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Abstract

The RuyCl, compounds that make up the widely used Ru coordination precursor, Ruthenium Blue, have been difficult to
identify due to fast air-driven oxidation. To explore the coordination between Ru and aminated polysaccharides, the reaction
between reducing glucosamine (GlcN) and Ruthenium Blue was investigated. A blue vibrant solution, indistinguishable from
that of Ruthenium Blue, was obtained after reflux of GIcN/RuCl;:3H,0 in ethanol, but unlike Ruthenium Blue, the blue colour
of the reaction product persisted after prolonged exposure to air. Mass spectrometry (MALDI-ToF-MS) of the blue solution did
not detect GIcN-Ru ligands. Instead, isotope patterns for singly charged Ru,Cl, clusters were observed for [RuCly]~, [RuyClg] ™,
[Ru,Cly]~, [RuzClg]~, [RuzCls]~, [RusCly]~, and [RusCly;]~. Extended exposure to air led to a colour change of the blue solution
to green and finally to yellow. The MS spectrum of the green solution showed lower amounts of the higher order [Ru,Cly4]~
and [RusCly;]~, and that of the yellow solution displayed mostly [RuCl,]~. The compositions identified by MS allowed the deter-
mination of structures and corresponding electronic excitations by ab initio calculations using density functional theory. The
excitation energies were matched to physically perceived colours with CIE1931 colour matching functions, with a noteworthy
association of [RusCly;]~ to blue. We propose that the presence of the reducing monosaccharide slowed the oxidation of the
Ru,Cly clusters in the blue solution and that the structures identified are, at least in part, constituents of Ruthenium Blue. These

data may also be useful in the development of Ru-based reagents for catalysis and radiotherapy applications.
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1. Introduction

Amine-containing monosaccharides, such as glucosamine
(GIcN), are often found as structural components of bacterial
polysaccharides (PSs). We envisaged that the coordination of
ruthenium (Ru) to amine moieties! could be exploited in the
creation of stable Ru-PS complexes to aid in the structural
characterization of PSs. Our exploratory experiment focused
on the coordination of free GIcN (in the reducing form) to
Ru. The planned method of coordination involved the reac-
tion of GlcN with the widely used Ru coordination precursor,
Ruthenium Blue.

Ruthenium Blue is a versatile material used in the synthesis
of Ru-containing ligands.? A few methods have been used in
the preparation of Ruthenium Blue from ruthenium chloride
salts. Rose and Wilkinson used hydrogen/platinum reduction
in methanol,® whilst Mercer and Dumas used electrochemi-
cal reduction to produce the distinctive vibrant blue solution
of Ruthenium Blue.* Later, a simpler method by Togano et al.
employed the reflux of RuCl;-3H,0 in ethanol under an in-
ert atmosphere.® The formation of Ruthenium Blue can be fol-
lowed by the signature colour change from the original dark
yellow of the RuCl;3-3H,0 solution, to green and then blue.
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When exposed to air, the Ruthenium Blue solution quickly re-
verts back to green and then yellow. This high level of sen-
sitivity to air-induced oxidation has made the study of Ruthe-
nium Blue difficult with commonly used analytical techniques.

Several RuyCl, compounds have been proposed to be
present in Ruthenium Blue, in single- and multi-species so-
lutions,?® in ionic or neutral states,* and with Ru in
various oxidation states (4+ and 2+ being the most
commonly reported). In 1970, Rose and Wilkinson iso-
lated as a deep blue salt, with (o-phenylenedimethylene)
bis(triphenylphosphonium) as a counter ion, a [RusCli,]*~
cluster with Ru in varying oxidation states (+4 to + 2).% Using
data from elemental analysis and X-ray powder diffraction,
Rose and Wilkinson proposed a structure for the [RusCl;]*~
cluster (Fig. 1A). One year after, Mercer and Dumas analyzed
the composition of Ruthenium Blue and reported the presence
of [Ru,Cl;3]%3+, [RuyCly|t?*, and [Ru,Cls]>* species.* It was
proposed that a possible complex in the Ruthenium Blue so-
lution was a “tri-u-chloro bridged Ru complex in octahedral
configuration with aqua ligands filling the remaining coor-
dination sites”.* Another notable Ruthenium Blue study was
carried out in 1980 by Bino and Cotton,’® who proposed a
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Fig. 1. Previously proposed Ru,Cl, clusters in Ruthenium Blue:
(A) a [RusClyz]?>~ cluster by Rose and Wilkinson® and (B) a
[RuzClyz]*~ cluster by Bino and Cotton.®
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[RuzClyz]*~ species, inferred by X-ray crystallographic data of
a blue precipitate formed when (C;Hs)4NCI was added to a
solution of Ruthenium Blue (Fig. 1B).

In our study, no direct evidence was obtained for the
coordination of GIcN to Ru, but the presence of the reduc-
ing monosaccharide appeared to have slowed down the
air-induced oxidation of the blue solution product (indistin-
guishable from that of Ruthenium Blue). The unexpected sta-
bility of the blue solution product afforded enough time for
its analysis by matrix assisted laser desorption ionization—
time of flight—mass spectrometry (MALDI-ToF-MS). Here, we
describe the Ru,Cl, clusters detected by MALDI-ToF-MS of the
blue solution product and also of its green and dark yellow
oxidation products. We propose that the RuyCl, clusters
identified in the blue solution product are, at least in part,
those that make up the coordination reagent, Ruthenium Blue.

2. Experimental

Synthesis of the blue solution product

The blue solution product was obtained by reacting 50 mg
of D-(+)-GIcN with 1 equivalent of RuCl3-3H,O (calc. 73 mg)
in 95% ethanol under argon. The solution was heated to re-
flux for 12 h, during which time the solution changed from
dark yellow to green and then to a vibrant blue. The evapo-
ration of the solvent furnished a deep blue solid. RuCl3-3H,0
was obtained from Pressure Chemicals and D-(+)-GIcN from
Sigma-Aldrich.

Mass spectrometry

For MALDI-ToF-MS analysis, the analytes were mixed with
2 mg of 3,4-dihydroxy-benzoic acid in 20% ethanol. An
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analyte-matrix 1:2 ratio (v/v) and 1 mL was spotted on the
MALDI sample target and allowed to dry at room tempera-
ture. The analyses were performed using a MALDI-ToF-MS in-
strument (model Reflex III, Bruker) equipped with a 337 nm
nitrogen laser. Samples were analyzed in reflectron and neg-
ative ion modes. Ion sources 1 and 2 were held at 20 and
16.35 kV, respectively. The guiding lens voltage was set at
9.75 kV and the reflector detection gain was set at 5.3 with a
pulsed ion extraction at 200 ns. The nitrogen laser power was
set to the minimum level needed to generate signal and avoid
possible degradation of analytes, which corresponded to 15%
of laser energy being used (4 mJ). The pulse duration was 9 Hz,
the spot size 2 mm and the calculated energy density 100
1J/0.1 mm.? A two-point external calibration was performed,
using the [M - H|™ (153.01 Da) and [2M - H|? (447.12 Da)
peaks of dehydroxybenzoic acid and the dimer of sinapinic
acid, respectively, both prepared in acetonitrile-water solu-
tion (10 pmol/mL).

Computational studies

The ab initio calculations were performed using Gaus-
sian09 Rev. A.027 using the density functional theory method
with the PBEO functional® and a combination basis set of
SDD (using Stuttgart/Dresden ECPs) for Ru atoms with energy-
adjusted ab initio pseudopotential with a valence contrac-
tion for Ru of 6s/5p/3d as described in Andrae et al.’ and 6-
311G(2d) for Cl atoms.!° Vibrational frequency analysis was
carried out on all optimizations to ensure true ground state
geometries. Time dependent-density functional theory (TD-
DFT) calculations of the geometry optimized clusters were
performed to excited states in which electronic excitations of
at least 300 nm were obtained. Stability tests to assure ground
electronic states were performed on the clusters using the
Stable function of Gaussian09. The clusters were computed
using the Stable function on multiplet states to determine
which multiplet set produced a stable wave function. Geom-
etry optimizations, frequency, and TD-DFT calculations were
performed with a polarizable continuum model solvent sys-
tem for water.!!

Processing of electronic excitations into UV/Vis

spectra

UV|Vis spectra of the clusters were generated using a half-
width, half-height of 0.305 eV. The methodology used for the
generation of the CIE1931 colour space chromacity coordi-
nates for the clusters was as follows:

TD-DFT calculations of the geometry optimized clusters
were performed with sufficient excited states that ensured
electronic excitations to at least 300 nm were obtained. Us-
ing the methodology from Beck,!? the inverse spectra were
integrated with each of the CIE1931 colour matching func-
tions from 380 to 780 nm to create the red (X), blue (Y), and
green (Z) CIE1931 Tristimulus values. After obtaining the Tris-
timulus values of X, Y, and Z, the values were summed and
normalized into the chromacity coordinates with X and Y
values plotted on the CIE1931 colour space metric and the
corresponding data points indicated the physically perceived
colours of each cluster. To generate the chromacity coordi-
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Fig. 2. The blue (A), green (B), and dark yellow (C) solutions and their corresponding MALDI-ToF-MS spectra.
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nates of the solutions, the UV/|Vis spectra of the clusters that
comprised each solution were overlapped followed by the
same inversion, normalization, and integration method de-
scribed above.'? A detailed description of the methodology
used for the processing of electronic excitations into UV/Vis
spectra and validation experiments based on other Ru halides
of known colour are described in Boncheff 2011.12

3. Results and discussion

The reflux of GlcN and RuCl;-3H,0 in ethanol progressed
from dark yellow, to green and lastly to a vibrant blue solu-
tion (Fig. 2A). The blue solution product was air stable, only
losing its colour upon exposure to ambient atmosphere for
3-4 days, when the blue colour changed to green (Fig. 2B),
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which, after an additional 4-6 days, changed to dark yellow
(Fig. 2C).

The MALDI-ToF-MS spectrum of the blue product (Fig. 2A)
did not show any ions indicative of Ru compounds contain-
ing GIcN (no peaks containing 179 amu inclusions). How-
ever, a series of ions matching the isotopic pattern of sev-
eral singly charged Ru,Cl, species were observed, notably
for: [RuCly]~ at m/z 236-252, [RuCls|~ at m/z 271-289 (trace
amounts), [Ru,Clg]™ at m/z 402-428, [Ru,Cl;]” at m/z 437-
465, [RuzClg]” at mfz 567-603, [RuzCly]” at m/z 602-638,
[RusClyq]~ at m/z 773-814, and [RusClyp]~ at m/z 907-953.
Other neighbouring m/z ions containing one or two less Cl
atoms were also present. No higher m/z values were ob-
served. Only MALDI-ToF-MS experiments in the negative ion
mode showed any discernable ions of defined compositions,
in which only singly charged ions were recorded. The isotopic
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Fig. 3. LDI-ToF-MS spectrum of RuCl;-3H,0 (laser ablation of RuClz-3H,0 with no matrix).!*
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Fig. 4. Optimized structures of the Ru,Cl, clusters identi-
fied by MALDI-ToF-MS: (a) [RuCly]~, (b) [RuCls]| ™, (c) [RuClg]
(d) [RuzCl7]", (e) [RusCls] ™, (f) [RusClo] ™, (g) [RusCli1]~, and (h)
[RusClyz]~. Ru = blue; CI = green.
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profiles of the aforementioned Ru,Cl, complexes observed
were computationally generated and shown to match the iso-
topic profiles observed in the mass spectrum.'®
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The MALDI-ToF-MS spectrum of the green solution (Fig. 2B)
showed a marked decrease of the [RusCly;]~ and [RusClyz]~
clusters and an increase of the [RuCly]|~ and the appearance
of a specie in the [Ru,Cly]~ range, which suggested that the
disappearance of the blue colour may involve the disintegra-
tion of the higher order [RuyCly;]~ and [RusClyp]~ clusters.
That of the dark yellow solution showed mainly the m/z ion
corresponding to [RuCly|~ (Fig. 2C). Interestingly, m/z ions as-
sociated with the monosaccharide, [GIcN]~ at 179 and 195
[GIcN + 16]~, were also seen in the mass spectrum of the dark
yellow solution. GlcN-containing ligands may have indeed
been present in the blue and green solutions, but were not
detected under the MS experimental conditions used here.

To rule out the possibility that the Ru,Cl, clusters observed
in the MS spectra (Fig. 2) of the blue, green, and yellow so-
lutions were not due to residual starting material, a MALDI-
ToF-MS experiment was carried out solely on RuCl3-3H;O0.
No RuCl, clusters were observed. However, as we have pre-
viously reported,'* the formation of gaseous Ru,Cl, clus-
ters were detected when RuCl;-3H,0 (not mixed with the
matrix) was bombarded with laser. The spectrum (negative
ion mode) of the laser-dissociation-ionization (LDI)-ToF-MS
of RuCl;-3H,O (Fig. 3)'* showed Ru,Cl, clusters analogous
to those seen in the blue solution product (Fig. 2A), but
with marked differences in relative intensities, specifically
[RuCly]~, [RuzCls]™ and [RusCly4]~ clusters being the most
prominent products from laser ablation of RuCl;-3H,0. The
LDI-ToF-MS spectrum of RuCl3-3H,0 also furnished a strong
m/z jon at 35 for C1~ and hydroxylated [RuyCl,OH,]|™ ions.'*
The fact that when RuCl;-3H,0 was mixed with the matrix,
no Ru,Cl, clusters were generated and that no higher order
Ru,Cly clusters were seen in the green and dark yellow prod-
ucts, pointed to the fact that the m/z ions observed in the
three MS spectra in Fig. 2 were those of compounds present
in the corresponding solutions and not from ablation of resid-
ual RuCl;3-3H,0.

As described in Boncheff and Monteiro,'* the initial input
geometries of the aforementioned singly charged Ru,Cl, com-
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Fig. 5. Absorption spectra between 380 and 780 nm of (a) [RuCly]~, (b) [RuCls]~, (c) [RuyClg]~, (d) [Ru,Cl;]~, (e) [RusClg]~, (f)

[RU3C19]_, (g) [RU4C111]_, and (h) [RU5C112]_.
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Table 1. CIE1931 chromacity coordinates for the RuxCly clusters observed

in the mass spectra (Fig. 1).

CIE1931 chromacity coordinates

Physically interpreted

Cluster X Y colour
[RusCly2]~ 0.351 0.370 Yellow
[RuyClyq]~ 0.223 0.116 Blue

[RuzClg]™ 0.369 0.381 Yellow
[RuzClg]™ 0.436 0.445 Orange
[Ru,Cl;]~ 0.365 0.345 Yellow
[Ru,Clg] ™~ 0.376 0.405 Yellow
[RuCls|~ 0.491 0.463 Orange
[RuCly]™ 0.380 0.409 Yellow

pounds for the ab initio calculations were based on struc-
tures that contained Ru-Cl and Ru-Ru bonds. Possible struc-
tures were designed with Cl atoms having one or two bonds
and Ru having two to six bonds. Only the structures de-

Can. J. Chem. 102: 823-829 (2024) | dx.doi.org/10.1139/cjc-2024-0043

scribed (Fig. 4) allowed for successful optimization. Each clus-
ter was optimized until no virtual frequencies were observed.
Re-optimization steps included (i) an increase of the size of
the basis set and (ii) modification of the input structures at
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Fig. 6. Coordinates of the RuyCl, clusters in CIE1931 colour
space.
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the maximum point of the vibrational movement followed
by optimization. The optimized structures were verified as
minimized by vibrational analysis to ensure no imaginary vi-
brational frequencies existed and by testing the wave func-
tion stability to ensure that the geometry and multiplicity
was that of the ground electronic state.!®-1* Stability tests
of the Ru,Cl, clusters showed that the singlet and doublet
multiplicities were seldom the ground electronic state and
higher multiplicities had to be used to obtain the electronic
ground state. Figure 4 shows the output of the ab initio cal-
culations and the geometries of the Ru,Cl, clusters,'* which
showed the most stable spin states being: [RuCly]~ (quar-
tet), [RuCls]~ (quintet), [Ru,Clg]~ (quartet), [Ru,Cl;|~ (quintet),
[RuzClg]~ (doublet), [RuzCly]~ (triplet), [RusCly4]~ (septet), and
[RU5C112]_ (octet).

The differences in compositions observed between the
three MALDI-ToF-MS spectra (Fig. 2) suggested that the corre-
sponding solution colours were furnished by the Ru,Cl, clus-
ters present in each. If so, perhaps the calculation of the elec-
tronic excitations of Ru,Cl, clusters could shed light on the
source of the observed colours. Absorption spectra were then
generated for the Ru,Cl, complexes from the calculated elec-
tronic excitations. The absorption spectrum of each identi-
fied cluster is displayed in Fig. 5, and these were subsequently
processed into CIE1931 colour space coordinates to represent
a physically perceived colour (Table 1; Fig. 6). The spectra
showed that all clusters, except [RuyCl;1|~, absorbed light in
the blue/violet region, which would be physically perceived
as yellow. The outlier, [RusCly;]~, was determined to strongly
absorb light in the orange region, which would make it phys-
ically perceived as blue.

When the calculated UV/Vis spectra of the set of clusters
from [RuCly]~ to [RusCli;]~ were overlapped, the physically
perceived colour was blue. That of the yellow solution,
with the composition of mainly [RuCly]” and traces of
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Fig. 7. Calculated UV/Vis spectra of the blue solution (a) and
yellow solution (b).
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[Ru,Clg]~, afforded a perceived colour of yellow/orange. The
calculated UV/Vis spectra of the blue and yellow solutions
are shown in Fig. 7 and the CIE1931 chromacity coordi-
nates of the blue solution at x = 0.255 and y = 0.167 (for
a physically perceived colour of blue), and those of the
yellow solution at x = 0.487 and y = 0.467 (for a phys-
ically perceived colour of yellow/orange) can be seen in
Fig. 8.

The colour change of the blue solution to green may be at-
tributed to the decomposition of the [RusCly{|~ specie, the
physically perceived blue cluster with the highest extinction
coefficient. The proposed contribution of [RusCly4|~ to the
blue solution colour can be seen through the comparison of
the calculated UV/Vis spectra of the blue solution with that of
[RuyClyq]~ (Figs. 5g and 7). As [RusCly1]~ becomes extinct, the
yellow hues generated from the remaining clusters became
dominant, shifting the colour from blue to green and finally,
yellow.

This MS-based study showed that a blue solution, gener-
ated by reflux of RuCl;-3H,O/GIcN in ethanol, and its green
and yellow oxidation products, varied markedly in the type
of Ru,Cl, complexes present (Fig. 2). Unlike that of the Ruthe-
nium Blue solution, the blue solution product generated here
in the presence of the reducing GIcN had a slower rate of ox-
idation when exposed to air, only losing its blue colour af-
ter 3—-4 days. Undoubtedly, GIcN acted as a reducing agent
that slowed the rate of oxidation of the higher order Ru,Cl,
clusters in the blue and green solutions. The role of reducing
monosaccharides may thus be worth of consideration in the
design of stable metal halides/ligands for use in catalysis and
radiotherapies.
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Fig. 8. Plot of chromacity coordinates of the blue and yellow
solutions on the CIE1931 gamut.
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The stability of the blue solution allowed time for MS anal-
ysis, which revealed Ru,Cl, clusters of various compositions
(Fig. 2A). The marked differences between the MS spectra of
the blue, green and yellow products pointed to the fact that
the observed colours were associated with the presence of
specific RuyCl, clusters. Based upon the colour similarity be-
tween Ruthenium Blue and the blue solution product, we pro-
pose that the clusters described in this work are part of Ruthe-
nium Blue and that Ruy,Cly; could be a compound that affords
Ruthenium Blue its vibrant blue colour.
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