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Methyl 4-chloro-5-phenyl-1,3-oxazole-2-carboxylate (MCPOC) has been synthesized and isolated in cryogenic
matrices (argon and xenon). FTIR spectroscopy studies on the matrix isolated compound, supported by DFT(B3LYP)/
6-311++G(d,p) calculations, allow for the identification of two low-energy conformers (I and II) of the molecule,
which differ from each other in the orientation of the ester group relative to the oxazole ring. In both these conformers,
the ester moiety is in the s-cis configuration (OdCsOsCH3 dihedral: 0°). Conformer II is ca. 3.0 kJ mol-1

higher in energy than form I in the gas phase. Two additional higher energy conformers, III and IV, with relative
energies of ca. 30 and 45 kJ mol-1, respectively, were predicted to exist by the calculations, corresponding to
structures where the ester group is in an approximately s-trans arrangement. Annealing of the compound isolated
in xenon at 60 K led to aggregation and simultaneous reduction of the population of I compared to that of the
more polar conformer II. These results suggest the inversion of the order of stability of the two conformers in that
matrix, eventually accompanied by a higher trend of conformer I to aggregate. Full assignment of the observed
infrared bands to the two experimentally accessible conformers was carried out for the matrix isolated monomeric
species. In addition, the infrared spectra of the neat compound in the low-temperature (10 K) amorphous and
crystalline phases, as well as the infrared and Raman spectra of the crystal at room temperature were also obtained
and assigned.

Introduction

Oxazole is a five-membered heterocyclic compound that
contains the NdCsO moiety. The oxazole ring occurs naturally
in numerous living systems, such as marine organisms, plants
(e.g., coffee, peanuts), and mushrooms.1-9 In recent years, an
increasing number of studies have been developed dealing with
the total synthesis of natural products bearing oxazole moieties
with interesting biological activities. In particular, oxazole
containing molecules isolated from marine organisms constitute
an ever-growing number of natural products that have been
receiving different pharmacological uses (as anti-inflammatory,
antibacterial, antibiotic, antiviral, analgesic, and antitumor
drugs).3,4,10-26 Some oxazoles display scintillator properties27,28

and are used as fluorescent whitening agents29,30 and in dyes
and pigments.31 The practical uses of oxazoles extend to other
industrial applications such as pesticides, the production of
electrophotographic materials, additives to detergents, and
hydraulic fluids and lubricants.32

Because of their known multiple practical uses, aryl- and
alkyloxazoles have been extensively studied both experimentally
and theoretically.33-43 On the other hand, halogen-substituted
oxazoles are a relatively new family of compounds which, in spite
of its relevance as synthetic intermediates in carbon-carbon bond
making reactions,44,45 have been paid little attention. In a previous
publication,46 we described the first structural assignment of methyl
4-chloro-5-phenyl-1,3-oxazole-2-carboxylate (MCPOC) in an argon
matrix. In such a study, we were able to confirm that the
thermolysis product of methyl 2-benzoyl-2-choro-2H-azirine-3-

carboxylate was MCPOC and not the isoxazole 4-choro-5-
phenylisoxazole-3-carboxylate as previously suggested.47

In the present study, the conformational space of MCPOC was
investigated in detail by concerted matrix-isolation infrared spec-
troscopy (in both argon and xenon matrices) and quantum chemical
theoretical [DFT(B3LYP)/6-311++G(d,p)] approach. As will be
described in detail in the next sections, from these studies it was
possible to conclude on the existence of two significantly populated
conformers of MCPOC in the gas phase and in the cryogenic
matrices (argon, xenon), and of two higher energy forms. The two
experimentally relevant low-energy conformers were successfully
characterized and the obtained experimental spectra interpreted.
The infrared spectra of the neat compound in the low-temperature
(10 K) amorphous and crystalline phases, as well as the infrared
and Raman spectra of the crystal at room temperature were also
obtained and assigned.

Experimental and Computational Methods

The procedure for the synthesis of methyl 4-chloro-5-phenyl-
1,3-oxazole-2-carboxylate (MCPOC) has been reported else-
where.46

Matrices were prepared by codeposition of MCPOC vapors
coming out from a specially designed thermoelectrically heatable
mini-furnace, assembled inside the cryostat (APD Cryogenics,
model DE-202A) chamber, and large excess of the matrix gas
(argon, N60; xenon, N48, both obtained from Air Liquide) onto
the CsI substrate cooled to 10 K (for argon matrices) and 20 K
(for xenon matrices). The IR spectra were recorded with 0.5
cm-1 spectral resolution in a Mattson (Infinity 60AR Series)
Fourier Transform infrared spectrometer, equipped with a
deuterated triglycine sulfate (DTGS) detector and a Ge/KBr

* Corresponding author. E-mail: rfausto@ci.uc.pt.
† University of Coimbra.
‡ Centro de Investigación y Desarrollo en Criotecnologı́a de Alimentos.

J. Phys. Chem. A 2010, 114, 9074–90829074

10.1021/jp103665b  2010 American Chemical Society
Published on Web 08/06/2010



beam splitter. Necessary modifications of the sample compart-
ment of the spectrometer were done to accommodate the cryostat
head and allow purging of the instrument by a stream of dry
nitrogen, to remove water vapors and CO2.

The low-temperature solid amorphous layer was prepared in
the same way as matrices but with the flux of a matrix gas cut
off. The layer was then allowed to anneal at a slowly increasing
temperature up to 280 K, and crystallization of the amorphous
layer occurred. After recording of the infrared spectrum of the
obtained crystal, the sample was cooled back again to 10 K
and a new spectrum of the crystalline phase was collected.

KBr pellets and Nujol mulls containing MCPOC were prepared
by standard procedures. Their IR spectra were collected at room
temperature using a BOMEM (MB40) spectrometer, with a Zn/
Se beam splitter and a DTGS detector, with 4 cm-1 spectral
resolution. The Raman spectrum of solid MCPOC in the 3380-100
cm-1 range was acquired at room temperature using a dispersive
Raman instrument, model DXR SmartRaman, from Thermo Fisher
Scientific, equipped with a low-power, externally stabilized diode
laser (λ ) 780 nm), with a maximum power at output of laser
head of 14 mW and a 3.0 mm beam diameter. The data were
collected with an exposure time to laser radiation of 99 s, 100
sample exposures and a slit aperture of 25 µm.

The quantum chemical calculations were performed with
Gaussian 0348 at the DFT level of theory, using the split valence
triple-� 6-311++G(d,p) basis set49 and the three-parameter
B3LYP density functional, which includes Becke’s gradient
exchange correction50 and the Lee, Yang, and Parr correlation
functional.51

Geometrical parameters of the different conformations were
optimized using the geometry direct inversion of the invariant
subspace (GDIIS) method52,53 and the synchronous transit-guided
quasi-Newton (STQN) method54 was used to locate the transition
states for conformational isomerization. To assist the analysis
of the experimental vibrational spectra, wavenumbers, IR
intensities, and Raman scattering activities (SR) were also
calculated at the same level of approximation. Theoretical
Raman intensities (IR) were obtained from the calculated Raman
scattering activities according to the expression IR(i) ) 10-12(ν0

- νi)4νi
-1SR(i), where ν0 is the excitation wavenumber and νi

is the calculated wavenumber of the normal mode i.55 The
computed harmonic frequencies were scaled down by a single
factor, 0.9835, obtained from linear fitting of the calculated to
experimental wavenumbers (measured in xenon matrix), to
correct them for the effects of basis set limitations, neglecting
part of electron correlation and anharmonicity effects. The nature
of stationary points on the potential energy surface was checked
through the analysis of the corresponding Hessian matrix.

Normal coordinate analysis was undertaken in the internal
coordinates space, as described by Schachtschneider56 and the
optimized geometries and harmonic force constants resulting
from the DFT(B3LYP)/6-311++G(d,p) calculations. The in-
ternal coordinates used in this analysis were defined following
the recommendations of Pulay et al.57

Results and Discussion

Potential Energy Landscape. The MCPOC molecule bears
4 conformationally relevant internal rotation axes, corresponding
to rotations about the C1sC5, C17sC18, C18sO20, and O20sC21

bonds. To characterize structurally in detail the molecule, a
systematic investigation of its potential energy surface was
undertaken at the DFT(B3LYP)/6-311++G(d,p) level of ap-
proximation, where these four internal degrees of freedom were
taken into account. These calculations showed that in all

minimum energy conformations (Figure 1) the geometry around
the C1sC5 and O20sC21 bonds; i.e., the configurations assumed
by the phenyl group in relation to the oxazole ring and that of

Figure 1. Minimum energy structures on the potential energy surface
of MCPOC, with atom numbering. Relative energies, including zero-
point energy corrections (∆E/kJ mol-1) and dipole moments (µ/D; 1
D ) 3.33564 × 10-30 C m) are also provided. III and IV correspond
to pairs of symmetry-equivalent minima with C6sC5sC1sO3,
N16dC17sC18dO19, and O19dC18sO20sC21 dihedral angles (deg)
+177.2, -172.5, and -175.5 (or -177.2, +172.5, +175.5) and +12.5,
+33.7, and -161.0 (or -12.5, -33.7, and +161.0), respectively.
However, because the transition state structure separating the two
minima III lies below their zero point vibrational level, only conformer
IV is doubly degenerated by symmetry, while III is a unique conformer
with the most probable geometry at the geometry of the Cs symmetry
structure separating the two minima. Note that the dipole moment value
for conformer II indicated in ref 46 was misprinted (1.71 D, instead of
the right value, 4.71).
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the methyl group, respectively, are the same: (i) the phenyl group
and the oxazole ring are coplanar (or nearly coplanar), as could
be expected considering the relevance of the π-electron delo-
calization between the two rings and the favorable interactions
between H11 and the chlorine atom for this arrangement; (ii)
the methyl group has one of its hydrogen atoms in the anti-
periplanar position relative to the carbonyl group and the other
two hydrogen atoms symmetrically placed out of the molecular
plane and forming HsCsOsC(dO) angles of ca. (60°, as
happens usually in nonsterically hindered methyl esters.58-60

Rotations about the C17sC18 and C18sO20 bonds led to the
existence of six minima on the potential energy surface of
the molecule. Two of these minima are unique and belong to
the Cs point group. They correspond to the two most stable
conformers of MCPOC, I and II (see Figure 1). In these
conformers, the configuration about the ester C18sO20 bond
is s-cis (O19dC18sO20sC21 dihedral of 0°), whereas the
N16dC17sC18dO19 dihedral is 180° in the most stable conformer
I, and 0° in conformer II, which is ca. 3.0 kJ mol-1 higher in energy
than form I. The calculated barrier for the II f I isomerization
reaction is 20.5 kJ mol-1 (Figure 2). The other four minima
correspond to two symmetry-equivalent pairs and are related with
the higher energy conformers III and IV represented in Figure 1.
Conformer IV is the highest energy form (relative energy of 45.5
kJ mol-1). It exists as a doubly degenerated-by-symmetry form
with C6sC5sC1sO3, N16dC17sC18dO19, and O19sC18sO20sC21

dihedral angles of +12.5°, +33.7°, and -161.0° (or -12.5°,
-33.7°, and +161.0°). The two equivalent-by-symmetry forms IV
are separated by an energy barrier of 3.6 kJ mol-1, the transition
state structure corresponding to the Cs symmetry structure where
the C6sC5sC1sO3, N16dC17sC18dO19, and O19dC18sO20sC21

dihedral angles are 0°, 0°, and 180°, respectively (see Figure 2).
They are separated from conformer II by an energy barrier of 8.6
kJ mol-1 (Figure 2). In the case of the two symmetry-equivalent
minima related with conformer III the situation is different because
they are separated by an energy barrier that is below the zero point
vibrational level associated with the interconversion between
them, making the transition state Cs symmetry structure to be the
most probable structure defining a unique conformational state.

The two minima have C6sC5sC1sO3, N16dC17sC18dO19, and
O19dC18sO20sC21 dihedral angles equal to +177.2°, -172.5°,
and -175.5°, and -177.2°, +172.5°, and +175.5°, respectively,
and in the most probable Cs structure separating them these angles
are 180°, 180°, and 180°. Conformer III is 28.9 kJ mol-1 higher
in energy than the most stable form and has energy barriers
separating it from I and IV equal to 14.5 and 19.3 kJ mol-1,
respectively (see Figure 2).

The reasons for the relative stability of the MCPOC conform-
ers can be easily correlated with their structure. The large energy
of conformer III relative to forms I and II results essentially
from the fact that in the first form the arrangement of the ester
group is the well-known less stable s-trans geometry,61-65

whereas in the latter this group is in the s-cis geometry. The
difference in energy between III and I is indeed similar to those
between the s-trans and s-cis conformers of methyl formate,
acetate, and chloroacetate, for example, all of them of ca. 32
kJ mol-1.61-63 Conformer IV has also the ester group in the
s-trans arrangement, but its energy is even larger than that of
conformer III due to the unfavorable strong repulsive steric
interaction between the methyl ester group and the oxazole ring.
This interaction (directly and through the reduction in the
π-delocalization within the ester fragment and between this
fragment and the oxazole ring it imposes by forcing the ester
group to be considerably skewed and out of the plane of the
oxazole ring) accounts for the additional ca. 15 kJ mol-1 energy
of conformer IV relative to III.

The relative energy of I and II is determined by the
arrangement around the C17-C18 bond, mostly by the relative
importance of the repulsive interactions between the two oxygen
atoms of the ester group and the N and O atoms of the oxazole
ring. All these four atoms are negatively charged, but it is clear
from Figure 3, where the charges calculated from the atomic
polar tensors (APT charges) for these four atoms and the
distances between them in I and II are depicted, that the most
important repulsive interaction occurs for conformer II, between
the most negatively charged atom of each interacting fragment
(the O3 atom of the oxazole ring and the O20 ester atom), which
are also those separated by the shortest distance.

The calculated geometrical parameters for conformers I and
II are provided in Table S1 (Supporting Information). Optimized

Figure 2. DFT(B3LYP)/6-311++G(d,p) calculated potential energy
profiles for internal rotation around the C17sC18 and C18sO20 bonds.
The curves were obtained by performing a relaxed scan on the potential
energy surface of the molecule along the two relevant coordinates
(N16dC17sC18dO19 and O19dC18sO20sC21 dihedral angles) in steps
of 30°.

Figure 3. Calculated APT charges (units of electron; 1 e )
1.602176487 × 10-19 C) on selected atoms and distances (pm) between
these atoms in the two most stable MCPOC conformers.
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geometries for all MCPOC conformers, in Cartesian coordinates,
are given in Table S2.

Taking into account the calculated relative energies for the
different MCPOC conformers, their populations can be estimated
according to the Boltzmann statistics. At room temperature (298
K) the I:II population ratio is 0.770:0.230, whereas the total
population of conformers III and IV is smaller than 5 × 10-4.
At 323 K, the temperature used to sublimate the compound in
the matrix isolation spectroscopic experiments, the I:II popula-
tion ratio slightly changes to 0.753:0.246, with the population
of III being equal to 0.001 and that of IV less than 10-5. These
results mean that only conformers I and II are experimentally
accessible as isolated species. Moreover, at the temperature of
the cold substrate of the cryostat (10-20 K), only the lowest
energy conformer would subsist if the system could reach the
thermodynamic equilibrium. However, the predicted barrier for
the IIf I isomerization reaction is high enough (20.5 kJ mol-1;
see Figure 2) to be significantly overcome during deposition at
these temperatures and it can then be expected that the
populations of the two most stable conformers existing in the
vapor of the compound prior to deposition are efficiently trapped
in the matrices; i.e., a I:II population ration of ca. 3:1 is expected
to be observed in the as-deposited matrices.

Matrix Isolation FTIR Results. The mid-infrared spectra
of MCPOC isolated in both argon and xenon matrices were
obtained in the 4000-400 cm-1 range. The temperature of the
vapor immediately prior to the deposition of the matrices was
323 K, and the substrate temperature 10 and 20 K, for argon
and xenon matrices, respectively. The spectrum obtained in the
argon matrix and the simulated spectrum obtained by summing
the DFT(B3LYP)/6-311++G(d,p) predicted spectra of the
experimentally relevant conformers I and II weighted by their
expected populations (0.75:0.25) is provided in the Supporting
Information as Figure S1. In the simulated spectrum, bands were
represented by Lorentzian functions centered at the calculated
wavenumbers scaled by 0.9835 and with fwhm (full width at
half-maximum) equal to 2 cm-1. The simulated spectrum
reproduces very well the experimental spectrum, providing
strong evidence for the presence in the matrices of the two low-
energy MCPOC conformers in the expected population ratio.
The as-deposited spectrum obtained in the xenon matrix is
qualitatively identical to that obtained in argon. Results obtained
in xenon were particularly useful for band assignment and
conformer identification and will be discussed in detail later.

Both experimentally relevant conformers of MCPOC belong
to the Cs symmetry point group, with their 66 fundamental
vibrations spanning the irreducible representations 44A′ and
22A′′, all being active in the infrared. Results of normal
coordinates analysis based on the DFT(B3LYP)/6-311++G(d,p)
calculated data are provided in Tables S3-S5 (Supporting
Information). The definitions of the adopted internal coordinates
are given in Table S3 and the calculated wavenumbers, infrared
and Raman intensities, and potential energy distributions result-
ing from the normal-mode analysis carried out for I and II are
presented in Tables S4 and S5, respectively.

As mentioned before, the predicted barrier for the II f I
isomerization (20.5 kJ mol-1) is high enough to prevent this
reaction to take place during deposition of the matrices.
Annealing of an argon matrix up to the maximum possible work
temperature (ca. 40 K; above this temperature the matrix starts
to evaporate and looses its optical properties) did not allow for
observation of any conformational isomerization as well.
However, xenon matrices can be used in a considerably wider
range of temperatures and, when MCPOC monomers isolated

in this kind of matrix were annealed to ca. 60 K, besides
aggregation one could observe a redistribution of the intensities
of the bands due to the monomers, indicating that their relative
populations changed. According to the Barnes’ relationship,66

this temperature is still significantly below that fitting the
expectations for the temperature at which an isomerization
reaction should start being observed for a process with an
activation barrier of the order of that predicted for the II f I
gas phase isomerization. Indeed, the Barnes’ relationship implies
that such a temperature is about 70-75 K.66 Such evidence
indicates that the potential energy landscape for the matrix-
isolated compound is considerably different form that corre-
sponding to the gas phase. Since the dipole moments of
conformers I and II are significantly different (1.1 and 4.7 D,
respectively), a different stabilization of the two conformers
upon deposition in a matrix can be devised, in particular in the
case of the highly polarizable xenon matrix, where conformer
II can be expected to be considerably stabilized relative to form
I. According to the experimental observations, the height of
the energy barrier separating the two conformers seems also to
be smaller than in the gas phase.

Figure 4 shows two selected spectral regions (1800-1725
and 1180-700 cm-1) of the infrared spectrum of the as-

Figure 4. Top: Selected spectral regions (1800-1725 and 1180-700
cm-1) of the DFT(B3LYP)/6-311++G(d,p) calculated infrared spectra of
MCPOC conformers I and II (stick spectra). Middle: Same spectral regions
of the simulated spectrum obtained by summing the calculated spectra of
I and II, weighted by their expected populations in the gas phase prior to
deposition (0.75:0.25). In the simulated spectrum, bands were represented
by Lorentzian functions centered at the calculated wavenumbers scaled
by 0.9835 and with fwhm (full width at half-maximum) equal to 2 cm-1.
Bottom: Same spectral regions of the infrared spectrum of MCPOC isolated
in xenon matrix: (dashed line) spectrum of the as-deposited matrix
(temperature of the vapor, 323 K; substrate temperature, 20 K); (solid line)
spectrum of the annealed sample at 60 K. The experimental spectra were
normalized to the bands ascribed to conformer II (marked with asterisks),
and bands due to aggregates were subtracted.
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deposited xenon matrix of MCPOC (temperature of the vapor,
323 K; substrate temperature 20 K) and of the spectrum
collected after annealing of the matrix at 60 K. At this
temperature, aggregation has already started and all bands due
to the monomers decrease. However, two groups of bands could

be easily identified in the spectra, with one group of bands
reducing considerably more of intensity than the other one. The
two experimental spectra shown in Figure 4 were normalized
by the bands that reduce less of intensity, and bands due to
aggregates were subtracted (the position of these bands was

TABLE 1: Experimental (Matrix Isolation) and DFT(B3LYP)/6-311++G(d,p) Calculated Infrared Data for MCPOC and
Vibrational Assignments Based on the Results of Normal Coordinate Analysisa

calculated

conformer I conformer IIexperimental
Ar matrix

ν
Xe matrix

ν νb Ic νb Ic approximate description

n.obs. 3090 3168 1.4 1369 0.4 A′ ν(CsH1)
n.obs. 3075 3153 1.9 3153 0.7 A′ ν(CsH5)
3084 3063 3138 13.2 3138 4.3 A′ ν(CsH2)
3073 3055 3137 8.1 3136 2.6 A′ ν(CsH3)
3039 3034 3117 0.2 3116 0.1 A′ ν(CsH4)
3013 2998 3113 8.7 3112 2.5 A′ νCH3 as′
2963 ∼2953 3075 12.2 3077 3.8 A′′ νCH3 as′′
2970 2948 3003 27.0 3004 8.4 A′ νCH3 s
2854 2849 2δCH3′
1751/1750 (I); 1748 (I); 1750 199.4 1764 106.6 A′ ν(CdO)
1769/1763 (II) 1763/1759 (II)
1612 n.obs. 1616 0.8 1616 0.3 A′ νPh3
1586 1585 1589 4.3 1589 1.1 A′ νPh4
1567 1567 1561 25.5 1564 2.2 A′ νOx3
1530 (I); 1532 (I); 1526 84.6 1529 25.1 A′ νOx1
1541 (II) 1535/1529 (II)
1492/1487 1489 1487 65.5 1487 21.5 A′ δ(CsH2)
1479 1474 (I); 1471 15.4 1472 2.3 A′ δCH3 as′

1478 (II)
1460 1455 1459 7.8 1459 2.5 A′′ δCH3 as′′
1453/1452/1451/1450 1450/1444 1452 43.3 1452 11.5 A′ δ(CsH3)
1442 1439/1436 1447 5.0 1446 1.2 A′ δCH3 s
1360/1358 (I) 1361 (I) 1351 46.2 1347 0.5 A′ δ(CsH1)
1346 (I) 1341 (I) 1337 49.5 1329 1.1 A′ νPh2
1332/1327/1318/1313/1311d (I); 1330/1318/1309d (I); 1308 175.9 1294 67.2 A′ νOx2; ν(CsCR)
1301/1300 (II) 1302 (II)
1281/1277 1280/1277 1275 66.6 1276 31.5 A′ νOx4
1215 (I) 1213 (I) 1215 1.4 1219 0.1 A′ ν(CsCIR)
1208/1207 (I); 1209/1204 (I); 1203 225.3 1196 38.9 A′ ν(CsO); γCH3′
1204/1202 (II) 1197 (II)
1194 1193 1194 11.4 1193 3.6 A′ δ(CsH4)
1174/1172 (I); 1174/1170/1168 (I); 1169 157.2 1158 46.8 A′ γCH3′; ν(CsO)
1168/1166 (II) 1163 (II)
n.obs. n.obs. 1167 6.6 1167 <0.1 A′ δ(CsH5)
n.obs. n.obs. 1151 0.8 1152 0.9 A′′ γCH3′′
1117 1118/1114 (I); 1112 11.8 1108 5.1 A′ νOx5

1110/1109 (II)
1096 (I); 1095/1092 (I); 1082 17.9 1080 4.6 A′ νPh6
1094 (II) 1090 (II)
1041/1033 1038/1031/1027 1036 5.7 1036 3.8 A′ νPh5
1008/1006 (I); 1007/1005 (I); 1007 38.2 1014 17.9 A′ δOx1
1020/1016 (II) 1016 (II)
993 989 999 1.2 999 0.4 A′ δPh1
n.obs. n.obs. 984 <0.1 981 <0.1 A′′ γ(CsH5)
981 980 982 14.7 981 7.8 A′ νPh1
n.obs. n.obs. 973 0.1 972 <0.1 A′′ γ(CsH4)
956 (I); 954 (I); 954 4.4 947 2.3 A′ ν(OsCH3)
951 (II) 947 (II)
918 (I); 917 (II) 914 922 1.7 920 0.5 A′′ γ(CsH3)
n.obs. n.obs. 842 <0.1 841 <0.1 A′′ γ(CsH2)
817 (I); 815 (I); 813 12.9 809 4.9 A′ δ(OCO)
815 (II) 812 (II)
781 (I); 778 (I); 786 4.1 780 1.5 A′′ γ(CdO)
778 (II) 775 (II)
765 762 762 26.1 760 9.1 A′′ γ(CsH1)
691 690 693 8.4 693 2.4 A′ δPh3
689/688/687 686 685 26.0 683 6.9 A′′ τOx1

682 26.0 681 2.9 A′′ τPh1
652 650/648 654 17.6 653 5.5 A′′ τOx2

a Wavenumbers in cm-1. Calculated intensities in km mol-1. Key: ν, bond stretching; δ, bending; γ, rocking; w, wagging; τ, torsion; s,
symmetric; as, asymmetric; IR, inter-ring; Ox, oxazole ring; Ph, phenyl ring; n.obs., not observed. See Table S3 (Supporting Information) for
definition of internal coordinates and Tables S4 and S5 for potential energy distributions. b Scaled wavenumbers (0.9835). Intensities weighted
by their expected populations: 0.75 (I) and 0.25 (II). d Fermi resonance with 2τOx1.
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established doubtlessly by further annealing the matrix at a
higher temperature, where aggregates are by far the dominant
species). Figure 4 also shows the DFT(B3LYP)/6-311++G(d,p)
calculated infrared spectra of MCPOC conformers I and II (stick
spectra) and the simulated spectrum obtained by summing the
calculated spectra of I and II, weighted by their expected
populations in the gas phase prior to deposition (0.75: 0.25).
Two main conclusions result from the comparison of these
spectra with the experimental ones: (1) the simulated spectrum
fits very well the as-deposited spectrum of the compound in
xenon matrix, demonstrating that no significant isomerization
took place during deposition of the matrix and the gas phase
equilibrium populations could be efficiently trapped in the
matrix; (2) the bands that decreased more of intensity upon
annealing fit nicely the spectrum of conformer I, whereas those
decreasing to a small extent can be doubtlessly ascribed to
conformer II.

The different behavior of the bands due to each conformer
upon annealing of the xenon matrix facilitated the assignment
of the spectrum obtained in this matrix to the individual
conformers. Comparison of the spectra obtained in the xenon
matrix with that registered in argon then led to a prompt
assignment of the latter. The proposed assignments are presented
in Table 1.

The striking fact resulting from the temperature variation
experiments carried out in the xenon matrix was the observation
that it was conformer I that reduces its population faster upon
annealing. There are two possible mechanisms that can explain
the observations, which may opperate separately or simulta-
neously. The first implies that aggregation is facilitated in
conformer I, relative to conformer II. Conformer selective
aggregation was found for some matrix-isolated compounds,
like dimethylglycine,67 dimethyl sulfite,68 and 5-methyl-1H,3H-
pyrrolo[1,2-c][1,3]thiazole-6,7-dicarboxylate 2,2-dioxide.69 Though
this mechanism alone can explain the observations, it is known
that the more polar or smaller conformers are those that
are more prone to exhibit a preferential aggregation.67-69 In
MCPOC, however, it is conformer II that is simultaneously more
polar (µ ) 4.7 D vs 1.1 D in I) and smaller (the calculated
spatial extent of I and II is 4967 and 4821 au, respectively).
The second mechanism, which we favor on the basis of the
obtained experimental data and accumulated knowledge,67-71

would require that an inversion in the order of stability of the
two conformers took place in the matrix media. Then, conformer
I (most stable in the gas phase) would relax to form II upon
annealing of the xenon matrix, where this latter form would be
the most stable species. The necessary general conditions that
need to be satisfied to make possible experimental observation
of this inversion of the relative stability of conformers are (i)
close energies of the conformers in the gas phase (with the less
polar form being the most stable), (ii) significant differences in
the dipole moments of the conformers, and (iii) accessible
energy barriers for conformational isomerization. Both the first
and second conditions above are fulfilled in the case of the
relevant conformers of MCPOC, and it seems also possible that
the energy barrier reduces in the matrix media to allow for
conformational isomerization (I f II) to take place. Examples
of inversion of the relative order of stability of conformers upon
deposition of a compound in a matrix can be found in recent
literature, e.g., for dimethylglycine methyl ester,70 methyl
cyanoacetate,71 and 5-methyl-1H,3H-pyrrolo[1,2-c][1,3]thiazole-
6,7-dicarboxylate 2,2-dioxide.69 The last compound is in fact a
case where both selective aggregation and inversion of the order
of stability of conformers were found to take place simultaneously.

Spectroscopic Studies in the Neat Condensed Phases. The
results discussed in the previous section indicated that the more
polar conformer II of MCPOC is stabilized relative to form I
upon deposition in matrices. To get additional information
regarding the relative importance of the two conformers in more
polar media, spectroscopic studies were also undertaken for the
compound in neat condensed phases. Figure 5 presents a selected
spectral range of the infrared spectra of MCPOC (i) in the
amorphous layer resulting from fast deposition of the vapor of
the compound at 343 K onto the cold substrate (10 K) of the
cryostat, (ii) in the room temperature crystalline phase, both as
a KBr pellet and as a Nujol mull, and (iii) in the crystalline
phase resulting from warming the amorphous layer to 280 K,
subsequently cooled to 10 K. These spectra are compared with
the DFT(B3LYP)/6-311++G(d,p) calculated infrared spectra
of conformers I and II. Full range spectra are presented in Figure
S2 (Supporting Information), where the spectrum of the crystal-
line phase recorded immediately after its formation from the
amorphous state at 280 K is also presented.

As could be anticipated, the spectrum of the amorphous phase
has characteristically broad bands due to both the presence of
the two conformers and significant disorder. The bands at 1361,
1330, and 1318 cm-1 can be assigned mainly to conformer I
(compare the experimental spectrum with those calculated for
the two conformers; Figure 5), whereas that observed at 1302

Figure 5. From bottom to top: 1400-900 cm-1 spectral range of the
infrared spectra of MCPOC (i) in the amorphous layer resulting from
fast deposition of the vapor of the compound at 343 K onto the cold
substrate (10 K) of the cryostat; (ii) in the room temperature crystalline
phase, as a Nujol mull; (iii) in the room temperature crystalline phase,
as a KBr pellet; (iv) in the crystalline phase resulting from warming
the amorphous layer to 280 K, subsequently cooled to 10 K; (v) and
(vi) DFT(B3LYP)/6-311++G(d,p) calculated infrared spectra of
conformers I and II, respectively. In the calculated spectra, bands were
represented by Lorentzian functions centered at the calculated wave-
numbers scaled by 0.9835 and with fwhm (full width at half-maximum)
equal to 2 cm-1.
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cm-1 is a band mark of conformer II. All the other bands shall
contain contributions from both conformers. Upon crystallization
of the amorphous phase (at ca. 280 K), the spectrum changes

considerably (see Figure S2, Supporting Information). Recooling
the sample to 10 K did not lead to further changes, except some
further band narrowing. The 10 K spectrum of the crystalline

TABLE 2: Assignment of the Vibrational Spectra of MCPOC in the Neat Condensed Phasesa

a Wavenumbers in cm-1. Key: ν, bond stretching; δ, bending; γ rocking; τ torsion; w, wagging; s, symmetric; as, asymmetric; n.obs., not
observed; n.i., not investigated. See Table S3 (Supporting Information) for definition of coordinates. b Combined with w(PhsOx) in I and with
δ(CsOsCH3) in II (see Tables S4 and S5, Supporting Information).
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phase obtained from the amorphous film (Figure 5) clearly
reveals bands due to both conformers (see Table 2 for assign-
ments). For example, besides the bands at 1348, 1330, and 1318
cm-1, which relates to those observed and 1361, 1330, and 1318
cm-1 in the spectrum of the amorphous phase, other bands
ascribable to conformer I are also observed at 1225, 1205, 1182,
1073, and 1007/1003 cm-1, while bands due to conformer II
are observed at 1302, 1221, 1201, 1172/1168, 1070, and 1012
cm-1. From the intensity of the bands at 1318 cm-1 (I) and
1302 cm-1 (II), which are well separated and intense bands in
the spectrum of the crystalline phase, a rough estimation of the
relative population of molecules with conformation I and II in
that phase could be obtained. The results indicate that the two
conformations are essentially equally populated (I:II population
ratio: 0.92 ( 0.1); i.e., they are compatible with a crystalline
phase where both conformers exist in a 1:1 ratio. The spectra
of the crystal at room temperature (both in KBr pellet and in
Nujol) are qualitatively identical to that of the crystal at low
temperature, though, as expected, exhibiting bands considerably
broader.

Comparison of the Raman spectrum of the crystal at room
temperature with those calculated for I and II (Figure S3;
Supporting Information), is also in agreement with the presence
of the two conformers in the crystalline phase of MCPOC (see
also Table 2), though the greater similarity of the Raman spectra
of the individual conformers (the most conformationally char-
acteristic Raman bands have very low intensities) makes these
spectra less informative than the infrared spectra regarding this
question.

On the whole, the results obtained for the neat condensed phases
of MCPOC agree with the information obtained from the matrix-
isolation studies regarding the stabilization of conformer II in more
polar environments compared to gas phase.

Conclusion

The conformational preferences and spectroscopic properties
of methyl 4-chloro-5-phenyl-1,3-oxazole-2-carboxylate (MCPOC)
have been studied by FTIR spectroscopy for the compound
isolated in cryogenic matrices (argon; xenon) and in neat
condensed phases. The experimental studies were complemented
with DFT(B3LYP)/6-311++G(d,p) calculations. Two experi-
mentally relevant low-energy conformers (I and II) of the
molecule were identified. These conformers differ from each
other in the orientation of the ester group relative to the oxazole
ring. In both conformers, the ester moiety was found to be in
the s-cis configuration (OdCsOsCH3 dihedral: 0°). In the gas
phase, conformer I is ca. 3.0 kJ mol-1 more stable than form
II, corresponding to a room temperature I:II relative population
of ca. 3. Two additional higher energy conformers, III and IV,
of no experimental relevance, with relative energies of ca. 30
and 45 kJ mol-1, respectively, were also predicted to exist by
the calculations, corresponding to structures where the ester
group is in an approximately s-trans arrangement.

Annealing of the compound isolated in xenon at 60 K led to
aggregation and simultaneous reduction of the population of I
compared to that of the more polar conformer II. These results
suggest the inversion of the order of stability of the two
conformers in that matrix, eventually accompanied by a higher
trend of conformer I to aggregate. In agreement with these
results, in the crystalline phase of the compound, the presence
of both conformers in a 1:1 population ratio was testified by
both infrared and Raman spectroscopy. Full assignment of the
observed infrared bands to the two experimentally accessible
conformers was carried out for the matrix isolated monomeric

species. In addition, the infrared spectra of the neat compound
in the low-temperature (10 K) amorphous and crystalline phases,
as well as the infrared and Raman spectra of the crystal at room
temperature, were also assigned.
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theory. Table S2, Cartesian coordinates for optimized minimum
energy structures of MCPOC. Table S3, definition of internal
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