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Abstract: The structure and energy properties of th€HC;0, (D.0/C30,) and NH/C30; (1°NH3/C30;) 1:1
complexes have been investigated in solid argon matrices with FT-infrared spectroscopy and ab initio calculations
at the MP2/6-31G** level. These complexes trapped in argon matrices are characterized by a large shift of the
veco Stretching modes to lower frequencies. Predicted frequency shifts fof ¢heshaped structure were

found to be in good agreement with the observed complex vibrational frequency shifts. These complexes are
indicative of a nucleophilic attack of the oxygen (or nitrogen) atom on the C4 atom ofstBgrfoiety. At

the same time, we observe very short intermolecular distances between the O1 oxygen atom of the suboxide
subunit and the hydrogen atom o§®! (D,O), or NHs (33NHs3), lying in the GO, plane (2.77 and 2.96 A for

H,O (D,0) and NH (**NHj3), respectively). These values are indicative of a hydrogen bond between these
atoms. Examination of th€y, complex structures shows for the@ subunit the pinching of the CCC-2°

and —26° for H,O and NH, respectively) and the CCO valence bond angte8°(for H,O and NH). The
geometries of the complexes and the structural modifications of the complex’s suboxide moiety suggest pre-
reactive intermediates of an 1,4 nucleophilic addition

Introduction

The study of van der Waals complexes by experimental as

The susceptibility to nucleophilic attack is one of the most
characteristic properties of ketenes. These compounds are
usually trapped by kD or amines to produce acids or amides,

well as theoretical approaches continues to be an interestingeqpectively. However, while the structure, the energy properties,

area of physicochemical research, resulting in a better under-

standing of the nature of intermolecular forée$.Complexes

and the reactivity of the 1:1 complex formed betweg®£the
first bisketene) and HCI have been previously described in our

in which the components interact through a hydrogen bond havelaboratory‘} its reactivity toward HO remains of intere<g:s

attracted special interest, especially those complexes betwee
water and a large variety of molecules including carbon oxide

derivatives such as G®and CO3 One of the reasons for

investigating the hydrogen bond is the central role played by
this weak interaction in biological structures and processes, in

tarbon suboxide is known to react with liquid water to form

malonic acid, and the addition of,B to GO, could occur by

1,2 or 1,4 addition, but the structures of the probable intermedi-
ates remain unknown. From kinetic experiments and theoretical
calculations, Allen et dl.suggest an initial step involving 1,2

the chemistry of aqueous solutions, and of course in determining 5 yqition to the &0 bond, but the transition states could not

the properties of water.
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be successfully calculated.

The matrix isolation experiments were developed for the study
of highly reactive species, and it is a powerfull technique for
observing pre-reactive intermediatésSo a large part of the
work on complexes has focused on the development of
cryogenic techniques for production and on the determination
of their high-resolution infrared spectra.

The purpose of the present work is 3-fold: (1) obtain direct
and accurate experimental results for thgg--H,O (C302-+
-D,0) and GO,++*NH3z (C30,-++15NH3) 1/1 complexes trapped
in cryogenic matrixes, (2) compare the distances and bonding
energies for the BD complexes with those obtained for
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Table 1. Experimental (exp) and Calculated (cal) Frequency Shifts fofTfaeandL C30,:H,O ComplexesAv = v monomer— v
complex}

experiment calculation
monomer complex monomer complex Aveal
v | % | Avexp % | vT | vL | T L
H,O  vs 3736.0 2 3715.7 5.7 20.3  4030.7 435 4024.3 5.1 4024.6 2 6.4 6.1
V1 3639.0 2 3632.7 3.6 6.3 38919 5.4 3886.9 45.7 38924 0.3 5-0.5
V2 1592.9 100 1570.2 1.3 22.7 1681.7 100 1672.0 2.7 16924 5.5 9:10.7
CiO, wv,+wvs 3064.8 26 30757 3.7 —109 3258.4 3278.4 3271.6 —20 —13.2
V3 2289.3 100.0 22410 100.0 48.3 2453.0 100 2378.8 100 2489.9 100 7426.9
V1 2194.4 1.9 2193.0 11.1 1.4 22470 0.7 2249.8 0. 2260.9 3.6-2.8 —139
V4 1596.3 4.2 1564.2 2.7 321 1601 25 1556.6 3.7 16215 1.3 44£0.5
Vs 577 0.1 575.7 2.7 1.3 569.8 0.5 568.7 0.3 567.0 0. 11 2.81
Ve 538.5 0.2 545.6 27 -71 540.3 25 550.5 1.8 554.7 3.0-102 -144
Ve 532.8 2.7 531.8 25 547.1 2 552.5 25-153 —20.7

a| = intensity, Ty andL refer to the complex structures presented in Scheme 3.

complexes with NH with the same partner molecule, and (3) (H.0), polymers A= 2, 3, ...)8 The absorption band observed

answer the question “does water (or ammonia) act as aat 3715.7 cm?, lower than the value observed for the freg,

nucleophile or as a proton donor in carbon oxide derivative mode, is attributed to the 1/1 complex. The most intense band

complexes”. On the basis of these results we hope to describeof thev; mode of GO, trapped with HO appears at 2241 cth

the nature and the differences in the bonding between #e H (see Figure 1B). This value is shifted to the lower frequencies

complexes and those of NH by 48.3 cnm® with respect to the more intensg absorption
Experiments were monitored by FT-IR spectroscopy. Quan- band of the two characteristic site responses of pw®,C

tum calculations were undertaken to compare the experimental(2289.3 and 2272.4 cm). The intensity of the 2193 cm

IR spectra with the calculated ones and thus assign observedabsorption band increases. Between 1620 and 1550 icnthe

absorptions and furthermore to determine the complex structures.vcco,, Cs02 andoH,0 region, two new absorption bands appear;

they are shifted to lower frequencies at 1564.2 and 1570:2,cm
EXperimentaI Method respective|y_

Pure GO, was synthesized by using the method described by Miller ~ The spectrum recorded after co-deposition @O0z Ar
et al® NH; was supplied by Air Liquide, anéfNH; was supplied by ~ at 10 K shows the caracteristic absorption band gdHOD,
Aldrich and used without further purification .8 was doubly distilled and HO specie$. The v3 mode of GO, trapped with DO

before use and f was supp_lied by SDS. _ _ appears at 2453 cm shifted to lower frequencies by 58.5 &m
The apparatus and experimental techniques used to obtain argonyith respect to thers absorption band of puresO, (Table 4).
matrices have been described elsewhere in the literaftine. relative The NH3/Cz0./Ar Matrix (Cf. Figure 2 and Table 2). As

concentrations Ar/@,/H,O (6500/3/180), Ar/@0,/NH3; (6500/6.5/ observed in the previous case, with Niew weak absorption
195), Ar/GO,/D-0 (6500/3/178), and ArlDu"*NHs (6900/7/185), at o 4¢ annear in the infrared spectra with respect to those of

room temperature, were adjusted by pressure measurements; reproduc; 1
ible solute partial pressures required the use of a Datametrics (Barocel(,ihe pure compounds. In the area of 353000 cnT* a new

series 600) capacitance manometer. The mixture was deposited at 2PSOrption band is observed at 3()_78.5*émTh|s_ band,

K on a CsBr window. The deposition rate (2 mmol/h) of gas mixtures corresponding to thevf + vs)c,0, combinatiorf;? is shifted to
was controlled with an Air Liquide microleak (V.P/RX). The thickness the higher frequencies by 13.7 chrcompared to the purezO..
(250 um) of the matrices was determined by counting transmission At 2221.6 cnt! a new absorption band appears at lower
franges. frequency, shifted by 67.7 crhwith respect to the more intense
v absorption band of 0, (Cf. Figure 2A).

In the region oft“NH deformations and D, antisymmetric

Argon matrices Containing 0n|y3()27 H,O (DZO)7 or NHs stretching, between 1700 and lSOO@mWO new absorption
(15NHs) were prepared, yielding infrared absorption spectra that bands, shifted to the lower frequencies by 5 and 50.8'aaith
were similar to those previously reported. Table 1 summarizes respect to the Ng® and GO, monomers, appear at 1633.5 and
the observed absorptions with spectral assignments based od545.5 cnit, respectively. In the region characteristic of the
the work of Pieta(C30,), Ayers (H20), Sefik and Nishiy& symmetric deformation of NH, between 1100 and 900 §ma
(NHa), Ayers® and Redingtol (D,0), and SefiRa (33NH3). new band appears at 1006.5 Tmshifted to the higher

The H,0/C30,/Ar Matrix (Cf. Figure 1 and Table 1). The  frequencies by 32.1 cmd with respect to pure ammonia (cf.
spectra recorded after co-deposition Gf0AC;O2/Ar at 10 K Figure 2B).
show new absorption bands with respect to the spectra of pure  In the case of"NHg experiments the complex is characterized
H,08 and pure @0,*Ptrapped in the argon matrix (cf. Figure by the shift of thevs andv, C30, absorption bands, which are
1 and Table 1). shifted by 67.7 and 50 cm, respectively (Table 4).

In the vou region, between 3800 and 3600 chicf. Figure Ab Initio Computation: Computational Details. To es-
1A) we observe the characteristic absorption bands of free andtablish the molecular structures 0§@;---H>O (D-0) and NH
(5N H3) complexes ab initio calculations were carried out with
Gaussian 94 at the MP2/6-31G** level?

Results and Discussion

(6) Miller, F. A.; Fateley, W. GSpectrochim. Actd964 20, 253.
(7) Pourcin, J.; Monnier, M.; Verlaque, P.; Davidovics, G.; Lauricella,

R.; Colonna, C.; Bodot, HJ. Mol. Spectrosc1985 109, 186. Several geometric arrangements are possible in #38(NHs)
(8) (a) Ayers, G. P.; Pulling, D. ESpectrochim. Acta976 32A 1629. and GO, subunits in the complexes. With respect to the
(b) Ayers, G. P.; Pulling, D. ESpectrochim. Actd976 32A 1695. resonance structures (see Scheme 1), water or ammonia are
(9) (a) Sefik, S.; Lester, AJ. Chem. Physl987, 87, 5131. (b) Nishiya, .
T.; Hirota, N.; Shirohara, H.; Nishi, NJ. Phys. Chem1985 89, 2260. expected to attack the carbon suboxide on the afom

(10) Redington, R. L.; Milligan, DJ. Chem. Physl963 39, 1276. (nucleophilic attack) or on the arbon or the oxygen (acid
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Figure 1. Infrared spectra of §D,, H,O, and the @,:H,O complex,
isolated in argon cryogenic matrix at FS$10 K in the v(OH) region
(A), v(C=C=0) asymmetric region (B), and(C=C=0) symmetric
region (C): (a) GOJ/Ar in the ratio 1/1320, (b) €D./H,O/Ar in the
ratio 3/180/6500, and (c) 4#/Ar in the ratio 1/50.

Couturier-Tamburelli et al.

betweenR and the CCO moiety of the carbon suboxide, and
the angle betweerR and the OH (NH) bond. Owing to
computational constraints, it was not possible to optimize all
the geometrical parameters for all points of the ground state.
Thus, we worked on two approximations: (i) the dihedral angle
¢ was assumed to be 18(and (ii) for the different values of

R, the intermolecular angles and were varied while all the
other intramolecular parameters were held constant at their MP2/
6.31G** equilibrium values.

For theL form oe andj parameters ranged from 9t 270
in 30° steps. For thd formsa ranged from 60to 9¢° andf
from 60° to 18C in 30° steps. This type of surface is very flat
but, except for the NEIL shaped structure, the minimum energy
was determined for each 4-D surface corresponding to the
complex.

The stabilization energy of the complex AB under study is
evaluated as followsAE = E(AB) — EBSSHA) — EBSSHB),
whereEBSSHA) and EBSSHB) are the respective energies of the
A and B moieties corrected from the basis set superposition
error (BSSE) by the usual counterpoise metkod.

Starting from these initial approximations, all the geometrical
parameters were fully optimized (using the Berny optimization
procedure). The harmonic vibrational frequencies were deter-
mined at the stationary points and compared to experimental
data.

Geometries of the Complexes. (Cf. Table 3). $D---C30;
Complexes.For the GO,:--H,O complexes, calculations give
only two local minima. The first, with the values= 180°, R
=2.209 A, o = 172.%, and$ =130.5, corresponds to ah
shaped structure. The second correspondsTiq,ahaped form
(¢ = 18C¢°, R=3.291 A, = 123.6, andp = 78.8). The
geometries of these two complexes (cf. Scheme 3) are totally
different. The GO, moiety is linear in theL form and bent in
the Ty form. For this last complex, we observe, with respect
to the bent monomer, a pinching of the valence bond angles
(ACCC~ —22° andACCO~ —3°), a slight shortening of the
C=0 bond Ar = —0.003 A), and a lengthening of the=C
bond Ar = 0.012 A) (cf. Table 2). The D and GO, moieties
are coplanar. For th& complex the &C bond is slightly
shortened A1 = —0.003 A) but the &0 bond is unchanged
with respect to the linear monomer structure (cf. Table 1). The
Tac Sshaped form does not display a local minimum.

The Ty complex is slightly more stable than thecomplex,
but the energy difference (0.57 kcal mél is not very
significant at this level of theory in determining clearly the
structure present in cryogenic matrices. As a matter of fact, the
stabilizing effect of the matrix cage is not accounted for in our
calculation of a 1/1 complex. These results are similar to those
obtained for the KD-+-CO, complex? In this case, in an oxygen
matrix2¢ the unstableL H,O---CO, form is observed. On
energetics grounds alone, thg, complex appears to be favored

attack). Three kinds of complexes are thus considered for although some of the other structures may be observed, but at
optimization and vibrational frequency calculations (cf. Scheme significantly lower concentration.

2). TheL form, which involves a hydrogen bonding with the

terminal oxygen of carbon suboxide, and thé&rms for which

there occurs (a) a hydrogen bonding with thedarbon atom
(T ac form) or (b) a nucleophilic attack on the,@arbon atom

(Tnu form) (cf. Scheme 2).

To determine the geometry of the complexes, ground-state

After BSSE correction had been carried out, using the
counterpoise proceduté,the Ty, and L complexes were

(11) Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A,
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V.
G.; Ortiz, J.V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; Nanay-
akkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; Wong,

potential energy surfaces were explored by using the samem. w.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; Fox,

method as for the HCI complexésThe three independent
variablesR, o, andg (cf. Scheme 2) are respectively the distance
between the interacting atom of,@& (NHz) and an X atom
(carbon or oxygen) of the4D, moiety, the intermolecular angle

D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-Gordon,
M.; Gonzalez, C.; Pople, J. AGaussian 94Revision C.2; Gaussian, Inc.:
Pittsburgh, PA, 1995.

(12) Moller, C.; Plesset, M. Shys. Re. 1984 46, 618.

(13) Boys, S.; Bernardi, AVlol. Phys 197Q 19, 553.
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Table 2. Experimental (exp) and Calculated (cal) Frequency Shifts foiTieCs02:1“NH; Complex (A\v = v monomer— v complex)

experiment calculation
monomer complex monomer complex
v | v | AVexp v | v | Avea
NH3 V3 3447.3 1.0 3716.8 0.2 3709.7 0.2 7.1
3709.1 0.1 7.7
21 3345.4 0. 3560.5 0.2 3555.1 0. 5.4
1723.5 0.9 1.8
Va 1638.5 4.5 1633.5 0.9 5 1725.3 9.3 1721.6 12 3.7
2 974.4 100 1006.5 3.7 321 1122.9 100.0 1139.9 8.6 —17.0
C30, Vot v3 3064.8 2.6 3078.5 41 —137 3258.4 3282.0 —23.6
V3 2289.3 100.0 2221.6 100.0 67.7 2453.0 100.0 2357.7 100.0 95.3
21 2194.4 19 2191.3 18 3.1 2247.0 0.7 2249.9 4 —-2.9
V4 1596.3 4.2 1545.5 2.7 50.8 1601.0 25 1540.7 0.8 60.3
Vs 577 0.1 571.2 2.3 5.8 569.8 0.5 561.0 0.6 8.8
Ve 538.5 0.2 556.3 3 —17.8 540.3 25 558.5 3 —18.2
Ve 532.8 2.7 551.2 45 -184 531.8 25 550.3 27 —185
a| = intensity, Ty refers to the complex structure presented in Scheme 3.
Table 3. Monomer and Complex Geometrical Parameters (lengths in A, angle iA deg)
CgOzZHzO QOZZNHg
C30, H0O NHs L T T
rC,0: 1.182 1.18.2 1.181 1.179
rC,Cs 1.284 1.277 1.295 1.3
gocc 177.3 179.9 174.9 173.1
gccc 160.0 179.2 138.3 133.4
r 0.961 1.010 0.962 0.962 1.013
a 172.5 123.6 127.0
B 130.5 78.8 89.0
R 2.209 3.291 3.160
E —264.0060082 —76.2197857 —56.3832170 —340.230069 —340.2309806 —320.395293
rel energies 0.57 0
aEnergies E) are given in hartrees and relative energy ¢ Er) for the GO.:H,O complex is given in kcal/mol.
Table 4. Experimental (exp) and Calculated (cal) Frequency Shiftss@.E1,0, GO,:D,0, CGO,:HOD, GO,:DOH, GO,:1*NHs, and
C30,:1NHj; for the GO, Subunit Av = v monomer— v complex}
C302:HZO CgOz:DzO CgOg:HOD CgOg;DOH C302;14NH3 C30z;15NH3
& & Aveal & AVexp Aveal AVexp Aveal
AVexp T L AVexp T L Avexp T L AVexp T L
v,+vs —109 —-20.0 —13.2 —-146 -—-19.8 —13.0 —14.6 —169 -—-132 —-146 -19.8 —13.0 —13.7 —23.6 —154 —23.6
V3 483 742 -369 585 744 -36.7 585 773 -369 585 744 -36.7 677 953 67.7 953
V1 14 -28 —-139 19 -27 -139 19 —-27 -39 19 —-27 -139 31 —-29 29 -29
Va 321 44.4 —20.5 44.6 44.4 —20.6 44.6 44.2 —20.6 44.6 44.3 —20.6 50.8 60.3 50.0 60.4
Vs 1.3 11 2.8 1.6 1.3 2.9 1.6 1.2 2.9 1.6 12 2.9 5.8 8.8 - 8.8
Ve -71 -10.2 —-144 -184 -10.1 -143 -184 -10.2 —143 -184 —-101 —-143 -178 —182 -17.8 —18.2
Ve —-15.3 —20.7 —-16.5 —15.7 —20.6 —-16.5 —158 —20.7 —-16.5 —15.3 —20.6 —184 —-185 —184 -185

2 C302:HOD, the hydrogen interact with the;@xygen of GO,. C;0.:DOH, the deuterium interact with the;@xygen of GO,.

stabilized with regard to the monomer molecules by 2.31 and frequency shifts of the complexes with those calculated for the

1.55 kcal mot?, respectively.

(b) NH3---C30, Complexes.For the GO,---NH3z complexes,
calculations give only one local minimum for the valugs=
180, R=3.160 A,a. = 127, andf = 90°, which corresponds

free GO, (cf. Tables 1, 2, and 4).

In the case of the £D,---NH3 complex, for which theTy,
form is expected alone, we observe a good agreement between
the experimental and calculate¢d@ mode frequency shifts

to the Tny shaped structure (cf. scheme 3). The geometry of (cf. Table 2). In the case of the3Oy:-H,O complex, the

this form is similar to those of the correspondingdHcomplex
with a pinching of—26° and —3° of the CCC and the CCO
valence bond angles, respectively, and a lengthening ofthe C
C bond Al = 0.015 A). TheTac and thel shaped structures
do not display local minima.

Identification of the Complexes. The previous calculation

stretching suboxide mode frequency shifts of Thg form are

in better agreement than those of théorm. These results are
compatible with ary, shaped structure of the complex in the
matrices and are indicative of a nucleophilic attack of the oxygen
(or nitrogen) atom on the C4 atom of thes@ moiety.
Observation ofT v, complexes versuk ones agrees with the

provides valuable insight into the stability and the spectroscopic water and ammonia nucleophilicities, which are significantly
features of the complexes. First, the complexing effects can belarger than their electrophilicities. On the other hand, observation
observed on the geometry of the partner molecules and on theirof a C-+N distance shorter than the &0 distance R = 3.16

most significant stretching frequencies. To identify the form
present in argon matrices, we must comparevghe vibrational

and 3.291 A, respectively) is in agreement with best nucleophilic
character of ammonia.
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Figure 2. Infrared spectra of the £0,:NH3; complex, GO,, and NH;
isolated in argon cryogenic matrix at TS 10 K in the »(CCO)
asymmetric region (A) and(NH) region (B): (a) GO/Ar in the ratio
1/1320, (b) GO/NH3/Ar in the ratio 6,5/195/6500, and (c) NFAr in
the ratio 11/333.
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Scheme 1.Resonance Structures of Carbon Suboxide

0=C=C=C=0 <——» O0=C=C—C=0Q" <—> (O=C=C=C—0

Scheme 2.Three Kinds of Interaction Considered in Order
To Obtain theT ac, Tny, andL Type Complex Geometty

o
B o Nu
0:c=c=c=/o\3%[j[
R

L

O= e} 2V
“C .2 =C”7 Cs,
\Cja o R ,;jao
Bi P )
ﬁ(b\ TAc TNu /D
; NGB
}‘DB “SH
Nu

a2 The distanceR and the anglest, 3, and ® used in the text to
discuss the geometry are defined.

Examination of the complex structures in Scheme 3 shows,
two types of modifications for the 40, subunit:

(1) The pinching of the CCC and the CCO valence bond
angles,—22° (—26°) and —3°, respectively, corresponds to an
sp— sp? evolution of the hybridization of the carbon atoms.
This angle modification agrees with the increasing intensity of
the vcco,, absorption band at 2193 ¢rh(2191.3 cnl).

(2) Theri, bonds between the O1 and C2 atoms are slightly
perturbed for thd y, complex Ar ~ 0.001 A) and unperturbed
for theL complex. On the other hand, thg; bonds between
C2 and C3 atoms are lengtheneXf (~ 0.014 A) and slightly

Couturier-Tamburelli et al.

Scheme 3.0Optimized Geometry for th@ n, C302:NH3
Complex (A), Tnu C302:H,0 Complex (B), and. C30,:H,0
Complex (C)

/
/308 /3.01

316 \ (A

/

m
138.30

\ / /
39\ 287, /27

/]
Ny

(B)

179.15

shortened Ar ~ 0.007 A) in the Tyy and L complexes,
respectively.

These modifications in th&y, complexes result from the
strong interactions between the lone pairs of the nucleophile
atom of HO, or NHs, with the C4 atom of the carbon suboxide
(these lone pairs are directed to the C4 atom). At the same time,
we observe very short intermolecular distances between the O1
oxygen atom of the suboxide subunit and the hydrogen atom
of H,0, or NHg, lying in the GO, plane (2.77 and 2.96 A for
H,O and NH;, respectively). These values are indicative of a
hydrogen bond between these atoms. The geometries of the
complexes and the structural modifications of the complex’s
suboxide moiety suggest a pre-reactive intermediate of a 1,4
nucleophilic different from the 1,2 addition mechanism proposed
by Allen et al® for the hydration of carbon suboxide.

Conclusion

The present study is devoted to the formation and the
structural determination of 1:1 complexes of carbon suboxide
with H,O and NH. The results derived from theoretical
calculations strongly suggest that the bimolecular reaction
between the partners produces stable complexes. Distinct shifts
were observed in the vibrational modes of both moieties in the
complex. The magnitude of the;O, mode frequency shifts is
characteristic ofTy,. These complexes are indicative of a
nucleophilic attack of the oxygen (or nitrogen) atom by the C4
carbon atom. They are stabilized by a hydrogen bonding with
the O1 oxygen atom of carbon suboxide. The geometries of
the complexes and the structural modifications of the complex’s
suboxide moiety suggest a pre-reactive intermediate of an 1,4
nucleophilic addition
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