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The structure and energy properties of the 1:1 complex formed between HCl and carbon suboxide C3O2 (3)
have been investigated using FTIR matrix isolation spectroscopy and ab initio calculations at the MP2/6-
31G** level. Investigations have been extended to other oxocumulenes such as H2CdCdO (1), and (CH2)2-
CCO (2) complexed by HCl. Trapped in argon matrixes, these complexes are characterized by a large shift
of the νHCl stretching mode to lower frequencies (191, 135, and 150.5 cm-1 for 1-3, respectively). The
similarity of IR spectra of the complexes generated in the gas or in the solid phase is indicative of a similar
inclusion site. Concordance between experimental and calculatedνHCl shifts is obtained with T-shaped
complexes. These complexes describe the interaction between hydrogen and the Câ carbon atom of the ketene
moiety. The geometrical modifications of the ketene subunit suggest that the complex is the product-like
transition state of the corresponding electrophilic addition to the carbon atom.

Introduction

The structure and potential energy surfaces of weakly bonded
molecular complexes are the subject of much current experi-
mental and theoretical study. Complexes in which the com-
ponents interact through a hydrogen bond have attracted special
interest,1-4 especially the complexes between hydrogen halides
and a variety of molecules (including very weak bases such as
CO2 or CO). This field has been extensively studied using
molecular beams, rotational spectroscopy,1g,i-l ab initio calcu-
lations,1a,d,band matrix isolation techniques.1f,g,k,q,n,2-4

A large part of this work has focused on the development of
cryogenic techniques for the production of complexes and on
the determination of their high-resolution infrared spectra. The
sample is generally obtained by depositing or co-depositing of
the gas mixture (diluted in an inert gas) on a window cooled to
20 K. Certain recent results present a noncomplicated experi-
mental technique that consists in trapping a gas-phase mixture
(i.e., aggregation, surface diffusion during deposit, etc.). In such
an approach, the complexes are obtained by photodecomposition
of a precursor trapped in a low-temperature matrix.2-4 The
photoproducts formed under UV irradiation are trapped in this
matrix, and the cage effect prevents the photofragments from
leaving the original site. This approach was used successfully
to produce and identify FH‚‚‚CO,2 HCOOH‚‚‚CO,3aH2O‚‚‚CO,3b
(CH2)2CCO‚‚‚HCl,5a and H2CdCdO‚‚‚HBr4b and ‚‚‚HCl4a
hydrogen-bonded complexes.
The results for 1:1 molecular complexes between ketene

derivatives and HCl were obtained in earlier work at our
laboratory.5 As was observed by Kogure et al.,4 these com-
plexes are characterized by a significant shift of the fundamental
vibrational frequency of HCl to a lower frequency (see Table
1). The purpose of the present work is to obtain direct and
accurate results allowing the geometries of certain oxo-
cumulene‚‚‚HCl 1:1 complexes to be determined. The oxocu-
mulenes studied in this work with atoms numbering are reported
in Figure 1. Acyl chloride derivatives were isolated in rare-
gas matrixes4a,5and then UV photolyzed. Quantum calculations

were performed to determine theL andT complex structures
and to compare the experimental IR spectra with the calculated
spectra.

Experimental Method
The infrared spectra were measured of the1‚‚‚HCl,4a the

2‚‚‚HCl,5a and the3‚‚‚HCl5b molecular complexes obtained by
UV photolysis of acetyl chloride,4a cyclopropyl acid chloride,5a

and chloroformylketene,5b respectively. These spectra have been
described in earlier works.
HCl was supplied by the Matheson Co. Pure C3O2 was

synthesized using the method described by Miller et al.6 C3O2

and HCl were distilled from trap-to-trap on a vacuum line before
use.
The apparatus and experimental techniques used to obtain

the pure C3O2 and C3O2/HCl argon matrixes have been described
in other works.7 The relative concentration of rare gas to C3O2

or C3O2/HCl at room temperature (M/S ratio) was adjusted on
the basis of pressure measurements. The mixture was deposited
at 20 K on a CsBr window. The rate of gas mixture was
controlled using an Air Liquide microleak (V.P/RX). This rate
(e2 mmol/h) was chosen to prevent as much site splitting of
the vibrational absorption bands as possible.
The IR spectra were recorded at 15 K in the 400-4000 cm-1

region on a 7199 Nicolet spectrometer equipped with a N2-
cooled MCT detector. The resolution was 0.12 cm-1 without
apodization.X Abstract published inAdVance ACS Abstracts,January 1, 1997.

Figure 1. Structure of the oxocumulene compounds and numbering
of the atoms.
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Results and Discussion

Chloroformylketene (Cl-CO-CHdCdO) was obtained from
malonyl dichloride thermolysis in the gas phase; then, it was
isolated in a rare-gas matrix. The rare-gas cages thus embedded
a single molecule (chloroformylketene or HCl), and the
complexes were excluded. The chloroformylketene molecules
were then irradiated (λ g 310 nm) to obtain carbon suboxide3
complexed by HCl.5b The absence of C3O2 monomer in Figure
2d shows that this compound generated by the photolysis of
chloroformylketene in the argon matrix is trapped with HCl in
the same cage, forming an 1:1 complex. After annealing at 30
K (Figure 2e), we observe the formation of C3O2 monomer. In
this experiment, the broad absorption band characteristics of
theνHCl stretching mode appeared at 2719.5 cm-1 (see Figure
2). This frequency is lower than the value observed for free
HCl trapped in an argon matrix (∆ν ) 150.5 cm-1). A similar
frequency shift is observed for C3O2, which presents an
absorption band at 2233 cm-1 with site splitting. When isolated
in an argon matrix, the free molecule absorbs at 2289 cm-1

(see Figure 2).
The spectra recorded after co-depositing of argon/C3O2 and

argon/HCl samples at 15 K (see Figure 2) show only slight
differences with respect to those obtained by photolysis of
chloroformylketene. In the HCl region, the rovibrational
structure of free HCl presents, below 2800 cm-1, (HCl)n (n )
2, 3, ...) polymer absorption bands. The 2719.5 cm-1 frequency
attributed to the HCl‚‚‚C3O2 complex in the previous experi-
ments5b is also observed with the corresponding 2233 cm-1

absorption (in the C3O2 frequency range) but without site
splitting (see Figure 2).
HCl is formed complexed with2 after photolysis atλ g 230

nm of cyclopropane carbonyl chloride ((CH2)2CHCOCl) isolated
in rare-gas matrix at 15 K.5a Its stretching mode is shifted by
135 cm-1 (cf. Figure 4 in ref 5a) below the frequency of
monomer HCl in rare-gas matrixes. TheνCCOstretching mode
of cyclopropylidene ketene2 takes the form of a broad band
between 2145 and 2125 cm-1. This value is similar to those
observed by Baxter8a and Wentrup8b (2145-2125 and 2154-
2135 cm-1, respectively), and it is slightly shifted with respect
to those of pure2 (2176-2154 cm-1) obtained by Maı¨er8c by
thermolyzing the 1-pyrazoline-3,5-dione derivative.
Using UV photolysis of acetyl chloride in an argon matrix,

Watari and co-workers4aobserved theνCCOstretching frequency
of the ketene1 at 2137 cm-1. Except for slight frequency shifts,

the spectra of1 photoproduct are the same as those of free1 in
solid argon (νCCO) 2138 cm-1). The fundamental vibrational
frequency of HCl in the complex is however observed at 2679
cm-1 (1939 cm-1 for DCl), i.e., 191 and 141 cm-1 below the
frequencies of the free HCl and DCl in solid argon. To identify
the formation of the complex, argon/ketene and argon/HCl (DCl)
samples were co-deposited. Similar absorption bands were
observed as well as absorption due to free HCl (DCl).
These latter results and those obtained for3‚‚‚HCl complex,

suggest that the structure for the complexes is identical whether
obtained in the gas or the solid phase, i.e., the matrix is really
an inert medium without interference in the photochemical
process.
Comparison of the infrared data obtained in the present

experiments and in previous works for CO,1c,g3,5b 2,5a and14a

interacting with HCl shows a great resemblance between the
vibrational properties of HCl (see Table 1). These results are
quite different from those obtained for CO2‚‚‚HCl complex
observed in the gas phase1l or in an argon matrix.1k In the latter
case, the frequency of the HCl stretching mode is shifted to
lower frequency with respect to the monomer vibrational
frequency in argon ((R0+ P1)/2 line) by merely 17 cm-1.
Likewise, the CO2 submolecule modes presents slight displace-
ments toward both high and low frequencies (5 cm-1 for the
νas stretching mode). TheνHCl stretching mode for the3, 2, 1
series and for the CO is shifted by 150.5, 135, 191, and 55.5
cm-1, respectively. The latter value is obtained for the stable
ClH‚‚‚CO complex. For the tilted CO‚‚‚HCl complex, lower
values are to be expected,1k as was observed by Willneret al.2

for theνHF in OC‚‚‚HF and FH‚‚‚OC complexes trapped in an
argon matrix (130 and 12 cm-1, respectively, with respect to
the monomerνHF stretching mode). For the CO2‚‚‚HCl 1:1
complex, the linear structure was established1k,1l as was the
CO2‚‚‚HF complex.1a These last examples show an important
shift difference between C and O complexes.
Ab Initio Computation. Computational Details.To estab-

lish the molecular structures of the1, 2, and3 HCl complexes,
ab initio calculations were carried out using Gaussian 949 at
the MP2/6-31G** level.10

Several possible geometric arrangements are possible in the
acid and base subunits in the complexes. The presence of the
highest occupied molecular orbital perpendicular to the ketene
plane, and the lowest unoccupied molecular orbital in the ketene
plane place substantial negative charges on oxygen and on C3.11

TABLE 1: Experimental and Calculated νHCl and νCCO Frequency Shifts (cm-1) in Oxocumulene‚‚‚HCl Complexes (∆ν )
νisolated - νcomplexed, Values in Subcript Are the References Numbers)

ν (cm-1)

calculated ∆ν (cm-1

experiment complexed calculated

base isolated complexed isolated L T experiment L T

νHCl((R0+P1)/2)
none 2870 3119
CO2 28541h 30141h 171h 211h

CO 28153 55.53 46.51b

3118 3064 1 55
1 26794a 3073 2911 1914a 46 208
2 27355a 3016 2510 1355a 103 609
3 2719.55b 3101 2981 150.55b 18 137

νCCO
CO 2139 21543 2119 2117 2137 -153 2 -18
1 2138 21374a 2238 2236 2234 14a 2 4
2 2176-2154 2145-21255a 2282 2258 2214 304b 24 68
3

νs 2196 21945b 2249 2253 2243 25b -4 6
νas 2289 22325b 2485 2486 2377 495b -1 108
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This corresponds to the expected resonance structures (see
Scheme 1). Hence, the electrophiles are expected to attack the
ketene perpendicular to the molecular plane at the two positions.
Two kinds of complexes are thus considered for optimization
and vibrational frequency calculations: theL form, which

involves the hydrogen bonding with the terminal oxygen atom,
and theT form, for which hydrogen bonding occurs with the
C3 carbon atom (see Scheme 2).
To determine the geometry of the complexes, two types of

four-dimensional ground-state potential energy surfaces (PES)
were explored using the three independent variablesR, R, and
â displayed in Scheme 3.R is the distance between the HCl
hydrogen atom and an X atom (carbon or oxygen) of the base
moiety. R is the intermolecular angle betweenR, and the
molecular axis of HCl andâ is the intermolecular angle between
R and the ketene group of the base (see Scheme 3). In a first
approximation, the “out-of-plane angleφ” (i.e., the dihedral
angle between the base and HCl) was assumed to be 0° for 3
and 90° for 1 and2. Owing to computational constraints, it
was not possible to optimize all the geometrical parameters for
all points of the ground state. In the first approximation of the
different values ofR, the intermolecular anglesR andâ were
varied, all the other intramolecular parameters were held
constant at their MP2/6-31G** equilibrium values. The stabi-
lization energy of the complex AB under study is evaluated by
∆E) E(AB) - EBSSE(A) - EBSSE(B) wereEBSSE(A) andEBSSE-
(B) are the respective energies of the A and B moieties corrected
from the basis set superposition error (BSSE) by the usual
conterpoise methode.12

For theL (R ) O‚‚‚HCl) andT forms (R) C‚‚‚HCl), four
3-D surfaces were carried out forR) 1.8, 2.0, 2.2, 2.5 Å. The
number of points inR ranged from 90° to 270° in 30° steps,
and from 90° to 180° in â. This type of surface is very flat,
but the minimum energy was determined for each 4-D surface
corresponding toL andT complexes.
Starting from these initial approximations, all the geometrical

parameters were fully optimized (using the Berny optimization

Figure 2. Infrared spectra of3‚‚‚HCl complex and3 isolated in an
argon cryogenic matrix: (a)ν(CdCdOas) range 2300-2210 cm-1; (b)
ν(CdCdOs) range 2200-2188 cm-1; (c) ν(H-Cl) range 2905-2698
cm-1; (d) spectra obtained by photolysis of chloroformyl ketene; (e)
spectra obtained by photolysis of chloroformylketene, after annealing
at 30 K; (f) spectra obtained by co-depositing C3O2 and HCl.

Figure 3. Pyramidalization of the ketene group.

SCHEME 1

SCHEME 2

SCHEME 3

Identification of Oxocumulene‚‚‚HCl Complexes J. Phys. Chem. A, Vol. 101, No. 6, 19971095



procedure). The harmonic vibrational frequencies were deter-
mined at the stationary points and compared to experimental
data.
Geometries of the Monomer Oxocumulenes.Optimization

of the geometrical parameters for the ground state of ketene1
leads to aC2V structure, with a CdC bond length of 1.318 Å
and a CdO bond length of 1.179 Å. The CCO angle is 180°
(see Table 2). This structure agrees quite well with experi-
mentally determined values (1.315 and 1.16 Å, respectively13)
and with previous theoretical results.14

The2 singlet ground state isC2V with CdC and CdO bond
lengths of 1.187 and 1.292 Å, respectively. In accordance with
previous results,11,14the CCO angle is equal to 180° (see Table
2).
Carbon suboxide3 is a nearly linear molecule (i.e., the

molecular system has a large floppy amplitude vibration15,16).
Therefore, its geometry cannot be properly represented by a
linear model or by a model bent about the central carbon atom.
Although C3O2 is known to be bent from spectroscopic
measurements,14 it is usually treated as if it were linear.17 The
present ab initio calculation on C3O2 using an extended basis
set (6-31G**) and Møller-Plesset second-order correction
(MP2) led to a linearD∞h structure (see Table 2).
Geometries of the HCl‚‚‚Oxocumulene Complexes.1‚‚‚HCl:

TheL ketene‚‚‚HCl complex calculation gives a local minimum
for φ ) 0,° R) 2.146 Å, andR andâ ) 180°. The subsequent
variation ofφ between 0° and 180° gives a stationary point for
R ) 2.142 Å,φ ) 90°, â ) 118.3°, andR ) 167.2° with a
variation of energy about 0.39 kcal mol-1, which confirm the
validity of our approximation (see Table 2). When the hydrogen
atom interacts with the carbon atom (T complex), the energy
decreases. Its value and the other optimized parameters are
given in Table 2. The H-Cl distance with respect to monomer
molecule is greater (by 0.01 Å) in theT form than in theL
form. TheT-shaped form is slightly more stable, but the energy
difference (0.48 kcal mol-1) is not significant at this level of
theory; it can thus be considered as equivalent. After BSSE
correction had been carried out by the counterpoise procedure,12

theT andL complexes are stabilized with regard to monomer
molecule by 2.33 and 2.24 kcal mol-1, respectively.
2‚‚‚HCl: After complete optimization of the different param-

eters (R, R, â, φ), unlike that observed for the1‚‚‚HCl and
3‚‚‚HCl complexes, theT structure is largely stabilized with
regard to theL structure (3.23 kcal mol-1). Moreover, theT
andL complexes are stabilized in respect to monomer molecule
by 4.98 and 3.12 kcal mol-1. For L and T forms, the HCl
distances are greater than the values calculated in the isolated
molecule and in1‚‚‚HCl and3‚‚‚HCl complexes. What is more,
theR distance is shorter than that observed in the otherL and
T complexes. The optimized parameters are given in Table 2.
3‚‚‚HCl: First, theL complex (interaction between hydrogen

of HCl and the terminal oxygen atom) is assessed. The

minimum energy, in the 4-D hypersurface is obtained forR)
2.2 Å, whereR andâ are equal to 180° (seeL in Scheme 2).
After complete optimization of the geometrical parameters,R
andâ remain equal to 180° andRundergoes a very slight change
(0.03 Å).
For theT-shaped structure, the 4-D PES gives a stationary

point forR) 2.2 Å,R ) 180°, andâ ) 105°. The optimized
parameters, given in Table 2, show that in theT complex, the
carbon suboxide is bent at the central carbon atom with an
equilibrium CCC bond angle of 142°, while the L complex
remains linear.
As with the1‚‚‚HCl complex, the H-Cl distance with respect

to the free molecule is greater for theT form than for theL
form. These distances were equal to 1.278 and 1.271 Å,
respectively. On the other hand, theL complex is more stable
(by 0.46 kcal mol-1) than theT complex, but this difference is
not very significant in determining clearly the structure present
in cryogenic matrixes. TheT andL structures are stabilized
in respect with the monomer molecules by 0.65 and 1.76 kcal
mol-1, respectively.
Identification of the Complexes. The preceding calculation

provides valuable insight into the stability and the spectroscopic
features of the complexes. First, the complexation effects can
be observed on the geometry of the partner molecules and on
their most significant stretching frequencies
Analysis of Table 2 data shows certain differences between

the geometrical parameters of the complex moieties with regard
to those of the free molecules.
Except for the2‚‚‚HCl complex, for which theT structure is

largely stabilized with respect to theL form. The difference
in energyE(L ) - E(T) for 1-3 is 0.48, 3.23, and-0.46 kcal
mol-1, respectively. It must be kept in mind that the perturba-
tion of the system due to the crystal matrix potential is not
exactly known, but it is certainly at least of the same order of
magnitude as the energy difference between theL and T
structures. To identify the form present in argon matrixes, we
must compare theνHCl vibrational frequency shift of the two
complexes with regard to the calculatedνHCl of the free HCl
(3119 cm-1 corresponding toν(R0+P1)/2 lines).
For the2‚‚‚HCl complexes, the calculated shifts are much

greater (103 and 609 cm-1 for the L and T structures,
respectively) than those obtained for the other complexes. We
have established that, for these complexes, the geometrical
parameters (Table 2) are surprisingly different, the length ofr
(H-Cl bond, cf. Scheme 3) is overestimated, andR is
underestimated.
The respective contributions ofRandr to the total energy of

the system were then analyzed. All optimized parameters were
held constant exceptR, which varied from 1.7 to 2.4 Å in 0.1
Å steps. The three energy curves obtained forr ) 1.27, 1.28,
and 1.29 Å are reported in Figure 4. These curves are very flat

TABLE 2: Geometrical Parameters (Lengths in Å, Angle in deg) and Energies (hartrees). Values of the Monomers and the
Complexes (r12 and r23 Are the Internal Monomers Bonds)

1‚‚‚HCl 2‚‚‚HCl 3‚‚‚HCl

HCl 1 2 3 L T L T L T

r12 1.180 1.186 1.183 1.183 1.175 1.193 1.178 1.185 1.177
r23 1.320 1.292 1.279 1.315 1.327 1.291 1.320 1.276 1.299
OCC 180 180 180 179.6 177.5 176.5 171.6 180.0 174.9
r 1.269 1.272 1.283 1.277 1.310 1.271 1.278
R 167.2 174.7 171.8 163.9 180 179.9
â 118.3 98.4 117.9 113.3 180 109.5
R 2.142 2.214 2.039 1.859 2.171 2.240
∆ 0 0 0 0 0.1 0 0.4 0
Eh -460.205 446-152.163 341-229.289 519-264.006 572-612.374 159-612.375 01-689.502 242-689.507 403-724.216 204-724.215 460
EL - ET (kcal/mol) 0.48 3.23 -0.46
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and show a minimumR value of 1.95 Å. A large variation in
r (∆r ) 0.1 Å) induces a slight decrease in the energy (0.5
kcal mol-1).
For theL complex, onlyR ) 1.95 Å andr )1.27 Å were

considered, using the average values obtained for the1 and3
complexes and the∆νHCl shifts from 103 to 42 cm-1. Likewise,
for theT complex, whenR) 1.95 Å andr ) 1.28 Å, this shift
becomes equal to 289 cm-1. It has been established that a weak
variation of energy produces a significant change in the
frequency shift, since the potential curves are very flat.
The geometrical parameters of theT complex (Table 2)

indicate that it is much more compact than the other complexes.
This is most probably the result of the well-known stabilization
of the three-membered ring when its functional carbon atom
evolves from sp2 to sp3 hybridization. Turro and Hammond18

indeed observed that an exocyclic double bond to a three-
membered ring confers high reactivity as a result of the internal
strain.19 On the other hand, the low rate of solvolytic displace-
ment for cyclopropyl tosylates indicates that the formation of
cyclopropyl cation requires a high activation energy level.
In the case of the3‚‚‚HCl complex, the calculatedνHCl

stretching mode is shifted by 18 and 137 cm-1 for theL andT
structures, respectively (see Table 1). In the1‚‚‚HCl complex,
this value is shifted by 46 and 208 cm-1 for theL - andT-shaped
complexes, respectively.
For the HCl moiety, a slight lengthening of the bond lengths

(see Table 2) is observed in theL complexes (0.001e ∆r e
0.003 Å). In theT-shaped structures, these differences are
greater (0.008e ∆r e 0.015 Å) and can be correlated to the
largeνHCl shift observed experimentally (see Table 1).
These results are compatible with theT-shaped structures of

the complexes, which are indicative of hydrogen bonding with
the Câ carbon atom of the ketene function. For3‚‚‚HCl, this
result is similar to those obtained by Tortajada et al.20,21using
FT ion cyclotron resonance and ab initio calculations for the
C3O2H+ species.
For the base subunits, two types of modifications are

observed:
(1) Ther12 bonds between the O1 and C2 atom of the ketene

moieties (cf. Figure 1) are unperturbed forL complexes (∆r ≈
0.001 Å) and they are slightly shortened forT complexes (0.005
e ∆r e 0.013 Å). On the other hand, ther23 bonds between
C2 and C3 atoms of the ketene moieties are shortened (0.004
Å) and lengthened (∆r ≈ 0.013 Å) in theL andT complexes
respectively.
(2) Pyramidalization occurs at the C3 carbon in theT

complexes (see Figure 3).

The experimental and calculatedνCCO frequency shifts of the
complexed oxocumulenes are reported in Table 1. Examination
of the data shows that the calculatedνCCO stretching frequency
shifts coincide with the experimental values for theT structure.
For 3‚‚‚HCl, the shift for the unscaled frequency is 108 cm-1.
As with the analysis of nucleophile-electrophile interactions

in crystal packings,22 1 and2 calculation results of the donor-
acceptor interactions can be analyzed in terms of geometrical
parameters: the distanceR (H+‚‚‚C3) between the reactant
electrophilic atom and the nucleophilic carbon C3, the angleâ
(HCC), and the pyramid height∆ between the top C3 carbon
and the base consisting of the C2 and the two other atoms
covalently bonded to the C3 carbon (see Figure 3).
The electrophilic reagent H+ approaches the C3 carbon atom

in the bisector plane at an angleâ greater than 90°. The degrees
of pyramidalization∆ are close together. These observations
suggest a product-like transition state for a mechanism involving
direct protonation on the central carbon. This mechanism is
different from those observed by Satchell,23 in which the
addition of hydrogen halides to ketene derivatives involved
carbonyl addition, and subsequent catalyzed prototropy from
an unobserved enol intermediate. This mechanism is cor-
roborated by the mechanistic results of Allen et al. for the
hydration of ketenes24 and carbon suboxide.25 In this last
experiment, the authors25 observed a linear dependence of the
rate on [H+] and an isotopic effect consistent with a mechanism
involving rate-limiting proton transfer to the central carbon.

Conclusion

The present study is devoted to the formation and the
structural determination of 1:1 complexes of carbon suboxide
(and other oxocumulenes) with HCl. The results accomplished
from theoretical calculations strongly suggest that, after pho-
tolysis in a low-temperature matrix gas, the bimolecular reaction
between the partners produces stable complexes. The similarity
of the IR spectra of the complexes formed in the gas, or
complexes photosynthesized in the solid phase, is indicative of
an absence of specific matrix effects of the matrix during its
formation. Distinct shifts were observed in the vibrational
modes of both the acid and base subunits in the complex. The
magnitude ofνHCl shift is characteristic ofT-shaped complexes,
which implies hydrogen bonding with the Câ carbon atom of
the ketene function. The structural modifications of the
complex’s ketene moiety suggest that the corresponding elec-
trophilic addition to central carbon involves a product-like
transition state.
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