester substituent is not present as
in C14, only the electron density withdrawing effect on the Ng,
donor remains. Therefore, the charge-transfer energy of the
Ny, donor is decreased in C14 compared to C2. These results

70 T T T T T T T T T
v
_ 801 = Cu(l)-Ng, -
T . o Cu(l)-Ng,
€ 504 RAA 4 Cu(Il=Ng,, .
—_— A -
8 . v Cu(ll) Nqu
)
2 40 - A 4
24 A
©
E
= °
© 30 + ) b
w A A
20 - e T o .
° -m

194 196 198 2 202 2.04 2.06 2.08 2.1 2.12
Cu-N bond length [A]

gual/qu
Fig. 5 Plot of the charge-transfer energies Ect of the Ng,, and Ng,
donor to the Cu center against the Cu—Ng,, and Cu—-Ng, bond lengths
of C1-C14 (in case the two ligands exhibit different values for the same
type of donor, the average value is used).
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demonstrate that in C8 the strengthening of the Ny, donor
induced by the pulling effect of the methyl ester substituent
on the Cu(u) center overcomes the weakening of the Ny, donor
caused by the electron density withdrawing effect of the
methyl ester substituent. Regarding all complexes C1-C14
(Table 2), the substituent influence results in different corre-
lations between the charge-transfer energy and the bond
length in dependency of the donor and the oxidation state of
the copper center (Fig. 5).

Since the substituents affect the donor properties of the
Ngua and Ny, donor, they also affect the total donor properties
of the ligands. The total donor properties of the ligands are
described by the total charge-transfer energy Ecr ora1 Which is
the sum of the charge-transfer energies Ecrgua and Ecrqu Of
the Ny, and Ny, donor (values provided in Table S8 in the
ESIY}). Due to the donor properties of the methyl ester substitu-
ent in the 2-position, a second value for the total charge-trans-
fer energy Ecrotal Of C7 and C8 considering the charge-trans-
fer energies of the O donors is defined. The different donor
properties influence the theoretical stabilization of the copper
complexes quantified by the ground state energies Egs prr Of
the copper complexes. To enable the relative comparison of
the different substituent influences on the donor properties
and, therefore, on the theoretical stabilization of the related
Cu(1) and Cu(u) complexes, the related Cu(i) and Cu(u) com-
plexes C1-C14 are regarded as the copper complex redox
couples R1-R7 (Table 2). This leads to the calculation of the
charge-transfer energy differences AEcrota, AEcrgua and
AEcr,qu between the related Cu(i) and Cu(u) complexes (eqn
(1), values provided in Table S8 in the ESIf}).

AECT,donor (RX) = ECT,donor(Cu(H) (RX)) - ECT‘donor(Cu (1) (RX))

(1)

Then, the differences AAEcrotal, AAEcTgua and AAEcr,qu
between the charge-transfer energy differences AEcr otals
AEcrgua and AEcrq, of the redox couples and R1 are calcu-
lated (eqn (2) and Table 3). These values, referred to as refer-
enced total charge-transfer energy differences AAEcr otals
describe whether a substituent induces a relatively better
donation in the Cu(1) or Cu(u) species of a redox couple com-
pared to R1. A relatively better donation of the Cu(i) species of
a redox couple compared to R1 is indicated by a positive
AAEcrotal, AAEcrgua and AAEcrg, value and a relatively
better donation of the Cu(u) species of a redox couple com-

Table 3 Calculated AAEcTotal (AAEcT 0t Value of R4 that includes the O donors is marked in red), AAEcT,gua, AAEcT,qu and AAEgs prr values of

R1-R7 (NBO6.0, TPSSh, def2-TZVP, GD3BJ, PCM (MeCN))

AAEGr totar [keal mol_l]

AAE¢r gy, [keal mol™]

AAE¢r,qu [keal mol™] AAEgs [k] mol™]

[Cu(TMGqu),]"*" (R1) 0.0 0.0
[Cu(TMG2Mequ),]"*" (R2) -85 -10.7
[Cu(TMG2°Hexqu),]”"*" (R3) -14.5 -21.0
[Cu(TMG2Meequ),|"*" (R4) —2.5(20.4) —44.7
[Cu(TMG4NMe,qu),]"*" (R5) 4.2 -1.9
[Cu(TMG4Mequ),]"*" (R6) 1.4 -0.3
[Cu(TMG4Meequ),]"*" (R7) -1.7 0.9

This journal is © The Royal Society of Chemistry 2024

0.0 0.0
2.2 12.7
6.5 23.3
42.1 -1.2
6.1 —28.4
1.7 —6.4
-2.6 14.9
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pared to R1 is indicated by a negative AAEcroral; AAEcTgua
and AAEcr,q, value.

AAECTAdonor(RX) = AECT,clonor (RX) - AECT,donor (Rl) (2)

In an analogous procedure, the referenced ground state
energy differences AAEgsprr Of the redox couples are calcu-
lated (eqn (3), (4) and Table 3, Egs prr and AEgs per values pro-
vided in Table S9 in the ESIT). These values describe whether a
substituent induces a relatively better theoretical stabilization
of the Cu(i) or Cu(u) species of a redox couple compared to R1.
A relatively better theoretical stabilization of the Cu(i) species
of a redox couple compared to R1 is indicated by a negative
AAEGsper value and a relatively better donation of the Cuf(n)
species of a redox couple compared to R1 is indicated by a
positive AAEgs prr value.

AEgs(RX) = Egs(Cu(r)(RX)) — Egs(Cu(1)(RX)) 3)
AAEgs(RX) = AEgs(RX) — AEgs(R1) (4)

The results demonstrate that the referenced total charge-
transfer energy differences AAEcr ot and referenced ground
state energy differences AAEgs prr correlate with each other
except for R4 (Fig. 6). For R2, R3 and R7, the relatively stronger
total donation in the Cu(i) species compared to R1, indicated
by a negative AAEctioai Value, leads to a relatively better
theoretical stabilization of the Cu(i) species compared to R1,
indicated by a positive AAEgsprr value. The opposite case
occurs for R5 and R7. Therefore, the relative theoretical stabi-
lization can be estimated based on the relative total donor pro-
perties of the ligands.

Furthermore, two different linear correlations between the
referenced total charge-transfer energy difference AAEcrotal
and the referenced ground state energy difference AAEgs,

30 T T T T T T T T
= R3
20 4 4
- R2 "R7
] | 3
S 10 i .
1S - )
=2 N/ \ R
R o | Ran T
=} \ ¥ R6 )
g-104 > Vo N L
2 ‘\/N N
< -204 VNS i
-30 - ®R5 i

-5 -10 -5 0 5 10 15 20
AAE 1 1o [kcal mol™]

Fig. 6 Plot of the referenced ground state energy differences
AAEgsprr against the referenced total charge-transfer energy differ-
ences AAEctiotar Of R1-R7 (yellow correlation considers R1 and in
2-position alkyl-substituted redox couples, blue correlation considers
R1 and in 4-position substituted redox couples, data point of R4 that
also considers the O donors is marked red).
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depending on the substituent position, are present. R2 and R3
with alkyl substituents in the 2-position and R1 form one cor-
relation and R5, R6 and R7 with substituents in the 4-position
and R1 form the other. The reason for the two linear corre-
lations is the different ways the substituents in the 2- and
4-position affect the relative donor properties of the Ny, and
Ngqu donor represented by the referenced charge-transfer
energy differences of the guanidine and quinoline donor
AAEcrgua and AAEcrqy, (Table 3). In R2 and R3, the steric
demand of the alkyl substituents in the 2-position affects the
Ngua and Ny, in opposite ways. Whereas the Ng,, donor pos-
sesses a relatively stronger donation in the Cu(1) species of R2
and R3 compared to R1, indicated by positive AAEcr, 4, values,
the Ny, donor possesses a relatively stronger donation in the
Cu(m) species, indicated by negative AAEcr g, values. However,
the relative donor strength of the Ng,, donor is significantly
more affected than that of the Ny, donor. Therefore, the influ-
ence on the Ng,, donor prevails that on the Ny, donor. The
prevailing influence on the donor properties of the Ny, donor
increases with the steric demand (H < Me < ‘Hex). For this
reason, the AAEcr oa1 Values decrease with the steric demand,
indicating a relatively stronger donation of the Cu(1) species.

Contrary effects on the Ng,, and Ny, donor, like in R2-R3,
are also visible for R5-R7. However, in these cases the relative
donor properties of the Ny, donor is more affected than that
of the Ny, donor and, hence, the influence on the Ny, donor
prevails that on the Ny, donor. The reason is, that the substi-
tuents in the 4-position only possess an electronic influence
which mainly affects the Ng, donor but no steric demand that
could influence the coordination geometry and, therefore, the
donor properties of the Ng,, donor. The electron density
donating effect of the dimethylamine substituent leads to rela-
tively stronger donor properties of the Ng, donor in the Cu(m)
species of R5, represented by a positive AAEcr,q, value. As a
result, a positive AAEcr ot Value is obtained, indicating a rela-
tively stronger total donation in the Cu(u) species compared to
R1. The electron density donating effect of the methyl substitu-
ent in R6 is weaker than of the dimethylamine substituent in
R5. Further, the effect of the methyl substituent in the 4-posi-
tion in R6 is completely different to the effect of the methyl
substituent in the 2-position in R2. This result confirms that
the steric demand of the alkyl substituent in the 2-position
is responsible for the relatively stronger total donation in the
Cu(r) species of R2 and R3 compared to R1. R7 exhibits the
opposite results compared to R5 and R6 due to the electron
density withdrawing effect of the methyl ester substituent.

In comparison, the electronic influence of the substituents
in the 4-position affects the relative donor properties of the
Ngua and Ng, donor in R5-R7 more weakly than the steric
demand of the substituents in the 2-position in R2 and R3.
Nevertheless, the weaker influence on the relative donor pro-
perties of the Ny, donor in R5-R7 has a more substantial
effect on the relative theoretical stabilization of the Cu(1) and
Cu(u) species than the stronger influence on the relative donor
properties of the Ng,, donor in R2 and R3. Therefore, the rela-
tive theoretical stabilization of the Cu(i) and Cu(u) species of

This journal is © The Royal Society of Chemistry 2024
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the redox couples is more affected by the donor properties of
Ngu donor than by that of the Ng,, donor, resulting in the two
different linear correlations (Fig. 6).

The results of R4 do not fit to any of the two correlations
because of the interactions between the copper center and the
methyl ester substituent, especially the 4 + 2 coordination
motif in C8. The AAEct o1 Value that includes the O donors
is significantly higher compared to all other redox couples,
indicating the highest relative total donation in a Cu(u)
species. However, the smallest AAEgs prr value is obtained for
R4, indicating a similar relative theoretical stabilization com-
pared to R1. The neglect of the O donors results in a
AAEcr ota Value that fits better to the AAEgs per value (Fig. 6,
AAEcrotal Value without the O donors in black and with O
donors in red). Therefore, the charge-transfer energies of the O
donors are assumed to be overestimated, especially of the O,y
donor in C8.

Electrochemical properties

The redox potentials E,, were determined by cyclic voltammetry
in MeCN starting from the Cu(1) complexes and were referenced
against the Fc/Fc' redox couple as an internal standard (exem-
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= 04 1
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@ vs. Fc/Fc* [V]
Fig. 7 Cyclic voltammogram of [Cu(TMG4Mequ),l*/?* (R6) starting

from [Cu(TMG4Mequ),]PFs (c = 1 mM) in MeCN with [NBu4l[PF¢l (c =
100 mM).
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plarily shown for R6 in Fig. 7, for R7 see Fig. S7 in the ESIf}).
The cyclic voltammograms indicate a reversible one-electron
redox process caused by the similar structures of the related Cu
() and Cu(u) complexes and the absence of any side reactions.
The results of the novel redox couples R6 and R7 are compared
with the redox couples R1-R5 from the previous study
(Table 4).>* In the previous study, we already discussed a corre-
lation between the redox potential E,,, and the donor properties
of the ligands and the results of R6 and R7 further support this
correlation. The plot of the redox potential E; , representing the
relative electrochemical stabilization against the referenced
total charge-transfer energy difference AAEcr o Shows that a
relatively stronger total donation in the Cu() species of a redox
couple compared to R1 leads to an increase in the relative
electrochemical stabilization of the Cu(1) species and vice versa
(Fig. 8). Hence, the relative electrochemical stabilization can be
estimated based on the relative total donor properties of the
ligands. Further, two linear correlations depending on the sub-
stituent position are visible, which is analogous to the corre-
lation between the relative theoretical stabilization and the rela-
tive total donor properties (Fig. 6 and 8). As noted earlier, this is
caused by the different ways the substituents affect the Ng,, and
Ngu donor. This accordance between the experimental electro-
chemical relative stabilization and the calculated relative stabi-
lization verifies the results of the DFT calculations.

Since the relative theoretical stabilization and the relative
electrochemical stabilization correlate in the same way with
the relative donor properties, the direct correlation between
both expressions for the relative stabilization is of interest. The
plot of the redox potential E;,, against the referenced ground
state energy difference AAEgsprr shows a good correlation
between the relative electrochemical stabilization and the rela-
tive theoretical stabilization for all redox couples except for R4
(Fig. 9). A relatively stronger theoretical stabilization of the Cu
(1) species of a redox couple compared to R1 indicated by a
positive AAEggs prr value results in a relatively stronger electro-
chemical stabilization of the Cu(i) species a redox couple and,
therefore, in a higher redox potential compared to R1l.
Additionally, the correlation of the redox potential E;,, and the
referenced ground state energy difference AAEgg prr depends
on the position of the substituent leading to two linear corre-

Table 4 Experimental redox potentials Ey» vs. Fc/Fc* and vs. R, referenced charge-transfer energy differences AAEcT ot referenced ground state
energy differences AAEgs prr/ccspm and theoretical redox potentials Eineo prr/ccspm VS. R1 of R1-R7 (experimental redox potentials Ej/, vs. Fc/Fc*
of R1-R5 from previous study;?* DFT: TPSSh, def2-TZVP, GD3BJ, PCM (MeCN), NBO6.0; DLPNO-CCSD(T): def2-TZVP, def2-TZVP/C, C-PCM

(MeCN))

Exp. DFT DLPNO—CCSD(T)

Eqppvs. Eqppvs. AAEcr otal AAEGgs prr Etheo,pFT AAEGS,CCSD(T) Etheo,cosp(r)

Fc/Fe' [V] R1[V] [keal mol™] [k] mol™] vs. R1[V] [k] mol™] vs. R1[V]
[Cu(TMGqu),]"*" (R1) —0.441 0.000 0.0 0.000 0.000 0.000 0.000
[Cu(TMG2Mequ),]"** (R2 —0.224 0.217 -8.5 12.664 0.131 15.159 0.157
[Cu(TMG2°Hexqu),]"** (R3) -0.134 0.307 -14.5 23.338 0.242 34.165 0.354
[Cu(TMG2Meequ),]’>* (R4) —0.302 0.138 —2.5 (20.4) -1.235 -0.013 13.799 0.143
[Cu(TMG4NMe,qu),]"*" (R5) —0.640 -0.199 4.2 —28.446 —0.295 -14.539 —0.151
[Cu(TMG4Mequ),]** (R6) —0.488 —0.047 1.4 —6.423 —0.067 —4.075 —0.042
[Cu(TMG4Meequ),]"** (R7) -0.346 0.095 -1.7 14.852 0.154 6.291 0.065

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Plot of the redox potentials E;/, vs. Fc/Fc* against the referenced
ground state energy differences AAEgs prr of R1-R7 (yellow correlation
considers R1 and in 2-position alkyl-substituted redox couples, blue
correlation considers R1 and in 4-position substituted redox couples).

lations. The reason is again the different ways the substituents
affect the relative donor properties of the Ny, and Ny, donor
in dependency of the substituent position (see discussion of
the NBO results of the complexes). As before, R4 does not fit
into the correlation, since the slightly increased relative theore-
tical stabilization of the Cu(u) species contradicts the signifi-
cantly increased relative electrochemical stabilization of the
Cu(1) species compared to R1. The reason for the misfit could
again be the extraordinary 4 + 2 coordination motif in C8 com-
pared to the other complexes.

Due to the correlation between the experimental redox
potential E,, and the referenced ground state energy differ-
ences AAEgg, the calculation of theoretical redox potentials
Eiheo was performed. The absolute redox potential depends on
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the Gibbs free energy difference AG between the Cu(1) and Cu
(1) species of a redox couple (eqn (5)).

AG
n-F

Eabs = (5)

In a previous study, we calculated the Gibbs free energy
difference AG using a Born-Haber cycle.'' Here, the ground
state energy difference AEgs prr was used instead of the Gibbs
free energy difference AG as a simplification (eqn (6)).

Eabs,theo (RX) F

(6)

To obtain a redox potential Ey,., relative to the redox poten-
tial of R1, the referenced ground state energy differences
AAEgs prr Was used (eqn (7) and Table 4).

AAEgs(RX)

Etheo(RX)Vs.R1 = 7

)

Next to theoretical redox potential Ey,eoprr based on the
referenced ground state energy differences AAEgsppr deter-
mined by DFT calculations, theoretical redox potentials
Eheo,cesp(r) based on the referenced ground state energy differ-
ences AAEgsccsprr) determined by domain-based local pair
natural orbital coupled cluster with singles, doubles and per-
turbative triples excitations (DLPNO-CCSD(T)) calculations
were calculated (Table 4, Egsccspr) and AEgs cespery values
provided in Table S9 in the ESIt). The DLPNO-CCSD(T) calcu-
lations were conducted applying the basis set def2-TZVP, the
auxiliary basis set def2-TZVP/C and the conductor-like polariz-
able continuum model (C-PCM) as solvent model for MeCN
(further information in the ESI}). The plot of the theoretical
redox potentials Eeoprr/cespr) against the experimental
redox potentials E;, indicates the accuracy of the results
(Fig. 10). The DFT based theoretical redox potentials Eneo,per
of R2-R6 are lower than the experimental redox potentials E;,
whereas for R7 the opposite case is present. The mean devi-

0.4 7 , r , : r .
A -

0.3 R

’ . n
0.2 .© R34

= 0.1 PRl
< 011 A R2 1
Q 04 & © R7 = -
E AR R4
uy —0.14 R5 R6 .
A .
-0.2 4 I ’ = DFT .
A DLPNO-CCSD(T)

-0.31 = |

-0.3 -02 -01 0 0.1 02 03 04
E,,vs.R1[V]
Fig. 10 Plot of the theoretical redox potentials EineopFr/ccspm Vs R1

against the experimental redox potentials Ej/» vs. R1 of R1-R7 (green
line represents perfect accordance between both values).
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ation between experimental and computed values of R2-R7 is
0.079 V. However, the shift of the redox potential compared to
R1 is estimated correctly by the DFT based theoretical redox
potentials E,eo,prr for R2, R3 and R5-R7. For R4, the influence
of the methyl ester substituent is not as well predicted as the
influence of the other substituents, which could be caused by
the coordinative interactions between the copper center and
the methyl ester substituent. Compared to the DFT based
theoretical redox potentials Eneoprr, the DLPNO-CCSD(T)
based theoretical redox potentials Eeoccspry Of R2-R7 fit
even better to the experimental redox potentials E;;, resulting
in a smaller mean deviation of 0.033 V. In particular, the influ-
ence of the methyl ester substituent in R4 is much better pre-
dicted by the DLPNO-CCSD(T) calculations than by the DFT
calculations. In general, this method proved to be suitable for
the estimation of redox potentials with a good accuracy despite
small effort. Usually, the determination of theoretical redox
potentials of larger molecules like copper complex redox
couples is complicated since a redox potential is defined by the
small energy difference between the comparable large total
energy values of the reduced and oxidized species of a redox
couple. These total energy values contain each an energy value
defined by the structure and a solvation energy contribution. If
a redox process causes significant changes in the structure and
the solvent sphere, the exact calculation of the difference in the
total energy values is more difficult than for small changes in
the structure and the solvent sphere.*” Usually, the Cu(i) and
Cu(u) species of a redox couple possess significantly different
structures because Cu(l) and Cu(u) each favor different coordi-
nation numbers and geometries."* Therefore, the accurate
determination of theoretical redox potentials is still challen-
ing.*> The reason for the relatively good accuracy of the DFT
based theoretical redox potentials Egeo,prr Of R2, R3 and R5-R7
is presumably the high structural similarity between the related
Cu(1) and Cu(u) species. In contrast, the low accuracy of the DFT
based theoretical redox potentials Eweoprr R4 is probably
caused by the larger structural differences between the Cu(i)
and Cu(u) species or by an overestimated stabilizing effect of the
methyl ester substituent in the Cu(u) species. The high accuracy
of the DLPNO-CCSD(T) based theoretical redox potentials
Eheo,cosp(r) Of R4 despite the same large structural differences
between the Cu(i) and Cu(u) species indicates that the DFT cal-
culations overestimate the stabilizing influence of the inter-
actions between Cu(u) center and the methyl ester substituent.

Electron transfer studies

The electron transfer properties of R6 and R7 were analyzed
like these of R1-R5 in the previous study by determination of
the electron self-exchange rate k;; using the Marcus cross
relation (eqn (8)—-(11)). The Marcus cross relation is based on
the Marcus theory describing the mechanism of the outer-
sphere electron transfer between two metal complexes.** The
electron self-exchange rate k;; is the reaction rate of the elec-
tron transfer reaction between the reduced and the oxidized
species of the same redox couple. An electron is transferred
from the reduced to the oxidized species resulting in the same

This journal is © The Royal Society of Chemistry 2024
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species as before the electron transfer. In case of the copper
redox couples the electron is transferred from the Cu(i) species
to the Cu(m) species (Scheme 3, top). Since the electron self-
exchange rate depends on the temperature, the solvent and the
activity coefficient of the reactants, a direct comparison of elec-
tron self-exchange rates k;; of different redox couples is only
applicable if they were determined under same conditions. For
the determination of the electron self-exchange rate k,; via the
Marcus cross relation, the reaction rate k;, of a cross reaction
between one species of the investigated redox couple and a
counter complex has to be determined (Scheme 3, bottom). The
counter complex itself is the reduced or oxidized species of the
counter complex redox couple, whose electron self-exchange rate
k,, must be known (Scheme 3, middle). During the cross reac-
tion, the counter complex oxidizes or reduces the reduced or oxi-
dized species of the analyzed redox couple. In the ideal case, it
would make no difference whether the oxidation or the
reduction is analyzed to determine the electron self-exchange
rate kq;. Nevertheless, the direct comparison is only possible if
the same counter complex is used since only a small measure-
ment uncertainty in the electron self-exchange rate k,, of the
counter complex redox couple can result in a large error.
In accordance with the previous study, the counter complex
[Co(bpy)s]*" of the counter complex redox couple [Co(bpy);]*"**
was used (Scheme 3, middle).>® Due to the redox potential of
[Co(bpy)s]****, the Cu(i) species of R6 and R7 are oxidized by
[Co(bpy)s]*" (Scheme 3, bottom). The electron self-exchange rate
ky, of [Co(bpy);]*"*" in MeCN at 298 K is reported in the
literature.**

ks — kin? 8)
" kas - Kiz - f12 - Wia?
AEl/Z -n-F
Kip = _—2 9
12 exp( R T 9)
_ 2
In Klz + wleR :21>
= ex . 10
fra P ka2 - koo W11 + Way (10)
4-(In +
A R-T
Wig + Way — Wip — Wz1>
Wiy = 11
12 exP( 2R T (11)

electron self-exchange reactions:

[Cu(1)(TMGXqu),]* + [Cu(ll)(TMGXqu),]** === [Cu(ll)(TMGXqu),]** + [Cu(I)(TMGXqu),]*

[Co(ll)(bpy)s]** + [Co(lll)(bpy)s]** [Co(ll)(bpy)s]** + [Co(ll)(bpy)a]**

cross reaction:

[Cu()(TMGXqu),]* + [Co(lll)(bpy)s** —— [Cu(ll)(TMGXqu),]** + [Co(ll)(bpy)sl**

Scheme 3 Electron self-exchange reactions of a copper guanidine qui-
noline redox couple (top) and the counter complex redox couple [Co
(bpy)s]?*/** (middle) and the cross reaction between the Cu()) species of
a copper guanidine quinoline redox couples and the counter complex
[Co(bpy)sI** (bottom) (TMGXqu represents the different guanidine qui-
noline ligands).
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The electron self-exchange rate k;; is calculated with the
experimentally determined reaction rate k;, and equilibrium
constant K;, (eqn (9)) of the cross reaction, the electron self-
exchange rate k,, of the counter complex redox couple, the
term f;, (eqn (10)) and the work term W, (eqn (11)).

Since the cross reaction is a redox reaction, the equilibrium
constant K, is defined by the redox potential difference AE;,
of the copper complex redox couple and the counter complex
redox couple (eqn (9) and Table 5).

The reaction rates k;, of the cross reactions of the Cu(i)
complexes C11 and C13 with the counter complex [Co(bpy);]**
were determined in MeCN at 298 K using stopped-flow UV/Vis
spectroscopy. During the cross reaction UV/Vis spectra were
recorded and the time-dependent changes examined (exempla-
rily shown for C13 in Fig. 11, left). The cross reactions were
performed with an excess of [Co(bpy);]** resulting in a nearly
constant concentration of [Co(bpy);]>* throughout the reaction.
Therefore, the cross reaction is pseudo-first order which
enables the determination of the reaction rate k.,s by a first
order decay fit of the absorption at the absorption maxima of
the Cu(1) complex against the reaction time (exemplarily shown
for C13 in Fig. 11, middle). The reaction rate k,,s was deter-
mined for five different concentrations of [Co(bpy)s]**. By a
linear fit of the reaction rate ks against the concentration of

Table 5 Redox potential differences AE;,, between R1-R7 and the counter complex redox couple [Co(bpy)s
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[Co(bpy)s]**, the reaction rate ki, is obtained (exemplarily
shown for C13 in Fig. 11, right; for C11 see Fig. S10 in the
ESL;t Table 5). The influence of the ionic strength on the
activity coefficients of the reactants is neglected.

Following the Marcus cross relation, the electron self-
exchange rates k;; of R6 and R7 were calculated and compared
with those of R1-R5 from the previous study (eqn (8) and
Table 5).* For R6, a similar electron self-exchange rate kj;
compared to R1 is obtained. Therefore, the methyl substituent
in the 4-position and its weak electronic effect have no signifi-
cant influence on the electron transfer. Further, R6 and R1
possess identical Az, and @z, parameter because the methyl
substituent in the 4-position does not exhibit any steric
demand. Hence, from the structural point of view, they are
similar entatic state models and, therefore, similar electron
self-exchange rates are expectable. Compared to R6, the methyl
substituent in the 2-position of R2 exhibits a steric demand
resulting in more similar structures of the Cu(i) and Cu(u)
species indicated by a smaller Az, parameter and, thus, in a
higher electron self-exchange rate k;; compared to R1. This
results shows that the steric demand of the methyl substituent
in the 2-position of R2 is crucial for the accelerated electron
transfer and the enhanced ability as entatic state model. For
R7, an electron self-exchange rate k;; half as large but in the

]2*/3*  equilibrium constants K, and

reaction rates kq, of the cross reactions between the Cu() species of R1—R7 and the counter complex [Co(bpy)s]** and electron self-exchange rates

ky, and calculated @r, and Az, parameters of R1—R7 (values of R1—-R5 from previous study?®%)
AEq), [V] Kip[] k12 [M71 Sil] k11 [M71 571] Aty per[ ] @taprr [ ]
[Cu(TMGqu),]""*" (R1) -0.385 3.19 x 10° (2.31 + 0.07) x 10* (2.81 + 0.18) x 10> 0.20 0.53
[Cu(TMG2Mequ),]** (R2) -0.168 6.81 x 10” (1.63 + 0.16) x 10° (2.19 £ 0.44) x 10° 0.13 0.59
[Cu(TMG2°Hexqu),]"*" (R3) -0.078 2.04 x 10" (2.25 + 0.14) x 10> (1.15 + 0.15) x 10° 0.07 0.68
[Cu(TMGZMeequ)Z]Hi;Rél) —0.246 1.46 x 10;‘ (6.67 +0.30) x 102 (2.33 £ 0.22) x 102 0.00° 0.61¢
[Cu(TMG4NMe,qu),]"*" (R5) —0.584 7.45x 10 (4.74 £ 0.27) x 10 (3.38 £ 0.44) x 10 0.20 0.54
[Cu(TMG4Mequ),]** (R6) -0.431 2.52 107 (4.90 + 0.19) x 10* (2.38 £ 0.20) x 10> 0.20 0.53
Cu(TMG4Meequ),]"*" (R7 —0.290 9.24 x 10* 3.88 +0.16) x 10° 1.48 + 0.13) x 10> 0.19 0.53
q
“The comparability of this value is limited due to the 4 + 2 coordination motif.
1 T T T T T T T T 0.8 T T T T T T T T T T
. - 54 Determination of the reaction rate k;, .
425 nm - absorption of Cu(ll) species increases 0.7 ] bvali fit
0.75 ’ Determination of the reaction rate k¢ aAnean
g 505 nm - absorption of Cu(l) 1
species decreases 0.64 bya first-order:decay.fit J 44 k,=(3.88+ 0.15)10° L mol™' 57" 1
P = R?=0.9939
= 054 £ 05 { <3 1
[=3 E-1
3 3
0.4 Kops = 1.050 £0.017 s E 2 i
0.25 4
0.3 4
14 4
0 —————— - 0.2 - . - : : : r . r T
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Fig. 11 Results of the cross reaction of [Cu(TMG4Meequ),l* (C13) with [Co(bpy)s]**: time-dependent change of the UV/Vis spectra (left) and time-
trace of the Cu(l) absorption band at 505 nm (middle; black: measurement, red: fit) during the cross reaction with an excess of [Co(bpy)sI** (1:5) in
MeCN at 298 K and plot of the reaction rate kos against the concentration of [Co(bpy)s]** (right; black: measurement, red: fit; some error bars are
too small to be visualized properly).
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same order of magnitude as for R1 is obtained. Therefore,
the methyl ester substituent in the 4-position and its elec-
tronic effect slightly decelerates the electron transfer. In our
previous study, we found that the methyl ester substituent in
the 2-position of R4 induces a significant increase in the elec-
tron self-exchange rate k;;. We made different hypotheses to
explain this influence of the methyl ester substituent in the
2-position on the electron transfer.?® The electron self-exchange
rate of R7 provides new insights into the role of the methyl ester
substituent in R4 regarding the fast electron transfer. The
suggested hypothesis that the methyl ester substituent in R4
could act as an electron bridge for the outer-sphere electron
transfer resulting in a shortened jump length of the electron
through space can be rejected. If this hypothesis would be the
reason for the fast electron transfer of R4, a faster electron trans-
fer should also be visible for R7 because substituents in the 2-
and 4-position exhibit similar electronic effects on the aromatic
system. Hence, the extraordinary coordinative behavior of the
ligand is the reason for the fast electron transfer and the
enhanced entatic state whereby two different explanations are
possible. First, the additional coordinative interactions between
the methyl ester substituent and the copper center could be
energetically unfavorable for the copper center. In the Cu(r)
species of R4, the additionally weak interactions between the
methyl ester substituent and the Cu(i) center could be energeti-
cally unfavorable since Cu(i) prefers to be four-coordinate in a
tetrahedral geometry. In the Cu(u) species of R4, the 4 + 2
coordination motif with the two non-axially positioned
elongated Cu-O,1 bonds could be energetically unfavorable.
These energetically unfavored interactions in the Cu(r) and Cu(n)
species of R4 could be comparable to the energetically unfavor-
able stronger distortion in R2 and R3 and, therefore, the reason
for the accelerated electron transfer compared to R1. Second, the
methyl ester substituent could insulate the solvent sphere from
the charge of the copper center by its weak donor properties.
Hence, the reorganization of the solvent molecules during the
electron transfer is reduced resulting in a lower solvent reorgan-
ization energy.

To further correlate the determined electron self-exchange
rates, the internal, solvent and total reorganization energies
11,1, 411, and A4, 1+ of R6 and R7 were calculated analogously
to R1-R5 from the previous study (Table 6, necessary energy
values provided in Table S10 in the ESI{).”* Previously, we
observed that the internal reorganization energies 4,,; corre-
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late with the structural similarity between the related Cu(1) and
Cu(u) species of the redox couples and, therefore, with the
RMSD values. For all previous redox couples except for R4, a
linear correlation was found.>® The results of R6 and R7 fit
into this linear correlation (Fig. 12). The internal and solvent
reorganization energies A;;; and A;; s of R6 are similar to
those of R1 and not decreased like those of R2. Hence, also
the total reorganization energies 4,; v of R1 and R6 are similar
which is in accordance with the similar electron self-exchange
rates. This underlines again the negligible influence of the
methyl substituent in the 4-position on R6 and the importance
of the methyl substituent in the 2-position for the enhanced
electron transfer properties of R2 indicated by the faster elec-
tron self-exchange rate k;; and lower total reorganization
energy ;v compared to R1. The internal reorganization
energy A;1,; of R7 is similar to those of R1 and R6 because the
methyl ester substituent in the 4-position does not affect the
structural similarity between the Cu(i) and Cu(u) complex sig-
nificantly. Therefore, the methyl ester substituent in the
4-postion exerts no significant influence on the internal reor-
ganization energy 14, of R7 compared to the methyl ester sub-
stituent in the 2-position in R4. Further, the position of the
methyl ester substituent affects the influence on the solvent
reorganization energy 4, 5. Whereas the methyl ester substitu-
ent in the 2-position reduces the solvent reorganization energy
A11,s of R4 significantly compared to R1, the influence of the
methyl ester substituent in the 4-position on the solvent reor-
ganization energy A;;s of R7 is not that strong. This result
underlines that the weak coordinative interactions between the
methyl ester substituent and the copper center in R4 result in
an insulation of the solvent sphere from the changing charge
of the copper center during the electron transfer. Nevertheless,
also the solvent reorganization energy 4,; s of R7 is decreased
compared to R1 without any further coordinative interactions.
The reason could be that the extended = system of the ligand
in R7, caused by the methyl ester substituent, dampens the
impact of the changing charge on the solvent sphere stronger
than the smaller & system of the ligand in R1. In sum, R7 exhi-
bits a lower total reorganization energy 4, v than R4 with is in
contrast to the higher electron self-exchange rate of R4 com-
pared to R7. A reason could be that the internal and solvent
reorganization energies do not contribute in the same way to
the velocity of the electron transfer. Further, this emphasizes
that although the calculated reorganization energies give

Table 6 Calculated internal, solvent and total reorganization energies A11), 4115 and 435t and calculated RMSD values of R1-R7 (values of R1-R5

from previous study®')

Aq11 [KJ mol™]

J1,s [KJ mol™] Jq,r [KJ mol™] RMSDpgr [A]

[Cu(TMGqu),]""*" (R1) 66.6
[Cu(TMG2Mequ),]"*" (R2) 55.2
[Cu(TMG2°Hexqu),]”"*" (R3) 52.7
[Cu(TMG2Meequ),| " (R4) 81.6
[Cu(TMG4NMe,qu),]"*" (R5) 77.4
[Cu(TMG4Mequ),]"*" (R6) 68.5
[Cu(TMG4Meequ),]"*" (R7) 65.1

This journal is © The Royal Society of Chemistry 2024

135.2 201.8 0.283
128.6 183.8 0.191
110.7 163.3 0.147
123.5 205.1 2.289
128.2 205.6 0.446
132.9 201.4 0.282
129.2 194.2 0.250

Dalton Trans., 2024, 53,12527-12542 | 12539


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt01539h

Open Access Article. Published on 11 July 2024. Downloaded on 4/29/2026 12:35:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
85 T T T T
R4 =
80 4 ) .
= RS

75 4 i -
- ]
[ 1
S 70 ' i
£ 70 - o
2 R1
= 654 R7 . -
-<: ,’I

60 4 : 1

!
1
554 mR2 |
= R3
50 T T T T
0 0.5 1 1.5 2 25

RMSDp [A]

Fig. 12 Plot of the internal reorganization energies 4,1, against the calcu-
lated RMSD values of R1-R7 (blue correlation considers R1-R3, R5—-R7,
data point of R4 is marked in red due to the misfit to the linear correlation).
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Fig. 13 Summary of the substituent influences on the properties of the
copper complex redox couples R2, R4, R6 and R7 compared to R1 (substi-
tuents and initial effects are marked in the same color; two highest electron
self-exchange rates are marked in orange; units are only given for R1; redox
potentials Ey, vs. Fc/Fc*; Az, and @z, parameters, redox potentials E;, and
electron self-exchange rates ki; of R1, R2 and R4 from previous study?).
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important insights into the electron transfer properties, their
influence should not be overestimated. They are based on
theoretically calculated energy values like the theoretical redox
potentials Eyeoprr- In the case of the theoretical redox poten-
tials, the good accuracy enables the estimation of the redox
potential but not the exact determination. Hence, this circum-
stance also applies to the reorganization energies.

Conclusions

In this study, two novel guanidine quinoline ligands with a
methyl or methyl ester substituent in the 4-position were syn-
thesized to analyze the importance of the position on the sub-
stituent influence compared to the ligands with a methyl or
methyl ester substituent in the 2-position. The related novel
Cu(t) and Cu(u) complexes C11-C14 were synthesized and
structurally investigated by XRD and DFT calculations, indicat-
ing that the 2-position is crucial for the significant substituent
influence on the structures of C3, C4, C7 and C8 (Fig. 13). In
addition, the donor properties of the ligands were examined
by NBO calculations, revealing opposite substituent influences
depending on the position. The different substituent influ-
ences on the complex structures and ligand donor properties
are reflected in the redox potentials of the copper complex
redox couples R2, R4, R6 and R7 and therefore, in the electro-
chemical stabilization (Fig. 13). In consideration of the redox
potentials and DFT results of R1-R7, an easy method for the
estimation of the redox potential with a good accuracy was
demonstrated. Finally, the determination of the electron self-
exchange rates and reorganization energies of R6 and R7 and
the comparison with R2 and R4 indicated that also the elec-
tron transfer properties depend significantly on the substitu-
ent position (as summarized in Fig. 13). Only the substituents
in the 2-position, which affect the structure of the complexes,
exert a strong and enhancing influence on the electron trans-
fer properties, whereas the pure electronic influence of substi-
tuents in the 4-position is negligible. Overall, the results
demonstrate the importance of the position on the substituent
influence affecting several properties of the copper complexes
and give new crucial insights into the targeted design of better
entatic state models.

Data availability

All synthetic details are described in the ESI.f Additional infor-
mation on the synthesis of the target compounds and original
analysis data files are available in the Chemotion repository
(for corresponding links see the ESIY).
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