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Materials and Methods 

 

All reactions, unless otherwise noted, were carried out either in an argon-filled glovebox or with rigorous 

Schlenk techniques. The solvents were dried by storage over, and distillation from, potassium 

benzophenone (THF), Na/K alloy (pentane) or sodium (benzene) under an argon atmosphere and stored 

under argon over activated 4 Å molecular sieves. Deuterated benzene was purchased from Sigma Aldrich, 

degassed by three freeze-pump-thaw cycles and dried over molecular sieves. B2IDip2 (1) was prepared as 

previously described.1 The complex [Cu(C2SiMe3)] was prepared according to a modified literature 

procedure using ethynyltrimethylsilane.2 All solution NMR spectra were acquired on a Bruker Avance 400 

NMR spectrometer (400.130 MHz for 1H, 128.385 MHz for 11B, 100.6 MHz for 13C) or on a Bruker 

Avance I 500 spectrometer (1H: 500.1 MHz, 11B: 160.5 MHz, 13C: 125.8 MHz, 29Si: 99.4 MHz) 1H NMR 

and 13C{1H} NMR spectra were referenced to external TMS via residual protons of the solvent (1H) or the 

solvent itself (13C). 11B{1H} NMR spectra were referenced to external BF3·OEt2 and 29Si to external TMS. 

Melting points were determined with a Metler Toledo 823e DSC apparatus in sealed ampules with a ramp 

rate of 10 oC/min. Elemental analyses were performed on an Elementar vario MICRO cube elemental 

analyzer.  

 

Synthetic Procedures 

 

Synthesis of [B2(IDip)2(CuCl)3] (2). B2IDip2 (50 mg, 0.062 mmol) was dissolved in 2 mL benzene, 4 

equiv [CuCl(SMe2)] (40 mg, 0.25 mmol) was added, and the mixture was stirred at room temperature for 2 

d. The suspension was filtered and the solvent was removed in vacuo. The resulting orange solid was 

washed with hexane (3 × 2 mL) and recrystallized from a dichloromethane/hexane (2:1) mixture. For 2: 

5.5 mg (0.005 mmol, 8%). 1H NMR (500.1 MHz, C6D6, 298 K): δ = 7.42 (t, 3
JHH = 7.7 Hz, 4 H, CHAryl), 

7.24 (d, 3
JHH = 7.8 Hz, 8 H, CHAryl), 6.17 (s, 4 H, CHNHC), 3.04 (sept., 3

JHH = 6.8 Hz, 8 H, CHiPr), 1.58 (d, 
3
JHH = 6.6 Hz, 24 H, CH3), 0.92 (d, 3JHH = 6.8 Hz, 24 H, CH3) ppm. 13C{1H} NMR (125.7 MHz, C6D6, 298 

K): δ = 146.3 (o-Caryl), 133.6 (i-Caryl), 132.8 (p-CHaryl), 126.2 (m-CHaryl), 125.5 (CHNHC), 29.5 (CHiPr), 26.0 

(CH3), 24.9 (CH3) ppm (the Ccarbene resonance could not be observed due to broadening caused by 11B–13C 

coupling). 11B{1H} NMR (128.4 MHz, C6D6, 298 K): δ = –7.3 ppm. Elemental analysis (%) calcd. for 

C54H74B2N4Cu3Cl3: C 59.08 H 6.79 N 5.10; found C 59.80, H 6.60 N 6.16. 

 

Synthesis of [B2(IDip)2{Cu(C2SiMe3)}2] (3). B2IDip2 (50 mg, 62 µmol) was dissolved in 0.6 mL d6-

benzene and 2 equiv [Cu(C2SiMe3)] (20.1 mg, 0.12 mmol) were added. After stirring for 2 d the solvent 



 3

was evaporated in vacuo, yielding 60 mg (0.055 mmol, 86%) of 2 as a red crystalline solid. 1H NMR 

(500.1 MHz, C6D6, 298 K): δ = 7.38 (t, 3
JHH = 7.75 Hz, 4 H, CHAryl), 7.20 (d, 3

JHH = 7.75 Hz, 8 H, CHAryl), 

6.14 (s, 4 H, CHNHC), 2.94 (sept, 3
JHH = 6.8 Hz, 8 H, CHiPr), 1.34 (d, 3

JHH = 6.6 Hz, 24 H, CH3iPr), 1.05 (d, 
3
JHH = 6.75 Hz, 24 H, CH3iPr), 0.45 (s, 18 H, SiMe3) ppm. 13C{1H} NMR (125.7 MHz, C6D6, 298 K): δ = 

158.9 (br, Ccarbene), 153.7 (CuCC), 145.9 (o-Caryl), 134.6 (i-Caryl), 130.9 (p-CHAryl), 125.2 (m-CHAryl), 123.1 

(CHNHC), 101.6 (CuCC), 28.9 (CHiPr), 25.5 (CH3), 24.5 (CH3), 2.31 (Si(CH3)3) ppm. 11B{1H} NMR (128.4 

MHz, C6D6, 298 K): δ = –1.7 ppm. 29Si{1H} NMR (99.35 MHz, C6D6, 298 K): δ = –29.04 ppm. Elemental 

analysis (%) calcd. for C64H92B2N4Cu2Si2: C 68.49 H 8.26 N 4.99; found C 68.66, H 8.16 N 4.84. 

 

Alternative synthesis of 2 from 3. Complex 3 (20 mg, 18 µmol) was dissolved in C6D6 (0.6 mL) in a 

Young-type NMR tube. To this solution [CuCl(SMe2)] (8.6 mg, 53 µmol) was added and shaken 

overnight. Monitoring by 11B NMR showed quantitative conversion to 2. 

 

Synthesis of [B2(IDip)2(CuCl)2] (4). 120 mg (107 µmol) of 3 was dissolved in benzene (5 mL) and 

cooled in an ice bath to ca. 0 °C. To this solution 17.3 mg (107 µmol) [CuCl(SMe2)] was added and the 

mixture was warmed to room temperature while stirring. The solvent was removed and the residue was 

suspended in pentane. The yellow solid was washed three times with pentane (3 mL) and dried in vacuo. 

Slow evaporation of a saturated benzene solution gave crystals of 4 suitable for X-ray diffraction. Yield: 

49 mg (51 µmol, 48%) of a yellow solid. 1H NMR (400.1 MHz, C6D6, 298 K): δ = 7.36 (t, 3JHH = 7.7 Hz, 4 

H, CHAryl), 7.18 (d, 3
JHH = 7.5 Hz, 8 H, CHAryl), 6.18 (s, 4 H, CHNHC), 2.85 (sept, 3

JHH = 6.7 Hz, 8 H, 

CHiPr), 1.36 (d, 3
JHH = 6.7 Hz, 24 H, CH3), 0.98 (d, 3

JHH = 6.8 Hz, 24 H, CH3) ppm. 13C{1H} NMR (100.6 

MHz, C6D6, 298 K): δ = 146.0 (o-CAryl), 134.4 (i-Cq), 131.3 (p-CHAryl), 125.3 (m-CHAryl), 123.4 (CHNHC), 

29.1 (CHiPr), 25.6 (CH3iPr), 24.5 (CH3iPr) ppm (the Ccarbene resonance could not be observed due to 

broadening caused by 11B–13C coupling). 11B{1H} NMR (128.4 MHz, C6D6, 298 K): δ = –0.5 ppm. 

Elemental analysis (%) calcd. for C54H74B2N4Cu2Cl2: C 65.07 H 7.28 N 5.62; found C 65.02, H 7.91 N 

5.18. 
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NMR Spectra 

 

 

Figure S1. 
1H NMR spectrum of compound 2. 
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Figure S2. 
13C NMR spectrum of compound 2. 

 

 

Figure S3. 
11B NMR spectrum of compound 2. 

 

 



 6

 
Figure S4. 

1H NMR spectrum of compound 3. 

 

 

Figure S5. 
13C NMR spectrum of compound 3. 
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Figure S6. 
11B NMR spectrum of compound 3. 
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Figure S7. 
29Si NMR spectrum of compound 3. 
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Figure S8. 
1H NMR spectrum of compound 4. 
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Figure S9. 

13C NMR spectrum of compound 4. 

 

 
Figure S10. 

11B NMR spectrum of compound 4.
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Crystallographic Details 

 

The crystal data of 2 and 3 were collected on a BRUKER X8-APEX II diffractometer with a CCD area 

detector and multi-layer mirror monochromated MoKα radiation. The structure was solved using the 

intrinsic phasing method,3 refined with the SHELXL program4 and expanded using Fourier techniques. All 

non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included in the structure factor 

calculations. All hydrogen atoms were assigned to idealized geometric positions.  

 

Crystal data for 2: C54H72B2Cl3Cu3N4, Mr = 1095.74, orange plate, 0.251×0.246×0.051 mm3, orthorhombic 

space group Pccn, a = 14.408(3) Å, b = 15.791(4) Å, c = 24.221(3) Å, V = 5510.7(19) Å3, Z = 4, 

ρcalcd = 1.321 g·cm–3, µ = 1.331 mm–1, F(000) = 2288, T = 296(2) K, R1 = 0.0422, wR
2 = 0.0840, 5637 

independent reflections [2θ≤52.744°] and 307 parameters. The Uii displacement parameters of atoms C91 

and C92 of one isopropyl group were restrained with the ISOR keyword to approximate isotropic 

behavior.  

 

Crystal data for 3: C64H90B2Cu2N4Si2, Mr = 1120.27, red block, 0.23×0.18×0.06 mm3, monoclinic space 

group P21/c, a = 21.5235(9) Å, b = 12.3413(5) Å, c = 25.5747(11) Å, β = 110.5010(10)°, 

V = 6363.1(5) Å3, Z = 4, ρcalcd = 1.169 g·cm–3, µ = 0.746 mm–1, F(000) = 2392, T = 296(2) K, R1 = 0.0351, 

wR
2 = 0.0793, 12544 independent reflections [2θ≤52.044°] and 689 parameters. 

 

The crystal data of 4 were collected on a BRUKER D8 QUEST diffractometer with a CMOS area detector 

and multi-layer mirror monochromated MoKα radiation. The structure was solved using the intrinsic 

phasing method,3 refined with the SHELXL program4 and expanded using Fourier techniques. All non-

hydrogen atoms were refined anisotropically. Hydrogen atoms were included in the structure factor 

calculations. All hydrogen atoms were assigned to idealized geometric positions.  

 

Crystal data for 4: C60H78B2Cl2Cu2N4, Mr = 1074.86, orange block, 0.21×0.198×0.114 mm3, monoclinic 

space group P21/c, a = 14.580(7) Å, b = 16.059(9) Å, c = 24.981(13) Å, β = 93.26(4)°, V = 5840(5) Å3, 

Z = 4, ρcalcd = 1.223 g·cm–3, µ = 0.859 mm–1, F(000) = 2272, T = 100(2) K, R1 = 0.0816, wR
2 = 0.1136, 

11457 independent reflections [2θ≤52.044°] and 647 parameters. 

 

Crystallographic data have been deposited with the Cambridge Crystallographic Data Center as 

supplementary publication nos. CCDC-1517608 (2), -1517609 (3) and -1517610 (4). These data can be 
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obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif 
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UV-vis and Emission Spectroscopy 

 

UV-vis spectra were measured on a JASCO V-660 spectrometer in dried and degassed solvents in 1 cm 

quartz glass cuvettes. Excitation and emission spectra were recorded on an Edinburgh Instruments 

FLSP920 spectrometer, equipped with a 450 W xenon lamp, double monochromators for the excitation 

and emission pathways, and photomultipliers (PMT-R928-P and PMT-R5509-42) as detectors. The 

excitation and emission spectra were fully corrected using the standard corrections supplied by the 

manufacturer for the spectral power of the excitation source and the sensitivity of the detector.  

 

The luminescence lifetimes were measured either via time-correlated single photon counting (TCSPC) 

using a 420 nm or 376 nm pulsed ps laser diode (5 mW), or via a multi-channel scaling (MSC) module 

with a µs flash lamp as excitation source. The emission was collected at right angles to the excitation 

source with the emission wavelength selected using a double grated monochromator and detected by a 

R928-P or a R5509-42 PMT. For TCSPC mode, the instrument response function (IRF) was measured 

using the blank solvent as scattering sample and setting the monochromator at the emission wavelength of 

the laser diode, giving an IRF of 900 ps at 420 or 376 nm. The resulting intensity decay is a convolution of 

the luminescence decay with the IRF and iterative reconvolution of the IRF with a decay function and 

non-linear least squares analysis was used to analyze the convoluted data.  

 

Determination of the absolute quantum yield was performed with an integrating sphere. First, the diffuse 

reflection of the sample was determined under excitation (λexc = 420 nm). Second, the emission was 

measured for this excitation wavelength. Integration over the reflected and emitted photons allows 

calculation of the absolute quantum yield. 
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Computational Methods 

 

Geometry optimization was carried out in the gas phase using the Gaussian09 program at the 

ωB97XB/Def2-SVP (H, B, C, N, Cl, Si), Def2-TZVP (Cu) level5-7 as well as using the Amsterdam 

Density Functional (ADF) program8-10 at the B3LYP*/TZP level.11-13 The Wiberg bond indexes (WBI)14 

and natural charges were determined in the Natural Bond Orbital (NBO)15,16 basis. Spin-restricted 

calculations were performed by constraining the projection of the total electronic spin along a reference 

axis to zero. Frequency calculations were conducted to determine if each stationary point corresponds to a 

minimum.17-19 The nature of the bonding of the copper moieties to the diboryne was described using the 

energy decomposition analysis20-22 (EDA) (also known as the “fragment approach”) according to the 

methods of Morokuma, Ziegler and Rauk. Using the EDA scheme, the energy Eint associated with the 

interaction between the fragments L-Cu and R-B-B-R can be divided into three components: Eint = 

Eelstat+EPauli+Eorb; the first term, Eelstat, corresponds to the classical electrostatic interaction between the 

unperturbed charge distributions of the fragments (the overall density being the superposition of the 

fragment densities). The second term, EPauli, expresses the energy change that arises upon going from the 

simple superposition of the fragment densities to the wavefunction that obeys the Pauli principle through 

antisymmetrization and normalization of the product of the fragment wavefunctions. In the last term, Eorb, 

the energy that originates from the contributions from stabilizing orbital interactions (electron pair 

bonding, charge transfer, polarization) is given. To further describe the nature of the bonds of interest, we 

employed techniques based on the so-called ETS-NOCV formalism,23 hence to describe the charge flux 

process taking place upon adduct formation, the natural orbitals for chemical valence (NOCV) description 

was used. It is based on the NOCV wavefunction as an eigenvector of the deformation density matrix in 

the basis of fragment orbitals. A useful piece of qualitative data is the sign of ∆ρ, negative for an outflow 

of charge and positive for an inflow of charge, in going from the constituent fragments to the whole 

system. In order to optimize the geometry of the orthogonal conformation of 4' the Cu-B-B-Cu dihedral 

angle was constrained to 90º. The ADF Graphical User Interface (ADF-GUI – a part of the ADF package) 

was used for visualisation purposes.  

 

At the at wB97XD/Def2-SVP, Def2-TZVP level, in agreement with experiment, the calculations also 

reproduce the weakening and strengthening of the B≡B units and B–C bonds, respectively, as the degree 

of metalation increases from 3 and 4 to 2 (Table S1). The B–Cu bonds are not very strong, as evident from 

the computed Wiberg Bond Index values (0.24 – 0.27). The computations yield three distinct BB-centered 

occupied molecular orbitals corresponding to one σ and two π bonds between the boron atoms. Similar to 

the diborene-CuCl complex III, the computed frontier orbitals of 2–4 indicated presence of a BB-centered 

HOMO with a slight distortion towards one copper unit (Figure S11) which accounts for the weakening of 
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the B–B triple bond. NBO calculations show a significant amount of residual negative and positive 

charges at the boron (–0.339 to –0.437) and copper (+0.478 to +0.507) atoms. This is in contrast to the 

computed charges at the boron (–0.056) and copper (0.464) centers in III, implying stronger electrostatic 

interaction between B and Cu in 2-4 than that in III. This is also evident from the significantly smaller 

electrostatic contribution in III compared to that in 2 (Eel = –145 and –432 kcal mol–1 in III and 2 

respectively, vide infra).24 Further, for the sake of comparison, we also optimized a hypothetical copper-

alkyne complex (Figure S12). Interestingly, the computed natural charges indicate strong electrostatic 

interaction between carbon (–0.509) and copper (–0.515) similar to that in 2–4. 
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Table S1. wB97XD/Def2-SVP, Def2-TZVP (only for Cu) calculated distances between – (i) boron atoms 

(rB-B), (ii) the boron and copper (rB-Cu) atoms, (iii) boron and the central carbon atom of the NHC units (rB-

Cc) and natural charges at the boron (qB) and copper (qCu) atoms, respectively. The Wiberg Bond Index 

(WBI) values are given in parentheses while the experimentally observed values are given in italics. 

Molecule rB-B (Ǻ) 

 

rB-Cu (Ǻ) 
 

rB-Cc (Ǻ) 
 

qB qCu 

1 1.470 

(2.016) 

1.449 

- 1.488 

(1.168) 

1.487, 1.495 

–0.152 - 

2 1.519  

(1.987) 

1.526 

2.114 (av.) 

(0.243 av.) 

2.077 (av.) 

1.564 

(0.934) 

1.562 

–0.437 0.494 (av.) 

3 1.475 

(2.035) 

1.478 

2.118 (av.) 

(0.271) 

2.087 

1.536 

(0.966) 

1.531, 1.535 

–0.339 0.478 

4 

 

1.485 

(2.107) 

1.486 

2.108 

(0.250) 

2.079 (av.) 

1.542 

(0.965) 

1.545, 1.547 

–0.388 0.507 
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HOMO (–7.3 eV)     HOMO-1 (–7.6 eV)    HOMO-91 (–13.9 eV)           LUMO (–0.6 eV) 

 

                 

HOMO (–6.4 eV) HOMO–1 (–7.0 eV)  HOMO–89 (–13.0 eV)      LUMO (0.16 eV) 

 

          
 HOMO (–6.5 eV)      HOMO–1 (–7.0 eV) HOMO–73 (–13.0 eV)       LUMO (0.2 eV) 

 

      
  HOMO (–6.0 eV)  HOMO–1 (–7.3 eV)         LUMO (0.8 eV) 

 

Figure S11. Important molecular orbitals of 2 (first row), 3 (second row), 4 (third row) and III (fourth 

row) optimized at the ωB97XB/Def2-SVP, Def2-TZVP level of theory.  
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Figure S12. ωB97XB/Def2-SVP, Def2-TZVP optimized geometry of a hypothetical copper-alkyne 

complex. 
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