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Five heterobimetallic ReI/AuI and a tri-metallic ReI/AuI/ReI species

following the formulas fac-[ReCl (CO)3(N^N^CAuR)]
0/+ and [(fac-[ReCl

(CO)3(N^N^C)])2Au]
+, where R is an iodide (1), phenylacetylene (2), dode-

canethiol (3), 2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranose (4) and JohnPhos

(5) and N^N^C is the fused imidazo[4,5-f]-1,10-phenanthroline heterotopic

ligand, were synthesised and fully characterised by a variety of spectroscopic

and analytical techniques. The resultant complexes are luminescent in the

orange region, revealing classical metal-to-ligand charge transfer (3MLCT)

((Re (dπ) ! (N^N^C)(π*)) emission in aerated DMSO solution. The red shifted

emission observed on going from 3 to 4 suggests that the electronic properties

of the gold ancillary ligand are implicated in the emissive properties. Antip-

roliferative activity in tumour cell lines, lung (A549) and cervix (HeLa) cells

revealed that only complex 4 containing a 2,3,4,6-tetra-O-acetyl-1-thio-β-D-
glucopyranose as gold ancillary ligand possesses certain cytotoxicity in both

cell lines.
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1 | INTRODUCTION

Heterometallic complexes are gaining increasing attention
in many research fields, from catalysis1 or material sci-
ence2 to medicine.3 In the context of medical applications,
many metallic combinations have been explored from
merging two potential anticancer metallic fragments like
FeII with AuI,4 RuII with PtII,5 TiIV with AuI6 or CuI/AgI

with AuI7 (Figure 1) or even not so obvious combination

such as those associating emissive metallic fragments with
antiproliferative ones. Examples of those are the mixtures
of d6 metal complexes with noble metals, which have been
increasingly studied in the recent years; see Figure 1. In
particular, complexes derived from ReI or IrIII combined
with AuI species have been designed as theranostic agents,
where the d6 metallic core usually provides the emissive
properties for cell imaging and the AuI fragment the
therapeutics; see Figure 1.8 It is well known that
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Re(I) complexes of the type fac-[Re (CO)3(diimime)X],
where X represents a halogen, present phosphorescent
emission due to a metal-to-ligand charge transfer (3MLCT)
transition involving the orbitals of the accepting diimine
ligand.9 As consequence of the forbidden nature of their
emission, these types of complexes generally offer large
Stokes' shifts and relatively long lifetimes, making them
good candidates for bioimaging purposes.10

Alternatively, gold complexes have been used in the
treatment of rheumatoid arthritis as anti-inflammatory
drugs in the form of gold thiolates, as, for example, the dis-
odium aurothiomalate salt or aurothioglucose, among
others.14 In addition, more recently, they have gained
importance in the design of novel anticancer agents, espe-
cially since auranofin, initially used as an antiarthritic
drug, had entered in four clinical trials, chronic lympho-
cytic leukaemia (NCT01419691 and NCT01747798),
ovarian cancer (NCT03456700) and lung cancer
(NCT01737502) treatment.15 Many studies have demon-
strated that a judicious ligand selection can deliver gold
complexes with great antiproliferative activity against a
wide range of different cancer cell lines.16 In the search
to optimise the anticancer activity of gold complexes,
N-heterocyclic carbene (NHC) species have arisen as a
new source of ligands with great prospects in medicine.17

In fact, gold carbene bonds present a strong σ-donating
ability, being comparable with that of phosphines, an
essential component in the auranofin drug. In this sense,
multidentate fused imidazole [4,5,f]-1,10-phenanthroline
derivatives could be thought as a great ally to bring
together a luminescent ReI fragment and a therapeutic
AuI species. Coordination of the fac-{Re (CO)3X} core to
the phenanthroline unit will ensure to retain the typical
emissive properties for ReI complexes, whereas the gold

coordination to the further functionalised fussed imidazole
will deliver a robust gold carbene derivative that can be
easily tuned by further derivatisation of the gold ancillary
ligand. On top of that, it cannot be overlooked that
imidazo[4,5-f]-1,10-phenanthroline has a tremendous syn-
thetic versatility. Functionalisation of imidazolyl nitrogens
with residues such as morpholine,18 aryl groups19 or
hydrocarbon chains20 can be easily approached, delivering
diverse photophysical and, in some cases, bioactive proper-
ties; see Figure 2.

In this paper, the synthesis of a series hetero-
bimetallic ReI/AuI coordinated through a fused imidazo
[4,5-f]-1,10-phenanthroline core (N^N^C) is reported.
The rhenium centre is bonded in a bidentate fashion to
the two nitrogen atoms of the phenanthroline, whereas
the gold metal binds to the carbene carbon of the
fused imidazolium to deliver neutral complexes with a
general formula of fac-[ReCl (CO)3(N^N^CAuR)], being
R an iodide, phenylacetylene, dodecanethiol and
2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranose. More-
over, two cationic complexes, a bimetallic fac-[ReCl
(CO)3(N^N^CAuJohnPhos)]

+ and a trimetallic [(fac-
[ReCl (CO)3(N^N^C)])2Au]

+ species, are also described.
Variation of the gold ancillary ligand is discussed in the

FIGURE 1 Depiction of heterometallic RuII/PtII,11 ReI/

AuI,12 IrIII/AuI13 TiIV/AuI,5 FeII/AuI4 and CuI/AuI7 complexes

FIGURE 2 Synthetic versatility offered by of imidazo[4,5-f]-

1,10-phenanthroline (N^N) with potential tridentate (N^N^C)
coordination
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context of their photophysical and antiproliferative
properties.

2 | RESULTS AND DISCUSSION

2.1 | Synthesis and characterisation

Following a similar approach to that described by
J. O. Hoberg and collaborators,21 the precursor
Re(I) imidazolium salt (D) was isolated; see Scheme 1. In
short, the synthesis began with the generation of imidazo
[4,5-f]-1,10-phenanthroline (A) from the commercial
available 1,10-phenanthroline-5,6-dione.22 Thereafter,
alkylation reaction was performed with iodopentane in
basic conditions and subsequent coordination reaction to
the rhenium pentacarbonyl chloride by displacement of
two carbonyl ligands was successfully accomplished to
afford (C). Finally, the imidazolium salt (D) was obtained
after quaternisation of the imidazolyl nitrogen with
methyl iodide. Heterobimetallic complex 1 was then pre-
pared following a simple and efficient method described
by our group for the generation of NHC gold(I) com-
plexes.23 The procedure entails a one-pot reaction using
mild conditions, where (D) and [AuCl (tht)] were stirred
in the presence of NBu4(acac) in a mixture of solvents to
facilitate both, solubility of reagents and side products, as
well as precipitation of the desired heterobimetallic
complex 1.

The disappearance of the imidazolyl proton at
10.06 ppm in 1H-NMR together with the shift observed
for the aromatic protons upon coordination is indicative
of the accomplishment of the reaction (see Figure 3).
Moreover, 13C-NMR spectroscopy showed a peak down-
field shifted to 188.9 ppm correspondent to the carbenic

carbon. As a gold chloride complex, [AuCl (tht)], was
used for the formation of 1, there is the possibility that
the chloride would remain directly bonded to the gold
centre instead of a iodide. However, the lack of any band
with in the FT-IR spectrum assigned to the υ (Au-C) at
around 320 cm�1 discard such possibility, pointing
towards an iodide as the gold ancillary ligand.

Thereafter, complexes 2–4 were easily obtained from
complex 1 by substitution of the iodide by the correspon-
dent ancillary ligand, phenylacetylene, dodecanethiol
and 2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranose,
respectively, in the presence of a base; see Scheme 2.

All the complexes were successfully characterised by
1H, 13C{1H} NMR spectroscopy, infrared spectroscopy
and mass spectrometry. Characteristic shifts in 1H, 13C
{1H} NMR are observed for all the complexes corroborat-
ing the gold coordination to the desired ancillary ligand.
Specifically, the alkynyl carbons suffer a shift to low field
from 50 to 120 ppm upon coordination to the gold frag-
ment in the case of complex 2. Similarly, the characteris-
tic shift seen by -CH2S- protons from 2.50 to 3.01 ppm
indicates the formation of complex 3. In addition to these
changes, also, the carbenic carbon shifted to low field
upon the different gold functionalisation, going from
188.9 in complex 1 to 195.17 and 194.50 ppm for
complexes 2 and 3, respectively. In the case of complex
4, confirmation of 2,3,4,6-tetra-O-acetyl-1-thio-β-D-
glucopyranose coordination to the gold metal centre was
evident after the appearance of signals for the two stereo-
isomers of 4 in 1H-NMR spectroscopy in a ration 1:1. It is
important to notice that the lack of symmetry of complex
1 together with the stereogenic centres from the thiolate
ligand delivers a stoichiometric mixture of diastereomers,
distinguishable by 1H-NMR spectroscopy; see Figure 4.

Cationic complexes were then proposed to facilitate
the cellular recognition and increase the possible antip-
roliferative effect against cancer cells. Thus, complexes
5 and 6 were synthesised, both from an analogous
imidazolium salt to that of complex D, containing this
time a noncoordinating counterion such as tetraphenyl
borate; see Scheme 3. Complex E was also previously
described in the literature by Hoberg and collaborators,
and it was synthesised from D via a counterion metathe-
sis reaction.21 Thereafter, addition of complex 1 to a solu-
tion of E in the presence of K2CO3 rendered the desired
biscarbene 5 in good yield (93%). Alternatively, addition
of [AuCl (JohnPhos)] and Bu4N(acac) to complex
E afforded complex 6, which presented a single peak in
31P{1H} NMR at 61.1 ppm corroborating the accom-
plishment of the reaction; see Figure S23. Once
again, 13C-NMR spectroscopy showed peaks at 191.40
and 196.50 ppm corresponding to the carbenic
carbon of 5 and 6, respectively, revealing the strong

SCHEME 1 (i) NH4OAc, formaldehyde, acetic acid glacial,

110�C, 4 h; Addition NH3(aq) to pH 8–9; (96% yield);

(ii) Iodopentane, NaOH, DMSO (59% yield); (iii) [ReCO5Cl],

toluene, 80�C, 12 h, (84% yield); (iv) MeI, DMF, 100�C, 3 days. (97%

yield); (v) [AuCl (tht)], NBu4(acac), DCM:MeOH (2:1), 2.5 h, rt,

(82% yield)
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electronic influence of the gold ancillary ligand into the
chemical shifts observed. Therefore, carbonic carbon in
5 (C (NHC)-Au-C (NHC)) is more shielded in comparison

with that of complex 6 (C (NHC)-Au-PR2R). Such behav-
iour can be assignable to the existing π-back bonding
between the metal and the phosphine that reduces the
electronic contribution seen by the carbenic carbon in
the case of complex 6. The same effect is also observed
for N-methyl protons; the closest protons to the metallic
core, being those of complex 6, are also deshielded in
comparison with those of complex 5.

On top of that, in all cases, the infrared spectrum pre-
sents two strong bands within the region 2020–1890 cm�1

revealing the C3v symmetry of the complexes and in con-
sequence the expected facial disposition of the carbonyl
ligands. Specifically, the band at approximately
2020 cm�1 corresponds to absorbance of the A0(1) mode,
whereas the one at lower energy to the overlapping
absorption of the A0(2) and A00 modes.[24]

2.2 | Photophysical studies

Since the complexes stock solution for the biological
assays are prepared in DMSO, this solvent was chosen for
the photophysical studies in order to have a good
approximation to their photophysical behaviour in bio-
logical conditions. Therefore, photophysical properties of

FIGURE 3 1H-NMR spectra of complexes (D) and 1 in DMSO-d6

SCHEME 2 Synthesis of 2–4. (i) Phenylacetylene, KOH,

MeOH, rt, 12 h, 80% yield; (ii) dodecanethiol, K2CO3, DCM, rt,

12 h, 79% yield; (iii) 2,3,4,6-tetra-O-acetyl-1-thio-β-D-
glucopyranose, K2CO3, DCM, rt, 12 h, 76% yield
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complexes 1–6 were measured in aerated DMSO solution
at room temperature. The most significant data are col-
lected in Table 1 and Figure 5. By comparison with anal-
ogous complexes described in the literature,25 absorption
of the complexes 1–6 can be described as a combination
of metal-perturbed ligand centred transitions (LC) at high
energies, combined with metal to ligand (Re(d) !
N^N^C (π*)) charge transfer transitions (MLCT) in the
visible region. LC transitions are broad bands including
π ! π* and n ! π* transitions mainly within the fused
imidazo[4,5-f]-1,10-phenanthroline core (N^N^C). As
expected, the extinction coefficients of the LC transitions
are greater than those from the MLCT at approximately

FIGURE 4 1H-NMR spectrum of complex 4 in CDCl3

SCHEME 3 Synthesis of complexes 5 and 6. (i) 1, K2CO3,

DCM, rt, 30 h, 93%; (ii) [AuCl (JohnPhos)], NBu4(acac), DCM, rt,

12 h, 63%

TABLE 1 Absorption, emission and excitation maxima of complexes 1–6 measured in aerated DMSO at 298 K

Complex 1IL, λabs/nm (ε � 103) 1MLCT, λabs/nm (ε � 103) λexc (λ/nm) λem (λ/nm)

1 264 (59.8) 398 (4.9) 364, 451 650

2 280 (61.9) 399 (5.1) 362, 444 652

3 261 (35.7) 402 (4.6) 375, 406 652

4 262 (48.3), 291 (36.4) 400 (5.4) 369, 438 673

5 276 (92.7) 395 (11.5) 352, 470 641

6 263 (57.1) 398 (5.1) 362, 453 655

Note: (ε/dm3mol�1 cm�1), Complex D, λem: 665 nm (λexc: 341, 470 nm).
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400 nm. Regarding the emissive properties, all complexes
presented a broad and nonstructured emissive band
between 641 and 673 nm, with Stokes' shifts over 200 nm
that reveals the expected phosphorescence nature for this
type of Re(I) complexes. Thus, such emission pattern can
be assigned to a 3MLCT transition, which is consistent
with the emissive behaviour observed for analogous
Re(I) complexes of the general formula [ReCl
(CO)3(N^N)] reported in the literature.26 As depicted in
Table 1, the 3MLCT energy slightly varies to higher ener-
gies from 665 nm in the monometallic complex D to
approximately 650 nm for the heterobimetallic complexes
1–3, 5 and 6, suggesting an energy gap increment within
the frontier orbitals HOMO-LUMO (highest occupied
molecular orbital - lowest unoccupied molecular orbital)
of the heterobimetallic species. On the contrary, complex
4 containing the coordinated thiolate ligand displayed an
emission maxima shifted to lower energies (675 nm) in
comparison with the monometallic complex D and their
analogous heterobimetallic counterparts. Such different
emission, especially when the focus is set on complexes
3 and 4, both containing a thiolate as the gold ancillary
ligand, reveals that the challenging work of predicting
the photophysical properties for this type of complexes,

as not only electronic but also solvent and conforma-
tional properties, among other, could be involved.27

2.3 | Biological properties

The antiproliferative activity of complexes 1 to 6 was
analysed by MTT assay in lung cancer A549 and cervix
cancer HeLa cell lines to address their potential applica-
tion as anticancer agents, see Table 2. The experiments
were performed at different incubation times, 24 and
72 h, as it is known that alkynyl gold derivatives like
complex 2 need longer times to reveal their cytotoxicity
in comparison, for instance, with auranofin analogues
(-SAuP-), probably because of a slower cellular
uptake.16,28 Such time delay for revealing the cytotoxiciy
might be associated with the strength of gold-carbon
bond in alkynyl gold complexes, which is one of the
strongest gold-ligand bonds.29 In the present case, none
of the complexes showed antiproliferative activity below
the studied concentration in A549 and HeLa cells at 24 h.
Only complex 4 displayed certain cytotoxicity in both cell
lines at longer times (72 h) IC50 = 18.70 ± 4.67 μM (A549
cells) and 22.9 ± 1.98 μM (HeLa). This result emphasises

FIGURE 5 Absorption (left) spectra and excitation and emission (right) spectra of complexes 1–6 recorded in DMSO at rt

TABLE 2 IC50 vales (μM) of complexes 1–6 incubated with A549 and HeLa cells incubated at 24 and 72 h

Complex A549 24 h A549 72 h HeLa 24 h HeLa 72 h

1 >50 >25 - >25

2 >50 >25 >25 >25

3 >50 >25 - >25

4 >50 18.70 ± 4.67 >25 22.9 ± 1.98

5 >50 >25 >25 >25

6 >50 >25 >25 >25
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the importance of the optimum design of the gold coordi-
nation sphere. It is worth noticing that gold carbene
bonds present a strong σ-donating ability, being compara-
ble with that of phosphines. Therefore, from all the
synthesised complexes, complex 4 is the one with the
greatest structural similarity to that of commercially
available drug auranofin, suggesting once again that
probe design is the key step to deliver optimum antican-
cer agents.

IC50 cisplatin (24 h, A549): 114.2 ± 9.1 μM,30

(48 h, A549): 29.21 ± 1.92 μM,31 (48 h, HeLa): 10.50
± 1.51 μM.31 IC50 auranofin (24 h, A549): 7.59 μM,32

(48 h, HeLa): 5.99 ± 0.01 μM.33

3 | CONCLUSIONS

In summary, six heterometallic ReI/AuI complexes con-
taining imidazo[4,5-f]-1,10-phenanthroline (N^N^C) as
polytopic ligand were synthesised and their antip-
roliferative and emissive potential analysed. Specifically,
four of them are neutral species following the formula
fac-[Re (CO)3Cl(N^N^C)AuR], where R is an iodide (1),
phenylacetylene (2), dodecanethiol (3) or 2,3,4,6-tetra-O-
acetyl-1-thio-β-D-glucopyranose (4), whereas the other
two correspond to cationic species fac-[Re (CO)3Cl
(N^N^C)AuJohnPhos]+ (5) and a trimetallic complex
[(fac-[ReCl (CO)3(N^N^C)])2Au]

+ (6). Complexes 1 and
6 were prepared from the correspondent ReI imidazolium
salt and subsequent reaction of 1 with the different R
ligands in the presence of a base, delivered complexes 2–
4 and 5. The resultant complexes were orange emissive,
revealing a classical 3MLCT ((Re (dπ) ! N^N^C(π*))
emission. Despite the different gold ancillary ligand in
complexes 1–6, only complex 4 displayed a slightly red
shifted emission in comparison with their analogues
(675 vs. 650 nm) indicating that not only the electronic
character of the ligands might be decisive for tuning the
luminescence in this type of complexes. Analysis of the
antiproliferative activity in lung cancer A549 cells and
cervix HeLa cells showed that only complex 4 possesses
certain cytotoxicity in both cell lines. These results sug-
gest the importance of selecting the optimal gold coordi-
native ligands to deliver antiproliferative activity and
ultimately gold-based drugs.

4 | EXPERIMENTAL

4.1 | Starting materials

The starting materials [AuCl (tht)],34 [AuClPPh3]
35 and

[Au (acac)PPh3]
36 were prepared according to published

procedures. [Re (CO)5Cl] and [PdCl2(PPh3)2] were pur-
chased from STREM Chemicals and TCI, respectively,
and used as received. All other reagents were commer-
cially available and were used without further purifica-
tion. Solvents were dried with a SPS solvent purification
system.

4.2 | Instrumentation

Mass spectra were recorded on a Bruker Esquire 3000
PLUS, with the electrospray ionization (ESI) technique
and on a Bruker Microflex (MALDI-TOF). 1H, 13C{1H}
and 31P{1H} were recorded at room temperature on a
Bruker Avance 400 spectrometer (1H 400.0, 13C 100.6 and
31P 162.0 MHz) or on a Bruker Avance II 300 spectrome-
ter (1H 300.0, 13C 75.5 and 31P 121.5 MHz) with chemical
shifts (δ, ppm) reported relative to the solvent peaks of
the deuterated solvent. All J values are given in Hz. IR
spectra were recorded in neat samples on a Perkin-Elmer
Spectrum 100FT-IR spectrometer. Room temperature
steady-state emission and excitation spectra were
recorded with a Jobin-Yvon-Horiba Fluorolog FL3-11
spectrometer fitted with a JY TBX picosecond detection
module. UV–vis spectra were recorded with 1 cm quartz
cells on an Evolution 600 spectrophotometer.

4.3 | Antiproliferative studies: MTT
assay

Exponentially growing cells (A549 and HeLa) were
seeded at a density of approximately 104 cells per well
in 96-well flat-bottomed microplates and allowed to
attach for 24 h prior to addition of compounds. A stock
solution of the complexes was prepared in DMSO
0.1 M. Subsequent dilutions of the different stock
solutions from the complexes using DMEM were pre-
pared. About 100 μl/well was added to the cells, in
concentrations ranging from 0.5 to 50 μM containing as
maximum 0.5% of DMSO. Each concentration was
performed by quadruplicate. Cells were incubated
with the complexes for either 24 h or 72 at
37�C. Thereafter, 10 μl of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide MTT (5 mg ml�1) was
added to each well and plates were incubated for fur-
ther 2 h at 37�C. Finally, the growth media were elimi-
nated and DMSO (100 μl per well) was added to
dissolve the formazan precipitates. The optical density
was measured at 550 nm using a 96-well multiscanner
autoreader enzyme-linked immunosorbent assay
(ELISA). The IC50 values were calculated by nonlinear
regression analysis.
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4.4 | Synthesis

Numbering of complexes has been included in Figure S1
and reported spectra in Figures S2–S25.

4.4.1 | Synthesis of complex 1

To a stirred solution of D (1 eq, 150 mg, 0.203 mmol) in a
mixture of DCM (21 ml) and MeOH (14 ml) was added
[AuCl (tht)] (1 eq, 65.1 mg, 0.203 mmol) followed by
NBu4(acac) (1 eq, 69.4 mg, 0.203 mmol). After 2.5 h in
the dark, the yellow solution turned to a suspension. Sol-
vent was evaporated to 1–2 ml, and more MeOH was
added. The yellow solid was filtered and washed with
MeOH (154.9 mg, 82%).

1H NMR (300 MHz, DMSO-d6): δ 9.55–9.49 (m, 3H,
H2 + H20 + H4 or H40), 9.30 (d, J = 8.6 Hz, 1H, H4 or
H40), 8.27 (dd, J = 8.7, 5.1 Hz, 1H, H3 or H30), 8.23 (dd,
J = 8.3, 5.5 Hz, 1H, H3 or H30), 5.15 (t, J = 6.8 Hz, 2H,
H8) 4.68 (s, 3H, H13), 2.03–1.92 (m, 2H, H9), 1.55–1.32
(m, 4H, H10 + H11), 0.88 (t, J = 7.1 Hz, 3H, H12).

13C
NMR (101 MHz, DMSO-d6): δ 197.62 (s, CO), 188.67 (s,
C14), 152.96 (s, C2 or C20), 152.87 (s, C2 or C20), 144.48 (s,
2C, C6 + C60), 134.28 (s, C4 or C40), 133.75 (s, C4 or C40),
127.33 (s, C3 or C30), 127.05 (s, C70), 126.82 (s, C3 or C30),
125.19 (s, C7), 120.96 (s, C5 or C50), 120.31 (s, C5 or C50),
50.74 (s, C8), 39.73 (s, C9), 28.77 (s, C13), 27.86 (s, C10),
21.66 (s, C11), 13.86 (s, C12). IR (cm�1): 2016,
1885 υ (CO), 1,662 υ(N-C=O). Anal. calcd for
C22H20N4O3ClIReAu: C, 28.29; H, 2.16; N, 6.00.
Found: C, 28.16; H, 2.13; N, 5.90.

4.4.2 | Synthesis of complex 2

To a solution of KOH (1.2 eq, 1.6 mg, 0.024 mmol) in
MeOH (5 ml) was added 1 (1 eq, 20 mg, 0.021 mmol)
and the resulting suspension was allowed to react
overnight. Water was then added, and methanol was
evaporated. DCM was added, and the organic phase
was decantated and evaporated. The resulting solid
was washed with MeOH to remove traces of water
(15.2 mg, 80%).

1H NMR (400 MHz, DMSO-d6): δ 9.53–9.49 (m, 3H,
H2 + H20 + H4 or H40), 9.27 (d, J = 8.7 Hz, 1H, H4 or
H40), 8.26 (dd, J = 8.7, 5.2 Hz, 1H, H3 or H30), 8.21 (dd,
J = 8.6, 5.2 Hz, 1H, H3 or H30), 7.29–7.15 (m, 5H, HAr),
5.17 (t, J = 7.1 Hz, 2H, H8), 4.70 (s, 3H, H13), 2.04–1.93
(m, 2H, H9), 1.57–1.47 (m, 2H, H10), 1.44–1.35 (m, 2H,
H11), 0.90 (t, J = 7.3 Hz, 3H, H12).

13C NMR (101 MHz,
DMSO-d6): δ 197.62 (s, CO), 195.17 (s, C14), 152.76 (s, C2

or C20), 152.67 (s, C2 or C20), 144.32 (s, C6 + C60), 134.18

(s, C4 or C40), 133.61 (s, C4 or C40), 131.14 (s, 2C, C19),
128.13 (s, C18), 127.70 (s, C3 or C30), 127.30 (s, C17), 127.19
(s, C3 or C30), 126.71 (s, C20), 125.87 (s, C7 or C70), 125.45
(s, C7 or C70), 120.90 (s, C5 or C50), 120.25 (s, C5 or C50),
104.16 (s, C16), 50.88 (s, C8), 39.78 (s, C13), 29.02 (s, C9),
27.95 (s, C10), 21.81 (s, C11), 13.80 (s, C12). IR (cm�1):
2018, 1890 υ (CO), 1,662 υ(N-C=O). HRMS (m/z):
909.0857 [M + H+], C30H26AuClN4O3Re (909.0916).
Anal. calcd for C30H25N4O3ClReAu�H2O: C, 38.90; H,
2.94; N, 6.05. Found: C, 39.0; H, 3.04; N, 5.85.

4.4.3 | Synthesis of complex 3

To a suspension of 1 (1 eq, 25 mg, 0.027 mmol) in
degassed DCM (7 ml) was added dodecanethiol (1 eq,
4.9 μl, 0.025 mmol) followed by K2CO3 (excess). After
1 night of reaction, the suspension turned from yellow
suspension to orange solution with remaining potassium
carbonate. Water was then added, and the organic phase
was decanted. The aqueous phase was extracted once
with DCM, and then the combined organic phases
were dried with anhydrous Na2SO4. DCM was concen-
trated, and hexane was added to afford an orange solid
(21.5 mg, 79%).

1H NMR (400 MHz, CDCl3): δ 9.50 (d, J = 5.1 Hz,
2H, H2 + H20), 9.21 (d, J = 8.6 Hz, 1H), 8.90 (d,
J = 8.6 Hz, 1H), 8.05 (dd, J = 8.6, 5.1 Hz, 1H, H3 or H30),
8.03 (dd, J = 8.6, 5.1 Hz, 1H, H3 or H30), 4.99 (t,
J = 7.2 Hz, 2H, H8), 4.63 (s, 3H, H13), 3.01 (t, J = 7.6 Hz,
1H, H15), 2.01–1.91 (m, 2H, H9), 1.80 (qap, J = 7.6 Hz,
2H, H16), 1.56–1.45 (m, 4H, H10 + H17), 1.45–1.36 (m,
2H, H11), 1.36–1.19 (m, 16H, H18 to H25), 0.92 (t,
J = 7.2 Hz, 3H, H12), 0.87 (d, J = 6.9 Hz, 3H, H26).

13C
NMR (101 MHz, CDCl3): δ 196.79 (s, CO), 194.50 (s,
C14), 188.75(?), 152.78 (s, C2 or C20), 152.64 (s, C2 or C20),
145.57 (s, C6 or C60), 145.51 (s, C6 or C60), 131.79 (s, C4 or
C40), 131.74 (s, C4 or C40), 127.08 (s, C7), 126.82 (s, C3 or
C30), 126.73 (s, C3 or C30), 125.82 (s, C70), 121.18(s, C5 or
C50), 120.69 (s, C5 or C50), 51.89 (s, C8), 40.33 (s, C13),
38.76 (s, C16), 32.08 (s, Calk), 29.91 (s, Calk), 29.89 (s, Calk),
29.83 (s, Calk), 29.74 (s, Calk), 29.70 (s, Calk), 29.52 (s,
Calk), 28.75 (s, Calk), 28.59 (s, Calk), 22.84 (s, Calk), 22.48
(s, Calk), 14.28 (s, C26), 14.01 (s, C26). IR (cm�1): 2019,
1893 υ (CO), 1,662 υ(N-C=O). Anal. calcd for
C34H45N4O3ClReAuS�2CH2Cl2: C, 36.70; H, 4.19; N,
4.75; S, 2.72 Found: C, 36.97; H, 4.27; N, 5.35 S, 3.00.

4.4.4 | Synthesis of complex 4

To a suspension of 1 (1 eq, 60 mg, 0.064 mmol) in
DCM (10 ml) was added 2,3,4,6-tetra-O-acetyl-1-thio-
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β-D-glucopyranose (1 eq, 26.5 mg, 0.070 mmol) followed
by K2CO3 in excess. After 1 night of reaction, the
suspension turned from yellow suspension to orange
solution with remaining potassium carbonate. The
suspension was filtered over celite, and the filtrate was
concentrated and purified by silica gel column chroma-
tography employing 97/3 DCM/MeOH as eluent
(57.1 mg, 76%).

1H NMR (300 MHz, CDCl3): δ 9.59–9.51 (m, 4H, H2-

+H20 + H12 + H120), 9.26 (d, J = 8.7 Hz, 2H, H10 or H100),
9.22–9.15 (d, J = 8.5 Hz, 2H, H10 or H100), 8.97 (d,
J = 9.0 Hz, 2H, H4 or H40), 8.91 (d, J = 8.7 Hz, 2H, H4 or
H40), 8.16–8.02 (m, 4H, H3+H30 + H11 + H110), 5.29–4.97
(m, 12H, H21�24 + H210�240 + H15 + H150), 4.76 (s, 3H,
H14), 4.69 (s, 3H, H140), 4.38–4.28 (m, 2H, H26 or H260),
4.19–4.12 (m, 2H, H26 or H260), 3.87–3.79 (m, 2H,
H25 + H250), 2.16 (s, 6H, CH3(OAc)), 2.13–2.01 (m, 4H,
H16 + H160), 2.08 (s, 6H, CH3(OAc)), 2.06 (s, 6H,
CH3(OAc)), 2.03 (s, 6H, CH3(OAc)), 1.67–1.56 (m, 4H,
H17 + H170), 1.46 (dt, J = 14.5, 7.4 Hz, 4H, H18 + H180),
0.97 (td, J = 7.4, 5.5 Hz, 6H, H19 + H190).

13C NMR
(101 MHz, CDCl3): δ 196.78 (s, C ≡ O), 196.77 (s,
C ≡ O), 196.75 (s, C ≡ O), 196.71 (s, C ≡ O), 188.75 (s,
C ≡ O), 188.73 (s, C ≡ O), 170.85 (s, C=O), 170.32 (s,
C=O), 170.22 (s, C=O), 169.97 (s, C=O), 153.05 (s, C2 or
C20 or C12 or C120), 152.80 (s, 2C, C2 or C20 or C12 or
C120 + C2 or C20 or C12 or C120), 152.62 (s, C2 or C20 or C12

or C120), 145.60 (s, C6 or C60 or C13 or C130), 145.58 (s, C6

or C60 or C13 or C130), 145.53 (s, C6 or C60 or C13 or C130),
145.35 (s, C6 or C60 or C13 or C130), 131.90 (s, 2C, C4 or C40

or C10 or C100 + C4 or C40 or C10 or C100), 131.81 (s, C4 or
C40 or C10 or C100), 131.75 (s, C4 or C40 or C10 or C100),
127.06 (s, C8 or C80), 127.03 (s, C8 or C80), 126.90 (s, 2C, C3

or C30 or C11 or C110 + C3 or C30 or C11 or C110), 126.85 (s,
C3 or C30 or C11 or C110), 126.74 (s, C3 or C30 or C11 or
C110), 125.84 (s, C7 or C70), 125.69 (s, C7 or C70), 121.17 (s,
C5 or C50), 121.12 (s, C5 or C50), 120.76 (s, C9 or C90),
120.56 (s, C9 or C90), 83.32 (s, C21 + C210), 78.18 (s, C22 or
C23 or C24), 76.09 (s, C25 + C250), 74.42 (s, C22 or C23 or
C24), 69.15 (s, C22 or C23 or C24), 63.07 (s, C26 + C260),
51.97 (s, C15 or C150), 51.73 (s, C15 or C150), 40.47 (s, C14 or
C140), 40.27 (s, C14 or C140), 31.06 (s, 2C, CH3OAc), 29.75
(s, C16 or C160), 29.63 (s, C16 or C160), 28.66 (s, C17 or C170),
28.55 (s, C17 or C170), 22.79 (s, C18 or C180), 22.49 (s, C18 or
C180), 22.46 (s), 21.41 (s, 2C, CH3OAc), 20.87 (s, 2C,
CH3OAc), 20.82 (s, 2C, CH3OAc), 13.97 (s, C19 or C190),
13.93 (s, C19 or C190). IR (cm�1): 2020, 1890 υ (CO), 1746
υ(O-C=O), 1,220, 1,032 υ(C-O st). HRMS (m/z):
1193.1075 [M + Na], C36H39AuClN4O12ReS (1193.1080).
Anal. calcd for C36H39N4O8ClReAuS�4CH2Cl2: C,
33.22; H, 3.28; N, 3.87; S, 2.22 Found: C, 33.12; H,
3.01; N, 4.28 S, 2.27.

4.4.5 | Synthesis of complex 5

To a suspension of E (1 eq, 20 mg, 0.0215 mmol) in DCM
(7 ml) was added 1 (1 eq, 20.1 mg, 0.0215 mmol) followed
by excess of potassium carbonate. After 31 h at r.t., water
was added and the organic layer was decanted. The aque-
ous phase was washed with DCM (2 � 10 ml), and the
combined organic phases were dried with anhydrous
sodium sulphate. The suspension was decanted from the
sodium sulphate, and the solvent evaporated. After dis-
solving in acetone and filtration over celite, addition of
petroleum ether afforded a yellow-orange solid (34.5 mg,
93%).

1H NMR (400 MHz, DMSO-d6): δ 9.65–9.54 (m, 6H,
H2 + H20 + H3 or H30), 9.40–9.33 (m, 2H, H3 or H30), 8.29
(d, J = 5.2 Hz, 4H, H4 + H40), 7.20–7.14 (t, J = 7.4 Hz,
8H, Hmeta), 6.94–6.91 (t, J = 7.4 Hz, 8H, Hortho), 6.80–6.75
(t, 4H, Hpara), 5.30 (sbr, 4H, H8), 4.84 (s, 6H, H13), 2.13–
2.06 (m, 4H, H9), 1.64–1.56 (m, 4H, H10), 1.46–1.34 (m,
4H, H11), 0.90 (t, J = 7.3 Hz, 4H, H12).

13C NMR
(101 MHz, DMSO-d6): δ 197.59 (s, CO), 196.51 (s, CO),
191.40 (s, 1C, C14), 191.35 (s, 1C, C140), 189.73 (s, CO),
188.55 (s, CO), 163.34 (q, 1J P�B = 49.4 Hz, 4C, ipso-C,
BPh4), 153.33 (s, 4C, C2 + C20), 144.64 (s, 4C, C6 + C60),
135.51 (sbr, 8C, meta-C, BPh4), 134.23 (s, 2C, C3 or C30),
133.59 (s, 2C, C3 or C30), 127.62 (s, 2C, C7 or C70), 127.41
(s, 2C, C4 or C40), 126.67 (s, 2C, C4 or C40), 125.80 (s, 2C,
C7 or C70), 125.27 (q, 2J P�B = 2.7 Hz, 8C, ortho-C, BPh4),
121.49 (sbr, 4C, para-C, BPh4), 120.96 (s, 2C, C5 or C50),
120.34 (s, 2C, C5 or C50), 51.50 (s, 2C, C8 + C80), 39.91 (s,
2C, C13 + C130), 29.37 (s, 2C, C9 + C90), 28.37 (s, 2C,
C10 + C100), 21.95 (s, 2C, C11 + C110), 13.85 (s, 2C,
C12 + C120). IR (cm�1): 3057 υ (CAr-H) 2017, 1885 υ
(CO). HRMS (m/z): 1417.1189 M+, C44H40AuCl2
N8O6Re2 (1417.1218).

4.4.6 | Synthesis of complex 6

To a stirred solution of E (1 eq, 60 mg, 0.0645 mmol) in
DCM (5 ml) was added [AuCl (JohnPhos)] (1 eq,
34.2 mg, 0.0645 mmol) followed by NBu4(acac) (1 eq,
22 mg, 0.0645 mmol). The reaction mixture was stirred
1 night at r.t. and evaporated. The crude was then
washed several times with MeOH and finally
recrystallised in CH3CN/ether. (63.3 mg, 69%).

1H NMR (400 MHz, CD3CN): δ 9.59 (dd, J = 5.2,
1.1 Hz, 1H, H2 or H20), 9.58 (dd, J = 5.1, 1.1 Hz, 1H, H2

or H20), 9.34 (dd, J = 8.7, 1.1 Hz, 1H, H3 or H30), 9.04 (dd,
J = 8.7, 1.1 Hz, 1H, H3 or H30), 8.14 (dd, J = 8.7, 5.2 Hz,
1H, H4 or H40), 8.11 (dd, J = 8.7, 5.2 Hz, 1H, H4 or H40),
8.11–8.06 (m, 1H, HJohnPhos), 7.68–7.63 (m, 2H,

LUENGO ET AL. 9 of 11



HJohnPhos), 7.38–7.30 (m, 6H, HJohnPhos), 7.29–7.24 (m,
8H, Hortho), 7.02–6.96 (m, 8H, Hmeta), 6.86–6.81 (m, 4H,
Hpara), 4.79–4.73 (m, 2H, H8 + H80), 4.39 (s, 3H,
H13),1.94–1.83 (m, 2H, H9 + H90), 1.56–1.42 (m, 1H, H10

or H100), 1.55 (s, 9H, H28 or H280), 1.51 (s, 9H, H28 or H280)
1.39–1.28 (m, 3H, H10 or H100 + H11 + H110), 0.87 (t,
J = 7.2 Hz, 3H, H12).

31P NMR (162 MHz, CD2Cl2): δ
63.97 (s). 13C NMR (101 MHz, DMSO-d6): δ 196.50 (s,
C14), 196.19 (s, CO), 195.08 (s, CO), 188.53 (s, CO), 163.35
(q, 1J P�B = 49.3 Hz, 4C, ipso-C, BPh4), 153.44 (s, C2 or
C20), 153.35 (s, C2 or C20), 148.70 (d, 1J P�C = 14.1 Hz,
C15), 144.64 (s, 2C, C6 + C60), 144.61 (s, 2C, C6 + C60),
143.01 (d, J2 = 6.1 Hz, C20), 135.51 (s, 8C, meta-C, BPh4),
134.75 (s, CJohnPhos), 134.09 (s, C3 or C30), 133.47 (s, C3 or
C30), 132.61 (d, 2J P�C = 7.7 Hz, C16), 131.33 (s, CJohnPhos),
129.21–128.88 (m, 6C, CJohnPhos), 127.87 (d,
3J P�C = 6.3 Hz, C17), 127.22 (s, C40), 127.11 (s, C5 or C50),
126.66 (s, C4), 125.58 (s, C5 or C50), 125.26 (q,
2J P�B = 2.7 Hz, 8C, ortho-C, BPh4), 124.78 (s, C21),
121.48 (s, 4C, para-C, BPh4), 120.93 (s, C7 or C70),
120.31 (s, C7 or C70), 51.37 (s, C8), 39.78 (s, C13),
37.36 (d, 1J P�C = 23.4 Hz, 2C, C27), 30.49 (d,
2J P�C = 6.3 Hz, 6C, C28), 29.43 (s, C9), 28.32 (s, C11),
13.81 (s, C12). IR (cm�1): 3053 υ (CAr-H) 2017, 1922,
1887 υ (CO). HRMS (m/z): 1105.2256 M+,
C42H47AuClN4O3Re (1105.2285). Anal. calcd for
C62H67N4O3ClReAuPB�2CH2Cl2: C, 49.70; H, 4.63; N,
3.62. Found: C, 50.55; H, 4.70; N, 3.69.
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