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ABSTRACT:

Determination of the 3D structure (configuration and preferred conformation) of complex natural
and synthetic organic molecules is a long-standing but still challenging task for chemists, with
various implications in pharmaceutical sciences whether or not these substances have specific
bioactivities. NMR in aligning media, either lyotropic liquid erystals (LLC) or polymer gels, in
combination with molecular modelling is a unique framework to solve complex structural
problems whose analytical wealth lies in the establishment of non-local structural correlations. As
an alternative to already well-established anisotropic NMR parameters, such as RDCs (residual
dipolar couplings) and RCSAs (residual chemical” shift anisotropies), it is shown here that
deuterium residual quadrupolar couplings (*H-RQCs).can be extracted from *H 2D-NMR spectra
recorded at natural abundance level in samples oriented in a homopolypeptide LLC (PBLG). These
*H-RQCs were successfully used to‘address non-trivial structural problems in organic molecules.
The performance and scope of this new tool is examined for two natural chiral compounds of
pharmaceutical interest (strychnine and artemisinin). This is the first report in which the 3D
structure/relative configuration. of complex bioactive molecules is unambiguously determined
using only “H-RQCs, being in this-case at “H natural abundance.
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INTRODUCTION

Structure elucidation, including configurational/conformational analysis of complex mole-cules of
natural or synthetic origin is a fascinating domains of molecular sciences, but also an indispensable
“investigation game” for chemists, thus offering a unique way to reveal the originality, the
complexity and wealth of molecular structures in Nature.' Concomitantly, this knowledge and the
numerous associated implications (spatial structure, conformational dynamics, binding-site
geometry, etc.) are crucial in the analysis of molecular bioactivity.®’ Exploring new opportunities
and promoting pioneering alternatives to existing tools while expending the arsenal of analytical
possibilities deserves therefore a very special attention.

The determination of relative configuration in organic compounds is still a challenging problem
since single crystal X-ray diffraction spectroscopy is inh many cases-not applicable due to the studied
compound failing to produce suitable crystals for analysisi~Since powder X-ray™’ diffraction
analysis, or the very promising molecular sponge'® methods still present important technical issues,
liquid-state NMR spectroscopy'' assisted by molecular modeling, becomes the technique of choice
for probing molecular geometry. Classically, the problem of obtaining internuclear distances and
bond angles is addressed through the analysis of nuclear Overhauser effect (NOE) experiments' >
as well as the determination of homonuclear *J('"H-"H) and/or heteronuclear 'J('H-">C) scalar
couplings.'*'"> New developments in quantitative-NOE methods'® or DFT prediction of chemical
shifts/scalar couplings'”" further enhance the power of these approaches. However, assignment of
relative configuration can still be a challenging problem when stereogenic centers are remotely
located in the molecule, and hence magnetically disconnected.” The advent of NMR in weakly
aligning media (chiral or not) allowed made it possible to overcome these hurdles by recovering a
small fraction of the orientational (tensorial) information inherent to NMR observables, and
therefore establishing angular restrictions on the relative orientation of the associated tensors.”

Most of the existing examples, some of them involving difficult structural problems, are based on
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the use of one-bond proton-carbon residual dipolar couplings ((*C-'H)-RDC), noted also as
"Dy These key heteronuclear dipolar data can be also soundly combined with: (i) long-range

2 . 23-25 /.- . 22,25 ;- 21,22,26,27
“Dey constant analysis,” ™ (ii) NOE constraints,”*" (iii) *Juy data,*'**

or (iv) even powder X-
ray diffraction analysis.” Moreover, information on relative orientation of non-protonated carbons
can be obtained through the use of the "*C residual chemical shift anisotropy (?C-RCSA).**
Although "*C-RCSAs are much more technically demanding to measure with enough accuracy than

RDCs (in particular when very weakly oriented media are used) the associated experimental

protocol is somewhat simplified as only'*C-{'"H} 1D NMR spectra need to be measured.>*

(b) o
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17a (B)\\:

23a (p)
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Figure 1. (a) Molecular structures of strychnine (1) and artemisinin (2) along with atomic labels and the
corresponding R/S descriptors indicating their absolute configurations: 7R, 85, 12§, 13R, 14R, 16S and 1S,
4R, 58, 6R, 7S, 10R, 11R, respectively. (b) DFT-optimized 3D structures labeling the o/f (a/b) positions
of diastereotopic protons/deuterons.

Residual quadrupolar coupling (RQC) is another important anisotropic NMR parameter that

has barely paved its avenue into the structure elucidation field.” RQCs are only detectable for

nuclei with spin quantum number / > %5.
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The lightest quadrupolar atom is deuterium (*H) with a nuclear spin of 7 = 1 and present in any
organic molecule at a natural abundance of ~1.55 X 107 % (V-SMOW value) relative to proton.

Deuterium possesses a small quadrupolar coupling constant (*H-QCC), Cq, which makes the
T»(*H) relaxation times long enough to obtain isotropic or anisotropic “H spectra with narrow
linewidths.>> At first glance, the notably low sensitivity of the technique (relative receptivity
'HH is 1.7 x 10°: 1) caused by the low natural abundance of deuterium (NAD) and its poor
magnetogyric ratio ({'u)/ (¥(n) = 6.515) appears as primary drawbacks.**** However, in.modern
NMR instruments operating at high magnetic fields and equipped with. modern electronics and,

424 it is possible.to. collect.1D NAD-{'H} spectra

particularly, cryogenically cooled “H probes,
(and even 2D) for samples at moderate concentrations (~10* - 10° mol with MW ~ 200-400),
leading to a wide range of analytical applications.*** In terms of structural elucidation purposes,
NAD-{'H} NMR in anisotropic media provides nearly equivalent structural information as the one
obtained from 'Dcy couplings.® However, “H-RQCs present important inherent advantages, but
also some drawbacks, with respect t6 ' Dcp-based methods. On the pro list, the values of “H-RQCs
are larger than (°C-'H)-RDCs by nearly one order (sometimes two) of magnitude, dramatically
improving the obtainable accuracy in the determination of the molecular alignment tensor.”
Interestingly as “H={'"H} NMR spectra can be recorded at the natural abundance level, no isotopic

. : -42
enrichment is necessary.3 |

Moreover, because all monodeuterated isotopomers for a given
molecule form independent dilute “H-spin systems, anisotropic NAD (denoted herein ANAD)
measurements are not affected by all the cumbersome strong 'H-'H coupling effects that
frequently hamper accurate determination of ' D¢y couplings in CH, groups. ***

Disregarding the obvious problem with sensitivity, NAD NMR determination also has some
additional disadvantages: first, the experimental determination of the sign of the RQCs is not

straightforward since there is no isotropic component involved in the *H splittings (AVQ(ZH)),

measured in ANAD spectra, contrarily to the case of *C-RCSAs (Ao(*C)) or the *C-"H total
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spin-spin coupling 'Tew, (‘Ten = "Jen + 2'Den), from which the sign of RCSAs or RDCs can be
experimentally determined with accuracy.”® In fact, this problem can be solved by roughly
determining the 'Dcy values on the same sample (compared to 'Jey values), the sign of AVQ(ZH)
being opposite to the one corresponding of the 'Dey coupling of the same bond (*C-'H and "C-
’H internuclear vectors are collinear) with the ratio [AVQ(ZH)]/ ['Denl varying between -11 and -12
(Figure SI-2), as previously described in literature.”® Also, the overlapping and interweaving of
spectral lines in 1D experiments can make it difficult if not impossible to extract the different
residual dipolar or quadrupolar couplings, so it is necessary to resort to 2D .experiments for
measuring that data, usually 'H-">C HSQC type spectra ("*C-'H)-RDCs and QUOSY type 2D
experiments for “H-RQCs.”**"** Once the magnitude of *H-RQCs and their signs are determined,
the protocol for relative configuration determination is basically identical to that applied to the
analysis of RDCs.*>™

For each particular configuration an ensemble of conformations is generated through standard
procedures.”® *° Depending on the particular structure, DFT refinement of molecular geometries
can then be applied, if desired; to the ensemble. For each optimized geometry, the electric field
gradient tensors at the nuclei positions are computed at the DFT level. Although the difference of
*H-QCC values between nuclei aftached to carbons of the same hybridization are small, it is
advisable to compute the electric field gradient (EFG) tensor for each particular conformation in
order to-have a more gereral procedure that could potentially handle all kind of situations.” Note
however that in the presence of prostereogenic centers, methylene protons (or deuterons) become
diastereotopic, giving rise to two different NMR observables. To avoid the need for methylene
diastereotopic site assignment, the SVD fitting procedure was performed using the average “H-
RQC value for each pair of diastereotopic deuterons in methylene groups. This is a well-known

protocol successfully used to fit RDCs, which avoids the difficult assignment step.”*>



We will show here that it is possible to use NAD 2D NMR in polypeptide LLC to record a
sufficiently large set of accurate “H-RQCs, which allows determination of not only the relative
configuration (stereogenic centers) of complex chiral organic molecules but also the assignment
of their prostereogenic methylene directions (a,f3). As a proof of concept, we have chosen two
complex, chiral, polycyclic natural products (Figure 1). The first is strychnine (1), an alkaloid-

56-61 the

type poison but a “beloved” model compound for NMR spectroscopists over decades,
second one is artemisinin (2), an antimalarial drug used against Plasmodium falciparum

malaria.””*** Throughout this work we will apply the MSpin-RQC computational protocol

recently described (Figures SI-1 and SI-2).35

RESULTS AND DISCUSSION

Detection of °’H-Quadrupolar Doublets (QDs). The analyzed chiral compounds possess several
stereogenic centers and therefore non-equivalent diastereotopic positions associated with each
prochiral methylene group (6 for 1 and 4 for 2)..Here, the number of theoretically expected QDs
to be observed in NAD NMR experiments is 22 and 16 for 1 and 2, respectively. A typical

1 .
3951 recorded in the

example of a tilted/symmetrized NAD 2D map (Q-resolved-type)
PBLG/CHCI; system where analyte and solvent NAD signals do not interfere is shown in Figure
2b (artemisinin/(2)). For this particular example, the magnitude of *H-RQCs varies in a range of
40-760 Hz, but values up to 1 kHz were measured for strychnine 1. While the mass fractions of
polymer used are standard for PBLG LLC samples (10—15 w/w%), the “H-RQC values measured
for these complex structures are globally larger than for smaller rigid molecules, no doubt due to
a slower molecular dynamic potentially originating from stronger interactions with the
polypeptide fibers.***’

Experimentally, we were able to detect and exploit 20 (/22) and 15 (/16) QDs for 1 and 2,

respectively; and their associated “H-RQCs (with sign) for the structure elucidation. The absence
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of QDs for sites Hy and H3(, in 1 and Hs(, in 2 (Table SI-1 and SI-4), while the associated 'H
signals are observed in their corresponding 'H 1D-NMR spectra in liquid phases can be explained
as follows: (1) the most probable reason is an important deuterium depletion effect (associated
with a low “H/'H isotopic ratio), leading to a drastic reduction of the QD intensity for a given
site; this effect is associated with site-specific isotope fractionation observed in natural

47 (i) excessive “H-line broadening due’to short “H

compounds (enzymatic synthesis);
transversal relaxation times (T, ) caused by the higher viscosity of the PBLG medium compared
to isotropic solutions; (iii) a recycling delay (Tr) of NAD 2D experiments too short leading to
loss of magnetization for “H sites exhibiting exceptionally long T, values (less probable). The
worst-case scenario arises when the first effect combines with ii) or iii). Recording ANAD 1D/2D
spectra with larger analyte amounts or at higher magnetic fields could be an option to improve the
detection of these QDs. However, the lack” of some *H-RQCs does not pre-empt the

accomplishment of the structural analysis, if a sufficient number of anisotropic data is still

experimentally available.

Strychnine. To evaluate the potential of the analytical contributions of ANAD NMR to the
structural analysis of natural products, we first investigated strychnine (1) (Figure 1a). This
heptacyclic structure (six stereogenic carbon atoms and six prochiral CH, groups) has been used
as “model” molecule over decades and has been investigated either by theoretical approaches,’’

. . . . 2 . .
R%%% a5 well as in oriented media using RDCS,SO’5 859 or RCSAs, 930 as anisotropic

isotropic NM
data. Residual dipolar couplings (‘Dcy) for 1 were recorded in PBLG and PELG polypeptide.”™*

The analysis of the NAD 2D-NMR spectrum of 1 recorded in PBLG/CHCI; (Figure 2a) leads
to the confident assignment of 20 QDs out of a total of 22, and thereby 20 signed “H-RQCs
(Table SI-1) for spectral data. In a first step, these data were used as input for the MSpin-RQC
program, along with the MMFF94 force-field computed geometries and DFT-determined EFG

tensors® for all different relative configurations (see also the Experimental Section). To simplify
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Figure 2. a and b) NAD-{'H} O-resolved Fz 2D experiments (tilted and then symmetrized maps) of 1
and 2 recorded in PBLG/CHC]; phase, along with their *H quadrupolar doublet assignments according to
the DFT (MSpin-RQC) atom labels (Figure 1). *H chemical shifts (in ppm) and *H-RQCs (in Hz) of each
QD can be directly read from the F, and F axes, respectively. NAD signal of chloroform is not shown on
the map of 2. Larger maps are shown in the Supporting Information.

the naming of each diastereoisomer, the stereochemical descriptors (R/S) were used after the
configuration of carbons C-7, C-8, C-12, C-13, C-14-and C16; the cotrect absolute configuration
of strychnine (1) is 7R, 8S, 128, 13R, 14R, 16S (Figure 1a), consequently labeled as RSSRRS.

As mentioned above, in a first step allowing to circumvent the necessity of the assignment of
two deuterons of methylenes,™ the corresponding RQC values were averaged during the
fitting.”*>> From the conformational search, only two diastereoisomers were identified with more
than one conformer within an energy window of 5 kcal/mol (RSSRRS and RSRRSR). However,
for these two configurations, only the lowest energy conformers were used in the fitting process
because their ‘populations were energetically favored on more than 99%. The SVD fitting
procedure using the RQC average value for the diastereotopic deuterons yielded an excellent
degree of discrimination for the correct structure of 1 (7R, 8S, 125, 13R, 14R, 16S) with a
Cornilescu’s quality Q factor of 0.061 (see Supporting Information for the Q definition). The
second-best Q value (0.118) corresponds to the relative configuration 7R, 85, 12R, 13R, 14R, 16S.
All other configurations lead to significantly higher Q values (Table SI-3).

Table 1 lists all ordering-related parameters obtained from the experimental “H-RQCs of 1,

along with the SVD condition number and quality factor, . The configuration obtained by the



RQC protocol is fully consistent with previous reports of 1 using RDCs™* and RCSAs™ as
anisotropic data, as well as with X-ray structure’’, consequently validating the suitability and the
robustness of the ANAD-NMR methodology.

Although the low Q factor obtained for 1 indicates a good fit and validates the most probable
molecular configuration, the quality of fit between the experimental “H-RQC (RQC*?") and
computed back-calculated “H-RQCs (RQC ") can be also visually evaluated fromthe correlation
plot (Figure SI-6). Given the complexity of these structures and the amount of deuterium
information, it is not expected that all back-calculated H-NMR based information (*H-RQC*"?)
values fall within the experimental errors (Table SI-2). In particular, several (combined) effects
can lead to the largest of R.D.s, such as structural noise from geometry optimizations, complex
vibrational effects, DFT calculations of EFG’s, etc.)..Howeyver, as the final goal is to select the
correct configuration, only the magnitude of the quality factor O (global scoring) must be regarded
as the key structure selection criterium.

One of the principal criteria of using*H anisotropic data over 'Dcy is its higher accuracy. Due
not only to “H-RQCs being neatly one order of magnitude higher than the corresponding (13C-1H)-

RDCs (IDCH), but also to the fact that each deuterium isotopomer furnishes a pure-shift “H

spectrum (the isotropic NAD-{lH} 1D spectrum or the F’, projection of the ANAD-{]H} tilted Q-

resolved Fz 2D experiment). This circumvents problems with strong coupling in methylene
groups.”’ Once the correct structure is selected, the diastereotopic deuterons can be
straightforwardly assigned in in MSpin-RQC. The program is instructed to perform the fitting to
all of the possible combinations of permuted assignments for each prochiral methylene group. The
number of possible combinations is equal to 2V, when N is the number of prochiral methylene
groups. Strychnine has six prochiral methylene groups, hence a total 64 combinations of permuted

assignments were used to find the correct assignment. This combination number drops to 16 (four
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prochiral methylene groups) for artemisinin. The correct assignment for strychnine (1), as reported
in the literature, yielded the lowest Q factor of 0.061.

Finally, all the above fitting procedures were repeated using the correct configuration structure
(7R, 8S, 128, 13R, 14R, 16S), but with a DFT-optimized geometry. Using permutations, a Q =
0.078 was obtained, while a Q = 0.044 was observed when the average value of RQCs for
diastereotopic sites was used. Remarkably, the correlation plot (RQC™ vs. RQC™") for this
structure clearly shows the quality of the fit (Figures SI-7).

As can be seen, no significant differences in Q factors were observed between molecular

mechanics and DFT-optimized structure geometries.

Strychnine (1) Artemisinin (2)

Figure 3. Displaying of principal axis system (A, A,-, A,;) of the diagonalized alignment tensor, the
inertia tensor axes, (I, I-, I,) and the Saupe tensor surface representation (pink and yellow surfaces
indicate positive and negative ‘H-RQCs, respectively) of 1 and 2 oriented in PBLG/CHCl,.

Artemisinin. This is a very interesting tetracyclic compound due to its rare peroxide bridge,
combined with seven stereogenic carbon positions and four prochiral CH, groups (Figure 1).
Artemisinin (2) was recently aligned in compressed PMMA/CDCI, gels and 'D.; RDCs were
reported.”” However, using only RDCs, a unique solution for the relative configuration problem
was not found as two diastereoisomers showed similar quality factors, Q.” In this second example,

we reduced the amount of analyte to 50 mg, namely a molar concentration for each
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monodeuterated isotopomer of about 35 umol.I". The analysis of the ANAD 2D-NMR spectrum
of 2 recorded in PBLG/CHCI; leads to the unambiguous extraction of 15 signed RQCs out of 16
possible sites (Figure 2b and Table SI-4). As shown in Figure 1b, the correct absolute
configuration of 2 is 1§, 4R, 55, 6R, 7S, 10R, 11R, simplified here as SRSRSRR.

The same data analysis protocol used for strychnine was applied for artemisinin. The single
tensor procedure was applied to handle those configurations presenting more than one
conformation by fitting them in MSpin-RQC, along with alignment tensor components.” Fitting
the RQC data using the average values for the diastereotopic deuterons to all the possible relative
configurations of 2, a lowest Q factor of 0.064 was obtained for the relative configuration
SRSRSRR (Table SI-6). The second-best score (Q = 0.103) was obtained for the relative
configuration RRSRRSR, showing a clear discrimination of the correct-structure.

Same as for the case of strychnine, the four methylenes of artemisinin lead to 16 possibilities
for the assignment of the diastereotopic protons. Fitting all possible combinations of permuted
assignment of diastereotopic deuterons leads to unambiguous assignment of the methylenic
positions but one, the methylené at C-9. Sites 9a and 9b showed very similar *H-RQC values of -
436 and -448 Hz, and the Q factors for the best fittings were 0.043 and 0.045. H-9a and H-9b can
unambiguously assigned be based on the value of the vicinal coupling constants with H-10.
Finally, all the above fitting procedures were repeated using the correct configuration structure
(SRSRSRR) but with a geometry optimized by DFT. Using permutations, Q factors of 0.017 and
0.018 (ambiguous solutions for CH,-9) were obtained, while a O = 0.011 was observed when the
average RQCs for the diastereotopic site was used. In this case, significant differences in absolute
O factors were observed between molecular mechanics and DFT-optimized structure geometries.
Same as for 1, this quality of the fit is also confirmed by the excellent alignment of points on the
ideal correlation plot (Figure SI-12), as well as the small relative average of R.D. values (< 4 %).

Table 1 lists all ordering-related parameters obtained from the experimental “H-RQCs of 2.
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Table 1. Order-based molecular data extracted from ANAD 2D NMR

Parameters

Q factor

Alignment tensor in the DFT
molecular frame (x10%)

Coordinates of alignment tensor
eigenvectors (x10)

Eigenvalues of Saupe order matrix
and alignment tensor (x10*) |

SVD condition number

Axial component (x107)
Rhombic component (x10~)
GDO (x103)

Alignment tensor in the DFT
molecular frame from RDC(3C-
"H)s (x10*) @

Inter-tensor 6 angle between
RDC(*C-'H)- and RQC(H)-based
alignment tensors, Agg_ , ,

Natural products

Strychnine (1)

Artemisinin (2)

0.078

[+7.195,+11.25,-3.591]
[+11.25,+22.98, +7.606]
[-3.591, +7.606, -30.175]

e[x’] = (+0.887,-0.419, -0.194)
ely’] = (+0.441, +0.893, +0.088)
e[z’] = (+0.137,-0.163, +0.977)

S.= +4.009 A, =+2.673
Sy = +4391 Ap=+29.27
S, = -4791 A, = -3194
1.887
-4.791
-2.660
6421

[+5.928,44.987,-1.161]
[ +4.987,49:655,+3.729]
[-1.161,+43.729, -15.58]

10°

0.018

[+11.65,+7.853,+5.060]
[+7.853,+7.509, +6.665]
[+5.060, +6.665,-19.159]

e[x’] = (+0.642,-0.761, -0.088)
ely’] = (+0.760, +0.617, +0.206)

e[z’] =(-0.103, -0.199, +0.975)

S.=+2.479 A =+1.652
Sgr=+29.11 Ay =+19.41
=-31.59 A, = 2106

6.669
-3.159
-1.775

4.246

[ +10.10, +5.228, +5.130]
[ +5.228,4+8.908, +7.570]
[ +5.130,+47.570,-19.01]

7.7°

2 Factor of quality, Q, according to Cornilescu’s definition (see SI). ' Alignment tensor, {Aa,;}, calculated from the “H-RQC dataset
(data in Tables SI-1 and SI-4 and expressed in the DFT molecular frame). These order parameters were generated from the fitting of
all the assigned *H-RQCs values to the structure geometries optimized by DFT calculations. ! Coordinates of the alignment tensor

eigenvectors. ¥

Eigenvalues of| the diagonalized Saupe order matrix, Sa,ﬂ,=x,‘y_,z,, and the alignment tensors, Aa,ﬂ,=x,'y,_z,. le

Generalized degree of order.”" " Alignment tensor calculated from the (‘*C-H)-RDC dataset and geometries optimized by DFT
calculations. '¥'In an ideal situation, & angle should be equal to zero.

Comparison between the 2H-RQC- and (BC-IH)-RDC-based Alignments. A validation of

orientational ordering parameters obtained from experimental

determining the inter-tensor angle between the alignment tensor, A

RQCs and (13C-1H)-RDCS. This 6 angle was calculated from Eq. 1.

RQC
Zaﬁ xyzA J ARﬁDC

6 = arccos

\/Zaﬁ xyz

\/leﬁ —xy.z ARDC

2H-RQCs is possible by

. 2
aB=x,y,z» derived from “H-

ey
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In an ideal situation, the 6 angle should be equal to zero. Here the small difference measured
originates (Table 1) from the fact that experimental RDC("’C-'H) listed in tables of Supporting
Information are approximate values (not determined by CLIP-CLAP HSQC 2D spectra, for

instance).

Correlation between Inertia and Alignment. To more deeply understand the. alignment
mechanisms of those solutes in the LLC phase, we displayed a representation in.3D space of the
principal axes system for the alignment tensor, the inertia tensor as well as a valued-surface
representation of the Saupe tensor. Figure 3 shows these graphical tools for compounds 1 and 2.
It is worth noting the rather strong correlation between the eigenvectors of the inertia tensor of
the diagonalized Saupe order matrix (S, S, S.)), again showing the principally steric nature of

molecular alignment of both analytes in the PBLG phases.

CONCLUSION AND PROSPECTS

Complementary to information provided by isotropic NMR, the nature of anisotropic NMR data
provides, through molecular alignment, a direct spatial view of complex molecular structures as
already shown in the case of ("’C-'"H-)-RDCs and/or *C-RCSA analysis. The use of natural
abundance “H-RQCs for the structural analysis of natural products is in a very young stage of its
development, but no doubt it.should be seen as a promising alternative to RDCs, or even as a
change of paradigm in the domain of the elucidation of complex structures. Compared to
anisotfopic 'H or ~C NMR, the sensitivity of anisotropic NAD NMR is very low. However,
considering the analytical benefits associated with the use of RQCs, this low sensitivity should
not be considered as a prohibiting factor. The advent of very high magnetic field NMR
instruments, the new generations of hardware and cryogenic probes, make possible the access to
this new tool. This has been proven in this work where for the first time the relative configuration,
including diastereotopic assignments, of complex natural products has been performed with the

only use of NAD NMR. Although providing similar structural information to 'Dcy, the technique
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provides important advantages as NAD can be considered a pure-shift technique devoid of
undesired strong coupling effects. As any new technology being developed, it is a matter of time
to see anisotropic the NAD NMR approach available in a routine manner in the future, with the

577 or new chiral LLCs.”

advent of innovative acquisition methods,

There is no doubt that this new work paves the way for promising future studies. Thus,
although doubling the experimental NMR time, the collection of *H-RQCs at two different
degrees of alignment by varying temperature or slightly diluting the sample, would also allow the
determination of their signs. Around the same idea, the use of an algorithm able to explore all
combinations of experimental data (RQC and sign) for a given ensemble of structures appears to
be a possible strategy to simplify the analysis of data. A.l.-based programs could be a dramatic
option.”

Finally, as a new further frontier, NAD 2D.NMR of small molecules self-aligned in strong

magnetic fields, as demonstrated recently by Griesinger and co-workers,” seems to be the next

promising challenge.

EXPERIMENTAL SECTION

Oriented Samples. Analytes 1 (C;H,,N,0,, MW = 334 4 g/mol) and 2 (C;H,,0;, MW = 282.3
g/mol and the polypeptide (PBLG) were purchased from Sigma-Aldrich, and were used without
further purification. The mole quantity of each analyte was 0.21 mmol (70 mg), 0.17 mmol (50
mg), respectively. Chloroform-based polypeptide LLC samples (1 and 2) were prepared with 90
mg of PBLG and 600 mg of CHCI,. The MW of PBLG was 162 900 g/mol (DP = 743). Here, the
mass percentage of PBLG is about 12 % for the two samples. From the point of view of ANAD
NMR, polypeptide LLCs are well adapted for their ability to dissolve a large amount of high-MW
analytes before losing their alignment properties.

Practical aspects for preparing oriented samples (fire-sealed, high-precision 5-mm NMR

tubes) have been previously reported and will not be repeated here.*'** As with any orienting
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environment, the minimization of orientational inhomogeneities of solute is crucial to ensure the
highest possible resolution of anisotropic NAD spectra (FWHM < 3-5 Hz), and to a maximized
signal-to-noise ratio, SNR.

Note here that attempts to measure H-RQCs in compressed alignment gels compatible with
chloroform (PMMA) and DMSO (poly-HEMA )’ failed due to strong polymer background signal
of ’H NMR at natural abundance, and limited volume inside the gel (~300uL) to-dissolve large

amounts of analyte. E.g., Artemisinin precipitated inside the HEMA (DMSO) gel.

NMR Spectroscopy. Assignment of isotropic 'H and "“C resonances-has been. performed using
classical '"H-'H COSY (@14.1 T) as well as "C-'"H HSQC and."“’C-'H"HMBC (@9.4 T) 2D
spectra in combination, when available, with data from:the literature,**%° Anisotropic NAD
QUOSY 2D spectra (here the Q-resolved Fz 2D sequence) were recorded at 14.1 T (92.1 MHz
for ’H) on a Bruker Avance II spectrometer equipped with a 5-mm o.d. selective cryogenic
probe. This pure-absorption in-phase 2D sequence allows refocusing of d(*H)s during the
indirect dimension ¢, resulting in an advantageous reduction of the spectral window, F|,
compared to F, (and thus a decrease in the number of increments).”’5 ' All 2H-'H scalar and
dipolar couplings were removed by WALTZ-16 CPD sequence. Sample temperature was
controlled with a-stability of + 0.1 K. The recycling delay and the number of points of the 2D
matrix (7, 7)) and scans (< 200) per #, increments of Q-resolved Fz 2D experiments (values are
givenin the Supporting Information) were optimized to record spectra within 20-23 hours using
the 2D. Adapted exponential filtering (LB = 4 to 8 Hz) and zero-filling to 4k(z,) x 4k(¢,) were

applied prior to the two-dimensional Fourier transform. When necessary, further experimental
details are given in the figure captions. 'Dc.y values listed in Tables of the Supporting
Information were determined as the difference 'Dey = (‘T -'Jey)/2. Ty and 'Joy; values were
extracted from the anisotropic and isotropic proton-coupled “C 1D NMR and J/T-resolved 2D

spectra, respectively.
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Computational Methodology. All possible relative configurations for chiral substances 1 and 2
were generated using the LigPrep program (Schrodinger, LLC). For each configuration a
conformational search was performed at the MMFF94 level using the Monte Carlo multiple
minimum algorithm as implemented in the Macro Model program (Schrédinger, LLC).”> EFG
tensors were computed by single point B3LYP/6-31G* computations on the MMFF94 structures.
Alignment tensors were then computed for each conformational ensemble using the MSpin-RQC
program as previously described.’>”® For those configurations having more than one populated
conformation the single tensor approximation.”*” was employed. EFG tensors'were Boltzmann

averaged by using the computed B3LYP SCF energies at a temperature of 298.15 K.
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