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ABSTRACT

The preparation of bioactive derivatives from the renewable natural product pinene is a hot research topic in the
deep processing and utilization of pinene. In this study, f-pinene was used to develop novel molecules as a pro-
mising new precursor of insecticide. A series of amide-containing derivatives of -pinene were synthesized and
characterized. The insecticidal activities of these derivatives against Mythimna separate and Semiaphis heraclei
were tested. The structure characterization results showed that the characterization data of amide-containing deri-
vatives were in full agreement with their proposed structures. The insecticidal activities evaluation results indi-
cated that amide-containing derivatives exhibited weak insecticidal activity against Mythimna separate, but
exhibited moderate to good insecticidal activity against Semiaphis heraclei. After testing for 72 h, the corrected
mortality against Semiaphis heraclei of compounds 5c¢, 5e, 5f, 5 h, 5j, and 5 m was 100% at 1000 mg/L. The struc-
ture-activity relationship analysis results showed that the introduction of an amide group into the structure of
derivatives improved their insecticidal activity against Semiaphis heraclei. Meanwhile, the amide-containing
derivatives containing the F and NO, substituted benzene ring might improve their insecticidal activity against
Semiaphis heraclei. This study will be helpful for the high value-added utilization of the natural renewable
resource 3-pinene and the development of novel insecticides.
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1 Introduction

[-pinene is a renewable resource derived from pine trees. The resin canal of the pine tree secretes resin.
After a series of separation processes, the solid part of the resin is known as rosin and the liquid part is known
as turpentine. S-pinene is one of the main components of turpentine. It has a special molecular structure in
which a double bond, a bridged ring, and two chiral carbon atoms are present (see Fig. 1). The molecular
structure of f-pinene endows it with special properties, and among these, the biological activity of -
pinene is valuable, such as its antibacterial [1-3], antitumor [4], antiviral [5], antioxidant [2,6],
antibacterial [7], photoprotective [8], and anti-inflammatory [9] activity. Recently, studies on the
biological activity of f-pinene have shown that it exhibits certain insecticidal activity [10—13]. However,
compared with commercial pesticides, S-pinene has weaker insecticidal activity. Thus, f-pinene cannot be
directly used as an insecticide but can be used as a precursor compound to synthesize derivatives with
better insecticidal activity through certain structural modifications [14].

Figure 1: Molecular structure of f-pinene

Amide is an important organic compound and has attracted much attention for its rich biological activity
[15—18]. In the field of insecticides, amide compounds exhibit excellent insecticidal activity, and several
typical amide insecticides, including Chlorantraniliprole (Fig. 2a), Flubendiamide (Fig. 2b) and
Cyantraniliprole (Fig. 2c), are widely used for crop pest control [19-21]. Based on the good insecticidal
activity of the amide compound, it can be hypothesized that when the amide structure is introduced into
the S-pinene skeleton to prepare S-pinene derivatives containing amide structures, some derivatives with
good insecticidal activity are expected to be screened out. Unfortunately, the amide-containing derivatives
of f-pinene having insecticidal activity have been rarely reported.
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Figure 2: Three typical amide insecticides (a): Chlorantraniliprole; (b): Flubendiamide; (c): Cyantraniliprole
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In this study, in order to develop a new insecticidal compound from the natural renewable resource S-
pinene, a series of amide-containing derivatives of f-pinene were synthesized, and the insecticidal activity of
these synthesized compounds against two agricultural pests was tested. This study demonstrates the positive
effect of the high value-added utilization of S-pinene and is also of great significance for the development of
new insecticides.

2 Materials and Methods

2.1 General

All the reactions were traced by thin layer chromatography (TLC). The compound (—)-f-pinene was
purchased from the spice company Jiangxi Jishui Hongda Natural Perfume Co., Limited (Ji’an, China),
and the other reagents were of analytical grade; no additional processing was required. The insects
Mythimna separate and Semiaphis heraclei were provided by the College of Plant Protection, Northwest
Agriculture and Forestry University.

2.2 Chemistry

According to the procedures described in our previous reports [22—-24], (-)-cis-myrtanol (compound 2),
myrtanyl acid (compound 3), and amide-containing derivatives Sa—50 were prepared. Their synthesis routes
are shown in Fig. 3.
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Figure 3: Synthesis route of the S-pinene-based derivatives

The structures of these amide-containing derivatives were characterized by Fourier transform infrared
spectroscopy (FT-IR), nuclear magnetic resonance spectroscopy (‘H-NMR and '*C-NMR), and mass
spectrometry (MS), and the spectra are included in the Supplementary Materials available online.

2.3 Insecticidal Activity Evaluation

The insecticidal activity of the amide-containing derivatives of f-pinene against Mythimna separate and
Semiaphis heraclei was tested by the leaf dipping method and the spraying method, respectively. The details
of these methods were as follows.

Leaf dipping method (test insect: Mythimna separate): The test compound was dissolved in DMF to
prepare a 2.5% (m/m) mother solution. The prepared mother solution was diluted to a 1000 mg/L test
solution using 1%o0 Tween-80 aqueous solution. Cabbage leaves were dipped into the test solution for 10 s
and air-dried. Five treated leaves were placed in each test vessel (plastic cup) with 10 third instar larvae
that were starved for 2 h beforehand. The test vessels were sealed with plastic wrap and vents were
poked in it. Then the test vessels were observed for 72 h in an environment with a photoperiod of
16(L): 8(D), temperature of 25°C, and humidity of 70%. The survival of the test insects was examined at
48 and 72 h. In observing the test results, insects with weak growth, slow movement, and less feeding
were judged to be dead. Chlorantraniliprole was used as a positive control, and water was used as a blank
control. All the tests were repeated three times. Insect mortality and corrected mortality were calculated
according to the following Eqgs. (1) and (2).
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Mortality = Number of dead insect/ Number of test insect x 100% (1)
Corrected mortality = (Treatment mortality — Control mortality)/(1 — Control mortality) x 100%  (2)

Spraying method (test insect: Semiaphis heraclei): The test compound was dissolved in DMF to prepare
a 2.5% (m/m) mother solution. The prepared mother solution was diluted to a 1000 mg/L test solution using
1%o Tween-80 aqueous solution. Celery leaves with 30 test insects were placed in a Petri dish. The prepared
1000 mg/L test solution was homogeneously sprayed on the leaves and air-dried. The test Petri dishes were
sealed with plastic wrap, and a few holes were poked in it. Then the test Petri dishes were observed for 72 h in
an environment with a photoperiod of 16(L): 8(D), temperature of 25°C, and humidity of 70%. The survival
of the test insects was examined at 48 and 72 h. Insects with weak growth, slow movement, and less feeding
were judged to be dead. Chlorantraniliprole was used as a positive control, and water was used as a blank
control. All the tests were repeated three times. The insect mortality and corrected mortality were
calculated according to the following Egs. (1) and (2).

3 Results and Discussions

3.1 Chemistry

First, f-pinene was converted to (-)-cis-myrtanol (compound 2) by a hydroboration-oxidation reaction.
The FT-IR spectra of compound 2 (see Supplementary Materials Table S1) showed an absorption band at
3313 cm ' owing to the newly formed OH group. In the "H-NMR spectra of compound 2, the proton
signal of OH was not observed. However, the proton signal of the CH, group attached to the OH group
was observed at § 3.55 ppm as a doublet of doublets. In the '?*C-NMR spectra of compound 2, the carbon
signal of the CH, group attached to the OH group was observed at 6 66.95 ppm. The mass spectra of
compound 2 exhibited an expected molecular ion peak at m/z 154.1 [M]" corresponding to the molecular
formula Cl()ngO.

Then the (~)-cis-myrtanol (compound 2) was oxidized to myrtanyl acid (compound 3) by an oxidation
reaction. In the FT-IR spectra of compound 3 (see Supplementary Materials Table S1), absorption bands
related to OH and C=0 were observed at 3660 and 1675 cm ', respectively. The carboxyl OH proton was
observed at 6 11.91 ppm as a singlet, and the carboxyl carbon signal was observed at § 183.04 ppm.

Finally, based on the substructure splicing principle, a series of amide derivatives were synthesized by
splicing an amide moiety onto the pinane skeleton (see Supplementary Materials Table S1). The FT-IR
spectrum for all the f-pinene-based amide derivatives showed the expected frequencies of NH, C=0,
benzene ring, and C-N at 3000-3500, 1650-1710, 1400-1600, and 1280-1320 cm ' In the "H-NMR
spectrum of S-pinene-based amide derivatives, the proton signal of NH was recorded at J 7.3—11.91 ppm.
In the "*C-NMR spectrum of f-pinene-based amide derivatives, the carboxyl carbon signal was observed
at 0 173.46-181.14 ppm. The mass spectrum of f-pinene-based amide derivatives exhibited an expected
molecular ion peak corresponding to their molecular formula.

In conclusion, these results indicated that the characterization data of amide-containing derivatives of j-
pinene were in full agreement with their proposed structures.

3.2 Insecticidal Activity Evaluation

3.2.1 Insecticidal Activity Evaluation of Mythimna Separate
The insecticidal activity of amide-containing derivatives of fS-pinene against Mythimna separate was
tested by the leaf dipping method. The results are listed in Table 1.
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Table 1: Insecticidal activity of amide-containing derivatives of f-pinene against Mythimna separate

48 h 72 h
Compound R, R2 Mortality/% Corrected ~ Mortality/% Corrected
mortality/% mortality/%
S5a }3@ H 40.00 33.33 40.00 28.00
5b Br H 23.33 14.81 33.33 20.00
e
5¢ ?@/Br H 23.33 14.81 36.67 24.00
5d ‘9{@\ H 20.00 11.11 26.67 12.00
CoHs
5e ‘;j\@\ H 33.33 25.93 36.67 24.00
CFs4
5f i H 13.33 3.70 40.00 28.00
F
5¢g }{@\ H 40.00 33.33 40.00 28.00
F
5h \f\@\ H 46.67 40.74 50.00 40.00
NO,
51 PN H 30.00 22.22 46.67 36.00
| =
5j }*{\© H 33.33 25.93 46.67 36.00
5k K\@ CH; 40.00 33.33 46.67 36.00
51 . A H 36.67 29.63 46.67 36.00
©//;/S
S5m , H 6.67 =3.70 23.33 8.00
o
S~ S
F

5n w. H 23.33 14.81 26.67 12.00

(Continued)
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Table 1 (continued)

48 h 72 h
Compound R, R, Mortality/% Corrected  Mortality/% Corrected
mortality/% mortality/%
50 N;{/b H 33.33 25.93 36.67 24.00
~ S
(-)-B-pinene - - 10 0.00 20.00 4.00
Myrtanyl acid - - 26.67 18.52 40.00 28.00
Acetone - - 10.00 16.67
Chlorantraniliprole - - 100.00 100.00 100.00 100.00
Water - - 0 0

As seen in Table 1, after 72 h of test observation, the initial compound S-pinene and the intermediate
compound myrtanyl acid exhibited weak insecticidal activity against Mythimna separate; their corrected
mortality rates were 4.00% and 28.00%, respectively. Compared to myrtanyl acid, the amide derivatives
of myrtanyl acid did not show significant insecticidal activity improvement against Mythimna separate.
Compound 5 h with a nitro group at para-position in the benzene ring showed the best insecticidal
activity against Mythimna separate; its corrected mortality was 40.00%.

3.2.2 Insecticidal Activity Evaluation of Semiaphis Heraclei
The insecticidal activity of amide-containing derivatives of f-pinene against Semiaphis heraclei was
tested by the spraying method. The results are listed in Table 2.

Table 2: Insecticidal activity of f-pinene-based derivatives against Semiaphis heraclei

48 h 72 h
Compound R, R2  Mortality/% Corrected ~ Mortality/% Corrected
mortality/% mortality/%

5a \;i@ H 30.00 19.23 73.33 66.67

5b Br H 46.67 38.46 90.00 87.50

0
5c \f\©/8r H 63.33 57.69 100.00 100.00
5d }3@\ H 63.33 57.69 83.33 79.17
C2H5
S5e H 80.00 76.92 100.00 100.00

(Continued)
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Table 2 (continued)

48 h 72 h
Compound Ry R Mortality/% Corrected ~ Mortality/% Corrected
mortality/% mortality/%
5f F H 100.00 100.00 100.00 100.00

5g \rf@\ H 65.00 59.62 90.00 87.50
F

5h \;i@\ H 85.00 82.69 100.00 100.00
NO,
51 > | NS H 36.67 26.93 73.33 66.67
=

5j A\@ H 70.00 65.39 100.00 100.00
5k A\@ CH; 53.33 46.16 96.67 95.83

51 . H 65.00 59.62 85.00 81.25
N=
©//§/S
Sm . H 45.00 36.54 100.00 100.00
V=
S
F
5n .. H 90.00 88.46 93.33 91.67
N=
S
HsCO
50 “w. H 60.00 53.85 66.67 58.33
N=
/@//%/S
o,N
(-)-p-pinene - - 16.67 3.85 20.00 0
Myrtanyl acid - - 43.33 34.62 80.00 75.00
Acetone - - 13.33 20.00
Chlorantraniliprole - - 100.00 100.00 100.00 100.00

Water - - 0 0
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As seen in Table 2, the intermediate compound myrtanyl acid exhibited better insecticidal activity
against Semiaphis heraclei than the initial compound f-pinene. At 1000 mg/L, the corrected mortality of
myrtanyl acid against Semiaphis heraclei was 75.00% after 72 h. Furthermore, compared to myrtanyl
acid, most amide-containing derivatives showed better insecticidal activity against Semiaphis heraclei.
After 72 h, the corrected mortality rate of compounds 5c, Se, 5f, 5h, 5j, and Sm was 100%, and the
corrected mortality rates of compounds 5k and 5n were 95.83% and 91.67%, respectively. By analyzing
the data in Table 2, we obtained the following relationship between the structure of the derivatives and
the activity against Semiaphis heraclei.

First, most of the amide-containing derivatives showed better insecticidal activity against Semiaphis
heraclei than myrtanyl acid, demonstrating that the introduction of the amide group into the structure of
derivatives improved their insecticidal activity against Semiaphis heraclei. The studies of Paula et al.
[25-27] also found that the insecticidal activities of piperine, matrine, and phenylpyrazole carboxylic acid
derivatives were improved by the introduction of amide groups, which suggests that amide groups are the
ideal motif for insecticide molecules.

Second, the substituents on the benzene ring of the derivatives had a significant effect on the insecticidal
activity of the derivatives. The electron-withdrawing group on the benzene (compound 5 h with a nitro
group) ring was more favorable for enhancing the insecticidal activity of the derivative than the electron-
donating group on the benzene ring (compound 5d with an ethyl group).

Third, the introduction of a halogen substituent on the benzene ring enhanced the insecticidal activity of
the derivatives (compounds 5b, Sc, Se, 5f, and 5g). For compounds 51-50, the introduction of a halogen
substituent (fluorine atom) and an electron-donating group (methoxy group) on the benzene ring was
advantageous for increasing the insecticidal activity. Lv et al. [28] and Wang et al. [260] also found that
the fluorine atom in the amide derivatives has an important influence on the insecticidal activity of amide
derivatives, which further verified our experimental results.

Although the mechanism of action of the amide-containing derivatives was not investigated in this study,
it was speculated that the insecticidal mechanism of these derivatives may be similar to that of some amide-
containing insecticides (e.g., Chlorantraniliprole), and their possible targets were insect ryanodine receptors
[29,30].

4 Conclusions

In our previous study, we found that the pinene skeleton has potential insecticidal activity, and the amide
group may improve the insecticidal activity of pinene derivatives. Therefore, a hypothesis was proposed that
the fusion of the pinene skeleton and the amide group would produce potent insecticidal derivatives. Based
on this hypothesis, a series of amide-containing derivatives of f-pinene were prepared in this study, the
insecticidal activities of Mythimna separate and Semiaphis heraclei were evaluated, and several amide
derivatives of f-pinene with high insecticidal activity were screened, which validated our hypothesis. The
mechanism of action of compounds with good insecticidal activity can be studied in the next step. This
study will encourage the high value-added utilization of the natural renewable resource fS-pinene and the
development of novel insecticides.
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Supplementary Materials

Table S1: Characterization data of B-pinene-based derivatives

Compound Characterization data

Colorless liquid; Yield 96.8%, purity 94.5%; FT-IR v (cm '): 3313 (O-H), 1041 (C-O);
"HNMR (300 MHz, CDCl3) 8: 3.55 (dd, ] = 7.6, 5.2 Hz, 2H), 2.44~2.31 (m, 1H), 2.31~2.14
(m, 1H), 2.05~1.97 (m, 2H), 1.98~1.78 (m, 4H), 1.54~1.35 (m, 1H), 1.19 (s, 3H), 0.97 (s,
3H), 0.93 (d, J = 9.6 Hz, 1H). '*C NMR (75 MHz, CDCl5) &: 66.95, 43.77, 42.37, 40.93,
38.07, 32.63, 27.44, 25.48, 22.79, 18.29. GC-MS m/z = 154.1 [M]"

White solid; melting point 92-94°C; Yield 24.5%, purity 98.7%; FT-IR v (cmfl): 3660, 3638,
3061 (O-H), 2990, 2950, 2920, 2903, 2869 (C-H), 1675 (C=0), 1478, 1458 (C-H), 1414
(O-H), 1386, 1364, 1338, 1320 (C-H), 1250 (C-O), 940 (O-H). "H NMR (500 MHz, CDCl5)
6:11.91 (s, 1H), 3.02 (dt, J=10.3, 3.5 Hz, 1H), 2.54 (dd, ] =9.1, 5.5 Hz, 1H), 2.42~2.29 (m,
2H), 2.07~1.84 (m, 4H), 1.26 (s, 3H), 1.23 (d, J=10.0 Hz, 1H), 0.91 (s, 3H). ">C NMR (126
MHz, CDCls) &: 183.04, 43.76, 42.98, 40.34, 38.74, 29.03, 26.88, 24.60, 21.51, 15.09. ESI-
MS: m/z 191.1 [M+Na]"; 167.1 [M-H]

5a

Light yellow solid; melting point 75-77°C; yield 97%; purity 98.3%; FT-IR v (cm '): 3292,
3267,3195,3134,2992,2912,2866, 1674, 1657, 1595, 1532, 1491, 1465, 1438, 1367, 1332,
1300, 753, 694. "H NMR (300 MHz, CDCl3) d: 7.49 (d, J= 7.9 Hz, 2H), 7.31 (t, /= 7.9 Hz,
2H), 7.09 (t, J=7.4 Hz, 2H), 3.00 (dd, J= 6.4, 2.7 Hz, 1H), 2.46 (ddd, /= 17.9, 10.5, 5.8 Hz,
3H), 2.10-1.84 (m, 4H), 1.25 (s, 3H), 1.22 (s, 1H), 0.94 (s, 3H). >*C NMR (75 MHz, CDCl;)
0: 173.92, 138.18, 128.92, 123.97, 119.95, 46.03, 44.06, 40.63, 38.83, 30.10, 27.43, 24.90,
21.97, 15.24. ESI-MS: m/z 266.1 [M+Na]"; 242.1 [M-H]~

5b

Light yellow solid; melting point 53—55°C; yield 91%; purity 96.7%; FT-IR v (cm'): 3406,
3310, 3066, 2949, 2927, 2902, 2869, 1655, 1621, 1588, 1502, 1472, 1436, 1383, 1293, 753,
579. "H NMR (300 MHz, CDCl5) 6: 8.40 (dd, J=8.3, 1.5 Hz, 1H), 7.84 (s, 1H), 7.53 (dd, J =
8.0, 1.4 Hz, 1H), 7.35-7.28 (m, 1H), 6.96 (td, /= 7.9, 1.6 Hz, 1H), 3.14-3.02 (m, 1H), 2.58—
2.38 (m, 3H), 2.10-1.87 (m, 4H), 1.32 (s, 1H), 1.29 (s, 3H), 0.90 (s, 3H). '>*C NMR (75 MHz,
CDCl3) o: 173.58, 135.37, 131.62, 127.93, 124.22, 121.13, 112.73, 45.65, 43.17, 40.00,
38.44,29.03,26.71,24.26,21.39, 14.53. ESI-MS: m/z 322.1 [M+H]"; 344.1 [M+Na]"; 320.1
[M-H]

5¢

Light yellow solid; melting point 50—-52°C; yield 91%; purity 95.4%; FT-IR v (cm™"): 3435,
3321,3189,3120,2984, 2950, 2915, 2868, 1670, 1592, 1524, 1476, 1417, 1368, 1331, 1302,
774, 681, 569. '"H NMR (300 MHz, CDCl5) d: 7.77 (d, J= 1.9 Hz, 1H), 7.39 (d, J= 7.7 Hz,
1H), 7.20 (ddd, /J=18.8, 11.1,4.7 Hz, 3H), 2.99 (dd, /= 6.2, 3.3 Hz, 1H), 2.54-2.34 (m, 3H),
2.07-2.01 (m, 1H), 2.00-1.86 (m, 3H), 1.25 (s, 3H), 1.21 (d, J = 4.3 Hz, 1H), 0.91 (s, 3H).
3C NMR (75 MHz, CDCls) d: 173.82, 138.93, 129.70, 126.46, 122.42, 122.07, 117.96,
45.54, 43.43, 40.04, 38.33, 29.57, 26.90, 24.35, 21.54, 14.70. ESI-MS: m/z 322.1 [M+H]";
344.1 [M+Na]’; 320.1 [M-H]"

5d

Yellow solid; melting point 84-86°C; yield 96%; purity 98.7%; FT-IR v (cm™'): 3288, 3253,
3184,3114,3037,2987,2962,2914, 2865, 1656, 1595, 1514, 1462, 1410, 1382, 1367, 1329,
1298, 826. "H NMR (300 MHz, CDCl3) 0: 7.40 (d, J = 8.4 Hz, 2H), 7.27 (t,J = 9.6 Hz, 1H),
7.13 (d, J = 8.3 Hz, 2H), 3.04-2.90 (m, 1H), 2.61 (q, J = 7.6 Hz, 2H), 2.46 (ddd, J = 23 .4,
11.7, 5.9 Hz, 3H), 2.08—1.81 (m, 4H), 1.27-1.18 (m, 7H), 0.94 (s, 3H). *C NMR (75 MHz,
CDCl3) 6: 173.84, 140.00, 135.83, 128.19, 120.13, 45.92, 44.08, 40.64, 38.82, 30.10, 28.25,
27.44,24.92,21.97, 15.63, 15.25. ESI-MS: m/z 294.1 [M+Na]"; 270.1 [M-H]

(Continued)
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Table S1 (continued)

Compound Characterization data

Yellow solid; melting point 107—109°C; yield 94%; purity 97.3%; FT-IR v (cm™'): 3301,
3198, 3128, 2984, 2953, 2912, 2866, 1670, 1601, 1524, 1464, 1407, 1384, 1367, 1320, 837.
"H NMR (300 MHz, CDCl5) 6: 7.62 (d, J = 8.7 Hz, 2H), 7.55 (d, J = 8.7 Hz, 2H), 7.32 (s,
Se 1H), 3.01 (dd, J= 6.3, 2.6 Hz, 1H), 2.55-2.37 (m, 3H), 2.08-1.88 (m, 4H), 1.25 (s, 3H), 1.21
(d, J=2.1 Hz, 1H), 0.92 (s, 3H). '>C NMR (75 MHz, CDCl;) §: 175.16, 142.15, 127.18,
120.29, 47.16, 44.98, 41.53, 39.82, 31.00, 28.35, 25.77, 22.90, 16.13. ESI-MS: m/z 334.1
[M+Na]"; 310.1 [M-H]~
Yellow solid; melting point 107—109°C; yield 88%; purity 95.4%; FT-IR v (cm™'): 3328,
3310, 2987, 2948,2917,2867, 1677, 1659, 1622, 1597, 1510, 1465, 1385, 1366, 1288, 1006,
776, 702. "H NMR (300 MHz, CDCls) §: 7.14 (s, 1H), 6.96-6.79 (m, 3H), 3.05 (s, 1H), 2.42
5f (d, J=20.8 Hz, 3H), 1.95 (dd, J = 45.4, 21.0 Hz, 4H), 1.24 (s, 4H), 0.94 (s, 3H). '*C NMR
(75 MHz, CDCly) 6: 174.16, 172.21, 158.88, 156.89, 127.13, 114.41, 111.52, 111.37, 45.27,
44.03, 42.91, 40.52, 40.30, 38.81, 29.94, 29.11, 27.26, 26.87, 24.83, 24.49, 21.71, 15.05.
ESI-MS: m/z 280.1 [M+H]"; 302.1 [M+Na]"; 278.1 [M-H]"

Yellow solid; melting point 78-80°C; yield 90%; purity 97.7%; FT-IR v (cm™'): 3286, 3256,
3209, 3145, 3067, 2986, 2929, 2866, 1669, 1641, 1610, 1506, 1462, 1406, 1383, 1366, 1296,
1012, 993, 832. 'H NMR (300 MHz, CDCl;) d: 7.48-7.38 (m, 2H), 7.11 (s, 1H), 7.05-6.94

S5g (m, 2H), 3.04-2.93 (m, 1H), 2.55-2.35 (m, 3H), 2.08-1.85 (m, 4H), 1.25 (s, 3H), 1.21 (d, /=
3.8 Hz, 1H), 0.93 (s, 3H). '*C NMR (75 MHz, CDCly) 8: 173.95, 160.21, 158.28, 134.10,
121.83, 115.57, 115.39, 45.87, 44.00, 40.60, 38.81, 30.04, 27.39, 24.84, 21.95, 15.23. ESI-
MS: m/z 284.1 [M+Na]"; 260.1 [M—H]

Yellow Solid; melting point 103—105°C; yield 84%; purity 96.2%; FT-IR v (cm '): 3359,
3117,3084,2987,2916, 2868, 1703, 1609, 1594, 1540, 1495, 1463, 1405, 1384, 1368, 1327,
1296, 1249, 854. "H NMR (300 MHz, CDCl;) §: 8.17 (d, J=9.1 Hz, 2H), 7.69 (d, J=9.2 Hz,
2H), 7.66 (d, J=3.2 Hz, 1H), 3.03 (dd, /=5.9, 2.6 Hz, 1H), 2.43 (dt, /J=12.4, 6.3 Hz, 3H),
2.07-1.87 (m, 4H), 1.23 (s, 3H), 1.20 (d, J= 4.0 Hz, 1H), 0.95-0.82 (m, 3H). '*C NMR (75
MHz, CDCly) d: 175.50, 145.16, 144.19, 125.99, 120.01, 47.42, 46.32, 44.93, 43.90, 41.38,
39.79, 31.13, 30.06, 28.33, 27.85, 25.75, 25.46, 22.86, 16.05. ESI-MS: m/z 311.1 [M+Na];
287.1 [M-H]"
Brown solid; melting point 41-43°C; yield 86%; purity 96.1%; FT-IR v (cmfl): 2990, 2948,
2914, 2867, 1695, 1638, 1577, 1508, 1463, 1429, 1383, 1367, 1295, 871, 776. "H NMR (300
MHz, CDCl;) d: 8.57 (s, 1H), 8.34-8.18 (m, 1H), 7.73 (s, IH), 7.04 (s, 1H), 3.08 (s, 1H), 2.50
(dd, J = 51.2, 27.8 Hz, 3H), 1.97 (s, 4H), 1.27 (s, 4H), 0.95 (s, 3H). '>C NMR (75 MHz,
CDClLy) o: 181.14, 179.43, 174.63, 172.17, 151.77, 149.37, 146.99, 138.65, 124.36, 119.26,
114.18, 46.92, 46.32, 45.30, 43.98, 43.73, 43.19, 42.90, 40.73, 38.72, 38.39, 31.52, 30.20,
29.35, 29.11, 27.30, 26.94, 25.85, 25.48, 24.51, 22.02, 16.84, 15.31, 15.04. ESI-MS: m/z
267.1 [M+Na]’; 243.1 [M-H]"
Light yellow solid; melting point 41-43°C; yield 87%; purity 96.5%; FT-IR v (cm '): 3321,
3281, 3090, 3063, 3025, 2995,2973, 2917, 2875, 1641, 1606, 1537, 1496, 1465, 1453, 1384,
1363, 1259, 1234, 722, 694. "H NMR (300 MHz, CDCl5) d: 7.31 (dd, J = 13.6, 7.8 Hz, 5H),
5j 5.76 (s, 1H), 4.52-4.37 (m, 2H), 2.86 (dd, /= 5.8, 3.3 Hz, 1H), 2.50-2.26 (m, 3H), 2.04—1.83
(m, 4H), 1.21 (d, J= 7.7 Hz, 3H), 1.16 (d, J= 9.3 Hz, 1H), 0.87 (s, 3H). >°C NMR (75 MHz,
CDCl3) 0: 175.44, 138.70, 128.60, 127.97, 127.35, 45.09, 43.78, 40.65, 38.71, 30.12, 27.38,
24.96, 22.03, 15.44. ESI-MS: m/z 280.1 [M+Na]"; 256.1 [M-H]~

5h

5i

(Continued)
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Table S1 (continued)

Compound Characterization data

5k

Brown solid; melting point 40-42°C; yield 89%; purity 94.9%; FT-IR v (cm '): 3090, 3061,
3028, 2981, 2937, 2912, 2864, 1640, 1494, 1468, 1451, 1397, 1353, 1255, 1203, 731, 698.
"H NMR (300 MHz, CDCl5) 6: 7.30 (dd, J = 6.5, 2.9 Hz, 3H), 7.21 (s, 2H), 4.75-4.33 (m,
2H), 3.14 (d, J = 8.2 Hz, 1H), 2.89 (t, J= 8.6 Hz, 3H), 2.33 (d, /= 33.1 Hz, 3H), 2.15-1.74
(m, 4H), 1.23 (s, 3H), 1.03 (d, J = 18.3 Hz, 4H). >C NMR (75 MHz, CDCl;) 6: 130.47,
127.83, 127.37, 53.96, 52.18, 50.51, 45.62, 44.42, 4442, 44.24, 41.91, 39.37, 35.84, 33.62,
28.95, 26.87, 24.16, 18.63. ESI-MS: m/z 294.1 [M+Na]"; 270.1 [M-H]

51

Yellow solid; melting point 50—52°C; yield 28%; purity 95.8%; FT-IR v (cm ™ '): 3362, 3248,
3187,3145,3109,2983,2949,2919, 2868, 1702, 1687, 1596, 1549, 1464, 1445, 1384, 1366,
1327, 1278, 1246, 1184, 1134, 1111, 1061, 746, 695. "H NMR (300 MHz, CDCl;) &: 11.82
(s, 1H), 7.80-7.72 (m, 2H), 7.51-7.36 (m, 3H), 7.09 (s, 1H), 3.24-3.13 (m, 1H), 2.38-2.25
(m, 3H), 2.00-1.92 (m, 4H), 1.21 (s, 3H), 1.16 (d, J=6.1 Hz, 1H), 0.88 (s, 3H). >*C NMR (75
MHz, CDCl;) 6: 174.43,160.96, 128.91, 128.72, 125.69, 106.41, 59.73, 45.06, 43.37,42.43,
39.86, 38.27, 30.44, 29.25, 28.58, 26.51, 24.21, 21.52, 20.98, 14.78, 14.37, 13.71. ESI-MS:
m/z 327.1 [M+H]"; 349.1 [M+Na]"; 325.1 [M-H]"

Sm

Dark red solid; melting point 53—55°C; yield 19%; purity 95.5%; FT-IR v (cm '): 3432,
3192,3117,3056,2919, 2869, 1687, 1654, 1597, 1539, 1491, 1465, 1410, 1385, 1368, 1321,
1270, 1174, 1156, 1061, 839. "H NMR (300 MHz, CDCl3) 0: 11.91 (s, 1H), 7.74 (dd, J= 8.8,
5.2 Hz, 1H), 7.64-7.30 (m, 2H), 7.14 (t, J = 8.7 Hz, 1H), 7.02 (s, 1H), 3.24-3.12 (m, 1H),
2.54 (s, 1H), 2.48-2.36 (m, 1H), 2.31 (s, 1H), 2.10-1.83 (m, 4H), 1.27 (s, 1H), 1.23 (s, 3H),
0.85 (s, 3H). *C NMR (75 MHz, CDCl5) §: 173.66, 163.81, 160.52, 158.91, 148.09, 130.05,
127.36, 115.40, 115.12, 106.80, 44.60, 42.94, 39.90, 38.09, 31.44, 30.98, 29.69, 29.24,
28.78, 26.58, 24.08, 22.21, 21.27, 13.78. ESI-MS: m/z 345.1 [M+H]"; 343.1 [M-H]"

5n

Yellow solid; melting point 64—66°C; yield 21%; purity 96.6%; FT-IR v (cmfl): 3434, 3117,
3045, 2945, 2916, 2870, 2837, 1687, 1612, 1540, 1492, 1463, 1440, 1419, 1385, 1367, 1326,
1285, 1249, 1173, 1110, 1062, 834. "H NMR (300 MHz, CDCly) 6: 11.04 (s, 1H), 7.72 (dq, J
=4.5, 1.8 Hz, 2H), 7.03—6.89 (m, 3H), 3.85 (s, 3H), 3.19-3.11 (m, 1H), 2.60-2.53 (m, 1H),
2.49-2.38 (m, 2H), 2.09-1.89 (m, 4H), 1.25 (s, 3H), 1.23 (s, 1H), 0.85 (s, 3H). 3C NMR (75
MHz, CDCl;) d: 174.68, 165.59, 164.21, 131.99, 126.84, 113.68 (s), 112.44, 105.36, 54.86,
44.63, 42.88, 39.95, 29.24, 26.60, 25.82, 24.13, 21.29, 14.15. ESI-MS: m/z 357.1 [M+H]";
355.1 [M—H]

50

Brown solid; melting point 100-102°C; yield 16%; purity 97.3%; FT-IR v (cm™'): 3430,
3351, 3100, 2973,2950, 2920, 2870, 1670, 1598, 1538, 1511, 1464, 1444, 1411, 1385, 1368,
1341, 1318, 1269, 1180, 1107, 1078, 1063, 856, 844. "H NMR (300 MHz, CDCl3) 6: 9.42 (s,
1H), 8.33-8.24 (m, 2H), 8.03—7.92 (m, 2H), 7.34 (s, 1H), 3.13 (dd, J = 10.5, 3.4 Hz, 1H),
2.49 (dt, J=9.8, 7.6 Hz, 3H), 2.09-1.90 (m, 4H), 1.29 (d, J=4.1 Hz, 1H), 1.27 (s, 3H), 0.86
(s, 3H). °C NMR (75 MHz, CDCls) 6: 173.46, 168.89, 153.93, 146.67, 126.05, 123.73,
120.89, 110.80, 44.71, 42.84, 39.93, 38.35, 29.22, 26.63, 24.12, 21.32, 14.26. ESI-MS: m/z
372.1 [M+H]"; 370.1 [M-H]
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