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Transition metal-catalysed mechanochemical reactions using ball milling
have emerged asimportant tools to realize unique organic transformations.

Mechanochemical reactions have advantages over conventional
homogeneous reactions, such as using asmall amount of organic solvent,
having abroad substrate scope and being generally fast and selective
reactions. Anincreasing number of mechanochemical reactions between solid
substrates have been examined, but only a few examples of mechanochemical
reactions involving gaseous substrates, such as nitrogen fixation to convert
dinitrogen into ammonia, have been reported until now. Here we develop
catalytic mechanochemical nitrogen fixation using molybdenum complexes
as molecular catalysts. An atmospheric pressure of dinitrogen was reacted
with samarium diiodide as areductant and water or alcohols as proton
sources in the presence of the molybdenum catalysts, using ball milling

under solvent-free and near-ambient reaction conditions to afford up to 860
equivalents of ammoniabased on the catalyst. In addition, we demonstrated
thateveninsoluble cellulose can be applied as the proton source. Further, we
revealed that the molybdenum-catalysed mechanochemical nitrogen fixation
proceeds via nitrogen-nitrogen bond cleavage at the gas-solid interface and
nitrogen-hydrogenbond formationin the solid phase.

Recently, mechanochemical reactions using the ball-milling technique
have emerged as novel tools for organic transformations catalysed
by transition metal complexes'™. Contrary to conventional organic
reactions under homogeneous conditions, where all the reactants
are dissolved in solvents, mechanochemical reactions proceed with-
out or with a small amount of organic solvent®?. This unique feature
of mechanochemical reactions—organic transformation in the solid
phase—can not only reduce the required amount of toxic organic sol-
vents butalso expand the substrate scope of transition metal-catalysed
reactions into insoluble compounds™®2 In addition, the catalytic
reactions of organic compounds proceed in higheryields'®*"’ orwitha
higher selectivity®”” under mechanochemical conditions than under
homogeneous conditions.

In contrast to the increasing reports of mechanochemical reac-
tions between solid substrates®™’, several mechanochemical reactions

involving gaseous reactants catalysed by transition metal complexes
have been reported (Fig.1a)*° 2. However, the direct use of (not in situ
formed) gaseous reactants inmechanochemical reactions catalysed by
transition metal complexesis still scarce. Considering anumber of tran-
sition metal-catalysed molecular transformations using gaseous reac-
tantsinindustry andin chemistry textbooks (for example, the Wacker
process®, olefin polymerization®** and asymmetric hydrogenation®),
thereis plenty of room for the exploration of reactivities unique to the
mechanochemical reactions at the interface of the gas phase and the
solid phase.

Among molecular transformations using gaseous reactants, nitro-
genfixation, the process of converting earth-abundant but unreactive
dinitrogen (N,) into ammonia (NH,), is one of the most essential and
challenging processes”>’. Nowadays, NH, is becoming more and more
important not only as a useful feedstock but as a clean energy carrier
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Fig.1|Mechanochemical reactions of gaseous reactants using molecular
catalysts. a, Mechanochemical reactions using molecular catalysts between
two or more solid reactants (well explored)®™ or those involving gaseous
reactants (unexplored)?*%. b, The Haber-Bosch process. ¢, Previous works:
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RT, room temperature.

that does not emit carbon dioxide (CO,) during its combustion. In
industry, NH; is produced by the Haber-Bosch process from N, and
dihydrogen (H,) catalysed by heterogeneousiron-based catalystsunder
very harsh reaction conditions (Fig. 1b). The process is accompanied
by a massive energy consumption and a considerable amount of CO,
emission for the preparation of H, and for the high-temperature and
high-pressure conditions. Therefore, there is a growing demand for
the development of an environmentally friendly nitrogen fixation
process. Quite recently, several groups reported NH, formation under
mechanochemical conditions by the reaction of N, with H, mediated
byironortitanium metals (Fig.1c)****. By adopting mechanochemical
conditions, the reactions proceeded under relatively mild reaction
conditions (pressure less than 20 atm and temperature close to room
temperature). However, unfortunately, the totalamounts of produced
NH,wereless thanthe stoichiometricamount based onthe metals, that
is, the reactions are not catalytic.

Our group and others have contributed to the development of cata-
lytic nitrogen fixation from different aspects to the Haber-Bosch process
by using transition metal complexes as catalysts under homogeneous
conditions®*2, Employing a homogeneous reaction system catalysed
by transition metal complexes, N, can be converted to NH; by reactions
with reductants and proton sources at atmospheric pressure and room
temperature or lower. We have achieved nitrogen fixation employing

samarium diiodide (Sml,) as a reductant and water as a proton source
withmolybdenum complexes bearing pincer-type ligands as catalystsin
tetrahydrofuran (THF) under ambient reaction conditions (Fig. 1d)***".
Thecatalysts have already reached ahighturnover number (upto 60,000)
towards NH, formationinthe homogeneous reaction system. However,
the use of large amounts of organic solvents, which are expensive and
not eco-friendly, willbe one of the obstacles to the practical application.

Here, we have developed the catalytic mechanochemical nitro-
gen fixation using Sml,(THF), as areductant and water or alcohols as
proton sources in the presence of the catalytic amount of molybde-
num complexes under solvent-free and mild (at atmospheric pressure
and near room temperature) reaction conditions (Fig. 1e). This was
achieved by redesigning our homogeneous reactions in solution for
mechanochemical reactions at the gas-solid interface. Notably, spe-
cificalcohols, suchas cellulose, served as muchbetter proton sources
under mechanochemical conditions than under homogeneous condi-
tions. Finally, we revealed that the mechanochemical nitrogen fixation
proceeds through nitrogen—nitrogen bond cleavage at the molecular
catalysts and nitrogen-hydrogen bond formation by proton-coupled
electron transfer (PCET) processes, both of which are unprecedented
inmechanochemical reactions. We believe that the results presented
inthis work pave the way for the discovery of novel reactivity inmecha-
nochemical reactions.
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Results and discussion

Development of mechanochemical nitrogen fixation

We first examined the mechanochemical reactions presented in
Table 1 based on the reactions under homogeneous conditions®®.
Allreactions were conducted in a Retsch MM400 shaker mill with a
5 mlstainless-steel millingjar and a10 mm stainless-steel ball without
external heating. Anatmospheric pressure of N, reacted with 180 equiv.
of samarium diiodide THF adduct (Sml,(THF),) and 180 equiv. of water
in the presence of a molybdenum triiodide complex bearing a phos-
phine-carbene-phosphine (PCP)-type pincer ligand (1a) by ball milling
at30 Hzfor1hto give 30 equiv. of NH; (based on 1a) together with 14
equiv. of H, (based on 1a) as a by-product (Table 1, entry 1). Note that
neither hydrazine nor gaseous by-product other than H, was detected
inany entries (Supplementary Fig.17). After the reaction, the dark-blue
colour of the starting material turned yellow (characteristic of Sm(llI)
species), which clearly indicates the consumption of Sml,(THF), dur-
ing the mechanochemical reaction (Supplementary Figs.3a,b). When
reactions were conducted in the absence of N,, Sml,, H,O or 1a, almost
no NH; was formed in all cases (Table 1, entries 2-5), suggesting that
thereaction proceeds following the equationin Table 1. Ball milling is
essential for the mechanochemical nitrogen fixation, since almost no
NH, was formed when the reaction was carried out with magnetic stir-
ringinaflaskinthe absence of solvent (Table1, entry 6). The addition of
asmallamount of organic solvent (‘liquid-assisted grinding’ method*’)
effective for some mechanochemical reactions did not improve the
catalytic activity towards NH,, but rather increased the amount of H,
(Supplementary Table1, entry 2).

Then, we investigated the scope of proton sources in the mecha-
nochemical nitrogen fixation. In contrast to the reactions using water
as a proton source, the use of alcoholic proton sources employed in
homogeneous reactions®, such as methanol (MeOH), ethanol (EtOH)
and ethylene glycol, resulted in lower catalytic activities towards NH,
formation (Table 1, entries 7-9). We wondered whether one of the
reasons for such low catalytic activities is the immediate formation
of H, by the direct reaction between Sml,(THF), and liquid proton
sources during (or even before) ball-milling processes. To solve this
issue, we next carried out the mechanochemical nitrogen fixation using
solid proton sources. After a thorough investigation of solid proton
sources (Supplementary Table 2, entries 7-16), we found that the use of
atetravalentsolid alcohol, pentaerythritol, substantiallyimproved the
amount of NH, to 49 equiv. based on the catalyst (Table 1, entry 10). We
also examined reactions using pentaerythritol (0.18 mmol, tetravalent
alcohol), neopentylglycol (0.36 mmol, divalent alcohol) and neopentyl
alcohol (0.72 mmol, monovalent alcohol) as solid proton sources to
give 46, 31 and 18 equiv. of NH; based on the catalyst 1a, respectively
(Supplementary Table 3). The results suggest that not only the phase
of proton sources (solid or liquid) but also the multivalency of the
alcohol are important factors for higher catalytic activities. Encour-
aged by this observation, we turned our attention to sugars as solid and
multivalentalcohols. When b-glucose was used as a proton source, NH,
was formed ina good yield without the formation of H, (Table 1, entry
11). Quite interestingly, cellulose, which is an abundant biopolymer
butinsoluble in almost all organic solvents**, can also be employed as
aprotonsource to give NH;ina high yield with an excellent selectivity
(Table 1, entry 12). Thisis in sharp contrast to the homogeneous reac-
tion in THF using cellulose as a proton source, where almost no NH,
was produced (Table 1, entry 13).

We investigated the time profiles of reactions using cellulose as
a proton source, under either mechanochemical conditions by ball
milling or homogeneous conditions in THF. As shown in Fig. 2a, mecha-
nochemical reaction (Fig. 2a, red) completed within2 hand was much
faster than the homogeneous reaction using THF, where almost no
NH; formation was observed probably due to the low solubility of cel-
lulose (Fig. 2a, blue). These results clearly demonstrate the advantage
of mechanochemical nitrogen fixation towards insoluble substrates.

Table 1| Mechanochemical nitrogen fixation using various
proton sources

Catalyst 1a (2 umol)
—_—

N, + 6Sml(THF), + 6 ROH — 2NH, (+Hy)
Ball milling
(1 atm) Reductant Proton source 30 Hz, 1 h
180 equiv./1a 180 equiv./1a
(0.36 mmol) (0.36 mmol)
|
—pf
N/—|/P Bz | oH OH OH
OH!
@/N)_ o HO 2 e O Ho
N | "I HO e} d
P HO OH HO
Buy | OH ol ni2
OH
1a Pentaerythritol p-Glucose Cellulose
Entry Proton sources NH, NH; H, H, (%)
(equiv./1a) (%) (equiv./1a)
1 H,O 29.5+0.5 48 13.9+3.7 15
2 H,O - 0 - 30
3° H,O 0 0 26.8 28
49 H,O 0 0 2.9 8
5 - 1.5 2 0.3 0.3
6° H,O 1.0 2 12.3 13
7 MeOH 10.3+1.3 18 16.4+1.8 19
8 EtOH 21.9+2.6 38 20.0+1.6 23
9 Ethylene glycol 1.6 19 28.2 31
10° Pentaerythritol 48.9+0.9 81 14.3+6.6 16
" D-Glucose 331+3.6 56 1.8+0.2 2
izl Cellulose 43.5+17 74 0.6+0.3 0.9
13t Cellulose 3.0 5 0 0

“Data are the mean of multiple individual experiments (at least two) with error bars representing
standard deviation. "Reaction without catalyst 1a. °Reaction under Ar for 15min. “Reaction
without Sml,(THF),. °Reaction with magnetic stirring. ‘Reaction for 2h. “Reaction in THF.

One thing to noteisaninduction period (of around 30 min) observed
in the mechanochemical reaction using cellulose as a proton source
(Fig.2a, red) in contrast to those using pentaerythritol (Supplementary
Fig. 4). We consider that this is due to the relatively slow formation
of some active species towards NH; formation between Sml,(THF),
and cellulose analogous to the formation of Sml,(H,0) complex (vide
infra) asan active species under homogeneous conditions*. To verify
this hypothesis, Sml,(THF), and cellulose were reacted by ball milling
at 30 Hz for 2 h under Ar atmosphere before the catalytic reaction. In
this case, 24 equiv. of NH, were formed by the mechanochemical reac-
tion for 30 min in contrast to the reaction for 30 min under standard
conditionsto afford only 6 equiv. of NH; based on the catalyst. We also
examined the mechanochemical reaction for 30 min using cellulose
pre-treated by ball milling at 30 Hz for 2 h; however, only 3 equiv. of
NH; were formed. Therefore, we suppose that the formation of active
species between Sml,(THF), and proton sources plays an important
role during mechanochemical nitrogen fixation.

In addition, we measured diffuse-reflectance ultraviolet-visible
(UV-vis) spectra of the mixture of Sml,(THF), and proton sources after
ball milling to analyse the active species formed during the reaction
(Fig. 2b and Supplementary Fig.16). The UV-vis spectrum of the mix-
ture of Sml,(THF),and 10 equiv. of cellulose ball milled for 2 hunder an
atmospheric pressure of Ar (Fig. 2b, solid purple line) showed disap-
pearance of absorption band around 700 nm from that of Sml,(THF),
(Fig.2b, solid blue line). We also observed that Sml,(THF), underwent
similar colour change after ball milling with 10 equiv. of pentaeryth-
ritol for 10 min under an atmospheric pressure of Ar (Supplementary
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Fig.2| Time courses of NH, and H, formation in the mechanochemical
nitrogen fixation and characterization of reactive intermediates. a, The
time courses of NH, (bottom left) and H, formation (bottom right) when

an atmospheric pressure of dinitrogen was reacted (top) with Sml,(THF),

(0.36 mmol) and cellulose (0.36 mmol based on a repeating unit) in the
presence of 1a (2 pmol) under either mechanochemical (by ball milling, red) or
homogeneous (in THF, blue) conditions. The data points indicate the amount of

formed NH; or H, after the reaction for 5,15, 30, 60 or 120 min, and the dashed
curvesrepresent the presence or absence of the induction period. b, UV-vis
diffuse-reflectance spectra of Sml,(THF), (blue), the mixture of Sml,(THF),
(0.12 mmol) and cellulose (1.2 mmol) ball milled for 10 min (black dotted) or2 h
(purple). ¢, Photos of Sml,(THF), and the mixture of Sml,(THF), (0.12 mmol) and
cellulose (1.2 mmol) ball milled for 10 min or 2 h.

Fig.16b). These observed colour change in both cases was similar to
the colour change of the reaction mixture by the addition of a large
excess of water (150 equiv.) to a THF solution of Sml,(THF), to afford a
water-coordinated Sm complex such as [Sm(H,0)s]l,(ref. 45). Thus, the
diffuse-reflectance UV-vis studies suggest that cellulose coordinates
to SmL,(THF), after ball milling for a certain period and served as an
active species. On the other hand, only a slight change in the UV-vis
spectrawas observed when Sml,(THF),and 10 equiv. of cellulose were
ball milled for 10 min under an atmospheric pressure of Ar, indicating
that the active species was not formed (Fig. 2b, dotted black line). This
slow formation of the active species corresponds well with the observed
induction period in the time profile of NH, formationin Fig. 2a. Further,
we obtained adinuclear Sm(lll)-pentaerythritol complex as colourless
crystals by the mechanochemical reaction between Sml,(THF),and 10
equiv. of pentaerythritol for 10 min and subsequent recrystallization
from MeOH/Et,0, although we isolated only a small amount of this
complex in pure form (Supplementary Fig. 18). X-ray analysis reveals
that the Sm centre was oxidized from Sm(II) to Sm(lll) together with
the loss of 1 equiv. of protons of coordinated pentaerythritol. The
obtained structure may support the formation of the complex between
Sml,(THF),and proton sources as active species under mechanochemi-
cal conditions.

We examined other molybdenum catalysts for mechanochemical
nitrogen fixation by employing pentaerythritol as a proton source

(Table 2). Molybdenum complex bearing a phosphine-pyridine-
phosphine (PNP)-type pincer ligand (3) also served as a catalyst but
resultedinonly alower yield (18 equiv./Mo; Table 2, entry 7). We then
examined molybdenum(0) complexes bearing simple phosphine
ligands. Interestingly, trans-[Mo(N,),(PPh,Me),] (4) showed cata-
lytic activity towards NH; formation under mechanochemical con-
ditions (8 equiv./Mo; Table 2, entry 8), while trans-[Mo(N,),(dppe),]
(5, dppe, 1,2-bis-(diphenylphosphino)ethane)) did not show any
catalytic activity (Table 2, entry 9)*°. We separately confirmed that
thereactioninthe presence of a catalyticamount of molybdenum(0)
or molybdenum oxide (MoO;) powder did not generate any NH,
(Table 2, entries 10 and 11); therefore, we could rule out the possibil-
ity that the inorganic compounds generated by degradation of the
molybdenum complexes during the ball-milling process worked as
catalysts. Finally, we found that a molybdenum complex bearing
a PCP-type pincer ligand with trifluoromethyl group (1b) exhibits
one of the bestresultsin the present reaction conditions (49 equiv./
Mo; Table 2, entry 4). Then, we optimized the reaction conditions by
reducing the amount of the catalysts 1a or 1b. When an atmospheric
pressure of N, was reacted with 3,600 equiv. of Sml,(THF),and 3,600
equiv. of pentaerythritol in the presence of the catalyst 1a and 1b
(0.1 pmol) for1 hunder mechanochemical conditions, 450 equiv. and
860 equiv. of NH; based on the catalysts were produced, respectively
(Table 2, entries 3and 5).
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Table 2 | Mechanochemical nitrogen fixation using various
molybdenum catalysts

HO
+ + Catalyst "
—_—
N2 szdlz(:m:t)z 6 Ho OH  Ball milling ZNH, (T Hy)
eductan Hz 1h
(1 atm) (0.36 mmol) Sy
OH
Proton source
(0.36 mmol)
Catalyst ! ’ N ’ |
o A A
@’N)_/Mo I @/N)—/Mo\l {  N—Mo—I
Buy | Bu, Bu, |
1a;R=H 2 3
1b; R = CF, N
I} N
MePhP.,, | «PMePh, [;22 T \gfﬁ
‘Mo, Mo
MePh,p”” | “PMePh, P77 P
Ph, N Ph,
Ml U]
N
4 5
Entry cat. Amount NH; NH; H, H,
of catalyst (equiv./ (%) (equiv./Mo) (%)
(umol) Mo)
12P 1a 2 48.9+0.9 81 14.3+6.6 16
2 1a 0.25 362 75 451 6
3° 1a 01 449+102 37 160+17 9
4 1b 2 48.8 83 70 8
52 1b 01 864+30 72 76.2+£19.2 4
6 2 2 437 82 71 9
7 3 2 177 29 14.9 16
8 4 2 8.4 13 6.7 7
9 5 2 0] 0] 1.8 2
10 Mo(0) powder 2 0 6] 0 0
M MoO, powder 2 0 0 0 0

“Data are the mean of multiple individual experiments (at least two) with error bars
representing standard deviation. "Data are the same as Table 1, entry 10.

Gaseous NH; generation by mechanochemical nitrogen
fixation

Importantly, the mechanochemical nitrogen fixation we developed
here enables the collection of gaseous NH directly from reaction vessel
withoutusing any solvents. At the beginning of the project, we expected
that gaseous NH; canbe obtained directly from the milling jar after the
reactionthanksto the nature of the gas-solid reaction, which does not
involve any solvent to dissolve NH,. However, contrary to our initial
expectation, gaseous NH; in the milling jar (defined as gas-phase NH,;
Methods) was notobservedinall the entriesin Tables1and 2, probably
due to the Lewis acid-base pair formation between Sm(lll) species
and NH,. In these cases, NH; trapped in the solid mixture (defined as
solid-phase NH;; Methods) was quantified by (1) transferring the solid
mixtures to the flask with THF, (2) adding aqueous potassium hydrox-
ide (KOH) solution to the mixture and then (3) distilling volatiles and
trapping theminto a dilute H,SO, solution. To generate gas-phase NH,
without using any solvents during the whole process, we have devel-
opedatwo-step proceduretoselectively generate gas-phase NH; over
solid-phase NH; using solid KOH as the Brgnsted base (Supplementary
Fig.7).First,the mechanochemical reaction was carried outinthe same
manner as Table 2, entry Susing 3,600 equiv. (0.36 mmol) of SmIL(THF),

and 3,600 equiv. (0.36 mmol) of pentaerythritol in the presence of a
catalyticamount of complex1b (0.1 pmol) under N, atmosphere. Then,
solid KOH (2.7 mmol) was added to the milling jar and the mixture was
subjected toball milling for afurther1 h. After this two-step process, 520
equiv. of gas-phase NH; based on the catalyst were generated selectively
without the use of solvents. We unambiguously identified the gas-phase
NH, thus formed by Fourier-transform infrared measurement (Sup-
plementary Fig. 15) as well as by colourimetric analysis.

Investigation of reaction mechanism

Toelucidate the reaction pathway of mechanochemical nitrogen fixa-
tion, wefirstinvestigated how the activation of the nitrogen-nitrogen
triplebond of N, occurs at molybdenum complex 1a under mechano-
chemical conditions. The mechanochemical reaction of molybdenum
triiodide complex1awith 5equiv. of Sml,(THF), was conducted under
N,atmosphere. After reaction for 10 min, the reaction mixture was dis-
solved in THF-dg under Ar atmosphere to measure 'H and *P{'H} NMR
spectroscopy, and it was revealed that amolybdenum-nitride complex
(2) was formed in 34% NMR yield (Fig. 3a and Supplementary Figs. 8
and9). The electrospray ionization time-of-flight mass spectrometry
spectrum ofthe reaction mixture in THF also supported the formation
of complex 2 (Supplementary Fig. 10). These results suggested that
nitride complex 2 was formed via direct cleavage of the nitrogen-nitro-
gen triple bond under mechanochemical conditions (Fig. 3¢, green).
To gain further insight into the solid reaction mixture, we conducted
Mo K-edge X-ray absorption measurements. The X-ray absorption
near-edge structure spectrum of the solid reaction mixture showed a
pre-edge peakindicative of complex 2 (Supplementary Fig.11a)"". The
observed spectrum of the solid reaction mixture was reproduced well
by linear combination fitting of the spectra of nitride complex2 (67%)
andunreacted1a(33%) (Supplementary Fig.11b). We also analysed the
extended X-ray absorption fine structure spectrum of the reaction mix-
ture. The Fourier-transformed extended X-ray absorption fine struc-
ture spectra (Supplementary Fig. 12) of the reaction mixture showed
adecrease in the band intensity of molybdenum-iodine scattering at
around 2.6 A compared with complex 1a, suggesting that the iodide
ligand in complex 1a was removed from the molybdenum centre by the
reaction with N, and Sml,(THF),. These results all support that the direct
cleavage of the nitrogen-nitrogen triple bond took place between the
molybdenum complexes and N, at the gas-solid interface (Fig. 3c).

We nextinvestigated the nitrogen-hydrogen bond formation pro-
cess (Fig.3c, orange). When complex 2 was allowed toreact with 5equiv.
of Sml,(THF),and 5 equiv. of pentaerythritol under mechanochemical
conditionsfor1h, quantitative formation of NH; was observed (Fig. 3b).
Furthermore, complex 2 showed catalytic activity comparable to 1a
under mechanochemical conditions (Table 2, entry 6). These experi-
mentalresultsindicate that molybdenum-nitride complex 2 served as
areactive intermediate under mechanochemical conditions through
the subsequent formation of nitrogen-hydrogen bonds.

The nitrogen-hydrogen bond formation under mechanochemical
conditions shown above is consistent with that under homogeneous
conditions using Sml,(THF), and H,0, where the nitride complex 2
was protonated and reduced in a concerted manner (PCET) by the
Sml,(H,0) complex*to giveimide, amide and ammine complexes”. In
relation to this, we examined whether the combination of Sml,(THF),
and pentaerythritol can be applicable to other PCET reactions under
mechanochemical conditions. Reduction of aromatic hydrocarbonsis
known as atypical PCET reaction under homogeneous conditions*s*.
Therefore, we carried out reactions of anthracene or trans-stilbene
with 3 equiv. of Sml,(THF), and 6 equiv. of pentaerythritol under mech-
anochemical conditions. As a result, 9,10-dihydroanthracene and
1,2-diphenylethane were obtained in 87% and 37% NMR yield, respec-
tively (Figs.4a,b). The progress of these two reactions indicates that the
bond-dissociation free energy (BDFE) values of the carbon-hydrogen
bonds in the reaction intermediates (Fig. 4¢, 36.3 and 34.1 kcal mol™
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@ Reduction of trilodide complex 1a with Sml,(THF), to form nitride complex 2

N
—p
o y 4/
N
N
N )—/Mo I+ 2 Smly(THF), BSI :mg @/N )—Mo\
. |
\—p ‘ 5equiv.1a 30 Hz, 10 min \_P/
Bu, | Bu,
1a 2
34% yield
b  Stoichiometric reaction of nitride complex 2 to form NH, oY
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Fig.3|Stoichiometric reactions and proposed reaction mechanism for
mechanochemical nitrogen fixation. a, The reduction of molybdenum
triiodide complex 1a with Sml,(THF), to afford nitride complex 2 under
mechanochemical conditions. b, The stoichiometric reaction to generate NH,
from nitride complex 2 under mechanochemical conditions. ¢, A plausible
reaction pathway of mechanochemical nitrogen fixation that involves nitrogen-
nitrogen bond cleavage (gas-solid reaction) and nitrogen-hydrogen bond
formation by PCET (solid-state reaction).

for anthracene and trans-stilbene, respectively*’) are greater than
that of the oxygen-hydrogen bond of pentaerythritol combined with
Sml,(THF),. In addition, it is reasonable that the nitrogen-hydrogen
bond formation on nitride complex 2 proceeds smoothly by the PCET
process, considering the BDFE value of the nitrogen-hydrogen bond
of theimide complex (Fig. 4c,33.8 kcal mol™(ref. 37)) is similar to those
of the carbon-hydrogen bonds discussed above. Currently, we do
not know why the reaction of trans-stilbene (Fig. 4b) is relatively slow
compared with the nitrogen-hydrogen bond formation on nitride
complex 2 (Fig. 3b) with almost the same BDFE values; however, this
may be due to the difference between BDFE values in solution state
andinthesolid state or due to other factors unique to mechanochemi-
cal reactions. Further, isotope labelling experiments for anthracene
reductionusing deuterated pentaerythritol were carried out, and the
kinetic isotope effect (KIE) value was determined to be 1.3 (Fig. 4d),
thereby proving anthracene reduction by Sml,(THF), and pentaerythri-
toltobethe PCET reaction. Theseresults clearly demonstrate that the
combination of Sml,(THF), and pentaerythritol can be used to form
nitrogen-hydrogen or carbon-hydrogen bonds employing the PCET
processin the solid phase.

Based on these stoichiometric reactions, we hypothesized the
reaction pathway as follows (Fig. 3¢). The molybdenum triiodide com-
plex 1a was reduced to give nitride complex 2 via direct cleavage of

the nitrogen-nitrogen triple bond at the gas-solid interface. Then,
the nitride complex 2 reacted with Sml,(THF), and proton sources
via the PCET process to give the corresponding ammine complex in
the solid phase. The ammine complex was further converted into the
nitride complex 2 again by ligand exchange from NH, to N, and direct
nitrogen-nitrogen bond cleavage to complete the catalytic cycle.
Fromapractical viewpoint, two big drawbacks in the homogene-
ous catalytic nitrogen fixation using Sml, and H,O in the presence of
molybdenum catalysts are the high cost of solvent (THF) even if the
solvent is recycled, and the extra energy and cost needed to separate
gaseous NH; from the THF and water mixture. Therefore, our mecha-
nochemical nitrogen fixation has clear advantages to avoid the use
of the solvent to reduce process cost, complexity of the process, and
the extra energy compared with the corresponding solution-state
reaction. In fact, after the corresponding homogeneous reaction in
THF, we need to liberate gas-phase NH; from a mixed solution of THF
and water. This is energetically quite demanding because it involves
the dehydration of NH,, vapourization of THF and vapourization of
water, all known as highly endothermic processes with AH=8.1,7.6
and 10.5 kcal mol™, respectively. These physical processes require
energy comparable to the chemical processes of interest (for example,
chemical overpotential of the current system using Sml, and water
is estimated to be ~-44 kcal mol™ (refs. 36,49)). Therefore, we cannot
ignore the energy required for these processes, and consideration of
these issues is essential from the viewpoint of practical application
inthe near future. In addition, we estimated the cost of THF required
to produce 1 mol of NH,. In a typical procedure in our homogeneous
reaction®, THF solvent (about 50 I) is required for the reaction, which
costs as much as 4,000 USD. Such substantial differences between
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Sml,(THF), and pentaerythritol. ¢, Acomparison of BDFE to form carbon-
hydrogen or nitrogen-hydrogenbonds. d, Isotope labelling experiments

to evaluate the KIE in the reduction of anthracene under mechanochemical
conditions.
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homogeneous and mechanochemical systems will be critical to achieve
mass production of NH,.

Conclusion

We have developed catalytic mechanochemical nitrogen fixation
using molecular catalysts under solvent-free ball-milling condi-
tions. We investigated the various proton sources to find that water,
alcohols and even sugars can be applicable to the nitrogen fixation
under mechanochemical conditions. Mechanochemical nitrogen
fixation we developed not only allows the use of some proton sources
that were difficult to use in homogeneous conditions but also the
selective generation of gaseous NH;. We also carried out stoichio-
metric reactions under mechanochemical conditions to gain insight
into the mechanochemical reaction catalysed by transition metal
complexes involving gaseous reactants. We believe that the results
presented inthis study contribute to the further development of novel
mechanochemical gas-solid reactions under mild and eco-friendly
conditions.

Methods

Typical procedures for mechanochemical nitrogen fixation
Inan Ar-filled glovebox, Sml,(THF), (198 mg, 0.36 mmol), pentaeryth-
ritol (49.0 mg, 0.36 mmol), Mol,(PCP) (1.9 mg, 0.002 mmol) and a
stainless-steel ball (diameter:10.0 mm) were added in a stainless-steel
millingjar (-5 ml). Thejar was filled with N, (-1 atm) ina N,-filled glove-
box. Thejar was tightly capped and placed in agrinding vessel (Retsch
MM400; Supplementary Fig. 1). After grinding by ball mill at 30 Hz
for1h,the jar was opened in asealed bag (GL Science Smart Bag PA,
cat.no.3008-97701; Supplementary Fig. 2) containing air. An aliquot
(typically100 pl) of gasinside the bag was sampled and subjected to
gas chromatography measurements to quantify the amount of gen-
erated dihydrogen (H,). Then, the gas inside the bag was blown into
a dilute H,SO, solution (0.5 M, 10 ml) to trap gaseous NH; (defined
as gas-phase NH,). At that point, the reaction mixture looked yellow
when Sml,(THF), was totally consumed by the reaction (Supplemen-
tary Fig.3b). If unreacted Sml,(THF), remained after the reaction, the
reaction mixture showed ablack or dark-blue colour just after open-
ing the jar (Supplementary Fig. 3¢), and the mixture was gradually
quenched by the air to give a yellow-coloured solid (Supplementary
Fig. 3d). After confirming that the reaction mixture was quenched
entirely, the solid reaction mixture was transferred to a50 mlSchlenk
flask with water or THF (-6 ml). Aqueous potassium hydroxide
(KOH) solution (30 wt%, 5 ml) was added to the suspension containing
thereaction mixture in the Schlenk flask, and volatiles were trapped
by dilute H,SO, solution (0.5 M,10 ml). Trapped NH; in the solid reac-
tion mixture was defined as solid-phase NH;. The amount of NH,
presentineach H,SO, solution (corresponding to gas-phase NH; and
solid-phase NH;, respectively) was determined by the indophenol
method*. The procedure for the indophenol method is as follows.
A suitably diluted H,SO, solution that contains trapped NH;was
added toanaqueoussolution of PhOH and Na,[Fe(CN);(NO)], and the
mixture was shaken vigorously. Then, an aqueous solution of NaOH
and NaClO was added, mixed thoroughly and stood at room tem-
perature for 3 h to afford a blue solution. The amount of NH; was
determined on the basis of the absorbance at 634 nm. Unless other-
wise noted, the yield of NH, was defined as the sum of the gas-phase
NH; and the solid-phase NH;. No hydrazine was detected by the
p-(dimethylamino)benzaldehyde method™. The procedure for the
p-(dimethylamino)benzaldehyde method is as follows. A suitably
diluted H,SO, solution that potentially contains trapped hydrazine
wasadded toasolution of p-(dimethylamino)benzaldehyde and HCI
in EtOH, and the mixture was shaken vigorously. Then, a diluted HCI
solution was added, mixed thoroughly and stood at room tempera-
ture for 3 h. The amount of NH; was determined on the basis of the
absorbance at 458 nm.

Data availability

The data that support the findings of this study are available in this
Article and its Supplementary Information. Crystallographic data
for the structure reported in this article have been deposited at the
Cambridge Crystallographic Data Centre, under deposition number
CCDC 2369997 (dinuclear Sm(Ill)-pentaerythritol complex). Copies
of the data can be obtained free of charge via https://www.ccdc.cam.
ac.uk/structures/. Source data are provided with this paper.
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