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Introduction

Beyond the triple bond: unlocking dinitrogen
activation with tailored superbase phosphines+

Vilakkathala U. Krishnapriya®® and Cherumuttathu H. Suresh (2 *2-<

Activating atmospheric dinitrogen (N5), a molecule with a remarkably strong triple bond, remains a major
challenge in chemistry. This theoretical study explores the potential of superbase phosphines, specifically
those decorated with imidazolin-2-imine ((ImN)sP) and imidazolin-2-methylidene ((ImCH)sP) to facilitate
N, activation and subsequent hydrazine (HoNNH,) formation. Using density functional theory (DFT) at the
MO6L/6-311++G(d,p) level, we investigated the interactions between these phosphines and N,. Mono-
phosphine—N, complexes exhibit weak, noncovalent interactions (—0.6 to —7.1 kcal mol™). Notably, two
superbasic phosphines also form high-energy hypervalent complexes with N,, albeit at significantly higher
energies. The superbasic nature and potential for the hypervalency of these phosphines lead to substantial N,
activation in bis-phosphine—N, complexes, where N, is “sandwiched” between two phosphine moieties
through hypervalent P—N bonds. Among the phosphines studied, only (ImN)sP forms an exothermic sandwich
complex with N, stabilized by hydrogen bonding between the ImN substituents and the central N, molecule.
A two-step, exothermic hydrogen transfer pathway from (ImN)sP to N, results in the formation of a bis-phos-
phine—diimine (HNNH) sandwich complex. Subsequent hydrogen transfer leads to the formation of a bis-
phosphine—hydrazine (H,NNH,) complex, a process that, although endothermic, exhibits surmountable acti-
vation barriers. The relatively low energy requirements for this overall transformation suggest its potential
feasibility under the optimized conditions. This theoretical exploration highlights the promise of superbase
phosphines as a strategy for metal-free N, activation, opening doors for the development of more efficient
and sustainable nitrogen fixation and utilization methods.

Haber process makes use of catalysts that accelerate the clea-
vage of the N-N bond and the process involves the reaction

Nitrogen, the most abundant element in the Earth’s atmo-
sphere, is vital for almost all organisms. Yet, these organisms
cannot use this nitrogen directly, and hence, the activation of
nitrogen is an essential process."” The high dissociation
energy and the high HOMO-LUMO gap make the activation of
dinitrogen under ambient temperature and pressure con-
ditions extremely challenging.* Dinitrogen (N,) is very unreac-
tive due to its strong NN triple bond and even today, the cele-
brated Haber process is the only non-natural way to activate
this bond to produce useful nitrogenous compounds.®® The
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between hydrogen and nitrogen at a moderately elevated temp-
erature and high pressure. Such a process is very energy inten-
sive, whereas N, fixation occurs under mild conditions natu-
rally in some microorganisms by using the nitrogenase
enzyme. The nitrogenase enzyme contains an Fe-Mo-S cluster
complex, known as MoFe nitrogenase, where N, binds and
gets reduced to ammonia.’ > While numerous studies have
investigated the mechanism of N, activation by nitrogenase,
the precise molecular details remain elusive."*™*°

The presence of vacant and filled d orbitals of appropriate
energy and symmetry of transition metal complexes allows
them to accept and back-donate the electron density with N,.
This back-bonding weakens the highly stable N-N triple bond
and is able to perform N, activation. Main group elements,
lacking such d orbitals, have traditionally been less effective in
N, activation. However, recent research has challenged this
view, demonstrating the potential of metal-free catalysts for
this crucial process. Extensive efforts have led to the develop-
ment of various catalysts for N, activation, including those
based on transition metals (Fe, Mo, Au, etc.), main group
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metals (Bi, Si, etc.), and, more recently, metal-free systems.>*">°
In the past three years, electrochemical ammonia production
by main group metal-based catalysts has attracted greater
attention in the field of N, activation.®*°® While innovative
approaches like electrochemical ammonia production and
(photo)electrocatalysis have shown promise, progress has been
hampered by reproducibility issues.**

Despite the predominance of metal-based catalysts, metal-
free systems are gaining interest. In 2017, Bettinger et al
reported the photochemical extrusion of dinitrogen using phe-
nylborylene under matrix isolation conditions.**> Braunschweig
et al. reported that dinitrogen can easily be reduced by using
borylene.*® Their work provides a pivotal moment in the scen-
ario of dinitrogen activation using p-block elements and also
offers that main group elements are also able to contribute in
dinitrogen activation. Recently, p-block half-metal boron was
found to be useful for the activation of N,.>” Among s-block
elements, Li shows reactivity with N, because of its extreme
reduction potential.*®*° In 2021, Frenking et al. reported that
low-valent Ca complexes can reduce dinitrogen.*® The excep-
tional durability and activity of metal-free catalysts, coupled
with their economic and environmental benefits, underscore
the importance of their development. Consequently, there is a
growing emphasis on the design and synthesis of novel metal-
free catalysts for N, activation.

Very recently, Suresh and Krishnapriya’® showed the
remarkable electron-donating properties of the moieties imi-
dazolin-2-imine (ImN-), its methyl derivative (Im'N-), imidazo-
lin-2-methylidene (ImCH-) and its methyl derivative (Im'CH-).
These moieties substituted to benzene, pyridine,
N-heterocyclic carbene and phosphine led to the design of
extremely electron-rich ligands. Fareed and Suresh also
showed that substitution of such moieties on the phenyl ring

Fig.1 (a) C, complex of the phosphine ligand synthesized by Leung
et al. in 2021. (b) and (c) The cation—= receptors proposed by Fareed and
Suresh in 2011.
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(Fig. 1b and c) can lead to more than a 4-fold increase in
cation-r interaction energy compared to benzene.*! Dielmann
et al. synthesized a variety of ImN-decorated extremely elec-
tron-rich phosphines.** Such nonionic phosphorus(m) ligands
showed superior electron donating ability to any other known
phosphines in chemistry and they are described as a new class
of superbases. Dielmann et al. investigated their unique elec-
tron-releasing character to describe their capability to capture
and cleave CO, molecules.”* With their superior electron-
donating ability towards a core structure, these moieties are
promising candidates in homogeneous catalysis, offering inno-
vative possibilities for creating auxiliary ligands and advancing
catalysis research.

Recently, the diatomic molecule C, has been structurally
characterized by Leung et al. as a monoligated complex with
the formula (Im®N),(CH;)PC, (Fig. 1a), where the N center of
the imidazolidin-2-iminato groups (Im*N) is adorned with the
bulky R group 2,6-diisopropylphenyl.** Leung et al.’s discovery
of a C, complex of phosphine suggests an unprecedented reac-
tion in chemistry and the driving force of this reaction could
be attributed to the incredible electron-donating properties of
the Im®N substituent which creates an extremely electron-rich
phosphorus center in chemistry. The analysis of the electronic
structure of (Im®N),(CH;)PC, with quantum chemical methods
suggested the formation of the ligand-to-C, (L —» C,) coordi-
nation bond which induced a large charge migration from P
towards C,. Despite the fact that ImCH- or Im’CH-based
systems are yet to be synthesized, theoretical studies from our
group suggest that phosphines decorated with these substitu-
ents are highly electron rich and they would behave as
superbases (Fig. 2).

The focus of this study is on the metal-free N, activation
reactions facilitated by the superbases of (ImN);P and
(ImCH);P types. The study will assess the electron richness of
these ligands and investigate the formation of both L — N,
and L - N, « L complexes. We anticipate that the ability of
phosphorus to achieve a hypervalent state will be key to the N,
activation process.

The molecular electrostatic potential (MESP) is a valuable
tool in computational chemistry for visualizing and under-
standing the distribution of the electron density within a
molecule.”>™” It provides insights into the regions of electro-
philic and nucleophilic reactivities, intermolecular inter-
actions, and the nature of chemical bonding.**®" In this
study, MESP topological analysis is employed to assess the
electron richness of superbase ligands and to visualize
changes in electron density distribution during the N, acti-
vation process.

Computational methodology

All the computational calculations have been carried out with
density functional theory (DFT) using Gaussian1l6 suites of
programs.®® All the ligands and complexes were optimized
using the DFT method M06L/6-311++G(d,p).>* Vibrational fre-
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Fig. 2 Superbase phosphine ligands.

quency analysis has been carried out to ensure that all of the
optimized strictures correspond to the local minima contain-
ing only positive vibrational frequencies. The energy difference
between the complexes and the individual molecules opti-
mized at the same level of theory is considered as the inter-
action energy of the complex. The self-consistent reaction field
(SCRF) approach with the solvation model density (SMD)
method was used to calculate the solvation-corrected energy
change and free energy change. Non-polar acetonitrile was
employed as the solvent for the calculation. Natural bond
orbital (NBO) analysis®**> was employed to interpret bonding.

The MESP topological analysis was performed on the opti-
mized geometries at the M06L/6-311++G(d,p) level of theory
using the ‘cube’ and ‘potential’ keywords in Gaussian16. The

-23.6 -39.0

P(Im‘N),
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A

PH, PMe,
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MESP V(r) at any point with respect to the position vector r is
defined as follows:

Z Jp(r’)d3r’
vl =

where Z, is the nuclear charge of atom A located at R, and p(r')
is the continuous electron density of the molecule and N is the
total number of nuclei.*>>® At the critical point, all the first-
order derivatives of V(r) vanish (AV(r) = 0). The eigenvalues of
the Hessian matrix of the MESP minimum V,,;, shows three
positive values and hence is known as the (3 + 3) critical
point.*®*’~>° The MESP analysis is particularly used to depict
significant changes in the lone pair region. Generally, elec-
tron-rich sites like n-regions and lone pair regions are associ-
ated with negative V,,,;, values.

Results and discussion
MESP analysis of phosphines

Fig. 3 illustrates the depiction of Vy,;, in the lone pair region
of P in MESP isosurface plots for a representative set of PR;
ligands. Considering the Vi, of PH; of —23.6 kcal mol™" as a
reference point, the higher negative Vi, of —39.0 keal mol™*
observed for PMe; suggests that the methyl substitution on P
leads to an increase in electron density around the lone pair
region of P.

The introduction of imidazolin-2-imine (ImN-) and imida-
zolin-2-methylidene (ImCH-) moieties has been proposed as a
strategy to design highly electron-rich substrates and ligands,
leading to the classification of such ligands as superbases.***°
Compared to PMe;, the superbases constructed through sub-
stitution with ImN-, Im'N-, ImCH-, and Im'CH- exhibit a
notable increase in the magnitude of V,;,. For example, con-
sidering the Vi, values (Table 1), P(Im?N); emerges as the
most electron-rich, demonstrating a 2.6-fold higher magnitude
for Vimin compared to PH;, highlighting its exceptional electron
richness. Previous studies have suggested that this new class
of superbase phosphine ligands possesses an electron-donat-
ing ability comparable to that of N-heterocyclic carbenes.*’

P(ImdCH),

Fig. 3 Representation of the MESP isosurfaces of a set of phosphines at —20 kcal mol™. V., values are given in kcal mol™. Color code: blue, N;

green, C; grey, H; rust brown, P.

This journal is © The Royal Society of Chemistry 2024
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Table 1 MESP data of the phosphine ligands at the MO6L/6-311++G(d,
p) level of theory. Vn values are given in kcal mol™

Phosphine Vinin Phosphine Vinin

PH, -23.6 P(Im“N), -61.9
PMe; -39.0 P(Im*CH), -50.8
P(Im°N), —-47.6 P(Im°CH), -59.2
P(ImPN); -52.7 P(Im°CH), -59.6
P(Im°N), -56.8 P(Im‘CH), -60.3

Mono-phosphine-N, complexes

The optimized structure of all R;P---N, complexes showed that
the interaction of N, with phosphine is very weak, character-
ized as van der Waals-type interactions with P---N distances
spanning from 3.44 to 4.43 A. The respective interaction ener-
gies (Table S17) fall within the range —0.6 to —7.1 kcal mol ™",
with the weakest observed for the H;P---N, complex and the
strongest for the (ImPN);P--:N, complex. As a representative
example, the optimized structure of (Im"N);P---N, is shown in
Fig. 4. Comparison with the free (Im°N);P ligand confirms
that this weak N, complexation does not significantly perturb
the phosphine’s structure.

We further investigated complex formation involving a
direct bond between the phosphorus of PR; and the nitrogen
of N,. Among all phosphines studied, only P(Im°N); and
P(Im“N); showed the formation of such complexes with N,.
These complexes, denoted as (Im°N),P-N, and (Im“N);P-N,,
are also depicted in Fig. 4. It is evident from the P-N distances

c)
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that the P center forms bonds with five N centers, establishing
the complex as a hypervalent phosphorus system. Notably, two
of these P-N bonds are significantly shorter than those in free
PR;, while another two exhibit nearly identical distances. Only
one P-N bond is elongated by approximately 0.1 A compared
to free phosphine. The N-N distance of 1.28 A clearly indicates
substantial dinitrogen activation due to the hypervalent
bonding with the phosphine ligand. However, the energetics
suggest that both (Im‘N);P-N, and (Im°N);P-N, are high-
energy systems, lying 70.1 and 65.9 kcal mol ™", respectively,
above free phosphine and N,. Therefore, their formation
under ambient conditions is unlikely.

Bis-phosphine-N, complexes

Fig. 5 presents the representative structures of bis-phosphine-
N, complexes: Me;P-NN-PMe; and (Im*N);P-NN-P(Im°N);.
Notably, Me;P-NN-PMe; is 49.7 kcal mol™" higher in energy,
whereas (Im*N);P-NN-P(Im°N); is 18.1 kcal mol™" lower in
energy (AE) compared to free phosphines and N,. In contrast,
the formation of H;P-NN-PH; is endothermic by 87.4 kcal
mol~". This highlights the crucial role of the superbase charac-
ter of P(Im®N); in enhancing the ligand’s affinity for bonding
with N,. All bis-phosphine-N, complexes feature P-N bond for-
mation from both ligands (Table 2). The P-NN distances fall
within the range of 1.59-1.65 A, significantly shorter than the
typical range for a P-N single bond (1.70-1.77 A). This suggests
considerable double bond character in the P-NN bonds, imply-
ing hypervalency at the P center. Additionally, the N-N dis-

4

d)

Fig. 4 Optimized structures of (a) the phosphine ligand (Im°N)sP, (b) the van der Waals complex (Im°N)zP---N,, and (c) and (d) the hypervalent com-
plexes (Im°N)sP—N; and (ImN)sP-N, at the MO6L/6-311++G(d,p) level of theory.
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Fig. 5 Optimized structures of the dinitrogen bonded complexes of (a) PMes and (b) P(Im®N)s ligands. Bond distances and N---HN hydrogen bond

Table 2 Structural and energetic data of the bis-phosphine—N, com-
plexes at the MO6L/6-311++G(d,p) level of DFT. Energy values are given
in kcal mol™ and distances are given in A

Complex AE AG Dpni Dpne  Dnn
H,P-NN-PH, 87.4 1112 159 159  1.46
Me;P-NN-PMe; 49.7 724 159 159  1.50
m“N);P-NN-P(Im°N); -13. .5 . . .
Im*N);P-NN-P(Im*N 133 18 1.63  1.63  1.48
(Im"N),P-NN-P(Im"N), -18.1 184 1.61  1.62  1.47
m°N);P-NN-P(Im°N), 5 51 . . 47
Im°N);P-NN-P(Im°N 13 1.0 161 161 1.4
(Im“N),P-NN-P(Im‘N), 2.6 423 1.60 1.62  1.46
'm°CH),P-NN-P(Im*CH);, 5. 5. .65 .65 .
Im*CH);P-NN-P(Im*CH 1 352 16 1.6 1.49

(Im°CH),P-NN-P(Im"CH); 411 681 1.61  1.62  1.46
(Im°CH);P-NN-P(Im°CH); 221 531 164 164 143
(Im?CH),P-NN-P(ImCH);, 20.2 554 1.63  1.63  1.44

tances range from 1.43 to 1.49 A, approaching that of an N-N
single bond. These data underscore the strength of the newly
formed P-NN bonds, leading to a significant activation of the

distances are shown in A.

N=N triple bond, effectively reducing it to an N-N single
bond.

The energetics of the mono- and bis-phosphine complexes,
summarized in Fig. 6, clearly demonstrate the superior N, acti-
vation capability of phosphine superbases bearing ImN-type
substituents on phosphorus compared to those with ImCH-
type substituents. Notably, the formation of (Im*N);P-NN-P
(Im®N); and (Im"N);P-NN-P(ImPN); is exothermic, releasing
13.3 and 18.1 keal mol ™, respectively. This favorable energetic
profile can be attributed to the additional stabilization pro-
vided by four N-H:--N hydrogen bonds that surround the
central N, unit (Fig. 5b), a feature unique to these systems pos-
sessing N-H bonds.

In the bis-phosphine-N, complex, dinitrogen is positioned
between two phosphine moieties, forming two P-N bonds.
This arrangement significantly alters the bonding environ-
ment at both the phosphorus and nitrogen centers. For
instance, the three P-N bonds in P(Im”N); contract from 1.74,

100.0 -
) 87.4 H,P-N,-PH,
20.0 1 hypervalent complexes
(1MN);P+(Im°N),P-(N,) 70.1
(Im°N),P+(ImeN),P-(N,
60.0 - /i
,49.7 Me;P-N,-PMe,
/
40.0 - /" #411 (ImPCH);P-Ny-P(Im"CH),
991 (IMCH);P-N,-P(ImCH),
20.0 4 0.0 (IM?CH);P-N,-P(ImeCH),

PR; + PR; +N,

0.0 §

Relative Energy (kcal/mol)

-0.6t0-7.1
-20.0 A

R;P-N, + PR,

vdW complexes
-40.0 ~

13.5 (IM®N);P-N,-P(Im°N),
5.1 (Im*CH);P-N,-P(Im*CH),
26 (ImeN);P-N,-P(Im°N),

-13.3 (Im®N);P-N,-P(Im?N),
-18.1 (Im®N);P-N,-P(Im®N),

Fig. 6 Relative energies of the mono phosphine and bis-phosphine complexes with N,. Energy data are given in kcal mol™.

This journal is © The Royal Society of Chemistry 2024
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1.71, and 1.72 A to 1.69, 1.65, and 1.65 A in the (Im*N);P-NN-
P(Im°N); complex, signifying stronger P-N bonds in the
complex. Moreover, the two newly formed P-N bonds with N,
exhibit an even shorter bond length of 1.63 A. These structural
data unequivocally demonstrate that all five P-N bonds in the
hypervalent bis-phosphine-N, complex are substantially stron-
ger than a typical P-N single bond. In essence, the remarkable
hypervalent P-N bonding facilitates the activation of the N,
triple bond, effectively reducing it to an N-N single bond.

The P-N bonding in the bis-phosphine-N, complex was
further elucidated through NBO analysis, using Me;P-NN-
PMe; as a representative case. NBOs reveal that the N centers
adopt an sp hybridized state (Fig. 7). Degenerate NBOs 1 and
2, depicted in Fig. 7, represent m-bonds between P and N,
arising from the interaction of the lone pair on N (the ‘p’
orbital not involved in sp> hybridization) with the Rydberg ‘d’
orbitals of the P center. This n-bonding interaction is predomi-
nantly contributed by the N center (89%), with the remaining
contribution from the P center. Similarly, the degenerate NBOs
3 and 4 correspond to sp> hybrid lone pair orbitals on each N
centers. The NBO 5 describes the N-N o-bond formed from
the sp> hybrid orbitals on the N centers. The degenerate NBOs
6 and 7 depict the c-bonding orbitals between the third sp?
hybrid orbital of the N center and primarily the 3s orbital of
the P center.

NBO analysis and the observed N-N bond lengths collec-
tively confirm the reduction of the N-N bond to a single bond

R b % 5.
S
: ¢« . s
a A e A
o { st
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5

NBO 1 NBO 2

F 4 F 4 {

L, M |
, &6 o 5 e 71
b AN »
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Fig. 7 Natural bond orbitals displaying the PN and NN bonding and
lone pair orbitals.
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character in the bis-phosphine-N, complexes. The calculated
energy required for homolytic fission of Me;P-NN-PMe; into
two Me;P-N" radical fragments (66.1 kcal mol™) and the ana-
logous process for (Im*N);P-NN-P(Im*N); (75.3 keal mol™)
reveal a dramatic weakening of the N-N bond compared to its
strength in dinitrogen (226 kcal mol™'). This substantial
decrease in bond strength underscores the remarkable acti-
vation of N, achieved through the formation of these hyperva-
lent sandwich complexes with superbase phosphines.

The subsequent investigation, focusing on further N, acti-
vation, will exclusively consider (Im*N);P-NN-P(Im*N); due to
its exothermic formation and the presence of stabilizing N-
H---N hydrogen bonds.

Formation of the diimine complex (Im*N’);P-NHNH-P(Im®N’);

Within the (Im®N);P-NN-P(Im°N); complex, two of the four
NN---HN hydrogen bonds are notably shorter (by 0.039 A),
suggesting the potential for further N, activation. This acti-
vation is realized through the transfer of a hydrogen atom
involved in one of these shorter hydrogen bonds to the NN
unit, yielding the NNH:-N hydrogen-bonded intermediate
(Im*N');P-NNH-P(Im°N);. The (Im*N");P ligand represents the
“hydrogen abstracted” state of the original (Im®N);P ligand.
This hydrogen transfer proceeds via the transition state tsi,
characterized by the partial formation of an NN-H bond con-
current with the rupturing of the original H-N bond. The
resulting intermediate, (Im*N’);P-NNH-P(Im°N);, features
four hydrogen bonds surrounding the ‘NNH’ unit (Fig. 8).
Subsequent activation of the N-N bond occurs through
another hydrogen transfer involving the shortest of these
hydrogen bonds (HNN---HN, 1.638 A), leading to the transition
state ts2. The final product is a sandwich complex of diimine
(HNNH) with the phosphine ligand (Im®N’);P, namely
(Im*N’);P-HNNH-P(Im°N');.

The solvation energy-incorporated energy profile diagram
for the hydrogen transfer within the (Im®N);P-NN-P(Im°N)
complex, leading to the activated diimine product (Im*N');P-
HNNH-P(Im*N');, is presented in Fig. 9. This process involves
two exothermic (and exergonic) hydrogen transfer steps. The
initial hydrogen transfer, exothermic by 6.1 kcal mol™", pro-
ceeds through ts1 with an activation energy of only 2.6 kcal
mol~". The resulting intermediate, (Im*N’);P-NNH-P(Im*N);,
then undergoes a second hydrogen transfer via ts2. This step,
with an activation barrier of 1.0 kcal mol™, is even more
exothermic, releasing 14.1 kcal mol™". Overall, the reaction is
exothermic by 20.2 kcal mol™'. When considering the free
energy profile, both steps appear virtually barrierless, and the
formation of the diimine complex (Im*N');P-NHNH-P(Im®N');
is exergonic by 18.0 kcal mol™".

(Im*N’),P-HNNH-P(Im®N'), — 2 (Im*N’),P-HN" (1)

The N-N bond strength of the diimine complex (Im*N');P-
HNNH-P(Im°N'); was evaluated through the energetics of reac-
tion (1). Cleavage of the N-N bond, yielding the radical
(Im*N");P-HN’, requires a dissociation energy of 45.6 kcal
mol ™, highlighting the significant activation of the N-N bond.

This journal is © The Royal Society of Chemistry 2024
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(Im2N');P—HNNH—P(Im®N'),

Fig. 8 Optimized structures of the products and transition states for the formation of the diimine complex (Im*N")s;P—HNNH-P(Im®N’)s. P-N and

N—N distances are shown in A.

Notably, the N-N bond in the diimine is weakened by
29.7 keal mol™ compared to that observed in the dinitrogen
complex (Im°N);P-NN-P(Im*N);.

Hydrazine complex (Im°N");P-H,NNH,-P(Im*N");

Further activation of the N-N bond in the diimine complex
can lead to the formation of a hydrazine complex, (Im*N");P-
H,NNH,-P(Im*N");, via hydrogen transfer reactions (Fig. 10).
Here, the (Im®N");P ligand represents the “hydrogen
abstracted” state of the (Im*N’);P ligand. The N-H---N hydro-
gen bond (1.810 A) observed in (Im*N');P~-HNNH-P(Im*N'); is
considered for the initial hydrogen transfer reaction. This
process proceeds through the transition state ts3, yielding the
intermediate (Im*N");P-H,NNH-P(Im*N");.

This journal is © The Royal Society of Chemistry 2024

The solvation-corrected energy and free energy profiles
(Fig. 11) reveal that this reaction has an activation energy of
8.6 kcal mol™" and an activation free energy of 6.7 kcal mol ™.
It is also endothermic by 7.0 kcal mol™" and endergonic by
9.8 keal mol .

A subsequent hydrogen transfer within the intermediate
(Im*N");P-HNNH,-P(Im®N’); leads to the hydrazine complex
(Im*N");P-H,NNH,-P(Im®N"); via ts4. This step exhibits acti-
vation energies of 11.3 kcal mol™" (energy) and 6.6 kcal mol™*
(free energy). Overall, the formation of the hydrazine complex
from the diimine complex is endothermic by 15.8 kcal mol™
and endergonic by 16.1 kcal mol™". However, both the acti-
vation energy and activation free energy are readily surmounta-
ble under ambient conditions.
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(Im3N),P—NN—P(Im*N),.

mm AE

(Im*N'");P—-NNH—P(Im?N),

Relative Energy (kcal/mol)

-18.0

-20.2
(Im3N'"),P-NHNH-P(ImN'),

Reaction Coordinate

Fig. 9 Reaction energy profile diagram for hydrogen transfer occurs in (Im®N)sP—NN-P(Im?N); to form the diimine complex (Im®*N');P-HNNH-P
(Im®N)s.

ts4 (Im*®N"),P—,HNNH,—P(Im®N"),

Fig. 10 Optimized structures of the products and transition states for the formation of the hydrazine complex (Im*N”)sP—H,NNH,—P(Im®N")s. P-N
and N-N distances are shown in A.

We also modelled the dissociation of both (Im®*N");P is considered. The first P-N bond dissociation (reaction (2))
ligands from the hydrazine complex (Im*N");P-H,NNH,-P occurs with an energy change of 30.9 kcal mol™" and a free
(Im®N"); to generate the hydrazine H,NNH,. Since two P-N energy change of 15.2 kcal mol". The second P-N bond dis-
bonds are cleaved in this dissociation, a stepwise dissociation sociation, releasing hydrazine (reaction (3)), occurs from

19242 | Dalton Trans., 2024, 53,19235-19245 This journal is © The Royal Society of Chemistry 2024
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Fig. 11 Reaction energy profile diagram for hydrogen transfer occurs in (Im®N')sP—HNNH-P(Im®N’); to form the hydrazine complex (Im®N")zP—

HaNNH,—P(Im?N")s.

(Im*N");P-H,NNH, and has an energy change of 28.7 kcal
mol ™" and a free energy change of 12.4 kcal mol™".

(lmaN”)3P—HzNNHz—P(lmaN”)3
(2)

(IM2N™)3P—H,NNH, + P(Im°N");
(Im*N"),P-H,NNH, — (Im*N"),P + H,NNH, (3)

Comparing the energy profiles for diimine formation
(Fig. 9) and hydrazine formation (Fig. 11) reveals that the diimine
complex is both a kinetically and thermodynamically favoured
product. However, the transformation from the diimine complex
to the hydrazine complex, while endothermic, remains feasible
due to its relatively low barrier of 18.3 kcal mol". Furthermore,
by strategically manipulating reaction conditions such as temp-
erature, pressure, and reactant/product concentrations in accord-
ance with Le Chatelier’s principle, the equilibrium can be shifted
to favour the formation of hydrazine, despite its thermo-
dynamically less favoured nature.

Conclusions

This study presents a novel approach for N, activation using
superbase phosphines, specifically (ImN);P. By leveraging the
exceptional electron-donating ability of these newly designed
ligands, we demonstrate a metal-free pathway for efficient N,
activation, overcoming the challenges posed by the strong N-N
triple bond.

This journal is © The Royal Society of Chemistry 2024

DFT calculations at the MO06L/6-311++G(d,p) level reveal
that bis-phosphine complexes, forming hypervalent sandwich
structures with N,, exhibit the most promising N, activation.
This activation is driven by the formation of strong P-N bonds
with double bond character and a concomitant weakening of
the N-N bond, as evidenced by structural and bonding ana-
lyses. The superbasic nature of the ImN-type substituents on
the phosphine ligands plays a crucial role in enhancing their
affinity for N, and stabilizing the resulting complexes.

We propose a two-step hydrogen transfer pathway for the
(ImN);P-N,-P(ImN); sandwich complex, leading to the
exothermic formation of a diimine intermediate with a signifi-
cantly weakened N-N bond. Further hydrogen transfer results
in the formation of a hydrazine complex, a process that, while
endothermic, exhibits surmountable activation barriers.

This research underscores the potential of ImN-type superbase
phosphine ligands in facilitating nitrogen activation and trans-
formation. The ability to controllably convert dinitrogen into more
reactive intermediates like diimine and hydrazine opens new
avenues for the design of metal-free catalytic systems for nitrogen
fixation and other applications in chemical synthesis.
Experimental validation of these computational findings is the
next crucial step in realizing the potential of this novel approach.
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