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We report on the synthesis and properties of a family of linear cyanide bridged mixed-valence heptanuclear complexes
with the formula: trans-[LsRu"{(u-NC)Fe" (NC),(x-CN)Ru"L’ 4(u-NC)Fe"(CN)s},]°~ (with L and L’ a para sub-
stituted pyridine). We also report on the properties of a related pentanuclear complex. These oligomers were purified
by size exclusion chromatography, characterized by electrospray ionization (ESI) mass spectrometry and elemental
analysis, and their linear shape was confirmed by scanning tunneling microscopy (STM). These complexes present a
rich electrochemistry associated with the seven redox active centers. The redox potential split of identical fragments
indicates that there is considerable communication along the cyanide bridged backbone of the compounds, even for
centers more than 3 nm apart. This small attenuation of the interaction at long distances make these cyanide bridged
compounds good candidates for molecular wires. Interestingly, the extent of the communication depends on the
relative energy of the fragments, as evaluated by their redox potentials, providing a guide for improvement of this

y

interesting property.

Introduction

In the past decades, a few dozen of mixed valence
dinuclear' ® and trinuclear” >"* cyanide bridged transition
metal complexes have been prepared. In spite of the number
of important advances in this field, the amount of well
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characterized mixed valence clusters with high nuclearity is
still very limited, comprising a few square,” cubic'® and
globular clusters.!' Linear polymetallic cyanide bridged com-
plexes are even less common.>'? The interest in the linear
geometry has increased in the context of molecular electro-
nics owing to their potential application as “molecular
wires”, consequently the synthesis and characterization of
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Scheme 1. Sketches of the Anionic Complexes Reported in This Work
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several linear systems based on coordination complexes have
been reported lately.'*'* Focusing on the use as molecular
wires, many synthetic approaches have tried to prepare
oligonuclear transition metal complexes with different de-
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grees of electronic coupling between their constituents; hence,
their design relies on the known properties of dinuclear
systems. Given the extensive exploration of cyanide bridged
compounds, they represent an attractive starting point for the
rational design of molecular wires.

But preparing such complexes is a true synthetic challenge
mainly because of difficulties in controlling the length of the
oligonuclear chain. The use of end-capped fragments pre-
vents uncontrolled growth of the chain compounds, but this
strategy leads to a dead end because these molecules are not
suitable to be incorporated in larger units. A promising
alternative is the use of geometry constrained precursors
bearing open coordination sites with moderate lability.
Second row transition metal complexes with trans configura-
tion are well suited for these synthetic requirements.

In this work we report the synthesis and characterization
of a linear oligomer family, with cyanide bridges between
the metal centers, prepared by controlled reaction between
the trinuclear building blocks rrans-[LyRu"{u-NCFe'
(CN)s}o]*™ (L = para substituted pyridine) with suit-
able ruthenium monomeric precursors. Careful selection of
the reaction conditions prevented the unwanted polymeriza-
tion, g/ielding multiply charged (6—) anionic complexes
(1-6)°" of general formula: trans-[LyRu™{(u-NC)Fe'"-
(NC)4(u-CN)Ru"L’ 4 (u-NC)Fe"(CN)s},]°~ (Scheme 1) that
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were isolated as tetraphenylphosphonium (PhsP™") salts.
The isolation of these high nuclearity species lead us to
re-examine the main byproduct in the synthesis of the tri-
nuclear building blocks,” which turned out to be the
pentanuclear trans-[(NC)4Fe™{(u-CN)Ru"L4(u-NC)Fe'™-
(CN)s},]>~, 7°~. These oligonuclear systems are soluble in
polar solvents such as methanol, opening the possibility of
their complete electrochemical, spectroscopic, and mass
spectrometric characterization.

Experimental Section

Materials. The complexes trans-[Ru""Cl,(MeOpy)s] (Me-
Opy = 4-methoxypyridine),’ [Ru"(DMAP)4]-9H,O (DMAP =
4-dimethylaminopyridine),”> [PhsPlstrans-[LsRu"{(u-NC)Fe™-
(CN)s}»]-xH,O (L = pyridine (py), 4-tert-butylpyridine
(tBupy), and MeOpy)® were prepared as previously described.
Solvents for UV—visible and electrochemistry measurements
were dried according to literature procedures.'® All other
reagents were obtained commercially and used as supplied. All
the compounds synthesized in this work were dried in a vacuum
desiccator for at least 12 h prior to characterization.

Synthesis of the Complexes. [Ph,Plerrans-[(MeOpy),Ru"{(u-
NC)Fe™(CN)4(u-CN)Ru"L,(u-NC)Fe(CN)s},]- xH,0, (1)
L =py, x=20 (2) L =4-tBupy, x =18 (3) L = 4-MeOpy, x =
20. In a typical preparation, 10 mg (0.016 mmol) of solid
trans-Ru(MeOpy)4Cl, were added to a solution of 0.6 g (0.25
mmol) of [PhyPlytrans-[LyRu"{(u-NC)Fe"(CN)s},]- xH,O
(L = pyridine, x =9; L = 4-tBupy, x =7 and L = MeOpy, x =
10) dissolved in about 15 mL of methanol. The suspension was
refluxed in the dark with vigorous stirring for about 1 h. At this
point all the initial solid dissolved completely. Another 10 mg
(0.016 mmol) of the solid ruthenium monomer were added, and
the suspension was refluxed for an extra hour. The resulting
green solution was cooled down to room temperature (RT), and
the solvent was removed under reduced pressure. This solid
residue was dissolved in a minimum amount of methanol,
filtered, and loaded in a methanolic LH-20 Sephadex column
(/=60 cm, =4 cm). Elution with methanol afforded three main
green fractions. The first one was discarded. The last fraction
contained the unreacted trinuclear compound. The second
fraction was collected and purified again by exclusion chroma-
tography affording the desired product. Typical yields range
between 20 and 25%. Anal. Calcd for 1 C232H188N3604P6FC4R-
u3-20H,0: C, 60.4; H, 4.9; N, 10.9; Found: C, 60.1; H, 4.9; N,
10.5. v (CN): 2108 (s) cm ™ '. Anal. Calcd for 2 Co64H»5:N3604Ps.
Fe,Rus-18H,0: C, 63.0; H, 5.7; N, 10.0; Found: C, 63.1; H,
5.5; N, 9.9. v (CN): 2106 (s) cm '. Anal. Caled for 3
C240H204N36012P6FC4RU3 '20H20: C, 593, H, 51, N, 104,
Found: C, 58.8; H, 4.9; N, 11.0. v (CN): 2107 (s) em” L

[PhyP]¢trans-[(DMAP)Ru™{(4-NC)Fe"(NC)4(u-CN)Ru''L,-
(u-NC)Fe(CN)s}»]- xH,0, (4) L =py, x =0 (5) L =4-r-Bupy,
x=4(6) L=4-MeOpy, x=4. Typically, 26 mg (0.025 mmol) of
[Ru(DMAP)]CL,-9H,0 dissolved in 7 mL of methanol were
mixed with a solution of 0.36 g (0.15 mmol) of
[PhyP]strans-[L4Ru{(u-CN)Fe™(CN)s}»]- xH,O (L = py, x =
9; L = tBupy, x = 7 and L = 4-MeOpy, x = 10) in 12 mL of
methanol. This solution was refluxed in the dark for 30 min.
After cooling down to RT, the solvent was removed under
reduced pressure, and the solid residue was loaded in a metha-
nolic LH-20 Sephadex column (/=60 cm, ¢ =4 cm). Elution with
methanol afforded four main fractions. The first two fractions
were discarded. The third green fraction was collected and
repurified by the same procedure affording the desired product.
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The fourth fraction was also collected recovering the excess
unreacted trinuclear compound. Typical yields range between
20 and 25%. Anal. Calcd for 4 Cy36H»09N4oPsFesRus: C, 65.8;
H, 4.6; N, 13.0; Found: C, 66.6; H,4.5; N, 13.0. v (CN): 2037 (w)
cmfl, 2107 (S) Cmil. Anal. Calcd for 5 C268H264N4OP6Fe4-
Ru;-4H,0: C, 66.6; H, 5.7; N, 11.6; Found: C, 66.5; H, 6.4;
N, 11.6. v (CN): 2068 (w) cm ™', 2106 (s) cm ™ '. Anal. Calcd for 6
C246H220N4008P6F64RU3'4H202 C, 635, H, 49, N, 120,
Found:IC, 63.9; H, 5.3; N, 11.5. v (CN): 2044 (w) em” L, 2106
(s)cm .

[PhyP]strans-[(NC)4Fe"™{ (u-CN)Ru'"L4(u-NC)Fe(CN)s} ] -
2H,0 (7). This compound is obtained as the main side-product
of the synthesis of [PhyP]strans-[(1Bupy)sRu{(u-CN)Fe'-
(CN)s},]- 7TH,O which has already been described in a previous
publication.® It is isolated as the first major fraction eluting from
the methanolic Sephadex LH-20 chromatography procedure
used in the purification of the trinuclear compound. This
fraction was repurified by the same technique. The Ru based
yield is 10%. Anal. Calcd for 7 C,;9H»04N>6PsFesRu, - 2H50:
C, 69.1; H, 5.7; N, 9.9; Found: C, 69.1; H, 6.3; N, 9.2. v (CN):
2107 (s) cm ™.

Aqueous solutions of the sodium salts of the reported new
complexes were prepared as follows: the PhyP* salt of any of the
species was dissolved in a minimum amount of acetonitrile, and
solid NaClO4 was added. The precipitated sodium salt was
filtered off, washed with acetonitrile, and vacuum-dried. It
was then redissolved in water and filtered again, quantitatively
yielding the aqueous solutions for spectroscopic measurements.
One-electron oxidation of 4—6 in methanol was performed by
addition of 1 equiv of (NHy4),[Ce"Y(NO;)¢].

Physical Measurements. IR spectra were collected with a
Nicolet FTIR 510P instrument, as KBr pellets. UV—visible
spectra were recorded with a Hewlett-Packard 8453 diode array
spectrometer in the range between 190 and 1100 nm or with a
Shimadzu 3100 UV—vis/NIR for the NIR (up to 2500 nm)
region. Elemental analyses were performed with a Carlo Erba
1108 analyzer. Hydration water molecules in the reported
complexes were determined by thermo-gravimetric measure-
ments with a TGA-51 Shimadzu thermo-gravimetric analyzer.
The mass spectrometric measurements were performed using a
high-resolution and high accuracy hybrid quadrupole (Q) and
orthogonal time-of-flight (Tof) mass spectrometer (QTof from
Micromass, U.K.) operating in the negative ion mode. Com-
plexes were dissolved (1 mg/mL)ina 1:1 volume ratio methanol/
acetonitrile mixture. The temperature of the nebulizer was
100 °C, and the cone voltage was 30 V. Cyclic voltammetry
measurements were performed under argon with millimolar
solutions of the compounds, using a PAR 273A potentiostat
and a standard three electrode arrangement consisting of a
glassy carbon disk (area = 9.4 mm?) as the working electrode,
a platinum wire as the counter electrode, and a reference
electrode. Depending on the situation the reference electrode
was a Ag/AgCl 3 M KCI standard electrode (for aqueous
solutions) or a silver wire plus an internal ferrocene (Fc)
standard for organic solvents. KNO; 1 M and tetra-N-butyl-
ammoniumhexafluorophosphate (TBAPFg) 0.1 M were used as
supporting electrolytes in water and non-aqueous media respec-
tively. All the potentials reported in this work are referenced to
the standard Ag/AgCl saturated KCI electrode (0.197 V vs.
NHE), the conversions being performed by using the accepted
values for the Fc'/Fc couple in different media.'” Scanning
Tunneling Microscopy (STM) imaging was performed in air in
the constant current mode with a Nanoscope III microscope
from Digital Instruments (Santa Barbara, CA), and by using
commercial Pt—Ir tips. Typical tunneling current and bias
voltage for molecular resolution were 0.1—0.2 nA and 1 V.

(17) Noviandri, I.; Brown, K. N.; Fleming, D. S.; Gulyas, P. T.; Lay,
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Smooth Au substrates with (111) preferential orientation (from
Arrandee’s) were annealed for 5 min in a butane-propane flame
until the film color turned to a dark red. The Au substrates were
immersed in 0.05 mM cysteamine-containing ethanolic solution
for 24 h to form the SAMs (Self Assembly Monolayers). The
cysteamine-covered substrates were removed from the solution,
carefully rinsed with ethanol to eliminate cysteamine multilayer,
rinsed with water, and finally dried under nitrogen stream.
Complexes were immobilized by immersion of the cysteamine-
covered Au substrates in 0.1 mM methanolic solution of
the complex in the presence of a few drops of HCI for 30 min.
After this procedure the Au(l111) substrate was removed
from the solution and carefully rinsed with Milli-Q-water and
dried under nitrogen stream. AES (Auger Electron Spectro-
scopy) measurements were performed by using a single pass
cylindrical mirror analyzer (CMA) from Physical Electronics.
Cyclic voltammetry measurements of the gold surfaces contain-
ing the immobilized complexes were performed under nitrogen
purged phosphate aqueous solution (pH = 3), with a three
electrode arrangement consisting of the gold surface itself
as the working electrode, a platinum grid as the counter elec-
trode, and a SCE (Saturated Calomel Electrode) reference
electrode.

Results

Synthesis. A family of anionic heptanuclear complexes
of formula trans- [L4Run{(,u NC)Fe"(NC),(u-CN)Ru'-
L' 4(u-NC)Fe™(CN)s},]®~ (Scheme 1) were isolated as
Ph,P" salts after reaction between the mononuclear
trans-Ru™L,Cl, or [Ru"(DMAP)¢*" precursors with
an excess of linear trinuclear compounds trans-[L4sRu"'-
{(u- CN)Fe“[(CN)S}z in refluxing methanol, followed
by purification by size exclusion chromatography. In the
synthesis of the respective trinuclear complex, the linear
pentanuclear comg)ound trans-[(NC)4Fe™{(u-NC)Ru''-
(1Bupy)4(u-NC)Fe"(CN)s}»]°~ was isolated from the
chromatographic purification as the main side-product,
also as its Ph P salt.’

Mass Spectrometric Measurements. To conclusively
confirm the molecular weight, composition, connectivity,
and nuclearity of the reported complexes, electrospray
ionization mass spectrometry (ESI-MS) and tandem mass
spectrometry (ESI-MS/MS) in the negative mode were
employed (for examples of the use of ESI-MS and ESI-
MS for the characterization of organometalhc spe01es see
ref 18). Typically, the solvated anions (1—6)°~ were not
detected as the naked sextuply charged gaseous species
(probably because of inherent gas phase instability owing
to too high charge density) but via a series of anions with
reduced charge states achieved via partial protonation or
ion pairing. For instance, 2°~ (Figure 1a) was detected via
a series of quadruply charged species: [2 + 2H]*™ of m/z
668.1336, [2 + H + PPh,]*" of m/z 752.6852 2 +
2PPhy]*~ of m/z 837.2248, [2 + 2H + PPhy]*™ of m/z
1003.3270, and [2 + H + PPhy]*" of m/z 1116.8060
(Figure 1a). It should be noticed that only the observed
m/z value of the most abundant isotopologue ion for

(18) (a) Nikolaou, S.; Tomazela, D. M.; Eberlin, M. N.; Toma, H. E.
Transition Met. Chem. 2008, 33, 1059-1065. (b) Moreira, E. Z.; de Moraes, L.
A. B.; Eberlin, M. N.; lamamoto, Y.; Nikolaou, S. Polyhedron 2008, 27, 2721—
2729. (¢) Tomazela, D. M.; Gozzo, F. C.; Mayer, 1.; Engelmann, R. M.; Araki, K.;
Toma, H. E.; Eberlin, M. N. J. Mass Spectrom. 2004, 39, 1161-1167. (d)
Raminelli, C.; Prechtl, M. H. G.; Santos, L. S.; Eberlin, M. N.; Comasseto, J. V.
Organometallics 2004, 23,3990-3996. (e) Pereira, R. M. S.; Paula, V. L.; Buffon,
R.; Tomazela, D. M.; Eberlin, M. N. Inorg. Chim. Acta 2004, 357, 2100-2106.
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Figure 1. (a) Typical ESI-MS for [PPhy]s 2 salt, (b) characteristic isotope
cluster observed for the [2 + 2H]*™ anion, and (c) ESI-MS/MS for CID of
a selected isotopologue ion for the [2 + 2H]* anion.

such multi-isotopic species forming multifaceted isotope
clusters are mentioned. Other analogous gaseous species
with higher degree of protonation or cationization such
as, for instance, [2 + 3H]*~ and Na* and K™ adducts such
as [2 4+ 2Na + HJ>” or [2 + K + PPhy + H]*~ were also
detected as a function of pH and salt content. Each of
such gaseous ions displays also very typical multifaceted
isotope clusters with a diversity of isotopologue ions
owing mainly to the multiple combinations of Ru and
Fe isotopes (Figure 1b). The observed isotope cluster
matches the calculated ones, and Table 1 shows, for a
typical isotope cluster detected for each salt solution, the
observed and calculated m/z values for their most abun-
dant isotopologue ion. The tandem mass spectra (ESI-
MS/MS) of these stable and unique gaseous ions also
reveal characteristic and structurally diagnostic dissocia-
tion chemistry as Scheme 2 summarizes. For instance, one
of the isotopologue i ions of the major species detected for
267 thatis, [2 4+ 2H]*", of ca. m/z 667.1578 (the m/z value
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varies slightly upon selection for ESI-MS/MS experi-
ments) was found to dissociate via collisions with argon
(Figure 1c) mainly via the sequential losses of two neutral
HNC molecules (probably from both CN end groups) to
form the quadruply charged fragment anions of m/z
660.3978 and 653.6320 intercalated with the loss of a
[Fe(CN)4]™ anion of m/z 159.9492 to form the triply
charged fragment anions of m/z 818.2395 and 827.5519
(Figure 1c). The singly charged [Fe(CN)4] anions of m/z
159.9492 also fragment by the loss of CN radicals to form
the fragment anions [Fe(CN);]™ of m/z 132.9723 and
[Fe(CN),] of m/z 107.9678 (Scheme 2).

For 4°~ and 6°~, the intact multiprotonated or catio-
nized species just described are also detected, for instance
[6 + 3H]'™ of m/z 839.1387 in Figure 2a, but both of
them behaved uniquely since they display in their ESI-MS
a prominent fragment ion (F1 in Scheme 2) arising,
most probably, from the double protonated species via
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Table 1. m/z Values of the Most Abundant Isotopologue Ion Observed via ESI-
MS for the Anionic Complexes in Partially Protonated Species

m/z
salt anionic complex experimental calculated
1 [1+ 2H]* 555.5257 555.5244
2 [24 2H]*" 667.8896 667.8984
3 [3 + 2H]*" 615.7596 615.7969
4 [4 + 3H] 759.0780 759.0759
5 [5+3HP" 908.2923 908.2422
6 [6 + 3H]? 839.1387 839.1387
7 [7 + 2H 640.8422 640.8469

Alborés et al.

the cleavage of the cyanide wire (m/z 482.0373 in
Figure 2a). These fragment ions also display typical
clusters of isotopologue ions (Figure 2b) and dissociation
chemistry (Figure 2c) similar to that observed for the
intact protonated species (Scheme 2). Note that, similarly
to the chemistry seen in Figure 1c (Scheme 2), the doubly
charged isotopologue ion of m/z 481.5453 for the frag-
ment F1 loses sequentially two molecules of HNC to form
the fragments of m/z 468.0216 and 454.5146 intercalated
with [Fe(CN)4]~ loss to form mainly the fragments of m/z
159.9492 and 749.1273.

STM Measurements. STM determinations have suffi-
cient spatial resolution to reveal the linear nature of the
clusters. The images of the immobilized heptanuclear
complex 3°~ show elongated features that clearly contrast
with the globular images acquired for the reference tri-
nuclear compound, rrans-[(MeOpy),Ru"{(u-CN)Fe'"'-
(CN)s},]*~ (Figure 3). The Auger electron spectroscopy
spectra of these surfaces clearly indicate the presence of
the molecules as can be assessed from the characteristic
peaks corresponding to Ru and Fe elements (see Support-
ing Information, Figure S1). The absence of P peaks
shows that no Ph4P" counterions are adsorbed. Compari-
son of these spectra with the ones for the free-molecule
surface allows noticing the enhancement of the C and N
peaks in detriment of the S peak, confirming the presence
of the complex in the surface.

The statistical distribution of species over the surface
has a sharp maximum at a length of 3.5 nm (see Support-
ing Information, Figure S2), in good agreement with the

Scheme 2. (Top) General Dissociation Pathway Observed via ESI-MS/MS for the Species [1—6 + 2H]*"; (Bottom) General Dissociation Pathway for
the Species [4—5 + 2H]*~ Leading to the Doubly Charged Fragment Ions F1
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Figure 2. (a) Typical ESI-MS for [PPhy]¢ 6 salt, (b) characteristic isotope
cluster observed for the F1 fragment ion from 6°~ (see Scheme 2), and (c)
ESI-MS/MS for CID of a selected isotopologue ion for the F1 ion of m/z
481.5453.
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expected length (approximated from the observed dis-
tances in the trinuclear complexes X-ray structures’) of
about 3.6 nm for this molecule. This distribution also
shows a tail to larger lengths with a local maximum at
7.5 nm, evidencing heptamer association at the surface,
probably mediated by H-bonds between the terminal
cyanides. A closer inspection at the dimensions of these
features shows a width that ranges between 1.7 and 2 nm
in concordance with the expected value of about 1.6 nm.
Cyclic voltammetry measurements of the surfaces
with the complexes adsorbed, also show waves corre-
sponding to the Ru(II)/Ru(Ill) and Fe(I11)/Fe(II) redox
couples, indicating that these compounds remain electro-
active after immobilization (see Supporting Information,
Figure S3).

Electrochemistry. Cyclic voltammograms and square
wave voltammograms of these complexes exhibit several
reversible redox processes corresponding to the Fe(III)/
Fe(II) and Ru(II)/Ru(III) redox couples. Figure 4 shows
measurements for some of the reported complexes (for
the remaining ones see Supporting Information, Figure
S4) while the experimental observed E° values are listed in
Table 2.

For the pentanuclear complex 7, five resolved redox
processes are distinguished in water (see Supporting

1.0 0.5 0.0 -0.5 1.0 0.5 0.0-0.5 1.00.50.0-0.5-1.01.0 0.5 0.0-0.5-1.0
E’IV vs. Ag/AgCI
Figure 4. Cyclic voltammetry (top) and square wave voltammetry

(bottom) for complexes 1 and 3 in water and 4 and 6 in methanol, from
left to right respectively.

Figure 3. STM images for the immobilized heptanuclear compound 3 (left) and related trinuclear compound (right) over cysteamine derivatized Au

surfaces.
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Table 2. Electrochemistry Data for Complexes 1-7

Alborés et al.

E°/V (AE,/mV)
complexes (RuL, pattern) solvent outer Ru™! couples inner Ru'"™ couple Fe™ couples
1 (py-MeOpy-py) water 0.89 (80) 0.63 (70) 0.21 (~100), 0.09 (~60), —0.03 (~60)
2 (tBupy-MeOpy-1Bupy) water 0.80 (100) 0.64 (70) 0.17 (~80), 0.01 (~100)
3 (MeOpy—MeOpy—MeOpy) water 0.57(~70) 0.77 (~60) 0.23 (~60), 0.17 (~60), —0.01 (~100)
0.65 (~70)
4 (py-DMAP-py) methanol 0.83 (~60) 0.28 (60) —0.26 (~60), —0.34 (~60)
0.91 (~60)
5 (Bupy-DMAP-Bupy) methanol 0.75 (~60) 0.21 (70) —0.17 (70), —0.35 (100)
0.84 (~80)
6 (MeOpy-DMAP-MeOpy) methanol 0.56 (~70) 0.26 (70) —0.30 (80), —0.45 (80)
0.67 (~60)
7 (tBupy-Bupy) water 0.68 (70) 0.19 (~70), 0.14 (~70), 0.00 (~60)
0.87 (90)
Information, Figure S4), attributed to the whole set of 80
expected metal-centered redox processes. The processes 60 60
at 0.87 and 0.68 V correspond to the oxidation of the - 60
Ru(II) centers, while the other three processes correspond § 40 40
to the reduction of the Fe(IIT) moieties. =40
The electrochemistry of the heptanuclear complexes is = ”0 "
more complex because of the increased number of redox ® 20
active centers. The Ru(II)/Ru(IIT) couples are observed at
0 0

potential values close to the observed in the correspond-
ing trimer (0.85, 0.75, 0.60, and 0.25 V for py, tBupy,
MeOpy and DMAP, respectively). The redox processes at
lower potentials correspond to the consecutive over-
lapped reductions of the Fe centers. The electrochemistry
of 1—3 and 7 were measured in water, as in this solvent the
reduction potential of the hexacyanoferrate moieties are
higher and a larger interaction between the centers is
expected.5 For 4—6, methanol was chosen instead, to
avoid possible redox isomerization between the Ru''-
(DMAP), and the Fe(IIl) center, as the latter redox
potential shift cathodically in water.

Electronic Spectroscopy. The electronic spectra of 1—7
share several features with the trinuclear precursors.’
They exhibit an intense band in the UV region arising
from the d (Ru'") — 7%, metal-to-ligand charge-transfer
(MLCT) transitions within the cromophores {Ru''L,}
and a set of bands in the NIR region originating from
d(Ru") — d_(Fe") MM'CT transitions (Figure 5 and
Supporting Information, Figure S6). Table 3 summarizes
the relevant characteristics of these spectra.

The spectrum of 7 displays an intense d(Ru'") — 7%,
MLCT band at 27.8 x 10° cm™', roughly at the same
energy observed in the related trinuclear compound
trans-[(1Bupy)sRu"{(u-CN)Fe(CN)s},]* . Its extinc-
tion coefficient of 45.4 x 10° M~' cm™ ", nearly doubles
the observed in the above-mentioned trinuclear species.
The NIR spectrum is dominated by an MM’CT band at
8.1 x 10° cm™' with an incipient shoulder at the high
energy side. This transition is red-shifted if compared to
the trinuclear complex bearing the same kind of pyridine.

The spectra of the heptanuclear complexes 1—6, also
show MLCT bands in the UV—vis region. Their extinc-
tion coefficients roughly scale up with the number of
{Ru''Ly} cromophores whereas their energies resemble
those of the analogous transitions in the corresponding
trinuclear precursors. The most interesting feature is the
presence of the MM'CT bands between 5.0 x 10* and
10.0 x 10° cm™'. Two bands appear clearly resolved for

910 30 20 10 40 30 20 10

wavenumber / 10° cm™

40 30 20 10

Figure 5. From left to right, electronic spectra for 4—6 in methanol.

Table 3. Spectroscopic Data for Complexes 1—7 in Methanol

MLCT d,Ru(Il) — 7", MM'CT d,Ru(Il) —
wavenumber/ 10> cm ™! dFe(I1l) wavenumber/
Complexes (/™M 'em™! 10°ecm™" (e /M 'em™)
1 28.1 (59100) 7.8 (15700)
10.1 (11700) ¢
2 27.9 (68100) 7.7 (17200)
9.7 (12500) “
3 29.2 (59800) 7.3 (18900)
9.1 (14000)“
4 28.2 (71100) 5.7 (13000)
9.6 (8500)
5 28.1 (62100) 5.9 (13000)
9.0 (9000)
6 29.4 (60300) 6.0 (9600) “
8.1 (10700)
7 27.8 (45400) 8.1 (9300)
9.7 (7400) “

“QObserved as a shoulder.

4—6 with {Ru'(DMAP),} as the central moiety as ex-
pected for a system with two Ru(II) donors of very
different energies.

The low redox potential of the Ru(II) centers in the
{Ru''(DMAP),} core allowed for a complementary spec-
troscopic characterization in methanol of the one-elec-
tron oxidized species derived from 4—6. They show the
characteristic 7(DMAP) — d(Ru') LMCT bands at
about 15.0 x 10° cm ™', expected for the {Ru"'(DMAP),}
cromophore.'” Upon oxidation, the low energy MM'CT
bands disappear whereas the high energy ones are still
observable (see Supporting Information, Figure S7).

Discussion

In a previous report” we showed that hexacyanoferrate(III)
can be employed to substitute the halides in trans-Ru"LyX,
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species with accurate control of product nuclearity. This
process yielded trinuclear species with terminal cyanide
groups that we use now as the nucleophiles in a second round
of substitution reactions on the same type of molecules. The
use of a large excess of trinuclear anion with respect to the
ruthenium mononuclear building block affords heptanuclear
complexes as the main products, though size exclusion
chromatography purification is still needed to ensure purity.
Through the same procedure we isolated the pentanuclear
complex 7. In the preparation of the trinuclear complexes, the
product also behaves as a nucleophile toward trans-Ru'"L X,
to afford a tetranuclear complex {Fe'"—Ru"'—Fe"—Ru'},
which is end-capped to yield a pentanuclear complex
such as 7.

Regrettably, we were not able to grow single crystals of any
of these oligomers, probably because of the large number of
solvent molecules associated to them through the strong
interactions with the terminal cyanides. However, the mass
spectrometric data conclusively confirms their nuclearity.
There are only a few examples in the literature where discrete
high dimension clusters could be characterized with mass
spectrometry techniques.'” Normally, the lability of the
gaseous ion precludes its detection in intact forms. Using a
soft ionization technique, ESI, we have been able to observe
our polynuclear multiply charged anions as intact species and
therefore intrinsically stable gaseous species with a low degree
of dissociation in spite of their high charge density (alleviated
partially during ESI via protonation and/or cationization)
and the presence of several relatively labile terminal cyanides.
For most complexes, the major anions detected correspond
to the salt anion with partial charge reduction because of
protonation as shown by their m/z values, their characteristic
isotopic patterns, mostly due to various Ru and/or Fe
elements in their composition, and their characteristic dis-
sociation patterns. ESI-MS/MS provided further structural
characterization via characteristic and structurally diagnostic
dissociation channels.

The excellent resolution obtained in the STM images of the
surface attached clusters leaves no doubt about their linear
nature, even more when compared to the globular shape of
the trinuclear species attached to the surface. The constrained
robust geometry of the precursors and the bulkiness of the L
ligands coordinated to the Ru(Il) centers drive the reaction
exclusively to the linear arrangement, and the STM images
constitute a unique evidence of the architecture of these
clusters.”

(19) (a) Schalley, C. A.; Muller, T.; Linnartz, P.; Witt, M.; Schafer, M.;
Lutzen, A. Chem.—Eur. J. 2002, 8,3538-3551. (b) Alves, W. A.; Cerchiaro, G.;
Paduan, A.; Tomazela, D. M.; Eberlin, M. N.; Ferreira, A. M. D. Inorg. Chim.
Acta 2005, 358, 3581-3591. (c) Toma, S. H.; Nikolaou, S.; Tomazela, D. M.
Eberlin, M. N.; Toma, H. E. Inorg. Chim. Acta 2004, 357, 2253-2260. (d)
Hasenknopf, B.; Lehn, J. M.; Boumediene, N.; DupontGervais, A.; VanDorsselaer,
A.; Kneisel, B.; Fenske, D. J. Am. Chem. Soc. 1997, 119, 10956-10962. (¢) Toma,
H. E.; Nikolaou, S.; Eberlin, M. N.; Tomazela, D. M. Polyhedron 2005, 24,
731-738.

(20) The orientation of the cyanide bridge is expected from the connec-
tivity in the precursors. In previous work we did not find isomerization of the
cyanide bridge and in one case we have prepared the two possible isomers
(see ref 5). The properties of the two isomers are quite distinctive, especially
their redox behavior. Isomerization of the bridge results in an increase in the
redox potential of the Ru"" couple, while the Fe'™!" couples become more
irreversible because of the lability of the Fe—N(nitrile) bond. Our explora-
tion of the redox properties of the complexes reported here show no evidence
of bridge isomerization.
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Scheme 3. Qualitative Description of the Expected MM'CT in the
heptanuclear complexes NIR spectra

m
N

Fe'-Ru"- Fe'" - Ru" - Fe" - Ru" - Fe
N

CT CT,
A CTs

Scheme 4. Simplified Picture of the Heptanuclear Complexes from a
Spectroscopic Point of View, Showing Their Decomposition in a Super-
posed Sets of Trinuclear Units

For a molecular wire, the property of interest is the
electronic coupling between the terminal units. In this sense,
the electrochemical behavior of the clusters appears as a
valuable probe. The splitting of redox waves arising from
chemically equivalent sites constitutes an evidence of long-
range communication once other contributions are taken
into consideration.?! We® and others®**2? have successfully
used this tool to explore the degree of electronic communica-
tion in trinuclear cyanide bridged compounds and in higher
oligomers,'* and we also employ it here to evaluate the
presence of long-range interaction in these clusters. To avoid
solvent effects,” we will limit our comparisons to systems
measured in the same solvent.

In the cyclic voltammetry measurements of the penta-
nuclear complex 7 in water, the two anodic waves, separated
by 190 mV, correspond to both Ru(Il)/Ru(III) redox cou-
ples. This non-negligible E° splitting (AE®) evidence electro-
nic communication between the {Ru(zBupy)s} moieties
through the hole-type {-NCFe(CN),CN-} bridge. The
three cathodic processes observed in this species can
be reliably attributed to the three Fe(III)/Fe(Il) couples.
The first two waves, slightly split (ca. 50 mV), arise from
the terminal Fe moieties as can be inferred from the similar £°
value (0.19 and 0.14 V) with respect to the first Fe(I1I)/Fe(I1)
reduction at 0.23 V observed in the trinuclear compound
trans-[(tBupy)4L4RuH{(,u-CN)FelH(CN)S}2]47,5 suggesting
an analogous environment for these Fe centers in both
compounds. The remaining redox wave at 0 V corresponds
to the reduction of the central Fe fragment.

For the heptanuclear complexes 1—6, the first oxidation
process in 1 and 2 around 0.6 V can be readily assigned to the
Ru(II)/Ru(IIl) couple of the central {Ru(MeOpy)s} core
because of the lower E° value expected for this fragment.
The following anodic process corresponds to the simulta-
neous oxidation of the two equivalent { RuL,} outer fragments,
indicating little interaction between these centers. For 4—6

(21) (a) Flanagan, J. B.; Margel, S.; Bard, A. J.; Anson, F. C. J. Am.
Chem. Soc. 1978, 100, 4248-4253. (b) Richardson, D. E.; Taube, H. J. Am.
Chem. Soc. 1983, 105,40-51. (¢) Sutton, J. E.; Taube, H. Inorg. Chem. 1981, 20,
4021-4023.

(22) (a) Coe, B. J.; Meyer, T. J.; White, P. S. Inorg. Chem. 1995, 34, 3600—
3609. (b) Sheng, T. L.; Vahrenkamp, H. Eur. J. Inorg. Chem. 2004, 1198-1203.

(23) D’Alessandro, D. M.; Keene, F. R. Dalton Trans. 2004, 3950-3954.
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Figure 6. (a) Top: NIR electronic spectra in methanol of complexes 4—6 (left to right). Bottom: Superposed NIR electronic spectra in methanol of the
trinuclear complexes built in the corresponding heptanuclear complexes. (b) Top: NIR electronic spectra in methanol for complexes 1—3 (left to right).
Bottom: Superposed NIR electronic spectra in methanol of the trinuclear complexes built in the corresponding heptanuclear complexes.

containing {Ru(DMAP),} as the central core, the oxidation
of the outer {RuL,} fragments are well resolved. The ob-
served AE® values for these couples are 80, 90, and 110 mV
for 4, 5, and 6, respectively, showing a gradual enhancement
of the long-range interaction. Finally, in 3 with identical
{Ru(MeOpy),4} fragments, three waves at 0.57, 0.65, and
0.77 V are observed. The first two processes appear at a
potential close to the observed for the Ru(II)/ RugIII) couple
in trans-[(MeOpy)sRu"{(u-CN)Fe™(CN)s},]* ;> hence we
assign them as the outer {Ru(MeOpy),} fragments oxidation.
The remaining anodic wave arises from the central
{Ru(MeOpy)4}, Ru(Il)/Ru(Ill) couple. For this complex,
two reduction waves at 0.23 and 0.17 V are observed, and we
assign them as the outer Fe fragments reduction.

The previous results show significant splitting of the redox
potential for {RuL,} centers more than 2.0 nm apart®* in
complexes 3, 4, 5, and 6, but not for complexes 1 and 2.
Splitting of the redox potential for the iron moieties at the
same distance is also observed in 7. Redox potential spli-
tting for centers at similar distances has been observed in
ruthenium complexes linked b%/ bis-ethynyl aryl groups®>°
and a phenylcyanamido-bridge®® and in multinuclear Ru(II)-
polypyridine rack-type complexes,'* all systems with
small attenuation of the electronic interaction with the
distance.'*?**" The magnitude of the splitting depends on
the properties of oligomer constituents. As the redox poten-
tial of the outer {Rul,4} moiety gets closer to the one of the
central fragment, the AE° values increase (80,90, and 110 mV
for 4, 5, and 6). This effect is also noticeable in 3 where the
three {Rul,} fragments are identical. In fact, this is the only
member of the family where the two reduction processes at
the terminal Fe fragments around 0.2 V appear slightly

(24) Weestimate the distance between the redox centers as multiples of the
Fe—Ru distance of 5.05 A observed in the trinuclear compounds.

(25) (a) Fraysse, S.; Coudret, C.; Launay, J. P. J. Am. Chem. Soc. 2003,
125,5880-5888. (b) Hoshino, Y.; Suzuki, T.; Umeda, H. Inorg. Chim. Acta 1996,
245, 87-90.

(26) Fabre, M.; Bonvoisin, J. J. Am. Chem. Soc. 2007, 129, 1434-1444.

(27) Launay, J. P. Chem. Soc. Rev. 2001, 30, 386-397.

resolved with a splitting of 60 mV. This may suggest an
electronic communication at distance of more than 3.0 nm.
This is the only complex where this remote Fe—Fe redox
potential split is observed and may indicate that a three
identical { RuL,} fragments pattern results in a better electro-
nic communication along the molecule. It appears striking
that the inner Fe reduction processes, closer in distance, are
not resolved. It could be possible that the reduction of the
terminal Fe fragments may induce the decoupling of the inner
Fe fragments. However, it is true that this effect is more the
exception than the rule and illustrates that a better under-
standing of the electronic interaction in these systems is
required for the rational design of these linear molecules with
long distance interactions.

The NIR spectra of these oligomers evidence several
Ru(IT) — Fe(III) MM'CT bands. A quantitative interpreta-
tion of these bands using a generalized Mulliken—Hush?®
multiple state treatment (successfully employed for the re-
lated trinuclear species®) is ruled out because of the large
number of states that should be included for the large
molecules discussed in this work, but a qualitative analysis
of these electronic transitions is still valuable to evaluate the
metal—metal interaction degree.

In the most simplified description, six d(Ru") — d(Fe'")
MM'CT single excitation transitions are expected for the
heptanuclear complexes (Scheme 3), but the presence of
{RuL,} fragments with very different properties makes the
assignment of these transitions easier. For 4—6, two MM'CT
bands are well resolved.

The lower energy band can be safely assigned as the
MM'CT transitions that involve the central {Ru'-
(DMAP),}, which behaves as a better donor. The energy of
this transition is almost the same for these three compounds,
about 6.0 x 10° cm™". The remaining band appears at 9.6 x
10°,9.0 x 10°,and 8.1 x 10* cm ™" for 4, 5, and 6, respectively.
This energy trend correlates well with the expected donor
strength of the outer {Ru"L,} moieties.

(28) Cave, R. J.; Newton, M. D. Chem. Phys. Lett. 1996, 249, 15-19.
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The NIR spectra of the one electron oxidized 4—6 strongly
support the previous assignments, as the low energy MM'CT
band (involving {Ru"(DMAP),} as the donor fragment),
disappears upon oxidation (see Supporting Information,
Figure S7). The remaining features still correspond to the
overlappin% MM'CT transitions arising from the reduced
outer {Ru''L,} fragments. A simple model to interpret the
absorption spectra of these oxidized complexes assumes that
it corresponds to the superposition of those of two
trans-[L4Ru"™{(u-NC)Fe"(CN)s},]*~ species coordinated
to a {Ru""DMAP,} fragment. The energy of the MM'CT
band is shifted to the red when compared to the same
transition in the corresponding trinuclear compound,’ as
expected for the coordination to the electron withdrawing
{Ru"(DMAP),} moiety. Interestingly, upon oxidation of
the central Ru(I) to Ru(III), no evidence of a d (Ru") —
d(Ru"™) MM'CT transition is observed. Either the intensity
of this band is too low to be observed or the molecular orbital
involved in the one-clectron oxidation in the {Ru(DMAP)4}
center is mainly localized at the d, Ru orbital orthogonal to
the extended d (d,., d,.) backbone that mixes the metallic
centers. If interaction between the d,., d,., and the cyanide
orbitals is strong enough, then the latter is expected.

The MM’'CT bands in 1—3 exhibit a similar pattern, except
that the two components appear less resolved as the E°(Ru-
(IIT)/Ru(Il)) associated with the central {Ru'(MeOpy)s}
moiety is scarcely different from the E°(Ru(IIT)/Ru(Il)) of
the outer {Ru'"L4} moieties. For qualitative purposes, we can
describe the heptanuclear compounds (at least from the
spectroscopic point of view) as a superposition of trinuclear
compounds (Scheme 4).

This is a reasonable zero-order approximation provided
that the degree of mixing in these systems is low. For 4—6
(central {Ru(DMAP)4} core), the MM'CT band profile is
approximately reproduced by the superposition of the ex-
perimental MM'CT bands of the two trinuclear components,
although shifted to lower energies (Figure 6a). The approxi-
mation seems to break down for 1—3, (central { Ru(MeOpy),}
moiety) where the MM'CT band profiles cannot be satisfac-
torily reproduced by the mere superposition of trinuclear
MM'CT bands, suggesting an increased degree of interaction
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between the trinuclear fragments (Figure 6b). A similar
behavior can also be observed for the pentanuclear complex
7°~ (Supporting Information, Figure S8), which shows two
extensively overlapped bands ascribed to the two possible
MM'CT transitions involving the two different Fe(III)
acceptor sites present in its structure.

The different spectroscopic behavior observed for the two
groups of heptamers, 1—3 and 4—6, suggests a larger inter-
action between the metal centers in the former group,
probablP/ because of an improved energy match of the three
d, (Ru") orbitals. This hypothesis is in agreement with the
electrochemistry behavior of 3, which shows split couples for
the outer Fe(III) fragments reduction.

Conclusions

The facile preparation, solubility, and stability in solution
of a family of cyanide bridge trinuclear complexes allowed us
to use them as starting materials for the synthesis of increased
nuclearity complexes. The resulting linear oligomers are also
stable in solution and could be characterized in different
redox states. The spectroscopic and electrochemical proper-
ties of the oligomers reported here show evidence of signifi-
cant electronic communication between metal centers along
the chain granting further exploration. The flexibility of the
synthetic approach should allow us to prepare systems of
different nuclearities with precise control of their composi-
tion where more insights on the extent of the communication
could be attained.
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