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Abstract

With the aim of drawing comparisons to the highly reactive complex LCuOH (L = bis(2,6-

diisopropylphenyl-carboxamido)pyridine), the complexes [Bu4N][LCuSR] (R = H or Ph) were 

prepared, characterized by spectroscopy and X-ray crystallography, and oxidized at low 

temperature to generate the species assigned as LCuSR on the basis of spectroscopy and theory. 

Consistent with the smaller electronegativity of S versus O, redox potentials for the LCuSR−/0 

couples were ~50 mV lower than for LCuOH−/0, and the rates of the proton-coupled electron 

transfer reactions of LCuSR with anhydrous 1-hydroxy-2,2,6,6-tetramethylpiperidine at −80 °C 

were significantly slower (by more than 100 times) than the same reaction of LCuOH. Density 

functional theory (DFT) and time-dependent DFT calculations on LCuZ (Z = OH, SH, SPh) 

revealed subtle differences in structural and UV–visible parameters. Further comparison to 

complexes with Z = F, Cl, and Br using complete active space (CAS) self-consistent field and 

localized orbital CAS configuration interaction calculations along with a valence-bond-like 
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interpretation of the wave functions showed differences with previously reported results (J. Am. 
Chem. Soc. 2020, 142, 8514), and argue for a consistent electronic structure across the entire 

series of complexes, rather than a change in the nature of the ligand field arrangement for Z = F.

Graphical Abstract

INTRODUCTION

A variety of novel copper–oxygen complexes1 have been prepared through research aimed at 

providing mechanistic insights into catalytic oxidations by synthetic2 and biological3 

systems. Analogues that contain sulfur instead of oxygen also have been examined, in part to 

determine how the replacement of O by S influences the structure, properties, and function 

as well as to model copper–sulfur sites in enzymes.4–7 Such work has revealed new 

structural motifs and raised intriguing fundamental questions about chemical bonding.5b,g,8

Among the various copper–oxygen complexes that have been studied, those comprising the 

formally high-valent [CuOH]2+ core supported by sterically hindered, dianionic 

bis(carboxamido) ligands (Figure 1) have been shown to be highly reactive in a proton-

coupled electron-transfer (PCET) involving substrate C–H and O–H bonds, processes that 

are relevant to catalytic oxidations.9 Comparative studies of analogues with [CuZ]2+ (Z = 

OOR′,10 halides,11 or carboxylates12) units also have been performed, leading to a greater 

understanding of electronic structural aspects and detailed PCET mechanisms. Intrigued by 

the insights provided by these studies and ones focused on copper–sulfur species,4–7 we 

asked: How would the properties of the heretofore unknown [CuSR]2+ core compare to 

those of [CuOH]2+ at parity of supporting ligand? Herein we report the results of synergistic 

experimental and theoretical work on the new species LCuSR (R = H or Ph) aimed at 

answering this question. As a part of this study, we were led to revisit the theoretical 

characterization of LCuZ (Z = F, Cl, Br) and found key similarities and differences with 

previous interpretations.11
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RESULTS AND DISCUSSION

Experiment.

Treatment of solutions of LCu(CH3CN) or LCuCl in tetrahydrofuran (THF) with Bu4NSH 

or NaSPh led to a color change from dark red to purple, from which purple crystalline 

products [Bu4N][LCuSH] ([Bu4N][1])13 or [Bu4N][LCuSPh] ([Bu4N][2]) were isolated in 

73% or 63% yield, respectively. Both products were characterized by UV–vis and X-band 

electron paramagnetic resonance (EPR) spectroscopy, CHN analysis, and X-ray 

crystallography (Figure 2). Consistent with their analogous square-planar geometries evident 

in their solid-state structures, the Cu(II) complexes exhibit similar axial signals in their X-

band EPR spectra (30 K) with Cu hyperfine (ACu(z) ≈ 520 MHz or 173 × 10−4 cm−1) and 

ligand N-hyperfine splitting patterns (AN ≈ 40–70 MHz or (13–23) × 10−4 cm−1) typical for 

Cu(II) complexes of L2− (Figure S1). A rare example of a terminal Cu(II)-SH species,7c,14 

[Bu4N][1] exhibits a Cu–SH distance of 2.221(1) Å, similar to those seen in a few other 

Cu(II)-SH species (~2.25 Å), but longer than in a Cu(I)–SH complex (2.08 Å).

Cyclic voltammograms (THF, 0.1 M Bu4NPF6) showed pseudoreversible waves (Figure S2) 

with E1/2 values (vs Fc+/Fc) that are listed alongside values reported for other complexes 

LCuOH− and LCuZ− in Table 1. The value for LCuSH− (1−) is ~50 mV more negative than 

that for LCuOH−, consistent with the electronegativity order S < O. The 100 mV lower 

potential for LCuSPh− (2−) relative to LCuSH− (1−) implies greater electron donation by the 

thiophenolate, stabilizing the higher oxidation state. Both complexes exhibit redox potentials 

significantly lower than the carboxylate and halide complexes, consistent with poorer 

electron donation by their donor groups, and their values indicate that Fc+ would be a 

competent agent for chemical oxidation of the complexes.

Treatment of solutions of [Bu4N][1] or [Bu4N][2] at −80 °C with ferrocenium tetrakis(3,5-

bis(trifluoromethyl)phenyl)-borate (FcBArF) led to an immediate color change to deep blue 

or purple, loss of the EPR signal, and the appearance of an intense UV–vis absorption peak 

with λmax = 582 nm (ε ≈ 6900 M−1cm−1) or 538 nm (ε ≈ 11 700 M−1 cm−1), respectively 

(Figure 3). These features are similar to those observed for LCuOH and LCuZ (Z = OOR, 

halide, O2CR),9 which were assigned as charge-transfer transitions (see theory results 

below). Repeated experiments with varying amounts of FcBArF (0.2–2 equiv) showed the 

maximum intensity of the product spectral features upon addition of 1 equiv (Figures S3 and 

S4). The starting spectrum is reformed upon addition of decamethylferrocene, and the 

product spectrum is regenerated upon subsequent addition of FcBArF (Figure S5). Together, 

these data show that the process involves a reversible, one-electron oxidation, consistent 

with the formation of the novel species LCuSR (R = H (1) or Ph (2)).

The PCET reactivity of 1 and 2 was evaluated by monitoring of the decay of their diagnostic 

UV–vis absorbances upon addition of 1-hydroxy-2,2,6,6-tetramethylpiperidine (TEMPOH) 

(10–50 equiv) at −80 °C as a function of time. The formation of a TEMPO radical in these 

reactions was confirmed by EPR spectroscopy (Figure S6); a signal for an LCu(II) species 

also was observed that, on the basis of the UV–vis spectrum, we tentatively assign as 

LCu(THF)). Fits of the kinetic data provided pseudo-first-order rate constants (kobs), which 

when plotted versus [TEMPOH]0 yielded straight lines with zero intercepts (Figures S7 and 
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S8), consistent with an overall second-order rate law with rate constants of k(1) = 4.2(2) M
−1 s−1 and k(2) = 1.9 (1) M−1 s−1. The temperature dependencies (−40 °C to −80 °C) of the 

second-order rate constants were evaluated by the Eyring equation (Figure S9), yielding 

similar activation parameters for 1 (ΔH⧧ = 5.4(4) kcal/mol, ΔS⧧ = −27(2) eu) and 2 (ΔH⧧ = 

4.7(2) kcal/mol, ΔS⧧ = −32(1) eu). The large negative ΔS⧧ values are consistent with a 

bimolecular process for the PCET reaction. It is particularly notable that the rates observed 

are much slower than those for the same reaction of LCuOH, which using 10 equiv at −80 

°C is complete within 5 s (rate constant greater than 500 M−1 s−1, a more than 100 times 

faster reaction). This rate difference aligns with thermodynamic arguments based on the 

influences of redox potential and basicity on the product bond dissociation energy (greater 

driving force with increased redox potential and greater basicity). Accordingly, the PCET 

reactivity order LCuOH > LCuSR is consistent with lower redox potentials for 1− and 2− 

and the anticipated lower basicity of the hydrosulfido and thiophenolate ligands relative to 

hydroxide.17

Theory.

In order to understand the differences in properties between LCuOH and LCuSR (R = H or 

Ph), we performed a series of theoretical calculations aimed at comparing their electronic 

structures. Previous calculations on LCuOH serve as an important benchmark.9a,h,i We also 

were stimulated to revisit and draw comparisons to recently reported11 results of calculations 

on LCuZ (Z = F, Cl, Br), which were interpreted to indicate intriguing differences between 

the electronic structure for Z = F (an inverted ligand field) and X = Cl or Br (a classic ligand 

field) based on localized orbital CAS-CI calculations. We report density functional theory 

(DFT), complete active space self-consistent field (CASSCF), and localized orbital complete 

active space configuration interaction (CAS-CI) results that show a similar classic ligand 

field involving a dative covalent bond is present for all complexes.

As in previous work,9a,h,i DFT (mPWPW91) geometries for the S = 0 ground state for LCuZ 

(Z = OH, SH, SPh) are in excellent agreement with those of the experiment, and they also 

align with calculated results for analogues with the ligand truncated for convenience having 

methyl instead of isopropyl substituents, CH3LCuZ (Z = OH, SH, SPh, F, Cl, and Br; Table 

2). All DFT calculations use the SDD basis set on Cu and 6-311+G(d,p) on the remaining 

atoms. With these geometries, UV–vis transitions were computed with B98 to determine the 

effect of the auxiliary ligand (Figure 3, Tables 3 and 4). Consistent with previous work,9a,h,i 

the transition corresponding to λmax is primarily from the ligand π highest occupied 

molecular orbital (HOMO) to the Cu dx2 − y2 lowest unoccupied molecular orbital (LUMO) 

for Z = OH, SH, F, Cl, and Br, while for Z = SPh the transitions from the −SPh π-system 

(HOMO–5) to the LUMO dominate (Figures S11–S19). As Z becomes less electron-

withdrawing, this peak shifts to longer wavelengths as the HOMO–LUMO gap decreases 

due to the stabilization of the LUMO (Table 4). The DFT ground state is closed-shell S = 0, 

and the triplet state ranges from 16.0 to 31.3 kcal/mol higher in energy for all complexes 

(Table S4). All attempts to converge the broken-symmetry singlet solution converged to the 

closed-shell ground state suggesting the open-shell state is unstable or not accessible with 

DFT.
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In light of recent work,11 a CASSCF study was undertaken for CH3LCuX (X = OH, SH, F, 

Cl, and Br). An active space with two electrons in two orbitals, denoted (2e,2o), was 

employed. The two orbitals are analogous to the DFT LUMO and its bonding counterpart 

and qualitatively similar for all species (Figure 4, see Figures S20–S24 for the validation of 

this choice). The CASSCF natural orbitals are labeled σ and σ* due to their covalent 

character with Cu contributing 50% on average to both orbitals (Table S9). The quantum 

theory of atoms in molecules (QTAIM) on the CASSCF density is also consistent with a 

dative bond (Table S10).

Although the CASSCF natural orbitals do not have associated orbital energies, the σ* orbital 

generally has a higher partial occupation when DFT predicts a more stable LUMO. For the 

halide complexes, this is indeed observed. However, CASSCF and DFT differ in that σ* has 

a higher occupation for LCuOH and LCuSH compared to LCuF, LCuCl, and LCuBr, while 

the DFT LUMO is less stable. Perhaps this difference in the occupation numbers is due to 

differences in the σ* orbital, which is more localized on the Cu-RH bond compared to the 

other complexes.

Notwithstanding these subtle differences, the electronic structures are quite similar for all 

the complexes. There are three possible electron configurations: σ2σ*0, σ0σ*2, and σ1σ*1. 

The CASSCF wave function for all studied complexes involves only the σ2σ*0 and σ0σ*2 

configurations with contributions of 88% and 12% on average, respectively (Table 5). No 

contribution from the σ1σ*1 electron configuration is observed. The bond itself can be 

further analyzed using the natural orbital occupation numbers (ONs) (Figure 4) to define an 

effective bond order (EBO).

EBO =
ONbonding − ONantibonding

2

For a fully closed shell CuIIILX system, the EBO would be 1.0, while a fully CuII(LX)• 

would be 0.0. Therefore, the percentage of radical character (% rad) can be defined as

%rad = (1 − EBO) × 100

The complexes in this work have an effective bond order of 0.754 on average and a non-

negligible biradicaloid contribution of 25% (Table 5). For comparison, a Cu corrole system 

was shown to have 10% and 50% biradical in the planar and saddled structures, respectively, 

and it was concluded that the former is closer to a formally CuIII center while the latter was 

indicative of corrole noninnocence.18 It was emphasized that the CuIIIL (pure dative bond) 

and CuIIL• (pure charge transfer) electronic structures represent extremes, while real systems 

fall along a spectrum. Notably, these results closely align with the CASSCF calculations 

reported previously for LCuX (X = F, Cl, Br) (Table 5). Thus, in agreement with our 

findings, this report describes an increase in the σ* occupation number from LCuF to 

LCuBr, as well as in the contributions of the electron configurations to the CASSCF wave 

function. Furthermore, the same trend in biradicaloid character emerges with an average 

EBO of 0.828 and a radical character of 17.2%. Therefore, LCuX complexes contain polar 
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dative bonds where the bond strength as characterized by the EBO (or % rad) varies subtly 

with the ancillary ligand.

Multiconfigurational character is present in all complexes, yet the aforementioned DFT 

results are consistent with experiment. The type of electron correlation described here is the 

so-called left–right correlation, where the charge density is redistributed along the chemical 

bonds resulting in less charge near the atomic center.19 This type of correlation is frequently 

well-described by DFT as a result of its tendency to overdelocalize orbitals.20 Domain-based 

local pair natural orbital–coupled cluster singles doubles (DLPNO–CCSD) calculations were 

performed to compute the so-called T1 diagnostic. When this value is larger than 0.020, 

multiconfigurational character is likely present, and single-reference methods should not be 

used.21 The complexes in this work have values less than 0.019 (Table S11).

However, our work and that reported previously disagree with respect to the calculations in 

the localized orbital basis and the subsequent interpretation that LCuF has an inverted ligand 

field. We also performed localized orbital CAS-CI calculations in a localized orbital basis 

(see the Supporting Information), where the two localized orbitals are metal centered (d) and 

ligand-centered (LZ) (Figure S25). This approach has been used successfully in the literature 

to obtain a valence bond (VB)-like interpretation of the CASSCF wave function, since 

covalent contributions to bonding are removed via localization and the electron 

configurations can be related more easily to changes in oxidation states.18,22 The CASSCF 

wave function is invariant to the orbital choice within the active space; however, three 

different electron configurations are generated by occupying the localized orbitals instead of 

the natural orbitals, consisting of the configurations d2(LZ)0, d0(LZ)2, and d1(LZ)1 (see the 

Supporting Information for further discussion). The Cholesky localized orbitals d and LZ 

have Cu contributions of 94% and 6%, on average (Table S9).

The resulting wave functions are similar for the five complexes involving contributions from 

all three configurations (Table 6). The d1(LZ)1 configuration contributes 80.2%, on average, 

to the total wave function. This is followed by an average contribution from the d0(LZ)2 and 

d2(LZ)0 configurations of 13.2% and 6.5%, respectively. While these configurations were 

previously interpreted in terms of oxidation states, we argue that an alternative interpretation 

should be made.

For a simpler example of the proposed analysis, first consider the π-bond in ethene using 

this approach. The valence bond wave function ΨVB that represents the bond pair formed by 

two carbon p-orbitals ψ2p1 and ψ2p2 is the following

ΨVB = c1ψcovalent + c2ψionic, 1 + c3ψionic, 2

where

Ψcovalent = ψ2p1(1)ψ2p2(2) + ψ2p1(2)ψ2p2(1)
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Ψionic, 1 = ψ2p1(1)ψ2p1(2)

and

Ψionic, 2 = ψ2p2(2)ψ2p2(1)

ψcovalent includes configurations in which each electron is occupying a p-orbital on a 

different carbon atom, while ψionic involves configurations where both electrons are on the 

same atom. The total wave function is a linear combination of the possible ways of 

occupying the two orbitals. The localized orbital CAS-CI results can be interpreted in the 

same way. The covalent contribution for ethene is 73.3%, and each ionic contribution is 

13.3%. The fact that the p1
1p2

1 configuration has a large contribution does not suggest there 

is significant radical character in ethene. We argue that this is also the case for LCuZ and 

that the d1(LZ)1 configuration should be thought of as the covalent contribution and not as a 

radical contribution (i.e., d1(LZ)1 is not equivalent to σ1σ*1). The two ionic contributions 

are not symmetrically equivalent in this case, resulting in different contributions to the total 

wave function. On the one hand, as expected, CH3LCuSH has the largest covalent 

contribution, while CH3LCuF is the most ionic (Table 6). Furthermore, the d0(LZ)2 

configuration can be assigned as CuIIIZ−, and its contribution decreases from F to Br, 

consistent with greater charge transfer from Z to Cu. On the other hand, the ionic 

contribution increases from Br to F. Moreover, differences between CH3LCuOH and 
CH3LCuSH are more apparent in the localized orbital basis than with CASSCF. CH3LCuSH 

has a slightly larger covalent contribution and a smaller CuIIIZ− contribution compared to 

LCuOH, which is consistent with a more polarizable and softer sulfur ligand.

While we see analogous trends from the localized orbital CAS-CI, CASSCF, and DFT 

calculations (Tables 4–6), in the previous work the results from LCuF were distinct, leading 

to the interpretation that the complex featured an inverted ligand field. Moreover, in the 

previous work the percent contributions for the two ionic contributions in LCuF are 

reversed: we find the “CuIII” d0(LZ)2 configuration to be larger, whereas it is smaller in the 

previous work. Recall that CASSCF and localized orbital CAS-CI are equivalent 

calculations; therefore, the trends related to the nature of the ligand should emerge in both 

methods. Although several localization approaches were tested (Tables S7 and S8) and the 

magnitude of the configurations does change, the trends described herein always emerge. At 

this juncture, we surmise that the previously reported localized orbital CAS-CI results are in 

error with respect to the interpretation of the nature of the ligand field trend, although the 

source of that error is unclear.

CONCLUSIONS

The complexes [Bu4N][LCuSH] ([Bu4N][1]) or [Bu4N]-[LCuSPh] ([Bu4N][2]), the former 

being a rare example of a terminal Cu(II)-SH species, were prepared and characterized by 

X-ray crystallography, UV–vis and EPR spectroscopy, and cyclic voltammetry. The latter 

showed pseudoreversible waves with E1/2 values that were ~50 mV lower than that of the 
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LCuOH−/0 couple. Chemical oxidations at −80 °C with FcBArF led to a species identified as 

LCuSR (R = H or Ph) by diagnostic features in UV–vis spectra, EPR silence, titration data, 

and DFT/time-dependent (TD) DFT results. Comparisons of the latter across the series of 

LCuZ (Z = OH, SH, SPh, F, Cl, Br) showed the transition corresponding to the diagnostic 

UV–vis feature is primarily from the ligand π HOMO to the Cu dx2 − y2 LUMO (except for 

Z = SPh, where the transition from the −SPh π system (HOMO–5) to the LUMO is 

dominant) and that the HOMO–LUMO gap decreases due to the stabilization of the LUMO 

across the series, consistent with experimental observations. Kinetics studies of the reactions 

of LCuSR with TEMPOH revealed second-order rate constants ~100 times smaller than for 

LCuOH, consistent with the lower electronegativity of S and thermodynamic factors such as 

the lower redox potentials for the [CuSR]2+/+ couples and expected lower basicity of SR− 

versus OH−. DFT, CASSCF, and localized orbital CAS-CI results support the presence of 

dative covalent Cu-LZ bonds, with LCuF as the most ionic and LCuSH as the most covalent.

Supplementary Material
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Figure 1. 
Previously studied complexes with [CuOH]2+ or [CuZ]2+ cores, and the analogues with 

[CuSR]2+ cores studied in this work. R′ = CMe2Ph or tBu; R″ = Me or aryl.

Wu et al. Page 12

Inorg Chem. Author manuscript; available in PMC 2022 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Representations of the anionic portions of the X-ray crystal structures of (a) [Bu4N][1] and 

(b) [Bu4N][2], showing all non-hydrogen atoms as 50% ellipsoids. Selected bond distances 

(Å) and angles (deg): [Bu4N][1]: Cu1–S1, 2.221(1); Cu1–N1, 2.021(2); Cu1–N2, 1.948(2); 

Cu1–N3, 2.021(2); N1–Cu1–S1, 98.30(6); N2–Cu1–S1, 175.58(6); N2–Cu1–N1, 79.26(8); 

N2–Cu1–N3, 79.41(8); N3–Cu1–S1, 103.23(6); N1–Cu1–N3, 158.35(8). [Bu4N][2]: Cu1–

S1, 2.252(1); Cu1–N1, 2.002(4); Cu1–N2, 1.930(4); Cu1–N3, 2.004(5); N1–Cu1–S1, 

103.1(1); N2–Cu1–S1, 161.1(1); N2–Cu1–N1, 79.5(1); N2–Cu1–N3, 79.6(1); N3–Cu1–S1, 

100.0(2); N1–Cu1–N3, 156.5(1).
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Figure 3. 
Overlay of experimental (solid lines) and calculated (TDDFT, dashed lines) UV–vis spectra 

of the products of the oxidation of [Bu4N][1] (black) and [Bu4N][2] (red). Experimental data 

measured for THF solutions at −80 °C.

Wu et al. Page 14

Inorg Chem. Author manuscript; available in PMC 2022 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Active natural orbitals from the CASSCF (2e, 2o) calculations and corresponding 

occupation numbers. An isovalue of 0.04 is used.
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Table 1.

Cyclic Voltammetry Data
a

complex R″ E1/2 (V)
b ref

[CH3LCuCH2CN]− −0.345 15

[LCuSPh]− (2 −) −0.251 this work

[LCuOOtBu]− −0.205 10

[LCuOOCMe2Ph]− −0.154 10

[LCuSH]− (1−) −0.209 this work

[LCuOH]− −0.167 9i

[LCuO2CR″]− CH3 0.150 12a

C6H5 0.169 12a

C6H4(NO2) 0.239 12a

C6F5 0.298 12a

[LCuF]−
0.605

c 11

[LCuCl]−
0.665

c 11

[LCuBr]−
0.665

c 11

a
Conditions: THF, Bu4NPF6 as supporting electrolyte, glassy carbon electrode.

b
Versus Fc+/Fc.

c
Values listed here versus Fc+/Fc were generated from the published values versus Ag/AgNO3 by using the correction +140 mV.16
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Table 2.

Bond Distances from Theory and Experiment (italics)
a

complex Cu–Z Cu–Npy Cu-Nam ref

LCuOH 1.783 1.845 1.913 9i

1.799(3) 1.841(3) 1.900(3) 9i
b

LCuSH 2.160 1.88 1.930 c

LCuSPh 2.206 1.907 1.974 c

CH3LCuOH 1.783 1.845 1.913 c

CH3LCuSH 2.160 1.880 1.930 c

CH3LCuSPh 2.20 1.901 1.959 c

CH3LCuF 1.770 1.842 1.924 c

LCuF 1.755(3) 1.841(4) 1.901(4) 11

CH3LCuCl 2.130 1.865 1.940 b

LCuCl 2.1085(8) 1.859(2) 1.9132(16) 11

CH3LCuBr 2.270 1.873 1.946 c

LCuBr 2.2562(4) 1.8623(18) 1.9159(13) 11

a
Distances in angstroms; estimated standard deviations from experiment in parentheses; Cu–Npy = distance to ligand pyridine N atom; Cu–Nam = 

average distance to ligand carboxamide N atoms.

b
Experimental distance determined for the complex supported by a ligand with a methoxy group in the para position of the pyridine moiety.

c
This work.
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Table 3.

UV–Vis Transitions and Oscillator Strengths Computed by TD-DFT (B98)

complex λmax (nm) f

LCuOH 546.1 0.3194

LCuSH 620.9 0.2063

LCuSPh 465.2, 619.8 0.2577, 0.1860

CH3LCuOH 552.7 0.2076

CH3LCuSH 613.1 0.2100

CH3LCuSPh 448.9 0.1867

CH3LCuF 676.6, 505.5 0.2492, 0.0902

CH3LCuCl 746.0, 553.1 0.1905, 0.1354

CH3LCuBr 861.9, 608.3, 274.0 0.0958, 0.1991, 0.2030
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Table 4.

DFT (mPW1PW91) Orbital Energies (eV)

complex HOMO–LUMO gap HOMO energy LUMO energy

LCuOH 2.90 −6.6412 −3.7386

LCuSH 2.73 −6.6934 −3.9674

LCuSPh 2.59 −6.4962 −3.9016

CH3LCuOH 2.83 −6.5740 −3.7443

CH3LCuSH 2.74 −6.6817 −3.9410

CH3LCuSPh 2.61 −6.4647 −3.8562

CH3LCuF 2.43 −6.5128 −4.0871

CH3LCuCl 2.30 −6.5751 −4.2795

CH3LCuBr 2.20 −6.5430 −4.3399
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Table 5.

Percent Contribution of Each Configuration to the Total CASSCF (2e,2o) Wavefunction Expressed in Terms of 

the Natural Orbitals
a

complex σ2σ*0 σ0σ*2 σ1σ*1 EBO % rad

CH3LCuOH 87.2 12.8 0 0.745 25.5

CH3LCuSH 87.2 12.8 0 0.747 25.3

CH3LCuF 89.9 10.1 0 0.797 20.3

LCuF
b 92.3 7.7 0 0.845 15.5

CH3LCuCl 89.3 10.7 0 0.792 20.8

LCuCl
b 91.4 8.6 0 0.828 17.2

CH3LCuBr 88.6 11.4 0 0.773 22.7

LCuBr
b 90.5 9.5 0 0.811 18.9

a
The effective bond order (EBO) and the percentage of biradicaloid character (% rad) are also included.

b
Data from ref 11.
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Table 6.

Percent Contribution of Each Configuration to the Total Wavefunction in the Localized Orbital Basis
a

complex d2(LZ)0(CuIZ+) d0(LZ)2(CuIIIZ−) d1(LZ)1(CuIIZ•)

CH3LCuOH 4.5 13.6 81.9

CH3LCuSH 6.8 10.0 83.2

CH3LCuF 5.4 15.6 78.8

LCuF
b 21.5 4.6 73.9

CH3LCuCl 6.9 12.7 80.4

LCuCl
b 0.6 34.0 65.4

CH3LCuBr 7.1 11.4 81.4

LCuBr
b 2.2 24.5 73.3

a
Formal oxidation states for the indicated configurations are in parentheses.

b
Data are from ref 11.
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