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The crystal structure of 9-(3-methylbut-2-enyloxy)-7H-furo-

[3,2-g]chromen-7-one±4-methoxy-9-(3-methylbut-2-enyloxy)-

7H-furo[3,2-g]chromen-7-one (0.926/0.074), 0.926C16H14O4�-
0.074C17H16O5, is characterized by two independent imper-

atorin molecules in the asymmetric unit, which exhibit

different side-chain conformations. A small amount of

phellopterin overlaps with one of the two imperatorin

molecules. The supramolecular structure is supported by

CÐH� � �O, CÐH� � �� and �±� interactions.

Comment

In continuation of our studies involving extraction of active

molecules from plant species, we have examined the seeds of

Angelica archangelica. The n-hexane extract yielded imper-

atorin, (I), a furocoumarin that is a known dual inhibitor of

cyclooxygenase and lipooxygenase (Abda et al., 2001). The

spectroscopic data (UV, IR, 1H NMR and 13C NMR) were

comparable to published data (Masuda et al., 1998), but a

minor impurity (< 10%) in the form of phellopterin, (II), was

indicated by the NMR data. Phellopterin is a potent inhibitor

of the binding of diazepam to the benzodiazepine receptor

(Bergendorff et al., 1997).

In the crystal structure, there are two molecules, viz. A and

B (Figs. 1 and 2), in the asymmetric unit. In molecule A, there

is evidence of a methoxy group attached to atom C3A, so that

the molecule corresponds to a phellopterin molecule. The

re®ned population parameter of the O and C atoms in this

methoxy group was 0.148 (7), indicating an imperatorin/

phellopterin ratio of �93:7.

The very low occupancy of the methoxy group is associated

with some uncertainty in the positions of atoms C17A and

O5A; nevertheless, these assignments are supported by the

NMR data. Other overlapping atom positions could not be

resolved, but the displacement parameters of atoms in the side

chain are higher in molecule A than in molecule B, especially

for the methyl C atoms.
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Figure 2
The atomic arrangement in molecule B. Displacement ellipsoids are
shown at the 50% probability level.

Figure 1
The atomic arrangement in molecule A, showing the additional methoxy
group of phellopterin. Displacement ellipsoids are shown at the 50%
probability level.



The two molecules differ in the conformation of the

prenyloxy side chain at atom C7, as shown by the C7ÐO4Ð

C12ÐC13 torsion angle, which is ÿ179.0 (3)� in molecule A

and 63.3 (3)� in molecule B (Table 1). The atoms in the side

chain of molecule B deviate more from the mean plane of the

tricyclic ring system than atoms in the side chain of molecule

A. In the related isoimperatorin molecule (Rajnikant et al.,

1996), where the prenyloxy side chain is at position C3, the

corresponding torsion angle is ÿ174.3 (2)�, which is similar to

that in molecule A.

The imperatorin molecules are linked by three inter-

molecular CÐH� � �O bonds (Table 2 and Fig. 3). One of these

bonds joins the A molecules into a continuous chain running

parallel to the a axis, and another CÐH� � �O bond joins the B

molecules into a continuous chain running in the same

direction. The third bond links the two chains, thus forming

R3
4(23) rings involving two A and two B molecules. CÐH� � �O

bonds are a common feature of furocoumarin ring systems

(DelettreÂ et al., 1986; Wolska et al., 1990; Magotra et al., 1995).

The supramolecular structure is also supported by edge-to-

face �� � �H interactions (Table 2 and Fig. 4).

Finally, there are �±� interactions (Table 3 and Fig. 5)

between rings of the planar tricyclic systems that pack in near

parallel arrangements across centres of symmetry. Stacking

interactions are also found in the furocoumarin bergaptol

(Ginderow, 1991).

Experimental

Seeds of Angelica archangelica were purchased from B&T World

Seeds Sarl, Paguignan, 34210 Olonzac, France. A voucher specimen

(PH020503) has been deposited in the herbarium of the Plant and

Soil Science Department, University of Aberdeen, Scotland (ABD).

The seeds (80 g) were ground using a coffee grinder and extracted

sequentially with n-hexane, dichloromethane and methanol using a

Soxhlet apparatus. The n-hexane extract was cooled to room

temperature, and the crystals were separated by ®ltration and dried

on ®lter paper.

Crystal data

0:926C16H14O4�0:074C17H16O5

Mr = 272.69
Triclinic, P1
a = 11.0551 (4) AÊ

b = 11.7236 (4) AÊ

c = 11.8718 (5) AÊ

� = 64.1855 (18)�

� = 89.6613 (16)�

 = 83.484 (2)�

V = 1374.53 (9) AÊ 3

Z = 4
Dx = 1.317 Mg mÿ3

Mo K� radiation
Cell parameters from 18 828

re¯ections
� = 2.9±27.5�

� = 0.10 mmÿ1

T = 120 (2) K
Needle, colourless
0.28 � 0.04 � 0.03 mm

Data collection

Nonius KappaCCD area-detector
diffractometer

' and ! scans to ®ll Ewald sphere
Absorption correction: multi-scan

(SORTAV; Blessing, 1995, 1997)
Tmin = 0.977, Tmax = 1.000

24 271 measured re¯ections

6279 independent re¯ections
3538 re¯ections with I > 2�(I )
Rint = 0.115
�max = 27.5�

h = ÿ14! 14
k = ÿ15! 15
l = ÿ15! 15

Re®nement

Re®nement on F 2

R[F 2 > 2�(F 2)] = 0.084
wR(F 2) = 0.181
S = 1.05
6279 re¯ections
380 parameters
H atoms treated by a mixture of

independent and constrained
re®nement

w = 1/[�2(F 2
o) + (0.0419P)2

+ 1.433P]
where P = (F 2

o + 2F 2
c )/3

(�/�)max = 0.001
��max = 0.33 e AÊ ÿ3

��min = ÿ0.31 e AÊ ÿ3

Extinction correction: SHELXL97
Extinction coef®cient: 0.018 (3)
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Figure 3
CÐH� � �O hydrogen bonding between molecules A and B. Only the
major (imperatorin) disordered component is shown. Molecules marked
with an asterisk (*) or a hash (#) are at positions (1 + x, y, z) and (ÿ1 + x,
y, z), respectively.

Figure 4
CÐH� � �� interactions between molecules A and B, shown as dashed
lines. Only the major (imperatorin) disordered component is shown.

Figure 5
The �±� interactions (thin lines) between molecules related by a centre of
symmetry. Only the major (imperatorin) disordered component is shown.
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All non-H atoms, except atoms O5A and C17A, were re®ned with

anisotropic displacement parameters. Because of their low occu-

pancy, atoms O5A and C17A were re®ned with isotropic displace-

ment parameters. H atoms were initially placed in calculated

positions and thereafter were allowed to ride on their attached atoms,

with CÐH distances of 0.95±0.99 AÊ and Uiso values of 1.2 times (non-

methyl) or 1.3 times (methyl) the Ueq values of the attached atom. In

the ®nal cycles of re®nement, the coordinates of atom H3 were

re®ned, but the C3AÐH3A distance was restrained to be 0.95 (1) AÊ .

The ®nal R values are higher than normal, possibly because over-

lapping atom positions in molecule A were not resolved. There

appears to be a physically unreasonable short intermolecular contact

between a partially-occupied atom (C17A from phellopterin) and a

fully occuped site (O1B in a formally imperatorin-only molecule). We

believe that this artefact arises from two factors: (i) uncertainty in the

position of C17A due to its very low occupancy, and (ii) although

O1B is formally fully occupied, its position (as well as that of the rest

of the ordered part of the structure) is a compromise between

imperatorin and phellopterin, biased towards the former major

component.

Data collection: DENZO (Otwinowski & Minor, 1997) and

COLLECT (Hooft, 1998); cell re®nement: DENZO and COLLECT;

data reduction: DENZO and COLLECT; program(s) used to solve

structure: SIR97 (Altomare et al., 1999); program(s) used to re®ne

structure: SHELXL97 (Sheldrick, 1997); molecular graphics:

ORTEP-3 for Windows (Farrugia, 1997) and PLATON (Spek, 2003).

The authors thank the EPSRC for the use of the National

Crystallographic Service, Southampton University (X-ray data

collection), and for the use of the Chemical Database Service

at Daresbury Laboratory (Fletcher et al., 1996).

Supplementary data for this paper are available from the IUCr electronic
archives (Reference: BM1534). Services for accessing these data are
described at the back of the journal.
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Table 1
Selected geometric parameters (AÊ , �).

O4AÐC12A 1.446 (4)
C14AÐC16A 1.489 (6)

O4BÐC12B 1.466 (4)
C14BÐC16B 1.512 (6)

C3AÐC9AÐC2A 135.9 (3)
O4AÐC12AÐC13A 109.3 (3)

C3BÐC9BÐC2B 136.1 (3)
O4BÐC12BÐC13B 111.0 (3)

C7AÐO4AÐC12AÐC13A ÿ179.0 (3) C7BÐO4BÐC12BÐC13B 63.3 (3)

Table 2
Hydrogen-bonding geometry (AÊ , �).

Cg represents the centre of gravity of the following rings: Cg2 furan (molecule
B), Cg3 pyrone (molecule A) and Cg4 pyrone (molecule B).

DÐH� � �A DÐH H� � �A D� � �A DÐH� � �A

C1AÐH1A� � �O2Ai 0.95 2.29 3.232 (4) 172
C1BÐH1B� � �O2Bii 0.95 2.40 3.323 (4) 164
C4BÐH4B� � �O2A 0.95 2.59 3.482 (4) 156
C15AÐH15B� � �Cg4 0.98 3.35 4.072 (7) 132
C15BÐH15E� � �Cg3iii 0.98 2.92 3.773 (6) 145
C16BÐH16F� � �Cg2iii 0.98 2.90 3.597 (5) 129

Symmetry codes: (i) 1� x; y; z; (ii) xÿ 1; y; z; (iii) 1ÿ x; 2ÿ y; 1ÿ z.

Table 3
�±� interactions (AÊ , �).

Cg represents the centre of gravity of the following rings: Cg1 furan (molecule
A), Cg2 furan (molecule B), Cg3 pyrone (molecule A), Cg4 pyrone (molecule
B), Cg5 benzene (molecule A) and Cg6 benzene (molecule B).

CgI CgJ Symmetry code Cg� � �Cg Dihedral
angle

Interplanar
distance

Offset

1 3 2 ÿ x, 1 ÿ y, 1 ÿ z 3.560 (2) 3.3 3.326 (3) 1.27
1 5 2 ÿ x, 1 ÿ y, 1 ÿ z 3.550 (2) 1.9 3.375 (3) 1.10
4 6 1 ÿ x, 1 ÿ y, 2 ÿ z 3.682 (2) 1.7 3.371 (3) 1.48
5 5 2 ÿ x, 1 ÿ y, 1 ÿ z 3.534 (2) 0.0 3.390 (3) 1.00


