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Abstract: Dinitrogen activation in non-metallic systems has received 

considerable attention in recent years. Herein, we report the 

theoretical feasibility of N2 fixation using aminocarbenes (L) or their 

anionic derivatives. The molecular descriptors of L and anionic L‾, 

which affect the interaction of L and anionic L‾ with N2, were identified 

through multiple linear regression analysis. Additionally, the electron 

flow during C‒N bond formation was confirmed by performing intrinsic 

reaction coordination calculations with intrinsic bond orbital analysis 

for the reaction of anionic L‾ with N2. 

Dinitrogen (N2) is the most abundant and easily accessible 
nitrogen source in nature. The synthesis of useful chemicals using 
N2, from NH3

[1] to N-containing organic molecules[2], has a long 
history and is still considered most challenging in chemistry. The 
development of systems for metal-free N2 fixation is particularly 
difficult. Recently, boron-containing organic materials have 
attracted attention as materials for metal-free N2 fixation. The 
fixation and electrocatalytic reduction of N2 using graphene doped 
with boron were reported by Zheng et al.[3] The Braunschweig 
group also reported the fixation and reduction of N2 using organic 
borylene.[4] Zhu et al. reported the theoretical systematic design 
of frustrated Lewis pairs using a highly Lewis acidic borole as the 
active site, with N-heterocyclic carbenes (NHCs).[5] However, to 
date, there are no reported examples of N2 fixation using only 
carbon active sites. 
Persistent aminocarbenes, represented by NHCs, have been 

utilized for metal-free small-molecule activation. Persistent 
aminocarbenes successfully react with CO2, SO2, NO, and N2O 
as well as inert molecules such as H2 and CO.[6] Furthermore, the 
metal-free catalytic conversion of CO[7] over an aminocarbene 
catalyst was also reported. Considering that CO is isoelectronic 
with N2, aminocarbene can be effectively utilized as the carbon 
active site for N2 fixation. 
Herein, we report theoretical studies on N2 fixation on carbon 

atoms. We explored 20 typical examples of aminocarbene (L)[8] in 
five binding modes with N2 (Figure 1). We confirmed that 
although thermodynamically favored products can be obtained 
from the reaction of L and N2, the reaction is not kinetically favored. 
The thermodynamic and kinetic effects on the interaction between 
L and N2 were investigated using the molecular descriptor L. We 

also reported that the anionic L‾ radical can overcome the high 
activation barrier of L in the reaction with N2. 
First, we attempted to establish possible candidates that could 

be obtained from the reaction of L with N2. With the proposal that 
the reactivity of NHCs can mimic the reactivity of transition metals, 
[6a] we proposed five structures of possible products based on 
previously reported transition metal–N2 complexes (Figure 1).[9] 
The ligand hapticity of N2 has been reported for both η1 and η2 for 
transition metal–N2 complexes. Thus, L(η1-N2) and L(η2-N2) were 
chosen as mononuclear L(N2) complexes. Furthermore, referring 
to the examples of the reported bimetallic N2 complexes,[9] L2(μ-
η1:η1-N2), L2(μ-η2:η2-N2), and L2(μ-η1:η2-N2) were also selected as 
binuclear L2(N2) complexes. L(η1-N2) and L(η2-N2) can be 
considered as diazoalkane and diazirine derivatives, which have 
been actively used as precursors of transient carbenes. L2(μ-
η1:η1-N2) can also be considered an azoalkane derivative. Each 
structure was optimized by Gaussian 16 using the B3LYP 
functional with the Def2-SVP basis set. 
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Figure 1. Selected training/validation aminocarbene L sets on five L-N2 binding 
modes. 



  

Figure 2. (a) Detailed free energies of the formation of L–N2 complex and its transition states. (b) Comprehensive model of the free energy of L(η1-N2) formation. 
(c) Comprehensive model of the activation barrier of L(η1-N2) formation (computed using Gaussian 16 at the B3LYP/Def2-SVP level). 

As a result, the formation of L(η1-N2), L(η2-N2), and L2(μ-η2:η2-
N2) was thermodynamically unfavorable for all L (Figure 2a). 
Unfortunately, the structure optimization of L2(μ-η1:η2-N2) for 
some L failed; however, the formation of other successfully 
optimized L2(μ-η1:η2-N2) was thermodynamically unfavorable, 
except for L13 and L14. The formation of L2(μ-η1:η1-N2) was 
thermodynamically preferred for most L, except for L1 to L3 and 
L8. Therefore, we chose L2(μ-η1:η1-N2) as a suitable model for N2 
fixation on carbon atoms. 
Despite the high thermodynamic stability of L2(μ-η1:η1-N2), the 

real challenge for dinitrogen fixation on carbon atoms is that the 
formation of intermediate L(η1-N2) is kinetically and 
thermodynamically unfavorable. We confirmed the high activation 
barrier for the formation of L(η1-N2) (∆G‡(L(η1-N2)) = 27–55 
kcal/mol) between L4 and L20 (Figure 2a). The activation barrier 
for the formation of L2(μ-η1:η1-N2) from L(η1-N2) was relatively low 
(∆G‡(L2(μ-η1:η1-N2)) = 10–27 kcal/mol). 
We identified the correlation of ∆G and ∆G‡ with the normalized 

molecular descriptors for L through multiple linear regression 
(MLR) analysis.[10] Considering the small size of dinitrogen, steric 
descriptors, such as Vbur and Sterimol parameters, were omitted 
from the selection of the molecular descriptor of L. We selected 
the molecular descriptor for MLR analysis using a correlation map 
to remove multicollinearity of the selected molecular descriptors 
(Figures S1 and S2). 
Because of the strong correlation between ∆G(L(η1-N2)) and 

∆G‡(L(η1-N2)) (R2 = 0.93), similar models were produced by 

performing MLR on selected molecular descriptors with the 
robustness of the correlations (R2 = 0.92 for Figure 2b and R2 = 
0.98 for Figure 2c). ∆G(L(η1-N2)) strongly depends on EHOMO and 

ELUMO and weakly on dC-N and φ∠NCA. Similarly, ∆G‡(L(η1-N2)) 
depends on EHOMO, ELUMO, qNBO

N, dC-N, and φ∠NCA and weakly on 
dC-A. Commonly, ∆G(L(η1-N2)) and ∆G‡(L(η1-N2)) are more 
dependent on ELUMO than on EHOMO, indicating that the reactivity 
of L with N2 was more influenced by the Lewis acidity of L. 
For N2 fixation using L without additional reagents, it is 

necessary to design an ambiphilic L with high HOMO and low 
LUMO energy levels. However, the low thermal stability[8e, 11] of 
previously reported ambiphilic aminocarbenes is not suitable for 
overcoming the high activation barrier (∆G‡(L(η1-N2)) > 27 
kcal/mol) for the formation of L(η1-N2).  
Instead of designing a new ambiphilic aminocarbene with high 

thermal stability, we proposed another strategy for N2 fixation 
using previously reported L to achieve a low activation barrier for 
N2 fixation. Low-valent transition metal complexes have received 
continuous interest as promising catalyst candidates for N2 
fixation and catalytic reduction.[12] The high electron density of the 
low-valence transition metal allows the formation of a stable N2 
complex through strong π-backdonation on the N2 ligand. We 
proposed that the aminocarbene derivatives L, mimicking the 
reactivity of transition metals, can form stable L(η1-N2) radical 
anions via one-electron reduction. 



   

Figure 3. (a) Detailed free energies of the formation of the anionic L‾-N2 complex and its transition state. (b) Comprehensive model of the free energy of anionic 
L(η1-N2)‾ formation. (c) Comprehensive model of the activation barrier of anionic L(η1-N2)‾ formation. (computed using Gaussian 16 at the B3LYP/Def2-SVP level) 

The structures of anionic L‾, L(η1-N2)‾ and L2(μ-η1:η1-N2)‾ 
radicals and their transition states were optimized at the 
B3LYP/Def2-SVP level. The results indicated that the formation 
of anionic L(η1-N2)‾ and L2(μ-η1:η1-N2)‾ radicals is 
thermodynamically more favored than that of neutral L(η1-N2) 
(Figure 3a). The formation of L(η1-N2) radical anions was slightly 
exothermic for L10, L15, and L16 (−2.2, −9.1, and −0.5 kcal/mol). 
Furthermore, we confirmed that the activation barrier of the 
reaction between the anionic radical derivatives of L and N2 
decreased drastically. For example, the free energy of L9(η1-N2) 
formation decreased from 33.6 kcal/mol to 4.7 kcal/mol, and its 
activation barrier also significantly decreased from 37.0 kcal/mol 
to 12.2 kcal/mol (Figure 4). The activation barrier of L92(μ-η1:η1-
N2) formation was also decreased from 11.6 kcal/mol to 6.8 
kcal/mol. However, the activation barrier of L(η1-N2) formation for 
L6, L11, L12, and L14 radical anions, which are highly ambiphilic 
aminocarbenes, was not significantly decreased. (ΔΔG‡ < 10 
kcal/mol). 
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Figure 4. Free energy profile of the reaction of L9 and L9-1 with N2 as 

calculated using Gaussian 16 at the B3LYP/Def2-SVP level. 

We also performed MLR analysis to determine how the 
molecular descriptors of L affect the free energy and activation 
barrier of anionic L(η1-N2)‾ formation. We considered both the 
molecular descriptors of neutral and anionic L‾. In addition, the 
free energy and activation barrier of neutral L(η1-N2) formation 
were considered as additional molecular descriptors. In the 
removal of multicollinearity using the correlation maps of selected 
parameters, the molecular descriptors of neutral L were selected 
prior to the molecular descriptors of anionic L‾ (Figure S1). 
Interestingly, there is a relatively low correlation between the free 

energy of anionic L(η1-N2)‾ formation and its activation barrier (R2 
= 0.52), unlike neutral L(η1-N2) formation (R2 = 0.93) (Figures S1 
and S2). The free energy and activation barrier of the L(η1-N2) 
radical anion were significantly dependent on the free energy of 
neutral L(η1-N2) (Figure 3b and 3c). In addition, the free energy 
of the L(η1-N2) radical anion decreased with decreasing EHOMO 
and increasing ELUMO of neutral L. However, the activation barrier 
of the formation of the L(η1-N2) radical anion decreased 
significantly with increasing ESOMO(α) of anionic L‾. This result 
indicates that the SOMO(α) of anionic L‾ largely contributes to the 
reaction of L with N2. 
Intrinsic reaction coordination calculations and intrinsic bond 

orbital (IBO) analysis[13] were performed to confirm the electron 
flow during C-N bond formation between anionic L9 and N2 
(Figure 5). In the optimized transition state, N2 approached the 
vertical direction of the carbene. Thus, σ-bond formation between 
the π* orbital of N2 and the SOMO(α) of anionic L‾ occurred 
preferentially. Thereafter, the new π-bond derived from the 
HOMO was formed when the other π* orbital of N2 and the HOMO 
of anionic L‾ were sufficiently close. 



 
Figure 5. Mechanism of electron flow during the reaction between anionic L‾ 
and N2 visualized through IBO analysis. 

In summary, we confirmed that the reactivity of L with N2 was 
influenced by their HOMO and LUMO energy levels, C–N and C–
A bond lengths, bond angles of N–C–A, and nitrogen atom 
charges. From these results, we discovered that N2 fixation using 
the anionic L‾ radical significantly lowers the activation energy of 
the reaction of L with N2 via the interaction between the SOMO(α) 
of L‾ and the π* orbital of N2. This study suggested that N2 fixation 
on carbon atoms can be achieved through the design of (1) 
thermodynamically highly stable ambiphilic aminocarbenes or (2) 
aminocarbenes capable of one-electron reduction, which can 
serve as an important route for the entry of non-metallic systems. 
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