
Azido derivatives of sesquiterpene lactones: Synthesis, 
anticancer proliferation, and chemistry of nitrogen-centered 
radicals

Yahaira Reyesa, Enoch K. Larreyb, Rupak Pathakb, Maria L. Veisagac, Manuel A. Barbieric, 
Samuel Wardd, Anil Kumard, Michael D. Sevillad, Amitava Adhikaryd, Stanislaw F. Wnuka

aDepartment of Chemistry and Biochemistry, Florida International University, Miami, Florida 
33199, USA;

bDepartment of Pharmaceutical Sciences, Division of Radiation Health, University of Arkansas for 
Medical Sciences, Little Rock, Arkansas, 72205, USA;

cDepartment of Biological Sciences, Florida International University, Miami, Florida 33199, USA;

dDepartment of Chemistry, Oakland University, Rochester, Michigan 48309, USA.

Abstract

Sesquiterpene lactones (SLs) such as parthenolide (PTL) and dehydroleucodine (DhL) selectively 

kill cancer cells without exerting normal tissue toxicity, potentially due to presence of α-

methylene-γ-lactone (αMγL) fragment. We hypothesize that the addition of an azido group to the 

αMγL fragment of PTL or DhL further augments their anticancer properties as well as radiation 

sensitivity of cancer cells. Azido-SLs containing the azido group at the C14 methyl position of 

PTL (i.e., azido-melampomagnolide B, AzMMB) while preserving the mechanistically crucial 

exomethylene unit of αMγL fragment were also prepared. Sham-irradiated (i.e., unirradiated 

control) or irradiated human breast cancer cells (MCF7) were treated with different concentrations 

of azido-PTL (AzPTL) or azido-DhL (AzDhL) along with parental SLs. Proliferation rate of 

MCF7 cells were measured by MTT-assay, and their colony forming ability was determined by 

colony formation assay. Both AzPTL and AzDhL significantly suppress proliferation rate and 

colony forming ability of MCF-7 cells. AzPTL suppressed colony forming ability, not cellular 

proliferation, following irradiation to a greater extent than PTL at lower concentrations (5 and 

10 μM). Electron spin resonance (ESR) studies were performed employing gamma-irradiated 
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homogeneous supercooled aqueous solutions to investigate radical formation through addition of 

radiation-mediated prehydrated electrons to the azide group of AzPTL and AzDhL and to follow 

subsequent reactions of these radicals. In AzPTL, formation of a tertiary carbon-centered radical 

plausibly via a metastable aminyl radical was observed, whereas AzDhL produced both π-aminyl 

and α-azidoalkyl radicals. These radicals may contribute to the antitumor activities of AzPTL and 

AzDhL.
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1. Introduction

Breast cancer is the second most common cause of death globally and in 2020, 2.3 

million women were diagnosed and 685,000 deaths were recorded worldwide.1 Natural 

compounds have gained a significant interest in cancer treatment due to their anti-tumor 

properties with minimum toxicity to healthy tissues. Parthenolide (1, PTL), isolated 

from Tanacetum parthenium, and dehydroleucodine (2, DhL), isolated from Artemisia 
douglasiana, are sesquiterpene lactones (SLs; see Scheme 2) which can limit cancer 

cell growth.2–9 Importantly, both PTL and DhL were shown to exert no toxicity rather 

protecting the healthy normal cells from various toxic challenges including radiation.10–12 

Attributed to the presence of a α-methylene-γ-lactone group (αMγL), these SLs possess 

anti-tumor, anti-migraine, anti-inflammatory, antimicrobial, anti-allergic, and anti-diabetic 

activities.2, 8, 13–15 These properties are believed to be driven by the modifications of the 

exocyclic methylene group through Michael addition reactions with transcription factors, 

cytokines, and proteins such as the nuclear factor κB (NF-κB) complex.2–4, 16, 17 For 

example, PTL and its more-bioavailable derivative dimethylamino parthenolide (DMAPTL) 

have demonstrated radiosensitization in lung and prostate cancer cells via inhibition of NF-

κB, caspase-dependent apoptosis, and alteration of intracellular thiol reduction-oxidation 

chemistry.18–21

The azido modified natural products such as azido nucleosides holds promise to kill 

cancer cells more effectively with radiotherapy because of their oxidizing radical formation 

ability under reducing environment, thus making the radiation therapy more effective. 

For example, 3’-azido-3’-deoxythymidine (AZT) enhances the sensitivity of squamous 

carcinoma, human colon cancer, and malignant glioma cells to radiation.22–24 Moreover, 

addition of 5-azidomethyl-2’-deoxyuridine (5-AmdU) makes the EMT6 breast tumor cells 

more radiosensitive compared to radiation alone.25 This radiosensitization enhancement 

is believed to be attributed to the generation of nitrogen centered radicals (NCRs) 

such as the oxidizing neutral, π-type aminyl radical (RNH•)25–28 and their subsequent 

reactions29–31 known to play an important role in peptide cellular signaling32–34 and 

conjugation.35 Employing a combination of electron spin resonance (ESR) spectroscopy 

at low temperature, pulse radiolysis at ambient temperature and theoretical calculations, we 

previously showed that azido-substituted nucleosides and sugars form NCRs specifically at 
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the site of the azide group via dissociative electron attachment (DEA).25–28, 36–38 Thus, 

addition of an electron to the azido group in 5-AmdU forms the highly unstable azide anion 

radical (RN3•¯) which following facile N2 loss forms the highly basic nitrene anion radical 

(RN•¯). Both RN3•¯ and RN•¯ were not detected by ESR even at 77 K. Subsequent rapid 

protonation of RN•¯ from the surrounding solvent water produces RNH• (Scheme 1), which 

was detected by ESR at 77 K and pulse radiolysis at room temperature. Due to its reactivity 

and oxidizing nature, RNH• undergoes a plethora of reactions including formation of a 

highly unstable α-azidoalkyl radical which facilely converts to a thermodynamically more 

stable σ-type iminyl radical.25, 27

Based on our above-mentioned work on azido-DNA models, we hypothesize that the 

azido derivatives of PTL and DhL might exert more potent antitumor effects as they 

generate the oxidizing neutral π-aminyl radical RNH• via dissociative electron attachment 

(DEA) pathway.25–28, 36 To date, the efficacy of RNH• formed from azido sesquiterpene 

lactones via DEA has not been tested; however, the augmentation of radiation damage to 

cancerous cells via electron-mediated aminyl/iminyl radicals has already been reported.25 

Herein, we report the synthesis of azido modified sesquiterpene lactones with and 

without mechanistically crucial exomethylene unit, their anti-tumor efficacy prior to or 

following exposure to ionizing radiation, and their radical ESR identification in γ-irradiated 

homogeneous aqueous supercooled (glassy) solutions.

2. Results and Discussion

2.1. Chemical Synthesis

Given that SLs contain the reactive exomethylene group (αMγL), the targeted compounds 

were synthesized via addition reactions as shown in Scheme 2. Addition of trimethylsilyl 

azide TMSN3 (in the presence AcOH and Et3N) to the exomethylene double bond in 1 
provided AzPTL 3 in 87% yield. Similarly, treatment of 2 produced AzDhL 4 in 82% yield. 

Carrying out these reactions in a pressurized vessel under reflux provided better results 

compared to the reported standard procedures.6, 39, 40 The improved yields are attributed to 

the minimal loss of HN3 with the use of the pressure vessel.

To further study the azido modified SLs, we also prepared a second generation of AzSLs 

containing the azido group at the C14 methyl position of PTL 1 while preserving the 

mechanistically crucial exomethylene unit (i.e., azido-melampomagnolide B, AzMMB, 7; 

Scheme 3). The conditions for this synthesis must be mild to minimize side reactions 

including epoxide ring opening and overoxidation of methyl group in 1. Literature reports 

difficulty in controlling synthesis of the desired allylic alcohol melampomagnolide B 

(MMB, 5) intermediate due to overoxidation of 1 to aldehyde 6.41 The overoxidation was 

observed when employing a Riley-oxidation (1.5 eq SeO2, dioxane/AcOH, 18 h, 100 °C) 

which mainly provided aldehyde 6 (56%). However, treatment of PTL 1 via the Sharpless 

protocol42 with catalytic SeO2 in the presence of tert-butyl hydroperoxide TBHP (DCM, rt, 

24 h) provided MMB 5 (63%) and 6 (10%).43 Mesylation of 5 followed by displacement 

with azide provided AzMMB 7 (60%).
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2.2. Cellular Proliferation Assays

2.2.1. Azido derivatives of PTL and DhL limit proliferation of MCF-7 cells.—
Treatment with AzPTL and AzDhL in the range of 0 to 20 μM doses for 24 h dependently 

decreased MCF-7 cells proliferation (Figure 1). Interestingly, the rate of decrease in 

cellular proliferation were different for AzPTL 3 and AzDhL 4. For both compounds, 

the highest anti-proliferative ability was observed at 20 μM, but AzPTL exhibited higher 

efficacy in limiting the breast cancer cells proliferation than AzDhL and represents a more 

promising cancer therapeutic candidate. We do not know whether the difference in structural 

configuration or functional activities are responsible for making AzPTL more effective 

in controlling breast cancer cells than the AzDhL, which warrant further investigations. 

However, limiting breast cancer cell proliferation by azido modification to the αMγL of the 

parent PTL and DhL is a promising step forward in treating breast cancer patients.

2.2.2. Not AzDhL, but AzPTL limits MCF-7 cell proliferation to a greater 
extent than their respective parent SLs.—Numerous studies have shown that PTL44–

47 and DhL,48, 49 have potent anti-breast cancer properties. Similarly, we also found 

PTL and DhL suppress proliferation rate in MCF-7 cells. However, the efficacy of azido 

modifications of these parent compounds in limiting breast cancer cell proliferation is not 

known. Comparison studies revealed that the AzPTL 3 suppresses MCF-7 proliferation to 

a greater extent than the parent PTL 1 at the concentration of 5 and 10 μM (Figure 2A), 

while the parent DhL 2 suppresses cell proliferation to a greater extent than the AzDhL 

4 (Figure 2B). PTL 1 decreased the proliferation rate of MCF7 cells by approximately 

13% and 42% at 5 μM and 10 μM concentrations, respectively, compared to the control 

group. In contrast, AzPTL 3 displayed a more pronounced inhibitory effect on MCF7 cell 

proliferation, reducing it by approximately 46% and 60% at the same concentrations (Figure 

2A). Similarly, DhL 2 suppressed MCF7 cell proliferation by approximately 22% and 36% 

at 5 μM and 10 μM concentrations, while AzDhL 4 showed a milder suppression effect, 

reducing proliferation by approximately 15% and 25%, respectively (Figure 2B). These 

results of MTT assay after 24 h of incubation showed that AzPTL 3 was more potent than 

the parent 1 in restricting the breast cancer cells proliferation, while AzDhL 4 exhibited 

less anti-proliferative ability than the parent 2. Earlier studies also exhibit a decline in 

proliferation capacity of MCF-7 cells treated with DhL,48, 49 which corroborate our current 

findings.

2.2.3. Azido derivatives of both PTL and DhL do not further enhance 
sensitivity of MCF-7 cells to radiation.—Although the radio-sensitizing efficacy of 

parent DhL is not known, a previous study demonstrated that parent PTL enhances cellular 

radiosensitivity by inhibiting the NF-κB pathway.18 Notably, the efficacy of azido PTL and 

azido DhL in enhancing radiosensitivity is unknown. We also investigated the ability of 

AzPTL 3 and AzDhL 4 in enhancing radiosensitivity as compared to their respective parent 

compounds PTL 1 and DhL 2 with an MTT assay. MCF-7 cells were treated with 2.5 μM 

of either parent SLs or AzPTL 3 and AzDhL 4 for 30 minutes before exposure to 2 Gy 

irradiation and then the cells were allowed to grow in the drug containing media for 24 h. 

Compared to the PTL 1 and DhL 2, both AzPTL 3 and AzDhL 4 did not further enhance 

sensitivity of MCF-7 cells to a greater extent (Figure 3A and 3B). Earlier studies showed 
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that PTL-mediated inhibition of the NF-κB pathway enhances radiosensitivity of cancer 

cells19,50. The differences observed for 3 and 4 might be attributed to the different radical 

species generated (e.g., 9 from 3 and 10 or 11 from 4).

2.2.4. Co-exposure to AzPTL and radiation limits colony forming ability of 
MCF-7 cells to a greater extent than the singular treatments.—MCF-7 cells were 

exposed to 2 Gy radiation and allowed to grow in presence or absence of AzPTL 3 (0.8 

μM) at a density of 1,000 cells/well in 6-well plate for 10 days. The colony forming ability 

in different groups were determined visually following Crystal violet staining. Although the 

visible colonies of regular size were formed in the sham-irradiated untreated group, 2 Gy 

irradiation significantly decreased the colony size and number of visible colonies, while 

microscopic micro colonies were formed in AzPTL and AzPTL plus radiation group, which 

are invisible to the naked eye. However, the number of microscopic micro colonies were 

significantly lower in AzPTL plus radiation treated group as compared to AzPTL-treated 

group without radiation. Because no visible colonies were formed in AzPTL and AZPTL 

plus radiation treated groups, we presented qualitative data of clonogenic survival assay 

by capturing images under 4x magnification (Figure 4). Similar colonies formation was 

observed for treatment with AzDhL.

2.2.5. NAC reverses the inhibitory effect of SLs and azido-SLs in MCF-7 cell.
—To correlate the cell proliferative effects and oxidative damage observed for the MCF-7 

cell, in the absence of radiation, an N-acetylcysteine (NAC) reverse-inhibition study was 

performed. As demonstrated in Figure 5, MCF-7 cells treated with PTL 1 and AzPTL 3 
(Chart A) or DhL 2 and AzDhL 4 (Chart B) without the addition of NAC, had decreased 

cellular proliferation. However, when MCF-7 cells were subjected to both 1–4 and NAC, the 

cell proliferative effect was blocked (reversed) demonstrating a direct correlation of the SLs 

oxidative damage.18, 20

2.2.6. Azido-SLs limit proliferation of MDA-MB-231 cell.—The AzSLs and parent 

SLs derivatives were also assayed in MDA-MB-231 cells (Figure 6). As expected, the 

addition of NAC did not affect the proliferation rate of MDA-MB-231. PTL 1 and AzPTL 

3 demonstrated a lower cell proliferative rate (graph A). A similar trend was observed 

for DhL 2 and AzDhL 4 (graph B). A NAC study of the parental SLs (PTL, DhL) 

versus their azide derivatives (AzPTL, AzDhL) further supports a direct correlation of 

MDA-MB-231 cellular proliferation with oxidative damage. The parental SLs and azido SLs 

demonstrated comparable suppression of MDA-MB-231 cell proliferation rates and reversal 

upon treatment with NAC.

2.2.7. Cellular proliferation assays with azido-melampomagnolide B

AzMMB limits colony formation ability of MCF-7 cells to a greater extent than 
PANC-1 and MDA-MB-231 cells.: To evaluate the efficacy of the 2nd generation azido 

modified sesquiterpene lactone, three cancer cell lines such as MCF-7, MDA-MB-231, and 

PANC-1 were treated with various doses of AzMMB 7 for three different time intervals. 

AzMMB treatment suppressed cell proliferation for all three cancer cell lines at 24 h, 48 h 

(Figure S1), and 72 h (Figure 7). However, the magnitude of decline in cellular proliferation 
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was greater in MCF-7 cells as compared to MDA-MB-231 and PANC-1 cell lines. Images of 

cell morphology (Figure S2) confirm these trends.

AzMMB demonstrates anti-clonogenic potential against MCF-7, MDA-MB-231 and 
PANC-1 cells.: Treatment with 5 μM AzMMB 7 significantly declined the colony forming 

ability of MCF-7, MDA-MB-231, and PANC-1 cancer cell lines (Figure S3). Like cell 

proliferation data, the magnitude of the colony forming ability was significantly lower in 

MCF-7 cells as compared to MDA-MB-231 and PANC-1 cell lines.

The differences in the MCF-7 cell proliferative inhibition of 1st generation versus 2nd 

generation azido modified SLs is likely attributed to the structural differences of these 

derivatives compared to PTL. Although the αMγL moiety is intact in AzMMB (2nd 

generation), the addition of the azide to the C14 carbon decreased the antiproliferative 

capacity of AzMMB compared to PTL and AzPTL (1st generation; Fig. 1A and 2A versus 

Fig. 7A and S1).

2.3. ESR Studies and Theoretical Calculations

2.3.1. Studies with AzPTL 3—ESR studies to elucidate the chemical pathways 

of radiosensitization provided by these SLs were performed in γ-irradiated glassy 

homogeneous solutions of AzPTL and AzDhL (7.5 M LiCl/D2O for AzPTL 3, 7.5 M 

LiBr/D2O for AzDhL 4). Figure 8A shows the ESR spectrum (black) obtained after addition 

of radiation-mediated prehydrated electrons to AzPTL 3 at 77 K (after subtraction of the line 

components of Cl2•¯). Employing hyperfine coupling constants (HFCC) of three β-protons 

(see discussion of Figure S4 in SI section) and a g-value (2.0032) a simulated spectrum (red) 

is obtained, which matches the experimental spectrum (black). Moreover the g-value of the 

center of the black spectrum (2.0032) matches with the g-value (2.0032) that we reported 

for a tertiary C-centered sugar radical, C3′•, obtained via photoexcitation of guanine cation 

radical (G•+) from 2’-deoxyguanosine (see Figure S4)51 Thus, contrary to our previous 

detection of RNH• from azidonucleosides and azidosugars (see Scheme 1),25–28 formation 

of a neutral tertiary carbon-centered aminomethyl-PTL• radical (AmPTL• 9) with three β-H 

HFCC was observed (Scheme 4).

Surprisingly, ESR studies, even at 77 K, could not detect the expected aminyl radical 

intermediate PTL-NH• 8 from 3 indicating formation of 9 occurs via a facile intramolecular 

H atom transfer in 8 through a favorable 4-membered ring transitional state (Scheme 4). 

Annealing of this sample to ca, 145 K and to ca. 155 K in the dark produced the black 

spectra shown in Figures 8B and 8C which aligns with the red simulated spectrum (Figure 

8C). Comparison of the experimentally and theoretically obtained HFCC values employing 

DFT/B3LYP-PCM/6–31G** method provide additional support to our assignment of the 

C-centered radical 9 (see SI Section for detailed discussion and Figure S6).

Analyses of the spectra in Figures 8A and 8C shows a temperature-dependent increase of 

the total hyperfine splitting attributed to the conformational relaxation that leads to change 

of the HFCC of the β-protons in 9. We note here that, tertiary C-centered radicals (e.g., 

C3’•) observed in nucleosides also contributed to different β-proton HFCC values when 

temperature and base varied,26, 52–54 thereby, aiding further support to our assignment 
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of radical 9. Reducing the concentration of AzPTL by a factor of 2 did not show any 

observable effect on the ESR spectra shown in Figure 8 confirming that formation of 9 
occurred intramolecularly.

2.3.2. Studies with DhL 4—Radiation-produced electron addition to AzDhL 4 allowed 

us to identify the π-aminyl radical (DhL-NH•) 10 and α-azidoalkyl radical (R-CH(•)-N3) 

11 (Figure 9 and Scheme 5). The red spectrum in Figure 9A shows three important 

characteristics: (i) the outermost hyperfine structures due to a single axially symmetric 

anisotropic nitrogen with HFCC and g-values that are typical to a neutral aminyl radical 

nitrogen in 1025−28; (ii) a broad central doublet of ca. 84 G similar to the reported for 

the aminyl radical generated in our azido nucleosides25–27; and (iii) the match between 

the experimentally recorded spectrum (red) and the simulated spectrum (violet) establishes 

that the central multiplet arises from aminyl radical 10 and carbon-centered radical 11. 

Subsequent warming of this sample for 15 min in the dark to ca. 145 K and 150 K led to 

the red spectra shown in Figures 9B and 9C (See SI Section for detailed discussion and 

simulation parameters of the radicals; Figures S5 and S7–S9). Comparison of the spectra in 

Figure 9 shows that contrary to our previous observations of σ-iminyl radical formation,25, 

27 we only detect the π-aminyl radical 10 and α-azidoalkyl radical 11 species with AzDhL 

4. This is because the expected doublet due to the isotropic β-H HFCC ca. 80 G of the 

σ-iminyl radical (R-CH=N•; e.g., 12), observed in our previous work,25, 27, 55 was not 

observed in spectrum C in the glassy system.

AzPTL 3 and AzDhL 4 have the common structure R-CH2-N3; therefore, based on our 

previous studies,25, 27 the formation σ-type iminyl radicals such as 12 is expected in both 

3 and 4. However, comparison of the ESR spectral results in Figures 8 and 9 show that the 

conformation of aminyl radicals dictate the subsequent radical formation – i.e., formation of 

a tertiary C-centered radical 9 in AzPTL 3 and the aminyl radical 10 and α-azidoalkyl 

radical 11 in AzDhL 4. The role of C-centered radicals in causing radiosensitization 

is well-established in the literature through H-atom abstraction leading to sugar radical 

formation that are precursors of strand break and unaltered nucleobase release28, 29, 51–

54 Since our previous works and the literature established that aminyl radicals are well-

known oxidizers25–29, 31 we predict that both AzPTL 3 and AzDhL 4 could be better 

radiosensitizers than their parent compounds as they generate NCRs. Radical species from 3 
and 4 are also expected to have a better solubility in water than their azido precursors.

2. Conclusions

Addition of trimethylsilyl azide to the exomethylene double bond in SLs 1 and 2 in the 

presence AcOH and Et3N provided AzPTL 3 and AzDhL 4derivatives with a modified 

αMγL group. Oxidation of C14 methyl group in PTL 1 to hydroxymethyl and conversion 

to azidomethyl unit provided azido-melampomagnolide B, (AzMMB, 7) while preserving 

the mechanistically crucial exomethylene unit. Addition of radiation-produced electrons 

to AzPTL 3 leads to formation of an aminyl radical which transforms into a tertiary 

C-centered radical AmPTL• 9; whereas radiation-mediated electron addition to AzDhL 

4 produced the highly reactive oxidizing aminyl radical 10 and α-azidoalkyl radical 11. 
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AzPTL and AzDhL significantly suppressed proliferation rate and colony forming ability 

in MCF-7 cells. Notably, AzPTL in combination with radiation restricted colony forming 

ability to a greater extent than the singular treatments. The radiosensitization observed 

for these azido-SLs might be attributed to the increased reactive oxygen species (ROS) 

generated via radicals 9, 10 or 11 and is also supported by NAC reversal effect on the 

activity of these compounds as C- and N-centered radicals can be effective in augmenting 

radiation damage.25–29, 51–55 These results could provide additional support to finding that 

DMAPTL-induced radiosensitization might occur via two possible pathways (a) inhibition 

of intracellular thiol redox chemistry, and (b) inhibition of the NF-κB pathway.21 Our 

findings involve the combination of synthesis, ESR, theoretical calculations as well as 

biochemical and cellular studies and provide insight to the higher radiosensitization shown 

by azido-SLs than the parent SLs.

4. Experimental Part

4.1. Synthetic and spectroscopic data

Parthenolide PTL 1 and dehydroleucodine DhL 2 were purchased from Ambeed. DhL was 

also isolated from and purified as described in the literature.9 All reactions were carried 

out under argon atmosphere using dry, freshly distilled solvents under anhydrous conditions. 

Solvents were purified and dried utilizing standard procedures. Reactions were monitored 

via thin-layer chromatography detected with a 254 nm lamp and stained using Ce(SO4)2/

(NH4)6Mo7O24∙4H2O/H2SO4/H2O reagent or I2 chamber. Reported are isolated yields after 

purification via column chromatography using Merck silica gel 60 (230 – 400 mesh). 1H and 
13C NMR were obtained using a Bruker 400 MHz instrument with solutions of CDCl3.

Azidoparthenolide (AzPTL) 3. To a pressure vessel equipped with a stir bar, at rt, under 

N2, DCM (5 mL) was added followed by AcOH (0.23 mL, 4.03 mmol, 9.9 eq), and TMS-N3 

(0.5 mL, 4.03 mmol, 9.9 eq). After 30 minutes, PTL 1 (101.0 mg, 0.41 mmol, 1 eq) and 

Et3N (0.01 mL, 0.08 mmol, 0.2 eq) were sequentially added and reaction was placed in a 40 

°C oil bath and stirred overnight. Reaction was cooled to rt and evaporated under reduced 

pressure. The residue was purified using (EtOAc/hexane; 20:80 → 40:60) to give 36 (103 

mg, 87%) as a white solid: 1H NMR δ 1.19–1.27 (m, 1H), 1.30 (s, 3H), 1.70 (m, 4H) 

1.88–1.93 (m, 1H), 2.06 – 2.51 (m, 7H), 2.75 (d, J = 9.0 Hz, 1H), 3.62–3.66 (dd, J = 3.6 Hz, 

J = 12.8 Hz, 1H), 3.83 – 3.89 (m, 2H), 5.21 (d, J =10.6 Hz, 1H); 13C NMR δ 16.9, 17.2, 

24.0, 29.7, 36.5, 40.9, 45.9, 47.7, 48.2, 61.5, 66.2, 82.4, 125.3, 134.2, 174.2.

Azidodehydroleucodine (AzDhL) 4. To a pressure vessel equipped with a stir bar, at rt, 

under N2, DCM (5 mL) was added followed by AcOH (14.0 μL, 0.245 mmol, 4.8 eq) and 

TMS-N3 (38.0 μL, 0.29 mmol, 5.6 eq). After30 minutes, DhL 2 (12.4 mg, 0.05 mmol, 1 eq) 

and Et3N (1.4 μL, 0.01 mmol, 0.2 eq) were sequentially added and reaction was placed in a 

40 °C oil bath and stirred overnight. Reaction was cooled to rt and evaporated under reduced 

pressure. The residue was purified using (EtOAc/hexane; 20:80 → 40:60) to give 4 (11.9 

mg, 82%) as a white solid: 1H NMR δ 1.32 – 1.42 (m, 1H), 2.02 – 2.07 (m, 1H) 2.28 (s, 

3H), 2.30 – 2.37 (m, 2H), 2.39 – 2.45 (m, 5H), 3.45 (d, J = 10.0 Hz, 1H), 3.62 – 3.69 (m, 

2H), 3.78 – 3.83 (dd, J = 4.0 Hz, J = 12.8 Hz, 1H), 6.16 (m, 1H); 13C NMR δ 19.9, 21.7, 

25.9, 37.4, 46.3, 47.9, 51.1, 52.5, 84.3, 131.8, 135.8, 152.2, 169.7, 174.2, 195.8; HRMS: 
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m/z calcd. C15H17N3O3 [M]+ 287.1270 found [M+H]+ 288.13482, [M+Na]+ 310.11656, and 

[M+K]+ 326.09079.

Melampomagnolide B (MMB) 5. To a pressure vessel equipped with a stir bar, at rt, under 

Ar, SeO2 (6.3 mg, 0.057 mmol) was added and purged for 2 min. DCM (4 mL) followed 

by TBHP (0.02 mL, 0.12 mmol) were sequentially added and stirred for 30 min. A solution 

of PTL 1 (30.1 mg, 0.12 mmol) in DCM (3 mL) was then added, and reaction was stirred 

for 24 h. Volatiles were evaporated and residue was purified using (EtOAc/hexane; 0:100 → 
70:30) to give 541 (20.1 mg, 63%) as a white solid along with aldehyde 6 (2.6 mg, 10%). 

Compound 5 had: 1H NMR 1.09 (t, J = 12.2 Hz, 1H), 1.60–1.72 (m, 4H), 2.12–2.34 (m, 3H), 

2.41 (m, 3H), 2.85 (d, J = 9.4 Hz, 2H), 3.85 (t, J = 9.3 Hz, 1H), 4.12 (dd, J = 12.6, 34.5 Hz, 

2H), 5.54 (d, J = 3.20 Hz, 1H), 5.65 (t, J = 8.24, 1H), 6.23 (d, J = 3.5 Hz, 1H). Aldehyde 6 
had: 1H NMR δ 1.22–1.26 (m, 1H), 1.58–1.66 (m, 4H), 2.30–2.43 (m, 2H), 2.46–2.64 (m, 

4H), 2.72 (d, J = 9.5 Hz, 1H), 2.92–3.01 (m, 1H), 3.79 (t, J = 9.4 Hz, 1H), 5.57 (d, J = 3.2 

Hz, 1H), 6.22 (d, J = 3.5 Hz, 1H), 6.68 (dt, J = 1.6, 9.4 Hz, 1H), 9.49 (d, J = 1.8 Hz, 1H).

AzidoMelampomagnolide B (AzMMB) 7. Step a. Mesylation. Et3N (0.02 mL, 0.16 mmol) 

was added to a solution of 5 (16.9 mg, 0.064 mmol) in DCM (5 mL) at rt under Ar. To 

this solution, MsCl (0.01 mL, 0.13 mmol) was added dropwise and stirred for 1 h. Mixture 

was then partitioned between ice water and DCM. The organic layer was dried with Na2SO4 

and volatiles were evaporated. The residue was dried further under reduced pressure and 

provided the mesylate which was of sufficient purity (TLC) to be directly used in the next 

step.

Step b. Azidation. NaN3 (6.24 mg, 0.096 mmol) was added to a solution of crude mesylate 

from step a in DMF (4 mL) at rt under Ar. After 2 h, volatiles were evaporated and residue 

was column chromatographed (hexane/EtOAc; 100:0→60:40) to give 756 (11.1 mg, 60%) as 

a white solid. 1H NMR δ 1.12 (t, J = 13.0 Hz, 1H), 1.55 (s, 3H), 1.71 (m, 1H), 2.15–2.49 (m, 

6H), 2.71–2.75 (m, 1H), 2.84 (d, J = 9.3 Hz, 1H), 3.68 (d, J = 13.3 Hz, 1H), 3.81–3.87 (m, 

2H), 5.55–5.56 (m, 1H), 5.67 (t, J = 8.3 Hz, 1H), 6.25–6.27 (m, 1H); 13C NMR (CDCl3, 400 

MHz) δ 17.9,23.7, 24.1, 25.3, 36.6, 42.7, 55.6, 59.9, 63.3, 80.9, 120.3, 131.2, 138.6, 169.2.

4.2. Cellular proliferation assays

4.2.1. Without ionizing radiation—The rate of cellular proliferation was determined 

by MTT assay using a kit from Sigma-Aldrich, Inc. (St. Louis, Missouri). A total of 5 

× 103 MCF-7, PANC-1, or MDA-MB231 cells were seeded in each well of a 96-well 

plate with 100 μL of Dulbecco’s Modified Eagle Medium (Thermo Fisher Scientific, 

Waltham, Massachusetts). After 24 hours incubation, 50 μl of fresh media with different 

concentrations of drug or DMSO was added to each well and further incubated. After 24, 

48, or 72 h of drug treatment 10 μL of the labelling agent was added to the wells and 

incubated for 4 hrs. Then 100 μL of solubilization agent was added and incubated at 37 °C 

in a humidified CO2 incubator for overnight. Absorbance was subsequently read at 570 nm 

with a microplate reader.

3.2.2. With ionizing radiation—The rate of cellular proliferation was determined by 

MTT assay using a kit from Sigma-Aldrich, Inc. (St. Louis, Missouri). A total of 5 × 
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103 MCF-7 cells were seeded in each well of a 96-well plate with 100 μL of Dulbecco’s 

Modified Eagle Medium (Thermo Fisher Scientific, Waltham, Massachusetts). After 24 

hours incubation, 50 μL of fresh media with different concentrations of drug or DMSO was 

added to each well and further incubated for 30 minutes before exposure to 2 Gy γ-rays at a 

dose rate of 0.98 Gy/minute. After 24 h of irradiation 10 μL of the labelling agent was added 

to the wells and incubated for 4 hrs. Then 100 μL of solubilization agent was added and 

incubated at 37 °C in a humidified CO2 incubator overnight. Absorbance was subsequently 

read at 570 nm with a microplate reader.

3.2.3. Colony formation assay—A total of 1 × 103 cells were seeded with 3 mL 

of Dulbecco’s Modified Eagle Medium in each well of a 6-well plate. After 6 hours of 

incubation, the seeding medium was replaced with fresh medium containing either 0.8 μM 

drug or DMSO. After 30 minutes of drug treatment the 6-well plates were exposed to 2 

Gy γ-rays at a dose rate of 0.98 Gy/minute. Cells were then incubated for 10 days in 

a humidified CO2 incubator. After 10 days the medium was discarded, and all the wells 

were washed with 1× PBS. Colonies were fixed with 70% alcohol for 15 minutes, and 

then stained with 0.1 % crystal violet solution. Excess crystal violet solution was washed 

with distilled water and the wells were left to dry. Colonies with more than 50 cells were 

considered as regular colonies, while colonies with less than 50 cells were considered 

as micro-colonies. Most of the micro-colonies were invisible to the naked eye and were 

visualized under 4× magnification.

3.2.4. NAC Study Description—Cells (MCF-7 or MBA-MD-231, 2×105) were seeded 

and incubated for 24 h. After incubation, cells were treated with (10 μM) of selected SLs 

or AzSLs (1–4) as shown in the Figures 5 and 6 in the absence or presence of 2 mM NAC 

for an additional 24 h. At the end of the second incubation, cells were washed with PBS 

and 2 mL serum-free culture medium containing 1 mg/mL MTT [3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich] was added to each well. The medium 

was discarded after 6 h, DMSO was added to dissolve MTT-derived formazan, and formazan 

was quantified by the measurement of absorbance at wavelength 570 nm as previously 

described.9

4.3. ESR Studies and Theoretical Calculations

Calculations employing DFT/B3LYP-PCM/6–31G** method as well as preparation of 

transparent homogeneous glassy samples, their irradiation and ESR studies as well as 

analyses of the ESR spectra28, 51 are detailed in the Supplementary Materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SLs Sesquiterpene lactones

PTL parthenolide

AzPTL azido-parthenolide

DhL dehydroleucodine

AzDhL azido-dehydroleucodine

NF-κB nuclear factor κB

AZT 3’-azido-3’-deoxythymidine

5-AmdU 5-azidomethyl-2’-deoxyuridine

DMAPTL dimethylamino parthenolide

AmPTL aminomethyl parthenolide

αMγL α-methylene-γ-lactone

ROS reactive oxygen species

DEA dissociative electron attachment

ESR electron spin resonance

HFCC hyperfine coupling constants

MMB Melampomagnolide B

AzMMB AzidoMelampomagnolide
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Figure 1. 
Dose-dependent decrease in proliferation rate in MCF-7 cells following treatment with (A) 

AzPTL and (B) AzDhL.
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Figure 2. 
MTT assay revealed (A) AzPTL 3 suppresses MCF-7 cell proliferation to a greater extent 

than the PTL 1, (B) the parent DhL 2 is more effective in checking MCF-7 cell proliferation 

than the AzDhL 4.
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Figure 3. 
Treatments with 2.5 μM of (A) PTL 1 or AzPTL 3 and (B) DhL 2 or AzDhL 4 exhibit no 

further enhancement of anti-proliferative ability following radiation in MCF-7 cells.
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Figure 4. 
Representative photomicrographs of MCF-7 colonies in different treatment groups.
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Figure 5. 
NAC reverses the inhibitory effect of PTL, DhL, and their azido derivatives in MCF-7 cells. 

NAC (2 mM) was added to MCF-7 cells with 40 μM of PTL 1 and AzPTL 3 (Chart A) or 

DhL 2 and AzDhL 4 (Chart B). Each experiment was done in triplicate and expressed as +/− 

SEM.
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Figure 6. 
NAC reverses the inhibitory effect of PTL, DhL, and their azido derivatives in MDA-

MB-231 cells. NAC (2 mM) was added to MDA-MB-231 cells alone, with 40 μM of PTL 

1 and AzPTL 3 (Chart A) or DhL 2 and AzDhL 4 (Chart B). Each experiment was done in 

triplicate and expressed as +/− SEM.
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Figure 7. 
AzMMB suppresses (A) MCF-7, (B) MDA-MB-231, and (C) PANC-1 cells proliferation in 

a dose-dependent manner at 72 h.
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Figure 9. 
ESR spectra of γ-irradiated (absorbed dose = 500 Gy at 77 K) homogeneous glassy solution 

of AzPTL 3 (2 mg/mL, black) in 7.5 M LiCl in D2O (A) at 77 K. Spectra A through C are 

assigned to radical 9 formed as depicted in Scheme 4. Spectra (B, black) and (C, black) were 

obtained via stepwise annealing of the sample for 15 min at ca. 145 and ca. 155 K in the 

dark. The black spectra in A and B were obtained after subtraction of the line components 

of Cl2•¯ spectrum, following our previous works,25, 27 from the individual experimentally 

recorded spectrum. The spectra (red) are the simulated spectra (for simulation parameters, 

see SI section). Three equally spaced (13.09 G) reference triangles in this Figure and in 

subsequent Figures show Fremy’s salt resonances with central marker at g = 2.0056.
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Figure 10. 
(A) ESR spectrum (red) after radiation-produced one-electron addition to AzDhL 4 (2.0 

mg/mL) at 77 K (γ-irradiation, 500 Gy) in 7.5 M LiBr/D2O in dark; the violet spectrum is 

the combination of the simulated spectra of radicals 10 and 11 respectively (for simulation 

details including parameters see SI section; Figure S5 and S7–S9). Spectra shown in B and 

C were obtained via stepwise warming of the sample for 15 min at ca. 145 K and at ca. 150 

K in the dark. The spectra at the wings in Figure C were multiplied by 5. All spectra were 

recorded at 77 K.
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Scheme 1. 
Radiation-produced electron-mediated site-specific formation of the neutral aminyl and 

iminyl radical from 5-AmdU via DEA.25
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Scheme 2. 
Synthes of AzPTL 3 and AzDhL 4 (1st generation AzSLs).
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Scheme 3. 
Synthesis of AzMMB 7 (2nd generation AzSLs).

Reyes et al. Page 26

Results Chem. Author manuscript; available in PMC 2024 November 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 4. 
Intramolecular formation of the neutral tertiary carbon-centered radical AmPTL• 9 from 

AzPTL.
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Scheme 5. 
Formation of α-azidoalkyl radical 11 from AzDhL 4.
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