
Structure Elucidation. Using optimized HPLC conditions
(see the Supporting Information) the separation of the three
diastereoisomers 1a, 1c, and 1d could be achieved. Overall, the
1H and 13C NMR spectra showed high similarity except for
the signals of 7′-H, 8′-H, 8-H, and 2-H of the cyclohexene ring
in compounds 1a, 1c, and 1d.
The major compound was identified as carpanone (1a) on

the basis of a comparison of its fully assigned 1H and 13C NMR
data with literature data of carpanone (1a).4,10 Since repeated
HPLC afforded only a few milligrams of each of the compounds
1c and 1d single crystals could not be obtained. This is why for
the determination of the relative stereochemistry of 1c and 1d
an alternative approach comprising analysis of experimental
JH,H values and ROESY data in combination with calculated
coupling constants and dihedral angles obtained by ab initio
DFT calculations was applied. Thus, all possible diaster-
eoisomers of carpanone (1a) which can be differentiated by
NMR (16 diastereoisomers due to five stereogenic centers)
were subsequently optimized at the AM1 level followed by the
RHF/3-21G level and finally by the B3LYP/6-31G(d) level of
theory within the Gaussian 03 package (for references see the
Supporting Information). In the next step the 1H,1H NMR
coupling constants of those optimized geometries showing the

best fit to the NMR data of 1a (most probable 1aA, 1aB), 1c
and 1d were recomputed at the B3LYP/6-31+G(d,p) level of
theory and compared with the experimental NMR data sets.
For evaluation purposes, we first applied our methodology to
the determination of the already known relative stereochemistry
of 1a because the medium-sized coupling constants 3J(7′-H,
8′-H) = 2.6 Hz, 3J(2-H, 7′-H) = 7.3 Hz, and 3J(8-H, 8′-H)
∼ 1 Hz (see Table 5) did not allow an unambiguous assignment

of the relative configuration at C-2, C-8, C-7′, and C-8′.
However, strong ROESY correlations between 7′-H and 2-H,
2-H and 9′-CH3, 7′-H and 8′-H, and 7′-H and 9′-CH3 indicate a
cis-orientation of 2-H, 7′-H, and 9′-CH3 as well as a trans-located
proton 8′-H with respect to the reference plane of the molecule.
Because of the complex multiplet pattern (caused by additional
long-range couplings) of 8-H and 8′-H the vicinal coupling
constants could not easily be deduced. Along with a weak
ROESY correlation between 9-CH3 and 9′-CH3 two possible
configurations at C-8 can be discussed (Figure 6). Selective

homoband decoupling of the resonances of both methyl groups
at C-9 and C-9′ (see the Supporting Information) revealed a
small coupling of ∼1 Hz, which accounts for a dihedral angle
of ∼90° between 8-H and 8′-H according to the Karplus
relationship. Moreover, an experimental coupling constant of
3J(7-H, 8-H) = 5.2 Hz which fits quite nicely with a dihedral
angle of ∼50° (calcd 51° and 5.6 Hz) establishes substructure A
in carpanone (1a). On the contrary, one would expect coupling
constants of 3J(8-H, 8′-H) ∼ 5 Hz (calculated +5.2 Hz and 49°)
and 3J(7-H, 8-H) ∼1−2 Hz (calculated 3.2 Hz and 82°) in
the case of substructure B. The ROESY correlations of 10-H
with 2-H and 10-H with 7′-H indicate the position of the

Scheme 7. Proposed Reaction Mechanism for the Formation
of 26a and 26b by Domino Oxidation/Intermolecular
Hetero-Diels−Alder Reaction of (E)-7

Table 5. Important Experimental 1H NMR Coupling
Constants for 1a, 1c, and 1d

entry 1 3J2,7′ (Hz)
3J7′,8′ (Hz)

3J8,8′ (Hz)
3J7,8 (Hz)

1 a 7.3 2.6 ∼1.0 5.2
2 c 10.4 11.7 3.7 6.4
3 d 10.7 10.0 9.7 3.8

Figure 6. Stereochemistry and numbering of carpanone (1a). (A)
Dihedral angles between 8-H and 8′-H (left) and 7-H and 8-H (right)
in trans-orientation of the methyl groups. (B) Dihedral angles
concerning 8-H and 8′-H (left) and 7-H and 8-H (right) in cis-
orientation of the methyl groups.
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3,4-methylenedioxycyclohexenone ring below the reference
plane of the molecule 1a.
Contrary to 1a, the 1H NMR spectra of 1c and 1d showed

partially overlapped and/or complex multiplet patterns for 7′-H,
2-H, 8′-H, and 8-H of the cyclohexene rings (see the Supporting
Information) preventing stereochemical assignments based on
coupling constants. Therefore, selective homoband decoupling
methods as well as computational 1H spin pattern analysis
(SpinWorks 3.1)46 were applied to extract individual coupling
constants for assignment purposes (see the Supporting Informa-
tion). An observed coupling constant of 11.7 Hz between 7′-H and
8′-H in diastereoisomer 1c compared to 2.6 Hz in 1a (Table 5) and
significant 13C chemical shifts differences of C-2 (1a: δ 35.2 ppm/
1c: δ 44.3 ppm), C-7′(1a: δ 33.5 ppm/1c: δ 46.1 ppm), C-8′ (1a: δ
35.5 ppm/1c: δ 37.6 ppm), and C-8 (1a: δ 36.2 ppm/1c: δ 40.6
ppm) (Table 6) reflect important evidence for an altered relative

stereochemistry in 1c. Another large coupling constant between
7′-H and 2-H (10.4 Hz) along with a strong ROESY between 2-H
and 8′-H indicates an alternating trans-diaxial orientation of these
protons (2-H, 7′-H and 7′-H, 8′-H; Figure 7). An additional

ROESY between 2-H and 9-CH3 as well as 8′-H and 9-CH3
unequivocally arrange 2-H, 9-CH3 and 8′-H above the cyclo-
hexene ring. Finally, the weak ROESY correlation between 2-H to
10-H reveals the position of the 3,4-methylenedioxycyclohex-
enone ring above the reference plane of molecule 1c. Coupling
constants obtained by DFT calculations were close to experi-
mental values (see the Supporting Information).
As for 1c, the coupling constants of the complex multiplet

patterns of 1d, e.g., 8′-H and 8-H (Figure 8) were analyzed and
extracted by spin analysis and decoupling experiments (see the
Supporting Information).
Similarly to 1c the protons 2-H, 7′-H, and 8′-H of 1d show

an alternating trans-axial arrangement as evidenced by vicinal
coupling constants of ∼10 Hz and ROESY correlations
between 2-H and 8′-H as well as 7′-H and 9′-CH3 (Figure 9).
Besides considerably different 13C chemical shifts values of C-8′
and C-8 (see Table 6) compared to 1c, strong ROESYs between
2-H and 8-H as well as 9′-CH3 and 9-CH3 clearly establish the
axial position of 8-H and the cis-configuration of the methyl

groups 9 and 9′. As for 1c, the weak ROESY correlation of 10-H
to 2-H indicates the 3,4-methylenedioxycyclohexenone ring above
the reference plane of molecule 1d. The calculated coupling
constants obtained by DFT methods were in agreement with the
experimental data (see the Supporting Information).
In 2009, Poli et al.10 reported on the CuCl2-catalyzed synthesis

of carpanone. They obtained an inseparable mixture of
carpanone (1a) and a diastereoisomer 1b whose stereostructure
was elucidated by NOESY as shown in Figure 10 of their
contribution. However, comparison of the whole NMR data set
of isolated 1d with the NMR spectra of the mixture of 1a and 1b
obtained by Poli et al. (1H and 13C of 1a and 1b, see the
Supporting Information)10 discloses that both data sets are
identical suggesting that either our structural assignment of 1d or
the assignment of 1b proposed by Poli et al.10 has to be
incorrect. Evaluation of the NOESY and 1H NMR spectra of
the mixture of 1a and 1b published by Poli et al.10 reveals that
the positions of 7′-H and 9-CH3 have to be corrected for the
following reasons: a large coupling constant of ∼11 Hz between
2-H and 7′-H indicates a dihedral angle close to 0° or 180°. In
the NOESY spectrum, a strong correlation peak between the
aforementioned protons suggests a cis-orientation. However,
detailed inspection of the cross peak gives rise to a COSY type
artifact (zero-quantum coherence) due to its anti phase pattern
and not to a NOESY correlation. Moreover, in the case of a cis-
arrangement between 2-H and 7′-H one must also observe
NOEs between 7′-H and 8′-H as well as between 7′-H and 8-H
or 9-CH3 in 1b. Strong NOESYs between 2-H and 8′-H as well
as 9-CH3 and 9′-CH3 along with a coupling constant of 9.7 Hz
between 8-H and 8′-H (dihedral angle close to 0) clearly
establish a cis-orientation of both methyl groups at C-9 and C-9′.
Furthermore a NOE between 7′-H and 9′-CH3 proved a cis-
arrangement of 7′-H and 9′-CH3. Unfortunately, NOESY
correlations concerning protons 8-H and 8′-H could not be
evaluated for an unambiguous assignment of stereostructure 1b
because of the partial overlap of these signals with the signals of
1a in the investigated mixture of 1a and 1b. In summary, the
NMR arguments presented here justify the conclusion that the
minor diastereoisomer of Poli’s product mixture has not
structure 1b as previously assigned, but structure 1d (Figure 10).

■ CONCLUSIONS
The laccase-catalyzed oxidative dimerization of (E)-propenylse-
samol (7) which can be performed in aqueous solvent systems
and under mild reaction conditions offers a new and efficient
access to carpanone (1a). To study the influence of the
stereochemistry of the olefinic double bond in 7 on the outcome
of the carpanone formation, (E)-7 and (Z)-7 were separated and
reacted in diastereoisomerically pure form using different
catalysts. In contrast to the results from previous studies it was
established that the reaction of pure (E)-7 results in the
formation of a mixture of carpanone (1a) and its diastereoisomer
1c. Irrespective of the catalyst used, a 9:1 mixture of 1a and 1c
was formed. The structure of diastereoisomer 1c, which was
unknown so far, was unambiguously elucidated by means of
NMR spectroscopy, DFT calculations, and spin work analysis.
Both 1a and 1c are the products of a domino phenol oxidation/
anti-β,β-radical coupling/intramolecular hetero-Diels−Alder re-
action. In the first step of the reaction, the oxidation of (E)-7
takes place to yield radical 16, which dimerizes diastereose-
lectively to give 9 as the product of an anti-β,β-coupling reaction.
Subsequently, 9 undergoes an intramolecular hetero-Diels−Alder
reaction to 1a via the endo-E-syn transition state 17 and to 1c via

Table 6. Chemical Shift Differences of 1a, 1c, and 1d in 13C
NMR Spectra

entry 1 C-7′ (ppm) C-8′ (ppm) C-2 (ppm) C-8 (ppm)

1 a 33.5 35.5 35.2 36.2
2 c 46.1 37.6 44.3 40.6
3 d 46.9 32.0 44.0 33.6

Figure 7. Chemical structures and numbering of 1c. Important
ROESY correlations (green arrow, weak ROESY correlations; red
arrow, strong ROESY correlations).
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exo-E-anti transition state 18. With pure (Z)-7 as the substrate,
carpanone (1a) and the two carpanone diastereoisomers 1c and
1d were formed in a 5:1:4 ratio. The diastereoisomers were
separated by HPLC, and the structure of 1d was elucidated by
combination of NMR spectroscopy, DFT calculations, and spin
work analysis. For the formation of 1d it is assumed that the
dimerization of 16 proceeds as a syn-β,β-coupling reaction and
subsequent intramolecular hetero-Diels−Alder reaction of the
coupling product 20 via an exo-E-anti transition state. So far,
it remains unclear why the reactions of (E)- and (Z)-7 yield

different products. The oxidation of (E)-7 with O2 in the absence
of any catalyst came as a surprise as the formation of two
diastereoisomeric benzopyrans was observed. The formation of the
benzopyrans can be understood in such a way that the oxidation
of (E)-7 in the absence of any catalyst results in the formation of an
o-quinone methide which undergoes an intermolecular hetero-
Diels−Alder as a diene with (E)-7 as the dienophile.

■ EXPERIMENTAL SECTION
General Remarks. All commercially available reagents were used

without further purification. Solvents used for extraction and
purification were distilled prior to use. Reaction temperatures are
reported as bath temperatures. Melting points were obtained on a
melting point apparatus with open capillary tubes and are uncorrected.
IR spectra were measured on a FT-IR spectrometer. UV/vis spectra
were recorded with a spectrophotometer. Optical rotations were
determined using a polarimeter. 1H and 13C NMR spectra were
recorded at 500 (125) and 300 (75) MHz, and the NMR chemical
shifts were referenced to CDCl3 as solvent signals (δ = 7.26 ppm in 1H
spectra and δ = 77.00 in 13C spectra) relative to TMS. HSQC, HMBC,
NOESY, ROESY, HSQMBC, and COSY spectra were recorded on a
spectrometer at 500 and 300 MHz. Coupling constants J (Hz) were
directly taken from the spectra and are not averaged. Splitting patterns
are designated as s (singlet), d (doublet), t (triplet), q (quartet), m
(multiplet), and br (broad). 1D and 2D homonuclear NMR spectra
were measured with standard pulse sequences. Low-resolution impact
mass spectra were obtained at 70 eV. The intensities are reported as
percentages relative to the base peak (I = 100%). Thin-layer
chromatography (TLC) was performed on TLC silica gel 60 F254.
Products were purified by column chromatography on silica gel MN 60,
0.063−0.20 mm, or by flash column chromatography on silica gel MN
60, 0.04−0.053 mm. Analytical HPLC was performed using a HPLC
pump equipped with a PDA detector. Laccases from T. versicolor and A.
bisporus were commercially available (EC 1.10.3.2), Lccβ: β-laccase
from T. versicolor was heterologously expressed in P. pastoris X-33
cells.43 Recombinant cells were cultured in a 7.5 L bioreactor (Infors)
in basal salt medium (5 L) [K2SO4 (9.1 g), MgSO4·7H2O (7.5 g),
KOH (6.2 g), CaSO4·2H2O (2.47 g), 85% H3PO4 (13.35 mL), glycerol
(50 g), antifoam solution 286 (0.1 mL), biotin (0.87 mg), and PTM1
(4.35 mL) trace salts per liter]. One liter of PTM1 contains CuSO4·
5H2O (6 g), NaI (0.08 g), MnSO4·H2O (3.0 g), CoCl2 (0.5 g), ZnCl2

Figure 8. Experimental (lower) and iterated (upper) multiplet pattern of 8′-H (δ 2.50 ppm) and 8-H (δ 2.55 ppm) in 1d.

Figure 9. Chemical structures and numbering of 1d. Important
ROESY correlations (green arrow, weak ROESY correlations; red
arrow, strong ROESY correlations).

Figure 10. Structure of 1b as proposed by Poli et al.,10 and structure of 1d.
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(20.0 g), H3BO3 (0.02 g), Na2MoO4·2H2O (0.2 g), FeSO4·7H2O
(65.0 g), biotin (0.2 g), and H2SO4 (5 mL). Cells were grown at 30 °C
(pH 5.0, aeration 10 L/min, agitation 1000 rpm) during the glycerol
phase. After depletion of glycerol, the methanol-fed batch phase was
started, CuSO4 (0.3 mM) was added, and the temperature was decreased
to 18 °C. A dissolved O2 spike controlled feeding method was applied for
automatic addition of depleted methanol [20 g, with 1.2% (v/v) PTM1
0.5% (v/v)]. After 10 days of cultivation, cells were harvested (10.000 g,
20 min), and Lccβ-containing solution was concentrated by cross-flow
ultrafiltration [Millipore, 10 kDa cutoff membrane (Pall)]. The activities
of the enzymes were determined according to a modified procedure taken
from ref 30 using a solution of ABTS [(2,2′-azinobis(3-ethylbenzothiazo-
line-6-sulfonic acid) diammonium salt] as substrate. The change in absorp-
tion was followed via UV spectroscopy (λ = 414 nm; ε414 = 31100 L
mol−1 cm−1). One U is equivalent to the amount of enzyme that catalyzes
the conversion of 1 μmol ABTS per minute at 24 °C and pH 5.0.
5-Allyloxy-1,3-benzodioxole (12).39

A solution of sesamol (13) (10 g, 72 mmol) in acetone
(50 mL) was refluxed for 20 min over dried K2CO3 (10 g, 70.2
mmol). The mixture was cooled to room temperature, allyl bromide
(10 mL, 0.11 mol) was added, and the resulting mixture was refluxed at
70 °C for 5 h under argon. The reaction mixture was cooled to room
temperature, and H2O (500 mL) was added. The organic layer was
removed, and the aqueous phase was extracted with EtOAc (3 × 200
mL). The combined organic phases were washed with 2 N NaOH (2 ×
100 mL) and saturated NaCl solution (2 × 100 mL) and dried over
Na2SO4, and the volatiles were removed under reduced pressure. The
residue thus obtained was purified by column chromatography over
silica gel (petroleum ether/EtOAc = 10:1) to afford 5-allyloxy-1,3-
benzodioxole (12) as a colorless oil in 84% yield (10.7 g, 60.11 mmol):
Rf = 0.54 (petroleum ether/EtOAc = 10:1); IR (ATR) ν̅ 2886
(OCH2O), 1630 (CHCH2), 1484 (arom CC), 1178 (ArOCH),
1036 (ArOCH), 922 (CCHH), 814 (arom CH) cm−1; UV
(MeOH) λmax (log ε) 235 (3.63), 296 (3.66) nm; 1H NMR (300
MHz, CDCl3) δ 4.46 (dt,

3J (7-H, 8-H) = 5.2 Hz, 4J (7-H, 9a-H) = 1.5
Hz, 4J (7-H, 9b-H) = 1.5 Hz, 2H, 7-H), 5.27 (dq, 3J (8-H, 9b-H) = 10.5
Hz, 2J (9a-H, 9b-H) = 1.5 Hz, 1H, 9b-H), 5.42 (dq, 3J (8-H, 9a-H) =
17.2 Hz, 2J (9a-H, 9b-H) = 1.5 Hz, 1H, 9a-H), 5.91 (s, 2H, 10-H), 6.03
(ddd, 3J (7-H, 8-H) = 5.1 Hz, 3J (8-H, 9b-H) = 10.3 Hz, 3J (8-H, 9a-H)
= 17.2 Hz, 1H, 8-H), 6.34 (dd, 3J (1-H, 6-H) = 8.5 Hz, 4J (4-H, 6-H) =
2.5 Hz, 1H, 6-H), 6.52 (d, 4J (4-H, 6-H) = 2.5 Hz, 1H, 4-H), 6.70 (d,
3J (1-H, 6-H) = 8.5 Hz, 1H, 1-H); 13C NMR (75 MHz, CDCl3) δ 69.8
(C-7), 98.3 (C-4), 101.1 (C-10), 106.0 (C-6), 107.9 (C-1), 117.6
(C-9), 133.4 (C-8), 141.7 (C-2), 148.2 (C-3), 154.1 (C-5); MS (EI,
70 eV) m/z 178 (100) [M]+, 137 (100) [M − C3H5]

+, 107 (69), 79
(8), 28 (100).
6-Allyl-1,3-benzodioxol-5-ol (11).40

A round-bottomed flask equipped with a reflux condenser was charged
with 5-allyloxy-1,3-benzodioxole (12) (10 g, 56.18 mmol) and heated
at 180 °C for 90 min under argon. The mixture was cooled to room
temperature, and the residue obtained was purified by column
chromatography over silica gel (petroleum ether/EtOAc = 10:1) to afford
6-allyl-1,3-benzodioxol-5-ol (11) as colorless needles in 90% yield (9.3 g,
52.24 mmol): mp 75−76 °C; Rf = 0.38 (petroleum ether/EtOAc = 10:1);

IR (ATR) ν̅ 3244 (OH), 2907 (OCH2O), 1636 (CHCH2), 1457
(arom CC), 1167 (ArOCH), 1030 (ArOCH), 909 (CCHH),
830(arom C−H) cm−1; UV (MeOH) λmax (log ε) 235 (4.53), 302 (3.67)
nm; 1H NMR (300 MHz, CDCl3) δ 3.30−3.32 (m, 2H, 7-H), 5.12−5.18
(m, 2H, 9-H), 5.92−6.01 (m, 1H, 8-H), 5.98 (s, 2H, 10-H), 6.43 (s, 1H,
4-H), 6.58 (s, 1H, 1-H); 13C NMR (75 MHz, CDCl3) δ 34.9 (C-7), 98.6
(C-4), 100.9 (C-10), 109.5 (C-1), 116.3 (C-9), 116.9 (C-6), 136.4 (C-8),
141.4 (C-2), 146.7 (C-3), 148.5 (C-5); MS (EI, 70 eV) m/z 178 (39) [M]+,
151 (8) [M − C2H3]

+, 28 (100).
Synthesis of 6-(Prop-1-enyl)-1,3-benzodioxol-5-ol (7) and Sepa-

ration of (E)-7 and (Z)-7.4

To a solution of 6-allyl-1,3-benzodioxol-5-ol (11) (2.5 g, 14 mmol) in dry
DMSO (25 mL) was added potassium tert-butoxide (1.7 g, 15 mmol),
and the apparatus was flushed with argon. The reaction mixture was
heated at 100 °C for 90 min under argon. The solution was cooled using
an ice−water bath, water (100 mL) was added, and the mixture was
acidified with 5% aq HCl (about 20 mL). The solution was extracted with
EtOAc (3 × 150 mL). The combined organic layers were dried over
Na2SO4, filtered, and evaporated under reduced pressure to give 3 g of a
brown liquid. The crude product was purified by column chromatography
over silica gel (dichloromethane/cyclohexane = 5:2) to afford (E)-6-
(prop-1-enyl)-1,3-benzodioxol-5-ol [(E)-7] in 52% yield (1.3 g, 7.30 mmol)
and (Z)-6-(prop-1-enyl)-1,3-benzodioxol-5-ol [(Z)-7] in 19% yield
(0.475 g, 2.70 mmol).

(E)-6-(Prop-1-enyl)-1,3-benzodioxol-5-ol [(E)-7].

mp 84−85 °C (87−88 °C);4 Rf = 0.20 (dichloromethane/cyclohexane
= 5:2); IR (ATR) ν̅ 3319 (OH), 2898 (OCH2O), 1636 (CC), 1441
(arom CC), 1163 (ArOCH), 1031 (ArOCH), 928 (CCH), 833
(arom CH) cm−1; UV (MeOH) λmax (log ε) 258 (3.60), 326 (3.46)
nm; 1H NMR (300 MHz, CDCl3) δ 1.88 (dd,

3J (8-H, 9-H) = 6.6 Hz,
4J (7-H, 9-H) = 1.7 Hz, 3H, 9-H), 4.79 (s, 1H, OH), 5.88 (s, 2H, 10-
H), 6.03 (dq, 3J (7-H, 8-H) = 15.7 Hz, 3J (8-H, 9-H) = 6.6 Hz, 1H,
8-H), 6.39 (s, 1H, 4-H), 6.50 (dq, 3J (7-H, 8-H) = 15.7 Hz, 4J (7-H,
9-H) = 1.50 Hz, 1H, 7-H), 6.76 (s, 1H, 1-H); 13C NMR
(75 MHz, CDCl3) δ 18.7 (C-9), 98.2 (C-4), 101.0 (C-10), 105.9
(C-1), 117.3 (C-6), 124.9 (C-8), 126.6 (C-7), 141.8 (C-2), 147.0 (C-3),
147.2 (C-5).

(Z)-6-(Prop-1-enyl)-1,3-benzodioxol-5-ol [(Z)-7].

Rf = 0.18 (dichloromethane/cyclohexane = 5:2); IR (ATR) ν̅ 3479
(OH), 2890 (OCH2O), 1627 (CC), 1439 (arom CC), 1165
(ArOCH), 1034 (ArOCH), 932 (CCH), 845 (arom CH) cm−1; UV
(MeOH) λmax (log ε) 256 (3.88), 312 (3.85) nm; 1H NMR (300
MHz, CDCl3) δ 1.71 (dd,

3J (8-H, 9-H) = 6.9 Hz, 4J (7-H, 9-H) = 1.8
Hz, 3H, 9-H), 4.83 (s, 1H, OH), 5.90 (s, 2H, 10-H), 5.94 (dq, 3J
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(7-H, 8-H) = 11.1 Hz, 3J (8-H, 9-H) = 6.9 Hz, 1H, 8-H), 6.28 (dq, 3J
(7-H, 8-H) = 11.1 Hz, 4J (7-H, 9-H) = 1.5 Hz, 1H, 7-H), 6.48 (s, 1H,
4-H), 6.56 (s, 1H, 1-H); 13C NMR (75 MHz, CDCl3) δ 14.5 (C-9),
97.5 (C-4), 101.0 (C-10), 108.3 (C-1), 114.9 (C-6), 124.0 (C-8),
130.9 (C-7), 141.1 (C-2), 147.3 (C-3), 147.6 (C-5).
General Procedure for the Oxidative Dimerization of (E)-

and (Z)-7 Using Commercially Available Laccases as Catalysts.
Laccase (28 U) dissolved in sodium acetate buffer (0.1 M, pH 5.0,
1 mL) was added to a solution of 7 (178 mg, 1.00 mmol) in a
cosolvent (2 or 4 mL) and sodium acetate buffer (0.1 M, pH 5.0,
17 mL). The resulting suspension was stirred at room temperature
under O2. NaCl (3 g) was added, and the aqueous phase was extracted
with dichloromethane (80 mL). The phases were separated, and
saturated NaCl solution (20 mL) was added to the aqueous phase.
The aqueous phase was extracted with dichloromethane (80 mL). This
procedure was repeated twice. The combined organic phases were
dried over MgSO4, filtered, and evaporated under reduced pressure.
The crude product was purified by flash chromatography over silica gel
(dichloromethane/cyclohexane = 5:2).
1. Oxidative Dimerization of a Mixture of (E)- and (Z)-7 Using a

Commercially Available Laccase from T. versicolor as the Catalyst.
Reaction of an 8:2 mixture of (E)/(Z)-7 (180 mg, 1.01 mmol) with
laccase (2.6 mg, 28 U) according to the general procedure gave a mixture
of 1a, 1c, and 1d as a white solid in 46% yield (83 mg, 0.23 mmol). The
ratio of 1a:1c:1d after flash chromatography was 6:1:3 (1H NMR).
2. Oxidative Dimerization of (E)-7 Using PdCl2 as the Reagent

According to Chapman et al.4 PdCl2 (90.0 mg, 0.5 mmol) was added
to a solution containing (E)-7 (178 mg, 1.00 mmol) and NaOAc
(670 mg, 8 mmol) in MeOH (17 mL) and H2O (3 mL). The solution
was stirred at 38 °C for 2 h and then allowed to settle for 1 h at
room temperature. The suspension was extracted with diethyl ether
(3 × 30 mL). The combined organic phases were washed with 10%
NaOH solution (2 × 20 mL) and H2O (2 × 20 mL). The organic layer
was dried over MgSO4, filtered, and evaporated under reduced
pressure. The crude product was purified by flash chromatography
over silica gel (dichloromethane/cyclohexane = 5:2) to afford a
mixture of 1a and 1c as a white solid in 42% yield (75 mg, 0.21 mmol).
The ratio of 1a:1c in the crude product was 9:1 (1H NMR). The ratio
of 1a:1c after flash chromatography was 9:1 (1H NMR).
3. Oxidative Dimerization of (E)-7 Using PdCl2 as the Catalyst

According to Poli et al.10 NaOAc (98.4 mg, 1.2 mmol) and PdCl2
(17.74 mg, 0.1 mmol) were added to a solution of (E)-7 (175 mg,
0.98 mmol) in MeOH/H2O = 1:1 (6 mL). The resulting suspension was
stirred at 50 °C for 4 h under O2. The reaction mixture was cooled to
room temperature, and H2O (20 mL) was added. The aqueous phase
was extracted with dichloromethane (3 × 30 mL). The combined organic
phases were dried over Na2SO4, filtered, and evaporated under reduced
pressure. The crude product was purified by flash chromatography over
silica gel (dichloromethane/cyclohexane = 5:2) to afford a mixture of 1a
and 1c as a white solid in 47% (77%)10 yield (81 mg, 0.23 mmol). The
ratio of 1a:1c in the crude product was 9:1 (1H NMR). The ratio of
1a:1c after flash chromatography was 9:1 (1H NMR).
4. Oxidative Dimerization of (E)-7 Using Co Complex 14 as

Catalyst. (R,R)-(−)-N,N′-Bis(3,5-di-tert-butylsalicylidene)-1,2-
cyclohexanediaminocobalt(II) (14) (15.5 mg, 0.026 mmol) was
added to a solution of (E)-7 (183 mg, 1.03 mmol) in dichloromethane
(10 mL). The resulting suspension was stirred under O2 at room tem-
perature for 4 h. To remove the complex from the reaction mixture, the
solution was filtrated, and the residue was washed with dichloro-
methane (10 mL). The filtrate was concentrated under reduced
pressure, and the resulting residue was purified by flash chromatog-
raphy over silica gel (dichloromethane/cyclohexane = 5:2) to afford a
mixture of 1a and 1c as a white solid in 79% yield (144 mg,
0.41 mmol). The ratio of 1a:1c in the crude product was 9:1 (1H NMR).
The ratio of 1a:1c after flash chromatography was 9:1 (1H NMR).
5. Oxidative Dimerization of (E)-7 Using Commercially Available

Laccases as Catalysts. Reaction of (E)-7 (182 mg, 1.02 mmol) with
A. bisporus/T. versicolor laccase (49/2.6 mg, 28 U) according to the
general procedure gave a mixture of 1a and 1c as a white solid. The

ratio of 1a:1c in the crude product was 9:1 (1H NMR). The ratio of
1a:1c after flash chromatography was 9:1 (1H NMR).

6. Oxidative Dimerization of (E)-7 Using a Lccβ Laccase from T.
versicolor as a Catalyst. Reaction of (E)-7 (189 mg, 1.06 mmol) with
laccase (8.2 mL, 28 U) according to the general procedure gave a
mixture of 1a and 1c as a white solid. The reaction mixture was then
lyophilized. The residue was refluxed for 90 min in dichloromethane
(50 mL). After filtration the solvent was removed under reduced
pressure. The crude product obtained was purified by flash chromato-
graphy over silica gel (dichloromethane/cyclohexane = 5:2) to afford a
mixture of 1a and 1c as a white solid in 53% yield (97 mg, 0.27 mmol).
The ratio of 1a:1c in the crude product was 9:1 (1H NMR). The ratio of
1a:1c after flash chromatography was 9:1 (1H NMR).

7. Determination of the Enantiomeric Excess of 1a, 1c, and 1d
by Chiral HPLC. The oxidative dimerization of (E)-7 was carried out
with three different laccases (commercially available laccase from
T. versicolor, commercially available laccase from A. bisporus, genetically
modified Lccβ laccase from T. versicolor). The crude product was
purified by column chromatography on SiO2 to give a mixture of 1a
and 1c. Compounds 1a and 1c were separated by analytical HPLC
(see the Supporting Information). After HPLC separation, the solvent
was removed in vacuo, and the enantiomers of 1a were separated by
chiral HPLC (CHIRALPAK IB column; 250 mm × 4.6 mm; 5 μm;
n-hexane/ethanol = 1:1; flow rate of 1 mL/min; UV detection λ =
280 nm) to afford the two enantiomers (tR 4.95 min and tR 5.45 min)
(Figure 11).The enantiomeric excess was calculated from the peak
areas (Table 7).

The enantiomers of 1c were separated by chiral HPLC (CHIRALPAK
IB column; 250 mm × 4.6 mm; 5 μm; n-hexane/ethanol = 1:1; flow rate
of 1 mL/min; UV detection λ = 280 nm) to afford the two enantiomers
(tR 5.07 min and tR 5.57 min) (Figure 12).The enantiomeric excess was
calculated from the peak areas to ee (%) = 1.03.

The enantiomers of 1d were separated by chiral HPLC (CHIRALPAK
IB column; 250 mm × 4.6 mm; 5 μm; n-hexane/ethanol = 1:1; flow rate
of 1 mL/min; UV detection λ = 280 nm) to afford the two enantiomers
(tR 5.50 min and tR 6.18 min) (Figure 13). The enantiomeric excess was
calculated from the peak areas to ee (%) = 0.93.

8. Oxidative Dimerization of (E)-7 Using 4-Methoxy-TEMPO as
the Reagent. 4-Methoxy-TEMPO (50 mg, 0.27 mmol) was added
to a solution of (E)-7 (184 mg, 1.03 mmol) in 10 mL of dry benzene.
The resulting suspension was stirred under O2 at 70 °C for 4 h. The
suspension was concentrated under reduced pressure, and the

Figure 11. HPLC chromatogram of the separation of the carpanone
enantiomers on an analytical column with a chiral stationary phase.

Table 7. Determination of Enantiomeric Excess of the
Laccase-Catalyzed Oxidations of (E)-7

entry laccase enantiomeric excess (1a)

1 commercialy available; T. versicolor 0.44
2 commercialy available; A. bisporus 0.25
3 recombinant Lccβ; T. versicolor 0.43
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resulting residue was purified by flash chromatography over silica gel
(dichloromethane/cyclohexane = 5:2) to afford a mixture of 1a and 1c
as a white solid in 79% yield (147 mg, 0.42 mmol). The ratio of 1a:1c
in the crude product was 9:1 (1H NMR). The ratio of 1a:1c after flash
chromatography was 9:1 (1H NMR).
9. Oxidative Dimerization of (Z)-7 Using a Commercially

Available Laccase from T. versicolor as the Catalyst. Reaction of
(Z)-7 (184 mg, 1.03 mmol) with laccase (2.6 mg, 28 U) according to
the general procedure gave a mixture of 1a, 1c, and 1d as a white solid
in 40% yield (74 mg, 0.21 mmol). The ratio of 1a:1c:1d after flash
chromatography was 5:1:4 (1H NMR). The compounds 1a, 1c, and 1d
were separated by analytical HPLC (see the Supporting Information).
10. Oxidative Dimerization of (Z)-7 Using Co Complex 14 as

Catalyst. (R,R)-(−)-N,N′-Bis(3,5-di-tert-butylsalicylidene)-1,2-
cyclohexanediaminocobalt(II) (14) (15.5 mg, 0.026 mmol) was
added to a solution of (Z)-7 (181 mg, 1.02 mmol) in dichloromethane
(10 mL). The resulting suspension was stirred under O2 at room
temperature for 4 h. To remove the complex from the reaction mixture,
the solution was filtrated and the residue was washed with
dichlorometane (10 mL). The filtrate was concentrated under reduced
pressure, and the resulting residue was purified by flash chromatography
over silica gel (dichloromethane/cyclohexane = 5:2) to afford a mixture
of 1a, 1c, and 1d as a white solid in 43% yield (78 mg, 0.22 mmol). The
ratio of 1a:1c:1d after flash chromatography was 5:1:4 (1H NMR).
Isomerization Experiment with Carpanone (1a). Sodium

acetate buffer (0.1 M, pH 5.0, 4 mL) was added to a solution of
carpanone (1a) (50 mg, 0.14 mmol) in acetone (1.1 mL). A solution
of laccase (8 U) from T. versicolor was dissolved in sodium acetate
buffer (0.1 M, pH 5.0, 1 mL) and added dropwise and with stirring to
the carpanone suspension. The reaction mixture was stirred under O2
at room temperature for 2 h. The reaction mixture was extracted with
dichloromethane (3 × 20 mL). The combined organic phases were dried
over MgSO4, filtered, and evaporated under reduced pressure. In the

crude product only carpanone (1a) could be detected (1H NMR). The
crude product was purified by column chromatography over silica gel
(dichloromethane/cyclohexane = 5:2) to afford pure carpanone (1a)
(1H NMR) as a white solid in quantitative yield (50 mg, 0.14 mmol).

(3R*)-(2β,7′β,8α,8′β)-1,7-Didehydro-1,2,3,6-tetrahydro-2′,3-
epoxy-3,4:4′,5′-bis(methylenedioxy)-2,7′-cyclolignan-6-one) (1a).

mp 189−190 °C (lit.4 mp 185 °C); Rf = 0.10 (dichloromethane/
cyclohexane = 5:2); IR (ATR) ν̅ 2869 (OCH2O), 1674 (CO), 1622
(CC), 1478 (arom CC), 1158 (ArOCH), 1032 (ArOCH), 910
(CCH), 841 (arom CH) cm−1; UV (MeOH) λmax (log ε) 262
(4.00), 297 (3.66) nm; 1H NMR (500 MHz, CDCl3) δ 0.71 (d, 3J
(8-H, 9-H) = 7.7 Hz, 3H, 9-H), 1.15 (d, 3J (8′-H, 9′-H) = 7.0 Hz, 3H,
9′-H), 2.22 (ddq, 3J (8-H, 9-H) = 7.7 Hz, 3J (7-H, 8-H) = 5.2 Hz, 3J
(8-H, 8′-H) = 2.5 Hz, 1H, 8-H), 2.52 (br dq, 3J (8′-H, 9′-H) = 7.2 Hz,
3J (8-H, 8′-H) = 2.5 Hz, 3J (7′-H, 8′-H) = 2.6 Hz, 1H, 8′-H), 3.19 (dt,
3J (2-H, 7′-H) = 7.4 Hz, 4J (2-H, 7-H) = 2.4 Hz, 1H, 2-H), 3.28 (dd,
3J (7′-H, 8′-H) = 2.7 Hz, 3J (7′-H, 2-H) = 7.2 Hz, 1H, 7′-H), 5.64 (s,
1H, 10-H), 5.67 (s, 1H, 10-H), 5.70 (s, 1H, 5-H), 5.90 (d, 2J (10′-H,
10′-H) = 1.4 Hz, 1H, 10′-H), 5.91 (d, 2J (10′-H, 10′-H) = 1.4 Hz, 1H,
10′-H), 6.33 (s, 1H, 3′-H), 6.80 (s, 1H, 6′-H), 7.02 (ddd, 3J (7-H,
8-H) = 5.2 Hz, long-range J = 1.0 Hz, 4J (2-H, 7-H) = 2.5 Hz, 1H, 7-H);
13C NMR (125 MHz, CDCl3) δ 21.2 (C-9), 21.4 (C-9′), 33.5 (C-7′),
35.2 (C-2), 35.5 (C-8′), 36.2 (C-8), 98.8 (C-10), 99.3 (C-3′), 100.1
(C-3), 100.4 (C-5), 101.2 (C-10′), 107.1 (C-6′), 115.3 (C-1′), 126.3
(C-1), 142.5 (C-7), 143.1 (C-5′), 145.1 (C-2′), 146.6 (C-4′), 168.3 (C-
4), 186.9 (C-6); MS (EI, 70 eV) m/z 354 (100) [M]+, 177 (72), 147
(60), 59 (28), 28 (40).

(3S*)-(2α,7′β,8α,8′β)-1,7-Didehydro-1,2,3,6-tetrahydro-2′,3-
epoxy-3,4:4′,5′-bis(methylenedioxy)-2,7′-cyclolignan-6-one) (1c).

Rf = 0.10 (dichloromethane/cyclohexane =5:2); IR (ATR) ν̅ 2924
(OCH2O), 1675 (CO), 1610 (CC), 1477 (arom CC), 1150
(ArOCH), 1037 (ArOCH), 977 (CCH), 894 (arom CH) cm−1; UV
(MeOH) λmax (log ε) 278 (2.77) nm;

1H NMR (500 MHz, CDCl3) δ 1.22
(d, 3J (8-H, 9-H) = 7.5 Hz, 3H, 9-H), 1.30 (d, 3J (8′-H, 9′-H) = 6.6 Hz, 3H,
9′-H), 2.08 (ddq, 3J (8′-H, 9′-H) = 6.6 Hz, 3J (7′-H, 8′-H) = 11.6 Hz, 3J
(8-H, 8′-H) = 3.7 Hz, 1H, 8′-H), 2.40 (ddd, 3J (7′-H, 8′-H) = 11.8 Hz, 3J
(2-H, 7′-H) = 10.4 Hz, 4J (6′-H, 7′-H) = 1.1 Hz, 1H, 7′-H), 2.42 (m, 3J (8-
H, 9-H) = 7.5 Hz, 3J (7-H, 8-H) = 6.4 Hz, 3J (8-H, 8′-H) = 3.7 Hz, 1H, 8-
H), 2.90 (ddd, 4J (2-H, 7-H) = 2.7 Hz, 3J (2-H, 7′-H) = 10.2 Hz, long-
range J = 1.6 Hz, 1H, 2-H), 5.42 (s, 1H, 10-H), 5.55 (s, 1H, 10-H), 5.84
(s, 1H, 5-H), 5.95 (d, 2J (10′-H, 10′-H) = 1.5 Hz, 1H, 10′-H), 5.97 (d,
2J (10′-H, 10′-H) = 1.5 Hz, 1H, 10′-H), 6.60 (s, 1H, 3′-H), 6.88 (d, 4J (6′-H,
7′-H) = 1.2 Hz, 1H, 6′-H), 7.11 (dd, 3J (7-H, 8-H) = 6.4 Hz, 4J (2-H, 7-H)
= 2.7 Hz, 1H, 7-H); 13C NMR (125 MHz, CDCl3) δ 20.2 (C-9), 22.2
(C-9′), 37.6 (C-8′), 40.6 (C-8), 44.3 (C-2), 46.1 (C-7′), 96.0 (C-10), 101.4
(C-10′), 101.6 (C-3), 102.1 (C-3′), 104.5 (C-5), 105.2 (C-6′), 124.0 (C-1′),
132.8 (C-1), 142.8 (C-7), 144.1 (C-5′), 146.2 (C-4′), 147.2 (C-2′), 164.6
(C-4), 183.8 (C-6); MS (EI, 70 eV) m/z 354 (45) [M]+, 324 (22), 309

Figure 12. HPLC chromatogram of the separation of the enantiomers
of 1c on an analytical column with a chiral stationary phase.

Figure 13. HPLC chromatogram of the separation of the enantiomers
of 1d on an analytical column with a chiral stationary phase.

The Journal of Organic Chemistry Featured Article

dx.doi.org/10.1021/jo300263k | J. Org. Chem. 2012, 77, 4528−45434540

86

http://pubs.acs.org/action/showImage?doi=10.1021/jo300263k&iName=master.img-028.jpg&w=230&h=140
http://pubs.acs.org/action/showImage?doi=10.1021/jo300263k&iName=master.img-029.jpg&w=239&h=143
http://pubs.acs.org/action/showImage?doi=10.1021/jo300263k&iName=master.img-030.png&w=91&h=79
http://pubs.acs.org/action/showImage?doi=10.1021/jo300263k&iName=master.img-031.png&w=91&h=83


(23), 203 (31), 177 (48), 147 (100), 32 (33); HRMS (EI, M+) calcd for
C20H18O6 (354.1104), found 354.1121.
(3S*)-(2α,7′β,8β,8′β)-1,7-Didehydro-1,2,3,6-tetrahydro-2′,3-

epoxy-3,4:4′,5′-bis(methylenedioxy)-2,7′-cyclolignan-6-one) (1d).

Rf = 0.10 (dichloromethane/cyclohexane = 5:2); IR (ATR) ν̅ 2924
(OCH2O), 1674 (CO), 1603 (CC), 1479 (arom CC), 1154
(ArOCH), 1036 (ArOCH), 986 (CCH), 894 (arom CH) cm−1; UV
(MeOH) λmax (log ε) 280 nm (3.83); 1H NMR (500 MHz, CDCl3) δ
0.99 (d, 3J (8′-H, 9′-H) = 6.6 Hz, 3H, 9′-H), 1.33 (d, 3J (8-H, 9-H) =
7.3 Hz, 3H, 9-H), 2.05 (ddd, 3J (7′-H, 8′-H) = 10.0 Hz, 3J (2-H, 7′-H)
= 10.6 Hz, 4J (6′-H, 7′-H) = 0.9 Hz, 1H, 7′-H), 2.50 (ddq, 3J (8′-H,
9′-H) = 6.6 Hz, 3J (7′-H, 8′-H) = 10.0 Hz, 3J (8-H, 8′-H) = 9.7 Hz, 1H,
8′-H), 2.55 (bdd, 4J (2-H, 8-H) = 2.4 Hz, 3J (7-H, 8-H) = 3.8 Hz,
3J (8-H, 9-H) = 7.3 Hz, 3J (8-H, 8′-H) = 9.7 Hz, 1H, 8-H), 2.83 (ddd,
4J (2-H, 7-H) = 2.5 Hz, 3J (2-H, 7′-H) = 10.9 Hz, long-range J = 1.3
Hz, 1H, 2-H), 5.49 (s, 1H, 10-H), 5.64 (s, 1H, 10-H), 5.83 (s, 1H,
5-H), 5.95 (d, 2J (10′-H, 10′-H) = 1.4 Hz, 1H, 10′-H), 5.96 (d, 2J (10′-
H, 10′-H) = 1.4 Hz, 1H, 10′-H), 6.61 (s, 1H, 3′-H), 6.78 (d, 4J (6′-H,
7′-H) = 1.2 Hz, 1H, 6′-H), 6.89 ppm (bdd, 3J (7-H, 8-H) = 3.8 Hz, 4J
(2-H, 7-H) = 2.3 Hz, 1H, 7-H); 13C NMR (125 MHz, CDCl3) δ 15.7
(C-9), 17.2 (C-9′), 32.0 (C-8′), 33.6 (C-8), 44.0 (C-2), 46.9 (C-7′),
96.4 (C-10), 101.4 (C-10′), 101.6 (C-3), 101.9 (C-3′), 104.0 (C-5),
104.7 (C-6′), 123.3 (C-1′), 136.3 (C-1), 142.7 (C-7), 144.3 (C-5′),
146.4 (C-4′), 146.5 (C-2′), 165.3 (C-4), 192.3 (C-6); MS (EI, 70 eV)
m/z 354 (40) [M]+, 324 (42), 309 (40), 203 (29), 177 (49), 147
(100), 32 (68); HRMS (EI, M+) calcd for C20H18O6 (354.1104),
found 354.1105.
Oxidative Cyclization of (E)-7 in Sodium Acetate Buffer (0.1

M, pH 5.0) in the Absence of a Catalyst. A solution of (E)-7 (176
mg, 0.99 mmol) in acetone (4 mL) was added to sodium acetate buffer
(0.1 M, pH 5.0, 18 mL). The resulting suspension was stirred under O2
at room temperature for 19 h. NaCl (3 g) was added to the reaction
mixture, and the aqueous phase was extracted with dichloromethane (80 mL).
Saturated NaCl solution (20 mL) was added to the aqueous phase.
The aqueous phase was extracted with dichloromethane (80 mL). This
procedure was repeated twice. The combined organic phases were
dried over MgSO4, filtered, and evaporated under reduced pressure.
The residue thus obtained was purified by column chromatography
over silica gel (dichloromethane/cyclohexane = 5:2) to afford a mixture
of 26a and 26b as a colorless oil in 73% yield (128 mg 0.36 mmol).
The ratio of 26a:26b in the crude product was 3:2 (1H NMR).
(2S*,3S*,4R*)-1,3-Dioxol[6,7-f ]-4-ethyl-3-methyl-2-[(1,3-

benzodioxol-5-ol)-yl]-3,4-dihydro-2H-benzopyrane (26a).

mp 42−43 °C; Rf = 0.2 (dichloromethane/cyclohexane = 5:2); [α]20D
= 0 (c 2.35, CHCl3); IR (ATR) ν̅ 3428 (OH), 2876 (OCH2O), 1479
(arom CC), 1158 (ArOCH), 1149 (arom OH), 1035 (ArOCH), 857
(arom CH) cm−1; UV (MeOH) λmax (log ε) 236 (2.86), 303 (3.04) nm;
1H NMR (500 MHz, CDCl3) δ 0.86 (d, 3J (1″-H, 3-H) = 7.1 Hz, 3H,
1″-H), 1.03 (t, 3J (1‴-H, 2‴-H) = 7.5 Hz, 3H, 2‴-H), 1.51 (ddq, 3J (1‴a-
H, 2‴-H) = 7.4 Hz, 2J (1‴a-H, 1‴b-H) = 13.4 Hz, 3J (4-H,
1‴a-H) = 8.6 Hz, 1H, 1‴a-H), 1.77 (ddq, 3J (4-H, 1‴b-H) = 4.8 Hz,

3J (1‴b-H, 2‴-H) = 7.4 Hz, 2J (1‴a-H, 1‴b-H) = 13.5 Hz, 1H, 1‴b-H),
2.47 (ddq, 3J (2-H, 3-H) = 9.8 Hz, 3J (3-H, 1″-H) = 6.9 Hz, 3J (3-H,
4-H) = 4.5 Hz, 1H, 3-H), 2.54 (ddd, 3J (4-H, 3-H) = 4.6 Hz, 3J (4-H,
1‴a-H) = 8.5 Hz, 3J (4-H, 1‴b-H) = 4.6 Hz, 1H, 4-H), 4.98 (d,
3J (2-H, 3-H) = 10.0 Hz, 1H, 2-H), 5.89 (s, 2H, OCH2O), 5.90 (s, 2H,
OCH2′O), 6.17 (s, 1H, OH), 6.44 (s, 2H, 8-H and 4′-H), 6.55 (s, 1H, 1′-
H), 6.56 (s, 1H, 5-H); 13C NMR (125 MHz, CDCl3) δ 12.7 (C-2‴), 14.7
(1″-C), 23.8 (C-1‴), 34.4 (C-3), 40.9 (C-4), 79.4 (C-2), 98.4
(C-8), 99.4 (C-4′), 100.9 (OCH2O), 101.2 (OCH2′O), 107.8 (C-1′),
108.6 (C-5), 116.8 (C-6′), 118.5 (C-10), 141.1 (C-2′), 141.8 (C-6), 146.7
(C-7), 147.2 (C-9), 147.9 (C-5′), 149.8 (C-3′); MS (EI, 70 eV) m/z 356
(36) [M]+, 178 (100), 151 (24), 72 (20), 59 (32); HRMS (EI, M+) calcd
for C20H20O6 (356.1260), found 356.1261.

(2R*,3R*,4R*)-1,3-Dioxol[6,7-f ]-4-ethyl-3-methyl-2-[(1,3-benzo-
dioxol-5-ol)-yl]-3,4-dihydro-2H-benzopyrane (26b).

Rf = 0.2 (dichloromethane/cyclohexane = 5:2); 1H NMR (500 MHz,
CDCl3) δ 0.73 (t, 3J (1‴-H, 2‴-H) = 7.5 Hz, 3H, 2‴-H), 0.85 (d,
3J (1″-H, 3-H) = 7.1 Hz, 3H, 1″-H), 1.79−1.91 (m, 2H, 1‴-H), 2.22
(ddq, 3J (2-H, 3-H) = 9.8 Hz, 3J (3-H, 1″-H) = 6.9 Hz, 3J (4-H, 3-H) =
10.0 Hz, 1H, 3-H), 2.65 (ddd, 3J (4-H, 3-H) = 10.0 Hz, 3J (4-H, 1‴a-
H) = 9.1 Hz, 3J (4-H, 1‴b-H) = 4.2 Hz, 1H, 4-H), 4.46 (d, 3J (2-H, 3-
H) = 10.0 Hz, 1H, 2-H), 5.89 (d, 2J = 1.2 Hz, 1H, OCH2O), 5.90 (d,
2J = 1.2 Hz, 1H, OCH2O), 5.91 (d, 1H, 2J = 1.2 Hz, 1H, OCH2′O),
5.92 (d, 1H, 2J = 1.2 Hz, 1H, OCH2′O), 6.44 (s, 1H, 8-H), 6.50 (s,
1H, 4′-H), 6.51 (s, 1H, 1′-H), 6.62 (1H, s, OH), 6.66 (s, 1H, 5-H);
13C NMR (125 MHz, CDCl3) δ 8.3 (C-2‴), 16.8 (C-1″), 24.5 (C-1‴),
34.6 (C-3), 42.5 (C-4), 84.9 (C-2), 99.0 (C-8), 99.6 (C-4′), 101.0
(OCH2O), 101.2 (OCH2′O), 106.6 (C-5), 108.3 (C-1′), 116.0 (C-6′),
118.2 (C-10), 140.9 (C-2′), 143.0 (C-6), 146.0 (C-7), 148.1 (C-3′),
149.6 (C-9), 150.0 (C-5′); MS (EI, 70 eV) m/z 356 (22) [M]+, 178
(100), 151 (13), 28 (20).

(2R*,3R*,4R*)-1,3-Dioxol[6,7-f ]-4-ethyl-3-methyl-2-[(1,3-benzo-
dioxol-5-acetyl)yl]-3,4-dihydro-2H-benzopyrane (27).

To a solution of 26b (50 mg, 0.14 mmol) in pyridine (1 mL) were added
acetic acid anhydride (200 μL, 2.1 mmol) and DMAP (2 mg, 0.016
mmol), and the reaction mixture was stirred at room temperature for 4 h.
Then, 5% HCl (4 mL) was added, the aqueous layer was extracted with
dichloromethane (3 × 2 mL), and the combined organic layers were
evaporated under reduced pressure. The crude product was purified by
column chromatography over silica gel (dichloromethane/cyclohexane =
5:2) to afford 27 in 20% yield (12 mg, 0.03 mmol): Rf = 0.20 (dichloro-
methane/cyclohexane = 5:2); IR (ATR) ν̅ 29626 (OCH2O), 1759 (CO),
1628 (CC), 1479 (arom CC), 1257 (CO), 1151 (ArOCH), 1035
(ArOCH), 797 (arom CH) cm−1; UV (MeOH) λmax (lg ε) 237 (3.07),
295 (3.09) nm; 1H NMR (500 MHz, CDCl3) δ 0.76 (t,

3J (1‴-H, 2‴-H)
= 7.3 Hz, 3H, 2‴-H), 0.79 (d, 3J (1″-H, 3-H) = 6.6 Hz, 3H, 1″-H), 1.86
(m, 3J (4-H, 1‴-H) = 7.6 Hz, 3J (4-H, 1‴-H) = 4.3 Hz, 2H, 1‴-H), 2.07
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(ddq, 3J (2-H, 3-H) = 10.1 Hz, 3J (3-H, 1″-H) = 6.6 Hz, 3J (4-H, 3-H) =
10.1 Hz, 1H, 3-H), 2.21 (s, 3H, COCH3), 2.66 (ddd, 3J (4-H, 3-H) =
9.6 Hz, 3J (4-H, 1‴-H) = 8.5 Hz, 3J (4-H, 1‴-H) = 4.0 Hz,
1H, 4-H), 4.56 (d, 3J (2-H, 3-H) = 9.7 Hz, 1H, 2-H), 5.87 (d, 2J
(a-H, b-H) = 1.5 Hz, 1H, OCH2O), 5.89 (d, 1H,

2J (a-H, b-H) = 1.5 Hz,
OCH2O), 6.00 (s, 2H, OCH2′O), 6.38 (s, 1H, 8-H), 6.61 (s, 1H, 4′-H),
6.66 (s, 1H, 5-H), 6.91 (s, 1H, 1′-H); 13C NMR (125 MHz, CDCl3) δ 8.7
(C-2‴), 15.9 (C-1″), 20.7 (CH3), 24.0 (C-1‴), 35.4 (C-3), 42.5 (C-4),
78.3 (C-2), 98.8 (C-8), 100.9 (OCH2O), 101.9 (OCH2′O), 104.1 (C-4′),
106.4 (C-5), 107.0 (C-1′), 117.2 (C-10), 125.0 (C-6′), 142.1 (C-6), 142.8
(C-5′), 145.9 (C-2′), 146.0 (C-7), 147.6 (C-3′), 150.9 (C-9), 169.4 (CO);
MS (EI, 70 eV) m/z 356 (36) [M]+, 178 (100), 151 (24),
72 (20), 59 (32); HRMS (EI, M+) calcd for C22H22O7 (398.1365)
found 398.1368.
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1. Separation of 1a and 1c from a 9:1-mixture of 1a and 1c by HPLC 

The compounds 1a and 1c obtained by the laccase-catalyzed oxidation of (E)-7 were separated by 

semipreparative HPLC (Phenomenex Aqua RP-18 column; 250 mm x 10 mm; 5µm; MeOH/H2O + 0.01% 

TFA = 65:35; flow rate = 2 mL/min; UV detection λ = 280 nm) to afford compound 1a (tR 23 min), 

compound 28 (tR 32 min) and compound 1c (tR 44 min). 

Analytical separation of the 9:1-mixture from 1a and 1c was performed by HPLC (Phenomenex Gemini 

RP-18 column; 250 mm x 4.6 mm; 5µm; MeOH/H2O + 0.01% TFA = 65:35; flow rate = 1 mL/min; UV 

detection λ = 280 nm) to afford compound 1a (tR 13.49 min) and compound 1c (tR 21.2 min) (FIGURE 1). 

 

 

 

 

FIGURE 1. HPLC chromatogram of the separation of a 9:1-mixture of 1a and 1c on an analytical column. 

 

Isolation of methanol adduct 28 

During semipreparative HPLC separation of the mixture of 1a and 1c, compound 28 was isolated as side 

product (FIGURE 2). This compound was formed in low yield by the addition of MeOH to carpanone 

during the HPLC separation of the mixture of 1a and 1c. 

 

 

 

 

FIGURE 2. HPLC chromatogram of the separatio
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n of 28 (tR =
1

1a
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 18.20) on an analytical column. 



S3 

 

 

 

 

 

FIGURE 3. MeOH adduct 28 formed during separation of 1a and 1c by semipreparative HPLC. 

1
H NMR (500 MHz, CDCl3) δ 1.25 (d, 

3
J (8-H, 9-H) = 7.4 Hz, 3H, 9-H), 1.33 (d, 

3
J (8’-H, 9’-H) = 6.3 Hz, 

3H, 9’-H), 1.86 (m, 1H, 8’-H), 2.25 (m, 1H, 8-H), 2.53 (m, 
3
J (2-H, 7’-H) =11.5 Hz, 

4
J (6’-H, 7’H) = 0.7 

Hz, 1H, 7’-H), 2.70 (d, 
2
J (5-H, 5-H) = 16.2 Hz, 1H, 5-H), 2.78 (dt, 

4
J (2-H, 7-H) = 3.4 Hz, 

3
J (2-H, 7’-H) 

=11.3 Hz, 1H, 2-H), 3.18 (d, 
2
J (5-H, 5-H) = 16.2 Hz, 1H, 5-H), 3.59 (s, 3H, OCH3), 5.06 (s, 1H, 10-H), 

5.39 (s, 10-H), 5.94 (brd, 
2
J (10’-H, 10’-H) = 1.5 Hz, 1H, 10’-H), 5.97 (bd, 

3
J (10’-H, 10’-H) = 1.5 Hz, 1H, 

10’-H), 6.68 (s, 1H, 3’-H), 6.86 (s, 1H, 
4
J (6’-H, 7’H) = 0.7 Hz, 6’-H), 7.02 ppm (ddd, 

3
J (7-H, 8-H) = 4.2 

Hz, 
4
J (2-H, 7-H) = 3.0 Hz, 1H, 7-H); 

13
C NMR (125 MHz, CDCl3) δ 19.3 (C-9), 20.4 (C-9’), 35.9 (C-8’), 

40.5 (C-8), 42.1 (C-7’), 45.1 (C-5), 45.4 (C-2), 52.6 (OCH3), 92.7 (C-10), 101.2 (C-10’), 102.4 (C-3’), 

104.7 (C-4), 105.0 (C-3), 105.1 (C-6’), 124.0 (C-1’), 130.3 (C-1), 143.6 (C-5’), 144.6 (C-7), 145.8 (C-4’), 

147.3 (C-2’), 193.3 ppm (C-6); MS (EI, 70 eV) m/z (%) 386 (100) [M]
+
, 356 (75), 218 (100), 203 (75), 177 

(75), 147 (54). 

 

2. Separation of 1a, 1c and 1d from a 5:1:4-mixture of 1a, 1c and 1d by HPLC 

The compounds 1a, 1c and 1d obtained as a mixture by the laccase-catalyzed oxidation of (Z)-7 were 

separated by analytical HPLC (Phenomenex Gemini RP-18 column; 250 mm x 4.6 mm; 5µm; MeOH/H2O 

+ 0.01% TFA = 58:42; flow rate = 1 mL/min; UV detection λ = 280 nm) to afford compound 1a (tR 29 

min), compound 1c (tR 52 min) and compound 1d (tR 56 min) (FIGURE 4). 
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FIGURE 4. HPLC chromatogram of the separation of a 5:1:4-mixture

column. 

 

3. Isolation of 26a and 26b 

Isolation of 26a from a control experiment on the oxidativ

absence of a catalyst 

Sodium acetate buffer (0.1 M, pH 5.0, 18 mL) was added to a solutio

acetone (4 mL). The resulting suspension was stirred under oxygen 

aqueous phase was extracted with dichloromethane (3 x 30 mL), dried o

under reduced pressure to give the crude product (155 mg). Th

chromatography over silica gel (dichloromethane/cyclohexane = 5:2) an

mg, 0.58 mmol), 26a in 21% yield (39 mg, 0.11 mmol) and 1a in 3% 

mg, 0.017 mmol). 

 

Isolation of 26b and its conversion into the acetate 27 

Compound 26b was isolated during purification of the crude product of

30:0.3). The fractions containing the desired compound 26b with Rf 0
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1d
1c
1a
S4 

 

 of 1a, 1c and 1d on an analytical 

e dimerization of (E)-7 in the 

n of (E)-7 (185 mg, 1.04 mmol) in 

at room temperature for 2 h. The 

ver MgSO4, filtered and evaporated 

e residue was purified by flash 

d afforded (E)-7 in 56% yield (104 

yield (this fraction was not pure) (6 

 7 over silica gel (CH2Cl2/MeOH = 

.54 were combined and the solvent 



S5 

 

was removed under reduced pressure to give 26b. For full analytical and spectroscopic characterization 26b 

was acetylated to yield 27. 

The enantiomers of 27 were separated by chiral HPLC (CHIRALPAK IB column; 250 mm x 4.6 mm; 5 

µm; n-hexane/ethanol = 5:1; flow rate of 1 mL/min; UV detection λ = 280 nm) to afford the two 

enantiomers (tR 5.78 min and tR 6.55 min) (FIGURE 5). The enantiomeric excess was calculated from the 

peak areas to ee (%) = 1.24. 

 

 

 

 

 FIGURE 5. HPLC chromatogram of the separation of the enantiomers of 27 on an analytical column with 

a chiral stationary phase.  
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4. NMR spectra of compounds 1a, 1c, 1d, (E)-7, (Z)-7, 11, 12, 26a, 26b, 27, 28 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 6. 
1
H (300 MHz) and 

13
C (75 MHz) NMR spectra of 12 in CDCl3. 

 

 

95



S7 

 

 

 

 

 

 

 

 

 

 

FIGURE 7. 
1
H (300 MHz) and 

13
C (75 MHz) NMR spectra of 11 in CDCl3. 
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FIGURE 8. 
1
H (300 MHz) and 

13
C (75 MHz) NMR spectra of (E)-7 in CDCl3. 
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FIGURE 9. 
1
H (300 MHz) and 

13
C (75 MHz) NMR spectra of (Z)-7 in CDCl3. 
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FIGURE 10. 
1
H (500 MHz) and 

13
C (125 MHz) NMR spectra of 1a in CDCl3. 
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FIGURE 11. 9- and 9’-Methyl groups-homodecoupled 
1
H NMR spectrum of 1a displaying remaining 

multiplets of 8’-H, 8-H, 1’-H and 7-H. 

 

 

 

 

 

 

 

 

 

FIGURE 12. ROESY (500 MHz) NMR spectrum of 1a in CDCl3, mixing time 0.6 s. 
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FIGURE 13. 
1
H (500 MHz) and 

13
C (125 MHz) NMR spectra of 1c in CDCl3. 
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A 

B 

irradiation 

 

 

 

 

 

 

FIGURE 14. 9- and 9’-Methyl groups-homodecoupled 
1
H NMR spectrum of 1c displaying remaining 

multiplets of 8’-H, 8-H, 1’-H and 7-H. 

 

 

 

 

 

 

FIGURE 15. A: 1D DPFGNOESY spectrum of 1c, mixing time 1.2 s and irradiation of 1’-H at 2.90; B: 1D 

DPFGNOESY spectrum of 1c, mixing time 1.2 s and irradiation of 10’-H at δ 5.55 ppm and δ 5.42 ppm. 
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FIGURE 16. ROESY (500 MHz) NMR spectrum of 1c in CDCl3, mixing time 0.6 s. 
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FIGURE 17.
 1

H (500 MHz) NMR spectrum of 1d in CDCl3. 

 

 

 

 

 

 

104



S16 

 

 

 

 

 

 

 

 

FIGURE 18. Homodecoupled 
1
H NMR spectrum (9- and 9’-methyl groups) of 1d displaying remaining 

multiplets of 8’-H, 8-H, 1’-H and 7-H. 

 

 

 

 

 

 

FIGURE 19. 1D DPFGNOESY spectrum of 1d, mixing time 1.2 s and irradiation of 1’-H at δ 2.8 ppm. 
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FIGURE 20. Part of ROESY (500 MHz) NMR spectrum of 1d, mixing time 0.6 s. 

 

FIGURE 21. HSQC (500, 125 MHz) NMR spectrum of the aliphatic region of 1d. 
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FIGURE 22. HSQC (500, 125 MHz) NMR spectrum of the aromatic region of 1d. 

 

 

 

 

 

 

 

 

FIGURE 23. HMBC (500, 125 MHz) NMR spectrum of 1d. 
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FIGURE 24. 
1
H (500 MHz) NMR spectrum of 28 in CDCl3. 
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FIGURE 25. 
1
H (500 MHz) and 

13
C (125 MHz) NMR spectra of 26a in CDCl3. 
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FIGURE 26. 
1
H (500 MHz) and 

13
C (125 MHz) NMR spectra of 26b in CDCl3. 
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FIGURE 27. 
1
H (500 MHz) NMR spectrum of 27 in CDCl3. 
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FIGURE 28. ROESY (500 MHz) NMR spectrum of 26a in CDCl3.
1
  

FIGURE 29. ROESY (500 MHz) NMR spectrum of 26b in CDCl3.
1
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PPM 2.60 2.56 2.52 2.48 2.44 2.40 2.36 2.32 2.28 2.24 2.20 2.16 2.12 2.08 2.04 2.00

SpinWorks 3: ntcm00306p3c1

file: ...NMRdata\cm00306p3c1_1h_500.fid\fid  block# 1  expt: "s2pul"

transmitter freq.: 499.934765 MHz

time domain size: 16384 points

width: 6000.60 Hz = 12.0028 ppm = 0.366248 Hz/pt

number of scans: 8

freq. of 0 ppm: 499.932279 MHz

processed size: 16384 complex points

LB: 1.100    GF: 0.0000

Hz/cm: 12.233    ppm/cm: 0.02447

5. Spin system analyses
2
 of compounds 1a, 1c, and 1d 

 

 

 

 

 

 

 

 

FIGURE 30. Experimental (lower) and iterated (upper) multiplet pattern of 7-H (δ 3.28 ppm) and 1’-H (δ 

3.19 ppm) of 1a. 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 31. Experimental (lower) and iterated (upper) multiplet pattern of 8-H (δ 2.52 ppm) and 8’-H (δ 

2.22 ppm) of 1a. 
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PPM 3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0 0.8 0.6

SpinWorks 3: cm00307_2_1

file: ...NMRdata\cm00307_2_1_1h_500.fid\fid  block# 1  expt: "s2pul"

transmitter freq.: 499.935265 MHz

time domain size: 32768 points

width: 8003.20 Hz = 16.0085 ppm = 0.244238 Hz/pt

number of scans: 32

freq. of 0 ppm: 499.932279 MHz

processed size: 32768 complex points

LB: 0.600    GF: 0.0000

Hz/cm: 47.063    ppm/cm: 0.09414

PPM 7.12 7.10 7.08 7.06 7.04 7.02 7.00 6.98 6.96 6.94 6.92 6.90 6.88 6.86 6.84 6.82

SpinWorks 3: cm00307_2_1

file: ...NMRdata\cm00307_2_1_1h_500.fid\fid  block# 1  expt: "s2pul"

transmitter freq.: 499.935265 MHz

time domain size: 32768 points

width: 8003.20 Hz = 16.0085 ppm = 0.244238 Hz/pt

number of scans: 32

freq. of 0 ppm: 499.932279 MHz

processed size: 32768 complex points

LB: 0.600    GF: 0.0000

Hz/cm: 5.967    ppm/cm: 0.01194

 

 

 

 

 

 

 

 

 

 

FIGURE 32. Part of experimental (lower) and iterated (upper) 
1
H NMR spectrum of 1c. 

 

 

 

 

 

 

 

 

FIGURE 33. Experimental (lower) and iterated (upper) multiplet pattern of 7’-H (δ 7.11 ppm) and 1-H (δ 

6.88 ppm) of 1c. 

114



S26 

 

PPM 2.54 2.52 2.50 2.48 2.46 2.44 2.42 2.40 2.38 2.36 2.34

SpinWorks 3: cm00307_2_1

file: ...NMRdata\cm00307_2_1_1h_500.fid\fid  block# 1  expt: "s2pul"

transmitter freq.: 499.935265 MHz

time domain size: 32768 points

width: 8003.20 Hz = 16.0085 ppm = 0.244238 Hz/pt

number of scans: 32

freq. of 0 ppm: 499.932279 MHz

processed size: 32768 complex points

LB: 0.600    GF: 0.0000

Hz/cm: 4.366    ppm/cm: 0.00873

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 34. Experimental (lower) and iterated (upper) multiplet pattern of 1’-H of 1c. 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 35. Experimental (lower) and iterated (upper) multiplet pattern of 8’-H (δ 2.42 ppm) and 7-H (δ 

2.40 ppm) of 1c. 
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PPM 2.14 2.12 2.10 2.08 2.06 2.04 2.02 2.00 1.98 1.96 1.94 1.92 1.90

SpinWorks 3: cm00307_2_1

file: ...NMRdata\cm00307_2_1_1h_500.fid\fid  block# 1  expt: "s2pul"

transmitter freq.: 499.935265 MHz

time domain size: 32768 points

width: 8003.20 Hz = 16.0085 ppm = 0.244238 Hz/pt

number of scans: 32

freq. of 0 ppm: 499.932279 MHz

processed size: 32768 complex points

LB: 0.600    GF: 0.0000

Hz/cm: 4.943    ppm/cm: 0.00989

PPM 2.90 2.80 2.70 2.60 2.50 2.40 2.30 2.20 2.10 2.00

SpinWorks 3: cm00455p3-4-shigemi

file: ...cm00455p3-4-shigemi_1h_500.fid\fid  block# 1  expt: "s2pul"

transmitter freq.: 499.934221 MHz

time domain size: 32768 points

width: 4594.53 Hz = 9.1903 ppm = 0.140214 Hz/pt

number of scans: 2

freq. of 0 ppm: 499.932279 MHz

processed size: 32768 complex points

LB: -1.000    GF: 0.1000

Hz/cm: 18.733    ppm/cm: 0.03747

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 36. Experimental (lower) and iterated (upper) multiplet pattern of 8-H of 1c. 

 

 

 

 

 

 

 

 

 

FIGURE 37. Part of experimental (lower) and iterated (upper) 
1
H NMR spectrum of 1d displaying 1’-H at 

δ 2.83 ppm, 7-H at δ 2.05 ppm, 8-H at δ 2.50 ppm and 8’-H at δ 2.55 ppm respectively. 
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FIGURE 38. Experimental (lower) and iterated (upper) multiplet pattern of 8-H (δ 2.50  ppm) and 8’-H (δ 

2.55 ppm) of 1d. 

 

6. Computational studies of compounds 1a, 1c and 1d 

The structures of all possible diastereoisomers of carpanone (1a) which can be differentiated by NMR (16 

due to 5 stereogenic centres) were optimized at the AM1 level followed by the RHF/3-21G level and finally 

by the B3LYP/6-31G(d) level of theory within the Gaussian 03 package for Windows.
3
 The 

1
H, 

1
H NMR 

coupling constants (gas phase) of those optimized geometries showing the best fit to the NMR data 

obtained for 1a (most probably 1aA, 1aB), 1c and 1d were computed at the B3LYP/6-31+G(d,p) level of 

theory, and once -for 1c- at B3LYP/6-311++G(d,p) level of theory for comparison of the different basis 

sets. An HP Compaq with a 2.39 GHz processor and 2 GB RAM was used for all calculations. 
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FIGURE 39. 3D structure of 1aA. 

Table 1. Cartesian of 1aA. 

Row Symbol X Y Z 

1 C 1.919385 -1.54715 -0.888607 

2 C 0.839368 -0.8956 -0.261823 

3 C 0.996343 0.225051 0.560372 

4 C 2.309371 0.688529 0.816765 

5 C 3.365333 0.049756 0.208469 

6 C 3.174234 -1.040484 -0.637711 

7 H 1.746053 -2.406035 -1.525815 

8 H 2.486371 1.534824 1.471136 

9 C -0.204784 0.876361 1.240075 

10 C -1.429129 -1.182408 0.408523 

11 C -1.541395 0.302331 0.716018 

12 O 4.709404 0.350073 0.276717 

13 O 4.383492 -1.465089 -1.129314 

14 O -0.400218 -1.453113 -0.531464 

15 C 5.371437 -0.717604 -0.406571 

16 H 6.098579 -0.304377 -1.110824 

17 H 5.861908 -1.376604 0.324268 

18 C -2.704508 -1.742979 -0.169383 

19 C -2.066466 0.991942 -0.535239 

20 C -0.554777 2.990921 -0.230276 

21 C -1.619947 2.192828 -0.926809 
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22 C -3.161541 0.33156 -1.338505 

23 C -3.510918 -1.057907 -0.993643 

24 O -3.76001 0.933651 -2.225294 

25 H -0.964278 4.00324 -0.084504 

26 C 0.672604 3.164489 -1.153473 

27 H -2.06045 2.617242 -1.827725 

28 H -4.407723 -1.483929 -1.429139 

29 O -2.883105 -2.990386 0.315373 

30 O -1.271792 -1.974036 1.578169 

31 C -1.815924 -3.232876 1.256223 

32 C -0.23157 2.432658 1.182218 

33 H 1.424988 3.804414 -0.677725 

34 H 1.138811 2.205208 -1.39063 

35 H -2.295282 0.390226 1.509079 

36 H 0.376121 3.638454 -2.096349 

37 H 0.763385 2.795877 1.465935 

38 C -1.223886 2.99031 2.219855 

39 H -2.262024 2.757059 1.957277 

40 H -1.027951 2.583252 3.218949 

41 H -1.141525 4.081281 2.282208 

42 H -2.236031 -3.685293 2.156253 

43 H -1.077995 -3.889515 0.780635 

44 H -0.144505 0.607506 2.304596 

 

 

FIGURE 40. 3D structure of 1aB. 
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Table 2. Cartesian of 1aB. 

Row Symbol X Y Z 

1 C 2.037526 -1.559545 -0.856727 

2 C 0.933317 -0.950399 -0.228729 

3 C 1.038703 0.205676 0.553801 

4 C 2.325308 0.764753 0.751983 

5 C 3.406064 0.165522 0.144809 

6 C 3.264439 -0.968796 -0.651688 

7 H 1.904025 -2.446462 -1.464308 

8 H 2.463649 1.647785 1.365298 

9 C -0.187426 0.810258 1.230328 

10 C -1.343469 -1.300637 0.427422 

11 C -1.491936 0.190146 0.684929 

12 O 4.730391 0.560714 0.147203 

13 O 4.487824 -1.326147 -1.168963 

14 O -0.275776 -1.589487 -0.462032 

15 C 5.440455 -0.537866 -0.436943 

16 H 6.198744 -0.158049 -1.123066 

17 H 5.881068 -1.154708 0.359649 

18 C -2.59286 -1.895688 -0.17491 

19 C -1.986341 0.836554 -0.603442 

20 C -0.425593 2.799782 -0.341129 

21 C -1.504034 2.011872 -1.036414 

22 C -3.065672 0.144927 -1.398645 

23 C -3.393125 -1.243853 -1.033907 

24 O -3.671608 0.721452 -2.301687 

25 H 0.518203 2.548377 -0.851135 

26 C -0.627848 4.315148 -0.520897 

27 H -1.91358 2.40976 -1.963636 

28 H -4.273579 -1.69634 -1.475497 

29 O -2.767527 -3.133839 0.336459 

30 O -1.219394 -2.057046 1.62735 

31 C -1.729172 -3.337895 1.322944 

32 C -0.266802 2.360743 1.136031 

33 H -1.59091 4.649341 -0.122884 

34 H -0.598878 4.580108 -1.583046 

35 H -2.27454 0.284687 1.448256 

36 H 0.164571 4.877354 -0.014086 

37 H 0.683459 2.769749 1.499778 

38 C -1.368498 2.910324 2.060856 

39 H -2.373617 2.679884 1.692642 

40 H -1.271878 2.486381 3.066837 

41 H -1.296427 3.99717 2.157006 

42 H -0.130546 0.55395 2.297809 

43 H -0.963652 -3.989471 0.886803 
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44 H -2.175604 -3.770863 2.218901 

 

Table 3. Comparison of the calculated (gas phase) and measured coupling constants of 1a. 

                                                                         calculated J (Hz) 

                                                                  with B3LYP/6-31+G(d,p) 

measured J (Hz) 

Entry H 1aA 1aB 1a  

1 7’-H, 8’-H 5.6 2.8 5.2 

2 8-H, 8’-H 0.7 5.2 ~ 1.0 

3 7-H, 8-H 2.5 3.2 2.6 

4 7-H, 1’-H 7.5 6.7 7.2 

 

 

FIGURE 41. 3D structure of 1c. 
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Table 4. Cartesian of 1c. 

Row Symbol X Y Z 

1 C -2.46204 -1.405601 -0.635207 

2 C -1.226469 -0.755136 -0.56706 

3 C -1.079652 0.588945 -0.211869 

4 C -2.218994 1.32847 0.149212 

5 C -3.439393 0.689438 0.080708 

6 C -3.561582 -0.63592 -0.316674 

7 H -2.537255 -2.44754 -0.915764 

8 H -2.157988 2.361368 0.463163 

9 C 0.341734 1.09776 -0.321652 

10 C 0.901789 -1.337793 0.200269 

11 C 1.324658 0.118428 0.391027 

12 O -4.683467 1.183449 0.412513 

13 O -4.880623 -1.016887 -0.256083 

14 O 0.365771 -1.910306 1.392677 

15 C -5.606918 0.208376 -0.082542 

16 H -6.402692 0.05729 0.645068 

17 H -5.997584 0.535983 -1.05463 

18 C 2.015034 -2.313528 -0.071918 

19 C 2.704655 0.43661 -0.158634 

20 C 2.164181 2.829388 0.312435 

21 C 3.05563 1.727845 -0.197575 

22 C 3.631591 -0.608642 -0.707808 

23 C 3.227265 -2.010699 -0.551158 

24 O 4.714644 -0.312907 -1.194598 

25 H 2.414283 3.731401 -0.25566 

26 C 2.493844 3.144362 1.789993 

27 H 4.029932 1.986814 -0.601181 

28 H 3.97803 -2.771819 -0.723001 

29 O 1.614527 -3.525431 0.369027 

30 O -0.071819 -1.480806 -0.852237 

31 C 0.442888 -3.304879 1.188361 

32 C 0.627039 2.553576 0.096141 

33 H 1.899522 3.993618 2.140497 

34 H 2.280062 2.290251 2.438076 

35 H 1.297117 0.304708 1.469255 

36 H 3.550264 3.397979 1.909995 

37 H 0.127389 2.732376 1.055923 
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38 C 0.074724 3.547572 -0.940171 

39 H 0.613141 3.443606 -1.887704 

40 H -0.985481 3.392552 -1.147554 

41 H 0.202008 4.578201 -0.596482 

42 H -0.428005 -3.690201 0.652421 

43 H 0.586356 -3.799263 2.147946 

44 H 0.598734 1.014359 -1.386025 

 

Table 5. Comparison of the calculated (gas phase) and measured coupling constants of 1c. 

a
 computational time ca. 2 days; 

b
 computational time ca. 20 days 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 42. 3D structure of 1d. 

 

 

                                                                    calculated J (Hz)                                       

                                             B3LYP/6-31+G(d,p)      B3LYP/6-11++G(d,p)
b
 

    measured J (Hz) 

 

Entry H 1c  1c 1c  

1 7’-H, 8’-H 7.6  7.4 6.4 

2 8-H, 8’-H 1.4  1.5 3.7 

3 7-H, 8-H 9.3  9.5 11.7 

4 7-H, 1’-H 8.6  8.9 10.4 
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Table 6. Cartesian of 1d. 

Atom X Y Z 

C(1) -4.6795 -0.2913 -0.2979 

C(2) -4.5868 -1.6842 -0.038 

C(3) -3.3385 -2.3148 0.208 

C(4) -2.1794 -1.4948 0.1809 

C(5) -2.2783 -0.1042 -0.0887 

C(6) -3.5246 0.5345 -0.3235 

O(7) -6.0458 0.0377 -0.5083 

C(8) -6.7864 -1.1578 -0.3613 

O(9) -5.9023 -2.2208 -0.0648 

O(10) -0.964 -2.0164 0.4753 

C(11) -0.3394 -1.2904 1.4868 

C(12) -0.1262 0.14 1.0701 

C(13) -0.9542 0.5934 -0.125 

C(14) 0.8975 -1.9846 1.9656 

C(15) 2.1674 -1.7103 1.65 

C(16) 2.4772 -0.4348 0.8895 

C(17) 1.28 0.473 0.6794 

C(18) 1.4967 1.686 0.1605 

C(19) 0.3833 2.6865 0.1423 

C(20) -0.916 2.0933 -0.3864 

O(21) -1.1742 -1.4478 2.5908 

O(22) 0.4983 -2.9854 2.8921 

C(23) -0.8289 -2.6392 3.2355 

O(24) 3.6117 -0.1413 0.5964 

H(25) -0.3941 0.766 1.9505 

H(26) -0.4855 0.1387 -1.0264 

C(27) -1.2179 2.4369 -1.8391 

C(28) 0.8508 4.0275 -0.4078 

H(29) -3.2831 -3.3901 0.4331 

H(30) -3.6385 1.61 -0.5248 

H(31) -7.3206 -1.3841 -1.3111 

H(32) -7.5261 -1.0415 0.4622 

H(33) 2.9831 -2.3478 2.022 

H(34) 2.5051 2.0096 -0.1369 

H(35) 0.2188 2.8895 1.2242 

H(36) -1.7236 2.5691 0.2136 

H(37) -1.5241 -3.4533 2.9382 

H(38) -0.9065 -2.481 4.3325 

H(39) -2.138 1.9327 -2.2106 

H(40) -1.4 3.5253 -1.9843 

H(41) -0.4009 2.1357 -2.5323 

H(42) 1.1932 3.9498 -1.464 
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H(43) 0.0501 4.7977 -0.3416 

H(44) 1.7104 4.4103 0.1866 

 

Table 7. Comparison of the calculated (gas phase) and measured coupling constants of 1d. 

 calculated J (Hz) 

with B3LYP/6-

31+G(d,p) 

measured J (Hz) 

Entry H 1d 1d  

1 7’-H, 8’-H 3.0 3.8 

2 8-H, 8’-H 8.2 9.7 

3 7-H, 8-H 8.6 10.0 

4 7-H, 1’-H 8.4 10.7 
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The laccase-catalyzed oxidative coupling of sesamol, a naturally occurring phenolic antioxidant, with O2

as the oxidant proceeds with high selectivity and delivers a previously unknown trimer in 61% yield.
Further experiments demonstrate that the outcome of the sesamol oxidation strongly depends on the
catalyst and the oxidant employed.

� 2012 Elsevier Ltd. All rights reserved.
Sesamol (1) is a phenolic natural product which occurs in the
seed oil of Sesamum indicum (Fig. 1).1 Sesame oil is used in a num-
ber of different applications in the food,2 cosmetics,3 pharmaceuti-
cal4 and chemical industries.5 In addition, the use of sesame oil has
a long history in traditional and alternative medicine, especially in
the indian ayurveda.6

As sesamol (1) exhibits several biological activities, such as
antioxidant,7 cancer chemoprevention,4d,8 hepatoprotective9 and
neuropsychopharmacological10 properties, the chemistry of sesa-
mol and related phenolics has become a field of growing interest
in medicinal chemistry over the last years.

Sesamol (1) is well known for its antioxidant properties and it is
at least partly responsible for the high stability of sesame oil.11

However, comparatively little is known about the products that
are formed during the oxidation of sesamol under different condi-
tions. What is known so far is that the structures of the oxidation
products strongly depend on the oxidant employed.

When Waldvogel and co-workers subjected 1 to electrochemi-
cal oxidation dimer 2 was formed in 74% yield (Fig. 2).12 Sone
and co-workers reported on the conversion of 1 using 10 mol %
FeCl3 as the catalyst and O2 as the oxidant.13 After 6 days trimer
3 and tetramer 4 could be isolated in minute amounts (Fig. 2).13c

When the reaction time was extended to 9 days the sesamol di-
mers 5–7 were obtained in yields ranging from 1% to 4%.13a Inter-
estingly, the compounds 3–7 are cytotoxic.13a,13b

Surprisingly enough, very little is known about enzyme-cata-
lyzed oxidations of 1. It has been reported that upon peroxidase-
catalyzed oxidation of 1 with H2O2 dimer 2 is formed. However,
the yield amounted only to 10%.14 As it can be assumed that the
ll rights reserved.

ax: +49 711 459 22951.
eifuss).

12
formation of compounds 3–7 proceeds via coupling of radicals it
seemed reasonable to try the oxidation of 1 also with enzymes
capable of initiating oxidative phenol couplings using O2 as the
oxidant. We expected laccases to be suitable for this purpose as
they have been employed successfully to catalyze numerous phe-
nolic couplings.15 Therefore, the focus of this study was to explore
the laccase-catalyzed oxidative coupling of sesamol (1) with O2 as
the oxidant.

Laccases have been known for a long time.16 But it is only re-
cently that they have attracted increased interest among synthetic
organic chemists.17 Laccases belong to the enzyme class of oxi-
dases. They catalyze four one electron oxidations of substrate mol-
ecules to the corresponding radicals with O2 as the oxidant. The
radicals formed can undergo further reactions including dimeriza-
tion, oligomerization and polymerization. The oxidation of the sub-
strates is accompanied by the reduction of O2 to H2O.18 Meanwhile,
laccases have been used to catalyze a number of oxidations, includ-
ing the oxidation of several functional groups,19 the oxidation of
catechols and hydroquinones to the corresponding o- and p-benzo-
quinones20 and the oxidative coupling of phenolic and related sub-
strates.15 Here, we report on the laccase-catalyzed oxidation of
sesamol (1).

We started our investigations with the oxidation of sesamol (1)
using a laccase from Trametes versicolor as the catalyst and aerial
oxygen as the oxidant. When the reaction was carried out with
120 U laccase in NaOAc buffer (0.1 M, pH 5.0) at room temperature
for 8 h, the two sesamol trimers 8 and 9 were isolated in 41 and 3%
yield, respectively (Table 1, entry 1). The structures of both 8 and 9
were unambiguously determined by NMR and MS (vide infra). It is
assumed that the formation of the main product 8 proceeds as an
oxidative trimerization of 1 (Scheme 1). We propose that 1 under-
goes a one electron oxidation to the resonance stabilized radical 10
7
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Table 1
Laccase-catalyzed oxidation of sesamol (1) under different reaction conditionsa

81

cat. laccase
air
buffer

3
O
O OH

H
H

O
O

Entry Cat. Units (U) pH T (�C)

1 Tvc 120 5.0 22
2 Tvc 30 5.0 22
3 Tvc 60 5.0 22
4 Tvc 60 5.0 50
5 Tvc 60 5.0 50
6 Tvc 60 4.0 22
7 Tvc 60 6.0 22
8 Abd 60 5.0 22
9 Abd 60 6.0 22
10 — — 5.0 22

a In all cases 3.6 mmol 1 were reacted.
b Yields refer to yields after purification.
c Commercially available laccase from Trametes versicolor (Tv). The enzyme activity w
d Commercially available laccase from Agaricus bisporus (Ab). The enzyme activity wa
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Scheme 1. Proposed mechanism for the formation of the main product 8.
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in the first step. Subsequently, dimerization of 10 with selective
formation of the o,o0-coupling product 2 takes place. The oxidation
of dimer 2 delivers radical 11 which finally reacts with 10B to give
the o,o0-coupling product 8. The formation of the side product 9 can
be rationalized if it is assumed that radicals 10B and 11A undergo
intermolecular C,O-coupling to yield trimer 12. The reaction pro-
ceeds with the oxidation to 13 and intramolecular C,O-coupling
to 9 (Scheme 2).

Due to the surprising formation of trimers 8 and 9 the laccase-
catalyzed reaction of sesamol (1) was investigated in greater detail.
First, the influence of the amount of the laccase was studied. When
the reaction of 1 was run with 30 U laccase from Trametes versicolor
at room temperature 8 was isolated in 56% yield (Table 1, entry 2).
In addition, 2% of 9 and 6% sesamol (1) were obtained. A further
improvement in the yield of 8 to 61% could be achieved by increas-
ing the amount of laccase to 60 U (Table 1, entry 3). An increase of
9

+
O
OO

O

O
O

OH
O

O

O O
O

OO

O
O

Time (h) Yield 1b (%) Yield 8b (%) Yield 9b (%)

8 — 41 3
72 6 56 2
17 2 61 2
24 — 53 3
17 17 37 —
72 66 34 —
17 4 42 2
17 40 30 —
17 72 — —
17 96 — —

as determined using ABTS as the substrate.
s determined using ABTS as the substrate.



Table 2
Oxidative coupling of sesamol (1) using laccase/mediator systemsa

81

2.5 mol% mediator
air
0.1M NaOAc buffer pH 5.0
rt

3
O
O OH O

OHO
HO

O
O

O
O OH

Entry Tvb (U) Mediator Time (h) Yield 1c (%) Yield 8c (%)

1 60 ABTS 17 68 26
2 60 HOBt 17 72 13
3 60 TEMPO 17 61 16
4 60 4-Methoxy-TEMPO 17 35 25
5 — ABTS 144 88 —
6 — HOBt 17 98 —
7 — TEMPO 17 88 —
8 — 4-Methoxy-TEMPO 17 91 —

a In all cases 3.6 mmol 1 were reacted.
b Commercially available laccase from Trametes versicolor (Tv). The enzyme

activity was determined using ABTS as the substrate.
c Yields refer to yields after purification.

Table 3
Oxidation of sesamol (1) with 10 mol% 4-methoxy-TEMPO in different solventsa

81

10 mol% catalyst
O2

3
O
O OH O

OHO
HO

O
O

O
O OH

+OH

OH
O

O

O
O 2

Entry Solvent T (�C) Time
(h)

Yield 1b (%) Yield 2b (%) Yield 8b (%)

1 H2O 100 48 4 27 14
2 C6H6 80 48 46 — —
3 CH2Cl2 22 72 100 — —

a In all cases 3.6 mmol 1 were reacted.
b Yields refer to yields after purification.
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Scheme 3. Selective chlorination of sesamol (1) with NaOCl.
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the reaction temperature to 50 �C did not pay off as the yield of 8
dropped to 53% (Table 1, entry 4). When the reaction was con-
ducted at pH 4.0 for 72 h the yield of 8 decreased to 34%. In addition,
66% of the substrate was reisolated (Table 1, entry 6). At pH 6.0, the
formation of 42% of trimer 8 was accompanied by 4% sesamol (1)
and 2% 9 (Table 1, entry 7).

When the laccase from Trametes versicolor was replaced by the
laccase from Agaricus bisporus the substrate was not consumed
completely (Table 1, entries 8, 9). At pH 5.0, the trimer 8 was
formed in 30% yield (Table 1, entry 8). A control experiment clearly
established that the trimerization of 1 to 8 occurs only in the pres-
ence of catalytic amounts of the laccase (Table 1, entry 10). In the
absence of any laccase no reaction could be observed and 1 was
reisolated in 96% yield. There are several reports that the yields
and/or the selectivities of laccase-catalyzed reactions can be im-
proved by using laccase/mediator-systems. This is why the lac-
case-catalyzed oxidation of sesamol (1) was performed with
2.5 mol % of a mediator being present at the same time. ABTS,
HOBt, TEMPO and 4-methoxy-TEMPO were selected as mediators.
Under these conditions the trimerization of 1 proceeded with
exclusive formation of 8. Despite the excellent selectivity observed
the laccase/mediator protocols are less efficient than the laccase-
catalyzed method as the consumption of 1 remained incomplete
and the yield of 8 did not exceed 26% (Table 2, entries 1–4). When
the reactions were run in the presence of 2.5 mol % mediator but in
the absence of any laccase no formation of 8 could be observed
(Table 2, entries 5–8).

The oxidation of 1 with O2 was also performed with 10 mol % 4-
methoxy-TEMPO in different solvents. When the reaction was run
12
in boiling water for 48 h the formation of 14% of trimer 8 was
accompanied by 27% of dimer 2 (Table 3, entry 1). In C6H6 and
CH2Cl2 as the solvents no product formation could be observed (Ta-
ble 3, entries 2, 3).

The unexpected results of the laccase catalyzed oxidation of 1
prompted us to study the reaction also with (a) 10 mol %
FeCl3�6H2O/O2, (b) 4 mol % of a Co(II)salen type catalyst21/O2 and
c) 1 equiv CuSO4�5H2O/air. In contrast to the highly selective lac-
case-catalyzed oxidation the formation of a multitude of products
was observed in all cases and we refrained from elucidating their
structures in detail. However, 1H NMR analysis of the crude prod-
ucts indicated that trimer 8 was not among the reaction products.
Finally, 1 was reacted with 1 equiv NaOCl under basic conditions in
aqueous medium as Easwaramoorthy and co-workers 22 have re-
ported on the oxidative dimerization of a range of phenolic sub-
strates under these conditions. However, not even a trace of the
o,o0-coupling product of sesamol (1) could be observed. Instead,
we isolated 6-chlorobenzo[1,3]dioxol-5-ol (14) in 58% yield as
the only product from the reaction mixture (Scheme 3).

The molecular formula of compound 8, C21H14O9, was estab-
lished by HRMS (ESI), which exhibited an [M+H]+ ion at m/z
411.0711 (calculated for C21H15O9, 411.0716). The 1H NMR spec-
trum of 8 shows three singlets corresponding to three methylene
groups and three singlets representing three aromatic rings. The
13C NMR spectrum confirms the presence of three phenyl rings
(Table 4) with two aromatic rings A and C having high similarity.
Due to the presence of both singlets and partially overlapped sing-
lets in the 1H NMR spectrum the correct assignment of the carbons
9



Table 4
Chemical shift differences of aromatic carbons in rings A, B and C in the 13C NMR spectrum of 8

Ring C-1 (ppm) C-2 (ppm) C-3 (ppm) C-4 (ppm) C-5 (ppm) C-6 (ppm)

A 110.74a 140.09 146.68 97.95a 148.68 117.47
B 109.03 140.04 145.08 111.10 146.27 118.57
C 110.80a 139.69 147.35 97.91a 149.74 110.98

a Value may be interchanged.

Figure 3. Numbering of 8 and important HSQMBC correlations.
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and protons could not easily be deduced. Thus, HMBC as well as
HSQMBC NMR methods were applied to extract individual cou-
pling constants J(H,C) for assignment purposes.

The HMBC correlations between 4-HA (d 6.53) and CA-2, CA-3,
CA-5 and CA-6 as well as between 1-HA (d 6.71) and CA-2, CA-3,
CA-5 and CA-6 arrange 1-HA and 4-HA on the same benzene ring
(ring A). A coupling constant 3J(H,C) between 4-HA and CA-6
(5.1 Hz) as well as CA-2 (7.6 Hz) along with two small coupling
constants 2J(H,C) between 4-HA and CA-5 (3.8 Hz) as well as CA-3
(3.8 Hz) proves the position of 4-HA between CA-3 and CA-5 on
the benzene ring A (Fig. 3). A large coupling constant 3J(H,C) be-
tween 1-HA and CA-5 (8.4 Hz) and CA-3 (8.4 Hz) along with two
small coupling constants 2J(H,C) between 1-HA and CA-2 (3.8 Hz)
as well as CA-6 (2.2 Hz) establishes the para position of 1-HA and
4-HA on the benzene ring A. A HMBC correlation between 1-HA

and CB-6 indicates the CA-6/CB-6 linkage of ring A with ring B. Con-
trary to ring A, the HSQMBC and HSQC NMR spectra displayed the
presence of only one proton on the benzene ring B. Long range cou-
pling constants 3J(H,C) between 1-HB (d 6.65) and CB-5 (8.5 Hz) as
well as CB-3 (8.0 Hz) along with two small coupling constants
2J(H,C) between 1-HB and CB-6 (2.8 Hz) as well as CB-2 (3.7 Hz)
proves the position of 1-HB between CB-2 and CB-6. Analysis of
chemical shifts and coupling constants of the ring C revealed an
identical substitution pattern as observed for ring A. A HMBC cor-
relation between 1-HC and CB-4 confirms the CB-6/CC-6 linkage of
the aromatic ring C with the aromatic ring B.

The molecular formula of compound 9, C21H12O9, was estab-
lished by HRMS (EI), which exhibited an [M]+ ion at m/z
408.0445 (calculated for C21H12O9, 408.0481). The 1H NMR spec-
Figure 4. Numbering of 9 and important HSQMBC correlations.
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trum of 9 shows two singlets corresponding to three methylene
groups, two singlets corresponding to four aromatic protons in
two rings and two singlets representing two vinylic protons. The
13C NMR spectrum confirms the presence of two identical aromatic
rings and one cyclohexadienone ring. As for 9, the structure eluci-
dation was performed using HMBC as well as HSQMBC NMR meth-
ods to extract individual coupling constants J(H,C).

The HMBC correlations between 80-H (d 7.08) and C-60, C-70, C-90

and C-100 as well as between 110-H (d 6.62) and C-60, C-70, C-90 and
C-100 arrange 80-H and 110-H on the benzene ring. A large coupling
constant 3J(H,C) between 80-H and C-70 (9.1 Hz) as well as C-100

(8.0 Hz) along with two small coupling constants 2J(H,C) between
80-H and C-60 (3.8 Hz) as well as C-90 (4.6 Hz) proves the position
of 80-H between C-60 and C-90 on the benzene ring (Fig. 4). A cou-
pling constant 3J(H,C) between 110-H and C-60 (4.4 Hz) and C-90

(7.3 Hz) along with two small coupling constants 2J(H,C) between
110-H and C-70 (4.3 Hz) as well as C-100 (3.9 Hz) establishes the
para position of 80-H and 110-H on the benzene ring. The HMBC cor-
relations between 2-H (d 5.72) and C-1, C-3, C-4 and C-6 as well as
between 5-H (d 5.78) and C-1, C-3, C-4 and C-6 arrange 2-H and 5-
H on the cyclohexadienone ring. A large coupling constant between
5-H and C-3 (7.6 Hz) as well as C-1 (5.0 Hz) along with a small cou-
pling constants between 5-H and C-4 (4.2 Hz) proves the position
of 5-H between C-4 and C-6 on the cyclohexadienone ring. A large
coupling constant 3J(H,C) between 2-H and C-4 (9.3 Hz) along with
two small coupling constants 2J(H,C) between 2-H and C-3 (4.4 Hz)
as well as C-1 (3.0 Hz) establish the 2,5-position of 2-H and 5-H on
the cyclohexadienone ring.

To summarize, the oxidative coupling of sesamol (1) with O2 as
the oxidant can be efficiently and selectively catalyzed by laccases
under mild reaction conditions. The laccase-catalyzed oxidation is
not only the first method that proceeds with exclusive formation
of sesamol trimers. It is also one of the few examples of an efficient
enzymatic trimerization of a phenolic substrate. The main product
is a previously unknown trimer which was isolated in 61% yield. It
was accompanied by 2% of a second sesamol trimer unknown so far.
The unambiguous structure elucidation of both trimers has been
achieved by NMR spectroscopic methods and mass spectrometry.
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Fig. 23. 1H (300 MHz) and 13C (75 MHz) NMR spectra of 19b in DMSO-d6. 
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Fig. 24. 1H (300 MHz) and 13C (75 MHz) NMR spectra of 19c in CDCl3. 
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 Fig. 25. 1H and 13C NMR spectra (300, 75 MHz) of 19d in DMSO-d6. 
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12. Abkürzungen 

 

Ǻ Angström 

ABTS Azino-bis-(3-ethylbenzthiazolin-6-sulfonsäure) 

A. Agaricus 

Ab Agaricus bisporus 

Ac Acetyl 

Ac2O Essigsäureanhydrid 

Äquiv. Äquivalent 

arom. aromatisch 

ATR Attenuated total reflection, abgeschwächte Totalreflexion (IR) 

Bu Butyl 

bzw. beziehungsweise 

COSY Correlated Spectroscopy 

Cys Cystein 

δ chemische Verschiebung 

d Dublett (NMR) 

DAIB Diacetoxyiodbenzol 

dd Dublett von Dublett (NMR) 

DC Dünnschichtchromatographie 

DMSO Dimethylsulfoxid 

ee Enantiomerenüberschuß 

EI Elektronenstoßionisation 

ET Elektronentransfer 

Et Ethyl 

EtOAc Essigsäureethylester 

ESI Elektrospray-Ionisation 

eV Elektronenvolt 

ε Absorptionskoeffizient 

h Stunde 

HAT Wasserstoffatomtransfer 

His Histidin 

HMBC Heteronuclear Multiple Bond Coherence 

HOBt N-Hydroxybenzotriazol 
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HPI N-Hydroxyphtalimid 

HPLC High Performance Liquid Chromatography 

HSQC Heteronuclear Single Quantum Coherence 

HSQMBC Heteronuclear Single Quantum Multiple Bond Coherence 

Hz Hertz 

IR Infrarot 

J Kopplungskonstante 

kat. katalytisch 

kDa Kilodalton 

KO
t
Bu Kalium-tert-butanolat 

λ Wellenlänge 

M Molarität 

M
+
 Molekülion 

max. Maximum 

Me Methyl 

Met Methionin 

μ Micro 

min Minute 

mL Mililiter 

MS Molekularsieb oder Massenspektrum 

m/z Verhältnis von Masse zu Ladung 

NHA N-Hydroxyacetanilid 

nm Nanometer 

NMR magnetische Kernresonanz 

Nr. Nummer 

o ortho 

ox. oxidiert 

p para 

ppm parts per million 

Pr Propyl 

red. reduziert 

ROESY Rotating Frame Overhauser Enhancement 

Rf Relative Wanderungsgeschwindigkeit 

RP Reversed Phase 
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RT Raumtemperatur 

s Singulett 

Salen N,N’-Bis(salicyliden)ethylendiamin 

T. Trametes 

T Temperatur 

t Zeit  

t Triplett (NMR) 

TBAF Tetrabutylammoniumfluorid 

TBS tert-Butyldimethylsilyl 

TEMPO 2,2,6,6-Tetramethylpiperidin-1-oxyl 

THF Tetrahydrofuran 

Tv Trametes versicolor 

UV Ultraviolett 

Vol Volumen 

wäss. wässrig 

X-ray Röntgenstrahlung 
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