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Abstract: Enzymes and cofactors with iron—sulfur heterocu-
bane core structures, [Fe,S,], are often found in nature as
electron transfer reagents in fundamental catalytic transforma-
tions. An artificial heterocubane with a [Fe,N ] core is reported
that can reversibly store up to four electrons at very negative
potentials. The neutral [Fe,N,] and the singly reduced low-
valent [Fe,N,]” heterocubanes were isolated and fully charac-
terized. The low-valent species bears one unpaired electron,
which is localized predominantly at one iron center in the
electronic ground state but fluctuates with increasing temper-
atures. The electrons stored or released by the [Fe,N,J/[Fe,N,]~
redox couple can be used in reductive or oxidative C—C
couplings and even allow catalytic one-pot reactions, which
show a remarkably enhanced selectivity in the presence of the
[Fe,N,] heterocubanes.

I ron-sulfur clusters with a heterocubane core geometry
(Fe,S,) are ubiquitous electron storage sites in enzymes and
cofactors.?! Prominent examples include nitrogenases® and
hydrogenases,* in which Fe,S, clusters are involved as
electron relays in fundamental catalytic transformations,
such as activation of N, and H,. The iron centers in Fe,S,
change their oxidation states between Fe' and Fe™, which in
principle allows uptake and release of up to four electrons in
remarkably small volumes of ca. 2.3-2.6 A’ The redox
potentials are crucial for the type of catalytic transformation
that can be performed and typically range from ca. —0.1 V to
—1.4V vs. ferrocene/ferrocenium (Fc/Fc™) in biologically
relevant Fe,S, based systems."”] The fascinating properties of
Fe,S, clusters have stimulated an intensive search for artificial
iron heterocubanes [Fe,Q,L,], which have been studied in
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great detail. The accessible potential range and the number of
chemically reversible redox events can be modified to
a greater extent in these [Fe,Q,L,] clusters with Q =,
S,[11719] Se,[20’21] NR,[ZZ’N] S/NR,[ZX’SH CO;[16’32’34] L = neutral or
anionic ligand (see the Supporting Information for details).
Up to four chemically reversible redox events are possible for
two systems with Q = O or S in a potential range of ca.
—04 to —1.4V and +0.9 to —0.7V, respectively. [Fe,S,-
(StBu),] shows three quasi-reversible redox events, with one
at a very low potential of about —2.6 V.'**I Some insight in
the stoichiometric reactivity of [Fe,Q,L,] has been
gained,?>%%3% but only very few examples for catalytic
applications have been reported.l’’!

Trop-substituted amines (trop =5H-dibenzo|a,d]cyclo-
hepten-5-yl) have been reported to stabilize transition
metals in unusual low oxidation states owing to their steric
and electronic properties.”**! Herein, we report the new iron/
nitrogen heterocubane [Fe,(Ntrop),], which can reversibly
store up to four electrons at very low redox potentials. These
processes involve four consecutive formal Fe'/Fe' redox
couples of which the mono-reduced derivative [Fe,(Ntrop),]”
was isolated with Na™ or [Co(CsMes),]" as counter cations.

In a fast reaction, the intensely dark-brown iron imide
[Fe,(Ntrop),] (1) is assembled in good yield by simply mixing
[Fe(NCy,),] (Cy = cyclohexyl) with H,Ntrop at room temper-
ature in toluene (Scheme 1). Reduction of 1 with either
[Co(CsMes),] or Na/Hg affords the singly reduced compounds
[Co(CsMes),] [FesNtrop,]~ (2a) and [Na(thf),]"[Fe,Ntrop,]”
(2b), respectively, in quantitative yields (from spectroscopy)

—8 HNCy,

NH, ;
4 [Fe(NCy,),] @—Fé
QU0 T s
Tol, r.t., 5 min Fe——N
Tl

[Fea(Ntrop)] (1)
[Co(CsMes)]
" l T [Co(CsHs)

Cy = cyclohexyl

[Cation][Fe4(Ntrop),]

Cation = Co(CsMes), (2a)
Na(thf), (2b)

Scheme 1. Synthesis of heterocubane [Fe,(Ntrop),] (1) and the singly
reduced derivatives [Co(CsMe;),]"[Fe,(Ntrop),]~ (2a) and [Na(thf),]"-
[Fe,(Ntrop),]” (2b).
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and moderate yields (iso-
lated). Compounds 1 and 2
are air-sensitive, but stable
under inert atmosphere in
the solid state (>90d,
—30°C) and in solution
(>54d, RT, benzene (for 1)
or THF (for 2b)).
Single-crystal X-ray ana-
lysis of 1 revealed a heterocu-
bane structure with each ole-
finic group, C=C", of the
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1 is similar to that of known
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reflected by comparable Fe- 0
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N-Fe, N-Fe-N, and Fe-Fe-Fe
angles. However, the Fe—N
and Fe—Fe distances in
1 (average: 1.912(7) A and
2.4798(15) A) are shorter
compared to other iron
imido heterocubanes (aver-
age: 1.95-1.99 A and 2.61-
2.69 A).1°! Consequently, the
volume of the Fe, tetrahe-
dron in 1 (1.801(3) A% is
reduced by 14-22%. We
ascribe this size reduction to
the chelating effect of the
(Ntrop)*™ ligand and to the
m-acidity of its coordinating
olefinic group, which induces
substantial ~ direct Fe—Fe
bonding in 1 (see below).
The structure of the reduced [Co(CsMes),] *[Fe,(Ntrop).]~
(2a) was also determined by a single-crystal X-ray analysis
(Figure 1b). There are no short directed interactions between
cations and anions, and the heterocubane structure is main-
tained. The four iron centers Fel—Fe4 in 2a show similar
bonding parameters indicating delocalization of the addi-
tional electron as has been observed in Fe*'/Fe’" mixed
valence iron imido heterocubanes.!'>**! In comparison to 1,
the reduced [Fey(Ntrop),]” cube in 2a shows consistently
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Figure 1. Solid-state structures: al) Molecular structure of [Fe,(Ntrop),]- (thf);; (1-(thf);3) and corresponding
space-filling model with H atoms and THF molecules in the lattice omitted for clarity (a2).®*! b) Molecular
structure of [Co(CsMes),] "[Fe,(Ntrop),] - (NCsHs), [2a-(NCsH;),].P Ellipsoids are set at 50% probability;
hydrogen atoms, annelated C¢H, groups, and solvent molecules in the lattice are omitted for clarity. Selected
bond lengths [A] and angles [°]: 1: Fe1-N1 1.924(6), Fe1-N2 1.952(6), Fe1-N4 1.908(6), Fel—ct(C4-C5)
1.928(7), C4-C5 1.416(10), Fel—Fe2 2.4982(14), Fel—Fe3 2.4781(15); Fe2-Fel-Fe3 59.24(4), N1-Fel-N2
98.2(2). 2a: Fe1-N1 1.920(3), Fe1-N2 1.929(3), Fe1-N4 1.922(3), Fel—ct(C4-C5) 1.912(4), C4-C5 1.431(6),
Fel-Fe3 2.4630(7), Fe2—Fe3 2.5232(7); Fe2-Fel-Fe3 60.87(2), N1-Fe1-N4 98.76(12). EPR spectroscopy: c) X-
band CW-EPR spectra of 1 (green line) and 2b (blue line). The red spectrum and the upper axis correspond
to the scaled Q-band spectrum of 2b; T=10 K. d) Nutation frequency recorded as a function of the
magnetic field in X-band for a sample containing 2b and an aqueous solution of a Cu" standard with
S=1/2. e) Interactions with protons in 2b. Davies ENDOR (left panel) and HYSCORE spectra (right panel)
at T=10 K. The signals for different surrounding protons were simulated using the parameters collected in
the supplementary information. f) Q-band HYSCORE spectrum of "*N-labeled 2b showing features
corresponding to one plus two nitrogen nuclei. To avoid the effect of blind spots, the displayed spectrum
corresponds to the sum of spectra at three different T values. For ENDOR and HYSCORE experiments, the
magnetic field was selected at the maximum of absorption (g=1.96).

larger Fe—Fe (A,,,=0.02 A), Fe-N (A,,,=0.02 A), and C=
Coin (A, =0.02 A) distances. Concomitantly the Fe—(C=
C'"P) distances are shorter (A,,,=—0.01 A), indicating effi-
cient electron back-donation from the iron centers to the
olefinic groups (see the Supporting Information).
Compounds 1, 2a, and 2b were investigated by zero-field
’Fe Mossbauer spectroscopy at 77 K (Supporting Informa-
tion). 1 shows a quadrupole doublet with 6 =0.30(1) mms ™
and |AEy|=1.78(1) mms', thus ruling out a high-spin
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electron configuration, which was reported for the few other
iron imido heterocubanes.”*?" This supports the presence
of Fe—Fe bonds in compound 1. The quadrupole splitting of
1is larger than that of Fe’" or Fe*"/Fe*" imido heterocubanes
(|AEo|=0.55-1.32 mms™"), which is attributed to the chelat-
ing character of the (Ntrop)®~ ligand. Reduced 2a and 2b
show each one quadrupole doublet indicating that the addi-
tional electron (compared to 1) is delocalized in the cluster at
77K on the time scale of the Mossbauer spectroscopic
experiment. This is in agreement with the results obtained
from single-crystal X-ray analyses at 100 K (see above).
Identical isomer shifts (0.33(1) mms') and very similar
quadrupole splittings (| AEqg |=1.35(1), 1.31(1) mms") were
observed for 2a and 2b, revealing that the counterion
([(Co(CsMes),]" vs. [Na(thf),]*) does not have a substantial
effect on the Mossbauer parameters. The quadrupole split-
tings are moderately decreased compared to 1. The small but
significant increase in the isomer shift suggests that the effect
of longer Fe—N bonds slightly overcompensates the effect of
shorter Fe—C bonds in 2a/b compared to 1.

Compounds 1, 2a, and 2b were analyzed by SQUID
magnetization measurements in an applied field of 1T
(Supporting Information). At 300 K they show effective
magnetic moments of u.;=2.83 g (1), and 2.27-2.30 pg
(2a.b), respectively. With decreasing temperature, i steadily
decreases to reach values of 0.77 ug (1) and 1.64-1.54 pg
(2a,b). These findings indicate intramolecular antiferromag-
netic interactions as previously described for iron-sulfur
clusters with heterocubane structures.*! Overall, the mag-
netic susceptibility data indicate S=0 and S=1/2 ground
states for 1 and 2a/b, respectively, with higher electronic
states being increasingly populated with increasing temper-
ature. In all cases, the experimental data were best repro-
duced in simulations using antiferromagnetic spin-coupling
models in which one Fe center shows parameters different
from the other three Fe centers. Local spin states of 4xS=1
(for 1) and 3 xS =1 plus 1 x S=1/2 (for 2a,b) were assumed,
and best-fit simulations give antiferromagnetic coupling
constants J=—174cm ™', J'=—94 cm ' (for 1) and J = —244/
—195 cm ™!, J' = —244/—244 cm™" (for 2a/b) (Supporting Infor-
mation). It should be noted that the existence of a diamagnetic
ground state has been under debate for all-ferrous [Fe,S;]
clusters in biological systems.***! The solution effective
magnetic moments at 298 K of 1 (CsDg, 2.7(1) pg) and 2b
([D4]THEF, 2.4(2) ug) determined by Evans’ method are close
to those determined in the solid state, giving evidence for the
solid-state structures being essentially maintained in solution.
There are no experimental indications that 1 or 2 dissociate
into dinuclear subunits.**>*!

Compound 1 is EPR-silent in a 2-MeTHF glass at 10 K,
which is in agreement with an §=0 ground state (Figure 1c,
green line). Compound 2b shows an axial X-band EPR signal
without any resolved hyperfine coupling in a 2-MeTHF glass
at 10K (gy=2.02; g, =1.96), which is consistent with S,
symmetry in solution (Figure 1¢). An electron spin echo
was detected from the reduced compound 2b, and its S=1/2
ground state at 7=10 K was confirmed by comparison with
a Cu" standard in two-dimensional EPR spectroscopic
nutation experiments (Figure 1d). Davies ENDOR and
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HYSCORE experiments reveal the interaction of several
protons with the electron spin (Figure 1e). The estimation of
the different proton hyperfine anisotropies based on the
through-space point-dipole interaction using the Fe--H dis-
tances (derived from the single-crystal X-ray analysis of 2a)
yielded values very close to those observed in the spectra.
This indicates localization of the unpaired electron at one
FeNtrop subunit in a distorted Fe,N, cube rather than
delocalization over the entire cluster. Remarkably, HYS-
CORE experiments at 10K on 2b and "“N-labeled 2b
(Figure 1 f) reveal strong coupling with one nitrogen nucleus
(N1, with A’ ~ 18 MHz) and interactions in the weak coupling
regime with two nitrogen atoms (N2 and N3, with A*®
~4 MHz), which is again consistent with localization of the
unpaired electron. This phenomenon was not resolved by
other analytical techniques (VT NMR, Mdssbauer spectros-
copy, X-ray diffraction), which is due to their lower time
resolution and the higher temperatures at which these
measurements were performed (77-300 K). Additionally,
HYSCORE spectra revealed weak couplings with carbon
nuclei (Supporting Information). Thus the analysis of the
hyperfine interactions of the unpaired electron with the
surrounding magnetic nuclei reveals that the unpaired
electron in 2b is predominantly located at one Fe center
(spin density p~80%) with some delocalization to the
coordinated C=C°*™ unit (0~18%) and to the nitrogen
atom that is part of the same chelating ligand (0=~0.8%).
Only minor contributions to the total spin density are
detected at the other two nitrogen nuclei that directly interact
with the Fe radical center (0=0.2% each; Supporting
Information). This is in contrast to the electronic structure
of [M(Ntrop,)(bipy)]" (M=Rh, Ir), where the spin is
predominantly located at the nitrogen center, leading to
a description as stable cationic aminyl radical complexes.*+*

Cyclic voltammetry of 1 in THF at 23°C revealed four
chemically reversible redox events, which are assigned to the
electron-transfer series denoted in Figure 2.*°) The redox
processes take place between —1.72 and —3.59 V vs. Fc/Fc™,
which is the most negative potential range reported for iron
heterocubanes. Note that the shapes of the curves for the
redox events E; and E, are affected by the onset of reductive
solvent decomposition.”! The chemical reversibility in the
cyclic voltammogram of 1 shows that the cluster can store up
to four electrons and remains intact in solution over five
distinct oxidation states, which is comparable to some iron
heterocubanes with oxygen™ or sulfur” as heteroatoms. The
large difference of up to 870 mV between the potentials of
consecutive redox events E,—E, suggests strong electronic
coupling between the metal centers, especially for E,/E,."* In
agreement with the electron-transfer series depicted in
Figure 2 (bottom), compound 1 did not react with [Co-
(CsHs),] (E” ~ —1.3 V), and stronger reducing agents such as
[Co(CsMes),] (E”~—1.9 V) were necessary to obtain the
singly reduced species 2. Oxidation of 2a with [Co(CsHs),]I
cleanly regenerates compound 1.

At room temperature, "H NMR spectra of 1 in [Dg]THF
show eleven paramagnetically shifted resonances of equal
intensity (one pair is overlapping) in the range of about 6—
60 ppm. This is in agreement with an apparent S, symmetry
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Figure 2. Cyclic voltammogram of 1 in THF/0.1 m [nBu,N][PF4] versus
Fc/Fct at 50 mVs™' scan rate (top) at 23°C, and associated electron
transfer series (bottom).

and the cubic structure of the Fe,N, cluster. The same holds
for the reduced species 2a,b, but the 'H NMR resonances are
spread over a larger range of about 2-76 ppm (Supporting
Information). Upon cooling samples of 1 and 2b in [Dg]THF
to 193 K, the chemical shift range of the resonances gradually
shrinks to about 6-36 ppm in the case of 1, in agreement with
a diamagnetic S =0 ground state, but increases to about 2—
95 ppm in the case of paramagnetic 2b. '"H NMR spectro-
scopic analyses of samples containing mixtures of 1 and 2b at
23°C show only one set of signals with averaged chemical
shifts. From the '"H NMR spectrum of a 1:1 mixture of 1 and
2b in [Dg]THF at 23°C (¢ = 6 mMm), an exchange rate k > 3.2 x
10*Hz was estimated for the electron transfer (for an
investigation of the electron exchange in [Fe,S,(SR),]*"*
see Ref. [49]). Upon lowering the temperature to 203 K,
broadening of the signals but no decoalescence was observed.

The application of artificial Fe,Q, heterocubanes as
catalysts or electron transfer mediators in organic reactions
is rare.’”! In a stoichiometric reaction with n-butyllithium as
the reducing agent, [N(nBu),],[Fe,S,(SPh),] mediates the
reductive dimerization of fluorenone to bifluoren-9-yl-9,9'-
diol in frozen pentane/Et,O solution with moderate selectiv-
ity (62 % ). The concomitant formation of n-octane showed
a lower selectivity of 36 %. The role of the Fe,S, cluster is
unknown. In view of the chemical reversibility of the [Fe,-
(Ntrop),]/[Fe,(Ntrop),]” redox couple, we investigated this
system as an electron-transfer catalyst for C—C bond cou-
plings. Reaction of [Fe,(Ntrop),] with a slight excess of
[Mg(C;H;)Br] (3) in THF at 23°C resulted in the complete
conversion into the reduced species [Fe,(Ntrop),]” and the
coupling product 1,5-hexadiene (4) in less than 10 minutes
without the formation of detectable side products (Scheme 2,
top). Remarkably, compound 1 can also be reduced by
sodium alcoholates to give compound 2b, albeit at slower
rates compared to the reaction with 3. The fate of the alkoxy
radicals that are presumably generated is presently unknown.
In a separate reaction, the reduced species [Fe,(Ntrop),]” was
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Scheme 2. Catalytic cycle for oxidative dimerization of (C;Hs)™ and
reductive dimerization of N-methylacridinium ion (AcrH)* catalyzed by
2 mol % of 1.

reacted with a slight excess of N-methyl-acridinium iodide,
(AcrH)I (5), in THF at 23°C. Clean conversion into the
oxidized cluster [Fe,(Ntrop),] (1) and the coupling product
N,N'-dimethyl-bis(9,10-dihydro)acridin-9-yl (6) was observed
in a short time (<10 min; Scheme 2, bottom). Control
experiments showed that direct reaction of [Mg(C;H;s)Br]
(3) with (AcrH)I (5) results in the expected allylation of the
acridinium ion in the 9-position to give N-methyl-9-(C;Hs)-
dihydroacridine (7) in 93% yield. The reaction of 5 with
NaOrBu likewise gives the expected product of a nucleophilic
attack in the 9-position, and 6 was not detected. These results
show that with 1 as an electron-transfer mediator, even
alcoholate anions can be utilized as reducing agents for
reductive C—C coupling reactions. The oxidative coupling of 3
and the reductive coupling of 5 could be performed in
a catalytic process if the formation of 7 is suppressed. Indeed,
the reaction of [Mg(C;H;s)Br| (3) with (AcrH)I (5) in the
presence of 2 mol% 1 in THF at 23°C gave the symmetrical
coupling products 1,5-hexadiene (4) and (AcrH), (6) in 55%
and 38 % yield, respectively, with 7 as a side product (45%
yield). Small amounts of the catalyst in its oxidized form
1 could be detected by NMR spectroscopy after the catalytic
experiment. The same reactions with [Co(CsHs),] or [Co-
(CsMes),] as potential catalysts gave the unsymmetrical
coupling product 7 in ca. 80 % yield with only minor amounts
of 4 (10%) and 6 (<3%).

In summary, the synthesis of the easily accessible [Fe,-
(Ntrop),] (1) was achieved which exists in five distinct
oxidation states at very negative electrochemical potentials.
According to the effective atomic number (EAN) rule, we
propose to describe the 56-valence-electron Fe, unit in 1 as
a hyper-electron-deficient tetrahedral cluster (Supporting
Information). The triangular faces of such a cluster core are
exclusively formed by three-center-two-electron (3c-2e)
bonds."!! This description of 1 is in agreement with the
structure showing short Fe—Fe bonds and with the magnet-
ization data (four unpaired electrons per Fe" center, of which
two are used for bonding in the Fe, cluster to give a local spin
S=1). Reduction perturbs the cluster structure until after
addition of four electrons the electron-precise cluster [Fe,-
(Ntrop),]* is formed with a 60-valence-electron Fe, unit in
which each Fe—Fe edge corresponds to a two-center—two-
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electron (2c-2e) bond. A similar argumentation has been
brought forward in a computational modeling study for
[Fe,S,(NO),] in which the Fe, unit likewise contains 60
valence electrons.”® We propose that between the delocalized
Fe, cluster in 1 with four 3c-2e Fe—Fe—Fe bonds and the
localized structure in fully reduced [1]* with six 2c-2e Fe—Fe
bonds, dynamically disordered localized structures exist for
the partially reduced species (as shown for singly reduced 2).

In a catalytic application, we used the redox couple
[Fey(Ntrop),]/[Fe,(Ntrop),]” to selectively catalyze the oxi-
dative coupling of allyl anions and the reductive coupling of
N-methyl-acridinium cations as examples for C—C bond
forming reactions. This is a proof-of-principle that the
electrons gained in the oxidative coupling simplified as:
2 A” +2[Fey(Ntrop),] (1)=A—A +2[Fe,(Ntrop),]~ (2) can
be stored and used later and in a different reaction, simplified
as: 2B" +2[Fe,(Ntrop),]  —B—B + 2 [Fe,(Ntrop),] (1). These
findings demonstrate that using Fe,Q, iron heterocubanes to
catalyze bond forming and cleavage processes by reversible
storage of electrons, as found in nature, can be transferred to
purely artificial systems. We believe that these findings may
permit access to new types of designed reactions in which
bond forming and breaking events associated with electron-
transfer steps can be resolved in time and space.
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