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Abstract: Luminescent metal complexes are a valuable platform for the generation of cell 

imaging agents. However, many metal complexes are cationic, a factor which can dominate 

the intracellular accumulation to specific organelles. Neutral Re(I) complexes offer a more 

attractive platform for the development of bioconjugated imaging agents where charge cannot 

influence their intracellular distribution. Herein, we report the synthesis of a neutral complex 

(ReAlkyne), which was used as a platform for the generation of four carbohydrate-conjugated 

imaging agents via copper(I)-catalyzed azide-alkyne cycloaddition. A comprehensive 

evaluation of the physical and optical properties of each complex is provided, together with a 

determination of their utility as live cell imaging agents in H9c2 cardiomyoblasts. Unlike their 

cationic counter parts, many of which localize within mitochondria, these neutral complexes 

have localized within the endosomal/lysosomal network, a result consistent with examples of 

dinuclear neutral carbohydrate appended Re(I) complexes which have been reported. This 

further demonstrates the utility of this neutral Re(I) complex imaging platforms as viable 

imaging platforms for the development of bioconjugated cell imaging agents
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Introduction 

Imaging agents can be used to trace the cellular uptake, transport and sequestration of 

biomolecules, revealing valuable insights into cell biology.1-2 Emissive transition metal complexes 

provide an ideal platform for the development of luminescent live cell imaging agents as they 

exhibit high quantum yields, possess long-lived visible emission (> 100 ns) and are resistant to 

photobleaching.3-4 These live cell imaging agents are mainly based on cationic transition metal 

complexes of Ir(III), Re(I) or Ru(II),5-11 which have excellent photophysical properties, but can 

exhibit cytotoxicity (an effect that has been ascribed to the cationic charge).7, 12-13 Moreover, 

charged complexes often localize within mitochondria,13-16 and are therefore not suitable for the 

wider application of a ligand-targeted imaging platform. Neutral Re(I) complexes have proven to 

be highly biocompatible, imparting minimal cytotoxicity and enabling live cell imaging 

applications, without an inherent tendency to localize within mitochondria.17-22 The low toxicity 

and photophysical properties of neutral Re(I) complexes make them attractive for the development 

of novel and targeted imaging agent technologies that do not disturb delicate cell biological 

processes. 

Carbohydrate-conjugated metal complexes comprise some of the earliest examples of 

bioconjugation.13 With the exception of some multivalent neutral glucose conjugated Re 

compleses developed by Palmioli et. al;21-22 the vast majority of carbohydrate-conjugated 

complexes are  cationic complexes of Ir(III), Re(I) or Ru(II), several of which have been used as 

imaging agents in cancer cells.10, 13-15 More specifically, conjugation of β-glucose to a cationic 

Re(I) scaffold results in greater cellular uptake by HeLa and MCF-7 cells, compared to HEK293T 

and NIH/3T3 cells, which has been ascribed to the involvement of an active carbohydrate mediated 

uptake mechanism.10, 13 However, these imaging agents accumulated in mitochondria and caused 
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cytotoxicity as a result of the inherent cationic nature and lipophilicity of the complex.13 Fructose-

appended cationic cyclometalated Ir(III) complexes have also displayed elevated uptake by 

malignant cells (i.e. HeLa cells), mitochondrial accumulation and a poor cytotoxicity profile;14 as 

have cationic Ir(III) conjugates of glucose, galactose, lactose and maltose.15 In these instances, the 

cationic nature of the complex is presumed to drive the mitochondrial distribution, as opposed to 

any effects imparted by the carbohydrate motifs. Contrastingly, reported carbohydrate appended 

neutral Re(I) complexes have been reported to  localize within the endosomal network without 

mitochondrial accumulation (in instances where intracellular localization was assessed).21 With 

our ongoing interest in developing neutral Re(I) complexes, we set out to synthesize a series of 

proof-of-principle biocompatible live cell imaging agents by functionalizing neutral Re(I) 

complexes with different carbohydrate moieties. 

From a common Re(I)-based building block equipped with an alkyne handle (ReAlkyne), we 

report the modular synthesis of four novel imaging agents, each conjugated with a different 

carbohydrate whose selection is justified by their previous use as effective bioconjugates of 

cationic and neutral complexes in the literature (Figure 1).13, 15, 21, 23-25 A comprehensive evaluation 

of the photophysical properties of each complex was conducted, which is relevant to their potential 

performance as cellular imaging agents. Cellular uptake studies of the sugar conjugated Re(I) 

complexes and biodistribution were assessed in H9c2 cardiomyoblasts, a cell line that is 

proliferative and highly dependent on carbohydrate metabolism, displaying distinct metabolic 

features amenable to the evaluation of carbohydrate utilization.26  
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Figure 1. Structures of the ReAlkyne platform and four carbohydrate-conjugated Re(I) 

complexes. 

Experimental Section 

General Measurements and Analysis Instrumentation. All reagents and solvents were 

purchased from Sigma-Aldrich, Alfa Acer or Merck and were used as received. Anhydrous DMF 

was purchased from Sigma-Aldrich. Anhydrous CH2Cl2 and MeOH were prepared by drying over 

freshly activated 3 Å molecular sieves. All reactions performed above ambient temperatures were 

conducted using a heating mantle. All 1H and 13C NMR spectra were collected at 298 K on either 

a Bruker AVANCE III 500 MHz, a Bruker Advance 400 MHz,or a Varian Mercury Plus 400 MHz 

FT-NMR spectrometer. Samples were dissolved in CDCl3 or CD3OD, with the residual solvent 

peak used as the internal reference: DMSO-d6 2.50 (1H) and 39.72 (13C); CDCl3; 7.26 (1H) and 

77.0 (13C); CD3OD; 3.31 (1H) and 49.0 (13C); and acetone-d6; 2.05 (1H) and 29.84 (13C).27 High 

resolution mass spectra (HRMS) were recorded on an AB SCIEX TripleTOF 5600 mass 

spectrometer, and ionization of all samples was carried out using electrospray ionization (ESI). 

Analyte solutions were prepared in HPLC grade MeOH or CH3CN (concentration ≈ 1 mg/mL). 

Melting points were determined using a Stuart SMP10 melting point apparatus and are 

uncorrected. Infrared spectra (IR) were recorded on solid-state samples using anattenuated total 

reflectance Perkin Elmer Spectrum Two and Spectrum100 FT-IR. The purity of compounds used 

for biological evaluation was determined by analytic RP-HPLC, which was carried out on a 
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Shimadzu Prominence UltraFast Liquid Chromatograph (UFLC) system equipped with a CBM-

20A communications bus module, a DGU-20A5R degassing unit, a LC-20AD liquid 

chromatograph pump, a SIL-20AHT auto-sampler, a SPD-M20A photo diode array detector, a 

CTO-20A column oven and an Alltech Platinum EPS C18 100A 5μ 250 × 4.6 mm column. Method 

A (gradient 5% to 95% MeOH in H2O containing 0.1% formic acid (FA) over 7 min at a flow rate 

of 1 mL/min, followed by 95% MeOH in H2O containing 0.1% FA over 13 min) and method B 

(gradient 5% to 95% CH3CN in H2O containing 0.1% FA over 7 min at a flow rate of 1 mL/min, 

followed by 95% CH3CN in H2O containing 0.1% FA over 13 min) were used for analytic RP-

HPLC. Thin layer chromatography (TLC) was performed on Merck silica gel 60 F254 pre-coated 

aluminum plates (0.2 mm) and visualized using UV light (λ = 254 nm) and/or a KMnO4 oxidizing 

stain (KMnO4, H2O and K2CO3). Column chromatography was performed on silica gel GRACE 

Davison DAVISIL® silica gel 60 Å (230-400 mesh) and Alfa Aesar, Aluminium oxide activated 

neutral Brockman grade I, 58 Å. Compounds 1 and 2 were prepared following literature procedures 

and are described in the ESI.28-30 

Caution: NaN3 has the potential to form explosive mixtures, it should be handled with care and 

all halogenated solvents should be avoided. 

 

Synthesis of the ReAlkyne platform: 

fac-[Re(phen)(CO)3(TIod)] (3) 

To a stirring solution of 2 (100 mg, 0.13 mmol) EtOH/H2O (3:1, 20 mL) was added dropwise a 

solution of 1 (54 mg, 0.20 mmol) and Et3N (28 µL, 0.20 mmol) in EtOH/H2O (3:1, 5 mL) at 

ambient temperature under an atmosphere of argon. The reaction mixture was then heated at reflux 

for 24 h before cooling to ambient temperature. The reaction mixture was filtered using vacuum 
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filtration to isolate the title complex as a yellow solid (70 mg, 71%). νmax (IR)/cm-1, CH2Cl2, rt: 

2029 s (CO, Aʹ(1)), 1924 s br (CO, Aʹ(2)/Aʹʹ). 1H NMR (δ, ppm, CDCl3, 400 MHz): 9.53 (2H, d, 

J = 6.4 Hz, phen), 8.56 (2H, d, J = 8.4 Hz, phen), 8.00 (2H, s, phen), 7.91–7.87 (2H, m, phen), 

7.58 (2H, d, J = 8.0 Hz, TphI), 7.53 (2H, d, J = 8.0 Hz, TphI); 13C NMR (δ, ppm, CDCl3, 100 

MHz): 196.5, 193.6, 162.7, 153.8, 147.6, 138.4, 137.3, 130.5, 129.4, 128.1, 127.5, 125.9. HRMS 

(ESI, m/z) for C22H13IN6O3Re [M + H]+ calc. 722.9704; found 722.9711. 

ReAlkyne 

To a stirring mixture of 3 (200 mg, 0.277 mmol), cis-[Pd(PPh3)2Cl2] (40 mg, 0.055 mmol) and 

CuI (10 mg, 0.055 mmol) in freshly distilled THF (8 mL) under an atmosphere of argon at ambient 

temperature, was sequentially added Et3N (8 mL, 57.36 mmol) and ethynyltrimethylsilane 4 

(115 µL, 0.831 mmol) and heated at reflux for 24 h. The reaction mixture was cooled to ambient 

temperature, filtered over Celite and the filtrate was concentrated under reduced pressure. The 

crude reaction mixture was suspended in CH2Cl2 and passed through a plug of Al2O3 on sintered 

glass to remove residual Pd and Cu species. The filtrate was concentrated under reduced pressure 

and the crude material added to a suspension of K2CO3 (30 mg, 0.217 mmol) in MeOH (15 mL) 

and stirred under an atmosphere of argon at ambient temperature for 24 h. The suspension was 

then concentrated under reduced pressure and partitioned with CH2Cl2 (15 mL) and H2O (15 mL) 

and separated, the organic extract was collected and washed a further two times with H2O. The 

organic extract was dried with Na2SO4 and concentrated under reduced pressure. The crude 

material was obtained as a yellow residue, and following purification by column chromatography 

on Al2O3 with CH2Cl2/acetone (9:1), ReAlkyne was obtained as a yellow crystalline solid 

(105 mg, 61%). νmax (IR)/cm-1, CH2Cl2: 2029 s (CO, Aʹ(1)), 1923 s br (CO, Aʹ(2)/Aʹʹ). 1H NMR 

(400 MHz, Acetone-d6,): δ 3.50 (1H, s, CN4-C6H4-C≡CH), 7.36 (2H, d, J = 8.8 Hz, CN4-C6H4-
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C≡CH), 7.64 (2H, d, J = 8.0 Hz, CN4-C6H4-C≡CH), 8.16–8.20 (2H, m, phen), 8.31 (2H, s, phen), 

8.97 (2H, d, J = 8.4 Hz, phen), 9.66 (2H, d, J = 5.4 Hz, phen), 13C NMR (100 MHz, Acetone-d6,): 

δ 197.3, 195.6, 163.0, 155.1, 148.2, 140.4, 132.8, 131.7, 131.6, 128.7, 127.4, 126.6, 122.7 84.1, 

79.7. HRMS (ESI, m/z) for C24H14N6O3Re [M + H]+ calc. 621.0715; found 621.0711. 

Crystals suitable for X-ray analysis (identified as ReAlkyne, C24H13N6O3Re) were obtained by 

liquid-liquid diffusion of Et2O into a CH2Cl2 solution of the complex. 

ReBn 

To a stirring solution of ReAlkyne (70 mg, 0.111 mmol) and benzyl azide 5 (15 mg, 0.111 mmol) 

in DMF/H2O (8:2, 10 mL) was added a previously homogenized (using sonication) solution of 

sodium ascorbate (5 mg, 0.022 mmol) and CuSO4·5H2O (5 mg, 0.060 mmol) in DMF/H2O (1:6, 

1.2 mL) and stirring was maintained at ambient temperature for 24 h. The reaction mixture was 

then concentrated under reduced pressure and resuspended in a stirring solution of CH2Cl2/conc. 

NH4OH (1:1, 20 mL) at ambient temperature for 24 h. The mixture was partitioned in a separatory 

funnel and washed with H2O (3 × 20 mL). The organic phases were combined and dried over 

Na2SO4, filtered and concentrated under reduced pressure. The title complex was purified from the 

crude material by column chromatography on Al2O3 using CH2Cl2/EtOAc (8:2) to give 9 as a 

yellow powder (70 mg, 84%). νmax (IR)/cm-1, CH2Cl2: 2028 s (CO, Aʹ(1)), 1922 s br (CO, 

Aʹ(2)/Aʹʹ). 1H NMR ( 400 MHz, CDCl3,): δ 5.42 (2H, s, CN4-C6H4-N3C2H-CH2-C6H5), 7.18–7.21 

(2H, m, CN4-C6H4-N3C2H-CH2-C6H5), 7.26–7.28 (3H, m, CN4-C6H4-N3C2H-CH2-C6H5), 7.54 

(3H, m, CN4-C6H4-N3C2H-CH2-C6H5 and CN4-C6H4-N3C2H-CH2-C6H5),  7.71–7.74 (4H, m, phen 

and CN4-C6H4-N3C2H-CH2-C6H5), 7.83 (2H, s, phen), 8.41 (2H, d, J = 8.4 Hz, phen), 9.38 (2H, d, 

J = 6.4 Hz, phen); 13C NMR (, 100 MHz, CD3CN): 196.4, 195.3, 163.5, 155.1, 149.8, 148.4, 140.4, 
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132.8, 131.8, 131.7, 131.6, 130.4, 130.2, 128.7, 128.6, 127.6, 127.4, 126.6, 122.7, 57.3. ESI-MS, 

m/z for C31H20N9O3Re [M + H]+ calc. 757.1; found 758.1. 

Crystals suitable for X-ray analysis (identified as ReBn.CH2Cl2, C32H25Cl2N9O3Re) were obtained 

by liquid-liquid diffusion of Et2O into a solution of the complex in CH2Cl2. 

 

General procedure for glycosylation reactions  

To a stirred solution of per-O-acetyl saccharide (1.0 equiv.) in anhydrous CH2Cl2 (0.3 M) at 

0 °C, under an inert atmosphere, was added slowly BF3O·(C2H5)2 (6.0 equiv.), followed by 

2-bromoethanol (3.5 equiv.). The reaction was slowly warmed to ambient temperature and stirring 

was maintained for 16 h. The reaction was quenched with sat. NaHCO3 and the solution was 

transferred to a separatory funnel. The phases were separated, and the organic portion was washed 

with H2O (2 × 25 mL) and brine (25 mL), dried (Na2SO4), filtered and concentrated in vacuo. 

Purification of the crude material is outlined below. 

2-Bromoethyl 2,3,4,6-tetra-O-acetyl-β-ᴅ-glucoside (7) was obtained from β-ᴅ-glucose 

pentaacetate 6 (3.07 g, 7.85 mmol) after recrystallization from hot EtOH to give the title compound 

(1.22 g, 34%) as a fluffy white solid. m.p 114–115 °C. (lit. 119–120 °C).31 1 H NMR (500 MHz, 

CDCl3) δ 5.22 (1H, app. t, J = 9.8 Hz, H3), 5.09 (1H, app. t, J = 9.8 Hz, H4), 5.02 (1H, dd, J = 9.8, 

8.0 Hz, H2), 4.57 (1H, d, J = 8.0 Hz, H1), 4.26 (1H, dd, J = 12.0, 4.8 Hz, H6), 4.18–4.13 (2H, m, 

OCH2, H6), 3.81 (1H, ddd, J = 13.5, 7.5, 6.0 Hz, OCH2), 3.71 (1H, dd,  J = 9.8, 4.8, 2.5 Hz, H5), 

3.48–3.44 (2H, m, CH2Br), 2.09 (3H, s, CH3), 2.07 (3H, s, CH3), 2.03 (3H, s, CH3), 2.01 (3H, s, 

CH3). 
13C NMR (125 MHz, CDCl3) δ 170.8, 170.4, 169.6, 169.5, 101.2, 72.7, 72.1, 71.2, 70.0, 

68.5, 62.0, 30.0, 20.90, 20.89, 20.8, 20.7. HRMS (ESI, m/z) for C16H23
79BrO10 [M + Na]+ calc. 

477.0367; found 477.0366.  
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2-Bromoethyl 2,3,4,6-tetra-O-acetyl-β-ᴅ-galactopyranose (11) was obtained from 

β-ᴅ-galactose pentaacetate 10 (6.08 g, 15.58 mmol) after purification using column 

chromatography (10% EtOAc in CH2Cl2), followed by recrystallization from hot CH2Cl2 as a 

white crystalline solid (1.16 g, 24%). Rf = 0.44 (10% EtOAc in CH2Cl2). m.p 111–112 °C. (lit. 111 

°C).32 1H NMR (500 MHz, CDCl3) δ 5.40 (1H, dd, J = 3.5, 1.0 Hz, H4), 5.23 (1H, dd, J = 10.5, 

8.0 Hz, H3), 5.02 (1H, dd, J = 10.5, 3.2 Hz, H2), 4.54 (1H, d, J = 3.2 Hz, H1), 4.20–4.16 (3H, m, 

H6, OCH2), 3.91 (1H, app. t, J = 6.6 Hz, H5), 3.82 (1H, ddd, J = 13.5, 7.5, 6.0 Hz, OCH2), 3.48–

3.47 (2H, m, CH2Br), 2.16 (3H, s, CH3), 2.09 (3H, s, CH3), 2.06 (3H, s, CH3), 1.99 (3H, s, CH3).
13C 

NMR (125 MHz, CDCl3) δ 170.6, 170.4, 170.3, 169.7, 101.7, 71.0, 70.9, 69.9, 68.7, 67.1, 61.4, 

30.1, 21.0, 20.83, 20.81, 20.7. HRMS (ESI, m/z) for C16H23
79BrO10 [M+Na]+ calc. 477.0367; found 

477.0364. 

2-Bromoethyl 2,3,4,6-O-acetyl-α-ᴅ-mannopyranoside (15) was obtained from α-ᴅ-mannose 

pentaacetate 14 (3.065 g, 7.85 mmol) after recrystallization from hot EtOH as fine white crystals 

(1.66 g, 47%). m.p 116–118 °C. (lit. 115.1–117.2 °C).33 1H NMR (500 MHz, CDCl3) δ 5.86 (1H, 

dd, J = 10.1, 3.4 Hz, H3), 5.30–5.26 (2H, m, H2, H4), 4.87 (1H, d, J = 1.6 Hz, H1), 4.26 (1H, dd, 

J = 12.7, 5.9 Hz, H6), 4.14–4.11 (2H, m, H5, H6), 3.97 (1H, app. dt, J = 11.2, 6.1 Hz, OCH2), 3.88 

(1H, app. dt, J = 11.2, 6.1 Hz, OCH2), 3.51 (2H, app. t, J = 6.1 Hz, CH2Br), 2.15 (3H, s, CH3), 

2.10 (3H, s, CH3), 2.04 (3H, s, CH3), 1.99 (3H, s, CH3). 
13C NMR (125 MHz, CDCl3) δ 170.7, 

170.1, 170.0, 169.8, 97.8, 69.4, 69.0, 68.5, 66.1, 66.0, 62.4, 29.7, 20.9, 20.79, 20.75, 20.7. HRMS 

(ESI, m/z) for C16H23
79BrO10 [M + Na]+ calc. 477.0367; found 477.0364. 

2,3,6-Tetra-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-α-ᴅ-glucopyranosyl)-1-O-(2-bromoethyl)-

β-ᴅ-glucopyranoside (19) was obtained from β-ᴅ-maltose octaacetate 18 (5.120 g, 7.55 mmol) 

after purification using column chromatography (20% EtOAc in CH2Cl2) as a colorless oil 
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(3.567 g, 64%). Rf = 0.52 (20% EtOAc in CH2Cl2). m.p 71–73 °C. 1H NMR (500 MHz, CDCl3) δ 

5.41 (1H, d, J = 4.0 Hz, H1), 5.35 (1H, app. t, J = 9.9 Hz, H3), 5.26 (1H, app. t, J = 9.1 Hz, H4ʹ), 

5.05 (1H, app. t, J = 9.9 Hz, H4), 4.87–4.82 (2H, m, H2, H2ʹ), 4.59 (1H, d, J = 7.4 Hz, H1ʹ), 4.49 

(1H, dd, J = 12.1, 2.7 Hz, H6ʹ), 4.26–4.20 (2H, m, H6ʹ, H6), 4.12 (1H, ddd, J = 11.2, 9.0, 5.7 Hz, 

OCH2), 4.06–3.94 (3H, m, H6, H5, H3ʹ), 3.81 (1H, ddd, J = 11.2, 7.2, 7.2 Hz, OCH2), 3.69 (1H, 

ddd, J = 9.6, 4.3, 2.7 Hz, H5ʹ), 3.46–3.42 (2H, m, CH2Br), 2.14 (3H, s, CH3), 2.10 (3H, s, CH3), 

2.04 (6H, s, 2 × CH3), 2.02 (3H, s, CH3), 2.00 (3H, s, CH3), 1.99 (3H, s, CH3). 
13C NMR (125 

MHz, CDCl3) δ 170.7 (2 × C), 170.6, 170.3, 170.1, 169.8, 169.6, 100.6, 95.7, 75.3, 72.7, 72.4, 

72.0, 70.1, 69.9, 69.5, 68.7, 68.1, 62.8, 61.6, 30.0, 21.04, 20.99, 20.9, 20.84, 20.76, 20.73, 20.72. 

HRMS (ESI, m/z) for C28H39
79BrO18 [M + Na]+ calc. 765.1212; found 765.1209. 

 

General procedure for azidation reactions 

Adapted from a previously published method,34 a mixture of 2-bromoethyl acetylated saccharide 

(1.0 equiv.) and NaN3 (3.0 equiv.) in DMF (0.1M) was stirred at 100 °C for 1.5 h under an inert 

atmosphere. The reaction mixture was diluted with EtOAc (20 mL) and transferred to a separatory 

funnel and washed with H2O (4 × 15 mL), brine (15 mL), dried with Na2SO4, filtered and 

concentrated under reduced pressure to give the desired product. 

2-Azidoethyl 2,3,4,6-tetra-O-acetyl-β-ᴅ-glucopyranoside (8) was obtained from bromo 7 

(1.21 g, 2.66 mmol) as a white solid (890 mg, 80%). m.p 118–119 °C. (lit. 115.7–116.7 °C).34 1H 

NMR (500 MHz, CDCl3) δ 5.20 (1H, app. t, J = 9.5 Hz, H3), 5.08 (1H, app. t, J = 10.0 Hz, H4), 

5.01 (1H, dd, J = 9.5, 8.0 Hz, H2), 4.58 (1H, d, J = 8.0 Hz, H1), 4.24 (1H, dd, J = 12.4, 4.7 Hz, 

H6), 4.15 (1H, dd, J = 12.4, 2.5 Hz, H6), 4.02 (1H, ddd, J = 10.5, 4.5, 3.5 Hz, OCH2), 3.72–3.65 

(2H, m, OCH2, H5), 3.49 (1H, ddd, J = 13.4, 8.4, 3.5 Hz, CH2N3), 3.27 (1H, ddd, J = 13.4, 4.5, 3.0 
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Hz CH2N3), 2.07 (3H, s, CH3), 2.04 (3H, s, CH3), 2.01, (3H, s, CH3), 1.99 (3H, s, CH3). 
13C NMR 

(125 MHz, CDCl3) δ 170.8, 170.4, 169.52, 169.51, 100.8, 72.9, 72.0, 71.2, 68.7, 68.4, 61.9, 50.6, 

20.84, 20.79, 20.74, 20.73. HRMS (ESI, m/z) for C16H23N3O10 [M + Na]+ calc. 440.1276; found 

440.1275. 

2-Azidoethyl 2,3,4,6-tetra-O-acetyl-β-ᴅ-galactopyranoside (12) was obtained from bromo 11 

(1.16 g, 2.54 mmol) as a colourless viscous oil (1.06 g, 99%). 1H NMR (500 MHz, CDCl3) δ 5.32 

(1H, dd, J = 3.5, 1.0 Hz, H4), 5.15 (1H, dd, J = 10.5, 8.0 Hz, H2), 4.95 (1H, dd, J = 10.5, 3.5 Hz, 

H3), 4.50 (1H, d, J = 8.0 Hz, H1), 4.04–4.02 (1H, m, OCH2), 3.97 (1H, ddd, J = 11.0, 4.7, 3.5 Hz, 

OCH2), 3.87 (1H, dd, J = 6.5, 1.0 Hz, H5), 3.63 (1H, ddd, J = 11.0, 8.2, 3.3 Hz, OCH2), 3.43 (1H, 

ddd, J = 13.5, 8.2, 3.5 Hz, CH2N3), 3.25 (1H, ddd, J = 13.5, 4.7, 3.3 Hz, CH2N3), 2.08 (3H, s, CH3), 

1.99 (3H, s, CH3), 1.97 (3H, s, CH3), 1.91 (3H, s, CH3). 
13C NMR (125 MHz, CDCl3) δ 170.3, 

170.1, 170.0, 169.4, 101.0, 70.8, 70.7, 68.5, 68.3, 67.0, 61.2, 50.5, 20.7, 20.58, 20.57, 20.5. HRMS 

(ESI, m/z) for C16H23N3O10 [M + Na]+ calc. 440.1276; found 440.1279. 

2-Azidoethyl 2,3,4,6-O-acetyl-α-ᴅ-mannopyranoside (16) was obtained from bromo 15 

(963 mg, 2.12 mmol) as a white waxy solid (711 mg, 80%). m.p 80–82 °C. (lit. 81.8–82.1 °C).33 

1H NMR (500 MHz, CDCl3) δ 5.36 (1H, dd, J = 10.0, 3.5 Hz, H3), 5.32–5.28 (2H, m, H2, H4), 

4.87 (1H, d, J = 1.5 Hz, H1), 4.29 (1H, dd, J = 12.3, 5.5 Hz, H6), 4.13 (1H, dd, J = 12.3, 2.3 Hz, 

H6), 4.05 (1H, ddd, J = 10.0, 5.5, 2.3 Hz, H5), 3.86 (1H, ddd, J = 10.2, 6.4, 3.7 Hz, OCH2), 3.66 

(1H, ddd, J = 10.2, 6.4, 3.7 Hz, OCH2), 3.52–3.42 (2H, m, CH2N3), 2.16 (3H, s, CH3), 2.10 (3H, 

s, CH3), 2.05 (3H, s, CH3), 2.00 (3H, s, CH3). 
13C NMR (125 MHz, CDCl3) δ 170.8, 170.2, 170.0, 

169.9, 97.9, 69.5, 69.0, 67.2, 66.1, 62.6, 50.5, 21.0, 20.9, 20.82, 20.77. HRMS (ESI, m/z) for 

C16H23N3O10 [M + Na]+ calc. 440.1276; found 440.1272. 



 14 

2,3,6-Tetra-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-α-ᴅ-glucopyranosyl)-1-O-(2-azidoethyl)-

β-ᴅ-glucopyranoside (20) was obtained from bromo 19 (227 mg, 0.305 mmol) as a white waxy 

solid (177 mg, 82%). m.p 96–98 °C. (lit. 92.9–93.6 °C).34 1H NMR (500 MHz, CDCl3) δ 5.41 (1H, 

d, J = 4.0 Hz, H1), 5.36 (1H, app. t, J = 10.0 Hz, H3), 5.25 (1H, app. t, J = 9.2 Hz, H4ʹ), 5.05 (1H, 

app. t, J = 10.0 Hz, H4), 4.87–4.83 (2H, m, H2, H2ʹ), 4.61 (1H, d, J = 7.9 Hz, H1ʹ), 4.52 (1H, dd, 

J = 12.2, 2.5 Hz, H6ʹ), 4.26–4.19 (2H, m, H6, H6ʹ), 4.06–3.94 (4H, m, H5, H6, H3ʹ, OCH2), 3.72–

3.67 (2H, m, H5ʹ, OCH2), 3.47 (1H, ddd, J = 13.4, 8.3, 3.3 Hz, CH2N3), 3.26 (1H, ddd, J = 13.4, 

8.1, 4.1 Hz, CH2N3), 2.14 (3H, s, CH3), 2.10 (3H, s, CH3), 2.04–2.00 (15H, m, 4 × CH3).
13C NMR 

(125 MHz, CDCl3) δ 170.7, 170.6, 170.4, 170.1, 169.8, 169.5, 100.3, 95.7, 75.5, 72.7, 72.4, 72.1, 

70.1, 69.5, 68.9, 68.6, 68.1, 62.7, 61.6, 50.6, 21.04, 20.98, 20.83, 20.81, 20.73, 20.71. HRMS(ESI, 

m/z) C28H39N3O18 [M + Na]+ calc. 728.2121; found 728.2107. 

 

General procedure for deacetylation reactions 

Adapted from a previously published method,35 a solution of 2-azidoethyl acetylated saccharide  

(1.0 equiv.) in MeOH (0.2 M) was added NaOMe (5.0 equiv. unless otherwise stated) and stirred 

for 24 h at ambient temperature. The pH of the solution was adjusted to pH = 6 by addition of 

Amberlite® IR120 H+ cation exchange resin. The suspension was filtered and the filtrate was 

collected and concentrated under reduced pressure to give the desired product. 

2-Azidoethyl-O-β-ᴅ-glucopyranoside (9) was obtained from tetraacetate 8 (146 mg, 

0.350 mmol) as a colourless oil (86 mg, 98%). 1H NMR (500 MHz, CD3OD) δ 4.31 (1H, d, J = 

7.8 Hz, H1), 4.03 (1H, ddd, J = 10.6, 5.1, 5.1 Hz, OCH2), 3.88 (1H, dd, J = 11.6, 1.1 Hz, H6), 3.75 

(1H, ddd, J = 10.6, 5.1, 5.1 Hz, OCH2), 3.67 (1H, dd, J = 11.6, 5.4 Hz, H6), 3.47 (2H, app. t, J = 

5.1 Hz, CH2N3), 3.37–3.27 (3H, m, H3, H4, H5), 3.20 (1H, dd, J = 9.1, 7.8 Hz, H2). 13C NMR 
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(125 MHz, CD3OD) δ 104.3, 77.9, 77.8, 75.0, 71.5, 69.6, 62.6 , 52.0. HRMS (ESI, m/z) for 

C8H15N3O6 [M+Na]+ calc. 272.0853; found 272.0852. 

2-Azidoethyl-O-β-ᴅ-galactopyranoside (13) was obtained from tetraacetate 12 (298 mg, 0.714 

mmol) as a colourless oil (155 mg, 87%). 1H NMR (500 MHz, CD3OD) δ 4.23 (1H, d, J = 7.5 Hz, 

H1), 4.03 (1H, ddd, J = 10.7, 5.1, 5.1 Hz, OCH2), 3.80 (1H, dd, J = 3.0, 0.5 Hz, H4), 3.75–3.67 

(3H, m, OCH2, H6), 3.52–3.43 (5H, m, CH2N3, H2, H3, H5).13C NMR (125 MHz, CD3OD) δ 

105.0, 76.7, 74.9, 72.4, 70.2, 69.2, 62.4, 52.0. HRMS (ESI, m/z) for C8H15N3O6 [M+Na]+ calc. 

272.0853; found 272.0854. 

2-Azidoethyl-O-α-ᴅ-mannopyranoside (17) was obtained from tetraacetate 16 (135 mg, 

0.323 mmol) as a white solid (78 mg, 98%). m.p: 80–82 °C (lit. 142 °C).35 1H NMR (500 MHz, 

CD3OD) δ 4.82 (1H, d, J = 1.3 Hz, H1), 3.94–3.90 (1H, m, OCH2), 3.86–3.83 (2H, m, H3, H6), 

3.74–3.70 (2H, m, H2, H6), 3.65–3.55 (3H, m, OCH2, H4, H5), 3.43 (2H, app. t, J = 5.0 Hz, 

CH2N3).
13C NMR (125 MHz, CD3OD) δ 101.8, 74.9, 72.4, 72.0, 68.5, 67.7, 62.9, 51.7. HRMS 

(ESI, m/z) for C8H15N3O6 [M + Na]+ calc. 272.0853; found 272.0852. 

2-Azidoethyl-O-β-ᴅ-maltopyranoside (21) was obtained from heptaacetate 20 (100 mg, 

0.142 mmol) using 6.0 equivalents of NaOMe, as a white solid (58 mg, 99%). m.p 95–171 °C 

(slow decomposition). 1H NMR (500 MHz, CD3OD) δ 5.16 (1H, d, J = 3.8 Hz, H1), 4.33 (1H, d, 

J = 7.8 Hz, H1ʹ), 4.02 (1H, ddd, J = 10.7, 5.2, 5.2 Hz, OCH2), 3.90 (1H, dd, J = 12.2, 1.9 Hz, H6ʹ), 

3.83–3.79 (2H, m, H6, H6ʹ), 3.74 (1H, ddd, J = 10.7, 5.2, 5.2 Hz, OCH2), 3.70–3.59 (4H, m, H3, 

H5, H6, H2ʹ), 3.54 (1H, app. t, J = 9.5 Hz, H4ʹ), 3.48–3.43 (3H, m, H2, CH2N3), 3.39 (1H, ddd, J 

= 9.6, 4.7, 1.9 Hz, H5ʹ), 3.29–3.24 (2H, m, H4, H3ʹ). 13C NMR (125 MHz, CD3OD) δ 104.4, 102.9, 

81.2, 77.8, 76.7, 75.1, 74.8, 74.7, 74.2, 71.5 , 69.4, 62.7, 62.2, 52.0. HRMS (ESI, m/z) for 

C14H25N3O11 [M + Na]+ calc. 434.1381; found 434.1380. 
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General procedure for CuACC reactions 

To a stirred solution of ReAlkyne (1.0 equiv.) and azide (as specified) in DMF/H2O (4:1) was 

added a previously homogenized (using sonication) solution of sodium ascorbate (1.7 equiv.) and 

CuSO4·5H2O (0.5 equiv.) in DMF/H2O (1:6, 1.2 mL). The reaction was stirred at ambient 

temperature for 24–72 h until the ReAlkyne material was consumed, as evidenced by ESI-MS. 

The reaction mixture was concentrated under a stream of N2 to give a green solid. The crude 

material was suspended in sat. NaHCO3 (8 mL), centrifuged for 5 min at 7500 RPM and the 

supernatant was discarded. This process was repeated using sat. NaHCO3, H2O and CH2Cl2 three 

times each. The resulting dark yellow solid was dissolved in anhydrous MeOH (5 mL), filtered 

through a syringe filter (0.45 μm nylon) and concentrated in vacuo to give the desired product. 

ReGlucose was obtained from ReAlkyne (30 mg, 0.048 mmol) and azide 9 (24 mg, 0.096 mmol) 

as a yellow solid (40 mg, 96%). m.p: 203–240 °C (slow decomposition). 1H NMR (500 MHz, 

CD3OD) δ 9.57 (2H, dd, J = 5.2, 1.3 Hz, H2, H9), 8.80 (2H, dd, J = 8.3, 1.3 Hz, H4, H7), 8.41 

(1H, s, triazole-H), 8.15 (2H, s, H5, H6), 8.01 (2H, dd, J = 8.3, 5.2 Hz, H3, H8), 7.67 (2H, d, J = 

8.4 Hz, o-ArH), 7.57 (2H, d, J = 8.4 Hz, m-ArH), 4.67–4.64 (2H, m, NCH2), 4.33 (1H, d, J = 7.8 

Hz, H1′), 4.29–4.25 (1H, m, OCH2), 4.04–4.00 (1H, m, OCH2), 3.85 (1H, dd, J = 12.1, 1.5 Hz, 

H6′), 3.66–3.63 (1H, m, H6′), 3.34–3.26 (3H, m, H3′, H4′, H5′), 3.20 (1H, dd, J = 9.1, 7.8 Hz, 

H2′). 13C NMR (125 MHz, CD3OD) δ 197.6 (2 × C=O), 194.6 (C=O), 163.8 (tetrazole C), 155.3 

(2 × C, C2, C9), 148.6 (2 × C, C10a, C10b), 148.0 (triazole C), 140.6 (2 × C, C4, C7), 132.3 (p-

Ar), 132.1 (2 × C, C4a, C6a), 129.7 (i-Ar), 128.9 (2 × C, C5, C6), 127.6 (2 × C, o-Ar), 127.4 (2 × 

C, C3, C8), 126.7 (2 × C, m-Ar), 123.6 (Triazole CH), 104.5 (C1′), 78.1 (C3′), 78.0 (C5′), 75.0 

(C2′), 71.5 (C4′), 69.1 (OCH2), 62.7 (C6′), 51.7 (NCH2). HRMS (ESI, m/z) for C32H28N9O9Re [M 



 17 

+ H]+ calc. 870.1640; found 870.1644. Anal. RP-HPLC Method A: tR 11.37 min, purity >97%; 

Method B: tR 10.11 min, purity >96%. 

ReGalactose was obtained from ReAlkyne (29 mg, 0.047 mmol) and azide 13 (23 mg, 0.092 

mmol) as a yellow solid (36 mg, 87%). m.p: 200–240 °C (slow decomposition). 1H NMR (500 

MHz, CD3OD) δ 9.57 (2H, dd, J = 6.2, 1.3 Hz, H2, H9), 8.82 (2H, dd, J = 8.4, 1.3 Hz, H4, H7), 

8.43 (1H, s, triazole-H), 8.16 (2H, s, H5, H6), 8.03 (2H, dd, J = 8.4, 6.2 Hz, H3, H8), 7.69 (2H, d, 

J = 8.4 Hz, m-ArH), 7.57 (2H, d, J = 8.4 Hz, o-ArH), 4.67 (2H, app. t, J = 4.9 Hz, NCH2), 4.29–

4.25 (2H, m, H1′, OCH2), 4.04–4.00 (1H, m, OCH2), 3.82 (1H, d, J = 2.8 Hz, H4′), 3.76–3.68 (2H, 

m, H6′), 3.55–3.51 (2H, m, H2′′, H5′), 3.45 (1H, dd, J = 8.8, 2.8 Hz, H3′). 13C NMR (125 MHz, 

CD3OD) δ 197.8 (2 × C=O), 194.5 (C=O), 163.8 (tetrazole C), 155.3 (2 × C, C2, C9), 148.6 (2 × 

C, C10a, C10b), 148.0 (triazole C), 140.6 (2 × C, C4, C7), 132.3 (p-Ar), 132.2 (2 × C, C4a, C6a), 

129.7 (i-Ar), 128.9 (2 × C, C5, C6), 127.6 (2 × C, o-Ar), 127.5 (2 × C, C3, C8), 126.7 (2 × C, m-

Ar), 123.7 (triazole CH), 105.3 (C1′), 76.8 (C2′), 74.9 (C3′), 72.4 (C5′), 70.3 (C4′), 69.2 (OCH2), 

62.6 (C6′), 51.8 (NCH2). HRMS (ESI, m/z) for C32H28N9O9Re [M + H]+ calc. 870.1640; found 

870.1649. Anal. RP-HPLC Method A: tR 11.41 min, purity >95%; Method B: tR 10.13 min, purity 

>95%. 

ReMannose was obtained from ReAlkyne (39 mg, 0.063 mmol) and azide 17 (188 mg, 0.754 

mmol) as a yellow solid (29 mg, 53%). m.p 205–240 °C (slow decomposition). 1H NMR (500 

MHz, CD3OD) δ 9.57 (2H, dd, J = 5.2, 1.3 Hz, H2, H9), 8.81 (2H, dd, J = 8.3, 1.3 Hz, H4, H7), 

8.29 (1H, s, H15), 8.16 (2H, s, H5, H6), 8.03 (2H, dd, J = 8.3, 5.2 Hz, H3, H8), 7.69 (2H, d, J = 

8.4 Hz, m-ArH), 7.59 (2H, d, J = 8.4 Hz, o-ArH), 4.74 (1H, d, J = 1.4 Hz, H1′), 4.69–4.59 (2H, m, 

NCH2), 4.17–4.13 (1H, m, OCH2), 3.93–3.87 (1H, m, OCH2), 3.77–3.73 (2H, m, H3′, H6′), 3.64–

3.54 (3H, m, H2′, H4′, H6′), 3.31–3.28 (1H, m, H5′). 13C NMR (125 MHz, CD3OD) δ 197.6 (2 × 
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C=O), 194.5 (C=O), 163.8 (C11), 155.3 (2 × C, C2, C9), 148.6 (2 × C, C10a, C10b), 148.2 (C14), 

140.6 (2 × C, C4, C7), 132.1 (3 × C, C4a, C6a, C13), 129.8 (C12), 128.9 (2 × C, C5, C6), 127.6 

(2 × C, o-Ar), 127.4 (2 × C, C3, C8), 126.8 (2 × C, m-Ar), 123.0 (C15), 101.8 (C1′), 75.0 (C5′), 

72.4 (C2′), 71.9 (C3′), 68.3 (C4′), 66.8 (OCH2), 62.8 (C6′), 51.4 (NCH2). HRMS (ESI, m/z) for 

C32H28N9O9Re [M + H]+ calc. 870.1640; found 870.1638. Anal. RP-HPLC Method A: tR 11.40 

min, purity >91%; Method B: tR 10.16 min, purity >90%. 

ReMaltose was obtained from ReAlkyne (20 mg, 0.032 mmol) and azide 21 (40 mg, 0.097 

mmol) as a yellow solid (19 mg, 57%). m.p: 198–240 °C (slow decomposition). 1H NMR (500 

MHz, CD3OD) δ 9.57 (2H, d, J = 5.1, 1.3 Hz, H4, H7), 8.80 (2H, d, J = 8.2 Hz, H2, H9), 8.41 (1H, 

s, triazole-H), 8.15 (2H, s, H5, H6), 8.02 (2H, dd, J = 8.2, 5.1 Hz,H3, H8), 7.68 (2H, d, J = 8.4 Hz, 

m-ArH), 7.57 (2H, d, J = 8.4 Hz, o-ArH),5.15 (1H, d, J = 3.8 Hz, H1″), 4.67–4.64 (2H, m, NCH2), 

4.35 (1H, d, J = 7.8 Hz, H1′), 4.28–4.24 (1H, m, OCH2CH2N), 4.04–4.00 (1H, m, OCH2CH2N), 

3.89–3.77 (3H, m, H6′, H6″), 3.69–3.58 (4H, m, H3′, H6′, H2″,H4″), 3.52 (1H, app. t, J = 9.4 Hz, 

H5″), 3.44 (1H, dd, J = 9.7, 3.7 Hz, H2′), 3.40–3.37 (1H, m, H3″), 3.28–3.23 (2H, m, H4′, H5′). 

13C NMR (125 MHz, CD3OD) δ 197.6, 194.5, 163.7 (tetrazole), 155.3 (2 × C, C4, C7), 148.6 (2 × 

C, C10a, C10b), 148.0 (triazole C), 140.6 (2 × C, C2, C9), 132.3 (p-Ar), 132.1 (2 × C, C4a, C6a), 

129.7 (i-Ar), 128.9 (2 × C, C5, C6), 127.6 (2 × C, o-Ar), 127.4 (2 × C, C3, C8), 126.7 (2 × C, m-

Ar), 123.7 (triazole CH), 104.5 (C1′), 102.9 (C1″), 81.1 (C5″), 77.7 (C4″), 76.7 (C3″), 75.0 (C3′), 

74.8 (C2″), 74.5 (C5′) 74.1 (C2′), 71.5 (C4′), 69.2 (OCH2CH2N), 62.7 (C6′), 62.1 (C6″), 51.7 

(NCH2). HRMS (ESI, m/z) for C38H38N9O14Re [M+H]+ calc. 1032.2168; found 1032.2194. Anal. 

RP-HPLC Method A: tR 11.24 min, purity >97%; Method B: tR 9.88 min, purity >97%. 

 

X-ray crystallography 
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Crystal data and collection details for ReAlkyne and ReBn are reported in supplementary 

information (ESI Tables S1 and S2). The diffraction experiments were carried out on a Bruker 

APEX II diffractometer equipped with a CCD detector and using Mo-K radiation. Data were 

corrected for Lorentz polarisation and absorption effects (empirical absorption correction 

SADABS.Structures were solved by direct methods and refined by full-matrix least-squares based 

on all data using F2.36 H-atoms were placed in calculated positions, and refined isotropically using 

a riding model. All non-hydrogen atoms were refined with anisotropic displacement parameters.  

 

Photophysical evaluation 

Absorption spectra were recorded at room temperature using a CARY eclipse 50 scan UV-

visible spectrophotometer (Figure 3). Emission spectra were collected on a CARY Eclipse 

fluorescence spectrometer (Figure 3 and ESI S14-S15). The complexes were excited at the 

excitation maxima of 275 nm and at 405 nm (a wavelength analogous to the instrumentation used 

for live cell imaging), using a PMT detector voltage of 600 V and excitation/emission slit widths 

of 2.5 nm. The spectra for Figure 3 and ESI S14-S15 were recorded using a mixed aqueous 

solution of 1:1 MeOH/H2O to ensure solubility. Suprasil quartz cuvettes of 1 cm path length at 

right angle detection were used for all experiments. pH titration measurements were performed 

using a pre-calibrated Orion Ross pH meter and were conducted at a constant ionic strength of 1 x 

10-3 M using NaCl across a pH range of pH 4–8at 275 nm excitation wavelength. 

The determination of quantum yields and lifetimes (Table 1) was performed on an Edinburgh 

FLSP980-S2S2-stm spectrometer equipped with: i) a temperature-monitored cuvette holder; ii) 

450 W Xenon arc lamp; iii) double excitation and emission monochromators; iv) a Peltier cooled 

Hamamatsu R928P photomultiplier tube (spectral range 200–870 nm). According to the approach 

described by Demas and Crosby,37 luminescence quantum yields (Φem) were measured in optically 
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dilute solutions (O.D. < 0.1 at excitation wavelength) obtained from absorption spectra on a 

wavelength scale [nm] and compared to the reference emitter ([Ru(bipy)3]Cl2 (bipy = 2,2’-

bipyridine;Φr= 0.04).38 Spectra were recorded in a 1% DMSO in H2O solution to match the 

conditions used in live cell imaging and ensure complete dissolution was maintained. Emission 

lifetimes () were determined with the time correlated single-photon counting technique (TCSPC), 

with the same Edinburgh FLSP980-S2S2-stm spectrometer, using a pulsed picosecond LED 

(EPLED/EPL 377 nm, FHWM < 800 ps). The goodness of fit was assessed by minimizing the 

reduced 2 function and by visual inspection of the weighted residuals. The solvents used for the 

preparation of the solutions for the photophysical investigations were of LR grade and the water 

was deionized. Experimental uncertainties are estimated to be ±8% for lifetime determinations, 

±20% for quantum yields, ±2 nm and ±5 nm for absorption and emission peaks, respectively. 

Lipophilicity determination 

The n-octanol/H2O partition coefficient (LogD) of the carbohydrate-appended Re(I) 

complexes was determined using the “shake-flask” method (Table 2).39 Phosphate buffered saline 

(PBS) solution (200 mL, pH 7.4) and n-octanol (200 mL) were vortexed for 72 h in order to 

saturate both phases. After saturation, the two phases were separated by centrifugation (3000 rpm, 

15 min). Carbohydrate-conjugated Re(I) complexes were prepared in DMSO (2000 ppm), 30 μL 

of each solution was combined with saturated PBS solution (500 μL) and saturated n-octanol 

(530 μL) and mixed using a laboratory vortex for 10 min. The resulting emulsion was centrifuged 

(3000 rpm, 10 min) to separate the phases. The concentrations of each complex in the aqueous and 

organic phases were determined using UV-visible spectroscopy at 275 nm; logD7.4 was defined as 

the logarithm of the ratio of the concentrations of the complex in the organic and aqueous phase; 

the value reported is the mean of three separate determinations. 
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Cell culture 

Rat embryonic cardiomyoblast-derived H9c2 cells were cultured in DMEM medium (#D6171, 

Sigma-Aldrich, USA), supplemented with 10% fetal bovine serum (FBS; #IVT3008403, In Vitro 

Technologies, Australia) and 2 mM ʟ-glutamine (#25030-081, Gibco®, USA). When cells reached 

~80% confluence, cell culture media was aspirated, cells were washed with sterile PBS (#D8537, 

Sigma-Aldrich, USA) and then detached using TrypLE™ Express (#12604-021, Gibco®, USA). 

For staining, cells were seeded onto µ-Slide 8-well ibidi chambers (#80826.S, DKSH, Australia) 

at ~2×105 cells/mL (V = 300 µL) and left overnight to adhere. 

Staining and analysis of total cellular Re content by ICP-MS 

The H9c2 cells, grown in T25 tissue flasks (V = 11 mL) until 80–90% confluency for ~24 h, 

were incubated with the carbohydrate-conjugated Re(I) complexes (1 × 10-4 M) in a complete 

DMEM media at 37 °C under a 5% CO2 for 4 h. The media was removed, and the cells were 

washed gently with PBS (3×5 min). The cells were then detached using TrypLE™ Express. A cell 

count was performed, before cell lysis was performed by syringe. 

The cell lysate was desiccated in a dry block heater at 95 °C. The dry cell samples were then 

suspended in 36% HNO3 (400 μL) and heated at 95 °C until dry to digest organic material and 

liberate Re from the sample, simplifying the matrix for ICP-MS analysis. The dry samples were 

then reconstituted in 2% HNO3 (2.5 mL) and sonicated for 20 min to produce a clear solution. The 

samples were then filtered through a syringe filter cartridge with a pore diameter of 0.2 μm and 

analyzed for total Re using ICP-MS. Concentration values were corrected in respect to indium (In) 

as an internal standard at 10 ppb. Total Re determination was performed with an Agilent 8900x 

triple quad ICP-MS (QQQ-ICPMS), with no gas in the collision cell to improve sensitivity. For 
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quantitative determination, the most abundant isotopes of 185Re and 115In were analyzed. The 

analysis was performed against a calibration series, which was prepared from a multielement 

standard in 2% HNO3. The calibration series were as follows: 1, 5, 10, 20, 30, 50, 80, 100, 150, 

200 and 500 ppb. A blank sample of the 2% HNO3 solution was prepared as a negative control. 

Samples were run on an Agilent 8900x triple quad ICP-MS (QQQ-ICPMS). The instrument was 

tuned for matrix tolerance (1550W, 10mm sample depth, 1.09 L/min Ar carrier gas flow rate) and 

high sensitivity, while keeping oxides and doubly charged ions low (<1.0%CeO/Ce and 0.8% 

Ce++/Ce, respectively). 

Staining cells with the carbohydrate-conjugated Re(I) complexes 

The H9c2 cells were incubated with ReGlucose, ReGalactose, ReMannose and ReMaltose at 

various 2 × 10-5, 1 × 10-4 or 1.5 × 10-4 M, prepared in cell culture media containing 1% DMSO, for 

either 30 min or 24 h at 37 °C. Following incubation, cells were rinsed with cell culture media and 

imaged live, using confocal laser scanning microscope, supplemented with an 

Uno-Combined-Controller CO2 microscope electric top stage incubation system. 

The H9c2 cells, incubated for 24 h with ReGlucose, ReGalactose and ReMannose complexes 

at 1 × 10-4 M (1% DMSO in DMEM media), were counterstained for 1 min with Lyso-Tracker™ 

Red DND-99 (#L7528, Life Technologies, Australia) or 20 min with ER-Tracker™ Red 

(#E34250, Life Technologies, Australia). Cells, stained with ReMaltose (1.5 × 10-4 M) for 30 min, 

were rinsed and co-stained either with Lyso-Tracker™ Red DND-99 or ER-Tracker™ Red 

according to manufactures instructions. 

Confocal laser scanning microscopy 

All imaging experiments were conducted on a Nikon A1+ confocal laser scanning microscope, 

fitted with a LU-N4/LU-N4S 4-laser unit (403, 488, 561 and 640 nm), an A1-DUG GaAsP Multi 
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Detector Unit (two GaAsP PMTs andtwo standard PMTs) and a 32-channel spectral detector 

(Nikon). The carbohydrate-conjugated Re(I) complexes were excited using the 403 nm laser and 

emission was recorded across a range of 545–595 nm. The emission maxima of the complexes 

were at 565 nm. Both Lyso-Tracker™ Red DND-99 and ER-Tracker™ Red were imaged using 

the 561 nm laser. All images were collected using a 60 × oil emersion lens. Nikon NIS Element 

software was used to measure co-localisation of the Re(I) complexes with Lyso-Tracker™ and 

ER-Tracker™ using Pearson’s coefficient. A minimum of 5 cells from three independent images 

were used to calculate and average the co-efficent for each combination of markers. 

Cell viability assay 

The H9c2 cells were grown at 1 × 104 cells/mL overnight in 96-well plates (100 µL). Cells were 

incubated with the carbohydrate-conjugated Re(I) complexes (1 × 10-4 M) for 24 h at 37 °C and 

5% CO2. Negative controls were incubated with cell culture media, containing 1% DMSO. 

Following incubation, the media was removed, the cells were then washed with PBS (2 × 1 min), 

before being replaced with complete media. Resazurin cytotoxicity agent was added at 10% v/v 

and cells were incubated for further 3 h. The resazurin assay was then assessed on an EnSpire® 

multimode plate reader. 

 

Results and Discussion 

Synthesis and characterization 

We first prepared the ReAlkyne complex and evaluated its ability to undergo Cu(I) Alkyne-

Azide Cycloaddition (CuAAC) with benzyl azide as a model reaction for the bioconjugation with 

carbohydrate-based azides. Following this initial assessment, the same CuAAC strategy was 

applied for the preparation of the series of carbohydrate-conjugated Re(I) complexes. The 
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synthesis of ReAlkyne (Scheme 1) was achieved through a procedure based on the “chemistry on 

the complex” approach.40 

The precursory materials, 5-(4-iodophenyl)-1H-tetrazole 1 and fac-

[Re(1,10-phenanthroline)(CO)3(Br)] 2, were synthesized following previously published 

procedures (see ESI for full synthetic details).28-30 Complex 3 was prepared through the 

coordination of 1 with the metal center of complex 2 in which the 5-(4-iodophenyl)tetrazolato 

anion fulfills the coordination sphere of the fac-[Re(CO)3(phen)]+ fragment. ReAlkyne was then 

accessed by Sonogashira cross-coupling of 3 with 4. The trimethylsilyl-protecting group was then 

cleaved to give ReAlkyne as a yellow solid in 61% yield. The ability of ReAlkyne to be used as 

a platform for bioconjugation was investigated by reacting benzyl azide 5 with ReAlkyne using 

CuAAC coupling conditions to give ReBn. 

Scheme 1. Synthetic route for the ReAlkyne platform and ReBn. 

 

Reagents and conditions: (i) Et3N, EtOH/H2O (3:1), 21 ℃, 24 h; (ii) cis-[Pd(PPh3)2Cl2], CuI, Et3N, 

74 THF, reflux, 24 h; (iii) 5, CuSO4
.5H2O, sodium ascorbate, DMF/H2O (8:1), 21 ℃, 24 h. 
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The solid-state structures of ReAlkyne and ReBn were confirmed using X-ray crystallography 

(Figure 2), which were in agreement with our previous reports detailing Re(I) tetrazolato or 

tetrazole complexes.41 The facial (fac) coordination geometry of the three CO ligands is evident 

and the aromatic rings of the ancillary tetrazolato ligand of each structure are almost coplanar, with 

the angles between the N4C and C6 rings determined as 6.8(10)° and 8.0(4)° for ReAlkyne (Figure 

2A) and ReBn (Figure 2B), respectively. This arrangement is further extended to the triazole ring 

in the “click” conjugated complex ReBn (angle of 10.9(4)° between the N3C2 and C6 rings); while 

the peripheral benzyl moiety appears to stand in a plane orthogonal with respect to the geometry 

of the tetrazolato-phenyl-triazole system (angle of 75.7(2)° between the N3C2 and benzyl rings) 

(Figure 2B). The determined bond lengths and angles that support the presented crystallographic 

structures of ReAlkyne and ReBn are provided as supplementary information (ESI Table S1 and 

S2). 
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Figure 2. Molecular structure of (A) ReAlkyne and (B) ReBn with key atoms labelled. 

Displacement ellipsoids are presented at the 30% probability level and H-atoms are omitted 

for clarity. 

With a procedure to bioconjugate ReAlkyne in-hand, our attention turned to the preparation of 

our targeted four carbohydrate (β-ᴅ-glucose, β-ᴅ-galactose, α-ᴅ-mannose and β-ᴅ-maltose) 

conjugated complexes; ReGlucose, ReGalactose, ReMannose and ReMaltose (Figure 1). These 

complexes were specifically designed to investigate the utility of the Re(I) platform for the 

exploration of cellular processes associated with the conjugated molecule; in this case, a simple 

carbohydrate. To synthesize the four targeted Re-carbohydrate complexes, the prerequisite azido 

carbohydrate building blocks were first prepared in an analogous fashion.  
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Scheme 2. Synthesis of -neutral carbohydrate-appended Re(I) complexes. 

 

Reagents and conditions: (i) 2-bromoethanol, BF3∙(Et2O)2, CH2Cl2, 0–21 ℃, 16 h; (ii) NaN3, DMF, 

100 ℃, 1.5 h; (iii) NaOMe, MeOH, 21 ℃, 24 h; (iv) ReAlkyne, CuSO4
.5H2O, sodium ascorbate, 

1:1 DMF/H2O, 21 ℃, 24 h. 

Beginning from commercially available per-O-acetylated carbohydrate starting materials, 

installation of the 2-bromoethoxy linker to the anomeric carbon was achieved by Lewis acid-

mediated glycosylation using BF3∙(Et2O)2 in CH2Cl2 under anhydrous conditions. Anomeric 

stereoselectivity was retained in each instance and purification was carried out by either 

crystallization (7 and 11), column chromatography (19) or a combination of both (15) to give 

spectroscopically pure materials, which matched previous literature reports.32, 42 Substitution using 

NaN3 in N,N-dimethylformamide (DMF) at 100 °C gave the requisite azido carbohydrates in 
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excellent yields (80–99%), with only an extractive workup needed to isolate the pure material. 

Global deprotection of the acetyl groups was then performed using a methanolic NaOMe solution 

to reveal the carbohydrate hydroxyl groups in excellent yields (87–99%).40 Each azido 

carbohydrate building block was then conjugated to ReAlkyne by CuAAC to afford the four 

targeted Re-conjugates; ReGlucose, ReGalactose, ReMannose and ReMaltose (Figure 1). 

 

Photophysical characterization 

The photophysical and spectral characteristics of each of the complexes were assessed to 

determine their suitability as agents for cellular imaging using confocal laser scanning microscopy. 

The excitation and emission profiles, emissive lifetime (τ) and quantum yield (φ) of the complexes 

were determined in a 1% DMSO in H2O solution (Table 1). 
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Table 1. Photophysical properties (1% DMSO in H2O). 

 

Each complex exhibits an emissive lifetime of approximately 305 ns, with monoexponential 

decay. The lifetimes are similar to those previously reported for neutral [Re(CO)3]
+ polypyridyl 

tetrazolato complexes19 and glucose appended cationic Re(I) complexes.13 The emissive lifetimes 

of approximately 300 ns are also sufficient for signal resolution using time-gated imaging from 

endogenous fluorescent signals; for example, NAD(P)H emits within a brief window of only 0.4–

6.0 ns.43 

The absorption spectra of each complex exhibit a prominent higher energy band at 273 nm 

(Figure 3), resulting from the spin-allowed ligand-centered π-π* transition, while the broader 

and less intense band peaking in the 360–380 nm region is ascribed to metal-to-ligand charge 

transfer (MLCT) transitions. Activation of  the MLCT manifold results in triplet state MLCT 

emission as a prominent band at 584 nm.3 The broad shoulder of the MLCT excitation band for 

each of the complexes suggests that they should be amenable to excitation with 405 nm lasers; 

an excitation wavelength commonly used for confocal laser scanning microscopy. 

 

Complex 

Absorption Emission 

λabs 

[nm] (104ε [M-1cm-1]) 

λem 

[nm] 

τaer 

[ns] 

φaer 

 
ReAlkynea 277 (4.62), 372 (0.360) 

 

588 327 0.061 

ReGlucose 273 (8.41), 373 (0.71) 584 300 0.034 

ReGalactose 273 (9.96), 373 (0.83) 584 305 0.033 

ReMannose 273 (9.74), 373 (0.81) 584 306 0.036 

ReMaltose 273 (10.1), 373 (0.76) 584 308 0.041 

φaer measured versus Ru(bpy)3
2+ in H2O (φr= 0.040);38 (a) in CH2Cl2 solution (10-5 M) 
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Figure 3. Normalized UV-visible absorption and emission spectra of (A) ReGlucose at 

5 x 10-6 M; (B) ReGalactose at 5 x 10-6 M; (C) ReMannose at 5 x 10-5 M; and (D) ReMaltose at 

5 x 10-5 M in 1:1 MeOH/H2O. Spectra recorded with a constant ionic strength (I) of 1 x 10-3 M 

using NaCl, excitation at 275 nm was used for luminescent emission. 

To determine whether changes in pH alter the emissive properties of the complexes, their 

absorption and emission were recorded within a physiologically relevant pH range of 4–8 within 

in 1:1 MeOH/H2O (a solution composition initially chosen to ensure complete solubility of the 

complexes during this analysis). The complexes were evaluated by titration at a constant ionic 

strength I (NaCl) = 1 x 10-3 M starting at pH 4. The pH was gradually adjusted to pH 8 and then 

back to pH 4 by micro additions of NaOH and HCl solutions. The complexes were determined to 

be stable across a biologically relevant pH range and did not display significant changes in MLCT 

emission under these conditions (ESI Figure S14 and S15 for emission). 
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Characterization in live cells 

The cellular uptake, distribution and cytotoxicity of the carbohydrate-conjugated Re(I) complexes 

were assessed in H9c2 cardiomyoblasts, which were selected due to their high reliance on 

carbohydrate metabolism and previous use in toxicity studies.44 The total amount of each 

carbohydrate-conjugated Re(I) complex internalized by H9c2 cells was evaluated quantitatively, 

using ICP-MS, and is represented in femtograms (fg) per H9c2 cell in Table 2. The ReAlkyne 

was included for comparison and demonstrated the highest intercellular concentrations (521 ± 38 

fg/cell). Of the carbohydrate-conjugated Re(I) complexes, ReGlucose (392 ± 4 fg/cell) had the 

highest intracellular concentration, followed by ReMannose (158 ± 14 fg/cell), ReMaltose (72 ± 

2 fg/cell) and ReGalactose, which had the lowest uptake (30 ± 7 fg/cell). Lipophilicity is known 

to play an important role in the transport of materials across the cellular membrane by passive 

diffusion, therefore the logD value for each complex was determined using the “shake-flask” 

method,39 at a physiologically-relevant pH (pH 7.4). Lipophilicity was reported as the mean logD 

value of three separate determinations, alongside their respective standard deviations Table 2.  

Table 2.Total Re content of H9c2 cardiomyoblasts stained with Re(I) complexes, compared 

with the lipophilicity of each complex. 

Re(I) complex 

Cellular Re 

fg/cell  

Lipophilicity 

(logD7.4) 

Unstained control 0 ± 0 - 

ReAlkyne 521 ± 38 1.73 ± 0.05 

ReGlucose 392 ± 4 0.94 ± 0.02 

ReGalactose 30 ± 7 0.71 ± 0.01 

ReMannose 158 ± 14 0.79 ± 0.02 
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The incorporation of carbohydrate motifs significantly reduced the lipophilicity of the 

carbohydrate-conjugated Re(I) complexes when compared to the ReAlkyne platform (1.73 ± 

0.05). Of the carbohydrate-conjugated complexes, ReGlucose exhibited slightly higher logD7.4 

(0.94 ± 0.02) than that of ReGalactose (0.79 ± 0.02) and ReMannose (0.71 ± 0.01). ReMaltose 

exhibited a particularly low logD7.4 (−0.17 ± 0.04), which may be due to the elevated hydrogen-

bonding capacity of the disaccharide motif. The decreased internalization of carbohydrate-

conjugated Re(I) complexes compared with ReAlkyne may correlate with the decreased 

lipophilicity, as compound internalization generally positively correlates with lipophilicity.13, 19, 45 

For the monosaccharide carbohydrate-conjugates, this trend was also observed with the most 

lipophilic members of the series; ReGlucose having the highest intercellular accumulation, 

followed by ReMannose and ReGalactose. Despite having the lowest lipophilicity, ReMaltose 

had greater intercellular accumulation than ReGalactose.  This suggests that the logD value should 

not be considered as a sole determinant of the cellular membrane permeability, but rather as a 

contributing factor to total membrane transport. Interestingly, ReMannose and ReGalactose 

despite having similar lipophilicity values (logD7.4 0.79 ± 0.02 and logD7.4 0.71 ± 0.01 

respectively), exhibit a signicant difference in total cellular uptake; cells stained with ReMannose 

had a five fold increase complex internalization compared to those stained with ReGalactose (158 

± 14 compared to 30 ± 7 fg of Re(I)/cell). This highlights that the substitution of the carbohydrate 

motif (when the variable of lipophilicity and molecular mass are consistent) may enable cellular 

internalization of the complex via a carbohydrate specific handling mechanism. In light of this 

hypothesis it is rationalized that the high cellular uptake of ReGlucose (521 ± 38 fg of Re(I)/cell) 

ReMaltose 72 ± 2 −0.17 ± 0.04 
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whilst only slightly higher in lipophilicity (logD7.4 0.94 ± 0.02) than ReMannose and ReGalactose 

could be attributed to the high demand for glucose for cellular metabolism, indicating that the 

carbohydrate vector is likely contributing to total cellular uptake, not merely passive diffusion 

relating to the lipophilicity of the complexes.  

 

Carbohydrate-conjugated Re(I) complexes were visualized in H9c2 cells using confocal laser 

scanning microscopy, with excitation at 403 nm and emission detected from each complex 

between 545–595 nm. All four complexes were detected in cells following a 30 min incubation 

period, at concentrations of 2.0×10-5 M, 1.0×10-4 M and 1.5×10-4 M (Figures 4, S16 and S17). 

Detection of carbohydrate-conjugated Re(I) complexes was both time and concentration 

dependent (Figure S17), suggesting uptake may partially be a result of passive diffusion Similar 

vesicular distribution was observed for all complexes at 30 minutes and 24 hours, suggesting that 

the complexes accumulated and were not trafficked out of the cell or degraded by the cell. When 

compared to the staining pattern of the ReAlkyne platform, the attachment of the carbohydrate 

targeting motif decreased the cytoplasmic localization of the complexes and led to the increase in 

vesicular accumulation (Figure 4). These observations suggest that the addition of the 

carbohydrate altered the targeting of the complexes. Time-course imaging has shown that the 

complexes were photostable within cells, resisting photobleaching over a 25 minute illumination 

(Figure S18). 

As carbohydrate uptake is primarily mediated through glucose transporters (GLUTs), the 

transport of carbohydrate-conjugated Re(I) complexes was assessed in the presence of ᴅ-glucose 

(a competitive inhibitor of GLUT-mediated transport). The addition of ᴅ-glucose to the cells did 

not alter the uptake of any of the carbohydrate-conjugated Re(I) complexes (Figure 4), suggesting 

that their internalization was not mediated by GLUTs. In addition, the inhibition or activation of 
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GLUT1, which is claimed to regulate cellular uptake of mannose,23, 46 did not alter the observed 

uptake of ReMannose by H9c2 cells (Figure S19). These results contrast those of evaluated 

carbohydrate appended cationic Re(I) complexes which have been shown to exhibit diminished 

cellular internalization through competitive inhibition of GLUT transport in the presence of their 

respective free sugars.23, 47 For instance, the inclusion of ᴅ-fructose in cell culture media was shown 

to significantly diminish the cellular uptake of a fructose appended cationic Re(I) complex by 

specific breast cancer cell lines (MCF-7 and MDA-MB-231) yet not in other cell lines (A549, 

HepG2, NIH/3T3 and HEK293T) ascribed to a difference in their reliance on GLUT transport.47 

Similarly,  ᴅ-glucose was shown to inhibit the uptake of a glucose appended cationic Re(I) 

complexes by 40% in HeLa cells.23 Yet, it appears that the internalization of the neutral 

carbohydrate-conjugated Re(I) complexes is not specifically directed by the carbohydrate targeting 

motif in H9c2 cells. 

To define the intracellular localization of the carbohydrate-conjugated Re(I) complexes, co-

staining was performed using organelle labelling dyes to late endosomes/lysosomes 

(LysoTracker™ Red DND-99) and endoplasmic reticulum (ER; ER-Tracker™ Red) (Figure 4; 

see Table S3 for co-localization coefficients). Co-localization was detected between all complexes 

and late endosomes/lysosomes, with the greatest accumulation seen for ReMannose and 

ReMaltose. These observations suggest that the changes in carbohydrate targeting motif have 

altered the intercellular localization of the complexes and may indicate involvement with 

important biological processes within the cardiomyocyte cells. These results are consistent with 

the neutral carbohydrate appended dinuclear Re(I) complexes reported by Palmioli et al.  which 

have exhibited prominent co-localisation with ER-Tracker™ confirming endosomal localisation.21 
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It is probable that these dinuclear complexes may, similarly to those presented in this study, 

accumulate to an extent within the lysosome, however this has not explicitly determined. 

 

Figure 4. Accumulation of carbohydrate-conjugated Re(I) complexes in H9c2 cells (panel 1). 

H9c2 cells incubated with carbohydrate-appended Re(I) complexes for 1 hour in the absence 

(panel 2) or presence (panel 3) of ᴅ-glucose. Co-staining of the carbohydrate-appended Re(I) 
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complexes (green)with LysoTracker™ (red; panel 4) and ER-Tracker™ (red; panel 5), with 

regions of co-localisation appearing as yellow/orange. Scale bars: 10 μm. 

To determine the toxicity profile of the neutral carbohydrate-appended Re(I) complexes, cell 

viability was assessed by resazurin assay. The carbohydrate complexes exhibited low-level 

toxicity; a 20-40% decrease in cellular viability was observed following a 24-hour incubation at 

1×10-4 M (Figure S20). However, there were no obvious morphological signs of cytotoxicity in 

H9c2 cells (Figure 4), which would indicate that with some caution these complexes can be used 

for live cell imaging. 

 

Conclusion 

A new neutral “click” conjugatable Re(I) complex platform, ReAlkyne, was developed as a 

biocompatible alternative to previously reported cationic metal complexes. This platform was 

evaluated by “click” conjugation with benzyl azide to produce a model complex (ReBn). Both the 

ReAlkyne platform and ReBn were obtained as single crystals which allowed for complete 

structural elucidation using x-ray crystallography. Four carbohydrate-conjugated neutral Re(I) 

complexes were then prepared and evaluated as live cell imaging agents, using confocal laser 

scanning microscopy. The complexes had limited toxicity and were found to enter live cells, with 

biodistribution to either the late endosomes/lysosomes and/or ER. This contributes a further 

example of the difference between cationic and neutral carbohydrate complexes; with the former 

tending toward mitochondrial accumulation,10, 13-14 and the latter exhibiting a distribution that is 

predominantly endosomal.21 

The four carbohydrate complexes were detected in H9c2 cells, with varying degrees of cellular 

uptake as quantified by ICP-MS. The lipophilic nature of many ligand systems often enhances the 

passive membrane diffusion of complexes, but this can at times be a trade-off with respect to 
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bioavailability and aqueous solubility. Bioconjugated complexes can adopt the targeting potential 

associated with an attached biomolecule and, being neutral, eliminate a dominant effect of charged 

groups in the targeting/distribution process. In this study, the cellular localization of the complexes 

shows that neutral complexes have utility as biocompatible platforms for the development of non-

disruptive live cell imaging agents. The sugar motifs did not appear to direct the targeting of the 

Re(I) complexes to sugar transporters, but rather influenced the biodistribution following passive 

uptake.  
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