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Abstract

Ethyl propiolate (HC=CCOOCH2CHs;, EP) was studied experimentally by infrared
spectroscopy in argon and nitrogen cryomatrices (15 K) and by quantum chemical
calculations (at the DFT(B3LYP) and MP2 levels of theory). Calculations predict the
existence of four conformers, two low-energy conformers (I and I1) possessing the
carboxylic moiety in the cis configuration (O=C—O-C dihedral equal to ~0°) and two higher-
energy trans forms (O=C-O-C dihedral equal to ~180°; I11 and IV). The conformation of
the ethyl ester group within each pair of conformers is either anti (C—O-C—C equal to 180°;
in conformers | and I11) or gauche (C-O-C-C equal to £86.6° in 11, and £92.5° in IV). The
two low-energy cis conformers (I and 1) were predicted to differ in energy by less than 2.5
kJ mol and were shown to be present in the studied cryogenic matrices. Characteristic bands
for each one of these conformers were identified in the infrared spectra of the matrix-isolated
compound and assigned taking into account the results of normal coordinate analysis, which
used the geometries and harmonic force constants obtained in the DFT calculations. The two
trans conformers (111 and 1V) were estimated to be at 17.5 kJ mol™ higher in energy than
the conformational ground state (form 1) and were not observed experimentally.

The unimolecular photochemistry of matrix-isolated EP (in N> matrix) was also investigated.
In situ irradiation with UV light (A > 235 nm) leads mainly to decarbonylation of the
compound, with generation of ethoxyethyne, which in a subsequent photoreaction generates
ketene (plus ethene).
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1. INTRODUCTION

Ethyl propiolate (HC=CCOOCH2CHs, EP) is the ethyl ester of propiolic acid consisting
of an ethyl ester group attached to an acetylenic fragment (H-C=C-). The compound is broadly
used in organic synthesis, in particular in dipolar cycloaddition reactions leading to
heterocycles such as pyrazoles, which possess a large range of applications in the
pharmaceutical industry as well as in the agrochemical field,’® and as nucleophile in conjugate
addition reactions such as those allowing selective carbon—carbon bond formation, which are
particularly relevant in chemical synthesis and molecular design.®*** The compound is also
used as a derivatizing agent for the thiol group for the analysis of varietal thiols in wine.*4

In spite of the practical relevance of the compound and the frequent references to EP in
the context of organic synthesis, to the best of our knowledge up to now only the 1975
spectroscopic investigation of Charles et al.!” reported on its molecular structure and
spectroscopic properties. Also, the photochemistry of the compound has not yet been addressed
hitherto.

In their work, Charles and coworkers!’ briefly discussed the infrared (IR) spectra of EP
in the vapor, CCl4/CS; solution, and crystalline phases and highlighted the fact that the IR
spectrum obtained in solution exhibits some doublet-featured bands, indicating an occurrence
of conformational isomerism. Taking into account information already known on the
conformational preferences of other simple ethyl carboxylic esters (e.g., ethyl formate)*® the
authors suggested that the two conformers present in solution should have a cis carboxylic
moiety (O=C—O—C dihedral angle equal to 0°) and differ by the conformation of the ethyl ester
fragment (anti in one conformer and gauche in the other one, which correspond to C—-O—C—C
dihedrals of 180° and about 60°, respectively).1”18 These structural trends are in agreement with
the presently known usual conformational behavior of simple carboxylic esters.!®2° Charles
and coworkers presented assignments for the spectra of EP obtained in vapor, CCl4/CS2
solution, and crystalline phases and suggested the anti conformer (which corresponds to the
sole form present in the crystalline material) as being the most stable EP conformer, though the
relative energy of the two observed conformers could not be determined.!” Nevertheless, the
authors stated that “‘from the appearance of the absorption bands, the values are probably of
a similar order of magnitude to that found for ethyl formate”,*” which was known to be 0.8 +
0.2 kJ mol.18



In the present work, we report on the IR spectra of monomeric EP isolated in low-
temperature (15 K) argon and nitrogen matrices. The increased spectral resolution achieved
under matrix isolation conditions was taken advantage of to identify the vibrational signatures
of the two experimentally relevant conformers of the compound. The spectra were interpreted
also with help of results obtained from a detailed theoretical investigation of the potential
energy surface (PES) of EP (carried out using different basis sets at the DFT(B3LYP) and MP2
levels of theory), in particular the potential energy landscape defined by the internal rotations
around the conformationally relevant C—O bonds, and normal coordinate analysis. The
unimolecular photochemistry of the matrix-isolated EP (N2 matrix), induced by in situ
broadband UV irradiation (A > 235 nm), was also investigated. As described in detail below,
under the used experimental conditions, decarbonylation of the compound, leading to the
generation of ethoxyethyne (which subsequently rearranges to ketene), corresponds to the

observed major photochemical reaction.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

2.1 Computational details

The quantum chemical calculations were performed using the Gaussian 09 program
package (Rev. A.02 and Rev. D.01)%?" at the DFT(B3LYP)?-% and MP23! levels of theory,
using the 6-311++G(d,p), 6-311++G(3df,3pd), aug-cc-pVDZ, and aug-cc-pVTZ basis sets.>>
39 A relaxed PES map representing energy as a function of the O=C—-O-C and C-O—C—C
dihedral angles was calculated at the DFT(B3LYP)/6-311++G(d,p) level of theory in order to
locate the conformers of the molecule and transition states for conformational isomerizations,
the latter being optimized using the synchronous transit-guided quasi-Newton (STQN)
method.*® All geometries were optimized using the TIGHT convergence criteria of Gaussian
09, and the nature of all described stationary points was further characterized through the
analysis of the corresponding Hessian matrices.

Calculated vibrational data was obtained at the DFT(B3LYP) /6-311++G(d,p) level of
theory. The computed harmonic wavenumbers were scaled down by a single factor (0.978) to
correct them mainly for the effects of basis set limitations, neglecting part of electron
correlation, and anharmonicity effects. The resulting wavenumbers together with the calculated
IR intensities were used to simulate the spectra shown in the figures, through convolution with

Lorentzian functions having a full-width-at-half-maximum (fwhm) equal to 2 cm™. Normal



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

2.2 Experimental details

Ethyl propiolate was purchased from Sigma-Aldrich, spectroscopic grade. Prior to
usage, the liquid samples were placed in a glass tube and connected to the vacuum chamber of
a helium-cooled cryostat through a needle valve. Matrices were prepared by co-deposition of
vapors of the compound together with a large excess of the matrix host-gas [Ar (N60) or N
(N60)] onto a Csl substrate placed at the cold (15 K) tip of the cryostat (APD Cryogenics
closed-cycle helium refrigeration system, with a DE-202A expander). The temperature of the
Csl window was measured directly at the sample holder by a silicon diode sensor, connected
to a digital temperature controller (Scientific Instruments, model 9650—1), which provides an
accuracy of 0.1 K. The valve nozzle was kept at room temperature (298 K) and the glass tube
was kept at ~157 K (immersed in ethanol and liquid nitrogen bath).

The IR spectra, in the 4000400 cm™! range, were obtained using a Thermo Nicolet
6700 Fourier transform infrared spectrometer, equipped with a deuterated triglycine sulfate
(DTGS) detector and a Ge/KBr beam splitter, with 0.5 cm™ spectral resolution. To avoid
interference from atmospheric H20 and CO., a stream of dry CO-filtered air was continuously
purging the optical path of the spectrometer.

Broadband irradiation of the matrices was carried out with UV light provided by a 500
W high-pressure Hg(Xe) lamp (Newport, Oriel Instruments), with output power set to 200 W,
through the outer KBr window of the cryostat (A > 235 nm, as defined by the onset of KBr

transmission in UV).

3. RESULTS AND DISCUSSION

3.1. Conformational analysis

As already mentioned, the molecule of EP possesses two conformationally relevant
degrees of freedom, corresponding to the internal rotations around its two C—O bonds. Figure
1 presents the DFT(B3LYP)/6-311++G(d,p) calculated PES contour map for EP as a function
of the O=C—-0O-C and C—O—C—C dihedral angles. In the calculations, these two dihedral angles



were incremented in steps of 5° and all remaining internal coordinates were optimized at each

point.
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Figure 1. Relaxed potential energy surface contour map of EP calculated at the DFT(B3LYP)/6-
311++G(d,p) level. The O=C—O-C and C—O—C—C dihedral angles were incremented in steps of 5° and
all remaining internal coordinates were optimized at each point. The location of the four conformers are
indicated (I, 11, 111, and 1V; for Il and IV, equivalent-by-symmetry minima can also be seen in the
map). The color bar designates the energy scale defined relative to the electronic energy of the lowest-
energy form I (without the zero-point vibrational corrections). The isoenergy contour lines are traced
using steps of 5 kJ mol.

Four non-symmetry-equivalent minima are observed in the contour map, corresponding
to two Cs symmetry conformers (I and 111) and two conformers with C; symmetry (11 and 1V).
Two additional minima are present in the PES, which correspond to the symmetry-equivalent
degenerated forms of the C1 symmetry conformers.

The EP conformers are depicted in Figure 2. Forms I and 11 are low-energy conformers
possessing the carboxylic moiety in the cis configuration (O=C—-O-C dihedral equal to 0° in
conformer | and equal to +0.4° in conformer Il; DFT(B3LYP)/6-311++G(d,p) values), and
correspond to the two conformers suggested by Charles and co-workers.” These conformers
differ by the geometry of the ester group, as defined by the C—-O—-C—C dihedral angle, which is
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180.0° in conformer 1 (anti) and +£86.6° in Il (gauche). Conformers 11l and IV are higher-
energy trans forms (O=C-O-C dihedral equal to 180.0° in 111 and £176.5° in 1V) and are
described here for the first time. The C-O-C—C dihedral angle in 111 is 180°, while in IV it is
+92.5° The larger value for this dihedral angle in 1V compared to 11 can easily be rationalized
by taking into account the effect of the repulsive interaction between the ethyl ester substituent

and the acetylenic fragment in conformer 1V (see Figure 2).
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Figure 2. DFT(B3LYP)/6-311++G(d,p) optimized structures of conformers I, 11, 111, and 1V of ethyl

propiolate, including the numbering of atoms adopted in this work. Colors: C—grey, H-white, O—red.

The contour plot shown in Figure 1 also clearly reveals that the pairs of conformers, cis
(1, 11 and trans (I111, 1V), stay in valleys separated from each other by large energy barriers
(higher than 45 kJ mol, taken as reference the energy of the most stable conformer I;
DFT(B3LYP)/6-311++G(d,p) values), while the interconversion barriers within the members
of each pair are small (ca. 3 kJ mol™). The two low-energy cis conformers (I and I1) were
predicted by the DFT(B3LYP)/6-311++G(d,p) calculations to differ in energy by 2.4 kJ
molt, which is identical to the energy difference between the two higher-energy conformers
obtained at this level of theory (AEiv-in= 2.5 kJ mol™). Forms 111 and IV (trans) are higher in
energy than the cis forms by ~20 kJ mol™.

The relative calculated energies for the four conformers obtained with the different

combinations of method and basis set are presented in Table 1.



Table 1. Electronic relative energies (including zero-point vibrational energy correction)
calculated at the DFT(B3LYP) and MP2 levels of theory (with different basis sets) for the four
conformers of EP.

Method and basis set Conformers

| I 11 v

DFT(B3LYP)/

6-311++G(d,p) 0.0 2.4 20.9 23.4
6-311++G(3df,3pd) 0.0 2.2 19.3 21.6
aug-cc-pvDZ 0.0 2.2 19.1 21.5
aug-cc-pvTZ 0.0 24 19.3 21.5
MP2/

6-311++G(d,p) 0.0 1.8 20.6 21.7
6-311++G(3df,3pd) 0.0 0.5 17.9 18.0
aug-cc-pvDZz 0.0 0.2 17.5 17.5
aug-cc-pVTZ 0.0 0.7 18.0 18.3

From this table, it can be concluded that the relative energies obtained with the different
methods and basis sets are very much consistent indicating that the numbers are reliable. The
relative energy values found at the DFT(B3LYP) level, independently of the basis set used, are
nearly equal, and they are also very similar to those obtained at the MP2 level, though in the
latter case, the relative energy of the most stable conformer is predicted to be slightly higher
when the 6-311++G(3df,3pd), aug-cc-pVDZ, and aug-cc-pVTZ basis sets are used. The values
obtained with the 6-311++G(d,p) basis set are practically identical, independently of the
method, DFT(B3LYP) or MP2.

The calculations indicate that conformers | and 11 shall be both considerably populated
in the gas phase or in solution at room temperature, whereas conformers I11 and 1V shall be
non-relevant experimentally. Using the range of values predicted for the relative energy of 11
and 1 (from 0.2 to 2.4 kJ mol™; see Table 1), and taking into account the multiplicity of the
two conformational states (1 for I and 2 for the symmetry-degenerated conformer I1), the
Boltzmann equation leads to an estimation of the equilibrium room temperature relative
population I1:1 that stays between 64.9%:35.1% and 43.2%:56.8%. It is worth mentioning that

the range of values for AE.i calculated in the present study confirms the order of magnitude



of the energy difference between the two conformers suggested by Charles and co-workers (~1
kJ mol™).Y’

The energy barriers for conformational interconversions were also evaluated using both
DFT(B3LYP) and MP2 methods and the different basis sets. The two sets of values are very
similar, though the MP2 values tend to be slightly larger. The energy barrier for the | — 11
conversion is estimated to be ca. 3.5 and 5 kJ mol™* (ca. 1 and 4 kJ mol™* in the reverse
direction) at DFT and MP2 levels, respectively; that associated with the 111 — IV conversion
is predicted to be ~2.8 (DFT) and ~4.1 kJ mol™* (MP2) (~0.4 and ~3.7 kJ mol?, respectively,
in the reverse direction); the I — 111 barrier is estimated to be ca. 45 (DFT) and 46 (MP2) kJ
mol ™ (=26 and ~29 kJ mol ! in the reverse direction); and, finally, the 11 — IV energy barrier
is predicted to be ~46 and ~47 kJ mol at DFT and MP2 levels, respectively (~27 and ~31 kJ
mol ™ in the reverse direction).

The barrier between the two most stable conformers in the Il — | direction is
particularly relevant in the context of the present investigation. This barrier in the predicted
range (1-4 kJ mol™?) appears to be small enough to result in significant conformational cooling
during the preparation of the low-temperature matrices,*>* i.e., substantial conversion of the
higher-energy conformer Il into the most stable conformer | can be expected to take place due
to local heating, upon landing of the EP molecules present in the “hot” gaseous beam onto the
cold Csl substrate of the cryostat. One can thus expect conformer | to dominate in the matrices.

The optimized structural parameters (bond lengths and angles) for the four EP
conformers, calculated using the different combinations of methods and basis sets, are given in
Tables S1 and S2 (Supporting Information). On the whole, the values obtained at different
calculation levels are in good agreement with each other, in particular in what concerns the
most relevant structural differences between the conformers. The comparison of the calculated
geometries of the four conformers can also be used to understand their relative stabilities.

Together with the repulsive interaction between the ethyl ester substituent and the
acetylenic fragment present in the trans conformers, the main factor responsible for the
stabilization of conformers | and Il (cis) with respect to conformers 11l and IV (trans) is
electrostatic in nature and results from the different relative orientation of the dipoles associated
with the C=0 and O-C7 bonds in the two types of conformers. In the cis forms, this alignment
is nearly anti-parallel (attractive; stabilizing), while in the trans conformers it is approximately
parallel (repulsive; destabilizing). A detailed analysis of this type of interaction has been made

elsewhere.!®2° In addition to the bond-dipoles interactions, the cis conformers are further



stabilized by the weaker non-classic H-bond-like interactions established between the carbonyl
oxygen atom and the methylene hydrogen atoms of the ethyl ester substituent (C=0--H-C). In
conformer I, there are two of these interactions (O-H distance ~2.648 A), while in conformer
I1 there is only one (OH distance ~2.423 A), this being the main factor responsible by the
lower energy of I compared with I1. A similar explanation can be given to justify the lower
relative energy of 111 compared with 1V, this time considering the number of stabilizing non-
classic H-bond-like interactions between the methylene hydrogen atoms and the triple bond
(C=C ='H-C), which are two in conformer I11 and only one in form IV.

The above mentioned most relevant intramolecular interactions in terms of energy
reflect in the relative values of the structural parameters (bond lengths and angles) that differ
the most from conformer to conformer, in particular from cis type conformers (1, 11) to the
trans forms (111, 1V). The C=0 bond length is longer in the cis conformers compared to that
in the trans conformers (1.207/1.208 vs. 1.203 A at the DFT(B3LYP)/6-311++G(d,p) level).
This reflects the increased polarization of the C=0 bond in the cis conformers due to the effect
of the bond-dipole interactions and also non-classical H-bond-like C=0"-H-C interactions. In
turn, the electronic charge flux in the C=0 bond, from C to O, induces charge fluxes in the
vicinal bonds towards the carbonyl carbon atom, so that in the cis conformers the C—06 and
C1-C3 bonds are shorter than in the trans conformers (1.343 vs. 1.346 A, in the case of the
first bond, and 1.449 vs. ~1.455/1.456 A for the second). For the angles, the major differences
are seen for the C—-O-C (116.2/117.0 vs. 121.2/122.2°) and C3-C1-06 (111.1/110.9° vs.
117.1/117.6°), which are much larger in the trans conformers than those in the cis forms due
to the effect of the repulsion between the ethyl ester substituent and the acetylenic fragment
that is present in the first forms. The increase in the C3—C1-06 angle in going from the cis to
the trans conformers (111.1/110.9 vs. 117.1/117.6°) is compensated by the reduction of the C—
C=0 and O=C-0 angles, in particular the latter (123.9/123.7 vs. 122.0/121.6° and 125.0/125.3
vs. 120.9/120.9°, respectively). It is also interesting to note that the O6—-C7—C10 angles are
substantially smaller for the planar forms, conformers I and 111 (107.4 and 107.1°, respectively)
compared to the non-planar forms (conformers Il and 1V: ~111.3 and 111.1°), which is
consistent with the existence of an attractive interaction between the methyl out-of-the-plane
hydrogen atoms and the lone-electron pairs of the ester oxygen atom (O6). This interaction
shall also contribute to the stabilization of conformers I and 111 in relation to their non-planar

counterparts, Il and 1V, respectively.



3.2. Infrared spectra of matrix-isolated EP (as-deposited matrices)

The experimental IR spectra of EP isolated in argon and nitrogen matrices (15 K) are
presented in Figure 3. In the figure, the experimental spectra are compared with the
theoretically simulated spectra of conformers | and Il. Though the spectra of the two
conformers are very similar, it was possible to identify bands in the experimental spectra
belonging to the individual conformers. Moreover, the good agreement between the
experimental and the calculated spectra allowed a straightforward assignment of the
fundamental bands. In Table 2, the assignments are given using an approximate description,
which was established based on the performed normal coordinate analysis. The full results
obtained in these calculations are presented in Tables S3-S5 (Supporting Information).

As discussed above, since the energy difference between conformers I and I1 is small
(in the range 0.2 to 2.4 kJ mol, according to the calculations; see Table 1) both conformers
have significant populations in the room temperature gas phase equilibrium (predicted relative
I1:1 population ratio in the range between 64.9%:35.1% and 43.2%:56.8%.). However, as it
was also pointed out before, the barrier for the conversion of Il into I is small (between ca. 1
and 4 kJ mol™), and the higher-energy conformer 11 can be expected to convert significantly
into the lower-energy form | during deposition of the matrices.***® According to the
expectations, the experimental spectra of the as-deposited matrices show that conformer I
largely dominates in both matrices, the I11:1 population ratios in Ar and N2> matrices being ca.
1:4 and 1:2, respectively, as estimated from the relative intensity ratios of pairs of bands
assigned to individual conformers with similar predicted IR intensities. Note that the predicted
relative frequency of the conformers for the most intense band in the spectra, v(CO), observed
at ca. 1250 cm™ is the opposite to that observed experimentally (see Figure 3). One can
attribute this discrepancy to matrix interactions, which shall reflect the most in large IR
intensity vibrations associated with more polarizable moieties and, consequently, very much

sensitive to medium.
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Figure 3. Experimental FTIR spectrum of EP isolated in Ar and N2 matrices at 15 K after
deposition (top and middle), and DFT(B3LYP)/6-311++G(d,p) calculated infrared spectra for
conformers | (black) and I1 (red). The calculated harmonic wavenumbers were scaled by 0.978
and the integral band intensities correspond to the calculated infrared absolute intensities. The
most intense bands in the experimental spectra are truncated to allow the less intense bands to
be clearly seen.
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Table 2. Experimental (matrix-isolation) and DFT(B3LYP)/6-311++G(d,p) calculated infrared data of conformers | and 11 of EP isolated in Ar and N>
matrices and vibrational assignments based on the results of normal coordinate analysis, and literature data.®

Approximate

Experimental

CCl, / CS; Calculated

Description Argon matrix N2 matrix Vapor solution
Conf I Conf 11 Conf | Conf 11 Ref.17 Ref.17 Conf | Conf 11
v v v v % v v I'R v I'R
v(CH) 3322.0 3327.0 3317.0 3319.0 3333 3308 3395.7 59.1 3395.8 59.2
3314.5 3319.0 3305.5 3314.0 3328
33115 3317.0 3309.0 3322
va(CH3)"", va(CH>) 3006.0 3014.5 3001.5 3019.0 3050.6 34.7 3066.9 20.1
va(CH3)", va(CHs)”"  2990.0 n.obs. 2990.0 n.obs. 2998 3037.3 22.6 3042.5 4.6
va(CHz), va(CH3)” n.obs. 2985.0 n.obs. 2984.5 2985 3024.0 1.8 3033.8 28.2
2966
vs(CH2) 2940.0 2950.0 2940.0 2952.0 2941 2988.2 13.0 3007.9 184
2931
vs(CHs) 2922.5 29154 2920.0 2905.0 2908 2972.2 15.6 2970.2 15.6
2875
v(C=C)® 2132.0 2138.0 2128.0 2132.0 2146 2132 (11) 2171.0 54.9 2170.9 56.7
2129.5 2135.0 21215 2130.0 2125 2120 (1)
v(C=0) 1731.0 1730.0 1729.5 17275 1746 1721 1724.1 333.2 1723.9 309.9
1728.0 1728.5 1736
8(CH2), 8as(CH3)” 1483.5 1482.0 1483.5 1482.0 1476 1483.8 8.1 14734 11.2
8as(CH3)’, 8(CHz) 1467.5 1459.5 1460.5 1449.0 1466 1465.5 2.6 1459.4 5.1
8as(CH3)™” 1448.0 1448.0 1433.0 1433.0 1446 1453.7 1.7 1454.2 10.8
8s(CHa) 1399.0 1394.0 1398.5 13935 1389 13954 10.1 1387.3 8.3
wag(CH2) 1368.0 1368.0 1367.5 1367.5 1366 1366.2 2.1 1368.5 8.3
twist(CH2) 1258.0 1305.0 1256.4 13185 1269.5 0.9 1302.5 25.8
1303.5 1302.0 1300
1290.5
v(CO) 1238.0 1250.0 1251.5 12475 1236 1216.4 720.3 1208.3 640.7
rock(CHz) 1159.0 1174.5 1158.0 1180.0 1149.0 4.0 1166.9 10.8
rock (CHz)” 1126.5 1097.5 11215 1119.0 1112 (1) 1109.8 8.2 1088.4 22.1
1120.0 1096 (11)
v(O-CHz) 1034.5 1029.0 1030.0 1030.0 1037 1023 1015.9 54.1 1006.6 42.0
1032.5 1033
1028
v(CC) 924.5 n.obs. 925.5 903.0 923 (1) 914.9 6.6 891.9 3.7
900 (11)
v(O-CH?2) 871.5 860.0 869.0 853.0 859 856.4 12.7 846.3 10.9
rock(CHs)”" n.obs. 771.0 n.obs. 774.5 789 797.2 0.0 777.0 8.4
7(C=0) 757.0 757.0 758.0 758.0 756 753 755.4 33.0 755.8 32.3
y(C=C) 686.0 686.0 730.0 730.0 686 689 720.5 27.9 722.2 27.9
680
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674

§(C=C) 649.5 648.0 667.7 665.9 652 652 679.9 429 679.8 43.4
642

5(CC=0) 604.0 n.obs. 602.5 590.5 597 593 (1) 598.0 5.2 585.8 5.7

8(0CC) n.obs. 542 (?) 516 (?) n.obs. 551 516.2 0.5 539.7 3.2
542

8(C-O-CHa) n.i. n.i. n.i. n.i. 388 388 365.7 10.1 405.0 2.0
379

y(CC), n.i. n.i. n.i. n.i. 325 328 (1) 297.1 0.0 321.3 111

8(C-0O-CHy)

3(C-0-CHy), n.i. n.i. n.i. n.i. 250 258 (1) 246.0 5.2 264.4 0.9

¥(CC) _ _ _ _

tCHs n.i. n.i. n.i. n.i. 242.9 0.5 219.9 1.6

3(CC) n.i. n.i. n.i. n.i. 160 127.2 4.3 157.3 5.7

1(CO) n.i. n.i. n.i. n.i. 135 118.7 4.7 915 14

1(CO)’ n.i. n.i. n.i. n.i. 70 60.2 0.6 70.6 2.7

a Wavenumbers (cm™, scaled by 0.978), calculated intensities (km mol™), s = symmetric; a = anti-symmetric; v = stretching; 8 = in-plane bending; ¥ = out-of-plane
bending; t = torsion; rock = rocking, n.obs. = not observed; n.i. = not investigated. See Table S3 for definition of symmetry coordinates and Tables S4 and S5 for
potential energy distributions.” A small broad band is also observed at 2161 (Ar) and 2162 cm= (N,) which shall also be related with the v(C=C) mode but whose precise
assignment could not be established.



The reason for the more efficient conformational cooling observed in the Ar matrix
compared with the N2 matrix can be tentatively explained as resulting from the different
thermal conductivities of solid Ar and No. Since the latter is approximately twice of the former,
local heating of the cold substrate at the place of landing of molecules being deposited is
reduced in the N2 matrix, because thermal dissipation is facilitated. Under these circumstances,
the locally available energy to surmount the energy barrier for the conversion of conformer 11
into 1 is less, and the conformational cooling is less efficient.

It is interesting also to note that the present results confirm the assignment by Charles
and coworkers!’ of the higher frequency component of the pairs of bands observed in solution
at 1112/1096 and 923/900 cm™ to the anti conformer (1) and the lower component to the
gauche form (Il) (see Table 2). The lower frequency component disappears upon
crystallization, indicating that in the crystal the molecules of EP assume the structure of
conformer 1.

An additional observation that also agrees with the observations of Charles et al.!’
concerns the high sensitivity of the frequencies of the 5(C=C) and y(C=C) modes to the
medium. Accordingly, these two modes are those exhibiting the largest frequency shifts in
going from the Ar to the N> matrix, in particular, the y(C=C) vibration, which changes by
almost 50 cm™ (see Table 2).

Moreover, all bands observed in Ar and N2 matrices have counterparts in vapor or
solution except for the rock(CH2) vibrational mode. Some of the bands were not observed in
the vapor phase, for example, the band at 1236 cm in solution assigned to the CO stretching
mode is the most intense vibration, however has no counterpart in vapor.

Finally, the fact that the v(CH) stretching bands (both in Ar and N2 matrices) show a
multiplet profile shall also deserve here a brief comment. We performed annealing experiments
(up to 34 K) on the matrices to check if the spectra shown in Figure 3 contain bands due to
aggregated species. The annealing experiments allowed us to conclude that aggregation is
particularly visible in the v(C=0) and v(CO) stretching regions of the spectra, where the
aggregates give rise to broad intense bands with main maxima at 1718/1715 and
1280/1269/1261/1251 cm™ respectively (values for N2 matrix; in argon, the corresponding
bands appear at similar frequencies). These bands are absent in the spectrum shown in Figure
3, showing that the spectra correspond only to those of the monomeric species. The observed
band splitting in the v(CH) stretching region is essentially due to matrix-site splitting, though

Fermi resonance may also contribute to the splitting, since this effect has been observed for
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matrix-isolated acetylene.*’ In the v(CH) stretching spectral region, aggregation can be
expected to give rise to broader bands appearing below ca. 3280 cm™, as reported previously
for acetylene complexes isolated in cryogenic matrices.*” Accordingly, in the annealed N2
matrix of ethyl propiolate, we observed a broad band with maxima at ca. 3250 and 3220 cm 2,

which can then be ascribed to aggregates of the compound.

3.3. Photochemical experiments

After irradiation of EP isolated in N> matrix with UV light (A > 235 nm) using a high-
pressure Hg/Xe arc lamp for 120 min, approximately half of the EP initially present in the
matrix was consumed, as shown by the changes of the IR intensities. New bands of
photoproducts appear in the spectra of the irradiated matrix. Table 3 shows the experimentally
observed bands of the photoproducts, together with the corresponding calculated data (at the
DFT(B3LYP)/6-311++G(d,p) level) and previously reported literature data.*®>2 Full
calculated data for the observed photoproducts are provided in Tables S6-S9 (Supporting
Information).

Characteristic intense bands of the photoproducts observed in the 2260-2100 cm™
spectral region are presented in Figure 4, which shows the evolution of the spectrum in this

region with the irradiation time.
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Table 3. Experimental (matrix-isolation) and DFT(B3LYP)/6-311++G(d,p) calculated infrared
data for the observed photoproducts of EP in Ar in N2 matrices, vibrational assignments based on
the results of normal coordinate analysis, and literature data.?

Approximate Experimental Literature Calculated
Description Ar and N,
(this work)
y v v I'?
Carbon monoxide N, matrix Refs. 48,49
v(C=0) 2139.5M (N2 matrix) 2163.1M 89.2
2141.0°, 2136.5° 2139.5M
2141.0°, 2137.0°
Ar matrix Refs. 48,49
2138.0M Ar matrix
2137.2M
2140.0°
Ethoxyethyne (EE) N, matrix
v(C=C) 2235.5 2208.7 259.2
8a(CHs3)” 1379.5 1393.0 354
v(CO) 1114.0 1129.3 174.1
rock(CHy) 1103.0/1100.0 1097.4 74.7
rock(CHs) 954.5 993.1 30.7
Ketene (K) 2151.5 (N2 matrix) Refs. 50-52
va(C=C=0) 2149.0/2148.5 (Ar matrix) 2152.6 (vapor) 2172.5 692.9

2142 (Ar matrix)
@ Wavenumbers (cm?, scaled by 0.978), calculated intensities (km mol™), a = anti-symmetric; v =

stretching; & = in-plane bending; rock = rocking; M = monomer; D = dimer. See Tables S6-S9 for complete
set of calculated data.
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Figure 4. Experimental IR spectra of EP isolated in N> matrix at 15 K after deposition (in
black) and difference spectra resulting from subtracting that spectrum from those obtained after
UV irradiation (A > 235 nm) of the matrix-isolated EP for 15, 60, and 120 min (green, blue,
and red, respectively). EE: ethoxyethyne; K: ketene.
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Identification of characteristics bands due to monomeric carbon monoxide (CO) at
2139.5 cm™ and dimer (minor peaks at 2141.0 and 2136.5 cm™)*34° allowed to conclude on
the occurrence of decarbonylation of EP (Figure 5). Together with CO, ethoxyethyne
(HC=COCH2CHs; EE) shall be formed and, accordingly, bands due to this compound are
observed in the spectra of the irradiated matrix, specifically the predicted most intense bands:
the strongest band is observed at 2235.5 cm! (see Figure 4) and is assigned to the C=C
stretching vibration of EE (predicted at 2208.7 cm™?), while the bands observed at 1379.5,
1114.0, 1103.0/1100.0, and 954.5 cm~ correspond to the §as(CH3)”", v(CO), rock(CH.), and
rock(CHs)” vibrations (predicted at 1393.0, 1129.3, 1097.4, and 993.1 cm™1), respectively.

H
__ //O hn _ hn PN o :
HT\ — CO + H———20 — c=0 + _<
H H H

Figure 5. Observed photochemical reactions upon UV light (A > 235 nm) irradiation of EP
isolated in an N2 matrix (15 K).

In Figure 4, two additional smaller bands are also shown. The first, observed at 2120
cm?, is due to aggregates of EP. It can be seen that aggregation of EP was negligible and took
place only in the initial states of irradiation. The second band is observed at 2151.5 cm™ and
starts to grow visibly only after ~20 minutes of irradiation, suggesting its origin in a secondary
photoproduct.

The dynamics of the photodissociation of EE at 193 nm has been previously reported,
namely describing EE as an efficient photolytic precursor of ketenyl radical which acts as an
intermediate in a wide range of combustion reactions.>*° Though irradiation in the present
study has been carried on at longer wavelengths, it appears still possible that the initially
photoproduced EE subsequently fragments into ketene (H.C=C=0; K) and ethene (H.C=CHy)
(Figure 5). Under the conditions of our experiments, the process has very low efficiency, as
inferred from the low experimental infrared intensity of the anti-symmetric C=C=0 stretching
vibration of the ketene (the band at 2151.5 cm™ observed in Figure 4). This vibration is known
to give rise to a very intense band (see also Supporting Information Table S9) and has been

observed before at 2152.8 cm~in the gas phase in several publications, including Duncan et
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al. and Moore and Pimentel.>®*>2 No bands ascribable to ethene could be detected in the
photolyzed matrix, but this could be anticipated because this compound does not exhibit any

strong IR band in a spectroscopic clean region.>®

4. CONCLUSION

In the present work, ethyl propiolate was investigated by IR spectroscopy in argon and
nitrogen matrices and by quantum chemical calculations carried out at the DFT and MP2 levels
of theory. The complete assignment of the spectra was undertaken, revealing the presence in
the matrices of the two low-energy cis (O=C-O-C dihedral ~0°) conformers of the compound,
e.g., conformers 1 (Cs symmetry) and Il (C1 symmetry). These conformers exhibit anti and
gauche orientations within the ester group, with the C—O—-C-C(H3) dihedral angle equal to 0°
and —86.6/+86.6°, respectively. Conformer | was predicted to be the most stable conformer and
dominates in the studied low-temperature matrices. Interestingly, its population was found to
be larger in the Ar matrix than in the N, matrix, relatively to that of conformer I, revealing
that in the Ar matrix the conformational cooling (leading to the conversion of 11 into I) is more
extensive (correlating with the lower thermal conductivity of solid Ar compared to solid Ny).
The other two conformers (111 and 1V; trans forms with the O=C—O-C dihedral ~180.0) were
also predicted by the calculations, being higher in energy than the lower-energy cis conformers
by about 20 kJ mol ™.

Irradiation of matrix-isolated compound (in N2 matrix) with UV light (A > 235 nm)
yields CO and ethoxyethyne, with the latter compound undergoing a subsequent photoreaction

that produces ketene (and ethene).
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Supporting information

Figure S1, with the DFT(B3LYP)/6-311++G(d,p) optimized structures of ethoxyethyne (EE)
and ketene; Tables S1 and S2 with the DFT(B3LYP) and MP2 calculated bond lengths and
angles for the four conformers of EP, Tables S3-S9 with the results of normal coordinate
analysis performed for EP (conformers | and I1), EE and ketene. The Supporting Information

is available free of charge via the Internet at ...
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