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Tetranuclear thiocyanato-bridged copper(I) catalyst for the 
hydrogenation of Carbon Dioxide to formate under mild 
conditions 
Sahil Sharma,a Manoj Trivedi,*a,b Raj Kishore Sharma,*a Girijesh Kumar,cand Nigam P. Rathd

The hydrogenation of carbon dioxide(CO2) with a base to produce formate salts offers a method for storing hydrogen in an 
energy dense solid. This stored hydrogen (H2) can be released later by acidifying the formate salts, or formic acid can be 
utilized directly in fuel cells. However, this process relies on catalytic CO2 hydrogenation, which ideally should employ a 
catalyst made from an abundant earth metal. Recent research on molecular catalysts has led to improved rates for 
conversion of CO2 to energy-rich products such as formate, but the catalysts based on first-row transition metals is under 
development. Copper(I) complexes containing 1,2-bis[(di-tert-butylphosphino)methyl]benzene ligand were found to 
promote the catalytic hydrogenation of CO2 to formate in the presence of NaOH/KOH as the base where catalytic 
conversion of CO2 via hydrogenation using H2 to produce valuable energy-relevant chemicals and therefore is a promising 
safe and simple strategy to conduct reactions under ambient pressure at room temperature. Aiming to this goal, herein we 
report an efficient copper(I) complex [Cu4(2-PCPt-Bu)2(µ2-SCN)4] as catalyst to achieve ambient-pressure CO2 hydrogenation 
to generate metal formate (HCO2

-M+) with turnover number (TON) values of 108 to 23040 in 3 to 24 h of reaction at 25°C 
to 60°C. This outstanding catalytic performance makes [Cu4(2-PCPt-Bu)2(µ2-SCN)4] a potential candidate for realizing the 
large-scale production of metal formate by CO2 hydrogenation.  

Introduction
Global attention is currently directed towards the use of 
carbon dioxide (CO2) as a versatile chemical feedstock for 
synthesizing various important chemicals, such as formic acid, 
methanol, urea, and carbonates, and so on.1 Among these 
processes, the hydrogenation of CO2 to produce formic acid or 
formate is particularly significant. At present, the majority of 
industrial formic acid is generated through the hydrolysis of 
methyl formate or formamide.1c CO2 hydrogenation in the 
presence of base (e.g. NaOH, KOH) typically leads to formate 
salts (e.g. sodium/potassium formate) which can be used to 
store hydrogen in an energy dense solid (Scheme 1).2-6 These 
formate salts can be used as hydrogen storage materials with 

hydrogen and CO2 release upon acidification of the 
compounds.7 The development of the homogeneous CO2 
hydrogenation has made significant progress in the past 30 
years and has been well documented in the literature.5, 8-14

Scheme 1. CO2 hydrogenation to produce formate salts

Several reports have employed homogeneous catalysts 
based on precious metals, including Ru8, Rh9, Ir2b,10, Pd11, Pt12, 
Re13, and Au14 for the hydrogenation of CO2.

8-14 The formation 
of metal hydride (M-H) through the interaction between the 
noble metal and H2 is vital for these catalytic processes, so 
that, CO2 can be inserted into the M-H bond.8-14 In contrast, 
the use of abundant and inexpensive first-row metal 
complexes in catalytic CO2 hydrogenation is quite limited and 
sporadic examples with Fe15, Co16, Ni17, Cu18, and Mn19 based 
catalysts have been reported in literature. The greater 
abundance and lower cost of first-row transition metals would 
make them better suited to the large-scale production of fuels, 
if they could be made sufficiently active as catalysts. There are 
reasons to believe that copper complexes could behave as an 
effective catalyst in CO2 hydrogenation. For instance, copper 
dispersions on ZnO/Al2O3 are widely used in the industrial 
conversion of syngas to methanol,20 for which mechanistic 
studies have revealed that this reaction occurs primarily 
through hydrogenation of the CO2, rather than CO, in 

+CO2 H2
[Cu4(2-PCP)2(µ2-SCN)4]

[HCO2]-M+ + H2O
KOH/NaOH
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CO2/CO/H2/H2O mixtures.21 Moreover, homogeneous copper 
phosphine and carbene complexes are highly efficient catalysts 
for the reduction of CO2 to CO,22 hydroboration of CO2 to form 
boryl formates,23 and hydrosilylation of CO2 to form silyl 
formates.24 Despite these reports, the copper-catalyzed 
hydrogenation of CO2 to formic acid, which is more relevant to 
the production of renewable fuels, has long remained elusive. 
The reaction is thermodynamically favourable in organic 
solvents with the addition of a suitable base. Copper hydrides 
can be formed from hydrogen in the presence of a base, and 
some have been shown to react stoichiometrically with CO2 to 
produce formates.25 However, this CO2 reactivity has remained 
stoichiometric because the copper formate products generally 
do not turn over when using hydrogen, rather than silanes or 
boranes, as the source of hydride. The catalytic hydrogenation 
of CO2 to formate (HCO2

-) (Scheme 1), is promising for the 
large-scale fixation of CO2, because such hydrogenation could 
substitute conventional methods using CO, and formate has 
possible use as a hydrogen energy carrier.25 1,2-Bis(di-tert-
butylphosphinomethyl)-benzene(PCPt-Bu), a symmetrical 
diphosphine ligand, has become a role model for achieving the 
alkoxycarbonylation of various unsaturated compounds. 
Palladium complexes provide the basis for the first step in the 
commercial (Alpha) production of methyl methacrylate as well 
as very high selectivity to linear esters and acids from terminal 
or internal double bonds.26 The design and development of 
highly active and effective systems comprising of non-precious 
transition metals still remain largely subtle. Recently, our 
group has made efforts to design well-defined and stable 
copper-based catalysts that can be used in hydrogenation of 
CO2.27 Our current studies of copper-catalyzed CO2 
hydrogenation are focused on using well-defined copper 
complex that not only create stable catalyst but also facilitate 
investigation of the catalytic mechanism. Herein, we 
demonstrates that the PCPt-Bu ligated copper(I) complex, 
[Cu4(2-PCPt-Bu)2(µ2-SCN)4], is an effective catalyst for the 
reduction of CO2 to formate using hydrogen, and a base, with 
higher activity and thermal stability compare to the previously 
reported systems.18,26 To the best of our knowledge, this 
investigation describes the first CO2 hydrogenation catalyst 
based on PCPt-Bu copper complex at room temperature.

Experimental section

Materials and Physical Measurements 

All the synthetic works were performed under argon 
atmosphere. The solvents were dried and distilled before use 
following the standard procedures. Copper(I) thiocyanide, 
ligand PCPt-Bu, sodium hydroxide, potassium hydroxide, H2 and 
CO2 (≥99.999%) were used as received. 1H, 13C and 31P NMR 
spectra were recorded on a JEOL AL-400 FTNMR using 
tetramethylsilane and phosphoric acid as an internal standard 
for 1H; 13C and 31P NMR, respectively. HR-MS spectra were 
recorded on electrospray mass spectrometer.
Synthesis of the complex [Cu4(2-PCPt-Bu)2(µ2-SCN)4](1) 

PCPt-Bu (394 mg, 1 mmol) was added slowly to a solution of 
CH3OH (15 mL) and CH2Cl2 (15 mL) containing copper(I) 
thiocyanate (484 mg, 4 mmol). The resulting solution was 
refluxed for 12 h and then filtered and saturated with hexane 
and left for slow evaporation. Yellow colour crystals suitable 
for single crystal data collection were isolated after one week. 
Yield: (223 mg, 70%). Anal. Calc. for C52H88N4P4S4Cu4(%): C, 
48.91; H, 6.89; N, 4.39; S, 10.03. Found: C, 48.96; H, 6.98; N, 
4.46; S, 10.11. IR(cm-1, KBr):  = 3413, 2966, 2847, 2181, 2112, 
1642, 1404, 1278, 1082, 1012, 865, 795, 669, 607, 537. 1H 
NMR (ppm, 400 MHz, CDCl3, 298K): δ 7.33-7.30 (m, 4H), 7.18-
7.15 (m, 4H), 3.28-3.26 (t, 8H, CH2), 1.26 (m, 72H, CH3). 31P{1H}: 
 25.21 (s) (sharp). UV/Vis: max ([dm3 mol-1 cm-1]) = 
234(7145), 380 (13369). HR-ESI-MS (m/z): Calcd: 1275.58. 
Found: 1277.71 [M+2]+.
X-ray structure determination
The data for complex 1 was collected from a single crystal on a 
XtaLAB Synergy, Single source at home/near, HyPix four-circle 
diffractometer with a micro-focus sealed X-ray tube using a 
mirror as monochromator and a HyPix detector. The data for 
complex 1 was integrated with CrysAlisPro and a multi-scan 
absorption correction using SCALE3 ABSPACK was applied.28 
The diffractometer used Mo Kα radiation (λ = 0.71073 Å). The 
structure was solved by intrinsic phasing with SHELXT and 
refined by full-matrix least-squares methods against F2 using 
SHELXL.29-30 All non-hydrogen atoms were refined with 
anisotropic displacement parameters. All hydrogen atoms 
were refined isotropic on calculated positions using a riding 
model with their Uiso values constrained to 1.5 times the Ueq of 
their pivot atoms for terminal sp3 carbon atoms and 1.2 times 
for all other carbon atoms. Small and weak diffraction quality 
of the crystal evenafter prolonged exposure time is due to 
crystallinity issue. However, the structure was determined and 
refined properly.                                               
General procedure for hydrogenation  
In an argon flow inside 100 mL RB flask, the complex 1 (0.01, 
0.01, 0.02, 0.002, or 0.0002 mmol), NaOH/KOH in 10 mL water 
(4.8 mmol) and tetrahydrofuran (THF) solvent (5 mL) were 
added to it and immediately close the 100 mL RB flask. The H2 
and CO2 gas was then purged inside the RB flask at 1 atm 
pressure. The reaction mixture was then stirred with a 
magnetic stirrer for 30 minutes (600 rpm) and subsequently 
placed in a preheated oil bath. After heating for a given period 
of time, the RB flask was cooled down to room temperature. 
We have found a solution with two distinct layers and 
separated them with the help of centrifuge. A known amount 
of mesitylene was added as an internal standard to the top 
layer which was then analyzed by 1H and 13C NMR. Further, a 
known amount of imidazole was added to bottom aqueous 
layer as an internal standard, followed by 1H and 13C NMR 
analysis. Yields were determined through 1H NMR from 
integration ratios (relaxation delay = 10 seconds).
Procedure for recycling study
In an argon-filled RB flask, the complex 1 (0.002 mmol), 
NaOH/KOH in 10 mL water (4.8 mmol) and tetrahydrofuran 
(THF) solvent (5 mL) were added to it and immediately close 
the 100 mL RB flask. The H2 and CO2 gas was then purged 
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inside the RB flask at 1 atm pressure. The reaction mixture was 
then stirred with a magnetic stirrer for 30 minutes (600 rpm) 
and subsequently placed in a preheated oil bath. After heating 
for a given period of time (12 h), the RB flask was cooled down 
to room temperature. Upon opening the 100 mL two-neck RB 
flask inside an argon flow, a solution with two distinct layers 
was obtained. After transferring the whole solution in a 
centrifuge tube, the two layers were separated. The bottom 
layer was washed with additional 2 mL of THF, and the 
combined organic layer was transferred to another 100 mL 
two-neck RB flask and used directly for the next cycle. 
Meanwhile, a known amount of imidazole was added to 
bottom aqueous layer as internal standard, followed by its 
analysis by 1H and 13C NMR with CDCl3 as the deuterated 
solvent. Yields were determined through 1H NMR from the 
integration ratios of imidazole aromatic peaks with formate 
proton peak.

Results and discussion 
[Cu4(2-PCPt-Bu)2(µ2-SCN)4] was synthesized in good yield by the 
reaction of CuSCN with the ligand 1,2-bis[(di-tert-
butylphosphino)methyl]benzene in a dichloromethane: 
methanol mixture (50:50 v/v) at a 4:1 molar ratio under reflux 
condition (Scheme 2). This complex was hygroscopic solid, 

Scheme 2. Synthesis route for complex 1.

exhibiting solubility in dimethylformamide (DMF), dimethyl 
sulfoxide (DMSO), and various halogenated solvents and fully 
characterized by IR, UV-Vis, 1H, and 31P NMR spectroscopies 
(see Fig. S5-S9, ESI). The band associated with bridging SCN 
group appeared at 2112 cm-1 in 1 which is in good agreement 
with the literature values for the bridging thiocyanate group.27 
In the 1H NMR spectra of the tetranuclear copper complex 1 
displayed a multiplet in the range of  1.26 ppm corresponding 
to the t-butyl protons of the PCPt-Bu ligand. The methylene 
protons of PCP ligand were observed as a triplet at  3.26 to 
3.28 ppm (See Fig. S6, ESI).26,31 The 31P{1H} NMR spectra of 
complex 1 shows a single resonance at   25.21 ppm which 
corresponded to the phosphorus centers of 1,2-bis[(di-tert-
butylphosphino)methyl]benzene ligand and suggests that both 
the phosphorus centers were chemically equivalent (See Fig. 
S7, SI). The electronic absorption spectrum of 1 in 
methylenedichloride solution exhibits absorption bands 
between 234 nm and 380 nm (See Fig. S8, ESI). The absorption 
band in 380 nm is ascribed to the d-d transition and the 
higher-energy band has been assigned to intraligand charge 
transfer.27 Complex 1 crystallizes in the monoclinic system with 
P21/n space group. Complex 1 revealed to have a 
centrosymmetrical dimeric unit with the two thiocyanate 
groups bridging the two copper atoms (Fig. 1). The crystal 
structural analysis of complex 1, reveals the tetranuclear 

structure which produces an 18-electron configuration at each 
copper without the need for any metal-metal bonds. The 
trigonal coordination around the copper atoms is defined by 
two P atoms of the chelating 1,2-bis[(di-tert-
butylphosphino)methyl]benzene ligand [Cu-P bond lengths = 
2.236(2) Å and 2.253(2) Å] and two thiocyanate groups. The 
P1-Cu-P2 bite angle is 116.07(10)°, which is larger than those 
found in analogous complexes based on 1,2-bis[(di-tert-
butylphosphino)methyl]benzene ligand. The other 
coordination bond angles in 1 are rather distorted [P(1)-Cu(1)-
S(1) = 114.51(10)°, P(2)-Cu(1)-S(1)= 129.36(10)°, N(2)#1-Cu(2)-
N(1) =132.4(4)°, N(2)#1-Cu(2)-S(2)= 109.5(3)°, N(1)-Cu(2)-S(2)= 
118.1(3)°]. This is because of the strained four-membered 
Cu2(SCN)2 ring and due to steric hindrance of the PCPt-Bu 
ligand. The Cu-S, Cu-N and Cu-P bond distances are 2.236(2)-
2.253(2) Å, 1.878(10)-1.883(8) Å and 2.236(2)-2.253(2) Å, 
respectively and are comparable with other derivatives with 
1,2-bis[(di-tert-butylphosphino)methyl]benzene.31 The S-C-N 
bond angle is 178.8(12)°-179.5(10)° which confirmed that 
thiocyanate groups are linearly coordinated to each copper 
atom. The S-C and C-N bond distances fall in the range of 
1.623(11)Å-1.651(14) Å and 1.170(11)Å-1.179(13) Å, 
respectively. These distances are within the reported range. 
Crystal packing in complex 1 is stabilised by C-H∙∙∙S hydrogen 
bond interactions (See S-10, ESI). The contact distances for C-
H∙∙∙S interactions are in the range of 2.970 Å.32

Fig. 1. Molecular structure of complex [Cu4(2-PCPt-Bu)2(µ2-SCN)4] (1).

The influence of solvents, catalyst loadings, bases, and 
reaction times are crucial factors in any catalytic system. 
Similarly, the presence of different metal in different catalytic 
systems also plays a crucial role in catalytic outcomes. For 
example, it is noted that the outcome of the copper complex-
catalyzed base-promoted H2 activation reaction, is differ from 
iron and cobalt-based catalytic systems.33,34 The reactions 
were run in THF solution containing Cu-complex 1, NaOH/KOH 
dissolve in water as a base to trap the product generated by 
the CO2 hydrogenation under 1 atm of both CO2 and H2 for 3 h 
(Scheme 1). Several control experiments were run initially to 
determine the extent of background reaction in the absence of 
a catalyst (Table 1). The product (HCO2

-Na+) is not isolated in 
the absence of copper catalyst or in the presence of PCPt-Bu 
ligand (entries 1 and 2, respectively). Entry 3 shows that CuSCN 
afforded low product yield compare to copper catalyst 1, and 
thus suggested no rate acceleration. Although the 
hydrogenation of CO2 was performed in different solvents such 
as THF, acetonitrile (ACN), methanol (MeOH), toluene, 2-
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propanol, N-Methyl-2-Pyrrolidone (NMP). The catalytic activity 
of the complex 1 was found to be the highest in THF. Apart 
from these, the effect of bases such as NaOH and KOH were 
also examined on the copper complex 1 catalyzed 
hydrogenation of CO2 (Table 1). However, the generation of 
formate salt took place in case of copper complex 1 (Table 1, 
entries 3, 4) under 1 atm of H2 and CO2 at room temperature. 
The reactions were conducted in a THF/H2O biphasic system 
(5/10 mL; v/v), which allows for efficient recovery of the 
catalyst.

Table 1. Catalytic Hydrogenation of CO2 to Formatea

Entry Catalyst Base Time Yield(%)b TONc

1. none NaOH 3h 0 0
2. PCPt-Bu NaOH 3h 0 0
3. CuSCN NaOH 3h 5 24
4. Complex 1 NaOH 3h 30 144
5. Complex 1 KOH 3h 40 192

aAll experiments were done in triplicate. conditions: catalyst (0.01 mmol), NaOH/KOH 
(4.8 mmol) in 10 mL water, THF (5.0 mL), CO2 (1 atm), H2 (1 atm), 25°C. bYield of 
formate product was determined in relation to amount of NaOH added by 1H NMR 
spectroscopy using mesitylene as an internal standard. cMole of formate/mole of 
catalyst.

The NaOH solution afforded 30% of HCOONa with TON of 144 
in 3h upon hydrogenation in presence of 0.01 mmol of copper 
complex 1 (Table 1, entry 3). It is important to mention that in 
the reaction mixture, aqueous layer contained HCOONa and 
the organic layer contained the catalyst, thus allowing for easy 
recycling. From the insight of these observations, KOH solution 
was hydrogenated under 1 atm of H2 and CO2 with complex 1 
with TON of 192 (Table 1, Entry 4). As presented in Table 2, a 
TON value of 108 to 144 was achieved on extending the 
reaction time to 24 h (Table 2, entries 3 and 4). The optimal 
temperature was found to be 60°C at 1 atm pressure of H2 and 
CO2. Raising the reaction temperature to 100°C resulted in 
lower catalytic activity, which may be attributed to the 
deposition of catalytically inactive copper metal during the 
reaction (Table 2, entries 3&4) 

Table 2. Hydrogenation of CO2 with 1/MOH system [Where M= Na, K].[a]

Entry Base Catalyst 
(mmol)

T [°C] t [h] Yield 
[%][b]

TON[c]

1. NaOH 0.02 60 12 60 144
2. KOH 0.02 60 12 90 216
3. NaOH 0.02 100 24 45 108
4. KOH 0.02 100 24 60 144
5. NaOH 0.002 25 12 29 696
6. NaOH 0.0002 60 12 65 15600
7. KOH 0.002 25 12 40 960
8. KOH 0.0002 60 12 96 23040
9. KOH 0.002d 60 12 36 864
aAll experiments were done in triplicate. conditions: catalyst (0.02/0.002/0.0002 
mmol), NaOH/KOH (4.8 mmol) in 10 mL water, THF (5.0 mL), CO2 (1 atm), H2 (1 atm), 
60°C. bYield of formate product was determined in relation to amount of NaOH/KOH 
added by 1H NMR spectroscopy using mesitylene as an internal standard. cMole of 
formate/mole of catalyst.dCuSCN

Further lowering the catalyst loading from 0.002 mmol to 
0.0002 mmol (Table 2, entries 5-8, (See S11−S16, ESI) gave 
TON values of up to 23040. A comparison of the catalytic 
results with other catalysts that have been reported in 

literature is given in Table 3. 1H, 2D COSY NMR (Fig. S16, ESI) 
was performed to investigate the eventual correlation 
between Hformate and Himidazoline but nothing could be observed. 
Therefore, the signal at 8.78 ppm corresponds to the formate 
complex. The hydrogenated product can be isolated with a 29 
to 96% yield as white deliquescent powder grown from the 
reaction mixture at 60°C. Compared to HCOONa, the 
formation of HCOOK was faster (TON 15600 to 23040; Table 2, 
entries 6&8). The improved rate can be explained by the 
higher standard enthalpy of formation of HCOOK (−679.7 
kJ/mol) compared to HCOONa (−666.5 kJ/mol), which 
facilitates the release of the formate group from the catalytic 
resting state. From the hydrogenation products yields and 
TONs, catalyst 1 is found to be the most suitable for 
hydrogenation in KOH. Finally, the recycling experiments were 
performed by using the biphasic solvent system (See S1, ESI) of 
the catalytic reaction mixture and noticed that catalyst 1 was 
recyclable up to the two cycles without noticing any significant 
loss in the catalytic activity under our established protocol (See 
S17, ESI). As even after four cycles over, 90% HCOOK yield was 
obtained with catalyst 1. Thereby, suggesting that catalyst 1 is 
an efficient and robust catalyst for the investigated 
hydrogenation reaction. The homogeneity of the CO2 
hydrogenation reaction for 1 was evaluated. The use of 
mercury as a poison in the catalytic reaction checks the 
sensitivity of the metal catalyst. In the presence of mercury 
Wherein, mercury suppresses the reactivity of the metal 
complex as it amalgamates on the surface, making the metal 
complex unavailable for catalysis. The TON of the 1 after the 
exposure to the poison is shown in Fig. 2. The difference in 
TON with and without the poisoning suggests that the reaction 
is carried out via a homogenous approach. The most plausible 
CO2 hydrogenation reaction mechanism is illustrated in Fig. 3.

Fig. 2. Homogeneity test during hydrogenation of CO2 using complex 1. General 
reaction conditions: 0.002 mmol copper catalyst (complex 1), 0.70 mmol elemental Hg, 
4.8 mmol NaOH in 10 mL H2O and 5 mL THF, 1 atm of H2:CO2 (1:1), 60°C, 12 h. TON is 
based on 1H NMR analysis with imidazole as an internal standard.
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Table 3. Homogeneous copper catalysts reported in literature for CO2 hydrogenation to formate.

The reaction mechanism was supported by NMR spectra. A 
copper hydride species [Cu]-H is generated from complex 1. 
Subsequent CO2 insertion into the [Cu]-H bond furnishes the 
Cu formate complex. NMR spectra revealed the appearance of 
a peak at 8.78 ppm in the 1H NMR spectrum and a signal at 
167 ppm in the 13C NMR spectrum (Fig. S14-S15).
 

Fig. 3. Plausible mechanism for the hydrogenation of CO2 catalyzed by the [Cu4(2-PCPt-

Bu)2(µ2-SCN)4] complex.

Attempts to characterize the hydride complex by NMR 
spectroscopy failed, probably because of conversion of hydride 
to formate or poor solubility of this hydride complex under the 
reaction conditions. The [Cu]-H is regenerated by the 
activation of H2 with the concomitant release of formate 
through the aid of the base.

Conclusions
In summary, we have developed a highly active copper 
catalyst, [Cu4(2-PCPt-Bu)2(µ2-SCN)4] (1), which catalyzes the 
hydrogenation of CO2 to formate. Furthermore, this synthesize 
complex was evaluated as catalyst for the hydrogenation of 
CO₂ to formate, demonstrating their potential applicability in 
CO₂ conversion processes. Contrary to other first-row 
transition metal complexes bearing complicated ligands, the 
examined copper complex 1//MOH system promotes the 
formation of formate salt without the addition of extra ligands. 
Under optimized reaction conditions, using 0.0002 mmol 
catalyst 1, an exceptional TON of 23040 was achieved. This 
unprecedented activity of catalyst 1, not only surpasses the 
catalytic outcome of the existing catalytic systems having first 

Entry Pre-catalyst Solvent Base Additives CO2/PH2 
(bar)

T/°C TOF/(h-1) TON Ref.

1. Cu(OAc)2.H2O/DBU 1,4-dioxane DBU - 40/40 100 - 167 35

2.  LCu(MeCN)PF6 CH3CN DBU - 20/20 140 25 500 18a

3. [(L1 Cu)2H]PF6 CH3CN DBU - 20/20 83 7.5 - 18b

4. Cyclic alkyl amino carbene 
based copper hydride 
complex in combination with 
Lewis pairs DBU/B(C6F5)3

THF DBU - 15/45 100 - 1881 18c

5. [CuI(dtbpf)] DMF DBU - 1/1 80 - 1.065×105 27b

6. [Cu2(μ-I)2(κ1-PCPt-Bu)] 1,4-dioxane DBU - 1/1 80 - 8700 27a

7. trans-[(tBu-PNP)Fe(H)2(CO)] H2O/THF NaOH - 3.33/6.66 30 788(5) 156 15b

8. trans-[(tBu-PNP)Fe(H)2(CO)] H2O/THF - NaHCO3 -/8.3 80 320(16) - 15b

9 [Cu4(2-PCPt-Bu)2(µ2-SCN)4] H2O/THF NaOH - 1/1 60 1300 15600 This 
work

10 [Cu4(2-PCPt-Bu)2(µ2-SCN)4] H2O/THF KOH - 1/1 60 1920 23040 This 
work
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row transition metals, but also established catalysts based on 
precious transition metals. Ongoing mechanistic studies and 
the design of next-generation Cu-based catalysts are expected 
to further enhance performance and broaden the scope of this 
promising catalytic platform.
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