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of the complex geometries. These measurements can be performed without the need
for reference samples with known enantiopurity. Two instruments were used in the
analysis. A broadband, chirped-pulse spectrometer is used to perform structural
characterization of the complexes. The broadband spectrometer is also used to
determine the EE; however, this approach requires relatively long measurement
times. A targeted MRR spectrometer is also used to demonstrate EE analysis with
approximately 15-min sample-to-sample cycle time. The quantitative accuracy of
the method is demonstrated by comparison with chiral gas chromatography and
through the measurement of a series of reference samples prepared from mixtures

of (R)pantolactone and (S)-pantolactone samples of known EE.
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1 | INTRODUCTION nutrient, and its prodrug dexpanthenol. (R)-pantothenic acid (usually produced as its more stable
salt calcium Pantolactone is a chiral lactone with a five-membered pantothenate) and dexpanthenol are ring-opening prodring
and is the corresponding lactone to w-hydroxy acid ucts of (R)-pantolactone with B-alanine or pantoic acid (2,4-dihydroxy-3,3-

dimethylbutyric acid). It 3-hydroxypropylamine, respectively. Both calcium pantois the central intermediate in the synthesis of

the vitamin thenate and dexpanthenol are marketed as over-the(R)-(+)-pantothenic acid (Vitamin Bs), an essential counter

medications and produced in multi-thousand ton
quantities worldwide. Figure 1A shows a survey of the
reaction steps.

Since only the (R) stereoisomer of pantothenic acid has
desirable biological activity, with the (S) isomer reported to
be somewhat should be
synthesized and made available in pure (R) form. This is
achieved commercially either by fermentative production or
by chemical synthesis encompassing racemate cleavage. The
classical chemical synthesis of Stiller is shown in Figure 1B.!

antagonistic,> pantolactone

It starts from isobutyraldehyde, which undergoes aldol
addition of formaldehyde, followed by Strecker synthesis via
a cyanohydrin. At the synthetic stage of pantoic acid,
racemate cleavage is performed, using optically pure chiral
amines, for example, (S)-3-aminomethylpinane as an
auxiliary’® whose salt with (R)-pantoic acid crystallizes more
rapidly than the respective diastereomeric salt with (S)-
pantoic acid. Upon acidic treatment, dehydration forms
(R)pantolactone in an organic phase, while (S)-pantoic acid
is recycled and converted back to a racemate. Alternatively,

various fermentative syntheses of (R)-pantothenic acid,

(A)

following the biosynthetic pathway, have been reported and
patented and are currently in use.*” In all cases, high optical
purity of the products is desired; hence, close control of
stereoselectivity during the production process is crucial.

Polarimetry is most commonly used to determine the
specific rotation of the product in process solutions. This
measurement is fast and may be implemented online;
however, the method only produces a single value, which is
a sum parameter of all optically active compounds in the
sample, weighted by their respective concentrations. Chiral
chromatography can overcome this problem,®® but chiral
separations are typically slow and unsuitable for determining
changes in process conditions on a fast timescale.

In this report, we describe the use of molecular rotational
resonance (MRR) spectroscopy to accurately measure the
enantiomeric purity of pantolactone. Molecular rotational
resonance spectroscopy has been used extensively to
characterize the structures of small molecules, including
chiral molecules, due to its extremely high sensitivity to
10-12° In  MRR, compounds are
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Synthesis of (R)-pantolactone and relevant pharmaceutical products. (A) Synthetic route to (R)-pantothenic acid and

dexpanthenol via pantolactone. (B) Synthesis of (R)-pantolactone using (S)-3-aminomethylpinane as auxiliary. See Stiller et al.! for more details
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characterized through their three rotational constants
(inversely proportional to the three moments of inertia in the
principal axis system for molecular rotation).!> Two
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key technological developments have enabled the practical
application of MRR to monitoring enantiomeric purity. The
first is that measuring broadband rotational spectra, necessary
for the characterization of new species, became orders-of-
magnitude faster with the invention of chirped-pulse Fourier
transform microwave spectroscopy'4!® in which broadband
linear frequency sweeps are used to excite numerous
rotational transitions in a gas-phase sample at once. This
greatly reduces the measurement time and sample
consumption for the spectroscopy measurements required to
determine the parameters for structural characterization. The
second is that two methodologies have been developed for
rapid, analyte-specific determination of enantiomeric excess
in a mixture: three-wave mixing and chiral tagging. In three-
wave mixing rotational spectroscopy, a sequence of
excitation pulses is applied to the sample to generate a single-
frequency signal where the phase determines the dominant
enantiomer of the sample and the amplitude is proportional

16-18 Chiral tagging, meanwhile,

to the enantiomeric excess.
uses in situ chiral derivatization through the formation of gas-
phase diastereomeric complexes between a small, chiral
molecule of known enantiopurity (the tag), and the analyte.'*~
2l The complexes form through non-covalent interactions
between the tag and analyte and are generated in the pulsed
jet expansion used to inject samples into MRR spectrometers.
In this paper, we employ the chiral tagging method for
enantiomeric analysis of pantolactone.

The primary advantages of MRR for this application are
that it is completely analyte specific and is capable of
determining chiral purity directly within a mixture (including
one where other chiral components are present). Because
samples can be analyzed directly, this method can often
typical chiral
describe  the
development of a method for enantiomeric analysis of

achieve faster response times than

chromatography analyses. Here, we
pantolactone using a broadband chirped-pulse MRR
spectrometer using chiral tagging, followed by transfer to
routine, online capable monitoring with a targeted MRR
instrument. The results obtained with this method, using both
instruments, were validated by comparison to chiral gas
chromatography.

2 | EXPERIMENTAL METHODS

2.1 | MRR spectroscopic measurements

Two MRR spectrometer designs were used in this study. The
broadband spectrometer design is a chirped-pulse Fourier
transform microwave (CP-FTMW) spectrometer operating

from 2-8 GHz.!%!* Results from two different instruments
using this design, one at the University of Virginia (UVa) and
one at BrightSpec, are reported and provide insight on the
transferability of the analysis between different instruments.
In the CP-FTMW spectrometer design, an arbitrary
waveform generator (AWGQG) is used to generate broadband
chirped pulses with linear frequency sweep, which are
amplified by a traveling wave tube amplifier (TWTA) and
broadcast by a high-gain horn antenna across a vacuum
chamber at approximately 10° Torr. Gas-phase molecules
present in the chamber during the excitation pulse are
polarized by this radiation and subsequently emit coherent
radiation at all transition frequencies in the pulse bandwidth.
This broadband signal dephases primarily through Doppler
shifts resulting from the velocity distribution of the gas
sample and the signal resembles the well-known free
induction decay (FID) signal of a Fourier transform nuclear
magnetic resonance (NMR) instrument. The FID signals are
collected by a second horn antenna, amplified, and digitized
directly on a fast oscilloscope.

Samples are introduced into the vacuum chamber through
pulsed supersonic nozzles (General Valve) with 0.9 mm
diameter. In the experiments presented here, three nozzles
oriented in parallel are operated simultaneously to increase
measurement sensitivity. The nozzles are operated at 3 Hz
(UVa) or 5 Hz (BrightSpec), and on each valve pulse, a total
of eight broadband spectra are recorded. A typical
measurement consists of 10°-10°broadband FID acquisitions
signal-averaged in the time domain, and Fourier transformed
to produce the MRR spectrum. The nozzles have been
modified to include a reservoir to hold liquids or solids, with
the capability to heat the reservoirs to increase the sample
vapor pressure.?? Pantolactone is heated to 80C for optimal
signals. The tag molecule is pre-mixed into neon carrier gas
at 0.1% concentration, and this mixture passes over the heated
sample reservoirs to entrain the analyte vapor as the gas flows
to the pulsed nozzle orifice. Two tag molecules are used in
this work: propylene oxide and trifluoropropylene oxide. The
backing pressure of the neon gas mixture was of
approximately 30 psi absolute pressure.

To demonstrate the capability for MRR to perform rapid,
routine enantiomeric analyses, the BrightSpec IsoMRR
instrument was used. This instrument utilizes a Fabry-Perot
resonator based on the designs of Balle and Flygare? and
Suenram et al.?? The advantage of this instrument for routine
measurements is that it achieves significantly higher
sensitivity across a narrow spectral bandwidth. Therefore,
once the transition frequencies to be measured are known
from analysis on the broadband spectrometer, comparable
sensitivity can be achieved with significantly less
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measurement time and sample consumption than in the
broadband instrument. Two papers have described the
application of this instrument to problems in chiral analysis
(diastereomer and enantiomer analysis), including in
process.?*? In the IsoMRR instrument, one of the mirrors is
which
automatically tunes the cavity length to achieve resonance

mounted on a motorized translation stage,
with each spectral transition selected for measurement. In this
study, pantolactone solutions were injected manually via
syringe through a septum onto a liner filled with deactivated
glass wool. The outlet of the liner was connected via a heated
transfer line into a modified reservoir nozzle, which had a
similar design to that used in the broadband studies. A neon
gas flow, with the chiral tag mixed in, was used as the carrier
gas to convey the volatilized analytes into the vacuum
chamber. The same pulsed nozzle design is used as in the
broadband studies, with a repetition rate of 10 Hz and the
acquisition of 5 FID spectra per nozzle injection cycle. After
the injection of each sample, the liner was heated to first vent
the solvent at or above its boiling point (typically
dichloromethane, 40C) and then heated to 80C to volatilize
the pantolactone. An automatically controlled vent valve is
installed in the system to allow for solvents to be removed
without running the pulsed nozzle. This vent valve can also
be used at the end of each measurement to vent off any
remaining analytes before the next sample injection. The
transfer line and nozzle were kept to a higher temperature
than the inlet (typically 100C) to maintain volatilized analytes
in the gas phase.

2.2 | Gas chromatography

Chiral GC-MS was performed to validate the MRR results.
Separation of enantiomers was achieved using a Restek Rt-
BDEXsm (30 m, 0.25 mmID, 0.25 pm df) column. One
microliter of diluted pantolactone was injected into the inlet
(230C) and introduced to the column using helium as a carrier
gas with a split ratio of 10:1 and a flow rate of 1.0 ml/min.
The oven was held at 40C for 1 min and then increased to
160C at 1C/min.

2.3 | Materials

Racemic pantolactone (TCI America, achiral purity >95%),
(R)-D-pantolactone (MilliporeSigma, >99%), and (S)-L-
pantolactone (MilliporeSigma, >97%) were used without
further purification. The chiral tags used were as follows:
Racemic propylene oxide (PO) (TCI America, >99%), (R)-
propylene oxide (TCI America, >98%), (S)propylene oxide

(TCI  America, >98%), racemic 3,3,3-trifluoro-1,2-
epoxypropane—or trifluoropropylene oxide (TFPO)*—
(Synquest Labs, 98%), and (S)-3, 3,3-trifluoro-1,2-
epoxypropane (MilliporeSigma, 97%). Dichloromethane
(MilliporeSigma, >99.8%) was used as the solvent for
injection of pantolactone standards onto the IsoMRR
instrument. Note that all purity levels reported here are
achiral purity as provided by the manufacturer. Enantiomeric
purity of each chiral tag was determined by MRR through
complexation to (R)3-butyn-2-ol. The chiral tag EE values
are (S)-propylene oxide: 99.7%, (R)-propylene oxide: 99.2%,
and (S)-TFPO:

94.1%.

3 | COMPUTATIONAL METHODS

All calculations were performed using Gaussian 09.27 For
each diastercomeric complex, a number of candidate
structures are generated using chemical intuition based on the
fact that the strongest non-covalent interaction is expected to
be hydrogen bond formation between the hydroxyl group of
pantolactone and the ring oxygen in PO or TFPO. Geometries
were optimized using the B2PLYP-D3BJ/def2-TVZP model
chemistry to determine the rotational constants and dipole
moment magnitude and direction. The D3BJ dispersion
correction of Grimme and coworkers?®3° has been
demonstrated to have superior performance in the calculation
of the structural parameters, to which MRR is highly
sensitive. For the pantolactone monomer, a B3LYP-D3BJ/6-
311++G(d,p) level of theory was used. The results of these
quantum chemistry calculations are summarized in the
supporting information.

4 | RESULTS AND DISCUSSION

4.1 | Broadband spectroscopic
measurements and assigning absolute
configuration

The MRR spectrum of the pantolactone monomer was first
characterized through its measurement without any chiral tag
present. Quantum chemical calculations revealed that
isolated pantolactone has two conformations; this is also
observed experimentally in the rotational spectrum of the
related compound y-butyrolactone.?! The dimethylated
carbon on the ring is puckered, while the other four atoms in
the ring lie nearly in a plane. The two conformers differ in the
direction of the puckering of the envelope. Calculations
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indicated that the conformer that allows the hydroxyl group
to adopt an equatorial conformation is more stable by 8.6
kJ/mol, and in fact, the MRR spectrum of pantolactone is
observed to be dominated (at least 99%) by a single
conformer with rotational constants in excellent agreement
with this OHequatorial conformer. The experimental
spectrum of the pantolactone monomer with pure neon
backing gas, where no chiral tag complexes are present, is
used to mask all monomer transition frequencies in
subsequent chiral tag measurements so that transitions arising
from complexes between the tag and analyte can be isolated.
Dimers of the analyte, which for pantolactone have been
studied computationally and experimentally in the condensed

phase,3%3

are removed in this spectral isolation process. In-
house library spectra of the pure chiral tag samples are used
to mask transitions associated with the tag and any related
complexes (e.g., dimers or trimers of the tag).

The chiral analysis strategy using broadband MRR
spectroscopy involves making two measurements. The first
measurement requires that either the analyte or the chiral tag,
or both, is racemic so that both homochiral and heterochiral
diastereomers of the 1:1 tag complexes are generated in equal
amounts. (Note: In this work, a homochiral complex is
defined as the diastereomer where both the tag and analyte
have the same Cahn-IngoldPrelog designation.) In most
cases, there are several lowenergy isomers for the complexes
so that more than one rotational spectrum will be observed
for each diastereomeric complex. The second measurement,
where the goal is determination of the chiral purity of the
analyte, uses a high enantiopurity tag sample. In this
measurement, if the analyte has an enantiomeric excess, the
spectra for the chiral tag complexes will change intensity.
From the intensity variation between the racemic and
enantiopure tag measurements, it is possible to separate the
spectral transitions observed in the racemic measurement into
two groups, one for the isomers of each diastercomeric
complex, based on whether the transitions increased or
decreased in intensity between the two measurements.
Comparison of the spectroscopic parameters to theoretical
estimates is used to establish whether each group corresponds
to homochiral or heterochiral complexes. Each
diastereomeric complex exists as a pair of enantiomers, and
the designation only provides the relative stereochemistry of
the analyte and tag. The homochiral denotes either R-analyte
/R-tag or S-analyte /S-tag, and the heterochiral complex can
S-analyte/Rtag. The absolute
configuration is determined by using a chiral tag of known

be R-analyte/S-tag or

enantiopurity. For example, if the analyte has an excess of the
enantiomer with the same Cahn-Ingold-Prelog label as the tag
used, the homochiral complexes will show increased intensity
in the enantiopure tag measurement, while the heterochiral

complexes will decrease, as compared to the racemic
measurement. The opposite will occur if the analyte and tag
have opposite labels. It is also possible that larger complexes
(e.g., the analyte complexed to two tag molecules) may form
in the pulsed jet; however, because each complex geometry
has a unique spectrum that is fully resolved from that of the
analyzed 1:1 complexes, their presence does not affect the
enantiomeric analysis.

Assignment of the analyte's absolute configuration by
chiral tagging requires high-confidence pairing of a
computed chiral tag complex structure with a measured
rotational spectrum. This pairing uses the agreement between
the theoretical rotational constants calculated using the
equilibrium geometry and the experimental rotational
constants from the spectral analysis. When more than one
spectrum is observed for the homochiral and heterochiral
complexes, consistency between the set of experimental and
theoretical rotational constants for multiple low-energy
isomers can be used to support the assignments. All
conformers of the analyte and tag, if applicable, should be
considered in the calculations, even those not observed in the
monomer spectra, as the energy preferences may change
considerably upon complexation, favoring geometries that in
the isolated state are unfavorable. This was recently observed
in the case of
alaninol.?®

The measurement strategy is illustrated in the chiral
tagging spectra of pantolactone with PO and TFPO, given in
Figure 2. The replacement of the CH3 group in PO with a CF;
group in TFPO can change the bonding geometries, as well
as the dipole moment and number of observed isomers for
each of the complexes; therefore, both tags were assessed.
With PO, a total of four isomers were assigned, two of which
had higher intensity with the enantiopure tag, while the other
two had lower intensity. For TFPO, only two strong isomers
were identified, one for each diastereomeric complex. The
spectroscopic fit results are given in Table 1, where these
spectra are designated Homochiral 1 and Heterochiral 1 and
are shown to be in good agreement with the rotational
constants of the lowest energy isomers of the chiral tag
complex from quantum chemistry. In this complex, the
hydroxyl group in pantolactone forms a hydrogen bond with
the oxygen atom in propylene oxide, while the carbonyl
oxygen of pantolactone is bifurcated between two C_H
bonds from the propylene oxide tag, as shown in Figure 3A.
However, this set of theoretical homochiral and heterochiral
complex geometries has nearly equal rotational constants,
and this lowers the confidence in pairing the experimental
spectra with a specific geometry. The second pair of
assignments, Homochiral 2 and Heterochiral 2, matches the
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Chiral analysis of (R)-pantolactone using (A) propylene oxide (at BrightSpec) and (B) trifluoropropylene oxide (at UVa). The
left panels show the comparison of the masked spectra of the assigned complexes between the enantiopure and racemic measurements. The right

panel is a zoomed in portion of the spectra to illustrate how the enantiomeric excess is determined, by observing the change in intensity of the

assigned spectra between the two measurements

TABLE 1

A (MHz)
B (MHz)
C (MHz)

E (hartree)

E (kJ/mol)®

A (MHz)

B (MHz)

Experimental and calculated rotational parameters for observed pantolactone-propylene oxide complexes

Experiment® Calculated % Diff. (Exp Calc)
Homochiral 1
1548.9890 (5) 1,543.7203 +0.34

384.22842 (19) 387.3886 0.82

349.92519 (24) 352.1701 0.64

653.771815
0

Homochiral 2
1,269.77652 (38)  1,248.5282 +1.67

469.23629 (23) 479.4049 2.17

Experiment® Calculated % Diff. (Exp Calc)
Heterochiral 1
1,558.92389 (43) 1,529.7772 +1.87

380.79141 (11) 386.2120 1.42

349.95089 (11) 354.9789 1.44

653.771687
1.6

Heterochiral 2
1,421.72962 (31) 1,414.9858 +0.47

420.847960 (93) 426.8636 1.43
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C (MHz) 44518406 (21) 4545594 211 386.38942 (11) 391.1734 1.24
E (hartree) 653.771422 653.772309
E (kJ/mol)® 1.0 0

Note: Standard errors in the experimental rotational constants are given in parentheses in units of the last digit. Calculations performed at a BALYP-D3BJ/ def2-
TZVP level of theory.

a

Quartic distortion parameters were also used in this fit, but are not presented here. These results can be found in the supporting information.
b Energy relative to the minimum of all geometries assessed for that diastereomeric complex.

(A) Homochiral Complexes Heterochiral Complexes

Pantolactone / PO
Isomer1

Pantolactone / PO
Isomer1

J- -

Pantolactone / PO

Pantolactone / PO
Isomer2

Isomer2

(B) Pantolactone / TFPO Pantolactone / TFPO
Isomer1 Isomer1

FIGURE 3 Optimized geometries of the assigned complexes of pantolactone-PO and pantolactone-TFPO. Structures were optimized using
the B3LYP-D3BJ/def2-TZVP level of theory

TABLE 2 Experimental and calculated rotational parameters for observed pantolactone-trifluoropropylene oxide complexes
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Experiment® Calculated % Dift. (Exp - Calc) Experiment® Calculated % Dift. (Exp - Calc)
Homochiral Heterochiral

A (MHz) 1,196.110 (51) 1,169.4107 +2.23% 1,143.05150 (42) 1,144.1682 0.10%

B (MHz) 201.673590 (74) 204.8048 1.55% 208.642810 (32) 209.1411 0.24%

C (MHz) 194.326580 (72) 197.4271 1.60% 199.962690 (35) 200.1666 0.10%

Note: Standard errors in the experimental rotational constants are given in parentheses in units of the last digit. Calculations performed at a BALYP-D3BJ/

def2TZVP level of theory. *Quartic distortion parameters were also used in this fit but are not presented here. These results can be found in the supporting

information.
Figure 3A, but there is a much larger distinction between the
rotational constants for the homochiral and heterochiral
complexes. In particular, the rotational constants for the
Homochiral 2 spectrum have no close match in the family of
structures identified for heterochiral complexes, as seen in the
supporting information. This allows the assignment of the
homochiral and heterochiral complex geometries and the
absolute configuration of the measured pantolactone sample.
Interestingly, both isomers of the homochiral complex favor
pantolactone in its higher-energy conformer, while the
heterochiral complex favors the lower-energy conformer.
The rotational constants for the observed complex for
pantolactone with TFPO are presented in Table 2.
Because of the heavier fluorine mass, greater differentiation
is observed between the two structures (3—5% difference in
rotational constants), and so the correlation of experimental
assignment with calculated structure can be made securely
using this spectrum (Table 2). The calculated structures of the
observed pantolactone-TFPO complexes that are identified in
the spectrum are presented in Figure 3B. Both of these
complexes are the lowest-energy structures that were
calculated. For the chiral tagging experiments with both PO
and TFPO, the absolute configuration assignments by MRR
spectroscopic analysis of the diastereomeric tag complexes
are in agreement with the absolute configuration of the
commercial samples.

4.2 | Enantiomeric excess measurements using
the broadband MRR spectra

The enantiomeric excess is determined from the intensity
ratios of the rotational spectroscopy transitions assigned to
homochiral and heterochiral chiral tag complexes when an
enantiopure tag sample is used. If the tag sample were 100%
enantiopure, then the intensities in the rotational spectrum of
a homochiral complex would be solely due to the population
of a single enantiomer, with the intensity of the heterochiral
complex solely due to the population of the other enantiomer.

In this case, the EE determination would be analogous to the
analysis of a fully resolved chiral chromatogram. However,
actual
enantiopurity of the tag sample. In addition, the instrument

quantitative analysis requires including the
response function is needed to account for intensity variations
across the full measurement bandwidth of the spectrometer.
For MRR chiral tag analysis, the instrument response
function is obtained from the transition intensities in the
racemic measurement as described in the preceding section.

The normalized signal intensity for each transition is

Ienatiopure tag
Inom¥____ olp

Tracemic tag

The ratio of the normalized signals for a pair of
transitions, one from a spectrum of a homochiral complex and
one from a heterochiral complex, is

Inorm,homo

Ry = 5%p

Inorm,hetero

This ratio is then used to calculate a quantity that is related
to the tag and analyte enantiomeric excess:

R1% abp

Rb1 €Ctag€€analyte: 3

In this expression, (ee) is fractional value of the
enantiomeric excess, related to the more common definition
by EE = 100 x (ee). Note that the determination of the analyte
EE requires accurate knowledge of the enantiomeric excess
of the tag sample.

A broadband MRR spectrum contains many rotational
transitions for the homochiral and heterochiral complexes.
Therefore, a large number of EE determinations can be made
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using all pairs of transitions from the homochiral and
heterochiral tag complex spectra. For example, if there are
four strong transitions observed for each complex (N = 4),
then there are 16 possible transition pairs that can be used for
EE determinations using Equations 1-3. The reported EE
value uses the mean value of all determinations, and the
measurement uncertainty (o) is calculated from the width of
the histogram

(Whistogram), quantified as the sample standard deviation (half-
width at half-height) from all determinations, divided by the
square root of the number of transitions used for each
complex:

Whistogram
oh —p— d4p ffiffiffiffiN

The histograms for analysis of (R)-pantolactone,
analyzed with both PO and TFPO, is presented in Figure 4.
Corresponding histograms for (S)-pantolactone with each tag
can be found in the supporting information. In addition, the
analyses using PO as the tag were performed on two different
CP-FTMW instruments by different operators. Table 3 shows
the enantiomeric excess of each sample measured by
broadband MRR. Table 3 also reports the EE determination
using chiral gas chromatography which is reported to validate
the MRR analysis and excellent agreement is observed
between the MRR measurements and the chiral GC results.

We performed two additional measurements using the
UVa instrument to assess the performance at lower
EE values. Two mixtures of the commercial samples were
prepared: a 2:1 mixture of (R)-pantolactone:(S)pantolactone
and a 1:2 mixture of these samples. The EE of the mixtures
was calculated using the mass of each component and the EE
obtained from the chiral GC analysis. The calculated EE
values (%R-%S) for the mixtures are 32.5% and 29.1%,
respectively, while the MRR anal-

ysis results are and 31.6(9)% and 29.7(7)%, which agree with
the calculated mixture EE within the measurement
uncertainty. The histograms for the EE analysis of these two
mixtures are shown in the supporting information.

4.3 | Targeted MRR spectroscopy of
pantolactone complexes

As described above, the broadband MRR analysis determines
both the absolute configuration and enantiomeric
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e R-Pantolactone

TFPO Tag
08- EE=94.69%0.24%
N = 81

PO Tag
EE =95.24 £ 0.15%
1 N=36

0.4 -

0.6

0.2 4

Normalized Number of Occurences

Ivl !

0 T
85 90 95
Enantiomeric Excess (%)
TABLE 3
Broadband MRR? Broadband MRR*
PO tag (BrightSpec) PO tag (UVa)
(N=16) (N=36)

(R)-pantolactone 95.65+0.17% 95.24 +£0.15%

(S)-pantolactone 92.19 £ 0.3% 91.38 £0.17%

a
See the text for the description of how the uncertainty is determined.

FIGURE 4
enantiomeric excess determination of
(R)pantolactone using both PO and TFPO. These
measurements were performed using the broadband

Histograms showing the

spectrometer at the University of Virginia

100

Comparison of broadband MRR, IsoMRR, and GC-MS measurements of pantolactone enantiomeric excess

Broadband MRR?

TFPO tag (UVa) Chiral
(N=81) IsoMRR® GC-MS®
94.69 + 0.24% 95.6 +0.5% 95.9+0.5%
91.57+0.12% 92.7+0.8% 90.8 +0.5%

b The Chiral GC-MS error comes from the standard deviation of three sample injections. For the IsoMRR data, a single run consists of three to five

measurements of each line; the results of which are averaged together.

excess from a single analyte sample of unknown
enantiopurity. However, the broadband measurements
require several hours, so it is desirable to have the capability
for faster measurements that also require less sample. After
the chiral tagging analysis has been completed once for a
particular analyte by broadband MRR, the complex
transitions are known, and so a targeted approach is much
more efficient. Therefore, we used the [soMRR spectrometer
to demonstrate more rapid (15 min) pantolactone

measurements.

As the IsoMRR spectrometer used in this study had a
frequency range of 6—18 GHz, propylene oxide was used as
the tag for targeted enantiomeric excess measurements due to
its stronger line intensities in this frequency range. The
strongest transitions of each of the two complexes were first
assessed on the IsoMRR instrument to determine which lines
give the best sensitivity. We selected the 634524 transition at
10,324.9 MHz for the Homochiral 1 complex and the 836—726

transition at 11,840.15 MHz from the Heterochiral 2
complex. In this instrument, the excitation power is also
adjusted to achieve optimal sensitivity for each line. With
racemic propylene oxide as the tag, the typical signal-to-noise
ratio for each complex was approximately 20:1 in 20 s (200
total nozzle pulses, 1,000 FID acquisitions).

We prepared a total of six standards for analysis: the two
commercially obtained pantolactone samples ([R] and [S]),
along with four additional mixtures. Each sample mixture
was weighed on a balance, and in the figures below, the true
weighed ratio is used. Each solution was then dissolved at
approximately 100 mg/ml in solvent grade dichloromethane
to enable injection. The typical solution injection volume was
20 pl, so approximately 2 mg of pantolactone was used in
each measurement. For each injection, we alternately
measured each of the two complexes between three and five
times, depending on the sample composition, to assess the
measurement reproducibility. The reported value is the
average of these measurements, with the uncertainty
estimated by the standard error of the measurements. For the
measurements presented herein, (R)-propylene oxide was
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used as the chiral tag. The intensity calibration was performed
using racemic propylene oxide, and applying Equations 1-3
to determine the enantiomeric excess for each sample.
However, in the case of the IsoMRR, there is only a single
transition to consider for each complex.

The results of this study are presented in Figure 5. Here,
the measured enantiomeric excess is compared to the
gravimetrically prepared samples. The results from the chiral
GC analyses were used to compute the actual enantiomeric
excess for each of the samples. While the IsoMRR instrument
can perform EE measurements more rapidly and with less
sample consumption than the broadband spectrometer, the
measurement uncertainty is higher because only a single line
is being measured for each of the two complexes.
Additionally, because the lines of the two complexes are
being measured sequentially rather than simultaneously as in
the broadband spectrometer, any variations in the sample or
complexing conditions will lead to additional errors in the EE
Where possible,
measurements in a row on the same injection is preferable to

determination. performing  several
reduce this possibility. In the measurements presented here,
we found that the signals of the two complexes were stable
between measurements (typically within 5% on the major
complex). The best-fit line to these results shows the slope is
very near 1 (1.0143) and the intercept very near 0 (1.02%), as
expected, demonstrating that the IsoMRR instrument can
accurately determine EE without a calibration sample.
Finally, we note that the [soMRR method required about 15
min, significantly faster than the chiral GC method used (2
h), and with comparable uncertainty; however, the chiral GC

100 e
Best fit line: o
7 Slope = 1.0143 /*,lf
Intercept = -1.02% /
—_ - 2 o
7 50 R? = 0.9996 s
14 44
= g e
[N0] '
! %
S 0o a7
g 7
9 e ~
= d 7
7] ;
4] i
o] o
= 504 oF
s
,/
—~ /'
e
e
-
-100 T T T T T T T T T
=100 -50 0 50 100

Sample %EE (R-S) (Based on Chiral GC)

FIGURE 5

possible impurities in the commercial samples), enantiomeric
excess measurements by MRR can still be performed
accurately in the presence of other impurities. Due to the high
resolution of molecular rotational transitions in these
instruments, the impurities are highly unlikely to overlap with
the transitions of interest. In the case, there is an overlap
observed, there are numerous other transitions of the
diastereomeric complexes that could be used in the analysis,
and as described above, any pair can be used for the
enantiomeric determination. Additionally, quantification of
other impurities in the sample could also be performed in the
same instruments.

5 | CONCLUSION

We have presented a method for the accurate determination
of the enantiomeric excess of pantolactone, using molecular
rotational  resonance  spectroscopy. Complexes of
pantolactone with small chiral tag molecules are produced in
a pulsed jet system to convert the enantiomers into
diastereomeric complexes, and the enantiomeric excess is
determined through the relative populations of the two
using broadband MRR

spectroscopy show quantitative agreement with the results

complexes. Measurements
from chiral GC. In addition, the EE determination is shown
to be the same when two different tags (propylene oxide and
trifluorpropylene oxide) are used in the measurement.
Measurement speed is an important consideration in many
chiral Broadband MRR

applications  of analysis.

150 = 150 =
Heterochiral Homochiral

100 21 100 it
— 12} 2
S
2 2 =
> ] @ ] @
‘B 2 o
c G G |
o £ £ ‘
= 50 50 ‘

d JAL
o 1 i ) ) L) ) L
11840 11841 10324 10325 10326
Frequency (MHz)

Targeted enantiomeric excess measurements of pantolactone, using (R)-propylene oxide as chiral tag. Left: plot of expected

EE (%R—-%S) against measured EE. The x axis uses the chiral GC results for the two commercial samples (Table 3) and the measured weights for
each in the mixtures. The red dashed line is the best fit line to the data. The right panels show the measured data from one injection of each of the
six samples. The line at 10,324.4 MHz in the right-most panel is not associated with the pantolactone-PO complex

method required much less sample.
While the samples analyzed here were pure (containing
only pantolactone and dichloromethane, aside from any

spectroscopy requires relatively long measurement times for
the EE analysis. However, it is possible to use the chiral tag
methodology in targeted MRR spectrometers that offer
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