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Abstract

Methyl lactate [CH(CH3)OHC(=0)OCH;3] conformational space was investigated by extensive DFT/B3LYP/6-311++G(d,p) and MP2/6-
31++G(d,p) calculations and matrix-isolation FTIR spectroscopy in argon and xenon matrices. From the seven different conformers
predicted by the calculations, two forms (the most stable conformers yielded by the calculations: SsC and GskC, where the letters refer to the
conformations assumed by the HOCC, OCC=0 and O=COC dihedrals, respectively) were observed and characterized spectroscopically.
Conformer interconversion pathways were also theoretically investigated. The low calculated barrier associated with the G'sk'C — GskC
conversion (~1 kJ mol™}) explains the absence of the third most stable form (G'sk’C) of methyl lactate in low-temperature matrices.
Deposition of methyl lactate at different temperatures, together with the theoretical data, aided to the full assignment of the observed spectra.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Carboxylic compounds substituted at the o position with
hydroxyl group deserved much attention in the past due to
their important medical and pharmaceutical applications
[1-6]. From the point of view of basic chemical research,
these compounds look also as very attractive and challen-
ging systems, since the close proximity of their o-hydroxyl
and carboxylic groups gives rise to different possible intra-
molecular interactions in the isolated molecules and may
also lead to a variety of intermolecular interactions in the
condensed phases.

Simple o-hydroxy carboxylic acids, in particular, have
been extensively studied, both theoretically and experimen-
tally [7-12]. On the other hand, their methyl esters have not
been paid so much attention. However, the substitution of
the OH acid group by the OCHj; ester group hinders the
formation of some of the intramolecular hydrogen bonds,
and this makes methyl o-hydroxy carboxylates very con-
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venient compounds to undertake a more detailed study of the
intramolecular hydrogen-bond interactions involving both
the o-hydroxyl group and the —C(=0)O fragment, without
the additional complexity due to the presence of the acid
hydrogen atom.

Among the methyl a-hydroxy carboxylates, methyl gly-
colate (MGly) and methyl a-hydroxy-isobutyrate (MHIb)
have been the most studied species, having already been the
subject of detailed structural, thermodynamic and vibra-
tional analysis, both for the isolated molecule and in the
condensed phases [13—18]. Matrix isolation infrared spec-
troscopy studies previously undertaken on these two com-
pounds in our laboratory allowed the identification and
characterization, in both cases, of two different conformers'
SsC and GskC, which were also shown to be present in
the gaseous phase [13—15]. The SsC conformer exhibits a
planar heavy atom framework, with a relatively strong

"' All molecules discussed in this paper obey to the general formula
CR|R,OH-C(=0)OR3, with R; and R, equal to H in MGly and CHj; in
MHIb and Rj; equal to CH; in both compounds. In methyl lactate, R; is
equal to H and R, and R; equal to CH;. Conformations of these molecules
are here named by a sequence of three letters which relate with the
conformations (S.,s, syn; A,a, anti; G, gauche; sk, skew; C, s-cis; T, s-trans)
assumed by the H-O-C-C, O-C-C=0 and O=C-0O-R; dihedral angles.
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OH - - - O= intramolecular hydrogen bond, and was found to
correspond to the ground conformational state in both MGly
and MHIb. The second conformer, GskC, is characterized
by a weaker intramolecular hydrogen bond of the type
OH - - - Ogger. It can be obtained from the most stable form
by internal rotation around the C—C bond and has an energy
higher than this latter by 9.0 and 6.6 kJ mol ', for MGly and
MHIb, respectively (calculated HF/6-31G” [13-15]).

Methyl lactate (MLac) differs from MGly by substitution
of one of the a-hydrogen atoms by a methyl group. The o-
carbon atom is a chiral center and monomeric MLac is then
an optically active species, exhibiting two spectroscopically
equivalent enantiomers (R and S). Its parent molecule, lactic
acid (LA), was recently studied in our laboratory by matrix
isolation spectroscopy and theoretical methods (DFT/
B3LYP, MP2) [7]. The detailed investigation of the potential
energy surface of the monomeric form of LA revealed that,
in the gaseous phase, this molecule may exist in four
significantly populated conformers: the most stable SsC
conformer, and forms GskC, G'sk'C and AaT. All these
conformers exhibit an intramolecular H-bond that accounts
to some extent for their stability. In the SsC form, the H-bond
is of the OHyconol - - - O= type, whereas in both GskC and
G'sk'C it is of the OHyonol * - - Oacia type; in AaT, the OH
acid group acts as H-bond donor to the o-oxygen atom
(OHggig - * * Ouiconol)- The second (GskC) and third (G’sk’C)
most stable conformers differ from SsC in the CCOH ,iconon
and O=CCO dihedral angles, which are equal to 43.3° and
156.8°, and —51.5° and —149.9°, respectively in GskC and
G'sk'C [7]. Matrix isolation experiments confirmed the
predominance of SsC conformer in both argon and xenon
matrices, and provided the first experimental observation of
conformers GskC and AaT. On the other hand, since the
energy barrier to convert the G’ sk’ C conformer into the GskC
is only ~2KkJ mol~!, conformational cooling [19,20] pre-
cludes the observation of the G'sk’C form in low-tempera-
ture matrices. This last form converts easily to the slightly
more stable GskC conformer [7].

Taking into consideration the results described above
obtained for the analogous compounds, LA, MGly and
MHIb, it could be expected that for MLac a successful
experimental observation of forms SsC and GskC (or GskC
and G'sk’C) could be done easily. However, with a single
exception, previous experimental studies on this molecule
were only able to detect the expectedly most stable SsC
conformer [21-23]. Experimental evidence of the higher
energy forms of MLac was only reported hitherto by
Freedman, Nafie and coworkers [24,25], who have studied
this compound in CCl, solution by vibrational circular
dichroism (VCD). These authors examined the C-H and
OH stretching spectral regions of the VCD spectrum of
MLac and, by comparison with the corresponding calcu-
lated spectra obtained at the DFT(B3LYP)/6-31G(d) level
of theory, were able to identify in the studied regions
spectral features that can be ascribable to the major SsC
form and to the two minor conformers having the

OH - - - Oggter intramolecular H-bond (GskC and G'sk’C)
[24,25]. To the best of our knowledge no other studies
on the conformational preferences and vibrational proper-
ties of monomeric MLac have been reported hitherto. The
gas phase self-aggregation behavior of MLac in supersonic
jet expansions were recently studied by Borho and Suhm
[18,26] using the ragout-jet FTIR technique [27].

In this work, the potential energy surface of MLac was
reinvestigated at a higher level of theory than previously
reported [24] (both the DFT(B3LYP)/6-311++G(d,p) and
MP2/6-314++G(d,p) levels of theory were used). The
structural, energetic and vibrational data obtained theore-
tically was then used to help interpretation of the matrix
isolation FTIR spectra obtained for the compound isolated
in solid argon and xenon, enabling the full vibrational
characterization of the most stable forms of the studied
molecule.

2. Materials and methods
2.1. Computational methodology

The quantum chemical calculations were performed with
Gaussian 98 [28] at the DFT and MP2 levels of theory, using
the 6-311++4G(d,p) and 6-314++G(d,p) basis sets, respec-
tively [29]. The calculations were carried out with the three-
parameter density functional abbreviated as B3LYP, which
includes Becke’s gradient exchange correction [30] the Lee
et al. correlation functional [31] and the Vosko et al. correla-
tion functional [32].

Conformations were optimized at each level of theory
using the geometry direct inversion of the invariant sub-
space (GDIIS) method [33]. Vibrational frequencies were
calculated at each level of theory and the nature of the
critical points on the potential energy surface resulting
from optimization was determined by inspection of the
corresponding calculated Hessian matrix. All optimized
structures were confirmed to be minimum energy confor-
mations. The calculated frequencies were scaled down by a
single factor (0.978) [7,20] to correct them for the effects of
basis set limitations, neglected part of electron correlation
and anharmonicity effects, and used to assist the analysis of
the experimental spectra and to account for the zero-point
vibrational energy contribution to the total energy. Normal
coordinate analysis was undertaken in the internal coordi-
nates space as described by Schachtschneider [34] using
the program BALGA and the optimized geometries and
harmonic force constants resulting from the DFT(B3LYP)/
6-311++G(d,p) calculations. Potential energy profiles
for internal rotation were calculated performing a relaxed
scan on the potential energy surface (PES) along the
relevant reaction coordinates and the transition state struc-
tures for conformational interconversion obtained using
the synchronous transit-guided quasi-Newton (STQN)
method [35].
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2.2. Infrared spectroscopy

(8)- and (R)-MLac of spectral purity were obtained from
Aldrich. The IR spectra were collected with 0.5 cm™'
spectral resolution on a Mattson (Infinity 60AR Series)
Fourier transform infrared spectrometer equipped with a
deuterated triglycine sulfate (DTGS) detector and Ge/KBr
beamsplitter.

In the matrix isolation experiments, a glass vacuum
system and standard manometric procedures were used to
deposit the matrix gas (argon N60; xenon N45, obtained
from Air Liquide). Matrices were prepared by co-deposition,
onto the cooled Csl substrate of the cryostat, of the matrix
gas (Ar or Xe) and MLac (S, R or the 1:1 racemic mixture)
placed in a specially designed doubly thermostatable Knud-
sen cell with shut-off possibility whose main component is a
NUPRO SS—4BMRG needle valve. The temperature of the
cell could be controlled separately in the valve nozzle and
the sample compartment, enabling a more precise control of
the saturated gas pressure over the liquid compound and a
better metering function of the valve. Further details of the
experimental set up can be found in [36]. All experiments
were done using an APD Cryogenics close-cycle helium
refrigeration system with a DE-202A expander. During
deposition of matrices the temperature of the Csl substrate
was 9 or 20 K. Necessary modifications of the sample
compartment of the spectrometer were made in order to
accommodate the cryostat head and allow efficient purging
of the instrument by a stream of air from which both water
and CO, vapors were previously removed.

3. Results and discussion
3.1. Geometries and energies

MLac has three different internal rotation axes (defined by
the CCOH, OCC=0 and O=COC dihedral angles) that can
give rise to conformational isomers. All possible conformers
belong to the C; symmetry point group. As far as vibrational
spectroscopy neglecting dichroic effects is concerned,
chirality of methyl lactate does not represent a source of
complication, because the spectra of both enantiomers are
identical.

In this work, a full conformational search on both the
DFT(B3LYP)/6-311++G(d,p) and MP2/6-31++G(d,p)
potential energy surfaces of MLac was undertaken.
Table 1 presents the calculated relative energies for the
possible conformers of MLac, which are depicted in
Fig. 1. Equilibrium geometries are given in Table 2.

In consonance with the literature data [21-26], the the-
oretical calculations predict conformer SsC as being the
conformational ground state. As for the parent molecule,
lactic acid [7], the heavy atom framework of this conformer
was found to be slightly deviated from planarity (CCOH,
OCC=0 and O=COC dihedral angles were calculated at the

Table 1
Relative energies, including zero point vibrational contributions® for the
conformers of MLac"

Conformer DFT(B3LYP)/ MP2/6-31++G
6—311++G (d,p) d,p)

Population
(at 298 K) (%)

SsC 0.0 (—1005353.37)° 0.0 (—1002258.49)° 91.8
GskC 7.42 5.72 4.6
G'sk'C 8.06 6.23 35
AsC 20.06 18.76 0.0
AaC 20.43 19.28 0.0
AsT 37.39 38.03 0.0
AskT 48.87 48.98 0.0

* Energies in kJ mol~'; conformers are depicted in Fig. 1.

b Zero-point energy corrections taken from DFT(B3LYP)/6-
3114++G(d,p) calculations.

¢ Total energies with zero point vibrational energy contribution
(Hartrees).

B3LYP level of theory as 2.9°, —4.6° and —0.2°, respec-
tively). As already mentioned, this form is similar to the
most stable conformer of the other simple o-hydroxy sub-
stituted acids and methyl esters (lactic acid, and glycolic and
a-hydroxy isobutyric acids and their methyl esters [12—15]),
being stabilized by an intramolecular H-bond established
between the OH group and the carbonyl oxygen atom.

The second most stable conformer (GskC, in Fig. 1) is
predicted to have CCOH, OCC=0 and O=COC dihedral
angles equal to —36.9°, —160.1° and 0.5°, respectively
(B3LYP values), while in the third most stable conformer
(G'sk'Cin Fig. 1) these dihedral angles are 44.3°, 152.8° and
—0.7°, respectively. These two forms are characterized by a
weak OH---O intramolecular H-bond and their relative
energies, with respect to the conformational ground state,
are predicted to be 7.42 and 8.06 kJ mol ™' (MP2: 5.72 and
6.23 kJ mol ") (see Table 1).

In lactic acid, the fourth more stable conformer is AaT
(with a relative energy within a range of 10 kJ mol ! [7]),
which has no equivalent form in MLac since in this latter
molecule the stabilizing OHygiq - - - Oarcohol hydrogen bond
cannot operate due to the substitution of the carboxylic
hydrogen atom by the methyl ester group. Indeed, in the
ester, the close proximity of the methyl ester group and the
hydroxyl oxygen atom leads to a strong repulsion that is
reflected in the fact that the AaT conformation is not a
minimum energy species. A minimum in the potential
energy surface is located in the vicinity of the AaT con-
formation, corresponding to the highest energy conformer of
MLac, the AskT form (Fig. 1) with a DFT calculated relative
energy higher than 48 kJ mol™'. In MLac, the fourth and
fifth most stable conformers predicted theoretically are the
AaC and AsC forms (Fig. 1), respectively, which are pre-
dicted to have nearly equal relative energies of ca.
20 kJ mol ™. In both cases, the Anti conformation adopted
by the CCOH axis inhibits intramolecular H-bonding, thus
making these conformers much less stable than the three low
energy forms discussed above (SsC, GskC and G'sk'C).
Besides AaC, AsC and AskT, another high energy conformer
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Table 2
Optimized geometries for the conformers of MLac®

Parameter SsC GskC G'sk'C AsC AaC AsT AskT

B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2

Bond length (pm)

C-0y 1444 1448 144.2 144.6 1442 144.6 1440 1445 144.0 143.0 1430 1442 1439 144.4
0,-Cq 133.8 134.6  135.1 135.8 135.0 136.8 135.3 136.0  133.7 134.6 134.0 135.0 134.9 135.0
014-H;s 96.8 97.2 96.4 96.8 96.4 96.8 96.2 96.7 96.3 96.7 96.0 97.0 96.3 96.0
Ce=0, 121.0 1226 1205 122.1 120.5 1222 1200 121.8 120.9 122.5 120.0 1220 1202 1210
Ce—Cg 152.5 151.8 153.1 1524 152.8 151.9 152.7 151.8 1526 1517 153.0 1520 154.1 153.0
Cy-H; 108.7 1084  108.7 1084  108.7 1084  108.8 1084  108.7 107.0  108.0 108.0  109.0 108.0
Co-Hy 109.0 108.7 109.0 108.7 109.0 108.7 109.1 108.8 109.1 107.0  109.0 108.0  108.0  108.0
Cy-Hs 109.0  108.7 109.0  108.7 109.0  108.7 109.1 108.7 109.1 107.0  109.0 108.0  108.0 108.0
Cg—Hy 110.0  109.5 110.3 109.9 109.2 108.9 109.7 109.4  110.0 109.3 109.0 108.0 110.0  109.0
Cs—Cio 153.2 1524 1522 151.5 153.5 152.7 1534 1526 1533 152.5 153.0 1520 1520 151.0
Cg—O14 1414  142.0 142.0 1425 141.9 1424 1418 1424 1421 142.8 141.0 141.0 143.0 143.0
Cio-Hy, 109.3 109.0  109.2 108.9 1094  109.1 109.2  109.0 109.2 109.0 109.0 108.0 109.0  109.0
Cio-Hiz 109.2 108.9 109.0 108.8 109.3 109.0 109.2 109.0 109.2 109.0 109.0 108.0 109.0  108.0
Cio-Hi3 109.1 108.8 109.1 108.8 109.1 108.9 109.4  109.1 109.4  109.1 109.0 109.0 108.0  108.0
Bond angles (°)
C-0,-Cq 116.3 114.7 116.3 1146 1163 114.7 115.9 114.3 115.9 1144 122.0  120.1 123.1 121.0
0,-C,-H; 1054 1050 1055 105.0 105.5 105.0 105.5 105.0  105.3 109.5 111.9 111.7 104.9 104.5
0,-C,-Hy 1103 110.0 1102 110.0  110.1 110.0 1105 110.1 110.3 109.5 111.0  110.7 111.1 111.1
0,-C,-H;s 110.2 110.0 110.2 110.0  110.3 110.0  110.3 110.1 110.5 109.5 105.1 1046  111.0 1104
H3;-C,-H, 110.7 111.1 110.8 111.1 110.7 111.1 110.7 111.0  110.7 109.5 110.2 110.6 110.2 110.4
H3-C,—H; 110.8 111.1 110.7 111.1 110.8 111.1 1106  111.0  110.8 109.5 109.2  109.5 110.6  109.3
H,—C>-Hs 1094 1100 1094  109.7 1094 109.7 109.2  109.5 109.2  109.5 109.3 109.7 109.0 111.0
0,-C=0, 124.3 124.5 123.6 123.7 123.9 124.0 1241 124.3 124.3 124.5 1194 1196 1192 1194
0,-C—Cg 112.6 112.1 111.3 111.1 111.4 110.9 109.6 109.4 1133 112.2 120.2 119.9 118.5 118.2
0,=C¢Cg 123.1 123.5 125.0 125.1 124.6 124.9 126.3 1262 1223 123.3 120.3 1204 1224 1224
Cs—Cs—Cio 111.9 111.3 111.7 1114 1100 1094 1100 109.3 110.0  109.8 109.9 109.2 1114 111.2
Cs—Cg—Hy 106.9 1074 104.5 105.6  106.2 106.8 107.2 107.7 105.0  105.7 1106 111.2  107.8 108.9
Cs—Cs—O014 1094 109.5 113.2 1124 113.1 1124 107.2  106.6  109.7 108.0  108.9 108.9  106.3 105.1
Ho—Cs—Cyo 109.0 109.6 108.9 109.7 109.4  110.1 109.4  110.1 109.3 109.8 109.7 1104 1094  109.7
Ho—Cg-Oy4 109.0 109.0  109.8 110.1 109.1 105.8 110.7 110.9 110.6 1103 106.8 106.2  109.4 109.6
C1g—Cg—O0y4 110.6 110.0  108.5 107.7 112.2 112.2 1124 112.1 1124 109.7 111.0 111.0 1124 1122
Cs—Cio-Hyy 110.5 109.9 1103 110.0 110.8 1102 1102 109.5 1104 1105 109.9 109.3 110.6 110.1
Cg—Cio-Hiz 111.0 1109 110.5 1104  110.8 110.6 1109 110.6  110.7 110.5 112.5 1122 1109 110.5
Cs—Cio-Hj3 108.8 108.7 109.2 109.0 109.0 109.0 110.0 110.0 109.9 109.9 108.7 108.8 109.7 109.6
H;;—Ci0-H;2 109.3 109.6 109.0 109.1 108.7 109.0 109.3 109.6  109.3 109.6  108.5 108.7 108.2  108.6
H;1-Ci0-Hi3 108.2 1084  108.5 108.9 1084  108.8 108.6  108.8 108.6  109.0 108.5 108.8 109.3 109.8
H;»—Ci0-Hy3 109.0 109.3 109.3 109.6  109.0 109.2 1079 108.2 1079 108.1 108.6  109.1 108.2  108.4
Cs—0,4-H;5 107.2 106.8 108.5 108.0  108.3 107.6  108.3 107.6  108.3 107.6  106.7 106.1 108.4 107.7
Dihedral angles (°)
Cs—0,-Cr-H; 179.6 1794  180.0  180.0 —179.5 —179.6 —179.7 —1794 —178.8 —47.7 62.5 61.5 —640 —546
Cs—0,-Cr-H, -609 —-61.1 -604 —-604 —-60.0 —-60.1 —-60.0 —-59.8 —59.3 723  —61.0 —62.2 58.9 69.0
Cg—0,—Co-Hs 60.0 60.0 60.4 60.5 60.8 60.7 60.8 61.1 61.5 —167.7 —179.0 179.8 176.6 —173.6
Cy-0,-C=0;, —-0.2 0.0 0.5 0.6 -0.7 —-0.7 —1.3 —1.5 —1.4 —-1.8 169.6 1692 —1759 —174.2
C,-0,-C—Cg —-179.9 179.7 177.6 1774 —1782 —177.3 176.9 175.7 —178.8 —1783 —134 —154 32 6.5
0,-Cs—Cs—Cyg —62.0 —624 1458 150.3 96.3 89.6 80.8 —854 94.2 80.1 —80.3 —81.6 —175.8 —172.7
0,-C¢—Cs—Hy 57.3 576 —96.6 —90.7 —145.8 —151.3 379 342 —1485 -161.0 41.0 404 558 517

0,-C¢—Cs—Oy4 175.1 175.8 229 293 298 =357 1568 1533 -29.6 —424 1580 157.1 61.5 65.7
0,=C¢—Cs-Hy —122.5 —122.7 80.4 86.0 36.8 322 —144.0 -—148.7 34.1 224 —142.1 —1443 1232 129.1
0,=CcCs—Cp 1182 1173 -372 -330 -812 —-87.0 97.3 91.7 —-833 -96.5 96.6 93.6 32 8.1
07;=C¢—Cs—014 —4.7 —4.6 —160.1 —-154.0 1528 1478 -25.1 91.7 1529 141.1 =251 =276 —1195 —113.6
Ce—Cs—Cio-Hy, -59.0 580 —648 —628 —-634 627 —61.1 —60.7 —-645 —-633 576 586 —593 585
Ce—Cs—Cio-Hi2 62.4 63.3 55.8 57.5 574 57.9 60.0 60.2 56.6 58.0 63.4 61.9 60.7 61.4
CeCs—Cyo-H;3 —-1777 —-1765 176.0 1780 1774 1780 1792 1797 1758 177.0 —-1762 —-177.3 —-1799 -179.3
Ho-Cs-Cyo-H;; —-177.0 —-176.6 —-179.7 —-1793 —-179.3 61.0 —1785 —-178.8 —179.1 —1793 —1794 1788 —1783 —179.0
Ho-Cs-Cyo-H;, 557 554 592 -590 -585 -591 574 578 580 583 584 —-60.6 583 —59.1
Ho—Cs-Cyo-Hi3 64.3 64.8 61.1 61.5 61.4 61.0 61.8 61.6 61.1 60.9 62.0 60.1 61.1 60.2
04-Cs-0,0-Hy; 63.3 63.5 60.7 60.8 63.2 62.7 58.1 572 57.7 56.7 62.9 61.4 59.9 58.9
0,4-Cs—0-H;» —1753 -1752 -1787 -1788 -176.1 -177.0 1792 1782 1788 1778 —-176.1 —178.1 1799  178.8
0,4-Cs-00-H;3 —-554 550 585 584 —-56.1 566 —615 —-623 —-620 —-63.0 557 =573 —60.7 —619
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Table 2 (Continued)

Parameter SsC GskC G'sk'C AsC AaC AsT AskT

B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2

Ce-Cy-0,4-H, 5 29 1.8 —369 —438 443 496 1708 171.6 1740 1757 250  29.1 1712 1636
HoCs-Cio-H;s 1194 1189 795 736 1603 1658 —72.6 —71.5 —70.6 —69.0 1444 1489 —72.6 —79.5
Cio-Cs-O-Hys —120.9 —1208 —161.6 —1669 —80.3 —741 500 520 519 546 —961 —91.1 492 426

Rotational constants (MHz)

A 4849.3 48422 4706.1 47264 42623 4217.8 49127 4913.0 4330.8 4252.1 3707.1 36449 3707.1 3683.5
B 1852.3 1863.8 19259 19352 1901.9 1901.6 17664 1761.3 1883.4 1864.8 2313.0 2154.6 2313.0 2305.3
C 1456.3 14649 1438.2 1441.7 15884 16252 1493.8 1515.7 1589.0 1660.5 1595.7 1684.2 1595.7 1628.2

 See Fig. 1 for atom numbering.

SsC GskC G'sk’C

9
12
i 9J

1 ¥
9 a3 J’. )
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0=COC: —0.2“, CCOH. 2.9°; 0O=COC: 0.5% CCOH: -36.9% 0=COC: -0.7°, CCOH: 44.3°;

0O=CCO: 4.7° 0O=CCQ: -160.1° O=CCO: 152.8°
n=32D u=22D u=24D
AsC AaC AskT
? &
2 ) @
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J’ { >, 29 ?
] -d
- ¥ 29
0=C0C: -1.3% CCOH: 170.8°; 0=COC:; -1.4°% CCOH: 174.0°; 0=COC: 169.6°,CCOH: 25.0° 0=COC: -175.9%, CCOH: 171.2°
0=CCOQO: -25.1° 0=CCO: 152.9° 0=CCOQO: -25.1° 0=CCO: -119.5°

u=34D pu=2.0D u=4.2D u=4.9 D

Fig. 1. Conformers of MLac with atom numbering scheme. For convenience, the values of the most relevant dihedral angles (°) and dipole moments (Debye)
are included.

Table 3
DFT(B3LYP)/6-311++G(d,p) calculated relative energies (AE, kI mol ') of the transition state structures (TSn) for interconversion between the cis
conformers of MLac”

SsC GskC G'sk'C AsC AaC
Conformers
SsC - 17.2 (TS10) 25.8 (TS1) 23.7 (TS4) -
18.2 (TS3) 11.7 (TS9) 21.9 (TS5)

GskC 9.6 (TS10) - 1.6 (TS2) - 15.2 (TS7)
10.6 (TS3)

G'sk'C 17.3 (TS1) 1.0 (TS2) - - 13.6 (TS6)
19.9 (TS9)

AsC 2.3 (TS4) - - - 1.2 (TS8)

0.4 (TS5)
AaC - 2.0 (TS7) 0.9 (TS6) 1.7 (TS8) -

* AE correspond to the energy barriers from the bottom of the potential energy minima.
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was also found in the potential energy surface of MLac
(AsT in Fig. 1) with relative energy of ca. 35 kJ mol ™
(Table 1).

Taking into consideration the calculated relative energies
for the different conformers of MLac, their equilibrium
populations in the gaseous phase at room temperature
(298 K) were estimated using the Boltzmann distribution.
The predicted populations® for the three most stable con-
formers are 91.8, 4.6 and 3.5%, respectively, while the
remaining conformers have a total population of only ca.
0.1% and are of no practical interest.

The structural parameters for all the calculated confor-
mers are provided in Table 2. In MLac, only the three most
stable conformers are able to form internal H-bonds. The
relative strengths of the H-bonds can be correlated with both
the O-H and OH--- O distances. As expected, the O-H
distance is larger in SsC (96.8 pm) than in both GskC and
G'sk'C (96.4 pm), while the OH - - - O= distance is consid-
erably shorter in the first conformer (208.5 pm) than the
OH - --OCHj; distances in GskC (215.4 pm) and G'sk'C
(222.4 pm), clearly demonstrating that the H-bond is stron-
ger when it involves the carbonyl oxygen.

Internal rotations around the C-C and C-O(H) bonds
allow the interconversion between all the conformers exhi-
biting a cis O=COC axis. Energies of all the possible
transition states interconnecting these conformers were
calculated (Table 3). Fig. 2 depicts a “Cartesian”” map with
axes corresponding to the O=CCO and CCOH dihedral
angles, where the minima and transition states (TSn) were
located. The map is analogous to that obtained for lactic acid
[7], revealing that the replacement of the OH acid group by
the OCH3; moiety does not lead to significant changes in
the cis C=COC potential energy surface. Four main
pathways for conformational interconversion can be identi-
fied in the map, two corresponding essentially to changes in
the conformation around the Ca—C bond, and two to the
rotation around the C-O(H) bond. Rotation around the
C—C bond defines the SsCTS!G'sk' CTS2GskCTS3SsC as well
as the AaCTS8AsC paths. The interconversions SsC « GskC
and SsC <> G'sk’C can also pass through transition
states TS10 and TS9, respectively. Rotation around the
C-O(H) bond defines the AsCT*SsCTSSAsC  and
AaCTS8G'sk' CTS2GskCTS"AaC paths.

Fig. 3 shows the approximate potential energy profiles
for interconversion between the three most stable confor-
mers of MLac. As for lactic acid [7], the energy barrier to
convert the G'sk’C conformer into the GskC form is low
enough to be surpassed at the matrix temperature of 9 K
[37], and the two conformers should then exist in the matrix
in equilibrium. However, according to the calculations, at
the cryogenic temperature of 9 K, the population ratio
P(Gsk'C) / P(Gskc) should be ~2 X 10~*. Thus, we can expect

2 Calculations made based on DFT(B3LYP)/6-31 1++G(d,p) relative
energies. Using MP2 relative energies, the estimated populations at room
temperature are (SsC:GskC:G'sk'C) 84.6%:8.4%:6.9%.

to observe experimentally only the GskC form, with a
population equal to the sum of the populations of these
two conformers existing in the vapor before deposition.
Note that an increase in the temperature of the matrix up
to 40 K does not lead to a significant change in the
P(a'skc)/P(cske) population ratio, which remains smaller
than ca. 0.1, thus precluding the observation of the G'sk'C
form within the range of experimental conditions used in
this study.

3.2. Vibrational spectra

All conformers of MLac belong to the C; point group, all
their 39 vibrations being active in the infrared. The calcu-
lated vibrational spectra (B3LYP) for the five most stable
conformers and definition of internal coordinates used in the
normal mode analysis are provided in Tables S1-S6 (sup-
plementary material). Vibrational assignments for the com-
pound isolated in both argon and xenon matrices are
displayed in Table 4.

The infrared spectra of matrix isolated MLac are pre-
sented in Fig. 4. In this figure, the experimental spectra (in
argon) resulting from deposition of the vapor of the com-
pound at two different temperatures (298 and 373 K) are
compared with the theoretically predicted spectra for con-
formers SsC and GskC. As expected considering the esti-
mated relative populations of the conformers at the two
temperatures used [298 K: SsC, 91.8%, GskC + G'sk'C,
8.1%; 373 K: SsC, 85.6%, GskC + G'sk'C, 14.2%], the
bands corresponding to conformer SsC largely dominate
the experimental spectra. However, the most intense bands
due to the less stable conformer can also be observed. These
bands have higher relative intensities in the spectrum of a
matrix obtained by deposition of MLac vapor at elevated
temperature (373 K). The carbonyl stretching region of the
experimental spectra is particularly useful for the identifica-
tion of the less stable conformer, because the IR bands in this
range are predicted to be intense and well separated (Table 4;
see also Fig. 4 and Tables S2 and S3 (supplementary
material)). In argon, the carbonyl stretching band of the
most stable conformer is observed at 1746 cm ™' (calculated,
1747.4 cm™"), while that due to GskC appears as a site split
doublet at 1765/1763 cm ™! (calculated 1771.9 cm™ ). Other
features ascribable to GskC are observed (in argon) at
3629/3626 cm ™' (vOH, site splitted), 2860 cm™' (vC-H),
1368 cm™' (SCOH), 1327 cm™' (yC-H), 1226/1224/
1221 em™" (VC—Opgeer; site splitted), 1084 cm™"' (yCH5),
1052 cm™ ' (vO-C), 1139/1134/1129 cm™' (vC=O1conon, Site
splitted) and 831/827 cm ™! (00=C-O0; site splitted), all in
good agreement with the calculated data (3649.7, 2819.1,
1373.3, 1328.8, 1214.6, 1080.7, 1041.0, 1131.7 and
827.0 cm ™', respectively). Each of those bands increases
in intensity in the spectrum obtained from the vapor at higher
temperature. In xenon, similar results were obtained, though
the slightly larger average bandwidths make the assignments
of the bands due to the minor form less certain.
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Fig. 2. Interconversion pathways among the whole set of cis O=COC conformers of MLac.

The small band observed at 1779 cm ™' in the spectra of
the compound in argon deserves here an additional com-
ment. This band appears nearly at the predicted frequency
for the carbonyl stretching mode in the ASC form
(1792 cm” ! scaled value). However, the assignment of this
band to the ASC conformer seems very improbable, in view
of its high relative energy (ca. 20 kJ mol '). Its assignment
to a combination tone of the most stable conformer appears
more reasonable. Both v(Ca—C) + y(CH3)” (638 + 1145)
and v(C=0) + t(Ca~C) (1746 + 41, calculated scaled
value) combinations are good candidates for being in the
origin of the 1779 cm ™' band.

TS1

25

20

15

AE/kJ mol-!

10

G’sk’C

On the basis of the ratio of experimental intensities of the
vC=0 bands assigned to the SsC and to the GskC confor-
mers, scaled by the ratio of the corresponding theoretical
intensities (Tables S2 and S3 (supplementary material)), it
was possible to approximately estimate the relative popula-
tions of these two forms in argon matrix. The obtained ratio
SsC:GskC equal to 16.2, in a matrix deposited from MLac
vapor at 298 K, correlates fairly well with the theoretical
value (11.3; see Table 1).

After deposition, annealing experiments were performed
in the xenon matrices, since the relatively low energy
barriers for the GskC — SsC isomerization (~10 kJ mol ;

5
SsC o SsC
|
0 135 180 205 270 O
0O=C-C-0 /°

Fig. 3. DFT(B3LYP)/6-3114++G(d,p) calculated potential energy profile for internal rotation around the Co—C and the C-O(H) bonds for the

SsC « G'sk'C « GskC « SsC interconversions.
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Table 4
Observed frequencies for the SsC and GskC conformers of MLac in argon and xenon matrices and calculated spectra
Approximate Conformer Calculated values Argon (9 K) Xenon (20 K)
description® DFT(B3LYP)/
6-311++G(d,p)
v (cm™H® I (km mol™")° v (cm™") L v (cm™h) M
v(O-H) 3569.6 81.7 3554/3549/3543/3540 m 3542 m
GskC 3649.7 45 3629/3626 w 3629/3621 vw
v(O—CHj3)!, 3021.2 10.1 3040 VW 3033 vw
v(O—CHs)! 2990.0 14.9 3012/3008 VW {
" 3000 VW
v(CH3)" 2980.5 14.0 3000 W
v(CH;3 );s 2971.3 19.1 2992 4 2990 VW
v(O-CHj3), 2917.7 25.0 2965 w 2959 vw
v(CH3), 2902.4 13.4 295072946 VW 2945 vw
v(C-H) 2870.7 21.1 2911/2897/2888 w 2905/2883 vw
GskC 2819.1 23 2860 w 2855 -
v(C=0) 1747.4 234.8 1746 vs 1741 Vs
GskC 1771.9 17.9 1765/1763 w 1756/1752 w
3(CH3)5 1475.0 8.6
5(0-CHy),! 1472.8 77 { 1463 m { 1459 s
6(CH3),s 1468.7 10.9 1456 VW
0(0O-CH3),s" 1460.6 9.1 1450/1449 4 1448 w
0(0O-CHj), 1448.8 7.0 1440 w 1438 w
0(COH) 1397.7 10.2 1412/1404 W 1410 vw
GskC 1373.3 3.4 1368 w 1367 w
O(CH3); 1381.2 7.9 1374 VW 1371 vw
7(C-H) 1326.6 1.0 1323 w 1326 w
GskC 1328.8 14 1327 w 1339
V(C=O)ester 1257.8 226.9 1266 vs 1264 vs
GskC 1214.6 29.5 1226/1224/1221 m 1218/1207 m
J(CCH) 1226.8 138.8 1247/1244/1238/1235 s 1236 s
y(O-CH,3) 1187.9 15 1192 VW 1189 VW
7(0-CH3)” 1152.6 1.6 1159 - - -
7(CH3)” 1138.5 159.8 1149/1145/1143 s 1150/1141 s
y(CH3) 1089.6 254 1097 w 1096 vw
GskC 1080.7 12 1084 VW 1081 VW
v(C-C) 1032.5 36.8 1040 m 1040 m
v(O-C) 978.4 16.6 989/987 w 985/979 w
GskC 1041.0 4.8 1052 w 1047 w
W(C-0),. 915.1 7.0 926 w 924 w
GskC 1131.7 6.0 1139/1134/1129 w -
4(0=C-0) 838.7 6.2 844 VW 844 vw
GskC 827.0 1.6 831/827 VW 833/828 VW
7(C=0) 750.2 93 758 VW 757 VW
v(Co—C) 637.5 13.1 654/638/631/623 W 653/636 vw

# See Table S1 (supplementary material) for definition of coordinates. v, bond stretching; d, bending; y, rocking; 7, torsion; s, symmetric; as, asymmetric.

® Scale factors = 0.955 for frequencies above 2800 cm ™'

, and 0.984 for frequencies below 2800 cm™ .

¢ Intensities were weighted by the population factor (T = 298 K) for each conformer as predicted by the DFT(B3LYP)/6-311++G(d,p): 0.981 for SsC,
and 0.081 for GskC, that also includes the population of the G'sk’C conformer as explained in the text.

d s, strong; w, weak; vw, very weak; vs, very strong; m, medium.

Table 3) can, in principle, make possible the observation
of this process upon warming of these matrices. According
to the Barnes relationship [37], for such energy barrier,
the conversion can be expected to start only at ~37 K.

Note that at this temperature, argon matrices are too much
soft to avoid extensive aggregation. However, for the
studied compound, aggregation was also found to be sig-
nificant in the xenon matrices at 37 K, thus preventing
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Fig. 4. Infrared spectra of MLac: (a) trapped in an argon matrix obtained immediately after deposition at 9 K; (b) calculated spectra for the SsC and GskC
conformers (relative intensities scaled by the calculated relative populations at 298 K).

unequivocal observation of the putative conformational
isomerization.

4. Conclusion

Matrix-isolation FTIR spectroscopy, supported by
DFT(B3LYP)/6-311++G(d,p) and MP2/6-314++G(d,p)
calculations, allowed unequivocal observation and spectral
signature characterization of the two most stable conformers
of methyl lactate.

Assignment of the observed spectra was carried out on
the basis of comparison with the theoretical spectra and
gas-phase thermal population of the less stable conformers
prior to deposition.

In consonance with the theoretical predictions, conformer
SsC represents the most stable form of the compound in the
gaseous phase, being the dominant species trapped in both
argon and xenon matrices, while the contribution of GskC
conformer to the observed spectra is small, though clearly
discernible. The third most stable conformer of MLac,
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G'sk'C, could not be observed in the matrices, since this
form can convert quantitatively to the relatively more stable
GskC conformer at the matrix temperatures, due to the very
low energy barrier separating these two conformers
(~1 kJ mol ™).
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