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Introduction

Cancer is the second-leading cause of death after cardiovascu-
lar diseases and was responsible for an estimated 9.6 million
deaths in 2018. Globally, about one in six deaths is due to
cancer.[1, 2] Although several strategies have been developed to
fight cancer, killing neoplastic cells without affecting healthy
cells is still a challenge.

Within this lively field of research, a wide range of metal-
based compounds have been designed and tested in the last
decades to achieve the highest antiblastic activity along with a
good toxicological profile.[3] To enhance drug selectivity, re-
searchers exploit specific target proteins on the cell’s phospho-
lipid bilayer, which are overexpressed in neoplastic cells, by
conjugating the drug to the corresponding antibody or small
biomolecule.[4–8] In particular, this paper discloses the synthesis
and preliminary biological studies of coordination compounds

functionalized with monosaccharides to obtain selective deliv-
ery of the cytotoxic metal payload into the tumor tissue. Dis-
covered by Warburg in 1924, cancer cells require a larger
supply of nutrients, in particular carbohydrates, than healthy
cells, due to a series of metabolic mutations.[9–12] Most neoplas-
tic cells therefore overexpress glucose-transporter proteins, in
particular those belonging to the GLUT family, in their cell
membrane, and this phenomenon is correlated with poor pa-
tient prognosis.[13–15]

In recent years, this histopathological behavior was exploit-
ed by a few research groups, in particular those of Gao[16–20]

and Lippard,[21, 22] who conjugated oxaliplatin to functionalized
monosaccharides at different positions of the pyranose ring
and tested the obtained PtII complexes for anticancer proper-
ties with promising results.

In this work, we combine some AuIII and CuII dithiocarba-
mates (DTCs) with various carbohydrates. The metal centers
AuIII and CuII were chosen owing to their well-known low-mi-
cromolar cytotoxic effects, when complexed with DTCs[23, 24] or
other appropriate ligands,[25, 26] against a wide panel of human
tumor cell lines. In this regard, different mechanisms of action
have been recognized in the literature over the last years: for
example, while reactivity toward the selenoenzyme thioredoxin
reductase, aquaporins, proteasome, or PARP-1 has been detect-
ed for AuIII compounds,[27–31] induced oxidative DNA or mito-
chondrial damage has been observed for CuII counterparts.[26, 32]

DTCs are bidentate anions forming very stable coordination
compounds.[33] The strong chelating effect can prevent ligand
substitutions, thus favoring the application of this class of
complexes for biomedical purposes.

This work is focused on the synthesis, characterization, and
preliminary biological evaluation of bio-conjugated AuIII and
CuII complexes with the aim of overcoming the well-known
side effects of chemotherapy by improving the selective accu-
mulation of an anticancer metal payload in malignant cells. For
this purpose, carbohydrates were chosen as targeting agents,
exploiting the Warburg effect that accounts for the overexpres-
sion of glucose-transporter proteins (in particular GLUTs) in the
phospholipid bilayer of most neoplastic cells. We linked the di-

thiocarbamato moiety to the C1 position of three different
monosaccharides: d-glucose, d-galactose, and d-mannose. Al-
together, six complexes with a 1:2 metal-to-ligand stoichiome-
try were synthesized and in vitro tested as anticancer agents.
One of them showed high cytotoxic activity toward the
HCT116 colorectal human carcinoma cell line, paving the way
to future in vivo studies aimed at evaluating the role of carbo-
hydrates in the selective delivery of whole molecules into can-
cerous cells.
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Concerning the nature of the selected monosaccharide (d-
glucose, d-galactose, and d-mannose), d-glucose is the most
common in the body and the last two diastereomers show a
similar affinity for GLUT proteins.[34–37] Three different DTC li-
gands were successfully complexed to the AuIII or CuII metal
centers. It is worth highlighting that the best method to conju-
gate the monosaccharide to the dithiocarbamato moiety
turned out the glycosylation reaction, discovered by Fisher and
optimized during the last century.[38–40]

Results and Discussion

Synthesis and characterization of the ligands

The first step of the synthesis of the dithiocarbamato ligands
conjugated with d-glucose, d-galactose and d-mannose
(Figure 1) is the glycosylation reaction between the corre-

sponding pentaacetylated glycosyl donor and the carboxyben-
zyl-protected 2-N-methylaminoethanol (Cbz-2-N-methylami-
noethanol) as glycosyl acceptor in dry CH2Cl2 (Scheme 1).[41]

This step undergoes the activating process promoted by the
Lewis acid BF3·Et2O.[42] In particular, the role of the Lewis acid is
to favor the leaving of the acetyl group at the anomeric
carbon atom with the subsequent formation of a carbenium
ion.[43, 44] Contrary to Fischer’s glycosylation, in which unpro-
tected carbohydrates are used, in the case of acetylated sugars
the carbonyl oxygen atom of the acetyl group at the C2 posi-
tion can stabilize the carbenium intermediate. When this stabi-
lizing group is present, the reaction becomes highly stereose-
lective thanks to the assisted stabilization of the adjacent
acetyl group that prevents axial nucleophilic attack of the gly-
cosyl acceptor. In particular, the equatorial substituent at C2

for d-glucose and d-galactose drives the selective formation of
b-anomeric products.[41] Conversely, in the case of d-mannose,
an a-mannoside is obtained because of the axial position of
the acetyl group at C2.[41] Although the reaction is rapid and
highly stereoselective, many byproducts are formed in solution
due to the reactivity of the carbenium ion, which can interact
with other nucleophiles (e.g. , water and acetate anion). A very
low yield, ranging from 10 to 28 %, was recorded in all cases
after the glycosylation step. Conversely, the deacetylation and
the hydrogenation processes (second and third synthetic
steps, respectively) provide the unprotected glycosides almost
quantitatively.[41, 45] During the process optimization we ob-
served that if column purification is performed only after the
second step instead of immediately after the glycosylation re-
action, higher yields can be obtained.

During the dithiocarbamate synthesis (Scheme 1 (iv),
Figure 1), we observed that the nucleophilic attack of the gly-
cosyl-conjugated secondary amine toward CS2 in water is
slower (6 h) than the same process involving less sterically hin-
dered alkyl amines as starting material (usually 1–2 h, for ex-
ample, piperidine).[24, 33]

All the NMR spectra of the ligands were acquired in
[D6]DMSO and are provided in the Supporting Information.
This aprotic solvent allows the detection of resonances related
to the alcoholic functions of the monosaccharides. Moreover,
spectra recorded in [D6]DMSO show better solved peaks in the
2.9–4.9 ppm range. In contrast, acquisitions in D2O or MeOD
are characterized by closer peaks, thus hampering a proper in-
tegration process.

The 1H NMR spectra of the glycosyl-functionalized ligands
are characterized by the presence of several multiplets. Nota-
bly, 11 of the 18 total protons (i.e. , the methynic protons of
the pyranose ring, the methylenic protons of the ethylic
spacer, and the methylenic protons at C6 as shown in Figure 1)
are diastereotopic, and each of them gives rise to a multiplet
in different regions of the spectrum. In this regard, a one-di-
mensional 1H NMR investigation does not provide sufficient in-
formation to unambiguously assign every resonance to the
corresponding proton set.

Figure 2 (top) shows the 2D 1H–1H COSY spectrum of the
ligand GluDTC, useful to better attribute each proton within
the structure (the corresponding 1D spectrum is shown in
Figure 2, at bottom, and the resonances are listed in Table 1).
The 2D spectra recorded for the d-galactoside and d-manno-
side derivatives are reported in the Supporting Information.

As shown in the 1D 1H NMR spectrum of the GluDTC ligand
(Figure 2 bottom), the groups of protons in a position with re-
spect to the dithiocarbamato moiety resonate at 3.40 and at
about 4.20 ppm for the N-methyl and the N-methylene pro-
tons, respectively. These values are in agreement with data re-
ported for other dithiocarbamates bearing similar substituents
surrounding the dithiocarbamic nitrogen atom (for example,
the sarcosine-DTC ligand).[46]

The protons of the hydroxy groups of the pyranose ring
couple with the adjacent methynic protons and give rise, in
the case of GluDTC, to three doublets (protons 7, 8, 9) and a
triplet (proton 10), at 4.95, 4.87, 4.83, and 4.50 ppm, respective-

Figure 1. Glycoconjugated dithiocarbamato ligands synthesized in this work.
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ly (Table 1). Generally, the resonances of the equatorial protons
in the pyranose ring are shifted to lower fields relative to the
axial protons.[47, 48]

In particular, all methynic protons in the b-d-glucoside
ligand experience the most shielding effect relative to the axial
counterparts of the b-d-galactoside and a-d-mannoside deriva-
tives (except for the 1H at C1). For example, the proton at the
position C2 of the former resonates at highest field (2.93 ppm)
with a difference of 0.66 ppm with respect to the equatorial
proton at the same position of the ManDTC (3.59 ppm). The
same is true for the axial proton at C2 of GalDTC relative to
the equatorial proton of ManDTC. Likewise, the equatorial C4
proton in GalDTC resonates at lower fields with respect to the
corresponding protons of the other derivatives.

The shielding effect occurring for the methynic protons is
accompanied by deshielding for the alcoholic protons. In fact,

the hydroxylic protons resonate at higher chemical shifts in
the case of GluDTC, in which all the hydroxy groups are in an
equatorial configuration.

The FTIR spectra of all dithiocarbamato ligands were collect-
ed in the medium (4000–600 cm�1) wavenumber domain and
are reported in the Supporting Information (Figures S3, S6, S9).
The diagnostic absorptions are listed in Table 2 and are com-
pared with those of the dimethyl dithiocarbamato molecule,
which, similarly to glycoside analogues, bears two linear alkyl
substituents in a position with respect to the N�CSS moiety.

Two main IR regions are taken into account when character-
izing DTC derivatives, both ligand salts and metal–DTC com-
plexes. First is the spectral region 1100–1550 cm�1, in which
the n(N�CSS) band can be found and its position depends
strongly on the extent of double bond character of the N�C
bond.[24] In the case of a single-bond form, the band is located

Scheme 1. Reagents and conditions: (i) BF3·Et2O, dry CH2Cl2, 0 8C!RT, 16 h; (ii) NaOMe, MeOH, RT, 16 h, column chromatography; (iii) H2/Pd, MeOH/EtOAc, RT,
2 h; (iv) CS2, KOH, H2O, 0 8C, 6 h, lyophilization; (v) [AuIII(PPh3)Cl3] , CH2Cl2/MeOH/H2O (10:10:1 v/v), RT (byproducts: [AuI(PPh3)Cl] , PPh3=O, KCl, HCl) ; (vi)
CuCl2·2 H2O, acetone/MeOH (1:1 v/v), RT (byproduct: KCl).
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at 1250–1350 cm�1, whereas it is found at higher wavenum-
bers (1640–1690 cm�1) if the DTC ligand contains a basically
double C=N bond (thioureidic form).[24, 49]

The N�CSS band can be recognized at about 1480 cm�1 for
all the three synthesized ligands, denoting a pronounced
double bond character. As a comparison, the same vibrational
frequency for the dimethyl dithiocarbamate is at 1486 cm�1,
pointing out an excellent correlation between the simplest ali-
phatic ligand and the glycosyl-functionalized ligands.

The band associated with the asymmetric stretching na(CSS),
detectable in the region ranging from 800 to 1100 cm�1, is
found at 952–955 cm�1 for the ligands under investigation,
with excellent correlation with respect to the same absorption
for the dimethyl dithiocarbamate at 962 cm�1.[50–52]

Other areas of the spectrum provide valuable information
regarding the carbohydrate moiety, in particular the “sugar
region” (1200–950 cm�1) and the “anomeric region” (950–
750 cm-[1]).[53, 54]

The overlapping intense bands of C�O and C�C stretching
vibrations in glycosidic bonds and pyranosic ring predominate
in the former region as shown in Figures S3, S6, S9 and
Table 2. In contrast, the “anomeric region” contains weaker
bands of more diagnostic skeletal vibrations sensitive to the
nature of the substituent in the acetal group and the anomeric
structure. In particular, based on published data, O-glycosides
in b-anomeric form give rise to a weak band related to the O�
C�O stretching between 950 and 890 cm�1, whereas a-anom-
ers present a similar absorption at lower wavenumbers (from
890 to 750 cm�1).[54] These bands are visible in the FTIR spectra
of the synthesized ligands, confirming the stereoselectivity of
the glycosylation reaction that led to the formation of b-anom-
ers for GluDTC and GalDTC derivatives (n(OCO) = 898 and
892 cm�1), and a-stereoisomers in the case of ManDTC
(n(OCO) = 882 cm�1).[54, 55] However, the assignment for this vi-
bration mode is not unambiguously determined in literature,
as bands for other types of vibrations (not clearly understood)
also occur in the same region (Table 3).

Figure 2. Top: COSY 2D 1H–1H NMR ([D6]DMSO, 600 MHz, 25 8C) spectrum of
GluDTC (O-ethyl, N-methyl, b-d-glucopyranosyl dithiocarbamato, potassium
salt), reported as an example. Bottom: stacked 1H NMR spectra of GluDTC
and AuGlu. On passing from the free ligand to the complex, the most char-
acteristic deshielding and shielding effects are highlighted with red arrows.

Table 1. 1H NMR resonances of the synthesized glycosylated DTC ligands
in [D6]DMSO at 25 8C.

Protons[a] d [ppm]

GluDTC GalDTC ManDTC

1 (C�H backbone) 4.14 (d) 4.10 (d) 4.61 (s)
2 (C�H backbone) 2.93 (m) 3.25 (m) 3.59 (m)
3 (C�H backbone) 3.11 (m) 3.25 (m) 3.30 (m)
4 (C�H backbone) 3.06 (m) 3.62 (m) 3.38 (m)
5 (C�H backbone) 3.05 (m) 3.31 (m) 3.45 (m)
6 (C�H backbone) 3.65, 3.44 (m) 3.46–3.52 (m) 3.63, 3.45 (m)

7 (C2�OH) 4.83 (d) 4.64 (m) 4.67 (d)
8 (C3�OH) 4.95 (d) 4.80 (m) 4.65 (d)
9 (C4�OH) 4.87 (d) 4.31 (d) 4.52 (d)
10 (C6�OH) 4.50 (t) 4.56 (t) 4.38 (t)

11 (O�CH2 spacer) 3.93, 3.67 (m) 3.90, 3.67 (m) 3.75, 3.63 (m)
12 (N�CH2 spacer) 4.23 (m) 4.22 (t) 4.21 (m)
13 (N�CH3 spacer) 3.40 (s) 3.40 (s) 3.40 (s)

[a] Numbered as shown in Figure 1.

Table 2. Main IR absorption peaks of the dimethyl dithiocarbamate and
the three glycosylated ligands.

Vibrations[a] IR [cm�1]

Dimethyl
DTC–Na+

GluDTC GalDTC ManDTC

n(N�CSS) (s) 1486 1481 1481 1480
nas(S�C�S) (m) 962 953 952 955
nas(C�O) (s) – 1077–1033 1077–1043 1083–1055
n(O�C�O) (w) – 898 892 882
n(C�H sp3) (m) – 2926 2931-2890 2929
d(C�H sp3) (m) – 1424

1377
1422
1377

1413
1377
1353

n(C�C) (m) – 1286
1259
1210

1287
1258
1210

1280
1258
1210

n(OH) (br) – 3392 3365 3393

[a] s: strong, m: medium, w: weak, and br: broad.
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Synthesis of bis-dithiocarbamato AuIII complexes

After the synthesis and characterization of the three DTC li-
gands, the next step was the complexation reaction with AuIII

centers. A total of three AuIII complexes were synthesized with
a 1:2 metal-to-ligand stoichiometric ratio (hereinafter referred
to as [1:2]Cl).

The novel class of dithiocarbamato ligands explored in this
study possess four hydroxy groups that can interact with the
metal center, obtaining several byproducts. As a consequence,
a new synthetic pathway, which permits synthesis of the
[1:2]Cl compounds in good purity, was designed and opti-
mized in this work (Scheme 1).[25, 56]

The reaction starts from a CH2Cl2 solution containing the tri-
phenylphosphino trihalo AuIII derivative [AuIIIPPh3Cl3] as re-
agent, and the desired product is formed quantitatively upon
the addition of one equivalent of dithiocarbamato ligand, dis-
solved in a methanol/water mixture (10:1 v/v) (Scheme 1, (v),
Figure S1). From a mechanistic point of view, it is possible to
suppose that coordination of the first DTC ligand to the AuIII

sphere promotes the formation of an instable intermediate of
the type [AuIIICl(DTC)(PPh3)]+ . On one hand, the chelation of a
second dithiocarbamate leads to the desired product as a chlo-
ride salt. On the other, release of the triphenylphosphine is fa-
vored by its participation in a redox equilibrium (oxidation to
PPh3O) paralleled with the reduction of a second equivalent of
the [AuIIICl3(PPh3)] reagent, forming the stable [AuICl(PPh3)]
complex.

Synthesis of bis-dithiocarbamato CuII complexes

The copper ion in the + 2 oxidation state can coordinate two
DTC molecules, for instance, by starting from the CuCl2·2 H2O
salt, thus letting the chlorides out and yielding a neutral tetra-
coordinated and more stable product with a 1:2 metal-to-DTC
ligand ratio.[51, 57]

Examples of CuII dithiocarbamato compounds with a M/L
stoichiometry other than 1:2 have never been reported on the
basis of this synthetic route. However, unstable dimeric com-
plexes of the type [CuIICl(DTC)]2 with two chlorides as bridging
ligands can be obtained by redox reaction between a CuI pre-
cursor and thiuram disulfide in an aprotic solvent.[58] In this re-
search field, Vecchio and co-workers studied the copper(II) be-
havior in solution in the presence of various Cu/DTC stoichio-
metries.[59]

All reactions with glycosylated DTCs were carried out in
polar solvent by adding the ligands to CuCl2·2 H2O (Scheme 1
(vi)). Due to high hydrophilicity, the purification of the copper(-
II) derivatives from reaction byproducts, such as KCl and the
unreacted ligand, was difficult to achieve. Thus, C18 column
chromatography followed the synthesis of the complexes.

Characterization of dithiocarbamato AuIII and CuII complexes

All the obtained compounds were fully characterized by
means of 1H NMR, FTIR, UV/Vis, ESI-MS and elemental analysis
(see Supporting Information for 1H NMR and FTIR spectra). The
1H NMR spectra of all the AuIII complexes (600 MHz, 298 K)
were acquired in [D6]DMSO (Supporting Information) compar-
ing their resonances with those of the corresponding ligands
(an example is shown in Figure 2, bottom). In particular, upon
coordination the protons are generally characterized by down-
field shifts caused by the electron-withdrawing effect of the
electronegative metal. Only the H12 protons of the spacer are
affected by a shielding effect of about 0.2 ppm.

Concerning the CuII derivatives, a general broadening of the
resonances is observed when performing NMR analyses. This
effect, associated with the paramagnetic nature of the metal
center (d9 electronic configuration), appears as hyperfine shift
(d) to NMR signals and the shortening of both nuclear longitu-
dinal (T1) and transverse (T2) relaxation times.[60] The shifts and
the signal broadening, observed in particular for the closest
protons of the ethylic spacer (H12 and H13), result in resonances
with low intensities overlapping with other peaks of the carbo-
hydrate backbone. Therefore, these spectra (Figure S15 shows
an example) proved not so useful for the characterization of
the complexes and other diagnostic methods were exploited
in this work.

Regarding the FTIR characterization (Table 4), the coordina-
tion of the metal center strongly affects the SSC�N stretching
frequency, which is upshifted by about 80 and 35 cm�1 relative
to that of the free ligands in all AuIII- and CuII-based com-
pounds, respectively. For all three CuII–DTC complexes, a
strong band is observed at about 1515 cm�1, pointing out a
weaker N�CSS bond than that recorded for the Au counter-
parts.[61, 62] For all complexes the CSS stretching mode cannot
be clearly evaluated instead, due to the presence of strong
bands related to the backbone vibrations which overlap the
na(C�S) absorption usually occurring at about 940–
1060 cm�1.[51, 63, 64]

Interestingly, all the spectra of the synthesized complexes
show a diagnostic absorption at about 890 cm�1, recognized
as n(OCO) vibration of the glycosidic linkage. In fact, as de-

Table 3. Proton resonances of the glycosylated ligand in the AuIII [1:2]Cl
complexes in [D6]DMSO at 25 8C.

Protons[a] d [ppm]

AuGlu AuGal AuMan

1 (C�H backbone) 4.20 (t) 4.15 (d) 4.66 (s)
2 (C�H backbone) 2.94–2.98 (m) 3.20–3.27 (m) 3.59 (m)
3 (C�H backbone) 3.09–3.17 (m) 3.20–3.27 (m) 3.19–3.22 (m)
4 (C�H backbone) 3.00–3.06 (m) 3.63 (m) 3.34–3.38 (m)
5 (C�H backbone) 3.09–3.17 (m) 3.33–3.37 (m) 3.43–3.46 (m)
6–7 (C�H backbone) 3.68, 3.43 (m) 3.48–3.55 (m) 3.66, 3.43 (m)

8–9 (O�CH2 spacer) 3.88–4.06 (m) 3.86–4.05 (m) 3.37–3.97 (m)
10–11(N�CH2 spacer) 3.88–4.06 (m) 3.86–4.05 (m) 4.04, 3.75 (m)
12 (N�CH3 spacer) 3.43 (s) 3.43 (s) 3.43 (s)

13 (C6�OH) 4.54 (t) 4.58 (t) 4.52 (t)
14 (C4�OH) 5.06 (d) 4.40 (d) 4.80–4.82 (m)
15 (C3�OH) 5.09 (d) 4.90 (d) 4.65 (d)
16 (C2�OH) 5.01 (d) 4.76 (d) 4.80–4.82 (m)

[a] Numbered as shown in Figure 1.
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scribed previously, these bands can be exploited to distinguish
between the a and b anomers.[54]

Moving to far FTIR, for the AuIII compounds the absorption
in the range 370–440 cm�1 is ascribed to the Au�S asymmetric
stretching associated with a bidentate symmetric coordina-
tion.[24, 52]

The ns(M�S) in the copper complexes is set at about
358 cm�1, in agreement with published data.[65]

For all the characterized compounds, the vibrational modes
related to CSS-ring deformation (combined n(CS) + d(SCS) vi-
brational modes) occur at about 480 cm�1 and 280 cm�1 for
the gold and copper derivatives, respectively.[52, 65]

The new dithiocarbamato AuIII and CuII complexes were also
characterized by UV/Vis spectrophotometry (see section below
about stability in aqueous media and the Supporting Informa-
tion) as well as by ESI-MS and elemental analysis (see Experi-
mental Section) in order to confirm the expected stoichiometry.

LogP measurements

The lipophilicity of a molecule can be represented as the loga-
rithm of the n-octanol/water partition coefficient and often
strongly correlates with its pharmacological activity and toxici-
ty.[66] The biphasic solvent system n-octanol/water is commonly
accepted in the scientific community, as it mimics well the
water/phospholipid membrane interface.[67] The results, pre-
sented as the mean of at least three independent measure-
ments, are presented in Table 5. Considering the similarity of
the three glycosylated ligands, only the values for the O-gluco-
syl derivatives are reported herein as an example. For compa-
rative purposes, the logP values of the bis-(piperidine-DTC) CuII

complexes and d-glucose are also listed in Table 5.

The negative values found for AuGlu and CuGlu account for
the observed high water solubility, and the AuIII compounds
are more hydrophilic than the copper(II) counterparts. Intrigu-
ingly, a difference of logP (as absolute value) of 2.7 was detect-
ed between the CuGlu and its analogue with piperidine dithio-
carbamate as a ligand.

Stability of the complexes in aqueous media

To determine the stability of the complexes in a medium suita-
ble for biological tests, a sequence of UV/Vis spectra was col-
lected over 72 h after dissolving the synthesized AuIII and CuII

derivatives in saline solution (NaCl, 0.9 % w/v).
The electronic spectra over time of AuGlu and CuGlu, as

model compounds, are shown in Figure 3. The spectrum of
AuGlu displays two intense bands at 270 nm and 312 nm relat-
ed to the p* !

p intra-ligand NCS and SCS transitions, similar
to 1:2 AuIII dithiocarbamato analogues reported in the litera-
ture.[52, 56, 70] Moreover, as chloride salt, it is stable over 72 h
under physiological conditions. The UV/Vis spectrum of CuGlu
shows different bands. The absorption at 266 nm is ascribable
to the overlap between the p* !

p absorption of the conjugat-
ed NCSS group and the intra-ligand p* !

p transition located
mainly in the CSS moiety.[71, 72] Moreover, the broad band at
428 nm is related to the d–d transitions derived from the dis-
torted symmetry (D2h or C2v, e= 11930 L mol�1 cm�1), the theo-
retical explanation of which is reported elsewhere.[73]

To sum up, it is important to highlight that all the synthe-
sized complexes show optimal stability in aqueous solution
over 72 h, as no substantial variations of the main bands are
detectable for each of them (see Supporting Information Figur-
es S31–S34 for the UV/Vis spectra over time of the AuIII- and
CuII-galactosyl and mannosyl derivatives). However, an intracel-
lular dissociation of the complexes cannot be excluded.[74]

In vitro cytotoxic activity evaluation

To identify the best compound for future studies, all synthe-
sized complexes and the reference drug cisplatin were tested
against the HCT116 human colorectal carcinoma cell line, and
the results are summarized in Table S1. The new water-soluble
AuIII complexes are inactive, with IC50 values higher than
50 mm. On the other hand, the CuGlu complex shows cytotoxic
activity at low micromolar concentrations, in contrast to the
CuGal and CuMan derivatives.

Table 5. LogP values of AuGlu and CuGlu determined at 25 8C by UV/Vis
measurements.[a]

Complex LogP

AuGlu �1.9�0.1
CuGlu �1.2�0.1
[Cu(pipeDTC)2][24] + 1.5�0.1
cisplatin [PtII(NH3)2Cl2][68] �2.4
d-glucose[69] �2.82�0.1

[a] Data are reported as the mean�SD; each experiment was repeated at
least three times. Data for the other reference compounds were obtained
from published sources, as indicated.

Table 4. Main IR absorption bands of the AuIII complexes and CuII glycosylated compounds.

Complex IR [cm�1]

AuGlu AuGal AuMan CuGlu CuGal CuMan

n(N�CSS) 1565 1564 1564 1514 1516 1516
nas(C�O) 1076 1072 1054 1077 1072 1057
n(O�C�O) 897 891 880 897 898 884
ns(CSS) 554 528 528 565 542 533
n(CS) + d(SCS) 486 480 481 291 267 293
na(M�S) 386 386 384 – – –
ns(M�S) – – – 357 352 364
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Scientific evidence suggests that HCT116 neoplastic cells
overexpress GLUT-1 in their phospholipid bilayer.[75] The col-
lected results indicate that the AuIII complexes, CuGal and
CuMan, are not good substrates for glucose transporter pro-
teins. Moreover, cell uptake through the phospholipid bilayer
via passive transport is unlikely due to their high hydrophilicity
and the ionic nature of the gold-based compounds.

Afterward, to check whether CuGlu ([CuII(DTC-b-d-glucose)2])
can selectively target one or more glucose transporters,
HCT116 cells were exposed for 72 h to two different GLUT in-
hibitors, being added together with CuGlu to the cell culture
medium in selected wells. The first is O-ethylidene-a-d-glucose
(EDG), used as a GLUT-1 inhibitor at a concentration of
10 mm,[22, 76] and the second is phlorizin dihydrate, which irre-
versibly binds the active site of SGLT (sodium-dependent glu-
cose co-transporter) proteins at 1 mm.[16, 77] Furthermore, to
evaluate the competitiveness of CuGlu (as potential GLUT sub-
strate) with other carbohydrates, d-glucose was selected as
competitor and added to the medium at a concentration of
50 mm in the presence of CuGlu. The results of the mitochon-
drial viability tests in the presence of the inhibitors and com-
petitor are listed in Table 6.

The data highlight no remarkable change of the antiprolifer-
ative activity after the addition of the two inhibitors or the
competitor, in contrast to what was observed for similar metal-
lodrugs by Gao and co-workers, who studied a new class of ox-
aliplatin-based sugar monoconjugates.[16] The observed behav-
ior could be associated with the presence of two hydrophilic
carbohydrate units per anticancer Cu-based molecule.

Conclusions

Compared with the work of Vecchio and collaborators,[59]

wherein the authors studied CuII complexation by a series of
glucosylated DTC ligands in solution, in this study a new class
of dithiocarbamato complexes containing a carbohydrate
moiety as cancer-targeting agent were disclosed. After the
design phase, all the compounds were synthesized, character-
ized and tested in vitro as potential metallodrugs. In particular,
the synthetic conditions were optimized for three different
monosaccharides, and the desired complexes were obtained in
good yield and purity. The compounds involve two sugar units
linked through bulky alkyl amines, but, from a biological point
of view, the first experiments highlighted no targeting effect of
the carbohydrate functionalization.

Among all, the CuGlu compound showed an interesting IC50

value toward the HCT116 human colorectal carcinoma cell line.
Remarkably, the copper complexes CuGal and CuMan, bearing
two diastereomers of d-glucose, do not show any cytotoxic
properties. The next step will be in vivo evaluations of the role
of the carbohydrate to further determine whether active trans-
port is involved in the mechanism of action of the CuGlu com-
plex.

Experimental Section

General experimental methods : All reagents and solvents for the
syntheses were purchased from commercial sources and used as
received. Elemental analyses were carried out at the microanalysis
laboratory (Chemistry Department, University of Padova) with a
Carlo Erba 1108 CHNS-O micro-analyzer. ESI-MS spectra were re-
corded on a Mariner Perspective Biosystem instrument, setting a
5 kV ionization potential and a 20 mL min�1 flow rate. A mixture of
coumarin and 6-methyltryptophan was used as a standard in posi-
tive ionization mode. Samples were dissolved in methanol, and the
same solvent was used as eluent. ESI-MS spectra were processed

Figure 3. UV/Vis analysis of AuGlu (top, 30 mm) and CuGlu (bottom, 20 mm)
dissolved in saline solution at 25 8C over 72 h.

Table 6. Cytotoxicity values of the CuGlu complex toward HCT116 cancer
cells, alone or in the presence of a GLUT1 or SGLT inhibitor, or a competi-
tor (d-glucose).

Complex IC50 [mm]
[a]

DMEM[b] Phlorizin[c] EDG[d]
d-Glucose[e]

CuGlu 2.7�0.4 2.6�0.2 2.1�0.2 2.0�0.1

[a] Determined at 72 h, 8000 cells per well. Data are reported as the
mean�SD; each experiment was repeated at least three times, and each
concentration tested in at least three replicates. [b] CuGlu alone; in low-
glucose DMEM. [c] SGLT inhibitor, present at 1 mm. [d] GLUT1 inhibitor,
present at 10 mm. [e] Competitor, present at 50 mm.
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by Data Explorer software. Infrared spectra were recorded at room
temperature under N2 atmosphere, in solid KBr by a spectropho-
tometer Nicolet Nexus 5SXC instrument in the range 4000–
400 cm�1 (32 scansions, 2 cm�1 resolution) and in Nujol between
two polyethylene tablets by a spectrophotometer Nicolet Nexus
870 in the range 600–50 cm�1 (200 scansions, 4 cm�1 resolution).
1H NMR one-dimensional spectra were recorded in CDCl3,
[D4]MeOH, or [D6]DMSO at 298 K on a Bruker Avance DMX 600
spectrometer equipped with a TXI-5 mm x,y,z-field gradient probe-
head, with Topspin 1.3 software package, operating in Fourier
transform. Typical acquisition parameters (1H: 600.13 MHz):
128 transients (for bidimensional acquisition: 512 transients of
32 scans/block), spectral width 7.5 kHz, 2 k data points and a delay
time of 7.0 s. Chemical shifts were referred to solvent peak. Peak
multiplicity is described as follows: s (singlet), d (doublet), dd (dou-
blet of doublets), ddd (doublet of doublets of doublets), t (triplet)
and m (multiplet). For the synthesis of fully acetylated b-d-glucose
1 and b-d-galactose 1’, the same procedure as that reported by
Yamada and co-workers was carried out.[78]

Penta-O-acetyl d-mannopyranoside (1’’): Dry pyridine (50 mL) and
acetic anhydride (40 mL) were added to d-mannose (30 mmol) in a
100 mL round-bottom flask. The mixture was kept at RT for four
days. In the meantime, the carbohydrate slowly went into solution.
Then, the mixture was diluted with EtOAc (100 mL) and transferred
into a separatory funnel. At this point deionized water (50 mL) was
added, the organic fraction was separated and successively
washed three times with deionized water (50 mL), 1 m HCl(aq) (3 �
25 mL), saturated aqueous NaHCO3 (3 � 25 mL) and with an aque-
ous 5 % w/v solution of CuSO4 (5 � 25 mL) to remove excess pyri-
dine from the organic layer. All the obtained organic fractions were
combined, dried, and the solvent was evaporated obtaining a clear
viscous oil. In one circumstance, white crystalline needles of the
pure product were obtained by triturating the syrup with diethyl
ether and cooling. Yield: 86 %. 1H NMR (600 MHz, CDCl3, mixture of
anomers): signals of b-anomer: d= 1.98 (s, 3 H), 2.07 (s, 3 H), 2.08 (s,
3 H), 2.15 (s, 3 H), 2.19 (s, 3 H), 3.99–4.05 (m, 1 H), 4.07 (dd, 1 H), 4.26
(dd, 1 H), 5.23 (dd, 1 H), 5.31–5.34 (m, 2 H), 6.06 ppm (d, 1 H); signals
of a-anomer: d= 1.98 (s, 3 H), 2.03 (s, 3 H), 2.07 (s, 3 H), 2.15 (s, 3 H),
2.16 (s, 3 H), 3.79 (ddd, 1 H), 4.11 (dd, 1 H), 4.28 (dd, 1 H), 5.11 (dd,
1 H), 5.27 (t, 1 H), 5.46 (dd, 1 H), 5.84 ppm (d, 1 H).

Benzyl (2-hydroxyethyl-N-methyl)carbamate (2): To an ice-cold
freshly distilled dichloromethane solution (100 mL) containing 2-(N-
methylamino)ethanol (1 mmol) was added, portion-wise and under
stirring, N-benzyloxy carbonyloxysuccinimide (Cbz-OSu, 2 mmol)
and triethylamine (2 mmol). Two hours later, the mixture was
warmed at room temperature and left under vigorous stirring for
72 h. After the completion of the reaction (monitored with TLC by
means of ninhydrin colorimetric detection), the solution was dilut-
ed with deionized water (50 mL) and transferred to a separatory
funnel. The organic fraction was separated and successively
washed with HCl(aq) 1 n (3 � 25 mL), NaHCO3 (sat) (3 � 25 mL) and
brine (2 � 25 mL). The combined organic fractions were dried with
Na2SO4, filtered and the solvent evaporated, obtaining a crude mix-
ture in the form of viscous oil. The product was then re-dissolved
in EtOAc and purified by means of flash column chromatography
on silica gel (eluent: EtOAc/ligroin, 7:3 v/v, Rf : 0.26). The pure prod-
uct was isolated as a clear oil. Yield: 85 %. 1H NMR (CDCl3,
600 MHz): d= 2.99 (s, 3 H, CH3), 3.43 (m, 2 H, CH2OH), 3.54 (br, 1 H,
OH), 3.72 (m, 2 H, CH2N), 5.13 (s, 2 H, CH2Ph), 7.35 ppm (m, 5 H, Ph).

General procedure for O-glycosylation (3, 3’, 3’’): To a cold, fresh-
ly distilled dichloromethane solution (70 mL) containing fully acety-
lated carbohydrate (1.0 mmol) and benzyl (2-hydroxyethyl-N-meth-

yl)carbamate (1.2 mmol), BF3·Et2O (5.0 mmol) was added dropwise
under stirring in inert atmosphere. The clear yellow mixture was
maintained at 0 8C for 1 h and overnight at RT. Then, the solution
was firstly neutralized by the dropwise addition of saturated aque-
ous NaHCO3, transferred to a separatory funnel and then washed
with NaHCO3 (2 � 30 mL), HCl(aq) 1 n (3 � 30 mL) and brine (3 �
30 mL). The combined organic fractions were dried with Na2SO4, fil-
tered and the solvent removed by rotatory evaporation, obtaining
a yellow oil that was used in the next step without further purifica-
tion.

General procedure for deacetylation (4, 4’, 4’’): The syrupy resi-
due obtained in the previous step was dissolved in dry MeOH
(20 mL), transferred in a 50 mL round-bottom flask, and excess
NaOMe was added at RT. The solution was then kept under inert
atmosphere overnight. After completion of the reaction as moni-
tored by TLC, the mixture was neutralized with Amberlite IR-120
H+ resin, filtered, and dried in rotatory evaporator to obtain a
yellow oil. The crude product was then re-dissolved in EtOAc, the
solution was filtered, and the pure glycosylated product was puri-
fied by means of flash column chromatography on silica, obtaining
a clear oil (eluent gradient: EtOAc 100 %, then EtOAc/MeOH 85:15).

General procedure for Cbz cleavage : The deacetylated glycoside
was dissolved in EtOAc/MeOH mixture (2:1, 30 mL). Successively,
H2 was bubbled in the presence of Pd/C (10 % w/w) for 2 h under
stirring in a 50 mL round-bottom flask equipped with a gas bub-
bler. The reaction was monitored by means of TLC using an etha-
nol solution of ninhydrin for the colorimetric detection of the
amine. After completion, the mixture was filtered over a pad of
Celite, and the solvent was evaporated to dryness, obtaining a
clear oil that solidified in a fluffy white solid when dried by
vacuum pump.

2-(N-methylamino)ethyl-b-d-glucopyranoside (5): Yield: 25 %;
1H NMR (600 MHz, MeOD): d= 2.36 (s, 3 H, CH3), 2.84–2.86 (m, 2 H,
CH2NH), 3.15 (dd, 1 H, C2-H), 3.21–3.24 (m, 2 H, C4-H, C5-H), 3.31
(dd, 1 H, C3-H), 3.58–3.63 (m, 2 H, C6-HA, CHAHBCH2NH), 3.81 (dd,
1 H, C6-HB), 3.88 (ddd, 1 H, CHAHBCH2NH), 4.22 ppm (d, 1 H, C1-H) ;
elemental analysis calcd (%) for C9H19NO6 (MW = 237.25 g mol�1): C
45.56, H 8.07, N 5.90, found: C 44.77, H 8.70, N 5.55.

2-(N-methylamino)ethyl-b-d-galactopyranoside (5’): Yield: 28 %;
1H NMR (600 MHz, MeOD): d= 2.36 (s, 3 H, CH3), 2.80 (ddd, 1 H,
CH2NH), 2.84 (ddd, 1 H, CH2NH), 3.45 (dd, 1 H, C3-H), 3.49 (ddd, 1 H,
C5-H), 3.52 (dd, 1 H, C2-H), 3.61 (ddd, 1 H, CHAHBCH2NH), 3.69 (dd,
1 H, C6-HA), 3.73 (dd, 1 H, C6-HB), 3.80 (dd, 1 H, C4-H), 3.91 (ddd, 1 H,
CHAHBCH2NH), 4.21 ppm (d, 1 H, C1-H) ; elemental analysis calcd (%)
for C9H19NO6 (MW = 237.25 g mol�1): C 45.56, H 8.07, N 5.90, found:
C 45.30, H 8.62, N 5.81.

2-(N-methylamino)ethyl-a-d-mannopyranoside (5’’): Yield: 22 %;
1H NMR (600 MHz, MeOD): d= 2.36 (s, 3 H, CH3), 2.82–2.86 (m, 2 H,
CH2NH), 3.48 (ddd, 1 H, CHAHBCH2NH), 3.56 (ddd, 1 H, C5-H), 3.63 (t,
1 H, C4-H), 3.73 (dd, 1 H, C6-HA), 3.74 (dd, 1 H, C3-H), 3.79 (ddd, 1 H,
CHAHBCH2NH), 3.86 (dd, 1 H, C2-H), 3.86 (dd, 1 H, C6-HB), 4.80 ppm
(d, 1 H, C1-H) ; elemental analysis calcd (%) for C9H19NO6 (MW =
237.25 g mol�1): C 45.56, H 8.07, N 5.90, found: C 45.20, H 8.25, N
5.34.

General procedure for the synthesis of the glycosylated dithio-
carbamato salt : To a cold aqueous solution (10 mL) containing the
free amine (0.5 mmol), was added KOH (1 equiv), followed by
excess CS2. After 6 h of stirring, Ar was bubbled for a few minutes
to eliminate the excess carbon disulfide still present. Then, the so-
lution was frozen in an CO2(s)/acetone bath and lyophilized, leading
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to the formation of a yellow viscous oil. The oil was re-dissolved in
anhydrous methanol and precipitated with diethyl ether to obtain
a white flocculent solid that was collected and dried. The product, as
potassium salt, is not hygroscopic and stable for several days at RT.

Potassium methyl-(2-(b-d-glucopyranosyl)ethyl) dithiocarbamate
(GluDTC): Yield: 65 %; 1H NMR ([D6]DMSO, 600 MHz): d= 2.93 (m,
1 H, C2-H), 3.05 (m, 2 H, C4-H, C5-H), 3.11 (m, 1 H, C3-H), 3.40 (s, 3 H,
N-CH3), 3.44, 3.65 (m, 2 H, C6-HA-B), 3.67, 3.93 (m, 2 H, O-CH2), 4.14
(d, 1 H, C1-H), 4.20–4.26 (m, 2 H, N-CH2), 4.50 (t, 1 H, C6-OH), 4.87 (d,
1 H, C4-OH), 4.83 (d, 1 H, C2-OH), 4.95 ppm (d, 1 H, C3-OH) ; medium
FTIR (KBr): ṽ = 2926 (na, C�H), 1481 (na, N�CSS), 953 (na, CSS),
898 cm�1 (n, OCO); ESI-MS m/z : [2M]� 623.11 (623.12), [DTC-CS2]�

236.11 (236.11), [M�CH2OH]� 282.12 (282.05) ; elemental analysis
calcd (%) for C10H18KNO6S2 (MW = 351.48 g mol�1): C 34.17, H 5.16,
N 3.99, S 18.25, found: C 33.83, H 5.57, N 3.90, S 17.94.

Potassium methyl-(2-(b-d-galactopyranosyl)ethyl)dithiocarba-
mate (GalDTC): Yield: 61 %; 1H NMR ([D6]DMSO, 600 MHz): d= 3.25
(m, 2 H, C2-H, C3-H), 3.31 (m, 1 H, C5-H), 3.40 (s, 3 H, N-CH3), 3.49
(m, 2 H, C6-HA-B), 3.62 (m, 1 H, C4-H), 3.67, 3.90 (m, 2 H, O-CH2), 4.10
(d, 1 H, C1-H), 4.21–4.24 (m, 2 H, N-CH2), 4.31 (d, 1 H, C4-OH), 4.56 (t,
1 H, C6-OH), 4.64 (d, 1 H, C3-OH), 4.80 ppm (d, 1 H, C2-OH) ; medium
FTIR (KBr): ṽ = 2931–2890 (na, C�H), 1481 (na, N�CSS), 952 (na, CSS),
892 cm�1 (n, OCO), ESI-MS m/z : [2M]� 623.11 (623.12), [DTC-CS2]�

236.11 (236.11), [M�CH2OH]� 282.12 (282.05) ; elemental analysis
calcd (%) for C10H18KNO6S2 (MW = 351.48 g mol�1): C 34.17, H 5.16,
N 3.99, S 18.25, found: C 32.04, H 6.55, N 2.98, S 18.55.

Potassium methyl-(2-(a-d-mannopyranosyl)ethyl)dithiocarba-
mate (ManDTC): Yield: 74 %; 1H NMR ([D6]DMSO, 600 MHz): d=
3.30 (m, 1 H, C3-H), 3.38 (m, 2 H, C4-H), 3.40 (s, 3 H, N-CH3), 3.45 (m,
1 H, C5-H), 3.45, 3.63 (m, 2 H, C6-HA-B), 3.63, 3.75 (m, 2 H, O-CH2),
4.16–4.26 (m, 2 H, N-CH2), 4.38 (t, 1 H, C6-OH), 4.52 (d, 1 H, C4-OH),
4.61 (d, 1 H, C1-H), 4.65 (d, 1 H, C3-OH), 4.67 ppm (d, 1 H, C2-OH) ;
medium FTIR (KBr): ṽ = 2929 (na, C�H), 1480 (na, N�CSS), 955 (na,
CSS), 882 cm�1 (n, OCO); ESI-MS m/z : [2M]� 623.11 (623.12), [DTC-
CS2]� 236.11 (236.11); elemental analysis calcd (%) for C10H18KNO6S2

(MW = 351.48 g mol�1): C 34.17, H 5.16, N 3.99, S 18.25, found: C
33.69, H 5.40, N 3.97, S 18.52.

[Au(PPh3)Cl3] (6): [AuI(PPh3)Cl] (1 mmol), prepared as reported else-
where,[79] were dissolved in CH2Cl2 (15 mL) in a 50 mL two-necked
round-bottom flask, equipped with a rubber septum. At this point,
excess chlorine gas was bubbled through a rubber cannula. The
mixture, initially colorless, gradually turned bright green–yellow,
denoting the formation of related AuIII complex [AuIII(PPh3)X3] in so-
lution.[80] After monitoring the completion of the reaction by TLC,
the chlorine flow was then stopped, and Ar was bubbled through
for 10 min to remove excess halogen. The complex was not isolat-
ed and was used directly within a few minutes.

General procedure for the synthesis of AuIII bis-dithiocarbamato
chloride complexes : To a 50 mL round-bottom flask containing a
dichloromethane solution of [AuIII(PPh3)X3] (0.1 m, 10 mL) was
added the glycoconjugated DTC ligand (1 mmol), previously dis-
solved in a MeOH/H2O mixture (10:1 v/v, 11 mL), at room tempera-
ture. The immediately formed yellow solid was filtered, washed
with dichloromethane (5 � 10 mL) and dried in vacuum pump in
the presence of P4O10. Then the product was transferred into a
25 mL round-bottom flask, re-dissolved in cold dry MeOH, to sepa-
rate the residual KCl by filtration, and precipitated with diethyl
ether, obtaining a yellow flocculent solid. This last step was repeat-
ed several times until no more KCl was observed at the bottom of
the flask after the re-dissolution of the complex in dry methanol.
All the three products were soluble in H2O, MeOH, and DMSO.

Bis(methyl-(2-(b-d-glucopyranosyl)ethyl)dithiocarbamato)gol-
d(III) chloride (AuGlu): Yield: 75 %; mp: 60 8C; 1H NMR ([D6]DMSO,
600 MHz): d= 4.20 (d, 1 H), 2.94–2.98 (m, 1 H), 3.09–3.17 (m, 1 H),
3.00–3.06 (m, 1 H), 3.09–3.17 (m, 1 H), 3.68 (m, 1 H), 3.43 (m, 1 H),
3.88–4.06 (m, 2 H), 3.88–4.06 (m, 2 H), 3.43 (s, 3 H), 4.54 (t, 1 H), 5.06
(d, 1 H), 5.09 (d, 1 H), 5.01 ppm (d, 1 H); medium FTIR (KBr): ṽ = 1565
(na, N�CSS), 1076 (na, CO), 987 (na, CSS), 897 cm�1 (n, OCO), far FTIR
(Nujol): ṽ = 554 (ns, CSS), 486 (na, Au-S), 386 cm�1 (ns, Au-S) ; ESI-MS
m/z : [M�Cl]+ 821.09 (821.08), [5 + H]+ 238.14 (238.13); elemental
analysis calcd (%) for C20H36AuClN2O12S4 (MW = 857.19 g mol�1): C
28.02, H 4.23, N 3.37, S 14.96, found: C 28.16, H 4.31, N 3.22, S
14.90.

Bis(methyl-(2-(b-d-galactopyranosyl)ethyl)dithiocarbamato)gol-
d(III) chloride (AuGal): Yield: 71 %; mp: 60 8C; 1H NMR ([D6]DMSO,
600 MHz): d= 4.15 (d, 1 H), 3.20–3.27 (m, 1 H), 3.20–3.27 (m, 1 H),
3.63 (m, 1 H), 3.33–3.37 (m, 1 H), 3.48–3.55 (m, 2 H), 3.86–4.05 (m,
2 H), 3.86–4.05 (m, 2 H), 3.43 (s, 3 H), 4.58 (t, 1 H), 4.40 (d, 1 H), 4.90
(d, 1 H), 4.76 ppm (d, 1 H); medium FTIR (KBr): ṽ = 1564 (na, N�CSS),
1072 (na, CO), 954 (na, CSS), 891 (n, OCO), far FTIR (Nujol): ṽ = 528
(ns, CSS), 480 (na, Au-S), 386 cm�1 (ns, Au-S); ESI-MS m/z : [M�Cl]+

821.09 (821.08), [5’+ H]+ 238.13 (238.13); elemental analysis calcd
(%) for C20H36AuClN2O12S4 (MW = 857.19 g mol�1): C 28.02, H 4.23, N
3.37, S 14.96, found: C 27.97, H 4.10, N 3.31, S 14.51.

Bis(methyl-(2-(a-d-mannopyranosyl)ethyl)dithiocarbamato)gol-
d(III) chloride (AuMan): Yield: 70 %; mp: >50 8C; 1H NMR
([D6]DMSO, 600 MHz): d= 4.66 (d, 1 H), 3.59 (m, 1 H), 3.19–3.22 (m,
1 H), 3.34–3.38 (m, 1 H), 3.43–3.46 (m, 1 H), 3.66 (m, 1 H), 3.43 (m,
1 H), 3.37–3.97 (m, 2 H), 3.75 (m, 1 H), 4.04 (m, 1 H), 3.43 (s, 3 H),
4.52 (t, 1 H), 4.80–4.82 (d, 1 H), 4.65 (d, 1 H), 4.80–4.82 ppm (d, 1 H);
medium FTIR (KBr): ṽ = 1564 (na, N�CSS), 1054 (na, CO), 973 (na,
CSS), 880 cm�1 (n, OCO), far FTIR (Nujol): ṽ = 528 (ns, CSS), 481 (na,
Au-S), 384 cm�1 (ns, Au-S); ESI-MS m/z, [M�Cl]+ found (calc.):
821.09 (821.08) ; elemental analysis calcd (%) for C20H36AuClN2O12S4

(MW = 857.19 g mol�1): C 28.02, H 4.23, N 3.37, S 14.96, found: C
28.12, H 3.98, N 3.19, S 15.04.

General procedure for the synthesis of CuII bis-dithiocarbamato
complexes : In a 50 mL round-bottom flask CuCl2·2 H2O (0.25 mmol)
was dissolved in acetone (15 mL) under stirring. At this point, the
glycosylated dithiocarbamato ligand as potassium salt (0.5 mmol),
previously dissolved in dry MeOH (15 mL), were added dropwise to
the light-green acetone solution. The mixture initially turned
darker, due to the coordination between excess CuII ions with the
hydroxy groups of the ligand, and then brown, with a small
amount of a clear precipitate (KCl). The solution was filtered, the
solvent volume decreased by half by rotatory evaporation and a
brown flocculent solid was collected after precipitation with diethyl
ether. Then, the product was re-dissolved in Milli-Q H2O and puri-
fied by reversed-phase column chromatography on C18-functional-
ized silica (eluent H2O-CH3CN, with a gradient from 9:1 to 8:2 in
20 min with 0.05 % TFA), obtaining a brown amorphous powder
after the lyophilization step. All the three products were soluble in
water, DMSO, MeOH and slightly in EtOH.

Bis(methyl-(2-(b-d-glucopyranosyl)ethyl)dithiocarbamato)cop-
per(II) (CuGlu): Yield: 61 %; mp: 156 8C (dec.) ; medium FTIR (KBr):
ṽ = 1514 (na, N�CSS), 1077 (na, CO), 990 (na, CSS), 897 cm�1 (n,
OCO), far FTIR (Nujol): ṽ = 565 (ns, CSS), 357 (na, Cu-S), 291 cm�1 (ns,
Cu-S) ; ESI-MS m/z : [M]+ 687.05 (687.04), [5 + H]+ 238.14 (238.13);
elemental analysis calcd (%) for C20H36Cu2N2O12S4 (MW =
688.31 g mol�1): C 34.90, H 5.27, N 4.07, S 18.63, found: C 34.08, H
5.25, N 3.64, S 18.42.
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Bis(methyl-(2-(b-d-galactopyranosyl)ethyl)dithiocarbamato) cop-
per(II) (CuGal): Yield: 80 %; mp: 147 8C (dec.) ; medium FTIR (KBr):
ṽ = 1516 (na, N�CSS), 1072 (na, CO), 960 (na, CSS), 898 cm�1 (n,
OCO), far FTIR (Nujol): ṽ = 542 (ns, CSS), 360 (na, Cu-S), 290 cm�1 (ns,
Cu-S) ; ESI-MS m/z : [M]+ 687.05 (687.04), [5’+ H]+ 238.14 (238.13);
elemental analysis calcd (%) for C20H36Cu2N2O12S4 (MW =
688.31 g mol�1): C 34.90, H 5.27, N 4.07, S 18.63. Found: C 34.50, H
5.21, N 3.22, S 18.48.

Bis(methyl-(2-(a-d-mannopyranosyl)ethyl)dithiocarbamato) cop-
per(II) (CuMan): Yield: 88 %; mp: 193 8C (dec.) ; medium FTIR (KBr):
ṽ = 1516 (na, N�CSS), 1057 (na, CO), 960 (na, CSS), 884 cm�1 (n,
OCO), far FTIR (Nujol): ṽ = 533 (ns, CSS), 364 (na, Cu-S), 293 cm�1 (ns,
Cu-S) ; ESI-MS m/z : [M]+ 687.04 (687.04), [5’’+ H]+ 238.14 (238.13) ;
elemental analysis calcd (%) for C20H36Cu2N2O12S4 (MW =
688.31 g mol�1): C 34.90, H 5.27, N 4.07, S 18.63, found: C 34.64, H
5.25, N 3.63, S 18.11.

LogP measurements : The measurements were carried out by
UV/Vis techniques recording the electronic spectra of the
aqueous solution of the desired compound before (C0) and
after mixing it with a pre-saturated octanol solution for 2 h (C1)
at RT. The evaluation of the corresponding n-octanol/water
partition coefficient was carried out exploiting the following
equation, using the absorbance value at the maximum absorp-
tion wavelength of the spectrum [Eq. (1)]:

logP ¼ log
Coctanol

Cwater
¼ log

C0 � C1

C0

ð1Þ

In vitro viability studies : HCT116 cells (American Type Cul-
ture Collection, ATCC) were cultured in 75 cm2 cell culture flasks
in low-glucose Dulbecco’s modified Eagle’s medium (LG-DMEM),
with addition of fetal bovine serum (FBS, 10 %), l-glutamine
(5 mm), streptomycin (100 mg mL�1), and penicillin (100 U mL�1)
(Sigma–Aldrich), and incubated at 378C in a 5 % CO2 controlled
atmosphere. For the cytotoxicity assay, the medium was re-
moved from the flask, and the cells washed with 6 mL of PBS,
and then shaken in the presence of 1 mL of trypsin (Sigma–Al-
drich), with 3 min incubation. LG-DMEM was successively added,
and the obtained cellular suspension seeded in 96-well micro-
plates (8 � 103 cells per well) in the growth medium (200 mL) and
incubated at 378C in a 5 % CO2 atmosphere for 24 h to allow
cell adhesion, prior to drug testing. The ionic AuIII complexes of
the type [1:2]Cl and the CuII glycosylated derivatives, which are
all water soluble, were dissolved in saline solution (NaCl 0.9 %
w/v). All compounds were tested against the HCT116 cells at
various micromolar concentrations to obtain dose–response
plots. Briefly, the metal derivatives were dissolved in saline at
concentrations of 50, 25, 10, 5, 2, 1, and 0.5 mm. Successively,
each solution (1 mL) was dissolved in 999 mL of cell culture
medium (LG-DMEM), to yield the following final concentrations
of metal complex: 50, 25, 10, 5, 2, 1, and 0.5 mm. After prepara-
tion of the 96-well plates, containing 8000 cells each, the
medium was removed and replaced with fresh medium contain-
ing the compounds to be studied at increasing concentrations.
Triplicate conditions were established for each treatment, and
six independent experiments were carried out for each com-
pound. Mitochondrial cell viability was evaluated by means of
resazurin assay. To perform the assay, the entire volume of incu-

bation medium was removed after 72 h from the treated wells,
and 100 mL per well of a 10 % resazurin solution in LG-DMEM
were added and incubated for 2 h at 378C. The control cells
were those treated with cell culture medium. The obtained cell
viabilities were plotted against the compound concentration to
determine the IC50 value (concentration of the test agent induc-
ing 50 % decrease in cell number relative to control cell cul-
tures). The final IC50 values and their standard deviations were
evaluated from the data coming from at least three independ-
ent experiments. For comparison purposes, the cytotoxicity of
cisplatin (dissolved in saline solution) was evaluated under the
same experimental conditions. In this regard, it should be noted
that the experiments were performed over a period of 72 h, as
this is the time necessary for cisplatin to effect its activity. To
perform experiments with inhibitors, a procedure similar to
those reported by Gao and Lippard were followed. O-Ethyli-
dene-a-d-glucose was dissolved in 999 mL of cell culture
medium at a concentration 10 mm prior to addition of the com-
plex.[22] Conversely, phlorizin dihydrate, due to its low solubility,
was previously dissolved in DMSO at a concentration of 1 m.
Successively, 1 mL of the solution was dissolved in 999 mL of cell
culture medium (LG-DMEM), to yield the following final concen-
trations of 1 mm of the inhibitors in each well.[16] This procedure
results in a DMSO concentration of 0.01 % v/v in the growth
medium, which has no effect on cell viability.[81] The competitor
d-glucose was dissolved in culture medium at a concentration
of 50 mm prior to drug addition.
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CuII and AuIII Complexes with
Glycoconjugated Dithiocarbamato
Ligands for Potential Applications in
Targeted Chemotherapy

Energy-hungry cells, beware: This
work is focused on the synthesis, char-
acterization, and preliminary anticancer
activity evaluation of carbohydrate-con-
jugated AuIII and CuII dithiocarbamato

complexes, with the aim of improving
the selective accumulation of the metal
payload into malignant cells by exploit-
ing the well-known Warburg effect.
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