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Experimental Section

General Considerations. Unless otherwise stated, all manipulations were performed under a
purified Ar atmosphere using standard Schlenk techniques or an inert atmosphere glovebox with
< 1.0 ppm Oz and H20. Standard solvents were deoxygenated by sparging with N2 and dried by
passing through activated alumina columns of an SG Water solvent purification system under Ar.
Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc., degassed via
freeze-pump-thaw cycles, and stored over activated 4 A molecular sieves. THF-ds was dried over
NakK, freeze-pump-thawed, and vacuum transferred into a Schlenk flask filled with ca. 20% w/v
sieves. Fluorobenzene and 1,5-cyclooctadiene (abbreviated 1,5-COD) were purchased from
Oakwood Chemicals, Inc. and MilliporeSigma respectively. These solvents were subsequently
dried over CaHa, distilled, then freeze-pump-thawed, and likewise stored over activated 4 A
molecular sieves. CuBr was purchased from Strem Chemicals, Inc. and used as received. All other
reagents were purchased from commercial vendors and used without purification unless otherwise
noted. All NMR spectra were recorded on Bruker 400 MHz spectrometer unless otherwise noted.
Perpendicular-mode X-band EPR spectra were recorded at low (20 to 45 K) or ambient (298 K)
temperature with a Bruker ESP 300 spectrometer equipped with an Oxford ESR 910 liquid-helium
cryostat and an Oxford Instruments temperature controller. All spectra were collected using a
modulation frequency of 100 kHz. EPR spectra were simulated utilizing Easyspin with the
functions pepper (frozen solution) and garlic (fluid state) and refined using esfit until a satisfactory
model was obtained.! Cyclic voltammetry was conducted using a CH Instruments 600
electrochemical analyzer. The one-cell setup utilized a glassy carbon working electrode, platinum
wire counter electrode, and silver wire auxiliary electrode. Analyte solutions were prepared in a
THF solution of 0.1 M ["PuN]BArfs  electrolyte (BArfs =  tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate)) and referenced internally to the FeCp2/FeCp2" redox couple.
UV-—vis spectra were reocrded using glass cuvettes on a Varian Cary 300 Bio spectrophotometer.
NMR shifts were referenced to the internal solvent residual signal (for 'H spectra) or an external
H3POs reference (for 3'P spectra). The neutral ligand (N(o-(NHCH2P'Pr2)CsHa)3 (abbreviated as
LH3)?, metalloligands M(N(o-(NCH2P'Pr2)CéHas)s (abbreviated ML, M = Al and Ga)’,
["PrsN]BA1f4* mesitylcopper (abbreviated (CuMes)s)’, [H(OEt2)2]BArf4%, Ag:B12Cli27, and KCs®
were prepared according to literature procedures. Elemental analyses were performed by
Robertson Microlit Laboratories, Inc. (Ledgewood, NJ).

S2



Mes

u--k)u 1)1,5—-COD 2.5 equiv
M7 A Mes  2) OB IBAT,
0.20 equiv 711 Cu Eo0 >
Mes/cu\lnes —mesitylene

Synthesis of [Cu(CsH12)2][B(3,5-(CF3):C¢H3)s], [Cu(COD):]BArfs: A mixture of
(CuMes)s (0.200 g, 0.219 mmol) and 1,5-COD (336 pL, 2.736 mmol) in Et20 (10 mL) was stirred
and then cooled to —78 °C. To this mixture was added [H(OEt2)2]BArf4(1.108 g, 1.095 mmol) in
2 mL of Et2O resulting in flashes of orange color that quickly dissipated. The solution was then
stirred at room temperature for 3 h to give a translucent solution with a small amount of yellow
precipitate (likely trace {Cu(COD)Cl}2). The volume was reduced to ca. 2 mL, filtered through
Celite and layered with 10 mL hexanes inducing the formation of a biphasic solution. Shaking the
mixture resulted in precipitation of the product as a bright white crystalline solid. The solid was
isolated by decanting the mother liquor, washed with hexanes (3 x 2 mL), and dried to afford 1.05
g (84% yield) of [Cu(COD)2]BAr"4 as a white crystalline solid. Recrystallization was achieved by
layering concentrated Et20O solutions with hexanes. Crystals grown in this manner were suitable
for X-ray diffraction. '"H NMR (ppm, THF-ds, 400 MHz): 7.79 (s, 8H, BAr"4 aryl), 7.58 (s, 4H,
BArfsaryl), 5.69 (s, 8H, COD CH), 2.38 (s, 16H, COD CHz). *C{'H} NMR (ppm, THF-ds, 101
MHz): 162.9 (C3), 136.7 (C4), 125.5 (q, Jcr= 282 Hz, C7), 118.2 (C6), 123.8 (C1), 28.9 (C2).
The quaternary aryl carbon attached to CF3 was not located. "’F{'H} NMR (ppm, THF-ds, 376
MHz): -63.4. ''B NMR (ppm, THF-ds, 128 MHz): —6.5. Anal. calcd for [Cu(COD);]BAr's,
CasH36BF24Cu (%): C, 50.43; H, 3.17. Found: C, 50.39; H, 3.11.

i ) BArF4
Pr, P RPr2 ipr,p—Cu"RPr2
IPI'Z i AIPFZ
Al ,\) [Cu(COD),IBAF, N Al
| > - (I
No N.
PhE N
-2 1,5-COD
[M]BAF,

Synthesis of [CuAl(N(o-(NCH2P'Pr2)CsH4)3)][B(3,5-(CF3)2C6H3)4], ([1]1BArfs): To a stirring
solution of AIL (100 mg, 0.142 mmol, 4 mL fluorobenzene) was added a solution of
[Cu(COD)2]BArs (162.2 mg 0.142 mmol, 2 mL fluorobenzene), which immediately gave rise to
a bright yellow solution. The mixture was stirred for 3 h at room temperature, and then the volatiles
were removed in vacuo. The resulting solids were triturated with 1:1 Et20:CsHe, washed with 5
mL of pentane, and dried to give 209 mg (90%) of [1]BAr4 as a bright yellow powder. 'H NMR
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(ppm, CsDs, 400 MHz): 8.39 (s, 8H, BAr's aryl), 7.72 (s, 4H, BArfs aryl), 7.30 (d, *Ju-u= 10.0
Hz, 3H, aryl), 7.08 (t, 3Ju-rn= 7.5 Hz, 3H, aryl), 6.53 (t, *Ju-u= 7.5 Hz, 3H, aryl), 6.35 (d, *Ju-n=
5.0 Hz, 3H, aryl), 2.99 (br s, 6H, CH2), 1.88 (br, 6H, PCH(CH3)2), 1.00-0.50 (m, 36H,
PCH(CH3)2). *C{'H} NMR (ppm, CsDs, 101 MHz): 162.8 (C10), 150.4 (C6), 135.1 (C11), 133.2
(C1), 129.0 (C4), 125.5 (C2), 125.1 (C14), 117.4 (C13), 117.1 (C3), 111.2 (C5), 44.0 (C7), 17.9
(C9). The quaternary aryl carbon attached to CF3 (C12) and isopropyl methine (C8) were not
located. *'P NMR (162 MHz, CsDe¢): § 16.9. PF{'H} NMR (ppm, C¢Ds, 376 MHz): —62.1. ''B
NMR (ppm, CeDs, 128 MHz): —5.9. Anal. calcd for 1, C71H72N4P3BF24AlICu (%): C, 52.27; H,
4.45; N, 3.43. Found: C, 50.65; H, 4.28; N, 3.39. Anal. caled for [1]BArf430,
C71H72N4P303BF24AICu (%): C, 50.77; H, 4.32; N, 3.34. Elemental analysis is consistent with
oxidation of all three phosphines.

i BATF4
Pr, P RPr2 ipr,p—Cu RPr
< IPI’Q i IPI’2
N—GarN, [Cu(COD),IBArF 4 N——Ga--"f\ﬂ
l A » I >
No N
) e
~21,5-COD
[2]BA,

Synthesis of [CuGa(N(o-(NCH2P'Pr2)CsHa)3)] [B(3,5-(CF3)2C¢H3)4], ([2]BAr"4): To a stirring
solution of GaL (100 mg, 0.134 mmol, 4 mL fluorobenzene) was added a solution of
[Cu(COD):]BArf4 (152.9 mg, 0.134 mmol, 2 mL fluorobenzene), which immediately gave rise to
a bright orange solution. The mixture was stirred for 3 h at room temperature and the volatiles
were removed in vacuo. The resulting solid was triturated with 1:1: Et20:CsHs, washed with 5 mL
of pentane, and dried to give 210 mg (94%) of [2]BA14 as vibrant orange powder. 'H NMR (ppm,
CsDs, 400 MHz): 8.38 (s, 8H, BAr4 aryl), 7.72 (s, 4H, BArfs aryl), 7.36 (d, 3Ju-z= 10.0 Hz, 3H,
aryl), 7.08 (t, 3Ju-rn=10.0 Hz, 3H, aryl), 6.53 (t, 3Ju-u= 7.5 Hz, 3H, aryl), 6.34 (d, 3Ju-u= 10.0
Hz, 3H, aryl), 3.10 (s, 6H, CH2), 1.88 (br, 6H, PCH(CH3)2), 0.80-0.50 (m, 36H, PCH(CH:)2).
BC{'H} NMR (ppm, CsDs, 101 MHz): 162.6 (C10), 149.7 (C6), 135.2 (C11), 133.0 (C1), 128.7
(C4), 126.1 (C2), 125.3 (C14), 117.4 (C13), 116.8 (C3), 111.0 (C5), 44.6 (C7), 17.9 (C9). The
quaternary aryl carbon attached to CF3 (C12) and isopropyl methine carbon (C8) were not located.
3P NMR (162 MHz, CsDs): 6 22.4. F{'H} NMR (ppm, CsDs, 376 MHz): —62.1. 'B NMR (ppm,
CsDs, 128 MHz): —5.9. Anal. calcd for [2]BAr's, C71H72N4P3BF24GaCu (%): C, 50.93; H, 4.33; N,
3.35. Found: C, 51.11; H, 4.45; N, 3.21.
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IPFQ AiPrg
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Synthesis of [Cu(N(o-(NCH2P'Pr;)CsH4)3)][B(3,5-(CF3)2C6H3)4], ([Cu(LH3)]BAr's): To a
stirring solution of LH3 (100 mg, 0.147 mmol, 4 mL fluorobenzene) was added a solution of
[Cu(COD);]BArf4 (167.9 mg, 0.147 mmol, 2 mL fluorobenzene). The mixture was stirred for 3 h
at room temperature and the volatiles were removed in vacuo. The resulting solid was triturated
with 1:1: Et2O:Cs¢Hs, washed with 5 mL of pentane, and dried to give 188 mg (80%) of
[Cu(LH3)|BAr"sas a white powder. 'H NMR (ppm, THF-ds, 400 MHz): 7.79 (s, 8H, BAr's aryl),
7.57 (s, 4H, BArf4aryl), 7.09-7.05 (m, 6H, aryl), 6.76 (d, *Ju-r= 8.0 Hz, 3H, aryl), 6.70 (t, *Ju-u
= 6.0 Hz, 3H, aryl), 4.57 (m, 3H, NH), 3.55 (br, 6H, CH2), 2.39 (br, 6H, PCH(CH3)2), 1.47-0.97
(br, 36H, PCH(CH?3)2). *C{'H} NMR (ppm, CsDs, 101 MHz): 142.8 (C6), 134.2 (C11), 132.2
(C1), 126.7 (C4), 126.0 (C2), 124.2 (C14), 118.0 (C3), 116.8 (C13), 111.6 (CS5), 40.5 (C7). The
quaternary aryl carbon attached to CF3 (C12), quaternary aryl carbon attached to B (C10), and
isopropyl methine carbon (C8) were not located. *'P NMR (162 MHz, CsD¢): & 16.5. F{'H}
NMR (ppm, CsDs, 376 MHz): —63.4. ''B NMR (ppm, CsDs, 128 MHz): —6.5. Anal. calcd for
[Cu(LH3)]BArf4, C71H75N4P3BF24Cu (%): C, 53.05; H, 4.70; N, 3.49. Found: C, 53.26; H, 4.84;
N, 3.32.

iPr2P P'Prz iPrZP_Cu--{P Pr2
'Pro | 'Pr.
— Al CuBr, KCq — Al
N h \N > N |\N
N.. THF N..
1red

Synthesis of CuAl(N(0-(NCH2P'Pr2)C¢Hy)3), CuAlL (17¢9): To a solution of AIL (100 mg, 0.142
mmol, 10 mL THF) was added a slurry of CuBr (20.4 mg, 0.142 mmol, 2 mL. THF) giving a pale-
yellow suspension. Once full consumption of CuBr was observed (ca. 1 h), KCs(19.2 mg, 0.142
mmol) was added all at once, causing the solution color to become dark maroon. The solution was
stirred for 1 h, filtered through Celite, and then reduced to dryness in vacuo. Trituration with
benzene (3 mL) afforded 77.5 mg (71% yield) of a maroon flaky solid. No distinct 'H NMR
resonances were observed, so 174 was characterized by EPR spectroscopy. X-ray quality crystals
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were grown from concentrated Et2O solutions at —30 °C resulting in the solvate 17¢¢ « C4H100.
Anal. caled for 174, C30HsoN4P3AICu (%): C, 60.96; H, 7.87; N, 7.29. Found: C, 60.90; H, 7.84;
N, 7.26.

PryP RPrs ipr,P—Cu"RPr2
< IP|'2 | IPI'2
—_GawmN CuBr, KC Ga..\/
N Gla\NN 8 N/ |\NN
N.. THF N..
@ —KBI’, C(s)

2 red

Synthesis of CuGa(N(o-(NCH2P'Pr;)CsHs)3), CuGaL (2"%): To a solution of GaL (100 mg,
0.134 mmol, 10 mL THF) was added a slurry of CuBr (19.2 mg, 0.134 mmol, 2 mL THF) giving
a pale-yellow suspension. Once full consumption of CuBr was observed (ca. 1 h), KCs(18.1 mg,
0.134 mmol) was added all at once, causing the solution to become deep red. The solution was
stirred for 1 h, filtered through Celite, and then reduced to dryness in vacuo. Trituration with
benzene (3 mL) afforded 70.5 mg (65% yield) of a red flaky solid. No distinct 'H NMR resonances
were observed, so 27 was characterized by EPR spectroscopy. X-ray quality crystals were grown
from vapor diffusion of pentane into a concentrated toluene solution at room temperature resulting
the solvate 24 « C7Hs. Anal. calcd for 274, C3oHeoN4P3GaCu (%): C, 57.75; H, 7.46; N, 6.91.
Found: C, 60.89; H, 7.41; N, 6.08. Anal. calcd for 274 « C7Hs, C46HesN4P3GaCu (%): C, 61.17;
H, 7.59; N, 6.20.

General procedure for the oxidation of CuML to obtain crystalline [CuML]2[B12Cly2] salts:
Complexes 174 or 24 (20 mg,) were dissolved in THF (ca. 0.5 mL) and transferred to an NMR
tube. Likewise, a solution of Ag2[Bi12Cli2] (1.1 equiv. relative to the bimetallic, ca. 1 mL THF)
was also prepared and carefully layered on top of the bimetallic solution in the NMR tube. The
layering was placed in a covered container to protect from light and allowed to diffuse for 3 days,
after which small yellow ([1]2[B12Cli2]) or orange ([2]2[B12Cli2]) blocks were deposited on the
walls of the tube. The crystals were carefully isolated from the mixture and analyzed by X-ray
diffraction. Spectroscopic characterization of these species are identical to those presented above
for [1]1BAr's or [2]BAr"4, with the exception of the counteranion.
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X-ray Crystallography

X-ray crystallographic and structure refinement details

A colorless block of [Cu(COD):]BArfs (0.1 x 0.10 x 0.09 mm), a yellow block of
[1]2[B12Cli2] (0.12 x 0.12 x 0.10 mm), an orange block of [2]2[B12Cli2] (0.12 % 0.12 x 0.12 mm),
a red block of 174 (0.1 x 0.10 x 0.09 mm), and a red block of 2r¢d (0.1 x 0.10 x 0.09 mm) were
mounted on a 100 um MiTeGen microloop and placed on a Bruker PHOTON-III CMOS
diffractometer for data collection at 100(2) K ([1]2[B12Cli2], [2]2[B12Cli2], 174, and 27¢%) or 125(2)
K ([Cu(COD)2]BAr"s and [Cu(LH3)]BAr4). The data collection was carried out using Mo Ka
radiation with normal parabolic mirrors. The data intensities were corrected for absorption and
decay with SADABS.? Final cell constants were obtained from least-squares fits from all
reflections. Crystal structure solution was done through intrinsic phasing (SHELXT-2014/5)
which provided most non-hydrogen atoms.!'® Full matrix least-squares/difference Fourier cycles
were performed (using SHELXL-2018/3 and GUI ShelXle)!'"!* to locate the remaining non-
hydrogen atoms. All non-hydrogen atoms were refined with anisotropic displacement parameters.
Hydrogen atoms were placed in ideal positions and refined as riding atoms with relative isotropic
displacement parameters. Covalent radii calculations were performed with data tabulated by
Alvarez et al.'*

The crystal structures of [1]2[B12Cli2] and [2]2[B12Cli2] revealed highly a disordered THF
molecules on a -3 center. All attempts to model this solvent were unsuccessful. Thus, the
SQUEEZE function of the PLATON program was used to remove these solvent molecules from
the void space and is described in the CIF."* [Cu(COD):]BArfs was found to have rotational
disorder on several CF3 groups and was modeled accordingly. The structures of 174 and 2red
crystallized with molecules of diethyl ether (17%) and toluene (2"9) on crystallographic inversion
centers and were modelled with 0.5 occupancies. Further refinement details can be found in the
CIF file. Images were rendered using POV-ray.!” The structures of [Cu(COD):2][BAr4],
[Cu(LH3)|BArfs), [1]2[B12Cli2], [2]2[B12Cli2], 174, and 2"¢4 were deposited in the Cambridge
Crystallographic Data Centre structural database (CCDC 2076274-2076278 and 2092926).
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Table S1. Crystallographic details for [Cu(COD),]BArF4, [1]2[B12Cl12], [2]2[B12Cli2], 174, 274, and [Cu(LH3)]BArFs. *Note: Cations [1]" and [2]" are characterized crystallographically

as [B12Cl ;2] salts.

Complex B oA [1]2[B12Cl12] [212[B12Cliz) pred ored fE ol

hemical formula [CreHaCu] [C3HgoNaP;AICu]> [C3HgoNaP;GaCul, CioHgoNaP;AICu CioHgoNaP;GaCu [C3oHesNaP3Cu]
C3oHi2BF2 B12Cliz B12Cli2 *0.5(C4H100) -0.5(C7Hs) C32H12BFo4

CCDC No. 2076274 2076275 2076276 2076277 2076278 2092926
Fw 1143.22 2091.82 2177.39 805.40 857.14 1607.61
cryst syst orthorhombic trigonal trigonal triclinic triclinic monoclinic
space group Pbca P3cl P3cl P1 P1 P2i/n
a(A) 18.0783(8) 14.9086(7) 14.9147(15) 11.2148(7) 11.344(4) 14.9684(6)
b(A) 19.0664(8) 14.9086(7) 14.9147(15) 14.0921(10) 14.194(4) 25.1887(9)
c(A) 27.2154(11) 26.6016(14) 26.629(3) 14.3396(9) 14.285(5) 19.9836(7)
a (deg) 90 90 90 70.906(2) 70.274(17) 90
B (deg) 90 90 90 82.680(2) 79.551(17) 95.9370(10)
y (deg) 90 120 120 80.584(2) 82.067(14) 90
V(A% 9380.8(7) 5120.5(6) 5129.9(12) 2106.0(2) 2122.0(12) 7494.1(5)
VA 8 2 2 2 2 4
Deatea (g cm ™) 1.619 1.436 1.410 1.270 1.342 1.425
2 (A), p (mm™) 0.71073, 0.597 0.71073, 0.889 0.71073, 1.379 0.71073, 0.688 0.7107, 1.283 0.7107, 0.459
T(K) 125(2) 100(2) 100(2) 100(2) 100(2) 125(2)
6 range (deg) 2.136-27.209 2.198-36.342 2.197-36.309 2.472--3.194 2.294-36.427 2.118-31.556
reflns collected 10399 52877 88036 36969 57673 25005
unique reflns 6965 8281 8281 15939 20377 19412
data/restraints/param 6965/83/727 8281/0/185 8281/0/185 15939/3/492 20377/74/493 19412/51/991
R1, wRy (I > 20(1)) 0.0682,0.2119 0.0412,0.1101 0.0434, 0.1277 0.0332, 0.0842 0.0286, 0.0728 0.0434, 0.1078

R, wR; (all data)

0.1053,0.2119

0.0543, 0.1170

0.0545, 0.1368

0.0460, 0.0898

0.0365, 0.0773

0.0640, 0.1230
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Table S2. Geometrical Parameters including bond lengths (A) and angles (°) for, [1]o[B12Cli2], [2]2[B12Cli2], 174, 274, and
[Cu(LH3)|BArf,. *Note: Cations [1]* and [2]" are characterized crystallographically as [B12Cl;2]* salts.

Parameter (A or°) [1]2[B12Cli2] jfEes [2]2[B12Cli2] sl [Cu(LH3)]BAr4
M—Cu 2.6239(8) 2.5298(4) 2.5737(5) 2.4541(6) —
r 1.04 1.00 1.01 0.97 —
Cu—P? 2.2925(4) 2.2476(4) 2.2994(5) 2.2689(7) 2.2971(4)
- 2.2477(4) - 2.2693(7) 2.3010(4)
- 2.2508(3) - 2.2712(7) 2.3022(4)
M—Neg 1.8546(12)  1.8882(10)1.89  1.9059(14) 1.9549(9) -
- 06(10) - 1.9549(9)
- 1.8957(10) - 1.9624(10)
M—Nap 2.000(2) 2.0836(10) 2.069(3) 2.1948(9) —
Cu to P3-plane 0.188 0.118 0.180 0.136 0.027
M to N3-plane 0.07 0.246 0.142 0.355 —
' (4P—Cu—P) 358.02(1) 359.18(2) 358.19(2) 358.93(4) 359.96(5)

2 (3Neqg—M—Neq) 359.47(1) 355.01(1) 358.36(2) 350.36(4)

“Ratio of the M—Cu bond length to the sum of Al/Ga and Cu covalent radii.'* *Trigonal space groups only display one
value by symmetry.
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Figure S2. Molecular structure of [Cu(LH3)]BArf4 shown at 50% thermal ellipsoid probability. All hydrogens are
omitted for clarity except N-H. The BAr's~ counter anion is omitted.
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NMR Spectroscopy of Cu Complexes
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Figure S3. 'H NMR spectrum (400 MHz, THF-ds) of [Cu(COD),]BATF..
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Figure S4. ''B NMR spectrum (128 MHz, THF-ds) of [Cu(COD),| BAr's.
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Figure S5. "F{'H} NMR spectrum (376 MHz, THF-ds) of [Cu(COD),]BAr",.
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Figure S6. 'H-'H COSY NMR spectrum in THF-ds of [Cu(COD),]BAr",.
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Figure S8. 'H-'3C HMBC NMR spectrum in THF-ds of [Cu(COD),]BAr",.
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Figure S10. 3P {'H} NMR spectrum (162 MHz, CsDs) of [1]BA1F,.

-5.93

: BArF4
iPr, P—-Cu\‘P Pr;
Pr2

N__A| [\A

O

T T
40 35 30 25 20 15 10 5 0 5 -10 -15 -20 25 -30 -35 -40 45 -50
11B (ppm)

Figure S11. ''B NMR spectrum (128 MHz, CsDs) of [1]BAr",.
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Figure S12. “F{'H} NMR spectrum (376 MHz, CsD¢) of [1]BArf4
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Figure S17. ''B NMR spectrum (128 MHz, CsDs) of [2]BA1F,.
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Figure S19. '"H NMR spectrum (400 MHz, C¢Ds) of [2]BArF.
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Figure S21. 'H-3C HSQC NMR spectrum in C¢Ds of [2]BAr",.
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Figure S22. Zoom of aryl region in 'H-'3C HMBC NMR spectrum in C¢Ds of [2]BAr!,.
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Figure S25. YF{'H} NMR spectrum (376 MHz, THF-ds) of [Cu(LH3)]BArF..
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Figure S26. 'H NMR spectrum (400 MHz, THF-ds) of [Cu(LH3)|BA1F,.
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Figure S27. Zoom of aryl region in '"H-'H COSY NMR spectrum in THF-ds of [Cu(LHz3)]BAr",.
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Figure S29. Zoom of 'H-'3C HSQC NMR spectrum in THF-ds of [Cu(LHz3)|BAr',.
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Figure S30. Zoom of 'H-'3C HMBC NMR spectrum in THF-ds of [Cu(LHz)|BArF,.
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Cyclic Voltammetry
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Figure S31. Cyclic voltammogram of [1]BArf,4 (0.1 M ["PrsN]BAr, in THF, scan rate = 250 mV s, collected under Ar).
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Figure S32. Overlay of CV scans at various scan rates for [1]BArf4 (0.1 M ["PrsN]BAr, in THF, collected under Ar).
Current values are normalized by dividing by the square root of scan rate.
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Figure S33. Cyclic voltammogram of [2]BArF4 (0.1 M ["PrsN]BAr’4 in THF, scan rate = 250 mVs™!, collected under Ar).
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Figure S34. Overlay of CV scans centered at the first reduction process at various scan rates for [2]BAr"y (0.1 M
["Pr4sN]BArF, in THF, collected under Ar). Current values are normalized by dividing by the square root of scan rate.
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[2]BAr: Scan Rate Dependence of 2"? Reduction
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Figure S35 Overlay of CV scans centered at the second reduction process at various scan rates for [2]BArfs (0.1 M
["Pr4N]BAr, in THF, collected under Ar). Current values are normalized by dividing by the square root of scan rate.
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Figure S36. Overlay of cyclic voltammograms of [1]BArfs and [2]BAr4 (0.1 M ["PrsN]BArf, in THF, scan rate = 250
mV-s, collected under Ar).
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Figure S37. Cyclic voltammogram of [Cu(LH3z)]BAr4 (0.1 M ["PrsN]BArf4 in THF, scan rate = 250 mV-s7, collected
under Ar).

S29



UV-vis Spectroscopy
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Figure S38. UV-vis spectra of [1]BArfs, [2]BArfy, 174, and 24 (0.25 mM in toluene).
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Figure S39. UV-vis spectra of [1]BArf4 (orange trace) and 17 (blue trace) (0.25 mM in toluene).
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Figure S40. UV-vis spectra of [2]BArF4 (purple trace) and 2"¢ (green trace) (0.25 mM in toluene).
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Figure S41. UV-vis spectrum of [Cu(LH3)|BA1f, (0.25 mM in toluene).
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EPR Spectroscopy

Sim

Exp

1 | I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I

3000 3200 3400 3600 3800 4000 3000 3200
Bo (G)

Figure S42. X-band EPR spectrum of a 2.5 mM solution of 17 taken at 298 K in a 1:1 mixture of 2-MeTHF/toluene
(black) and corresponding simulation (red). Experimental parameters: frequency = 9.645857 GHz, center field = 3500
G, sweep width = 1400 G, modulation amplitude = 9.81 G, resolution = 2048 data points, microwave power = 0.67
mW, power attenuation = 20 dB, line widths = 2.45 MHz. Simulation parameters (garlic): g = 2.007, A(*’Al) = 269.7
MHz, A(®*Cu)= 171.4 MHz, A(®*Cu) = 182.6 MHz, line widths = 2.45 MHz.
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Figure S43. X-band EPR spectrum of a 2.0 mM solution of 17 taken at 45 K in a 1:1 mixture of 2-MeTHF/toluene
(black) and corresponding simulation (red). Experimental parameters: microwave frequency = 9.647866 GHz, center
field = 3500 G, sweep width = 1800 G, modulation amplitude = 5.0 G, resolution = 2048 data points, microwave power
= 0.2 mW, power attenuation = 30 dB, line widths = 2.50 MHz. Simulation parameters (pepper): g = [2.005, 2.005,
2.007], A(*’Al) = [229.6, 229.6, 325.4] MHz, A(3Cu) = [56.2, 56.2, 341.6] MHz, A(®*Cu) = [60.1, 60.1, 365.3] MHz,
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Figure S44. X-band EPR spectrum of a 2.5 mM solution of 24 taken at 298 K in a 1:1 mixture of 2-MeTHF/toluene
(black) and corresponding simulation (red). Experimental parameters: frequency = 9.639385 GHz, center field = 3500
G, sweep width = 3000 G, modulation amplitude = 5 G, resolution = 2048 data points, microwave power = 21.3 mW,
power attenuation = 10 dB, line widths = 3.58 MHz. Simulation parameters (garlic): g = 2.002; A(**Cu) = 128.9 MHz,
A(Cu) = 137.3 MHz, A(®Ga) = 1199.3 MHz, A("'Ga)= 1524.3 MHz, A('P)x3 = 29.4 MHz, A(**N)x3 = 20.1 MHz,
line widths = 3.80 MHz
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Figure S45. Zoom of the X-band EPR spectrum of a 2.5 mM solution of 2 taken at 298 K in a 1:1 mixture of 2-
MeTHF/toluene showing the m,= —1/2 transition (black) and corresponding simulation (red). Experimental parameters:
frequency = 9.639385 GHz, center field = 3500 G, sweep width = 3000 G, modulation amplitude = 5 G, resolution =
2048 data points, microwave power = 21.3 mW, power attenuation = 10 dB, line widths = 0.51 MHz. This model is
isolated to the m,= —1/2 transition as it introduces unrealistic resolution/hyperfine coupling to the remaining signals.
Simulation parameters (garlic): g = 2.002; A(®*Cu) = 128.9 MHz, A(Cu) = 137.3 MHz, A(**Ga) = 1199.3 MHz,
A("'Ga)= 1524.3 MHz, AC'P)x3 =29.4, A("*N)x3 = 19.9, MHz, line widths = 0.35 MHz
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Figure S46. X-band EPR spectrum of a 2.0 mM solution of 2™ taken at 35 K in a 1:1 mixture of 2-MeTHF/toluene
(black). Experimental parameters: frequency = 9.648873 GHz, center field = 3400 G, sweep width = 2800 G, modulation
amplitude = 9.81 G, resolution = 2048 data points, microwave power = 0.2 mW, power attenuation = 30 dB, conversion
time = 703 ms, line widths = 4.0 MHz. Simulations of this spectra were unsuccessful. At standard conversion times (ca.
20 ms) signal was nearly unobservable. Only as very long conversion time (ca. 700 ms) was this signal observed.
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Figure S47. Splitting tree diagram derived from simulated hyperfine couplings for 17 showing general coupling
between 2’Al (I = 5/2) and %Cu (I = 3/2) nuclei. A similar diagram would arise from the ®*Cu couplings. Note: the
broadness of the experimental spectrum prohibits resolving all peaks.
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Figure S48. Splitting tree diagram derived from simulated hyperfine couplings for 274 showing general coupling
between ®Ga (I = 3/2) and **Cu (I = 3/2) nuclei. A similar diagram would arise from the 'Ga and %Cu couplings.

Experimental spin density calculation. Using the low temperature EPR spectrum of 174, the spin
density can be estimated from the experimental data. Decomposition of the hyperfine tensors of
the spin-active nuclei into their isotropic (eq. 1) and anisotropic (eq. 2) can be achieved by using
the equations below. Once calculated, the experimental values can then be compared to those
tabulated in the literature.'®

Aiso = 5 (Ax+Ay +4,) (1)

b = [(AX - Aiso)r (Ay - Aiso)' (Az - AiSO)]
(2)

An example set of calculations are shown for 2’Al to calculate the spin density residing in the 3s
and 3p- orbitals (eqs. 3—6). Although the Al/Cu np-and Cu 3d= orbitals have the same symmetry,
strong evidence of for p.can be implied based on computational data and the d'° of the Cu(I) ion
prior to reduction.

Aiso(77Al) = (229.6 + 229.6 + 325.4) = 261.5 MHz (3)

1
Aiso(P7Al) = 3 (229.6 + 229.6 + 325.4) = 261.5 MHz

b(?’Al) = [(229.6 — 261.5), (229.6 — 261.5), (325.4 — 261.5)] = [-32,—32,64] (4)
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_ Aiso(¥7A1) _ 2615

Al; = 20 (7a) 3011 = 0.066 (5)
_ b(*’Al) _ [-32,-32,64] _
Alzp, = B® (¥7A1) ~ [-83,-83,166] 0.385 (®)

Computational Section
Methods

Geometry Optimizations. Full geometry optimizations were performed using Kohn-sham density
functional theory (KS-DFT) with the M06-L functional'” with the def2-TZVPP basis set for the
Cu, Al, and Ga atoms, def2-TZVP basis for N and P atoms, and def2-SVP for C and H atoms.'®
Calculations were in the gas phase and performed with the Gaussian 16 software.'> Additionally,
vibrational frequency calculations were performed to confirm that each optimized structure was a
stationary point on the potential energy surface.

EPR Calculation. EPR parameters (g-tensors) and hyperfine/superhyperfine coupling constants
(A-tensors) were computed with the ORCA 5.0.0 software.?* 2! Based on the in depth study by
Hedegard et al.??, the PBE0** 2* functional was used to determine the EPR parameters. These
calculations were performed with the relativistic def2-TZVP'8 basis set for all atoms and the
Wiegend J auxiliary basis sets?’ (def2/J) found in ORCA. Relativistic effects were included by the
ZORA (zeroth-order regular approximation) formalism.?® Additional calculations were performed
with the TPSSh?’ functional with no relativistic effects and the def2/J basis set from ORCA for
comparison.

Two of the elements Cu and Ga have two naturally abundant isotopes, **Cu/**Cu. And “Ga/"'Ga.
The calculation of EPR parameters only yield the A-tensors of the most abundant nuclei (**Cu and
%Ga). To derive the coupling value associated with the less abundant nuclei (**Cu and "'Ga), the
A-tensor can be multiplied by a factor, o, calculated from the gyromagnetic ratios of the two
isotopes. The calculations below show how o is calculated for both Cu (eq. 7) and Ga (eq. 8),
where p is the magnetic moment (in units of nuclear magneton, un) and I is the nuclear spin.
Magnetic moment values were obtained from the work of Stone.?®

Ues .. /les
cul Fcu _ (238162/15) _ 4 3eg99 %)
We3p,/l63p, — (2:22734/15)

Ocu

br1g, /171,
G Ga _ (2.56227/15) _ 1.27060 8)
Ke9g,/1695, (2.01659/1.5)

OGa

TD-DFT Calculations. Single point energies on the optimized geometries from MO06-L were
computed using time-dependent DFT (TD-DFT). The M06-L functional'” with the def2-TZVPP
basis set for the Cu, Al, and Ga atoms, def2-TZVP basis for N and P atoms, and def2-SVP for C
and H atoms'® were used.
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Table S3. Selected bond lengths (A) and angles (deg) for optimized structures of 17*¢ and [1]* and their corresponding
experimental crystal structures. Differences in bond lengths and angles between the charged and neutral species are
reported for both theory and experiment.

Parameter 6T (17 Diff. (1"4-{1]")
(A or °) Exp. MO06-L Exp. MO06-L Exp. MO6-1
Al-Cu 2.530 2.551 2.624 2.693 -0.094 -0.142

Cu-P 2.251 2.271 2.292 2.318 -0.041 -0.047

Al-Ngq 1.891 1.895 1.853 1.853 0.038 0.042

Al—Napical 2.084 2.090 2.002 1.970 0.082 0.120
2P—Cu-P 119.5 119.6 119.3 119.3 0.2 0.3
/NeAlNgg 1174 1185 1198 1199 4 14

Table S4. Selected bond lengths (A) and angles (deg) for optimized structures of 2"® and [2]" and their corresponding
experimental crystal structures. Differences in bond lengths and angles between the charged and neutral species are
reported for both theory and experiment.

Parameter el [2] Diff. (27-[2]")
(A or©) Exp. MO06-L Exp. MO06-L Exp. MO6-1
Ga—Cu 2.454 2.516 2.574 2.673 -0.120 -0.157

Cu-P 2.269 2.297 2.299 2.332 -0.030 -0.035

Ga—NEggq 1.962 1.972 1.905 1.917 0.057 0.055

Ga—Napical 2.194 2.222 2.074 2.056 0.120 0.166
£P—Cu-P 118.4 119.3 119.4 119.3 .10 0.0
/Nig-GaNeg 1164 1170 1194 1195 20 s
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Table S5. Energies of selected molecular orbitals of [Cu(LH3)]" obtained using TD-DFT and the M06-L functional.

Orbital Energy (eV)  Assignment Composition (%)

LUMO -3.78 - Cu 29.1 (4p), P 35.2 (3p)
HOMO-+4 -8.14 Cu dxy/dxo-y2 Cu 39.7 (3d), P 33.7 (3p)
HOMO-5 -8.14 Cu dxy/dxo-y2 Cu 39.6 (3d), P 30.0 (3p)
HOMO-8 -8.93 Cudz Cu 87.7 (3d 79.7, 4s 8.0)
HOMO-9 —9.17 Cu dx~/dy- Cu 95.1 (3d)
HOMO-10 -9.17 Cu dx~/dy- Cu 95.1 (3d)

Table S6. Energies of selected molecular orbitals of [1]" obtained using TD-DFT and the M06-L functional.

Orbital Energy (eV)  Assignment Composition (%)
LUMO 473 B Cu 19.7 (4p), A130.7 (17.0 3s, 13.7 3p), P
17.2 (3p)

HOMO-4 —-8.38 Cu dxy/dx>-y> Cu 28.6 (3d), P 38.9 (3p)
HOMO-5 —-8.38 Cu dxy/dx>-y> Cu 28.6 (3d), P 38.7 (3p)
HOMO-8 —8.66 Cudyp Cu 54.2 (3d 46.7,4p 7.4), N 9.8 (2p)
HOMO-9 —9.88 Cu dxz/dy- Cu 81.9 (3d)
HOMO-10 -9.88 Cu dxz/dy- Cu 81.9 (3d)
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Table S8. Energies of selected molecular orbitals of 17*d obtained using TD-DFT and the M06-L functional.

Orbital Energy (eV)  Assignment Composition (%)
SOMO 261 B Cu 8.4 (4p). A133.8 (19.0 3s, 14.8 3p), P 35.2
(3p)
SOMO-4 -5.44 Cu dxy/dsxo-y2 Cu 35.7(3d) P31.8 3p)
SOMO-5 -5.44 Cu dxy/dsxo-y2 Cu 35.7 (3d) P 34.4 (3p)
SOMO-9 ~6.56 Cudz Cu 53.7 (3d), N 6.8 (2p)
SOMO-10 —6.64 Cu dxz/dy- Cu 85.3 (3d)
SOMO-11 —6.64 Cu dxz/dy- Cu 85.3 (3d)

Table S9. Energies of selected molecular orbitals of [2]" obtained using TD-DFT and the M06-L functional.

Orbital Energy (eV)  Assignment Composition (%)
LUMO 495 B Cu 23.5 (4p), Ga 30.3 (17.7 4s, 12.6 4p), P
17.8 (3p)

HOMO-+4 —-8.46 Cu dxy/dxa-y2 Cu 29.2 (3d), P 36.3 (3p)
HOMO-5 —8.46 Cu dxy/dxo-y2 Cu 29.1 (3d), P 35.5 (3p)
HOMO-12 -9.93 Cu dx/dy- Cu 82.4 (3d)
HOMO-13 -9.93 Cu dx-/dy- Cu 82.4 (3d)
HOMO-14 -9.99 Cudz Cu 53.5(3d 47.8,4s5 5.7), N 7.9 (2p)
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Table S10. Energies of selected molecular orbitals of 274 obtained using TD-DFT and the M06-L functional.

Orbital Energy (eV)  Assignment Composition (%)
Cu 12.7 (4p), Ga 32.0 (18.7 4s, 13.3 4p), P
SOMO 2.88 35.2 (3p)
SOMO-5 -5.55 Cu dxy/dxr-y Cu 36.7 (3d), P 31.7 3p)
SOMO-6 -5.55 Cu dxy/dxoy Cu 36.1 (3d), P 34.1 (3p)
SOMO-13 —6.75 Cu dxr/dyz Cu 77.7 (3d)
SOMO-14 —6.75 Cu dx/dy, Cu 77.5 (3d)
SOMO-15 —6.97 Cu dz Cu 56.1 (3d), Ga 5.2 (4p)
[Cu(LH3)]+ [Cu(LH3)]+
A 3
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Figure S49. Molecular orbital energy diagram of [Cu(LH3)]" as calculated with M06-L. Selected molecular orbitals are

shown.
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Figure S50. Molecular orbital energy diagram of 17¢ and [1]" as calculated with M06-L. Selected molecular orbitals

are shown.
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Figure S51. Molecular orbital energy diagram of 24 and [2]" as calculated with M06-L. Selected molecular orbitals

are shown.
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Figure S52. Spin density plots of the neutral species 179 and 27® with the blue surface corresponding to an excess of a-
electron density and the green surface corresponding to an excess of f-electron density.

Table S11. Mulliken spin densities of copper, phosphorous and either gallium or aluminum
for the neutral species computed using the Mulliken charge analysis method with M06-L.

Orbital Jred 2red
Al/Ga 0.52 0.44
Cu 0.18 0.24

P 0.09 0.08

N 0.01 0.03
3P 0.27 0.24
3N 0.03 0.09
CuP3 0.45 0.48
MN3 0.55 0.53
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Table S12. DFT-calculated EPR parameters computed with PBEO functional. The hyperfine splittings are in MHz.
Factors for proportionality (c) for Ga and Cu are 1.27060 and 1.06922 respectively.

lred 2red
Parameter Theory Exp. Parameter Theory Exp.
g 2.005 2.007 g 2.003 2.002
A("Cu) [44, 4113,9299] [56, 5167 };‘41.6] A("Cu) [31, ;(1)?261] 12_8 7
A("Cu) [47, 43?320] [60,16%265] A("Cu) [33, éé,gzm] 13—7 3
AC'AD [250, 3;2) 317] [230,22639(')? 325] A("Ga) [1283, ng 1466] 1 19—9'3
- - - A("'Ga) [1628, }Zgg 1861] 152—4'3
AC'P)Y [30, gé 68] ACTPY’ [24, gg, 61] 29—'4
A("*Neq)’ [17, ig 20] A("Neq)" [24, 32, 30] 2(1'1

aValues in brackets are anisotropic hyperfine coupling components. ?Average of 3 values.

Table S13. DFT-calculated EPR parameters computed with TPSSh functional. The hyperfine splittings are in MHz.
Factors for proportionality (o) for Ga and Cu are 1.27060 and 1.06922 respectively.

lred 2red

Parameter Theory Exp. Parameter Theory Exp.
. 2.005 2.007 g 2,01 2.002
ACC) g, élzg,g289] (56, 5167 T.;41.6] ACCw) e 16152,3135.7] 128
ACCH e 00 (o006 | AT maameas o
ACTAD s, %2 267] [230,226396? 351 ACGD (g9, Hég 1139] e
B B B A(Ga) 30y }ﬁi, 1441 12
ACD) s s ag e
A("*NEq) 20, g} n A("*NEg)? 129, ;S 28] 2(1'1

*Values in brackets are anisotropic hyperfine coupling components. *Average of 3 values.
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