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Abstract: High-level ab initio quantum chemical studies have been performed to ascertain the equilibrium molecular structure
and ring-puckering inversion barrier of cyclopentene, as well as the complete infrared and Raman spectra of cyclopentene-d,
-1-d,, -1,2,3,3-d,, and -dg. The planar (C,,) and puckered (C;) structures of cyclopentene have been optimized at the DZ(d)
SCF and MP2 levels, and reasonable agreement with available experimental data is found. The DZ(d) MP2 prediction for
the puckering angle is 23.4°, which compares favorably with several experimental values in the range 22-26°. High-level
electron correlation treatments with extended basis sets are found to be necessary to converge the predicted puckering inversion
barrier. In accord with experimental values, a final theoretical proposal of 235 % 20 em™ is derived for the vibrationless inversion
barrier from a combination of TZ(d,p) MP4 and PZ(3d2f,2pld) MP2 results. The fundamental vibrational frequencies (including
intensity and polarization data) of cyclopentene isotopomers have been obtained from DZ(d) SCF force constants by using
the scaled quantum mechanical (SQM) force field procedure. An improved SQM algorithm has been formulated which allows
facile optimization of empirical scale factors to determine optimal quadratic force fields. Numerous reassignments are proposed
among the 128 observed fundamental frequencies of the four isotopomers considered. It is shown that zero-point vibrational
effects engender a substantial contribution to the empirically derived puckering inversion barrier.

Introduction

As discussed in a 1979 review by Carreira, Lord, and Malloy,!
many of the fundamental issues pertaining to low-frequency vi-
brations in small ring compounds are encountered in the inves-
tigation of representative molecules such as cyclobutane, cyclo-
pentene, trimethylene oxide, 1,4-dioxadiene, tetrahydrofuran, and
1,4-dioxene. In this sense the cyclopentene molecule constitutes
a prototype of large-amplitude, ring-puckering motion in the gas
phase. In general, the low-frequency vibrational spectra of such
molecules can be interpreted satisfactorily via one- and two-di-
mensional quantum mechanical models for ring puckering and/or
twisting; however, coupling with the zero-point vibrational motions
of the high-frequency normal modes must be considered in the
analysis. In many cases the low-frequency spectroscopic infor-
mation obtainable in the far-infrared region is incomplete, and
the ring-puckering vibrations must be characterized from resulting
difference bands associated with reference fundamentals in the
mid-infrared region. Therefore, to fully resolve questions per-
taining to the puckering dynamics of a small ring compound such
as cyclopentene, not only are reliable results required for the
equilibrium configuration and the ring puckering potential function
but also a definitive analysis of the complete vibrational spectrum
is needed.

Due to its prototypical characteristics, cyclopentene has become
one of the most thoroughly studied examples of pseudo-four-
membered-ring molecules with a double-minimum potential
function for low-frequency puckering vibrations.!* Over the
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course of the last few decades, the far-infrared,®!*!%20 mid-in-
frared, 5-%i213,16-2t Raman,10-15:18-2 and microwave?*-2° spectra
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of cyclopentene have been studied extensively, while at the same
time several mathematical analyses?¢-34 have been performed to
address the large-amplitude puckering motion from a theoretical
point of view. The first published attempt to obtain the molecular
structure of cyclopentene from its microwave spectrum was that
of Rathjens?? in 1962, in which numerous structural assumptions
were used in conjunction with the three observed rotational
constants to extract a value of 22.3° for the dihedral puckering
angle. Rathjens?® also reported results from a one-dimensional
vibrational analysis by Chan which gave a barrier height to
puckering inversion of about 230 cm™!. A reinvestigation of the
microwave spectrum by Butcher and Costain?* in 1965 yielded
a separation of 0.91 cm™ for the lowest puckering inversion
doublet, from which an estimate of 250-400 cm™ was obtained
for the barrier to planarity. In 1967 Ueda and Shimanouchi?®
observed a series of ring-puckering difference bands in the region
(2600-2900 cm™') of the »5, a-CH, symmetric stretching fun-
damental and then fit a one-dimensional potential function to the
data to find a puckering angle of 22.1° and a barrier height of
244.6 cm™!. A concurrent analysis by Laane and Lord® produced
similar values of 23.3° and 232 cm™!, respectively, from direct
observations of ring-puckering transitions in the 18-300-cm™
region. Subsequently, Scharpen?’ showed that a barrier height
of 232 £ 5 cm™! is indeed consistent with the available microwave
data. A gas-phase electron diffraction (GED) analysis of the
molecular structure of cyclopentene was performed by Davis and
Muecke® in 1970. Several assumptions concerning the positions
of the hydrogen atoms and the magnitudes of vibrational am-
plitudes were made in the refinement, but a reasonably reliable
structure for the carbon framework was established, a puckering
angle of 28.8 (25)° being found in particular.

The body of ring-puckering data for cyclopentene burgeoned
after 1970. Extensive and detailed work by Laane and co-
workers! b1+ 1628 afforded one-dimensional potential functions for
cyclopentene-d,, -1-d;, -1,2,3,3-d,, and -d; with corresponding
puckering inversion barriers of 233, 231, 224, and 215 cm™,
respectively. The observed isotopic dependence of the inversion
barrier was later resolved?® by invoking a two-dimensional dy-
namical model in which ring-puckering and ring-twisting motions
were coupled. A simultaneous fit to the voluminous far-infrared
data for the four isotopomers yielded a two-dimensional potential
surface with an inversion barrier of 232 cm™ and an optimal
dihedral puckering angle of 26°. Numerous other studies?*-2226.2%.2
prior to 1985 of the ring-puckering dynamics in cyclopentene
provided results consistent with the two-dimensional surface of
Laane et al.** In 1986 Hamilton, Light, and Whaley* addressed
the ring-puckering issue using an inverse perturbation analysis
with local correction functions, concluding that “the actual barrier
height is higher by about 6 cm™* than the 232 cm™ of Laane’s
potential.” More recently, by using periodic functions in a one-
dimensional model Hamiltonian, Sztraka* determined a puckering
angle of 27.7° and a barrier height of 232.4 cm™ for cyclo-
pentene-d,. Finally, in 1991 Champion et al.3? performed a
semirigid bender analysis of the experimental ring-puckering data
with the aid of ab initio geometrical structures, this study resulting
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in values of 230 = 2 cm™ for the barrier height and 25.4 & 1°
for the puckering angle.*

Experimental studies focusing on the vibrational spectrum of
cyclopentene above 400 cm™ are much less numerous than those
concerned with ring puckering in the far-infrared region. In 1973
Harris and Longshore!? recorded and assigned the infrared and
Raman spectra of cyclopentene-d, from 300 to 3200 cm™.
However, the 1979 study of Villarreal, Laane, Bush, and Harris'®
(hereafter referred to as VLBH) is the most extensive work to
date in that detailed vibrational assignments and normal coordinate
analyses were obtained for four isotopomers, cyclopentene-d, -1-d,,
-1,2,3,3-d,, and -dg, a total of 128 fundamentals being considered
altogether. Nevertheless, some deficiencies in the empirically
derived quadratic force field are present which can be resolved
with the aid of ab initio data.

Only a limited number of theoretical studies on cyclopentene
have been reported in the literature.’”*> Rosas, Cooper, and
Laane? have used molecular mechanics (MM2) methods to
calculate the barriers to planarity and/or pseudorotation for a
series of 23 small ring molecules, providing an important test of
the reliability of these empirically-based techniques. A puckering
angle of 30° and an inversion barrier of 252 cm™ were found for
cyclopentene. However, by using an earlier parametrization of
the molecular mechanics method, Allinger® obtained substantially
different results, viz. 19° for the puckering angle and 143 cm™!
for the barrier. Intermediate values for these quantities from
molecular mechanics methods have also been reported.** Ap-
plication of the CNDO/2 semiempirical method to obtain the
equilibrium structure of cyclopentene results in an erroneous
puckering angle of only 1°.#* Among the ab initio studies of
cyclopentene, 2344 no high-level determinations of the ring-
puckering potential function have been reported. Saebo, Cordell,
and Boggs** obtained a DZ SCF puckering angle of 13.6° and
an inversion barrier of 31 cm™, while Miller, Schulman, and
Disch® report analogous 6-31G* SCF values of 14.1° and ca. 100
cm™, respectively. At the STO-3G SCF level, the puckering angle
is only 10.3°,%® whereas the barrier at the 4-31G** SCF level
is only 97 cm™.>2 Thus, Hartree-Fock theory appears to be
inadequate in predicting the puckering angle and inversion barrier
of cyclopentene regardless of the basis set employed. To our
knowledge, no detailed ab initio studies of the vibrational spectrum
of cyclopentene have appeared.

While the geometrical structure and puckering inversion barrier
of cyclopentene appear to be well established experimentally, it
is clear that substantial discrepancies with theory remain to be
resolved for this important, prototypical molecule. Indeed, Laane
and co-workers®’ state in their 1990 paper that “even the most
sophisticated ab initio calculations fail at evaluating the barriers
to planarity [of small ring molecules] with any degree of
reliability”. Therefore, the first goal of this paper is to respond
to the cited challenge by performing a high-level ab initio in-
vestigation of the puckering inversion barrier of cyclopentene.
Contained in the experimentally derived inversion barrier are
zero-point vibrational contributions arising from the high-fre-
quency normal modes of the molecule. Accurate vibrational
analyses of both the puckered (C;) and planar (C,) conformations
of ¢yclopentene are necessary to determine these contributions.
Moreover, as stated above, improvements in the empirical force
field of VLBH are needed to provide a definitive analysis of the
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vibrational spectrum of cyclopentene. Thus, the second goal of
this paper is to determine a force field which reproduces the
observed fundamental frequencies of all isotopomers to approx-
imately 1%, while simultaneously revealing any missing and er-
roneous assignments. Finally, in realizing this second goal, a
concise review and an improved mathematical formulation of the
scaled quantum mechanical (SQM) force field procedure®® are
advanced. This third goal is the subject of the next two sections,
after which results pertaining to the first two objectives are
presented.

Review of SQM Methodology

An immense number of theoretical investigations*-52 has shown
that the self-consistent-field (SCF) level of theory not only is a
very useful starting point for investigating infrared and Raman
spectra of moderately-sized polyatomic molecules but also is
frequently sufficient to provide definitive predictions. Due to basis
set incompleteness, electron correlation effects, reference geometry
errors, and mechanical anharmonicity, SCF harmonic vibrational
frequencies for ordinary, valence-bonded molecules typically
display a systematic 10-15% overestimation of experimental
fundamental frequencies.*s-> For triatomic and tetraatomic
molecules, numerous examples>’%3 exist of much higher quality
predictions (generally less than 2% error) of fundamental vibra-
tional frequencies. Many of these results have been obtained using
variational procedures to solve the vibrational problem and ad-
vanced electronic structure methods to provide the underlying
potential energy surfaces, the latter methods including multire-
ference configuration interaction (MRCI), coupled-cluster singles
and doubles, including in cases a perturbative estimate for triple
excitations [CCSD and CCSD(T)]. and the coupled electron pair
approximation (CEPA). However, the use of rigorous techniques
to determine the vibrational dynamics of larger systems may not
be possible, and the application of highly correlated methods to
larger species is prohibitive in cost and may be unnecessary.5

To date the most widely used correlated methods for deter-
mining harmonic vibrational frequencies of moderately-sized
polyatomics®>-7° are second-order Mgller—Plesset perturbation
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theory (MP2) and single-reference configuration interaction singles
and doubles theory (CISD), although CCSD techniques show
much promise. Several efforts to append anharmonic corrections
to correlated harmonic frequencies by employing recently de-
veloped analytic SCF third derivative procedures have been
successful.”*-7> For example, in 1987 Lee, Allen, and Schaefer’
used a triple-{ + double polarization (TZ2P) basis set to compute
two-reference CISD harmonic frequencies and SCF anharmon-
icities for ethylene. The deviations of the theoretical fundamentals
from their experimental counterparts ranged from —1.9% to +3.3%,
the average absolute error being only 2.6%. For additional dis-
cussion the reader is referred to a 1986 review by Hess, Schaad,
Cirsky, and Zahradnik*’ on theoretical calculations of vibrational
spectra or to the systematic ab initio studies of vibrational an-
harmonicity by Allen and co-workers.”!’2

In general, to obtain force fields which predict fundamental
frequencies within 1% of experiment (as typically sought), some
combination of empirical observations and ab initio calculations
is currently necessary for all but the smallest polyatomic molecules.
In early (1974) applications of this idea to ethane, ethylene,
acetylene, and formaldehyde, Pulay and Meyer’"” accounted for
systematic overestimations in SCF diagonal quadratic force
constants by applying fixed scale factors of 0.90 and 0.80 for
stretching and bending coordinates, respectively. The theoretical
off-diagonal force constants were left unaltered in this approach.
Shortly thereafter, Botschwina and co-workers,’®-8° among oth-
ers,®83 implemented a technique of fitting diagonal force constants
directly to experimental fundamentals while fixing the off-diagonal
interaction constants to their ab initio values. In 1976 a more
elaborate scaling scheme was introduced by Blom and Altona,3*
and several noteworthy applications soon followed.35-%7 Their
technique involved the partitioning of coordinates which are similar
chemically into various groups, e.g. CH stretches, CC stretches,
or CCH bends. Each group was assigned a variable scale factor
for the diagonal force constants, whereas all interaction constants
were treated together with a single, additional scale factor.
Determination of the scale factors was achieved via least-squares
fitting to selected fundamental frequencies which were known well
experimentally.

The scheme for combining empirical and ab initio data which
has been most widely adopted and most fully developed is the
scaled quantum mechanical (SQM) force field method of Pulay
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and co-workers.* As in the scheme of Blom and Altona, a scale
factor for each group of chemically similar coordinates is assigned
for the diagonal quadratic force constants. However, the inter-
action force constants are not scaled independently but according
to the geometric mean of the scale factors for the respective
diagonal elements, i.e.

F,(SQM) = (7,7))!/F (ab initio) 1)

where 7; and 7; denote the scale factors for coordinates / and o
respectively. 'fhe scale factors are either determined via a si-
multaneous least-squares fit to the fundamental frequencies of
a parent compound and related isotopomers or congeners or fixed
to standard values calibrated in previous SQM studies on related
chemical systems. Because ab initio quadratic force constants
are scaled in the SQM technique to reproduce experimental
fundamental frequencies, the final scale factors account simul-
taneously for basis set, electron correlation, reference geometry,
and anharmonicity effects. There is no rigorous justification for
the use of eq 1 in scaling the off-diagonal force constants, but
empirical and methodological experience with the technique has
provided ample validation of this choice. In particular, if an
appropriate set of internal coordinates is chosen, the largest
off-diagonal force constants are usually reproduced by (unscaled)
ab initio methods within 10-30%:;*? for example, the important
stretch—stretch interaction terms are typically overestimated by
this amount.®® Thus, optimum scale factors*»*%# for the largest
interaction constants tend to lie in the same range as those for
the dominant diagonal terms, and the joint scaling in eq 1 is usually
well based. Selection of a minimum number of scale factors is
found to yield force fields compatible with experimental fre-
quencies to within 20 cm™ in most cases, thus approaching the
limit of accuracy achievable within the harmonic approximation.
Two methodological advantages of the SQM technique over that
of Blom and Altona are that (a) chemically dissimilar, off-diagonal
couplings are not restricted to the same scale factor and (b) the
results are invariant to linear transformations among coordinates
within the same group.46:>2

A uniform prescription for performing SQM analyses was
proposed by Pulay and co-workers*-2 after systematic studies of
the method had been completed for several chemical systems. The
prescription involves four facets: (1) the selection of a reference
geometry obtained by adding standard, empirical correc-
tions3!-8490591 to SCF optimum geometries; (2) the choice of a
standard set of internal coordinates>'9%1% 1o facilitate transfer-

(88) In this regard the mention of several counterexamples is warranted.
In the case of benzene® and substituted benzenes,?*~% a significant overes-
timation of the CC/CC coupling constants is observed at the SCF level which
must be corrected in the SQM scheme by introducing extra scale factors for
the appropriate constants.®® Similarly, for the allyl radical'® the MR-ACPF
CC/CC coupling constant is smaller than the MCSCF constant by about 25%.
In contrast, inclusion of dynamxczl electron correlation causes an increase in
the CC stretch couplings in butadiene and hexatriene.!® It seems that dy-
namical correlation reduces the coupling of adjacent CC bonds of the same
length and enhances the coupling for alternating CC bonds. The case of CO,
should also be mentioned, where the CO/CO stretch coupling is predicted at
the SCF level to be almost twice as large as the well-established experimental
value. Even the corresponding CISD value is too large by about 40%. Note
also that the curvature of potential functions for linear bends associated with
triple bonds (as in HCN, C¢H,CN, HCCH, and C¢H;CCH) is also poorly
predicted at the SCF level, as indicated by the corresponding optimum scale
factors in the range 0.60-0.65.°7% A proper treatment of linear bending
motion is an apparent challenge for theory, as even highly correlated wave
functions with extended basis sets predict bending frequenC1es that are ex-
tremely sensitive to the particular level of theory used.'®’

(89) Pulay, P,; Fogarasi, G.; Boggs, J. E. J. Chem. Phys. 1981, 74, 3999.

(90) (a) Schéfer, L; Van Alsenoy, C.; Scarsdale, J. N. J. Mol. Struct.
1982, 86, 349. (b) Geise, H. J.; Pyckhout, W. In Stereochemical Applications
of Gas-Phase Electron Diffraction; Hargittai, 1., Hargittai, M., Eds.; VCH
Publishers: New York, 1988; Part A, pp 321~346.

(91) The most extensive list of corrections available involves the 4-21G
SCF level of theory.>!*® Pulay and co-workers®? have recently proposed an
alternative scheme, in which “offset forces”, i.e. standard, predetermined
forces, are applied along the corresponding bond-stretching coordinates
throughout the geometry optimization, rather than simply correcting the bond
lengths after the optimization.

(92) Pulay, P.; Fogarasi, G.; Zhou, X.; Taylor, P. W. Vib. Spectrosc. 1990,
1, 159.
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ability of scale factors between molecules; (3) the use of a balanced
and cost-effective basis set (e.g. 4-21G>') to determine quadratic
force constants at the chosen reference geometry; and (4) the
implementation of scale factors either calibrated for similar
systems or reoptimized on the known experimental frequencies
of the primary system of concern to provide the quadratic force
field via eq 1. If standardized scale factors are used in part 4,
then the SQM approach can be aptly described as a priori (but
not ab initio) in that high-accuracy predictions of vibrational
spectra can be made without empirical observations for the
particular molecules of concern. One example of the success of
a priori SQM techniques is in the prediction of the vibrational
spectra of substituted benzenes.?*%~%® In the representative case
of pyridine,®? after correction of a few of the experimental as-
signments, the mean deviation for the non-CH stretching fre-
quencies was found to be 5.7 cm™. Other scaling methods have
been proposed,”'% such as the use in eq | of the arithmetic
mean®®® rather than the geometric mean of the scale factors,
but none of these schemes has been widely adopted.

There is a plethora of published studies in which the SQM
method or a variant of it has been applied to the prediction of
vibrational spectra of molecules ranging in size from form-
aldehyde*® to cubane'® and naphthalene.1%>  An extensive but
incomplete list of SQM studies containing 165 entries is given
in the supplementary material of this paper. In the investigation
reported here, the basic concepts embodied in eq 1 are utilized
to determine the best available force field for cyclopentene, but
departures are made from the recommendations of Pulay and
Fogarasi*® in the choice of the reference geometry. Furthermore,
in developing a new software package to perform SQM analyses,
improvements in the central algorithms have been formulated,
as described in the next section.

Algorithm for the SQM Procedure

For isotopomer A, the vector Q* of normal coordinates is related

in first order to the vector S of internal displacement coordinates
by108,109

SA = LAQA 2
where the familiar LA matrix is given by
LA = (GA)l/ZCA (3)

In eq 3 G* is the conventional G matrix for isotopomer A, and
CA contains the eigenvectors of the symmetric matrix MA;10°

(93) (a) Pongor, G.; Pulay, P.; Fogarasi, G.; Boggs, J. E. J. Am. Chem.
Soc. 1984, 106, 2765. (b) Pongor, G.; Fogarasi, G.; Boggs, J. E.; Pulay, P
J. Mol. Spectrosc. 1988, 114, 445.

(94) Niu, Z.; Dunn, K. M.; Boggs, J. E. Mol. Phys. 1985, 55, 421.

(95) Xie, Y.; Boggs, J. E. J. Comp. Chem. 1986, 7, 158.

(96) Fogarasi, G.; Csdszir, A. G. Spectrochim. Acta 1988, 444, 1067.

(97) Csaszar, A. G.; Fogarasi, G. Spectrochim. Acta 1989, 454, 845.

(98) Csaszar, A. G.; Fogarasi, G.; Boggs, J. E. J. Phys. Chem. 1989, 93,
7644,

(99) Hipps, K. W.; Poshusta, R. D. J. Phys. Chem. 1982, 86, 4112,

(100) Avbelj, F.; Hodoscek M., Hadzi, D. Spectrochim. Acta 19858, 41 A,
89.

(101) Ha, T.-K.; Meyer, R.; Giinthard, H. H. Chem. Phys. Lett. 1978, 59,
17

(102) Dunn, K. M,; Pulay, P.; Van Alsenoy, C.; Boggs, J. E. J. Mol.
Spectrosc. 1984, 103, 268

(103) Sellers, H.; Pulay, P.; Boggs, J. E. J. Am. Chem. Soc. 1985, 107,
6487.

(104) Duncan, J. L. Spectrochim. Acta 1964, 20, 1197.

(105) Szalay, P. G.; Csdszdr, A. G.; Fogarasi, G.; Karpfen, A.; Lischka,
H. J. Chem. Phys. 1990, 93, 1246.

(106) Szalay, P. G.; Karpfen, A.; Lischka, H. J. Chem. Phys. 1987, 87,
353

(107) Simandiras, E. D.; Rice, J. E.; Lee, T. J.; Amos, R. D.; Handy, N
C. J. Chem. Phys. 1988, 88 3187.

(108) Wilson, E. B., Jr.; Decius, J. C.; Crass, P. C. Molecular Vibrations,
Dover: New York, 1980.

(109) Califano, S. Vibrational States; Wiley & Sons: London, 1976;
Chapter 4, pp 80-101.
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MAcA = (GA)l/zF(GA)l/ZcA - CAAA (4)

F denotes the quadratic force constant matrix of the molecule
evaluated at the reference geometry, and A% isa dlagonal matrix
from which the harmonic vibrational frequencies w? of the system
are determined according to

6,'1'
Aff = Aoy = —(wf)? )

where « is a conversion factor chosen to yield w in cm™. In the
standard SQM procedure, one obtains the force constant matrix
F from the unscaled, ab initio force constant matrix F, via

F = TV2F, 12 (6)

Equation 6 is simply the matrix formulation of eq 1 in which T
is a diagonal matrix containing the scale factors 7, i.e. T;; = 7,3
Because the internal coordinates are grouped into chemically
similar sets, the number of unique scale factors M is usually much
smaller than the dimension of T. For clarity, 7, 7}, 7,,, and 7,
are used here to denote simply the scale factor for the internal
coordinate with the same index, whereas 7, 7,, and 7. are used
to represent the unique scale factor of a chemically distinct set
of coordinates.

The scale factors 7, are selected to minimize the quantity

= ZZwief - )’ Q)
A i

where the v* values are the experimental fundamental frequencies
(in cm™), the o frequencies are those calculated from egs 4 and
5, and the w? factors are appropriately selected, fixed weights.
The sum in eq 7 runs over all isotopomers A included in the
least-squares fit and over all associated normal modes /. If ex-
perimental data are missing for a particular frequency, w? is set
to zero. Otherwise, selecting wA « (v*)™", where n= 0, 1, or 2,
is reasonable in the absence of prior knowledge concerning the
precision of the experimental data. Pulay and co-workers*+1 have
recommended that #n = 1 be utilized, but the choice is usually not
critical.’?

In our implementation of the SQM method, a full second-order
Newton-Raphson algorithm!1? is employed to determine the scale
factors which minimize %. Denoting the estimate for the optimum
set of scale factors at iteration k as 7, the update formula for
the vector 74, can be written as

Trer = T — EHug (8)

where the gradient vector g, and the inverse Hessian matrix H,
are defined by the equations

9 _ .,
(8. = ar. - (=) 9
and
o PR,
H Do = a0, (5x) (10)

The scalar quantity £, may be chosen (especially in the early
iterations) to explicitly minimize E along the direction vector
-H, g, via some interpolation scheme,''® but merely setting £, =
1 provides comparable convergence unless the initial guess for the
scale factors is poor.

In order to invoke the optimization algorithm in eq 8, explicit
formulas for 5¢ and E* are needed. From eq 7 one readily obtains

2 = 2XEwhaf = o) = «ZZEMDM (1)

in which JA is the familiar Jacobian matrix defined by!0%#!!

N dwp
Ja=\ 3, (12)
a

(110) Walsh, G. R. Methods of Optimization, Wiley & Sons: London,
1975.
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while
;\sng(l-ﬁ) (13)
wf
and
Dpe= (ax:*) - (2Jorn (14)
ar, K
By differentiating the i = j elements of the expression (cf. eq 4)
Af = €8y = [(CHMACH], (15)

and takmg advantage of the orthonormality of the eigenvectors
contained in C*, one finds that the D4 values in eq 14 are merely
the diagonal elements of the matrix

Df?'a = Z?(Fo)mnegnaniLnAj (16)

where

b= 7o a7

Note that 8%, denotes a derivative of eq 17 with respect to 7,.

The expression for the second derivatives E® is somewhat
tedious to derive but nevertheless can be s1mp11ﬁed to the relatively
compact form

= = KCT(ED + vPDYeDY) +

25 x| 2 | ppenye i9)
Ai>j \ AP - v
in which
whyh
vh= (Zw:i‘)\}‘) (19)
and
Dy = ZZ(Fo)m,ﬂ“anA Loy (20)

In order to arrive at eq 18 from eq 11, one must differentiate the
off-diagonal elements of eq 15 to obtain the derivatives of the LA
matrix,!'® viz.

oLy,
5 | = TLnUY @n
a
where
Ut = Di* 22
ki )\:\ _ X;? ( )

for k = i, and U3* = 0. The asterisk placed on the second
summation in eq 18 indicates the exclusion of degenerate pairs
of normal modes, for which A} = A} and wi* = wi.

To our knowledge, eq 18 has not been pubhshed prev1ously
Current algorithms usually employ an approximate expression
for the scale-factor Hessian matrix from linear least-squares
theory: 109111112

BB IN AN (23)
A
Equation 23 arises from eq 18 by completely neglecting the last

summation, by setting the 82 values to zero, and by replacing the
+® quantities with

(111) Pongor, G.; Pulay, P. Program Description of SCALE2, a Computer
Program for SQM Analyses.

(112) Shoemaker, D. P,; Garland, C. W.; Nibler, J. W, Experiments in
Physical Chemistry, 5th ed.; McGraw-Hill: New York, 1989; pp 801-827.
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(YAY = vA %5 24)

Consequently, some deterioration in convergence is observed,
especially in the later iterations of the algorithm,

Utilizing eqs 12, 14, 21, and 22, it is possible through extended
manipulations to derive the somewhat unwieldy expression for the
third derivatives of E with respect to the scale factors 7,, as
reported in the supplementary material of this paper. This ex-
pression can be incorporated in the scale factor optimization
algorithm through the application of a technique involving both
macroiterations and microiterations: (1) in each macroiteration,
E is expanded through third order by using the current 7, values
as a reference; (2) microiterations are performed according to eq
8 to yield the optimum 7, values predicted by the third-order
expansion, the gradient vector and Hessian matrices for each
microiteration being derived from the 52, Z%, and Z%¢ values at
the reference point; and (3) macroiterations and accompanying
microiterations are repeated until convergence. This method is
useful in cases where the initial guess for the scale factors is poor
or in cases where multiple solutions for the scale factors appear
in close proximity. Otherwise, the expense of generating the third
derivatives is not justified because the second-order algorithm with
the exact Hessian from eq 18 is so rapidly convergent that there
is little opportunity for improvement.

The use of eq 18 for E* rather than eq 23 engenders improved
formulas for the statistical quantities which characterize the
least-squares fit. Let »>* be the set of idealized experimental
frequencies assumed to follow the harmonic approximation exactly,
and let ¥* denote the observed experimental frequencies assumed
to be normally distributed about the »»* values. The scale factors
which exactly reproduce the idealized »?* data are symbolized
as 79, and #, denotes the maximum likelihood estimate of 79
obtained bAy minimization of E. The use of the #, values in eq
6 yields & values as estimators of »>*. The variance for the
optimum scale factors is then predicted by

s3(r,) = {(%, — 79)?) = 29(HQH),, (25)
where the matrix Q is defined as
Q=2 2 (JA)WAQIA) (26)
A

and the factor 7 is given by

—
-
=0

= N - 2tr(HQ) + tr(HQHQ)

In egs 25-27, WA is a diagonal matrix containing the weighting
factors, i.e. Wj; = wits;, &, is the final (minimized) value of E,
H is the final inverse scale factor Hessian (see eqs 10 and 18),
N is the total number of experimental data points involved in the
fit, and tr(A) denotes the trace of matrix A. The corresponding
values for the correlation coefficients r,, of the scale factors are
obtained from

(= 1)(F=13))

n (27)

(HQH)ab

v (HQH),,(HQH),,

Finally, the standard errors in the predicted vibrational frequencies
can be found from

sHwf) = (@ 194)?) = 29[(INHEH)IA)],  (29)

Equations 25, 27, 28, and 29 all reduce to conventional forms!!i112
if the approximation H =~ Q! is made, whence tr(HQ) = M =
tr(HQHQ), M being the number of unique scale factors.

Computational Details

Several basis sets were employed in this study: DZ, DZ(d), DZ(d,p),
TZ(d,p), TZ(d,p)*, TZ(2d,p), TZ(2d1f,2p1d), QZ(d,p), QZ(2d,2p), and
PZ(3d2f,2p1d). These basis sets range in number of contracted Gaussian
functions (CGFs) from 66 in the DZ case to 393 in the PZ(3d2f,2p1d)
set (vide infra Table IV). In the designation A(x,y) used to denote these
basis sets, A is descriptive of the sp basis for the molecular system,

Tab = T (r)s(ry)
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whereas x and y indicate the sets of polarization functions appended to
the carbon and hydrogen atoms, respectively. A convenient and equitable
means of describing the quality of the sp sets is afforded by the number
of contracted p functions in the carbon basis; hence, A = DZ, TZ, or QZ
in representing sets of double-{ (2p) through quadruple-{ (4p) quality.
To avoid ambiguity, the largest basis set used here, involving C(5p) sets,
is denoted as PZ, for “penta-{”.

The DZ basis is the C(9s5p/4s2p) and H(4s/2s) set of Huzinaga!!®
and Dunning,!'4!15 the hydrogen exponents being scaled by a factor of
1.2% as usual. Likewise, in the TZ and QZ cases, the carbon basis sets
are Huzinaga-Dunning (10s6p/5s3p) and (10s6p/Ss4p) contractions,
respectively.!!®!'"  For hydrogen, the TZ and QZ sets are (5s/3s) and
(6s/4s) contractions of the unscaled exponents of Huzinaga, as tabulated
respectively by Dunning''” and Allen and Schaefer.!'® In the PZ basis
set, a C(13s8p/6s5p) contraction was constructed from the primitives of
Partridge!!® according to (6,3,1,1,1,1) and (4,1,1,1,1) schemes for the s
and p functions, respectively. The same H(6s/4s) set used for the QZ
basis was also employed in the PZ case.

In the basis sets involving the DZ core, the polarization function
exponents aq(C) = 0.80 and a(H) = 0.75 were selected, which are
optimal for Hartree—Fock wave functions. The same orbital exponents
were employed in the basis denoted TZ(d,p)*, but in all other cases
correlation-optimized polarization function exponents were utilized, as
proposed by Dunning.!?® The exponents for the carbon 1d, 2d, and 3d
sets are 0.550, (0.318, 1.097), and (0.228, 0.649, 1.848), respectively,
whereas 0.76] and (0.485, 1.419) are the corresponding values for the
1f and 2f sets. In the case of hydrogen, the correlation-optimized ex-
ponents of the 1p, 2p, and 1d sets are, in order, 0.727, (0.388, 1.407), and
1.057. In all cases the d sets involved 6 Cartesian components, but the
f sets included only the 7 true spherical harmonics.

Electronic wave functions were determined in this study by the sin-
gle-configuration, self-consistent-field, restricted Hartree~Fock (SCF)
method,*'2! by the single-reference configuration interaction singles and
doubles (CISD) method,!?271?% and by perturbative methods for the in-
corporation of electron correlation, including second-, third-, and
fourth-order Moller—Plesset theory, i.e. MP2, MP3, and
MP4(SDTQ).!267'?° Extrapolation of the perturbation series to estimate
the infinite-order energy (MP®) was performed using a formula sug-
gested by Pople and co-workers.13013  Generally the carbon 1s core
orbitals were frozen in the MPn correlation treatments, unless otherwise
indicated by the designation MPn(full). In the CISD wave functions,
all of which involved the DZ(d) basis, both the carbon 1Is core orbitals
and the corresponding 1s* virtual orbitals were excluded from the active
space. The DZ(d) CISD wave functions for the planar and puckered
conformations of cyclopentene thus included 131413 and 255 181 con-
figuration state functions (CSFs), respectively.

The geometrical structures of the planar (C,,) and puckered (C,)
forms of cyclopentene were optimized at the DZ(d) SCF and DZ(d)
MP2(full) levels of theory using analytic gradient techniques. The re-
sidual Cartesian gradients were in all cases less than 107 hartree/bohr.
The Cartesian quadratic force constants of the C,, and C; structures, as

(113) Huzinaga, S. J. Chem. Phys. 1965, 42, 1293.

(114) Dunning, T. H. J. Chem. Phys. 1970, 53, 2823.

(115) Dunning, T. H.; Hay, P. J. In Modern Theoretical Chemistry;
Schaefer, H. F., II1, Ed.; Plenum: New York, 1977; Vol. 3, pp 1-27.

(116) Huzinaga, S. Approximate Atomic Functions, Department of
Chemistry Report: University of Alberta, 1971; Vol. 2.

(117) Dunning, T. H. J. Chem. Phys. 1971, 55, 716.
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randum 101044,
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Phys. 1982, 77, 5584.
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well as the analogous dipole-moment and polarizability derivatives, were
determined analytically'?2-*7 at the DZ(d) SCF level using the respective
DZ(d) SCF optimized reference geometries. In the investigation of the
ring-puckering barrier via high-level, single-point energy calculations, the
DZ(d) MP2(full) optimum geometries were employed, unless stated
otherwise. All electronic structure computations were performed with
the program packages PSI'* and GAUSSIAN90.'**

All normal coordinate analyses, including IR and Raman intensity
determinations, were performed in conjunction with the SQM procedure
as implemented in the program INTDER.'® The normal modes were
characterized in internal coordinates by the total energy distribution
(TED) method advocated by Pulay and Torék.'*! The final IR inten-
sities were computed in the double-harmonic approximation'4%'4* by
projecting the DZ(d) SCF Cartesian dipole-moment derivatives onto the
corresponding normal-mode eigenvectors arising from the scaled quad-
ratic force constants. In a similar fashion, the DZ(d) SCF polarizability
derivatives were used in the prediction of Raman scattering activities (R))
and depolarization ratios (p,) from well-known formulas!*%!** involving
derivatives of the trace and anisotropy of the polarizability tensor with
respect to the normal coordinates @, While the quantitative prediction
of infrared and Raman intensities usually requires much larger basis sets
than DZ(d) and perhaps some inclusion of electron correlation,' the
qualitative utility of moderate-basis SCF intensity predictions in assigning
experimental spectra is well documented.*5-52

The SQM analysis involved several sequential steps (1-6) as outlined
below. (1) DZ(d) SCF reference geometries were selected for the com-
putation of the unscaled, ab initio force constants to avert ambiguities
arising from the presence of nonzero forces.’%¢* (2) An appropriate set
of internal coordinates was constructed,*! as listed in Table I. Chemi-
cally similar coordinates were partitioned into one of ten sets to which
variable scale factors were ascribed, as detailed in Table II. (3) Corre-
spondences between unscaled ab initio frequencies and experimental band
origins were established for the d, and dy isotopomers, by taking into
account not only the expected 8-13% errors in the SCF frequencies but
also previous experimental assignments,!®!* IR and Raman intensity data,
predicted and observed depolarization ratios, isotopic substitution data,
and the correlation of experimental band shapes to the symmetry species
of the ab initio normal modes. Initial values for the optimum scale
factors were estimated from those correspondences which were un-
equivocal. (4) The initial scale factors were employed in a normal co-
ordinate analysis to make preliminary assignments of the spectra of the
d, and d, species. In this way a total of 66 conclusive assignments were
found for the four isotopomers in which the scaled ab initio results
matched those of VLBH.!%!° (5) A first refinement of the scale factors
was performed via a least-squares fit to the 66 frequencies identified
above. The fundamental frequencies and normal modes, IR and Raman
intensities, and depolarization ratios calculated using the refined scale
factors were then compared with experimental data to make additional
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H¢ p=234° H,
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Figure 1. DZ(d) MP2(full) geometrical structures for cyclopentene. For
the puckered conformation p is the 1-5-3-4 dihedral puckering angle,
and v is the out-of-plane bending angle for the vinyl hydrogens.

planar (Cy,)

assignments. At this point only 20 of the 132 normal modes of the four
cyclopentene isotopomers were left without experimental frequency as-
signments. (6) A second, final refinement of the scale factors was per-
formed using the expanded list of 112 experimental fundamentals. The
final normal coordinate analysis was then used to predict the positions
of the remaining, unassigned bands. In all SQM fits, the weighting
factors, wf, in eq 7 were made proportional to (v})!,

In Table II the optimized values of the scale factors are listed along
with statistical data for the SQM fit, the error analysis being performed
with the improved formulas (eq 25-29) reported above. The scale factors
lie in the expected range,*s? viz. from 0.74 to 0.89, and the standard
errors are remarkably small, less than 0.02 in all cases. The correlation
coefficients (r,,) reveal small covariances among the variable scale fac-
tors; the value of —0.44 for the correlation between the CH, wags and
the CC stretches is the largest by far. Because the overestimation of
quadratic force constants by Hartree~Fock theory typically increases with
increasing bond order, it is not surprising that the scale factor for the
C=C stretch is substantially smaller than those for the C—C and C—H
stretches. Note that three of the four types of CH, bends are assigned
to a single scale factor of 0.7960, whereas the CH, wags correspond to
a separate factor of 0.7548. This choice is based on data from prelim-
inary SQM refinements, which revealed that separate scale factors for
the twists, rocks, and scissors are unnecessary but that inclusion of the
CH, wags into this group significantly deteriorates the fit. Because the
ring puckering mode is highly anharmonic, the scale factor for S,, must
be considered phenomenological in nature.

Ring-Puckering Inversion Barrier

Geometric structural parameters for the planar (C,,) and
puckered (C;) forms of cyclopentene are listed in Table III and
depicted in Figure 1. In order to compare the DZ(d) SCF and
MP2(full) results with the electron diffraction data of Davis and
Muecke, several constraints imposed during the GED refinement
procedure should be highlighted: the equivalency of all C—H
bond lengths; the coplanarity of the substituent atoms about the
C==C bond; the coincidence of the bisectors of the HCH and
adjacent CCC angles; and the perpendicularity of corresponding
HCH and CCC planes. The present theoretical results show that
these assumptions hold rather well. For example, in the C;
structure the vinyl hydrogens are bent out of plane in the opposite
direction of the puckering of the ring, but only by ca. 2° (see
Figure 1); moreover, the C-H bond lengths cluster within a
0.011-A range, variations which cannot be detected in GED
analyses. The difference between the two C—C single bond lengths
is observed experimentally to be 0.025 A (with an uncertainty of
about the same magnitude), which is comparable to the DZ(d)
SCF and MP2 values of 0.033 and 0.034 A, respectively. The
agreement between the GED and DZ(d) MP2 carbon—carbon
Rond lengths is particularly good, the largest difference being 0.007

The most important structural parameter, the puckering angle
p, was measured to be 28.8 (25)°, a value somewhat higher than
the DZ(d) SCF and MP2 values of 20.4° and 23.4°, respectively.
However, this angle is likely to be sensitive to the structural
constraints employed in the GED refinement. Thus, we regard
the most recent empirically-based proposal®? of p = 25.4 £ 1°
to be more reliable, consistent with the optimum puckering angle
(26°) in the two-dimensional potential surface of Laane and
co-workers.2® In this case the DZ(d) MP2 value for p would be



Table I. Definition of Internal Coordinate Set for Cyclopentene®

coordinates description coordinates description
A(A) . .
S, =r(1,2) C==C stretch S; = ¢V [a(5,4,3) + aa(4,5,]) + aa(4,3,2) + ba(5,1,2) + ring bending
S, = 2712[r(1,5) + r(2,3)] C—C stretch ba(3,2,1)] )
S; = 2712[r(5,4) + r(3,4)] C—C stretch S = 2712[B(2,1,6) + B(1,2,7)] CH sym in-plane bend

S, = 22[1(6,1) + 1(7,2)]

S = 2712[1(11,4) + £(10,4)]

S = 2711(13,5) + 1(9,3) + £(12,5) + 1(8,3)]

S = 2712(13,5) — £(9,3) - £(12,5) + #(8,3)]

Sy = ¢12[br(1,5,4,3) + b7(2,3,4,5) + ar(2,1,54) +

ar(1,2,3,4) + 7(5,1,2,3)]

Sy = 27[8(5,4,11) - B(3,4,11) - B(5,4,10) + 5(3,4,10)]

Sp; = 2712[1(11,4) - 1(10,4)]
Siy = 27'[1(13,5) + #(9,3) — 1(12,5) - 1(8,3)]

Su=d"?(a-b)7(1,23,4) - (a-b)7(2,1,54) +

(1-a)7(2,3,4,5) — (1 - a)7(1,5,4,3)]

Sis = 27'[8(5,4,11) + 8(3.4,11) - B(5,4,10) — $(3,4,10)]

Sas = 2712[r(1,5) - (2,3)]
Sy = 2712[#(5,4) - r(3,4)]
Sy = 272[1(6,1) — 1(7,2)]

274#(13,5) - 1(9,3) + 1(12,5) - 1(8,3)]

S28

(1 - @a(51,2) - (1 - @)a(3,2,1)]

d'2[(a - b)a(4,5,1) - (a - ba(4,3,2) +

C—H sym stretch
B-CH, sym stretch
a-CH, sym stretch

a-CH, asym stretch
ring twisting

B-CH, twist

B-CH, asym stretch
a-CH, asym stretch
ring puckering

$-CH, rock

C—C stretch
C—C stretch
C—H asym stretch
a-CH, sym stretch
ring shearing

S, = 27B(5,4,11) + B(3,4,11) + B(5,4,10) + B(3,4,10)]

S0 = 871/2(8(4,5,13) + B(4,3,9) + B(4,5,12) + $(4,3.8) +
B£(1,5,13) + £(2,3,9) + £(1,5,12) + £(2,3.8)]

S, = 871/2[8(4,5,13) + B(4,3,9) + B(4,5,12) + B(4,3,8) -
B8(1,5,13) - B(2,3,9) - 8(1,5,12) - $(2,3.8)]

A,(A”)
S,, = 8712[8(4,5,13) - (4,3,9) — B(4,5,12) + B(4,3,8) -
8(1,5,13) + 8(2,3.9) + 8(1,5,12) — $(2,3.8)]
S, = 871/2[8(4,5,13) - B(4,3,9) — B(4,5,12) + B(4,3,8) +
B(1,5,13) — B(2,3,9) — 5(1,5,12) + 8(2,3.8)]
Sye = 27M2[4(6,1,2,5) - ¥(7,2,3,1)]

B,(A)
S = 87/2[8(4,5,13) + B(4,3,9) — B(4,5,12) - B(4,3.8) -
B£(1,5,13) - 8(2,3,9) + £(1,5,12) + £(2,3.8)]
Sy, = 8712[8(4,5,13) + B(4,3,9) - B(4,5,12) - B(4,3.8) +
B8(1,5,13) + 8(2,3,9) — B(1,5,12) - B(2,3,8)]
Sis = 27V2[4(6,1,2,5) + v(7,2,3,1)]

By(A")
Sy = 27V3[8(2,1,6) — 8(1,2,1)]
S, = 27V[B(5,4,11) - B(3,4,11) + B(5,4,10) - B(3,4,10)]
Sy, = 8712[B(4,5,13) — B(4,3.9) + B(4,5,12) — B(4,38) +
8(1,5,13) - B(2,3,9) + 8(1,5,12) - B(2,3,8)]
Sy = 871/2[8(4,5,13) - £(4,3,9) + B(4,5,12) - B(4,3.8) —
B(1,5,13) + 8(2,3,9) - B(1,5,12) + B(2,3.8)]

B-CH, scissor
a-CH, scissor

a-CH; wag

a-CH, twist
a-CH, rock

CH out-of-plane bend

a-CH, twist
a-CH, rock

CH out-of-plane bend

CH asym in-plane bend
B-CH, wag
a-CH, scissor

a-CH, wag

4 The following notation has been used: (7)) = C~C; bond distance; 1(i,j) = H,~C; bond distance; a(i,j,k) = C~C;-C; bond angle; B(#,j,k) = C~C;~H, bond angle; 7(ij,k./)
= C~C;-C,~C, torsion angle; v(ij.kd) = H~C; out of C;~Cy~C; plane angle; a = cos 144° = —0.8090 and b = cos 72° = 0.3090; ¢ = [1 + 24> + 2b} and d = [2(a - b)* + 2(1
- a)?] are normalization factors. See Figure I for numbering of atoms.

Table II. Optimized Values (r,) and Statistics of SQM Fit for Scale Factors of Cyclopentene®

correlation coefficients (r,,) for b =

a T, description connected coordinates® a 1 2 3 4 5 6 8 9
1 08148 (16) C—H stretch S4=S6 S12, S130 S190 827, Se

2 0.8818 (78) C—C stretch S5, 83, Sas, S 2 -0.0071

3 0.7738 (71) C=C stretch S, 3 -0.0293 -0.1211

4 0.8509 (148) ring bend S7, Sy 4 -0.0084 -0.1276 -0.0417

5 0.7960 (32) CH, twist, rock, scissor Sy, Sy5, S15=S17, $21=S23, S 5 0.0018 -0.0939 0.0207 -0.2175

6 0.7548 (68) CH, wag St Sap, Sy 6 0.0018 —0.4358 0.0681 0.0292 -0.0287

7 08228 (92) CH in-plane bend 8y D30 7 00045 -0.1665 -0.1177 -0.1442 0.0080 -0.1557

8 0.7914 (113) CH out-of-plane bend S1gs S24 8 0.0023 0.0138 0.0186 —0.2617 -0.2015 0.0077 0.0041

9 0.7444 (199) ring pucker S 9 -0.0028 0.0028 —0.0012 0.0159 -0.0474 0.0013 —0.0007 —0.0120
10 0.8532 (131) ring twist S 10 -0.0003 0.0093 -0.0003 -00119 -0.0995 0.0012 0.0029 0.1407 -0.0001

¢The standard errors are included in parentheses after the optimized values of the scale factors. The diagonal elements of the correlation matrix are r,, = 1 by definition. *Defined in
Table I.
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Table III. Geometrical Structures for Cyclopentene?
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planar (Cy,)

puckered (C,)

DZ(d) DZ(d) DZ(d) DZ(d)
coordinate SCF MP2 (full) SCF MP2 (full) expt?

r1,2) 1.3232 1.3464 1.3243 1.3483 1.341
(1,5 = H(2,3) 1.5109 1.5109 1.5133 1.5137 1.519
r(5.4) = r(3.4) 1.5519 1.5557 1.5460 1.5479 1.544
16,1) = 1(1,2) 1.0765 1.0904 1.0763 1.0902 (1.096)
1(11,4) 1.0835 1.0966 1.0840 1.0972 (1.096)
1(10,4) 1.0835 1.0966 1.0845 1.0979 (1.096)
1(13,5) = 19,3) 1.0864 1.0996 1.0878 1.1013 (1.096)
1(12,5) = 1(8,3) 1.0864 1.0996 1.0856 1.0985 (1.096)
a(5,4,3) 106.75 106.93 105.72 105.55 104.0
a(4,5,1) = a(4,3,2) 103.88 104.09 102.93 102.85 103.0
a(5,1,2) = a(3,2,1) 112.74 112.44 112.14 111.65 111.2
8(2,1,6) = 8(1,2,7) 124.71 124.63 124.90 124.87 121.8
8(5.4,11) = B(3,4,11) 110.83 110.68 112.57 112.42
8(5,4,10) = 8(3,4,10) 110.83 110.68 109.29 109.19
8(4,5,13) = 8(4,3,9) 112.03 111.93 111.95 111.62
8(4,5,12) = B(4,3.8) 112.03 111.93 112.24 112.16
8(1,5,13) = 8(2.3,9) 111.23 111.01 110.34 110.25
8(1,5,12) = 8(2,3.8) 111.23 111.01 112.68 112.73
7(1,2,3,4) = -1(2,1,5,4) 0.00 0.00 12.47 14.26
7(2.3,4,5) = -1(1,5.4,3) 0.00 0.00 -19.34 -22.23
p = 180° + 7(1,5,3,4) 0.00 0.00 20.4 23.4 28.8
v(6,1,2,5) = v(1,2,3,1) 0.00 0.00 -1.65 -2.30 0.0
total energy -194.00154 -194.69622 -194.00206 -194.69703

*Bond distances in A, angles in deg, total energies in hartree. See footnote a of Table I for coordinate definitions. The dihedral puckering angle
is denoted by p. ®See column ¢ of Table I of ref 36. For standard error estimates of the reported parameters see the original publication. As
highlighted by parentheses, all C-H distances were constrained to be equivalent in the GED analysis.

in error by only 2°, an assertion supported by additional structural
predictions at the TZ(d,p) MP2 level.'® A state-of-the-art
electron diffraction study is needed to resolve this issue by in-
corporating technological advances of the past 20 years as well
as the spectral and structural data reported here.

Total energies of the planar and puckered forms of cyclopentene
at various levels of theory are tabulated in the supplementary
material (Table X). The difficulty of predicting the puckering
inversion barrier first becomes apparent from the total energies
obtained at the DZ(d) SCF optimum geometries. The corre-
sponding DZ(d) SCF and CISD barrier heights are found to be
only 112.2 and 125.1 em™, respectively, and addition of the
Davidson correction!?® to the CISD results actually shifts the
barrier back to 116.3 cm™, i.e. very close to the SCF prediction.
Furthermore, appending p functions to the hydrogen atoms yields
a barrier of 106.9 cm™ at the DZ(d,p) SCF level. Ostensibly these
results show that the barrier height is insensitive to both basis set
and electron correlation. Because the DZ(d) basis is usually quite
reliable in predicting geometrical structures and conformational
energy differences, the discrepancy of over 100 cm™ with the
experimental barrier (232 cm™) initially proved to be a nonplussing
phenomenon.

More detailed studies of the puckering inversion barrier using
DZ(d) MP2(full) reference geometries are summarized in Table
IV. Note that the SCF and MPn energies obtained with the DZ
basis at these reference structures erroneously place the planar
conformation below the puckered form. With all other basis sets
the predictions are qualitatively correct, but at the SCF level a
quantitative underestimation of the barrier height is seen to persist
even in the Hartree-Fock limit. In particular, expansion of the
basis past TZ(2d,1p) does not alter the inversion barrier more
than 3 cm™, and the anomalously small 94.5-cm™ result obtained
with the PZ(3d2f,2p1d) basis, which consists of 393 CGFs, is
surely near the HF limit for the chosen reference geometries. The

(150) A reoptimization of the C,, and C; structures at the TZ(d,p) MP2
level resulted in a puckering angle of 26.8° and an inversion barrier of 330
cm'. Thus, a 3.4° increase in the puckering angle from the DZ(d) MP2
reference geometry is accompanied by a 19-cm™! increase in the barrier height.
Both of these shifts should represent upper bounds on the variations at even
higher levels of theory because the TZ(d,p) MP2 method significantly over-
estimates the inversion barrier. See Table XIII of the supplementary material
for a tabulation of the TZ(d,p) MP2 structural parameters.

Table IV. Theoretical Data for the Ring-Puckering Inversion Barrier of
Cyclopentene®?

SCF MP2 MP3 MP4 MPo
DZ (66) -11.6 -80.5 -111.9 -111.5
DZ(d) (96) 94.6 (112.1) 1599 [177.1] 1008 1209 120.5
DZ(d,p) (120) 88.4 147.7 746  96.3
TZ(d,p)* (148)  118.7 319.8
TZ(d,p) (148) 113.2 310.8 [309.5] 2138 252.6 253.0
QZd,p) (171) 115.9 317.1 [321.5]
TZ(2d,1p) (178)  95.5 262.7 1718

QZ(2d,2p) (225)  92.6 285.4

TZ(2d11,2pld) 95.3 2928
(285)

PZ(3d2f,2pld) 94.5 275.4
(393)

final proposal for bare barrier height: 235 % 20 cm™!

°The values reported, all in cm™, were obtained from single-point energy
calculations performed for the planar (C,,) and puckered (C,) forms of cy-
clopentene at the respective DZ(d) MP2(full) geometries. For each basis
set the total number of contracted Gaussian functions (CGFs) is listed in
parentheses. ® The inversion barriers listed in parentheses were obtained at
the respective optimum geometries. The values reported in square brackets
refer to calculations in which no orbitals were frozen.

first direct indication of the substantial contribution due to electron
correlation is seen in the DZ(d) MP2 result of 159.9 cm™!, but
as the higher-order correlation contributions are included with
this basis, an oscillation in the predictions occurs and convergence
appears to be reached at a value of only 120 cm™!. Therefore,
even at the DZ(d) MP4(SDTQ) level of theory, the inversion
barrier is only half as large as the experimental value. As indicated
by the DZ(d,p) MP2-MP4 entries in Table IV, this discrepancy
is not resolved by the inclusion of p functions on the hydrogen
atoms,

The inadequacy of the DZ(d) and DZ(d.p) MP2-MP4 levels
of theory in predicting the puckering inversion barrier is rooted
in the deficiency of the double-{ sp basis for the carbon atoms.
Indeed, the TZ(d,p)* MP2 barrier (319.8 cm™) is twice as large
as the analogous DZ(d) and DZ(d,p) values! The use of corre-
lation-optimized exponents via the TZ(d,p) basis does not change
the TZ(d,p)* MP2 result significantly, nor does the additional
sp flexibility contained in the QZ(d.p) basis. These observations
notwithstanding, the TZ(d,p) and QZ(d,p) MP2 predictions are
not fully converged values. The second set of carbon d functions
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gives rise to a TZ(2d,1p) MP2 barrier of 262.7 cm™!, whereas
further addition of a set of carbon f functions and hydrogen p and
d orbitals yields a TZ(2d1f,2p1d) MP2 prediction of 292.8 cm™.
As gauged by the final PZ(3d2f,2p1d) energies, the MP2 basis
set limit for the puckering inversion barrier appears to be 275 =
15 cm™.

A final proposal for the barrier height can be derived from the
prediction at the TZ(d,p) MP4 level of theory, which is the most
computationally intensive procedure listed in Table IV. The
computed barrier heights in the TZ(d,p) perturbation series are
observed to oscillate as before, but the MP= extrapolation estimate
of 253 cm™ is essentially the same as the directly determined MP4
value. In comparing analogous results in the DZ(d) and TZ(d,p)
MPn series, it appears that basis set effects on the inversion barrier
are very similar at the MP2 and MP4 levels; specifically, the MP4
shift in going from DZ(d) to TZ(d.p) is about 90% of the MP2
value. Further evidence for the similarity of basis set effects across
the MPn series is gained by comparing the differences in the
TZ(2d,1p) and TZ(d,p) inversion barriers at the MP2 and MP3
levels. The MP2 shift is -48 cm™, whereas the MP3 result is -42
cm!. Therefore, a correction due to basis set incompleteness of
roughly =30 cm™ is suggested for the TZ(d,p) MP4 barrier as
a consequence of the TZ(d,p) and PZ(3d2f,2p1d) MP2 deter-
minations. Further relaxation of the C, and C,, reference geom-
etries at higher levels of theory should increase the barrier by
10-20 cm™, insofar as higher inversion barriers are associated
with larger puckering angles and p is expected to increase by no
more than 3°.1%° Finally, the correction due to the frozen-core
approximation appears to be negligible. The DZ(d) MP2(full)
barrier is 17 cm™ higher than its frozen-core counterpart, but this
increase is reduced to less than 4 cm™ if the more flexible TZ(d,p)
and QZ(d,p) basis sets are employed. It seems that the more
complete the one-particle basis becomes, the less the effect of
unfreezing the core in the n-particle space. In summary, con-
sideration of the effects of basis set incompleteness, geometry
relaxation, and frozen-core restrictions on the TZ(d,p) MP4 result
engenders a final proposal of 235 £ 20 cm™ for the bare puckering
inversion barrier height in cyclopentene.

While the final theoretical proposal for the inversion barrier
appears to be in near perfect agreement with experiment; a direct
comparison of these results is somewhat specious. The basic
assumption behind experimental determinations of ring-puckering
inversion barriers by spectroscopic methods!? is that the large-
amplitude motions can be separated from the other vibrational
modes by a sudden/adiabatic approximation. It is known that
this separation may not always be valid.!*>!4¢ For example, in
the case of cyclobutane, Kuchitsu and co-workers!# demonstrated
that while a one-dimensional potential gives a ring-puckering
barrier of about 510 cm™,'4-14 a more elaborate two-dimensional
model accounting for the coupling between the ring-puckering
and CH,-rocking motions yields a significantly lower barrier of
449 (9) cm™.

As described in the Introduction, several one- and two-di-
mensional models have been constructed empirically for cyclo-
pentene, and in contrast to cyclobutane!#® the resulting puckering
inversion barriers are very similar, the range being 230-240 cm™!
with most published values lying near 232 cm™. Nevertheless,
our SQM data reveal that the coupling with zero-point vibrational
motions of higher frequency modes produces a significant con-
tribution to the effective barrier height for ring puckering. Of
the 32 vibrational modes which complement the ring-puckering
motion in cyclopentene-d,, the frequencies of nine change more
than 10 cm™ in going from the puckered to planar conformations.
The largest shifts of +93.2, -46.3, and —-40.3 cm™ occur, in order,
for vy, v16, and »;s (see Table V below). Despite substantial
cancellations among the frequency shifts, nonnegligible C; — C,,
changes of +25.4, +24.7, +21.0, and +16.0 cm™! occur for the
total zero-point vibrational energies of the complementary modes
of cyclopentene-d,, -1-d,, -1,2,3,3-d,, and -ds, respectively. For
these four isotopomers Laane and co-workers!4 !¢ report vi-
brationally-adiabatic barrier heights of 233, 231, 224, and 215
cm™ for the effective one-dimensional puckering potentials. After
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applying the ZPVE corrections listed above, values of 208, 206,
203, and 199 cm™! are found for the respective bare puckering
inversion barriers. Note that the range of isotopic dependence
in the empirically-derived barrier heights is cut in half merely by
including changes in the zero-point vibrational energies of the
complementary modes. In contrast, Laane et al.2® have accounted
for this isotopic dependence by using a two-dimensional model
of ring puckering and twisting with no consideration of ZPVE
in complementary modes. As stated several times above, the
barrier height in the resulting two-dimensional potential is 232
cm™!, and thus the shifts upon inclusion of ring twisting in the
determination of the puckering inversion barrier are -1, +1, +8,
and +17 cm™ respectively for the dy, d,, d,, and d; isotopomers.
Such shifts are at variance with the differences in the zero-point
energies of the twisting modes in the planar and puckered forms,
these differences lying uniformly in the range +6 to +8 cm™!
according to the SQM data. These results highlight the impor-
tance of high-quality analyses of the vibrational spectra of iso-
topomers used in determinations of experimental barrier heights.

In summary, zero-point vibrational effects lead to minor in-
consistencies in the empirical determination of the puckering
inversion barrier of cyclopentene. The SQM vibrational analysis
reported here suggests that the bare inversion barrier may be
20-30 cm™! smaller than the 232-cm™ barrier present in the
two-dimensional potential surface of Laane and co-workers.® In
any event the agreement between experiment and our final the-
oretical proposal of 235 + 20 cm™ must be considered satisfactory.

Vibrational Spectrum

In Tables V-VIII complete vibrational assignments and final
SQM frequency, intensity, and depolarization data are presented
for cyclopentene-d, -1-d;, -1,2,3,3-d,, and -dg. Only the exper-
imental band origins judged to be the most reliable are listed
therein; a complete tabulation of available experimental data is
given elsewhere 1% At the DZ(d) SCF reference geometry which
was used in the SQM analysis, cyclopentene is puckered by 20.4°,
so the dj; and d; isotopomers possess a o(xz) plane of symmetry
and belong to the C, point group, while the d, and d, species have
no symmetry (see Figure 1). However, because the carbon
framework is not far removed from planarity, most of the normal
coordinates approach higher symmetry, either C,, or C,, the ad-
ditional plane of symmetry being ¢(yz) in both cases.!! In fact,
by performing the vibrational analyses with the symmetry-adapted
C,, internal coordinates defined in Table I, it is possible to un-
ambiguously assign an irreducible representation of higher sym-
metry to almost all of the normal modes of the four isotopomers,
as shown in the second column of Tables V-VIII. The complete
set of SQM quadratic force constants for the puckered confor-
mation of cyclopentene, as evaluated in this internal coordinate
representation, appears in Table IX. The corresponding force
constants for the planar conformation are tabulated as supple-
mentary material (Table XI) along with the full list of C, = C,,
frequency shifts for the four isotopomers (Table XII).

The reproduction of the vibrational spectra of the cyclopentene
isotopomers by the SQM force field is remarkable. Only about
half of the ab initio frequencies were fitted to experimental values
in the initial SQM refinement, but nearly all of the vibrational
frequencies and intensities obtained with the resulting scale factors
compared remarkably well with the experimental spectra. In-
dicative of the quality of the first set of scale factors is the fact
that in the second, final refinement no computed frequency
changed by more than 4 cm™. The positions of the 112 observed
bands included in the final SQM refinement were predicted with
a mean absolute percentage deviation of only 0.6% by using only
10 variable scale factors in conjunction with the DZ(d) SCF force
constants. The fit to the C-H and C-D stretching fundamentals
is not as good as in the other regions of the spectra; as expected,*
the errors appear to be systematic: the scaled C-H stretching

(151) Note that in ref 16 the carbon ring of planar cyclopentene is assumed
to lie in the xz rather than the yz plane. Thus, the symmetry species b, and
b, in the C,, point group are reversed therein with respect to the convention
used here.
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Table V. Vibrational Assignments for Cyclopentene-d,

Allen et al.

description of v v w infrared Raman

normal mode symmetry® (expt)® (SQM) (SCF) intensity* intensity? o° total energy distribution’
CH sym stretch v (a;,a’)  3070* (R, s) 3071 3402 33.0 (0.32) 137.5 (0.80) 0.137 S,(99)
CH asym stretch vy9 (by, @) 3068* (IR, s) 3046 3374 14.3 (0.14) 63.8 (0.37) 0.750 S;,(100)
8-CH, asym stretch  », (by, 2')  2963* (IR, 5) 2969 3289 938 (091)  63.7(0.37) 0739 S,,(87) + S,5(13)
a-CH, asym stretch  »; (b;, a")  2933* (IR, s) 2939 3256 71.0 (0.69) 117.0 (0.68) 0.012 S,3(49) — S5(28) — S¢(17) — S,5(5)
a-CH, asym stretch  vg0 (a5, 27)  [2929] (R, 5) 2036 3252 30.2(0.29)  114.0 (0.66) 0.750 S;5(89) - Sa(11)
B-CH, sym stretch vs (a;,a’)  2903* (IR, s) 2920 3235 32.2 (0.31) 92.3(0.54) 0.205 Ss(64) + 5,5(28) - 5,,(7)
a-CH, sym stretch vy, (by, 2”) [2877) (R, m) 2897 3209 1028 (1.00)  38.1 (0.22) 0.750 Sye(89) + S,s(11)
a-CH, sym stretch  vs (a,, 2')  2857* (R, 5) 2896 3208 30.1 (029)  171.5(1.00) 0.135 S¢(83) + S,3(10) - S5(7)
C=C stretch v (2, 2")  1617* (R, 5) 1621 1828 401 (0.04) 332(0.19) 0.192 S$,(77) - S5(10) - S,(6)
a-CH, scissor v (a,2’)  1473* (R, m) 1482 1659  0.68 (0.01)  5.48 (0.03) 0.740 S,0(56) + Se(40)
a-CH, scissor vy (by 2”) [1459] (IR, m) 1467 1638 041 (0.00)  8.10 (0.05) 0.750 S3;(89) - Sxs(4)
B-CH, scissor vg (a;, a’) 1448* (R, m) 1455 1625 1.05 (0.01) 14.0 (0.08) 0.694 S;(52) — S,4(37) + S5(10)
CH in-plane bend vy (b 2”) 1353* (IR,m) 1370 1515 1.93(0.02)  0.15(0.00) 0.750 S3o(67) + Sa5(18) — S5,(8) + Ssp(4)
a-CH, wag vy (a,,a’) 1302* (R, m) 1310 1479 0.002 (0.00) 2.23 (0.01) 0.200 S,,(67) + S,(15) — S5(10)
8-CH, wag v (b 2”) 12901 (IR, m) 1295 1460 073 (0.01)  0.71 (0.01) 0.750 S3,(36) — Sy(16) + Sy3(15) — Sp(12)
a-CH, wag vas (by, 2”7) 1268 (IR, m) 1260 1433 1.68 (0.02)  0.20 (0.00) 0.750 S5,(49) - S3,(27) - S3(19)
-CH, twist v (ap 2”) [12247) (IR, m) 1215 1353  0.080 (0.00)  6.32 (0.04) 0.750 Sy(53) — Sye(15) - Sp(13) - Sxs(7)
a-CH, twist o (b, 2") 1207* (IR,m) 1201 1346  1.73(0.02)  8.56 (0.05) 0.691 S,¢(77) - Sy5(14) + Sr(4)
a-CH, twist vy (ap a”) 1128" (IR, w) 1122 1256 1.74 (0.02) 1.31 (0.01) 0.750 S5,(67) + 53,(12) — 8,3(10) — S3(6)
CH in-plane bend vy (a5, 2")  1109* (R, s) 1103 1221 0.14 (0.00) 22.5(0.13) 0.455 Sg(81) + 5,(12)
a-CH, rock vp (by, 2")  1047* (IR, 5) 1047 1175 115 (0.11) 281 (0.02) 0.225 S,7(48) — S;5(21) - S5(14) - S,e(11)
C—C stretch vys (by, @) [1030] (IR, m) 1023 1123 2.12 (0.02) 8.15 (0.05) 0.750 S3(39) + 533(24) + 5;,(16) — S35(8)
C—C stretch v (2, 2")  962* (R, 5) 958 1042 236 (0.02) 132 (0.08) 0.128 S,(66) - S,,(19) + S,(9)
CH out-of-plane bend vy (ay, 27) ? 953 1076  0.065(0.00)  4.67 (0.03) 0.750 S34(108) — Sy(-14)
C—C stretch vy (b3, @) [906] (IR, m) 909 987 10.2 (0.10) 0.20 (0.00) 0.750 S,5(58) — S35(12) + Sy(11) — S53(6)
C—C stretch vi4 (a5, 2") 896* (R, s) 903 970 0.49 (0.00) 15.8 (0.09) 0.081 S3(77) + S,,(7) + S4(6)
a-CH, rock vy, (ay @) 879¢ (R, m) 874 965 0.97 (0.01) 0.97 (0.01) 0.750 S,3(60) + S3,(13) + S,6(10) + Sy(8)
8-CH, rock vs (b, a’)  [800] (R, vw) 802 888 1.37 (0.01) 1.26 (0.01) 0.643 S,5(37) — S5(22) + S,(16) - S,5(7)
ring shearing v (b, 2”) [7837) (R,vw) 772 836  0.63(0.01)  3.32(0.02) 0.750 Sy(81) - Sx(10)
CH out-of-plane bend »,4 (b;, a’) 695* (IR, s) 701 782  43.3(0.42) 2.24 (0.01) 0.676 S4(64) — S$7(20) — Si6(5) + S,7(4)
ring bending v (ay, 2°) 593t (IR, m) 599 662  14.3 (0.14) 1.80 (0.01) 0.749 S,(40) + §,7(24) + S,5(18) + S;5(14)
ring twisting vy (2, 2”) 390* (R, w) 387 419 0024 (0.00)  5.83 (0.03) 0.750 Sy(98) — Sy(-11) - Sp(11)
ring puckering v (b, 2")  127* (IR, vw) 130 150 0.8 (0.00)  0.61 (0.00) 0.648 S,,(94)

¢The normal coordinates belong to the C; point group, but because the carbon framework is nearly planar, the approximate C,, species of each normal mode
is also listed. ®The experimental wavenumbers were taken from ref 16 unless indicated by brackets as values from ref 19. Those frequencies which were
included in the first refinement of the scale factors are denoted with asterisks. Assignments for which a significant degree of uncertainty exists are highlighted
by question marks; these bands were not included in the SQM fits for the scale factors. Some frequencies from ref 16 which were retained in the SQM analysis
required qualitative reinterpretation, as denoted by the symbol ¥. The origin of each selected experimenta]l wavenumber (IR = infrared, R = Raman) is also
listed along with its relative intensity (s = strong, m = medium, w = weak, vw = very weak). ¢Computed infrared intensities in km/mol. Relative intensities
shown in parentheses. ¢ Computed Raman scattering activity in A4/amu. Relative values shown in parentheses. ¢Raman depolarization ratio. /Determined
via eq 32 of the text. Each entry is listed as S/(n), where n = 100[TED]%. The signs preceding these entries denote the relative phases of the internal
coordinates in the normal-mode eigenvectors. ¢Experimental value not inCluded in either preliminary or final refinement of the scale factors.

frequencies tend to be too high, and the scaled C-D stretching
frequencies too low. The source of these errors is the substantial
anharmonicity of these vibrations, which is brought into promi-
nence by the large ratio of the reduced masses (u) for C-H and
C-D bond stretching. Specifically, the anharmonic contributions
to the stretching fundamentals vary as u! rather than as u~/2,
as in the case of the harmonic frequencies. Thus the sizeable
anharmonicities in the C-H and C-D stretches constitute sig-
nificantly different percentage contributions to the fundamental
frequencies, an occurrence which cannot be accounted for fully
by computing harmonic frequencies with a single C-H stretch
scale factor in the SQM procedure.

An integral part of the vibrational assignment tables is com-
prised of the total energy distributions (TEDs), by which the
normal vibrations are characterized both qualitatively and
quantitatively. The kinetic and potential energy distributions of
normal vibration k among the internal coordinates i can be de-
termined according to!4!152-154

[KED]f = ;(LikG;lejk) (30)

and

[PED]} = Zj:(LikFiijk)/ A (€Y
where the familiar L, G, and F matrices are the same as those
in eqs 2-4 above, and A\, denotes the vibrational eigenvalues
appearing in eq 5. It can be readily shown!#! that the KED and

(152) Torkington, P. J. Chem. Phys. 1949, 17, 347.
(153) Morino, Y.; Kuchitsu, K. J. Chem. Phys. 1952, 20, 1809.
(154) Taylor, W. J. J. Chem. Phys. 19558, 23, 1780.

PED matrices defined in this manner are, in fact, identical, thus
giving rise to a composite, total energy distribution matrix which
can be computed from the L tensor alone:

[TED)f = Ly Ly} (32)

The sum of the [TED]# values for any mode k must equal 1, which
facilitates the interpretation of these elements as fractional con-
tributions to the total vibrational energy. Nevertheless, because
off-diagonal interaction terms are included in the sums appearing
in eqs 30 and 31, the [TED]¥ elements may occasionally be
negative, such as in cases where a positive, diagonal force constant
for an internal coordinate is small and associated negative coupling
constants are relatively large. As seen in Tables V-VIII, the ring
twisting mode is the only one in cyclopentene for which a sizeable,
negative TED element occurs consistently. Some authors choose
to characterize normal modes by a simplified PED analysis in
which the off-diagonal force constants and the A, denominators
in eq 31 are omitted. In our experience this method generally
gives results quite similar to eq 32. However, for the ring-
puckering mode of cyclopentene, the TED method appears to be
superior in that 94% of the vibrational energy is ascribed to
coordinate Sy, (cf. Tables I and V-VIII), as opposed to only 68%
in the simplified PED analysis.

The infrared and Raman intensities presented in Tables V-VIII
were evaluated on the basis of the scaled quadratic force field
of puckered cyclopentene. In most cases the scaling procedure
caused only insignificant changes in the predicted intensities. The
C-H and C-D stretching intensities varied by no more than 1%
upon scaling, and changes of approximately 10-20% were common
for the other modes. For several relatively weak bands, the
computed intensities underwent large percentage changes upon
scaling which did not, however, alter their magnitudes qualitatively.



Table VI. Vibrational Assignments for Cyclopentene-7-d,°

description of v v w infrared Raman

normal mode symmetry? (expt) (SQM) (SCF) intensity intensity p total energy distribution
CH stretch v, (a) 3065* (IR, m) 3059 3389 23.5 (0.23) 102.3 (0.59) 0.271 S4(51) — S5,(48) ’
B-CH, asym stretch v, (a”) 2962* (IR, s) 2969 3289 93.8 (0.91) 63.6 (0.37) 0.739  S,,(87) + 5,5(13)
a-CH, asym stretch vy (a”) 2939* (R, s) 2939 3256 69.6 (0.67) 121.6 (0.70) 0012  S5,5(49) - S5(28) - S,(17) - S1,(5)
a-CH, asym stretch vy (a”) 2924 (R, s) 2936 3252 31.0 (0.30) 113.5 (0.66) 0.750  S5,4(89) - Sy(11)
B-CH, sym stretch vs (a%) 2904* (R, s) 2920 3235 31.9 (0.31) 92.7 (0.54) 0.203 S55(64) + 5,5(28) - S;,(7)
a-CH, sym stretch ve (') [2866]* (R, s) 2897 3209 103.4 (1.00) 37.8 (0.22) 0.718 S5,5(88) + S4(11)
a-CH, sym stretch v, (a') 2859¢ (R, s) 2896 3208 30.4 (0.29) 172.5 (1.00) 0.130  S¢(82) + 5,5(10) - S5(7)
CD stretch vg (a%) 2290 (R, m) 2268 2514 9.76 (0.09) 38.2 (0.22) 0.427 S,,(50) + S,(45)
C=C stretch vy (a%) 1597* (R, s) 1601 1804 4.65 (0.04) 36.5 (0.21) 0.189  §,(75) - S,(8) - Ss(8)
a-CH, scissor Y] 1472* (R, m) 1482 1659 0.68 (0.01) 5.56 (0.03) 0.740  S,0(56) + S,(40)
a-CH, scissor vy (a') [1458] (IR, m) 1466 1638 0.53 (0.01) 8.24 (0.05) 0749  S,,(91)
B-CH, scissor Y] 1448* (R, m) 1455 1625 1.03 (0.01) 14.1 (0.08) 0.695 85(52) - S10(37) + S,(10)
CH/CD in-plane bend v3 (27) 1327 (R, w) 1332 1395 1.51 (0.01) 2.10 (0.01) 0.395 830(36) + S555(20) - S5;(18) + S5;(8)
a-CH, wag v4 (27) 1298 (R, m) 1305 1476 0.26 (0.00) 1.13 (0.01) 0250  S,,(63) + S,(12) - S5(9)
B-CH, wag vs (a7) ? 1293 1491 0.78 (0.01) 0.77 (0.00) 0749  S§5,(34) - S5, (17) + S33(15) - Sx(12)
a-CH, wag vy (2) 1257 (R, w) 1239 1456 1.54 (0.01) 2.45 (0.01) 0.547 S33(41) = 835(32) - §3;(16) + S;(6)
B-CH, twist v7 (27) [1207?] (IR, w) 1213 1351 0.068 (0.00) 6.21 (0.04) 0.750  8,(52) - Sy(15) — S$5(12) - S5(7)
a-CH, twist vig (27) 1211* (IR, s) 1200 1345 1.32 (0.01) 8.62 (0.05) 0.702  8,,(77) - S;5(14) + 5,4(5)
a-CH, twist vy (27) 1137* (IR, w) 1121 1255 1.70 (0.02) 1.26 (0.01) 0.749  S,,(68) + 5,,(12) — §,3(10) - Sx(6)
a-CH, rock vy (a”) 1044* (IR, s) 1042 1170 8.85 (0.09) 3.08 (0.02) 0.239  S§,:(47) - 8;5(21) — S16(12) - S45(12)
C—C stretch vy (') 1029 (R, m) 1028 1129 2.94 (0.03) 9.40 (0.05) 0.631 556(29) + 533(25) - S,55(13) + S;,(11)
CH/CD in-plane bend vy, (') 978 (R, s) 977 1069 2.47 (0.02) 16.0 (0.09) 0.287 S5(31) + Sy(18) + S5(16) + S5,(8)
C—C stretch vy (@) 952* (R, m) 950 1035 2.98 (0.03) 10.2 (0.06) 0.175 8,(57) - $,,(20) + S,(8)
C—C stretch vy, (%) 899* (R, s) 903 972 1.36 (0.01) 15.7 (0.09) 0.085 8§5(70) + 8,,(6) + S,(6) - S,5(4)
CH/CD out-of-plane bend vy (a”) 893" (IR, w) 894 1005 2.49 (0.02) 4.89 (0.03) 0.728 S§,4(49) = §,3(31) = 8§51 (8) = S»(7)
«,8-CH, rock vy (2”) 855 (IR, s) 858 957 4.69 (0.05) 1.65 (0.01) 0.744  S,,(42) + 5,3(34) + S,,(5) - 5,5(5)
ring mode vy (2) [802] (R, w) 815 894 2.58 (0.02) 2.95 (0.02) 0.750  S,5(19) - S;(19) + S;5(17) - 85(14)
a,8-CH, rock vy (2”7 + a') [7797] (R, w) 772 847 0.74 (0.01) 1.04 (0.01) 0.743 S,0(19) = S5(16) - S;5(14) - Sy4(11)
ring shearing vy (%) 750 (R, m) 750 814 3.47 (0.03) 2.67 (0.02) 0.716  Sy(58) + S5(13) - 556(12) + 534(4)
ring bending vy (a7 + 2”) 630" (R, vw) 638 705 7.99 (0.08) 1.89 (0.01) 0.705 855(42) — §,5(23) + 5,5(14) — 5,4(6)
CH/CD out-of-plane bend vy (27) 565* (IR, s) 561 627 31.8 (0.31) 1.89 (0.01) 0.736 S.5(54) + S5;7(18) + 5;(13) + S,,(7)
ring twisting vy, (@7) 369* (R, w) 371 402 0.46 (0.00) 4.53 (0.03) 0.750  8§,,(100) — Sy,(-14) - §53(10)
ring puckering vy (27) 126* (IR, vw) 129 149 0.16 (0.00) 0.58 (0.00) 0.644  S5,,095)

2See footnotes b—f of Table V. ®The normal coordinates have no symmetry, but because the carbon framework is nearly planar, the approximate C, species of each is listed. Note that
the plane of symmetry being referred to yz (see Figure 1). Some modes cannot be characterized by a single C,-symmetry species. ¢Experimental value not included in either preliminary
or final refinement of the scale factors.
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Table VII. Vibrational Assignments for Cyclopentene-1,2,3,3-d,°

description of v v w infrared Raman

normal mode symmetry (expt) (SQM) (SCF) intensity intensity p total energy distribution
B-CH, asym stretch v (a7) 2969* (R, s) 2966 3286 71.0 (1.00) 66.0 (0.61) 0.726 S$1,(92)
a-CH, asym stretch v, (27) [29167] (R, s) 2938 3254 61.4 (0.86) 107.2 (0.99) 0.208 8§13(32) + 8:5(32) - S5(19) - Se(7)
B-CH, sym stretch vy (a') 2905* (R, s) 2922 3237 37.6 (0.53) 106.1 (0.98)  0.196  Sy(77) + S,6(10) + S;3(9) - S1,(5)
a-CH, sym stretch v, (@) 2861* (R, s) 2896 3208 658 (0.93) 108.0 (1.00) 0.192  S$,(43) + Se(43) + S15(5) + S13(5)
CD sym stretch vs (a7) 2313* (R, m) 2289 2539 14.9 (0.21) 47.5 (0.44) 0.216 S4(94) - S,(6)
CD asym stretch vg (a7) 2265* (R, m) 2247 2488 5.65 (0.08) 31.5 (0.29) 0.748 S7(98)
a-CD, asym stretch v, (a") 2194* (R, m) 2179 2414 28.9 (0.41) 404 (0.37) 0.713 S19(48) - 5;,(48)
a-CD, sym stretch vg (2') [2113]* (R, s) 2114 2341 36.0 (0.51) 71.3 (0.66)  0.139  S,5(48) — S(48)
C==C stretch vy (a) 1580* (R, s) 1579 1778 5.55 (0.08) 39.6 (0.37) 0.199 S1(76) — S5(10) ~ S5(5) + S4(4)
a,B-CH, scissor vy (27) 1467* (R, m) 1477 1652 0.79 (0.01) 4.90 (0.05) 0.749 S5(43) + 5,0(28) + §;,(24)
a,8-CH, scissor v (@) 1452* (R, s) 1458 1628 0.99 (0.01) 115 (0.11)  0.700  S5(49) — $5,(22) - S,0(19) + S5(7)
a,6-CH, wag v, (@) [1310] (R, vw) 1302 1476 0.96 (0.01) 0.79 (0.01) 0477  8;,(32) - $,,(17) - Sy (17) = Sx(16)
B-CH, wag v (2°) 1290 (R, vw) 1289 1458 0.61 (0.01) 0.54 (0.01)  0.691  S3,(37) + 5,,(15) - Sy (12) + Sy(11)
B-CH, twist ne @ +2)  [1236] (IR, vw) 1236 1372 0.070 (0.00) 3.01 (0.03) 0710  S,,(25) + S,,(18) - S,5(17) - S3(10)
C—C stretch/-CH, twist  »s (2’ +a”) 1211 (R, vw) 1202 1319 0.45 (0.01) 3.77(003)  0.748  S,,(27) - Sy(18) + S,5(15) + S30(8)
a-CH, twist v (27) 1160" (R, w) 1152 1288 1.43 (0.02) 462 (0.04) 0648  S,((38) + 5,(21) + 5,,(17) - S,5(8)
CD in-plane bend v (2)) 1100' (R, w) 1115 1238 2.62 (0.04) 2.75(0.03) 0514  S,(16) + S;o(14) — S33(13) - S3,(10)
a-CD, scissor s @) 1085* (R, m) 1085 1207 0.45 (0.01) 505 (0.05) 0234 S$3,(28) + Sy(17) - S;6(17) - S53(13)
a,-CH, rock vy (3”) 10411/ (IR, s) 1037 1162 2.69 (0.04) 2.60 (0.02) 0.517 S17(32) - §5(30) - §,,(15) + Sx»(9)
C—C stretch/a,8-CH, wag vy (a7) 985* (R, w) 983 1076 0.63 (0.01) 6.54 (0.06) 0.720 S56(36) + S3;3(18) + 55(15) + 55,(13)
C—C stretch vy, (2)) 910* (R, s) 905 987 1.04 (0.01) 31.8 (0.29) 0.108  S,(38) + S5(22) + S,(10) + S,o(7)
a-CD, twist vy (27) 875! (R, m) 869 969 4.94 (0.07) 6.88 (0.06) 0.622  S,((25) — S,4(16) + Sy3(14) - S,5y(12)
a,8-CH,/CD, rock vy (27) [840] (R, w) 842 935 0.87 (0.01) 202 (0.02) 0516  S,5(18) - S,(13) + S,5(13) + S,(12)
a-CD, wag/C—C stretch vy, (37) 825" (R, m) 812 894 1.82 (0.03) 2.69 (0.02) 0.459 S11(19) + S3(19) + 8;5(13) - Sy(11)
CD in-plane bend vys (2') 802! (R, w) 794 876 0.45 (0.01) 6.28 (0.06)  0.749  Sy(49) + S5(13) + Sp,(9) + S,(7)
ring shearing vy (@) [771] (IR, w) 768 841 0.68 (0.01) 4.88 (0.05) 0720  S,(45) - S,4(15) + S,5(13) + S,,(5)
CD out-of-plane bend vy (a”) 726" (R, w) 729 812 3.73 (0.05) 2.45 (0.02) 0.721 S,4(42) + S55(14) = S43(12) - S3(11)
ring mode vy (7) 715 (IR, vw) 714 785 1.55 (0.02) 0.82 (0.01) 0.548 S5(17) + 855(15) - §5(12) - S5(9)
a-CD, rock vy (2”) [700] (IR, m) 700 775 2.17 (0.03) 1.08 (0.01)  0.734  $,,(34) + Sy(18) + S5,(17) + Si(7)
ring bending vy (87) 604 (R, w) 601 666 5.10 (0.07) 1.29 (0.01) 0.669 S7(33) - S15(20) + S,5(18) + S,4(9)
CD out-of-plane bend vy (@) 502* (IR, s) 501 561 29.6 (0.42) 0.88 (0.01) 0.716 S15(65) + S5;5(20) + S,(6)
ring twisting vy, (2”) 338* (R, m) 338 366 0.10 (0.00) 387 (0.04) 0750  S,(96) - Syu(~14) - Sy(13)
ring puckering vy () 120* (IR, vw) 120 139 0.13 (0.00) 0.51 (0.00) 0.645 S,4094)
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4See footnote b of Table VI and footnotes b—f of Table V. ®Experimental value not included in either preliminary or final refinement of the scale factors.
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Puckering Barrier and Vibrational Spectrum of Cyclopentene

Table VIII. Vibrational Assignments for Cyclopentene-dy*

J. Am. Chem. Soc., Vol. 114, No. 17, 1992 6847

description of v v w infrared Raman

normal mode symmetry (expt) (SQM) (SCF) intensity intensity p total energy distribution
CD sym stretch v (a;, ) 2305* (R, s) 2289 2539 13.0(0.22) 52.4 (0.54) 0.188 S,(93) - S,(6)
CD asym stretch vyg (bs, 2”) 2268* (R, s) 2247 2488 6.44 (0.11) 30.7(0.32) 0.750 S,;(98)
B-CD, asym stretch vy (b, @) 2230* (IR, s) 2204 2441 44.1 (0.74) 31.4 (0.32) 0.746 S,(93) + S,5(6)
a-CD, asym stretch v (by, a) 2202* (R, s) 2178 2114  36.7 (0.62) 16.3 (0.17)  0.354 S,3(89) - S,,(6)
a-CD, asym stretch vy0 (5, 2”) 2202% (R, s) 2177 2412 6.83(0.12) 64.7(0.67) 0.750 S,,(97)
B-CD, sym stretch ve (a5, 2') 2145* (R, s) 2136 2365 31.9 (0.54) 97.3 (1.00) 0.044 S(81) + S¢(15)
a-CD, sym stretch vy (by, 2”7) 2138* (IR, m) 2113 2340 59.4 (1.00) 16.8 (0.17)  0.750 S(96)
a-CD, sym stretch vs (a;, a') 2100* (R, s) 2111 2338 11.1(0.19) 76.0 (0.78) 0.190 S¢(80) - Ss(17)

=C stretch vg (ay, a') 1577* (R, s) 1577 1774 5.68 (0.10) 39.3(0.40) 0.206 S,(76) — S,(10) — Ss(5) + S.(4)

C—C stretch vy; (by, 2”) ? 1237 1346  0.13 (0.00) 0.33 (0.00) 0.750 S,5(56) + S35(29) + S,3(8)
C—C stretch vy3 (by, 2”) ? 1194 1302 1.04 (0.02) 2.83(0.03) 0.750 S5(58) = S3,(17) — Sy(14) - S3(5)
C—C stretch vy (a), 2') 1190 (R, vw) 1191 1311 1.69 (0.03) 1.24 (0.01) 0.209 S3(33) - §;(31) - $x(22) - S5(5)
a-CD, scissor vg (a), %) 1113* (R, m) 1121 1246  0.02 (0.00) 7.40 (0.08) 0.093 S,5(56) = S5(17) = Sp(11) = S5(7)
B-CD, scissor vy (2}, ') 1070* (IR, m) 1066 1191 0.41 (0.01) 247 (0.03) 0.712 S4(59) - S;o(17) + S,(14) - S,,(6)
a-CD, scissor Va4 (b, 2”7) 1062* (IR, m) 1058 1186  0.53 (0.01) 1.45 (0.01) 0.750 S33(79) + S3(8) = S3(7)
a,8-CD, wag vys (by, 2”7) [998] (R, vw) 1003 1137 0.70 (0.01) 0.01 (0.00) 0.750 S3;3(41) — S3,(33) - S3,(25)
a,8-CD, rock vyg (by, ') [9627] (R, w) 949 1064  0.69 (0.01) 3.22(0.03) 0.399 S,5(34) - $,4(28) — S,7(26) + S14(5)
B-CD, twist vy6 (23, 3") 930" (R, w) 923 1031 0.08 (0.00) 0.62 (0.01) 0.750 S,,(55) — $,3(25) = Sy(7)
a-CD, twist vy7 (ay, a”) [8877] (R, vw) 883 988 1.69 (0.03) 9.40 (0.10) 0.750 S,5(55) + S34(21) = §3,(8) — S13(6)
C—C stretch vy, (a,, @) 878 (R, s) 868 939 2.12(0.04) 29.6 (0.30) 0.131 S,(30) + S;(15) + S;x(13) + Se(11)
a-CD, twist 5 (by, 2') 849" (IR, s) 843 956 8.53 (0.14) 6.12 (0.06) 0.473 5,,(42) - S,7(25) + S,5(16) + S5(5)
CD in-plane bend vy (2, @) 790" (R, m) 785 859  0.25(0.00) 8.17 (0.08) 0.598 Sg(57) — S,(14) + S;(10) — Sy(6)
a,8-CD, wag vys (by, 2”7) [7647] (IR, w) 773 862  0.23 (0.00) 8.47 (0.09) 0.750 Sy(25) — $55(22) + 53,(20) + S33(19)
ring shearing vy9 (by, 2”) 750 (R, m) 747 827 0.17 (0.00) 0.52 (0.01) 0.750 S5(29) + S3,(26) + S,5(8) — S54(8)
a-CD, wag vi4 (ay, 2) 7247 (IR, m) 732 814 1.12 (0.02) 2.07 (0.02) 0.482 S,,(53) + S,(31) - 5,(6)
CD out-of-plane bend vy, (ay, ") [7167] (IR, w) 720 806 3.39 (0.06) 2.20 (0.02) 0.750 S,4(50) - S3(15) + S,5(14) - S33(11)
ring mode vy (a; + by, a”) 709 (IR, w) 708 776 5.26 (0.09) 0.86 (0.01) 0.750 S,5(19) = S3(18) — 85(17) + S45(13)
ring bending s (a;, ) [693] (R, w) 680 747  0.10 (0.00) 1.25 (0.01) 0.572 S,(41) - S;5(20) - Sys(11) + S,0(9)
a-CD, rock vy, (ay a”) ? 649 724 0.12(0.00) 0.05 (0.00) 0.750 S(41) + 5,,(26) + S,,(10) + S(8)
CD out-of-plane bend v (b), ") 543* (IR, s) 544 609 15.4 (0.26) 1.10 (0.01) 0.673 S,5(50) - S5,5(22) — S,6(16) - SA(9)
a,8-CD, rock vy (by, ') 465* (IR, s) 456 509 15.7 (0.26) 0.79 (0.01) 0.742 §,5(35) + S;5(31) + §;5(21) + Sy(11)
ring twisting vy3 (2,5, 2”7) 317* (R, w) 320 347 0.005 (0.00) 4.10 (0.04) 0.750 S3(93) = S$53(17) — Sy(-13)
ring puckering ;g (by, a°) 108* (IR, vw) 103 119  0.11(0.00) 0.41 (0.00) 0.654 S,,(93)

?See footnotes a—f of Table V. Experimental value not included in either preliminary or final refinement of scale factors.

For example, the computed IR intensity of the »y band of cy-
clopentene-d, changed from 0.02 to 0.002 km/mol upon scaling
of the force constants, and the Raman intensity of the v, band
of cyclopentene-d, increased from 1.18 to 2.45 A*/amu. Only
a few computed intensities experienced alterations which were
qualitatively significant, as indicated in each case by large changes
in the associated TED. In particular, in the Raman spectrum of
cyclopentene-ds, the intensity of the v, band decreased from 2.72
t0 0.52 A4/amu, whereas the intensities of the »,, and »,, modes,
which were strongly coupled before scaling but much less so
afterward, changed from 18.0 and 15.4 to 29.6 and 6.1 A4/amu,
respectively.

The extensive experimental work on the vibrational spectrum
of cyclopentene by Villarreal, Laane, Bush, and Harris (VLBH)!¢
provides the groundwork for the final SQM assignments presented
in Tables V-VIII. While the SQM study reported here confirms
large portions of the analysis by VLBH, numerous reassignments
have been made which deserve comment. In general, SQM
frequency predictions which do not involve hydrogen stretches are
reliable to within 20 cm™, and this expectation provides a criterion
for suggesting reinterpretations of experimental bands. In Tables
V-VIII several new assignments of bands previously tabulated
by Villarreal'® are made which are reasonable on the basis of the
SQM data alone. Codes are used in the vibrational assignment
tables to highlight these changes, as detailed in footnote b of Table
V. Obviously, further investigation of the appropriate regions of
the experimental spectra is necessary to confirm or readjust the
precise wavenumber assignments.

In cyclopentene-d,, 22 of the assignments of VLBH!¢ were
retained in the SQM analysis without modification. One minor
reassignment involved alterations of the v,y and v,; C-H stretching
fundamentals to bands listed in Villarreal’s thesis!® at 2929 and
2877 cm™, respectively, as suggested by the SQM ordering and
depolarization data. Similarly, v,, was changed from 1438 to 1459
cm™! to match the computed ordering of the CH,-scissoring
fundamentals. Other reassignments entailed the selection of two
medium IR bands!® at 1030 and 906 cm™!, as well as two very
weak Raman bands'® at 800 and 783 cm™!, for assignment to v,g,
v, ¥15, and vy, respectively. Because the predicted IR and Raman

intensities of »,4 and vy, are complementary, the infrared absorption
near 900 cm™! and the strong Raman band at 896 cm™, which
are jointly ascribed to a ring-mode fundamental by VLBH, ap-
parently arise from different modes. The 3-CH, twist, v, which
is formally infrared forbidden in planar cyclopentene, is tentatively
assigned to a medium IR band!® at 1224 cm™!, although it may
in fact be coincident with »,4 in the Raman spectrum®® near 1209
cm™!. In addition, the 8-CH, wag, v,,, is altered from the
1128-cm™ value of VLBH to the broad IR band observed!¢ at
1290 cm™!, which is assumed to be distinct from the nearby Raman
band at 1302 cm™. Consequently the 1128-cm™ band is reassigned
t0 vy7(a-CH, twist). The assignments by VLBH of bands at 933,
695, and 608 cm™ to ring-mode fundamentals were reinterpreted
on the basis of the SQM data. First, no clear correlation is present
between the very weak Raman band at 933 cm™ and an appro-
priate SQM fundamental frequency. The band might be due to
the asymmetric CH out-of-plane bend, which cannot lie at 1047
cm™ as proposed by VLBH; however, this association is tenuous
because the predicted Raman intensity for vy is sizeable. Second,
no ring modes contribute to the IR absorptions near 700 cm™;
the strong band at 695 cm™ is attributable only to »,¢, the sym-
metric CH out-of-plane bend. Finally, the 608-cm™ shoulder
reported by VLBH does not appear to be distinct from the medium
IR band at 593 cm™, which is best described as a strong mixture
of ring bending and «,8-CH, rocking.

In the spectrum of cyclopentene-I-d,, 25 assignments from
VLBH were found to be in agreement with the results of the SQM
analysis. As before, an a-CH, scissoring fundamental was altered
from a shoulder at 1435 cm™ to a broad IR feature'” at 1458 cm™!,
in order to match the SQM frequency ordering. The 3-CH, wag,
vys, was assigned by VLBH to 1121 ¢cm™, at variance with the
location of this band at 1293 ¢cm™ in the SQM spectrum. The
close proximity of »,4 and »;5 precludes a precise assignment for
the latter. An IR shoulder at 1207 cm™ ascribed by VLBH to
a CH, twist is tentatively matched with »,;; yet the predicted
intensity suggests that this band should not be directly observable
in the infrared. According to VLBH, the asymmetric CH/CD
out-of-plane bend, »,5, overlaps both a CH, rock and a ring-mode
absorption near 1040 cm™; however, the TEDs in Table VI reveal



Table IX. Final SQM Quadratic Force Constant Matrix for Puckered (C;) Cyclopentene®
A’ Symmetry Vibrational Modes

j =

i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

1 8.5551

2 03015 4.6267

3 -0.0304 0.0309 4.3385

4 0.1091 0.0541 —0.0389 5.1322

5 —0.0467 —0.0173 0.1328 0.0064 4.8127

6 —0.0218 0.1082 0.0947 0.0181 0.0262 4.7480

7 02107 03129 00882 —0.0467 —0.1464 0.1723 1.7255

8 0.0910 —0.2268 0.1938 0.0002 -0.0099 —0.0064 0.2387 0.8642

9 03532 02433 —0.1141 0.0108 —0.2406 0.0075 0.5921 -0.0217 2.5854

10 0.1731 0.3188 0.0843 0.0155 0.0059 -0.2350 -0.6260 0.0267 0.0253 2.4533

11 00160 —0.1762 0.1925 -0.0077 0.0077 -0.0141 0.0201 -0.0307 0.0038 0.0091 0.6068

12 —0.0072 0.0034 —0.0066 0.0004 0.0175 0.0039 —0.0386 —0.0029 -0.0087 -0.0027 -0.0088 4.7229

13 —0.0135 0.0239 0.0224 -0.002]1 -0.0080 -0.0398 -0.0217 -0.0046 0.0043 0.0045 0.0004 0.0319 4.6318

14 0.0500 0.0696 —0.0921 -0.00I8 0.0041 -0.0036 -0.0096 0.0090 0.0562 0.0704 —0.0161 0.0099 0.0042 0.0510

15 0.0169 0.0631 0.0I41 0.0052 —0.0204 —0.0175 —0.0376 -0.0141 0.1044 -0.0145 -0.0108 0.1050 —0.0393 0.0408 0.6225

16 —0.0084 —0.0181 0.0425 -0.0018 0.0056 -0.0007 —0.0296 0.0096 0.0242 -0.0126 0.0072 -0.0374 —0.0121 0.0008 -0.0651 0.6029

17 —0.0360 0.0138 —-0.0609 —0.0018 0.0218 0.0089 —0.0523 -0.0109 0.0079 -0.0472 —0.0154 -0.0413 0.1245 —0.0249 —0.0261 0.0097 0.5796
18 0.0054 -0.0183 —0.0028 0.0056 —0.0046 0.0024 -0.0055 -0.0164 0.0047 -0.0085 0.0063 -0.0014 -0.0175 -0.0154 -0.0069 0.0512 -0.0517 0.3132

A” Symmetry Vibrational Modes

j =
i 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

19 4.6293

20  0.0276 0.3229

21 00356 —0.0135 0.6259

22 —0.0179 —0.0623 -0.0720 0.6109

23 0.1229 0.0534 —0.0519 0.0130 0.6137

24 0.0141 02699 —0.0069 —0.0278 0.0352 0.5108

25 0.0125 0.0213 -0.0021 -0.0085 0.0305 0.0245 4.6093

26 0.0067 0.0603 —0.0700 0.0061 —0.0236 0.0328 0.1119 4.1641

27 -0.0013 0.0019 0.0040 —0.0046 0.0034 0.0050 0.0559 0.0445 5.1038

28 —0.0376 00131 -0.0021 0.0024 00116 0.0045 0.2235 0.1051 0.0062 4.7391

29 —0.0121 0.0245 -0.0399 0.0231 -0.0016 0.0056 0.2415 —0.3542 —0.1693 0.1202 1.6132

30 -0.0030 -0.0034 —0.0129 0.0028 —0.0054 —0.0178 -0.2534 —0.0810 0.0148 -0.0182 0.3594 0.9042

31 0.0108 0.0032 —0.0423 0.0303 0.0031 0.0006 —0.0201 0.3286 0.0063 0.0076 —0.0581 —0.0226 0.6022

32 00012 -0.0253 -0.0261 —0.0091 —0.0374 0.0058 -0.3359 -0.2166 —0.0057 -0.2546 —0.3794 0.0037  0.0053 2.4167
33 00012 0.0043 —0.0333 0.0I143 —0.0040 —0.0001 -0.1659 0.2304 0.0021 -0.0199 -0.0826 -0.0008 0.0271 -0.0043 0.5771

“Relative to the symmetrized internal coordinates S;-S;; defined in Table I. Units are consistent with energy measured in aJ, bond lengths in A, and angles in rad.
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Puckering Barrier and Vibrational Spectrum of Cyclopentene

that the weak IR band observed at 893 cm™ is attributable to this
out-of-plane bend rather than a ring mode, as originally assigned.'
The missing ring-mode absorption may correspond to a previously
unassigned, depolarized Raman band'® at 802 cm™!. Additional
points of concern in Table VI are the assignment of » to a weak,
polarized Raman band!® at 779 cm™!, which is uncertain due to
the corresponding theoretical prediction of a large depolarization
ratio, and the characterization of the Raman band at 630 cm™!
as a ring-bending rather than CH,-rocking fundamental. Finally,
the SQM analysis shows that the 708- and 600-cm™! bands listed
by VLBH are not attributable to fundamental frequencies of
cyclopentene-d,.

Of the 17 vibrational modes of cyclopentene-1,2,3,3-d, which
were not assigned experimental frequencies in the first refinement
of the scale factors, most were later correlated with observed bands
which were previously misassigned or left unassigned. The «-CH,
asymmetric stretch, v,, was assigned by VLBH to a shoulder in
the IR spectrum at 2941 cmL, but other possibilities are the strong,
polarized Raman band'? at 2954 ¢cm™! and a similar band of
unknown polarization!® at 2916 cm™!. On the basis of the tendency
of the SQM procedure to overestimate C-H stretching frequencies,
v, is tentatively assigned to the 2916-cm™ band. Weak infrared
and Raman bands listed in Villarreal’s thesis at 1310, 1236, 840,
and 700 cm™ seem to correlate best with SQM predictions for
the CH,/CD, wagging, twisting, and rocking modes v,,, ¥4, 753,
and vy, respectively. Likewise, a 771-cm™ band' is a likely
candidate for »,,(ring shearing). The qualitative descriptions of
the 1160- and 1100-cm™ bands of VLBH as a CH/CD in-plane
bend and a CH, twist, respectively, were reversed upon perusal
of the predicted TEDs. The IR band at 1041 cm™ is incorrectly
attributed by VLBH to asymmetric CD out-of-plane bending, the
Raman band at 726 cm™ being the appropriate choice. Similarly,
the association of vy, v55, and v,5 at 825, 875, and 802 cm™,
respectively, with a CD, rock and two ring modes appears
questionable, and appropriate reassignments are given in Table
VII. Other reinterpretations shown therein are less significant.

The vibrational assignments detailed in Table VIII for cyclo-
pentene-d; are less complete than those for the other isotopomers.
Fifteen of the bands reported by VLBH were included in the initial
SQM fit, and a total of twenty of their assignments were retained
after the final SQM analysis. In addition, the Raman bands at
930 and 790 cm™! and the IR absorptions at 849 and 724 cm™*
were confirmed to correspond to fundamental vibrations of cy-
clopentene-d; but were reinterpreted as v,5(8-CD; twist), »;3(CD
in-plane bend), v;,(a-CD, twist), and »,,(a-CD, wag), respectively.
With regard to the nine remaining fundamentals, the »,,(C-C
stretch), v,3(C-C stretch), and v;,(a-CD, rock) modes were left
unassigned because no observed gas-phase frequencies sufficiently
matched the SQM predictions; yet six bands extracted from
Villarreal’s thesis seemed to provide reasonable assignments for
V35, V10 V27, Vass V3g, aNd w5, Of the latter six frequencies, the bands
at 887, 764, and 716 cm™ were categorized as uncertain after
comparison of the predicted and observed Raman intensity data.
The 962-cm™* assignment!® for vy, is also uncertain due to the
presence of a viable alternative at 950 cm™.1¢ The Raman band
reported by VLBH at 1158 cm™ and attributed to the asymmetric
CD in-plane bend has no nearby SQM counterpart and thus is
not retained as a fundamental frequency; the very weak IR band'¢
at 1024 cm™ was omitted for similar reasons. Note that the TED
analysis predicts the asymmetric CD in-plane bend to be dis-
tributed among several modes, v, at 1237 cm™! and »,5 at 1003
cm™! in particular. In the 840-890-cm™* region, VLBH assigned
five distinct fundamental vibrations, but in the SQM spectrum
only three are present. The intense Raman band at 878 cm™ was
previously attributed to both an a-CD, twist and a ring mode,
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whereas IR absorptions near 850 cm™ were assigned jointly to
an in-plane CD bend and an a-CD, rock.'® Another IR feature
at 868 cm™! was ascribed by VLBH to the 3-CD, wag. As
mentioned above, the predicted Raman intensity of v;, relative
to vy, is selectively increased upon scaling, thus clarifying the
association of »,;(C-C stretch) with the 878-cm™! band and the
assignment of v;,(a-CD, twist) to the strong, type-C infrared
absorption at 849 cm™. As suggested by the SQM analysis, a
third band!® at 887 cm™! is now tentatively assigned to v,;(a-CD,
twist), but no other fundamental vibrations are responsible for
the spectral features observed by VLBH in the 840-890-cm™!
region,

Summary

The cyclopentene molecule constitutes a prototype for vibra-
tional spectroscopy of small ring compounds in the gas phase. In
this work improvements have been developed in the scaled
quantum mechanical (SQM) force field algorithm of Pulay and
co-workers,*¢ and a definitive vibrational analysis of four isoto-
pomers of cyclopentene has been advanced. Over one hundred
experimental fundamental vibrations were reproduced to within
1%, and numerous assignments have been proposed in regions
where a dearth of information existed previously. The results
reported here provide scale factors for use with the DZ(d) basis
set and presage future applications of the SQM procedure to
molecules such as Cq. In response to a challenge appearing in
a paper by Laane and co-workers,? ab initio results of a quality
which was prohibitive computationally only a few years ago have
been obtained for the ring-puckering inversion barrier of cyclo-
pentene. The final proposal of 235 & 20 cm™! for the vibrationless
inversion barrier is over twice as large as previous theoretical
predictions but in accord with empirically determined values. For
the first time a probe of zero-point vibrational effects on the
effective inversion barrier of cyclopentene has been carried out
with the aid of SQM vibrational data for both the planar and
puckered conformations. The predicted ZPVE contribution of
20-30 cm™ represents a sizeable fraction of the empirically derived
barrier for cyclopentene. It is hoped that the ab initio predictions
reported here will stimulate further experimental investigation
of this prototypical molecule.
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