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1. 19F{1H} monitoring of the Cu(II)-catalyzed homocoupling reaction 

 

0 10 20 30 40 50 60 70

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0 15 30 45 60 75 90 105 120
0.000

0.004

0.008

0.012

0.016

0.16

0.17

0.18

0.19

0.20

0.21

0.22

 p-F-C6H4B(OH)2

 (p-F-C6H4)2

c
o

n
c
e

n
tr

a
ti
o

n
 (

M
)

time (h)

c
o
n
c
e
n
tr

a
ti
o
n
 (

M
)

time (min)

CuCl
2
 addition

 

Figure S1. 19F{1H} kinetic monitoring of the reaction of p-FPhB(OH)2 (0.2 M) and CuIICl2 

(20 mM, 20 mol%) in MeOH in the presence of K2CO3 (0.2 M, 1 equiv). A solution of nBu4BF4 

0.1 M in d6-DMSO contained in a sealed capillary was used as an internal standard (signal 

at -148.5 ppm). As indicated on the zoomed insert the formation of the homocoupling product 

proceed very fast when the base is added and a plateau is obtained around 0.01 mol L-1 

corresponding to a stoichiometry of two Cu(II) per mol of homocoupling product formed. 

 

 

 

A. 
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B. 

 
 

Figure S2. 19F{1H} NMR spectrum of a solution of p-FPhB(OH)2 (20 mM, 2 equiv) and CuIICl2 

(10 mM) in MeOH in the absence of added base A. at t = 0 h, B. after 5h. A solution of nBu4BF4 

0.1 M in d6-DMSO contained in a sealed capillary was used as an internal standard (signal 

at -148.5 ppm). 

 

 

 

Figure S3. 19F{1H} NMR spectrum of a solution of p-FPhB(OH)2 (20 mM, 20 equiv), TBAOH 

(12 mM, 12 equiv) and CuCl2
 (1 mM, 1 equiv) in MeOH. A solution of fluorobenzene in d6-

DMSO contained in a sealed capillary was used as an internal standard (signal at -113.1 ppm). 

fluorobenzene in MeOH (-115.2 ppm), homocoupling product (-117.9 ppm), p-F-phenol (-

126.5 ppm) and p-F-anisole (-128.1 ppm). 
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Figure S4. 19F{1H} NMR spectrum of a solution of p-FPhB(OH)2 (20 mM) and TBAOH (1 

equiv) in the absence of CuIICl2
 in MeOH at t = 0 and t = 24 h. The signal of [p-FPhB(OH)3]

-
 is 

detected at -121.6 ppm. 

 

 

Figure S5. 19F{1H} NMR spectrum of a solution of p-FPhB(OH)2 (20 mM, 1 equiv), TBAOH 

(12 mM, 0.5 equiv) and CuCl2
 (20 mM, 1 equiv) in MeOH. A solution of fluorobenzene in d6-

DMSO contained in a sealed capillary was used as an internal standard (signal at -113.1 ppm). 
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Figure S6. 19F{1H} NMR spectrum of a solution of p-FPhB(OH)2 (20 mM, 10 equiv) and 

CuIICl2 (2 mM) in MeOH in the presence of a) 4 equiv of TBAOH, b) 8 equiv of TBAOH. A 

solution of fluorobenzene in d6-DMSO contained in a sealed capillary was used as an internal 

standard (signal at -113.1 ppm). 
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2. Cyclic Voltammograms and Kinetic Monitoring of the Formation of Cu(I) 
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Figure S7. Cyclic voltammogram toward reduction (left) and oxidation (right) potentials of a 

solution of CuCl2 (2 mM) in MeOH (red line) and in the presence of PhB(OH)2 (10 mM) (green 

line). Working electrode: glassy carbon (Ø = 3 mm); scan rate: 0.5 V s-1; supporting electrolyte: 

nBu4BF4 (0.3 M) ; recorded at ambient temperature starting at the Open Circuit Potential (OCP). 

 

 

Figure S8. Cyclic voltammetry toward reduction potentials monitoring of the reduction of 

Cu(II) (CuCl2, 2 mM) to Cu(I) by PhB(OH)2 in the presence of TBAOH (Dark green). After 

addition of PhB(OH)2 (10 mM, Light green). (Apple green) Addition of TBAOH (5 mM) at t = 

0. (Light orange) After 20 minutes. (Orange) After 30 minutes. (Red) After 45 minutes. 

Working electrode: glassy carbon (Ø = 3 mm); scan rate: 0.5 V s-1; supporting electrolyte: 

nBu4BF4 (0.3 M); recorded at ambient temperature starting at the Open Circuit Potential (OCP). 
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Figure S9. Cyclic voltammogram toward oxidation of a solution of CuCl2 (2 mM) in MeOH. 

Working electrode: glassy carbon (Ø = 3 mm); scan rate: 0.5 V s-1; supporting electrolyte: 

nBu4BF4 (0.3 M) ; recorded at ambient temperature starting at the Open Circuit Potential (OCP). 

  

-1,0 -0,5 0,0 0,5 1,0 1,5

-60

-40

-20

0

20

40

60

80

100

120

C
u

rr
e

n
t 

/ 
µ

A

Potential / V vs ECS

CuI CuII  Cu0 CuI

Cu0 CuI

CuI CuII  



9 
 

0 100 200 300 400

0

5

10

15

20

25

30

C
u

rr
en

t 
(µ

A
)

Time (s)

TBAOH 3 equiv. 

t = 62.7 s

kapp,1 = 0.0111 s-1

R2 = 0.996

0 50 100 150

0

5

10

15

20

25

C
u
rr

en
t 

(µ
A

)

Time (s)

TBAOH 4 equiv.

t = 32.8 s

kapp,1 = 0.0211 s-1

R2 = 0.998

0 50 100 150 200

0

5

10

15

20

25

C
u

rr
en

t 
(µ

A
)

Time (s)

t = 34.2 s

kapp,1 = 0.0203 s-1

R2 = 0.998

TBAOH 5 equiv.

0 20 40 60 80 100

0

2

4

6

8

10

12

14

C
u

rr
en

t 
(µ

A
)

Time (s)

t = 21.6 s

kapp,1 = 0.0321 s-1

R2 = 0.998

TBAOH 6 equiv.

0 50 100 150

0

5

10

15

20

C
u
rr

en
t 

(µ
A

)

Time (s)

TBAOH 6.2 equiv.

t = 29.9 s

kapp,1 = 0.0232 s-1

R2 = 0.995

0 100 200 300

0

5

10

15

20

25

30

C
u

rr
en

t 
(µ

A
)

Time (s)

t = 31.8 s

kapp,1 = 0.0218 s-1

R2 = 0.998

TBAOH 6.5 equiv.

0 50 100 150 200 250

0

5

10

15

20

25

30

35

40

C
u

rr
en

t 
(µ

A
)

Time (s)

TBAOH 7 equiv.

t = 51.5 s

kapp,1 = 0.0135 s-1

R2 = 0.995

0 100 200 300

0

5

10

15

20

C
u

rr
en

t 
(µ

A
)

Time (s)

t = 52.2 s

kapp,1 = 0.0133 s-1

R2 = 0.998

TBAOH 7.5 equiv.

 

Figure S10. Kinetic monitoring of the reduction of CuCl2 (1 mM) by PhB(OH)2 (10 mM, 10 

equiv) in the presence of TBAOH (6 mM, 6 equiv). Working electrode: glassy carbon (Ø = 3 

mm); rotation rate: 1000 min-1, imposed potential +0.7 V/SCE; supporting electrolyte: nBu4BF4 

(0.3 M); thermostat 20 °C, recorded at ambient temperature. 
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Figure S11. Kinetic monitoring of the reduction of CuCl2 (1 mM) by p-X-PhB(OH)2 (10 mM, 

10 equiv, X = MeO, CH3, F, Cl, CN et NO2) in the presence of TBAOH (4 mM, left / 8 equiv 

right). Working electrode: glassy carbon (Ø = 3 mm); rotation rate: 1000 min-1, imposed 

potential +0.7 V/SCE; supporting electrolyte: nBu4BF4 (0.3 M); thermostat 20 °C, recorded at 

ambient temperature. 

 

 

Figure S12. A. Evolution of the conductivity (σ, mS m-1) versus the concentration of added 

CuIICl2 (mol m3). B. Evolution of the ionic molar conductivity of the solution λ (mS m2 mol-1) 

versus the square root of the concentration of added CuIICl2 (mol1/2 m-3/2). 
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Figure S13. Evolution of the pH during the titration of a solution of phenylboronic acid (10 

mmol L-1) by TBAOH (1.0 mol L-1 in MeOH). The pKa of the couple PhB(OH)2/PhB(OH)3
- 

can be read 0.5 equiv, pKa = 11.2. 
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3 B-to-Cu(II) transmetalation 

Cartesian coordinates of the structures presented herein can be found in the additional 

cartesians.xyz file. 

3.1 Alternative pathways 

The mechanism of the first B-to-Cu transmetalation was calculated for X = Cl, MeO and HO. 

The trends obtained for X = HO are similar to those computed with X= MeO. ∆G (∆H) in kcal 

mol-1.  

 

Figure S14. Reaction profiles of the Cu-to-B transmetalation starting for i) the heterobimetallic 

cationic complex [(S)2Cu(μ-OH)2B(Ph)(OH)]+ (3+) ii) the neutral heterobimetallic intermediate 

complexes [S(X)Cu(μ-OH)2B(Ph)(OH)] (3X) for X = Cl, OH and MeO, computed at the DFT 

level. Free energies and enthalpies ∆G (∆H) are given in kcal mol-1. 
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Figure S 15.  Gibbs free energy calculated at the DFT level for the first boron-to-copper 

transmetalation involving cationic (red) and neutral (X = MeO, green) intermediates for 

different solvation states (i.e. n = 0 to 2 MeOH coordinated to Cu atom). Free energies and 

enthalpies ∆G (∆H) are given in kcal mol-1. 
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Figure S 16.  Gibbs free energy calculated at the DFT level for the first boron-to-copper 

transmetalation involving cationic neutral (X = Cl, n = 0 to 2) intermediates for different 

solvation states. Free energies and enthalpies ∆G (∆H) are given in kcal mol-1.
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3.2 NBO analyses of B-to-Cu transmetalation transition states 

As can be seen in the following table, all TS share a very similar structure. The higher activation 

of TS-4MeO,n=1 energy can mainly be attributed to its higher partial charge at the Cu atom. In 

this regard, the large difference in NBO(Cu) for TS-4+,n=2 and TS-4Cl,n=1 should in principle 

results in higher activation energy for TS-4+,n=2, however this is not the case probably because 

the TS is earlier than TS-4Cl,n=1 (i.e. Cu-Ph bond length is relatively few elongated (-0.1 Å) 

compared to 4+). 

Table S1. Comparison of B-to-Cu transition states. Dihedral angles are in degree, distances are 

in Å, partial charge in atomic unit (1 a.u. = |e-|). The numbers indicated between parenthesis 

correspond to the bond length variation between 4X,n and TS-4X,n (X = MeOH, Cl or MeO).  

 
TS-4+,n=2 TS-4Cl,n=1 TS-4MeO,n=1  

 

 

 

   

Φ(Cu-C-B-O) -28.9 -32.2 -31.9  

Cu-Ph 2.1 (-0.1) 2.1 (-0.3) 2.1 (-0.4)  

Cu-X 2.0 (-) 2.3 (-) 1.9 (-)  

Partial charge on Cu 1.315 1.256 1.326  
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Figure S17. Reaction profiles of the second Cu-to-B transmetalation and following reductive 

elimination on monomeric organocopper starting for organocopper heterobimetallic complex 

[(S)(Ph)Cu(μ-OH)2B(Ph)(OH)] (6) computed at the DFT level. Free energies and enthalpies 

∆G (∆H) are given in kcal mol-1. 
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4. Cu-to-Cu transmetalation 

Cartesian coordinates of the structures presented herein can be found in the additional 

cartesians.xyz file. 

4.1 Speciation of Cu(II)-Cu(II) dimers.  

The solvation of Cu(II)-Cu(II) dimers was explored for all combinations of R1 and R2. (R1, R2 

= Cl, OH and/or MeO) These results are displayed in Table S2. The coordination of solvent 

molecules is not favorable; however the first coordination of a MeOH molecule at each Cu(II) 

center is accessible at room temperature. 

Table S2. Formation free energy of CuII-CuII dimers with R1, R2 = Cl, OH and MeO as bridging 

groups. Gibbs free energy (∆G, kcal mol-1) and enthalpies (∆H, kcal mol-1) are calculated using 

the monomers (R1CuPh) and (R2CuPh) as a reference. In some cases, one or more MeOH 

molecules are de-coordinates from Cu during optimization and these structures are quoted n.d. 

The formation of dimers is favored in basic media (-OH or -OMe present). 

 

 ∆G1 (∆H1) ∆G2 (∆H2) ∆G3 (∆H3) 

R1, R2 = -Cl -2.6 (9.6) 1.5 (-5.4) n.d. 

R1, R2 = -OH -21.4 (-14.9) -15.1 (-24.8) n.d. 

R1, R2 = -OMe -19.9 (-14.5) -6.3 (-20.6) n.d. 

R1 =  -Cl | R2 = -OH -12.1 (-2.1) - 11.5 (-18.3) 

R1 =  -Cl | R2 = -OMe -12.8 (-3.1) - n.d. 

R1 =  -OH | R2 = -OMe -21.4 (-14.9) - n.d. 

 

The solvation of µ-Ph-µ-R[Cu(II)-Cu(II] species was explored for all combinations of R1 and 

R2 and are presented herein. Again, non-solvated dimers are thermodynamically favored, 

however the first coordination is accessible at room temperature. For R1 = R2 = Cl, up to 4 

MeOH molecules can bind to the dimer (∆G = 6.5, ∆H = -27.8 kcal mol-1). 
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Table S3. Solvation of CuII-CuII dimers with R1 = Ph as bridging groups. ∆G (∆H) in kcal mol-1. 

In some cases, one or more MeOH molecules are de-coordinate from Cu during optimization 

and these structures are quoted n.d. 

 

 ∆G1 (∆H1) ∆G2 (∆H2) ∆G3 (∆H3) 

R1, R2 = -Cl 0.6 (-0.3) 4.4 (-11.6) n.d. 

R1, R2 = -OH 10.3 (9.6) 21.0 (3.1) n.d. 

R1, R2 = -OMe 8.1 (9.0) n.d. n.d. 

R1 =  -Cl | R2 = -OH 10.1(10.1) 16.1(-0.4) n.d. 

R1 =  -Cl | R2 = -OMe 9.4 (9.3) 16.8 (-0.6) n.d. 

R1 =  -OH | R2 = -Cl 0.3 (0.1) 5.9 (-10.9) n.d. 
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4.2. Pathways for Cu-to-Cu transmetalation and reductive elimination.  

  

Figure S18. Scans of the triplet and singlet potential energy surfaces over the (µ-(Ph)Csp2)-Cu2 

distances for CuII-CuII transmetalation A: without any MeOH coordinated, B: with a “trapping” 

MeOH and C: over the Cu1-(µ-(Ph)Csp2)-Cu2 angle starting from complexes 11Cl(t).  

The crossing point between the two spin hypersurfaces (S = 0 and S  = 1) have been estimated 

by performing geometry relaxed scans. Initial attempts using the (µ-(Ph)Csp2)-Cu2 distance 

spontaneously led to the reductive elimination product and the minimum energy crossing point 

could not be efficiently determined (Figure S18-A). When a MeOH molecule is coordinated to 

Cu1, the reductive elimination is blocked, and the transmetalation product could be “trapped” 

by scanning over the µ-(Ph)Csp2-Cu2 distance (Figure S18-B). When the scans are effectuated 

over the C1-Cu1-C2 angle, the reductive elimination and transmetalation steps can be properly 

identified (Figure S18-C).
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Figure S19. Complete mechanism for homocoupling process computed at the DFT level. Free energies and enthalpies ∆G (∆H) are given in kcal mol-1
. 


