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ABSTRACT: Previous studies suggested that in Nishibayashi’s homogenous catalytic systems 

based on molybdenum (Mo) complexes, the bimetallic structure facilitated dinitrogen to 

ammonia conversion in comparison to the corresponding monometallic complexes, likely due to 

the through-bond interactions between the two Mo centers. However, more detailed model 

systems are necessary to support this bimetallic hypothesis, and to elucidate the multi-metallic 

effects on the catalytic mechanism. In this work, we computationally examined the effects of 

dimension as well as the types of bridging ligands on the catalytic activities of 

molybdenum-dinitrogen complexes by using a set of extended model systems based on 

Nishibayashi’s bimetallic structure. The polynuclear chains containing four ([Mo]
4
) or more Mo 

centers were found to drastically enhance the catalytic performance by comparing with both the 

monometallic and bimetallic complexes. Carbide ([:C≡C:]
2-
) was found to be a more effective 

bridging ligand than N
2
 in terms of electronic charges dispersion between metal centers thereby 

facilitating reactions in the catalytic cycle. The mechanistic modelling suggests that in principle, 

more efficient catalytic system for N
2
 to NH

3
 transformation might be obtained by extending the 
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polynuclear chain to a proper size in combination with an effective bridging ligand for charge 

dispersion. 

Keywords: Nitrogen fixation; Catalysis; Molybdenum complex; Polynuclear model; DFT.  

 

Introduction 

Dinitrogen (N
2
) is the most abundant molecule in earth’s atmosphere. However, N

2
 exists as an 

inert molecule due to its nonpolar nature and stability[1, 2] making it difficult to participate 

in chemical reactions. Industrially, the conversion of dinitrogen to ammonia (NH
3
) mainly relies 

on the Haber-Bosch process [3], which requires harsh reaction conditions (350-550°C under the 

pressure of 150-350 atm) and is energy extensive. In contrast, nitrogenase enzyme can reduce N
2
 

to NH
3
 at ambient temperature and pressure. It has been recognized that in the biological N

2
 

fixation systems, the dinitrogen reduction is accomplished on a cluster structure called 

iron–molybdenum cofactor [4-6] . 

Inspired by the biological systems, tremendous efforts have been devoted to the synthesis of 

metallocomplexes [7-15] facilitating dinitrogen reduction in the presence of electron and proton 

sources under ambient conditions. Chatt pioneered in the development of transition-metal 

dinitrogen complexes with well-defined structures, and the first N
2
 reduction to NH

3
 was 

observed with quantitative conversion based on [M(N
2
)

2
[PR

3
]

4
] (M = Mo or W; R = alkyl or aryl) 

complex [16, 17]. Subsequently, the preparation of various transition-metal dinitrogen complexes 

and the transformation of the coordinated dinitrogen into nitrogenous compounds, especially NH
3
, 

have been achieved at mild reaction conditions [18-26]. Although plenty of studies on the 

stoichiometric reactivity of transition metal-dinitrogen complexes have been reported, the cases 
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for catalytic conversion from N
2
 to NH

3
 are rare [27-31]. In 2003, the first catalytic system of N

2
 

to NH
3 
transformation under ambient conditions was prepared by Yandulov and Schrock [23] 

using a molybdenum complex as shown in Chart 1a, which is featured by a single metal center 

([HIPTN
3
N]-Mo(N

2
)) supported by a triamidoamine ligand, where HIPT = 

{3,5-(2,4,6-iPr
3
C

6
H

2
)

2
C

6
H

3
}. After that in 2011, the second Mo-containing system capable of 

catalytic conversion of N
2
 into NH

3
 was proposed by Nishibayashi and coworkers [24], from 

which a 23 equivalents of ammonia were obtained in terms of the catalyst (Chart 1b). In addition 

to the Mo-based catalysts, Anderson et al. proposed tris(phosphine)borane and 

tri(phosphine)alkyl supported iron complexes that could mediate the N
2
 reduction to NH

3
 in a 

catalytic mode [25, 26, 32, 33]. Herein, we focus on the catalytic behaviors of Mo-based 

complexes, and hence a brief review is presented below about the reaction mechanism of the 

Mo-based homogeneous catalytic systems.  

Chart 1. Single-Molybdenum (Schrock) and Di-Molybdenum (Nishibayashi) Complexes  

 

 

 

 

 

In Nishibayashi’s catalytic system, a binuclear Mo-complex was used, which is featured by 

two Mo atoms bridged by a dinitrogen ligand (Chart 1b). Previous mechanistic studies [34-36] 

have shown that the reaction processes in Nishibayashi’s bimetallic system and Schrock’s 

monometallic system basically follow the similar reaction mechanism as originally proposed by 

Chatt. In this route called distal (or asymmetric) pathway, a nitride intermediate is produced with 
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the release of a NH
3
 as a result of sequential addition of H atoms on a single nitrogen atom of a 

terminal N
2
 ligand. However, upon a closer comparative inspection of the above two Mo-complex 

catalysts, it can be recognized that they distinguish from each other mainly in two aspects. Firstly, 

the metal atom is in Mo(III) for Schrock’s monometallic complex, in contrast to Mo(0) as in 

Nishibayashi’s dimetallic complex. Secondly and also most importantly, the bimetallic complex 

is structurally characterized by two metal centers bridged with a dinitrogen ligand. Although the 

Schrock’s mononuclear Mo(III) complex shows catalytic effect, the N
2
 to NH

3
 conversion is 

difficult for the Chatt’s Mo(0) complexes, and only quantitative formation of NH
3
 was achieved 

[37, 38]. On the other hand, as in Nishibayashi’s system, the bimetallic Mo(0)-complexes are 

capable of catalytically transforming N
2
 into NH

3
. In Nishibayashi’s bimetallic Mo(0)-complex as 

shown in Chart 1b, the N
2 
bridging ligand not only “mechanically” holds the two Mo(0) atoms 

forming a dimer, but also provides a channel between the two metal centers for electronic 

communication. According to recent theoretical studies,[34, 35] the bimetallic structure is likely 

to favor the charge delocalization on the two metal atoms upon proton addition on a terminal N
2
 

ligand. That explains why a bimetallic structure is necessary for the occurrence of catalytic 

dinitrogen reduction to ammonia in Nishibayashi’s system. However, we envisage that the 

introduced electronic charges upon protonation are still very spatially confined in Nishibayashi’s 

complex containing only two Mo atoms bridged by a N
2
 ligand. The catalytic activity of 

Nishibayashi’s bimetallic complex suggests that a chain-like extension by including more metal 

centers in polynuclear complexes would improve the catalytic performance of Mo-complexes for 

N
2
 transformation to NH

3
. 
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In this report, we carried out an extensive exploration of dimensional effect on the catalytic 

performance of Mo-complexes for dinitrogen reduction. For this purpose, we systematically 

investigated a series of model complexes containing multimetallic centers bridged by dinitrogen 

ligands structurally analogous to Nishibayashi’s bimolybdenum catalyst. With the model systems, 

we intended to demonstrate how the chain length of Mo-complexes affected the catalytic 

behaviors and the energy profiles. Moreover, the effect of bridging ligands was inspected. We 

suggest that with a proper bridging ligand such as carbide [:C≡C:]
2-
, a more effective electronic 

channel can be established between the adjacent metal centers, which may considerably facilitate 

the overall reactions in terms of thermodynamics. The findings in this work may contribute to the 

mechanistic understanding of N
2
 to NH

3
 conversion catalyzed by organometallic complexes in 

homogeneous systems, and shed light on the principle for the design of efficient catalysts 

operated at ambient reaction conditions. 

 

Computational methods 

All geometries of the compounds in this paper were fully optimized with Becke’s three parameter 

(B3) hybrid exchange functionals combined with Lee-Yang-Parr (LYP) correlation functionals 

(B3LYP) [39, 40], which is implemented in Gaussian 09 [41]. The 6-31G(d,p) basis set was used 

for H, C, N, and P, while for Mo, the Stuttgart effective core potential and the corresponding 

basis set were employed [42]. The same theory level was used for the energy calculations based 

on the optimized geometries. Single-point energy calculations with larger basis sets and different 

functionals predicted basically the same reaction trends as for B3LYP/6-31G(d,p) as shown in 

Fig. S1 in the Supplementary Information (SI). In addition, solvation effect in dichloroethane [43, 
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44] was accounted for using the solvation model based on density (SMD) scheme, in which the 

quantum mechanical charge density of a solute molecule interact with the solvent charges 

described by a continuum model [45, 46].  

The model complexes as described in Scheme 1 were constructed based on Nishibayashi’s 

bimetallic complex (Chart 1b). It is noteworthy that the tertiary butyl groups (
t
Bu) of the 

tridentate pincer ligands as in the original Nishibayashi’s complex (Chart 1b) were replaced with 

H atoms in the model structures to save computational cost, and the predicted trend of the 

calculated reaction energies should be very similar no matter H, or 
t
Bu is used [47]. In the model 

systems, we extended Nishibayashi’s bimetallic complexes in one-dimension, and the 

polynuclear complexes thus obtained show a structural characteristic of a chain of metal centers 

bridged with N
2
 ligands. The model structures are represented with a general formula as depicted 

in Scheme 1, where n refers to the number of repeat unit consisting of a metal center and a 

bridging N
2
 ligand. For example, when n = 1 or 2, a dimer or trimer structure is obtained 

containing two or three metal centers, respectively. One notes that the Mo represents moiety 

composed of a Mo atom and a pincer ligand (Chart 1b). (See Scheme S1 and Fig. S2 in the SI for 

the detailed structures). The chain length effect was examined in a range from one to five metal 

centers, beyond which we found that the dimensional effect reached saturation as will be shown 

in the following sections. Note that the model compounds involved are merely used for the 

purpose of mechanistic understanding of the catalytic properties, while their synthesis is not the 

focus in this study although plausible based on the bimolybdenum complexes existing in the 

literature [48-50].
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Scheme 1. Structure of the Model Polynuclear Complex 

Mo N N Mo
n  

Considering the stronger coordination ability of carbide ligand bridge [:C≡C:]
2-
 than that of N

2
 

ligand [48], it may provide a more effective channel for electronic communications between 

Mo-centers thermodynamically in favor of the reaction steps in a catalytic cycle. Actually in the 

literature [49, 50], some molybdenum complexes can be found with bridging [:C≡C:]
2-
 ligands. 

Therefore, in the model complexes, the replacement of N
2
 by carbide ligand is rational from the 

point of view of synthesis. It is noted that, the bridging ligands of N≡N and [:C≡C:]
2-
 are 

isoelectronic with each other, but the Mo atoms are in zero oxidation state in the N
2
 coordinated 

systems, in contrast to Mo(II)
 
(located in the middle of the chains) or Mo(I) (terminal ones) in the 

model complexes with bridging carbide ligands.  

 

Results and discussion 

For convenience of discussion, we firstly present in Scheme 2 an overall view of the catalytic 

cycle computationally identified as the most favourable processes with respect to 

thermodynamics. As shown in Scheme 2, for all the model polynuclear complexes targeted in this 

study, the thermodynamically most accessible reaction pathway corresponds to the distal 

mechanism, in which the -nitrogen in a terminal N
2
 ligand is first fully reduced, followed by 

hydrogenation of the vicinal nitrogen. This catalytic route is basically in agreement with the 

previously proposed reaction mechanism based on DFT calculations for the Nishibayashi’s 

bimetallic catalyst [34]. We also note from a previous investigation that the bimetallic complexes 

dissociated in some steps of the catalytic cycle [35], which is based on indirect evidence of the 
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capture of monometallic species with some molecular ligands. However, based on the very 

similar energetics of the corresponding monometallic or bimetallitic species, the bimetallic 

processes are possible in agreement with the previous DFT calculations [34]. The other possible 

reaction processes thermodynamically less accessible are summarized in Scheme S2 in the SI. In 

the next sections, the focus was placed on the favorable reaction steps in Scheme 2, which were 

based on the polynuclear model complexes.  

Scheme 2. An Overall View of the Reaction Processes for N
2
 to NH

3
 Transformation Catalyzed by the 

Model Mo-Complexes (n = 1, 2 and 3) in the Presence of Proton and Electron Sources. X Represents N or 

C, and the Pincer Ligands Are Omitted for Clarity. Reactions with the Monometallic or Bimetallic 

Complexes Are Shown in Scheme S2. 
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In reaction Scheme 2, [LutH]
+
 (Lut = 2,6-dimethylpyridine) was used as the proton source 

denoted by “H
+
” [23], while Co(Cp

*
)

2
 (Cp

*
 = 1,2,3,4,5-pentamethylcyclopentadiene) was used as 

the reducing agent represented by “e
-
”. The energies of the protonation and reduction steps were 

calculated according to Formula (1) and (2), respectively. [MH
n
] and [MH

n+1
] (n = 0, 1 or 2) refer 

to the Mo complexes involving a proton transfer in Formula (1) or an electron transfer reaction in 

Formula (2), respectively. Similar to the previous DFT studies [51-54], the calculated electronic 

energies were used for the reaction energetic profiles in this study, which were calculated in 

low-spin states for all of the model compounds unless stated otherwise. In addition, the reaction 
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enthalpy was calculated for the monometallic and bimetallic systems as presented in Fig. S3, 

which shows the similar trends corresponding to the electronic energies. In the calculated 

energetic profiles, the energy of the starting complex 0 (see Scheme 2) was used as the reference.  

[MH
n
] + [LutH]

+
 → [MH

n+1
]

+
 + Lut                      (1) 

[MH
n+1

]
+
 + [Co(Cp

*
)

2
] → [MH

 n+1
] + [Co(Cp

*
)

2
]

+
           (2) 

 

Chain-like extension of the Nishibayashi bimetallic Mo-complex with N2 bridging ligand 

As shown in Chart 1b, the Nishibayashi bimetallic complex is featured with two Mo centers 

bridged by a N
2
 ligand. Following such a structural characteristic, a set of polynuclear complexes 

were constructed by extending the Nishibayashi’s bimetallic structure, where the Mo atoms were 

bridged by N
2
 ligands forming chains as displayed in Scheme 1. In the following descriptions, the 

structures of the related polynuclear model complexes are denoted by [Mo]
n
 for ease of 

description with n referring to the number of metal atoms. On the basis of DFT calculations, the 

reaction energy profiles of N
2
 reduction to NH

3
 catalyzed by the set of model complexes are 

presented in Fig. 1. 
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Fig. 1 The energetic profiles for N
2
 to NH

3
 transformation catalyzed by a set of N

2
-bridged model 

complexes containing different number of Mo atoms denoted by [Mo]
n
. An imaginary dash line was added 

connecting N
2
 and NH

3
 on the profiles, and the energy difference between them was determined by the 

proton and electron sources used. 

Before detailed discussion, a general description was presented for the reactions along a 

sequential protonation and reduction processes for N
2
 to NH

3
 conversion. The overall reaction for 

N
2
 reduction to NH

3
 is highly exothermic due to the combination of strong protonic acid and 

reductant adopted in the calculations, which is the same as those in Nishibayashi’s synthesis 

paper [34, 35]. On the other hand, with the growth of the number of Mo centers in the model 

complexes, a drastic dimensional effect was found on the reaction energetics for the respective 

protonation and reduction processes. As shown in Fig. 1, the reactions catalyzed by the 

monometallic complex [Mo]
1
 exhibit a zigzag feature on the energetic profile, leading to a set of 

reaction hurdles basically corresponding to the protonation processes. With the increase of the 

number of metal centers in the polynuclear model complexes, those energetic hurdles were 

gradually removed. At [Mo]
3
 or longer chains, the energies of the reaction system on the whole 
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evolved in a monotonically descending manner upon a sequential additions of the acid [LutH]
+
 

and the reductants Co(Cp
*
)

2
, and the reactions are generally exothermic or neutral for the 

formation of each intermediates. With respect to the reaction thermodynamics, the catalyzed 

reactions from N
2
 to NH

3
 may proceed smoothly when polynuclear [Mo]

3
 or lager complexes are 

used as catalysts.  

As described in Scheme 2, in homologous catalytic systems, N
2
 undergoes a long journey to 

the NH
3
 transformation, and many elementary processes are involved in the catalytic cycle. 

Although the overall reaction from N
2
 to NH

3
 conversion is highly exothermic, barriers may exist 

to inhibit the occurrence of reactions in the catalytic cycle. For the given combination of proton 

and electron sources, an ideal catalyst would direct the reactions proceeding along the imaginary 

straight line (no barrier) in Fig. 1, which starts from N
2
 and ends at two NH

3
. With the 

polynuclear complexes of [Mo]
3
 or longer chains, it is noteworthy that the reaction energetic 

profiles gradually approach the imaginary line, albeit smaller barriers remain in some reaction 

steps.  

Now we take a closer inspection of the catalytic performance of the Mo complexes by varying 

the number of metal centers. For [Mo]
1
 as shown in Fig. 1, protonation of the nitrogenous ligands 

coordinated to Mo centers are thermodynamically unfavorable, which is in contrast to the 

exothermic reductions processes. The most difficult protonation processes correspond to the 

formation of diazenido (MoNNH
+
, ΔE = +29.5 kcal mol

-1
), hydrazido (MoNNH

2

2+
, ΔE = +15.03 

kcal mol
-1
) and imide (MoNH

2+
, ΔE = +24.97 kcal mol

-1
) moieties, which is in accordance with the 

previously reported calculations.[34, 35] For the bimetallic complex [Mo]
2
, those protonation 

processes become easier, whereas great hurdles still remain for those protonated intermediates 
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formation (MoNNH
+
, ΔE = +15.75 kcal mol

-1
, MoNNH

2

2+
, ΔE = +3.39 kcal mol

-1
, MoNH

2+
, ΔE = 

+14.98 kcal mol
-1
). Further increase of the polynuclear complexes as for [Mo]

3
, the protonation 

barriers were basically erased (MoNNH
+
, ΔE = +3.78 kcal mol

-1
, MoNNH

2

2+
, ΔE = -0.84 kcal mol

-1
, 

MoNH
2+

, ΔE = +3.51 kcal mol
-1
). With even larger model complexes for instance [Mo]

4
 and [Mo]

5
, 

the reaction energetic profiles are nearly the same as that for [Mo]
3
 as shown in Fig. 1. In this 

respect, the dimensional get saturated at [Mo]
3
 for the set of polynuclear Mo-complexes 

structurally analogues to the Nishibayashi bimetallic compounds.  

The Mo atoms are in the oxidation state of zero for the N
2
 bridged model complexes in this 

study as well as for those in the Nishibayashi complex. In this regard, this class of polynuclear 

Mo complexes resembles the Chatt systems, for which Mo(0) is involved. It has been suggested 

that in Chatt reaction systems, the most difficult reaction step is the initial protonation of the N
2
 

ligated to Mo center [55-57].This is in line with the strongly endothermic protonation of the N
2
 

ligand in the monometallic Mo complex in this study. In monometallic complexes, the 

protonation resistance of the N
2
 ligand can also be seen in the catalytic N

2
 reduction by the Mo(III) 

complex in Schrock systems [56, 58]. In the Schrock catalytic systems, theoretical calculations 

suggested that rather than direct protonation, the first proton addition on the terminal N
2
 ligand is 

accomplished by a proton-catalyzed reductive protonation with the involvement of a 

triamidoamine ligand. The above evidence strongly suggests that the first protonation step of N
2
 

ligand is a crucial step in the catalytic cycle of N
2
 to NH

3
 conversion [59]. In this context, the 

decrease or completely removal of the protonation hurdle of the terminal N
2
 ligand is nontrivial to 

enhance the N
2
 to NH

3
 transformation in homogenous catalytic systems. According to the 

calculations with the model Mo complexes as shown in Fig. 1, the protonation of the terminal N
2
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ligand is almost thermodynamically neutral, when [Mo]
3
 or lager polynuclear complexes are used 

as possible catalysts.  

The reason behind the dimensional effect on the protonation of N
2
 can be seen from a 

qualitative natural population analysis (NPA) [60]. The atomic charges in the polynuclear 

complexes are partitioned into two parts as illustrated in Scheme 3, where the first portion (Part 1) 

includes the corresponding ligands and a Mo center involved in protonation (see Scheme S3 for 

details). Table 1 (the left part) tabulates the atomic charge changes upon the first protonation of 

N
2
 leading to MoNNH

+
 for the set of model complexes, and the respective energetics are also 

listed. One notes that with the increase of the number of Mo centers, the positive charges 

introduced by the first proton addition to the complexes become more delocalized along the 

polynuclear chains. For [Mo]
1
, the positive charge of +1 is undoubtedly accumulated on Part 1, 

while for [Mo]
2
 significant positive charges are delocalized onto Part 2. In [Mo]

3
 or longer chains, 

the positive charges on Part 1 become even smaller，while those on Part 2 gradually grow. A joint 

inspection of NPA analysis and the energetics indicates that they are closely related to each other 

as shown in Table 1. With the increase of polynuclear chains, the first protonation of the N
2
 

ligand becomes easier due to the more delocalized charge distribution.  

 

 

 

Scheme 3. Structure Partition of the Polynuclear Complexes for Atomic Charge Counting as 

Listed in Table 1. 
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Table 1. Changes of the NPA Charges (ΔQ in |e|) and the Related Protonation Energies (ΔE in kcal 

mol
-1
) Corresponding to the First Two Consecutive Protonation in the N

2
-bridged Model 

Complexes. 

 MoNN → MoNNH
+
 MoNNH

+
 →MoNNH2

2+
 

 ΔQ|Part1/Part2
a
 ΔE

b
 ΔQ|Part1//Part2

a
 ΔE

b
 

[Mo]1 1.000/0 29.50 2.000/0 15.03 

[Mo]2 0.700/0.300 15.75 1.409/0.591 3.39 

[Mo]3 0.535/0.465 3.78 1.164/0.836 -0.84 

[Mo]4 0.490/0.510 3.70 1.073/0.927 -1.75 

[Mo]5 0.450/0.550 3.84 1.003/0.997 -2.64 

a
See Scheme 3 for the structure partition for Part 1 and Part 2. Part 1 is the segment consisting of a Mo 

center and the related ligands directly involved in protonation. 
b
The energy change upon protonation. 

Another remarkable observation from Fig. 1 is the strong size effect of the Mo complexes on 

the second protonation giving the formation of MoNNH
2

2+
. According to the calculations for 

multimetallic complexes, the further protonation of MoNNH
+
 is thermodynamically favored over 

its reduction by CoCp
*

2
 (see Scheme S2 in the SI). For the monometallic complex [Mo]

1
, the 

second protonation is highly endothermic (ΔE = +15.03 kcal mol
-1
), which is not surprising due to 

the two positive charges confined in a limited space for monometallic [Mo]
1
. On the other hand, 

for [Mo]
3
 or longer polynuclear chains, facile protonation of MoNNH

+
 is possible leading to the 

formation of MoNNH
2

2+
 (ΔE = -0.84 kcal mol

-1
, for [Mo]

3
). The reason for the size effect on the 

second protonation can be seen in a similar manner of atomic charge analysis. From Table 1 (the 
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right half), one notes that the longer polynuclear chains favor to delocalize the two positive 

charges onto more metal centers thereby leading to facile protonation process of MoNNH
+
 → 

MoNNH
2

2+
.  

For rest of the reaction steps in the catalytic cycle of Scheme 2, the protonation processes 

benefits from the increased polynuclear chain lengths, and at the same time the reduction 

reactions are basically kept exothermic. The ligand exchange of NH
3
 by N

2
 has been suggested to 

be the limiting step in the Schrock catalytic cycle [52, 61, 62]. The difficulty of ligand exchange 

has been attributed to both thermodynamic and kinetic factors. The bulky ligands used in Schrock 

complexes kinetically inhibit the release of NH
3
, and at the same time the relatively strong 

binding between NH
3
 and Mo centers also contributes. From Fig. 1, it is noteworthy that the 

energy change for a NH
3
 release (11 → 12) decreases from +23.95 kcal mol

-1
 to +17.77 kcal mol

-1
 

corresponding to the cases of [Mo]
1
 and [Mo]

5
, respectively. Therefore, the size effect is also 

thermodynamically beneficial for the ligand exchange reactions.  

Replacement of the bridging N2 ligand with [:C≡C:]
2-

 carbide  

Given the strong size effect on catalytic activities as evidenced by the polynuclear models 

featuring N
2
-bridged ligands, we are intrigued if the catalytic performance would be improved 

when different bridging ligands are used in a polynuclear complex variant. The [:C≡C:]
2-
 carbide 

was chosen as it has two possible benefits. Firstly, the carbide bridging ligand is expected to 

provide a better electronic communication pathway between the Mo centers. Besides, the stronger 

coordination bonding between the carbide and Mo atoms likely afford more stable polynuclear 

complexes as effective catalysts in homogenous solution systems. The structures of C
2
-bridged 

complexes are similar to the N
2
-bridged ones except for the bridging ligands as illustrated in 
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Scheme 1. Fig. 2 presents the calculated energetic profiles of N
2
 to NH

3
 reduction catalyzed by 

the model complexes with multi-Mo centers bridged by [:C≡C:]
2-
 ligands.  
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Fig. 2 The energetic profiles for N
2
 to NH

3
 transformation catalyzed by the model complexes containing 

different number of Mo atoms bridged by [:C≡C:]
2-
 carbide ligands. An imaginary dash line was added 

connecting N
2
 and NH

3
 on the profile, and the energy difference between them is determined by the proton 

and electron sources used. 

The carbide bridged complexes exhibit similar thermodynamic characteristics as those of 

N
2
-bridged systems. Nevertheless, according to the energetic profiles in Fig. 2, a more remarkable 

size effect on the catalytic performance was observed for the carbide-based model complexes. 

One notes that for [Mo]
4
 or longer chains, the reaction energetic profiles approach that for an 

ideal catalyst as represented by an imaginary straight line starting from N
2
 and monotonically 

descending to NH
3
 for the given combination of proton and electron sources used in this study. 

As shown in Fig. 2, for the mononuclear complex [Mo]
1
, the reaction energetic profile takes a 

zigzag pattern with the reaction barriers corresponding to the very endothermic protonation 

processes. When [Mo]
2 
complex was used, the protonation energies were considerably reduced, 
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albeit a relatively high obstacle remained for the first proton addition to N
2
 (MoNN → MoNNH

+
). 

The reduced protonation hurdle is in accordance with the more delocalized charges in [Mo]
2
 as 

shown in Table 2, where the changes of atomic charges are listed corresponding to the first two 

protonation processes. Interestingly, further increasing the polynuclear chain to a length of [Mo]
3
, 

no obvious change on the reaction energetic profile was observed in comparison with [Mo]
2
. This 

is possibly related to two competitive factors, one for the different oxidation states of the Mo 

atoms and the other for the polynuclear chain length. For [Mo]
1
 and [Mo]

2
, the metal atoms are in 

the oxidation state of +1, while for [Mo]
3
, both Mo(I) and Mo(II) can be found corresponding to 

the Mo atoms at the ends and in the middle of the chain, respectively. One notes that the 

increased chain length from [Mo]
2
 to [Mo]

3
 favors the protonation processes, on the other hand, 

the higher oxidation state of Mo(II) is likely to inhibit protonation of N
2
 in [Mo]

3
. Further 

increasing the chains to [Mo]
4
 and [Mo]

5
, as shown in Fig. 2, the thermodynamic hurdles were 

removed for the set of protonation processes, and the reactions are likely to proceed in 

monotonically descending fashion on the energetic profiles for the sequenced protonation and 

reduction processes in the catalytic cycle. The reaction paths for [Mo]
4
 and [Mo]

5
 on the energetic 

profiles approach very closely to that for an ideal catalyst as represented by an imaginary straight 

line (no barrier) on the energy profile as shown in Fig. 2. Among the set of model complexes, 

[Mo]
3
, [Mo]

4
 and [Mo]

5
 have a similar feature for the oxidation states of the Mo atoms, and hence 

the size of the polynuclear chains should be the main factor affecting catalytic activities. As 

shown in Table 2, upon the first two proton additions, the positive charges are mainly delocalized 

on Part 2 (see Scheme S3 for structures) in [Mo]
4
 and [Mo]

5
 complexes, while significant charge 
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increase was found in Part 1 for [Mo]
3
. That explains the more favorable catalytic processes for 

[Mo]
4
 and [Mo]

5
.  

Table 2. Changes of the NPA Charges (ΔQ in |e|) and the Related Protonation Energies (ΔE kcal 

mol
-1
) Corresponding to the First Two Consecutive Proton Additions in the C

2
-bridged Model 

Complexes. 

 MoNN → MoNNH
+
 MoNNH

+
 → MoNNH2

2+
 

 ΔQ|Part1/Part2
a
 ΔE

b
 ΔQ|Part1/Part2

a
 ΔE

b
 

[Mo]1 1.000/0  25.54 2.000/0  15.62 

[Mo]2  0.689/0.311 10.57   1.422/0.578 -3.37 

[Mo]3 0.340/0.660 17.64 1.075/0.925 -6.46 

[Mo]4  -0.078/1.078 0.01 0.647/1.355 -8.28 

[Mo]5  -0.074/1.074 -0.16 0.477/1.523 -11.26 

a
See Scheme S3 for the structure partition for Part 1 and Part 2. Part 1 is the segment consisting of a Mo 

center and the related ligands directly involved in protonation. 
b
The energy change upon protonation. 

Another significant observation from Fig. 2 is the facile ligand exchange from NH
3
 to N

2
, when 

the carbide-based [Mo]
3
 or larger complexes were used. In [Mo]

3
, [Mo]

4
 and [Mo]

5
 systems, the 

release of a NH
3
 molecule (MoNH

3

+
 → Mo

+
) is nearly barrierless as seen in Fig. 2, which is in 

sharp contrast to the endothermic feature for that in [Mo]
1
 and [Mo]

2
 systems. The spontaneous 

NH
3
 extrusion in [Mo]

3
 system might be related to the change of the metal oxidation state from 

Mo(IV)NH
3

2+
 to Mo(III)

+
. The Mo atoms in Mo(IV)NH

3

2+
 moiety was originally in a six 

coordinated environment. One-electron reduction and a concurrent NH
3
 extrusion led to Mo(III)

+
, 

which turned to be five-coordinated. This is actually in line with the Schrock complex, where the 

Mo(III) atom is also five-coordinated including a triamidoamine ligand and a N
2
 ligand[23].  

Comparison of the two kinds of bridging ligands (N≡N vs [:C≡C:]
2-

) 
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As mentioned before, the size effects approach saturated at polynuclear [Mo]
4
 both for the N

2
 and 

carbide bridged systems. For this reason, [Mo]
4
-N

2
 and [Mo]

4
-C

2
 were used to comparatively 

explore the ligand effect on the catalytic activities, where [Mo]
4
-N

2
 and [Mo]

4
-C

2
 refer to the 

polynuclear models containing four Mo centers bridged by N
2
 and carbide ligands, respectively. 

As shown in Fig. 3, in the [Mo]
4
-N

2
 catalyzed system, a few thermodynamic hurdles remain for 

the protonation processes, such as MoNN → MoNNH
+
 and MoN

+
 → MoNH

2+
. In contrast, those 

reaction hurdles disappeared when [Mo]
4
-C

2
 was used. By comparing the atomic charge 

distributions corresponding to the first two proton addition to N
2
 ligand, it was found that the 

introduced positive charges are more delocalized in [Mo]
4
-C

2
 (Table 2) than in [Mo]

4
-N

2
 (Table 1) 

systems. This suggests that the [:C≡C:]
2-
 carbide ligand enables more effective electronic 

dispersion and thereby more favorable catalytic activities than the N
2
 bridging ligand. Compared 

with [Mo]
4
-N

2
, another distinguished feature of [Mo]

4
-C

2
 is the facile NH

3
 release corresponding 

to MoNH
3

+ 
→ Mo

+
, which was attributed to the change of oxidation states and coordination 

preferences of Mo(III)
+
 as mentioned before. 
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Fig. 3 The energetic profiles of N
2
 to NH

3
 conversion catalyzed by [Mo]

4
-N

2
 and [Mo]

4
-C

2
 in the presence 

of [LutH]
+
 and Co(Cp

*
)

2
  

For a given pair of proton and electron sources, such as [LutH]
+
 and Co(Cp

*
)

2
 employed for 

calculations in this study, the overall reaction energy for the complete conversion of N
2
 to NH

3
 is 

determined [63], which is irrespective of the catalyst used. On the other hand, for different 

catalysts used, the catalytic pathway may exhibit diverse patterns on the energy profiles. From the 

thermodynamic perspective, high catalytic efficiency would be obtained if an ideal catalyst could 

be found, which directed the reactions proceeding along the imaginary line in a monotonically 

descending fashion from N
2
 to NH

3
 as shown in Fig. 3 (the dash line). Compared with [Mo]

4
-N

2
, 

the respective intermediates in the [Mo]
4
-C

2
 catalyzed systems are located more closely to the 

ideal case represented by the imaginary straight line, which indicates that [Mo]
4
-C

2
 could have a 

better catalytic performance than [Mo]
4
-N

2
.  

 

Conclusions  

As an extending study of the catalytic activities of the Nishibayashi-type Mo dinitrogen complex, 

we computationally explored how the number of metal centers bridged by different types of 

ligands affects the catalytic N
2
 reduction to NH

3
 by using a set of polynuclear model complexes. 

As a chain-like extension of the Nishibayashi’s bimetallic complex featuring a N
2
-bridged ligand, 

we found that the polynuclear complexes containing three or more Mo centers are likely to 

drastically enhance the catalytic performance of the Mo-based catalysts by comparing to both the 

monometallic and bimetallic complexes. The dimensional effect gets saturated at [Mo]
3
-N

2
, and 

further increase of the number of metal centers does not significantly improve the catalytic 
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efficiency any more. The increase of the polynuclear chain size was also found to 

thermodynamically favor the NH
3
 release from the metal center, which has been thought to be a 

challenging step in the Mo-based catalytic systems for N
2
 to NH

3
 conversion. When the bridging 

N
2
 ligands were replaced with carbides [:C≡C:]

2-
] in the polynuclear chains, a remarkable 

improvement was observed in terms of the thermodynamics corresponding to the formation of the 

reaction intermediates. For [Mo]
4
-C

2
 or longer chains, no obvious thermodynamic hurdle was 

found along the catalytic pathway from N
2
 to NH

3
. The enhanced catalytic performance for longer 

polynuclear chains was ascribed to the more delocalized charge distribution introduced by the 

proton or electron addition processes. For the carbide bridged polynuclear models, the electronic 

communication is more effective than that for N
2
-bridged systems, as reflected by the more 

delocalized charges upon protonation. In the carbide bridged polynuclear models, facile NH
3
 

release from the metal center was observed upon the reduction of Mo(IV)NH
3

2+
 to Mo(III)

+
, 

which was associated with the change of oxidation states of the metal centers and their 

coordination preferences. The high catalytic efficiency predicted for [Mo]
4
-C

2
 or its longer 

analogous indicates that a highly efficient catalytic model system might be designed by extending 

the polynuclear chains to a proper size and by employing an effective bridging ligand for charge 

dispersion. 
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Highlights 

(1) Chain-like extensions of Mo-complexes drastically enhance the catalytic N2 to NH3 

conversion. 

(2) [:C≡C:]2-
 is a more effective bridging ligand than N2 for electronic charges dispersion. 

(3) At proper size, [:C≡C:]
2-
 bridged Mo-complexes were predicted to show remarkable 

catalytic performance.  

(4) Linear catalytic fashion on the energy profile was predicted with the polynuclear model 

complexes. 
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Graphical abstract 

Chain-like extension of Nishibayashi’s bimetallic structure was found to drastically enhance the 

catalytic performance of Mo-complexes for N
2
 to NH

3
 conversion. With proper bridging ligand 

like [:C≡C:]
2-
, the polynuclear Mo-complexes can mediate the catalytic reaction to proceed 

facilely in a linear fashion on the energy profile sliding down from a high (N
2
) to a low potential 

(NH
3
).  
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