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Abstract: Molecular examples of mixed-valence copper complexes through
chemical oxidation are rare but invoked in the mechanism of substrate
activation, especially oxygen, in copper-containing enzymes. To examine the
cooperative chemistry between two metals in close proximity to each other
we have begun to study the reactivity of a dinuclear Cu(I) amidinate complex.
The reaction of [(2,6-Me2CeH3N)2C(H)]2Cuz2, 1, with I> in THF, CH3CN, and
toluene affords three new mixed-valence copper complexes, [(2,6-
Me2CsH3N)2C(H)]2Cu2(M2-13)(THF)2, 2, [(2,6-Me2CeH3N)2C(H)]2Cu2(p2-
I)(NCMe)2, 3, and [(2,6-Me2CsH3N)2C(H)]3Cus(pus-1)2, 4, respectively. The first
two compounds have been characterized by UV-Vis and EPR spectroscopy and
their molecular structure determined by X-ray crystallography. Both di- and
trinuclear mixed-valence intermediates have been characterized for the
reaction of compound 1 to compound 4 and the molecular structure of 4 has
been determined by X-ray crystallography. The electronic structure of each of
these complexes has also been investigated using density functional theory.

Introduction

Copper-containing enzymes play a central role in the activation
of small molecules such as O, and N;0,! hence elucidating new
possibilities for metal-mediated small molecule activation through
synthetic models is one approach to understanding their enzymatic
activity. Even though a mixed-valence state is invoked in the
mechanism of several copper-containing enzymes such as nitrous
oxide reductase,?2 cytochrome c oxidase,*> and hemocyanin,® few
molecular examples of mixed-valence copper complexes have been
isolated. Synthetically, this is typically done by self-assembly,? 22
electrochemically,232% and, less commonly, by chemical redox.25-32
Additionally, mixed-valence Cu coordination polymers are prevalent.33-
36 The use of nitrogen-donor ligands for modeling Cu-containing
enyzmes is well-established leading to mechanistic details, especially
for monometallic copper complexes.3? For example, the interaction of
Cu(I) and O; with B-diketiminate ligands has been shown to involve an
oxidation of Cu(I) to Cu(II) with concomitant one-electron reduction of
O: to the superoxide, 0,738 Finally, the Karlin group has many
examples of O; activation with dinuclear Cu(I) complexes for modeling
multinuclear copper clusters that catalyze oxidase reactions.32

The Cua site of cytochrome ¢ oxidase contains two four-
coordinate copper ions, bridging dithiolates, approximately 2.6 A
apart, and has mixed-valence 2Cu(1.5,1.5) resting state. Copper(I)
amidinate complexes#?4! feature two copper(I) ions with a similar Cu-
Cu separation and have two nitrogen atoms coordinated similar to the
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Cua site which has a nitrogen from histidine coordinated to each
copper, Figure 1. The reactivity of bimetallic Cu(I) amidinate
complexes is virtually unknown and our objective was to expand on
the chemistry of a dinuclear Cu(I) complex, [(2,6-
Me,CeHsN)2C(H)]2Cuz, 1, we recently reported.#2 One mixed-valence
copper amidinate complex has been reported.”f Based on 1, we herein
report the synthesis and characterization of three new mixed-valence
copper complexes simply from reactivity differences in polar (THF and
NCCHs) and nonpolar (toluene) solvents. The reactions with 1 and I, in
THF and NCCH3 have similar electronic structure to the Cua site.
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Figure 1. (A) Rudimentary illustration of Cua site of cytochrome c oxidase; (B) and
(C) Mixed-valence copper amidinate complexes presented in this work.

Experimental Section

General considerations

All manipulations were carried out inside an argon or nitrogen
atmosphere Vacuum Atmosphere OMNI glove box with rigorous
exclusion of air and water unless otherwise specified. Anhydrous
solvents (Aldrich) were purchased, spared with nitrogen, and stored
over molecular sieves. [Cu(NCMe)4]PFs (Strem) was used as received.
I, (Aldrich) was sublimed prior to use. Cuz[(2,6-Me.CsHsN).C(H)]2, 1,
was synthesized as previously reported.?2 FTIR measurements were
made on a Thermo-Nicolet instrument using spectroscopic grade KBr.
The UV-Vis-NIR measurements were collected with a Cary 5000
instrument. Solid-state Raman measurements were obtained on a
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Renishaw InVia spectrometer at an excitation wavelength of 632.8 nm.
Elemental analysis was performed by Atlantic Microlab, Inc. (Norcross,
GA).

Synthesis of [(2,6-Me>CsH3N)>C(H)]2Cuz(lu2-13)(THF)2, 2

In a scintillation vial, 1 (100 mg, 0.16 mmol) was dissolved in
THF (10 mL) and I, (40 mg, 0.16 mmol) was added at room
temperature. The solution color immediately changed from colorless to
dark brown-red. After 4 h, the solvent was removed under vacuum to
yield a dark brown-red powder (90 mg, 56%). Anal. Calcd. For
CuyC42H54I3N402: C, 43.69%; H, 4.71%; N, 4.85%. Found: C, 43.65%;
H, 4.32%; N, 4.69%. X-ray quality crystals were grown overnight from
a saturated THF solution at —25 °C. UV-Vis-NIR (0.97 mM, THF): 530
nm (e= 2250 M7t cm~1), 1100 nm (e= 200 M~t cm™1), 1940 nm (g =
500 M~t cm™1). IR (KBr): 3321 (w), 2966 (w), 2908 (w), 2157 (s),
1646 (s), 1585 (m), 1458 (m), 1298 (m), 1184 (m), 1086 (m), 755
(m).

Synthesis of [(2,6-Me>CsH3N)>C(H) ]2Cu2(u2-1)(NCMe )2,
3

In a scintillation vial, 1 (100 mg, 0.16 mmol) was dissolved in
acetonitrile (15 mL) and I, (40 mg, 0.16 mmol) was added at room
temperature. The solution color immediately changed from colorless to
dark red. After 4 h, the solvent was removed under vacuum to yield a
dark red-brown powder (96 mg, 71%). Anal. Calcd for Cu>CzgHa44INe:
C, 54.41%; H, 5.29%; N, 10.02%. Found: C, 54.25%; H, 5.37%; N,
9.88%. X-ray quality crystals were grown overnight from a saturated
acetonitrile solution at —25°C. UV-Vis-NIR (0.88 mM, NCCH3): 500
(sh) nm (1600 M~ cm~1), 860 nm (¢ = 500 M1 cm~?), 1510 nm (g =
250 M7t cm™1). IR (KBr): 3051 (w), 2937 (w), 2908 (w), 2153 (m),
1638 (m), 1564 (s), 1470 (s), 1323 (s), 1254 (m), 1196 (s), 1089
(m), 767 (s).

Synthesis of [(2,6-Me>CsH3N)>C(H)[3Cu3z(us-1)2, 4

In a scintillation vial, 1 (100 mg, 0.16 mmol) was dissolved in
toluene (10 mL) and I, (40 mg, 0.16 mmol) was added at room
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temperature. The solution color immediately changed from colorless to
dark brown-red. After 4 h, the solvent was removed under vacuum to
yield a dark brown powder (96 mg, 50%). Anal. Calcd. for
CusCsgHesIzNe: C, 53.98%; H, 5.08%; N, 6.51%. Found: C, 54.37%;
H, 4.75%; N, 6.34%. X-ray quality crystals were grown overnight from
a saturated toluene solution at —25 °C. UV-Vis-NIR (1.05 mM,
toluene): 480 (sh) nm (¢ = 1000 M~t cm~!), 680 nm (¢ = 250 M~!
cm™1). IR (KBr): 3019 (w), 2944 (m), 2914 (m), 2155 (m), 1646 (m),
1564 (m) 1467 (m), 1194 (m), 1091 (m), 1029 (w), 763 (m).

Crystal structure determination and refinement

The selected single crystal of 2-4 was mounted on a nylon
cryoloop using viscous hydrocarbon oil. X-ray data collection was
performed at 100(2) or 173(2) K. The X-ray data were collected on a
Bruker CCD diffractometer with monochromated Mo-Ka radiation (A =
0.71073 A). The data collection and processing utilized Bruker Apex2
suite of programs.#2 The structures were solved using direct methods
and refined by full-matrix least-squares methods on F? using Bruker
SHELX-97 program.#* All non-hydrogen atoms were refined with
anisotropic displacement parameters. All hydrogen atoms were placed
at calculated positions and included in the refinement using a riding
model. Thermal ellipsoid plots were prepared by using X-seed® with
30 or 50% of probability displacements for non-hydrogen atoms.
Crystal data and details for data collection for complexes 2-4 are also
provided in Table 1.

Table 1. X-ray crystallographic data for complexes 2 - 4.

202THF 3 4eC,Hg
CCDC Deposit 893748 1400878 893747
Number
Empirical Formula Cu2Cs0H70I3N404 Cu2CsgH44INg CusCsgHesI>Ng
Formula weight 1298.88 838.77 1290.58
(g/mol)
Crystal Habit, color plate, brown-red plate, red plate, brown-purple
Temperature (K) 173(2) 100(2) 173(2)
Space group P21/n P2,/c Pna2
Crystal system Monoclinic Monoclinic Orthorhombic
Volume (A3) 5300.3(5) 3736.1(6) 5475.2(17)
a (R) 11.0680(6) 10.9071(10) 26.456(5)
b (R) 15.4780(8) 22.984(2) 24.908(5)
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202THF 3 4eC;Hs
c (R) 30.9839(17) 15.0298(13) 8.3089(15)
a (°) 90 90 90
B (°) 93.0530(10) 97.4430(10) 90
y (°) 90 90 90
V4 4 4 4
Calculated density 1.628 1.491 1.566
(Mg/m?)
Absorption 2.594 1.999 2.325

coefficient (mm~1)

Final R indices [I > R1 = 0.0392, wR2 = R1 = 0.0218, wR2 R1 = 0.0473, wR2 =
20(I)] 0.0485 = 0.0522 0.0928

EPR Spectroscopy

Most X-band EPR spectra at 110 K were obtained with a Bruker
EMX spectrometer located at the National Biomedical EPR Center at
the Medical College of Wisconsin. Spectra were simulated with
EasySpin.%¢ Additional X-band spectra were obtained at 10 K with an
Elexsys E500 EPR spectrometer, Bruker, Billerica, MA. Q-band spectra
were obtained on a Varian E109 spectrometer. Low frequency spectra
(S-band (3.5 GHz) and L-band (2.0 GHz) were obtained using home
built bridges and resonators at the National Biomedical EPR Center.

DFT Calculations

DFT calculations were performed using the ORCA 2.9 software
package developed by Neese (MPI for Chemical Energy Conversion).%Z
The computational models were derived from the crystallographic
coordinates, although the methyl substituents at the 2- and 6-
positions of the phenyl rings were replaced by hydrogen atoms which
were added by assuming idealized C-H bond lengths and angles. The
calculations utilized Becke’s three-parameter hybrid functional for
exchange along with the Lee-Yang-Parr correlation functional
(B3LYP).2842 Ahlrichs’ valence triple-C basis set (TZV), in conjunction
with the TZV/]J auxiliary basis set,2%>1 were used for the nonmetallic
atoms; the “core properties” with extended polarization [CP(PPP)]
basis set>2 was used for the Cu atoms. The contribution of spin-orbit
coupling to the g- and A-tensors was evaluated by solving the
coupled-perturbed self-consistent field (CP-SCF) equations.232¢ To
ensure the accuracy of the hyperfine coupling constants, a high
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resolution grid with an integration accuracy of 7.0 was generated for
the Cu atoms. Isosurface plots of molecular orbitals were prepared
with the gOpenMol program3Z developed by Laaksonen. TD-DFT
calculations28-¢2 computed absorption energies and intensities using
the Tamm-Dancoff approximation.6i62

Results and Discussion

We began exploring the reactivity of 1 to compare with the
Au(I) analog, i.e. Auz(amid)..22 While the reaction of Auz(amid), with I,
produced a green product, Auz(amid):I,, containing two Au(II) centers,
1 with I in THF produces a dark red-brown solution, eq 1. The *H NMR
spectrum showed broad resonances indicating a paramagnetic species
but no other conclusions could be drawn. The UV-Vis-NIR spectrum
showed an absorption in the visible region at 530 nm (Figure S1).
Absorptions at 1100 and 1940 nm are observed for 2 in the near-
infrared region (Figure S1). Dark red-brown crystals suitable for X-ray
crystallography analysis were obtained from a saturated THF solution
at —35 °C definitively identifying the product as [(2,6-
Me>CsH3N)2C(H)]2Cuz(u2-13)(THF)2, 2, Figure 1. Complex 2 is the one-
electron reduction of I, to I3~ which bridges the two Cu metals and one
THF solvent molecule coordinates to each metal as well. Based on
formal valence, one metal must be Cu(I) and the other Cu(II).

|
Cu' §u' +3,1, ——— THF—Cu!S

e
¢
Q_
_L5)
G

(1)

The structure of 2, Figure 2, shows a similar structure to the
parent compound, 1, with each Cu coordinated to the nitrogen of the
same amidinate ligand. The Cul-N1 and Cul-N4 bond distances of
1.915(4) and 1.916(4) A are slightly longer than the 1.904(4) and
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1.910(4) A lengths of Cu2-N2 and Cu2-N3. The metal-metal bond is
now 2.5103(9) & which is shorter than 2.5477(14) A in 1.

Figure 2. Molecular structure of 2¢2THF with thermal ellipsoids projected at 50%
probability level. Hydrogen atoms and solvent molecules have been omitted for clarity.
Selected bond distances (&) and angles (°): Cul-N1: 1.915(4); Cul-N4: 1.916(4);
Cul-I1: 2.9991(9); Cul-01: 2.167(4); Cul-Cu2: 2.5103(9); Cu2-N2: 1.904(4); Cu2-
N3: 1.910(4); Cu2-02: 2.127(4); Cul-I1-Cu2: 48.458(18); N1-Cul-N4: 159.1(2);
N1-Cul-01: 94.52(17); N3-Cu2-N2: 160.58(19); N2-Cu2-02: 94.82(17).

One remarkable feature of 2 is the bridging triiodide ligand as
we can find no previous reports of this common counteranion behaving
as an nt-bridging ligand between two metal centers. Reports of I3~ as
a terminal®*22 and bridging ligand have been described but with one
metal bound n?! to both terminal iodine atoms.Z:22 The absorption at
530 nm is attributed to a metal to ligand charge transfer band. The
solid-state Raman spectrum of 2 gave absorption at 168 cm™1,
indicative of the triiodide ligand, Figure S2.

The electronic structure of 2 was probed using EPR
spectroscopy. The X-band spectrum of 2, Figure 3, is well-resolved
about the high field g-value, g,, where A, = 78 Gina 1:2:3:4:3:2:1
pattern, where the last four lines are separated from the rest of the
spectrum, and the intensities of the last four high field lines fit the
pattern. The 15t harmonic spectrum, Figure 3, emphasizes some of the
low field lines. A well fit spectral simulation gives insight to the EPR
parameters. To confirm that the g,-value is centered in the middle of
the 7-line pattern for a dinuclear copper species and not a 10-line
pattern for a trinuclear copper complex, the g-values, 2.209, 2.158,
and 2.053, were obtained at Q-band, 34.81 GHz, where the g-values
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are better separated (Figure S3). This confirms that the g-value on the
high field side is a 7-line pattern due to a mixed-valence dinuclear
2Cu(1.5,1.5) complex.Z27% Therefore 2 is a Class III species.”> At lower
microwave frequencies, the low field side of the spectrum is better
resolved, but the g, region is less resolved than at X-band.

N E e oLl uw Min “le Mis
Mageacic §leb (1)

Figure 3. X-band spectrum of 2 in THF at 110 K: Exp (black traces, 15t harmonic 2%
Bessel); Sim (red traces) g = 2.220, 2.170, 2.055; A = 120, 140, 218 MHz (43, 50,
78 G); lwpp 5 G, HStrain 160 150 180, mwFreq 9.292 GHz.

The electronic structure and spectroscopic features of complex 2
were further probed using density functional theory (DFT). These
calculations employed the hybrid B3LYP functional and the
crystallographically-determined structure, although the methyl
substituents of the phenyl rings were replaced with H-atoms. The
computed singly-occupied molecular orbital (SOMO), shown in Figure
4, is best described as the antibonding combination of the two Cu-
based d(x?-y?) orbitals, consistent with the shortening of the Cu-Cu
interaction upon oxidation. The overall composition of the SOMO is
39% Cul, 31% Cu2, and 14% Namig, with only minor contributions
from the THF (4%) and I3~ (2%) ligands. For reference, the estimated
spin density distribution in the Cua site has been calculated to be
38%.%8 Thus, the unpaired electron is almost evenly de-localized over
the two copper centers, also consistent with the assignment of 2 as a
class III mixed-valence compound.
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Figure 4. DFT-generated isosurface plot of the SOMO of complex 2. The orientation of
the g-tensor is indicated by the coordinate system; by convention, the x-axis is
assigned to gmin and the z-axis is assigned to gmax.

As summarized in Table S1, the g-values of 2.200, 2.152, and
2.066 provided by DFT are quite close to the experimental values
determined by EPR spectroscopy. We also computed hyperfine
coupling values for the two Cu nuclei, and both A-tensors feature large
contributions from spin-dipolar and spin-orbit coupling terms. The ¢3Cu
A-tensors are not coincident with each other, or with the molecular g-
tensor (Table S1). Therefore, it was necessary to simulate the
predicted EPR spectrum using the Euler angles provided by the
calculation, and the results are shown in Figure 5. Since the
magnitudes of the computed A-values are approximately the same for
the two nuclei, each EPR feature displays a seven-line pattern
(although such splitting may not be resolved in the actual spectrum).
In good agreement with the experimental data, DFT predicts a
hyperfine splitting of 234 MHz for the high-field g« resonance and
smaller A-values of 85 and 180 MHz for the g, and g, features,
respectively (Figure 5). Collectively, these DFT calculations nicely
reproduce the distinctive spectroscopic features of complex 2.
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Figure 5. Simulated EPR spectra of complex 2 generated with DFT-calculated
parameters. The microwave frequency employed in the simulations was either 34.0
MHz (a) or 9.28 MHz (b). The experimental X-band EPR spectrum is shown at the
bottom.

Performing the reaction of 1 with I, in acetonitrile affords a dark
red colored solution, eg 2. The UV-Vis-NIR spectrum of 3 (Figure S1)
showed different absorptions to 2, indicating the formation of a new
species. Complex 3 has one shoulder feature around 500 nm and two
NIR absorptions at 860 and 1510 nm. The feature at 860 nm is similar
to that for the Cua site at 808 nm.ZZ The absorption spectra of 2 and 3
were interpreted with the aid of time-dependent DFT (TD-DFT)
calculations. For both complexes, the computed spectra (Figure S4)
nicely reproduce the presence of broad features in the NIR region
between 800 and 2000 nm. DFT attributes these NIR bands to charge
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transfer (CT) transitions from the Is~ (or I7) ligand to the [Cu2]3* unit.
These bands are rather weak (€ ~ 1000 M~1cm™1!) due to poor overlap
between I3~ (or I7)-based orbitals and the Cu-based SOMO. The
intervalence CT transition is predicted by TD-DFT to occur at 466 nm
for 2 and 475 nm for 3, corresponding to the experimentally-observed
bands at 530 and 500 nm, respectively. Unfortunately, these
absorptions are obscured by visible transitions.

Dark red crystals were obtained from a saturated acetonitrile
solution at —25 °C and the structure was determined as [(2,6-
Me2CsH3N)2C(H)]2Cuz(u2-1)(NCCHs)2, 3, Figure 6. Complex 3, in
analogy to 2, has coordinated solvent molecules, in this case
acetonitrile. Interestingly, only an iodide remains that bridges each
copper ion. In addition, the Cu-Cu bond distance is 2.4810(3) &, about
0.06 A decrease from 1 and 0.03 A from 2. The difference between 2
and 3 and a previously reported mixed-valence Cu(1.5,1.5) complex is
in Lee’s complex, {Cuz[2,6-Me,CeH3N).C(Ph)]2}",”f backbone carbon
atom has a phenyl group in the amidinate ligand, 2 and 3 are neutral
instead of cationic as well as contain triiodide or iodide. The molecular
and electronic structure of 2, 3, and {Cu;[2,6-Me;CsH3N)C(Ph)].}*
are similar in their bond metrics and similar spectroscopic features.
The more sterically crowded amidinate complex bearing the phenyl
group shows shorter Cu-Cu bond distances of an average of 2.42(1) A
between two independent molecules in the unit cell for the THF adduct
and 2.4571(2) A between two independent molecules for the
acetonitrile coordinated complex.

Figure 6. Molecular structure of 3 with thermal ellipsoids projected at 50% probability
level. Hydrogen atoms have been omitted for clarity. Selected bond distances (&) and
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angles (°): Cul-N1: 1.9257(15); Cul-N3: 1.9409(15); Cul-N5: 2.0533(16); Cul-I1:
2.8276(3); Cu2-N2: 1.9475(15); Cu2-N4: 1.9387(15); Cu2-N6: 2.0790(17); Cul-
Cu2: 2.4810(3); Cul-I1-Cu2: 52.245(8); N1-Cul-N3: 146.21(6); N3-Cul-N5:
95.25(6); N2-Cu2-N4: 147.25(6); N4-Cu2-N6: 93.42(6).

(2)

The X-band EPR spectrum for the reaction in acetonitrile, Figure
7, is resolved on both the high and low field sides of the spectrum
where a simulation of the spectrum and the 15t harmonic (derivative)
gives g-values of 2.23, 2.14, 2.04 and A-values of 60, 36, 61 G.

e i e wis N Mie Ml ne
Magsetie FieM (G)

Figure 7. X-band spectrum of 3 in acetonitrile: Exp (black traces, 15t harmonic 2%
Bessel) mwFreq. 9.282 GHz, microwave power 16dB (5 mW), 9 scans, mod. Amp. 5G,
temp. 110 K; Sim (red trace): g = 2.23, 2.14, 2.04, A = 167, 100, 170 MHz (60 36 61
G), line width peak to peak 5 G, Hstrain 150 200 170. Vertical lines indicate four of the
seven line pattern on the high field side.

DFT calculations of complex 3 also converge to a class III
mixed-valence ground state in which the unpaired spin density is fully
delocalized over the two Cu centers. The composition of the SOMO is
34% Cul, 34% Cu2, and 15% Nami¢, with minimal contributions from
other moieties. The computed g-values of 2.187, 2.151, and 2.066
adequately mimic the experimental values, although DFT
underestimates the rhombicity of the molecular g-tensor. As in the
case of complex 2, the A-tensors of the two Cu nuclei adopt different
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orientations than the g-tensor, necessitating the use of Euler angles.
The simulated EPR spectra, shown in Figure S5, exhibit hyperfine
splittings of 160, 60, and 220 MHz for Ax, Ay, and A;, respectively.
These values are consistent with the experimental EPR studies, which
found large A-values of ~170 MHz in the high- and low-field features.

When the reaction of 1 with I, is performed in toluene a dark
purple-brown solution, eq 3, was observed with only one absorbance
at 495 nm in the visible region (Figure S1). The UV-Vis-NIR spectrum
revealed two features in the visible region at 480 and 680 nm and no
absorptions in the NIR region. Crystals suitable for X-ray diffraction
determined the structure as [(2,6-Me2CsH3N)C(H)]3Cus(I)2, 4, a
trinuclear product, Figure 8. In this case, for a neutral complex there
must be two Cu(Il) ions and one Cu(I). This was also evidenced by an
S = 1 ground state as established using Evans’ method.

Figure 8. Molecular structure of 4eC;Hg with thermal ellipsoids projected at 50%
level. Hydrogen atoms and solvent molecule have been omitted for clarity. Selected
bond distances (&) and angles (°): Cul-N1: 1.927(5); Cul-N6: 1.890(6); Cu2-N2:
1.912(5); Cu2-N3: 1.899(6); Cu3-N4: 1.909(6); Cu3-N5: 1.917(6); Cul-I1:
2.6416(12); Cu2-I1: 2.7956(11); Cu3-I1: 3.0645(11); Cul-I2: 2.9870(12); Cu2-I2:
2.6667(12); Cu3-I12: 2.8085(11); Cul-I1-Cu2: 68.81(3); Cul-I1-Cu3: 65.58(3); N1-
Cul-N6: 141.3(2); N6-Cul-I1: 106.97(18); N1-Cul-I2: 95.01(18); N1-Cul-I1:
101.94(18); N6-Cul-I12: 103.46(18); I1-Cul-I2: 101.88(3).
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(3)

The structure of 4 resembles the mixed-valence 3Cu(II,III,III)
complex isolated by the Stack group from O; activation, however 4
contains iodide ions instead of oxo groups.?2 Each Cu ion is four-
coordinate in a pseudo-tetrahedral geometry consisting of two nitrogen
atoms, one from a different amidinate as is seen in 1, and two
individual iodide atoms. The N1-Cul-N6 bond angle is more obtuse
than an ideal tetrahedron at 141.3(2)°, however, the N1-Cul-I1, N6-
Cul-I2, and I1-Cul-I2 angles are 101.94(18), 103.46(18), and
101.88(3)°, respectively. It should be noted the I1-12 separation is
4.376 R so these are two distinct iodide ions. The Cu-I bond distances
showed those to Cu3 to be elongated at 3.0645(11) and 2.8085(11) A
compared to Cul, 2.6416(12) and 2.9870(12) &, and Cu2, 2.7956(11)
and 2.6667(12) A.

While the EPR spectrum for 2 and 3 were straight forward, the
spectrum for 4 is complicated. Spectra were taken at different time
intervals and the results varied with increasing time. In the first two
hours, spectra appear similar to those found for 2, Figure 9, with
nicely resolved 7-line patterns indicating that the initial reaction of 1
with I in toluene also proceeds through a dinuclear, mixed-valence
species. If the reaction is spiked with THF, 2 is obtained. Between two
to eight hours, the spectrum changes to a trinuclear complex due to
the presence of 10-line pattern in the EPR spectrum, Figure 10.
However, this is not the EPR spectrum of 4 as the spin-state is S = 2
not 1. The spectrum was simulated with g-values 2.212, 2.148 and
2.045. Some copper hyperfine is resolved for the middle g-value, but
the best resolution is for the high-field g-value. The best resolved Q-
band spectrum for the intermediate leading to 4 in toluene, which is
simulated with a 10 line pattern (1:3:6:10:12:12:10:6:3:1), has an Ay
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value of 58 G, Figure 10. The best resolved Q-band spectrum for an
mixed-valence two copper intermediate leading to 4 in toluene, which
is simulated with a 7-line pattern (1:2:3:4:3:2:1) has an Ax value of
77 G, Figure S6. The loss of resolution throughout the other spectra
and the poorly resolved lines for A, are attributed to a mixture of
dinuclear and trinuclear complexes having superimposed spectra.
Finally, after eight hours, no EPR spectrum can be obtained and the
complex is EPR silent.

I |'
f |J

' V1 [e=2.0ss
i ' ]

\ |
vy

2ele ) M. e LT M e "is

Magoeth Field (C)
Figure 9. X-band EPR spectra in toluene of an intermediate preceding 4 indicative of
two copper ions with S = 2. Experimental spectra (black traces, 15t harmonic (2%
Bessel); microwave freq 9.282 GHz; microwave power 16 dB (5 mW); 9 scans, mod
amp 5 g; temp 110 K; Simulation (red trace) g = 2.22, 2.14, 2.055; A =177, 90, 190
MHz (63, 32, 68 G); line withdth peak to peak 5 G; HStrain 150 200 170. Vertical lines
indicate four of the seven line pattern for the high field g value.
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Figure 10. Q-band EPR spectrum in toluene of an intermediate three copper mixed
valence compound preceding 4 indicating three copper centers with S = 5.
Experimental spectra (black traces), microwave frequency 34.768 GHz; temp 10 K; 9
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scans; mod amp 5 G; power 22 dB; time constant 0.1 s; scan time 2 min. Simulated
spectra (red traces) HStrain 50 50 50 (top); 150 130 150 (bottom).

While the mechanism of the formation of 4 is unknown, some
deductions can be made from the EPR spectra. The EPR spectra, Figure
9 and Figure S3, in the first two hours has a similar spectra to 2 and 3
indicating that a dinuclear 2Cu(1.5,1.5) intermediate species is formed
with a similar structure to 2 or 3. In THF or acetonitrile, those adducts
flank each copper ion and provide the further electron density that is
necessary to accommodate for the increased Lewis acidity of the
copper upon oxidation. However, in toluene, the first intermediate
complex that forms is similar but since solvent molecules are not
available to coordinate to copper, the complex rearranges to form a
trinuclear copper species but still only one reduction has taken place.
This is supported by Figure 10. Once the intermediate trinuclear
copper complex is assembled, the trinuclear, S = 2 complex oxidizes
a second time to produce 4. This is outline in Scheme 1. Since 4 is a
non-Kramer state (S = 1), 4 is EPR silent, presumably due to the large
zero field splitting (ZFS).

Scheme 1. Proposed formation of 4.

DFT calculations aided in the identification of oxidation states in
the tricopper complex 4. These calculations employed the
crystallographic structure and assumed an S = 1 ground state. The
SOMOs in complex 4 are strongly delocalized over the entire [CusI2]3*
unit, making it difficult to assign oxidation states with confidence.
However, the computed Mulliken spins indicate that Cul and Cu2
possess a sizable amount of unpaired spin density (0.36 and 0.48
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spins, respectively), while substantially less spin density is localized on
Cu3 (0.14 spins). It therefore appears that Cul and Cu2 are cupric
(+2), while Cu3 is the lone cuprous (+1) ion. This conclusion is
consistent with the relative Cu-I bond lengths observed in the crystal
structure. This is a rare example of a trinuclear copper complex with
two cupric ions and one cuprous ion?? and the other Cu(I,II,II)
compound was also EPR silent. In Tolman’s Cu(I,II,I) compound,8® an
EPR spectrum could be achieved indicating a Class I species. The
Murray group has recently reported a trinuclear copper complex which
was also difficult to classify and it is possible that 4 has a similar
electronic structure.8®

Conclusion

We have demonstrated the facile synthesis of mixed-valence
2Cu(1.5,1.5) complexes using a dinuclear Cu(I) amidinate starting
material and I, reduction. These complexes were each obtained using
the same reaction conditions, except different solvents. In THF and
acetonitrile, dinuclear products were obtained, [(2,6-
M62C6H3N)2C(H)]zCUz(}Jz-h)(THF)z, 2, and [(2,6-
Me2CsH3N)2C(H)]2Cuz(2-1)(NCCHs)2, 3, respectively. However, in
toluene, mixed-valence di- and trimetallic intermediate compounds
were detected by EPR spectroscopy and a trinuclear compound, [(2,6-
Me,CeH3N).C(H)]3Cus(us-1)2, 4, was isolated. Despite I, not being a
biologically relevant substrate with respect to copper-containing
enzymes, the use of an inorganic substrate to gain insight into
biomimetic chemistry has been demonstrated as these complexes
represent isolable valence intermediates similar to those observed in
copper-containing enzymes.
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Footnotes

Supporting Information. X-ray crystallographic data for complexes 2 -
4 have been deposited at the Cambridge Crystallographic Data Centre
and EPR as well as UV-Vis-NIR and Raman spectroscopic data. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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Figure S1. UV-Vis-NIR spectrum of 2, 3 and 4 in THF, CH3CN, and toluene, respectively.
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Figure S3. Q-band spectrum of 2: microwave freq 34.809 GHz, 9 scans, micro power
20 dB, temp -150 °C.

Table S1. Spin-Hamiltonian Parameters Calculated by DFT for Complexes 2
and 3.

DFT-computed parameters Complex 2 Complex 3
9x1 Gy1 9z 2.067, 2.152, 2.201 2.066, 2.151, 2.187
Cul: A Ay, A 102, 243, -202 MHz -247, 46, 150 MHz

Euler angles: [, 0O,

- 23.5°, 7.1°, 67.2° -10.3°, 88.8°, -2.1°
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Figure S4. TD-DFT computed absorption spectra for complexes 2 and 3.
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Figure S5. Simulated EPR spectra of complex 3 generated with DFT-calculated
parameters. The microwave frequency employed in the simulations was either 34.0 MHz

(a) or 9.28 MHz (b).
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Figure S6. Q-band spectrum of an intermediate 2Cu complex preceding 4 indicating
two copper centers with S = 2. Experimental spectra(black traces), microwave
frequency 34.901 GHz, 140 K, 9 scans, mod amp 5 G, power 22 dB, time constant 0.1
s, scan time 2 min. Simulated spectra (red traces) g = 2.216, 2.144, 2.050, A = 43, 53
77 G, line width peak to peak 5 G, HStrain 50 50 50 (top), 150 130 150 (bottom).
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