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Phytochemical investigations ofDoVyalis abyssinica, D. hebecarpa, andD. macrocalyxrevealed two new spermidine-
type alkaloids, dovyalicin E (3) and dovyalicin F (4), along with the previously described dovyalicin A (1), dovyalicin
B (2), and dovyalicin C (5). In addition, a new phenol glucoside, 4-hydroxytremulacin (7), and the new 1,2-cyclohexanediol
glucoside9, as well as the known compounds methyl 1-hydroxy-6-oxocyclohex-2-enecarboxylate (6) and tremulacin
(8), were isolated. The structures were established using homo- and heteronuclear two-dimensional NMR experiments
and chiroptical methods. At ambient temperature, theN-disubstituted amide4 exists as a mixture ofcis and trans
conformers. Variable-temperature1H NMR studies showed that time-averaged spectra are obtainable at 348 K, and the
activation parameters determined for the rotation about the amide bond were∆Hq ) 89 ( 4.6 kJ/mol,∆Sq ) 65 ( 14
kJ/mol‚K, and ∆Gq(298K) ) 70 ( 4.5 kJ/mol.

DoVyalisE. Mey. ex Arn. is a small genus comprising 16 species.
DoVyalis species are frequently found in Central Africa, Meso-
america, and the northern part of South America. Phytochemical
information on the genus is sparse and mostly related to its role as
a source of food. Reports include studies on cyclopentenyl fatty
acids,1 tannins,2 pectin and amino acid composition ofD. caffra,3

and ascorbic acid content ofD. hebecarpa.4 Pharmacological
evaluation ofDoVyalis species is restricted to a report on antibacte-
rial and antifungal activity of extracts ofD. abyssinicaleaves.5

However, a recent study demonstrated the presence of a new class
of spermidine-type alkaloids in the leaves ofD. macrocalyx, with
dovyalicin A (1) as the main alkaloid.6 In this work, phytochemical
investigations ofD. macrocalyx, D. abyssinica, andD. hebecarpa
are reported. Two new dovyalicin-type alkaloids are described, and
the dynamic processes affecting the1H NMR spectrum of one of
these are investigated using variable-temperature NMR. In addition,
a new phenol glycoside and a new 1,2-cyclohexanediol glucoside
are reported.

Results and Discussion

Extracts ofD. abyssinicaleaves and twigs,D. macrocalyxtwigs,
and D. hebecarpaleaves and twigs were defatted with light
petroleum and fractionated on silica gel columns. On the basis of
TLC using Dragendorff’s reagent for visualization, alkaloid-
containing fractions were pooled. From the resulting fractions,
alkaloids1-4 as well as compounds6 and9 were isolated from
D. abyssinicaleaves by preparative-scale, normal-phase HPLC, and
1, 4, and 7 were similarly isolated fromD. abyssinicatwigs.
Preparative-scale, normal-phase HPLC afforded compounds1 and
5 in submilligram quantities fromD. macrocalyx twigs, and
compounds1, 7, and8 from D. hebecarpatwigs and leaves.

Compounds1 and 2 were identified as dovyalicins A and B,
respectively, on the basis of the similarity of1H and 13C NMR
spectroscopic data as well as specific rotation data to those
previously reported.6 The absolute configuration of both compounds
is 4S, as determined by comparison of their specific rotation with
that of natural homaline,7 for which the absolute configuration was
determined by X-ray crystallography and confirmed by synthesis.8-10

Compound3 was assigned the molecular formula C23H29N3O2

on the basis of HR-ESI-FTMS.1H and13C NMR data of3 (Table
1) were almost identical to those of1, except for the absence of a
single resonance aroundδ 43-44 in the13C NMR spectrum and
the absence of the three-proton singlet aroundδ 2.25 in the1H
NMR spectrum. This indicated that3 is theN5-demethyl analogue
of 1, which was confirmed by COSY, NOESY, HSQC, and HMBC
experiments (see Supporting Information, Table S1). Compound3
showed a negative specific rotation ([R]25

D -11.7), comparable to
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that observed for dovyalicins A (1) and B (2), and a negative CD
Cotton effect around 216 nm.6 Thus, the C-4 absolute configuration
of 3 is S. Compound3, (S)-1-(4-benzoylaminobutyl)hexahydro-4-
phenyl-1,5-diazocin-2(1H)-one, is a new alkaloid, for which the
name dovyalicin E is proposed.

Compound4 was assigned the molecular formula C25H33N3O2

on the basis of HR-ESI-FTMS. The1H NMR spectrum of4
acquired at 298 K in DMSO-d6 showed the presence of two sets of
closely spaced resonances in the ratio of 1:1 (Table 2 and Figure
1), whereas the1H NMR spectrum acquired at 348 K showed only

one set of resonances. The high-temperature1H NMR spectrum
showed the presence of a benzoyl group, a spermidine moiety, two
isochronousN-methyl groups atδ 2.17, and a cinnamoyl moiety
with two pairs of doublets of thetrans double bond (δ 7.08,J )
15.5 Hz, H-3;δ 7.46,J ) 15.5 Hz, H-4). A similar pattern of two
distinct sets of resonances was observed in the1H NMR spectra
acquired in CDCl3 at 298 K, and a complete analysis of COSY,
ROESY, HSQC, and HMBC spectra confirmed the structure4.
Thus, HMBC correlations were observed from H-4′ and H-3′′′ to
C-1′′′, from H-1′ and H-8 to C-2, and from H-6 to the carbon
resonance of the twoN-methyl groups. Details of correlations found
in COSY, ROESY, HSQC, and HMBC spectra are given in the
Supporting Information (Table S2). Compound4, N-(4-benzoyl-
aminobutyl)-N-(3-dimethylaminopropyl)-3-phenylpropenamide, is
a new compound, for which the name dovyalicin F is suggested.

The observation of two conformations in room-temperature1H
NMR spectra of compound4 is not unexpected because of the
hindered rotation about the C-2-N-1 amide bond. The energy
barrier for interconversion between thecis and thetrans isomer is

Table 1. 1H (600 MHz) and13C (100 MHz) NMR Data of3

chemical shift,δa,b

position 13C 1H

2 173.2
3 45.3 R: 3.03 (dd, 12.8, 10.9)

â: 2.52 (dd, 12.8, 2.0)
4 64.7 4.02 (dd, 10.9, 1.9)
5 1.80 (overlap with H-7â and H-2′)
6 44.3 R: 3.18 (ddd, 14.8, 12.0, 3.4)

â: 2.39 (ddd, 14.8, 5.1, 2.4)
7 31.5 R: 1.67 (m)

â: 1.77 (m)
8 45.4 R: 4.14 (ddd, 15.0, 12.6, 3.9)

â: 3.27 (ddd, 15.0, 4.7, 1.8)
1′ 45.0 3.69 (m)

3.22 (dt, 15.4, 3.4)
2′ 25.5 1.71 (m)
3′ 26.4 1.65 (m)
4′ 39.5 3.51 (m)

3.56 (m)
1′′ 144.6
2′′/6′′ 126.8 7.39 (AA′BB′C)
3′′/5′′ 128.7 7.32 (AA′BB′C)
4′′ 127.6 7.26 (AA′BB′C)
1′′′ 167.5
2′′′ 135.7
3′′′/7′′′ 127.0 7.84 (AA′XX ′Y)
4′′′/6′′′ 128.5 7.42 (AA′XX′Y)
5′′′ 131.3 7.48 (AA′XX ′Y)
NH 6.83 (s, br)

a Multiplicity of signals is given in parentheses: s, singlet; d, doublet;
t, triplet; m, multiplet; br, broad; coupling constants (apparent splittings)
are reported as numerical values in Hz.b Spectra recorded in CDCl3

using TMS as an internal standard.

Table 2. 1H (600 MHz) and13C (100 MHz) NMR Data of4 at Fast and Slow Exchange

chemical shift,δa,b

fast exchange (348 K) conformation 1 (298 K) conformation 2 (298 K)

position 1H 13C 1H 13C 1H

2 165.2 165.0
3 7.08 (d, 15.5) 118.8 7.19 (d, 15.4) 118.5 7.12 (d, 15.4)
4 7.46 (d, 15.5) 140.8 7.49 (d, 15.4) 141.2 7.49 (d, 15.4)
6 2.28 (t, 6.60) 56.3 2.25 (m) 55.8 2.25 (m)
7 1.68 (q, 7.14) 27.0 1.66 (m) 25.2 1.66 (m)
8 3.45 (m, overlap with H-1′) 44.9 3.49 (m) 44.2 3.49 (m)
1′ 3.42 (m, overlap with H-8) 46.9 3.52 (m) 45.4 3.52 (m)
2′ 1.60 (m, overlap with H-3′) 26.5 1.59 (m) 24.9 1.59 (m)
3′ 1.58 (m, overlap with H-2′) 26.9 1.51 (m) 26.7 1.51 (m)
4′ 3.31 (dt, 5.8, 6.7) 38.7 3.29 (m) 3.29 (m)
1′′ 135.2 135.0
2′′/6′′ 7.61 (AA′XX ′Y) 127.8 7.69 (AA′XX ′Y) 127.7 7.65 (AA′XX ′Y)
3′′/5′′ 7.38 (AA′XX′Y) 128.8 7.39 (m) 7.40 (m)
4′′ 7.34 (AA′XX ′Y) 129.3 7.34 (m)
1′′′ 166.2 166.0
2′′′ 134.7 134.5
3′′′/7′′′ 7.81 (AA′XX ′Y) 127.1 7.83 (AA′XX ′Y) 7.81 (AA′XX ′Y)
4′′′/6′′′ 7.41 (AA′XX′Y) 128.2 7.44 (m) 7.42 (m)
5′′′ 7.48 (AA′XX ′Y) 131.0 7.47 (m) 7.43 (m)
N-H 8.19 (s, br) 8.48 (t, 5.6)
N-Me 2.17 (s) 44.9 2.14 (s) 44.8 2.17 (s)

a Multiplicity of signals is given in parentheses: s, singlet; d, doublet; t, triplet; m, multiplet; br, broad; coupling constants (apparent splittings)
are reported as numerical values in Hz.b Spectra recorded in DMSO-d6 using TMS as an internal standard.

Figure 1. Expansions of 600 MHz1H NMR spectra of4 in DMSO-
d6 acquired at temperatures between 298 and 348 K.
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generally accepted to be in the range 55-100 kJ/mol,11-14 which
corresponds to slow to intermediate exchange on the NMR time
scale at room temperature. For more complex compounds such as
acylated polyamines,1H and13C NMR spectra acquired under slow
exchange conditions are usually not suitable for unambiguous
structure elucidation and assignment of resonances.15 To assess the
energy barrier for thecis/trans amide interconversion in4 and to
obtain1H NMR reference data under conditions of fast exchange,
variable-temperature1H NMR spectra were acquired. Thus, spectra
of 4 dissolved in DMSO-d6 were recorded at temperatures from
298 to 348 K in steps of 10 K. Expansions of spectral regions
betweenδ 6.6 and 8.6 are shown in Figure 1. The spectrum acquired
at 298 K shows separate sets of signals for each conformation in
slow exchange. At 348 K, time-averaged signals exhibiting fine
structure are observed, which represents the fast exchange regime.

The difference in free energy between the two conformations
observed at 298 K is negligible, as shown by equal populations of
each conformation observed in the1H NMR spectrum. The
resonances of H-3 and of theN-methyl groups were used for full
line-shape analysis (Figure 2), which gave exchange rate constants
at each temperature. The kinetics of the interconversion were
obtained from the Eyring plot, yielding activation parameters∆Hq

) 89 ( 4.6 kJ/mol,∆Sq ) 65 ( 14 kJ/mol‚K, and∆Gq(298K) )
70 ( 4.5 kJ/mol.

Compound5 was identified as dovyalicin C on the basis of the
similarity of 1H NMR data as well as specific rotation data to those
previously reported.6

Compound6 was identified as methyl 1-hydroxy-6-oxocyclohex-
2-enecarboxylate on the basis of comparison of its1H and13C NMR
spectra with those reported.16

Compounds7 and 8 were assigned the molecular formulas
C27H28O12 and C27H28O11, respectively, on the basis of the HR-
ESI-TOF-MS.1H and13C NMR data of8 (Table 3) were identical
to those reported for tremulacin, previously isolated from the bark
of Salix acutifolia,17 Populus tremula,18 and P. tremuloides19

(Salicaceae). The structure of8 was also confirmed by full analysis
of COSY, NOESY, HSQC, and HMBC experiments (see Support-
ing Information, Table S4). The1H and 13C NMR spectra of7
resembled those of8, except that the characteristic resonances of
a 1,2-disubstituted aromatic ring observed in the1H NMR spectrum

of 8 were replaced by the resonances of a 1,2,4-trisubstituted phenyl
moiety. The presence of a C-4 hydroxy group in7 was shown by
the upfield shift of H-3 and H-5 (δ 6.61, d,J ) 3.0 Hz, H-3;δ
6.67, dd,J ) 8.9 and 3.0 Hz, H-5) and by correlations between
C-4 and H-3, H-5, and H-6 in the HMBC spectrum. Additional
heteronuclear long-range correlations between H2′′ and C-1′′′, H1′′
and C-1, and H-7 and C-7′ proved the linkages between the benzoyl
group, the glucosyl residue, the gentisyl alcohol moiety, and the
oxocyclohexenecarboxylic acid residue. Details of the structural
analysis of 7, including COSY, NOESY, HSQC, and HMBC
spectra, are given in the Supporting Information, Table S3.
Compound7, 4-hydroxy-2-(1-hydroxy-6-oxocyclohex-2-enecarbo-
nyloxymethyl)phenyl 2-O-benzoyl-â-D-glucopyranoside, a hydroxy
analogue of tremulacin, is a new compound.

Compound9 was assigned the molecular formula C23H30O10, as
determined by HR-ESI-TOF-MS. The1H NMR spectrum of9
showed resonances of ap-hydroxycinnamoyl group, an acetyl group,
and a glucose residue (Table 3). A large downfield shift of H-3′
and H-4′ of the glucose unit (δ 5.21 and 5.01, respectively) and
correlations between H-3′ and C-1′′ and between H-4′ and C-1′′′
in the HMBC spectrum showed the position of the acetyl and the
p-hydroxycinnamoyl residues. Additional signals from 10 aliphatic
hydrogens and six carbon atoms were observed in the1H and13C
NMR spectra (Table 3). Combined use of COSY, NOESY, HSQC,
and HMBC spectra showed that these signals originate from atrans-
1,2-cyclohexanediol moiety. The attachment of the latter to C-1′
of the glucose residue was confirmed by the NOE correlations
between H-1′ and H-1, H-2, and H-3 and by a correlation between
H-1′ and C-1 in the HMBC spectrum. Details of the structural
analysis of 9, including COSY, NOESY, HSQC, and HMBC
spectra, are given in the Supporting Information, Table S5.
Compound 9 is a novel compound. Related structures with
p-hydroxycinnamoyl or caffeoyl in the 2-position of the glucoside
and with acis-1,2-cyclohexanediol moiety have previously been
isolated fromPopulus grandidentata,20,21 Salix fragilis,22 and S.
purpurea.23

The present work demonstrates that the ability to produce
dovyalicin-type spermidine alkaloids is a general feature of the
genusDoVyalis. At the same time, variable-temperature1H NMR
spectroscopy was demonstrated to be a valuable tool for studies of
acylated polyamines.15,24 The genusDoVyalis has formerly been
classified in the family Flacourtiaceae together withHomalium,
another genus producing spermine-type alkaloids.15 Flacourtiaceae
has long been recognized as a family having a highly variable and
controversial circumscription.25 Recently, cyanogenic tribes of
Flacourtiaceae were separated in the family Achariaceae, and the
noncyanogenic tribes, includingDoVyalis and Homalium, were
united with Salicaceae.26 While alkaloids are uncommon in Sali-
caceae, the phenol glucosides such as tremulacin (7) and the closely
related salicortin (a debenzoyl derivative of tremulacin) are known
to be characteristic markers of Salicaceae. In fact, an isomer of8,
containing the benzoyl group at O-6 of the glucose moiety rather
than O-2 (homaloside B), and similar phenolic glucosides (homa-
losides A and C) have already been isolated fromHomalium.16,27

Thus, the occurrence of phenolic glucosides of this type is in
agreement with circumscription of the expanded Salicaceae.

Experimental Section

General Methods.Optical rotations were measured using a Perkin-
Elmer 241 polarimeter. NMR spectra were recorded on a Bruker Avance
600 or a Bruker Avance 400 spectrometer (proton frequency 600.13
and 400.13 MHz, respectively) at 25°C, using TMS as internal standard.
NOESY spectra were obtained at 600 MHz with mixing times of 500
or 700 ms. gHMBC and gHSQC spectra were optimized fornJC,H )
7.7 Hz and 1JC,H ) 145 Hz, respectively. High-resolution mass
measurements for exact mass determination were carried out using a
Bruker APEX-Q III 7 T ion-cyclotron resonance mass spectrometer
equipped with electrospray ionization (ESI) source (Combi source)

Figure 2. Observed (left) and calculated (right) 600 MHz1H NMR
spectra in DMSO-d6 of the olefinic proton (H-3) and theN-methyl
groups of4. Rate constants were obtained from the iterative fitting
procedure.
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operating in positive-ion mode. The spectra were externally calibrated
with collision-induced dissociation spectrum of luteinizing hormone
releasing hormone. Samples were dissolved in MeOH and diluted with
spray solution, 0.1% HCOOH in MeOH-H2O (1:1). For compounds
7-9, high-resolution measurements were performed on a Micromass
QTOF spectrometer equipped with ESI ion source, operating in positive-
ion mode. Spectra were dissolved in MeOH, and poly(ethylene glycol)
(PEG) was added for calibration. Column chromatography was
performed on Matrex silica gel 60A (particle size 70-200 µm).
Alkaloid-containing fractions were monitored using precoated silica
gel 60 F254 TLC plates with Dragendorff’s reagent for visualization.
Normal-phase HPLC separations were carried out on a Phenomenex
Si60 column (250× 21.2 mm, particle size 5µm) eluted with heptane-
CHCl3-methanolic NH3 or CHCl3-methanolic NH3 mixtures as
described below. The separations were performed on a system consisting
of two Waters Model 501 pumps, a Waters 484 tunable absorbance
detector operated at 254 nm, and a Servogor 120 recorder.

Plant Material. Leaves and stems ofDoVyalis abyssinica(A. Rich)
Warb. and stems ofD. macrocalyx(Oliv.) Warb. were collected in
Kenya (K4, Embu District, Irangi Forrest, and K5, North Kavirondo
District, Kakamega Forest, respectively) in April 2001. Leaves and
stems ofD. hebecarpa(Gardner) Warb. were collected in a greenhouse
of the Botanical Garden, University of Copenhagen, Copenhagen,
Denmark. Voucher specimens of all plants (DFHJJ37, DFHJJ35, and
DFHJJ50, respectively) were deposited in Herbarium C (Botanical
Museum, University of Copenhagen, Copenhagen, Denmark).

Extraction and Isolation. Powdered leaves (200 g) ofD. abyssinica
were extracted three times with 1 L of CH2Cl2-MeOH (1:1). The
combined extract was evaporated, and the residue (30 g) was partitioned
between MeOH-H2O (9:1) (1 L) and petroleum ether (1× 1.5 L and
2 × 1 L). The MeOH-H2O fraction (27 g) was further fractionated on
an open silica column (46× 3.5 cm i.d.) eluted with CH2Cl2 containing
5-50% MeOH and 1% concentrated aqueous NH3. TLC using
Dragendorff’s reagent identified alkaloid-containing fractions, and
fractions showing similar TLC profiles were pooled into seven fractions,
A-G, which were further purified by normal-phase HPLC. Fraction
B was chromatographed with CHCl3-saturated methanolic NH3 (99:

1), which gave 13.8 mg of1. Fraction D was chromatographed with
CHCl3-saturated methanolic NH3 (99:1), which gave 14 mg of9.
Fraction E was chromatographed with CHCl3-saturated methanolic
NH3 (99:1) to give 87 mg of a mixture of1 and3, which after repeated
purification using the same solvent gave 7.5 mg of1 and 8.6 mg of3.
Fraction F was further fractionated on an open silica column (71× 2
cm i.d.) eluted with CHCl3-MeOH-concentrated aqueous NH3 (92:
7:1), which gave fractions F1-F3 (31, 22, and 35 mg, respectively).
Fraction F1 was chromatographed with CHCl3-saturated methanolic
NH3 (99.5:0.5) to give 4.6 mg of3 and fraction F1.2, which was further
chromatographed with heptane-CHCl3-concentrated aqueous NH3 to
give 4.7 mg of6. Fraction F2 contained2 but was not further purified.
Fraction F3 was chromatographed twice with CHCl3-saturated metha-
nolic NH3 (99.5:0.5 and 99:1, respectively), which gave 6.4 mg of2.
Fraction G was chromatographed twice with CHCl3-MeOH-saturated
methanolic NH3 (95:4:1 and 97:2:1, respectively), which gave 1.6 mg
of 4.

Powdered twigs (532 g) ofD. abyssinicawere extracted four times
with CH2Cl2-MeOH (1:1) (1× 3 L and 3× 2 L). The combined
extract was evaporated, and the residue (35 g) was partitioned between
MeOH-H2O (9:1) (1 L) and petroleum ether (3× 1 L). The MeOH-
H2O fraction (30 g) was further fractionated on an open silica column
(50 × 3.5 cm i.d.), eluted with CH2Cl2 containing 5-50% MeOH and
1% concentrated aqueous NH3. TLC using Dragendorff’s reagent
identified alkaloid-containing fractions, and fractions showing similar
TLC profiles were pooled into three fractions, A-C, which were further
chromatographed by normal-phase HPLC. White crystals precipitated
from fraction B, which after filtering and washing afforded 995 mg of
7. The mother liquor of fraction B was further fractionated on an open
silica column (79× 2 cm i.d.) eluted with CHCl3 containing 5-10%
MeOH and 1% concentrated aqueous NH3, which gave fractions B1-
B4. Fraction B1 (26.7 mg) was purified by HPLC with CHCl3-
saturated methanolic NH3 (99:1), which gave 5.1 mg of1. Fraction C
was further fractionated on an open silica column (71× 2 cm i.d.)
eluted with CHCl3-MeOH-aqueous NH3 (9:1:0.1), which gave fraction
C1-C3. Fraction C2 (38.4 mg) was purified by HPLC with CHCl3-
MeOH-concentrated aqueous NH3 (94:5:1) to give 9.9 mg of4.

Table 3. 1H (600 or 400 MHz) and13C (100 MHz) NMR Data of7, 8, and9

chemical shift,δ

7a,c,d 8a,c,e 9b,c,d

position 13C 1H 13C 1H 13C 1H

1 149.6 156 74.0 3.49 (m)
2 127.6 127.5 84.4 3.45 (m)
3 116.5 6.61 (d, 2.9) 129.5 7.14 (dd, 5.5, 1.4) 31.2 ax: 1.31 (m), eq: 2.09 (br d, 11.6)
4 154.2 123.1 6.97 (td, 7.4, 0.9) 24.9 ax: 1.26 (m), eq: 1.71 (m)
5 116.9 6.67 (dd, 8.9, 3.1) 130.1 7.23 (td, 8.3, 1.8) 25.1 ax: 1.26 (m), eq: 1.71 (m)
6 119.5 7.07 (d, 8.8) 115.6 7.02 (d, 7.8) 33.7 ax: 1.27 (m), eq: 1.98 (m)
7 63.9 4.87 (d, 12.5), 4.97 (d, 12.5) 63.6 4.95 (d, 12.6), 5.08 (d, 12.6)
1′ 79.2 78.3 102.4 4.56 (d, 7.8)
2′ 129.3 5.68 (dt, 9.8, 1.8) 127.5 5.68 (dt, 10.0, 1.2) 73.0 3.50 (dd, 7.8, 9.6)
3′ 133.4 6.13 (dt, 9.8, 3.7) 132.1 6.01 (dt, 10.0, 3.7) 76.5 5.21 (t, 9.6)
4′ 27.3 2.50 (m), 2.65 (m) 26.6 2.41 (m), 2.60 (m) 70.3 5.01 (t, 9.6)
5′ 36.9 2.49 (m), 2.85 (m) 35.3 2.52 (m), 2.91 (dt, 14.7, 8.0) 75.7 3.67 (m)
6′ 207.3 207.5 62.0 3.56 (dd, 12.6, 6.1), 3.66 (m)
7′ 171.2 170
1′′ 102.3 5.06 (d, 8.0) 99.5 5.15 (d, 7.85) 172.2
2′′ 75.7 5.22 (dd, 9.6, 8.0) 74.0 5.30 (dd, 8.6, 8.2) 20.9 1.99 (s)
3′′ 76.1 3.78 (dd, 9.6, 8.7) 74.8 3.86-3.9 (m)
4′′ 71.7 3.54 (dd, 9.7, 8.7) 69.9 3.86-3.9 (m)
5′′ 78.4 3.49 (ddd, 9.7, 5.5, 2.3) 76.1 3.51 (m)
6′′ 62.6 3.76 (dd, 12.0, 2.3),

3.94 (dd, 12.0, 5.5)
61.3 3.86-3.9 (m)

1′′′ 167.3 166.0 167.9
2′′′ 131.3 129.5 114.1 6.27 (d, 15.9)
3′′′ 130.9 8.08 (AA′MM ′X) 129.9 7.99 (AA′MM ′X) 147.8 7.62 (d, 15.9)
4′′′ 129.7 7.48 (AA′MM′X) 128.4 7.34 (AA′MM′X) 126.9
5′′′ 134.5 7.60 (AA′MM ′X) 133.3 7.49 (AA′MM ′X) 131.4 7.45 (AA′XX ′)
6′′′ 116.9 6.81 (AA′XX′)
7′′′ 161.6

a 600 MHz 1H NMR spectra.b 400 MHz 1H NMR spectra.c Multiplicity of signals is given in parentheses: s, singlet; d, doublet; t, triplet; m,
multiplet; br, broad; coupling constants (apparent splittings) are reported as numerical values in Hz.d Spectra recorded in CD3OD using TMS as
an internal standard.e Spectra recorded in CDCl3 using TMS as an internal standard.
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Powdered twigs (250 g) ofD. macrocalyxwere extracted with
CH2Cl2-MeOH (1:1) (1× 1.5 L and 2× 1 L). The combined extract
was evaporated, and the residue (5.9 g) was partitioned between
MeOH-H2O (9:1) (1 L) and petroleum ether (6× 500 mL). The
MeOH-H2O fraction (4.1 g) was further fractionated on an open silica
column (73× 3.5 cm i.d.) eluted with CH2Cl2 containing 10-40%
MeOH and 1% concentrated aqueous NH3. Alkaloid-containing frac-
tions, as determined by TLC using Dragendorff’s reagent, were pooled
into two fractions, A and B, which were further fractionated by normal-
phase HPLC. Fraction A was chromatographed with CH2Cl2-MeOH-
diethylamine (98:1.5:0.5) and then with CH2Cl2-MeOH-concentrated
aqueous NH3 (97:2.75:0.25), to give 0.3 mg of1. Fraction B was
chromatographed with CH2Cl2-MeOH-concentrated aqueous NH3 (9:
1:0.1), which after repeated purification with CH2Cl2-MeOH-
concentrated aqueous NH3 (98.75:1.25:0.1) gave 0.4 mg of5.

Powdered twigs and leaves (100 g) ofD. hebecarpawere extracted
with CH2Cl2-MeOH (1:1) (2× 0.5 L and 1× 1 L). The combined
extract was evaporated, and the residue (26 g) was partitioned between
MeOH-H2O (9:1) (0.5 L) and petroleum ether (9× 250 mL). The
MeOH-H2O fraction (21 g) was further fractionated on an open silica
column (37× 10 cm i.d.), eluted with CH2Cl2 containing 10-50%
MeOH and 1% concentrated NH3. TLC using Dragendorff’s reagent
identified alkaloid-containing fractions, and fractions showing similar
TLC profiles were pooled into five fractions, A-E, which were further
fractionated by normal-phase HPLC. Fraction A was chromatographed
twice with CH2Cl2-MeOH-concentrated aqueous NH3 (97:2.75:0.25),
which gave 21.7 mg of1. Fraction D was chromatographed with
CH2Cl2-MeOH-concentrated aqueous NH3 (8.7:1.2:0.1), which gave
284 mg of8. Fraction E contained large amounts of white precipitate,
which after filtering and washing afforded 3.6 g of7.

Dovyalicin A [(S)-1-(4-benzoylaminobutyl)hexahydro-5-methyl-
4-phenyl-1,5-diazocin-2(1H)-one] (1): colorless gum; [R]25

D -10.4
(c 0.51, CHCl3), lit.6 -12.4; 1H and 13C NMR spectra as previously
reported.6

Dovyalicin B [(S)-1-(4-acetylaminobutyl)hexahydro-5-methyl-4-
phenyl-1,5-diazocin-2(1H)-one] (2): colorless gum; [R]25

D -23.5 (c
0.39, CHCl3), lit.6 -13.7; 1H and 13C NMR spectra as previously
reported.6

Dovyalicin C [1-(4-benzoylaminobutyl)hexahydro-5-methyl-3-
benzoyl-1,5-diazocin-2(1H)-one] (5): colorless gum; [R]25

D -1.1 (c
0.79, CHCl3), lit.6 -1.1; 1H and 13C NMR spectra as previously
reported.6

Dovyalicin E [(S)-1-(4-benzoylaminobutyl)hexahydro-4-phenyl-
1,5-diazocin-2(1H)-one] (3): colorless gum; [R]25

D -11.7 (c 0.42,
CHCl3); 1H and 13C NMR data in Table 1; HR-ESI-FTMSm/z
380.23296 [MH]+, C23H30N3O2 requires 380.23325,m/z402.21501 [M
+ Na]+, C23H29N3O2Na requires 402.21520.

Dovyalicin F [N-(4-benzoylaminobutyl)-N-(3-dimethylaminopro-
pyl)-3-phenylpropenamide] (4):colorless gum;1H and13C NMR data
in Table 2; HR-ESI-FTMSm/z408.26428 [MH]+, C25H34N3O2 requires
408.26455.

Methyl 1-hydroxy-6-oxocyclohex-2-enecarboxylate (6):colorless
gum; [R]25

D -185.9 (c 0.59, CHCl3); 1H NMR (CDCl3, 600 MHz) δ
6.13 (1H, dt,J ) 9.8, 3.6 Hz, H-3), 5.79 (1H, ddd,J ) 9.8, 2.2, 1.7
Hz, H-2), 4.19 (1H, br s, OH), 3.80 (3H, s, OCH3), 3.00 (1H, dt,J )
14.5, 8.1 Hz, H-5A), 2.78 (1H, m, H-4A), 2.68 (1H, ddd,J ) 14.5,
6.3, 3.6 Hz, H-5B), 2.58 (1H, m, H-4B);13C NMR (CDCl3, 100 MHz)
δ 205.4 (C-6), 170.4 (C-7), 131.9 (C-3), 127.7 (C-2), 78.0 (C-1), 53.5
(OCH3), 35.1 (C-5), 26.9 (C-4).

4-Hydroxytremulacin [4-hydroxy-2-(1-hydroxy-6-oxocyclohex-
2-enecarbonyloxymethyl)phenyl 2-O-benzoyl-â-D-glucopyranoside]
(7): yield 995 mg (D. abyssinicatwigs) and 3.6 g (D. hebecarpatwigs
and leaves) as white precipitate; [R]25

D -97.4 (c 0.63, CH3OH); 1H
and13C NMR data in Table 3; HR-ESI-TOF-MSm/z 567.1479 [M+
Na]+, C27H28O12Na requires 567.1473.

Tremulacin [2-(1-hydroxy-6-oxocyclohex-2-enecarbonyloxymeth-
yl)phenyl 2-O-benzoyl-â-D-glucopyranoside] (8):yield 284 mg (D.
hebecarpatwigs and leaves) as white precipitate; [R]25

D -134.7 (c 0.59,
CH3OH), lit.19 -126.5 (c 2.53, CH3OH); 1H and13C NMR data in Table
3; HR-ESI-TOF-MSm/z 551.1530 [M+ Na]+, C27H28O11Na requires
551.1524.

trans-2-{3-O-Acetyl-4-O-[(E)-4-hydroxycinnamoyl]-â-D-gluco-
pyranosyloxy}cyclohexanol (9):yield 14 mg (D. abyssinicaleaves)
as white crystals; [R]25

D -40 (c 0.72, CH3OH); 1H and13C NMR data

in Table 3; HR-ESI-TOF-MSm/z 489.1749 [M+ Na]+, C27H28O11Na
requires 489.1731.

Dynamic NMR Experiments. Variable-temperature1H NMR
measurements with dovyalicin F (4) were performed with a sample
dissolved in DMSO-d6 and thermostated by means of a stream of liquid
nitrogen vapor heated to required temperatures using a temperature
controller. Temperature calibrations were performed separately using
a glycol standard (80% in DMSO-d6). The uncertainties in temperature
measurements are(1 K. Rate constants were derived from spectra by
a full line-shape analysis using gNMR ver. 4.1.2 software (Cherwell
Scientific). Standard deviations of the activation parameters were
calculated taking the temperature uncertainty and the rate constant
uncertainty into account.
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