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Abstract – In order to estimate the free energy barrier to rotation around the 

C1–C11 single bond in lamellarins, new lamellarin analogues (1a), (1b), (2a), and 

(2b) possessing diastereotopic protons or carbons at the C1 aryl moiety were 

synthesized.  Variable-temperature 1H and 13C NMR measurements of these 

analogues revealed that the free energy barriers to rotation around the C1–C11 

axis in 5,6-saturated and 5,6-unsaturated lamellarins were around 72–74 and 

83–87 kJ/mol, respectively.

INTRODUCTION 

The lamellarins constitute an important class of natural products of marine origin.1  Up to now, 

approximately fifty lamellarins have been characterized since the first isolation of lamellarins A–D from 

Lamellaria sp. in 1985.2–15  These lamellarins exhibit a number of interesting biological activities such as 

potent cytotoxicity against cancer cell lines,8,9,11,12,14–21 multi-drug resistance (MDR) reversal activity,15,16 

anti-HIV activity,11,18,22 topoisomerase I inhibitory activity,23,24 inhibition of mitochondrial function,25–28 

and protein kinases inhibitory activity.29  Lamellarins possess a unique 14-phenyl-6H-[1]benzopyrano- 

[4’,3’:4,5]pyrrolo[2,1-a]isoquinolin-6-one ring system (Figure 1).  They are divided into two structural 

types different in the degree of unsaturation at 5,6-bond.  The naturally occurring lamellarins are highly 

substituted by oxygen functionalities (OH and OMe) on this scaffold.  The biological activities are 

dependent on the position and the number of OH and OMe groups. 

According to X-ray crystallographic analyses of several lamellarins, the aryl group attached to C1 is 
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almost orthogonal to the pentacyclic ring.2,3,13,30  Therefore, if C1 aromatic ring is unsymmetrically 

substituted and rotation around the C1–C11 single bond is restricted, lamellarins are axially chiral.  For 

the rotational energy barrier of lamellarins, Faulkner estimated it to be 600 kcal/mol for the highest 

maximum by molecular mechanics calculations (MM2).2  At this energy barrier, rotation around C1!

C11 is essentially impossible.  Interestingly, however, all naturally occurring lamellarins so far isolated 

were optically inactive, except for lamellarin S.7  The half-life of lamellarin S was estimated to be ca. 90 

days by repeated measurements of its optical rotation over several months.7  These theoretical and 

experimental results suggested that lamellarins could be separated easily into their enantiomers by optical 

resolution.  However, the resolution of naturally occurring or synthetic lamellarins has not been reported 

so far.  Owing to our interest in the protein kinase inhibitory activity of lamellarin N and related 

compounds, we needed to prepare both enantiomers of lamellarin N.  Thus, we synthesized several 

different types of O-protected lamellarins N and tried the optical resolution of them by chiral stationary 

phase HPLC.  However, all attempts to produce optically active compounds were failed due to easy 

racemization of once-separated enantiomers in HPLC column at room temperature.31  Such discrepancy 

between our results and others prompted us to determine the actual rotational energy barriers of 

lamellarins by variable-temperature (VT) NMR experiments.32 

RESULTS AND DISCUSSION 

Charlton and coworkers investigated the rotational energy barriers of arylnaphthalene lignans such as 

justicidins A and B by VT NMR technique.33  Based upon Charlton’s studies, we designed lamellarin 

analogues (1) and (2) having 1,3-benzodioxol-5-yl group at the C1 position (Figure 2).  These 

compounds may be suitable for VT NMR experiments, because two substituents R on the 

1,3-benzodioxol-5-yl group are diastereotopic each other and, therefore, the chemical shifts of the 

substituents R in NMR spectra should be different, if rotation around C1–C11 single bond 

[interconversion between (aR)- and (aS)-isomers] is sufficiently slow on the NMR time scale. 

The synthesis of lamellarin analogues (1) and (2) was effected by application of the method developed in 

our laboratories (Scheme 1).34  The known pentacyclic compound (3)34 was brominated regioselectively 

at C1 with N-bromosuccinimide (NBS) to give 4 in 89% yield.  Subsequent Suzuki-Miyaura coupling of 

 

Figure 1.  Lamellarin scaffold 
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4 with 1.5 equiv of arylboronic acids (5a) and (5b) under the standard conditions [Pd(PPh3)4 (10 mol%), 

Na2CO3, water, 1,2-dimethoxyethane (DME), reflux, 24 h] afforded the 5,6-saturated analogues (1a) and 

(1b) in 80% and 72% yields, respectively.  Dehydrogenation of 1a and 1b using 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in refluxing toluene produced the 5,6-unsaturated 

analogues (2a) and (2b) in 94% and 91% yields, respectively.   

 

 

Scheme 1. Reagents and conditions: (a) NBS (1.03 equiv), DMF, 0 °C, 24 h (89%); (b) 5a or 5b (1.5 
equiv), Pd(PPh3)4 (10 mol%), Na2CO3 (6.6 equiv), water, DME, reflux, 24 h (1a: 80%, 1b: 
72%); (c) DDQ (1.5 equiv), toluene, reflux, 17 h (2a: 94%, 2b: 91%).   

 

With the lamellarin analogues (1a), (1b), (2a), and (2b) in hand, we next carried out VT NMR 

experiments.  Initially, 5,6-saturated lamellarin analogues (1a) and (1b) were analyzed.  When 1H NMR 

of the sample (1a) was measured in chloroform-d at 22 °C, the diastereotopic methylene protons gave an 

AB-type spectrum at ! 6.017 and 6.030 ppm (!" = 5.4 Hz and JAB = 1.1 Hz) showing the rotation around 

C1–C11 of 1a is sufficiently slow at this temperature (Figure 3).  As the temperature increased, these 

peaks are broadened and coalesced at 50 °C (Tc = 323 K).   

Next, 1H NMR spectra of 1b were measured at room temperature.  Although variety of solvents 

(chloroform-d, acetone-d6, methanol-d4, DMSO-d6, benzene-d6 and toluene-d8) were tested, we couldn’t 

 

 
Figure 2.  Interconversion between (aR)- and (aS)-isomers of lamellarin analogues (1) and (2) by  
  rotation around C1–C11 single bond 
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obtain the spectra in which the signals corresponding to the diastereotopic methyl protons were separated 

into two singlets.  On the other hand, the diastereotopic methyl carbon signals were observed as two 

singlets at ! 25.51 and 25.57 ppm (!" = 6.0 Hz) in 13C NMR spectrum at 22 °C when toluene-d8 was used 

as a solvent (Figure 4).  These peaks coalesced at 55 °C (Tc = 328 K).   

 

 
Figure 4.  Variable-temperature 13C NMR spectra for the diastereotopic methyl signals in lamellarin  

 analogue (1b) in toluene-d8 

 

 
Figure 3.  Variable-temperature 1H NMR spectra for the diastereotopic methylene proton signals  
  in lamellarin analogue (1a) in chloroform-d 
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The free energy barriers to rotation around C1–C11 single bond in 1a and 1b were calculated using these 

experimental data.  The results were summarized in Table 1.  By employing the Gutowsky-Holm 

equation [kc = 2–1/2"!" for uncoupled signals and kc = 2–1/2"#(!" + 6J2
AB) for coupled signals] and the 

Eyring equation [!G‡ = 19.14Tc(10.32 + log Tc – log kc)],32, 35, 36 the free energy barriers (!G‡) at Tc for 1a 

and 1b were estimated to be 72.4 and 73.6 kJ/mol, respectively.37  The rates of enantiomerization (kenant) 

of 1a and 1b at 20 °C were roughly estimated to be 0.77 and 0.48 s–1, respectively, based on the 

approximation that !G‡ is invariant with temperature and the assumption that !G‡ is identical with the 

barrier to interconversion between (aR)- and (aS)-isomers.38  The half-lives of racemization for 1a and 

1b were estimated to be 0.45 and 0.73 s, respectively, by using the equation (t1/2 = ln 2 / 2kenant).39  These 

data indicated that (aR)- and (aS)-isomers interconvert rapidly at 20 °C.40   

 

Table 1.  Variable-temperature NMR data for 5,6-saturated lamellarin analogues (1a) and (1b) 

compound ! (ppm) !" (Hz) JAB (Hz) Tc (K) kc (s–1) !G‡ (kJ/mol) kenant (s–1)a t1/2 (s)a 

1ab 6.017, 6.030 5.4 1.1 323 13.4 72.4 0.77 0.45 s 

1bc 25.51, 25.57 6.0 – 328 13.3 73.6 0.48 0.73 s 
a Estimated at 20 °C. 
b 1H NMR experiments were performed in chloroform-d. 
c 13C NMR experiments were performed in toluene-d8. 

 

Next, VT NMR experiments of 5,6-unsaturated lamellarin analogues (2a) and (2b) were carried out.  

The 1H NMR spectra of 2a were measured in toluene-d8 at the temperatures between 25 °C and 100 °C 

(Figure 5).  When the sample (1a) was measured at 25 °C, the diastereotopic methylene protons gave an 

AB-type spectrum at ! 5.321 and 5.333 ppm (!" = 4.8 Hz and JAB = 1.0 Hz).  As the temperature 

increased, these peaks are broadened and coalesced at 95 °C (Tc = 368 K).   

The 13C NMR spectra of 2b were measured in toluene-d8 at the temperatures between 22 °C and 120 °C 

(Figure 6).  When the sample (2b) was measured at 22 °C, diastereotopic methyl carbon signals were 

observed at ! 25.53 and 25.61 ppm (!" = 7.7 Hz).  These peaks coalesced at 115 °C (Tc = 388 K).   

From the VT NMR data for 2a and 2b, the free energy barriers (!G‡) at Tc, the rates of enantiomerization 

(kenant) at 20 °C, and the half-lives of racemization (t1/2) at 20 °C were estimated in a similar manner as 

described for 1a and 1b.  The results were summarized in Table 2.  The free energy barriers (!G‡) of 2a 

and 2b were found to be approximately 10 kJ/mol higher than those of 1a and 1b.37  These differences 

may be accounted for by the difference of flexibility of 5,6-saturated or 5,6-unsaturated lamellarin 

framework.  The rotations around C1–C11 single bond of 5,6-unsaturated lamellarins may be somewhat 

more restricted than those of 5,6-saturated ones due to the rigidity of the unsaturated pentacyclic system.   
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The short half-life data (t1/2) indicated the separation of each enantiomer is still difficult in the 

5,6-unsaturated lamellarins at room temperature.40 

 

 

 

 
Figure 5.  Variable-temperature 1H NMR spectra for the diastereotopic methylene proton signals  

in lamellarin analogue (2a) in toluene-d8 
 

 
Figure 6.  Variable-temperature 13C NMR spectra for the diastereotopic methyl signals in  

lamellarin analogue (2b) in toluene-d8 
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Table 2.  Variable-temperature NMR data for 5,6-unsaturated lamellarin analogues (2a) and (2b) 

compound ! (ppm) !" (Hz) JAB (Hz) Tc (K) kc (s–1) !G‡ (kJ/mol) kenant (s–1)a t1/2 (s)a 

2ab 5.321, 5.333 4.8 1.0 368 11.8 83.2 0.0090 38 s 

2bc 25.53, 25.61 7.7 – 388 17.0 86.8 0.0021 163 s 
a Estimated at 20 °C. 
b 1H NMR experiments were performed in toluene-d8. 
c 13C NMR experiments were performed in toluene-d8. 

 

In conclusion, we have established the free energy barriers for rotation around the C1–C11 single bond of 

5,6-saturated and 5,6-unsaturated lamellarins by VT NMR experiments.  The energy barriers are found 

to be insufficiently high to allow the optical resolution of lamellarins.  These data are in good agreement 

with the facts that almost all naturally occurring lamellarins are optically inactive.  The reported optical 

activity of lamellarin S is not clearly understood at the present stage.  The data obtained in this research 

indicate that lamellarins can be regarded as single compounds rather than racemic mixtures.  This 

finding is especially important in assessment of the biological activities of lamellarins for drug 

discovery.40,41 

EXPERIMENTAL 

Melting points were determined with a Yanagimoto micro melting points apparatus and are uncorrected.  

IR spectra were obtained with a Thermo Nicolet Nexus 670 NT FT-IR instrument and are reported in 

terms of frequency of absorption (cm–1).  NMR spectra were recorded on a JEOL JNM-AL400 

instrument (400 MHz for 1H and 100 MHz for 13C) using tetramethylsilane as an internal standard (! 0.0).  

Data for 1H NMR spectra are reported as follows: chemical shift (! ppm), multiplicity, coupling constant 

(Hz), and integration.  Data for 13C NMR spectra are reported in terms of chemical shift.  High 

resolution mass spectra were recorded on a JEOL JMS-700N spectrometer.  Elemental analysis was 

performed for C, H, and N using a Perkin Elmer 2400II instrument.  Column chromatography was 

conducted on Silica Gel 60N, 63–210 µm (Kanto Chemical Co., Inc.) or Chromatorex NH-DM1020 silica 

gel (Fuji Silysia Chemical Ltd.).  Flash chromatography was conducted on Silica Gel 60N, 40–50 µm 

(Kanto Chemical Co., Inc.).  t-Butyllithium was used after titration with 2,5-dimethoxybenzyl alcohol.  

Solvents were dried and distilled by standard methods if necessary.   

 

14-Bromo-3,11-diisopropoxy-2,12-dimethoxy-8,9-dihydro-6H-[1]benzopyrano[4’,3’:4,5]pyrrolo[2,1-

a]isoquinolin-6-one (4).  A solution of NBS (151 mg, 0.848 mmol) in DMF (13 mL) was added 

dropwise to a solution of 334 (382 mg, 0.824 mmol) in DMF (10 mL) at 0 °C.  The mixture was stirred 
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for 24 h at 0 °C.  The solution was diluted with water and the product was extracted with CH2Cl2.  The 

extract was washed with water and brine, dried over Na2SO4, and evaporated.  The residue was purified 

by column chromatography over Silica Gel 60N (CH2Cl2–EtOAc = 20:1) to give 4 as pale yellow solid 

(398 mg, 89%).  Recrystallization from CH2Cl2-hexane gave colorless powder.  Mp 191.5–192.5 °C; IR 

(KBr): 1707, 1420, 1210, 1163, 1040 cm–1; 1H NMR (400 MHz, CDCl3): ! 1.43 (d, J = 6.1 Hz, 12H), 3.04 

(t, J = 6.5 Hz, 2H), 3.95 (s, 3H), 3.96 (s, 3H), 4.58 (sep, J = 6.1 Hz, 1H), 4.63 (sep, J = 6.1 Hz, 1H), 

4.71–4.78 (m, 2H), 6.83 (s, 1H), 6.91 (s, 1H), 8.14 (s, 1H), 8.20 (s, 1H); 13C NMR (100 MHz, CDCl3): ! 

21.8, 22.1, 28.9, 42.6, 56.3, 56.3, 71.4, 86.6, 103.3, 104.8, 109.5, 109.7, 114.1, 114.7, 119.2, 127.1, 127.3, 

135.3, 146.0, 146.6, 147.7, 148.1, 148.8, 154.8.  Anal. Calcd for C27H28BrNO6: C, 59.79; H, 5.20; N, 

2.58. Found: C, 59.98; H, 5.09; N, 2.37.  

2,2-Dimethyl-1,3-benzodioxol-5-ylboronic acid (5b).  A solution of NBS (3.92 g, 22.0 mmol) in DMF 

(20 mL) was added dropwise to a solution of 2,2-dimethyl-1,3-benzodioxole (3.00 g, 20.0 mmol) in DMF 

(20 mL) at 0 °C.  The mixture was stirred for 24 h at 0 °C.  The solution was diluted with water and the 

product was extracted with Et2O.  The extract was washed with water and brine, dried over Na2SO4, and 

evaporated.  The residue was purified by bulb-to-bulb distillation (80 °C / 0.15 mmHg) to give 

5-bromo-2,2-dimethyl-1,3-benzodioxole (5b') as colorless oil (3.71 g, 81%).  IR (KBr): 1484, 1378, 

1250, 979, 839, 797 cm–1; 1H NMR (400 MHz, CDCl3): ! 1.67 (s, 6H), 6.59 (d, J = 8.0 Hz, 1H), 6.86 (d, J 

= 2.0 Hz, 1H), 6.89 (dd, J = 2.0 and 8.0 Hz, 1H); 13C NMR (100 MHz, CDCl3): ! 25.8, 109.4, 112.1, 

112.3, 119.0, 123.6, 146.8, 148.4; HREIMS m/z.  Calcd for C9H9BrO2 (M+): 227.9786.  Found: 

227.9765.   

Under an argon atmosphere, a pentane solution of t-butyllithium (1.50 M, 14.0 mL, 21.0 mmol) was 

added dropwise to a solution of 5-bromo-2,2-dimethyl-1,3-benzodioxole (5b') (2.30 g, 10.0 mmol) in 

THF (36 mL) at –78 °C.  After being stirred for 1 h, trimethyl borate (1.67 mL, 15.0 mmol) was added 

as a neat liquid and the mixture was stirred for 1 h at –78 °C.  The reaction mixture was allowed to 

warm to room temperature and stirred for an additional 1 h.  The mixture was quenched with saturated 

aqueous NH4Cl and concentrated.  The products were adjusted to pH 3 with acetic acid and the mixture 

was extracted with CH2Cl2.  The extract was washed successively with water, saturated aqueous 

NaHCO3, and brine, dried over Na2SO4, and evaporated.  The residue was washed with hexane and dried 

under reduced pressure to give 5b as colorless powder (1.29 g, 66%).  This compound was used for the 

next reaction without further purification.  IR (KBr): 3227, 1441, 1376, 1255, 980, 841 cm–1; 1H NMR 

(400 MHz, CDCl3): ! 1.72 (s, 6H), 6.86 (d, J = 7.6 Hz, 1H), 7.52 (d, J = 1.6 Hz, 1H), 7.74 (dd, J = 1.6 

and 7.6 Hz, 1H); 13C NMR (100 MHz, CDCl3): ! 25.9, 108.3, 114.3, 118.0, 130.6, 147.3, 151.2.   

14-(1,3-Benzodioxol-5-yl)-3,11-diisopropoxy-2,12-dimethoxy-8,9-dihydro-6H-[1]benzopyrano[4’,3’:
4,5]pyrrolo[2,1-a]isoquinolin-6-one (1a).  Under an argon atmosphere, a mixture of 5a (68.8 mg, 0.415 
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mmol), 4 (150 mg, 0.277 mmol), Pd(PPh3)4 (32.0 mg, 27.7 µmol), Na2CO3 (193 mg, 1.82 mmol), DME (9 

mL), and degassed water (533 µL) was refluxed for 24 h.  After cooling to room temperature, the 

solvent was evaporated in vacuo and the residue was extracted with CH2Cl2.  The combined extracts 

were washed successively with water and brine, dried over Na2SO4, and concentrated in vacuo.  The 

crude product was purified by column chromatography over Silica Gel 60N (toluene–EtOAc = 10:1) to 

give 1a as colorless solid (130 mg, 80%).  Recrystallization from CH2Cl2–hexane gave colorless powder.  

Mp > 300 °C; IR (KBr): 1710, 1480, 1414, 1268, 1210, 1111, 1040 cm–1; 1H NMR (400 MHz, CDCl3): ! 

1.38 (d, J = 6.1 Hz, 6H), 1.39 (d, J = 6.1 Hz, 6H), 3.02–3.16 (m, 2H), 3.42 (s, 3H), 3.51 (s, 6H), 4.54 (sep, 

J = 6.1 Hz, 1H), 4.56 (sep, J = 6.1 Hz, 1H), 4.65–4.74 (m, 1H), 4.83–4.91 (m, 1H), 6.02 (d, J = 1.1 Hz, 

1H), 6.03 (d, J = 1.1 Hz, 1H), 6.72 (s, 1H), 6.73 (s, 1H), 6.77 (s, 1H), 6.92 (s, 1H), 6.99 (d, J = 1.5 Hz, 

1H), 7.02 (d, J = 7.9 Hz, 1H), 7.04 (dd, J = 1.5 and 7.9 Hz, 1H); 13C NMR (100 MHz, CDCl3): ! 21.8, 

22.1, 28.7, 42.4, 55.2, 55.6, 71.3, 71.5, 101.3, 103.5, 105.0, 109.1, 109.3, 110.3, 111.7, 113.7, 114.5, 

114.6, 120.0, 124.7, 126.6, 128.2, 129.2, 136.1, 146.0, 146.5, 147.1, 147.3, 147.4, 148.3, 148.6, 155.6.  

Anal. Calcd for C34H33NO8: C, 69.97; H, 5.70; N, 2.40. Found: C, 70.15; H, 5.50; N, 2.25.  

14-(2,2-Dimethyl-1,3-benzodioxol-5-yl)-3,11-diisopropoxy-2,12-dimethoxy-8,9-dihydro-6H-[1]benzo-
pyrano[4’,3’:4,5]pyrrolo[2,1-a]isoquinolin-6-one (1b).  According to the procedure described for the 

preparation of 1a, 5b (42.9 mg, 0.221 mmol), 4 (80.0 mg, 0.147 mmol), and Pd(PPh3)4 (17.0 mg, 14.7 

µmol) were reacted.  After successive purification by column chromatography over Silica Gel 60N 

(toluene–EtOAc = 10:1) and flash chromatography over Silica Gel 60N (hexane–EtOAc = 2:1), 1b was 

obtained as colorless solid (65.4 mg, 72%).  Recrystallization from CH2Cl2–hexane gave colorless 

powder.  Mp 210–211 °C; IR (KBr): 1701, 1481, 1417, 1239, 1212, 1166, 1116 cm-1; 1H NMR (400 

MHz, CDCl3): ! 1.38 (d, J = 6.1 Hz, 6H), 1.39 (d, J = 6.1 Hz, 6H), 1.70 (s, 3H), 1.70 (s, 3H), 3.09 (m, 

2H), 3.43 (s, 3H), 3.51 (s, 3H), 4.54 (sep, J = 6.1 Hz, 1H), 4.56 (sep, J = 6.1 Hz, 1H), 4.68–4.77 (m, 1H), 

4.79–4.88 (m, 1H), 6.75 (s, 1H), 6.77 (s, 1H), 6.78 (s, 1H), 6.88 (d, J = 1.5 Hz, 1H), 6.91 (d, J = 7.8 Hz, 

1H), 6.91 (s, 1H), 6.97 (dd, J = 1.5 and 7.8 Hz, 1H); 1H NMR (400 MHz, toluene-d8): ! 1.14 (d, J = 6.1 

Hz, 3H), 1.14 (d, J = 6.1 Hz, 3H), 1.19 (d, J = 6.1 Hz, 6H), 1.37 (s, 3H), 1.38 (s, 3H), 2.60 (t, J = 6.9 Hz, 

2H), 3.28 (s, 3H), 3.32 (s, 3H), 4.18 (sep, J = 6.1 Hz, 1H), 4.28 (sep, J = 6.1 Hz, 1H), 4.54–4.62 (m, 1H), 

4.62–4.71 (m, 1H), 6.51 (s, 1H), 6.67 (d, J = 7.8 Hz, 1H), 6.84 (s, 1H), 6.85 (dd, J = 1.6 and 7.8 Hz, 1H), 

6.86 (s, 1H), 6.89 (d, J = 1.6 Hz, 1H), 6.91 (s, 1H); 13C NMR (100 MHz, CDCl3): ! 21.8, 21.9, 22.1, 25.8, 

25.8, 28.6, 42.4, 55.0, 55.3, 71.3, 71.5, 103.6, 105.0, 108.8, 109.3, 110.4, 111.3, 113.7, 114.6, 114.8, 118.3, 

120.2, 124.0, 126.5, 128.3, 128.4, 136.1, 146.0, 146.5, 147.0, 147.1, 147.3, 148.2, 148.6, 155.7; 13C NMR 

(100 MHz, toluene-d8): ! 22.0, 22.2, 25.5, 25.6, 28.6, 42.6, 54.7, 54.9, 71.1, 71.3, 104.3, 105.9, 108.9, 

110.1, 111.0, 111.9, 114.7, 115.1, 116.1, 118.2, 121.1, 124.5, 126.7, 129.2, 129.5, 135.7, 146.9, 147.3, 

147.5, 147.8, 147.9, 148.7, 149.8, 155.2. Anal. Calcd for C36H37NO8: C, 70.69; H, 6.10; N, 2.29. Found: C, 
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70.41; H, 6.12; N, 2.24.  

14-(1,3-Benzodioxol-5-yl)-3,11-diisopropoxy-2,12-dimethoxy-6H-[1]benzopyrano[4’,3’:4,5]pyrrolo- 
[2,1-a]isoquinolin-6-one (2a).  Under an argon atmosphere, a solution of 1a (60.0 mg, 0.103 mmol) and 

DDQ (35.0 mg, 0.154 mmol) in toluene (6.0 mL) was refluxed for 17 h.  After cooling to room 

temperature, the solvent was evaporated in vacuo.  The residue was purified by column chromatography 

over Chromatorex NH-DM1020 silica gel (hexane–EtOAc = 2:1) to give 2a as colorless solid (56.3 mg, 

94%).  Recrystallization from CH2Cl2–hexane gave colorless powder.  Mp 245.5–246 °C; IR (KBr): 

1710, 1430, 1267, 1225, 1178, 1035 cm–1; 1H NMR (400 MHz, CDCl3): ! 1.41 (d, J = 6.1 Hz, 6H), 1.43 

(d, J = 6.1 Hz, 6H), 3.52 (s, 3H), 3.53 (s, 3H), 4.57 (sep, J = 6.1 Hz, 1H), 4.70 (sep, J = 6.1 Hz, 1H), 6.06 

(s, 2H), 6.78 (s, 1H), 6.96 (s, 1H), 7.01 (d, J = 7.4 Hz, 1H), 7.08 (d, J = 1.5 Hz, 1H), 7.09 (d, J = 7.9 Hz, 

1H), 7.09 (s, 1H), 7.12 (dd, J = 1.5 and 7.9 Hz, 1H), 7.18 (s, 1H), 9.21 (d, J = 7.4 Hz, 1H); 1H NMR (400 

MHz, toluene-d8): ! 1.14 (d, J = 6.1 Hz, 6H), 1.20 (d, J = 6.1 Hz, 6H), 3.24 (s, 3H), 3.28 (s, 3H), 4.17 

(sep, J = 6.1 Hz, 1H), 4.32 (sep, J = 6.1 Hz, 1H), 5.32 (d, J = 1.0 Hz, 1H), 5.33 (d, J = 1.0 Hz, 1H), 6.62 

(d, J = 7.3 Hz, 1H), 6.71 (d, J = 7.8 Hz, 1H), 6.82 (s, 1H), 6.84 (s, 1H), 6.85 (dd, J = 1.7 and 7.8 Hz, 1H), 

6.88 (s, 1H), 6.88 (d, J = 1.7 Hz, 1H), 7.18 (s, 1H), 9.49 (d, J = 7.3 Hz, 1H); 13C NMR (100 MHz, 

CDCl3): ! 21.8, 21.9, 55.2, 55.6, 71.2, 71.5, 101.4, 103.5, 105.6, 105.7, 107.9, 109.2, 109.8, 110.5, 110.6, 

112.2, 112.4, 118.9, 123.2, 124.8, 125.3, 129.4, 129.5, 134.4, 146.5, 146.6, 147.5, 147.9, 148.4, 148.5, 

150.2, 155.5.  Anal. Calcd for C34H31NO8: C, 70.21; H, 5.37; N, 2.41. Found: C, 69.98; H, 5.11; N, 2.23.  

14-(2,2-Dimethyl-1,3-benzodioxol-5-yl)-3,11-diisopropoxy-2,12-dimethoxy-6H-[1]benzopyrano[4’,3’:
4,5]pyrrolo[2,1-a]isoquinolin-6-one (2b).  According to the procedure described for the preparation of 

2a, 1b (111 mg, 0.182 mmol) and DDQ (62.0 mg, 0.273 mmol) were reacted.  After chromatographic 

purification over Chromatorex NH-DM1020 silica gel (hexane–EtOAc = 2:1), 2b was obtained as 

colorless solid (101 mg, 91%).  Recrystallization from CH2Cl2-hexane gave colorless powder.  Mp 

208.5–210 °C; IR (KBr): 1702, 1483, 1427, 1265, 1224, 1176, 1111 cm–1; 1H NMR (400 MHz, CDCl3): ! 

1.41 (d, J = 6.1 Hz, 6H), 1.43 (d, J = 6.1 Hz, 6H), 1.72 (s, 6H), 3.52 (s, 3H), 3.53 (s, 3H), 4.57 (sep, J = 

6.1 Hz, 1H), 4.70 (sep, J = 6.1 Hz, 1H), 6.81 (s, 1H), 6.96 (s, 1H), 6.97 (d, J = 1.6 Hz, 1H), 6.97 (d, J = 

7.8 Hz, 1H), 7.00 (d, J = 7.4 Hz, 1H), 7.05 (dd, J = 1.6 and 7.8 Hz, 1H), 7.09 (s, 1H), 7.22 (s, 1H), 9.19 (d, 

J = 7.4 Hz, 1H); 1H NMR (400 MHz, toluene-d8): ! 1.16 (d, J = 6.1 Hz, 3H), 1.17 (d, J = 6.1 Hz, 3H), 

1.22 (d, J = 6.1 Hz, 3H), 1.23 (d, J = 6.1 Hz, 3H), 1.39 (s, 3H), 1.39 (s, 3H), 3.29 (s, 3H), 3.33 (s, 3H), 

4.20 (sep, J = 6.1 Hz, 1H), 4.36 (sep, J = 6.1 Hz, 1H), 6.64 (d, J = 7.3 Hz, 1H), 6.69 (d, J = 7.8 Hz, 1H), 

6.84 (dd, J = 1.7 and 7.8 Hz, 1H), 6.84 (s, 1H), 6.86 (s, 1H), 6.86 (s, 1H), 6.87 (d, J = 1.7 Hz, 1H), 7.23 (s, 

1H), 9.39 (d, J = 7.3 Hz, 1H); 13C NMR (100 MHz, CDCl3): ! 21.8, 21.9, 21.9, 21.9, 25.8, 25.9, 54.9, 

55.3, 71.2, 71.5, 103.5, 105.6, 105.7, 107.8, 108.9, 109.9, 110.5, 111.0, 111.7, 112.3, 118.5, 119.0, 123.2, 

124.5, 124.7, 128.6, 129.5, 134.5, 146.5, 146.6, 147.4, 147.8, 148.3, 148.4, 150.1, 155.6; 13C NMR (100 
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MHz, toluene-d8): ! 22.0, 22.0, 22.0, 22.0, 25.5, 25.6, 54.4, 54.9, 70.9, 71.0, 104.1, 106.1, 106.4, 108.8, 

108.9, 110.5, 111.0, 111.3, 112.3, 112.4, 118.3, 119.6, 123.3, 125.0, 125.0, 129.4, 129.6, 134.1, 147.2, 

147.5, 147.7, 148.6, 148.7, 148.9, 151.0, 155.2.  Anal. Calcd for C36H35NO8: C, 70.92; H, 5.79; N, 2.30. 

Found: C, 70.65; H, 5.73; N, 2.14.  

VT NMR experiments.  VT NMR spectra were obtained on JEOL JNM-AL400 instrument (400 MHz 

for 1H and 100 MHz for 13C).  The temperature was measured at the probe.  Samples were allowed to 

equilibrate for 10 minutes at each temperature before recording the spectrum.   
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