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Fundamental weak interactions have been shown to violate parity in both nuclear and atomic systems.
However, observation of parity violation in a molecular system has proven an elusive target. Nuclear spin
dependent contributions of the weak interaction are expected to result in energetic differences between
enantiomers manifesting in nuclear magnetic resonance (NMR) spectra as chemical shift differences in
the order of parts-per-trillion to parts-per-billion (uHz to mHz) for high-Z nuclei. This method uses
simultaneous measurements of diastereomeric splittings for a light and a heavy nucleus in solution-state
NMR to resolve chemical shift differences persisting in a non-chiral environment between enantiomers
of chiral compounds smaller than the typical high-field NMR linewidth. Sources of error must be
identified and minimized to verify that the observed effect is, in fact, due to parity violation and not
systematic effects. This paper presents a detailed analysis of a system incorporating 51p and 'H NMR to
elucidate the systematic effects and to guide experiments with higher-Z nuclei where molecular parity

rsc.li/pccp violation may be resolved.

1 Introduction
1.1 Parity violation in atoms and molecules

Parity violation (PV) in nuclear weak interactions was first
suggested by Lee and Yang' and soon confirmed by Wu and
colleagues in beta decay of spin polarized °°Co nuclei.”
A possibility of parity violation in electron-nucleus interactions
in atoms was suggested by Zel’dovich® but was estimated to be
too small in simple atoms like hydrogen. The discovery of weak
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neutral currents in neutrino scattering®® rejuvenated the inter-
est in the detecting PV in atoms and it was at that time that
Bouchiat and Bouchiat” realized that PV effects are strongly
enhanced in heavy atoms. Observations of atomic PV were
subsequently reported by Barkov and Zolotorev,® Conti et al.’
and other groups.'® Atomic PV experiments have contributed to
establishing what is now known as the standard model of
particles and interactions and since then has become a field
of precision measurement, see, for example, the review pub-
lished in ref. 1.

From the early days of atomic PV, it has been recognized
that parity violation should also manifest in molecules;'"'* in
particular, while PV does not produce first-order energy shifts
in nondegenerate states,™ there are, in fact, first-order energy
shifts in chiral molecules since a state with a fixed chirality is a
coherent superposition of opposite-parity states. Somewhat
surprisingly to the atomic, molecular, and optical physics
community, detecting molecular parity violation remains as a
yet unmet challenge, both for chiral and non-chiral systems.™*

Among various other manifestations of parity violation in
chiral molecules (see ref. 14-17 for reviews) is the appearance of
differences in chemical shift between enantiomers undergoing
nuclear magnetic resonance (NMR).'¥2° Here the magnitude of
the effect could reach into the millihertz range for favorable
cases.”’ > While measurable in principle, the effect is hard
to detect in practice. Indeed, performing experiments with
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separated enantiomers would require reliable reproducibility of
experimental parameters such as the magnetic field at parts per
trillion level, which is beyond current technology. On the other
hand, performing measurements in a mixture of enantiomers
would appear impossible because the separation of the spectral
lines due to the PV effect would be deep within the NMR
linewidth.

1.2 Detection of PV with diastereomerism

A possible solution may be offered by the use of the diaster-
eomerism effect—the splitting of the NMR lines of an enantio-
meric mixture of chiral molecules in the presence of a chiral,
nonracemic environment.>* If one could trace the splitting
from the case where the lines are well split in a solvent with one
chirality, through the racemic (effectively achiral) solvent, to
the opposite-chirality solvent, the PV effect would manifest as a
nonzero intercept of the splitting.

The challenge of this approach is finding the exact racemic
point of the solvent. In principle, this can be done using
precision optical polarimetry techniques; however, it is difficult
to do this with sufficient sensitivity and with the necessary
control over systematic effects.

A solution was proposed in ref. 36. The idea is that PV effects
scale with the atomic number of the nucleus (Z* with 2 > a >
5, see e.g. ref. 21), so measuring diastereomeric splittings for a
heavy and a light nucleus on the same sensor molecule allows
using the former as the probe of PV, while the latter as an
independent probe of the solvent chirality. This approach is
reminiscent of intramolecular comagnetometry used in mole-
cular experiments searching for parity- and time-reversal violat-
ing permanent electric dipole moments.*”*®

In ref. 36, a proof-of-principle experiment was carried out,
where *C was used as a stand-in for the heavy nucleus, while
protons were used as the light nuclei. While the actual PV effect
in this system was too small to be detected, that work showed
that it was possible to achieve the required sensitivity to energy
shifts in the millihertz range, on the order of the size of the
effect that could be expected for the heaviest NMR nuclei in
chiral molecules with favorable properties.

1.3 Tunable chiral environment

It is important to understand that our experiments are possible
because we are operating in the regime of rapid chemical
exchange. A probe molecule in a solution containing a mixture
of the chiral solvating agent of opposite chiralities, in the
regime of rapid chemical exchange, samples the opposite chiral
environment many times with respect to the 7 time scale that
determines the effective measurement time and width of the
spectral lines. This is a regime of strong motional narrowing, in
which the diastereomeric complex formed by interactions
between the probe molecule and chiral solvating agent is well
characterized by its enantiomeric ratio. In particular, the enan-
tiomeric ratio for a racemic mixture of chiral solvating agents
(CSA) is 1:1 and no line splitting occurs. Note that, in the
opposite limit of slow chemical exchange, even for a racemic
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solvent, one would observe diastereomeric line splitting: in the
absence of parity violation, the spectral lines for R,R and S,S
probe-solvent combinations would overlap; but split from the
overlapping lines for R,S and S,R pairs.

1.4 Goals of the present work

In the context of the search for molecular parity violation, we
investigate a chiral system containing a relatively heavy atom,
31p. This work builds upon previous work which demonstrated
that using a chiral co-sensing system of diastereomeric com-
plexes allows mitigation of systematic errors,*® and provides a
more in-depth look at the sources of error in such a system.

Here, a chiral solvating agent (CSA) is used to generate
diastereomeric complexes at a lower concentration than pre-
viously explored allowing the probing of a heavier spin-1/2
nucleus, *'P, to serve as an intermediate step or alternative
pathway towards measuring complexes with high-Z nuclei
where PV may be on the order of mHz. Using a CSA as opposed
to a chiral solvent has the advantages of allowing a wider range
of solvents to be used as well as improved control over
concentrations and subsequent binding and dissociation
dynamics which are directly related to concentrations of dia-
stereomer forming monomers.

While *'P is still not heavy enough to observe the PV effect,
using this heavier nucleus offers an opportunity to explore
systematic effects that will be all-important for the choice/
synthesis of heavier molecules where detection of PV would
be, finally, expected.

2 Experimental
2.1 Choice of the system

Chiral solvating agents (CSAs) are commonly used in solution
state NMR to resolve mixtures of enantiomers.*” This is done by
dissolving a CSA, typically with one stereogenic center (S or R),
in a solution containing a target chiral molecule which in turn
generates diastereomeric complexes through transient bonding
interactions between the CSA and the target molecule.*® In
ideal cases, the result of this interaction is one or more nuclei
of a target chiral molecule displaying two distinct chemical
shifts in NMR spectra corresponding to complexes containing
matching (S,S/R,R) or opposing (S,R/R,S) stereogenic centers. A
paper by Li and Raushel*® detailed this kind of system where
diastereomeric splitting was observed in 'H and *'P NMR
spectra of a chiral phosphorus compound. Following this work
we decided to use a chiral phosphonamidate, [amino(methyl)-
phosphoryljoxycyclohexane (P), and substituted amino acid,
Fmoc-(S)-Trp(Boc)-OH or Fmoc-(R)Trp(Boc)-OH (FBTrp-S and
FBTrp-R), that when combined displayed diastereomeric split-
ting in both *'P and "H spectra of P, a key point that makes the
sensor molecule P suitable as a comagnetometer. We chose the
S and R naming convention to assign the absolute configu-
ration of chiral centers as opposed to the L and p convention
which has limitations when multiple stereogenic centers are
present in a molecule.
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2.2 Synthesis and NMR characterization of the phosphorus
probe molecule

Cyclohexyl P-methylphosphonamidate was prepared according
to an adapted literature procedure.*® 1.270 g (12.7 mmol) of dry
cyclohexanol were dissolved in 20 mL of diethyl ether and
cooled in an ethanol bath to below —80 °C. Dropwise addition
of 5.1 ml (12.7 mmol, 2.5 M in hexanes) n-butyllithium yielded
a suspension, which was stirred for 5 minutes. Thereafter a
solution of 1.688 g (12.7 mmol) methylphosphonic dichloride
in 40 mL of diethyl ether was added dropwise at —80 °C over the
course of 30 minutes, the mixture was stirred for 30 minutes at
—70 °C and for a further 30 minutes at room temperature. The
solid precipitate was filtered off and at 0 °C gaseous ammonia was
passed through the clear solution for 3 minutes leading to the
formation of a suspension. Volatile compounds were removed
under reduced pressure (400 mbar), the residue was resuspended
with 50 mL of diethyl ether and filtered. Removal of volatile
compounds at 400 mbar followed by recrystallization from diethyl
ether yielded the product as a colorless solid in 20% yield (450 mg).
"H NMR (400 MHz, CDCl;) § [ppm]: 4.41 (m, 1H), 2.74 (m, 2H, br),
2.05-1.10 (m, 13H); "*C NMR (101 MHz, CDCl;)  [ppm]: 73.83 (d,
%Joc = 6.4 Hz, CH), 34.24 (d, *Jpc = 1.9 Hz), 34.20 (d, *Jpc = 1.5 Hz),
25.3 (CHy), 24.0 (CH,), 23.9 (CH,), 15.9 (d, Ypc = 132.2 Hz, CH,);
*'P NMR (202 MHz, CDCl;) § [ppm]: 31.7. MS (ESI-HR) my/z:
200.0813 (M + NaJ', 27%) calculated: 200.0816; 377.1714
([2M + Na]', 100%), calculated: 377.1735.

Cyclohexyl N,N-diethyl-P-methylphosphonamidate was pre-
pared in a similar manner. 1.030 g (10.3 mmol) dry cyclohexanol
were dissolved in 20 mL of diethyl ether and cooled in an ethanol
bath to —80 °C. Dropwise addition of 4.1 mL (10.3 mmol, 2.5 M in
hexanes) n-butyllithium yielded a suspension, which was stirred
for 5 minutes. Thereafter a solution of 1.360 g (10.2 mmol)
methylphosphonic dichloride in 40 mL of diethyl ether was added
dropwise at —80 °C, the mixture stirred for 20 minutes at —80 °C
and then for another hour at room temperature. Addition of
2.1 mL (20.6 mmol, 2 eq.) of diethylamine furnished a suspension.
The reaction mixture was filtered, the solid was washed with 20 mL
of diethyl ether and the crude oily product was condensed to
dryness. Aqueous work-up and extraction with diethyl ether (30 mL
H,0 and 2 x 30 mL Et,0) followed by two-fold vacuum distillation
(bp =80-82 °C at 4.5 x 10~ > mbar) yielded an oily product (430 mg,
17%, 1.75 mmol, >95% purity). "H NMR (500 MHz, C¢De) § [ppm]:
4.41-4.25 (m, 1H), 2.92 (dq, *Jpn = 10.7 Hz, ¥y = 7.1 Hz, 4H), 2.12-
1.98 (m, 1H), 1.82-1.69 (m, 1H), 1.62-1.51 (m, 3H), 1.46-1.35 (m,
1H), 1.31-0.99, (m, 8H), 0.89 (t, *Jyy; = 7.1 Hz); *C NMR (101 MHz,
CeDg) 6 [ppm]: 72.3 (d, >fpc = 6.5 Hz), 38.7 (d, >Joc = 4.6 Hz, NCH,),
34.5 (d, *Jpc = 3.0 Hz, CH,), 34.1 (d, *Jpc = 5.0 Hz, CH,), 25.7 (CH,),
24.1 (CHy), 23.9 (CH,), 14.4 (d, *fpc = 2.0 Hz, CH3), 13.7 (d, YJpc =
133.0 Hz, CH3); *'P NMR (202 MHz, C¢Ds)  [ppm]: 30.2. MS (APCI-
HR) m/z: 234.1624 (M + HJ', 10%) calculated: 234.1623; 152.0849
(IM-Cy + 2H]', 100%), calculated: 152.0841.

2.3 Sample preparation

All stock solutions were prepared in a glove-box under an atmo-
sphere of nitrogen (>99%). For the first enantiodiscriminatory
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titration, separate solutions of P and FBTrp-S and FBTrp-R (Merck,
Novabiochem) were prepared by dissolving solid analyte in chloro-
form-d (Eurisotop), which was used without further purification.
Individual samples were prepared by pipetting solutions of either
FBTrp-S or FBTrp-R at a concentration of 20 mM into a 5 mm NMR
tube containing 250 pL of 20 mM P. Equal volumes of FBTrp and P
solutions were used in order to reach a final concentration of
10 mM for both FBTrp and P and the desired ratio of FBTrp-
S:FBTrp-R. This was repeated to generate solutions of FBTrp
chirality ranging from 100% FBTrp-S to 100% FBTrp-R in steps of
6.25%. Samples near the racemic point (56.25% through 43.75%
FBTrp-S) were omitted due to difficulty distinguishing peaks of
diastereomers at these concentrations resulting from substantial
spectral overlap.

Samples used in the second enantiodiscriminatory titration
(see Section 2.4) were prepared using a slightly modified
procedure. Under an atmosphere of nitrogen, 18.7 mg of P
were dissolved in 10.5 mL of chloroform-d to generate a 20 mM
solution. Using a syringe (Hamilton, 5 mL), this solution was
then split between two vials: one containing 20 mM FBTrp-S
and the other containing 20 mM FBTrp-R to produce two
solutions with a concentration of 10 mM FBTrp (S or R) and
10 mM P. These solutions were then combined directly in 5 mm
NMR tubes using a syringe (Hamilton, 1 mL) to generate 0.5 mL
samples with the desired enantiomeric ratio of S:R FBTrp.

2.4 NMR spectrometry and pulse sequences

All 'H and *'P NMR spectra were obtained using an 850 MHz
(20.0 T, Bruker) spectrometer with a QXI 850 MHz S6 5 mm
multi-nuclei probe with Z gradient at a temperature of 298 K.
'H spectra for the first titration were obtained using a 90° RF
pulse with a pre-polarization time of 10 s (methyl 'H T} = 2.4 s,
measured by inversion recovery). *'P spectra were acquired
using a 90° pulse and inverse gated proton decoupling. Each
31p spectrum is the average of 64 transients with 32k points and
0.95 s of acquisition time and a pre-polarization time of 3 s (*'P
T; = 2.2 s measured by inversion recovery).

For the second enantiodiscriminatory titration, 'H spectra were
acquired using a BIRD (bilinear rotational decoupling)*’ pulse
sequence to suppress broad resonances belonging to the cyclohex-
ane moiety of P at frequencies overlapping the methyl-proton peaks
from which diastereomeric splitting values were extracted. Para-
meters for this pulse sequence included a pre-polarization time of
5 s, an inter pulse delay time of 30.3 ms and a final relaxation delay
(tnun) of 100 ms before application of a 90° acquisition pulse (see
the ESIY). Both inter pulse delay and t,,; were determined
empirically using the popt experiment in TopSpin. *'P spectra were
acquired using a simple 90° pulse scheme without 'H decoupling,
using a pre-polarization time of 10 s. To mitigate time-dependent
systematic errors during spectral acquisition, a total of 64 indivi-
dual scans each of 'H and *'P were taken in an alternating fashion
automatically using a TopSpin script.

2.5 Estimation of diastereomeric splitting

2.5.1 Titration with proton decoupling. Peak-center fre-
quency estimates were obtained from proton spectra (average

This journal is © the Owner Societies 2025
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of 32 transients) by fitting a sum of two absorptive Lorentzian
doublet functions to 'H resonances from the methyl group of P
around 1.54 ppm. Diastereomeric splittings (44) in "H spectra
were determined by taking the difference of central frequencies
between the fitted doublets. A similar procedure was repeated
in *'P spectra (average of 64 transients) to determine diaster-
eomeric splitting by fitting one Lorentzian doublet split by a
frequency taken to represent 44. The amplitudes of the doublet
peaks were allowed to vary independently to account for non-
equal concentrations and formation rates of diastereomeric
complexes.*” The fitting error of each 44 measurement reported
for the titration with proton decoupling is computed from the
square root of the variance given by the fit (python scipy.opti-
mize.curve_fit) and the sample preparation error is estimated
from 3 samples of identical S:R composition (o1 = 1.34%, ga1p =
2.12%). The error was included in the fitting of the comagneto-
metry plot shown in the ESL

2.5.2 Titration without proton decoupling and with BIRD.
Estimates of resonance frequencies were extracted from
'H data by fitting the sum of 2 transients with the sum of four
complex Lorentzian functions a total of 32 times to include all
of the 64 scans taken for each sample. Likewise, sums of 8 *'P
spectra were fit using a sum of absorptive Lorentzian multiplets
(without accounting for phase) a total of 8 times to fit all 64
spectra for each sample. The average 44 of each sample was
computed along with the standard deviation from the popula-
tion of A4 estimates.

Uncertainty from sample preparation was determined by
computing the standard deviation of 44 estimates in both "H
and *'P spectra from 3 samples of identical S:R composition,
measured three times over 48 h for a total of 9 measurements
for each nucleus. The standard deviation was then divided by
the sample mean to generate relative uncertainty. Total uncer-
tainty was calculated by combining the standard deviation of
frequencies given by fitting (og,) and the uncertainty due to
sample preparation (Js) at each point in quadrature as

TU = /o2 + (448)?, with o1y = 1.34% and 6xp = 2.12% for

all points. These values were then used to generate the final
fitting estimates shown in Fig. 4.

2.6 Linear regression of diastereomeric splitting

The values for 44 were plotted and fit with a linear model, y; =
ax; + b where y; is the extracted *'P diastereomeric splitting and
x; is the extracted 'H diastereomeric splitting. Linear regression
was accomplished using the iminuit package*® in python which
was set to minimize x> as

P ()

1

where y(x) is the *'P splitting given by the model at x; and TE is
the total error associated with each point,

TE = \/(aax’)2+gyi2 + 2al’n0’x;0'ym
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with p,, calculated as Pearson’s r. The error associated with the
y-intercept in the final plot is the standard deviation computed
from the covariance matrix given by the fit multiplied by 1.96 to
reflect a 95% confidence interval. A similar procedure was
followed for the 3-dimensional measurement with two proton
Aq values extracted from P. Weighted averages (X) are computed
using the formula

Z Xi / a i2
ST
and associated error §x°
1
e —
* Y a?

2.7 Quantum chemical calculations

For an estimation of the expected PV splitting due to fundamen-
tal weak interactions in the studied phosphorous compounds
we employed quasi-relativistic density functional theory (DFT)
calculations. All these calculations were performed with a mod-
ified version**™° of a two-component program®' based on
Turbomole.> We sampled the space of conformers of cyclo-
hexyl P-methylphosphonamidate with CREST.>* The resulting
48 conformers were subsequently optimized at the level of non-
relativistic restricted Kohn-Sham (RKS) calculations employing
the hybrid exchange-correlation functional PBE0***® with a
triple-{ Ahlrichs basis set (def2-TZVPP)*® using the program
package Turbomole 7.8.>”°® For conformational averaging we
computed vibrational frequencies and thermodynamic correc-
tions to total energies with the module called “freeh” of the
program package Turbomole for standard conditions (tempera-
ture 298.15 K and pressure 1 hPa). All 48 conformers were
found to be minima on the potential energy hypersurface.
By comparison of energies, vibrational frequencies and mole-
cular structures, 23 unique conformers could be identified. The
unique conformers of (R)-cyclohexyl P-methylphosphon-
amidate are provided in the ESIf in the form of coordinate
files in xyz-format. Properties were averaged with Boltzmann
weighing. In the ESIf a table is provided, which contains all
individual NMR properties. A single conformer of cyclohexyl
N,N-diethyl-P-methylphosphonamidate was optimized at the
same level of theory. Phosphoric acid H;PO, was used as the
NMR standard to compute *'P chemical shifts. The molecular
structure of H;PO, was optimized at the same level of theory.
Subsequently, quasi-relativistic densities were computed at the
level of complex generalized Kohn-Sham (cGKS) within local
density approximation (LDA) using the X, exchange functional®>®
and the VWNG5 correlation functional®® in a hybrid version with
50% Fock exchange by Becke (BHandH).*> We employed an
augmented all-electron correlated uncontracted Gaussian-type
Dyall basis set (dyall.aae3z)°® with additional sets of seven s-type
and seven p-type functions with exponential factors composed as

an even tempered series {; = %with {o=10%a, * (dyall.aae3z+sp)

Phys. Chem. Chem. Phys., 2025, 27, 6092-6103 | 6095


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp00126a

Open Access Article. Published on 20 February 2025. Downloaded on 4/18/2025 11:02:02 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

at >'P and the ">C and the protons at the methyl group bound to
*1p as well as for N,0 in cyclohexyl P-methylphosphonamidate
and H;PO,. For N and O (only in the case of cyclohexyl N,N-
diethyl-P-methylphosphonamidate) and all other H and C atoms
the IGLOIII basis set®! was used. Relativistic effects were con-
sidered at the level of two-component zeroth order regular
approximation (ZORA) using the model potential approach by
van Wiillen to alleviate the gauge dependence of ZORA.®®> The
model potential was applied with additional damping.®® Spectro-
scopic properties were computed with the toolbox approach of
ref. 47 and response functions were computed as detailed in
ref. 48 and 49. Conventional NMR shieldings were computed as
described in ref. 67. Indirect nuclear spin-spin couplings were
computed as detailed in ref. 49 employing magnetogyric ratios
Pigg = 5.58569468 Ly, Y1ag = 1.4048236 fin, and paip = 2.2632 iy as
given in ref. 68. In all calculations a common gauge origin of the
homogeneous magnetic field was employed. The gauge origin
was placed at the respective atom, whose NMR chemical shield-
ing was studied. PV frequency shifts to the isotropic NMR
shielding of nucleus A were computed in second order perturba-
tion theory below for convenience, represented in a four-
component sum-over-states formulation, using the following
effective interaction Hamiltonians:

—e‘CB()/lPV (1 — sin2 Qw) GF

h2v2

vpy =

Nelee

> @ip4(ri)

i=1

Netee

a><a > s x&,-f‘o> /3’

Eo—E,

<0
x Tr 2Re2

a#0

1)

Here (a)A|b) denotes matrix elements of a given operator A
between two many-electron wave functions and |0), |a) denote
wave functions of a ground-state reference and excited electro-
nic states with energies E, and E, respectively. Tr[A] is the trace
of matrix 4, c is the speed of light, £ is the Planck constant, B, is
the external homogeneous magnetic field of strength, p, is the
normalized nuclear density distribution, 7,, = 7, — 7, is the
relative position of two particles and V" refers to the transpose
of a vector V. In calculations of PV NMR shieldings Fermi’s weak
coupling constant Gy = 2.22249 x 10™ “Ena,’, sin® Oy = 0.2319
with Oy being the Weinberg angle and a nucleus dependent
coupling strength parameter of Apy = —1 for all nuclei were
employed in order to be consistent with previous studies on PV
contributions to NMR shielding constants in chiral molecules.
We emphasize here that our reported PV NMR parameters are
effective in the sense that they have to be scaled finally by
corresponding nuclear-structure dependent terms that account
most importantly also for the nuclear anapole moments of the

0
where ¢ is the vector of Pauli matrices. For a detailed derivation
of PV NMR shieldings within ZORA see ref. 31. The Coulomb
potential of the nuclei was modeled in all calculations

e . o ) - 0 ¢
specific isotope. The Dirac matrix « is defined as & = L} 6]
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assuming a finite spherical Gaussian-shaped nuclear charge

32
density distribution eZ,p ,(¥) = eZA%TeﬂA"'*UV with (4 =

3 5 and the root-mean-square radius ryuc4 was chosen as
T'nuc, 4

suggested by Visscher and Dyall,”” where nuclear mass num-
bers were chosen as nearest integers to the natural mass of the
element. Nuclear magnetization distributions were assumed
to be point-like in all calculations. We define PV splitting as
Apy = vpy(R) — vpy(S), where vpy(R) and vpy(S) are the PV NMR
frequency shifts for the (R) and (S) enantiomers respectively.

69
I,

3 Results and discussion
3.1 Estimation of expected PV splittings

PV splittings of *'P NMR signals between two enantiomers were
computed as detailed in the previous section to be Apy =
—0.7 pHz for cyclohexyl P-methylphosphonamidate (conforma-
tionally averaged) and 4py = 0.2 pHz for cyclohexyl N,N-diethyl-
P-methylphosphonamidate (single conformer) when assuming
an external homogeneous magnetic field of strength 20 T.
For comparison with experiments, we computed with the
same methodology the conventional *'P-NMR chemical shifts
relative to H;PO, (computed isotropic shielding constant is
319.3 ppm) for those two compounds. The *'P-NMR
chemical shifts were found to be 24 ppm for cyclohexyl P-methyl-
phosphonamidate (conformationally averaged) and 33 ppm for
cyclohexyl N,N-diethyl-P-methylphosphonamidate (single confor-
mer). These computed chemical shifts deviate considerably from
the experimental chemical shifts by 25% and 9%, respectively.
The methyl "H-*'P *J-coupling in cyclohexyl P-methylphosphon-
amidate (conformationally averaged) was computed to be
—12 Hz, which deviates 28% from the experimental absolute
value of 16.8 Hz shown in Fig. 5, a similar deviation as for the
chemical shift. Our calculation suggests a negative sign of the
'"H->'P ?J-coupling.

Here, we want to emphasize that computed chemical shifts
for the two compounds are small compared to the typical range
of chemical shifts in *'P NMR spectroscopy, which may be one
of the reasons why an opposite trend is seen in comparison to
the experimental chemical shifts of the two compounds. More-
over, the use of a single conformer for cyclohexyl N,N-diethyl-P-
methylphosphonamidate may be an important source of error.
For cyclohexyl P-methylphosphonamidate we observed differ-
ences of up to 10 ppm (~40%) between different conformers.
Other likely error sources are the employed exchange-correla-
tion functional BHandH, which is not explicitly designed for
calculations of NMR parameters, and the molecular structures,
which were computed at the DFT level as well. Moreover, errors
of computed chemical shifts can be partially attributed to the
basis set used in this work, which was not large enough to
completely suppress the gauge origin dependence. For exam-
ple, a calculation with a gauge origin shifted by 10a, in every
spatial direction increases chemical shifts by 3 ppm, i.e. a change
of 10%. Here, we like to emphasize that the dependence on the

g =
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gauge origin is negligible for PV NMR shifts, which was
found to be below 1%, in agreement with previous PV-NMR
calculations.*"** Further uncertainties of the calculated chemical
shifts and J coupling constants could be due to solvent effects,
which were neglected in our calculations, wherein the molecules
are in vacuum. For the present purpose, ie. estimating the
expected size of PV splittings, however, we consider our calcula-
tions to be sufficiently accurate.

The PV effects are predicted to be two to three orders of
magnitude below the expected experimental resolution and
therefore are not detectable in the present measurements as
assumed before. In molecules composed of light or medium
heavy elements only, spin-orbit coupling effects are typically
small and PV NMR shielding tensors are then expected to scale
with the nuclear charge number Z as about z>.>»**! Therefore,
PV effects on the internal comagnetometer signal from the
'H nucleus should be at least two orders of magnitude lower
than PV splittings on the *'P nucleus, which is confirmed by
our numerical calculations: the PV splitting for "H located at
the methyl group in cyclohexyl P-methylphosphonamidate is
found to be Apy(*H) < 5 x 10~ uHz.

3.2 Resolution of diastereomeric phosphorus complex

Li and Raushel published a method for resolving chiral oxopho-
sphoranes using substituted amino acids such as tryptophan.*
We adopted a pair of diastereomer-forming compounds based
on their work, namely a chiral phosphonamidate, cyclohexyl
P-methylphosphonamidate (P), and N-fluorenylmethyloxy-
carbonyl-N'-tert-butyloxycarbonyl-tryptophan (FBTrp), pictured
in Fig. 1. P is referred to as the sensor molecule because it
contains the high-Z nucleus (in this example, *'P) which should
be sensitive to P-odd effects caused by the weak interaction.
Though, for *'P, any PV effects are expected to be below the
detection limit, and the target of this study is to determine
systematic errors present in this approach and develop strate-
gies to mitigate them.

The target resonances both originate from P, namely the *'P
resonance of the chiral phosphorus center and the 'H reso-
nances of the adjacent methyl group. Preliminary tests using
chloroform-d as a solvent show that an equimolar combination
of P and FBTrp produces the largest overall diastereomeric
splitting (44) between enantiomers in both *'P and 'H spectra.
Additionally, when increasing the concentration of FBTrp-S at
constant P concentration, the 44 of *'P was observed to first
increase (max *'P 44 = 14.5 Hz at 10 mM P, 5 mM FBTrp-S) then
abruptly collapse at concentrations above 10 mM FBTrp-S, or a
ratio of 1:1 P to FBTrp-S. This was in contrast to 'H 44, which
asymptotically approached a maximum of 'H 44 = 10.7 Hz,
estimated by fitting with a mono-exponential curve, as the ratio
of P to FBTrp-S was increased from 1:0.1 to 1:5 (ESL¥ Fig. S7).
The same general trend was observed when the concentrations
of P and FBTrp-S were increased in tandem from 5 mM to 50
mM, with *'P A4 collapsing at concentrations above 10 mM,
limiting the available concentration range. Several other sol-
vents were tested with the aim of generating the greatest 44 in
both *'P and "H NMR signals of P. ortho-dichlorobenzene-d,
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Fig. 1 (a) Chemical structures of the chiral sensor molecule and chiral

solvating agent used in this work. Hydrogen-bonding interactions gen-
erate transient diastereomeric complexes between a racemic mixture of
the sensor and a controlled S:R ratio of the solvating agent. The sensor
molecule contains two groups of spin-1/2 nuclei which display variable
diastereomeric splitting with respect to the enantiomeric ratio of the chiral
solvating agent (CSA), and combined measurements of the two function as
a co-sensor. (b) The binding interaction between P and FBTrp is expected
to occur as hydrogen-bonding at the amino and phosphoryl groups of P
and the amino and carboxylic acid groups of FBTrp. (c) Depiction of NMR
spectra of diastereomeric complexes at the racemic point (top) and where
an excess of one CSA enantiomer is present (bottom). Diastereomeric
splitting (44) appears in addition to splitting caused by parity violation (4py)
which is small relative to the typical NMR linewidth.

and dichloromethane-d, also produced considerable 44 in both
'H and *'P spectra. However, samples prepared in chloroform-d
showed the greatest overall 44 in both H (6.5 Hz) and *'P
(13.3 Hz) spectra at 10 mM P, 10 mM FBTrp-S (Table 1).

It was also noted that at higher concentrations of FBTrp-S,
with P concentrations held at 10 mM, *'P spectral lines exhibited
a nonlinear shift towards higher frequencies (Fig. S7 in the ESIY).
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Table 1 Diastereomeric splitting of 10 mM P with 10 mM FBTrp-S in fully
deuterated organic solvents at 20 T, 298 K

Solvent 'H A4 (Hz) *1p A4 (Hz)
Acetone-dg 2.1 4.9
Tetrahydrofuran-dg 0 9.5
ortho-Dichlorobenzene-d, 4.1 12.2
Chloroform-d 6.5 13.3
Dichloromethane-d, 3.1 17.5
Dimethyl sulfoxide-de 0 0

'H Aq denotes diastereomeric splitting values for the methyl-'H reso-
nance of P.

A similar shift was seen in 'H spectra of the P methyl group
towards lower frequencies under the same conditions. This is
expected to occur due to rapid chemical exchange between P
and FBTrp.

A second, chemically similar phosphonamidate - cyclohexyl
N,N-diethyl-P-methylphosphonamidate (N,N-P) - was also
examined in solution with FBTrp at several ratios of FBTrp to
N,N-P in chloroform-d. While modest A4 was observed in 'H
spectra, none of the tested conditions resulted in reproducible
Aq in *'P spectra (see the ESIt). We therefore did not include
this molecule in further experiments. Diminished diastereo-
meric splitting indicates that the association of P and FBTrp is
reduced by the presence of ethyl groups, possibly due to steric
effects. It is also likely that the amino group of P participates in
hydrogen-bonding with FBTrp in addition to the phosphoryl
oxygen atom previously proposed as the predominant binding
site.”” This additional interaction could lead to several different
H-bonding conformations, one of which is depicted in Fig. 1,
with other possibilities shown in the ESL{ The additional
contact afforded by a second H-bonding site may be respon-
sible for the relatively strong diastereomeric splitting observed
in P as opposed to other phosphorus-containing molecules
examined by Li and Raushel.

Having chosen the concentrations, we proceeded with the
collection of high-field NMR spectra. The enantiomeric ratio of
FBTrp was titrated from 100% FBTrp-S to 100% FBTrp-R in
samples containing 10 mM P and 10 mM FBTrp (total), the
result of which can be seen in spectral form in Fig. 2. Frequency
estimates were extracted by fitting analytical Lorentzian func-
tions to the Fourier transformed time domain signal originat-
ing from methyl-'H and *'P spins of P (see Fig. 5). Resultant A4
values extracted from the data, taken as the difference between
the frequency of signals from each diastereomeric pair (S,S/R,R
and S,R/R,S), are plotted against each other (e.g., Fig. 4). These
values were then fit using linear-regression accounting for error
in both the 'H and *'P axes, to obtain an estimate of the
residual *'P A4 at the racemic point (44 *'P(0)).

In total, two such enantiodiscriminatory titrations were
performed from which 44 *'P(0) could be extracted: one with
'H spectra collected using a simple 90° pulse and acquire
sequence and °'P spectra collected with a 90° pulse and
"H decoupling; and another titration where 'H spectra were
collected using a BIRD pulse sequence and *'P spectra with no
'H decoupling.
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Fig. 2 Titration of the enantiomeric ratio of FBTrp with resultant shift in
methyl-*H (top) and 3P (bottom) NMR resonances of P. Blue and red
highlighted peaks indicate signals arising from complimentary S,S/R,R and
opposite R,S/S,R diastereomeric enantiomers, with the frequency depend-
ing on the net chirality of the chiral solvating agent. A smooth transition to
higher or lower frequencies at intermediate FBTrp enantiomeric ratios
occurs because the system is undergoing rapid exchange. Phosphorus
spectra are shown with *H decoupling for clarity, and values of 56% S to
44% S are omitted due to difficulty extracting peak frequency estimates
from spectral overlap.

In the first experiment, two 'H resonances and one *'P
resonance were analyzed to extract 44. From these, residual
31p splitting values of A4 *'P(0) = —170 4+ 100 mHz, and 44
31p(0) = —200 4+ 120 mHz (weighted average, 44 *'P(0) = —190 +
80) were extracted using 2-dimensional linear regression. Com-
paring all three gave 44 *'P(0,0) = —190 4 120 mHz following 3-
dimensional linear regression. Comparing 44 of both "H multi-
plets yields 44 "H(0) = 3 + 36 mHz which indicates the "H
measurement does not contain an obvious systematic error or
other physical effects that lead to a non-zero racemic point
intercept. Once the *'P measurement is factored in, however,
there clearly arises a shift away from zero, which is unexpected.

The BIRD sequence in the second titration was calibrated
according to the J-coupling between the methyl-'Hs and the
chiral *'P to suppress broad peaks around the "H multiplet.
This had the side effect of suppressing the second proton
multiplet used in the "H-'H linear regression and 3-dimen-
sional analysis of the first titration. Fortunately, the precision
of this 2-dimensional measurement is higher than both of
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those in the first titration by a factor of approximately 2,
yielding 44 *'P(0) = —56 + 61 mHz. Additionally, because each
measurement was taken in the form of 64 individual scans for
each nucleus rather than as averages, as in the first titration, it
was possible to characterize the uncertainty associated with
this measurement using conventional statistical considerations
in addition to computing the uncertainty from the covariance
matrix given by the fit. Thus, the sample mean and standard
deviation of the extracted frequency estimates was used to
generate the fit shown in Fig. 4 along with the error from
fitting and sample preparation.

In fitting the data displayed in Fig. 4, a minimum 7> of 4.2 is
reached, accounting for error from sample preparation and
from fitting spectra in both "H and *'P measurements (see the
Experimental section). Since > = 4.2 is less than the degrees of
freedom in our measurement (dof = 12), this indicates that
either the errors are over-estimated or there are strong correla-
tions between the measurements.”® Thus, to reach the value of
A4 *'P(0) = —56 &+ 61 mHz the errors in both "H and *'P are

scaled by a factor (y/(z2/dof) = 0.58) such that ;> is equal to
the degrees of freedom.

3.3 Discussion of possible systematic error

3.3.1 Non-linearity of *'P diastereomeric splitting. Ideally,
we would want to work in a regime where the 44 of both
protons and the heavy nuclei are linear in both the enantio-
meric ratio and the concentration of the chiral solvating agent.
Unfortunately, the latter is far from being satisfied in the
present case as can be seen, for example, by observing the
change in 44 as a response to the ratio of P to FBTrp shown in
the ESL.f As shown below, despite the nonlinear concentration
dependence at the chosen 1: 1 ratio (obvious from the ESI,T Fig.
S7), our “comagnetometry”’ approach is still able to provide
enhanced resolution compared to the NMR linewidth. Since
nonlinear concentration dependence is a likely source of sys-
tematic error, it would be best to find a system free from this
effect or operate in a linear range for future experiments with
heavier nuclei.

Comparing proton-proton and proton-phosphorus 44 helps
determine in which measurement systematic error arises. Since
the proton-proton y-intercept measurement is consistent with
zero (44 'H(0) = 3 + 36 mHz), while the proton-phosphorus
measurement is not for both the methyl-"H and cyclohexyl-'H
resonances (see the ESIY), this is a good indication that the
systematic error lies in the measurement of the *'P nucleus. As
previously mentioned, non-linear changes of 44 in one nucleus
with respect to CSA enantiomeric ratio are uncompensated by
Aq in the second nucleus and can contribute to systematic error
in the measurement of Apy.

A critical assumption in our approach is that systematic
errors arising from errors in sample preparation are largely
removed by nuclear co-sensing, as changes in 44 due to most
sources of error - sample preparation, temperature drifts,
viscosity, etc. - in *'P should be compensated by "H 44. To test
this assumption, three samples were prepared with the same
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stock solutions, implements, measured with the same pulse
sequence, and processed to extract 445. We observed a non-
linear distribution of *'P and 'H A4 across the three similar
samples (see the ESI,f Fig. S14). Strikingly, the 44 of each
sample measured over the course of 48 h showed less variability
compared to measurements between samples. This variability
has been incorporated into the final measurement as relative
uncertainty (01 = 1.54%, da1p = 2.14%) for each point shown in
Fig. 4. It is noted that this has the effect of exaggerating the
error in points distal to the origin, creating a bias towards
points nearer the origin.”®

The *'P-'H J-coupling network was characterized using the
ANATOLIA software package.”’ For this, the *'P multiplet
structure of P in chloroform-d was modeled as an AXY; spin
system model (see the ESI,{ Fig. S17). This generated coupling
constants of *Jpcus = 16.8 Hz and *Jpy = 9.1 Hz for the 'P J-
coupling to the methyl protons and to the cyclohexyl proton
nearest the phosphorus center, respectively (see the ESIT). This
assignment is further supported by 'H spectra of both P and its
N,N-diethyl analog which both show a "H multiplet with an
identical splitting pattern at similar chemical shifts. An attempt
to model the spin system as an AX,Y; system including cou-
pling to the amino protons of *'P was made; however, the
simulated spectra produced using ANATOLIA were unable to
match those observed experimentally which indicates these
protons are participating in rapid chemical exchange.

3.3.2 Systematic error from instrumentation. Another
proposed source of systematic error in the first enantiodiscri-
minatory titration is the inverse gated proton decoupling
pulse applied during the acquisition of *'P spectra. In princi-
ple, imperfections in the pulse coil array could produce a small
magnetic field component parallel to the axis of B,, modulating
Aq in *'P spectra that would not be compensated by
"H measurements since the same field is not applied during
'H acquisition. For example, if a decoupling field of 1 mT is
applied, and 10% of this leaks into By, that would constitute an
additional field of 100 pT. For a *'P splitting of 12 Hz at 20 T
(0.1 ppm), this field would produce an additional splitting of
60 uHz, which is in the range of a problematic systematic error.
To avoid this possibility, the second titration was completed
without the use of proton decoupling in *'P spectra. However,
removing "H-decoupling had a complicating effect on the
analysis of 44 due to the appearance of additional peaks caused
by J-coupling to methyl and cyclohexyl protons (see Fig. 5(d))
and a reduction in signal-to-noise ratio. For ease of interpreta-
tion, the *'P spectra collected using "H-decoupling are shown
in Fig. 2, but the reader should note that the *'P spectra used
to generate the final comagnetometer plot seen in Fig. 4 are
shown in Fig. 3.

Drifts in chemical shift caused by changes in temperature
are also possible over the course of a measurement with signal
averaging. Though largely mitigated by modern instrumenta-
tion, the effect of this in our experiments was assessed in the
second titration by taking 64 individual scans of 'H and
31p, alternating between "H and *'P, for each scan. This allowed
the spectra of each nucleus to be processed individually, rather
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Fig. 3 H (left) and *'P (right) NMR spectra at 850 MHz from which 4q4
values were extracted for the final comagnetometry plot shown in Fig. 4.
*H spectra were collecting using a BIRD pulse sequence (see the ESI¥) and
fit with the sum of four complex Lorentzian lines with independent phase
and peak center. 3!P spectra were acquired using a simple 90° pulse
sequence without *H decoupling and fit with a sum of two multiplets
(doublet of quartets, AXY3 spin system) with no phase, assuming purely
absorptive lineshapes. Experimentally obtained spectra are overlaid with
the best fit line at each sample composition.

than as a sum as is usual in NMR experiments, allowing
statistical treatment of A4 estimates. Time course frequency
estimates show that in some samples there are definite drifts in
the measurements of A4 over time (see the ESIt) despite using
deuterium-locking and a temperature-controlled probe.

3.3.3 Uncertainty increased by overlapping resonances.
Upon initial inspection, the spectral lines of methyl protons
of P exhibited extensive overlap with broad resonances from the
cyclohexyl group. This introduced a positive offset when fitting
the baseline of the spectra, shown in Fig. 5(a), causing a loss in
precision of 44 estimates. To mitigate this, a second titration
was performed with a BIRD pulse sequence (see Section 2.4 and
Fig. 5(b)) to suppress non->'P coupled spins. Removing these
baseline distortions increased the precision of frequency esti-
mation by a factor of 5. However, using a BIRD sequence
introduced two side effects: (1) phase distortions in the
methyl-'H peaks, and (2) suppression of the second "H multi-
plet, removing the ability to extract a second 'H 44 measure-
ment. The first effect is easily seen comparing "H spectra in
Fig. 5, as the two Lorentzian doublets used in the fit seem to
indicate that the peaks of each set of diastereomeric enantio-
mers have acquired an equal and opposite phase component.

3.3.4 Multi-dimensional diastereomeric splitting titration.
Another avenue to deal with persistent systematic errors is the
measurement of additional nuclei which display diastereo-
meric splitting within the same molecule. Doing so may allow
the elimination of additional dimensions of systematic errors
and an increase in precision.

To this end, a second peak displaying diastereomeric split-
ting, namely the cyclohexyl proton closest to the *'P center, was
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Fig. 4 Comagnetometry plot showing diastereomeric splitting (4q) of 5P
spectra as a function of H 44. Each point represents the average Aq =+
uncertainty from 64 scans in a 20.0 T NMR spectrometer at 298 K. The
region around the origin in enlarged to show the y-axis (i.e. high-Z axis)
intercept of the linear fit. A reduced chi squared (7,e4°) Value is used to
calibrate the error estimates on each point such that yreq® = 1. The residual
plot below indicates there is some deviation from linearity.

analyzed using a similar fitting procedure as the other peaks
reported in this study (see the ESIf). This 44 was then corre-
lated with the two other A3 measurements to generate a
3-dimensional plot which was fit to generate an estimate of
residual PV shift in *'P spectra (see the ESI,t Fig. S13), giving a
z-intercept estimate (where PV effects are expected to appear in
high-Z nuclei) of —190 + 120 mHz. This shows that the
precision in this measurement with this system is not capable
of resolving the predicted mHz PV energy shifts in heavy nuclei
of chiral molecules. Furthermore, since the splitting is expected
to be several uHz in *'P, there is still a considerable systematic
error present in this measurement since zero is not included.

This, alongside observations of non-linear changes in
3P Ay, indicate that our comagnetometry approach is influ-
enced by more than contamination of the system by additional
chiral molecules. This implies that concentrations must be very
carefully controlled to reach the required mHz precision
needed to observe PV in NMR.

3.4 Other considerations

Tautomerization is believed to involve the imine as well as the
dominant amine isomers of phosphorane P. This phosphine
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Fig. 5 Plots illustrating the fitting procedure used to extract A4 from H
and P NMR spectra, with pairs of diastereomeric enantiomers (S,5/R,R
and S,R/R.S) highlighted in blue or red. (a) *H spectrum of a racemic
mixture of P and 100% FBTrp-S representing maximal diastereomeric
splitting. Broad resonances from protons of the cyclohexyl group overlap
with the methyl resonances used for fitting, reducing the goodness of fit
and, subsequently, the precision of frequency estimates. (b) The same
spectral region after utilizing a BIRD pulse sequence to remove broad
peaks surrounding the methyl resonances. This sequence uses pulses to
exploit methyl-tH-3!P J-coupling of 16.8 Hz to keep the magnetization of
coupled protons oriented along B, while rotating all other magnetization
by 180 degrees. A brief delay of 100 ms allows negative magnetization
to relax to zero before application of a 90° pulse for acquisition. (c) 3P
spectrum of racemic P and 100% FBTrp-S with inverse gated proton
decoupling applied during acquisition. (d) 3P spectrum of the same
sample without proton decoupling. The signal is a sum of multiplets
shown in blue and red corresponding to pairs of epimers.

imide is expected to be highly reactive’>”> and could lead to

the creation of species seen in samples at higher concentra-
tions of P and FBTrp (see the ESL+ Fig. S8). Another possible
cause of broadened spectral lines is changes in the exchange
rates between P and FBTrp as concentrations are varied.>”
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Distributions of cyclohexyl substituent conformations could
lead to broadening of proton or phosphorus signals through
weak (>1 Hz) multi-bond J-couplings. This would contribute to
broadening of spectral lines, though is not expected to produce
an asymmetric shift away from 0 Hz at the racemic point.

Future measurements would likely benefit from using an
NMR spectrometer with a higher static field strength than the
20 T used in this work, as 28 T instruments are now available.
This would lead to increases in diastereomeric splitting, which
varies linearly with field strength, as well as signal-to-noise
which scales with the magnetic field as B,”"%. Maximizing
signal-to-noise (along with 77) is a primary factor for increasing
the precision of frequency estimates in NMR.

Diastereomeric splitting is caused by groups in the CSA
which induce changes in electronic charge distribution in the
target molecule and may also be enhanced by the chiral-
induced spin selectivity (CISS) effect.”®’” The CISS effect leads
to preferential transfer of electrons through chiral molecules
based on polarization state, which when coupled to nuclei may
cause shifts in frequency. This contribution is expected to be
symmetric with respect to chirality inversion and not contribute
to residual splitting at the racemic point. CISS may lead to
different T, times for S and R enantiomers, however the extent
of this has not been quantified.”®

4 Conclusions

The goal of this study was to assess sources of error in
determining frequency estimates from NMR experiments using
diastereomeric complexes containing an intermediate-Z atom
(*'P). Minimizing sources of error is crucial to observing parity
violating chemical shift differences between enantiomers in
solution-state NMR, which are expected to be of the order of
mHz for high-Z nuclei.

We show that using a CSA with a chiral probe allows tunable
diastereomeric splitting in two nuclei within the same complex,
and find no ‘“‘show-stoppers” for experiments with high-Z
systems, although effects of concentration dependence need
to be carefully considered. The next steps would depend on
finding/synthesizing an appropriate high-Z system (perhaps,
containing 2°*2°°T1, >’pb,. . .).
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