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Poly(methyl methacrylate) (PMMA) gels prepared by copolymerizing methyl methacrylate (MMA) and
various amounts of ethylene glycol dimethacrylate (EGDMA) in the presence of the radical initiator
V-70 (2,2-azobis(2,4-dimethyl-4-methoxyvaleronitrile)) can orient small organic molecules when swollen

in NMR tubes with CDCJ. The aligning properties of the stretched PMMA gels were evaluated by
monitoring the quadrupolar splitting of tAid NMR signal of CDC4, and the aligning degree is proportional

to the cross-linking density. Natural abundance one-Behe!'3C residual dipolar couplings (RDCs) for
menthol measured in the gels depended on the cross-link density. The stereochemistry and assignment
of the diastereotopic protons of the gastroprotective and nonsteroidal aromatase inhibitor sesquiterpene
lactone ludartin, isolated froiBtevia yaconensigar. subeglandulosavere unambiguously determined

using a combination of natural abundance one-bid*C RDCs measured in a PMMA gel andfa
coupling constant analysis.

Introduction conformation of small rigid molecule&] values strongly depend
] . on the dihedral angle between the three bonds in considefation.

Nuclear magnetic resonance is one of the most elegantan empirical generalization of the Karplus equation, which
spectroscopic techniques. In addition to supplying the informa- jncjudes the electronegativity of the substituents, developed by
tion of the chemical environment of a given atom, it also Altona and co-worker3,is nowadays widely used for thd
provides connectivity information with its neighbors. In solution coupling constant analysis of small molecules. In addition, NOE
NMR, spin—spin connectivities are normally determined using is one of the most powerful NMR tools, and it has been
experiments that involve homonuclear and heteronuclear Sca|arextensively used in the stereochemical and conformational
coupling interactions (COSY, TOCSY, HSQC, HMBC) and  analysis of organic molecules since the pioneering work by Anet
homonuclear dipolar coupling interactions (NOESY, ROESY), and Bourn dating from 1965However, there are particular

given moleculé.
; 11 11 _ p (2) Karplus, M.J. Chem. Phys1959 30, 11-15.
AnalySIS oftH—'H and'H—*C three-bond COUpImgS ﬁ‘]) (3) Haasnoot, C. A. G.; Deleeuw, F.; Altona, Tetrahedron198Q 36,

has proven to be a very powerful tool for the determination not 27g83-2792.

only of relative stereochemistry but also of the preferred  (4) Neuhaus, D.; Williamson, M. Pthe Nuclear @erhauser Effect in
Structural and Conformational Analysignd ed.; Wiley-VCH: New York,

2000.
(1) Claridge, T. D. W.High-Resolution NMR Techniques in Organic (5) Anet, F. A. L.; Bourn, A. J. RJ. Am. Chem. S0d.965 87, 5250-
Chemistry 1st ed.; Pergamon: Amsterdam and New York, 1999. 5251.
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the distance information about a pair of remotely located to dynamic studies of biological macromolecules in geriéraf.
protons. In addition, ambiguities can also arise from similarities However, RDCs were not as extensively used for the analysis
in 3J and NOE values among different sterecisomeric com- of small organic molecule¥:3334The main reason is that the
pounds. In cases like these, residual dipolar couplings (RDCs)traditional aligning media used for biomolecules were only
become an extremely powerful and complementary NMR tool applicable to water-soluble compounds. In order to be able to
for the unambiguous determination of relative stereochemistry partially align small molecules, it is necessary to have access

in small organic molecules and biological macromolecules.
Dipole—dipole interactions between spins in a given molecule
give origin to an NMR parameter known as dipolar coupling.
Different from spin-spin scalar couplings, dipolar couplings
average to zero when molecules tumble in isotropic solutions.
Dipolar couplings between the nucleiand j (Dj) contain
important structural information since their values depend on
the internuclear distance (for instance, bond lengthnd on
the angle® between the internuclear vector and the axis of the
external magnetic field, according to the following equation:

§ _
Bco 2@ 1D

whereuy is the permeability of vacuuny, is the gyromagnetic
constant for the corresponding nucleus, dnd the Planck

_ #oVith

! (27r)

to orienting media compatible with organic solvents.

Courtieu et aP® introduced in the mid 1990s the use of
chloroform solution of polyy-benzyli-glutamate (PBLG) to
discriminate enantiomers using quadrupolar splittings, dipolar
couplings, and chemical shift anisotropf&ore recently and
almost simultaneously, Griesinger and co-workeasd Thiele
and Berget’ made significant contributions to the methodology
of structure elucidation of small organic molecules by RDCs
using PBLG solutions in organic solvents. Other liquid crystal-
line phases with lower degree of orientation in organic solvents
were recently developed:®®

Stretched polymer gels are another alignment media used for
orienting molecules. Recently, Luy and co-workérshowed
that molecules can be aligned in organic solvents using stretched
polystyrene (PS) cross-linked with divinylbenzene. In a very
original approach, a small cylindrical PS stick was introduced
into an NMR tube together with CDg;land the polymer swelled

constant. The brackets around the angular term represent,,q syretched axially once it reached the tube wall. No additional
averaging in solution. The dipolar couplings are of the order of ;15 were necessary. Luy and co-workers have reported the

several kilohertz and are responsible for the strong signal
broadening in solid-state NMR.

However, if molecules in solution are forced to adopt a minor
degree of alignment and no longer tumble isotropically, a
measurable fraction of the original dipolar coupling (6-011%)
known as residual dipolar coupling (RDC) is observed in the
NMR spectrum. It is important to highlight that, with such a
small degree of orientation, the molecules in solution still
produce good quality NMR data since almes®9.9% of the

dipolar couplings are removed. The RDCs still contain the same

structural information as the original dipolar couplings and
provide global orientation information between remote inter-
nuclear vectors. The great power of RDCs is that they provide
information about the relative orientations between the inter-
nuclear vectors (HH, H—C, H—N, C—C, etc.), regardless of

deuterium quadrupolar splitting of CD£And also the solution
structure of strychnine using RDCs of-E&l bonds measured
from proton-coupled!H,’3C HSQC experiments. A more
detailed study of the orientational properties of PS gels was
later reported! Several publications from the same group

(17) Clore, G. M.; Gronenborn, A. Mroc. Natl. Acad. Sci. U.S.A998
95, 5891-5898.

(18) de Alba, E.; Tjandra, NMethods Mol. Biol.2004 278 89-106.

(19) Lipsitz, R. S.; Tjandra, NAnnu. Re. Biophys. Biomol. Struc2004
33, 387-413.

(20) Keniry, M. A.; Carver, J. AAnnu. Rep. NMR Spectro2002 48,
31-69.

(21) Venters, R. A.; Thompson, R.; CavanaghJ.JMol. Struct.2002
602-603 275-292.

(22) Gronenborn, A. MNATO Science Series, Series A: Life Sciences
2001, 315 107-116.

the distance between them. The theoretical aspects of RDCs__(23) Zhou, H.; Vermeulen, A.; Jucker, F. M.; Pardi,Biopolymers2001,

are beyond the scope of this work and can be found elseftiére.
Since the introduction of the application of RDCs to the
analysis of biological macromolecules by Tjandra and Bax in
199712 they have been extensively used in structural biology.
Initially, RDCs were applied to the analysis of protefifsi3-22
their application was later extended to nucleic &% and
studies of various nucleic acitrotein interactiond%22 and

(6) Losonczi, J. A.; Andrec, M.; Fischer, M. W. F.; Prestegard, JJ.H.
Magn. Reson1999 138 334-342.

(7) Bax, A.; Kontaxis, G.; Tjandra, NNuclear Magnetic Resonance of
Biological Macromolecules, Pt;EElIsevier: Amsterdam, 2001; Vol. 339,
pp 127-174.

(8) Brunner, E.Concepts Magn. Reso001, 13, 238-259.

(9) Prestegard, J. H.; Bougault, C. M.; Kishore, AChem. Re. 2004
104, 3519-3540.

(10) Thiele, C. M.Concepts Magn. Reson. Part2007, 30A 65—80.

(11) Prestegard, J. H.; Al-Hashimi, H. M.; Tolman, J@.Re. Biophys.
200Q 33, 371-424.

(12) Tjandra, N.; Bax, ASciencel997 278 1111-1114.

(13) Ding, K.; Gronenborn, A. MMod. Magn. Resor2006 2, 1269~
1273.

(14) Byrd, R. A.; Fowler, C. A.; McFeeters, R. L.; GaponenkoMad.
Magn. Reson2006 2, 1237-1243.

(15) Prestegard, J. H.ect. Notes Phy=2001, 595, 426-434.

(16) Gronenborn, A. MC. R. Biol.2002 325 957-966.

52, 168-180.

(24) Zidek, L.; Stefl, R.; Sklenar, \Curr. Opin. Struct. Biol2001, 11,
275-281.

(25) Al-Hashimi, H. M.; Gorin, A.Appl. Genom. Proteomicg003 2,
3-16.

(26) Varani, G.; Chen, Y.; Leeper, T. ®lethods Mol. Biol2004 278
289-312.

(27) Bonvin, A. M. J. J.; Boelens, R.; Kaptein, Rurr. Opin. Chem.
Biol. 2005 9, 501—-508.

(28) Bayer, P.; Varani, L.; Varani, ®lethods EnzymoR200Q 317, 198—
220.

(29) Tolman, J. R.; Ruan, KChem. Re. 2006 106, 1720-1736.

(30) Latham, M. P.; Brown, D. J.; McCallum, S. A.; Pardi, A.
ChemBioChen2005 6, 1492-1505.

(31) Blackledge, MProg. Nucl. Magn. Reson. Spectro2005 46, 23—
61.

(32) Tolman, J. R.; Al-Hashimi, H. MAnnu. Rep. NMR Spectro&003
51, 105-166.

(33) Gschwind, R. MAngew. Chem., Int. EQR005 44, 4666-4668.

(34) Yan, J. L.; Zartler, E. RMagn. Reson. Chen2005 43, 53—64.

(35) Meddour, A.; Berdague, P.; Hedli, A.; Courtieu, J.; Lesot]l. Am.
Chem. Soc1997, 119, 4502-4508.

(36) Verdier, L.; Sakhaii, P.; Zweckstetter, M.; GriesingerJCMagn.
Reson2003 163 353-359.

(37) Thiele, C. M.; Berger, SOrg. Lett.2003 5, 705-708.

(38) Thiele, C. M.J. Org. Chem2004 69, 7403-7413.

(39) Bendiak, BJ. Am. Chem. So2002 124, 14862-14863.

(40) Luy, B.; Kobzar, K.; Kessler, H\ngew. Chem., Int. EQ004 43,
1092-1094.
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reported the alignment properties of other cross-linked polymer
gels in organic solvents of different polarity: polydimethylsi-
loxane (PDMSY?Z poly(vinyl acetate) (PVAc]2 polyacrylonitrile
(PAN),* and even gelatin from commercial “gummy bears”
with enantiomer discrimination properti¢sin addition, Harbez
et al*8 have introduced a copolymeric polyacrylamide gel, the
first alignment medium compatible with DMSO. All the solvent
and alignment media combinations published thus far, except
for PAN gels, are thoroughly summarized by Thiele in a recent
review article!® For interested readers, a comprehensive brief
history of RDCs is provided with the Supporting Information.
Here we introduce a poly(methyl methacrylate) gel (PMMA)
with excellent scalable alignment properties in CRGVe also
report the unambiguous determination of the stereochemistry
of the 3,4-epoxy group in the bioactive natural product ludartin
(2) and the assignment of its diastereotopic protons at C-2 using
RDCs, a case where the application of NOE &hdouplings
was unsuccessful.

Results and Discussion

Rationale.One of the objectives of this work was to develop
an orienting gel that would exhibit good alignment properties
mainly in chloroformd (CDCl) since it is the most common
and inexpensive NMR solvent thanks to its good solubilizing
properties and relatively unreactive nature. In the design of the
gel, three major issues were considered: (i) the gel should not
contain aromatic rings to avoid unwanted chemicals shift effects
like those observed in stretched cross-linked polystyfénk;

(i) the polymer backbone should be rigid to induce shofter
relaxation times in the polymer protons; and (iii) the gels should

Gil et al.
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FIGURE 1. 2H quadrupolar splitting of CDGlas a function of cross-
link density expressed as molar percent fraction of EGDMA.

reached equilibrium (sharp doublet of tRd signal) over a
period of 15-20 days.

Figure 1 shows the quadrupolar splitting of the CP&H
NMR doublet at equilibrium as a function of the cross-link
density. The curve showed a profile similar to that observed
previously for other gel42-4143In order to further evaluate the
aligning properties of this new matrix, the gels were swollen in
a solution containing 20 mg/mL of menthol in CRCProton-
coupled 'H,13C HSQC experiments were acquired on each
sample when equilibrium was reached. In isotropic solution,
1Jcn is the observed one-bond scalar CH coupling constant. In
orienting media, the signal splitting changes by a factor of the
RDC (Dch), which may be positive or negative. One-bondi€
RDCs were measured for menthol taking the difference between
the 1Jcy + Dcn couplings of menthol in the swollen gels and

be easy to prepare and affordable. We thought that a cross-thelJcy couplings of menthol in the isotropic solution consisting

linked PMMA gel would meet all these characteristics.
Preparation and Alignment Properties of Cross-Linked
PMMA. PMMA gel rods were prepared in disposable NMR
tubes by polymerizing methyl methacrylate (MMA) in the
presence of various amounts of the cross-linker ethylene glycol
dimethacrylate (EGDMA), initiated by V-70 (2;2zobis(2,4-
dimethyl-4-methoxyvaleronitrile)) at 58C. The reaction was
carried out in acetonds to avoid the presence of significant
residual acetone peak in the final gel (see Experimental Section).
The cross-link densities in the PMMA gels are expressed as
the molar fraction of the cross-linking agent EGDMA, in
percent. Six PMMA samples with the following EGDMA
percent molar fraction in the feed monomer mixture were
prepared: 0.00344), 0.01 B), 0.068 C), 0.17 D), 0.542 E),
and 1.01 E). The resulting polymers swelled very well in
chloroform and markedly less in acetone. In all cases, the
resulting sticks were-4 mm in diameter. They were cut into
small cylinders, 15 mm long, then placed in NMR tubes and
allowed to swell in CDGJ. The quadrupolar splitting of the
CDClz 2H NMR peak was monitored over time. The gels

(41) Luy, B.; Kobzar, K.; Knor, S.; Furrer, J.; Heckmann, D.; Kessler,
H. J. Am. Chem. So005 127, 6459-6465.

(42) Freudenberger, J. C.; Spiteller, P.; Bauer, R.; Kessler, H.; Luy, B.
J. Am. Chem. So@004 126, 14690-14691.

(43) Freudenberger, J. C.; Knor, S.; Kobzar, K.; Heckmann, D.; Paululat,
T.; Kessler, H.; Luy, BAngew. Chem., Int. EQ005 44, 423-426.

(44) Kummerloewe, G.; Auernheimer, J.; Lendlein, A.; Luy, BAm.
Chem. Soc2007, 129, 6080-6081.

(45) Kobzar, K.; Kessler, H.; Luy, BAngew. Chem., Int. EQ005 44,
3145-3147.

(46) Haberz, P.; Farjon, J.; Griesinger,Ahgew. Chem., Int. E@005
44, 427-429.
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of CDCl; only. Although menthol does not have at least five
independent RDCs to perform an order matrix anaigsRDC
values were used to choose the most appropriate cross-linking
density to perform the structural analysis of a target small
molecule. GelC andD provided RDC values for menthol in

a range of 68-22 Hz. In addition, no significant chemical shift
differences were observed for menthol between the isotropic
solution and the gel (see Figure 2, traces B and C). Only the
IH NMR signals corresponding to the carbinolic methine proton
and to the methine proton of the isopropyl group showed
differences of less than 0.1 Hz. The lack of aromatic groups in
the polymer gel might be advantageous for several reasons: (i)
provides a clean area for the analysis of aromatic compounds,
(ii) prevents the induction of chemical shift changes as those
observed in polystyrene getsand (iii) eliminates flexible side
groups as in the case of polystyrene gels which needed relaxation
filter periods of 400 m$! In case of the PMMA-based gels,
the signals of the matrix could be eliminated#30 ms, and it
was not necessary to use relaxation filters in the HSQC
experiments. Figure 2 shows the comparison of a regular proton
1D experiment with a 1D CPMG (CariPurcel-Meiboom—
Gill)14748experiment for a total relaxation filter of 30 ms (see
Figure 2, traces A and B). It is clearly observed in Figure 2B
how clean the resulting spectrum is. The PMMA signal decays
quickly, resulting in a high-quality NMR spectrum. The presence
of a methyl group in each monomer unit in the backbone of
PMMA reduces the flexibility of the polymer network, leading

to shorter relaxation times,.

(47) Carr, H. Y.; Purcell, E. MPhys. Re. 1954 94, 630-638.
(48) Meiboom, S.; Gill, DRev. Sci. Instrum.1958 29, 688-691.
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transformations and NMR chemical shift analy&iat the same
time, a full proton and carbon NMR assignment was made.
However, the diastereotopic protons of the methylenes C-2, C-8,
and C-9 were not assigned.

Chemical transformations were the only option at that time
since NOE experiments arid coupling constant analysis for
the protons of the five-membered ring could not be employed
to determine the stereochemistry of the 3,4-epoxide group.
Instead of performing tedious chemical transformations to
analyze the structure df, this is a good case to apply RDCs,
which provide much easier access to the same type of structural
information.

The five-membered ring df is very rigid due to the presence
of the 1,10-double bond and the 3,4-epoxide ring. Tia@s

- fusion of the lactone ring provides rigidity to the dihedral angle
60 55 50 45 40 35 30 25 20 15 1.0 ppm formed by C-5, C-6, C-7, and C-8. Some degree of flexibility
in the seven-membered ring can only arise from variations in
FIGURE 2. 'H NMR spectrum of menthol in PMMA gdD in CDCl, the C-7#C-8—C-9—C-10 dihedral angle that may lead to the
i(r?);c:%ocrps(é;?lmcﬁmg E&Fétfﬁrﬁcg;lfg gﬁ?ﬁgunmoggguh(%ﬁfﬁc presence of more than one conformer. Base structuresgiod
solution) (C). Signals marked with the asterisk correspond to the residual gishg;ﬁg-zﬁg)imee isomerd) were |r.1|t.|al.ly gener ated in Hyper-
MMA monomer protons. v y were energy minimized using t_he molecular
mechanics force field option MMX. A conformational search
in HyperCher® using the MMX force field and randomly
varying the value of the C-7C-8—C-9—C-10 dihedral angle
led to only two possible conformations for each ludartin isomers
(1 and2). The resulting structures, a total of four, were then
energy minimized using the semiempirical method AM1 in order
to obtain more accurate geometries. Calculations of the heat of
formation of each of the four isomers showed that both ludartin
isomers { and 2) have only one preferred conformer with a
dihedral angle value for C-7C-8—C-9—C-10 of +75° in each
FIGURE 3. Absolute stereochemistry of ludartid)(as previously of them. The conformer with a dihedral angle value-e£7°
detefmined using chemical transformation and NMR chemical ghifts, pag an energy difference 6f5.4 kcal/mol in the case df and
and its 3,48-epoxy isomer3). +6.3 kcal/mol in its 3,43-epoxide isomer2). The PDB files
of these four structures are provided with the Supporting

The NMR spectra of the gels show signals corresponding to Information
the residual MMA monomer (see Figure 2, signals marked with )

. . . Figure 4 shows a side to side view of the 3D structures of
an asterisk). This problem has also been observed in otherthe referred conformers dfand its hvpothetical isomer 3.4-
orienting gels'! All of the NMR experiments were performed P yp !

at 27°C and at only one magnetic field strength (11.75 T, 500 @-epoxy-ludartin B). Figure 5 shows the root mean square (rm§)
MH?z). It has been observed that the induced alignments by thef't and overlay of the heavy atoms of these two structures with

stretched gels are significantly temperature-dependent pyt@N 'Ms error of only 0.039 A. Carbons C-14 ar!d C-15 an_d _the
virtually field-independent? oxygen atom of the epoxy group were excluded in the rms fitting

. o . calculation. The geometry of the carbon skeleton in both isomers
Unambiguous Determination of the Relative Stereochem- g Y

. . - is almost identical.

istry of the Natural Product Ludartin Using RDCs from a As mentioned above, in the original publicattédescribin
PMMA Gel. Ludartin (1) is a bioactive natural product the isolation and StI’UCtliII’e elucida?tion gf ludartimone of thge
belonging to the sesquiterpene lactone family. It shows gastric g

cytoprotective effeéf and also inhibits the aromatase enzyme, diastereotopic protons were assigned (H-2, H-8, and H-9). The
which is involved in hormone-dependent breast cafter. onglnal NMR assignments were here verified by collectlng_a
Ludartin was first isolated in 1972 frodrtemisia carruthiias series of 1D and 2D NMR experiments at 500 MHz of ludartin

i i i 1 111
a mixture with its 11,13-dihydro derivative by Geissman and %Cguczglzr'&cgjgégﬂ Teg;ﬂzngafﬂggaiito%;ﬁ ;jsg% sis
Griffin, who proposed the stereochemistry displayetl {Rigure P oupled), and. : haly
3) based on the chemical shift and coupling constants exhibitedOf these data confirmed the original aSS|gnr.nents.. The assignment
by the proton H-6 NMR signal and on the chemical shift of of the protons H-8, H-86, H-9¢, and H-$ is straightforward

s . : .
H-1551n 1989, it was shown that these criteria were not enough 0 & 3 coupling constant analysis. The coupling constant

o unamguously dtermine he streochemsircind 1= | 1SUE3 (101G e aserecanc pratone FE a9 are

structure was confirmed using a combination of chemical plicity >lgnals pro
H-98 and H-8t are strongly coupled, giving rise to a high-

order spin system with very complex multiplicity patterns (see

(49) Giordano, O. S.; Guerreiro, E.; Pestchanker, M. J.; Guzman, J,;
Pastor, D.; Guardia, T. Nat. Prod.199Q 53, 803-9.

(50) Blanco, J. G.; Gil, R. R.; Alvarez, C. |.; Patrito, L. C.; Genti- (52) Sosa, V. E.; Oberti, J. C.; Gil, R. R.; Ruveda, E. A.; Goedken, V.
Raimondi, S.; Flury, AFEBS Lett.1997, 409 396-400. L.; Gutierrez, A. B.; Herz, WPhytochemistry1989 28, 1925-1929.

(51) Geissman, T. A.; Griffin, T. SPhytochemistryl972 11, 833— (53) HyperChemHypercube, Inc.Gainesville, FL, http://www.hyper-
835. .com.
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FIGURE 5. Root mean square fit and overlay of the 3D structures of
ludartin (1) and 3,4p8-epoxy-ludartin 2) using only the heavy atoms
belonging to the five-membered ring, the seven-membered ring, and
the lactone ring. Rms error: 0.039 A. The two methyl groups that do
not completely overlap in the two isometsand 2, namely, CH-14

and CH-15, are shown with arrows.

m H-14‘
\

ek

H-6

" HJ’H'Z" H2 H%?]J‘r-sa N
J ) ) ‘V JNUU)LJJV L ‘ { J \ ‘i \‘U\
PPM 3.6 32 238 24 20 16 12

FIGURE 6. Expansion of the 500 MH2H NMR spectrum ofl in
CDCl; (lower trace). The signals corresponding to H-13a and H-13b
are outside the plot region. The upper trace shows the simulation of
the spin system involving H-6, H-5, H-7, HB9H-93, H-8a, and H-&
using the NUMMRIT® routine in SpinWorks$® The signal of H-3

was included because of the long-range coupling withotbBserved

in the COSY spectrum, which improved the quality of the simulation
results.

Figures 6 and 7). The PDB file of the ludartid)(structure
generated in HyperChéfhwas opened in the MSpgifsoftware
package, and th& coupling constants of the protons belonging
to the seven-membered ring were estimated by the Altona
equatior® The spin system involving H-5, H-6, H-7, Hx3

844 J. Org. Chem.Vol. 73, No. 3, 2008
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FIGURE 7. Expansion of the calculated (upper traces) versus the
experimental (lower traces) of tHel NMR signals corresponding to
H-7, H-8u,8, and H-9,5.

H-83, H-9a, H-93, H-13a, and H-13b was simulated with the
spectral analysis routine NUMMRF?Y (including iteration)
within the software SpinWork?. The chemical shift of each
signal from the!H NMR spectrum and the calculated coupling
constants were used as initial input values for the spectral
simulation. The coupling constants between H-7 and H-13a,b
were measured from the spectrum. The gemiABl ¢oupling
constants between He8and H-§ and between H® and H-$
were not obvious from the signals and were attributed to an
initial guessed value 613 Hz. The general profile of the initial
calculated spectrum was similar to the experimental one. After
a few rounds of automatic and manual iterations, the spectrum
shown in Figure 6 (upper trace) was obtained. Table 1 shows
the calculated versus experimertalalues. In addition, Table

1 also shows the values for the geminal coupling constadits (
for the diastereotopic protons Hx@ and H-9,5. The final
simulated spectrum was almost identical to the experimental
one. Figure 7 shows expansions of the signals corresponding
to H-8a,4 and H-%,5. Note that the experimental signals of
H-5 and H-% are much broader than the calculated ones due
to further long-range) couplings.

(54) MestreSpin.Mestrelab Research. Santiago de Compostda
Corura, Spain, http://www.mestrec.com.

(55) Quirt, A. R.; Martin, J. SJ. Magn. Resonl971, 5, 318-327.

(56) SpinWorks 2.5;5Marat, K. University of Manitoba, Winnipeg,
Manitoba, Canada, http://www.umanitoba.ca/chemistry/nmr/spinworks.
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RDC = +7Hz
RDC = +97Hz

C-6,H-6
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1800 1750 1700 1650 1600 Hz 2000 1950 1900 1850 1800 1750 1700 1650 1600 Hz

FIGURE 8. F2 slices extracted from the proton-couplét**C HSQC spectra of ludartirl) in the gel (anisotropic medium broad multiplets)

and in CDC} only (isotropic solution— sharp multiplets) for the signals corresponding to C-3 (left) and C-6 (right). The left submultiplet of each
signal was aligned on top of each other so that the difference in hertz on the right submultiplets corresponds to the RDC. The coupling constant
error for the isotropic spectrum was approximately 0.5 Hz and for the anisotropic spectrum about 1 Hz.

TABLE 1. Calculated (Jcaq) versus Experimental fJexp) ) Values distance values to observe either weak or no NOE between H-6
for the Seven-Membered Ring Protons of 1 and CH-15; and finally (iv) the Alton& equation predicts the
3Jcalc 3Jexp 3Jexp— 3Jcalc same multiplicity anc®J coupling constants for thetH NMR
protons (H2) (H2) (Hz) signal of H-3 (dd,J = 2 and 5 Hz). Note that the value of the
5,6 10.9 10.51 —-0.39 vicinal coupling constants calculated by the Altona equation
6.7 10.3 9.70 —0.60 for five-membered rings are overestimated since this type of
;'gg 1}'2 1?'28 _016'8'0 ring shows much wider HC—C valence angles, hence reducing
8a.8b ' 1350 ’ the observedJ value. The observed signal for H-3 in thid
8a,9a 1.2 1.60 0.40 NMR spectrum appears as a broad singlet.
8a,9b 63 5.90 —0.40 Given all these NMR s [ iguiti [
pectroscopical ambiguities, ludartin
8b,9a 13.1 12.50 —0.60 . ; -
80.9b 1.0 1.70 0.70 (1) is a good case for studying RDCs and for evaluating the
9a,9b —14.60 aligning properties of the PMMA gels. Consequently, 5 mg of

1 was dissolved in CDGJ and a cross-linked PMMA stick (gel
The excellent agreement between the calculated and theD, 0.17 mol % of EGDMA) was allowed to swell in this solution
experimentabJ coupling constants confirms the assignment of inside the NMR tube until equilibrium was reached. The
the diastereotopic protons Hx and H-Qx,5. In addition, these ~ €volution of the swelling process was monitored by#&MR
results reassure the quality of the structures generated by AM1signal of CDC} until a sharp doublet was obtained (about 20
calculation which were later used as input for the RDC days). A regular proton-couplét,’*C HSQC experiment was
calculations. Figure 6 shows the corresponding assignments orcollected on this sample, and RDCs were measured for the CH
top of each signal. & factor of 0.087 Q = rms @ops — 3Jcaid/ bonds by taking the differences between g, + Dcn of 1
rms 3Jyp9 Was calculated for the comparison between experi- in the PMMA gel and théJcy, in the isotropic solution in CDGI
mental versus calculatet values. Accordingly, the diaste- only. The best way to accurately measure the RDCs is to extract
reotopic protons at C-8 and C-9 were unambiguously assigned,individual F2 slices from the HSQC experiment at each carbon

and coincidentally, the assignment reported previdésly H-8a, chemical shift and manually measure the splitting of the signal
H-8b, H-9a, and H-9b corresponds to Id;8H-83, H-9, and (Xcn + Dcp) after properly phasing and correcting the baseline
H-94, respectively. of each slice. A total of eight F2 slices at the chemical shift of

Epoxide rings have a very particular geometry. For example, carbons C-2, C-3, C-5, C-6, C-7, C-9, and C-13 were extracted.
when fused to five-membered rings (like in the present case), Figure 8 shows a couple of examples for the methine bonds
inversion of their stereochemistry does not produce significant C-3,H-3 and C-6,H-6 with corresponding RDC values+6f
changes in the orientation of the substituents. The angle of theand+98 Hz, respectively. For the methine CH bonds, the left
C-3—H-3 bond and of the Ck15 methyl group with respect  submultiplets from the isotropic and the anisotropic spectrum
to the plane of the five-membered ring is only°2in both were overlapped on top of each other so that the frequency
isomers of ludartin and?2) (see Figure 5). This geometry leads difference (in hertz) between the right submultiplets corresponds
to a series of spectroscopical ambiguities as follows: (iyCH to the RDC value (see Figure 8). The signals from the HSQC
14 can give NOE with H-@ and H-25 in both isomers; (ii) the experiments collected in the PMMA gel are much broader and
distance between H-5 and C-15 is 3.12 A in thepoxy isomer display a much more complex splitting pattern due to the
(1) and 2.70 A in thep-epoxy isomer %), leading to the presence of protoaproton and long-range protercarbon
observation of NOE between H-5 and Gib in both isomers; RDCs. Also, the broadening arises from the field inhomogeneity
(iii) the distance between H-6 and C-15 is 3.46 A in thepoxy caused by the gel itself. Figure 9 shows an example of the
isomer (1) and 3.94 A in theB-epoxy isomer %), borderline signals corresponding to the methylene carbon C-2. All the
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1Jey-D (C-2,H-20) = 108 Hz

1Je4*+D (C2,H-2B) = 212 Hz

RDC C-2,H-20
108-135 Hz=-27 Hz

RDC C-2,H-2p
212-126 Hz =+ 85 Hz

H-2a H-28 H-28

1Jg.y (C-2,H-20) = 135 Hz

H-20.
1Jcp (C-2,H-2B) = 126 Hz

=

T T
1150 1100

H-20 H-200 H-28

T T T T T
1400 1350 1300 1250 1200 Hz
FIGURE 9. H,3C HSQC F2 slices at the chemical shift of C-2 of
ludartin (1) in the gel (anisotropic medium upper line) and in CDGI
only (isotropic solution- lower line). The lower trace shows th&_,
and the upper trace shows the splitting of the signal with the

corresponding contribution from the RDC9dy + D).

TABLE 2. Comparison of Observed Dopg versus Calculated
RDCs (Dcalq) for the Structure of 1, Its 3,4-#-Epoxy Isomer (2), and
Ludartin with Permutated Assignments of H-2a and H-28 (P.A.)

Dobs Dcalc (HZ)

CH bond (Hz) 1 2 P.A.
C-2,H-2n —-27 —24 (—3) —-25(-2) —65 (38)
C-2,H-26 85 93 (-8) 83 (2) 44 (41)
C-3H-3 7 7(0) —17 (24) 2(5)
C-5,H-5 98 98 (0) 81 (17) 86 (12)
C-6,H-6 97 93 (4) 85 (12) 42 (55)
C-7H-7 81 78 (3) 78 (3) 10423)
C-9,H-q 89 89 (0) 86 (3) 67 (22)
C-9,H-% —-34 —-35(1) —42 (8) —55(21)
C-13,H-13a —-34 —36 (2) —63 (29) —18 (—16)
C-13H-13b  —38  —37(-1) —53 (15) —16 (—22)
Q 0.048 0.221 0.488

aThe numbers in parentheses are the difference bet@gg@ndDcac
bQ or Q factor=rms Dobs — Dcaid/rms Dobs proposed by Cornilescu et
al5” to validate structures using RDCs.

HSQC slices are shown in the Supporting Information. A total
of 10 RDCs were measured for CH pairs of protonsd{42-25,
H-3, H-5, H-6, H-7, H-&, H-93, H-13a, and H-13b (see Table
2, Dobg. It was not possible to obtain clear RDCs for methylene
C-8. The signals were significantly broad and complex, leading
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B Ludartin, Q= 0.048
0 3,4-B-Epoxy-ludartin, Q = 0.221

0;=—C-3,H-3

07 C-13,H-13a,b
-60 T T T
60 40 -20 O

20 40 60 80 100 120
Dmm [Hz]

FIGURE 10. Comparison of observed{yg versus calculatedai)
RDCs for the structures of ludartirl)( (3,4-0-epoxy configuration)
(black squares) and for the structure of B4poxy-ludartin 2) (white
circles).

For rigid structures, the use of RDCs is straightforward as
long as more than five linearly independent RDCs are available
in order to obtain the best fit with reliable trial structures. In
our case, the matrix order analysis was performed using the
single value decomposition method (SVD) incorporated in the
software MestreSpin (MSpi¥f. The determination of the
stereochemistry of the 3,4-epoxide group using RDCs was
performed based on the best fit of observed RDCs with trial
structures as described by Thi€la her recent review article.
The SVD calculations will lead to the best-fitting alignment
tensor for each input structure irrespective of the trial structures
quality. For each trial structure, RDCs will be estimated from
the calculated alignment tensor and compared with the experi-
mental RDCs. To calculate the RDCs, MSpin uses theHC
bond distances from the input structures. This is one of the
reasons why it is important to generate structures using a good
calculation theory level, such as AM1.

As long as judicious trial structures are used, the best
agreement between calculated and experimental RDCs will
correspond to the correct structure. In our case, on the basis of
other spectroscopic data, we are certain that the correct structure
of ludartin is eitherl or 2.

The experimental RDC values shown in Table 2 were fit to

to ambiguous measurements. The experiment provided RDCthe two structure and2. In addition, the fitting was performed

values ranging from-40 to+100 Hz. This was advantageous
in certain ways since higher values minimized the relative
experimental errors of the RDCs.

permutating the assignment of the diastereotopic protons at C-2.
To validate the structure, MSpin generates the quality fa@tor
proposed by Cornilescu et &l.defined as rmsops — Dcaid/

As discussed above, Figure 5 shows that the geometry of therms Dyps WhereDgps is the measured RDCs aridl,c is the

carbon skeleton in both isomers of ludartingnd?2) is almost

superimposable, with an rms fit error of only 0.039 A. The
relative orientation of the internuclear vectors of all CH bonds
in both isomers is almost identical except for the CH bond
C-3,H-3. According to the theondf, parallel or antiparallel CH

bonds will show the same RDC values since they will adopt
the same relative angle with respect to the magnetic figld B

calculated RDCs for the given trial structure. The best fitting
was observed for the 3d-epoxy isomer 1) as determined
previously by chemical methods, withGaof 0.048 (see Table
2). The 3,48-epoxy isomerZ) showed a large® value of 0.221
(Table 2). A comparison of thBops With the Deaic in Figure 10
clearly shows the deviation in the calculated value for the CH
bonds of H-3, H-5, H-6, H-13a, and H-13b. In an attempt to fit

regardless of the orientation of the molecule. The pseudoaxialthe experimental RDC values to the wrong structure, in this

CH bonds for protons H-5, H-6, H-7, and Hx&howed similar
RDC values in a range of 8198 Hz, in good agreement with

the theory since they adopt a quasi-parallel structural relation-
ship. On the other side, the CH bond of H-3, which adopts an

case the structure &, the SVD calculations will lead to an
alignment tensor tilted with respect to the correct one, leading
to wrong calculated RDCs not only for the C-Bi-3 bond but

orientation quasi-perpendicular to the pseudoaxial bonds, showed (57) cormilescu, G.; Marquardt, J. L.; Ottiger, M.; Bax,AAm. Chem.

a significantly different RDC value (7 Hz).
846 J. Org. Chem.Vol. 73, No. 3, 2008
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120 = (dimethylsiloxane) (PDMS). The presence of the aromatic ring
IAssignment of H-2 protons . L
100 | w Ludartin, Q = 0.048 o as side pendant groups in PS not only creates an unwanted
80] | © Permutated, @ =0.488 induced upfield chemical shift effect but also requires nearly
60.] o 400 ms to be eliminated with . filter. The absence of aromatic
0] oo rings in PMMA and the introduction of an extra methyl group
E 0] in the backbone provide a gel with a clean region suitable for
3 the analysis of aromatic molecules which is also a much less
Q04 flexible gel, compared to cross-linked PS. The background signal
-20 1 @ of the PMMA-based gel can be eliminated+80 ms with a
40 T, filter, and this time is so short that 1o filters are necessary
60| °° in the HSQC experiments. Similar to PS gels, monomer signals
30 40 20 0 20 40 60 80 100 120 are still observed in the PMMA gels, and the swelling time is
D, [Hz] relatively long (15-20 days). The preparation of PDMS, another
° gel compatible with chloroform, is complicated: the cross-
FIGURE 11. Comparison of observe®{J versus calculateda) linking is achieved by irradiation with 10 Mep-rays generated
RDCs for the structure ofl permutating the assignments of the by an industrial electron acceleratér.The PMMA gels
signals corresponding to the diastereotopic protonsitsid H-28. A described in this work are both easy to prepare and affordable.
Zi‘:il"e"‘ss)s'gnmem leads to a big dispersion and a @déactor (white The application of RDCs for the structural analysis of small

molecules in organic solvents is still in a very young stage of
development. Thus far, only small molecules with very well-
also for other bonds in the molecule. It is very impressive how defined stereochemistry have been used to test the application
the RDC analysis can discriminate between two structures thatOf this new NMR technique to show its power to (i) determine
are so similar and only slightly differ in the orientation of the ~the relative orientation of CH bonds (or other internuclear
C-3—H-3 bond (see Figure 10). vectors) regardless of their position in the molecules, (i) to
Another interesting application of RDCs in small molecules 2SSign diastereotopic protons, (iii) differentiate axial from
is the assignment of diastereotopic protons. As discussed above€guatorial protons in chair-like compounds, and (iv) discriminate
in the original publicatiof? describing the isolation and structure ~ €nantiomers in chiral gels or chiral liquid crystal solutions. Much
elucidation of ludartin, none of the diastereotopic protons were iS Yet to be done on the application of RDCs to flexible
assigned (H-2, H-8, and H-9). The assignment of protongH-8 Molecules where multiple conformations are present in solution.
H-88, H-9a, and H-$ was straightforward from th coupling In the literature, particularly in the field of natural products, a
constant analysis. However, because of the ambiguity in the large number of structures are described with unassigned
NOEs and3J coupling constant values shown by the diaste- Stéreochemistry at certain stereocenters due to the limitations
reotopic protons at carbon C-2, their assignment was not possibldMmposed by NOE anél) coupling constant analysis. Nowadays,
by conventional NMR methods. The values of the RDCs for NMR instruments are equipped with standard software that
the CH bonds corresponding to He2nd H-2 were permutated ~ Makes it easy to perform multidimensional NMR experiments.
in the SVD calculations, and the results are shown in Figure The MSpin package includes modules for the calculations of
11. Coincidentally again, the assignments previously reported >J coupling constants, RDCs, and NOEs from 3D structures.
as H-2a and H-28 agree with the assignments found here for ItS usage is straightforward, and it can run on multiple platforms.

H-2a. and H-, respectively. Note the poor fitting with@ = For non-NMR experts, solving the structure using RDCs would
0.488 when the assignments of the H-2 protons are permutated?€ No longer a difficult task.
(Figure 11).

All the above calculations were performed using data Experimental Section
collected from a sample of ludartin that was inside the gel during

_the whole swelling process€0 d_ays). H_owe\_/e_r , ifthe sample methyl methacrylate (MMA, 99%) and ethylene glycol dimethacry-
is not stable for suc_h a Iong period of time, it is recomryend_gd late (EGDMA, 98%) were purified prior to the experiments by
to let the sample diffuse into an already swollen and “equili- yassing the neat liquids through a short column filled with basic
brated” gel. To demonstrate this, about 5 mg of ludarip ( ajumina in order to remove the polymerization inhibitor. A stock
was dissolved in 10@L of CDCIs, and this solution was put  solution containing MMA (50 mL), V-70 (0.015 g), and acetone-
on top of the gel already swollen in the NMR tube. After ds (10 mL) was first prepared. Portions (10 mL) of the stock solution
approximately 3 days, the signals corresponding to ludartin were were added to four vials, and various amounts of cross-linker,
observed in the NMR spectrum of the gel. The proton-coupled EGDMA were added to each of them (10, 25, 80, and AB0n
HSQC experiment showed evidence of alignment, and its profile Vials C, D, E, andF, respectively). The solutions were transferred

was almost identical to that obtained for ludartin that was inside fsoeg‘t': své‘;gise’c‘ggghw"i‘;ﬁrfa:)hee”Egimi‘g(‘e’v\i:/g;“:\?;guigéaf'oing;L‘grt
:22 gilp?)l:)rr[[?[?gt?;g\rlggﬁoiwe”mg process. Data are shown in time and back-filled with nitrogen. The cycle was repeated three

times, and the NMR tubes were inserted in an oil bath atG0
_ The polymerizations were carried out for 4 h, and then the tubes
Conclusions were taken out of the heating bath, the septa were removed, and
. L . the gels were left to dry slowly at ambient conditions. The slow
Cross-linked P,MMA has very good.allgnlng.propertles for drying is essential for the preparation of uniform rod-shaped gels.
small molecules in chlqroform. The gllgnment is scalable and \\jhen vacuum drying was attempted, the gels were deformed and
depends on the cross-link density, similar to other gels. Cross-some of them cracked. When the gels were dry, they shrank and
linked PMMA showed some advantages over other aligning gels could be easily removed from the tubes. Some tubes had to be
compatible with chloroform, such us polystyrene (PS) and poly- broken to take the gels out. The gels prepared using the above

Preparation of Cross-Linked PMMA of Gels. The monomers
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conditions were namedC, D, E, and F. In another set of Acknowledgment. We dedicate this work to our colleague
experiments, the same stock solution as described above wasEmeritus Professor Dr. Aksel A. Bothner-By, a pioneer in the
prepared first. To 50 mL of the stock solution was added EGDMA field of RDCs. We thank NSF (CHE-0130903) for partially
(5 uL). Part of this solution was retained for the synthesis of gel supporting our NMR instrumentation. Dr. Viviana E. Nicotra
A. To 40 mL of the solution containing cross-linker was added an from Cardoba National University (QGooba-Argentina) is
to prepare geB. The polymerization conditions and the handling o pr. Carlos Cobas from Mestrelab Research and Dr. Armando
of the gels were the same as that for the first batch. The molar Nayarro Vaquez (author of MSpin) for letting us evaluate and
percent concentrations of cross-linker in the six gels were 0.0034 use a pre-release version of MSpin to calculate RDCs%nd
(A), 0'01, 6), 0.068 ,C)’ 0.17.0). 0'542, €), and 1j01 £). coupling constants for ludartin. We thank Dr. Michael J. Shapiro
Ludartin. Authentic sample of ludartinlj was reisolated from oy hjs inspirational quote at the 45th ENC, and Dr. Christian
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NMR Experiments. NMR experiments in isotropic CDgI
solutions and in PMMA gels swelled with CD{lvere collected
at 500.13 MHz fortH, 125.77 MHz for'3C, and 76.73 MHz for
2H in a broad band inverse (BBI) probe withonly gradients and
a 2H-TX board to perfornfH and'H 3D gradshimming, anéH
NMR experiments?H 1D, H 1D, H 1D CPMG, COSY, NOESY,
HSQC, and HMBC experiments were collected using standard
NMR software. JO701871G

Supporting Information Available: A brief history of RDCs,
the original data that include all the F2 slices from the HSQC
experiments of ludartin in isotropic and anisotropic media, align-
ment tensor parameters, and the PDB files of the ludartin structures
calculated using AM1. This material is available free of charge
via the Internet at http:/pubs.acs.org.
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