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Abstract: Ruthenium complexes are developed as substitutes for platinum complexes to be used in
the chemotherapy of hematological and gynecological malignancies, such as ovarian cancer. We
synthesized and screened 14 ruthenium half-sandwich complexes with bidentate monosaccharide
ligands in ovarian cancer cell models. Four complexes were cytostatic, but not cytotoxic on A2780
and ID8 cells. The ICso values were in the low micromolar range (the best being 0.87 uM) and were
similar to or lower than those of the clinically available platinum complexes. The active complexes
were cytostatic in cell models of glioblastoma, breast cancer, and pancreatic adenocarcinoma, while
they were not cytostatic on non-transformed human skin fibroblasts. The bioactive ruthenium com-
plexes showed cooperative binding to yet unidentified cellular target(s), and their activity was de-
pendent on reactive oxygen species production. Large hydrophobic protective groups on the hy-
droxyl groups of the sugar moiety were needed for biological activity. The cytostatic activity of the
ruthenium complexes was dependent on reactive species production. Rucaparib, a PARP inhibitor,
potentiated the effects of ruthenium complexes.

Keywords: ovarian cancer; ruthenium complex; half-sandwich; cooperative binding; reactive oxy-
gen species production; glycosyl heterocycle; oxadiazole; triazole; rucaparib

1. Introduction

Metal-based drugs used in cancer therapy include square planar platinum(II) com-
plexes, e.g., cisplatin (Figure 1, I), oxaliplatin (II), and carboplatin (III), which are regis-
tered worldwide. Although Pt complexes are versatile tools of the trade, their applicabil-
ity has shortcomings, such as the development of platinum resistance in tumors [1,2], oto-
toxicity [3], and nephrotoxicity [4,5], with the latter two being very characteristic for cis-
platin.
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Figure 1. Selected platinum anticancer drugs and ruthenium complexes with proven anticancer potential.
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Ruthenium complexes can be promising alternatives to platinum complexes due to
their similar chemical characteristics in terms of ligand exchange [6]. In addition, Ru-com-
plexes have enhanced delivery properties compared to Pt-based drugs. For example, Ru-
based drugs have improved cellular entry under hypoxic conditions that characterize ag-
gressively growing tumors [7,8], or they can be delivered by binding to transferrin [6].
Importantly, multiple studies have pointed out reduced toxicity for Ru-complexes as com-
pared to Pt complexes in both cellular and animal models [9-12]. Both Pt- and Ru-based
drugs can be targeted to enzymes or cellular compartments by coupling bait molecules
such as biotin, nonsteroidal anti-inflammatory drugs, hormones, or carbohydrates to en-
hance their chemotherapeutic potential (thoroughly reviewed in [6]).

Among the Ru(Ill)- and Ru(ll)-based complexes, a great number of derivatives have
been tested as anticancer metallodrugs, and two of them, the imidazolium salt of tetra-
chlorido(dimethylsulfoxide)(imidazole)ruthenium(Ill) (Figure 1, IV) and sodium tetra-
chloridobis(indazole)ruthenium(IIl) (V), reached clinical trials [6,13-16]. The half-sand-
wich type Ru(Il)-arene organometallics [17], due to a high structural variability, represent
one of the most widely investigated compound classes in the development of new candi-
dates of multitargeted metallodrugs [6,18]. The presence of an n-arene or n’-arenyl resi-
due in the coordination sphere contributes to the stabilization of the +2 oxidation state of
the metal ion and to the maintenance of the hydrophilic/lipophilic balance of the whole
molecule. The remaining three coordination sites of the Ru(Il) ion are usually occupied by
at least one leaving group and mono- or bidentate ligands, as can be seen in RAPTA-T
and -C (VI) and RM175 (VII), respectively, which, among others, have become leads for
Ru(II)-based complexes [15,17,19].

Due to the biological relevance of sugars, the incorporation of a carbohydrate-con-
taining ligand into platinum group metal complexes in general [6,20] and into Ru(Il)-
arene/arenyl complexes in particular [15] seems a rational choice for further drug design.
Thus, several functional features of carbohydrates, such as their contribution to different
cellular phenomena (e.g., to cell-cell recognition and adhesion), their crucial role in cellu-
lar energy supply, and their binding capacities to carbohydrate-specific proteins (e.g., lec-
tins, glucose transporters, and glycoenzymes), can be exploited to obtain new platinum
group metal complexes with anticancer potential [15,20].

For several sugar-containing half-sandwich Ru(Il) complexes, such as RAPTA ana-
logs with glycofuranose-based phosphite ligands [15] (VIII) and Ru(II) complexes having
2,3-diamino-2,3-dideoxy-hexopyranoside [21] (IX) or 1,4-bis(p-D-glycopyranosyl)te-
trazene-type N,N-chelating ligands [22] (X), the antiproliferative activity has already been
justified. In addition, certain cyclopentadienyl-ruthenium(Il) complexes with sugar-based
heterocyclic mono- (XI, XII) or bidentate ligands (XIII) have also been shown to display
low micromolar cytotoxic activity in human cervical carcinoma (HeLa) and colon cancer
HCT116 cell lines [23-25].

Unlike organic drug molecules, the biological effects of metal complexes can be mod-
ulated by a wider array of parameters including size and charge of the species, hard—soft
character of the metal ion, stability, inertness, and geometry of the complex, just to men-
tion a few. In this regard, a more comprehensive study of Ru-sugar conjugate-based com-
plexes, in which (A) the role of the metal chelating part of the ligand, (B) the basicity and
binding strength of the coordinating donor atoms, and (C) the effect of the lipophilic/hy-
drophilic character of the complex, tuned by the presence/absence of various protecting
groups at the sugar moiety, were explored, may provide a more detailed outlook of the
structure—activity relationship (SAR) of these types of complexes.

As mentioned earlier, a rationale for the design and application of ruthenium com-
plexes is to replace platinum compounds by ruthenium complexes in clinical settings. To
the best of our knowledge, no real C- and N-glycopyranosyl heterocyclic ligands as po-
tential bidentate chelators have so far been used to obtain Ru(Il) arene/arenyl complexes.
In an ongoing project focused on these types of sugar derivatives capable of forming either
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five- or six-membered chelates with Ru(lI), herein we report on the synthesis and compre-
hensive characterization of a set of C- and N-glycopyranosyl azoles and their half-sand-
wich Ru-complexes (Figure 1, XIV). Since platinum complexes are widely used in the
treatment of hematological and gynecological malignancies, the anticancer potential of
the above ligands and their complexes were studied in comparison with Pt-complexes I-
III against various human ovarian cancer cell lines.

2. Results
2.1. Chemistry

For the formation of the planned Ru(Il) complexes, the sugar-based heterocyclic N,N-
chelating ligands were prepared first.

The synthesis of 1-(3-pD-glucopyranosyl)-4-hetaryl-1,2,3-triazoles was accomplished
by the well-known copper(I)-catalyzed azide-alkyne cycloaddition [26,27] (CuAAc).
Thus, the easily available 2,3,4,6-tetra-O-acetyl-p3-D-glucopyranosyl azide [28,29] (1) was
treated with ethynyl heterocycles a and b in the presence of bis-triphenylphosphano-cop-
per(I)-butyrate [30,31] to give the expected O-peracetylated 1-(3-p-glucopyranosyl)-4-
(pyridin-2-yl)- and -4-(quinolin-2-yl)-1,2,3-triazoles (L-1a,b) in high yields (Table 1). Re-
moval of the O-acetyl protecting groups of L-1a,b was effected by the Zemplén method,
resulting in the unprotected derivatives L-3a,b in good yields. O-Perbenzoylation of com-
pound L-3a was then also carried out to give the 1-(2',3',4',6'-tetra-O-benzoyl-f3-p-gluco-
pyranosyl)-4-(pyridin-2-yl)-1,2,3-triazole (L-2a) in excellent yield.

Table 1. Synthesis of 1-(3-D-glucopyranosyl)-4-hetaryl-1,2,3-triazoles.

OAc P OPG N=N OH nN=N
ACO&N Het—C=C-H . PGO&I\’J\/)\H@‘ NaOMe HO/&&/,\’I\/)\H&
AcO 3 PGO HO

C3H,CO0CuU(PPhs), MeOH, rt

OAc OPG OH
1 CH,Cly 1t L1 PG = Ac L-3
(o}
L2 PG = By - BZCL Py, 60°C |
Het Yields (%)
L1 L-2 L-3
X
| a 95 87 76
N
AN
- b 85 . 85

The preparation of the sugar-based 5-(pyridin-2-yl)-1,3,4-oxadiazoles was carried out
via the ring transformation of the corresponding 5-substituted tetrazoles following our
previously reported procedure [32]. Thus, tetrazoles 2-5 were reacted with 2-picolinic acid
in the presence of DCC under heating to furnish the desired 1,3,4-oxadiazoles L-4, L-6, L-
7, and L-9 in moderate yields (Scheme 1). The O-deprotected derivatives L-10-L-12 were
then obtained upon treatment of L-4, L-6, and L-7, respectively, with sodium methoxide
in methanol. Under these conditions, the open-chain sugar derivative L-9 did not furnish
the expected O-deacetylated derivative. This might be due to the ring opening of the
oxadiazole, as it was demonstrated for 2-(p-arabino-1,2,3,4-tetraacetoxybutyl)-5-methyl-
1,3,4-oxadiazole [33]. Acetylation of L-10 and benzoylation of L-12 by using standard
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methods afforded the expected O-peracetylated 2-glucosyl-1,3,4-oxadiazole L-5 and the
O-perbenzoylated 2-galactosyl-1,3,4-oxadiazole L-8, respectively, in high yields.

L
—NH — N

N -N
) N~ “COOH ;N\ N .
ay N g, O)\Q Yield (%)
, loluene, retiux / L-4 35
2-5
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Scheme 1. Synthesis of the monosaccharide-based 5-(pyridin-2-yl)-1,3,4-oxadiazoles.

To get the desired cationic half-sandwich Ru(Il) complexes, the above heterocyclic
monosaccharide derivatives were reacted with the commercially available dichloro(ne-p-
cymene)ruthenium(Il) dimer ([(n5-p-cym)RuClz]2, Ru-dimer).

The complexation reactions of the Ru-dimer with an equimolar amount or a slight
excess of the O-peracylated (L-1 and L-2) and the O-unprotected (L-3) 1-(3-D-glucopyra-
nosyl)-4-hetaryl-1,2,3-triazoles in the presence of the halide abstraction reagent TIPF¢ in a
CH:Cl>-MeOH solvent mixture were smoothly accomplished at room temperature to give
the PFe salts of the expected [(15-p-cym)Ru"(N-N)Cl]* complexes Ru-1-Ru-3 in excellent
yields (Scheme 2). The complexes containing the O-peracylated glucosyl-1,2,3-triazole lig-
ands (Ru-1a,b and Ru-2a) were stable and inert enough to be purified by column chroma-
tography on silica gel, while the isolation of the highly polar complexes having the O-
deprotected heterocyclic chelators (Ru-3a,b) could be effected by crystallization. Due to
the formation of a new stereogenic center on the metal ion and the chiral nature of the
glucose unit, diastereomers of the complexes were formed in each case, whose separation
could be achieved neither by column chromatography nor by crystallization.
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Scheme 2. Synthesis of [(1°-p-cym)Ru"(N-N)CI]PFs complexes containing 1-(B-D-glucopyranosyl)-4-hetaryl-1,2,3-triazole
ligands.

Complexation of the Ru-dimer with the monosaccharide-based 5-(pyridin-2-yl)-
1,3,4-oxadiazoles (L-4-L-12) was also performed by applying the same procedure, result-
ing in diastereomeric mixtures of the corresponding [(nf-p-cym)Ru(N-N)Cl]PFs half-
sandwich type complex molecules (Table 2). Column chromatographic purification for
compounds Ru-4-Ru-9 and recrystallization for Ru-10-Ru-12 furnished the test mole-
cules in moderate to high yields.
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Table 2. Synthesis of [(n®-p-cym)Ru''(N-N)CI]PFs complexes containing the monosaccharide-based
5-(pyridin-2-yl)-1,3,4-oxadiazoles.

®a
Cl—RU Gly/4 )\Q T,
12 o

N TR L4-L- NN
cl g I\ N
TIPFg, dry CH,Cly,dry MeOH, rt G'Y/ko =
\
Ru-dimer Ru-4-Ru-12

Yield (%) (Diastereomeric Ratio)
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OBz AcO _oAc OH
76 74 87
e (1) AOA—T=S 1) o (1:1)
OAc BzO _op2
74 81  HO 0 42
Acoﬁ}{ Ru-5 %&}{ Ru-8 Ru-11
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HO
OAc OH
BzO 0 85 AcO 94 &}{
Ru-6 c Ru-9 Q Ru-12
Bz%i{ . 32)  AcO . (1:1)  HO “ (1:1)
AcO OH

The formation of the complexes and the existence of the diastereomeric pairs were
confirmed by 'H- and *C-NMR spectroscopy in each case. As a representative, the super-
position of the 'H- and *C-NMR spectra of Ru-7, the free ligand L-7, and the Ru-dimer,
respectively, are presented in Figure 2. Generally, the conversion of Ru-dimer into the
corresponding [(nf-p-cym)Ru'(N-N)CI]PFs complexes (Ru-1-Ru-12) led to remarkable
downfield shifts of the aromatic p-cymene signals in both the 'H- and the 3*C-NMR spec-
tra. No significant changes in the chemical shifts of the proton and carbon resonances of
the sugar moiety were observed, except for those which were close to the coordination
sphere. Thus, H-1' protons of the sugar-based heterocyclic ligands usually displayed no-
ticeable downfield shifts up to 0.05-0.27 ppm upon coordination. On the other hand, e.g.,
in the case of the O-acyl protected glycosyl-1,3,4-oxadiazole derivatives L-4-L-8 the coor-
dination resulted in either a downfield or an upfield shift of the H-2' resonances depend-
ing on the diastereomers formed. The formation of the 5-membered chelates with the par-
ticipation of heterocyclic aglycone parts was also shown by the change in the chemical
shift of several heteroaromatic signals. For example, in case of the 2-pyridyl substituted
derivatives, well-traceable and consistent changes were observed in the appearance of the
proton and carbon signals of the pyridine ring. For example, the H-6 and C-6 signals of
the pyridine ring showed downfield shifts up to 0.48-0.83 ppm ("H-NMR) and 5.7-7.8
ppm (BC-NMR), respectively, as a result of the coordination. A more detailed collection
of these data can be found in Tables 51-58 in the Supplementary Materials.
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Figure 2. Superposition of the 'TH-NMR (A) and ®C-NMR (B) spectra of Ru-7 (black), ligand L-7 (green), and Ru-dimer

(blue) in CDCls.
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The aqueous stability of the complexes was also studied over time. As an example,
the time dependence of the NMR spectra of Ru-3a is shown in Figure S1. The small shifts
of signals attributable to the structural change of the complex can be observed; however,
by adding KClI to the 2 day old equilibrated sample, the original signals could be recov-
ered. This unambiguously proves that only the exchange of the coordinating chloride ion
by a water molecule occurred in a reversible manner without affecting the dissociation of
the five-membered N,Nchelate.

For comparative biological studies, two additional Ru(Il) complexes containing non-
sugar based ligands (Scheme 3, Ru-13 and Ru-14) were also synthesized, starting from the
Ru-dimer with 1-phenyl-4-(pyridine-2-yl)-1,2,3-triazole [34] (L-13) and 2-phenyl-5-(pyri-
dine-2-yl)-1,3,4-oxadiazole [35,36] (L-14), respectively.

©)
S

CI~gri
s
I'\I;N N— T|PF6, dry CH2C|2, N:N N—
dry MeOH, rt !
y Va W ~ A=)
L-13 Ru-13 (88 %)
Cl—Ru ®
Cla\ g
~ PFY
C:Ru
N—N Ru-dimer N—N °

TIPFg, dry CH,Cly,

dry MeOH, rt Ru-14 (84 %)

Scheme 3. Synthesis of [(n®-p-cym)Ru(N-N)CI]PFs complexes containing non-sugar-based azole
ligands

2.2. Identification of Ruthenium Compounds with Antineoplastic Properties

We screened 14 ligands and their ruthenium complexes, bringing up the number of
compounds to 28 in a concentration range of 100-0.0017 uM. The compounds were tested
in an assay aiming to assess short-term toxicity (methylthiazolyldiphenyl-tetrazolium
bromide (MTT) reduction assay, 4 h) and long-term cytostasis or cytotoxicity (sulforhoda-
mine B (SRB) proliferation assay, 48 h) on A2780 human ovarian carcinoma cells. We
found four complexes, Ru-2a, Ru-4, Ru-6, and Ru-8, possessing cytostatic properties in
both long-term SRB and short-term MTT assays (Figure 3A,B). The uncomplexed ligands
L-2a, L-4, L-6, and L-8 had no biological activity (Figure 3A,B).
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Figure 3. Screening of ruthenium complexes for cytostatic properties. (A,B) A total of 1 x 10* (on panel A, MTT assays) or
3 x 10° (on panel B, SRB assays) A2780 cells were plated on 96-well plates. (A) Cells were treated with the compounds
indicated for 4 h, and then the MTT assay was performed. (B) Cells were treated with the compounds indicated for 48 h,
and then the SRB assay was performed. Those molecules that were used in the subsequent studies are highlighted in color.
All assays were performed in duplicate; all data represent three biological replicates. Values were normalized to vehicle-
treated cells, where the absorbance of vehicle-treated cells was equal to 1.

2.3. Ruthenium Compounds Have Similar Inhibitory Characteristics to Platinum Compounds

Next, we assessed the four active complexes, Ru-2a, Ru-4, Ru-6, and Ru-8, and the
corresponding ligands, L-2a, L-4, L-6, and L-8, in detail. All compounds were tested on
two ovarian cancer cell lines (A2780 and ID8) and on human primary skin fibroblasts
(non-transformed, primary cells) in MTT and SRB assays. MTT assays were performed 4
h post treatment and indicated rapid toxicity of the compounds, while SRB assays were
performed 2 days post treatment and represented long-term cytostasis or toxicity.

None of the free ligands exerted rapid toxicity on any of the cell lines in short-term
MTT assays (Figure 4). Nevertheless, the application of Ru-2a and Ru-8 above 10 pM con-
centration reduced the MTT signal in A2780 and ID8 cells. Ru-6 reduced the MTT signal
in ID8 cells at 100 uM, and a similar trend was observed on A2780 cells. Although it was
not statistically significant, Ru-4 led to a similar reduction in MTT signal at 100 uM in
A2780 and ID8 cells. Complexes Ru-2a, Ru-4, Ru-6, and Ru-8 had no effect on primary
fibroblasts in MTT assays.

Ruthenium complexes Ru-2a, Ru-4, Ru-6, and Ru-8 were cytostatic, while none of
the corresponding ligands (L-2a, L-4, L-6, and L-8) had cytostatic properties in long-term
SRB assays on A2780 and IDS cells (Figure 5). On primary human fibroblasts, the ligands,
L-2a, L-4, L-6, and L-8, as well as two complexes, Ru-4 and Ru-8, had no effect. In contrast,
Ru-2a and Ru-6 reduced the SRB signal at 100 uM on fibroblasts.

Cytostasis in the long term can be due to enhanced cell death. To exclude that possi-
bility, we performed annexin V-propidium iodide (PI) double staining. Treating A2780
cells with Ru-2a, Ru-4, Ru-6, and Ru-8 did not largely increase the proportions of PI-pos-
itive, annexin V-positive, and double-positive cells in contrast to hydrogen peroxide that
was used as a positive control whether at 2 h, 4 h, or 48 h post treatment (Figure 6). The 4
h and 48 h timepoints were chosen to be the same as those used in the previous assays.
The 2 h timepoint was found in our previous study to be optimal for the induction of
apoptosis, marked by phosphatidylserine exposure [37-39].
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Figure 4. Assessment of the bioactive ruthenium complexes for acute toxicity. A total of 1 x 10* A2780 cells, 8 x 103 ID8
cells, and 6 x 10° primary fibroblasts were plated on 96-well plates. Cells were treated with the compounds in the concen-
trations indicated for 4 h, and then the MTT assay was performed. Data are represented as the average + SEM from three
biological replicates; individual assays were performed in duplicate. Normality was tested; the Ru-4/L4 fibroblast dataset
had a normal distribution, Ru-4/L4 ID8 dataset normality was achieved by logarithmic transformation, and the Ru-4/L-4
A2780, Ru-6/L-6 A2780, Ru-8/L-8 A2780, Ru-2a/L-2a A2780, Ru-6/L-6 ID8, Ru-8/L-8 ID8, Ru-2a/L-2a ID8, Ru-4/L-4 fibro-
blast, Ru-8/L-8 fibroblast, and Ru-2a/L-2a fibroblast datasets were normalized using the Box-Cox normalization method.
Statistical significance was determined using a two-way ANOVA test, and all measurement points were compared with
each other; *, **, and *** indicate statistically significant differences between vehicle-treated (control) and free ligand/ru-
thenium complex-treated cells at p < 0.05, p <0.01, and p < 0.001, respectively; #, #, and ## indicate statistically significant
differences between free ligand-treated and ruthenium complex-treated cells at p <0.05, p <0.01, and p <0.001, respectively.
Values were normalized to vehicle-treated cells, where the absorbance of vehicle-treated cells was equal to 1.
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Figure 5. Assessment of the bioactive ruthenium complexes for cytostatic activity. A total of 3 x 103 A2780 cells, 2 x 103 ID8
cells, and 4 x 10° primary fibroblasts were plated on 96-well plates. Cells were treated with the compounds in the concen-
trations indicated for 48 h, and then the SRB assay was performed. Data are represented as the average + SEM from three
biological replicates; individual assays were performed in duplicate. Normality was tested; the Ru-4/L-4 A2780, Ru-6/L-6
A2780, Ru-8/L-8 A2780, Ru-4/L-4 ID8, Ru-6/L-6 ID8, Ru-8/L-8 ID8, and Ru-2a/L-2a ID8 datasets had a normal distribution,
Ru-2a/L-2a A2780 and Ru-6/L-6 fibroblast dataset normality was achieved by logarithmic transformation, and the Ru-4/L-
4 fibroblast, Ru-8/L-8 fibroblast, and Ru-2a/L-2a fibroblast datasets were normalized using the Box-Cox normalization
method. Statistical significance was determined using a two-way ANOVA test, and all measurement points were com-
pared with each other; * and *** indicate statistically significant differences between vehicle-treated (control) and free
ligand/ruthenium complex-treated cells at p < 0.05, p <0.01, and p < 0.001, respectively; * and #* indicate statistically signif-
icant differences between free ligand-treated and ruthenium complex-treated cells at p < 0.05, p < 0.01, and p < 0.001, re-
spectively. Nonlinear regression was performed on the data. Values were normalized to vehicle treated cells, where the
absorbance of vehicle-treated cells was equal to 1.
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Figure 6. Ruthenium complexes do not induce cell death. A total of 1 x 10° A2780 cells were plated on six-well plates and
were treated with ruthenium complexes (Ru-2a at 1.3 pM, Ru-4 at 6.2 uM, Ru-6 at 8.5 uM, and Ru-8 at 3.7 pM) and 300
uM hydrogen peroxide for 48 h. Cells were then stained with Annexin V and propidium iodide (PI), and cells were sub-
jected to flow cytometry as described in Section 5. The percentages of cells in the quadrants are plotted. Data are presented
as the average + SEM from three biological replicates; individual assays were performed in duplicate. Normality was
tested; on all datasets, Box-Cox normalization was performed to achieve a normal distribution. Statistical significance was
determined using a two-way ANOVA test, and all measurement points were compared with each other; ** and *** indicate
statistically significant differences between vehicle-treated (control) and treated cells (ruthenium complexes or 300 pM

H202) corresponding to the same quadrant (e.g., vehicle-treated double-negative cells vs. Ru-2a-treated double-negative
cells) at p <0.01 and p <0.001, respectively.

Since ruthenium complexes are regarded as alternatives to platinum-centered drugs
[6], we used the currently therapeutically available platinum-based drugs cisplatin (I),
oxaliplatin (II), and carboplatin (III) as reference compounds and tested them on A2780
and IDS8 cells, as well as on primary human fibroblasts. Platinum drugs had no effect in
MTT assays (Figure 7A), while they were cytostatic on A2780 and ID8 cells in SRB assays
(Figure 7B). Carboplatin and oxaliplatin had no effect on primary human fibroblasts in
SRB assays, while cisplatin was cytostatic above 10 uM (Figure 7).
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Figure 7. Determination of the cytotoxic and cytostatic activity of platinum compounds. (A) A total of 1 x 10* A2780 cells,
8 x 103 ID8 cells, and 6 x 10° primary fibroblasts were plated on 96-well plates. Cells were treated with the compounds in
the concentrations indicated for 4 h, and then the MTT assay was performed. (B) A total of 3 x 10> A2780 cells, 2 x 10° ID8
cells, and 4 x 10° primary fibroblasts were plated on 96-well plates. Cells were treated with the compounds in the concen-
trations indicated for 48 h, and then the SRB assay was performed. Nonlinear regression was performed on the data.
Values were normalized to vehicle-treated cells, where the absorbance of vehicle-treated cells was equal to 1.

To compare the inhibitory properties of Ru-2a, Ru-4, Ru-6, and Ru-8, we performed
a nonlinear regression of the long-term cytostatic curves (SRB curves) (Figures 5 and 7B,
Table 3). The ICso values of Ru-2a, Ru-4, Ru-6, and Ru-8 fell between 0.9 and 9 uM, and
the A2780 cells were more sensitive to ruthenium complexes as compared to ID8 cells
(Table 3). Ru-2a had the lowest ICs value in A2780 and IDS8 cells (0.9 and 1.5 uM, respec-
tively). The ICso values of the ruthenium complexes (0.9-9 uM) were comparable to or

lower than those of the platinum compounds (0.1-28 pM) (Table 3).

In addition to the ICso value, regression analysis yielded the Hill slope. The Hill slope
is a readout, characterized by the slope of the curve, that provides information on the
binding characteristics of a compound [40]. The Hill slope of platinum compounds on
A2780 and IDS8 cells was in the range of 0.6-1.6. In stark contrast to that, the Hill slope of
the ruthenium complexes was in the range of 1.5-3.7 (Table 3). A higher Hill slope sug-
gests higher cooperativity upon the binding of the ruthenium complexes to target biomol-

ecules than in the case of platinum compounds.
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Table 3. The lipophilicity parameters (logD) and kinetic properties of the biologically active ruthenium complexes identi-
fied in the study and the reference platinum compounds (ICso (LM)).

A2780 ID8 Fibroblast U251 MCEF7 Capan2
Compound logD ICso Hill ICso Hill ICso Hill ICso Hill ICso Hill ICso Hill
Slope Slope Slope Slope Slope Slope
Ru-2a 2.85 0.9 195 153 250 N/A 078 28 175 129 185 218 243
Ru-4 241  6.19 262 566 304 N/A NA 417 246 374 201 327 181
Ru-6 204 854 374 676 359 2463 352 661 213 6.69 213 497 1.66
Ru-8 244 427 350 794 331 N/A N/A 449 250 375 206 382 1.66
Ru-13 044 1197 157
Ru-14 1.63 5135 0.77
Cisplatin 1.21 120 1081 099 1190 153
Carboplatin 27.98 1.02 N/A 0.62 N/A N/A
Oxaliplatin 0.12 127 459 158 083 037

N/A —could not be calculated/had no effect.

2.4. The Biological Activity of Ruthenium Complexes Is Dependent on Reactive Oxygen Species
Production

Currently available ruthenium complexes with antineoplastic activity have diverse
modes of action involving (mitochondrial) reactive oxygen species production [9,15,41,42]
and the induction of DNA damage [43,44]. We detected an increase in the expression of
an oxidative stress marker, 4-hydroxy-nonenal (4HNE), at the level of the whole lane, as
well as when a specific band was assessed, in A2780 cells treated with the active ruthe-
nium complexes Ru-2a, Ru-4, Ru-6, and Ru-8 corresponding to the ICso values (Figure 8).

We assessed whether oxidative stress had a role in the cytostatic effects exerted by
Ru-2a, Ru-4, Ru-6, and Ru-8. To that end, we tried to revert the cytostatic effects of ruthe-
nium complexes using strong reductants such as reduced glutathione (GSH) and N-acetyl-
cysteine (NAC). Furthermore, we also tested MitoTEMPO, a mitochondrially targeted an-
tioxidant that can efficiently detoxify mitochondria-derived reactive oxygen species
[45,46]. GSH and NAC cotreatment attenuated the cytostatic effects induced by Ru-2a,
Ru-4, Ru-6, and Ru-8 (Figure 9A) pointing to the causative role of reactive oxygen species
production in cytostasis. Nevertheless, MitoTEMPO did not modulate the effects of Ru-
2a, Ru-4, Ru-6, and Ru-8 (Figure 9A) suggesting that mitochondria are not the source of
the reactive oxygen species.

As thiols are soft Lewis bases and ruthenium is a soft Lewis acid, excess amounts of
GSH or NAC can lead to the disassembly of ruthenium complexes. To provide evidence
against this scenario, we applied another antioxidant, vitamin E, that does not have thiol
groups. The application of vitamin E, similar to GSH and NAC, attenuated the cytostatic
effects of the bioactive ruthenium complexes (Figure 9B), providing further evidence on
the involvement of reactive oxygen species. Interestingly, treatment of the cells with
Trolox, a derivative of vitamin E lacking the apolar phytyl chain, did not provide protec-
tion against ruthenium compounds (Figure 9C).
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Figure 8. Ruthenium complexes induce reactive oxygen species production. A total of 1 x 10° A2780 cells were plated on
six-well plates. Cells were treated with Ru-2a at 1.3 uM, Ru-4 at 6.2 uM, Ru-6 at 8.5 uM, and Ru-8 at 3.7 uM for 48 h. Then,
the cells were harvested, and the protein lysate was prepared. Subsequently, 20 ug protein was separated by SDS-PAGE
on an 8% gel, followed by Western blotting, and the blot was stained with 4HNE and actin antibodies. Densitometry
values were normalized to the control. Data are represented as the average + SEM from three biological replicates. Since
there was no variance in the control group, we did not perform statistical analysis. Values were normalized to vehicle-
treated cells, where the absorbance of vehicle-treated cells was equal to 1.
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Figure 9. Reduced thiols and vitamin E can block the cytostatic effects of ruthenium complexes. (A) A total of 3 x 10° A2780
cells were plated on 96-well plates. Cells were treated with the reduced thiol compounds in the concentrations indicated
for 48 h, and then the SRB assay was performed. Data are presented as the average + SEM from three biological replicates.
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The individual SRB assays were performed in duplicate. Normality was tested; the Ru-4 dataset had a normal distribution,
whereas Ru-2a, Ru-6, and Ru-8 dataset normality was achieved by logarithmic transformation. Statistical significance was
determined using a two-way ANOVA test, and all measurement points were compared with each other. (B) A total of 3 x
103 A2780 cells were plated on 96-well plates. Cells were treated with the compounds in the concentrations indicated for
48 h, and then the SRB assay was performed. Data are presented as the average + SEM from three biological replicates.
The individual SRB assays were performed in duplicate. Normality was tested; the Ru-4 and Ru-8 datasets had a normal
distribution, whereas Ru-2a and Ru-6 dataset normality was achieved by logarithmic transformation. (C) A total of 3 x 103
A2780 cells were plated on 96-well plates. Cells were treated with Trolox in the concentration indicated for 48 h, and then
the SRB assay was performed. Data are presented as the average + SEM from three biological replicates. The individual
SRB assays were performed in duplicate. Normality was tested; the Ru-2a, Ru-6, and Ru-8 datasets had a normal distri-
bution, whereas Ru-4 dataset normality was achieved by logarithmic transformation. Statistical significance was deter-
mined using a two-way ANOVA test, and all measurement points were compared with each other; ¥, **, and *** indicate
statistically significant differences between vehicle-treated (control) and antioxidant (GSH, NAC, vitamin E, or Trolox)-
treated cells at p <0.05, p <0.01, and p < 0.001, respectively; #, #, and #** indicate statistically significant differences between
vehicle-treated (control) and ruthenium-treated cells at p < 0.05, p < 0.01, and p < 0.001, respectively. Values were normal-
ized to vehicle-treated cells, where the absorbance of vehicle-treated cells was equal to 1.

Reactive oxygen species production leads to DNA damage and poly(ADP-ribose)
polymerase (PARP) activation [47,48]. Certain ruthenium complexes were shown to po-
tentiate the effects of PARP inhibitors [41,42,49,50]. We assessed whether Ru-2a, Ru-4, Ru-
6, and Ru-8 have similar properties by treating cells with 3 uM rucaparib, a clinically
available potent PARP inhibitor. Rucaparib reduced cell proliferation in agreement with
previous publications (e.g., [51]) (Figure 10). When we performed nonlinear regression
analysis to assess the ICso values, we found that rucaparib potentiated the effects of all
ruthenium complexes marked by a decrease in the ICs0 values in combination treatment
(Figure 10). Nevertheless, it is of note that the potentiation was not as marked as the effects
of antioxidants; hence, PARP-mediated effects probably have minor importance.
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Figure 10. Rucaparib potentiates the cytostatic effects of ruthenium complexes. A total of 3 x 10° A2780 cells were plated
on 96-well plates. Cells were treated with rucaparib at 3 uM concentration for 48 h, and then the SRB assay was performed.
Data are represented as the average + SEM from four biological replicates. Nonlinear regression was performed to obtain
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the ICso values. Values were normalized to vehicle-treated cells, where the absorbance of vehicle-treated cells was equal

to 1.
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2.5. Bioactive Ruthenium Complexes Can Cause Cytostasis in Breast Carcinoma, Pancreatic
Adenocarcinoma, and Glioblastoma Cell Lines

Prior studies [22,23,52,53] have suggested that sugar-based ruthenium complexes
may be active on other cell lines and, therefore, potentially in other neoplastic diseases.
We assessed breast cancer (modelled by MCF7 cells) as prior data [22] suggested the po-
tential effectiveness of ruthenium complexes. Pancreatic adenocarcinoma (modelled by
Capan?2 cells) and glioblastoma (modelled by U251 cells), similar to ovarian cancer, are
usually malign diseases where treatment options are limited [54-56]. All complexes ex-
erted cytostatic effects on all cell lines in proliferation assays (SRB) (Figure 11). The ICso
values of the ruthenium complexes on U251, MCF7, and Capan2 were higher than on
A2780 or ID8 cells (Table 3).
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Figure 11. Assessment of the bioactive ruthenium complexes on models for glioblastoma, breast cancer, and pancreatic
adenocarcinoma for cytostatic activity. A total of 2 x 10° U251 cells (glioblastoma model), 3 x 10° MCF7 cells (breast cancer),
and 2 x 10° Capan2 (pancreatic adenocarcinoma) were plated on 96-well plates. Cells were treated with the compounds in
the concentrations indicated for 48 h, and then the SRB assay was performed. Data are presented as the average + SEM
from three biological replicates; individual assays were performed in duplicate. Normality was tested; the Ru-4/L-4 U251,
Ru-8/L8 U251, Ru-2a/L-2a U251, Ru-4/L-4 MCF7, Ru-8/L8 MCF7, Ru-4/L-4 Capan2, Ru-8/L8 Capan2, and Ru-2a/L-2a Ca-
pan2 datasets had a normal distribution, Ru-6/L-6 U251, Ru-2a/L-2a MCF7, and Ru-6/L-6 Capan2 dataset normality was
achieved by logarithmic transformation, and the Ru-6/L-6 MCF7 dataset was normalized using the Box-Cox normalization
method. Statistical significance was determined using a two-way ANOVA test, and all measurement points were com-
pared with each other; ¥, **, and *** indicate statistically significant differences between vehicle-treated (control) and free
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ligand/ruthenium complex-treated cells at p < 0.05, p < 0.01, and p < 0.001, respectively; #, #, and ## indicate statistically
significant differences between free ligand-treated and ruthenium complex-treated cells at p < 0.05, p <0.01, and p < 0.001,
respectively. Nonlinear regression was performed on the data. Values were normalized to vehicle-treated cells, where the
absorbance of vehicle-treated cells was equal to 1.

2.6. The Carbohydrate Moiety Is Important for the Bioactivity of the Ruthenium Complexes

To assess the role of the monosaccharide moiety in the bioactive compounds, we syn-
thesized and assessed two molecules where the monosaccharide unit was substituted
with a phenyl group (Ru-13/L-13 and Ru-14/L-14). Neither of the free ligands, L-13 or L-
14, had cytostatic activity on A2780 cells in SRB assays (Figure 12). The triazole-containing
Ru-13 was cytostatic on A2780 cells with an ICso value of ~12 uM, which was higher by
one order of magnitude than the ICso value of the sugar-containing molecule Ru-2a (Fig-
ure 12, Table 3). Furthermore, the Hill coefficient of Ru-13 was 1.5, suggesting no or little
cooperativity. The oxadiazole-containing Ru-14 had no cytostatic activity (Figure 12).
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Figure 12. Assessment of non-sugar ruthenium complexes on A2780 cells for cytostatic activity. A total of 3 x 103 A2780
cells were plated on 96-well plates. Cells were treated with the compounds in the concentrations indicated for 48 h, and
then the SRB assay was performed. Data are represented as the average + SEM, from three biological replicates; individual
assays were performed in duplicate. Normality was tested; both datasets were normalized using the Box-Cox normaliza-
tion method. Statistical significance was determined using a two-way ANOVA test, and all measurement points were
compared with each other; *** indicates statistically significant differences between vehicle-treated (control) and free lig-
and/ruthenium complex-treated cells at p < 0.001. Nonlinear regression was performed on the data. Values were normal-
ized to vehicle-treated cells, where the absorbance of vehicle-treated cells was equal to 1.
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3. Discussion

In this study, we screened a set of carbohydrate-based half-sandwich type organo-
ruthenium complexes. Four compounds were identified to display long-term cytostatic
effects but little rapid toxicity on two different ovarian cancer cell lines. These compounds
were not toxic toward primary human fibroblasts. The practical absence of toxicity on
non-transformed fibroblasts aligns well with the low toxicity of other ruthenium com-
plexes [9-12]. The activity of the compounds was dependent on the presence of ruthe-
nium(II), as the ligands had no biological activity. The ICso values of the active compounds
were comparable or superior to the currently applied platinum compounds (cisplatin, ox-
aliplatin, and carboplatin) and other sugar-containing ruthenium complexes [22,23,52,53].
The identified Ru(Il) compounds were active upon long-term application in SRB assays,
similar to platinum compounds.

We assessed the relationship between the biological activity and the structure of the
active molecules. We compared all complexes to Ru-4 that had considerable cytostatic
potential in SRB assays on ovarian cancer cells but no activity on primary fibroblasts (Fig-
ure 13). An important structural feature that plays a key role in the biological activity of
the molecules is the presence and size of the protecting groups on the hydroxyl groups of
the carbohydrate moieties. All bioactive molecules (Ru-2a, Ru-4, Ru-6, and Ru-8) have O-
benzoyl groups (Figure 13). Changing the O-benzoyl groups to smaller O-acetyl groups
(Ru-4 vs. Ru-5) or complete deprotection (Ru-4 vs. Ru-10) abrogated the inhibitory activ-
ity. These findings are similar to the observations of Hamala and colleagues [22], who
showed that the inhibitory activity of carbohydrate-based ruthenium complexes (Figure
1, X) was enhanced when the hydroxyl groups of the sugar units were protected by esters.
Furthermore, increasing the length of the acyl chain improved the inhibitory efficacy (ac-
etyl < propionyl < butyryl). In good agreement with that, the replacement of the protected
monosaccharide in the molecule with a single phenyl group lowered the cytostatic capac-
ity of the ruthenium complex (Ru-13) or fully abrogated it (Ru-14). This finding also cor-
roborates the inevitable role of the sugar moiety in determining the biological activity.
Apparently, increasing the lipophilic character of the compounds improves the cytostatic
properties of sugar-based ruthenium complexes. This is underlined by the logD values in
Tables 4 and S9 showing a significant difference in lipophilicity in favor of the benzoylated
derivatives. Hanif and colleagues [52] also had similar findings with RAPTA analogs as a
function of the size of the arene cap and the acetal protecting group. It is tempting to
speculate that these large, apolar protective groups could facilitate the membrane perme-
ability of these compounds. In good agreement with that, Trolox, a derivative of vitamin
E that lacks the long apolar phytyl chain, was ineffective in protecting cells against cyto-
stasis induced by ruthenium compounds. This finding suggests oxidative stress in apolar,
lipid-containing compartments.

Table 4. The list of antibodies used in the current study.

Antibody Company Catalog Number Dilution
4-Hydroxynonenal (4HNE) Abcam ab46545 1:1000
Anti-mouse IgG, HRP-linked Sigma-Aldrich A9044 1:2000
Anti-rabbit IgG, HRP-linked Cell Signaling Technology 7074 1:2000

Anti-B-actin—Peroxidase Sigma-Aldrich A3854 1:20,000
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Figure 13. Structure—function relationship assessment of the active compounds

Furthermore, we found two other structural features that impacted bioactivity: (A)
modification of the carbohydrate moiety from glucose to xylose by a formal removal of
the hydroxymethyl group at position 5 (Ru-6) or changing the configuration of the C-4
center (glucose to galactose as in Ru-8), and (B) replacement of the 1,3,4-oxadiazole ring
by 1,2,3-triazole (Ru-2a). These changes increased the rapid toxicity of the molecules or
rendered the molecules toxic on primary cells (Figure 13). In addition, a triazole ring in
the molecule ensured better cytostatic properties than an oxadiazole ring (Ru-13 vs. Ru-
14 and Ru-2a vs. Ru-4).

It was a surprising observation that the binding of the active compounds showed a
high level of cooperativity, as suggested by the value of the Hill slope, being 2-3 for Ru-
2a, Ru-4, Ru-6, and Ru-8. This suggests that the binding of a ruthenium complex facilitates
the binding of the subsequent molecules. The Hill slope was also determined for the ref-
erence platinum-based drugs; however, these molecules did not show signs of cooperative
binding as the Hill slope was ~1. Apparently, the binding and, probably, the mode of ac-
tion of the ruthenium complexes identified in this study differ from those of the reference
platinum compounds. In the study of Hanif et al. [52] assessing RAPTA analogs (general
formula VIII in Figure 1), one compound was identified with a steep inhibitory curve,
suggesting cooperative binding. This observation implicates that cooperative binding is
not characteristic for all sugar-containing ruthenium complexes.

Our primary aim was to assess the applicability of ruthenium complexes in ovarian
cancer, as these compounds were intended to be used as substitutes to platinum com-
plexes [6]. Nevertheless, we provided evidence that the ruthenium complexes are also
active in cell models of glioblastoma, breast cancer, and pancreatic adenocarcinoma, alt-
hough the complexes showed preference toward ovarian cancer cells. Other sugar-con-
taining ruthenium complexes were also active in ovarian cancer cell lines (A2780 [22,53],
SK-OV-3 [22], CH1 [52,53]) further underlying the applicability of such compounds in
ovarian cancer. Nevertheless, Ru—sugar complexes showed a cytostatic response in MDA-
MD-231 breast cancer cells [22], colon cancer [52,53], non-small-cell lung cancer [52], and
cervical carcinoma (HeLa) cells [23], suggesting a wider applicability of such compounds.

Apparently, the mode of action of ruthenium complexes is pleiotropic and involves
binding to polynucleotides [44] or the production of reactive oxygen species [9,15,41,42].
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The actual mode of action or the dominant pathway to induce cytostasis differs for differ-
ent classes of ruthenium complexes [15]. Carbohydrate—ruthenium complexes were
shown to induce apoptosis that we did not detect for our compounds in concentrations
corresponding to the ICso values [22]. The active compounds identified in this study led
to oxidative stress marked by increased 4HNE expression, a marker for lipid peroxidation.
The functional role of reactive oxygen species production was confirmed by the applica-
tion of GSH and NAC, two strong reductants, that reverted the cytostatic effects of the
bioactive ruthenium complexes, as well as confirmed by using vitamin E. The source of
reactive oxygen species was other than the mitochondria. Reactive oxygen species pro-
duction was shown to be cytostatic in numerous carcinomas [9,15,41,42,57]. In addition to
oxidative stress, we showed that the effects of ruthenium complexes is potentiated by a
PARP inhibitor, rucaparib, similar to others [41,42,49,50]. Nevertheless, the level of poten-
tiation was lower than the anticytostatic effects of antioxidants, pointing to a lower im-
portance for PARP-mediated pathways.

4. Conclusion

In this work, 14 novel half-sandwich Ru(Il) complexes with real glycosyl azole type
bidentate ligands were synthesized. To this end, 4-(pyridin-2-yl)- and 4-(quinolin-2-yl)-1-
(B-D-glucopyranosyl)-1,2,3-triazoles (N-glycosyl derivatives) and 2-(3-p-glycosyl)-5-(pyr-
idin-2-yl)-1,3,4-oxadiazoles (C-glycosyl derivatives) were prepared by 1,3-dipolar cy-
cloaddition reactions. Treatment of these N,N-chelators with dichloro(ns-p-cymene)ruthe-
nium(II) dimer ([(n%-p-cym)RuCl:]2) in the presence of TIPFs yielded the expected Ru(II)-
centered complexes with the general formula [(nf-p-cym)Ru(N-N)CI]PFs as mixtures of
diastereomers.

In the biological study of the complexes in ovarian adenocarcinoma cells, antineo-
plastic properties characterized by little acute toxicity but long-term cytostasis were iden-
tified. The bioactive ruthenium complexes had micromolar ICso values on A2780 and ID8
cells, while they had little or no activity on primary, non-transformed human fibroblasts,
highlighting the low toxicity and selectivity of these compounds toward transformed can-
cer cells. The presence of the sugar moiety equipped with large hydrophobic protective
groups on the hydroxyl groups of was found to be crucial for the biological activity. The
bioactive ruthenium complexes, identified herein, showed cooperative binding to yet un-
identified cellular target(s) and induced oxidative stress that was essential for their cyto-
static activity.

5. Materials and Methods
5.1. Synthesis
5.1.1. General Methods

Optical rotations were measured on a Jasco P-2000 polarimeter (Jasco, Easton, MD,
USA) at r.t,, and the data referred to the average of three parallel measurements. NMR
spectra were recorded with DRX360 (360/90 MHz for '"H/**C) or DRX400 (400/100 MHz for
1H/13C) spectrometers (Bruker, Karlsruhe, Germany). Chemical shifts are referenced to
MesSi ("H-NMR) or to the residual solvent signals (*C-NMR). Assigments of the proton
and carbon signals of the new compounds were based on COSY and HSQC correlations.
MS spectra were obtained using a Bruker maXis II (ESI-HRMS) spectrometer. TLC analy-
sis were carried out by using DC Kieselgel 60 F2s: plates (Sigma-Aldrich, Saint Louis, MO,
USA), and the spots were visualized under UV light and by gentle heating. For column
chromatographic purification, Kieselgel 60 (Molar Chemicals, Halasztelek, Hungary, par-
ticle size 0.063-0.2 mm) silica gel was applied. Anhydrous solvents were obtained by us-
ing standard distillation procedures. Anhydrous CH>Cl2, CHCls, and toluene were pro-
duced by distillation from P4Ow and then stored over 4 A molecular sieves (CH2Cly,
CHCls) or sodium wires (toluene). MeOH was dried by distillation over Mg turnings and
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iodine. The 2-ethynylpyridine (TCI Chemicals, Zwijndrecht, The Netherlands) and the di-
chloro(ns-p-cymene)ruthenium(Il) dimer (Ru-dimer, Strem Chemicals, Newburyport,
MA, USA) were purchased from the indicated suppliers. The 2,3,4,6-tetra-O-acetyl-p-p-
glucopyranosyl-azide [28,29] (1), the 5-(2',3',4',6'-tetra-O-benzoyl-p-pD-glucopyranosyl)-te-
trazole [58,59] (2), the 5-(2',3',4"-tri-O-benzoyl-3-p-xylopyranosyl)-tetrazole [60] (3), the 5-
(2',3',4',6'"-tetra-O-acetyl-p-D-galactopyranosyl)-tetrazole [61] (4), the 2-(L-arabino-1'2",3',4'-
tetraacetoxybutyl)-tetrazole [33] (5), the 2-ethynylquinoline [62], 1-phenyl-4-(pyridine-2-
yl)-1,2,3-triazole [34] (L-13), and the 2-phenyl-5-(pyridine-2-yl)-1,3,4-oxadiazole [35,36]
(L-14) were synthesized according to procedures in the literature.

5.1.2. General Procedure I for the Preparation of 1-(2',3',4’,6'-Tetra-O-acetyl-p-D-glucopy-
ranosyl)-4-hetaryl-1,2,3-triazoles

To a solution of 1-(2,3,4,6-tetra-O-acetyl-p3-D-glucopyranosyl)-azide [28,29] (1) in
CH:ClL: (1 mL/50 mg azide), the appropriate 2-ethynylated heterocycle (1 eq.) and the
CsH7COOCu(PPhs): catalyst [30] (3 mol.%) were added. The reaction mixture was stirred
at r.t. for 1 day, and the completion of the reaction was judged by TLC (1:1 EtOAc-hex-
ane). The solvent was then removed under diminished pressure, and the residue was pu-
rified by column chromatography.

5.1.3. General Procedure Il for the Synthesis of O-Peracylated 2-glycosyl-5-(pyridin-2-yl)-
1,3,4-oxadiazoles

The corresponding O-peracylated 5-glycosyl-tetrazole (2-5) was dissolved in dry tol-
uene (1 mL/100 mg substrate), and then 2-picolinic acid (2 eq.) and DCC (2 eq.) were
added. The reaction mixture was stirred at boiling temperature until the TLC showed total
consumption of the tetrazole. The insoluble materials were filtered off and washed with
CH:Cly, and the filtrate was evaporated under reduced pressure. The crude product was
purified by column chromatography and crystallisation.

5.1.4. General Procedure III for the Zemplén Deacylation

An O-acyl protected glycosyl-azole was dissolved in a 1:1 mixture of dry MeOH and
dry CHCls (1 mL/25 mg substrate), and a few drops of a ~1 M solution of NaOMe in MeOH
was added (pH = 8-9). The reaction mixture was left at r.t. until the TLC indicated total
conversion of the starting material. The neutralization of the solution was carried out by
the addition of a cation exchange resin (Amberlyst 15, H* form). The resin was then filtered
off, and the solution was evaporated under reduced pressure. The crude product was pu-
rified by column chromatography or crystallization.

5.1.5. General Procedure IV for the Formation of the [(1°-p-cym)Ru(N-N))CI]PFs Type
Complexes Containing O-peracylated Glycosyl Azole Ligands

To a solution of ([(nf-p-cym)RuClz]z) dimer (Ru-dimer) in CH2Clz (1 mL/10 mg di-
mer), the corresponding O-peracylated glycosyl azole (2-2.3 eq.) and TIPFs (2 eq.) were
added. Under stirring, 1 mL of methanol was added to this reaction mixture in order to
accelerate the precipitation of the TICI. The initial red solution turned to yellow, indicating
the formation of the [(nf-p-cym)Ru'(N-N)CI]PFs type complex. The reaction mixture was
then stirred at r.t. for an additional hour, and the total disappearance of the Ru-dimer was
judged by TLC (9:1 CHCl-MeOH). After completion of the complexation reaction, the
precipitated TICl was filtered off, and the solution was evaporated in vacuo. The crude
complex was purified by column chromatography or crystallization.

5.1.6. General Procedure V for the Formation of the [(n®-p-cym)RuY(N-N)Cl]PFs Type
Complexes Containing Unprotected Glycosyl Azole Ligands

In a solution of ([(n®-p-cym)RuClz]2) dimer (Ru-dimer) in CH2Cl2 (1 mL/10 mg dimer),
the corresponding unprotected glycosyl azole (2 eq.) and TIPFs (2 eq.) were suspended.
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Under stirring, 1 mL of methanol was added to this reaction mixture in order to dissolve
the heterocyclic sugar derivative and accelerate the precipitation of the TICl. The initial
red solution turned to yellow, indicating the formation of the [(n®-p-cym)Ru(N-N)CI]PFs
type complex. The reaction mixture was then stirred at r.t. for an additional hour, and the
total disappearance of the Ru-dimer was judged by TLC (9:1 CHCIl-MeOH). After com-
pletion of the complexation reaction, the precipitated TICl was filtered off, and the solu-
tion was evaporated in vacuo. The crude complex was purified by crystallization.

5.1.7.1-(2',3",4',6'-Tetra-O-acetyl-p3-p-glucopyranosyl)-4-(pyridin-2-yl1)-1,2,3-triazole (L-
1a)

Prepared from azide [28,29] 1 (100 mg, 0.27 mmol) and 2-ethynylpyridine (28 puL, 0.27
mmol) according to general procedure I. Purified by column chromatography (1:1 — 2:1
EtOAc-hexane) to give 121 mg white amorphous solid (95%). R¢ = 0.18 (1:1 EtOAc-hex-
ane); [a]o = =55 (c 0.21, CHCls). '"H-NMR (360 MHz, CDCls) 6 (ppm): 8.61 (1H, d, ] = 4.8
Hz, Py-H-6), 8.42 (1H, s, Tria-H-5), 8.15 (1H, d, ] =7.8 Hz, Py-H-3), 7.78 (1H, dt, ] =7.8, 1.6
Hz, Py-H-4), 7.25 (1H, m, Py-H-5), 5.94 (1H, d, J]=8.8 Hz, H-1"), 5.51 (1H, pt, ] =9.5,9.5 Hz,
H-2"), 5.46 (1H, pt, ] =9.5, 9.5 Hz, H-3'), 5.28 (1H, pt, ] =9.5, 9.5 Hz, H-4), 432 (1H, dd, ] =
12.6, 4.8 Hz, H-6'a), 4.17 (1H, dd, ] = 12.6, 1.7 Hz, H-6'b), 4.04 (1H, ddd, ] =9.5, 4.8, 1.7 Hz,
H-5"),2.10,2.08,2.05, 1.90 (4 x 3H, 4 s, 4 x CHs); ®*C-NMR (90 MHz, CDCls) d (ppm): 170.6,
170.1, 169.4, 168.9 (4 x C=0), 149.8, 149.2 (Tria-C-4, Py-C-2), 149.7 (Py-C-6), 137.0 (Py-C-4),
123.3 (Py-C-5), 120.5 (Py-C-3), 120.7 (Tria-C-5), 86.0 (C-1'), 75.3 (C-5'), 72.8 (C-3"), 70.7 (C-
2"), 67.8 (C-4'), 61.7 (C-6"), 20.8, 20.7 (2), 20.3 (4 x CHs). The 'H and *C NMR data are in
good agreement with the reported ones [63]. ESI-HRMS positive mode (m/z): calculated
for CaitH2sN4Oo* [M + HJ* 477.1616; C21H2aNaNaOg* [M + Na]* 499.1435. Found: [M + HJ*
477.1614; [M + Na]* 499.1432.

5.1.8.1-(2',3",4',6"-Tetra-O-acetyl-p-p-glucopyranosyl)-4-(quinolin-2-yl)-1,2,3-triazole (L-
1b)

Prepared from azide [28,29] 1 (1.00 g, 2.68 mmol) and 2-ethynylquinoline [62] (0.41 g,
2.68 mmol) according to general procedure L. Purified by column chromatography (1:1
EtOAc-hexane) to yield 1.20 g white amorphous solid (85%). Re=0.23 (1:1 EtOAc-hexane);
[a]p =-90 (c 0.20, CHCls). 'H-NMR (360 MHz, CDCls) d (ppm): 8.63 (1H, s, Tria-H-5), 8.31
(1H, d, J = 8.6 Hz, Qu-H-3), 8.24 (1H, d, | = 8.6 Hz, Qu-H-4), 8.08 (1H, d, ] = 8.5 Hz, Qu-H-
5 or Qu-H-8), 7.82 (1H, d, ] = 8.0 Hz, Qu-H-5 or Qu-H-8), 7.72 (1H, pt, ] =7.9, 7.6 Hz, Qu-
H-6 or Qu-H-7), 7.53 (1H, pt, ] = 7.5, 7.4 Hz, Qu-H-6 or Qu-H-7), 5.99 (1H, d, ] =9.2 Hz, H-
17, 5.59 (1H, pt, | =9.4,9.2 Hz, H-2"), 548 (1H, pt, ] =9.5, 9.4 Hz, H-3"), 5.31 (1H, pt, ] =9.7,
9.5 Hz, H-4"),4.35 (1H, dd, ] =12.6, 4.8 Hz, H-6'a), 4.18 (1H, dd, ] =12.6, 2.1 Hz, H-6'b), 4.07
(1H, ddd, J=9.7, 4.8, 2.1 Hz, H-5'), 2.11, 2.09, 2.05, 1.91 (4 x 3H, 4 s, 4 x CH3); *C-NMR (90
MHz, CDCls) & (ppm): 170.6, 170.1, 169.4, 169.0 (4 x C=0), 149.8, 149.4, 148.2 (Tria-C-4, Qu-
C-2, Qu-C-8a), 137.0 (Qu-C-4), 129.9 (Qu-C-6 or Qu-C-7), 129.3 (Qu-C-5 or Qu-C-8), 128.0
(Qu-C-4a), 127.8 (Qu-C-5 or Qu-C-8), 126.6 (Qu-C-6 or Qu-C-7), 121.4 (Tria-C-5), 118.7
(Qu-C-3), 86.0 (C-1), 75.3 (C-5'), 72.9 (C-3'), 70.7 (C-2"), 67.8 (C-4'), 61.7 (C-6"), 20.8, 20.6 (2),
20.3 (4 x CHs). The 'H and *C NMR data are in good agreement with the reported ones
[64]. ESI-HRMS positive mode (m/z): calculated for CxsHxN«Ost [M + H]* 527.1773;
C2sH26N4NaOs* [M + Na]* 549.1592. Found: [M + H]* 527.1773; [M + Na]* 549.1593.

5.1.9.1-(2',3",4',6'-Tetra-O-benzoyl-p-p-glucopyranosyl)-4-(pyridin-2-yl)-1,2,3-triazole (L-
2a)

The 1-(3-p-glucopyranosyl)-4-(pyridin-2-yl)-1,2,3-triazole (L-3a, 20.0 mg, 0.065
mmol) was suspended in dry pyridine (0.5 mL), and benzoyl chloride (36 uL, 0.310 mmol)
was added. The reaction mixture was stirred at 60 °C until the TLC (3:2 EtOAc-hexane)
showed complete disappearance of the starting material (1 h). The solvent was removed
under diminished pressure. The residue was dissolved in CH2Clz (20 mL) and extracted
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with sat. aq. NaHCOs (10 mL) and then with water (10 mL). The organic phase was dried
over MgSQ,, filtered, and evaporated. Purification by column chromatography (3:2
EtOAc-hexane) yielded 41 mg of white amorphous solid (87%). R¢=0.30 (3:2 EtOAc-hex-
ane); [a]o = =75 (c 0.20, CHCls). 'H-NMR (400 MHz, CDCls) d (ppm): 8.61 (2H, 1 signal,
Tria-H-5, Py-H-6), 8.17-7.21 (23H, m, Ar, Py-H-3-Py-H-5), 6.34 (1H, d, ] = 9.2 Hz, H-1'),
6.16 (1H, pt, ] =9.6, 9.5 Hz, H-3) 6.07 (1H, pt, ] =9.5, 9.2 Hz, H-2"), 5.90 (1H, pt, ] =9.6, 9.6
Hz, H-4'), 4.69-4.49 (3H, m, H-5', H-6'a, H-6'b); *C-NMR (100 MHz, CDCls) 6 (ppm): 166.2,
165.8,165.2, 164.7 (4 x C=0), 149.7, 149.0 (Tria-C-4, Py-C-2), 149.6 (Py-C-6), 137.1 (Py-C-4),
133.8,133.7,133.6, 133.5, 133.4, 130.2-128.2 (Ar), 123.3 (Py-C-5), 121.0 (Tria-C-5), 120.6 (Py-
C-3), 86.4 (C-1"), 75.7 (C-5'), 73.2 (C-3"), 71.3 (C-2"), 69.0 (C-4"), 62.8 (C-6"). ESI-HRMS posi-
tive mode (m/z): calculated for Cs1iH32N4sNaQe* [M + Na]* 747.2061. Found: 747.2041.

5.1.10. 1-(B-p-Glucopyranosyl)-4-(pyridin-2-yl1)-1,2,3-triazole (L-3a)

Prepared from compound L-1a (0.81 g, 1.70 mmol) according to general procedure
II. Purified by column chromatography (7:2 CHCl:-MeOH) to give 0.40 g white amor-
phous solid (76%). Re=0.26 (7:2 CHCls-MeOH); [a]p = 12 (c 0.20, MeOH). '"H-NMR (400
MHz, CDsOD) d (ppm): 8.63 (1H, s, Tria-H-5), 8.59 (1H, d, ] = 4.3 Hz, Py-H-6), 8.09 (1H, d,
] =79 Hz, Py-H-3), 7.92 (1H, pt, ] =7.9, 7.8 Hz, Py-H-4), 7.38 (1H, m, Py-H-5), 5.70 (1H, d,
J=9.2Hz, H-1'), 3.96 (1H, pt, ] =9.1,9.0 Hz, H-2'), 3.90 (1H, dd, ] =12.2, 1.3 Hz, H-6'a), 3.74
(1H, dd, ] =12.2, 5.3 Hz, H-6'b), 3.64-3.58 (2H, m, H-3' or H-4', H-5"), 3.54 (1H, pt, ] =9.2,
9.1 Hz, H-3' or H-4"); BC-NMR (90 MHz, CD:OD) d (ppm): 150.9, 148.6 (Tria-C-4, Py-C-2),
150.5 (Py-C-6), 138.9 (Py-C-4), 124.6 (Py-C-5), 123.4 (Tria-C-5), 121.7 (Py-C-3), 89.8 (C-1),
81.2 (C-5'), 78.5 (C-3' or C-4'), 74.1 (C-2"), 70.9 (C-3' or C-4"), 62.4 (C-6'). The 'H and C
NMR data are in good agreement with the reported ones [65]. ESI-HRMS positive mode
(m/z): calculated for CisHisNsNaOs* [M + Na]* 331.1013; CzsHxNsNaOnw* [2M + Nal*
639.2134. Found: [M + Na]* 331.1012; [2M + Na]* 639.2135.

5.1.11. 1-(B-p-Glucopyranosyl)-4-(quinolin-2-yl)-1,2,3-triazole (L-3b)

Prepared from compound L-1b (500 mg, 0.95 mmol) according to general procedure
III. The crude product was recrystallized from MeOH to yield 290 mg of white amorphous
solid (85%). Rt = 0.44 (7:2 CHCls-MeOH); [a]o = —4 (c 0.20, DMSO). 'H-NMR (400 MHz,
DMSO-ds + 1-2 drops of D20) o (ppm): 8.99 (1H, s, Tria-H-5), 8.51 (1H, d, ] = 8.6 Hz, Qu-
H-4), 8.25 (1H, d, | = 8.6 Hz, Qu-H-3), 8.06-8.01 (2H, m, Qu-H-5, Qu-H-8), 7.82 (1H, pt, ] =
7.8, 7.4 Hz, Qu-H-6 or Qu-H-7), 7.63 (1H, pt, ] =7.6, 7.4 Hz, Qu-H-6 or Qu-H-7), 5.68 (1H,
d, J=9.2 Hz, H-1"), 3.90 (1H, pt, ] =9.2, 9.1 Hz, H-2), 3.77-3.72 (1H, m, H-6'a), 3.56-3.49
(2H, m, H-5', H-6'b), 3.46 (1H, pt, ] =9.1, 9.0 Hz, H-3'), 3.34 (1H, pt, ] =9.2, 9.0 Hz, H-4');
1BC-NMR (90 MHz, DMSO-ds) d (ppm): 150.1, 147.5, 147.3 (Tria-C-4, Qu-C-2, Qu-C-8a),
137.3 (Qu-C-4), 130.1 (Qu-C-6 or Qu-C-7), 128.6, 128.1 (Qu-C-5, Qu-C-8), 127.3 (Qu-C-4a),
126.5 (Qu-C-6 or Qu-C-7) 123.3 (Tria-C-5), 118.3 (Qu-C-3), 87.8 (C-1"), 80.0 (C-5'), 76.8 (C-
3", 72.2 (C-2'), 69.5 (C-4'), 60.8 (C-6"). ESI-HRMS positive mode (m/z): calculated for
Ci7H19N4Os* [M + HJ* 359.1350; CizH1sNsNaOs* [M + Na]* 381.1169; CasHssNsNaO1o* [2M +
Na]* 739.2447. Found: [M + HJ* 359.1349; [M + Na]* 381.1168; [2M + Na]* 739.2448.

5.1.12. 2-(2',3',4',6"-Tetra-O-benzoyl-p-p-glucopyranosyl)-5-(pyridin-2-yl)-1,3,4-oxadia-
zole (L-4)

Prepared from tetrazole [58,59] 2 (5.00 g, 7.71 mmol) and 2-picolinic acid (1.90 g, 14.43
mmol) according to general procedure II. Reaction time: 5 h. Purification by column chro-
matography (1:1 EtOAc-hexane) and crystallization from EtOH gave 1.96 g white solid
(35%). Re=0.28 (1:1 EtOAc-hexane). [a]o = -92 (¢ 0.20, CHCls). 'H-NMR (400 MHz, CDCls)
O (ppm): 8.81 (1H, d, ] = 4.8 Hz, Py-H-6), 8.21 (1H, d, ] = 7.8 Hz, Py-H-3), 8.03-7.81, 7.56—-
7.27 (22H, m, Ar, Py-H-4, Py-H-5), 6.10 (1H, pt, ] =9.4, 9.4 Hz, H-3'), 6.05 (1H, pt, ] = 9.4,
9.4 Hz, H-2), 5.86 (1H, pt, | =9.4, 9.4 Hz, H-4"), 5.28 (1H, d, ] =9.4 Hz, H-1), 4.67 (1H, dd,
J =124, 23 Hz, H-6'a), 4.54 (1H, dd, ] = 12.4, 5.5 Hz, H-6'b), 4.37 (1H, ddd, ] =94, 5.5, 2.3
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Hz, H-5'); BC-NMR (90 MHz, CDCls) d (ppm): 166.2, 165.8, 165.2, 165.1, 164.9, 162.2 (4 =
C=0, OD-C-2, OD-C-5), 150.5 (Py-C-6), 143.2 (Py-C-2), 137.3 (Py-C-4), 133.7, 133.6, 133.5,
133.2, 130.0-128.4 (Ar), 126.2 (Py-C-5), 123.5 (Py-C-3), 77.3 (C-5'), 73.8 (C-3'), 72.1 (C-1"),
70.6 (C-2'), 69.2 (C-4'), 63.3 (C-6'). ESI-HRMS positive mode (m/z): calculated for
Cu1Hs1N3NaOuot [M + Na]* 748.1902. Found: 748.1907.

5.1.13. 2-(2',3',4',6'-Tetra-O-acetyl-p-pD-glucopyranosyl)-5-(pyridin-2-yl)-1,3,4-oxadiazole
(L-5)

To a solution of the 2-(B-p-glucopyranosyl)-5-(pyridin-2-yl)-1,3,4-oxadiazole (L-10,
20 mg, 0.065 mmol) in dry pyridine (0.5 mL), acetic anhydride (0.06 mL, 0.635 mmol) was
added, and the mixture was stirred at 60 °C. After 1 h, the TLC (1:1 EtOAc-hexane)
showed total consumption of L-10. The solvent was removed under reduced pressure,
and the residue was purified by column chromatography (1:1 EtOAc-hexane). White
amorphous solid, yield: 28 mg (90%). Re = 0.21 (1:1 EtOAc-hexane); [a]p = -61 (c 0.19,
CHCls). 'H-NMR (400 MHz, CDCls) d (ppm): 8.82 (1H, d, | = 4.4 Hz, Py-H-6), 8.26 (1H, d,
J=7.9Hz, Py-H-3), 7.91 (1H, dt, ] =7.9, 1.1 Hz, Py-H-4), 7.49 (1H, m, Py-H-5), 5.56 (1H, pt,
J=9.8,9.7 Hz, H-2'), 540 (1H, pt, ] =9.4, 9.3 Hz, H-3'), 5.24 (1H, pt, ] = 9.8, 9.7 Hz, H-4),
492 (1H, d, ] = 10.1 Hz, H-1"), 4.30 (1H, dd, ] = 12.6, 5.1 Hz, H-6'a), 4.18 (1H, dd, | = 12.6,
2.2 Hz, H-6'b), 3.91 (1H, ddd, ] =9.7, 5.1, 2.2 Hz, H-5'), 2.09, 2.07, 2.04, 1.94 (4 x 3H, 4 s, 4 x
CHs); 3C-NMR (100 MHz, CDCls) d (ppm): 170.7, 170.3, 169.4, 169.3 (4 x C=0), 165.1, 162.1
(OD-C-2, OD-C-5), 150.6 (Py-C-6), 143.2 (Py-C-2), 137 4 (Py-C-4), 126.3 (Py-C-5), 123.6 (Py-
C-3),76.9 (C-5'), 73.5 (C-3"), 71.6 (C-1"), 69.7 (C-2'), 68.0 (C-4"), 62.0 (C-6"), 20.8, 20.7 (2), 20.5
(4 x CHs). ESI-HRMS positive mode (m/z): calculated for C21H2NsNaOiw* [M + Nal*
500.1276. Found: 500.1275.

5.1.14. 2-(2',3",4'-Tri-O-benzoyl-3-p-xylopyranosyl)-5-(pyridin-2-yl)-1,3,4-oxadiazole (L-6)

Prepared from tetrazole [60] 3 (3.00 g, 5.83 mmol) and 2-picolinic acid (1.42 g, 11.53
mmol) according to general procedure II. Reaction time: 5 h. Purification by column chro-
matography (2:1 EtOAc-hexane) and crystallization from EtOH yielded 2.00 g white solid
(58%). Rt = 0.35 (4:1 EtOAc-hexane); [a]o = -123 (c 0.20, CHCls). "H-NMR (360 MHz,
CDCls) d (ppm): 8.80 (1H, d, | = 4.8 Hz, Py-H-6), 8.21 (1H, d, 7.9 Hz, Py-H-3), 7.99-7.83,
7.57-7.30 (17H, m, Ar, Py-H-4, Py-H-5), 6.05 (1H, pt, ] =9.2,9.2 Hz, H-3"), 5.96 (1H, pt, | =
9.2,9.2 Hz, H-2'), 557 (1H, ddd, ] = 10.1, 9.2, 5.3 Hz, H-4'), 5.15 (1H, d, ] = 9.2 Hz, H-1"),
4.62 (1H, dd, ] =114, 5.3 Hz, H-5'eq), 3.80 (1H, pt, | = 11.4, 10.1 Hz, H-5'ax); *C-NMR (90
MHz, CDCls) & (ppm): 165.8, 165.6, 165.1 (2), 162.5 (3 x C=0O, OD-C-2, OD-C-5), 150.6 (Py-
C-6), 143.3 (Py-C-2), 137.3 (Py-C-4), 133.7, 133.6, 133.5, 130.0-128.5 (Ar), 126.2 (Py-C-5),
123.5 (Py-C-3), 72.9 (C-3'), 72.5 (C-1), 70.4 (C-2'), 69.6 (C-4'), 67.5 (C-5'). ESI-HRMS positive
mode (m/z): calculated for CasH2sNsNaOs* [M + Na]* 614.1534. Found: 614.1535.

5.1.15. 2-(2',3",4',6"-Tetra-O-acetyl-p-D-galactopyranosyl)-5-(pyridin-2-yl)-1,3,4-oxadiazole
(L-7)

Prepared from tetrazole [61] 4 (0.50 g, 1.25 mmol) and 2-picolinic acid (0.31 g, 2.50
mmol) according to general procedure II. Reaction time: 2 h. Purification by column chro-
matography (1:1 EtOAc-hexane) and crystallization from EtOH yielded 0.30 g white solid
(50%). R¢=0.17 (1:1 EtOAc-hexane); [a]p = —41 (c 0.21, CHCls). 'H-NMR (360 MHz, CDCls)
O (ppm): 8.82 (1H, ddd, ] =4.8, 1.8, 0.9 Hz, Py-H-6), 8.27 (1H, dd, ] =7.9, 0.9 Hz, Py-H-3),
791 (1H, dt, [ =7.9, 1.8 Hz, Py-H-4), 7.50 (1H, ddd, ] =7.7, 4.8, 1.1 Hz, Py-H-5), 5.67 (1H,
pt, /=10.1,10.0 Hz, H-2'), 5.56 (1H, d, ] = 3.4 Hz, H-4), 5.24 (1H, dd, ] =10.1, 3.4 Hz, H-3"),
4.89 (1H, d, ] =10.0 Hz, H-1"), 4.23-4.11 (3H, m, H-5', H-6'a, H-6'b), 2.23, 2.06, 2.02, 1.96 (4
x 3H, 4 s, 4 x CHs); BC-NMR (90 MHz, CDCls) & (ppm): 170.4, 170.3, 170.0, 169.4, 165.0,
162.3 (4 x C=0, OD-C-2, OD-C-5), 150.5 (Py-C-6), 143.2 (Py-C-2), 137.3 (Py-C-4), 126.2 (Py-
C-5), 123.6 (Py-C-3), 75.6 (C-5), 72.2 (C-1'), 71.4 (C-3'), 67.3 (C-4'), 66.9 (C-2'), 61.6 (C-6"),
20.8,20.7, 20.6, 20.5 (4 x CHs). ESI-HRMS positive mode (m/z): calculated for C21H24N3O10*
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[M + H]* 478.1456; C21H23NsNaOiwot [M + Na]* 500.1276; Cs22HsNeNaOz0* [2M + Na]*
977.2659. Found: [M + H]* 478.1454; [M + Na]* 500.1274; [2M + Na]* 977.2653.

5.1.16. 2-(2',3",4',6"-Tetra-O-benzoyl-p-p-galactopyranosyl)-5-(pyridin-2-yl)-1,3,4-oxadia-
zole (L-8)

The 2-(p-p-galactopyranosyl)-5-(pyridin-2-yl)-1,3,4-oxadiazole (L-10, 20.0 mg, 0.065
mmol) was suspended in dry pyridine (0.5 mL), and benzoyl chloride (36 uL, 0.310 mmol)
was added. The reaction mixture was stirred at 60 °C until the TLC (3:2 EtOAc-hexane)
showed complete disappearance of the starting material (1 h). The solvent was removed
under diminished pressure. The residue was dissolved in CH2Cl> (20 mL) and extracted
with sat. aq. NaHCOs (10 mL) and then with water (10 mL). The organic phase was dried
over MgSQ,, filtered, and evaporated. Purification by column chromatography (3:2
EtOAc-hexane) yielded 38 mg of white amorphous solid (81%). R¢=0.27 (3:2 EtOAc-hex-
ane); [a]o =+9 (c 0.20, CHCl:). '"H-NMR (400 MHz, CDCls) 6 (ppm): 8.81 (1H, d, | =4.8 Hz,
Py-H-6), 8.21 (1H, d, ] =7.9 Hz, Py-H-3), 8.17-7.23 (22H, m, Ar, Py-H-4, Py-H-5), 6.32 (1H,
pt, /=10.1,10.0 Hz, H-2'), 6.16 (1H, d, ] = 3.3 Hz, H-4'), 5.84 (1H, dd, ] =10.1, 3.3 Hz, H-3"),
5.30 (1H, d, ] =10.0 Hz, H-1"), 4.68 (1H, dd, ] = 11.1, 6.4 Hz, H-6'a), 4.58 (1H, pt, ] = 6.4, 5.9
Hz, H-5"), 4.49 (1H, dd, ] =11.1, 5.9 Hz, H-6'b); ®*C-NMR (100 MHz, CDCls) d (ppm): 166.2,
165.7, 165.6, 165.1, 165.0, 162.4 (4 x C=0, OD-C-2, OD-C-5), 150.5 (Py-C-6), 143.3 (Py-C-2),
137.3 (Py-C-4), 133.8, 133.6, 133.5, 133.4, 130.2-130.0, 129.9-128.5 (Ar), 126.2 (Py-C-5), 123.6
(Py-C-3), 76.1 (C-5'), 72.5, 72.3 (C-1', C-3), 68.4 (C-4"), 67.9 (C-2'), 62.3 (C-6'). ESI-HRMS
positive mode (m/z): calculated for CssH31NsNaOuo* [M + Na]* 748.1902. Found: 748.1901.

5.1.17. 2-(L-Arabino-1',2',3',4'-tetraacetoxybutyl)-5-(pyridin-2-yl)-1,3,4-oxadiazole (L-9)

Prepared from tetrazole [33] 5 (3.50 g, 9.77 mmol) and 2-picolinic acid (2.41 g, 19.58
mmol) according to general procedure II. Reaction time: 5 h. Purification by column chro-
matography (1:1 — 2:1 — 3:1 EtOAc-hexane) yielded 0.57 g of white amorphous solid
(13%). R¢=0.27 (4:1 EtOAc-hexane); [a]p = +6 (c 0.20, CHCIs). TH-NMR (400 MHz, CDCls)
O (ppm): 8.79 (1H, d, ] = 4.4 Hz, Py-H-6), 8.26 (1H, d, ] =7.9 Hz, Py-H-3), 7.90 (1H, dt, | =
7.8, 1.4 Hz, Py-H-4), 7.49 (1H, m, Py-H-5), 6.35 (1H, d, ] =2.2 Hz, H-1'), 5.69 (1H, dd, | =
9.4,2.2 Hz, H-2"),5.36 (1H, ddd, =94, 3.9, 2.3 Hz, H-3"), 4.35 (1H, dd, ] = 12.6, 2.3 Hz, H-
4'a), 423 (1H, dd, ] = 12.6, 3.9 Hz, H-4'b), 2.22, 2.11, 2.10, 2.06 (4 x 3H, 4 s, CHs); 3C-NMR
(100 MHz, CDCls) d (ppm): 170.6, 169.7, 169.6 (2) (4 x C=0), 164.5, 162.6 (OD-C-2, OD-C-
5), 150.4 (Py-C-6), 143.1 (Py-C-2), 137.4 (Py-C-4), 126.3 (Py-C-5), 123.5 (Py-C-3), 68.7 (C-2),
67.8 (C-3), 64.4 (C-1"), 61.5 (C-4"), 20.8, 20.7, 20.5 (2) (4 x CHzs). ESI-HRMS positive mode
(m/z): calculated for Ci1sH22N3O9* [M + H]* 436.1351; C19H21N3NaOy* [M + Na]* 458.1170.
Found: [M + H]* 436.1349; [M + Na]* 458.1170.

5.1.18. 2-(3-p-Glucopyranosyl)-5-(pyridin-2-yl)-1,3,4-oxadiazole (L-10)

Prepared from compound L-4 (0.60 g, 0.83 mmol) according to general procedure III.
Purified by column chromatography (9:1 CHCl:--MeOH) to give 0.22 g white amorphous
solid (87%). Re=0.29 (8:2 CHCls-MeOH); [a]p = +17 (c 0.20, MeOH). 'H-NMR (360 MHz,
CDsOD) d (ppm): 8.75 (1H, ddd, ] =4.9, 1.7, 0.9 Hz, Py-H-6), 8.25 (1H, dd, ] =7.9, 1.1 Hz,
Py-H-3), 8.07 (1H, dt, | = 7.9, 1.7 Hz, Py-H-4), 7.64 (1H, ddd, | =7.9, 4.9, 1.1 Hz, Py-H-5),
4.68 (1H, d, ] =9.9 Hz, H-1'), 3.90 (1H, dd, ] =12.2, 1.9 Hz, H-6'a), 3.84 (1H, dd, ] =9.9, 8.7
Hz, H-2"),3.70 (1H, J=12.2, 5.4 Hz, H-6'b), 3.54 (1H, pt, ] = 8.9, 8.6 Hz, H-3'), 3.54-3.50 (1H,
m, H-5'), 3.46 (1H, pt, | = 9.3, 8.8 Hz, H-4'); *C-NMR (90 MHz, CD:OD) d (ppm): 166.4,
165.7 (OD-C-2, OD-C-5), 151.4 (Py-C-6), 144.0 (Py-C-2), 139.3 (Py-C-4), 127.9 (Py-C-5), 124.5
(Py-C-3), 82.9 (C-5'), 79.1 (C-3"), 74.7 (C-1"), 73.4 (C-2"), 71.3 (C-4"), 62.8 (C-6"). ESI-HRMS
positive mode (m/z): calculated for CisHisNsNaOs* [M + Na]* 332.0853. Found: 332.0844.
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5.1.19. 2-(3-p-Xylopyranosyl)-5-(pyridin-2-yl)-1,3,4-oxadiazole (L-11)

Prepared from compound L-6 (500 mg, 0.85 mmol) according to general procedure
III. Purified by column chromatography (9:1 CHCl:--MeOH) to give 82 mg white amor-
phous solid (35%). Re=0.27 (9:1 CHCl:-MeOH); [a]p = —44 (¢ 0.20, MeOH). '"H-NMR (360
MHz, CDsOD) d (ppm): 8.74 (1H, ddd, ] =4.9, 1.6, 0.9 Hz, Py-H-6), 8.24 (1H, ddd, [ =7.9,
1.1, 0.9 Hz, Py-H-3), 8.06 (1H, dt, [ =7.9, 1.6 Hz, Py-H-4), 7.63 (1H, ddd, | =7.7, 4.9, 1.1 Hz,
Py-H-5), 459 (1H, d, ] =9.8 Hz, H-1"), 4.03 (1H, dd, = 11.1, 5.4 Hz, H-5'eq), 3.84 (1H, pt, |
=9.8,9.1 Hz, H-2'), 3.66 (1H, td, ] =10.1, 9.1, 5.4 Hz, H-4'), 3.47 (1H, pt, ] =9.1, 9.1 Hz, H-
3"),3.41 (1H, pt, J=11.1, 10.1 Hz, H-5'ax); 3C-NMR (90 MHz, CDsOD) d (ppm): 166.4, 165.7
(OD-C-2, OD-C-5), 151.4 (Py-C-6), 144.0 (Py-C-2), 139.3 (Py-C-4), 127.9 (Py-C-5), 124.5 (Py-
C-3), 79.2 (C-3'), 75.4 (C-1"), 73.4 (C-2'), 71.7 (C-5'), 71.0 (C-4"). ESI-HRMS positive mode
(m/z): calculated for Ci2HisNsNaOs* [M + Na]* 302.0747; C2sH26NeNaOnot [2M + Nal*
581.1603. Found: [M + Na]* 302.0747; [2M + Na]* 581.1604.

5.1.20. 2-(B-p-Galactopyranosyl)-5-(pyridin-2-yl)-1,3,4-oxadiazole (L-12)

Prepared from compound L-7 (350 mg, 0.73 mmol) according to general procedure
III. Purified by column chromatography (7:2 CHCl:--MeOH) to give 177 mg white amor-
phous solid (78%). Rt = 0.33 (7:2 CHCl--MeOH); [a]p = +25 (c 0.21, MeOH). 'H-NMR (400
MHz, CDsOD) 6 (ppm): 8.77 (1H, d, ] = 4.8 Hz, Py-H-6), 8.27 (1H, d, ] = 7.9 Hz, Py-H-3),
8.08 (1H, dt, J=7.9, 1.5 Hz, Py-H-4), 7.65 (1H, m, Py-H-5), 4.63 (1H, d, ] =9.8 Hz, H-1"), 4.22
(1H, pt, ] =9.8, 9.6 Hz, H-2'), 4.01 (1H, d, | =3.2 Hz, H-4'), 3.84-3.73 (3H, m, H-5', H-6'a, H-
6'b), 3.67 (1H, dd, ] = 9.6, 3.2 Hz, H-3'); ®*C-NMR (90 MHz, CD:0D) 6 (ppm): 166.5, 165.7
(OD-C-2, OD-C-5), 151.4 (Py-C-6), 144.1 (Py-C-2), 139.3 (Py-C-4), 127.9 (Py-C-5), 124.5 (Py-
C-3), 81.7 (C-5'), 75.8 (C-3), 75.1 (C-1"), 70.7 (C-4'), 70.2 (C-2), 62.8 (C-6"). ESI-HRMS posi-
tive mode (m/z): calculated for CisH16NsOs* [M + H]* 310.1034; CisH1sN3NaOs* [M + Nal*
332.0853; CasH30NeNaOr2* [2M + Nal* 641.1814. Found: [M + HJ* 310.1035; [M + Na]*
332.0852; [2M + Na]* 641.1815.

5.1.21. Complex Ru-1a

Prepared from complex Ru-dimer (50 mg, 0.082 mmol), compound L-1a (86 mg, 0.181
mmol, 2.2 eq.), and TIPFs (57 mg, 0.163 mmol) according to general procedure IV. Purified
by column chromatography (9:1 CHCl:-MeOH) to give 143 mg (98%) yellow powder. Re:
0.32 (9:1 CHCIs--MeOH). Diastereomeric ratio: 1:1. 'TH-NMR (400 MHz, CDCls) 6 (ppm):
9.25,9.22 (2 x1H, 2 d, ] =5.5 Hz in each, 2 x Py-H-6), 8.92, 8.79 (2 x 1H, 2 s, 2 x Tria-H-5),
7.96 2H, t, ] =7.6 Hz, 2 x Py-H-4), 7.89 (2H, d, ] = 7.8 Hz, 2 x Py-H-3), 7.57-7.52 (2H, m, 2
x Py-H-5), 6.00,5.99 (2 x 1H, 2 d, ] =9.4 Hz in each, 2 x H-1"), 5.95-5.83, 5.73-5.67 (10H, m,
2 x 4 x p-cym-CHar, 2 x H-2'), 5.47, 5.46 (2 x 1H, 2 pt, ] = 9.4, 9.2 Hz in each, 2 x H-3'), 5.35,
533 (2x1H,2pt, J=9.7,9.7 Hz in each, 2 x H-4"), 4.38, 4.32 (2 x 1H,2 dd, ] =12.8, 4.7 Hz
in each, 2 x H-6'a), 4.26-4.15 (4H, m, 2 x H-5', 2 x H-6'b), 2.79, 2.74 (2 x 1H, 2 hept, ] = 6.9
Hz in each, 2 x i-Pr-CH), 2.22, 2.20 (2 x 3H, 2 s, 2 x CsH+—CHs), 2.10, 2.09, 2.05, 1.95, 1.93
(24H, singlets, 2 x 4 x COCHs), 1.17-1.12 (12H, m, 2 x 2 x {-Pr-CHs); 3C-NMR (90 MHz,
CDCls) d (ppm): 170.8, 170.7, 170.0, 169.9, 169.6, 169.5, 169.4, 169.2 (2 x 4 x C=0), 155.5,
155.4 (2 x Py-C-6), 147.6, 147.5, 147.1, 146.7 (2 x Tria-C-4, 2 x Py-C-2), 140.3, 140.2 (2 x Py-
C-4),127.1,126.9 (2 x Py-C-5), 125.4, 125.3 (2 x Tria-C-5), 122.9 (2) (2 x Py-C-3), 106.3, 105.5,
103.1, 101.8 (2 x 2 x p-cym-Caar), 86.8, 86.7 (2 x C-1"), 86.4, 85.4, 85.3, 85.0, 84.8, 83.9, 83.9,
83.1 (2 x4 x p-cym-CHar), 75.5, 75.3 (2 x C-5'), 73.1, 73.0 (2 x C-3"), 70.2, 69.8 (2 x C-2"), 67.6,
67.5 (2 x C-4"), 61.6, 61.5 (2 x C-6"), 31.1, 31.0 (2 x i-Pr-CH), 22.5, 22.2, 22.1, 21.7 (2 x 2 x i-Pr-
CHs), 20.8-20.3 (2 x 4 x COCHs), 18.7 (2) (2 x CsHa—CHs). ESI-HRMS positive mode (m/z):
calculated for Cs1HasCINsOsRu* [M - PFs]* 747.1371. Found: 747.1370.

5.1.22. Complex Ru-1b

Prepared from complex Ru-dimer (50 mg, 0.082 mmol), compound L-1b (95 mg,
0.180 mmol, 2.2 eq.), and TIPFs (57 mg, 0.163 mmol) according to general procedure IV.
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Purified by column chromatography (9:1 CHCls-MeOH) to give 145 mg (96%) yellow
powder. Re: 0.55 (9:1 CHCl--MeOH). Diastereomeric ratio: 2:1. '1H-NMR (400 MHz, CDCls)
O (ppm): 9.24 (s, minor Tria-H-5), 9.03 (s, major Tria-H-5), 8.75 (d, ] = 8.8 Hz, major Qu-H-
8), 8.68 (d, ] = 8.7 Hz, minor Qu-H-8), 8.39 (d, | = 8.6 Hz, major Qu-H-4), 8.37 (d, ] =8.9 Hz,
minor Qu-H-4), 8.04-7.89, 7.75-7.70 (2 m, minor and major Qu-H-3, Qu-H-5-Qu-H-7), 6.11
(d, ] =9.4 Hz, minor H-1'), 6.08 (d, | = 9.2 Hz, major H-1"), 6.03 (pt, ] =9.2, 9.0 Hz, major H-
2"), 5.97 (pt, ] = 9.4, 9.0 Hz, minor H-2"), 5.96, 5.95 (2 d, | = 6.0 Hz in each, major p-cym-
CHar) 5.88, 5.84 (2d, | = 6.0 Hz in each, minor p-cym-CHar) 5.83-5.80 (m, minor and major
p-cym-CHar), 5.78 (d, ] = 6.0 Hz, minor p-cym-CHar), 5.67 (d, ] =5.9 Hz, major p-cym-CHar),
5.52 (pt, ] =9.2, 9.2 Hz, major H-3'), 5.49 (pt, ] = 9.5, 9.4 Hz, minor H-3'), 5.39 (pt, ] =10.2,
9.7 Hz, minor H-4"), 5.34 (pt, ] = 10.0, 9.7 Hz, major H-4"), 4.44 (dd, | = 12.7, 4.7 Hz, minor
H-6'a), 4.33 (dd, ] =12.7, 5.1 Hz, major H-6'a), 4.32-4.17 (m, minor and major H-5', H-6'b),
2.57 (hept, ] = 6.9 Hz, major i-Pr-CH), 2.53 (hept, ] = 6.9 Hz, minor i-Pr-CH), 2.15 (s, minor
CsHs—CHs), 2.13, 2.09 (singlets, COCHs), 2.07 (s, major CsHs—CHs), 2.06, 2.02, 1.96 (singlets,
COCHs), 1.07,1.04 (2 d, ] = 6.9 Hz in each, 2 x major i-Pr-CHs), 1.02, 1.00 2 d, /= 6.9 Hz in
each, 2 x minor i-Pr-CHs); 3C-NMR (90 MHz, CDCls) & (ppm): 170.9, 170.0, 169.6, 169.4
(minor 4 x C=0), 170.8, 170.1, 169.8, 169.7 (major 4 x C=0), 149.6, 148.4, 147.5 (major Tria-
C-4, Qu-C-2, Qu-C-8a), 149.2, 148.4, 148.9 (minor Tria-C-4, Qu-C-2, Qu-C-8a), 141.3 (minor
Qu-C-4), 141.0 (major Qu-C-4), 133.1, 129.6, 129.2, 129.1, 129.1 (minor Qu-C-4a, Qu-C-5-
Qu-C-8), 132.7, 129.5, 129.1, 129.1, 129.0 (major Qu-C-4a, Qu-C-5-Qu-C-8), 127.6 (major
Tria-C-5), 127.5 (minor Tria-C-5), 119.1 (major Qu-C-3), 118.8 (minor Qu-C-3), 106.3, 102.1
(minor p-cym-Caqar), 105.4, 102.7 (major p-cym-Caqar), 88.1, 86.7, 86.5, 86.4, 85.7, 85.1, 84.6,
84.5, 84.3, 84.0 (minor and major p-cym-CHa:, minor and major C-1'), 75.6 (minor C-5'),
75.2 (major C-5'), 73.2 (minor C-3'), 73.0 (major C-3'), 70.2 (major C-2"), 69.8 (minor C-2'),
67.5 (major C-4'), 67.7 (minor C-4'), 61.6 (major C-6'), 61.5 (minor C-6'), 31.3 (minor i-Pr-
CH), 31.1 (major i-Pr-CH), 22.7, 21.6 (major i-Pr-CHs), 22.4, 21.8 (minor i-Pr-CHs), 20.8, 20.7,
20.7,20.6,20.4 (2 x 4 x COCH3), 18.7 (minor CsHs—CHs), 18.5 (major CsH+—CHs). ESI-HRMS
positive mode (m/z): calculated for CssHa0CIN4O9sRu* [M — PFe]* 797.1528. Found: 797.1531.

5.1.23. Complex Ru-2a

Prepared from complex Ru-dimer (10.0 mg, 0.0163 mmol), compound L-2a (24.9 mg,
0.0344 mmol, 2.1 eq.), and TIPFs (11.4 mg, 0.0326 mmol, 2 eq.) according to general proce-
dure IV. Purified by column chromatography (95:5 CHCl>-MeOH) to give 34.6 mg (93%)
orange powder. Re: 0.46 (95:5 CHCl:--MeOH). Diastereomeric ratio: 1:1. 'H-NMR (400
MHz, CDCls) d (ppm): 9.23,9.20 (2 x 1H, 2 d, ] = 5.6 Hz in each, 2 x Py-H-6), 9.02, 8.98 (2 x
1H, 2 s, 2 x Tria-H-5), 8.11-7.75, 7.62-7.24 (46H, m, 2 x 20 x Ar, 2 x Py-H-3-Py-H-5), 6.60,
6.10 (2 x 1H, 2 pt, ] =9.4, 9.3 Hz in each, 2 x H-2'), 6.50, 6.43 (2 x 1H, 2 d, | =9.3 Hz in each,
2xH-1'),6.22,6.15 (2 x1H, 2 pt, ] =9.6, 9.4 Hz in each, 2 x H-3"),5.97,5.94 2 x 1H, 2 pt, ] =
9.7, 9.6 Hz in each, 2 x H-4"), 5.81, 5.65 (2), 5.57 (2), 5.53, 547,544 2 x4H, 2 x4 d, J=6.1
Hz in each, 2 x 4 x p-cym-CHar), 4.78-4.52 (2 x 3H, m, 2 x H-5', 2 x H-6'a, 2 x H-6'b), 2.50,
2.36 (2 x 1H, 2 hept, ] = 6.9 Hz in each, 2 x i-Pr-CH), 2.08, 2.00 (2 x 3H, 2 s, 2 x CsHs—CHs),
0.94,0.91,0.79,0.74 2 x2x3H,2x2d, ] =6.9 Hz in each 2 x 2 x {-Pr-CHs); 3C-NMR (100
MHz, CDCls) d (ppm): 166.3, 166.2, 165.6, 165.5, 165.2 (2), 164.9, 164.8 (2 x 4 x C=0), 155.7,
155.5 (2 x Py-C-6), 147.3, 147.2, 147.0, 146.6 (2 x Tria-C-4, 2 x Py-C-2), 140.1, 140.0 (2 x Py-
C-4),134.4,134.2,133.9, 133.8, 133.7 (2), 133.6, 133.5, 133.3, 130.3-128.0 (Ar), 127.2, 126.9 (2
x Py-C-5), 126.2, 123.8 (2 x Tria-C-5), 122.7 (2 x Py-C-3), 105.8, 105.3, 103.9, 102.6 (2 x 2 x p-
cym-Caar), 87.2, 86.7 (2 x C-1), 86.4, 85.8, 85.2, 85.0, 84.0, 83.9, 83.2, 82.5 (2 x 4 x p-cym-
CHar), 76.1,75.6 (2 x C-5'), 73.6, 72.7 (2 x C-3'), 71.7,70.4 (2 x C-2"), 68.7, 68.6 (2 x C-4"), 62.8,
62.7 (2 x C-6'), 31.0 (2) (2 x i-Pr-CH), 22.5, 22.3, 21.7, 21.4 (2 x 2 x i-Pr-CHs), 18.8, 18.6 (2 x
CsHs—CHs). ESI-HRMS positive mode (m/z): calculated for CsiHssCINsOoRu* [M — PFe]*
995.2002. Found: 995.1994.
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5.1.24. Complex Ru-3a

Prepared from complex Ru-dimer (50.0 mg, 0.082 mmol), compound L-3a (50.4 mg,
0.163 mmol, 2 eq.), and TIPFs (57.0 mg, 0.163 mmol) according to general procedure V.
Yield: 107 mg (90%). An analytically pure sample was obtained by recrystallization from
iPrOH to give 20 mg orange powder. Diastereomeric ratio: 1:1. 'H-NMR (400 MHz,
CDsOD) d (ppm): 9.42 (2H, d, ] = 5.4 Hz, 2 x Py-H-6), 9.22, 9.21 (2 x 1H, 2 s, 2 x Tria-H-5),
8.19 (2H, pt, | =7.8,7.7 Hz, 2 x Py-H-4), 8.10 (2H, d, ] =7.8 Hz, 2 x Py-H-3), 7.69-7.66 (2H,
m, 2 x Py-H-5), 6.12-6.05 (4H, m, 2 x p-cym-CHar), 5.90-5.84 (4H, m, 2 x p-cym-CHar), 5.88
(2H, d, 2 x H-1"), 3.95-3.89 (4H, m, 2 x H-2, 2 x H-6'a), 3.77 (2H, dd, ] =12.1, 5.3 Hz, 2 x H-
6'b), 3.69 (2H, ddd, ] =9.5, 5.3, 1.9 Hz, 2 x H-5'), 3.64 (2H, pt, ] =9.5, 8.9 Hz, 2 x H-3'), 3.56
(2H, pt, ] =9.3,9.1 Hz, 2 x H-4'), 2.79-2.71 (2H, hept, | = 6.7 Hz, 2 x i-Pr-CH), 2.22 (6H, s, 2
x CeHs—CHs), 1.18-1.09 (12H, m, 2 x 2 x i-Pr-CHs); 3C-NMR (100 MHz, CDsOD) d (ppm):
156.8 (2) (2 x Py-C-6), 149.6 (2), 148.2, 148.1 (2 x Py-C-2, 2 x Tria-C-4), 141.5 (2) (2 x Py-C-
4),127.6 (2) (2 x Py-C-5), 125.5, 125.2 (2 x Tria-C-5), 123.6 (2) (2 x Py-C-3), 106.8, 106.6, 104.1,
103.8 (2 x 2 x p-cym-Caqar), 91.3, 91.2 (2 x C-1"), 87.3, 87.2, 86.3, 86.1, 85.6, 85.5, 84.8, 84.6 (2 x
4 x p-cym-CHa), 81.7, 81.6 (2 x C-5'), 78.2, 78.1 (2 x C-3"), 74.5, 74.3 (2 x C-2"), 70.8, 70.7 (2 x
C-4'),62.3,62.2 (2 x C-6"), 32.3, 32.2 (2 x i-Pr-CH), 22.6 (2), 22.0, 21.9 (2 x 2 x i-Pr-CHs), 18.8,
18.7 (2 x CsHa—CHs). ESI-HRMS positive mode (m/z): calculated for C2sHsoCIN+OsRu* [M -
PFe]* 579.0946. Found: 579.0946.

5.1.25. Complex Ru-3b

Prepared from complex Ru-dimer (50.0 mg, 0.082 mmol), compound L-3b (58.8 mg,
0.164 mmol, 2 eq.), and TIPFs (57 mg, 0.163 mmol) according to general procedure V. Yield:
121 mg (96%). An analytically pure sample was obtained by recrystallization from ;PrOH
to give 34 mg orange powder. Diastereomeric ratio: 1:1. 'H-NMR (400 MHz, CDsOD) d
(ppm): 9.42, 9.41 (2 x 1H, 2 s, 2 x Tria-H-5), 8.80 (2H, d, ] = 8.8 Hz, 2 x Qu-H-8), 8.70, 8.68
(2x1H, 2d, ] =8.5 Hz in each, 2 x Qu-H-4), 8.15-8.09, 7.88-7.84 (2 x 4H, m, Qu-H-3, Qu-
H-5-Qu-H-7), 6.13-5.96 (2 x 4H, m, 2 x p-cym-CHar), 5.95,5.93 2 x 1H, 2d, J=9.1 Hz in
each, 2 x H-1'), 4.00, 3.99 (2 x 1H, 2 pt, ] =9.2, 9.1 Hz in each, 2 x H-2), 3.97,3.95 (2 x 1H, 2
dd, J=12.1, 2.1 Hz in each, 2 x H-6"a), 3.80 (2H, dd, /=12.1, 5.3 Hz, 2 x H-6'b), 3.74, 3.71 (2
x 1H, ddd, ] = 9.3, 5.3, 2.1 Hz in each, 2 x H-5), 3.68, 3.67 (2 x 1H, 2 pt, ] =9.0, 8.9 Hz in
each, 2 x H-3'), 3.60, 3.59 (2 x 1H, 2 pt, ] =9.3, 9.2 Hz in each, 2 x H-4'), 2.48, 2.46 (2 x 1H, 2
hept, ] = 6.9 Hz in each, 2 x i-Pr-CH), 2.20 (6H, s, 2 x CsH+—CHz), 1.00, 0.98, 0.92 (2) (2 x 2 x
3H, 4 d, J=6.9 Hz in each, 2 x 2 x i-Pr-CHjs); *C NMR (90 MHz, CDs0OD) 6 (ppm): 151.0 (2),
149.7 (2), 149.1 (2), (2 x Tria-C-4, 2 x Qu-C-2, 2 x Qu-C-8a), 142.6 (2 x Qu-C-4), 134.0, 130.7,
130.6 (3), 130.5, 130.1 (2 x Qu-C-4a, 2 x Qu-C-5-Qu-C-8), 127.1, 126.9 (2 x Tria-C-5), 119.5,
119.4 (2 x Qu-C-3), 106.5, 106.3, 104.9, 104.7 (2 x 2 x p-cym-Cqar), 91.4, 91.2 (2 x C-1"), 88.6,
88.5, 86.5, 86.3, 86.2, 85.8, 84.6, 84.3 (2 x 4 x p-cym-CHar), 81.8, 81.7 (2 x C-5), 78.2, 78.1 (2 x
C-3'), 744,743 (2 x C-2"), 70.7 (2) (2 x C-4"), 62.3, 62.20 (2 x C-6"), 32.3, 32.2 (2 x i-Pr-CH),
22.7,22.6,21.6,21.5 (2 x 2 x i-Pr-CHs), 18.8, 18.7 (2 x CsHs—CHs). ESI-HRMS positive mode
(m/z): calculated for C2zH3CIN4OsRu* [M — PFe]*: 629.1103. Found: 629.1103.

5.1.26. Complex Ru-4

Prepared from complex Ru-dimer (10.0 mg, 0.016 mmol), compound L-4 (24.9 mg,
0.034 mmol, 2.1 eq.), and TIPFs (11.4 mg, 0.033 mmol) according to general procedure IV.
After filtration and removal of the solvent, the residue was dissolved in CHCIs (3 mL),
and Et2O (6 mL) was added. The precipitated product was filtered off to give 28.4 mg
(76%) yellow powder. The product could also be obtained by column chromatographic
purification (9:1 CHCIs>-MeOH), albeit in lower yield (52%). Re: 0.38 (9:1 CHCls-MeOH).
Diastereomeric ratio: 2:1. 'TH-NMR (400 MHz, CDCls) d (ppm): 9.50 (s, minor Py-H-6), 9.26
(s, major Py-H-6), 8.18-7.70, 7.60-7.28 (m, minor and major Ar, Py-H-3-Py-H-5), 6.19 (pt,
J=9.8, 9.7 Hz, minor H-3'), 6.16 (pt, ] = 9.8, 9.5 Hz, major H-2'), 6.08 (pt, ] = 9.5, 9.5 Hz,
major H-3'), 5.88 (pt, ] =9.7, 9.5 Hz, major H-4'), 5.86 (pt, ] =9.7, 9.6 Hz, minor H-4'), 5.90-
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5.84 (m, 2 x minor p-cym-CHar), 5.76-5.72 (m, major p-cym-CHar, minor H-2'), 5.68-5.65
(m, 2 x minor p-cym-CHar), 5.53-5.51 (m, major p-cym-CHar), 5.46 (d, ] = 9.8 Hz, major H-
1), 5.35 (d, ] = 9.8 Hz, minor H-1'), 5.31-5.29 (m, 2 x major p-cym-CHar), 4.74-4.68 (m,
minor and major H-6'a), 4.57—4.52 (m, minor and major H-6'b), 4.50-4.42 (m, minor and
major H-5"), 2.78 (hept, ] = 6.8 Hz, major i-Pr-CH), 2.72 (hept, ] = 6.8 Hz, minor i-Pr-CH),
2.02 (s, minor CsHs+—CHs), 1.95 (s, major CeHs—CHs), 1.16, 1.15,1.12,1.08 (4 d, J= 6.8 Hz in
each, minor and major 2 x i-Pr-CHs); 3C-NMR (90 MHz, CDCls) d (ppm): 166.2, 165.8,
165.7,165.7, 165.3, 165.2, 165.2, 164.9, 164.8, 164.7 (minor and major C=0O, OD-C-2, OD-C-
5), 158.3 (minor Py-C-6), 156.6 (major Py-C-6), 140.3 (minor Py-C-4), 140.2 (major Py-C-2),
140.1 (major Py-C-4), 139.1 (minor Py-C-2), 134.6, 134.0, 133.9, 133.8, 133.7, 133.5, 133.4,
131.1, 130.6, 130.2-128.5, 127.8 (minor and major Ar, Py-C-5), 125.3 (minor Py-C-3), 125.2
(major Py-C-3), 107.0, 102.3 (minor p-cym-Cqar), 104.8, 102.1 (major p-cym-Caqar), 88.7, 84.6,
83.2 (2) (major p-cym-CHar), 85.5, 85.2, 83.8, 83.6 (minor p-cym-CHar), 77.8 (minor C-5'),
77.4 (major C-5'), 73.8, 71.5, 69.8 (major C-1-C-3'), 72.8, 71.9, 71.4 (minor C-1'-C-3'), 68.8
(major C-4'), 68.7 (minor C-4'), 63.0 (minor C-6'), 62.6 (major C-6), 31.3 (minor i-Pr-CH),
31.1 (major i-Pr-CH), 23.1, 21.3 (major i-Pr-CHs), 22.2, 22.1 (minor i-Pr-CHs), 18.8 (minor
CsHs—CHs), 18.1 (major CsHs—CHs). ESI-HRMS positive mode (m/z): calculated for
Cs1HssCIN3OwRu* [M — PFe]* 996.1843; CssHs2N3O12Ru* [M — PFs — Cl + OMe + MeOH]*
1024.2604. Found: [M - PFe]* 996.1861; [M - PFs — Cl + OMe + MeOH]* 1024.2598.

5.1.27. Complex Ru-5

Prepared from complex Ru-dimer (10.0 mg, 0.0163 mmol), compound L-5 (17.9 mg,
0.0375 mmol, 2.3 eq.), and TIPFs (11.4 mg, 0.0326 mmol) according to general procedure
IV. Purified by column chromatography (9:1 CHCls-MeOH) to give 21.7 mg (74%) yellow
powder. Re: 0.54 (9:1 CHCI>-MeOH). Diastereomeric ratio: 4:3. 'TH-NMR (400 MHz, CDCls)
O (ppm): 9.45 (d, | = 3.9 Hz, minor Py-H-6), 9.30 (d, ] = 4.4 Hz, major Py-H-6), 8.23-8.08 (m,
minor and major Py-H-3, Py-H-4), 7.88 (m, minor Py-H-5), 7.80 (m, major Py-H-5), 6.01-
5.96, 5.82-5.69 (m, minor and major p-cym-CHar), 5.75 (pt, ] =9.7, 9.6 Hz, major H-2'), 5.44,
(pt, ] =9.3, 9.2 Hz, minor H-2'), 5.40 (pt, ] = 9.4, 9.0 Hz, minor and major H-3"), 5.24 (pt, | =
9.8, 9.2 Hz, minor H-4'), 5.23 (pt, ] = 9.8, 9.8 Hz, major H-4'), 5.03 (d, ] = 10.0 Hz, major H-
1), 5.00 (d, ] = 8.7 Hz, minor H-1"), 4.30 (dd, ] = 12.8, 4.8 Hz, minor and major H-6"a), 4.17
(dd, J =12.8, 2.4 Hz, minor and major H-6'b), 3.99 (ddd, | = 10.2, 4.8, 2.4 Hz, minor and
major H-5), 3.03 (hept, | = 6.8 Hz, major i-Pr-CH), 2.91 (hept, ] = 6.8 Hz, minor i-Pr-CH),
2.23,2.17,2.10-2.02 (singlets, minor and major CsH+—CHs, COCHSs), 1.36 (d, | = 6.8 Hz, ma-
jor 2 x i-Pr-CHs), 1.30, 1.25 (2 d, ] = 6.8 Hz in each, minor 2 x i-Pr-CHs); *C-NMR (90 MHz,
CDCls) d (ppm): 170.7, 170.6, 170.1, 170.0, 169.8, 169.6, 169.4 (2 x 4 x C=0), 164.9, 164.6
(major OD-C-2, OD-C-5), 164.9, 164.7 (minor OD-C-2, OD-C-5), 157.6 (minor Py-C-6), 156.4
(major Py-C-6), 140.5 (minor Py-C-4), 140.3 (major Py-C-4), 140.3, 139.5 (minor and major
Py-C-2), 130.8 (minor Py-C-5), 130.0 (major Py-C-5), 125.5 (minor Py-C-3), 125.4 (major Py-
C-3), 106.4 (minor p-cym-Cqar), 105.0 (major p-cym-Cqar), 102.7 (minor p-cym-Cqar), 102.4
(major p-cym-Caqar), 88.2, 86.0, 85.6, 83.5, 83.2, 83.1 (minor and major p-cym-CHar), 77.2
(minor C-5'), 77.0 (major C-5'), 73.7, 70.9 (major C-1" and C-3'), 73.0, 71.2, 70.0 (minor C-1"-
C-3'), 68.8 (major C-2'), 67.7 (minor C-4'), 67.6 (major C-4'), 61.9 (minor C-6), 61.7 (major
C-6'), 31.3 (minor i-Pr-CH), 31.2 (major i-Pr-CH), 22.9, 21.7 (major i-Pr-CHs), 22.4, 22.0 (mi-
nor i-Pr-CHs), 20.8, 20.7, 20.6, 20.6, 20.5 (2 x 4 x COCHB3), 18.8 (minor CsHs—CHs), 18.3 (major
CsHs—CHs). ESI-HRMS positive mode (m/z): calculated for CsiHs7CIN3OwRu* [M - PFe]*
748.1211. Found: 748.1212.

5.1.28. Complex Ru-6

Prepared from complex Ru-dimer (50 mg, 0.082 mmol), compound L-6 (97 mg, 0.164
mmol, 2 eq.), and TIPFs (57 mg, 0.163 mmol) according to general procedure IV. Purified
by column chromatography (9:1 CHCl:-MeOH) to give 140 mg (85%) yellow powder. Re:
0.67 (9:1 CHCIs>-MeOH). Diastereomeric ratio: 3:2. 'TH-NMR (400 MHz, CDCls) & (ppm):
9.46 (d, | = 4.1 Hz, minor Py-H-6), 9.26 (d, ] = 4.2 Hz, major Py-H-6), 8.18-7.73, 7.60-7.32
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(m, minor and major Ar, Py-H-3-Py-H-5), 6.11 (pt, ] = 9.1, 9.1, major H-2'), 6.06-6.02 (m,
major and minor H-3'), 5.86 (d, ] = 5.4 Hz, minor p-cym-CHar), 5.80-5.76 (m, minor and
major p-cym-CHar), 5.74 (pt, ] =9.3, 9.1 Hz, minor H-2'), 5.65, 5.63 (2 d, ] = 6.1 Hz in each,
minor p-cym-CHar), 5.61-5.53 (m, major and minor H-4"), 5.53 (d, ] = 5.4 Hz, major p-cym-
CHar), 5.37-5.35 (m, major p-cym-CHar), 5.28 (d, ] =9.1 Hz, major H-1"), 5.24 (d, ] =9.1 Hz,
minor H-1'), 4.64 (dd, ] = 11.8, 5.1 Hz, minor H-5'eq), 4.60 (dd, | = 11.8, 5.4 Hz, major H-
5'eq), 3.87 (pt, J]=10.9, 10.1, minor and major H-5'ax), 2.80 (hept, ] = 6.9 Hz, major i-Pr-CH),
2.75 (hept, ] = 6.9 Hz, minor i-Pr-CH), 2.04 (s, minor CsHs+—CHs3), 1.99 (s, major CsHs+—CHs),
1.19-1.11 (m, minor and major 2 x i-Pr-CHs); 3C-NMR (90 MHz, CDCls) d (ppm): 165.7,
165.6 (2), 165.5, 165.4, 165.3, 165.2, 164.9, 164.7, 164.6 (minor and major C=O, OD-C-2, OD-
C-5), 157.9 (minor Py-C-6), 157.0 (major Py-C-6), 140.4 (minor Py-C-4), 140.3 (major Py-C-
4), 140.0 (major Py-C-2), 139.3 (minor Py-C-2), 134.4, 133.9, 133.8 (2), 133.7, 133.5, 130.8-
128.0 (minor and major Ar, Py-C-5), 125.2 (minor Py-C-3), 125.1 (major Py-C-3), 106.3,
104.9, 102.4, 102.1 (minor and major p-cym-Cqar), 88.4, 86.0, 85.1, 84.3, 83.5, 83.4, 83.3, 83.1
(minor and major p-cym-CHar), 73.1,72.1, 71.9, 71.8, 70.5, 69.7, 69.5, 69.0 (minor and major
C-1'-C-4"), 67.8, 67.4 (minor and major C-5"), 31.2, 31.0 (minor and major i-Pr-CH), 23.1,
22.4, 21.8, 21.1 (minor and major i-Pr-CHz), 18.6, 18.1 (minor and major CeHs+—CHs). ESI-
HRMS positive mode (m/z): calculated for CsHsCINsOsRu+ [M — PFs]* 862.1473;
CasH4sN3O10Ru* [M - PFs — Cl + OMe + MeOH]* 890.2234. Found: [M - PFs]* 862.1470; [M —
PFs — Cl + OMe + MeOH]* 890.2231.

5.1.29. Complex Ru-7

Prepared from complex Ru-dimer (50 mg, 0.082 mmol), compound L-7 (78 mg, 0.163
mmol, 2 eq.), and TIPFs (57 mg, 0.163 mmol) according to general procedure IV. Purified
by column chromatography (9:1 CHCl:-MeOH) to give 108 mg (74%) yellow powder. Re:
0.54 (9:1 CHCIs>-MeOH). Diastereomeric ratio: 2:1. 'TH-NMR (400 MHz, CDCls) & (ppm):
9.46 (d, ] = 4.4 Hz, minor Py-H-6), 9.34 (d, | = 4.4 Hz, major Py-H-6), 8.24-8.10 (m, minor
and major Py-H-4, Py-H-3), 7.87 (m, minor Py-H-5), 7.80 (m, major Py-H-5), 6.01-5.95 (m,
minor and major p-cym-CHar), 5.85 (pt, ] = 10.2, 10.0 Hz major H-2'), 5.82-5.71 (m, minor
and major p-cym-CHar), 5.57-5.55 (m, minor and major H-4'), 5.47 (pt, | = 10.0, 10.0 Hz
minor H-2'), 5.29 (dd, | = 10.0, 3.2 Hz, minor H-3'), 5.25 (dd, | = 10.0, 3.2 Hz, major H-3"),
5.01 (d, ] =10.2 Hz, major H-1"), 4.98 (d, ] = 10.0 Hz, minor H-1'), 4.23-4.10 (m, minor and
major H-5', H-6'a, H-6'b), 3.01 (hept, | = 6.8 Hz, major i-Pr-CH), 2.89 (hept, ] = 6.8 Hz, minor
i-Pr-CH), 2.24-2.23, 2.17, 2.07-2.04 (singlets, minor and major CsH+—CHs, COCHs), 1.34 (d,
J=6.8 Hz, 2 x major i-Pr-CHs), 1.28, 1.24 (2 d, | = 6.8 Hz in each, 2 x minor i-Pr-CHs); 13C-
NMR (90 MHz, CDCls) 6 (ppm): 170.3, 170.2, 170.1, 170.0, 169.8, 169.7 (2 x 4 x C=0), 164.8,
164.7, 164.5 (2) (minor and major OD-C-2, OD-C-5), 157.4 (minor Py-C-6), 156.5 (major Py-
C-6), 140.3 (minor Py-C-4), 140.1 (major Py-C-4), 139.9 (major Py-C-2), 139.2 (minor Py-C-
2), 130.5 (minor Py-C-5), 129.9 (major Py-C-5), 125.3 (minor Py-C-3), 125.2 (major Py-C-3),
106.2, 102.6 (minor p-cym-Cqar), 105.1, 102.2 (major p-cym-Caqar), 87.6, 85.0, 83.1, 82.9 (major
p-cym-CHar), 85.7, 85.2, 83.3, 83.0 (minor p-cym-CHar), 75.6 (minor C-5'), 75.4 (major C-5'),
71.4, 71.0, 67.0 (major C-1', C-3', C-4'), 71.3, 70.7, 67.1, 66.9 (minor C-1'-C-4"), 65.8 (major
C-2'), 61.4 (minor C-6'), 61.3 (major C-6'), 31.1 (minor i-Pr-CH), 31.0 (major i-Pr-CH), 22.6,
21.4 (major i-Pr-CHs), 22.2, 21.8 (minor i-Pr-CHs), 20.6, 20.6, 20.5, 20.5, 20.4, 20.4 (2 x 4 x
COCHs), 18.5 (minor CsHs—CHs), 18.1 (major CsH+—CHs). ESI-HRMS positive mode (m/z):
calculated for CssH«4N3O12Ru* [M — PFs — Cl + OMe + MeOH]* 776.1973. Found: 776.1973.

5.1.30. Complex Ru-8

Prepared from complex Ru-dimer (10.0 mg, 0.0163 mmol), compound L-8 (24.9 mg,
0.0343 mmol, 2.1 eq.), and TIPFs (11.4 mg, 0.0326 mmol) according to general procedure
IV. Purified by column chromatography (95:5 CHCls-MeOH) to give 30.3 mg (81%) yel-
low powder. Re: 0.49 (95:5 CHCIs-MeOH). Diastereomeric ratio: 5:4. 'TH-NMR (400 MHz,
CDCls) & (ppm): 9.49 (d, ] = 4.7 Hz, minor Py-H-6), 9.26 (d, ] = 5.1 Hz, major Py-H-6), 8.21-
7.25 (m, minor and major Ar, Py-H-3-Py-H-5), 6.43 (pt, ] = 10.1, 10.0 Hz, major H-2'), 6.20
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(d, ] =3.3 Hz, major H-4"), 6.16 (d, ] = 2.6 Hz, minor H-4'), 6.02-5.94 (m, minor H-2" and H-
3"), 5.84-5.75 (m, minor and major p-cym-CHa:r, major H-3'), 5.67, 5.64 (2 d, | = 6.1 Hz in
each, minor p-cym-CHar) 5.52 (d, ] = 6.1 Hz, major p-cym-CHa:), 5.47 (d, ] = 10.1 Hz, major
H-1'), 5.37 (d, ] =8.7 Hz, minor H-1'), 5.32, 5.27 (2 d, ] = 6.1 Hz in each, major p-cym-CHar),
4.72-4.62 (m, minor and major H-5', H-6'a), 4.53 (dd, ] = 10.3, 4.1 Hz, minor H-6'b), 4.44
(dd, J=10.3, 4.0 Hz, major H-6'b), 2.80 (hept, ] = 6.9 Hz, major i-Pr-CH), 2.73 (hept, ] = 6.9
Hz, minor i-Pr-CH), 2.03 (s, minor CsH+—CHs3), 1.94 (s, major CeHs—CHs), 1.17,1.15 (2 d, | =
6.9 Hz in each, 2 x major i-Pr-CHs), 1.14, 1.09 (2 d, ] = 6.9 Hz in each, 2 x minor i-Pr-CHs);
13C-NMR (100 MHz, CDCls) 6 (ppm): 166.2, 166.1, 165.9, 165.7, 165.5 (2), 165.4, 165.3, 164.9,
164.8 (2), 164.7 (2 x 4 x C=0, 2 x OD-C-2, 2 x OD-C-5), 157.9 (minor Py-C-6), 156.3 (major
Py-C-6), 140.4 (major Py-C-2), 140.3 (minor Py-C-4), 140.2 (major Py-C-4), 139.3 (minor Py-
C-2),134.5,134.2, 133.9, 133.8 (2), 133.6, 133.5 (2), 130.9-128.1 (minor and major Ar, Py-C-
5), 125.3 (minor Py-C-3), 125.2 (major Py-C-3), 106.8, 104.7, 102.3, 102.0 (minor and major
p-cym-Caqar), 88.8, 85.4 (2), 84.5, 83.6, 83.5, 83.0 (2) (minor and major p-cym-CHar), 76.7 (mi-
nor C-5), 76.3 (major C-5'), 72.5 (major C-3'), 72.2 (minor C-1'), 71.7 (major C-1'), 71.3, 68.7
(minor C-2', C-3'), 68.3 (major C-4'), 68.2 (minor C-4’), 66.8 (major C-2'), 62.4 (minor C-6’),
62.1 (major C-6'), 31.3 (minor i-Pr-CH), 31.1 (major i-Pr-CH), 23.2, 21.3 (major i-Pr-CHs),
22.2, 22.0 (minor i-Pr-CHs), 18.7 (minor CsHs—CHs), 18.0 (major CsHs—CHs). ESI-HRMS
positive mode (m/z): calculated for CsiHasCIN3OwRu* [M — PFe]* 996.1843. Found: 996.1842.

5.1.31. Complex Ru-9

Prepared from complex Ru-dimer (50 mg, 0.082 mmol), compound L-9 (78 mg, 0.179
mmol, 2.2 eq.), and TIPFs (57 mg, 0.163 mmol) according to general procedure IV. Purified
by column chromatography (9:1 CHCl:-MeOH) to give 130 mg (94%) yellow powder. Re:
0.54 (9:1 CHCls-MeOH). Diastereomeric ratio: 1:1. 'H-NMR (400 MHz, CDCls) d (ppm):
9.33 (2H, d, | =4.2 Hz, 2 x Py-H-6), 8.15 (2H, t, ] =7.4 Hz, 2 x Py-H-4), 8.07 2H, d, ] =7.4
Hz, 2 x Py-H-3), 7.79 (2H, m, 2 x Py-H-5), 6.52, 6.46 (2 x 1H, 2 d, | = 2.3 Hz in each, 2 x H-
1, 6.01-5.95 (4H, m, 2 x p-cym-CHar), 5.84-5.71 (6H, m, 2 x p-cym-CHar, 2 x H-2'), 5.34,
530 (2 x1H,2ddd, [=8.9,4.1,29 Hzin each, 2 x H-3"), 4.36,4.35 (2 x 1H, 2 dd, ]=12.5,2.9
Hz in each, 2 x H-4'a), 421, 4.20 (2 x 1H, 2 dd, ] = 12.5, 4.1 in each, 2 x H-4'b), 2.98, 2.97 (2
x 1H, 2 hept, | = 6.9 Hz in each, 2 x i-Pr-CH), 2.29, 2.24, 2.21, 2.18, 2.13, 2.12, 2.11, 2.10, 2.08,
2.08 (30H, singlets, 2 x i-Pr-CHs, 2 x 4 x COCHs), 1.33-1.29 (12H, m, 2 x 2 x i-Pr-CHjs); 13C-
NMR (90 MHz, CDCls) & (ppm): 170.7, 170.6, 169.9, 169.8, 169.6, 169.5, 169.4, 169.1 (2 x 4 =
C=0), 165.2,165.1, 164.5 (2) (2 x OD-C-2, 2 x OD-C-5), 156.9, 156.8 (2 x Py-C-6), 140.4 (2) (2
x Py-C-4), 139.8, 139.7 (2 x Py-C-2), 130.3 (2) (2 x Py-C-5), 125.4, 125.3 (2 x Py-C-3), 105.9,
105.7, 102.4, 102.3 (2 x 2 x p-cym-Caqar), 87.2, 86.6, 85.4, 85.1, 83.5 (2), 83.4, 83.3 (2 x 4 x p-
cym-CHar), 68.9, 68.7 (2 x C-2), 68.0, 67.8 (2 x C-3'), 64.3, 63.7 (2 x C-1), 61.5 (2) (2 x C-4"),
31.3 (2) (2 x i-Pr-CH), 22.8, 22.6, 21.9, 21.8 (2 x 2 x i-Pr-CHs), 21.0, 20.9 (2), 20.8, 20.7, 20.6,
20.5 (2) (2 x4 x COCHs), 18.5, 18.4 (2 x CsHs+—CHs). ESI-HRMS positive mode (m/z): calcu-
lated for C2oHzCIN3sOsRu* [M — PFs]* 706.1105; CsiH2N3OuRu* [M - PFs — Cl + OMe +
MeOH]* 734.1866. Found: [M - PFe]* 706.1106; [M - PF¢ — Cl + OMe + MeOH]* 734.1868.

5.1.32. Complex Ru-10

Prepared from complex Ru-dimer (39 mg, 0.064 mmol), compound L-10 (39 mg, 0.126
mmol, 2 eq.), and TIPFs (44 mg, 0.126 mmol) according to general procedure V. The crude
product was triturated with Et20 to give 80 mg (87%) orange powder. Diastereomeric ra-
tio: 1:1. 'H-NMR (400 MHz, CD:OD) d (ppm): 9.54 (2H, d, ] =5.5 Hz, 2 x Py-H-6), 8.40-8.36
(4H, m, 2 x Py-H-3, 2 x Py-H-4), 7.98-7.93 (2H, m, 2 x Py-H-5), 6.19-6.13 (2 x 2H, m, 2 x p-
cym-CHar), 5.94-5.92 (2 x 2H, m, 2 x p-cym-CHar), 4.85,4.83 (2 x 1H, 2d, J=9.8 Hz in each,
2xH-1'),3.92,391 (2x1H,2dd, J=12.1, 6.1 Hz in each, 2 x H-6'a), 3.83, 3.81 (2 x 1H, 2 pt,
J=9.5,9.3 Hz in each, 2 x H-2'), 3.71, 3.70 (2 x 1H, 2 dd, ] = 12.1, <1 Hz in each, 2 x H-6'b),
3.59-3.54 (4H, m, 2 x H-3', 2 x H-5'), 3.45, 3.45 (2 x 1H, 2 pt, ] = 9.8, 9.5 Hz in each, 2 x H-
4,291,290 (2 x 1H, 2 hept, ] = 6.9 Hz in each, 2 x i-Pr-CH), 2.23 (6H, s, 2 x CsHs—CHb),
1.28-1.23 (12H, m, 2 x 2 x i-Pr-CH3s); ¥*C-NMR (90 MHz, CDsOD) & (ppm): 168.5 (2), 166.0
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(2) (2 x OD-C-2, 2 x OD-C-5), 158.3, 158.3 (2 x Py-C-6), 142.0 (2) (2 x Py-C-4), 141.6, 141.5 (2
x Py-C-2), 131.1 (2) (2 x Py-C-5), 126.6, 126.5 (2 x Py-C-3), 107.3, 107.2, 103.5, 103.4 (2 x 2 x
p-cym-Caar), 87.4, 87.2, 85.9, 85.8, 85.1, 85.0, 84.9, 84.8 (2 x 4 x p-cym-CHa:), 83.2, 83.1 (2 x
C-5), 78.8, 78.7 (2 x C-3'), 74.6 (2) (2 x C-1"), 73.3, 73.2 (2 x C-2'), 71.1 (2) (2 x C-4'), 62.6 (2)
(2 x C-6), 324 (2) (2 x i-Pr-CH), 22.8, 22.7, 22.1, 22.0 (2 x 2 x i-Pr-CHz), 18.8 (2) (2 x CsHa—
CHs). ESI-HRMS positive mode (1m/z): calculated for C2sH29CIN3OeRu* [M - PFs]* 580.0786;
CasH3sN3O0sRu* [M — PFs — Cl + OMe + MeOH]* 608.1548. Found: [M — PFe]* 580.0787; [M —
PFs — Cl + OMe + MeOH]* 608.1545.

5.1.33. Complex Ru-11

Prepared from complex Ru-dimer (10.0 mg, 0.016 mmol), compound L-11 (9.1 mg,
0.033 mmol, 2 eq.), and TIPFs (11.4 mg, 0.033 mmol) according to general procedure V.
Purified by recrystallization from an iPrOH-Et0 solvent mixture (2 mL and 5 mL, respec-
tively) to give 9.5 mg (42%) yellow powder. Diastereomeric ratio: 1:1. 'H-NMR (400 MHz,
CDsOD) 6 (ppm): 9.53 (2H, d, ] = 5.4 Hz, 2 x Py-H-6), 8.38-8.34 (4H, m, 2 x Py-H-3, 2 x Py-
H-4), 7.95-7.92 (2H, m, 2 x Py-H-5), 6.18-6.12 (2 x 2H, m, 2 x p-cym-CHar), 5.94-5.90 (2 x
2H, m, 2 x p-cym-CHar), 4.77, 4.76 (2 x 1H, 2 d, ] = 9.6 Hz in each, 2 x H-1"), 4.07, 4.06 (2 =
1H, 2 dd, J=11.1, 5.3 Hz in each, 2 x H-5'eq), 3.81, 3.80 (2 x 1H, 2 pt, ] =9.6, 9.0 Hz in each,
2 x H-2'), 3.68, 3.65 (2 x 1H, 2 ddd, ] = 10.5, 8.9, 5.3 Hz in each, 2 x H-4), 3.51 2H, pt, | =
9.0, 8.9 Hz, 2 x H-3'), 3.47, 3.46 (2 x 1H, 2 pt, ] = 11.1, 10.5 Hz in each, 2 x H-5'ax), 2.91 (2H,
2 hept, ] = 6.8 Hz, 2 x i-Pr-CH), 2.22 (6H, s, 2 x CéH+-CH?), 1.28-1.23 (12H, m, 2 x 2 x {-Pr-
CHs); 3C-NMR (100 MHz, CDs0OD) d (ppm): 168.8, 168.6, 166.1, 166.0 (2 x OD-C-2, 2 x OD-
C-5), 158.2 (2) (2 x Py-C-6), 142.0 (2) (2 x Py-C-4), 141.6, 141.5 (2 x Py-C-2), 131.1 (2) (2 x Py-
C-5), 126.6, 126.5 (2 x Py-C-3), 107.4 (2), 103.5, 103.4 (2 x 2 x p-cym-Caqar), 87.4, 87.3, 86.0,
85.9, 85.0 (2), 84.9, 84.8 (2 x 4 x p-cym-CHa), 79.0, 78.9 (2 x C-3'), 75.4, 75.3 (2 x C-1'), 73.5,
73.3,(2xC-2'),71.8,71.7 (2 x C-5'), 70.8 (2) (2 x C-4), 32.4 (2) (2 x i-Pr-CH), 22.7 (2), 22.0 (2)
(2 x 2 x i-Pr-CHs), 18.7 (2) (2 x CsHa—CHs). ESI-HRMS positive mode (m/z): calculated for
C2H27CINsOsRu* [M - PFe]* 550.0680; C24H34N3O7Ru* [M - PFs — Cl + OMe + MeOH]*
578.1442. Found: [M — PFs]* 550.0672; [M — PFs — C1 + OMe + MeOH]* 578.1432.

5.1.34. Complex Ru-12

Prepared from complex Ru-dimer (10.0 mg, 0.016 mmol), compound L-12 (10.1 mg,
0.033 mmol, 2 eq.), and TIPFs (11.4 mg, 0.033 mmol) according to general procedure V.
Purified by recrystallization from an iPrOH-Et20 solvent mixture (2 mL and 5 mL, respec-
tively) to give 11.9 mg (50%) yellow powder. Diastereomeric ratio: 1:1. "H-NMR (360 MHz,
CDsOD) 6 (ppm): 9.55 (2H, d, ] = 5.6 Hz, 2 x Py-H-6), 8.40-8.35 (4H, m, 2 x Py-H-3, 2 x Py-
H-4), 7.96-7.93 (2H, m, 2 x Py-H-5), 6.19-6.13 (2 x 2H, m, 2 x p-cym-CHa:), 5.94-5.92 (2 =
2H, m, 2 x p-cym-CHar), 4.78, 4.76 (2 x 1H, 2 d, ] = 9.8 Hz in each, 2 x H-1'), 4.18, 4.15 (2 x
1H, 2 pt, ] =9.8, 9.4 in each, 2 x H-2), 4.01 (2H, d, ] = 3.2 Hz, 2 x H-4), 3.84-3.73 (6H, m, 2
x H-5', 2 x H-6'a, 2 x H-6'b), 3.69, 3.68 (2 x 1H, 2 dd, ] = 9.4, 3.2 in each, 2 x H-3'), 2.91 (2H,
2 hept, ] =6.9 Hz, 2 x i-Pr-CH), 2.23 (6H, s, 2 x CéH+~CH), 1.27-1.23 (12H, m, 2 x 2 x {-Pr-
CHs); BC-NMR (90 MHz, CDsOD) d (ppm): 168.7, 168.6, 166.0, 165.9 (2 x OD-C-2, 2 x OD-
C-5), 158.1 (2) (2 x Py-C-6), 141.9 (2) (2 x Py-C-4), 141.6, 141.5 (2 x Py-C-2), 131.1 (2) (2 x Py-
C-5), 126.5, 126.4 (2 x Py-C-3), 107 .4, 107.3, 103.5, 103.4 (2 x 2 x p-cym-Cqar), 87.2, 87.1, 86.0,
85.8, 85.0 (2), 84.8, 84.7 (2 x 4 x p-cym-CHar), 82.0, 81.9 (2 x C-5), 75.6, 75.5, 75.1, 75.0 (2 x
C-1', 2 x C-3), 70.6, 70.5, 70.2, 70.0 (2 x C-2', 2 x C-4"), 62.7 (2) (2 x C-6'), 32.4 (2) (2 x i-Pr-
CH), 22.7, 22.6, 22.1, 22.0 (2 x 2 x i-Pr-CHz), 18.7 (2) (2 x CsHs—CHs). ESI-HRMS positive
mode (m/z): calculated for C2sH20CIN3OsRu* [M — PFs]* 580.0786; C2sH3sN3OsRu* [M — PFs
- Cl+OMe + MeOH]* 608.1548. Found: [M — PFs]* 580.0792; [M - PFs — C1 + OMe + MeOH]*
608.1553.

5.1.35. Complex Ru-13
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Prepared from complex Ru-dimer (20.0 mg, 0.033 mmol), 1-phenyl-4-(pyridine-2-yl)-
1,2,3-triazole [34] (L-13, 14.5 mg, 0.065 mmol, 2 eq.), and TIPFs (22.8 mg, 0.065 mmol) ac-
cording to general procedure V. Purified by recrystallization from a CHCls-Et-O solvent
mixture (3 mL and 6 mL, respectively) to give 36.8 mg (88%) yellow powder. Racemic
mixture. 'TH-NMR (400 MHz, acetone-ds) d (ppm): 9.62 (1H, s, Tria-H-5), 9.57 (1H, ddd, ] =
5.6,1.4, 0.9 Hz, Py-H-6), 8.29 (1H, dt, ] =7.6, 1.4 Hz, Py-H-4), 8.25 (1H, ddd, J=7.9, 1.9, 0.9
Hz, Py-H-3), 8.12-8.09 (2H, m, Ph), 7.79-7.68 (4H, m, Ph, Py-H-5), 6.27, 6.24, 6.04, 5.99 (4 x
1H,4 d, J=6.2 Hz in each, 4 x p-cym-CHar), 2.91 (1H, hept, ] = 6.9 Hz, i-Pr-CH), 2.29 (3H,
s, CeH+—CHs), 1.23, 1.19 (2 x 3H, 2 d, ] = 6.9 Hz in each, 2 x i-Pr-CHjs); *C-NMR (90 MHz,
acetone-ds) O (ppm): 156.6 (Py-C-6), 149.2, 148.2 (Tria-C-4, Py-C-2), 141.1 (Py-C-4), 131.6,
131.2,127.3,124.0, 123.3, 121.9 (Ph, Py-C-3, Py-C-5, Tria-C-5), 106.2, 103.4 (2 x p-cym-Caar),
87.4, 85.8, 85.1, 84.5 (4 x p-cym-CHar), 31.9 (i-Pr-CH), 22.6, 21.9 (2 x i-Pr-CHs), 18.7 (CsHa—
CHs). ESI-HRMS positive mode (1m/z): calculated for CzsH24CIN4Ru* [M — PFe]*: 493.0730.
Found: 493.0709.

5.1.36. Complex Ru-14

Prepared from complex Ru-dimer (20.0 mg, 0.033 mmol), 2-phenyl-5-(pyridine-2-yl)-
1,3,4-oxadiazole [35,36] (L-14, 14.6 mg, 0.065 mmol, 2 eq.), and TIPFs (22.8 mg, 0.065 mmol)
according to general procedure V. Purified by recrystallization from a CHCIs-Et20 solvent
mixture (3 mL and 6 mL, respectively) to give 34.9 mg (84%) yellow powder. Racemic
mixture. 'H-NMR (360 MHz, acetone-ds) d (ppm): 9.69 (1H, ddd, ] =5.6, 1.3, 0.8 Hz, Py-H-
6), 8.54 (1H, ddd, ] =7.8, 1.6, 0.8 Hz, Py-H-3), 8.48 (1H, dt, | = 7.8, 1.3 Hz, Py-H-4), 8.33-
8.29 (2H, m, Ph), 8.01 (1H, ddd, ] = 7.8, 5.6, 1.6 Hz, Py-H-5), 7.85-7.72 (3H, m, Ph), 6.30-
6.27, 6.07-6.04 (2 x 2H, 2 m, 4 x p-cym-CHar), 3.03 (1H, hept, ] = 6.9 Hz, i-Pr-CH), 2.31 (3H,
s, CeHs—CHs), 1.32, 1.30 (2 x 3H, 2 d, ] = 6.9 Hz in each, 2 x i-Pr-CHjs); 3C-NMR (90 MHz,
acetone-ds) o (ppm): 168.2, 164.7 (OD-C-2, OD-C-5), 157.8 (Py-C-6), 141.6 (Py-C-4), 141.5
(Py-C-2),134.9,130.7,130.3, 128.5, 125.9, 122.7 (Ph, Py-C-3, Py-C-5), 106.7, 102.9 (2 x p-cym-
Caqar), 86.9, 85.6, 84.7, 84.5 (4 x p-cym-CHar), 32.0 (i-Pr-CH), 22.7, 22.0 (2 x i-Pr-CHs), 18.8
(CsHs—CHs). ESI-HRMS positive mode (m/z): calculated for C2sH2sCINsORu* [M — PFe]*:
494.0556. Found: 494.0553.

5.2. Determination of the Distribution Coefficients (logD)

Prior to the experiments, n-octanol was saturated with aqueous PBS solution (pH =
7.40) and vice versa. The corresponding complex (approximately 0.2-0.3 mg) was dis-
solved in a mixture of 2.50 mL of pre-saturated n-octanol and 2.50 mL of pre-saturated
PBS buffer, and the mixture was vigorously stirred for 3 days. According to the NMR
stability measurements, this time was necessary to reach equilibrium between the various
ionic complex species. Due to the lipophilic/hydrophilic character of the complexes, those
with benzoyl protection or the non-sugar derivative could mostly be found in the n-oc-
tanol, while the acetyl and non-protected complexes could be found in the aqueous PBS
phase. The appropriate separated solution was centrifuged (ScanSpeed 406G instrument,
4000 RPM for 5 min), and the absorption of the “stock solution” was measured (VWR UV-
1600PC Spectrophotometer, 270-420 nm). Then 2.00 mL of stock solution was stirred vig-
orously with 16.00 mL of pre-saturated, clean n-octanol or PBS solution. After 1 day, the
phases were separated and centrifuged, and the absorption of the solution was measured
again. From the absorption difference of the stock solutions, the distribution coefficient
(D) was calculated according to the previously described formulae [66].

5.3. Visualization

All structures were drawn using Chemdraw Professional 17.0.
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5.4. Cell Culture Materials and the Source of the Platinum Compounds

Carboplatin, oxaliplatin, cisplatin, rucaparib, Trolox, and MitoTempo were from
Sigma-Aldrich (St. Louis, MO, USA). All other materials for cellular experiments were
from Sigma-Aldrich, unless otherwise stated.

5.5. Cell Culture

Cells were cultured under standard cell culture conditions, 37 °C, 5% CO», humidi-
fied atmosphere. A2780 cells were cultured in RMPI 1640 medium supplemented with
10% fetal calf serum, 2 mM glutamine, and 1% penicillin-streptomycin (Sigma-Aldrich).
ID8 cells were cultured in high-glucose DMEM (4.5 g/L glucose) supplemented with 4%
fetal calf serum, 2 mM glutamine, 1% penicillin-streptomycin (Sigma-Aldrich), and 1%
ITS supplement (Sigma-Aldrich 13146). U251 cells were maintained in MEM (Sigma-Al-
drich), 10% fetal bovine serum (Sigma-Aldrich), 1% penicillin/streptomycin (Invitrogene),
and 2 mM glutamine. MCF7 cells were maintained in MEM (Sigma-Aldrich), 10% fetal
bovine serum (Sigma-Aldrich), 1% penicillin/streptomycin (Invitrogen, Waltham, MA,
USA), and 2 mM glutamine. Capan2 cells were maintained in MEM (Sigma-Aldrich), 10%
fetal bovine serum (Sigma-Aldrich), 1% penicillin/streptomycin (Invitrogen), and 2 mM
glutamine. Human primary dermal fibroblasts were cultured in low-glucose DMEM (1 g/L
glucose) supplemented with 20% fetal calf serum, 2 mM glutamine, and 1% penicillin—
streptomycin (Sigma-Aldrich).

5.6. Methylthiazolyldiphenyl-Tetrazolium Bromide (MTT) Reduction Assay

The MTT reduction assay assesses the activity of mitochondrial complex I, and it was
used to assess rapid toxicity. The MTT reduction assay was performed similarly to [67].
Cells were seeded in 96-well plates. The next day, cells were treated with the compounds
for 4 h in the concentrations indicated in a cell incubator. At the end of treatment, MTT
was added in 0.5 mg/mL final concentration, and cells were incubated at 37 °C in a cell
incubator. Then, culture media was removed, the reduced MTT dye was resolved in di-
methyl sulfoxide (DMSO), and plates were measured in a plate photometer (Thermo Sci-
entific Multiscan GO spectrophotometer, Waltham, MA, USA) at 540 nm. On each plate,
wells were designed to contain untreated/vehicle-treated cells. In calculations, the read-
ings for these wells were considered as 1, and all readings were expressed relative to these
values.

5.7. Sulforhodamine B (SRB) Proliferation Assay

The SRB accumulation assay assesses protein content in a sample, and it was used to
assess cell proliferation. The SRB accumulation assay was performed similarly to [68].
Cells were seeded in 96-well plates. The next day, cells were treated with the compounds
for 48 h in the concentrations indicated in a cell incubator. At the end of treatment, cells
were fixed with 10% trichloroacetic acid (TCA). Fixed cells were stained with SRB (0.4%
mj/v dissolved in 1% acetic acid) for 60 min. Fixed cells were washed in 1% acetic acid three
times; acetic acid was removed, and cells were left to dry. Protein-bound SRB was released
by adding 100 uL of 10 mM Tris base. Plates were measured in a plate photometer
(Thermo Scientific Multiscan GO spectrophotometer, Waltham, MA, USA) at 540 nm. On
each plate, wells were designed to contain untreated cells. In calculations, the readings for
these wells were considered as 1, and all readings were expressed relative to these values.

5.8. Annexin V-FITC, PI Double Staining

Annexin V-PI double staining was applied to assess apoptotic and necrotic cell death
similar to [37,38,69]. A2780 cells were treated with the indicated compounds at the con-
centration corresponding to their ICso value for 2, 4, and 48 h. The 4 and 48 h time points
correspond to the time points for the MTT and SRB assays, while the 2 h time point reflects
the optimum time point for the detection of apoptotic or necrotic cell death [37,38,69].
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Quadrants were set on the basis of the FITC and PI values observed for the vehicle-treated
cells.

5.9. Western Blotting

The preparation of protein extracts, the separation of protein extracts in SDS-poly-
acrylamide gel electrophoresis, and the subsequent Western blotting were performed as
described in [70] using the antibodies in Table 4. Enhanced chemiluminescence was de-
veloped using ChemiDoc Imager, (Bio-Rad, Hercules, CA, USA). Densitometry was per-
formed using Image Lab Touch Software, Bio-Rad, Hercules, CA, USA).

5.10. Statistical Analysis

Statistical analysis was performed using Graphpad Prism version 8.0.1. Values were
tested for normal distribution using the D’Agostino and Pearson normality test. When
necessary, values were log-normalized or were normalized using the Box-Cox normali-
zation method [71], as indicated in the figure captions. The level of significance of the
subsequent statistical test and post hoc test is indicated in the figure captions. Nonlinear
regression was performed using the built-in “[Inhibitor] vs. response—variable slope
(four parameters), least square fit” utility of Graphpad that yielded ICso and Hill slope
values.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/ijms221910454/s1: Table S1. Selected 'H-NMR data of Ru-dimer, the 1-(3-D-glucopyra-
nosyl)-4-hetaryl-1,2,3-triazoles (L-1-L-3), and their half-sandwich Ru(Il) complexes (Ru-1-Ru-3);
Table S2. Changes in the chemical shifts of selected 'H-NMR resonances as a result of the complex
formation for Ru-1-Ru-3; Table S3. Selected *C-NMR data of Ru-dimer, the 1-(3-D-glucopyranosyl)-
4-hetaryl-1,2,3-triazoles (L-1-L-3) and their half-sandwich Ru(II) complexes (Ru-1-Ru-3); Table S4.
Changes in the chemical shifts of selected *C-NMR resonances as a result of the complex formation
for Ru-1-Ru-3; Table S5. Selected 'H-NMR data of Ru-dimer, the monosaccharide-based 5-(pyri-
dine-2-yl)-1,3,4-oxadiazoles (L-4-L-12), and their half-sandwich Ru(II) complexes (Ru-4-Ru-12); Ta-
ble S6. Changes in the chemical shifts of selected "H-NMR resonances as a result of the complex
formation for Ru-4-Ru-12; Table S7. Selected 3C-NMR data of Ru-dimer, the monosaccharide-
based 5-(pyridine-2-yl)-1,3,4-oxadiazoles (L-4-L-12), and their half-sandwich Ru(II) complexes (Ru-
4-Ru-12); Table S8. Changes in the chemical shifts of selected *C-NMR resonances as a result of the
complex formation for Ru-4-Ru-12, along with copies of 'H- and S*C'NMR spectra; Figure S1. A
representative example for the stability of the complexes in aqueous medium; Table S9. Distribution
coefficient of the synthesized complexes (logD).
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