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Copper guanidine quinolinyl complexes act as good entatic state models due to their distorted structures
leading to a high similarity between Cu(l) and Cu(i) complexes. For a better understanding of the entatic
state principle regarding electron transfer a series of guanidine quinolinyl ligands with different
substituents in the 2- and 4-position were synthesized to examine the influence on the electron transfer
properties of the corresponding copper complexes. Substituents with different steric or electronic
influences were chosen. The effects on the properties of the copper complexes were studied applying
different experimental and theoretical methods. The molecular structures of the bis(chelate) copper
complexes were examined in the solid state by single-crystal X-ray diffraction and in solution by X-ray
absorption spectroscopy and density functional theory (DFT) calculations revealing a significant impact
of the substituents on the complex structures. For a better insight natural bond orbital (NBO)
calculations of the ligands and copper complexes were performed. The electron transfer was analysed

by the determination of the electron self-exchange rates following Marcus theory. The obtained results
Received 24th May 2022 lated with th lts of the structural analysis of th | d of the NBO calculati
Accepted 11th June 2022 were correlated wi e results of the structural analysis of the complexes and of the calculations.

Nelsen's four-point method calculations give a deeper understanding of the thermodynamic properties
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Introduction

Copper proteins play an essential role in biological processes of
all living organisms since they are responsible for a fast and
reversible electron transfer." One group is the type 1 or blue
copper proteins that have a mononuclear copper center, e.g.
plastocyanin. The copper is coordinated by two nitrogen donors
of histidine and two sulfur donors of methionine and cysteine.”
Copper proteins exhibit very high electron self-exchange rates
ky; which are a scale for the speed of the electron transfer. For
these proteins the electron self-exchange rates range from 10° to
10® M~ s .*° This is explained by the entatic state concept
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8274 | Chem. Sci., 2022, 13, 8274-8288

of the electron transfer. These studies reveal a significant impact of the substituents on the properties of

7-11

which is adaptable for different transition metal enzymes.
The exact effectiveness of the entatic state has been discussed
intensively in the past and different explanations have been
proposed.®** In 1968, the term “entatic state” was introduced by
Vallee and Williams. In their theory the protein possesses
arigid framework that does not fit the preferred geometry of the
bound metal ions or the cofactor. This leads to an energization
of the protein's units but not of the rigid framework.">** Another
explanation for the entatic state was suggested by Malmstrom
with the induced-rack theory.>*'* In contrast to the theory of
Vallee and Williams the protein framework exhibits some flex-
ibility leading in the ideal case to two different structures. One
structure is energetically favored by the protein framework, but
the coordination geometry of the metal ion is strained by the
protein framework, which is energetically unfavored by the
metal ion. In the second structure the coordination geometry is
less strained which is energetically favored by the metal ion but
energetically unfavored by the protein framework. Rorabacher
et al. proposed that the entatic state of type 1 copper proteins is
not just based on geometrical constraints but also on electronic
effects so that they introduced the term “electronic entatic
state”.’ Comba defined entasis as the energization of a complex
by an adverse interaction between the metal ion and the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ligands.’ In general, the entatic state describes the energization
of the reactants and products due to the adverse interaction
between the protein or ligands and the metal ion. This results in
a lower activation barrier and a faster reaction.'® In case of
type 1 copper proteins the coordination geometry of the copper
center is highly distorted compared to the ideal tetrahedral
geometry favored by Cu(i) and the ideal square-planar geometry
favored by Cu(u) leading to an easier transition between Cu()
and Cu(u) and a promoted electron transfer.'”*®

There are different approaches to apply the concept of the
entatic state to transition metal complexes as models for metal
proteins and catalysis.”*” One example is models for electron
transfer proteins, especially for type 1 copper proteins. To
quantify the electron transfer ability of a model complex redox
couple the electron self-exchange rate k;; is necessary. The
determined electron self-exchange rates of several copper
complex redox couples in the literature span over a wide range.
Stanbury et al. analyzed the [Cu(bib),]"*" redox couple with
only N donors and the [Cu(bite)]"** redox couple with N and S
donors (Fig. 1). For both systems relatively slow electron self-
exchange rates compared to type 1 copper proteins were
detected. The electron self-exchange rates range from (0.024 +
0.004) to (0.49 + 0.06) M~ * s~ * for the [Cu(bib),] "> redox couple
and (1.22 £ 0.29) x 10> to (6.90 & 1.23) x 107> M " s~ " for the
[Cu(bite)]"*" redox couple in MeCN at 25 °C depending on the
used counter complex (for an explanation of the term counter
complex see chapter “Electron transfer studies”).*® The Cu bis-
pidine system reported by Comba et al. features a rigid ligand
(Fig. 1).*° Due to the rigidity the ligand is preorganized and
offers only one possible coordinating conformation, so the
ligand is inflexible. However, the coordination sphere is slightly
elastic since the metal ion is not completely fixed in the center
of the ligand cavity.” This allows a low-energy rearrangement of
the coordination sphere characterized by a low inner-sphere
reorganization energy. Nevertheless, this system exhibits
a quite low electron self-exchange rate of 15 £ 11 M~ " s~ " in
water at 25 °C. The reason for this is that the elastic coordina-
tion geometry enables large structural changes which influence
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the solvation shell significantly resulting in a relatively high
outer-sphere reorganization energy. This emphasizes that a low
inner-sphere reorganization energy does not lead automatically
to a high electron self-exchange rate.* In contrast, Rorabacher
et al. achieved high electron self-exchange rates of ~10°M ' s~ *
for the [Cu([15]aneS;bpy)]”>* redox couple in MeCN at 25 °C
(Fig. 1).** These values are within the range of the electron self-
exchange rates of the type 1 copper proteins. Besides the
determination via the Marcus cross relation, Rorabacher et al.
used the NMR line-broadening method. This method was also
applied by Szymczak et al. who measured an electron self-
exchange rate of 2.4 x 10° M~ ' s™' in THF at room tempera-
ture for the [Cu(H,Tpy"™*)C1]”* redox couple.™ In the past, our
group has reported the properties of copper guanidine quino-
linyl complexes as entatic state models by structural analysis
and determination of the electron self-exchange rates via Mar-
cus theory (10*-10®> M~"' s7%).2*2* The influence of different
solvents and substituents was analyzed.**** The redox couple
[Cu(TMGqu),]”*" exhibits the highest electron self-exchange
rate for pure N donor systems in organic solvents.” In copper
guanidine quinolinyl complexes the structures of the Cu(i) and
Cu(n) complexes are highly distorted compared to the ideal
tetrahedral geometry favored by Cu(i) and the ideal square-
planar geometry favored by Cu(u).'*** This distortion leads to
a very high structural similarity between the Cu(i) and Cu(u)
complexes.” In a previous report, substitutions in the 2-, 4- and
6-positions of the quinolinyl backbone were highlighted to have
the strongest influence on the donor properties of the ligand.
Substituents in the 2- and 4-position mostly affect the quino-
linyl donor whereas substituents in the 6-position mostly affect
the guanidine donor.** In another study, substituents with
electronic influences were introduced in the 6-position but this
did not lead to an enhancement of the entatic state.> Therefore,
substitutions in the 2- and 4-position affecting the quinolinyl
donor are of great interest where substituents in the 2-position
also have a steric influence on the coordination geometry.

Herein, we examined the influence of substituents in the 2-
and 4-position of the guanidine quinolinyl ligand on the prop-
erties of the corresponding Cu(i) and Cu(u) complexes. The
molecular structures of the complexes were characterized by
single-crystal X-ray diffraction (XRD), X-ray absorption spec-
troscopy (XAS) and density functional theory (DFT) calculations.
Moreover, the electron transfer was investigated via Marcus
theory and further DFT calculations.

Results and discussion
Strategies to manipulate the electron transfer

In order to manipulate the electron transfer performance of
guanidine quinolinyl copper complexes, different substituents
were introduced in the quinolinyl backbone of the ligands
(Scheme 1). Thus, the steric demand and the donor properties
of the ligands were modified compared to the unsubstituted
ligand TMGqu (L1). The guanidine donor was not changed for
comparability so only ligands with a TMG moiety were
synthesized.
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First, ligands with alkyl groups in the 2-position with
different steric demand (TMG2Mequ (L2), TMG2‘Buqu (L3), and
TMG2°Hexqu (L4)) were synthesized. These substituents only
slightly change the electronic properties due to their weak
electron density donating feature while the steric requirements
in the 2-position should influence the coordination proper-
ties.>® Due to the higher steric demand of the ligands, the
distortion of the resulting Cu(i) and Cu(u) complexes should be
higher compared to that of the Cu(1) and Cu(u) complexes with
the unsubstituted ligand (L1). Therefore, this should lead to an
improvement of the electron transfer properties. The different
alkyl groups should allow the influence of the steric demand to
be determined.

Second, a ligand with a methyl ester group in the 2-position
(TMG2Meequ (L5)) was synthesized. As the alkyl group in
L2—L4 the methyl ester group has an influence on the steric
demand. Moreover, the negative mesomeric effect caused by the
electron density withdrawing feature increases the delocaliza-
tion of the m system. This should influence the electron transfer
ability of the Cu complexes.

Third, a ligand with a dimethylamine group in the 4-position
(TMG4NMe,qu (L6)) was synthesized. Due to its position in the
ligand, the dimethylamine group does not influence the coor-
dination by steric demand. However, due to its positive meso-
meric effect caused by the electron density donating feature an
increase of the delocalization of the 7 system occurs. Like in L5
but with a more electron-rich aromatic system the influence on
the electron transfer properties of the Cu complexes is
examined.

Synthetic strategy for the ligands

The nitro precursors for the alkyl substituted ligands L3 and L4
were obtained from 8-nitroquinoline by introducing the alkyl
group in a silver catalyzed radical substitution reaction
following a modified procedure of Minisci et al.*® According to
this, 2-tert-butyl-8-nitroquinoline ~ and 2-cyclohexyl-8-
nitroquinoline were synthesized (Scheme 1, first reaction
path). The nitro precursor for L2, 2-methyl-8-nitroquinoline,
was commercially available. For the precursor synthesis of L5
(Scheme 1, middle reaction path), the first two steps were

RCOOH, H,S0,
(NH,),S,0s, AQNO3

H,0, reflux, 2.5 h

A X
H,, Pd/C
Nig R MeOH,
NO NO.

, o rt,7h NH,
='Bu, *Hex R' = Me, ‘Bu, *Hex
MeOH,
Brz NaOAc HZSO,, H2504
AcOH 80 °C, CBs — H,0, TMeOH,
0 min 120°C,72h reflux, 16 h

N
TMG-VS, NEtg
P
N" 'R MeCN refux, _N
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performed according to a slightly modified procedure of
Gadomsky et al.”*® In the first step a bromination of the methyl
group of 2-methyl-8-nitroquinoline was performed giving 2-
tribromomethyl-8-nitro-quinoline. The second step was the
hydrolysis to 8-nitroquinoline-2-carboxylic acid. The third step
was the esterification of the carboxylic acid with MeOH giving
methyl 8-nitroquinoline-2-carboxylate (Scheme 1, middle reac-
tion path). The synthesis of L6 (Scheme 1, lower reaction path)
started with the nitration of 4-chloroquinoline in the 8-position
yielding 4-chloro-8-nitroquinoline following the procedure of
Mosher et al. modified by Yoo et al.*’ The next step was the
substitution of the chloride by dimethylamine giving 4-
dimethylamino-8-nitroquinoline. This reaction was inspired by
the procedures of Pozharskii et al. and Matyjaszewski et al.
(Scheme 1, lower reaction path).”® The two final steps are the
same for all ligands. The nitro precursors were reduced by
hydrogen using Pd/C as catalyst yielding the amine precursors.>*
The last step is the guanidine synthesis using the Vilsmeier salt
N,N,N',N'tetramethylchloroformamidinium chloride (TMG-VS)
performed according to the general procedure of Herres-
Pawlis et al. inspired by the procedure of Kantlehner et al.
(Scheme 1).> The molecular structures in the solid state of
ligands L2, L3 and L6 have been determined and are depicted in
Fig. S361 (crystallographic data are shown in Table S11 in the
ESI}).

Influence of the substituents on the electronic and donor
properties of the ligands

For L1-L6 DFT calculations with the functional TPSSh and the
basis set def2-TZVP with the solvent model (PCM) and empirical
dispersion correction with Becke-Johnson damping were per-
formed in accordance to previous studies.”’**?*3* The struc-
tural optimizations were followed by natural bond orbital (NBO)
calculations to quantify the influence of the different substitu-
ents on the guanidine N donor Ny, and quinolinyl N donor Ng,
of all ligands and the acyl and alcohol O donors of the methyl
ester groups O,ey1 and Oy of L5 (Fig. 2). The charge of the Ny,
donor shows no significant deviation after the substitution
whereas the charge of the Ny, donor changes. In all ligands, the
Ngyua donor possesses a more negative NBO charge than the Ng,

o QOM%
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H2 Pd/C TMG TMG-VS, NEt; _ ©\/j\n/
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-

TMG-VS, NEt3

cl HNMe,-HCI,

HNo3 H,S0, NaOH
sto., ik H,0, EtOH,
130°C,4h

\N/
X Hy, PdiC X
-~ MeOH, / MeCN reflux,
N rt,7h 30 min
NO,

SN
A
pZ

| N

N.__N

=
TTMG«tNMeun (L6)
7N

Scheme 1 Synthetic routes to a series of substituted guanidine quinolinyl ligands.?*=2° * The nitro precursor for L2, 2-methyl-8-nitroquinoline,

was commercially available.
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Fig. 2 Calculated NBO charges [e units] (red) for selected atoms of the ligands L1-L6 (NBO6.0, TPSSh/def2-TZVP and PCM solvent model for
MeCN and empirical dispersion correction with Becke—Johnson damping).

donor corresponding to a higher basicity of the Ngy,
donor.*"*>*¢ Further work pointed out that the higher basicity of
the Ng,, donor does not implicate a higher donor strength
compared to the Ny, donor whereas a higher basicity
comparing the same type of donor leads to a higher donor
strength in the Cu complexes.?"?**3>% Ag expected, the alkyl
groups have a very weak influence on the charge of the Ng,
donor of L2 and L3 so that the basicity and the donor properties
are not influenced significantly compared to the unsubstituted
ligand L1. The methyl ester group of L5 has the strongest
influence on the Ng, donor. Due to its electron density with-
drawing effect the charge of the Ny, donor increases signifi-
cantly whereby the N, donor is less basic compared to L1-L4
leading to weaker donor properties. The dimethylamine group
of L6 induces a decrease of the charge of the Ny, donor
compared to L1 because of its electron density donating effect.
Therefore, the basicity and the donor properties of the Ng,
donor are increased compared to those of the unsubstituted
ligand.

Copper complex synthesis and structural characterization

The reaction of the synthesized ligands L2-L6 with various Cu()
and Cu(u) salts with weakly coordinating anions leads for all
ligands except L3 to a bis(chelate) complexation of the corre-
sponding Cu(i) and Cu(u) centers. For L3 only a mono(chelate)
complexation of the Cu(i) species is observed in solution due to
the high steric encumbrance of the tert-butyl group (further

information in ESI Section 4.3}). Due to the different coordination
behavior in the Cu(r) and Cu(u) species, L3 is of no further interest
for this study. The targeted bis(chelate) Cu(i) complexes were
synthesized by dissolving the ligands L2 and L4-L6 and a Cu()
salt, [Cu(MeCN),]PFs, [Cu(MeCN),]BF, or [Cu(MeCN),]OTf, in
DCM. By vapor diffusion or layering with pentane the complexes
could be crystallized (Scheme 2, left, top). The bis(chelate) Cu(u)
complexes were synthesized analogously by dissolving the ligands
L2 and L4-L6 and a Cu(u) salt, [Cu(MeCN),](BF,), or
[Cu(MeCN),](OTf),, in MeOH, MeCN or a mixture of MeCN and
DCM. By vapor diffusion or layering with Et,O or pentane the
complexes could be crystallized (Scheme 2, left, bottom). The
molecular structures of the complex cations [Cu(TMG2Mequ),]"

(C3), [Cu(TMG2Mequ),]”* (C4), [Cu(TMG2°Hexqu),]" (C5),
[Cu(TMG2°Hexqu),]”*  (C6),  [Cu(TMG2Meequ),]"  (C7),
[Cu(TMG2Meequ),]** (C8), [Cu(TMG4NMe,qu),]" (C9) and

[Cu(TMG4NMe,qu),]** (C10) could be structurally characterized
by XRD measurements (Fig. 3) of the crystallized compounds
C3—X to C10—X (Scheme 2, right; key structural data in Table 1;
molecular structures in the solid state and crystallographic data
are shown in Fig. S37-S47 and Tables S12-S15 in the ESI}). For the
complex cations C3, C4 and C8 crystals with different anions
could be characterized. Due to insignificant differences in the
structures of the cationic complexes the results of C3-OTf, C4-OTf
and C8-OTf are not discussed in the manuscript (results are
shown in Table S1 in the ESI}).

The Cu-Ngy, bond lengths in the Cu(r) complex cations are
significantly longer (approx. 0.1 A) than in the corresponding

Crystallized compound (Label)

[Cu(TMG2Mequ).]PFs (C3-PFg)
[Cu(TMG2Mequ),]BF4 (C3-BF,)

[Cu(TMGZMequ)z](BF4)2 (C4—BF4)
[Cu(TMG2Mequ),](OTf), (C4-OTf)

[Cu(TMG2¢Hexqu);]PFs-DCM (C5-PFg)

[Cu(TMG2¢Hexqu).](OTf), (C6-OTf)

[Cu(TMG2Meequ)]PFs (C7-PFe)

[Cu(TMGZMeequ)z](BF4)2-2 MeCN (C8—BF4)
[Cu(TMG2Meequ),](OTf),-2 MeCN (C8-OTf)

[Cu(TMG4ANMe,qu),]BF4 (C9-BF4)

B N Complex cation (Label)
—1Rr
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<N 2. Et,0 or pentane Rf_’ [Cu(TMG4NMeun)2]" (cg)
R = 2-Me, 2-°Hex, rt. \ L6
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Scheme 2 Synthesis of the bis(chelate) Cul() (left, top) and Cu(n) (left, bottom) complexes C3—X to C10—X and overview of all complex cations

X = BF,, OTf

and crystallized compounds ordered by ligand (right).
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Cu(u) complex cations expect for C7 and C8. This is related to
the stronger coordination of the guanidine moiety to the Cu(u)
center compared to the Cu(1) center due to the higher charge.
Moreover, in the Cu() complex cations the Cu-Ng,, bond
lengths are significantly longer than the Cu-Ng, bond lengths
expect for C5 and C7. To compare the coordination geometry,
the structure parameter 7, (ref. 37) and the plane angle X
between the planes stretched by the two N donors of each ligand
and the copper center are calculated. The t, value describes
whether the coordination is ideal square-planar (t, = 0) or ideal
tetrahedral (t; = 1). The results show that for all complexes
highly distorted coordination geometries were obtained. In all
Cu(1) complex cations the observed t, value is higher compared
to that of the corresponding Cu(u) complex cations since Cu(i)
prefers a tetrahedral and Cu(un) a square-planar coordination
geometry.*

In C3-C6 the alkyl substituents of the ligands have due to
their position a steric influence on the complex cations but no
significant electronic influence due to their weak electron
density donation properties (see the discussion of the NBO
results of the ligands (Fig. 2) and complex cations (Fig. 4)). The
steric demand influences the coordination geometry signifi-
cantly compared to [Cu(TMGqu),]" (C1) and [Cu(TMGqu),]*"
(C2). An elongation of the Cu-Ng, bond length in the Cu()
complexes is observed. Furthermore, a stronger steric demand
of the substituent (H < Me < ‘Hex) leads to a higher t, value for
the Cu(i) and Cu(u) complex cations and therefore to a higher

8278 | Chem. Sci,, 2022, 13, 8274-8288

average g1, value of both complex cations. This causes a stabi-
lization of the Cu(1) complex cation and a destabilization of the
Cu(u) complex cation since Cu(r) complex cations prefer higher
7,4 values.'® As already mentioned the influence on the Cu(u)
complex cations is stronger resulting in a smaller difference
between the t, value of the corresponding Cu(i) and Cu(u)
complex cations represented by the Az, value. This means that
the corresponding Cu(1) and Cu(un) complex cations become
structurally more similar. This suggests that the introduction of
alkyl substituents in the 2-position leads to better entatic state
models where C5 and C6 are the best entatic state model
couples of all investigated complexes.

In C7 and C8 the methyl ester substituent influences the
coordination geometry in several ways. According to the alkyl
substituents in C3-C6 it has a steric demand but furthermore
the substituent has an electronic influence due to its electron
density withdrawing effect. This weakens the donor properties
of the Ny, donor and therefore the Cu-Ng, bond length in the
Cu(i) complex cation is comparatively long (see the discussion
of the NBO results of the ligands (Fig. 2) and complexes (Fig. 4)).
In addition, the methyl ester group itself has donor abilities
leading to different effects in both oxidation states. In the Cu(u)
complex cation C8 a weak coordination of the O,,; donor occurs
leading to a 4 + 2 coordination motif. This results in an
extended Cu-Ng, bond length compared to complex C2 due to
the pulling effect of the O,y donor on the Cu(u) center. In the
Cu(1) complex cation C7 two different coordination behaviors of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Key bond lengths, bond angles and structure parameters of the Cu() and Cu(i) complex cations C1-C10

[Cu(TMGqu),]""**
(ref. 20) [Cu(TMG2Mequ),]"**  [Cu(TMG2°Hexqu),]"*" [Cu(TMG2Meequ),]"** [Cu(TMG4NMe,qu),]"*
C1(Cu()) C€2(Cu(m)) C3(Cu()) C4(Cu(m) C5(Cul)) C6(Cu(m) C7(Cu®)) C8 (Cu(m) C9 (Cu()) C10 (Cu(u)
Bond lengths [A]
Cu-Ngya 1/ 2.068(3), 1.959(2), 2.091(3), 1.979(4), 2.018(3), 1.973(2), 2.047(4), 2.039(2), 2.065(4),  1.964(2),
2.095(3)  1.964(2)  2.097(3)  1.978(4)  2.024(3)  1.973(2)  2.029(4)  2.043(2)  2.146(4)  1.968(2)
Cu-Ngy112 1.966(4), 1.976(2), 1.994(3), 1.987(4), 2.084(3), 1.988(2), 2.053(3), 1.960(2), 1.983(4),  1.957(2),
1.999(3)  1.975(2)  1.994(3)  1.972(4)  2.081(3)  1.988(2)  2.083(4)  1.959(2)  1.947(4)  1.952(2)
CU-Oqeytaa 2.962(4),  2.616(2),
4.312(4)  2.595(2)
Cu-Oyic 12 4.511(4), 4.428(2),
3.235(4)  4.441(2)
Bond angles [°]
Ngua12-CUu-Ngu1  82.6(2),  83.5(1),  8L7(2),  83.2(2),  81.2(2),  82.9(1),  81.3(2),  82.2(1),  82.2(2),  82.9(1),
82.1(2) 83.7(1) 81.6(2) 83.6(2) 81.3(2) 82.9(1) 81.3(2) 82.2(1) 82.4(2) 82.9(1)
Ngua1-CUu-Ngua»  129.1(2)  149.4(1)  126.0(2)  135.9(2)  135.0(2)  124.7(2)  124.4(2)  120.2(1)  119.6(2)  150.7(1)
Ngua12-Cu-Nguon  108.2(2),  102.6(1),  111.7(2), 105.4(2), 128.7(2), 135.8(1), 133.0(2), 105.3(1), 123.0(2), 102.9(1),
114.1(2)  103.5(1)  113.2(2)  107.2(2)  127.9(2)  135.8(1)  137.8(2)  106.9(1)  107.1(2)  104.2(1)
Ngu,1-Cu-Ngu » 149.0(2)  154.9(1)  149.9(2)  154.6(2)  104.9(2)  100.7(2)  105.9(2)  163.7(1)  145.1(2)  154.9(1)
Structure parameters
[ 1¢ 0.58 0.40 0.60 0.49 0.68 0.63 0.63 0.54° 0.65 0.39
Aty [] 0.18 0.10 0.06 0.09° 0.27
AR 0.49 0.54 0.65 0.59° 0.52
%(CuN,, CuN,) [7] 65.1 42.5 68.2 54.7 78.1 65.5 69.0 65.6 75.6 41.8
AX [°] 22.6 13.5 12.6 3.5 33.8
o[ 1° 0.97,0.96 1.00,0.99 0.97,0.98 1.00,1.00 0.99,0.99 1.01,1.01 0.99,1.00 1.01,1.00 0.97,0.95 1.01,1.01
a 73600_(a+6)37b

A VI

o e 2a
+ 2 coordination motif in the Cu(u) complex. ¢ p = ——

b+c

both the ligands are taking place. One ligand shows a weak
interaction between its O,y donor and the Cu(i) center and the
other ligand between its O, donor and the Cu(i) center. C7 is
the only complex cation in which both ligands exhibit different
coordination behaviors. Due to the different effects of the
methyl ester group, the comparison of the t, values of the Cu()
and Cu(u) complex cations is not possible like for C1-C6.

The dimethylamine substituent in C9 and C10 has due to its
position no steric demand, hence only its electron density
donating effect influences the donor properties of the Ny, donor
(see the discussion of the NBO results of the ligands (Fig. 2) and
complexes (Fig. 4)). Moreover, the structure parameter p was
calculated. It describes the degree of delocalization of the
electrons in the guanidine moiety.*® For Cu(u) complex cations
higher values were found than for the Cu(1) complex cations.
This is caused by the stronger coordination of the guanidine
moiety to the Cu(u) center compared to the Cu(r) center which is
also indicated by the shorter Cu-Ng,, bond lengths in the Cu(ir)
complex cations compared to the Cu(i) complex cations. The
stronger coordination comes with a shift of electron density
from the Cgya~Ngya bond to the Cu-Ng,, bond leading to an
elongation of the Cgya—Ngy, bond length. Parallelly, a shift of
electron density from the amine groups to the Cgua—Namine

© 2022 The Author(s). Published by the Royal Society of Chemistry

with @ = d(Cgua —

The 7, value of the Cu(u) complex may be biased due to the 4 + 2 coordination motif. © The value may be biased due to the 4

Ngua)r b= d(Cgua - Namine,l) and ¢ = d(cgua -

38
Namine,z)-

bonds takes place to compensate for the missing electron
density. This induces a shortening of the Cgya~Namine bond
lengths. The results reveal that a larger difference in the Cu-
Ngua bond length between the corresponding Cu(r) and the
Cu(u) complex cations leads to a larger difference in the p value
between these two complex cations.

XAS and structural DFT calculations of the copper complexes

XAS in solution with MeCN as solvent was performed (see the
ESI} for details) to characterize the oxidation state and structure
of the novel complexes C3-C10 in solution. This was performed
to confirm that the structural information found in the solid
state accords with the structures present in solution. X-ray
absorption near-edge structure (XANES) spectroscopy provides
information about the oxidation state of the complexes
(spectra are shown in Fig. S1 in the ESIf). The edge position
and the resulting chemical shifts between two associated Cu()
and Cu(u) complexes identify C3, C5, C7 and C9 as Cu(y)
complexes and C4, C6, C8 and C10 as Cu(u) complexes. This
is further supported by the pre-edge shapes of the spectra.
The Cu(i) complexes show a strong characteristic peak between
8980 and 8985 eV with a normalized absorption of 0.7 to 0.9 that
belongs to the 1s — 4p transition.*® In contrast, the Cu(u)

Chem. Sci., 2022, 13, 8274-8288 | 8279
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Fig. 4 Calculated NBO charges [e units] (red), charge-transfer energies Ect [kcal mol™] (blue) and selected bond length [A] (green) for the Cu()
(top) and Cu(n) (bottom) complex cations C1-C10 (NBO6.0, TPSSh/def2-TZVP and PCM solvent model for MeCN and empirical dispersion
correction with Becke—Johnson damping). If neither of the ligands of one complex exhibits significant differences only one value is shown (all

values are shown in Table S18 in the ESIZ).

complexes show in this area only a weak shoulder but moreover
they show a weak peak between 8976 and 8978 eV with
a normalized absorption of 40 to 60 x 10> belonging to a 1s —
3d transition.” The results confirm that all complexes are
present in the expected oxidation states in solution. Further-
more, the extended X-ray absorption fine structure (EXAFS)
spectroscopy provides information about the structure in solu-
tion (spectra and determined bond lengths are shown in
Fig. S2-S9 and Tables S2-S9 in the ESI}). The results indicate an
accordance of the solid state structures of all complexes with
the structures in solution (Tables S21-S24 in the ESI}). Hence,
the anion does not influence the coordination geometry of the
complexes and is not responsible for the distortion of the
complexes. This is in accordance with previous studies.*

DFT calculations were performed for all complexes C1-C10
with the functional TPSSh and the basis set def2-TZVP with the
solvent model (PCM) and empirical dispersion correction with
Becke-Johnson damping.*****°** In the first step structure
optimization calculations were executed (results are shown in
Table S16 in the ESII). All complexes exhibit a high agreement
between the molecular structure in the solid state, the structure
in solution and the calculated structure by DFT (Tables S20-S24
in the ESII).

Based on the optimized structures NBO calculations were
performed for all complexes to examine the influence of the
substituents on the NBO charges of the copper and the N
donors and on the charge-transfer energies (Ecr) (Fig. 4, see the
ESI} for details). In general, in all complexes independent of the

8280 | Chem. Sci,, 2022, 13, 8274-8288

substituent or the oxidation state of the copper the Ng,, donor
exhibits a more negative charge compared to the Ny, donor. For
this reason, the Ng,, donor is a stronger base than the Ng,
donor. In all complexes except C5 and C7 the N, donor exhibits
a higher charge-transfer energy than the N, donor. Especially
in C2, C4 and C6 the charge-transfer energy of the Ng, donor is
significantly higher compared to that of the Ng,, donor for
similar bond lengths between the Cu(u) center and the N
donors. Due to this the Ny, donor is a stronger donor than the
Ngua donor. Moreover, the charge-transfer energies from the
Ngua and the Ny, donors to the Cu center and the charge of the
Cu center are significantly higher in the Cu(u) complexes
compared to the corresponding Cu(i) complex. This is in
accordance with the results of previous NBO calculations of
copper guanidine quinolinyl complexes.**=*

In the Cu(1) complexes the substituents do not influence the
charge of the Ng,, donor significantly whereas only a weak
influence on the charge of the Ny, donor is visible except for C7.
In contrast, the influence on the charge-transfer energy and
bond length between the Ny, donor and the Cu(i) center in C3,
C5 and C7 is evident compared to that in the unsubstituted
complex C1. For C3 and C5 the weak electron density donating
effect of the alkyl substituents in the 2-position becomes visible.
This results in a slightly lower charge of the Ny, donor
compared to C1 which suggests better donor properties.
Instead, a lower charge-transfer energy and a longer bond
length between the Ny, donor and the Cu(i) center compared to
C1 occur. This is caused by the steric demand of the alkyl

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Overview of the complex cations and the corresponding
complex redox couples

Complex cation (label) Complex redox couple (label)

L1 Cu(TMGqu),]" (C1)
Cu(TMGqu),]** (C2)
Cu(TMG2Mequ),]" (C3)
Cu(TMG2Mequ),]*" (C4)

[ [Cu(TMGqu),]"*" (R1)
[
%
L4 [Cu(TMG2°Hexqu),]" (C5)
[
[
[
[
[

L2 [Cu(TMG2Mequ),]"*" (R2)
( [Cu(TMG2°Hexqu),]"*" (R3)
Cu(TMG2°Hexqu),]*" (P6)
L5 Cu(TMG2Meequ),]" (C7) [Cu(TMG2Meequ),] ** (R4)
Cu(TMG2Meequ),]** (C8)
L6 Cu(TMG4NMe,qu),]" (C9)
(

Cu(TMG4NMe,qu),]** (C10)

[Cu(TMG4NMe,qu),]"*" (R5)

substituents which prevents the shortened bond length
between the Ng, donor and the Cu() center. The bond length
becomes elongated and therefore the charge-transfer energy
decreases with the increasing steric demand of the substituent
in the 2-position (H < Me < ‘Hex). In C7 the same effect is active
but beyond that the electron density withdrawing effect of the
methyl ester group leads to an increase of the charge of the Ng,
donor. Thus, the charge-transfer energy is lower and the bond
length is longer between the Ny, donor and the Cu() center
compared to C1. The electron density donating effect of the
dimethylamine group in C9 induces a small decrease of the
charge of the Ny, donor provoking a slightly higher charge-
transfer energy and a slightly shorter bond length between the
Ngu donor and the Cu(i) center.

In contrast, the influence of the substituents is stronger in
the Cu(n) complexes. The charges of the Ny, donor are similar
for C2, C4, C6 and C10 but for C8 the charge is significantly
higher. In the complexes C2 and C4 to C6 an elongation of the
Cu-Ng,, bond length occurs due to the steric influence of the
alkyl substituents resulting in lower values for the charge-
transfer energy. In C8 a 4 + 2 coordination is present and the
charge-transfer energy is drastically lower and the bond length
much longer compared to those in the other Cu(n) complexes.
This is caused by the donor ability of the O, donor of the
methyl ester group exhibited by the charge-transfer energy and
bond length between the O, donor and the Cu(u) center.
Compared to the corresponding Cu(i) complex C7 the charge-
transfer energy is significantly higher and the bond length
significantly shorter. This is caused by the orientation of the
Oj,y1 donor to the Cu(n) center which does not occur in the Cu(r)
complex. The weak coordination between the O, donor and
the Cu(i) center in turn weakens the coordination between the
Ny donor and the Cu(u) center by elongation. The influence of

electron self-exchange
[Cu(I)(TMGXqu),]* + [Cu(ll)(TMGXqu),]**

cross reaction

[Cu()(TMGXqu),]* + [Co(bpy)s]** 12

k
—_—

Scheme 3

View Article Online
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the substituents on the Ng, donor in the Cu() complexes C2,
C4, C6 and C10 is comparable with that in the corresponding
Cu(1) complexes C1, C3, C5 and C9, but especially for C10 the
influence of the dimethylamine group is stronger than for C9.
The higher steric demand of the substituent in the 2-position
produces an elongation of the Ng,—Cu bond length and there-
fore a lower value of the charge-transfer energy. The Cu(u)
complex C8 exhibits the opposite effect compared to the cor-
responding Cu(1) complex C7. In this case the methyl ester
substituent leads to an increase of the charge-transfer energy
and a shorter bond length between the Ny, donor and the Cu(r)
center although the methyl ester substituent still increases the
charge of the Ny, donor due to its electron density withdrawing
effect. The reason is again as for the Ng,, donor the weak
coordination between the O, donor and the Cu(u) center. By
this, the bond length between the Ny, donor and the Cu(m)
center becomes shortened.

Electron transfer studies

The associated Cu(1) and Cu(u) complexes of one ligand form
a copper complex redox couple leading to the redox couples
[Cu(TMGqu),]"*"  (R1), [Cu(TMG2Mequ),]"**  (R2),
[Cu(TMG2°Hexqu),]"*" (R3), [Cu(TMG2Meequ),]"** (R4) and
[Cu(TMG4NMe,qu),]"** (R5) (Table 2). To analyze the electron
transfer properties of the redox couples the electron self-
exchange rates k;; were determined by following the Marcus
cross relation (eqn (1)-(4), further information in ESI Section
71). The Marcus cross relation emerges from Marcus theory
which describes the outer-sphere electron transfer between
metal complexes.** The electron self-exchange rate k;; is the
reaction rate of the redox reaction of the reduced form with the
oxidized form of the same redox couple. An electron is trans-
ferred from the reduced form to the oxidized form. The net
result is the same oxidation states of the redox couple as before
(Scheme 3, top). The electron self-exchange rate of a redox
couple depends on the temperature, the solvent and the activity
coefficients of the reactants. Therefore, the direct comparison
of redox couples is only reasonable if the electron self-exchange
rates are determined under identical conditions. For the Mar-
cus cross relation, a cross reaction with a counter complex with
a known electron self-exchange rate has to be analyzed. The
function of the counter complex is to oxidize or reduce one
oxidation state of the investigated redox couple during the cross
reaction (further information in ESI Section 7i). In theory it
makes no difference for the determination of the electron self-
exchange rate which counter complex is used and in which
direction the cross reaction takes place. However, to enable

[Cu(I)(TMGXqu),]?* + [Cu(l)(TMGXqu),]*

[Cu(IN(TMGXqu)** + [Co(bpy)s]*

Illustration of the electron self-exchange of the Cu redox couples and of the cross reaction of the Cu(l) complexes with the counter

complex [Colbpy)s]** (TMGXqu represents the guanidine quinolinyl ligands).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Cyclic voltammogram of R2 starting from C3 (c = 107> M) in
MeCN with [NBu,l[PFe] (c = 0.1 M).

a direct comparison of the electron self-exchange rates of the
investigated redox couples the same counter complex should be
used for all cross reactions. The reason is that only small
unavoidable inaccuracies in the electron self-exchange rates of
different counter complexes can cause an incomparableness of
the determined electron self-exchange rates. In this case the
complex [Co(bpy);]** of the redox couple [Co(bpy);]*"*" was
used as the counter complex for all cross reactions due to its
properties (Scheme 3, bottom). The redox potential of the redox
couple [Co(bpy);]*"** enables the oxidation of all Cuf(i)
complexes without any side reactions, it is soluble in MeCN and
it has no significant absorption in the monitored spectral
region.”>?

View Article Online
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(4)

Wi+ Wa — Wip — Wy
Wi, = exp

2RT

For the calculation of k;; the experimentally determined
reaction rate k;, and equilibrium constant K;, (eqn (2)), the
correction term fi, (eqn (3)), the work term W;, (eqn (4)) and the
electron self-exchange rate k,, of the counter complex redox
couple are necessary (eqn (1)). The equilibrium constant K,
depends on the difference between the redox potentials of the
counter complex redox couple and the investigated copper
complex redox couple AE;, (eqn (2)). The electron self-exchange
rate k,, of the counter complex redox couple [Co(bpy);]***" in
MeCN at 298 K is used as reported in the literature.*

For the determination of the equilibrium constant K;, the
redox potentials E;, of the copper complex redox couples and of
the counter complex redox couple are required. The redox
potentials were determined by cyclic voltammetry in MeCN
starting from the Cu(1) complexes (example shown for R2 in
Fig. 5, for R1-R5 see Fig. S24-S28 in the ESI}). The measure-
ments indicate that the redox process of all redox couples is
reversible which is caused by the small structural changes
between the Cu(i) and Cu(u) complexes and by the absence of
any side reactions during the cyclic voltammetry measurement.
The results show that the substituents have a significant influ-
ence on the redox potentials E;,, of the redox couples and
therefore on the equilibrium constants K, (Table 3). The redox
potentials span a range of 0.5 V from —0.640 V to —0.134 V vs.
the Fc/F¢" potential. For R1-R3 the introduction of an alkyl
substituent in the 2-position leads to higher redox potentials. In
previous work the introduction of alkyl substituents in the 6-
position led to lower redox potentials due to the stronger donor
properties of the ligand induced by the weak electron density
donating feature of the alkyl substituent.>* This emphasizes the
effect of the steric demand of the substituent in the 2-position.
The redox potentials increase with the steric demand of the
substituent (H < Me < ‘Hex). As mentioned before, a higher
steric demand of the alkyl substituents results in Cu(r) and Cu(xu)
structures with higher 7, values and therefore in a higher
average o7, value of both. High 7, values are favored by Cu(i)
complexes, so that the distortion caused by the substituents
leads to a stabilization of the Cu(r) complexes and hence higher

kis®
k= ——7"—5 (1)
knKipfiuWis
AE, onF
K, =exp (1;7/;) 2)
_ 2
(ln K]z n Wiz W21>
fir = exp RT 3)
4(1n kyky n Wi + wa
zZ? RT

redox potentials. The plot of the redox potential against the

Table 3 Redox potentials E/,, differences between the redox potentials of the copper redox couple and the counter complex AE;,, equilibrium
constants Ki,, reaction rates kq,, electron self-exchange rates ki;, calculated average structural parameters @14 of the corresponding Cu(i) and
Cu(i) complexes and differences between the calculated structural parameters Az, of the corresponding Cu() and Cu(i) complexes

074 Aty
Eypp [V]vs. Fe/Fc” AEy, [V] Kip[] koMt sT ki M7 s (DFT)  (DFT)
[Cu(TMGqu),]"** (R1) —0.441 0.385 3.19 x 10°  (2.31 £ 0.07) x 10*  (2.81 £ 0.18) x 10> 0.53 0.20
[Cu(TMG2Mequ),]"** (R2) —0.224 0.168 6.81 x 10> (1.63 £ 0.16) x 10> (2.19 £ 0.44) x 10> 0.59 0.13
[Cu(TMG2°Hexqu),]"*" (R3) —0.134 0.078 2.04 x 10" (2.25 £ 0.14) x 10>  (1.15 £ 0.15) x 10*>  0.68 0.07
[Cu(TMG2Meequ),]"*" (R4) —0.302 0.246 146 x 10'  (6.67 +0.30) x 10°  (2.33 £ 0.22) x 10°  0.61° 0.00”
[Cu(TMG4NMe,qu),]*" (R5)  —0.640 0.584 7.45 x 10°  (4.74 £ 0.27) x 10°  (3.38 £ 0.44) x 10>  0.54 0.20

¢ The value may be influenced by the 4 + 2 coordination motif in the Cu(u) complex.
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Fig. 6 Correlation between the redox potentials and the calculated
214 (DFT) values of the redox couples (top, R4 and R5 are marked in red
due to the misfit with the correlation caused by the electronic influ-
ence by the substituents) and correlation between the redox potentials
and the differences in the calculated charge-transfer energies AEct
from all N donors to the Cu center of the corresponding Cu(i) and Cuf()
complexes (bottom).

calculated o7, values emphasizes this trend for R1-R3 (Fig. 6,
top; for correlation with experimental o7, values see Fig. S29 in
the ESIf). For R4 this trend is also visible but due to the other
influences of the methyl ester group the redox potential is not
just influenced by the steric demand of the methyl ester group.
Therefore, a direct comparison with R1-R3 is not possible. The
average g1, of R5 is similar to the one of R1, but the redox
potential is considerably lower. This underlines that not only is
the distortion of the complexes responsible for the redox
potentials but also the electronic influence of the substituents
of the ligands on the coordination to the Cu center. As
mentioned before, the charge-transfer energies from all donors
to the Cu center are significantly higher in the Cu(r) complexes
compared to the corresponding Cu(1) complexes but the differ-
ences vary depending on the substituent. The difference in the
calculated charge-transfer energies AEcr from all N donors to
the Cu center of the corresponding Cu(u) and Cu(1) complexes
indicates a correlation between the redox potentials and the
donor properties of the ligands for all redox couples (Fig. 6,
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bottom). The redox potential decreases with an increasing
difference in the charge-transfer energy because a higher
difference induces a stronger stabilization of the electron-poor
Cu(un) complex. For R1-R3 the difference in the charge-
transfer energies decreases with an increasing steric demand
of the substituent in the 2-position because the steric demand
causes a longer bond length between the Ny, and Ng, donors
and the Cu center and therefore a weaker donation. R4 also fits
this correlation if the O donors are not considered. This indi-
cates that only the donor properties of the N donors influence
the redox potential. The methyl ester group weakens the stabi-
lization of the Cu(u) complex compared to R1. This results in
a higher redox potential. If the O donors are considered the
stabilization would be much stronger and a lower redox
potential would be expected (for comparison see Fig. S30 in the
ESIf). In the correlation the redox couple R5 exhibits the
highest difference in the charge-transfer energies and therefore
the lowest redox potential. This is in accordance with previous
work that investigated the influence of the dimethylamine
group in the 6-position.** However, the effect of the dimethyl-
amine group in the 4-position is much stronger which is also
indicated in previous work. This showed that the influence of
substituents in the 4-position is stronger compared to substit-
uents in the 6-position.>* The charge-transfer energies indicate
that the electron density donating effect of the dimethylamine
group on the donation of the Ng, donor is stronger in the Cu(m)
complex than in the Cu(i) complex compared with R1 (Fig. 4).
This leads to a better stabilization of the electron-poor Cu(u)
complex.

The cross reactions of the Cu(1) complexes C1, C3, C5, C7 and
C9 with the counter complex [Co(bpy);]** were monitored by
stopped-flow UV/Vis spectroscopy at 298 K in MeCN. An excess
of the counter complex was used so that the cross reaction is
pseudo-first order and the concentration of the counter
complex stays nearly constant throughout the reaction. The
influence of the ionic strength on the activity coefficients of the
reactants is not considered (further information in ESI Section
6.11). During the cross reaction the time-dependent changes in
the UV/Vis spectra were examined. The absorption of the char-
acteristic bands of the Cu(r) complexes decreases whereas the
absorption of the characteristic bands of the Cu(u) complexes
increases because the Cu(1) complex is oxidized to the Cu(u)
complex. As an example, this is shown for the reaction of
[Cu(TMG2Meequ),]" (C7) with [Co(bpy);]*" (Fig. 7, left). The
reaction rate k,ps of the cross reaction was determined by a first-
order fit of the decrease of the Cu(r) absorption against the
reaction time (Fig. 7, middle). The cross reaction was performed
with various concentrations of the counter complex so that the
reaction rate k;, was determined by a linear fit of the reaction
rate kops against the concentration of the counter complex
(Fig. 7, right; Table 3).

The electron self-exchange rate k;; is calculated with the
determined equilibrium constant K;, and the reaction rate k;,
following the Marcus cross relation (eqn (1) and Table 3). The
results implicate that all substituents have a high impact on the
equilibrium constant K;, and the reaction rate k;, of the cross
reaction. The differences between the equilibrium constants K,
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Fig.7 Results of the cross reaction of [Cu(TMG2Meequ),l* (C7) with [Co(bpy)s]**, left and middle: time-dependent change of the UV/Vis spectra
and time-trace of the Cu()) MLCT adsorption at 548 nm during the cross reaction with an excess of [Co(bpy)s]** (1 : 5) in MeCN at 298 K (black:
measurement; red: fit); right: plot of the reaction rate kops against the concentration of [Co(bpy)sl**.

are a result of the different redox potentials E;,, of the copper
complex redox couples. Due to the influence of the equilibrium
constant K;, on the reaction rate k;, of the cross reaction the
electron self-exchange rate k;; is needed to compare the elec-
tron transfer properties of the copper complex redox couples.
For R2 and R3 higher electron self-exchange rates k;; were ob-
tained compared to unsubstituted redox couple R1 which
means that the alkyl substituents in the 2-position of the
ligands lead to a faster electron transfer. This is caused by the
steric demand of the alkyl substituents that leads to more
similar structures of the corresponding Cu(i) and Cu(u)
complexes and therefore to better entatic state models
compared to R1. For this reason, the highest electron self-
exchange rate would be expected for R3 because it shows the
highest structural accordance, represented by the At, (DFT)
value, between the Cu(1) and Cu(u) complexes. However, the
highest electron self-exchange rate is obtained for R2. This
implicates that not only the structural accordance is important.
Moreover, the “average” of the Cu(r) and the Cu(u) complex,
represented by the g7, (DFT) value, is relevant. It describes
whether the redox couple is in average more like a Cu(i) or
a Cu(u) species. For a good entatic state model it is mandatory
that the redox couple does not structurally favor one oxidation
state. For R2 a higher At, value is obtained compared to R3 but
the o7, value shows that the mean structure does not favor one
oxidation state like in R3 whose mean structure prefers the Cu()
oxidation state. For R4 a similar electron self-exchange rate k;;
compared to R2 is determined although this is not expected due
to the large differences between the structures of the Cu(i) and
Cu() complexes. Therefore, this redox couple should be a worse
entatic state model. The reason for the high electron self-
exchange rate could be that the donor ability of the methyl
ester influences the entatic state of R4. In the Cu(1) complex
weak interactions between the methyl ester group and the Cu
center are observable although Cu(i) prefers to be coordinated
tetrahedrally by four donor moieties. In the Cu(u) complex the
interactions are much stronger leading to a 4 + 2 coordination
motif. If Cu(u) is four-coordinate, it prefers to be coordinated in
a square-planar geometry and if it is six-coordinate, it prefers to
be coordinated octahedrally. The interaction between the Cu

8284 | Chem. Sci, 2022, 13, 8274-8288

center and the methyl ester group could induce a different type
of entatic state compared to the other complex redox couples
that do not exhibit any further interactions between the ligand
and the Cu besides the coordination of the guanidine and
quinolinyl moieties. R5 exhibits a similar electron self-exchange
rate k;; compared to R1. Both redox couples have similar o7,
and Art, values. This suggests that no oxidation state is struc-
turally favored by the introduction of the dimethylamine group.
Characteristic of this redox couple is the extremely low redox
potential which stabilizes the Cu(u) complex but this does not
have a significant influence on the electron self-exchange rate.
Therefore, the dimethylamine group only has a thermodynamic
effect but not a kinetic effect on the electronic properties of the
redox couple. Hence, the electronic influence of the dimethyl-
amine group on the ligand does not affect the entatic state of
the redox couple. For a deeper understanding between the
electron transfer and the structural change during the electron
transfer, the calculation of the reorganization energy is
necessary.

Calculation of the reorganization energy

During the electron self-exchange reaction (characterized
kinetically by k1), the ligand spheres of the complexes and the
solvent spheres around the complexes have to reorganize. The
necessary energy for the reorganization of the ligand sphere is
described by the internal reorganization energy A;;; and the
energy for the reorganization of the solvent sphere by the
solvent reorganization energy A, s. Together they result in the
total reorganization energy A;;r which describes the whole
process. The reorganization energies were determined via DFT
calculations using Nelsen's four-point method (Table 4, further
information in ESI Section 9.47).>>2**

For R2 and R3 with ligands with alkyl substituents in the 2-
position significantly lower internal reorganization energies
A1 were calculated compared to R1 with the unsubstituted
ligand L1. In contrast, for R4 and R5 with ligands with
substituents that have an electronic influence, significantly
higher internal reorganization energies were calculated. The
results indicate that for R1-R3 the internal reorganization
energy shrinks with the increasing steric demand of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table4 Calculated internal, solvent and total reorganization energies A1, A11s, and Ayq 1, differences between the structural parameters At and
A X and root-mean-square deviations (RMSD) of the calculated structures of the corresponding Cu() and Cu(i) complexes

Aty AX RMSD (DFT)
Ay1,1 [K) mol™] A1s [K] mol™] Jaa,r [K] mol™"] (DFT) [] (DFT) [°] [A]
[Cu(TMGqu),]"** (R1) 66.6 135.2 201.8 0.20 23.8 0.283
[Cu(TMG2Mequ),]"** (R2) 55.2 128.6 183.8 0.13 17.06 0.191
[Cu(TMG2°Hexqu),]"*" (R3) 52.7 110.7 163.3 0.07 13.3 0.147
[Cu(TMG2Meequ),]"** (R4) 81.6 123.5 205.1 0.00° -7.5 2.289
[Cu(TMG4NMe,qu),]"*" (R5) 77.4 128.2 205.6 0.20 24.5 0.446

“ The value may be influenced by the 4 + 2 coordination motif in the Cu(u) complex.

substituent (H < Me < “Hex). This is in accordance with the
expectations because the higher steric demand leads to more
similar structures of the Cu(1) and Cu(u) complexes and there-
fore to small A7, or A X values between the complexes. Similar
structures reduce the internal reorganization energy necessary
for the electron self-exchange. The results for R4 and R5 do not
correlate with the At, or A X values like for R1-R3. The reason is
that the 7, value and the plane angle X do not represent all
structural features of a complex because they only depend on
the Cu center and the four N donors. The other atoms are not
considered and therefore changes in the bond lengths and
angles between the Cu(i) and Cu(un) complexes are not recog-
nized. Hence, the root-mean-square deviation (RMSD) values of
the atomic positions between the corresponding Cu(1) and Cu(u)
complexes were calculated. The internal reorganization ener-
gies and the RMSD values correlate much better (Fig. 8). A lower
RMSD value indicates a higher structural accordance which
leads to a lower internal reorganization energy. For R1-R3 and
R5 a linear correlation was found. The unusual coordination
behavior of the ligand in R4 could be the reason why this
complex does not follow this linear correlation.

The solvent reorganization energy A, s decreases for R2-R5
by the introduction of a substituent compared to the unsub-
stituted R1. For R1-R3 the solvent reorganization energy
decreases with the steric demand of the substituent (H < Me <
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5 [Cu(TMG2Meequ),]"?* (R4) =

w [Cu(TMG4NMe,qu),]** (R5)

75 A Il -
il /
g 70 J /I -

!

=2 ' [Cu(TMGqu),]"2* (R1)
== 65+ ; 1
i1

604 | 7

!
554 @ [Cu(TMG2Mequ),]"** (R2) 1
u [Cu(TMG2°Hexqu),]"** (R3)
50 : r T T
0 0.5 1 15 2 25

RMSD (DFT) [A]

Fig.8 Correlation between the internal reorganization energy 4,4, and
the RMSD.
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‘Hex). Due to the greater resemblance between the structures of
the Cu(i) and Cu(u) complexes of R2 and R3 the solvent sphere is
not as affected by the structural change of the complex during
the electron transfer as for R1. Moreover, a substituent in the 2-
position insulates the solvent sphere from the copper center.
Hence, the influence of the change of the oxidation state during
the electron transfer does not affect the solvent sphere of R2 and
R3 as much as of R1. This effect is stronger in R3 than in R2
because the substituent is larger and therefore the shielding of
the copper center stronger. A similar effect occurs in R4 but the
methyl ester group in the 2-position not only insulates the
solvent sphere from the copper center structurally but also
electronically and by its weak coordination ability especially in
the Cu(u) species. This leads to the second lowest solvent reor-
ganization energy of the analyzed redox couples. However, also
the isolated electronic influence of the dimethylamine group in
R5 leads to a decrease of the solvent reorganization energy
compared to R1. Due to the stronger donor properties of the N,
donor caused by the electron density donating feature of the
dimethylamine group the positive charge of the copper center is
better stabilized especially in the Cu(u) species. This results in
a weaker electronic influence on the solvent sphere and there-
fore a lower solvent reorganization energy.

In sum, the total reorganization energy A;;r decreases
significantly for R2 and R3 with the introduction of alkyl
substituents in the 2-position compared to R1 whereas for R4
and R5 a small increase occurs.

Discussion and correlation of the results

All complexes exhibit a strongly distorted geometry between the
ideal tetrahedral and the ideal square-planar geometry. The
alkyl substituents in the 2-position of R2 and R3 have a steric
influence on the coordination where an increasing steric
demand of the ligand leads to a greater similarity between the
structures of the Cu(i) and Cu(u) complexes compared to the
unsubstituted R1 (Fig. 9). Further, the geometries of the Cu(i)
and Cu(u) complexes approach the tetrahedral geometry with
the steric demand of the substituents (H < Me < ‘Hex). In
contrast, the methyl ester substituent in the 2-position of R4 has
in addition to the steric demand an electronic influence and
weak coordination ability especially in the Cu(u) complex. This
weak coordination ability leads to the least similar Cu(1) and
Cu(n) complex structures. The influence of the dimethylamine
group in the 4-position of R5 is limited to an electron density
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donating effect which does not induce a significant change in
the coordination geometry. From the structural point of view R3
should be the best entatic state model.

The redox couples’ potentials possess a strong dependency
on the structural and electronic properties of the complexes. In
case of R1, R2 and R3 the redox potential increases with
a tendency towards a tetrahedral geometry leading to a stabili-
zation of the Cu(1) species (Fig. 9). Moreover, the redox potential
decreases with an increasing difference between the charge-
transfer energies of the corresponding Cu(u) and Cu(l)
complexes because the Cu(u) complex becomes better stabi-
lized. Especially in R5, the electron density donating feature of
the dimethylamine leads to a strong stabilization of the Cu(u)
complex. Furthermore, the substituents have a significant
impact on the electron self-exchange rates. The introduction of
an alkyl substituent leads to higher electron self-exchange rates
of R2 and R3 compared to R1. This correlates with the smaller
internal and solvent reorganization energies of R2 and R3
compared to R1. However, R3 exhibits the lowest reorganization
energy but not the highest electron self-exchange rate. This
result emphasizes that besides a structural similarity between
the Cu(1) and Cu(u) complexes a mean structure that does not
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favor one oxidation state of the redox couple is important for
a fast electron transfer. Therefore, R2 is a better functional
entatic state model than R3. R4 possesses the highest internal
and the second lowest solvent reorganization energy, in sum the
second highest total reorganization energy. Nevertheless, it
exhibits the highest electron self-exchange rate. A correlation
between the electron self-exchange rate and the reorganization
energy is not possible. This underlines that a high electron self-
exchange rate cannot only be achieved by a high structural
accordance between the Cu(1) and Cu(u) complexes and a low
total reorganization energy. A possible explanation for the high
electron self-exchange rate of R4 is that the ester group has
a significant influence on the process of the outer-sphere elec-
tron transfer itself. Due to its negative mesomeric effect (—M
effect) it is part of the aromatic system of the ligand in which the
electrons can move freely. Moreover, the donor properties of the
ester group may lead to a reinforcement of the interactions
between two individual complexes. Especially in the Cu(i)
species the ester groups do not exhibit any strong interactions
with the Cu(i) center and could therefore interact with
a different complex. In sum, the ester group could act as
a bridge for the outer-sphere electron transfer and by this
reduce the length of the jump of the electron through space
between the two complexes. This effect is not considered in the
calculated reorganization energies. An analogous but less
intense effect could occur in R5 and explain the similar electron
self-exchange rate compared to R1 although the total reorga-
nization energy is higher. Overall, R2 and R4 are the best
functional entatic state models but for different reasons,
namely the interplay between steric and mesomeric effects.
Therefore, different approaches to reach higher electron self-
exchange rates and to enhance the entatic state model with
the same ligand framework are possible. The steric manipula-
tion facilitates the transition between the two oxidation states
whereas the electronic manipulation by a mesomeric effect
facilitates the transfer of the electron from one complex to
another complex.

Conclusions

In this study, novel guanidine quinolinyl copper complexes
were synthesized and their electron transfer properties analyzed
to gain a deeper understanding of the entatic state for electron
transfer. Ligands with substituents in the 2- or 4-position of the
quinolinyl backbone that exert steric and electronic influences
on the donor properties of the ligands were synthesized to
design complexes with specific features. The complexes were
characterized by XRD, XAS, and DFT revealing significant
impacts of the substituents on the structural and electronic
properties of the complexes. To examine the influence on the
electron transfer, the electron self-exchange rates were deter-
mined and the reorganization energies calculated. In R2 and R3
the steric demand of the alkyl substituents in the 2-position
leads to lower total reorganization energies and higher electron-
self exchange rates compared to R1. Therefore, the entatic state
of the electron transfer is manipulated sterically in R2 and R3.
The methyl ester group in the 2-position of R4 leads to a higher

© 2022 The Author(s). Published by the Royal Society of Chemistry
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steric demand and enhanced donor properties; furthermore, it
has an electron density withdrawing effect. Although R4
exhibits a high total reorganization energy, it possesses the
highest electron self-exchange rate. The ester group possibly
enables a different type of manipulation of the entatic state by
serving as an electron bridge in the electron transfer. The pure
electron density donating feature of the dimethylamine group
in the 4-position of R5 exhibits the smallest influence on the
electron transfer.

In general, the ability of the copper complex redox couples to
act as functional entatic state models could be tuned and
significantly improved which is due to the varied substituents in
the aromatic system. This opens up new avenues in the design
of entatic state complexes and, in general, electron transfer
systems where the thermodynamics and kinetics can be tuned.
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