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1. General Procedures and Instrumentation

All catalytic reactions were carried out in a nitrogen-filled glovebox. Molecular sieves (4A, 4-8
mesh beads) were obtained from Fisher Scientific and activated in vacuo at 310 °C for 48 h. Extra
dry solvents (299.5%) with Acroseal® and deuterated solvents were purchased from Acros
Organics and Cambridge Isotope Laboratories, respectively. Both anhydrous and deuterated
solvents were sparged with nitrogen and stored over activated 4A molecular sieves under a
nitrogen atmosphere. All reagents were purchased from Sigma, TCIl, Oakwood, Combi-Block, and
Strem and sparged with nitrogen and stored over 4A molecular sieves before use without further
purification. 8-diketiminato copper catalysts [ClLNN]Cu,* [MesNN]Cu,? [[Pr2NN]Cu,® [[PraNNgs]Cu,?
[(MeO)2NN]Cu,> and [C2NNgs]Cu® were synthesized and characterized according to literature
procedures.

NMR spectra were recorded on a Varian 500 MHz spectrometer at r.t. unless otherwise noted.
The chemical shift (8) values are expressed in ppm relative to tetramethylsilane, whereas the
residual *H signal of deuterated solvent served as an internal standard. Boron trifluoride diethyl
etherate serves as an external reference for 1B NMR (8 = 0.0 ppm). UV-vis spectra were recorded
on an Agilent 8454 Diode Array spectrometer equipped with a stirrer and Unisoku USP-203
cryostat for variable temperature (-40 to 40 °C) experiments. GC-MS analyses of the reaction
mixtures were performed on a Shimadzu GCMS-QP2010 SE. Identification of products was carried
out by comparing their GC retention times, electron ionization (El) mass spectra, and NMR spectra
with those of the authentic compounds. Elemental analysis was performed on FlashSmar
Elemental Analyzer, FlashSmart NC SOIL. HRMS analysis of new organic molecules were
performed on Thermo Scientific Q Exactive™ Plus Hybrid Quadrupole-Orbitrap™ Mass
Spectrometer with an electrospray lonization (ESI) interface in the positive ionization mode at full
scan mode and Leco GC-HRT+ GC/Time-of-Flight MS.
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2. Optimization of Catalytic C-H Alkenylation

Synthesis of 2-(2-methylprop-1-en-1-yl)-1,3,2-dioxaborinane (2a)

X
I R B-r-verrral-aa- il
2-(2-methylprop-1-en-1-yl)-1,3,2-dioxaborinane (2a) was synthesized according to a literature
procedure.® 2,2-Dimethylethenylboronic acid (1.0 g, 8.6 mmol) was mixed with 1,3-propanediol
(0.72 g, 9.5 mmol) in 50 mL dichloromethane (DCM) for 16 h at r.t. The DCM solution was then
washed with NaHCOs, brine, dried over MgS0O. and concentrated before transferring to glovebox.
Yield: 63 %. 'H NMR (500 MHz, CDCl3): 6 4.99 (p, J = 1.2 Hz, 1H), 4.03 (t, 4H), 1.99 — 1.90 (m, 5H),
1.83 (d, J = 1.3 Hz, 3H). 3C{*H} NMR (126 MHz, CDCl3): § 156.65, 61.72, 29.32, 27.58, 22.09
(missing a-C to boron due to broadening by 1B nuclei). 1'B NMR (160 MHz, CDCls): 6 26.25.

HRMS (Cl) m/z calcd. For C;H14BO,* 141.1081, found 141.1080.

Synthesis of 4,4,6-trimethyl-2-(2-methylprop-1-en-1-yl)-1,3,2-dioxaborinane (2b)

AN

OH
M - i
HO" OH OH DCM, 16h, rt. o0

N

4,4,6-trimethyl-2-(2-methylprop-1-en-1-yl)-1,3,2-dioxaborinane (2b) was synthesized according
to a literature procedure.® 2,2-Dimethylethenylboronic acid (1.0 g, 8.6 mmol) was mixed with 1,3-
propanediol (0.72 g, 9.5 mmol) in 50 mL DCM for 16 h at r.t. The DCM solution was further washed
with NaHCOs3, brine, dried over MgS04 and concentrated before transferring to glovebox. Yield:
74 %. *H NMR (500 MHz, CDCls):  5.03 (p, J = 1.3 Hz, 1H), 4.21 (ddd, J = 4.9, 3.6, 2.4 Hz, 1H), 1.94
(d,J=1.3Hz, 3H),1.82 (d,J = 1.4 Hz, 3H), 1.77 (ddd, J = 13.8, 3.0, 1.2 Hz, 1H), 1.49 (dd, J = 13.8,
11.6 Hz, 1H), 1.30 (t, J = 1.5 Hz, 6H), 1.26 (dd, J = 6.2, 1.3 Hz, 3H). 33C{*H} NMR NMR (126 MHz,
CDCl3): 6 155.97,70.72, 64.72, 46.07, 31.52, 29.29, 28.35, 23.42, 21.99 (missing a.-C to boron due
to broadening by 1B nuclei). *'B NMR (160 MHz, CDCl3): & 25.88. HRMS (Cl) m/z calcd. For
C10H20BO,* 183.1551, found 183.1544.

Synthesis of prenylbenzene (3a) and 2-methyl-4-phenyl-2-pentene (3j) via Wittig reaction

R

R
0 Ph
©)\/ + Ph‘|::+ n-BuLi . Z
Ph I oC -
THF, 0°C - rt., 16h 3. Re H

R=H, Me :
3j, R=Me

To enable determination of the C-H alkenylation yield by GCMS, the C-H alkenylation products 3a
and 3j were synthesized via a Wittig reaction.” Under a nitrogen atmosphere in a glovebox, n-
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butyl lithium (2.0 M in hexane, 1.0 mL, 2.0 mmol) was slowly added dropwise to a THF solution
(6 mL) containing isopropyltriphenylphosphonium iodide (0.86 g, 2.0 mmol, obtained from Sigma)
at 0 °C and stirred for 2 h. Subsequently, aldehyde (1.0 mmol) in THF (1.6 mL) was introduced to
the reaction mixture at r.t. and stirred for 16 h. The mixture of the crude was extracted to ethyl
acetate and washed with brine. The products were isolated via flash column chromatography
(diethyl ether/ethyl acetate). 3a Yield: 62%. 3a: *H NMR (500 MHz, CDCls3) 6 7.28 (m, 2H), 7.19 (d,
J =6.9 Hz, 3H), 5.34 (m, 1H), 3.35 (d, J = 7.3 Hz, 2H), 1.74 (d, J = 12.5 Hz, 6H).13C{*H} NMR (126
MHz, CDCl3) 6 141.98, 132.66, 128.49, 128.45, 125.83, 123.33, 34.51, 25.90, 17.97. 3] Yield: 52%.
3j: 'H NMR (500 MHz, CDCl3) & 7.30 (t, J = 7.5 Hz, 2H), 7.25 (m, 2H), 7.18 (t, ) = 7.2 Hz, 1H), 5.30
(m, 1H), 3.67 (m, 1H), 1.70 (d, J = 14.0 Hz, 5H), 1.32 (d, J = 7.0 Hz, 2H). 3C{*H} NMR (126 MHz,
CDCl3) 6 147.43, 130.63, 130.29, 128.48, 127.01, 125.84, 38.27, 25.96, 22.58, 18.09. NMR
characterization details of isolated 3a and 3j were in good agreement with data reported for these
compound in the literature.”?

Independent synthesis of benzyl t-butyl ether: a side product in toluene C-H alkenylation

\~/OH H,SO, ©/\O)<
DCM 16h, r.t. benzyl t-butyl ether

Benzyl t-butyl ether (PhCH,-O'Bu) was prepared through acid-catalyzed etherification following a
literature procedure.® Sulfuric acid (0.55 mL, 10 mmol) and magnesium sulfate (4.8 g, 40 mmol)
were combined in DCM (30 mL) and stirred for 15 min. The mixture of benzyl alcohol (10 mmol,
1.0 mL) and t-butanol (4.8 mL, 50 mmol) in DCM (10 mL) was subsequently added to the solution
and stirred for 16 h at rt. The reaction was further neutralized by saturated NaHCO; and
concentrated on rotovap. The product was isolated via flash column chromatography
(hexane/DCM). Yield: 63 %. *H NMR (500 MHz, CDCls): & 7.38 — 7.30 (m, 4H), 7.24 (m, 1H), 4.45
(s, 2H), 1.30 (s, 9H). *H NMR characterization details of isolated benzyl t-butyl ether were in good
agreement with data reported for this compound in the literature.!°

Examination of alkenyl boronate substrates for C-H alkenylation

H )\ 10 % [CI,NN]Cu
+ oPo 2eq 'BUOOBuU _
RN AR 300 L CHs >
R 60 °C

1a R=H 2a
R=Me 2b

Since the boronate ester backbone could influence the yield in copper-catalyzed sp® C-H arylation
with aryl boronate esters, we examined a couple of different alkenyl boronate esters for this sp3
C-H alkenylation protocol. For example, 4,4,6-trimethyl-2-phenyl-1,3,2-dioxaborinane exhibited
a higher yield in sp3 C-H arylation compared to phenylboronic acid pinacol ester. Therefore, we
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chose to use the 4,4,6-trimethyl-1,3,2-dioxaborinane and 1,3,2-dioxaborinane backbones as the
model substrates for alkenylation.

In a nitrogen filled glovebox, the alkenyl boronate ester (2a or 2b) (0.38 mmol, 1 equiv.) and
[CI2NN]Cu (16 mg, 0.038 mmol, 10 mol%) was dissolved in dry toluene (760 pL, 7.2 mmol, 20
equiv.) and benzene (300 uL) in a 5 mL thick-walled pressure vessel. ‘BuOO'Bu (132 uL, 0.72 mmol,
2 equiv.) was added and the solution was immediately sealed and heated to 60 °C. After 3 h, the
reaction was allowed to cool to r.t. and quenched by exposure to air. 1,2,4,5-tetrachlorobenzene
was added to the product mixture as an internal standard and yields were determined by GCMS
analysis based on response factors determined between the internal standard and an authentic
sample of the product 3a prepared via independent synthesis.

Under the same reaction conditions, alkenylation of 2a yielded prenylbenzene (3a) in 63% vyield,
while 2b produced 15% of 3a along with 30% of the etherification product (benzyl t-butyl ether).
These products were identified and quantified by GCMS employing authentic standards. This
outcome suggested that the transmetalation rate of [Cu'"]-O'Bu with alkenyl boronate ester 2b is
slower than with 2a to form the key [Cu"]-CH=CMe; intermediate. The benzyl radical (PhCH;¢)
(generated via H-atom abstraction from the substrate PhCH,-H via 'BuQO¢) couples with [Cu"]-O'Bu
rather than the anticipated [Cu"]-C=CMe; intermediate (Scheme S1).
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Scheme S1. Slow transmetalation to form the key [Cu"]-CH=CMe; intermediate can lead to
undesired C-H etherification of the benzylic radical formed during the reaction.

Method for quantitative analysis of C-H alkenylation products via GCMS

The GC yields of alkenylation products presented in Table 2 were determined using calibration
curves prepared from authentic products and 1,2,4,5-tetrachlorobenzene as an internal standard.

Example of calibration curve construction for GCMS analysis: Mixtures containing various molar
ratios of 3a and the internal standard (0:1, 0.1:1, 0.5:1, and 1:1) were prepared for *H NMR analysis in
deuterated solvents such as CsDs or CDCls. The *H NMR integrations of 3a and the internal standard
enhance the accuracy of determining the mole ratio. Subsequently, these *H NMR samples were diluted
100 times with DCM for GCMS analysis. The calibration curve was generated by analyzing solutions with
different molar ratios of 3a to the internal standard and plotting their respective area ratios from GCMS
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(Figure S1). This calibration curve enables the determination of the yield of 3adirectly from C-H
alkenylation reaction mixtures.
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Figure S1. GCMS calibration curve of 3a to the 1,2,4,5-tetrachlorobenzene standard.

Examining 2,5-dimethyl-2,4-hexadiene (alkenyl dimer) formation in C-H alkenylation with 2a

CI NN]Cu
fBuoo'Bu
60 °C
Dimer
(side product)

Because of the radical nature of the [Cu"]-CH=CMe; intermediate, we expected the formation of
2,5-dimethyl-2,4-hexadiene (alkene dimer) through self-coupling. Therefore, for alkenylation
optimization, we adjusted the catalyst loading and solvent volume to reduce dimerization. In a
nitrogen filled glovebox, 2a (58 uL, 0.38 mmol, 1 equiv.), [CI2NN]Cu (5, 10, and 20 mol%) were
dissolved in dry toluene (760 pL, 7.2 mmol, 10 equiv.) and benzene (0, 100, and 300 pL) ina 5 mL
thick-walled pressure vessel. ‘BuOO'Bu (132 pL, 0.72 mmol, 2 equiv.) was added, and the solution
was immediately sealed and heated to 60 °C. After 1 h, the reaction was allowed to cool to r.t.
and quenched by exposure to air. 1,2,4,5-tetrachlorobenzene was added to the reaction mixture
as an internal standard and yields were determined by GCMS analysis.
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Table S1. C-H alkenylation and alkenyl dimer formation.

0 g-© _[CL,NNJCy,_
/ 2eq ’BuoofBu
60 °C

Catalyst
loading (%)

Dimer

Benzene  Equiv. R-H 3ayield (%) Dimer (%)

10 10 17 20
100 pL 10 10 19 11
300 L 10 10 20 4
300 pL 10 5 13 40
300 pL 10 20 19 2

20 10 36 27
100 pL 20 10 39 18
300 pL 20 10 63 4

Oxidant optimization for C-H alkenylation with 2a

In a nitrogen filled glovebox, 2a (58 uL, 0.38 mmol, 1 equiv.), [CI2NN]Cu (16 mg, 0.038 mmol, 10
mol%) was dissolved in dry toluene (760 pL, 7.2 mmol, 20 equiv.) and benzene (300 pL) ina 5 mL
thick-walled pressure vessel. The corresponding oxidant (0.72 mmol, 2 equiv.) was added, and
the solution was immediately sealed and heated to 60 °C. After 16 h, the reaction was allowed to
cool to rt. and quenched by exposure to air. 1,2,4,5-tetrachlorobenzene was added to the
reaction mixture as an internal standard and yields of 3a were determined by GCMS analysis.
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Table S2. Oxidant optimization.

)\ 10 % [CI,NNICU.
0 O 300 uL CoHg CeHe

60 °C
3a
Oxidant 3a yield (%)
N-Fluorobenzenesulfonimide )
(NFSI)
selectfluor -

ﬁ\ O,O\é 63
Ph}\ 0’0\€Ph 9

Catalyst optimization for C-H alkenylation with 2a

In a nitrogen filled glovebox, 2a (58 uL, 0.38 mmol, 1 equiv.) and the B-diketiminatio copper(l)
catalyst [Cu] (0.038 mmol, 10 mol%) were dissolved in dry toluene (760 pL, 7.2 mmol, 20 equiv.)
and benzene (300 uL) in a 5 mL thick-walled pressure vessel. ‘BuOO‘Bu (132 uL, 0.72 mmol, 2
equiv.) was added and the solution was immediately sealed and heated to 60 °C. After 1 h, the
reaction was allowed to cool to r.t. and quenched by exposure to air. 1,2,4,5-tetrachlorobenzene
was added to the reaction mixture as an internal standard and yields of 3a were determined by
GCMS analysis.

Table S3. Catalyst optimization. (Also appears as Table 1 in the manuscript).

H /H
S
* B 10 % [Cul]
-, ~, 0
U 2 eq'BuOOBuU

60 °C
1a 2a
[Cul] Entry X R Product
1 CH3 Cl 63%
R
X ¢ %
—N R 2 CFs cl 6%
. \
& Cu
_— 3 CH, Me 41%
R
X :
R 4 CH, Me 29%
5 CHj3 OMe 21%

Temperature, R-H loading and oxidant loading optimization

In a nitrogen filled glovebox, 2a (58 L, 0.38 mmol, 1 equiv.) and [CI2NN]Cu (16 mg, 0.038 mmol,
10 mol%) were dissolved in dry toluene (10, 20, and 40 equiv.) along with benzene (300 uL) in a
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5 mL thick-walled pressure vessel. ‘BuOO'Bu (1.5, 2, 3, and 5 equiv.) was added and the solution
was immediately sealed and heated to the corresponding temperature. After 16 h, the reaction
was allowed to cool to r.t. and quenched by exposure to air. 1,2,4,5-tetrachlorobenzene was
added to the reaction mixture as an internal standard and the yield of 3a was determined by
GCMS analysis.

Table S4. Temperature, R-H loading, and oxidant loading optimization.

5 . )\B 10 % [CIZNN]gu' ©/\/L

00 2 eq!BuOOBU, F
() 300uL CgHs
1a 2a 3a

Equiv. R-H Temp (°C) Equiv. ‘Bu0OBu 3a yield (%)
40 50 2 49
40 60 2 63
40 70 2 52
40 90 2 45
40 60 5 52
40 60 3 54
40 60 15 54
20 60 2 63
10 60 2 22
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3. C-H Alkenylation of a Range of C-H Substrates with Alkenylboronate (2a)

/g 10 % [CI,NN]Cu

R=H o’B\o 2 eq 'BuOOBu
300 HL C6H6
1 2a 3

Table 2, entry 3a: (3-methylbut-2-en-1-yl)benzene.

In a nitrogen filled glovebox, 2a (58 uL, 0.36 mmol, 1 equiv.) and [CI,NN]Cu (16 mg,
0.038 mmol, 10 mol%) were dissolved in dry toluene substrate (760 puL, 7.2 mmol,

\

20 equiv.) with benzene (300 uL) in a 5 mL thick-walled pressure vessel. ‘BuOO'Bu

(132 pL, 0.72 mmol, 2 equiv.) was added and the solution was immediately sealed
and heated to 60 °C. After 1 h, the reaction was allowed to cool to r.t. and quenched by exposure
to air. The yield determined by GCMS analysis of the reaction mixture was 63 %. The authentic
sample of 3a synthesized from a Wittig reaction and from C-H alkenylation have the same
retention times and fragmentation pattern as analyzed by GCMS. 3a: *H NMR (500 MHz, CDCls)
6 7.28 (m, 2H), 7.19 (d, J = 6.9 Hz, 3H), 5.34 (m, 1H), 3.35 (d, J = 7.3 Hz, 2H), 1.74 (d, ) = 12.5 Hz,
6H).133C{*H} NMR (126 MHz, CDCl3) 6 141.98, 132.66, 128.49, 128.45, 125.83, 123.33, 34.51, 25.90,
17.97. Full characterization details are given in the entry for this compound as synthesized via a
Wittig reaction (page S3).

Table 2, entry 3b: 1-methyl-4-(3-methylbut-2-en-1-yl)benzene.

In a nitrogen filled glovebox, 2a (58 uL, 0.36 mmol, 1 equiv.) and [CI,NN]Cu (16 mg,
0.038 mmol, 10 mol%) were dissolved in dry p-xylene substrate (886 pL, 7.2 mmol,
20 equiv.) with benzene (300 uL) in a 5 mL thick-walled pressure vessel. ‘BuOO'Bu
(132 pL, 0.72 mmol, 2 equiv.) was added and the solution was immediately sealed
and heated to 60 °C. After 1 h, the reaction was allowed to cool to r.t. and quenched
by exposure to air. The yield determined by GCMS analysis of the reaction mixture was 64 %. The
target product 3b was isolated via flash column chromatography on 10 % silver nitrate-
impregnated silica gel (100 % hexane). The isolation yield was 40 % as a colorless oil. *H NMR (500
MHz, CDCl3) 6 7.09 (dd, J = 7.9, 4.0 Hz, 4H), 5.31 (m, 1H), 3.30(d, J = 7.4 Hz, 2H), 2.31 (s, 3H), 1.73
(d, J = 10.7 Hz, 6H). 13C{*H} NMR (126 MHz, CDCl3) 6§ 138.90, 135.27, 132.39, 129.19, 128.32,
123.62, 34.07, 25.90, 21.13, 17.95. NMR characterization details of isolated 3b were in good
agreement with data reported for this compound in the literature.’

Table 2, entry 3c: 1-(tert-butyl)-4-(3-methylbut-2-en-1-yl)benzene.

In a nitrogen filled glovebox, 2a (58 pL, 0.36 mmol, 1 equiv.) and [CI,NN]Cu (16
mg, 0.038 mmol, 10 mol%) were dissolved in dry 1-(tert-butyl)-4-methylbenzene
substrate (1.2mL, 7.2 mmol, 20 equiv.) with benzene (300 pL) in a 5 mL thick-
walled pressure vessel. ‘BuOO'Bu (132 uL, 0.72 mmol, 2 equiv.) was added and

\

Bu
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the solution was immediately sealed and heated to 60 °C. After 1 h, the reaction was allowed to
cool to r.t. and quenched by exposure to air. The yield determined by GCMS analysis of the
reaction mixture was 51 %. The target product 3c was isolated via flash column chromatography
on 10 % silver nitrate-impregnated silica gel (100 % hexane). The isolation yield was 21 % as a
colorless oil. *H NMR (500 MHz, CDCl3): 6 7.31 (d, J = 8.2 Hz, 2H), 7.12 (d, ) = 8.1 Hz, 2H), 5.34 (m,
1H), 3.32(d, ) = 7.4 Hz, 2H), 1.74 (d, ) = 11.5 Hz, 6H), 1.31 (s, 9H). 3C{*H} NMR (126 MHz, CDCls):
6 148.63, 138.89, 132.43, 128.09, 125.40, 123.52, 34.48, 33.95, 31.56, 25.91, 17.95. NMR
characterization details of isolated 3c were in good agreement with that reported for this
compound in the literature.!

Table 2, entry 3d: 1,3-dimethyl-5-(3-methylbut-2-en-1-yl)benzene.

In a nitrogen filled glovebox, 2a (58 uL, 0.36 mmol, 1 equiv.) and [CI,NN]Cu (16
mg, 0.038 mmol, 10 mol%) were dissolved in dry mesitylene substrate (993 pL,
7.2 mmol, 20 equiv.) with benzene (300 pL) in a 5 mL thick-walled pressure vessel.
‘BuOO'Bu (132 pL, 0.72 mmol, 2 equiv.) was added and the solution was
immediately sealed and heated to 60 °C. After 1 h, the reaction was allowed to
cool to r.t. and quenched by exposure to air. The yield determined by GCMS analysis of the
reaction mixture was 92 %. The target product 3d was isolated via flash column chromatography
on silica gel (100% hexane). The isolation yield was 75 % as a colorless oil. *H NMR (500 MHz,
CDCl3) 6 6.81 (d, J = 11.8 Hz, 3H), 5.30 (m, 1H), 3.26 (d, J = 7.2 Hz, 3H), 2.29 (s, 6H), 1.73 (d, J =
10.6 Hz, 6H). 3C{*H} NMR (126 MHz, CDCl5): 6 141.89, 138.01, 132.30, 127.51, 126.26, 123.60,
34.38, 25.94, 21.43, 17.97. HRMS (Cl) m/z calcd. For Ci3H17* 173.1325, found 173.1324.

Table 2, entry 3e: 1,3-dimethoxy-5-(3-methylbut-2-en-1-yl)benzene.

In a nitrogen filled glovebox, 2a (58 pL, 0.36 mmol, 1 equiv.) and [CI,NN]Cu (16

\
mg, 0.038 mmol, 10 mol%) were dissolved in dry 1,3-dimethoxy-5-
o methylbenzene substrate (1.0 mL, 7.2 mmol, 20 equiv.) with benzene (300 pL) in
g a 5 mL thick-walled pressure vessel. ‘BuOO'Bu (132 uL, 0.72 mmol, 2 equiv.) was
\

added and the solution was immediately sealed and heated to 60 °C. After 1 h,
the reaction was allowed to cool to r.t. and quenched by exposure to air. The yield determined by
GCMS analysis of the reaction mixture was 69 %. The target product 3e was isolated via flash
column chromatography (100 % hexane) for qualitative and quantitative analysis on GCMS. Due
to the separation challenges, a significant amount of R-H substrate (1,3-dimethoxy-5-
methylbenzene) could not be removed in *H NMR. *H NMR (500 MHz, CDCls): 6 6.36 (s, 2H), 5.31
(s, 1H), 3.80 (s, 6H), 3.28 (d, J = 7.2 Hz, 2H), 2.25 (s, 3H), 2.06 (s, 3H). The 'H NMR of partially
isolated 3e was in good agreement with previous literature.'2 HRMS (Cl) m/z calcd. For Ci13H150,*
207.1385, found 207.1373.
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Table 2, entry 3f: 1-fluoro-4-(3-methylbut-2-en-1-yl)benzene.

In a nitrogen filled glovebox, 2a (58 uL, 0.36 mmol, 1 equiv.) and [CI,NN]Cu (16 mg,
0.038 mmol, 10 mol%) were dissolved in dry 1-fluoro-4-methylbenzene substrate
(792 uL, 7.2 mmol, 20 equiv.) with benzene (300 pL) in a 5 mL thick-walled pressure
vessel. ‘BuOO’Bu (132 pL, 0.72 mmol, 2 equiv.) was added and the solution was
immediately sealed and heated to 60 °C. After 1 h, the reaction was allowed to cool
to r.t. and quenched by exposure to air. The yield determined by GCMS analysis of the reaction
mixture was 50 %. The target product 3f was isolated via flash column chromatography on 10 %
silver nitrate-impregnated silica gel (100 % hexane) for qualitative and quantitative analysis on
GCMS. Due to the low volatility of 3f, trace amount of hexane could not be removed completely
in 'H and 13C NMR. *H NMR (500 MHz, CDCl3): & 7.11 (m, 2H), 6.95 (s, 2H), 5.29 (m, 1H), 3.31 (d,
J=7.3Hz, 2H), 1.75 (d, J = 1.4 Hz, 3H), 1.71 (d, J = 1.2 Hz, 3H). 33C{*H} NMR (126 MHz, CDCl3): §
161.34 (d, J = 243.2 Hz), 137.52, 132.93, 129.68, 123.16, 115.15, 33.64, 25.89, 17.94. NMR
characterization details of 3f were in good agreement with that reported for this compound in
the literature.”

F

Table 2, entry 3g: 1-chloro-4-(3-methylbut-2-en-1-yl)benzene.

In a nitrogen filled glovebox, 2a (58 uL, 0.36 mmol, 1 equiv.) and [CI2NN]Cu (16 mg,
\ 0.038 mmol, 10 mol%) were dissolved in dry 1-chloro-4-methylbenzene substrate
(848 L, 7.2 mmol, 20 equiv.) with benzene (300 uL) in a 5 mL thick-walled pressure
vessel. ‘BUOO'Bu (132 uL, 0.72 mmol, 2 equiv.) was added and the solution was
immediately sealed and heated to 60 °C. After 1 h, the reaction was allowed to cool
to r.t. and quenched by exposure to air. The yield determined by GCMS analysis of the reaction
mixture was 52 %. The target product 3g was isolated via flash column chromatography on 10 %
silver nitrate-impregnated silica gel (100 % hexane). The isolation yield was 38 % as a colorless oil.
H NMR (500 MHz, CDCls): 6 7.23(d, J = 8.3 Hz, 2H), 7.10 (dd, J = 7.8, 1.3 Hz, 2H), 5.28 (m, 1H),
3.30(d, J = 7.4 Hz, 2H), 1.74 (q, J = 1.3 Hz, 3H), 1.70 (d, J = 1.3 Hz, 3H). 3C{*H} NMR (126 MHz,
CDCls): 6 140.39, 129.78, 128.54, 122.73, 33.81, 25.89, 17.98 (2 resonances either coincident or
missing). NMR characterization details of isolated 3g were in good agreement with that reported
for this compound in the literature.’

Cl

Table 2, entry 3h: 1-bromo-4-(3-methylbut-2-en-1-yl)benzene.

In a nitrogen filled glovebox, 2a (58 pL, 0.36 mmol, 1 equiv.) and [CI,NN]Cu (16 mg,
\ 0.038 mmol, 10 mol%) were dissolved in dry 1-bromo-4-methylbenzene substrate
(886 L, 7.2 mmol, 20 equiv.) with benzene (300 piL) in a 5 mL thick-walled pressure
vessel. ‘BuOO'Bu (132 uL, 0.72 mmol, 2 equiv.) was added and the solution was
immediately sealed and heated to 60 °C. After 1 h, the reaction was allowed to
cool to r.t. and quenched by exposure to air. The yield determined by GCMS analysis of the
reaction mixture was 43 %. The target product 3h was isolated via flash column chromatography

on 10 % silver nitrate-impregnated silica gel (100 % hexane). The isolation yield was 34 % as a

Br
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colorless oil. *H NMR (500 MHz, CDCls): 6 7.38 (d, J = 8.3 Hz, 2H), 7.04 (d, J = 8.6 Hz, 2H), 5.27 (m,
1H), 3.29(d,J=7.4 Hz, 2H), 1.75 (t, J = 1.4 Hz, 3H), 1.71 (d, / = 1.3 Hz, 3H). 13C{*H} NMR (126 MHz,
CDCl3): &6 140.91, 133.33, 131.48, 130.21, 122.62, 119.53, 33.87, 25.89, 17.98. NMR
characterization details of isolated 3h were in good agreement with data reported for this
compound in the literature.’

Table 2, entry 3i: 1-methyl-2-(3-methylbut-2-en-1-yl)benzene.

In a nitrogen filled glovebox, 2a (58 L, 0.36 mmol, 1 equiv.) and [CI2NN]Cu (16 mg,
0.038 mmol, 10 mol%) were dissolved in o-xylene substrate (872 uL, 7.2 mmol, 20
equiv.) with benzene (300 pL) in a 5 mL thick-walled pressure vessel. ‘BuOO'Bu (132
uL, 0.72 mmol, 2 equiv.) was added and the solution was immediately sealed and
heated to 60 °C. After 1 h, the reaction was allowed to cool to r.t. and quenched by exposure to
air. The yield determined by GCMS analysis of the reaction mixture is 70 %. The target product 3i
was isolated via flash column chromatography on silica gel (100 % hexane). The isolation yield
was 22 % as a colorless oil. *H NMR (500 MHz, CDCl3) 6 7.13 (m, 4H), 5.24 (m, 1H), 3.30 (d,J=7.1
Hz, 2H), 2.29 (s, 3H), 1.73 (d, J = 8.5 Hz, 6H). 3C{*H} NMR (126 MHz, CDCls) 6 140.09, 136.28,
132.51,130.18, 128.72,126.09, 126.04, 122.67, 32.32, 25.88, 19.61, 18.00. NMR characterization
details of isolated 3i were in good agreement with that reported for this compound in the
literature.”

Table 2, entry 3k: 1-chloro-2-(3-methylbut-2-en-1-yl)benzene.

In a nitrogen filled glovebox, 2a (58 pL, 0.36 mmol, 1 equiv.) and [CI,NN]Cu (16

\ ci mg, 0.038 mmol, 10 mol%) were dissolved in dry 1-chloro-2-methylbenzene

substrate (836 pL, 7.2 mmol, 20 equiv.) with benzene (300 pL) in a 5 mL thick-

walled pressure vessel. ‘BuOOBu (132 pL, 0.72 mmol, 2 equiv.) was added and

the solution was immediately sealed and heated to 80 °C. After 1 h, the reaction was allowed to

cool to r.t. and quenched by exposure to air. The yield determined by GCMS analysis of the

reaction mixture is 53 %. The target product 3j was isolated via flash column chromatography on

silica gel (100 % hexane). The isolation yield was 31 % as a colorless oil. *H NMR (500 MHz, CDCls)

67.34(d,) =7.8Hz, 1H), 7.17 (m, 3H), 5.28 (m, 1H), 3.44 (d, J = 7.1 Hz, 2H), 1.74 (d, ) = 16.5 Hz,

6H). 13C{*H} NMR (126 MHz, CDCls) 6§ 139.40, 134.07, 133.67, 130.12, 129.47, 127.28, 126.87,

121.43,32.22, 25.91, 18.05. NMR characterization details of isolated 3j were in good agreement
with that reported for this compound in the literature.”

Table 2, entry 3k: 1-methyl-4-(3-methylbut-2-en-1-yl)benzene.
In a nitrogen filled glovebox, 2a (58 pL, 0.36 mmol, 1 equiv.) and [CI,NN]Cu (16

mg, 0.038 mmol, 10 mol%) were dissolved in dry 2-methylnaphthalene substrate

vessel. ‘BuOO'Bu (132 uL, 0.72 mmol, 2 equiv.) was added and the solution was
immediately sealed and heated to 80 °C. After 1 h, the reaction was allowed to

OO (1g, 7.2 mmol, 20 equiv.) with benzene (300 uL) in a 5 mL thick-walled pressure
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cool to r.t. and quenched by exposure to air. The yield determined by GCMS analysis of the
reaction mixture is 42 %. The target product 3k was isolated via flash column chromatography on
silica gel (100 % hexane). The isolation yield was 28 % as a colorless oil. *H NMR (500 MHz, CDCls)
67.78 (dd, J = 16.4, 8.5 Hz, 3H), 7.60 (s, 1H), 7.43 (m, 2H), 7.33 (m, 1H), 5.41 (m, 1H), 3.51 (d, J =
7.3 Hz, 2H), 1.78 (d, J = 3.9 Hz, 6H). 3C{*H} NMR (126 MHz, CDCls) § 139.48, 133.81, 133.01,
132.10,128.01,127.73,127.57,127.52,126.21,125.98, 125.20, 123.15, 34.68, 25.96, 18.06. NMR
characterization details of isolated 3k were in good agreement with that reported for this
compound in the literature.’®

Table 2, entry 3I: (4-methylpent-3-en-2-yl)benzene.

S In a nitrogen filled glovebox, 2a (58 uL, 0.36 mmol, 1 equiv.) and [CI,NN]Cu (16 mg,
0.038 mmol, 10 mol%) were dissolved in dry ethylbenzene substrate (877 L, 7.2
mmol, 20 equiv.) with benzene (300 uL) in a 5 mL thick-walled pressure vessel.
‘BuOO'Bu (132 pL, 0.72 mmol, 2 equiv.) was added and the solution was

immediately sealed and heated to 60 °C. After 1 h, the reaction was allowed to cool to r.t. and

guenched by exposure to air. The yield determined by GCMS analysis of the reaction mixture is

39 %. An authentic sample of the product 3l was synthesized via a Wittig reaction for qualitative

and quantitative analysis on GCMS. 31: *H NMR (500 MHz, CDCls) & 7.30 (t, J = 7.5 Hz, 2H), 7.25

(m, 2H), 7.18 (t, J = 7.2 Hz, 1H), 5.30 (m, 1H), 3.67 (m, 1H), 1.70 (d, J = 14.0 Hz, 5H), 1.32 (d, J =

7.0 Hz, 2H). B3C{*H} NMR (126 MHz, CDCls) 6 147.43, 130.63, 130.29, 128.48, 127.01, 125.84,

38.27, 25.96, 22.58, 18.09. Full characterization details are given in the entry for this compound

as synthesized via a Wittig reaction (page S3).

Table 2, entry 3m: (3-methylbut-2-ene-1,1-diyl)dibenzene.

In a nitrogen filled glovebox, 2a (58 uL, 0.36 mmol, 1 equiv.) and [CI,NN]Cu (16

mg, 0.038 mmol, 10 mol%) were dissolved in dry diphenylmethane substrate (604
O pL, 3.6 mmol, 10 equiv.) with benzene (300 pL) in a 5 mL thick-walled pressure

vessel. ‘BuOO'Bu (132 pL, 0.72 mmol, 2 equiv.) was added and the solution was
immediately sealed and heated to 60 °C. After 1 h, the reaction was allowed to cool to r.t. and
guenched by exposure to air. The yield determined by GCMS analysis of the reaction mixture is
65 %. The target product 3m was isolated via flash column chromatography on silica gel (100 %
hexane). The isolation yield was 19 % as a colorless oil. 'H NMR (500 MHz, CDCls) § 7.28 (m, 4H),
7.19 (m, 6H), 5.62 (d, ) =9.6 Hz, 1H), 4.89 (d, J = 9.5 Hz, 2H), 1.79 (s, 3H), 1.72 (s, 3H). 3C{*H} NMR
(126 MHz, CDCl3) 6 131.44, 130.11, 129.47, 127.28, 126.87, 121.41, 32.22, 25.92, 18.05. NMR
characterization details of isolated 3m were in good agreement with data reported for this
compound in the literature.’

N
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Table 2, entry 3n: 4,4'-(3-methylbut-2-ene-1,1-diyl)bis(fluorobenzene).

In a nitrogen filled glovebox, 2a (58 puL, 0.36 mmol, 1 equiv.) and [CI,NN]Cu

h (16 mg, 0.038 mmol, 10 mol%) were dissolved in dry 4,4'-

O O difluorodiphenylmethane substrate (1.28 mL, 7.2 mmol, 20 equiv.) with

F F benzene (300 pL) in a 5 mL thick-walled pressure vessel. ‘BuOO*'Bu (132 plL,

0.72 mmol, 2 equiv.) was added and the solution was immediately sealed and heated to 60 °C.

After 1 hour, the reaction was allowed to cool to r.t. and quenched by exposure to air. The yield

determined by GCMS analysis of the reaction mixture is 64 %. The target product 3n was isolated

via flash column chromatography on 10 % silver nitrate-impregnated silica gel (100 % hexane).

The isolation yield was 25 % as a colorless oil. *H NMR (500 MHz, CDCl3): 6 7.11 (dd, J = 8.6, 5.7

Hz, 4H), 6.96 (t, ) = 8.7 Hz, 4H), 5.52 (d, J = 9.4 Hz, 1H), 4.83 (d, ) = 9.3 Hz, 1H), 1.79 (d, J = 1.1 Hz,

3H), 1.70 (d, J = 1.2 Hz, 3H). 33C{*H} NMR (126 MHz, CDCls): 6 162.44, 160.49, 133.18, 129.70 (d,

J=7.8Hz),127.18, 115.31 (d, J = 21.1 Hz), 48.05, 26.04, 18.21. °F{*H} NMR (470 MHz, CDCls): §
-117.30. HRMS (Cl) m/z calcd. For C17H16F,* 258.1220, found 258.1205.

Table 2, entry 30: N-methyl-N-(3-methylbut-2-en-1-yl)aniline.

In a nitrogen filled glovebox, 2a (58 pL, 0.36 mmol, 1 equiv.) and [CI2NN]Cu (16 mg,

NN

0.038 mmol, 10 mol%) were dissolved in dry N,N-dimethylaniline substrate (455 pL,
@ 3.6 mmol, 10 equiv.) with benzene (300 pL) in a 5 mL thick-walled pressure vessel.

‘BuOO™Bu (132 pL, 0.72 mmol, 2 equiv.) was added and the solution was immediately
sealed and heated to 60 °C. After 1 h, the reaction was allowed to cool to r.t. and quenched by
exposure to air. The yield determined by GCMS analysis of the reaction mixture is 22 %. The target
product 30 was isolated via flash column chromatography (70 % hexane and 30 % DCM) for
qguantitative analysis on GCMS. Due to the separation challenge of 30, a significant amount of R-
H substrate (N,N-dimethylaniline) could not be removed completely in *H NMR. 'H NMR (500
MHz, CDCls): 6 7.25 (m), 6.75 (m), 5.20 (d, J = 6.9 Hz, 1H), 3.89 (d, J = 6.4 Hz, 2H), 2.89 (s, 3H),
1.72 (s, 3H). 'H NMR characterization details of 30 was in good agreement with data reported for
this compound in the literature.**

Table 2, entry 3p: 4-(6-methoxynaphthalen-2-yl)-6-methylhept-5-en-2-one.

§ In a nitrogen filled glovebox, 2a (58 uL, 0.36 mmol, 1 equiv.) and

[CI2NN]Cu (16 mg, 0.038 mmol, 10 mol%) were dissolved in dry 4-(6-

OO methoxynaphthalen-2-yl)butan-2-one (nabumetone) substrate (0.82 g,

"o 3.6 mmol, 10 equiv.) with benzene (300 pL) in a 5 mL thick-walled
pressure vessel. ‘BuOO'Bu (132 pL, 0.72 mmol, 2 equiv.) was added and the solution was
immediately sealed and heated to 60 °C. After 1 h, the reaction was allowed to cool to r.t. and
guenched by exposure to air. The yield determined by GCMS analysis of the reaction mixture is
35 %. The target product 3p was isolated via flash column chromatography (95 % hexane and 5 %
EA). The isolation yield was 15 % as a white solid. 70 % of Nabumetone was recovered. *H NMR
(500 MHz, CDCl3): 6 7.69 — 7.65 (m, 2H), 7.56 (d, /= 1.8 Hz, 1H), 7.32 (dd, /= 8.5, 1.8 Hz, 1H), 7.12
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(dd, J = 8.9, 2.6 Hz, 1H), 7.09 (d, J = 2.5 Hz, 1H), 5.32 (m, 1H), 4.20 (m, 1H), 3.90 (s, 3H), 2.88 (dd,
J=15.6, 6.6 Hz, 1H), 2.80 (dd, J = 15.6, 8.0 Hz, 1H), 2.08 (s, 3H), 1.71 (dd, J = 11.7, 1.4 Hz, 6H).13C{*H}
NMR (126 MHz, CDCls): 6 207.89, 157.47, 139.96, 133.31, 132.96, 129.26, 129.18, 127.27, 127.17,
126.57, 125.17, 118.92, 105.72, 55.45, 51.02, 40.07, 30.92, 26.03, 18.34. HRMS (Cl) m/z calcd.
For C1sH230,* 283.1698, found 283.1693.

Table 2, entry 3q: 6-(3-methylbut-2-en-1-yl)-2H-chromen-2-one.

)\/\@fl In a nitrogen filled glovebox, 2a (58 puL, 0.36 mmol, 1 equiv.) and [CI2NN]Cu

(16 mg, 0.038 mmol, 10 mol%) were dissolved in dry 6-methylcoumarin
0" "0 (0.57 g, 3.6 mmol, 10 equiv.) with benzene (300 pL) in a 5 mL thick-walled
pressure vessel. ‘BuOO'Bu (132 pL, 0.72 mmol, 2 equiv.) was added and the solution was
immediately sealed and heated to 100 °C. After 1 hour, the reaction was allowed to cool to r.t.
and quenched by exposure to air. The yield determined by GCMS analysis of the reaction mixture
is 29 %. The target product 3q was isolated via flash column chromatography (90 % hexane and
10 % EA). The isolation yield was 6 % as a white solid. 85 % of 6-methylcoumarin was recovered.
'H NMR (500 MHz, CD,Cl,): 6§ 7.69 (d, J = 9.7 Hz, 1H), 7.36 (dd, J = 8.5, 2.2 Hz, 1H), 7.29 (d, /= 2.1
Hz, 1H), 7.23 (d, J = 8.5 Hz, 1H), 6.35 (d, J = 9.5 Hz, 1H), 3.39 (d, /= 7.4 Hz, 2H), 1.76 (d, /= 1.3 Hz,
3H), 1.73 (d, J = 1.4 Hz, 3H). 3C{*H} NMR (126 MHz, CD,Cl,): § 161.26, 152.96, 144.00, 138.75,
134.09, 132.57,127.55, 122.85,119.28,117.02, 117.00, 33.93, 25.99, 18.09. HRMS (Cl) m/z calcd.
For C14H150,* 215.1072, found 215.1072.

Table 2, entry 3r: 8-(3-methylbut-2-en-1-yl)-2H-chromen-2-one.

h In a nitrogen filled glovebox, 2a (58 uL, 0.36 mmol, 1 equiv.) and [CI,NN]Cu (16 mg,

o~ So 0.038 mmol, 10 mol%) were dissolved in dry 8-methylcoumarin substrate (0.57 g,
3.6 mmol, 10 equiv.) with benzene (300 pL) in a 5 mL thick-walled pressure vessel.
| ‘BuOO'Bu (132 pL, 0.72 mmol, 2 equiv.) was added and the solution was
immediately sealed and heated to 100 °C. After 1 hour, the reaction was allowed to cool to r.t.
and quenched by exposure to air. Isolation yield was 8 % as white solid. 73 % of R-H (8-
methylcoumarin) substrate was recovered. The target product 3r was isolated via flash column
chromatography (95 % hexane and 5 % EA). *H NMR (500 MHz, CDCl3): § 7.71 (dd, J = 9.5, 1.1 Hz,
1H), 7.40 (d, J = 7.5 Hz, 1H), 7.33 (d, / = 7.6 Hz, 1H), 7.21 (m, 1H), 6.43 (dd, J = 9.5, 1.1 Hz, 1H),
5.35(m,J=7.5,6.0, 2.9, 1.4 Hz, 1H), 3.57 (d, J = 7.5 Hz, 2H), 1.77 (s, 6H). 13C{*H} NMR (126 MHz,
CDCl3): 6161.11, 152.03, 144.01, 134.27, 132.04, 130.07, 125.76, 124.27, 120.93, 118.78, 116.47,
27.71, 25.94, 18.04. 'H NMR characterization details of isolated 3r was in good agreement with
data reported for this compound in the literature.®
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4. Dehydrogenation of Ethylbenzene to Styrene and Competition Study of 2° and 1° Benzylic C-H
Bonds

Ethylbenzene exhibits a lower yield than toluene in C-H alkenylation because styrene forms in
20% vyield during the C-H alkenylation of ethylbenzene as determined by GCMS analysis
employing authentic standards.

I
1 10moi% [cLNNICY
+ 070 2 eq fBuoofBu
L 300 uL CoHg

60 °C 37 % 23 %

Styrene formation likely occurs via B-H atom abstraction from the PhCH(e)Me radical as outlined
in Scheme S5.

To compare the reactivities of benzylic CH, and CHs groups, 4-ethyltoluene was used as a
model substrate in the competition study. The results show that the secondary benzylic CH; is
more reactive towards alkenylation (31 %) compared to the primary benzylic CH; (12 %). However,
the secondary benzylic CH; radical can also undergo a second HAT at the B-H position. As a result,
4-methylstyrene was observed as a side product (28 %). Yields were determined by GCMS analysis
of the reaction mixture.

A
. 10 mol% [CI,NN]Cu
+ OO0 2 eq fBuoofBu
20 eq 60 °C

12 % 31 % 28 %

An additional competition study was performed by conducting a one-pot experiment
involving the alkenylation of toluene and ethylbenzene. The findings indicated that the secondary
benzylic CH; is more reactive towards alkenylation (29%) compared to the primary benzylic CHs
(16%). Similar to 4-ethyltoluene, ethylbenzene can also undergo a HAT at the B-H position,
resulting in the formation of styrene as a side product (20%). The yield determined by GCMS
analysis of the reaction mixture.

)\ 10 mol% [CI,NN]Cu
2eq fBuOOtBu
300 mL CeHs

20e
q 20 eq 60 °C 16 % 29 % 20 %
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5. Interaction of [CIl,NN]Cu(7*-benzene) with Alkenylboronate (2a), 6-Methylcoumarin
(1qg), and 2,5-Dimethyl-2,4-hexadiene (alkenyl dimer)

A Al

,._N\ B
& cu o+ — Cu=—]||
N ==N

[CI2NN]Cu(7*-alkenylboronate) adduct [Cu'](7?-2a)

In a nitrogen filled glovebox, [CI,NN]Cu catalyst (0.33 mmol, 170 mg) and 2a (0.43 mmol, 69 pL)
were mixed in 5 mL of fluorobenzene for 0.5 h. The mixture was further dried under vacuum and
redissolved back to pentane. X-ray quality crystals were grown by slow evaporation at -40 °C. 'H
NMR (500 MHz, C¢Ds): 6 7.14 (dd, J = 8.1, 1.5 Hz, 2H), 7.05 (dd, /= 8.1, 1.4 Hz, 2H), 6.46 (t, /= 8.0
Hz, 2H), 5.04 (s, 1H), 3.53 - 3.49 (m, 2H), 3.46 — 3.41 (m, 2H), 3.30 (s, 1H), 1.77 (s, 6H), 1.57 (d, J =
0.6 Hz, 3H), 1.29 (s, 3H). 1*C{*H} NMR (126 MHz, CsDs): & 164.56, 148.13, 131.68, 130.80, 124.31,
113.97, 95.87, 61.25, 28.87, 27.15, 23.38, 21.35. Anal. Calcd for Ca4H26BCl4CuN,03: C, 48.81;
H,4.44; N,4.74. Found: C, 48.64; H, 4.53; N, 5.03.

Calculation of the equilibrium constant for 2a binding in benzene: v’ant Hoff plot

Pure crystals of [CNN]Cu(7?-2a) (2.7 mg, 4.6 mmol) dissolved in 0.6 mL of C¢Ds with 6.3 mg
(0.0293 mmol) of internal standard, 1,2,4,5-tetrachlorobenzene (6 6.8 ppm). Variable
temperature 'H NMR spectra were acquired from 10 °C to 60 °C, equilibrating at each
temperature for 15 min before each collection. A delay time of 25s was used between *H NMR
scans to ensure accurate integration. Benzene concentration was needed to calculate [Cu']- (7?-
2a) binding AG. [Benzene]= 0.87 (g/mL) + 78 (g/mol) = 0.01123 mol/mL =11.23 M.

Hag Hcg
0 ?
N Hc B
B 2 ~,
~o7 t 7D ——= —Dg + I ¢}
(A] [Benzenel= 11.23 M B] [l
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Figure S2. The temperature variation staking *H NMR spectra of [CI,NN]Cu(7?-2a) in C¢De.

Table S5. The summary of integration results, the equilibrium constants (K), and the free energies
(AG) at various temperatures.

10°C 20°C 25°C 40 °C 50°C 60 °C
STD integration 2 2 2 2 2 2
Ha integration 1.61 1.47 1.98 1.38 1.34 1.21
Hb integration 0.11 0.16 0.24 0.27 0.39 0.49
Hc integration 0.16 0.20 0.28 0.32 0.49 0.52
[A] (mM) 6.864341 | 6.267442 | 8.44186 | 5.883721 | 5.713178 | 5.158915
[B] (mM) 0.468992 | 0.682171 | 1.023256 | 1.151163 | 1.662791 | 2.089147
[C] (mM) 0.682 0.853 1.194 1.364 2.089 2.217
K 4.150E- 8.265E- 1.289E- 2.377E- 5.414E- 7.995E-
06 06 05 05 05 05
Ln(K) -12.392 -11.704 -11.259 -10.647 -9.824 -9.434
AG (kcal/mol) 6.975 6.821 6.674 6.628 6.311 6.249
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In K= -AH/RT + AS/R

-9
-9.5
-10
-10.5
-11
-11.5
-12 y =-5559x + 7.2791
125 R2=0.9916
-13
0.0029 0.003 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036
1/T (1/K)

InK

Figure S3. van’t Hoff plot analysis for the binding of 2a to catalyst [CI,NN]Cu(7*-benzene) in
benzene. AG°xp(298K) = 6.7 + 1.0 kcal/mol, AH%y, = 11.1 £ 0.5 kcal/mol, and ASCep= 14.4 £ 1.6
e.u. (cal/moleK). (Also appears as Figure 3c in the manuscript.)

1H NMR study of binding affinity of 6-methylcoumarin (1q) to [CI.NN]Cu

To initiate alkenylation in the catalytic reaction involving substrates 1q and 1r, elevated reaction
temperatures are necessary. We hypothesize that strong binding of C-H substrates 1q and 1r to
the [CI,NN]Cu catalyst impeeds reaction with 'BuOO'Bu to form [Cl;NN]Cu-OBu.®

pa

—=N 050
¢ Cu o+ — \Cu<—| o
\__N/ ~ ‘"N/

cl
Cl\ cl

Scheme S2. Reversible 1q binding to [Cu'] catalyst.

To investigate this phenomenon, we used *H NMR to monitor the interaction between 1q and
[CI2NN]Cu in benzene-ds. We prepared two NMR samples: 1:1 sample, [CI,NN]Cu (5.0 mg, 0.0095
mmol, 1 equiv.) and 1q (1.5 mg, 0.0095 mmol, 1 equiv.) in 0.6 mL CsDs. 1:8 sample, [CI,NN]Cu (5
mg, 0.0095 mmol, 1 equiv.) and 1q (12 mg, 0.076 mmol, 8 equiv.) in 0.6 mL CsDs. In the 1:1
solution, only trace amount of [Cl,NN]Cu(7?*-benzene) was present. Upon the addition of [Cu'],
the H; signal of 1q upfield shifted to 4.5 ppm. The upfield shift of H* suggests the backbonding
interaction of [CI,NN]Cu and C,=Cg of 1q. In the 8:1 soution, no *H NMR signal for [CI,NN]Cu(7?-
benzene) was present. Thus, arene solutions of catalyst [CI,NN]Cu with a large excess of C-H
substrate 1q exclusively contain [CI,NN]Cu(1q). It requires higher temperatures to dissociate
[CI2NN]Cu(1q).

S20



H,C e SN

H 4

w Sl |

b
i3
[Cu] ‘“ |
c
‘ } 2
1q: [Cul J
e "', vy | "u, ‘,IH‘ | ‘ - N .
d
51
1q:[CU]
8:1 , I
A LJJ'VLF PE I JU@A

T T T T T T T T T T T T T T T T T T T T r
95 90 85 80 75 70 65 60 55 S50 45 40 35 30 25 20 1.5 1.0 05 0.0 -0.5
f1 (ppm)

Figure S4. 'H NMR spectra (500 MHz, CgDs, r.t.) of [CI2NN]Cu in the presence of C-H substrate 6-
methylcoumarin (1q). (a) *H NMR spectrum of 1q. (b) *H NMR spectrum of [CI,NN]Cu. (c) *H NMR
spectrum of 1 : 1 1q : [CI,NN]Cu mixture. (d) *H NMR spectrum of 8:1 1q : [CI2NN]Cu mixture.
Boxed signals indicate the chemical shift expected for the B-diketiminato backbone C-H resonance
of free [CI;NN]Cu in CeDs.

1H NMR study of binding affinity of 2,5-dimethyl-2,4-hexadiene (alkenyl dimer) to [CI,NN]Cu

To explore the affinity of the alkenyl dimer Me,C=CH-CH=CMe; to bind to the [CI,NN]Cu catalyst,
we employed *H NMR spectroscopy with various amount of alkenyl dimer. The NMR samples were
stirred for 10 min before the measurement.

Table S6. The NMR samples of different molar ratio of alkenyl dimer and [CI,NN]Cu catalyst.

Mole ratio Dimer [CI2NN]Cu CsDs
Dimer : [CI2NN]Cu
0.25:1 0.68 uL, 0.00048 mmol 10 mg, 0.019 mmol 0.6 mL
05:1 1.4 uL, 0.0096 mmol 10 mg, 0.019 mmol 0.6 mL
1:1 2.8 uL, 0.019 mmol 10 mg, 0.019 mmol 0.6 mL
25:1 7.0 pL, 0.048 mmol 10 mg, 0.019 mmol 0.6 mL
5:1 14 ulL, 0.095 mmol 10 mg, 0.019 mmol 0.6 mL
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Figure S5. The 'H NMR of substrate 2,5-dimethyl-2,4-hexadiene (alkenyl dimer) binds to
[CI,NN]Cu catalyst. (a) *H NMR of alkenyl dimer in CgDe. (b) *H NMR of [C2NN]Cu in CgDs. (c) *H
NMR of alkenyl dimer: [Cl,NN]Cu =0.25:1. (d) *H NMR of alkenyl dimer : [Cl,NN]Cu =0.5:1. (e) *H
NMR of alkenyl dimer: [Cl2NN]Cu =1:1. (f) *H NMR of alkenyl dimer: [Cl2NN]Cu =2.5:1. (g) *H NMR
of alkenyl dimer: [CI,NN]Cu =5:1. Boxed signals indicate the disappearing signals due to free
[CLNN]Cu(7?-benzene).
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6. Examining the Reactivity of the [CINN]Cu-CH=CMe; Intermediate
Synthesis of [CI.2NN]Cu-O'Bu

[CI,NN]Cu-O'Bu was adapted from a literature procedure.’” In a nitrogen filled glovebox,
'BuOO'Bu (146 pL, 0.76 mmol, 2 equiv.) was added to a suspension of [CI,NN]Cu (200 mg, 0.38
mmol, 1 equiv.) in pentane (10 mL). The reaction was stirred for 1 h at r.t. The reaction mixture
was then filtered through Celite and concentrated under vacuum. The concentrated solution was
further recrystallized at -40 °C to give 58 % as a dark red solid of [CI,NN]Cu-O'Bu.

Decay of [CI,NN]Cu-O’'Bu upon addition of alkenylboronate (2a)

To a cuvette was added 4.00 mL of a 0.13 mM stock solution of [CI,NN]Cu-O'Bu (g471nm = 4120 M-
lem?) in fluorobenzene. After the temperature of the UV-vis cryostat was held at -38 °C for 15
min, 2a (8.6 pL, 0.534 mmol, 1 equiv. in 0.1 mL fluorobenzene) was added via syringe under
nitrogen atmosphere. Immediately after addition of 2a, decay of [CI,NN]Cu-O'Bu occurred.

AL R

—N —
< )CU—O + oBo Lf» ¢ )Cu N
- 38°C  \e-

N cl 7< NG N D/
cm@ 2a uﬁ
0.6

0.5

0.4

0.2

0.1

350 400 450 500 550 600 650 700
wavelength (nm)

Figure S6. Uv-vis spectra recorded in every 30 s during exchange reaction of [CI,NN]Cu-O‘Bu
(0.13 mM, 1 equiv.) and 2a (1 equiv.) in fluorobenzene at — 38 °C over 15 min.
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Dimerization of [CI,NN]Cu-CH=CMe; intermediate in fluorobenzene

In a nitrogen filled glovebox, to a stirring solution of [CI,NN]Cu-O‘Bu (1 equiv., 0.2 mmol, 100 mg)
in fluorobenzene (5 mL) was added 2a (1 equiv., 0.2 mmol, 32 pulL). After stirring the reaction
mixture for 16 h at -40 °C, the reaction was quenched by exposure to air. 1,2,4,5-
tetrachlorobenzene was added to the reaction mixture as an internal standard and the yield of
alkenyl dimerization product Me,C=CH-CH=CMe; was 84 % as determined by GCMS analysis.

£

N ¢
N S
+ 00 —5 (  Cu —_— )\/\(
KO e e Ny
cl

84 %
C'*@ 2,5-dimethylhexa-2,4-diene
(Dimer)

lllustrating the ability of a 1,3-diene to bind to two copper(l) B-diketiminate complexes:
Isolation of {['ProNN¢s]Cu}2(p-CH2=CH-CH=CH.)

=N \  Pentane [Cu']"\
2 & cu o+ —_— \,[Cu']

<Pr
F3CiPr~@ [Cu'l-butadiene-[Cu']

In a nitrogen filled glovebox, [PraNNes]Cu(77>-benzene) (200 mg, 0.34 mmol) was dissolved in 15
mL pentane and purged with gaseous 1,3-butadiene for 2 min. Yellow crystals formed
immediately. The solution was carefully transferred to a -40 °C freezer which enabled the isolation
of X-ray quality crystals in 87% yield. *H NMR (500 MHz, CsD¢) 6 6.93 — 6.90 (m, 4H), 6.86 (d, J =
3.5 Hz, 8H), 6.02 (s, 2H), 4.37 —4.27 (m, 2H), 2.97 (p, / = 6.9 Hz, 4H), 2.86 (p, J = 6.8 Hz, 3H), 2.44
(d,J=6.8 Hz, 2H), 1.77 (d, J = 14.0 Hz, 2H), 1.16 (d, /= 6.8 Hz, 12H), 1.11 (d, J = 6.8 Hz, 11H), 1.04
(d, J = 6.9 Hz, 11H), 0.99 (d, J = 6.8 Hz, 12H). 3C{*H} NMR (126 MHz, CsDs) & 146.31, 138.87,
138.66, 125.81, 123.98, 123.77, 102.64, 82.19, 28.54, 28.45, 24.41, 23.98, 23.93, 23.77. ®F NMR
(470 MHz, CsDs) 6 -60.85. Anal. Calcd for Ce2H76CuzF12Na: C, 60.43; H, 6.22; N, 4.55. Found: C,
60.16; H, 6.53; N, 4.78. X-ray crystal structure shown in Figure S7.
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[CI2NN]Cu-CH=CMe; intermediate radical capture experiment

1/2(Ph3C), Gomberg's dimer

Gomberg’s dimer was prepared according to literature reported methods.'’ In a nitrogen filled
glovebox, 2a (32 pL, 0.2 mmol, 1 equiv.) and Gomberg’s dimer (49 mg, 0.1 mmol, 0.5 equiv.) were
dissolved in 1 mL of benzene. Then the mixture solution was slowly added into a solution of
[CI2NN]Cu-O'Bu (100 mg, 0.2 mmol, 1 equiv. in 4 mL of benzene) under r.t. for 30 minutes. After
the reaction was done, the reaction was quenched by exposure to air. The radical capture product
was isolated via flash column chromatography (100 % hexane). Isolated yield was 35 %.

O-L
(3-methylbut-2-ene-1,1,1-triyl)tribenzene

1H NMR (500 MHz, CDCls): 8 7.29 (m, 12H), 7.18 (m, 3H), 6.24 (s, 1H), 1.90 (d, J = 1.5 Hz, 3H), 1.87
(d, J = 1.4 Hz, 3H). 3C{*H} NMR (126 MHz, CDCls) & 147.07, 144.40, 137.83, 136.06, 128.40,
128.06, 127.80, 127.36, 124.76, 27.14, 19.66. HRMS (Cl) m/z calcd. For CasH21* 297.1643, found
297.1632.

Reactivity of [CI2NN]Cu-CH=CMe: in toluene

In a nitrogen filled glovebox, 2a (32 pL, 0.2 mmol, 1 equiv.) was added to a stirring solution of
[CI2NN]Cu-O'Bu (100 mg, 0.2 mmol, 1 equiv.) in toluene (5 mL) and stirred for 16 h at -40 °C. The
reaction was quenched by exposure to air. The Cu catalyst was removed by passing through 2
inches height of silica before analyzed by GCMS. 1,2,4,5-tetrachlorobenzene was added to the
reaction mixture as an internal standard. Determined by GCMS analysis, the alkenyl dimerization
product Me,C=CH-CH=CMe; yield was 58% and the C-H alkenylation yield of 3a was 3 %.

-40 °C ©/\°)\ 58 %

HAT + radlcal capture Dimer




7. Crystallographic Details

X-ray data for compound [Cl,NN]Cu-2a (CCDC: 2268882) and {['ProNNgs]Cu}2(u-CH,=CH-CH=CH,)
(CCDC: 2329536) were collected at Michigan State University. A single crystal was selected and
mounted on a nylon loop with paratone oil on a XtaLAB Synergy, Dualflex, HyPix diffractometer.
The crystal was kept at a steady T = 100 K during data collection. The data was measured using w
scans using Cu K, radiation (micro-focus sealed X-ray tube, 50 kV, 1 mA). The total number of runs
and images was based on the strategy calculation from the program CrysAlisPro 1.171.42.93a
(Rigaku OD, 2023).18 The achieved resolution was 0.78 (A). The structure was solved with the
ShelXT 2018/2 (Sheldrick, 2018)*° solution program using dual methods solution program using
direct methods and by using Olex2 1.5 (Dolomanov et al., 2009) as the graphical interface.?’ The
model was refined with ShelXL 2018/3 (Sheldrick, 2015)?! using full matrix least squares
minimization on F2.

Figure S7. X-ray structure of [CI,NN]Cu(7?-2a) (CCDC: 2268882). The thermal ellipsoid plots are
drawn at the 50% probability level. Hydrogen atoms were omitted for clarity. Selected bond
distances (A) and angles (°): Cul-N1: 1.929(5), Cul-N2: 1.948(2), Cu-C1: 2.000(1), Cul-C2:
2.082(1), C1-C2: 1.397(1), N1-Cu-N2: 97.45(4).
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Figure S8. X-ray structure of {['ProNNgg]Cu},(u-CH2=CH-CH=CH>) (CCDC: 2329536). The thermal
ellipsoid plots were drawn at the 50% probability level. Hydrogen atoms were omitted for clarity.
Selected bond distances (A) and angles (°): Cu1-N1: 1.944(2), Cu1-N2: 1.953(5), Cu-C1: 2.035(1),
Cul-C2: 2.116(2), C1-C2: 1.390(5), C2-C2: 1.459(5), N1-Cu-N2: 98.42(2).

S27



8. Computational Methods and Results

All computational results were done by the Gaussian 16 program.?? Chemcraft 1.6 and
Chimera were used to visualize structures and molecular orbitals. Calculations were performed
adopting the BP86 functional,?®>?* and the 6-311++G(d,p) basis set for structure optimizations,
single point geometries calculations, and free energy calculations. Calculations were conducted
on closed-shell singlet and open-shell doublet spin states. Geometry optimizations were also
performed without symmetry constraints at 298.15 K and 1 atmosphere with unscaled
vibrational frequencies. Single point calculation of the optimized geometry also included solvent
(SMD-benzene)?® and dispersion (GD3BJ)?® correction.
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Table S7. Free energies for computed compounds in Hartrees at 298.15 K in benzene. [Cu']

corresponds to the S-diketiminato [CI,NN]Cu fragment.

o U

CeHg CgH5CH3 CgHsCH3
charge 0 0 0
spin state 1 1 1

free energy (Hartrees) -232.2537094 -271.5634419 -309.6534893

L] [ ]
>:.
PhCH(e) PhCH(e) (CH3),C=CH(e)
charge 0 0 0
spin state 2 2 2

-270.9224698 -310.2307259

A A
[Cu] [Cu]

free energy (Hartrees) -156.5253654

[Cu] <\—ﬂ/

[Cu'|(n*3a) [Cu'l(n*-3) [Cu'[(n2-CH,=CMey)
charge 0 0 0
spin state 1 1 1

-4674.650066 -4713.947558

(\(I)__[Cu”] (\(I)/ [Cu||]
|

B=O B-11

o7 L o7 s

free energy (Hartrees) -4404.283445

ina ing TSA
charge 0 0 0
spin state 2 2 2

-4930.053516

[Cu"]
(\O"[CU"] ‘,_<
| ] ’
_B- -H

free energy (Hartrees) -4930.05341 -4930.050742

EC““]

s

TS¢ TSHat TSrec
charge 0 0 0
spin state 2 2 3

free energy (Hartrees) -4930.050759 -4675.172402 -4674.535757
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Scheme S3. Reaction coordinate and energy diagram for the reaction of alkenyl boronate 2a with
[Cu"]-O'Bu to form [Cu']-CH=CMe; (black). Subsequent steps illustrate reactivity of [Cu']-
CH=CMe;: loss of «CH=CMe; via displacement by benzene (green), H-atom abstraction of toluene
to form PhCH,e and [Cu'](7>-CH,=CMe2) (blue), capture of PhCH,e to form [Cu'](7?-
Me2C=CHCH2Ph) (red), and dimerization to form [Cu'],(u-Me,C=CH-CH=CMe>) (magenta). Free
energies indicated in kcal/mol at 298.15 K. #*TSgc was optimized under triplet state (AG#= 10.2

kcal/mol) and suggests that radical coupling via the singlet state would have an even smaller
reaction barrier.
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[Cu'] exhibits a higher affinity for binding with the reactant 2a (AG = 7.5 kcal/mol) and a
lower affinity with the product 3a (AG = 5.9 kcal/mol) (Scheme S4a, b). Thus, dissociating the
[Cu'](7%-3a) adduct is easier compared to [Cu'](7?-2a). Even if the unreacted 2a replaces the 3a in
[Cu'](7%-3a) (A G = -1.6 kcal/mol, Scheme S4c), the newly formed [Cu'](7?-2a) can still dissociate
under mild heating conditions (Scheme S4a), initiating the next cycle of the catalytic process.

a ?/j
B\o G ?/j
| AG= 75 B\
[Cu ]‘jl/\ + CgHg — > [Cu'|(n?-CgHg) + | O
2a
b
| AG=5.9 | 2 7
[Cu'l== | + CgHg ———— [Cu'|(n*-CeHg) * 3a

B« _ B\O
[CUI] I +)I/\ X — [CUI])I/\ ' ©/\)\
2a 3a

Scheme S4. DFT calculation of (a) [Cu'] binds to 2a, (b) [Cu'] binds to 3a, (c) [Cu']-3a displacement
with 2a. Free energies indicated in kcal/mol at 298.15 K.
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Since the reaction intermediate [Cu"]-CH=C(Me), exhibits H-atom abstraction reactivity
(Scheme S3 and manuscript Figure 5civ), we considered the competition between radical capture
of a 2° ethylbenzene radical to form a sp3-sp3 C-C bond in [Cu'](n?-3l) (AG = -55 kcal/mol) or
undergo a HAT at the B-H position, producing styrene (AG = -48.3 kcal/mol) (Scheme S5). Both
pathways are highly thermodynamically favorable, aligning with experimental results that show
a ratio of PhCH(CH=Me;)Me (3l) : styrene of 37% : 23%.

a. Radical captura»

H
AG= -55.0 [Cu]
[CU”]\)\ +
74
b. HAT

AG= 483 + [Cu'l‘\'(
H

Scheme S5. DFT calculation of ethylbenzene radical reacts with [Cu"]-CH=C(Me); via (a) radical
capture, and (b) HAT. Free energies indicated in kcal/mol at 298.15 K.
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Figure S9. Geometry optimized structure of [CI,NN]Cu-O'Bu with charge = 0, multiplicity = 2.
Selected calculated bond distances (A) and angles (°) for [CI,NN]Cu(O-'Bu): Cul-N6: 1.934; Cul-
N7: 1.934; Cul-038: 1.816; 038-C39: 1.421; N6-Cul-N7: 96.20; N6-Cul-038: 131.68; N7-Cul-
038: 131.68; Cul-038-C39: 132.602.
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Figure S10. Geometry optimized structure of TSa with charge = 0, multiplicity = 2. Hydrogen atoms
were omitted for clarity. Selected calculated bond distances (A) and angles (°) for TSa: Cul-N6:
1.980; Cul-N7:1.957; Cul-038:1.911; Cul-057: 2.364; Cul-C64: 3.751; N6-Cul-N7: 95.07; O38-
Cul-057: 68.58; 038-B56-057: 92.22; Cul-038-C39: 132.602.

Figure S11. Geometry optimized structure of Ina with charge = 0, multiplicity = 2. Hydrogen atoms
were omitted for clarity. Selected calculated bond distances (A) and angles (°) for Ina: Cul-N6:
1.993; Cul-N7:1.972; Cul-038: 2.027; Cul-057: 2.091; Cul-C64: 3.717; N6-Cul-N7: 94.76; O38-
Cul-057: 68.26; 038-B56-057: 94.90.
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Figure S12. Geometry optimized structure of TSg with charge = 0, multiplicity = 2. Hydrogen atoms
were omitted for clarity. Selected calculated bond distances (A) and angles (°) for TSg: Cul-N6:
1.914; Cul-N7: 1.994; Cu1-038: 2.936; Cul-057: 1.933; Cul-C64: 3.258; N6-Cul-N7: 96.98; 038-
Cul-057: 53.20; 038-B56-057: 98.95.

Figure S13. Geometry optimized structure of Ing with charge = 0, multiplicity = 2. Hydrogen atoms
were omitted for clarity. Selected calculated bond distances (A) and angles (°) for Ing: Cul-N6:
1.937; Cul-N7:1.926; Cul-038: 3.967; Cul-057: 1.888; Cul-C64: 3.002; N6-Cul-N7: 96.99; C64-
Cul-057:57.68; 038-B56-057: 100.35.
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Figure S14. Geometry optimized structure of TSc with charge = 0, multiplicity = 2. Hydrogen atoms
were omitted for clarity. Selected calculated bond distances (A) and angles (°) for TSc: Cul-N6:
2.019; Cul-N7:1.984; Cul-057: 2.053; Cul-C64: 2.051; C64-B56: 2.033; 038-B56: 1.409; N6-Cul-
N7:94.84; C64-Cul-057: 81.42; 038-B56-057: 110.18.

S34



-
v -@ g
€ - uﬁ
¢ QL
“"Q ¢ t Ca
He
&z
@
He

Figure S15. Geometry optimized structure of [Cu'"]-CH=CMe; with charge = 0, multiplicity = 2.
Selected calculated bond distances (A) and angles (°) for [Cu']-CH=CMe;: Cul-N6: 1.968; Cul-N7:
1.934; Cul-C38: 1.907; Cul-C64: 2.051; N6-Cul-N7: 96.03; N7-Cul-C38: 155.40; 038-B56-057:
108.43; Cul-C38-C40: 127.18; Cul-C38-H39: 115.43.
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Figure S16. Geometry optimized structure of TSuar with charge = 0, multiplicity = 2. Selected
calculated bond distances (A) and angles (°) for TSuar : Cul-N6: 1.958; Cul-N7: 1.971; Cul-C38:
1.947; C38-H61: 1.479; C60-H61: 1.269; N6-Cul-N7: 96.95; N6-Cul-C38: 153.29; N7-Cul-C38:
109.57; C38-H61-C60: 170.91; Cul-C38-C40: 79.63. The dotted red line represents the H61 atom
movement during HAT. Imaginary frequency: -1037.07 cm™.
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Figure S17. Geometry optimized structure of [Cu'](7-CH2=CMe;) with charge = 0, multiplicity = 1.
Selected calculated bond distances (&) and angles (°) for [Cu']( 7*-CH,=CMe3): Cul-N2: 1.952;
Cul-N3: 1.965; Cul-C39: 2.004; C39-C41: 1.399; C39-H38: 1.097; C39-H40: 1.097; N2-Cul-N3:
97.60; N2-Cu1-C39: 155.80; C41-C39-Cul: 74.67; H38-C39-H40: 115.68; C41-C39-H38: 120.64.
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Figure S18. Geometry optimized structure of TSrc with charge = 0, multiplicity = 3. Selected
calculated bond distances (&) and angles (°) for TSgc: Cul-N6: 1.970; Cul-N7: 1.937; Cul-C38:
1.926; C38-C60: 2.221; N6-Cul-N7: 96.18; N7-Cul-C38: 156.92; C58-C60-C38: 106.61; C60-C38-
C40: 111.22; C60-C38-H39: 90.13. The dotted red line represents the C38 and C60 atom
movement during radical capture. Imaginary frequency: -362.4334 cm™.
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Figure S19. Geometry optimized structure of [Cu'](7*-Me,C=CHCH.Ph) with charge = 0,
multiplicity = 1. Selected calculated bond distances (A) and angles (°) for [Cu"l (r?-
Me;C=CHCH,Ph): Cul-N2:1.962; Cul-N3:1.974; Cul-C38: 2.037; Cul-C40: 2.104; C40-C38: 1.404;
N2-Cul-N3:97.27; N2-Cul-C38: 153.76; C49-C38-C40: 125.54; H39-C38-C49: 114.02.

Figure S20. Geometry optimized structure of [Cu'l,(u-Me2C=CH-CH=CMe3) with charge = 0,
multiplicity = 1. Hydrogen atoms on ligands were omitted for clarity. Selected calculated bond
distances (&) and angles (°) for [Cu']2(u-Me2C=CH-CH=CMe>): Cu1l-N8: 1.986; Cul-N9: 1.986; Cul-
C10: 2.095; Cul-C11: 2.113; C10-C11: 2.113; C11-C51: 1.478; N8-Cul-N9: 97.03; C10-Cul-C11:
39.08; C51-C11-C10: 126.50.
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AG = 36.3 kcal/mol
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Figure S21. The free energy change calculated for alkenyl radical separation from [CI.NN]Cu-
CH=CMe; in benzene solvent, both considering simple dissociative loss and associative
displacement by benzene (top). A relaxed energy scan for alkenyl group dissociation from
[CI,NN]Cu considers the electronic energy as the Cu-C distance is lengthened (bottom). Each step
increment distance was +0.05 A. The relaxed energy scan were performed adopting the BP86
functional, and the 6-31+G(d) basis set in gas phase.
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Figure $22. Relaxed energy scan of dimerization product [Cu']z(u-Me,C=CH-CH=CMe;) along the
Me,C=CH-CH=CMe;, C-C single bond vector. Each step increment distance was +0.05 A. This
relaxed energy scan reveals that C-C bond formation from separated [Cu'']-CH=CMe; species was

extremely favored with a low (if any) barrier. Calculations were performed adopting the BP86
functional, and the 6-31+G(d) basis set in gas phase.
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Figure S23. A relaxed energy scan illustrating rotation of the N-Cu-C=CMe; vector of [Cu']-
CH=CMe; indicating a low barrier for Cu-C bond rotation. Each step increment distance was +3.0°.
Calculations were performed adopting the BP86 functional, and the 6-31+G(d) basis set in gas phase.

sS40



9. Construction the Chemical Space Diagram for Benzylic CH3 Substrates
The search was performed on Reaxys® on September 20, 2023.

Examining our substrate scope, we identified the compatibility of our catalytic conditions with
ketones, ethers, and aryl halides. We further investigated the extent to which our substrate scope
covers the chemical space diagram for commercially available benzylic CHs substrates.

Initial search:

Using “ARY-CH3” as a model molecule in Reaxy, we got 3,996,213 substrates as the initial result.
To further minimize the substrate pool to fit our substrate table, we add additional filters including
“Molecular weight <= 185", “Number of fragments= 1", “commercial substances”, available “NMR
spectroscopy”, available “Boiling point”, available “Melting point”, “Hydrogen bond donors= 0”,
“no alkyl halide”, “no ester”, “no Sulfer, Nitrogen, Phospher, Boron”, and “no alkene and alkyne”.

The filtered search minimizes the substrate pool to 655 molecules, and the result was exported
to a smile file.

Annotated Jupyter notebook

rdkit import Chem

rdkit import DataStructs

rdkit.Chem import Descriptors
rdkit.Chem.MolStandardize import rdMolStandardize

re, tqdm, sys, copy

sklearn.decomposition, sklearn.manifold, lmfit
numpy as np

pandas as pd

matplotlib.pyplot as plt
matplotlib.cm as cm
matplotlib

plotly.express as px
molplotly
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plt.rc('font', size=8, family="serif")

plt.rc('axes', titlesize=10, labelsize=10)

plt.rc([ 'xtick', 'ytick'], labelsize=8)

plt.rc('legend', fontsize=10)

plt.rc('figure', titlesize=12)

get_ipython().run_line _magic('matplotlib', 'inline')

get_ipython().run_line _magic('config', "InlineBackend.figure_format='svg'")

BenCH3:

__init_ (self, smiles):
.smiles = smiles
.mol = Chem.MolFromSmiles( .smiles)
.fingerprint =

__repr__(self):
return f"BenCH3( .smiles})"

get_fingerprint(self):
if .fingerprint :
.fingerprint = Chem.RDKFingerprint( .mol, maxPath=7,
branchedPaths= )

return .fingerprint

BenCH3:

__init_ (self, smiles):
.smiles = smiles
.mol = Chem.MolFromSmiles( .smiles)
.fingerprint =

__repr__(self):
return f"BenCH3( .smiles})"

get_fingerprint(self):
if .fingerprint




.fingerprint = Chem.RDKFingerprint( .mol, maxPath=7,
branchedPaths= )

return .fingerprint
get_molecular_weight(self):

return Descriptors.MolWt(

mols = []
with open("BenCH3.smi", "r") as f:
for smiles_string in tqdm.tqdm(f.readlines(), total=660, ncols=100):
mols.append(BenCH3(smiles_string))

mol_nums = []

for i, m in enumerate(mols):
mol nums.append(i+1)
try: fp = m.get_fingerprint()
except: print(f"Problematic structure at index {i}: {m.smiles}")

len(mol_nums)

X = np.stack([m.get_fingerprint() for m in mols])
print(X.shape)

pca = sklearn.decomposition.PCA(n_components=2)




Xpca = pca.fit_transform(X)
print(Xpca.shape)

plot_df_interactive(df, xlabel, ylabel, port, color=

bonus_px_kwargs = {}

bonus_mp_kwargs = {}

if color :
bonus_px_kwargs["color"] = color
bonus_mp_kwargs["color col"] = color

fig = px.scatter(
df,
x=xlabel,
y=ylabel,
width=550,
height=550,
template="simple_white",
**ponus_px_kwargs

= molplotly.add _molecules(
fig=Ffig,

df=df,

smiles col="'smiles',

title col='smiles"',
**ponus_mp_kwargs

app.run_server(mode="'inline"', port=port, height=600)

df = pd.DataFrame([m.smiles for m in mols], columns=["smiles"])
df["pca_1"] = Xpcal[:, 0]




df["pca_2"] = Xpca[:, 1]

plot_df_interactive(df, "pca 1", "pca 2", port=8053)

Xumap = umap.UMAP(

n_components=2,

n_neighbors=30,

min_dist=0.3,

metric="jaccard"
).fit_transform([m.get_fingerprint() for m in mols])

df["umap_1"] Xumap[:,0]
df["umap_2"] Xumap[:,1]

plot_df_interactive(df, "umap_ 1", "umap_ 2", port=8090)
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Figure S24. Chemical space diagram of benzylic CHs substrates by using uniform manifold
approximation and projection (UMAP) with molecular fingerprints from a Reaxys search.
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10. NMR spectra

'H NMR spectrum of 2a (500 MHz, CDCls).
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1B NMR spectrum of 2a (500 MHz, CDCls). BF3:OEt; serves as the internal standard (6 = 0.0 ppm).
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'H NMR spectrum of 2b (500 MHz, CDCls).
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1B NMR spectrum of 2b (500 MHz, CDCls). BF3-OEt; serves as the internal standard (6 = 0.0 ppm).
The broad peak at -4.3 ppm belongs to borosilicate from the NMR tube.
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'H NMR spectrum of benzyl t-butyl ether from independent synthesis via acid-catalyzed
etherification (500 MHz, CDCls).
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'H NMR spectrum of 3a from independent synthesis via Wittig reaction (500 MHz, CDCls).
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'H NMR spectrum of 3b (500 MHz,

CDCl3).
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'H NMR spectrum of 3¢ (500 MHz, CDCls).
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'H NMR spectrum of 3d (500 MHz, CD,Cl5).
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'H NMR spectrum of 3e (500 MHz, CDCls). Due to the separation challenges, a significant amount
of R-H substrate (1,3-dimethoxy-5-methylbenzene) could not be removed. (# note as 1,3-
dimethoxy-5-methylbenzene.)
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'H NMR spectrum of 3f (500 MHz, CDCls). Due to the low volatility of 3f, trace amount of hexane
could not be removed completely which appears in the *H and *C{*H} NMR spectra. (*note as

hexane.)
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'H NMR spectrum of 3g (500 MHz, CDCls).

TN A OOV 0O 0O COIS SIS WYY o nsToos
NN~ —~O MO OO OO OO m o NS~ 0
DN ST T R RV T T T T e ) o e e
=" e, el — V) N\
L
=
( (
lA [
| , \ 7
J
S
CH,
o]
)
|
1 * JL_JL__»
¥y i o T
83 g a 2
=3 =] 2z @
T T T T T T T T T T T T T T
2.0 1.5 1.0 0.5

. . 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5
f1 (ppm)

13C{*H} NMR spectrum of 3g (126 MHz, CDCls).

—25.89
—17.98

—140.39
—120.78
128,54
—12.73

—3381

CH,

CHy

T T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
f1 (ppm)

T T T T
230 220 210 200

S58



'H NMR spectrum of 3h (500 MHz, CDCls).
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'H NMR spectrum of 3i (500 MHz, CDCls).
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'H NMR spectrum of 3j (500 MHz, CDCls).

ErE~
e

s
wN.mW
0g's

114
44
vTL
9aTL
8TL
6T'L
ﬁNNN
wL
€2ad 9z \

€E°L
vEL

/

/

Cl

HC

T T
0.5 0.0

1.0

1.5

Fess

T
2.0

2.5

T

3.0

Fect

4.0

45
f1 (ppm)

5.0

E007

6.0 5.5

6.5

7.0

M\mmm

Fs071

T

T T
8.0 7.5

8.5

9.0

3.5

13C{*H} NMR spectrum of 3j (126 MHz, CDCls).

b2t
PRSI
8242t
Lb'62T~
zreer”
L9'EET \
0T,
Ob'6ET

CH,

HiC.

Cl

100
fi (ppm)

180 170 160 150 140 130 120 110

190

T

200

-10

80 70 60 50 40 30 20 10

90

210

S61



'H NMR spectrum of 3k (500 MHz, CDCl3).
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'H NMR spectrum of 31 from independent synthesis via Wittig reaction (500 MHz, CDCls).
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'H NMR spectrum of 3m (500 MHz, CDCls).
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'H NMR spectrum of 3n (500 MHz, CDCls).
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F{*H} NMR spectrum of 3n (126 MHz, CDCls). Fluorobenzene serves as the internal standard (6
=-113.15 ppm).
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1H NMR spectrum of 30 (500 MHz, CDCls). Due to the separation challenge of 3m, a significant
amount of R-H substrate (N,N-dimethylaniline) could not be removed completely in *H NMR.
(*note as R-H substrate).
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'H NMR spectrum of 3p (500 MHz, CDCl3).
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1H/ 3C HSQC spectrum of 3p in CDCls.
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'H NMR spectrum of 3q (500 MHz, CD,Cl5).

RERKMNVARAINRS A 28 2 RRRH
L e S T A S N Yo R e ) nuwmu;m Mmm — — o
IRNDARARERL R e V) ploha
3
u’
[
Ll \ ‘l |
I | J !
CH,
e S AN
0 (o]
1
'l 1 [ "
I llJ h
I ) d T To

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 510 4.5 4:0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)
13C{*H} NMR spectrum of 3q (126 MHz, CD,Cl5).
g
% % 828GBBEYS 5 @ g
O CEEELEEE Ao g
| | NS NS | | |
m
HoC CH, 0 o
| J . | | |
H i l ij J Jl' .}J l. 1
2%0 2&0 ZiO 260 19‘0 léO 1;0 léO 1%0 1“10 léO léO 11‘.0 1(‘)0 9‘0 8‘0 7‘0 6‘0 5‘0 4'0 3‘0 2‘0 1‘0 -1‘0

f1 (ppm)

S70



'H NMR spectrum of 3r (500 MHz, CDCls).

88'0—

SCT—

9T

92'S
b9
£b'9 >
6TL
6TL
0c'L
0z
[xoys
[oys

1L

€L
6EL
ob'L
69
TLL

L

|

b

}A

[

I

809

e

oot

660

0.0

0.5

1.0

1.5

2.0

2.5

3.0

4.0

4.5
f1 (ppm)

13C{*H} NMR spectrum of 3r (126 MHz, CDCls).

5.0

5.5

6.0

8.0 7.5 7.0 6.5

8.5

9.0

35

+0'81—

6'ST~
we—

€0 9T LL—

1911
8L'8T1 M
€6'071~
LThTI~
9L'sT1"
L0'0ET—
H0'ZET M
LTHET

0T —
€0°CST—

T —

T T T T T
40 30 20 10 0

50

T

60

T T T
9 80 70

100

110
f1 (ppm)

T T T T T T T T T T
190 170 160 150 140 130 120

T

T

230 220 210 200

-10

180

S71



'H NMR spectrum of (3-methylbut-2-ene-1,1,1-triyl)tribenzene (500 MHz, CDCls).
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