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s on [Cp0Fe(m-I)]2: nitrido-, sulfido-
and diselenide iron complexes derived from
pseudohalide activation†

Matthias Reiners,a Miyuki Maekawa, a Constantin G. Daniliuc,a Matthias Freytag,a

Peter G. Jones,a Peter S. White,b Johannes Hohenberger,c Jörg Sutter,c

Karsten Meyer,c Laurent Maron*d and Marc D. Walter *a

The iron half-sandwich [Cp0Fe(m-I)]2 (Cp0 ¼ 1,2,4-(Me3C)3C5H2, 1) reacts with the pseudohalides NCO�,

SCN�, SeCN� and N3
� to give [Cp0Fe(m-NCO)]2 (2), [Cp0Fe(m-S)]2 (3), [Cp0Fe(m-Se2)]2 (4) and [Cp0Fe(m-N)]2

(5), respectively. Various spectroscopic techniques including X-ray diffraction, solid-state magnetic

susceptibility studies and 57Fe Mössbauer spectroscopy were employed in the characterization of these

species. Mössbauer spectroscopy shows a decreasing isomer shift with increasing formal oxidation state,

ranging from Fe(II) to Fe(IV), in complexes 1 to 5. The sulfido-bridged dimer 3 exhibits strong

antiferromagnetic coupling between the Fe(III) centers. This leads to temperature-independent

paramagnetism (TIP) at low temperature, from which the energy gap between the ground and the

excited state can be estimated to be 2J ¼ ca. 700 cm�1. The iron(IV) nitrido complex [Cp0Fe(m-N)]2 (5)

shows no reactivity towards H2 (10 atm), but undergoes clean reactions with CO (5 bar) and XylNC (Xyl ¼
2,6-Me2C6H3) to form the diamagnetic isocyanate and carbodiimide complexes [Cp0Fe(CO)2(NCO)] (7)

and [Cp0Fe(CNXyl)2(NCNXyl)] (8), respectively. All compounds were fully characterized, and density

functional theory (DFT) computations provide useful insights into their formation and the electronic

structures of complexes 3 and 5.
Introduction

Iron nitrides have been extensively investigated because of their
potential in synthetic and biological N2 activation and func-
tionalization.1 In general they can be prepared by direct N2

activation using a low-valent iron species;1h,1l,1n alternatively
N-atom transfer reagents such as Li(dbabh) (dbabh ¼
2,3:5,6-dibenzo-7-azabicyclo[2.2.1]hepta-2,5-diene2 or—more
frequently—inorganic azides have been used.1g,1i,3 However, N2

elimination from iron azido precursors usually requires forcing
conditions such as reduction or photochemical/thermal acti-
vation.1g,1i,3 Nevertheless, surprisingly facile conversion of
titut für Anorganische und Analytische

, Germany. E-mail: mwalter@tu-bs.de
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ESI) available: Crystallographic details,
etails, VT 1H NMR studies, magnetic
pectrum of 5, computational details.
rystallographic data in CIF or other
570a
[Bu4N]N3 to the corresponding iron nitride derivative has been
observed in the context of trinuclear iron compounds such as
[(tbsL)Fe3(thf)] (tbsL ¼ [1,3,5-C6H9(NPh-o-NSitBuMe2)3]

6�) to
yield [Bu4N][(

tbsL)Fe3(m3-N)].1j,4

Our laboratory recently reported the synthesis of [Cp0Fe(m-
I)]2 (Cp0 ¼ h5-1,2,4-(Me3C)3C5H2, 1)5 and its reactivity toward
KBH4 to form the metastable, diamagnetic complex
[Cp0FeBH4], which releases H2 to form a trimeric iron boryl
[Cp0FeBH2]3.6 In contrast, the diiron trihydride and tetrahy-
dride compounds, [Cp0

2Fe2(m-H)3] and [Cp0Fe(m-H)2]2 can be
isolated from the reaction of 1 with KHBEt3.7 Although no N2

activation was achieved with [Cp0Fe(m-H)2]2, it serves under
mild conditions as a synthon for reactive iron(I) Cp0Fe-
fragments, as illustrated by its facile reaction with white
phosphorus (P4).7 These results suggested that the bulky
Cp0Fe-fragment provides sufficient steric protection to kineti-
cally hamper [Cp0

2Fe] formation and can also stabilize iron in
higher (formal) oxidation states.8 The successful synthesis of
the phosphido-bridged complex [Cp0Fe(m-P)]2 by photochemi-
cally induced CO elimination from [Cp0Fe]2(m-P2)(m-CO)
(Chart 1) also supports this assumption.9 In this contribution
we report on some observations regarding the reactivity and
redox chemistry of [Cp0Fe(m-I)]2 (1) with pseudohalides such as
NCO�, SCN�, SeCN� and N3

�.
This journal is © The Royal Society of Chemistry 2017
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Chart 1 Preparation of [Cp0Fe(m-P)]2.9

Fig. 1 Thermal ellipsoid plot (50% probability) of the molecular
structure of 2. H-atoms are omitted for clarity. Selected bond
distances (Å) and angles (�): Cp0 –Fe 1.919, Cp0 –Fe 1.916, Fe–N
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Results and discussion
Reaction with pseudohalides

The products formed by the reaction 1 with the KOCN, KSCN,
KSeCN and NaN3 may be divided into three classes; the reactions
proceed either with (a) no redox chemistry (OCN�), (b) a 2-elec-
tron redox process (SCN� and SeCN�) or (c) a 4-electron redox
process (N3

�) to give [Cp0Fe(m-NCO)]2 (2), [Cp0Fe(m-S)]2 (3) and
[Cp0Fe(m-Se2)]2 (4), or [Cp0Fe(m-N)]2 (5), respectively (Scheme 1).
cent plane

2.0425(12), Fe–N#1 2.0840(12), N–C18 1.1904(19), O–C18 1.1824(19),
Fe/Fe#1 3.002, N–Fe–N#1 86.65(5), Fe–N–Fe#1 93.35(5), O–C18–
N 179.36(18). Symmetry transformations used to generate equivalent
atoms: #1 �x + 1, �y + 1, �z + 1.
Synthesis of a dimeric m-NCO iron(II) complex (2)

Salt metathesis of 1 with KOCN yields the dimeric iron(II)
isocyanate complex [Cp0Fe(m-NCO)]2 (2), which is isolated as
green crystals in moderate yield (52%). The paramagnetic
complex 2melts intact at 163 �C and shows a molecular ion (662
amu) in the EI-MS spectrum with the correct isotope distribu-
tion. The 1H NMR resonances corresponding to the tBu groups
Cp0 ligand (d ¼ �4.05 (18H) and �7.80 (9H)) are in the same
range as those observed for the starting material 1 (d ¼ �7.8
(18H) and �13.5 (9H)).5 Crystals of 2 suitable for an X-ray
diffraction experiment were grown from a concentrated
pentane solution at �30 �C (see Table S1 in the ESI†) and the
molecular structure is shown in Fig. 1. Complex 2 crystallizes in
the monoclinic space group P21/n with crystallographically
imposed inversion symmetry.

The X-ray data were of sufficient quality to establish exclusive
kN-coordination of the ambidentate OCN�. Furthermore the
Scheme 1 Reaction of 1 with various pseudohalides.

This journal is © The Royal Society of Chemistry 2017
iron(II) atoms in 1 and 2 adopt a high-spin conguration with 4
unpaired electrons per Fe(II) atom, as can be inferred from the
long Cp0

cent–Fe bond distances in 1 (1.93 Å),5 2 (1.92 Å) and
[Cp0FeOC6H3(CMe3)2-3,5]2 (1.94 Å.8 For comparison, the Cp0

cent–

Fe distances in [Cp0
2Fe] (S ¼ 0) and [Cp0

2Fe][SbF6] (S ¼ 1/2) are
signicantly shorter at 1.72 Å (ref. 5) and 1.77 Å,10 respectively.
The spin state assignment in 2 is further substantiated by solid-
state magnetic susceptibility data, which indicate antiferro-
magnetic coupling between the two Fe(II) (S ¼ 2) centers at low
temperature (Fig. 2). The magnetic trace for both complexes
may be simulated using a Heisenberg exchange Hamiltonian11

and the respective t parameters are provided in the gure
caption. The extent of antiferromagnetic coupling varies
signicantly between 1 and 2 (J12 ¼ �6.5 cm�1 and J12 ¼ �13.6
cm�1, respectively) which can be rationalized by the difference
in the Fe/Fe distances in both complexes of 3.526, 3.002 Å,
respectively. Furthermore, there are also signicant differences
in the respective Fe2X2-cores. Please note that a buttery
structure is adopted for the Fe2I2-core in 1 with afold angle
between the two I1–Fe1–I2 and I1–Fe2–I2 planes of 24.49�,
whereas a planar Fe2N2-core is realized in 2.5 Another notable
feature is a large negative zero-eld splitting parameter D that is
required to obtain a suitable simulation of the magnetic trace.
Although the model employed is not completely sufficient to
describe the low-temperature regime found in complex 1 and no
signicant improvement is achieved when a paramagnetic
impurity is assumed. We also want to mention that this feature
has been observed in several independently prepared samples
prepared over the time frame of several years and measured on
different magnetometers and using different sample containers
(quartz tubes or KEL-F buckets).

While solid-state magnetic susceptibility studies represent
a bulk method, the local electronic structure at the individual Fe
nucleus may conveniently be probed by 57Fe Mössbauer spec-
troscopy.12 The isomer shi (diso) provides information on the s-
Chem. Sci., 2017, 8, 4108–4122 | 4109
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Fig. 2 Effective magnetic moment meff vs. T plots for compounds 1
and 2. Fit parameter for 1: S1 ¼ S2 ¼ 2.0; g1 ¼ g2 ¼ 2.51; J12 ¼ �6.5
cm�1; D1 ¼ D2 ¼ �18.16 cm�1, E/D1 ¼ E/D2 ¼ 0.11. Fit parameter for 2:
S1 ¼ S2 ¼ 2.0; g1 ¼ g2 ¼ 2.04; J12 ¼ �13.6 cm�1; D1 ¼ D2 ¼ �32.85
cm�1, E/D1 ¼ E/D2 ¼ 0.10.

Fig. 3 Zero field Mössbauer spectra of 1 (A) and 2 (B) recorded at 77 K.

Scheme 2 Adduct formation of 2 with Ph3PO and CO.
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electron density at the Fe nucleus, which is modulated by the
iron oxidation state, the spin state and the covalency in the
iron–ligand bonds. However, in strongly covalent compounds
unambiguous assignment of the oxidation and spin state
exclusively based on diso is not necessarily straightforward, but
some trends have emerged from extensive studies on various
iron (coordination) compounds, and are well understood.12 In
contrast, Mössbauer investigations on Cp-containing iron
complexes, which are more covalent than traditional coordi-
nation complexes, have remained relatively rare.13 In zero-eld
57Fe Mössbauer spectra (at 77 K), complexes 1 and 2 show
well-resolved doublets with isomer shis diso ¼ 1.08(1) and
1.05(1) mm s�1 and with a quadrupole splitting DEQ ¼ 1.98(1)
and 1.49(1) mm s�1, respectively (Fig. 3), which is in the range
commonly observed for high-spin (S ¼ 2) Fe(II) species.12a The
asymmetry in the quadrupole doublet of 1 indicates a dynamic
process, for which the spin relaxation time at 77 K is close to the
Mössbauer time scale (ca. 10�7 s) (¼intermediate spin relaxa-
tion regime).13c

When coordinating ligands such as Ph3PO and CO are added
to 1 and 2, either 16- or 18-valence-electron (VE) complexes are
formed (Scheme 2). For example, addition of Ph3PO results
in isolation of the paramagnetic, 16-valence-electron
(VE) complexes [Cp0Fe(I)(OPPh3)] (see ESI† for details) and
[Cp0Fe(NCO)(OPPh3)] (6), respectively. Furthermore, the
exchange of free and coordinated Ph3PO is slow on the NMR
time scale and no spin state change occurs when the dimeric
structure is broken (see ESI† for details). In contrast, exposure
of 1 and 2 to CO (1 atm) immediately forms the diamagnetic,
18VE derivatives [Cp0Fe(CO)2(I)]14 and [Cp0Fe(CO)2(NCO)] (7),
respectively. The molecular structures of 6 and 7 are shown in
Fig. 4 and 5, respectively; selected bond distances and angles
are listed in the corresponding gure captions. The most
4110 | Chem. Sci., 2017, 8, 4108–4122
notable difference in the molecular structures of these
compounds are the Cp0

cent–Fe distances of 1.97 Å vs. 1.73 Å for 6
and 7, which reect their different electronic ground states of
S ¼ 2 and S ¼ 0, respectively.
Preparation of suldo- (3) and diselenido-bridged (4) iron(III)
complexes from KSCN and KSeCN

When the heavier homologues KSCN and KSeCN are employed,
the Fe(III) compounds 3 and 4 are isolated in low yield (Scheme
1). The formation of these compounds is unexpected, since
generally no redox processes are encountered when pseudoha-
lides coordinate to transition metals,15 which implies that the
Cp0Fe-fragment is susceptible to redox chemistry. Furthermore,
this redox behavior is apparently facilitated by the synergy
between two or more Fe atoms, an effect that also accounts for
the facile N2 release from [Bu4N]N3 in the presence of [(tbsL)
Fe3(thf)].4 Furthermore, S–C bond cleavage of a SCN� ligand is
a rare event, but has previously been observed in [Pd3(SCN)(m3-
CO)(m-dppm)3]

+ to form [Pd3(m3-S)(CN)(m-dppm)3]
+.16 The
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Thermal ellipsoid plot (30% probability) of the molecular
structure of 6. H-atoms are omitted for clarity. Selected bond
distances (Å) and angles (�): Cp0

cent–Fe 1.968, Cp0
plane–Fe 1.967, Fe–N

1.9530(17), Fe–O1 2.0164(13), O1–P 1.5074(14), N–C36 1.170(3), C36–
O2 1.203(6), O1–Fe–N 101.30(7), Fe–O1–P 137.97(8), Fe–N–C36
154.80(18), N–C36–O2 177.2(2).

Fig. 5 Thermal ellipsoid plot (30% probability) of the molecular
structure of 7. H-atoms are omitted for clarity. Selected bond
distances (Å) and angles (�): Cp0

cent–Fe 1.732, Cp0
plane–Fe 1.731, Fe–N

1.952(3), Fe–C19 1.785(3), Fe–C20 1.784(2), N–C18 1.108(4), C18–O1
1.248(4), C19–O2 1.147(3), C20–O3 1.151(3), Fe–N–C18 173.1(2), N–
C18-01 173.8(3).
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FeMoco nitrogenase enzyme also transiently binds SCN� before
reduction to HCN and H2S occurs; but the mechanism of this
biological SCN� reduction remains unknown.17 Cleavage of the
S–C and Se–C bond to form 3 and 4 requires that the Fe(II) atoms
are oxidized to Fe(III) concomitant with the formation of CNc
radicals. The remarkable difference between the reactivity of
[OCN]� and [XCN]� (X ¼ S, Se) is most likely traced to the
inherently weaker C–X bonds for the higher chalcogenide
homologues (X ¼ S and Se), which also result in shorter and
This journal is © The Royal Society of Chemistry 2017
therefore stronger C–N bonds of 1.15 Å in the free thio- and
selenocyanate anions.18 On coordination of [XCN]� (X¼ S, Se) to
two Fe(II) fragments [Cp0Fe]+ (as in complex 2) a redox-process
into the s*-orbitals of the C–X bond can then be initiated
leading to the Fe(III) compounds 3 and 4 and CNc radicals,
which are highly reactive species that readily undergo H atom
abstractions from THF to generate HCN,19 or alternatively they
may dimerize to cyanogen (CN)2. Unfortunately, we have so far
been unable to detect either of these side products spectro-
scopically. Nevertheless, it is conceivable that the formation of
HCN or (CN)2 can induce undesired side reactions, which cause
the observed formation of hydrolyzed Cp0 ligand (HCp0) and
unidentied paramagnetic species in the reaction mixture. This
may also account for the relatively low yields, in which
complexes 3 and 4 are isolated as crystalline and analytically
pure materials (13% and 15%, respectively). Nevertheless, the
formation of the diselenido-bridged complex [Cp0Fe(m-Se2)]2 (4)
can be rationalized by the fact that selenocyanate SeCN� can
also act as a Se source.20 The formation of the diselenido-
bridged complex 4 suggests that it represents a thermody-
namic minimum relative to the selenido-bridged species
[Cp0Fe(m-Se)]2.

Iron–sulfur clusters play an important role as biological
cofactors involved in electron transfer processes.21 Hence,
several bioinorganic model complexes with thiolato ligands
have been prepared22 and their electrochemistry studied.23

Despite signicant general interest in these systems,24 well-
dened [2Fe–2S] derivatives with other than thiolato co-
ligands have remained rare.25 From an organometallic point
of view, metal chalcogenido clusters are generally prepared by
the thermal reaction of elemental chalcogens with transition
metal carbonyls such as [CpFe(m-CO)(CO)]2.26 The outcome of
these reactions is not very predictable, but some control can be
achieved by changing the steric demand on the Cp-ligands,
whereby various iron chalcogenides such as [(h5-C5H5)4Fe4Sn]
(n ¼ 4–6),27 [(h5-C5Me5)2Fe2S4],28 [(h5-(Me3Si)C5H4)4Fe4S6],29

[(h5-1,3-(Me3Si)2C5H3)2Fe2S4],29 [(h5-C5H5)2Fe4Se4],30 and [(h5-
C5Me5)3Fe3Se8]31 have been isolated. However, the facile and
selective formation of [Cp0Fe(m-S)]2 (3) from 1 and KSCN
provides the rst organometallic model of the Rieske [2Fe–2S]
cluster, whereas thermolysis of [Cp0Fe(CO)(m-CO)] in the pres-
ence of S8 only yields the disulde-bridged compound [Cp0Fe(m-
S2)]2 (see ESI† for details).

Crystals of 3 and 4 were obtained from concentrated Et2O
solutions at �30 �C (see Table S1 in the ESI†) and their
molecular structures are shown in Fig. 6 and 7. Selected bond
distances and angles are listed in the respective gure captions.

A comparison of the structural parameters for the [2Fe–2S]
core in 3 with the biological [2Fe–2S] clusters and their biomi-
metic models shows some interesting features. Complex 3 has
signicantly shorter Fe–S bond distances with an average value
of 2.1349 � 0.0093 Å than those found in the structurally
characterized biological systems, which range from 2.16–2.23 Å.
The latter values are well reproduced in the biomimetic struc-
tures (2.185–2.232 Å).25c,32 In addition, the average Fe–S–Fe and
S–Fe–S bond angles of 74.60 � 0.44� and 105.29 � 0.11� are also
at the lower and upper ends of the literature examples.25c,32
Chem. Sci., 2017, 8, 4108–4122 | 4111
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Fig. 6 ORTEP of [Cp0Fe(m-S)]2 (3) (30% probability ellipsoids). H-atoms
are omitted for clarity. Selected bond distances (Å) and angles (�):
Cp0

cent–Fe(ave) 1.833, Cp0
plane–Fe(ave) 1.831, Fe1–S1 2.1415(6), Fe1–S2

2.1305(7), Fe2–S1 2.1435(6), Fe2–S2 2.12393(7), Fe1/Fe2 2.5873(5),
S1/S2 2.587, Fe1–S1–Fe2 74.29(2), Fe1–S2–Fe2 74.91(2), S1–Fe1–S2
105.21(3), S1–Fe2–S2 105.37(3).

Fig. 7 ORTEP of [Cp0Fe(m-Se2)]2 (4) (50% probability ellipsoids). H-
atoms are omitted for clarity. Selected bond distances (Å): Cp0

cent–
Fe(ave) 1.712, Cp0

plane–Fe(ave) 1.710, Fe1–Se1 2.2513(6), Fe1–Se3
2.4055(6), Fe1–Se4 2.4145(6), Fe2–Se2 2.2432(6), Fe2–Se3 2.4213(6),
Fe2–Se4 2.4073(6), Se1–Se2 2.2993(5), Se3–Se4 2.3255(5), Fe1/Fe2
3.721.

Fig. 8 Temperature dependence of the 1H NMR Cp0 ring-CH reso-
nance in 3 and the associated fit.
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Consequently the Fe–Fe distance of 2.5873(5) Å is shorter than
that in [(meso-phenyl-dibenzimidazolate)2Fe2(m-S)]

2� (2.7019(5)
Å)25c or in [(nacnac)Fe(m-S)]2 (nacnac ¼ MeC[C(Me)N(2,6-
Me2C6H3)]2) (2.669(1) Å).32b The more compact [2Fe–2S] core
may manifest itself in the physical properties of 3, e.g., the
magnetic exchange interaction between the two Fe(III) atoms
(vide infra).

In contrast, the diselenide-bridged compound 4, which
displays non-crystallographic twofold symmetry (r.m.s. devia-
tion 0.12 Å), features a rather long Fe/Fe distance of 3.721 Å.
The Fe–Se distances are 2.2513(6) Å and 2.2432(6) Å for the end-
on coordinated [Se2]

2�moiety, while those corresponding to the
side-on coordinated [Se2]

2� moiety range between 2.4055(6) Å
and 2.4213(6) Å. This leads to Se–Se distances of 2.2993(5) Å and
4112 | Chem. Sci., 2017, 8, 4108–4122
2.3255(5) Å for the end-on and side-on coordinated [Se2]
2�

fragments, respectively. In accord with these different binding
modes, two resonances at d ¼ 2103.2 and 493.2 ppm are found
in the 77Se NMR spectrum. Unfortunately, we cannot unam-
biguously assign these chemical shis to the different coordi-
nation modes. Several transition metal polyselenides,33 are
known, such as [{(h5-C5H5Me)V(m-Se2)}2(m-Se)],34 but no 77Se
NMR data have been provided. Nevertheless, complexes 3 and 4
feature signicantly shorter average Cp0

cent–Fe distances of 1.83
and 1.71 Å than in their Fe(II) counterparts 1 and 2. This
difference of 0.12 Å between 3 and 4 appears unusual, consid-
ering that both molecules contain Fe(III) atoms. A d5 system can
potentially adopt three different spin states of SFe ¼ 1/2, SFe ¼
3/2 and SFe ¼ 5/2; and in a dimeric structure these iron
centers can either be magnetically independent or anti-/
ferromagnetically coupled. A closer inspection of the 1H NMR
spectra of 3 and 4 reveals that the resonances of the Cp0 moiety
are narrow and occur between d ¼ 11.0 and 0.4 ppm for 3 and
d ¼ 5.9 and 0.8 ppm for 4. The larger chemical shi window for
complex 3 is also found in its 13C{1H} NMR spectrum, which
shows very unusual chemical shis for a diamagnetic
compound ranging from d ¼ 235.3 to 9.7 ppm; the most
downeld shied resonance (d ¼ 235.3 ppm) is assigned to one
of the Cp0 ring-Cipso positions. This indicates that unpaired spin
density is transferred from the iron atoms to the Cp0 ligand.35

These observations prompted us to record variable temperature
(VT) 1H NMR spectra for 3 and 4. While the 1H NMR resonances
in 4 exhibit only a negligible temperature dependence (see ESI†
for details), the ring CH resonance in 3 varies from d ¼ 8.34 to
12.40 ppm in the temperature range 176 K to 376 K,
approaching a diamagnetic limit at low temperature (Fig. 8).
The different VT behavior can be rationalized by antiferro-
magnetic coupling between the two Fe(III) atoms in 3 and 4 to
form an open-shell singlet ground state, whereby the degree of
exchange coupling is signicantly different in both materials.
While in 4 the Fe(III) atoms undergo strong antiferromagnetic
coupling, a smaller energy gap between ground and excited
state in 3 allows the thermal population of the (uncoupled)
This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Zero field Mössbauer spectra of 3 (A) and 4 (B) recorded at 77
K. The selenium atoms in 4 act as strong absorber of the Mössbauer g-
radiation, so that only small effects (1.000 to 0.995) could be achieved
despite collecting data for 12 days.
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excited state. Based on the underlying Boltzmann distribution
the energy gap (2J) between these states can be estimated
(Fig. 8).

The t of the temperature dependence of the 1H NMR
chemical shis of Cp0 ring CH resonance yields an energy
separation of |2J| ¼ 654 cm�1 (0.082 eV or 1.87 kcal mol�1).
Similar analyses have previously been applied to model spin-
equilibria in [(C5Me5)Ni(acac)]36 or [(PNP)RuCl] (PNP ¼
N(CH2CH2PtBu2)2).37

The effective magnetic moment of 3 increases gradually from
0.95 mB at 5 K to 1.98 mB at 360 K, consistent with strong anti-
ferromagnetic coupling between the Fe(III) atoms. Fig. 9 shows
the experimental data and the t to the effective spin Hamil-
itonian Ĥ ¼ �2J(Ŝ1Ŝ2) + gb(ŜB), where J is the coupling constant
and g represents the average electronic g value. Since the effective
magnetic moment is still increasing at 360 K, we cannot unam-
biguously establish the spin state of the individual Fe(III) atoms,
i.e. SFe ¼ 1/2, SFe ¼ 3/2, and SFe ¼ 5/2. While we prefer the
intermediate spin description (SFe ¼ 3/2) based on the Cp0cent–
Fe(ave) 1.833 Å, the other possibilities were also evaluated (see
ESI† for details). Gratifyingly, the coupling constant J remains
almost unaffected by the model employed for the simulation of
the experimental data; Fig. 9 shows the results obtained for SFe¼
3/2. Importantly, the J values determined from solution (NMR, J
¼ �327 cm�1) and solid-state (magnetic susceptibility, J ¼ �354
cm�1) data of 3 are in good agreement with each other. In
addition, the antiferromagnetic exchange coupling in 3 is also
signicantly stronger than in the biomimetic model [(meso-
phenyl-dibenzimidazolate)2Fe2(m2-S)]

2� (J ¼ �179 cm�1).25c This
increase may be caused by the shorter Fe–Fe and Fe–S bond
distances in 3 facilitating direct and super-exchange coupling.

The 57Fe Mössbauer spectra recorded at 77 K for complexes 3
and 4 are shown in Fig. 10. In contrast to compounds 1 and 2,
the isomer shis in 3 and 4 are signicantly reduced with diso ¼
0.45(1) mm s�1 [DEQ ¼ 1.85(1) mm s�1] and diso ¼ 0.49(1) mm
s�1 [DEQ ¼ 1.26(1) mm s�1], respectively. This reduction is
consistent with a change in formal oxidation state from Fe(II) to
Fe(III). DFT computations further provide deeper insights into
the electronic structure of 3 (vide infra).
Fig. 9 cT vs. T plot for 3. Simulation: S1¼ S2¼ 3/2; g1¼ g2¼ 2.244; J¼
�354 cm�1 [2J ¼ �708 cm�1], paramagnetic impurity (PI, S ¼ 2) ¼
2.6%, TIP ¼ 1087 � 10�6 emu).

This journal is © The Royal Society of Chemistry 2017
Preparation of nitrido- bridged iron(IV) complex (5) from NaN3

Equally interesting is the reaction of 1 with NaN3, from which
the dinuclear iron nitrido complex [Cp0Fe(m-N)]2 (5) is isolated.
The formation of 5 was investigated in more detail by 1H NMR
spectroscopy in THF-d8. When 1 is dissolved in THF-d8, a yellow
solution is formed that shows signicantly upeld shied tBu-
resonances in the 1H NMR spectrum at d ¼ �22.4 and
�27.7 ppm, corresponding to 18H and 9H, respectively. We
rationalize this change in chemical shis relative to those
recorded in C6D6 solutions of 1 with the formation of a labile
mono-THF adduct [Cp0Fe(I)(thf-d8)].5 On addition of NaN3 the
THF-d8 solution colour gradually changes from yellow to orange
and the 1H NMR resonances of the tBu-groups shi downeld
to d ¼ �15.8 and �22.3 ppm, respectively. Furthermore,
a strong IR stretch at 2059 cm�1 indicates the formation of an
iron azido intermediate. When the THF solvent is removed
under dynamic vacuum, an orange oily residue is initially
formed that solidies and turns olive-green on further exposure
to dynamic vacuum. When this olive-green residue is extracted
into C6D6, only the resonances corresponding to 5 are observed
in the 1H NMR spectrum (see Experimental section for details).
Consistent with these observations we propose the following
mechanism: initial salt metathesis between 1 and NaN3 forms
a solvent-stabilized iron azido intermediate [Cp0Fe(N3)(thf)] (A)
that loses the coordinated THF on exposure to dynamic vacuum
Chem. Sci., 2017, 8, 4108–4122 | 4113
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Fig. 11 ORTEP of [Cp0Fe(m-N)]2 (5) (50% probability ellipsoids). H-
atoms are omitted for clarity. Selected bond distances (Å) and angles
(�): Cp0

cent–Fe 1.744, Cp0
plane–Fe 1.744, Fe1–N1 1.744(2), Fe1–N2

1.734(2), Fe1$1–N1 1.744(2), Fe1$1–N2 1.734, Fe1/Fe1$1 2.2325(7),
N1/N2 2.667, N1–Fe1–N2 100.14(9), Fe1–N1–Fe1$1 79.59(13), Fe1–
N2–Fe$1 80.13(14). Symmetry transformations used to generate
equivalent atoms: $1 �y, �x, �z + 0.5.
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and generates a dimeric iron azido intermediate [Cp0Fe(m-N3)]2
(B). Nevertheless, intermediate B is unstable and readily elimi-
nates N2 at ambient temperature (even in the absence of light)
(Scheme 3) to yield the dimeric iron nitrido species 5. Although
our spectroscopic data support this mechanistic proposal, we
have so far been unable to provide structural evidence for
intermediates A and B. Nevertheless, the isolation of the 2 and
its Ph3PO adduct [Cp0FeI(OPPh3)] is consistent with this
proposal (see ESI† for details).

Complex 5 may be crystallized from concentrated Et2O
solution to yield olive-green crystals that decompose at 191–
193 �C with gas evolution. In the EI-MS spectrum a molecular
ion with the correct isotope distribution is observed, which
shows that the Fe2N2 core stays intact under EI-MS conditions.
When 15N-enriched sodium azide, Na15N(14N)2 is used, 5 is
isolated with a statistical isotopic distribution, that is, a 1 : 1 : 2
mixture of [Cp0Fe(m-15N)]2, [Cp0Fe(m-14N)]2 and [Cp0

2Fe2(-
m-15N)(m-14N)], respectively. In an attempt to probe the stability
of the Fe2N2-moiety, unlabeled [Cp0Fe(m-N)]2 was added to the
15N-enriched statistical mixture in an 1 : 1 ratio. This mixture
was then dissolved in diethyl ether, crystallized and subjected to
an EI-MS analysis. However, no enrichment of the mixed
[Cp0

2Fe2(m-
15N)(m-14N)] compound was observed, suggesting

that under the chosen conditions no dissociation into mono-
meric [Cp0FeN]-fragments occurred.

The 1H and 13C{1H} NMR spectra of 5 show narrow reso-
nances in the diamagnetic region and the 1H NMR resonances
exhibit only negligible temperature dependence (see Experi-
mental section and ESI† for details), which also argues against
a dissociation into monomeric species in solution. The 15N
NMR spectrum recorded for 15N-enriched 5 features a signi-
cantly downeld shied resonance at d(15N) ¼ 1118 ppm
(relative to NH3(liq)). Interestingly, the related iron phosphido
compound [Cp0Fe(m-P)]2 also exhibits a strongly downeld
shied 31P NMR resonance at d(31P) ¼ 1406.9 ppm.9

Solid-state structural information on 5 was provided by X-ray
diffraction. Fig. 11 shows the molecular structure of 5, which
crystallizes in the tetragonal space group P41212 (see ESI† for
details); and selected bond distances and angles are provided in
the gure caption. The planar Fe2N2–core in 5 has pseudo-D2h

symmetry and features nearly equal Fe1–N1 and Fe1–N2 bond
Scheme 3 Proposed mechanism for the formation of [Cp0Fe(m-N)]2
(5). Intermediates given in parenthesis were not isolated.

4114 | Chem. Sci., 2017, 8, 4108–4122
distances of 1.744(2) and 1.734(2) Å, respectively. This is
surprising, since the M–N bond distances in neutral M2N2

complexes commonly follow a distinct short-long-short-long
pattern.38 The situation realized in 5 more closely resembles
that typically observed in Fe2O2 complexes with their well-
known diamond-core structural motifs.39 This is the rst
example of a d4 system adopting a M2N2 core and previous
examples of neutral M2N2 species are limited to compounds
with a formal d0 or d1 electron conguration such as [(h5-
C5Me5)V(Cl)(m-N)]2,40 [(h5-C5Me5)V(Cl)(m-N)]2,41 {[(Me3SiN{CH2-
CH2NSiMe3}2)V(m-N)]2}

n (n ¼ 0, �1),38b [(iPr2N)2Cr(m-N)]2,38a,
[{(anti-O3)Nb(m-N)}2],42, [{(h5-C5Me5)(h

3-iPrNC(Me)NiPr)Ta(m-
N)}2]43 [(tBuCH2)(RO)2W(m-N)]2}

n (n¼ 0,�1)38c and [{(ArO)2Nb(m-
N)}2]

n (n ¼ 0, �1).44 Both aspects render 5 and [Cp0Fe(m-P)]2
rather unusual, with their formal Fe(IV) d4 ground states. The
Fe–N bond distances of 1.744(2) and 1.734(2) Å in 5may also be
compared to standard Fe–N single and Fe]N double bonds,
which lie in the range 1.9–2.0 Å and 1.6–1.7 Å, respectively.45 For
comparison, the Fe–N distances in complex 2 (2.0425(12) and
2.0840(12) Å) are signicantly longer than those in 5. Further-
more, the very long N/N distance of 2.667 Å precludes any
direct interactions between the bridging N-atoms in 5, but the
short Fe–Fe distance of 2.2325(7) Å raises questions regarding
any direct Fe–Fe interactions, e.g., for Fe]Fe double bonds
a Fe–Fe distance of 2.316(1) Å was reported.46 In the related
phosphido derivative [Cp0Fe(m-P)]2 the Fe–Fe distance is as ex-
pected longer at 2.5005(4) Å, and to full the 18VE rule the
authors originally proposed a Fe]Fe double bond.9 In contrast,
for the iron alkylidyne derivative [Cp0Fe(m-CPh)]2, which also
features a short Fe–Fe distance of 2.3558(4) Å, DFT computa-
tions and NBO analyses indicate no direct Fe–Fe bonding
interaction; and the benzylidyne ligands should instead be
considered as deprotonated phenylcarbene fragments coordi-
nated to two [Cp0Fe]+ fragments; thus, forming a low-spin
iron(II) complex (Chart 2).47
This journal is © The Royal Society of Chemistry 2017
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Chart 2 Comparison between [Cp0Fe(m-P)]2 (ref. 9) and [Cp0Fe(m-
CPh)]2.47

Scheme 4 Reactivity of 5 with CO and XylNC.
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We will present a more detailed analysis of the bonding in 5,
especially in comparison to [Cp0Fe(m-P)]2 (ref. 9) and [Cp0Fe(m-
CPh)]2,47 in our computational details section. However, the
Cp0

cent–Fe distance of 1.74 Å in 5 compares well with the values
found in [Cp0Fe(m-P)]2 (1.73 Å)9 and [Cp0Fe(m-CPh)]2 (1.74 Å);47

and it is also consistent with an S ¼ 0 ground state. To further
address the electronic structure, the 57Fe Mössbauer spectrum
and solid-state magnetic susceptibility data for 5 were recorded
(vide infra). The Mössbauer spectrum of 5 (at 77 K) features
a doublet with an isomer shi of diso ¼ �0.02(1) mm s�1 and
a quadrupole splitting DEQ ¼ 0.71(1) mm s�1. Within the
investigated series of [Cp0Fe(m-X)]2 compounds this value
represents the lowest isomer shi, which is consistent with
a reduction of diso with increasing oxidation state (Fig. 12).

The magnetic susceptibility data show that complex 5
behaves as a temperature-independent paramagnet (TIP) (see
ESI† for details) indicating the presence of strong antiferro-
magnetic coupling between the Fe atoms, mediated either by
the nitrido bridges (super-exchange) or an Fe–Fe bond (direct
exchange). This is also consistent with the negligible tempera-
ture dependence of the 1H NMR chemical shis.
Reactivity studies on [Cp0Fe(m-N)]2 (5)

In a preliminary study, we further investigated the reactivity of 5
towards H2, CO, N-heterocyclic carbenes (NHCs) and isonitriles
(XylNC, where Xyl ¼ 2,6-Me2C6H3). Complex 5 exhibits no
Fig. 12 Correlation between the (formal) oxidation state of
compounds [Cp0Fe(m-X)]2 (1–5) and the Mössbauer isomer shift (diso) at
77 K.

This journal is © The Royal Society of Chemistry 2017
reactivity with H2 when a hexane solution of 5 is exposed to H2

(10 bar) at ambient temperature for one week, but on exposure
to CO (5 bar) a rapid conversion occurs to yield [Cp0Fe(CO)2(-
NCO)] (7) (see Experimental section for details). We assume that
in an initial reaction CO reacts with 5 to form the isocyanato-
bridged intermediate [Cp0Fe(m-NCO)]2 (2), which then rapidly
reacts with an excess of CO to form 7. This led us also to probe
the reactivity with isonitriles such as XylNC and indeed we
isolated the carbodiimido complex [Cp0Fe(CNXyl)2(NCNXyl)] (8)
(Scheme 4) in good yield. The molecular structure of 8 is shown
in Fig. 13, and the selected bond distances and angles are
provided in the gure caption. We also monitored this reaction
upon addition of substoichiometric quantities of XylNC by 1H
NMR spectroscopy. In C6D6 solution we detected starting
material 5, product 8 and small quantities of a paramagnetic
intermediate, which we assume to be [Cp0Fe(m-NCNXyl)]2.
Unfortunately, every attempt to isolate this intermediate failed,
and we attribute this to a slow conversion of 5 to form the
proposed [Cp0Fe(m-NCNXyl)]2 intermediate, followed by a rapid
reaction of this species with excess of XylNC.

We then also screened the reactivity of 5 with a series of N-
heterocyclic carbenes (NHCs), but only unreacted starting
material was recovered. Presumably the sterically hindered
Fig. 13 ORTEP of [Cp0Fe(CNXyl)2(NCNXyl)] (8) (30% probability ellip-
soids). H-atoms are omitted for clarity. Selected bond distances (Å) and
angles (�): Cp0

cent–Fe 1.73, Fe–C27 1.8221(13), Fe–C36 1.8265(13), Fe–
N1 1.9555(11), N1–C18 1.1640(18), N2–C18 1.2861(17), N2–C19
1.3895(16), N3–C27 1.1769(18), N3–C28 1.3974(17), N4–C36
1.1716(17), N4–C37 1.3964(16), C27–N3–C28 168.29(13), C36–N4–
C37 170.48(14), N1–C18–N2 170.44(14).

Chem. Sci., 2017, 8, 4108–4122 | 4115
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nitrido functionalities in 5 are not accessible to bulky
substrates.
Fig. 14 Computed spectrum of electronic spin states (at the B3PW91
level of theory) for [Cp0FeS]2 (3) with Stot ¼ SFe,1 + SFe,2.
Computational studies

Computational investigations have become increasingly
popular for experimental chemists to rationalize their nd-
ings.48 Nevertheless, it is always imperative to calibrate the
computational results to experimental data in order to
demonstrate the adequacy of the chosen computational
method. At the beginning the structure of complex 1 was
computed at the B3PW91 level of theory. Gratifyingly, the
optimized structure reproduces the experimental data reason-
ably well (Table 1).

For example, the computed and experimental Cp(cent)–
Fe(ave) bond distance is in good agreement, while the
computed Fe–I bond distances are elongated by 0.04 - 0.12 Å,
which is also reected in a signicant elongation of the
computed Fe1 Fe2 (3.83 Å, exp.: 3.5263(8) Å) distance. In a next
step, the molecular structures and relative energies of the
different spin states of [Cp0Fe(m-NCO)]2 (2) and of those of the
proposed intermediates [Cp0Fe(m-SCN)]2 and [Cp0Fe(m-N3)]2
were computed (see ESI† for details). For 2 the computed
geometry also compares well with the experimentally deter-
mined geometry. In addition, for the cyanato- and
isothiocyanato-bridged dimers, the ambiphilic binding modes
of these pseudohalides (O vs. N and S vs. N coordination) were
also explored and in both cases, the coordination via the N-
atom is energetically more favourable (see ESI† for details).
While this is indeed consistent with the experiment for
compound 2, our computations predict a more complicated
situation for the formation of 3, in which m-k2-S,N and m-k-N
coordinated intermediates are suggested to be in equilibrium
with each other and may therefore be involved in the formal
elimination of CNc radicals (see ESI† for details). However, this
will require more detailed experimental and computational
studies, which are currently ongoing and will be reported in the
future.

We then turned our attention to the bonding situation in
[Cp0Fe(m-S)]2 (3) and [Cp0Fe(m-N)]2 (5). For both molecules
a series of different spin states was originally considered using
the B3PW91 functional (see ESI† for details). For complex 3 four
different spin states were found to be close in energy (i.e., within
0.3 eV) (Fig. 14).

However, the ground state conguration of Stot ¼ 3
(computed at the B3PW91 level of theory) is clearly inconsistent
Table 1 Selected computed and experimental bond distances for
complex 1

Geometrical data (Å) Exp Computed

Cp(centroid)–Fe 1.93 1.94
Fe1–I1 2.6748(5) 2.79
Fe1–I2 2.7088(5) 2.75
Fe2–I1 2.7120(5) 2.75
Fe2–I2 2.6780(5) 2.79
Fe1/Fe2 3.5263(8) 3.83

4116 | Chem. Sci., 2017, 8, 4108–4122
with the experimentally observed TIP and indicates unresolved
shortcomings of the DFT description of these open shell
systems. Therefore, a more sophisticated approach at a higher
level of theory is required (vide supra). A similar situation arises
when the bonding situation in the iron nitrido compound
[Cp0Fe(m-N)]2 (5) is analysed using DFT methods. The computed
molecular structure matches the experimental structure (see
ESI† for details), and the potential spin isomers were also
evaluated. During these investigations, we found that the
quintet and singlet spin states are almost degenerate in energy
(their Gibbs free energies (DG0) are equal within 0.07 eV). As
shown for complex 3, DFT methods can be problematic when
applied to open shell systems, especially when different spin
states are very close in energy. Complexes 3 and 5 possess d-
electron congurations of 3d4.58 and 3d4.33, respectively,
which are associated with their formal oxidation states of Fe(III)
(3d5) and Fe(IV) (3d4). In 3, the NBO analysis indicates strongly
polarized Fe–S bonds with 70% S and 30% Fe composition.
Furthermore, at the second order donor–acceptor NBO, another
strong donation (73 kcal mol�1) from a p lone pair on sulphur
to an empty d orbital on iron is found. The NBO analysis of 5
also suggests strongly polarized Fe–N bonds; a rst order
analysis reveals four Fe–N single bonds (with 40% Fe–60% N
contributions). This strong polarization of the Fe–N bonds is
also reected in their small Wiberg bond indexes of 0.23 and
0.31, respectively. At the second order, a small donation from
the nitrogen lone pair to Fe (20 kcal mol�1) is found, in line with
the Lewis structure B illustrated in Chart 3.

To investigate the electronic structure of these compounds
in more detail preliminary CASSCF computations were under-
taken. For complex 3, six electrons were distributed in 6 orbitals
(mainly three 3d orbitals per iron atom that appears as linear
combinations between the two iron atoms). Calculations were
conducted for the singlet, triplet and quintet spin states. The
This journal is © The Royal Society of Chemistry 2017
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Chart 3 Two resonance structures of 5.

Fig. 16 Enthalpy (DH0) profile for the formation of [Cp0FeN]2 (5) from
the proposed intermediate [Cp0Fe(m-N3)]2 (B). Values given in paren-
thesis refer to the values computed at the B3PW91 level of theory
without consideration of solvent and dispersion corrections.
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lowest spin-state is a singlet with a triplet higher in energy (0.14
eV) and a quintet slightly higher (0.28 eV). In the singlet CASSCF
wavefunction, two orbitals are doubly occupied whereas two
others appear to be singly occupied, yielding an open-shell
singlet as ground state. Therefore, in the ground state of 3,
the two Fe(III) centres (SFe ¼ 1/2) couple antiferromagnetically,
which is consistent with the experiment observation. Applying
a similar approach for complex 5, four electrons were distrib-
uted into 6 orbitals and singlet, triplet and quintet spin states
were computed at the CASSCF level. Alike complex 3, the lowest
spin state is found to be a singlet with a quintet higher in energy
(0.12 eV) and nally the triplet (0.54 eV). Analysing the singlet
wavefunction deeply, it appears that the 4 electrons are popu-
lating four different orbitals, leading to an open-shell singlet
with an SFe ¼ 1 electron conguration per Fe atom (Ms ¼�1). In
other words, two Fe(IV, d4) metal atoms with two unpaired
electrons on each iron atom are coupled antiferromagnetically
with each other (similarly to situation described for 3). At this
more sophisticated level of theory it was indeed possible to
obtain computational results that match the experimental
ndings.

The polarized nature of the Fe–N bond (Chart 3, Lewis
structure B) is also reected in the frontier orbitals of 5, in
which the nitrogen lone pairs contribute substantially to the
highest molecular orbital (HOMO) (Fig. 15). Consistent with
[Cp0Fe(m-CPh)]2,47 a closer inspection of the NBO orbitals
conrmed the absence of any (direct) Fe–Fe bonding interac-
tions in complex 5.

As we have demonstrated above, the commonly employed
DFT methodology can describe the geometries and the overall
structural features reasonably well, but fails when the electronic
structure of these compounds need to be considered in more
detail. However, CASSCF computations on these large dinuclear
complexes to provide insights in reaction pathways is too time
consuming and therefore not feasible. We therefore decided to
probe if the DFT methodology is actually sufficient to
Fig. 15 Highest molecular orbital (HOMO) of complex 5.

This journal is © The Royal Society of Chemistry 2017
adequately describe the observed reactivity patterns of these
compounds focusing on the formation of complex 5 and its
reaction towards CO was probed computationally (Fig. 16 and
17). Starting from the hypothetical [Cp0Fe(m-N3)]2 intermediate,
DFT methods predict that the initial step involves the cleavage
of the N–N bond in one of the azido ligands yielding a transient
azido-nitrido species (Fig. 16). The latter undergoes N2 release
yielding the product 5 followed by a change of spin state. This
reaction pathway was computed at the B3PW91 level of theory
with and without the inclusion of dispersion (D3BJ) and solvent
corrections (THF). Dispersion and solvent corrections have only
a minor inuence on the structure of the intermediates and
Fig. 17 Enthalpy (DH0) profile for the formation of [Cp0Fe(m-NCO)]2 (2)
starting [Cp0Fe(m-N)]2 (5) and CO. Values given in parenthesis refer to
the values computed at the B3PW91 level of theory without consid-
eration of solvent and dispersion corrections.
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transition states involved, but they dramatically reduce the
barriers of the overall reaction and also signicantly stabilize
the nal product 5 (Fig. 17) The overall computed barrier for the
conversion of the proposed intermediate [Cp0Fe(m-N3)]2 (B) to
the dinuclear iron nitrido dimer is DH‡ ¼ 15.7 kcal mol�1,
which agrees with the experimentally observed facile N2 elimi-
nation at ambient temperature.

In a next step, the reaction pathway for the reaction of
complex 5 with CO was probed. Consistent with the computed
HOMO for complex 5 (Fig. 14) the two CO molecules do not
attack directly at the lone pair of the N-atoms; instead they
approach 5 perpendicularly to the Fe2N2 plane (Fig. 17), which
is associated with a low barrier of activation (DH‡) of 10.8 kcal
mol�1 aer consideration of solvent and dispersion corrections.
In the transition state electron density is transferred from 5 into
the p* orbitals of CO (Fig. 17).

Overall, while the precise electronic structure of compounds
3 and 5 are not adequately described to account for their
magnetic properties by standard DFT methods, their molecular
structures and the formation and reactivity of 5 can be modeled
in sufficient detail yielding reasonable reaction barriers which
agree with our experimental observations.

Conclusions

In summary, [Cp0FeI]2 (1) is a valuable starting material for the
activation of pseudohalides such as SCN�, SeCN� and N3

�

yielding suldo (3), diselenido (4) and nitrido (5) complexes.
These compounds were characterized by various spectroscopic
techniques including X-ray diffraction, solid-state magnetic
susceptibility studies and zero-eld 57Fe Mössbauer spectros-
copy. Phenomenologically there is a clear correlation between
the increasing formal oxidation state in complexes 1 to 5
(ranging from Fe(II) to Fe(IV)) and the decreasing isomer shi
observed in their respective Mössbauer spectra. While standard
DFT methods reproduce the molecular structures of these
complexes reasonably well, their electronic structures require
more sophisticated methods to reproduce the data inferred
frommagnetic susceptibility data of 3 and 5. The iron(IV) nitrido
complex 5 shows no reaction towards H2 (even at elevated
pressures), but in the presence of CO it converts to the iron(II)
isocyanate complex 6. This represents a rare example of
successful CO functionalization of a bridging m-N fragment. In
addition, some useful insights into the formation of 5 and its
reactivity with CO can be obtained from DFT computations
which justify its use to describe the reaction chemistry of these
species. Further investigations on the electronic structure of the
compounds 3 and 5 using X-ray absorption near edge studies
(XANES) and on their intrinsic reactivity towards electrophiles
or organic radicals are ongoing and will be reported in due
course.

Experimental details
General considerations

All reactions and product manipulations were carried out under
an atmosphere of dry, oxygen free argon or dinitrogen using
4118 | Chem. Sci., 2017, 8, 4108–4122
standard high-vacuum, Schlenk, or drybox techniques. Argon or
dinitrogen were puried by passage through BASF R3-11 cata-
lyst (Chemalog) and 4 Å molecular sieves. Dry, oxygen-free
solvents were employed throughout. NMR spectra were recor-
ded on Bruker DRX 500 MHz, a Bruker DRX 400 MHz, or
a Bruker 400MHz AVANCE spectrometer. All chemical shis are
reported in d units and referenced to the residual protons of the
deuterated solvents, which are internal standards, for proton
chemical shis. The elemental analyses were performed by the
analytical facilities at the University of California at Berkeley,
Robertson Microlit Laboratories of Madison, NJ, or at the TU
Braunschweig.

Magnetic susceptibility measurements were conducted in a 7
T Quantum Design MPMS magnetometer utilizing a super-
conducting quantum interference device (SQUID). The samples
(10–25mg) were transferred into a quartz tube and held in place
with quartz wool (ca. 5 mg). The quartz tube was ame sealed
and transferred into the magnetometer. This method provided
a very small and reliable container correction, typically of ca.�2
� 10�5 emu mol�1. The data were also corrected for the overall
diamagnetism of the molecule using Pascal constants.49 For
a more detailed description see ref. 50. The program package
JulX written by Eckhard Bill for exchange coupled systems was
used.11

Materials

All solvents were deoxygenated and dried by passage over
columns of activated alumina.51 Tetrahydrofuran dried over
sodium/benzophenone and freshly distilled prior to use.
Deuterated solvents, C6D6, C7D8 and THF-d8 were purchased
from Cambridge Laboratories, Inc. or Eurisotope, reuxed for 3
days over sodium metal, vacuum transferred to a Teon seal-
able Schlenk ask containing 4 Å molecular sieves, and
degassed via three freeze–pump–thaw cycles. [Cp0Fe(m-I)]2 (1)
was prepared as previously reported.5 All other chemicals were
purchased from Acros Organics or Sigma Aldrich. KNCO, KSCN,
KSeCN and NaN3 were dried overnight under dynamic vacuum
at 90 �C.

Synthesis

[Cp0Fe(m-NCO)]2 (2). [Cp0Fe(m-I)]2 (0.5 mmol, 416 mg), KOCN
(1.0 mmol, 81 mg) and THF (25 mL) were mixed in a Schlenk
ask. A green suspension and white precipitate were formed
immediately. Aer 15 min the THF solvent was evaporated and
the residue was extracted with pentane (20 mL). Aer ltration,
the extract was concentrated to ca. 5 mL and cooled to �30 �C.
The product crystallized as green plates. Yield: 170 mg
(0.26 mmol, 52%). Mp: 163 �C. 1H NMR (400.1 MHz, C6D6, 297
K): d ¼ 42.5 (4H, n1/2 ¼ 508 Hz, ring-CH), �4.05 (s, 36H, n1/2 ¼
75 Hz, tBu-H), �7.80 (s, 18H, n1/2 ¼ 74 Hz, tBu-H) ppm. The EI
mass spectrum showed a molecular ion at m/z ¼ 662 amu. The
parent ion isotopic cluster was simulated: (calcd%, observd%):
660(13, 14), 661(6, 7), 662(100, 100), 663(46, 43), 664(12, 11),
665(2, 2). IR (ATR, cm�1): 2952(m), 2866(w), 2176(s), 2030(m),
1974(m), 1460(m), 1391(w), 1360(m), 1236(m), 1201(w), 998(w),
831(m), 665(m), 617(m). UV/Vis (n-hexane, 22 �C, nm): l(3, L
This journal is © The Royal Society of Chemistry 2017
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mol�1 cm�1) ¼ 337 (sh, 1710), 408 (sh, 535), 705 (84). Elemental
analysis calcd (%) for C36H58Fe2N2O2: C 65.26, H 8.82, N 4.23;
found: C 65.23, H 8.66, N 4.03.

[Cp0Fe(m-S)]2 (3). A Schlenk ask was charged with [Cp0Fe(m-
I)]2 (1.0 mmol, 832 mg), KSCN (2.0 mmol, 65 mg) and THF (50
mL). The suspension was stirred at ambient temperature for
12 h; then the solvent was removed under dynamic vacuum and
the residue was extracted with pentane (3 � 20 mL). The
extracts were ltered and the solvent was removed under
dynamic vacuum. The residue was rinsed withMe3SiOSiMe3 (ca.
2 mL) and then dissolved in Et2O (ca. 3 mL). The solution was
cooled to �30 �C to give dark red crystals. Yield: 98 mg
(0.15 mmol, 15%). Mp: 224–226 �C (dec). 1H NMR (400.4 MHz,
C6D6, 296 K): d ¼ 10.96 (s, 4H, ring CH), 1.01 (s, 36H, tBu-H),
0.44 (s, 18H, tBu-H) ppm. 13C{1H} NMR (100.9 MHz, C6D6, 298
K): d ¼ 253.3 (br, n1/2 ¼ 59 Hz, 2C, ring-Cipso), 199.2 (br, n1/2 ¼
41 Hz, 4C, ring-Cipso), 98.5 (4C, ring-CH), 53.8 (6C, tBu-CH3),
46.1 (12C, tBu-CH3), 21.6 (4C, tBu-Cipso), 9.7 (2C, tBu-Cipso). The
EI mass spectrum showed a molecular ion at m/z ¼ 642 amu.
The parent ion isotopic cluster was simulated: (calcd%,
observd%): 640(12, 13), 641(5, 6), 642(100, 100), 643(50, 45),
644(19, 18), 645(6, 6), 646(1, 1). UV/Vis (n-hexane, 22 �C, nm):
l(3, L mol�1 cm�1) ¼ 256 (22520), 347 (17170), 389 (sh, 12630),
519 (2020). Elemental analysis calcd (%) for C34H58Fe2S2: C
63.55, H 9.10; found: C 63.85, H 8.96.

[Cp0Fe(m-Se2)]2 (4). In a Schlenk ask [Cp0Fe(m-I)]2 (1.0 mmol,
832 mg) and KSeCN (4.0 mmol, 576 mg) were dissolved in THF
(100 mL). The suspension was stirred at ambient temperature
for 15 h and the solvent was evaporated. The residue was
extracted with n-hexane (3 � 100 mL). The extracts were ltered
and taken to dryness. The residue was dissolved in Et2O (15 mL)
and the solution was slowly concentrated to ca. 5 mL. The
product was obtained as dark orange plates. Yield: 132 mg
(0.15 mmol, 15%). Mp: 186 �C (dec). 1H NMR (300.1 MHz, C6D6,
27 �C, ppm): d ¼ 5.89 (s, 4H, ring CH), 1.33 (s, 36H, tBu-H), 0.81
(s, 18H, tBu-H). 13C{1H} NMR (75.5 MHz, C6D6, 28 �C, ppm): d ¼
104.5 (4C, ring-Cipso), 102.9 (2C, ring-Cipso), 84.1 (4C, ring-CH),
33.4 (12C, tBu-CH3), 33.1 (4C, tBu-Cipso), 31.4 (6C, tBu-CH3), 29.4
(2C, tBu-Cipso).

77Se NMR (76.4 MHz, C6D6, 24 �C, ppm): d ¼
2103.2 (s), 493.2 (s) ppm. The EI mass spectrum showed
a molecular ion at m/z ¼ 896 amu. The parent ion isotopic
cluster was simulated: (calcd%, observd%): 886(6, 5), 887(8, 8),
888(18, 16), 889(21, 20), 890(41, 42), 891(41, 41), 892(72, 74),
893(59, 57), 894(97, 98), 895(63, 62), 896(100, 100), 897(49, 47),
898(72, 70), 899(30, 26), 900(32, 29), 901(12, 9), 902(8, 7). IR
(ATR, cm�1): 2957(s), 2910(m), 2866(m), 2053(m), 1999(m),
1919(m), 1895(m), 1484(s), 1391(m), 1239(m), 1168(s), 1098(w),
1021(w), 994(m), 880(m), 859(m), 823(m), 646(m). Elemental
analysis calcd (%) for C34H58Fe2Se4: C 45.66, H 6.54; found: C
46.06, H 6.65.

[Cp0Fe(m-N)]2 (5). A Schlenk ask was charged with [Cp0Fe(m-
I)]2 (0.5 mmol, 416 mg), NaN3 (1.0 mmol, 65 mg) and THF
(25 mL). The suspension was stirred at ambient temperature for
16 h, during which time the yellow solution gradually turned
orange. The solvent was removed under dynamic vacuum
leaving an olive-green residue that was extracted with pentane
(3 � ca. 15 mL). The extract was ltered and the solvent was
This journal is © The Royal Society of Chemistry 2017
evaporated. The residue was dissolved in Et2O (3 mL) and
cooling this solution to �30 �C formed green crystals. Yield:
171 mg (0.28 mmol, 56%). Mp: 191-193 �C. 1H NMR (300.1 MHz,
C6D6, 296 K): d ¼ 6.45 (s, 4H, ring CH), 1.33 (s, 36H, tBu-H), 0.58
(s, 18H, tBu-H) ppm. 13C{1H} NMR (75.5 MHz, C6D6, 297 K): d ¼
114.6 (4C, ring-Cipso), 113.7 (2C, ring-Cipso), 91.3 (4C, ring-CH),
33.7 (12C, tBu-CH3), 32.7 (4C, tBu-Cipso), 30.7 (6C, tBu-CH3), 29.1
(2C, tBu-Cipso) ppm. 15N NMR (40.57 MHz, C6D6, 296 K): d ¼
1118 ppm. IR (ATR, cm�1): 3005(m), 2962(w), 2907(w), 1482(m),
1459(w), 1418(m), 1359(m), 1246(m), 1169(m), 997(w), 858(s),
828(m), 811(w), 696(vw), 679(vw), 642(vw). UV/Vis (n-hexane,
22 �C, nm): l(3, L mol�1 cm�1) ¼ 255 (sh, 21900), 291 (59830),
386 (12100)m, 519 (sh, 820). Elemental analysis calcd (%) for
C34H58Fe2N2: C 67.33, H 9.64, N 4.62; found: C 67.17, H 9.52, N
4.81.

[Cp0Fe(OPPh3)(NCO)] (6). To a stirred solution of [Cp0Fe(m-
NCO)]2 (2, 150 mg, 0.23 mmol, 1 eq.) in toluene (10 mL)
a solution of Ph3PO (126 mg, 0.45 mmol, 2 eq.) was added and
stirred for 2 h at ambient temperature. The green solution was
dried under oil-pump vacuum, extracted and ltered with
pentane. Aer reducing the solvent to a minimum under oil-
pump vacuum, the green residue (ca. 0.5 mL) was ltered and
stored at �30 �C to form green crystals. Yield: 110 mg
(0.284 mmol, 63%). Mp: 161 �C (dec). 1H NMR (300 MHz, C6D6,
300 K): d ¼ 20.84 (br s, 6H, n1/2 ¼ 46 Hz, ortho-CH Ph3PO), 10.16
(br s, 6H, n1/2 ¼ 550 Hz, meta-CH Ph3PO), 7.36 (br s, 3H, n1/2 ¼
20 Hz, para-CH Ph3PO),�10.60 (br s, 18H, n1/2 ¼ 260 Hz, tBu-H),
�16.00 (s, 9H, n1/2 ¼ 210 Hz, tBu-H), �60.63 (s, 2H, n1/2 ¼
2200 Hz, CH Cp) ppm. IR (KBr, cm�1): 2211(NCO). Elemental
analysis calcd (%) for C36H44FeNO2P: C 70.93, H 7.28, N 2.30;
found: C 70.87, H 7.23, N 2.32.

[Cp0Fe(CO)2(NCO)] (7)
Method A. To a stirred solution of [Cp0Fe(m-NCO)]2 (2, 100 mg,

0.151 mmol, 1 eq.) in hexane (10 mL), CO (5 bar) was added and
the solution stirred for 12 h at ambient temperature. The colour
of the solution changed immediately from dark green to red-
orange. Aer removal of the solvent under oil-pump vacuum
the red residue was dissolved in a small amount of Et2O (1 mL),
ltered and stored at �30 �C to form red crystals. Yield: 104 mg
(0.269 mmol, 89%). Mp: 126–127 �C. 1H NMR (300 MHz, C6D6,
300 K): d ¼ 4.61 (s, 2H, Cp-CH), 1.08 (s, 18H, tBu-H), 1.04 (s, 9H,
tBu-H) ppm. 13C{1H} NMR (75 MHz, C6D6, 300 K): d ¼ 214.7
(CO), 110.0 (C-Cp), 108.0 (C-Cp), 89.2 (CH-Cp), 33.0 (C(CH3)3),
32.5 (C(CH3)3, 31.1 (C(CH3)3), 30.4 (C(CH3)3) ppm. IR (KBr,
cm�1): 2228(NCO), 2023(CO), 1978(CO). Elemental analysis
calcd (%) for C20H29FeNO3: C 62.02, H 7.55, N 3.62; found: C
61.84, H 7.59, N 3.49.

Method B. To a stirred hexane solution (10 mL) of [Cp0Fe(m-
N)]2 (5, 100mg, 0.165 mmol, 1 eq.) CO (5 bar) was added and the
solution stirred for 12 h at ambient temperature. The colour of
the solution changed immediately from dark green to red-
orange. The solvent was removed under dynamic vacuum and
the red residue was dissolved in a small amount of Et2O (1 mL),
ltered and stored at �30 �C to form red crystals. Yield: 116 mg
(0.300 mmol, 91%).

[Cp0Fe(CNXyl)2(NCNXyl)] (8). To a stirred solution of
[Cp0Fe(m-N)]2 (150 mg, 0.247 mmol, 1 eq.) in hexane (25 mL),
Chem. Sci., 2017, 8, 4108–4122 | 4119
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a solution of XylNC (194 mg, 1.482 mmol, 6 eq.) in hexane
(5 mL) was added at ambient temperature. The colour of the
solution changed immediately from dark green to red and it was
stirred for 12 h. Aer removal of the solvent under oil-pump
vacuum the red residue was dissolved in a small amount of
Et2O (1 mL), ltered and stored at �30 �C, whereby it crystal-
lized as dark red blocks. Yield: 236 mg (0.339 mmol, 69%). Mp:
117 �C (dec). 1H NMR (600 MHz, C6D6, 300 K): d ¼ 7.04 (d, 2H,
NCNXyl meta-CH, 3JHH ¼ 7.4 Hz), 6.80 (t, 1H, NCNXyl para-CH,
3JHH ¼ 7.4 Hz), 6.75–6.73 (m, 2H, NCNXyl para-CH), 6.69 (d, 4H,
CNXyl meta-CH, 3JHH ¼ 7.4 Hz), 4.79 (s, 2H, Cp-CH), 2.58 (s, 6H,
CH3-Xyl), 2.39 (s, 12H, CH3-Xyl) 1.41 (s, 18H, Cp-C(CH3)3), 1.26
(s, 9H, Cp-C(CH3)3) ppm. 13C{1H} NMR (150 MHz, C6D6, 300 K):
d ¼ 184.3 (q, CNXyl), 147.7 (q, NCNXyl), 135.1 (q, CNXyl CN-
Cipso), 130.5 (q, NCNXyl Me-Cipso), 130.1 (q, CNXyl Me-Cipso),
128.3 (CH, NCNXylmeta-CH), 128.1 (CH, CNXylmeta-CH), 128.0
(q NCN-Cipso NCNXyl), 127.3 (CH, CNXyl para-CH), 118.4 (CH,
NCNXyl para-CH), 106.3 (q, tBu-Cipso), 99.6 (q, tBu-Cipso), 84.8
(CH, Cp-CH), 33.7 (CH3, Cp-C(CH3)3), 33.0 (q, Cp-C(CH3)3), 31.6
(CH3, Cp-C(CH3)3), 30.5 (q, Cp-C(CH3)3), 20.3 (CH3, CH3-Xyl),
19.2 (CH3, CH3-Xyl) ppm. Elemental analysis calcd (%) for
C44H56FeN4: C 75.84, H 8.10, N 8.04; found: C 75.54, H 8.237, N
8.00.

Mössbauer spectroscopy
57Fe Mößbauer spectra were recorded on a WissEl Mößbauer
spectrometer (MRG-500) at 77 K in constant acceleration mode.
57Co/Rh was used as the radiation source. WinNormos for Igor
Pro soware has been used for the quantitative evaluation of the
spectral parameters (least-squares tting to Lorentzian peaks).
The minimum experimental line widths were 0.20 mm s�1. The
temperature of the samples was controlled by anMBBC-HE0106
MÖSSBAUER He/N2 cryostat within an accuracy of �0.3 K.
Isomer shis were determined relative to a-iron at 298 K.

Crystallographic details

X-ray diffraction studies on complex 5 were conducted on
a Bruker-AXS SMART APEX-II diffractometer. A suitable crystal
was selected and mounted using paratone oil on a MiteGen
mylar tip. For all other structures, crystals were mounted on
glass bres in inert oil; data were collected on Oxford Diffrac-
tion systems using mirror-focused Cu Ka or monochromatized
Mo Ka radiation. Structures were rened anisotropically on F2

using SHELXL-97. Hydrogen atoms were included using rigid
methyl groups or a riding model. Special features: For 3, two
t-butyl groups were disordered over two positions. Crystal and
data collection parameters are presented in Table S1 in the ESI.†

Computational details section

All the quantum-chemical calculations were conducted using
the Gaussian 09 program suite.52 As functional we used the
Becke's 3-parameter hybrid, combined with the non-local
correlation functional provided by Perdew/Wang, denoted as
B3PW91.53 For Fe and I, the relativistic energy-consistent
pseudopotential of the Stuttgart-Köln ECP library was used in
combination with its adapted segmented basis.54 For all other
4120 | Chem. Sci., 2017, 8, 4108–4122
atoms, a standard 6-31G** basis set was used.55 All stationary
points were identied as minima (number of imaginary
frequencies Nimag ¼ 0) or transition states (Nimag ¼ 1).
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