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Hydrogen Stretching Vibrational Circular Dichroism in Methyl Lactate and Related
Molecules
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The CH- and OH-stretching vibrational circular dichroism (VCD) spectra of methyl lactate and related molecules
in CCl, solution have been investigated to identify solution conformations and establish a correlation between
OH- and methine-stretching VCD intensity and molecular structure. Deuterium substitution was used when
possible to remove overlapping absorption features in the CH-stretching region. Anisotropy ratios between
+2.1 x 10% and+2.8 x 10* were measured for the methine-stretching VCD of the molecules with both
a-oxy anda-C=0 substituents: §-methyl-d; lactate, §-methyl-d; 2-(methoxyes)-propionate, di(methyl-

ds) p-tartrate, §)-methyl-d; mandelate,9-methyl-d; O-(acetylds)-mandelate, andgf-benzoin. The methine-
stretching VCD intensity serves as a marker for both absolute configuration and solution conformation in
these molecules, as previously demonstrated for amino acids and peptidgsmketifyl 2-chloropropionate,
(R)-methyl 3-hydroxy-2-methylpropionate, anf){methyl 3-hydroxybutyrate, the net CH-stretching VCD
intensity is small relative to that in the other molecules studied. Ab initio calculations of geometries, vibrational
frequencies, and unpolarized infrared absorption (IR) and VCD intensities were carried out to identify the
most abundant solution conformers from the VCD spectra and to correlate OH- and methine-stretching VCD
intensity with molecular conformations. Factors leading to large methine-stretching VCD anisotropy ratios

are assessed.

Introduction methine CH bond. The intense monosignate methine-stretching
VCD signal persists when vibrational coupling is minimized
by deuterium substitution of neighboring CH borésThe
mechanism that gives rise to this large VCD signal for an
uncoupled methine stretch is not yet fully understood. An early
empirical descriptive model for the explanation of these large
VCD signals was the ring current mechanism, proposed by
Nafie, Freedman, and co-worké¥kt16in which the contraction

or elongation of a single oscillator adjacent to certain types of

Vibrational circular dichroism (VCD}; 2 the differential
absorbance of left and right circularly polarized infrared
radiation during vibrational excitation of a chiral molecule,
provides a sensitive probe of absolute configuration and solution
conformation. The fast time scale of vibrational spectra allows
observation of molecular conformations that interconvert on an
NMR time scale. Hydrogen stretches are largely decoupled from
lower energy vibrational motion in molecules, and can occur . . . L on
as highly localized group modes. As such, hydrogen stretches'”tram("ec”'ar rings closed by transition-metal coord|nat|.0n or
in chiral molecules are particularly well suited as markers for hydroge_n-bondlng was propo'sed to g_energte an oscﬂlatmg
molecular configuration and conformation through their VCD  €l€ctronic current around the ring that gives rise to a magnetic
intensity VCD spectra in the NH- and OH-stretching regions diPole transition moment perpendicular to the ring plane. A set
have been used to identify solution conformations in ephedra ©f émpirical rules was developed to predict the sense of
drugs? propranolof and tripodal peptides.The methine- electronic charge circulation about the ring, depending on the
stretching VCD often serves as a marker for the absolute relative orientations of the ring and methine bond, wherein
configuration of a chiral carbon center, as demonstrated for strong VCD intensity was predicted to be generated by an
amino acids and peptidé8.The methine-stretching mode can oscillator oriented perpendicular to the ring and weak VCD for
generate some of the largest VCD signals that have beenan oscillator lying in the plane of the rifgHowever, this
observed for an isolated vibrational motib#-12 with aniso- empirical model was criticized on the basis of the results of ab
tropy ratios AA/A) on the order of +3 x 1074, In contrast to initio calculations of VCD intensity on hydrogen-bonded and
the conservative VCD spectra that arise from the coupling of non-hydrogen-bonded conformations Bj{methyl lactateds'’
chirally oriented local oscillators (integrated intensity that sums and ®)-methyl glycolated;.® The methine-stretching VCD
to zero over the region of coupling), the methine stretch imparts feature was calculated to be large whether or not a hydrogen-
a large bias to positive or negative intensity in the CH-stretching bonded ring was present. This result implies that the formation
VCD spectrum for several types of chiral environments of the of vibrationally generated electronic ring currents through bonds
is likely not responsible for the large methine-stretching VCD
* Authors to whom correspondence should be addressed. Fax: (315) intensities, thus calling into question the premise of the ring

443-4070. E-mail: tbfreedm@syr.edu; Inafie@syr.edu. _current model. With the more widespread application of ab initio
Col.ecg”gresr‘;ggﬁ;‘gsi,f’epa”"‘e”t of Chemistry, Onondaga Community y;cp intensity calculation$;® 2! the focus of the interpretation
# Current address: Bristol Myers Squibb Co., Syracuse, NY. of VCD spectra has generally shifted from the consideration of
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methyl lactate are reported. Deuterium substitution has been
incorporated for several of the molecules to remove overlapping
absorption features, to make accurate measurements of methine-

stretching anisotropy ratios. To elucidate the molecular environ-
We have recently renewed our interest in the mechanisms of ments that generate large methine stretching VCD, the groups
VCD intensity through our development of calculations of adjacentto the methine have been varied, including substitutions

that retain the local chiral environment of the methine bond,

allow the visualization of the flow of electrons caused by nuclear but which prohibit hydrogen bonding.

motion. The observation of vibrationally generated circulatory

The structures of the nine molecules studieg);nhethyl-ds

electronic motion about atomic centers, as well as angular lactate (), (S)-methyl-d; 2-(methoxyes)-propionate K ), di-
motion across groups of nuclei, in TCD calculations for (methylds) p-tartrate (Il ), (S)-methyl-d; mandelately), (9-
nonchiral moleculed? reopens the question of whether regular methyl-d; O-(acetylds)-mandelate ), (S-benzoin ¥1), (S-
patterns of electronic motion in chiral molecules exist that can methyl 2-chloropropionate {1 ), (R)-methyl 3-hydroxy-2-
be associated with the magnetic dipole moment content of VCD methylpropionate \(Ill ), and §)-methyl 3-hydroxybutyrate
(IX), are shown in Scheme 1. For several of these molecules,
As a basis for correlating the results of TCD calculations with  OH- and/or CH-stretching VCD spectra have been previously
experimental VCD measurements, the present investigationreported for the nondeuterated spedigs3® The methine-
provides empirical evidence for the effect of adjacent hydrogen- stretching VCD of tartaric acfd and lactic acid in BO have
bonded and non-hydrogen-bonded groups on the methine-also been reportet.
stretching VCD intensity. In addition, we seek to establish the
applicability of sum-over-states vibronic coupling theory (VCT) = Experimental Section
calculations of VCD intensif?~27 in the CH- and OH-stretching

intensity.

regions, since our implementation of vibrational TCD involves
similar sum-over-states computaticsFinally, this study

The R- and S-enantiomers of methyl 2-chloropropionate
(VIl), methyl 3-hydroxy-2-methylpropionatevill ), methyl

further characterizes the chiral environments leading to intense 3-hydroxybutyrate IX ), methyl lactate, dimethyl tartrate, and
methine-stretching and OH-stretching VCD for use as markers methyl mandelate, and the S enantiomer and racemic mixture
for absolute configuration and conformation in larger molecules of benzoin ¥I) were purchased from Aldrich and were used
containing similar groups, and demonstrates the utility of VCD without further purification. Syntheses of the deuterium-
in identifying the most abundant solution conformers in this substituted molecule$;-V, were carried out by the synthetic
procedures recorded in the Appendix.

class of molecules.

In this investigation, the CH- and OH-stretching VCD spectra

Spectra were recorded in the CH-stretching region for samples

of a variety of hydroxy esters and other molecules related to at 0.005 or 0.01 M concentration in Colution, in a 1.0 cm
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SCHEME 2 methyl 3-hydroxy-2-methylpropionat&/(ll ) and the S enan-
H tiomers of the other seven molecules are presented in Figures
1 — 3. The molecules have been grouped by similar functional
R groups, and the absorbance or VCD spectra are displayed on
3y the same ordinate scale, molar absorptivity @¢r Ae x 105,
R1 respectively, with the exception of the absorption spectra of
R VII —=IX, for which a larger molar absorptivity range was
2 required since these molecules were not deuterated. All nine
molecules have a corresponding chiral arrangement of groups
fixed path length cell equipped with Ca®indows. The solvent,  about the methine, even if the absolute configuration designation
spectrophotometric grade GQvas purchased from Aldrich and  is not the same. The CH-stretching frequencies, intensities, and
dried over molecular sieves before use. Spectra in the OH-assignments for moleculds-I1X are listed in Table 1. The
stretching regions of, VI, VIl , and methyl lactate were experimental values of the frequencies, intensities, and aniso-
obtained under these same conditions. tropy ratios for the methine-stretching modes (as assigned
Infrared (IR) spectra were measured on a Midac Fourier below) are presented in Table 2. The anisotropy ratios were
transform infrared (FTIR) instrument with a resolution of 4 calculated using integrated peak areas for both VCD and IR
cm 2, or for VI on a Bruker FS55 Step-Scan FTIR at 16¢m bands. Since the resolution of the absorbance and VCD spectra
resolution. Fourier deconvolution, baseline adjustment, and differs for some of the samples, the areas were obtained from
curve fitting were obtained by using SpectraCalc or Grams32 optimal curve fits, taking into account the possible Fermi
software (Galactic Industries Corp., Salem, NH). VCD spectra resonance components for the symmetric methyl-stretching
were recorded at 1416 cnr? resolution using a dispersive modes when necessa/? The OH-stretching VCD and
instrumen®l-34 with two to four scans averaged for each absorbance spectra assignments frngethyl lactate’? di-
enantiomer, or (fo/l and the OH-stretching region of methyl ~methyl o-tartrate?® (S)-methyl mandelatelV ),*4* (S)-benzoin
lactate) on a Bruker IFS55 FTHRVCD spectrometer in step-  (V1), (§-methyl 3-hydroxy-2-methylpropionat¥(ll ), and §-
scan mode, 24 h collection per sample, 16 crhresolutions® methyl 3-hydroxybutyrateX )*are also listed in Table 1. These
The VCD baseline artifacts were eliminated by recording one- measurements are presented for the parent, nondeuterated
half the difference between the raw VCD spectra of the S and Species.
R enantiomers, with the exception of benzoin, for which a  The calculated structures and relative energies of selected
racemic sample was used for the baseline adjustment. stable conformers of, I, VI, VIII , andIX are depicted in
In addition to the hydrogen stretching spectra, the VCD and Figures 4 and 5. Calculated VCD spectra for these conformers
IR spectra of §-methyl lactate were obtained in the 1600  are compared with experimental data in Figuresl6, and
1600 cnt? region for a sample 0.2 M in Cgsolution, 10Qum calculated structural data, methine- and OH-stretching frequen-
path length, 4.0 cm resolution, on a Nicolet Magna 850 cies and anisotropy ratios are compiled in Tables 3 and 4.
FTIR—VCD instrument, in simultaneous rapid-scan métle.
Calculations of optimized geometries and vibrational frequen- Assignments
cies for stable conformers df Il, VII, VIII , and IX were
carried out with Gaussian $4 utilizing both density functional
theory (DFT/B3LYP) and HartreeFock methods. The basis
set 6-31@-3), based on 6-31G(d) with the d-orbital exponent
reduced from 0.8 to 0.3, was employed for both these and the
subsequent sum-over-states vibronic coupling theory (VCT)
calculations of VCD intensit§6-27-38The latter calculations were
carried out with the program VCT94, our adaptation of the
original VCT90 program of Rauk and co-worké&rso utilize
Gaussian 94 output and parameters. For these VCT calculations
the modified 6-31@2 basis set has been shown to yield
calculated VCD intensities in good agreement with experi-
ment20:38.39 Geometry and vibrational frequency calculations
were also carried out previously with Gaussiari®¥ the HF
level (6-31G(d) basis fot, Il, andVIl and 3-21G basis for
IV, V, and VI) to identify stable conformers, and compare
relative energies and vibrational frequendiks.

CH-Stretching Region.Assignment of the methine-stretching
mode inl =V (Figures 1 and 2) is facilitated by the deuteriation
of the methyl ester group, methoxy group (I, and acetyl
methyl group (inV), which removes most of the strong aliphatic
CH-stretching absorption bands in the nondeuterated mol-
eculed1745 that overlap and obscure the methine-stretching
absorption intensity. IV —VI, the phenyl CH stretches lie
above 3000 cm! and do not interfere with the aliphatic CH
stretches. For each of the six moleculesVl, for which an
oxygen heteroatom is adjacent to the methine bond;aaR
distinct absorption feature corresponding to an intense mono-
signate positive VCD band is observed in the region 2860
2960 cnt?, assigned to the methine-stretching mode (Table 2).
The frequency of the methine stretch is very sensitive to its
environment, and the band tends to be broad in nature as
compared to Ckt and CH-group stretching mode's.

In the absorption spectra for the three molecules with a phenyl
group located in the Rposition (V, V, andVl), the phenyl
CH-stretching modes give rise to five characteristic bands (three

The series of nine moleculés; X, compared here have the  dominant and two weak), which occur above 3000 &nin
general form C*HRR;R3, with chiral orientation as defined in  the corresponding VCD spectra, a consistent) couplet is
Scheme 2. All contain a carbonyl group in an ester, deuteratedobserved at~3070 and~3040 cnt! for IV andV, where there
ester, or ketone in the Fposition, except foiX, in which a is only one phenyl group. In molecu, two phenyl groups
methylene is inserted between the methine and the ester groupare present, and ar(—,+) pattern is observed in the VCD
The R position, except foWlll which is—CH,OH, is occupied spectrum.
by a heteroatom, in a methox@-acetyl, hydroxy, or chloro For | andll, a nondeuterated methyl group remains in the
group. A phenyl or a methyl group is in the Bosition, except R3 position. The absorption spectrum (Figure 1) for the methyl
for 1l . A comparison of the CH-stretching absorbance and VCD group exhibits a pattern of three bands. The highest-frequency
spectra of the R enantiomers of di(metllg)-tartrate (Il ) and band at~3000 cnt? is assigned to the two nearly degenerate

Results
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TABLE 1: Frequencies, Intensities, and Assignments of CH- and OH-stretching Modés

absorptioh VCD
frequency (cm?)  emax(1Bcnm?mol™)  frequency (cm?Y)  Aemax x 1% (10° cn? mol™?) assignmerit
I. (9-Methyl-&; Lactate
3612 23 3615 -1.6 OH--OCH
3555 108 3551 -7.5 OH--G=C
2986 54 3002 0.5 C*Ckhsym
2985 -0.7 C*CH;asym
2940 25 C*CHsymF. R.
2932 (sh) 15
2884 18 2880 3.1 C*H
1. (9-Methyl-d; 2-(Methoxy-@)-propionate
2992 56 3007 0.4 C*Cklasym
2942 26 C*CHsymF.R.
2899 sh 21
2878 31 2880 5.9 C*H
2809 sh 2809 0.6
lIl. Di(methyl-d) p-tartraté
3585 sh 30 OH- -OCH
3545 —6.5
3535 150 OH--G-C
3520 6.2
2955 8
2928 22 2930 5.6 C*H
IV. (9-Methyl-ds Mandelate
3610 sh 10 OH- -OCH
3533 80 3542 -5.0 OH--CG=C
3109 sh 8 phenyl CH
3092 21 phenyl CH
3069 39 3069 0.6 phenyl CH
3036 41 3040 -0.6 phenyl CH
3011ch 7 phenyl CH
2901 10 2901 1.8 C*H
V. (§-Methyl-ds O-(Acetyl-ds)-mandelate
3111 sh 7 phenyl CH
3094 17 phenyl CH
3075 0.3 phenyl CH
3069 30 phenyl CH
3038 37 3047 -0.5 phenyl CH
3015 7 phenyl CH
2960 12 2960 2.3 C*H
VI. (9-Benzoin
3619 3 OH free
3593 43 3595 0.9 OH--8C
3105 9 phenyl CH
3089 23 3070 -0.8 phenyl CH
3067 37 phenyl CH
3032 39 3030 0.8 phenyl CH
3009 8 phenyl CH
2895 11 2901 2.5 C*H
VII. (9-Methyl Chloropropionate
3030 sh 16 (O)CHlasym
3001 45 3007 -1.6 (C)CH asym+ C*H + (O)CH; asym
2990 ch 41 (C)Chlasym+ C*H
2978 0.7 (C)CHasym+ C*H
2955 73 (O)CHsym F. R.
2938 29 2940 11 (C)Cssym F. R.
2905 10
2872 10 2872 0.2 (C)CHym F. R.
2947 14 (O)CHsym F. R.
VIII. ( R)-Methyl 3-Hydroxy-2-methylpropionate
3634 39 OH--OCH
3593 43 3593 0.9 OH--6C
3580 sh 0.7
3026 sh 18 (O)CEklasym
2992 sh 67 2986 1.9 (C)GHsym; (C)CH asym; (O)CH asym
2974 82 (C)CHasym, (C)CHasym
2959 -1.9 (C)CHasym, (C)CHasym
2953 137 (O)CHsym F. R.
2944 sh 99 2939 1.0 (C)GHym F. R.; (C)CHsym. F. R.; C*H
2909 1.3 (C)CHsym F. R.; (C)CHsym. F. R.; C*H
2882 80 (C)CHsym F. R.; (C)CHsym. F. R.; C*H

2847 sh 23 (O)Chisym F. R.
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TABLE 1 (Continued)

absorptioh VCD
frequency (cm?)  emax(1Bcnm?mol™)  frequency (cm?Y)  Aemax x 1% (10° cn? mol™?) assignmerit
IX. (9-Methyl 3-Hydroxybutyrate

3630 sh 10 OH- -OCH

3593 0.8
3565 38 OH--G=C

3445 -0.8
3025 sh 18 (O)Chlasym
3003 sh 35 (C)Cklasym; (C)CH asym; (O)CH asym
2976 95 2983 -0.3 (C)CHasym, (C)CHasym

2960 0.7 (C)CHasym, (C)CH asym
2955 87 (O)CHsym F. R.
2936 49 2935 —-0.5 (C)CHsym F. R.; (C)CHsym. F. R.; C*H
2903 41 (C)CHsym F. R.; (C)CHsym. F. R.; C*H
2886 sh 35 287 0.4 (C)G¥ym F. R.; (C)CHsym. F.R.; C*H
2851 sh 17 (O)CElsym F. R.
2810 5 2810 0.3 (C)Ckbym F. R.; (C)CHsym. F. R.; C*H

a2 OH stretching frequencies measured for parent, nondeuterated spedidseviations: sh, shoulder; asym, asymmetric; sym, symmetric; F.
R., Fermi resonance component.

TABLE 2: Observed Frequencies and Intensities of Methine Stretches

€max A€max X 108
freq (cnm?) (10*cn? mol™?) (10° cmPmol™?) g x 10*(obs)
(S)-methyl-d; lactate () 2882 18 3.1 2.1
(9-methyl-d; 2-(methoxyes)-propionate i ) 2878 22 5.6 2.1
di(methyl-ds) p-tartrate (Il ) 2930 10 5.6 2.8
(9-methyl-d; mandelately/) 2902 12 2.7 2.6
(9-methyl-d; O-(acetylds)-mandelateV) 2960 14 2.2 2.1
(9-benzoin ¥I) 2897 10 25 2.6
antisymmetric methyl stretches. A characteristie{) VCD ester, which is not deuteratedVtil — 1X, also adds absorption

couplet is observed in the VCD spectrum lgfwhich arises features, two antisymmetric methyl ester stretches325 and
from the antisymmetric methyl stretches coupling weakly with ~3000 cnt?, and a symmetric stretch assigned to the strong
the methine stretch. The symmetric methyl stretch undergoesband at~2955 cnt! and weaker Fermi resonance components
Fermi resonandé“2 with the overtones of the antisymmetric including the feature at-2850 cnT1.46 The ester group CH
methyl deformations, and contributes to the strong absorption stretches do not generate measurable VCD bands, as demon-
band at~2940 cntl. The second Fermi component should strated by comparison of the VCD spectra @&)-fnethyl
occur near 2875 cm, overlapping the broader methine- lactaté*®and ©)-methylds lactate.
stretching absorption; however, since the distinct sharp 2940 For moleculeVll , due to the chlorine atom atRrather than
cm~t Fermi component has little or no corresponding VCD an oxygen, the frequency of the methine stretch is expected to
intensity, the intense positive VCD featurelirandll can be shift to ~3000 cnT1,#7 as confirmed by our calculations, which
attributed solely to the methine stretch. The anisotropy ratios show strong coupling of the methine stretch with the antisym-
reported in Table 2 represent lower limits foandll, since metric methyl (C*CH) stretches. A strong positive VCD feature
the contribution from the~2875 cnt! symmetric stretching is not measured in this region fofill . For moleculed/Ill and
Fermi component to the absorption spectrum is uncertain. IX, our calculations demonstrate that the methine stretch couples
For moleculed to VI, for which accurate measurements of with stretches of adjacent Grind CH groups and cannot be
both methine-stretching absorbance and VCD intensity can beassigned to a specific band. The VCD spectra (Figure 3) for
made, the anisotropy ratidA/A (Table 2), lies between 2.1  moleculesVIl —IX consist of a series of positive and negative
and 2.8x 1074, that is, within experimental error, the anisotropy features with no distinct overall intensity bias fgtl andIX
ratios for these six molecules are essentially identical, and doand some positive intensity bias fofilll ; these VCD spectra

not depend on the presence of a hydrogen-bonded ring. are less intense overall compared to the dominant C*H-
Methyl 2-chloropropionateVIl, derives from the methyl stretching VCD bands observed for moleculesvl (Figures
lactate structure by substitution of chlorine for thehydroxyl 1 and 2). It is obvious that a strong monosignate feature is not

group. Methyl 3-hydroxy-2-methylpropionatéll, and methyl observed in the VCD spectra for molecull , VIII andIX.
3-hydroxybutyrate|X, can also be considered to be modifica- OH-Stretching Region. The OH-stretching frequencies,
tions of methyl lactate), in which a CH group has been intensities, and assignments are presented in Table 1 for
inserted between the chiral carbon atom and thdRriroxyl nondeuterated Ill , IV, VI, VIII , andIX. Since the OH stretch
group inVIIl , and between the chiral carbon atom and the R does not significantly couple with the CH stretches, the data
ester group irnX. The addition of the methylene group gives presented here for the nondeuterated molecules apply to the
rise to significant changes in the absorbance and VCD spectradeuterated species, as confirmed by measurements on methyl-
of VIIl andIX compared to that of. The methylene group  ds lactate®® In CCl, solution, the free aliphatic alcohol OH
contributes an additional antisymmetric stretch-&976 cnr?! stretching band is located above 3620 ¢ém/Nhen the OH is

and symmetric stretching Fermi diad-a2944 and~2882 cnt? involved in a strong OH- -&C hydrogen bond, the frequency

in the CH-stretching absorbance spectra. The calculated normalof the stretch falls below 3600 crh When the OH is hydrogen-
modes for conformers oflll andIX indicate extensive mixing  bonded to an OCkloxygen, the frequency is decreased from
among the methyl, methylene, and methine stretches. The methykhat of a free OH stretch, but remains near 3600 tm
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Figure 1. Comparison of CH-stretching molar absorptivigg and VCD (A¢) spectra of §-methyl-ds lactate (), (§-methyl-d; 2-(methoxyels)-
propionate I{ ), and di(methylds) p-tartrate (Il ), 0.01 M in CCl, 1.0 cm path length.

The OH-stretching spectra of Ill , IV, VI, VIII , andIX,

The experimental OH-stretching absorption and VCD spectra

measured for the parent, nondeuterated samples, exhibit twofor all the molecules with OH groups are thus consistent with

absorbance features, a strong band assigned to the G+=-O

multiple stable solution conformers for these molecules, with

hydrogen-bonded stretching modes, and a weak band at highethe OH- -G=C conformers most abundant.

frequency, assigned to the OH- -OgHydrogen-bonded OH
stretch (, Il , IV, VII, andIX) or free OH stretch\(l) (Table
1). In (§-methyl lactate (Figure 7), both bands give rise to
negative VCD features, with similar features observed 8y (
methyl mandelaté,providing evidence for major OH- -6C
and minor OH- -OCH conformers present in solution. In the
absorbance spectrum of dimethyl D-tartralid) (243 a weak
shoulder is observed at 3585 chand a stronger band at 3535
cmL. The corresponding VCD spectréfrts exhibits a ,+)
couplet centered at 3532 cth The two hydrogen-bonded OH
groups inlll are chirally oriented about the@xis, and couple
to produce the-,+) couplet.

For benzoin Y1) only the OH--G=C hydrogen-bonded
stretch exhibits negative VCD intensity, with no VCD observed
for the free OH! The spectrum forR)-methyl 3-hydroxy-2-
methylpropionate (Figure 12)/1ll , exhibits two major ab-
sorbance features: a high-frequency band at 3634' ¢free
or OH--OCH), and a lower frequency band at 3593 ©m
(OH- -0O=C), which exhibits weak negative VCD with a low-

Calculations and Interpretation

Ab initio molecular orbital calculations of optimized lowest-
energy geometries, vibrational frequencies, and IR and VCD
intensities were carried out or§fmethylds lactate, |, (S)-
methyl-d; 2-(methoxyels)-propionate]l , (S)-methyl 2-chloro-
propionate, VII, (R)-methyl 3-hydroxy-2-methylpropionate,
VIII , and §-methyl 3-hydroxybutyratd X, for the conforma-
tions shown in Figures 4 and 5. Geometry optimizations carried
out with 6-31G(d) and 6-31&3 basis sets yielded optimized
structures with similar relative energies for the two basis sets;
VCD intensity calculations with the vibronic coupling theory
sum-over-states method (VCT) require the 6-8E8basis sett
For methyl lactate and methyl chloropropionate, density func-
tional calculations (B3LYP) of geometries, force fields, and
atomic polar tensors were also obtained, which were combined
with atomic axial tensors from a VCT calculation for the same
geometry and basis set to obtain rotational strengths. For the
larger molecules, methyls mandelatelV , methyl-d; O-(acetyl-

frequency negative shoulder. Finally, the absorbance spectrumds)-mandelate)/, and benzoiny/I, low-energy conformations

of (§-methyl 3-hydroxybutyraté® IX , reproduced in Figure 14,
exhibits a weak shoulder at 3630 thand a more intense
feature at 3565 cmt that corresponds to a VCD couplet,
indicative of more than one OH-=6C hydrogen-bonded
conformer and at least one OH--OgHhydrogen-bonded
conformer present in solution.

were surveyed by using a 3-21G basis“dékeometry calcula-
tions with a 6-31G basis set on tartaric acid have been previously
reported by Polavarapl. For our study, geometries with
intramolecular hydrogen-bonding to the carbonyl or the methoxy
oxygen of the ester consistent with experiment, as well as
various non-hydrogen-bonded orientations, were explored. The
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relative energies, structural parameters, and anisotropy ratios,spectra. We note that the mid-IR spectra f®Frihethyl lactate
calculated for the species fully deuterated except for the C*H were obtained for a sample 20 times more concentrated than
and OH hydrogens, are compared in Tables 3 and 4. For easehat used for the hydrogen-stretching spectra, and thus the
of comparison between experiment and calculation, the frequen-conformer populations may differ for the two samples.
cies in the calculated spectra have been uniformly scaled by The observed and calculated OH-stretching VCD 8} (
0.915 for the 6-316) HF calculations and by 0.98 for the  methyl lactate indicate the presence of a population of conformer
DFT calculations for the CH-stretching region, and by 0.906 b, giving rise to the OH--O(Ck) stretch at 3615 crri.
for the OH stretches (6-31%% HF calculations). Conformer Ic is calculated to have a weak positive OH-
Methyl-d ; Lactate (I). Four conformers were calculated for  stretching VCD; a contribution from this conformer would be
(9-methyl lactate (Figure 4), the lowest-energy conformer la obscured by the negative VCD from conformers la and Ib.
with OH- -O=C hydrogen-bonding, conformers Ib and Ic with Conformer Id lies at too high an energy to be sufficiently
OH- -O(CHs) hydrogen-bonding, which have similar energies, populated, and no evidence of free OH stretch is observed.
and a high-energy conformer with no hydrogen-bonding. In all  In the CH-stretching region (Figure 8), the Fermi resonance
four conformers, the closest O- -O(H) distance~i8.7 A. between the symmetric methyl stretch and overtone of the
The dominant conformer in solution is conformer la, as antisymmetric methyl deformations is responsible for the
clearly seen by the agreement between observed and calculatedeviation between the observed and calculated absorbance
IR and VCD spectra for the nondeuterated molecule in both patterns. For example, the intense absorbance for the unper-
the mid-infrared region (Figure 6) and OH-stretching region turbed symmetric methyl stretch of la calculated at 2890%m
(Figure 7). The mid-infrared calculations, which utilize DFT (scaled frequency) corresponds to the two experimental Fermi
geometry, force field, and atomic polar tensors in conjunction resonance components at 2940 and880 cn1l, the latter
with VCT calculations of the atomic axial tensors, demonstrate overlapped by the methine stretch. Comparison of observed and
the quite favorable agreement between VCD intensities calcu- calculated VCD spectra in this region are again consistent with
lated with this method and experimental measurement in this a dominant contribution from conformer la, which generates
region, which is comparable to recent demonstrations of intense positive methine-stretching VCD and-8,«) VCD
magnetic field perturbation (MFP) DFT calculations of VCD couplet for the antisymmetric stretches weakly coupled to the
intensity® Our mid-IR VCD HF/6-31®-3 VCT calculations methine stretch. Conformer Ib is calculated to have only weak
(not shown) deviate from experiment primarily for the mode at positive methine-stretching VCD, at a frequency 30 &hower
1270 cnt?, for which both the IR and VCD intensity are than for la; features unique to this conformer are not evident in
calculated to be too large. Unique features that can be attributedthe experimental spectra in this region. For conformer Ic, the
to conformers b or Ic cannot be identified from these mid-IR methine stretch is calculated to lie 80 thabove that of
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Figure 3. Comparison of CH-stretching molar absorptivity &nd VCD (A¢) spectra of §-methyl 2-chloropropionaté/l ), (R)-methyl 3-hydroxy-
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conformer la, with an intrinsic positive rotational strength half with the methoxy group trans to the methine and two orienta-
that of conformer la. For conformer Ila, the calculation at this tions of the ester group corresponding to Illa and IIb, el@
level predicts a separation between the antisymmetric methyl kJ/mol in energy above II1& Comparison of the observed and
stretches and the methine stretch smaller than experiment. Ifcalculated VCD spectra, Figure 9, shows that conformer lla has
this is also the case for conformer Ic, the experimental frequencya large positive methine-stretching VCD and is the dominant
for the methine stretch of Ic may be lower than that calculated, conformer in solution. The calculated methine intensities,
with weaker coupling of the methine stretch with the antisym- anisotropy ratios, and ©C—C*-O dihedral angles (Table 3)
metric methyl stretches. The methine stretch of Ic thus may be calculated for Ila and Ilb are similar to those for the corre-
responsible for the positive shoulder in the experimental VCD sponding structures la and Ib fd®{methyl lactate. The VCD
spectrum at 2932 cni (Figures 1 and 8). This shoulder lies spectra ofll provide both experimental and computational
~52 cnt higher in frequency than the methine stretch assigned evidence that a hydrogen-bonded ring is not required for the
to la, and its broad bandwidth precludes assignment to a methylgeneration of large methine-stretching VCD. We do find that
vibration. We note that for moleculds andV, for which a the immediate environments of the methine bonds in the
hydrogen-bonded conformer analogous to Ic is not possible, anddominant conformers la and Ila are quite similar.
for 11l , for which such a conformer is sterically improbable, no Di(methyl-ds) p-Tartrate (I1l). Previous studies of the OH,
similar shoulder is observed on the intense positive methine- c=0, and G-O stretches in dimethyi-tartrat@®434°relied on
stretching band (Figures-2). the VCD couplets in these regions, which arise from the in-
For these four conformers of methyl lactate, we find that and out-of-phase coupling of the pair of chirally oriented
conformers la and Ic are predicted to have large methine- oscillators in each case, to ascertain the preferred solution
stretching anisotropy ratios (Table 3), while that of conformer conformation of this dimer-like molecule witB, symmetry.
Ib is quite small. Conformer Id, which lacks a hydrogen-bond, Although ab initio VCD intensity calculations foi have not
is calculated to have a positive methine-stretching anisotropy been reported, ab initio geometry calculations on tartaric acid
ratio half that of conformer la. These results are similar to those of Polavarapu and co-workéfsndicated that in the most stable
previously obtained for conformers la and Id by Stephens and conformation the carboxyl groups are trans, with OH=O©

co-workers with MFP-VCD calculationst’ hydrogen bonding between groups on the same chiral center.
Methyl-d 3 2-(Methoxy-ds)-propionate (Il). The two lowest- In contrast to the VCD couplets in the OH=O, and C-O
energy conformations ofg-methylds 2-(methoxyel)-propi- stretching region3?434%in the CH-stretching region, our data

onate (Table 3, Figure 4), lla and lIb, differ by the rotation of on di(methylds) p-tartrate reveal a single VCD band with
the ester group. In both conformers the methoxy group is gaucheanisotropy ratio similar to that fdrandll . In this region, the
to the C*H bond. Two other stable conformers (not shown), intrinsic VCD intensity of each methine stretch obscures any
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(S)-Methy! lactate (R)-Methyl 3-hydroxy-2-methylpropionate

Conformer VIIla Conformer VIIIb +0.4 kJ/mol

Conft r VIIIc +8.4 kJ/mol Conformer VIIId +9.2 kJ/mol
Conformer Ic +9.2 kJ/mol Conformer Id +23.0 kJ/mol ontorme

(S)-Methyl 3-hydroxybutyrate

(S)-Methyl 2-methoxypropionate

Conformer IXa Conformer IXb +4.2 kJ/mol

Conformer Ila Conformer IIb +5.0 kJ/mol

(S)-Methyl chloropropionate
Conformer IXc +10.5 kJ.mol Conformer IXd +13.8 kJ/mol

Figure 5. Calculated conformations of (R)-methyl 3-hydroxy-2-
methylpropionate and §-methyl 3-hydroxybutyrate, with relative
energies.

OH- -O=C conformer. The OH-stretching region indicates an
additional minor contribution from the OH- -OGHonformer
Conformer ViIa Conformer VIIb +6.7 kJ/mol analogous to Ib. A stable conformer similar to Ic was not found,
and no high-frequency shoulder is observed on the methine-
stretching VCD feature, in contrast to the VCD flor
Figure 4. Calculated conformations and relative energies$pngethyl (9)-Methyl-d 3 O-(Acetyl-ds)-mandelate (V).Calculations for
lactate, §-methyl 2-methoxypropionate, an8){methyl chloropropi-  methyl-d; O-(acetylds)-mandelateV, found only two unique
?onraé:r g’g)‘;haggr;ksesérfgwmg (f:(i)rrcgéy?oernha(tj?(r)nsénlntermedlate shading c5nformations differing in energy by 4.2 kd/mol, in which the

' ydrogens. ester and HC*OR orientations correspond to conformers lla and
contribution from the coupling between the two methine Ilb of (S-methyl methoxypropionaté. The VCD spectra and
stretches. The observed absorbance and VCD bands represer@*H-stretching anisotropy ratios are consistent with a dominant
a superposition of the in- and out-of-phase vibrations of the conformer analogous to Ila. This molecule provides a second
two methine stretches, which are not resolved in either the IR example of large methine-stretching VCD in the absence of an
or VCD spectrum. Coupling of the methine stretches generatesintramolecularly hydrogen-bonded ring, but with a nearly planar
VCD intensity contributions for these A and B symmetry modes O=CC*O arrangement.
with equal magnitude and opposite sign, and integration of the  (S)-Benzoin (VI). The two calculated lowest-energy con-
total methine-stretching intensity yields the sum of the intrinsic formers of benzoinyI, differ in energy by~20 kJ/mol, with
VCD for the two oscillators. Similarly, the integrated intensity geometries corresponding to conformers la anéf Ildoth the
of the observed absorption band is twice the intensity of an OH- and CH-stretching VCD spectra are consistent with a single
uncoupled methine stretch Ifl . Similar experimental results  conformer analogous to la, although the absorbance spectra
in this region are observed for tartaric acid in@?8 Our suggest a small amount of a conformer analogous to Id. In this
experimental CH-stretching VCD data fiol are consistent with case, this “free OH” orientation may be stabilized by interaction
a conformer corresponding to that calculated for tartaric &id, with the C*-phenyl group. For benzoin, we see that replacing
which also corresponds to conformation la for each chiral center. the ester group with the phenyl ketone has little effect on the

(S)-Methyl-d; Mandelate (IV). Three unique conformations  methine VCD intensity or anisotropy ratio (Table 2).

for (§-methyl-d; mandelatelV, were identified in our calcula- (S)-Methyl 2-Chloropropionate (VII). Two unique confor-
tions, with orientations of hydroxy and ester groups and relative mations, Vlla and Vllb, were found fovll at the Hartree-
energies similar to those of la, Ib, and 4d.The single Fock level (Figure 4), whereas only conformer Vlla was
absorbance and large positive VCD feature in the aliphatic CH- obtained with a density functional (B3LYP) geometry optimiza-
stretching region are again consistent with a dominant tion. The closest ©Cl distance is 3.23.6 A in these structures.




1532 J. Phys. Chem. A, Vol. 103, No. 11, 1999 Gigante et al.

TABLE 3: Calculated Frequencies and Anisotropy Ratios of Methine Stretches for Conformers with Deuterated Methyl and
Methylene Groups

relative energy  freq (cn?) gx10* OO=C-C*—X 0OO=C-C*—H
molecule conformer  (kJ/mol) (scaled by 0.915) (calculated) (deg} (deg)

(9-methyl lactateds la 0.0 2899 1.1 -33 —120.9

Ib +8.4 2861 0.1 —147.6 93.6

Ic +9.2 2977 1.2 146.2 30.5

Id +23.0 2897 0.6 —17.0 —135.4
(S)-methyl 2-methoxypropionatéy lla 0.0 2874 15 -8.3 —-129.1

IIb +5.0 2872 0.1 —130.5 110.7
(S)-methyl 2-chloropropionatés Vila 0.0 2993 -0.1 —-100.4 148.5

Viib 6.7 2993 1.4 —25.2 —140.5
(R)-methyl 3-hydroxy-2-methylproprionay  Vllla 0.0 2892 0.8 —-155 —133.0

Vilib +0.4 2902 0.7 —-3.7 —121.1

Vliic +8.4 2897 -0.6 —124.5 118.8

Viiid +9.2 2909 1.4 —-12.3 —129.9
(S-methyl 3-hydroxybutyratels IXa 0.0 2918 -0.2

IXb +4.2 2882 -0.3

IXc +10.5 2864 —0.01

IXd +13.8 2909 0.5

a X = O for methyl lactate and methyl 2-methoxyproprionates=>Cl for methyl 2-chloroproprionate; X C(methylene) for methyl 3-hydroxy-
2-methylproprionate.

TABLE 4: Calculated Frequencies and Anisotropy Ratios of OH Stretches for I, VIII, and 1X

rel. energy freq (cnm?) gx 10 hydrogen
molecule conformer (kd/mol) (scaled by 0.906) (calculated) bonding
(9-methyl lactateds la 0.0 3551 —4.1 OH--G=C
Ib +8.4 3602 -2.9 OH- -OCH
Ic +9.2 3596 +1.9 OH- -OCH
Id +23.0 3607 -1.8 free OH
(R)-methyl 3-hydroxy-2-methylpropionaidy Villa 0.0 3579 +2.2 OH--G=C
VIlib +0.4 3587 —4.1 OH--G=C
Vllic +8.4 3604 +1.7 OH- -OCH
Viiid +9.2 3619 -1.9 free OH
(9-methyl 3-hydroxybutyratels IXa 0.0 3577 +3.8 OH--G=C
IXb +4.2 3569 -8.3 OH--G=C
IXc +10.5 3601 +0.6 OH- -OCH
IXd +13.8 3604 +9.5 free OH

The presence of the chlorine substituent moves the methinecalculated for the mode~2890 cnt?!) with a predominant
stretch up in frequency to the region of the antisymmetric methyl contribution from (C*CH) methyl symmetric stretch (Figure
stretches. The positive VCD features at 2940 and 2872'cm  11).

are ascribed to Fermi resonance components of the symmetric (R)-Methyl 3-Hydroxy-2-methylpropionate (VIII). Four
methyl stretch. The high-frequency (+) intensity arises from conformers were considered for molecMil (Figure 5). The

the coupling of the methine and antisymmetric methyl stretches. two lowest-energy conformers, with OH-=€C hydrogen-

In Vlla, with almost perpendicular €0 and C*CI bonds, bonding, lie very close in energy. The VCD spectra are
the methine-stretching anisotropy ratio (for the isbtopomer) consistent with an approximately equal mixture of Vllla and
is calculated to be small and negative (Table 3), whereas VIIb, VlIIb as the dominant conformers. In the OH-stretching region,
with a more eclipsed arrangement of these bonds, is againthese two conformers have VCD intensities of opposite sign,
calculated to have a large positive methine-stretching anisotropywith VIlib at a slightly lower frequency (Figure 12). A 54:46
ratio. ForVIl , we calculated spectra for the methylekter to ratio (the calculated Boltzmann populations) of Vllla:Vilib
eliminate any effects in the calculation of coupling between the yields small net negative OH-stretching VCD intensity, in
methyl groups, since the experimental data show no VCD agreement with experiment. We note that our calculations
intensity arising from the ester methyl group modes. The consistently yield both absorbance and VCD intensities in this
calculated VCD intensity for conformer Vlla, Figure 10, region that are smaller than experiment. The high-frequency
reproduces the sign pattern for the high-frequeney) feature shoulder in the absorbance spectrunvif arises from a small
and the positive symmetric methyl stretch, but includes a contribution from conformers such as Vllic and the analogous
negative component not apparent in the observed spectrumconformer to Vllib with OH- -OCH hydrogen-bonding, which
arising from the third component of the coupled antisymmetric are calculated to have a large absorbance intensity, but weak
methyl and methine stretches. Additional positive methine- VCD that would largely cancel for two such conformers (see,
stretching VCD intensity at~2980 cnt! from a ~30% for example, the calculated spectrum of Xlc in Figure 15). The
contribution from conformer VIIb improves the fit between experimental data do not show absorbance features that can be
experiment and calculation (Figure 10), as does including the attributed to free OH conformers such as Vllid. In the CH-
effects of the Fermi resonance to move most of the calculated stretching region, the VCD pattern is also consistent with
positive symmetric methyl VCD intensity to 2940 cin dominant contributions from Vllla and VIlIIb (Figure 13); one
Calculations ofVII utilizing the DFT geometry, force field, = must again take into account the methyl and methylene
and atomic polar tensors yield somewhat better agreement withsymmetric stretching Fermi resonance to redistribute some of
experiment for conformer Vlla, when the effects of the Fermi the calculated absorbance and positive VCD intensity near 2900
resonance are included to redistribute the positive VCD intensity cm to ~2930 and 2970 cmi. It is of interest to note that the
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calculated anisotropy ratios (Table 3) for the uncoupled methine Figure 6. Comparison of observed and calculated molar absorptivity

stretches in these four conformers\ail are fairly large and (e) and VCD (Ae) spectra of §-methyl lactate in the mid-IR region.

positive, with the largest values for the more planar, cis Calculated spectrum is for conformer la, with B3LYP/DFT geometry,

. force field and atomic polar tensors, and VCT atomic axial tensors.
arrangements c.)f @CC.*C(HZ)' Although the methine stretch . Experimental conditionsp: 0.2 M in C£I100um path length, 4.0 cni
couples extensively with the methyl and methylene modes in o5oiution 4 h collection for each enantiomer.

VIII , there is an overall net positive VCD intensity bias in the
observed spectrum, and in the calculated VCD spectrum of eachin Figure 15 we show the composite spectrum for a 6:3:1
conformer, which can be attributed to the intrinsic VCD mixture of IXa:IXb:IXc to illustrate the contribution from an
contribution from the methine stretching motion. OH- -OCH; conformer to the absorbance and VCD spectra. The
(S)-Methyl 3-Hydroxybutyrate (IX). MoleculelX exhibits observed CH-stretching VCD pattern (Figure 3) is not well
the weakest overall CH-stretching VCD intensity. For the four reproduced by this composite of conformer spectra (Figure 16).
conformers considered here, the calculated anisotropy ratio forReproducing such a weak spectrum, where there is apparently
the uncoupled methine stretch is small and negative for IXa, considerable cancellation among VCD bands from numerous
IXb, and IXc, and positive for conformer IXd, where the contributing conformers, requires a more accurate calculation
carbonyl oxygen is again near the C*H bond. The OH-stretching of the normal modes in this region and a consideration of a
(+,—) VCD couple®® (Figure 14) is reproduced by the more extensive set of conformers, which is beyond the scope
calculated spectrum for a 2:1 mixture of the lowest-energy of the present study of factors contributing to methine-stretching
conformers IXa and IXb, which exhibit VCD of opposite signs. VCD intensity. For the conformers explored here, we find that
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the overall calculated VCD intensity is conservative for the O=C, OH--OCH; and free OH conformations are not well
conformers (IXa, I1Xb, and 1Xc) with small intrinsic methine ~reproduced in the calculations. However, the calculated relative
VCD contributions. abundance and energy sequence of conformers with similar
types of hydrogen-bonding is consistent with experiment, as
shown forVIIl andIX.

The OH-stretching VCD spectra for moleculedll , IV, VI,

The VCD spectra of this set of molecules, coupled with ab VI, VIl , andIX consist of both positive and negative features.
initio geometry and intensity calculations, provide clear infor- The OH--G=C stretch is the most dominant feature in this
mation on their solution conformations. For molecules with OH region. The intense, broad, negative OH-stretching VCDO for
groups, the VCD spectra in the OH- and CH-stretching regions IV, andVI is characteristic of conformers analogous to la, and
provide complementary data on minor conformer populations, serves as a VCD marker band for this conformation and
as well as identification of the most abundant species. The abconfiguration. Inlll , the vibrational coupling of the chirally
initio calculations carried out for the gas-phase structures provide oriented OH bonds results in a fairly conservative VCD codplet
unambiguous assignments of VCD features, and reasonablehat obscures smaller intrinsic VCD from each local oscillator.
estimates of relative conformer populations can be made by For both VIII and IX, the OH-stretching VCD spectra are
comparing composite calculated spectra with experiment. We consistent with a composite of two oppositely signed contribu-
note that the calculated relative energies do not yield correct tions. In Figure 17 we compare the environment of the OH bond
solution conformer population distributions based solely on in OH- -O=C conformers calculated to have either negative or
Boltzmann populations, since the relative stabilization of OH- - positive OH-stretching VCD if, VIII , and X, by viewing

Discussion
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Figure 17. Comparison of OH-bond environments for positive and
negative VCD. Each stereoprojection is viewed down the OH-bond at
the right side of the structure, with darkest shading for oxygen atoms,
intermediate shading for carbon atoms, and white circles for hydrogens.
The methine-stretching VCD anisotropy ratigg (neasured
for 1-VI are all~2.4 x 1074, independent of any intramolecular
hydrogen-bonded rings. For all six of these molecules, the lowest
energy conformation is similar to those shown for la or lla, for
which positive methine-stretching VCD with~1.2 x 10~ is
calculated. In these lowest energy conformers, tse0o3 C*-O
bonds form a cis, nearly coplanar arrangement (calculated
dihedral angles: 1a;-3.3"; lla, —8.3; IVa, —13°; Va, —11°;
Vla, 2&; O--O distances are ai+2.7 A). We note that for
conformer Vllb, for which a large positive methine-stretching
VCD is again calculated, the=8C—C*—ClI dihedral angle is
—25°, and for all three conformers (Vllla, Vlllb, and VIiid) of
VIII with large calculated positive methine-stretching anisotropy
ratios the G=C—C*—C(methylene) dihedral angles ard.5.5
or smaller. For conformer Id, with no hydrogen bond, the O
C—C*—0 dihedral angle is-8.3, and the calculated anisotropy

stereoprojections of the calculated structures down the OH bond.ratio is half that of la. In contrast, the conformers with a trans,

The approximately mirror-image environments of the OH
oscillator in the (Vllla, VIIIb) conformer pair and the (IXa, IXb)

approximately coplanar ©C—C*—X arrangement (lb, llb,
Vlla) all are calculated to have a very small methine-stretching

conformer pair are clearly seen from this view, and provide an VCD anisotropy ratio, as demonstrated experimentally by the

understanding of the origin of the oppositely signed OH-
stretching VCD for each pair. We also note some similarity in
the OH environment for Vllla and la (Figure 17) which exhibit

nearly conservative CH-stretching VCD spectrunVdf. Thus,
although the presence of a ring adjacent to the methine bond
closed by hydrogen bonding is not required for intense methine-

the same OH-stretching VCD sign, whereas a similar correlation stretching VCD, the approximately cis planar arrangement of

between conformers dfandIX is not evident.

O=C—-C*—X bonds that occurs for such closed rings, and for
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Ila and Va, defines the local chiral environment that leads to
large methine-stretching VCD. From the calculations\h

and VIl , we find that a carbon or chlorine atom can replace
the oxygen atR; and still yield moderately large positive
methine-stretching VCD, but that this intensity will be spread
out among all the normal modes to which the C*H stretching

maotion contributes, as observed in the positively biased spectrum

of VIII , which lacks a characteristic methine-stretching VCD
feature. As seen from the calculated anisotropy ratiosXof

insertion of a methylene group between the chiral carbon and

the carboxylate dramatically alters the methine-stretching VCD.
We note that although utilizing DFT geometry, force field
and atomic polar tensors in the VCT intensity calculations
improved the agreement between observed and calculate
spectra in the mid-IR region below 1500 cinfor the hydrogen-

stretching regions similar DFT calculations gave poorer agree-

ment with experiment than our HF/6-3£@ VCT calculations

for most of the molecules studied. For example, although the
(+,—) VCD pattern was obtained in the DFT calculations for
the antisymmetric stretches @){methyl-d; lactate, the negative
component was much larger than the positive one.

Conclusions

This study has demonstrated the utility of VCD in the
hydrogen-stretching regions, combined with ab initio calcula-
tions of geometries and spectra, in identifying solution confor-
mation and configuration. For the molecules with OH groups,
the OH-stretching region, due to the small number of chro-
mophores, provides the most direct information on solution
conformers. However, we find that the CH- and OH-stretching
regions can provide complementary information.

Methine-stretching VCD is most intense for an approximately
cis planar arrangement of<€C—C*—X bonds, where X= O
or N (as shown from previous studies on amino acids, amino
acid-transition metal complexes, and peptfddd, and the
observation of intense, broad VCD in the CH-stretching region
serves as a marker for configuration and conformation for a
methine in a cis planar©C—C*—X environment. When X is
part of an OH group, the intense hydrogen-bonded OH-
stretching VCD is also a marker for this cis planar geometry
with OH- -O=C hydrogen bonding. For X% Cl, large positive
methine-stretching VCD was calculated for such a cis planar
conformation, but this conformation is not abundant in solution.
For X = C, the methine-stretching VCD itself is fairly large

Gigante et al.

culations of vibrational transition current density for vibrations
in the hydrogen-stretching regions. The methine-stretching TCD
for the four conformations of methyl lactate has been calculated
and will be reported separatély.

Appendix: Synthetic Procedures

General Procedure for Transesterification: [R)-Methyl-

d; lactate. To 1.017 g of R)-methyl lactate in 3 mL of

methanold, was added 0.075 g of 10-camphorsulfonic acid,

and the resulting mixture was heated at’€5for 24 h. Solvent

was distilled from the reaction, an additional 3 mL of methanol-

ds was added, and the reaction mixture was heated for an
dditional 24 h at 65C. The resulting mixture was partitioned
etween brine and ether, concentrated and purified by bulb-to-

bulb distillation (86°C, 40 mmHg) to give 0.317 g (30% yield)

of (1): 'H NMR (CDCl) d 1.41 (d,J = 7.2 Hz, 3H), 2.72 (d,

J=5.5Hz, 1H), 4.28 (dg) = 5.4, 6.8 Hz, 1H); [a}) —2.65 C

0.91, CHCY).

A) (S)-Methyl-ds lactate (1): [a]p+3.09 € = 0.81, CHCY).

B) (R)-Methyl-ds 2-(methoxy-ds)-propionate. (R)-methyl

2-(methoxyels)-propionate (0.691 g) gave 0.360 g (51% vyield)

of (I1): bp 95°C (70 mmHg),*H NMR (CDCls) d 1.40 (d,J

= 6.8 Hz, 3H), 3.89 (gJ = 6.7 Hz, 1H);*3C NMR (CDCk)

18.39, 76.24, 173.61; [a]+73.02 € = 1.16, CHC}).

C) (S)-Methyl-d3 2-(methoxy-s)-propionate (Il):
—67.23 ¢ = 2.38, CHC})).

D) Di(methyl-d3) p-tartrate (111). Dimethylp-tartrate (1.220
0), gave 1.128 g (90% yield) ofl( ): bp 145°C (1.5 mmHg),

IH NMR (CDCls) d 3.17 (d,J= 7.1 Hz, 2H), 4.56 (d) = 7.1
Hz, 2H); 13C NMR (CDCk) d 72.0, 171.8; [a] —19.8 € =
1.27, HO).

E) Di(methyl-d3) L-tartrate: [a]p +19.9 € = 0.94, KO).

F) (S)-Methyl-ds mandelate (IV). (S§-methyl mandelate
(0.896 g) gave 0.828 g (91% vyield) of\(): bp 124°C (1.5
mmHg),*H NMR (CDCls) d 3.53 (d,J = 5.5 Hz, 1H), 5.18 (d,
J=5.1 Hz, 1H), 7.3-7.5 (m, 5H) ppm3C NMR (CDCk) d
72.7,126.6,128.46, 128.57, 138.2, 174.1 ppny {8140 €=
0.81, MeOH).

G) (R)-Methyl-d 3 mandelate:[a]p —129 € =0.74, MeOH).

H) (R)-Methyl-2-(methoxy-ds)-propionate. To 0.903 g (8.7
mmol) (R)-methyl lactate in 7 mL of diethyl ether was added
2.31 g (10 mmol) of silver oxide, and 1.4 mL of mettd4d-
iodide. The mixture was heated to reflux for 4 days after which
filtration, concentration, and bulb-to-bulb distillation (9,

[alp

and positive, but more extensive coupling of the methine stretch 70 mmHg) gave 0.692 g (67% yield) of the title compound:

with CH stretches at Rand R (Scheme 2) results in a
distribution of the intrinsic methine-stretching VCD intensity
across the aliphatic CH-stretching modes, producing a VCD
intensity bias, but no single methine marker band. Ancspbon

H NMR (CDCl3) d 1.39 (dJ = 6.7 Hz, 3H), 3.75(s, 3H), 3.88

(g, J = 6.9 Hz, 1H);3C NMR (CDCk) 18.37, 51.90, 76.22,

173.57. The S enantiomer was prepared in a similar manner.
1) (S)-Methyl-d; O-(acetyl-ds)-mandelate (V). To 0.282 g

at R, as part of a carbonyl, or, as previously demonstrated, a (S)-methyl-d; mandelate in pyridine (3 mL) at @C was added

phenyl groug is essential for large methine-stretching VCD.
When sp carbons occupy both the,Rand R positions, the
methine-stretching VCD intensity is greatly reduced, even with
a heteroatom at R

The ambiguity in identifying methine-stretching features
arising from minor conformations and in accurately measuring
the anisotropy ratios, due to methine coupling with the C5CH
group inl, Il, andVIl, or the C*CH and C*CH, groups in
VII andIX, could be eliminated by additional deuteration. Such
syntheses will be pursued in the future.

0.24 mL of acetyld; chloride. After stirring 30 min the mixture
was treated with water and ether (15 mL), washed with 10%
HCI (3 x 15 mL), saturated bicarbonate, and brine. The organics
were dried over magnesium sulfate, filtered, concentrated, and
purified by flash chromatography (3:1 hexanes: ethyl acetate)
to give 0.330 g (93% yield) of\(): 'H NMR (CDCl) d 5.93
(s, 1H). 7.3-7.5 (m, 5H) ppm3C NMR (CDCk) d 74.1, 127.3,
128.5, 128.9, 133.5, 168.9, 169.8 ppm;p[af136 € = 1.05,
CHCl).

J) (R)-Methyl-d; O-(acetyl-ds)-mandelate [a]p —126

Finally, the agreement between observed and calculated VCD= 0.92, CHC}).

features for the most abundant conformers for this set of
molecules provides a sound basis for employing the VCT sum-
over-states formalism and computational methodology in cal-
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