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The absolute configuration dfbutanesulfinamide has been determined -a%(§ using three different
chiroptical spectroscopic methods, namely, vibrational circular dichroism (VCD), electronic circular dichroism
(ECD), and optical rotatory dispersion (ORD). Furthermore, the predominant conformation of this molecule
is determined to have=80 and NH groups staggered with respect to the three methyl groups and to have
amine hydrogens in gauche orientation with respect@®SThe quality of predictions obtained for vibrational
properties, namely, vibrational absorption and VCD, is found to be satisfactory with the B3LYP functional
and 6-31G* basis set. However, this basis set is found to be inadequate for obtaining reliable predictions of
electronic properties, namely, electronic absorption and ECD, but a larger aug-cc-pVDZ basis set is found to
provide satisfactory prediction of electronic propertie®utanesulfinamide serves as an example which
invalidates the recommendation of using the 6-31G* basis set for molecules that exhibit the same sign for the
long-wavelength ECD band and ORD. This molecule also emphasizes the importance of simultaneous
investigation of ECD and ORD, and the use of multiple chiroptical spectroscopic methods, for reliable
determination of molecular stereochemistry.

Introduction

Within the rich family of sulfoxideg;? chiral sulfinamides
are notable for their versatile utility as chiral building blocks.
Sulfinamides have proven to be efficient chiral auxiliatiés
and catalyste®in the enantioselective asymmetric synthesis of
many organic compounds that are important for the development
of active pharmaceutical ingredients and intermediates. Specif-Figure 1. Chemical structure of-butanesulfinamidel).
ically, sulfinamides have been applied in the synthesis of
enantiopure sulfiniminé€-°1%as precursors fax- andS-amino ceutical agents, are well documenfed.? The absolute
acids?10-12 - and B-aminophosphonatéd,’* and chiral configuration ofl has been determinéfl,using the synthetic
aminest516 Oxidation of sulfinamides yield$ sulfonamides, =~ scheme employed, aB)(+)-1. The current study determines
which have been suggestédo have applications in medicinal  the absolute stereochemistrylofising three different chiroptical
chemistry. The sulfinamide derivative, peptidosulfinamide, has Spectroscopic methods and examines whether the conclusions
found applicatio® for the development of HIV protease reached are in consensus with each other as well as with the
inhibitors. literature configurational assignmetitThe chiroptical spec-

The selective induction of chirality through asymmetric troscopic methqd@ysed helre are vibrational circulqrdichroism
reactions necessitates not only the synthesis of enantiopurelYCD), electronic circular dichroism (ECD), and optical rotatory
sulfinamides but also the reliable determination of their absolute diSPersion (ORD). This study also examines the suitability of
stereochemistry. In recent years, chiroptical spectroscopicWidely used 6-31G* and aug-cc-pVDZ basis sets for reliably
method® are becoming invaluable tools for confident deter- Predicting the chiroptical spectroscopic properties.of
mination of absolute configuration and conformations of dif- )
ferent types of chiral molecules. This accomplishment is made EXPerimental Methods

pOSSible by the advances in instrumentation for eXperimentaI Measurements.Both enantiomers df have been purchased
measurements, and in quantum theoretical methods for theoretirom Strem Chemicals and used as received. The vibrational
cal prediction, of Chiroptical SpectrOSCOpiC propertieS. However, absorption (VA) and VCD Spectra were recorded in the 2000
the applicability of chiroptical spectroscopic methods for 900 cnr? region using a commercial Fourier transform VCD
structural elucidation of chiral sulfinamides has not been spectrometer modifiéd to reduce the level of artifacts. The
explored in the literature. This paper addresses this deficiencyycp spectra were recorded Witl h data collection time at
through chiroptical spectroscopic studies of one of the simplest 4 ¢cny resolution. Spectra were measured inCH solvent
sulfinamides, namelyt-butanesulfinamidel (Figure 1). The  at 50 mg/mL (0.413 M) for both enantiomers. The sample was
inexpensive synthesis and versatile utility bfespecially for  held in a variable path length cell with Baindows and a
generating chiral amines as key components of many pharma-path length of 13&m. In the VA spectrum reported, the solvent
absorption was subtracted out and the region~df300-
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height. The 6-31G* predicted vibrational frequencies are
normally higher than the corresponding experimental vibrational
frequencies, and therefore, the calculated frequencies have been
scaled with a factdP of 0.9613. No such scaling has been used
CHj, for the vibrational frequencies obtained with the aug-cc-pvDZ
;,-30 NH, basis set.
CH;, The theoretical EA and ECD spectra were simulated from
the first 30 singlet— singlet electronic transitions using
Lorentzian band shapes and 20 nm half-width at half-peak

Figure 2. Newman projections of staggered and eclipsed forms of  height. Rotational strength values, calculated with velocity
used for conformational search. representation, have been used for the ECD spectral simulations.

solvent absorption. The baseline of the experimental VvCD 1he EA spectral intensities are derived from dimensionless
spectrum has been obtained by taking a difference between thé)sc'”at(?r. strengths. The peak extinction coefficient of e
VCD spectra of the two enantiomers and multiplying the result 0and.e; (in L-mol~t-cm™), is related to oscillator strength,

by 0.5. The concentration-dependent VA spectra have also beerfse,” = 7.36%(A7/A;) whereA; is the half-width at half-height
measured in the 5010 mg/mL (0.413-0.0825 M) range in  Of the Lorentzian band.

CH,ClI; solvent to examine presence of dimers, but the evidence

for dimer formation in the concentration range employed was Results and Discussion

not apparent.

The ECD spectra were recorded on a Jasco J720 spectrometer, Comparison of the Gibbs free energies of two stable
using a 0.01 cm path length quartz cell. The electronic conformers (Table 1) indicates that conformation 1 has lower
absorption (EA) spectra were recorded separately on a Cary-e€nergy and is significantly more populated than conformation
4E UV—vis spectrometer. The GBI, solvent background has 2. To evaluate the influence of solvent on the stability of these
been subtracted from the experimental spectra. The region belowconformers, geometries of these two conformers have also been
205 nm is not displayed, in both experimental ECD and EA optimized with aug-cc-pVDZ basis set in @El, solvent using
spectra, due to solvent interference. The optical rotations at sixthe PCM model as implemented in Gaussian progfam.
discrete wavelengths (633, 589, 546, 436, 405, 365 nm) haveHowever neither the geometries nor relative electronic energies
been measured wita 1 dmcell using an Autopol IV polarim- are influenced significantly in the presence of solvent (see Table
eter. ECD and ORD measurements were obtained at a concenl). The main difference among these two conformers is in the
tration of 10 mg/mL (0.0825 M) in CkCl; solvent. orientation of amine hydrogens with respect to tkeCbgroup.

Calculations. The conformational search has been performed Both amine hydrogens are gauche t(in conformer 1, while
for 1 with (S)-configuration (Figure 1) by starting with staggered ©ne amine hydrogen is trans te=® in conformer 2. Structural
and eclipsed forms (Figure 2). The set of initial conformations Parameters of the optimized structures (Figure 3) are sum-
has been generated by incremental 6@tation of the amine ~ marized in Table 1.
group for both staggered and eclipsed forms given in Figure 2.  The comparison between experimental and theoretical VA
The optimization of all of the initial structures has been carried and VCD spectra of in the 906-1800 cnt! range is displayed
out with the B3LYP functional and 6-31G* basis set. The in Figure 4. Panel A displays the comparison between the
eclipsed conformations are unstable as they converged toexperimental VA spectrum and theoretical VA spectra for both
staggered conformations. Two stable conformations, both in the conformers ofl. A satisfactory qualitative agreement between
staggered form, have been identified (Table 1, Figure 31for the predicted VA spectrum of conformer 1 and the experimental
and these conformations have been further optimized with the VA spectrum can be seen, at both basis set levels. Specifically,
aug-cc-pVDZ basis set. VA, VCD, EA, ECD, and ORD the 10 labeled bands in Figure 4 correlate qualitatively well
properties have been calculated with both 6-31G* and aug-cc- both in frequency positions and relative intensities. The agree-
pVDZ basis sets, at the respective optimized geometries, forment is much less satisfactory when the experimental VA
the two stable conformers. All calculations were undertaken with spectrum is compared with the theoretical VA spectrum
the Gaussian 03 progré&fusing the B3LYP functional and  predicted for conformer 2. This observation can be used to
6-31G* and aug-cc-pVDZ basis sets. suggest that the negligible population predicted for conformer

The theoretical VA and VCD spectra were simulated with 2 in vacuum may not have been changed by the solvent used
Lorentzian band shapes and 5 drhalf-width at half-peak for experimental measurements. On the basis of the predicted

TABLE 1: Dihedral Angles, Bond Lengths, Gibbs Free Energies, and Relative Populations of Two Optimized Conformers of 1
conformer 1

O HC O
HyC CHs

staggered eclipsed

conformer 2

6-31G* aug-cc-pvVDz 6-31G* aug-cc-pvDzZ

parametey vacuum vacuum PCM model vacuum vacuum PCM model
D(O—S—N—H) —34.08 —-31.37 —32.73 169.49 171.49 158.18
D(N-S—-C-C) —59.25 —57.51 —57.50 —61.76 —59.61 —60.82
D(0O—S-C—-C) 54.75 55.23 56.08 49.64 50.61 49.97
R(O-+-H(N)) 2.74 2.70 2.74 3.47 3.48 3.46
R(O-+-H(N)) 3.04 3.05 3.06 2.88 2.87 2.99
E —687.171245 —687.244980 —687.249390 —687.163784 —687.229870 —687.236404
G —687.050044 —687.117780 —687.043572 —687.112372
relative 0.999 0.997 0.001 0.003

populations

ap = dihedral angle (deg)R = distance (A);E = electronic energy in hartree§ = Gibbs energy in hartrees; PCM model calculations were

done with CHCI, solvent; see Figure 3 for atom labels.
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Conformation 1
Figure 3. Structures of the two converged conformers.
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Conformation 2
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Figure 4. Comparison of VA (A) and VCD (B) spectra between){1l and both conformers o§-1 at the 6-31G* and aug-cc-pVDZ basis sets.

vibrational displacements for conformer 1, the vibrational origins ~ The experimental VCD spectra, displayed in panel B of Figure
of 10 bands in the mid-infrared regions are summarized in 4, indicate three VCD bands with expected mirror images for
Table 2. the two enantiomers dof: a negative VCD couplet (negative



Chiroptical Spectroscopy dfButanesulfinamide J. Phys. Chem. A, Vol. 111, No. 43, 2000941

TABLE 2: Vibrational Origins of Mid-Infrared Bands Predicted with B3LYP Functional and 6-31G* and aug-cc-pVDZ Basis
Sets for Conformer 1 of (§)-(—)-12

frequency (cm?)

exptl 6-31G* aug-cc-pVDZ VCD sign vibrational origin
939 916 944 G- C—C bending modes
1047 1043 1036 <€) S=0 bond stretching coupled with some Miwisting
1090 1082 1094 <) NH- twisting coupled with some=SO bond stretching
1188 1171 1186 SC bond stretching
1227 1224 1255 €C—C bending modes coupled with-€C bond stretching
1366 1369 1383 methyl group bending modes
1393 1397 1412
1485 1475 1482
1475 1493 1504
1560 1585 1584 <) NH; scissoring

aVibrational frequencies predicted with 6-31G* basis set were scaled with 0.9613.
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Figure 5. Comparison of EA (A) and ECD (B) spectra betweer) <L and both conformers of§-1 at the 6-31G* and aug-cc-pVDZ basis sets.

VCD at 1047 and positive VCD at 1090 c’) and a negative  the couplet at{)1047/¢-)1090 cnt! and a weak band at+)-
VCD band at 1564 cmt for (—)-1. The configurational 1564 cnt! in the observed VCD spectrum of the }-1. The
assignment relies on the agreement of these three VCD bandssibrational origin (Table 2) of the predicted VCD couplet is
between experimental and predicted VCD spectra. In the S=O bond stretching coupled with NHwisting, whereas that
predictions obtained with the aug-cc-pVDZ basis set, the VCD of the higher frequency negative VCD band is Nét¢issoring.
couplet at £)1036/4-)1094 cnt! and a weak negative VCD  The qualitative agreement with experimental VCD spectra is
band at 1584 cmt for conformer 1 of §-1 correlate well with equally good for predictions with the 6-31G* basis set, as it is



10942 J. Phys. Chem. A, Vol. 111, No. 43, 2007 Petrovic and Polavarapu

with the aug-cc-pVDZ basis set, for conformer 1 &-(. 600

Quantitatively, the aug-cc-pVDZ basis set predictions provide

a slightly better intensity reproduction of the dominant low- §

frequency couplet. Although the experimental VCD signs of 2

the dominant couplet are also reproduced in the calculated A) ‘f, 0 y—

spectrum for conformer 2, the sign of the high-frequency ‘§ ./././f_____f___f
experimental VCD band is not reproduced in the calculated & —&— (-)-1 Experimental

spectrum for conformer 2. In the higher frequency region where To ot cont 2 BaLYPIe 310

(—)-1 exhibits a negative VCD signal, a positive VCD signal -600 T : . : .

at 1544 cm? is predicted for conformer 2 of§-1. This 350 400 450 500 550 600 650
predicted VCD signal also originates from hkissoring, and Wavelength (nm)

its mismatch in sign with the experimental observation indicates

that conformer 2 is not dominant. Overall, the VCD spectra 50

predicted with both basis sets provide evidence for the assign-
ment of absolute configuration aS){(—)-1, with conformer 1

being dominant.

Specific Rotation

Larger discrepancies are noted in the theoretical results B) 550 4
obtained with two chosen basis sets for ECD and ORD spectra,
unlike in VA and VCD spectra. Figure 5 displays the correlation —a— (11 Experimental
between experimental and predicted EA and ECD spectra. In —o— (S)-1 conf.1 B3LYP/aug-cc-pVDZ
panel A, the observed EA band-a212 nm seems to correspond 1150 TR OF comtz Bl YeveeepT2
to the predicted band for conformer 1-8215 nm with 6-31G* 350 400 450 500 550 600 650
basis set and predicted shoulder bang245 nm with the aug-
cc-pVDZ basis set. The EA spectrum predicted with the 6-31G* Wavelength (nm)

basis set for conformer 2 does not show a well-defined Figure 6. Comparison of ORD spectra betweert){l and both
maximum, whereas that with the aug-cc-pVDZ basis set shows conformers of §-1 at the 6-31G* (A) and aug-cc-pVDZ (B) basis
a shoulder at~245 nm, as for conformer 1. However, both S
conformers of §-1 are predicted with the 6-31G* basis set to .
display (FigureSSB) a nrt)agative ECD band-at99 nm, which for conformer 2 of §)-1 matches the expenr_nental ORD ef)(-_
qualitatively matches the observed negative ECD bané pfl( L whergas that for conformer 1 oBk1 is opposne. Th'?
at~212 nm. The ECD spectra predicted with the aug-cc-pVDZ o_bservatlon would lead to one of the two possible qonclus_lons:
basis set for both conformers @)¢1 contain a negative band either conformer 2 of)-1 should be more pqpulated in solution
at 245 nm which correlates with the negative experimental ECD ©" ()-1 should correspond tcdRj-configuration. On the other
band at 212 nm of£)-1. The aug-cc-pVDZ predicted ECD han_d, the ORD predictions with the higher level aug-c_c-pVDZ
spectra also show a positive going ECD band at shorter 0aSis set for both conformers d§)t1 have the same sign as
wavelength, but a corresponding band in the experimental ORD of ()-1, and the magnitudes of predicted ORD values
spectrum is not seen. The correlation between experimental andOr conformer 1 are in better agreement with experimental ORD
theoretical ECD spectra seems at first glance to be less optimaimagnitudes. On the basis of the previously concluded configu-
with the aug-cc-pVDZ basis set than with the 6-31G* basis set. "ational assignment from VCD and ECD spectra, it can be
However, it should be noted that the electronic transitions concluded that predictions of ORD with the 6-31G* basis set
predicted with B3LYP functional appede! usually at longer are not reliable forl. Since ORD predlctlorjs obtained Wlt.h
wavelengths than the experimentally observed transitions. As 6-31G* and aug-cc-pVDZ basis sets are different, one might
a result, the B3LYP/aug-cc-pVDZ predicted EA and ECD Wwonder ifitis necessary to do calculat|on§ with an even h|gher
spectra need to be blue-shifted. Such blue shift does not appealevel aug-cc-pVTZ basis set. However, since the conclusions
to be necessary for predictions obtained with the lower level from ORD predictions obtained with the aug-cc-pVDZ basis
6-31G* basis set, which is probably fortuitous. When such blue Set are consistent with those from ECD, and also from VCD,
shift is incorporated for aug-cc-pVDZ predictions, the predicted Predictions, itis believed that predictions with the aug-cc-pVTZ
negative ECD band at 245 nm foB)¢{1 matches the experi-  basis set may not add any new information.
mental ECD band at 212 nm for-§-1. Then the predicted The ORD observations onSy-(—)-1 also point out the
positive ECD band at shorter wavelength will appear below the inconsistency with some conclusions reported in the literature.
wavelength range where experimental measurements can beSiorgio et al? hypothesized that for molecules that exhibit the
performed. Examination of the predicted molecular orbital same sign for the longest wavelength ECD band and the
coefficients indicate that that the electronic transition giving rise nonresonant long-wavelength optical rotation, optical rotation
to the negative ECD band predicted with both basis sets calculations with a smaller 6-31G* basis set should provide
originates from SO group and has r> z* character. correct predictions. The first longest wavelength ECD band for
The correlations between experimental ORD observations and(—)-1 at 212 nm has a negative sign (Figure 5), as does the
theoretical ORD predictions with the 6-31G* and aug-cc-pvVDZ ORD (Figure 6) in the nonresonant long-wavelength region
basis sets are shown in Figure 6, panels A and B, respectively.(350-650 nm). Yet calculations of ORD forS|-1 with the
The discrepancy among the ORD theoretical predictions ob- 6-31G* basis set gave incorrect signs, directly contradicting the
tained with two basis sets is large to the extent that the conclusion of Giorgio et al. Since ECD and ORD data are
conclusions regarding structural elucidation can vary dependinginterrelate@ via Kramers-Kronig transformation, ORD in the
on which basis set is considered. This is because the ORDIlong-wavelength region can be influenced by several ECD bands
predictions for two conformers ofS[-1 with the lower level in the short wavelength region. Therefore emphasis, or undue
6-31G* basis set have opposite signs. The ORD sign predictedconfidence, should not be placed on the correlation between
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the signs of the longest wavelength ECD band and the
nonresonant long-wavelength ORD.

The present observations 08{(—)-1 also point out that it
is important®to use multiple chiroptical spectroscopic methods
simultaneously for any given molecule. Unless multiple spec-

troscopic methods lead to the same conclusion, there must be
some inadequacy in one or more of these methods. Since ECD

and ORD are interrelated,one cannot be certain of predicted

results unless the conclusions reached from ECD and ORD are

consistent. Although ECD predictions obtained with the 6-31G*
basis support the assignment §-(—)-1, the same basis set

predictions of ORD concluded the opposite. This discrepancy

points to the inadequacy of the 6-31G* basis set for ECD and
ORD predictions forl. Thus, the need for simultaneous
investigation of ECD and ORD for a given molecule, as pointed
out recently®* is an important issue that should not be
overlooked. Since the conclusions reached from VCD predic-
tions with both 6-31G* and aug-cc-pVDZ basis sets about the
absolute configuration and conformationlcdre the same, VCD

spectral predictions provide a benchmark against which the
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