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far as all predict the respective reactions to be non-synchronous
and concerted.

Concluding Remarks

We have reported a comprehensive theoretical study of the
cycloaddition reactions of ketene leading to the products diketene
and 1,3-cyclobutanedione. Our results indicate that diketene
should be the major product of the reaction of two ketenes, in
agreement with experiment. Our predictions as to the energetics

of these reactions are also in reasonable agreement with exper-
iment.
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Abstract: Ab initio calculations of deuterium isotope ratios in the formation of diketene agree with natural deuterium abundances

reported for this molecule.

In 1986, Pascal, Baum, Wagner, Rodgers, and Huang! pub-
lished a careful NMR study in which they were able to measure
differences in naturally occuring deuterium concentrations in
various positions of the compounds studied. In particular for
diketene 1, the ratio of deuterium on the exo methylene to that
in the ring was 0.975 & 0.026, and the concentration in the one
exo position relative to the other was 1.040 % 0.025.

Heo O
;#O
Hg \
Hy Hy
1

We report here ab initio calculations of deuterium isotope ratios
in the formation of diketene from ketene. Calculated isotope ratios
resulting from both secondary kinetic and equilibrium control are
reported over the temperature range 100—-600 K. Results are
consistent with Pascal’s observations.

Computations

Energy calculations, geometry optimizations, and vibrational fre-
quency calculations were done by using the Cambridge University CAD-
PAC program? on an SCS 40 computer. The built-in STO-3G, 3-21G,
and 6-31G* basis sets were used in RHF calculations on ketene, diketene,
the transition structure for the formation of diketene, and the diketene
isomers cyclobutane-1,2-dione and cyclobutane-1,3-dione.

Moments of inertia and vibrational frequencies from CADPAC were
used to calculate partition functions in the rigid-rotor-harmonic-oscillator
approximation. These in turn gave rate and equilibrium constants for
the required isotopomers.

Structures

Optimized RHF/6-31G* structures are shown in Figures 1 and
2 with energies in the STO-3G, 3-21G, and 6-31G* bases given
in Table I. These structures agree with those of Seidl and
Schaefer,®# who give leading references into the literature of
diketene and who discuss the interesting problem of why ketene
dimerizes to diketene rather than to cyclobutane-1,3-dione.
Harmonic vibrational frequencies were computed for all optimized
species, and as expected all were real except for a single imaginary
frequency of the transition structure.

* Permanent Address: Faculty of Science, University of Kragujevac, P.O.
Box 60, 34000 Kragujevac, Yugoslavia.

Table 1. Energies (au) of Optimized Structures

STO-3G 3-21G 6-31G*
ketene -149.726 105 -150.876526 -151.724672
diketene -299.575309 -301.779262 ~303.487380
diketene transition -299.381 164 -301.690107 -303.394 561
structure

cyclobutane-1,2-dione  -299.579483 -301.777479 -303.482226
cyclobutane-1,3-dione  -299.579960 -301.782977 -303.489 561

Table II. Optimized RHF/6-31G* Geometry of the Transition
Structure for the Formation of Diketene from Ketene

bond angles dihedral angles
bond lengths (A) (deg) (deg)?
O’CZ 1.223 O|C2C3 140.8 O’C2C3H4 —3-5
C,C, 1338  0,C,C;  107.5 0,C,C,H, 178.6
Cng l -7l l C2C3H4 l l 8-7 0’C2C5C6 —48.2
C3H4 1.073 CzC;Hs 122.3 07C6C5C2 -52.2
CHs  1.073  CiCC¢  99.0 0,CCeH, 74.5
C607 1.107 C6C5H9 109.9 07C6C3H|° —160-7
CCs 1413 CCgH,, 1090 GCC,CH, 1770
CH, 1.081 0,CC; 1756
CeHyo  1.081

?The dihedral angle conventions of the CADPAC program are used.
See Figure 2a,c for numbering.

Two ORTEP views of the transition structure for ketene di-
merization are shown in Figure 2b,c. This structure agrees well
with Seidl and Schaefer’s result.* The reaction is far from syn-
chronous, with the C,~C; bond formation being more advanced
than the C,~0,. This is in spite of the fact that this CO bond
is shorter (1.358 A) than the CC bond (1.508 A) in the product.
1t may not be useful to force too close an analogy between this
[2 + 2] cycloaddition and the related reaction of ethylene plus
ethylene, since the double bonds involved in the ketene have fewer
substituents and therefore lack most of the stereochemical con-
sequences of the ethylene prototype. Further, the three-center

(1) Pascal, R. A., Jr.; Baum, M. W.; Wagner, C. K.; Rodgers, L. R.;
Huang, D.-S. J. Am. Chem. Soc. 1986, 108, 6477.

(2) Amos, R. D; Rice, J. E. CADPAC: The Cambridge Analytic Deriv-
atives Package, lssue 4.0, Cambridge, 1987.

(3) Seidl, E. T.; Schaefer, H. F. J. Am. Chem. Soc. 1990, 112, 1493.

(4) Seidl, E. T.; Schaefer, H. F. preceding paper in this issue.
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Table III. Isotope Effects on the Rate of Formation of Diketene at 300 K Computed with the 6-31G* Basis

kunsublliluled/kilotopomer

position in with tunnel with frequency with scaling +
isotope transition structure? uncorrected correction scaling tunneling
D 4 0.888 0.889 0.908 0.909
D 5 0.866 0.867 0.889 0.890
D 9 0.802 0.803 0.834 0.834
D 10 0.795 0.795 0.828 0.828
I 2 1.032 1.035 1.031 1.032
13C 3 0.998 0.998 0.998 0.998
uc 6 1.015 1.017 1.014 1.016
e 8 1.024 1.026 1.023 1.025
uc 2 1.062 1.067 1.059 1.062
l4c 3 0.996 0.996 0.997 0.997
uc 6 1.029 1.032 1.027 1.030
lc 8 1.046 1.050 1.044 1.047
70 1 1.014 1.015 1.013 1.014
70 7 0.994 0.994 0.994 0.994
20 1 1.026 1.028 1.025 1.026
150 7 0.989 0.989 0.990 0.990

9This is the position as given by the numbering of Figure 2b,c. It also fixes the isotope position in the reactant ketene.

Figure 1. Optimized RHF/6-31G* structures. Distances are in ang-
stroms, angles in degrees: (a) cyclobutane-1,3-dione, Dy, (b) cyclo-
butane-1,2-dione, Cy, (c) ketene, Cy,.

= system plus the extra perpendicular two-center = system on CO
is quite different from the simple two-center « system of ethylene.
Nevertheless, a comparison of Figure 2c with Figure 3, adapted
from Woodward and Hoffmann’s chapter on cycloadditions,’ does
incline us to describe the diketene formation as a [2, + 2,] reaction.
The key feature is that the ketene in the foreground of Figure
2¢ (containing O,C,C,) is adding suprafacially to the ketene
(containing O,C4Cy) in the back, while the back ketene is adding
antarafacially to the front. In addition, CH¢H,o and C,C;H,H;
lie in roughly perpendicular planes in a way that is consistent with
the [2, + 2,] addition in Figure 3 but not with the [2, + 2,] nor
with the [2, + 2,] addition.

In the 6-31G* basis, diketene is computed to be more stable
than two ketene monomers by 24 kcal/mol, and the transition
structure is 34 kcal/mol above the two monomers. The 1,3-dione
is 1.4 kcal/mol below diketene, while the 1,2 isomer is 3.2 keal/mol
above.

Isotope Ratios

Pascal' used a commercial sample of diketene whose synthesis
is uncertain,® but it is probable that it was made by the dimeri-
zation of ketene.” In the usual preparation,® acetone is pyrolyzed

(5) Woodward, R. B.; Hoffmann, R. The Conservation of Orbital Sym-
melry; Verlag Chemie: Weinheim, 1970; Chapter 6.

(6) Technical Services, Aldrich Chemical Co., Inc., personal communica-
tion.

(7) Clemens, R. J. Chem. Rev. 1986, 86, 24].

(8) Horning, E. C., Ed. Organic Synikesis, Wiley: New York, 1955;
Collect. Vol. II1, p 508.

Figure 2. Optimized RHF/6-31G* structures. Distances are in ang-
stroms, angles in degrees: (a) diketene, C,, (b) and (c) transition
structure for formation of diketene, C;. Parameters of transition struc-
ture are given in Table 11.
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Figure 3. 1dealized geometry in [2 + 2] cycloadditions (adapted from
ref 5).

and the resulting ketene gas is collected at dry ice/acetone tem-
perature (~77 °C). Since ketene can be reformed from diketene
by heating® to 550 °C, all we can really say is that diketene is
formed over some temperature range between -77 and +550 °C.
Nor is it known whether the observed distribution is determined
by rate or equilibrium or a mixture of both.

Since the natural deuterium abundance’ is only about 0.015%,
molecules with more than one deuterium atom are rare enough
to be ignored in the following analysis. Let A be a ketene molecule

(9) Baumgarten, H. E., Ed. Organic Synthesis; Wiley: New York, 1973;
Collect. Vol. V, p 679.
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Figure 4. Isotope ratios in diketene formation computed with the STO-
3G basis. The horizontal lines at isotope ratios of 1.040 and 0.975 are
Pascal’s observed ratios a’/a and (a + a’) /b, respectively. Heavy boxes
show his estimated uncertainty. Solid lines give kinetic and dashed lines
equilibrium isotopic ratios. Circles are uncorrected isotope ratios.
Crosses show isotopic ratios corrected for tunneling and by scaling com-
puted frequencies (kinetic ratios) or by scaling only (equilibrium ratios).

without deuterium and P, be the product diketene with no deu-
terium, Similarly, let B be ketene with a single deuterium and
P,, Ps, Py, and Py, be, respectively, product with a single deuterium
replacing H,, Hg, Hy, or H,q of the transition structure numbered
as in Figure 2b. Atoms H, and H; become the distinct exo
methylene hydrogen atoms of the product (the H, and H, of
Pascal'). Atoms Hg and H,q are distinct in the transtion structure
but become the equivalent ring hydrogens of the product (Pascal’s
H,) so that products Py and P,, are indistinguishable. Assuming
the formation of diketene is second-order in ketene and that
product ratios are kinetically determined, the rate equations for
the formation of these products are

Schaad et al.
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Figure 5. Isotope ratios in diketene formation computed with the 3-21G
basis. Symbols have same meaning as in Figure 4.
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d[Po] /dt = ko[A]? (M
d[P]/dr = k,[A][B] (2
d[Ps]/dt = ks[A][B] (3

d([Ps] + [Pyo])/dt = ks[A][B] + kio[A][B] 4)

'_I'he addi_tion of egs 2 and 3 followed by division by eq 4 gives after
integration

[Py()] + [Ps(1)] _ ko + ks

[Po())] + [Pro(0)] ~ ks + kig

The product ratio is independent of the reaction time and is just

Pascal’s ratio (a + a’)/b. Similarly Pascal’s ratio a’/a is given
by

&)

[Ps()]/[Pu()] = ks/kq (6)

Analogously, if the product concentrations are determined by
the cquilibria

Ko
2A=P, ©)
Ky
A+B=—P, (8)
Ks
A+B=P; )
Ky
A+B=—P (10)
then
+a K+K A ¢
a a = 4 5 §_=__5 (ll)
b Kg a K4

These rate and equilibrium constants were computed as de-
scribed above, and results obtained by the RHF method using

Temperature (K)

Figure 6. Isotope ratios in diketene formation computed with the 6-31G*
basis. Symbols have same meaning as in Figure 4.

STO-3G, 3-21G, and 6-31G* bases are shown in, respectively,
Figures 4-6 over the temperature range 150600 K. Frequencies
computed by ab initio RHF methods are usually too high, so a
rough correction was made by scaling all frequencies by a factor
of 0.8!/2, Tunneling corrections were made by using Bell’s eq 3.23
of ref 10, which uses a truncated inverted parabola as a model
for the potential surface. This correction is only the first term
of a more complete expression, and it can become infinite for
certain combinations of temperature and frequency. It is this and
not a failure of the STO-3G basis that causes the peculiar behavior
of the corrected kinetic curves near 200 K in Figure 4. This fault
could be cured by using Bell’s full expression, but Bell'® recom-
mends simply interpolating past the troublesome point. For
simplicity, results of scaling or tunneling corrections alone on the
kinetic effect are not shown in Figures 4~6. They are not dra-
matically different from the curves given.

All the curves in Figures 4—6 (ignoring the singularity near 200
K in the STO-3G results) do agree with Pascal’s measurements
in the rough sense that the a’/a ratio is larger than (a + a’)/b.
A closer look shows the assumption of kinetic control of these ratios
to be better than that of equilibrium control. There is no tem-
perature range with any of the three bases over which both ratios
are simultaneously computed to lie in the observed regions for
the equilibrium curves. The 3-21G results for kinetic control give
the best fit to experiment, with both ratios computed to be in the
experimental range from about 35 to 210 °C for the uncorrected
and from 15 to 150 °C for the corrected data. The STO-3G
results show somewhat poorer and the 6-31G* results considerably

(10) Bell, R. P. The Tunnel Effect in Chemistry, Chapman and Hall:
London, 1980.
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poorer agreement with experiment. However, not too much should
be made of this given the uncertain conditions of commercial
diketene formation. About all that should be said is that, in a
rough way, calculations of the kinetic isotope effects are in accord
with Pascal’s observed deuterium ratios. The experimental
measurement of these isotope effects at a known temperature
would be worthwhile.

A minor point concerns Pascal’s comment that (a + a’)/b =
0.975 suggests an inverse secondary kinetic isotope effect for the
dimerization of ketene. Although Table III shows that kinetic
isotope effects on the rate of diketene formation are computed
to be inverse for all positions of deuterium substitution, this
conclusion does not seem to follow from Pascal’s results. Table

I1I also lists several kinetic isotope effects of oxygen and carbon
isotopomers.

Finally, a point of Pascal’s that is strongly supported by our
calculations is his tentative assignment of H, in diketene as the
hydrogen cis to the ring oxygen and H, as cis to the ring carbon.
With this assumption, all our calculations give a’/a > 1, as found
by experiment.
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Abstract: A study on the effect of the electron correlation on the electrostatic potential distribution in molecules is presented.
The study is focused not only on the features of the molecular electrostatic potential (MEP), but also on the atomic charges
and dipoles. Electron correlation is introduced by means of the CIPSI and full-CI methods by using both 6-31G* and 6-31G
basis sets. The results reported in this paper clearly point out the reliability of the CIPSI method to reproduce the features
of the MEP evaluated from full-CI wave functions. Comparison of MEPs computed from SCF and full-CI wave functions
indicates that the electron correlation does not have a uniform effect on the MEP in the whole space surrounding the molecule.
Thus, electron correlation has a relevant effect near the nuclei, but the MEP determined from the SCF wave function remains
largely unaffected in regions located outside the van der Waals sphere. Indeed, the characteristics of the SCF MEP minima
undergo only a small change when electron correlation is considered.

Introduction

The inclusion of electron correlation in quantum chemical
studies is becoming a usual practice due to the need for precisely
determining both the total energy and the molecular properties.
One of these properties is electron density, which is highly in-
formative about the reactivity characteristics of molecules. Since
the early quantum chemical studies, a large amount of research
effort has been focused on the description of the electron density
distribution and other related molecular properties within the
Hartree~Fock framework. Nevertheless, less attention has been
devoted to determine the influence of the electron correlation on
the electron density,! even though this effect is expected to be
essential in order to obtain a reliable picture of the electron density
distribution and of related molecular properties.?

After the early work of Daudel et al.,? several studies on the
electron correlation modulation of properties related to the mo-
lecular electrostatic distribution have been reported. Amos et al.?
investigated the changes in the molecular multipole moments
computed from configuration interaction and perturbation theory
with regard to those evaluated at the SCF level. Hehre et al.*
and Cioslowski® recently examined the effect of the electron
correlation on atomic charges by means of calculations at both
SCF and second-order Moller-Plesset levels. However, to our

* Departament de Farmicia.
$Departament de Bioguimica i Fisiologia.
§ Departament de Quimica Fisica.

knowledge, systematic studies on the effect of the electron cor-
relation on the electrostatic distribution have not previously been
reported.

The relevance of the molecular electrostatic potential (MEP)
in determining chemical reactivity has been stressed elsewhere 5!!
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