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Introduction 

Natural products (NP) have been and continue to be a source of products, starting materials 

and inspiration for the discovery and development of new chemical tools for crop protection1-3 

and pharmaceuticals.4  There are numerous examples of NPs serving as inspiration for new 

agrochemicals, the most significant (market share) NP-based classes today being the synthetic 

pyrethroids and the strobilurins which currently represent 16% and 31% of the insecticide and 

fungicide markets, respectively.3   However, the most important naturally occurring NPs 

currently in use directly as crop protection tools are the avermectins (abamectin) and spinosyns 

(spinosad 1),2,3 both naturally occurring insecticidal macrocyclic lactones.  These insecticidal 

macrolides are large complex molecules, represent novel areas of chemistry and, importantly, 

unique modes of action.5,6 Also, both of these macrolides have been subject to extensive post-

fermentation modification programs leading, in turn, to semi-synthetic derivatives including 

emamectin benzoate7,8 and spinetoram 49 which have themselves been developed as 

products,7,10 possessing improved insecticidal efficacy and expanded spectra.  In this way, 

these insecticidal macrolides show parallels with pharmaceutical antibiotic counterparts such as 

erythromycin and its semi-synthetic derivative azithromycin.11  

As already noted, NPs have served as inspiration for a wide range of pesticides.1,2  However, 

unlike other NPs, commercially viable synthetic mimics of the large macrolides have been 

unknown for agrochemicals and, as far as can be determined, pharmaceuticals.  We recently 

reported that simplified synthetic mimics of the complex spinosyn structure are indeed possible, 

exhibiting laboratory efficacy near that of spinetoram.12,13  Herein we provide further elaboration 

on the discovery and development of synthetic spinosyn mimics, resulting in highly active, 

photostable analogs that demonstrate excellent in vivo efficacy in the laboratory and field.    

Design of Synthetic Spinosyn Mimics 

The spinosyns, which include spinosad 1 and spinetoram 4 (Fig. 1), are class of large, complex 

macrolide natural products (NPs) that are highly insecticidal towards a broad spectrum of 

lepidopteran and other insect pests.  Interestingly, they also exhibit very favorable toxicological 

and environmental profiles, both molecules receiving the EPA Green Chemistry awards.10  The 

structure activity relationships (SAR) of the naturally occurring spinosyns and a wide range of 

semi-synthetic derivatives have been extensively explored.10,14-16  These studies, guided by an 
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artificial intelligence-based analysis of the spinosyn quantitative structure activity relationships,9 

ultimately lead to the discovery of spinetoram 4, a semi-synthetic derivative of spinosad 1 that 

retained the macrolide-based tetracycle core. However, in spite of the discovery and 

development of spinetoram 4, and the synthesis of more than 1000 analogs, further commercial 

exploitation of this chemistry was limited due the inherent complexity of the spinosyn macrolide 

tetracycle.  Hence, the idea of synthetic spinosyn mimics was considered.  

The synthesis of the spinosyn tetracycle has been demonstrated, but the syntheses are long 

and complex.17,18  Likewise, there have been some efforts to simplify parts of the tetracycle, but 

the fundamental structure of a large tetracycle remains.19  An early notion for a synthetic 

spinosyn envisioned a simple, rigid skeleton that could provide points of attachment for the two 

spinosyn sugar moieties, placing them in the correct geometry in 3D space; a concept later 

tested, but less effective than the path ultimately taken.  Another simpler approach was to use 

computer-aided molecular design (CAMD) to essentially reverse engineer the spinosyn 

structure by seeking potential scaffolds that could potentially fill the space of the tetracycle and 

allow for the addition of a linker to attach the rhamnose sugar, which was viewed as key for 

biological activity.  Provision was also made for potentially emulating all or part of the 

forosamine sugar. The hope was that the resultant molecule would be simpler than the complex 

molecular structure of spinosyns, open to further modification and optimization, and perhaps 

have different, exploitable physical properties.  Initial CAMD modeling of potential cores 

suggested that the pyridobenzimidazole (PBI) core structure (Fig. 1) might be a suitable starting 

point13 as it overlaid well with the spinosyn tetracycle.  Further CAMD-based modifications to the 

PBI-core included adding a 2’,3’,4’-tri-O-methyl rhamnose sugar via an indane linker to correctly 

place the rhamnose in its putative binding pocket and overlay with the rhamnose moiety of the 

spinosyns and a N,N-dimethyl amine to mirror the forosamine functionality. Although the 

resulting molecule 5 (Fig. 1) appeared to overlay well with spinosyn A (Fig. 2), it proved 

synthetically very challenging and when finally completed it was found to be virtually inactive. 

Conversely, the synthetic precursor (6) to the original target (5) proved to be of greater interest. 

The precursor molecule 6 (Fig. 1) also overlaid nicely with spinosyn A, placing the rhamnose 

sugar in the correct position (Fig. 2).13 Disappointingly, when 6 was evaluated using a standard 

in vivo diet bioassay, it was inactive. Because an in vitro binding assay for the spinosyns was 

not available, it was not possible to attribute the lack of activity to poor interaction at the 

spinosyn binding site, lack of structural components (i.e. forosamine), or to some other limitation 

such as poor uptake or metabolism. To better understand if the lack of activity was inherent in 
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the molecule, an injection assay was used as a substitute for an in vitro binding assay. 

Surprisingly, when 6 was injected into larvae of Spodoptera exigua (beet armyworm), within 

minutes the treated larvae began to exhibit symptoms consistent with intoxication by spinosyns. 

These symptoms included tremors, paralysis and rapid movement of mouth parts.13 

Interestingly, the modeling suggested two potential ways to overlay analog 6 with the structure 

of spinosyn A; the first put the structure of 6 into the space occupied by the forosamine (not 

shown) similar to that proposed for analog 5 (Fig. 2), while the second put 6 into the space 

around the C21 position (Fig. 2).  As noted above, when tested in the injection assays, analog 5 

showed little in the way of symptoms, suggesting that the addition of an N,N-dimethyl amine 

only served to greatly decrease activity relative to analog 6.  These observations highlighted the 

idea that the alignment of analog 6 through the C21-position was likely the more relevant motif.    

The observation of spinosyn-like symptoms was enough to fuel further exploration around this 

initial structure using further CAMD-based investigations and bioactivity directed synthesis, 

initially all driven by symptomology.13 These efforts led to a series of molecules that ultimately 

resulted in analog 7 (Fig.1) which retained the indane-rhamnose configuration of analog 6, but 

simplified the PBI core with an aryl-pyrimidine moiety. Analog 7 represented the first synthetic 

spinosyn motif to exhibit in vivo insecticidal activity (Table 1).  The structural evolution leading to 

analog 7 was a lengthy process requiring thousands of larval injections over a period of two 

years.  The in vivo insect activity of analog 7 led to further optimization around the tri-aryl 

nucleus, including replacement of the indane linker with an oxime and replacing the pyrimidine 

with alternative heterocycles, leading ultimately to a triazole. Finally, extensive analog synthesis 

investigating a range of substituents around the two phenyl rings of the tri-aryl ring system led to 

the incorporation of a p-CF3CF2O- substituent on the aryl A-ring (Ar-A), leading to analog 8 (Fig. 

1).  Analog 8 also incorporated lessons from the spinosyn SAR14,15 by incorporating an O-ethyl 

in the 3’-position of the rhamnose (Fig. 1), providing a further boost in insecticidal potency.12 

Analog 8 displayed excellent in vivo activity against lepidopteran insect pests such as S. exigua 

and Helicoverpa zea (corn earworm) that was equal to spinetoram (Table 1). However, 

greenhouse tests showed that analog 8 with the oxime linker was not photostable (Table 1), 

showing a substantial decline in efficacy after a few days of UV exposure.  This UV greenhouse 

data stimulated further structural exploration resulting in replacement of the oxime-linker of 

analog 8 with a carbamate-linker to yield analog 9, which retained insecticidal efficacy similar to 

spinetoram for the lepidopteran species tested (Table 1).  Importantly, analog 9 also maintained 

its insecticidal activity even under UV conditions (Table 1). These observations were further 
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validated in field tests where analog 9 was found to be as effective as spinetoram against larvae 

of Trichopluisa ni (cabbage looper) (Fig. 3).    

Mode of Action 

In light of the very significant structural departure of the synthetic spinosyn mimics from that of 

the spinosyns, the obvious question of the mode of action arises.  The molecular target site of 

the spinosyns is an allosteric site associated with the α6 subunit of the insect nicotinic 

acetylcholine receptor (nAChR), with no cross-resistance to other modes of action.16,20  As 

already noted, an in vitro target site binding assay for the spinosyns was not available. 

However, resistance to the spinosyns is primarily due to alterations or point mutations in the α6-

subunit of the nAChR.16 A strain of Drosophila melanogaster (fruit fly) highly resistant to the 

spinosyns and possessing an altered Dα6 nAChR20 was used to explore the mode of action of 

the spinosyn mimics.  Analogs 8 and 9 were both found to be highly cross-resistant in this 

spinosyn resistant strain (Table 1), both at levels similar to spinosad and spinetoram, indicating 

the strong likelihood that 8 and 9 possess the same mode of action as the spinosyns.    

Summary 

Our studies show that the large, complex macrolide tetracycle of the spinosyns can be 

effectively emulated by a simple tri-aryl framework.  Importantly, these new synthetic spinosyn 

mimics appear to possess the same mode of action of the spinosyns, can be more active than 

the NP (spinosad), and are as active in the field as the more recent semi-synthetic spinosyn 

derivative, spinetoram.  An unexpected observation with these new synthetic spinosyn mimics is 

that based on the overlays with spinosyn A (Fig. 2), the forosamine sugar appears to be outside 

the synthetic mimic motif, suggesting that the forosamine sugar or its equivalent bioisostere is 

not essential for insecticidal activity for these novel molecules.  This observation is in marked 

contrast to the spinosyn NPs where loss of the forosamine leads to a dramatic loss in 

insecticidal activity.10,15,16   Interestingly, the binding space around the C21-position of the 

spinosyns appears tolerant of fairly large substituents as evidenced by the good insecticidal 

activity of spinosyn analogs possessing a range of C21 substitutions far larger than the ethyl 

group of spinosad including butenyl, styrene, cyclobutyl, etc.21,22  Thus, the likely alignment of 

the synthetic spinosyns mimics into this space is consistent with what is known regarding the 

spinosyn SAR.  Importantly, and as noted previously, these new synthetic spinosyn mimics 

represent the first time synthetic mimics with efficacy equal to or better than their natural 

counterparts have been discovered for any agricultural macrolide NP and, as far as can be 
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ascertained, in the pharmaceutical arena as well.  Implicit in our results is the idea that it may 

also be possible to simplify other macrolide-based compounds including macrolide antibiotics 

and other crop protection products, presenting new options for exploiting novel NP modes of 

action with attributes outside of those observed for the NP, including different physical 

properties, enhanced efficacy, and perhaps altered spectrum. Although the resulting synthetic 

spinosyn mimics did not quite achieve the reduction in molecular size envisioned, they are still 

smaller and chemically simpler than the spinosyn NPs.  An issue with the prior spinosyn mimic 

(8) was the UV-instability of the oxime linker – the carbamate bioisostere solves that problem

leading to a synthetic spinosyn mimic (9) that is both more photostable and active in the field. 

Thus, the idea of devising chemically simpler mimics of the large spinosyn macrolides has gone 

from concept to reality.    
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Fig. 1. Structures of commercial insecticides, spinosad 1 and spinetoram 4, and a conceptual 
route to the discovery of the synthetic spinosyn mimics.  Spinosyn mimics were 
synthesized as described by Crouse et al. 13,23,24  
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Fig. 2. 3D-structures and overlay of spinosyn A 2, the PBI core 5, the initial PBI-based spinosyn 
mimic 6 and the optimized synthetic spinosyn mimic 9 possessing a triaryl replacement for the 
spinosyn macrocycle.   Structures 6 & 9 are aligned to the 2’,3’,4’-tri-O-methyl rhamnose of 
spinosyn A 2. 

Fig. 3. Field efficacy of the synthetic spinosyn mimic 9 compared to spinetoram against larvae 
of Trichoplusia ni (cabbage looper) on cabbage in Wayside MS.  *Statistically different from 
control, LSD (P=0.05).   
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Table 1.  Insecticidal activity of spinosad, spinetoram, and selected synthetic spinosyn mimics 
to larvae of S. exigua (Se), H. zea (Hz), and adults of two strains (WT and spinosad-resistant) of 
D. melanogaster (Dm).

Assaya    Cpd. 1
b

4
b

  6   7  8 9 

Se. LC50 µg/cm
2 

(95% FL)
3

Hz. LC50 µg/cm
2 

(95% FL)
c

WT Dm
d
 LC50 

ppm 
(95% FL) 

SR Dm
e
 LC50 

ppm 
(95% FL) 

RR
f

Greenhouse UV 
Se LC50 gai/ha 

0.052 
(0.021-
0.083) 

0.058 
(0.045-
0.075) 

0.035 
(0.009-
0.123) 

10.9 
(9.29-13.4) 

311 

0.0077 
(0.0044-
0.015) 

0.0087 
(0.0073-
0.010) 

0.025 
(0.0204-
0.032) 

3.52 
(2.79-4.38) 

139 

>12.5

>12.5

  -- 

 -- 

 -- 

<12.5
g

<12.5
g

-- 

-- 

-- 

0.0046 
(0.0038-
0.0055) 

0.0034 
(0.0029-
0.0040) 

0.0048 
(0.0035-
0.0057) 

0.55 
(0.39-0.72) 

114 

0.0052 
(0.0017-
0.0105) 

0.0043 
(0.0036-
0.0052) 

0.0306 
(0.0252-
0.0373) 

3.75 
(3.07-4.46) 

123 

Day 2
h

Day 4 
Day 7 

   -- 
   -- 
   -- 

3.0 
1.5 
3.5 

  -- 
  -- 
  -- 

-- 
-- 
-- 

    1.3 
>10
>10

0.9 
1.3 
1.8 

a Data for compounds 1,4,6,8 against Se, Hz, WT Dm, SR Dm adapted from13  
b 1 = spinosad, 4 = spinetoram 
c FL = fiducial limits 
d Wild type (susceptible) adult D. melanogaster. 
e Spinosad-resistant adult D. melanogaster – see reference 9 for details. 
f Resistance ratio: LC50 SR-Dm / LC50 WT Dm. 
g 100% mortality - lowest dosage tested  
h Days post treatment – plants were treated and then held under UV conditions – larvae were 
placed on treated leaves at internals of 2, 4 and 7 days post-treatment and then held 5 days 
after which mortality was determined.   




