Manganese-Catalyzed Ammonia Oxidation into Dinitrogen
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ABSTRACT: Base metal-catalyzed oxidative conversion of
ammonia into dinitrogen is a promising process to utilize am-
monia as an energy carrier. In this study, we report the man-
ganese-catalyzed ammonia oxidation under chemical and elec-
trochemical conditions. Mechanistic studies including density
functional theory (DFT) calculations suggest that a nucleo-
philic attack of ammonia on manganese nitrogenous complex-
es occurs to form a nitrogen—nitrogen bond leading to dinitro-
gen.

Ammonia is a desirable candidate as an energy carrier
toward a sustainable society because of its advantages such
as the easiness of handling, high energy density, and zero
carbon content.! For extracting energy directly from am-
monia, catalytic ammonia oxidation, in which two ammo-
nia molecules are oxidatively converted into dinitrogen, six
electrons, and six protons, has recently emerged as an at-
tractive process (eq. 1). In addition, this transformation has
some advantages including environmental solutions for
denitrification’ and inverse molecular models of nitrogen
fixation such as the Haber-Bosch process.

2NH;, ———~ N, + 6e + BH* )

Conversion of ammonia into dinitrogen has been devel-
oped mainly in the field of heterogeneous catalysis. To date,
electrochemical oxidations and thermal decomposition re-
actions of ammonia into dinitrogen and dihydrogen have
been intensively studied.* Conversely, in the field of coor-
dination chemistry, only a few successful examples of cata-
lytic oxidation of ammonia into dinitrogen have been re-
ported so far. In 2019, Hamman, Smith, and co-workers
reported a catalytic ammonia oxidation reaction using a
ruthenium ammonia complex bearing polypyridyl ligands
under electrochemical oxidation conditions.’ In the same
year, Mock and co-worker demonstrated catalytic ammonia

oxidation reactions via hydrogen atom transfer using a
(pentamethylcyclopentadienyl)ruthenium complex, where a
phenoxyl radical derivative worked as a hydrogen atom
acceptor.® At the same time, independently, our group real-
ized a catalytic ammonia oxidation using an oxidant and a
base in the presence of a ruthenium complex bearing a bi-
pyridine dicarboxylate ligand.” In these reaction systems,
the use of ruthenium catalysts was essential to promote the
ammonia oxidation reaction effectively.® Afterward, as the
first example of an ammonia oxidation reaction using a
catalyst based on iron as abundant first-row metal, Peters
and co-workers reported an electrocatalytic conversion of
ammonia into dinitrogen and dihydrogen.”!' However, to
the best of our knowledge, other base metal complexes
have not been used yet for the catalytic oxidation of am-
monia.

Motivated by the aforementioned, we have focused on
first-row metal complexes bearing an N,N’-ethylene-
bis(salicyldeneamine) (salen) ligand because the catalytic
activity of these complexes toward various oxidation reac-
tions in organic synthesis has been demonstrated.!' In par-
ticular, manganese salen complexes serve as effective cata-
lysts for several oxidation reactions such as epoxidation of
olefins, benzylic oxidation, and sulfide oxidation.!> With
regard to stoichiometric oxidations of ammonia, the for-
mation of manganese nitride complexes from the reaction
of ammonia with NaOCl as a strong oxidant in the presence
of manganese salen complexes was reported.'? Other re-
search groups demonstrated nitride—nitride coupling reac-
tions between manganese nitride complexes bearing salen
ligands in the presence of single-electron oxidants to gen-
erate dinitrogen.'* On the basis of these research back-
grounds, we envisaged that manganese complexes bearing
salen ligands could work as catalysts toward ammonia oxi-
dation reactions. Herein, we report the first successful
manganese-catalyzed oxidation of ammonia under chemi-
cal and electrochemical oxidation conditions.



First, as a manganese catalyst, we selected commercially
available manganese chloride complex (1) bearing (/S,2S5)-
N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-
cyclohexanediamine as ligand.'** A mixture of ammonium
triflate (NH4OTf, 3.0 mmol) as an ammonia source, tris(4-
bromophenyl)aminium hexachloroantimonate (2; 0.90
mmol) as an oxidant, 2,4,6-collidine (3.0 mmol) as a base,
and a catalytic amount of 1 (0.010 mmol) was reacted in
MeCN at —40 °C for 2 h and then at room temperature for a
further 4 h to give 4.3 equiv of dinitrogen per manganese
atom of the catalyst in 29% yield based on the oxidant (Ta-
ble 1, run 1). The use of 2,6-lutidine and pyridine as bases
instead of 2,4,6-collidine under the same reaction condi-
tions afforded 1.0 equiv and 0.1 equiv of dinitrogen, re-
spectively (Table 1, runs 2 and 3). The reaction of aqueous
ammonia as an ammonia source instead of NH4OTf gave
1.7 equiv of dinitrogen together with a small amount of
hydrazine (Table 1, run 4). It is noteworthy that hydrazine
was formed directly from ammonia, albeit in a small
amount.

Next, we investigated reactions in the presence of manga-
nese complexes bearing other salen ligands. The use of a
manganese complex containing a less sterically hinder
salen ligand (3) gave a lower stoichiometric amount of di-
nitrogen (Table 1, run 5). Conversely, a manganese com-
plex bearing a bulky salen ligand (4) afforded no reaction
(Table 1, run 6).!** These results indicate that complex 1
provides the best catalytic activity. Finally, we carried out
the reaction with larger substrate-to-catalyst ratios, where
up to 17.1 equivalents of dinitrogen were observed (Table 1,
runs 7 and 8). Separately, we confirmed that the generation
of dinitrogen required the presence of manganese complex
1, oxidant 2, base, and NH4OTf (Supporting Information,
Table S1). Additionally, reactions using '*N-labeled ammo-
nium salt demonstrated that the generated dinitrogen was
derived from ammonia (Supporting Information, Table S2).
Table 1. Catalytic Ammonia Oxidation with Manganese
Complexes
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run cat. base N, (equiv) N, (%)2

1 1 2,4,6-collidine 4.3+0.5 29+3

2 1 2,6-lutidine 1.0 7

3 1 pyridine 0.1 1

4b 1 2,4,6-collidine 1.7¢ 11

5 3 2,4,6-collidine 0.7 5

6 4 2,4,6-collidine 0 0

7d 1 2,4,6-collidine 8.7+0.5 29+2

gde 1 2,4,6-collidine 17.1 14

9 6 2,4,6-collidine 3.0 20

10 7 2,4,6-collidine 27 16

Reactions of ammonium triflate (3.0 mmol), 2 (0.9 mmol), and base (3.0
mmol) were carried out in the presence of manganese catalyst (0.01 mmol)
under an Ar atmosphere at —40 °C for 2 h and then at room temperature for
4 h. ¢ Based on oxidant. "NH; aq (3.0 mmol) was used instead of NH,OTf.
¢ NH,NH, (0.15 equiv) was observed. d NH,OTf (6.0 mmol), 2 (1.8 mmol),
and base (6.0 mmol) were used. ¢ 1 (0.0025 mmol) was used.

To obtain a mechanistic insight into this process, we at-
tempted the isolation of reactive intermediates from stoi-
chiometric reactions (Scheme 1). Treatment of a cationic
complex of 1 (5) with an excess amount (80 equiv) of am-
monia at room temperature for 10 min in MeOH gave the
corresponding manganese ammonia complex (6) in 36%
yield. Recrystallization of 6 from MeOH afforded a man-
ganese ammonia complex with additional MeOH coordi-
nated to the manganese atom (6° MeOH) as brown crystals.
The molecular structure of 6°: MeOH was unambiguously
determined by X-ray analysis, an ORTEP drawing of which
is shown in Scheme 1. From the structure of 6- MeOH, it
was revealed that both ammonia and methanol coordinate
to the metal center at the axial position. We confirmed that
complex 6 has a similar catalytic activity to that of 1 to-
ward ammonia oxidation (Table 1, run 9).

Next, to explore the possibility of the formation of a ni-
tride complex under the current reaction conditions, we
examined the stoichiometric reaction of manganese ammo-
nia complex 6 with 6 equiv of 2 as an oxidant and 30 equiv
of 2,4,6-collidine as a base. However, no formation of ni-
tride complex (7) was observed at all by 'H NMR, IR spec-
tra, and ESI-MS. These results indicate that nitride species
might not be generated in the current reaction system.
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Scheme 1. Synthesis of reaction intermediate.

To obtain information on the reaction pathway, we con-
ducted some stoichiometric reactions of manganese ammo-
nia complex 6. Treatment of 6 with 6 equiv of 2 as an oxi-
dant and 300 equiv of 2,4,6-collidine as a base in MeCN
resulted in no formation of dinitrogen (Scheme 2a, top). By
contrast, when conducting a similar reaction in the presence
of excess amount (300 equiv) of NH4OTf{, the formation of
dinitrogen was observed in 25% yield based on the manga-
nese atom of 6 (Scheme 2a, bottom). These stoichiometric
results indicate that nitrogen gas may be formed from reac-
tions of manganese nitrogenous complexes derived from
manganese ammonia complex 6 in the presence of an ex-
ternal ammonia source. To get direct evidence of the reac-

tion pathway, we performed some '*N-labeling experiments.

When the reaction of 6 with 6 equiv of oxidant and an ex-
cess amount of "NH4OTf and base was carried out in
MeCN at —40 °C for 1 h, "N'*N was observed as the dom-
inant product together with a negligible amount of *N»
(Scheme 2b). However, the reaction of the manganese '°N-
labeled-ammonia complex 6-*N with an excess amount of
“NH4OTf under the same reaction conditions resulted in
the dominant formation of "N'"N (Scheme 2c). These la-
beling experiments are consistent with the formation of a
nitrogen—nitrogen bond between the manganese nitroge-
nous complexes and ammonia.

Next, we examined the kinetic isotope effect (KIE) of the
catalytic reaction using deuterated ammonium salt
(ND4OTY) as an ammonia source in the presence of 1. The
reaction rate was estimated from the increase in internal
pressure measured by a differential pressure gauge. The
ratio of the rate constants (ku/kp) was estimated to be 4.0,
which suggests that scission of a nitrogen—hydrogen bond
of ammonia is involved in the rate-determining step (See
Supporting Information).
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Scheme 2. Mechanistic study.

Subsequently, we investigated the ammonia oxidation
reaction under electrochemical oxidation conditions using
cyclic voltammetric equipment (Figure 1). The cyclic volt-
ammetry of 1 in the presence of NHsOTf and 2,4,6-
collidine showed an irreversible oxidation wave at +0.37 V
vs. ferrocene (Fc) probably attributable to the manganese
ammonia complex, followed by the catalytic current (Fig-
ure 1, (a)). This catalytic current was not observed in the
absence of 1 (Figure 1, (b)). The overpotential of ammonia
oxidation was estimated to be around +1.03 V vs. Fc com-
pared with the theoretical value (=0.53 V vs. Fc).!> From
the observed catalytic current, the apparent kinetic constant
was estimated to be k = 3.1 s”'. When using NDsOTT in-
stead of NH4OTf, the KIE was estimated to be ku/kp = 4.0,
which is similar to that of the catalytic reaction using 2 as
an oxidant (See Supporting Information).

Interestingly, we found that the first irreversible oxidative
wave derived from the ammonia complex shifted to the
negative direction on increasing the amount of 2,4,6-
collidine (Figure 1, onset). This result indicates that a pro-
ton-coupled electron transfer (PCET) to the ammonia com-
plex might occur in the first oxidation step because these
pH-dependent shifts of the peak potential are generally
observed in reactions involving a PCET process.”!®

Figure 1. Cyclic voltammetry for MeCN solution containing [N"Buy][PF4] at room
temperature with a glassy carbon disk working electrode: (a) 1 (1.0 mM), NH,OTf (0.6
M), and 2.4 ,6-collidine (0.6 M) with a scan rate 1.0 mVs'; (b) NH,OTf (0.6 M) and
2 4,6-collidine (0.6 M) in the absence of catalyst with a scan rate 1.0 mVs~!. Onset: 5
(1.0 mM) and NH4OTf (0.6 M) with varying amount of 2 4,6-collidine (0.038-1.88 M).



On the basis of these experimental results, we propose the
reaction pathway shown in Scheme 3. First, manganese
ammonia complex A is formed by ligand exchange of chlo-
ride with ammonia. Then, oxidation and deprotonation pro-
ceed to afford the corresponding manganese imide complex
([Mn]=NH, B). Subsequently, the formation of a nitrogen—
nitrogen bond occurs after the nucleophilic attack of am-
monia on B. Oxidation and deprotonation then proceed
sequentially to afford the corresponding manganese dini-
trogen complex (C). Finally, dinitrogen is released by lig-
and exchange with ammonia together with the regeneration
of A. We consider that PCET might proceed in the first
oxidation step because of the large KIE observed in the
catalytic reactions.'” Hydrazine can be formed from the
manganese complexes as a reactive intermediate after the
nucleophilic attack of ammonia on B. This would explain
the small amount of hydrazine observed in the catalytic
reaction using aqueous ammonia as an ammonia source
(Table 1, run 4). As shown in Table 1, we found that man-
ganese nitride complex 7 worked as a catalyst toward the
ammonia oxidation reaction (Table 1, run 10). In this reac-
tion, the nitride—nitride coupling reaction between the
manganese nitride complexes 7 would afford the corre-
sponding ammonia complex 6 after the ligand exchange of
the dinitrogen-bridged dimanganese complex with ammo-
nia.'** Then, the ammonia complex would act as a catalyst.
Thus, we consider that manganese nitride complex 7 is not
a key reactive intermediate of the reaction system.
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Scheme 3. Plausible reaction mechanism.

The proposed reaction mechanism was supported by DFT
calculations at the B3LYP-D3 level (Figure 2). The reaction
pathway examined for the model reaction system is shown
in Figure 2, onset. In the cationic manganese complex "I (n
=1, 3, 5, and 7 for singlet, triplet, quintet, and septet states,
respectively), the quintet-state complex *I has the lowest
Gibbs free energy. This complex easily coordinates to NH3
via transition state STSr.n to afford the cationic manganese
ammonia complex SII. Successive oxidation/deprotonation
processes give rise to the cationic manganese amide com-
plex “IV and manganese imide complex 3VI. These pro-
cesses are endothermic, indicating that PCET plays an im-
portant role. The attack of the second ammonia molecule to

complex 3VI leads to complex *VII, which is transferred to
the energetically stable quintet-state complex SVII. While
proton migration mediated by 2,4,6-collidine gives manga-
nese hydrazine complex SIX, oxidation followed by depro-
tonation affords complex “XI. Subsequent oxidations and
deprotonations, which include high exothermic processes,
lead to manganese dinitrogen complex SXVIIL. Thus, the
DFT calculations confirm that the transformation from SII
to *VI is the rate-determining step.

In summary, we have achieved the catalytic ammonia
oxidation using an oxidant and a base in the presence of a
manganese salen complex under chemical and electro-
chemical oxidation conditions. Complex 1 has the highest
catalytic activity for ammonia oxidation; up to 17.1 equiva-
lents of dinitrogen based on the manganese atom of 1 are
generated. This is the first successful example of a manga-
nese-catalyzed ammonia oxidation into dinitrogen under
ambient reaction conditions. Moreover, the reaction mech-
anism was examined in detail from experimental and theo-
retical viewpoints, revealing that a PCET process was in-
volved in the first oxidation step. We believe that this re-
port provides profound insights for the development of a
more effective ammonia oxidation process.
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