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Molecular dynamics with orientational constraints (MDOC) simulations use NMR parameters as tensorial
constraints in the stereochemical analysis of small molecules. *>C—3!P Residual dipolar couplings-aided
MDOC simulations of small phosphorus molecules determined the relative configurations of rigid
molecules after including 3JH_H—couplings as additional constraints. However, flexible molecules remain
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Introduction

Compounds with the stereogenic centre on a phosphorus atom
(e.g., Josiphos ligands') are essential in coordination chemistry
and stereoselective catalysis. However, P-chiral compounds are
often difficult to synthesize stereoselectively, and classical
synthesis yields a mixture of isomers which may be difficult
to separate.”® To determine phosphorus stereochemistry
(configuration and conformation), several advanced NMR
methods can be used, such as residual dipolar coupling (RDC)
analysis.*™®

The RDC analysis enables to assign the relative configu-
ration of small to medium sized molecules,”*' but some
problems arise upon high molecular flexibility'>™** or lack of
"H-">C RDC values.

Previously,'® we have studied model phosphorus-based com-
pounds by *C-*'P RDC analysis, with the phosphorus atom
incorporated into a cycle to suppress molecular flexibility.
However, we were unable to unambiguously determine
the relative configuration using the P-based RDC analysis of
low-energy conformers. These low-energy structures probably
do not reflect the actual structures present in the anisotropic
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environment of RDC experiments. To create a new population
of conformers in the alignment medium needed for RDC
analysis, we applied molecular docking.'”*®

Molecular docking ultimately improved our ability to deter-
mine the relative configuration of mildly flexible molecules, but
not highly flexible molecules.'® Nevertheless, this issue may be
solved using a recently developed method: molecular dynamics
with orientational constraints (MDOC).>°"2*

MDOC generates trajectories comprising a multitude of
conformers using dipolar-coupling tensors (or other NMR
interaction tensors) for each 'H-'*C or C-*'P coupling.
To reach the time scale of NMR experiments in molecular
dynamics simulations, MDOC applies tensorial constraints that
rotate molecules and their mobile groups, thus making it
possible to heat up the rotational degrees of freedom. More-
over, we can adjust equilibria between rotamers using scalar
constraints, such as J-couplings and NOE distances.

MDOC has been recently applied to the structural elucida-
tion and diastereomer discrimination of several small and
flexible molecules, such as cellobiose** and oidiolactone B,*!
and of molecules with multiple rotamers, such as sagittamide
A.*® However, a recent MDOC study** has highlighted two
major issues that must be considered in stereochemical analy-
sis: (i) stiff molecules, e.g., strychnine, actually have several
conformers in solution, and (ii) transient structures, mainly
controlled by the entropy term TAS of free energy, also con-
tribute to conformer distribution.

In this study, we applied MDOC to model phosphorus-
containing compounds (Fig. 1) with various degrees of mole-
cular flexibility, as indicated by the nConf,, parameter. This
parameter can be used for quantification of molecular
flexibility®® (calculation details are provided in the ESIt). The
descriptor is the count of conformers of a molecule with
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Fig. 1 Structures of the studied compounds and their flexibility

parameters.

energies between the lowest energy conformer and the selected
relative energy threshold and presents consequently the num-
ber of energetically accessible conformations.

In this work, we implemented *'P NMR parameters (RDCs
and J-couplings) in MDOC analysis, showing that these
data may facilitate stereochemical analysis of phosphorus
compounds.

Computational methods
MDOC simulations

To perform MDOC simulation, pseudo-energy terms are added
to the energy expression of the COSMOS-NMR force field E**.?°
The pseudo-energies contain expressions depending on the
differences between calculated and experimental dipolar ten-
sors D or other scalar NMR parameters such as NOE distances
(denoted by R) and vicinal * couplings (the different values are
denoted by the indices «, [, m).

S SO CAE

+ R kr (RCd|C ky

> _ R?xp)z + (JCdlC Jexp)

m

The first pseudo-energy term is the tensorial pseudo-energy
that sums up all 9 components of the dipolar tensors («, f run
from 1 to 3). The other two terms are scalar terms that influence
structures and equilibria of conformers. The force constants k
or weights of the different terms are given in Table S11 (ESIT).
From the force-field energies, we have to calculate derivatives
with respect to the coordinates of the atoms and from these
forces the velocities of the equations of motion are calculated.
The forces derived of the scalar terms, as distance and *J terms,
act on inner coordinates like distances and torsion angles. But
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not the forces of the tensorial dipolar terms.

3
0
F.fij = ks(AD) Y (D — Djj;’A)—a Dior
2f
0 theo, 0 0 local
DI = | Tyy——To + Toy=—Tyy | DO
o, o W oy T o, M| P

The equation above represents the derivatives of the calcu-
lated dipolar tensor D of atom A with respect to the Cartesian
coordinates x,. Since the NMR tensors depend on the orienta-
tion of the molecules within the external magnetic field trans-
formation matrices T are introduced that transform the tensors
from their local molecular coordinate system to the global
laboratory system. The forces calculated from the transforma-
tion matrices T induce motions and reorientations of the
molecule and parts of them (for more details and the scaling
factor s(AD) see Sternberg et al.).”®

What happens if no tensorial constraints from RDCs are
available and only scalar constraints such as *J couplings are
extracted? The score for the *J couplings will be only slightly
worse than in the simulation with RDC tensors (n/y” = 1.0 <
1.4) but all RDC values are far away from the error bounds
(n/y* = 1.3 x 10~°). The motional average in the molecular
dynamics does not take place without tensorial forces but the
measured RDC values are motional mean values. On the other
hand, it is possible to predict *J couplings from MDOC simula-
tions with only RDC constraints as it was used for assignment
of prochiral hydrogen atoms H1A and H1B (Fig. 6).

As in traditional MD simulations, the temperature is con-
trolled by a thermostat program (see Table S10, ESIt). This is
always necessary in MDOC simulations because the tensorial
pseudo-forces produce heat. All dipolar tensors and other
NMR parameters have to be averaged with proceeding MD
simulation. The tensorial pseudo-forces are at the begin of
the simulation very large since no motional average was
reached. Therefore, these pseudo-forces are gradually switched
on so that their full action is reached after approximately 1 ns.
Therefore, the total duration of the MDOC simulation should
be much longer than 1 ns. Most parameters of the simulation
were tested in former investigations, but the weight and width
parameters k of the pseudo forces should be adjusted in
preliminary simulations (see Table S11, ESI¥).

The calculation of the dipolar tensors and NOE distances is
straightforward®® but for the ?J, the Altona equations®’
used.

were

Scoring calculations against experiments

The final result of an MDOC simulation was obtained by an
average of the calculated RDC or *J couplings over the trajectory
represented by 2000 (or more) data and coordinate snapshots.
The values were far from an equilibrium state since in the
beginning of the simulation and thus the first nano second of
the simulation was skipped.
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The quality of MDOC simulations can be deduced using the
n/y” parameter:
n calc
2 _ 49 —4i )2
-3 (")

”RDC 'NOE ics

_ 7RPC) Z 7NOE) +Z ) Z 4 )2

i=1 i=1

In this equation, the e? denotes the errors of the experimental
properties, and a quality parameter 7/;> higher than one means
that the calculated quantities ¢°®'° are on average within the
experimental error ranges e?. When calculating the ;> para-
meter, we considered two types of data - RDC and > couplings.
For a good simulation, all, or at least most, summands in eqn 1
should be lower than 1.0. Under these conditions, the calcu-
lated values are within the experimental error limits, and n/y> is
higher than one.

The n/y? value is an absolute measure of how accurately a set
of calculated values represents an experiment. For comparing
several datasets, a probability has been developed based on the
product probabilities of deviations between calculated and
experimental values. The y-probability has been recently devel-
oped to incorporate several types of data (RDCs and * cou-
plings in this study) into a consistent tool.>® The formalism of
the y-probability was developed on the same basis as the well
established Bayesian measure DP4 developed by Smith and
Goodman®® as stereochemical score using chemical shifts.
The y-probability differs from DP4 in the following points:
(i) instead of chemical shift differences, absolute y-values are
used, and (ii) the normal distribution is used for defining the
probability that a calculated value differs from the experiment
under consideration of the individual error. The y-probability is
more useful than DP4 because the error is considered, and
different properties can be contracted into one score.

Conformational analysis of pyrrolidine ring

The conformers of the five-membered rings were investigated
using the phase angle P, as introduced by Altona and
Sundaralingam.?® The torsion angles ¢, to ¢, are defined as
follows. The phase angle P was calculated for all snapshots of
an MDOC simulation omitting the first nano second.

@: C2—C3-C4-C5
@;:C3—-C4-C5—-N
®,:C4-C5-N-C2
@3:C5-N-C2-C3

&, N-C2-C3-C4

(2 + ¢4) — (1 + ¢3)

tan P = p -
an 26, (sin 36 + sin 72)

Results and discussion
MDOC analysis of 1

Diastereomers of 1 were prepared as described in our previous
study and the absolute configuration was determined by X-ray
diffraction.”® In the present investigation, a 40 ns MDOC
simulation was performed for both stereoisomers with the data
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sets 1A and 1B (for the parameters of the simulation see the
ESIY).

For both datasets, 1A and 1B, the quality factors®® n/y>
(details in the section “Computational methods”) were low,
reaching 0.1 and 0.2, respectively, due to the relatively small
BC-"'P couplings and narrow error ranges. Because these
quality factor values prevented us from assigning the relative
configuration, we calculated the y-probability*® (Table $10,
ESIT) and assigned dataset 1A as 1-SR by 90%, in line with X-ray
data.'® However, the 1-RR configuration was still unclear. As in
our previous studies,"®"® we were unable to identify the relative
configuration using only RDC data (Table S10, ESIt). For this
reason, we included j-couplings in MDOC simulations. J-
Couplings are valuable parameters, especially for stereogenic
centres, but we failed to experimentally assign the /i y-
couplings of the diastereotopic hydrogens H1A (pro-S) and
H1B (pro-R) to H2 (see Fig. 6). Therefore, we performed pre-
liminary MDOC simulations, but instead of using the 3 -
couplings as additional constraints, we calculated them as
the mean value of 2000 snapshots of the MDOC trajectory.
With these computed values, we assigned *Jy_y-couplings
(Table S13, ESI¥).

In the final MDOC simulation, using >/y_y-couplings as
additional scalar constraints, we reached 96 and 97% y-
probability of assigning 1-SR and 1-RR to datasets 1A and 1B,
respectively (Fig. 2).

Encouraged by these results, we investigated conformational
equilibria from the 2000 snapshots of the trajectories. From
MDOC trajectories of the torsion angles of 1-SR, we derived the
populations of individual conformers. The conformations of
the five-membered rings were investigated using the phase
angle P, as introduced by Altona and Sundaralingam.?® The
maximum of the distribution was at P =208°, and most (98.4%)
P values belonged to the South conformation. In this simula-
tion, we identified another five-membered ring conformation
separated from the major conformations by a minimum.
However, this North conformation accounted for only 1.6% of
occurrences (see Fig. 3). Inspecting the torsion of the (02-C1-
C2-N) angle of the adjacent five-membered ring (see Fig. 3) we
observe a small —gauche contribution of about 6% additionally
to the major +gauche conformation, with a maximum P at 28°

M 1skR W 1RR
100
0.2 80—
xR
o < r
= > 60—
< = L
£ 2
E 2 a0
3 o1f g a0-
=
20—
0 0
DatasetlA DatasetlB DatasetlA DatasetlB DatasetlA DatasetlB DatasetlA DatasetlB
RDC RDC RDC+'J RDC+S RDC RDC RDC+J RDC+S

Data for simulation

Fig. 2 Statistical analysis of NMR data calculated from MDOC trajectories
of L.
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Fig. 3 Distribution of torsion angles of 1-SR as derived from a MDOC
trajectory. The conformation of the adjacent five-membered ring is
analysed using the pseudo-rotation cycle (panel A). The conformers of
the five-membered rings containing the phosphorous atom are displayed
using the rotation about the C1-C2 bond (torsion (02-C1-C2-N), panel
B). The (N-P-C1’-C2’) torsion (panel C) indicates that the rotation of the
phenyl group is not restricted (for details, see Table 1).

(Fig. 3). The two adjacent ring systems preform a coupled
motion.

The dihedral distributions of 1-RR were like those of 1-SR
(Fig. 3), but the maximum of the (02-C1-C2-N) distribution
was at 20° (+gauche in 96%). And while we also observed two
conformers of the five-membered rings, the contribution of the
second conformer was minimal (for details see Table 1). The
maximum of the pseudo-rotational angle of the more populated
conformation (98.2%) was at P = 168°. As with 1-SR, the phenyl
rotation was not restricted.

MDOC analysis of 2

Diastereomers of 2 were prepared as described in our previous
study.'® However, crystallization always caused ring opening
leading to loss of the stereogenic centre on the phosphorus
atom, therefore, absolute configuration was not determined.
For this reason, we worked with both NMR datasets 2A and 2B.

Table 1 Data assignment to the relative configuration and conformer
analysis of compounds 1 to 3

Five-membered ring pseudo-rot. angle

Major contrib. Minor contrib.

Comp. y-Probab

(Fig. 1) Data [%] Max [] Area[%] Max[’] Area[%]
1-SR 1A 96 208 98 68 2

1-RR 1B 97 168 95 36 5

2-RR 2A 72 168 95 36 5

2-RS 2B 85 50 92 178 8

3-RR 3A 46 — — —
3-SR 3B 89 — — — —
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The MDOC analysis of 2 showed that the quality n/y> of the RDC
data was as low as in the analysis of 1, so we calculated 3 -
couplings based on a preliminary MDOC simulation to assign
the measured couplings to the pro-chiral hydrogens on carbon
C1-H1A (pro-S) and H1B (pro-R) (see Fig. 6). These *J;_y; proved
to be essential for the chiral assignment since they connect the
chiral centre C2 (R or S) to the prochiral hydrogen atoms. In
this process, “Ji_y-couplings proved essential for dataset
assignment from the final MDOC simulation (Table S17, ESIY).
The y-probability indicated an 85 and 72% probability of
assigning 2-RS and 2-RR to datasets 2B (Fig. 4, red bars) and
2A (Fig. 4, blue bars), respectively, improving our previous low-
energy-conformer'® and molecular-docking™® results, with only
unilateral diastereomeric discrimination for 2-SR. Once again,
we derived conformer occurrence and populations from MDOC
trajectories of the torsion angles. In 2-RR, we observed two
conformers of the five-membered ring: one major component
(94.7%) with a maximum of 168° and one minor component
(5.3%, Fig. 5A in red) with a maximum of 36°. The torsion of the
(02-C1-C2-N) angle was 90% in (—) gauche conformation with
a maximum at —22° (Fig. 5). As in the case of compound 1 the
pseudo-rotations of the two adjacent five-membered ring systems
were coordinated. The most dynamic region of both isomers of 2
was the (P-O1-C1’) bridge. The rotation around the P-O1 bond
was not restricted, but the rotation around the O1-C1’ bond
displayed two broad maxima at approximately +100° and —100°.
The angles around 0° were strongly avoided (Fig. 5).

The distribution of P of 2-RS had two components: a major
component (92.3%) with a maximum at 50° and a minor
component (7.7%) with a maximum at 178°. The dihedral
distributions of the 2-RS structure mirrored those of 2-RR
(Table 1), but the torsion of the (02-C1-C2-N) angle peaked
at 30° ((+)gauche in 96%). When comparing 1-RR and 2-RR (see
Table 1), we observed that different substituents on the phos-
phorus had a negligible influence on the ring conformations,
but the change in configuration from 2-RR to 2-RS considerably
affected the five-membered ring conformation.

MDOC analysis of 3

Menthol derivative 3 was prepared and separated as described
in ESL{ The structure was determined by NMR spectroscopy,

B 2rR B 28RS
100

0.2 80+ -
®
- <
{; z 60 B
< =
E) ]
S 01k 8 L i
g o1 2 4
=

20— -

0 0
Dataset2A Dataset2B Dataset2A Dataset2B Dataset2A Dataset2B Dataset2A Dataset2B
RDC RDC RDC+/  RDC+J RDC RDC RDC+/  RDC+Y

Data for simulation

Fig. 4 Statistical analysis of NMR data calculated from MDOC trajectories
of 2.
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Fig. 5 Distribution of torsion angles of 2-RR calculated from the MDOC

trajectory. The conformation of the adjacent five-membered ring is
analysed using the pseudo-rotation cycle (panel A) (for details, see
Table 1). The conformers of the P-containing five-membered rings is
displayed using the rotation about the C1-C2 bond (torsion (02-C1l-
C2-N), panel B) and the chlorophenyl residue is linked to the phosphorous
over an oxygen bridge. The (N-P-0O1-C1’) torsion (panel C) indicates that
the rotation is not restricted but the rotation about the (P-O1-C1'-C2’)
bond displays two minima (panel D).

the NMR signal assignment of two datasets 3A and 3B is in
ESI.¥ However, the absolute configuration was not assigned by
XRD because compound 3 did not crystallize. For compounds
3-SR and 3-RR, we performed MDOC simulations using three
datasets, namely 3A, 3B and 3A-ex. Dataset 3A-ex was intro-
duced to solve the uncertainty in the assignment of the *J;;_y-
couplings. In dataset 3A-ex, the 3]H,H-couplin;:;{s of the CH;
protons of the groups C7-CH; to H7 were interchanged in
relation to dataset 3A. The data quality of MDOC simulations
of compounds 3 (Fig. 7) was nearly perfect. All RDCs were
calculated within the experimental error limit, except P-C1
RDC (Tables S19 and S20, ESIt). This P-C1 RDC is essential
to determine the configuration on the phosphorus atom
because it reflects the interaction of the chiral phosphorus
centre (R or S) with C1(R) of the menthol residue.

Fig. 7 displays the y-probability of the two structures 3-RR
(blue) and 3-SR (red) with the three datasets (3A, 3B and 3A-ex).
With a 79.6% probability, we can assign dataset 3B to configu-
ration 3-SR. However, the assignment to the other datasets,
3A and 3A-ex, is inconclusive, mainly due to the outlier of the
P-C1 RDCs (Tables S19 and S20, ESIT). The y-probability did
not allow a final assignment. Only a preliminary assignment
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o8

Fig. 6 Typical conformers of the compounds 1-SR (A) and 2-RR (B). The
most abundant conformers are selected according to the maxima of the
phase angle P and maxima of the torsion distributions in the Fig. 3 and 5.
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3 100
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Dataset3B Dataset3Aex

Data for simulation

Fig. 7 Statistical analysis of NMR data calculated from MDOC trajectories
of 3.

was performed due to the P-C1 RDC outlier: dataset 3B was
assigned to the structure 3-SR, but dataset 3A was not assigned.
The highest score of 3-RR was derived from 3A-ex data set. Inspect-
ing the P-C1 RDC, we observed that in dataset 3B the value is lower
(—0.72 Hz) than the value of dataset 3A or 3A-ex (—0.55 Hz). The
assignment to the other datasets 3A and 3A-ex is inconclusive
mainly because of the P-C1 RDC outlier. If we preliminarily assign
3-SR to dataset 3B and 3-RR to 3A or 3A-ex (3A-ex was selected
because of the larger y-probability), we get the same sequence in the
simulated RDC values (—0.552 < —0.469).

To eliminate the P-C1 RDC outlier, we performed simula-
tions using larger weight for RDC pseudo-forces (see Table S11,
ESIT), albeit to no avail. Therefore, we used the same simula-
tion parameters as in compounds 1 and 2. The problem was
mainly caused by the rapid rotations of the menthol ring
around the two bonds of the P-O1-C1 bridge (Fig. S7, ESIT like
those of the P-01-C6-C7 dihedral distribution in Fig. 5). This
motion is only weakly hindered by steric effects, resulting in an
averaging of the essential P-C1 RDC value due to the fast
molecular motion.® This problem may only be solved by adding
more constraints characterizing the motion of the menthol
residue. Nevertheless, the MDOC results of 3 show significant
improvement over the low-energy analysis which was incon-
clusive (Section 1.5 of the ESIY).
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Conclusions

To conclude, in MDOC analysis, RDC tensors can be used as
constraints to simulate most features of molecular motion and
to reproduce oriented NMR experiments. Discriminating rela-
tive configurations often requires introducing additional long-
range constraints, such as *J-couplings. Using these NMR data,
we can determine the relative configuration of phosphorus-
containing diastereomers of rigid molecules, such as 1 and 2.
For 3, this procedure is only partly conclusive because the rapid
motion of the menthol residue leads to an outlier of the
essential P-C1 RDC value. Therefore, we cannot determine
the configuration of a stereogenic centre on phosphorus atom
directly from the P-C1 RDC only, but using other stereogenic
centres. Nevertheless, using the y-probability, we can reach
values above 85% probability of correct assignment (see
Table 1) in most cases. These RDC-aided MDOC simulations
enable us to not only identify relative configurations but also
study conformational equilibria. In reactions that proceed only
with selected conformers, the MDOC analysis may be used to
elucidate reaction mechanisms. However, molecular flexibility
still remains a challenge in RDC analysis and, therefore, new
methods and improvements are highly desirable.
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