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Abstract: The structures of two types of guanidine—quinoline
copper complexes have been investigated by single-crystal
X-ray crystallography, K-edge X-ray absorption spectroscopy
(XAS), resonance Raman and UV/Vis spectroscopy, cyclic
voltammetry, and density functional theory (DFT). Independ-
ent of the oxidation state, the two structures, which are virtually
identical for solids and complexes in solution, resemble each
other strongly and are connected by a reversible electron
transfer at 0.33 V. By resonant excitation of the two entatic
copper complexes, the transition state of the electron transfer is
accessible through vibrational modes, which are coupled to
metal-ligand charge transfer (MLCT) and ligand-metal
charge transfer (LMCT) states.

Copper is one of the most important redox-active metals and
plays a central role in many biological processes.!! Blue
copper electron-transfer proteins are nature’s workhorses for
electron transfer (ET). They use copper as a one-electron
relay that shuttles between the cuprous and cupric oxidation
states. Their Cu" reduction potentials span a large window
(E*=0.18 to >1V versus NHE (normal hydrogen elec-
trode)),”) which tailors these proteins to interact with a wide
variety of ET partners. The inner coordination sphere most
directly affects the redox properties of metal ions.’! Hence,
tuning the Cu™" redox couple is central for electron transfer in
nature and also important in synthetic complexes for catalytic
applications.[*®! There are multiple factors governing the
redox potential, including the effects of the first coordination

sphere such as geometric constraints enforced by the ligand
sphere (tetrahedral versus square-planar coordination) and
ligand donor atoms (0- and/or m-donation), as well as second-
coordination-sphere effects.’!!

Already in 1968, Vallee and Williams coined the term
“entatic state” (also called rack-induced state), defined as
a “catalytically poised state intrinsic to the active site”."”! This
term has been intensively discussed during the last de-
cades. > Rorabacher et al. specified it to be an electronic
entatic state rather than a simple geometric constraint
physically imposed upon the active site by the protein
matrix.'¥ Hodgson etal. proved with X-ray absorption
spectroscopy (XAS) methods that the concept of a rack-
induced state might be not valid as the protein imposes almost
no strain on the copper coordination."” Theoretically, it was
proven that Cu" prefers square-planar and square-pyramidal
coordination but that s-donor ligands lead to stabilization of
trigonal distorted geometries.'® Recently, Vila et al. found
that the entatic state does not require the ligand to have
a preformed metal-binding site. They identified metal binding
as a major contributor to the conformational rigidity of
copper centers involved in electron transfer which reconciles
the seemingly contradictory requirements of a rigid center for
electron transfer and an accessible, dynamic site for in vivo
copper uptake.!'” In blue copper centers, the entatic state is
currently regarded as a “soft entatic state”,”” whereas the
whole concept has been condensed into an “energization due
to a misfit between ligands and metal ions.” !}
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Here, we report a series of bis(chelate) Cu' and Cu"
complexes in which the cationic units have very similar
structures even though Cu' and Cu" complexes generally
prefer tetrahedral and square-planar environments, respec-
tively. Besides the structural study of single crystals in the
solid state, we provide insights into the structure in the liquid
phase that we obtained from XAS data of complexes in
solution. A resonance Raman study of Cu' and Cu" com-
plexes in solution indicates that both complex types come into
resonance at a similar energy around 3.2-3.4 eV. We found
a vibrational mode that couples vibronically the optical
charge-transfer excitation with the distortion along the
reaction coordinate, leading from the Cu' to the Cu"
geometry. Therefore, we have optical access to a charge-
separated state which mimics the transition state of the inner-
sphere ET. In contrast to reported outer-sphere electron-
transfer studies on Cu' pairs,”? we focus on the photo-
chemically induced charge transfer.

The reaction of  tetramethylguanidinoquinoline
(TMGqu)® with suitable copper sources yields the series of
bis(chelate) Cu' and Cu" complexes 1-5. The most remark-
able feature of these complexes is their structural similarity
(Figure 1, Table 1, and Figures S1-S5 in the Supporting Infor-
mation). For a Cu' complex, one would generally expect
a structure with tetrahedral configuration as found in [Cu-
(tmeda),]* complexes (tmeda = tetramethylethylene-
diamine),? whereas Cu" complexes are square-planar (e.g.
[Cu(tmeda),]**).™ But in the complexes 1-5, the situation is
completely different. The copper centers of all complexes are
tetracoordinate through interactions with two chelating
guanidine—quinoline ligands. The Cu-N,,, distances in the
Cu' complexes 1-3 are 0.1 A longer than those in Cu"
complexes 4 and 5. The contraction of the Cu-Ng, bonods
during the formal oxidation is not very pronounced (0.02 A).

The coordination geometry can be described by a 7 factor
indicating a square-planar arrangement for a value of 0 and an
ideal tetrahedron for a value of 1.2 In the Cu' complexes, we

Table 1: Key geometric parameters of complexes 1-5.

Figure 1. Superimposed molecular structures of [Cu(TMGqu),|" and
[Cu(TMGqu),J** (Cu': darker with solid bonds, Cu": lighter with
dashed bonds).

observe a t of roughly 0.6 indicative of a strongly distorted
tetrahedron, whereas in the Cu™ complexes 7 amounts to 0.4.
The angle between the chelate planes Cu-N,-Ng, gives
a measure of the tetrahedral character as well: 90° correspond
to an ideal tetrahedron and 0° to square-planar coordination.
This angle ranges from 65.1 to 68.3° in the Cu' complexes and
from 42.5 to 44.6° in the Cu" complexes. This clearly
demonstrates that the difference between the two oxidation
states results in a twist of approximately 20° between the
chelate planes and a shortening of the Cu-N,,, bond by 0.1 A.
The guanidine substituents force the ligands to avoid each

[Cu(TMGQu),JCF,SO,  [Cu(TMGqu),JPFe  [Cu(TMGqu),JCIO,  [Cu(TMGqu),](CF;SOs),  [Cu(TMGqu),](PF),
1 2 3 4 5
Bond lengths [A]
CU~Niine gus 2.065(2), 2.113(3) 2.068(3), 2.095(3)  2.074(3), 2.080(3) 1.959(2), 1.964(2) 1.964(3), 1.964(3)
Cu-N,, 1.978(3), 2.003(2) 1.966(3), 1.999(3)  1.998(3), 2.002(3) 1.976(2), 1.975(2) 1.967(3), 1.980(3)
CauiNinminegus 1.324(4), 1.321(4) 1316(4), 1.330(4)  1.319(4), 1.312(4) 1.344(3), 1.347(3) 1.358(4), 1.347(4)
CauNaminegus 1.356(4), 1.359(4) 1.365(5), 1.357(5)  1.362(4), 1.352(4) 1.346(3), 1.343(3) 1.324(4), 1.346(4)
1.356(4), 1.372(4) 1363(5), 1.355(5)  1.361(4), 1.359(4) 1.340(3), 1.341(3) 1.344(4), 1.344(4)
Bond angle [°]
N-Cu-N 82.1(1), 81.7(1) 82.6(1), 82.1(1) 82.2(1), 81.8(1) 83.5(1), 83.7(1) 83.6(1), 83.7(1)
Structure factors
7, 0.60 0.58 0.60 0.40 0.41
o 0.97, 0.96 0.96, 0.97 0.96, 0.97 1.00, 0.99 1.02, 1.00
Torsion angles [°]
% (CguaN3,CuN,) 49.5, 58.6 49.1, 58.5 53.0, 59.2 47.5, 52.1 46.9, 47.2
£ (NamineC3CauaNs)  30.0(av), 29.9(av) 30.1(av), 27.7(av)  30.0(av), 29.0(av) 28.3(av), 31.1(av) 30.0(av), 28.5(av)
% (CuN,,CuN’,) 63.0 65.1 68.3 425 44.6

[a] 74 = 2252 29 b] p=2a/ (b+c) with 0 =d(Cpui=Niminegia), b, and ¢ =d(CpueN,ine) 2"
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Figure 2. Left: Cu K-edge absorption of solid 2 and 5 (solid curves) as well as solutions of 1 and 4 in MeCN (broken curves). Right: Superimposed
experimental k’>-weighted EXAFS spectra of various Cu' and Cu" complexes.

other and sterically restrain the coordination geometry to
only small variations, ranging from 68 to 44° between the
CuN, planes and the corresponding range of the 7 value from
0.6 to 0.4.

Since the structural change between Cu' and Cu" is so
small, we expected a reversible redox behavior. Cyclic
voltammetry proves a reversible oxidation wave for 2 at
0.33 V vs. NHE (Figure S20, left) and square-wave voltam-
metry shows the 0.33 V oxidation to be a one-electron
oxidation step (Figure S20, right).

To characterize the oxidation states we performed XAS
spectroscopy on solid samples of 1-5 (see the Supporting
Information for details). The solid curves in Figure 3 compare
the Cu-K absorption edges of the complexes [Cu-
(TMGqu),]PF, (2) and [Cu(TMGqu),](PFs), (5). The edge
positions are 8983.3eV (2) and 8986.8eV (5), equal to
a chemical shift between the two compounds of |AE|=
3.5eV. The edge positions and the chemical shift identify
the oxidation states as Cu' in 1-3 and Cu" in 4 and 5
(Figure S6, Table S1).”*! The oxidation state assignment is
further supported by the edge shapes. Cu' complexes have
a characteristic shoulder or peak in the rising edge (8985 eV
and below, assigned as a 1s—4p transition).”® In contrast,
Cu"" edges are of rather low intensity in this energy range. The
intensity of the “Cu' feature” can be related to the site
geometry. The normalized fluorescence for 2 at 8985.6 eV is
0.65 (Figure 2), indicative of tetracoordinate Cu'.”® The Cu"
state in 5, in turn, manifests itself in a very weak pre-edge
peak at 8977.7eV (Figure 2, left), assignable as a 1s—3d
transition.[*”) It is apparent that the edge positions, shapes, and
features for Cu' and Cu" are the same for solid and solution
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samples (Figure 2). Analysis of extended X-ray absorption
fine structure data (EXAFS) (Table S2, Figure 2, right)
demonstrates that, for a given oxidation state, the structural
models for solid and solution samples are identical within the
precision of the analysis and do not depend on the choice of
counterion. Raman data support the conclusion that the
structure in solution is independent of the counterion (vide
infra and Figure S9). EXAFS analysis of the complexes 2 and
5 confirms the molecular structures as being tetracoordinate
with two nitrogen back-scatterers at 2.01 A and two at 2.03 A
in Cu' as well as two nitrogen back-scatterers at 1.95 A and
two at 2.00 A in Cu" (Table S2).

Furthermore, we performed Raman measurements on the
complexes 1, 2, 4, and § in MeCN and CH,Cl, solution
(Figure 3). UV/Vis measurements (see Figures S10-S17)
indicated that a resonance can be expected at approximately
3.4 eV and above 4.0 eV for complexes in either oxidation
states. The Raman spectra show a multitude of peaks between
400 and 850 cm™'. By exciting at numerous incident photon
energies, we derive the excitation dependence of the Raman
peak intensities. A vibrational assignment is made possible by
theoretical calculations based on extensive benchmarking."!
Figure 4a details the excellent agreement between experi-
mental Raman spectra taken with a nonresonant incident
photon energy of 2.97 eV and calculated Raman spectra. It is
noteworthy that for complex 1 2.97 eV is clearly in off-
resonance condition as the sharp resonance is close to 3.4 eV.
Figure 4b compares the experimental Raman data for 4 in
nearly nonresonant measurement conditions. The Raman
resonance energy is shifted by about 0.3 eV (cf. Figure 3c,d),
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Figure 3. a) Raman spectrum of 1T in MeCN upon excitation at 2.97 eV. b) Raman spectrum of 4 in MeCN upon excitation at 4.46 eV.

c) Dependence of the Raman intensity on incident photon energy for 1in MeCN. d) Dependence of the Raman intensity on incident photon
energy for 4 in MeCN. Colored symbols were used to indicate Raman peaks and their resonance behavior. The gray line denotes the absorption
spectrum, whereas the colored curves serve as a guide to eye. Incident photon energies: 1.72 eV, 2.97 eV, 3.31 eV, 3.43 eV, 4.46 eV, 4.78 eV.

putting the spectrum into a preresonance explaining the
difference between the calculated with the observed spectra.

We find that selected Raman peaks of both complexes
turn into resonance at 3.40 and 4.45 eV (Figure 3 c,d), namely
the peaks at 650, 778, and 811 cm ' for 1 (Cu") and at 790 and
815 cm™! for 4 (Cu™). Since these vibrations are resonant at
similar energies for both complexes, we relate them to
vibrations, which connect the crystallographically determined
structures of both oxidation states within a charge-transfer
process.

Tables S3 and S4 list the geometrical changes during the
vibrations for 1 and 4 together with a detailed assignment. For
1, the vibration at 800 cm ' can be related to the experimental
vibration at 788 cm™' (purple triangle), which is a Cu-N,,
stretching vibration with concomitant twist of the two chelate
planes relative to each other. Precisely these two structural
changes are the most important distortions between Cu' and
Cu"" geometry. For 4, the peak at 815 cm ™' is assigned as a Cu—
N, stretching vibration as well. Analysis of the excited
singlet states attained by resonant excitation at 3.4 eV shows
that for Cu' the twist angle diminishes by 7° and the Cu-N,,,
bond contracts by 0.07 A (Figure 4c, 1%). In the reverse sense,
the excited state of the Cu" complex (4%) displays an increase
in the twist angle of 21° and a Cu-N,,, bond elongation of
0.1 A.

DFT analysis®™ of the optical transition at 3.4 eV of the
Cu' complex reveals that this is a metal-to-ligand charge
transfer (MLCT, electron density difference map in Fig-
ure 4d). The corresponding transition of the copper(Il)
complex is a LMCT which is complementary to the MLCT
of Cu' (Figure 4¢). Hence, we have successfully identified the
vibronic mode that connects Cu' and Cu'’.

Resonance Raman spectroscopy probes the electronic
states that are most relevant for the vibrational excitation
spectrum. In particular, a vibrational excitation mediating
charge transfer will become resonant very close to the energy

www.angewandte.org
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of the involved electronic charge-transfer transition that
connects the involved electronic orbitals.”"*? This resonance
is expected to be much sharper and better defined in energy
than UV/Vis absorptions since the resonance Raman signals
are only related to one specific contribution of the charge
transfer selected by the specific vibration and by doing so this
technique effectively probes the reaction coordinate. Thus,
the LMCT and MLCT identified by Raman spectroscopy
occur in close proximity to each other as they access the
inverse reaction coordinate through complementary charge-
transfer processes.

In summary, we present five complexes with very similar
coordination midway between tetrahedral and square-planar
geometry: The oxidation of Cu' to Cu" increases the twist
angle formed by the CuN, planes by only 20°. The two
complex types are connected through a reversible electron
transfer. X-ray absorption spectroscopy not only verifies the
oxidation states of the reported complexes; it is also in
excellent agreement with crystallographic data and demon-
strates that the structures are independent of the complexes
being solid or in solution. Moreover, the structures are
independent of the choice of counterions which is supported
by Raman spectroscopy. Hence, the coordination geometry is
not a result of solid-state effects but inherent to the effects
resulting from the balance between electronic and steric
effects. Raman spectroscopy in solution allows access to the
reaction coordinate of the electron transfer. Both complex
types show resonance at an incident photon energy of 3.4 eV.
DFT analysis reveals that at resonance a vibrational mode of
Cu-N,,, stretching and chelate angle torsion couples with an
MLCT from Cu' to Cu" and an LMCT from Cu" to Cu". This
proves that the ET transition state is optically accessible and
that the concept of ligand restrictions imposed upon copper
coordination is very useful for the generation of electron-
transfer models.
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