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Synthesis and biological activity of abscisic acid esters
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A B S T R A C T

16 ABA esters including 11 new compounds were prepared by two different esterification routes. All the
structures of ABA esters were confirmed by 1H NMR, 13C NMR and HRMS. Their biological activity and
hydrolysis stability were investigated. Fortunately, there were 15 and 9 compounds which displayed
much better or nearly the same inhibition activity for rice seedling growth and Arabidopsis thaliana seed
germination compared to ABA, respectively. Especially, compounds 2d and 2g showed better biological
activities than ABA in the three tests. Moreover, we found that chemical hydrolysis ability of the esters in
vitro had little relationship to their biological activity.

ã 2015 Phytochemical Society of Europe. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The plant hormone (S)-abscisic acid (1, (S)-(+)-ABA) acting as an
essential signal molecule involves in various plant growth
modulation (seed germination, root elongation etc.) and abiotic
stresses adaptation (drought, high salt etc.) (Wasilewska et al.,
2008; Cutler et al., 2010; Kim et al., 2010). However, the widely use
of the regulator suffers from inactivation by photo-isomerization
(Plancher, 1979) and catabolism (Zeevaart and Creelman, 1988;
Nambara and Marion, 2005). So structure modification of ABA has
been one of the great interest subjects over the years. In recent
years, varieties ABA derivatives with high activity have been
reported. For anti-catabolism derivatives acquiring by substitution
of the 80-position of ABA using methoxyl (Todoroki et al., 1994),
alkenyl, alkynyl (Todoroki et al., 1997a,b; Rose et al., 1997; Cutler
et al., 2000), fluorine (Kim et al., 1995; Balko et al., 1999; Todoroki
et al.,1995a,b; Hanzawa et al.,1991; Ueno et al., 2005) or deuterium
(Sono et al., 1996; Lamb et al., 1996) have been provided. 2,
3-cyclopropanated ABA with excellent activity and higher
photo-stability than that of natural ABA had also been reported
as an anti-isomerization derivative (Liu et al., 2013).

In addition, the research of ABA carboxyl group esters is another
study field of the ABA derivatives. ABA glucose esters, which could
act as a storage and transport form of phytohormone, were ready to
* Corresponding author. Tel.: +86 010 62732873; fax: +86 10 62731719.
** Corresponding author. Tel.: +86 010 62732958; fax: +86 10 62731719.

E-mail addresses: xiaoyumei@cau.edu.cn (Y. Xiao), qinzhaohai@263.net (Z. Qin).

http://dx.doi.org/10.1016/j.phytol.2015.04.015
1874-3900/ã 2015 Phytochemical Society of Europe. Published by Elsevier B.V. All righ
release ABA by activating b-glucosidase under stress condition
(Xu et al., 2012). It has been reported that some 2-nitrobenzyl and
1-(2-nitrophenyl)ethyl esters of carboxylic of plant hormones
including ABA can photolysed to the corresponding free acids in
intracellular (Ward and Beale,1995). It also has been demonstrated
that compared to ABA, methyl and phenyl esters possess slightly
more anti-transpiration effect than ABA itself, which might play a
prolonged protection role during the crop drought (Jones and
Mansfield, 1971). Moreover, the ester compounds possess better
lipophilicity and permeable properties. Although the good nature
of ABA esters was identified, there is no report for system
bioactivity research of ABA esters.

As mentioned, ABA esters can release free ABA and correspond-
ing hydroxyl compounds by relevant hydrolyses and intracellular
photolysis. The conjugation of two or more bioactive components
might exert coordination role of multiple groups (Klessig and
Malamy, 1994). When we took the new compositions into account,
we were curious whether hydroxyl compounds 3 (Scheme 1)
possessing plant growth regulating effects might play a synergistic
role with ABA after release from corresponding ABA esters.

Above all, researchers have developed hundreds of excellent
ABA derivatives and analogs in laboratory, but there is no
application report in agricultural field. Therefore, it is highly
desirable to develop ABA derivatives with simple synthesis route
and cheap and high activity for large-scale agriculture application
as growth regulator. In this study, the synthesis and biological
activity of 16 ABA esters were investigated. We also describe the
extracellular hydrolysis of several representative esters to discuss
the structure-activity relationship.
ts reserved.
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Scheme 1. Design of the ABA esters.
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2. Result and discussion

2.1. Synthesis

In view of the sensitive structure of ABA, we focused on mild
esterification conditions. As shown in Scheme 2, the Steglich
esterification (method a) (Neises and Steglich, 1978) and Mitsu-
nobu reaction (method b) (Appendino et al., 2002; Mitsunobu,
1981) were applied to the synthesis of ABA ester, respectively. 12
Phenols (Table 1, 3a-3l) and 4 alcohols (3m-3p) were picked as
substrates to prepare the corresponding esters. In most cases, it
gave an excellent yield by method a, except for the preparation of
ABA 3-(pyridin-2-yl)propan-1-ol ester (2o). Instead, we got the
product by method b with a moderate yield. All the esters were
characterized by ESI-HRMS, 1H and 13C NMR.

2.2. Biological activity

All of 16 products were examined by three bioassays: the
germination assays of Arabidopsis thaliana and lettuce and the
seedling growth of rice. The IC50 values showing inhibitory effect
were calculated by IBM SPSS and listed in Table 1. Besides 2a, there
are only two compounds, which were 2d and 2g, displayed slightly
more activities than ABA for inhibiting lettuce seed germination.
However, the ABA esters, whatever they were phenolic or alcohol
esters, displayed high activities against rice seedling elongation.
Among them, 15 compounds displayed much better or nearly the
same activity compared to ABA itself, and only 2k showed much
less inhibitory effect than ABA. There were 8 compounds presented
higher activity in inhibiting A. thaliana seed germination than ABA,
and 2b indicated the highest inhibition effect, which the IC50 value
was 0.273 mM. It was also seen that compound 2d showed better
inhibition effect on the germination of A. thaliana and lettuce and
the seedling growth of rice, which the IC50 value was 0.511 mmol/L
and 1.180 mmol/L and 0.232 mmol/L, respectively. The prominent
activity of some ABA esters indicated their great potential and
promising prospect in field application.

We initially attributed the activity of the esters to the release
rate of free ABA. First, we supposed that the ABA esters could
release ABA in the external; subsequently the releasing free acid
entered into the plant and then work. If the assumption was
reasonable, the biology activity of the esters would be related to
their chemical hydrolytic stability. Obviously, phenolic esters
(compounds 2a–2l) were easier hydrolysis than alcohol ester
(compounds 2m–2p), and phenolic esters with electron- with-
drawing substituent on the benzene ring were more easily
Scheme 2. Synthetic routes of ABA esters.
hydrolyzed compared to electron-donating substituent. Generally,
this point was in accordance with the trend of lettuce seed
germination activity. However, it could not make a reasonable
explanation that ABA phenol ester (2a) showed more excellent
activity than 2b and 2g and the other phenol ester bearing
electron-withdrawing substituent on the benzene ring. Further-
more, there was a discrepancy in the relationship between
hydrolysis speed and inhibition in A. thaliana germination and
rice seedling elongation. Therefore, it was necessary to measure
the hydrolysis rate of the esters.

2.3. Hydrolysis

As shown in Table 2, six representative ABA esters (2a, 2m, 2h,
2p, 2g, and 2f) were selected for hydrolysis in the condition for rice
seedling growth. Seven days later, three ABA esters (2p, 2gand 2f)
were found obviously hydrolyzed compared to 2a, 2m and 2h.
Compound 2p showed the highest hydrolysis rate, which was
96.7%, but its activity was not the best in all the bioassays, even
worse than other esters in lettuce seed germination. Hence, further
investigation need to be done to explore the action mechanism of
the ABA esters.

As a result: (1) although some ABA esters would hydrolyze and
release free ABA in environment, the relationship between
hydrolysis rate and bioactivity was unclear; (2) the different
activities of ABA esters might be relevant to the differences of the
lipophilicity and the rate of intracellular enzyme-catalyzed
hydrolysis. Based on our experiments, it was found that the
bioactivity of some ABA esters were superior to ABA. We
speculated the reasons as followings: the compounds were more
permeable than ABA; meanwhile, the hydrolysis products of some
ABA esters, which were plant growth regulatory compound and
ABA, might exert some synergistic effect. It has been reported that
salicylic acid is frequently used with ABA simultaneously, yielding
some synergistic effect. In our experiments, compounds 2b, 2c and
2e contained halo-substituted phenols which are active units of
some phenoxy herbicide widespread used in agriculture
(Jones,1946; Muir and Hansch, 1951). It has widely known that
some substituent phenols show excellent activities in many
physiological processes. Nitrophenol sodium or potassium could
improve germination rate and prevent flower falling and fruit
dropping (Buu and Huang,1980). Decanol could control the growth
of tobacco axillary bud (Steffens and Cathey, 1969; Doss et al.,
2000). O-phenylphenol is often used in fruit preservatives (Eckert,
1978). Pyridinepropanol inhibit reproductive stage in the vegeta-
tive growth of crops, seed rate and disease prevention. 4-
Pyridinepropanol could inhibit vegetative growth and improve
seed setting rate and keep plant from disease and resistance
lodging in reproductive stage (Yang et al., 1986). If synergistic
effects of ABA and hydroxyl compounds exist widely, it might have
great meaningful for the applications of ABA esters in agricultural
field.



Table 1
Inhibitory activity of synthesize ABA-esters (IC50, mM).

Ester no. Substrates 3 Lettuce seed germination Rice seedling elongation Arabidopsis thaliana seed germination

2a
OH

0.199 0.178 1.009

2b
OHCl

8.051 0.426 0.273

2c
OHCl

Cl

3.792 0.468 1.333

2d
OHF

1.180 0.232 0.511

2e
OHI

1.779 0.249 0.523

2f
OH

4.668 0.238 0.484

2g OH

CF3

1.138 0.565 0.406

2h OH
COOCH3

2.183 0.406 1.156

2i
OHO2N

1.408 0.915 0.867

2j OH
O

3.662 0.597 1.114

2k OH

NO2

O

1.629 1.597 1.272

2l
OH

1.435 0.454 0.682

2m CH3OH 1.765 0.379 0.287
2n OH

8
21.145 0.440 1.106

2o

N
OH

4.068 0.814 0.315
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Table 1 (Continued)

Ester no. Substrates 3 Lettuce seed germination Rice seedling elongation Arabidopsis thaliana seed germination

2p OH

NO2

16.312 0.400 0.776

ABA 1.295 0.900 0.721
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In conclusion, we prepared 16 ABA esters including 11 new
compounds and investigated their biological activity and hydroly-
sis stability. Fortunately, most of the esters possess excellent
biological activity in inhibiting the A. thaliana seed germination
and rice seedling elongation compared to ABA. The results
demonstrated that it was feasible to design ABA esters for
improving the activity of ABA. We also found that chemical
hydrolysis ability in vitro of the esters had little relationship to
their bioactivity. We speculated that the excellent biological
activity might come from the good penetration of the esters and
the synergistic inhibition activity of phenols and ABA hydrolyzing
from ABA ester. The study on coordination between ABA and
hydroxyl compound was underway in our lab.

3. Experimental

3.1. Instruments

Column chromatography was performed using silica gel
(100–200 mesh). TLC was performed on GF254 silica gel plates
(Qingdao Haiyang Co., Ltd., PR China). NMR spectra were recorded
on a Bruker Avance DPX300 spectrometer with TMS as the internal
standard. HRMS data were obtained on an Thermo Scientifiv LTQ
Orbitrap (Bremen, Germany) instrument. The HPLC analysis was
performed by a SHIMADZU C18VP-ODS instrument.

3.2. General synthesis

Solvents were used without further purification. Reagents and
S-(+)-ABA were commercially available. The synthetic methods are
given in Scheme 2.

3.2.1. A general procedure for the synthesis of ABA-ester (synthesis of
phenol ABA ester 2a method a)

4-Dimethylaminopyridine (DMAP, 56 mg, 0.45 mmol) was
added to (+)-ABA solution (100 mg, 0.38 mmol in 10 mL CH2Cl2,
followed by dicyclohexylcarbodiimide (DCC, 93 mg, 0.45 mmol).
After stirring for l h, a solution of phenol (110 mg, 1.14 mmol) in
CH2Cl2 (5 mL) was added and stirred at room temperature for 16 h.
The crystals were filtered through celite and washed on the filter
with CH2Cl2 (15 mL). The combined solution was washed
successively with saturated Na2CO3(aq) and brine, then dried
(Na2SO4). The solvent was then removed in vacuum to afford the
crude product, which was purified by silica gel chromatography
with CH2Cl2/CH3OH (50:1) to furnish the product ABA-phenol
ester 0.12 g, yield 91%. 1H NMR (300 MHz, CDCl3, 25 �C) d: 7.93
Table 2
Hydrolysis conversion percent for ABA esters.

ABA esters Conversion percent (%)

Phenol ester (2a) 12.56
Methanol ester (2m) 15.49
Methyl salicylate ester (2h) 12.30
(2-Nitrophenyl) methanol ester (2p) 96.70
3-(Trifluoromethyl) phenol ester (2g) 62.71
4-Tert-butylphenol ester (2f) 49.64
(d, J = 15.5 Hz, 1H), 7.42–7.35 (m, 2H), 7.26–7.20 (m, 1H), 7.12–7.08
(m, 2H), 6.25 (d, J–= 16.0 Hz, 1H), 5.98 (s, 1H), 5.91 (s, 1H), 2.48 (d,
J = 17.2 Hz, 1H), 2.30 (d, J = 17.2 Hz, 1H), 2.17 (s, 1H), 2.10 (d, J = 1.2 Hz,
3H), 1.89 (d, J = 1.3 Hz, 3H), 1.09 (s, 3H), 1.00 (s, 3H). 13C NMR
(75 MHz, CDCl3, 25 �C) d: 197.610, 164.316, 162.328, 151.878,
150.512, 137.448, 129.366, 127.853, 127.018, 125.730, 121.675,
117.429, 79.559, 49.758, 41.479, 24.331, 23.019, 21.359, 18.774.
HRMS (ESI) calcd. for C21H24O4 (M + NH4)+ 358.2013, measured
358.2017.

3.2.2. Synthesis of 4-chlorophenol ABA ester 2b
Yield: 90%. 1H NMR of the alcoholic residue (300 MHz,

CDCl3, 25 �C) d: 7.35 (dd, J = 2.2 Hz, 6.8 Hz, 2H), 7.06 (dd,
J = 2.2 Hz, J = 6.8 Hz, 2H). The 1H NMR of ABA part was the same
as 2a, the other esters were the same.13C NMR (75 MHz, CDCl3,
25 �C) d: 197.543, 163.971, 162.111, 152.451, 148.962, 137.611,
131.092, 129.418, 127.806, 127.121, 123.073 117.024, 79.595,
49.716, 41.477, 41.477, 24.320, 23.001, 21.406, 18.782. HRMS
(ESI) calcd. for C21H23ClO4 (M + Na)+ 397.1177, measured
397.1180.

3.2.3. Synthesis of 2,4-dichlorophenol ABA ester 2c
Yield: 89%. 1H NMR of the alcoholic residue (300 MHz, CDCl3,

25 �C) d: 7.44 (d, J = 2.4 Hz, 1H), 7.26 (dd, J = 2.4 Hz, 8.6 Hz, 1H), 7.09
(d, J = 8.6 Hz, 1H). 13C NMR (75 MHz, CDCl3, 25 �C) d: 197.778,
162.827, 162.496, 153.491, 145.470, 138.213, 131.584, 129.836,
127.788, 127.718, 127.546, 126.859, 124.663, 115.853, 79.413,
49.573, 41.413, 24.202, 22.888, 21.354, 18.792. HRMS (ESI) calcd.
for C21H22Cl2O4 (M + Na)+ 431.0787, measured 431.0789.

3.2.4. Synthesis of 4-fluorophenol ABA ester 2d
Yield: 91%. 1H NMR of the alcoholic residue (300 MHz, CDCl3,

25�C) d: 7.05 (m, 4H), 6.25 (d, J = 16.0 Hz, 1H), 5.95 (d, J = 0.4 Hz, 1H),
5.91 (t, J = 1.0 Hz, 1H), 2.68 (s, 1H), 2.47 (d, J = 17.1 Hz, 1H), 2.28 (d,
J = 17.1 Hz, 1H), 2.09 (d, J = 1.2 Hz, 3H), 1.88 (d, J = 1.3 Hz, 3H), 1.07 (s,
3H), 1.00 (s, 3H). 13C NMR (75 MHz, CDCl3, 25 �C) d: 197.788,
164.193, 161.699, 158.463, 152.318, 146.301, 137.742, 127.727,
126.898, 123.051, 122.940, 116.912, 116.029, 115.719, 79.475,
49.664, 41.459, 22.943, 21.284, 18.783, 18.195. HRMS (ESI) calcd.
for C21H23FO4 (M + NH4)+ 376.1919, measured 376.1920.

3.2.5. Synthesis of 4-iodophenol ABA ester 2e
Yield: 85%. 1H NMR of the alcoholic residue (300 MHz, MeOD,

25 �C) d: 7.72 (d, J = 8.7 Hz, 2H), 6.91 (d, J = 8.7 Hz, 1H). 13C NMR
(75 MHz, MeOD, 25 �C) d: 200.889, 166.216, 165.262, 154.661,
152.077, 139.794, 139.594, 129.106, 127.701, 125.182, 117.437,
90.098, 80.581, 50.637, 42.844, 24.672, 23.553, 21.390, 19.536.
HRMS (ESI) calcd. for C21H23IO4 (M + NH4)+ 484.0979, measured
484.0989.

3.2.6. Synthesis of 4-tert-butylphenol ABA ester 2f
Yield: 92%. 1H NMR of the alcoholic residue (300 MHz, CDCl3,

25 �C) d: 7.38 (d, J = 8.7 Hz, 2H), 7.01 (d, J = 8.7 Hz,2H). 13C NMR
(75 MHz, CDCl3, 25 �C) d: 197.654, 164.395, 162.447, 151.611,
148.422, 148.054, 137.373, 127.779, 126.881, 126.133, 120.923,
117.410, 79.459, 49.675, 41.422, 34.343, 31.318, 24.247, 22.935,
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21.251,18.756. HRMS (ESI) calcd. for C25H32O4 (M + NH4)+ 414.2639,
measured 414.2635.

3.2.7. Synthesis of 3-(trifluoromethyl) phenol ABA ester 2g
Yield: 92%. 1H NMR of the alcoholic residue (300 MHz, CDCl3,

25 �C) d: 7.50–7.48 (m, 2H), 7.38 (s, 1H), 7.32–7.28 (m, 1H). 13C NMR
(75 MHz, CDCl3, 25 �C) d: 197.895, 163.626, 162.632, 153.043,
150.575, 138.023, 129.833, 127.648, 126.889, 125.313, 125.282,
122.443, 118.997, 116.482, 112.275. HRMS (ESI) calcd. for
C22H23F3O4 (M + Na)+ 431.1441, measured 431.1449.

3.2.8. Synthesis of methyl salicylate ABA ester 2h
Yield: 81%. 1H NMR of the alcoholic residue (300 MHz, CDCl3,

25 �C) d: 8.02 (m, 1H), 7.59–7.54 (m 1H), 7.34–7.28 (m, 1H), 7.12 (m,
1H), 3.83 (s, 3H). 13C NMR (75 MHz, CDCl3, 25 �C) d: 197.651,
164.928, 164.174, 162.435, 151.735, 150.358, 137.300, 133.698,
131.571, 127.883, 126.881, 125.837, 123.893, 123.312, 117.297,
79.490, 52.079, 49.695, 41.441, 24.272, 22.953, 21.312, 18.749.
HRMS (ESI) calcd. for C23H26O6 (M + NH4)+ 416.2068, measured
416.2070.

3.2.9. Synthesis of 4-nitrophenol ABA ester 2i
Yield: 80%. 1H NMR of the alcoholic residue (300 MHz, CDCl3,

25 �C) d: 8.28–8.23 (m, 2H), 7.32–7.28 (m, 2H). 13C NMR (75 MHz,
CDCl3, 25 �C) d: 197.889, 162.901, 162.545, 155.355, 153.844,
145.029, 138.377, 127.624, 126.945, 125.984, 124.983, 122.435,
116.111, 115.558, 79.495, 49.579, 41.471, 24.211, 22.911, 18.805.
HRMS (ESI) calcd. for C21H23N1O6 (M + NH4)+ 403.1864, measured
403.1863.

3.2.10. Synthesis of 2-methoxyphenol ABA ester 2j
Yield: 88%. 1H NMR of the alcoholic residue (300 MHz, CDCl3,

25 �C) d: 7.20 (m, 1H), 7.05–6.91 (m, 3H), 3.81 (s, 3H). 13C NMR
(75 MHz, CDCl3, 25 �C) d: 197.783, 163.726, 162.580, 151.576,
151.054, 139.316, 137.243, 127.752, 126.809, 126.709, 122.894,
120.610, 117.100, 112.256, 79.437, 55.709, 49.637, 41.421, 24.213,
22.891, 21.258, 18.784. HRMS (ESI) calcd. for C22H26O5 (M + Na)+

393.1672, measured 393.1675.

3.2.11. Synthesis of 2-methoxy-4-nitrophenol ABA ester 2k
Yield: 86%. 1H NMR of the alcoholic residue (300 MHz, CDCl3,

25 �C) d: 7.88–7.79 (m, 2H), 7.21 (m, 1H), 3.91 (s, 3H). 13C NMR
(75 MHz, CDCl3, 25 �C) d: 197.689, 162.407, 153.153, 151.493,
145.854, 144.682, 138.073, 127.523, 126.754, 123.186, 116.107,
115.859, 107.377, 79.302, 56.173, 49.446, 41.345, 24.062, 22.770,
21.168, 18.710. HRMS (ESI) calcd. for C22H25N1O7 (M + NH4)+

433.1969, measured 433.1966.

3.2.12. Synthesis of biphenyl-2-ol ABA ester 2l
Yield: 82%. 1H NMR of the alcoholic residue (300 MHz, CDCl3,

25 �C) d: 7.44–7.26 (m, 8H), 7.15 (m, 1H). 13C NMR (75 MHz, CDCl3,
25 �C) d: 197.590, 164.150, 162.311, 151.548, 147.496, 137.619,
137.218, 134.759, 130.862, 128.901, 128.358, 128.157, 127.735,
127.242, 126.830, 126.200, 122.982, 117.217, 79.457, 49.711,
41.430, 24.284, 22.974, 21.231, 18.745. HRMS (ESI) calcd. for
C27H28O4 (M + NH4)+ 434.2326, measured 434.2324.

3.2.13. Synthesis of methanol ABA ester 2m
Yield: 95%. 1H NMR of the alcoholic residue (300 MHz, CDCl3,

25 �C) d: 3.70 (s, 3H). 13C NMR (75 MHz, CDCl3, 25 �C) d: 197.706,
166.357, 162.432, 149.340, 136.320, 128.073, 126.992, 118.170,
79.597, 51.106, 49.713, 41.496, 24.264, 23.010, 21.091, 18.868. HRMS
(ESI) calcd. for C16H22O4 (M + Na)+ 301.141, measured 301.1409.
3.2.14. Synthesis of decan-1-ol ABA ester 2n
1H NMR of the alcoholic residue (300 MHz, CDCl3, 25 �C) d: 4.11

(t, J = 6.6 Hz, 2H), 2.49 (d, J = 17.0 Hz, 1H), 1.71–1.48 (m, 4H), 1.28
(s, 12H), 0.89 (t, J = 6.3 Hz, 3H). 13C NMR (75 MHz, CDCl3, 25 �C)
d:197.69, 166.18, 162.56, 148.97, 136.23, 128.05, 126.89, 118.70,
79.54, 77.39, 76.97, 76.55, 64.23, 63.01, 49.76, 41.46, 32.76, 31.84,
29.56, 29.50, 29.48, 29.38, 29.26 28.94, 25.70, 24.29, 22.61, 21.10,
14.03. Yield: 77%. HRMS (ESI) calcd. for C25H40O4 (M + Na)+

427.2819, measured 427.2814.

3.2.15. Synthesis of (2-nitrophenyl) methanol ABA ester 2p
Yield: 83%. 1H NMR of the alcoholic residue (300 MHz, CDCl3,

25 �C) d: 8.11 (m, 1H), 7.68–7.60 (m, 2H), 7.52–7.47 (m, 1H), 5.57 (s,
2H). 13C NMR (75 MHz, CDCl3, 25 �C) d: 197.543, 165.137, 162.263,
150.705, 147.657, 137.024, 133.661, 132.321, 129.198, 128.729,
127.928, 127.020, 125.029, 117.566, 79.595, 62.489, 49.765,
41.474, 24.331, 23.036, 21.258, 18.778. HRMS (ESI) calcd. for
C22H22O6 (M + NH4)+ 400.1755, measured 400.1751.

3.2.16. Synthesis of 3-(pyridin-2-yl)propan-1-ol ABA ester 2o (method
b)

Triohenylphosphane (TPP, 100 mg, 0.38 mmol) and diisopropy-
lazodicarboxylate (DIAD, 77 mg, 0.38 mmol) were added to a
cooled solution of (+)-ABA (100 mg, 0.38 mmol) and 2-(3-
hydroxypropyl)pyridine (156 mg, 1.14 mmol) in THF (10 mL). After
stirring at room temperature for 48 h, the reaction was worked up
by removal of the solvent in vacuo, and the residue was partitioned
between EtOAc and saturated NaHCO3. The organic phase was
washed with brine and dried with Na2SO4 and then evaporated.
The residue was purified by silica gel chromatography with CH2Cl2/
CH3OH (50:1) to furnish the product ester 0.08 g, yield 56%. 1H
NMR of the alcoholic residue (300 MHz, CDCl3, 25 �C) d: 8.49 (dd,
J = 0.8 Hz, 4.9 Hz, 1H), 7.62 (td, J = 1.8 Hz, 7.7 Hz, 1H), 7.20–7.11 (m,
2H), 4.19 (t, J = 6.0 Hz, 2H), 2.95 (t, J = 7.6 Hz, 2H), 2.16–2.07 (m, 2H).
13C NMR (75 MHz, CDCl3, 25 �C) d: 197.869, 166.167, 162.723,
161.009, 149.091, 148.614, 136.611, 136.565, 128.339, 126.762,
122.895, 121.308, 118.839, 79.484, 63.405, 49.787, 41.493, 34.717,
29.007, 24.392, 23.149, 21.285, 19.094. HRMS (ESI) calcd. for
C23H30NO4 (M + H)+ 384.2169, measured 384.2170.

3.3. Bioassays

3.3.1. Thaliana seed germination
Twenty-five seeds of A. thaliana (Col.) were sterilized succes-

sively with 70% (v/v) EtOH for 30 min and reagent grade EtOH for
1 min. The sterilized seeds were soaked in 400 mL of a test solution
and incubated in the dark for 3 days at 4 �C. The vernalized seeds
were transferred to plates in which two sheets of filter paper had
been placed and allowed to germinate under day for 16 h and night
for 8 h at 22�C. The percentage of seeds with an emerged radical
was calculated.

3.3.2. Lettuce seed germination
Twenty-five seeds of lettuce (Lactuca sativa L. cv. Grand Rapids)

were placed on two sheets of filter paper soaked in 2 mL of a test
solution in a petri dish and allowed to germinate under continuous
night for 24 h at 25 �C. The percentage of seeds with an emerged
radical was calculated.

3.3.3. Rice seedling growth
Seeds of rice (Oryza sativa L. cv. Nipponbare) were sterilized

with EtOH for 5 min and washed with running tap water. The
sterilized seeds were soaked in water to germinate for 3 days at
25 �C. The seeds were then placed in a glass tube containing 2 mL of
a test solution and grown with the tube sealed with a plastic cap
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under continuous light at 30 �C. After 7 days later, the length of the
second leaf sheath was measured.

All the above tests were conducted thrice and the IC50 values
were calculated by IBM SPSS Statistics.

3.4. Hydrolysis assay

An aqueous solution (2 mL) containing test compounds
(100 mM) was prepared in a glass tube for the rice growth assay.
The tube was sealed with a plastic cap and incubated under
continuous light at 30 �C for 7 days. Then the solution was
subjected to HPLC analysis: reverse phase column, SHIMADZU
C18VP-ODS (150 mm � 4.6 mm, 6 mm); mobile phase, 60% MeOH in
H2O (0.5% AcOH), and 70% MeOH in H2O (0.5% AcOH); flow rate,
1 mL/min; detection, 254 nm.
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