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ABSTRACT: 2,2-Dimethyl-3-hydroxy-4-(1′-angeloyloxy)-6-ace-
tylchromane is a natural product isolated from Ageratina grandifolia
that exhibits inhibitory activity against yeast α-glucosidase. Initially,
its structure was proposed to be 4-hydroxy-3-((S)-1′-angeloyloxy-
(R)-2′,3′-epoxy-3′-methyl)butylacetophenone with an epoxide, but
the structure was later revised to 2,2-dimethyl-3R-hydroxy-4S-(1-
angeloyloxy)-6-acetylchromane. In this study, we present a total
synthesis of 2,2-dimethyl-3-hydroxy-4-(1′-angeloyloxy)-6-acetyl-
chromane from A. gradifolia and its stereoisomers. The key features
of their synthesis include Sharpless asymmetric dihydroxylation of a
readily available benzopyran substrate and subsequent Mitsunobu
or Steglich reaction to provide both cis- and trans-isomers with chiral control. The absolute stereochemistry of the natural product
was determined to be 2,2-dimethyl-3S-hydroxy-4R-(1′-angeloyloxy)-6-acetylchromane based on optical rotations of the synthesized
compounds. The absolute configuration of the synthesized stereoisomers was confirmed by Mosher ester analysis. In addition, we
provided ECD spectra for the four stereoisomers, which will allow verification of the absolute configuration of the natural product.
Synthesis of all four stereoisomers of 2,2-dimethyl-3-hydroxy-4-(1′-angeloyloxy)-6-acetylchromane would facilitate the exploration of
their potential biomedical applications.

■ INTRODUCTION
Computational nuclear magnetic resonance (NMR) methods
have emerged as a convenient strategy for determining the
structures of natural products.1 Machine learning and artificial
intelligence have further advanced computational prediction by
simulating numerous complex molecules.2 However, structural
revisions are still not uncommon, and the revision and
confirmation of the molecular architectures of natural products
is fundamental for the discovery of novel bioactive
compounds.3 Ageratina grandifolia is a perennial herb used as
a traditional remedy for treating stomach discomfort and skin
afflictions.4 2,2-Dimethyl-3-hydroxy-4-(1′-angeloyloxy)-6-ace-
tylchromane is a natural product isolated from the aerial
parts of A. grandifolia, which exhibits inhibitory activity against
yeast α-glucosidase.5 Initially, its structure was proposed to be
4-hydroxy-3-((S)-1′-angeloyloxy-(R)-2′,3′-epoxy-3′-methyl)-
butylacetophenone by Mata et al., and hereafter, Mata et al.
revised the structure to 2,2-dimethyl-3R-hydroxy-4S-(1-ange-
loyloxy)-6-acetylchromane (Figure 1, 1a).6 The chemical
structure of the natural product, including the absolute
configuration, was determined based on the experimental
NMR values, density functional theory (DFT) shielding
tensors, and DP4+/J-DP4 statistical analyses.6

Navarro-Vaźquez also revised the structure to rel-2,2-
dimethyl-3R-hydroxy-4S-angeloyloxy-6-acetylchromane, inde-
pendently.7 Notably, Navarro-Vaźquez calculated a conforma-
tionally averaged [α]D value of −5.1 for 2,2-dimethyl-3R-
hydroxy-4S-angeloyloxy-6-acetylchromane based on computed
optical rotations,7 although the originally reported [α]D value
for the natural product was +25.8.5 Navarro-Vaźquez noted
that assigning an absolute configuration to the natural product
would require detailed chiroptical studies.7

Owing to our interest in bioactive prenylated phenols and
related compounds, such as chromanes, we employed a
classical approach referred to as structural confirmation by
the synthesis. Four stereoisomers of 2,2-dimethyl-3-hydroxy-4-
(1′-angeloyloxy)-6-acetylchromane were synthesized asym-
metrically to elucidate the chemical structure, including
absolute configurations of C3 and C4 stereogenic carbons.

Received: July 24, 2023
Accepted: September 8, 2023
Published: September 26, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

37384
https://doi.org/10.1021/acsomega.3c05349

ACS Omega 2023, 8, 37384−37390

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Changmin+Oh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ji+Hyeon+Im"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Munhyung+Bae"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jong-Wha+Jung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c05349&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05349?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05349?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05349?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05349?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05349?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/40?ref=pdf
https://pubs.acs.org/toc/acsodf/8/40?ref=pdf
https://pubs.acs.org/toc/acsodf/8/40?ref=pdf
https://pubs.acs.org/toc/acsodf/8/40?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c05349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


The synthesis provided facile access to the natural product and
its stereoisomers. In this study, we present the synthesis and
the revision of the absolute stereochemistry of 2,2-dimethyl-3-
hydroxy-4-(1′-angeloyloxy)-6-acetylchromane, a natural prod-
uct obtained from A. grandifolia.8

■ RESULTS AND DISCUSSION
The synthetic plan for the four stereoisomers of 2,2-dimethyl-
3-hydroxy-4-(1′-angeloyloxy)-6-acetylchromane 1 is illustrated
in Figure 1. The Sharpless asymmetric dihydroxylation was
used to achieve enantioselective synthesis, thereby resulting in
cis-hydroxyl groups at C3 and C4 starting from the benzopyran
substrate 2.9 Subsequently, the stereochemistry at C4 was
inverted through a Mitsunobu reaction10 using an appropriate
carboxylic acid, yielding trans-configuration for C3 and C4 in
compounds 1a or 1c. Conversely, to maintain cis-configuration
for C3 and C4 in compounds 1b or 1d, we employed the
Steglich reaction11 for selective esterification of cis-diol. The
Sharpless asymmetric dihydroxylation,12 Mitsunobu,13 and
Steglich14 reactions are well-established methods known for
their reliability in terms of reactivity and chiral control.

Our synthesis commenced with the preparation of
benzopyran 2 as shown in Scheme 1. Commercially available
4-hydroxyacetophenone was reacted with 3-chloro-3-methyl-1-
butyne to obtain the corresponding α,α-dimethyl propargyl
ether. Subsequent cyclization upon heating resulted in the
formation of benzopyran 2. Afterward, enantiomerically
enriched cis-diol 3a and 3b were successfully synthesized
through osmium-catalyzed asymmetric dihydroxylation9 using
chiral ligands (DHQ)2PHAL and (DHQD)2PHAL, respec-
tively. The absolute configurations of cis-diol 3a and 3b were
tentatively assigned using Sharpless’s mnemonic device, and
enantiomeric excesses were determined by chiral high-
performance liquid chromatography (HPLC) analysis (Sup-
porting Information). Notably, asymmetric dihydroxylation of
2,2-dimethyl-2H-chromene was included in Sharpless’s original
paper.9

Mitsunobu reaction of 3a with angelic acid in the presence
of PPh3 and DIAD led to the inversion of stereochemistry at
C4, in turn, yielding the desired 2,2-dimethyl-3R-hydroxy-4S-
angeloyloxy-6-acetylchromane (1a). Steglich reaction of 3a
with angelic acid using DCC and DMAP yielded 2,2-dimethyl-
3R-hydroxy-4R-angeloyloxy-6-acetylchromane (1b). Similar

synthetic approaches were employed to convert cis-diol 3b to
2,2-dimethyl-3S-hydroxy-4R-angeloyloxy-6-acetylchromane
(1c) and 2,2-dimethyl-3S-hydroxy-4S-angeloyloxy-6-acetyl-
chromane (1d) under Mitsunobu and Steglich reactions,
respectively.

After obtaining the four requisite stereoisomers, 1a−d, we
compared 1H and 13C NMR spectra of the natural product
reported and synthetic 1a−d to confirm its chemical structure
(Tables S1 and S2, Supporting Information). The NMR
spectra of 1a and 1c were in good accordance with those
reported.6 However, the optical rotation of 1a ([α]D

24 = −56.3,
c 0.22, CHCl3) contrasted with that of the natural product
([α]D

25 = +25.8, c 1, CHCl3) whose structure was proposed to

Figure 1. Proposed structures of the natural product from A.
grandifolia.

Scheme 1. Synthetic Plan and Asymmetric Synthesis of Four
Stereoisomers of 2,2-Dimethyl-3-hydroxy-4-(1-
angeloyloxy)-chromanea

aReagents and conditions: (a) 3-chloro-3-methyl-1-butyne, K2CO3,
KI, CuI, acetone, 80 °C; (b) dimethylformamide (DMF), 155 °C; (c)
(DHQ)2PHAL, K2OsO2(OH)4, K3Fe(CN)6, K2CO3, MeSO2NH2, t-
BuOH, H2O, 0 °C; (d) (DHQD)2PHAL, K2OsO2(OH)4, K3Fe-
(CN)6, K2CO3, MeSO2NH2, t-BuOH, H2O, 0 °C; (e) angelic acid,
PPh3, DIAD, tetrahydrofuran (THF), 0 °C to rt; (f) angelic acid,
DCC, DMAP, CH2Cl2, 0 °C.
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be 2,2-dimethyl-3R-hydroxy-4S-angeloyloxy-6-acetylchromane
(1a) (Table 1). Consequently, we revised the structure of the

natural product to 2,2-dimethyl-3S-hydroxy-4R-angeloyloxy-6-
acetylchromane (1c) based on the optical rotations. Although
Sharpless asymmetric dihydroxylation has been applied
extensively in the asymmetric synthesis of various chiral
compounds and its efficiency and reliability have demonstrated
that it is one of the most predictable methods for chiral
control, we aimed to verify the production of the desired chiral
compounds.

Therefore, we conducted the Mosher ester analysis15 to
confirm the absolute configurations of Sharpless dihydrox-
ylation products, cis-diol 3a and 3b. cis-Diol 3a was treated
with Mosher’s acid chlorides, (R)-(−)-α-methoxy-α-
(trifluoromethyl)phenylacetyl chloride, or (S)-(−)-α-me-
thoxy-α-(trifluoromethyl)phenylacetyl chloride, which resulted
in the formation of 4aS and 4aR esters, respectively (Scheme
2). Similarly, cis-diol 3b was converted to 4bS and 4bR esters.
Finally, the configurations of both cis-diol 3a and 3b were
verified by comparative analysis of the 1H NMR spectral data
of 4aS, 4aR, 4bS, and 4bR (Tables S3).

Data from the ECD experiments and calculations also
supported the assigned absolute configurations for 1a−d. The
energy minimized conformers of 1a−d were calculated, and
the ECD spectra for the conformers were calculated using
time-dependent DFT calculations at the B3LYP/def-SV(P)//
B3LYP/def-SV(P) level for all atoms (see Supporting
Information, Tables S4−S7). The experimental ECD spectra
of 1a−d were consistent with the calculated ECD spectra of
1a−d (Figure 2).

Finally, we tested the effects of four stereoisomers on several
enzymes, including butyrylcholinesterase, acetylcholinesterase,
and monoamineoxidase (MAO)-A and B, associated with
central nervous system disorders. As a result, 1c selectively
inhibited MAO-B by 21.1% at 10 μM (Supporting
Information, Figure S1). MAO-B inhibitors are used in the
treatment of Parkinson’s and Alzheimer’s diseases while both
MAO-A and -B inhibitors are used against anxiety and
depression.16 Clinically available MAO-B inhibitors suffer
from significant side effects such as nausea, lightheadedness,
headache, confusion, and hallucinations,17 and there is an
unmet medical need to develop novel MAO-B inhibitors
without undesirable adverse effects. Although ours is a
preliminary result, it shows potential use of these compounds
for biomedical applications.

■ EXPERIMENTAL SECTION
General Experimental Procedure. Materials and re-

agents were purchased from Sigma-Aldrich, Alfa Aesar, and
TCI, and used as received unless stated otherwise. Air- and
moisture-sensitive reactions were conducted under Ar.
Reactions were monitored by analytical thin layer chromatog-
raphy using 0.25 mm silica gel plates (Merck & Co., Inc.,
Kenilworth, NJ, USA). Flash column chromatography was
performed using Isolera (Biotage, Uppsala, Sweden) or
manually using silica gel (260−400 mesh size; Merck & Co.,
Inc., Kenilworth, NJ, USA). NMR spectra were recorded by a
spectrometer (Avance 500 MHz; Bruker Instruments Inc.,
Billerica, MA, USA) using deuterated solvents. Low-resolution
mass spectra (MS) were recorded using Expression CMS
(Advion, Ithaca, NY, USA), whereas high-resolution MS were
recorded using a high-resolution mass spectrometer (JEOL
JMS-700; Korean Basic Science Institute, Daegu, Korea).
Enantiomeric ratios were determined by chiral HPLC using a
chiral-phase column (Chiral ART Cellulose SC; YMC
America, Devens, MA, USA). Optical rotations were recorded
at the wavelength of sodium D-line (λ 589 nm) using a P-2000
polarimeter (JASCO, Tokyo, Japan).
1-(2,2-Dimethyl-2H-chromen-6-yl)ethan-1-one (2). 3-

Chloro-3-methyl-1-butyne (3.9 mL, 35 mmol) was added
dropwise to a stirred solution of 4′-hydroxyacetophenone

Table 1. Comparison of Optical Rotations of the Natural
Products and Synthetic 1a−d

compound
absolute configuration at

C3, C4 optical rotation

natural product
(reported)

3R, 4S [α]D
25 = +25.8 (c 1,

CHCl3)
1a 3R, 4S [α]D

24 = −56.3 (c 0.22,
CHCl3)

1b 3R, 4R [α]D
25 = +37.8 (c 0.16,

CHCl3)
1c 3S, 4R [α]D

24 = +54.2 (c 0.22,
CHCl3)

1d 3S, 4S [α]D
25 = −31.4 (c 0.25,

CHCl3)

Scheme 2. Mosher Ester Synthesis From cis-Diol 3a and 3ba

aReagents and conditions: (a) (R)-MTPA-Cl, pyridine, CHCl3; (b)
(S)-MTPA-Cl, pyridine, CHCl3.
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(1.361 g, 10 mmol), potassium carbonate (4.146 g, 30 mmol),
potassium iodide (2.772 g, 16.7 mmol), and copper(I) iodide
(38 mg, 0.2 mmol) in acetone (30 mL). The reaction mixture
was refluxed at 80 °C for 3 h and then cooled. Afterward, an
aqueous solution of 1N sodium hydroxide was added to the
mixture and extracted with ethyl acetate. The combined
organic phase was washed with brine, dried over anhydrous
magnesium sulfate, filtered, and concentrated under reduced
pressure. The residue was passed through a silica gel plug
(eluted in hexanes/ethyl acetate = 4:1) to obtain 1-(4-((2-
methylbut-3-yn-2-yl)oxy)phenyl)ethan-1-one as a yellow oil
(1.602 g) after drying in vacuo. The yellow oil was used for the
subsequent step without further purification. Rf = 0.52
(hexanes/ethyl acetate = 4:1); 1H NMR (500 MHz,
CD3OD): δ 7.92 (d, J = 9.0 Hz, 2H), 7.27 (d, J = 8.9 Hz,
2H), 3.13 (s, 1H), 2.53 (s, 3H), 1.67 (s, 6H); 13C NMR (126
MHz, CD3OD): δ 199.4, 161.6, 132.2, 131.1, 120.2, 86.0, 76.6,
73.6, 30.0, 26.5; ESIMS m/z 203.4 [M + H]+.

The yellow oil was dissolved in DMF (50 mL). The reaction
mixture was stirred at 155 °C for 15 h, cooled, and extracted
with ethyl acetate. The combined organic phase was washed
with brine, dried over anhydrous magnesium sulfate, filtered,
and concentrated under reduced pressure. The residue was
purified by silica gel column chromatography to obtain 1-(2,2-
dimethyl-2H-chromen-6-yl)ethan-1-one (2, 1.432 g, 70.8% for
two steps) as a light yellow oil. Rf = 0.52 (hexanes/ethyl
acetate = 4:1); 1H NMR (500 MHz, CDCl3): δ 7.74 (dd, J =
8.5, 2.2 Hz, 1H), 7.61 (d, J = 2.2 Hz, 1H), 6.78 (d, J = 8.0 Hz,
1H), 6.35 (d, J = 9.6 Hz, 1H), 5.66 (d, J = 9.9 Hz, 1H), 2.53
(s, 3H), 1.45 (s, 6H); 13C NMR (126 MHz, CDCl3): δ 196.9,
157.6, 131.3, 130.5, 130.4, 127.0, 121.8, 120.8, 116.3, 77.7,
28.5, 26.4; HREIMS m/z 202.0993 [M]+ (calcd for C13H14O2,
202.0994).
1-((3R,4R)-3,4-Dihydroxy-2,2-dimethylchroman-6-yl)-

ethan-1-one (3a). A mixture of K3Fe(CN)6 (2.23 g, 6.77
mmol), K2CO3 (936 mg, 6.77 mmol), (DHQ)2PHAL (36 mg,
0.045 mmol), and K2OsO2(OH)4 (17 mg, 0.045 mmol) was
dissolved in t-BuOH (15 mL) and H2O (15 mL). The solution
was cooled to 0 °C, and methanesulfonamide (215 mg, 2.26
mmol) was added to the solution, and stirred. A solution of 2
(456 mg, 2.26 mmol) in t-BuOH (8 mL) and H2O (8 mL) was
added to the mixture after 15 min. The reaction mixture was

vigorously stirred at 0 °C for 4.5 days. The reaction was
quenched with an aqueous Na2S2O5 solution and then
extracted with CHCl3. The combined organic phase was
washed with brine, dried over anhydrous MgSO4, filtered, and
concentrated under reduced pressure. The residue was purified
by silica gel column chromatography to obtain 1-((3R,4R)-3,4-
dihydroxy-2,2-dimethylchroman-6-yl)ethan-1-one (3a, 201
mg, 37.6, 85% ee) as a white solid; Rf = 0.20 (hexanes/ethyl
acetate = 1:1); [chiral-phase HPLC analysis] TR = 5.319 min
(YMC Chiral Art Cellulose-SZ, 4.6 mm i.d. × 75 mm, 3 μm),
15% i-propanol in hexane, flow rate = 0.7 mL/min);
Enantiomeric excess = 85% ee. [α]D

25 = +77.8 (c 0.04,
CHCl3); 1H NMR (500 MHz, DMSO-d6): δ 8.06 (d, J =
1.4 Hz, 1H), 7.73 (dd, J = 8.5, 2.3 Hz, 1H), 6.76 (d, J = 8.5 Hz,
1H), 5.35 (d, J = 6.8 Hz, 1H), 4.98 (d, J = 3.9 Hz, 1H), 4.74 (t,
J = 4.8 Hz, 1H), 3.62 (t, J = 3.4 Hz, 1H), 2.49 (s, 3H), 1.38 (s,
3H), 1.22 (s, 3H); 13C NMR (126 MHz, DMSO-d6): δ 196.2,
157.0, 129.5, 129.2, 128.8, 124.1, 115.8, 79.2, 69.9, 63.7, 26.3,
24.7, 24.4. HREIMS m/z 236.1048 [M]+ (calcd for C13H16O4,
236.1049).
1-((3S,4S)-3,4-Dihydroxy-2,2-dimethylchroman-6-yl)-

ethan-1-one (3b). A mixture of K3Fe(CN)6 (3.292 g, 10
mmol), K2CO3 (1.382 g, 10 mmol), (DHQD)2PHAL (53 mg,
0.067 mmol), and K2OsO2(OH)4 (25 mg, 0.067 mmol) was
dissolved in t-BuOH (20 mL) and H2O (20 mL). The solution
was cooled to 0 °C, and methanesulfonamide (317 mg, 3.333
mmol) was added to the solution, and stirred. A solution of 2
(674 mg, 3.333 mmol) in t-BuOH (13 mL) and H2O (13 mL)
was added to the mixture after 15 min. The reaction mixture
was vigorously stirred at 0 °C for 4.5 days. The reaction was
quenched with aqueous Na2S2O5 solution and then extracted
with CHCl3. The combined organic phase was washed with
brine, dried over anhydrous MgSO4, filtered, and concentrated
under reduced pressure. The residue was purified by silica gel
column chromatography to obtain 1-((3S,4S)-3,4-dihydroxy-
2,2-dimethylchroman-6-yl)ethan-1-one (3b, 306 mg, 38.9%,
73% ee) as a white solid; Rf = 0.20 (hexanes/ethyl acetate =
1:1); [chiral-phase HPLC analysis] TR = 8.069 min (YMC
Chiral Art Cellulose-SZ, 4.6 mm i.d. × 75 mm, 3 μm), 15% i-
propanol in hexane, flow rate = 0.7 mL/min); Enantiomeric
excess = 73% ee. [α]D

25 = −61.5 (c 0.11, CHCl3); 1H NMR
(500 MHz, DMSO-d6): δ 8.06 (d, J = 1.3 Hz, 1H), 7.73 (dd, J

Figure 2. Experimental and calculated ECD spectra of (a) 1a vs 1c and (b) 1b vs 1d.
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= 8.5, 2.1 Hz, 1H), 6.76 (d, J = 8.5 Hz, 1H), 5.34 (d, J = 7.2
Hz, 1H), 4.97 (d, J = 4.2 Hz, 1H), 4.74 (dd, J = 7.1, 3.9 Hz,
1H), 3.62 (t, J = 3.9 Hz, 1H), 2.49 (s, 3H), 1.38 (s, 3H), 1.22
(s, 3H); 13C NMR (126 MHz, DMSO-d6): δ 196.1, 157.0,
129.5, 129.2, 128.8, 124.1, 115.8, 79.2, 69.9, 63.7, 26.3, 24.7,
24.4; HREIMS m/z 236.1051 [M]+ (calcd for C13H16O4,
236.1049).
(3R,4S)-2,2-Dimethyl-3-hydroxy-4-(1′-angeloyloxy)-

6-acetylchromane (1a). Diisopropyl azodicarboxylate (0.075
mL, 0.381 mmol) was added to a triphenylphosphine solution
(100 mg, 0.381 mmol) in THF (1.3 mL). After stirring for 30
min at 0 °C, 3a (30 mg, 0.127 mmol) was added to the
solution and then stirred for 15 min at 0 °C. Thereafter,
angelic acid (115 mg, 1.143 mmol) was added to the solution
and stirred for another 15 min at 0 °C. The reaction mixture
was stirred for 2.5 h at room temperature. Volatiles were
removed under reduced pressure and the residue was purified
by silica gel column chromatography to obtain (3R,4S)-2,2-
dimethyl-3-hydroxy-4-(1′-angeloyloxy)-6-acetylchromane (1a,
15.7 mg, 38.8%) as a colorless oil; Rf = 0.5 (hexanes/ethyl
acetate = 2:1); [α]D

24 = −56.3 (c 0.22, CHCl3); 1H NMR (500
MHz, CDCl3): δ 7.87 (dd, J = 2.2 Hz, 0.9 Hz, 1H), 7.84 (dd, J
= 8.6, 2.1 Hz, 1H), 6.89 (d, J = 8.6 Hz, 1H), 6.24 (qq, J = 7.3,
1.5 Hz, 1H), 5.96 (d, J = 7.6 Hz, 1H), 3.88 (dd, J = 7.5 Hz, 3.6
Hz, 1H), 3.38 (d, J = 4.2 Hz, 1H), 2.52 (s, 3H), 2.05 (dq, J =
7.3, 1.5 Hz, 3H), 1.94 (quin, J = 1.5 Hz, 3H), 1.51 (s, 3H),
1.35 (s, 3H); 13C NMR (126 MHz, CDCl3): δ 196.6, 169.6,
157.3, 141.3, 130.6, 129.9, 127.0, 119.7, 117.6, 79.8, 74.3, 71.9,
26.4, 26.1, 20.7, 19.9, 16.2; HREIMS m/z 318.1470 [M]+

(calcd for C18H22O5, 318.1467).
(3R,4R)-2,2-Dimethyl-3-hydroxy-4-(1′-angeloyloxy)-

6-acetylchromane (1b). Angelic acid (76.3 mg, 0.762
mmol), DMAP (12.4 mg, 0.102 mmol), and DCC (157 mg,
0.762 mmol) were subsequently added to a stirred solution of
3a (60 mg, 0.254 mmol). The reaction mixture was stirred for
1.5 days at 0 °C. The white precipitate that formed was then
filtered off and washed with CH2Cl2. The combined filtrate
was dried under reduced pressure. The residue was purified by
silica gel column chromatography to obtain (3R,4R)-2,2-
dimethyl-3-hydroxy-4-(1′-angeloyloxy)-6-acetylchromane
(31.1 mg, 38.5%) as a colorless oil. Rf = 0.46 (hexanes/ethyl
acetate = 2:1); [α]D

25 = +37.8 (c 0.16, CHCl3); 1H NMR (500
MHz, CDCl3): δ 7.91 (dd, J = 2.2 Hz, 1.0 Hz, 1H), 7.85 (dd, J
= 8.6, 2.1 Hz, 1H), 6.90 (d, J = 8.6 Hz, 1H), 6.23 (qq, J = 7.3,
1.3 Hz, 1H), 6.19 (d, J = 4.1 Hz, 1H), 4.05 (d, J = 4.1 Hz, 1H),
2.52 (s, 3H), 2.16 (br s, 1H), 2.07 (dq, J = 7.3, 1.6 Hz, 3H),
1.97 (quin, J = 1.5 Hz, 3H), 1.51 (s, 3H), 1.41 (s, 3H); 13C
NMR (126 MHz, CDCl3): δ 196.6, 167.8, 157.5, 140.9, 130.6,
130.5, 130.1, 127.1, 118.2, 117.6, 78.9, 69.7, 67.6, 26.4, 24.7,
23.8, 20.8, 16.2; HREIMS m/z 318.1464 [M]+ (calcd for
C18H22O5, 318.1467).
(3S,4R)-2,2-Dimethyl-3-hydroxy-4-(1′-angeloyloxy)-

6-acetylchromane (1c). 1c was synthesized in analogy to 1a,
except that 3b was used instead of 3a, which yielded a colorless
oil (34.6%); Rf = 0.5 (hexanes/ethyl acetate = 2:1); [α]D

24 =
+54.2 (c 0.22, CHCl3); 1H NMR (500 MHz, CDCl3): δ 7.88
(dd, J = 2.2 Hz, 0.9 Hz, 1H), 7.84 (dd, J = 8.6, 2.1 Hz, 1H),
6.89 (d, J = 8.6 Hz, 1H), 6.24 (qq, J = 7.3, 1.3 Hz, 1H), 5.96
(d, J = 7.6 Hz, 1H), 3.88 (d, J = 7.6 Hz, 1H), 3.32 (br s, 1H),
2.52 (s, 3H), 2.05 (dq, J = 7.3, 1.6 Hz, 3H), 1.94 (quin, J = 1.5
Hz, 3H), 1.51 (s, 3H), 1.35 (s, 3H); 13C NMR (126 MHz,
CDCl3): δ 196.6, 169.7, 157.4, 141.3, 130.6, 130.6, 129.9,
127.0, 119.7, 117.7, 79.8, 74.3, 72.0, 26.4, 26.1, 20.7, 19.9,

16.2; HREIMS m/z 318.1466 [M]+ (calcd for C18H22O5,
318.1467).
(3S,4S)-2,2-Dimethyl-3-hydroxy-4-(1′-angeloyloxy)-6-

acetylchromane (1d). 1d was synthesized in analogy to 1b,
except that 3b was used instead of 3a, which yielded a colorless
oil (42.0%); Rf = 0.46 (hexanes/ethyl acetate = 2:1); [α]D

25 =
−31.4 (c 0.25, CHCl3); 1H NMR (500 MHz, CDCl3): δ 7.91
(dd, J = 2.2 Hz, 1.0 Hz, 1H), 7.85 (dd, J = 8.6, 2.0 Hz, 1H),
6.90 (d, J = 8.6 Hz, 1H), 6.23 (qq, J = 7.2, 1.4 Hz, 1H), 6.18
(d, J = 4.2 Hz, 1H), 4.05 (d, J = 4.1 Hz, 1H), 2.52 (s, 3H),
2.20 (br s, 1H), 2.06 (dq, J = 7.3, 1.6 Hz, 3H), 1.97 (quin, J =
1.6 Hz, 3H), 1.50 (s, 3H), 1.41 (s, 3H); 13C NMR (126 MHz,
CDCl3): δ 196.6, 167.8, 157.5, 140.9, 130.6, 130.5, 130.1,
127.1, 118.2, 117.6, 78.9, 69.6, 67.6, 26.4, 24.7, 23.8, 20.8,
16.2; HREIMS (EI) m/z 318.1470 [M]+ (calcd for C18H22O5,
318.1467).
(3R,4R)-6-Acetyl-3-hydroxy-2,2-dimethylchroman-4-

yl (S)-3,3,3-Trifluoro-2-methoxy-2-phenylpropanoate
(4aS). R-(−)-MTPA-Cl (10 μL, 0.053 mmol) was added to
a stirred solution of diol 3a (10 mg, 0.042 mmol) and pyridine
(14 μL, 0.176 mmol) in CH2Cl2 (300 μL), and the mixture
was stirred for 6 h at room temperature. Afterward, the
reaction mixture was quenched with water and extracted with
diethyl ether. The combined organic layers were dried over
anhydrous magnesium sulfate, filtered, and concentrated in
vacuo. The residue was purified by silica gel column
chromatography to obtain 4aS (14.4 mg, 75.7%); Rf = 0.48
(hexanes/ethyl acetate = 2:1); 1H NMR (500 MHz, CDCl3): δ
7.89−7.83 (m, 2H), 7.62−7.56 (m, 2H), 7.46−7.40 (m, 3H),
6.89 (d, J = 9.4 Hz, 1H), 6.29 (d, J = 4.1 Hz, 1H), 4.05 (dd, J =
5.9, 4.2 Hz, 1H), 3.62 (s, 3H), 2.47 (s, 3H), 1.87 (d, J = 6.0
Hz, 1H), 1.41 (s, 3H), 1.36 (s, 3H); 13C NMR (126 MHz,
CDCl3): δ 196.2, 167.1, 157.5, 132.0, 131.0, 130.7, 130.5,
130.1, 128.9, 127.3, 126.9, 124.6, 122.3, 120.0, 118.0, 116.9,
85.3, 85.0, 84.8, 84.6, 78.8, 70.3, 69.9, 55.8, 26.3, 25.1, 22.8;
HREIMS (EI) m/z 452.1450 [M]+ (calcd for C23H23F3O6,
452.1447).
(3R,4R)-6-Acetyl-3-hydroxy-2,2-dimethylchroman-4-

yl (R)-3,3,3-Trifluoro-2-methoxy-2-phenylpropanoate
(4aR). S-(−)-MTPA-Cl (10 μL, 0.053 mmol) was added to
a stirred solution of diol 3a (10 mg, 0.042 mmol) and pyridine
(14 μL, 0.176 mmol) in CH2Cl2 (300 μL) and stirred for 6 h
at room temperature. Thereafter, the reaction mixture was
quenched with water and extracted with diethyl ether. The
combined organic layers were dried over anhydrous MgSO4,
filtered, and concentrated in vacuo. The residue was purified
by silica gel column chromatography to obtain 4aR (12.8 mg,
67.4%) as a colorless oil; Rf = 0.50 (hexanes/ethyl acetate =
2:1); 1H NMR (500 MHz, CDCl3): δ 7.85 (dd, J = 8.7, 2.2 Hz,
1H), 7.68−7.63 (m, 2H), 7.59−7.58 (m, 1H), 7.48−7.42 (m,
3H), 6.88 (d, J = 8.7 Hz, 1H), 6.24 (d, J = 4.2 Hz, 1H), 4.15
(d, J = 4.3 Hz, 1H), 3.63 (s, 3H), 2.34 (s, 3H), 1.99 (br s, 1H),
1.45 (s, 3H), 1.42 (s, 3H); 13C NMR (126 MHz, CDCl3): δ
196.3, 167.1, 157.1, 132.1, 130.8, 130.6, 130.4, 130.1, 128.8,
127.4, 126.9, 124.6, 122.3, 120.0, 117.9, 116.4, 85.4, 85.2, 84.9,
84.7, 79.0, 70.3, 69.4, 55.8, 26.3, 24.6, 23.5; HREIMS (EI) m/
z: 452.1442 [M]+ (calcd for C23H23F3O6, 452.1447).
(3S,4S)-6-Acetyl-3-hydroxy-2,2-dimethylchroman-4-

yl (S)-3,3,3-Trifluoro-2-methoxy-2-phenylpropanoate
(4bS). 4bS was synthesized from diol 3b (10 mg, 0.042
mmol) using the same procedure for synthesizing 4aS; 12.5
mg, 65.8%; colorless oil; Rf = 0.50 (hexanes/ethyl acetate =
2:1). 1H NMR (500 MHz, CDCl3): δ 7.85 (dd, J = 8.7, 2.2 Hz,
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1H), 7.69−7.63 (m, 2H), 7.59−7.58 (m, 1H), 7.48−7.42 (m,
3H), 6.88 (d, J = 8.7 Hz, 1H), 6.24 (d, J = 4.2 Hz, 1H), 4.15
(dd, J = 7.1, 4.3 Hz, 1H), 3.63 (s, 3H), 2.34 (s, 3H), 1.99 (d, J
= 7.3 Hz, 1H), 1.45 (s, 3H), 1.42 (s, 3H); 13C NMR (126
MHz, CDCl3): δ 196.3, 167.1, 157.1, 132.1, 130.8, 130.6,
130.4, 130.1, 128.8, 127.4, 126.9, 124.6, 122.3, 120.0, 117.9,
116.4, 85.4, 85.2, 85.0, 84.7, 79.0, 70.3, 69.4, 55.8, 26.3, 24.6,
23.5; HREIMS m/z 452.1451 [M]+ (calcd for C23H23F3O6,
452.1447).
(3S,4S)-6-Acetyl-3-hydroxy-2,2-dimethylchroman-4-

yl (R)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoate
(4bR). 4bR was synthesized from diol 3b (10 mg, 0.042
mmol) using the same procedure for synthesizing 4aR; 12 mg,
63.1%; colorless oil; Rf = 0.48 (hexanes/ethyl acetate = 2:1).
1H NMR (500 MHz, CDCl3): δ 7.89−7.84 (m, 2H), 7.62−
7.56 (m, 2H), 7.46−7.40 (m, 3H), 6.89 (d, J = 9.3 Hz, 1H),
6.29 (d, J = 4.2 Hz, 1H), 4.05 (d, J = 4.2 Hz, 1H), 3.62 (s,
3H), 2.47 (s, 3H), 1.85 (br s, 1H), 1.41 (s, 3H), 1.36 (s, 3H).
13C NMR (126 MHz, CDCl3): δ 196.2, 167.1, 157.5, 132.0,
131.0, 130.7, 130.5, 130.1, 128.9, 127.3, 126.9, 124.6, 122.3,
120.0, 118.0, 116.9, 85.4, 85.2, 85.0, 84.8, 78.8, 70.3, 69.9, 55.9,
26.3, 25.1, 22.8; HREIMS m/z 452.1448 [M]+ (calcd for
C23H23F3O6, 452.1447).
ECD Calculation of 1a−d. Based on the NMR data, the

possible isomers of the compound were predicted, and their
structural energy minimizations were conducted using
Avogadro 1.2.0 with the MMFF force field. Subsequently,
DFT calculations were performed by Turbomole X 4.3.2 with
the DFT settings (functional B3-LYP/gridsize m3), and
utilizing the 6-31G basis set for all atoms, and geometry
optimization options (energy 10−6 Hartree, gradient norm |dE/
dxyz| = 10−3 Hartree/Bohr). The ECD spectra of the four
isomers were calculated by using DFT at the functional
B3LYP/DFT level and def-SV(P) basis set. The calculated
ECD spectra were simulated by overlapping each transition,
where σ represents the width of the band at 1/e height. ΔEi
and Ri correspond to the excitation energies and rotatory
strengths for transition i, respectively. In this calculation, the σ
value was set at 0.10 eV.

■ CONCLUSIONS
We successfully accomplished the total synthesis of the four
stereoisomers of 2,2-dimethyl-3-hydroxy-4-(1′-angeloyloxy)-6-
acetylchromane. The key features of our synthesis involved the
utilization of Sharpless asymmetric dihydroxylation of a readily
accessible benzopyran substrate, followed by Mitsunobu or
Steglich reaction to achieve chiral control. The absolute
stereochemistry of the natural product isolated from A.
grandifolia has been revised to 2,2-dimethyl-3S-hydroxy-4R-
(1′-angeloyloxy)-6-acetylchromane (1c) based on the NMR
data and optical rotations of the synthesized compounds. The
absolute configuration of the synthesized stereoisomers was
confirmed through Mosher ester analysis. In addition, we
provided ECD spectra for the four stereoisomers which will
allow verification of the absolute configuration of the natural
product. Synthesis of all four stereoisomers of 2,2-dimethyl-3-
hydroxy-4-(1′-angeloyloxy)-6-acetylchromane would facilitate
the exploration of their potential biomedical applications.
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