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Abstract

The conformation in solution of monocrotaline, a pyrrolizidine alkaloid pre-

senting an eleven‐membered macrocyclic diester ring, has been investigated

using a combination of isotropic and anisotropic nuclear magnetic resonance

parameters measured in four solvents of different polarity (D2O, DMSO‐d6,

CDCl3, and C6D6). Anisotropic nuclear magnetic resonance parameters were

measured in different alignment media, based on their compatibility with the

solvent of interest: cromoglycate liquid crystal solution was used for D2O,

whereas a poly (methyl methacrylate) polymer gel was chosen for CDCl3 and

C6D6, and a poly (hydroxyethyl methacrylate) gel for DMSO‐d6. Whereas the

pyrrolizidine ring shows an E6 exo‐puckered conformation in all of the sol-

vents, the macrocyclic eleven‐membered ring adopts different populations of

syn‐parallel and anti‐parallel relative orientation of the carbonyl groups

according to the polarity of the solvent.
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1 | INTRODUCTION

A common motif in several pyrrolizidine alkaloids is a
macrocyclic diester structure either eleven‐membered,
as in the case of the monocrotaline alkaloid (1), or
wileyonlinelibrary.com/jou
twelve‐membered as in retrorsine (2; Figure 1). The mac-
rocyclic ring may present two main conformations as
shown in several X‐ray studies.[1] These conformations
can be named anti‐parallel or syn‐parallel after the rela-
tive orientation of the ester carbonyl groups. For instance,
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FIGURE 1 Chemical structures of monocrotaline (1) and

retrorsine (2)
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whereas retrorsine (2) [2] and retrorsine hydrobromide[3]

present an anti‐parallel open conformation in solid state,
monocrotaline (1) presents a syn‐parallel conformation.[4]

However, very little attention has been devoted to the
conformational state of these molecules in solution and,
particularly, the solvent dependency of the conforma-
tional state. Recently, retrorsine (2) has been the target
of several nuclear magnetic resonance (NMR) studies in
aligning media, either as a probe molecule for the evalu-
ation of aligning media[5] or in methodological studies for
the application of residual chemical shift anisotropies
(RCSAs) to structural elucidation.[6–8] The previous resid-
ual dipolar coupling (RDC) analysis by Gil‐Silva et al.
showed that retrorsine preferred in DMSO[5,9] an anti‐
parallel conformation basically superimposable with the
X‐ray structure.[4]

Here, we analyzed the conformational preference of
monocrotaline (1) in solvents of different polarity, using
a combination of isotropic (13C/1H chemical shifts, 3J
scalar couplings) and anisotropic (RDC) experiments.
The results indicate that whereas the pyrrolizidine ring
shows a locked E6 conformation in all solvents, the dies-
ter macrocycle conformation is strongly solvent
dependent.
2 | METHODOLOGY

2.1 | Plant material

Seeds of Crotalaria retusa were collected in Natal, Rio
Grande do Norte, Brazil, in March 2013. They were iden-
tified by MSc. Alan de Araújo Roque, Federal University
of Rio Grande do Norte, and a voucher specimen was
deposited at the Herbarium of the Federal University of
Rio Grande do Norte, Brazil, under the reference number
16083. The authorization for harvesting the plant mate-
rial was given by SISBIO (32749‐2), and the permission
to access the Brazilian genetic patrimony was allowed
by CNPq (010142/2012‐6).
2.2 | Extraction and isolation

The seeds of C. retusa (315 g) were dried in an air circu-
lating oven at 45°C, crushed, and subjected to exhaustive
maceration with 96% ethanol at room temperature. The
crude extract was filtered, dried under reduced pressure,
and solubilized in 10% HCl. The acidic solution (pH =
1) was extracted with CHCl3 (300 ml) to provide Extract
A. The aqueous solution was basified to pH = 9 with con-
centrated NH4OH and extracted with chloroform (300
ml). The chloroform extract was dried over anhydrous
sodium sulfate, filtered, and the solvent was evaporated
under reduced pressure to give Extract B (0.538 g).
Extract B (crude alkaloid fraction) was submitted to
recrystallization with methanol to give monocrotaline (1).
2.3 | NMR experiments

2.3.1 | Experiments in D2O

Isotropic and anisotropic experiments in D2O were car-
ried out in an Agilent 400 MHz spectrometer operating
at 399.7 MHz for 1H, 100.52 MHz for 13C, and 61.3 MHz
for 2H, using a 5‐mm NMR tube. Isotropic and aniso-
tropic samples were prepared as follows: 15 mg of mono-
crotaline, in its free base form, were dissolved in the
disodium cromoglycate/NaCl/D2O liquid crystal align-
ment medium, prepared as described previously.[10] The
amount of disodium cromoglycate was adjusted to obtain
a fully anisotropic phase in the desired range of tempera-
tures. Anisotropic and isotropic conditions were obtained
by placing the temperature of the sample just below (23°
C) and above (28°C), respectively, of the liquid crystal
clearing point, as monitored by the 2H splitting of the
D2O signal. A 90 Hz deuterium quadrupolar splitting
was observed in the anisotropic phase. One‐bond
proton‐carbon (1DCH) RDCs in the disodium
cromoglycate medium were determined by measuring
the total splittings (1TCH) at temperatures in the aniso-
tropic and isotropic conditions through a standard F2‐
coupled heteronuclear single quantum correlation
(HSQC) experiment with adiabatic carbon pulses. Spec-
tral widths of 10 kHz in F2 and 4 kHz in F1, 194 (t1) ×
1,000 (t2) complex data points, and eight scans were
employed. Proton‐proton 3JHH vicinal couplings were
measured from a 1H spectrum of monocrotaline dissolved
in pure D2O recorded in a 600 MHz Avance III
spectrometer.
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2.3.2 | Experiments in CDCl3, DMSO‐d6,
and C6D6

These experiments were performed in a Bruker Avance
III 500 NMR spectrometer operating at 500.13 MHz for
1H, 125.77 for 13C, and 76.77 MHz for 2H at 300 K, in a
5‐mm NMR tube. For these analyses, solutions of 5.3, 2,
and 1 mg of monocrotaline in 0.5 ml of CDCl3,
DMSO‐d6, and C6D6, respectively, were prepared. Com-
pressible poly (methyl methacrylate; PMMA) gels[11] were
let to swell in CDCl3 and C6D6 solutions, whereas a poly
(hydroxyethyl methacrylate; poly‐HEMA)[5] was
employed for DMSO‐d6. The degrees of alignment were
evaluated through 2H quadrupolar splitting from the deu-
terated solvent signal. The 2H spectra were recorded with
a spectral width of 767.8 Hz and 4,096 complex data
points and a single transient.

For the recording of the 1DCH RDCs, 1TCH splittings
were acquired using either standard F2‐coupled HSQC
experiments with adiabatic carbon pulses (spectral width
of 3 kHz in F2 and 16 kHz in F1, 256 (t1) × 1,024 (t2)
complex data points, relaxation delay of 1 s, eight scans)
or bilinear rotation decoupling‐filtered J‐resolved HSQC
spectra (spectral width of 3.5 kHz in F2 and 500 Hz in
F1, 256 (t1) × 799 (t2) complex data points, relaxation
delay of 1 s, eight scans) for the isotropic (relaxed gel)
and anisotropic (compressed gel) conditions. F1‐coupled
spectra were acquired with at least eight transients. Spec-
tra were apodized with a cosine‐squared window function
and zero‐filled in both dimensions.

1D (1H and 13C) and 2D (COSY, NOESY, HSQC, and
HMBC) experiments were carried out in all solvents to
guarantee correct assignment of the 1H and 13C signals.
Spectra were processed and analyzed using MestreNova
software (see supporting information).

All the reagents used were of analytical grade.
2.4 | Molecular modelling

The conformational space of monocrotaline (1) was
explored at the Merck Molecular Force Field 94
(MMFF94)[12] level of theory using the Monte Carlo Mul-
tiple Minimum algorithm[13] as implemented in
MacroModel. [14] Structures were kept in a window of
21 kJ/mol. MMFF94 structures were then refined at the
M062X[15]/6 − 31 + G** level of theory using the Gauss-
ian09 “ultrafine” pruned grid. M062X/6 − 31 + G** opti-
mizations were carried out IEFPCM[16] implicit solvation
with either chloroform or water parameters. Chemical
shielding tensors were then computed at the GIAO//
PBE0[17]/6 − 311 + G** level on the M062X geometries
using the Gaussian09 software package.[18]
2.5 | NMR data analysis

For analysis of the conformation, we employed the
recently described multiparametric CASE‐3D
approach.[19,20] This method is based on the selection of
statically parsimonious conformational models through
the Akaike Information Criterion (AIC), [21] defined as
AIC = χ2+2(n − 1), where n is the number of populations
in a certain combination of conformers chosen from the
whole density functional theory (DFT) set of conforma-
tions[19,22–24]. χ2 is defined as the sum of scaled quadratic
residuals for the measured RDCs;

χ2 ¼ ∑
Dexp
i −Dcalc

i

σD

� �2

;

where Dexp
i and Dcalc

i represent experimental and back‐
calculated 1DCH RDCs. The σD terms represent the esti-
mated uncertainty for the different type of parameters.
Following previous work,[20] this term was set to 1.2 Hz.
CASE‐3D fittings were performed using the C++
StereoFitter module. [25]
3 | RESULTS AND DISCUSSION

The conformational space of monocrotaline (1) was ini-
tially explored at the molecular mechanics level, using
the MMFF94 force field. Geometries in the obtained con-
formational ensembles were then refined at the DFT
M062X/6‐31 + G** level, using implicit solvation with
either chloroform or water parameters. Nearly, identical
structures and close relative energies were obtained for
the two ensembles; hence, all NMR fitting computations
were performed just using the CHCl3 computed ensem-
ble. In water, pyrrolizidine alkaloids are weak bases with
a reported pKa of 7.08 for monocrotaline.[26] Therefore,
modelling of the free base also directly applies to our
observed NMR data in pure D2O or cromoglycate
solutions.
3.1 | Conformation of the pyrrolizidine
ring

Examination of the DFT ensemble shows several possible
conformations of the pyrrolizidine B ring. They can be
classified[27] as exo‐puckered (E6;

5T6) or the endo‐
puckered (E5;

6T5) and (E7;
6T7). Computations show a

clear preference for the E6 form, whereas E5 and E7 type
conformations appear 2.4 and 3.5 kcal/mol energetically
higher than E6 (see supporting information). The E6 form
is the conformation reported in the X‐ray structural
analysis.[1]
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Our experimental data completely agree with the
M062X computations and strongly indicate a preference
for the E6 exo‐puckered mode in solution (Table 1). When
looking at the 3JHH couplings of H7 with H8, H6a and
H6b, very different patterns should be expected for the
three families of conformations. According to Haasnoot‐
Altona equation[28] predictions,[29] three small‐medium
couplings of ca. 2.0 to 5.0 Hz to H7 should be expected
for E6‐like conformations, whereas the E5 conformation
should show three couplings of ~8.0 Hz. Finally, one
large (~10 Hz) and two medium size (~6 Hz) should be
observed for an E7 conformation. Noteworthy, the first
pattern clearly better matches the coupling pattern of
H7 found in all the solvents employed in this study
(Table 2).

Analysis of the 13C NMR data also strongly supports
the preference for an E6 conformation of the B pyrrolizi-
dine ring. 13C isotropic shieldings were computed at the
GIAO//PBE0/6‐311 + G**//M062X/6‐31 + G** level
using chloroform parameters. The shieldings were trans-
formed into shifts by computing isotropic shifts for the
cyclohexanone molecule and using reported shifts for
the cyclohexanone C4 carbon as a reference. The
FIGURE 2 Histogram with computed C5 and C6 13C chemical

shifts (ppm) for the E6, E5 and E7 (blue, red, and green,

respectively) families of conformations. Experimental shifts in

CDCl3 are marked as thing black lines

TABLE 1 Relative energy and structural data for the four lowest ene

Conformer
Rel. energy (kcal/mol)
(CHCl3/H2O)

Dipole moment
(Debyes)

Rela
carb

#10 0/0 3.44

#1 1.4/1.0 5.68

#6 1.5/1.3 4.06

#2 2.0/1.7 5.22
computed shifts for carbons C5 and C6 of monocrotaline
in all the conformations were grouped in a histogram
(Figure 2). Inspection of this histogram reveals three dif-
ferent shift patterns corresponding to the three families
of conformers, as can be seen in Figure 2, which clearly
indicates that E6 conformers have shieldings centered
around ~33 and ~54 ppm. These values perfectly match
the observed shifts for these carbons in all studied sol-
vents (Table 3).
3.2 | Macrocycle conformation

Conformations of the eleven‐membered ring in monocro-
taline (1) can be roughly classified as syn or anti families,
according to the relative disposition of the carbonyl
groups C11 and C15. Nevertheless, structural variation
can be found inside these two families, as reflected in dif-
ferent (C11‐C10‐O9‐C1) Ψ1 and C15‐O16‐C7‐H7 Ψ2 dihe-
dral angles (Table 1). The M062X computations prefer an
anti‐parallel disposition (#10, Figure 3, and Table 1) of
the two C¼O bonds as well as showing an axial‐equato-
rial‐equatorial (ax‐eq‐eq) pattern of the Me12′‐Me13′‐
Me14′ methyl groups. A weak hydrogen bond (d = 2.13
Å, α = 101°) between the OH at position C13 and the car-
bonyl group at C11 can be observed in this form. The sec-
ond ranked conformation #1 (1.0 kcal/mol over in the
D2O ensemble) presents a syn arrangement and an
eq‐ax‐eq pattern (Figure 3 and Table 1). Another anti
form (#6) with a eq‐ax‐eq pattern is placed 1.3 kcal/mol
above. Finally, a second syn form (#2), where the two car-
bonyl groups rotate in order to be placed nearly perpen-
dicular to the plane of the molecule, is placed 1.7
kcal/mol above.

RDCs, and particularly one‐bond proton‐carbon 1DCH

RDCs, are an excellent probe of the conformation of het-
erocyclic rings because they easily probe the orientation
of the C―H bonds, or methyl groups, with respect to
the plane of the ring.[30–32] 1DCH RDCs were recorded
for the different solvents employed here, using a variety
of alignment media. Measurements in anisotropic condi-
tions were performed in order to analyze the conforma-
tion in different solvents. Table 4 shows the RDC values
obtained for monocrotaline for each solvents.
rgy DFT structures of monocrotaline

tive orientation of
onyl groups

Pyrrolizidine ring
conformation Ψ1 Ψ2

anti E6 81 52

syn E6 −99 43

anti E6 71 45

syn E6 −162 −20



TABLE 2 1H NMR chemical shift, δ (ppm), and J‐coupling (Hz) for monocrotaline (1) in different solvents

Atom Solvent

D2O DMSO‐d6 CDCl3 C6D6

δ 1H JHH δ 1H JHH δ 1H JHH δ 1H JHH

2 6.04 q 6.04 q (broad) 6.06 s 5.51 s
J = 2.0 J = 1.9

3b 3.72 dd 3.41 ddd 3.57 dd 3.13 dd
J = 16.8; 2.0 J = 16.3;5.7;1.7 J = 15.5;3.7 J = 16.0; 5.8

3a 3.41 ddd 3.74 ddt 4.14 d 3.66 ddt
J = 16.8; 5.3; 2.0 J = 16.3 3.6 1.7 J = 15.5 J = 16.0; 3.7;1.7

5b 2.56 dt 2.55 td 2.74 td 2.38 ddd
J = 10.0; 8.0 J = 9.7;5.6 J = 10.6;5.8 J = 11.7;9.0;5.6

5a 3.04 ddd 2.99 m 2.48 m 2.97 ddd
J = 10.0; 9.0; 4.5 J = 8.7; 7.4;1.5

6b 1.94 m 1.81 m 2.18 m 1.76 dddd
J = 13.6;11.7;7.3; 4.6

6a 1.94 m 1.93 ddt 2.18 m 1.96 ddt
J = 13.6; 5.5;1.7J = 12.8, 6.0, 3.2

7 5.00 dt 4.97 td 5.15 t (broad) 4.91 td
J = 5.5;2.8 J = 3.8 J = 4.8; 1.4J = 5.7; 3.6

8 4.32 ddd 4.26 m 4.65 m (broad) 4.01 m
J = 5.7; 5.3; 2.0

9b 4.52 d 4.42 d 4.71 d 4.21 ddd
J = 11.8 J = 11.4 J = 12.0 J = 11.8; 1.8; 0.9

9a 4.80 d 4.56 d 4.89 d 4.45 d
J = 11.4 J = 12.0 J = 11.8J = 11.8

12′ 1.37 s 1.30 s 1.45 s 1.46 s

13′ 1.26 s 1.18 s 1.35 s 1.52 s

14 2.97 q 2.98 q 2.82 7.2 2.72 q
J = 7.1 J = 7.3 J = 7.0

14′ 1.09 d 1.07 d 1.22 d 1.23 d
J = 7.0J = 7.1 J = 7.3 J = 7.2

DE MELO SOUSA ET AL. 5
3.3 | Conformational analysis

3.3.1 | Water

1DCH RDCs in water were recorded using the
cromoglycate/brine alignment medium.[10] Here, we
exploited the low temperature clearing point of the
phase[10] to record the data, using a single sample. Isotro-
pic 1JCH values were obtained by heating up the sample
up to 28oC, whereas the total 1TCH splittings were
recorded at 23oC where the anisotropic phase was fully
formed, as evidenced by a quadrupolar deuterium split-
ting of 90 Hz in the 1D 2H spectrum. The data were col-
lected acquiring a HSQC spectrum coupled in F2. All
1DCH RDCs were measured except for the two methylene
protons at C5 likely due to excessive proton‐proton
splittings. In order to correctly assign the diastereotopic
protons, the assignments of protons H3a/H3b and
H9a/H9b were permuted during the fitting of RDCs
values to structures. (see supporting information). The
best fit was obtained for permutation #1, which provided
an AIC value of 12.6 (Table S1 from supporting informa-
tion), for a model consisting of a 69% from the conforma-
tion # 1 and 31% from the conformation #4. Both
conformations have a syn‐parallel conformation.
3.3.2 | DMSO

Going down in polarity, the second solvent analyzed
was DMSO (dielectric constant of 46.7). For this study,
we used a compressible poly‐HEMA[5] as alignment



TABLE 3 13C NMR chemical shifts (ppm) for monocrotaline (1)

in different solvents

Atom Solvent

D2O DMSO‐d6 CDCl3 C6D6

1 132.6 133.2 132.4 133.8

2 133.7 134.8 133.2 134.4

3 60.9 60.8 60.6 62.1

5 53.8 52.8 53.8 54.2

6 33.7 32.4 33.7 34.2

7 74.7 74.1 74.3 75.7

8 76.9 76.6 77.3 77.5

9 60.4 58.4 60.2 60.7

11 173.6 173.7 173.7 174.0

12 78.9 78.3 79.1 79.3

12′ 22.1 21.9 22.3 22.4

13 76.7 75.2 76.8 77.5

13′ 17.9 17.6 18.0 18.3

14 44.4 41.8 44.4 45.3

14′ 13.8 13.7 13.9 14.2

15 173.9 174.6 173.9 174.3

TABLE 4 Experimental RDCs values (Hz) of monocrotaline (1)

in different solvents

Atoms Solvent

D2O (ΔνQ
= 90 Hz)

DMSO‐d6
(ΔνQ = 7 Hz)

CDCl3 (ΔνQ
= 22 Hz)

C6D6 (ΔνQ
= 30 Hz)

C2–H2 4.70 17.4 −6.26 −7.25*

C3–H3a −19.30 −15.6 −(a) 0.29*

C3–H3b 16.98 −(a) −(a)

C5–H5a (a) −12.8* 4.78 0.07*

C5–H5b (a) (a)

C6–H6a −12.80 −7.0 * −6.69* −2.07*

C6–H6b − (a)

C7–H7 26.00 3.8 −7.57 −15.07*

C8–H8 −0.11 −18.5 −18.67 −19.55*

C9–H9a 20.49 0.5 5.96 −4.07*

C9–H9b 3.69 24.5 −18.74

C12′–
H12′
(CH3)

−0.70 −0.1 −2.45 −0.34*

C13′–
H13′
(CH3)

−6.11 −1.0 2.14 −0.08*

C14–H14 17.11 9.5 −7.15 −6.51*

C14′–
H14′
(CH3)

−1.94 −4.93 −5.91 3.40*

Note.

*values extracted from the HSQC experiment coupled in F1. (a) very weak
signal.
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medium. In this medium, we could obtain up to 12
RDCs. Two different values for the diastereotopic pro-
tons H9a/H9b were measured in F2‐coupled HSQC
experiments, resulting in two possible data sets. The
best data fit, AIC 7.12, for a conformation population
ensemble of #1 (61%) and #2 (39%; Table S2 from
supporting information). As in the case of water, both
conformations belong to the syn‐parallel family.
3.3.3 | Chloroform

The third solvent studied was chloroform, which has a
dielectric constant of 4.81. In this case, a compressible
PMMA gel was employed as aligning medium.[11] It was
FIGURE 3 Four lowest energy M062X structures of monocrotaline
possible to measure 11 different RDC values in an F2‐
coupled HSQC experiment. Four possible data sets are
generated from diasterotopics protons H5a/H5b and
H9a/H9b. The smallest AIC value was 3.68 obtained for
a conformation ensemble of 25% of conformation #4
and 75% of conformation # 9, with syn‐parallel and
anti‐parallel conformation, respectively (Table S3 in the
supporting information).
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3.3.4 | Benzene

The last medium studied was benzene, which with a
dielectric constant of 2.27 is the least polar solvent in this
study. This is the first time compressible PMMA gels
swollen in benzene were employed as aligning medium.
The best fit provided the following conformational popu-
lation: 21% of conformer #9, 22% of conformer #10, 11%
of conformer #12, 37% of conformer #13, and 9% of con-
former #17 (Table S4 in the supporting information). All
these conformers share an anti‐parallel motif in the mac-
rocyclic ring.

The increasing population of the anti conformer when
decreasing the polarity of the solvent could be explained
in simple terms by the change in relative orientation of
C¼O bond dipoles when going from syn to anti form.
Computed DFT dipoles are more than one Debye smaller
in the anti form, as can be seen in Table 1. The role of the
change in dipolar moment could play a predominant role
in the position equilibrium, because strong intermolecu-
lar hydrogen bonds seem not to be present in this system
according to the computed DFT geometries.

Again, RDCs demonstrated to be a useful tool for prob-
ing the solvent dependence of the conformational space
of organic compounds, as also recently shown by Martin
and coworkers[33] in their analysis of sucrose conforma-
tion[34,35] as well as by Farley et al. in cyclic peptide sys-
tems. [32]
4 | CONCLUSIONS

Analysis of isotropic and anisotropic NMR data of mono-
crotaline (1) shows that the conformation of the pyrrolizi-
dine ring is barely influenced by the solvent, being locked
in an exo‐puckered E6‐like conformation. However, the
conformation of the eleven‐membered macrocycle is
strongly dependent on the type of solvent due to the dif-
ferent polarity of the syn‐parallel and anti‐parallel confor-
mations. Highly polar solvents, such as water or DMSO,
favor the more polar syn conformations (See dipole
moments in Table 1) as could be expected. The conforma-
tional analyses, based on anisotropic RDC data, show that
in water or DMSO, the experimental data can be
explained in terms of just syn‐parallel conformations.
However, in CDCl3, a mixed model consisting of a 25%
of conformations syn‐parallel and 75% of conformations
anti‐parallel is necessary to explain the observed RDCs.
Finally, the data obtained by benzene are best fitted by
just using anti‐parallel conformations. It is clear, there-
fore, that conformation of pyrrolizidine diester alkaloids
can be switched by modifying the polarity of the solvent.
Noteworthy, for the first time, compressible PMMA gels
swollen in benzene have been applied for the measure-
ment of RDCs.
ACKNOWLEDGEMENTS

The authors thank Centro de Tecnologias Estratégicas do
Nordeste (CETENE) for allocation of computer time.
ANV thanks CNPq for a research fellowship. FH thanks
the Alexander von Humboldt Foundation. CMMS also
thanks CAPES for an IFPE‐PROPESQ fellowship (06/
2017 call). NMR instrumentation at Carnegie Mellon
University was partially supported by the NSF (CHE‐
0130903, CHE‐1039870 and CHE‐1726525). CG thanks
the Max Planck Society for support. This study was
financed in part by the Coordenação de Aperfeiçoamento
de Pessoal de Nível Superior‐Brasil (CAPES)‐Finance
Code 001 CAPES/PIPC (88881.207630/2018‐01); FACEPE
(APQ‐0507‐1.06/15) and CNPq (4712092011‐2).
ORCID

Armando Navarro‐Vázquez https://orcid.org/0000-0003-
4364-516X
Fernando Hallwass https://orcid.org/0000-0002-8304-
1427
REFERENCES

[1] M. F. Grundon, D. J. Robins, in The Alkaloids, Royal Society of
Chemistry, Cambridge 1982 54.

[2] P. C. Coleman, E. D. Coucorakis, J. A. Pretorius, S. Afr. J.
Chem. 1980, 33, 116.

[3] H. S. Evans, Acta Crystallogr. B 1979, 35, 2798.

[4] H. S. Evans, Acta Crystallogr. B 1979, 35, 231.

[5] L. F. Gil Silva, R. Santamaría‐Fernández, A. Navarro‐Vázquez,
R. R. Gil, Chem. A Eur. J. 2016, 22, 472.

[6] N. Nath, M. Schmidt, R. R. Gil, R. T. Williamson, G. E. Martin,
A. Navarro‐Vázquez, C. Griesinger, Y. Liu, J. Am. Chem. Soc.
2016, 138, 9548.

[7] Y. Liu, R. D. Cohen, G. E. Martin, R. T. Williamson, J. Magn.
Reson. 2018, 291, 63.

[8] Y. Liu, A. Navarro‐Vázquez, R. R. Gil, C. Griesinger, G. E. Mar-
tin, R. T. Williamson, Nat. Protoc. 2019, 14, 217.

[9] R. Santamaría‐Fernández, Constantes De Acoplamiento en La
Determinación Estructural De Compuestos Orgánicos Y
Biopolímeros. Software Y Experimentación, PhD thesis,
Universidade de Santiago de 2016.

[10] E. Troche‐Pesqueira, M.‐M. Cid, A. Navarro‐Vázquez, Org.
Biomol. Chem. 2014, 12, 1957.

[11] C. Gayathri, N. V. Tsarevsky, R. R. Gil, Chem. A Eur. J. 2010,
16, 3622.

[12] T. A. Halgren, J. Comput. Chem. 1996, 17, 490.



8 DE MELO SOUSA ET AL.
[13] G. Chang, W. C. Guida, W. C. Still, J. Am. Chem. Soc. 1989, 111,
4379.

[14] MacroModel Schrodinger release 2017‐3; Schrodinger LLC:
New York.

[15] Y. Zhao, D. G. Truhlar, Theor. Chem. Acc. 2008, 120, 215.

[16] J. Tomasi, B. Mennucci, R. Cammi, Chem. Rev. 2005, 105, 2999.

[17] C. Adamo, V. Barone, Chem. Phys. Lett. 1998, 298, 113.

[18] M. J. Frisch etal., Gaussian 09, Revision A.02, Gaussian, Inc.,
Wallingford CT 2016.

[19] E. Troche‐Pesqueira, C. Anklin, R. R. Gil, A. Navarro‐Vázquez,
Angew. Chem. Int. Ed. 2017, 56, 3660.

[20] A. Navarro‐Vázquez, R. R. Gil, K. Blinov, J. Nat. Prod. 2018, 81,
203.

[21] H. Akaike, IEEE Trans. Autom Contr. 1974, 19, 716.

[22] M. Erdélyi, E. d'Auvergne, A. Navarro‐Vázquez, A. Leonov, C.
Griesinger, Chem. Eur. J. 2011, 17, 9368.

[23] C. S. Lancefield, M. Z. Slawin, N. J. Westwood, T. Lebl, Magn.
Reson. Chem. 2015, 53, 467.

[24] S. Immel, M. Köck, M. Reggelin, Chirality 2019, 31, 384.

[25] A. Navarro‐Vázquez, StereoFitter 1.0, MestReLab Research S.L.

[26] C. Culvendor, R. E. Willette, Aust. J. Chem. 1966, 19, 885.

[27] IUPAC‐IUB Joint Commission on Biochemical Nomenclature
(JCBN). Eur. J. Biochem. 1980, 111, 295.

[28] C. A. G. Haasnoot, F. A. A. M. de Leeuw, C. Altona, Tetrahe-
dron 1980, 36, 2783.

[29] A. Navarro‐Vázquez, R. Santamaría‐Fernández, F. Javier
Sardina, Magn. Reson. Chem. 2018, 56, 505.

[30] J. Yan, A. D. Kline, H. Mo, M. J. Shapiro, E. R. Zartler, J. Org.
Chem. 2003, 68, 1786.
[31] C. Gayathri, M. C. de la Fuente, B. Luy, R. R. Gil, A. Navarro‐
Vázquez, Chem. Commun. 2010, 46, 5879.

[32] K. A. Farley, Y. Che, A. Navarro‐Vázquez, C. Limberakis, D.
Anderson, J. Yan, M. Shapiro, V. Shanmugasundaram, R. R.
Gil, J. Org. Chem. 2019, 84, 4803.

[33] I. E. Ndukwe, X. Wang, I. Pelczer, M. Reibarkh, R. T.
Williamson, Y. Liu, G. E. Martin, Chem. Commun. 2019, 55,
4327.

[34] R. M. Venable, F. Delaglio, S. E. Norris, D. I. Freedberg,
Carbohydr. Res. 2005, 340, 863.

[35] J. Xia, D. A. Case, Biopolymers 2012, 97, 276.
SUPPORTING INFORMATION

Additional supporting information may be found online
in the Supporting Information section at the end of the
article.
How to cite this article: de Melo Sousa CM,
Giordani RB, de Almeida WAM, et al. Effect of the
solvent on the conformation of monocrotaline as
determined by isotropic and anisotropic nuclear
magnetic resonance parameters.Magn Reson Chem.
2019, 1–8. https://doi.org/10.1002/mrc.4968


