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Figure S1: 1H NMR (400.2 MHz in C6D6) spectrum of Rh(COE)[P2N2]Cu at room 
temperature.  
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Figure S2: 13C{1H} NMR (100.6 MHz in C6D6) spectrum of Rh(COE)[P2N2]Cu at room 
temperature.  
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Figure S3: 31P{1H} (161.9 MHz in toluene-d8) spectra of Rh(COE)[P2N2]Cu at a series of 
temperatures (labelled on the right). 

S4 

Figure S4: 1H NMR (400.2 MHz in C6D6) spectrum of ([P2N2H]Rh(H)(µ-H)2Cu)2. S5 

Figure S5: 31P{1H} (161.9 MHz in C6D6) spectrum of ([P2N2H]Rh(H)(µ-H)2Cu)2.  S5 

Figure S6: 13C{1H} NMR (100.6 MHz in C6D6) spectrum of ([P2N2H]Rh(H)(µ-H)2Cu)2 at 
room temperature.  
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Figure S7: 1H NMR (400.2 MHz in C6D6) spectrum of (PPh3)Cu[P2N2]Rh(H)2. S7 

Figure S8: Detailed aliphatic and aromatic regions of the 1H NMR (400.2 MHz in C6D6) 
spectrum of (PPh3)Cu[P2N2]Rh(H)2.  
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Figure S9: 31P{1H} (161.9 MHz in C6D6) spectrum of (PPh3)Cu[P2N2]Rh(H)2. S8 

Figure S10: 13C{1H} NMR (100.6 MHz in C6D6) spectrum of (PPh3)Cu[P2N2]Rh(H)2.  S9 

Figure S11: Detail of the 13C{1H} NMR (100.6 MHz in C6D6) spectrum of 
(PPh3)Cu[P2N2]Rh(H)2. 
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Figure S12: Detail of the silyl methyl region of the 1H NMR (400.2 MHz in C6D6) 
monitoring experiment of treatment of Rh(COE)[P2N2]Cu with excess H2. 
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Figure S13: Detail of the hydride region of the 1H NMR (400.2 MHz in C6D6) monitoring 
experiment of treatment of Rh(COE)[P2N2]Cu with excess H2. 
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Figure S14: Detail of the silyl methyl region of the 1H NMR (400.2 MHz in C6D6) spectra at 
select times after Rh(COE)[P2N2]Cu was treated with 1 atm of D2 in a J-Young tube. 
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Figure S15: Detail of the hydride region of the 1H NMR (400.2 MHz in C6D6) spectra at S13 

Electronic Supplementary Material (ESI) for Dalton Transactions.
This journal is © The Royal Society of Chemistry 2021



S2 
 

select times after Rh(COE)[P2N2]Cu was treated with 1 atm of D2 in a J-Young tube. 

Figure S16: Detail of the silyl methyl region of the 1H NMR (400.2 MHz in C6D6) spectra at 
select times after Rh(COE)[P2N2]Cu was treated with excess D2 in a Schlenk flask. 
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Figure S17: Detail of the hydride region of the 1H NMR (400.2 MHz in C6D6) spectra at 
select times after Rh(COE)[P2N2]Cu was treated with excess D2 in a Schlenk flask. 
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X-ray Crystallographic Analysis, CCDC Identification  S16 

Table S1: Crystal data and structure refinement parameters for Rh(COE)[P2N2]Cu S17 

Table S2: Crystal data and structure refinement parameters for ([P2N2H]RhH(µ-H)2Cu)2 S18 

Gas Chromatography-Mass Spectrometry Experiments S19 

Figure S18:  Reference mass spectrum of cyclooctane obtained using the GC-MS method 
outlined. 

S19 

Table S3: Intensities of major ionic species in the mass spectrum of cyclooctane. S20 

Figure S19: Combined mass spectrum (RT 5.05-5.35 min.) of the collected organic products 
of the reaction of Rh(COE)[P2N2]Cu (0.040 g) with D2 (1 atm) at ~20°C. 

S20 

Figure S20: Combined mass spectrum (RT 5.05-5.35 min.) of the collected organic products 
of the reaction of Rh(COE)[P2N2]Cu (0.031 g) with D2 (4 atm) at ~30-35°C. S21 

Figure S21: Combined mass spectrum (RT 5.05-5.35 min.) of the collected organic products 
of the reaction of Rh(COE)[P2N2]Cu (0.032 g) with D2 (4 atm) at ~10°C. 

S21 

Figure S22: Comparison of the isotopomer distributions of the molecular ion in the three GC-
MS experiments where Rh(COE)[P2N2]Cu was treated with D2. 
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In-Silico Simulation of Deuteration Experiments S23 

Figure S23: Comparison of simulation and experimental data for isotopomer distribution 
when Rh(COE)[P2N2] (0.041) is exposed to 1 atm of D2. 

S30 

Figure S24: Simulated mass spectrum of the isotopomers of cyclooctane generated when 
Rh(COE)[P2N2] (0.041) is exposed to 1 atm of D2. 
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Figure S25: Comparison of simulation and experimental data for isotopomer distribution 
when Rh(COE)[P2N2] (0.032 g) is exposed to 4 atm of D2. 

S31 

Figure S24: Simulated mass spectrum of the isotopomers of cyclooctane generated when 
Rh(COE)[P2N2] (0.032) is exposed to 4 atm of D2. 
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Figure S1: 1H NMR (400.2 MHz in C6D6) spectrum of Rh(COE)[P2N2]Cu at room temperature. The blue 
peak markers shown at the top are in ppm units and correspond to the bottom full spectrum.  

 

Figure S2: 13C{1H} NMR (100.6 MHz in C6D6) spectrum of Rh(COE)[P2N2]Cu at room temperature. 
The DEPT-135 spectrum is stacked, plotted in red.  
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Figure S3: 31P{1H} (161.9 MHz in toluene-d8) spectra of Rh(COE)[P2N2]Cu at a series of temperatures 
(labelled on the right). Line broadening of spectra taken at the five highest temperatures was adjusted to 
50.0 for clarity. Peak labels shown in blue correspond to the spectrum taken at -20°C.  
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Figure S4: 1H NMR (400.2 MHz in C6D6) spectrum of ([P2N2H]Rh(H)(µ-H)2Cu)2. Detailed regions inset 
are stacked with the corresponding 1H{31P} spectrum shown in red. The peak labels at the top are in ppm 
units and correspond to the full spectrum at the bottom. 

 

Figure S5: 31P{1H} (161.9 MHz in C6D6) spectrum of ([P2N2H]Rh(H)(µ-H)2Cu)2.  
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Figure S6: 13C{1H} NMR (100.6 MHz in C6D6) spectrum of ([P2N2H]Rh(H)(µ-H)2Cu)2 at room 
temperature. The DEPT-135 spectrum is stacked, plotted in red. (Resonances marked with (*) correspond 
to residual hexane solvent). 
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Figure S7: 1H NMR (400.2 MHz in C6D6) spectrum of (PPh3)Cu[P2N2]Rh(H)2. Resonances marked with 
(*) correspond to residual hexanes solvent.  

 

 

Figure S8: Detailed aliphatic and aromatic regions of the 1H NMR (400.2 MHz in C6D6) spectrum of 
(PPh3)Cu[P2N2]Rh(H)2.  

 

* 
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Figure S9: 31P{1H} (161.9 MHz in C6D6) spectrum of (PPh3)Cu[P2N2]Rh(H)2. 
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Figure S10: 13C{1H} NMR (100.6 MHz in C6D6) spectrum of (PPh3)Cu[P2N2]Rh(H)2. The inset detailed 
aromatic region is stacked with the corresponding DEPT-135 spectrum (bottom). Resonances marked 
with (*) belong to residual hexanes solvent.  

 

 

Figure S11: Detail of the 13C{1H} NMR (100.6 MHz in C6D6) spectrum of (PPh3)Cu[P2N2]Rh(H)2. 
Resonances marked with (*) belong to residual hexanes solvent.  
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Figure S12: Detail of the silyl methyl region of the 1H NMR (400.2 MHz in C6D6) monitoring 
experiment of treatment of Rh(COE)[P2N2]Cu with H2 in a J-Young tube. The labels on the right 
correspond to the time the spectrum was taken after the initial addition of H2. Furthermore, the reaction 
vessel was refilled with H2 after 48 hours, and heated on the 9th and 10th days. Resonances marked with a 
blue dot correspond to Rh(COE)[P2N2]Cu, those with a green dot to [P2N2H]Rh(COE), those with a red 
dot to [P2N2H]RhH2 and those with a black dot to the final product, ([P2N2H]Rh(H)(µ-H)2Cu)2. The peak 
at δ 1.50 corresponds to cyclooctane arising from hydrogenation of dissociated syn-cyclooctene.  
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Figure S13: Detail of the hydride region of the 1H NMR (400.2 MHz in C6D6) monitoring experiment of 
treatment of Rh(COE)[P2N2]Cu with H2 in a J-Young tube. The labels on the right correspond to the time 
the spectrum was taken after the initial addition of H2. Furthermore, the reaction vessel was refilled with 
H2 after 48 hours, and heated on the 9th and 10th days. Resonances marked with a red dot correspond to 
[P2N2H]RhH2 and those with a black dot to the final product, ([P2N2H]Rh(H)(µ-H)2Cu)2. 
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Figure S14: Detail of the silyl methyl region of the 1H NMR (400.2 MHz in C6D6) spectra at select times 
after Rh(COE)[P2N2]Cu was treated with 1 atm of D2 in a J-Young tube. The labels on the right 
correspond to time after the first addition of D2. The J-Young tube was recharged with 1 atm of D2 
immediately after the NMR spectrum at 21.5 hours was observed. The resonance at δ 1.50 corresponds to 
cyclooctane-dx generated from the deuteration of cyclooctene. The specific degree of deuteration is 
variable and dependent on the H/D exchange mechanism described in the discussion. Resonances marked 
with (*) correspond to residual hexanes solvent. Resonances marked with a black dot correspond to 
([P2N2D]Rh(H/D)(µ-H/D)2Cu)2, those marked with a purple dot to [P2N2D]RhD2, and those with a red dot 
to Rh(COE)[P2N2]Cu. Contrary to previous experiments with H2, [P2N2D]Rh(COE) was not observed 
throughout this experiment. Note also that a resonances at δ 0.20 corresponding to the N-H moiety of 
([P2N2H]Rh(H)(µ-H)2Cu)2 and at δ 2.00 corresponding to the N-H moiety of [P2N2H]RhH2 were not 
observed. Integrations shown in red below the horizontal axis correspond to the NMR spectrum taken 
after 5 days.  
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Figure S15: Detail of the hydride region of the 1H NMR (400.2 MHz in C6D6) spectra at select times 
after Rh(COE)[P2N2]Cu was treated with 1 atm of D2 in a J-Young tube. The labels on the right 
correspond to time after the first addition of D2. The J-Young tube was recharged with 1 atm of D2 
immediately after the NMR spectrum at 21.5 hours was observed. Resonances shown correspond to the 
hydrides of ([P2N2H]Rh(H)(µ-H)2Cu)2 proposed to arise from the H/D exchange process described in the 
discussion. Integrations shown in red below the horizontal axis correspond to the NMR spectrum taken 
after 5 days. Each integration region shown theoretically integrates to 2 H in fully-hydrogenated 
([P2N2H]Rh(H)(µ-H)2Cu)2.  
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Figure S16: Detail of the silyl methyl region of the 1H NMR (400.2 MHz in C6D6) spectra at select times 
after Rh(COE)[P2N2]Cu was treated with excess D2 in a Schlenk flask. The labels on the right correspond 
to time after the first addition of 4 atm D2. After each spectra was taken, the Schlenk flask was re-charged 
with 4 atm D2. Resonances marked with (*) correspond to residual HMDSO solvent. Resonances marked 
with a black dot correspond to ([P2N2D]Rh(D)(µ-D)2Cu)2, those marked with a green dot to [P2N2D]RhD2, 
and those with a purple dot to Rh(COE)[P2N2]Cu. Again, no appreciable amount of [P2N2D]Rh(COE) is 
observed.  
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Figure S17: Detail of the hydride region of the 1H NMR (400.2 MHz in C6D6) spectra at select times 
after Rh(COE)[P2N2]Cu was treated with excess D2 in a Schlenk flask. The labels on the right correspond 
to time after the first addition of 4 atm D2. After each spectra was taken, the Schlenk flask was re-charged 
with 4 atm D2. Note that no hydride peaks are observed under these conditions.   
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X-ray Crystallographic Analyses  

Crystal structures were obtained from suitable single crystals coated in Fomblin oil and mounted on a 
glass loop. Diffraction data was collected on a Bruker Apex II area detector diffractometer using graphite-
monochromated radiation from either a Cu Kα (λ = 1.54178 Å) or Mo Kα (λ = 0.717073 Å) source. Data 
was integrated using the Bruker SAINT software package. Crystal structures were solved using the 
Olex21 software package with the ShelXT2 program using the Intrinsic Phasing method and refined using 
the ShelXL3 using a Least Squares minimisation. All non-hydrogen atoms were refined anisotropically. 
Hydrogens of interest attached to metal centers or to nitrogen atoms in the P2N2 ligand backbone were 
located on the density difference map and refined isotropically. The remaining hydrogens were placed in 
calculated positions and assigned to an isotropic displacement parameter. Representations of the crystal 
structure were generated using the Olex2 package. Diffraction experiments were carried out by Dr. Brian 
O. Patrick at the Department of Chemistry, University of British Columbia.  

 

CCDC Identification 

Rh(COE)[P2N2]Cu 2087925 
([P2N2H]RhH(µ-H)2Cu)2 2087926 
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Table S1: Crystal data and structure refinement parameters for Rh(COE)[P2N2]Cu 

Empirical formula C32H56CuN2P2RhSi4 
Formula weight 809.53 
Temperature/K 90.0 
Crystal system monoclinic 
Space group P21/c 
a/Å 15.9598(7) 
b/Å 13.5924(6) 
c/Å 18.3198(8) 
α/° 90 
β/° 102.314(3) 
γ/° 90 
Volume/Å3 3882.7(3) 
Z 4 
ρcalcg/cm3 1.385 
µ/mm-1 6.250 
F(000) 1688.0 
Crystal size/mm3 0.2 × 0.13 × 0.08 
Radiation CuKα (λ = 1.54178) 
2Θ range for data collection/° 5.668 to 118.736 
Index ranges -16 ≤ h ≤ 17, -15 ≤ k ≤ 15, -20 ≤ l ≤ 20 
Reflections collected 43620 
Independent reflections 5623 [Rint = 0.1088, Rsigma = 0.0591] 
Data/restraints/parameters 5623/896/460 
Goodness-of-fit on F2 1.027 
Final R indexes [I>=2σ (I)] R1 = 0.0450, wR2 = 0.1075 
Final R indexes [all data] R1 = 0.0651, wR2 = 0.1171 
Largest diff. peak/hole / e Å-3 0.96/-0.93 
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Table S2: Crystal data and structure refinement parameters for ([P2N2H]RhH(µ-H)2Cu)2 

Empirical formula C62H108Cu2N4P4Rh2Si8 
Formula weight 1591.02 
Temperature/K 90.0 
Crystal system monoclinic 
Space group C2/c 
a/Å 33.949(3) 
b/Å 13.5303(10) 
c/Å 21.6795(17) 
α/° 90 
β/° 128.4150(10) 
γ/° 90 
Volume/Å3 7802.5(10) 
Z 4 
ρcalcg/cm3 1.354 
µ/mm-1 1.195 
F(000) 3312.0 
Crystal size/mm3 0.16 × 0.13 × 0.08 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 3.062 to 61.136 
Index ranges -41 ≤ h ≤ 48, -19 ≤ k ≤ 19, -31 ≤ l ≤ 30 
Reflections collected 57083 
Independent reflections 11955 [Rint = 0.0413, Rsigma = 0.0382] 
Data/restraints/parameters 11955/0/445 
Goodness-of-fit on F2 1.014 
Final R indexes [I>=2σ (I)] R1 = 0.0306, wR2 = 0.0653 
Final R indexes [all data] R1 = 0.0485, wR2 = 0.0723 
Largest diff. peak/hole / e Å-3 0.78/-0.47 
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Gas Chromatography-Mass Spectrometry Experiments 

To determine the degree of H/D exchange between rhodium complexes and cyclooctene observed when 
Rh(COE)[P2N2]Cu was treated with D2, the organic products generated in the reaction were isolated and 
analyzed by GC-MS.  

In each of three trials completed a sample of Rh(COE)[P2N2]Cu was dissolved in ~2.5 mL C6D6 and 
treated with D2 dried by passing across activated molecular sieves in a 200 mL Schlenk bomb flask with a 
Teflon stopper. The samples were stirred vigorously for 72 hours. Thereafter, the organics in C6D6 solvent 
were distilled and collected. The samples were analyzed on an Agilent 5977A MSD mass spectrometer 
equipped with an Agilent 7890B GC chromatograph. In each trial, the column was initially heated to 
90°C and held for 2 minutes prior to sample injection. Upon injection of sample, the temperature was 
increased at a rate of 1°C/min to 100°C and held at 100°C for 2 minutes. Thereafter, the temperature was 
increased to a final temperature of 200°C at a rate of 40°C/min and held for 1 minute. Ionization for mass 
spectrometry was affected by electron impact with an electron multiplier voltage of 1989.2 V. The GC-
MS method was developed and carried out by Dr. Yun Ling at the Department of Chemistry, University 
of British Columbia.  

NMR-monitoring experiments indicated that when treated with D2, the cyclooctene from 
Rh(COE)[P2N2]Cu becomes deuterated to cyclooctane-dn. The specific value of n is variable, as 
demonstrated by the GC-MS experiments. The cyclooctane-dn elutes as a broad peak with a maximum 
around a retention time at 5.25 mins. Since it was observed that the degree of deuteration influences 
retention time, scans taken within a retention time range of 5.05 to 5.35 minutes were combined to 
accurately reflect the distribution of isotopomers.  

 

	

Figure S18:  Reference mass spectrum of cyclooctane obtained using the GC-MS method outlined. The 
above mass spectrum was taken at a retention time of 5.288 minutes.  
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Table S3: Intensities of major ionic species in the mass spectrum of cyclooctane. 

Ion (m/z) Relative intensity (%) 
41 58.06 
42 40.86 
55 87.11 
56 100 
69 78.05 
70 78.81 
83 84.33 
84 55.31 
97 17.40 

112 92.24 
 

 

 

 

Figure S19: Combined mass spectrum (RT 5.05-5.35 min.) of the collected organic products of the 
reaction of Rh(COE)[P2N2]Cu (0.040 g) with D2 (1 atm) at ambient temperature (~20°C). Note the peaks 
at m/z 114 through 128 corresponding to the molecular ions of isotopologues cyclooctane-d2 through 
cyclooctane-d16. 
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Figure S20: Combined mass spectrum (RT 5.05-5.35 min.) of the collected organic products of the a 
second trial of the reaction of Rh(COE)[P2N2]Cu (0.031 g) with D2. For this second trial, the D2 pressure 
was increased to 4 atm and the reaction was stirred at an elevated ambient temperature of ~30-35°C. 

 

Figure S21: Combined mass spectrum (RT 5.05-5.35 min.) of the collected organic products of the a 
third trial of the reaction of Rh(COE)[P2N2]Cu (0.032 g) with D2. For the trial, 4 atm of D2 pressure was 
used and the temperature was maintained at ~10°C by chilling with ice in a water bath.  
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Figure S22: Comparison of the isotopologue distributions of the molecular ion in the three GC-MS 
experiments where Rh(COE)[P2N2]Cu was treated with D2. Ion intensities are scaled relative to that of 
cyclooctane-d2 (m/z 114).  
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In-Silico Simulation of Deuteration Experiments 

In silico modelling was used to determine whether the mechanism composed could be consistent with the 
isotopogue distribution observed by mass spectrometry. The python program was written and run using 
the initial conditions corresponding to the deuteration experiments.  
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Figure S23: Comparison of simulation and experimental data for isotopologue distribution when 
Rh(COE)[P2N2] (0.041 g) is exposed to 1 atm of D2. In this case, the probability of reductive elimination 
was tuned to be 17%. Intensities are scaled relative to that of cyclooctane-d2 (m/z 114). Note that the 
simulation shows non-zero abundance for ions with m/z 128 showing that exchange of all hydrogen 
atoms for deuterium atoms is possible with the mechanism proposed and used to develop the simulation.  

	

Figure S24: Simulated mass spectrum of the isotopomers of cyclooctane generated when Rh(COE)[P2N2] 
(0.041 g) is exposed to 1 atm of D2, simulated with a probability of reductive elimination of 13%. 
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Figure S25: Comparison of simulation and experimental data for isotopomer distribution when 
Rh(COE)[P2N2] (0.032 g) is exposed to 4 atm of D2. In this case, the probability of reductive elimination 
was tuned to be 20%. Intensities are scaled relative to that of cyclooctane-d2 (m/z 114). 

Figure S24: Simulated mass spectrum of the isotopomers of cyclooctane generated when Rh(COE)[P2N2] 
(0.032 g) is exposed to 4 atm of D2, simulated with a probability of reductive elimination of 20%.  
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