Check for
updates

yandte

International Edvition Chem’e

www.angewandte.org

q A Journal of the Gesellschaft Deutscher Chemiker

Accepted Article

Title: Catalytic Reduction of Molecular Dinitrogen into Ammonia and
Hydrazine Using Vanadium Complexes

Authors: Yoshiaki Nishibayashi, Yoshiya Sekiguchi, Kazuya Arashiba,
Hiromasa Tanaka, Aya Eizawa, Kazunari Nakajima, and
Kazunari Yoshizawa

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.

To be cited as: Angew. Chem. Int. Ed. 10.1002/anie.201802310
Angew. Chem. 10.1002/ange.201802310

Link to VoR: http://dx.doi.org/10.1002/anie.201802310
http://dx.doi.org/10.1002/ange.201802310

WILEY-VCH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.201802310&domain=pdf&date_stamp=2018-03-30

Angewandte Chemie International Edition

Nitrogen Fixation

Catalytic Reduction of Molecular Dinitrogen

10.1002/anie.201802310

DOI: 10.1002/anie.200((will be filled in by the editorial staff))

into Ammonia and

Hydrazine Using Vanadium Complexes

Yoshiya Sekiguchi, Kazuya Arashiba, Hiromasa Tanaka, Aya Eizawa, Kazunari Nakajima, Kazunari

Yoshizawa, * and Yoshiaki Nishibayashi*

Abstract: Newly designed and prepared vanadium complexes
bearing anionic pyrrole-based PNP-type pincer and aryloxy ligands
are found to work as effective catalysts toward the direct conversion
of molecular dinitrogen into ammonia and hydrazine under mild
reaction conditions. This is the first successful example of
vanadium-catalyzed dinitrogen reduction under mild reaction
conditions.

Development of transition metal-catalyzed dinitrogen reduction
under mild reaction conditions is one of the most important and
essential issues for human beings. Based on the intensive study of
the preparation of various transition metal-dinitrogen complexes
and their detailed reactivity,""! Schrock and co-workers found the
direct and catalytic transformation of molecular dinitrogen into
ammonia under ambient reaction conditions using a mononuclear
molybdenum—dinitrogen complex as a catalyst.” Since the report
of the first successful example of the molybdenum-—catalyzed
dinitrogen reduction,> some successful examples of catalytic
dinitrogen reduction systems using other mid-to-late transition
metal—dinitrogen complexes as catalysts have been reported by other
research groups.®*!  After the seminal report of more effective
molybdenum—catalyzed dinitrogen reduction under ambient reaction
conditions,” iron—*® cobalt—,”!% ') and ruthenium! -
catalyzed d1n1tr0gen reduction under mild reaction conditions has
been developed, where a very low reaction temperature such as -
78 °C is necessary to avoid the direct reaction of reducing reagents
with proton sources. The produced amounts of ammonia and
hydrazine depend on the nature of metals, ligands, and solvents. As
described here, successful examples are limited to the use of mid-to-
late transition metal complexes as catalysts. Thus, early transition
metal-catalyzed dinitrogen reduction under mild reaction conditions
has not yet been reported until now.

In sharp contrast to the Haber-Bosch process under harsh
reaction conditions,!'? biological nitrogen fixation proceeds
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smoothly under ambient reaction conditions. Detailed
investigations revealed that FeMo nitrogenase has a sulfur-bridged
polynuclear complex containing molybdenum, iron, and carbon
atoms although the exact reaction mechanism has not yet been
understood.!"*' A recent study has disclosed that the molecular
structure of FeV nitrogenase is quite similar to that of FeMo

nitrogenase.!'”)
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Chart 1. (a) Development of transition metal-catalyzed nitrogen fixation under
mild reaction conditions. (b) Change of the configuration around the vanadium
center by the introduction of a bulky ligand on the vanadium atom leads the
formation of the corresponding vanadium(ll)—dinitrogen complexes.

Structural similarity between FeMo- and FeV-nitrogenases
inspired inorganic chemists to prepare a variety of vanadium—
dinitrogen complexes and investigate their stoichiometric reactivity
in detail.l'®!”] In contrast to the stoichiometric reactions of
vanadium—dinitrogen complexes, the vanadium-catalyzed dinitrogen
reduction under mild reaction conditions has not yet been achieved
until now. Schrock and co-workers previously tried to develop the
catalytic conversion of molecular dinitrogen into ammonia by using
their vanadium complexes as catalysts; however, no ammonia was
observed from dinitrogen gas.!'¥! Based on these research
backgrounds,!"” we have found that newly designed and prepared
vanadium complexes bearing anionic pyrrole-based PNP-type pincer
and aryloxy ligands (PNP = 2,5-
bis(dialkylphosphinomethyl)pyrrolide) worked as effective catalysts
toward the direct conversion of molecular dinitrogen into ammonia
and hydrazine under mild reaction conditions (Chart 1(a)). This is
the first successful example of early transition metal-catalyzed
dinitrogen reduction under mild reaction conditions. Herein, we
report preliminary results.

According to our previous procedure, we newly prepared a
vanadium dichloride complex bearing an anionic pyrrole-based
PNP-type pincer ligand [VCI,(PNP)] (1). Treatment of [VCls(thf);]

[7,10]

(thf = tetrahydrofuran) with lithium 2,5-bis(di-
alkylphosphinomethyl)pyrrolides, generated from 2,5-
bis(dialkylphosphinomethyl)pyrroles and  "BuLi, in THF

1
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(tetrahydrofuran) at room temperature for 6-9 h gave [VCL,(R-PNP)]
(1a: R = ‘Bu, 1b: R = Pr) in 95% and 64% yields, respectively. At
first, we tried to prepare the corresponding dinitrogen complexes
from reactions of 1 with reducing reagents such as KCg and Na
under 1 atm of N,; however, only unidentified mixtures were
obtained after reduction of 1. Next, we designed new vanadium
complexes by the introduction of one bulky ligand such as aryloxy
or aryl group to the vanadium center in 1 because the presence of a
bulky ligand on the vanadium atom changes the configuration
around the vanadium center to lead the formation of the
corresponding vanadium(Il)—dinitrogen complexes (Chart 1(b)).
Reactions of 1 with some ArOLi in THF at room temperature for 8-
12 h gave the corresponding vanadium aryloxide complexes
[VCI(OAT)(‘Bu-PNP)] (2a: Ar = 2,6-dimethylphenyl (Xyl), 2b: Ar =
phenyl, 2¢: Ar = 2,6-di-iso-propylphenyl), and [VCI(OXyl)(Pr-
PNP)] (2d) in 79, 44, 64, and 51% yields, respectively (Scheme 1).
On the other hand, the reaction of 1a with XylLi under the same
conditions gave the corresponding vanadium 2,6-xylyl complex
[VCI(Xyl)(‘Bu-PNP)] (3a) in 21% yield (Scheme 1).

Molecular structures of 1, 2, and 3 were confirmed by X-ray
analysis. ORTEP drawings of 1a and 2a are shown in Figure 1 (see
ORTEP drawings of 1b, 2b-2d, and 3a in Figure S5 and S7-S10).*"
Crystal structures of 1a and 2a have distorted square pyramidal
geometries around the vanadium atoms (the geometry index 75 =
0.24 for 1a and 0.18 for 2a, where 75 = 0.00 for a perfect square
pyramidal and 75 = 1.00 for a trigonal bipyramidal geometry).[?"
Complexes 1a, 2a, and 3a have solution magnetic moments of
2.7£0.1 ug, 2.6+0.1 ug, and 2.7+0.1 ug at 296K, respectively, which
are consistent with the spin-only value for an S = 1 spin state (2.83

un).
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2¢: R = Bu, Y = 2,6-PryCgH30
2d: R = Pr, Y = 2,6-Me,CgHzO
3a: R =By, Y = 2,6-Me,CgHs

Scheme 1. Preparation of vanadium complexes
bearing anionic PNP-pincer ligands.

(a) (b)
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Figure 1. ORTEP drawings of 1a (a) and 2a (b). Hydrogen atoms are omitted for clarity.

Reduction of 2a with KCy in Et,O at room temperature for 4 h
under 1 atm of N, gave a dinitrogen-bridged divanadium complex
[V(OXyl)(‘Bu-PNP)]5(u-N>) (4a) in 44% yield after recrystallization
(Scheme 2). On the other hand, reduction of 2a with KCg in Et,O
at room temperature for 9 h under 1 atm of Ar gas gave a
mononuclear vanadium complex [V(OXyl)('Bu-PNP)] (5a) in 56%
(Scheme 2). Raman and IR spectra of 4a in Et,O under 1 atm of N,
showed no peak assignable to bridging and terminal dinitrogen
ligands. Unfortunately, no Raman band attributable to the bridging-
dinitrogen ligand was observed in the solid state of 4a due to the
instability of 4a. These results suggest that the dinitrogen-bridged
dinuclear structure does not remain in solution and the complex may

10.1002/anie.201802310

‘ N\ Bu,
B Y=
N Uo
KCq v’P N \V,N Y
p—V—N=N—
EtO gy, | N

2a — \©/ 4a
PBu,
KCsg A
B0 s N“"_O
n,9h
5a

PB
Ar (1 atm) U2

Scheme 2. Reduction of vanadium complexes.
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Figure 2. ORTEP drawings of 4a (a) and 5a (b). Hydrogen atoms are omitted for clarity.

V1-N12.0383(19) A

exist as a mononuclear vanadium complex bearing no terminal
dinitrogen ligand such as 5a. UV spectra of 4a and 5a in Et,0
under 1 atm of Ar show that 4a may be converted into 5a quite
rapidly (see UV spectra of 4a in Et,0 under 1 atm of Ar in Figure
S3). These results also suggest that an equilibrium mixture of 5a
and a mononuclear vanadium—dinitrogen complex such as
[V(N,)(OXyl)('Bu-PNP)] (A) may be formed in a Et,0 solution of
4a, where 5a exists with priority. Separately, we confirmed that the
conversion of 4a into 5a proceeded smoothly in Et,0 under 1 atm of
Np.

Detailed molecular structures of 4a and 5a were confirmed by X-
ray analysis. ORTEP drawings of 4a and 5a are shown in Figure 2.
Crystal structures of 4a and 5a have distorted square pyramidal and
square-planar geometries around the vanadium atoms, respectively
(the geometry index 7 = 0.02 and 0.29 for 4a and 7,"* = 0.21
and 0.30 for 5a). The bridging N-N bond distance in 4a is 1.235(4)
A, which signals two-electron reduction with a typical N=N bond
coordinated to the V atoms.”  The bond lengths between V and N
atoms of the pyrrolide group in 4a and 5a (2.038(3), 2.030(3), and
2.0383(19) A) are longer than those in 1a and 2a (1.965(3) and
1.995(2) A). These results indicate that 4a and 5a have a poor -
donor ability of the pyrrolide group than 1a and 2a. Complex 5a
has a solution magnetic moment of 3.6+0.1 ug at 296K, which are
consistent with the spin-only value for an S = 3/2 spin state (3.87
un).

Next, we investigated catalytic dinitrogen reduction in a modified
experimental procedure of the previous method investigated by our
group,””! originally reported by Peters and co-workers.®  The
reaction of atmospheric pressure of dinitrogen gas with 40 equiv of
KCjy as a reductant and 38 equiv of [H(OEt,),][BAr'4] as a proton
source in the presence of a catalytic amount of 2a in Et,O at -78 °C
for 1 h gave 4.0 equiv of ammonia and 0.8 equiv of hydrazine (5.6
equiv of fixed N atom) based on the vanadium atom of the catalyst
together with 4.4 equiv of hydrogen gas (Table 1, Entry 1).2**] No
formation of ammonia and hydrazine was observed at all in other
solvents such as THF and toluene. When other vanadium
complexes 2b-2d were used as catalysts in place of 2a, lower
amounts of ammonia and hydrazine were produced based on the
vanadium atom (Table 1, Entries 2-4). In all cases, the formation
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Table 1. Vanadium-catalyzed reduction of dinitrogen to ammonia and

hydrazinel! catalyst
1§%m+ KCg + [H(OEty),][BArF,] m NH3z + NaH, <+ Hz)
Entry Cat. KCg  [H(OEty),][BArF,] NHy NoH, fixed N atom H,
(Equiv)! (Equiv)®!  (Equiv)!P! (Equiv)l?! (Equiv)l?! (Equiv)[®!
1 2a 40 38 4.0=0.5°10.8+0.2l 5.6 4.4x0.6l°]
2 2b 40 38 3.6=0.1(°10.5:0.1°1 4.6 4.3+0.4[°]
3 2 40 38 3.2:0.1(10.320.1[1 3.8 4.3+1.10
4 2d 40 38 1.9 0 1.9 5.8
5 3a 40 38 3.020.4[°10.6+0.2¢1 4.2 3.4x0.4[°]
6 1a 40 38 1.3 0.2 1.7 7.4
7 7 40 38 1.8 0 1.8 8.9
8 8 40 38 0.9 0 0.9 3.0
9 2a 200 184 3.5+0.411.7:0.2 6.9 39+1[°
10 5a 40 38 6.8:0.21¢10.320.1[¢ 7.4 1.320.0(°]
11 5a 200 184 12z0lcl  1.8:0.7I%6 30:2[°
12 4a 40 38 4.6<0.1¢1gle] 4.6 2.4:0.4[
13 6a 40 38 6.6+0.1(10.420.111 7.4 3.0<0.1[°

[alTo a mixture of catalysts, KCq, and [H(OEt,),][BAr",] was added

Et,O at -78 °C, and then the resultant mixture was stirred at -78 °C

for 1 h. PIEquiv based on the V atom. [lAverage of multiple runs

(=2 times) are shown.
of hydrogen gas was observed as a side-product. The use of 3a
gave 3.0 equiv of ammonia and 0.6 equiv of hydrazine (4.2 equiv of
fixed N atom) based on the vanadium atom of the catalyst (Table 1,
Entry 5). For comparison, other vanadium complexes such as
[VCL('Bu-PNP)] 1a, frans-[Na(thf)][V(N,)2(dppe),]”® (7, dppe =
1,2-bis(diphenylphosphino)ethane) and
K[V {(Me;SiNCH,CH,),NSiMe; } (u-N)],*” (8) did not work as
catalysts under the same reaction conditions (Table 1, Entries 6-8).
These results indicate that only vanadium complexes bearing
anionic pyrrole-based PNP-type pincer and aryloxy ligands worked
as effective catalysts. The result of control experiments supports
that the combination of 2a, dinitrogen gas, KCg, and
[H(OEt,);][BAr"4] is necessary for the catalytic formation of
ammonia and hydrazine.”®!

In contrast to 2a (Table 1, Entries 1 and 9), the largest amounts
of ammonia and hydrazine in the present catalytic system were
obtained when 200 equiv of KCg and 184
[H(OEt,),][BAr"4] were used in the presence of 5a under the same
reaction conditions, where a mixture of ammonia (12 equiv) and
hydrazine (1.8 equiv) was obtained based on the vanadium atom of
the catalyst (16 equiv of fixed N atom) (Table 1, Entries 10, and 11).
The catalytic activity of 5a is almost the same with those of iron—
and cobalt—dinitrogen complexes [M(N,)(‘Bu-PNP)] (M = Fe’” and
Co!" under the same reaction conditions (up to 18 equiv of of
fixed N atom). Unfortunately, 4a has a slightly lower catalytic
activity than Sa under the same reaction conditions (Table 1, Entry
12). At present, we consider that the low solubility of 4a in Et,O at
-78 °C may prohibit the catalytic reaction effectively.

We have not yet observed the formation of mononuclear
vanadium—dinitrogen complexes such as A from the reaction of 5a
with dinitrogen gas although 4a was isolated from recrystallization
of 5a under 1 atm of N, (Figure 3). This result indicates that the
formation of 4a proceeds smoothly from an equilibrium mixture of
A and 5a under 1 atm of N,. DFT calculations demonstrate that
protonation of A with [H(OEt,),]" is not likely to occur at the N,
ligand but at a f-carbon atom of the pyrrole moiety of the PNP
ligand. At 195 K, the formation of [V(N=NH)(OXyl)(‘Bu-PNP)]"
(B) is endergonic by 8.1 kcal/mol, while the formation of
[V(N2)(OXyl)(‘Bu-PNP™)]" (B’) is exergonic by 16.1 kcal/mol
(Figure 3). In fact, we previously isolated and characterized an
analogous iron complex [F e(Nz)(’Bu-PNP»H)][BArF4].[7"]

As a key intermediate toward the catalytic nitrogen fixation in
the present system, we would like to propose an anionic vanadium—
dinitrogen complex such as [V(N,)(OXyl)(‘Bu-PNP)]™ (C), which
may be generated by reduction of 5a under 1 atm of N, (Figure 3).

equiv  of

10.1002/anie.201802310

The cyclic voltammetry of 5a revealed one reduction wave at —2.1 V
in the reverse cathodic scan under 1 atm of N,, supporting the
possibility of the formation of anionic vanadium complexes. DFT
calculations show that the free energy changes at 195 K (AGys) for
the binding of N, to neutral and anionic 5a are —2.6 and —18.1
kcal/mol, respectively. Furthermore, protonation of the N, ligand
in C to form [V(N=NH)(OXyl)(‘'Bu-PNP)] (D) is calculated to be
highly exergonic by 31.5 kcal/mol. The enhanced reactivity of the
N, ligand in C can be associated with the increase of the negative
atomic charges on N, (-0.63 in total) compared with that in A (-
0.13), in a similar manner as protonation of [Fe(N,)('Bu-PNP)].l’"
Unfortunately, despite the reaction of 5a with various reducing
reagents like KCg, we have not obtained reduced vanadium
complexes such as C until now.?**"
PBu, |+

= WN=NH
N-V.
t = \\oxw
N, PBU, PBU, B
(1 atm) WNZ" [H(OEty),]* 2
5a ——— - N—V'\ +8.1 kcal/mol from A
=N | ~oxy \ .
PBu, |
PBu; A N7
KCS’ — N_V"\
N, (1 atm) |_||_| y |\0Xyl
PrBU2 B’
PBu, NT - PBu, ~16.1 kcal/mol from A
| N MO L | N=NH
N-V. N-V<
= y\oxw = |\OXyI
PBu, ¢ PBu, p

—31.5 kcal/mol from C
Figure 3. Possible reaction pathway for ammonia from 5a.

To get more information on the reaction pathway, we prepared a
vanadium—amide complex and investigated its reactivity.  The
reaction of 2a with NH,Na in THF at room temperature for 14 h
gave  the  corresponding  vanadium  amide  complex
[V(NH,)(OXyl)(‘Bu-PNP)] (6a) in 36% yield (Scheme 3(a)). The
detailed molecular structure of 6a was confirmed by X-ray analysis.
An ORTEP drawing of 6a is shown in Scheme 3(b). When the
reaction of 6a with 10 equiv of KCg and 10 equiv of
[H(OEt,),][BAr 4] was carried out in Et,0 at -78 °C for 1 h under 1
atm of Ar, ammonia was obtained in 37% yield based on the
vanadium atom. In addition to the stoichiometric reactivity, 6a has
a similar catalytic activity with 5a (Table 1, Entry 13). Based on
these experimental results, we consider that 6a may be involved as a
key reactive intermediate leading to the formation of ammonia.

(@ PBu, (b)
NH,Na | N,
2a———— | N-W
THR i, 14h 1\0
PBu,
6a

KCg and [H(OEt,),][BArT,]
Et,0, -78 °C, 1 h, Ar (1 atm)

V1-N12.003(2) A
Scheme 3. (a) Preparation and reactivity of vanadium—amide complex.

(b) ORTEP drawing of 6a. Hydrogen atoms are omitted for clarity.

In summary, we have found that newly designed and prepared
vanadium complexes bearing anionic pyrrole-based PNP-type pincer
and aryloxy ligands worked as effective catalysts toward the direct
conversion of molecular dinitrogen into ammonia and hydrazine
under mild reaction conditions, where up to 14 equiv of ammonia

and 2 equiv of hydrazine (16 equiv of fixed N atom) are produced
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based on the vanadium atom. The result described in this paper
provides the first successful example of the vanadium-catalyzed
direct conversion of molecular dinitrogen into ammonia and
hydrazine under mild reaction conditions.®" In sharp contrast to
the previous reports using mid-to-late transition metal complexes as
catalysts, this is the first successful example of early transition
metal-catalyzed dinitrogen reduction under mild reaction conditions.
At present, we consider that the present dinitrogen reduction
proceeds via a similar reaction pathway using [M(N,)(PNP)] (M =
Fe and Co) as catalysts, where not nitride complexes but hydrazine
complexes worked as key reactive intermediates.’*'Y  We believe
that the present findings provide a valuable opportunity to elucidate
the reaction mechanism in FeV nitrogenase.  Further study®? is
currently in progress to develop more effective vanadium complexes
and to elucidate the reaction mechanism.
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