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Abstract 

Four parthenolide derived prodrugs, containing different boronic ester moieties, were synthesised, 

their drug-like properties were calculated and their activity against chronic lymphocytic leukaemia 

(CLL) MEC1 cells measured. Differences in the clogP, the propensity towards oxidation by 

hydrogen peroxide, the affinity of the associated diols to a model boronic acid and the biological 

activity against MEC1 cells were contrasted, and it was found that the propensity for oxidation 

correlated to biological activity. 

Introduction 

The most common type of blood cancer in western countries is chronic lymphocytic leukaemia 

(CLL).1 Current treatments for CLL include: conventional chemotherapy in the form of a 

combination treatment, including fludarabine, cyclophosphamide and rituximab;2 targeted cancer 

drugs, (i.e. ibrutinib or idelalisib); or radiotherapy.3 These treatments are non-curative, and suffer 

poor efficacy against resistant cancer cells.4 Furthermore, genome instabilities may render 

targeted drugs ineffective.5 The current chemotherapeutic regimen displays severe side-effects, 

limiting its use in older patients, or those with other health conditions.6 As the median age of CLL 

diagnosis is 70, there remains an unmet clinical need for the development of chemotherapeutics 

with lower cytotoxicity, enabling treatment for this patient group.7 

A prodrug is a biologically inactive compound which can be converted to an active drug through 

application of a chemical or biochemical stimulus, often related to metabolism.8 This strategy can 

be used to improve the bioavailability of certain drugs, increase lipophilicity or to help decrease 

the cytotoxicity of the administered drug.9 A variety of activating stimuli can be used including 

enzymes,10 pH11 and reactive oxygen species (ROS). 



The misregulation of ROS in cancer cells leads to an increased intracellular or tumour 

concentration of hydrogen peroxide in cancer cells,12 making hydrogen peroxide an attractive 

target for prodrug activation or diagnostic development.13  

Boronic acids can undergo condensation reactions with certain 1,2- and 1,3-diols, yielding cyclic 

boronic esters.14 Both of these species oxidise in the presence of ROS and reactive nitrogen 

species (RNS), with oxidative cleavage of the carbon–boron bond to yield the corresponding 

phenols and boronates. 

Boronic acids and esters have thus been utilised as hydrogen peroxide sensitive pro-moieties in 

anticancer prodrugs,15 as triggers for molecular chemosensors16 and drug-delivery systems.17 At 

present, one boronic acid-containing drug is approved for use. Bortezomib 1, (Figure 1) is a 

proteasome inhibitor used in the treatment of cancers including multiple myeloma.18 An elegant 

example of boronic acids or esters used as prodrug triggers was reported by Xue and co-

workers.15a Compound 2 was designed as a 5-fluorouracil derivative incorporating a boronic acid 

bound via a self-immolative linker, showing  enhanced tumour selectivity compared to 5-

fluorouracil, (Figure 1).15a Chen et al. employed ROS-triggered boronic acid or ester cleavage to 

deliver phenolic nitrogen mustards from boron-containing prodrugs (exemplified by 3, Figure 1). 

The boronic ester reduces the electron density around the nitrogen atom, preventing it from 

forming the active cyclic form of the nitrogen mustard, an aziridinium ring, inhibiting its biological 

activity. As 3 is converted, by action of ROS, into the corresponding phenol, the nitrogen becomes 

more nucleophilic and can readily form an aziridinium species becoming toxic to cells. The series 

of compounds studied by Chen et al. displayed excellent selectivity towards CLL cells versus 

normal lymphocytes.15b  



 

Figure 1. The structure of the boronic acid-containing anticancer drug bortezomib (1)19 a boronic ester 5-fluorouracil-
derived prodrug (2), Xue and co-workers,15a and a boronic ester-containing masked nitrogen-mustard DNA cross-

linker (3).15b 

In the case of both 2 and 3, it was observed that under aqueous conditions the boronic esters 

within these molecules would hydrolyse into the corresponding boronic acid. The equilibria 

between boronic acids and diols (Scheme 1) and their complex, pH dependent, kinetics of 

hydrolysis lead us to hypothesise that the diol constituent used may alter the biological activity of 

boronic ester containing prodrugs.20 

 

Scheme 1. Equilibria between boronic acids and diols forming boronic esters in aqueous media. 

Parthenolide (PTL) (Figure 2, 4), is a bioactive natural product that can be extracted from the plant 

feverfew (Tanacetum parthenium),21 and has shown activity against a range of cancer types 

including breast,9a gastric9b and bladder.9c Crucially, PTL (4) has also been shown to be effective 

against leukaemia cells in vitro including CLL.22 Unfortunately, PTL (4) displays poor drug-like 

properties, namely its low aqueous solubility (0.17 μM/mL in serum),23 which precludes its use as 

an orally administered therapy.22b, 24 Previously published research by co-authors of this report 

outlines the synthesis of aniline derivatives of 4, producing a range of compounds active against 

CLL including 5, Figure 2. Parthenolide derivatives have been shown to act through alkylation of 

Cys38 on NF-kB, inhibiting DNA binding,25 and through the depletion of glutathione. By reducing 
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the levels of glutathione, a known antioxidant,26 PTL derivatives increase intracellular ROS to 

concentrations fatal to the cells. As such PTL (4) and its derivatives are considered pro-oxidants, 

as previously demonstrated by co-authors of this report.27 This makes them an attractive scaffold 

from which to develop boronic ester-based ROS-triggered prodrugs, as their activation is 

hypothesised to cause a subsequent intracellular cascade of oxidation.  

Compound 5 was selected as a model platform of a bioactive compound (previously been shown 

by some co-authors of this report to display activity towards CLL cells) that could be revealed upon 

the action of ROS on a corresponding boronic ester. Boronic ester-containing derivatives of PTL 

(4) 6a-d, predicted to oxidise to 5, Scheme 2, were chosen for this study. Herein, the synthesis, 

physicochemical and biological evaluation of these four boronic esters as potential prodrugs that 

contain boronic ester motifs is described. The boronic esters present in 6a-d were chosen due to 

the difference in affinity of their corresponding diols (a-c) towards a model boronic acid (see Table 

2, later), the availability of materials to synthesise them, the tractability of their synthesis and their 

stereochemical features (d).  



 

Figure 2. Natural product parthenolide (PTL) 4, aminophenol derivative 5,24 and PTL-boronic ester derivatives 
containing: Pinacol esters (6a); neopentyl glycol esters (6b); and trans-2,3 butane diol esters, (R,R 6c) or (S,S 6d). 
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Scheme 2. Proposed ROS-triggered activation of boronic ester containing parthenolide derivatives 6. Hydrogen 
peroxide-mediated oxidation of generic boronic ester 6 giving rise to phenol-containing parthenolide derivative 5. 

Results and discussion  

Synthesis  

The synthetic path to access boronic esters involved, first extracting parthenolide (4) from the 

feverfew plant using previously published methods.22b From PTL 4, the phenol containing aniline 

derivative 5 was accessed via a squaric acid-catalysed Michael addition, and subsequent 

conversion into reactive nonaflate 7. Suzuki-Miyaura borylations, using a palladium-XPhos derived 

catalyst, were then performed using the relevant diboron compound to yield 6a-d in 38 to 78% 

overall yields. In order to prepare the two stereoisomers of trans-2,3-butanediol, single 

enantiomer diboronic esters 8c and 8d were synthesised in 90 and 86% isolated yields 

respectively (see supplementary material for details).  
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Scheme 3. The synthetic route towards boronic ester containing PTL derivatives 6a-d from nonaflate activated PTL 
derivative 7 and diboron compounds 8a-d. 

Crystals suitable for single crystal X-ray diffraction (XRD) structure determination were obtained 

from compounds 6c and 6d (Figure 1, for details see supplementary material). Both 6c and 6d 

display NH⋅⋅⋅O=C distances indicative of H-bonding 2.5 and 2.3 Å respectively. The relative 

stereochemistries of diastereomeric 6c and 6d are consistent with the absolute stereochemistry 

of starting materials deployed in their synthesis. 
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Figure 3. Single crystal X-ray crystal structure of (i) 6c and (ii) 6d. For further detail see supplementary material. 

Calculated physiochemical properties 

The molecular weight, fraction of sp3 and clogP were compared for 6a-d (Table 1); the calculated 

properties of diastereoisomers 6c and 6d were found to be the same. Molecular weights are under 

500 Da for each of 6a-d.28 Since compounds 6a-d differ only in the alkyl ester part, the fraction 

of sp3 (Fsp3),29 follows molecular weight (0.65, 0.64 and 0.62 for 6a, 6b, 6c/d, respectively). The 

lipophilicity of a compound impacts its ability to cross cell membranes and other biological 

barriers.28b By changing the alkyl ester part across 6a, 6b, 6c/d the calculated logP (clogP) values 

confirm lipophilicity may be modulated by changing the boronic ester moiety within the molecule 

(clogP 5.27, 4.57 and 4.44 for 6a, 6b and 6c-d, respectively, Table 1, Entry 3-6).30 See 

supplementary material for clogP using alternate predictive models. 

 



Table 1. Calculated physiochemical properties and activity against MEC1 CLL cells and normal healthy PBMCs for 4, 
5 and 6a-d. 

 
Entry Compound Mol wt (Da) Fsp3 clogP (a) EC50 MEC1 

/μM 
EC50 PMBC 
/μM 

EC50PMBC/
EC50MEC1 

1 4 284.32 0.67 2.45 4.20 29.70 7.07 
2 5 357.45 0.57 3.26 8.10 36.00 4.44 
3 6a 467.41 0.67 5.27 182.00 2.00 × 105 109.90 
4 6b 453.39 0.65 4.57 732.00 1.40 × 106 191.30 
5 6c 439.36 0.64 4.44 338.00 1.10 × 103 3.25 
6 6d 439.36 0.64 4.44 191.00 2.10 × 103 11.00 

(a) Calculated using XlogP method,30 within the Knime platform. 

Biological evaluation 

Activity of parthenolide derivatives 6a-d against MEC1 CLL cells was determined using an 

alamarBlue® (ThermoFisher Scientific) and benchmarked against parthenolide (4) and phenolic 

parthenolide derivative 5 (Table 1).31 The EC50 gives an indication of the efficacy of these 

compounds at treating this cancer cell line in vitro. Compound 6a-d exhibited very similar 

cytotoxicity towards the CLL cells, with EC50 values of 182, 732, 338 and 191 μM (Table 1, Entry 3-

6). To measure the effect of changing the ester on the ability of these compounds to differentiate 

between healthy normal human cells and cancer cells, the same assay was performed on normal 

peripheral blood mononuclear cells (PBMC, Table 1). The EC50 values obtained in these 

experiments displayed greater variation than that of the cancer cells; compounds 6a-d gave values 

of 2.00 × 105, 1.40 x 106, 1.10 x 103 and 2.10 x 103 μM (Table 1, Entry 3-6). That the EC50 values 

calculated against healthy cells is so much higher indicates that these compounds have the 

potential to act as prodrugs. The ratio between the two EC50 values was calculated 

(EC50PBMC/EC50MEC1), to compare the differences in activity of each compound between the two 

cell lines. This yielded values for 4, 5 and 6a-d of 7.07, 4.44 109.9, 191.3, 3.25 and 11.0 respectively 

(Table 1). This indicates that compounds 6a and 6b display greater selectivity towards CLL cells 

compared to PBMCs whilst 4, 5, 6c and 6d show lower specificity; the high EC50 values calculated 

for 6a and 6b are tentatively hypothesised to be a due to the intracellular ROS concentration 

being insufficient to activate the prodrug over the timescale that this experiment was measured. 

To rationalise these observations experiments were performed to observe the oxidation of model 

boronic esters containing these ester substituents. 



Oxidation studies 

The oxidation studies were performed using model compounds 9a-d, Table 2. Keeping the aryl 

substituent the same so as to avoid affecting the oxidation rate,32 the different boronic esters 

were exposed to hydrogen peroxide (1.2 equiv.) and the conversion into the corresponding phenol 

was monitored by proton NMR spectroscopy (Figures S7-17); the time taken to achieve 50% 

conversion from boronic ester into the phenol is given in Table 2. The equivalent free boronic acid 

10 was also investigated (Table 2, entry 5). It is hypothesised that the oxidation rates of 

compounds 9a-d and 10 would differ, however in aqueous solutions boronic esters exist as an 

equilibrium between the boronic ester and the free acid plus the diol. To ensure that this 

experiment was not measuring the equilibrium hydrolysis rate, an affinity assay using phenyl 

boronic acid and alizarin red S was performed,14, 33 (Figure S1-3, Table S1), yielding a ranking order 

of the different diol affinities towards boronic acids. 50% of 9a oxidised into 11 in ten minutes, 

and pinacol displayed a relative affinity to phenyl boronic acid of 12.1 (Table 2, Entry 1). 9b oxidised 

more slowly than 9a, taking 27 minutes to reach 50% conversion into 11 (Table 2, Entry 2). The 

relative affinity value for neopentyl glycol to phenyl boronic acid was also lower than that of pinacol, 

with a value of 0.30, (Table 2. Entry 2). As expected, 9c and 9d showed identical oxidation rates 

within the experimental error; these were the fastest to oxidise, yielding a 50% conversion into 11 

in five minutes (Table 2, entries 3 and 4). The relative affinity values of R,R- and S,S-2,3-butanediol 

to phenylboronic acid are also identical at 0.57 (Table 2, entries 3 and 4). Under the experimental 

conditions, boronic acid 10 completed a 50% conversion into 11 in 22 minutes (Table 2, entry 5). 

That compound 9b displays a slower oxidation than compound 10 whilst 9a, 9c and 9d are faster 

indicates that the oxidation reaction is at least partially independent of the hydrolysis rate. The 

independence of the oxidation rate to the hydrolysis is further confirmed by the ARS assay, which 

gives a ranking order for the diol-boronic acid affinity of 12a > 12c = 12d > 12b, whereas the 

propensity for oxidation of the corresponding boronic esters displays a different order of 12c = 

12d > 12a > 12b. To the best of the authors’ knowledge this is the first example of using the diol 

component of a boronic ester to adjust its stability or reactivity towards ROS. Of the properties 

calculated or experimentally determined for 6a-d, there is a correlation between the propensity 

for oxidation, the clogP and the biological effect against CLL cells in vitro Table 1, however, these 

do not correlate to the relative affinity values of the diols to phenyl boronic acid. 



Table 2. Time taken for 9a-d or 10 (0.047 mmol) to reach 50% conversion to phenol 11 upon reaction 
with hydrogen peroxide (1.2 equiv.), and corresponding diol (12a-d) relative affinities for phenyl boronic 

acid. 

 

Entry Cmp 
50% conv 
11 / min (a) 

Diol 
Relative diol-phenyl 
boronic acid affinity 

(b) 

1 9a 10 

 

1.21 

2 9b 27 

 

0.30 

3 9c 5 

 

0.57 

4 9d 5 

 

0.57 

5 10 22 - - 
(a) Compounds 9a-d or 10 (0.047 mmol) in a mixture deuterated PBS 
(pH 7.4, of 50 μL) and DMSO-d6, 550 μL) conversion determined by 

inspection of proton NMR spectrums in situ; (b) Relative affinity values 
were calculated as the reciprocal of (F/F0)-F0 where F0 = the 
fluorescence intensity prior to the addition of diol solution. 

Conclusions 

Four boronic ester containing PTL derivatives were successfully synthesised, and their 

physicochemical drug-like properties were calculated using the ionic logP algorithm via the CDD 

Vault platform. It was noted that the chirality of the two trans-2,3-butanediol boronic esters, 6c 

and 6d, did not affect any of their calculated or measured properties. The in vitro biological activity 

towards MEC1 CLL and normal PBMC cells was then determined for 6a-d. Whilst each of the 

compounds displayed similar activity towards CLL cells their activity towards healthy cells differed. 

Further investigation revealed that changing the alkyl constituent of the ester also adjusted the 

reactivity of the ester towards oxidation by hydrogen peroxide. The increasing sensitivity of the 

boronic ester towards oxidation correlates with increased biological activity, which is tentatively 

hypothesised to be due to the increased intracellular oxidation to activate the drug. None of these 

three properties showed a correlation with the affinity of the corresponding diols to boronic acids, 

indicating that the trends observed are likely to be independent of the hydrolysis propensity of 

the boronic esters. 
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Being able to tailor boronic esters towards either stability or sensitivity to ROS, whilst keeping the 

resulting phenol unaltered, has implications beyond prodrug development. Moderating the 

triggered oxidation rate of boronic acids under physiological conditions could see great 

application in fields such as sensing or drug delivery in diseases beyond cancer, including 

diabetes.34 However, further research is needed to elucidate a greater understanding of underlying 

principles that govern this effect. 

Supplementary Information 

Experimental procedures, additional data, supplementary images, additional tables and graphical 

plots are available in a supporting information file, wherein additional citations are made.35 The 

CIFs for the crystal structures of 6c and 6d have been deposited with the CCDC and have been 

given the deposition numbers CCDC 2117990 and CCDC 2117991. 
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