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ecticidal activities of 5-
deoxyavermectin B2a oxime ester derivatives†

Guoshao Sun, ‡ Jingjing Zhang,‡ Shuhui Jin and Jianjun Zhang*

Three series of avermectin B2a oxime ester derivatives were synthesized using avermectin B2a as starting

material. All of the compounds were characterized by 1H NMR, 13C NMR, and HRMS. Bioassay results

indicated that some of the derivatives (8b, 8c, 8d, 8f, 11k, 11l, 14c, 14j) showed potent insecticidal

activities against Myzus persicae, Caenorhabditis elegans, or Tetranychus cinnabarinus. As shown by

initial insecticidal activity data, compound 8d showed excellent activities (>90%) against M. persicae and

C. elegans, which were more potent than that of avermectin B2a. Compound 8d might be a lead

compound for designing new avermectin B2a derivatives.
Introduction

Although chemical pesticides remain the most effective method
to control pests in agriculture, the increasing and long-term
application of chemical pesticides has resulted in pest resis-
tance and negative impacts on human health and environ-
mental safety.1–3 Considering that the use of natural pesticides
may decelerate resistance development and reduce environ-
mental pollution, greater attention has been placed on the
development of nature-product-based agrochemicals.4–8 Aver-
mectins, one of the most important classes of natural insecti-
cides, anthelmintics, and acaricides, are a family of 16-
membered ring macrocyclic lactones isolated from the culture
broth of Streptomyces avermitilis.9–11 Compared with traditional
pesticides, avermectins can interact stereoselectively and with
a high affinity with the glutamate-gated chloride channel,
leading to a chloride ion ux into neurons, causing paralysis
and death.12–14 Due to their remarkable biological activity and
low mammalian toxicity, avermectins have long been widely
commercialized for agricultural use in China.

During the industrial production of avermectin, two end-
products are obtained – avermectin B1a (Fig. 1) and avermec-
tin ointment.15 Avermectin ointment, composed of approxi-
mately 30% avermectin B2a (Fig. 1), is the mother liquor
retrieved during the purication of avermectin B1a.16 In 2012,
China banned the use of avermectin ointment in the production
of avermectin emulsiable concentrate, which was the primary
use of avermectin ointment.16 However, given the high toxicity
of avermectin ointment, its disposal requires special treatment
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jianjun@cau.edu.cn

tion (ESI) available. See DOI:

is work.
and high costs, resulting in a waste of resources. Thus, we
developed a purication method to retrieve avermectin B2a
from avermectin ointment, which allowed for further molecule
structure optimization.

Various efforts have been made to obtain compounds with
higher potency and broader activity spectra by modifying the
avermectin B1a molecule.13,17–19 For example, ivermectin (22,23-
dihydro-avermectin B1a, Fig. 1), has the same excellent potency
and spectrum against nematode parasites as avermectin B1a,
albeit with a greater safety prole.20 Indeed, ivermectin is widely
used as an anthelmintic agent for human and animal health.
Furthermore, emamectin (Fig. 1), which has a 1500-fold
increased insecticidal activity compared to avermectin B1a, has
achieved commercial success.13 However, few studies and
patents have been concerned with the structural modication of
avermectin B2a (Fig. 1).21,22 Avermectin B2a has a slightly lower
Fig. 1 The chemical structures of avermectin B1a, B2a, ivermectin,
and emamectin.
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Fig. 2 The chemical structures of selamectin, milbemycin, and mil-
bemycin oxime.
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biological activity than avermectin B1a, but with greater safety,23

making it a favorable candidate for further optimization and
development.

Various avermectin and milbemycin (Fig. 2) oximes have
been reported to have excellent biological activity.18,24,25 For
instance, selamectin (avermectin monosaccharide analogue,
Fig. 2), and milbemycin oxime (Fig. 2) are well-known broad-
spectrum anthelmintics with outstanding efficacy and
safety.26,27 Further, 5-keto-5-oxime ester derivatives of milbe-
mycin have shown a higher efficacy inmicrolariae control than
milbemycin itself.25

Based on the previous considerations, we reported herein on
the design and synthesis of three series of avermectin B2a
oxime ester derivatives. The insecticidal activities of the target
compounds against M. persicae, C. elegans, and T. cinnabarinus
were evaluated. Additionally, the impact of changes involving
carboxylic group substitutions and saccharide functionality
were discussed, potentially providing some useful structural
insights for further renement.

Experimental
Chemicals and instruments

All reagents and solvents were of analytical grade and used
without further purication. The melting points were measured
on a YRT-3 apparatus and were uncorrected. 1H-NMR and 13C-
NMR spectra were recorded on a Bruker Avance 300 spectrom-
eter (300 MHz, 1H; 75 MHz, 13C) in CDCl3 or DMSO-d6 solution
with tetramethylsilane as the internal standard. Chemical shis
were reported in ppm (d). High-resolution mass spectra (ESI-
HRMS) were performed on a Bruker Daltonics Bio-TOF-Q III
mass spectrometer.

Synthesis of 5-o-alloc avermectin B2a (compound 2; Scheme 1)

A solution of allyl chloroformate (AllocCl, 5.3 g, 44.0 mmol) in
dried dichloromethane (CH2Cl2, 50 mL) was added dropwise
over 30 minutes to a solution of avermectin B2a (30.0 g, 33.7
mmol) and N,N,N0,N0-tetramethylethylene diamine (TEMED,
7.8 g, 67.1 mmol) in CH2Cl2 (100 mL) at �25 �C. The mixture
was stirred for 1 h at �25 �C. The reaction mixture was poured
into water and extracted with CH2Cl2 (3 � 100 mL). The organic
layer was washed with 5% dilute hydrochloric acid (100 mL), 5%
aqueous sodium bicarbonate (100 mL), and saturated sodium
chloride solution (100 mL), dried over anhydrous sodium
sulfate, ltered, and evaporated. The resulting residue was
puried by column chromatography on silica gel using
This journal is © The Royal Society of Chemistry 2018
amixture of petroleum ether and ethyl acetate (v/v¼ 3 : 1) as the
eluent to afford compound 2 as a pale yellow foamy solid (28.2 g,
86%). Mp 122–125 �C. 1H NMR (300 MHz, CDCl3) d 5.68–6.06
(m, 4H, H9, H10, H11, CH2]CH �CH2O), 5.53–5.65 (m, 1H,
H3), 5.24–5.46 (m, 5H, H5, H100, H19, CH 2]CH�CH2O), 4.91–
5.06 (m, 1H, H15), 4.57–4.86 (m, 5H, H10, H8a � 2,
CH2]CH�CH 2O), 4.14 (d, J ¼ 6.1 Hz, 1H, H13), 3.71–4.03 (m,
6H, 7-OH, H23, 23-OH, H500, H50, H6), 3.41–3.71 (m, 10H, H25,
H17, H300, H30, 300-OCH3, 30-OCH3), 3.36–3.42 (m, 1H, H2), 3.26
(t, J ¼ 9.0 Hz, 1H, H40), 3.18 (t, 1H, J ¼ 9.2 Hz, H400), 2.48–2.79
(m, 2H, H12, H24), 2.18–2.43 (m, 4H, H16 � 2, H20, H200),1.76–
2.10 (m, 5H, H18, Me4a, H20), 1.45–1.69 (m, 11H, Me14a, H20,
H26, H27 � 2, H22 � 2, H20, H200), 1.24–1.35 (m, 6H, Me60,
Me600), 1.19 (d, J ¼ 6.9 Hz, 3H, Me12a), 0.86–1.03 (m, 10H, H28,
Me24a, Me26a, H18); 13C NMR (75 MHz, CDCl3) d 173.19,
154.79, 139.31, 137.98, 135.66, 133.09, 131.46, 124.72, 121.47,
120.40, 118.66, 117.54, 99.61, 98.47, 94.81, 81.64, 80.88, 80.40,
79.30, 78.18, 77.51, 76.06, 73.51, 70.81, 69.83, 68.69, 68.38,
68.29, 68.12, 67.74, 67.24, 56.42, 56.36, 45.71, 41.16, 40.74,
39.71, 36.37, 35.69, 35.11, 34.46, 34.21, 34.09, 27.24, 20.15,
19.58, 18.35, 17.63, 15.09, 13.72, 12.37, 11.76. HRMS (ESI) calcd
for C52H79O17 (M + H)+ 975.5317, found 975.5328.
Synthesis of 5-o-alloc-400,23-bis-o-(tert-butyldimethysilyl)
avermectin B2a (compound 3; Scheme 1)

Triethylamine (TEA, 19.6 g, 193.7 mmol) and tert-butyldime-
thylsilyl chloride (TBDMSCl, 25.0 g, 165.9 mmol) were added to
a solution of 5-o-alloc avermectin B2a (27.0 g, 27.7 mmol) in
150 mL of dry N,N-dimethylformamide (DMF). The reaction
mixture stirred at �5 �C for 48 h. The reaction mixture was
diluted with 300 mL of ether, water (150 mL) was added and the
layers were separated. The aqueous layers was extracted twice
with ether (2 � 200 mL) and the combined organic layers was
dried over magnesium sulfate, ltered, and evaporated to
a yellow foam. The foam was puried by column chromatog-
raphy on silica gel using a mixture of petroleum ether and ethyl
acetate (v/v ¼ 10 : 1) as the eluent to afford compound 3 as
a yellow foamy solid (26.9 g, 81%). Mp 128–131 �C. 1H NMR
(300 MHz, CDCl3) d 5.68–6.05 (m, 4H, H9, H10, H11,
CH2]CH �CH2O), 5.52–5.63 (m, 1H, H3), 5.22–5.43 (m, 5H,
H5, H100, H19, CH 2]CH�CH2O), 4.92–5.06 (m, 1H, H15), 4.59–
4.86 (m, 5H, H10, H8a� 2, CH2]CH�CH 2O), 4.09–4.16 (m, 2H,
H13, 7-OH), 3.94 (s, 1H, 23-OH), 3.71–4.03 (m, 7H, H23, H500,
H50, H6, H17, H300, H30), 3.30–3.48 (m, 8H, H25, 300-OCH3, 30-
OCH3, H2), 3.22 (t, J ¼ 8.9 Hz, 1H, H40), 3.14 (t, 1H, J ¼ 8.8 Hz,
H400), 2.45–2.60 (m, 1H, H12), 1.77–2.39 (m, 10H, H16 � 2, H20,
H200, H24, H18, Me4a, H20), 1.45–1.69 (m, 11H, Me14a, H20,
H26, H27 � 2, H22 � 2, H20, H200), 1.13–1.32 (m, 9H, Me60,
Me600, Me12a), 0.84–1.01 (m, 28H, H28, Me24a, Me26a, H18,
ðCH 3Þ3CSiðCH3Þ2), 0.04–0.12 (m, 12H, ðCH3Þ3CSiðCH 3Þ2); 13C
NMR (75 MHz, CDCl3) d 173.47, 154.81, 139.12, 138.17, 134.55,
133.00, 131.50, 124.62, 121.63, 120.47, 118.85, 118.65, 98.57,
97.62, 94.88, 81.87, 79.29, 78.55, 77.20, 77.14, 73.58, 69.90,
69.40, 69.01, 68.88, 68.70, 68.45, 67.34, 67.27, 56.57, 56.26,
45.73, 42.48, 41.69, 39.77, 36.55, 36.36, 35.33, 34.64, 34.15,
29.65, 27.34, 26.01, 25.86, 20.18, 19.61, 18.36, 18.30, 18.27,
RSC Adv., 2018, 8, 3774–3781 | 3775
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18.13, 15.06, 13.96, 12.25, 11.95, �3.99, �4.40, �4.77, �4.99.
HRMS (ESI) calcd for C64H107O17Si2 (M + H)+ 1203.7047, found
1203.7083.

Synthesis of 400,23-bis-o-(tert-butyldimethysilyl) avermectin
B2a (compound 4; Scheme 1)

Ammonium acetate (33.3 g, 432.0 mmol) was added to a solu-
tion of 5-o-alloc-400,23-bis-o-(tert-butyldimethysilyl) avermectin
B2a (26.0 g, 21.6 mmol) in methanol (MeOH, 40 mL) and
tetrahydrofuran (THF, 40 mL) at�10 �C. With vigorous stirring,
sodium borohydride (NaBH4, 0.41 g, 10.8 mmol), tetrakis
(triphenylphosphine) palladium (Pd[PPh3]4, 1.0 g, 0.9 mmol),
and another portion of NaBH4 (0.41 g, 10.8 mmol) were added
sequentially and quickly. The reaction was monitored with TLC
until completion. The reaction mixture was concentrated under
vacuum. The residue was diluted with CH2Cl2 (100 mL) and
washed with brine (100 mL), then the organic phase was dried
over anhydrous sodium sulfate, ltered, and evaporated to
a yellow foam. The foam was puried by column chromatog-
raphy on silica gel using a mixture of petroleum ether and ethyl
acetate (v/v ¼ 6 : 1) as the eluent to afford compound 4 as
a yellow foamy solid (21.3 g, 88%). Mp 145–148 �C. 1H NMR
(300 MHz, CDCl3) d 5.82–5.93 (m, 1H, H9), 5.68–5.80 (m, 2H,
H10, H11), 5.26–5.45 (m, 3H, H3, H100, H19), 4.93–5.09 (m, 1H,
H15), 4.79 (d, J¼ 2.8 Hz, 1H, H10), 4.67 (s, 2H, H8a� 2), 4.29 (t, J
¼ 7.1 Hz, 1H, H5), 4.14 (s, 1H, 7-OH), 3.54–4.01 (m, 9H, H13, 23-
OH, H23, H500, H50, H6, H17, H300, H30), 3.27–3.48 (m, 8H, H25,
300-OCH3, 30-OCH3, H2), 3.23 (t, J¼ 9.0 Hz, 1H, H40), 3.15 (t, 1H, J
¼ 8.8 Hz, H400), 2.46–2.68 (m, 2H, H12, H24), 2.14–2.39 (m, 4H,
H16 � 2, H20, H200), 1.77–1.97 (m, 5H, H18, Me4a, H20), 1.44–
1.67 (m, 11H, Me14a, H20, H26, H27 � 2, H22 � 2, H20, H200),
1.13–1.35 (m, 9H, Me60, Me600, Me12a), 0.84–1.03 (m, 28H, H28,
Me24a, Me26a, H18, ðCH 3Þ3CSiðCH3Þ2), 0.02–0.17 (m, 12H,
ðCH3Þ3CSiðCH 3Þ2); 13C NMR (75 MHz, CDCl3) d 173.60, 139.47,
138.06, 137.78, 134.47, 124.58, 120.38, 118.88, 118.04, 98.52,
97.57, 94.87, 81.88, 80.83, 80.32, 79.24, 79.16, 78.50, 77.20,
77.11, 69.85, 69.38, 68.96, 68.64, 68.30, 67.65, 67.31, 67.23,
56.48, 56.14, 45.66, 42.45, 41.69, 39.77, 36.55, 36.33, 35.29,
34.57, 34.11, 29.58, 27.28, 25.97, 25.82, 25.63, 20.11, 19.83,
18.29, 18.23, 18.07, 14.98, 13.90, 12.19, 11.91, �4.04, �4.45,
�4.81, �5.03. HRMS (ESI) calcd for C60H103O15Si2 (M + H)+

1119.6836, found 1119.6873.

Synthesis of 5-oxo-400,23-bis-o-(tert-butyldimethysilyl)
avermectin B2a (compound 5; Scheme 1)

A solution of phenyl dichlorophosphate (4.9 g, 23.2 mmol) in
CH2Cl2 (30 mL) was added dropwise over 20 minutes to a solu-
tion of 400,23-bis-o-(tert-butyldimethysilyl) avermectin B2a
(20.0 g, 17.9 mmol), dimethyl sulfoxide (DMSO, 5.6 g, 71.7
mmol) and TEA (9.06 g, 89.5 mmol) in CH2Cl2 (100 mL) at
�15 �C. The mixture was stirred for 1 h at �15 �C and then
poured into 1% H3PO4. The aqueous phase was extracted with
CH2Cl2 (2 � 100 mL), and the combined organic phase was
washed with saturated aqueous solution of sodium bicarbonate
(100 mL) and saturated sodium chloride solution (100 mL).
Then the organic phase was dried over anhydrous sodium
3776 | RSC Adv., 2018, 8, 3774–3781
sulfate, ltered, and evaporated to a yellow foam. The foam was
puried by column chromatography on silica gel using a mixture
of petroleum ether and ethyl acetate (v/v ¼ 10 : 1) as the eluent to
afford compound 5 as a yellow foamy solid (16.2 g, 81%). Mp 134–
137 �C. 1H NMR (300 MHz, CDCl3) d 6.56–6.64 (m, 1H, H3), 5.89–
6.00 (m, 1H, H9), 5.66–5.87 (m, 2H, H10, H11), 5.30–5.48 (m, 2H,
H100, H19), 4.92–5.08 (m, 1H, H15), 4.81 (d, J ¼ 3.0 Hz, 1H, H10),
4.75 (s, 2H, H8a � 2), 4.29 (t, J ¼ 7.1 Hz, 1H, H5), 4.06 (s, 1H, 7-
OH), 3.97 (s, 1H, 23-OH), 3.54–3.91 (m, 9H, H13, H25, H23, H500,
H50, H6, H17, H300, H30), 3.29–3.50 (m, 7H, 300-OCH3, 30-OCH3, H2),
3.25 (t, J¼ 8.9 Hz, 1H, H40), 3.16 (t, 1H, J¼ 8.8 Hz, H400), 2.49–2.66
(m, 1H, H12), 2.19–2.42 (m, 5H, H24, H16 � 2, H20, H200), 1.81–
2.02 (m, 5H, H18, Me4a, H20), 1.42–1.65 (m, 11H, Me14a, H20,
H26, H27� 2, H22� 2, H20, H200), 1.19–1.33 (m, 9H, Me60, Me600,
Me12a), 0.87–1.03 (m, 28H, H28, Me24a, Me26a, H18,
ðCH 3Þ3CSiðCH3Þ2), 0.02–0.14 (m, 12H, ðCH3Þ3CSiðCH 3Þ2); 13C
NMR (75 MHz, CDCl3) d 192.03, 172.18, 139.17, 138.01, 137.69,
136.69, 134.60, 124.53, 121.86, 118.83, 98.53, 97.60, 94.87, 81.91,
81.75, 80.79, 79.26, 78.53, 77.13, 69.91, 69.77, 69.39, 69.00, 67.35,
67.28, 56.51, 56.19, 46.60, 42.46, 41.71, 39.90, 36.53, 36.36, 35.30,
34.60, 34.53, 34.10, 29.62, 27.34, 25.99, 25.85, 20.02, 18.33, 18.27,
18.10, 15.38, 15.03, 13.94, 12.22, 11.94, 0.94, �4.01, �4.42, �4.78,
�5.01. HRMS (ESI) calcd for C60H101O15Si2 (M + H)+ 1117.6679,
found 1117.6682.
Synthesis of 5-oxo avermectin B2a (compound 6; Scheme 1)

70% hydrogen uoride–pyridine complex (50 g, 353.1 mmol)
was added to a cold mixture of pyridine (25 mL) and THF (55
mL) at 0 �C. A portion (84 mL) of the resulting reagent solution
was added to a cold (0 �C) solution of 5-oxo-400,23-bis-o-(tert-
butyldimethysilyl) avermectin B2a (15.0 g, 13.4 mol) in THF (100
mL). The reaction mixture stirred at room temperature for 4
days. The reaction mixture was concentrated under vacuum.
The residue was diluted with CH2Cl2 and washed with 5% dilute
hydrochloric acid (100 mL), 5% aqueous sodium bicarbonate
(100mL), and saturated sodium chloride solution (100mL). The
organic phase was dried over anhydrous sodium sulfate,
ltered, and evaporated. The resulting residue was puried by
column chromatography on silica gel using a mixture of
petroleum ether and ethyl acetate (v/v ¼ 4 : 1) as the eluent to
afford compound 6 as a pale yellow foamy solid (7.8 g, 66%). Mp
143–145 �C. 1H NMR (300 MHz, CDCl3) d 6.59–6.64 (m, 1H, H3),
5.92–6.01 (m, 1H, H9), 5.69–5.87 (m, 2H, H10, H11), 5.35–5.48
(m, 2H, H100, H19), 4.91–5.08 (m, 1H, H15), 4.67–4.84 (m, 3H,
H8a� 2, H10), 3.95–4.06 (s, 2H, 7-OH, 23-OH), 3.74–3.89 (m, 4H,
H23, H13, H500, H50), 3.41–3.68 (m, 11H, H17, H25, H2, H300,
H30, 300-OCH3, 30-OCH3), 3.27 (t, J ¼ 9.0 Hz, 1H, H40), 3.18 (t, 1H,
J ¼ 9.2 Hz, H400), 2.51–2.62 (m, 2H, H12, 400-OH), 2.21–2.41 (m,
5H, H24, H16 � 2, H20, H200), 1.84–2.05 (m, 5H, H18, Me4a,
H20), 1.40–1.65 (m, 11H, Me14a, H20, H26, H27 � 2, H22 � 2,
H20, H200), 1.15–1.36 (m, 9H, Me60, Me600, Me12a), 0.84–1.03 (m,
10H, H28, Me24a, Me26a, H18); 13C NMR (75 MHz, CDCl3)
d 191.94, 171.71, 138.88, 138.10, 137.81, 136.55, 135.65, 124.58,
121.78, 117.45, 99.54, 98.37, 94.74, 81.99, 81.47, 80.80, 80.27,
79.21, 78.11, 77.20, 75.93, 70.76, 69.73, 69.63, 68.24, 68.16,
68.07, 67.20, 56.33, 56.28, 46.48, 41.04, 40.69, 39.77, 36.24,
This journal is © The Royal Society of Chemistry 2018
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35.60, 35.02, 34.16, 33.98, 27.18, 19.96, 18.28, 17.58, 15.34,
15.01, 13.65, 12.31, 11.70. HRMS (ESI) calcd for C48H73O15 (M +
H)+ 889.4949, found 889.4950.

Synthesis of 5-oximino-5-deoxyavermectin B2a (compound 7;
Scheme 1)

A solution of NH2OH–HCl (2.8 g, 40.3 mmol) in water (12 mL) was
added dropwise to a solution of 5-oxoavermectin B2a (7.1 g,
8.0 mmol) in methanol (25 mL) and 1,4-dioxane (25 mL). The
mixture was stirred at room temperature for 8 h and then evapo-
rated under reduced pressure. The residue was dissolved in
dichloromethane (100 mL) and washed with water (50 mL). The
organic phase was then dried over anhydrous sodium sulfate,
ltered, and evaporated to a yellow foam, which was puried by
silica gel column chromatography with petroleum ether–ethyl
acetate (v/v ¼ 1 : 1) to afford compound 7 as a white solid (6.3 g,
87%). Mp: 164–166 �C. 1H NMR (300 MHz, CDCl3) d 5.70–6.03
(m, 4H, H3, H9, H10, H11), 5.32–5.49 (m, 2H, H100, H19), 4.90–5.10
(m, 1H, H15), 4.68–4.85 (m, 4H, H10, H8a � 2, H6), 3.73–4.02 (m,
6H, 7-OH, 23-OH,H23,H13, H500, H50), 3.42–3.71 (m, 11H,H2,H25,
H17, H300, H30, 300-OCH3, 30-OCH3), 3.28 (t, J¼ 8.9 Hz, 1H, H40), 3.19
(t, 1H, J ¼ 9.1 Hz, H400), 2.48–2.63 (m, 1H, H12), 2.23–2.42 (m, 5H,
H24, H16� 2, H20, H200), 1.89–2.08 (m, 5H, H18, Me4a, H20), 1.43–
1.75 (m, 11H,Me14a, H20, H26, H27� 2, H22� 2, H20, H200), 1.26–
1.34 (m, 6H,Me60, Me600), 1.21 (d, J¼ 6.9 Hz, 3H,Me12a), 0.84–1.04
(m, 10H, H28, Me24a, Me26a, H18); 13C NMR (75 MHz, DMSO)
d 170.20, 150.34, 140.08, 136.64, 135.15, 129.57, 126.29, 125.34,
121.38, 117.92, 99.00, 97.68, 94.63, 81.48, 79.74, 79.08, 78.89, 77.65,
75.59, 72.65, 69.46, 68.52, 68.38, 68.06, 67.43, 66.86, 56.68, 55.90,
45.61, 41.21, 40.95, 35.62, 35.25, 34.77, 34.14, 33.62, 26.72, 19.96,
18.24, 17.80, 17.51, 14.62, 13.65, 12.16, 12.09; HRMS (ESI) calcd for
C48H74NO15 (M + H)+ 904.5058, found 904.5063.

Synthesis of 5-oxoavermectin B2a monosaccharide
(compound 9; Scheme 2)

5-Oxoavermectin B2a (4.0 g, 4.5 mmol) was added to a solution
of concentrated sulfuric acid (1.5 mL) in 2-propanol (23.5 mL)
and stirred at �5 �C for 36 h. The reaction mixture was diluted
with 100 mL of ethyl ether, and the solution was washed with
5% aqueous sodium bicarbonate and water, dried, and
concentrated in vacuo to a yellow foam, which was puried by
silica gel column chromatography with petroleum ether–ethyl
acetate (v/v ¼ 4 : 1) to afford compound 9 as a yellow foam solid
(2.7 g, 81%). Mp 152–155 �C. 1H NMR (300 MHz, CDCl3) d 6.34–
6.78 (m, 1H, H3), 5.64–5.99 (m, 3H, H9, H10, H11), 5.26–5.49
(m, 1H, H19), 4.96 (t, J ¼ 7.6 Hz, 1H, H15), 4.64–4.85 (m, 4H,
H10, H8a� 2, H6), 3.70–4.03 (m, 5H, 7-OH, H23, H13, H50, H17),
3.41–3.68 (m, 6H, H25, H30, H2, 30-OCH3), 3.19 (t, 1H, J¼ 9.1 Hz,
H40), 2.46–2.67 (m, 2H, H12, H24), 2.20–2.41 (m, 3H, H16 � 2,
H20), 1.84–2.09 (m, 5H, Me4a, H18, H20), 1.42–1.73 (m, 10H,
Me14a, H20, H20, H26, H27 � 2, H22 � 2), 1.29 (d, J ¼ 6.2 Hz,
3H, Me60), 1.17 (d, J ¼ 6.9 Hz, 3H, Me12a), 0.83–1.04 (m, 10H,
H28, Me24a, Me26a, H18); 13C NMR (75 MHz, CDCl3) d 192.02,
171.65, 138.90, 138.22, 138.09, 137.78, 131.46, 124.58, 121.85,
118.76, 117.45, 99.57, 94.93, 82.02, 81.41, 80.84, 78.21, 75.93,
70.76, 69.77, 69.63, 68.35, 68.26, 68.10, 56.44, 46.49, 41.03,
This journal is © The Royal Society of Chemistry 2018
40.71, 39.78, 36.25, 35.60, 35.03, 33.98, 27.19, 19.97, 17.61,
15.35, 15.04, 13.67, 12.32, 11.71; HRMS (ESI) calcd for
C41H61O12 (M + H)+ 745.4163, found 745.4168.

Synthesis of 5-oximino-5-deoxyavermectin B2a
monosaccharide (compound 10; Scheme 2)

A solution of NH2OH–HCl (1.0 g, 14.4 mmol) in water (5 mL) was
added dropwise to a solution of 5-oxoavermectin B2a mono-
saccharide (2.2 g, 3.0 mmol) in methanol (10 mL) and 1,4-
dioxane (10 mL). The mixture was stirred at room temperature
for 8 h and then evaporated under reduced pressure. The
residue was dissolved in CH2Cl2 (50 mL) and washed with water
(25 mL). The organic phase was then dried over anhydrous
sodium sulfate, ltered, and evaporated to a yellow foam, which
was puried by silica gel column chromatography with petro-
leum ether–ethyl acetate (v/v ¼ 1 : 1) to afford compound 10 as
a white solid (1.9 g, 83%). Mp 214–217 �C. 1H NMR (300 MHz,
CDCl3) d 5.66–6.04 (m, 4H, H3, H9, H10, H11), 5.25–5.45 (m, 1H,
H19), 5.00 (t, J ¼ 6.9 Hz, 1H, H15), 4.58–4.86 (m, 4H, H8a � 2,
H6, H10), 3.68–4.06 (m, 5H, 7-OH, 23-OH, H23, H13, H50), 3.37–
3.65 (m, 7H, H17, H25, H30, H2, 30-OCH3), 3.17 (t, 1H, J¼ 9.9 Hz,
H40), 2.15–2.63 (m, 4H, H12, H24, H16 � 2), 1.37–2.10 (m, 16H,
H20, Me4a, H18, H20, Me14a, H20, H20, H26, H27� 2, H22� 2),
1.27 (d, J ¼ 6.2 Hz, 3H, Me60), 1.15 (d, J ¼ 6.9 Hz, 3H, Me12a),
0.80–1.04 (m, 10H, H28, Me24a, Me26a, H18); 13C NMR (75
MHz, DMSO) d 170.22, 150.37, 140.03, 136.80, 135.17, 129.61,
126.29, 125.29, 121.45, 117.87, 99.04, 94.66, 81.17, 79.24, 79.10,
77.86, 75.65, 72.70, 69.50, 68.55, 68.44, 68.11, 67.44, 56.64,
45.64, 41.22, 40.98, 35.66, 35.27, 34.80, 34.67, 33.64, 26.75,
20.03, 17.85, 17.53, 14.67, 13.67, 12.17, 12.11. HRMS (ESI) calcd
for C41H62NO12 (M + H)+ 760.4272, found 760.4278.

Synthesis of 5-oxoavermectin B2a aglycone (compound 12;
Scheme 2)

5-Oxoavermectin B2a (4.0 g, 4.5 mmol) was added to a solution
of concentrated sulfuric acid (2.5 mL) in methanol (22.5 mL)
and stirred at �5 �C for 24 h. The reaction mixture was diluted
with 100 mL of ethyl ether, and the solution was washed with
5% aqueous sodium bicarbonate and water, dried, and
concentrated in a vacuum to a yellow foam, which was puried
by silica gel column chromatography with petroleum ether–
ethyl acetate (v/v¼ 6 : 1) to afford compound 12 as a yellow solid
foam (2.3 g, 85%). Mp 180–183 �C. 1H NMR (300 MHz, CDCl3)
d 6.54–6.63 (m, 1H, H3), 5.67–5.95 (m, 3H, H9, H10, H11), 5.23–
5.38 (m, 2H, H15, H19), 4.65–4.72 (m, 2H, H8a � 2), 4.01 (s, 1H,
7-OH), 3.91 (s, 1H, 23-OH), 3.69–3.86 (m, 3H, H23, H13, H6),
3.44–3.62 (m, 3H, H17, H25, H2), 2.45–2.60 (m, 1H, H12), 2.21–
2.40 (m, 2H, H24, H20),1.77–2.01 (m, 6H, H16 � 2, Me4a, H18),
1.38–1.72 (m, 9H, Me14a, H20, H26, H27 � 2, H22 � 2), 1.17 (d,
J ¼ 7.0 Hz, 3H, Me12a), 0.80–1.03 (m, 10H, H28, Me24a, Me26a,
H18); 13C NMR (75 MHz, CDCl3) d 192.04, 171.46, 139.15,
138.35, 138.22, 137.77, 136.41, 124.48, 121.90, 116.41, 99.48,
81.91, 80.86, 77.25, 71.30, 69.83, 69.66, 68.31, 68.11, 46.44,
41.04, 40.78, 40.08, 36.06, 35.58, 35.06, 34.09, 27.37, 18.96,
15.34, 14.46, 13.70, 12.41, 11.39; HRMS (ESI) calcd for C34H49O9

(M + H)+ 601.3377, found 601.3381.
RSC Adv., 2018, 8, 3774–3781 | 3777
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Synthesis of 5-oximino-5-deoxyavermectin B2a aglycone
(compound 13; Scheme 2)

A solution of NH2OH–HCl (1.1 g, 15.8 mmol) in water (5 mL) was
added dropwise to a solution of 5-oxoavermectin B2a aglycone
(2.0 g, 3.3 mmol) in methanol (10 mL) and 1,4-dioxane (10 mL).
The mixture was stirred at room temperature for 6 h and then
evaporated under reduced pressure. The residue was dissolved
in CH2Cl2 (50 mL) and washed with water (25 mL). The organic
phase was then dried over anhydrous sodium sulfate, ltered,
and evaporated to a yellow foam, which was puried by silica gel
column chromatography with petroleum ether–ethyl acetate (v/
v ¼ 2 : 1) to afford compound 13 as a white solid (1.7 g, 84%).
Mp 210–213 �C. 1H NMR (300 MHz, CDCl3) d 5.60–5.98 (m, 4H,
H3, H9, H10, H11), 5.24–5.43 (m, 2H, H19, H15), 4.63–4.81 (m,
3H, H8a � 2, H6), 4.01 (s, 1H, 7-OH), 3.87 (s, 1H, 23-OH), 3.69–
3.83 (m, 2H, H23, H13), 3.50–3.66 (m, 2H, H17, H25), 3.32–3.43
(m, 1H, H2), 2.46–2.61 (m, 1H, H12), 2.23–2.42 (m, 2H, H24,
H20),1.87–2.07 (m, 5H, H16 � 2, Me4a), 1.40–1.78 (m, 10H,
H18, Me14a, H20, H26, H27 � 2, H22 � 2), 1.18 (d, J ¼ 6.9 Hz,
3H, Me12a), 0.83–1.02 (m, 10H, H28, Me24a, Me26a, H18); 13C
Scheme 1 Synthesis of target compounds 8a–n.

3778 | RSC Adv., 2018, 8, 3774–3781
NMR (75 MHz, CDCl3) d 172.70, 151.19, 139.18, 138.21, 137.36,
131.88, 125.30, 124.80, 121.42, 116.47, 99.57, 78.58, 77.49,
72.99, 71.35, 70.00, 68.68, 68.39, 67.65, 46.36, 41.08, 40.18,
36.15, 35.65, 35.12, 34.15, 27.41, 19.04, 17.45, 14.53, 13.74,
12.47, 11.45, 0.94; HRMS (ESI) calcd for C34H50NO9 (M + H)+

616.3486, found 616.3486.
General synthetic procedure for compounds 8a–n, 11a–n, and
14a–l (Schemes 1 and 2)

Dicyclohexylcarbodiimide (DCC, 0.4 g, 1.9 mmol) and carboxylic
acid (R1COOH, R2COOH or R3COOH, 1.9 mmol) were added to
a solution of 5-oxime-5-deoxyavermectin B2a in CH2Cl2 (15 mL)
and the mixture was stirred at room temperature. Aer the
reaction was completed, as monitored with TLC, the reaction
mixture was then ltered and the ltrate was evaporated under
reduced pressure to yield a residue. The residue was puried by
silica gel column chromatography with petroleum ether–ethyl
acetate (v/v ¼ 6 : 1–1 : 1) to afford the target compounds. The
1H-NMR, 13C-NMR and HRMS spectral data of the compounds
8a–n, 11a–n, and 14a–l are supplied as ESI.†
Insecticidal assay

All bioassays were performed on representative test organisms
reared in the laboratory. Each test sample was prepared in
methanol and diluted to the required concentration with
Scheme 2 Synthesis of the target compounds 11a–n and 14a–l.

This journal is © The Royal Society of Chemistry 2018
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distilled water. The insecticidal activities of the target
compounds against M. persicae, C. elegans, and T. cinnabarinus
were tested according to previously reported procedures.24,28,29

Assessments were made on a dead/live basis, and mortality
rates were corrected using Abbott's formula.30
Results and discussion
Chemistry

In this research, three series of novel avermectin B2a oxime
ester derivatives were synthesized and spectroscopic data was
obtained, which agreed well with their expected structures. The
Table 1 Insecticidal activities of avermectin B2a derivatives (mortality (%

Compound

M. persicae C. elegans

50 mg mL�1 1 mg mL�1

8a 85.1 � 2.4a 59.1 � 3.1
8b 87.7 � 3.2 82.3 � 1.8
8c 90.3 � 2.4 77.8 � 3.3
8d 94.3 � 2.3 90.4 � 1.8
8e 82.3 � 2.8 73.6 � 2.8
8f 88.6 � 3.2 76.2 � 2.4
8g 63.1 � 1.2 43.2 � 1.5
8h 81.7 � 4.7 61.6 � 3.1
8i 90.6 � 2.6 46.5 � 2.4
8j 71.7 � 3.4 54.8 � 1.9
8k 95.1 � 2.8 61.0 � 1.3
8l 87.0 � 1.0 63.8 � 2.2
8m 51.3 � 2.7 70.9 � 1.4
8n 44.2 � 4.1 70.3 � 3.2
11a 65.0 � 2.4 23.0 � 2.1
11b 70.6 � 1.7 40.9 � 3.4
11c 60.9 � 2.8 75.9 � 2.7
11d 69.4 � 3.0 83.7 � 3.0
11e 50.2 � 1.8 61.6 � 2.9
11f 67.9 � 0.6 63.2 � 2.5
11g 58.8 � 3.1 34.1 � 2.1
11h 72.6 � 2.4 20.9 � 2.8
11i 71.4 � 5.7 20.7 � 1.5
11j 52.1 � 3.7 70.2 � 2.1
11k 67.1 � 2.1 73.7 � 2.8
11l 68.8 � 2.4 74.4 � 2.1
11m 40.8 � 2.6 71.0 � 1.8
11n 38.0 � 3.7 55.7 � 3.3
14a 33.6 � 3.1 7.0 � 1.0
14b 41.6 � 5.1 28.3 � 3.0
14c 23.3 � 3.1 65.9 � 2.8
14d 52.0 � 1.0 62.5 � 1.5
14e 22.6 � 1.2 60.7 � 1.5
14f 27.6 � 1.8 19.6 � 2.3
14g 36.5 � 2.9 15.3 � 2.5
14h 68.7 � 1.9 66.2 � 2.0
14i 44.9 � 3.8 32.7 � 2.3
14j 20.4 � 2.7 69.9 � 1.5
14k 31.8 � 1.9 32.5 � 2.7
14l 24.3 � 2.9 27.4 � 2.1
7 90.0 � 3.8 91.9 � 2.4
10 68.4 � 1.1 82.7 � 1.9
13 45.8 � 2.1 42.0 � 1.3
B2a 93.5 � 2.1 87.1 � 2.7

This journal is © The Royal Society of Chemistry 2018
synthesis of the target compounds 8a–n was shown in Scheme
1. Initially, the 5-hydroxyl group of avermectin B2a (1) was
selectively protected with AllocCl in CH2Cl2 to give compound 2.
The subsequent reaction, using TBDMSCl as a protective agent
for the hydroxyl groups at the 4- and 23-positions, yielded
compound 3. Removal of the AllocCl protecting group of
compound 3 with NaBH4 and Pd(PPh3)4 in MeOH–THF (1 : 1)
formed compound 4. Oxidation of compound 4 using
a PhOPOCl2, Et3N, and DMSO reagent system in dried CH2Cl2
afforded compound 5. The t-butyldimethylsilyl protecting group
was removed using a HF/Py complex to form the important
intermediate compound 6. Compound 6 was reacted with
) � SD)

T. cinnabarinus

10 mg mL�1 1 mg mL�1 0.1 mg mL�1

100 100 63.7 � 2.7
100 100 79.5 � 3.2
100 100 83.2 � 3.3
100 93.3 � 3.1 62.2 � 3.5
100 100 73.1 � 2.3
100 100 88.3 � 3.7
100 91.1 � 3.0
100 87.2 � 2.5
100 92.6 � 2.2
100 70.8 � 3.1
100 83.2 � 1.9
100 100 55.8 � 2.4
100 83.4 � 3.1
100 73.2 � 2.9
93.4 � 2.1
100 72.2 � 2.1
97.1 � 3.6
90.8 � 2.3
94.5 � 3.1
95.4 � 1.5
90.4 � 2.0
75.2 � 1.9
76.7 � 1.3
71.0 � 2.1
86.8 � 2.7
82.2 � 2.9
95.0 � 1.3
86.3 � 1.6
54.1 � 1.9
84.3 � 3.1
94.7 � 2.7
36.3 � 2.4
53.11 � 1.6
62.4 � 2.8
26.1 � 1.6
21.4 � 3.1
43.1 � 2.5
92.9 � 2.7
55.8 � 2.6
41.6 � 1.7
100 100 74.8 � 1.6
94.7 � 2.6
57.2 � 2.5
100 100 78.7 � 2.9

RSC Adv., 2018, 8, 3774–3781 | 3779
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NH2OH–HCl to yield intermediate 7, which on reaction with
various carboxylic acids, gave the target compounds 8a–n.

The target compounds 11a–n and 14a–l were synthesized
from compound 6 as shown in Scheme 2. The intermediate 6
was de-sugared with 3% concentrated H2SO4 in isopropanol as
a solvent to afford compound 9, and compound 12 was
prepared by a reaction between intermediate 6 and 5%
concentrated H2SO4 in methanol. Similarly, the target
compounds 11a–n and 14a–l were prepared through oximate
and esterication, respectively, via a similar procedure as
described above for compounds 8a–n in good yield.
Insecticidal activity

The insecticidal activities against M. persicae, C. elegans, and T.
cinnabarinus of the 5-deoxyavermectin B2a oxime ester deriva-
tives were evaluated using avermectin B2a as the positive
control. The results were summarized in Table 1.

Most of the target compounds 8a–n exhibited moderate to
excellent insecticidal activities against the three systems (Table
1). For example, compounds 8b, 8d, and 8k exhibited a 87.7%,
94.3%, and 95.1% insect mortality in M. persicae, similarly to
the corresponding parent compound avermectin B2a (93.5%).
The insecticidal activities of compounds 8b and 8c against T.
cinnabarinus at 0.1 mgmL�1 were 79.5% and 83.2%, respectively,
as compared with a 78.7%mortality achieved by avermectin B2a
at the same concentration.

In order to investigate whether the disaccharide group can
inuence insecticidal activity, the corresponding mono-
saccharide (11a–n) and aglycone (14a–l) oxime ester congeners
were also prepared. The insecticidal activities of avermectin
disaccharide derivatives (8a–n) were more potent than their
corresponding monosaccharide (11a–n) and aglycone (14a–l)
analogues (Table 1). For instance, the insecticidal activity of
compound 8b against C. elegans at 1 mg mL�1 was 82.3%, and
the corresponding compounds 11b and 14b displayed mortal-
ities as high as 40.9% and 28.3%. Thus, the disaccharide moiety
played a signicant role in the insecticidal activity of these
oxime ester analogues.

By changing the position of the phenyl ring substitution and
introducing different substituent groups on the phenyl ring in
compounds 8a, 11a, and 14a, the monosaccharide (11a–l) and
aglycone (14a–l) oxime ester analogues were shown to have
a similar structure–activity relationship as the disaccharide
derivatives (8a–l). Therefore, compounds 8a–l were used to
investigate structure–activity relationship correlations.
Compound 8d, with a chlorine atom substitution in the 2-
position, showed the best insecticidal activities against M. per-
sicae and C. elegans among compounds 8c–f. With regards to T.
cinnabarinus, compounds with triuoromethyl or uorine in the
2-position (8c, 8f) showed better insecticidal activity. By intro-
ducing a chlorine atom in the 4-position, the activity of
compound 8i against M. persicae was slightly increased
compared with that of compound 8a, but with a subsequent
detrimental impact on activity against C. elegans and T. cinna-
barinus. The insecticidal activities of compounds 8k and 8l were
affected by the above effects and other reasons (shape etc.)
3780 | RSC Adv., 2018, 8, 3774–3781
together. Compound 8b, with a methylene group inserted
between the phenyl and the formoxyl groups, showed slightly
higher insecticidal activities against the three insect systems
than compound 8a. In general, introduction of electron
donating moieties at the phenyl ring (8g, 8h) resulted in poor
control of M. persicae, C. elegans, and T. cinnabarinus. Further-
more, when the substitution group was changed from a phenyl
ring to a pyridyl ring, compounds 8m and 8n showed much
weaker insecticidal activities against M. persicae and T. cinna-
barinus than compound 8a, but possessed superior insecticidal
activity against C. elegans. Compounds 11m, 11n, 14k, and 14l
showed similar structure–activity relationship correlations as
the corresponding compounds 8m and 8n.
Conclusions

In summary, three series of avermectin B2a derivatives bearing
oxime ester moieties were synthesized and screened for their
insecticidal activity against M. persicae, C. elegans, and T. cin-
nabarinus. The results showed that lots of the synthesized
compounds 8a–n showed excellent insecticidal activity. In
particular, compound 8d showed higher insecticidal activities
against M. persicae and C. elegans in comparison with aver-
mectin B2a. Signicantly, the present study revealed important
structure–activity relationship information such as the nding
that the disaccharide moiety played a pivotal role in the insec-
ticidal activity of these derivatives or that the position of
substitution on the aromatic ring and electronic distribution of
substituent groups had substantial effects on insecticidal
potency. These results will be of particular value in the further
optimization of avermectin B2a.
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