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Vibrational Spectra, Ab Initio Calculations, and Ring-Puckering Potential Energy Function
for y-Crotonolactone
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The infrared and Raman spectra of liquid and vgparotonolactone have been collected. Both the experimental
data and ab initio calculations show that the molecule is rigidly planar in its electronic ground state. This
conclusion agrees with the previously reported microwave studies and is attributed to the conjugation between
the G=C and G=0O double bonds of the ring. The ring-puckering potential energy function was generated
from ab initio calculations and was confirmed by the vapor-phase Raman spectra to be nearly harmonic.
Density functional theory (DFT) calculations predict a harmonic ring-puckering frequency of 208asm
compared to the observed vapor-phase Raman value of 208 @ime DFT calculations were also used to
compute the infrared and Raman spectra-afotonolactone, and these agree very well with the experimental
spectra.

Introduction As with 2-cyclopenten-1-one, an interesting featureyef
crotonolactone is the conjugation between tlre@and G=0

y-Cro_tonoIactone IS S|m|_lar In structure to 2-cyc|opgnten-1- groups. This feature has been of particular interest in several
one, which has been investigated in its ground and excited state§f.ared and Raman studies of some unsaturated monocyclic

using several spectroscopic and computational techniques. Th,ones in various solvert: 14 Considerable attention in these
:cnfrar.ed ?ng Raman V|brr]at|0natl] speétr‘hasl well as density g gies was directed to the spectral region just below 1808,cm
buncthn? t Ieory (DFT) a\I/e shown 2-cycdopenten-1(;onet;co which includes the &0 stretching region. In general, lactones

e strictly planar in its e ectronic ground state and to be -, {he liquid phase show two significant peaks related to the
governed by. a stiff §|n_gle-m|n|mum r|ng—puckgrlng potelnnal C=0 stretching motion. The interpretation of this phenomenon
energy functiorf:5 This is the result of conjugation involving was ascribed to the Fermi resonance between the carbonyl
both the G=C and G=0O double bonds. stretching vibration and the overtones or combinations of other

The studies on the structure of 2-cyclopenten-1-one were low-frequency vibrationd2-14 Nyquist et al. presented a
carried out fon_tgs singlet ($ and triplet (T, and T,) electronic mathematical model for calculating the approximate unperturbed
exc!teq state§.® Cheatham and. Laaqe used fluorescence c=p stretching frequency for several cyclic five- and six-
excitation spectroscopy (FES) to investigate th@hg*) state membered ring lactones in CChnd CHC} solventsi* A
and showed that the molecule retains its planar structure in thegjfferent study on the integrated intensities of the carbonyl
Si(n*) excited state but becomes much less rigid as comparedstretching bands of several unsaturated five-membered cyclic
to the ground stateDFT calculations agreed very well with ,,_|actones in acetonitrile solutions concluded that the presence
the FES results and confirmed the planar conformation of of the conjugation between theO—C= group and the &C

2-cyclopenten-1-one in its;&,7*) excited stat€. The Ti(n7*) bond moderately enhances the intensity of the carbonyl! stretch-
triplet state for 2-cyclopenten-1-one was later studied using ing pand as compared to the no conjugation dade detailed
cavity ringdown (CRD) absorption spectroscémtong with vibrational assignments or gas-phase vibrational studies, how-
several theoretical calculatioh8? It was concluded from the ever, have been carried out grerotonolactone. For its excited-
CRD that the molecule is slightly puckered in itg(if,7*) state state structure, the partially overlapping-=* and n—z*

with a barrier to planarity of 43 cnt.” The calculated barrier  tansitions in the UV spectra of the liquid have been repotted.
for the To(sr,r*) triplet state using DFT-B3LYP/6-3HG(d,p)

was found to be 999 cm.® Experimental
y-Crotonolactone differs from 2-cyclopenten-1-one in that it

has an oxygen atom instead of a carbon atom across the ringp
from the C=C double bond. As in the case of 2-cyclopenten-
1-one,y-crotonolactone has also been shown from microwave
studied®!! to be planar and to posse€s symmetry in its

electronic ground state. The microwave work also suggésted
that the ring-puckering vibration would have an essentially re
guadratic potential energy function.

y-Crotonolactone was obtained from Aldrich with a stated
urity of 98%. It is a colorless liquid with a very slightly pinkish
color in the commercial sample that disappeared with further
purification under vacuum. Its melting and boiling points are 3
and 214°C, respectively.

The vapor and liquid Raman spectraetrotonolactone were
corded using a JobinYvon U-1000 double monochromator
equipped with a charge-coupled device detector and an Innova
I-100 argon ion laser operating at 5145 A. For the vapor-phase

*To whom correspondence should be addressed. E-mail: Raman studies, the sample was transferred under vacuum into
laane@mail.chem.tamu.edu.

tPresent Address: Chemistry Department, King Fahd University of & CUStom design_ed, thermally controlled glass Raman cell
Petroleum and Minerals, Dhahran, 31261, Saudi Arabia. previously describedf1® The sample was heated to ap-
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¥-Crotonolactone 2-Cyclopenten-1-one

Figure 1. Ground-state structures gfcrotonolactone and 2-cyclo-
penten-1-one from the CCSD/6-3t3+G(d,p) calculations.

proximately 240°C. The Raman spectra of the liqytecrotono-

lactone were recorded at room temperature for a sample sealed
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in an evacuated 1 mm glass tube. The polarized spectra of thegigre 2. vapor-phase, liquid-phase, and calculated Raman spectra

liquid were also recorded to help in the assignments. Laser
powers of 0.2 W for the liquid-phase spectra and 4.5 W for the
vapor-phase spectra were used.

The infrared spectrum of a drop gfcrotonolactone liquid
between two KBr windows was recorded using a Biorad FTS-
60 spectrometer equipped with a globar source, KBr beam-
splitter, and a triglycerin sulfate detector. A total of 256 scans
at 1.0 cn! resolution were averaged. The background spectrum
taken under same conditions was subtracted fronytbetono-
lactone spectrum in order to obtain the transmittance spectrum.

Computations

DFT with the B3LYP hybrid functional, ab initio second-
order Moller—Plesset (MP2) and Hartred¢ock (HF) calcula-
tions using the Gaussian 03 progfdmvere carried out for
y-crotonolactone in its electronic ground state. In this work the
coupled-cluster treatment was used to predict the geometry of
the most stable structure as well as the structure of 2-cyclo-
penten-1-one. The DFT-B3LYP with the cc-pVTZ (triplg-
basis set was used to calculate the vibrational frequencies,
infrared and Raman intensities, and depolarization ratios.

The one-dimensional single-minimum puckering potential
function of y-crotonolactone was calculated point by point by
varying the puckering angle from30 to 30 by increments of
5° with the MP2, DFT-B3LYP, and HF theories using the
triple-¢ basis set. The optimized structure from the CCSD/6-
311++G(d,p) calculation was used to determine the kinetic
energy expansion terms fprcrotonolactone using a program
previously describeé® These kinetic energy terms and the
potential function from ab initio computations were used to
calculate the puckering quantum transitions.

Results and Discussion

Molecular Structure. The high-level ab initio calculations
predictedy-crotonolactone to be planar in its minimum energy
structure, in agreement with previous microwave resafts.
Figure 1 shows the calculat€ planar structure of-crotono-
lactone from the CCSD/6-3#1-+G(d,p) calculation and com-
pares it to the structure of 2-cyclopenten-1-one. It can be seen
from Figure 1 for both molecules that as a result of conjugation
the C-C single bond connecting the carbonyl carbon atom to
the CG=C group is shorter in length than the otherC single

for y-crotonolactone.
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Figure 3. Liquid-phase and calculated IR spectrayedrotonolactone.
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Vibrational Spectra. y-Crotonolactone, as previously dis-
cussed, is planar with the ring atoms and the carbonyl oxygen
lying in the symmetry plane. Its vibrational spectra are governed
by Cs symmetry and result from symmetry species 16/8A".
Figure 2 shows the Raman spectra (vapor, liquid, and calcu-
lated), while Figure 3 presents the liquid and calculated mid-
IR spectra. The agreements between experimental and computed
spectra are remarkably good. On the basis of the vibrational
spectra in Figures 2 and 3, the complete assignments of the
vibrational modes were made, and these are shown in Table 1.
The computed frequencies and depolarization ratios from the
DFT calculations are also listed in Table 1, and these agree
well with the experimental results. The parallel and perpen-
dicular polarized spectra fop-crotonolactone can be found
elsewheré! Several combination bands and overtones were also
observed in the IR and Raman spectra of the vapor, but these
are not present in the calculated spectra. In several cases there
are significant frequency shifts between the liquid and vapor
spectra indicating that there are fairly strong intermolecular
interactions in the liquid state. In addition, extra bands of some
intensity indicate the presence of Fermi resonance.

The ring-puckering vibration was observed in the vapor-phase
Raman spectra as a broad band at 208%cwith no evident
side bands indicating thatcrotonolactone is rigidly planar with
a very nearly harmonic potential function. The broadness of

bonds reflecting the conjugation in these molecules. For the band arises both from the Raman band type and the fact
y-crotonolactone this is 1.493 vs 1.507 A, while for 2-cyclo- that a number of closely spaced bands arising from the puckering
penten-1-one it is 1.491 vs values in the 1.518544-A range. transitions between different quantum states are expected. This
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TABLE 1: Vibrational Assignments for y-Crotonolactone

experimental calculatéd
vapor liquid B3LYP/cc-pVTZ
description Raman IR Raman 0° scaled intensiti¢'s 0°

A’ V1 CH str. 3123 (47) ~3113m 3116 0.2 3123 (1,286) 0.18
2 CH str. 3097 (80) 3098 ms 3100 0.2 3086 (5,247) 0.36
V3 CH, sym. str. 2885 (233) 2868 m 2872 0.2 2907 (50,577) 0.11
V4 C=0O str. 1809 (100) 1739/1773 vs 1737/1772 0.4/0.2 1822 (1000,100) 0.42
Vs C=C str. 1609 (77) 1599 ms 1600 0.1 1636 (18,72) 0.10
Ve CH, def. 1462 (46) 1447 ms 1448 0.5 1469 (16,67) 0.46
V7 CH, wag 1358 (5) 1347 ms 1349 0.6 1349 (15,13) 0.72
Vg CH in-plane bend 1328 (8) 1333 ms 1334 0.1 1337 (22,8) 0.19
v ring str. 1140 (19) 1158 s 1159 0.3 1132 (135,32) 0.42
V10 CH in-plane bend 1095 (25) 1094 s 1094 0.5 1095 (162,16) 0.59
vy, ringstr. (C-O str.) 1043 (37) 1034 s 1032 0.1 1040 (118,14) 0.20
V12 ring breath 939 (40) 940 m 941 0.2 934 (1,15) 0.21
V13 ring def. 865 (45) 881 ms 883 0.1 860 (93,12) 0.11
V14 ring def. 804 (9) 786 m 787 0.8 782 (5,6) 0.74
V1s ring mode 683 (55) 692 ms 693 0.2 686 (7,15) 0.25
V16 C=O0 in-plane bend 490 (8) 497 m 498 0.4 488 (5,2) 0.74

A" V17 CH, antisym. str. 2947 (134) ~2961w 2963 0.7 2933 (25,299) 0.75
vig  CHatwist 1153 (8) ~1187 m 1189 0.8 1189 (0,14) 0.75
V19 CH, rock 998 (1) 1008 m 1006 0.8 1017 (14,5) 0.75
V20 CH out-of-plane bend 973 (4) 977 vw 963 (11,0) 0.75
Vo1 C=0 out-of-plane bend 830 (4) 810s 813 0.8 814 (91,5) 0.75
V22 CH out-of-plane bend 663 (5) 673 m 677 0.8 666 (14,4) 0.75
V23 C=C twist ~366 (0) 362 0.8 356 (13,2) 0.75
Vo4 ring puckering 208 (1) 226 0.8 206 (1,2) 0.75

2 Scaled with scaling factors of 0.961 and 0.985+for 2000 cmit andv < 2000 cn?, respectively® IR intensities: v= very, s= strong, m
= medium, w= weak.¢ Depolarization ratio? IR and Raman intensities, respectively.

0a4(X) = 0.00473872- 0.039484¥ + 0.114156" —
0.19873%° (1)

wherex is in angstroms ands4(X) is expressed in reciprocal
atomic mass units. Figure 4 shows the definitions for the
puckering angle¢) and puckering coordinate); The relative
energies foly-crotonolactone obtained from varyiggrom —30

to 3C° in steps of 8 and fixing the four carbon atoms in the
plane of the molecule were calculated and are listed elsewhere.
Figure 5 shows the potential functions of the puckering motion

~ — — - Planar siructure in terms of the dihedral angle) from different levels of theory.
Figure 4. Definitions of the puckering coordinate)(and puckering As can be seen from the figure, all four calculations predict a
angle ) for y-crotonolactone. planar structure for the molecule and a stiff potential function,

in good correlation with the experimental.
is in contrast to 2-cyclopenten-1-one, which has considerable When the MP2/cc-pVTZ results are used to calculate the
quartic character. The other vibrations)etrotonolactone were  potential energy, this can be fitted with the function
for the most part assigned with the help of the polarization
measurements and the DFT computed frequencies. F® C V(em ) =1.01x 10 + 4.59x 10°%* 2)
stretching vibration can be readily assigned to the most intense
peaks in the infrared and Raman spectra. In the liquid-phaseWe found the MP2 method with the triplebasis set to provide
experiment these peaks are doublets (1739 and 1773)@s the best data for the potential function since the results from
has been found in previous studies of other unsaturated this level pf calcula_ltions proo_luce the most reliable structures
lactonesi2-14 In the vapor phase the=€D stretching vibration and energies. The ring-puckering quantum states calculated from

is only a singlet at higher frequency (1809 cinand is in good this function are shown in Table 2. As is evident, the vibration

agreement with the calculated value of 1822énT his reflects is allm_ost totally harmonic _With a calcu_lated frequency of 181
the fact that the strong intramolecular interactions in the liquid C?]Z 0 8'” gr]r?(l)dltag;]eer;;etr)\t W'trt‘ tzetr(lextpelrt?entﬁllt);lobservtgd tvalue
phase are not present in the vapor. 0 cm - 1t snould be noted that afthough the quartic term

in eq 2 appears to be significant, it only makes a minor
Kinetic and Potential Energy Functions. To predict the  contribution as the value ofonly ranges from- 0.1 to+ 0.1

guantum states associated with the ring-puckering vibration, theA, while the dihedral angle goes from30 to+30°. Here, the
potential energy function for this mode was generated by x4 contribution forx values in this range is more than one
calculating the energy as a function of coordinates using MP2/ hundred times less that tiécontribution. The ab initio potential
cc-pVTZ calculations. The CCSD/6-33#-G(d,p) level of function in terms of the puckering coordinate is shown in Figure
theory was first used to determine the kinetic energy expaffsion 6. The figure also shows the quantum transitions determined
044(X) to the sixth power in terms of the ring-puckering from ab initio calculations and compares this potential function
coordinate. This was found to be of y-crotonolactone with the one previously reported for
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Conclusions

—+—B3LYP/cc-pVTZ
——MP2/6-311+G(d,p)

——MP2/cc-pVTZ

2000 1

y-Crotonolactone was confirmed to be planar in its ground
1500 1

state from its vibrational spectra and theoretical calculations.
Unlike 2-cyclopenten-1-one, which has sizable quartic character
for its potential energy function, the ring-puckering vibration
in y-crotonolactone is governed by a much stiffer potential
energy function where the quadratic term is predominant. Ab
initio calculations predict the vibrational spectra and energies
for y-crotonolactone to be in very good agreement with the
experiment. Vibrational analyses were carried out using both
experimental (infrared, Raman) and calculated spectra, and the
agreement was excellent.
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