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Abstract: Higenamine is a tetrahydroisoquinoline present in several plants that has 3-adrenergic
receptor agonist activity. Study of the biosynthesis of higenamine has shown the participation
of norcoclaurine synthase, which controls the stereochemistry to construct the (S)-isomer.
However, when isolated from nature, higenamine is found as the racemate, or even the (R)-isomer.
We recently reported the isolation of higenamine 4'-O-B-D-glucoside. Herein, its (R)- and (S)-isomers
were synthesized and compared to precisely determine the stereochemistry of the isolate. Owing to
their similar spectral properties, determination of the stereochemistry based on NMR data was
considered inappropriate. Therefore, a high-performance liquid chromatography method was
established to separate the isomers, and natural higenamine 4'-O-3-D-glucoside was determined to
be a mixture of isomers.

Keywords: higenamine; tetrahydroisoquinoline; -adrenergic receptor agonist;
diastereomer separation

1. Introduction

Higenamine (synonym norcoclaurine) is a tetrahydroisoquinoline found in several plants,
including aconite root [1], lotus (Nelumbo nucifera) [2], Gnetum parvifolium [3], Tinospora crispa [4],
and Tinospora cordifolia [5]. It possesses [(-adrenergic receptor agonist activity owing to its
structural similarity to catecholamine, has been shown to have a tracheal relaxation effect
on guinea pig trachea [6]; it can protect against myocyte apoptosis in ischemia/reperfusion
injury [7], collagen-induced arthritis, and spinal cord injury [8,9]; and it is clinically studied for
therapeutic effects [10,11].

Biologically, higenamine is synthesized from dopamine and 4-hydroxyphenylacetic acid by the
catalytic action of norcoclaurine synthase (NCS) [12,13]. The stereochemistry of higenamine is regulated
by NCS, with its (S)-isomer known as the enzymatic product [12,13]. However, higenamine is often
isolated from the plant as the racemate [3,14]. Furthermore, in the case of lotus, the (S)-enantiomer
was isolated from the leaves [15], while the (R)-enantiomer was found in the seed embryo located near
the plumule [16].

We previously reported the isolation of higenamine 4'-O-B-D-glucoside (1) from lotus plumule
as a glucose uptake inducer against muscle cells, and indicated that its stereochemistry is (S) [17].
However, during a following research related to the structure-activity relationship study of 1, a question
arose about the stereochemistry of natural 1 isolated from lotus plumule, and the above reports have
inspired us to precisely examine the stereochemistry of natural 1.
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As the correct assignment of stereochemistry in natural products is important, in this article,
we chemically synthesized diastereomers 1R and 1S and compared their spectral properties.
Careful examination of the spectral properties of the synthetic diastereomers indicated that
distinguishing them using spectral methods was difficult. Therefore, we established high-performance
liquid chromatography (HPLC) analysis conditions to separate the diastereomers, and used it to
analyze the stereochemistry of natural 1 isolated from lotus plumule.

2. Results and Discussion

To distinguish the diastereomers of 1 and determine their stereochemistry unequivocally,
samples of 1R and 1S were required. Therefore, 1R was selectively synthesized using a previously
reported procedure and purified using reverse-phase HPLC [18], while 1S was prepared using the
same procedure by employing RuCl[R,R-TsDPEN(p-cymene)] as the catalyst for enantioselective
reduction (Scheme 1).
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Scheme 1. Synthesis of 1S. (a) POCl;, CHCls, reflux; (b) RuCl[R,R-TsDPEN(p-cymene)],
HCOOH, TEA, DMF; (c) CbzCl, TEA, DMAP, CH,Cly; (d) Pd(PhsP)s, K,CO;, MeOH, THE;
(e) 2,3,4,6-tetra-O-acetyl-f3-D-glucopyranosyl 2,2,2-trichloroacetimidate, BF3-Et,O, molecular sieves
(4 A), CH,Cl,; (f) K,CO3, MeOH, THEF; (g) PA(OH),, Hy, THE, MeOH.

Nuclear magnetic resonance (NMR) spectra of synthetic diastereomers 1R and 1S were obtained.
However, in deuterium oxide, no apparent difference was found between the diastereomers (Table 1).
This result might be due to (i) the stereochemistry of the synthetic products not being constructed
as intended, resulting in the same diastereomer being isolated from both procedures; or (ii) the two
diastereomers being indistinguishable under these NMR conditions.

To avoid the former possibility, the stereochemistry of the higenamine moiety was confirmed
by deprotection of 3S and 3R to obtain 5R and 5S, respectively, followed by HPLC purification
and specific rotation measurements. The specific rotation values (55: —20.0 (¢ = 0.68, methanol);
5R: +21.4 (c = 0.58, methanol)) were in good correlation with previous reports, which confirmed
their stereochemistry [19,20]. Furthermore, the isomers were analyzed using a Chiral CD-Ph column
(Shiseido Co., Tokyo, Japan) to determine their retention times (Figure 1). The specific rotations of
synthetic 1S (—32.4 (c = 1.5, methanol)) and 1R (—16.3 (c = 1.5, methanol)) showed distinct values,
which excluded the possibility of isomerization during the synthesis of 5R and 5S.
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Table 1. NMR data for synthetic 1R and 1S in deuterium oxide.

No. Synthetic 1R Synthetic 1S
SH Sc Su 5S¢
1 4.64 (dd, J=5.7, 8.8 Hz) 56.78 4.61(dd, ] =5.7,9.1 Hz) 56.75
3 3.46-3.52 (m) 39.93 3.47 (td, ] =6.3,12.6 Hz) 39.90
3.28 (td, ] = 6.3, 13.2 Hz) 3.27 (td, ] = 6.3, 12.6 Hz)
4 2.96-3.00 (m) 24.69 2.95-3.00 (m) 24.67
291 (td, ] = 6.3,17.3 Hz) 2.90 (td, ] = 6.3, 17.3 Hz)

5 6.74 (s) 116.49 6.73 (s) 116.48
6o0r7 - 143.53 - 143.51
6or7 - 144.77 - 144.76

8 6.66 (s) 114.53 6.64 (s) 114.50

9or10 - 123.84 - 123.79
9or10 - 124.47 - 124.45

1 - 130.30 - 130.27
2,6 726 (2H,d, J=8.5Hz) 131.61 7.25(2H, d, ] = 8.6 Hz) 131.58
3,5 7.13 (2H, d, | = 8.5 Hz) 117.72 7.12 (2H, d, ] = 8.6 Hz) 117.74

4 - 156.74 - 156.75

7' 3.00 (dd, ] = 8.8, 14.5 Hz) 39.13 2.97(dd, ] =9.1,14.5 Hz) 39.14

3.40 (dd, | =5.7, 14.5 Hz) 3.36 (dd, ] = 5.7, 14.5 Hz)
Gle-1 5.12(d,J=7.6 Hz) 100.78 5.09 (d, ] =7.3 Hz) 100.84
Glc-2 3.58 (dd, ] =7.6,9.5 Hz) 73.59 3.58 (dd, ] =7.3,9.5 Hz) 73.60
Gle-3 3.50 (dd, ] = 8.6,9.5 Hz) 76.25 3.50 (dd, ] =9.1,9.5 Hz) 76.26
Glc-4 3.61 (dd, ] =8.6,9.5 Hz) 70.11 3.61(dd, ] =8.2,9.1Hz) 70.12
Glec-5 3.63(ddd, ] =1.9,5.7,9.5 Hz) 76.82 3.60-3.63 (m) 76.81
Glc-6 393 (dd, ] =1.9,12.5 Hz) 61.23 3.93(dd,J=2.2,12.6 Hz) 61.26
3.75 (dd, | = 5.7, 12.5 Hz) 3.76 (dd, ] = 5.7, 12.6 Hz)
mixture
\
- . 5R
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Figure 1. HPLC analysis of 5R, 5S, and their mixture. Conditions: column, Chiral CD-Ph
(4.6 x 250 mm); mobile phase, 20 mM aq. KH,;PO4/methanol = 50/50; flow rate, 0.5 mL/min;
temperature, 40 °C; detection, 280 nm.

Deuterated solvents other than deuterium oxide were then tested for their suitability to separate
the NMR signals of diastereomers of 1. Methanol-d, gave a result similar to that of deuterium oxide,
and was therefore considered unsuitable (Table 2). In contrast, pyridine-ds gave relatively separated
TH-NMR signals for the two diastereomers (Table 3). To determine whether these TH-NMR signal
differences in pyridine-ds provided adequate evidence to determine the stereochemistry of 1, a mixture
of 1R and 18 was analyzed by 'H-NMR. The mixture showed distinguishable signals (Figure 2), but a
problem was observed that prevented the use of NMR for the determination of stereochemistry.
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Table 2. NMR data for synthetic 1R and 1S in methanol-dy.

4 0f9

No. Synthetic 1R Synthetic 1S
ou 5c ou Sc
1 4.61(dd, ] = 6.1, 8.4 Hz) 57.78 459 (dd, ] = 5.8, 8.2 Hz) 57.75
3 3.42-3.48 (m) 40.87 3.42-3.48 (m) 40.82
3.25 (td, ] = 6.2, 13.0 Hz) 3.25 (td, ] = 6.4, 13.0 Hz)
4 2.98 (td, | = 6.2, 17.3 Hz) 25.69 2.98 (td, | = 6.4, 17.3 Hz) 25.64
2.90 (td, ] = 6.2, 17.3 Hz) 2.90 (td, ] = 6.4,17.3 Hz)
5 6.62 () 116.21 6.62 (s) 116.21
6or7 158.69 158.61
6or7 146.91 146.82
8 6.58 (s) 114.25 6.56 (s) 114.27
9or10 123.65 123.70
9or10 123.60 123.60
iy 130.29 130.32
2,6 7.23 (2H, d, ] = 8.6 Hz) 131.64 7.23 (2H, d, ] = 8.6 Hz) 131.66
3,5 711 (2H, d, ] = 8.6 Hz) 118.43 711 (2H,d, ] =8.6 Hz) 118.37
4 158.69 158.61
7 3.35-3.42 (m) 40.43 3.35-3.42 (m) 40.40
3.03 (dd, ] = 8.4, 14.5 Hz) 3.04 (dd, ] = 8.2, 14.4 Hz)
Gle-1 4.90(d, ] =7.6 Hz) 102.30 490(d, ] =7.7 Hz) 102.27
Glc-2,3,5 3.42-3.48 (3H, m) 78.20 3.42-3.48 (3H, m) 78.12
78.01 77.94
74.87 74.85
Glc-4 3.35-3.42 (m) 71.43 3.35-3.42 (m) 71.38
Glc-6 3.89(dd, ] =2.2,12.0 Hz) 62.59 3.89 (dd, ] =2.3,12.0 Hz) 62.53
3.68 (dd, ] = 5.8, 12.0 Hz) 3.68 (dd, ] = 5.8, 12.0 Hz)
Table 3. NMR data for synthetic 1R and 1S in pyridine-ds.
No. Synthetic 1R Synthetic 1S
8H Je 8H Je
1 5.00 (t, ] = 5.7 Hz) 57.11 5.00 (t, ] = 6.5 Hz) 57.05
3 3.73 (ddd, ] = 6.0, 6.5,12.3 Hz) 40.19 3.73(ddd, ] =6.0,6.3,12.5 Hz) 40.00
3.46-3.62 (m) 3,51 (ddd, ] = 6.0, 6.3, 12.5 Hz)
4 3.17 (ddd, ] = 6.5, 6.5, 14.0 Hz) 2591 3.17(ddd, ] =6.3,6.3,17.0 Hz) 25.81
2.96 (ddd, ] = 6.0, 6.0, 14.0 Hz) 297 (ddd, ] = 6.0, 6.0,17.0 Hz)
5 712 (s) 116.98 7.09 (s) 116.98
6 - 146.69 - 146.62
7 - 147.79 - 147.82
8 7.09 (s) 115.04 7.05 (s) 115.00
9 - 124.36 - 124.36
10 - 124.20 - 123.64
1 - 130.61 - 130.62
2,6 7.36 (2H, d, ] = 8.4 Hz) 131.74 7.34 (2H, d, ] =8.5 Hz) 131.75
3,5 7.15(2H, d, ] = 8.4 Hz) 117.56 7.16 2H, d, ] = 8.5 Hz) 117.53
4 - 158.21 - 158.23
7' 3.46-3.62 (2H, m) 40.40 3.63 (dd, ] =6.5,14.2 Hz) 40.48
- 348 (dd, ] = 6.5,14.2 Hz)
Gle-1 5.45(d,] =79 Hz) 102.44 543 (d,] =7.7Hz) 102.53
Glc-2 427(dd,J=7.9,8.8 Hz) 75.27 427(dd,J=7.7,9.1 Hz) 75.27
Glc-3,4 4.33-4.37 (2H, m) 78.83 4.33-4.38 (2H, m) 78.86
- 71.62 - 71.64
Glc-5 4.06-4.09 (m) 79.18 4.07-4.10 (m) 79.25
Glc-6 4.51(dd, ] =2.2,12.0 Hz) 62.71 4.54 (dd, ] =2.2,12.0 Hz) 62.74

440 (dd, ] =5.0,12.0 Hz)

441(dd, ] =5.0,12.0 Hz)
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Figure 2. TH-NMR spectra of 1R, 1S, and their mixture (500 MHz, pyridine-ds, r.t.).

As shown in Figure 2, when the 'H-NMR signals of the mixture were compared with those of 1R
or 1S, differences in the chemical shifts (ppm) were apparent. For example, the signal of the anomeric
proton in glucose moiety (Glc-1) is 5.45 ppm for 1R and 5.43 ppm for 1S; however, for the mixture
of the two, the same proton appeared at 5.45 and 5.48 ppm, for which correspondence is unclear.
These shifts in ppm value were presumably due to differences in the solution conditions, pH, or sample
concentration during NMR analysis, which would influence the status of the cyclic amine in the
tetrahydroisoquinoline moiety. They thus indicated that determining the stereochemistry of 1 through
NMR experiments could potentially cause assignment errors, rendering it an inappropriate method.

Because of the fluctuation of 'H-NMR data with analytical conditions, distinguishing the
diastereomers of 1 required an alternative method. HPLC is a method capable of separating and
analyzing diastereomers. In HPLC analysis, analytical conditions are adjusted by changing the eluent
used, which is present in large excess, and should therefore be a reliable method for analyzing the
stereochemistry of 1.

Although a frequently employed C18 column was not capable of separating the isomers, a
COSMOSIL Cholester column (Nakalai Tesque, Inc., Kyoto, Japan) was found to separate 1R and 1S to
a good degree. Under the HPLC condition employed using this column, 1R and 1S showed apparent
separation with retention times of 29 min and 32 min, respectively, indicating its ability to efficiently
distinguish these isomers (Figure 3).

Natural 1, isolated from lotus plumule, underwent stereochemical analysis using the established
HPLC method. The results showed that natural 1 was a mixture of both isomers (1R/1S = 59/41,
Figure 3). This was further confirmed by analyzing the lotus plumule extract to avoid the possibility of
isomerization during isolation, which showed a similar ratio (1R/1S = 60/40, data not shown).

Other than lotus plumule, Phoebe chekiangensis has been reported to contain higenamine
4'-O-B-D-glucoside (1) [21]. The stereochemistry of 1 in P. chekiangensis was determined as (S) by
Wau et al. by comparing with the NMR spectrum and specific rotation of synthetic 1R [18]. Our results
indicate that this result may need to be reassessed.

In conclusion, we synthesized 1R and 1S and directly compared their spectral data. We showed
that the NMR spectra of these diastereomers were similar and their chemical shifts were influenced
by solution conditions. This indicated that NMR was an unreliable method for determining the
stereochemistry of 1, and presumably those of other similar compounds. Therefore, an HPLC method
for separating the diastereomers was established and natural 1, isolated from lotus plumule, was
analyzed and shown to be a mixture of diastereomers.



Molecules 2017, 22, 1450 60f9

Lo e b

|

1

L

1R

| /\/\ Isolated

1S

LI A o 0 o I o o I A o 0 I A I A I 0 I I

0 5 10 15 20 25 30 35 40 45
retention time (min)

Figure 3. HPLC separation of diastereomers of 1. Conditions: column, COSMOSIL Cholester
(4.6 x 150 mm); mobile phase, 5% aq. methanol containing 0.1% trifluoroacetic acid; flow rate,
0.5 mL/min; detection, 280 nm.

3. Materials and Methods

3.1. General

Chemicals were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) unless
otherwise noted. NMR spectra were obtained using a Bruker AMX 500 (Bruker BioSpin K.K.,,
Yokohama, Japan) spectrometer, and residual solvents or tert-butanol were used as the internal
standard (tert-butanol (deuterium oxide): 'H 1.24 ppm, 13C 30.29 ppm; methanol-dy: 'H 3.30 ppm,
13C 49.0 ppm; pyridine-ds: 'H 8.74 ppm, 13C 150.35 ppm). Mass spectra were obtained using a Waters
LCT Premier Spectrometer (Waters Co., Milford, MA, USA). Specific rotations were measured using a
Jasco P-2200 polarimeter (Jasco Co., Tokyo, Japan).

3.2. Synthesis

As the higenamine moiety with a protective group on the cyclic amine contains isomers, which
were either rotamers resulting from the 4-hydroxybenzyl group or diastereomers resulting from the
stereochemistry of the protective group on the cyclic amine, detailed data were not obtained for
compounds 3 and 4.

3.2.1. (5)-N-Cbz-6,7-di-O-benzylhigenamine (35)

Compound 2 (1.03 g, 2.03 mmol), prepared using a reported procedure [18,22], was dissolved in
chloroform (20 mL) and phosphoryl chloride (1.0 mL, 11.0 mmol) was added. The mixture was stirred
for 17 h under reflux and then cooled to room temperature (r.t.), diluted with saturated NaHCO3
solution, and extracted with chloroform. The organic layer was washed with brine, dried over sodium
sulfate, and concentrated. The residue was dissolved in dry N,N-dimethylformamide (DMF, 40 mL),
RuCl[R,R-TsDPEN(p-cymene)] (35.5 mg, 0.0558 mmol, Kanto Co., Tokyo, Japan) was added, and
the mixture was stirred under nitrogen. The solution was cooled to 0 °C, an azeotropic mixture of
formic acid/triethylamine (TEA) (5:2 mole ratio, 1.6 mL) was added, and the mixture was stirred for
20 h at r.t. The reaction mixture was diluted with saturated NaHCOj5 solution and extracted with
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ethyl acetate. The organic layer was washed with brine, dried over sodium sulfate, and concentrated.
The resultant residue was dissolved in dichloromethane (20 mL) and triethylamine (1.0 mL, 7.2 mmol),
and a catalytic amount of N,N-dimethyl-4-aminopyridine (DMAP) was added. Carbobenzoxy chloride
(CbzCl, 0.3 mL, 2.1 mmol) was then added and the mixture was stirred for 1 h. The reaction mixture
was dried, dissolved in ethyl acetate, and washed with 1 M aq. HCI and brine. The organic layer
was dried over sodium sulfate and concentrated. The residue was dissolved in methanol (20 mL)
and tetrahydrofuran (THE, 5 mL), following which Pd(PPhs)4 (59.1 mg, 0.051 mmol) and potassium
carbonate (422.0 mg, 3.05 mmol) were added. The mixture was stirred for 2 h at 65 °C, cooled, and
acidified with 1 M aq. HCl. The solution was extracted with ethyl acetate, washed with 1 M aq. HCl
and brine, dried over sodium sulfate, and concentrated. The residue was purified with silica gel column
chromatography (hexane/ethyl acetate = 2:1) to obtain 3S (639.1 mg, 1.09 mmol, 54%). Electrospray
ionization-mass spectrometry (ESI-MS) (positive): m/z 608 [M + Na]*, [oc]ZD7 —42.3 (c = 1.5, chloroform).

3.2.2. (5)-N-Cbz-6,7-di-O-benzylhigenamine 4’-O-B-D-glucoside (4S)

Compound 3S (614.5 mg, 1.05 mmol) and 2,34, 6-tetra-O-acetyl-B-D-glucopyranosyl
2,2,2-trichloroacetimidate (1.00 g, 2.34 mmol) were dissolved in dry dichloromethane (10 mL),
powdered activated 4 A molecular sieves (4 A MS; 1.00 g) were added, and the mixture was stirred at
—10 °C under nitrogen. BF3-Et;O (0.1 mL, 0.79 mmol) in dry dichloromethane (0.9 mL) was added
and stirred for 30 min at —10 °C under nitrogen. The reaction mixture was diluted with saturated
NaHCOs; solution and passed through a Celite pad. The organic layer was separated, washed with
saturated NaHCOj solution and brine, dried over sodium sulfate, and concentrated. The resultant
residue was dissolved in methanol (10 mL) and THF (10 mL), then K,CO3 (301.8 mg, 2.18 mmol) was
added, followed by stirring for 2 h. The reaction mixture was filtered, dried, and purified by silica
gel column chromatography (chloroform/methanol = 9:1) to obtain 4S (751.1 mg, 1.01 mmol, 96%).
ESI-MS (positive): m/z 770 [M + Na]*, [cx]zD6 —57.5 (c = 1.0, acetone).

3.2.3. (S)-higenamine 4’-O-p-D-glucoside (1S)

Compound 4S (156.9 mg, 0.210 mmol) was dissolved in THF (10 mL) and methanol (2 mL), after
which 20% palladium hydroxide on carbon (37.4 mg, Sigma-Aldrich Japan K.K., Tokyo, Japan) was
added and stirred for 4 h under hydrogen. The reaction mixture was passed through a Celite pad,
dried, and dissolved in 15% aq. methanol containing 0.1% trifluoroacetic acid (TFA). The solution
was purified by HPLC (column, Inertsustain C18 (20 x 250 mm, GL Science Co., Tokyo, Japan);
mobile phase, 15% aq. methanol containing 0.1% TFA; flow rate, 9.0 mL/min; detection, 280 nm) to
obtain 1S (107.2 mg, 0.196 mmol, 93%, 95% diastereomeric excess (de) from Figure 3) as a TFA salt.
ESI-MS (positive): m/z 434 [M + HJ*; [oc}%)S —32.4 (¢ = 1.5, methanol). See Tables 1-3 for NMR data.

3.2.4. (S)-Higenamine (5S)

Compound 3S (24.6 mg, 0.042 mmol) was dissolved in THF (1 mL) and methanol (1 mL), 20%
palladium hydroxide on carbon (5.4 mg, Aldrich Co.) was added, and the mixture was stirred for 16 h
under hydrogen. The reaction mixture was passed through a Celite pad, dried, and dissolved in 30%
ag. methanol containing 0.1% TFA (0.5 mL). The solution was purified by HPLC (column, Inertsustain
C18 (20 x 250 mm, GL Science Co.); mobile phase, 30% aq. methanol containing 0.1% TFA; flow rate,
5.0 mL/min; detection, 280 nm) to obtain 55 (13.2 mg, 0.034 mmol, 82%) as a TFA salt.

ESI-MS (positive): m/z 272 [M + H]*; [oc]zD2 —20.0 (c = 0.68, methanol). "TH-NMR (500 MHz,
methanol-dy, r.t.): 2.87-3.01 (3H, m), 3.21-3.27 (1H, m), 3.33-3.37 (1H, m), 3.42-3.47 (1H, m),
4.57 (1H, t,] = 5.0 Hz), 6.61 (1H, s), 6.62 (1H, s), 6.80 (2H, d, ] = 10.0 Hz), 7.12 (2H, d, ] = 10.0 Hz) ppm;
13C-NMR (125 MHz, methanol-dy, r.t.): 25.84, 40.62, 41.01, 58.06, 114.37, 116.33, 117.11, 123.79, 123.89,
127.14,131.78, 145.92, 147.00, 158.35 ppm.
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3.2.5. (R)-Higenamine 4'-O-B-D-glucoside (1R)

Compound 1R was synthesized following the procedure detailed above for 3§, 4S5, and
1S. Compound 3S (yield 40% from 2): ESI-MS (positive): n/z 608 [M + Nal*, [«]X +44.9
(c = 1.5, chloroform); Compound 4S (yield 56%): ESI-MS (positive): m/z 770 [M + Nal*,
[oc]zD6 +24.7 (c = 1.0, acetone); Compound 1S (yield 87%, 95% de from Figure 3): ESI-MS (positive):
m/z 434 [M + H]F; [“]12)5 —16.3 (¢ = 1.5, methanol). See Tables 1-3 for NMR data.

3.2.6. (R)-Higenamine (5R)

Compound 5R was synthesized following the procedure detailed above for 5S. ESI-MS (positive):
m/z 272 [M + HJ*; [cx]zDZ +21.4 (c = 0.58, methanol). The NMR spectrum was identical to that of 5S.

Acknowledgments: This work was supported by JSPS KAKENHI Grant number 25750391. We thank Simon
Partridge, from Edanz Group (www.edanzediting.com) for editing a draft of this manuscript.

Author Contributions: E.K. and J.K. conceived and designed the experiments, E.K. and R.I. performed the
experiments, E.K. prepared the manuscript, and all authors provided comments and revisions.

Conflicts of Interest: The authors declare no conflict of interests.

References

1.  Bai, G; Yang, Y,; Shi, Q.; Liu, Z,; Zhang, Q.; Zhu, Y.Y. Identification of higenamine in Radix Aconiti
Lateralis Preparata as a beta2-adrenergic receptor agonist. Acta Pharmacol. Sin. 2008, 29, 1187-1194. [CrossRef]
[PubMed]

2. Mukherjee, PK.; Mukherjee, D.; Maji, AK.,; Rai, S; Heinrich, M. The sacred lotus
(Nelumbo nucifera)—Phytochemical and therapeutic profile. J. Pharm. Pharmacol. 2009, 61, 407-422.
[CrossRef] [PubMed]

3. Xu, Q.; Lin, M. Benzylisoquinoline alkaloids from Gnetum parvifolium. J. Nat. Prod. 1999, 62, 1025-1027.
[CrossRef] [PubMed]

4. Praman, S.; Mulvany, M.J.; Williams, D.E.; Andersen, R.J.; Jansakul, C. Crude extract and purified components
isolated from the stems of Tinospora crispa exhibit positive inotropic effects on the isolated left atrium of rats.
J. Ethnopharmacol. 2013, 149, 123-132. [CrossRef] [PubMed]

5. Bajpai, V,; Singh, A,; Chandra, P.; Negi, M.PS.; Kumar, N.; Kumar, B. Analysis of phytochemical
variations in dioecious Tinospora cordifolia stems using HPLC /QTOF MS/MS and UPLC/QqQyT-MS/MS.
Phytochem. Anal. 2016, 27, 92-99. [CrossRef] [PubMed]

6. Tsukiyama, M., Ueki, T; Yasuda, Y; Kikuchi, H.,; Akaishi, T, Okumura, H., Abe, K.
32-Adrenoceptor-mediated tracheal relaxation induced by Higenamine from Nandina domestica thunberg.
Planta Med. 2009, 75, 1393-1399. [CrossRef] [PubMed]

7. Wu, M.P; Zhang, Y.S.; Zhou, Q.M.; Xiong, ].; Dong, Y.R.; Yan, C. Higenamine protects ischemia/reperfusion
induced cardiac injury and myocyte apoptosis through activation of 32-AR/PI3K/AKT signaling pathway.
Pharmacol. Res. 2016, 104, 115-123. [CrossRef] [PubMed]

8. Duan, W,; Chen, J.; Wu, Y,; Zhang, Y.; Xu, Y. Protective effect of higenamine ameliorates collagen-induced
arthritis through heme oxygenase-1 and PI3K/Akt/Nrf-2 signaling pathways. Exp. Ther. Med. 2016,
12,3107-3112. [CrossRef] [PubMed]

9. Zhang, Z.; Li, M.; Wang, Y.; Wu, J.; Li, ]. Higenamine promotes M2 macrophage activation and reduces
Hmgb1 production through HO-1 induction in a murine model of spinal cord injury. Int. Immunopharmacol.
2014, 23, 681-687. [CrossRef] [PubMed]

10. Zhang, N.; Lian, Z.; Peng, X.; Li, Z.; Zhu, H. Applications of Higenamine in pharmacology and medicine.
J. Ethnopharmacol. 2017, 196, 242-252. [CrossRef] [PubMed]

11. Lee, S.-R.; Schriefer, ].M.; Gunnels, T.A.; Harvey, 1.C.; Bloomer, R.J. Acute oral intake of a higenamine-based
dietary supplement increases circulating free fatty acids and energy expenditure in human subjects.
Lipids Health Dis. 2013, 12. [CrossRef] [PubMed]

12.  Hagel, ].M.; Facchini, PJ. Tying the knot: Occurrence and possible significance of gene fusions in plant
metabolism and beyond. J. Exp. Bot. 2017, 1-15. [CrossRef] [PubMed]


www.edanzediting.com
http://dx.doi.org/10.1111/j.1745-7254.2008.00859.x
http://www.ncbi.nlm.nih.gov/pubmed/18817623
http://dx.doi.org/10.1211/jpp.61.04.0001
http://www.ncbi.nlm.nih.gov/pubmed/19298686
http://dx.doi.org/10.1021/np980472f
http://www.ncbi.nlm.nih.gov/pubmed/10425133
http://dx.doi.org/10.1016/j.jep.2013.06.010
http://www.ncbi.nlm.nih.gov/pubmed/23778316
http://dx.doi.org/10.1002/pca.2601
http://www.ncbi.nlm.nih.gov/pubmed/26627195
http://dx.doi.org/10.1055/s-0029-1185743
http://www.ncbi.nlm.nih.gov/pubmed/19468973
http://dx.doi.org/10.1016/j.phrs.2015.12.032
http://www.ncbi.nlm.nih.gov/pubmed/26746354
http://dx.doi.org/10.3892/etm.2016.3730
http://www.ncbi.nlm.nih.gov/pubmed/27882125
http://dx.doi.org/10.1016/j.intimp.2014.10.022
http://www.ncbi.nlm.nih.gov/pubmed/25445960
http://dx.doi.org/10.1016/j.jep.2016.12.033
http://www.ncbi.nlm.nih.gov/pubmed/28007527
http://dx.doi.org/10.1186/1476-511X-12-148
http://www.ncbi.nlm.nih.gov/pubmed/24139127
http://dx.doi.org/10.1093/jxb/erx152
http://www.ncbi.nlm.nih.gov/pubmed/28521055

Molecules 2017, 22, 1450 90f9

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Ghirga, F; Quaglio, D.; Ghirga, P.; Berardozzi, S.; Zappia, G.; Botta, B.; Mori, M.; D’acquarica, I. Occurrence of
enantioselectivity in nature: The case of (S)-norcoclaurine. Chirality 2016, 28, 169-180. [CrossRef] [PubMed]
Kosuge, T.; Yokota, M. Studies on cardiac principle of aconite root. Chem. Pharm. Bull. 1976, 24, 176-178.
[CrossRef] [PubMed]

Kashiwada, Y.; Aoshima, A.; Ikeshiro, Y.; Chen, Y.P,; Furukawa, H.; Itoigawa, M.; Fujioka, T.; Mihashi, K.;
Cosentino, L.M.; Morris-Natschke, S.L.; et al. Anti-HIV benzylisoquinoline alkaloids and flavonoids from
the leaves of Nelumbo nucifera, and structure-activity correlations with related alkaloids. Bioorg. Med. Chem.
2005, 13, 443-448. [CrossRef] [PubMed]

Koshiyama, H.; Ohkuma, H.; Kawaguchi, H.; Hsu, H.-Y.; Chen, Y.-P. Isolation of 1-(p-hydroxybenzyl)-6,
7-dihydroxy-1,2,3,4-tetrahydroisoquinoline (demethylcoclaurine), an active alkaloid from Nelumbo nucifera.
Chem. Pharm. Bull. 1970, 18, 2564-2568. [CrossRef]

Kato, E.; Inagaki, Y.; Kawabata, J]. Higenamine 4’-O-B-D-glucoside in the lotus plumule induces glucose
uptake of L6 cells through $2-adrenergic receptor. Bioorg. Med. Chem. 2015, 23, 3317-3321. [CrossRef]
[PubMed]

Wu, H.-P; Lu, T.-N.; Hsu, N.-Y.; Chang, C.-C. Absolute stereochemical assignment of SCH 71450, a selective
dopamine D4 receptor antagonist, through enantioselective epimer synthesis. Eur. J. Org. Chem. 2013,
2013, 2898-2905. [CrossRef]

Pesnot, T.; Gershater, M.C.; Ward, ].M.; Hailes, H.C. The catalytic potential of Coptis japonica NCS2
revealed—Development and utilisation of a fluorescamine-based assay ETI. Adv. Synth. Catal. 2012,
354, 2997-3008. [CrossRef]

Pyo, M.K; Lee, D.-H.; Kim, D.-H.; Lee, J.-H.; Moon, ].-C.; Chang, K.C.; Yun-Choi, H.S. Enantioselective
synthesis of (R)-(+)- and (S)-(—)-higenamine and their analogues with effects on platelet aggregation and
experimental animal model of disseminated intravascular coagulation. Bioorg. Med. Chem. Lett. 2008,
18, 4110-4114. [CrossRef] [PubMed]

Hegde, VR; Dai, P; Ladislaw, C.; Patel, M.G.; Puar, M.S.; Pachter, ].A. D4 dopamine receptor-selective
compounds from the Chinese plant Phoebe chekiangensis. Bioorg. Med. Chem. Lett. 1997, 7, 1207-1212.
[CrossRef]

Xu, C.; Xu, K; Gu, H.; Zheng, R.; Liu, H.; Zhang, X.; Guo, Z.; Xu, B. Dopamine as a robust anchor to
immobilize functional molecules on the iron oxide shell of magnetic nanoparticles. J. Am. Chem. Soc. 2004,
126, 9938-9939. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds 4S5, 4R, 1S and 1R are available from the authors.

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/chir.22566
http://www.ncbi.nlm.nih.gov/pubmed/26729048
http://dx.doi.org/10.1248/cpb.24.176
http://www.ncbi.nlm.nih.gov/pubmed/1269062
http://dx.doi.org/10.1016/j.bmc.2004.10.020
http://www.ncbi.nlm.nih.gov/pubmed/15598565
http://dx.doi.org/10.1248/cpb.18.2564
http://dx.doi.org/10.1016/j.bmc.2015.04.054
http://www.ncbi.nlm.nih.gov/pubmed/25943853
http://dx.doi.org/10.1002/ejoc.201300072
http://dx.doi.org/10.1002/adsc.201200641
http://dx.doi.org/10.1016/j.bmcl.2008.05.094
http://www.ncbi.nlm.nih.gov/pubmed/18556200
http://dx.doi.org/10.1016/S0960-894X(97)00194-7
http://dx.doi.org/10.1021/ja0464802
http://www.ncbi.nlm.nih.gov/pubmed/15303865
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Materials and Methods 
	General 
	Synthesis 
	(S)-N-Cbz-6,7-di-O-benzylhigenamine (3S) 
	(S)-N-Cbz-6,7-di-O-benzylhigenamine 4'-O–d-glucoside (4S) 
	(S)-higenamine 4'-O–d-glucoside (1S) 
	(S)-Higenamine (5S) 
	(R)-Higenamine 4'-O–d-glucoside (1R) 
	(R)-Higenamine (5R) 



