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Abstract 

 

Cubane-type Mo3S4 cluster hydrides decorated with phosphine ligands are active 

catalysts for the transfer hydrogenation of nitroarenes to aniline derivatives in the 

presence of formic acid (HCOOH) and triethylamine (Et3N). The process is highly 

selective and most of the cluster species involved in the catalytic cycle have been 
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identified through reaction monitoring. Formation of a dihydrogen cluster intermediate 

has also been postulated based on previous kinetic and theoretical studies. However, the 

different steps involved in the transfer hydrogenation from the cluster to the nitroarene to 

finally produce aniline remain unclear. Herein, we report an in-depth computational 

investigation into this mechanism. Et3N reduces the activation barrier associated with the 

formation of Mo-H···HOOCH dihydrogen species. The global catalytic process is highly 

exergonic and occurs in three consecutive steps with nitrosobenzene and 

phenylhydroxylamine as reaction intermediates. Our computational findings explain how 

hydrogen is transferred from these Mo-H···HOOCH dihydrogen adducts to nitrobenzene 

with the concomitant formation of nitrosobenzene and the formate substituted cluster. 

Then, a β-hydride elimination reaction accompanied by CO2 release regenerates the 

cluster hydride. Two additional steps are needed for hydrogen transfer from the 

dihydrogen cluster to nitrosobenzene and phenylhydroxylamine to finally produce 

aniline. Our results show that the three metal centres in the Mo3S4 unit act independently, 

so the cluster can exist in up to ten different forms that are capable to open a wide range 

of reaction paths. This behaviour reveals the outstanding catalytic possibilities of this 

kind of cluster complexes, which work as highly efficient catalytic machines. 

 

Introduction 
 

Catalytic reduction of nitroarenes to the corresponding aniline derivatives is of crucial 

importance at both industrial and laboratory scale, since anilines are commonly used as 

building blocks in the manufacture of dyes, pigments, agrochemicals and 

pharmaceuticals.1 For instance, one of the commercial routes explored for the production 

of paracetamol (N-acetyl-p-aminophenol, acetaminophen), an antipyretic and analgesic 

drug used worldwide to reduce fever, relieve coughing, colds and pain including muscular 

aches as well as chronic pain, involves a nitroarene reduction process as one of the key 

final stages.2 Typically, catalytic hydrogenation is the preferred methodology to 

accomplish the nitro group reduction because the desired anilines are obtained with high 

atom economy.3 However, its application involves some drawbacks, such as the cost of 

the high-pressure equipment and the risk of handling H2. In addition, the typically 

demanded high temperatures and H2 pressures constrain the chemoselectivity towards the 

nitro group hydrogenation, especially when other reducible functionalities are present. 

Although significant advantages in nitroarene hydrogenation reactions have been 
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accomplished by application of homogeneous4 as well as heterogeneous2c, 5 efficient 

catalytic systems, the chemoselectivity is still an important issue to be further improved. 

Transfer hydrogenation reactions involving formic acid as a liquid surrogate of H2 

constitute an attractive alternative to well-established catalytic hydrogenations for the 

synthesis of valuable chemical compounds.6 This strategy allows performing efficient 

and selective reductive transformations under safer and milder conditions.7 The key to 

this success lies in the application of active and versatile catalysts, which should be 

designed on the basis of a deep understanding of the reaction steps. However, this cannot 

be achieved based only on heuristic experiments –instead solid mechanistic arguments 

are needed. For this purpose, combining experimental techniques with density functional 

theory (DFT) calculations provides a unified approach towards the improved design of 

more efficient catalysts. 

Transition metal cluster complexes are relevant not only as singular catalysts due 

to their multiple metal-metal reactivity, but also as models of active sites of heterogeneous 

catalysts; therefore, a deep understanding of the processes mediated by these molecular 

clusters is important both in material science and catalysis.8 Recently some of us in 

collaboration with Beller’s group have developed a series of molybdenum cluster species 

which are efficient chemoselective catalysts for the reduction of nitroarenes.4i, 7e, 9 In 

particular, we have shown that the trinuclear [Mo3S4H3(dmpe)3]+ (dmpe = 1,2-

(bis)dimethyl-phosphinoethane) cluster hydride catalyses the transfer hydrogenation of 

nitroarenes to anilines in the presence of an azeotropic mixture of formic acid (HCOOH) 

and trimethylamine (Et3N), in tetrahydrofuran (THF) solvent at 70 ºC as the best 

experimental conditions.7e Although reaction monitoring using mass spectroscopic 

techniques (vide infra) have allowed us to identify the nature of most relevant cluster 

species present in the catalytic cycle, full mechanistic details on the interaction between 

these cluster complexes and the different organic substrates are still unclear. In this 

scenario, accurate computational studies emerge as a key tool for elucidating the different 

steps of this transfer hydrogenation mechanism. 

Herein, we report a detailed theoretical study, performed at the DFT level, of the 

catalytic transfer hydrogenation of nitrobenzene to aniline using a phosphine Mo3S4 

cluster hydride in the presence of HCOOH as reducing agent. The process takes place 

with CO2 and H2O formation, according to equation 1: 

 

 C6H5NO2 + 3 HCOOH → C6H5NH2 + 3 CO2 + 2 H2O   (eq. 1) 
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 After addressing the role of Et3N in enhancing the catalyst performance of the 

Mo3S4 cluster hydride, a full description of the transfer hydrogenation mechanism is 

presented. In a first approach, the study is restricted to a metal centre, since metal atoms 

act independently according to the observed statistically controlled kinetics.10 A full 

description of the elementary steps of the reaction mechanism is given. A comparison 

between the catalysed and non-catalysed mechanism is also provided. We then extend 

our calculations to three metal centres, which reveals the complex nature of the 

nitrobenzene to aniline reduction mediated by the Mo3S4 hydride complex and illustrates 

the extraordinary catalytic power of these cluster complexes as highly efficient catalytic 

machines.  

 

Computational Details 

 

The calculations were carried out by using the Gaussian 09 program.11 In a first approach, 

the Becke hybrid density functional (B3LYP)12 method was combined with the double-ζ 

pseudo-orbital basis set LanL2DZ, in which H, C and N are represented by the Dunning–

Huzinaga valence double-zeta basis set13 and P, S and Mo are represented by the 

relativistic core LanL2 potential of Los Alamos plus DZ.14 B3LYP/LanL2DZ has proven 

to be a reliable tool for describing geometric structures and energy profiles of M3S4 (M = 

Mo, W) clusters.15 In addition, we have tested other basis set (CEP-121G as well as 

Def2SVP), because of the possible B3LYP/LanL2DZ limitations due to superposition 

errors (see Table SI1). The free energy barrier height calculated with the Lanl2DZ basis 

set is ca. 3 kcal/mol lower that that calculated with the CEP-121G basis set, which, in 

turn, is ca. 3 kcal/mol lower than that obtained with the B3LYP/Def2SVP method (36.6 

kcal/mol). On the other hand, it has been reported that B3LYP hybrid functional under-

estimates hydrogen bond strengths, and consistently over-estimates hydrogen bond 

lengths.16 Therefore, as several hydrogen transfers along hydrogen bonds are suggested 

to take place in the reactions herein studied, we have used the Becke88 (B)17 gradient-

corrected exchange functional combined with the Perdew86 (P86)18 gradient-corrected 

correlation functional. BP86 has been reported to excellently recover the experimental 

values for hydrogen bond lengths and strengths.16 Hence, we used BP86 combined with 

a basis set (BS1) in which Mo and S atoms were described using the SDD relativistic 

ECP and associated basis set19 with added polarization functions for the latter 



	 5	

(ζ=0.503),20 and the remaining atoms were described with the 6-31G(d,p) basis set21, to 

obtain improved energy values. As an added value, a comparison between the results 

obtained with the two approaches (B3LYP/LanL2DZ vs BP86/BS1) is also offered. 

 All geometry optimizations were performed without any symmetry constraints 

followed by analytical frequency calculations to confirm that a minimum or a transition 

state (TS) has been reached. The Intrinsic Reaction Coordinate paths22 have been 

followed along both directions of each transition state vector to confirm the nature of the 

species connected by a given TS. The effects of the THF solvent were calculated by 

means of PCM-based model23 at the same theoretical levels as the gas phase 

computations. In addition, dispersion corrections were computed for all stationary points 

found by using Grimme’s D3 parameter set,24 and thus the free energies shown herein 

include the dispersion correction as well. 

In this work, DFT calculations have been carried out using [Mo3S4H3(PH3)6]+ (1) 

as a molecular model of the cubane-type [Mo3S4H3(dmpe)3]+ cluster, a standard approach 

employed by our group when dealing with these kind of systems to attain reasonable 

computational times without losing the description of the reaction centres.25 To further 

validate our approach, we have compared the energy associated to the 1···HCOOH 

formation from 1 and HCOOH at the experimental conditions (THF solvent at 70 degrees) 

with the energies associated to the same process using the [Mo3S4H3(dmpe)3]+ cluster. 

The calculated values at the BP86/BS1 level are +1.3 kcal/mol using the 1 molecular 

model versus +2.5 employing the dmpe cluster. Similar differences are found between 

values calculated at the B3LYP/LanL2DZ level, +3.9 kcal/mol for 1 versus +2.9 for the 

[Mo3S4H3(dmpe)3]+ cluster. As the energies obtained are roughly the same for both 

clusters, the use of 1 as model of [Mo3S4H3(dmpe)3]+ is validated. 

 

Results and Discussion 

 
Cubane-type M3S4 hydride clusters of general formula [M3S4H3(dmpe)3]+ (M=Mo, W) 

react with HX acids to afford the corresponding substituted [M3S4X3(dmpe)3]+ halide 

complexes.10, 15b, 26 Stopped-flow kinetic studies in combination with DFT calculations 

gave support to the formation of M-H···H-X and/or M-H···H-X···H-X dihydrogen 

species, depending on the nature of the solvent. Consequently, first- and second-order 

dependences on the acid concentration were observed. In general, these substitution 

reactions occurred with statistically controlled kinetics, so theoretical studies on the 
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cluster–acid interaction could be restricted in a first approach to only a metal centre.10 On 

the basis of this background and through detection of molybdenum cluster species by 

catalytic reaction monitoring with a pressurized sample infusion (PSI) ESI-MS 

technique,27 we recently proposed a tentative catalytic cycle of the cluster species 

involved in the Mo3S4-catalysed transfer hydrogenation of nitrobenzene to aniline in the 

presence of a mixture of HCOOH/Et3N as a reducing agent.7e As shown in Scheme 1, the 

reaction of the [Mo3S4H3(dmpe)3]+ hydride complex with formic acid generates unstable 

dihydrogen species, from which hydrogen is transferred to nitrobenzene to afford the 

formate-substituted cluster. Then, β-hydride elimination reaction accompanied by the 

release of CO2 regenerates the cluster hydride. Additional previous experimental results 

showed that aniline formation preferentially takes place through the direct reduction route 

with nitrosobenzene and phenyl hydroxylamine as reaction intermediates, thus suggesting 

that conversion of nitrobenzene to aniline is achieved after three consecutive catalytic 

cycles.7e It should be noted that a similar mechanism has recently been proposed by 

Parkin et al. for the dehydrogenation, disproportionation and transfer hydrogenation 

reactions of formic acid catalysed by mononuclear molybdenum hydride compounds.28  

 

 
Scheme 1. Proposed catalytic cycle for the molybdenum cluster species involved in the 

reduction of nitrobenzene. Scheme adapted from reference 7e. 

 

Firstly, we have focused on the role of Et3N since previous experimental results 
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acid. Formic acid exists in THF solution as dimers, and the calculated free energy 

variation accompanying the process (HCOOH)2 + 1 to yield 1···HOOCH + HCOOH at 

room temperature is +7.2 (at BP86/BS1 level) kcal/mol. The presence of NEt3 makes 

easier the (HCOOH)2 dissociation, since the process (HCOOH)2 + NEt3 to yield 

HCOOH···NEt3 + HCOOH requires only 3.9 kcal/mol, which facilitates the complex 

formation, because further interaction of 1 with a single HCOOH molecule to afford 

1···HOOCH occurs with a decrease in the free energy of the system of 3.9 kcal/mol, 

which is ca. 11.1 kcal/mol lower than that calculated for association with the (HCOOH)2 

dimers. 

 

Single metal centre mechanism 

 

In this section, we evaluate the free energy associated to the proton transfer from the 

activated 1···HOOCH (2) adduct to nitrobenzene at one metal centre. The first reaction 

step of the initial cycle takes place according to equation 2 through the transition state 

TS1 to afford the formate [Mo3S4H2(OCHO)(PH3)6]+ (3) cluster derivative, 

nitrosobenzene and water. 

 

1···HOOCH (2) + C6H5NO2 → [Mo3S4H2(OCHO)(PH3)6]+ (3) + C6H5NO + H2O  (eq. 2) 

 

 Figure 1 displays the optimized structures of the dihydrogen 2 adduct, transition 

state TS1, and the resulting formate cluster species 3 calculated at the BP86/BS1 level. 

There are not significant differences between the structures calculated at this level with 

those optimized using B3LYP/LanL2DZ, with root mean square deviations (RMSD) for 

TS1 of 0.198 Å. 
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 2 TS1 3   

 

Figure 1. Optimized structures of 2, TS1 and 3. Blue, yellow, orange and white spheres 

represent the Mo, S, P and H atoms, respectively. C atoms are depicted as grey balls, the 

O atoms in red, and the N atom in dark blue. The inset depicts the bonds rearrangement 

at TS1 (see text). 

 

The reaction proceeds with one of the oxygen atoms of nitrobenzene roughly 

approaching the midpoint of the H···H fragment in 2. This approach causes a 

simultaneous bond length increase in one of the nitrobenzene N-O bonds and 

reorientation of the formate species with one of its oxygen atoms pointing towards the 

metal. Transition state TS1 describes the changes taking place in this single step process, 

namely, H2O and nitrosobenzene release, and the formate-cluster formation. The large 

value of the TS1 imaginary frequency (1044.8i cm-1, calculated at the BP86/BS1 level in 

THF solvent) is associated to the dominant motion of the hydrogen atoms, particularly 

the H transfer from the Mo to the oxygen atom, coupled to the N-O enlargement and, to 

a much lesser extent, the O-C-O bending. Recovery of the catalyst during the first cycle 

occurs according to equation (3) via transition state TS2 (see Figure 2) and implies the 

release of a CO2 molecule. 

 

 [Mo3S4H2(OCHO)(PH3)6]+ (3)  →     1   + CO2    (eq. 3) 

 

	  
 

Figure 2. Structure of TS2. The inset depicts the bonds rearrangement at TS2. 
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 From TS2, the original hydride catalyst 1 is recovered through an H transfer from 

the C atom of the formate ligand to the Mo atom accompanied by CO2 release. The 

imaginary frequency for TS2 (130.1i cm-1) is one order of magnitude lower value than 

that computed for TS1. In this case, the atomic motions that dominate the transition vector 

correspond to Mo-O breaking, H transfer and the CO2 linearization process. 

 The second catalytic cycle corresponds to the conversion of nitrosobenzene to 

phenyl hydroxylamine as represented in equation 4. Again, the dihydrogen cluster 

interacts with the organic substrate opening the pathway through TS3, represented in 

Figure 3, with the formation of phenyl hydroxylamine (C6H5NHOH) and the formate 3 

complex. 

 

1···HOOCH (2) + C6H5NO→ [Mo3S4H2(OCHO)(PH3)6]+ (3)  + C6H5NHOH (eq. 4) 

 

In TS3 (see Figure 3) the N-O moiety of nitrosobenzene inserts between the 

hydrogen atoms of the H···H fragment in 2 while the formate ligand moves leading to the 

formation of a Mo-O bond to produce 3. The imaginary frequency value is 45.3i cm-1, 

and the main components of the transition vector (TV) are the formate ligand 

reorientation coupled with the hydrogen transfer from Mo to the O atom of 

nitrosobenzene, while the acidic proton is almost completely transferred to the N atom. 

As before, the formate cluster 3 undergoes decarboxylation via TS2 to recover 1. 
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Figure 3. Structures of TS3 and TS4. The insets depict the corresponding bonds 

rearrangements. 

 

 The last catalytic cycle involves the aniline formation from phenyl 

hydroxylamine, as shown in equation 5. In this step, cluster 1 is activated for a third time 

by a HCOOH molecule, and transfer of two hydrogen atoms occurs trough TS4, 

represented in Figure 3, to afford the amine. 

 

1···HOOCH (2) + C6H5NHOH→ [Mo3S4H2(OCHO)(PH3)6]+ (3)  + C6H5NH2 +H2O      (eq. 5) 

 

 The imaginary frequency associated to TS4 is 577.6i cm-1, and the main atomic 

motions that describe the TV correspond to the H transfer from Mo to the oxygen atom 

of phenyl hydroxylamine, coupled with the N-O bond enlargement and, to a lesser extent, 

with the acidic H transfer to the N atom. Thus, TS4 describes the water and aniline 

release, as well as the formation of 3. Then, 3 decarboxylates via TS2 recovering catalyst 

1 and releasing another CO2 molecule, thus closing the three-cycle catalytic process. 

 Table 1 lists the Gibbs free energies for the three-cycle catalytic conversion of 

nitrobenzene to aniline (equation 1), calculated at the BP86/BS1 level under the 

experimental conditions, that is in THF and 70 ºC. The energy profile is represented in 

Figure 4, using the nomenclature defined in Table 1 in which the subscript numbers refer 

to the particular catalytic cycle. Values calculated in gas phase are also given in Table 1 

for comparison. 

 

Table 1. Gibbs free energies (kcal/mol) relative to R of the different stationary points 
calculated at the BP86/BS1 level under the experimental conditions, and in gas phase at 
room temperature. 
 

Entry   THF, 70 oC Gas Phase, RT 

1 R: 1 + 3 HCOOH + C6H5NO2 0.0 0.0 

2 21: 2 + 2 HCOOH + C6H5NO2 1.3 -3.9 

3 TS11: TS1 + 2 HCOOH 28.2 16.4 

4 31: 3 + 2 HCOOH + H2O + C6H5NO -30.0 -29.7 

5 TS21: TS2 + 2 HCOOH + H2O + C6H5NO -6.0 -3.4 

6 11: 1 + 2 HCOOH + CO2 + H2O + C6H5NO -23.4 -22.0 
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7 22: 2 + HCOOH + CO2 + H2O + C6H5NO -22.1 -25.8 

8 TS32: TS3 + HCOOH + CO2 + H2O -3.0 -14.3 

9 32: 3 + HCOOH + CO2 + H2O + C6H5NHOH -55.3 -56.6 

10 TS22: TS2 + HCOOH + CO2 + H2O + C6H5NHOH -31.2 -30.3 

11 12: 1 + HCOOH + 2 CO2 + H2O + C6H5NHOH -48.6 -48.9 

12 23: 2 + 2 CO2 + H2O + C6H5NHOH -47.3 -52.8 

13 TS43: TS4 + 2 CO2 + H2O -21.6 -31.3 

14 33: 3 + 2 CO2 + 2 H2O + C6H5NH2 -114.7 -113.5 

15 TS23: TS2 + 2 CO2 + 2 H2O + C6H5NH2 -90.7 -87.2 

16 P: 1 + 3 CO2 + 2 H2O + C6H5NH2 -108.1 -105.8 

 

Entries 1 to 6 correspond to the first cycle. Formation of the dihydrogen cluster 2 

from 1 and HCOOH is slightly endergonic by 1.3 kcal/mol (entry 2, Table 1). The 

activation Gibbs free energy leading to TS1 is 26.9 kcal/mol. Formation of the formate 

complex 3 and nitrosobenzene (labelled as 31) from TS1 is calculated to be very exergonic 

(-58.2 kcal/mol). From this point, an energy increase of 24.0 kcal/mol leads the system 

to the second transition state, TS2, from which cluster hydride 1 regenerates. Notice that 

cluster 1 regeneration through TS2 is identical for all three cycles. 

 

 
 

Figure 4. Gibbs free energy profile for the transfer hydrogenation to nitroarenes mediated 

by the hydride cluster 1; see Table 1 for the nomenclature used. 
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 The highest energy value along the reaction path (see Table 1 and Figure 4) 

corresponds to TS11 and, once it is reached, the reaction proceeds smoothly. Free Gibbs 

activation energies for TS3 (19.1 kcal/mol) and TS4 (25.7 kcal/mol) are lower than that 

for TS1. Therefore, the rate limiting step would correspond to the hydrogen transfer to 

the nitroarene to form the nitrosoderivative and water (see below). Notice that the whole 

process is highly exergonic with a Gibbs free energy decrease of 108.1 kcal/mol. 

 An analysis of the results renders that a moderate initial input of energy (28.2 

kcal/mol) is needed to engage the catalytic transfer hydrogenation, likely associated to 

the temperature needed (70 ºC) to start the process. Once TS11 has been surmounted, the 

system evolves to reach the final products, in concordance with the experimental results, 

in which no accumulation of organic intermediates is detected.7e As shown in Figure 4, 

the system can have some tendency to accumulate 33, i.e., the formate complex 3 plus 

aniline. This is in agreement with the experimental detection of small quantities of the 

monoformate cluster at short reaction times, whereas at longer reaction times, the 

triformate cluster form is detected (see below). 

 The data reported in Table 1 show that the inclusion of the solvent in the 

calculations does not have a significant effect on the whole thermodynamic description 

of the process, as expected for a solvent of low polarity as THF. However, there is an 

increase of the relative Gibbs free energy of TS1, TS3 and TS4. This fact can be 

understood due to the larger stabilization of the separated molecules, cluster, HCOOH 

and the aromatic species which are much more accessible to the THF than the TSs. On 

the other hand, the increase of the Gibbs free energy for TSs is also partly due to the 

temperature (see Table SI2 for the temperature effect in gas phase), and is associated to 

the entropy decrease when the cluster, HCOOH and the aromatic species join together for 

the process to take place. Hence, the unfavourable entropic term increases its influence 

in the ΔG values for TSs as the temperature raises. 

 Experimental conditions for reaction completion (3 mol% of catalyst loading in 

10 h) correspond to an average turnover frequency (TOF) of 3.33 h-1 (9.26·10-4 s-1). From 

this value, an energetic span (δE) of ca 25 (24.9) kcal/mol can be estimated using the 

simplified Eyring equation (eq. 6),29 

 
  
TOF =

kBT
h

e−δ E / RT         (eq. 6) 

The energetic span is defined as the energy difference between the TDTS (the 

TOF-determining transition state) and the TDI (the TOF-determining intermediate). 
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According to the data shown in Table 1 and in Figure 4, following the method described 

elsewhere,30 the TDI can be identified as 21, and the TDTS as TS11, being the energy 

difference between them 26.9 kcal/mol, in good agreement with the experimentally 

obtained energetic span. However, values calculated using B3LYP/Lanl2DZ (see Table 

SI3 and a graphical comparison between theoretical levels in Figure SI1, notice that in 

this case the TDTS is TS21 and the TDI is 31) overestimate the energy span (37.9 vs 26.9 

kcal/mol) without altering the qualitative energetic description of the process. 

The non-catalysed process with three consecutive cycles displays a similar 

reaction profile than the catalytic one (see Table SI4 and Figures SI2 and SI3 in the 

Supporting Information). However, a higher energy barrier (56.4 kcal/mol Gibbs free 

energy in THF at 70 ºC) is required to engage the non-catalysed nitrobenzene reduction. 

The ratio between the catalysed and non-catalysed processes has been estimated to be 

2.52·1016 (in THF at 70 ºC with the data obtained at BP86 level) by using the Eyring-

Polanyi equation,31 thus suggesting an outstanding increase in the rate reaction constant 

of 16 orders of magnitude in the presence of our molecular cluster catalyst. 

 
Multiple metal centre mechanism 

 

Metal centres in cubane-type Mo3S4 cluster act independently, and therefore our 

calculations have been restricted to a single metal centre as a first approximation. 

However, formation of cluster species, which result from Mo-H interactions with a 

second or a third formic acid molecule, cannot be ruled out due to the large excess of the 

azeotropic HCOOH/EtN3 mixture employed in the experimental catalytic protocol.7e As 

a result, several cluster complexes can be formed, as depicted in Scheme 2. The red 

arrows correspond to the formation of dihydrogen Mo-H···HOOCH species, abbreviated 

as Mo-HHfor. The carboxylate ligands (OCHO), formed after substrate reduction, are 

shown in blue. 
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Scheme 2. Different molybdenum cluster species involved in the reduction of 

nitrobenzene through a multiple metal mechanism. 
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[Mo3S4H3(PH3)6(HOOCH)2]+ (4) that, upon reaction with nitrobenzene, affords 

nitrosobenzene and [Mo3S4H2(OCHO)(PH3)6(HOOCH)]+ (5), which in turn can 

regenerate 2 by decarboxylation. In this way a second catalytic cycle can be traced from 

2 to 4, then 5 and back to 2, and this cycle may continue with the reaction of 4 with 

nitrosobenzene and afterwards with phenyl hydroxylamine to finally afford aniline. On 
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the other hand, the formate complex 3 may interact with a HCOOH molecule to give 5 

which upon reaction with either nitrobenzene, nitrosobenzene, or phenyl hydroxylamine, 

evolves to [Mo3S4H(OCHO)2(PH3)6]+ (6) and upon decarboxylation can go back to 3. 

Thus, a third catalytic cycle can then be traced from 3 to 5, then 6 and back to 3. 

In a similar way, complexes 4, 5 and 6 can also incorporate HCOOH to form 

dihydrogen-bonded species through interaction with the third Mo-H bond, thus affording 

[Mo3S4H3(PH3)6(HOOCH)3]+ (7), [Mo3S4H2(OCHO)(PH3)6(HOOCH)2]+ (8) and 

[Mo3S4H(OCHO)2(PH3)6(HOOCH)]+ (9), respectively. These cluster species can react 

with either nitrobenzene, nitrosobenzene or phenyl hydroxylamine to trace the new 

catalytic cycles 4-7-8-4, 5-8-9-5 and 6-9-10-6, respectively, 10 being the trisubstituted 

formate [Mo3S4(OCHO)3(PH3)6]+ complex. So, a panoply of catalytic cycles coexist 

adding complexity to the system and affording a highly efficient catalyst. 

The energies of all stationary points calculated at the BP86/BS1 level under 

experimental conditions are given in Table 2. Structures of selected examples of TSs 

calculated along the different reaction paths are provided as Supplementary Information 

(Figure SI3) together with the whole set of Cartesian coordinates for all stationary points. 

Values obtained from gas phase calculations at room temperature, as well as values 

calculated at the B3LYP/lanl2DZ level, are also reported as Supplementary Information 

(Tables SI5 and SI6). In these tables, transitions states have been grouped according to 

their chemical nature. Thus, TS1, TS5, TS13, TS9, TS17 and TS21 stand for the 

transition states corresponding to the reduction of nitrobenzene to nitrosobenzene (TSa in 

Table 2). In the same way, TS3, TS7, TS15, TS11, TS19 and TS23 correspond to the 

transition states associated with the reduction of nitrosobenzene to phenyl hydroxylamine 

(TSb), while TS4, TS8, TS16, TS12, TS20 and TS24 are the TSs for the reduction of 

phenyl hydroxylamine to aniline (TSc). Transition states TS2, TS6, TS14, TS10, TS18 

and TS22 correspond to decarboxylation processes (TSd). 
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Table 2. Gibbs free energy variation (ΔG*) for the indicated processes according to 
Scheme 2, activation barriers (ΔG#) and subsequent stabilization (ΔGsta) for the indicated 
TSs. Average activation barriers and standard deviation values are included for each set 
of TSs. All energies in kcal/mol.* 
 

Process ΔG* TSa ΔG# ΔGsta
 TSb ΔG# ΔGsta 

1→2 1.3 TS1 26.9 -58.3 TS3 19.1 -52.3 

2→4 0.5 TS5 26.3 -57.2 TS7 17.6 -50.5 

4→7 3.5 TS13 25.5 -56.9 TS15 15.3 -48.6 

3→5 0.9 TS9 27.6 -57.1 TS11 20.7 -52.1 

5→8 3.1 TS17 25.8 -58.0 TS19 18.7 -52.8 

6→9 0.4 TS21 27.9 -57.0 TS23 20.0 -51.0 

  Aver. 

±Std 

26.7 

±0.9 

 Aver. 

±Std  

18.5 

±1.7 

 

    

  TSc ΔG# ΔGsta TSd ΔG# ΔGsta 

  TS4 25.7 -93.1 TS2 24.1 -17.4 

  TS8 29.8 -96.9 TS6 24.0 -16.9 

  TS16 22.3 -89.7 TS14 20.2 -15.6 

  TS12 25.4 -91.0 TS10 23.4 -18.1 

  TS20 23.7 -92.0 TS18 24.4 -18.7 

  TS24 24.5 -89.7 TS22 23.4 -18.0 

  Aver. 

±Std 

25.2 

±2.3 

 Aver. 

±Std 

23.2 

±1.4 

 

    
* All calculations have been done in THF at 70 ºC at the BP86/BS1 level. 

 

Activation parameters within each TSs group are rather similar giving support to 

a statistically controlled kinetics. At the start of the reaction, interaction of cluster 1 with 

one, two or three molecules of formic acid produces 2, 4 and 7, respectively which interact 

with nitrobenzene through TS1, TS5 or TS13, to afford nitrosobenzene and the cluster 

species 3, 5 or 8, respectively. These last two cluster species can also reduce nitrobenzene, 

through TS9 or TS17, to give 6 or 9. Complex 9 can in turn reduce nitrobenzene through 

TS21. As soon as nitrosobenzene appears in the reaction mixture, it will compete with 

nitrobenzene for its catalytic transfer hydrogenation. However, the lower activation 

barriers calculated for nitrosobenzene hydrogenation (see Table 2, TSb vs TSa) causes its 
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preferential reduction and prevents its accumulation. In this way, nitrosobenzene is a 

transient intermediate, which is readily transformed to phenyl hydroxylamine. At this 

point, phenyl hydroxylamine will compete with nitrobenzene for its reduction although 

phenyl hydroxylamine is preferentially hydrogenated due to the lower activation barriers 

calculated for the transformation (see Table 2, TSc vs TSa). Therefore, our results provide 

a perfectly adequate explanation for the non-accumulation of nitrosobenzene or phenyl 

hydroxyl amine along the reaction progress. 

One can explore different Gibbs free energy profiles to reach the final products, 

as illustrated in Scheme 2. Starting from R (1 + 3 HCOOH + C6H5NO2), and therefore 

ending at P (1 + 3 CO2 + 2 H2O + C6H5NH2), the “external” cycle 1-2-4-7-TS13-8-TS19-

9-TS24-10-TS22-6-TS10-3-TS2-1 can for instance be traced, being TS13 the highest 

energy point. Also, the “zigzag” pathway 1-2-TS1-3-5-TS11-6-9-TS24-10-TS22-6-

TS10-3-TS2-1 going through TS1 as the highest energy point, or the “quasi-external” 

path 1-2-4-TS5-5-8-TS19-9-TS24-10-TS22-6-TS10-3-TS2-1 with TS5 as the higher 

energy transition state, can lead from reactants to products, among many other 

possibilities. The Gibbs free energies for those three paths are represented in Figure 5 

together with values calculated for the “single metal” path. 

 

 
 

Figure 5. Gibbs free energy profiles (kcal/mol) for several alternative catalytic cycles, 

calculated at the BP86/BS1 theoretical level in THF at 70 ºC. The black dashed lines 

correspond to shared paths, while coloured lines refer to particular pathways. 
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The theoretically calculated energy spans are very similar among this paths, being 

25.5 kcal/mol for the “external” path, 26.3 kcal/mol for the “quasi-external” one, and 26.9 

kcal/mol for the “zigzag” pathway, as well as for the “single metal” path, and therefore 

all of them agree with the experimentally obtained energy span. On the other hand, the 

“quasi-external” path (violet lines in Figure 5) has the lowest energy limiting TS (28.1 

kcal/mol Gibbs free energy referred to the reactants for TS5) followed by the “zig-zag” 

(green in Figure 5) mechanism. The Gibbs free energy in this last case is 28.2 kcal/mol 

(TS1), which equals that of the “single metal” mechanism reported in the previous 

section. The “external path” (red in Figure 5) is slightly disfavoured by 2.8 kcal/mol with 

a Gibbs free energy for TS13 of 30.8 kcal/mol. Incidentally, the most favoured “quasi-

external” path, as well as the “external” and the “zigzag” paths, go through the most stable 

intermediates, i. e. the tri-substituted formate adduct 10, and this is the species that is 

detected by ESI-MS together with the major active hydrido cluster 1 at long reaction 

times. The small differences among the TSs Gibbs free energies for the different paths 

indicate that a multiple path mechanism is feasible for the transfer hydrogenation of 

nitrobenzene catalysed by Mo3S4 trinuclear cluster hydrides in the presence of formic 

acid. 

 

Conclusions 

 

A detailed theoretical investigation using density functional theory has been performed 

to unravel the mechanism of the transfer hydrogenation to nitroarenes mediated by 

cubane-type Mo3S4 cluster hydrides using an azeotropic HCOOH/Et3N (5:2) mixture as 

reducing agent. Our study confirms the formation of Mo-H···HOOCH dihydrogen 

adducts from which hydrogen is transferred to the different organic substrates. The 

presence of Et3N favours the process by reducing the dissociation energy of the formic 

acid dimers present in THF solutions lowering the energy demand for the generation of 

this dihydrogen species. 

 The overall hydrogenation process is highly exergonic and occurs in three 

consecutive steps with nitrosobenzene and phenyl hydroxylamine as reaction 

intermediates. All transition states have been identified affording all details related with 

the hydrogen transfer from the cluster to nitrobenzene, nitrosobenzene and phenyl 

hydroxylamine. 
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Initially, our study was restricted to a single metal center, a common 

simplification in Mo3S4 clusters in which their metal atoms reactions follow a statistically 

controlled kinetics. The highest energy value along this “single metal” reaction path 

corresponds to TS1 associated to the nitrobenzene to nitrosobenzene (plus water) 

transformation. Hydrogen transfer results in the formation of a formate-substituted cluster 

from which the initial cluster hydride can be regenerated through a β-hydride elimination 

reaction accompanied by CO2 release. The energy span estimated from the experimental 

data is ca 25 kcal/mol which agrees with the value of 26.9 kcal/mol calculated at the 

BP86/BS1 level under the experimental conditions (THF and 70 ºC) in this first approach. 

Calculations performed at the B3LYP/LanL2DZ level render similar geometries, but 

energy is overestimated by ca. 15 kcal/mol. 

To get a more realistic picture, all possibilities of interaction between formic acid 

and the three Mo-H moieties have been considered. In this way, we have shown that the 

cubane-type Mo3S4 cluster catalyst evolves along the process and adopts up to ten forms, 

six of which are activated for catalyzing the process. Computing of all reaction paths 

starting from each of the ten catalysts forms shows similar TSs energy values with the 

highest energy associated to the nitrobenzene to nitrosobenzene transformations. Based 

on this multiple reaction scheme, numerous paths can be envisioned, which confer an 

outstanding catalytic performance to this type of cluster complexes. The calculated 

energy span for the so called “multi-metal external path” of 25.5 kcal/mol is in slightly 

better agreement with the experimental value of ca. 25 kcal/mol than the one obtained by 

means of the “single metal” pathway. The small differences in energies calculated 

between the single-metal and the multi-metal reaction paths give support to the original 

idea of a statistically controlled kinetics. However, our study reveals the complex nature 

of the nitrobenzene to aniline reduction catalyzed by this cluster that works as a highly 

efficient catalytic machine adopting different forms as the reaction takes place. 

We have described only four possible routes, but with the data we offer in Table 

2 the readers can test all other paths. Since our theoretical results are in agreement with 

the available experimental data, we are confident in our theoretical model, that can be 

generalized to other catalytic systems involving multi-metal centres. We are convinced 

that this study can stimulate further experimental and theoretical investigations not only 

on this important class of cubane-type Mo3S4 cluster catalysts, but also in other catalytic 

systems involving multi-metal centres. 
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