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Abstract: Heterobi- and tri-metallic complexes have been synthesized by the combination of different 

metallic fragments, a luminescent Re(I) species and a bioactive Au(I) derivative. A ditopic P,N-donor 

ligand (L) was used as linker between both metals, affording six new complexes of the type fac-

[Re(bipy)(CO)3(LAuCl)]
+
 (4-6) and [(fac-[Re(bipy)(CO)3(L)])2Au]

3+
 (7-9) after a thorough  synthetic 

procedure. Their emission is associated with a 
3
MLCT (Re(dπ)→bipy(π*)) transition and red shifted in 

polar solvents with lifetimes in the range of ns and quantum yields values up to 12.5 %. Cytotoxicity 

values in A549 cells of heterotrimetallic species are almost twice than for the heterobimetallic  (c.a. 37 

vs 69 µM respectively), being  the L-Au fragment the source of the antiproliferative activity. Species 7 



 

 

 

 

and 8 showed similar behaviour by fluorescence microscopy, with a non-uniform cytoplasmatic 

distribution, a clear accumulation in single spots at the edge of the inner cell membrane as well as in 

areas within the nucleus. Preliminary studies suggest the DNA as one of the targets and passive 

diffusion the entrance pathway.  

Introduction 

The design of trackable anticancer drugs has become a priority in our society since it provides the 

possibility of understanding how drugs actually interact with the biomolecules in the body.
1
 Such 

crucial information would surely deliver great advances in the development of new therapeutics that 

could efficiently reach a larger number of diseases. Among the metal-based therapeutic agents, gold 

complexes stand as one of the most studied so far. Their antiarthritic properties have been used in 

medicine since the early 80s.
2
 At the moment, two of these gold drugs, auranofin and aurothiomalate, 

are at the stage of clinical trials for the treatment of certain cancers.
3
 Mechanistically, the mitochondria, 

thioredoxin reductase, and pathways of oxidative phosphorylation are believed to be among the primary 

intracellular targets.
4

 However, the perfect understanding of their chemical behavior is still unclear.
5 

A 

reasonable approach to tackle this problem could be the development of gold based trackable drugs. 

Incorporation of a luminophore into the structure of a gold complex would enable the visualization of 

the probe by fluorescence microscopy. Such technique could provide information regarding their 

internalization mechanism, biodistribution, localization, biological targets and their interaction. Using 

organic fluorophores as optical probes are the most common method to develop trackable gold-based 

therapeutic agents. Acridine, anthracene, naphthalimide, coumarine and BODIPY among others have 

been recently used to visualize the cellular biodistribition of gold complexes, Figure 1.
6
 Despite their 

good commercial availability and relatively simple chemistry to be incorporated to gold complexes, 



 

 

 

 

their photophysical properties are not ideal for bioimaging purposes. Apart from the particular case of 

BODIPY, whose emission is determined by the substituents,
7
 their fluorescence in the UV region, short 

lifetimes and high lipophilicity are some of the characteristics that need to be improved to provide 

optical probes that can be used for in vivo applications, where tissue light penetration is a handicap.
8
  

 

Figure 1. Gold based probes based on the incorporation of a luminophore. 

 

Alternatively, some luminescent metal complexes, such as Ru(II)
9
 and Re(I)

10
 species have been also 

combined with gold(I) complexes to afford bimetallic trackable species (Figure 2). The 

phosphorescence nature of their emission makes these probes suitable candidates to be used as cell 

imaging agents.
11

 However, building the bimetallic compounds is not always easy, and a thoughtful 

synthetic strategy needs to be followed considering the different stability and compatibility of the metal 

complexes and ligands. Thus, if the two complexes have enough stability, they could be first 

synthesized separately and then coupled together.
10

 In this way, tedious purification steps could be 



 

 

 

 

avoided. A second strategy would be the design of bifunctional chelating ligands that are able to 

selectively bind each metal center. This strategy is particularly complicated when similar metals are 

used.
12

 An alternative synthetic approach would be a stepwise pathway, with the synthesis of the first 

metal complex, the posterior insertion of the ancillary chelating ligand following by coordination of the 

second metal atom.
13

 Therefore, it is not surprising that, the synthetic pathway for delivering trackable 

probes bearing two metals could be extremely complicated and it should be carefully planned. Despite 

the synthetic complexity that may involve the design of trackable gold species bearing luminescent 

metal complexes as luminophores, we are determined to deepen into this field. At the moment, the vast 

majority of investigations deal with the use of organic chromophores as optical probes, therefore, our 

work was directed towards the design of heterometallic Re(I)/Au(I) and Re(I)/Au(I)/Re(I) complexes. A 

thorough study of their photophysical properties as well as the analysis of their cytotoxicity in human 

A549 lung cancer cell line was made. Furthermore, their application as cell imaging agents was also 

investigated. 

 

Figure 2. Bimetallic gold probes.
9,10

 

Results and Discussion 

Synthetic approach 



 

 

 

 

In a previous study we have demonstrated that it is possible to visualize gold(I) complexes in cancer 

cells by combination with a luminescent Re(I) fragment and using an alkyne as linker.
10

 In the present 

work the focus is set on the development of heterometallic Re(I)/Au(I) complexes where a phosphine 

derivative is the linker between the two metal centers. However, working with phosphine derivatives is 

not always straightforward due to their easy oxidation. Thus, a thorough synthetic pathway needs to be 

established. The first approach taken was the preparation of ditopic ligands (L1 and L2, Scheme 1), 

followed by two subsequent coordination steps. The key aspect is to build ligands that are able to 

selectively bind each metal center. Since gold(I) complexes have a great affinity to be coordinated to 

phosphines and Re(I) to pyridine derivatives, N-(diphenylphosphino)ethylamidepyridine derivatives 

were synthesized. The synthesis was performed via Schotten-Baumann reaction between either 

isonicotinoyl chloride or a nicotinoyl chloride derivative with 2-(diphenylphosphino)ethylamine 

affording L1 and L2 respectively.
14

 Thereafter, coordination reaction of ligands L1 and L2 with 

[AuCl(tht)] (tht = tetrahydrothiophene) was performed. As expected, the metal was selectively bonded 

to the phosphorus donor atom affording complexes 1 and 2, leaving the nitrogen available for further 

coordination, see Scheme 1 (Synthetic approach A). Despite the rigorous handling of the reagents, 

trying to avoid the oxidation of the phosphine, a percentage of the oxidized product was always present. 

Therefore, a different synthetic route was considered. The 2-(diphenylphosphino)ethylamine (L0) 

would be first protected from oxidation by coordination to the metal centre generating species 3, and 

then the synthesis of the amide species 1 and 2 would take place, see Scheme 1 (Synthetic approach B). 

This new procedure resulted in overall better yields and purity of the final products. 

 



 

 

 

 

 

Scheme 1. Synthetic approach A: (ia) 2-(diphenylphosphino)ethylamine, Et3N, dichlorometane, rt, 12 h, 

under Ar. (iia) [AuCl(tht)], dichloromethane, 1 h, rt., under Ar. Synthetic approach B: (ib) [AuCl(tht)], 

dichloromethane, 1.5 h, rt., under Ar. (iib) acylchloride derivative, Et3N, dichlorometane, rt, 12 h. 

 

Following the synthetic approach B, the percentage of oxidized phosphine was diminished to a 

minimum and a lone peak in the 
31

P{
1
H} spectrum was observed at 24.8, 24.8 and 28.7 ppm for 

compounds 1, 2 and 3 respectively, Table S1. Those values are in concordance with 
31

P{
1
H} NMR 

chemical shifts displayed by similar complexes.
15

  

The next step of the synthetic procedure was the coordination of the second metal center. As previously 

commented, Re(I) derivatives were selected as the luminescent probes. Specifically, fac-

[Re(bipy)(CO)3(CF3SO3)] (A) was used as the reactive Re(I) complex, where the substitution of the 



 

 

 

 

triflate ligand by pyridine derivatives have been widely described.
15

 However, the product of the 

reaction of A with either 1, 2 or 3 did not afford a single product. Instead, a mixture of heterobimetallic 

4-6 and heterotrimetallic 7-9 complexes was obtained, see Scheme 2. The different heterobi- and tri-

metallic species have been isolated and purified by column chromatography. A plausible explanation 

for the unanticipated mixture could be related with the easiness with which rhenium activated species 

are able to capture a chloride ion. 

 

Scheme 2. Synthesis of the heterometallic Re-Au complexes. L1, 1, 4 and 7 correspond to the para 

derivatives and L2, 2, 5 and 8 to the meta derivative. Compounds 6 and 9 were obtained from complex 

3. 

A previous work described by Coogan and coworkers
17

 describes the synthetic difficulties to obtain a 

rhenium complex bearing a chloropyridine derivative as ligand. The problem was mainly due to the 

presence of chloride ions in the reaction media that were reverting the activated rhenium complex, 

[Re(bipy)(CH3CN)(CO)3]OTf  to the precursor complex, [Re(bipy)Cl(CO)3] (B) (Scheme 3).
17

 The 

same idea could be perfectly applied in the present case. Thus, the activated rhenium complex A in 



 

 

 

 

presence of 1, 2 and 3 could lead to the formation of the expected heterobimetallic complexes 4, 5 and 6 

respectively, together with the precursor rhenium complex B and highly reactive gold species C bearing 

a labile triflate ligand, see Scheme 3. Thereafter, the instability of C would prompt its reaction with 4, 5 

and 6 and with unreacted precursor A (Scheme 3, synthetic route A) or alternatively, C could also 

decompose to afford a more stable bis(phosphine) gold species, that thereafter would react with two 

equivalents of A (Scheme 3, synthetic route B). This theory has been confirmed by two different facts: 

First, extraction of B as one of the side products from the column chromatography performed for the 

purification of all the complexes and secondly, by the yield improvement of complex 4-9 upon the 

addition of a second equivalent of A.  

Alternatively, a different synthetic route was considered to be able to exclusively synthesise the 

heterotrimetallic species. Thus, compounds 7, 8 and 9 were prepared after the synthesis of the 

correspondent gold bis(phosphine) derivatives 10 and 11, see Scheme 3. Such procedure entailed the 

use of the stable gold(I) complex [Au(tmbn)2]OTf, where tmbn is 2,4,6-trimethoxybenzonitrile, for the 

in situ preparation of cationic bis(phosphine) gold(I) species bearing the 2-

(diphenylphosphino)ethylamine ligand, that can further react with the isonicotinoyl chloride or a 

nicotinoyl chloride derivative to give complexes 10 and 11 respectively. Then, the bis(phosphine) 

complexes were allowed to react with A affording 7, 8 and 9 in reasonable yields, 50, 18 and 47%. 

Infrared spectra for the heterobi- and tri-metallic species 4-9 showed two strong carbonyl stretching 

bands, ν(CO), between 1894 and 2027 cm
-1

 corroborating the cationic character of these species as well 

as the approximate C3v symmetry and consequently, the facial configuration of the carbonyl ligands.
18

 

Moreover, 
31

P{
1
H} NMR spectroscopy studies confirmed the proposed gold coordination mode in all 

cases, either the P-Au-Cl (c.a. 22 ppm) or the P-Au-P (c.a. 34 ppm), see Table 1. Further 
1
H, 

13
C{

1
H} 



 

 

 

 

NMR, UV-vis spectroscopy and analytical data provided by mass spectrometry corroborated the 

accomplishment on the synthesis of all complexes. 

Table 1. Carbonyl IR stretching bands and 
31

P{
1
H} NMR chemical shifts (CD2Cl2) of 4–9. 

 IR(ν(CO)) 
31

P{
1
H}(ppm)  IR(ν(CO)) 

31
P{

1
H}(ppm) 

4 2028, 1905 22.6 7 2027, 1902 34.5 

5 2029, 1904 20.8 8 2027, 1902 34.5 

6 2021, 1894 23.6 9 2021, 1894 34.9 

  

 

Scheme 3. Proposed mechanism for the formation of complex 7 and 8 from the reactive gold species C. 

Synthesis of complexes 6 and 9 would follow the same scheme. Alternative synthetic route for the 

direct preparation of heterotrimetallic species.



 

 

 

 

Photophysical properties 

UV-visible absorption spectra were recorded for complexes 4-9 in a degassed DCM solution at 298 K. 

All of them showed an absorption profile that can be defined as a combination of the typical absorption 

pattern of bisimine Re(I) derivatives with that of gold(I)diphenylphosphene fragment , i.e. ligand 

centered transitions (
1
LC) at higher energies (≤ 320nm) and a metal-to-ligand-charge-transfer transition 

(
1
MLCT) at lower energies (c.a. 375 nm).

19
 Specifically, 

1
LC transitions can be attributed to π→π* 

transitions among bipyridine, pyridine and phenyl units, and the 
1
MLCT transitions are assigned 

basically to Re(dπ)→L(π*) transitions, being those of the bipyridine the main contributor, Figure S1. 

Moreover, it is noteworthy that heterotrimetallic species have about twice the value of molar extinction 

coefficient than the heterobimetallic complexes for the 
1
MLCT transition and even higher values are 

seen for the 
1
LC band. Such variation agrees with intercomponent electronic energy transfer in 

heteropolinuclear complexes that normally associates the absorption and emission spectra based on 

additive properties of the different metallic fragments.
20

 The most significant absorption data are 

collected in Table 2. 

Table 2. UV-vis absorption bands and extinction coefficients for complexes 4-9. (Degassed CH2Cl2 

solution at 298 K (2.5E
-5 

M)). 

Species λabs / nm, ( ε  / dm
3
 mol

_1
 cm

_1
) 

4 235 (26100), 273 (17400), 320 (10600), 368 (3800) 

5 237 (27300), 272 (16200), 320 (8300), 364 (3400) 

6 236 (28700), 279 (13400), 321 (9000), 326 (3600) 

7 240 (52200), 273 (36600), 319 (22000), 371 (6700) 



 

 

 

 

8 239 (61300), 267 (41600), 320 (20400), 360 (7200) 

9 238 (43900), 280 (24800), 321 (16300), 362 (6300) 

 

Further emissive properties of complexes 4-9 were analyzed in degassed DCM and DMSO solution at 

298 K (Figures 3 and S2 and Table 3). All of them showed a broad emission spectrum, whose 

maximum is red shifted upon changing the solvent from DCM to DMSO. The observed red shift could 

be attributed to a further stabilization of the excited states in polar solvent, which is in agreement with 

the emission pattern seen for similar complexes reported in the literature.
21

 Specifically, the behavior of 

the complexes could be divided into two groups, those containing a pyridine derivative in their 

coordination sphere (4, 5, 7 and 8) and those presenting a 2-(diphenylphosphino)ethylamine (6 and 9). 

  

Figure 3. (a) Normalized emission spectra of complexes 4-9 in CH2Cl2 solution and (b) 

normalized emission spectra of complexes 4, 7 and A (fac-[Re(bipy)(CO)3(CF3SO3)]) in CH2Cl2 

solution. 



 

 

 

 

The formers showed emission maxima around 560 nm in DCM that shift to c.a. 585 nm in DMSO, 

whereas the second group showed their emission maxima at c.a. 590 nm in DCM that is also red shifted 

in DMSO to c.a. 608 nm. In all cases the emission could be attributed to 
3
MLCT transition, a 

Re(dπ)→bipy(π*) transition,
22

 where the gold atom does not seem to affect the luminescence properties. 

The excited state lifetimes were measured in both solvents solution, corroborating the phosphorescence 

nature of the emissions. Thus, complexes 4, 5, 7 and 8 presented lifetime values over 200 ns in DCM 

solution. Instead, complexes 6 and 9 barely reached 110 ns. As before, when the solvent was changed 

from DCM to DMSO, an expected higher stabilization of the MLCT excited state would take place 

prompting easier non-radiatively processes which would lead to lower lifetime values.
23,21b

 The 

differences seen on the emission and lifetime values between the species containing either pyridine or 

amine derivatives could be attributed to the different electronic effect exerted into the HOMO orbitals. 

Since (diphenylphosphino)ethylamine is believed to have a greater electron donor character than the 

pyridine derivatives, complexes 6 and 9 would have their homo orbitals destabilized in comparison with 

those of complexes 4, 5, 7 and 8 producing red shifted emission values and shorter lifetimes. Quantum 

yield values varied from 3 to 12.5 %, which are considerably higher than those reported for 

monometallic rhenium complexes (table 3).
24

 Thus, the combination of Re(I) and Au(I) within a single 

molecule seems to be an extraordinary approach to design high valuable luminophores. Additional 

luminescence studies were performed in order to assess the stability of the complexes in biological 

media. Specifically, complex 4 and 9 were dissolved in DMSO and then added to a PBS solution (pH 

7.4, final DMSO concentration ≤ 0.5%), the emission spectra were registered at t = 0, 0.3 and 18 hours. 

No loss of luminescence was observed suggesting that no disruption of the complexes had taken place 

(Figure S3). The same behavior was observed by 
1
H-NMR experiments performed during 2 days for the 

same complexes in a DMSO-d6 solution. 



 

 

 

 

 

 

 

Table 3. Excitation, emission lifetimes and quantum yields of complexes 4-9. 

Species λexc (nm) λem (nm) ζ (ns) φ 

4 427
a
 

406
b
 

556
a
 

582
b
 

269
a
 

119
b
 

12.5
a
 

- 

 

5 427
a
 

406
b
 

560
a
 

584
b
 

304
a
 

112
b
 

9.2
a
 

- 

 

6 435
 a
 

417
b
 

587
 a
 

606
b
 

107
 a
 

< 40
b
 

3.0
a
 

- 

 

7 426
a
 

405
b
 

559
a
 

590
b
 

213
 a
 

112
b
 

4.2
a
 

- 

 

8 414
a
 

408
b
 

564
a
 

584
b
 

191
a
 

118
b
 

4.2
a
 

- 

 

9 415
a
 

405
b
 

594
a
 

605
b
 

108
a
 

< 40
b
 

- 

- 

 

[a] Dichloromethane solution. [b] Dimethylsulfoxide solution. 

 

Cytotoxicity studies and fluorescence microscopy 



 

 

 

 

The cytotoxic activity of the gold complexes 1 and 2 and the heterometallic species 4-9 was determined 

by an MTT assay in the tumor lung A549 cell line, see Table 4. All of them showed a significant mild 

cytotoxicity, with IC50 values ranging from 35 to 75 µM.
25

 Such cytotoxicity was attributed to the gold 

fragment, as it is known that complexes of the type fac-[Re(bipy)(CO)3(Py-derivative)]
+
 do not 

normally present high antiproliferative activity.
10,26

 In fact, the similar cytotoxicity values found for the 

gold precursors 1 and 2 and those of heterobimetallic Au(I)/Re(I) complexes 4 and 5 corroborate this 

result. Thus, the rhenium core is mainly lending the emissive properties to the molecule, which agrees 

with the cytotoxic behavior observed for other heterobimetallic Re(I)/Au(I) complexes already 

reported.
10 

Notably, the heterotrimetallic species showed a significant increase of the cytotoxicity as all 

of them presented almost half IC50 values in comparison with that of their bimetallic precursor (Table 

5). As previously suggested, the presence of a second rhenium fragment should not increase the 

cytotoxicity, however, it can facilitate the uptake of the probe due to a new balance between charge and 

lipophilicity. Casini and co-workers have also reported several gold complexes bearing a linear 

coordination mode of the type P-Au-P and as part of heterotrimetallic Ti-Au-Ti structures.
27

 Their 

findings agree with the idea that the higher antiproliferative character registered for some of the 

trimetallic species is directly related to the different balance of lipophilicity that eases the cell uptake.
27

 

Moreover, it cannot be ruled out that the different coordination environment of the gold metal could 

affect also the antiproliferative character. Gold(I) compounds have been described to induce 

intracellular oxidative stress,
30

 therefore, reactive oxygen species (ROS) production in A549 cells was 

analyzed in presence of compound 4 and 7. After incubating both complexes with the cells for 18 hours, 

an oxidative stress indicator, specifically 2',7'-dichlorodihydrofluorescein diacetate (H2-DCFDA), was 

added and the samples were analyzed by flow cytometry. Figure 4 and Figure S4 show that cells treated 



 

 

 

 

with both complexes displayed higher DCF fluorescence, corroborating an increase in the level of 

intracellular ROS. 

Table 4. IC50 (µM) values of 1, 2, 4 – 9 in A549 cells. Final concentration ≤ 0.5 % dimethylsulfoxide, 

incubation time 24 h at 37 °C.  

 IC50  IC50  IC50 

1 70.32 ± 2.7 4 75.25±10.67 7 42.44 ± 4.03 

2 76.33 ± 2.96 5 67.80 ± 4.11 8 36.09 ± 16.99 

  6 64.69 ± 3.32 9 35.82 ± 1.82 

Cisplatin 114.2±11
a
     

a
 Measured in H2O at 24 h

28 

 

 

Figure 4. Histogram of DCF fluorescence of A549 cell treated with DMSO, 

complex 4 and 7 for 18 hours. 

 

Fluorescence cell microscopy was used to ascertain cellular biodistribution of the different metallic 

species. Specifically, A549 cells were incubated with complexes 4-9 (25 µM final concentration) 

together with a commercial nuclear dye, DRAQ5, 2 µM, used as internal standard, which would be 

selectively visualized upon irradiation at 655 nm. After 4 h of incubation, excitation at 405 nm resulted 



 

 

 

 

in the emission from samples with complexes 7 and 8, corroborating their efficient cellular uptake and 

suitability for biological imaging applications, see Figure 5. Complexes 4-6 and 9 were not visible 

under those conditions, which would suggest that either they do not permeate the cell and they are 

eliminated during the incubation protocol, or that their emission intensity in the biological media is not 

strong enough to be distinguished from the autofluorescence. Besides that, quenching phenomena in 

biological media could not be ruled out. To further investigate the possibility of quenching due to 

interactions with biological material, a titration experiment was performed. Thus, increasing amounts of 

cysteine was added to both, a solution of compound 4 and 9, and the luminescence intensity was 

examined by fluorescence spectroscopy. If the luminescence were quenched upon the addition of 

cysteine it would probably mean that cysteine residues have been displacing the pyridine axial ligand 

from the rhenium coordination sphere. It is known that S-donor ligands coordinated to Re(I) species 

facilitates a non-radiactive LLCT transition (from the S-donor ligand to the bisimine chelate).
26

 Indeed, 

there is a drop of the emission intensity after the addition of one equivalent of cysteine that could 

indicate the presence of interaction between the probe and the aminoacid. However, even after 

saturation of the solution of complexes 4 and 9 with cysteine, the emission intensity remains practically 

the same, figure S4, implying that if interactions between the probes and the aminoacid are taken place, 

the gold fragment is likely to be the responsible instead of the rhenium fragment, otherwise the 
3
MLCT 

transition would have been shifted or quenched. A closer look to the images from complexes 7 and 8 

revealed a similar localization pattern. In both cases the emission comes from the cytoplasmic area in a 

non-uniform distribution. Although further analysis are needed, such pattern could be thought to be a 

mitochondrial localization by comparison with a) the localization found for similar cationic rhenium 

complexes
15,17,29 

and b) the affinity of gold(I) complexes to target the thioredoxin reductase of the 

mitochondria.
4a,5d,31

 



 

 

 

 

 

Figure 5. Images of complexes 7 and 8 incubated with A459 cells at 37 C for 4 h. (A). After irradiation 

at 405 nm. (B). After irradiation at 647 nm. (C) Phase contrast. (D) Superimposition image

In addition, both complexes and in particular complex 7 showed a curious localization pattern within an 

area close to the cell membrane (Figure 5). Thus, most of the cells presented a bright emissive dot just 

at the edge of the inner cell membrane upon excitation at 405 nm. The fact that the complexes seem to 

be retained in round spots, with a clear delimitation from the cytoplasmatic area, suggests that they are 

separated from the media from a physical barrier. Therefore, and considering its proximity to the 

cellular membrane, an endosome accumulation derived from an endocytic process seemed a plausible 

explanation. To examine such possibility and suppress any active transport that would evolve in 

endosome encapsulation, incubation of complex 8 at different concentrations at 4 °C was undertaken 

(Figure 6). The incubation time was reduced to 1 h in order to avoid cell death because of the low 

temperature. Parallel experiments at 37 °C were also undertaken for comparison purposes. In both 



 

 

 

 

cases, internalization of the species was observed, pointing towards passive transport as the entry 

pathway and thus, discarding endosome encapsulation as consequence of endocytosis (Figure 5).  

 

Figure 6. Complex 8 incubated with A549 cells at 4 °C and 37 °C for 1 h. 

Additionally, it could be perfectly noticed as those cells incubated at 4 °C presented a peculiar droplet 

shape distribution pattern, which recalls these of fatty acids at high concentrations. In general, it is 

known that reducing the temperature will make the systems more rigid and the most stable 

conformation is anticipated. In this sense, complex 8 could be described as the combination of a highly 

hydrophilic core, entailing the metals and their immediate coordination sphere, and hydrophobic groups 

such as phenyls. Therefore, in a polar environment at 4 °C, its behavior might be similar to that of fatty 

acids, and a disposition in which there is a protection of the phenyl groups from the media might be 

prone to occur, simulating a micelle or an aggregate (Figures 7 and S6), i.e. the bright emissive round 

spots seen in Figure 6. Although the chemical structure of the metallic species is not the same, this 

concept goes in line with previous studies reported by Policar
32

 and Coogan.
33

 Both of them described 



 

 

 

 

the effect of an intramolecular fold-back of the pendant alkane chain located in the axial pyridyl ligand 

as consequence of solvent polarity. A reversal of the effect was found at higher temperatures, recalling 

what has happen with complex 8 incubated for 1 h at 4 °C and 37 °C. It is also important to mention 

that the incubation of complex 8 performed for 1 h at 37 °C did not show any hint of the bright emissive 

dot just at the edge of the inner cell membrane, contrasting with the results seen for the analogous 

experiment performed at longer times (4 h). Therefore it is suggested that these phenomena might be 

time-dependent and not as consequence of the entry mechanism.  

 

Figure 7. Proposed disposition of 8 in polar solvents at 4 °C. 

 

Alternatively, superimposition of the images taken upon irradiation at 405 and at 655 nm revealed that 

there are also some strong emissive spots in the nuclear region that overlap those seen in the case of 

DRAQ5. As DRAQ5 is a fluorescent nuclear DNA dye, the maximum emission intensity is where the 

concentration of DNA is higher. Therefore, seen the consistency between the emission of complexes 7 

and 8 with that of DRAQ5, DNA interaction could be suggested for those species. In fact previous 

reports dealing with the biodistribution of gold dervatives have already shown similar nuclear 



 

 

 

 

localization. Specifically some heterometallic Re(I)/Au(I) species
10

 and gold (I) N-heterocyclic 

carbenes
6a-6c

 described by the research groups headed by Gimeno, Bodio, Rigobello and Casini revealed 

that these complexes have a clear preference to accumulate in this organelle. To learn more regarding 

such possibility, and specifically whether the trimetallic complexes reported herein interact with DNA, 

the reactivity of 8 with plasmid pEYFP DNA was analyzed by gel electrophoresis according to 

stablished procedures. The study revealed that complex 8 interacts with DNA, however it was not 

possible to elucidate the precise effect on it. Figure 8 clearly shows as the DNA signal disappears when 

combined with 8 at concentrations over 0.125·10
-3

 µM. At higher concentration, the complex reverses 

the signal towards the anode area, possibly as consequence of their highly cationic character, and any 

hint of DNA pattern vanishes. This result could denote breakage of the DNA into small fragments that 

are eliminated from the agarose gel due to their low molecular weight, although additional studies 

would be needed to ascertain such a possibility. Moreover, the analogous heterobimetallic complex 5 

was also tested for comparison purposes, displaying a similar behavior to that seen for 8.  

 

Figure 8. Gel electrophoresis of pEYFP plasmid DNA treated with different concentrations of 5 and 8, 

(4.45 µM–142 µM) after 4 h incubation in PBS at 37 °C.  

DNA a       b      c        d        e       f       8

DNA + 8

DNA a       b      c        d        e       f       5

DNA + 5+

-

Catode

Anode



 

 

 

 

Another simple way to determine whether an interaction takes place between the metal complex and 

DNA is to examine the modifications of specific absorption bands (π-π* intraligand transitions or 

ligand-to-metal charge transfer) when the nucleic acid is present at different concentrations by UV 

spectroscopy. Thus, variation in the absorption bands of complexes upon addition of increasing amount 

of DNA could denote DNA intercalation (hypochromism and bathochromism or hypsochromism) or 

electrostatic interactions, hydrogen bonding and groove (minor or major) binding along the outside of 

the DNA helix (hyperchromism).
34

 For that reason, DNA binding experiments were carried out by UV-

absorption spectroscopy with calf-thymus DNA (CT-DNA), Figure 9 and S7. Complexes 4 and 9 were 

selected as models to evaluate whether the presence of the different axial ligand, either a pyridine or 

amine derivative, were the driving force for the DNA interaction rather than the complex itself. The 

hypochromism of the absorption bands together with the calculated intrinsic binding constants (Kb), 

Kb= 2.77×10
5
 and 1.14×10

5 
M respectively, denote favorable interaction of the complexes with DNA, 

possible by intercalation. Kb values of such order of magnitude can be indicative of a relatively strong 

interaction between DNA and metal complexes.
35

 Therefore, it can be concluded that both families of 

complexes show the possibility to interact with DNA, although the precise interaction is still unclear. 



 

 

 

 

 

Figure 8. Absorption spectral traces of complex 4 in 0.05 M Tris-HCl buffer (pH 7.4) with increasing 

concentration of CT-DNA (1.7 mM) at room temperature. Inset: Figure shows plot of [DNA]/ (εa – εf) 

versus [DNA] 

Conclusions 

In summary, novel heterometallic complexes were synthesized by the combination of different metallic 

fragments, a luminescent Re(I) with a bioactive Au(I) derivative. A ditopic ligand, either 2-

(diphenylphosphino)ethylamine (L0) or 2-(diphenylphosphino)ethylamidepyridine derivatives (L1, L2) 

was used as linkers between both metal fragments, affording three heterobimetallic and three 

heterotrimetallic complexes of the type fac-[Re(bipy)(CO)3(LAuCl)]
+
 (4-6) and [(fac-

[Re(bipy)(CO)3(L)])2Au]
3+

 (7-9) respectively. The use of P,N-donor ligands (L) as linkers was crucial 

to discriminate between both metal centers. The synthetic approach entailed an initial formation of the 

Au-L and L-Au-L derivatives, where L acts as a P-donor and prevented any further oxidation of the 

phosphine atom. Thereafter, the coordination of Au-L and and L-Au-L species to the Re luminescent 

fragment, fac-[Re(bipy)(CO)3(CF3SO3)] (A), through the nitrogen atom was performed successfully. All 



 

 

 

 

of them showed an emission that was assigned to a 
3
MLCT transition between 550 and 590 nm in 

dichloromethane which was red shifted up to 609 nm when measured in dimethylsulfoxide solution. 

Lifetimes in DMSO were in the range of 100–300 ns except for complexes 6 and 9, which were less 

than 40 ns. Quantum yields measured in dichloromethane solution varies from 3 to 12.5 % and 

anticipates their suitability as cell imaging agents. The antiproliferative activity exhibited against A549 

cancer cells was mainly due to the Au-(L0, L1, L2) fragment, with the heterobimetallic complexes 

being almost twice as toxic as the heterobimetallic. Interestingly, species 7 and 8 were suitable 

candidates for cell imaging applications using fluorescence microscopy. Both of them showed a similar 

behavior, they were spread around the cytoplasm in a non-uniform distribution with clear accumulation, 

especially in the case of compound 7, in a single spot edge of the inner cell membrane. Incubation 

experiments at 4 °C showed that the complexes were able to cross the cell membrane by passive 

transport, discarding the bright spot of the inner cell membrane as an endosomal accumulation. 

Moreover, at this temperature an additional reorganization of the complex in a droplet shape pattern was 

observed. This effect could be the result of being highly charged species bearing hydrophobic groups 

such as phenyls. Additionally, both complexes displayed some DNA accumulation, which was 

confirmed by a colocalization experiment, using DRAQ5. Electrophoresis analysis and DNA-binding 

experiments by UV-absorption spectroscopy corroborates such interaction even though it was not 

conclusive to elucidate the precise mechanism. These preliminary results underline the potential of 

combining two metallic fragments with complementary properties in order to search for trackable 

metallodrugs. Optimal combination of luminescent metalloprobes with bioactive species would surely 

bring a deeper understanding on their biological interplay, which can be used in the near future for the 

development of the next generation of metallodrugs. 



 

 

 

 

Experimental Section 

General Measurements and Analysis Instrumentation 

Mass spectra were recorded on a BRUKER ESQUIRE 3000 PLUS, with the electrospray (ESI) 

technique and on a BRUKER (MALDI-TOF). 
1
H, 

13
C{

1
H} and 

31
P{

1
H} NMR, including 2D 

experiments, were recorded at room temperature on a BRUKER AVANCE 400 spectrometer 

(
1
H, 400 MHz, 

13
C, 100.6 MHz, 

31
P, 162 MHz) with chemical shifts (δ, ppm) reported relative 

to the solvent peaks of the deuterated solvent. Infrared spectra were recorded in the range 4000–

250 cm
-1

 on a Perkin-Elmer Spectrum 100 FTIR 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. Lifetimes measurements were 

recorded with a LED of Horiba Jobin Ybon with pulse duration of 1.2 ns. LED frequencies were 

selected attending to excitations energies. Lifetime data were fitted using DAS6 V6.1 software. UV/vis 

spectra were recorded with a 1 cm quartz cells on an Evolution 600 spectrophotometer. The quantum 

yields were measured in a Hamamatsu Photonics KK. 

Antiproliferative studies: MTT assay: Exponentially growing cells (A549) were seeded at a density 

of approximately 10
4
 cells per well in 96-well flat-bottomed microplates and allowed to attach for 24 h 

prior to addition of compounds. The complexes were dissolved in DMSO and added to cells in 

concentrations ranging from 10 to 200 µM in quadruplicate. Cells were incubated with our compounds 

for 24 h at 37 °C. Ten microliters of MTT (5 mg ml
-1

) were added to each well and plates were 

incubated for 2 h at 37 °C. Finally, the growth media was eliminated and DMSO (100 ml per well) was 



 

 

 

 

added to dissolve the formazan precipitates. The optical density was measured at 550 nm using a 96-

well multiscanner autoreader (ELISA). The IC50 was calculated by nonlinear regression analysis.  

Analysis of ROS by flow cytometry: A549 cells were seeded in 24-well plate at 5x10
5
 cells/well and 

allowed to attach for 10 h. Then, compound 4 and 7 were added at 25 µM in duplicate.  The equivalent 

volumen of DMSO was added to controls. After 18 h incubation, cells were detached with a 0.25% 

trypsin solution, washed twice with PBS (Phosphate Buffered Saline) and resuspended in 500 µl PBS 

containing 10 µM H2-DCFDA (2',7'-dichlorodihydrofluorescein diacetate). Samples were incubated 

with this probe for 30 min at 37ºC, washed with PBS and analyzed in a flow cytometer (FacSCAN, 

Becton Dickinson).  Data files were processed using the Weasel software. 

Cell fluorescence microscopy study: European Collection of Cell Cultures, were maintained in Hepes 

modified minimum essential medium (DMEM) supplemented with 10% fetal bovine serum, penicillin, 

and streptomycin. A549 cells were detached from the plastic flask using trypsin-EDTA solution and 

suspended in an excess volume of growth medium. The homogeneous cell suspension was then 

distributed into 24-well flat-bottomed microplates over a cover slip placed inside each well and they 

were allowed to attach for 24 h prior to addition of compounds. Complexes were added (10 l) to the 

cells up to a final concentration of 25M. After incubation for 4 h at 37 °C, the growth medium was 

removed and 0.5 ml of PBS was added for a washing step (3 times). Thereafter, 0.5 ml of 

paraformaldehyde (4%) was added and allowed to stand for 15 min at room temperature. Eventually the 

paraformaldehyde was removed and further washings with PBS were performed (3 × 0.5 ml). The cover 

slips were collected from the 24 well plate, immersed for 1 or 2 seconds in distilled water and let them 

to drip the water. Then, they are placed over a microscope slide where a drop of fluoromont with 2M 



 

 

 

 

DRAQ5 was previously placed. Preparations were viewed using an Olympus FV10-i Oil type compact 

confocal laser microscope using a ×10 or ×60 objective, with excitation wavelength at 405 and 650 nm.  

DNA interaction assay: First, 20 l aliquots of pEYFP plasmid DNA (5 ng/ml) in buffer Tris-

acetate/EDTA buffer (TAE) were incubated with different concentrations of the compounds 5 and 8 

(4.45 M – 142 M) at 37 °C for 4 h in the dark. Samples of free DNA were prepared as controls. After 

the incubation period, the samples were loaded onto 0.8 % agarose gel containing SyBr-SAFE stain. 

The samples were separated by electrophoresis for 30 min at 90 V in Tris-acetate/EDTA buffer (TAE). 

Afterwards, the gel was visualized in a GelDoc (BioRad). 

Absorption Spectral Studies. DNA binding experiments were carried out in Tris-HCl buffer 0.05 M 

pH 7.4) using a DMSO solution of the complex. The concentration Calf thymus DNA (CT-DNA) was 

determined from its absorbance intensity at 260 nm and its known molar absorption coefficient value 

6600 M-1 cm-1.
35

 Absorption spectral titration experiments were performed by varying the concentration 

of CT-DNA while keeping the complex concentration constant. Before each measurement sample were 

equilibrated with CT-DNA for 10 min. The absorbance of the complex was measured after each 

successive addition of CT-DNA. The intrinsic DNA binding constant (Kb) was obtained using the 

equation:[DNA]/( ɛa - ɛf) = [DNA]/( ɛb - ɛf) + 1/ Kb(ɛa- ɛf) where [DNA] is the concentration of DNA in the 

base pairs, ɛa is the apparent extinction coefficient observed for the complex, ɛf corresponds to the 

extinction coefficient of the complex in its free form, and ɛb refers to the extinction coefficient of the 

complex when fully bound to DNA.
37

 [DNA]/( ɛa - ɛf) vs. [DNA]  were plotted and the ratio of the slope 

to intercept from the linear fit gives the value of the intrinsic binding constant (Kb). 

Materials and Procedures 



 

 

 

 

The starting material [AuCl(tht)]
38

 and [Re(bipy)(CO)3(OTf)]
39

 were prepared according to literature 

procedures.
 
Compound 3 was synthesized using a similar procedure from the one previously described 

in the literature.
40

 All other starting materials, including L0, and solvents were purchased from 

commercial suppliers and used as received unless otherwise stated.  

Synthesis of L1. To a stirred solution of diphenylphosphinoethylamine (539.3 mg, 2.24 mmol) in 

CH2Cl2 (20 ml) was added isonicotinoylchloride hydrochloride (410.6 mg, 2.24 mmol) followed by 

Et3N (0.624 mL, 4.48 mmol) dropwise. The solution was allowed to stir for two days at room 

temperature under argon atmosphere, while its colour changed from red to yellowish. The reaction was 

stopped by addition of saturated aqueous NaHCO3 (20 mL) and the organic phase was washed again 

with saturated aqueous NaHCO3 (20 mL). The aqueous layers were combined and extracted with 

CH2Cl2 (3 × 20 mL). The combined extracts were washed with brine (40 mL), dried over anhydrous 

Na2SO4, filtered and concentrated to afford a crude mixture. The crude was purified by silica gel 

column chromatography using ethyl acetate:hexane (8:2 to 9:1) as eluent to afford an orange oil 

containing compound L1 with ca. 12 % wt of the corresponding oxide (528.8 mg, 62 %). 
1
H NMR 

(CD2Cl2, 400 MHz): δ 8.65 (dd, J = 4.4, 1.7 Hz, 2H, H1), 7.41 (dd, J = 4.4, 1.7 Hz, 2H, H1), 7.49-7.44 

(m, 4H, o-H, Ph) 7.37-7.32 (m, 6H, m-H+p-H, Ph), 6.39 (s, br, 1H, NH), 3.62 (dtd, J = 11.2, 7.2, 5.8 

Hz, 2H, H6), 2.43 (tap, J = 7.2 Hz, 2H, H5). 
31

P NMR (CD2Cl2, 162 MHz): δ -20.8 (s, 1P). 
13

C NMR 

(CD2Cl2, 101 MHz): δ 150.9 (s, C1), 133.25 (d, 
3
JP-C = 19.1 Hz, m-C, Ph), 131.1 (d, 

4
JP-C = 9.6 Hz, p-C, 

Ph), 129.4 (d, 
2
JP-C = 23.7 Hz, o-C, Ph), 129.2 (s, C2), 38.2 (d, 

1
JP-C = 20.7 Hz, C6), 28.7 (d, 

2
JP-C = 13.6 

Hz, C5). IR (cm
-1

): 3349 (NH), 3048 (CAr-H), 1642 (N-C=O), 1541 (NH δ). 

Synthesis of L2. This compound was prepared similarly to L1 using nicotinoyl chloride hydrochloride 

instead of isonicotinoyl chloride hydrochloride. L2 was obtained as an orange oil (419.5 mg, 48 %) and 



 

 

 

 

once again with a 12%wt unpurified with the corresponding oxide. 
1
H NMR (CD2Cl2, 400 MHz): δ 8.78 

(dd, J = 2.3, 0.8 Hz, 1H, H5), 8.67 (dd, J = 4.8, 1.7 Hz, 1H, H1), 7.90 (ddd, J = 7.9, 2.3, 1.8 Hz, 1H, H3), 

7.50-7.45 (m, 4H, H10), 7.37-7.32 (m, 7H, H11+H12+H2), 6.34 (s, br, 1H, NH), 3.66-3.57 (m, 2H, H8), 

2.46-2.41 (m, 2H, H7). 
31

P NMR (CD2Cl2, 162 MHz): δ -20.8 (s, 1P). 
13

C NMR (CD2Cl2, 101 MHz): δ 

165.7 (s, C6), 152.4 (s, C5), 148.5 (s, C1), 138.4 (d, 
1
JP-C= 12.6 Hz, Cipso, Ph), 135.1 (s, C3), 133.1 (d, 

2
JP-

C = 19.0 Hz, o-C, Ph), 130.6 (s, C4), 129.2 (s, p-C, Ph), 129.0 (d, 
3
JP-C = 6.8 Hz, m-C, Ph), 123.7 (s, C2), 

37.9 (d, 
1
JP-C = 21.2 Hz, C8), 28.6 (d, 

2
JP-C = 13.4 Hz, C7). IR (cm

-1
): 3265 (NH), 3069 (CAr-H), 1630 

(N-C=O), 1554 (NH δ).  

Synthesis of 1. To a stirred solution of 3 (200 mg, 0.433 mmol) in DCM (10 mL) was added 

isonicotinoyl chloride hydrochloride (324.8 mg, 1.73 mmol) followed by Et3N (722 µL, 5.20 mmol) and 

the resulting solution was allowed to react overnight. The reaction was quenched by the addition of 

water (20 mL) and the organic layer was separated and further washed with a saturated aqueous solution 

of NaHCO3 (2 x 20 mL), dried over anhydrous Na2SO4, filtrated and evaporated. The crude product was 

purified by alumina column chromatography using MeOH/CH2Cl2 (2:98). The desired compound was 

obtained as a white solid (226.8 mg, 92 %). 
1
H NMR (CD2Cl2, 400 MHz): δ 8.67 (dap, J = 5.0 Hz, 2H, 

H1), 7.79-7.70 (m, 4H, o-H, Ph), 7.53-7.45 (m, 8H, m-H+p-H+H2), 6.68 (s, br, 1H, NH), 3.85-3.73 (m, 

2H, H5), 2.93 (dt, J = 10.7, 6.5 Hz, 2H, H6). 
31

P NMR (CD2Cl2, 162 MHz): δ 24.8 (s, 1P). 
13

C NMR  

(CD2Cl2, 101 MHz): δ 166.1 (s, C4), 151.02 (s, C1), 133.8 (d, 
2
JP-C = 13.3 Hz, o-C, Ph), 132.8 (d, 

4
JP-C = 

2.6 Hz, p-C, Ph), 130.0 (d, 
3
JP-C = 11.7 Hz, m-C, Ph), 129.4 (d, 

1
JP-C = 61.2 Hz, ipso-C, Ph), 121.4 (s, 

C2), 37.4 (d, 
2
JP-C = 5.2 Hz, C5), 28.5 (d, 

1
JP-C = 38.2 Hz, C6). IR (cm

-1
): 3313 (NH), 3054 (CAr-H), 

1663 (N-C=O), 1553 (NH δ), 325 (Au-Cl). HRMS (m/z): 589.0458 (M
+
) C20H19AuClN2O2P2 

(589.0481). 



 

 

 

 

Synthesis of 2. This compound was prepared similarly to 1 but using nicotinoyl chloride hydrochloride 

instead of isonicotinoyl chloride hydrochloride. Compound 2 was obtained as a white solid (212 mg, 

86%). 
1
H NMR (CD2Cl2, 400 MHz): δ  8.82 (d, J = 1.8 Hz, 1H, H5), 8.67 (dd, J = 4.8, 1.6 Hz, 1H, H1), 

7.96 (ddd, J = 8.0, 2.2, 1.8 Hz, 1H, H3), 7.69-7.61 (m, 4H, o-H, Ph), 7.46-7.36 (m, 6H, m-H+p-H), 7.34 

(ddd, J = 7.9, 4.8, 0.8 Hz, 1H, H2), 6.70 (t, J = 5.0 Hz, 1H, NH), 3.79 (dcap, J = 15.5,  6.7 Hz, 2H, H8), 

2.95 (dt, J = 10.9, 6.8 Hz, 2H, H7). 
31

P NMR  (CD2Cl2, 162 MHz): δ 24.8 (s, 1P). 
13

C NMR
 
 (101 MHz, 

chloroform-d) δ 166.09 (s, C6), 152.34 (s, C5), 148.5 (s, C1), 135.2 (s, C3), 133.3 (d, 
2
J P-C= 13.3 Hz, o-

C, Ph), 132.2 (d, 
4
J P-C = 2.6 Hz, p-C, Ph), 129.5 (d, 

3
J P-C = 11.8 Hz, m-C, Ph), 128.4 (s, C4), 128.8 (d, 

1
J P-C = 61.3 Hz, ipso-C, Ph), 123.5 (s, C2), 37.1 (d, 

2
J P-C = 5.1 Hz, C7), 28.1 (d, 

1
J P-C = 38.0 Hz, C8). 

IR (cm
-1

): 3316 (NH), 3049 (CAr-H), 1643 (N-C=O), 1529 (NH δ), 689 (P-C), 318 (Au-Cl). 

HRMS (m/z): 567.0697 [M+H
+
] C20H20AuClN2O2P (567.0662). 

Synthesis of 3.
 40

 To a stirred solution of (diphenylphosphino)ethylamine (429.6 mg, 1.78 mmol) in 

CH2Cl2 (5 mL) was added [AuCl(tht)] (571.1 mg, 1.78 mmol) and the reaction mixture was allowed to 

stir for 1.5 h at room temperature under argon atmosphere. The solution was then concentrated and 

ether was added to afford an oily solid. The solid was dissolved in DCM and precipitated again with 

ether affording 3 as a white solid (636.6 mg, 86%). 
1
H NMR (CD2Cl2, 400 MHz): δ 7.81-7.69 (m, 4H, 

H4), 7.56-7.43 (m, 6H, H5+H6), 3.10-2.99 (m, 2H, H2), 2.85-2.76 (m, 2H, H1). 
31

P NMR  (CD2Cl2, 162 

MHz): δ 28.7 (s, 1P). 
13

C NMR  (101 MHz, CD2Cl2): δ 133.8 (d, 
2
JP-C = 13.2 Hz, o-C, Ph), 132.2 (d, p-

C, Ph), 130.5 (d, 
1
JP-C = 55.4 Hz, ipso-C, Ph), 129.7 (d, 

3
JP-C = 11.1 Hz, m-C, Ph), 38.5 (d, 

2
JP-C = 5.3 

Hz, C1), 32.1 (d, 
1
JP-C = 35.2 Hz, C2). IR (cm

-1
): 3256 (NH),  3049 (CAr-H), 322 (Au-Cl). 

Synthesis of 4. To a stirred solution of 1 (1eq, 117 mg, 0.207 mmol) in DCM (15 mL) was added A (2 

eq, 238.1 mg, 0.414 mmol). The reaction was stopped after 20 h when black particles of decomposed 



 

 

 

 

gold appeared. The solution was filtrated by celite, evaporated and purified by alumina column 

chromatography using MeOH/CH2Cl2 (9: 1) to (97:3) as eluents. (51.5 mg, 22%). 
1
H NMR (400 MHz, 

methylene chloride-d2) δ 9.74 (t, J = 5.6 Hz, 1H, NH), 9.17 (ddd, J = 5.5, 1.6, 0.7 Hz, 2H, H6), 8.45 (d, 

J = 8.3 Hz, 1H, H3), 8.27–8.21 (m, 4H, H4+H7), 8.08 (dap, J =  5.2, 1.5 Hz, 2H, H8), 7.78 (ddd, J = 7.7, 

5.5, 1.3 Hz, 2H, H5), 7.73 – 7.62 (m, 4H, o-H, Ph), 7.49–7.36 (m, 6H, m-H+p-H, Ph), 3.67 – 3.56 (m, 

2H, H11), 2.99 (dt, J = 10.8, 7.0 Hz, 2H, H12). 
31

P NMR
 
 (162 MHz, CD2Cl2) δ 22.65 (s). 

13
C NMR

 
 (101 

MHz, methylene chloride-d2) δ 196.0 (s, 2CO), 191.6 (s, CO), 163.3 (s, C10), 156.2 (s, C2), 153.7 (s, 

C6), 152.4 (s, C4 or C8), 144.6 (s, C9), 141.8 (s, C4 or C8), 133.9 (d, 
2
JP-C = 13.3 Hz, o-C, Ph), 132.4 (d, 

4
J P-C = 2.6 Hz, p-C, Ph), 129.7 (d, 

3
JP-C = 11.7 Hz, m-C, Ph), 129.6 (s, C5), 129.6 (d, 

1
JP-C = 61.0 Hz, 

ipso-C, Ph), 125.9 (s, C7), 125.6 (s, C3),  36.2 (d,
 2
JP-C = 5.5 Hz, C11), 28.0 (d, 

1
JP-C = 37.8 Hz, C12) IR 

(cm
-1

): 3200 (NH), 3058 (CAr-H), 2028, 1905 (CO), 1660 (N-C=O), 1602 (C=N), 320 (Au-Cl). 

HRMS (m/z): 993.0643 [M-OTf]
+
 C33H27AuClN4O4PRe (993.0668). 

Synthesis of 5. To a stirred solution of [Re(bipy)(CO)3(OTf)] (A) (92.2 mg, 0.160 mmol) in dry CH2Cl2 

was added 2 (90.8 mg, 0.160 mmol) and the reaction mixture was allowed to stir for two days at rt until 

the apparition of black particles corresponding to decomposed gold. The suspension was filtered over 

celite and concentrated to afford a crude which was purified by alumina column chromatography using 

MeOH/CH2Cl2 (1:40 to 4:40). Compound 5 was obtained as a yellow solid (65.5mg, 36%). 
1
H NMR 

(CD2Cl2, 400 MHz): δ 9.20-9.17 (m, 2H, H6), 8.89 (t, J = 5.1 Hz, 1H, NH), 8.57 (dap, J = 1.3 Hz 1H, 

H11), 8.53 (d, J = 7.8 Hz, 1H, H9), 8.44 (d, J = 8.1 Hz, 2H, H3), 8.32 (d, J = 5.2 Hz, 1H, H7), 8.14 (t, J = 

7.5 Hz, 2H, H4), 7.78 (dd, J = 7.1, 5.9 Hz, 2H, H5), 7.70-7.63 (m, 4H, o-H, Ph), 7.48-7.43 (m, 6H, m-

H+p-H, Ph),  7.33 (dd, J = 7.5, 5.9 Hz, 1H, H8), 3.63 (dt, J = 20.3, 6.4 Hz, 2H, H13), 2.92 (dt, J = 10.6, 

7.0 Hz, 2H, H14). 
31

P NMR (CD2Cl2, 162 MHz): δ 20.8 (s, 1P). 
13

C NMR  (CD2Cl2, 101 MHz): δ 195.1 



 

 

 

 

(CO), 162.9 (s, C12), 155.9 (s, C2), 153.6 (s, C6), 151.2 (s, C11), 141.2 (s, C4), 139.4 (s, C9), 133.4 (d, 
2
JP-

C = 13.2 Hz, o-C, Ph), 132.1 (d, 
4
JP-C = 2.5 Hz, p-C, Ph), 129.4 (d, 

3
JP-C = 11.7 Hz, m-C, Ph), 129.3 (s, 

C10), 129.0 (d, 
1
JP-C = 61.2 Hz, ipso-C, Ph), 126.6 (s, C8), 125.4 (s, C3), 35.5 (d, J = 5.0 Hz, C13), 27.90 

(d, J = 37.8 Hz, C14). IR (cm
-1

): 3313 (NH), 3056 (CAr-H), 2029, 1904 (CO), 1662 (N-C=O), 1603 

(C=N), 322 (Au-Cl) HRMS (m/z): 993.0671 ([M-OTf]
+
), C33H27AuClN4O4PRe (993.0668). 

Synthesis of 7 and 8. To a stirred solution of the bisphophine-gold compound 10 or 11 (0.62 mg, 0.06 

mmol) in DCM was added A (0.68 mg, 0.12 mmol). The reaction was followed by RMN and stopped 

when no evolution was observed. The crude mixture was evaporated and purified by alumina column 

chromatography using MeOH/CH2Cl2 (2:98 to 4:96). Complex 7 and 8 were obtained as yellow solids 

(51.5 mg, 50%) and (35.7 mg, 18 %) respectively. (7) 
1
H NMR (400 MHz, CD2Cl2) δ 10.06 (t, J = 5.1 

Hz, 1H, NH), 9.19 (dd, J = 5.5, 0.9 Hz, 2H, H6), 8.74 (d, J = 8.1 Hz, 2H, H3), 8.30 (td, J = 8.0, 1.5 Hz, 

2H, H4), 8.18 (m, 2H, H7), 7.93 (m, 2H, H8), 7.82 (ddd, J = 7.8, 5.6, 0.9 Hz, 2H, H5), 7.75-7.68 (m, 4H, 

o-H, Ph), 7.35-7.28 (m, 6H, m-H+ p-H, Ph), 3.76-3.65 (m, 2H, H11), 3.08 (t, J = 6.2 Hz, 2H). 
31

P NMR 

(CD2Cl2, 162 MHz): δ 34.5 (s, 1P). 
13

C NMR  (75 MHz, CDCl3) δ 195.5 (s, 2CO), 190.9 (s, CO), 162.8 

(s, C10), 155.8 (s, C2), 152.9 (s, C6), 151.8 (s, C7), 143.8 (s, C9), 141.9 (s, C4), 133.4 (s, o-C, Ph), 131.5 

(s, p-C, Ph), 129.9 (s, ipso-C, Ph), 129.3 (s, m-C, Ph), 129.2 (s, C5), 126.4 (s, C3), 125.3 (s, C8), 37.0 (s, 

C11), 27.6 (s, C12). HRMS (m/z): 761.1339 [M-Au]/2, C33H27N4O4PRe (761.1323), 993.0698 [M-

Au]/2+AuCl, C33H27AuClN4O4PRe (993.0668). IR (cm
-1

): 3054 (CAr-H), 2027, 1902 (CO), 1660 

(N-C=O),1602 (C=N), 1542 (NH δ). (8) 
1
H NMR (400 MHz, CDCl3) δ 9.66 (t, J = 5.3 Hz, 1H, 

NH), 9.25 (d, J = 5.2 Hz, 2H, H2), 8.73 (d, J = 7.3 Hz, 2H, H5), 8.64 (s, 1H, H11), 8.42 (d, J = 7.3 Hz, 

1H, H7), 8.25 (t, J = 7.6 Hz, 2H, H4), 8.20 (d, J = 5.3 Hz, 1H, H9), 7.78 (dd, J = 7.6, 5.2 Hz, 2H, H3), 

7.73-7.65 (m, 4H, o-H, Ph), 7.35-7.23 (m, 7H, m-H+ p-H+H8), 3.88-3.75 (m, 2H, H13), 3.16-3.06 (m, 



 

 

 

 

2H, H14). 
31

P NMR (CD2Cl2, 400 MHz): δ 34.54 (s, 1P). MS (m/z): 993.3 (M/2+Cl)
+
, 865.4 (M-2[Re])

+
, 

777.3 (M/2-Au+O)
+
, 761.3 (M/2-Au)

+
. 

13
C NMR  (101 MHz, CDCl3) δ 195.2 (s, 2CO), 190.9 (s, CO), 

162.6 (s, C12), 155.7 (s, C2), 153.4 (s, C6), 153.0 (s, C9), 151.6 (s, C11), 141.7 (s, C4), 138.9 (s, C7), 133.4 

(s, o-C, Ph), 132.0 (s, C10), 131.6 (s, ipso-C, Ph), 129.4 (s, m-C, Ph), 129.2 (s, C5), 126.4 (s, C8), 125.8 

(s, C3),  37.2 (s, C13), 27.7 (s, C14). JP-C not observed. IR (cm
-1

): 3187 (NH), 3049 (CAr-H), 2028, 

1904 (CO), 1659 (N-C=O), 1603 (C=N), 1538 (NH δ). 

Synthesis of 6 and 9. To a solution of 3 (40 mg, 0.087 mmol) in CH2Cl2 (10 mL) was added A (99.8 

mg, 0.174 mmol) and the reaction mixture was stirred overnight. After 36 h of stirring at room 

temperature, the mixture was filtered over celite and concentrated to vacuo. The crude was purified by 

alumina chromatography using a mixture of MeOH:CH2Cl2 (from 1.5:100 to 6:100). Compound 6 and 9 

were obtained as yellow solids (32.1 mg, 38% and 42 mg, 47% respectively). (6) 
1
H NMR (400 MHz, 

CD2Cl2): δ 9.00 (dd, J = 5.5, 0.8 Hz, 2H, H6), 8.36 (d, J = 8.2 Hz, 2H, H3), 8.13 (td, J = 8.0, 1.5 Hz, 2H, 

H4), 7.70-7.62 (m, 4H, o-H, Ph), 7.59 (ddd, J = 7.6, 5.5, 1.2 Hz, 2H, H5), 7.54-7.47 (m, 2H, p-H, Ph), 

7.47-7.41 (m, 4H, m-H, Ph), 4.57 (t, J = 7.0 Hz, 2H, NH2), 3.02-2.93 (m, 2H, H7), 2.87-2.75 (m, 2H, 

H8). 
31

P NMR  (CD2Cl2, 162 MHz): δ 23.6 (s, 1P). IR(cm
-1

): 3229 (NH), 3024 (CAr-H), 2021, 1894 

(CO), 1603 (C=N), 322 (Au-Cl). HRMS (m/z): 888.0443 [M-OTf] 

[Re(bipy)(CO)3NH2(CH2)2PPh2AuCl]
+ 

(888.0453). (9) 
1
H NMR (400 MHz, CD2Cl2): δ 8.92 (dd, J = 

5.4, 0.8 Hz, 2H, H6), 8.37 (d, J = 8.1 Hz, 2H, H3), 8.07 (td, J = 8.0, 1.4 Hz, 2H, H4), 7.67 (d, J = 7.0 Hz, 

4H, o-H, Ph), 7.54-7.41 (m, 8H, H5+m-H+p-H), 3.12-3.03 (m, 4H, H7), 3.03-2.93 (m, 4H, H8). 
31

P 

NMR (CD2Cl2, 162 MHz): δ 34.9 (s, 1P). 
13

C NMR
 
(101 MHz, CDCl3) δ 156.0 (s, C2), 154.1 (s, C6), 

140.5 (s, C4), 133.4 (s, o-C, Ph), 132.1 (s, p-C, Ph), 129.7 (s, m-C, Ph), 128.1 (s, C5), 124.5 (s, C3), 46.5 

(s, C7), 30.0 (s, C8). δCO and JP-C not observed IR (cm
-1

): 3233 (NH), 3054 (CAr-H), 2021, 1894 



 

 

 

 

(CO), 1603 (C=N). MS (m/z): 656.2 ([Re(bipy)(CO)3NH2(CH2)2PPh2]
+
), 655.2 

(Au[NH2(CH2)2PPh2]2)
+
, 541.1 ([Re[(bipy)(CO)3NH2(CH2)2PPh2]2Au]

2+
). HRMS (m/z): 888.0433 ([M-

Au]/2)+AuCl (C27H24AuClN3O3PRe: 888.0453), 656.1145 ([M-Au]/2) (C27H24N3O3PRe: 656.1108).  

 

Synthesis of 10. To a stirred solution of [Au(tmbn)2]OTf in DCM (20 mL) was added isonicotinoyl 

chloride hydrochloride (151.5 mg, 0.809 mmol) followed by Et3N (1.214 mmol, 1.69 µL). The reaction 

was quenched one night after by the addition of a saturated aqueous solution of NaHCO3 (30 mL). The 

organic layer was separated and washed again with NaHCO3 (aq) (30 mL) and water (20 mL), dried 

over anhydrous Na2SO4, filtrated and evaporated. The crude mixture was purified by alumina column 

chromatography using MeOH/CH2Cl2 (97:3) as eluent. Compound 10 was obtained as a white solid 

(90.8 mg, 82 %) 
1
H NMR (400 MHz, CD2Cl2) δ 9.10 (s, 1H, NH), 8.61 (ddap, J = 4.5, 1.6 Hz, 2H, H1), 

7.73 (ddap, J = 4.4, 1.6 Hz, 2H, H2), 7.68 – 7.60 (m, 4H, o-H, Ph), 7.41 – 7.30 (m, 6H, m-H+p-H, Ph), 

3.93–3.77 (m, 2H, H5), 3.11–2.98 (m, 2H, H6). 
13

C NMR (101 MHz, chloroform-d) δ 165.6 (s, C4) 

150.2 (s, C1), 140.3 (s, C3), 133.0 (d, 
3
JP-C = 13.0 Hz, m-C, Ph) 131.5 (s, C10), 130.4 (d, 

1
JP-C = 47.7 Hz, 

ipso-C, Ph), 129.2 (d, 
4
JP-C = 9.8 Hz, p-C, Ph), 121.4 (s, C2), 36.9 (s, C5), 27.9 (d, 

2
JP-C = 28.0 Hz, o-C, 

Ph). 
31

P NMR (162 MHz, CDCl3) δ 32.39 (sbr). IR (cm
-1

): 3222 (NH), 3043 (CAr-H), 1660 (N-

C=O), 1529 (NH δ). HRMS (m/z): 865.2123 [M-SbF6], C40H38AuN4O2P2 (865.2130). 

Synthesis of 11. This compound was prepared similarly to 10 using nicotinoyl chloride hydrochloride 

instead of isonicotinoyl chloride. Compound 11 was obtained as a white solid (15.5 mg, 54%). 
1
H NMR 

(400 MHz, methylene chloride-d2) δ 9.45 (sbr, 1H, NH), 9.05 (dd, J = 2.3, 0.7 Hz, 1H, H5), 8.58 (dd, J = 

4.8, 1.7 Hz, 1H, H1), 8.19 (ddd, J = 7.9, 2.3, 1.7 Hz, 1H, H3), 7.72 (d, J = 6.2 Hz, 4H, o-H, Ph), 7.41 – 



 

 

 

 

7.31 (m, 6H, m-H+p-H, Ph), 7.22 (ddd, J = 7.9, 4.8, 0.9 Hz, 1H, H2), 3.83 (s, br, 2H, H7), 3.13 (tap, J = 

6.0 Hz, 2H, H8). 
31

P NMR (162 MHz, CD2Cl2) δ 36.17. 
13

C NMR (75 MHz, CDCl3) δ 166.1 (s, C6), 

151.9 (s, C5), 149.6 (s, C1), 135.3 (s, C3), 133.3 (s, o-C, Ph), 131.7 (s, p-C, Ph), 130.0 (s, ipso-C, Ph), 

129.4 (s, m-C, Ph), 129.1 (s, C4), 123.0 (s, C2), 36.7 (s, C7), 28.1 (s, C8).  IR (cm
-1

): 3220 (NH), 3050 

(CAr-H), 1646 (N-C=O), 1590 (C=N), 1534 (NH δ). HRMS (m/z): 865.2208 [M-SbF6], 

C40H38AuN4O2P2 (865.2130). 
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Trackable metallodrugs were throughly developed by the combination of both, a luminescent 

Re(I) and a bioactive Au(I) metallofragment connected by a suitable ditopic ligands. 

Trackable drugs 
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