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Abstract 

Twenty novel aminophosphonates derivatives (5a-5j and 6a-6j) conjugated irinotecan were 

synthesized through esterification reaction, and evaluated their anticancer activities using MTT 

assay. In vitro evaluation revealed that they displayed similar or superior cytotoxicity compared to 

the positive drug irinotecan against A549, MCF-7, SK-OV-3, MG-63, U2OS and 

multidrug-resistant (MDR) SK-OV-3/CDDP cancer cell lines. Among them, 9b displayed the most 

potent activity, with IC50 values of 0.92-3.23 µM against five human cancer cells, which exhibited 

a 5.4~19.1-fold increase in activity compared to the reference drug irinotecan, respectively. 

Moreover, cellular mechanism studies suggested that 9b arrested cell cycle at S stage and induced 

cell apoptosis along with the decrease of mitochondrial membrane potential (MMP). Interestingly, 

9b significantly inhibited tumor growth in SK-OV-3 xenograft models in vivo without apparent 

toxicity, which was better than the positive drug irinotecan. Taken together, 9b possessed potent 

antitumor activity and may be a promising candidate for the potential treatment of human ovarian 

cancer cells.  
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1. Introduction 

It is well known that malignant tumor has become one of the most important causes of death 

worldwide due to its high rates of morbidity and mortality [1, 2]. Therefore, how to treat 

malignant tumor is a huge challenge for modern medicine technology. Currently, among various 

cancer treatments, the main method was still used chemotherapy owing to its high efficiency. 

However, the conventional chemotherapy usually suffered from several limitations, such as 

nonspecific selectivity, poor bioavailability, severe drug resistance, and severe adverse reaction for 

healthy tissues [3-5]. Increasing evidence indicated that targeted drug design is one of the most 

promising strategies to improve drug accumulation in tumors and therapeutic efficacy as well as 

reduce drug toxicity. 

Camptothecin (CPT) and its analogs irinotecan (Ir) and 10-Hydroxy camptothecin (SN-38), 

as a well-known topoisomerase I (Topo I) inhibitors (Fig. 1), are widely used for cancer 

chemotherapy [6-9]. Most commonly, irinotecan can not only be used in combination with 

fluorouracil (5-FU) and leucovorin (LV) as a first-line treatment option for metastatic colorectal 

cancer patients but also can serve as a monotherapy for colorectal cancer patients [10, 11]. 

However, the poor selectivity between normal and cancer cells usually leaded to serious adverse 

effects including the gastrointestinal tract (e.g., vomiting and diarrhea) and a severe impact on the 

bone marrow (e.g., neutropenia), and then becoming the obstacle in clinical drug application 

[12-14]. Thus, the high rate of irinotecan toxicity has encouraged the development of 

the effective treatment method to reduce the drug’s severe side effects.  

Several approaches, such as the development of pro-drugs (e.g., conjugates and polymer 

bound irinotecan), different carrier types (e.g., liposomes, polymeric nanoparticles, and inorganic 

materials), have been employed with some success for irinotecan delivery [15-19]. Study has 

demonstrated that most of polymeric nanoparticles showed promising in vitro and in vivo results, 

while most of the nanocarriers did not possess therapeutic efficacy by themselves and the limited 

capacity to load drugs [21-23]. More importantly, some nanocarriers might cause side effects, such 

as toxicity and inflammation toward to organs (e.g., kidneys and liver) in the process of 

metabolism. Recently, some studies suggested that introduction of phosphate ester or 

bisphosphonate ester moiety to anticancer agents (e.g., cisplatin, camptothecin and doxorubicin) 

could effectively improve the antitumor activity and the solubility of drugs [23-25]. Moreover, 



owing to alkaline phosphatase high-expressed in the extracellular space of cancer cells such as 

hepatic carcinoma and ovarian tumor cells, indicating introduction of phosphate esters group in 

anticancer drugs is a promising strategy to develop targeted anticancer agents [26]. In addition, 

phosphates or bisphosphonates have high affinity to calcium ions and display significant inhibition 

to osteoclastic resorption or anticancer effects in preclinical models [23, 27-29]. Some phosphate 

esters have been applied to design targeted drugs for bone cancer due to their high affinity to 

calcium ions [28, 29]. Thus, the incorporation of aminophosphonate esters group with 

chemotherapy drugs could potentially obtain anticancer agents with bone-targeting ability. More 

importantly, most natural or synthetic aminophosphonate compounds have been found to show 

moderate cytotoxic activity against a variety of human cancer cell lines, which can inhibit 

enzymes of different class and origin (e.g., matrix metalloproteinases) [29-34]. Therefore, the 

introduction of aminophosphonate esters group to anticancer drug irinotecan (Ir) is expected to 

target tumor tissue and increase the antitumor activity of Ir. 

Given these considerations, we postulated that the introduction of an aminophosphonate ester 

group at the anticancer drug irinotecan could lead to enhance efficacy and reduce side effects as 

well as optimize the physicochemical properties of a new irinotecan-related anticancer drug 

candidate. Here, in the present study, we introduced the functional fragment aminophosphonate 

ester groups into irinotecan at the C-20 position via esterification reaction, and synthesized a new 

series of derivatives of irinotecan as potential anticancer agents. 

2. Results and discussion 

2.1. Synthesis and characterization 

The synthetic route of the target irinotecan derivatives is shown in Scheme 1. The 

aminophosphonate ester moieties (5 and 6) were synthesized according to the reported procedures 

[25, 35]. Firstly, compounds 3 and 4 were prepared by the treatment of 

2-(4-aminophenyl)acetic acid or 4-(4-aminophenyl)butyric acid with aromatic aldehydes (1) in 

methanol. Secondly, the intermediate compounds 5 and 6 were then obtained in good yields by 

addition reaction of 3 and 4 treated with diethyl phosphate, respectively. Finally, the target 

irinotecan derivatives 8-9 were prepared by the treatment of compounds 5 and 6 with DCC, 

DMAP, and irinotecan in dichloromethane at 30℃ for overnight. Moreover, all target compounds 

(8-9) were characterized by 1H and 13C NMR spectra as well as high resolution mass spectroscopy 

(HR-MS). The purity of all target compounds (8 and 9) were ≥95% as determined by HPLC with a 

Symmetry C18 column (4.6 × 250 mm, 5 µm) and the spectral data in the experimental section. 



2.2. In vitro cytotoxicity. 

The twenty novel irinotecan (Ir)-derivatives 8a-8j and 9a-9j were evaluated for in vitro 

anti-proliferative activity against five human cancer cells including A549 (lung), MCF-7 (breast), 

MG-63 (osteosarcoma), SK-OV-3 (ovarian) and SK-OV-3/CDDP (cisplatin resistance cells) using 

MTT assay with triplicate experiments. Ir and CDDP were served as positive drugs, and the 

screening results are shown in Table 1. From the results of the MTT assay, all twenty new target 

compounds (8a-8j and 9a-9j) showed efficient in vitro cytotoxic activity against the tested five 

human tumor cell lines, with IC50 values ranging from 0.92 to 16.08 µM, indicating that both the 

R1 and R2 groups into the benzene ring might influence the cytotoxic activity of the new 

Ir-derivatives. As shown in table 1, most of synthesized new compounds (e.g., 8b, 8f, 8g, 9b, 9e, 

9f, 9g and 9j) exhibited superior cytotoxic activity compared to the positive drug cisplatin against 

the five human cancer cell lines, and all compounds displayed better antitumor activities against 

SK-OV-3/CDDP cells than that of cisplatin, respectively. Moreover, all of the new compounds 

(except 8h, 8i and 9h) equivalent or superior antitumor activities compared to the reference drug Ir 

against the tested human cancer cells. Especially, among the newly synthesized title compounds, 

9b was the most potent compound against the five tested human cancer cells, with IC50 values 

ranging from 0.92 to 4.20 µM, respectively. Notably, 9b also showed greater anticancer activity 

against SK-OV-3/CDPP cells (IC50 = 1.39±1.02 µM) compared with the reference drugs Ir (IC50 = 

26.55±2.33) and cisplatin (37.45±1.09 µM), respectively. Interestingly, it was noted that all target 

compounds (except for 8c and 9b) displayed better antitumor activities against two human 

osteosarcoma cells MG-63 and U2OS than those compounds toward other human cancer cells 

such as A549 (lung), MCF-7 (breast), SK-OV-3 (ovarian) an SK-OV-3/CDDP cells, indicating 

these irinotecan (Ir)-derivatives have a selective toxicity for the MG-63 and U2OS cells. Therefore, 

these results seemed to indicate that introduction of functional fragment aminophosphonate ester 

in Ir could potentially obtain anticancer agents with bone-targeting ability. 

Structure-activity relationship (SAR) correlations were also identified for the synthesized new 

compounds. As shown in Table 1, compounds 8h and 8i, which contain –Cl and -Br (R1) into the 

para-position of the benzene ring, displayed relatively lower antiproliferative activity against four 

human cancer cells including A549, MCF-7, SK-OV-3 and SK-OV-3/CDDP cell lines. In contrast, 

moving the –Cl group from the meta-position to the para-position (R2) significantly increased the 



anti-proliferative activity. The similar results were also observed in compounds 9a-9j. Moreover, 

when the group was fixed as –OCH3, -F, into the benzene ring of para-position (R2) or 

meta-position (R1), such as compounds 8b, 8c, 8e, 8g, 8j and 9b, 9c, 9e, 9g and 9j, caused a 

significant increase in anti-proliferative efficacy compared to 8a and 9a. More importantly, the 

similar results were also observed in compounds 9a-9j. Moreover, compounds 8a-8j and 9a-9j, 

had different in the carbon chain length, exhibited different cytotoxic activity toward to human 

cancer cells. As shown in Table 1, target compounds 9a-9j exhibited better anticancer activities 

against five human cancer cells than that of compounds 8a-8j, indicating increase of the carbon 

chain length could increase the antitumor activity of the compound. Taken together, these findings 

suggested that introduction of electron-donating group (such as -OCH3 group) or strong electron 

withdrawing groups (such as -F group) into the benzene ring of para-position or meta-position, 

and then an increase of the carbon chain length, might be obtained the best results. 

2.3. HPLC Analyses on the stability of compound 9b. 

The stability of compound 9b dissolved in PBS (pH 7.4) with or without 10% FBS examined 

by HPLC technique at different time, and the corresponding chromatograms were shown in Fig. 

S1. As shown in Fig. S1, it was observed that 9b kept unchangeable in a period of 24 h, indicating 

that the designed compound 9b was stable under the tested conditions. 

2.4. Antitumor effect of compound 9b in vivo. 

Compound 9b was chosen to investigate the in vivo anticancer efficacy owing to its excellent 

antitumor activity against the tested human cancer cell lines. SK-OV-3 tumor-bearing BALB/c 

nude mice were used as the animal mode and intravenously injected with free irinotecan (Ir) and 

compound 9b, respectively. As shown in Fig.2 B and D, the growth of SK-OV-3 tumor xenograft 

was significantly suppressed by 47.7% and 56.8% (IRT, inhibition rate of tumor growth) after 

treatment groups were injected with 9b at two doses (10 and 20 (mg/kg)/7days) for three weeks in 

the SK-OV-3 tumor model, respectively. Interestingly, 9b exhibited better antitumor activity (IRT 

= 56.8%) than the reference drug Ir (IRT = 53.5%), as evidenced by changes in the weight of the 

mice after intravenously injected with 9b (20 mg/kg, equal weighting dose to Ir) over the course 

of treatment. More importantly, it was noted that conjugation of Ir with aminophosphonate ester 

species not only improved therapeutic effects, but also reduced the toxicity of Ir as evidenced by 

the inhibition of tumor growth (Fig.2 B and D) and less decline of body weight than the reference 



drug Ir (Fig.2 C). Furthermore, the toxicity was further evaluated by histological images in major 

organs (liver, heart, lung, kidney and spleen) through H&E staining. As shown in the Fig.3, H&E 

staining of the organs collected at the end of the study also indicated no observable major 

organ-related toxicities. Therefore, these results demonstrated that 9b was efficacious in inhibiting 

the growth of SK-OV-3 tumor xenograft in vivo and deserved further evaluation. 

2.5. Anticancer mechanism of compound 9b. 

2.5.1 Topo I inhibitory activity. 

To further investigate the mechanism by which our synthetic compound 9b inhibited Top I and 

thereby caused cytotoxicity, the effect of 9b on Top I activity was detected by measuring the 

relaxation of supercoiled DNA of plasmid pBR322, and the Ir was served as positive drug. As 

shown in Fig.4, the supercoiled form (lower bands) increased after treatment with 9b at the 

indicated concentrations, indicating the Topo I inhibitory activity of 9b, and the positive drug Ir 

(100 and 150 µM) was found to inhibit Topo I activity as expected. Notably, it was noted that 9b 

inhibited Topo I activity in this cell-free assay in a concentration-dependent manner, and similar 

to Ir (Fig.4). Thus, these results indicated that 9b may be a new class of Topo I inhibitor. 

2.5.2 Induction of apoptosis. 

To further study the anticancer ability of compound 9b, cell apoptosis investigation was 

carried out, and the SK-OV-3 cells was used the FITC-Annexin V/propidium iodide (PI) stain, 

with Ir as positive control. The untreated cells were used as control. As shown in Fig.5, the flow 

cytometry analysis results showed that the ratio of apoptosis cells was 12.02% (including the early 

and late apoptosis) induced by Ir. Notably, after treatment with 5.0 or 10 µM of 9b for 24 h, the 

percentage of apoptosis cells (including the early and late apoptosis) is increased from 21.11% to 

32.27%, respectively. Interestingly, the apoptosis rate of 9b was significantly greater than that of Ir 

in early apoptosis under the same concentrations (6.24% vs 25.47%). In shorts, these results 

suggested that 9b triggered SK-OV-3 cells death through apoptotic pathway.  

2.5.3 Cell morphological evaluation. 

The ability of compound 9b to induce apoptosis was further evaluated by analyzing the cell 

morphology of the exposed SK-OV-3 cells. Thus, the cells were stained with Calcine AM and 

propidium iodide (PI) to mark living (green) and apoptotic (red) cells (including the early and late 

apoptosis), respectively. As shown in Fig.6, for the control group, vast majority of cells is alive. It 



was noted that most of cells incubated with compound 9b were killed in the group, in comparison, 

the cells in Ir group are only a few killed after incubation. Overall, these results further 

demonstrated that compound 9b significantly induced apoptosis in SK-OV-3 cells. 

2.5.4. 9b inhibited the migration of SK-OV-3 cells in vitro. 

The effect of 9b on cell migration, which was a major mechanism involved in tumor invasion 

and migration, was also examined through scratching a SK-OV-3 cells monolayer and monitoring 

the percentage of wound closure. As illustrated in Fig. 7, the wounds of SK-OV-3 cells exhibited 

56.9% closure in the absence of drug treatment after 24 h. In comparison to the control group, the 

wounds of cells exhibited 51.2% closure after incubation of Ir at 10 µM for 24 h (Fig. 7). 

Interestingly, the wounds of SK-OV-3 cells exhibited 48.9% and 42.8% after incubation of 9b at 

5.0 and 10 µM for 24 h compared to control cells, respectively (Fig. 7). In shorts, these results 

indicated that 9b remarkably attenuated the migration of SK-OV-3 cells. 

2.5.5 Cell cycle analysis.  

We also investigated the effect of compound 9b on cell cycle by measuring DNA content via 

a flow cytometry. As shown in Fig. 8, in comparison to the control group, the cell cycle was 

obviously changed after incubation with 9b at 5.0 and 10 µM: the percentage of S stage increases 

to 27.86% and 41.40%, respectively. In addition, cells treated with Ir at 10 µM exhibit a similar 

cell cycle to that of the 9b group cells (Fig. 8). In shorts, these results clearly suggested that 9b 

caused arrest in the S stage in SK-OV-3 cells. 

2.5.6 9b triggered mitochondrial pathway dependent apoptosis. 

Several studies demonstrated that mitochondria play an important role in controlling cellular 

functions, and mitochondrial dysfunction usually triggered cell apoptosis [36, 37]. Here, in order 

to further examine whether 9b induced SK-OV-3 cells apoptosis was involved in a disruption of 

mitochondrial membrane integrity, thus, the fluorescent probe JC-1 was used to detect the 

mitochondrial membrane potential (MMP) using flow cytometry analysis. As shown in Fig. 9, the 

MMP level in SK-OV-3 cells was decreased to 81.99% than that of control cells (97.87%) after 

incubation of Ir at 10 µM for 24 h. Interestingly, in comparison of control cells, the MMP level in 

SK-OV-3 cells was decreased to 80.86% and 61.59% after incubation of 9b at 5.0 and 10 µM for 

24 h, respectively (Fig. 9). These results indicated that cells incubation of 9b triggered a decrease 

the MMP level in a concentration-dependent manner, which indicated the activation of 



mitochondria mediated apoptosis. 

2.5.7 9b triggered reactive oxygen species (ROS) generation. 

Increasing evidence demonstrated that intracellular reactive oxygen species (ROS) generation 

was closely connected with apoptosis [38-40]. Here, intracellular ROS level was therefore 

investigated by 2′, 7′-dichlorofluoresceindiacetate (DCFH-DA) in the presence or absence of 9b. 

As shown in Fig. 10, the production of ROS level was increased to 21.58% than that of control 

group cells (2.63%) after incubation of Ir at 10 µM for 24 h. Interestingly, in comparison of 

control group cells, 9b induced the production of ROS level in a dose-dependent manner, and the 

production of ROS level in SK-OV-3 cells was increased to 28.27% and 37.49%, respectively (Fig. 

10). Notably, after cells exposure to 10 µM of 9b, the production of ROS level was almost twice 

compared to positive drug Ir (21.58% vs 37.49%). All in all, these results suggested that ROS may 

mediate cell apoptosis in the presence of 9b. 

2.5.8 9b regulates the expression of apoptosis-related proteins. 

The above results suggested that 9b induced cell apoptosis was closely connected with 

mitochondrial pathway. Bcl-2 family proteins play an important role in mitochondrial 

stress-induced cellular apoptosis [41, 42]. Thus, the expression of apoptosis-related proteins (such 

as Bcl-2 and Bax) was also investigated using western blot assay. First, SK-OV-3 cells were 

incubated with 9b (5.0 and 10 µM) and Ir (10 µM) for 24 h, and the untreated SK-OV-3 cells were 

served as negative control, and cells treated with Ir (10 µM) were used as positive control. As 

shown in Fig. 11, 9b markedly up-regulated the expression of Bax protein (pro-apoptotic protein) 

and correspondingly down-regulated the expression of Bcl-2 protein (anti-apoptotic protein) in 

comparison of untreated control cells. Moreover, many studies indicated that caspase-3 and -9 has 

been regarded as an important effector of cell apoptosis and confirmed as being activated in 

response to anticancer agents [43, 44]. Thus, to further evaluate if the caspase-3 and -9 was 

activated by compound 9b, the western blot analysis was used to evaluate the expression of 

caspase-3 and -9 proteins. The western blot results suggested that the expression of caspase-3 and 

-9 proteins were clearly increased by 9b or Ir compared to untreated control cells (Fig. 11). 

Notably, the above results clearly suggested that although Bax, Bcl-2, caspase-3 and -9 could be 

activated by Ir, whereas the 9b was the most significant one to promote the activation of these 

proteins. 



3. Conclusion 

In summary, a novel series of aminophosphonates derivatives conjugated irinotecan were 

designed and synthesized, and also evaluated for anti-proliferative activity by MTT assay. The in 

vitro assays revealed that all twenty new target compounds (8a-8j and 9a-9j) exhibited 

comparable or superior cytotoxic activity compared to the reference drug irinotecan. Especially, 

most of the synthesized new compounds were far more potent than reference drugs irinotecan and 

cisplatin against SK-OV-3/CDDP cells. Moreover, the in vitro assay results indicated that the 

electron-donating group (such as -OCH3 group) or strong electron withdrawing group (such as -F 

group) into the benzene ring of para-position or meta-position and then an increase of the carbon 

chain length (e.g., 9b, 9c, 9e, 9g and 9j), exhibited much improved potency in comparison to other 

analogues in this series. Among them, 9b, the most potent compound, exhibited a 5.4~19.1-fold 

increase in activity when compare with anticancer drug irinotecan, with IC50 values of 0.92-3.23 

µM against five human cancer cells, respectively. Furthermore, 9b significantly caused cell cycle 

arrest at the S stage and induced apoptosis in SK-OV-3 cells through mitochondrial-dependent 

apoptosis pathway. Moreover, most of target compounds (8 and 9) displayed better antitumor 

activities against two human osteosarcoma cells MG-63 and U2OS than those compounds toward 

to other four human cancer cells, suggesting these compounds were promisingly bone-targeting 

agents. More importantly, 9b significantly inhibited tumor growth in mouse xenograft models and 

had no observable toxic effect. Upon the significant antitumor efficacy both in vitro and in vivo, 

further development of 9b-related compounds as potential anticancer clinical trial candidates was 

definitely warranted. Furthermore, the pharmacokinetic profile of compound 9b still need to be 

improved and its therapeutic advantages over the reference drug irinotecan remain to be further 

evaluated.  

4. Experimental section 

All chemicals and solvents were analytical reagent grade and commercially available, and used 

without further purification. Column chromatography was performed using silica gel (200–300 

mesh). Mass spectra were measured on a Thermo Scientific LC/MS instrument. 1H NMR and 13C 

NMR spectra were recorded in CDCl3 or DMSO-d6 with a Bruker 400 or 600 MHz NMR 

spectrometer.  

4.1. General procedure for the preparation of compounds 8a-8j and 9a-9j. 



Synthesis of compounds 5a and 6a [25, 35]. To solution of benzaldehyde (1, 1.17 g, 11.0 

mmol) and 4-(4-aminophenyl) acetic acid (2, 1.51 g, 10.0 mmol) or 4-(4-aminophenyl) butyric 

acid (3, 1.79 g, 10.0 mmol) in dry methanol (50 mL), and added some anhydrous Na2SO4 (284 mg, 

2.0 mmol) in reaction, and then the mixture was stirred and refluxed for overnight. After 

completion, the solvent was removed under reduced pressure to obtain the intermediated 3 or 4, to 

which was added diethyl phosphite (8 mL), and the mixture was stirred at 50 °C for 2~3 h. After 

completion of reaction, the reaction mixture was diluted with dichloromethane (200 mL), and 

washed three times with water (3 × 300 mL). The organic phase was dried over anhydrous Na2SO4 

and concentrated under vacuum. The residue was purified on silica gel column, eluting with 

CH3OH/CH2Cl2 = 1:100, 1:80) to obtain the desire 5a (2.8 g, yield 70.89%) or 6a (3.2 g, yield 

76.4%) as a white solid.  

Compound 5a. 1H NMR (600 MHz, DMSO-d6) δ 12.10 (s, 1H), 7.52 (d, J = 7.6 Hz, 2H), 

7.31 (t, J = 7.6 Hz, 2H), 7.23 (t, J = 7.2 Hz, 1H), 6.89 (d, J = 8.4 Hz, 2H), 6.73 (d, J = 8.5 Hz, 2H), 

6.30 – 6.27 (m, 1H), 5.04 – 4.98 (m, 1H), 4.08 – 4.02 (m, 2H), 3.91 – 3.87 (m, 1H), 3.73 – 3.68 (m, 

1H), 3.31 (s, 2H), 1.19 (t, J = 7.0 Hz, 3H), 1.04 (t, J = 7.0 Hz, 3H). 13C NMR (150 MHz, 

DMSO-d6) δ 173.70, 146.36, 146.28, 137.41, 130.02, 128.80, 128.42, 127.82, 123.56, 113.87, 

62.97, 62.67, 54.94, 53.93, 16.81, 16.54. 

Compound 6a. 1H NMR (400 MHz, DMSO-d6) δ 11.97 (s, 1H), 7.52 (d, J = 7.1 Hz, 2H), 

7.31 (t, J = 7.3 Hz, 2H), 7.24 – 7.21 (m, 1H), 6.83 (d, J = 8.1 Hz, 2H), 6.71 (d, J = 8.1 Hz, 2H), 

6.27 – 6.05 (m, 1H), 5.02 – 4.93 (m, 1H), 4.16 – 4.03 (m, 2H), 3.92 – 3.84 (m, 1H), 3.75 – 3.67 (m, 

1H), 2.37 (t, J = 7.3 Hz, 2H), 2.14 (t, J = 7.2 Hz, 2H), 1.71– 1.64 (m, 2H), 1.18 (t, J = 7.0 Hz, 3H), 

1.04 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 174.81, 145.77, 145.62, 137.53, 

130.22, 128.99, 128.83, 128.42, 127.81, 114.07, 62.95, 62.66, 55.41, 53.90, 34.01, 33.54, 27.07, 

16.79, 16.53. 

General synthesis of compounds 8a-8j and 9a-9j. To a solution of 5 or 6 (1.0 equiv), DCC 

(1.5 equiv), and DMAP (0.2 equiv) in dry CH2Cl2 (4 mL), Ir (44 mg, 0.071 mmol, 0.2 equiv) was 

added in portions, and the mixture was stirred at 30 ℃ for overnight. After completion, the 

reaction mixture was filtered to remove white solids (dicyclohexylurea) and the filtrate was 

concentrated under vacuum. Then, the residue was purified on silica gel column, eluting with a 

mixing solvent (CH3OH/CH2Cl2 = 1:80, 1: 60, 1:40, 1:30) to obtain the desired compounds 8a-8j 



and 9a-9j as a yellow solid. The resulting compounds were confirmed by 1H NMR, 13C NMR, and 

HR-MS spectra.  

Compound 8a. 45 mg, yield: 67.2%. 1H NMR (600 MHz, CDCl3) δ 8.26 – 8.23 (m, 1H), 7.87 

(d, J = 2.2 Hz, 1H), 7.65 – 7.62 (m, 1H), 7.41 (t, J = 7.8 Hz, 2H), 7.28 – 7.22 (m, 3H), 7.12 (d, J = 

3.7 Hz, 1H), 7.02– 6.99 (m, 2H), 6.55– 6.52 (m, 2H), 5.63 (d, J = 17.2 Hz, 1H), 5.39 (d, J = 17.2 

Hz, 1H), 5.23 (d, J = 4.2 Hz, 2H), 4.82– 4.66 (m, 2H), 4.52– 4.40 (m, 2H), 4.12 – 4.05 (m, 2H), 

3.94 – 3.89 (m, 1H), 3.70 – 3.61 (m, 3H), 3.19– 3.07 (m, 3H), 2.96 – 2.77 (m, 5H), 2.31 – 2.24 (m, 

1H), 2.17 – 2.07 (m, 3H), 1.88 – 1.69 (m, 6H), 1.55 (s, 2H), 1.41 (t, J = 7.7 Hz, 3H), 1.26 (t, J = 

7.3 Hz, 3H), 1.11 – 1.07 (m, 3H), 0.94 – 0.91 (m, 3H). 13C NMR (150 MHz, CDCl3) δ 171.23, 

167.52, 157.32, 153.05, 151.52, 150.30, 147.14, 146.75, 145.70, 145.46, 145.32, 135.67, 131.66, 

130.18, 128.55, 127.92, 127.81, 127.78, 127.52, 127.08, 125.94, 122.39, 120.12, 114.65, 114.04, 

95.89, 75.99, 67.14, 63.34, 63.30, 63.23, 62.70, 56.47, 55.47, 50.17, 49.24, 44.10, 43.75, 39.53, 

31.84, 29.70, 27.71, 26.96, 25.13, 23.93, 23.18, 16.75, 16.43, 16.19, 14.04, 7.52. HR-MS (m/z) 

(ESI): calcd for C52H60N5O10P [M+H]+ : 946.4156; found: 946.4123. Purity: 98.00% (by HPLC), 

tR = 17.897 min. 

Compound 8b. 50 mg, yield: 73.5%. 1H NMR (600 MHz, CDCl3) δ 8.21 (d, J = 9.2 Hz, 1H), 

7.84 (d, J = 2.3 Hz, 1H), 7.60 (d, J = 9.2 Hz, 1H), 7.38 – 7.32 (m, 2H), 7.09 (d, J = 2.4 Hz, 1H), 

7.00 – 6.92 (m, 2H), 6.94 (t, J = 8.5 Hz, 2H), 6.50 – 6.47 (m, 2H), 5.60 (d, J = 17.2 Hz, 1H), 5.37 

(d, J = 17.2 Hz, 1H), 5.20 (d, J = 4.6 Hz, 2H), 4.74 – 4.60 (m, 2H), 4.48 – 4.36 (m, 2H), 4.11 – 

4.00 (m, 2H), 3.95 – 3.88 (m, 1H), 3.73 – 3.67 (m, 1H), 3.64 – 3.59 (m, 2H), 3.16 – 3.07 (m, 3H), 

2.93 – 2.71 (m, 6H), 2.30 – 2.21 (m, 1H), 2.14 – 2.01 (m, 3H), 1.83 – 1.60 (s, 6H), 1.57 – 1.46 (s, 

2H), 1.38 (t, J = 7.7 Hz, 3H), 1.24 (d, J = 6.6 Hz, 3H), 1.12 – 1.08 (m, 3H), 0.93 – 0.88 (m, 3H). 

13C NMR (150 MHz, CDCl3) δ 171.20, 167.52, 163.19, 161.54, 157.33, 153.06, 151.51, 150.33, 

147.12, 146.74, 145.70, 145.36, 145.26, 145.16, 131.61, 131.46, 130.23, 129.40, 129.35, 129.32, 

127.53, 127.09, 125.96, 122.64, 120.10, 115.58, 115.45, 114.65, 114.04, 95.88, 76.03, 67.14, 

63.42, 63.33, 63.29, 62.57, 55.78, 54.78, 50.14, 49.25, 44.17, 43.82, 39.53, 31.83, 29.70, 27.79, 

27.04, 25.31, 24.06, 23.18, 16.43, 16.23, 14.03, 7.52. HR-MS (m/z) (ESI): calcd for 

C52H59FN5O10P [M+H]+ : 964.4062; found: 964.4023. Purity: 96.05% (by HPLC), tR = 9.657 min. 

Compound 8c. 49 mg, yield: 70.5%. 1H NMR (600 MHz, CDCl3) δ 8.21 (d, J = 9.2 Hz, 1H), 

7.84 (d, J = 2.4 Hz, 1H), 7.60 (d, J = 9.2 Hz, 1H), 7.34 – 7.29 (m, 2H), 7.22 – 7.18 (m, 2H), 7.09 



(d, J = 4.1 Hz, 1H), 7.01 – 6.97 (m, 2H), 6.49 – 6.46 (m, 2H), 5.60 (d, J = 17.2 Hz, 1H), 5.37 (d, J 

= 17.2 Hz, 1H), 5.20 (d, J = 4.1 Hz, 2H), 4.70 – 4.70 (m, 1H), 4.68 – 4.60 (m, 1H), 4.52 – 4.41 (m, 

2H), 4.10 – 4.03 (m, 2H), 3.97 – 3.91 (m, 1H), 3.73 (d, J = 8.5 Hz, 1H), 3.62 – 3.59 (t, J = 11.4 Hz, 

2H), 3.17 – 3.11 (m, 3H), 2.99 – 2.88 (m, 5H), 2.30 – 2.22 (m, 2H), 2.15 – 2.08 (m, 2H), 1.90 – 

1.78 (m, 6H), 1.62 – 1.54 (m, 2H), 1.38 (t, J = 7.6 Hz, 3H), 1.27 – 1.21 (m, 3H), 1.13 – 1.09 (m, 

3H), 0.93 – 0.88 (m, 3H). 13C NMR (150 MHz, CDCl3) δ 171.18, 167.51, 157.32, 152.98, 151.58, 

150.19, 147.16, 146.73, 145.70, 145.38, 145.19, 145.09, 134.40, 133.65, 131.66, 130.25, 129.10, 

128.74, 127.51, 127.13, 125.87, 122.72, 120.12, 114.71, 114.06, 95.88, 79.04, 76.04, 67.14, 63.47, 

63.39, 63.35, 62.97, 55.94, 54.94, 50.05, 49.25, 43.47, 39.55, 33.17, 31.82, 29.70, 27.21, 26.40, 

24.22, 23.20, 22.70, 16.44, 16.25, 14.05, 7.53. HR-MS (m/z) (ESI): calcd for C52H59ClN5O10P 

[M+H] + : 980.3766; found: 980.3738. Purity: 97.28% (by HPLC), tR = 7.396 min. 

Compound 8d. 56 mg, yield: 76.7%. 1H NMR (600 MHz, CDCl3) δ 8.53 (d, J = 9.1 Hz, 1H), 

8.16 (s, 1H), 7.91 (t, J = 15.9 Hz, 1H), 7.69 – 7.67 (m, 2H), 7.60 – 7.55 (m, 2H), 7.41 (d, J = 8.3 

Hz, 1H), 7.31 (t, J = 8.5 Hz, 2H), 6.82 – 6.79 (m, 2H), 5.93 (d, J = 17.0 Hz, 1H), 5.69 (d, J = 16.9 

Hz, 1H), 5.51 (d, J = 6.6 Hz, 2H), 5.10 – 5.08 (m, 1H), 5.00 – 4.93 (m, 1H), 4.86 – 4.77 (m, 2H), 

4.43 – 4.33 (m, 2H), 4.28 – 4.21 (m, 1H), 4.08 – 4.00 (m, 1H), 3.98– 3.93 (m, 2H), 3.66– 3.54 (s, 

1H), 3.46 – 3.43 (m, 5H), 3.29 – 3.25 (m, 2H), 2.76 (d, J = 7.3 Hz, 1H), 2.60 – 2.54 (m, 2H), 2.45 

– 2.41 (m, 5H), 2.28 – 2.18 (m, 2H), 1.97 (s, 2H), 1.69 (t, J = 7.2 Hz, 3H), 1.57 – 1.54 (m, 3H), 

1.46 – 1.41 (m, 3H), 1.23 (t, J = 9.3 Hz, 3H).13C NMR (150 MHz, CDCl3) δ 171.17, 167.51, 

157.31, 152.89, 151.62, 150.07, 147.17, 146.75, 145.73, 145.40, 145.21, 145.12, 135.00, 131.66, 

130.24, 129.46, 127.49, 127.16, 125.76, 122.74, 121.82, 120.02, 114.75, 114.07, 95.85, 76.05, 

67.10, 63.46, 63.40, 63.36, 56.01, 55.02, 53.50, 50.05, 49.25, 43.44, 43.05, 39.52, 31.77, 29.68, 

26.61, 25.78, 23.18, 23.07, 22.60, 16.43, 16.25, 14.05, 7.53. HR-MS (m/z) (ESI): calcd for 

C52H59BrN5O10P [M+H]+ : 1024.3261; found: 1024.3236. Purity: 99.09% (by HPLC), tR = 7.386 

min. 

Compound 8e. 44 mg, yield: 63.8%. 1H NMR (600 MHz, CDCl3) δ 8.22 (d, J = 13.0 Hz, 1H), 

7.84 (s, 1H), 7.58 (d, J = 9.0 Hz, 1H), 7.30 – 7.28 (m, 2H), 7.08 (d, J = 5.8 Hz, 1H), 6.99 – 6.96 

(m, 2H), 6.78 (d, J = 7.8 Hz, 2H), 6.51 – 6.49 (m, 2H), 5.60 (d, J = 17.2 Hz, 1H), 5.36 (d, J = 17.2 

Hz, 1H), 5.19 (d, J = 2.6 Hz, 2H), 4.74 – 4.61 (m, 2H), 4.58 – 4.45 (m, 2H), 4.10 – 4.00 (m, 2H), 

3.92 – 3.85 (m, 1H), 3.72 (s, 3H), 3.65 – 3.58 (m, 3H), 3.21 – 2.92 (m, 8H), 2.43 (d, J = 9.4 Hz, 



1H), 2.29 – 2.22 (m, 2H), 2.13 – 2.08 (m, 5H), 1.95 – 1.80 (m, 2H), 1.71 – 1.57 (m, 2H), 1.37 (t, J 

= 7.6 Hz, 3H), 1.24 – 1.20 (m, 3H), 1.11 – 1.06 (m, 3H), 0.93 – 0.88 (m, 3H). 13C NMR (150 MHz, 

CDCl3) δ 171.25, 167.52, 159.23, 157.31, 152.90, 151.62, 150.04, 147.17, 146.72, 145.76, 145.53, 

145.40, 131.75, 130.15, 128.94, 128.90, 127.48, 127.13, 125.77, 122.32, 120.09, 114.75, 114.03, 

95.92, 76.01, 67.11, 63.44, 63.32, 63.27, 55.76, 55.23, 54.75, 50.02, 49.25, 43.45, 43.06, 39.55, 

31.80, 29.69, 26.62, 25.76, 23.18, 23.09, 22.65, 16.45, 16.26, 14.06, 7.53. HR-MS (m/z) (ESI): 

calcd for C53H62N5O11P [M+H]+ : 976.4262; found: 976.4224. Purity: 98.49% (by HPLC), tR = 

9.233 min. 

Compound 8f. 39 mg, yield: 57.4%. 1H NMR (600 MHz, CDCl3) δ 8.21 (d, J = 9.1 Hz, 1H), 

7.83 (d, J = 2.4 Hz, 1H), 7.60 (d, J = 9.1 Hz, 1H), 7.30 – 7.23 (m, 2H), 7.10 (d, J = 5.8 Hz, 1H), 

7.06 – 7.04 (m, 2H), 6.98 – 6.95 (m, 2H), 6.51 – 6.49 (m, 2H), 5.60 (d, J = 17.0 Hz, 1H), 5.37 (d, 

J = 17.2 Hz, 1H), 5.20 (d, J = 8.9 Hz, 2H), 4.76 – 4.73 (m, 1H), 4.68 – 4.61 (m, 1H), 4.47 (d, J = 

12.6 Hz, 1H), 4.37 (d, J = 12.5 Hz, 1H), 4.11 – 4.00 (m, 2H), 3.93 – 3.85(m, 1H), 3.67 – 3.58 (m, 

3H), 3.15 – 3.11 (m, 1H), 3.09 – 3.05 (m, 1H), 2.92 – 2.86 (m, 1H), 2.81 – 2.59 (m, 5H), 2.29 – 

2.27 (m, 1H), 2.25 (s, 3H), 2.14 – 2.10 (m, 2H), 2.02 (d, J = 9.7 Hz, 1H), 1.74 – 1.62 (m, 6H), 

1.56 – 1.46 (m, 2H), 1.37 (t, J = 7.6 Hz, 3H), 1.24 – 1.2 (m, 3H), 1.09 – 1.06 (m, 3H), 0.92 – 0.88 

(m, 3H). 13C NMR (150 MHz, CDCl3) δ 171.24, 167.52, 157.33, 153.07, 150.34, 147.14, 146.74, 

145.68, 145.52, 145.30, 137.59, 132.48, 131.66, 130.15, 129.29, 127.66, 127.52, 127.08, 125.96, 

122.31, 120.14, 114.63, 114.07, 95.91, 75.98, 67.15, 63.30, 63.25, 63.22, 62.59, 56.17, 55.16, 

50.18, 49.25, 44.19, 43.85, 39.54, 31.85, 29.70, 27.84, 27.10, 25.38, 24.11, 23.18, 16.45, 16.23, 

14.04 (s), 7.52 (s). HR-MS (m/z) (ESI): calcd for C53H62N5O10P [M+H]+ : 960.4313; found: 

960.4284. Purity: 98.53% (by HPLC), tR = 9.220 min. 

Compound 8g. 41 mg, yield: 60.3%. 1H NMR (400 MHz, CDCl3) δ 8.20 (d, J = 9.2 Hz, 1H), 

7.83 (d, J = 1.9 Hz, 1H), 7.57 (d, J = 8.7 Hz, 1H), 7.22 – 7.14 (m, ,2H), 7.12 – 7.05 (m, 2H), 7.00 

– 6.97 (m, 2H), 6.91 – 6.85 (m, 1H), 6.49 (d, J = 6.9 Hz, 2H), 5.59 (d, J = 17.1 Hz, 1H), 5.35 (d, J 

= 17.2 Hz, 1H), 5.18 (d, J = 2.4 Hz, 2H), 4.79 – 4.75 (m, 1H), 4.71 – 4.61 (m, 1H), 4.54 – 4.45 (m, 

2H), 4.10 – 4.01 (m, 2H), 3.96 – 3.88 (m, 1H), 3.75 – 3.68 (m, 1H), 3.67 – 3.59 (m, 2H), 3.29 – 

3.23 (m, 1H), 3.14 – 3.09 (m, 5H), 2.95 – 2.90 (m, 2H), 2.45 (d, J = 8.8 Hz, 1H), 2.28 – 2.21 (m, 

2H), 2.13 – 1.86 (m, 7H), 1.75 – 1.54 (m, 2H), 1.36 (t, J = 7.6 Hz, 3H), 1.23 – 1.20 (m, 3H), 1.11 

– 1.07 (m, 3H), 0.92 – 0.87 (m, 3H). 13C NMR (150 MHz, CDCl3) δ 171.22, 167.52, 163.68, 



162.07, 157.31, 152.89, 151.60, 150.02, 147.15, 146.73, 145.75, 145.42, 145.24, 145.14, 138.66, 

131.69, 130.24, 130.09, 127.48, 127.14, 125.76, 123.50, 122.68, 120.02, 114.99, 114.77, 114.59, 

113.99, 95.91, 76.05, 67.10, 63.51, 63.44, 63.40, 56.15, 55.12, 50.03, 49.26, 43.39, 43.00, 39.54, 

31.78, 29.69, 26.53, 25.66, 23.17, 22.93, 22.53, 16.41, 16.20, 14.05, 7.53. HR-MS (m/z) (ESI): 

calcd for C52H59FN5O10P [M+H]+ : 964.4062; found: 964.4030. Purity: 98.56% (by HPLC), tR = 

8.000 min. 

Compound 8h. 47 mg, yield: 69.5%. 1H NMR (400 MHz, CDCl3) δ 8.20 (d, J = 9.2 Hz, 1H), 

7.83 (d, J = 2.1 Hz, 1H), 7.57 (d, J = 8.9 Hz, 1H), 7.33 – 7.28 (m, J = 16.5, 5.3 Hz, 2H), 7.21 – 

7.18 (m, 2H), 7.07 (d, J = 4.5 Hz, 1H), 7.00 – 6.96 (m, 2H), 6.49 – 6.46 (m, 2H), 5.59 (d, J = 17.1 

Hz, 1H), 5.35 (d, J = 17.2 Hz, 1H), 5.18 (d, J = 2.8 Hz, 2H), 4.76 – 4.72 (m, 1H), 4.69 – 4.59 (m, 

1H), 4.54 – 4.44 (m, 2H), 4.08 – 4.00 (m, 2H), 3.96 – 3.87 (m, 1H), 3.77 – 3.69 (m, 1H), 3.64 – 

3.59 (m, 2H), 3.25 – 3.20 (m, 1H), 3.13 – 3.09 (m, 5H), 2.96 – 2.86 (m, 2H), 2.43 (d, J = 7.6 Hz, 

1H), 2.28 – 2.19 (m, 2H), 2.14 – 2.07 (m, 7H), 1.72 – 1.53 (m, 2H), 1.36 (t, J = 7.4 Hz, 3H), 1.24 

– 1.20 (m, 3H), 1.12– 1.08 (m, 3H), 0.91 – 0.85 (m, 3H). 13C NMR (150 MHz, CDCl3) δ 171.19, 

167.50, 157.31, 152.89, 151.61, 150.04, 147.16, 146.71, 145.75, 145.42, 145.21, 145.11, 134.40, 

133.63, 131.70, 130.24, 129.11, 128.73, 127.49, 127.14, 125.76, 122.70, 120.03, 114.76, 114.05, 

95.89, 76.05, 67.10, 63.46, 63.40, 63.36, 55.92, 54.92, 50.03, 49.25, 43.33, 43.05, 39.55, 31.78, 

29.69, 26.60, 25.75, 23.18, 23.05, 22.62, 16.43, 16.25, 14.06, 7.53. HR-MS (m/z) (ESI): calcd for 

C52H59ClN5O10P [M+H]+ : 980.3766; found: 980.3740. Purity: 96.91% (by HPLC), tR = 8.832 min. 

Compound 8i. 52 mg, yield: 74.3%. 1H NMR (400 MHz, CDCl3) δ 8.21 (d, J = 9.2 Hz, 1H), 

7.84 (d, J = 2.4 Hz, 1H), 7.62 – 7.57 (m, 1H), 7.56 – 7.50 (m, 1H), 7.41 – 7.30 (m, 2H), 7.19 – 

7.09 (m, 2H), 7.02 – 6.98 (m, 2H), 6.50 – 6.47 (m, 2H), 5.61 (d, J = 17.2 Hz, 1H), 5.37 (d, J = 

17.2 Hz, 1H), 5.20 (d, J = 4.2 Hz, 2H), 4.77 – 4.71 (m, 1H), 4.68 – 4.60 (m, 1H), 4.48 (d, J = 12.4 

Hz, 1H), 4.39 (d, J = 12.9 Hz, 1H), 4.12 – 4.03 (m, 2H), 3.97 – 3.90 (m, 1H), 3.76 – 3.60 (m, 3H), 

3.15 – 3.05 (m, 3H), 2.94 – 2.74 (m, 5H), 2.30 – 2.20 (m, 1H), 2.14 – 2.01 (m, 3H), 1.93 – 1.78 (m, 

6H), 1.65 – 1.53 (m, 2H), 1.38 (t, J = 7.7 Hz, 3H), 1.27 – 1.22 (m, 3H), 1.13 – 1.09 (m, 3H), 0.93 

– 0.89 (m, 3H). 13C NMR (150 MHz, CDCl3) δ 171.19, 167.50, 157.33, 153.05, 151.53, 150.31, 

147.14, 146.75, 145.70, 145.33, 145.15, 145.10, 138.41, 131.60, 131.07, 130.73, 130.28, 130.14, 

127.53, 127.08, 126.35, 125.95, 122.76, 122.66, 120.13, 114.66, 113.99, 95.89, 76.03, 67.15, 

63.52, 63.48, 63.43, 62.70, 56.10, 55.11, 50.19, 49.25, 44.12, 43.77, 39.52, 31.84, 29.70, 27.74, 



26.98, 25.17, 23.97, 23.19, 16.42, 16.20, 14.04, 7.53. HR-MS (m/z) (ESI): calcd for 

C52H59BrN5O10P [M+H]+ : 1024.3261; found: 1024.3223. Purity: 96.08% (by HPLC), tR = 9.972 

min. 

Compound 8j. 40 mg, yield: 57.8%. 1H NMR (400 MHz, CDCl3) δ 8.24 (d, J = 9.2 Hz, 1H), 

7.85 (d, J = 2.1 Hz, 1H), 7.64 – 7.61 (m, 1H), 7.18 (t, J = 7.8 Hz, 1H), 7.11 (d, J = 3.1 Hz, 1H), 

7.01 – 6.96 (m, 4H), 6.82 – 6.74 (m, 1H), 6.54 – 6.52 (m, 2H), 5.62 (d, J = 17.2 Hz, 1H), 5.38 (d, 

J = 17.2 Hz, 1H), 5.22 (d, J = 3.4 Hz, 2H), 4.79 – 4.75 (m, 1H), 4.71 – 4.62 (m, 1H), 4.49 (d, J = 

12.5 Hz, 1H), 4.40 (d, J = 12.0 Hz, 1H), 4.13 – 4.04 (m, 2H), 3.94 – 3.89 (m, 1H), 3.74 (s, 3H), 

3.71 – 3.60 (m, 3H), 3.18 – 3.06 (m, 3H), 2.95 – 2.76 (m, 5H), 2.30 – 2.24 (m, 1H), 2.16 – 2.05 (m, 

3H), 1.92 – 1.70 (m, 6H), 1.60 – 1.48 (m, 2H), 1.39 (t, J = 7.5 Hz, 3H), 1.29 – 1.23 (m, 3H), 1.12 

– 1.08 (m, 3H), 0.95 – 0.91 (m, 3H). 13C NMR (150 MHz, CDCl3) δ 171.24, 167.53, 159.73, 

157.33, 153.05, 151.52, 150.30, 147.13, 146.75, 145.73, 145.51, 145.42, 145.33, 131.66, 130.18, 

129.54, 127.52, 127.09, 125.94, 122.42, 120.18, 114.64, 114.03, 113.49, 113.31, 95.90, 76.00, 

67.14, 63.40, 63.33, 63.29, 56.53, 55.53, 55.21, 50.18, 49.25, 44.09, 43.74, 39.53, 31.83, 29.70, 

27.70, 26.95, 25.11, 23.92, 23.18, 16.44, 16.22, 14.04, 7.52. HR-MS (m/z) (ESI): calcd for 

C53H62N5O11P [M+H]+ :976.4262; found: 976.4249. Purity: 95.98% (by HPLC), tR = 9.993 min. 

Compound 9a. 46 mg, yield: 66.7%. 1H NMR (600 MHz, CDCl3) δ 8.16 (d, J = 8.8 Hz, 1H), 

7.82 (d, J = 1.9 Hz, 1H), 7.58 – 7.56 (m, 1H), 7.43 (d, J = 7.1 Hz, 2H), 7.30 – 7.28 (m, 2H), 7.24 – 

7.20 (m, 1H), 7.14 (s, 1H), 6.90 (d, J = 8.2 Hz, 2H), 6.49 (d, J = 8.2 Hz, 2H), 5.65 (d, J = 17.0 Hz, 

1H), 5.39 (d, J = 17.0 Hz, 1H), 5.22 (d, J = 4.6 Hz, 2H), 4.74 – 4.68 (m, 2H), 4.48 (d, J = 12.7 Hz, 

1H), 4.38 (d, J = 12.7 Hz, 1H), 4.12 – 4.04 (m, 2H), 3.94 – 3.88 (m, 1H), 3.68 – 3.63 (m, 1H), 

3.15 – 3.05 (m, 3H), 2.92 – 2.74 (m, 5H), 2.48 (t, J = 10.3 Hz, 2H), 2.45 – 2.36 (m, 2H), 2.26 – 

2.19 (m, 1H), 2.12 – 2.04 (m, 3H), 1.87 – 1.82 (m, 2H), 1.78 – 1.68 (m, 6H), 1.57 – 1.47 (m, 2H), 

1.37 (t, J = 7.7 Hz, 3H), 1.26 – 1.24 (m, 3H), 1.09 (t, J = 7.0 Hz, 3H), 0.93 (t, J = 7.4 Hz, 3H). 13C 

NMR (150 MHz, CDCl3) δ 172.56, 167.64, 157.38, 153.04, 151.51, 150.29, 147.12, 146.75, 

146.03, 145.37, 144.51, 144.41, 135.92, 131.59, 131.00, 129.23, 128.58, 127.85, 127.53, 127.11, 

125.88, 120.01, 114.63, 113.95, 95.91, 75.69, 67.10, 63.33, 63.30, 63.25, 62.66, 56.69, 55.69, 

50.12, 49.28, 44.11, 43.75, 33.84, 32.97, 31.81, 29.70, 27.67, 26.91, 26.34, 25.07, 23.92, 23.18, 

16.46, 16.22, 14.03, 7.59. HR-MS (m/z) (ESI): calcd for C54H64N5O10P [M+H]+ : 974.4469; found: 

974.4432. Purity: 97.87% (by HPLC), tR = 10.167 min. 



Compound 9b. 51 mg, yield: 72.8%. 1H NMR (400 MHz, CD2Cl2) δ 8.16 (d, J = 9.0 Hz, 1H), 

7.83 (d, J = 1.1 Hz, 1H), 7.57 (d, J = 8.7 Hz, 1H), 7.49 – 7.36 (m, 2H), 7.14 (s, 1H), 7.02 – 6.99 

(m, 2H), 6.91 (d, J = 7.6 Hz, 2H), 6.47 (d, J = 7.9 Hz, 2H), 5.65 (d, J = 17.2 Hz, 1H), 5.39 (d, J = 

17.2 Hz, 1H), 5.25 (d, J = 4.6 Hz, 2H), 4.78 – 4.69 (m, 2H), 4.48 (d, J = 12.6 Hz, 1H), 4.40 (d, J = 

12.0 Hz, 1H), 4.14 – 4.03 (m, 2H), 3.98 – 3.91 (m, 1H), 3.76 – 3.70 (m, 1H), 3.16 – 3.05 (m, 3H), 

2.93 – 2.79 (m, 5H), 2.50 (t, J = 7.3 Hz, 2H), 2.45 – 2.34 (m, 2H), 2.29 – 2.22 (m, 1H), 2.17– 2.07 

(m, 3H), 1.94 – 1.73 (m, 8H), 1.60 – 1.48 (m, 2H), 1.37 (t, J = 7.4 Hz, 3H), 1.27 – 1.24 (m, 3H), 

1.12 (t, J = 7.0 Hz, 3H), 0.94 (t, J = 7.3 Hz, 3H). 13C NMR (150 MHz, CDCl3) δ 172.54, 167.64, 

163.21, 161.57, 157.37, 153.01, 151.54, 150.25, 147.14, 146.74, 146.02, 145.39, 144.30, 144.20, 

131.72, 131.58, 131.21, 129.42, 129.28, 129.23, 127.54, 127.12, 125.85, 120.02, 115.63, 115.48, 

114.64, 113.94, 95.89, 75.71, 67.10, 63.43, 63.29, 62.68, 56.00, 55.03, 49.99, 49.28, 44.40, 43.65, 

34.48, 33.82, 32.95, 31.81, 29.70, 27.43, 26.64, 26.34, 24.67, 23.71, 23.19, 16.47, 16.27, 14.04, 

7.59. HR-MS (m/z) (ESI): calcd for C54H63FN5O10P [M+H]+ : 992.4375; found: 992.4346. Purity: 

96.05% (by HPLC), tR = 8.855 min. 

Compound 9c. 48 mg, yield: 67.6%. 1H NMR (600 MHz, CDCl3) δ 8.16 (d, J = 10.9 Hz, 1H), 

7.87 (d, J = 3.4 Hz, 1H), 7.58 – 7.55 (m, 1H), 7.37 (d, J = 7.5 Hz, 2H), 7.31 – 7.28 (m, 2H), 7.14 

(s, 1H), 7.03 – 6.81 (m, 2H), 6.91 – 6.89 (m, 2H), 5.65 (d, J = 17.0 Hz, 1H), 5.39 (d, J = 17.0 Hz, 

1H), 5.21 (d, J = 4.7 Hz, 2H), 4.70 – 4.65 (m, 2H), 4.48 (d, J = 11.8 Hz, 1H), 4.39 (d, J = 12.1 Hz, 

1H), 4.12 – 4.04 (m, 2H), 3.98 – 3.92 (m, 1H), 3.77 – 3.72 (m, 1H), 3.15 – 3.06 (m, 3H), 2.92 – 

2.77 (m, 5H), 2.50 – 2.48 (m, 2H), 2.45 – 2.38 (m, 2H), 2.26 – 2.22 (m, 1H), 2.18 – 2.06 (m, 3H), 

1.91 – 1.80 (m, 8H), 1.59 – 1.47 (m, 2H), 1.37 (t, J = 7.4 Hz, 3H), 1.26 – 1.23 (m, 3H), 1.13 (t, J = 

7.0 Hz, 3H), 0.93 (t, J = 7.4 Hz, 3H). 13C NMR (150 MHz, CDCl3) δ 172.54, 167.65, 157.37, 

153.03, 151.52, 150.27, 147.13, 146.75, 146.02, 145.39, 144.22, 144.12, 134.66, 133.63, 131.57, 

131.30, 129.30, 129.16, 128.76, 127.54, 127.12, 125.87, 120.01, 114.64, 113.94, 95.89, 75.71, 

67.10, 63.49, 63.33, 62.73, 56.15, 55.15, 50.13, 49.28, 43.06, 43.70, 33.81, 32.93, 31.80, 29.70, 

27.60, 26.83, 26.33, 24.94, 23.83, 23.19, 16.47, 16.28, 14.03, 7.59. HR-MS (m/z) (ESI): calcd for 

C54H63ClN5O10P [M+H]+ : 1008.4079; found: 1008.4038. Purity: 95.36% (by HPLC), tR = 7.826 

min. 

Compound 9d. 53 mg, yield: 71.0%. 1H NMR (600 MHz, CDCl3) δ 8.14 (d, J = 9.7 Hz, 1H), 

7.79 (d, J = 3.4 Hz, 1H), 7.58 – 7.56 (m, 1H), 7.43 – 7.41 (m, 2H), 7.31 (d, J = 7.1 Hz, 2H), 7.14 



(s, 1H), 6.90 (d, J = 6.4 Hz, 2H), 6.45 (d, J = 7.9 Hz, 2H), 5.65 (d, J = 17.0 Hz, 1H), 5.38 (d, J = 

17.0 Hz, 1H), 5.21 (d, J = 4.1 Hz, 2H), 4.75 – 4.63 (m, 2H), 4.49 (d, J = 11.7 Hz, 1H), 4.39 (d, J = 

11.9 Hz, 1H), 4.11 – 4.06 (m, 2H), 3.89 – 3.94 (m, 1H), 3.78 – 3.74 (m, 1H), 3.13 – 3.06 (m, 3H), 

2.96 – 2.80 (m, 5H), 2.50 – 2.48 (m, 2H), 2.43 – 2.36 (m, 2H), 2.25 – 2.17 (m, 2H), 2.12 – 2.09 (m, 

2H), 1.98 – 1.71 (m, 8H), 1.60 – 1.46 (m, 2H), 1.37 (t, J = 7.6 Hz, 3H), 1.26 – 1.24 (m, 3H), 1.14 

(t, J = 6.8 Hz, 3H), 0.93 (t, J = 7.3 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 172.54, 167.65, 

157.37, 153.02, 151.53, 150.24, 147.13, 146.74, 146.03, 145.40, 144.20, 144.10, 135.21, 131.69, 

131.57, 131.31, 129.51, 129.30, 127.54, 127.12, 125.86, 121.78, 120.01, 114.66, 113.94, 95.90, 

75.71, 67.10, 63.51, 63.35, 62.81, 56.22, 55.22, 50.12, 49.28, 43.99, 43.63, 33.81, 32.93, 31.80, 

29.70, 27.49, 26.71, 26.33, 24.72, 23.70, 23.19, 16.46, 16.28, 14.04, 7.60. HR-MS (m/z) (ESI): 

calcd for C54H63BrN5O10P [M+H]+ : 1052.3574; found: 1052.3546. Purity: 95.65% (by HPLC), tR 

= 10.542 min. 

Compound 9e. 49 mg, yield: 69.0%. 1H NMR (400 MHz, CDCl3) δ 8.17 (d, J = 6.4 Hz, 1H), 

7.83 (d, J = 1.8 Hz, 1H), 7.59 – 7.57 (m, 1H), 7.34 (d, J = 6.6 Hz, 2H), 7.14 (s, 1H), 6.90 (d, J = 

8.2 Hz, 2H), 6.83 (d, J = 6.8 Hz, 2H), 6.49 (d, J = 8.2 Hz, 2H), 5.65 (d, J = 17.1 Hz, 1H), 5.39 (d, 

J = 17.1 Hz, 1H), 5.22 (d, J = 4.7 Hz, 2H), 4.74 – 4.58 (m, 2H), 4.47 (d, J = 12.1 Hz, 1H), 4.38 (d, 

J = 11.8 Hz, 1H), 4.15 – 4.03 (m, 2H), 3.93 – 3.87 (m, 1H), 3.74 (s, 3H), 3.69 – 3.63 (m, 1H), 3.14 

– 3.04 (m, 3H), 2.93 – 2.73 (m, 5H), 2.49 (t, J = 7.1 Hz, 2H), 2.43 – 2.36 (m, 2H), 2.27 – 2.22 (m, 

2H), 2.14 – 2.03 (m, 2H), 1.87 – 1.77 (m, 8H), 1.61 – 1.46 (m, 2H), 1.37 (t, J = 7.5 Hz, 3H), 1.27 

– 1.24 (m, 3H), 1.11 (t, J = 7.0 Hz, 3H), 0.94 (t, J = 7.3 Hz, 3H). 13C NMR (150 MHz, CDCl3) δ 

172.56, 167.64, 159.21, 157.37, 153.04, 151.50, 150.30, 147.12, 146.75, 146.03, 145.37, 144.55, 

144.45, 131.57, 130.94, 129.21, 128.92, 127.70, 127.53, 127.10, 125.89, 119.97, 114.62, 113.98, 

95.90, 75.69, 67.09, 63.26, 63.22, 62.62, 55.97, 55.22, 54.97, 50.11, 49.28, 44.11, 43.76, 33.84, 

32.96, 31.80, 29.69, 27.68, 26.94, 26.33, 25.12, 23.95, 23.18, 16.48, 16.29, 14.03, 7.59. HR-MS 

(m/z) (ESI): calcd for C55H66N5O11P [M+H]+ : 1004.4575; found:1004.4547. Purity: 97.65% (by 

HPLC), tR = 8.005 min. 

Compound 9f. 46 mg, yield: 65.7%. 1H NMR (400 MHz, CDCl3) δ 8.17 (d, J = 9.1 Hz, 1H), 

7.83 (d, J = 2.4 Hz, 1H), 7.60 – 7.56 (m, 1H), 7.32 – 7.30 (m, 2H), 7.14 (s, 1H), 7.11 – 7.09 (m, 

2H), 6.90 (d, J = 8.3 Hz, 2H), 6.49 (d, J = 8.4 Hz, 2H), 5.66 (d, J = 17.2 Hz, 1H), 5.39 (d, J = 17.2 

Hz, 1H), 5.22 (d, J = 4.7 Hz, 2H), 4.72 – 4.63 (m, 2H), 4.48 (d, J = 12.8 Hz, 1H), 4.39 (d, J = 11.7 



Hz, 1H), 4.13 – 4.03 (m, 2H), 3.97 – 3.87 (m, 1H), 3.73 – 3.63 (m, 1H), 3.16 – 3.05 (m, 3H), 2.94 

– 2.74 (m, 5H), 2.49 (t, J = 7.1 Hz, 2H), 2.45 – 2.34 (m, 2H), 2.28 (s, 3H), 2.22 – 2.01 (m, 4H), 

1.87 – 1.83 (m, 2H), 1.78 – 1.72 (m, 6H), 1.57 – 1.47 (m, 2H), 1.38 (t, J = 7.4 Hz, 3H), 1.26 – 

1.24 (m, 3H), 1.11 (t, J = 7.1 Hz, 3H), 0.94 (t, J = 7.5 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 

172.30, 167.37, 157.15, 152.81, 151.31, 150.09, 146.93, 146.53, 145.81, 145.11, 144.41, 144.27, 

137.31, 132.57, 131.39, 130.71, 129.07, 128.98, 127.51, 127.31, 126.88, 125.61, 119.80, 114.37, 

113.75, 95.64, 75.47, 66.87, 63.02, 62.95, 62.47, 56.46, 54.95, 49.94, 49.03, 43.88, 43.54, 33.62, 

32.75, 31.59, 29.45, 27.50, 26.73, 26.09, 24.90, 23.73, 22.93, 20.90, 16.23, 16.02, 13.77, 7.34. 

HR-MS (m/z) (ESI): calcd for C55H66N5O10P [M+H]+ : 988.4625; found: 988.4600. Purity: 98.42% 

(by HPLC), tR = 9.271 min. 

Compound 9g. 54 mg, yield: 77.1%. 1H NMR (600 MHz, CDCl3) δ 8.18 (d, J = 8.1 Hz, 1H), 

7.85 (d, J = 2.2 Hz, 1H), 7.61 – 7.58 (m, 1H), 7.31 – 7.27 (m, 1H), 7.25 – 7.17 (m, 2H), 7.17 (s, 

1H), 6.94 – 6.90 (m, 3H), 6.51– 6.49 (m, 2H), 5.67 (d, J = 17.0 Hz, 1H), 5.41 (d, J = 17.0 Hz, 1H), 

5.24 (d, J = 4.1 Hz, 2H), 4.76 – 4.69 (m, 2H), 4.51 (d, J = 12.5 Hz, 1H), 4.42 (d, J = 12.4 Hz, 1H), 

4.15 – 4.07 (m, 2H), 4.00 – 3.95 (m, 1H), 3.80 – 3.74 (m, 1H), 3.17 – 3.08 (m, 3H), 2.96 – 2.81 (m, 

5H), 2.52 (t, J = 7.3 Hz, 2H), 2.47 – 2.39 (m, 2H), 2.28 – 2.08 (m, 4H), 1.90 – 1.72 (m, 8H), 1.61 

– 1.51 (m, 2H), 1.39 (t, J = 7.9 Hz, 3H), 1.29 – 1.27 (m, 3H), 1.15 (t, J = 7.0 Hz, 3H), 0.96 (t, J = 

7.3 Hz, 3H). 13C NMR (150 MHz, CDCl3) δ 172.53, 167.63, 163.75, 162.10, 157.36, 153.01, 

151.50, 150.25, 147.11, 146.72, 146.02, 145.38, 144.24, 144.15, 138.90, 131.57, 131.29, 130.08, 

129.28, 127.52, 127.10, 125.85, 123.52, 119.98, 114.95, 114.80, 114.63, 113.89, 95.90, 75.69, 

67.08, 63.58, 63.37, 62.66, 56.37, 55.37, 50.01, 49.27, 44.01, 43.66, 33.82, 32.95, 31.79, 29.68, 

27.48, 26.69, 26.32, 24.76, 23.74, 23.17, 16.43, 16.22, 14.02, 7.58. HR-MS (m/z) (ESI): calcd for 

C54H63FN5O10P [M+H]+ : 992.4375; found: 992.4344. Purity: 95.74% (by HPLC), tR = 9.434 min. 

Compound 9h. 47 mg, yield: 65.7%. 1H NMR (600 MHz, CDCl3) δ 8.16 (d, J = 8.6 Hz, 1H), 

7.85 (d, J = 2.2 Hz, 1H), 7.59 – 7.57 (m, 1H), 7.43 (s, 1H), 7.33 (d, J = 7.0 Hz, 1H), 7.24 – 7.20 

(m, 2H), 7.14 (s, 1H), 6.91 (d, J = 7.5 Hz, 2H), 6.47 (d, J = 8.1 Hz, 2H), 5.65 (d, J = 17.0 Hz, 1H), 

5.39 (d, J = 17.0 Hz, 1H), 5.22 (d, J = 4.1 Hz, 2H), 4.71 – 4.64 (m, 2H), 4.47 (d, J = 12.5 Hz, 1H), 

4.37 (d, J = 12.5 Hz, 1H), 4.13 – 4.05 (m, 2H), 3.99 – 3.92 (m, 1H), 3.78– 3.72 (m, 1H), 3.15 – 

3.05 (m, 3H), 2.92 – 2.71 (m, 5H), 2.50 (t, J = 7.4 Hz, 2H), 2.45 – 2.47 (m, 2H), 2.26 – 2.02 (m, 

4H), 1.88 – 1.83 (m, 2H), 1.75 – 1.61 (m, 6H), 1.57 – 1.46 (m, 2H), 1.37 (t, J = 7.6 Hz, 3H), 1.26 



– 1.24 (m, 3H), 1.13 (t, J = 7.0 Hz, 3H), 0.94 (t, J = 7.3 Hz, 3H). 13C NMR (150 MHz, CDCl3) δ 

172.52, 167.63, 157.35, 153.04, 151.48, 150.30, 147.10, 146.73, 145.99, 145.35, 144.19, 144.09, 

138.39, 134.45, 131.55, 131.31, 129.83, 129.30, 128.10, 127.90, 127.08, 125.97, 125.88, 119.99, 

114.61, 113.87, 95.88, 75.69, 67.09, 63.49, 63.39, 62.62, 56.34, 55.35, 50.16, 49.26, 44.14, 43.80, 

33.81, 32.94, 31.79, 29.68, 27.78, 27.03, 26.31, 25.27, 24.03, 23.16, 16.43, 16.20, 14.01, 7.58. 

HR-MS (m/z) (ESI): calcd for C54H63ClN5O10P [M+H]+ : 1008.4079; found: 1008.4048. Purity: 

97.63% (by HPLC), tR = 9.835 min. 

Compound 9i. 55 mg, yield: 73.7%. 1H NMR (600 MHz, CDCl3) δ 8.16 (d, J = 9.1 Hz, 1H), 

7.81 (d, J = 2.2 Hz, 1H), 7.57 (d, J = 10.0 Hz, 2H), 7.37 – 7.32 (m, 2H), 7.18 – 7.15 (m, 1H), 7.14 

(s, 1H), 6.91 (d, J = 7.2 Hz, 2H), 6.47 – 6.45 (m, 2H), 5.65 (d, J = 17.0 Hz, 1H), 5.38 (d, J = 17.0 

Hz, 1H), 5.21 (d, J = 3.5 Hz, 2H), 4.71 – 4.63 (m, 2H), 4.50 (d, J = 12.5 Hz, 1H), 4.41 (d, J = 12.3 

Hz, 1H), 4.12 – 4.05 (m, 2H), 3.97 – 3.92 (m, 1H), 3.78 – 3.70 (m, 1H), 3.14 – 3.07 (m, 3H), 2.96 

– 2.88 (m, 5H), 2.49 (t, J = 7.4 Hz, 2H), 2.45 – 2.36 (m, 2H), 2.29 – 2.19 (m, 2H), 2.14 – 2.09 (m, 

2H), 1.86 – 1.74 (m, 8H), 1.62 – 1.50 (m, 2H), 1.36 (t, J = 7.6 Hz, 3H), 1.26 – 1.24 (m, 3H), 1.13 

(t, J = 6.9 Hz, 3H), 0.93 (t, J = 7.4 Hz, 3H). 13C NMR (150 MHz, CDCl3) δ 172.54, 167.64, 

157.38, 153.05, 151.56, 150.21, 147.16, 146.76, 146.04, 145.41, 144.23, 144.13, 138.71, 131.62, 

131.35, 131.01, 130.79, 130.15, 129.32, 127.54, 127.14, 126.44, 125.82, 122.66, 120.00, 114.68, 

113.91, 95.90, 75.72, 67.10, 63.52, 63.43, 62.98, 56.33, 55.34, 50.09, 49.28, 43.85, 43.49, 33.84, 

32.98, 31.80, 29.69, 27.25, 26.47, 26.34, 24.27, 23.41, 23.18, 16.44, 16.22, 14.03, 7.59. HR-MS 

(m/z) (ESI): calcd for C54H63BrN5O10P [M+H]+ : 1052.3574; found: 1052.3536. Purity: 98.96% 

(by HPLC), tR = 8.274 min. 

Compound 9j. 43 mg, yield: 60.5%. 1H NMR (600 MHz, CDCl3) δ 8.17 (d, J = 8.8 Hz, 1H), 

7.83 (d, J = 2.3 Hz, 1H), 7.60 – 7.57 (m, 1H), 7.23 – 7.21 (m, 1H), 7.15 (s, 1H), 7.03 – 6.99 (m, 

2H), 6.91 (d, J = 8.3 Hz, 2H), 6.78 (d, J = 6.80 Hz, 1H), 6.50 (d, J = 8.2 Hz, 2H), 5.66 (d, J = 17.0 

Hz, 1H), 5.39 (d, J = 17.0 Hz, 1H), 5.23 (d, J = 4.8 Hz, 2H), 4.70 – 4.65 (m, 2H), 4.47 (d, J = 12.8 

Hz, 1H), 4.38 (d, J = 12.3 Hz, 1H), 4.15 – 4.05 (m, 2H), 3.95 – 3.91 (m, 1H), 3.70 (s, 3H), 3.70 – 

3.61 (m, 1H), 3.16 – 3.05 (m, 3H), 2.92 – 2.70 (m, 5H), 2.49 (t, J = 7.1 Hz, 2H), 2.46 – 2.37 (m, 

2H), 2.27 – 2.02 (m, 4H), 1.89 – 1.85 (m, 2H), 1.81 – 1.60 (m, 6H), 1.56 – 1.44 (m, 2H), 1.38 (t, J 

= 7.7 Hz, 3H), 1.28 – 1.25 (m, 3H), 1.12 (t, J = 7.0 Hz, 3H), 0.94 (t, J = 7.5 Hz, 3H). 13C NMR 

(150 MHz, CDCl3) δ 172.54, 167.62, 159.73, 157.37, 153.05, 151.50, 150.31, 147.06, 146.73, 



146.00, 145.33, 144.54, 144.44, 137.61, 131.58, 131.03, 129.54, 129.22, 127.52, 127.08, 125.88, 

120.20, 120.02, 114.59, 113.92, 113.46, 113.32, 95.89, 75.68, 67.09, 63.31, 63.27, 62.59, 56.74, 

55.74, 55.21, 50.17, 49.26, 44.19, 43.84, 33.83, 32.96, 31.81, 29.69, 27.85, 27.09, 26.33, 25.39, 

24.12, 23.17, 16.46, 16.24, 14.02, 7.58. HR-MS (m/z) (ESI): calcd for C55H66N5O11P [M+H]+ : 

1004.4575; found:1004.4545. Purity: 98.01% (by HPLC), tR = 8.853 min. 

4.2. In vitro cytotoxicity. 

In this study, all human cancer cell lines including A549 (lung), MCF-7 (breast), MG-63 

(osteosarcoma), U2OS (osteosarcoma), SK-OV-3 (ovarian) and SK-OV-3/CDDP (cisplatin 

resistance cells) cancer cell lines using MTT assay were purchased from the Shanghai Cell Bank 

of the Chinese Academy of Sciences. Culture medium Roswell Park Memorial Institute 

(RPMI-1640), phosphate buffered saline (PBS, pH=7.2), fetal bovine serum (FBS), and 

Antibiotice-Antimycotic came from KeyGen Biotech Company (China). Cells were cultivate in 

the supplemented with 10% FBS, 100 units/ml of penicillin and 100 g/ml of streptomycin in a 

humidified atmosphere of 5% CO2 at 37 oC. Tested compounds were dissolved to stock 

concentrations of 2 mM with DMSO (Sigma); the positive drug Ir was served as a positive control, 

and the cytotoxicity of all target compounds against the tested cancer cells was also investigated 

using MTT assay. All data were independently tested repeated in triplicate. 

4.3 HPLC analyses on the stability of compound 9b. 

The stability of compound 9b dissolved in PBS (pH 7.4) with or without 10% FBS examined 

by analyzing concentration of 0.1 mg/mL, and the sample was stored at 37°C for 12 and 24 h, 

separately. Reversed-phase HPLC was carried out on a 4.6×250 mm ODS column. HPLC profiles 

were recorded on UV detection at 254 nm. Mobile phase consisted of Methanol/Water (0.1% 

TFA)/Water (50:50-100:0, v/v), and flow rate was 1.0 mL/min. The samples were taken for HPLC 

analysis after filtered by 0.45 µm filter.  

4.4. Topo I inhibitory activity. 

Western blot analysis was performed as described previously [45]. Firstly, the supercoiled 

pBR322 DNA (TaKaRa, Kyoto, Japan) was measured to reflect inhibition of the Topo I (TaKaRa, 

Kyoto, Japan) catalytic ability by test compound 9b, and the Ir was served as a positive drug. 

Secondly, the reaction solution was prepared according to the supplier’s instructions, and 

incubated at 37 oC for 30 min. A dye solution containing 40% glycerol, 0.25% xylene cyanol ff 



and 0.25% bromophenol blue was added to end the reaction. Finally, the mixtures were added to 1% 

agarose gel and subjected to electrophoresis for 40 min in 1 TAE buffer (40 mM Tris-acetate, 2 

mM EDTA and 19.9 mM AcHO, respectively), and then the gels were stained with 200 mL 1 X 

TAE buffer containing 5 mg/mL EB for 30 min, and washed for 20 min in 200 mL 1 TAE buffer. 

Finally, Ethidium bromide stained agarose gel was photographed using Gel Doc XR (Bio-Rad). 

4.5. Anti-tumor activity in vivo.  

The in vivo cytotoxic activity of 9b was further investigated by human ovarian cells (SK-OV-3) 

in BALB/c nude mice. Five-week-old female BALB/c nude mice were purchased from Shanghai 

Ling Chang biotechnology company (China); tumors were induced by a subcutaneous injection in 

their dorsal region of 1.0 ×107 cells in 100 mL of sterile PBS. Animals were randomly divided into 

four groups, and started on the second day. When the tumors reached a volume of 100-150 mm3 in 

all mice on day 18, the first group was injected with an equivalent volume of 5% dextrose via a 

tail vein as the vehicle control mice. No. 2 and No. 3 groups were treated with 9b at doses of 10 

mg/kg and 20 mg/kg once a week for three weeks, respectively. No. 4 group was treated with Ir at 

the dose of 20 mg/kg once a week for three weeks. All tested compounds were dissolved in 

vehicle. Tumor volume and body weight were recorded every other day after drug treatment. We 

collected and weighed the tumors and calculated the inhibition rate of tumor growth (IRT) at the 

end of treatment. All mice were sacrificed after three weeks of treatment and the tumor volumes 

were measured with electronic digital calipers and determined by measuring length (A) and width 

(B) to calculate volume (V = AB2/2). 

4.6. H&E staining. 

   Tumor samples were shown in routine histopathological examination using Hematoxylin and 

Eosin (H&E) staining. Firstly, mouse organs including liver, heart, lung, kidney and spleen were 

collected in 4% paraformaldehyde for proper fixation and then embedded in paraffin using tissue 

embedding machine. Secondly, sections were cut and stained with H&E, and then sections were 

prepared orderly by dewaxing, stainingm and dehydration. The sections were stained in 

eosin-phloxine solution for 1 min after staining in Harris hematoxylin solution, and then 

dehydrated and mounted with neutral resin. Finally, the tissue morphology was then imaged by 

fluorescence microscopy. 

4.7. Cell apoptosis assay. 



Firstly, SK-OV-3 were gromn in each well of six-well plates at the density of 5.0×105 cells/mL 

of the RPMI-1640 medium with 10% FBS to the final volume of 2 mL. Secondly, after cells 

incubated for overnight, then cells treated with 9b (5.0 or 10 µM) and Ir (10 µM) for 24 h. After 

24 h incubation, cells were collected, washed thrice in PBS, and re-suspended in 120 µL of 

binding buffer at a final concentration of 0.5 × 106 cells/mL, and then cells were treated with 5 µL 

of annexin V-FITC and 5 µL of PI in the dark at 4 °C for 30 min, respectively. Finally, the sample 

was analyzed by flow cytometer. 

4.8. Cell morphological assay. 

Firstly, SK-OV-3 cells were grown in each well of six-well plates at the density of 5.0×104 

cells/mL of the RPMI-1640 medium with 10% FBS to the final volume of 2 mL. Secondly, cells 

treated with 9b (5.0 or 10 µM) and Ir (10 µM) for 24 h. After 24 h treatment, the cells were 

washed twice with ice-cold PBS, and incubated with calcein AM and PI for 30 min. Finally, cells 

were visualized by fluorescence microscope after incubation of 30 min. 

4.9. Cell wound-healing assay. 

Firstly, SK-OV-3 cells were grown in 6-well plates and allowed to grow to ≥ 95% confluent. 

The wounds were created perpendicular to the lines by 20 µL tips, and then unattached cells were 

removed by washing with twice in ice-cold PBS. Secondly, cells treated with 9b (5.0 or 10 µM) 

and Ir (10 µM) for 24 h. After 24 h incubation, the cells were washed twice with ice-cold PBS, and 

then photographed to mark the final scratched tracks. Finally, the migration rates analyzed by 

Equation 1: Migration rate (%) = (d1-d2)/d1, and the d1 and 2 represented the width of wound at 0 

and 24 h, respectively.  

4.10. Cell cycle assay. 

Firstly, SK-OV-3 cells were grown in each well of six-well plates at the density of 5×105 

cells/mL of the RPMI-1640 medium with 10% FBS to the final volume of 2 mL. Secondly, after 

cells incubated for overnight, then cells treated with 9b (5.0 or 10 µM) and Ir (10 µM) for 24 h. 

After 24 h incubation, cells were collected, washed twice in PBS, fixed with ice-cold 70% ethanol 

at -20 °C for overnight. The cells were treated with 100 µg /mL RNase A for 30 min at 37 °C after 

washed twice in PBS. Finally, cells stained with PI at 1 mg/ml in the dark at 4 °C for 30 min 

analyzed by flow cytometry. 

4.11. Mitochondrial membrane potential (MMP) assay. 



Firstly, SK-OV-3 cells were grown in each well of six-well plates at the density of 5.0×104 

cells/mL of the RPMI-1640 medium with 10% FBS to the final volume of 2 mL. Secondly, after 

cells incubated for overnight, then cells treated with 9b (5.0 or 10 µM) and Ir (10 µM) for 24 h. 

After 24 h incubation, cells were then stained with 2 µM JC-1 in the dark at room temperature for 

30 min. Finally, cells were harvested at 2000 rpm and washed thrice in PBS analyzed by flow 

cytometry after 30 min of incubation. 

4.12. Reactive oxygen species (ROS) assay. 

Firstly, SK-OV-3 cells were grown in each well of six-well plates at the density of 5.0×104 

cells/mL of the RPMI-1640 medium with 10% FBS to the final volume of 2 mL. Secondly, after 

cells incubated for overnight, then cells treated with 9b (5.0 or 10 µM) and Ir (10 µM) for 24 h. 

After 24 h incubation, cells were then stained with DCFH-DA in the dark at 37 °C for 30 minutes. 

Finally, cells were harvested at 2000 rpm and washed thrice in PBS analyzed by flow cytometry 

after 30 min of incubation. 

4.13. Western blot assay. 

Western blot analysis was performed as described previously [38]. Firstly, SK-OV-3 cells were 

grown in each well of six-well plates at the density of 1.0×105 cells/mL of the RPMI-1640 

medium with 10% FBS to the final volume of 2 mL. Secondly, after cells incubated for overnight, 

then cells treated with 9b (5.0 or 10 µM) and Ir (10 µM) for 24 h. After treatment, cells were 

collected, centrifuged, and washed thrice in ice-cold PBS. The pellet was then re-suspended in 

lysis buffer containing 150 mM NaCl, 50 mM Tris (pH 7.4), 1% (w/v) sodium deoxycholate, 1% 

(v/v) Triton X-100, 0.1% (w/v) SDS, and 1 mM EDTA (Beyotime, China). The lysates were 

incubated at 37 °C for 30 min, and centrifuged at 20000g at 4 °C for 10 min, and then the protein 

concentration in the supernatant was detected by the BCA protein assay reagents. Presently, equal 

amounts of protein per line were was separated on 12% SDS polyacrylamide gel electrophoresis 

and transferred to PVDF Hybond-P membrane (GE Healthcare). Membranes were incubated with 

5% skim milk in Tris-buffered saline with Tween 20 (TBST) buffer for 1 h and then the 

membranes being gently rotated overnight at 4 °C. Membranes were then incubated with primary 

antibodies against Bcl-2, Bax, caspase-3 and -9 or GAPDH for overnight at 4 °C. After three 

washes in TBST, then the membranes were next incubated with peroxidase labeled secondary 

antibodies for 2 h. Finally, all membranes were washed with TBST four times for 20 minutes and 



the protein blots were analyzed by chemiluminescence reagent (Thermo Fischer Scientifics Ltd.). 

The X-ray films were developed with developer and fixed with fixer solution. 

Notes 
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Scheme : 

 

Scheme 1: Synthetic pathway to target compounds 8 and 9. Reagents and conditions: (a) CH3OH, 

reflux; (b) diethyl phosphite, 50 °C; (c) DCC, DMAP, CH2Cl2, 30 °C. 

 



Highlights 

� A novel series of Ir derivatives were synthesized as potential antitumor agents. 

� 9b exhibited stronger anticancer activity toward to human cancer cells compared to Ir. 

� 9b effectively arrested SK-OV-3 cells at S stage. 

� 9b exhibited antitumor efficacy in the SK-OV-3 xenograft model better than Ir. 

� 9b may induce SK-OV-3 cells apoptosis through mitochondrion pathways. 
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