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A phenyl-substituted chiral dihydrofuroangelicin, 4-methyl-8-(2-E-phenylethenyl)-8,9-dihydro-2H-furo[2,3-h]-1-
benzopyran-2-one, synthesized in racemic form, has been resolved by HPLC chiral separation, and its absolute
configuration determined by the non-empirical exciton chirality method. The solution conformation has been
investigated through NMR and molecular modeling methods: two minima found by molecular mechanics and DFT
methods are in keeping with observed 1H–1H 3J coupling constants and NOE effects. The experimental CD spectrum
for the second eluted enantiomer shows a positive couplet between 230 and 350 nm (amplitude A = � 15.7); by
application of the exciton chirality method, the absolute configuration of this enantiomer at C8 is determined as (S ).
The experimental spectrum is in very good agreement with the one evaluated by means of DeVoe coupled-oscillator
calculations, using the DFT calculated geometries.

Introduction
It is well known that many substituted furocoumarins are
pharmacologically active. For example, they have been used for
the treatment of skin diseases such as psoriasis and vitiligo.1

Warfarin is an anticoagulant that depresses formation of
prothrombin and also increases the fragility of capillaries
which can lead to hemorrhages.2 Recently, a variety of chiral,
substituted dihydrofurocoumarins have been isolated as natural
products and shown to have several useful pharmacological
properties. For example, marmesin and columbionetin deriv-
atives have been shown to exhibit cytotoxicity against KB cells,3

to inhibit c-AMP (which affects coronary vasodilation),4 and to
mediate the action of acetylcholinesterase (which plays a role in
Alzheimer’s disease).5 A related dihydropsoralen, isolated from
Dorstenia contrajerva, may moderate the adverse effects of
rattlesnake venom.6

Because of their importance, numerous syntheses of dihydro-
furocoumarins have been published over the last 30 years.7,8 The
earlier methods were characterized by numerous steps (8 to 10)
and relatively low yields (2–20%).7 Later methods have required
fewer steps and generally produce higher yields.8 One of the most
recent and more general approaches involves the palladium
catalyzed annulation of 1,3-dienes by o-iodoumbelliferones.9

This annulation proceeds in 70–85% yields with a variety of
1,3-dienes.9 Numerous substituted dihydrofuroangelicins 1 and
dihydrofuropsoralens 2 (Chart 1) have been produced via this
approach.

Chart 1
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Although these compounds are usually chiral (when R1 ≠ R2),
no efficient asymmetric synthesis has yet been reported. Also,
the absolute configuration of some of the natural products has
not been determined. In cases where one of the substituents
(R1 or R2 above) contains an aromatic moiety, the possibility
exists of using the exciton chirality method to determine the
absolute configuration of these compounds. To test this
possibility, compound 3 (Chart 2) was synthesized, resolved,
and its absolute configuration investigated.

The exciton chirality method is a convenient and versatile
approach for the structural investigation of chiral organic
molecules when their absorption and circular dichroism spectra
are dominated by intense electric dipole allowed transitions,
such as the ones allied to strong aromatic chromophores.10 Any
electric dipole allowed transition may be described in terms
of a transition dipole moment. When two transition dipole
moments are close in energy, lie near to each other in space and
form a chiral array, their through-space interaction gives rise to
distinctive spectral features: in the CD spectrum, a bisignate
couplet is obtained whose sign is determined by the absolute
sense of twist defined by the two dipoles; a positive twist
corresponds to a positive couplet (i.e., with a positive long-
wavelength branch), and vice versa. If the direction of transi-
tion dipoles within the molecular geometry is known, the
absolute configuration may be derived.10 The presence of
conformational ambiguity, or an unsuitable geometrical
arrangement between dipoles, however, may preclude the
straightforward application of this method.11

Chart 2
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Full exciton-coupled CD spectra can be calculated with
various methods; DeVoe coupled-oscillator calculations 12,13

have been widely used for small organic molecules and
polymers.14 The parameters necessary for the calculations are:
(1) the molecular geometry, determined through experimental
techniques and molecular modeling; (2) the spectral parameters
(transition frequency, dipolar strength and bandwidth)
extracted from the absorption spectra of the isolated chromo-
phores; (3) position and direction of transition moments,
usually determined by quantum mechanical calculation
methods.

The inspection of the molecular structure of 3 (Chart 2)
commends attention to the exciton chirality method as a most
suitable approach for the determination of the absolute con-
figuration in this case. This compound is in fact endowed with
two strong aromatic chromophores (the coumarin and the
styrene) located nearby in space, which give rise to intense
electronic absorptions close in energy. Moreover, the spatial
arrangement between the two chromophores, investigated
through CD, will largely depend and be sensitive to the absolute
configuration at the stereogenic center.

By taking into consideration these characteristic features of
3, we performed molecular mechanics and DFT modeling, as
well as CD and NMR experimental studies, before applying
DeVoe calculations of circular dichroic properties.

Results and discussion

Molecular modeling

The molecular conformation of 3 was investigated through a
combination of molecular mechanics and DFT calculations.
The whole conformational space was sampled by means of
Monte Carlo (MC) simulations 15 with the molecular Merck
force field (MMFFs), which is known to be very accurate for
small organic molecules.16 MC/MMFFs calculations, run in
CHCl3, reveal the presence of two main degrees of freedom,
related to the five-membered ring conformation and the
rotation around the C8–C10 bond, described through the
H8–C8–C10–H10 dihedral angle d1 (Scheme 1a). Six minimum
energy conformations were found overall by MC/MMFFs,
which were further optimized by DFT calculations with
B3LYP/6-31G** in CHCl3, resulting in the two structures
shown in Scheme 1a as the lowest energy minima. In conformer
I, the substituent occupies the pseudo-equatorial, and in con-
former II the pseudo-axial position of the five-membered ring.
In both structures the C��C styrene double bond is syn to the
C8–H8 bond, with d1 ≈ 175�. The four other minima have
energies higher than 6 kJ mol�1 with respect to conformer I and
negligible Boltzmann populations at room temperature.

NMR spectra
1H NMR spectroscopy and, in particular, the chemical shifts,
the 3J couplings and the relative NOE’s between protons H8,
H9, H10 and H11 (Chart 2 and Scheme 1), have been used to
check the conformational picture arising from molecular
modeling.

Only one set of signals is apparent in the 1H NMR spectrum
in CDCl3, proving that either only one conformer is present, or
the interconversion between conformers is fast on the NMR
timescale; this is expected for the five-membered ring flip and
the rotamerism around the C8–C10 bond. Proton H9a is
upfield shifted with respect to H9b by 0.4 ppm, and may be
assigned a pseudo-axial position, considering both that axial
protons generally resonate upfield of equatorial ones,17 and that
the equatorial H9b is subjected to the deshielding effect of the
phenyl ring current shift. Based on the relative NOE’s (Scheme
1b), derived from a NOESY spectrum (not shown), proton
H8 is closer and cis to H9b, and trans to H9a; this is also
substantiated by the different values of 3J (JH8,H9a = 7.5 Hz,

JH8,H9b = 9.4 Hz) analyzed through the Karplus equation.18

Thus, proton H8 lies in a pseudo-axial position, and the sub-
stituent at the stereogenic center occupies a preferred pseudo-
equatorial position; this is the same situation occurring for the
absolute minimum (Scheme 1a, conformer I) found by DFT.

The value of JH8,H10 = 7.42 Hz, analyzed through a Karplus-
type equation for vinylic/allylic protons,19 leads to an estimated
H8–C8–C10–H10 average dihedral angle d1 ≈ 140�; structures
with large values of d1 are therefore dominant in solution,
in agreement with the modeling results. This geometry around
the C8–C10 bond is further confirmed by the strong NOE’s
between protons H8/H11 and H9a/H10 (Scheme 1b). It may
be concluded that the DFT results faithfully depict the con-
formational situation in solution, and can be confidently
used for the subsequent CD calculations.

Chromophore electronic structure

The UV absorption spectrum of compound 3 above 230 nm
(Fig. 1, bottom) is dominated by the π–π* transitions of the
aromatic chromophores. Two maxima are detected at 321 nm
(ε = 12700 M�1 cm�1) and 252 nm (ε = 23000 M�1 cm�1) in
acetonitrile, allied respectively to the conjugation or K bands of
the coumarin and styrene chromophores.20

The relevant parameters for DeVoe calculations have been
extracted from the UV spectra of 7-hydroxy-4,8-dimethyl-
coumarin in acetonitrile and styrene in hexane,21 and adapted
to reproduce better the UV spectrum of 3, and are reported in
Table 1. Both transitions have long-axis polarization in the
respective ring systems. Due to the presence of substituents
(in particular, the oxygen at position 7, Chart 2), the exact
polarization of the coumarin transition needed to be calcu-

Scheme 1
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lated. By a CNDO-S/CI calculation on 7-hydroxy-4,8-dimethyl-
coumarin (geometry obtained with DFT, B3LYP/6-31G**), we
found a small rotation (<5�) between the transition dipole and
the coumarin ring long axis (as shown in Scheme 2).

CD spectrum, exciton chirality method and DeVoe calculation

The experimental CD spectrum of the second eluted enan-
tiomer (Fig. 2; see Experimental Section for chiral HPLC
conditions) of 3 in acetonitrile (Fig. 1, top, solid line) shows a
positive couplet between 230 and 350 nm with a peak at 319
nm, ∆ε = �7.7, a trough at 253 nm, ∆ε = �8.0, and couplet
amplitude A = �15.7. The symmetrical appearance of the
couplet supports its interpretation as being due to non-
degenerate exciton coupling between the two above discussed
transitions, with small interference from higher energy ones.
Integrated rotational strengths are �2.5×10�39 and �1.8×10�39

cgs units, respectively; the negative low wavelength branch is

Fig. 1 UV (bottom) and CD (top) spectra of compound 3 in
acetonitrile. Top, solid line: experimental CD spectrum for second
eluted enatiomer 1.84 ×10�5M in acetonitrile. Top, dotted line: CD
calculated as Boltzmann average of DFT derived structures for the (S )
configuration, with the DeVoe method and parameters as in Table 1
and Scheme 2.

Scheme 2

Table 1 Spectroscopic parameters a of electronic transitions of com-
pound 3 used for DeVoe calculations

 Type λmax/nm D/D2 νmax/cm�1 ∆ν1/2/cm�1

1 Coumarin b 318 20 31400 4000
2 Styrene c 254 30 39400 3600
a λmax wavelength maximum; D dipolar strength; νmax frequency maxi-
mum; ∆ν1/2 half-height width. b From the UV spectrum of 7-hydroxy-
4,8-dimethylcoumarin in acetonitrile. c From the UV spectrum of
styrene in hexane (ref. 21). 

partially cancelled by superimposition with the positive Cotton
effect appearing at higher energies.

Therefore, the absolute configuration of 3 can be assigned
by the exciton chirality analysis of the experimental CD. By
inspection of the molecular structure of the (S ) enantiomer in
the lowest energy conformation I (Scheme 2), it is apparent that
the two above discussed transition dipoles define a positive
chirality (that is, the transition moment 2 in front may be
superimposed on the moment 1 in the back after a clockwise
rotation). The same is true for the (S ) enantiomer in the
conformation II. Thus, the second eluted enantiomer, showing
a positive CD couplet between 230 and 350 nm, may be
assigned the (S ) configuration.

Furthermore, this assignment is confirmed by quantitative
CD theoretical calculations using the DeVoe method and the
spectral and geometrical parameters discussed above, placing
the dipoles in the middle of the styrene and coumarin chromo-
phores (Scheme 2). The CD calculated as a Boltzmann-
weighted average at room temperature for conformers I and II
with an (S ) configuration, shows a positive couplet with
amplitude A = 11.7 (Fig. 1, top, dotted line), in good agreement
with the experimental spectrum for the second eluted enantio-
mer. Other conformations with higher energies have calculated
CD with intensities comparable to the ones for the first two, and
after weighing with respective Boltzmann factors they give a
negligible contribution. Small displacement (within 0.3 Å)
and/or rotations (within 10�) of dipoles affected the calculated
CD intensity only to a minor extent, and in no case was the
sign reversed. Thus, DeVoe CD calculations can be reliably
applied for the present configurational assignment.

Conclusion
The absolute configuration of a chiral, phenyl-substituted
dihydrofuroangelicin (compound 3) has been assigned by
means of the exciton chirality method and DeVoe CD calcu-
lations. The solution structure of 3 has been determined by
NMR spectroscopy and molecular modeling with molecular
mechanics and DFT methods. The spectroscopic parameters
necessary for the CD calculations have been extracted from the
UV spectra of isolated chromophores, and calculated by a
CNDO method. The second eluted enantiomer of 3 (Fig. 2),
with positive CD at 319 nm and negative CD at 253 nm, has an
(S ) absolute configuration.

Experimental and computational section

General procedures

HRMS experiments were performed on the Kratos MS50TC
double focusing magnetic sector mass spectrometer using EI at

Fig. 2 HPLC chromatogram of the enantiomeric separation of
compound 3. The chromatogram was obtained using a Chirobiotic T
column and a hexane plus 2% ethanol (by volume) mobile phase. The
flow rate was 1.0 mL min�1. See the Experimental section for further
details. The absolute configurations (S and R) of the first and the
second eluted enantiomers for 3 were determined as outlined in the
Results and discussion.
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70 eV. IR spectra were performed on the IR-Bomen Michelson
MB-102 FT-IR spectrometer.

1H and 13C spectra were recorded at 400 and 100.5 MHz
respectively using a Varian 400 MHz instrument, and chemical
shifts are reported in ppm relative to TMS (δ), with coupling
constants (J) in Hz; proton numbering refers to Chart 2.
1H-NOESY spectrum was recorded at 600 MHz using a Varian
Unity INOVA 600 with 1.5 s mixing time.

The UV spectrum for 3 was recorded on a Varian Cary 100
Bio UV-VIS spectrophotometer. The molar absorptivity was
determined at three wavelengths (204 nm, 252 nm, and 321 nm).
The concentration of all samples was adjusted so that their
absorbance was in the range of 0.2 and 1.5 absorbance units.
The molar absorptivities of 3 are: 59000, 23000, and 12700 at
the aforementioned three wavelengths respectively.

CD spectra were measured in spectroscopy grade acetonitrile
with a Jasco J-810 spectropolarimeter, using a 1 cm cell, and
the following conditions: SBW 1 nm, 50 nm min�1, response 1 s,
8 scans.

MC/MMFFs and DFT calculations were run respectively
with MacroModel 7.1 and Jaguar 4.1 (Schrödinger, Inc.,
Portland, OR).22

CNDO/S–CI calculations were run with a CNDO/M pro-
gram, according to Del Bene and Jaffé’s formulation,23 with
Mataga approximation of two-electron repulsion integrals,
including in the CI up to 648 singly excited states, with maxi-
mum energy values of 7.0 eV.

DeVoe calculations were run with a Fortran program due to
Hug and co-workers.13

Synthesis of the dihydrofuroangelicin 4-methyl-8-(2-E-
phenylethenyl)-8,9-dihydro-2H-furo[2,3-h]-1-benzopyran-2-
one (3) was accomplished by annulation of (E )-1-phenylbuta-
1,3-diene by the corresponding 7-acetoxy-8-iodo-4-methyl-
coumarin as reported elsewhere (Scheme 3).9

Mp 145–148 �C; 1H NMR (CDCl3) δ/ppm 2.32 (3 H, d,
JCH3,3 = 0.8 Hz, CH3), 3.16 (1 H, dd, JH9a,H9b = 16.1 Hz, JH9a,H8

= 7.5 Hz, H9a), 3.55 (1 H, dd, JH9b,H9a = 16.1 Hz, JH9b,H8 = 9.4
Hz, H9b), 5.49 (1 H, m, JH8,H9b = 9.4 Hz, JH8,H9a = 7.5 Hz,
JH8,H10 = 7.4 Hz, JH8,H11 = 1.0 Hz, H8), 6.03 (1 H, d, J3,CH3

= 0.8 Hz, H3), 6.28 (1 H, dd, JH10,H11 = 15.8 Hz, JH10,H8

= 7.4 Hz, H10), 6.67 (1 H, dd, JH11,H10 = 15.8 Hz, JH11,H8

= 1.0 Hz, H11), 6.72 (1 H, d, JH6,H5 = 8.4 Hz, H6), 7.17–7.36
(5 H, m), 7.35 (1 H, d, JH5,H6 = 8.4 Hz, H5); 13C NMR
(CDCl3) δ 19.24, 33.28, 85.90, 106.77, 111.50, 113.69, 114.34,
125.76, 126.97, 127.33, 128.51, 128.85, 133.32, 136.02, 151.10,
153.26, 161.28, 163.44; IR (neat) 3050 (��CH), 1727 (C��O), 1615
(C��C) cm�1; HRMS for C20H16O3 found: 304.1104, calc.:
304.1099.

The enantiomeric separation of racemic 3 was performed
on an HP 1050 HPLC system equipped with UV detector,
auto-injector, and computer controlled Chem-station data

Scheme 3

processing software. Both preparative and analytical separ-
ations were carried out using a Chirobiotic T, 250 × 4.6 mm id,
(Advanced Separation Technologies Inc., Whippany, NJ)
column 24 with baseline resolution and very good repro-
ducibility (Fig. 2). The first eluted and second eluted peaks
were collected manually. The normal phase mode was used
for the enantiomeric separation with a mobile phase of hexane
and 2% (by volume) ethanol. The injection volume was 2 µL.
Separations were carried out isocratically at a flow rate of
1 mL min�1 at room temperature (22 �C). The mobile phase
was premixed and degassed under vacuum conditions. All
HPLC grade solvents were purchased from Fisher Chemical.
Detection wavelengths were monitored at both 254 nm and
220 nm for confirmation that the same peak absorption
ratio for the enantiomer pairs occurred.
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