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The solid-state and solution conformations of (+)-chelidonine (1), a biologically active alkaloid, were deter-
mined by X-ray diffraction and 'H-NMR spectroscopy. X-Ray diffraction analysis revealed a conformer with B/C
‘anti-type’ cis conjunction, a half-chair of ring B, and a twist half-chair of ring C. One H,O molecule per one
alkaloid molecule was cocrystallized and stabilized by H-bonding with OH~C(11). Analysis of the thermal
behavior of the crystal showed more thermal stability in the monohydrate than the anhydrate. The NMR
measurement of concentration and temperature dependences in CDCl; and in (CD3),SO suggested that the OH
group of 1 was intramolecularly H-bonded to N(5) in (CDj3),SO and intermolecularly H-bonded to the solvent in
CDCl;. Conformational-energy calculations by the MNDO method showed that the intramolecular H-bond was
little affected by the conformational stabilization of 1.

Introduction. — (+)-Chelidonine (1), a biologically active alkaloid, was first isolated
from Chelidonium majus (Papaveraceae) in 1839 [1]. Extensive chemical and spectro-
scopic studies [2] [3] led to its correct attribution to the hydrobenzo[c]phenanthridine-
type alkaloid class [4].

(+)-chelidonine 3 (+)-14-epicorynoline
H; (+)-corynoline

=H
C

The solution conformation of 1, including its absolute configuration, has been estab-
lished by IR-, 'H- and *C-NMR-, and CD-spectroscopic methods [5-8]. On the other
hand, although the alkaloid in the solid state has shown several crystal forms depending
on the solvents [4], little attention has been paid to this aspect. We believe that the
conformational study of 1 in the solid state and the energetical study of its conformation
will provide basic information about the pharmacological properties of hydrobenzo[c]-
phenanthridine-type alkaloids [4] [9]. The presence of an intramolecular H-bond between
N(5) and OH was detected by IR spectroscopy in 1958 [3]. However, the IR spectrum
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alone is considered insufficient to establish a conformation involving the orientation of
the OH group of 1 in CHCl,.

The aim of the present study was to determine by X-ray analysis the crystal structure
of 1, to examine the thermal behavior of 1 in the crystalline state, to study in detail the
'"H-NMR behavior of 1 in CDCI, in order to ascertain the intramolecular H-bond
between N(5) and OH, and to estimate by the MNDO method the energetic preference
between two conformers with and without an intramolecular H-bond.

Results and Discussion. — Molecular Structure of ( + )-Chelidonine (1). The projection
on the ring-D plane of the (+)-chelidonine (1) structure obtained by X-ray crystal analysis
is presented in Fig. . Atom coordinates and thermal parameters and bond lengths and
angles with their standard deviations have been deposited with the Cambridge Crystallo-
graphic Data Center. All bond lengths and angles are normal and within the range
found in the crystal structures of hydrobenzo[c]phenanthridine-type alkaloids such as
(&)-corynoline (2) [10] (+)-14-epicorynoline (3) bromoacetate [11], and (+)-chelidonine
4-bromobenzoate [12].
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Fig. 1. View of the molecular structure of 1 and numbering Fig.2. Torsion angles [°} about the
(partially arbitrary) C(13)—C(14) bond of 1

The molecular conformation of 1 has an ‘anti-cis’ form [12] with respect to the
cis-fused B/C moiety (Fig.2). The dihedral angle between the mean planes of ring A and
ring D is 47.80°, and the angle C(17)—C(13)—C(14)—C(16) between the two rings in the
Newman projection is 177.6° (Fig.2). These values are similar to those for 2 [10], i.e.
46.79 and 173.6°, respectively, leading to the supposition that they are typical con-
formational data for an ‘anti-cis’ conformation of the B/C-cis-fused hydrobenzo[c]-
phenanthridine alkaloids. Ring B is in a half-chair conformation and ring C in a twist
half-chair conformation (Fig. 3). The conformation of ring C of 1 is also similar to that
of 2. Inspection of a Dreiding model reveals that this twisted conformation relaxes the
steric hindrance caused by the 1,3-diaxial interaction of the bonds C(14)—N(5)/
C(11)—0O(5) and H—C(12)/H—C(13) and by van der Waals repulsion between the H-
atoms of the CH;N group and H~C(4). Therefore, such a twisted half-chair conforma-
tion of ring C must be intrinsic and is a stable conformation for the hydrobenzo[c]-
phenanthridine-type alkaloids. The torsion angles H(11)—C(11)—C(12)—H(12A) and
H(11)—C(11)~C(12)—H(12B) obtained from the X-ray structure of 1 are in agreement
with those obtained from the 'H-NMR measurements (81.3(5) and 36.4° (5), resp., vs. 90
and 30°, resp. [6]).
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Fig. 3. Schematic projection of rings B and C of 1, with deviations [A] of atoms from the least-square plane of the
neighbouring aromatic ring (e.s.d.’s in parentheses). The bold-face bar stands for the aromatic ring, i.e. ring A in a)
and ring D in b).

The solid-state structure of 1 shows an axial O(5)H—C(11) and an equatorial CH;,—N
group (see Fig. I). Since the N(3)- - - O(5) distance is 2.69 A, the interaction force of the
intramolecular H-bond would be somewhat stronger than in 2 (2.79 A) [10]. A remark-
able feature of the solid state of 1 is the presence of an H,O molecule located in the
neighborhood of O(5).

Fig.4. Crystal packing of 1, viewed along the b axis. H,O molecules are represented by filled circles.

Crystal packing as viewed along the » axis is shown in Fig.4. Ring A involving
methylendioxy moieties is located on the diad screw axis of the crystal lattice and piles up
along the b axis, thus forming infinite staking layers. The molecules are stably held by van
der Waals interactions and H-bonds for which the distances are given in Table 1.

Thermal Behavior of 1 in the Crystalline State. The thermal behavior of a crystal of 1
was studied using a DTA-TG profile corresponding to an increase in temperature. Fig. 5
shows the result. Peak I represents an endothermic change accompanying the release of a
crystallized H,O molecule (7, 113°), and peak II reveals another endothermic change
corresponding to the melting point (7,,,, 136°); finally, the crystal decomposes. The
release temperature for H,O from the crystal is relatively high, just below the melting and
decomposition temperature. This strongly suggests that in the crystal structure of 1, H,O
forms an energetically favorable H-bond with O(5).

NMR Measurements. Although the 'H-NMR assignments of 1 in CDCl, have been
reported by several authors [5-7], the behavior of the OH group has been unexplored. We
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Table 1. Intermolecular Short Contacts [A] for 1

Atom 1 Atom 2 Distance Symmetry operation
O(1w) o(1) 3.209 (5) x—1,yz—1
N(5) O(5) 2.702 (4) X, ¥,z
0(2) C(1) 3.315(5) x,y,z+1
0(2) C(2) 3.181(5) x,y,z+1
0(2) 0O(3) 3337 (4) x,yz+1
o(1) C(20) 3.363 (6) x+1Lyz+1
N(5) 0(4) 3.345(4) —x+1,y—-050,—z+1
O(5) O4) 3.210 (4) —x+1,y—050, -z +1
O(5) O(1w) 2.763 (5) —x+1,y—-050,—z+1
O(4) N(5) 3.384 (4) x4+ 1,y +050, —z +1
O(1w) O(5) 2.773 (5) x4+ 1,y +0.50, -z +1
O(5) C(19) 3.356 (6) —x+2,y—050,—z+2
0(4) C(9) 3.457(5) —x+2,y,4+050,—z +1

AU

E

o

oy

P

)

o

o

frw;

Exothermic

Weight loss [%]

80 100 120 140
Temperature {°C]

Fig.5. DTA-TG profile of crystalline { + )-chelidonine (1)

believe that distinguishing the intra- or intermolecularly H-bonded OH proton of 1 from
the solvent-exposed one will provide basic information on the energetically stable confor-
mation of B/C-cis fused hydrobenzo[c]phenanthridine alkaloids in solution.

The temperature dependence of the CON H chemical shift in various solvents has been
used to distinguish between ‘exposed’ and ‘buried” NH groups of peptides [13]. In a
similar manner, the OH protons of 1 and 2 have now been investigated. The temperature
dependences of the OH chemical shifts of 1 and 2 in (CD,),SO and CDCI, were measured
between 25 and 55°, with increments of 5°, and the temperature coefficient (dé/dT
[ppm/°]), as calculated from the least-squares equation, are given in Fig.6a. The line
profiles can be classified into two types of behaviour. In (CD,),SO solution, the OH
proton of 1 shows a significantly low temperature coefficient (d6/dT = —0.3- 107 ppm/°),
although the remaining protons fall within values of —5-107* to —7-10° ppm/°. This
suggests that in (CD,),SO solution, the molecular state in which the OH proton is
involved in an intramolecular H-bond (and thus forms a solvent-shielded environment) is
predominant. On the other hand, it is also possible that the OH proton of 1 and 2 in
CDCl, as well as of 2 in (CD,),S0 participates in the interaction with the solvent.
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Fig. 6. a) Temperature Dependences and by Concentration Dependences of Chemical Shifis of the OH Protons of 1
and 2. 1in (CD4),SO (@) and in CDCl; (O); 2 in (CD3),SO (A ) and in CDCl; (A).

The concentration dependence of the chemical shift of the OH proton of 1 and 2 was
measured at room temperature in the range of 3—72 mm in (CD,),SO and CDCI, solutions
(Fig.6b): the chemical shifts remain practically unchanged. This precludes the possibility
of an intermolecular interaction, suggesting that the molecules present in solution behave
independently. Therefore, the above mentioned straight-line plot of é values of 1 in
(CD,),SO vs. temperature (dd/dT = —0.3 - 10~ ppm/®) reflects the behaviour of an ‘inde-
pendent’ molecule, and the conformation with an intramolecular H-bond could be
proposed as the preferred form of this molecule in (CD,),SO solution,

With the exception of the OH proton, all chemical shifts and coupling constants of 1
and 2 remain practically unchanged in the observed temperature and concentration
ranges, and the values are essentially the same as those reported previously [6] [7].

Conformational-Energy Values. Although the X-ray studies suggested that the confor-
mations of 1 and 2 are both ‘anti-cis’ and stabilized by an intramolecular H-bond, a
difference can be observed in the NMR behavior of their OH proton (see above). In order
to make the participation of the OH group in the intramolecular H-bond more clear, the
energetic stability of the possibly involved conformers was examined by modified neglect
of diatomic overlap (MNDOQ) calculations.

Table 2. Conformational-Energy Values for 1 and 2, Obtained from MNDO Calculations

Total energy E [kcal/mol] |E(A)-E(B)| Preferred Ref.
Conformer A, Conformer B, [keal/mol] conformer

with H-bond without H-bond

—106970.98 —107005.08 34.10 B This work

[ 3

—110463.28 —110459.69 3.59 A [10]
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Fig.7. Energy variation of 1 as a function of the rotation of the OH—C(11) bond. The torsion angle (6) of
C(13)—C(11)—0O(5)—H(50) was rotated from 0 to 360° at intervals of 45°.

Table 2 shows the total-energy values E for the conformers with (A) or without an
intramolecular H-bond (B) of 1 and 2. In the case of 2, conformer A was energetically
more stable than conformer B by 3.59 kcal/mol, which corresponds to a H-bonding
energy. In contrast, for 1, conformer B was more stable than A, the energy difference
being 34.1 kcal/mol. However, this difference seems to be much too large when compared
with the values usually expected. Therefore, in order to examine the reasonability of the
calculation, the energy change accompanying rotation of the OH—C(11) bond was
analysed, and the energy profile obtained is shown in Fig. 7. The profile shows a conti-
nuous wave in which the most stable and unstable conformations correspond to conform-
ers B (# = 180°) and A (6 = 0°), respectively. These data clearly show that the formation
of an intramolecular H-bond is energetically unfavorable for 1, and this is a notable
characteristic which differentiates 1 from 2.

Experimental Part

(+ ) —Chelidonine (1) was isolated from Chelidonium majus (Papaveraceae) in the usual way and crystallized
from MeOH/acetone/Et,O soln. by slow evaporation at 4°. M.p. 136°. Anal. calc. for CooH 3NO;s-H,O (371.4): C
64.68, H 5.70, N 3.77; found: C 64.57, H 5.64, N 3.84.

Crystallization from EtOH: m.p. 136°. Anal. found: C 64.64, H 5.70, N 3.98.

Crystallization from MeOH: m.p. 136°. Anal. found: C 64.80, H 5.73, N 3.73.

Crystallization from AcOEt: m.p. 136°. Anal. found: C 64.92, H 595, N 3.61.

(£ )-Corynoline (2) was isolated from Corydalis incisa (Papaveraceae) in the usual way and crystallized under
the same conditions. M.p. 216-217° (from CHCl;/MeOH). Anal. calc. for C; HyNO;s (367.4): C 68.65, H 5.76,
N 3.81; found: C 68.67, H 5.79, N 3.80.

Crystal-Structure Determination and Refinement. A single crystal (ca.0.3 x 0.3 x 0.4 mm) was used for X-ray
studies. The crystal data is summarized in Table 3. The unit cell parameters were determined by a least-squares fit
of 20 angles for 25 reflections (30° < 20 < 60°). The crystal density was measured by the flotation method using an
aq. K1 soln. X-Ray diffraction intensities within 26 — 130° were measured at 293 K by a Rigaku AFC-5 diffracto-
meter employing the @ — 26 scan technique with a scan speed of 3° min™'; the scan width was (1.0 4- 0.15 tanf)°
(in #) with 3-s backgrounds measured at two extremes of the scan peak. The intensities of 4 standard reflections
measured every 100 reflections remained constant to within 1% of their mean values. The measured intensities
were then subjected to Lorentz and polarization corrections. A total of 1561 independent reflections were used for
structure determination and refinement.
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Table 3. Crystal Dara of 1

Formula CyoH yNO;-H,0 v [AY 869.0(5)

Mol. wt. 371.38 z 2

Crystal system monoclinic d [g-em™ 1.411

Space group P2, dy, 1.410
alA] 8.971(1) F (000) 388
b[A] 9.120(1) Radiation Cu-Kx
c[A] 10.640(2) A[A] 1.5418
g 93.43(3)

The structure was solved by the direct method with program MULTAN [14], and then refined by the
full-matrix least-squares method with isotropic thermal parameters, and then by block-diagonal least squares with
anisotropic parameters. The H-atom positions were located from a subsequent difference Fourier map. The
function minimized was Y (/F,| — |F.)%. The weighting scheme used for the least-squares refinement was as
follows: o = 1.43032 for F, = 0.0 and w = 1.0/[g(F,)? + 0.10449 |F,| — 0.00057 |F,|} for F, > 0.0, where o (F,)* is
the standard deviation based on counting statistics. The discrepancy indexes R and R,, were 0.055 and 0.052, resp.;
S( = [w|F,| — |FJ*/(M — N)]**, where M = no. of observed reflections and N = no. of variables) was 1.98. None
of the positional parameters shifted more than one fifth from its standard deviation, and maximum electron density
in the final Fourier synthesis was 0.34¢- A2,

For all crystallographic computations, the UNICS programs [15] were used, and atomic scattering factors
were from International Tables for X-Ray Crystallography [16]. All numerical calculations were carried out on a
Micro Vax Il computer at the Computation Center of Osaka University of Pharmaceutical Scicnce.

Thermal Analysis. Differential thermal analysis and thermogravimetry (DTA-TG) was carried out in air. A
standard-type differential scanning calorimeter produced by Rigaku Denki Co., Ltd. was used to measure the
amount of heat. An aluminium cell was used as a sample (8.82 mg) container and a heating rate of 2.5°/min was
adopted. For the calculation of the amount of heat, the heat of transition of KNO; and H,0 was employed as a
standard.

TH-NMR Measurements. 'H-NMR spectra: Varian VXR-500 (499.8 MHz) spectrometer; sample concentra-
tion ca. 1.00-25.00 mg/ml (3—72 mm); CDCI; (99.8 % isotopic purity) and (CD;),S0 (99.96 %) as solvents; J in ppm
rel. to internal tetramethylsilane ( = 0 ppm); error within £0.001 ppm. The temperature dependence of (OH) was
determined by seven measurements at 26-55° for each soln.; the temperature-controlled unit has an error
within +1°.

Conformational-Energy Calculations. All energy calculations were carried out with the MNDO program [17]
operating on a Micro VAX I computer. The atomic coordinates of the conformers were constructed by using the
bond lengths and angles obtained by X-ray analyses of 1 and 2 {10].
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