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Structural trends in ten-vertex endohedral clusters,
M@Eqo and the synthesis of a new member of the
family, [Fe@Sn0]°> "t

Tobias Kramer, Jack C. A. Duckworth, Matthew D. Ingram, Binbin Zhou,
John E. McGrady* and Jose M. Goicoechea*

The synthesis of a new endohedral ten-vertex Zintl ion cluster, [Fe@Sn10]3’, isoelectronic with
[Fe@Ge1,]3, is reported. In an attempt to place this new cluster within the context of the known struc-
tural chemistry of the M@E; family (M = transition metal, E = main group element), we have carried out
a detailed electronic structure analysis of the different structural types: viz bicapped square antiprismatic
(INi@Pb10]%>~, [Zn@In40]%)), tetra-capped trigonal prismatic (INi@In10]'°") and the remarkable penta-
gonal prismatic [Fe@Ge;o)>~ and [Co@Ge;0]>~. We establish that the structural trends can be interpreted
in terms of a continuum of effective electron counts at the E;o cage, ranging from electron deficient
(<4n + 2) in [Ni@In0]"°" to highly electron rich (>4n + 2) in [Fe@Ge1,]>". The effective electron count
differs from the total valence electron count in that it factors in the increasingly active role of the metal d
electrons towards the left of the transition series. The preference for a pentagonal prismatic geometry in
[Fe@Ge1,]>~ emerges as a natural consequence of backbonding to the cage from four orthogonal 3d
orbitals of the low-valent metal ion. Our calculations suggest that the new [Fe@5n 0]~ cluster should
also exhibit structural consequences of backbonding from the metal to the cage, albeit to a less extreme
degree than in its Ge analogue. The global minimum lies on a very flat surface connecting Dy, C5, and
Csy-symmetric minima, suggesting a very plastic structure that may be easily deformed by the surround-
ing crystal environment. If so, then this provides a new and quite distinct structural type for the M@E;,

www.rsc.org/dalton family.

Introduction

Transition metal-centred clusters of the group 14 elements
have been studied in the gas phase for many years," but only
relatively recently have stable analogues suitable for structural
analysis been isolated.> For example, the 60-valence-electront
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fHere and elsewhere we choose to identify the clusters by their total valence
electron count (i.e. cage + metal d) because this number is unambiguous and
does not pre-judge the question of the participation of the metal-based electrons
in cluster bonding.

TElectronic supplementary information (ESI) available: Discussion of crystallo-
graphic data and EPR spectroscopy. Kohn-Sham eigenvalue diagram (spin-o and
spin-p) for the D4, C,, and Ds,-symmetric isomers of [Fe@Ge;,]’~ (Fig. S3).
Energies and structural parameters for the D,q-, Cs,-, Cs- and Ds,-symmetric
structures of [Ni@Pbyo]*", [Zn@Inye]®, [Fe@Ge;o]*~ and [Fe@Sn,o]*~ (Tables
S1-S4). Optimised structural parameters of the C,-symmetric global minimum
of [Fe@Sn,o]*~ (Fig. S4). Optimised structural parameters of vacant cages
(Table S5). Cartesian coordinates and total energies of all stationary points.
Complete ref. 24c. See DOI: 10.1039/c3dt50643f
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[Pt@Pb,,]*~ dianion was isolated by Eichhorn and co-workers
from the reaction of [Pbe]*~ with [Pt(PPh;),] (Ph = C¢H;),®> and
its perfectly icosahedral structure is readily interpreted in
terms of a closed-shell d'® Pt(0) centre encapsulated within a
closo deltahedral cage. Indeed the icosahedral motif is
common to all members of the homologous series [M@Pb;,]*~
(M = Ni, Pd, Pt)* and also to the isoelectronic iridium analogue
[Ir@Sn;,]>~.°> Our recent synthesis of a 58-electron cluster,
[Mn@Pb,,]*",° the first fully characterised example of a para-
magnetic M@E,, cluster, provided some insight into the struc-
tural consequences of electron deficiency (in the sense of a
reduction in the total electron count). In stark contrast to the
[M@Pb,,]*~ (M = Ni, Pd, Pt) family, the [Mn@Pb,,]>” unit is
strongly distorted from perfectly icosahedral symmetry, adopt-
ing a prolate D,q-symmetric structure. Based on a DFT analysis
of the electronic structure of [Mn@Pb,,]>~, we argued that,
despite the formal electron deficiency, the distortion was
driven by an accumulation of electron density on the Pbi,
cage, such that the effective electron count is greater than the
50 valence electrons appropriate for a closo cluster.” The 3d
orbitals of Mn are far from inert, and play an active structural
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role through backbonding to the vacant orbitals of the cage.
The extent to which they participate in this way is strongly
dependent on the effective nuclear charge, and structural dis-
tortions are predicted to be negligible in the isoelectronic later
transition metal cluster Ni@Pb;,.®

Whilst the structural variance within the M@E;, family is
striking, it pales into insignificance compared to the M@E;,
analogues (Fig. 1, Table 1). In 2005, Eichhorn and co-workers
reported a 52-electron [Ni@Pb;,]*~ cluster anion which adopts
a bicapped square antiprismatic structure (D,q, Fig. 1a).>°
Unlike the M@E,, clusters, where all M-E and E-E bonds are
symmetry-equivalent in the icosahedron, a ‘pseudo-spherical’
reference point is harder to define in the 10-vertex case, simply
because the apical and equatorial vertices are symmetry dis-
tinct. Thus in the empty closo [Pbyo]*~ cage reported by Fissler
and co-workers'® the Pb-Pb bond lengths span a relatively
narrow range (3.07 A-3.31 A) and this necessarily imposes very
different distances between the centroid of the cluster and the
apical and equatorial vertices (3.25 and 2.65 A, respectively).
This prolate bicapped square antiprism with M-E (apical) >
M-E (equatorial) is therefore the structural fingerprint of a
closo 10-vertex cage. The fact that the structure of the
[Ni@Pb,o]*~ cluster is strikingly similar to that of the empty
cage (Pb-Pb: 3.09 A-3.41 A, Ni-Pb: 3.21 A (apical), 2.72 A
(equatorial)), suggests that it can be viewed as a structurally
inert d'° Ni(0) centre encapsulated in a closo (4n + 2 = 42 elec-
tron) [Pbyo]*” cage. An analysis of the electronic structure of
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Fig. 1 Known structural motifs adopted by ten-vertex endohedral clusters: (a)
bicapped square antiprismatic (D4q) (INi@Pb;5]%7), (b) tetra-capped trigonal
prism (Cs,) (INi@Iny]'®7), (c) pentagonal prismatic (Dsn) ([Fe@Geqo]*~ and
[Co@GeoP).

Table 1 Structurally characterised ten-vertex Zintl cluster anions and their total
valence electron (TVE) counts

Cluster TVE Point group Ref.
[Pbyo]>~ 12 Daa 10
[Ni@Pb;o]*~ 52 Daq 9
[Co@Ge;,]*~ 52 Dsp, 17
[Fe@Ge;o]*~ 51 Dsp, 16
[Zn@In,, )~ 50 Daa 15
[Ni@In; o]~ 50 Csy 15
[Ni@Ge,Ni(CO) >~ 50 Csv 12
[Ni@GeoNi(CCPh)]*~ 50 Csy 12
[Ni@Ge,Ni(en)]*~ 51 Csy 12
[Ge;1oMn(CO),]*~ 42 Dada 13
[GeoMR]*™ ¢ 12 Dad 14

“M = Zn, Cd; R = Ph, mes, 'Pr.
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isoelectronic [Ni@Ge;o]*~ by Chen et al. using density func-
tional theory confirmed the absence of significant electron
transfer between the d'® transition metal and the cage.'' The
deltahedral [Ni@Pb,,]* cluster can therefore be regarded as
the direct analogue of the [Ni@Pby,]*” case in the twelve-
vertex series, in so much as the metal 3d orbitals are inert in
both cases.

More than a decade before Eichhorn’s report of the struc-
ture of [Ni@Pb,,]*~, Sevov and Corbett had described the struc-
tures of 50-electron [M@In;,]" units in the alloys KgInoZn
and K;oIn;oM, M = Ni, Pd and Pt."” In the [Zn@In,,]®” case the
structure is again approximately D,q-symmetric, although now
compressed along the four-fold axis, such that the apical and
equatorial Zn-In distances are similar (2.84 A, 2.82 A) while the
In-In distances vary over a wider range (3.04 A to 3.64 A). The
isoelectronic [Ni@In;o]'®” unit in K;oIn;,Ni is also markedly
distorted compared to [Pb;,]*", and was described as approxi-
mately Cs,-symmetric, based on a tetra-capped trigonal pris-
matic architecture. The differences between the [Zn@In,,|®
and [Ni@In,,]'°" units are, however, subtle, and the most strik-
ing feature is that both are significantly distorted from the
natural closo reference point defined by [Ni@Pb;,]*~ or [Pby,]*".
Extended Hiickel theory offers an elegant rationalization for
these distortions, suggesting that the central metal retains a d*°
configuration (Ni”), Zn™) while the 40-electron [In;o]'°~ cage is
electron deficient. The observed distortions are then driven by
the need to destabilise precisely one of the occupied orbitals of
the putative 42-electron closo [In;o]'>~ cage to accommodate the
reduction of two in the electron count. We note here the con-
trast with our model for the distortions in [Mn@Pb,,]*~ where
the cage carries an excess of electron density relative to the closo
reference point.

The structural chemistry of the 10-vertex cages took a new
twist in 2009 with the concurrent reports of the structures of
51-electron [Fe@Ge;,]’",'® and 52-electron [Co@Ge;,]*","
both of which adopt unprecedented pentagonal prismatic geo-
metries (Fig. 1, Dsp). A number of calculations reported in the
literature have established beyond doubt that these Dsp-sym-
metric structures are indeed the global minima for the two
species in question. For example, Fissler and co-workers
showed that the Dsj,-symmetric structure of [Co@Ge;,]*~ lies
0.58 eV below the D,4-symmetric bicapped square antipris-
matic alternative.'” Moreover, the order is reversed for the iso-
electronic nickel species [Ni@Ge;o]*”, where the D4
symmetric structure identified by Chen is 0.23 eV more stable
than its Dsp-symmetric counterpart. King and co-workers have
also addressed the issue of the balance between Ds;, and Dyq
structural forms in endohedral clusters of the later transition
elements.'® Their calculations (B3LYP/LANL2DZ) again
confirm the preference for a D,g-symmetric structure in
[Ni@Ge;o]*~ (the Ds,-symmetric structure lying 0.25 eV higher
at this level of theory), and also indicate that the pentagonal
prism is preferred for the heavier (as yet unknown) congeners,
[Pd@Ge;,]*” and [Pt@Ge;o]* .

Despite the unambiguous theoretical confirmation of Dsy-
symmetric global minima for both [Fe@Ge;o]>~ and [Co@Ge;,]*,
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the underlying reasons for the adoption of a pentagonal pris-
matic geometry remain unclear. Based on the Mulliken popu-
lation analysis, and in particular the very negative charges on
the metal centers, King and co-workers argue that the clusters
[M@Ge;o]*", M = Ni, Pd, Pt are best formulated as containing
dianionic M*>~ endohedral metals (d'%s* configuration) inside
a neutral Ge;o cage - i.e. the metal acts as a net 2-electron
acceptor from the cage. The switch in structural preference
from D,q for Ni to Ds,, for Pd and Pt was then rationalised in
terms of the difference in volume of the two cages: the smaller
deltahedral cage can accommodate the 3d metal but not its 4d
and 5d congeners.'®*? An alternative perspective is offered by
the analysis of the electron density in [Co@Ge;o]*~ by Fissler
and co-workers, which indicates a highly delocalised picture of
bonding, leading the authors to conclude that the cluster is
best described as an intermetalloid."”” The transition from an
approximately spherical deltahedral structure ([Ni@Pb;,]*") to
a more open structure for an isoelectronic earlier transition
metal analogue ([Co@Ge;o]’”) is, however, strikingly reminis-
cent of the Ni@Pb,,/[Mn@Pb,,]*~ comparison noted above,®
where the former is almost perfectly deltahedral while the
latter is strongly distorted. By analogy, it seems possible that
the adoption of the pentagonal prismatic structures may also
be driven by substantial backbonding from the metal to the
cluster cage. In this context we note Korber’s prescient
comment that, “some kind of border seems to have been
crossed when moving from Group 10 to Group 9 endohedral
atoms, and the encapsulated transition metal atom clearly is
not as innocent a template as it was assumed to be from the
earlier results”."

In this paper we first report the synthesis of a new member
of the M@E,, family, [Fe@Sn;,]’~, isolated as its [K(2,2,2-
crypt)] salt. This 51-electron cluster, isoelectronic with
[Fe@Ge;o]’~, has been characterised using mass spectrometry
and elemental analysis but, frustratingly, we have been unable
to obtain high-quality diffraction data. Thus the precise
3-dimensional arrangement of atoms in space and hence the
position of the cluster within the spectrum of structural types
exhibited by the M@E,, family remains unknown. Based on
simple electron counting, we might anticipate that 51-electron
[Fe@Sn,,]>~ should exhibit properties intermediate between
52-electron [Ni@Pb;,]>~ and 50-electron [Zn@In;o]°". The
dangers of relying on electron count alone are, however, amply
demonstrated by the gross differences between isoelectronic
members of the family, for example 52-electron [Ni@Pb,,]*~
and [Co@Ge;o]>". In order to resolve these issues we use DFT
as a platform to construct a bonding model that encompasses
all of the known structural types within the M@E,, family (viz
bicapped square antiprismatic ([Ni@Pb;o]*”, [Zn@In,e]*7),
tetra-capped trigonal prismatic ([Ni@In;,]'°") and the penta-
gonal prismatic [Fe@Ge;,]>” and [Co@Ge;,]*"). The electronic
structure of all three classes has been discussed in isolation
previously, but here we attempt to link them in a periodic
context. The structural chemistry can be rationalised in terms
of a continuum defined by the effective electron count at
the E,, cage, which increases in the order [Zn@In;o]*~ <
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[Ni@Pbyo]*~ ~ 42 < [Fe@Ge,,]’ ", rather than the total valence
electron count which varies as [Zn@In,]*” < [Fe@Geyo]*~ <
[Ni@Pbyo]*". The emphasis on effective electron count at the
cage takes into account the increasingly active nature of the 3d
orbitals in the earlier transition metals.

Results and discussion
Synthesis and characterisation of [Fe@Sno]*~

Dissolution of a source of the Sny*~ anion, K,Sne, and 2,2,2-
crypt in ethylenediamine followed by introduction of
Fe,(Mes), led to the formation of black crystals of 1, [K(2,2,2-
crypt)]s[Fe@Sny,]. The [Fe@Sny,]*~ cluster has a total valence
electron count of 51 and is therefore paramagnetic, precluding
the collection of **”/*'°Sn NMR spectra for 1. Despite this limit-
ation the presence of the cluster anion in solution was con-
firmed by electrospray mass-spectrometry (ESI-MS): the
negative ion mode spectrum showed evidence of peaks arising
from clusters with lower negative charges, a result of the oxi-
dation of the parent polyanion during the course of the experi-
ment. There is also evidence of ion pairing between anions
and charge balancing cations. The negative ion mode spectra
of DMF solutions of 1 revealed mass peaks arising from
[Fe@Snyo]~ (m/z = 1242.8), {[K(2,2,2-crypt)|[Fe@Sny,]}~ (m/z =
1659.1) and {[K(2,2,2-crypt)],[Fe@Sn,]}~ (m/z = 2075.4). There
was also evidence of the same mass-envelopes without an
interstitial iron atom. The positive ion mode spectrum of the
sample revealed a peak corresponding to {[K(2,2,2-
crypt)]a[Fe@Snyo]}" at m/z = 2904.9. Selected mass-envelopes
are pictured in Fig. 2. Despite numerous attempts, interpret-
ation of the diffraction data is compromised by disorder pro-
blems. A detailed account of our attempts to establish the
geometry of the cluster from the diffraction data is included in
ESI,f but we conclude that its precise structure remains
unknown, as does its place within the context of the known
structural chemistry of the M@E,, family.
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Fig. 2 Selected electrospray mass-envelopes arising from a DMF solution of 1:
(a) [Fe@Sn;0)*7, (b) {[K(2,2,2-crypt)][Fe@Sn+0]}~, (c) {[K(2,2,2-crypt)[s[Fe@Sn+o]}~
and (d) {[K(2,2,2-crypt)ls[Fe@Snqo]}". Recorded experimental data are given in
black with the calculated isotopic distributions in red.
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Electronic structure analysis of the limiting forms of the
M@®E;, family

In this section we first discuss the electronic structure of the
prototype members of the M@E;, family, viz [Ni@Pb;o]*",
[Zn@Iny)®” and [Fe@Ge,,]’~, the aim being to establish how
the structural trends emerge as a natural consequence of
periodic variations in the relative energies of the metal and
cage orbitals. We then consider the [Fe@Sny,]’~ cluster and
place it in the context of the known members of the family.

The closo deltahedral limit: electronic structure of [Ni@Pbo]*~

Computational studies of [Ni@Pb,,]*~ and its isoelectronic
relatives have been reported previously,'”*® but its central
position in the subsequent discussion of less symmetric ana-
logues warrants a review of the key features of the molecular
orbital array. The relative energies of key stationary points on
the potential energy surface of this and other clusters dis-
cussed below are collected in Table 2. Full structural details of
the minima are collected in the ESI, Tables S1-4.T The num-
bering scheme for the atoms used in Tables S1-47 is shown in
Fig. 3. At the level of theory used here, the global minimum is
indeed the D,q-symmetric structure (Table 2), a bicapped
square antiprism with Ni-Pb bond lengths of 3.40 A (apical)
and 2.77 A (equatorial), very similar to those reported by Chen
et al.'* Alternative structures with Dsy,, Cs, and C,, symmetry
lie more than 0.5 eV higher in energy. The Ni-Pb distances in
the D,g-symmetric minimum are somewhat longer than in the
crystal structure, but very similar to those in the empty [Pby,]*~
cage optimised at the same level of theory, (3.38 A, 2.73 A),
confirming that the presence of the metal has minimal impact
on the structure of the cage. The molecular orbital array in
Fig. 4 (centre) shows the Ni 3d character localised primarily in
the upper {10a,, 10e,, 9e;} manifold, although mixing with the
occupied cage orbitals is apparent in the presence of signifi-
cant Ni 3d character in the lower-lying {9a,, 8es, 9e,} set as
well. Both sets of orbitals are fully occupied, so the distri-
bution of metal and cage character between them does not
influence the overall charge distribution. The LUMO, 10e3, lies
more than 1 eV above the HOMO and has negligible metal
character, confirming also the absence of significant

Table 2 Energies (eV), values of <S$?> and spin densities (p,_s) of stationary
points of [Ni@Pb1,]%7, [Zn@In;0]®~, [Fe@Ge10]>~ and [Fe@5n1,]*~. Multiplicities
of the states are shown in parentheses

Dyq Csy Coy Dsp,

[Ni@Pb,o]>~ Energy (2S+1) 0.0(1) 0.75(3) 0.53(1) 2.09(1)

[Zn@lnw]z’ Energy (2S+1) 0.0(1)  0.01(1)

[Fe@Ge;o>” Energy (2S+1) 0.37(2) 0.35(2) +0.26(2) 0.0(2)
<§*> 0.77 0.76 0.77 0.84
Pa—p(FeE) 0.65 0.36 0.53 1.45
Pa—p(Ge0) 0.35 0.64 0.47  —0.45

i

[Fe@Snyo]*~ Energy (25 +1) +0.03 (2) +0.15(2) +0.03 (2) +0.32(2)
<s*> 0.80 1.00 0.94 1.09
Pa—p(FeE) 1.16 1.08 1.22 1.96
Pa—p(SN10) -0.16 -0.08 -0.22 -0.96

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 Structures of various stationary points located on the potential energy
surface of [Ni@Pb1o]*~.

interactions between the filled Ni 3d manifold and the vacant
orbitals of the cage (i.e. backbonding). In summary, our ana-
lysis of the orbital array is entirely consistent with the accepted
view that the d'® core is structurally inert in this cluster. In
such circumstances, the interactions between metal and
cluster are mediated by the valence 4s and 4p orbitals on Ni.

Electron deficient 50-electron clusters: [Ni@In;,]'’~ and
[Zn@In,o]*~

The [Ni@In,o]'°” and [Zn@In,0]*~ clusters identified by Sevov
and Corbett™ have a formal valence electron count of 50, two
fewer than the [Ni@Pb,,]*~ archetype. The symmetry of the Zn
cluster was identified as D,q while the [Ni@In;,]'°" unit was
described as C;, symmetric, based on a tetra-capped trigonal
prism. Our own survey of the potential energy surface for
[Zn@In,,]*" indicates that Dyg- and Cs,-symmetric minima lie
within 0.01 eV of each other (Tables 2 and S27). Thus the pre-
ference for D,q in the Zn case and Cjs, in the Ni analogue may
reflect the presence of 8 and 10 K' ions in the lattice, respecti-
vely, rather than any intrinsic energetic preference for one
structure over the other. Compared to [Ni@Pb;o]*~, the
bicapped square antiprism in [Zn@In,]®” is compressed
along the 4-fold axis such that the apical and equatorial ver-
tices are now equidistant from the metal centre (2.87 A cf.
2.81 A and 2.84 A in the X-ray structure). The molecular orbital
array shown in Fig. 4 indicates that the lower effective nuclear
charge of In vs. Pb causes a bulk destabilisation of the cage
orbitals relative to metal 3d, to the extent that the HOMOs of
[Zn@In,,]*” are now almost entirely localised on the cluster.
The Zn 3d character, in contrast, accumulates in the lower
{7a;, 7es, 8e,} band, more than 6 eV below the HOMO. The
extended Hiickel calculations reported in Sevov and Corbett’s
original work suggested that the axial compression of the
bicapped square antiprism is driven by the need to destabilise
the single orbital that becomes vacant when the total valence
electron count is reduced from 52 ([Ni@Pb;o]*”) to 50
([Zn@In,0]*"). Our DFT calculations concur entirely with this
model: the 10a, orbital, the LUMO [Zn@In,,]*", is localised

Dalton Trans., 2013, 42, 12120-12129 | 12123
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Fig. 4 Frontier molecular orbital array of Dsq-symmetric isomers of [Ni@Pb10]%~, [Zn@In;0]%~ and [Fe@Ge ;o). Primarily metal-based electrons are shown in blue.
The different charges on the clusters mean that the absolute values of the Kohn-Sham eigenvalues are not directly comparable. The 10e; orbital, which has no

metal 3d character, is taken as a common reference point for the three diagrams.

predominantly on the cage and moreover has = bonding char-
acter around the square faces. Thus it is destabilised by an
expansion of these faces which in turn drives a compression
along the 4-fold axis (compared to the [Ni@Pby,]>~ reference).
The inertness of the metal d orbitals is further emphasised by
the striking resemblance of the optimised structure of the D,q-
symmetric [Zn@In,,]®” cluster to that of the empty [Iny]"*”
cage and not the more reduced [Inyo]"*” or [Ing]**” (ESI,
Table S5T). For example, the similarity in Zn-In distances
(2.87 A for both apical and equatorial atoms) is highly charac-
teristic of 40-electron [Inyo]'°~ (X-In = 2.80 and 2.75 A) and not
[Iny]**~ (3.25 and 2.64 A) or [Ino]**~ (3.60 and 2.61 A).

Electronic structure of 51-electron [Fe@Ge,,]*~

The doublet potential energy surface of [Fe@Ge;,]’~ again fea-
tures D,q, Csy, Coy and Dsp-symmetric stationary points (Tables
2 and S37), the global minimum proving to be a Ds,-symmetric
’A,’ state. The calculated structural parameters are in excellent
agreement with their crystallographic counterparts, precisely
as reported by both Fissler and King.'”'® Amongst the alter-
native structural motifs, the bicapped square antiprism (D,q, *A;)
lies 0.36 eV above the ground state but is not a true minimum,
having one doubly degenerate imaginary frequency. This mode
leads to a C,,-symmetric structure with two square face faces
which lies 0.26 eV above the *A;’ global minimum.

Despite the fact that the D,4-symmetric structure is not the
global minimum in this case, it provides a convenient point of
reference for the comparison between [Fe@Ge;,]>~, [Ni@Pb;,]*~
and [Zn@In,,]®", the latter two having D,gq-symmetric global
minima. We noted above that the transition from [Ni@Pb;,]>~
to [Zn@Iny,]®” results in a stabilisation of the metal-based

12124 | Dalton Trans., 2013, 42, 12120-12129

orbitals relative to those on the cage. Precisely the opposite is
true if we compare [Ni@Pby,]>~ and [Fe@Gey,]’~ (Fig. 4): a
bulk upward shift in the 3d orbitals caused by the reduced
effective nuclear charge at Fe(-I) vs. Ni(0) localises the metal
3d character in the upper orbitals, {10a;, 10e,, 9e;}. When
viewed as a continuum, the complete series [Zn@In,|*” —
[Ni@Pbo]~ — [Fe@Geyo]’~ is characterised by an upward
shift of the metal based orbitals relative to those of the cage,
such that whilst they can reasonably be assumed to be structu-
rally inert in both [Zn@In,]*” and [Ni@Pb,o]*", the same
cannot be said for [Fe@Ge,,]*".

The transition from the bicapped square antiprism to the
pentagonal prism can be analysed, at least conceptually, via a
reaction coordinate with a conserved C, axis that passes
through the C,,-symmetric structure (Scheme 1). In the first
step, rotation of a pair of bonded vertices (green in Scheme 1)
on opposite sides of the equator of the bicapped square anti-
prism converts it to the C,,-symmetric intermediate with two
square faces. Rotation of the face containing red and blue
atoms in Scheme 1 about the same C, axis, along with elonga-
tion of the edge connecting the two blue vertices, then links
the C,,-symmetric intermediate to the pentagonal prism. The
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N
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Scheme 1 Hypothetical reaction coordinate connecting the Dy and Dsp-sym-
metric structures via the Cy,-symmetric intermediate.
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transition from triangular to square faces in clusters is gener-
ally characteristic of an increased electron count, so the reac-
tion coordinate maps a progressive increase in electron density
at the cage.

The correlation of the frontier molecular orbitals across this
coordinate is mapped in Fig. 5. The transition from D,q4 to D5y,
symmetries via C,, results in a progressive stabilisation of the
metal-based orbitals, the root cause of which is enhanced
backbonding from the metal 3d into the vacant orbitals of the
cage. Thus the 8e,'/7e,"” and 9e,'/8e;" pairs in the pentagonal
prism are the in/out-of-phase combinations of occupied Fe 3d
and vacant cage orbitals. Where backbonding occurs in a non-
singlet state such as [Fe@Ge;o]’™, it is necessarily amplified in
the spin-p manifold simply because the metal-based spin-f
orbitals are higher in energy than their spin-a counterparts
due to the effects of spin polarisation. The accumulation of
spin-f density on the cage is therefore a clear fingerprint of
backbonding. In Table 2 a comparison of the spin densities in
the Ds,- and Dyg-symmetric isomers (p(Fe) = 1.45 and p(Gey) =
—0.45 in the former, p(Fe) = 0.65 and p(Ge;o) = 0.35 in the
latter) indicates greatly enhanced backbonding in the penta-
gonal prism. Whilst the assignment of formal oxidation states
in these endohedral clusters is very difficult, the limiting for-
mulations for the cluster are useful to frame the discussion. In
the extreme limit of backbonding where all eight electrons in
the 8e,'/7e," pair are assigned to the cage rather than to the
metal, an [Fe” @Ge;,'° >~ formulation of the cluster emerges.
If, in contrast, only the four higher-lying spin-f electrons are
awarded to the cage, this leads to an [Fe’* @Ge;,* ]~ formu-
lation with the central Fe in an S = 5/2 state, antiferromagneti-
cally coupled to a cage carrying four unpaired spin-f electrons.
Such high degrees of charge separation are clearly unrealistic,
but the emergence of negative spin density on the cage is
nevertheless indicative of a shift towards the [Fe**@Ge;* >~
limit. It is no coincidence that the pentagonal prism, with its

1.0 \ 22b,
10e;

0

o
o
o
2
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Dyy

Me;— J—
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3-connected vertices, is the most stable structure for the
known electron precise (50-electron) cluster Sn;oRyo, R = 2,6-
Et,CeH3),>" isoelectronic with [Ge;o]'”. The preference for
bicapped square antiprismatic geometries for empty 42-elec-
tron clusters ([Pby,]>”) but pentagonal prismatic geometries
for empty 50-electron analogues arises because the D,q—Dsp
structural distortion stabilises four vacant orbitals on the
42-electron cage, precisely the number required to accommo-
date the four additional pairs of electrons in [E;]'"” or the
four additional unpaired electrons in [E;0]°".** The isomorph-
ism between [Fe@Ge;,]’~ and the empty [Ge;,]'*” cage arises
because any substantial degree of backbonding involving four
orthogonal d orbitals (8e,’/7e," in this case) places exactly the
same structural demands on the cluster as a complete eight-
electron reduction would: a rearrangement that stabilises pre-
cisely four vacant orbitals on the cage will be favoured. Thus in
endohedral clusters where the metal d orbitals are not inert,
the structural preferences are controlled not by the total
amount of electron density transferred to the cage, but rather
by the number of metal d orbitals that participate in the back-
bonding. We have emphasised the significance of backbond-
ing from four distinct 3d orbitals on Fe, so it is important to
consider why the fifth is not also involved, as this should, in
principle, drive a distortion to a different structure, iso-
morphic with [Ge;]'*~ rather than [Ge;,]'°". The SOMO of the
Ds;, symmetric cluster is the 8a,’ orbital, primarily of Fe d,.
character, directed towards the centre of the pentagonal faces.
The lack of substantial overlap means that backbonding is
minimal, despite the high energy of this orbital. The absence
of a structural role for the singly occupied 8a,’ orbital in
51-electron [Fe@Ge;o]’~ explains why it is isostructural with
52-electron [Co@Ge;o]’~ where the same orbital is doubly
occupied. We also note here that our assignment of a *A,’
ground state contrasts with the E", proposed by King and co-
workers,'® where the vacancy lies in the cage-based 8e," rather

Fig. 5 Evolution of the Kohn-Sham orbitals (only spin-p are shown) of [Fe@Ge;]>~ along the C,-symmetric coordinate linking the Dag-, Coy- and Dsp-symmetric
minima. Dashed lines trace the primarily metal-based orbitals. Full MO diagrams showing both spin-a and spin-p manifolds are collected in ESI, Fig. S3.1

This journal is © The Royal Society of Chemistry 2013
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prismatic structure (D4q) is taken as the energetic reference.

than 8a;'. At our chosen level of theory the ", state lies 0.74 eV
above ?A," due to the combined effects of reduced effective
nuclear charge and spin polarization at the Fe centre. Unlike
the *E", alternative, our *A,’ ground state is fully consistent
with the rigorously Ds,-symmetric structure of [Fe@Ge,,]*~.>°
The reaction coordinate shown in Scheme 1 suggests that
the C,,-symmetric structure is, in structural terms, intermediate
between D4 and Ds, limits, with two square faces (vs. none in
Dyq and five in Dsp). The frontier orbitals in Fig. 5 confirm that
it is also intermediate in an electronic sense, with the metal
manifold (and specifically the 20b, and 25a; orbitals) stabilised
relative to the D,q case, but not to the same extent as the Dsj,
limit. The transition from D,q to C,, therefore enhances back-
bonding from only two of the five metal 3d orbitals, and is
therefore less effective in relieving the high electron density at
the metal than complete rearrangement to a pentagonal prism.

A continuum model for M@E;, clusters and predictions for
[Fe@Sn, >~

The arguments set out in the preceding paragraphs identify
the interaction between an electron-rich early to mid transition
metal and the vacant orbitals of the cage as the dominant
driving force for distortion away from an ideal bicapped
square antiprismatic structure such as that adopted by
[Ni@Pb,,]*". A broader survey of isoelectronic 51- and 52-elec-
tron clusters, [M@Ge,,]" and [M®@Sn;,]" and (M = Fe, Co, Ni,
Cu, Zn) (Fig. 6), establishes a clear trend towards stabilisation
of the Dsp-symmetric structure relative to D,q in the earlier
transition elements, where the metal is more electropositive.
At the 52-electron level the crossover for M@Ge;, does indeed
occur between Groups 10 and 9, as anticipated by Korber,”

12126 | Dalton Trans., 2013, 42, 12120-12129

while at the 51-electron level a more electropositive metal is
required, displacing the crossover one position to the left.
Although less dramatic than the Ds,/D,q comparison, a dis-
tinct stabilisation of the C,,-symmetric structure relative to Dyq
is also apparent for the earlier elements, confirming the inter-
mediate position of the latter in Scheme 1.

The [Fe@Sn;o]>~ cluster anion is of particular interest as it
provided the initial motivation for our computational investi-
gation, and Fig. 6 confirms that similar periodic trends emerge
in the M@Ge;, and M@Sn;, family. The Ds,-symmetric struc-
tures are, however, systematically destabilised relative to D,4 or
C,y, for M@Sn;, clusters, such that they are never the global
minimum. [Fe@Sn, o]’ is therefore unique among the 51-elec-
tron clusters in so much as the C,,-symmetric and D,q-sym-
metric structures are almost isoenergetic yet both are still more
stable than the pentagonal prism. In fact neither of the D,q4- or
C,,-symmetric structures are true minima, the most stable
point on the surface being an intermediate C,-symmetric struc-
ture where the Sn-Sn bond bridging the square faces (shown in
green in Scheme 1) is only partially rotated about the C, axis
(structure shown in ESI, Fig. S47).§ The D,q-, C,,- and C,-sym-
metric structures are, however, separated by less than 0.03 eV,
and we cannot identify the global minimum with confidence,
other than to note that it is lies somewhere along a very flat
potential energy surface defined by the reaction coordinate in
Scheme 1. In the context of the Biirgi-Dunitz structural

§ This C,-symmetric minimum appears to be unique to the [Fe@Sn;o]*~ cluster
where the D,q and C,,-symmetric structures that it connects are almost degene-
rate. In all other cases that we have considered, similar C,-symmetric structures
collapse to either D,q or C,,, whichever is the more stable.
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correlation model,*® the flatness of the potential energy surface

should result in substantial deformations of the cluster in
response to environmental effects such as change in cation or
temperature. Indeed, the intrinsic flexibility of the cluster may
contribute to the difficulties experienced in refining the crystal-
lographic data. What is abundantly clear, however, is that it is
not pentagonal prismatic like its isoelectronic congener
[Fe@Ge, o>, nor is it rigidly bicapped square antiprismatic
like 52-electron [Ni@Pb,,]*~. There is a superficial resemblance
to the structural chemistry of [Zn@In,,]*”~ and [Ni@In,,]'*", in
so much as all three clusters have low-lying stationary points
with Cs,, C,, and D,q symmetry. Given that we invoke effective
cage electron counts in excess of 42 as the driving force for dis-
tortion in [Fe@Sn,,]*~ but counts of less than 42 in [Zn@In,o]*~
and [Ni@In;o]'", this apparent similarity merits further
comment. We noted previously in reference to Tables 2 and
S51 that the In;, cages in the D,4-symmetric isomer of
[Zn@In,,]*” resembles 40-electron [Inyo]'’” rather more closely
than 42-electron [Inyo]'>~ or 44-electron [Ing]"*". In the
[Fe@Sn,,]’>~ case the situation is precisely the opposite: the
optimised D,4-symmetric structure bears a closer resemblance
to 42- and 44-electron [Sny,]*” and [Snyo]*~ than it does to 40-
electron [Snyo]° (ESI, Table S5t), most strikingly in the prolate
distortion (Fe-Sn apical > Fe-Sn equatorial) that is highly
characteristic of effective cage electron counts of 42 or more.
Thus the symmetry of a distorted cluster alone is not neces-
sarily indicative of the underlying driving force: careful atten-
tion must be paid to the precise structural details to
distinguish electron rich from electron-deficient cases.

The correlation of frontier orbitals in Fig. 5 shows that dis-
tortion from a D,q4 to a C,,-symmetric structure enhances back-
bonding from the Fe(-I) center, but is less optimal in this
regard than complete rearrangement to the pentagonal prism.
So why then does the [Fe@Sn;o]>~ cluster stop at the C,, struc-
ture while [Fe@Ge;o]’~ goes all the way to the Dsy, limit? To
answer this, we note from the spin densities in Tables 1 and 2
that only the pentagonal prism is able to accommodate the sig-
nificant backbonding needed to stabilise the extremely elec-
tron rich Fe(-I) center in [Fe@Ge;,]’": in all other geometries
the spin density on the Ge;, cage is positive. Thus a switch to
a prismatic geometry is apparently essential if a Ge,, cage is to
accommodate the electron density from a very electron-rich
endohedral metal. In contrast, p(Sno) < 0 for all isomers of
[Fe@Sn,,]*~, indicating that backbonding is relatively more
effective even in the approximately deltahedral structures (D,q,
Cyy), albeit to a lesser extent than in the pentagonal prismatic
alternative. The enhanced backbonding in the Sn systems
stems from the weaker overlap between the 5p orbitals of Sn
compared to 4p of Ge, which serves to compress the HOMO-
LUMO gap of the Sn, cage, irrespective of its structure.

Conclusions

This work has been motivated by a curiosity about the struc-
ture of a new cluster compound, [Fe@Sn;,]*~, which has been

This journal is © The Royal Society of Chemistry 2013
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synthesised in our laboratory but has, at least thus far, resisted
crystallographic characterisation. We wished to place this new
cluster within the context of the known structural chemistry of
the diverse M@E,, family, which features perfect deltahedra
(INi@Pb,,]*7), compressed deltahedra ([Zn@In;,]*”) and the
pentagonal prismatic [Fe@Ge;,]>~ and [Co@Ge;,]’". This in
turn has led us to establish links between these apparently
very different structural types, which in fact lie on a continuum
defined by the effective electron density at the cage. This para-
meter takes into account the increasingly active role of the d
orbitals to the left of the transition series, and increases in the
order [Ni@In;o]'°” < [Ni@Pb,,]*~ < [Fe@Ge;,]’". The adoption
of a Ds;, symmetric structure is indicative of substantial back-
bonding from the metal (formally Fe(-I) or Co(-I)) to the cage
but the structural preference is determined not by the total
amount of electron density transferred to the cage (which is
small) but rather by the number of orthogonal metal d orbitals
that participate in the backbonding. Thus Ds,-symmetric
[Fe@Ge;0]’~ and [Co@Geo]> ", where four d orbitals participate
in backbonding, are isostructural with the electron-precise
50-electron Sn;(2,6-Et,CsHz)1o which has four additional pairs
of electrons compared to the closo reference point, 42-electron
[Ge1o]*". Our model differs somewhat from that put forward by
King and co-workers, who have proposed that the structural
chemistry is controlled by size, the larger metal ions preferring
the larger pentagonal prism.'® It is difficult to separate these
two arguments because the size of a metal ion and its ability
to participate in backbonding are intimately related, both
being consequences of variation in effective nuclear charge.
Nevertheless, it is clear from our calculations and those of
others'’ that the orbitals of the cage are far from innocent in
the Dsp, structure. Our survey also suggest that the global
minimum for the [Fe@Sn,,]*~ anion is very different to iso-
electronic [Fe@Ge;,]’", and sits on a flat potential energy
surface connecting D,q4, C3, and C,,-symmetric structures. The
different structural preferences can be traced to the greater
ability of the Sn;, cage to accommodate electron density,
which means that the high electron density on the formally
Fe(-I) centre can be relieved without the need for extreme dis-
tortion represented by the pentagonal prismatic geometry. The
new [Fe@Sn;o]’~ anion therefore represents a point inter-
mediate between [Ni@Pb,,]*~ and [Fe@Ge,,]’~ in the M@E;,
family.

Experimental procedures
Computational methods

All calculations described in this paper were performed with
the Amsterdam Density Functional package (ADF2010.02).>*
The TZ2P Slater-type basis set of triple-{ quality, extended with
two polarisation functions, was used to describe the 1st row
transition metals (M = Fe, Co, Ni, Cu, Zn) as well as the Group
13 and 14 elements (E = In, Ge, Sn). Electrons in orbitals up to
and including 2p for the transition metals, 3p on Ge, 4d on In
and Sn and 5d on Pb were considered part of the core and
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treated in accordance with the frozen core approximation
(M.2p, Ge.3p, Sn.4d, In.4d, Pb.5d). All calculations employed
the Local Density Approximation (LDA) to the exchange poten-
tial,”®> along with the local exchange-correlation potential of
Vosko, Wilk and Nusair (VWN)*® and gradient corrections to
non-local exchange and correlation proposed by Becke and
Perdew (BP86).>” All calculations were unrestricted. Relativistic
effects were incorporated using the Zeroth Order Relativistic
Approximation (ZORA).”® The confining effect of cations in the
crystal lattice was modeled by surrounding the clusters with a
continuum dielectric model (COSMO).>? The chosen dielectric
constant ¢ = 78.4 corresponds to that of water although struc-
tural parameters are not strongly dependent on this choice. All
structures were optimised using the gradient algorithm of
Versluis and Ziegler.*® During the initial geometry optimisation
of the clusters the symmetries were kept fixed. When imagin-
ary frequencies were present in the converged structure further
optimisation using structures distorted along the imaginary
modes lead to the nearest local minimum.

General synthetic methods

All reactions and product manipulations were carried out
under an inert atmosphere using standard Schlenk-line or glove-
box techniques (MBraun UNIlab glovebox maintained at
<0.1 ppm H,0 and <0.1 ppm O,). The intermetallic precursor
K,Sny was synthesised according to a previously reported syn-
thetic procedure from a stoichiometric mixture of the elements
(K: 99.95%, Aldrich; Sn: 99.8%, Strem).>' Fe,(Mes), was syn-
thesised using a literature-reported method.** 2,2,2-Crypt
(4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane;
99+%, Merck) was used as received after careful drying under
vacuum. Tetrahydrofuran (THF; 99.9%, Rathburn), toluene
(tol; 99.9%, Rathburn) and dimethylformamide (DMF; 99.9%,
Rathburn) were purified using an MBraun SPS-800 solvent
system. Ethylenediamine (en; 99%, Aldrich) was distilled over
sodium metal. All solvents were stored under argon in gas-
tight ampoules. In addition THF and Et,O were stored over
activated 3 A molecular sieves (Acros).

Synthesis of [K(2,2,2-crypt)];[Fe@Sn,,]-4CsH5N (1)

K;Sny (90 mg, 0.073 mmol) and 2,2,2-crypt (100 mg,
0.266 mmol) were dissolved in ethylenediamine (2 mL) yield-
ing a dark brown solution. In a separate reaction vessel,
Fe,(Mes), (22 mg, 0.037 mmol) was dissolved in THF (2 mL) to
give a reddish-brown solution. The THF solution was added
dropwise to the stirred ethylenediamine solution and the reac-
tion mixture stirred for 1 h, filtered and reduced to dryness
under vacuum. The resulting solid was redissolved in pyridine
(2 mL) yielding a dark brown solution. This solution was fil-
tered into a crystallisation ampoule and layered with toluene.
After several days, black rod-like crystals of 1 were obtained
alongside some metallic decomposition. Due to the low crys-
talline yield of this synthetic method, a slightly modified bulk
synthesis of 1 was developed. K,Sn, (203 mg, 0.166 mmol) and
2,2,2-crypt (250 mg, 0.664 mmol) were dissolved in ethylene-
diamine (4 mL) to give a dark brown solution. The mixture was
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allowed to stir for 1 h after which toluene (40 mL) was added.
Stirring for 30 minutes yielded a black precipitate which was
left to stand for an additional half an hour. The colourless
solution was filtered off and the solid precipitate dried
in vacuo. The resulting dark red/black powder (360 mg, 79%)
was isolated in the glovebox. Assuming the product has the
formula [K(2,2,2-crypt)]s[Sny], some of the dark red/black
powder (180 mg, 0.066 mmol) was dissolved in pyridine (2 mL)
to give a dark brown solution. Fe,(Mes), (29 mg, 0.049 mmol)
was dissolved in THF (2 mL) to give a brown solution. The
THF solution was added dropwise to the stirred pyridine solu-
tion. The reaction mixture was stirred for 1 h and toluene
(40 mL) added to give black precipitate. The mixture was then
stirred for 30 minutes and left to stand. The pale yellow solu-
tion was filtered off and the solid precipitate dried under a
dynamic vacuum for half an hour. A black powder sample of 1
(140 mg, 68%) was isolated in the glovebox. Anal. Calcd for
Cy4H;55FeK3N;014Sn10: C 31.66, H 4.60, N 4.99. Found:
C 31.49, H 4.48, N 4.81. ESI-MS (—): m/z 1187.0 [Sny,], 1242.8
[Fe@Sn,0] -, 1602.3 {[K(2,2,2-crypt)][Snqo]}~, 1659.1 {[K(2,2,2-
crypt)|[Fe@Snyo]}, 2019.5 {[K(2,2,2-crypt)],[Snyo]}~, 2075.4
{[K(2,2,2-crypt)],[Fe@Sn, ]} . ESI-MS (+): 2315.0 {[K(2,2,2-crypt)]s-
[Sno]}', 2433.8 {[K(2,2,2-crypt)]s[Snio]}', 2850.1 {[K(2,2,2-crypt)]s-
[Snio]}, 2904.9 {[K(2,2,2-crypt)],[Fe@Sn;,]}". Positive and
negative ion mode electrospray mass spectra (ESI-MS) were
recorded from DMF solutions (10-20 pM) on a Masslynx LCT
Time of Flight mass spectrometer with a Z-spray source
(150 °C source temperature, 200 °C desolvation temperature,
2.4 kV capillary voltage and 25 V cone voltage). The samples
were introduced directly with a 1 mL SGE syringe and a syringe
pump at 0.6 mL h™'. CHN elemental analyses were performed
on 5 mg samples submitted under vacuum in flame-sealed
Pyrex ampoules.
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