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Hydroxo-Bridged Dimers of Oxo-Centered Ruthenium(lll) Triangle:
Synthesis and Spectroscopic and Theoretical Investigations

Apoorva Upadhyay,”? Jitendrasingh Rajpurohit,” Mukesh Kumar Singh,” Richa Dubey,"
Anant Kumar Srivastava,”” Ashutosh Kumar,” Gopalan Rajaraman,*® and

Maheswaran Shanmugam*®

(Abstract: The homometallic hexameric ruthenium cluster of
the formula [Ru"y(u;-0),(u-OH),((CH5);CCO,),(py),] (1) (py=
pyridine) is solved by single-crystal X-ray diffraction. Magnet-
ic susceptibility measurements performed on 1 suggest that
the antiferromagnetic interaction between the Ru" centers is
dominant, and this is supported by theoretical studies. Theo-
retical calculations based on density functional methods
yield eight different exchange interaction values for 1: J,=
—7376, ,=+63.4, J;=—187.6, J,=+1244, J;=—376.4, J;=
—601.2, J,=—657.0, and J;=—800.6cm™'. Among all the
computed J values, six are found to be antiferromagnetic.
Four exchange values (J;, J,, J; and J;) are computed to be
extremely strong, with J;, mediated through one p-hydroxo
and a carboxylate bridge, being by far the largest exchange
obtained for any transition-metal cluster. The origin of these
strong interactions is the orientation of the magnetic orbi-

tals in the Ru" centers, and the computed J values are ra-
tionalized by using molecular orbital and natural bond order
analysis. Detailed NMR studies ('H, *C, HSQC, NOESY, and
TOCSY) of 1 (in CDCl;) confirm the existence of the solid-
state structure in solution. The observation of sharp NMR
peaks and spin-lattice time relaxation (T1 relaxation) experi-
ments support the existence of strong intramolecular anti-
ferromagnetic exchange interactions between the metal
centers. A broad absorption peak around 600-1000 nm in
the visible to near-IR region is a characteristic signature of
an intracluster charge-transfer transition. Cyclic voltammetry
experiments show that there are three reversible one-elec-
tron redox couples at —0.865, +0.186, and +1.159 V with re-
spect to the Ag/AgCl reference electrode, which corresponds
to two metal-based one-electron oxidations and one reduc-
tion process.
/

Introduction

Several oxo-centered trinuclear transition-metal clusters with
the general formula [M;(ps-O)(u-RCO,)¢(L);1"* (M"* =Cr, Mn, Fe,
and Ru) have been investigated over several decades with
regard to their specific electronic, magnetic, physical, and
chemical properties."! Among others, the trinuclear oxo-cen-
tered ruthenium carboxylate clusters are of particular interest
because of their versatile redox properties and photochemical
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activities.” The molecular systems displaying electron transfer
and energy transfer have attracted great interest owing to
their potential application in electronic devices such as logic
gates, electrochromic displays, and heat-shielding materials.”
Additionally, various ruthenium complexes (monomers, paddle-
wheel dimers, oxo-centered mixed-valence trimers) are well
known for their catalytic properties.?** Oxo-centered rutheni-
um triangles functionalized on an electrode surface act as an
electrochemical biosensor probe for ligand-receptor binding
to detect a variety of biomolecules such as proteins, DNA, en-
zymes, and so on.”

Furthermore, superior intramolecular electron-transfer prop-
erties have been observed for pyrazine, bipyridine, bipyrimi-
dine, or phosphine derivatives of bridged oxo-centered ruthe-
nium triangles.””’ Although oxo-centered trinuclear-based clus-
ters have been proposed for various applications, there are no
straightforward synthetic methods that yield pure crystals di-
rectly in a one-pot reaction. Column chromatography is often
employed to purify the metal complex, which is both time-
consuming and labor-intensive. Similarly, the electronic and
magnetic properties have been studied extensively for paddle-
wheel dimeric ruthenium complexes;”® however, detailed re-
ports on the magnetic properties of homometallic oligomeric
structures such as oxo-centered ruthenium triangles or other
higher oligomeric or dendrimeric ruthenium complexes are
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very limited in the literature.”? In this article, we report
a novel one-pot synthetic route for the isolation of a homome-
tallic  trivalent  hexameric  cluster  [Rug(p;3-O),(1-OH),-
((CH5);CCO,)15(py),] (1), which is purified solely by the solvent-
extraction method. To the best of our knowledge, this is the
first {Ru6} cluster in which two oxo-centered ruthenium trian-
gles are connected by hydroxo bridges. The isolated complex
is characterized by single-crystal X-ray diffraction, magnetic
susceptibility measurements, spectroscopy (UV/Vis/NIR, NMR)
cyclic voltammetry, and theoretical studies.

Results and Discussion

The reaction of ruthenium trichloride hydrate in an excess of
pivalic acid ((CH,;);CCO,H) in the presence of potassium hy-
droxide at elevated temperature gives the air- and moisture-
stable hexameric ruthenium cluster of molecular formula [Rug"-
(15-0),((CH;);CCO,),,(u-OH),(Py),] (1) (Py=Pyridine), which is
characterized by X-ray crystallography (Figure 1). The crystal

Figure 1. A) Ball-and-stick model representation of single-crystal X-ray dif-
fraction structure of complex 1. B) The metal core arrangement in 1 along
with its oxo and hydroxo bridging units. Color code: Green=Ru", red =0,
blue=N; grey =C. Side-chain carbon atoms and hydrogen atoms are omit-
ted for clarity.

structure of 1 is solved in a monoclinic, P2,/n space group
(Table 1). Structural analysis shows that there are two oxo-cen-
tered ruthenium triangles, (Rul, Ru2, Ru3 and Ru4, Ru5, Ru6),
which are bridged by two hydroxo ligands (03 and 04) in a n?
fashion. In addition to the hydroxo linkage, further links be-
tween the two triangles are provided by two carboxylate li-
gands. The remaining two edges of each ruthenium oxo-cen-
tered triangle are coordinated by four pivalate groups sharing
two carboxylates for each edge.

The third edge of each triangle is linked by one carboxylate
ligand, and the terminal coordination sites are completed by
two pyridine ligands. All six ruthenium ions are in the trivalent
oxidation state, and show distorted octahedral geometries
with Ru"—0 bond lengths ranging from 1.826 to 2.086 A, with
the shortest bond length observed for the Ru"—(u-OH) group
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Table 1. X-ray crystallographic data of complex 1.
Formula CyoH120025N,RUg
Size 0.15%x0.13x0.08
System Monoclinic
Space group P2,/n
alAl 24.31(2)
b [A] 17.23(14)
c Al 24.43(2)
Bl 112.121(2)
VA% 9485.3(14)
V4 4
Peatca [gem 7] 1.460
20,0 [ 56.72
Radiation Moy,
A A1 0.71073
TIK] 100
Reflns 141807
Ind. reflns 23649
reflns with > 20(l) 16740
R1 0.0378
wR2 0.1035

(1.826 to 1.839 A). A slightly longer distance was found be-
tween the Ru"—p;-O groups (1.902 to 1.961 A). The Ru"-N
bond lengths range from 2.110 to 2.115 A. The observed bond
lengths for the ruthenium ions are in the typical range of
Ru"-0O and Ru"-N bond lengths reported previously in the
literature.””’

Complex 1 is one of the largest carboxylate-based rutheni-
um clusters characterized by X-ray diffraction, unlike [Ru;O-
(RCO,)¢(L),]-derived dendrimeric structure units.®®*'" Several
dimers of oxo-centered ruthenium triangles are known, in
which two Ru;O units are bridged by pyrazine, bipyrimidine,
bipyridine, and some phosphine-derivative ligands. However,
linkage between the two Ru;O cores provided by the hydroxo
ligand (average Ru—OH=1.832 A) is reported here for the first
time. This short linkage between the triangles could facilitate
strong communication between the oxo-centered triangular
units. Selected bond lengths and bond angles for 1 are given
in Table S1 in the Supporting Information. All the ruthenium
ions in the oxo-centered triangles are in-plane, but the trian-
gles are non-coplanar. Although the triangular units in
1 appear to be analogous to each other, their structural param-
eters are slightly different (see Table S1). The metal core in 1 is
arranged in a twisted boat conformation (see Figure 1B). The
majority of reported dimers, trimers, or oligomers of oxo-cen-
tered triangular unit employ solvent-bound oxo-centered trian-
gles (example: [Rus(O)(RCO,)4(L),(solvent)]’*) as a precursor,
and column chromatography is often required to isolate the
pure complex.®®*' However, the synthetic method developed
here is a straightforward one-pot reaction in which the cluster
of interest (1) is isolated by using simple precursors (ruthenium
trichloride hydrate) without the need for column
chromatography.

Variable-temperature DC magnetic susceptibility data were
obtained for the polycrystalline sample of 1 between 2 and
300 K with an applied magnetic field of 1.0 kG (Figure 2). The
room-temperature y,T value was found to be 0.96 cm®*Kmol ™,
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Figure 2. Variable-temperature DC magnetic susceptibility of polycrystalline
sample of 1 measured at the indicated static field.

which is significantly lower than
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S=1/2 state is supposedly degenerate in a perfect octahedral
environment; however, because of the distorted octahedral ge-
ometry present in this cluster, the ground state is found to be
nondegenerate with the ground-state electronic configuration
(d,)*(d,.)*(d,)", with the unpaired electron residing in the d,,
orbital. This is also consistent with the ligand-field paradigm
proposed earlier.™ As the ground state of the individual Ru"
has been clearly established, we then set out to compute the
magnetic exchange between the neighboring Ru" centers. A
close inspection of the crystal structure suggests that all the
Ru"--Ru" interactions are different, as they differ in either the
Ru--Ru/Ru—O distances or Ru—O—Ru angles. Lists of structural
parameters that are likely to influence the J values are given in
Table 2. On the basis of the crystal structure parameters, an
eight-J model was adopted for our computation (Figure 3).
Our calculations yield the following parameters: J,=—737.6,

the expected spin-only value for

six uncoupled Ru" ions (low Table 2. Bridging groups between the paramagnetic Ru" pairs and their important structural parameters
spin) (2.25 cm3 Kmol”, 922.0)‘ based on X-ray diffraction.
A substantial variation in the Bridging groups between Ru--Ru Ru--Ru dist. [A] Ru—0;,—Ru Avg. Ru-p3,0
room-temperature  y,T value €l [A]
from the .expected one m.dlcates Rul-Ru2 () 2{(CH5);,CCO, ), 1y-0% - 3343 119.8 1.932
that antiferromagnetic interac- Ru2--Ru3 (J,) {(CH,),CCOO ™}, us-0% 3.383 119.6 1.957
tions are dominant within com-

_ .
plex 1 even at higher tempera- | Rul-Ru3 U) 2(CH,,CC00 ), 1s0* 3357 120.5 1.933
t Th T | d d Ru4--Ru5 (J,) 2{(CH;);CCOO0 ™}, ug-0°~~ 3.336 119.4 1.931
ures. the zw! value decrease Ru5-Ru6 (Jg) {(CH;),CCOO}, i-0> 3380 119.1 1.960
further upon decreasing the | Ru4-Ru6 () 2{(CH,),CCOO0~}, y-0%~ 3369 1215 1.931
temperature, and reached its Ru2-Ru5 (J;) {(CH;);CCOO ™}, ppOH™ 3.422 138.0 1.833
final value of 0.03 cm*Kmol~' at | Ru3~Ru4 Us) {(CH,),CCOO "}, ,-OH~ 3.420 1380 1.831

2.0K; this shows the predomi-

nant intramolecular antiferro-

magnetic interaction between the metal centers that leads to
a singlet ground state in 1.

Field-dependent magnetization measurements were per-
formed for the powdered samples at various temperatures
(Figure S1). Even at a high magnetic field (7.0 T) at various
temperatures (2.0, 3.0, 5.0, 8.0, and 15.0 K), the magnetization
value reaches a maximum value of 0.05-0.06 N . This scenario
further supports the existence of a strong antiferromagnetic
superexchange interaction between the metal centers in 1.

To characterize the nature of the interaction between the
metal centers, DFT calculations were performed on a model
complex of 1, in which the t-butyl groups are modeled as
methyl to reduce the computational time required (see Fig-
ure 1A). To begin with, the various spin states of Ru" need to
be properly addressed, as on many occasions, a combination
of high-spin and low-spin Ru™" has been employed in the lit-
erature to rationalize the metal-metal bonds.'”? We first per-
formed calculations on a monomeric Ru" model complex (see
Figure S2) mimicking the coordination environment present in
complex 1, and our calculations suggest that S=1/2 is the
ground state, with the $=3/2 and $=5/2 states lying more
than 200 kJmol™' higher in energy. This is consistent with the
ligand-field paradigm, in which the 4d orbitals, owing to their
large size and diffuse character, interact strongly with the li-
gands, leading to a low-spin configuration. Secondly, the
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J,=+634, J;=—187.6, J,=+1244, J;=—3764, Jy=—601.2,
J,=—657.0, and J;=—800.6cm~'. The J, and J; values are
computed to be the second largest values reported for poly-
nuclear transition-metal complexes; the recently reported {Fe'-
radical} complex is registered with the largest J value known
to date."™ Among the computed J values, J;, Js, Js, Js, J;, and Jg
are computed to be antiferromagnetic, whereas the J, and J,
interactions show moderate ferromagnetic coupling.

Figure 3. Adopted different magnetic coupling constants (J,-J;) based on
molecular symmetry and crystal structure of 1.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Among the computed J values, J;, J;, Js and J, are mediated
by one p;-oxo and two carboxylate bridges, and J, and J, are
mediated by one pus;-oxo and one carboxylate bridge.

In contrast, the J, and Jg interactions are mediated by a p,-
OH bridge and one carboxylate bridge. Although structural
variations for J,-J; are noted for 1, an initial look suggests that
structural parameters alone cannot readily explain the variation
in the J values, which span from +124.4 to —800.6 cm™".

To probe the origin of this interaction we analyzed the com-
puted spin density and performed natural bond orbital (NBO)
calculations. The computed spin density plot for the S=3 elec-
tronic spin state of 1 and the computed natural hybrid orbitals
(NHO)"™ are shown in Figure 4A and B, respectively. The d,, or-
bitals of all the Ru" centers are directed along the u;-oxo
bridge. A closer look at the orbital orientation suggests that
the d,, orbitals of the Ru(1)-Ru(2) (J;), Ru(4)—Ru(6) (Js), Ru(2)—
Ru(5) (J;), and Ru(3)—Ru(4) (Jg) pairs are strongly interacting.
This is also reflected in the computed overlap integral (S,)
values for these exchange interactions, as large S,, values are
detected (Table S2).

Figure 4. A) Spin-density plot of 1 with cutoff contour value of 0.005. B) NBO
computed bonding interaction between Ru" pairs in 1 with cutoff contour
value of 0.047. The same labelling scheme has been followed for all Ru(lll) as
per in Figure 3.

This helps to explain the strong antiferromagnetic J values
computed for these pairs. The magnetic orbital of the J; inter-
action is shown in Figure 5A. It is clear from this figure that
this is a superexchange interaction as there are significant con-
tributions to the SOMOs from both the p;-oxo and the carbox-
ylate bridges. The d,, orbital lies in the plane of the ps;-oxo and
two carboxylates, so exchange propagation through the car-
boxylate bridge is also facilitated. Thus, the magnetic exchange
is found to propagate through all three bridges, leading to
a strong antiferromagnetic J, interaction. For the J, interaction
(see Figure 5B), the d,, orbitals are orthogonal to each other,
leading to a moderate ferromagnetic coupling; this is also re-
flected in the computed overlap integral. The J; interaction, on
the other hand, has a significant interaction between the two
d,, orbitals, but here, the magnetic exchange is found to prop-
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Figure 5. Molecular orbitals for all the J,-J; (A-H, respectively) magnetic in-
teractions. The same labelling scheme has been followed for all Ru(lll) as per
in Figure 3.

agate through the p;-oxo and one carboxylate bridge, whereas
the magnetic orbitals are orthogonal to the orbitals of the
second carboxylate (see Figure 5C), and thus, do not partici-
pate in the magnetic exchange pathway. This leads to
a weaker antiferromagnetic interaction compared to J;,. The J,
interaction (see Figure 5D) is similar to the J, interaction, in
which the two d,, orbitals are orthogonal to each other. The
magnitude of the J, ferromagnetic coupling is larger than the
J, interaction; this is because of the bridging carboxylate, in
which the (u3;)0—Ru—O(carb) angle is slightly shorter than in
the J, interaction. This large ferromagnetic coupling (J,>J,) is
also reflected in the computed S,, values. Although both Js
and J; interactions have similar structural motifs, the orienta-
tion of the d,, orbital favors J;, as here, both the carboxylates
participate in the magnetic coupling (Figure 5E). As far as the
J interaction is concerned, the orientation is similar to that of
Ji; nevertheless, the interactions are slightly weaker owing to
the slightly longer Ru—O(,;) distances (Figure 5F). Both the J,
and Jg interactions are mediated through a p,-OH and a carbox-
ylate bridge. The d,, orbitals on both ends are interact signifi-
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cantly, just like in J; and J; coupling, but the Ru—O(H) distances
are extremely short compared to the Ru—O(y;) distances (see
Table 2).

The short Ru—0O distance is accompanied by large Ru—O(H)—
Ru angles (138.0 vs. 119.8°), and this leads to a very strong an-
tiferromagnetic coupling (see Figure 5G for J, and 5H for J;).
The significantly enhanced overlap for this pair is also nicely re-
flected in the computed overlap integral. The computed spin
density for 1 is given in Table S3 along with the spin densities
of each of the [Ru,Ga,] models (Figure S3, Table S4). All the Ru"
centers have spin densities in the range 0.79 to 0.90, reflecting
the fact that Ru" promotes strong spin delocalization. General-
ly, metal ions with (tzg)5 configurations promote spin polariza-
tion;"¥ on the other hand, a large chunk of spin density is de-
tected on the p;-O and p,-OH groups, suggesting that the 4d
orbitals are very diffuse and reach up to the oxygen p orbitals
to promote strong spin delocalization. In addition, the large
spin-density value at the coordinated atoms suggests that the
magnetic exchange is superexchange in nature. The simulation
of the magnetic susceptibility using the computed J values is
shown in Figure S4 along with the computed energy-level dia-
gram for the spin structure. An S=0 ground state was detect-
ed for complex 1, with the first excited state S=1 587 cm™'
higher in energy. The next excited state is at 1148 cm™' sug-
gesting that solely the population difference between the
ground state S=0 and first excited state S=1 determines the
magnetic susceptibility behavior. This observation is clearly
supported by the DC susceptibility data (Figure 2), and ex-
plains qualitatively the significant deviation of the y,T value at
room temperature from the expected spin-only value of 1. Be-
sides, the gap between the ground state and first excited state
is the largest obtained so far through a superexchange interac-
tion for any transition-metal/metal-radical system. The S=
1 state is also well isolated from the other excited states owing
to the strong magnetic coupling; this suggests the possibility
of obtaining isolated spin states at room temperature for po-
tential applications in molecular nanomagnets.!'”

The computed values do not yield a good fit with the mag-
netic susceptibility data obtained experimentally. This is be-
cause the magnetic data collected are extremely sensitive to
small changes in the J values, and even a slight variation in the
parameter set can yield a reasonable fit to the data. By reduc-
ing the number of interactions to just three—two within the
triangle and one between the triangle (see Figure S5A)—and
taking the average of the DFT-calculated J values as a starting
point, a good fit to the magnetic data is obtained, as shown in
Figure S5B. Although this is the best fit obtained with three
different J values, there are also other sets of parameters that
also reasonably fit the data; however, all the fits yield very
large antiferromagnetic exchange interactions, supporting the
fact that the magnetic exchanges present in these clusters are
relatively large.

To this end, both the Ru**--Ru*" distances (average 3.361 A;
longest Ru--Ru bond: between 3.3 and 3.60 A®) and the ori-
entation of the magnetic orbitals indicate that the interaction
is superexchange in nature. Of particular interest to the current
estimate of magnetic coupling is the report of Lueken and co-
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workers, in which a magnetic coupling as large as >760 cm™'

was estimated for a chloride-bridged dinuclear Ru" complex.”
Such a large exchange interaction for a cluster compound was
witnessed previously for a {Vg} cluster (J= +723.6 cm").'"¥ In
1, however several such strong exchange interactions of this
order are present, and this leads to the largest ground state-
excited state gap reported for any complex. The reported J
values are also the largest known for any ruthenium clusters
reported to date. This large interaction is essentially caused by
the diffused nature of the 4d orbitals of Ru", which imply
a way to obtain an isolated ground state at room tempera-
ture." This invariably suggests that the incorporation of Ru"
in cluster aggregation can help obtain an isolated ground
state at room temperature.

The electrospray mass spectrometric study confirms the exis-
tence of the solid-state structure of 1 in solution, with the in-
tense m/z value of 2044 corresponding to the molecular
weight of 1 (Figure S6).

Several low-valent ruthenium carbonyl, nitrosyl and/or
mixed-valent diamagnetic oxo-centered triangles have been
characterized by NMR spectroscopy as well as X-ray diffrac-
tion.®*2” However, similar studies for paramagnetic complexes
are relatively rare owing to the line broadening, in particular,
for large oligomeric complexes such as 1.2%¢3¢7a To check
whether the strong antiferromagnetic exchange interaction
predicted in theoretical calculations is sufficient to observe
NMR signals, we characterized 1 by recording 'H and '3C NMR
in CDCl; at 298 K. The observed NMR signals were remarkably
sharp, and the chemical shift for the pyridine protons
(Figure 6) appeared in the usual range. However, the chemical
shift of the tert-butyl group of various carboxylates in 1 are
found to be distributed over a window of —0.3 to 2.77 ppm.
Some carboxylate groups are shifted upfield and others down-
field compared with their usual chemical shift positions (see
below for further details). This could be caused partly by the
low-symmetry nature of 1 (pseudo C-2 symmetry) and the un-
paired electrons present in 1. Similar instances have already
been documented in the literature for paramagnetic oxo-cen-
tered ruthenium(lll) acetate triangles.’*®?"

In the aromatic region, three different multiplets (Figure 6 B)
with unequal intensity were observed, which are assigned to
the ortho (8.7 ppm), para (8.09 ppm), and meta (7.22 ppm) pro-
tons of the pyridine rings (see Figure 6B). The unequal multip-
lets (particularly the para protons) indicate that the aromatic
pyridine rings are inequivalent, emphasizing that structural dis-
tortions found in the solid-state structure of 1 are maintained
in solution. However, this chemically distinct environment is
not well resolved for the aliphatic carboxylate group, possibly
owing to the small difference in chemical shifts of these nuclei.
The influence of unpaired electrons on the NMR peaks, that is,
peak broadening or disappearance, is minimal in the case of 1;
this is probably because of the rapid exchange of unpaired
electrons between the Ru" ions, or because the NMR nuclei
are appreciably distant (five bonds away, see Scheme S1) from
the paramagnetic centers. Such a scenario has already been
witnessed in other paramagnetic complexes such as the
{Cr",Co" wheels reported by Winpenny and co-workers.””
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Figure 6. A) Schematic diagram of 1 highlighting the chemically equivalent
ligated groups, which are represented in various colors with unique codes.
The carboxylates projected toward the viewer (code: Y) lie above the trian-
gular plane; the blue arch representing the other carboxylates (code: Z) lies
below the triangular plane. B) 'H NMR and C) *C NMR of 1 recorded in
CDCl; at room temperature. Insets: Expanded aromatic and aliphatic region
of 'H NMR spectrum. * Represents residual solvent peaks acquired during
purification and crystallization process.

In the aliphatic region of 1 (Figure 6 B), there are four chemi-
cally distinct carboxylate groups (W, X, Y and Z; see Figure 6 A
for annotation of various groups), which are found in the
range —0.3 to 2.77 ppm. Groups Y and Z correspond to eight
carboxylate units: four of them (set Y) lie above the oxo-cen-
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tered triangular plane, and the remaining ones (set Z) lie
below the triangular plane. Sets W and X correspond to four
carboxylates, of which two (set W) provide interlinkage be-
tween the two oxo-centered ruthenium triangles, and the
other two (set X) establish intra linkage between two Ru" ions
within the triangle in each Ru;0 unit.

Among the tert-butyl protons of W, X, Y, and Z, protons clas-
sified under Y and Z show an upfield chemical shift compared
with W and X. This scenario clearly reflects the fact that the
protons of class Y and Z experience more electron density
than those of class W and X. This observation agrees well with
theoretical studies, in which it is predicted that the spin densi-
ties on Rul and Rué6 are significantly lower than those on the
other Ru" centers (Figure 4A), that is, the unpaired electrons
present in these two atoms are significantly delocalized to
atoms bound to them, directly influencing the chemical shifts
of the protons. Between Y and Z, protons in class Y are shifted
further upfield (—0.3 ppm), because the protons of Y are under
the ring current of the pyridine. Again, this is strongly substan-
tiated by the crystal structure: the class-Y protons are in a posi-
tion to have a weak C—H--m interaction (Figure 57).”* On the
other hand, the group-W (1.84 ppm) and -X (2.77 ppm) protons
are deshielded compared with Y and Z. Additionally, we ob-
serve a peak at 4.68 ppm, which can be assigned to the bridg-
ing hydroxo group in 1. The assignment of these peaks was ac-
complished by using the bond-length (X-ray diffraction)
parameters.

The spectral features observed in the CNMR data are
again consistent with the '"H NMR data, in which the chemically
distinct carboxylates (W, X, Y and Z) show a corresponding
number of signals (Figure 6 C). However, the tert-butyl groups
of X and Y are merged to give one peak at 27.05 ppm (Fig-
ure 6C). The quaternary carbon atoms (arrow mark in Fig-
ure 6C) of these carboxylate groups are observed at 41.2 and
48.1 ppm. Taking into consideration their integral value, we as-
signed the peak at 41.2 ppm to Y, Z, and the peak at 48.1 ppm
to W, X. Similarly, in the aromatic region, we observe three dif-
ferent signals, which are assigned to the para (124.9 ppm) and
ortho (141.1 ppm and 129.7 ppm) carbon atoms of the pyridine
rings. These assignments were made on the basis of the 2D
'H-"*C HSQC spectrum (Figure 7). The distinct *C peak position
for the para protons of the two pyridine rings reveals that the
triangular units in 1 are chemically slightly different. The inte-
gration of the 'H NMR signals is consistent with the expected
number of various carboxylate groups and pyridine rings of
a paramagnetic cluster (Table 3). Further, we performed various
2D experiments such as NOESY (Nuclear Overhauser Effect
SpectroscopY), TOCSY (TOtal Correlation SpectroscopY), and
'H-3C HSQC (Heteronuclear Single Quantum Coherence)
(Figure 7) to characterize 1 to the maximum extent. The corre-
lations between the various aromatic protons are well estab-
lished in the TOCSY spectrum (Figure 7D).

From the crystal structure, it is evident that the plane of the
pyridine rings is tilted significantly from the ruthenium triangu-
lar plane. The non-coplanarity of these rings (with respect to
the triangular plane) is even maintained in solution, as con-
firmed by the appearance of NOESY peaks (Figure 7B), that is,
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Figure 7. A, C) Excerpt from HSQC experiment showing various 1H-">C corre-
lations for 1. Various 'H-"H correlations were extracted from B) the NOESY
and D) the TOCSY experiments for 1. W, X, Y, and Z represent the sets of car-
boxylates defined in Figure 6 A. PyO, PyM, and PyP represent the ortho,
meta, and para protons of pyridine, respectively.

Table 3. Chemical shift assignments for 'H and '>C nuclei correlations ex-
tracted from HSQC experiment.
'H NMR 3CNMR Relative integral
(for proton)
Pyridine(ortho) 8.7 124.9 1
Pyridine(para) 8.09 141.1 0.5818
8.10 129.7
Pyridine(meta) 7.22 - 0.9989
—OH 4.68 - -
—CH; of Class X 2.77 27.05 4.48883
—CH; of Class W 1.84 37.55 4.9635
—CH; of Class Z 1.37 30.22 9.1531
—CH; of Class Y -0.30 27.05 9.2140
Quaternary carbon (W, X) - 48.1 -
Quaternary carbon (Y, Z) - 41.2 -

the meta protons of both pyridine rings show a correlation
with the methyl groups of Y and Z. This relates the spatial cor-
relation of pyridine protons with the tertiary butyl group of
carboxylates that are shorter than 5 A, which is again consis-
tent with the crystal structure of 1. To find out the class of pro-
tons (W, X, Y, Z, or aromatic) that relaxes much faster because
of the close proximity of an unpaired electron, we performed
spin-lattice time-relaxation (T1) experiments at different tem-
peratures. From the T1 relaxation experiments (Figure 8), we
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Figure 8. Spin-lattice relaxation time (T1 relaxation) measured at various
temperatures.

noticed that, of the four groups (W, X, Y, and Z), the two sets
of carboxylates W and Y showed relatively faster T1decay, sug-
gesting that these could be closer to the paramagnetic center.
In other words, the class-W and -Y protons appear to be rela-
tively closer to the unpaired electron, which triggers faster re-
laxation, than those of the other carboxylates in 1. Moreover,
the line widths of the 'H NMR signals were analyzed in detail;
except for the class-Y protons (line width: 16 Hz at —0.3 ppm),
all the signals were sharp. Presumably, this is because of the
large spin density on the ligated atoms of Y bound to Rul and
Ru6, which is again consistent with the spin-density distribu-
tion estimated from the theoretical calculations. The observed
line width is significantly smaller than that for the other para-
magnetic oxo-centered ruthenium(lll) triangle (line width
/2200 Hz).”'¥ Overall, the findings from the NMR experiments
support indirectly and correlate strongly with the theoretical
prediction of the large superexchange interaction (J) values for
1.

The UV/Vis/NIR spectrum for 1 in dichloromethane is shown
in Figure 9. Complex 1 shows a broad band around 600-
1000 nm, and in the UV region, peaks of high intensity around
377, 228, and 275 nm.

A high-energy absorption band in the UV region (228 nm,
£=2.29%10° mol~'em™', and 275 nm, e=1.04x10° mol~'cm™)

0.8

Absorbance
o
N

o
N
1

0.0 . . .
200 400 600 800
Wavelength (nm)

T 1
1000 1200

Figure 9. UV/Vis/NIR spectrum of 4.8 x107°m concentration of 1 recorded in
dichloromethane at room temperature.
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is assigned as a ligand-based charge-transfer transition./®>® 024

The absorption band observed at 300-400 nm (¢=5.87X%
10* mol~'cm™) is likely to be a cluster-to-ligand charge-trans-
fer (CLCT) transition from the occupied dm orbitals of the
{Ru;0} core to the m* orbital of the terminal pyridine li-
gand.?*?! The broad band observed in the visible to near-
infrared region (600-1000 nm, £=2.98x10° mol~'cm™') could
be attributed to the intracluster (IC) transition, which is a char-
acteristic signature of the Ru;O core in the cluster.?*%? The po-
sition of this low-energy band is highly dependent on the
number of valence d electrons available within the cluster, as
has been the case for other mixed-valence systems reported
elsewhere 642

To check whether other possible redox states (changing the
number of d electrons in 1) can be attained for 1, we per-
formed cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) experiments in dry DCM, using a glassy-carbon
electrode, a platinum auxiliary electrode, and an Ag/AgCl refer-
ence electrode. Tetrabutylammonium perchlorate was used as
a supporting electrolyte. The cyclic voltammogram of 1 shows
three reversible one-electron redox process at —0.865, +0.186,
and +1.159V (Figure 10), which correspond to metal-based

20 45 40 05 00 05 10 15 20
Potential (V) vs. Ag/AgCI

Figure 10. Cyclic voltammogram (top) and differential pulse voltammogram
(bottom) of 1 (1x 1072 mol) recorded in dry CH,Cl, using 0.1 m tetrabutylam-
monium perchlorate as a supporting electrolyte at a scan rate of 100 mVs™".

The redox potentials are referenced to a Ag/AgCl electrode.

redox processes. The reduction at —0.865V is assigned as

Ru3|lI,III,III___Ru3III,III,III/Ru3III,III,IIIWRU?’III,III,II and the Other two consecutive
oxidation processes at +0.186 V and +1.159 V are assigned as
RUSIV,III,III."Ru3III,III,III/Ru3III,III,IIImRu3III,III,III and Ru3IV,III,III."RUSIV,III,III/

Ru;""..Ru""", respectively.?” By exploiting the donor-ac-

ceptor property of the terminal or the bridging ligand, various
oxidation states of the metal ion can be stabilized. This has al-
ready been witnessed in related structures (like 1) reported
elsewhere.?>¥ We are currently investigating possible ways of
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stabilizing the various oxidation states of 1 to isolate the
mixed-valent analogue of this cluster.

Conclusion

We have developed a one-pot synthetic method, which is free
of chromatographic techniques, to isolate 1 in moderate yield.
To the best of our knowledge, oxo-centered triangles with hy-
droxo bridging units are reported for the first time, and to
date, complex 1 is one of the largest carboxylate-based ruthe-
nium clusters known. Magnetic susceptibility data suggest that
dominant intramolecular antiferromagnetic interactions be-
tween the metal centers lead to a diamagnetic ground state.
The extent and origin of these superexchange interactions
have been explained qualitatively on the basis of structural pa-
rameters, and predominantly, by the orientation of the mag-
netic orbitals. Detailed magnetic studies have been presented
for the first time in a large oligomer such as 1. The exchange
interactions (J; and Jg) computed for 1 are the second largest
known for the transition-metal clusters reported to date. The
presence of several such superexchange interactions keeps the
excited states significantly far from the ground state, and this
gap is again by far the largest known for any complex reported
to date. This suggests a perceivable way to obtain an isolated
ground state in polynuclear complexes. Mass spectrometry
confirms the existence of 1 in solution, which is strongly sup-
ported by NMR and absorption spectroscopy. Cyclic voltamme-
try experiments show that there are three reversible redox pro-
cesses based on the ruthenium ions. Although complex 1 is
paramagnetic, the strong delocalization of spins leads to
strong superexchange (antiferromagnetic) interactions, which
keep the excited states significantly far from the diamagnetic
ground state. The strongest exchange interaction at room tem-
perature along with the possibility of isolating mixed-valent
ruthenium complexes (either by chemical or electrochemical
oxidation or reduction) will pave the way for the isolation of
molecules with discrete non-diamagnetic ground spin states,
which has been a longstanding interest in the molecular mag-
netism community. This work is currently in progress in our
laboratory.

Experimental Section

All the reactions were carried out under aerobic conditions. Analyt-
ical-grade solvents and reagents were purchased from commercial
sources (Alfa Aesar) and used without further purification. Elemen-
tal analyses (CHN) were performed on a Thermoquestmicro ana-
lyzer. Infrared spectra were collected for the solid samples using
KBr pellets on a PerkinElmer FTIR spectrometer in the range 400-
4000 cm™'. Electronic spectra were recorded on a Varian UV/Vis/
NIR spectrophotometer in the range 200-1600 nm at room tem-
perature. ESI mass spectrometry was performed with a Q-TOF mi-
cromass (YA-105) spectrometer. Cyclic voltammetry experiments
were performed with a CHI-620E series instrument. Single-crystal
data were collected on a Bruker SMART Apex duo instrument
(Mo, A=0.71073 A). The selected crystals were mounted on the
tip of a glass pin with Paratone-N oil and placed in the cold flow
produced by an Oxford Cryo-cooling device. Complete hemi-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@‘* ChemPubSoc
x Europe

spheres of data were collected using w and ¢ scans (0.3 A, 16 s per
frame). Integrated intensities were obtained with SAINT+ and cor-
rected for absorption using SADABS. Structure solution and refine-
ment was performed with the SHELX-package. The structures were
solved by direct methods and completed by iterative cycles of AF
syntheses and full-matrix least-squares refinement against F°.
CCDC 975334. Magnetic susceptibility measurements were ob-
tained with a Squid-VSM Quantum Design SQUID magnetometer.
Measurements were performed on polycrystalline samples, and
magnetic data were corrected for the sample holder and diamag-
netic contribution. The isolated crystals of 1 from acetonitrile were
recrystallized again from DCM/CH;CN (1:9), and the crystals ob-
tained were used for NMR studies. All NMR experiments were per-
formed on a Bruker Avance 500 MHz NMR spectrometer equipped
with a double/triple resonance gradient probe at 298 K. Data were
processed using Topspin 2.1 and analyzed with Sparky 3.114.29
The compound (20 mg) was dissolved in CDCl; to record the 1D
proton spectrum with 256 scans and 66 K data points, and the *C
spectrum with 16 K scans and 64 K data points. For assignment of
the protons attached to the carbon atoms, the 'H-">C HSQC spec-
trum™ was recorded with (2048x256) data points and 16 scans.
Further, 2D TOCSY (MLEV17 sequence)®® with a mixing time of
75ms and a NOESY experiment?® with a mixing time of 400 ms
were performed with 32 scans having (2048 x512) data points. Fur-
ther, spin-lattice relaxation time (T1 relaxation) measurements were
performed at 294, 298, 303, 308, and 318 K and fitted to a single
exponential to calculate the T1 values. DFT calculations were per-
formed using the Gaussian 09%% suite of programs. The B3LYP®"
functional along with relativistic effective-core potential LANLO8f!
was employed for the Ru atoms, and the rest of the elements were
treated with Ahlrichs triple-zeta TZV®¥ basis sets. The widely used
BS-DFT (Noodlemann’s Broken Symmetry)®? approach was used to
compute all J values (J;—Jg). The employed exchange Hamiltonian
for 1 is given below [Eq. (1)].

32]

H=-J (51 ~52)_J2 (52-53)_13 (51 -53)_J4 (54-55)_15 (55 -56) —Js (54-56)
—J,(5,.55)—J5(55.54)
(M

Although magnetic exchange can be calculated on the full struc-
ture of 1,°% the broken-symmetry solutions did not converge to
the desired solution, despite our repetitive attempts with many
possible techniques. Thus, we adapted the diamagnetic substitu-
tion method, in which all atoms except the desired Ru" pairs were
replaced by diamagnetic Ga" atoms.*® The eight magnetic ex-
changes were thus estimated from eight different fictitious
{Ru,Ga,} models. Simulation of the magnetic susceptibility was per-
formed with PHI software suite.””

Synthesis of 1

Ruthenium trichloride hydrate (1.0 g) was added to pivalic acid
(20 mL) and the red-brown solution was stirred for 5 min. KOH
(2.0 g) was added to this solution, and the reaction mixture was
heated to 160 °C, giving a dark green solution. Heating was contin-
ued for 7 h with constant stirring. The temperature of the reaction
mixture was reduced to 100°C and the excess pivalic acid was re-
moved by distillation under reduced pressure. H,0 (25.0 mL) was
added to this residue to remove the salt impurities. The whole
water suspension was transferred into a separating funnel. Diethyl-
ether (20 mL) was added to this suspension. The product of inter-
est remains in the organic layer and other impurities are in the
aqueous layer. The organic layer was washed two more times with

Chem. Eur. J. 2014, 20, 6061 - 6070 www.chemeurj.org

6069

CHEMISTRY

A European Journal

Full Paper

water to ensure the complete removal of salt impurities. The or-
ganic layer was collected and rotary evaporation to dryness result-
ed in a green black mass. Acetonitrile (20 mL, added in portions)
was added to this, and the resultant green solution was collected
by filtration. Single crystals of X-ray quality were grown within 24 h
upon addition of pyridine (1.0 mL) to the above acetonitrile solu-
tion, which was boiled for 2-3 min before being kept for crystalli-
zation. Yield: 110 mg (7%); elemental analysis calcd (%) for
CroH120056N5RuUg: C 41.13, H 5.92, N 1.37; found: C 40.40, H 5.84, N
1.57; FTIR: $=2958 (W, Vy,_4), 1605 (W, vc_y), 1069 (W, v o), 1557,
1483 cm ™' (s, Veoo); ESI mass: m/z=2044.
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