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Abstract:  

PARP1 inhibitors (PARPi) has reshaped the clinical treatment of cancer patients with 
germline BRCA1/2 mutations presumably due to their ability to induce PARP1 trapping. 
Since PARPi resistance is frequently observed, there is still an unmet need to develop next 
generation PARP1-targeting agents for a more complete and sustained therapeutic effect. 
Historically, natural products have played pivotal roles in anticancer drug development 
by providing novel targets and mechanism of actions. In our recent discovery20, a ring 
seco-C limonoid natural product, nimbolide, was found to inhibit a Poly-ADP-
Ribosylation (PARylation)-dependent ubiquitin E3 ligase RNF114, and in doing so, 
induce the “super trapping” of both PARylated PARP1 and PAR-dependent DNA repair 
factors. Modular access to nimbolide and its analogues represents an opportunity to 
develop novel agents as the second generation PARP1-targeting agents for the treatment 
of BRCA-deficient cancers. Here, we report a convergent synthesis of nimbolide through 
a pharmacophore-directed, late-stage coupling strategy. The broad generality of this 
route is demonstrated through the synthesis of a variety of analogues with their 
preliminary cellular cytotoxicity and PARP1 trapping activity reported.  
 
Main text: 

Cancer continues to be a major cause of morbidity and mortality1. In the past decades, 
taking advantage of the concept of synthetic lethality2, PARP1 (Poly-ADP-ribose Polymerase 
1) inhibitors (PARPi) have radically reshaped the clinical treatment of cancer patients with 
germline BRCA1/2 mutations3-5. To date, four PARPi (see Figure 1A) have received the FDA 
approval for the treatment of BRCA1/2-mutated ovarian cancers (and/or breast, prostate, 
pancreatic cancer)6. All of these PARPi bind to PARP1 through mimicking the primary amide 
group in the cofactor NAD+ (nicotinamide adenine dinucleotide). It was initially thought that 
PARPi kill tumor cells by inhibiting the catalytic activity of PARP1 and thus blocking 
PARylation7 (Poly-ADP-ribosylation)-dependent DDR (DNA damage response) signaling8. 
More recent studies showed that besides inhibiting PARP1, the FDA-approved PARPi all 
possess a second activity, namely, to induce PARP1 trapping9-13. Specifically, it has been shown 
that PARP1 is recruited to DNA lesions at the early stage of DDR. In the presence of a PARPi, 
PARP1, however, is retained at the DNA damage site for an extended period of time (PARP1 



trapping) (Figure 1B). It has been shown that PARP1 trapping plays a key role in mediating 
the DNA damage, cytotoxicity and innate immunomodulatory functions of PARPi.9-13  

Despite these progresses, the intrinsic and acquired resistance to PARPi underscores 
the critical need to develop next generation PARPi with distinct mechanism of action (MOA)14. 
Historically, natural products have played pivotal roles in human health by providing active 
ingredients of folklore medicine.15 The intriguing structural-topological features of these 
complex secondary metabolites coupled with their unique biological properties have spawned 
widespread interests in the chemistry community16-19. In our accompanying report20, we 
identified RNF114 as a PARylation-dependent ubiquitin E3 ligase. In a landmark disclosure by 
Nomura and Maimone21, a ring seco-C limonoid natural product nimbolide22 was identified as 
a covalent inhibitor of RNF114. We found that by pharmacologically blocking the ubiquitin E3 
ligase activity of RNF114, nimbolide is able to induce a profound level of PARP1 trapping.20 
Importantly, in contrast to conventional PARPi (these compounds trap PARP1), nimbolide 
treatment leads to the trapping of both PARP1 and PAR-dependent DNA repair factors20 (e.g., 
XRCC1)23. This “super trapping” activity of nimbolide translates into its superior activity to 
kill cancer cells with BRCA mutations (Figure 1B). Furthermore, nimbolide is also able to 
overcome intrinsic and acquired resistance to PARPi20. The details of these mechanisms are 
described in reference 20. Inspired by recent successes in the development of rapid synthesis 
to bioactive terpenoids24-26 and in order to identify the nimbolide analogues (“super natural 
product”)27 with improved potency, a flexible and modular synthetic route towards nimbolide 
was deemed imperative and valuable.  

To maximize the potential scope of the nimbolide analogues, a convergent 
pharmacophore-directed late-stage coupling strategy was envisioned to access the nimbolide 
scaffold28. Based on covalent-binding property of nimbolide and our preliminary studies,20 the 
enone moiety and lactone ring of nimbolide were considered as the essential pharmacophore 
for the observed activity (Figure 1C)20. We surmised that nimbolide and its synthetic 
derivatives 9 could be rapidly accessed from the pharmacophore-contained building block 7 
and the modular unit 8. Despite the straightforward retrosynthetic analysis, identification of 
robust, versatile functional groups tolerated and scalable strategy to forge these bonds is not 
trivial. After considerable exploration, the fragments 10 and 11 were identified and realized in 
the nimbolide synthesis. Our synthesis represents the first total syntheses of nimbolide and 
several related ring seco-C limonoids natural products29, 30. The medicinal-chemistry relevance 
of this route is demonstrated through divergent synthesis of a variety of analogues.  

 



 
Figure 1. Anticancer reagent nimbolide as PARP1 trapping inducer and retrosynthetic analysis. (A) Current FDA approved PARPi and 
their PARP trapping mechanism; (B) The limonoid nimbolide and its PARP1 trapping mechanism; The nimbolide-induced PARP1 trapping 
mechanism was discovered and elaborated in ref 20. (C) Pharmacophore-derived retrosynthetic analysis of nimbolide and analogues.  
 

 
As outlined in Figure 2, our synthesis began with the reported ketone 12, which was 

prepared on >350 gram scale from abietic acid or dehydroabietic acid (see Supporting 
information)31-33. Treatment of 12 with catalytic Pd-mediated Saegusa oxidation35 followed by 
dihydroxylation and TMS protection gave the protected diol 14 as a single diastereomer on 
deca-gram scale. Initial TFDO C–H oxidation36 on the unprotected lactone 3037 resulted in 
hydrate 31 as the major product, along with the C2 and C1 oxidizing products 32 and 33 in low 
yields (Figure 2, Part C). However, after thorough investigation of the substrates and conditions, 
a gram-scale TFDO C–H oxidation was realized on substrate 14 to afford the desired C-2 
ketone 15 in a 53% yield, and the C-3 ketone 15 in a 12% yield38 (see Supporting information 
for optimization details). The sequent reduction of ketone to olefin 17 was unexpectedly 
challenging. Most of the conditions (such as Martin sulfurane or Burgess reagent) only 
provided the undesired alkene product 18. Gratifyingly, the one-pot Bamford-Stevens 
reduction generated the olefin 17 with decent yield. The olefin 17 was also prepared from the 
C3-ketone 16 in a similar manner with 66% yield. With the olefin 17 in hand, the core 10 was 
smoothly synthesized through a sequence of Wittig olefination, lactonization, SeO2-mediated 
allylic oxidation39 and TES group deprotection. The chemical structure of 10 was 
unambiguously assigned through single crystal X-ray diffraction analysis. The robustness of 
this synthetic route was demonstrated by the gram-scale preparation of 10, which facilitated 
the modular access towards nimbolide analogues with versatile architectures. 

For the preparation of the cyclopentenone fragment 29, several distinct synthetic routes 
were investigated. Despite the racemic synthesis of cyclopentenone 29 was achieved through 
nickel-mediated Fischer carbene cross-couplings in our early trials40, the asymmetric synthesis  
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Figure 2. Fragments preparation and synthetic route towards nimbolide.  

 
 

was unfruitful41-43. Subsequent attempts installing the chirality using CBS-reduction and 
preparation of cyclopentanone via Rautenstrauch rearrangement allowed for asymmetric 
synthesis of 29 in 7 steps from 3-furaldehyde 25. As illustrated in Figure 2B, starting from 
furan ester 25, the ketone 27 with terminal alkyne was accessed. The CBS reduction generated 
the chiral alcohol in 89% yield and 95% ee. After installing the pivalate group (28), the key 
gold-catalyzed Rautenstrauch rearrangement44 was screened and optimized to provide the 
chiral enone 29 in a 63% yield and 85% ee (optimization see Supporting Information for 
details). The a-iodo installation was enabled under the treatment of TMSN3 and I245 and the 
sulfonyl hydrazone 11 smoothly obtained through condensation with tosyl hydrazide. 

With these two advanced building blocks in hand, the ether coupling was investigated 
between 10 and cyclopentenone derivatives. A series of distinct strategies have been examined 
for this ether bond formation. However, SN2/ SN2’ substitution, transition-metal mediated 
coupling or tethered approach all failed to forge the desired ether bond (see Supporting 
Information for details). Through a series of optimization, we eventually applied the sulfonyl 
hydrazone-mediated etherification between 10 and 1146,47. Fortunately, the desired ether 
products (22 and 23) were obtained in high yields with 1.4:1 dr, favoring the correct 
stereochemical diastereomer. Thus, we turned our attention towards the last cyclization step. 
During our model studies, the desired cyclized products (36, 37) were isolated through Fe-H 
mediated radical ipso substitution (Figure 3A)48. However, this cyclization failed in the real 
system, presumably due to the additional strains. After extensive screenings, the 5-exo cyclized 
nimbolide (5) was obtained as the major product under the treatment of AIBN/nBu3SnH 
condition (Figure 2). The implementation of hexafluorobenzene as a solvent proved to be 
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crucial for favoring the 5-exo cyclized product instead of protodeiodination and 6-endo product 
2449. On applying the same conditions to the diastereomer 23, 6-endo cyclization was the only 
isolated product (40, Figure 3B). It is noteworthy that the Pd-mediated cyclization was also 
investigated (Figure 3C) but only the strained product 41 was isolated in a high yield, through 
a sequential 5-exo/3-exo Heck reaction50.  

The successful preparation of nimbolide enabled us to access other related limonoids 
natural products (Figure 4). Subjecting nimbolide (5) to the Mn-H reductive conditions51, 
reduced the enone to obtain 2,3-dihydronimbolide (42)52. The open-lactone natural product, 6-
deacetylnimbin (45)53 was accessed quantitatively under the treatment of sodium methoxide. 
On exposure to LiOH•H2O and mild heat (60 °C) conditions, 6-deacetylnimbinene (43)54 was 
accessed through decarboxylation and protonation at the a-position. Lastly, the downstream 
acetylated natural products nimbin (46)53 and nimbinene (44) 54 were synthesized in high yields 
with acetylation conditions.  

 

 
Figure 3. Model studies and cyclization. (A) Iron hydride mediated radical ipso-substitution; (B) Radical 6-endo cyclization on substrate 
23; (C) Pd-catalyzed Heck cyclization. 
 

 
Figure 4. Late-stage diversification of nimbolide for synthesis of related limonoid natural products. 

 
 
Based on the proposed MOA, nimbolide’s superior PARP trapping efficacy relies on its 

subtle interaction with RNF114, inhibiting the E3 ligase activity while maintaining the 
substrate binding of RNF114 to the PARylated PARP1. To leverage this discovery and probe 
RNF114 as a novel potential drug target, the ideal small molecule is required not only to be a 
selective inhibitor of RNF114, but also to act specifically without interfering the PAR binding 
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affinity. Facing these joint challenges and with our established synthetic route, we envisage to 
systematically investigate analogues targeting RNF114 commencing from lead compound 
nimbolide. The cellular cytotoxicity of nimbolide-derived nature products as well as truncated 
intermediates and isomers from our synthetic route were studied against UWB1 cell line, which 
is a BRCA1-deficient ovarian cancer cell line. Nimbolide-derived products without enone (42, 
43, 44, 61) or lactone motif (45, 46) demonstrate minimal cytotoxicity (>10 μM) while the 
synthetic intermediate 60 with the A and B ring in place still exhibits cytotoxicity. These results 
indicate that the enone group and the lactone across the A and B ring is crucial for nimbolide’s 
activity. Synthetic isomers of nimbolide vary in C ring size and stereochemistry (40, 49) all 
demonstrate only slightly lower cytotoxicity compared to nimbolide. However, isomer 41, with 
a rearranged scaffold in C and D ring, is totally inactive. With these information, we then set 
out to synthesize analogues varying in E ring, aiming to substitute the potential metabolically 
labile furan group55 as well as to improve the activity. Compound 47, without the furan ring, 
demonstrates a 5x reduction in activity. With various functional groups installed in the 
cyclopentenone unit, our synthetic route worked smoothly under current conditions, affording 
analogues with 5 or 6-member C rings and different E rings. The phenyl-substituted analogues 
51–53, show a similar or improved bioactivity, which indicates furan moiety is replaceable. 
The additional cyclohexyl replaced analogues 54–56 were prepared and explored, and their 
comparable cellular activities suggest the π system was not required for its activity. the para-
methoxy phenyl substituted (57–59) and para-OTBS phenyl substituted analogues (63-65) 
exhibited superior activities. We hypothesized that the para-methoxy and OTBS substituted 
phenyl group shall demonstrate a larger blocking area outside the RING domain of RNF114, 
and therefore increased cytotoxic potency was anticipated.  



 
Figure 5. Synthetic nimbolide analogs and their potency activity. A) nimbolide synthetic analogues SAR analysis; B) IC50 potency activity 
against UWB1 cells. See the Supplementary information for analogue preparation and experimental details. 
 

After obtaining a number of potent analogues, their biological activity was 
subsequently investigated and re-validated. In this case, we focused on whether the PARP1 
could still be efficiently trapped at the DNA damage site by few selective nimbolide analogs, 
and whether their cytotoxicity is correlated with the trapping capability. We therefore used the 
laser micro-irradiation experiments to examine PARP1 trapping (Figure 6). After DNA damage, 
the PARP1-GFP would accumulate around the DNA damage area (see Supporting Information 
for experiment details). In the DMSO control samples, the accumulation of PARP1 at DNA 
lesions reaches its peak after 30s and faded to the normal background in 10 mins. Two synthetic 
analogues, along with olaparib and nimbolide, with various cellular cytotoxicities were tested 
using this laser micro-irradiation experiment. Gratifyingly, we observed a positive correlation 
between their cytotoxicities and their PARP1 trapping activities. Notably, there was no PARP1 
trapping in the RNF114 KO cells under treatment of nimbolide.20  



 
Figure 6. Olaparib, nimbolide and its analogs laser micro-irradiation assay. A) Laser micro-irradiation initiated PARP trapping assay; 
B) Normalized PARP1 recruitment data based on GFP intensity. GFP signals were monitored and were quantified in a time-course experiment. 
Set 30s PARP1 trapping as maximal recruitment. 

 
In conclusion, the collection of a novel and validated MOA of nimbolide, and a 

convergent pharmacophore-directed late-stage coupling strategy to access nimbolide uniquely 
positions us towards translating these findings towards a next generation PARP1-targeting 
program for the treatment of BRCA-deficient cancers. As illustrated in Figure 2-5, this modular 
approach enables rapid and diverse preparation of nimbolide, related limonoids natural 
products, and synthetic derivatives. Their downstream biological activities have been 
investigated and more potent synthetic analogues were identified. Synergistic application 
(Figure 6) with laser micro-irradiation experiments allowed for rapid target re-validation and 
set the platform for further structure-activity relationship studies. As a result, the synthetic route 
enables the very exciting possibility of exploring and identifying novel nimbolide analogs as 
the second generation PARP1-targeting agents, potentially with a more complete and sustained 
response, against BRCA-deficient cancers. 
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