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Abstract: Microwave spectra of CH,CO-C,H,, CD,CO-C,H,, CH,CO-CH,=CD,, CH,CO-cis-CHD=CHD, and
CH,CO-trans-CHD=CHD have been measured with a pulsed-beam Fourier transform microwave spectrometer. A
b-type spectrum is observed with transitions split into as many as four states due to tunneling motions which exchange
the ketene hydrogens and the two pairs of hydrogens oriented trans to one another in ethylene. The components of
the electric dipole moment along the a and b principal axes were determined to be u, = 0.160(30) X 10-30 C m [0.048(9)
D] and pup = 4.5875(33) X 1030 C m [1.3753(10)D]. A structure having C; symmetry is found with ketene lying in
the symmetry plane of the complex and the molecular plane of ethylene crossing the symmetry plane at 90° with a
carbonyl carbon—ethylene center of mass distance, R, of 3.460(2) A. Microwave and electrostatic modeling calculations
show that the angle between the b-axis of ethylene and R is 49(3)°. The distributed multipole model also accounts
for the planar geometry of the ketene~acetylene complex as compared to the crossed structure of the ketene—ethylene
complex in terms of differences in the quadrupole moments of the two hydrocarbons. The ketene—ethylene complex
has a structure which is qualitatively similar to theoretical determinations of transition-state geometries of the CH,CO
+ C,H, cycloaddition reaction. The uncertainties shown here and throughout this paper are 10, the standard deviation

determined by least-squares fitting.

I. Introduction

Pulsed-nozzle Fourier transform microwave spectroscopy has
been used to study weak intermolecular interactions in a variety
of van der Waals complexes made up of unreactive monomer
units.’-3 Recently, investigations of complexes composed of
reactive binding partners have appeared in the literature.+15Some
of these studies involve chemical species that react in the gas
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phase to form solids.5>~” While van der Waals complexes were
found for NH;~HCN-HF,’ (CH;);P-HCL,6 and HCN-BF;,!4
CH;CN-BF;exhibitsa structure intermediate between the limits
reported for van der Waals and covalently bonded systems.10
Other work includes the ring-opening reaction of CH,CH,0 +
HCI,” the addition reaction of CH;NC + HX (X = F, C]),!11.12
and the reaction of PH; + Cl,.!* Weakly bound complexes formed
between the two reactants were observed for each of these reactive
systems.!1-13 A few prototypic examples of cycloaddition
reactions have been studied employing dual flow mixing nozzles.?
Bimolecular complexes were observed in O3 + C,H,4,4 O3 + C,H,,°
CH,CO + C;H,,'" and HCNO + C,H,.!¢

The complexes observed in these reactive systems have
properties typical of weakly bound van der Waals adducts, and
there is no definitive evidence that the complexes are true chemical
intermediates located in energy minima on the reaction potential
surfaces.+911-16 However, the cycloaddition reactions cited above
are all examples of thermally allowed concerted reactions which
follow orbital symmetry rules.!” The geometries observed for
the cycloaddition complexes may be compared to reactant
approaches dictated by orbital interactions and consequently to
transition-state geometries determined by theoretical calculations
on the reaction potential surface. Three of the reactions—O; +
C,H,, O; + C,H,, and HCNO + C,H,—may be classified as
(2w, + 4x;) concerted cycloadditions in which the LUMO orbital
of the 1,3-dipole (O;or HCNO) interacts withthe HOMO orbital
of the 1,3-dipolarophile (C,H, or C;H,). For O; + C;H, and
O; + C;H,, a parallel approach of the two reactant molecules
provides maximal overlap of the orbitalsand maintains a symmetry
plane along the reaction coordinate.® Hence, the approaching
reactants define an envelope conformation along this reaction
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coordinate. The observed geometries of the two van der Waals
adducts, O;~C,H, and O;—C,H., correspond to envelope con-
formations in accord with the orbital symmetry analysis.
Furthermore, the evidence is fairly compelling that the O3~C,H,
complex falls in a shallow minimum located at large reactant
distances on the reaction potential surface.# Finally, ab initio
calculations show that long-range electrostatic interactions
determine the binding and conformations of O3~C,H,4 and O3~
C,H; complexes.*® Therefore, it appears that the van der Waals
interactions mimic the shorter range = interactions, which are
important on the reaction potential surface in the vicinity of the
transition state. If thisis true, then geometries of van der Waals
complexes in reactive systems can be used to predict transition-
state structures.

In order to further investigate van der Waals complexes in
cycloaddition reactions, we have studied CH,CO + C,H,!*
previously and CH,CO + C,H; in the present work. van der
Waals complexes of ketene cycloadditions are important because
the (2w + 27,) orbital interactions first discussed by Woodward
and Hoffman for CH,CO + C,H, give a crossed transition state,
1.7 The molecular planes of ketene and ethylene are also mutually

@D

orthogonal to one another. Analogous (27 + 2,) orbital
interactions for CH,CO + C,H, predict a crossed transition state,
II. Recent SCF calculations employing STO-3G basis sets
describe CH,CO + C,H,4 and CH,CO + C,H; as concerted (27
+ 27,) cycloaddition reactions.'®* Complete geometry optimiza-
tions of the two transition states at the STO-3G level give
structures which are crossed by approximately 25° rather than
by 90° as shown above for I and IL'® Several higher level
theoretical studies also find crossed transition states for CH,CO
+ C,H,.19-22 However, there are a number of different reaction
paths described that do not involve (2w, + 2w,) orbital
interactions.!?-23 In fact, twostudies favor two-step processes,20:22
and it was argued in one that orbital symmetry does not apply
to the cycloaddition.2?

In a recent microwave study of CH,CO + C,H,, we observed
the CH,CO-C,H, complex in a pulsed jet.!> A planar structure
was determined with the molecular axes of ketene and acetylene
tilted by ~25° from parallel alignment and the acetylenic
hydrogen oriented adjacent to the oxygen of ketene. The crossed
transition-state structure calculated by SCF methods for a (27
+ 27,) orbital interaction'® is clearly different from the planar
complex geometry. Inthe present work, we report a study of the
CH,CO-C,H, complex using pulsed-nozzle Fourier-transform
microwave techniques. Microwave spectra of five isotopicspecies
are used to show that the complex has a crossed structure which
is qualitatively similar to the crossed transition-state geometries
calculated from theory and aiso resembles the (27, + 2=, ) crossed
structure shown as I above. Distributed multipole analysis
(DMA)?*+23 is used in the structural analysis to determine the tilt
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of ethylene with respect to ketene as well as to understand the
observed structural differences between CH,CO-C,H,and CH,-
CO-C,H,. Analyses of the microwave spectra also show that
tunneling motions associated with the ketene and ethylene
monomer units exchange the ketene hydrogens and the two pairs
of trans ethylene hydrogens. DMA calculations find internal
rotation about the ¢ inertial axis of ethylene to correspond to the
lowest energy pathway in agreement with the spectral results.

II. Experimental Section

The rotational spectra of the five isotopic species of the ketene—ethylene
complex, CH,CO-C,H4, CD,CO-CoHy, CH,CO-CHy=CD,, CH,CO-~
¢is-CHD==CHD, and CH,CO~trans-CHD==CHD, were observed with
a Fourier transform microwave spectrometer?6 employing a dual flow
modified pulsed solenoid valve for the molecular beam source. Design
details of the spectrometer2” and of the modified solenoid valve® have
been described previously. Pressurized aluminum tanks containing 1%
ketene in argon and 1% ethylene in argon were used to obtain gas flows
through 1.6-mm (1/16 -in.) capillary tubing to the high-pressure side of
the modified solenoid valve. The two gas flows mixed in the valve and
exited through the normal gas input of the valve, which was connected
to tubing that vented into an exhaust hood. Supersonic bursts of the gas
mixture were delivered to the Fabry-Perot cavity of the spectrometer
through the 0.5-mm orifice of the valve by actuating the solenoid. Digital
flow controllers were used to regulate the two gas flows from the pressurized
aluminum tanks through the valve.

The preparations of the two ketene isotopes were described previous-
ly.2® Commercially available deuterium-enriched samples (99+%) of
CH,=CD;, cis-CHD==CHD, and trans-CHD=CHD were used for the
three dideuterated ethylene isotopes of the ketene—ethylene complex.

Optimum signals of transitions assigned tothe ketene—ethylene complex
were obtained at flow rates of 0.08 mL/s for ketene/argon and 0.17
mL/s for ethylene/argon. Stopping one or the other of these gas flows
made the spectral signals disappear. Only a single gas pulse was required
to observe the more intense transitions. Line centers were measured to
+4 kHz by taking the Fourier transform of the average of the FIDs (free
induction decays) for 500-2000 gas pulses.

III. Results

A, Microwave Spectra, A planar geometry and conformations
which cross the C=C==0 axis of ketene and the C=C axis of
ethylene were used to predict the rotational spectrum of CH,-
CO-C,H,. These structures indicate that the complex will have
a prolate rotor asymmetric top spectrum with intense b-type R-
and Q-branch transitions. The observed microwave spectrum of
CH,CO-C,H, was consistent with the spectral predictions. Table
1 lists the measured frequencies and rotational quantum number
assignments of the b-type transitions. Stark effects of many of
these lines were observed and used to obtain the transition
assignments. The transitions were split into as many as four
components, with a large splitting of 1-2 MHz and a small splitting
of up to ~130 kHz. These four components are assigned to
vibrational tunneling states of CH,CO-C,H,. As discussed in
greater detail in Section IIID, the internal motions involve
exchange of the ethylene hydrogens and exchange of the ketene
hydrogens.

Table 1 gives the measured line frequencies of the four tunneling
states designated A;, A,, B, and B,. Thelarger A~Bstatesplitting
is due to the ethylene hydrogen exchange, while the smaller A~
Ajand B,-B;statesplittings arise from the ketene motion. Nuclear
spin statistical weights expected for ketene and ethylene hydrogen
exchange (see Section IIID) are listed in Table 1 under each
tunneling state label. Both the 1,,—0go and 3,3-2¢; transitions
exhibit only A-B splitting. The observed A /B relative intensities
of these twotransitions are 1.6/1.0, which agrees with the nuclear
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Table 1. Rotational Transitions of CH,CO-C,H,
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state A nuclear spin wt 5

state Az nuclear spin wt 15

state B) nuclear spin wt 3 state B, nuclear spin wt 9

transition
kKK Vowd® (MH2) Avb (kHz) Vorea® (MHZ) Av? (kHz) voma® (MHz) Av? (kHz) vonea® (MH2Z) Av? (kHz)

303212 7755.263 1 7755.226 2 7756.326 4 7756.286 -3
514-505 8057.870 0 8057.837 0

111-Og0 9460.593 -1 9460.593 -2 9459.509 -4 9459.509 -4
404-313 12 337.900 4 12 337.846 2 12 338.875 -7 12 338.875 1
21-1o1 13 393.268 6 13 393.259 3 13 392.187 6 13 392.187 3
-3 15 260.750 0 15 260.791 0 15258.295 0 15258.342 0
220-211 15 664.798 7 15 664.744 4 15 662.265 -2 15662.265 -1
21212 16 581.972 -3 16 581.902 2 16 579.464 2 16 579.390 0
Sos—414 16 963.584 -8 16 963.522 -5 16 964.498 4 16 964.498 -3
3313 17 054.347 11 17 054.220 3 17 051.795 -3 17051.668 -2
313202 17 175.398 -4 17 175.398 4 17 174.340 -6 17 174,340 -1
21-11o 24 447.773 -33 24 447,706 -6 24 445,282 0 24 445,222 0
220113 24 771.452 0 24 768.959 2

@ The frequency measurements have an estimated uncertainty of 4 kHz. » Ay is the observed minus calculated frequency from the least-squares fit.

Table 2, Rotation and Centrifugal Distortion Constants of
CH,CO-C,H¢#

spectral
constant A Az B, B;

A (MHz) 7494.124(14) 7494.145(4) 7492.989(11) 7492.995(3)
B (MHz) 2276.628(40) 2276.643(12) 2276.613(44) 2276.410(14)
C(MHz) 1966.817(40) 1967.004(12) 1966.837(44) 1967.022(14)

Ay (kHz) 11.1(3) 9.70(9) 11.2(3) 9.66(10)
A(kHz) 65.2(22) 72.4(7) 65.3(20) 73.4(6)

Ax (kHz) —41.3(21)  -39.1(8) -101(2) ~104.1(7)
8 (kHz) 1.37(7) 1.41(2) 1.98(24) 1.52(8)

¢ (kHz) —-110(21)  —208(6) -123(22)  -214(7)

o (kHz)b 2.6 1.0 23 0.8

9 The numbers given in parentheses are one standard deviation of the
least-squares fit.  Standard deviation of the least-squares fit.

spin statistical weight A /B ratio of 20/12. Unfortunately, the
expected nuclear spin statistical weight ratios of 15/5 and 9/3
for A,/A, and B,/B, are not as certain, because the A,~A; and
B,-B; splittings are within the bandwidth of the microwave cavity,
and consequently theintensities of the lines are critically dependent
on the cavity resonance position on the mode relative to the
microwave pump frequency. In spite of this problem, the A, and
B, state lines are clearly at least a factor of 2 more intense than
the corresponding A, and B, state lines. Therefore, the line
intensities are consistent (albeit qualitatively in terms of the A |~
A, and B,-B; pairs) with the nuclear spin statistical weights of
the four states given in Table 1.

Measured transition frequencies for each tunneling state were
least-squares fitted to an eight-parameter asymmetrical top
Watson Hamiltonian in the It representation and A-reduced
form.? Therotational constants and quarticcentrifugal distortion
constants obtained from these fits are listed in Table 2.

Each rotational transition of CD,CO-C,H, consisted of a
doublet with a splitting of about 1| MHz. The measured line
frequencies of these two states, designated A and B, are given in
Table 3. Observed A/B state relative intensities of several
transitions are consistent with the nuclear spin statistical weights
of 10/6 due to exchange of the two equivalent pairs of hydrogens
in ethylene. Consequently, the splitting is assigned to tunneling
motion involving ethylene. Tunneling splittings associated with
the ketene motion are not resolved due to the larger moment of
inertia of CD,CO. This isreasonable since the maximum A;~A,
and B,-B; state splittings in CH,CO-C,H, are only about 130
kHz. Line frequencies for each state in Table 3 were fitted to
the same Hamiltonian employed for the CH,CO-C,H; states,
giving the molecular constants listed in Table 4.

Tunneling splittings in the rotational spectra of CH,CO—
CH,=CD,, CH,CO-cis-CHD=CHD, and CH,CO-trans-
CHD==CHD are complicated by the possibility of hydrogen and

(29) Watson, J. K. G. In Vibrational Spectra and Structure; Durig, J.R.,
Ed.; Elsevier, Amsterdam, 1977; Vol. 6, p 1.

Table 3. Rotational Transitions of CD,CO-C,H,

state A
nuclear spin wt 10

state B
nuclear spin wt 6

transition Vobed® Avb Vobed® Avt
Vkok-Vkoke  (MHZ)  (kHz)  (MHz)  (kHz)
303-212 7925.921 0 7926.467 0
111000 8741.817 1 8741.256 1
4o4~313 12 373.598 1 12 374.121 0
21-1o1 12 504.313 -2 12 503.755 -1
4,43 13 020.568 0 13019.268 -1
3-312 13 501.446 0 13 500.126 3
220211 13930.314 1 13 928.979 -2
2-212 14 936.471 -1 14935.122 0
32313 15 458.664 0 15457.294 0
313-202 16 102.629 0 16 102.077 0
Sos—414 16 844.402 0 16 844,894 0

aThe frequency measurements have an estimated uncertainty of 4
kHz. ® Av is the observed minus calculated frequency in kHz from the
least-squares fit.

Table 4. Rotational and Centrifugal Distortion Constants of
CD,CO-CyHys

spectral constant A B
A (MHz) 6860.443(1) 6859.851(2)
B (MHz) 2222.688(3) 2222.683(5)
C (MHz) 1881.757(3) 1881.761(5)
Aj (kHz) 8.506(30) 8.505(4)
A (kHz) 63.45(20) 63.98(26)
Ak (kHz) -50.70(27) -79.91(36)
d; (kHz) 1.004(31) 1.058(41)
ok (kHz) —-139.0(16) -140.1(21)
o (kHz)? 0.4 0.5

4 The numbers given in parentheses are one standard deviation of the
least-squares fit. » Overall standard deviation of the least-squares fit.

deuterium exchange arising from rotation of ethylene about one
of its C, symmetry axes. Nuclear spin statistical weights of the
tunneling states for these isotopic species differ depending upon
the C, axis in ethylene which exchanges the hydrogen and
deuterium nuclei. The observed spectral splittings and nuclear
spin statistical weights from relative intensities of tunneling state
lines are used in Section IIID to assign the internal motion to a
rotation of ethylene about its ¢ principal axis, which is perpen-
dicular to the molecular plane of ethylene. In addition to the
ethylene internal motion, exchange of the ketene hydrogens will
further split the transitions of the deuterated ethylene isotopic
species of the ketene—ethylene complex.

The transitions of CH,CO-CH,==CD, were split into as many
as four states. For this isotopic species, the larger splitting is
reduced in comparison to CH,CO-C,H, from 1-2 MHz to about
500 kHz or less. Since the moment of inertia about the ¢ axis
of ethylene increases for the CH,==CD, isotope, it is reasonable
to observe a reduced splitting of the lines in the spectra of CH,-
CO-CH,=CD,. The smaller splitting is somewhat similar to
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Table 5. Rotational Transitions of CH,CO-CD,CH,

Lovas et al.

state A,” nuclear spin wt 3

state A" nuclear spin wt 1

state Ay’ nuclear spin wt 1 state A’ nuclear spin wt 3

transition
Tk kI KoK vobed? (MHZ) Av® (kHz) vobed® (MH2Z) Av? (kHz) Vored® (MHZ) Av® (kHz) voved® (MH2Z) Av® (kHz)
303212 7499.223 4 7499.223 -4 7498.963 5 7498.963 6
111—0g0 8983.503 5 8983.503 -10 8983.783 11 8983.783 3
404-313 11 868.879 1 11 868.879 -3 11 868.621 -1 11 868.621 -2
21-1g 12 780.505 3 12 780.505 -2 12 780.767 -5 12 780.767 -6
35312 14 405.548 -1 14 405.548 -2 14 406.115 -1 14 406.115 -3
220211 14 760.525 13 14 760.525 -6 14761.141 12 14 761.141 11
2-212 15 558.313 -18 15 558.313 6 15 558.895 -16 15 558.895 -1
35313 15 968.300 6 15 968.200 -3 15 968.890 6 15 968.785 3
Sos—414 16 282.587 0 16 282.587 1 16 282.347 0 16 282.347 0
313202 16 446.255 -33 16 446.337 4 16 446.604 13 16 446.604 8
414-303 19 994,632 4 19 994.701 6 19 994.888 -23 19 994.949 0
22-110 23152.722 -1 23153.302 -14
220111 23433.150 7 23433.727 4
S15—404 23 447.423 2 23 447.513 -3 23 447.630 9 23 447,748 0

2 The frequency measurements have an estimated uncertainty of 4 kHz. b Ay is the observed minus calculated frequency from the least-squares fit.

Table 6. Rotational Transitions of CHCO—cis-CDHCDH and CH;CO~trans-CDHCHD

CH,CO—is-CDHCDH

CH,CO-trans-CDHCHD

state A nuclear spin wt 1

state A nuclear spin wt 3

state A nuclear spin wt 15 state B nuclear spin wt 21

transition
I x, ki KoK Vobed® (MHZ) Av® (kHz) voped® (MHZ) Av® (kHz) Vobsd® (MH2Z) Av® (kHz) Vopsd® (MH2Z) Av® (kHz)
303-212 7778.167 0 7778.167 4 7514.041 10 7514.282 -1
111000 9014.198 -1 9014.198 0 8964.269 7 8963.992 -10
404-313 12 228.601 0 12 228.545 -3 11883.115 -9 11 883.370 2
21-1g1 12 880.871 21 12 880.871 0 12 758.598 1 12 758.346 6
35-312 14 261.329 0 14 261.329 -3 14 350.137 2 14 349.606 1
220211 14 623.598 2 14 623.598 7 14 706.530 1 14 705.983 -4
2-212 15441.238 -3 15441.156 -5 15 508.313 1 15507.787 11
32313 15 861.737 1 15861.620 2 15920.375 0 15919.864 -2
313202 16 613.122 -19 16 613.196 4 16 421.119 -7 16 420.881 7
So0s—414 16 721.215 1 16 295.783 3 16 296.013 0
414303 20225.630 5 20 225.694 -3 19 965.752 5 19 965.498 -3
2211y 23 174,952 -8 23097.414 0 23 096.877 -2
2011y 23 462.848 5 23379.355 -4 23 378.818 -4
S15—404 23 741.613 1 23414.678 -1 23 414,444 4

@ The frequency measurements have an estimated uncertainty of 4 kHz.  Av is the observed minus calculated frequency from the least-squares fit.

that of CH,CO-C,H,, with a maximum splitting of 110 kHz. In
many lines it was not possible to identify small splittings due to
the ketene tunneling motion because of the partially resolved
deuterium hyperfine components. Table 5 lists the measured
transition frequencies of CH,CO—CH,=CD,. The designations
A” and A’ are tunneling state labels assigned to the ethylene
motion, and the further splitting due to the ketene motion is
identified by subscripts 1 and 2, e.g., A”,A”; or A" LA’ A
number of transitions which do not exhibit A”,,A”’; and A’},A’;
state splitting were used to determine the relative intensities of
the A”/A’ states. These measurements indicate that the A”
stateisslightly more intense than the A’ state. Relativeintensities
of the small splitting are difficult to measure, as discussed
previously for CH,CO-C;H, because the twosplit lines fall within
the bandwidth of the cavity. However, the A”’, and A’; state
lines are measured to be 2.8 times more intense than the A”’; and
A’ state lines for the 3,,~3,3 transition, which is consistent with
the nuclear spin statistics noted in Table 5.

Two tunneling states arising from the ketene motion were
observed for CH,CO-cis-CHD=CHD. As shown in Table 6,
which lists the measured line frequencies, the splitting is
comparable to the ketene splittings observed for CH,CO-C,H,
and CH,CO-CH,=CD,. While the nuclear spin weights of 1
and 3 for the two states designated A, and A,, respectively, were
difficult to verify due to the small spectral splitting (as discussed
previously for CH,CO-C,Hy,), the A state lines were clearly less
intense than the A, state lines. Tunneling splitting due to the
ethylene motion is quenched because two structural isomers with
different rotational constants are obtained for hydrogen/
deuterium exchange motion about the ¢ axis of ethylene for the
cis isotope (see Section IIID).

Line frequencies of two tunneling states were measured and
assigned to the ethylene internal motion for CH,CO-trans-
CHD=CHD. The observed splitting of the transitions was quite
similar to the tunneling splitting found for CH,CO-CH,=CD,
due to the ethylene internal motion. For example, the 1,;—0go
transition is split by 280 kHz in CH,CO-CD,=CH; and by 277
kHz in CH,CO—trans-CHD==CHD. These two states should
be further split into two components due to the ketene internal
motion as observed in CH,CO-CH,=CD,. Unfortunately,
partially resolved deuterium hyperfine structure on transitions
which exhibit additional tunneling state splitting made it difficult
to obtain complete assignments of all four states. The deuterium
hyperfine structure differs for the two assigned states due to the
ethylene internal motion, as explained in Section IIID. Several
transitions assigned to the two ethylene tunneling states exhibited
no resolved hyperfine structure and no splitting from the ketene
motion. Relative intensity measurements of the two tunneling
state components of these lines are consistent with the nuclear
spin weights of 15/21 listed in Table 6 for the A and B states,
respectively.

Each tunneling state observed for the three deuterated ethylene
isotopic species of the ketene—ethylene complex was fit to an I*
A-reduced Watson Hamiltonian?® using the line frequencies listed
in Tables 5 and 6. The spectral constants obtained from these
fits are given in Tables 7 and 8.

B. Electric Dipole Moment. The dipole moment of CH,CO-
C,H, was determined by measuring the frequency shifts as a
function of the applied electric field for the Stark components of
the B state 1,,—0g0, 2,2~101, and 3¢3-2,; transitions as well as the
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Table 7. Rotational and Centrifugal Distortion Constants of
CH,CO-CD,CHy*

spectral
constant Ay Ay’ AY Ay

A (MHz) 7084.870(28) 7084.876(7) 7085.141(21). 7085.158(9)
B (MHz) 2167.827(76) 2167.828(20) 2167.937(58) 2167.862(24)
C (MHz) 1899.185(76) 1899.121(20) 1899.083(58) 1899.156(24)

Ay(kHz)  8.52(53) 8.62(14) 9.30(41) 8.82(17)
A (kHz) 60.5(31) 62.49(81)  56.6(24) 62.04(99)
Ax (kHz) -66.1(40)  —67.8(11)  -48.5(31)  —50.6(14)
8 (kHz) 1.14(12) 1.203(33)  0.89(9) 1.148(41)
ok (kHz) -236(40)  -234(10)  -178(31)  —215(13)
o(kHz)? 6.0 1.9 46 2.3

4 The numbers given in parentheses are one standard deviation of the
least-squares fit. ® Overall standard deviation of least-squares fit.

Table 8, Rotational and Centrifugal Distortion Constants of
CH,CO—is-CDHCDH and CH,CO~trans-CDHCHD*
spectral CH,CO—is-CDHCDH CH,CO-trans-CDHCHD
constant A Az A B

A(MHz) 7080.750(26) 7080.721(6) 7066.970(7) 7066.690(9)
B(MHz) 2209.465(68) 2209.505(16) 2167.925(20) 2167.947(23)
C(MHz) 1934.066(66) 1934.035(16) 1897.823(19) 1897.801(23)

Ay (kHz) 8.53(58) 9.12(11) 8.92(14) 9.05(16)
A (kHz) 67.2(29) 65.62(67)  61.60(8) 59.71(96)
Ax (kHz) -61.0(38)  —63.29(97) —49.5(12)  —67.5(13)
8y (kHz) 1.19(23) 1.201(28)  1.203(34)  1.193(71)
ok (kHz) -254(36)  -229.3(84) -213(10)  —202(12)
o (kHz)? 5.2 1.6 3.7 22

@ Numbers given in parentheses are one standard deviation of the least-
squares fit. ® Overall standard deviation of least-squares fit.

Astate 1;,—0go transition. Asdescribed previously,?*0static electric
fields were applied to the gas bursts between two parallel plates.
The effective electric field was calibrated using the J = 1-0
transition of OCS and its known dipole moment of 2.385 62(10)
X 10730 Cm [0.71519(3) D].3! A total of 28 measurements for
seven AM; = 0 transitions were least-squares fit to second order
perturbation theory. Fitting all three dipole components gave u,
= 0.12(7) X 1030 C m [0.036(20) D], up = 4.5902(53) X 10-3¢
C m [1.3761(16) D], and u2 < 0, with a residual standard
deviation of 3.2 kHz. The negative value of u.? suggests that u.
is 0. This is consistent with the symmetry of the complex which
is established from the moment of inertia data in the Structural
Analysis section. If p. is fixed at 0, refitting the data gives u,
= 0.160(30) X 10-30 C m [0.048(9) D] and up = 4.5875(33) X
10-30 C m [1.3753(10) D], with a residual standard deviation of
3.1 kHz.

C. Structural Analysis. The large inertial defect of CH,CO—
C,H, in the A, state, A = [, — I, — Iy = =32.5 u-A?2, shows that
the complex has a nonplanar structure with a number of heavy
atomslocated out of the @,b plane. From the knowndipole moment
of ketene monomer, u = 4.74378 X 10-3°C m [1.42215 D],32and
up (complex) = 4.5875 X 10-% C m [1.3753 D] obtained in the
present work, the projection angle of the C=C==0 axis of ketene
onthe binertial axis of the complex is calculated to be 14.7°. This
shows that the C=C=0 axis of ketene must be aligned nearly
parallel to the b inertial axis of the complex. Also, the second
moment, Pe(complex) =1/, (I + Iy~ I,) = Lmyc? = 16.23 w-A2,
is close to the experimental value of 7, = 16.80 u-A2 for ethylene
monomer, which means that the methylene groups of ethylene
are located symmetrically out of the a,b plane of the complex.
The hydrogens of ketene must be located in the a,b plane of the
complex because AP, = Po(CD,CO-C,H,) ~ P..(CH,CO-C,H,)

(30) Campbell, E. J.; Read, W. G.; Shea, J. A. Chem. Phys. Lert. 1983,
94, 69. Coudert, L. H.; Lovas, F. J.; Suenram, R. D.; Hougen, J. T. J. Chem.
Phys. 1987, 87, 6290.

(31) Reinhartz, J. M. L. J.; Dymanus, A. Chem. Phys. Lett. 1974, 24, 346.

(32) Fabricant, B.; Krieger, D.; Muenter, J. S. J. Chem. Phys. 1977, 67,
1576.
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Figure 1, Structural parameters defining a crossed configuration of CH-
CO-C,H,4 determined from the moment of inertia data and listed in
Table 12. The line, R, connecting the center of mass of ethylene and the
carbonyl carbon of ketene is almost coincident with the a principal axis
of the complex.

Table 9. Structural Parameters of CH,CO-C,;Hs Complex
Monomer Geometry

distance (A) angle (deg)
CH,CO# rcH 1.0754 6(HCC) 118.9
rec 1.3147 6(HCH) 122.2
rco 1.1620
C,H,? rec 1.339 6(HCH) 121.1
FCH 1.086
Complex Geometry
fit A¢ (preferred geometry) fit B4
R(A) 3.460(2) 3.461(2)
6, (deg) 88(2) 89(2)
) (dei) 49(3) 130(3)
o (wA2) 0.57 0.58

a Determined from a r, fit of the I, and I, moments of inertia for
CH,CO, CD,CO, CHDCO, 13CH,CO, and CH,C!30 reported in the
following references. Johns, J. W. C.; Stone, J. M. R.J. Mol. Spectrosc.
1972, 42, 523. Nemes, L.; Winnewisser, M. Z. Naturforsch 1976, 31a
272. Cox, A. P,; Thomas, L. F.; Sheridan, J. Spectrochim. Acta 1959,
15 542. b The ethylene 7, parameters were determined from an 7, fit in
the CHy;=CHD frame with use of the CH,=CD,, CH;==CHD, and
¢is-CHD=CHD second moments P,, and Py, reported in the following
reference. Hirota, E.; Endo, Y.; Saito, S.; Yoshida, K.; Yamaguchi, I;
Mochida, K. J. Mol. Spectrosc. 1981, 89, 223. ¢ Fit of five isotopic species’
moments of inertia with deuterium in CH,CO—cis-CHD==CHD located
adjacent to ketene oxygen. This geometry corresponds to the lowest
energy structure obtained from DMA calculations (see Section IIIE).
4 Fit of five isotopic species’ moments of inertia with deuterium in CH,CO~
¢is<CHD==CHD located adjacent to ketene methylene group. ¢ One
standard deviation of the overall moment of inertia fit.

=0.000 596 u-A2. Onlya crossed structureasillustrated in Figure
1 is consistent with all these data.

If the assumption is made that the ketene and ethylene
geometries remain unchanged upon complex formation, then three
coordinates are necessary to specify the crossed structure. As
can be seen in Figure 1, these coordinates are R, the distance
between the carbonyl carbon of ketene and the ethylene center
of mass, 6,, the angle between the ketene heavy atom axis and
R, and 6,, the angle between R and the axis defined by the C=C
bond in ethylene. Moments of inertia from the ground-state
rotational constants of the five isotopic species may be used in
iterative least-squares fits to determine R, 6y, and 8,. The ground
states are designated A, for CH,CO-C,H,, A for CD,CO-C,H,,
A" for CH,CO-CD,CH,, A, for CH,CO-cis-CHD=CHD, and
A for CH;CO~trans-CHD=CHD in Tables 2, 4,6,8. Monomer
geometries are fixed at the r, values listed in Table 9 for the
moment of inertia structural analyses.

For the crossed structure shown in Figure 1, an ambiguity
exists in the assignment of the observed microwave spectra of
CH,CO-cis-CHD==CHD. Two structurally different forms of
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Figure 2, Three internal motions of ethylene, viewed along the b principal axis of the CH,CO-C,H4 complex, which exchange ethylene hydrogen nuclei.
The circled atoms 1, 2, 3, and 4 represent the ethylene hydrogens, while 5 and 6 are the ketene hydrogens. In cases A, B, and C, 180° rotation about
the a, b, and ¢ principal axes of ethylene, respectively, exchanges different pairs of ethylene hydrogens. The spectroscopic and electrostatic modeling
results show that only the ethylene hydrogen exchange illustrated as case C takes place in the complex.

CH,CO—cis-CHD==CHD are possible, corresponding to the
deuterium atoms located either adjacent to the oxygen of ketene
or adjacent to the methylene group of ketene. Since only one
structural form was seen in the supersonicexpansion, the observed
spectrum likely arises from the lowest energy form. Analogous
situations have been encountered in the related Os—cis-
CHD==CHD and SO,—cis-CHD=CHD?? complexes. When
only one structural form is observed, it is not possible to definitively
assign the observed spectra toone of the two possible forms because
therotational constants of the two forms are similar. This problem
can be treated in the structural analysis by performing two least-
squares fits. One, designated fit A, assigns the observed spectrum
of CH,CO—cis-CHD=CHD to the structural form where the
deuterium atoms are located adjacent to the ketene oxygen. The
second fit, designated fit B, assigns the observed spectrum to the
form where the deuterium atoms are adjacent to the methylene
group of ketene. Table 9 gives the two sets of values obtained
for R, 6,, and 6, from the two fits. Note that the geometries of
structures A and B differ only in the supplementary values of 6.
The overall standard deviations of fits A and Bare 0.57 and 0.58
u-Az respectively, which means that the two structures satisfy
the moments of inertia of the five isotopic species equally well.
Hence, it is not possible to use the moment of inertia data to
distinguish between the two structures. In Section IIIE of this

(33) Andrews, A. M,; Taleb-Bendiab, A.; LaBarge, M. S,; Hillig, K. W,
{1; Kuczkowski, R. L. J. Chem. Phys. 1990, 93, 7030.

paper, we use a simple electrostatic model to show that structure
A is more stable and corresponds to the observed ground-state
spectra.

D. Internal Motions. The tunneling states observed for CH,-
CO-C,H, and its four isotopic variations can be understood in
terms of internal motions which exchange equivalent pairs of
hydrogen and/or deuterium nuclei in ethylene and ketene. For
ethylene, rotation about each of its three different C, axes leads
to exchange of different pairs of ethylene hydrogens. Figure 2
illustrates these motions, ignoring the ketene hydrogen exchange.
In case A, the two pairs of vicinal hydrogens are exchanged by
180° rotation about the a principal axis of ethylene (C==C bond
axis). Rotation of 180° about the b principal axis of ethylene
exchanges the two pairs of cis hydrogens in case B. In case C,
the two pairs of trans hydrogens are exchanged by 180° rotation
about the ¢ principal axis of ethylene. In each case shown in
Figure 2, tunneling through therotational barrier gives twostates.
Since CH,CO—C,H,exhibits four tunneling states and the ketene
hydrogen exchange produces two states, only one of the three
ethylene exchange motions noted above is actually taking place
in the complex. Later in this section, spectral data from the
deuterated ethylene isotopic species are used to show that trans
ethylene hydrogen exchange (case C) is the origin of the ethylene
tunneling states.

Group theoretical methods described for H,0~D,0%034 may
be used to analyze the ketene and ethylene tunneling motions

(34) Coudert, L. H.; Hougen, J. T. J. Mol. Spectrosc. 1988, 130, 86.
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Figure 3, Four equivalent frameworks of CH,CO-C,H4 designated [1], [2], [3], and [4], viewed along the b principal axis of the complex. The
permutation inversion operation to be applied upon the basis function of framework [1] is given in parentheses under that framework. Note that only
the ethylene hydrogen exchange depicted by case C in Figure 2 is represented by these four frameworks.

described above for the ketene—ethylene complex. For a crossed
structure with a plane of symmetry, four equivalent configurations
exist for CH,CO-C,H,. These nonsuperimposable frameworks
are designated [1], [2], [3], and [4] in Figure 3. Pathway [1]
— [4] exchanges the ketene hydrogens by tunneling through a
barrier to internal rotation about the a principal axis of ketene.
The two pairs of trans ethylene hydrogens (case C in Figure 2)
are exchanged in pathway [1] — [3] by tunneling through an
internal rotation barrier about the ¢ principal axis in ethylene.
A concerted tunneling of both the ketene and the ethylene
hydrogens is depicted as a geared motion in pathway [1] — [2].

Tunneling between the four frameworks in Figure 3 splits each
asymmetric rotational energy level into four states. The four
states belong to symmetry species A*,, A*,, B*;, and B*; and
obey the selection rules A%, <= A, A%, <= A+, B¥, <> B+ and
B#, <> B%,, Inagreement with this analysis, the observed b-type
transitions follow pure rotation selection rules and take place
entirely within a particular tunneling state. Exchange of the two
pairs of ethylene hydrogens gives nuclear spin weights of 10:6 for
the A:B states. Ketene exchange leads to overall nuclear spin
weights of 5:15:3:9 for A :A,:B,:B,. These spin weights are
consistent with the observed relative intensities of transitions from
the four states.

Nugclear spin statistics for the deuterated ethylene-ketene
isotopic species can be used in conjunction with measurements
of relative intensities of lines from the tunneling states to show
that the ethylene tunneling splitting arises from trans hydrogen
exchange (case C, Figure 2). The effect of ethylene hydrogen
and deuterium exchange without ketene exchange is considered
first in the analysis of the spin statistics. This approach is useful
because the ketene tunneling splitting is not resolved for many
transitions and intensity measurements of these transitions can
be directly compared to the ethylene exchange spin statistics.
Table 10 summarizes the nuclear spin statistics of CH,CO-CD,-
CH,, CH,CO—trans-CHD=CHD, and CH,CO-<is-CHD=CHD
for the three ethylene internal motions described as cases A, B,
and C in Figure 2.

The nuclear spinsstatistics for CH,CO—C,H, are not dependent
upon theethylene tunneling exchange incase A, B,or C. However,
comparison of the nuclear spin statistics for the deuterated ethylene
species in Table 10 shows that spin weights of 15:21 are expected
for only one isotopic species undergoing a particular ethylene
tunneling motion. For example, the ethylene exchange motion
in case C (ignoring the ketene motion) gives two equivalent
frameworks for CH,CO—trans-CHD=CHD and hence two
tunneling states, A:B, with spin statistics of 15:21. Consideration
of the ketene hydrogen exchange increases the number of tunneling
states to four, A;:A,:By:B,, and modifies the spin statistics to
5:15:7:21. The same analysis applied to CH,CO-CH,==CD, for
case C leads to different results. Here the ethylene motion
exchanges each hydrogen with a deuterium, which does not yield
twoequivalent frameworks. Hence, the ethylene motion produces
two tunneling states designated A”:A’ of equal spin weights. These
states are further split by the ketene motion to give four states,
A)A":Ay Ay, with spin weights of 1:3:1:3. Finally, CH,CO-
cis-CHD=CHD is unique among these isotopic species in that
the ethylene motion for case C gives structurally nonequivalent
species with different rotational constants. Hence the ethylene
tunneling motion is quenched for CH,CO-cis-CHD=CHD.
However, ketene hydrogen exchange still leads to equivalent
frameworks and two states, A;:A,, give rise to spin statistics of
1:3. Similar reasoning results in the tunneling states and nuclear
spin weights listed in Table 10 for cases A and B. The spectral
data are consistent only with case C, where intensity measurements
of transitions exhibiting no ketene splitting clearly show the 15:
21 spin statistics for CH,CO-trans-CHD==CHD and the ap-
proximately 1:1 spin weights for CH,CO-CH,CD,. Inaddition,
CH,CO-cis-CHD==CHD transitions are doubled with splittings
comparable to the splittings assigned to the ketene motion in
CH,CO-C,H, and CH,CO-CH,CD,.

Further spectral evidence for the ethylene tunneling motion
exchanging trans hydrogen pairs (case C) comes from ex-
pected differences in the deuterium hyperfine splitting of the
1,,—0¢0 transitions of CH,CO—trans-CHD=CHD and CH,CO-
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Table 10. Tunneling States and Nuclear Spin Statistics of Ketene—~Ethylene Complex
tunneling states nuclear spin statistics
isotopic species ethylene overall® ethylene® overall?
Case A
CH,CO-C,H,4 A:B A1:A2:B;:B; 10:6 5:15:3:9
CH,CO-CD,CH; A:B Aj:AB;:B; 15:21 5:15:7:21
CH,CO~trans-CHDCHD A"A A AYAYAY 1:1 1:3:1:3
CH,CO-cis-CHDCHD ApA; 1:3
Case B
CH,CO-C,H, A:B A1:A2:B;:B;y 10:6 5:15:3:9
CH,CO-CD,CH, AA AYAYAVAY 1:1 1:3:1:3
CH,CO-trans-CHDCHD A:A AYAYAVIAY 1:1 1:3:1:3
CH,CO—is-CHDCHD A:B Ap:A2B;:B; 15:21 5:15:7:21
Case C
CH,CO-C,H,4 AB A1:A2:B1:B; 10:6 5:15:3:9
CH,CO-CD,CH, A:A' AY A AVIAY 1:1 1:3:1:3
CH,CO~trans-CHDCHD AB A1:A2:B1:B; 15:21 5:15:7:21
CH;,CO—is-CHDCHD ApA; 1:3

4 The tunneling states and nuclear spin statistics are due to ethylene hydrogen exchange (see Figure 2). ® Both ethylene and ketene internal motion
(see Figure 3) give rise to the overall tunneling states and nuclear spin statistics.

CH,==CD,. In CH,CO-trans-CHD==CHD, the Ip = 0, 2
hyperfine components are present in the B state lines, while the
Ip = I components are found in the A state. All hyperfine
components are present in both the A” and A’ state lines of CH,-
CO-CH,CD,. Fortunately, none of theisotopicspecies of ketene—
ethylene exhibits ketene tunneling splitting for the 1;,—0Ogo
transition, so complications from the ketene motion do not affect
the hyperfine patterns. The effect is to give identical deuterium
hyperfine structure for the A”” and A’ states of CH,CO-CH,-
CD, and distinctly different hyperfine structure for the A and
B states of CH,CO-trans-CHD=CHD. The observed 1,,—0¢
transition of the two deuterated ethylene isotopic species shows
this effect. Infact, the hyperfine patterns are quite similar to the
1,0~000 transitions of O;~CD,CH; and O;~trans-CHD=CHD,
where it has been shown that ethylene tunneling splitting also
arises from exchange of trans hydrogen pairs.4

E. Electrostatic Modeling. In order to determine which
structural form of the ketene—ethylene complex (structure A or
B in Table 9) corresponds to the spectroscopically observed most
stable form, distributed multipole analysis (DMA)?425 was used
to calculate the angular geometry of the complex. Analogous
calculations were performed for the ketene~acetylene complex!s
toobtaina simple explanation of the distinctly different structures.
The distributed multipole model has proved successful in
rationalizing and predicting geometries of hydrogen-bonded and
other weak complexes.?*-37 In this model, the angular geometry
ofa dimer is calculated by minimizing the electrostatic interaction
energy of unperturbed monomers subject to hard-sphere repulsive
constraints. The charge distributions of the monomers are
represented by arrays of point multipoles placed on atoms and
w-bond centers with numerical values derived from DMA38of an
ab initio charge density. This multisite representation has
important mathematical and physical advantages.243® Truncation
of the site multipole expansions at the quadrupole level has been
found to be adequate for most purposes, although another
approach is to truncate the interaction energy at a given order
in R, the monomer separation.’® The repulsive potential that
stops the monomers from collapsing together is crudely param-
etrized by embedding the sites in hard spheres with Pauling van
der Waals radii. Again, this simple approach has been found to
work well in many circumstances.24:25.35-37

In the present case, DMA parameters are required for three
molecules. Those for ethylene and acetylene are available from

(35) Fowler, P. W,; Tole, P. J. Mol. Struct. 1988, 189, 121.

(36) Buckingham, A. D.; Fowler, P. W. J. Mol. Struct. 1988, 189, 203.

(37) Kisiel, Z.; Fowler, P. W.; Legon, A. C. Chem. Phys. Lett. 1991, 176,
446.

(38) Stone, A. J. Chem. Phys. Lert. 1981, 83, 233.

(39) Price, S. L.; Stone, A. J. J. Chem. Phys. 1987, 86, 2859.

previous work.2425 For ketene, an SCF calculation was carried
out using the same Dunning basis and a distributed multipole
analysis made using the CADPAC program.® Interaction sites
were placed on all atoms and on the centers of = bonds; hard-
sphere repulsive radii were placed on the atoms (r. = 1.7 A, r,
=1.44,ry=1.2A)and r-bond “hard cylinders” were constructed
from additional spheres placed at every quarter bond length and
with radii interpolating those of the end atoms. No attempt was
made to optimize any of these parameters. The site multipoles
are listed for reference in Table 11. The interaction energy was
truncated at order R, i.e., retainingall terms with four Cartesian
indices (charge, hexadecapole, dipole—octopole, quadrupole~
quadrupole) in the expansion.

Using the data in the table and the hard-sphere parameters
indicated above, the model was applied to the two complexes. For
ketene—ethylene, the most stable structure is predicted to have
the two heavy-atom chains perpendicular to each other, cor-
responding to structure A in Table 9 with an electrostatic energy
of U= -8.98 X 10-2 J (-2.06 X 10~ hartree). A secondary
minimum at U = ~7.63 X 10-2! J (~1.75 X 10-3 hartree) is found
for a parallelarrangement, in which the ethylene hydrogens project
out of the plane of the heavy atoms; other structures including
structure B in Table 9 were much less stable. Some sensitivity
to the level of truncation of the multipole series manifested itself
at the global minimum in a switch between the perpendicular
structure and a very shallow double-minimum potential defining
a coordinate for twisting from the perpendicular. For ketene—
acetylene, the most stable structure is predicted to be planar and
pseudocyclic [U =-9.46 X 10-2! J (=2.17 X 10-? hartree)], with
secondary minima for planar hydrogen-bonded structures in which
HCCH attaches to the “lone pair” site on O in ketene [U = -8.63
X 10721 J (~1.98 X 103 hartree)] and for a perpendicular
arrangement of the = chains [U =-8.46 X 10-2! J (~1.94 X 103
hartee)].

The favored structures are shown in Table 12, from which it
is clear that the electrostatic model is in very satisfactory
agreement with experiment. Ketene has a mean polarizability
of 3.56 X 10-30 m3 (24 au) in the present basis, and this suggests
that dispersion will make a significant contribution to the total
binding energy, though not necessarily to its anisotropy, in both
complexes. Estimates using an empirical model formulated for
vander Waals complexes*! suggest that anisotropies in induction
and dispersion energies are insufficient to change the qualitative
predictions of preferred geometry.

(40) Amos,R.D. CADPAC, The Cambridge Analytic Derivatives Package;
SERC: Daresbury, UK., 1984.
(41) Kisiel, Z. J. Phys. Chem. 1991, 95, 7605.
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Table 11, Distributed Multipole Analyses for Ketene, Ethylene, and Acetylene?

ketene ethylene acetylene
property Hl C1 BCl C2 BC2 0 H C H C BC
X 1.77511 0 0 0 0 0 1.75542 0 0 0 0
z -097218 0 124155 248310 3.58009 467707 232829 1.26517 3.13978 113667 O
doo -0.01722 041762 -1.02695 1.56381 -091657 -0.05749 -0.03753 0.07506 -0.09550 0.80947 -1.42794
qio -0.03962 049969 -0.08745 040316 -0.02455 -0.28611 0.11851 0.17801 041773 -0.16553 O
qn 022478 0 0 0 0 0 021446 O 0 0 0
q20 0.01257 090965 0.65937 -0.05088 —0.28330 0.36842 0.02954 0.07535 -0.21363 0.01978 1.13511
q2¢ -0.06892 0 0 0 0 0 007717 0 0 0 0
g2 -0.03315 033930 082298 0.15761 -036775 032935 -0.02427 0.13745 O 0 0
30 001554 -0.34635 0.06351 -0.10771 0.06219 -0.10822 -0.06693 0.36981 0.12139 -0.76950 O
31c 0.00723 0 0 0 0 0 0.01002 0 0 0 0
32 —-0.00605 0.86372 0.06375 -0.50259 -0.02808 0.05198 0.02289 -247765 0 0 0
q33c -0.01158 0 0 0 0 0 -0.00529 0O 0 0 0
qa 000315 0.25739 049383 0.07990 -0.11570 0.00362 0.03256 0.62912 0.00932 0.12446  0.484 99
G41c 0.00251 0 0 0 0 0 002729 O 0 0 0
Gaxc 0.00446 -0.20342 045454 0.00810 -0.17218 -0.03299 0.06170 151612 O 0 0
q43c -0.02106 0 0 0 0 0 0.03239 0 0 0 0
Gasc 0.02002 -0.31181 -0.00649 0.00567 0.00018 -0.00003 -0.02924 0.05351 O 0 0

4 All molecules lie in the x,z plane with heavy atoms on the z axis. Coordinates are given in bohr radii. Only one of any set of equivalent sites is
listed; multipoles on other members of the set are generated by symmetry. Sites BC are at bond midpoints and are used to improve convergence. The
quantitites gm(c) are the spherical harmonic components in real form of the charge (/ = 0), dipole (/ = 1), quadrupole (! = 2), octopole (/ = 3), and
hexadecapole (/ = 4) moments, all in atomic units. Conventions and conversions to Cartesian form are as listed in the following reference. Price, S.

L.; Stone, A. J.; Alderton, M. Mol. Phys. 1984, 52, 1007. All components gm(s) vanish in this axis system.

Table 12, Geometries of Ketene—Ethylene and Ketene—Acetylene
from Distributed Multipole Analysis (DMA) '
ketene—cthylene ketene—acetylene
DMA-“ exptl® DMA=“ exptle
R(A) 3.50 3.46 3.78 3.60
61 (deg) 94 88 78 93
6> (deg) 58 49 58 64

a The lowest energy form from DMA. ? Taken from Table 9, structure
A, which most closely resembles the lowest energy form from DMA.
¢ The preferred structure A taken from ref 15.

Inspection of contributions to the electrostatic energy shows
quadrupole—quadrupole interactions to be dominant and suggests
a simple rationalization of the switch from parallel to perpen-
dicular orientations for C=C — C=C. Acetylene is axially
symmetric and has a large and positive quadrupole component
along C—C (+5.45 eag? in the present basis at the SCF level of
calculation) and hence negative perpendicular components (2.73
eag?). Ethylene, on the other hand, has smaller positive
components in the plane (+1.53 eag? along CC + 1.30 eay? across
CC) and a negative component (-2.83 eaq?) out of the plane.
Thus, perpendicularly coordinated ethylene and parallel acetylene
present the same favorable profile to the charge distribution of
ketene (see Figure 4).

To check this idea, a minimization was carried out in which
the hydrocarbons were represented by single, central quadrupole
moments and the ketene monomer by a central dipole and
quadrupole placed on the CH, carbon. As expected, this
reproduced the favored orientations of the more complete model,
confirming our qualitative picture.

Finally, we note that the electrostatic model is expected to give
useful predictions for other complexes of ketene. A simple
minimization of ketene~HF using published DMA data for HF?4
predicts H-bonding to O with HF lying at a COF angle of 122°
and a COH angle of 124° in the plane bisecting the ketene CH,
group. This is compatible with the known structure of H,C=0-
HF42and is easily reconciled with the lone-pair model of hydrogen
bonding4? when it is remembered that the 7 bonds are in mutually
perpendicular planes in this cumulated system.

IV. Discussion

A. Structure and Internal Motion, Ketene—ethylene and
ketene~acetylene!'s are the only known ketene-containing van der

(42) Baiocchi, F. A.; Klemperer, W. J. Chem. Phys. 1983, 78, 3509.
(43) Legon, A. C.; Millen, D. J. Chem. Soc. Rev. 1987, 16, 467.

Figure4. Schematic illustration of the quadrupole moments of acetylene
and ethylene. The surfaces are qualitative indications of the electrostatic
potential in the region around a point quadrupolar model of each molecule.
Inacetylene the positive component (unshaded lobes) is along the cc axis;
in ethylene it is perpendicular to the molecular plane. Both quadrupoles
can be written as combinations of normalized d spherical harmonics.
With our wave functions, the acetylene quadrupole is 2 pure z2 harmonic
with amplitude 5.44 eag?, and the ethylene moment is a mixture of
normalized z2 and (x2 - »2) harmonics with amplitudes of 1.53 and 2.39
eaq?, respectively.

Waals complexes. As shown in Figure 5, the monomer planes
of the ketene—ethylene complex are crossed, while ketene-
acetylene is planar. Electrostatic modeling of the geometries
finds that the difference arises from the quadrupole moments of
ethylene and acetylene (see Figure 4). Since the quadrupole is
theleading molecular multipole moment in these centrosymmetric
systems, perpendicular binding of ethylene and parallel binding
of acetylene to ketene are favored in the equilibrium structures.
A larger van der Waals stretching force constant indicates that
CH,CO-C,H, is more strongly bound than CH,CO-C,H,.!
Using the equation derived for nonplanar asymmetric tops by
Millen,*? the pseudodiatomic model gives a force constant of &
(N/m) = 3.31(1) for CH,CO-C,H; compared to 2.36(1) for
CH,CO-C,H,.

There are striking similarities in the internal motions of the
two ketene complexes. Both CH,CO-C,H, and CH,CO-C,H,
exhibit four tunneling states, and the spectroscopic data provide
strong evidence that these states arise from exchange of the ketene
and hydrocarbon hydrogens. The spectral data from the deu-
terated ethylene isotopic species show that trans ethylene hydrogen
pairs are exchanged by the tunneling motion in the CH,CO-
C,H; complex. Similar trans pairs of ethylene hydrogens
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Figure 5, Comparison of the structures of CH,CO-C;H4 and CH;-
CO-C,H; complexes determined from microwave data in this work and
ref 15, respectively. The dotted lines connecting the monomer subunits
identify distances between atoms in the complexes and do not indicate
directed interactions.

exchangein O;~C,H¢*and SO,~C,H,4.3? Itis not known whether
the internal motions involving ketene and the hydrocarbons are
coupled in CH,CO-C,H, and CH,CO-C,H,. If the tunneling
motions are not coupled, then it appears that the barriers to
acetylene and ethylene hydrogen exchange are lower than the
barrierstoketene hydrogen exchange. A simple C,rotationabout
the molecular axis of ketene (f, = 1.79 u-A2) and the ¢ axis of
ethylene (I, = 20.4 u-A2) or the b axis of acetylene (J, = 14.3
u-A2) gives a much smaller, reduced mass for the ketene motion,
which should produce larger spectral splittings in the ketene
tunneling states of both complexes. Since the reverse is observed,
the ketene barrier to internal rotation is larger than the ethylene
and acetylene barriers.

The electrostatic model gives barriers of 471 cm™! for rotation
of ethylene about its a axis (case A in Figure 2), 113 cm™! for
rotation of ethylene about its c axis (case C in Figure 2), and 464
cm™! for rotation of ketene about its heavy atom axis (path [1]
— [4]). Addition of a model dispersion term does not change
these barriers greatly (488, 165,and 586 cm~!) and confirms that
the ethylene barrier to rotation about its ¢ axis is lowest in energy.
Case B in Figure 2 is calculated to become entirely repulsive for
rotations of ca. 90°. Therefore,the DMA resultsarein agreement
with the spectroscopic data discussed above. Similar barrier
calculations were performed for internal rotation of acetylene
and ketene in CH,CO-C;H, complex. The corresponding barriers
for end-over-end rotation of acetylene and rotation about the
heavy atom axis of ketene are 241 and 153 cm™!, respectively.

Lovas et al.

Including dispersion in the calculation gives 218 and 159 cm™!
for the two barriers.

Though the calculated barrier heights for the two motions in
ketene—acetylene complex are similar, the internal rotation of
acetylene, which is known to be asociated with a greater splitting,
is predicted to have a higher barrier. Interestingly, the model
predicts that the rotation of ketene takes place at almost constant
intermolecular separation R, but the rotation of the acetylene
subunit involves changes in R of 0.3 A. This could provide the
basis for stronger coupling between the internal rotation of
acetylene and overall rotation than expected from barrier heights
alone and suggests a rationalization of the two results. This
argument does not affect the comparison between experiment
and the model for the ketene—ethylene dimer, since the motion
C with the lowest barrier is also associated with large calculated
changes in R (0.27A).

B. Ketene-Ethylene Complex and (2 + 2) Cycloadditions. The
microwave and electrostatic modeling results show that the van
der Waals complex of ketene—ethylene has a structure (see Figure
5) which qualitatively resembles the crossed transition state, I,
proposed by Woodward and Hoffman for a (2w, + 2w,)
cycloaddition.!” This result is intriguing because it provides
another example in cycloaddition chemistry, where the transition-
state structure predicted from orbital interactions is similar to
the experimental structure of the cycloaddition van der Waals
adduct.*%1% Recent high-level computational studies find similar
crossed transition states for CH,CO + C,H,.!9-22 Although these
studies identify different reaction paths, some of which do not
involve (2w, + 2w,) orbital interactions, they all find C~C bond
formation more advanced at the carbonyl carbon of ketene than
at the methylene carbon in the transition state.19-23

If the CH,CO-C,H, complex is located on a reaction potential
surface, it must fall at a large reaction distance, R = 3.46 A,
which means that the ketene and ethylene moieties are not close
to the transition state on this surface. Yamabe, Minato, and
Osamura used frontier molecular orbital interactions witha MP2/
6-31G* basis set to investigate both the early stage and transition-
state geometries of CH,CO + C,H,4.22 The structure calculated
for the early stage of the reaction is remarkably similar to the
experimental geometry of the complex shown in Figure 5. The
molecular planes are crossed with the plane of ethylene tilted
toward the oxygen of ketene in both the early stage and transition
state structures.?? This configuration locates the C==C bond of
ethylene closer to the carbonyl carbon than to the methylene
carbon of ketene. Itisimportant tonotethattheactual separation
of ketene and ethylene is considerably greater in the van der
Waals complex than for the theoretical calculation of the structure
of the early stage of the reaction. It is likely that a larger basis
set is required to describe the binding of ketene to ethylene at van
der Waalsseparations. Thestructureofketene—ethyleneobtained
from the electrostatic model (DMA) agrees with the experimental
geometry. Hence, it appears that the DMA model provides a
good description of the long-range electrostatic forces that bind
ketene to ethylene at large separations.



