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1. Experimental materials and methods

General Methods. All syntheses were carried out under nitrogen, using conventional glovebox or
standard Schlenk techniques. Tetrahydrofuran (THF), diethyl ether and acetonitrile were purified
with a dual column Solv-Tek solvent purification system, plumbed directly into the glovebox, and
stored over 3 A molecular sieves. All the solvents were passed through basic alumina prior to use.
Compounds LCu(CH3CN),! LCuCl, ! BuuNSH, 2 TEMPOH, * and FcBAr" 4 were synthesized
according to literature procedures. All other reagents and solvents were purchased from
commercial sources and used as received. UV-vis spectra were obtained using an HP8453 (190-
1100) diode array spectrophotometer. Variable temperature UV-vis experiments were performed
using a Unisoku low temperature cell holder. Cyclic voltammograms were recorded using an EC
Epsilon potentiostat from BASi, a glassy-carbon working electrode, Platinum counter electrode,
and a Ag'/Ag reference electrode. Ferrocene was then added into the solution as internal standard
and the final potentials were converted vs. the standard Fc*/Fc couple.® EPR spectra were recorded
on a CW X-band Elexsys E500 EPR spectrometer equipped with an Oxford ESR 910 liquid helium
cryostat. All spectra were recorded at a temperature of 30 K and at a microwave frequency of 9.38
GHz under the following conditions: microwave power 0.0002 mW; modulation amplitude 9.8 G;
modulation frequency 100 kHz. The simulations of the spectra were performed in Matlab using

the program EasySpin.

[BusN][LCuSH] ([BusN][1]). In a glovebox, BusNSH (0.055 g, 0.19 mmol) was added to THF
(~2 mL) to give a yellow-green suspension, which was then added dropwise to a stirring solution
of LCu(CH3CN) (0.109 g, 0.19 mmol) in THF (~ 5 mL) to produce a dark purple solution, and
allowed to stir for 30 min. The mixture was then filtered, and the solvent was removed from the

filtrate in vacuo. The resulting dark purple solid was washed with diethyl ether (3 x 3 mL),
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redissolved in THF (~2 mL), and recrystallized by layering with ether (~3 mL), giving dark purple
crystalline product (0.094g, 63%). UV-Vis (THF, -80°C), Amax, nm (g, M! cm™): 397 (sh, 3380),
559 (668). EPR, g(x): 2.045; g(y): 2.064, g(z): 2.133. Anal. Calcd for C47H74CuN4O,S: C, 68.61;

H, 9.07; N, 6.81; Found: C, 67.88; H, 9.43; N, 6.62.

Synthesis of LCuSH. For a typical reaction monitored by UV-vis spectroscopy, 4 mM solutions
of [BusN][1] and FcBAr! were prepared in THF. A 0.1 mL of the solution of [BusN][1] was added
to a UV-vis cuvette along with 1.8 mL of THF. After cooling the cuvette to —80 °C, 0.1 mL of the
4 mM FcBAr" solution was added, causing the immediate formation of an intensely dark blue

solution. UV-Vis (THF, -80°C), Amax, nm (¢, M™! cm™): 582 (6900).

Synthesis of [BusN][LCuSPh] (|[BusN][2]). NaSPh (0.022 g, 0.017 mmol) was added to THF
(~2mL) to give a colorless solution, and then added dropwise to a stirring green solution of LCuCl
(0.140 g, 0.17 mmol) in THF (~ 5 mL) to produce a dark red solution, and allowed to stir for 2 h.
The mixture was then filtered, and the solvent was removed in vacuo. The resulting dark purple
solid was washed with diethyl ether three times, redissolved in THF, and recrystallized by layering
with ether, giving dark red solid (0.112 g, 73%). UV-Vis (THF, -80°C), Amax,nm (g, M! cm!): 370
(sh, 7490), 512 (1690). EPR, g(x):2.051; g(y): 2.075; g(z):2.149. Anal. Calcd for Cs3H78CuN4OS:

C, 70.82; H, 8.75; N, 6.23; Found: C, 69.11; H, 8.92; N, 6.06.

Synthesis of LCuSPh. For a typical reaction monitored by UV-vis spectroscopy, 2 mM solutions
of [BusN][2] and FcBAr" were prepared in THF. A 0.1 mL of the solution of [BusN][2] was first
added to a UV-vis cuvette along with 1.8 mL of THF. After cooling the cuvette to —80 °C, 0.1 mL
of the 2 mM FcBAr" solution was added, causing the immediate formation of an intensely purple

species. UV-Vis (THF, -80°C), Amax, nm (g, M! cm™): 538 (11700).
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Preparation of the EPR samples of LCuSH and LCuSPh. In a 2mm EPR tube, 0.1mL of 5SmM
of [BusN][1] or [BusN][2] was injected and was cooled to —78 °C in a dry ice/acetone bath. 0.ImL
of 5mM of FcBAr" solution was then added. A total of 0.3 mL of THF solvent was used to rinse
the EPR tube between each addition. The solution was mixed and then frozen in liquid nitrogen

for analysis. The EPR spectrum of both samples were featureless (silent).
Reactions of LCuSH and LCuSPh with TEMPOH.

At various temperatures (-40 to -80 °C), a solution of [BusN][1] (0.1 mL, 4 mM) or [BusN][2]
(0.1 mL, 2 mM) was added to a UV-vis cuvette containing THF (1.7 mL) and cooled to the desired
temperature followed by addition of FcBAr! in THF (0.1 mL, 4 mM for 1 and 2 mM for 2°).
Subsequently, a solution of TEMPOH in THF (0.1 mL, 10 equiv.) was quickly added with mixing.
The reaction was then followed until full decay of the signal at 582 nm for LCuSH or 538 nm for
LCuSPh had occurred. The reactions were run in duplicate. Pseudo first-order rate constants (Kobs)
were determined by fitting plots of absorbance (582 nm for LCuSH and 538nm for LCuSPh) vs.
time to a single exponential decay curve. For each experiment, kops values were averaged. A plot
of average kobs vs. [TEMPOH] was fit to a straight line with approximate zero intercept, indicating
second order kinetics for the overall reaction with the second order rate law Rate =
k[Cu][TEMPOH]. The second order rate constant (k) used in Eyring plot was determined by
multiwavelength analysis using ReactLab™ KINETICS. UV-vis spectra were truncated to 450-

800 nm for fitting to a second order model.

In order to identify the presumed radical product, in a 2 mm EPR tube, 0.1 mL of 5 mM of
[BusN][1] was injected and was cooled to —78 °C in a dry ice/acetone bath. To this solution 0.1
mL of 5 mM of FcBAr! solution was added, and the tube quickly shaken to form a dark blue

solution. A solution of TEMPOH in THF (0.1 mL, 50 mM, 10 equiv.) was layered onto the solution
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and allowed to thermally equilibrate, and then mixed. A total of 0.2 mL of THF solvent was used
to rinse the EPR tube between each addition. After 10 min, the resulting brown solution was frozen

in liquid nitrogen for analysis.

2. EPR data for complexes [BusN][LCu'SH] and [BusN][LCu''SPh]
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Figure S1. Experimental (black) and simulated (red) X-band EPR spectra of [BusN][1] (a) and
[BusN][2] (b). The frequencies were 9.379 GHz for (a) and 9.378 GHz for (b).

S5



Table S1. Simulated EPR parameters. Hyperfine parameters (A) given in MHz (numbers in
parentheses were converted to 10 cm™!)

[BusN][1] [BusaN][2]

2(x) 2.045 2.051

a(y) 2.064 2.075

g(2) 2.133 2.149
ACY(x) 100 (33.4) 100 (33.4)
ACy(y) 80 (26.7) 80 (26.7)
AC¥(z) 515 (172) 530 (177)
Asmide(x) 55 (18.3) 55 (18.3)
Asmide(y) 45 (15.0) 40 (13.3)
Asmide(z) 40 (13.3) 35 (11.7)
APY(x) 50 (16.7) 55 (18.3)
APY(y) 55 (18.3) 55 (18.3)
AP(z) 65 (21.7) 50 (16.7)
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3. Cyclic voltammogram data
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Figure S2. Cyclic voltammogram of [BusN][1] (a) and [BusN][2] (b) (I1mM) in THF (0.1 M
BusNPFp).
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4. Titration data

(a) —— 0.2 equiv
1.6 - —— 04 equiv
— 0.6 equiv
—— 0.8 equiv
—— 1.0 equiv
1.2 — 1.2 equiv
— 1.4 equiv
3 — 1.6 equiv
@ — 1.8 equiv
Ke]
o 08
(%}
Qo
<
0.4 -
00 T T T 1
400 500 600 700 800
Wavelength(nm)
(b)
1.6
/
1.2 1
S
c
Y
Eg 0.8 4
®
D
Q
<
0.4
0.0 — T 1 T T T 1

— T T — T T T
00 02 04 06 08 10 12 14 16 18 20
Equivalent of FcBArF

Figure S3. Titration data for reaction of [BusN][1] with FcBAr" at —80 °C in THF. [Cu] =
0.2mM (a) UV-vis spectra as different equivalents of FcBAr" are added to the [BusN][1]
solution. (b) Absorbance at 582 nm as a function of equivalent oxidant added to the solution.
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Figure S4. Titration data for reaction of [BusN][2] with FcBAr" at —80 °C in THF. [Cu] =
0.1mM (a) UV-vis spectra as different equivalents of FcBAr" are added to the [BusN][2]
solution. (b) Absorbance at 538 nm as a function of equivalent oxidant added to the solution.



5. UV-Vis spectra of the reversible redox reactions
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Figure S5. UV-Vis spectra of the reversible redox reactions of [BusN][1] (a) and [BusN][2] (b) at
—80 °C in THF: oxidation with FcBAr" and subsequent reduction with Fc*.
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6. EPR spectrum of sample made from reaction of LCuSH with TEMPOH

(frequency 9.376 GHz).
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Figure S6. EPR spectrum of samples made from reaction between compound LCuSH (prepared
by reaction of [BusN][1] with FcBArF) and 10 equiv. of TEMPOH. Inset shows a zoomed view
indicating features derived from Cu(II) species.
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7. Reactivity plots for reactions of LCu'SH and LCu'SPh with TEMPOH
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Figure S7. (a) Plots of Absorbance at 582 nm vs. time for representative reactions of LCuSH
with different concentrations of TEMPOH at -80 °C. All reactions were run in duplicate or
triplicate. Each decay trace was fit to a single exponential decay function shown as red lines (b)
Plot of observed rate constants (kobs) for the reaction of LCuSH with different concentrations of
TEMPOH. Standard error from the data shown as bars.
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Figure S8. (a) Plots of Absorbance at 538 nm vs. time for representative reactions of LCuSPh
with different concentrations of TEMPOH at -80 °C. All reactions were run in duplicate or
triplicate. Each decay trace was fit to a single exponential decay function shown as red lines (b)
Plot of observed rate constants (kobs) for the reaction of LCuSPh with different concentrations of
TEMPOH. Standard error from the data shown as bars.
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8. Eyring plots for reactions of LCu'SH and LCu'SPh with TEMPOH
(a)

-1.5 1

-2.0

-2.5 4

In(k/T)

-3.0

-3.5

-4.0 T T T T T T T T T T
0.0042 0.0044 0.0046 0.0048 0.0050 0.0052

11T (K

(b)

-2.54

-3.0 4

In(k/T)

-3.5 1

4.0

45 - "

T T T T T T T T T T
0.0042 0.0044 0.0046 0.0048 0.0050 0.0052
1T (KT

Figure S9. Plots of In(k/T) vs 1/T (where k = second-order rate constant, T = temperature in K)
for the reaction of LCuSH (a) or LCuSPh (b) with TEMPOH. The shown linear fits were used to
calculate the activation parameters using the Eyring equation. Standard error from the data
shown as bars. Derived activation parameters are reported in the text.
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9. Computational details

Gas phase geometry optimizations were performed for the ground state singlet using the
mPWIPW91¢ functional as implemented in Gaussian 16.7 The Stuttgart basis set® and
pseudopotential were used for Cu while the remaining atoms were treated with the 6-311+G(d,p)
basis set. Each structure was confirmed as a minimium by harmonic vibrational analysis. Singlet
states of all complexes were located without imposing symmetry with the OH and SH group
coplanar to the ligand. Single point calculations were performed for the triplet states on the singlet
geometries. Time-dependent DFT (TDDFT) calculations were also performed using the hybrid
B98’ functional in Gaussian 16 with the same basis sets as in the optimization. UV-Vis transition
energies were computed for the first 36 states for the singlet wavefunction. These transitions were
fitted to standard Gaussian curves to determine the calculated spectra with a broadening value of
0.333 eV.

To assess the multiconfigurational character of “"*LCuX complexes (X = OH, SH, Br, Cl,
and F), additional calculations were performed using wavefunction based methods. First,
multireference complete active space (CASSCF)!? calculations were performed on the DFT
optimized geometries using the OpenMolcas V18.09 program package.!! Scalar relativistic effects
were included using the second order Douglas-Kroll-Hess (DHK) Hamiltonian'? and relativistic
atomic natural orbital (ANO-RCC) type basis sets.!* The copper, nitrogen, and X ligand were
treated with the triple-{ quality basis sets, while peripheral carbon, oxygen, and hydrogen atoms
were treated with double-{ quality basis sets. Specifically, the contractions used are 6s5p3d2flg
for copper, 4s3p2d1f for nitrogen, 5Ss4p2d1f for sulfur, 3s2p1d (or 4s3p2d1f) for oxygen, 4s3p2d1f
for fluorine, 5s4p2d1f for chlorine, 6s4p3d2flg for bromine, 3s2pld for carbon, and 2slp for

hydrogen. Hirshfeld percent atomic contributions to the active natural orbitals and Bader’s
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quantum theory of atoms in molecules (QTAIM) analyses were performed as implemented in the
MultiWFN program package.!* Cholesky!” decomposition in combination with local-exchange
screening was used to decrease the computational cost associated with computing the two electron
integrals. The second type of wavefunction-based calculation used to assess the
multiconfigurational character of the LCuX complexes is the DLPNO-CCSD!® as implemented in
the Orca program package Version 4.2.1." The def2-TZVP basis set was used on all atoms along
with the resolution of the identity approximation. When the T1 diagnostic value is larger than
0.020, the complex is considered to be multiconfigurational.?’ Note that for X = Br, Cl, and F,
DLPNO-CCSD calculations were performed on structures taken from ref. 21 and are HLCuX

complexes.

10. DFT optimized geometric parameters and calculated energy difference data

Table S2. DFT optimized geometric parameters for the RLCuX.

BLCuOH  ™LCuOH ““LCuSH ™LCuSH ““LCuBr “™LCuCl ““LCuF

Cu-X 1.78 1.78 2.16 2.16 227 2.13 1.77
X-H 0.96 0.96 1.35 1.35 - - -

Cu-N1 1.85 1.85 1.88 1.88 1.87 1.86 1.84
Cu-N2 1.92 1.92 1.93 1.93 1.95 1.94 1.92
Cu-N3 1.91 1.91 1.93 1.93 1.95 1.94 1.92

N1-Cu-X 177.05 177.16 176.67 176.71 179.97 179.99 180.0
N2-Cu-N3 166.51 166.45 165.73 165.70 165.02 165.37 166.72
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Table S3. Calculated (mPW1PWO91) energy differences between the S=0 and S=1 states for

RLCuX complexes in kcal/mol.

Singlet-Triplet Splitting (kcal/mol)

CH3LCuOH
P'LCuOH
CH3L,CuSH
iPrLCuSH
CH3L,CuSPh
P CuSPh
CH3L,CuBr
CH3LCuCl
CH3LCuF

28.61
31.33
22.69
21.53
20.08
19.33
15.97
18.55
18.44

11. UV-vis data obtained from TDDFT studies
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Figure S10. UV-Vis spectra of “**Cu-X for X=Br, Cl, F computed at the B98/6-11+G(d,p)/SDD
level of theory with a spectral broadening value of 0.333 eV
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Table S4. UV-vis data obtained from TDDFT studies of complexes computed at the TD-B98/6-
311+G(d,p)/SDD level of theory.

Complex Energy Oscillator Description Coefficients
(nm) Strength

CBLCu-OH  552.70 0.208 LMCT (HOMO to LUMO 0.5227
L OH 546.09 0.319 LMCT (HOMO to LUMO 0.6961
M cwsy 613.12 0.210 LMCT (HOMO to LUMO 0.7003
M Cu-SH 620.86 0.206 LMCT (HOMO to LUMO 0.7003
M cuSpn 448.88 0.1867 LMCT (HOMO-5 to LUMO) 0.4134
, 465.23 0.2577 LMCT (HOMO-4 to LUMO) 0.4012
" Cu-SPh LMCT (HOMO-5 to LUMO) 0.4613
619.83 0.1816 LMCT (HOMO to LUMO) 0.5563
CH3 676.56 0.249 LMCT (HOMO to LUMO) 0.6779
LCu-F 505.51 0.090 LMCT (HOMO-6 to LUMO) 0.5925
CH3 745.95 0.191 LMCT (HOMO to LUMO) 0.6675
LCu-Cl 553 14 0.135 LMCT (HOMO-6 to LUMO) 0.5169
861.85 0.0857 LMCT (HOMO to LUMO) 0.6303
M cwBr | 608.34 0.199 LMCT (HOMO-4 to LUMO) 0.5766
274.01 0.203 LMCT (HOMO-12 to LUMO)  0.5797

12. Selected molecular orbitals from the complexes

bt '3
2 o
HOMO LUMO

Figure S11. Selected molecular orbitals from the ““*LCuOH structure computed at the
mPWI1PWO91/6-311+G(d,p)/SDD level of theory. Orbitals are plotted with an isovalue of 0.03
a.u. Hydrogen atoms, with the exception of the OH group, are excluded for clarity. C in grey, Cu
in orange, O in red, N in blue, and H in white
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Figure S12. Selected molecular orbitals from the ““*LCuSH structure computed at the
mPWI1PWO91/6-311+G(d,p)/SDD level of theory. Orbitals are plotted with an isovalue of 0.03
a.u. Hydrogen atoms, with the exception of the SH group, are excluded for clarity. C in grey, Cu
in orange, O in red, N in blue, S in yellow and H in white
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Figure S13. Selected molecular orbitals from the P'LCuOH structure computed at the
mPWI1PWO91/6-311+G(d,p)/SDD level of theory. Orbitals are plotted with an isovalue of 0.03
a.u. Hydrogen atoms, with the exception of the OH group, are excluded for clarity. C in grey, Cu
in orange, O in red, N in blue, and H in white
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Figure S14. Selected molecular orbitals from the P'LCuSH structure computed at the
mPWI1PWO91/6-311+G(d,p)/SDD level of theory. Orbitals are plotted with an isovalue of 0.03
a.u. Hydrogen atoms, with the exception of the SH group, are excluded for clarity. C in grey, Cu
in orange, O in red, N in blue, S in yellow and H in white
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Figure S15. Selected molecular orbitals from the P'LCuSPh structure computed at the
mPWI1PWO91/6-311+G(d,p)/SDD level of theory. Orbitals are plotted with an isovalue of 0.03
a.u. Hydrogen atoms are excluded for clarity. C in grey, Cu in orange, O in red, N in blue, and S
in yellow

HOMO-5 LUMO

Figure S16. Selected molecular orbitals from the ““*LCuSPh structure computed at the
mPWI1PWO91/6-311+G(d,p)/SDD level of theory. Orbitals are plotted with an isovalue of 0.03
a.u. Hydrogen atoms are excluded for clarity. C in grey, Cu in orange, O in red, N in blue, S in
yellow.

HOMO LUMO

Figure S17. Selected molecular orbitals from the ““*LCuBr structure computed at the
mPWI1PWO91/6-311+G(d,p)/SDD level of theory. Orbitals are plotted with an isovalue of 0.03
a.u. Hydrogen atoms are excluded for clarity. C in grey, Cu in orange, O in red, N in blue, and Br
bright red.
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Figure S18. Selected molecular orbitals from the ““*LCuCl structure computed at the
mPWI1PWO91/6-311+G(d,p)/SDD level of theory. Orbitals are plotted with an isovalue of 0.03
a.u. Hydrogen atoms are excluded for clarity. C in grey, Cu in orange, O in red, N in blue, Cl in
green.

HOMO LUMO

Figure S19. Selected molecular orbitals from the “™SLCuF structure computed at the
mPW1PWO91/6-311+G(d,p)/SDD level of theory. Orbitals are plotted with an isovalue of 0.03 a.u.
Hydrogen atoms are excluded for clarity. C in grey, Cu in orange, O in red, N in blue, and F in
cyan.

13. CASSCEF active space validation

A larger active space that includes additional m orbitals on the ligand was tested to validate
the choice of the minimal (2e,20) active space. The (12e,120) active space yielded results in
excellent agreement with the smaller active space (Figures S11-S15), supporting the choice of
active space presented in the manuscript. Specifically, the larger active space consists of 12 orbitals
containing 12 electrons which includes the ¢ and o* orbitals in addition to set of five m and *

orbitals. CASSCF natural orbitals for the (2¢,20) active space are shown in Figure 4.
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Figure S20. CASSCF natural orbitals from the (12e, 120) calculation for “™LCuOH. Orbitals are

shown at an isovalue of 0.04 a.u.
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Figure S21. CASSCF natural orbitals from the (12e, 120) calculation for ““*LCuSH. Orbitals are
shown at an isovalue of 0.04 a.u.
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Figure S22. CASSCF natural orbitals from the (12e, 120) calculation for “LCuBr. Orbitals are
shown at an isovalue of 0.04 a.u.

9

(0.033) (0.047) (0.053) (0.097) (0.10) (0.213)

(1.963) (1.948) (1.946) (1.909) (1.904) (1.787)

Figure S23. CASSCF natural orbitals from the (12e, 120) calculation for ““*LCuCl. Orbitals are
shown at an isovalue of 0.04 a.u.
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Figure S24. CASSCF natural orbitals from the (12e, 120) calculation for ““*LCuF. Orbitals are
shown at an isovalue of 0.04 a.u.

CH;Cu-OH CH;Cu-SH CH;Cu-F CH.Cu-Cl CH;Cu-Br

Figure S25. Cholesky localized orbitals used in the CAS-CI (2¢,20) calculations for “LCuX
complexes. Orbitals are shown at an isovalue of 0.04 a.u.

14. Localized orbital CAS-CI results

The localized orbital CAS-CI approach consists of recomputing the CASSCF CI coefficients after
localizing the active orbitals. CASSCEF is invariant with respect to unitary transformations of the
active orbitals. Therefore, the CASSCF solution and the localized orbital CAS-CI solution are

energetically equivalent.
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Localized Orbital CAS-CI of Ethene.

To better understand the valence-bond like interpretation of CASSCF approach we performed
calculation for ethene. A two electron in two orbital CASSCF calculation (2e,20) including the &
and ©* orbitals results in occupation numbers of 1.89 and 0.11, respectively (Figure S26). The
major configuration contributing towards the wavefunction can be represented as n?n*? (94.2%)
followed by the ©°n*2 (5.7%) (Table S5). However, performing a projected atomic orbital (PAO)
localization on these active orbitals and subsequent CAS-CI calculations (Figure S26) results in
the following configurations: pi’p2*° (13.4%), p1°p2*? (13.4%), pi'p2*! (73.3%) (Table S5).
Although the CASSCF and localized orbital CAS-CI energies are equal, the resulting

wavefunction is clearly different for the two calculations.

CASSCF PAO
Natural Orbitals Localized Orbitals

n* 2p,
] 2p;
Figure S26. CASSCEF natural orbitals (left) before localization and the PAO localized orbitals

(right) used in the localized orbital CAS-CI calculation for ethylene. Orbitals are shown at an
isovalue of 0.04.
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Table S5. Percent contributions of the configurations involved in both the CASSCF and localized
orbital CAS-CI wavefunctions calculation for ethylene.

Method Configuration Contribution
CASSCF w0 94.2%
non*? 5.7%
n! m*! 0.0%
locangeél_(():rIbltal pi2pa 13.3%
plopz2 13.3%
pi'p2! 73.3%

CASSCF and Localized Orbital CAS-CI of YLCuX (X = F, Cl, Br) with Different
Localization Schemes and Software Packages

Table S6. Percent contributions to the CASSCF wavefunction using Orca (computational details
as described by Bower et al.) and OpenMolcas (computational details as described in this work).
Geometry taken from ref. 21.

Software  Complex 0¢°¢*" ¢’¢** ¢'c*!
Orca HLCuF  92.0 8.0 0
HLCuCl 90.9 9.1
HLCuBr  89.7 10.3
OpenMolcas  HLCuF  92.0 8.0
HLCuCl 91.0 9.0
HLCuBr 89.8 10.2

S O O O O
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Table S7. Localized orbital CAS-CI results using Orca (computational details as described by
Bower et al.) with three different localization schemes (IAO-BOYS, IAO-IBO, and PM).

Geometry taken from ref. 21.

Localization Complex d2(LX)° d“(LX)_2 dl(LX)'1
Scheme (Cu'X") (Cu'"X) (Cu"X)
IAO-BOYS HLCuF 0 51.9 47.9
HLCuCl 2.1 25.7 72.2
HLCuBr 2.7 21.5 75.8
IAO-IBO HLCuF 113 11.6 77.1
HLCuCl 12.8 8.7 78.5
HLCuBr 12.6 7.4 80.0
PM HLCuF 11.3 11.6 77.1
HLCuCl 12.1 9.2 78.6
HLCuBr 12.1 7.8 80.1

Table S8. Localized orbital CAS-CI results using OpenMolcas (computational details as
described in this work) with four different localization schemes (Cholesky, Boys, PM, and

PAO). Geometry taken from ref. 21.

Localization Complex d2(LX)° d“(LX)_2 dl(LX)'1
Scheme (Cu'X" (Cu™X) (Cu"X)
Cholesky "LCuF 5.1 20.4 74.5
HLCuCl 6.9 15.2 77.8
HLCuBr 7.1 13.0 19.8
Boys "LCuF 50.6 0.1 49.3
H CuCl 25.8 2.1 72.1
HLCuBr 21.0 2.9 76.1
PM HLCuF 12.5 10.5 77.1
HLCuCl 11.6 9.8 78.6
HLCuBr 11.5 8.3 80.2
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15. Orbital composition

Table S9. Percent contributions to the molecular orbitals (CASSCF or Cholesky localized)
computed by Hirshfeld analysis as implemented in MultiWFN.

CASSCF CASSCF CAS-CI CAS-CI

c c* d LZ

F Cu 47.9 53.1 94.6 6.3

F 3.6 5.6 1.0 8.1

L 48.6 41.3 4.3 85.6

Cl Cu 50.1 51.1 95.0 6.5
Cl 11.3 11.5 1.1 21.7

L 38.6 36.9 3.9 71.8

Br Cu 51.2 50.7 95.0 6.9
Br 18.3 16.5 1.2 33.6

L 30.5 32.8 3.8 59.5

OH Cu 46.1 50.4 90.5 6.07
OH 48.6 33.9 3.0 79.4

L 53 15.7 6.5 14.5

SH Cu 52.6 49.6 93.1 9.1
SH 38.1 31.2 2.0 67.3

L 9.3 19.2 4.9 23.6

16. QTAIM analysis calculations on the CASSCEF results

In QTAIM theory, a chemical bond exists if a line of locally maximum electron density, p,
joins two neighboring atoms and a bond critical point (BCP) exists (a minimum in the density). At
the BCP, the gradient of the electron density is zero while the Laplacian, Vp?, may have either a
net positive or negative value. A positive Laplacian suggests a local depletion of charge, while a
negative value is a sign of a local concentration of charge. The latter is a strong condition for a
covalent bond, while a “closed-shell” interaction is associated with a positive Laplacian. Since
there exists a continuum between a covalent and a non-covalent bond, Bianchi et al.?? suggested
classifying of the bond between two “closed shell” interacting atoms by introducing a second

condition, the total electronic energy density at the BCP, E(r). This term is defined as the sum of
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the kinetic energy density, G(r), which usually dominates in a non-covalent bond, and the potential
energy density V (r),which is usually negative and associated with an accumulation of charge
between the nuclei. In clear covalent bonds both the Laplacian and E(r) are negative. In less clear
cases, where the Laplacian is slightly positive, the value of E(r) can be used to make a further
classification of the bond, from being slightly covalent to purely ionic/nonbonded. In this
classification, with Vp?>0, if E(r) is negative, the bond is called dative; if E(r) close to zero, the
bond is metallic; if E(r) is positive, the bond can be either ionic or van der Waals. Following these

rules, the complexes included in Table S10 would all be classified as dative.

Table S10. Parameters from the quantum theory of atoms in molecules (QTAIM) analysis
calculations on the CASSCF results. If V?(p) > 0 and E(r) < 0, the bond is considered to be
dative.

V(p), (bohr) E(r) (bohr) G(r) (a.u.) V(r) (a.u.)
CH3LCuOH 0.5145 -0.0523 0.1809 -0.2333
CH3LCuSH 0.1009 -0.0417 0.0669 -0.1087
CH3LCuBr 0.1401 -0.0303 0.0653 -0.0956
CHLCuCl 0.2452 -0.0370 0.0983 -0.1353
CH3LCuF 0.8010 -0.0368 0.2370 -0.2738

17. DLPNO-CCSD results

Table S11. T1 diagnostic values computed with DLPNO-CCSD. Values less than 0.02 indicate
that there is not significant multiconfigurational character. Geometry taken from ref. 20.

T1
Diagnostic

HLCuF 0.01878
HLCuCl 0.01788
HLCuBr 0.01686
“BLCuOH  0.01781
“BLCuSH  0.01639

Complex
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