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We present the synthesis, structure, and electrochemistry of
K3[Mo,(SNO5),Cll3[Mo,(SNO5),4] (1, HSNO5 = monothiosuccini-
mide), the first example of a heterometallic extended metal atom
node (HEMAN). The HEMAN consists of two perpendicular, inter-
secting lines of metal atoms formed by three [Mo,(SNO5),Cl]™
units and one [Mo,(SNO5),] unit tethered together by K* ions.

Extended metal atom chains (EMACs, Chart 1) and their
heterometallic analogs (HEMACs) are multimetallic coordination
compounds consisting of three or more linked metal atoms
held together in a row by supporting ligands. These multi-
metallic species are of particular interest for advancing techno-
logies associated with one-dimensional wires and transistors,"
in the fabrication of molecule-scale logic gates, and as well-
defined molecular wire junctions.” Since the discovery of the
first EMAC, Nis(dpa),Cl, (dpa = 2,2'-dipyridylamide),> many
synthetic advances have provided a novel family of linear-
trimetallic EMAC and HEMAC compounds.” While these dis-
coveries have advanced the implementation of the EMACs and
HEMACs in molecular wires," these technologies would signifi-
cantly benefit from even more sophisticated EMAC and
HEMAC architectures. Of particular interest is the extended
metal atom node (EMAN), shown in Chart 1, in which two
metal atom chains cross each other. Accessing such scaffolds
would provide potential access to molecular wire junctions
that link two-dimensional networks of EMACs or HEMACs.
Herein, we report the first assembly of a potential EMAN build-
ing block.

Exploration of the monothiosuccinimide ligand (HSNOS5,
Scheme 1) has led us to synthesize a variety of hetero-
trimetallic EMACs consisting of a dimolybdenum unit paired
with a heterometal selected from the alkali metals (Li', Na'),
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Chart 1 The general structures of (a) EMACs and (b) EMANS.

alkaline earth metals (Ca**, Sr**), Group III (Y*"), or the lantha-
nides.’®* Unlike in EMACs supported by equatorial dpa
ligands, which consistently feature 3-center metal-metal
6 bonds, the heterometal of the SNO5~ compounds is farther
away from the [Mo,]*" unit and influences its Lewis acidity and
redox properties in a purely Coulombic manner. An interesting
consequence of the extra distance between the heterometal
and the [Mo,]*" unit is that the coordination sphere of larger
heterometals is not fully saturated by the four SNO5™ ligands.
This steric unsaturation offers potential for the self-assembly
of supramolecular structures. In contrast to our results with
Li*, in which a discrete heterotrimetallic M---Mo=Mo com-
pound is produced, we show here that the larger K' ion leads
to the self-assembly of the 11-core heterometallic EMAN

This journal is © The Royal Society of Chemistry 2016
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Scheme 1 The synthetic route to 1 and 2.

(HEMAN) K;[Mo,(SNO5),Cl];[Mo,(SNO5),] (1) in MeCN, in
which four Mo, units are connected to a central core contain-
ing three K ions.

The reactivity between quadruply-bonded [Mo,]*" complex
K;Mo,Clg and HSNO5 offers access to two products based on
the solvent used in the reaction (Scheme 1). For instance,
when K,;Mo,Clg is reacted with HSNO5 with MeCN as the
solvent, the desired HEMAN, 1, is produced. However, when
more coordinating solvents are used, e.g. pyridine, K' is not
retained in the final product and [pyH][4,0-Mo0,(SNO5),Cl] (2)
forms (vide infra). Both 1 and 2 attain the 4,0 configuration of
SNO5~ ligands about the [Mo,]'" core, in which all four
ligands are oriented in the same direction with respect to the
Mo=Mo axis. These observations are consistent with previous
reports that the presence of a Lewis acid in the reaction
mixture facilitates formation of the 4,0 regioisomer as opposed
to the trans-2,2 or cis-2,2 regioisomers favored in the absence
of a Lewis acid.**®

The crystal structure of 1 is shown in Fig. 1. The compound
crystallizes as two-symmetry independent half-molecules of 1
in the space group P1. Each half-molecule occupies a crystallo-
graphic inversion center and each full-molecule consists of
three [Mo,(SNO5),Cl]” units and one Mo,(SNO5), unit. The
chloride on the axial Mo,(SNO5), unit is disordered between
the two sites with a 50% occupancy at each site, giving rise to
the crystallographic inversion symmetry. The most defining
feature of this compound is the two perpendicular, intersect-
ing lines of metal atoms that is created. The four [Mo,]"" units
are held together by three K' ions lying along a non-crystallo-
graphic C, symmetry axis of the pseudo-C,,-symmetric mole-
cule. The three K' ions, eight Mo atoms, and three CI~ ions
reside in a non-crystallographic mirror plane that bisects the
complex. Each of the [Mo,]*" components is bonded to four
SNO5™ ligands situated in a 4,0-paddlewheel arrangement.
The SNO5™ ligands on each of the axial [Mo,]*" units (parallel
to the principal axis) reside in the molecular mirror planes.
Each of the SNO5™ ligands on the two equatorial [Mo,]*" units
(perpendicular to the principal axis) are rotated out of the
plane by approximately 45° to avoid a steric clash between the

4+
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Fig. 1 The X-ray crystal structure of 1. All atoms are drawn as 50%
thermal probability ellipsoids. Brown atoms denote Mo, green atoms
denote Cl, sky blue atoms denote K, orange atoms denote S, red atoms
denote O, dark blue atoms denote N, and black atoms denote C. All
hydrogen atoms are omitted for clarity.

SNO5~ ligands of the axial [Mo,]*" units. There are three K
ions coordinated by eight O atoms from the SNO5~ ligands.
These oxygen atoms form a cube around the central K" cation
and square anti-prisms around the other two K" ions.

Relevant bond distances for both the axial and equatorial
[Mo,]*" components of 1 are listed in Table 1. For both the
axial and equatorial [Mo,]*" components, the Mo=Mo quadru-
ple bond is 2.14 A, which is elongated compared with the
average quadruple bonded Mo=Mo distance.® This elongation
is consistent with other 4,0-[Mo,(SNO5),Cl]™ variants,"** and
has been attributed to the donation of electron density from
the axial Cl~ ligand to the [Mo,]"" o* and n* orbitals. The
K---Mo, distance is shorter for the axial component than it is
for the equatorial component (3.938[2] and 4.091[1] A, respec-
tively), likely due to the difference in K' coordination geo-

Table 1 Important crystallographic bond distances for 1

d(Mo=Mo) (A) 2.138[1] (ax)
2.144[1] (eq)
d(Mo-S) (A) 2.497[1] (ax)
2.494[1] (eq)
d(Mo-N) (A) 2.161[3] (ax)
2.150[3] (eq)
d(Mo,—Cl) () 2.733[2] (ax)
2.670[2] (eq)
d(K---Mo,) (A) 3.9382] (ax)
4.091[1] (eq)
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metry. This observation is further supported by the shorter
K-O distances in the axial [Mo,]*" units as compared with
those of the equatorial [Moz]‘“ units. These K---Mo, distances
are significantly longer than the heterometallic separations in
either the Na' or Li' analogs (3.505(2) A and 3.075(5) A,
respectively), primarily due to the larger ionic radius of K'
(1.52 A).” The Mo,-Cl bond distances of the axial [Mo,]"" units
are longer than those of the equatorial [Mo,]*" units
(2.733[2] A and 2.670[2] A, respectively). This difference is
attributable to the packing arrangement of 1 in the crystal
structure (ESI, Fig. S31). The chlorides on the equatorial
[Mo,]*" units point directly into pockets in the structure of
neighboring molecules of 1, whereas the axial CI™ ligands are
not constrained by these interactions.

Cyclic voltammetry was performed between 750 mV and
—850 mV vs. Fe/Fc' on a solution of 1 in propylene carbonate
with 0.1 M NEt,PFq as the electrolyte (Fig. 2). The cyclic vol-
tammogram exhibits two quasi-reversible oxidation waves. The
electrochemical solution was titrated with a 0.1 M solution of
KOTY. Over the course of the titration, both of the [Mo,]*"**
oxidation waves move to higher potentials, reaching final E;,
potentials of 220 mV and 430 mV vs. Fc/Fc'. These oxidation
potentials are similar to those of previously synthesized MMo,
compounds. The first oxidation potential is in the range of the
oxidation potential of LiMo0,(SNO5),Cl (319 mV) and the
second oxidation potential is in the range of dehalogenated
[LiMo0,(SNO5),]" and [NaMo,(SNO5),]' (446 mV and 480 mV,
respectively), indicating that these oxidation potentials corres-
pond to the oxidation potentials of the halogenated and
dehalogenated [Mo,]** groups of 1, respectively.*** The increasing
oxidation potential with increasing [K'] is consistent with pre-
vious examples of [MMo,(SNO5),C1]""~"* compounds in which
an assembled MMo, complex is in equilibrium with demetal-
lated complex in solution.*”* This observation that the com-
pound falls apart in solution is corroborated by the "H NMR
data collected on the compound in DMSO-d, that shows only
two signals for the SNO5~ ligand protons (ESIt). The oxidation
waves were invariant upon further addition of K to the solu-
tion, indicating that these E;, values correspond to intact

1 0.5 0 -0.5 -1

Potential (V vs. Fc/Fc*)

Fig. 2 The cyclic voltammogram of 1. The sample consisted of 1 mM
analyte and 0.1 M NEt4PF¢ in propylene carbonate. The potential was
swept from 0 mV to 750 mV to —850 mV to 0 mV vs. Fc/Fc* at a rate of
100 mV s,
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molecules of 1, however, these data are also consistent with
other possible solution compositions, including a mixture of
KMo0,(SNO5),Cl and [KMo,(SNO5),]" species.

Our interest in 2 stems from our overarching goal to syn-
thesize unique HEMACs and HEMANs. The open binding
pocket on 2 makes it an ideal building block for these compli-
cated molecular architectures, similar to the success we have
found with using pyLiMo,(SNO5),Cl (3) as a starting material
to form HEMACs with a variety of heterometals. Structurally,
2 is somewhat different than 3 (ESI, Fig. S3, Table S2+). While
the two compounds have similar Mo=Mo bond distances
the Mo,-N and Mo,-S bond distances of 2 (2.155[2] and
2.4870[7] A, respectively) are considerably longer than those of
3, but quite close to those of trans-2,2-Mo,(SNO5), and cis-2,2-
Mo,(SNO5),.%>® The presence of a third metal in 3 pinches the
equatorial SNO5~ ligands into the [Mo,]*" unit by forming
tight M-O bonds. In the absence of a third metal, the equator-
ial ligands are able to relax to a more optimal bond distance.

In this paper we have described the synthesis and
characterization of 1, the first example of a heterometallic
extended metal anode node (HEMAN) structural motif. This
structure is similar to that shown in Scheme 1 in that it is
composed of four converging [Mo,]*" subunits held together
through coordination to three K' ions. Assembly of 1 high-
lights the diverse structural motifs that can be accessed using
the supporting SNO5™ ancillary ligand. The ease with which 1
and 2 were prepared provocatively suggests that a wide variety
HEMANS could be accessed for many transition and f-block
metals. The planar arrangement of the metal atoms of 1 offers
opportunity for future innovation in molecular wires by attach-
ment to planar electrodes or semiconductor surfaces as a
molecular logic gates.
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