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1 Experimental 

General Information. If not stated otherwise, all manipulations were performed under 

oxygen- and moisture-free conditions under an inert atmosphere of argon using 

standard Schlenk techniques or an inert atmosphere glovebox (MBraun LABstar ECO). 

All glassware was heated three times in vacuo using a heat gun and cooled under argon 

atmosphere. Solvents were transferred using syringes, steel- or PE-canulas, which were 

purged with argon prior to use. Solvents and reactants were either obtained from 

commercial sources or synthesized as detailed in Table S1. 

Table S1: Origin and purification of solvents and reactants. 

Substance Origin Purification 

Benzene local trade dried over Na/benzophenone 

freshly distilled prior to use, stored over molecular 

sieves. 

n-hexane Geyer, CHROMASOLV®, 

for HPLC, ≥97,0% (GC) 

purified with the Grubbs-type column system 

“Pure Solv MD-5” 

dried over Na/benzophenone/tetraglyme  

freshly distilled prior to use 

n-pentane local trade dried over Na/benzophenone/tetraglyme  

freshly distilled prior to use 

Toluene Fisher Chemical, for HPLC purified with the Grubbs-type column system 

“Pure Solv MD-5” 

C6D6 euriso-top dried over Na/benzophenone 

freshly distilled prior to use 

C7D8 (toluene-d8) euriso-top dried over Na/benzophenone 

freshly distilled prior to use 

Cp*Ga1 synthesized  

DipTerPPMe3
2 synthesized  

TipTerPPMe3
3 synthesized  

PMe3 Strem Chemicals, 98% used as received 

 

  



  S3 

NMR spectra were recorded on Bruker spectrometers (AVANCE 300, AVANCE 400 or 

Fourier 300) and were referenced internally to the deuterated solvent (13C: C6D6 

δref = 128.06 ppm; C7D8 δref = 20.43 ppm) or to protic impurities in the deuterated 

solvent (1H: C6HD5 δref = 7.16 ppm; C7D8 δref = 2.08 ppm). All measurements were 

carried out at ambient temperature unless denoted otherwise. NMR signals were 

assigned using experimental data (e.g. chemical shifts, coupling constants, integrals 

where applicable). 

IR spectra of crystalline samples were recorded on a Bruker Alpha II FT-IR spectrometer 

equipped with an ATR unit at ambient temperature under argon atmosphere. Relative 

intensities are reported according to the following intervals: weak (w, 0–33%), medium 

(m, 33–66%), strong (s, 66–100%). 

Elemental analyses were obtained using a Leco Tru Spec elemental analyzer. 

UV-Vis spectra were acquired on an UV/Vis absorption spectrophotometer UV5  

(Mettler Toledo) using Quartz glass cuvettes.  
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2 Structure elucidation 

X-ray Structure Determination: X-ray quality crystals of 1a, 1b and 3 were selected 

in Fomblin© Y perfluoroether (Sigma Aldrich) at −30 °C under a constant stream of 

nitrogen. The samples were cooled to 150(2) K or 110(2) K (in case of 3) during 

measurement. The data were collected on a Bruker Kappa Apex II diffractometer using 

Mo Kα radiation (λ = 0.71073 Å) or Cu Kα radiation (λ = 1.54178 Å). The structures were 

solved by iterative methods (SHELXT)4 and refined by full matrix least squares 

procedures (SHELXL).5 Semi-empirical absorption corrections were applied (SADABS).6 

All non-hydrogen atoms were refined anisotropically, hydrogen atoms were included 

in the refinement at calculated positions using a riding model. 
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Table S2: Crystallographic details of 1a, 1b and 3. 

Compound 1a 1b 3 

Chem. Formula C40H52GaP C46H64GaP C31H37PO 

Formula weight 

[g/mol] 
633.50 717.66 456.57 

Colour Blue violet Orange 

Crystal system monoclinic triclinic Monoclinic 

Space group P21/c P-1 P21/n 

a [Å] 10.1214(2) 10.6093(2) 11.9426(10) 

b [Å] 22.1032(5) 12.7651(2) 18.1472(16) 

c [Å] 16.8012(4) 20.7583(3) 12.6846(10) 

α [°] 90 80.8620(10) 90 

β [°] 106.0450(10) 81.8580(10) 98.094(3) 

γ [°] 90 65.9260(10) 90 

V [Å3] 3612.27(14) 2524.95(7) 2721.7(4) 

Z 4 2 4 

ρcalcd. [g/cm3] 1.165 0.944 1.114 

μ [mm−1] 1.628 1.208 1.028 

T [K] 150(2) 150(2) 110(2) 

Measured reflections 39411 32338 31222 

Independent 

reflections 
6280 8929 5099 

Reflections with I > 

2σ(I) 
5377 8147 4831 

Rint 0.0571 0.0283 0.0265 

F(000) 1352 772 984 

R1(R[F2>2σ(F2)]) 0.0344 0.0391 0.0342 

wR2(F2) 0.0902 0.1109 0.0908 

GooF 1.028 1.046 1.039 

No. of Parameters 392 544 306 

CCDC # 2216822 2216823 2216824 
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3 Syntheses of compounds 

3.1 DipTerPGaCp* (1a) 

 

GaCp* (0.042 g, 0.21 mmol) and DipTerPPMe3 (0.102 g, 0.2 mmol) were dissolved in 

toluene (3 mL) in a 10 mL Schlenk tube and a magnetic stir bar was added. This Schlenk 

tube was connected via a U-glass tube with a second Schlenk tube and the reaction 

mixture was degassed (3x freeze/pump/thaw) and kept under static vacuum 

(10−3 mbar). The Schlenk tube with the reaction mixture was then placed in a cooling 

bath (iPrOH) cooled by a thermostat set at −30°C. The reaction mixture was then 

irradiated using two LED-panels (396 nm) for 4 h, resulting in a color change to dark 

green/blue. At this time the second Schlenk tube was placed in cooling bath (iPrOH: 

−70 °C) to slowly condense off the volatiles from the reaction mixture. This afforded 

after 24 h a dark green to blue solid on the glass walls of the reaction vessel. The solid 

was then washed with n-heptane (2 x 1 mL) at −78°C to give DipTerP=GaCp* (1a, 

0.098 g, 0.154 mmol, 77 %) as a dark greenish to blue solid. Storage of the n-heptane 

wash solution at −30 °C for 72 h afforded X-ray quality dark blue needles of 1a. 

CHN calc. (found) in %: C 75.83 (75.53), H 8.27 (8.28). 31P{1H} NMR (C6D6, 162 MHz): δ 

= −105.5 ppm. 31P{1H} NMR (122 MHz, C7D8, 298 K): δ = −104.8 ppm. 1H NMR (400 

MHz, C6D6): δ = 1.13 (d, 3JH,H = 6.9 Hz, 12H, CH(CH)3)2), 1.47 (d, 3JH,H = 6.9 Hz, 12H, 

CH(CH)3)2), 1.50 (s, 15H, C5(CH3)5), 3.02 (hept, 3JH,H = 6.7 Hz, CH(CH3)2), 6.86-6.93 (m, 

3H, CHAryl), 7.19-7.23 (m, 4H, CHAryl), 7.25-7.29 (m, 2H, CHAryl). 1H NMR (300 MHz, C7D8, 

298 K): δ = 1.11 (d, 3JH,H = 6.9 Hz, 12H, CH(CH3)2), 1.42 (d, 3JH,H = 6.9 Hz, 12H, CH(CH3)2), 

1.51 (s, 15H, C5(CH3)5), 2.94 (hept, 3JH,H = 6.9 Hz, 4H, CH(CH3)2), 6.76-6.92 (m, 3H, CHAryl), 
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7.14-7.21 (m, 4H, CHAryl), 7.21-7.28 (m, 2H, CHAryl). 13C{1H} NMR (C6D6, 100.63 MHz): 

δ = 10.3 (d, JP,C = 3.6 Hz, C5(CH3)5), 24.9 (d, JP,C = 2.1 Hz, CH(CH3)2), 25.2 (CH(CH3)2), 31.0 

(CH(CH3)2), 117.7 (C5(CH3)5), 119.9 (CHAryl), 124.5 (CHAryl), 127.7 (d, JP,C = 2.0 Hz, CHAryl), 

128.8 (CHAryl), 140.6 (d, JP,C = 17.0 Hz, Cq,Aryl), 143.8 (d, JP,C = 3.4 Hz, Cq,Aryl), 147.9 (Cq,Aryl), 

152.2 (d, 1JP,C = 83.7 Hz, CqP). 13C{1H} NMR (C7D8, 75.5 MHz): δ = 10.1 (d, JP,C = 3.6 Hz, 

C5(CH3)5), 24.8 (d, JP,C = 2.3 Hz, CH(CH3)2), 25.0 (CH(CH3)2), 30.9 (CH(CH3)2), 117.5 

(C5(CH3)5), 119.8 (CHAryl), 124.3 (CHAryl), 147.7 (Cq,Aryl). IR (ATR, neat, 32 scans, cm−1): 

3051 (w), 3019 (w), 2958 (m), 2922 (m), 2863 (m), 1572 (w), 1461 (m), 1444 (w), 1369 

(m), 1359 (m), 1327 (w), 1309 (w), 1279 (w), 1247 (w), 1240 (w), 1175 (w), 1160 (w), 1146 

(w), 1112 (w), 1079 (w), 1055 (w), 1036 (m), 1003 (w), 949 (w), 934 (w), 913 (w), 803 (m), 

782 (m), 759 (s), 737 (m), 695 (w), 688 (w), 640 (w), 604 (w), 585 (w), 554 (w), 529 (w), 

470 (s), 448 (m). 

Figure S1: 1H NMR spectrum of Cp*GaPDipTer (1a) (400 MHz, C6D6, rt); 1.93 ppm: Cp*Ga. 
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Figure S2: 13C{1H} NMR spectrum of Cp*GaPDipTer (1a) (100.63 MHz, C6D6, rt). 

 

Figure S3: 31P{1H} NMR spectrum of Cp*GaPDipTer (1a) (162.01 MHz, C6D6, rt). 
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Figure S4: 1H NMR spectrum of Cp*GaPDipTer (1a) (400 MHz, C7D8, rt); 1.93 ppm: Cp*Ga. 

 

Figure S5: 13C{1H} NMR spectrum of Cp*GaPDippTer (1a) (75.49 MHz, C7D8, rt). 
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Figure S6: 31P{1H} NMR spectrum of Cp*GaPDipTer (1a) (121.55 MHz, C7D8, rt). 

 

Figure S7: IR-spectrum of 1a (ATR, neat, 32 scans, cm−1). 
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Figure S8: The decomposition of 1a in toluene-d8 solution follows first-order kinetics. In toluene-d8, it 

has a half-life of 2866 ± 15 min at room temperature. 

 

 

3.2 TipTerPGaCp* (1b) 

 

GaCp* (0.021 g, 0.10 mmol) and TipTerPPMe3 (0.059 g, 0.10 mmol) were dissolved in 

toluene (2 mL) in a 10 mL Schlenk tube and a magnetic stir bar was added. This Schlenk 

tube was connected via a U-glass tube with a second Schlenk tube and the reaction 

mixture was degassed (3x freeze/pump/thaw) and kept under static vacuum 

(10−3 mbar). The Schlenk tube with the reaction mixture was then placed in a cooling 

bath (iPrOH) cooled by a thermostat set at −30°C. The reaction mixture was then 

irradiated using two LED-panels (396 nm) for 4 h, resulting in a color change to dark 

green/blue. At this time the second Schlenk tube was placed in cooling bath (iPrOH: 
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−70 °C) to slowly condense off the volatiles from the reaction mixture. This afforded 

after 24 h a dark green to blue solid on the glass walls of the reaction vessel. The solid 

was then washed with minimal amounts of n-heptane (2 x 0.5 mL) to give TipTerPGaCp* 

(1b, 0.035 g, 0.049 mmol, 49 %) as a dark green to blue solid. X-Ray quality crystals of 

1b were afforded when storing a saturated n-hexane solution of 1b at −30 °C for 72 h. 

CHN calc. (found) in %: C 76.98 (76.83), H 8.99 (9.13). 31P{1H} NMR (C6D6, 122 MHz):  δ 

= −109.8 ppm. 1H NMR (400 MHz, C6D6): δ = 1.20 (d, 3JH,H = 6.9 Hz, 12H, CH(CH)3)2), 

1.28 (d, 3JH,H = 6.9 Hz, 12H, CH(CH)3)2), 1.53 (s, 15H, C5(CH3)5), 1.54 (d, 3JH,H = 6.7 Hz, 

12H, CH(CH)3)2), 2.88 (hept, 3JH,H = 6.9 Hz, CH(CH3)2), 3.09 (hept, 3JH,H = 6.9 Hz, 

CH(CH3)2), 6.84-6.77 (m, 3H, CHAryl), 7.26 (s, 4H, CHAryl). 13C{1H} NMR (C6D6, 100.63 

MHz): δ = 10.32 (d, JP,C = 3.6 Hz, C5(CH3)5), 24.9 (d, JP,C = 2.1 Hz, CH(CH3)2), 25.2 

(CH(CH3)2), 31.0 (CH(CH3)2), 117.7 (C5(CH3)5), 122.6 (CHAryl), 128.6 (d, JP,C = 2.5 Hz, CHAryl), 

129.3 (CHAryl), 140.6 (d, JP,C = 16.9 Hz, Cq,Aryl), 141.6 (d, JP,C = 3.1 Hz, Cq,Aryl), 147.8 (Cq,Aryl), 

148.0 (Cq,Aryl),152.3 (d, 1JP,C = 80.5 Hz, CqP). IR (ATR, neat, 32 scans, cm−1): 3040 (w), 3025 

(w), 2956 (s), 2923 (m), 2863 (m), 1603 (w), 1567 (w), 1458 (m), 1368 (s), 1359 (s), 1313 

(w), 1247 (w), 1167 (w), 1152 (w), 1127 (w), 1099 (w), 1068 (w), 1051 (w), 1036 (w), 1002 

(w), 938 (w), 921 (w), 876 (m), 849 (w), 788 (m), 772 (w), 757 (w), 732 (m), 719 (m), 650 

(w), 586 (w), 540 (w), 514 (m), 453 (m). 
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Figure S9: 1H NMR spectrum of Cp*GaPTipTer (1b) (400 MHz, C6D6, rt); 2.11 ppm: toluene, 1.93 ppm: 

Cp*Ga, 0.90: n-hexane. 

 

Figure S10: 13C{1H} NMR spectrum of Cp*GaPTipTer (1b) (100.63 MHz, C6D6, rt). 
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Figure S11: 31P{1H} NMR spectrum of TipTerPGaCp* (1b) (162.01 MHz, C6D6, rt). 

 

Figure S12: IR-spectrum of 1b (ATR, r.t., 32 scans). 
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Figure S13: The decomposition of 1b in toluene-d8 solution follows first-order kinetics. In toluene-d8, it 

has a half-life of 475 ± 11 min at room temperature. 

 

3.3 Thermal decomposition of DipTerPGaCp* (1a) 

 

1a (0.020 g, 0,032 mmol) was dissolved in toluene-d8 (0.5 mL), giving a deeply coloured 

green/blue solution, and was transferred into an NMR tube fitted with a J-Young valve. 

The NMR tube was placed in an oil bath (50 °C) for 2 h, which resulted in decolorization, 

giving an opaque clear solution, which according to 31P{1H} NMR spectroscopy 

afforded the phosphafluorene 2a. 
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2a can also be accessed via irradiation of DipTerP(PMe3) (0.025 g, 0.05 mmol) in toluene-

d8 solution using two LED-panels (396 nm) for 2 h at r.t. This afforded 2a in quantitative 

fashion according to 31P{1H} NMR spectroscopy.  

2a was only characterized by multinuclear NMR spectroscopy. 

31P{1H} NMR (C7D8, 162 MHz):  δ = −1.1 ppm. 1H NMR (400 MHz, C7D8): δ = 8.16 (dd, 

J = 8.1, 0.8 Hz, 1H, CHAryl), 7.44-7.36 (m, 2H, CHAryl), 7.33-7.28 (m, 2H, CHAryl), 7.26-7.22 

(m, 1H, CHAryl), 7.20-7.11 (m, 3H, CHAryl), 3.92 (hept, 3JHH = 6.8 Hz, 1H, CH(CH3)2), 2.92 

(hept, 3JHH = 6.8 Hz, 1H, CH(CH3)2), 2.66 (hept, 3JHH = 6.8 Hz, 1H, CH(CH3)2), 1.97 – 1.83 

(m, 1H, CH(CH3)2), 1.37 (d, 3JHH = 6.8 Hz, 3H, CH(CH3)2), 1.30 (d, 3JHH = 6.7 Hz, 3H, 

CH(CH3)2), 1.26 (d, 3JHH = 6.8 Hz, 3H, CH(CH3)2), 1.16 (d, 3JHH = 6.7 Hz, 3H, CH(CH3)2), 

1.12 (d, 3JHH = 6.8 Hz, 3H, CH(CH3)2), 1.08-1.00 (m, 3H, CH(CH3)2), 0.98 (d, 3JHH = 6.8 Hz, 

3H, CH(CH3)2), 0.29 (t, 3JHH = 6.6 Hz, 3H, CH(CH3)2). 13C{1H} NMR (C7D8, 100.6 MHz): 

δ = 147.13 (d, JPC = 33.3 Hz), 146.00, 145.98, 143.38 (d, JPC = 4.0 Hz), 143.31, 142.12 (d, 

JPC = 6.3 Hz), 141.86, 138.84 (d, JPC = 2.3 Hz), 128.53 – 128.32 (m), 126.85 (d, JPC = 8.5 

Hz), 125.62, 124.80, 123.78, 122.70, 31.2 (d, JPC = 4.5 Hz), 30.8, 29.8, 27.0, 26.0, 25.5, 

25.3, 23.4, 23.2, 22.9 (d, JPC = 5.7 Hz), 22.4, 16.9 (d, JPC = 5.7 Hz). 
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Figure S14: 1H NMR spectrum of phosphafluorene 2a (400 MHz, C7D8, rt); 0.79 PMe3. 

 

Figure S15: 13C{1H} NMR spectrum of phosphafluorene 2a (100.63 MHz, C7D8, rt). 
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Figure S16: 31P{1H} NMR spectrum of phosphafluorene 2a (162.01 MHz, C7D8, rt; −62.5 ppm: PMe3). 

 

3.4 Reactivity of DipTerPGaCp* towards CO2: DipTerPCO (3) 

 

A 10 mL Schlenk tube (10 mL) was charged with a portion of 1a (0.030 g, 0.049 mmol) 

and toluene-d8 (0.7 mL) was added, affording a deep greenish to blue solution. On a 

Schlenk line this solution was exposed to CO2 gas over a period of 20 min at room 

temperature resulting in a colour change from green to bright orange. The reaction 

solution was then transferred into an NMR tube equipped with a J-Young screw cap. 

The NMR tube was then brought into a Glovebox and was transferred into a vial and 

the solvents were removed in vacuo. The orange solid froth was taken on in n-hexane 

(0.3 mL) and the cloudy solution was filtered through a pipette equipped with a 

microfiber glass filter paper, giving a clear orange solution. Storage at −30 °C for a 
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period of 7 d afforded minimal amounts of orange plates of DipTerPCO (3) suitable for 

SC-XRD experiments. It was not possible to isolate enough material for a 

comprehensive analytical characterization. However, multinuclear NMR spectroscopy 

clearly underlines that 3 is formed selectively and in quantitative fashion, beside various 

Cp*GaO-containing species (δ(1H) = 1.65-2.02 ppm). 

31P{1H} NMR (122 MHz, C7D8, 298 K): δ = −201.3 ppm. 1H NMR (300 MHz, C7D8, 298 

K): δ = 1.06 (d, 3JH,H = 6.8 Hz, 12H, CH(CH3)2), 1.33 (d, 3JH,H = 6.9 Hz, 12H, CH(CH3)2), 

2.75 (hept, 3JH,H = 6.9 Hz, 4H, CH(CH3)2), 6.93-7.06 (m, 3H, CHAryl)*, 7.07-7.20 (m, 4H, m-

CHDip), 7.31 (dd, JHH = 8.3, 7.2 Hz, 2H, p-CHDip). *overlap with toluene-d8 signals. 13C{1H} 

NMR (C7D8, 100.63 MHz): δ = 199.86 (d, 1JPC = 102.4 Hz, Ar-PCO), 147.64 (o-CDip), 

146.59 (d, 1JPC = 45.0 Hz, ipso-CAr), 144.85 (d, 2JPC = 17.8 Hz, o-CAr), 140.31 (d, 3JPC = 5.4 

Hz, ipso-CDip), 133.18 (d, 3JPC = 35.9 Hz, m-CArH), 130.29, 126.55, 123.61 (CArH), 31.09 

(CH(CH3)2), 24.99 (CH(CH3)2), 23.79 (d, JPC = 1.5 Hz, CH(CH3)2). 

Figure S17: 1H NMR spectrum of phosphaketene 3 (300 MHz, C7D8, rt). 
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Figure S18: 13C{1H} NMR spectrum of phosphaketene 3 (100.63 MHz, C7D8, rt). 

 

Figure S19: 31P{1H} NMR spectrum of phosphaketene 3 (121.55 MHz, C7D8, rt). 
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3.5 Reactivity of DipTerPGaCp* towards H2O: DipTerPH2 (4) 

 

To a solution of 1a in C6D6 (0.5 mL) a drop of degassed water was added, affording a 

clear pale-yellow solution. NMR spectroscopy showed full conversion into DipTerPH2 

and several Cp*GaO-containing species. The NMR data of DipTerPH2 matches the 

literature values.7 

31P{1H} NMR (122 MHz, C6D6, 298 K): δ = −140.5 ppm. 1H NMR (300 MHz, C6D6, 298 

K): δ = 1.10 (d, 3JH,H = 6.8 Hz, 12H, CH(CH3)2), 1.29 (d, 3JH,H = 6.9 Hz, 12H, CH(CH3)2), 

2.78 (hept, 3JH,H = 6.9 Hz, 4H, CH(CH3)2), 3.28 (d, 1JP,H = 211.0 Hz, Ar-PH2), 7.02-7.13 (m, 

3H, CHAryl), 7.07-7.20 (m, 4H, m-CHDip), 7.31 (dd, JHH = 8.3, 7.2 Hz, 2H, p-CHDip).  

Figure S20: 1H NMR spectrum of DipTerPH2 (4) (300 MHz, C6D6, rt, reaction mixture). 
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Figure S21: 31P{1H} NMR spectrum of DipTerPH2 (4) (121.55 MHz, C6D6, rt). 
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4 Additional spectroscopic details 

4.1 UV-vis spectra and extinction coefficients 

UV-vis spectra of the starting materials Cp*Ga, DipTerP(PMe3) and TipTerP(PMe3) and the 

corresponding phosphagallenes 1a and 1b were recorded in n-hexane. The UV-vis 

cuvettes were filled in the Glovebox and sealed with NMR septa. 

Saturation was reached even at very low concentrations below 360 nm for 1a and 1b. 

We therefore focused on a characteristic absorption in the visible region located at ca. 

633 nm for both 1a (full width half maximum FWHM is 200 nm) and 1b (full width half 

maximum FWHM is 197 nm). 

Figure S22: UV-vis spectra of Cp*Ga (c = 0.16 mg/mL, in n-hexane at room temperature (absorption 

maxima see Table S4). 

 

Table S3. Absorption maxima λmax and experimental extinction coefficients ε for Cp*Ga. 

Compnd. λmax [nm] ε [l∙mol−1∙cm−1] 

Cp*Ga 246 3805.92 
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Figure S23: UV-vis spectra of DipTerP(Me3) (c = 0.24 mg/mL, left) and TipTerP(PMe3) (c = 0.24 mg/mL, 

right) in n-hexane at room temperature (absorption maxima see Table S4). 

 

Table S4. Absorption maxima λmax and experimental extinction coefficients ε for DipTerP(PMe3) and 

TipTerP(PMe3). 

Compnd. λmax [nm] ε [l∙mol−1∙cm−1] 

DipTerP(PMe3) 350 4382.8 

 381 2920.5 

TipTerP(PMe3) 350 4234.8 

 381 2854.1 
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Figure S24: UV-vis spectra of 1a (c = 0.17 mg/mL, left) and 1b (c = 0.20 mg/mL, right) in n-hexane at 

room temperature (absorption maxima see Table S5). 

 

Table S5. Absorption maxima λmax and experimental extinction coefficients ε for DipTerPGaCp* (1a) and 

TipTerPGaCp* (1b). 

Compnd. λmax [nm] ε [l∙mol−1∙cm−1] 

1a 633 128.6 

1b 633 112.3 
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4.2 Kinetic studies using NMR spectroscopy 

To gain further insight into the photoreaction of DipTerP(PMe3) with Cp*Ga as well as 

the thermal cleavage of DipTerP=GaCp* (1a) in the presence of PMe3, a series of time-

resolved 1H and 31P NMR spectra were recorded at different temperatures, under 

irradiation at 405 nm (−20, −10 °C; 140 mA diode current) as well as in the dark (10, 

15, 20, 25 °C). 

 

Figure S25 and Figure S26 show exemplary in situ 1H and 31P{1H} NMR spectra of the 

photoreaction (measured under irradiation at 405 nm) as well as the thermal reverse 

reaction (measured in the dark). The 1H integrals were used to quantify the 

concentrations of all involved species. Exemplary concentration profiles are plotted in 

Figure S27 –Figure S31. 

Figure S25: In situ 1H (left) and 31P{1H} (right) NMR spectra of the photoreaction of DipTerP(PMe3) with 

Cp*Ga at −20 °C (irradiation at 405 nm). 
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Figure S26: In situ 1H (left) and 31P{1H} (right) NMR spectra of the thermal cleavage of DipTerP=GaCp* 

(1a) in the presence of PMe3 at +15 °C. 

 

Figure S27: Concentration profile of the photoreaction of DipTerP(PMe3) with Cp*Ga at −10 °C. 
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Figure S28: Concentration profile of the thermal cleavage of DipTerP=GaCp* (1a) in the presence of 

PMe3 at +10 °C. Fit curves according to models i (left) and ii (right). 

  

Figure S29: Concentration profile of the thermal cleavage of DipTerP=GaCp* (1a) in the presence of 

PMe3 at +15 °C. Fit curves according to models i (left) and ii (right). 
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Figure S30: Concentration profile of the thermal cleavage of DipTerP=GaCp* (1a) in the presence of 

PMe3 at +20 °C. Fit curves according to models i (left) and ii (right). 

  

Figure S31: Concentration profile of the thermal cleavage of DipTerP=GaCp* (1a) in the presence of 

PMe3 at +25 °C. Fit curves according to models i (left) and ii (right). 

  

The kinetics of the thermal reactions were evaluated using a non-linear fitting 

procedure. Two conceivable reaction mechanisms were considered: (i) a second order 

reaction involving the direct reaction between 1a and PMe3 and (ii) a dissociative 

process where 1a fragments into the phosphinidene DipTerP and Cp*Ga in the first step, 

followed by a reaction between DipTerP and PMe3 to form DipTerP=PMe3. In general, 

both models give reasonable fits. The residual sums of squares as well as the R2 values 
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imply a slightly better fit in case of model ii (Table S6). However, the differences are 

subtle, and the improved fit can likely be attributed to the additional number of 

parameters in model ii. 

Table S6. Summary of the fits. 

  10 °C 15 °C 20 °C 25 °C 

Residual 
Model i 

Model ii 

8.46×10−5 

6.09×10−5 

4.81×10−5 

2.55×10−5 

3.52×10−5 

1.77×10−5 

1.02×10−4 

4.74×10−5 

R2 
Model i 

Model ii 

0.99799 

0.99856 

0.99837 

0.99913 

0.99848 

0.99922 

0.99857 

0.99933 

The experimental data were fitted using the following differential rate laws: 

Model i 

𝑑[1a]

𝑑𝑡
=

𝑑[PMe3]

𝑑𝑡
= −𝑘[1a][PMe3] 

𝑑[TerPPMe3]

𝑑𝑡
=

𝑑[Cp*Ga]

𝑑𝑡
= +𝑘[1a][PMe3] 

The terms in square brackets indicate the concentration of the respective species in 

solution. The model has five parameters, namely the initial concentrations of the four 

substances as well as the rate constant 𝑘. 

Model ii 
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𝑑[1a]

𝑑𝑡
= −𝑘1[1a] + 𝑘2[TerP][Cp*Ga] 

𝑑[Cp*Ga]

𝑑𝑡
= +𝑘1[1a] − 𝑘2[TerP][Cp*Ga] 

   
𝑑[TerP]

𝑑𝑡
= +𝑘1[1a] − 𝑘2[TerP][Cp*Ga] − 𝑘3[TerP][PMe3] 

                                                         
𝑑[PMe3]

𝑑𝑡
= −𝑘3[TerP][PMe3] 

                                                
𝑑[TerPPMe3]

𝑑𝑡
= +𝑘3[TerP][PMe3] 

Again, the terms in square brackets indicate the concentration of the different species. 

This second model has eight parameters: the initial concentrations of all five species, 

as well as the rate constants 𝑘1, 𝑘2, and 𝑘3. 

As the proposed phosphinidene DipTerP would be a highly reactive transient species, 

its concentration is expected be very low throughout the reaction. Unsurprisingly, it 

could not be detected by NMR methods. Its concentration was therefore restrained 

during the fit (steady state approximation), however including a high uncertainty.  

Non-linear fitting of the ordinary differential equations (ODE) was performed using the 

program Origin, analogously to the procedure outlined in a previous publication.8 The 

obtained rate constants were then used to estimate the enthalpy and entropy of 

activation, ∆𝐻‡ and ∆𝑆‡, according to the Eyring equation: 

𝑘 =  𝜅
𝑘𝐵𝑇

ℎ
exp (−

∆𝐺‡

𝑅𝑇
) 

ln (
𝑘

𝑇
) = −

∆𝐻‡

𝑅
∙

1

𝑇
+

∆𝑆‡

𝑅
+ ln (

𝑘𝐵

ℎ
)  

The transmission coefficient 𝜅 is assumed to be unity in the second equation. The 

linearized Eyring plots for both models are depicted in Figure S32. 
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Figure S32: Temperature dependence of the rate constant(s) of the thermal cleavage of DipTerP=GaCp* 

(1a) in the presence of PMe3 according to model i (left) and ii (right). 

  

Table S7 summarizes the derived activation energies for both models. 

Table S7. Summary of the activation energies according to models i and ii. 

Model Rate constant ∆𝐻‡ [kJ⋅mol−1] ∆𝑆‡ [J⋅mol−1⋅K−1] ∆𝐺25 °C
‡

 [kJ⋅mol−1] 

i k +68±6 −63±21 +87±12 

ii k1 +98±26 +29±90 +89±53 

 k2 +113±6 +137±22 +72±13 

 k3 +85±36 +30±123 +76±72 

Clearly, the error margins of model ii are larger, which can be attributed to a large 

interdependency of the three rate constants in the non-linear fit. This can be an 

indicator of overparameterization; however, this kind of dependency of the constants 

may also to be expected if the reaction follows pseudo-2nd order kinetics due to the 

low concentration of the intermediate DipTerP. Yet, the activation barrier associated with 

k2 is surprisingly large for the proposed association of Cp*Ga and DipTerP, and especially 

we would expect a small enthalpic but a large, negative entropic term for such a 

process. Similar considerations hold true for the reaction associated with k3, i.e., the 

association of DipTerP and PMe3. Model i, on the other hand, shows the expected 

behaviour of the enthalpic and entropic contributions. 



  S33 

To further validate the mechanism, we recorded additional data at 25 °C using isolated 

1a and an excess of PMe3 (5 equivalents, Figure S33). Again, both models can be fitted 

against the data. Within the error margin, model i yielded a rate constant (k = 

0.0027(2) L mol−1 s−1) that is equal to the rate constant obtained from the experiment 

with a 1:1 ratio of 1a and PMe3 (k = 0.00296(4) L mol−1 s−1), as expected for a second-

order reaction. The rate constants of model ii were associated with high uncertainties 

(k1 = 0.036(17) s−1, k2 = 3.6(1.7) L mol−1 s−1, k3 = 0.03(3) L mol−1 s−1), and while 

technically not significantly different from the values of the experiment with a 1:1 ratio 

within a 3 σ interval (k1 = 0.0028(9) s−1, k2 = 1.5(9) L mol−1 s−1, k3 = 

0.18(10) L mol−1 s−1), the large errors make any reasonable comparison impossible. 

Seeing that some of the constants differ by an order of magnitude, we think that model 

ii is less likely to correctly describe the reaction kinetics. 

Figure S33: Concentration profile of the thermal cleavage of DipTerP=GaCp* (1a) in the presence of 

PMe3 (5 equiv.) at +25 °C. Fit curves according to models i (left) and ii (right). 
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5 Computational details 

5.1 General remarks 

Computations were carried out using ORCA 5.0.3,9 Gaussian09,10 xTB 6.5.1,11 NBO 6.0,12 

and MultiWfn 3.7.13  

DFT structure optimizations using analytic gradients were performed using ORCA 

and employed the hybrid exchange-correlation functional B3LYP14 (using VWN514a for 

the local correlation term) in conjunction with Grimme’s dispersion correction D3(BJ)15 

and the def2-TZVP basis set16 (notation B3LYP-D3/def2-TZVP). The resolution-of-

identity (RI) approximation was applied, using Weigend’s accurate Coulomb-fitting 

basis set (def2/J).17 Numerical integration of the exchange-correlation energy was done 

on ORCA’s default XC grid (“DefGrid2”). The exact exchange term of the hybrid 

functional B3LYP was approximated by the Chain Of Spheres approximation (COSX),18 

using the default COSX grid (“DefGrid2”) for numerical integration. All structures were 

fully optimized and confirmed as minima or transition states by analytic frequency 

analyses. 

Calculated frequencies were scaled by 0.960 (as derived from Truhlar’s Reduced Scale 

Factor Optimization model).19  

Chemical shifts and coupling constants were derived by the GIAO method20 at the 

PBE021-D3/def2-TZVP level of theory (using the B3LYP-D3/def2-TZVP geometries, vide 

supra) using Gaussian09. Calculated absolute 1H NMR shifts (σcalcd,X) were referenced 

to the calculated absolute shift of tetramethylsilane (σcalcd,TMS): 

 δcalc,X = σcalcd,TMS – σcalcd,TMS 

At the PBE0-D3/def2-TZVP level of theory, σcalcd,TMS amounts to +31.75 ppm. 
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Calculated absolute 31P NMR shifts (σcalcd,X) were referenced to the experimental 

absolute shift of 85% H3PO4 in the gas phase (σref,1 = 328.35 ppm),22 using PH3 

(σref,2 = 594.45 ppm) as a secondary standard:23  

 δcalc,X = (σref,1 − σref,2) – (σcalcd,X − σcalcd,PH3) 

  = σcalcd,PH3 – σcalcd,X – 266.1 ppm 

At the PBE0-D3/def2-TZVP level of theory, σcalcd,PH3 amounts to +572.04 ppm. 

UV-vis absorption spectra were calculated with Gaussian09 using the TD-DFT 

method24 at the B3LYP-D3/cc-pVTZ25 level of theory (using the B3LYP-D3/def2-TZVP 

geometries, vide supra). 

NBO analyses were performed using the B3LYP-D3/def2-TZVP densities. Reported 

partial charges refer to the Natural Charges. ELF26 and AIM27 analyses were performed 

using MultiWfn.  

Reaction paths were investigated using a combination of relaxed potential energy 

surface scans, the nudged elastic band (NEB) method,28 as well as transition state 

searches using the eigenvector-following method.29 Additionally, xTB’s meta-

dynamics30 reaction path finder was used for fast sampling of the potential energy 

surface, using the GFN2-xTB method.31 All relevant transition states were eventually 

optimized at the B3LYP-D3/def2-TZVP level of theory as outlined above. 

Please note that all computations were carried out for single, isolated molecules in the 

gas phase (ideal gas approximation). There may well be significant differences between 

gas phase and condensed phase. 
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Table S8. Summary of calculated data (B3LYP-D3/def2-TZVP). All energies in atomic units. 

Compound PG Nimag 〈S2〉 Etot U0 U298 H298 G298 

Cp*Ga C5v 0  −2314.8255 −2314.6054 −2314.5911 −2314.5902 −2314.6437 

DipTerPPMe3
 C1 0  −1967.6729 −1966.9686 −1966.9289 −1966.9279 −1967.0320 

PMe3 C3v 0  −461.0431 −460.9310 −460.9243 −460.9234 −460.9592 

1a C1 0  −3821.4383 −3820.6287 −3820.5802 −3820.5792 −3820.7027 

1b C1 0  −4057.2727 −4056.2949 −4056.2375 −4056.2366 −4056.3769 

2a C1 0  −1506.6360 −1506.0466 −1506.0150 −1506.0140 −1506.1026 

1a⋅PMe3 C1 0  −4282.5046 −4281.5790 −4281.5232 −4281.5223 −4281.6584 

1a⋯PMe3 (vdW) C1 0  −4282.4935 −4281.5699 −4281.5130 −4281.5121 −4281.6509 

DipTerPPMe3⋅GaCp* C1 0  −4282.5155 −4281.5906 −4281.5345 −4281.5335 −4281.6707 

DipTerP (S) C2v 0 1.02 −1506.5597 −1505.9724 −1505.9395 −1505.9386 −1506.0300 

DipTerP (T) C2v 0 2.02 −1506.5683 −1505.9809 −1505.9480 −1505.9471 −1506.0395 

TS1 C1 1  −4282.4583 −4281.5337 −4281.4784 −4281.4774 −4281.6122 

TS2 C1 1  −4282.4731 −4281.5490 −4281.4935 −4281.4925 −4281.6284 

5.2 Calculated UV-vis absorption data 

UV-vis absorption spectra were calculated at the TD-DFT/B3LYP-D3/cc-pVTZ level of 

theory, using the structures optimized at the B3LYP-D3/def2-TZVP level of theory. 

Table S9. Calculated electronic excitations of Cp*Ga (B3LYP-D3/cc-pVTZ). 

State Symmetry λ [nm] Oscillator strength Main excitation 

S1 1A2 277 0.0000 π→LV(Ga) 

S2 1E2 274 0.0000 π→LV(Ga) 

S3 1A1
 241 0.0908 π→LV(Ga) 

S4 1E1 223 0.0239 π→LV(Ga) 
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Table S10. Calculated electronic excitations of DipTerPPMe3 (B3LYP-D3/cc-pVTZ). 

State Symmetry λ [nm] Oscillator strength Main excitation 

S1 1A 410 0.0258 HOMO→LUMO 

S2 1A 369 0.0330 HOMO→LUMO+1 

S3 1A 338 0.0286 HOMO→LUMO+2 

Figure S34. Relevant Kohn-Sham orbitals of DipTerPPMe3 (B3LYP-D3/cc-pVTZ, isovalue = 0.05). 
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Table S11. Calculated electronic excitations of 1a (B3LYP-D3/cc-pVTZ). 

State Symmetry λ [nm] Oscillator strength Main excitation 

S1 1A 635 0.0022 HOMO→LUMO 

S2 1A 423 0.0127 HOMO→LUMO+1 

S3 1A 417 0.0005 HOMO→LUMO+2 

S4 1A 366 0.0859 HOMO→LUMO+3 

Figure S35. Relevant Kohn-Sham orbitals of 1a (B3LYP-D3/cc-pVTZ, isovalue = 0.05). 
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Table S12. Calculated electronic excitations of 1b (B3LYP-D3/cc-pVTZ). 

State Symmetry λ [nm] Oscillator strength Main excitation 

S1 1A 623 0.0021 HOMO→LUMO 

S2 1A 429 0.0166 HOMO→LUMO+1 

S3 1A 411 0.0012 HOMO→LUMO+2 

S4 1A 366 0.0762 HOMO→LUMO+3 

Figure S36. Relevant Kohn-Sham orbitals of 1b (B3LYP-D3/cc-pVTZ, isovalue = 0.05). 
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5.3 Calculated NMR data 

NMR data were calculated at the PBE0-D3/def2-TZVP level of theory, using the 

structures optimized at the B3LYP-D3/def2-TZVP level of theory. 

Table S13. Calculated NMR shifts and coupling constants at PBE0-D3/def2-TZVP. Experimental values 

given in brackets. 

Compound Nucleus Group # nuc. Mult. δ [ppm] J [Hz] 

DipTerPPMe3 1H PMe3 9 dd +0.81 (+0.75) [a] 

 31P DipTerP 1 d −134.2 (−116.1) −546 (−563) 

  PMe3 1 d +4.7 (−3.4) −546 (−563) 

DipTerPGaCp* (1a) 1H GaCp* 15 s +1.62 (+1.50)  

 31P DipTerP 1 s −105.2 (−105.5)  

TipTerPGaCp* (1b) 1H GaCp* 15 s +1.61 (+1.53)  

 31P TipTerP 1 s −107.9 (−109.8)  

PMe3 1H PMe3 9 br s +0.97 (+0.91)  

 31P PMe3 1 s −59.3 (−62.0)  

Cp*Ga 1H Cp* 15 s +2.00 (+2.05)  

[a] not computed 

5.4 Electronic structure 

NBO/NLMO analysis. According to NBO analysis of DipTerPGaCp* (1a), the P–Ga 

interaction can be understood as a highly polarized double bond. While the σ-type 

NBO is evenly distributed between the two elements (P: 51%, Ga: 49%), the π-type NBO 

is mainly localized at the P atom (P: 87%, Ga: 13%). The P-Ga σ bond is essentially 

formed through the interaction of the 3px orbital at P with the 4s orbital at Ga, whereas 

the π bond is formed by the interaction of the pz orbitals at both atoms. The LP at P 

has mainly 3s character. The corresponding NLMOs (which include delocalization 

effects on the NBOs) are depicted in Figure S37. 
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Figure S37. Selected NLMOs of DipTerPGaCp* (1a, B3LYP-D3/def2-TZVP, isovalue = 0.04). 
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The Ga atom possesses two lone valences (LVs, 4px and 4py orbitals), which are 

stabilized by intramolecular donor-acceptor interactions from the phosphorus lone 

pair (LP(P)→px(Ga): 299 kJ/mol), as well as the π bonding systems of the Cp* ligand 

(π(Cp*)→px(Ga): 69 kJ/mol, π(Cp*)→py(Ga): 175 kJ/mol, total: 244 kJ/mol) and one of 

the flanking Dip groups (π(Dip)→px(Ga): 14 kJ/mol, π(Dip)→py(Ga): 17 kJ/mol, total: 
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31 kJ/mol, see also Figure S37). Further significant stabilization can also be traced back 

to the C-C σ-bonding system of the Cp* ligand (incl. the C-Me bonds), amounting to a 

total of 470 kJ/mol. 

Natural charges. The polarized nature of the P=Ga double bond is corroborated by 

natural population analysis, with a positively charged Ga atom (+1.11) and a negatively 

charged P atom (−0.28). The total natural charge of the Cp* ligand amounts to −0.43, 

i.e., there is a significant charge transfer of 0.57 electrons from the Cp*− moiety to the 

formal TerPGa+ fragment. 

Bond orders. The P–Ga bond is characterized by a Wiberg bond index of 1.31 (cf. Table 

S14), i.e., it has significant double bond character. The P–C bond order of 1.07 indicates 

some delocalization of the P–Ga π bond into the DipTer substituent. All individual Ga–C 

bond orders are low (<0.3). The two closest C–Ga contacts to the Cp* ligand show 

slightly higher bond orders (0.18, 0.27) than the other three C atoms (~0.10). The total 

Ga–Cp* bond order (summed over the five ring atoms) amounts to 0.74. The bond 

orders to the C atoms of the Dip group are all below 0.05 (sum: 0.12), in agreement 

with the low donor-acceptor energies between the Dip group and the LVs at the Ga 

atom. 

Table S14. Selected Wiberg bond indices of 1a. Atom numbering according to the XYZ file. 

   Ter Dip Cp* 

 P Ga i-C i-C o-C o-C‘ m-C m-C‘ p-C C C C C C 

 1 2 3 41 42 49 43 47 45 70 71 72 73 74 

P – 1.31 1.07 0.01 0.01 0.01 0.00 0.01 0.01 0.05 0.01 0.02 0.01 0.09 

Ga 1.31 – 0.02 0.04 0.02 0.01 0.00 0.01 0.03 0.18 0.09 0.10 0.10 0.27 

Lewis representation. On the basis of the above considerations, we propose the Lewis 

resonance scheme shown in Scheme S1. The structures in the centre (II-a or II-b) best 

represent the charge distribution and bonding situation in a single structure, however 

all structures are needed for a complete picture. The polarization of the Ga=P double 
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bond is reflected in the resonance to the structures of type III. Due to the donor-

acceptor interaction between the LP at the P atom and the empty 4px orbital at the Ga 

atom, the P–Ga bond could also be understood as a non-classical, highly polarized 

triple bond. Nonetheless, we attribute only a small weight to the leftmost resonance 

structures (type I), considering the computed partial charges and bond orders. A 

simplified bonding scheme illustrating the involved orbitals is shown in Scheme S2. 

Scheme S1. Lewis resonance scheme of 1a as derived from NBO analysis. 

 

Scheme S2. Simplified bonding scheme of 1a according to NBO analysis. The polarized P–Ga π bond is 

formed by the pz orbitals (black). An additional stabilizing interaction is found between the LP at P and 

the empty px orbital at Ga (blue), which is, however, not a classical π bonding interaction. The empty py 

orbital at Ga is mainly stabilized by the Cp* ligand. The P–Ga σ bond is formed by a p(P)-s(Ga) interaction 

(not depicted). 
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Electron Localization function. The ELF plotted in the Ga–P–C plane (Figure S38, left) 

nicely shows the presence of the LP at the P atom (red maximum on the lower left of 

the P atom) as well as the P–Ga and P–C bonds (maxima along the P–Ga/P–C axes). The 

ELF plotted along the P–Ga axis, but perpendicular to the Ga−P−C plane (Figure S38, 

right) reveals that the π electron density is strongly localized towards P, in line with the 

resonance between Lewis structures II and III. 

Figure S38. ELF of 1a in the Ga−P−C plane (left) and perpendicular to that plane (right). 

  

AIM analysis. Like the ELF, the Laplacian of the electron density ∇2ρ in the Ga–P–C 

plane (Figure S39, left) indicates a LP at the P atom that points away from the C and Ga 

atoms. There is only a single valence shell charge concentration (VSCC) along the P–Ga 

bond, which is shifted towards the P atom, indicating a strongly polarized interaction 

with ionic character (see also Figure S40a). The Laplacian plot along the P–Ga bond in 

the pz plane (Figure S39, right) corroborates the charge accumulation near the P atom 

in the π bonding system, in agreement with the NBO and ELF results. The ellipticity ε 

at the bond critical point (BCP) of 0.31 indicates double bond character (cf. ~0.3 for 

ethylene, ~0.2 for benzene;32 Table S15). 

The plot of ∇2ρ along the P–C bond path (Figure S40b) indicates a typical polarized 

covalent bond, with two VSCCs. The electron density ρ at the bond critical point (BCP) 
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amounts to 0.154 a.u., also indicative of a covalent interaction (Table S15).33 Its 

ellipticity of 0.37 hints at double bond character, in line with the delocalization of the 

π(P–Ga) NLMO (vide supra). 

Notably, there is a bond path between the Ga atom and the nearest C atom of the Cp* 

moiety (Figure S39, left; note that the path leaves the projection plane after the BCP). 

A second Ga⋯C bond path is found towards the ipso-C of the flanking Dip group. The 

positive values of ∇2ρ at the BCP (Figure S40c-d, Table S15) are indicative of closed-

shell (electrostatic) interactions, which is corroborated by the rather low electron 

density ρ at the BCP, especially in case of the Ga⋯CDip interaction. The slightly negative 

values of the energy density H(r) may be attributed to the weak dative character 

revealed by the NBO analysis. 

The bond path that leads from the P atom to the left (see left panel of Figure S39) is 

due to a van-der-Waals interaction with the Cp* moiety. 

Figure S39. Contour plot of the Laplacian of the electron density ∇2ρ of 1a in the Ga−P−C plane (left) 

and perpendicular to that plane (right). Solid lines correspond to positive values (charge depletion), 

dashed lines correspond to negative values (charge accumulation). The plot is overlaid with the results 

of the topological analysis of the electron density ρ. Brown: maxima in the electron density (i.e., the 

positions of the nuclei), blue: bond critical points, yellow: ring critical points; grey lines: “bond” paths. 
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Figure S40. Plots of the Laplacian ∇2ρ of the electron density of 1a along the (a) P−Ga, (b) P–C, (c) 

Ga⋯CCp*, and (d) Ga⋯CDip bond paths. The bond critical points (BCPs) are set to d = 0. 

 

Table S15. Topological properties at the BCP of selected interactions in 1a (ρ: electron density, ∇2ρ: 

Laplacian of the electron density, H(r): total energy density, ε: ellipticity). 

Interaction ρ [a.u.] ∇2ρ [a.u.] H(r) [a.u.] ε 

P–Ga 0.091 −0.010 −0.040 0.310 

P–C 0.154 −0.095 −0.146 0.370 

Ga⋯CCp* 0.075 +0.108 −0.025 (0.738) 

Ga⋯CDip 0.020 +0.034 −0.001 (0.601) 

5.5 Reaction path 

Our calculations revealed that the (thermal) formation of 1a is endergonic 

(ΔG° = +36.2 kJ/mol; Figure S41), which explains that no reaction between DipTerPPMe3 

and Cp*Ga is observed under thermal regime. Conversely, this also means that the 
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thermal reverse reaction is expected to be quantitative, in agreement with experimental 

observation. 

 

To obtain a rough idea of the reactivity of DipTerPPMe3 in its first excited state (S1), a 

scan of the P–P bond was performed, revealing a very flat potential for its dissociation 

in the S1 state. We assume that upon dissociation, the excited molecules deactivate 

either through a conical intersection leading to PMe3 and singlet DipTerP, or via 

intersystem crossing to PMe3 and triplet DipTerP. The highly reactive phosphinidene 

then reacts with Cp*Ga to the final product 1a. A detailed investigation of these 

dynamics was, however, outside the scope of the present study and will be further 

pursued in the future. 

Next, we investigated the thermal reverse reaction of PMe3 with 1a (cf. section 4.2, 

“Kinetic studies using NMR spectroscopy”) to obtain a better understanding of the 

reaction mechanism. As depicted in Figure S41, we located two different reaction paths 

which are characterized by transition states TS1 and TS2. The former path is accessed 

via formation of a weak donor-acceptor complex between PMe3 and 1a followed by 

rearrangement of the PMe3 group, whereas the latter can be regarded as a nucleophilic 

attack of PMe3 at the P atom of 1a (SN2-type mechanism). While TS1 is associated with 

a rather large activation barrier of ΔG‡ = 121.4 kJ/mol, TS2 is in the expected energetic 

range (ΔG‡ = 80.1 kJ/mol, cf. ΔG‡
exptl. = 87±12 kJ/mol for model i), rendering this a likely 

mechanism for the reverse reaction. 

Dissociation of 1a leads to the formation of Cp*Ga and the highly reactive 

phosphinidene DipTerP, which is expected to possess a triplet ground state with a 

singlet-triplet gap of 45.5 kJ/mol according to broken-symmetry UB3LYP-D3/def2-

TZVP calculations using the spin decontamination34 proposed by Malrieu:35 
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𝐸S − 𝐸T =
〈𝑆2〉T

〈𝑆2〉T − 〈𝑆2〉BS
⋅ (𝐸BS − 𝐸T) 

𝐸S, 𝐸T, and 𝐸BS are the energies of the “true” singlet state, triplet state, and broken-

symmetry solution, respectively. 〈𝑆2〉T, and 〈𝑆2〉BS are the expectation values of the S2 

operator for the corresponding wavefunctions. Using the thermal corrections 

computed for the broken-symmetry solution, the free dissociation energy of 1a 

amounts to 107.2 kJ/mol for dissociation into Cp*Ga and singlet DipTerP. Assuming that 

the activation barrier for this process is small, the dissociative pathway lies in a similar 

energy window as the SN2-type substitution with PMe3, so it could be a (minor) 

contributing factor to thermal reverse reaction. 

It is worthy to note that the dissociation energy compares well with the experimental 

activation barrier for thermal decomposition of 1a (t1/2 = 2866±15 min, i.e., ΔG‡ ≈ 

104±5 kJ/mol; cf. section 3.1), that is, dissociation of 1a could play a role in its thermal 

decomposition. 

Figure S41. Left: Computed thermal reaction pathway (B3LYP-D3/def2-TZVP, c° = 1 mol/L). Right: 

Dissociation leading to singlet (S) or triplet (T) phosphinidene. Value in brackets computed by spin 

decontamination of the BS solution. 

 

 

With respect to the kinetic models i and ii discussed in section 4.2, it should be pointed 

out that model ii predicts a free reaction energy for the first step (i.e., the dissociation 
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of 1a) of 17±66 kJ/mol, which despite its large error margin does not correspond well 

to the calculated data (ΔGdiss = 107.2 kJ/mol). Seeing that the experimental and 

calculated data for model i are in overall good agreement, we think that the SN2-type 

mechanism according to model i is more likely than the dissociative pathway according 

to model ii. 

Finally, the photochemical decomposition of DipTerPPMe3 as well as the thermal 

decomposition of 1a to compound 2a are highly exergonic at −70.4 and −106.6 kJ/mol, 

respectively, in agreement with experimental observation. 
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