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A series of chromium-halide, -nitride, and -dinitrogen com-
plexes bearing a carbene- and phosphine-based PCP-type pin-
cer ligand is newly prepared and some of them are found to
work as effective catalysts to reduce dinitrogen under atmos-
pheric pressure, whereby up to 8.40 equiv of ammonia and
2.46 equiv of hydrazine (13.32 equiv of fixed N atom) are pro-
duced based on the chromium atom. To the best of our
knowledge, this is the first successful example of chromium-
catalyzed conversion of dinitrogen to ammonia and hydrazine
under mild reaction conditions.

Nitrogen is an essential element for living organisms alt-
hough 78% of atmospheric air consists of dinitrogen gas, use of
this gas as a nitrogen source in the synthesis of nitrogen-con-
taining compounds is difficult, given the high stability of the ni-
trogen-nitrogen triple bond in dinitrogen. Therefore, the fixa-
tion of nitrogen from dinitrogen is one of the most interesting
chemical reactions. Today, artificial nitrogen fixation is per-
formed via the Haber-Bosch process, whereby ammonia is pro-
duced starting from dinitrogen and dihydrogen under harsh
conditions, leading to much energy expenditure and substan-
tial CO2 emissions.! On the other hand, in nature, nitrogenase,
an enzyme comprising molybdenum-iron multinuclear clus-
ters as its active site, presides to a catalytic nitrogen fixation
reaction occurring under ambient conditions.2 Therefore, tran-
sition metal complexes inspired by the active site of nitrogen-
ase have been widely investigated with the goal of achieving
artificial catalytic nitrogen fixation under mild reaction condi-
tions.34 Various transition metal complexes containing molyb-
denum,5-7 iron,8-10 cobalt,!! vanadium,!? titanium,!3 ruthe-
nium,4 osmium,'4 and rhenium?s have been reported to cata-
lyze nitrogen fixation to produce ammonia and/or hydrazine.
Quite recently, we have found that Smlz and simple alcohols or
water used in combination acted as reductant and proton
sources, respectively, to afford the high-performance for-
mation of ammonia catalyzed by molybdenum trihalide com-
plexes bearing pincer ligands under ambient conditions.6d

Nitrogen fixation catalyzed by chromium complexes has
also attracted much attention, because chromium is a group-6
metal, much like molybdenum, which has displayed high cata-
lytic activity in nitrogen fixation.>-7 However, in contrast to mo-
lybdenum complexes, only few examples exist of chromium
complexes catalyzing nitrogen fixation.16-20 In 1972, Shiina re-
ported the first chromium-catalyzed nitrogen fixation reaction,
whereby CrCls catalyzed the conversion of dinitrogen to
N(SiMes)s known as the equivalent of ammonia.l” After the
publication of Shiina’s report, no chromium-catalyzed nitrogen
fixation reactions were reported until 2018, when Mock and
co-workers reported the catalytic N(SiMes)s formation
achieved using chromium-dinitrogen complexes as cata-
lysts.19a Recently, Xi’s!%> and Murray’s!% groups also reported
that multinuclear chromium-dinitrogen complexes displayed
catalytic activity in the formation of N(SiMes)s. Although cata-
lytic reduction of dinitrogen to N(SiMes)s using chromium
complexes has been reported, examples whereby dinitrogen
was reduced to ammonia have been limited only to stoichio-
metric reactions.192.20

In the present study, we have achieved the chromium-cata-
lyzed formation of ammonia and hydrazine from dinitrogen un-
der mild reaction conditions. In this reaction course, chromium
complexes bearing a phosphine- and carbene-based PCP-type
pincer ligand (PCP = 1,3-bis((di-tert-butylphosphino)me-
thyl)benzimidazol-2-ylidene) worked as efficient catalysts in
the presence of KCs acting as reductant and phosphonium salts
as proton sources. To the best of our knowledge, this is the first
reported example of the chromium-catalyzed conversion of di-
nitrogen at atmospheric pressure to ammonia.

First, we synthesized chromium complexes bearing the
PCP-type pincer ligand, which proved the most effective ligand
in the molybdenum-catalyzed conversion of dinitrogen to am-
monia.td The reaction of CrClz with the benzimidazolium salt
of PCP in tetrahydrofuran (THF) at room temperature over the
course of 20 h produced [CrClz(PCP)] (1a) in 59% yield
(Scheme 1). We then transformed 1a into a range of different
complexes. Ligand exchange in 1a in the presence of an excess
amount of Nal proceeded smoothly to afford [CrI2(PCP)] (1b)
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Scheme 1. Synthesis of Chromium Complexes and ORTEP Drawings.

in 51% yield. By contrast, the reaction of 1a with 1 equiv of
NaBArFs (ArF = 3,5-bis(trifluoromethyl)phenyl) gave the corre-
sponding cationic chromium complex [CrCl(PCP)]BArfs (2a).
Notably, the crystal structure of 2a is characterized with a dis-
torted square-planar geometry around the chromium atom;
the value of the geometry index t4 for this structure was 0.18;
indeed, T4 ranges from 0.00, corresponding to an ideal square-
planar geometry, to 1.00, corresponding to an ideal tetrahedral
geometry.2! The chloride ligand of 2a could be exchanged with
an iodide ligand as a result of the reaction of 2a with an excess
amount of Nal to give the corresponding iodide complex
[CrI(PCP)]|BArfs (2b). 1a, 1b, 2a, and 2b were observed to
have values for the solution magnetic moments of 4.5 g, 5.1 ps,
5.4 pg, and 4.8 ps (as measured by Evans method?2), respec-
tively, which indicate that these complexes are characterized
by a § = 2 spin state (4.9 us) (see Supporting Information).

In order to obtain the corresponding chromium-dinitrogen
complex, we carried out reduction of 1a under dinitrogen. The
reaction of 1a with 2 equiv of KCs in THF at -30 °C for 0.5 h un-
der 1 atm of dinitrogen gave a dark purple solution. After re-
crystallization from THF-pentane at -30 °C, the corresponding
dinitrogen-bridged dichromium complex [Cr(N2z)(PCP)]2(p-N2)
(3) was obtained as a brown crystalline solid in 65% yield
(Scheme 1). IR spectrum of 3 showed a strong absorption at-
tributable to {NN) band at 1897 cm-1. The detailed structure
of 3 was unambiguously determined by X-ray crystallography.
An ORTEP drawing is shown in Scheme 1. The chromium cen-
ters in 3 have a square pyramidal geometry with PCP, terminal
dinitrogen, and bridging dinitrogen ligands. The [Cr(N2)(PCP)]
fragments are bridged by a dinitrogen ligand with an end-on
fashion.

Next, the corresponding chromium-nitride complex was
prepared from 1a (Scheme 1). The reaction of 1a with the man-
ganese-nitride complex [Mn(N)(salen)] (salen = N,N’-bis(2-hy-
droxybenzylidene)ethylenediamine) proceeded via a nitride

transfer reaction,23 which was followed by an anion exchange
with NaBArFs, resulting in the formation of the cationic chro-
mium-nitride complex [CrCI(N)(PCP)]BArf4 (4) in 62% yield.
The detailed structure of 4 was unambiguously determined by
X-ray crystallography (Scheme 1).

The catalytic reduction of dinitrogen to produce ammonia
using these chromium complexes was carried out under the re-
ported conditions of catalytic nitrogen fixation.6d8.10.13 The re-
action with 36 equiv of Smlz and 36 equiv of water with respect
to the chromium-based catalyst in the presence of 4 under at-
mospheric pressure of dinitrogen in THF at room temperature
for 20 h afforded 0.52 equiv of ammonia based on the chro-
mium atom (Table 1, run 1). The analogous reaction conducted
with 40 equiv of CoCp*; (Cp* = n5-Cs(CH3)s), acting as a reduct-
ant, and 36 equiv of [Ph2NH2]OTf (OTf = 0S(0)2CF3), acting as a
proton source, at =78 °C for 2 h afforded 0.61 equivalents of
ammonia based on the chromium atom (Table 1, run 2). The
combination of KCs and [H(Et20)2]BArfs as a reductant and
proton source, respectively, also yielded a stoichiometric
amount of ammonia and a small amount of hydrazine as a mi-
nor product (Table 1, run 3). On the other hand, the reaction
conducted under the conditions reported by Liddle,'3 whereby
KCs and [PCysH]I were used as reagents, afforded 4.15 equiv of
ammonia and 0.09 equiv of hydrazine (4.33 equiv of fixed N
atom) based on the chromium atom, respectively (Table 1, run
4). Notably, the efficiency of the catalytic reaction was ob-
served to depend on the counter-anion of the phosphonium salt.
Although [PCy3H]Cl did not work as an effective proton source,
[PCysH]OTf, [PCysH]BArFs, and [PCysH]BFs performed well the
said role. In fact, use of [PCysH]BF as a proton source gave the
best results, with 5.26 equiv of ammonia and 0.04 equiv of hy-
drazine (5.34 equiv of fixed N atom) produced based on the
chromium atom (Table 1, runs 5-8).



Table 1. Catalytic Reduction of Nz to NHs and N:H4+ Using Chromium Complexes.a

Cr catalyst
N, + e+ H* NHy  +  NoH, (+ H)
ton Et,O0
1 atm reductant pro -78°Ctort
source 1hte1h
40 equiv/Cr 36 equiv/Cr
Cr proton NH3 N2Hy fixed nitrogen atom H,
run reductant
catalyst source (equiv/Cr) (equiv/Cr) (equiv/Cr) (equiv/Cr)
1? 4 Sml, H,O 0.52 0 0.52 0.92
2°¢ 4 CoCp*; [Ph,NH,]OTf 0.61 0 0.61 5.98
3 4 KCy  [[H(ELO)IBAr,[  1.68 0.08 1.84 5.95
4 4 KCs [PCy;H]I 4.15 0.09 4.33 3.36
5 4 KCs [PCysH]CI 1.24 0.2 1.64 2.09
6 4 KCsg [PCy;H]OTSE 3.84 0.01 3.86 4.87
7 4 KCs [PCy3H]BArF4 2.98 0.21 34 5.42
8 4 KCs [PCys;H]BF4 5.26 0.04 5.34 1.57
9 la KCs [PCysH]I 0.77 0.13 1.03 1.75
10 1b KCg [PCy;H]T 0.95 0.18 1.31 2.01
11 2a KCs [PCy;H]I 1.06 0.09 1.24 3.45
12 3 KCs [PCysH]I 0.66 0 0.66 0.6
13 2b KCsg [PCy;H]I 5.12 0.9 6.92 1.18
14 2b KCy [PCy;HIBFs |4.87+0.39¢[1.07 + 0.50 7.01 2.01+0.27°
15° 2b KCs [PCysHIBF, |8.40+3.257[2.46 = 1.217 13.3 16.3 + 4.5

9A mixture of Cr complex (0.01 mmol), reductant (0.40 mmol, 40 equiv based on the Cr atom) and proton source (0.36 mmol, 36 equiv based
on the Cr atom) in Et20 (5 mL) at—78 °C was stirred for 1 h under 1 atm of dinitrogen, followed by stirring at room temperature for another 1 h.
bTo a mixture of Cr complex (0.01 mmol) and SmIz(THF): (0.36 mmol, 36 equiv based on the Cr atom) in the THF (5.0 mL) was added the THF
solution (1 mL) containing water (0.36 mmol, 36 equiv based on the Cr atom) in one portion at room temperature, followed by stirring at room
temperature for 20 h under 1 atm of dinitrogen. cThe reaction time is 1 h at—78 °C and 19 h at room temperature. “The values were determined
as the mean of multiple individual experiments (at least two) with error bars (s.d.).€The larger amounts of KCg (200 equiv based on the Cr

atom) and [PCysH]BF4 (180 equiv based on the Cr atom) were used.

Next, reactions conducted in the presence KCs and [PCysH]I
using various chromium complexes were investigated. The
neutral chromium(II) dihalide complexes 1a and 1b, the cati-
onic chromium(II) chloride complex 2a, and the dinitrogen-
bridged dichromium(0) complex 3 did not work well as cata-
lysts (Table 1 runs 9-12). We consider that no catalytic activity
of 3 is due to the low solubility of 3 in diethyl ether (Etz0).
However, the reaction whereby the cationic chromium(II) io-
dide complex 2b was used as a catalyst yielded 5.12 equiv of
ammonia based on the chromium atom and 0.90 equiv of hy-
drazine (6.92 equiv of fixed N atom) (Table 1, run 13). Finally,
the amount of nitrogen atoms undergoing fixation reached a
value of 7.01 equiv based on the chromium atom in the reaction
conducted in the presence of KCs and [PCysH]|BF4, using 2b as
catalyst; in this case, 4.87 equiv of ammonia and 1.07 equiv of
hydrazine were produced, based on the catalyst (Table 1, run
14). Notably, by conducting the catalytic reaction in the pres-
ence of larger amounts of KCs and [PCysH]BF4 using 2b as a cat-
alyst, up to 8.40 equiv of ammonia and 2.46 equiv of hydrazine

(13.32 equiv of fixed N atom) were obtained based on the chro-
mium atom (Table 1, run 15). Separately, we confirmed the di-
rect conversion of molecular dinitrogen to ammonia and hy-
drazine when 2b was used a catalyst in a reaction conducted
under atmospheric pressure of 15Nz gas, in place of the regular
14N2 gas (see Supporting Information).

In order to gain insight into the reaction mechanism, a stoi-
chiometric reaction of 4 was carried out. The reaction of 4 with
6 equiv of KCs and 5 equiv of [PCy3H]|BFa4 in Et20 at -78 °C for 2
h under argon atmosphere produced ammonia in 83% yield
based on the nitride ligand in 4 without the formation of hydra-
zine (Scheme 2). Although ammonia may form from the chro-
mium-nitride complexes acting as reactive intermediates in
the catalytic reactions, hydrazine detected in the catalytic reac-
tions is confirmed not to be produced via chromium-nitride
complexes.
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Scheme 2. Stoichiometric Reaction of Chromium-Ni-
tride Complex.

The isolation of chromium-dinitrogen complex such as 3
and the conversion of dinitrogen to ammonia and hydrazine
catalyzed by 2b might be reminiscent of the reactivity of planar
four-coordinate Fe and Co complexes bearing a pyrrole-based
PNP-pincer ligand (Scheme 3).9211 We previously reported
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Scheme 3. Catalytic Activity of M-N2 Complexes (M =
Fe,%2 Co'!) and a Possible Cr-Nz Complex.

that these metal-N2 complexes served as catalysts for the con-
version of dinitrogen to ammonia and hydrazine.%11 Based on
previously reported findings, we would like to propose the pla-
nar four-coordinate Cr-N2 complex [Cr(N2)(PCP)] (5) as an ac-
tive dinitrogen species and discuss possible reaction pathways
for the formation of 5 from 2b with the aid of DFT calculations
at the B3LYP-D3 level of theory (see Supporting Information).
The AG19s value of the reaction 2b + N2 + 2e- — 5 + I~ is calcu-
lated to be +0.3 kcal/mol in Et20, indicating that, from a ther-
modynamic standpoint, the formation of 5 is likely to occur.

Figure 1 shows free energy profiles of three possible path-
ways for the transformation of 2b into 5 involving two-electron
reduction, coordination of N2, and release of I-. In Path A, a di-
nitrogen molecule coordinates to [CrlI(I)]* 2b (Cr = [Cr(PCP)]),
and then the five-coordinate Cr''-N; complex 6 is reduced by
two electrons. However, a large positive value of AGi9s for 2b
— 6 (+30.7 kcal/mol) indicates that the N2 coordination to the
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Figure 1. Free Energy Profiles (AGi9s in kcal/mol) of
Three Possible Reaction Pathways for Transformation
of 2b to 5.

Cr!! center is thermodynamically unfavorable. In Paths B and
C, reduction of 2b is exergonic by 10.1 kcal/mol. The four-co-
ordinate Cr! complex [Cr!(I)] 7 undergoes Nz coordination and
reduction to afford the five-coordinate Cr0® complex
[Cro(N2)(I)]- 10. These two steps are totally endergonic by
18.1 kcal/mol. In the final step, the release of I- from 10 yields
the Cr0-N2 complex 5 (AG19s = 7.7 kcal/mol). Protonation of
5 by [PCysH]+ will smoothly proceed at 195 K (AG19s = —4.8
kcal/mol and AG* = 0.8 kcal/mol (see Figure S14 in Supporting
Information). At present, Path B could be the most probable
pathway, because it comprises no highly endergonic reaction
steps.

We also theoretically examined the possibility of direct N=N
bond cleavage of N2 by two Cr cores. In our previous works on
catalytic ammonia formation using molybdenum complexes
bearing the same pincer-type ligand, ¢¢6d.24 the direct N=N bond
cleavage of [Mo!I(PNP)]z(u-Nz) (PNP = 2,6-bis((di-tert-bu-
tylphosphinomethyl)pyridine) was proposed as a key reaction
step. Figure 2 presents a free energy profile at 195 K calculated
for the direct N=N bond cleavage of a dinitrogen-bridged di-
chromium complex [Cr'I(PCP)]z(p-N2) 11, a structural analog
of [Mo'I(PNP)]2(u-N2). The ground spin state of complex 11 is
a high-spin septet, while both the resulting Cr-nitride complex
[CrIVI(N)(PCP)] 12 and the transition state TS11/12 connecting
11 and 12 favor the lowest spin state. We were not able to op-
timize TS11/12 at the quintet and septet states. As a result, the
direct N=N cleavage of 11 is highly endergonic (AGies = 46.9
kcal/mol) with an extremely high activation free energy (at
least 81.2 kcal/mol). Thus, we can exclude the reaction mech-
anism via the direct N=N bond cleavage of N2 in the Cr-catalytic
system (see Supporting Information for a proposed reaction
pathway in Scheme S1).
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In summary, we have found the chromium-catalyzed reduc-
tion of dinitrogen into ammonia and hydrazine under mild re-
action conditions. The use of the chromium complexes bearing
a PCP-type pincer ligand provides the first successful example
of the catalytic and direct conversion of dinitrogen into ammo-
nia and hydrazine, in contrast to well studies on the catalytic
formation of silylamine using chromium-dinitrogen complexes
bearing other ligands. Further investigation on the mechanis-
tic study to elucidate the reaction pathway and the develop-
ment of more effective chromium catalysts is now in progress.
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