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Three possible methyl-substituted phenyloxiranes have been synthesized in enantioenriched-f@98489
enantiomeric excess (ee)), and their vibrational absorption (VA) and vibrational circular dichroism (VCD)
spectra have been recorded. The experimental spectra are compared to theoretical spectra obtained from quantum
mechanical calculations (density functional theory with the B3LYP hybrid exchange correlation functional
with 6-31++G**, aug-cc-pVDZ, or aug-cc-pVTZ basis set) and related to the physical structure of the
compounds. The absolute configuration could be established directly in each case by comparing experimental
and theoretical spectra. In addition, we have been able to document the changes that occur both in structures
and in the VA and VCD spectra due to substituent effects on the oxirane ring.

Introduction such as phenyloxirane have also been important in the refine-
ment and benchmarking of theotDxiranes (three-membered
rings containing two carbons and an oxygen) are important
intermediates in synthetic organic chemistry, and a number of
methods have been developed for the synthesis of chiral oxiranes
of high enantiomeric and diastereomeric putftydowever, the
direct determination of the absolute configuration of even simple
chiral oxiranes is often not a trivial task. In this paper we present
a comparison between experiment (VCD) and theory (DFT/
B3LYP) for the three methyl-substituted phenyloxiranes shown
in Figure 1. Our work complements an earlier study by Ashvar
et al.? in which the molecular structure of phenyloxirane itself
was studied by a combination of vibrational unpolarized
absorption and circular dichroism spectroscopies and ab initio
theory. Here we also wish to underline the importance of earlier
studies using even simpler oxiranes in the development and
benchmarking of theoretical methobs.

Asymmetric synthesis in general, and enantioselective ca-
talysis in particular, is one of the major areas of interest in
contemporary organic chemisttyln any research program
devoted to the chemical synthesis of chiral compounds in
nonracemic form, it is essential to have reliable methods for
the determination of absolute configuration. While indirect
methods for this (e.g., derivatization and/or degradation followed
by chemical correlation) are available, it is highly desirable to
develop and refine methods for the direct determination of
absolute configuratiod.

Advanced chiroptical methods such as vibrational circular
dichroism (VCDY¥ and Raman optical activity (ROA)along
with improved theoretical understandihchave allowed the
direct determination of the absolute configuration of an impres-
sive range of small to medium-sized molecules by simple
comparison of the calculated and experimental spéctra.
addition, for biomolecules, where multiple conformers are the Materials and Methods
rule rather than the exception, vibrational absorption (VA) and  Synthesis.The oxiranes were prepared in enantioenriched
VCD have been used to monitor the conformational changes form (1, 95% enantiomeric excess (€812, 89% ee*’¢ 3, 99%
that occur for these flexible molecules as a function of solvent, e€'®) according to literature procedures. TheR(AS)-2-meth-
pH, and ionic strength (for those molecules that can exist as aylphenyloxirane 2) sample contained 10% RI2R)-2-meth-
mixture of conformers, a Boltzmann-weighted average of the ylphenyloxirane 8) (73% ee with surplus of @29-2-
calculated spectra is compared to the experimental &ata). methylphenyloxirane, the enantiomer ®f as a consequence
Natural products have recently proved to be useful test casesof lack of stereospecificity in the enantioselective Mn(salen)-
for theoretical developmengsbut small synthetic molecules  catalyzed epoxidation. The racemic epoxides were synthesized
as reported previously using eitharchloroperoxybenzoic acid
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Figure 1. The three methyl-substituted phenyloxiranes under investiga-

tion: (1R)-1-methylphenyloxiranel], (1R,29)-2-methylphenyloxirane
(2), and (R,2R)-2-methylphenyloxirane3). Hydrogen atoms were
omitted for clarity. T T T

Figure 2. Sign convention used for the dihedral angle

(1R)I-1 -Meth)lllphenylc;xirane -
. . . i (1R, 28) -2-Methylphenyloxirane ---x----
Vibrational Absorption and VCD Experiments. All VA 30 - (1R, 2R) -2-Methylphenyloxirane ----x---

and VCD experiments were carried out on a Thermo-Nicolet
Nexus 870 Fourier transform infrared (FTIR) instrument
equipped with a VCD compartment. The following properties -
were used to convert experimentally determined absorbancesE
to molar extinction coefficientsMy, 134.2 g/mol; densities at

20 °C for (R)-1-methylphenyloxiranel], (1R,2S)-2-methylphe-
nyloxirane @), and (R,2R)-2-methylphenyloxirane3), respec-
tively, 1.02, 1.01, and 1.01 g/é&#* The diastereomeric purity

of 2 was taken into account when converting absorbance to
molar extinction coefficients.

Experiments on neat samples were carried out using a cell .
with BaF, windows and a 1%m spacer. Experiments on 1.3 o 20 40 60 8 100 120 140 160 180
M samples ofl—3 in CCl, were carried out in a sealed KBr Dihedral o (degrees)
cell with a path length of 10&m. VA measurements wereé i re 3. Energy profiles for the rotation of the phenyl group in the
carried out on samples diluted by a factor of 10 to ensure that three phenyloxiranes. All energies are relative to the minimum for
no significant solute-solute interactions exist in the concentrated (1R,2R)-2-methylphenyloxirane3).
samples. In all cases the VCD spectrum was determined using
an optically active sample and the corresponding racemic sampleset in Jaguar. In particular, the rotation of the phenyl ring with
as background, running 806@0 000 scans with a resolution respect to the remainder of the molecule was investigated by
of 4 cnL. Collection times ranged from about 2 to 8 h. The performing a series of geometry optimizations with different
photoelastic modulator was set at either 1400 or 1500'cm  values for the appropriate dihedral anglen intervals of 10
The standard deviation has been plotted to allow an estimation(Figure 2).
of the uncertainty in the measurements. For all three compounds there exists only one minimum

Theoretical Methods. The initial investigations of the  energy conformation (Figures 3 and 4), which is stabilized by
potential energy surface for the methyl-substituted phenylox- an electrostatic interaction between an ortho-H on the phenyl
iranes were carried out using DFT/B3L¥Hn Jaguar v. 4.2 ring and the oxygen atom (typical Mulliken charéesith aug-
build 7746 employing the 6-313+G** basis sefl” Calculations cc-pVTZ basis: 0—0.30 and H+0.16, distance 2.5 A). In
of vibrational and electronic properties were carried out using compoundsl and 2 the steric influence from the proximal
the Gaussian03 program pack¥gen Linux-based PCs at the  methyl causes the phenyl ring to occupy a position coplanar
Technical University of Denmark. The method employed was with the closest €0 bond, resulting in am close to zero. In
DFT/B3LYP with the 6-3%+G**, aug-cc-pVDZ, or aug-cc- compound3 the methyl group is situated at the opposite side
pVTZ basis séf on all atoms for both geometry optimizations, of the oxirane ring and cannot obstruct rotation of the phenyl
and for calculation of VA and VCD spectféLorentzian line group, thus leading to a minimum energy conformation with
shapes were assumed with a half-width of 4-énin the equal to 20. The use of a polarized continuum (PCM) solvation
theoretical VA and VCD spectra, and a frequency scaling factor model does not affect the overall structural features of the
of 0.98 was used throughout to account for the combined error minimum energy conformation.
resulting from anharmonicity and basis set. This scaling factor ~ Since the three phenyloxiranes are constitutional isomers, we
was selected based on our experimental results and lies withinhave plotted the energies obtained by the calculations in the
the uncertainty of values listed for similar methods in the gas phase relative to the most stable conformation of compound
Computational Chemistry Comparison and Benchmark Data- 3, which is the overall energy minimum for all three compounds.
Base?! The calculations were all carried out with thB){ In 2 there is additional internal energy due to unfavorable steric
configuration at the benzylic position, which is the expected interactions between the methyl group and the phenyl ring,
enantiomer for all three compounds with the asymmetric which are situated in a cis fashion on the oxirane backbone. In
reactions used in this woRe1213For the reported VCD spectra, 3 the two groups point in opposite directions and the energy
molar extinction coefficients were scaled according to the barrier for rotation of the phenyl group is only ca. 12 kJ/mol.
enantiomeric purity as determined by chiral GC (see Materials In both1 and2 the position of equilibrium has the plane of the
and Methods, Synthesis). For sampJevhich contains a minor ~ phenyl ring coplanar with the proximal-€0 bond, correspond-
amount of 3 having the §)-configuration at the benzylic  ingtoo = 0° or 18C. For these two compounds the minimum
position, the theoretical VCD spectrum was corrected by energy is higher than fa8, by 6 kJ/mol for2 and 11 kJ/mol

Energy (kJ

subtracting 10% of the calculated VCD spectrunm3of for 1.
) ) The validity of the minimum energy structure was verified
Results and Discussion further by also performing restricted minimizations for the

Conformational Search. Calculations were performed to  rotation of the methyl group in each of the three compounds.
explore the potential energy surface of the methyl-substituted For all three compounds the rotational barriers were symmetrical
phenyloxiranes using DFT/B3LYP with the 6-8%G** basis with heights of 8-10 kJ/mol.
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Figure 4. Structures of the three methyl-substituted phenyloxiranes optimized with the aug-cc-pVTZ basis set in Gaussian03.

TABLE 1: Dihedral Angle, a, in the Fully Optimized Structures Used To Calculate Spectroscopic Properties

o (deg)
6-31++G** aug-cc-pvDzZ aug-cc-pvVTZ
(1R)-1-methylphenyloxiranel) 0.8 3.3 0.0
(1R,29)-2-methylphenyloxirane?) 2.8 1.7 2.0
(1R,2R)-2-methylphenyloxirane3) 16.6 19.1 18.6

Having established an approximate structure for the minimum on all atoms. We have also included Dunning’s augmented
energy conformation of each methyl-substituted phenyloxirane, correlation-consistent doubi3 and triple< basis sets, denoted
a full energy minimization in Gaussian03 was undertaken aug-cc-pVDZ and aug-cc-pVTZ.Inclusion of solvation using
followed by calculations of spectroscopic properties. The a polarized continuum model did not lead to significant changes
dihedral anglest in the fully minimized structures are listed in  in the calculated spectra; thus the discussion in the following
Table 1. text has been based on the gas-phase calculations only.
Comparison of Calculated Spectra.To estimate the im- The numbering is based on the calculated fundamentals,
portance of the basis set on the calculated spectra (in particularstarting with the lowest wavenumber mode, and the modes in
VCD), the VA and VCD spectra for all three compounds were the mid-IR (806-1800 cn1?) correspond to modes 1814 out
calculated using three different basis sets. The smallest basif a total of 3N — 6 = 54 (with 20 atoms in the molecules).
set was 6-31+G**, which is a split valence doublé-basis The calculated VA and VCD spectra faR)¢1-methylphenyl-
set with an additional diffuse function and a polarization function oxirane () are shown in Figure 5, and a visualization of the
most prominent absorptions can be found in the Supporting

500 . Information. When examining the calculated VA spectra, it is
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methylphenyloxirane) with DFT/B3LYP and three different basis  Figure 6. Calculated VA (bottom) and VCD (top) spectra foR2S)-

sets as indicated. Spectra are offset for clarity, and most fundamentals2-methylphenyloxirane?) using DFT/B3LYP and three different basis

have been numbered. sets.
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sets. pVTZ basis set.

clear that there are only small differences among the three basi™ * is quite different with the aug-cc-pVDZ basis set,
sets. Also, for the VCD spectra there are many similarities compared to the two other basis sets used in this work.
among the three basis sets, although some differences can also The calculated VA and VCD spectra for RPR)-2-meth-
be noted, for example, the relative intensity of the two negative Ylphenyloxirane 8) are shown in Figure 7, and a visualization
VCD signals arising from fundamentals 18 and 19. With the of the most prominent absorptions can be found in the
|argest basis set (aug-cc-pVTz) the two are of equa| intensity, Supporting Information. For the calculated VA spectra itis clear
whereas for both of the smaller basis sets the intensity of that there are only small differences among the three different
fundamental 18 is predicted to be larger than that of 19. For basis sets, although it seems that the aug-cc-pVDZ basis set
the two medium-intensity negative signals, 35 and 36, the latter ONce again gives results different from those obtained using the
is predicted to be of larger intensity using 643tG** and aug- two other basis sets. When the VCD spectra are compared, there
cc-pVTZ basis sets, whereas the prediction from aug-cc-pvDZ is an overall good agreement in the low wavenumber range
is equal intensity for these two fundamentals. For the two very (800-1200 cn1?), but for fundamentals 34, 35, and 36 there
weak signals arising from fundamentals 38 and 39, there is aare relatively large differences. The intensity of the VCD signal
difference in sign when the aug-cc-pVDZ basis set is used. arising from fundamental 34 is somewhat larger with the largest
The calculated VA and VCD spectra for RRS)-2-meth- basis set when compared to the two smaller ones. Fundamental
ylphenyloxirane 2) are shown in Figure 6, and a visualization 35 is predicted to be very small with the largest basis set,
of the most prominent absorptions can be found in the whereas the two smaller basis sets predict an absorption of
Supporting Information. Upon examination of the calculated VA medium intensity. This is also the case for fundamental 36.
spectra it is clear that there are only small differences among The relative intensity and the splitting are very different for
the three basis sets except for the splitting of fundamentals 40fundamentals 40 and 41 when using the aug-cc-pVDZ basis
and 41, which is also seen for the spectra calculated with the set compared to the two other basis sets.
aug-cc-pVDZ basis set. Also for the VCD spectra, there are  Comparison between IsomersThe calculated VA and VCD
many similarities among the three basis sets, although minor spectra with the largest basis set for all three methyl-substituted
differences must be noted. For example, the relative intensity phenyloxiranes have been collected in Figure 8. By simple
of the absorption arising from the fundamentals 28 and 29 shifts examination of the VA spectra all three compounds can be easily
with increasing size of the basis set, with the latter having the distinguished. For example, the presence of the strong absorption
strongest absorption with the largest basis set. Also, the sign ofaround 960 cm! (fundamental 20) arising from having an H
fundamental 34 is different with the largest basis set comparedand a methyl attached to the same carbon in the oxirane ring is
to the two smaller basis sets. The pattern around +3360 present ir? and3 but not inl. Interestingly, due to the opposite
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Figure 9. Comparison of experimental and calculated (B3LYP/aug-
cc-pVTZ) VCD spectra (top) and VA spectra (bottom) fdR)1-
methylphenyloxiranel).

absolute configuration of the carbon atom in the oxirane, the
VCD signal from this particular absorption is positive fband
negative for3, allowing for easy discrimination of these two
compounds. This is also the case for fundamental 22 and

3, which is the asymmetric pendant to fundamental 20.
Fundamental 26 in compoundsand 2 can also be used to
discriminate efficiently between these two compounds since it
gives a positive VCD signal fot, a negative VCD signal for

2, and practically no signal foB. Fundamental 33 gives a
positive VCD for 1 from a vibration involving the ortho-
hydrogens and the oxirane ring. In compoun2isand 3
fundamental 33 corresponds to & C stretching motion within
the phenyl ring coupled to the oxirane ring. This vibration results
in negative VCD for3 but does not give any signal fd.
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vibrations give rise to VCD absorptions but with different
appearances. The absorption is medium intensitylfand is
located at a higher wavenumber than foand3. In 2 only a
single absorption is seen, whereas 3othese vibrations give
two dominant positive VCD signals, which are among the
strongest ones in the entire spectrum.

Experimental Results

The experimental VA and VCD spectra forobtained neat
and in CC} solution are shown in Figure 9, along with
calculated spectra using the large aug-cc-pVTZ basis set. The
experimental and calculated spectra display a high degree of
similarity, allowing for assignment of the individual peaks in
the experimental spectra. The similarity of the calculated and

Fundamental 36 gives negative VCD fbfrom a C-C stretch  gyperimental VA spectra implies that the theoretically optimized
within the three-membered ring, a motion not responsible for girycture lies very close to the real molecular structure. There
significant VCD in2 and 3. The fundamental also numbered gre  however, minor differences between the calculated and
36 in these compounds reflects a symmetric bending motion of gxherimental spectra. Farthe dipole strength of fundamentals
the f-hydrogen attached directly to the oxirane ring. This 27/28 and 33 seems to be overestimated in the theoretical
vibration gives a positive VCD foR, but almost no signal  cgculation, whereas modes 37 and 38 seem to be slightly
for 3 despite the structural similarity between the two com- ynderestimated. In the VCD spectrum obtained using the neat
pounds. liquid, the fundamentals 24 and 28 give rise to positive signals.
Fundamental 38 is a symmetric stretch/bend motion of the The positive VCD signal from fundamental 30 is more clearly
meta- and para-hydrogens on the phenyl ring. This vibration seen in CCJ solution than in the neat liquid. The signals from
gives a dominant negative VCD f@r a much less intense signal  fundamentals 33 (positive) and 36 (negative) are easily recog-
for 3, and no signal fod. nized in both experimental spectra. The strong VA absorption
The symmetric and asymmetric stretch/bend motion of the from fundamentals 38 and 39 combined with very small
methyl group was located as fundamentals 41 and 42and predicted VCD intensity gives rise to artifacts in this region
40 and 41 in compound? and 3. In all three cases these (~1450 cnT?), which is documented by the higher noise level.
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slightly underestimated. The assignment of fundamentats 34
36 was difficult due to overlapping signals and/or insufficient
resolution in the experimental spectra.

When the VCD spectra are examined, the agreement between
700 i 1 experiment and theory is markedly better than for1l and

i 2, which is probably a consequence of the fact that the sample

consists of essentially a single enantiomer £€89%). In the
VCD spectra of the neat liquid the absorption from fundamental
20 was too large to allow for VCD measurements; however, in
t CCl, the VCD signal seems to be reliable. Fundamentals 24,
, . 28/29, 32, 33, 38, 40, and 41 were all easily interpretable in
the experimental spectra, and we can confidently assign the
synthesized enantiomer as having tRe-¢onfiguration at the
1 benzylic position. The weak absorptions arising from funda-
mentals 26 and 34 could be clearly distinguished from the
\}JS’_ T background noise only in the spectrum of the neat liquid. In

29 20 | this respect the measurements on the neat liquid and in CCI
solution complement each other.
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140
Theoretical calculations of dipole strengths and rotational

strengths were carried out for the three methyl-substituted
phenyloxiraned—3 having the R)-configuration at the benzylic
position using DFT/B3LYP with 6-3t+G**, aug-cc-pVDZ,

and aug-cc-pVTZ basis sets. Differences among these three basis
sets were commented upon, and an overall good agreement
between the 6-3t+G** basis set and the aug-cc-pVTZ basis
set was noted, whereas the aug-cc-pVDZ basis set often yielded
markedly different results.
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Figure 11. Comparison of experimental and calculated (B3LYP/aug- their VA and VCD spectra were recorded, and the experimental
cc-pVTZ) VCD spectra (top) and VA spectra (bottom) foR(2R)-2- spectra were compared to theoretical spectra obtained using the
methylphenyloxirane3). largest basis set (aug-cc-pVTZ). There was very good agreement

between the experimental and calculated VA spectra, allowing
for direct assignment of most absorptions to the fundamental
vibrations determined by calculation, indicating that the mol-
ecules in solution or as neat liquid indeed possess the physical
structure obtained by energy minimization in the gas phase, or
that the changes which occur at ambient temperature do not
affect the overall spectral properties of the molecules. The
absolute configuration of all three compounds could be estab-
lished directly by comparing experimental and theoretical VCD
spectra.

From comparison of theory and experiment, we conclude that
the synthesized enantiomer bfis the R)-enantiomer at the
benzylic position based primarily on the strong VCD absorptions
from fundamentals 33 and 36, and further substantiated by the
weaker absorptions from fundamentals 24, 26, 30, and 33.
The experimental VA and VCD spectra farobtained neat
and in CC} solution are shown in Figure 10 along with
calculated spectra using the large aug-cc-pVTZ basis set. Also,
for 2 there are small discrepancies between experimental and
calculated absorption spectra. In particular, for fundamentals
26 and 28 the calculated dipole strength is too small, whereas
for fundamental 38 the calculated dipole strength is too large. Acknowledgment. The Center for Sustainable and Green
When the low wavenumber region of the VCD spectra of the Chemistry and the Quantum Protein Centre are sponsored by
neat ||qu|d is examined, fundamental 20 gives rise to a |arge the Danish National Research Foundation. L.H. thanks the
positive VCD signal which is in accordance with the calculated Lundbeck Foundation for financial support for the project
Spectrum’ a|though the |arge absorbance gives riseto a re|ative|y“Determinati0n of absolute Conﬁguration of chiral molecules
high noise level. Fundamentals 24, 26, and 29 are all clearly Using VCD spectroscopy”. K.J.J. thanks Julian Gale for fruitful
seen in the experimenta| Spectra; however, it seems that théjiSCUSSionS and the Government of Western Australia for
rotational strength of fundamental 29 is underestimated in the funding under the Premiers Research Fellow Program. The
calculation. At higher wavenumbers fundamentals 36, 37, and @uthors appreciate the many encouraging and constructive
38 also give rise to well-defined absorptions in the experimental suggestions provided by the referees.
spectra, thus clearly identifyirgjas having theR)-configuration
at the benzylic position. Also, for this compound the intense  Supporting Information Available: XYZcoordinates and
absorbance at~1460 cnt! makes the VCD signal there SCF energies are available for all structures discussed along
unreliable. with tables containing the calculated dipole strengths and
The experimental VA and VCD spectra f8robtained neat rotational strengths. Visual representations of the fundamental
and in CC} solution are shown in Figure 11 along with vibrational modes are also included. Dipole and rotational
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