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Rhodium complexes bearing an anionic pyrrole-based PNP-type
pincer ligand are synthesised and found to work as effective
catalysts for the transformation of molecular dinitrogen into
tris(trimethylsilyllamine under mild reaction conditions. This is the
first successful example of rhodium-catalysed dinitrogen reduction
under mild reaction conditions.

Various transition metal-dinitrogen complexes have been
intensively studied for the last decades to achieve efficient
catalytic nitrogen fixation under mild reaction conditions. In
2003, Yandulov and Schrock reported the first example of the
catalytic ammonia formation from dinitrogen using a
molybdenum dinitrogen complex.! Since the pioneering report,
titanium-,2 vanadium-,> molybdenum-,* iron-,> ruthenium-,®
osmium-,® and cobalt’-catalysed reduction of dinitrogen into
ammonia and hydrazine has been reported by us and other
groups.® In addition, catalytic transformation of dinitrogen into
tris(trialkylsilyl)Jamines, which are easily converted into
ammonia by acid hydrolysis, has been developed since the first
report by Shiina in 1972° as an alternative nitrogen fixation.10
Up to now, titanium-'' vanadium-*> chromium-,3
molybdenum-,1* tungsten-,%* iron-,15 and cobalt-complexes'®
catalysts for the
tris(trimethylsilyl)Jamine  (N(SiMes);) under
conditions.

In sharp contrast to the intensive study of the catalytic
activity of early-to-mid transition metal-dinitrogen complexes
toward nitrogen fixation, the catalytic reactivity of group 9-11
transition metal-dinitrogen complexes toward nitrogen fixation
has been less explored except for cobalt-dinitrogen
complexes,'” because the activation of dinitrogen by these
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metals is often too weak to be functionalised into ammonia and
Although more than 30
complexes

its equivalent such as N(SiMej3)s.

examples of rhodium-dinitrogen have been

synthesised until now,”© no successful example of the
transformation of the coordinated dinitrogen on the rhodium
atom of the rhodium—dinitrogen complexes has yet been
reported not only in a catalytic fashion but also in a
stoichiometric fashion, to the best of our knowledge.

Recently, we have found that vanadium-3 iron-,¢ and
cobalt’-dinitrogen complexes bearing an anionic pyrrole-based
ligand (PNP = 2,5-bis(di-tert-

butylphosphinomethyl)pyrrolide) worked as effective catalysts

pincer

for the formation of ammonia and hydrazine in the reaction of
atmospheric pressure of dinitrogen gas with reductant and
proton source at —78 °C. Based on these research backgrounds,
we have newly designed rhodium-dinitrogen complexes
bearing the same PNP ligand to investigate their catalytic
activity toward formation of ammonia and N(SiMe3)s.¥ As a
result, we have found that the synthesized rhodium complex
worked as an effective catalyst for the formation of N(SiMe3z)s
as the first example of the rhodium-catalysed transformation of
dinitrogen under mild reaction conditions. Herein, we report
preliminary results.

The reaction of [RhCl3(MeCN);] with 1 equiv. of lithium 2,5-
bis(di-tert-butylphosphinomethyl)pyrrolide (PNP-Li) and KCg in
THF at =30 °C for 1 min and then at room temperature for 4 h
gave a rhodium(ll)-chloride complex bearing the PNP ligand
[RhCI(PNP)] (1) in 32% vyield (Scheme 1).
mononuclear rhodium(ll) complexes is relatively limited and

Isolation of

rare because Rh(ll) species are prone to disproportionation or
dimerization.'®1% The molecular structure of 1 was confirmed
by X-ray analysis. An ORTEP drawing is shown in Fig. 1(a).
Complex 1 has a distorted square planar geometry around the
rhodium centre. Rhodium(ll) complex 1 is paramagnetic with a
solution magnetic moment of 2.0 44 at 298 K. The measured
magnetic moment is close to the spin-only value for an S = 1/2
spin state.
NBu4PFg¢ as supporting electrolyte under an atmospheric

The cyclic voltammogram (CV) of 1 in THF with

pressure of dinitrogen or argon shows a reversible reduction
wave at Ey; = —1.36 V vs ferrocene”* (Fig. S1). The chemical
reduction of 1 with 1.1 equiv. of KCg under an atmospheric
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Scheme 1. Synthesis of rhodium complexes bearing the pyrrole-based
anionic PNP-type pincer ligand

pressure of dinitrogen did not afford the corresponding
rhodium(l)-dinitrogen complex but an anionic rhodium(l)-
chloride complex (K[RhCI(PNP)]) (2) in 66% yield. The formation
of 2 was confirmed by treating 2 with 18-crown-6 in THF to
afford [K(18-crown-6)][RhCI(PNP)] (2’), which was characterized
as THF-adduct 2’-(thf), by X-ray analysis (Fig. 1(b)). Rh(l)
complex 2’-(thf), has longer Rh-Cl and Rh-N bonds (2.4143(6)
and 2.004(2) A) than 1 (2.3218(8) and 1.952(2) A), respectively,
while the mean Rh-P distance of 2’-(thf), (2.271 A) is shorter
than that of 1 (2.322 A).

We investigated the cation exchange of 2 with Na* to
eliminate the Cl anion as NaCl. The reaction of 2 with 1 equiv.
of NaBArF, (Arf = 3,5-bis(trifluoromethyl)phenyl) in THF at room
temperature for 20 h under an atmospheric pressure of
dinitrogen afforded the corresponding rhodium(l)-dinitrogen
complex 3in 66% yield. Separately, 3 was obtained in 61% NMR
yield by reduction of 1 with 1 equiv. of Na-Hg in THF at room
temperature for 20 h under an atmospheric pressure of
dinitrogen. The molecular structure of 3 shows that the
rhodium atom of 3 adopts a distorted square planar structure
with an end-on dinitrogen ligand (Fig. 1(c)). The IR spectra of 3
in solid (KBr) and solution (THF or C¢Dg) states exhibit strong 1~
nn bands at 2110 and 2112 cm™, respectively, which are
assigned as the terminal dinitrogen ligand. The wyy values of 3
is comparable to those of reported Rh(l)-dinitrogen
complexes.1’c A larger vy value of 3 than the cobalt-analogue
complex [Co(N,)(PNP)]? (2017 cm™ in THF) indicates weaker
activation of the dinitrogen ligand in 3. The CV spectrum of 3 in
THF shows no reduction wave within the solvent window.

We have performed DFT calculations to get more
information on 3. Optimized structure of 3 and its selected
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with that of the Co—N, bond of the cobalt-analogue complex
[Co(N,)(PNP)]7 (21.3 kcal/mol). On the other hand, the electron
affinity of 3 is calculated to be 21.0 kcal/mol, which is much
smaller than those calculated for [Fe(N,)(PNP)]%8 (28.6 kcal/mol)
and [Co(N,)(PNP)]7 (29.4 kcal/mol). The smaller electron affinity
value of 3 could be consistent with the experimental fact that
no reduction wave was observed in the CV measurement.

The reaction of [RhCI(CO),], with 1 equiv. of PNP-Li in
toluene at room temperature for 13 h afforded a carbonyl
complex [Rh(CO)(PNP)] (4) in 42% yield. The single-crystal X-ray
analysis of 4 (Fig. 1(d)) reveals that the metrical parameters of
4 are comparable to those of 3. The IR spectrum (KBr) of 4
shows a strong absorption of CO at 1941 cm™.

We investigated the stoichiometric reaction of 3 toward the
formation of ammonia. Protonation of 3 with sulfuric acid in
THF neither afforded ammonia nor hydrazine. Next, catalytic
formation of ammonia from the reaction of dinitrogen with
reductants and proton sources was carried out by using 3 as a
catalyst under the reported conditions (Table S1).#°2 However,
no formation of ammonia and hydrazine was observed under
these reaction conditions, where only the formation of
dihydrogen was observed in all cases (Table S1). This result is in
sharp contrast to our previous result that iron- and cobalt-
dinitrogen complexes [M(N,)(PNP)] (M = Fe and Co) worked as
effective catalysts toward the formation of ammonia and
hydrazine.’®” In the iron-catalysed reaction,’® we proposed a
reaction pathway where an anionic Fe(0)-dinitrogen complex,
which is prepared from one-electron reduction of [Fe(N;,)(PNP)],
plays a key reactive intermediate to form a nitrogen-hydrogen
bond at the terminal nitrogen atom of the coordinated
dinitrogen ligand. We consider that protonation may not occur
on the dinitrogen ligand but the rhodium atom in 3 to generate
dihydrogen.?°

Next, we investigated the catalytic formation of N(SiMejz)s
from dinitrogen. Typical results are shown in Table 1. We

This journal is © The Royal Society of Chemistry 20xx
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carried out the reaction of atmospheric pressure of dinitrogen
with KCg (600 equiv. to 3) as a reductant and Me3SiCl (600 equiv.
to 3) as a silylating reagent in THF at room temperature for 20
h to afford N(SiMes)s, which was quantified as ammonia after
acid hydrolysis of the reaction mixture. This reaction gave 6.8
equiv. of ammonia based on 3 (Table 1, entry 1). Separately, we
confirmed the formation of 6.2 equiv. of N(SiMes)s (3% yield
based on the MesSiCl) by GC, together with Me3SiSiMe; (7%

yield), C4Hs0SiMe; (3% yield), and Me;SiC4HgOSiMes (34% yield).

After the catalytic run, we reloaded fresh KCg (600 equiv) and
MesSiCl (600 equiv) and stirred the reaction mixture at room
temperature for another 20 h under 1 atm of N,. However, the
obtained amount of ammonia did not increase. This result
indicates that the rhodium catalyst is no longer active after a
catalytic run. Use of Na as a reductant instead of KCg afforded
no N(SiMe3s); (Table S2). We also examined other solvents such
as Et,0, DME, and toluene, but THF was the best solvent in the
present reaction system (Table S3).

When rhodium complexes 1, 2, and 4 as well as a rhodium-
ethylene complex [Rh(CH,CH,)(PNP)], which was independently
reported by Yamashita and co-workers,?! were used as catalysts
in place of 3, lower amounts of ammonia were obtained based
on the rhodium atom (Table 1, entries 2-5). Then, we employed
commercially available simple rhodium complexes as catalysts
(Table 1, entries 6-9), but these rhodium complexes worked less
effectively than 3.

Masuda and co-workers®d previously reported that the
catalytic activity of their cobalt complex toward the formation

Table1 Catalytic reduction of dinitrogen into tris(trimethylsilyllamine using
rhodium complexes®

) cat. H;0*
Nz +6KCg + 6MegSICl — = 2N(SiMeg); — = 2NH;
(1 atm)
T,20 h
Entry Catalyst T NH;
(equiv.)?

1 3 rt 6.840.7¢ (6.29)
2 1 rt 3.9
3 2 rt 5.4
4 rt 2.2
5 [Rh(CH,CH,)(PNP)] rt 5.3
6 [RhCI(CO)(PPhs),] rt 3.5
7 [RhCI(PPhs);] rt 2.2
8 [Rh,(OACc),] rt 2.8
9 [Rhy(CO);5] rt 0.1
10 3 0°C 6.2
11 3 -20°C 7.4
12 3 -30°C 17.3
13 3 —-40 °C 23.2+0.3¢(23.99)
14 3 -50 °C 12.3
15 3 —60 °C 7.3

@ A mixture of rhodium complex (0.0025 mmol/Rh), KCg (1.5 mmol), and
MesSiCl (1.5 mmol) in THF (3.0 mL) was stirred at room temperature for 20 h
under 1 atm of N,. ? Equiv. of ammonia based on the Rh atom of the catalyst
after acid hydrolysis of the reaction mixture. ¢ Averages of triplicate runs are
shown. 9 GC yield of N(SiMe3)s.

This journal is © The Royal Society of Chemistry 20xx
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of N(SiMe3)s from dinitrogen dramatically increased at low
temperature such as —40 °C because the dinitrogen ligand
binding to the metal becomes favourable at low temperature.
Based on this previous result, we carried out the catalytic
reaction at lower temperature using 3 as a catalyst. As the
reaction temperature was decreased, the produced amount of
ammonia increased gradually to 23.2 equiv. based on the
rhodium atom at —40 °C (Table 1, entries 10-13).§ In this case,
the formation of 23.9 equiv. of N(SiMes3); was observed based
on the rhodium atom of the catalyst (12% yield based on the
MesSiCl), together with Me;SiSiMes (36% vyield), C4Hg0SiMes
(<1% vyield), and Me3SiC4HgOSiMe; (8% vyield). However, the
catalytic activity of 3 substantially dropped when the reaction
was carried out at further low temperature such as —50 or —60
°C (Table 1, entries 14-15).

We have not yet clarified the reaction mechanism of the
catalytic silylation of dinitrogen using 3 as a catalyst. As
proposed in the previous study,'® we consider that the present
reaction proceeds homogeneously via MesSi radical, which is
generated in situ from MesSiCl and KCg, as an active silylating
reagent. In fact, no inhibition of the formation of N(SiMej3); in
the presence of Hg was observed in the present reaction
system, indicating that homogeneous rhodium complexes may
work as reactive species for the silylation of dinitrogen.??

Reactions of 3 with three MesSi radicals to yield
[Rh(PNP)(NN(SiMes)x)] (x = 1-3) have been evaluated by DFT
calculations. We found that the Rh(PNP) framework can accept
up to three SiMes radicals due to the bulkiness of the SiMes
group. Optimized structures of the silylated complexes
[Rh(PNP)(NN(SiMes)x)] (x = 1-3) are presented in Fig. S7. Rh(l),
Rh(Il) and Rh(lll) states are involved as intermediates. The free
energy changes (AG29s) for the three successive addition of the
SiMes radical to 3 are calculated to be +1.9 kcal/mol (x = 1), —
17.9 kcal/mol (x = 2), and —0.2 kcal/mol (x = 3). Although the
steps in which the Rh(ll) species are formed are less favourable,
the calculated AGz2ss values indicate that the silylation reactions
of 3 with three MesSi radicals to [Rh(PNP)(NN(SiMes)3)] can
totally proceed from a thermodynamic point of view.

In summary, we have found that newly designed and
prepared the rhodium dinitrogen complex bearing the anionic
pyrrole-based PNP-type pincer ligand worked as an effective
catalyst for the silylation of dinitrogen under mild reaction
conditions, where up to 23 equiv. of N(SiMe3); were produced
based on the rhodium atom of the catalyst. This result
demonstrates the first successful example of the rhodium-
catalysed-nitrogen fixation under mild reaction conditions. One
of the possible roles of the PNP pincer ligand is to stabilize
various oxidation states during the catalytic reaction. We hope
that the finding described in the present paper provides the
valuable suggestion to develop late transition metal-catalysed
nitrogen fixation under mild reaction conditions. Further
studies are ongoing in our laboratory to develop novel
transition-metal catalysts for the nitrogen fixation.
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JPMJCR1541). We acknowledge Grants-in-Aid for Scientific
Research (Grants JP17H01201, JP15H05798, JP18K19093,
JP18K05148, and JP19K23645) from JSPS and MEXT.

J. Name., 2013, 00, 1-3 | 3



ChemEomm

Conflicts of interest

There are no conflicts to declare.

Notes and references

¥ Yamashita and co-workers independently reported the
rhodium-ethylene and -dihydrogen complexes bearing the same
PNP ligand. See a reference 21.
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the rhodium atom were produced after hydrolysis. This result
indicates that the catalytic activity of [RhCI(CO)(PPhs),] was
higher than that at room temperature (see Table 1, entry 6).
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