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ABSTRACT: The reversible storage of hydrogen through the intermediate formation of Formic Acid (FA) is a promising solution 

to its safe transport and distribution. However, the common necessity of using bases or additives in the catalytic dehydrogenation of 

FA is a limitation. In this context, two new cobalt complexes (1 and 2) were synthesized with a pincer PP(NH)P ligand containing a 

phosphoramine moiety. Their reaction with an excess FA yields a cobalt(I)-hydride complex (3). We report here the unprecedented 

catalytic activity of 3 in the dehydrogenation of FA, with a turnover frequency (TOF) of 4000 h-1 and a turnover number (TON) of 

454, without the need for bases or additives. A mechanistic study reveals that the ligand has a non-innocent behaviour due to inter-

molecular hydrogen bonding, which is influenced by the concentration of formic acid.

The share of renewable energies in the European energetic 

mix has never been higher, reaching 13.9 % in 2017.1 However, 

with their increased penetration, the long-term storage of inter-

mittent energies becomes more and more urgent, in order to ac-

commodate for seasonal variations in production and consump-

tion.2 Hydrogen is a promising energy carrier for that purpose, 

as it is readily available and has a high energy density; but its 

storage as a compressed gas is still problematic.3 Chemicals 

such as Formic Acid (FA) can act as Liquid Organic Hydrogen 

Carriers (LOHCs) through hydrogenation and dehydrogenation 

cycles.4-8 

The catalytic dehydrogenation of FA has been extensively 

studied during the past decade. Several homogeneous com-

plexes, based on noble metals such as iridium,9-11 rhodium,12-14 

molybdenum,15 ruthenium16-19 and osmium20 have been re-

ported as catalysts for this reaction. These studies demonstrated 

that the ligand architecture has a crucial impact on the catalyst 

activity and stability and therefore governs the catalysts turno-

ver number (TON) and turnover frequency (TOF). In parallel, 

several groups developed catalysts based on the use of 3d group 

metals as a promising alternative to expensive and potentially 

rare noble metals. Yet, this substitution often comes at the price 

of a decrease reactivity and stability.21 Beller et al. pioneered 

the use of iron complexes in 2010, and a number of PNP pincer 

ligands chelated to an iron centre have been reported since.22-31 

Manganese complexes have also been reported to be active in 

this reaction, as reported by Boncella, Tondreau, et al. and Bel-

ler et al..32-34 The activity of other 3d metals was assessed over 

the past few years, using nickel (Junge, Enthaler et al. and Par-

kin et al.),35, 36 copper (Correa et al.),37 and cobalt (Beller et al. 

and Onishi et al.).38, 39 Group 13 compounds were also investi-

gated, namely aluminium by the group of Berben in 2014,40 and 

boron by our group.41 

The presence of participative ligands is a consistent feature 

in the majority of the reported examples, to include an internal 

base in the coordination sphere of the catalyst to activate FA.42-

45 A second feature of interest, especially in the case of 3d group 

metals, is that an external base or additives such as BF4 salts are 

often necessary to retain a catalytic activity. We recently re-

ported a new ligand featuring an N–H moiety on a triphosphane 

backbone that helped stabilizing copper hydride complexes.46 

This chelating ligand presents a phosphoramine function (R2P-

NHR’) together with two phosphines, which can act as a pen-

dant amine and a participative ligand. It is hence an excellent 

platform to design catalysts for the dehydrogenation of formic 

acid. Herein, we report the coordination properties of this new 

PP(NH)P ligand with cobalt, and describe the synthesis of two 

PP(NH)P–Co(II) complexes, 1 and 2, and a PP(NH)P–Co(I)–H 

complex, 3. The catalytic activity of all three complexes in the 

dehydrogenation of formic acid was investigated, and a theoret-

ical mechanistic study unveiled the role of the ligand in the re-

markable activity of 3. 

The PP(NH)P ligand was prepared following the literature 

procedure,46 and its coordination was investigated with two dif-

ferent cobalt precursors (Scheme 1): cobalt(II) chloride or co-

balt(II) acetate were readily coordinated by the PP(NH)P ligand 

in a THF solution at 80 °C, to yield complexes 1 and 2 respec-

tively, which were isolated quantitatively as brown powders. 

Both complexes are paramagnetic, which prevented any con-

clusive NMR analysis, but single crystals of 1THF were ob-

tained from the evaporation of a saturated THF solution (Figure 

1a). All efforts towards crystallization of 2 remained unfruitful. 

In the molecular structure of 1, the cobalt atom adopts a dis-

torted square pyramidal geometry (τ = 0.18)47 with a chlorine 

atom in the axial position and the phosphine and second chlo-

rine ligands in the basal positions. An hydrogen bond was ob-

served between one chlorine atom and the phosphoramide hy-

drogen, as expected for such a participative ligand. 



 

 

2 

 

Scheme 1: Synthesis of Co(II)-complexes 1 and 2. 

 

Figure 1: (a) Molecular structure of 1. Carbon-bound hydrogen at-

oms and cyclohexyl rings have been omitted. The hydrogen bond 

is shown as a dashed line. Selected bond distances (Å) and bond 

angles (°): P1−N1 1.660(4); P1−Co1 2.1397(12); P2−Co1 

2.2444(12); P3−Co1 2.2775(12); Cl1−Co1 2.2526(11); Cl2−Co1 

2.4132(11); Cl1−Co1−Cl2 98.24(4); Cl1−Co1−P1 167.45(5); 

Cl1−Co1−P2 91.90(4); Cl1−Co1−P3 92.30(4); Cl2−Co1−P1 

94.30(4); Cl2−Co1−P2 100.08(4); Cl2−Co1−P3 102.36(4); 

P2−Co1−P3 156.32(5); P1−Co1−P2 86.28(4); P1−Co1−P3 

84.59(4). (b): Molecular structure of 3. Carbon-bound hydrogen at-

oms and cyclohexyl rings have been omitted. Selected bond dis-

tances (Å) and bond angles (°): P1−N1 1.705(2); P1−Co1 

2.1224(7); P2−Co1 2.1528(7); P3−Co1 2.1540(7); H1−Co1 

1.46(3); C1−Co1 1.731(3); C1−O1 1.163(3); C1−Co1−H1 

91.4(11); C1−Co1−P1 104.71(8); C1−Co1−P2 111.99(8); 

C1−Co1−P3 120.07(8); H1−Co1−P1 163.4(11); H1−Co1−P2 

82.3(11); H1−Co1−P3 87.9(10); P2−Co1−P3 127.16(3); 

P1−Co1−P2 87.74(3); P1−Co1−P3 87.60(3). 

The reactivity of both Co(II) complexes 1 and 2 was investi-

gated with 5 equivalents of formic acid for 2 h at 150 °C. 1H 

NMR showed the total consumption of formic acid, together 

with the formation of a new diamagnetic complex, 3, featuring 

two singlets at 97.2 and 159.7 ppm in 31P{1H} NMR and a char-

acteristic doublet of triplet at ‒10.91 ppm in 1H NMR., indica-

tive of a cobalt(I) hydride complex. In addition, GC analysis of 

the head space showed the selective consumption of FA into 

CO2 and H2. Although 3 could not be isolated pure from stoi-

chiometric reactions between 1 or 2 and 2 equiv. FA, it was 

successfully prepared by replacing FA with a surrogate which 

cannot undergo dehydrogenation reactions: trimethylsilylfor-

mate. Complexes 1 and 2 both reacted with 3 equiv. TMS-

OCHO, to give, after 16h at 80 °C, CoI complex 3 as an orange 

solid in 86% yield (Scheme 1). Crystals of 32.5dioxane were 

obtained from a saturated 1,4-dioxane solution (Figure 1b) and 

confirmed the presence of the hydride, together with a carbonyl 

ligand. In the molecular structure of 3, the cobalt atom adopts a 

distorted trigonal bipyramidal geometry (τ = 0.60) with the cen-

tral phosphorus and the hydride in the axial positions 

(H1−Co1−P1 = 163.4(11) °) and the remaining phosphines and 

carbon monoxide in the equatorial positions, similar to previ-

ously reported hydrido carbonyl cobalt complexes.48-50 The 

Co1−H1 and Co1−C1 bonds are typical of such structures, with 

lengths of 1.46(3) and 1.731(3) Å respectively and comparable 

to those found in [Co(CO)H(PPh3)3] (1.41(9) and 

1.704(17) Å).48 

The catalytic activities of complexes 1, 2 and 3 were finally 

investigated in the dehydrogenation of FA at 80 °C in 1,4-diox-

ane, with 0.5 mol% loading (Figure 2). While 1 was found in-

active at 80 °C, 2 reached a production of 79 mL of gas after 20 

min, corresponding to a TON of 165. On the other hand, 3 

reached full conversion after only 10 min of reaction. Interest-

ingly, an induction period was observed with 2 in the first mi-

nute of the catalysis, suggesting that 2 might be converted to the 

active species, supposedly 3, according to the reactivity noted 

hereabove. In fact, 3 was observed as the major species, after 

decomposition of FA with 2. Both 2 and 3 have unprecedented 

activities for homogeneous cobalt complexes with TON1h = 165 

and 200, compared to the MACHO ligand-bound cobalt-based 

catalyst reported by Beller et al. in the absence of any additive 

(no activity reported) or base (TON1h = 29 with 2 equiv. of Na-

BEt3H with respect to the complex).39 

Catalyst 3 reached a full conversion of FA within the first 10 

min of the reaction with a TOF of 4000 h-1 (Table 1, entry 1). 

The catalyst was not only active in dioxane, but also in toluene 

(TON1h = 154, TOF1min = 250 h-1) or even in protic solvents, 

incl. water (TON1h = 102, TOF1min = 750 h-1), although a dimin-

ished stability and activity were noted in both cases (Table 1, 

entries 1, 2 and 3). The impact of the solvent on the activity and 

stability of 3 might result from its influence on the solubility of 

the complexes as well as heterolytic bond cleavage and stabili-

zation of ionic intermediates.51, 52 Finally, halving or doubling 

the FA concentration led to decreased kinetics with lower 

TOF1min (1125 or 750 h-1 respectively, vs. 4000 h-1 at 1M) (Ta-

ble 1, entries 1, 4 and 5), suggesting a complex rate order for 

FA. 

Table 1. FA dehydrogenation catalysed by 3. 

Entry Solvent  

(Conc mol.L-1) 

V1min 

(mL) 

V1h 

(mL) 

TON1h TOF1min  

(h-1) 

1 1,4-dioxane (1) 32 96 200 4000 

2 Water (1) 6 49 102 750 

3 Toluene (1) 2 74 154 250 

4 1,4-dioxane (2) 6 49 106 750 

5 1,4-dioxane (0.5) 9 79 169 1125 

Conditions: FA (2 mmol) in solvent and 3 (0.5 mol%) at 80 °C. 
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Figure 2: Kinetic profile dehydrogenation of FA catalyzed by com-

plexes 1, 2 and 3. Reaction conditions: FA (2 mmol) in 1,4-dioxane 

(2 mL) and catalyst (0.5 mol%) at 80 °C. Gas evolution was meas-

ured with a graduated cylinder (see ESI for details). 

To get a deeper insight into the mechanism, the reaction was 

computed, and the most favoured pathway is depicted in 

Scheme 2. Cobalt complex A, an isomer of 3 (see ESI), depro-

tonates an incoming molecule of FA and releases H2 through 

TSAB, to yield the intermediate formate complex B (TSAB: 11.9 

kcal.mol-1, ΔG = -4.7 kcal.mol-1). The decarboxylation of B to 

regenerate A, after release of CO2, involves in contrast several 

steps. While a direct β-H elimination can be considered (TSBD, 

16.3 kcal.mol-1), formate complex B was found to readily insert 

a second molecule of FA in the Co–OCHO bond, via TSBC (1.0 

kcal.mol-1). The resulting complex C then includes a formato 

ligand, which is coordinated to the CoI ion via its C–H bond and 

stabilized through H-bonding with the N–H moiety of the phos-

phoramine ligand and a FA molecule. C is 2.3 kcal.mol-1 higher 

in energy than A. After release of FA, intermediate D is formed, 

which features an H-bound formate complex, H-bonded to the 

participative ligand. A complex similar to D has also been de-

scribed by Hazari, Schneider et al..26 The subsequent decarbox-

ylation of the formato ligand in D occurs through TSDA (18.7 

kcal.mol-1, ΔΔGDA = -19.2 kcal.mol-1) and closes the catalytic 

cycle, while the overall dehydrogenation reaction is exergonic 

(ΔG=9.5 kcal.mol-1). The total energetic span of the reaction, 

23.4 kcal.mol-1, is defined by the resting state B and the decar-

boxylation step (TSDA), which is the rate-determining step. This 

value is consistent with our observations of a fast reaction at 80 

°C. Moreover, the non-trivial influence of the concentration in 

FA on the reaction rate can be rationalized with the necessity to 

involve two molecules of FA in the process, the first one being 

involved in the dehydrogenation and the second one in the de-

carboxylation. Interestingly, in this mechanism, the participa-

tive ligand is never deprotonated, and only acts as hydrogen 

bond donor. 

Finally, in order to push the reaction towards a maximum 

TON while keeping high TOF throughout the reaction by a con-

trol of the amount of FA, a reloading experiment was set up 

using 3 in 1,4-dioxane (Figure 3). We observed the deactivation 

of the catalyst through a simultaneous decrease in TON and 

TOF upon each refill (TOF1min were 4000, 3000 and 750 h-1 at 

each FA loading). It was however possible to reach a total TON 

of 458 over the course of a 4 hour reaction. 

 

Figure 3: Kinetic profile for the dehydrogenation of FA catalysed 

by 3. Reaction conditions: FA (2 mmol) in 1,4-dioxane (2 mL) and 

3 (0.5 mol%) at 80 °C. The reaction was refilled twice with FA (2 

mmol). 

 

 

Scheme 2: Computed reaction profile for the Co-1 catalyzed formic acid dehydrogenation reaction. Computations parameters: Gaussian 16 

Rev C.01; ω-B97X-D/Def2-TZVP (Co), 6-311+G(d,p) (mobile H) 6-31G(d) (other atoms), SMD (Solvent: 1,4-dioxane). 
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In conclusion, we described herein the synthesis of new co-

balt(II) and cobalt(I) complexes, supported by a chelating par-

ticipative ligand possessing a phosphoramine arm. The activity 

of the complexes was tested in the dehydrogenation of FA. The 

cobalt(I) hydrido carbonyl complex 3 was found highly reac-

tive, pushing further the activity of homogeneous 3d metal, by 

reaching TOF values of 4000 h-1 and a TONmax of 458. It is, to 

the best of our knowledge, the first report of a cobalt catalyst 

active in the dehydrogenation of FA without addition of bases 

or additives. DFT calculations helped rationalizing the im-

portance of the participative ligand and the concentration of FA, 

in accordance with the experimental results. 
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1 Experimental Details 

1.1 Generalities 

All reactions were performed under an inert atmosphere of argon using standard Schlenk line and 

glovebox techniques and dry deoxygenated solvents. Tetrahydrofuran (THF), d8-tetrahydrofuran (d8-

THF), toluene, pentane and d6-benzene were dried over a Na/benzophenone mixture, vacuum-distilled 

before use and if necessary, stored over activated 4 Å molecular sieves. CD3CN and CD2Cl2 were dried 

over CaH2 and vacuum-distilled before use. Unless stated otherwise, all other reagents and chemicals 

were obtained commercially and used as received. 

Mass spectra were measured with direct chemical ionization (DCI-CH4) methods, and recorded on a 

GCT Premier Waters mass spectrometer. MEDAC Ltd. performed the elemental analyses. 

PP(NH)P was prepared according to a literature procedure.1  

Nuclear magnetic resonance spectra were recorded on a Bruker Avance Neo spectrometer operating 

at 400.18 MHz for 1H. Solvent peaks were used as an internal reference relative to Me4Si for 1H and 13C 

chemical shifts (ppm); 31P chemical shifts are externally referenced to 85% H3PO4. Coupling constants 

are given in Hertz. The following abbreviations are used: s, singlet; d, doublet; t, triplet; m, multiplet. 

Effective magnetic moments are measured with the Evans method, using 2% Acetone in THF-d8 as a 

reference. 

1.2 Synthesis of 1 

PP(NH)P (79 mg, 0.115 mmol, 1eq) was dissolved in THF (15 mL) and added 

slowly to Co(Cl)2 (15 mg, 0.115 mmol, 1 eq). The reaction mixture was then 

stirred for 2 h at 80 °C. The mixture was finally cooled to room temperature 

and the volatiles were evaporated. The resulting solid was finally washed 

with pentane (3x3 mL) in order to give a brown powder quantitatively. XRD 

quality crystals of 1 were obtained from a saturated solution in THF.  

E.A. Calc: C, 63.47; H, 7.43; N, 1.72. Observed: C, 63.76; H, 7.36; N, 1.44. 

μeff = 2.49 µB 



1.3 Synthesis of 2 

PP(NH)P (158 mg, 0.23 mmol, 1eq) was dissolved in THF (25 mL) and added 

slowly to Co(OAc)2 (41 mg, 0.23 mmol, 1 eq). The reaction mixture was then 

stirred for 2 h at 80 °C. The mixture was finally cooled to room temperature 

and the volatiles were evaporated. The resulting solid was finally washed 

with pentane (3x5 mL) in order to give a brown powder quantitatively. 

E.A. Calc: C, 63.57; H, 7.73; N, 1.63. Observed: C, 63.11; H, 7.75; N, 1.39. 

μeff = 3.18 µB 

1.4 Synthesis of 3 

1 or 2 (0.23 mmol, 1eq) were dissolved in THF (25 mL) and Me3SiOCHO (82 

mg, 0.69 mmol, 3 eq) was added slowly to the mixture. After heating 16 h at 

80 °C, the mixture was cooled to room temperature and volatiles were 

evaporated. The resulting solid was finally washed with pentane (3x5 mL) in 

order to give an orange powder in a 86 % yield (153 mg, 0.20 mmol). Crystals 

of 3 were obtained from a saturated solution in 1,4-dioxane. 

1H NMR (300.18 MHz, C6D6, 25 °C): δ   ̶10.91 (dt, 2JHP = 78.2 Hz, 2JHP = 50.6 Hz, 1H, Co-H); 1.06-1.42 (m, 

16H, Cy); 1.56-1.83 (m, 22H, Cy); 1.90 (t, J = 7.0 Hz, 1H, NH); 2.26 (m, 2H, Cy); 2.34 (m, 2H, Cy); 2.37 

(m, 2H, Cy); 4.08 (t, J = 6.5 Hz, 2H, NH-CH2-Ph); 7.04-7.17 (m, 7H, CHAr); 7.35 (d, J = 7.2 Hz, 2H, CHAr); 

7.46 (d, J = 7.1 Hz, 2H, CHAr); 8.00 (t, J = 6.4 Hz, 2H, CHAr). 

13C{1H} NMR (75.48 MHz, C6D6, 25 °C): δ 26.8 (Cy); 27.4 (Cy); 27.5 (Cy); 27.6 (Cy); 27.7 (Cy); 27.9 (Cy); 

28.0 (Cy); 29.2 (Cy); 29.3 (Cy); 29.6 (Cy); 38.6 (t, J = 13.9 Hz, Cy); 39.7 (t, J = 13.9 Hz, Cy); 48.4 (d, J = 

7.3 Hz, NH-CH2-Ph); 127.2 (CAr); 127.9 (CAr); 128.2 (CAr); 128.6 (CAr); 128.7 (d, J = 8.2 Hz, CAr); 129.1 

(CAr); 129.3 (dd, J = 11.3 Hz, J = 4.5 Hz, CAr); 141.8 (d, J = 11.4 Hz, CAr/q); 147.3 (dt, J = 50.8 Hz, J = 11.0 

Hz, CAr/q); 151.1 (dt, J = 44.9 Hz, J = 24.0 Hz, CAr/q). 

31P{1H} NMR (162 MHz, C6D6, 25 °C): δ 95.5, 157.8 ppm. 

IR (cm-1): 1902 (s) (CO). 

HRMS m/z (%): 392.180320 (M+2+ACN-CO), 371.667257 (M+2-CO-ACN) calcd for 392.180166 

(M+2+ACN-CO), 371.666892 (M+2-CO-ACN). 

E.A. Calc: C, 68.47; H, 7.97; N, 1.81. Observed: C, 64.48; H, 8.03; N, 1.53. High reactivity and 

degradation of the complex might explain the difference in Elemental Analysis result. 



1.5 General procedure for formic acid dehydrogenation 

In a round bottom flask equipped with a condenser, the catalyst (0.5 mol%, 10 µmol) was dissolved in 

the solvent. Then, formic acid (75 µL, 2 mmol) was added. The mixture was stirred and heated at 80 °C 

for the desired time and evolution of gas was measured with a graduated cylinder filled with water. 

To account for temperature changes that can affect the measurements of evolved gas volume, a blank 

reaction without any catalyst was performed. The blank volume was observed to be constant within 

ca. 1 mL over the course of the reaction, and was removed to all measured gas volumes. 

The turnover number (TON) was thus calculated by the following equation: 

𝑇𝑂𝑁 =  
𝑉𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑉𝑏𝑙𝑎𝑛𝑘

(𝑉𝑚,𝐻2,25°𝐶 + 𝑉𝑚,𝐶𝑂2,25°𝐶) ∗ 𝑛𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡

 

Where Vmeasured and Vblank are the volume of gas measured in the catalytic reaction and blank reaction, 

Vm are the molar volume of H2 and CO2, respectively, and ncatalyst is the molar amount of catalyst. 

The turnover frequency (TOF) was calculated by the following equation: 

𝑇𝑂𝐹 =  
𝑇𝑂𝑁

𝑡
 

Where t is the time in hour. 

1.6 Additional figures 

 

Figure 1: Dehydrogenation of formic acid catalyzed by 3 at different concentration 
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Figure 2: Dehydrogenation of formic acid catalyzed by 1, 2 or 3 

 

Figure 3: Dehydrogenation of formic acid catalyzed by 3 in different solvents 
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2 NMR spectra 

 

Figure 4: 31P NMR spectrum of the reaction of 2 with FA at 150 °C (THF-d8, 400 MHz) 

 

Figure 5: 1H NMR spectrum of compound 3 (C6D6, 400 MHz) 



 

Figure 6 : 13C NMR spectrum of compound 3 (C6D6, 100 MHz)  

 

Figure 7: 31P NMR spectrum of compound 3 (C6D6, 162 MHz) 



3 Crystallography 

3.1 Generalities 

The data for compounds 1THF and 32.5 dioxane were collected at 150(2) and 180(2) K, respectively, 

on a Nonius Kappa-CCD area detector diffractometer using graphite-monochromated Mo-Kα radiation 

(λ = 0.71073 Å).2 The crystals were introduced into glass capillaries with a protective coating of 

Paratone-N oil (Hampton Research). The unit cell parameters were determined from ten frames, then 

refined on all data. The data (combination of φ- and ω-scans with a minimum redundancy of 4 for 90% 

of the reflections) were processed with HKL2000.32 Absorption effects were corrected empirically with 

the program SCALEPACK.3 The structures were solved by intrinsic phasing with SHELXT,4 and refined 

by full-matrix least-squares on F2 with SHELXL-2014.5 All non-hydrogen atoms were refined with 

anisotropic displacement parameters. The carbon-bound hydrogen atoms were introduced at 

calculated positions and were treated as riding atoms with an isotropic displacement parameter equal 

to 1.2 times that of the parent atom. The hydrogen atoms bound to N1 in 1THF, and to CO1 and N1 in 

32.5dioxane were found on difference Fourier maps and were fully refined. In 32.5dioxane, one 

phenyl ring is disordered over two positions which were refined as idealized hexagons with occupancy 

parameters constrained to sum to unity, and the carbon atoms of one dioxane molecule are also 

disordered over two positions refined with occupancy parameters constrained to sum to unity. The 

molecular plots were drawn with ORTEP-3.6 

3.2 Crystal data for compound 1THF 

 

C47H68Cl2CoNOP3, M = 885.76, tetragonal, space group P41, a = b = 18.7647(6), c = 13.3487(3) Å, V = 

4700.3(3) Å3, Z = 4, Dc = 1.252 g cm–3, μ = 0.615 mm–1, F(000) = 1884. Refinement of 501 parameters 

on 8915 independent reflections out of 85712 measured reflections (Rint = 0.037) led to R1 = 0.037, wR2 

= 0.093, S = 1.065, Δρmax = 0.47, Δρmin = –0.34 e Å–3, Flack parameter = –0.015(17). 



3.3 Crystal data for compound 32.5dioxane. 

 

C54H81CoNO6P3, M = 992.03, triclinic, space group Pī, a = 9.7525(7), b = 14.4386(8), c = 19.8509(14) Å, 

α = 90.861(3), β = 103.951(3), γ = 105.460(3)°, V = 2605.2(3) Å3, Z = 2, Dc = 1.265 g∙cm–3, 

μ = 0.470 mm–1, F(000) = 1064. Refinement of 662 parameters on 9861 independent reflections out of 

98082 measured reflections (Rint = 0.063) led to R1 = 0.045, wR2 = 0.123, S = 1.040, Δρmax = 0.38, 

Δρmin = –0.59 e∙Å–3. 



4 Computational Details 

Theoretical calculations were performed with the GAUSSIAN16, Rev C.01 series of programs.7 The 

ωB97XD functional was used in combination with the 6-31G(d) basis set for all non-metal-atoms (C, H, 

N, P), 6-311+G(d,p) for mobile hydrogens (e.g. involved in the reaction) and the Def2-TZVP basis set 

for cobalt.8 Solvent effects were taken into account using the SMD model (Solvent = Dioxane) as 

implemented in the software.9 The stationary points were characterized as minima by full vibration 

frequencies calculations (no imaginary frequency). 

For each molecule, energies and three lowest frequencies are reported. XYZ coordinates of all 

computed species can be found in the attached xyz file. Data was extracted using the Geac software.10 

Pictures were realized with Cylview.11 

4.1 Full reaction scheme, including 3 (E) to A isomerisation and direct β-H 

elimination from B 

 

 

 



4.2 Thermochemistry and three lowest frequencies of A 

 

                      1                      2                      3 

                      A                      A                      A 

 Frequencies --     13.3948                19.2357                20.4516 

 Red. masses --      5.2860                 3.8285                 4.3739 

 Frc consts  --      0.0006                 0.0008                 0.0011 

 IR Inten    --      0.0617                 0.1798                 0.0472 

 

 Sum of electronic and zero-point Energies=          -4248.862066 

 Sum of electronic and thermal Energies=             -4248.813607 

 Sum of electronic and thermal Enthalpies=           -4248.812663 

 Sum of electronic and thermal Free Energies=        -4248.944977 

 

HF = -4249.84203690 

4.3 Thermochemistry and three lowest frequencies of B 

 

                      1                      2                      3 

                      A                      A                      A 

 Frequencies --     17.1383                19.3040                23.9120 

 Red. masses --      4.3765                 4.5499                 5.9952 

 Frc consts  --      0.0008                 0.0010                 0.0020 

 IR Inten    --      0.0308                 0.2434                 0.7481 

 

 Sum of electronic and zero-point Energies=          -4437.378029 

 Sum of electronic and thermal Energies=             -4437.326230 

 Sum of electronic and thermal Enthalpies=           -4437.325286 

 Sum of electronic and thermal Free Energies=        -4437.464287 

 

HF = -4438.37605798 



4.4 Thermochemistry and three lowest frequencies of C 

 

                      1                      2                      3 

                      A                      A                      A 

 Frequencies --     21.7545                22.8652                24.9499 

 Red. masses --      4.5455                 5.8757                 6.4427 

 Frc consts  --      0.0013                 0.0018                 0.0024 

 IR Inten    --      0.2990                 0.9380                 1.0953 

 

 Sum of electronic and zero-point Energies=          -4627.050723 

 Sum of electronic and thermal Energies=             -4626.994782 

 Sum of electronic and thermal Enthalpies=           -4626.993838 

 Sum of electronic and thermal Free Energies=        -4627.141528 

 

HF = -4628.08450711 

4.5 Thermochemistry and three lowest frequencies of D 

 

                      1                      2                      3 

                      A                      A                      A 

 Frequencies --     16.2916                23.8792                30.2342 

 Red. masses --      4.9106                 5.2055                 4.4598 

 Frc consts  --      0.0008                 0.0017                 0.0024 

 IR Inten    --      0.2398                 0.2920                 0.8748 

 

 Sum of electronic and zero-point Energies=          -4437.356935 

 Sum of electronic and thermal Energies=             -4437.305382 

 Sum of electronic and thermal Enthalpies=           -4437.304438 

 Sum of electronic and thermal Free Energies=        -4437.441384 

 

HF = -4438.35365335 



4.6 Thermochemistry and three lowest frequencies of E 

 

                      1                      2                      3 

                      A                      A                      A 

 Frequencies --      5.8864                17.8271                22.5877 

 Red. masses --      5.2464                 4.3859                 3.7880 

 Frc consts  --      0.0001                 0.0008                 0.0011 

 IR Inten    --      0.0512                 0.0146                 0.1329 

 

 Sum of electronic and zero-point Energies=          -4248.868183 

 Sum of electronic and thermal Energies=             -4248.819879 

 Sum of electronic and thermal Enthalpies=           -4248.818935 

 Sum of electronic and thermal Free Energies=        -4248.951450 

 

HF = -4249.84905501 

4.7 Thermochemistry and three lowest frequencies of TSAB 

 

                      1                      2                      3 

                      A                      A                      A 

 Frequencies --   -192.6295                16.1958                24.2675 

 Red. masses --      1.7151                 5.0156                 4.9393 

 Frc consts  --      0.0375                 0.0008                 0.0017 

 IR Inten    --     16.7001                 0.3911                 0.1903 

 

 Sum of electronic and zero-point Energies=          -4438.528793 

 Sum of electronic and thermal Energies=             -4438.476009 

 Sum of electronic and thermal Enthalpies=           -4438.475065 

 Sum of electronic and thermal Free Energies=        -4438.614526 

 

HF = -4439.54056989 



4.8 Thermochemistry and three lowest frequencies of TSBC 

 

                      1                      2                      3 

                      A                      A                      A 

 Frequencies --    -26.3177                16.5294                23.1177 

 Red. masses --      8.3682                 5.1855                 4.5722 

 Frc consts  --      0.0034                 0.0008                 0.0014 

 IR Inten    --      4.7829                 0.1208                 0.2101 

 

 Sum of electronic and zero-point Energies=          -4627.054201 

 Sum of electronic and thermal Energies=             -4626.998947 

 Sum of electronic and thermal Enthalpies=           -4626.998003 

 Sum of electronic and thermal Free Energies=        -4627.143638 

 

HF = -4628.08633127 

4.9 Thermochemistry and three lowest frequencies of TSBD 

 

                      1                      2                      3 

                      A                      A                      A 

 Frequencies --   -203.8141               -13.9974                11.8621 

 Red. masses --      1.9388                 4.0055                 4.3105 

 Frc consts  --      0.0475                 0.0005                 0.0004 

 IR Inten    --     15.5141                 0.1964                 0.2919 

 

 Sum of electronic and zero-point Energies=          -4437.344092 

 Sum of electronic and thermal Energies=             -4437.293028 

 Sum of electronic and thermal Enthalpies=           -4437.292084 

 Sum of electronic and thermal Free Energies=        -4437.430761 

 

HF = -4438.34072803 

TSBD could not be fully optimized, with only one minor imaginary frequency remaining. 



4.10 Thermochemistry and three lowest frequencies of TSDA 

 

                      1                      2                      3 

                      A                      A                      A 

 Frequencies --   -486.0048                17.0104                20.6235 

 Red. masses --      3.2436                 5.2147                 4.7624 

 Frc consts  --      0.4514                 0.0009                 0.0012 

 IR Inten    --   1582.2274                 0.1301                 0.0302 

 

 Sum of electronic and zero-point Energies=          -4437.342043 

 Sum of electronic and thermal Energies=             -4437.290442 

 Sum of electronic and thermal Enthalpies=           -4437.289498 

 Sum of electronic and thermal Free Energies=        -4437.426927 

 

HF = -4438.33390912 

4.11 Thermochemistry and three lowest frequencies of TSEA 

 

                      1                      2                      3 

                      A                      A                      A 

 Frequencies --   -418.7006                13.2230                16.5590 

 Red. masses --      1.1575                 4.4693                 4.7998 

 Frc consts  --      0.1196                 0.0005                 0.0008 

 IR Inten    --     20.3497                 0.0399                 0.0238 

 

 Sum of electronic and zero-point Energies=          -4248.841080 

 Sum of electronic and thermal Energies=             -4248.792966 

 Sum of electronic and thermal Enthalpies=           -4248.792022 

 Sum of electronic and thermal Free Energies=        -4248.923676 

 

HF = -4249.82037763 



4.12 Thermochemistry and three lowest frequencies of H2 

 

                      1 

                     SGG 

 Frequencies --   4429.5650 

 Red. masses --      1.0078 

 Frc consts  --     11.6508 

 IR Inten    --      0.0000 

 

 Sum of electronic and zero-point Energies=             -1.165179 

 Sum of electronic and thermal Energies=                -1.162819 

 Sum of electronic and thermal Enthalpies=              -1.161875 

 Sum of electronic and thermal Free Energies=           -1.176672 

 

HF = -1.17527069838 

4.13 Thermochemistry and three lowest frequencies of CO2 

 

                      1                      2                      3 

                     PIU                    PIU                    SGG 

 Frequencies --    655.8894               655.8894              1401.0925 

 Red. masses --     12.8774                12.8774                15.9949 

 Frc consts  --      3.2639                 3.2639                18.4997 

 IR Inten    --     39.7520                39.7520                 0.0000 

 

 Sum of electronic and zero-point Energies=           -188.506185 

 Sum of electronic and thermal Energies=              -188.503554 

 Sum of electronic and thermal Enthalpies=            -188.502610 

 Sum of electronic and thermal Free Energies=         -188.526891 

 

HF = -188.518001232 

4.14 Thermochemistry and three lowest frequencies of HCO2H 

 

                      1                      2                      3 

                      A                      A                      A 

 Frequencies --    536.7728               676.8322              1064.6142 

 Red. masses --      1.1207                 6.3041                 1.6812 

 Frc consts  --      0.1903                 1.7015                 1.1227 

 IR Inten    --    101.3425                11.1052                 0.7235 

 

 Sum of electronic and zero-point Energies=           -189.664382 

 Sum of electronic and thermal Energies=              -189.661164 

 Sum of electronic and thermal Enthalpies=            -189.660220 

 Sum of electronic and thermal Free Energies=         -189.688450 

 

HF = -189.698580740 
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