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HIGHLIGHTS 

 Density functional calculations were performed on Cu-amine complexes. 

 The influence of the amine on  the geometry of the active site was investigated. 

 Migration of an H atom from the formate to the metal was found to be a key step. 
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ABSTRACT: A computational study on the molecular mechanism of formic acid 

dehydrogenation in the presence of  Cu-amine complex has been carried out in order to shed 

light on the role of the amine in determining the catalyst activity. The migration of  H from 

the formate ligand to the metal center has been investigated in detail due to its endothermic 

nature. The relevance of both basicity and steric hindrance of the amine, as well as its binding 

ability to the metal center, in promoting hydrogen evolution has been confirmed. 
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Introduction 

Decomposition of formic acid (HCOOH) is a key reaction in several processes associated to 

H2 storage and green chemistry. For example HCOOH is a byproduct of the transformation of 

hydroxylmethyl-furfural (HMF) into levulinic acid, a very significant step in the production 

of fuels from ligno-cellulosic biomasses [1]. The catalytic dehydrogenation of HCOOH may 

provide hydrogen in situ, which is in fact required in the following hydrogenation of levulinic 

acid to gamma-valerolactone (GVL) [2]. GVL is a valuable platform molecule with potential 

of producing both renewable fuels and chemicals [3].  

Moreover, HCOOH may be used directly as a fuel in direct formic acid fuel cells [4–7] or as 

a hydrogen carrier [8–10] with a closed carbon cycle for other hydrogenation reactions. 

 

The development of improved technologies for H2 generation and storage in a safe and 

reversible manner is an essential prerequisite for allowing its use as fuel. Such advances 

require both identification of catalysts able to facilitate HCOOH decomposition, and a 

molecular detailed understanding of their mechanisms. 

Compared to H2, formic acid is liquid and easy to store; moreover, also compared to 

methanol, itis considered less dangerous.  

 

Scheme 1: Formic acid as H2 carrier 

 

The vapor-phase decomposition of HCOOH has been widely used since the 1960s to test the 

catalytic properties of various metals and alloys [11-17], as HCOOH is one of the simplest 

+ CO2
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H2 HCOOH
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organic molecules and the simplest carboxylic acid. HCOOH can decompose on metal 

surfaces through dehydrogenation and/or dehydration processes: dehydrogenation leads to 

carbon dioxide (CO2) and hydrogen (H2) products, while dehydration leads to production of 

water (H2O) and carbon monoxide (CO), the latter being a poisoning species for noble metal 

catalysts such as Pt and Pd. Cu heterogeneous catalysts also have been reported to selectively 

decompose HCOOH via dehydrogenation to CO2 and H2 [18] 

Beside heterogeneous catalyst, in the last years a relevant number of papers have been 

published reporting promising results about HCOOH dehydrogenation by homogeneous 

catalyst. In particular, interesting results were achieved by rather expensive systems based on 

noble metal complexes, such as [RuCl2(p-cymene)]2 or proton-switchable Ir and Rh 

complexes.[19-22] However, also Fe and Co complexes with PNP  pincer ligands have 

shown to be effective catalysts for HCOOH dehydrogenation in the presence of a base [23-

26] 

Recently, some of us [27] investigated the reactivity of simple copper complexes 

(usually a single Cu(II) compound) toward HCOOH decomposition, and reported the results 

obtained in the production of H2 from HCOOH/amine adducts. In the absence of copper 

species such adducts gave no gas evolution; on the contrary, as soon as Cu(OAc)2 was added 

to the solution, formation of H2 and CO2 was observed, yielding in 3 hours a total volume of 

20 ml.   The use of different copper compounds did not lead to significant differences in the 

conversion and the total gas volume produced due to the rapid replacement of pristine ligands 

by amine and HCOO
-
 (that are present in high concentration in the reaction medium). From 

these results copper compounds appear as promising catalysts for H2 production. Moreover, 

the activity of this catalysts can be finely tuned through the choice of the amine while 

deactivation (by reduction of Cu(II) to Cu(0)) can be easily controlled. More in depth, a very 

interesting and evident effect was observed by changing the amine ligands: in particular it has 
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been observed that by lowering the basicity of the amine the activity decreases. However,  the 

role played by the amine nature appears to be more complex and not linked only to its 

basicity,  NBut3 being  more active than NEt3 although their pKb is very similar (3.11 vs 

2.99). The particular case of ethylenediamine is worth noting: despite its high basicity (pKb = 

3.29) the reaction does not proceed. This behavior clearly underline a coordination effect of 

the amine on the metal center. Ethylendiamine coordinates to the copper center in a chelate 

fashion forming a very stable and inactive complex suggesting that some flexibility of the 

geometric structure of the complex is required to support catalytic activity. Therefore other 

parameters were taken into account such as the amine nucleophilicity and its steric hindrance, 

assessed by the cone angle, showing that activity increases by increasing the steric hindrance 

of the amine ligands and by decreasing nucleophilicity, clearly confirming that the role of 

amine is not limited to formic acid deprotonation.  

Starting from this findings, in this paper we report a computational study on the molecular 

mechanism of formic acid dehydrogenation by Cu-amine complex and in particular into the 

coordination geometry of the possible active site.  

To better understand the role played by the amine nature on the catalytic activity three 

different amine ligands have been considered: triethylamine (NEt3), tributylamine (NBu3) and 

diphenylamine (NHPh2), see Scheme 2. Systems containing NEt3 as the amine are slightly 

less active than those containing NBu3 while a strong decrease in the activity is observed in 

the presence of NHPh2.. So the activity trend of these systems is NBu3 > NEt3>> NHPh2 
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Scheme 2 

Computational details. 

The electronic structure problem for all the systems investigated was solved by Density 

Functional Theory, using the hybrid Becke's three parameter exchange functional combined 

with correlation functional of Lee, Yang and Parr to approximate the exchange and 

correlation functional in the Kohn-Sham equations.[29,30,31] The Kohn-Sham orbitals were 

expanded over a 6-31G(d,p) basis set centered over the nuclei of the system.[32,33] All 

calculations were performed at the standard Gaussian 09 standard settings. [28] 

Transition state structures for amine dissociation were localized by performing linear transit 

evaluation on the Cu-N distances starting from 2.00 Å to 2.60 Å with a r of 0.05. The 

maximum in energy was found for r = 2.50 Å. On these structures, transition state searches 

were performed and the true nature of transitions states was ensured by frequency 

calculations. -H transfer transition states were located by direct optimization from a suitable 

initial geometry. 

All E values reported in Table 1 and Table 2 were calculated as the difference between the 

energy of products and the energy of reactants, in the relative reactive step. 

Buried Volume percentages (%Vbur), defined as the percent of the total volume of an ideal 

sphere occupied by a ligand, were calculated according with refs 34-35. Specifically, in this 

approach a sphere of a defined radius R, center at the metal center is defined [34-37]. For our 

analysis, we used a value of R= 3.5 Å as previously suggested in the literature [36,37]. The 

volume of this sphere represents the potential coordination sphere space around the metal 

occupied by a ligand/ligand fragment according to eq.1 and eq. 2 : 

                    

(eq.1) 
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(eq 2) 

For more details about %Vbur calculation see references 34 and 35. 

 

Results and Discussion 

Copper is introduced in the system as Cu(II) compound. During the reaction the catalytic 

system tends to deactivate with time, producing a discoloring of the solution, that indicates 

the reduction of Cu(II) to Cu(I), followed by the formation of a red precipitate  of metallic 

Copper (Cu(0)). However, the catalyst can be easily reactivated before complete reduction to 

the metallic phase by simply opening the reactor to air, which re-oxidizes the Cu(I) species 

into the most active Cu(II) species. 

Following previous experimental and computational studies[ 26,38,39]on molecular catalyst 

for HCOOH decomposition, we investigated the mechanism reported in Scheme 3.  

 

Scheme 3 
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The first step, in scheme 3, is the formation of a complex between the amino-Cu(II) system 

and the formate anion (Cu-1, in Scheme 3) by elimination of one amino ligand from the tetra-

amino-Cu(II) complex. Subsequent -hydride elimination leads to intermediate Cu-2. From 

intermediate 2 CO2 elimination, assisted by coordination of another amine molecule (that are 

present in large excess in the reactor) ends up in formation of the Cu-H compound labeled as 

Cu-3 in Scheme 3. Then coordination of formic acid (Cu-4) followed by hydrogen abstraction 

restores the starting complex Cu-1. 

Table 1 reports the values of E of reaction relative to the formation of Cu(II)-1 intermediate 

starting from the relative tetra-amino precursors.  Figure 1 (top side) shows the optimized 

structures for the [Cu(NR3)4]
2+

 complexes. The calculated Buried volume values for each 

tretramino-Cu(II) complexes are also reported in Table 1. The buried volume (%Vbur) is 

defined as the percent of the total volume of a sphere occupied by a ligand, see computational 

details. %Vbur gives information about the steric hindrance of the amino ligand, i.e. higher 

%Vbur values means higher steric hindrance. 

 The volume of this sphere represents the potential coordination sphere space around the 

metal occupied by a ligand/ligand fragment, see computational details. The calculated buried 

volume are quite similar for all amino-ligands, the highest value is calculated in the case of 

NBu3 ligand.  

More in depth, changing of the amino-ligand does not produce any relevant change in the 

metal-N distances, as well as in the N-Cu-N angles. In all three structures, reported in Figure 

1 Cu-N distances stay around 2.18-2.20 Å, and N-Cu-N angles are about 110 degree, 

indicating a tetrahedral geometry around the metal center. 

About the energetic of the reactive steps, sketched in Scheme 3, beside oxidation state II, also 

oxidation state I of the Cu atom has been evaluated, since presence of Cu(I) compounds is 

predictable, at least, during the deactivation process.  
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Table 1. DFT formation energies for in intermediate Cu-1 and calculated buried volume values  

 

 

 

 

 

 

Table 2 reports the energy variation for each steps, (see Scheme 3 for labels) ,for the 

three different amino-compounds. 

As general and remarkable results we found that the only endotermic process is the -hydride 

elimination from the coordinated formate  that leads to Cu-2 complex, more in depth E1-2 = 

8.3 kcal/mol, 6.1 kcal/mol and14.1 kcal/mol for triethylamine, tributylamine and for 

diphenylamine, respectively. Elimination of CO2 molecule easily occurs through coordination 

of an amine ligand (Cu-2  Cu-3 step, E2-3) restoring the tetrahedral coordination geometry 

around the metal center. 

The last steps are the coordination of formic acid (E3-4) followed by H2 abstraction (E4-5) 

that restore the Cu-1 complex.  

Reducing the oxidation state of the copper compounds involved in the catalytic cycle 

of Scheme 3 the overall chemical scenario does not change but stability of intermediate Cu-2 

further decreases, (Table 2 bottom side). Moreover, independently from the oxidation state, 

with the exception of  Cu-2 formation, all the other reactions occur with a gain of energy and 

their stabilities do not seem to have any correlation with the amine nature . However, it is 

worth underlining that the total energy gap involved in the cycle is in agreement with the 

higher activity shown by the NBu3 complex (Table 2, last column). 

 

Ligand N E1 

(kcal/mol) 

%VBur 

NEt3 -21.2 28.2 

NBu3 -20.4 30.1 

NHPh2 -22.7 29.3 
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Table 2. DFT reaction energies the reactive steps displayed in Scheme 3. 

 

 

    

 

These finding allow us to speculate that the -hydride transfer is the key step of Cu 

catalyzed decomposition of formic acid, so we decided to better investigate this part of the 

catalytic cycle. Optimized structure of Cu(II)-1 complexes for all three amino-ligands are 

reported in figure 1 (bottom side). In the case of NEt3 and NBu3 the replacement of one 

amino ligand with the formate ion does not produce any significant difference in the Cu-N 

distances that stay around 2.20 Å, On the contrary, the N-Cu-N angles change from 109 to 

119 degree, while O-Cu-N angles are observed to be about 99 degrees.  

For the diphenylamine ligand the Cu-1 complex shows an hydrogen bond between the free 

oxygen of formate and a close CH group of the amine. This interaction shortens the Cu-N 

distances (r around 0.11 Å, rCu-N  around 2.10 Å), with respect to the tetra-amino complex, 

instead the N-Cu-N angle stays around  typical  tetrahedral values, in particular N-Cu-N is  

Cu(II)  

Ligand N E1-2 

(kcal/mol) 

E2-3 

(kcal/mol) 

E3-4 

(kcal/mol) 

E4-1 

(kcal/mol) 

Etot 

(kcal/mol)

NEt3 8.3 -3.4 -7.1 -2.0 -4.2 

NBu3 6.1 -2.8 -9.6 -2.1 -8.4 

NHPh2 14.1 -2.3 -6.3 -2.6 2.9 

Cu(I) 

Ligand N E1-2 

(kcal/mol) 

E2-3 

(kcal/mol) 

E3-4 

(kcal/mol) 

E4-1 

(kcal/mol) 

Etot 

(kcal/mol)

NEt3 18.1 -2.5 -8.7 -3.4 3.5 

NBu3 18.6 -1.8 -11.5 -3.1 2.2 

NHPh2 21.5 -1.9 -8.6 -2.9 8.1 
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108 degrees. The nature of amino ligands does not produce any variation in the Cu-O 

distances in all the three Cu-1 complexes, that distance being always ~1.95 Å.  

 

Figure 1 3D minimum structures for the three Cu(II)-1complexes (bottom side) considered in 

this study and their precursor (top side). Oxygen atoms are reported in red, carbon in ciano, 

nitrogen in blue, hydrogen white and copper atom is light brown. 

 

Figure 2 reports the optimized structure for the three Cu(II)-2 complexes. Cu-H 

distances are all about 1.45 Å , in the case of the aliphatic amine the N-Cu-N angles are 

around 135 degree, while N-Cu-H is around 111 degree. This distortion becomes more 

evident in the case of the aromatic amine. The Cu-CO2 distance increases according with the 

decreasing of Cu-2 stabilities, in particular rCu-OCO is 2.41 Å, 2.43 Å and 2.56 Å for NEt3, 

NBu3 and NHPh2 respectively, see Figure 3.  
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Figure 2. 3D minimum structures for the three Cu(II)-2 complexes considered in this study. 

Oxygen atoms are reported in red, carbon in ciano, nitrogen in blue, hydrogen white and 

copper atom is light brown. 

 

 

The hypothesized mechanism for -hydride transfer is displayed in Scheme 4. We have 

considered a dissociative two steps path: the first step is the amine dissociation followed by 

hydride transfer to the metal center. Figure 4 reports the calculated energy profiles for the 

three different amino complexes. Since active site are, mainly, Cu(II) complexes, this part of 

the study has been limited to this oxidation state. 

 

 

Scheme 4 
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Figure 4. Calculated energy profiles for -hydride elimination. All energies have been reported in 

kcal/mol. 

 

Independently from the amine nature, the first step, dissociation of the amine ligand, presents 

the higher transition state energy (ETS1) that is around 35.7 kcal/mol for triethylamine, 36.3 

kcal/mol for tributylamine and 38.2 kcal/mol for diphenylamine. These values indicates a 

stronger binding ability of NHPh2 to the metal center, with respect to NEt3 and NBu3 amine 

ligand. This is witnessed also by the shorter Cu-N distances found in Cu-1 complex for the 

NHPh2 ligand with respect to the other two. 

The amine dissociation leads to formation of an intermediate structure where both 

oxygen atoms of formate are interacting with the metal center. Again, no fundamental 

differences have been found for NEt3 and NBu3 ligands. In both case the N-Cu-N and O-Cu-

O angles are around 115 and 80 degrees, respectively. Instead, for NHPh2 the two Cu-

Oxygen distances are quite asymmetrical, due to the presence of a hydrogen bond between 

the CH group of one amine ligand and the formate.  The -H transfer occurs with a barrier 

energy in the range of 28.0 -32.4 kcal/mol.  The high barrier energies calculated, for both 
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steps, are in agreement with the rather high temperature required for the activation of 

catalytic cycle. 

 

Conclusion 

Inspired by the experimental results obtained by some of us, who explored the reactivity of 

different Cu-amino complexes in formic acid decomposition, we performed a computational 

study clarifying the mechanistic details of this transformation. Beside the derivation of 

mechanism the possible effect of different amine on the catalytic cycle has been analyzed. 

Our calculations indicate that the key step is formation of intermediate 2 . This can occur 

through a two steps mechanism involving amine dissociation followed by β-hydride transfer 

from the coordinated formate to the metal center. Both, stability trend of intermediates 2 and 

transition state barriers are in rather good agreement with the different experimental activity 

shown by these system [27].  

In conclusion, we confirmed the idea firstly proposed by some of us [27] that the 

effect of the amine ligand is not just related to its basicity. From our calculations we can say 

that the stabilization of intermediate 2 is the key point in tuning the catalyst activity. Amine 

basicity, steric properties as well as its binding properties, balance each other in the 

modulation of intermediate 2 stability, and so in the modulation of catalyst productivity.  
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