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Abstract

Among synthetic models of nitrogenases, iron—dinitrogen complexes with a Fe—C bond have attracted
increasing attention in recent years. Here we report the synthesis of square-planar iron(I)—dinitrogen
complexes supported by anionic benzene-based PCP- and POCOP-type pincer ligands as carbon
donors. These complexes catalyze the formation of ammonia and hydrazine from the reaction of
dinitrogen (1 atm) with a reductant and a proton source at —78 °C, producing up to 252 equiv of
ammonia and 68 equiv of hydrazine (388 equiv of fixed N atom) based on the iron atom of the catalyst.
Anionic iron(0)—dinitrogen complexes, considered an essential reactive species in the catalytic
reaction, are newly isolated from the reduction of the corresponding iron(I)—dinitrogen complexes.

This study examines their reactivity using experiments and DFT calculations.



Biological nitrogen fixation relies on nitrogenase enzymes that catalyze the reduction of an
atmospheric pressure of dinitrogen into ammonia at ambient temperature using electrons and
protons.t The active site of the molybdenum nitrogenase, FeMo-co, has been established as a
molybdenum—iron—sulfur cluster with a central carbide.”* A feature of the carbide is highly covalent
bonds with iron atoms, which cannot be exchanged during the catalytic process.”® Recent studies
suggest that a possible N> coordination site is the iron atom bound to the carbon atom following the
cleavage of the Fe—S bond.”*? However, the structure containing the N»-derived ligands is
controversial.**!* Although carbide seems to stabilize the metal-sulfur cluster during catalysis,”® the
exact role of the carbon atom in the reaction mechanism with molybdenum nitrogenase has been
unclear until now.

Iron—dinitrogen complexes, supported by various carbon donor ligands, have been model
compounds of the active site of nitrogenases (Figure 1a) to gain insight into the influence of the
carbon atom on the reactivity and the structure.® ** Although their reactivity toward nitrogen fixation
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has been investigate there are limited examples of the successful application of these

complexes as catalysts to reduce dinitrogen into ammonia and hydrazine.?% ??
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Figure 1. (a) Selected recent examples of iron-dinitrogen complexes with an Fe—C bond.
(b) Catalytic reduction of dinitrogen with reductant and proton into ammonia and

hydrazine by iron-dinitrogen complexes bearing anionic pincer ligands.



The catalytic transformation of dinitrogen into ammonia and hydrazine using homogeneous
transition-metal complexes under mild reaction conditions has been studied intensively to develop
efficient catalysts for nitrogen fixation.** In a 2016 paper, we reported the catalytic formation of
ammonia and hydrazine from the reaction of dinitrogen gas with a reductant and a proton source at
—78 °C in the presence of iron—dinitrogen complexes bearing anionic pyrrole-based PNP-type pincer
ligands (1-N2 in Figure 1b).>” More recently, we achieved higher catalytic activity with an iron—
dinitrogen complex bearing a 3,4-dimethylpyrrole-based PNP-type pincer ligand due to the electron-
donating property of the dimethyl groups at the pyrrole moiety, which promotes the first protonation
step of the coordinated dinitrogen ligand on the iron atom (2-N2 in Figure 1b).°® Modeling the
importance of carbon atoms in nitrogenases due to the strongly o-donating anionic benzene-based
ligand,>® we designed novel iron—dinitrogen complexes that feature anionic benzene-based PCP-and
POCOP-type pincer ligands as catalysts to reduce dinitrogen into ammonia and hydrazine under mild
reaction conditions (3-N2 and 4-N: in Figure 1b). Although iron complexes bearing PCP- and
PXCXP-type pincer ligands have been developed in several studies,’® ®® none of them has been
applied as catalysts for nitrogen fixation. This paper establishes that the newly synthesized iron—
dinitrogen complexes, featuring benzene-based PCP-type pincer ligands, function as the most active
iron catalysts to reduce dinitrogen to ammonia and hydrazine under mild reaction conditions.

The  reaction of  [FeBr2(THF):] with  Li-PCP  (PCP = 2,6-bis(di-tert-
butylphosphinomethyl)phenyl), which was generated in situ from Br-PCP and "BuLi in
tetrahydrofuran (THF) at room temperature for 4 h, provided [FeBr(PCP)] (3-Br) in 56% yield
(Scheme 1). An iron—iodide complex bearing a POCOP ligand [Fel(POCOP)] (4-I, POCOP = 2,6-
bis(di-fert-butylphosphinito)phenyl) was obtained in 75% yield by a similar method (Scheme 1).
Single-crystal X-ray diffraction analysis (XRD) determined the square-planar geometries of 3-Br and
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Scheme 1. Synthesis of iron-dinitrogen complexes supported by PCP and POCOP ligands



4-1. Solution magnetic moments of 3-Br (3.5 i) and 4-I (3.6 us) were found to be within the range
of those of square-planar Fe(Il) complexes with an S = 1 state.®*%

The reaction of 3-Br with 1.1 equiv of KCs in THF at room temperature for 15 h under an
atmospheric pressure of dinitrogen produced an iron(I)—dinitrogen complex [Fe(N2)(PCP)] (3-N2) in
80% yield. However, the reaction of 4-1 with KCg at room temperature under dinitrogen (1 atm)
caused the incomplete conversion of 4-I, generating a mixture of [Fe(N2)(POCOP)] (4-N2) and
‘Bu,PH. We also found that the treatment of 4-1 with KCs at —78 °C resulted in the clean conversion
of 4-1 to form 4-Nz in 47% yield. XRD determined the molecular structures of 3-N2 and 4-N2, and
Figure 2 shows their ORTEP drawings. Complexes 3-N2 and 4-N2 demonstrate a distorted square-
planar geometry around the iron center similar to the iron(I)—dinitrogen complexes bearing the
pyrrole-based  pincer  ligands, [Fe(N2)(RPNP)] (1-N2, "PNP = 2 5-bis(di-tert-
butylphosphinomethyl)pyrrolide; 2-N2, MepNP = 3,4-dimethyl-2,5-bis(di-ztert-
butylphosphinomethyl)pyrrolide).”*® New complexes 3-N2 and 4-N2 exhibit comparable N-N
distances (1.128(3) and 1.135(6) A, respectively), which are similar to those of 1-Nz and 2-Nz (Table

1), while the Fe-C bond of 3-N2 (2.000(2)) is longer than that of 4-N2 (1.961(4) A).

(b) )

Figure 2. ORTEP drawings of (a) 3-Nz and(b) 4-N,. Hydrogen atoms are omitted for clarity.



Table 1. Bond lengths and dinitrogen stretching frequencies of iron-dinitrogen complexes”

Complex FeN(A) |Fe-C(A) |N-N(A) van (em 1)’

3-N; 1.7742) | 2.0002) | 1.128(4) 1954

4-N; 1.782(4) | 1.961(4) | 1.135(7) 1978

1-N; 1.764(2) 1.134(2) 1964

2-N; 1.758(7) 1.136(9) 1959

[B-(N222K | 1.788(3),¢ | 2.001(4) | 1.133(5)c | 1981, 1894
1.786(3) 1.147(5)¢

[3-(N2)2INa | 1.780(2)¢ | 2.013(2) | 1.137(2)c | 1997, 1880
1.826(2)¢ 1.131(3)¢

[1-N2JNa | 1.7123) 1.169(5) 1831

3Data of 1-N2 and 2-N2 are taken from references 57 and 58. PMeasured in solid-state (KBr).

°Equatorial. YAxial.

The IR spectrum of 3-N2 in a solid-state (KBr) displays a strong vnn band at 1954 cm™!, which is
smaller than those of 1-N2 and 2-N2 (1964 and 1959 cm™!, respectively).”’*® This result suggests that
the PCP ligand has a stronger electron-donating ability than the pyrrole-based PNP pincer ligands.
On the other hand, the absorption of the dinitrogen ligand in 4-Nz is observed at 1978 cm™!, indicating
a weaker electron-donating nature in this complex. This finding agrees with the study by Goldman
and co-workers, who reported on the electron-withdrawing characteristics of the POCOP ligand in
iridium complexes compared with the PCP ligand.®® Complexes 3-N2 and 4-N2 were paramagnetic
with solution magnetic moments of 2.7 and 2.5 ug at room temperature, respectively. Although these
measurements are larger than the spin-only value for an S = 1/2 spin state (1.73 ug), this value is
similar to that of 1-Nz (3.0 us), whose spin state is assigned as a doublet.®® We consider that the large
magnetic moments of 3-N2 and 4-N2 are caused by the presence of spin-orbit coupling.®

With the dinitrogen complexes in hand, we investigated the catalytic reduction of dinitrogen under

the conditions applied during our previous studies,”’*®

and developed originally by Peters and co-
workers.*” The reaction of the atmospheric pressure of dinitrogen with KCs (200 equiv to 3-N2) and
[H(OEt2)2]BArs (Arf = 3,5-(CF3)2C6H3, 184 equiv to 3-N2) in the presence of 3-Nz as a catalyst in
Et,0 at —78 °C for 1 h provided 7.9 equiv of ammonia and 0.8 equiv of hydrazine, together with 52
equiv of dihydrogen as a byproduct (Table 2, entry 1). As the quantities of reductant and proton source
increased, larger amounts of ammonia and hydrazine were produced when 3-N2 was used as a catalyst
(Table 2, entries 2—5). When 8000 equiv of KCs and 7360 equiv of [H(OEt,)2]BAr"s were used under
the same reaction conditions, a mixture of ammonia and hydrazine (252 equiv and 68 equiv based on

the iron atom, respectively) was obtained with 1580 equiv of dihydrogen (Table 2, entry 5). With



smaller amounts of reductant and proton sources, the yields of ammonia and hydrazine obtained by
3-N: are lower than those using 1-N2 and 2-N2 under the same reaction conditions (Table 2, entries 6
and 8).°"°® However, 1-N2 and 2-Nz exhibited a lower catalytic activity when we loaded larger
amounts of reductant and proton source (Table 2, entries 7 and 9).°”*® The use of 3-Nz as a catalyst
affords larger amounts of ammonia and hydrazine than other iron-based catalysts.?’ 224353 We believe
that the catalytic activity of 3-N2 surpasses that of other transition metal complexes for ammonia

384245465456 oxcept for our molybdenum complexes.**** Only low yields of

formation in TONSs,
ammonia and hydrazine were achieved in 9% and 3% based on the proton source, respectively (Table
2, entry 5). A substantial amount of hydrogen (>40%) was observed as a byproduct when 3-N2 was

used as a catalyst (Table 2, entry 5).



Table 2. Catalytic formation of NH3 and NH>NH, from N2, KCs, and [H(OEt2)]BArfs by iron

complexes as catalysts”

N + KCg + [H(OEt,),]BAr", %:.O» NH; + NH,NH,
Arf = 3 5-(CF3),CeH; —78°C.1h
to rt, 20 min

entry catalyst KCs [H(OEt:):]BArfs | NH; NH>NH> Fixed N H,

(equiv)’ | (equiv)” (equiv)” (equiv)” (equiv)>¢ | (equiv)®
1 3-N, 200 184 7.9+0.8 0.8+0.8 9.5 5243
2 3-N» 400 368 13.3+£1.0 1.2+0.7 15.7 70+36
3 3-N2 800 736 21.243.9 | 3.2+1.5 27.6 162+14
4 3-N» 1600 1470 56.0£2.0 | 5.743.3 67.4 330+11
5 3-N» 8000 7360 252421 68+15 388 1580+320
6 1-N,? 200 184 14.3+0.4 1.8+0.2 17.9 12.3+1.7
7 1-N,¢ 400 368 12.7 0.8 14.3 38.4
8 2-Ny* 200 184 22.7£1.7 1.7+0.3 26.1 21.0£2.4
9 2-Ny¢ 400 368 17 1.9 20.8 67
10 4-N, 200 184 4.6+1.2 0.3+0.3 5.2 4643
11 4-N, 400 368 12.4+0.8 1.8+0.8 16.0 83+15
12 4-N, 800 736 17.5+£0.7 3.0£1.0 23.5 191+7
13 4-N, 1600 1470 39.749.1 6.2+1.5 52.1 377+7
14 [3-(N2):]K 400 368 7.9+£2.1 0.5+0.1 8.9 88+23
15 [3-(N2)2]Na | 400 368 14.9+0.1 | 0.2+0.1 15.3 863
16 [1-N2]Na 400 368 19.1+1.3 2.8+0.8 24.6 76+4

“A mixture of catalyst, KCs, and [H(OEt,)2]BAr"s was stirred in Et,O at —78 °C for 1 h under 1 atm
of dinitrogen and then at room temperature for 20 min. Averages of multiple runs are shown unless
otherwise noted. “Based on the amount of catalyst. “Number of fixed nitrogen atoms (equiv) = [NH3

(equiv)][+2[NH2NH: (equiv)]. “Taken from reference 57. “Taken from reference 58.

For comparison, the catalytic activity of 4-N2 was examined under identical conditions. As the
reductant and proton source increased, larger quantities of ammonia and hydrazine were produced
(Table 2, entries 10—13). The reaction of an atmospheric pressure of dinitrogen with KCg (1600 equiv
to 4-N2) and [H(OEt2)2]BArs (1470 equiv to 4-N2) in the presence of 4-Nz as a catalyst in Et,O at
—78 °C for 1 h provided 39.7 equiv and 6.2 equiv of ammonia and hydrazine based on the iron atom,
respectively (Table 2, entry 13). The amounts of ammonia and hydrazine produced with the 4-N2
complex are higher than those with complexes 1-N2 and 2-N2 but lower than those for 3-N2. We
7



suggest that one of the reasons for the lower catalytic activity exhibited by complex 4-N2 compared
with complex 3-N2 is the decomposition of 4-N2 due to the reductive cleavage of the P—O bonds in
the POCOP ligand.

We consider that the catalytic reaction described in this paper proceeds via the same proposed
reaction pathway detailed in our previous study, where iron(0)—dinitrogen and iron—hydrazine
complexes work as key reactive intermediates.”” To confirm this, we checked the reactivity of
hydrazine under the current reaction conditions. In the presence of [FeMe(PCP)] (3-Me), which was
prepared from 3-Br and MeMgBr, the reaction of [NH,NH3]BAr's (4 equiv to 3-Me) with KCs (400
equiv to 3-Me) and [H(OEt2)2]BAr"4 (368 equiv to 3-Me) in Et,0 at —78 °C under argon atmosphere
provided ammonia in 24% yield and 48% recovery of hydrazine. This result implies that hydrazine
partially converted to ammonia under the catalytic reaction conditions.

Next, we investigated the reactivity of anionic iron(0)-complexes bearing the PCP ligand. The
cyclic voltammogram of 3-Nz displays an irreversible reduction wave at Epc =—2.94 V vs. ferrocene”*
(Figure S1), indicating that one-electron reduced species of 3-N2 is accessible. The reduction of 3-N2
with 2 equiv of KCg or 10 equiv of K in THF at room temperature under dinitrogen caused a color
change from green to brown, producing a new diamagnetic complex (Scheme 2a). This new complex
was isolated by recrystallization in 36% yield, and XRD unambiguously confirmed its structure as an
anionic iron(0)-bis(dinitrogen) complex [Fe(N2)2(PCP)]K(THF): ([3-(N2)2]K) (Figure 3a). Upon
one-electron reduction, the iron center adopts a pentacoordinate structure bearing two terminal
dinitrogen ligands with ts of 0.45 (15 = 0 for a perfect square-pyramidal geometry and ts = 1 for a
trigonal-bipyramidal geometry).®” The equatorial dinitrogen ligand (N1-N2) is coordinated with the
potassium cation, which contains two ligated THF molecules and is bound to the axial dinitrogen
ligand (N3’-N4") and the benzene ring of the PCP ligand in another molecule. As a result, [3-(N2)2] K
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Scheme 2. Synthesis of iron(0)-dinitrogen Complexes bearing the PCP and PNP ligands.



forms a one-dimensional polymer in the crystal structure. There was no significant change in the Fe—
C and N-N lengths of 3-N2 and [3-(N2)2]K. The IR spectrum of [3-(N2)2]K exhibits two dinitrogen
stretching frequencies at 1981 and 1894 cm™'. When 3-N2z was reduced with an excess amount of Na
in the presence of 15-crown-5 (15-C-5) in THF at room temperature under dinitrogen, a diamagnetic
iron(0) complex [Fe(N2)2(PCP)|Na(15-C-5)(THF)2 ([3-(N2)2]Na) was obtained in 45% isolated yield
(Scheme 2a). In the crystal structure, [3-(N2)2]Na also possesses a distorted square-pyramidal iron
center (15 = 0.31) with two dinitrogen ligands, where the sodium cation is encapsulated by the crown
ether and two THF molecules (Figure 4b). The metric parameters of [3-(N2)2]Na are similar to those
of [3-(N2)2]K. The IR absorbances derived from the dinitrogen ligands in [3-(N2)2]Na were visible at
1997 and 1880 cm ', 3'P{'H} spectra of [3-(N2)2]K and [3-(N2)2]Na show a single peak at 111 ppm
in the temperature range of 25 °C to —80 °C in THF-dg under atmospheric pressure of N> (Figure 4a
and Figure S11b), which suggests that [3-(N2)2]K and [3-(N2)2]Na maintain their five-coordinate
structure in solution.

When in situ generated [3-(N2)2]K was treated with one equiv of [H(OEt)]BAr"4 in Et;O at
—78 °C, 2a was formed rapidly in 51% NMR yield together with the formation of dihydrogen.
Peters and co-workers reported similar reactions in which the protonation of anionic iron—dinitrogen
complexes caused net oxidation of the corresponding complexes.*>®¥® The same researchers also
observed the formation of a Fe-NNH species as a reactive intermediate at —135 °C using a very bulky
ligand.”® Separately, we confirmed that [3-(N2)2]K and [3-(N2)2]Na showed a similar catalytic activity
toward nitrogen fixation, which was comparable with 3-Nz (Table 1, entries 14 and 15). Unfortunately,
there were no further investigations because both anionic complexes [3-(N2)2]K and [3-(N2)2]Na were

highly sensitive to trace amounts of water and air and decomposed rapidly to 3-Na.

Figure 3. ORTEP drawings of [3-(N2)2]K (a), [3-(N2)2]Na (b), and [1-N2]Na (c). Hydrogen atoms are omitted

for clarity.
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Our previous study proposed an anionic iron(0)—dinitrogen complex bearing an anionic pyrrole-
based PNP-type pincer ligand as a key reactive intermediate, a detailed structure of which was not
obtained.”’ Following a comprehensive investigation of the previous results, we successfully obtained
a diamagnetic iron(0)—dinitrogen complex [Fe(N2)('PNP)]Na(15-C-5) ([1-N2]Na) in 48% yield from
the reaction of 1-N2 with 10 equiv of Na and 15-C-5 in THF at room temperature for 22 h under
dinitrogen atmosphere (Scheme 2b). The crystal structure of [1-N2|Na reveals that the iron center
adopts a distorted square-planar geometry with a terminal dinitrogen ligand binding to Na" (Figure
3c). The short Fe—N; distance and long N—N length imply the strong activation of the dinitrogen
ligand, which is supported by a dinitrogen stretching frequency of 1831 cm™' in the IR spectrum. A
3IP{'TH} NMR spectrum of [1-N2]Na exhibits a broad singlet at 100 ppm in THF-ds at 25 °C under
dinitrogen (1 atm). Cooling the solution in situ generates [1-N2]Na in THF-ds under atmospheric
pressure of dinitrogen caused an appearance of a new peak at 110 ppm in the *'P{'H} NMR spectrum.
In a control experiment under argon atmosphere, the peak at 110 ppm was not observed. Consequently,

the new species was assigned as a five-coordinate complex [Fe(N2)2("PNP)]™ ([1-(N2)2]"). The ratio
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of [1-(N2)2] and [1-N2]” in the complex was found to be approximately 50:50 at —80 °C. The
temperature-dependent change in the NMR spectra was reversible, and the original spectrum was
recovered upon warming. Therefore, these results indicate that [1-(N2)2]” and [1-Nz2]” are in
equilibrium in solution, and [1-N2]~ predominates at higher temperatures, whereas the population of
[1-(N2)2]” increases at lower temperatures. Such coordination of dinitrogen to iron complexes at low
temperatures has been reported in several studies.’>*"%’? The complex [1-N2]Na was employed as a
catalyst for the formation of ammonia and hydrazine and exhibited similar catalytic activity to that
of 1-N2 (Table 1, entry 16). However, further investigations were complicated by the high sensitivity
of [1-N2]Na to air and moisture.

The above experimental results indicate that the structures of the iron(0)—dinitrogen complexes
depend on the pincer ligands. The iron(0) PCP complex adopts a pentacoordinate structure bearing
two dinitrogen ligands. The PNP-analogue favors a square-planar geometry with one dinitrogen
ligand. We performed DFT calculations at the B3LYP-D3 level of theory to discuss an anionic
iron(0)—dinitrogen complex suitable for protonation. The Supporting Information provides detailed
computational methods and calculated results. Figure 5(a) presents optimized structures of five-
coordinate [3-(N2)2]” and four-coordinate [3-N2] ™ in the singlet spin state. The calculated geometric
parameters of [3-(N2)2] satisfactorily replicate the parameters of [3-(N2)2]K, as summarized in Table
1. Figure 5(b) displays free energy profiles for the protonation of a dinitrogen ligand of [3-(N2)2] and
[3-N2]". We were unable to optimize a five-coordinate diazenide intermediate A and found that
protonation of the dinitrogen ligand trans to the benzene C atom (equatorial N») in [3-(N2)2]” caused
a spontaneous dissociation of the other dinitrogen ligand (axial N2). Conversely, the bond dissociation
free energy (BDFE) of the Fe-Nx(axial) bond in [3-(N2)2]” was calculated to be 9.4 kcal/mol at 195
K. The protonation of [3-N2]~ by [H(OEt2):]" yielding a diazenide intermediate B proceeds smoothly
in an endergonic way (AGi9s = —37.8 kcal/mol) with a low activation barrier of 8.0 kcal/mol (see
details in Figure S13). Therefore, the protonation of [3-(N2)2]” via [3-Nz2]” was determined to be
highly endergonic by 28.4 kcal/mol. We propose that the active dinitrogen species for nitrogen
fixation in the Fe-PCP system adopts a planar four-coordinate structure, which is analogous to the
Fe-PNP system.’’

11
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Next, we theoretically discuss the relative stability of the four- and five-coordinate structures of
the anionic iron(0) dinitrogen complexes bearing the PCP and PNP ligands in solution. The
temperature dependences of the *'P-NMR peaks in Figure 4 demonstrate that the Fe(PNP)-N»
complex favors the four-coordinate structure [1-N2] at higher temperatures, while the Fe(PCP)-N»
complex maintains the five-coordinate structure [3-(N2)2] . Table 3 summarizes calculated properties
of the Fe-N»(axial) bond of [3-(N2)2] and [1-(N2)2] . Optimized structures of [1-(N2)2]” and [1-Nz2]~
are presented in Figure S14. The BDFE value of the Fe-N»(axial) bond of [1-(N2)2]™ (2.1 kcal/mol at
195 K) is much smaller than that of [3-(N2)2]” (9.4 kcal/mol). The Mayer bond orders” of the Fe-
Na(axial) bond are 0.92 for [3-(N2)2]” and 0.85 for [3-(N2)2] . The weaker Fe-N»(axial) bond of [1-
(N2)2]” can be explained by comparing molecular orbitals responsible for the bonding between the Fe
center and axial N> in [3-(N2)2]” and [1-(N2)2]". Figure 6 compares HOMO-2 of [3-(N2)2]” and
HOMO-3 of [1-(N2)2] ", where they are one of two molecular orbitals contributing to n-back donation
(Fe dx — N2 ). The back donation from metal to dinitrogen plays a critical role in forming a strong
metal—dinitrogen bond. HOMO-2 of [3-(N2)2] is localized at the moiety of Fe and two N ligands,
sharing two electrons. On the other hand, the HOMO-3 of [1-(N2)2]  is delocalized over the pyrrole
ring of the PNP ligand and the Fe(N2)2 moiety. This spatial distribution of HOMO-3 can be associated
with a decrease in the number of electrons possessed by the Fe and N> ligands. The charges of the
axial N> obtained with the natural population analysis (NPA)' are —0.32 for [3-(N2)2]~ and —0.30 for
[1-(N2)2] ", indicating the weaker m-back donation in [1-(N2)z2] ", as detailed in Table 3. We should note
12



that there was no significant difference between HOMO-1 of [3-(N2)2] and [1-(N2)2], where
HOMO-1 is also the molecular orbital contributing to the n-back donation from the dy, orbital of Fe
toan orbital of axial N» (see Figure S15).

Table 3. Calculated properties of the Fe-Na(axial) bond of [3-(N2)2]” and [1-(N2)2]: Bond
dissociation free energy (BDFE) at 195 K, Mayer bond order, and the NPA charge on axial N».

[3-(N2)21 [1-(N2)2]”
BDFE/kcal mol! 9.4 2.1
Mayer bond order 0.92 0.85
NPA charge (axial Ny) -0.32 -0.30
[34N).I- [1-No)I
d
f 5 o Jey
HOMO-2 (-3.54 eV) HOMO-3 (-3.63 eV)

N2 (axial) N2 (axial)

®96842 Q%PZ

benzenering Fe N, (equatorial) pyrrole ring Fe Nz(equatonal)

zx ﬂ' D(

Figure 6. Spatial distribution of HOMO-2 of [3-(N2)2]- and HOMO-3 of [1-(N2)2]~. Hydrogen atoms

and tert-butyl groups are omitted for clarity.

As the first successful example of an iron catalyst for ammonia formation from dinitrogen under
mild reaction conditions,*” Peters and co-workers found an iron—dinitrogen complex bearing a
triphosphineborane ligand to be an effective catalyst to produce up to 90 equiv of ammonia-based on
the iron atom.*®“° More recently, Ashley and co-workers reported that an iron—dinitrogen complex
supported by diphosphine ligands selectively reduced dinitrogen into hydrazine to give 25 equiv of
hydrazine together with 1 equiv of ammonia based on the iron atom.>® Although the reaction
conditions of both systems are quite different from ours, the amounts of ammonia and hydrazine
achieved by the use of the iron-PCP complex are higher than those given by other iron complexes.
We consider that the high c-donor ability and strong M—C bond of the phenyl group’® in the PCP
complexes may stabilize key intermediates during the catalytic reaction. In addition, the iron-PCP
complex with a six-membered backbone of the benzene ring should have better coordination

flexibility than the iron-PNP complex with a five-membered backbone of the pyrrole ring. We believe
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that these characteristics of the iron-PCP complex may improve robustness and inhibit deactivation
from achieving higher catalytic activity.

In summary, iron(I)— and iron(0)—dinitrogen complexes bearing the PCP and POCOP pincer ligands
are the most active catalysts for ammonia and hydrazine formation from dinitrogen under dinitrogen
mild reaction conditions. The iron(I)-PCP complex yields the largest amounts of ammonia and
hydrazine among the reported iron catalysts, producing up to 252 equiv of ammonia and 68 equiv of
hydrazine (388 equiv of fixed N atom) based on the iron atom of the catalyst. A further mechanistic
study is necessary to clarify the reaction pathway and the exact role of the carbon atom in the PCP
ligand in catalytic activity. However, our findings demonstrate that the reactive site provided by the
benzene-based PCP-type pincer ligand is extremely effective in promoting catalytic nitrogen fixation
under mild reaction conditions. We believe that this catalytic activity provides a new opportunity to

design more effective model complexes relevant to the active site of nitrogenase.
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