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We synthesized azo dye- and fluorescence-labeled cis-cinnamic acid analogues possessing inhibitory
activity against lettuce root growth and a trans-isomer without bioactivity as a control probe. The rad-
icles incubated with the azo dye-labeled analogue were stained red, with their tips especially deeply
dyed. The fluorescent images of the radicles incubated with each of these molecular probes depicted that
the root cap was fluorescence-stained. However, images of the control radicles prepared by staining with
the trans-isomer fluorescent probe did not show emission at the root cap. These contrasts suggest
specific localization of the cis-cinnamate analogue at the columella cells.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Allelopathy is an important self-defense system in higher plants,
which is based on the production of secondary metabolites that
show inhibitory or stimulatory interactions with other plants, in-
cluding microorganisms.! Allelochemicals would provide insights
into the molecular mechanisms of bioactivity and enable the design
of useful bioactive compounds, especially agrochemicals.> While
numerous plant ecological and plant physiological studies on al-
lelopathy have been reported, studies on the underlying molecular
mechanisms still remain unexplored.

1-0-cis-Cinnamoyl-B-p-glucopyranose (1) (Fig. 1), isolated by
Hiradate and Fujii from Spiraea thunbergii as a potent alleloche-
mical, shows growth-inhibitory activity on root elongation of
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Fig. 1. Cinnamates.
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germinated seedlings of lettuce (Lactuca sativa L.).> A crucial

structure responsible for the bioactivity of 1 is cis-cinnamic acid
(cis-CA, cis-2), which also works as an effective inhibitor of lettuce
root growth similar to 1, whereas trans-cinnamic acid (trans-CA,
trans-2), which would be a cis-2 precursor as well as a common
plant metabolite, is not effective for such inhibition.* While trans-2
is considered as a weak antagonist of auxin,” " cis-2 has an auxin-
like activity.® While mechanistic studies based on molecular bi-
ology have been stated,” !> the molecular mechanisms of the in-
hibitory activity as well as target molecules of cis-2 have not yet
been explored. Recently, we published the structure—activity re-
lationship (SAR) studies on cis-CA growth inhibition,”* including
the substituent effect of cis-2 as well as more potent synthetic
analogues.'* We also found cis-2 selective suppressors, the bio-
activities of which were distinct from those of both auxin and anti-
auxin, suggesting mechanistic insights of auxin-independent sig-
naling pathways.'’®!®> The subsequent issues for mechanistic in-
vestigations are to clarify the plant target sites for cis-2. Fluorescent
molecular probes are a powerful tool for visualization of target or
localized sites of bioactive compounds.'® We report herein the
synthesis of fluorescence-labeled cis-2 as a molecular probe as well
as its molecular imaging, which indicates the localization of cis-2 in
a lettuce radicle.
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2. Results and discussion
2.1. Design of molecular probes for bioimaging

Our previous SAR studies revealed that the essential structural
components for bioactivity were the cis-configuration of the al-
kene, a carboxylate, and a planar ring. Furthermore, the substituent
effect on the aromatic ring of cis-2 also disclosed that para- and
ortho-substitution tended to decrease its potency for the inhibition,
but meta-substituted cis-2 analogues were more likely to be potent.
Development of reliable molecular fluorescent probes requires that
they should show bioactivity corresponding to the original bio-
active compounds. Additionally, in order to avoid false conclusions
on target sites by non-specific binding of the probes to bio-
polymers, control experiments using biologically inactive
fluorescence-labeled analogues are required.'” Based on this con-
cept, we designed the fluorophore-possessing cis-2 analogues as
a molecular probe, and a biologically inactive trans-isomer (trans-2)
as a control probe. Our previous SAR study indicated that the meta-
substitution would be less negatively effective for the bioactivity
described above, thereby suggesting that the meta position of the
aromatic ring would be a suitable connecting position of the linker
having a fluorophore at another terminal (Figs. 2 and 3). Although
m-methoxy and m-ethoxy analogues (cis-3a and cis-3b) showed
similar bioactivity to cis-2, sterically bulky m-alkoxy analogues (cis-
3c and cis-3d) reduced the bioactivity (Table 1, entries 1—4). This
tendency demonstrated that substitutions, even at the meta posi-
tion, were sensitive to steric effects on the bioactivity. We thus
concluded that alkyl ethers were not suitable as a connector be-
tween cis-2 and a dye.

fluorecsent dye fluorecsent dye

Xx_COoH
) A linker
linker co,

;

bioactive molecular probe bioinactive control probe

Fig. 2. Design of fluorescent probe for cis-2.
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Fig. 3. meta-Substituted cis-2 analogues.

After screening of the other functional groups at the meta po-
sition as a connector, we found a azo group as a potential candidate
that could be easily prepared. Azo analogues 4 were prepared as
shown in Scheme 1. m-Nitrobenzaldehyde was olefinated with the

Table 1
Growth inhibitory activities of meta-substituted cis-2 analogues
Entry Compounds ECso (uM)*
1 cis-3a 1.1
2 cis-3b 9.3
3 cis-3¢ 150
4 cis-3d 110
5 cis-4 20
6 trans-4 >500

2 ECsg values are the effective concentration required to induce a half-maximum
effect against root-growth of lettuce (L. sativa cv.).
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Scheme 1. Synthesis of diazo analogues cis-4 and trans-4: (a) ethyl 2-[bis(2-
isopropylphenoxy)phosphoryl]acetate, Triton B, THF, —78 °C: 83%, (b) SnCl,, THF/
H,0, reflux, 92% for cis-6, 64% for trans-6, (c) NaNO,, concd HCl aq, THF, 0 °C then
phenol, NaOAc, DMF/MeOH, 87% for cis-7, 68% for trans-7, (d) 10% NaOH, EtOH, rt, 56%
for cis-4, 56% for trans-4, (e) ethyl 2-(diethoxyphosphoryl)acetate, Triton B, THF,
—78 °C, 60%.

modified Horner—Wadsworth—Emmons reagent,'® followed by
reduction to afford cis-6, which in turn was subjected to a diazo-
coupling reaction with phenol to give cis-7. Finally, cis-7 was hy-
drolyzed to provide cis-4. The trans-isomer (trans-4) was also
prepared via the same procedure.

The bioactivity of cis-4 (ECso 20 pM) was expected to be potent
enough as a probe, because the corresponding trans-4 was inactive
(EC50 >500 puM) (Table 1, entries 5 and 6). Since the phenylazo
compounds (cis- and trans-4) displayed a red color, they were ex-
pected to be visible molecular probes for molecular imaging
without the use of a fluorescent microscope. Figure 4 demonstrates
the lettuce radicles stained by 1000 uM of cis-4 and trans-4 after
incubation for 48 h. The radicles with their growth inhibited by cis-
4 were stained red as a whole, with especially their tips deeply
dyed, while radicles treated with trans-4 grew normally and were
hardly stained. This contrast of staining suggested that cis-4 would
likely be incorporated into the radicles and inhibited their growth
by localizing there; however, trans-4 would be taken up only
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Fig. 4. The lettuce radicles stained by (a) no compound, (b) cis-4, and (c) trans-4 after
incubation for 48 h at 1000 uM of each compounds.

slightly or would be metabolized rapidly, resulting in no effects on
their growth. These experiments can be regarded as concise mo-
lecular imaging which can be performed without the use of ex-
pensive facilities and can be visualized by the naked eye.

2.2. Synthesis of fluorescent probes

In order to detect more precise sites of localization of the in-
hibitors with higher sensitivity and contrasts, we decided to pre-
pare fluorescent probes. Judging from the azo probe experiments
described above, we deduced that sp? hybridized atoms were im-
portant as a connector unit, without the loss of bioactivity. We thus
adopted oxime ethers as an alternative sp>-hybridized atom con-
nector, because they can be easily constructed.'” As shown in
Scheme 2, isophthalaldehyde was mono-olefinated with the
modified Horner—Wadsworth—Emmons reagent to give cis-8,
which was then condensed with O-benzylhydroxylamine to afford
an oxime ether cis-5a. The bioactivity of cis-5a was 4.0 uM despite
having sterically hindered benzyl ether (Table 2, entry 1). This may
be owing to the planar sp? carbon linkage of oxime moiety, which is
less sterically hindered in the vicinity of the meta-position on the
aromatic ring. Encouraged by this result, we further examined the
length of the carbon-chain linker moiety. O-Alkoxyamines (11b—d)
were prepared from N-alkoxyphthalimides (10b—d), which were
derived from the alkylation of N-hydroxyphthalimide. The
alkoxyamines (11b—d) were condensed with cis-8, followed by
hydrolysis, to afford oxime ethers (5b—d). Although propyl (cis-5b)
and dodecyl (cis-5d) oxime ethers were not potent, the bioactivity
of octyl oxime ether (cis-5¢) was similar to that of cis-2 (Table 2).
These results suggested dependence of bioactivity on the length of
the carbon-chain linker.

We then synthesized various fluorescent probes with different
linker lengths and fluorophores. After fluorophore screening, we
selected fluorescein as a fluorophore.?? The fluorescein-labeled cis-
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Scheme 2. (a) Ethyl 2-[bis(2-isopropylphenoxy)-phosphoryljacetate, Triton B, THF,
—78 °C, 91%, (b) O-benzylhydroxylamine hydrochloride, pyridine, EtOH, reflux, 92%, (c)
10% NaOH aq, EtOH, rt, cis-5a: 93%, cis-5b (n=1): 66%, cis-5¢ (n=6): 85%, cis-5d (n=10):
53%, (d) NaH, N-hydroxyphthalimide, DMF, 70 °C, cis-10b (n=1): 89%, cis-10c (n=6):
92%, cis-10d (n=10): 85%, (e) NH,NH,;-H0, EtOH, rt, (f) cis-8, EtOH, 50 °C to rt, 89% for
cis-12b (n=1), 79% for cis-12c (n=6), 89% for cis-12d (n=10).

Table 2
Growth inhibitory activities of cis-5

Entry Compounds ECso (uM)™"
1 cis-5a 4.0

2 cis-5b 170

3 cis-5¢ 24

4 cis-5d >500

2 ECs values are the effective concentration required to induce a half-maximum
effect against root-growth of lettuce (L. sativa cv.).
b All the corresponding trans-5 analogues were inactive (ECso >500 uM).

cinnamic acids were prepared as shown in Scheme 3. The com-
pounds 13a—d were treated with hydrazine for deprotection of
phthalimide moiety, followed by formation of oxime ethers cis-
14a—d by addition of the aldehyde cis-8. After hydrolysis of ethyl
ester, the resulting carboxylic acids cis-15a—d were deprotected by
treatment with trifluoroacetic acid (TFA) to afford the amino acids,
which were treated with FITC to provide the fluorescent probes cis-
16a—d. In the same manner, trans-16¢ was also prepared as a neg-
ative control as shown in Scheme 4.

2.3. Inhibitory activity of fluorescein-labeled cis-cinnamic
acids

We examined the inhibitory activity of the fluorescein-labeled
cis-CA analogues against the root-growth of lettuce (Table 3).
Among the four cis-analogues, cis-16¢c was seen to be most potent.
Although the ECsg value (58 uM) was less than that of cis-2, it would
be suitable for bioimaging, because trans-16c was observed to have
lesser bioactivity (Table 3, entry 5). Based on these results, we de-
cided to use cis-16¢ and trans-16c as fluorescent and control probes,
respectively.

2.4. Molecular imaging

With the biologically active fluorescent probe and the control
probe, we then examine molecular imaging using lettuce roots for
investigating the distribution of the bioactive compounds in the
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Scheme 3. Synthesis of fluorescent probes: (a) NH,NH;-H,0, EtOH, rt, (b) cis-8, EtOH,
rt, 90% for cis-14a; 95% for cis-14b; 74% for cis-14c; 84% for cis-14d, (c) 10% NaOH, EtOH,
rt, 87% for cis-15a, 67% for cis-15b, 87% for cis-15c, 98% for cis-15d, (d) TFA, CH,Cl, rt,
(e) FITC, Et3N, MeOH, reflux, 54% for cis-16a, 43% for cis-16b, 65% for cis-16c, 65% for
cis-16d.

radicles. The probes cis- and trans-16¢ were dissolved in water at
concentrations of 50 uM each. Pregerminated seedlings (at 25 °C in
water in the dark) of lettuce (L. sativa cv. Great Lakes 366) were
stained by incubation with these fluorescent-labeled compound
solutions for 48 h at 25 °C in the dark. After being washed with
ethanol for 30 s, the radicles were placed on a glass slide and
monitored by a fluorescent microscope. We focused on the tip of
the radicles, where the images (200x) showed the fluorescence
emission by cis-16¢ (Fig. 5B), but no emission was seen by the
unstained control (Fig. 5A) and trans-16¢ (Fig. 5B). This contrast
obviously indicated the specific emission by cis-16c.

. _CO,Et X _COH
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13¢ — —_—
NZ N
| |
O\/\H/NHBOC O\/\ﬁ/ NHBoc
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trans-14c trans-15¢
de l
X _COsH
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Scheme 4. Synthesis of trans-16c: (a) NH,NH,-H,0, EtOH, rt, (b) trans-8, EtOH, rt,
quant., (c) 10% NaOH, EtOH, rt, 97%, (d) TFA, CHyCly, 1t, (e) FITC, EtsN, MeOH, reflux,
21%.

Table 3
Inhibitory activity of the fluorescent probes on the root-growth of lettuce seedlings
(L. sativa cv.)

Entry Compounds N ECsp (LM)
1 cis-16a 1 >500
2 cis-16b 2 260
3 cis-16¢ 6 58
4 cis-16d 10 >500
5 trans-16c¢ 6 >500
A (a) (b)

B (b)

cis-isomer cis-isomer

: trans-isomer
trans-isomer

100 pm
—

Fig. 5. Images of the tips of radicles. A: control (200x): (a) bright; (b) fluorescent
image, B: stained by cis-16¢ and trans-16c (200x): (a) bright; (b) fluorescent image.
Conditions: 200x (exposure time: left 1/230, right 1/35).

To obtain more precise images and to determine the sites of
localization, we observed the radicles treated by the fluorescent
probe cis-16c¢ using confocal fluorescence microscopy. As shown in
Figure 6a, the fluorescence was observed at the region of the root
cap. The magnified photo (Fig. 6b) indicated that the fluorescence
could be traced to the granules, the diameter of which was ap-
proximately 2 pm. Judging from these fluorescence images, we
speculated that amyloplasts in the columella cells may be stained
by the fluorescent probe.

2.5. Competition experiments

To confirm that the localizing site of cis-16¢ in the radicles was
identical to that of cis-2, competitive inhibition between cis-2 and

(a) (b)

100 um
—

Fig. 6. Fluorescent images of a radicle stained by cis-16c with a confocal fluorescence
microscope.



6496 H. Fukuda et al. / Tetrahedron 72 (2016) 6492—6498
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Fig. 7. Competitive inhibition. Fluorescent images of lettuce radicle treated with (a) a mixture of cis-16¢ (50 uM) and cis-2 (5—50 uM), (b) a mixture of cis-16¢ (50 pM) and trans-2
(5—50 uM). Fluorescent images of (c) the cis-16¢ (50 uM)-stained lettuce radicle, (d) the cis-16¢ (50 pM)-stained radicle followed by treatment with cis-2 (50 uM).

cis-16c was carried out. Germinated lettuce seeds were treated
with a mixture of cis-16¢ (50 pM) and cis-2 (0—50 uM). After 24 h of
incubation at 25 °C, the surfaces of the radicles were washed with
ethanol, and fluorescence was observed. As shown in Figure 7a, the
fluorescence reduced at 25 pM of cis-2 and disappeared with 50 pM
of cis-2, whereas trans-2 did not affect the fluorescence of cis-16c.

For the same purpose, the germinated lettuce seeds were in-
cubated with cis-16c (50 uM) for 24 h at 25 °C, and then cis-2 was
added at a concentration of 50 M. After incubation for 2 h, surfaces
of radicles were washed with ethanol. Figure 7d shows the disap-
pearance of fluorescence by addition of cis-16¢, suggesting that cis-
16c was competitively excluded by cis-2.

3. Discussion

Fluorescent probes with fluorescein connected by a linker were
synthesized. Their bioactivities were dependent on the carbon-
chain linker length as well as the functional group, which is an
oxime ether in this case, connecting the linker to cinnamic acid.
Among the several fluorescent cis-cinnamic acid analogues pre-
pared, cis-16¢ with an eight-carbon chain linker showed the
highest bioactivity. A hydrophobic carbon chain linker would in-
crease non-specific binding to proteins, but also improve the up-
take of the compounds into plant tissues. A balance of these effects
would therefore be important. We considered cis-16¢ to be an ef-
fective fluorescent probe, because the corresponding fluorescent
trans-analogue trans-16¢ was biologically inactive. The trans-ana-
logue is useful as a control probe, which could enable discrimina-
tion between non-specific binding of the probes. The tip of the
radicles was stained only with cis-16¢, and not with trans-16c.
Confocal microscopy revealed the root cap, most likely the colu-
mella cells, to be stained. The competitive inhibition studies clearly
demonstrated that cis-16c competed with cis-2 in the root cap,
but not with trans-2. Consequently, these contrasts suggested that
cis-16¢ specifically localized in the columella cells, whereas

biologically inactive trans-13c did not. If cis-2 works in the colu-
mella cells which are considered to be responsible for gravity
sensing of the root,”!' it might affect gravitropism of roots, either
negatively or positively. While the confocal microscopy may only
shed light on the surface layers of the radicle,>” these molecular
imaging studies would be very useful in elucidating the mecha-
nisms of cis-2.

4. Conclusions

We synthesized the first fluorescein-labeled cis-cinnamic acid
analogue possessing lettuce root growth inhibitory activity, and its
trans-isomer with no bioactivity as a control probe. The fluorescent
images of the radicles which were incubated with each of those
molecular probes depicted that the root cap, presumably columella
cells, was fluorescence-stained while those of control radicles
treated with or without trans-isomer fluorescent probes did not
show the fluorescence at the root cap. These contrasts suggested
specific localization of the cis-cinnamate analogue at this site. Al-
though we demonstrated that the columella cells are a possible
target of cis-cinnamic acid, the underlying route of localization is
still unknown. Furthermore, it is not clear if the localization of cis-2
in columella cells is directly related to the growth inhibition of
radicles. For further clarifications regarding the target site and the
inhibitory mechanism, biochemical and molecular biological
studies are additionally required. This chemical probe study thus
provides a useful foundation to further explore the biological
mechanisms of cis-2.

5. Experimental
5.1. General

TH NMR, '3C NMR were measured in CDCl; solution using JEOL
JNM-AL-400 spectrometer ('"H NMR at 400 MHz, 3C NMR at
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100 MHz) and JNM-ECA-600 spectrometer ('H NMR at 600 MHz,
13C NMR at 150 MHz) as the referenced standard ('"H NMR at
0.00 ppm (TMS), 13C NMR at 77.0 ppm (CDCl3)). Chemical sifts are
reported in ppm. Peak multiplicities are used the following ab-
breviations: s, singlet; d, doublet; t, triplet; q, quartet; quin, quintet;
sept, septet; m, multiplet; br, broadend. IR spectra were recorded
on Shimadzu FTIR-8300 and IR Prestige-21 spectrometers. Mass
spectra and high resolution mass spectra were obtained on a JMS-
K9 (GC—MS), JEOL JMS-700 and Shimadzu LCMS-2010EV mass
spectrometers. Melting points were measured with a Yanaco MP-
500D apparatus and are uncorrected. Thin-layer chromatography
(TLC) was performed on precoated plates (0.25 mm, silica gel Merck
60F245). Column chromatography was performed on silica gel
(Kanto Chemical Co., Inc.). Preparative HPLC was performed on
a system utilizing a system utilizing a JASCO PU-2087 Intelligent
Pump with Dynamic Mixer MX-2080-32 and UV detector UV-2075
and RI detector RI-2031. All reactions were performed under an air
atmosphere unless otherwise noted, and dry dichloromethane
(CHyCl,), diethyl ether (Et;0), and tetrahydrofuran (THF) were
purchased from Kanto Chemical Co., Inc., and other solvents were
distilled. Unless otherwise noted, reagents were obtained from
chemical sources and without further purification.

5.2. Synthesis of fluorescein-labeled probes

5.2.1. Synthesis of (Z)-ethyl 3-(3-formylphenyl)acrylate (cis-8). To
a solution of isophthalaldehyde (1.0 g, 7.4 mmol) and ethyl 2-[bis(2-
isopropylphenoxy)phosphoryljacetate (1.0 g, 2.5 mmol) in THF
(140 mL), a solution of Triton B (40% in MeOH, 1.3 mL, 3.2 mmol) in
THF (30 mL) was added dropwise at —78 °C under an argon at-
mosphere. After 14 h, the mixture was quenched with saturated
aqueous NH4Cl and extracted with EtOAc. The organic layer was
washed with H,0, saturated aqueous NaHCOs and brine, dried over
MgSO0y, filtered, and concentrated in vacuo. The crude product was
purified by silica gel column chromatography (EtOAc/hexane 5%,
then 8%) to give cis-8 (91%) as a colorless oil. 'H NMR (CDCls,
400 MHz) 6: 1.25 (t, J=7.2 Hz, 3H), 4.18 (q, J=7.2 Hz, 2H), 6.06 (d,
J=12.8 Hz, 1H), 7.02 (d, J=12.8 Hz, 1H), 7.53 (t, ]=7.6 Hz, 1H), 7.84 (d,
J=7.6 Hz, 1H), 7.86 (d, J=7.6 Hz, 1H), 8.08 (s, 1H), 10.03 (s, 1H); 13C
NMR (CDCl3, 100 MHz) 6: 14.0 (q), 60.4 (t), 121.5 (d), 128.6 (d), 129.7
(d), 131.0 (d), 135.3 (d), 135.7 (s), 136.1 (s), 141.6 (d), 165.6 (s), 191.9
(d); IR (NaCl Neat) 1703 cm™'; MS (EI) m/z 204 (M), 175 (M*-CHO),
159 (M*—OEt, 100%); HRMS (EI) m/z calcd for CipHip03(M™)
204.0786, found 204.0783.

5.2.2. General procedure of synthesis of cis-14. Hydrazine mono-
hydrate (5.1 mmol) was added to a solution of 13 (1.7 mmol) in
EtOH (9 mL) at room temperature under an argon atmosphere.
After 12 h, the solvent was removed in vacuo, diluted with Et,0,
filtered and concentrated. The resultant oil was submitted to the
next reaction without further purification. A solution of (Z)-ethyl 3-
(3-formylphenyl)acrylate (cis-8) (1.71 mmol) in dry EtOH (3.5 mL)
was slowly added to a solution of the alkoxyamine in dry EtOH
(3.5 mL) at room temperature. After 12 h, the solvent was removed
in vacuo. The crude product was purified by silica gel column
chromatography (EtOAc/hexane, 10:90) to give cis-14a—d.

5.2.3. (Z)-Ethyl 3-((E)-((8-(tert-butoxycarbonylamino)-octyloxy)im-
ino)methyl)phenylacrylate (cis-14c). 74% as a colorless oil; 'H NMR
(CDClI3, 400 MHz) 6: 1.23 (t, J=7.2 Hz, 3H), 1.32—-1.45 (m, 19H),
1.67—1.70 (m, 2H), 3.07—3.11 (m, 2H), 4.14—4.19 (m, 4H), 5.98 (d,
J=12.8 Hz, 1H), 6.94 (d, J=12.8 Hz, 1H), 7.34 (t, J=8.0 Hz, 1H), 7.54 (d,
J=8.0 Hz, 1H), 7.57 (d, J=8.0 Hz, 1H), 7.73 (s, 1H), 8.07 (s, 1H); 13C
NMR (CDCl3, 100 MHz) ¢: 14.0 (q), 25.7 (t), 26.6 (t), 28.4 (q), 29.0 (t),
29.1 (t), 29.3 (1), 30.0 (t), 40.5 (t), 60.3 (t),74.3 (t), 78.8 (s), 120.7 (d),
127.2(d), 128.0(d), 128.2 (d), 130.6 (d), 132.2 (s), 135.3 (s), 142.0 (d),

147.7 (d), 155.9 (s), 165.9 (s); IR (KBr) 3454, 1713, 1631 cm™'; MS
(FAB) m/z 447 ([M+H]"); HRMS (FAB) m/z calcd for CpsH3gN,Os
447.2859, found 447.2859 ([M-+H]™).

5.2.4. General procedure of hydrolysis of ethyl cis-cinnamate ana-
logues. To a solution of cis-14c in EtOH was added 10% NaOH at
room temperature. After 12 h, the mixture was adjusted to pH 1.0
with 1 M HCl, and then extracted with EtOAc. The organic layer was
washed with brine, dried over MgSQy, filtered, and concentrated in
vacuo. The residue was purified by recrystallization to afford a cis-
cinnamic acid derivative.

5.2.5. (Z)-3-((E)-((8-(tert-Butoxycarbonylamino )octyloxy)-imino)
methyl)phenylacrylic acid (cis-15c). 87% as colorless needles. Mp
46-50 °C (EtOAc/hexane=10%); 'H NMR (CD30D, 600 MHz) é:
1.32—1.45 (m, 19H), 1.69 (quintet, J=7.2 Hz, 2H), 3.01 (t, J=7.2 Hz,
2H),4.13 (t,J=7.2 Hz, 2H), 6.00 (d, J=12.6 Hz, 1H), 6.97 (d, ]=12.6 Hz,
1H), 7.34 (t, J=7.8 Hz, 1H), 7.56 (d, J=7.8 Hz, 1H), 7.59 (d, ]=7.8 Hz,
1H), 7.76 (s, 1H), 8.07 (s, 1H); '*C NMR (CDCl3 150 MHz) 6: 26.9 (t),
27.8 (t), 28.8 (q), 30.2 (t), 30.3 (t), 30.4 (), 30.9 (t), 41.3 (t), 75.3 (t),
79.7 (s), 122.0 (d), 128.0 (d), 129.3 (d), 129.4 (d), 131.8 (d), 133.8 (s),
137.0 (s), 142.5 (d), 149.1 (d), 158.5 (s), 169.6 (s); IR (KBr) 1697,
1631 cm™!; MS (FAB) m/z 419 ([M+H]*); HRMS (FAB) m/z calcd for
C23H35N205 419.2546, found 419.2550 ([M+H]+).

5.2.6. General procedure for synthesis of fluorescein-labeled probes
(cis-16). To a solution of 15 (0.28 mmol) in CH,Cl, (8 mL) was
added TFA (2.3 mL, 29.5 mmol) dropwise at room temperature
under an argon atmosphere. After 1.5 h, the solvent was removed in
vacuo. The resultant crude oil (TFA salt) was used in the next re-
action without further purification. To a solution of the crude TFA
salt in CHCl,—MeOH (25:1, 42 mL) were added fluorescein iso-
thiocyanate (FITC, 0.28 mmol) and Et3N (4.7 mmol) at room tem-
perature under an argon atmosphere. The mixture was refluxed for
23 h. After being cooled to room temperature, the solvent was re-
moved in vacuo. The residue was purified by reverse-phase HPLC
(Nacalai Tesque COSMOSIL 5Cqg-AR-II, 250 mmx20 mm) to give cis-
16. In the '3C spectra, several peaks due to quaternary carbons were
missed, probably because fluorescein would be in equilibrium with
the lactone form. cis-16¢: 65% as yellow needles (reverse-phase
HPLC, MeCN—H,0 containing 0.5% TFA, 55:45). Mp 108—109 °C
(toluene); 'H NMR (CD30D, 600 MHz) &: 1.38—1.45 (m, 8H),
1.66—1.73 (m, 4H), 3.50 (m, 2H), 4.04 (t, J=7.2 Hz, 2H), 5.90 (d,
J=12.6 Hz, 1H), 6.45 (d, J=8.4 Hz, 2H), 6.58 (m, 4H), 6.86 (d,
J=12.6 Hz, 1H), 7.03 (d, J]=8.4 Hz, 1H), 7.24 (t, |=7.8 Hz, 1H), 7.45 (d,
J=7.8Hz,1H), 7.48 (d, ]=7.8 Hz,1H), 7.65 (m, 2H), 7.97 (s, 1H), 8.02 (s,
1H); 13C NMR (CD30D, 150 MHz) é: 26.9 (t), 27.9 (t), 29.9 (t), 30.2 (t),
30.36 (t), 30.42 (t), 49.9 (t), 75.2 (t), 103.5 (d), 111.5 (s), 113.6 (d),
113.7(d),120.3(d), 122.0 (d), 125.6 (s), 128.0 (d), 129.3 (d), 129.4 (d),
130.3 (d), 131.8 (d), 133.8 (s), 137.8 (s), 142.5 (d), 149.1 (d), 150.1 (s),
153.2 (s), 154.2 (s), 171.2 (s), 173.0 (s); IR (KBr) 3448, 1749, 1730,
1608 cm™~'; MS (FAB) m/z 706 (M-H™); HRMS (FAB) m/z calcd for
C39H36N30gS 706.2223, found 706.2234 (M-H™).

5.3. Root growth inhibition assay

The assay was performed according to Hiradate’s method® with
minor modifications. A $27 filter paper was placed in a glass Petri
dish. Methanol solution of test compounds and growth inhibitors
were added into the dish simultaneously (70 pL each, x10 con-
centration for desired concentration). The solvent was removed
from filter paper under reduced pressure. After addition of 700 pL
distilled water, six pre-germinated Lettuce seedlings (L. sativa cv.
Great Lakes 366) were placed on the filter paper. The pre-
germination was induced with distilled water at 25 °C, 60% rela-
tive humidity for 24 h in a dark. Two dishes were prepared for each
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concentration (n=12). The dishes were incubated at 25 °C, 60%
relative humidity for 48 h in a dark. The root growth was evaluated
by measuring the length of each root and compared to that of un-
treated control.

5.4. Molecular imaging experiments with fluorescence and
confocal microscopy

Seeds of Lettuce (L. sativa cv. Great Lakes 366) were surface-
sterilized by immersing them in 2% bleach for 10 min and then
rinsing in distilled water four times. The seeds were then pre-
germinated in a Petri dish at 23 °C for 3 h.?> The pre-germinated
Lettuce seedlings were then grown in darkness at 23 °C for 24 h.
Four of the seedlings were placed in a well of a 12-well plate, and
then 1 mL of distilled water and a fluorescent probe solution (5 mM
in DMSO) were added to the each well, where the concentration of
the fluorescent probe was 50 uM. The seedlings were then in-
cubated at 23 °C for 24 h. After washing the seedlings with 0.1%
TritonX-100 in distilled water, the radicles were mounted on slides
with distilled water. The images were obtained by Olympus fluo-
rescence microscope system with a green fluorescence protein fil-
ter (excitation 450—490 nm) and Zeiss laser confocal imaging
system.

Acknowledgements

We thank Prof. Y. Fujii, Dr. N. Wasano (Tokyo University of Ag-
riculture and Technology) and Prof. M. Morita (Nagoya University)
for helpful discussions. This work was supported by the Program
for Promotion of Basic and Applied Research for Innovations in the
Bio-oriented Industry (BRAIN) from the Bio-oriented Technology
Research Advancement Institution, Science and Technology Re-
search Promotion Program for Agriculture, Forestry, Fisheries and
Food Industry (No. 25029AB), Japan Society for the Promotion of
Science (JSPS) KAKENHI Grant numbers JP26293004, JP2667003,
JP16HO01157 (M.S.), and JP23790131 (K.M.).

Supplementary data

Supplementary data associated with this article can be found in
the online version, at http://dx.doi.org/10.1016/j.tet.2016.08.060.

References and notes

1. (a) Allelopathy, 2nd ed.; Rice, E. L., Ed., 2nd ed.; Academic: Orlando, FL, 1984; (b)
Allelopathy: Chemistry and Mode of Action of Allelochemicals; Macias, F. A., Ga-
lindo, J. C. G., Molinillo, J. M. G., Culter, H. G., Eds.; CRC: Boca Raton, FL, 2004.

2. A review: Macias, F. A.; Molinillo, J. M. G.; Varela, R. M.; Galindo, ]. C. G. Pest
Manag. Sci. 2007, 63, 327—-348.

3. Hiradate, S.; Morita, S.; Sugie, H.; Fujii, Y.; Harada, J. Phytochemistry 2004, 65,
731-739.

4. Hiradate, S.; Morita, S.; Furubayashi, A.; Fujii, Y.; Harada, J. J. Chem. Ecol. 2005,

31, 591-601.

. Koepfli, J. B.; Thimann, K. V.; Went, F. W. J. Biol. Chem. 1938, 122, 763—780.

. van Overbeek, ].; Blondeau, R.; Horne, V. Am. J. Bot. 1951, 38, 589—595.

. Ferro, N.; Bredow, T.; Jacobsen, H.-].; Reinard, T. Chem. Rev. 2010, 110,

4690—4708.
. Yang, X. X.; Choi, H. W.; Yang, S. F.; Li, N. Aust. J. Plant Physiol. 1999, 26, 325—335.
. Chen, M. ].; Vijaykumar, V.; Lu, B. W.; Xia, B.; Li, N. J. Integr. Plant Biol. 2005, 47,
67-75.

10. (a) Wong, W. S.; Guo, D.; Wang, X. L.; Yin, Z. Q.; Xia, B.; Li, N. Plant Physiol.
Biochem. 2005, 43, 929—937; (b) Guo, D.; Wong, W. S.; Xu, W. Z.; Sun, F. F; Qing,
D. ]J. Q; Li, N. Plant Mol. Biol. 2011, 75, 481—495.

11. Wasano, N.; Sugano, M.; Nishikawa, K.; Okuda, K.; Shindo, M.; Abe, H.; Park, S.-
Y.; Hiradate, S.; Kamo, T.; Fujii, Y. Plant Biotechnol. 2013, 30, 465—471.

12. Wasano, N.; Sugano, M.; Nishikawa, K.; Okuda, K.; Shindo, M.; Park, S.-Y;;
Hiradate, S.; Kamo, T.; Fujii, Y. J. Pestic. Sci. 2014, 39, 85—90.

13. Abe, M.; Nishikawa, K.; Fukuda, H.; Nakanishi, K.; Tazawa, Y.; Taniguchi, T.; Park,
S.-Y.; Hiradate, S.; Fujii, Y.; Okuda, K.; Shindo, M. Phytochemistry 2012, 84,
56—67.

14. (a) Nishikawa, K.; Fukuda, H.; Abe, M.; Nakanishi, K.; Taniguchi, T.; Nomura, T.;
Yamaguchi, C.; Hiradate, S.; Fujii, Y.; Okuda, K.; Shindo, M. Phytochemistry 2013,
96, 132—147; (b) Nishikawa, K.; Fukuda, H.; Abe, M.; Nakanishi, K.; Tazawa, Y.;
Yamaguchi, C.; Hiradate, S.; Fujii, Y.; Okuda, K.; Shindo, M. Phytochemistry 2013,
96, 223234,

15. Okuda, K.; Nishikawa, K.; Fukuda, H.; Fujii, Y.; Shindo, M. Chem. Pharm. Bull.
2014, 62, 600—607.

16. Reviews: (a) Nagano, T. Proc. Jpn. Acad., Ser. B 2010, 86, 837—847; (b) The Mo-
lecular Probes Handbook. A Guide to Fluorescent Probes and Labeling Technologies,
11th ed.; Johnson, I, Spence, M., Eds., 11th ed.; Life Technologies: 2010.

17. (a) Nakamura, Y.; Miyatake, R.; Matsubara, A.; Kiyota, H.; Ueda, M. Tetrahedron
2006, 62, 8805—8813; (b) Nakamura, Y.; Manabe, Y.; Inomata, S.; Ueda, M.
Chem. Rec. 2010, 10, 70—79.

18. Ando, K. J. Org. Chem. 1997, 62, 1934—1939.

19. Maly, D. ].; Choong, I. C.; Ellman, J. A. Proc. Natl. Acad. Sci. US.A. 2000, 97,
2419-2424.

20. We prepared several fluorescent probes labeled by various dyes, BODIPY, pyr-
ene, NBD (7-nitrobenzofurazan) and 2-aminopyridine, in the preliminary ex-
periments (not shown), and fluorescein was finally selected, in terms of
bioactivity, solubility, emission contrast against trans-isomers.

21. (a) Blancaflor, E. B.; Fasano, ]J. M.; Gilroy, S. Plant Physiol. 1998, 116, 213—222; (b)
Tsugeki, R.; Fedoroff, N. V. Proc. Natl. Acad. Sci. US.A. 1999, 96, 12941—12946; (c)
Swarup, R.; Kramer, E. M.; Perry, P.; Knox, K.; Leyser, H. M. O.; Haseloff, J.;
Beemster, G. T. S.; Bhalerao, R.; Bennett, M. ]. Nat. Cell Biol. 2005, 7, 1057—1065
Reviews: (d) Gilroy, S.; Swanson, S. ]. eLS 2014, http://dx.doi.org/10.1002/
9780470015902.a0025267; (e) Chen, R; Rosen, E.; Masson, P. H. Plant Physiol.
1999, 120, 343—-350.

22. To obtain fluorescent images of the inner layers, special techniques of making
the section samples without efflux of the cytoplasm would be required.

23. Narukawa, M.; Watanabe, K.; Inoue, Y. J. Plant Res. 2010, 123, 789—799.

Nowu

0 0o


http://dx.doi.org/10.1016/j.tet.2016.08.060
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib1a
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib1b
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib1b
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib1b
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref1
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref1
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref1
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref2
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref2
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref2
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref3
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref3
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref3
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref4
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref4
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref5
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref5
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref6
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref6
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref6
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref7
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref7
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref8
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref8
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref8
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib10a
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib10a
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib10a
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib10b
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib10b
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib10b
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref9
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref9
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref9
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref10
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref10
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref10
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref11
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref11
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref11
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref11
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib14a
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib14a
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib14a
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib14a
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib14b
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib14b
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib14b
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib14b
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref12
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref12
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref12
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib16a
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib16a
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib16b
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib16b
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib16b
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib17a
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib17a
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib17a
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib17b
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib17b
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib17b
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref14
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref14
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref15
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref15
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref15
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib21a
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib21a
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib21b
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib21b
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib21b
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib21c
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib21c
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib21c
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib21c
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib21c
http://dx.doi.org/10.1002/9780470015902.a0025267
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib21e
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib21e
http://refhub.elsevier.com/S0040-4020(16)30845-6/bib21e
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref16
http://refhub.elsevier.com/S0040-4020(16)30845-6/sref16

	Synthesis of fluorescent molecular probes based on cis-cinnamic acid and molecular imaging of lettuce roots
	1. Introduction
	2. Results and discussion
	2.1. Design of molecular probes for bioimaging
	2.2. Synthesis of fluorescent probes
	2.3. Inhibitory activity of fluorescein-labeled cis-cinnamic acids
	2.4. Molecular imaging
	2.5. Competition experiments

	3. Discussion
	4. Conclusions
	5. Experimental
	5.1. General
	5.2. Synthesis of fluorescein-labeled probes
	5.2.1. Synthesis of (Z)-ethyl 3-(3-formylphenyl)acrylate (cis-8)
	5.2.2. General procedure of synthesis of cis-14
	5.2.3. (Z)-Ethyl 3-((E)-((8-(tert-butoxycarbonylamino)-octyloxy)imino)methyl)phenylacrylate (cis-14c)
	5.2.4. General procedure of hydrolysis of ethyl cis-cinnamate analogues
	5.2.5. (Z)-3-((E)-((8-(tert-Butoxycarbonylamino)octyloxy)-imino)methyl)phenylacrylic acid (cis-15c)
	5.2.6. General procedure for synthesis of fluorescein-labeled probes (cis-16)

	5.3. Root growth inhibition assay
	5.4. Molecular imaging experiments with fluorescence and confocal microscopy

	Acknowledgements
	Supplementary data
	References and notes


