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I. General Information 
 
Unless otherwise noted, all materials were purchased from commercial suppliers and used as 
received. All manipulations of air-sensitive materials were carried out in oven-dried glassware 
using standard Schlenk or glovebox techniques under an N2 atmosphere. Solvents were 
deoxygenated and dried by thoroughly sparging with N2 followed by passage through an 
activated alumina column in a solvent purification system1 supplied by SG water, LLC. 
Silicycle SiliaFlash® P60 Silica gel (particle size 40–63 µm) was used for flash chromatography. 
Analytical thin layer chromatography was conducted with glass TLC plates (silica gel 60 F254) 
and spots were visualized under UV light or after treatment with standard TLC stains. 
Carbazole was recrystallized from hot ethanol. Deuterated solvents were purchased from 
Cambridge Isotope Laboratories, Inc., degassed, and dried over activated 3 Å molecular sieves 
before use. Mesitylcopper(I),2 3,6-di-tert-butylcarbazole,3 titanium(III) tris(N-tert-butyl-3,5-
dimethylanilide), and 4 tris(4-tert-butyl-phenyl)methyl bromide5 were prepared according to 
literature procedures. Indoline (Aldrich), NEt3 (EMD), PBr3 (Acros) were distilled prior to use. 
The chiral monodentate phosphine ligand (R)-L* (see Figure 1 in the main text) was purchased 
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from Strem and used without further purification. 15N-labeled aniline (98%+) was purchased 
from Cambridge Isotope Laboratories and used as received. All other reagents were purchased 
from commercial vendors and used without further purification unless otherwise stated. 
Concentration under reduced pressure was performed by rotary evaporation at 25–30 ºC at 
reduced pressure. SFC analyses were carried out using Daicel CHIRALPAK® columns 
(internal diameter 4.6 mm, column length 250 mm, particle size 5 µm). Purified compounds 
were further dried under high vacuum (0.01–0.05 Torr). Yields refer to purified and 
spectroscopically pure compounds.  
 
X-ray crystallography. X-ray diffraction (XRD) measurements were carried out in the Beckman 
Institute Crystallography Facility. XRD measurements were collected using a dual source 
Bruker D8 Venture, four-circle diffractometer with a PHOTON CMOS detector. Structures 
were solved using SHELXT and refined against F2 on all data by full-matrix least squares with 
SHELXL and OLEX2. Hydrogen atoms were added at calculated positions and refined using a 
riding model. The crystals were mounted on a glass fiber or a nylon loop with Paratone N oil. 
 
Infrared and UV-vis Spectroscopy. IR measurements were recorded on a Bruker ALPHA 
Diamond ATR. Absorbance spectroscopy measurements were acquired on a Cary 50 UV-vis 
spectrophotometer using a 1 cm quartz cell with a Unisoku Scientific Instruments cryostat to 
maintain temperature. 
 
NMR spectroscopy. 1H, 2H, 13C, 31P NMR spectra were recorded on a Bruker Ascend 400, a 
Varian 300 MHz, a Varian 400 MHz, a Varian 500 MHz, or a Varian 600 MHz spectrometer. 1H 
NMR chemical shifts are reported in ppm, relative to tetramethylsilane, using residual proton 
resonances from solvent as internal standards. 31P NMR chemical shifts are reported in ppm 
relative to 85% aqueous H3PO4. 15N NMR chemical shifts are reported in ppm relative to NH3. 
Multiplicity and qualifier abbreviations are as follows: s = singlet, d = doublet, t = triplet, q = 
quartet, m = multiplet, br = broad 
 
CW EPR spectroscopy. All X-band continuous-wave (CW) EPR spectra were obtained on a 
Bruker EMX spectrometer using a quartz liquid nitrogen immersion dewar on solutions 
prepared as frozen glasses in toluene, unless otherwise noted.  
 
Pulse EPR spectroscopy. All pulse EPR and electron nuclear double resonance (ENDOR) 
experiments were aquired using a Bruker (Billerica, MA) ELEXSYS E580 pulse EPR 
spectrometer. All Q-band data were acquired using a Bruker D2 resonator. Temperature 
control was achieved using an ER 4118HV-CF5-L Flexline Cryogen-Free VT cryostat 
manufactured by ColdEdge (Allentown, PA) equipped with an Oxford Instruments Mercury 
ITC. 
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Q-band HYSCORE spectra were acquired using the 4-pulse sequence (!/2 − % − 	!/2 − '! − 	! 
–'"– !/2 – echo), where % is a fixed delay, while '! and '" are independently incremented by 
Δ'! and Δ'", respectively. The time domain data was baseline-corrected (third-order 
polynomial) to eliminate the exponential decay in the echo intensity, apodized with a 
Hamming window function, zero-filled to eight-fold points, and fast Fourier-transformed to 
yield the 2-dimensional frequency domain.  
 
In general, the ENDOR spectrum for a given nucleus with spin (= ½ (1H, 31P) coupled to the S = 
½ electron spin exhibits a doublet at frequencies  
 
 )± =	 +

,
2
	±	)$+ (1) 

Where )$ is the nuclear Larmor frequency and , is the hyperfine coupling. For nuclei with (	 ≥
1 (14N, 2H), an additonal splitting of the )± manifolds is produced by the nuclear quadrupole 
interaction (P) 
 )±,&! =	 +	)$ ±	

31(23' − 1)
2

+ (2) 

 
In HYSCORE spectra, these signals manifest as cross-peaks or ridges in the 2-D frequency 
spectrum which are generally symmetric about the diagonal of a given quadrant. This 
technique allows hyperfine levels corresponding to the same electron-nuclear submanifold to 
be differentiated, as well as separating features from hyperfine couplings in the weak-coupling 
regime (|,| < 2|)'| ) in the (+,+) quadrant from those in the strong coupling regime (|,| >
2|)'|	) in the (−,+) quadrant. The (−,−) and (+,−) quadrants of these frequency spectra are 
symmetric to the (+,+) and (−,+) quadrants, thus typically only two of the quadrants are 
typically displayed in literature.  
For systems with appreciable hyperfine anisotropy in frozen solutions or solids, HYSCORE 
spectra typically do not exhibit sharp cross peaks, but show ridges that represent the sum of 
cross peaks from selected orientations within the excitation bandwidth of the MW pulses at 
the magnetic field position at which the spectrum is collected. The length and curvature of 
these correlation ridges can allow for the separation and estimation of the magnitude of the 
isotropic and dipolar components of the hyperfine tensor, as shown in Figure S1. 
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Figure S1. a) HYSCORE powder patterns for an S = ½, I = ½ spin system with an isotropic 
hyperfine tensor A. b) HYSCORE powder patterns for an S = ½, I = ½ spin system with an axial 
hyperfine tensor that contains isotropic (8()*) and dipolar (9) contributions. Blue correlation 
ridges represent the strong coupling case; red correlation ridges represent the weak coupling 
case. 
 
EPR Simulations. Simulations of all CW and pulse EPR data were achieved using the EasySpin6 

simulation toolbox (release 5.2.21) with Matlab 2018b using the following Hamiltonian: 
 
 :; = <+=>⃑ ,@AB + <$@$=>⃑ ,(B + ℎAB ∙ F ∙ (B + ℎ(B ∙ G ∙ (B 

 
(3) 

In this expression, the first term corresponds to the electron Zeeman interaction term where <+ 
is the Bohr magneton, g is the electron spin g-value matrix with principal components g = [gxx 
gyy gzz], and AB is the electron spin operator; the second term corresponds to the nuclear Zeeman 
interaction term where <$ is the nuclear magneton, @$ is the characteristic nuclear g-value for 
each nucleus (e.g. 1H,2H,31P) and (B is the nuclear spin operator; the third term corresponds to the 
electron-nuclear hyperfine term, where F  is the hyperfine coupling tensor with principal 
components F = [Axx, Ayy, Azz]; and for nuclei with (	 ≥ 1, the final term corresponds to the 
nuclear quadrupole (NQI) term which arises from the interaction of the nuclear quadrupole 
moment with the local electric field gradient (efg) at the nucleus, where G is the quadrupole 
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coupling tensor. In the principal axis system (PAS), G is traceless and parametrized by the 
quadrupole coupling constant H"IJ/ℎ and the asymmetry parameter K such that: 
 
 

G =	L
1-- 0 0
0 1.. 0
0 0 1//

N =
H"IJ/ℎ
4((2( − 1)

P
−(1 − K) 0 0

0 −(1 + K) 0
0 0 2

Q 
(4) 

 

where 
0"12
3 = 2((2( − 1)1//	 and K = 	

4##54$$
4%%

. The asymmetry parameter may have values 

between 0 and 1, with 0 corresponding to an electric field gradient with axial symmetry and 1 
corresponding to a fully rhombic efg. 
 
The orientations between the hyperfine and NQI tensor principal axis systems and the g-matrix 
reference frame are defined by the Euler angles (α, β, γ). 
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II. Preparative syntheses of NP(H) and NP-ligated copper complexes 
 
3,6-di-tert-butyl-1-(hydroxymethyl)carbazole 
 

 
 
To a suspension of 1-bromo-3,6-di-tert-butylcarbazole (15 g, 42 mmol) in 400 mL Et2O in a 500 
mL Schlenk flask, n-BuLi in hexanes (42.5 mmol) was added at 0 °C under a nitrogen atmosphere 
slowly over a period of 5 min. After 30 min, the mixture was cooled to –78 °C, and tert-BuLi in 
pentane (84 mmol, 2 equiv) was added slowly over a period of 15 min. The reaction mixture was 
stirred for an additional 2 h, at –78 °C. Next, paraformaldehyde (2 g) was added in one portion 
under a positive flow of nitrogen, and the suspension was allowed to warm to room temperature 
overnight. The resulting red solution was carefully quenched with saturated NH4Cl(aq) (100 
mL) under a nitrogen atmosphere and transferred to a separatory funnel, and the resulting 
yellow organic layer was washed with NaCl(aq) (200 mL), dried over Na2SO4 and concentrated 
to yield pale yellow residue which, upon washing with cold hexanes, afforded a 
spectroscopically pure, off-white solid (11 g, 85% yield). This material can be carried forward as 
is, or additional purification by column chromatography on silica gel can also be performed, 
eluting with DCM → 3% DCM/MeOH.  
 
1H NMR (600 MHz, CDCl3) δ 8.63 (br, 1H), δ 8.09 (d, J = 1.9 Hz, 1H), 8.05 (d, J = 1.8 Hz, 1H), 7.45 
(dd, J = 8.5, 2.0 Hz, 1H), 7.37 (d, J = 8.5 Hz, 1H), 7.28 (d, J = 1.8 Hz, 1H), 4.95 (s, 2H), 2.24 (s, 1H), 
1.47 (s, 9H), 1.45 (s, 9H). 
13C NMR (151 MHz, CDCl3) δ 142.27, 141.96, 138.29, 137.08, 123.93, 123.80, 123.14, 122.00, 121.96, 
116.26, 116.10, 110.46, 64.77, 34.81, 34.77, 32.17. 
FT-IR (film): 3332, 2961, 2904, 2867, 1493, 1363, 1241, 1006, 873 cm–1.  
MS (ESI) m/z (M)+ calcd for C21H27NO: 309.2, found: 309.2. 
 
8-bromo-3,6-di-tert-butyl-1-(hydroxymethyl)carbazole 
 

 
 
A 250 mL flask was charged with 3,6-di-tert-butyl-1-(hydroxymethyl)carbazole (7.5 g, 24 mmol, 
1 equiv) and a magnetic stir bar, before the addition of chloroform (150 mL). The solution was 
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then cooled to 0 °C and N-bromosuccinimide (4.3 g, 24 mmol, 1 equiv) was added in portions. 
After warming to room temperature overnight, the white solid was collected by filtration and 
washed with cold dichloromethane, yielding the title compound in spectroscopically pure form. 
To recover the target compound in the filtrate, the filtrate was concentrated and the residue was 
purified by column chromatography, eluting with 10% → 50% EtOAc/hexanes (8.4 g, 90% yield).  
1H NMR (300 MHz, CDCl3) δ 8.67 (s, 1H), 8.00 (s, 2H), 7.60 (s, 1H), 7.33 (s, 1H), 5.11 (d, J = 6.1 Hz, 
2H), 1.44 (s, 18H).  
13C NMR (101 MHz, CDCl3) δ 144.2, 142.8, 136.9, 136.8, 126.1, 124.5, 124.3, 122.6, 116.5, 115.6, 
104.0, 100.1, 64.9, 35.0, 34.9, 32.1.  
FT-IR (film): 3548, 3221, 2958, 1560, 1362, 1007, 950, 875 cm–1. 
MS (ESI) m/z (M)+ calcd for C21H26BrNO: 387.1, found: 387.1. 
 
3,6-di-tert-butyl-1-(hydroxymethyl) 8-mesitylcarbazole 
 

 
 
To a 250 mL Schlenk flask was charged with 8-bromo-3,6-di-tert-butyl-1-
(hydroxymethyl)carbazole (1.0 g, 2.58 mmol, 1 equiv), mesityl boronic acid (1.27 g, 7.7 mmol, 3 
equiv), and Pd(PPh3)4 (300 mg, 0.13 mmol, 0.10 equiv) was added degassed toluene (25 mL), 
ethanol (12 mL), and 2 M K2CO3(aq) (10 mL) under an N2 atmosphere. The reaction mixture was 
heated to 90 °C for 15 h. After cooling to room temperature, the mixture was extracted with 
EtOAc (3 × 50 mL), and the combined organic layer was dried over Na2SO4, filtered, and 
concentrated. The residue was purified by column chromatography (eluting with 10% → 30% 
EtOAc/hexanes) to afford 0.9 g of the title compound (80 % yield).  
1H NMR (300 MHz, CDCl3) δ 8.08 (d, J = 1.6 Hz, 1H), 8.07 (br, 1H), 8.05 (d, J = 1.7 Hz, 1H), 7.28 
(d, J = 1.7 Hz, 1H), 7.23 (d, J = 1.8 Hz, 1H), 7.03 (s, 2H), 4.94 (d, J = 4.6 Hz, 2H), 2.39 (s, 3H), 1.98 
(s, 6H), 1.45 (s, 9H), 1.45 (s, 9H)  
13C NMR (101 MHz, CDCl3) δ 142.71, 141.97, 137.43, 137.41, 137.29, 137.04, 136.69, 135.36, 128.48, 
125.03, 124.27, 123.18, 122.91, 122.25, 122.08, 116.32, 114.72, 64.56, 34.92, 34.81, 32.23, 32.19, 21.32, 
20.38. 
FT-IR (film): 3534, 3306, 2961, 1610, 1494, 1362, 1242, 1002, 870 cm–1.  
MS (ESI) m/z (M+Na)+ calcd for C30H37NONa: 450.3, found: 450.3. 
 
3,6-di-tert-butyl-1-(bromomethyl) 8-mesitylcarbazole 
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A 100 mL round-bottomed flask was charged with 3,6-di-tert-butyl-1-(hydroxymethyl) 8-
mesitylcarbazole (0.855 g, 2.0 mmol, 1 equiv) and a magnetic stir bar. The flask was placed under 
a nitrogen atmosphere and the starting material was dissolved in degassed DCM (20 mL, 0.1 M). 
After cooling to 0 °C, phosphorus tribromide (0.19 mL, 2.0 mmol, 1 equiv) was added dropwise, 
and the resulting solution was stirred for an additional 30 min at 0 °C. Next, the mixture was 
transferred to a separatory funnel containing NaHCO3(aq) (30 mL). The organic layer was 
washed with brine (30 mL), dried over Na2SO4, filtered, and concentrated in vacuo to afford 0.95 
g (97% yield) of the title compound as a pale yellow solid. This material can be directly used for 
the next step but can be further purified by recrystallization in pentane. 
 
1H NMR (400 MHz, CDCl3) δ 8.11 (d, J = 2.2 Hz, 1H), 8.05 (d, J = 2.2 Hz, 1H), 7.70 (br, 1H), 7.39 
(d, J = 1.8 Hz, 1H), 7.27 (d, J = 1.8 Hz, 1H), 4.75 (s, 2H), 2.42 (s, 3H), 2.03 (s, 6H), 1.46 (s, 9H), 1.45 
(s, 9H). 
13C NMR (101 MHz, CDCl3) δ 143.34, 142.59, 137.54, 137.36, 136.79, 136.61, 134.78, 128.74, 125.48, 
124.77, 123.90, 123.32, 123.13, 118.70, 117.64, 114.93, 34.97, 34.83, 32.39, 32.16, 32.15, 21.30, 20.44. 
MS (ESI) m/z (M)+ calcd for C30H36BrNO: 489.2, found: 489.2. 
 
3,6-di-tert-butyl-1-((di-isopropylphospino)methyl) 8-mesitylcarbazole (NP(H)) 
 

 
 
To the 3,6-di-tert-butyl-1-(bromomethyl) 8-mesitylcarbazole (0.49 g, 1.0 mmol) in 
dichloromethane (10 mL), a solution of di-iso-propylphosphine7 (0.12 g, 1.0 mmol, 1 equiv) in 
DCM (10 mL) was added in one portion. The solution was stirred overnight and concentrated 
in vacuo to afford yellow residue. The residue was washed with n-pentane, re-suspended in 
DCM (10 mL), and stirred for 30 min after adding dry, degassed triethylamine (2 mL). Next, 
volatiles were removed in vacuo and the residue was extracted in benzene (10 mL). The resulting 
white precipitate (NH4Br) was removed by filtration and the filtrate was concentrated and 
layered with either n-pentane or CH3CN to precipitate the title compound as off-white solid 
(0.44 g, 84% yield). 
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1H NMR (400 MHz, C6D6) δ 8.46 (d, J = 5.5 Hz, 1H), 8.31 (d, J = 1.8 Hz, 1H), 8.23 (s, 1H), 7.43 (d, J 
= 1.9 Hz, 1H), 7.42 – 7.41 (m, 1H), 6.99 – 6.98 (m, 2H), 2.75 (s, 2H), 2.25 (s, 3H), 2.21 (d, J = 0.7 Hz, 
6H), 1.49 (s, 10H), 1.44 (s, 10H), 0.81 (ddd, J = 12.1, 7.1, 4.0 Hz, 12H). 
13C NMR (101 MHz, C6D6) δ 142.91, 142.68, 138.16, 138.14, 137.45, 137.23, 137.12, 135.49, 129.06, 
124.93, 124.90, 124.88, 124.80, 124.54, 124.09, 121.78, 121.71, 34.94, 34.83, 32.28, 32.27, 27.63, 27.43, 
23.99, 23.85, 21.22, 20.70, 19.72, 19.58, 18.77, 18.67. 
 
FT-IR (film): 3405, 2951, 2865, 1493, 1362, 1294, 1245, 867 cm–1.  
MS (ESI) m/z (M+Na)+ calc’d for C36H50NPNa: 550.4, found: 550.4. 
 
Synthesis of the dicopper dimer complex {(NP)Cu}2 shown below 
 

 
 
To a 20 mL scintillation vial, NP(H) (106 mg, 0.20 mmol, 1 equiv), CuCl (20 mg, 0.20 mmol, 1 
equiv), LiOtBu (60 mg, 0.75 mmol, 3.8 equiv), a magnetic stir bar, and benzene (4 mL, 0.05 M) 
were added. The mixture was vigorously stirred overnight at room temperature. Next, the 
mixture was filtered through a pad of Celite, and the filtrate was concentrated in vacuo. The 1H 
NMR spectrum of the residue showed the clean formation of the target compound, which can 
be further purified by recrystallization in CH3CN at –35 °C to afford colorless crystals of the 
dicopper complex (100 mg,  57% yield). 
 
1H NMR (400 MHz, C6D6) δ 8.43 (d, J = 2.0 Hz, 1H), 8.42 – 8.41 (m, 1H), 7.32 (d, J = 2.0 Hz, 1H), 
7.24 (m, 1H), 6.84 – 6.79 (m, 2H),4.30 (s, 2H), 2.26 (s, 6H), 2.04 (s, 3H), 1.55 (s, 9H), 1.51 (s, 9H), 
0.93 (dd, J = 17.4, 7.0 Hz, 6H), 0.69 (dd, J = 14.9, 7.1 Hz, 6H). 
13C NMR (101 MHz, C6D6) δ 148.50, 148.48, 148.45, 147.90, 139.88, 139.79, 138.58, 137.69, 135.88, 
129.56, 127.30, 125.96, 125.81, 124.10, 121.93, 121.90, 118.19, 118.08, 115.33, 115.27, 34.83, 34.53, 
32.51, 32.47, 26.56, 26.39, 22.04, 21.80, 21.20, 20.96, 20.03, 19.97, 18.37. 
31P NMR (162 MHz, C6D6) δ 27.5.  
MS (ESI) m/z (M/2)+ calcd for C72H98Cu2N2P2: 1178.6, found: 1178.6. 
 
Generation and characterization of (NP)Cu(carb’) shown below 
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A 4 mL vial was charged with dicopper complex {(NP)Cu}2 (31 mg, 0.026 mmol, 1 equiv), 
[Na][3,6-di-tert-butylcarbazolide] (16 mg, 0.052 mmol, 2 equiv), Et2O (3 mL), and a magnetic stir 
bar. The suspension was stirred at ambient temperature for 2 h and cooled to –78 °C. Next, 
[Fc][PF6] (87 mg, 0.26 mmol, 10 equiv) was added to the stirring suspension at –78 °C, and the 
mixture was capped with a PTFE-lined septum cap and stirred at –78 °C overnight. The resulting 
purple suspension was concentrated in vacuo over two days at –78 °C, and the residue was 
extracted at –78 °C using pre-chilled n-pentane (4 mL) and filtered into a pre-chilled 4 mL vial. 
The filtrate was concentrated in vacuo at –78 °C to about 1 mL volume and stored at –78 °C to  
give single crystals suitable for X-ray diffraction analysis (note: the Fc co-product is retained and 
crystallizes within the unit cell, see X-ray crystallography section for details). The purple 
crystalline solid were redissolved in cold n-pentane at –78 °C and filtered into a pre-chilled 4 
mL vial, concentrated, and this process was repeated three times to remove any insoluble 
impurities,to afford 32 mg of purple solid. (72%) See EPR section for EPR characterization data. 
The complex shows thermal instability at higher temperatures as variable-temperature UV-VIS 
spectra show below in Figure S2. (λmax = 566 nm, ε = 1400 cm-1·M-1 at –78 °C) 
 

 
Figure S2. Variable-temperature UV-vis spectra of (NP)Cu(carb’) complex 
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Carbazolide radical spin-trap of (NP)Cu(carb’) with α-phenyl-N-tert-butyl nitrone spin trap 
(PBN) 
 

 
 
In a separate 20 mL scintillation vial was added (PN)Cu(carb’) (10 mg, 0.012 mmol, 1.0 equiv) 
in toluene (2 mL) at –78 °C. To the resulting purple solution at –78 °C was then added 
dropwise toluene (1 mL) solution of α-phenyl-N-tert-butyl nitrone (11 mg, 5 eq) while stirring, 
and the reaction mixture was stirred at –78 °C for 30 more minutes, by the time purple color 
dissipation was observed. An aliquot (0.4 mL) was taken from the reaction mixture for room 
temperature X-band CW-EPR. 

 
 

Figure S3. Room Temperature X-band CW-EPR spectra (blue) of carbazolide radical adduct of 
nitrone spin trap, with simulations overlaid (orange). Simulation parameters: AN = 13.64 G, ANβ = 

4.71 G, AH = 4.35 G Acquisition parameters: MW frequency = 9.818 GHz; temperature = 298 K; 
MW power = 0.69 mW; modulation amplitude = 0.1 mT 
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III. Preparative syntheses and characterization of metal carbazolides 
 
((R)-L*)2Cu(carb’) where carb’ = with 3,6-di-tert-butylcarbazole 
 

 
In a nitrogen-filled glovebox, an oven-dried 4 mL amber-glass vial was charged with 3,6-di-
tert-butylcarbazole3 (14.0 mg, 0.050 mmol), a stir bar, and a solution of mesitylcopper2 (9.1 mg, 
0.050 mmol) in benzene (0.30 mL). The mixture was stirred for 10 min, and then a solution of 
(R)-L* (35.3 mg, 0.10 mmol) in benzene (0.30 mL) was added dropwise. The resulting reaction 
mixture was stirred for 6 h, filtered, and concentrated. The resulting white solid was rinsed 
with cold pentane (2.0 mL), and dried to give 38 mg (73% yield) of the desired product as a 
white solid. Colorless crystals suitable for XRD were grown from toluene solution overlayed 
with pentane at –30 °C. See X-ray crystallography section for structural details. 
 
1H NMR (400 MHz, C6D6) δ 8.63 (d, J = 1.8 Hz, 2H), 7.43 (dd, J = 8.5, 2.1 Hz, 2H), 7.05 (t, J = 7.5 
Hz, 4H), 6.93 – 6.74 (m, 12H), 6.58 (t, J = 7.5 Hz, 2H), 5.56 (d, J = 7.6 Hz, 2H), 3.47 (d, J = 14.2 Hz, 
2H), 3.20 (bs, 2H), 2.87 – 2.68 (m, 8H), 2.64 – 2.48 (m, 4H), 1.98 (m, 4H), 1.89 – 1.77 (m, 4H), 1.57 
(s, 18H).;  

13C NMR (101 MHz, C6D6) δ 150.13, 147.92, 147.39, 143.36, 142.83, 137.12, 132.80, 130.33, 130.01, 
129.16, 129.09, 128.64, 126.59, 125.84, 123.80, 123.39, 121.34, 116.30, 114.31, 61.76, 38.66, 38.01, 
34.83, 32.79, 31.06, 30.87, 30.49, 25.40;  
31P NMR (162 MHz, C6D6) δ –12.9. 
FT-IR (film) 2946, 2853, 2167, 1591, 1467, 1433, 1414, 1389, 1377, 1329, 1237, 1218, 1198, 
1166,1124, 1100, 1060, 1045, 1027, 999, 917, 848 cm–1. 
HRMS (FAB) m/z (M−H)+  calc’d for C70H69NP2Cu:1048.4201, found: 1048.4209. 
 
Sodium 3,6-di-tert-butyl-carbazolide ([Na][carb’]) 
 

 
A 20 mL vial was charged with 3,6-di-tert-butylcarbazole3 (210 mg, 0.750 mmol), NaH (90%, 20 
mg, 0.75 mmol, 1.0 equiv.), and a magnetic stir bar. Next, cold THF (5 mL) was added and the 
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solution was allowed to warm up to room temperature and stirred overnight. The solution 
was filtered and the filtrate was concentrated in vacuo. The resulting solid was washed with 
cold pentane (2 mL), and dried to give the title compound as a white solid (190 mg, 84%).  
 
1H NMR (400 MHz, THF-d8) δ 8.01 (br, 2H), 7.40 (dd, J = 8.7, 6.9 Hz, 2H), 7.25 (dd, J = 8.7, 2.2 
Hz, 2H), 1.43 (s, 18H). 
13C NMR (101 MHz, THF-d8) δ 135.96, 125.51, 120.83, 115.58, 113.55, 34.87, 32.72. 
FT-IR (film) 2955, 2900, 2864, 1460, 1363, 1297, 1260, 1236, 1136, 881, 820, 633 cm–1. 
 
[Na(THF)3][Cu(carb)’2] 
 

 
 

A 20 mL vial was charged with 3,6-di-tert-butylcarbazole3 (127 mg, 0.454 mmol) in benzene 
(2.0 mL), and mesitylcopper2 (84 mg, 0.45 mmol) in benzene (2.0 mL) was added dropwise. 
The mixture was stirred at room temperature for 10 min, and then a solution of sodium 3,6-di-
tert-butyl-carbazolide (137 mg, 0.45 mmol) in THF (3.0 mL) was added dropwise. The resulting 
reaction mixture was stirred for 6 h, filtered, and concentrated. The resulting white solid was 
rinsed with cold pentane (2.0 mL), and dried in vacuo to give 240 mg (62% yield) of the desired 
product as a white solid. Colorless crystals suitable for XRD analysis were grown from THF 
solution overlayed with Et2O at –30 °C. 
 
Alternative synthesis of this complex: A 20 mL vial was charged with CuCl (23 mg, 0.23 mmol) 
and sodium 3,6-di-tert-butyl-carbazolide (140 mg, 0.46 mmol, 2.0 eq) and THF (4.0 mL) was 
added at room temperature. The reaction mixture was stirred for 12 h and concentrated. The 
resulting reaction mixture was dissolved in benzene (4.0 mL), and filtered to remove any 
insoluble solids, and the filtrate was concentrated. The resulting white solid was washed with 
cold pentane (2.0 mL) and dried in vacuo to afford 113 mg of the title complex (57 %).  
 
1H NMR (400 MHz, C6D6) δ 8.28 (d, J = 1.4 Hz, 2H), 8.01 (d, J = 8.4 Hz, 2H), 7.47 (dd, J = 8.6, 2.0 
Hz, 2H), 3.12 – 3.02 (m, 6H), 1.48 (s, 18H), 1.29 – 1.14 (m, 6H);  

13C NMR (101 MHz, C6D6) δ 149.10, 139.54, 122.87, 116.00, 115.49, 67.81, 34.79, 32.45, 25.48. 
 
[15N] diphenylamine 
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The title compound was synthesized by modification of literatures8,9 procedures. Under an N2 
atmosphere, chlorobenzene (1.2 mL, 1.36 g, 12 mmol) in toluene (22 mL) was added to a 
Schlenk tube charged with Ph15NH2 (1.0 g, 11 mmol), Pd2(dba)3 (302 mg, 0.330 mmol, 6 mol% 
Pd), tri-tert-butylphosphine (107 mg, 0.527 mmol, 0.8 eq/Pd) and sodium tert-butoxide (1.58 g, 
16.5 mmol). The Schlenk tube was sealed with a Teflon stopcock, taken out of the glovebox 
and stirred at room temperature for 25 h. Upon completion of the reaction, the heterogeneous 
mixture was filtered through a pad of silica gel with extensive washings and concentrated, 
then purified by silica gel column chromatography to afford 1.3 g of the title compound (71%). 
Spectroscopic data match those reported in the literature. 
 
[15N] 9H-carbazole 
 

 
 

The title compound was synthesized according to the intramolecular palladium-catalyzed 
oxidative biaryl synthesis literature10 employing modification. Under air, [15N]diphenylamine 
(1.0 g, 5.9 mmol), Pd(OAc)2 (3 mol %), K2CO3 (10 mol %), and pivalic acid (5.3 g, mp = 35 °C) 
are weighed and transferred into a Schlenk tube (2 cm diameter, 12 cm long). The uncapped 
Schlenk tube is placed in an oil bath and the mixture is stirred under air at 110 °C for 16 h. The 
solution is then cooled to rt, diluted with CH2Cl2, washed with a saturated aqueous solution of 
Na2CO3, dried over MgSO4, filtered, and evaporated under reduced pressure. The crude 
product was purified by silica gel column chromatography to afford 0.84 g of the title 
compound (85 % yield) as a light brown solid. 
 

1H NMR (400 MHz, CD2Cl2) δ 8.21 (d, J = 95.8 Hz, 1H), 8.12 – 8.05 (d, J = 7.8 Hz, 2H), 7.51 – 7.38 
(m, 4H), 7.23 (ddd, J = 7.8, 7.0, 1.2 Hz, 2H); ' 

13C NMR (101 MHz, CD2Cl2) δ 139.93 (d, J = 15.7 Hz), 126.21 (d, J = 1.9 Hz), 123.56 (d, J = 3.6 
Hz), 120.57, 119.75, 111.02 (d, J = 1.9 Hz).  
15N NMR (41 MHz, CD2Cl2) δ 109.34 (d, J = 95.8 Hz). 
FT-IR (ATR) 3409, 1596, 1489, 1449, 1325, 1232, 1204, 1140, 1106 928, 756, 746, 724, 572, 438 cm–1. 
HRMS (FAB) m/z (M)+  calc’d for C12H9 15N: 168.0705, found: 168.0710. 
 
[15N] 3,6-di-tert-butyl-9H-carbazole 
 

 
 

The title compound was synthesized according to the Friedel-Craft alkylation of carbazole 
literature11 employing modification. To a Schlenk flask (100 mL) in a nitrogen-filled glovebox 
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equipped with a magnetic stir bar, [15N] 9H-carbazole (337 mg, 2.00 mmol), and dry ZnCl2 (820 
mg, 6.00 mmol) was added dry nitromethane (10 mL). To the reaction mixture was then added 
2-chloro-2-methyl-propane (0.52 mL, 4.8 mmol) dropwise, and the Schlenk tube was sealed 
with a Teflon stopcock, taken out of the glovebox. The reaction mixture was stirred at room 
temperature for 15 h. Upon completion of the reaction, water (15 mL) was added in one 
portion and the resulting mixture was extracted with DCM (3 x 20 mL). The combined organic 
layers were washed with water (2 x 10 mL), then dried with sodium sulfate. After filtration, 
solvent was removed by rotary evaporation. The residue was purified via silica gel column 
chromatography to yield 420 mg of the title compound (75% yield) as a white solid.  
 
1H NMR (400 MHz, C6D6) δ 8.29 (d, J = 1.7 Hz, 2H), 7.52 (ddd, J = 8.5, 2.0, 0.7 Hz, 2H), 7.12 – 
7.04 (m, 2H), 6.54 (d, J = 96.3 Hz, 1H), 1.43 (s, 19H).;  
13C NMR (101 MHz, C6D6) δ 142.19, 138.63 (d, J = 15.8 Hz), 123.98 (d, J = 3.6 Hz), 123.78 (d, J = 
1.9 Hz), 116.61, 110.54 (d, J = 2.0 Hz), 34.80, 32.23.;  
15N NMR (41 MHz, C6D6) δ 106.47 (d, J = 96.3 Hz). 
FT-IR (film) 3340, 2952, 2901, 2864, 2026, 1691, 1629, 1582, 1490, 1472, 1413, 1391, 1362, 1346, 
1307, 1299, 1262, 1238, 1222, 1204, 1171, 1147, 1105, 1068, 1035, 976, 943, 877, 807, 766, 741, 722, 
689, 675, 642, 613, 561, 547, 478, 453 cm–1. 
HRMS (FAB) m/z (M)+  calc’d for C20H25 15N: 280.1953, found: 280.1957 
 
[15N]-labeled ((R)-L*)2Cu(carb’) 
 

 
 

The title complex was synthesized according to the synthesis of Bis(phosphine)copper(I) (3,6-
di-tert-butylcarbazolide) (page S-12), with 15N-labeled 3,6-di-tert-butyl-carbazole. In a 
nitrogen-filled glovebox, an oven-dried 4 mL amber-glass vial was charged with [15N]-
enriched 3,6-di-tert-butylcarbazole3 (14.0 mg, 0.050 mmol), a stir bar, and a solution of 
mesitylcopper2 (9.1 mg, 0.050 mmol) in benzene (0.30 mL). The mixture was stirred for 10 min, 
and then a solution of (R)-SITCP ligand (35.3 mg, 0.10 mmol) in benzene (0.30 mL) was added 
dropwise. The resulting reaction mixture was stirred for 6 h, filtered, and concentrated. The 
resulting white solid was rinsed with cold pentane (2.0 mL), and dried to give 41 mg (78% 
yield) of the desired product as a white solid.  
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1H NMR (400 MHz, C6D6) 1H NMR (400 MHz, C6D6) δ 8.63 (d, J = 1.8 Hz, 2H), 7.43 (dd, J = 8.6, 
2.0 Hz, 3H), 7.04 (t, J = 7.5 Hz, 4H), 6.91 – 6.74 (m, 12H), 6.58 (t, J = 7.5 Hz, 3H), 5.56 (d, J = 7.6 
Hz, 2H), 3.48 (d, J = 14.2 Hz, 2H), 3.20 (s, 2H), 2.87 – 2.68 (m, 8H), 2.64 – 2.48 (m, 4H), 1.98 (ddd, 
J = 20.2, 12.3, 6.2 Hz, 4H), 1.89 – 1.77 (m, 4H), 1.57 (s, 18H).; 
13C NMR (101 MHz, C6D6) δ 150.12 (d, J = 7.1 Hz), 147.93, 147.38, 143.36, 142.83, 137.11, 132.79, 
130.32, 130.00, 128.63, 126.60, 125.84, 123.81, 123.38, 121.33 (d, J=1.9 Hz), 116.30, 114.30 (d, J = 5.1 
Hz), 61.76, 38.67, 38.00, 34.83, 32.79, 31.07, 30.87, 30.49, 25.40.; 
31P NMR (162 MHz, C6D6) δ –12.9. 
FT-IR (ATR) 2946, 2853, 2167, 1591, 1467, 1433, 1414, 1389, 1377, 1329, 1237, 1218, 1198, 
1166,1124, 1100, 1060, 1045, 1027, 999, 917, 848 cm–1. 
HRMS (FAB) m/z (M−H)+  calc’d for C70H6915NP2Cu:1049.4175, found: 1049.4180. 
 
α-(d7-isopropyl)-4-chlorophenylacetic acid 
 

 
 
To a solution of 4-chlorophenylacetic acid (0.66 g, 3.87 mmol) in dry THF (24 mL) under 
nitrogen was added a solution of isopropylmagnesium chloride in THF (2.0 M, 3.87 mL, 7.71 
mmol) dropwise at room temperature. The resulting thick suspension was stirred at 40 °C for 1 
h, cooled to room temperature and 2-iodopropane-d7 12,13(0.69 g, 0.39 mL, 3.9 mmol) was 
added. The reaction mixture was stirred for 18 h, and quenched by the addition of water (5 
mL), which causes the reaction to turn from a light yellow suspension into a clear biphasic 
system. The volatile components were removed under reduced pressure, and the resulting 
solution was acidified to pH 1 by dropwise addition of concentrated HCl. The aqueous layer 
was extracted with diethyl ether (4 x 15 mL), the combined organic layers were dried over 
MgSO4, filtered, concentrated, and purified via silica-gel column chromatography (20% EtOAc 
in Hexanes) to afford 0.69 g of the title compound (81%). 
 
1H NMR (400 MHz, C6D6) δ 12.40 (s, 1H), 7.00 (d, J = 8.5 Hz, 1H), 6.92 (d, J = 8.5 Hz, 1H), 2.94 (s, 
1H). 
13C NMR (101 MHz, C6D6) δ 180.67, 136.44, 133.71, 130.20, 129.03, 59.25, 30.91 (t, J = 19.8 Hz), 
20.75 – 18.16 (m). 
FT-IR (ATR) 3010, 2921, 2716, 2623, 2223, 1699, 1490, 1420, 1410, 1317, 1251, 1231, 1199, 1180, 
1163, 1108, 1090, 1056, 1017, 928, 856, 841, 825, 806, 775, 760, 735, 716, 693, 682, 662, 520, 436cm–

1. 
HRMS (FAB) m/z (M+H)+  calc’d for C11H7D7O2Cl: 220.1122, found: 220.1105. 
2-bromo-2-(4-chlorophenyl)-1-(indolin-1-yl)-3-methylbutan-1-one  
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In a 10-ml pear-shaped flask equipped with reflux condenser and drying tube, 2-(4-
chlorophenyl)-3-methylbutyric acid (550 mg, 2.59 mmol) and PBr3 (700 mg, 0.24 mL at 25 °C, 
2.59 mmol) were heated at 60 °C for 1 h. Bromine (0.33 mL, 3.1 mmol) was added carefully, 
and the resulting mixture was heated at 100°C for 6 h. The reaction mixture was then cooled to 
room temperature, distilled to remove residual HBr and low boiling impurities. The remaining 
brown oil was cooled to 0°C and dry dichloromethane (10 mL) was added, followed by 
triethylamine (1.1 mL, 7.8 mmol) and indoline (0.58 mL, 5.2 mmol). The resulting solution was 
stirred for 2h. Water (15 mL) was then added to the reaction mixture and the resulting mixture 
was extracted with DCM (3 x 20 mL). The combined organic layers were washed with water (2 
x 10 mL), then dried with sodium sulfate. After filtration, solvent was removed by rotary 
evaporation, and the resulting oil was purified via silica-gel column chromatography to afford 
390 mg of the title compound. (38% yield) 
 
1H NMR (400 MHz, C6D6) δ 8.77 (d, J = 8.1 Hz, 1H), 7.17 – 7.07 (m, 3H), 6.96 – 6.88 (m, 2H), 6.87 
(td, J = 7.4, 1.1 Hz, 1H), 6.85 – 6.76 (m, 1H), 3.83 (ddd, J = 10.9, 9.5, 6.5 Hz, 1H), 2.94 – 2.82 (m, 
1H), 2.73 (ddd, J = 10.9, 9.4, 6.8 Hz, 1H), 2.27 (ddd, J = 15.9, 9.4, 6.8 Hz, 1H), 2.07 (ddd, J = 15.7, 
9.4, 6.4 Hz, 1H), 1.28 (d, J = 6.4 Hz, 3H), 0.76 (d, J = 6.4 Hz, 3H).; 
13C NMR (101 MHz, C6D6) δ 167.13, 144.66, 134.08, 131.74, 129.34, 128.57, 124.55, 124.51, 119.15, 
50.51, 28.66, 25.48, 21.52, 19.37. 
FT-IR (ATR) 3091, 3071, 3035, 1960, 1815, 1478, 1380, 1035, 667 cm–1. 
HRMS (FAB) m/z (M+H)+  calc’d for C19H20ClBrO: 392.0417, found: 392.0428. 
 
 

 
 

The deuterium-labeled alpha-bromo amide can be synthesize according to the procedure 
described above, starting with of α-(d7-isopropyl)-4-chlorophenylacetic acid (570 mg).  
 
1H NMR (400 MHz, C6D6) δ 8.77 (d, J = 8.1 Hz, 1H), 7.16 – 7.07 (m, 3H), 6.95 – 6.89 (m, 2H), 6.87 
(td, J = 7.4, 1.1 Hz, 1H), 6.80 (dd, J = 7.4, 1.5 Hz, 1H), 3.83 (ddd, J = 10.9, 9.4, 6.5 Hz, 1H), 2.73 
(ddd, J = 10.9, 9.4, 6.8 Hz, 1H), 2.27 (ddd, J = 16.0, 9.4, 6.7 Hz, 1H), 2.06 (ddd, J = 15.7, 9.4, 6.4 
Hz, 1H). 
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13C NMR (101 MHz, C6D6) δ 167.14, 144.66, 134.07, 131.73, 128.57, 124.54, 124.50, 119.15, 50.50, 
28.65. 
  



S–19 

IV. Procedures for freeze-quench EPR studies of the catalytic reaction 
Freeze-quench studies of the catalytic reaction were carried out using the protocol below. 
Toluene was degassed via three freeze-pump-thaw cycles prior to use. 
 
Freeze-quench cw-EPR study of photolysis of catalytic mixture 

 
In a nitrogen-filled glovebox, CuCl (2.5 mg, 0.025 mmol, 10 mol%) and (R)-L* (10.6 mg, 0.030 
mmol) in toluene (2.0 mL) were stirred until a homogeneous solution was observed. In a 
separate 40 mL vial, carbazole (42 mg, 0.25 mmol) and lithium tert-butoxide (30.0 mg, 0.38 mmol) 
were stirred in toluene (7.0 mL) for 5 min, and then the solution of the copper and phosphine 
(2.0 mL) was added and stirred for additional 20 min. The alkyl chloride, 2-bromo-2-(4-
chlorophenyl)-1-(indolin-1-yl)-3-methylbutan-1-one (90 mg, 0.30 mmol), was dissolved in 
toluene (1.0 mL) and added to the reaction mixture. The vial was sealed with a PTFE-lined 
septum cap, the joint was wrapped with electrical tape, and the vial was taken out of the 
glovebox (overall 0.25 M substrate concentration in toluene) The reaction mixture was irradiated 
at –78 °C for 2 h with two 32 W blue LED under a nitrogen atmosphere, after which time an 
aliquot was transferred to an X-band EPR tube under an inert atmosphere and rapidly frozen at 
77 K in a liquid nitrogen dewar flask. The CW-EPR spectrum of this sample is plotted in Figure 
3 of the maintext (red trace), and is reproduced below. 

 

hν (blue LED)
CuCl (10 mol%)
(R)-L* (12 mol%)

carbazole (1 equiv)

LiOtBu (1.2 equiv)
toluene, –78 °Cracemic

1.2 equiv

N
Cl

O

Et Ph
S = 1/2 intermediate
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Figure S4. EPR spectra (9.4 GHz, 77 K, toluene). Red trace: Spectrum of a sample taken from a 
catalyzed reaction under the conditions shown, after 2 h of irradiation, showing a copper(II) 
species. Black trace. Spectrum of the oxidation product of L*2Cu(carb), using ferrocenium 
hexafluorophosphate (FcPF6) as the oxidant. Blue trace: Spectrum of the model complex 
(PN)Cu(carb’). 
 
Freeze-quench cw-EPR study of catalysis with carb’ (3,6-di-tert-butylcarbazole)  

 
In a nitrogen-filled glovebox, 3,6-di-tert-butylcarbazole (70 mg, 0.25 mmol, 1.0 eq) and lithium 
tert-butoxide (30.0 mg, 0.38 mmol, 1.5 eq) were added to a 40 mL vial, followed by a stir bar and 
toluene (7.0 mL). The mixture was stirred for 5 min, and a 1.0 mL toluene solution of ((R)-
L*)2Cu(carb’), 26 mg, 0.025 mmol, 10 mol%) was added dropwise at room temperature. The 
reaction mixture was stirred for 20 min. The alkyl bromide, 2-bromo-2-(4-chlorophenyl)-1-
(indolin-1-yl)-3-methylbutan-1-one (118 mg, 0.30 mmol, 1.2 eq) in toluene (2.0 mL) was then 
added to the reaction mixture. Then the vial was sealed with a PTFE-lined septum cap and taken 
out of the glovebox (overall 0.25 M substrate concentration in toluene). The reaction mixture 
was then irradiated at –78 °C for 2 h with two 32 W blue LED’s under a nitrogen atmosphere, 
before 0.4 mL of aliquot was transferred to an X-band EPR tube under an inert atmosphere and 
rapidly frozen at 77 K in a liquid nitrogen dewar flask. The CW-EPR of this sample is plotted in 
the black trace in Figure S5.  
 
The observed X-band CW-EPR spectrum (Figure S5) is consistent with a copper(II) intermediate 
featuring hyperfine structure to a single phosphine donor.  
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Figure S5. CW-EPR spectra obtained by freeze-quenching the catalysis using the carb’H nucleophile (9.8 
GHz, toluene, 77 K). Note: (R)-SP is used interchangeably with L* or R-L* throughout. 
 

 
 
Figure S6. Comparison of X-band CW-EPR spectra of catalytic intermediate (blue) and copper(II) 
complex (NP)Cu(II)(carb’) (orange) (9.8 GHz, toluene, 77 K) 
 
Catalysis with carb’H (3,6-di-tert-butylcarbazole) 
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After aliquots were taken from the reaction vial under an N2 atmosphere, the reaction mixture 
was further irradiated at −78 °C for 18 h. The reaction mixture was then passed through a short 
plug of silica and eluted with diethyl ether. The resulting solution was concentrated under 
vacuum, and the residue was purified by flash chromatography (0% ® 5% ethyl acetate in 
hexanes) to afford 105 mg (71% yield, 80% e.e.) of a colorless solid. The enantiomeric excess of 
the product was determined by analytical SFC on a Daicel CHIRALPAK® AD column (20% 
iPrOH, 2.5 mL/min); retention time: 3.3 min (major), 4.4 min (minor). 
 
1H NMR (400 MHz, C6D6) δ 8.92 (d, J = 8.2 Hz, 1H), 8.47 (d,f J = 2.1 Hz, 1H), 8.39 (d, J = 2.0 Hz, 
1H), 7.67 (d, J = 9.0 Hz, 1H), 7.50 – 7.31 (m, 3H), 7.18 (m, 1H), 7.09 (td, J = 7.7, 7.1, 1.4 Hz, 2H), 
6.97 (d, J = 9.1 Hz, 2H), 6.77 (td, J = 7.4, 1.1 Hz, 1H), 6.61 (dd, J = 7.4, 1.3 Hz, 1H), 4.02 – 3.87 (dq, 
J = 6.9 Hz, 1H), 3.44 (td, J = 10.1, 4.6 Hz, 1H), 2.77 – 2.61 (m, 1H), 2.07 (dt, J = 15.6, 9.0 Hz, 1H), 
1.76 (ddd, J = 15.0, 9.5, 4.5 Hz, 1H), 1.39f (s, 9H), 1.27 (s, 10H), 1.08 (d, J = 6.9 Hz, 3H), 0.81 (d, J = 
6.9 Hz, 3H).;  
13C NMR (101 MHz, C6D6) δ 170.04, 145.57, 143.89, 143.78, 140.61, 140.40, 137.00, 134.56, 132.59, 
132.37, 125.30, 125.17, 125.01, 124.49, 119.89, 117.25, 116.72, 116.45, 113.94, 78.28, 50.02, 35.34, 
32.68, 32.63, 29.69, 22.49, 21.22. 
FT-IR (ATR) 2958, 2901, 2865, 1504, 1490, 1468, 1363, 1297, 1265, 1223, 1110, 1018, 917. 873, 840, 
805, 741, 701 cm-1; 
HRMS (FAB) m/z (M+H)+  calc’d for C39H43ClN2O:590.3064, found: 590.3078 
 
Freeze-quench EPR study of in situ generated ((R)-L*)Cu(carb’)2 complex 

 
A 20 mL vial was charged with ((R)-L*)2Cu(carb’) (29 mg, 0.028 mmol, 1 equiv), [Na][carb’] (10 
mg, 0.033 mmol, 1.2 equiv), Et2O (3 mL, 0.01 M), and a magnetic stir bar. The suspension was 
stirred at ambient temperature for 2 h and cooled to –78 °C. To the suspension was then added 
[Fc][PF6] (46 mg, 0.14 mmol, 5 eq) at –78 °C, and the mixture was covered with a PTFE-lined 
septum cap and stirred at –78 °C overnight. The resulting purple suspension was concentrated 
in vacuo while keeping the temperature at –78 °C, and the residue was extracted at –78 °C using 
pre-chilled n-pentane (4 mL) at –78 °C and rapidly filtered into a pre-chilled 4 mL vial using a 
PTFE filter (or alternatively via cold vacuum filtration). The filtrate was concentrated in vacuo 
at –78 °C to afford 10 mg of purple solid (note: the solid decolorizes at the elevated temperature). 
The resulting solid was dissolved in 4 mL of toluene prechilled at –78 °C and 0.4 mL of the 
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solution was transferred to the X-band EPR tube before being frozen in the liquid nitrogen 
dewar flask at 77 K.  
 
Alternative synthetic route:  

 
To a 20 mL vial charged with [Na(THF)3][Cu(carb)’2] (68 mg, 0.079 mmol, 1 equiv) in benzene (4 
mL) was added dropwise (R)-L* (28 mg, 0.079 mmol, 1 eq.) dissolved in benzene (2 mL), 
followed by stirring at room temperature for 1 h. The conversion was monitored by 1H NMR 
(Figure S7); no remaining starting materials were observed after 1 h of stirring. The reaction 
mixture was then dried in vacuo, and was redissolved in ether (6 mL). To the resulting clear 
solution was then added [Fc][PF6] (29 mg, 0.087 mmol, 1.1 eq.) at –78 °C, and the mixture was 
capped with a PTFE-lined septum cap and stirred at –78 °C for 3 h. The resulting purple 
suspension was concentrated in vacuo while keeping the temperature at –78 °C, and the residue 
was extracted at –78 °C using pre-chilled n-pentane (4 mL) at –78 °C and rapidly filtered into a 
pre-chilled 4 mL vial using PTFE filter (or via cold vacuum filtration). The filtrate was 
concentrated in vacuo at –78 °C to afford 30 mg of a purple solid. The resulting solid was 
dissolved in 4 mL of toluene prechilled at –78 °C and 0.4 mL of the solution was then transferred 
to the X-band EPR tube before being frozen at 77 K (Figure S8).  
 

 
Figure S7. Comparison of 1H NMR spectra of various copper(I) complexes (N = carb’, P = (R)-L*). 
The blue spectrum is obtained from the reaction of cuprate and phosphine ligand in benzene. 
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Figure S8. X-band CW-EPR (top) and pseudomodulated Q-band ESE-EPR (bottom) spectra 
obtained by freeze-quenching the catalytic reaction (red, catalytic conditions) and 
independently synthesized ((R)-L*)Cu(II)(carb’)2 (black). 
X-band CW-EPR acquisition parameters: MW frequency = 9.352 GHz (synthesized), 9.374 GHz 
(catalytic reaction); temperature = 77 K; MW power = 0.64 mW; modulation amplitude = 0.05 
mT (synthesized), 0.1 mT (catalytic reaction); conversion time = 20.48 ms (synthesized), 40.96 
ms (catalytic reaction). 
Q-band ESE-EPR acquisition parameters: MW frequency = 34.149 GHz (synthesized), 34.148 
GHz (catalytic reaction); temperature = 15 K; π pulse length = 160 ns; τ = 400 ns; shot rep time 
(srt) = 1.5 ms. 
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V. Pulse EPR experiments 
 
Pulse EPR spectra and simulation parameters for (NP)Cu(carb’) 
 

 
 

Figure S9. X-band CW-EPR (top panel) and pseudomodulated Q-band ESE-EPR (bottom 
panel)  spectra of (NP)Cu(II)(carb’) with spectral simulations overlaid (red traces) using 
parameters in Table S1.  
X-band CW-EPR acquisition parameters: MW frequency = 9.386 GHz; temperature = 77 K; MW 
power = 2 mW; modulation amplitude = 0.4 mT; conversion time = 40.96 ms. 
Q-band ESE-EPR acquisition parameters: MW frequency = 34.149 GHz; temperature = 15 K; π 
pulse length = 160 ns; τ = 400 ns; shot rep time (srt) = 3 ms. 
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Figure S10. Q-band HYSCORE spectra of tethered copper(II) complex (NP)Cu(II)(carb’) at 
magnetic fields corresponding to g = 2.125 and g = 2.013 from left to right. Experimental data is 
plotted in the top panels, while in the bottom panels simulations are overlaid in red using 
parameters in Table S1 over the experimental data in grey. Experimental conditions: MW 
frequency = 34.149 GHz (natural abundance); temperature = 15 K; τ = 120 ns, t1 = t2 = 100 ns; Δt1 
= Δt2 = 16 ns; shot repetition time (srt) = 1.5 ms. 
 
Simulated parameters for (NP)Cu(carb’): 
 
g = [2.008, 2.044, 2.125] 
|A(63Cu)| =  [102, 35, 252] MHz 
|A(31P)| =  [493, 702, 491] MHz;  
     aiso = 562 MHz ≈ 0.042 e- in 3s orbital 
     T = [-69, 140, -71] MHz ≈ 0.180 e- in 3py orbital 
|A(14N)| =  [9, 32, 9] MHz;  
     aiso = 16.7 MHz ≈ 0.009 e- in 2s orbital  
     T = [-7.7, 15.4, -7.7] MHz ≈ 0.14 e- in 2py orbital 
14N Nuclear quadrupole parameters: e2qQ/h ≈ 0.8 MHz, η ≈ 1   
 
 



S–27 

 
 

Figure S11. X-band CW-EPR (top panel) and pseudomodulated Q-band ESE-EPR spectra 
(bottom panel) of independently synthesized ((R)-L*)Cu(II)(carb’)2 with spectral simulations 
overlaid (red traces) using parameters in Table S1.  
X-band CW-EPR acquisition parameters: MW frequency = 9.352 GHz; temperature = 77 K; MW 
power = 0.64 mW; modulation amplitude = 0.05 mT; conversion time = 20.48 ms. 
Q-band ESE-EPR acquisition parameters: MW frequency = 34.149 GHz; temperature = 15 K; π 
pulse length = 160 ns; τ = 400 ns; shot rep time (srt) = 1.5 ms. 
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Figure S12. Q-band HYSCORE spectra of independently synthesized copper(II) complex ((R)-
L*)Cu(II)(carb’)2 at magnetic fields corresponding to g = 2.112 and g = 2.046 from left to right. 
Experimental data is plotted in the top panels, while in the bottom panels simulations are 
overlaid in red using parameters in Table S1 over the experimental data in grey.  
Experimental conditions: MW frequency = 34.149 GHz (natural abundance); temperature = 15 
K; τ = 120 ns, t1 = t2 = 100 ns; Δt1 = Δt2 = 16 ns; shot repetition time (srt) = 1 ms. 
 

 
Simulated parameters for independently synthesized ((R)-L*)Cu(II)(carb’)2   

g = [2.008, 2.032, 2.121] 
 
|A(63Cu)| =  [40, 40, 200] MHz 
|A(31P)| =  [350, 540, 375] MHz;  
     aiso = 421.7 MHz ≈ 0.032 e- in 3s orbital 
     T = [-71.7, 118.3, -46.7] MHz ≈ 0.16 e- in 3py orbital 
|A(14N)| =  [4, 30, 5] MHz;  
     aiso = 13 MHz ≈ 0.007 e- in 2s orbital  
     T = [-9, 17, -8] MHz ≈ 0.15 e- in 2py orbital 
14N Nuclear quadrupole parameters: e2qQ/h ≈ 0.5 MHz, η ≈ 1   
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Figure S13. X-band CW-EPR (top panel) and pseudomodulated Q-band ESE-EPR spectra 
(bottom panel) of ((R)-L*)Cu(II)(carb’)2 formed in the catalytic mixture with spectral 
simulations overlaid (red traces) using parameters in Table S1.  
X-band CW-EPR acquisition parameters: MW frequency = 9.374 GHz; temperature = 77 K; MW 
power = 0.64 mW; modulation amplitude = 0.1 mT; conversion time = 40.96 ms. 
Q-band ESE-EPR acquisition parameters: MW frequency = 34.148 GHz; temperature = 15 K; π 
pulse length = 160 ns; τ = 400 ns; shot rep time (srt) = 1.5 ms. 
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Figure S14. Q-band HYSCORE spectra of ((R)-L*)Cu(II)(carb’)2 generated by freeze quenching 
catalytic mixtures with natural abundance (top) and 15N-labeled (bottom) carbazole ligands, 
with 14/15N simulations using parameters in Table S1 in red overlaid on experimental data in 
grey under each spectrum. 
Experimental conditions: MW frequency = 34.149 GHz (natural abundance); temperature = 15 
K; τ = 120 ns, t1 = t2 = 100 ns; Δt1 = Δt2 = 16 ns; shot repetition time (srt) = 1 ms. 
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Simulated parameters for ((R)-L*)Cu(carb’)2   

g = [2.007, 2.032, 2.132] 
|A(63Cu)| =  [40, 40, 210] MHz 
|A(31P)| =  [350, 540, 375] MHz;  
     aiso = 421.7 MHz ≈ 0.032 e- in 3s orbital 
     T = [-71.7, 118.3, -46.7] MHz ≈ 0.16 e- in 3py orbital 
|A(14N)| =  [4.0, 30.0, 5.0] MHz;  
     aiso = 13 MHz ≈ 0.007 e- in 2s orbital  
     T = [-9, 17, -8] MHz ≈ 0.15 e- in 2py orbital 
14N Nuclear quadrupole parameters: e2qQ/h ≈ 0.3 MHz, η ≈ 1   
 

Table S1. Collected Simulation Parameters for Cu(II) complexes.  

Complex g |A(63Cu)|  
(MHz) 

|A(31P)| 
(MHz) 

|A(14N)| 
(MHz) 

|e2qQ/h (14N)| 
(MHz) 

η(14N) 

(NP)Cu(II)(carb’) [2.008, 2.044, 2.125] [102, 35, 252] [493, 702, 491] [9, 32, 9] ≈ 0.8 ≈ 1 
Synthesized 

((R)-L*)Cu(II)(carb’)2 [2.008, 2.032, 2.121] [40, 40, 200] [350, 540, 375] [4, 30, 5] ≈ 0.5 ≈ 1 
Catalytic Mixture 

((R)-L*)Cu(II)(carb’)2 [2.007, 2.032, 2.132] [40, 40, 210] [350, 540, 375] [4, 30, 5] ≈ 0.3 ≈ 1 
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VI. X-band continuous wave (CW) EPR studies of organic radicals 
 

 
Titanium tris(anilide) was synthesized according to the literature.4 In a nitrogen-filled 
glovebox, a 20 mL vial was charged with the alkyl bromide (2-bromo-2-(4-chlorophenyl)-1-
(indolin-1-yl)-3-methylbutan-1-one (4 mg, 0.01 mmol), and dry degassed toluene (9 mL) was 
added and then cooled down to –78 °C. Next, titanium (III) tris(anilide) (6 mg, 0.01 mmol) in 
toluene (1 mL), pre-chilled at –78 °C, was added dropwise. The reaction mixture was stirred 
for 10 min and then 0.5 mL of the resulting orange solution was transferred to a J-Young EPR 
tube and a CW-EPR spectrum of the natural abundance organic radical was collected at 9.8 
GHz at room temperature. The same procedure was applied for the d7-enriched organic 
radical using d7-(2-bromo-2-(4-chlorophenyl)-1-(indolin-1-yl)-3-methylbutan-1-one. When 
stored at –78 °C, the strong signal of the radical persists for several hours, and is sufficiently 
stable at room temperature for 30 min to collect spectra at RT. 
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Figure S15. Room temperature X-band CW-EPR spectra (black) of the 2H-labeled (d7, all 
isopropyl H-atoms labeled) and the natural abundance organic radical, derived from the 
corresponding alkyl bromides, with simulations overlaid (red). Simulation parameters: giso = 
2.0031, AHα = 25.9 MHz, AHβ1 = 12.2 MHz, AHβ2 = 11.6 MHz, AH(ortho1)  = AH(ortho2) = 12.9 MHz, 
AH(para1)  = AH(para2) = 4.9 MHz. 
Acquisition parameters: MW frequency = 9.818 GHz; temperature = 298 K; MW power = 0.69 
mW; modulation amplitude = 0.1 mT; conversion time = 15 ms. 
 
Concentration of the radical-containing solution in vacuo and redissolving the resulting residue 
in pentane followed by storage at –35 °C afforded orange crystals of Ti(IV)(Br)(N(R)Ar)3, as a 
byproduct of bromine atom abstraction. See the X-ray crystallography section for the structural 
analysis of Ti(IV)(Br)(N(R)Ar)3. 
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VII. Stoichiometric C–N coupling reactions 
 
Enantioselective C–N coupling reaction of ((R)-L*)Cu(carb’)2 complex with an organic radical  
 

 
 
In a separate 20 mL scintillation vial, the alkyl bromide (32 mg, 8.0 equiv) was dissolved in 12 
mL toluene and cooled to –78 °C , and then a solution of titanium(III) tris(anilide) (24 mg, 4 
equiv) in toluene (2 mL) was added dropwise and stirred for 1 min. The resulting orange 
solution was then added dropwise to a vial containing a freshly prepared sample of ((R)-
L*)Cu(carb’)2 (10 mg, 0.02 mmol, 1.0 eq.) in toluene (4 mL) at –78 °C. The reactions (set up in 
three parallel trials) were allowed to stir at –78 °C for 1 h. The combined reaction mixtures 
were warmed up to room temperature and were then filtered through a pad of silica (elution 
with diethyl ether), concentrated, and dried in vacuo. The resulting product was purified 
following extraction by flash chromatography (0% � 5% ethyl acetate in hexanes) to afford 14 
mg of the C–N coupled product (77% yield). The enantiomeric excess of the product was 
determined by analytical SFC on a Daicel CHIRALPAK® AD column (20% iPrOH, 2.5 
mL/min); retention time: 3.3 min (major), 4.4 min (minor); e.e. = 55%. All of the spectroscopic 
data matched the compound isolated from the catalytic reaction.  
 
C–N coupling reaction of (PN)Cu(carb’) with in situ generated organic radical 
 

 
A C-N coupling reaction with (PN)Cu(carb’) and the tertiary alpha-amide organic radical was 
carried out according to the procedure described above. In a separate 20 mL scintillation vial, 
alkyl bromide (36 mg, 8.0 equiv) was dissolved in 12 mL toluene and cooled to –78 °C , then a 
solution of titanium(III) tris(anilide0 (26 mg, 4 equiv) in toluene (2 mL) was added dropwise 
and stirred for 1 min. The resulting orange solution was then added dropwise to a vial 
containing a (PN)Cu(carb’) (10 mg, 0.012 mmol, 1.0 equiv) in toluene (4 mL) at –78 °C. The 
reactions (set up in three parallel trials) were allowed to stir at –78 °C for 1 h. The combined 
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reaction mixtures were warmed up to room temperature, concentrated, dried in vacuo. The 
resulting residue was purified by flash chromatography (0% � 5% ethyl acetate in hexanes) to 
afford 15 mg of the C –N coupled product (64% yield). 
 
C–N coupling reactions of (NP)Cu(carb) complex with para-tert-butyl-substituted Ar3C� radical  
 

 
Tris(p-tert-butylphenyI)methyl radical was prepared according to the procedure reported by 
Norton et. al.14,15 (ε 523 nm = 825 M-1cm-1 in toluene, ca. 1 mM stock solution prepared accordingly 
to reference 15). To a dry, degassed toluene (50 mL) solution of (PN)Cu(carb’) (87 mg) in a 
Schlenk tube prechilled at –78 °C was added 1.2 equiv of tris(p-tert-butylphenyI)methyl 
radical, dropwise under N2. The Schlenk tube was then sealed with a PTFE cap, taken out of 
the glovebox, and stirred at –78 °C for 8 h. The reaction mixture was then filtered through a 
pad of silica (eluting with toluene), the resulting solution was concentrated, and the residue 
was purified via column chromatography (1% ether in hexanes) to afford 63 mg of the C–N 
coupled product as a colorless solid (91% yield).  
 
1H NMR (400 MHz, C6D6) δ 8.35 (d, J = 1.6 Hz, 2H), 7.66 (d, J = 8.6 Hz, 6H), 7.14 (dd, J = 9.0, 2.2 
Hz, 2H), 7.08 (d, J = 8.6 Hz, 6H), 6.67 (d, J = 8.9 Hz, 2H), 1.30 (s, 18H), 1.12 (s, 27H). 
13C NMR (101 MHz, C6D6) δ 149.97, 141.99, 141.34, 141.30, 130.52, 125.60, 125.02, 122.94, 115.88, 
75.90, 34.49, 34.38, 31.99, 31.31. 
FT-IR (film):   
HRMS (FAB) m/z (M+H-H2) calc’d for C51H62N: 688.4875, found: 688.4882  
 
(Note: the related reaction with a Gomberg’s dimer16 was explored but yielded less than 10% 
of the C–N coupled product.) 
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C-N coupling reaction between [Cu(carb’)2]- and triarylmethyl cation 
 

 
Tris(p-tert-butylphenyI)methyl cation17 was prepared analogously to the related trityl cation. 
Thus, 1 g of tris(p-tert-butylphenyI)methanol18 was dissolved in diethyl ether (3 mL) and 
cooled to 0 °C. Under vigorous stirring a solution of tetrafluoroboric acid in diethyl ether (50 
wt%) was added dropwise over 5 min. With each drop a deeply colored precipitate formed. 
After the solvent had been removed, the precipitate was washed with diethyl ether and dried 
in vacuo to afford the tris(p-tert-butylphenyI)methylium tetrafluoroborate as a red solid. 
1H NMR (400 MHz, CDCl3) δ 7.85 (d, J = 8.6 Hz, 6H), 7.62 (d, J = 8.6 Hz, 7H), 1.47 (s, 27H).; 13C 
NMR (101 MHz, CDCl3) δ 204.16, 168.60, 142.16, 137.59, 127.91, 36.92, 30.87. 
 
To a toluene solution (3 mL) of [Na(THF)3][Cu(carb)’2] (10 mg, 0.01 mmol) was added a 
toluene solution (3.5 mL) of tris(p-tert-butylphenyI)methylium tetrafluoroborate (7 mg, 0.01 

mmol) dropwise at –40 °C under N2. The reaction was stirred for 8 h at –78 °C. Less than 10% 
of the C – N coupled product was detected following the 8 h reaction time. 
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VIII. DFT Calculations  
 

DFT Calculations All DFT structural minimizations, single-point energy evaluations, 
transition-state optimizations, and frequency calculations were performed using ORCA 
version 4.0.1.2 with the general method below. In brief, the TPSS functional, def2-SVP basis set 
on C- and H-atoms, and def2-TZVP basis set on Cu-, P-, N-, O-, and Cl-atoms, as well as the 
tertiary Cα-atom of structures containing the radical fragment, were used for all calculations. 
The RIJCOSX approximation was used throughout to speed up calculations.  CPCM(Toluene) 
solvation was used to model the experimental conditions during optimizations. Structural 
optimizations to the broken-symmetry singlet surfaces were performed using the 
Flipspin/FinalMs procedure in ORCA, with an initial Ms = 3 (triplet) multiplicity, final Ms = 1 
(singlet) multiplicity, and tertiary Cα-atom as the target atom for spin flip.  The coordinates 
and orbitals (*.gbw files) from broken-symmetry optimizations could be used for subsequent 
calculations with specification of a spin unrestricted SCF (UKS).  Frequency calculations 
(numfreq) were performed on optimized geometries to ensure true minima with real 
vibrational modes.  The electronic, enthalpic, and/or Gibbs Free energies of intermediate and 
product structures were referenced to the sum of the energies of the optimized S = 1/2 ((R)-
L)CuII(carb)2 and organic radical model structures (Figure S23).  Structures, vibrations, and 
orbitals were visualized or modified with Chemcraft, Avogadro, and Mercury graphical 
software packages. A complete set of coordinates for optimized structures is included in a 
separate, supplemental text file. 

 
! UKS TPSS def2-SVP RIJCOSX slowconv CPCM(toluene)  

 
%basis 
newgto Cu "def2-TZVP" end 
newgto P "def2-TZVP" end 
newgto N "def2-TZVP" end 
newgto O "def2-TZVP" end 
newgto Cl "def2-TZVP" end 
#Additional 'newgto "def2-TZVP" end' specification on tertiary C-alpha atom of structures  
#containing the 'organic radical' fragment 
end 
 
#For broken-symmetry calculations 
#%scf 
#Flipspin 4 # tertiary C-alpha atom of structures containing the 'organic radical' fragment 
#FinalMs 0.0 #  
#end 
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As a general note, all computed structures containing copper were derived by modification, in 
Chemcraft, of the X-ray crystallographic coordinates of the previously characterized 
L*2CuI(carbazole) complex (CCDC Refcode: LACNAH).  The broken-symmetry singlet 
L*2Cu(carb)2-R(O-bound) adduct structures were obtained by first performing optimizations 
with a constrained Cu-O bond (~2.6 Å), and then passing the coordinates to an unconstrained 
optimization with the Flipspin/FinalMs procedure.  For the homocoupled organic radical 
dimers, exploratory relaxed surface scan optimizations were first performed, by rotating the 
central Cα-Cα bond through 360°, to identify lower energy rotational conformers for further 
structural minimization. 
 
Tertiary alkyl radical substituted by 4-chlorophenyl and i-Pr groups  
 

 

 
Figure S16. SOMO (left, contour value 0.05) and Spin density plot (right, contour value 0.005) 
of the tertiary alkyl radical substituted by 4-chlorophenyl and i-Pr groups.  
 
Loewdin Spin Populations: 
Cα: 0.56 e- 

C carbonyl: 0.002 e- 
O: 0.050 e- 
N: 0.008 e- 

Methyne C-H: 0.011 e- 
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Figure S17. DFT-computed Gibbs free energies for homocoupling of isopropyl-substituted 
organic radical.   
 

Tertiary alkyl radical substituted by 4-chlorophenyl and ethyl groups  
 

 

 
 

Figure S18. SOMO (left, contour value 0.05) and Spin density plot (right, contour value 0.005) 
of the tertiary alkyl radical substituted by 4-chlorophenyl and ethyl groups.  
Loewdin Spin Populations: 
Cα: 0.54 e- 

C carbonyl: 0.005 e- 
O: 0.070 e- 
N: 0.014 e- 

Ethyl C-H: 0.015 and 0.002 e- 

 

 
Figure S19. DFT-computed Gibbs free energies for homocoupling of ethyl-substituted organic 
radical.    
 

DFT-computed radical homocoupling analysis 
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At the current level of theory, the calculated Gibbs free energy of homocoupling is predicted to 
be approximately thermoneutral in the case of a less-hindered radical (R1 = Et; 0 kcal mol-1 at 
298 K; -6 kcal mol-1 at 195 K), whereas homocoupling is ~31 kcal mol-1 uphill at 298 K in the 
case of the corresponding isopropyl-substituted radical (eq 4; 24 kcal mol-1 at 195 K; meso 
isomer is ~35 kcal mol-1 uphill at 298 K).  For context, a hypothetical binuclear homocoupling 
reaction with ΔG = -6 kcal mol-1 at 195 K would yield a dimer-to-radical equilibrium ratio [R-
R]/[R•] of ~27 at the 1 mM concentrations typical of EPR experiments, for example; such a 
ratio would by contrast be extremely small for the isopropyl-substituted radical, hence 
favoring the presence of the radical.  The calculated C-C bond dissociation enthalpy (BDE) of 
the R-R dimer is predicted to be ~ 17 kcal mol-1 for the ethyl-substituted radical, while the 
isopropyl-substituted dimer is ~ - 11 kcal mol-1, disfavoring dimerization in the latter.  A 
previously reported C-C coupled dimer of phenoxy radical, in equilibrium between -20 to 
+20 °C, was amenable to spectroscopic determination of a C-C BDE of ~ 6 kcal mol-1.19  
Gomberg's dimer exhibits a C-C bond with a BDE of 11 kcal mol-1, whereas the tris(p-t-
butylphenyl)methyl radical does not dimerize.20 
 
Copper complex (NP)Cu(carb’) 

 

 
 

Figure S20. SOMO (bottom left, contour value 0.05) and Spin density plot (bottom right, 
contour value 0.005) of copper complex (NP)Cu(carb) 
Loewdin Spin Populations: 
Cu: 0.31 e- 
P: 0.11 e- 
N(NP): 0.088 e-, N(carb’): 0.15 e- 
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Copper complex ((R)-L*)Cu(II)(carb)2 

 

 
 

Figure S21. SOMO (bottom left, contour value 0.05) and Spin density plot (bottom right, 
contour value 0.005) of copper complex (NP)Cu(carb). 
 
Loewdin Spin Populations: 
Cu: 0.25 e- 
P: 0.056 e- 
N Left: 0.15 e- 
N Right: 0.14 e- 
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Copper complex ((R)-L*)Cu(II)(carb’)2 

 

 
 

Figure S22. SOMO (bottom left, contour value 0.05) and Spin density plot (bottom right, 
contour value 0.005) of copper complex (NP)Cu(carb’). 
 
Loewdin Spin Populations: 
Cu: 0.24 e- 
P: 0.046 e- 
N Left: 0.15 e- 
N Right: 0.14 e- 
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Figure S23. Summary of optimized structures, with overall charge and multiplicity (Ms = 2S+1), 
and relative energies of formation from S = 1/2 ((R)-L*)Cu(carb)2 and S = 1/2 organic radical (ethyl 
variant). 

 
Structural optimization of Cu(II) S = 1/2 products of carbazole/radical ligand exchange (Figure 
S23; top path) reveals organic radical association through the carbonyl oxygen instead of Cα 
binding to form a Cu-Cα bond. 
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Figure S24. Expanded summary of optimized structures from ligand exchange, with overall 
charge and spin-states (Ms = 2S+1), relative energies of formation from S = 1/2 ((R)-L*)Cu(carb)2 
and S = 1/2 organic radical (ethyl variant). Liberation of carbazolide anion is strongly disfavored 
(bottom path). 
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Figure S25. Optimized structures, with overall charge and spin-states (Ms = 2S+1), and relative 
energy of formation from the S = 1/2 ((R)-L*)Cu(carb)2 and the organic radical (isopropyl variant). 
 

 
Figure S26. Optimized structures, with overall charge, spin-states, spin contamination values, 
and relative energies of formation of adducts from the S = 1/2 ((R)-L*)Cu(carb)2 and the organic 
radical.  Selected bond metrics and Loewdin spin populations are also provided for comparison. 
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<S**2>: 1.013027

ERel. = 
+7.2 kcal mol-1

Cu-O = 2.42 Å
Cu-C = 3.95 Å

Cu-Navg = 1.96 Å
Cu-P = 2.34 Å

Cradical-N = 3.70 Å*

Loewdin spin population:
Cu = 0.32 e-

P = 0.08 e-

N = 0.11 e-

N = 0.14 e-

O = -0.05 e-

Namide = -0.03 e-

Ccarbonyl = -0.01 e-

Cradical = -0.57 e-

H

Isopropyl

N

O
Cl

Charge: 0
Doublet

Ethyl
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Exploring a transition state structure for C-N bond formation 
 
A putative transition state in the unimolecular C-N bond formation, from the broken-

symmetry singlet adduct of S = 1/2 ((R)-L*)Cu(carb)2 and S = 1/2 organic radical (ethyl variant), 
was first identified through a relaxed-surface optimization scan of the Cα-Ncarb bond vector (see 
Figure 7 of the maintext).  A transition-state optimization (OptTS) with the Flipspin/FinalMs 

procedure yielded a broken-symmetry singlet structure with a C-N bond distance of 2.26 Å, a 

Cu-N distance of 2.07 Å, and Cu-O distance of 2.25 Å.  A frequency calculation on this 

structure shows a significant imaginary vibration (-182.79 cm-1) clearly corresponding to a Cα-

Ncarb stretch, consistent with the hypothesized C-N bond formation step. This vibrational mode 
exhibits pyramidalization at both the Cα and Ncarb centers as the C-N distance contracts, and a 

modest Cu-O stretching distortion.  We note that this calculated transition-state structure is 

complicated by the existence of one additional low-energy imaginary mode (-13.29 cm-1), 

largely involving ill-defined movement of organic substituents associated with the complex 

outside of the primary ligation sphere of copper.  As we presume this structure is close in 

geometry and energy to the transition-state saddle point, thermodynamic parameters can be 

estimated. Relative to ((R)-L*)Cu(carb)2 and the organic radical (ethyl variant), the electronic 

energy (ΔE‡) of the transition state is 11.5 kcal mol-1, approximarely 6.7 kcal mol-1 higher in 

energy than the broken-symmetry adduct intermediate preceding it, and lower in energy than 

all other optimized intermediates. The calculated activation energy (ΔG‡) is 23.5 kcal mol-1 at 
298 K and 17.0 kcal mol-1 at 195 K (ΔH‡: 4.7 kcal mol-1; ΔS‡: 63 cal mol-1 K-1). 

 

Figure S27. Calculated TS structure for C-N formation for the ethyl variant (see text above for 
details). 

 

  

calculated TS structure
(ethyl variant)

N1carb

C!C!-to-N1carb = 2.26 Å
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IX. X-ray crystallography 
 
Low-temperature diffraction data (�-and �-scans) were collected on Bruker AXS KAPPA 

APEX II diffractometer coupled to an PHOTON 100 CMOS detector with graphite 
monochromated Mo K� radiation (� = 0.71073 Å) and Bruker AXS D8 VENTURE KAPPA 
diffractometer coupled to a PHOTON II CPAD detector with Cu K� radiation (� = 1.54178 Å) 
from an IµS micro-source for the structures of compounds below. The structure was solved by 
direct methods using SHELXS21 and refined against F2 on all data by full-matrix least squares 
with SHELXL-201722 using established refinement techniques.23 All non-hydrogen atoms were 
refined anisotropically. All hydrogen atoms were included into the model at geometrically 
calculated positions and refined using a riding model. The isotropic displacement parameters 
of all hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 
times for methyl groups). All disordered atoms were refined with the help of direct and 
similarity restraints on the 1,2- and 1,3-distances and displacement parameters as well as 
enhanced rigid bond restraints for anisotropic displacement parameters.  

 
Figure S28. X-ray structure of {(NP)Cu}2. Thermal ellipsoids are drawn at the 50% probability 
level; H atoms are omitted for clarity. {(NP)Cu}2 crystallizes in the monoclinic space group P21 
with one molecule in the asymmetric unit along with one molecule of acetonitrile. One of the 
tert-butyl groups, as well as the acetonitrile, are disordered over two positions.  
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Figure S29. X-ray structure of (NP)Cu(carb’). Thermal ellipsoids are drawn at the 50% 
probability level, H atoms are omitted for clarity.  
Note: (NP)Cu(carb’) crystallizes in the monoclinic space group P21/n, with one molecule in the 
asymmetric unit, along with a molecule of hexane solvent and also ferrocene. Ferrocene is a 
byproduct of the oxidation reaction that generates (NP)Cu(carb’) and it was not possible to 
separate the two owing to the thermal instability of (NP)Cu(carb’) and their similar solubility 
properties in non-polar solvents. One isopropyl and two tert-butyl groups are disordered over 
two positions. The hexane and ferrocene are located in a channel and are disordered over four 
mutually exclusive positions. One of the hexane positions is close to an inversion center and 
disordered accordingly. 

 
Figure S30. X-ray structure of ((R)-L*)2Cu(carb’). Thermal ellipsoids are drawn at the 50% 
probability level; H atoms are omitted for clarity. The compound crystallizes in the 
orthorhombic space group P212121 with one molecule in the asymmetric unit. One of the tert-
butyl groups was disordered over two positions. Two half molecules of pentane are located in 
a solvent accessible channel. The pentane appears to be highly disordered; however, 
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refinement of additional disordered pentane molecules did not improve the model. The 
pentane was refined with the help of strong restraints on the anisotropic displacement 
parameters. Disordered pentane is omitted in the figure for clarity. 
 

 
Figure S31. X-ray structure of {Cu(carb’)2}{Na(THF)6}. Thermal ellipsoids are drawn at the 50% 
probability level. The compound crystallizes in the monoclinic space group C2/c with one 
molecule in the asymmetric unit along with tetrahydrofuran and diethylether. Three of the 
tert-butyl groups and a tetrahydrofuran bound to sodium were disordered over two positions. 
The tetrahydrofuran and diethyl ether are located in mutually exclusive positions near a 
crystallographic 2-fold rotation axis and disordered accordingly. 
 

 
Figure S32. X-ray structure of Ti(IV)(Br)(N(R)Ar)3. R = tert-butyl; Ar = 3,5-dimethylphenyl. 
Thermal ellipsoids are drawn at the 50% probability level. 
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X. NMR Spectra 
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