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ABSTRACT: Systematic methods that speed-up the assignment of absolute conﬁguration using vibrational circular dichrosim
(VCD) and simplify its usage will advance this technique into a robust platform technology. Applying VCD to pharmaceutically
relevant compounds has been handled in an ad hoc fashion, relying on fragment analysis and technical shortcuts to reduce the
computational time required. We leverage a large computational infrastructure to provide adequate conformational exploration
which enables an accurate assignment of absolute conﬁguration. We describe a systematic approach for rapid calculation of
VCD/IR spectra and comparison with corresponding measured spectra and apply this approach to assign the correct
stereochemistry of nine test cases. We suggest moving away from the fragment approach when making VCD assignments. In
addition to enabling faster and more reliable VCD assignments of absolute conﬁguration, the ability to rapidly explore
conformational space and sample conformations of complex molecules will have applicability in other areas of drug discovery.

1. INTRODUCTION

molecule (compound 9 from He et al.) would be considered
druglike, exhibiting signiﬁcant conformational ﬂexibility.8
While a fragment-based approach for assigning absolute
conﬁguration is suitable for some pharmaceuticals,17 this is by
no means universal. A recent perspective on VCD in the
pharmaceutical environment suggested that experimental
spectra be measured at a lower temperature; this would allow
the consideration of fewer conformations on the computational
side, thus reducing computational cost.3 Minick et al. propose
relying on a combination of the fragment approach and the
comparative approach, which matches measured spectra of a
series of optical isomers to the calculated VCD of a reference
compound containing the same chiral core.17
Minick et al. describe the signiﬁcant increase in absolute
conﬁguration assignments made per year as a function of the
number of computer processors.17 The work presented below
supports this assertion that parallelization is key to performing
VCD calculations in an acceptable time frame. As available
computation power continues to grow, and as modeling
algorithms continue to evolve, the once daunting task of
modeling conformationally complex pharmaceuticals is expected to become more straightforward. In current practice for
modeling conformationally complex molecules, the process of
selecting which conformers to include in the simulations (i.e.,
proper Boltzmann-weighted percentages) remains largely ad
hoc, requiring the input of skilled and experienced experts. To

Chirality is a structural feature of many marketed drugs and an
important focus of drug discovery teams in the pharmaceutical
industry. Owing to the diﬃculty in assigning absolute
conﬁguration (AC), several methods are commonly employed,
including single crystal X-ray diﬀraction, NMR combined with
chiral derivatization, electronic circular dichroism (ECD),
optical rotation, and structural proofs based on synthetic
transformations.1−3 A relatively new technique for assigning
absolute conﬁguration,3−17 vibrational circular dichroism
(VCD), has gained favor in recent years. Recent perspectives
on the method emphasize that VCD can play a critical role for
SAR development and provide insight into the dominant
conformations of a molecule in solution.3,17 It has been
emphasized that uptake of VCD into the pharmaceutical
industry is still surprisingly slow.17
The technique in question relies on the comparison of
measured and calculated VCD spectra. Accurate calculation of a
VCD spectrum requires knowing the accessible conformations
of a molecule, and early applications of the technique were
largely conﬁned to easily modeled, conformationally rigid
molecules. In recent years, use of the VCD approach has been
expanding to encompass systems of increasing conformational
complexity.17−28 Nevertheless, a fragment or subunit approach
is still often recommended for determination of absolute
conﬁguration of pharmaceuticals,6,17,26,29−31 which are often
considered too diﬃcult or computationally intensive to
eﬀectively model. Indeed, in a recent VCD review, only one
© 2014 American Chemical Society
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Figure 1. Structures of the compounds used with indication of known stereochemistry.
instrument. Data was collected in blocks, where the instrument
recorded ∼3000 scans over the course of 1 h and averaged those scans
into one block. Typical runs involved averaging several blocks (at least
three) for the sample and solvent. The solvent background average
was then subtracted from the sample average. Collection times for
sample and solvent ranged from 4 to 18 h, with the instrument
optimized at 1400 cm−1. VCD spectra for camphor I and ibuprofen III
were further corrected by using the respective enantiomer and
racemate. Minick et al. provide a useful discussion of solvent
considerations for measured VCD.17
2.3. VCD Calculations: Conformer Searching. An initial search
of conformational space was performed with three conformer
generation tools including the Merck in-house tools which are
described in the literature but not publically available: ET32 and JG (an
in-house version of DG33), and OpenEye’s OMEGA.34,35 The
maximum number of conformers generated per method was set to n
(n = 1500 by default), leading to a default combined possibility of
4500 initial conformers. In practice, the methodology of some tools
does not nearly generate the limit; this was instead a global variable in
the workﬂow.
The ET tool generates conformers based on a set of rules which
reﬂects chemical intuition. Flags were set for ET to allow rings to
adopt boat, chair, and twist-boat conformations, a minimum distance
between nonbonded heteroatoms was set to 2.0 Å, and the maximum
number of output conformations was set as described above. The JG
tool takes a more chemically naı̈ve approach. Atom positions are
sampled in three dimensions based only on distance constraints. Flags
for JG were kept as default, and the number of conformers was set as
described. Conformers output from JG can necessarily have high
energies so common workﬂows at Merck involve molecular mechanics
minimization using MMFF9436 of the output conformers (convergence criteria 0.001 kJ/mol in total energy). However, we chose to
keep this initial high energy “diversity” by branching the workﬂow to
have both JG minimized and nonminimized conformers input into the
output representative set. OpenEye’s OMEGA conformer generator
(similar to ET in regards to chemically aware sampling) was run using
default options with an RMS cutoﬀ for output conformers set to 0.2 Å
and the maximum number of conformers as described.
Conformers output by ET and OMEGA are relatively similar,
though the speed of OMEGA makes this generator appealing for larger

enable a broader use of the technique, a faster, less labor
intensive, and more systematic approach to the mapping of
conformational space is required.
The current study presents VCD analysis on seven
pharmaceutically relevant and complex molecules plus two
classic test cases from the literature: camphor and pulegone.
We show how, by leveraging the power of a large computational infrastructure, it is possible to carry out minimally
redundant explorations of conformational phase space to
identify the initial 50−200 molecular mechanical (MM)
conformers that dominate the density functional theory
(DFT) or quantum mechanical (QM) conformational landscape of typical molecules of interest in the pharmaceutical
industry, thereby allowing a statistically accurate calculation of
VCD spectra, which in turn can be used for robust assignment
of absolute conﬁguration. This approach aims to replace the
easily biased, human-driven conformational sampling approach
with a more systematic, machine-based approach.

2. EXPERIMENTAL SECTION
2.1. Molecules. Model compounds used in the study are shown in
Figure 1. Compounds I−III were obtained from Sigma-Aldrich
(Milwaukee, WI), and compounds IV−IX were obtained from the
Merck compound collection. The absolute conﬁguration of each
compound was known prior to assignment.
2.2. VCD Measurements. (S)-(−)-Camphor I, (R)-(+)-pulegone
II, (S)-(+)-ibuprofen III, efavirenz IV, and simvastatin IX samples
were dissolved in CDCl3 (I: 160 mg/mL; II: 94 mg/mL; III: 74 mg/
mL; IV: 30 mg/mL; IX: 99 mg/mL). Aprepitant VII and ezetimibe
VIII samples were dissolved in DMSO-d6 (i.e., DMSO) (VII: 40 mg/
mL; VIII: 28 mg/mL). Compound V and laropiprant VI samples were
dissolved in both CDCl3 (V: 30 mg/mL; VI: 38 mg/mL) and DMSOd6 (V: 27 mg/mL; VI: 38 mg/mL). All experiments were performed
using a 0.10-mm path length cell with BaF2 windows. The IR and
VCD spectra were recorded using a ChiralIR VCD spectrometer
equipped with the Dual PEM accessory (BioTools, Jupiter, FL), with 4
cm−1 resolution. A dry N2 purge was used to eliminate water from the
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numbers of molecules. At the time of the initial studies, sampling of
polar hydrogen dihedrals was not performed in OMEGA by design.
Sampling of these rotamers is explicitly needed for identiﬁcation of a
complete Boltzmann population. Because a given hydroxyl rotamer
will not minimize to a global minimum using DFT if it is already in a
local minimum, the sampling of hydroxyl dihedrals needed to be
handled using JG.
2.4. VCD Calculations: Conformational Clustering. After
conformational searching, all output conformers were run through a
renumbering scheme to standardize atomic labeling, and all isomers
were checked for the correct output chiral conﬁguration. The global
list of conformers was then catenated to form one large conformers
ﬁle. The resultant distribution was clustered based on 3D coordinates,
and a subset of the total conformer pool was selected to represent the
allowable range of conformations. Given that DFT/QM calculations
are very expensive and the shared resource had many competing users,
we needed to identify a strategy to reduce the number of DFT/QM
jobs submitted while still ensuring a proper coverage of conformational space. We adopted a three-step approach. Clustering by energy
is not feasible, as mechanics energies are not accurate enough and
oftentimes similar conformers have identical energies. Instead, all
output conformers were initially clustered, after MMFF9436 energy
minimization, based on the RMS of all atoms at 0.6 Å. In other words,
after superposition, if conformers diﬀered by less than 0.6 Å, they were
considered the same cluster. These clusters were then ordered
according to the MMFF energies of the centroids. A set of three
integers (p,q,r) controlled how this clustered ﬁle was handled, and the
ﬁrst integer p indicated the number of top-ranked cluster centroids to
keep; for instance, 10 would keep the best 10 centroids ranked by
MMFF energy. The second integer q controlled how many of the
remaining clusters would be evenly sampled; for instance, 20 would
evenly select 20 of the remaining higher energy clusters ordered by
increasing strain energy. Owing to initial testing of the number of
conformers needed, we determined that the best attempts at using
MMFF to identify DFT minima was still suspect to occasional
underperformance so we added in what was termed the “random
factor”. This ﬁnal integer r controlled a return to the original combined
conformers ﬁle where the compounds were clustered without MMFF
minimization of the energies. For example, an r of 45 would take the
entire set of conformers and cluster them down by number until 45
centroids represented conformational diversity. This allowed conformers with very high MMFF “unminimized” energies to be included
in the DFT submission.
Testing of the convergence in VCD/IR matching, and sampling of
conformations, was performed using a set of four parameter
combinations providing total sampling of 20, 50, 100, or 200
conformers, respectively. Details of the parameters controlling
conformer sampling/clustering are found in Table 1.

investigate (vide infra) the eﬀects of implicit solvent on the
conformational landscapes only when problems arise in matching to
in vacuo results.
Output conformers were ranked according to DFT energy, and a
clustering was performed to remove duplicates. Initial identiﬁcation of
duplicates was performed solely on an electronic energy basis where
compounds were considered identical if the diﬀerence in Hartrees was
less than 0.01. Rounding the diﬀerences led to inconsistencies in
identiﬁcation of duplicates. It became better to cluster the DFT
minima by energy (threshold for similarity being 0.01 hartree) and
then recluster each energy bucket by structure using an all-atom RMS
of 0.6 Å. This faithfully removed only identical compounds. Two
Boltzmann distributions were calculated based on electronic energy
(E) and free energy (G).
The Merck computational infrastructure is composed of a Linux
cluster and a Cray supercomputer. All jobs were run in parallel during
the evaluations using 12 processors for a quick turnaround. Through
iterative testing of the maximal number of conformers sent for DFT, it
was determined that for structures of the size and ﬂexibility of
compounds V, VI, and VIII (seven to eight rotamers), the number of
conformers sampled should be on the order of 150. For smaller
compounds such as I−IV (two to eight rotamers), the number could
be set to around 60, where rigidity would at times act as a secondary
limit of conformer diversity. Compounds such as VII (nine rotamers)
and IX (twelve rotamers) could take as many as 200 conformers to
identify all minima. We deﬁne rotamers as a rotatable bond which
gives an energetically diﬀerent structure, so free rotors oftentimes not
included in rotatable bond count do in fact contribute under our
deﬁnition.
As will be discussed, this brute force approach often led to
signiﬁcant redundancy in the conformers sampled, and it became a
good sign to see a “duplicates” ﬁle heavily populated. This leant
support to a successful exploration of conformational space, and
because our computational resources allowed this extensive job
submission, we took advantage.
2.6. VCD Calculations: Extraction and Matching of Spectra.
Generation of VCD spectra from the Gaussian output ﬁles was
performed using the ViewVCD algorithm (BioTools). This program
converts the discrete frequency intensities into a smooth spectrum
using Lorentzian band broadening (this program was run with default
settings). The spectra were matched using an in-house matching tool
based oﬀ the publication of Shen et al. or the peak matching software
tool CompareVOA distributed by BioTools (run using default
settings).48,49 BioTools has written into their matching algorithm
CompareVOA a method for outputting a conﬁdence from 0% to
100%.
The in-house method for comparing VCD and IR spectra is based
on published methodology comparing the overlap integrals of the
measured and calculated spectra after optimal scaling and shifting of
individual peaks.48 We used the same formulas for calculating
similarity for IR and VCD spectra of experimental and observed
curves. On the basis of our experience in matching the curves by hand,
we introduced the following modiﬁcations to the algorithm: we scale
the spectra (0 to 1 for IR, −1 to 1 for VCD) before comparing them;
we isolate each peak for movement rather than groups of peaks; we
isolate peaks independently for IR and VCD spectra; when looking for
the best match, we move the experimental peak only to higher
frequencies with a maximum shift of 20 cm−1. The default algorithm
only right shifts peaks, which was the direction of travel for peaks
needing to be shifted during initial testing of the matching algorithm.
This right shift was in part due to solvent shifting not accounted for by
in vacuo calculations and inaccuracies in the calculated frequencies
themselves. Motivation for shifting peaks in only one direction was in
part due to frequency scaling factors being <1.0 for DFT methods used
in combination with low-mid level basis sets. We are currently
investigating the eﬀect of allowing peak shifts in both directions. For
all ﬁgures contained in the manuscript, the output intensities from
Gaussian for IR Δε (molar absorptivity) and VCD Δε are D (10−40
esu2 cm2) and R (10−44 esu2 cm2), respectively. However, owing to
scaling all peaks the intensities are labeled only as “scaled”.

Table 1. Parameters for Conformational Sampling
job ID

p

q

r

total possible conformers

20
50
100
200

10
20
35
70

10
20
35
70

0
10
30
60

20
50
100
200

2.5. VCD Calculations: DFT Minimization and Boltzmann
Distribution. Conformers of each test structure were geometry
optimized at the B3LYP/6-31G** level, and stationary points were
conﬁrmed by performing frequency calculations (default convergence
criteria).37−45 All calculations were performed using Gaussian 09.46
Frequency calculations output the IR and VCD spectra.47 Frequencies
were scaled by a value of 0.98, but owing to the secondary scaling and
shifting of the calculated VCD and IR spectra (during extraction of
VCD by BioTools ViewVCD and during spectra alignment detailed
below) in comparison to the experimental spectra, this initial scaling
was, to some extent, arbitrary. In vacuo conformational ensembles are
commonly suﬃcient to reproduce measured VCD/IR spectra. We
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fragments for ease in computation. It is our philosophy that the entire
molecule should be modeled even though we note success has been
demonstrated using fragment model systems.6,17,26,29−31
2.9. Computational Resources. The LINUX-based servers used
for VCD calculations were a combination of standalone 1U and 4U
servers, and individual nodes on a Cray XT5 with 4, 12, and 24 AMD
processors having a minimum of 16 GB of available memory and a
maximum of 128 GB. The Cray system runs CCM (cluster
compatibility mode), making the individual Cray nodes look like
standalone cluster systems. These nodes are SMP capable, allowing the
use of OMP parallelization (threads). During testing, we discovered
that the calculation eﬃciency optimized at between 6 and 8 cores
(CPU’s) and very little gain was made over seven cores, rendering the
point moot. Therefore, each individual run requested 12 CPUs to ﬁll
the frame exclusively because multiple jobs could not be submitted to
the same node. PBS-forwarding queues were created, and the internal
PBS server node (SDB) on the Cray was connected to the external
network, allowing users to submit workload directly. Scripts were
generated that make use of the available cores on the individual nodes,
and requests were made exclusive to prevent other workloads from
being scheduled to the nodes in use.
Minick et al. have shown the beneﬁt of using more processors
covering a range of 1−65 processors which enabled 6−10
conformations to be modeled in parallel.17 In agreement with the
importance of maximizing the computer resource, but ﬁnding that
even 65 processors were suboptimal, we suggest that a cluster of 100−
1000s of processors is optimal. Given the size of an average druglike
molecule and sampling 180 conformers, parallelization across 12
processors for each minimization requires >2000 processors. In
practice, a single user within our environment is allocated only a subset
of the total available processors, but we still see full conformational
sampling complete in ∼1 day.

The spectra were matched initially over a range of 1000−2000
cm−1, but this range was adjusted to account for lack of features,
excessive noise, or artifactual peaks (Table 2). When a spectrum

Table 2. Details of Experimental Spectra and Decisions
Made for Matching
name

solvent

range (cm−1)

zeroing
(cm−1)

I
II
III
IV
V

camphor
pulegone
ibuprofen
efavirenz
ﬁlorexant

1000−1600
1000−1800
1000−1600
1000−1650
1000−1900

none
1062:1551
1010:1494
none
1011:1885

VI

laropiprant

1000−2000

1081:1521

VII
VIII
IX

aprepitant
ezetimibe
simvastatin

CDCl3
CDCl3
CDCl3
CDCl3
botha, match on
CDCl3
botha, match on
CDCl3
DMSO
DMSO
CDCl3

1100−1800
1150−1800
1000−2000

none
1435:1772
1227:1868

compound

a

The experiment was run using both solvents; resolution was better
for chloroform.

showed evidence of drift over this range, the spectrum was zeroed.
Matching of the experimental IR and VCD spectra to the calculated
spectra outputs similarity metrics on a scale of 0.0 to 1.0 for IR and
−1.0 to 1.0 for VCD, where more positive values are better matches. A
useful statistic output by CompareVOA is the enantiomeric similarity
index, or ESI. This metric is the diﬀerence in the overall spectral
overlap of one conﬁguration/enantiomer over the other (e.g., if R =
0.52 and S = −0.52, then ESI = 1.04). Though the matching metric has
a maximum at 1.0 for two identical curves, our experience shows us
that good IR matches can be found in the 0.5 to 0.8 range and good
VCD matches show up in the 0.2 to 0.5 range (of course with a
requirement for a good ESI). We have also calculated conﬁdence
percentages using CompareVOA. Table 2 provides details about the
solvent used for each compound, the range for spectra matching, and
any zeroing of the measured spectra. Matches output from the inhouse matching tool will be discussed while those graphical images
output from CompareVOA have not been included in the manuscript
(because the qualitative matches are the same, we provide only
CompareVOA statistics in the data tables).
2.7. Extension of Default Calculations. If initial matching of the
experimental and calculated spectra was not conclusive, additional
calculations were performed. The most common causes for poor
matching were impurities in the submitted samples, incorrectly drawn
chemical structures upon submission of a VCD request, dimerization
of the sample, or direct interaction of the sample with solvent
(hydrogen bonding).
A script was used to submit a set of jobs based on of a threshold
contribution percentage for the in vacuo Boltzmann distribution. This
default percentage was set to compounds which contributed at least
5.0% to the population, but when intramolecular hydrogen bonding
was present, the default needed to be lowered to 0.1% (i.e., extreme
dominance of intramolecular hydrogen bond energies). Secondary jobs
included implicit solvent, higher levels of theory (MP2), diﬀerent DFT
methods (PBE, M062X), and larger basis sets (6-311++G**).50−53
Implicit solvent calculations in DMSO or chloroform were performed
using the Minnesota Solvation Model formalism, SCRF=(SMD,
solvent=DMSO or chloroform).54 Explicit solvation (complexes)
with DMSO molecules or molecular dimers were minimized using
the same default basis set. While structural details are not reported in
this manuscript, we have found great success in modeling compounds
with iodine using a hybrid basis set of the low level default on all atoms
except iodine which instead is modeled using the LANL2DZ basis set
with ECP (eﬀective core potential) on iodine.55
2.8. Moving Away from Fragments: Use of Complete
Structures. With the existing computational architecture, we did
not need to pursue truncation of compounds down to model

3. RESULTS AND DISCUSSION
To be a practical platform tool for assigning absolute
conﬁguration in the pharmaceutical industry, the VCD
approach must (1) be applicable to molecules of interest, (2)
allow absolute conﬁguration to be assigned with high
conﬁdence, and (3) generate results within the time constraints
of an active drug discovery optimization cycle (assignment
needing to be made in a week or less). It was clear from earlier
work that the VCD approach has the potential to evolve into a
platform tool, and that most perceived shortcomings are
fundamentally a problem of computational speed and approach
strategy. We decided to address this problem by adopting
variations on known computational approaches, speeding up
and simplifying certain aspects, and putting it all together into a
potentially useful workﬂow.
From the computational standpoint, there are two aspects to
the approach which are considered high hurdles, conformational sampling, and matching of spectra; with the ﬁrst being
the historical limiter. As referenced above, several studies have
relied on fragments to simplify the conformational search and
speed up geometry optimizations. We initially worked with
rigid fragments. However, ambiguity in matching over the
entire spectral range soon led us to abandon this shortcut.
Having the beneﬁt of a large computational resource, we found
much better success by modeling entire compounds. With
computer power becoming more readily available (inexpensive
cluster farms or cloud based systems) a head-on attack of this
problem is now preferable.
To demonstrate the utility of this workﬂow, we work through
case studies of nine compounds originating either from the
public domain or from the Merck compound collection (Figure
1). These compounds represent a diverse range of size,
ﬂexibility, and functionality and for these reasons make up a
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importance of sampling hydroxyl rotamers was made apparent
during the investigation of a proprietary structure (not
disclosed here), but a general description of the problem
should suﬃce: a structure was presented for calculation
containing an aromatic ring with a hydroxyl rotamer linked
via a short alkyl linker and poised over the aromatic surface. In
this example, the hydroxyl ended up adopting a dihedral over
the aromatic surface which was located with JG but not by ET
or OMEGA. The other hydroxyl rotamers were local minima
and as such were not able to jump into the true DFT global
minimum. Use of all three conformer generators in concert has
been demonstrated to perform well.
3.2. Convergence of Boltzmann Populations. The
structures of the global DFT minima for each compound are
depicted in Figure 2. Coordinates of these conformations and

valuable test set for benchmarking. The high degree of
structural complexity of the molecules in the test set, with
some molecules containing as many as seven stereocenters,
represents a signiﬁcant challenge for molecular modeling, one
which requires a suitable stepwise approach to identifying
relevant Boltzmann populations.
3.1. Conformer Sampling. After early disappointment
with application of the fragment approach to calculating VCD
spectra, we realized that we could minimize full druglike
molecules in a timely fashion by leveraging parallel processing.
Thus, we next attacked the notoriously diﬃcult problem of
conformer sampling. When sampling of conformations is
performed by hand, the identiﬁcation of minima can be rather
arbitrary. Earlier studies have used conformer generators
(usually only one), molecular mechanics searches, Monte
Carlo, or molecular dynamics-based searches of conformational
space to aid in the identiﬁcation of conformational minima. We
choose to adopt several conformer generators and package the
output with mechanics minimizations. The approach detailed in
Experimental Section uses a combination of three conformer
generators followed by clustering and energy minimization to
provide a diverse set of starting conformers for density
functional minimizations.
Initially, we sought a workﬂow which would identify 10−20
conformers which could be input into DFT for calculation of
the VCD spectra in order to minimize the amount of
calculations being run on the shared-resource computer
clusters. While varying the clustering strategy and exploring
the conformer generators in stand-alone mode, it was
determined that the ability to locate the global minima, and
the number of minima identiﬁed, was highly variable at low
conformer sampling rates. Several rounds of clustering were
performed, incrementing the number of MMFF minima sent
for DFT from 10 to 200. It was not until these larger numbers
were sent to DFT that a convergence in the number of minima
identiﬁed and speciﬁcity of the global minima were observed
consistently. Small sampling rates may have provided the same
number of minima (though not the same minima), but these
minima were fairly chaotic in convergence until larger sampling
rates were used. Minick et al. indicate best practice is to use
between 6 and 10 conformations per study.17 This ﬁnal number
is in-line with the number or Boltzmann-relevant conformations identiﬁed post conformer searching.
As is commonly understood, DFT and MM energies are not
always in agreement qualitatively or quantitatively, so a straight
selection of compounds based on the best MMFF energies was
found to be inadequate. The assumption of the opposite had
been the backbone of our original clustering strategy. When
larger numbers of MMFF conformers were sent for DFT, it was
sometimes observed that a compound from the tail end of the
clusters ﬁle (ordered by increasing energy) ended up
minimizing to the global DFT minimum. In these cases, the
conformers which had the lowest MMFF energy did not lead to
the global minimum. To avoid any unforeseen miss of the
lowest energy conformer, we added in a third tier of conformer
selection which clustered all compounds by number prior to
MMFF minimization. With this additional step, we did not see
spurious behavior moving forward.
As detailed in Experimental Section, OMEGA is a relatively
fast conformer generator, and for this reason we initially
investigated using this tool alone. At the time, OMEGA did not
sample hydroxyl rotamers, so with further investigation we
choose to complement this tool with ET and JG. The

Figure 2. Structures of the global gas-phase minima of the compounds
at B3LYP/6-31G**.

any dimers associated with the monomers are provided in
Supporting Information, along with tables of the Boltzmannpopulation analysis in vacuo using both electronic energy and
free energy. Because we observed little variation in statistical or
visual matching when using either E or G, we report only
analysis of the electronic energy distributions.
Results of the conformational sampling over the four main
target pools of 20, 50, 100, and 200 conformers (details in
Table 1) can be found in Tables 3−11. Each results table
presents an analysis of convergence in the identiﬁed conformational sampling as judged by the number of conformers
contributing >5% to the Boltzmann distribution. The original
and ﬁnal IR and VCD matching statistics are presented along
with the ESI, identiﬁed absolute conﬁguration, and CompareVOA output statistics. High target conformer values, e.g., 200,
were satisﬁed only in very ﬂexible molecules, where small more
rigid molecules obviously have far fewer initial conformers
being output by the conformer generators.
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nonenergy minimized diversity sampling, or fewer numbers of
conformers sampled, a nonoptimal workﬂow did lead to some
ﬂuctuations in assigned absolute conﬁguration (data not
provided).
3.3. Matching of Spectra. Extensive work in the ﬁeld of
calculated VCD spectra indicates that relatively moderate basis
sets combined with hybrid DFT methods are of suﬃcient
accuracy for assigning absolute conﬁguration.4−12 Many of the
cited studies involve complex investigations which provide close
matching of sign and intensity for all spectra peaks. While this
detailed approach is understandable given the recent emergence
of the VCD ﬁeld, a less exhaustive but more practical approach
is often suﬃcient for routine problem solving.
Assignment can often be made with conﬁdence given an
acceptable level of agreement between the calculated and
experimental spectra. We note that this acceptable level is still
quite diﬃcult to deﬁne quantitatively, and that simple
qualitative visual examination often provides the best assessment of satisfactory matching of spectra. Combining a visual
interpretation with quantitative statistical output parameters
from the spectra matching tools has proven successful. In
addition to statistics output from our in-house algorithm, we
make use of the BioTools metric when making assignments.49
We have found that pairing the eye of a spectroscopist with that
of a computational chemist provides a good system of checks
and balances during the curve matching and absolute
conﬁguration assignment process.
Advocating more scientiﬁc rigor on the front-end (conformational sampling) and less on the back-end (“by-eye” curve
matching) does indicate that there is more room for

Table 3. Convergence in Boltzmann Sampling for
Compound Ia
total possible conformers
20

50

100

200

initial generatedb
Boltzmann, >5%
absol conﬁg
ESI
original IR
ﬁnal IR
original VCD
ﬁnal VCD
original enantiomer
ﬁnal enantiomer

3
1
SS
0.77
0.52
0.59
0.46
0.57
−0.46
−0.19

3
1
SS
0.77
0.52
0.59
0.46
0.57
−0.46
−0.19

3
1
SS
0.77
0.52
0.59
0.46
0.57
−0.46
−0.19

3
1
SS
0.77
0.52
0.59
0.46
0.57
−0.46
−0.19

CompareVOA
ESI-CompareVOA
conﬁdence

SS
80
100

a

Gas-phase monomer unless otherwise noted. bInitial generated is the
total number in the clustered ﬁle prior to Gaussian minimization.

When molecules are small and rigid, we see little variation in
the ESI and assigned absolute conﬁguration. The larger more
ﬂexible molecules exhibit increased resolution of the ESI but
rarely do the assigned absolute conﬁgurations change owing to
better conformer sampling. It is important to note that while
none of the cases presented here exhibited such inversions, in
trial versions of the script where sampling involved only one of
the three conformer generators, nonoptimal clustering, lack of

Figure 3. Raw overlay of calculated (red) and measured (black) VCD spectra (A) for I, overlay of VCD and IR after peak shifting and scaling (B) for
I, raw overlay of calculated (red) and measured (black) VCD spectra (C) for II, and overlay of VCD and IR after peak shifting and scaling (D) for II.
Intensities scaled from −1.0 to 1.0 (0.0 to 1.0 for IR).
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improvement in this process. While the evolution of such peak
matching algorithms over time is expected to improve, at
present the human eye is much better and much faster at
making such an assignment. Therefore, we use combination of
diﬀerent algorithms for optimal curve alignment but require a
visual match for ﬁnal assignment. As detailed in the following
case studies, conﬁdence in the assignment of absolute
conﬁguration can be made in a timely fashion when balancing
the level of rigor applied to conformational sampling, solvent
modeling, dimerization, and curve matching.
3.4. Compound I: Camphor. Camphor (Table 3) is a drug
from the public domain, and the VCD analysis has been
previously published.4,56−59 Devlin et al. provide a thorough
peak by peak analysis of which our results are in full agreement.
We selected this compound as an initial test case because we
had experimental data in the literature to compare our own
experimental spectra. Additionally, the structure is small, has
few rotatable bonds (none by conventional deﬁnition), and
hence is very rigid. The absolute conﬁguration of camphor is
known, and both (R,R) and (S,S) enantiomers are commercially available. Both conﬁgurations were purchased and
measured experimentally in CDCl3.
The structure presents no confounding functionality as seen
in later compounds. There is only one conformation. The four
possible target conformer pools each provided three conformers for input into DFT. Each time the conformers
converged to just one DFT minimum. Matching was performed
over the range 1000−1600 cm−1. Details for each match
(compounds I−IX) are provided in Table 2, which indicates
the solvent used, whether there was baseline correction, and the
range of the match. The IR match was 0.52 with a VCD ESI of
0.77 (0.57 for correct AC VCD), indicating a very good
statistical match and a good match by eye (Figure 3A,B). The
match done by CompareVOA agrees, assigning an ESI of 80
with a conﬁdence of 100%.
A related structure to I is (−)-camphanic acid, which has an
additional carboxylic acid moiety. Buﬀeteau and co-workers
found camphanic acid to exist as a monomer in CDCl3 at low
concentrations (0.005 M) and as a dimer at higher
concentrations (0.2 M). Their modeling of the monomer and
dimer at a level of theory similar to that used in this report was
successfully able to reproduce the two experimental results.60
3.5. Compound II: Pulegone. The AC of pulegone (Table
4) is known, and both enantiomers are commercially available.
Experimental measurements were performed on (R)-pulegone
in CDCl3. The structure is nearly as rigid as camphor, so little
diﬃculty was encountered in sampling conformations. Experimental VCD determination for this molecule has been
previously published in the literature.61−64 The calculated IR
and VCD spectrum of the in vacuo monomer agree, to a large
extent, with the experimental curves; however, the ketone
stretch at approximately 1675 cm−1 does not agree in sign.
Debie et al. provided a detailed analysis, indicating the need to
model a solvent complex between pulegone and CDCl3 which,
when modeled in implicit solvent, maintained all peak matches
including the desired sign inversion of the ketone VCD stretch.
It was shown that outside of the normal ﬁngerprint region used
for VCD assignment (1000−2000 cm−1) an additional peak
was observed experimentally which corresponded directly to
the solute−solvent complex (peak at 2250 cm−1).
We followed the recommendations of Debie et al. in
modeling II and observed equivalent behavior for the modeled
systems. The calculated VCD peak for the ketone in moving

Table 4. Convergence in Boltzmann Sampling for
Compound IIa
total possible conformers
b

initial generated
Boltzmann, >5%
absol conﬁg
ESI
original IR
ﬁnal IR
original VCD
ﬁnal VCD
original
enantiomer
ﬁnal enantiomer
CompareVOA
ESICompareVOA
conﬁdence

complexc implicitd

20

50

100

200

11
2
R
0.85
0.24
0.28
0.41
0.44
−0.41

22
2
R
0.86
0.24
0.28
0.41
0.45
−0.41

40
2
R
0.87
0.24
0.29
0.42
0.45
−0.42

71
2
R
0.87
0.24
0.29
0.42
0.45
−0.42

1
1
R
0.90
0.30
0.33
0.46
0.45
−0.46

1
1
R
0.66
0.45
0.46
0.50
0.47
−0.50

−0.41

−0.42

−0.42

−0.42

−0.45

−0.19

R
62.7
100

a

Gas-phase monomer unless otherwise noted. bInitial generated is the
total number in the clustered ﬁle prior to Gaussian minimization.
c
Complex with explicit CDCl3 molecule. dExplicit complex with
implicit solvation.

from the monomer to CDCl3 complex in implicit solvent
shifted from 1725 to 1700 to 1675 cm−1 with normalized
intensities of approximately 0.5 to 0.25 to −0.1. This is a
striking example visually, but as the ﬁgures have been published
previously, we refer the reader to the cited work.63 Our
experience with other ketone-containing molecules indicates
that this solvent eﬀect is not always as dramatic and that in
vacuo modeling at times suﬃces. It is clear from the cited work
that additional computational work beyond the in vacuo
treatment allowed for a more satisfying match, but the assigned
absolute conﬁguration was not altered after this additional
computational expense.
Modeling the monomer form of II in vacuo allows the
absolute conﬁguration to be correctly assigned with good
conﬁdence. The ﬁnal match of the IR and correct enantiomer
VCD is 0.29 and 0.45, respectively, with an ESI of 0.87 (Figure
3C,D). CompareVOA assigns an ESI of 62.7 and a conﬁdence
of 100%. More rigorous modeling of the system with solvent
complexation and implicit solvent increases the IR and VCD
match to 0.46 and 0.50, respectively, with an ESI of 0.66.
Interestingly, the statistics of the individual IR and VCD spectra
indicate better matches with the more complete system;
however, a more discerning ESI is obtained with monomer
modeling in vacuo.
The ﬁnal in vacuo monomer IR match is rather low
compared to where we would want that statistic to normally
track, and it is apparent that this is due to a lack of overlap of
the two peaks relating to the ketone (∼1675 cm−1) and alkene
(∼1600 cm−1). Noting that this is likely a solvent eﬀect on the
peak position, we would expect the overlap of these two peaks
to be much larger given more rigorous modeling including
implicit and explicit solvation (as is the case, data not
presented). The visual IR match is much better than calculated
statistically.
3.6. Compound III: Ibuprofen. Analysis of ibuprofen
(Table 5) is more diﬃcult than expected. The compound has a
single chiral center and few rotatable bonds, so similarly to
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compound contains a triﬂuoromethyl group which is signiﬁcant
in that the presence of halogen atoms is thought to at times
confound the ability to match VCD spectra. The suspected low
conformational ﬂexibility is misleading, and it was observed that
larger initial conformer sampling converged to a Boltzmann
population of 10 structures contributing >5%. This distribution
was apparent for sample sizes of 100 or 200 conformers sent for
DFT; however, lower conformer pools of 20 and 50 provided
only 2 and 5 Boltzmann-relevant conformers, respectively. The
IR matching was fairly stable for compound IV at 0.55, as was
the near equality of enantiomer matches leading to an ESI of at
most 0.07 (Figure 4E,F). Use of CompareVOA provided a
much more optimistic view of ESI at 60.1 with a percent
conﬁdence in assignment of the correct stereochemistry of
100%.
Visual inspection of the overlays indicates that the very small
VCD overlap score is driven by the broad experimental peak at
about 1350 cm−1 which only partially overlaps onto the
calculated peak in the same region. Much of the two spectra
qualitatively agree but algorithmic matching leads to an
artiﬁcially low score. As described, the default matching
algorithm only right shifts peaks. Though the two enantiomers
end up with nearly identical scores for matching of VCD
curves, the correct assignment is clearly S. CompareVOA which
does not contain a separate, independent, peak shifting step
does a better job at matching the spectra, with a much more
discerning ESI.
3.8. Compound V: Filorexant. Filorexant75−77 (Table 7)
represents a substantially more complex molecule compared to
molecules I−IV. The relatively large number of rotatable bonds
is further complicated by the need to sample ring puckering of
the central piperidine linker. Conformer sampling using low
initial sampling sizes showed lack of coverage of all local
minima. Larger input populations led to a stable number of
minima identiﬁed at either seven or eight with the greatest ESI
of 0.42 (best IR match of 0.64), indicating an assignment of RR,
agreeing with the known initial conﬁguration (Figure 5A,B).
There are no confounding functional groups in this molecule,
and little ability for the molecule to interact with solvent or
form higher order structures.
Comparison of the calculated and experimental curves
measured in CDCl3 (DMSO experimental work provided the
same assignment) shown in Figure 5 indicates a complicated
VCD signal, but one which was matched very well by
calculation. The largest disconnect between the curves is the
experimental peak at 1600 cm−1 corresponding to the ketone
which can be attributed to solvent eﬀects. The peak is not
present in the calculated VCD and is shifted to 1700 cm−1 in
the calculated IR. Modeling of V in implicit solvent would be
expected (but as noted, the correct assignment can be made
without this more rigorous evaluation) to selectively shift this
peak to a region more in-line with experiment both cleaning up
the overall match and increasing the statistical IR match above
0.64. CompareVOA assigns an ESI of 49.8 with a conﬁdence of
89% for this match.
3.9. Compound VI: Laropiprant. Molecule VI78 (Table 8)
has a carboxylic acid which complicates the calculations. Initial
work with VI was performed with the monomer only, and the
global minimum was not identiﬁed with either the submission
of 20 or 50 conformers. Only at 100 conformers was the true
global minima identiﬁed which shifted the Boltzmann
distribution from 7 low energy conformers identiﬁed using 50
submitted conformers to only 4 at either 100 or 200

Table 5. Convergence in Boltzmann Sampling for
Compound IIIa
total possible conformers
20

50

100

200

dimerc

initial generated
Boltzmann, >5%
absol conﬁg
ESI
original IR
ﬁnal IR
original VCD
ﬁnal VCD
original enantiomer
ﬁnal enantiomer

20
4
S
0.30
0.12
0.13
0.18
0.31
−0.18
0.01

37
4
S
0.30
0.12
0.13
0.18
0.31
−0.18
0.01

58
4
S
0.30
0.13
0.13
0.19
0.32
−0.19
0.02

88
4
S
0.30
0.13
0.13
0.19
0.32
−0.19
0.02

10
7
SSc
0.58
0.35
0.53
−0.01
0.59
0.01
0.01

CompareVOA
ESI-CompareVOA
conﬁdence

S
55.5
87

b

a

Gas-phase monomer unless otherwise noted. bInitial generated is the
total number in the clustered ﬁle prior to Gaussian minimization. cAcid
dimer.

compounds I and II, there should be little trouble in generating
a calculated spectrum and matching it to a measured spectrum.
Prior VCD analysis is available.65,66 Initial conformer searching
indicated fairly quick convergence of a Boltzmann distribution
composed of four conformers. Use of CompareVOA to match
the experimental spectra in CDCl3 against the calculated
spectra of the monomer provided a conﬁdence of 100% with an
ESI of 55.5 (Figure 4A,B). As this compound was run during
the initial stages of the benchmarking, we knew two facts: (1)
the compound had a known absolute conﬁguration of R, and
(2) the matching algorithm was telling us that the match was
100%, indicating the correct assignment. What we learned was
that hidden in the correct assignment of the monomer was a
more properly modeled dimer.
Our initial benchmarking was performed solely using
CompareVOA, and what we began to observe in some cases
was rather high conﬁdence values for matches which looked
less than visually perfect. This in turn led us to pursue the
coding of an in-house matching algorithm which, when used for
the monomer match, assigned R as expected with a similar ESI.
However, the IR matched at only 0.13, indicating a very poor
overlay, which by-eye was obviously better than statistics would
indicate. Knowing the answer in advance for this compound led
us to initially become less analytical during interpretation of the
IR. Careful analysis of the peak by peak vibrational
contributions to the IR and VCD calculated spectra led us to
consider a dimerization possibility for carboxylic acids, a ﬁnding
which had been published several times in the literature.31,60,66−73
Compound III was studied previously as a monomer and
dimer, and it was shown that the dimer was forming in solution
during the experiment.66,67 When the dimer is compared to the
experimental spectra, the match statistics improve to 0.53 for
the IR and 0.59 for the correct enantiomer VCD with an ESI of
0.58 (Figure 4C,D). A single dimer was used for the
demonstrated improvement in VCD assignment, but we are
pursuing a more extensive analysis of this compound to help
reﬁne our approach.
3.7. Compound IV: Efavirenz. Efavirenz74 (Table 6) is a
semirigid small molecule with a known conﬁguration of S. This
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Figure 4. Raw overlay of calculated (red) and measured (black) VCD spectra (A) for III monomer, overlay of VCD and IR after peak shifting and
scaling (B) for III monomer, raw overlay of calculated (red) and measured (black) VCD spectra (C) for III dimer, overlay of VCD and IR after peak
shifting and scaling (D) for III dimer, raw overlay of calculated (red) and measured (black) VCD spectra (E) for IV, and overlay of VCD and IR
after peak shifting and scaling (F) for IV. Intensities scaled from −1.0 to 1.0 (0.0 to 1.0 for IR).

Owing to the carboxylic acid functionality being implicated in
the largest discrepancies in the spectral matching, we assumed
acid dimerization. Preliminary ﬁndings suggest this assumption
is valid for chloroform but would be less valid when moving to
DMSO where the DMSO complex would be expected to
dominate. When modeling the dimer in the gas phase, the ESI
jumps from 0.03 to 0.21 while maintaining a poorer IR match
than desirable.
From the matches depicted in Figure 5C−F, the unshifted
match (Figure 5C) for the monomer indicates a signiﬁcant
mismatch around 1150 cm−1. The shifting of the spectra
(Figure 5D) for the monomer actually inverts the initial match
of R and instead selects the S enantiomer as best, owing to the

submissions. The compound is fairly rigid with relevant
conformers sampling carboxylic acid rotamers, phenyl rotamers,
and positioning of the methylsulfone above and below the
aromatic plane.
The conﬁguration of VI is known to be R, and with initial
matching of the monomer spectra in the gas phase it was noted
that no assignment could be made with the best ESI calculated
to be 0.08 and the best IR match below 0.50 (Figure 5C,D).
Assignment was indicating S, the incorrect enantiomer, though
the statistics and visual match were so poor as to invalidate any
assignment. Both DMSO and chloroform solvents were used to
gather experimental spectra with the later having better
resolution for matching.
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rotamers of only one of the triﬂuoromethyl groups. In the
minima, one CF3 group packs against the ﬂuorophenyl, leaving
the opposite ortho-substituted group free to rotate.
The spectra were gathered only in DMSO, and initial
matching of the gas-phase monomer to the experimental curves
indicated a successful assignment of known conﬁguration SRR
(Figure 6A,B). Observation of the unshifted spectra shows two
dominant peaks in the experimental measurement at
approximately 1700 and 1280 cm−1. While these peaks are
likely not artifacts, owing to their presence in the calculated
spectra as well, the peak intensities from the experimental
spectra swamped out all other spectral features. Cutting these
peaks out altogether (data not shown) indicates a very good
overlay of the correct enantiomer over the region from 1100 to
1400 cm−1, but we choose to include those peaks because they
are present in the calculated spectrum as well. Rather than
removing/ignoring the peaks (a methodological choice also
possible in CompareVOA), we decided to damp down the
peaks by artiﬁcially weighting the two dominant peaks to still
maintain dominance in the experimental spectrum but at the
same time allow other features of the curve to become more
signal than noise.
Sampling of conformer space was again only exhaustive once
either 100 or 200 conformers were submitted initially. The
Boltzmann distribution was composed of four conformers, with
three contributing approximately 30% each. The ESI peaked at
0.29 with an IR match of 0.35, low owing to the large
disconnect in positioning of the ketone peak. Agreeing with the
best in-house match, CompareVOA assigned the correct
absolute conﬁguration of SRR with an ESI of 48.6 and a
conﬁdence of 76%.
Modeling of VII in implicit solvent did not improve the
match signiﬁcantly, though as expected, the ketone peak
observed at 1700 cm−1 did shift downﬁeld in the calculation for
a closer alignment. Further modeling of explicit solvent
complexes would likely improve the match, though this work
was beyond the scope of our initial assignment for this
compound. The second large peak which was dampened during
the matching was the peak at 1280 cm−1 which in the calculated
spectrum looks to be associated with a vibration of the phenyl
ring holding the two triﬂuoromethyl groups such that the two
CF3 play a dominant role. This vibration appears to be
magniﬁed in the experiment, although it is not entirely clear
how the solvent would directly impact this speciﬁc vibration, as
opposed to the more straightforward directed interaction with
the NH group of the triazolone.
3.11. Compound VIII: Ezetimibe. Compound VIII81
(Table 10) has a large number of rotatable bonds, several
aromatic rings, and polar functionality which could interact
with solvent molecules. The absolute conﬁguration is known to
be 1S, 2R, 3S (see Figure 1). The sample was measured only in
DMSO, and a large intensity peak was observed in the
experiment at ∼1510 cm−1. Sampling conformers did not
converge at 20, 50, or 100 conformers with the full Boltzmann
set of four minima only being identiﬁed after 200 conformers
were submitted.
While the IR match is clearly correct for this compound,
subtle shifting of the ketone peak lowers the apparent statistical
match to only 0.47 where it would be higher given modeling in
implicit solvent (Figure 6C−E). The peak at ∼1510 cm−1 has
been edited out in Figure 6E to clarify that the rest of the VCD
curves are overlaying. It is evident that the calculated curve over
the region 1100−1400 cm−1 is fairly well representative of the

Table 6. Convergence in Boltzmann Sampling for
Compound IVa
total possible conformers
20

50

100

200

initial generatedb
Boltzmann, >5%
absol conﬁg
ESI
original IR
ﬁnal IR
original VCD
ﬁnal VCD
original enantiomer
ﬁnal enantiomer

9
2
S
0.00
0.53
0.55
0.08
0.10
−0.08
0.10

20
5
S
0.05
0.53
0.55
0.07
0.15
−0.07
0.10

70
10
S
0.07
0.53
0.55
0.07
0.16
−0.07
0.10

70
10
S
0.05
0.53
0.55
0.07
0.15
−0.07
0.10

CompareVOA
ESI-CompareVOA
conﬁdence

S
60.1
100

a

Gas-phase monomer unless otherwise noted. bInitial generated is the
total number in the clustered ﬁle prior to Gaussian minimization.

Table 7. Convergence in Boltzmann Sampling for
Compound Va
total possible conformers
20

50

100

200

initial generatedb
Boltzmann, >5%
absol conﬁg
ESI
original IR
ﬁnal IR
original VCD
ﬁnal VCD
original enantiomer
ﬁnal enantiomer

20
5
RR
0.21
0.48
0.65
0.26
0.31
−0.26
0.10

49
7
RR
0.37
0.48
0.65
0.32
0.44
−0.32
0.07

100
8
RR
0.40
0.48
0.64
0.30
0.45
−0.30
0.05

199
7
RR
0.42
0.47
0.64
0.33
0.48
−0.33
0.06

CompareVOA
ESI-CompareVOA
conﬁdence

RR
49.8
89

a

Gas-phase monomer unless otherwise noted. bInitial generated is the
total number in the clustered ﬁle prior to Gaussian minimization.

large overlap of the two signiﬁcant peak areas at 1150 cm−1.
Comparison of the monomer to dimer matches (Figure 5, parts
C,D to E,F) suggests that there are aspects of both the
monomer and the dimer apparent in the experimentally
determined spectra. Testing this hypothesis by mixing the
calculated spectra did not improve the match statistics. While
the dimer does allow for a statistically meaningful match to the
correct conﬁguration (Figure 5E), the overall satisfaction in this
match was lower than desired. For the dimer match,
CompareVOA agrees with the assignment of R given an ESI
of 40.9 but does output a low conﬁdence of only 56%. For
these reasons, we are undertaking more extensive work to
characterize this compound.
3.10. Compound VII: Aprepitant. Compound VII79,80
(Table 9) would seem to be very ﬂexible based on visual
inspection of the structure but turns out to be a rather rigid
molecule after conformer searching with a Boltzmann
distribution from the largest sampling size of only four
conformers. The conformers are identical except for the
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Figure 5. Raw overlay of calculated (red) and measured (black) VCD spectra (A) for V, overlay of VCD and IR after peak shifting and scaling (B)
for V, raw overlay of calculated (red) and measured (black) VCD spectra (C) for VI monomer, overlay of VCD and IR after peak shifting and scaling
(D) for VI monomer, raw overlay of calculated (red) and measured (black) VCD spectra (E) for VI dimer, and overlay of VCD and IR after peak
shifting and scaling (F) for VI dimer. Intensities scaled from −1.0 to 1.0 (0.0 to 1.0 for IR).

measured spectrum. The peak at 1500 cm−1 is present in the
calculated IR and VCD and so should not be removed
altogether. This peak is composed of three overlapping peaks
related to molecular vibrations of each of the three aromatic
rings. As one contains an OH group, it appears that interaction
of the OH with DMSO increases the intensity of this vibration,
leading to the large measured peak. Assignment of SRS by
CompareVOA was made with an ESI of 39.6 and a moderate
conﬁdence of 54%.
3.12. Compound IX: Simvastatin. Compound IX82,83
(Table 11) represents the molecule with the highest degree of
complexity originally selected to benchmark the VCD workﬂow. The molecule contains seven chiral centers, and it must be

stated that no attempt would be made at assignment of all
centers from scratch, as the number of possible diastereomers is
too large and the ability of statistical matching to the known
conﬁguration being able to diﬀerentiate all other diastereomers
would be unlikely.
Given that caveat, it was of interest to determine whether the
correct enantiomer of simvastatin could be modeled well
enough to make an assignment. Lack of convergence in the
Boltzmann distribution was seen with small numbers of input
conformers and with a sampling of 200 input structures the
distribution contained six dominant conformations.
Experimental measurements were run in chloroform, and IX
was modeled as a monomer in the gas phase. Two sets of
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shows agreement, calculating an ESI of 68.2 and a conﬁdence of
100%.
It is interesting to note that a better ESI is calculated for the
smaller sampling size calculations where the main diﬀerence is
that the intramolecular hydrogen bonded species was not
identiﬁed in the conformer search until the sampling size
reached 100 or 200 input conformers. The intramolecular
hydrogen bonded conformer may be less relevant experimentally in chloroform which is why lack of this conformer’s
contribution to the Boltzmann match at times indicates a better
statistical assignment of the correct conﬁguration.
3.13. Eﬃciency Considerations and Methodology
Enhancements. Throughout these studies it was clear that
the workﬂow might be sped up using a series of smaller basis
sets to preﬁlter the conformer space to decrease the load on our
computer resources. During test cases of this possibility, it was
observed that the same conformational distribution was not
always achieved because smaller basis sets did not converge to
the same Boltzmann population compare with the default basis
set. We have found that mismatches in spectra were seldom
resolved by moving to higher levels of theory (MP2), diﬀerent
DFT methods (PBE, M062X), or larger basis sets (6-311+
+G**). One beneﬁt of the fragment approach is that higher
levels of theory can be used,17 but in practical application we
ﬁnd that variation in the fragment to whole molecule calculated
peaks is more disruptive to the assignments than more rigorous
calculated intensities.
While a satisfactory match can be made using the in vacuo
monomer, we understand a more extensive study of modeling
complexes with CDCl3 and inclusion of implicit solvent could
be undertaken for each compound (for instance compound II).
However, within the pharmaceutical setting and with a backlog
of samples waiting for absolute conﬁguration assignment, it is
not always possible or needed to perform a more exhaustive
analysis which considers implicit solvent, explicit solvent, or
higher order complexes. We have seen evidence of improved
qualitative and quantitative matches when moving to larger
basis sets because peak intensities, at times, match experimental
intensities better. However, the assignment of absolute
conﬁguration was not altered given this additional time
expense. Additionally, while the use of robust modes61,84
(matching only those modes which are conserved across several
computational methods) has been shown to be an eﬀective
methodological advancement, we did not see evidence that this
approach altered the assignments made. We emphasize the
diﬀerence between being able to accurately and eﬃciently
assign absolute conﬁguration as a “service” and the more
exhaustive analysis which would correctly match each and every
peak.
3.14. Prospective Use in the Pharmaceutical Setting.
After the initial benchmarking studies where 14 out of 14
compounds (the subset discussed here) were assigned the
correct absolute conﬁguration based on this workﬂow, the
methodology was put into production. A stereochemical
assignment group was formed at Merck, taking on the task of
absolute conﬁguration assignment where conﬁguration determination often relies on cross-functional collaborations among
VCD, IR, NMR, medicinal chemistry, crystallography, and
computational chemistry. For platform assignments of absolute
conﬁguration at Merck, we have adopted a system of three
levels of combined certainty in the assignment: no assignment
(owing to lack of signal, low signal-to-noise, or diﬃculty in
modeling), low conﬁdence (assignment made but suggestion to

Table 8. Convergence in Boltzmann Sampling for
Compound VIa
total possible conformers
20

50

100

200

dimerc

initial generated
Boltzmann, >5%
absol conﬁg
ESI
original IR
ﬁnal IR
original VCD
ﬁnal VCD
original enantiomer
ﬁnal enantiomer

20
4
S
0.05
0.38
0.43
0.00
0.08
0.00
0.12

49
7
S
0.08
0.39
0.42
−0.01
0.09
0.01
0.17

100
4
S
0.04
0.38
0.44
−0.01
0.03
0.01
0.07

200
4
S
0.03
0.38
0.43
0.01
0.09
−0.01
0.12

1
1
RR3
0.21
0.35
0.42
0.08
0.26
−0.08
0.05

CompareVOA
ESI-CompareVOA
conﬁdence

R
40.9
56

b

a

Gas-phase monomer unless otherwise noted. bInitial generated is the
total number in the clustered ﬁle prior to Gaussian minimization. cAcid
dimer.

Table 9. Convergence in Boltzmann Sampling for
Compound VIIa
total possible conformers
20

50

100

200

initial generatedb
Boltzmann, >5%
absol conﬁgc
ESI
original IR
ﬁnal IR
original VCD
ﬁnal VCD
original enantiomer
ﬁnal enantiomer

20
1
SRR
0.17
0.26
0.34
0.16
0.21
−0.16
0.04

49
2
SRR
0.21
0.26
0.34
0.18
0.25
−0.18
0.04

100
4
SRR
0.28
0.26
0.35
0.18
0.28
−0.18
0.01

199
4
SRR
0.29
0.26
0.35
0.19
0.29
−0.19
0.01

CompareVOA
ESI-CompareVOA
conﬁdence

SRR
48.6
76

a

Gas-phase monomer unless otherwise noted. bInitial generated is the
total number in the clustered ﬁle prior to Gaussian minimization. cFor
a correct match to be made, the experimental peak at ∼1290 cm−1
needed to be artiﬁcially scaled down or removed; herein we report the
scaled result.

comparisons were made, over the range 1000−2000 cm−1 and
the range 1000−1550 cm−1, to remove the ketone-related peaks
at 1700 cm−1 (Figure 7A−D). In the area of the large ketone
peak, the calculated spectrum contains three peaks corresponding to the two ketones, and an intramolecular hydrogen bond
formed between the hydroxyl and open chain ester carbonyl.
These peaks coalesce into one broad peak in the experiment.
Irrespective of number of conformers contributing to the
Boltzmann, the statistical match to the correct enantiomer
RSRSSRR is supported with ESIs in the range of 0.30−0.41 for
comparison over the full spectral range. Cutting the window
down to the smaller comparison range leads to a signiﬁcant
increase in the ESI and IR match. Over both ranges, the
assignment of the correct absolute conﬁguration is indicated
(Figure 7C,D). Matching of the spectra using CompareVOA
488

dx.doi.org/10.1021/jm401600u | J. Med. Chem. 2014, 57, 477−494

Journal of Medicinal Chemistry

Article

Figure 6. Raw overlay of calculated (red) and measured (black) VCD spectra (A) for VII, overlay of VCD and IR after peak shifting and scaling (B)
for VII, raw overlay of calculated (red) and measured (black) VCD spectra (C) for VIII, overlay of VCD and IR after peak shifting and scaling (D)
for VIII, and raw overlay of calculated (red) and measured (black) VCD spectra (E) for VIII with one experimental peak ignored (∼1510 cm−1).
Intensities scaled from −1.0 to 1.0 (0.0 to 1.0 for IR).

all molecules which have been assigned by both VCD and other
complementary methods (e.g., small molecule crystallography)
have indicated the same absolute conﬁguration. Making
assignments by modeling the full molecule and not relying
on fragments or comparative studies may oﬀer clear advantages
if a higher percentage of correct assignments are made.
The fragment approach requires the loss of some functional
group contributions to the calculated IR and VCD.17 While
qualitative matching can imply conﬁgurational assignment, we
have departed from this approach completely. Importantly, a
high quality match of the IR has been a signiﬁcant ﬁlter for our
matches such that poor IR agreement implies no assignment.

pursue additional structural characterization is made when
results are reported), and high conﬁdence.
Full DFT characterization of a druglike molecule can be
obtained on the order of time it takes to run the experiment,
i.e., one day. This represents a signiﬁcant increase in
productivity compared to the estimates of days-to-weeks
made as recently as 2007.17 More than 100 submissions for
assignment of absolute conﬁguration have been made with
VCD leading to conﬁdent assignments in all but ∼10 cases
(impact rate of ∼90%). One example of prospective application
of the workﬂow has been published.24 Unlike Minick et al.,17
we have not seen any evidence for incorrect assignments, and
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Table 10. Convergence in Boltzmann Sampling for Compound VIIIa
total possible conformers
20

50

100

200

20c

50c

100c

200c

initial generatedb
Boltzmann, >5%
absol conﬁg
ESI
original IR
ﬁnal IR
original VCD
ﬁnal VCD
original enantiomer
ﬁnal enantiomer

20
2
SRS
0.30
0.20
0.46
0.10
0.25
−0.10
−0.06

49
2
SRS
0.22
0.20
0.47
0.09
0.18
−0.09
−0.04

100
2
SRS
0.22
0.20
0.47
0.09
0.18
−0.09
−0.04

200
4
SRS
0.33
0.20
0.47
0.10
0.26
−0.10
−0.07

20
2
SRS
0.31
0.20
0.46
0.18
0.21
−0.18
−0.10

49
2
SRS
0.24
0.20
0.47
0.15
0.16
−0.15
−0.08

100
2
SRS
0.24
0.20
0.47
0.15
0.16
−0.15
−0.08

200
4
SRS
0.32
0.20
0.47
0.17
0.21
−0.17
−0.11

CompareVOA
ESI-CompareVOA
conﬁdence

SRS
39.6
54

Gas-phase monomer unless otherwise noted. bInitial generated is the total number in the clustered ﬁle prior to Gaussian minimization. cStatistics
for the second block of matches are when the experimental peak at ∼1510 cm−1 was removed.

a

Table 11. Convergence in Boltzmann Sampling for Compound IXa
total possible conformers
20

50

100

200

20c

50c

100c

200c

initial generated
Boltzmann, >5%
absol conﬁg
ESI
original IR
ﬁnal IR
original VCD
ﬁnal VCD
original enantiomer
ﬁnal enantiomer

20
4
RSRSSRR
0.39
0.43
0.56
0.15
0.26
−0.15
−0.13

50
3
RSRSSRR
0.30
0.45
0.57
0.14
0.20
−0.14
−0.10

99
4
RSRSSRR
0.30
0.44
0.55
0.12
0.20
−0.12
−0.09

200
6
RSRSSRR
0.41
0.49
0.48
0.14
0.33
−0.14
−0.09

20
4
RSRSSRR
0.95
0.78
0.80
0.43
0.60
−0.43
−0.35

50
3
RSRSSRR
0.80
0.80
0.81
0.42
0.53
−0.42
−0.27

99
4
RSRSSRR
0.76
0.82
0.82
0.38
0.49
−0.38
−0.27

200
6
RSRSSRR
0.61
0.80
0.85
0.18
0.53
−0.18
−0.09

CompareVOA
ESI-CompareVOA
conﬁdence

RSRSSRR
68.2
100

b

Gas-phase monomer unless otherwise noted. bInitial generated is the total number in the clustered ﬁle prior to Gaussian minimization. cStatistics
for the second block of matches are over the reduced range 1000−1550 cm−1 compared to the full range 1000−2000 cm−1.

a

4. CONCLUSIONS
Assignment of absolute conﬁguration using a combination of
VCD and IR spectroscopy has moved from being a detailoriented single molecule research project into a streamlined
and semiroutine platform technology. We describe a step-bystep process for taking a 2D structure and producing a
statistically signiﬁcant in vacuo Boltzmann-distribution of
conformers which can be used to assign absolute conﬁguration
after ﬁtting to experimentally determined spectra. Assignments
were made for nine molecules, seven of which represent
complex, ﬂexible compounds. This sampling of test cases
expands the ﬁeld’s understanding of the application of VCD to
druglike molecules. Importantly, our experiences indicate that a
timely and correct assignment of absolute conﬁguration can be
made with suﬃcient conﬁdence primarily using in vacuo
conformational sampling, and only in select cases is there a
need to move to more sophisticated modeling to include
solvent and complexation. We show that accurate assignments
of complex molecules can be rapidly made without needing to
rely on assumptions related to the fragment approach.

On many occasions we have been able to track down the cause
of poor IR agreement to chiral and achiral impurities or
incorrect compound submission. In one case the 2D chemical
structure was drawn incorrectly upon submission (only a single
carbon to oxygen swap) and poor IR matching was used to
identify this problem. Relying on the fragment approach would
have prevented these spot-checks.
Our assignments have supported >40 medicinal chemistry
programs and had impact including time savings, cost savings,
supporting documentation for clinical candidate nomination,
publication, and conﬁrmation or lack thereof of the conﬁguration of purchased reagents/compounds. We have had
success in assignment of absolute conﬁguration almost
exclusively for pairs of enantiomers and not diastereomers.
Any work on diastereomers (or relative conﬁguration) relies
heavily on collaborations with Merck’s NMR group.
Importantly, the procedures described here have been used
cross-platform to support all modeling eﬀorts which require the
identiﬁcation of Boltzmann populations, conformational
energetics, or just global minimum conformations.
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Figure 7. Raw overlay of calculated (red) and measured (black) VCD spectra (A) for IX, overlay of VCD and IR after peak shifting and scaling (B)
for IX, raw overlay of calculated (red) and measured (black) VCD spectra (C) for IX over a reduced range, and overlay of VCD and IR after peak
shifting and scaling (D) for IX over a reduced range. Intensities scaled from −1.0 to 1.0 (0.0 to 1.0 for IR).
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