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ABSTRACT: The stoichiometric and catalytic hydrogenation of nitrous oxide mediated by gas/solid reactions of rhodium(II)
pincer complexes [Rh(PNP-tBu)X]+ (X = CH3, H, OH; PNP-tBu = 2,6-(tBu2PCH2)2C5H3N) is reported. A reaction sequence
involving Rh(II)−CH3 → Rh(II)−H → Rh(II)−OH → Rh(II)−H bond interconversions has been structurally mapped out by
single-crystal X-ray diffraction and verified by EPR spectroscopy. These rhodium(II) metalloradicals are sufficiently robust to
catalyze the hydrogenation of nitrous oxide at room temperature with modest productivity (8.3 apparent turnovers). The relative
rates of the stoichiometric transformations suggest that Rh−O bond hydrogenolysis is turnover-limiting.

Nitrous oxide (N2O) is a potent greenhouse gas and ozone
depleting substance.1 Within the nitrogen cycle, N2O is

consumed by denitrifying microorganisms through 2e−/2H+

reduction to N2 and H2O, catalyzed by the copper-containing
enzyme nitrous oxide reductase.2 Hydrogenation is an
alternative way of achieving this outcome in a lab setting but
typically requires elevated temperatures and precious metal-
based heterogeneous catalysts.3 While O atom insertion into
M−H bonds is an established N2O activation manifold,4 few
transition metal complexes are known to catalyze the
homogeneous hydrogenation of N2O.

5−8 Hydrogenolysis by
addition of H2 across M−O bonds is not well-documented,
and onward reactivity of metal hydroxides, such as those
resulting from activation of N2O, is generally induced by
protonolysis (Figure 1A).5,6,9

Inspired by the work of Campos et al. on the organometallic
chemistry of iridium(II) pincer complexes10,11 and building
upon developments in our laboratories,7,12,13 we set about
examining the hydrogenation of N2O using the novel
rhodium(II) hydride complex [Rh(PNP-tBu)H][BArF4] 1
(PNP-tBu = 2,6-(tBu2PCH2)2C5H3N, ArF = 3,5-
(CF3)2C6H3), hypothesizing that reaction of H2 with the
open-shell hydroxide derivative [Rh(PNP-tBu)(OH)][BArF4]
2 would be promoted by metalloradical reactivity (Figure 1B).
The closest literature precedent for 1 is a square-pyramidal
rhodium(II) hydride prepared in solution by one-electron
oxidation of [Rh(PPh3)3(CO)H].

14 Attempts to access 1 in a
similar manner, however, invariably afforded diamagnetic
[Rh(PNP-tBu)(H2)][BArF4] 3 as the common organometallic
product. Recognizing the propensity of the open-shell hydride
for intermolecular decomposition in solution, we turned to
solid-state molecular organometallic methods to study 1 and
assess our hypothesis through gas/solid reactions.15,16 We
herein report on the in crystallo hydrogenation of N2O and
characterization of the metalloradical intermediates involved in
this transformation by single-crystal X-ray diffraction and EPR
spectroscopy.
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Figure 1. Transition metal catalyzed hydrogenation of N2O
proceeding by O atom insertion (OAI) into a M−H bond followed
by (A) stepwise or (B) direct hydrogenolysis (HYG) of the resulting
M−OH bond.
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To synthesize 1 in the solid state, a strategy involving
treatment of crystalline samples of novel rhodium(II) methyl
complex [Rh(PNP-tBu)(CH3)][BArF4] 4 with H2 was devised.
The required rhodium(II) precursor was subsequently
obtained as dark purple microcrystalline powder following
one-electron oxidation of the known rhodium(I) congener
(E1/2 = −0.64 V vs Fc+/Fc, Fc = ferrocene) with Fc[BArF4] in
1,2-difluorobenzene (DFB, Figure 2A).12,17 Complex 4 is
stable in 2-methyltetrahydrofuran (MeTHF) solution at room
temperature, and only ca. 10% decomposition was observed in
DFB over 24 h, enabling single crystals of 4 suitable for
analysis by X-ray diffraction to be reproducibly obtained by
recrystallization from DFB/hexane at room temperature
(monoclinic, P21/c). The resulting solid-state structure is
notable for adoption of a square planar metal geometry and a
Rh1−C4 distance of 2.094(3) Å. Each [Rh(PNP-tBu)(CH3)]+
cation is surrounded by an octahedral arrangement of [BArF4]−

anions, and the methyl ligand is notably projected into a cleft
of the proximal counterion, which demarcates a cavity about
this coordination site that is well-suited to gas/solid reactivity
(Figure 2B,C).15 Subsequent analysis of the bulk microcrystal-
line sample by powder X-ray diffraction confirmed exclusive
adoption of this morphology. In DFB/MeTHF solution, the
presence of a single paramagnetic species of C2v symmetry is
evident by 1H NMR spectroscopy. All the proton environ-
ments can be located between δ −70 and +40, and an effective
magnetic moment of 1.64 μB was determined in MeTHF using
Evans’ method,18 consistent with the expected d7-metal
configuration. No 31P resonance could be located between δ
−600 and +600. Assignment as a metal-centered radical was
subsequently corroborated by analysis of a frozen MeTHF
glass solution of 4 by EPR spectroscopy at 115 K, with 4
observed alongside the corresponding square pyramidal
solvent adduct 4·MeTHF in a 1:1 ratio (Figure 3A). Complex
4 displays rhombic symmetry and a high degree of g-anisotropy
(g1 = 3.801, g2 = 1.851, g3 = 1.521; A1 = 298 MHz, A2 = 191
MHz, A3 = 181 MHz from coupling to 103Rh), characteristic of

authentically square planar rhodium(II) complexes,19 while
4·MeTHF exhibits diagnostically reduced g-anisotropy (g1 =
2.496, g2 = 2.336, g3 = 1.971; A1 = 121 MHz, A2 = 131 MHz,
A3 = 128 MHz from coupling to 103Rh).12

Treatment of bulk microcrystalline 4 with H2 (1 atm) at
room temperature resulted in a rapid color change from dark
purple to pastel pink, with concomitant liberation of methane
verified by analysis of the head space by GC-TCD within 1 h
(Figure 3). Conversion into the target rhodium(II) hydride 1
is supported by appearance of a metal-hydride band in the
ATR IR spectrum at 1941 cm−1, and repeating the reaction
using an ensemble of single crystals of 4 enabled structural
elucidation of the product by X-ray diffraction following a
single-crystal to single-crystal transformation (1 atm H2, RT
for 2 h). Statistically significant contractions of the Rh1−P2
(2.2898(6) vs 2.3160(5) Å), Rh1−P3 (2.2910(6) vs 2.3148(5)
Å), and Rh1−N20 bonds (2.134(2) vs 2.151(2) Å) are
measured relative to 4, and the hydride ligand in 1 was located
from the Fourier difference map and refined with residual
electron density at this coordination site <0.3 eÅ3 (Figure
S35). Decomposition into a diamagnetic mixture of 3 (δ 82.4,
1JRhH = 120 Hz) and [Rh(PNP-tBu)(MeTHF)][BArF4] 5
(δ 65.1, 1JRhH = 146 Hz; verified by independent synthesis)
was observed upon dissolution of 1 in MeTHF at room
temperature, with an initial rate and isotope labeling study
consistent with bimetallic reductive elimination of H2

10 and
concurrent, but slower, H atom extraction from the solvent
(>95% decomposition within 90 min, 10 mM initial
concentration). Formation of 1 was nevertheless verified in
frozen MeTHF glass solution by EPR spectroscopy at 115 K
through preparation of the sample in thawing MeTHF, as
gauged by significant perturbations to the g-tensor and the
extent of hyperfine coupling (g1 = 3.246, g2 = 2.351, g3 = 1.825;
A1 = 291 MHz, A2 = 195 MHz, A3 = 187 MHz from coupling
to 103Rh; Figure 3A). Installation of the hydride ligands is
notably supported by spectroscopic resolution of 1H coupling
of 40 MHz along the g3 component of the respective solvent

Figure 2. (A) Synthesis and (B, C) structural characterization of rhodium(II) methyl complex 4. Insert (B) illustrates packing of the cation
(rendered in space fill) within an octahedral arrangement of anions. Insert (C) illustrates positioning of the methyl ligand within the cleft of the
proximal [BArF4]− counterion. Thermal ellipsoids at 50% probability and minor disordered components omitted for clarity (3 × CF3 groups).
Selected metrics: Rh1−P2, 2.3160(5) Å; Rh1−P3, 2.3148(5) Å; Rh1−N20, 2.151(2) Å; Rh1−C4, 2.085(2) Å; Rh1−B200, 8.072(2) Å; P2−Rh1−
P3, 165.61(2)°; N20−Rh1−C4, 177.73(9)°.
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adduct 1·MeTHF, which is formed with a 1:1·MeTHF ratio of
1.0:1.3 in this case (g1 = 2.446, g2 = 2.336, g3 = 1.975; A1 = 133
MHz, A2 = 139 MHz, A3 = 126 MHz from coupling to 103Rh).
The reaction between 1 and N2O (1 atm) was thereafter

assessed using the samples prepared from 4 as described above.
Rapid formation of a light peach microcrystalline powder was
observed alongside disappearance of the metal-hydride band in
the ATR IR spectrum and generation of N2 in the headspace
within 1 h (Figure 3). Selective formation of a new square
planar rhodium(II) species is evident from EPR analysis of the
bulk microcrystalline sample in frozen MeTHF glass solution
at 115 K, and assignment as rhodium(II) hydroxide 2 was
verified in crystallo by single-crystal X-ray diffraction (1 atm
N2O, RT for 2 h). The solid-state structure is notable for a
Rh1−O4 bond length of 1.927(3) Å and a reduction in the
trans Rh1−N20 bond length (2.067(2) vs 2.133(2) Å).
Complex 2 is significantly less stable than 1 in solution,
decomposing in <5 min upon dissolution in MeTHF at room
temperature, but only EPR signatures for 2 (g1 = 3.231, g2 =

1.921, g3 = 1.716; coupling to 103Rh not resolved) and
2·MeTHF (g1 = 2.601, g2 = 2.276, g3 = 1.961; A1 = 182 MHz,
A2 = 126 MHz, A3 = 119 MHz from coupling to 103Rh) in a
1:0.35 ratio were observed when the sample was prepared in
thawing MeTHF.
The stepwise hydrogenation of N2O was subsequently

realized by treatment of 2 with H2 (1 atm) in the solid state at
room temperature, although reformation of 1 and loss of H2O
was slower than the preceding two gas/solid reactions. For the
bulk microcrystalline sample, analysis by EPR spectroscopy
(115 K, frozen MeTHF glasses) indicated that between
1 to 5 h is required for complete conversion of 2 into 1.
Generation of 1 equiv of water was corroborated by 1H NMR
spectroscopy following quenching the metalloradical with CO
and dissolving the reaction mixture in THF.20 Rhodium(I)
carbonyl complex [Rh(PNP-tBu)(CO)][BArF4] 6 was pro-
duced and, consistent with Rh−O bond hydrogenolysis by
direct reaction with H2, when the reaction of 2 was repeated
with D2, no H/D scrambling was observed in the methylene

Figure 3. Gas/solid transformations of rhodium(II) complexes 1, 2, and 4 using (A) bulk microcrystalline and (B) single crystal samples, with
supporting EPR and crystallographic data. CW X-band EPR spectra were recorded at 115 K using frozen MeTHF glass solutions prepared by
dissolution of the sample in thawing MeTHF. Simulated spectra of square planar rhodium(II) complexes in purple and corresponding solvent
adducts in gray (Solv = H2O/MeTHF mixture). Truncated solid-state structures shown with selected thermal ellipsoids at 50% probability;
counterion and most H atoms omitted for clarity. Additional metrics: 1, Rh1−P2, 2.2898(6) Å; Rh1−P3, 2.2910(6) Å; P2−Rh1−P3, 168.07(2)°;
N20−Rh1−H, 178.98(6)°; 2, Rh1−P2, 2.3113(7) Å; Rh1−P3, 2.3069(7) Å; P2−Rh1−P3, 168.43(2)°; N20−Rh1−O4, 177.85(9)°; 2 + H2 (20
h), Rh1−P2, 2.2920(6) Å; Rh1−P3, 2.2909(6) Å; P2−Rh1−P3, 168.16(2)°; N20−Rh1−H/O4A, 177.2(13)/179.0(11)°.
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bridges of pincer ligand backbone (nor other sites).5 The rate
of hydrogenolysis is appreciably slower when performed using
single crystals of 2 (ca. 95% conversion after 20 h) and
attributed to a reduction in surface area. Such effects are well-
documented in solid-state molecular organometallic chem-
istry.15 Retention of crystallinity and ejection of water from the
lattice following three single-crystal to single-crystal trans-
formations is nevertheless quite remarkable!21

Having verified the stoichiometric hydrogenation of N2O in
crystallo, the catalytic hydrogenation of N2O harnessing this
gas/solid reactivity was assessed on a small scale using
microcrystalline 4 as the precatalyst and a 1:1 mixture of
N2O and H2 (2 atm) at room temperature for 48 h.21

Liberation of CH4 and reduction of N2O to N2 were observed
in the headspace, and an apparent turnover number of 8.3 was
quantified by GC-TCD using methane as the internal standard
(averaged over duplicate runs). Following quenching with CO,
the reaction mixture was analyzed by 31P NMR spectroscopy
for phosphine oxide to signpost the formation of rhodium
nanoparticles.7 However, consistent with the N2O hydro-
genation being catalyzed by the rhodium(II)-based molecular
material, 6 was the only phosphorus-containing species
observed.
In summary, solid-state organometallic methods have been

used to access a highly reactive rhodium(II) hydride complex
and assess its application in the hydrogenation of N2O.
Through successive gas/solid transformations a reaction
sequence involving Rh(II)−CH3 → Rh(II)−H → Rh(II)−
OH → Rh(II)−H bond interconversions has been structurally
mapped out by single-crystal X-ray diffraction, with the identity
of the metalloradicals involved verified by EPR spectroscopy.
Hydrogenolysis of the rhodium(II) hydroxide proceeds more
slowly than reaction of the rhodium(II) hydride with nitrous
oxide, and an isotope labeling study is consistent with direct
reaction with H2 rather than an alternative bifunctional
mechanism. The rhodium metalloradicals are sufficiently
robust to promote the catalytic hydrogenation of N2O at
room temperature, with an apparent turnover >8 and turnover
limiting Rh−O bond hydrogenolysis inferred from relative rate
of the stoichiometric transformations. While the reduction of
N2O using H2 is not a practical remediation method,

6,22 this
transformation is of fundamental importance for learning how
to design efficient catalysts for the abatement and repurposing
of N2O. This work highlights the potential of site-isolated late
transition-metal metalloradicals to engage in productive
catalytic reactivity.

■ SAFETY STATEMENT
Caution! Mixtures of N2O and H2 are potentially explosive
and should be handled with extreme care. This risk is
compounded by the potential to form explosive mixtures of O2
and H2 in the presence of a metal catalyst. Hydrogenation
reactions were performed on the smallest practical scale under
relatively mild conditions behind a blast shield as described in
the Supporting Information.
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Suárez, A. Catalytic Nitrous Oxide Reduction with H2 Mediated by
Pincer Ir Complexes. Inorg. Chem. 2022, 61, 18590−18600. (b) Jurt,
P.; Abels, A. S.; Gamboa-Carballo, J. J.; Fernández, I.; Le Corre, G.;
Aebli, M.; Baker, M. G.; Eiler, F.; Müller, F.; Wörle, M.; Verel, R.;
Gauthier, S.; Trincado, M.; Gianetti, T. L.; Grützmacher, H.
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