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(1782) VIBRATIONAL CIRCULAR DICHROISM SPECTROSCOPY—
THEORY AND PRACTICE

1. INTRODUCTION
Chirality is a ubiquitous aspect of the world of three spatial dimensions. Molecules that possess sufficient structural complexity so that

their mirror-image structures are non-superimposable are termed chiral. For chiral pharmaceutical molecules, two important structural
measures critical to their physical characterization are absolute configuration (AC) and enantiomeric excess (EE), also termed enantiomeric
purity. The AC of a chiral molecule specifies its three-dimensional structure in space and distinguishes it from its mirror-image structure.
Structures related by mirror symmetry are known as “enantiomers”. The AC of a particular enantiomer is critical to its action as a
pharmaceutical agent because mirror-image structures, i.e., enantiomers, have different therapeutic effects, both desired and undesired. The
EE of a sample specifies, usually as an excess percentage, the relative amounts of enantiomers. An EE of 100% is a pure enantiomer (100%
enantiomeric purity), 0% is a racemic mixture with equal amounts of enantiomers and no excess, and -100% specifies a pure sample of the
opposite enantiomer with respect to the EE definition.

The principal chapter that addresses molecular chirality in the USP-NF is Optical Rotation (781). The optical rotation (OR) of a sample is

the measure of the angle of rotation of a plane of polarized light by a chiral sample at a particular wavelength, typically in the visible or near-
UV region. The AC and EE of any sample are determined by a measure of its OR if the measurement has been previously calibrated using a
sample of known AC and EE. The sign of the OR determines the larger enantiomer amount, and the magnitude of the OR determines the EE,
where 100% EE corresponds to the maximum OR possible for the chiral molecule under consideration. Although OR is a simple, well
established method for determining AC and EE relative to their known calibrations, not all molecules have measurable OR, particularly with
limited sample quantities in which the presence of chiral impurities cannot be determined by an OR measurement. The OR is simply a
number with no structural information about the sample molecule.

In the past several decades, the AC of an unknown chiral molecule has been determined using the Bijvoet method of single-crystal X-ray
crystallography. The Bijvoet method requires a single high-purity crystal of the molecule with a single chiral phase. Analysis by this method is
not always possible, for example, for noncrystallizable liquids or insoluble solids, and in many cases analysis using the Bijvoet method
requires lengthy efforts and time to achieve crystallization.

This chapter presents a technique for the determination of AC that relies on vibrational circular dichroism (VCD), a procedure that is now
widely used throughout the pharmaceutical industry for chiral molecules for which the AC is unknown. The technique involves comparing the
measured VCD spectrum for a chiral molecule to the quantum chemistry calculation for the same molecule. If the measured and calculated
VCD spectra show agreement on the principal features and their signs, this means that the AC of the physical sample is the same as the AC
of the structure used in the calculation. If the signs are opposite, the AC of the sample is the opposite of that used in the calculation.

As described below, statistical methods have been developed for assessing the degree of confidence that the AC has been correctly
determined by the VCD method. Usually the AC of a chiral molecule is specified by connecting its structural chirality, labeled with R or S for
chiral centers or P or M for chiral axes, to the sign of its measured OR as (+) or (-). Once the AC of a molecule has been determined by VCD,
for example, (S)-(-)-a-pinene, its VCD spectrum can become a reference standard of the AC of this molecule, and the AC of any subsequent
sample of this molecule can be determined by comparison to its VCD reference standard. An important advantage of determining AC by VCD
is the spectral richness of a VCD spectrum that supports the simultaneous determination of the structural identity of the molecule and its
absolute chirality. In contrast to OR, every chiral molecule has a VCD spectrum, because all molecules have infrared (IR) absorption bands,
each one of which acts as a chromophore for a VCD spectrum. VCD also is sensitive to molecular conformations. As demonstrated below,
information about the conformation of a chiral molecule is obtained as a bonus from the VCD determination of AC, but AC is the principal
informational content of chiral pharmaceutical molecules. An extensive body of literature describing the AC of biological molecules has been
created during the past 30 years and can be used as a basis for determining secondary and higher-order structural states of biological drug
substances. Stereospecific methods using VCD can be developed to characterize the production, formulation, and stability of
biopharmaceutical products.

This chapter also presents a method for the determination of EE using VCD. EE determination with VCD takes advantage of the fact that
the magnitude of a VCD spectrum, measured as the circular polarization absorbance difference for a constant parent IR absorbance
spectrum, is directly proportional to EE with no offset. Thus, the maximum relative size of a VCD spectrum is obtained for an EE of 100%, is
zero for an EE of 0% (racemic mixture), and is maximum with opposite signs (all positive VCD bands are negative and all negative VCD bands
are positive) for an EE of -100%. The advantage of VCD EE determination is that the EE of any molecular sample can be determined by a
single VCD measurement once the relative size of VCD for 100% EE (or any %EE value) is known for that molecule. Separation of
enantiomers with chiral chromatography is not needed.

www.webofpharma.com


https://online.uspnf.com/uspnf/current-document/1_GUID-152408DF-A974-4E81-8CFF-A424759AFDDB_3_en-US
https://online.uspnf.com/uspnf/current-document/1_GUID-152408DF-A974-4E81-8CFF-A424759AFDDB_3_en-US
https://online.uspnf.com/uspnf/current-document/1_GUID-152408DF-A974-4E81-8CFF-A424759AFDDB_3_en-US
https://online.uspnf.com/uspnf/current-document/1_GUID-152408DF-A974-4E81-8CFF-A424759AFDDB_3_en-US

hﬁﬁgslﬁf'ﬁ%ta mthUOC Com/ USP-NF (1782) Vibrational Circular Dichroism Spectroscopy—Theory and Practice
2. DEFINITION OF VIBRATIONAL CIRCULAR DICHROISM

VCD is defined as:

AA=A — Ar
AA = the difference in the IR absorbance
A, =sample absorbance A for left circularly polarized (LCP) radiation
A_ = sample absorbance A for right circularly polarized (RCP) radiation

R

Unpolarized IR absorbance intensity is defined as the average of LCP and RCP intensities:

A= (AL + Agr)/2
The IR intensities of enantiomers are identical, whereas enantiomers have equal and opposite-signed VCD intensities.

3. VCD INSTRUMENTATION
The measurement of a VCD spectrum and its parent mid-IR spectrum is based on Fourier transform-IR (FT-IR) absorption spectroscopy.
The optical—-electronic layout for the measurement of VCD using an FT-VCD spectrometer is illustrated in Figure 1. The output beam of an FT-
IR spectrometer is optically filtered and then linearly polarized before passage through a photoelastic modulator (PEM). The zinc selenide
(ZnSe) PEM, typically used for VCD measurement, changes the polarization state of the beam between LCP and RCP at a frequency of 37
kHz. A sample solution in a standard IR cell is placed in the beam, and a liquid nitrogen-cooled detector of mercury—cadmium telluride (MCT)

detects the transmitted beam. The detector produces signals in two frequency ranges: 1) I__, in the range of 1-2 kHz, represents the FT-IR

nc’

interferogram; and 2) /, , centered at 37 kHz, represents the FT-VCD interferogram. The FT-IR interferogram may be directly Fourier-

AC!
transformed to yield the IR spectrum. After synchronous demodulation (using a lock-in amplifier or purely numerical processing) with a
reference at 37 kHz, the VCD interferogram can be Fourier-transformed to yield the VCD spectrum. Both the IR and VCD spectra are
presented in dimensionless absorbance units, A, and hence the ratio of the VCD to the IR intensity for any band in the spectrum yields the
dimensionless anisotropy ratio for that vibrational transition. Figure 1 illustrates the minimum setup for VCD measurement, but technically
advanced instruments use two PEMs to increase baseline stability and two sources to increase signal quality or reduce sample
measurement time. Measurement of VCD in other spectral regions, for example the hydrogen-stretching or near-IR, can be carried out with
appropriate changes in sources, polarizers, filters, PEM, cells, and detectors.

Photoelastic
Modulator
(PEM)
Optical Detector
Filter

=
= 501

Spectrometer

Process & Display Amplifier (LIA)
VCD 44—

Figure 1. Diagram illustrating the typical features of an FT-VCD spectrometer for the measurement of the IR and VCD spectra of a chiral
sample.

Change to read:

4. MEASUREMENT OF VCD SPECTRA

Figure 2 shows the IR and VCD spectra for (+)-R- and (-)-S-a-pinene as a neat liquid measured at 4 cm™ spectral resolution for 1 h. Also
shown are the stereostructures of the two opposite enantiomers (+)-R- and (-)-S-a-pinene. This figure shows that the IR spectra are nearly
identical (superimposed dash and solid traces) for these enantiomers and that IR is therefore blind to chirality. By contrast, the
corresponding VCD spectra have intensities that are equal in magnitude with opposite signs for each band in the spectrum. The two
stereostructures for a-pinene are presented in a form that makes clear their mirror symmetry, and it follows that mirror-symmetric pairs of
chiral molecules have mirror-symmetric VCD spectra about the zero baseline. The VCD baseline for these spectra is offset slightly above zero
and can be baseline corrected as discussed below. Inspection of the intensity scales for the IR and VCD spectra reveals that the VCD
intensities are approximately four orders of magnitude smaller than the corresponding IR intensities. Finally, each band in the IR spectrum
has a corresponding VCD band. The richness of the resolved spectral bands in the VCD spectrum, each one representing what has
traditionally been called a chromophore in electronic circular dichroism (ECD), gives VCD its exceptional combination of structural richness
and stereochemical specificity.

www.webofpharma.com



hﬂﬁ@/ﬁf'ﬁ%b mthUOC Com/ USP-NF (1782) Vibrational Circular Dichroism Spectroscopy—Theory and Practice

VCD and IR Spectra
a-Pinene Enantiomers

.

J‘J‘ " 2
» ﬁjﬁ - vep |
)

—— (1R)-(+)-a-pinene

AA x 104

-
—

-

(S)-(-)-x pinene 0.8 R T (1S)-(-)-a-pinene
8
d o Jd c
? 8
N | <
JJ-"%J J
s ¥ 00 | ! 1 |

1200 1000

(R)-(+)-cx pinene
Wavenumber (cm™)

Enantiomers: IR spectra are identical, VCD spectra are opposite in sign

Figure 2. IR (lower) and VCD (upper) of (1S)-(-)-a-pinene (dash) and (1R)-(+)-a-pinene (solid). To the left are presented the quantum
chemistry-optimized stereostructures of (15)-(-)-a-pinene (upper) and (1R)-(+)-a-pinene (lower). The IR and VCD spectra were measured at 4
cm™" spectral resolution, and the VCD spectra were averaged for 1 h.

Sampling requirements for VCD are similar to those needed to obtain a good IR spectrum. Ideally, as shown in Figure 2, analysts choose a
combination of path length and sample concentration to obtain an average IR absorbance value A in the range between 0.2 and 0.8 and
concentrations between 0.1 and 1.0 M, depending on the molecular weight of the sample. Typical path lengths for organic solvents are in the
range of 50-100 pm, and sample quantities needed are typically 5-10 mg, although amounts as small as 2 mg are possible. Typical solvents
for VCD measurement of organic molecules are deuterated solvents that have reduced solvent absorption in the mid-IR region. Besides

hydrogen-free solvents, such as carbon tetrachloride (CCI4), other commonly used 4and less-toxic 5 (USP 1-Dec-2024) Solvents for VCD are

deuterated chloroform (CDCI,) and deuterated dimethyl sulfoxide (DMSO-d,).

IR and VCD spectra can be plotted either in absorbance units, as A and AA, that reflect the sampling conditions, or in molar absorption
coefficients, € and Ag, that remove the concentration and path-length dependence of the intensity to give a molecular-level property that can
be compared quantitatively to calculated IR and VCD intensities. The conversion between these two sets of quantities is given by:

A=eCx |
A =IR absorbance
¢ = molar absorption coefficient
C = concentration (mol/L)
| =path length (cm)
and
AA=AeC x |

AA = difference in the IR absorbance
Ae = difference in molar absorption coefficient

A useful dimensionless measure of the intrinsic strength of a VCD band is the anisotropy ratio, defined as g = AA/A = Ae/. Including the
spectral frequency dependence of IR and VCD, the measured spectra are expressed respectively either as A(v) and AA(v) or as £(v) and Ag(v).
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VCD spectra require baseline corrections for instrumentation and solvent intensity. Deviations from a perfectly flat baseline with zero
offset must be removed before a final calibrated VCD spectrum is complete. Solvent baseline correction can be achieved for VCD spectra by
subtraction of the VCD spectrum of the solvent in the same sample cell. If the opposite enantiomer or racemic mixture of the sample is
available, baseline correction can be achieved as one-half the difference between these two equal and opposite VCD spectra in the case of
enantiomers or as simple subtraction in the case of the racemic mixture. Baseline deviations are caused by the unavoidable presence of
linear birefringence in the optical elements of the instrument and the sample cell that can become important for all but the largest VCD
intensities. An example of a baseline-corrected VCD spectrum is presented in Figure 3, along with the corresponding IR and VCD noise

spectrum. The spectrum of this sample of neat (-)-(S)-a-pinene was collected for a period of 1 h at 4 cm™" spectral resolution in
Aa, (USP 1-Dec-2024) barium fluoride (BaF,) Acell, (USP 1-Dec-2024) With a path length of 75 pm. The noise spectrum is less than 1 x 1075

absorbance (A) units across the spectrum. The IR, VCD, and noise spectra presented in Figure 3 may be taken as a validation standard for the
performance of a mid-IR FT-VCD instrument, as described in Vibrational Circular Dichroism Spectroscopy (782).

7 | Noise

e

AA X 104
I

Absorbance

1300 1200 1100 1000 900
Wavenumbers (cm™)

Simultaneous, two enantiomers, total 3.5 hour
Figure 3. IR absorbance A (bottom), baseline-corrected VCD (middle), and VCD noise spectrum (top) for (-)-(1S)-a-pinene as a neat liquid

averaged for 1 h at 4 cm™" spectral resolution and in a 75-um path-length barium fluoride cell.
Change to read:

5. QUALITATIVE AND QUANTITATIVE ANALYSIS
5.1 Ensure That Signs and Intensities Are Correct

Qualitative analysis can be carried out with VCD by comparing the VCD spectrum of an unknown to a reference spectrum of that molecule
to identify common features and to confirm that the VCD spectrum of the sample is a close match to the reference spectrum.

Quantitative analysis using VCD involves measuring the VCD intensity of the sample molecule and comparing it to a standard reference
spectrum for that molecule. In this way, the concentration and the %EE of the sample can be determined as follows. The intensity of the IR
spectrum relative to the IR standard of the sample determines the concentration for measurements with the same path length. After
normalizing the IR intensity of the unknown sample to the standard, the relative intensities of the VCD determine the %EE of the sample.
Such comparisons need to be carried out with all sampling conditions being the same, including the solvent and instrument spectral
resolution.

To determine that the VCD intensities are correct, the uncalibrated VCD intensities must be calibrated. This is accomplished by placing a
multiple-wave plate in the sample position, followed by a polarizer that is either parallel or perpendicular to the instrument polarizer in Figure
1. Measurement of the VCD spectrum of this multiple-wave plate setup for two settings of the wave plate and polarizer that differ by 90°
produces two sets of curves that have crossing points. The curve connecting the crossing points follows the shape of a first-order Bessel
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function and represents unit VCD intensity. Dividing this curve into the uncalibrated VCD spectrum produces a VCD spectrum with the correct
calibrated intensities. The two calibration curves and their crossing-point curve are illustrated in Figure 4.

1.5 +

1.0 -

0.5

Arbitrary scale

0.0

2000 1800 1600 1400 1200 1000
Wavenumber (cm™)

Figure 4. Calibration curves for VCD intensity generated by placing a multiple-wave plate and a polarizer in the IR beam and connecting the

crossing points with a curve representing unit VCD intensity for maximum VCD intensity at 1200 em™™.

5.2 Determination of the Noise Level at Each Point in the Spectrum

A critical factor in quantitative analysis using VCD is the degree of accuracy of the spectrum as given by the VCD noise level and baseline
stability of the measurement. The noise level depends on a number of factors such as the D* value of the detector, the amount of radiation
passing through the sample from the source, and the amount of absorption of the sample. The noise level is obtained by dividing the VCD
measurement into two halves. Addition of these halves gives the VCD spectrum, including noise, whereas subtraction eliminates the VCD
features and leaves the equivalent noise spectrum. An example of a VCD noise spectrum is given in Figure 3, which shows, from bottom to
top, the IR, VCD, and VCD noise spectra for a measurement of (-)-S-a-pinene. The VCD noise level can be reduced by increasing the
measurement time through co-addition of the spectra, as desired.

5.3 VCD Baseline Accuracy

A second critical factor in the measurement of a VCD spectrum is the characteristics of the VCD baseline, namely its location,
straightness, and stability. The VCD zero intensity line between positive and negative VCD intensities needs to lie as close as possible to the
electronic zero of the measurement (zero of spectral display). Due to the sensitivity of the VCD intensity scale, some offset of the baseline
from electronic zero almost always occurs, as discussed above in reference to the need for baseline correction of the VCD spectra of a-
pinene in Figure 2 and as carried out for Figure 3. Use of a-pinene as a validation standard is advantageous, because a-pinene has an
unusually large intensity and thus, its spectrum is relatively easy to measure on a regular basis. a-Pinene can also be used as a measure of
the baseline of a VCD measurement relative to the electronic zero of the measurement. This is illustrated in Figure 5, where the VCD spectra
of (-)-a-pinene (dash) and (+)-a-pinene (black) are presented along with the VCD spectrum of a racemic mixture [equal quantities of (-)-a-
pinene and (+)-a-pinene, hence canceling the VCD intensity] of a-pinene (gray). The VCD spectrum of the racemic mixture of a-pinene is the
VCD baseline for this measurement. A typical standard for baseline quality is deviations from electronic zero of <10% of the maximum

separation of positive and negative VCD intensity of the neat a-pinene spectrum, or approximately 1 x 1074, The baseline illustrated in Figure
5 satisfies this standard to within 5%. The baseline at 1350 cm™" is slightly above electronic zero and has maximum excursions away from
electronic zero of <0.00005, or 5 x 1075 at 1170 cm™", which can be compared to the maximum positive and negative intensity values of (-)-

a-pinene of +5 x 107% at 1220 cm™" and a negative peak value of -4 x 10™%at 1130 cm™".
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Figure 5. VCD spectrum of R-(+)-a-pinene (black), S-(-)-a-pinene (dash), and racemic (gray) a-pinene as a neat liquid for a 60-min
measurement in a 75-ym path-length barium fluoride cell.

5.4 VCD Baseline Absorption Artifacts and Single-Enantiomer Measurement Capability

For tests of baseline accuracy and stability, the sample camphor in 4deuterated chloroform, (USP 1-Dec-2024) Solution is used as a

qualification standard and provides a more stringent test than a-pinene, because the VCD spectrum of camphor is approximately one-fifth
the magnitude, relative to the IR absorbance spectrum, of that of neat a-pinene. The VCD spectra of both enantiomers, as well as two
measures of the VCD baseline, are provided in Figure 6. It is clear, as in Figure 2 and Figure 5, that the VCD spectra of enantiomers, in this
case (+)-camphor and (-)-camphor, are equal in intensity and opposite in sign relative to the VCD baseline to within the noise level of the
measurement. The two VCD baselines provided are both zero VCD measurements. The VCD spectrum of racemic camphor [equal mixture of
(+)-camphor and (-)-camphor] is the true VCD baseline for the individual (+)-camphor and (-)-camphor spectra, even if there are offsets
(artifacts) due to absorption bands in the IR spectrum of camphor. The absence of such artifacts to within the noise level of the

measurement is demonstrated by the congruence of the VCD spectrum of the racemic mixture and that of the solvent, 4deuterated
chloroform. 4 (usp 1-Dec-2024) Because Adeuterated chloroform, (USP 1-Dec-2024) has no significant level of absorbance in the region of the

spectrum displayed, the agreement of these two baselines within the noise level demonstrates the absence of baseline artifacts in the VCD
spectrum of racemic camphor, and therefore, for the VCD measurement of either of the two enantiomers of camphor.

Achieving a VCD baseline that is free of absorption artifacts is usually done by optical alignment of the VCD instrument such that the
baseline is as close as possible to the true electronic zero of the instrument of the measurement. In Figure 6, the VCD baseline can be seen
to wander above and below zero across the spectrum, but in this case, the deviations from the electronic zero are small (approximately 2 x

1079) and <20% of the positive and negative maximum VCD intensities of the spectrum (approximately 1 x 10~4). This value of deviation is
consistent with the maximum baseline magnitudes discussed above for a-pinene and displayed in Figure 5, because a-pinene has a much
larger (approximately 5x) VCD spectrum, relative to its IR spectrum, than camphor. The baselines for camphor in Figure 6 are noisier than that
of a-pinene in Figure 5, because the VCD spectrum scale is smaller and the measurement time is 20 min instead of 1 h. As in Figure 3, the
VCD baseline can be corrected by subtraction of an appropriate baseline spectrum, racemic or solvent. In Figure 7, the baseline-corrected
VCD spectra for both enantiomers and the racemic mixture have been obtained by subtraction of the VCD spectrum of the solvent

Adeuterated chloroform. , (USP 1-Dec-2024) As a result, the VCD zero baseline and the instrument electronic zero are the same to within the

noise level, and the mirror symmetric properties of these spectra are even more apparent. This VCD test verifies that by subtracting the VCD
spectrum of the solvent, an accurate VCD spectrum of camphor can be obtained using only one enantiomer, either the (+)- or (-)-enantiomer,
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and hence, the instrument possesses a single-enantiomer VCD measurement capability. 4

YA ]----- CDCl, Overlay of enantiomers, racemic and solvent
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----- (5)-Camphor
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Figure 6. VCD spectrum of R-(+)-camphor (black), S-(-)-camphor (gray dash), and racemic camphor mixture (gray) as a 0.9 M solution in
deuterated chloroform. Also provided with the same cell and path length is the VCD spectrum of pure deuterated chloroform (black dash).
The sampling conditions were a spectral collection time of 20 min with a 100-um path-length barium fluoride cell.

Racemic Camphor - CDCI,| Subtractions of solvent from enantiomers 7
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-14 H 0.9 M solution camphor, CDCl,, 100 pm, 20 min acquisition -
N 1 N 1 v 1 N 1 v I

1500 1400 1300 1200 1100 1000

Wavenumbers (cm™)

Figure 7. Solvent baseline-corrected VCD spectrum of R-(+)-camphor-deuterated chloroform (gray), S-(-)-camphor-deuterated chloroform
(black), and racemic camphor-deuterated chloroform mixture (dash) of the VCD spectra shown in Figure 6.

A (USP 1-Dec-2024)
5.5 VCD Measurement Stability and Noise Level Reduction

Comparison of VCD measurements of camphor for 20 min to that measured over a period of 4 h in blocks of 20 min permits evaluation of
instrument measurement stability as well as the reduction of noise level over time. In Figure 8, 12 such 20-min VCD spectra measured in 4 h
are presented to show the stability of a VCD spectrum over time. It is clear that there are no deviations of VCD spectra outside the noise level
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of any one 20-min spectrum, and hence, there is no long-term drift in the VCD baseline over this time period. 4
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e e

-14 4 0.9 M solution camphor, CDCI,, 100 um, 20 min acquisition

T T T T ¥
1500 1400 1300 1200 1100 1000
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Figure 8. Superposition of 12 20-min VCD spectra of S-(-)-camphor under the conditions of Figure 6 and Figure 7.

A (USP 1-Dec-2024)

If the 12 blocks of 20-min VCD spectra in Figure 8 are averaged, the resulting 4-h VCD spectrum can be compared to a 20-min VCD
spectrum of the same sample to demonstrate the noise reduction that is achieved upon signal averaging, provided there are no other
systematic noise sources in the VCD spectrometer. In this case, the noise reduction should be a factor of the square root of 12, or

approximately 3.5. Thus, the signal-to-noise ratio should improve by a factor of 3.5. Such a comparison is provided in Figure 9. &

— (5)-camphor 20 min Overlay of enantiomers: 20 and 240 min
— (5)-camphor 240 min

I

_14 4 0.9 M solution camphor, CDCIa, 100 um, 20 min acquisition

N 1 I 1 o v I
1500 1400 1300 1200 1100 1000
Wavenumbers (cm™)
Figure 9. Comparison of the 4-h average of 12 20-min VCD spectra [S-(=)-camphor 240 min (gray)] to one 20-min measurement of

camphor [R-(+)-camphor 20 min (black)], under the conditions of Figure 6, Figure 7, and Figure 8, showing improvement in signal-to-noise ratio
with increased collection time.

A (USP 1-Dec-2024)
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The noise level can be visualized directly on a 5x more sensitive scale to better evaluate the noise levels by comparing the noise

spectrums, as illustrated and described in Figure 3, for the 4-h and 20-min VCD measurements. This is presented in Figure 10. 4

— (8)-camphor 20 min Noise Overlay of noise: 20 and 240 min
44— (5)-camphor 240 min Noise -

0.9 M solution camphor, CDCI,, 100 um, 20 min acquisition
N 1 ' 1 ¥ 1 ' I v )
1500 1400 1300 1200 1100 1000

Wavenumbers (cm™)

Figure 10. Comparison of the VCD noise spectra of R-(+)-camphor for one 20-min measurement [R-(+)-camphor noise (gray)] versus a 4-h
measurement [R-(+)-camphor noise (black)] under the conditions of Figure 6, Figure 7, Figure 8, and Figure 9, where the intensity scale has
been expanded to accommodate noise spectra that are 5x enlarged for better viewing from the noise levels in the previous four figures.

A (USP 1-Dec-2024)

6. DETERMINATION OF ABSOLUTE CONFIGURATION

The IR and VCD spectra of a sample are measured in solution in a matter of minutes to hours without the requirement of prior
crystallization or high sample optical purity. The AC of an unknown sample is determined by comparison of its measured VCD spectrum to a
VCD quantum chemistry calculation of the same molecule, where the AC used in the calculated VCD spectrum is chosen arbitrarily. If the
signs of the bands in the measured VCD spectrum match those in the calculated VCD spectrum, the AC of the sample is identical to that
used in the calculation. If the signs are opposite, then the sample has the opposite AC compared with that calculated. An example of the
determination of the AC of a pharmaceutical molecule is shown in Figure 11. The AC of mirtazapine, which is sold in racemic form, is
determined by comparison of the measured IR and VCD spectra of the (-)-enantiomer to the calculated IR and VCD spectra of the R-
enantiomer. The close match in VCD signs—vibrational frequencies, intensities of the observed and calculated spectra, and IR frequencies
and intensities—demonstrates clearly that the AC of mirtazapine is (-)-R. Also shown in Figure 11 is the stereospecific quantum chemistry

calculated structure of R-mirtazapine.
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Figure 11. Comparison of the measured (observed) and calculated IR and VCD spectra of mirtazapine, allowing assignment of its AC to
(-)-R. Reproduced in part with permission from John Wiley & Sons.

If the AC of a molecule has previously been established, for example, by X-ray crystallography, a VCD calculation of the molecule is not
necessary (but could be performed as a check of the X-ray assignment), and the measured VCD spectrum of the molecule may be taken as a
reference standard for the AC of the molecule, supported, for example, by USP. For a molecule with unknown structural chirality, the
determination of its AC by VCD requires a comparison of the measured and calculated IR and VCD spectra, £(v) and As(v), as shown in Figure
11. The key point of the comparison is correlating the major VCD bands to determine whether they have the same or opposite signs. The IR
spectrum is a guide in the process. Seeing a close correspondence between the calculated and measured IR spectra provides confidence
that a good vibrational force field has been calculated and the most important vibrational bands are correlated. If a corresponding correlation
of the signs of the major VCD bands can be made, as in Figure 11, then the AC has been determined.

When the measured and calculated VCD spectra are compared, the magnitudes of the corresponding intensities are not critical. What is
important is the relative intensities of the bands in the two spectra, and in fact, that the comparison of measured and calculated spectra can
be made using different sets of intensities for £(v) and Ag(v) for the calculated spectra and A(v) and AA(v) for the measured spectra. In
general, an exact match of the measured and calculated band frequencies is not expected because of several limitations of the calculations.

Examples of these limitations include the assumption of the harmonic approximation when some anharmonicity is present in the measured
spectra, the need to ignore the effects of solvent interactions with the chiral solute molecule, limitations in the size of the basis set used for
the quantum calculation, and the choice of density functional required for the density functional theory (DFT) calculation.

7. CALCULATION OF VCD SPECTRA
To determine the AC of a molecule with unknown chirality using the VCD method as an alternative to, or supplement to, X-ray
crystallography, analysts conduct a quantum chemistry calculation of the IR and VCD intensities of the molecule. Since the late 1990s,
commercial DFT software has been available and can be used effectively by a trained user because it does not require special expertise or
extensive experience in quantum chemistry calculations. For example, VCD calculations are now part of some undergraduate chemistry
curricula. The following steps are required to perform a DFT calculation of IR and VCD:
1. The stereospecific structure of the molecule is entered through a visual graphics interface.
2. The quantum chemistry program then automatically performs the following steps:
A. The geometry is optimized to a minimum energy conformation.
B. A force field is calculated that determines the vibrational modes of the molecule, with 3N-6 modes for a molecule with N
atoms.
C. Atomic polar tensors that yield the IR spectrum are calculated.
D. Atomic axial tensors that yield the VCD spectrum are calculated.
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3. The output of the calculation consists of a table where for each mode i there is a frequency, v, IR intensity (dipole strength), D, and

VCD intensity (rotational strength), R.

4. Commercially available programs calculate the IR and VCD spectra for the molecule using the following steps:
A. A line shape, f(v), is applied to each dipole and rotational strength value, D, and R, centered at each vibrational frequency, v,

B. Summation of these normal mode line-shaped intensities automatically produces the final calculated IR and VCD spectra £(v)
and Ag(v) that can be compared directly to the corresponding measured IR and VCD spectra.

Another important factor that often is encountered in the assignment of the AC of pharmaceutical molecules and natural products
(because of the structural complexity of these types of molecules) is the presence of more than one important conformer under the
measurement conditions. The fractional populations of different conformers can be predicted by using their relative calculated energies in
the Boltzmann distribution. The lowest-energy conformer has the highest fractional population and so on, to increasingly less-populated
conformers with higher relative energies. To calculate the VCD, one must calculate the IR and VCD of each important conformer and then
add these spectra together, weighted by the fractional Boltzmann population. Usually, one can ignore the spectral contributions of
conformers that account for less than a few percent of the total population.

Programs for calculating VCD and IR spectra to the level of accuracy sufficient for comparison to measured IR and VCD are available
commercially from a variety of sources. First, one needs a program for evaluating and finding the geometry of all the lowest-energy
conformations of a chiral molecule. A variety of programs using molecular mechanics are available for this purpose. Second, one needs a full
quantum chemistry software program for calculating the ab initio force fields, vibrational frequencies, and VCD and IR intensities for each of
the lowest-energy conformers. A common chemical model of sufficient accuracy for AC determination is DFT, using a basis set minimum of
6-31G(d), and a choice of hybrid functionals, such as B3LYP or B3PW91. Higher-level basis sets and alternative choices of hybrid functionals
may be made. Finally, one needs a software method for comparing measured and calculated VCD and IR spectra to assess the degree of
spectral agreement between the measured and calculated spectra, and hence the level of confidence that the correct assignment of AC has
been predicted. Additional details are described below.

In Figure 12, the AC of the bioactive enantiomer of the analgesic (S)-(+)-ibuprofen is determined by comparing the measured and
calculated IR and VCD spectra. The calculated IR and VCD are the sums of the IR and VCD conformer spectra, one for each conformer,
weighted by the fractional populations 0.37, 0.36, 0.12, and 0.07, plus smaller contributions from another eight conformers that have a total
contribution of 0.08. Clearly, there are two important conformers that are nearly equally populated, and the basic features of the final IR and
VCD spectra are determined by these spectra. As a result of this analysis, not only has VCD been able to confirm the AC of (+)-ibuprofen as S,
but two dominant solution-state conformers have been identified, along with two additional less-populated conformers.
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Figure 12. On the top are displayed the measured (observed; +) and calculated (S) IR and VCD spectra of (+)-ibuprofen (above) and the
stereostructure of (S)-ibuprofen (below). On the bottom are displayed the stereostructures, relative energy (RE), and percentage Boltzmann
population (BP) for the four most important solution-state conformers.

8. COMPARISON OF MEASURED AND CALCULATED SPECTRA
To provide an unbiased statistical measure of the degree of similarity between measured and calculated IR and VCD spectra, an analytical
method based on a convolution algorithm has been developed. The degree of similarity, or congruence, between a measured and a
calculated spectrum can be calculated and used to determine a degree of confidence that the AC determined by visual inspection is correct.
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8.1 Degree of Confidence of Correct Assignment

The results of the use of such statistical measures are shown in Figure 13. The degree of similarity (the total neighborhood similarity, TNS)
of the measured and calculated IR is 92.5, where 100 is a perfect match. The same TNS measure for the VCD is 82.2. Because VCD bands
can be either positive or negative, a more refined analysis is carried out for VCD, and only regions of sign agreement are compared for each
enantiomer. In this case, the value of the signed neighborhood similarity (SNS) for the S-enantiomer is 92.8, and for the R-enantiomer, it is
only 12.1. Clearly, the analysis confirms the visual agreement of the measured VCD spectrum (upper solid line) and the calculated VCD
spectra (lower solid line) for the S-enantiomer versus the R-enantiomer (dashed line). An additional numerical comparison is calculated as
the enantiomeric similarity index (ESI), which equals SNS(S) - SNS(R). The result (black dot) is then plotted against a database of 89 prior
correct VCD assignments, where the axes are SNS (vertical) and ESI (horizontal). The closer a statistical point is to the upper right-hand
corner of the plot, the higher the similarity of the comparison and the higher the degree of confidence. The upper right-hand corner of the plot
is defined as 100% spectral similarity. The degree of confidence is a statistical measure that is set to be 100% confidence for points
clustered in the upper right-hand region of the plot. Statistical measures such as these eliminate the reliance on only visual judgment for the
comparison of measured and calculated VCD spectra and provide a statistical basis for assigning a degree of similarity between the
measured and calculated spectra.
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Figure 13. Output of a commercial program for comparison of measured (observed) VCD and IR spectra with calculated VCD spectra of
both enantiomers and the calculated IR spectrum. Statistical data are explained in the text.

Change to read:

9. DETERMINATION OF ENANTIOMERIC EXCESS
After AC, the next most important property of a chiral sample is the EE, as described in 1. Introduction. For enantiomers labeled R and S,
the EE for the R-enantiomer is defined as EE = (N, - N)/(N,, + N,) and %EE = EE x 100%. Here, N, represents the number of moles of the R-

enantiomer present in the sample; for a solution, N, can represent the concentration of the R-enantiomer. Thus, %EE for the R-enantiomer can

vary from +100% to -100%.

VCD spectra also can be used to determine the EE of a sample once the sample has been calibrated by a single IR and VCD measurement
of a sample with a known EE. VCD scales linearly with EE with a maximum VCD intensity for a given IR intensity at 100% EE, one-half VCD
intensity for the same IR intensity at 50% EE, and zero VCD for the racemic mixture of 0% EE. These points are illustrated in Figure 14 for 11
measurements of R-(+)-a-pinene for which the %EE decreases from 100% to 6.7%. The IR spectra are identical, but the VCD spectra grow
smaller linearly as EE is reduced by the addition of measured amounts of the opposite enantiomer to the sample cell. The degree of accuracy
of this determination of %EE was slightly >1%, as indicated in the plot of actual prepared EE versus VCD predicted EE, using a partial least-
squares chemometric analysis as presented in Figure 15.
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Figure 14. Superposition of 11 VCD (upper) and IR (lower) spectra of a 3.1 M solution of (+)-(R)-a-pinene in 4deuterated chloroform, (UsP
1-Dec-2024) for samples with %EE values of 100.0%, 88.2%, 77.8%, 68.4%, 60.2%, 52.4%, 45.5%, 33.3%, 23.1%, 14.3%, and 6.7%. Reproduced in

part with permission from John Wiley & Sons.

Actual | Predicted | Variance
EE% EE% (EE%)
100
20y 88.2 87.2 1.0
80 77.8 75.9 1.9
W 7o} a-pinene 68.4 69.7 -1.3
B 6o} 60 61.3 -1.3
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Figure 15. Plot and corresponding table of actual versus VCD predicted values of %EE using partial least-squares (PLS) chemometric
analysis that achieves a root-mean-square deviation (RMSD) of 1.15 and a standard deviation error of cross-validation (STDEV) of 1.21.
10. CONCURRENT USE OF VCD FOR ABSOLUTE CONFIGURATION AND EE
10.1 Chiral Raw Material Identification

Currently, there is no routine, real-time chiral measurement for material identification (ID). Chiral drug substances must comply with the
and Mid-Infrared Spectroscopy—Theory and Practice (1854)). In practice, near-IR (for additional information, see Near-Infrared Spectroscopy—
Theory and Practice (1856)) is used in many manufacturing facilities. For near-IR analysis of solids, analysts commonly use fiber-optic

probes and then confirm the raw material by comparison of the measured spectrum against that of the USP Reference Standard. To
determine the AC and EE of a chiral material, analysts must make a separate optical rotation measurement, which requires large amounts of
sample in a 10-cm path-length cell, where uncertainty errors are possible for materials with small OR values.
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A single measurement of the VCD spectrum and its associated IR spectrum in the mid-IR or near-IR region of a raw material, either as a
crystalline solid or in solution, simultaneously contains information for the three critical measures: ID, AC, and EE. By comparison to a USP
Reference Standard, the simultaneous measurement of IR and VCD spectra of a test material identifies the sample and the presence of
impurities and separates impurities into achiral (IR only) or chiral (IR and VCD). The signs of the VCD identify the AC of the dominant
enantiomer, and the ratio of the VCD to the IR gives the EE, as described above. Typical VCD accuracy for EE determinations is in the range of
0.1%—1%.

10.2 Chiral Quality Control

VCD can be used as a chiral measure for characterization of raw materials for process analytical technology (PAT) during development,
synthesis, formulation, and final production of drug substances and drug products. VCD also can be used to test the interaction between
formulated chiral drug substances and excipients. Currently, there are no protocols for monitoring EE as a quality control measure in the
pharmaceutical industry. Because of the importance of chirality as a critical measure of sample integrity, there is a need for the incorporation
of a new technology, such as VCD, to ensure the desired level of chiral quality of pharmaceutical products from discovery through to final
formulation.
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