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ABSTRACT: Here, we investigate the stereoelectronic requirements of a family of Fe/Co6Se8 molecular clusters to achieve a
Goldilocks regime of substrate a!nity for the catalytic coupling of tosyl azide and tert-butyl isocyanide. The reactivity of a
catalytically competent iron-nitrenoid intermediate, observed in situ, is explored toward nitrene transfer and hydrogen-atom
abstraction. The dual role of isocyanide, which, on the one hand, prevents catalyst degradation but, in large amounts, slows down
reactivity, is exposed. The impact of distal changes (the number of neighboring active sites and the identity of supporting ligands) on
the substrate a!nity, electronic properties, and catalytic activity is investigated. Overall, the study reveals that the dynamic, push−
pull interactions between the substrate (tBuNC), active site (Fe), and support (Co6Se8) create a regime where increased substrate
activation occurs with facile dissociation.

The Sabatier principle intuitively states that optimal
catalytic activity is reached when the active site has a

moderate a!nity for substrates or the resulting products,
underscoring the tension between engaging and releasing key
adsorbates that ensures continuous reactivity at the active
sites.1−3 While weak adsorption may limit reactions from
occurring, strong substrate/active site interactions can inhibit
catalytic turnovers by blocking the active site or by
electronically deactivating neighboring ones.4 Structurally
uniform platforms enable systematic studies that uncover the
requirements for optimal conditions of adsorbate/active site
interactions for a given transformation and elucidate the nature
of the cooperativity between the active site and the support.
For example, numerous in silico and experimental studies have
shown how the size, morphology, dopants, or active site
identity in the single-layer limit of MoS2 clusters impacts the
strength of adsorbate/catalyst interactions5−9 and breaks linear
scaling relationships.10
Elucidating how multiple metals cooperate to bind and

activate substrates to unearth catalyst design principles for
complex multielectron transformations is the focus of
numerous molecular e"orts.11−14 To this end, our group
introduced a molecular construct in which the identity and
number of active sites installed on an atomically precise
inorganic cluster support can be systematically tuned.15−19

This synthetic innovation has enabled systematic investigations
into the nature of the active site/support cooperativity15,16 and
the role of multiactive site dynamics in modulating the catalytic
activity for azide activation and asymmetric carbodiimide
synthesis.18
In this study, we investigate the stereoelectronic require-

ments of the active site to access a Goldilocks regime of
substrate a!nity in a family of Fe/Co6Se8 molecular cluster
catalysts (Figure 1).20 Distal changes, such as the number of
neighboring active sites and the identity of supporting ligands,
impact the substrate a!nity and modulate the ensuing catalytic

activity toward coupling tosyl azide and tert-butyl isocyanide.
The study uncovers how the dynamic substrate/active site/
support interactions coalesce to maximize the catalytic activity.
Strong metal/support interactions promote substrate (iso-
cyanide) dissociation, while simultaneously enabling π-back-
bonding and increased substrate activation. Additionally, this
study illustrates the duality of isocyanide as a substrate: on the
one hand, the isocyanide prevents catalyst degradation, but, in
large amounts, it slows down reactivity ostensibly by blocking
the active site. The nature of the metal−support interactions,
the presence of multiple substrate binding sites, and the steric
profile at the active site dramatically alter the observed catalytic
activity toward nitrene transfer and carbodiimide formation.17
We have previously isolated catalytically competent metal

imido intermediates at a trichromium cluster, demonstrating
that the edges are the locus of reactivity.18 In contrast, the
identification of iron nitrenoid intermediates for the triiron
Fe3Co6Se8L6 (2-Fe3; L = PPh2N(−)Tol, Ph = phenyl, and Tol =
4-tolyl) or monoiron derivative FeCo6Se8(PEt3)4(L)2 (1-Fe; Et
= ethyl) has been elusive.15,16 We hypothesized that the
presence of a single active site could make observing
intermediates and interpreting the reactivity of 1-Fe more
accessible than those for the triiron congener 2-Fe3. Indeed, at
10% 1-Fe loading, we have previously observed the formation
of two paramagnetic species by 1H NMR spectroscopy during
the course of carbodiimide formation.15 To probe the identity
of these species, here, the reaction between 1-Fe and TsN3 was
evaluated first under stoichiometric conditions (Scheme 1).
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Slow addition of the azide to a thawing solution of the iron
complex leads to rapid e"ervescence and consumption of the
azide, as is evinced by the disappearance of the diagnostic tosyl
azide stretch (2123 cm−1; Figure S2) in the associated IR
spectrum. Analysis of the crude reaction mixture by 1H and 31P
NMR spectroscopy indicates the complete conversion of 1-Fe
to two new species assigned as 1-Fe(NTs) and 1-Fe(NHTs)
and formed in a 4:1 molar ratio (Scheme 1 and Figures S1 and
S3). The ability of only one of the species to transfer the
nitrene group and regenerate 1-Fe led to its identification as 1-
Fe(NTs). Indeed, treating a freshly prepared mixture of these
two species with stoichiometric isocyanide21 (tBuNC) incurs
the complete consumption of 1-Fe(NTs), while 1-Fe(NHTs)
remains unreacted (Figure S7). The starting material 1-Fe is
regenerated quantitatively, along with the corresponding
nitrene transfer product. Similar results are obtained if a
phosphine22 (PPhMe2) is used instead to trap the nitrene
group, giving rise to the iminophosphorane coproduct
TsNPPhMe2 (Figures S4 and S5).
Iron nitrenoid complexes are often di!cult to isolate due to

their reactive iminyl character favoring hydrogen abstraction
chemistry.23,24 To probe the identity of the azide activation
coproduct, ostensibly 1-Fe(NHTs), a well-known hydrogen-
atom source, 9,10-dihydroanthracene (DHA; 15 or 30
equiv),25 was added to the reaction between 1-Fe and TsN3
(Scheme 2a and Section S2.4). After 4 h at 60 °C, 1H NMR
spectroscopy indicates that no 1-Fe(NTs) persists in the
reaction mixture. Instead, the dominant species is the amido
complex 1-Fe(NHTs), generated alongside intractable para-
magnetic byproducts (Figures S8−S10). The relatively slow
reaction between 1-Fe(NTs) and DHA, perhaps due to the
steric bulk at Fe, fosters decomposition. Increasing the DHA
amount from 15 to 30 equiv enhances the conversion to 1-
Fe(NHTs) from ca. 54 to 70% spectroscopic yield (Figure
S11). Similar results are obtained using other hydrogen-atom
donors (Section S2.5).25−27 Over time or upon purification

attempts, both 1-Fe(NTs) and 1-Fe(NHTs) degrade, preclud-
ing their separation or further characterization as pure species.
Increased isocyanide concentration could accelerate nitrene

transfer and prevent hydrogen abstraction chemistry. Indeed,
at 10% 1-Fe loading and a large excess of isocyanide (500
equiv; 5.6 M), the formation of 1-Fe(NHTs) is entirely
prevented (Scheme 2b and Figure S16). In contrast, at low
isocyanide concentration (19 equiv, 0.2 M), ca. 40% of the
cluster is consumed in the o"-cycle formation of 1-
Fe(NHTs).15 The triiron cluster 2-Fe3 shows a similar stability
profile,16 its decomposition is shut o" in the presence of a large
excess of a coordinating ligand (tert-butyl isocyanide or
pyridine; Figures S15 and S17).16
To uncover how the number of edge sites and the isocyanide

concentration modulate the catalytic activity, 1-Fe and 2-Fe3
are compared under high isocyanide concentration, when both
clusters are recovered quantitatively. 2-Fe3 features 3 times
more Fe-edge sites than 1-Fe, yet under the same conditions
(2.5% cluster loading, 5.6 M tBuNC), 1-Fe reaches 50%
conversion (t1/2) significantly faster than 2-Fe3 (ca. 10 vs 50
min; Figure 2). This indicates that, although the edge sites in
1-Fe and 2-Fe3 have chemically identical first coordination
environments, the former is significantly more reactive. We
hypothesized that the di"erence in reactivity between 1-Fe and
2-Fe3 is a result of modulating the electronic richness of the
active site by distal changes in the cluster (the number of active
sites or ancillary ligands), which, in turn, regulates the a!nity
for substrates (tBuNC). To probe this hypothesis,
Fe3Co6Se8L′6 (2′-Fe3 ; L′ = PPh2N(−)iPr, where iPr =
isopropyl), which like 2-Fe3 features three Fe-edge sites but
like 1-Fe has minimal a!nity for exogenous ligands,28 was
included in this comparison. Under the same conditions, 2′-
Fe3 was found to be the fastest catalyst in the series, with a t1/2
of ca. 5 min (Figure 2). At first sight, the trend in the catalytic
activities 2′-Fe3 > 1-Fe > 2-Fe3 is surprising. To investigate the

Figure 1. Connectivity and first coordination sphere of the Fe-edge sites in 2-Fe3, 2′-Fe3, and 1-Fe from previously reported single-crystal X-ray
structures.15,16,28

Scheme 1. Stoichiometric Azide Activation and Nitrene
Transfer to (a) an Isocyanide or (b) a Phosphine

Scheme 2. Probing the Formation of 1-Fe(NHTs)
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origins of the di"erential reactivity in the series, electro-
chemical, structural, substrate a!nity, and vibrational data are
compared below, revealing that catalytic activity peaks when
metal/support interactions are strongest and the a!nity for
isocyanide is lowest.
In part, this trend in the reactivity stems from the dual role

that isocyanide plays in this transformation. While increased
concentration of tBuNC prevents cluster degradation, osten-
sibly by accelerating nitrene transfer, it also inhibits reactivity
by blocking azide coordination at Fe. This e"ect is qualitatively
illustrated in the slower catalytic activity for 1-Fe upon the
concentration of isocyanide is increased from 0.2 to 5.6 M
(Figure S14). In 2-Fe3 and 2′-Fe3, this behavior is
compounded by interadsorbate e"ects stemming from the
presence of multiple active sites.
Comparing the relative HOMO energies of the clusters,

approximated from cyclic voltammetry measurements, in-
dicates that the clusters are increasingly electron-rich in the
series 2-Fe3 < 2′-Fe3 < 1-Fe, with the 0/1+ oxidation event
ranging from −0.6 to −1.0 V vs Fc/Fc+ (Figure 3a).15,16,28
This cathodic shift can be rationalized by the relative number
of Lewis acidic edges (one in 1-Fe vs three in 2-Fe3 and 2′-

Fe3) and the donating properties of the ancillary ligands (PEt3
in 1-Fe vs PPh2N(−)Tol in 2-Fe3; PPh2N(−) Tol in 2-Fe3 vs
PPh2N(−)iPr in 2′-Fe3).
Previously reported structural data15,16,28 report that

qualitatively Fe−Se bonds are strongest in 1-Fe, where the
Se sites are most electron-rich, and weakest in 2-Fe3, where
they are most electronically depleted (Figure 1). A precise
structural comparison is complicated because 2-Fe3(CNtBu)3,
crystallized as a tris-adduct, features only one Fe−Se per
edge.15,16,28
Finally, the strengths of the metal/substrate and metal/

support interactions are inversely related, and the nature of the
Fe−CNtBu interaction is highly sensitive to distal changes in
the clusters. The a!nity for isocyanide at Fe, estimated using
1H NMR spectroscopy, is low for the electron-rich clusters 1-
Fe and 2′-Fe3 (∼26 and 7 M−1, respectively; Figure S19) and
significantly higher for the more electron-deficient 2-Fe3,
where three binding constants could be resolved (1290, 196,
and 19 M−1, respectively),15,16 ostensibly for each Fe edge. In
line with the estimated isocyanide a!nities, 1-Fe and 2′-Fe3
crystallize free of exogeneous ligands even in the presence of a
large excess of tBuNC (100 equiv), whereas 2-Fe3 can be
isolated as the tris-adduct 2-Fe3(CNtBu)3. Beyond the a!nity
for ligands, IR spectroscopy reveals that the edge sites in 1-Fe
and 2′-Fe3 are su!ciently electron-rich to π-backbond and
activate the isocyanide (vCN = 2088 and 2104 cm−1,
respectively), whereas the blue-shifted CN stretch in 2-
Fe3(CNtBu)x (νCN = 2168 cm−1) signals that only σ-bonding
is present (Figure 3b). This indicates that the strongest
isocyanide activation occurs at the Fe-edge sites with the
lowest a!nity for this ligand.
It is attractive to propose that the increased catalytic activity

of 2′-Fe3 versus 1-Fe stems from a higher number of active
sites (three vs one). Both clusters are more active catalysts
than 2-Fe3, in line with their decreased a!nity for isocyanide
and increased electronic richness. However, in spite of the
electronic and structural similarities across the series, di"erent
reaction mechanisms could be at play.24,29−36 Furthermore, the
extent Co6Se8 electronic participation in the 1-Fe, 2′-Fe3, and
2-Fe3 series could vary, giving rise to di"erent edge/core redox
regimes and distinguishing the reactivity of iron nitrenoid
species formed along the way.15

Figure 2. Comparing the catalytic activity of 1-Fe, 2-Fe3, and 2′-Fe3
toward carbodiimide formation from TsN3 and tBuNC at 2.5% cluster
loading, 5.6 M tBuNC, in benzene-d6 at room temperature.

Figure 3. Comparing the electronic properties of the Fe-edge sites in 1-Fe, 2-Fe3, and 2′-Fe3. (a) HOMO/LUMO energies estimated
electrochemically. (b) Electrophilicity of the Fe-edge sites as proxied by the energy of bound isocyanide, measured via IR spectroscopy. (c) A!nity
for isocyanide, measured by NMR spectroscopy.
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In conclusion, adjusting the electronic profile of the Fe-edge
sites via distal changes in the cluster, such as the number of
neighboring active sites or the nature of capping ligands,
regulates the a!nity for substrates at the Fe edge and tunes the
catalytic activity. As the support cluster becomes more
electronically rich, the metal/support interactions (Fe−Se
bonds) are strengthened, while the metal/substrate (Fe−
CNtBu) interactions become more labile. The dynamic, push−
pull interactions between the substrate (tBuNC), active site
(Fe), and support (Co6Se8) foster a substrate binding
behavior, wherein substrate activation occurs with its expedited
release, enabling increased catalytic activity.
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