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Combined Computational, Database Mining, NMR, and Chemometric Approaches

Rudolf Kiralj, T Marcia M. C. Ferreira,* - Paulo M. Donate} Rosangela da Silv& and
Sergio Albuquerques

Instituto de QUmica, Uniersidade Estadual de Campinas, 13083-970 Campinas, SP, Brazil, Departamento de
Quimica da Faculdade de Filosofia, Gieias e Letras de Rib€imPreto, Unversidade de SaPaulo,

14040-901 Ribeira Preto, SP, Brazil, and Faculdade de"@otas Farmacaticas de Ribeita Preto,

Universidade de SaPaulo, 14040-903 Rib€imPreto, SP, Brazil

Receied: October 13, 2006; In Final Form: April 10, 2007

p-(3,4-Methylenedioxybenzyly-butyrolactone (MDBL) and -)-hinokinin (HK) were obtained by partial
synthesis and characterized By NMR and computational methods (conformational analysis, molecular
modeling, structural data mining and chemometrics). Three conformers were detected for MDBL and nine
were found for HK. The energy differences are around 1 and 2 kcal’mald rotation barriers are less than

3 and 5 kcal molt for MDBL and HK conformers, respectively. The geometries of these conformers, obtained
from semiempirical PM3 and density functional theory (DFT) B3LYP 6-31G** calculations agree satisfactorily
with *H NMR data (vicinal protor-proton coupling constants) and structures retrieved from the Cambridge
Structural Database (torsion angles). DFT combined with some variants of the Haed@aeeuuw-Altona
equations gives the best predictions for the coupling constants. The molecular conformation of MDBL, of
HK, and of related systems depends not only on intramolecular interactions but also on crystal packing forces
and solventsolute interactions, in particular hydrogen bonds and polar interactions. Hydration favors more
stable HK conformers, which can be important for their behavior in chemical and biological systems.

1. Introduction

Lignans have attracted much interest over the years and are
still being intensively investigated because of their wide
occurrence in nature (mainly in the plant kingdom), and also
because of their broad range of biological activities with
therapeutic potentidi:> Lignans exibit effects on various
organisms including humans at molecular, enzymatic, physi-
ological, pharmaceutical, and even clinical leVel.

The (8,8 5)-bis(substituted phenyl)lignano-9@ctone8 are
a subclass of dibenzylbutyrolactone lignans with a series of
interesting conformational features, such as the existence of
various flexible bonds and the possibility of hydrogen bonding
and interaction between substituted aromatiau@its (phenyl
rings). The G units might, to a certain extent, sterically hinder
each other or exhibit other types of interaction with the
y-butyrolactone ring. In this way, conformational analysis for
these compounds could provide information about such interac-
tions and their influence on the preferential conformations.

Conformational studies of (88)-lignano-9,%-lactones,
particularly of their precursor (8)-(3',4'-methylenedioxyben-
zyl)-y-butyrolactone (MDBL, Figure 1) and of (88p)-
3,4,3,4'-bis(methylenedioxy)lignano-9;$actone or {)-hino-
kinin (HK, Figure 2), have been performed in this work to give
a new insight into lignan lactone conformational flexibility and
conformer distribution. Among most frequent approaches to

10'
Figure 1. Molecular structure of ()-(3',4'-methylenedioxybenzyl)-
y-butyrolactone (MDBL) with atomic numbering and definition of the
studied rotation angles.

10'

- Figure 2. Molecular structure of {)-hinokinin (HK) with atomic
> Corresponding author. Telephone:55 19 3521 3102. Fax:+55 19 nugmbering and definition of the stj()jied rotatiors an)gles
3521 3023. E-mail: marcia@igm.unicamp.br. ’

Tlnstituto de Qimica, Universidade Estadual de Campinas. conformational analysis known in literature, are structural

* Departamento de Qmica da Faculdade de Filosofia, Gaas e Letras ; ;
de Ribsirm Preto. Universidade de-6#aulo. approaches employing structural datab&sé$and sometimes

§ Faculdade de Cieias Farmauticas de Ribeiia Preto, Universidade  cheémometric methods$ coupled structural-con"_lp_utatiorfﬁland
de Sa Paulo. computationatNMR approache$’2° Data mining using the

10.1021/jp066746m CCC: $37.00 © 2007 American Chemical Society
Published on Web 06/23/2007



Conformational Study of Lignanolactones J. Phys. Chem. A, Vol. 111, No. 28, 2006317

Cambridge Structural Database (CSB3¥1721.2%or compounds additional analysis was performed by studying the dependence
structurally related to MDBL and HK, was performed in this of the heat of formation on the rotation angle’€€1' —C7' —
work. Although crystal packing effects on internal coordinates, C8 (Figure 1) for the most stable conformer obtained so far.

molecular conformation and other structural properties are  Systematic Conformational Analysis for )-Hinokinin
noticeable in generad?,?*26 molecular geometries retrieved from  (HK). (—)-Hinokinin (HK) or (8,8 3)-3,4,3,4'-bis(methylene-
the CSD are usually a good guide to conformational preference dioxy)lignano-9,%lactone is an analogue of MDBL, with two
in aqueous solution or at protein binding sités'? Furthermore,  chemically identical lignan Qunits at positions 8 and & igure
various molecular modeling packages employ molecular struc- 2). HK is a simple representative of lignano‘da&tones derived
tures or structural data from the CSD32 Conformational  from MDBL-like precursors, and thus is suitable for systematic
analysis for MDBL and HK was carried out at a semiempirical conformational analysis.

(method with PM3 Hamiltoniafi) and density functional theory A PM3 semiempirical study was performed on HK in an
(DFT34 method with the B3LYPF®36 functional) levels in analogous way as for MDBL by using Titan, changing the
vacuum. Both compounds have been synthesized, their NMR | jiati0n angle®; (CI'—C7—C8—H8) and®, (C1-C7—C8—
spectra were recorded and then coupled to computationaIHS) from (° to 350 by 1C° increments. In this way, 1296
procedures in order to determine the conformational composition optimizations (36x 36) were performed. The obtained surface

of these compounds in solution. energyx ©; x ©®, was analyzed by Pirouetfeand Matla$i!
2. Computational Methods to identify minima, rotation barriers and saddle points. The
minima were further geometry-optimized at the PM3 level with

Systematic Conformational Analysis for (86)-(3',4'-Me- the constraints i®; and®, removed.

thylenedioxybenzyl)y-butyrolactone (MDBL). (8)-(3',4'- N )
Methylenedioxybenzylj-butyrolactone (MDBL, Figure 1) is Two additional c_onformanon analyses_, were performed by stu-
a typical representative of lignan lactone precursors with a lignan 9Yin9 tr,‘e change in the heat of formation with rotation angles
Cs unit (methylenedioxybenzyl) on thebutyrolactone ring at ~ €6 —C1—C7—C8 and C6-C1-C7-C8 (Figure 2) for the most
position 8. The IUPAC atom numbering for MDBL was adapted stable conformer obtained from the above conformation study.
to be consistent with the lignano-8Jactone numeration system Cambridge Structural Database Mining for MDBL- and
for comparative purposes. The exocyclic methylene group) (C7 HK-Related Structures. In general, crystal structures of small
in lignano-9,%lactones is characterized in literature and also molecules might aid in understanding which conformations of
in this work by two3Jyy coupling constants frordH NMR HK and other analogue lignano-8/a@ctones are predominant
spectra, accounting for interactions between’ H&d the in the liquid phase or in complexes with biomacromolecifle®
methylene protons H& and H7b. The conformers differ mainly ~ For this purpose, two systematic searches were performed in
in the relative position of the methylenedioxybenzyl groups with the Cambridge Structural Database (C8B}'"*+?2January
respect to the-butyrolactone ring (two rotatable single bonds 2006 updaté? one for substituted'#-bisbenzyl derivatives of
C1'—C7 and C7—C8) which undergoes limited conformational ~ y-butyrolactone and tetrahydrofuran lignans as well as other
changes. Hence, it can be assumed#HatMR measurements ~ MDBL-related compound, and another for lignano lactones and
may provide useful information about the conformational Other HK-related substances. The data mining was carried out
composition of these compounds in solution. The presence ofusing program ConQuest %7 for fragment search, under
methyl, methoxy or other small flexible groups attached to the conditions as defined in Scheme A in Supporting Information.
aromatic G unit in MDBL derivatives increases the number of Raw data sets were then filtered manually, according to adopted
possible rotations. However, such new groups would not alter Structural criteria to create homogeneous and chemically
the main trends in molecular energy-rotation angle curves informative data sets. The torsion angles (Scheme A), analogues
relative to those for MDBL. Therefore, conformational analysis Of rotational angles defined in Figure 1 and 2, were measured
of MDBL can be useful for interpreting the conformational by ConQuest in a repeated search, and also by Titan for those
behavior of general lignano-9;8ctones. structures that did not have hydrogen at required positions and
A semiempirical study with PM3 Hamiltonian on MDBL was ~thus had to be modeled first. Crystal symmetry and other
performed as a fast procedure that enables detection of conformcrystallographic items (position in the unit cell, asymmetric unit,
ers location on the potential energy curve or surface. The disorder, redeterminations) were taken into account to create
conformational space was scanned by rotating ten@ around ~ as much as possible large data sets of torsion angles. Fast
the C7—C8 and C1—C7 bonds. The initial MDBL structure  molecular visualizations inside the CSD system were made by
was modeled by using Titaff,the rotation angle C+C7— Mercury?345and the torsion angle statistics by VidtSelected
C8—H8 was varied from 0 to 350by 10° increments, and  Structures were optimized at the semiempirical PM3 level in
each optimized geometry was obtained with the torsion angle order to evaluate the crystal packing effects on molecular
constrained. conformation. More rigorous evaluation of the crystal packing
The heat of formation was calculated for each conformation €effects was performed in two analyses. In the first analysis, a
with optimized geometry. Additionally, narrow regions around MDBL-like compound was selected. A single molecule and
the extremes (conformers and energy barrier peaks) were refinedmolecular aggregates from its crystal structure were treated at
and new conformations with angle increments ©662.5 were various computational levels available in the Titan and Chefi3D.
treated as described above. The most stable conformers werdn the second analysis, the deviations of the PM3 rotational
then identified from the heat of formation vs rotation angle plot. angles from experimental valueA®) for all selected MDBL-

Furthermore, the conformer geometries were refined (dihedral @nd HK-like compounds were studied as functions of molecular
constraints excluded). geometry and crystal packing parameters calculated by using

Molecular visualization and visual inspection of molecular PLATON.*"“®Related statistical analys€s°! for MDBL were
features in this work were performed by using Titan, WebLab Pperformed using Pirouettg.
ViewerPro 4.(°8 and Chem3D Ultra 639 packages. Basis Set Selection and Calculation ofJyy Coupling

In order to investigate the possible positions of the methyl- Constants for Methylene—Butyrolactone Interactions. A
enedioxybenzyl group with respect to the methylene group, an basis set convergence study at the B3LYP level was performed
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TABLE 1: Basis Set Convergence at the BSLYP Level of the Molecular Geometry of MDBRP
basis set rms(D)/A rms(A)/de§ rms(T)/de§ O/deg ®cpldeF Ak, AC8/Ag dcpdded Akl AC107A9 Escdau’

STO-3G 0.053(10.6) 1.9(6.3) 26(87) 590 656  0.18-0.441(13.7) planar  planar-0.011 (19.3) —755.600789
3-21G* 0.031(6.2) 16(5.3) 2.6(87) 625 2469 0.14+0.557 (25.0) planar  plana—0.018 (18.2) —761.177561
6-31G* 0.018(3.6) 15(50) 0.7(23) 594 2487  0.09+0.488 (2.0) 323.8  0.01 —0.189 (10.3) —765.384684

6-31G** 0.018 (3.4) 1.4 (4.7) 0.8(2.7) 59.5 248.4 0.10+0.489 (2.3) 324.0 0.00 —0.197 (11.7) —765.401658
6-31+G* 0.017 (3.4) 1.1(3.7) 0.5(1.7) 60.4 70.1 0.05+0.486 (1.3) 288.0 0.00 —0.289 (27.0) —765.411946
6-31+G** 0.017 (3.4) 1.0(3.3) 1.2 (4.0) 60.0 67.7 0.12 +0.473 (3.0) 323.7 0.01 —0.286 (26.5) —765.428235
6-311G* 0.016 (3.2) 1.4 (4.7) 2.0(6.7) 62.0 246.1 0.16+0.466 (5.3) 323.6 0.01 —0.277 (25.0) —765.563460
6-311G** 0.016 (3.2) 1.4 (4.7) 0.9 (3.0) 62.7 247.1 0.12+0.485 (1.0) 323.2 0.02 —0.282 (25.8) —765.580328
6-311+G* 0.015 (3.0) 1.4 (4.7) 0.5(1.7) 63.0 249.5 0.07+0.495 (4.3) 322.9 0.03 —0.296 (28.2) —765.579102
6-311+G**  0.016 (3.2) 1.4 (4.7) 1.0(3.3) 59.0 249.0 0.08+0.507 (7.7) 324.3 0.01 —0.281 (25.7) —765.595872
PM3 0.018 (3.6) 2.4 (8.0) 19.3(64.3) 525 planar  planaf.012 (156.7) planar  planart0.002 (47.8)

experimental 52.0 +0.482 (3) +0.127(6)

2 For more details about the presented parameters and the experimental structures see Table A in Supporting Infotorabenin brackets:
experimental estimated standard deviations (esd) in the last line. In other lines, the numbers in brackets are ratios of experimental-vatiolased de
and the experimental esd, indicating good computation when the ratio is beloWRh0t-mean square deviations of computed from experimental
bond lengths (rms(D)), bond angles (rms(A)) and selected torsion angles (risgd)ation angle H8-C8 —C7—C1'. ¢ The Cremer-Pople puckering
parameterd® for five-membered rings: for the-butyrolactone ring ®cp,) and for the methylenedioxy ringb(cro). ' Difference between the
closest integer and actual valueloflefined by® = k 360° for the y-butyrolactone Ak,) and the methylenedioxy\ko) rings. ¢ Deviation of the
envelope’s carbon atom from the least-squares plane of other four atoms in the five-membered rings. The numeration is according to that in Figure
1. Positive deviation means that the envelope is turned “up” and the negative deviation that the envelope is oriented “down” from the plane that
coincides with the plane of the paper and orientation as in Figuté&lectronic energy in atomic units (HartreesExperimental values to which
computed results should approach.

for the molecular geometry of MDBL in order to select the most ;
suitable B3LYP procedure for refining geometries and calculat- Pc2 RE1f @i
ing energies for MDBL and HK conformers. In the first stage (25%) 57036 _/ 3916°
of this study, experimental geometry parameters for MDBL were 63116 "

provided. Since there is no crystal structure of MDBL, searches g3116~
for the most relevant and similar structures were performed in 5-311/+ o &G
the CSD using ConQuést**and Vista program® It is known 1 [ ‘\\

from structural chemist®y that the least affected structural /
parameters by crystal packing effects are bond lengths, followed 631467
by bond angles and torsion angles in rigid substructures (rings, L (18%)
aromatic planes, constrained systems etc.), and finally the most
affected are torsion angles connecting such substructures or thos
having sterically unhindered rotation. In the case of MDBL,
HK and analogous compounds, significant crystal packing
effects one can expect on torsion angles around the bonds C1
C7,C1-C7, C7—-C8, and C7-C8. Therefore, suitable crystal

structures can serve as the experimental reference for MDBL. Figure 3. PC1-PC2-PC3 scores plot used for final selection of the
In the first series of searches (Scheme B in the Supporting B3LYP basis set for further calculations. This PCA was based on rms,

Information), the envelope conformations of the two five- A, and® parameters in Table 1, using absolute values and zero values
: . N . for experimental rms.
membered rings in MDBL, were studied: the distance of atom

C8 from the other four atoms of thebutyrolactone ring was  data in Table 1: absolute values of rms angarameters and
detected as a local maximum around 0.55 A (Figure A left, the rotation angle® for all B3LYP basis sets and experiment
Supporting Information). The most frequent analogous distance (yms errors set to zero). The matrix (34 6) was treated by

for C10 in the methylenedioxy ring was close to zero, while  means of principal component analysis (PGAF! The scores

the frequency decreased continuously with the deviation valuesspace (Figure 3) shows that five basis sets are the closest to the
(Figure A right). The second series of CSD searches resultedeyperiment, among which 6-31G** seems to present the best
in three crystal structures (CSD REFCODES: DEHGIQ, compromise between simplicity, quality, and computational
GEBJOM?® and VOQRO¥) determined in similar conditions,  time, and at the same time describes satisfactorily well hydrogen
with essential fragments of MDBL that could be used together atoms that are important for the study. Therefore, this basis set
as the unique experimental reference (Figure B and Table A in \yas selected for all further work.

the Supporting Information). Essential internal coordinates  The conformer distributions at room temperature for
including bond lengths and bond angles, torsion angles, envelopeconformers obtained from PM3 or from B3LYP computations
deviations as well as CremePople puckering paramet&tsor were determined using the following expressions:

the five-membered rings were obtained from B3LYP calcula-

tions (Table B) and compared with the experimental and PM3- w, +w, + +=- +w,, =1

based values in Table 1. The basis set 6-31G** provides w; = Ny/N, w, = Ny/N, ==+, w,. = N, /N
acceptable conformation parameters, especially the envelope

deviations which are overestimated by the higher basis sets, and\; = N, eXp[—(Ei, — E)KT], N=N;+ N, + -« + N,

at the same time these basis sets do not bring significant

improvement in other internal coordinates. According to previ- Herew; is the molar fraction of théth conformer amongn

ous studies for detection of the most suitable basis set by meansonformers\,; is the population of thé&h conformer amongn

of chemometric method;5657a data set was built from the  conformersN is the population of allm conformers Npin is

-
Expernimental
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SCHEME 1: Reagents and Conditions in Synthesis of MDBL and HR
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aKey: (a) CHOH, CHONa, reflux, 5 h, 75%; (b) KH(20 atm), 5% Pd/C, C§DH, room temperature, 24 h, 90%; (c) (i) KOHHEOH, (ii)

Ca(BH,)2, C;HsOH, room temperature, h, (iii) HCI, 15 min, 89%; (d) LDA (2 equiv), THF{8 °C, 4 h, 85%; (e) H (4 atm), 5% Pd/C, CEDH,
HCIO,, room temperature, 60 h, 80%.

the population of the global minimum energy confornigmnd carbon powder to give the corresponding saturated hemiéster
Emin are the heats of formation or electronic energies ofitihe in 90% vyield. Chemoselective reduction of the potassium salt
and minimum energy conformers, respectivélyis the room of 4 with calcium borohydride in ethanol followed by acidic
temperature in kelvin, anklis the Boltzmann constant. treatment gave the desired lactdnie 89% yield (60% overall
The vicinal3Jyy coupling constants accounting for methyl-  yield calculated from piperonal). Hinokinirv was prepared
ene-butyrolactone interactions in MDBL and HK were deter- from MDBL (5) in 68% overall yield by a two-step procedure
mined experimentally in this study and also taken from the involving first the condensation & with piperonal () in the
literature. In order to compare the results from the conforma- presence of LDA, producing a mixture of epimeric alcoh®ls
tional analysis for MDBL and HK with experimentali in 85% yield, followed by hydrogenolysis to remove the
constants, an online software progférbased on the equation  hydroxyl group of 6 to provide hinokinin in 80% yield
published by Haasnoot et & and the MestReJ prograth, (Scheme 1).
including 11 other equations, were used for calculation of the  compuytational and Structural Conformational Analy-
coupling constants for Ha/H7b—H8' and Hra/H7b-H8 sis for (8)-(3,4-Methylenedioxybenzyl)«-butyrolactone
interactions in each conformer. The final average values (MDBL). Three conformersi—Ill of MDBL (Figure 4),
(weighted by_ confor_mer molar f_ractions) for all equations were representing three conformer typegauche(—g), trans(t) and
compared with available experimental values. - +gauche(+g), respectively (Figure 5), were detected when the
PCA® ™! was applied to the data matrix consisting of otation angle C1-C7-C8-H8 (Figure 1) was varied.
calculated and experimental coupling constaiitg for two Conformational characterization of the conformérslil is
and four methylene protons from MDBL and HK, respectively. resented in Table 2.andlll , practically of the same energy
These analysé$>6were performed on autoscalled data matrix (differences within 0.2 kcal mot in all methods), have the
in order to visualize which computational method provides the methylenedioxypheny! unit (substituent R in FigL,Jre 5)-ig
closest results to experimentally determined values and also t0,nd +g position relative to the H8-C8 bond, respectively.
resolve the ambiguity which proton should be designated “a” Consequently, R in these conformers ist iand’:i:g positions

and “b”. Pirouetté® was used in all chemometric analyses. with respect to the two C8C8 and C8-C9 bonds of the
y-butyrolactone ringll has R int position with respect to H8
but in +g with respect to the neighboring-€C bonds of the
Chemistry. Several routes for the synthesis of dibenzylbu- y-butyrolactone ring.Il is characterized by H-H steric
tyrolactone lignans have been reported. In this work, a mono- interactions between thg-butyrolactone ring and £unit at
substituted butyrolactone was synthesized by using the procedurgather short distances (Figure 5, Table 2). These interactions
described by Landais et &l The 3,4-methylenedioxybenzyl-  are visible in Figure 4 as a shoulder closelltoas obtained
y-butyrolactone (MDBL,5) was prepared in three steps from when using the PM3 method. This method, due to its limited
the commercially available piperondl)( as outlined in Scheme  basis set, does not treat adequately intermolecular interactions
1. Stobbe condensation betwegrand dimethylsuccinate2)f within the y-butyrolactone ring and methylenedioxy rings which
afforded the unsaturated hemiesBein 75% yield which was stay planar in all conformers. However, using the B3LYP
subsequently hydrogenated over 5% palladium on activated 6-31G** method, both rings adopt envelope conformations that

3. Results and Discussion
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T T T T T T

calculations. These results fairly agree with those from parent
SEAS B g and related systems. “Up™down” envelope inversion of
* y-butyrolactone has been reported with barrier 0f29and
» [ 2.258 kcal molt, above which are thé < Il barriers from
-128 S / I"\. DFT calculations. Barriers for internal rotation of the methyl
[ / group in 8-methyl+y-butyrolactone and 8-methyl-butyrolac-
1ol [ tone have been reported to be ®.and 3.5% kcal mol?,
l | | respectively, which is comparable with tie and B barriers
.' | | j for MDBL.
130 / | / \ E A It is apparant from Table 2 that the conformational composi-
' y | { tion I:11:1ll favored by PM3 is 5:1:4, but the more exact DFT
\ / o \ / method with the zero-point and thermal corrections yields the
e opposite composition, 4:1:5. All conformers exist at room tem-
I- wm 'I perature in substantial proportions and therefore have to be taken

heat of formation in kcal / mol

e . o = - into account for calculation of vicindly coupling constants.
0

100150 200 250 300 350 400 - 450 The data mining in the Cambridge Structural Database,

rotation angle C1'-C7' - C8'-H8' in ° according to the criteria in Scheme A from the Supporting
Figure 4. Heat of formation - rotation angle G2C7—C8 —H8§' plot Information, resulted in a rather large data set of torsion angles
for MDBL from PM3 calculations. Three conformers (I, andlll') for MDBL-related structures (737 angle data). However, torsion

and four rotation barriersA B, C, andD) are visible. The original  gngles from the structures most similar to MDBL make a small
plot was extended from 38@o 450 that the relationship betwedn

andlll would be more visible. Selected crystal structure data from the Se.t (see Flgure C in the Support!ng Information and Table 3,
CSD are placed at the bottom of the plot (red squares) together with With torsion angles expressed in the range 6f360° as
their PM3-optimized analogues (blue squares). rotational angles in Figures 1 and 2). In these structures, three
general Q atoms in the central 5-membered ring are carbon
atoms (see Scheme A for fragment definition), while the fifth
Q atom, the analogue of the epoxy O in MDBL, is the only
that varies. Nine from ten structures have theau@it at position
8 and not at 8(structure VOQROI). When the torsion angles
for these structures, both experimental and PM3 computed data,
are superimposed with the energy profile curve (Figure 4), a
clear tendency of data grouping at minima can be observed.
@ _ ) PM3 data are relatively better grouped than experimental data
H7'b(1Il) B N due to the inexistence of crystal packing effects. It is obvious
i that both data sets indicate that the conformegs t, or —g
H7'a(lll) ' 1701 are the only possible in terms of R relative to the central ring.
When the statistics of the complete data set is presented in
the form of a histogram (Figure 6), the correlation between the
conformational analysis for MDBL in Figure 4 and conforma-
tional behavior of MDBL-like structures in the solid state, is
well noticeable. It seems thatg and —g conformers from the
CSD have approximately the same total frequency (the area of
the corresponding histograms), while theonformers occur
rarely. Furthermore, there are no structures in the range between
Figure 5. Newmann projection along the C7C8 bond in conformers —g andt 0|’_+g andt, but they exist in th(_i‘ range betweery
=11l of MDBL as obtained from DFT calculations. The substituent and +g. This is due to the_StrUCturefS with ZSparl:_)on spacer
R is the methylenedioxyphenyl group colored differently for the three P€tween the €and central rings or with flat substituents at the
conformers: blue fot, red forll, and yellow forlll . adjacent positions 8 and/of.9rhese facts are in accordance
with the results from computational conformational analysis
correspond to experimental data (Table 2, Tables A and B in wherel andlll have practically the same energy dhds less
the Supporting Information). The-butyrolactone ring is in stable, while the energy barriers for transitidns> Il andll

conformation of “down” envelope at CBi Il to minimize steric < |l are greater than the barrier for transitibr> 111 . It is
repulsions between the two rings (Figure 5). However, this apparant (Table 3) that the differences between torsion angle
conformation is slightly changed inwhile it inverts into “up” values in crystal and vacuum (from PM3 calculations) are minor,
in Il (Table 2). The small energy difference betwéemdlll ranging from O to 14, and therefore, the crystal packing effect

(Table 2) is probably a consequence of approximate mirror and differences among computational and experimental methods
symmetry relationship between the conformers and small do not override the observed conformational trends of MDBL-
influence of the &0 group on the ring inversion. However, it  like systems. The large data set (Figure 6) enables further
stays unclear why the envelope invertslir> Il transition. generalization of these observations. Three conformer types

Rotation barriers around the conformerareA (PM3, 2.81; (+g, t, and —q) are the most frequent or even exclusive
DFT, 3.40 kcal mot!) and B (PM3, 3.14; DFT, 3.76 kcal conformers in systems in which a general ring, not neces-
mol~1). Transitions ofl andlll into Il require 3.87/4.01 and  sarily a carbon ring and not always flat, is separated §yosp
4.06/4.45 kcal molt, respectively, as obtained from PM3/DFT  sp? carbon from the five-membered ring that also may contain
calculations. The energies for transitidns 11l are lower, being various nonmetal atoms besides carbon (see Scheme A in the
1.42/3.32 and 1.56/3.24 kcal mélas obtained from PM3/DFT  Supporting Information).
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TABLE 2: Computational Conformational Summary for Conformers I-11l of MDBL

properties | Il 1}
molecular conformatich -g t +g
® (H8—-C8—-C7—-C1)° 52.52/59.47 171.32/178.07 310.00/299.34
lactone conformaticgh “up” C8'-envelope “down” C8envelope “down” C8envelope
AC8/Ad +0.473 —0.507 —0.490
d(CHye++H,C)/Ae > 2.468 > 2.935 > 2.500
d(ArH---H,C)/Af > 2.632 > 2578 > 2.770
Epmykcal molt 9 —131.632 —130.744 —131.486
Eprr/kcal molth 0.072 0.684 0
EDFTz/kCal mol1h 0.116 0.855 0
ED,:TZT/kcaI mol? h 0.105 0.956 0
Womgd 49.88% 11.14% 38.98%
Wort 40.23% 14.33% 45.44%
WorrZ 39.94% 11.48% 48.59%
Woprrz7 41.12% 9.78% 49.10%

@ Molecular conformation is defined by the position of the 3,4-methylenedioxybenzyl group relativeytdbtiigrolactone ring, expressed at the
rotation angle® or H§—C8—-C7—C1. P The angle® values that were obtained from PM3/DFT (B3LYP 631G**) geometry optimization.
¢ Conformation of they-butyrolactone ring is expressed as the envelope an@ih is turned “up” or “down” from the plane of the other four ring
atoms, as obtained from the DFT calculations. These conformations are known in the literature under the names “bent axial” and “bent equatorial”,
respectively. The plane coincides with the plane of the paper when molecular formula of MDBL (Figure 1) is Vi®eethtion of atom C8from
the least-squares plane of the other four atoms ofythetyrolactone ring, as obtained from the DFT calculatiérid:--H distances between the
C7 methylene group and methylenes of thutyrolactone ring, calculated for the DFT-based geométty:-H distances between the benzene
ring and methylenes of the-butyrolactone ring, calculated for the DFT-based geométreat of formation from the PM3 geometry optimization.
h Electronic energies relative to the most stable conformer, calculated from the DFT (B3LYP 6-31G**) geometry optimization: uncorrected electronic
energy Eper), electronic energy corrected for the zero-point enel§yz) and electronic energy corrected both for the zero-point energy and
thermal energies (translational, rotational and vibrational at 298.15@&jnformational composition calculated from PM3-based heats of formation.
I WorT, WorTz, @andwperzT are conformational compositions calculated from the DFT-based electronic erigsgieBprrz, andEprrzr, respectively.

TABLE 3: Structural Data for Compounds That Are the retrieved from the CSD. Previous wofk§®have demonstrated
Most Similar to MDBL, As Retrieved from the Cambridge that a good reproduction of bond lengths and hydrogen-bonding
Structural Database geometry requireab initio or DFT methods, but it also depends
crystal space  abs on the initial geometry (number and relative position of
structuré  groug configf conformef ©cspdeg Opwdded molecules from the crystal structure). To explain the origin of
DIVYIQ P2i/c R 11l 315.53 306.31 the A® deviation and find the methods which would minimize
S | 44.47 53.69 it, additional analyses have been carried out for the selected
buxpOB® P-1 R I 30032 311.24 crystal structures related to MDBL and HK (Figures G and
S :” 3;3:23 3&;’:?2 Tables C-F in the Supporting Information with comments and
S I 45.32 46.94 discussion). There are more experimental items that determine
FUSHAC I12/c R Il 187.44 182.86 the A@®: crystal determination quality and conditions (temper-
S Il 172.56 177.14 ature, allotropic modification), the existence of more than one
NABXOD  P2i/n R I 31553 309.20 molecule in the asymmetric unit (different structural data for
TEYMOZ P2 > : PRPR samples DUXPOB-1, DUXPOB-2, ZUKYOT-1, and ZU-
1 . . . j
TICREC P2,2:2; IS 1l 288.93 303.14 KYOT-2 in Table C and AVOPIK-1 and AVOPIK-2 in Table
TOJHOP P2, IS n 309.19 308.58 E), crystal symmetry and molecular position with respect to the
ULUYAB P2 R I 56.05 49.43 symmetry elements, disorder in the crystal, etc. Th®
VOQROI = P2,2,2, R il 52.02 51.40 deviation for ten MDL-like compounds (Table 3) is quantita-
ZUKYOT® P2 g ::: 2%'22 312'82 tively correlated with some molecular and crystal properties

(Figures D and E and Tables C and D), especially with the
2 Crystal structure represented by its CSD cdd@rystal symmetry  coordination number and numbers of strong interactions (cor-
expressed as the space group. Space groups with mirror_ or/and ir_‘V‘arSiO’?eIation coefficients range from 0.43 to 0.78). This is due to
symmetry operations allow packing of mirror-related isomers if the o jncrease of molecular size and the presence of polar and
molecules do not lie on symmetry elemerit¥he absolute configu- . e
ration at position 8 ¢ Conformers according to the convention adopted hydrogen-bondlng groups. Itis difficult to select the com_puta-
in Figure 4 for MDBL.® Experimental value of the torsion ang® tional approach that would be the best to reproduce experimental
(C1'—C7—-C8—H8), with H8 crystallographically determined or  conformation of a MDBL-like molecule (Table G). Structure
modeled. Value of the torsion angle® (C1—C7-C8-H8) as DIVJIQ®8 was selected for this analysis. Considering only the
obtained from semiempirical geometry optimization of a crystallo- gyeral molecular conformation, the best results were obtained
graphically determined structure from the CSIrystal structures with — p ygjecular mechanics and even PM3 treatment of carefully
two chemically identical molecules in the asymmetric unit. . : -
selected molecular aggregates with strong intermolecular inter-
Packing effects on bond lengths and angles involving very actions. It is impossible to select a systematic high-level method
heavy atoms like metals reach 0.02 A afidr2spectively, while that would be the best for all MDBL- and HK-like structures.
for torsion angles they are in general much lafge®trong Therefore, PM3 was used as an acceptable compromise between
hydrogen bonds and weak covalent bonds are practivally of thequality, simplicity, time, and appropriatness for qualitative
same strengtf’ Lignan lactones frequently have groups that comparison with crystal structures.
form hydrogen bonds in the crystalline state. This reason could Figure 7 shows the results of computational conformational
explain the difference between PM3-optimized and experimental analysis at the PM3 level for conformeby varying the C6—
torsion angle® (A®) for MDBL-like and HK-like structures C1—-C7-C8 angle. There are twind A, 1-B) and (—C,
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Figure 6. Histogram representation of torsion angle data for MDBL-like systems retrieved from the CSD, using the Vista program.
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Figure 7. Heat of formation-rotation angle C6-C1'—C7—C8 plot
for MDBL from PM3 calculations. Several conformers (frdmA to
I—H) and as well as rotation barriers (frofl to F) of different
energies are visible. The original plot was extended from 360 t6 450
for clarity.
| —D) that seem to interchange easily (barriers of-023 kcal
mol~1). Previous conformational analysis for MDBL around the
C7—C8 bond resulted in conformérwhich is in factl—B in
Figure 7, being only 0.06 kcal mol above the global minimum
I—A. The largest barriers are in the range 12818 kcal mot™.
Besides, the plot in Figure 7 is very symmetric due to the
flatness of the aromatic system and small influences of the
methylenedioxy ring even with adopted envelope conformation.
Energy barrierd\1 andB1 exist due to steric repulsions between
hydrogen atoms of the phenyl ring (H& HE') and the lactone
methylene hydrogens (both H8a and H8b) aAdutyrolactone
methylene hydrogens. However, DFT inspection of multiple
minima and peaks in Figure 7 (geometry optimization without

aroundAl and B1 become smooth. Again, the deficiency of
the PM3 method is demonstrated by the artificial effect in
multiplying conformers and barriers. The repetitive and sym-
metric profile of the plot in Figure 7 agrees well with the
distribution of the analogous torsion angle that defines the
position of phenyl ring relative to alkyl groups (Figure 8), as
obtained by searching the CSD database (the searched fragment
is defined in Figure H in the Supporting Information). Strong
preference of the €C bond to be positioned perpendicularly
to the benzene ring is obvious in Figure 8. This is an intrinsic
property of a benzene-like system attached to an alkyl group,
confirmed by studies on simple prototype systems such as
ethylbenzené&¥-72 propylbenzene& and butylbenzene@d: 7>
From the energetic point of view, the small difference between
the conformers from the two angular regions (PM3, 0.091; DFT,
0.187 kcal mot?) can be a consequence of the aromatic system
flatness and the fact that the-®1 bond rotational barriers are
very small (0.014 kcal mot in toluené®). The G-C rotational
barriers for ethylbenzene have been reported to be approximately
1 kcal mol? (0.7—1.3 kcal mof?)7%7Land similarly fortert-
butylbenzene (1.1 kcal mol).”> These results indicate that the
main contribution for the C+C7 rotation barrier around the
benzene ring in MDBL comes from ‘HH steric interactions
between the benzene apébutyrolactone rings. The maximum
difference between the highest barrier and the most stable
conformer in Figure 7 (2.489 kcal md)) is consistent with the
DFT results (2.395 kcal mot). When looking at the small data
set of structures from the CSD, presented in Figure C in the
Supporting Information and Table 3, one cannot see relation-
ships between conformational preference (torsion angle types
+g, —g, t) and the compound class: lactone, lactam, ketone,
imine, amine, alcohol and substituted hydrocarbon in terms of
the central 5-membered ring.

Computational and Structural Conformational Analysis

constraints) has shown clearly that minima and peaks in the for (—)-Hinokinin (HK). The results of the PM3 semiempirical

regions around 90and 270 fuse, while truncated peak profiles

conformational study for HK are shown in Figure 9. Nine
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Figure 8. Histogram representation of torsion angle data for pheai{yl systems retrieved from the CSD, using the Vista program.

conformers were detectedl{IX) on the heat of formation There are 20 rotational barriers which exist between the HK
©;—0, surface. Assuming that the rotations of the two conformers on the potential energy surface (Figure 9). Only two
methylenedioxybenzyl units around '€C8 and C7C8 bonds of them act as local maxima for two interconversions, while
are rather independent, the present results are in accordance witthe other 18 are saddle (inflection) points with respe@®iar
those from the conformational study for MDBL where three @©,. These points are positioned in the most probable pathways
conformers were detected. The nine conformers differ qualita- for conformer interconversions. The highest rotational barriers
tively in the relative position of the R or methylenedioxybenzyl and saddle points are concentrated around values 120 afid 240
units, as can be seen from geometric and energy parameters iffor ©; and®,, as one would expect (staggered conformations).
Table 4. Using the terminology from (hetero)aromatic structural According to the rotation angle values, the conformers are
chemistry, the conformers can be characterized as follows: (a)distributed over all the conformational space (see Figure 9). The
stacked conforméf-"®where the @aromatic units are in nearly  conformer energy differences range from 0.018 to 2.022 kcal
parallel and stacked relative position; (b) V-shaped or inclined mgl-1 as obtained from PM3 computations and from 0.091 to
conformef® with the aromatic groups possibly interacting in 2 0o kcal mot! as resulting from various DFT energy
such a way that the planes of the aromatic rings make an acuteygrrection schemes (Table 4). These ranges are greater than
angle (letter V), similar to T-shaped interaction of heteroaro- ihgse for MDBL (Table 2), what is consistent with the
matic rings”® (distorted letter T); (c) extended conformer jtforences between the chemical structures of HK and MDBL.

where the aromatic groups are.certainly far from each_other, Conformational composition from PM3 computations favitirs
separated by thg-butyrolactone ring, so the molecule achieves IV, andVIl conformers (72%, Table 4) which ateg in ©,.
its most extended form; (d) intermediate conformer where the ;. precise DFT approaches give preferencél tov, and

aromatic groups are partially separated by thdutyro- VIII (contributions>65%) which aret in ©,, while Il , IV,

I\";‘Ctﬁne gng blfjt are Stl':”. |ncI|n1eg Flcl’W?rdt ea(;L\ other a? N3 andVI have always small contributions. The contributions for
-Shaped conformer. Figure nustrates these contormer I, VII, and IX depend on the electron energy correction

itzglt?ast.)ISZeiss\t/]gllijc:dfc?rolfleKtzaetrit/haii\(/;ggg)r:?Z;;:?Silggewﬁigr?gzn schemes. These three groups of conformers are visible as three
9 distinct regions in the potential energy plot (Figure 9 left): linear

trans(8o.8 5 or &,8a) and not forcis-analogues (@8 or VIl =1=V), left triangular ¥Il —IX —1), and right triangular

The two rotations in HK cause various structural changes. (Il =VI=IV) regions. .
The y-butyrolactone ring adopts “up” conformation on'G8 The stacked conformet, due to its face-to-facer---x

| and VIl only, while in other conformers it has a “down” intermolecular interactions between the phenyl rings, is a special
conformation. However, C8undergoes different deviations, ~case with respect to all other conformers. For example, four
AC8, from the plane formed by the other four atoms. The steric parameters calculated by Chent3@onnolly accessible
planarity parameted for this plane also varies with the area, Connolly molecular area, Connolly solvent excluded
rotations, although there is no clear relationship betws€g volume and ovality are in linear or curvilinear mutual relation-
andIl. The conformers can be well characterized by the closest ships for conformerdl —IX. Conformerl either disrupts these
contacts (2.4 A for H-H contacts) including the three ring  regularities or behaves like an extrapolated point in the
systems and two methylene spacers. The two R units neverscatterplots (not shown). One can notice from Figure 10Ithat
establish so close contacts (AAr in Table 4) that would inhibit is a relatively compact structure, with lower ovality (1.50) with
each other’s rotation. The main contributors to energy barriers respect to other conformers (1:52.57), smaller Connolly
are steric interactions @8,---H,C9, C7H,--O=C, and interac- accessible area (4562Athan the other conformers (48604
tions between benzene hydrogens andtieityrolactone ring A?), and a higher Connolly excluded volume (283) Ahan in

(all hydrogens and the carbonyl oxygen). [l —I1X (265-270 A%). This shows that the behavior ofis



TABLE 4: Computational Conformational Summary for Conformers | —IX of HK

L00Z ‘82 'ON ‘TTT '[OA 'V "WdyD 'shud 'r ¥2€9

properties | Il 1 \% \Y \ Vi VIl IX
molecular confrh +g+g +g-—t +g—g —t+g —t—t —t—g —g+g —g—t —g—g
descriptiof stacked V-shaped V-shaped V-shaped extended V-shaped intermediate intermediate extended
0,° 48.88/56.9T° 52.66/52.13 51.33/54.46 185.86/180.68 188.06/175.34 187.85/180.17 310.00/309.94 309.10/300.758 308.82/299.68
0 45.68/55.48 183.96/177.35  325.66/330.04 51.64/60.00 187.4%/175.14  327.85/340.26 50.00/56.26 185.96/177.36 327.57/333.68
lactone confrfh “up” “down” “down” “down” “down” “down” “up” “down” “down”
AC8/Ae +0.408 —0.387 —0.475 —0.403 —0.492 —0.488 +0.468 —0.415 —0.526
I/A! 0.039 0.020 0.011 0.029 0.002 0.009 0.029 0.031 0.011
d(CHyp+-H,C)/A8 = 2.427 > 2.476 > 2.470 > 2.922 > 2.918 > 2.967 > 2.834 > 2511 > 2.547
d(CHy+-O=C)/IAM > 2794 > 2.696 > 2.836 > 2.617 > 2.714 > 2.724 > 2.814 > 2734 > 2781
d(ArH---HC)/Ai > 2.519 >2.821 > 2.507 > 2.516 > 2.667 > 2.515 > 2.687 > 2.985 > 2.768
d(ArH---0=C)/Ai > 4.524 > 2.517 > 2.415 > 4.686 > 2.504 > 2.442 > 4.553 > 2.442 > 2.391
d(Ar---Ar)/Ak > 2.710 > 2.926 > 3.058 > 2.864 > 4.150 > 2.937 > 4.579 > 3.604 > 5.574
Epmg/kcal mol't  —169.668 —169.650 —170.206 —170.027 —168.773 —169.170 —170.795 —169.547 —169.606
Eprr/kcal moltm 0.376 0 1.748 1.135 0.350 1.611 1.409 0.434 1.184
Eprrz/kcal moltm 0.525 0 1.434 1.039 0.189 1.596 1.012 0.195 0.730
Eprrzr/kcal moltm 1.039 0.492 1.182 0.947 0.091 2.080 0.808 0 0.475
Wemg" 6.51% 6.32% 16.15% 11.94% 1.44% 2.81% 43.65% 5.31% 5.87%
Wprr° 17.34% 32.70% 1.71% 4.81% 18.11% 2.16% 3.03% 15.71% 4.44%
WprTZ° 11.26% 27.31% 2.43% 4.73% 19.85% 1.85% 4.95% 19.65% 7.97%
WprTZT° 4.89% 12.32% 3.84% 5.71% 24.23% 0.84% 7.23% 28.25% 12.67%

a Molecular conformation is defined by the position of the 3,4-methylenedioxybenzyl groups relative jtebttigrolactone ring, expressed as the rotation afjeor H8 —C8—-C7—C1 and ©, or
H8—C8—C7—C1." Conformer type according to the relative position of the methylenedioxybenzyl grdupise values of®; and ©, that were obtained from PM3/DFT (B3LYP 631G**) geometry
optimization.? Conformation of they-butyrolactone ring is expressed as the envelope onwbh is turned “up” or “down” from the plane of the other four ring atoms, as obtained from the DFT
calculations. These conformations are known in the literature under the names “bent axial” and “bent equatorial”, respectively. The plasendthiribigelplane of the paper when molecular formula of
HK (Figure 2) is viewed® Deviation of atom C8from the least-squares plane of the other four atoms of/thatyrolactone ring, as obtained from the DFT calculatidfanarity parameter for the four
atoms that define the least-squares plane ofytheityrolactone ring, defined dd = [Zi(A))3Y? whereA, is the deviation of a particular atom from the plafél---H distances between the Onethylene
group and methylenes of thebutyrolactone ring, calculated for the DFT-based geométi:-H distances between the methylene group$4z@nd C9H,, calculated for the DFT-based geomettyd---O
distances between Cgland G=C groups. H---H distances between the benzene rings and HC groups gf-theyrolactone ring! H---O distances between the benzene ring at C7 and th€ @roup.
KH---H,C,0 distances between the methylenedioxybenzyl groipesat of formation from the PM3 geometry optimizatidhElectronic energies relative to the most stable conformer, calculated from the
DFT (B3LYP 6-31G**) geometry optimization: uncorrected electronic enefgps), electronic energy corrected for the zero-point enekgpe(z) and electronic energy corrected both for the zero-point
energy and thermal energies (translational, rotational, and vibrational at 298.1&#)formational composition calculated from PM3-based heats of forma&t@skr, Worrz, andwperzr are conformational
compositions calculated from the DFT-based electronic eneEyes Eprrz, and Eperzr, respectively.

e 18 [feury
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Figure 9. Results for the PM3 computational conformational analysis of HK represented as the heat of formation surface depending on the torsion
angles®; (C1'—C7—-C8—H8) and ®, (C1-C7—C8—H8). Left: The surface projected onto tit&-©, plane and with detected conformers

I —=1X, 20 rotational barriers, crystal structure data from the Cambridge Structural Database and corresponding PM3-optimized data. The original
plot was extended from-90 to +450C to facilitate the visualization of the relationships between the conformers and barriers. Right: 3D potential
energy surface.

probably different from that ol —IX in intermolecular interac-
tions in various chemical and biological systems.

Figure 4 represents the conformational properties of MDBL
when the rotation of R is performed about the’.€Z8 bond.
The same bond and its approximate symmetry equivalent C7
C8 exist in HK. One can question how much this rotation affects
the molecular energy. The plot of the heat of formation as a
function of the rotation angle around the'€C7 bond (from
PM3 calculations, not presented) has basically the same shapj
as the analogous plot for MDBL (Figure 7), with the same
number and relative position of all conformers and rotation
barriers. ConformeWIl appears only 0.18 kcal nidl above
the global minimum conformer as obtained from PM3 computa-
tions. In fact, what was said about conformers obtained by
rotation around the C+C7 bond in MDBL also applies to
this conformational analysis. The rotation of the aromatic groups
around the C't-C7 bond does not affect significantly the other
aromatic group. The rotation barrier peaks are in the range of
2.40-2.76 kcal mot?, being somewhat higher than the analo-
gous barriers for MDBL. Structures of the corresponding
conformations are characterized by steric repulsions between|
phenyl hydrogens (H2or HE) and the lactone methylene
hydrogens (H® and H%). The carbonyl oxygen is the main
reason why the exact molecular symmetry cannoCheand
as a consequence, the heat of formation - rotation angte C6
C1-C7—-C8 plot is different from the analogous plot for rotation
around the C't-C7 bond (rotation angle C6C1—-C7—C8;
plot not presented). Qualitatively, there is no great difference,
as there are nine conformers and nine energy barriers in this|
new plot, with the largest barriers being in the range of +.67
1.86 kcal mofl. The most apparent difference is that the
distribution of the conformers along the rotation angle (rotation
around the C*C7 bond) is rather uniform. Furthermonégll
in the new plot is only 0.16 kcal mol above the global energy
minimum conformer, and there are close contacts between the
carbonyl oxygen and the methylene hydrogens (H7a, H7b) in

the rotation barrier structures. Figure 10. Nine HK conformersl—IX illustrated by space filling
The CSD data mining for HK-related compounds resulted in models where the methylenedioxybenzyl units are colored differently

arelatively small set of structures of diverse nature (27 structureSqm the rest. The descriptive classification and the superimposition

represented in Figure F in the Supporting Information). These of the conformers (bottom) are also shown. Geometries are from DFT
compounds are divided into four main groups (Tabletsns calculations.
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TABLE 5: Structural Data for Compounds That Are the Most Similar to MDBL, As Retrieved from the Cambridge Structural

Database
angle/deg
crystal structure  space group ring configf abs config conformef O1exd O1pnd Ooexp OzpmF
CEKVET P2, trans RR 11 59.75 55.61 182.92 173.08
CEPTEW P2:/n trans RR \Yll 300.89  316.61 68.23 53.03
trans SS 1 59.11 43.39 291.77 306.97
HXBZBL10 P2:2:2; trans SS Il 62.42 49.95 190.96 193.67
IKEHOV P2i/c trans RR \ll 300.51  313.48 57.63 47.65
trans SS 1] 59.49 46.52 302.37 312.35
IVICIZ P212:2; trans RR IX 313.18  309.83 326.04 330.92
JIFKAK Cc cis(epimer 1% RS Anti-1* 51.69 37.58 294.10 302.31
cis (epimer 2} SR Anti-1* 308.31  322.42 65.60 57.69
JIJJUH P2, trans (epimer 1) RR VIl 294.21 290.91 54.59 35.69
KIFLAM' Fdd2 trans RR | 86.99 47.40 86.99 47.40
QOQFEH P2:2:2; trans RR Vil 312.80  311.37 68.36 57.38
UBULOS P212:2; trans RR IX 29595  311.40 283.27 313.54
VAWTUI P2,/c trans RR Il 55.01 52.14 179.67 178.01
trans SS Il 55.01 52.14 180.33 181.99
VEJBUH P2:/c cis RS V-shaped 41.44 39.93 63.49 39.46
cis SR V-shaped 318.56  320.07 296.51 320.54
DOHROH P2,2:2; trans (epimer 1% SS Vil 301.33 300.24 57.09 53.31
FAFYAM'J Fdd2 trans RR | 46.38 52.10 46.38 52.10
XIHYUL P2i/n trans(epimer 1) RR 1=l orl—=VI 66.07 62.41 352.93 327.82
trans (epimer 2} SS I —=1X or VIl =IX 293.93  297.59 7.07 32.18
IPILOS P2, trans (epimer 1} RS VIl 298.20 303.57 185.64 174.17
JUFSIM P212:2; trans RR | 50.45 28.12 31.33 41.07
NABGIH P2, trans SS I =VIl 7.29 358.57 201.86 195.41
SOGDIB P2:2:2; trans SS IX 326.67  319.38 311.18 310.47
VECRUQ! C2lc trans SS Anti-1* 48.81 58.83 48.81 58.04
YIHKAB P2; trans (epimer 1} SS \Y, 174.88  177.32 174.88 173.96
AVOPIK P2, cis (epimer 1} RS none 311.78  329.53 322.69 314.29
cis (epimer 24 RS none 309.21 341.09 317.23 311.14
BUZBED P212:2; trans RR none 325.89  329.00 311.98 287.05
ETAREW P-1 trans (epimer 1% RR none 7.32 19.22 293.46 312.14
trans (epimer 2} SS none 352.68 340.78 66.54 47.86
MANGEO P2,2,2; trans (epimer 1) RS none 60.06 8.62 65.17 49.78
QAJFAJ P2i/n trans RR none 317.03  337.76 316.33 337.26
trans SS none 42.97 22.24 43.67 22.74
TAJDIR c2 trans SS none 313.34  334.79 325.64 339.60

a Crystal structures represented by their CSD codes and divided into four groups: lignano lactones (first group, 12 structures), other related
lignans (second group, three structures), and other related compounds that are topologically similar to lignano lactones (third groupresix structu
with two planar G or Gs ring units; fourth group, six structures with one or two nonplananiCCs ring units).? Crystal symmetry expressed as
the space group. Space groups with mirror or/and inversion symmetry operations allow packing of mirror-related isomers if the molecules do not
lie on symmetry element$.The y-butyrolactone, tetrahydrofuran, cyclohexane or other five-membered central ring conformation at positions 8
and 8: 8,8-aromatic units are either iois- or trans- positions, i.e., they are on the same or opposite sides of the five-membered central ring,
respectivelyd The absolute configuration at positions 8 and*®onformers otrans-compounds, according to the convention adopted in Table 4
for HK. The conformers of the twois-compounds are anti-stacked (JIFKAK) and V-shaped (VEJBUH) instedidl &fll and|/IX as fortrans
compounds, respectively. Some conformers are intermediates between two neighboring HK conféntnéts.is anti-stacked conformer, in
which substituents at C8 and C&erically hinder the €aromatic ring units to adopt positions for the stacking conformer. To the fourth group of
structures none of the conformdrsIX can be attributed.Experimental value of the torsion angles (C1'—C7—-C8—H8') and®, (C1-C7—

C8—H8), with H8 and H8 crystallographically determined or modeléWalue of the torsion angle®, (C1'—C7—-C8—H8') and®, (C1-C7—
C8—H8) as obtained from semiempirical geometry optimization of a crystallographically determined structure from tiego8iars with additional
chiral centers (two or more epimeréMolecule situated on a 2-fold rotation axisStructures with alternative choice for angl®s and®; due to
the C, symmetry of the central ring (see Figure F in Supporting Information).

(20 structures) andis-lignan lactones (structures JIFKAK and
VEJBUH), other analogugans-lactones (structures DOHROH, taking into account the orientational ambiguity for some
FAFYAM and XIHYUI), transanalogues of lignan lactones molecules, were placed in tl@,—©, conformational space of
with both ring units planar (six structures), and other compounds HK (Figure 9 left). Although this torsion angle data set cannot
topologically similar to lignan lactones but with one or both ensure certain statistical weight as the large data set for MDBL-
ring units essentially nonplanar (six structures). The conformers like compounds (Figure 8), some trends are rather visible and
of the first three groups with exception of tleess-compounds though worth to mention. All torsion angles concentrate around
may be classified as HK conformets-1X or their inter- the positions for seven from nine HK conformets-(ll , V,
mediates. The two possibilities of choice of anglesand 9, and VIl —IX) or among these positions in the valley regions
for eight molecules with orientational ambiguity of the sym- (colored blue in Figure 9 left) with negligible energy barriers
metrical central ring, was also taken into account (see Table within them. The PM3 data are in general less dispersed than
5). Four retrieved structures are of organometallic com- the experimental data set, due to the crystal packing effects that
pounds, from which two have planar ring units (JUFSIM and are absent in the PM3 data set and because of reasonable
SOGDIB) and two have nonplanar rings (BUZBED and differences between the two data sets (ranging from modest
QAJFAJ). differences to 53, Table 5). Such trends have been already

The experimental and PM3 torsion angle data (Table 5),
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TABLE 6: Calculated? Vicinal H—H Coupling Constants (Hz) for MDBL

3J(H7'a—H8) 3J(H7'b—H8)
equatiofl PM3 DFT DFTZ DFTZT PM3 DFT DFTZ DFTZT
HLA equation (chemical groups) 6.5 7.5 7.7 7.8 7.3 7.0 6.9 7.1
DAD equatiol 6.5 7.4 7.7 7.8 7.2 7.0 6.9 7.0
DAD equation (cross terms) 6.4 7.4 7.6 7.7 7.2 6.9 6.8 7.0
CJG equatioh 8.4 9.7 10.0 10.1 9.5 9.0 8.8 9.0
HLA equation generél 7.1 8.3 8.6 8.6 8.0 7.6 7.5 7.7
HLA equation (generaj;-effectsy 7.0 8.2 8.5 8.5 7.9 7.5 7.4 7.6
HLA equation (two substituents) 7.1 8.3 8.7 8.7 8.1 7.7 7.5 7.7
HLA equation (three substituents) 6.8 7.9 8.2 8.3 7.7 7.3 7.2 7.4
HLA equation (four substituents) 6.7 7.9 8.2 8.3 7.7 7.3 7.2 7.4
Karplus equatioh 5.4 6.2 6.4 6.4 6.1 5.7 5.7 5.8
HLA equation (Barfield effect) 6.1 7.0 7.2 7.3 6.7 6.6 6.5 6.6
HLA equatiorf 6.3 7.3 7.5 7.6 7.1 6.8 6.7 6.9
average (std de%) 6.7(7) 7.8(9) 8.0(9) 8.1(9) 7.5(9) 7.2(8) 7.1(7) 7.3(8)

a Conformer fractions from Table 2: semiempirical distributi@sus (PM3), uncorrected DFT distributiomper (DFT), DFT distributions corrected
to the zero-point energyorrz (DFTZ) and thermal energiagorrzr (DFTZT). ® Several equations used to calculate vicinalticoupling constants
for conformerd —1ll of MDBL. These calculated values were averaged by molar fractions of the conformers. The abbreviations have the following
meanings: HLA, Haasnoetde Leeuuw-Altona; DAD, Diez—Altona—Donders; CJG, ColuceiJungk-Gandour equations.Calculations performed
by using software MetRe?4J. ¢ Calculation performed by using an online softwéfre Average and standard deviation of all calculations.

TABLE 7: Experimental Vicinal H —H Coupling Constants

noticed for the selected MDBL-like structures (Figure 4, Table (Hz) for MDBL

3). Crystal packing descriptors (Tables E and F; Figure G) show

linear and nonlinear correlations with® for HK-like com- reference % %
pounds, similarly to MDBL-like compounds. Hydrogen bonds Honda et af* 7.9 6.7
and molecular size again play important role. On the basis of Bode et af? 8.0 6.8
Figure 9, left, one may expect that other HK-like compounds Sakakibara et &f 8.0 6.8
. . Takekawa et a* 8.2 6.8
that would be retrieved from the CSD in future, would group Itoh et al®5 78 6.7
around —IX or among these positions in the blue valleys. These Brinksma et aP® 8.0 7.0
new compounds would have five-membered rings as defined Vanderlei et aP’ 8.0 7.9
in Scheme A in the Supporting Information (containing other Srikrishna et af? 8.0 6.8
nonmetal elements besides carbon), and two general ring units Morimoto et al® 7.9 6.9
with sp? or s carbon spacer between them and the central ring. EEE m::; g 17 g 'g
Similar generalizations were showed to be realistic for MDBL average (std de®) 8.0(1) 6.9(3)

compounds (Figure 6). M dinb All oth ; ied
. . . . . easured in benzends other measurements were carrie
More detailed analysis of torsion angle data in Figure 9 left out in CDCh or CHCh. ® Average and standard deviation of all

shows possible preferences for some compound types to groufneasurements.
in certain regions of th®;—0; space. Mostranslignans tend
to concentrate around V-shaped conformelis (Il ) and standard deviations of experimental and computed coupling
intermediate Y1) conformers,cis-lignans do not show any  constants are compared, it is noticeable that DFT approaches
preference, other compounds with planar ring units group around produce better results than PM3 (maximum difference between
I (stacked and anti-stacked conformers) &xdextended), and  the experimental and calculated average values is 0.4 for DFT
compounds with nonplanar rings are dispersed in the large valleyand 1.3 for PM3). Among particular equations applied to
of the four conformerslI( Il , VI, andIX). All lignans are calculate the vicinal coupling constants, Haasraeuuw-
grouped in this valley and also around conforrieHowever, Altona and Dez—Altona—Donders equations give reasonable
the set HK-like compounds is too small for statistical evaluation results, while the Karplus equation underestimates and Cetucci
of the HK conformers preference in chemical and biological Jungk-Gandour equation overestimates the coupling constants
systems. predictions.

Computed-NMR Conformational Analysis for MDBL and Experimental coupling constants for HK (Table 10) show
HK. Experimental vicinal protofiproton coupling constants for  greater differences between the “a” and “b” protons {118
the protons at C7and C7 were compared to the values Hz) than the experimental values for MDBL (Table 7). This
calculated from torsion angles of PM3- and DFT-based geom- has as a consequence larger interval43.7.3 Hz) inside which

etry for MDBL (Tables 6 and 7) and for HK (Tables-80). the calculated coupling constants for HK are concentrated.
MDBL has three conformers with the group R (3,4-dimeth- Comparing the experimental values for MDBL and HK, it is
yleneoxyphenyl) in position-g (1), t (1), and+g (Il ) with visible that®Jyy values for C7H are lower than those for G,

respect to H8 Various computational procedures to calculate in both MDBL and HK. The presence of the carbonyl oxygen
vicinal coupling H-H constants from corresponding torsion in the vicinity of the R group in HK may be the main reason
angles have resulted in values in the ranges-301 and 5.7 for this phenomenon (see-HO=C distances in Table 4).
9.5 Hz for H7a and H7b protons, respectively. Experimental Higher and lower experimentally determined coupling constants
coupling constants (Table 7) have very small variations (standardfrom literaturé’~93 (Table 10) probably account for H7a and
deviations 0.1 and 0.3 Hz) and distinguish the two protons (the H7b protons, respectively (see average values in Tables 8 and
average values differ by 1.1 Hz). According to PM3 and DFT 9), with relatively great variation for one of them. Until recently,
computations, protons MY and H7b (Table 6) are protons with  the literature has not reported the coupling constant values for
higher and lower coupling constants determined experimen- protons H7a/H7b. The measurements obtained in this and a
tally81-93 (Table 7), respectively. When the average values and recent worR8 clearly show that thes&y constants are greater
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TABLE 8: Calculated? Vicinal H—H Coupling Constants (Hz) for HK (H7'a,b—H8' Interactions)

3J(H7'a—H8) 3J(H7'b—H8)
equatioft PM3 DFT DFTZ DFTZT PM3 DFT DFTZ DFTZT
HLA equation (chemical groups) 7.8 5.2 6.1 7.8 5.4 8.0 6.9 5.1
DAD equatiori 7.8 51 6.1 7.8 5.4 7.9 6.9 5.0
DAD equation (cross terms) 7.7 5.1 6.0 7.7 5.3 7.9 6.8 5.0
CJG equatioh 10.3 6.5 7.9 10.2 7.2 104 9.0 6.4
HLA equation generéal 8.7 5.3 6.6 8.8 5.7 8.9 7.6 5.2
HLA equation (generajj-effectsy 8.6 5.3 6.5 8.6 5.6 8.8 7.5 5.2
HLA equation (two substituents) 8.8 5.3 6.6 8.8 5.7 9.0 7.7 5.2
HLA equation (three substituents) 8.4 51 6.3 8.4 5.4 8.6 7.3 5.0
HLA equation (four substituents) 8.4 5.1 6.3 8.4 5.4 8.6 7.3 5.0
Karplus equatioh 6.5 4.3 5.1 6.4 4.4 6.6 5.8 4.2
HLA equation (Barfield effect) 7.3 51 5.9 7.4 5.2 7.4 6.6 5.0
HLA equatiorf 7.8 5.0 5.9 7.6 5.2 7.7 6.7 49
average (std de%) 8.1(9) 5.2(5) 6.3(6) 8.2(9) 5.5(6) 8.3(10) 7.2(8) 5.1(5)

a Conformer fractions from Table 4: semiempirical distributi@sus (PM3), uncorrected DFT distributiomper (DFT), DFT distributions corrected
to the zero-point energyorrz (DFTZ) and thermal energiagorrzr (DFTZT). ® Several equations used to calculate vicinalticoupling constants
for conformersl —IX of HK. These calculated values were averaged by the molar fractions of the conformers. The abbreviations stand for the
following: HLA, Haasnoot-de Leeuuw-Altona; DAD, Diez—Altona—Donders; CJG, ColuceiJungk-Gandour equations.Calculations performed
by using software MetRe?4J. ¢ Calculation performed by using an online softwéfre Average and standard deviation of all calculations.

TABLE 9: Calculated? Vicinal H—H Coupling Constants (Hz) for HK (H7a,b—H8 Interactions)

3J(H7a—H8) 3J(H7b—HS8)
equatiof PM3 DFT DFTZ DFTZT PM3 DFT DFTZ DFTZT
HLA equation (chem groups) [HLAcS] 4.4 4.5 4.8 5.1 8.8 4.8 4.3 3.8
DAD equation [DADF 4.4 45 4.8 5.1 8.7 4.8 4.3 3.8
DAD equation (cross terms) [DADEt] 4.3 4.4 4.7 5.0 8.7 4.7 4.2 3.7
CJG equation [CJG] 5.6 5.3 5.7 6.2 11.3 6.2 5.6 4.9
HLA equation general [HLAJ] 4.2 4.3 4.7 5.1 9.6 5.0 4.4 3.7
HLA equation (generaf}-effs.) [HLAb]® 4.2 4.3 4.7 5.0 9.5 4.9 4.3 3.7
HLA equation (two substituents) [HLAZS] 4.2 4.3 4.7 5.1 9.7 5.0 4.4 3.7
HLA equation (three substituents) [HLA3s] 4.0 4.1 4.4 4.8 9.3 4.7 4.1 35
HLA equation (four substituents) [HLA4%] 4.0 4.3 4.6 4.9 9.2 4.7 4.2 35
Karplus equation [KE] 3.7 3.6 3.8 4.1 7.1 4.1 3.8 3.4
HLA equation (Barfield effect) [HLAB€] 4.1 4.5 4.7 5.0 7.7 4.8 4.4 3.9
HLA equation [HLA2F 4.1 4.1 4.3 4.7 8.3 4.6 4.1 3.6
average (std de%) 4.3(4) 4.4(4) 4.7(4) 5.0(5) 9.0(11) 4.9(5) 4.3(4) 3.8(4)

a Conformer fractions from Table 4: semiempirical distributi@sus (PM3), uncorrected DFT distributiomper (DFT), DFT distributions corrected
to the zero-point energyorrz (DFTZ) and thermal energiegorrzr (DFTZT). ® Several equations used to calculate vicinalticoupling constants
for conformersl-IX of HK. These calculated values were averaged by the molar fractions of the conformers. The abbreviations stand for the
following: HLA, Haasnoot-de Leeuuw-Altona; DAD, Diez—Altona—Donders; CJG, ColuceiJungk-Gandour equations. The abbreviations in
square brackets are those used in chemometric analysis (FigufeCE2yulations performed by using software MetR&-J.Calculation performed
by using an online softwar®. ¢ Average and standard deviation of all calculations.

TABLE 10: Experimental Vicinal H —H Coupling Constants compound$#95 CDClz and CHC} were the solvents used in
(Hz) for HK most determinations of experimentdly values (Tables 7 and
reference 33, (C7)  33,(C7) 33 (C7) 33 (C7) 10) while GDe was used only once (Table 7). Numerous organic

Souza et af° 73 51 compounds are characterized by similar solvation energies when
Honda et ap! 6.7 4.9 dissolved in chloroform and benze?fe&’ Besides, chloroform
Morimoto et al® 6.9 4.8 forms hydrogen bonds with oxygen-containing groups in the
Morimoto etaf®  6.9° 5.0° gas phas€®liquid,100101and crystal®2the energy of which
Sgﬁ‘:tﬁzrgteég' Z:é 2:8 has been reported to be—B%192 kcal mol?, which is
Heleno et af® 71 50 8.2 58 comparable to the rotation energy barriers in this work. Many
this work 7.3 5.1 8.6 7.1 amphiphilic compounds are characterized by similar solvation
average (std de¥)  6.8(7) 5.0(1) 8.4(2) 6.5(7) energies even when dissolved in water and chlorof§r

2 Coupling constants for methylene protons at C7 and ©&verage mainly due to hydrogen bonding and polar interactions with
and standard deviation of all measurements (carried out in gDCI the solvents. This fact justifies the calculation of aqueous
¢ Racemic mixture? (+)-Hinokinin. solvation (hydration) energies of all conformers of MDBL and

HK at DFT level, by means of the SM5.4 method of Truhlar et
than those for H7a/H7b. Unlike computational results for MDBL  al.1%which is implemented in the Titan software. The solvation
in terms of averagéluy values (Table 6), the superiority of  energies for MDBL conformers show small variations (from
DFT methods over PM3 is not so visible from the results for —10.320 to—10.931 kcal moi?) while those for HK conformers
HK (Tables 8 and 9). This difference between MDBL and HK vary more (from—12.629 to—15.495 kcal motl). These

can be a consequence of solvent effects, i.e., sohsitite variations, when presented as hydration energy relative to the
interactions. most stable conformeiEgqy), show very interesting behavior
It is known that solvent effect can significantly affédy when plotted against the DFT electronic ener@pefzr), as

constants and conformational composition of various organic shown in Figure 11 for HK conformers. There are three distinct
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Figure 11. Solvation energyHsq) plotted against electronic energy
corrected to the zero-point and thermal energi&s+7), relative to

the most stable conformer of HK as obtained from DFT calculations.
Numbers in brackets are average <O distances in atomic units.

groups of conformers that demonstrate the increase of the

hydration energy with conformer stability: the stackedhe

conformerVI that has rings in close contacts (Figure 10), and
the rest positioned along a line (correlation coefficient between
the two energies is 0.941). According to experimental hydration
energies of oxygen-containing compoungfsthe major con-

tributors to the energy are carbonyl and ether oxygens in HK.
In conformersl and VI these groups are concentrated in a
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Figure 12. PCA scores for thél,, data set with data colored according
to the methods by which they were obtained.

variance (PC1l: 41%, PC2: 31%, PC3: 20%). The four
approaches (PM3 and three DFT) for calculation of coupling
constants occupy distinct regions of the scores space. KE or
Karplus equation-based and CJG-based methods are placed
farthest from the experimental methods. PC3 distinguishes well
the “I” from “II” experimental methods, where the former are
generally closer to computational methods than the latter. The

relatively small space (see the previous discussion about thefive closest DFTZT methods with HLA equations (HLAD,
stacked conformdrand its shape parameters) and the molecules HLAg, HLAZ2s, HLA3s, and HLA4s, see Table 9) can be

have such a shape that the possibility of formation of hydrogen
or polar interactions with water or chloroform molecules is rather

considered as the best choices for calculatiofJgf constants
for the protons at C7and C7 in MDBL and HK. It is noticeable

reduced. This situation corresponds to somewhat smaller averagéhat the PCA analysis confirms previous observations in favor

O---O distances, as illustrated in Figure 11.

Thus, HK has two conformers with four principal rotation
angles which contribute to more obvious deviation from the
main trend in Figure 11. This may explain why even DFT
calculations were not so successful in predictidgy values
for HK as they were for those of MDBL. The fact that solvation
favors more stable conformers can indicate that HK in biological
systems (which contain water as the solvent) will be confor-
mationally predetermined. According to Figure 11, MDBL will
consist predominantly of and lll with 90% molar fraction
(Table 2). HK will consist mainly oV (extended) and/Ill
(intermediate) with 52% fraction, and in significagnt extent of
Il (V-shaped with a €H---7 interaction) andX (extended)
with 25% fraction (Table 4). These are therefore, the most
probable candidates for bioactive conformers of HK.

Experimental and computéd data from Tables-610 were
organized into a matrix with dimensions 52 6. The six
columns (variables) are the coupling constants for the two
methylene protons in MDBL (Ha and H7b) and four in HK
(H7'a, H7b, H8a and H&). The samples are 48 computational
(12 equationsx four approaches: PM3 and three DFT ap-
proaches) and 4 experimental (two from this work, Exp-tw-I
and Exp-tw-Il, and two as averages of literature data, Exp-av-I

for the methods “I” as the correct assignment for methylene
protons, according to which “a” and “b” protons have higher
and lower vicinal coupling constants, respectively.

4. Conclusions

Computational and experimental studies applied to confor-
mational properties of lignano-9;8ctones, in particular to
hinokinin HK and its precursor MDBL, lead to the following
conclusions.

(1) The lignano-9,9lactone precursor MDBL possesses three
conformers that correspond to three conformer typeg, ¢,
+g) with differences around 1 kcal mdl 3Jyy coupling
constants for methylene protons at G¥ased on DFT geometry,
are fairly well calculated, as expected.

(2) Lignano-9,9lactones are semiflexible systems with at
least four rotational degrees of freedom and energy barriers
below 5 kcal mot! that enable considerable rotation of the
aromatic G ring units with respect to the-butyrolactone ring.

(3) Four conformer types dfanslignano-9,%lactones exist
in the crystal state as well as in vacuum: stacked, V-shaped,
intermediate, and extended, defining the relative positive of the
Ce ring units.

(4) Nine conformers, with energy differences of 2 kcal mgl

and Exp-av-1l) methods. The experimental methods “I” account were detected for HK. DFT geometry of these conformers allows

for data as presented in TablesB), assuming that “a” and
“b” protons have higher and lowédyy values, respectively.
The experimental methods “II” account for the opposite coupling
constant assignment to these methylene protons.

The basic abbreviations of the methods are given in Table 9.

rather approximate calculation &Jyy coupling constants for
methylene protons at Cand C7, with pronounced solvent
effects such as hydrogen bonds.

(5) The best methods for calculation of the coupling constants,
as observed by using PCA, are B3LYP 6-31G** calculations

The data compression in the PCA (Figure 12) shows that the with zero-point and thermal energy corrections, coupled with

first three principal components (PCs) contain 92% of the total

some variants of the Haasneate Leeuuw-Altona equations.
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(6) Higher and lower values of the vicinal coupling constants
correspond to methylene protons designated as H7a/&iTd
H7b/H7Db, respectively, as confirmed from various calculation
methods and PCA. Protons H7a and H7b have lower coupling
constants than H@& and H7b probably due to the interaction
of the carbonyl oxygen with the neighboring phenyl ring.

(7) Rotation of substituted phenyl ringsg@nits) around the
C7—C8 and C#C8 bonds is the main determinant of
conformational properties dfanslignano-9,9-lactones with
small substituents on these rings. The rotation around the C1
C7 and C1-C7 bonds has barriers less than 3 kcal Thol

(8) Data mining in the Cambridge Structural Database has
shown a fair agreement with computed conformational analysis
for the both compounds, enabling generalization for topologi-
cally similar systems. Difficulties in reproducing experimental
conformation of such compounds lies in crystal packing effects
that determine the molecular conformation in the solid state, in
particular, hydrogen bonds.

(9) The most stable conformers of MDBL (90% molar frac-
tion: | andlll ) and HK (77% molar fractionil, V, VIII , and
IX) are expected to have important role in chemical and bio-
logical systems. Hydration favors more stable HK conformers.

5. Experimental Section

General Data. All H and13C NMR spectra were recorded
at 300 and 75 MHz, respectively, using a Bruker DPX-300
instrument and chloroforrd{CDCl;) or benzeneds as solvent;
chemical shifts are in ppm downfield from tetramethylsilane

internal standard. IR spectra were measured with a Perkin-Elmer

Spectrum RX IFTIR System, and the most intense or represen-
tative bands are reported (in cA). TLC was performed on
plates precoated with silica gel 6@sk(0.25 mm thick, Merck)
and column chromatography separations were performed with
silica gel 60 (76-230 mesh, Merck). Melting points were
determined on a Reichert Kofler block apparatus and are
uncorrected.
4-(3,4'-Methylenedioxyphenyl)-3-methoxycarbonyl-3-
butenoic Acid (3). Metallic sodium (2.7601 g, 0.12 mol) was
dissolved in anhydrous methanol (40 mL) under inert atmo-
sphere at reflux temperature. A solution of dimethylsuccinate
(2) (11.1066 g, 0.076 mol) and piperond) (21.3005 g, 0.106
mol) in anhydrous methanol (15 mL) were added. The reaction
was monitored by TLC, and aft®& h under reflux the reaction
mixture was cooled and acidified wi6 M HCI. The methanol
was evaporated under reduced pressure and the resulting mixtur
was diluted with dichloromethane. The aqueous layer was
extracted with dichloromethane and the combined organic
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the catalyst was removed by filtration through Celite and the
solvent was evaporated under reduced pressure. The residue was
purified by recrystallization from methanol to affodd4.5369
g, 17.0 mmol, 90% yield) as a white solid: mp $0B05 °C.
IH NMR (CDCl): ¢ 6.72 (d,J = 7.8 Hz, 1H), 6.64 (d]) =
1.6 Hz, 1H), 6.59 (ddJ = 7.8, 1.6 Hz, 1H), 5.93 (s, 2H), 3.68
(s, 3H), 3.013.08 (m, 1H), 2.97 (ddJ = 13.0, 6.0 Hz, 1H),
2.70 (dd,J = 13.0, 9.0 Hz, 1H), 2.67 (dd] = 17.0, 9.0 Hz,
1H), 2.45 (dd,J = 17.0, 5.0 Hz, 1H)13C NMR (CDCk): &
177.4 (C1), 174.4 (C5), 147.8 (Q5146.4 (C4), 131.6 C2),
122.0 (C1), 109.2 (C3), 108.3 (CH), 100.9 (C7), 52.0 (C6),
42.9 (C3), 37.3 (C4), 34.5R). IR (cnT1): 816 (C-H, Ar),
1084, 1245 (€-0), 1515, 1533 (EC Ar), 1699, 1735 (&
0), 3452 (G-H).

(3,4-Methylenedioxybenzyl)y-butyrolactone (MDBL) (5).
A drop of phenolphthalein and KOH (0.1456 g, 2.6 mmol) were
added to a stirred solution of compou#@0.7112 g, 2.6 mmol)
in absolute ethanol (15 mL) at room temperature. After
completing the reaction, Ca£0.6920 g, 6.2 mmol) and
absolute ethanol (50 mL) were added. The suspension was
cooled to—10°C and a solution of NaBlH0.3735 g, 9.9 mmol)
in absolute ethanol (30 mL) was added dropwise. The mixture
was stirred at room temperature for 5 h, then cooled €0
and acidified wih 6 M HCI. After 15 min of agitation, distillated
water was added until the solution become clear and the ethanol
was evaporated under reduced pressure. The aqueous layer was
extracted with dichloromethane, and the organic extract was
washed with water and dried over anhydrous magnesium sulfate.
The solvent was evaporated under reduced pressure and the
residue was purified by column chromatography through silica
gel, eluting withn-hexane:ethyl acetate (7:3), to affdd0.5075
g, 2.31 mmol, 89% yield) as a colorless 8Hf NMR (CDCly):
0 6.70 (d,J = 7.8 Hz, HB), 6.65 (d,J = 1.8 Hz, H2), 6.52
(dd,J=7.8, 1.8 Hz, Hf), 5.92 (s, H10a, H10b), 4.25 (dd~=
8.8, 7.2 Hz, H%), 3.96 (ddJ) = 8.8, 6.4 Hz, HD), 2.74-2.82
(m, H8), 2.61 (dd,J = 13.6, 8.3 Hz, H8a), 2.58 (dd,= 13.6,
7.7 Hz, H8b), 2.50 (ddj = 17.0, 7.7 Hz, HA), 2.23 (dd,J =
17.0, 6.8 Hz, HD). *H NMR (benzeneds): ¢ 6.66 (d,J=7.8
Hz, H5), 6.56 (d,J = 1.8 Hz, H2), 6.52 (ddJ = 7.8, 1.8 Hz,
H6'), 5.85 (s, H10a, H10b), 4.25 (dd,= 9.1, 7.1 Hz, H%),
3.96 (dd,J=9.1, 6.1 Hz, H%), 2.7 (ddtddJ = 6.1, 6.8, 7.1,
8.1, 8.6 Hz, H8), 2.62 (dd,J = 13.6, 7.1 Hz, H8b), 2.58 (dd,
J=13.6, 8.6 Hz, H8a), 2.51 (dd,= 17.4, 8.1 Hz, HA), 2.18
(dd,J=17.4, 6.8 Hz, HD). 13C NMR (CDCk): 6 176.7 (C9),
d47.9 (CH), 146.3 (C4), 131.9 2, 121.5 (C1), 108.8 (C3),
108.3 (C6), 100.9 (C10), 72.4 (CY 38.5 (C8), 37.2 (C8§, 33.9
(C7). IR (cmY): 815 (G-H, Ar), 1156, 1267 (G-0), 1520

extracts were washed with water, brine and dried over anhydrous(C=C, Ar), 1772 (C=0), 2985, 3015 (EH).

magnesium sulfate. After evaporation of solvent under reduced

pressure, the yellow residue was recrystallized from methanol

to give compound (14.8702 g, 0.057 mol, 75%): mp 150

151°C. H NMR (CDCly): 6 7.82 (s, 1H), 6.93 (dd) = 1.9,

8.1 Hz, 1H), 6.89 (dJ = 1.9 Hz, 1H), 6.79 (dJ = 8.1 Hz,

1H), 6.0 (s, 2H), 3.83 (s, 3H), 3.59 (s, 2HJC NMR (CDCk):

0 176.4 (C1), 168.1 (C5), 148.5 (§5148.5 (C4), 142.4 (C4),

124.0 (C1), 123.6 €2, 109.1 (C3), 108.6 (C6), 101.4 (C7),

96.1 (C3), 52.4 (C6), 33.6R). IR (cnT1): 820 (C-H, Ar),

1026-1255 (C-0), 1443-1517 (G=C), 1708 (G=0), 3420

(O—H).
4-(3,4-Methylenedioxyphenyl)-3-methoxycarbonylbutano-

ic Acid (4). A solution of compound (5.0031 g, 18.9 mmol)

in methanol (25 mL) was hydrogenated under 20 atm p&H

room temperature with a catalyst containing 5% palladium on

activated carbon powder (0.2005 g). After 24 h under agitation,

3,4,3,4-Bis(methylenedioxy)lignano-9,8lactone (Hinoki-
nin, HK) (7). A solution ofn-butyllithium (1.5 M inn-hexane,
1.2 mL, 1.82 mmol) was added dropwise to a stirred solution
of diisopropylamine (0.1831 g, 1.82 mmol) in THF (5 mL) under
inert atmosphere at@. After 15 min of agitation, the mixture
was cooled to—78 °C and a solution of compourisl (0.2001
g, 0.91 mmol) in THF (1 mL) was added. Piperongl (0.1365
g, 0.91 mmol) was added aft& h of agitation. The reaction
was monitored by TLC, and afté h of agitation at—78 °C,
the reaction mixture was warmed to 10 and quenched with
a saturated solution of NY€I. The resulting solution was
extracted with ethyl acetate and the organic layer was dried over
anhydrous magnesium sulfate. Evaporation of the solvent under
reduced pressure gave a yellow oil that was purified by column
chromatography through silica gel, eluting witthexane:ethyl
acetate (4:6), to provide the epimeric alcoh®(®.3091 g, 0.77
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mmol, 85% vyield).!H NMR (CDCl): 6 7.0-6.2 (m, H Ar),
5.9 (s, 2H), 5.3 (dJ = 2.78 Hz, 1H), 4.85 (dJ = 8.3 Hz, 1H),
4.35 (dd,J = 7.8, 8.8 Hz, 1H), 4.1 (dd] = 5.1, 8.3 Hz, 1H),
3.93 (dd,J = 5.6, 8.8 Hz, 1H), 3.86 (dd] = 5.2, 8.8 Hz, 1H),
2.8 (m, 1H), 2.6 (m, 1H), 2.45 (m, 1H), 2.2 (m, 2H). Then, 5%

palladium on activated carbon powder (0.2005 g) and a drop

of 60% perchloric acid were added to a solution of epinters
(0.0701 g, 0.19 mmol) in methanol (10 mL). The resulting
mixture was stirred under 4 atm ofldt room temperature for
60 h. The catalyst was removed by filtration through Celite and

J. Phys. Chem. A, Vol. 111, No. 28, 2005331

(15) Raithby, P. R.; Shields, G. P.; Allen, F. H. Conformational Analysis
of Macrocyclic Ether Ligands. Il. 1,4,7,10,13-Pentaoxacyclopentadecane
and 1,4,7,10,13-Pentathiacyclopentadecawta Crystallogr. B1997 53,
476-489.

(16) Munro, O. Q.; Mariah, L. Conformational analysis: Crystal-
lographic, molecular mechanics and quantum chemical studies-6f-C
-O hydrogen bonding in flexible bis(nosylate) derivatives of catechata
Crystallogr. B2004 60, 598-608.

(17) Balacco, G. A Desktop Calculator for the Karplus Equatidn.
Chem. Inf. Comput. Sc1996 36, 885-887.

(18) Larue, L.; Gharbi-Benarous, J.; Archer, F.; Azerad, R.; Girault, J.-
P. Conformational study in water by NMR and Molecular Modeling of
Cyclic Glutamic Acid Analogues as Probes of Vitamin K Dependent

the solvent was evaporated under reduced pressure. The residu@arboxylaseJ. Chem. Inf. Comput. ScLO9§ 36, 717—725.

was purified by column chromatography through silica gel,
eluting with n-hexane:ethyl acetate (8:2), to afford(0.0537
g, 0.15 mmol, 80%)H NMR (CDCl3): 6 6.8—-6.4 (m, H Ar),
5.9 (br s, 4H), 4.15 (dd) = 7.1, 9.3 Hz, H%), 3.85 (ddJ =
7.1, 9.1 Hz, H%), 3.0 (dd,J = 5.1, 14.2 Hz, H7a), 2.85 (dd,
J=17.3,14.2 Hz, H7b), 2.6 (ddl = 7.1, 14.4 Hz, HA), 2.55
(m, H8), 2.45 (ddJ = 8.6, 14.4 Hz, H'D), 2.4 (m, HE). 13C
NMR (CDCly): 6 178.4 (C9), 147.9 (C3), 147.8 (Q3146.5
(C4), 146.4 (C%, 131.6 (C1), 131.3 (C}, 122.2 C2), 121.55
(C2), 109.4 (C5), 108.8 (Cp 108.4 (C6), 108.3 (Cp 101.0
(C10, C10), 71.2 (C9), 46.4 (C8), 41.3 (C8, 38.4 (C7), 34.8
(C7).
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