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ABSTRACT: Addition of Lewis acidic [Cp*:M]+ (M =Y, Gd) to
the dinitrosyliron complexes (DNICs) [(NacNacAr)Fe(NO)z]-
(Ar = mesityl, 2,6-diisopropylphenyl) results in formation of
the isonitrosyl-bridged DNICs [(Cp*)2M(x-ON)2Fe(NacNacAr)].
When Ar = 2,6-diisopropylphenyl, coupling of the NO ligands
and release of N20 occurs. Two factors contribute to this pre-
viously unobserved DNIC reactivity mode. Firstly, the oxophi-
lic rare-earth elements drive the formation of isonitrosyl
bonds, forcing the DNIC nitrogen atoms into proximity. Sec-
ondly, the bulky substituents further squeeze the DNIC, which
ultimately overcomes the barrier to NO coupling and demon-
strating that N20 elimination can occur from a single iron cen-
tre.

Nitric oxide plays a key role in signalling functions in the
cardiovascular system of higher mammals,! it is involved in
the degradation and re-assembly of iron-sulphur clusters,?
and it is a reactive nitrogen species involved in nitrosative
stress - a process that can lead to cell damage and disease.3
Removal of intracellular nitric oxide is achieved through the
action of flavo-diiron nitric oxide reductase (FNOR), resulting
in the formation of nitrous oxide during bacterial denitrifica-
tion.# The mechanism through which two molecules of NO are
coupled by FNOR to produce Nz0 is the subject of intense dis-
cussion.>¢ The NO coupling step is thought to produce metal-
bound hyponitrite, [N202]%-, a process that may involve the
ligand forming either in the cis- or the trans-geometries.” Evi-
dence for each pathway has been obtained from studies of
enzymes and of biomimetic compounds,8? including structur-
al authentication of bimetallic environments in which the
metals are bridged by a hyponitrite ligand.10

Dinitrosyliron complexes (DNICs) are important intracellu-
lar NO-containing species, small-molecule models of which
abound.11-14 The coupling of the two NO ligands in a monome-
tallic model DNIC to produce N20 has, however, never been
observed. The apparent reluctance of a DNIC to couple two NO
ligands is a consequence of the distance between the two ni-
trogen atoms and the covalent nature of the Fe-NO linkage,
which results in a parallel alignment of the unpaired spins,
hence the coupling is spin-forbidden.!516 Having previously
studied the isocarbonyl-bridged rare-earth-iron compounds
[Cp*2M{p-(0C)2FeCp}]2 (M =Y, Dy),17 which contain oxophilic

[Cp*2M]* units (Cp* = pentamethylcyclopentadienyl), we rea-
soned that it should be possible to synthesize isonitrosyl-
bridged rare-earth-iron compounds in which the DNIC struc-
ture is distorted by an oxophilic rare-earth, forcing the NO
ligands closer together. The structure-directing influence of
the rare-earth could therefore provide a means of overcoming
the barrier to NO coupling, leading, potentially, to release of
N20 from the DNIC, thus demonstrating that N20 release from
a monometallic DNIC is indeed possible.

As building blocks for the isonitrosyl bridges, we selected
the DNICs [(NacNacAr)Fe(NO)z]- in which the iron centre is
additionally complexed by the bulky p-diketiminate ligands
[(ArNCMe)2CH]- (Ar = mesityl, 1a; 2,6-diisopropylphenyl,
1b12). The reactions of [BusN][1la] and [BusN][1b] with
[Cp*:M][BPh4] (M =Y, Gd) delivered the target isonitrosyl-
bridged compounds 2m and 3m according to Scheme 1.
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Scheme 1. Synthesis of 2m-4m (M =Y, Gd).

Compounds 2m and 3m (M =Y, Gd) were isolated in yields of
91%, 93%, 75% and 73%, respectively, and characterized by
NMR, IR and UV-visible spectroscopies, in addition to EPR
characterization of gadolinium compounds (Figures S1-S21).
The molecular structures of the heterobimetallic DNICs were
also determined by single-crystal X-ray diffraction (Figures 1,
S33, S34, Tables S1-S4), with the core of each consisting of a
distorted tetrahedral iron center based on the two nitrogen
atoms of the B-diketiminate ligand and the {Fe(NO)z}1° DNIC
unit (according to Enemark-Feltham notation8).



'\" ° ¢
a9 @
=20
‘ \ ]
- 0/ \ —~7, .
4 N \_ O N Ny & IO
@ 0(1)' N Gd(1) Qe \ Fe(1) /o
Gd(1) : e 0@ N@2) /‘ &
[ A —4 o °—
_o@ o) N2 . / N(@3) Y
@ /N@3) o° o? ® 4) °
.7\:‘* ] ° >

Figure 1. Molecular structures of 2ca (left), molecule 1 of 3ca (centre) and 4ca (right). Hydrogen atoms not shown. Selected bond lengths (A) and
angles (°) for 2¢a: Fe(1)-N(1), 1.648(6); Fe(1)-N(2), 1.661(6); N(1)-0(1), 1.239(7); N(2)-0(2), 1.248(7); Gd(1)-0(1), 2.398(5); Gd(1)-0(2),
2.372(5); Y(1)-Cp, 2.352, 2.380; N(1)-Fe(1)-N(2), 95.5(3); Fe(1)-N(1)-0(1), 152.2(5); N(1)-0(1)-Gd(1), 119.3(4); 0(1)-Gd(1)-0(2), 82.92(17);
Gd(1)-0(2)-N(2), 124.6(4); 0(2)-N(2)-Fe(1), 145.4(2); Cp-Gd(1)-Cp, 134.45. For 3ca: Fe(1)-N(1), 1.664(3); Fe(1)-N(2), 1.662(3); N(1)-0(1),
1.253(3); N(2)-0(2), 1.245(3); Gd(1)-0(1), 2.416(2); Gd(1)-0(2), 2.401(2); Gd(1)-Cp, 2.386, 2.381; N(1)-Fe(1)-N(2), 91.34(14); Fe(1)-N(1)-0(1),
148.8(2); N(1)-0(1)-Gd(1), 125.59(19); 0(1)-Gd(1)-0(2), 78.57(7); Gd(1)-0(2)-N(2), 124.67(19); 0(2)-N(2)-Fe(1), 151.0(3); Cp-Gd(1)-Cp, 134.25.
For 4¢a: Fe(1)-0(1), 1.774(9); Fe(1)-N(1), 2.007(7); Gd(1)-0(1), 2.044(9), Gd(1)-C, 2.656(7)- 2.734(9); Gd(1)-Cp, 2.415; N(1)-Fe(1)-N(14),

95.5(4); N(1)-Fe(1)-0(1), 132.25(19); Fe(1)-0(1)-Gd(1), 180.0.

Bending at the nitrosyl nitrogen atoms allows the oxygen at-
oms to establish isonitrosyl linkages to the rare-earth, which
is also bound to two n5-Cp* ligands.

Beyond the qualitative similarities, important quantitative
differences in the key geometric parameters are apparent
when comparing 2m and 3m. Taking 2ea and 3ea as examples,
the Fe-N, N-0 and Gd-0 bond lengths within the {Fe(N0).Gd}
six-membered rings are shorter in 2ea by 0.003-0.014 A,
0.003-0.044 A and 0.003-0.016 A, respectively, than those in
3ca (Figure 1). Whereas the sum of the internal angles in the
rings are essentially the same for both compounds at approx-
imately 720°, the N-Fe-N and O-Gd-O angles are smaller in 34
by 4.2° and 4.3°, respectively. This compression of the isoni-
trosyl ring in 3ca increases the Fe---Gd distance by 0.143 A
relative to 24 and, significantly, decreases the transannular
N---N distance by 0.07 A. A similar trend is observed for 2y
and 3y, however the differences in the metric parameters are
smaller. Structurally authenticated rare-earth-isonitrosyl
compounds were, hitherto, unknown, with early reports of
such interactions being based on IR spectroscopy.1920 The NO
stretching frequencies 9(NO) in 2m and 3m occur in the range
1493-1534 cm-! (Figures S11, S13, S17, S19), lower than the
analogous values of 1560 and 1623 cm-! determined for the
precursor DNICs 1a and 1b12 (Figures S2, S5). These spectral
features are consistent with the greater Fe-N-O bending an-
gles of 144.43(2)-152.2(5)° and the longer N-O distances of
1.239(7)-1.253(3) A in 26a and 3c4, which compare to the
analogous angles of 163.4(2)° and 170.8(3)°, and distances of
1.216(3) and 1.210(3) 4, in 1a. The compressed nature of the
dinitrosyliron unit in 34 is further highlighted when com-
pared with the structure of the precursor 1b,12 which has the
same Fe-N bond lengths but an N-Fe-N angle of 109.2(2)° and
an N---N separation of 2.703 A, which are wider and longer by
substantial margins of 17.9° and 0.324 A, respectively. These
observations further highlight the remarkable flexibility of the
{Fe(NO)2}10 DNIC unit, with the primary geometric distortions
accompanying the formation of 2m and 3m being directed by
the oxophilic rare-earth element. The differing steric demands
of the B-diketiminate mesityl and diisopropylphenyl substitu-
ents can therefore be regarded as producing secondary struc-
tural distortions, which has implications for the stability of 3m
with respect to the elimination of N20 (see below).

Whilst 2y and 3y are diamagnetic, 2¢a and 3ca are paramag-
netic with ymT values of 7.86 and 7.71 cm3 K mol-1, respective-
ly, at 300 K (ym is the molar magnetic susceptibility), the slight
variation in this quantity with temperature being characteris-
tic of Gd3+ (Figures S36, S38).21 The field dependence of the
magnetization, M(H), for 2a and 3ea is also characteristic of
Gd3+, reaching values of 7.11 and 6.73 ps at 1.9 Kand 7 T (Fig-
ures S37, S39). Based on 1H NMR spectroscopy, toluene solu-
tions of diamagnetic 2y are stable indefinitely at room tem-
perature and show no sign of decomposition when heated to
100°C in toluene (Figure S22). In contrast, green solutions of
3m in toluene turn brown-yellow after stirring for five days at
room temperature. The sharp resonances observed in the 1H
NMR spectrum of diamagnetic 3y (Figure S16) broaden and
become distributed over chemical shifts ranging from +119.5
ppm to -151.2 ppm, indicating paramagnetism (Figures S23,
S24). GC-MS analysis of the headspace gas after stirring con-
firmed that N20 is produced during this process (Figure S25).
For 3w, filtration of the solutions obtained after stirring, sub-
sequent concentration and cooling to 0°C resulted in the for-
mation of yellow crystals of the oxo-bridged compounds
[Cp*2M(u-O)Fe(NacNacPier)] (4m) (M = Y, Gd), which were
isolated in yields of 72% and 78%, respectively (Scheme 1).

Analysis by X-ray diffraction revealed that complexes 4m
are isostructural and consist of a three-coordinate iron center
in a distorted trigonal-planar environment (Figures 1, S35).
The p-oxo link to the rare-earth metal coincides with a crys-
tallographic two-fold rotation axis and, hence, the Fe-O-M
angle is 180.0° in both complexes. The {Cp*2M} units in 4m
adopt bent metallocene structures similar to those in 2m and
3m. The magnetic susceptibility of 4y shows a ymT value of
5.63 cm3 K mol-! at 300 K and a magnetization of 2.89 us at
1.9 Kand 7 T, which suggest a high-spin S = 2 iron(II) with an
appreciable orbital contribution to the magnetic moment
(Figures S40, S41). A satisfactory fit of the susceptibility data
could not be achieved using a standard spin Hamiltonian,
which may indicate that the large orbital contribution origi-
nates from mixing of a low-lying electronic excited state into
the ground state, a phenomenon that has previously been
observed in closely related three-coordinate iron(II) complex-
es.2223 An approximate fit of the ymT(T) data yielded a large,
negative axial zero-field splitting parameter of D = -28(1) cm-



1and g = 2.6(1) (Figure S40), similar to the values determined
for other three-coordinate iron(Il) compounds.2* The ymT
value for 44 at 300 K is 12.54 cm3 K mol-1, which gradually
decreases down to 20 K before increasing to 14.84 cm3 K mol-
1 at 2 K, indicating ferromagnetic coupling between Gd3* and
Fe2+ (Figures S42, S43). A fit of the data was achieved using an
exchange coupling constant of / = +0.25 cm-! (-2/ formalism),
along with geda = 2.00, gre = 2.49 and Dre = -18.3 cm-1.25

The chemistry of model DNICs and related systems is well-
established, with many examples providing insight into the
mechanisms through which NO is transported and delivered
in vivo.2627 The removal of NO from biological systems as N20
involves a coupling reaction in the active site of FNOR,28 which
consists of a non-heme, carboxylate-bridged diiron environ-
ment that has been studied as diiron-dinitrosyl and diiron-
mononitrosyl model compounds, some of which produce N20
under conditions of chemical or electrochemical reduction.29-31
In contrast, N20 elimination from a DNIC has not previously
been observed. The reluctance of DNICs to couple the two NO
ligands is thought to be due very strong antiferromagnetic
exchange coupling between iron and NO, which results in a
parallel alignment of spins on the nitrogen atoms and, hence, a
substantial barrier to N-N bond formation.15 In the case of 3m,
the steric bulk imposed on the isonitrosyl {M(ON):Fe} cores
by the diisopropylphenyl substituents helps to overcome this
barrier by forcing the nitrogen atoms much closer together
than in mesityl-substituted 2m, and the ensuing nitrosyl cou-
pling and elimination of nitrous oxide proceeds under mild
conditions. The systems described here are clearly different to
naturally occurring iron-nitrosyl complexes, yet when the
biological N20 elimination reaction in its most elementary
form, i.e. 2NO + 2e- + 2H* — N20 + H20,5 is compared to the
synthetic analogue {Fe(NO)2}1© + [Cp*:M]* — N20 +
{Cp*2MOFe}+, similarities are apparent since the DNIC unit can
provide the required number of electrons to couple the NO
ligands. The instability of 3m with respect to the formation of
4wm and N20 is significant since the reactivity shows that con-
version of NO to N20 can occur at a single iron center, the first
time that such reactivity has been demonstrated. Further-
more, the formation and subsequent reactivity of 3m showcas-
es the structural flexibility of the DNIC unit in the presence of
a strongly Lewis acidic rare-earth organometallic fragment,
which forces the nitrogen atoms into the correct conformation
to allow NO coupling and N20 release. These observations
provide a potential blueprint for the design and synthesis of
other heterobimetallic DNICs capable of releasing N20.
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