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Hydration rates in H20 of carbon suboxide are substantial but less than those of ketene, by  factors of 2.5 x lo3 and 
5.2 x lo4 for the neutral and acid-catalysed reactions, respectively, in qualitative agreement wi th ab initio calculated 
stabilities of probable intermediates. 

Carbon suboxide 1 was first reported by Diels and Wolf in 
19O6,lU and it has been widely studied since that time.1b-g.273 
There have, however, been few quantitative mechanistic studies 
of this unique polyfunctional molecule. 

We and others have been pursuing the study of 1,2-bis(ke- 
t e n e ~ ) , ~  and the hydration of ketenes,'~.s and therefore were 
attracted to the study of the reaction of carbon suboxide with 
H20. A recent proposal,6" that C3O2 is present on comet Halley, 
which is largely composed of water ice,6a increased our interest 
in this subject. Carbon suboxide is known to react with water to 
form CH2(C02H)2, with alcohols ROH to form esters 
CH2(C02R)2, and with HCl to form CH2(COC1)2.2c As shown 
in eqn. (1) for alcohol addition acylketenes 2 have been 
implicated as reactive intermediates in these reactions. I d ~ 2 d  

ROH ROH 
O=C=C=C=O ROZCCH=C=O - CH2(C02R)2 

1 2 
(1) 

Rate constants were measured for reaction of 1 in H20 by 
monitoring the decrease of the UV absorption maximum at 260 
nm (E = 90 dm3 mol-1 ~ m - 1 ) 3 ~  (Table 1). Only a single rate 
process was observed in each case, and this is assigned to the 
initial reaction of carbon suboxide. 

To interpret the mechanisms involved the structures and 
energies of some of the possible intermediates were calculated 
by ah initio methods using Gaussian 927 at the MP2/6-31G* + 
ZPVE//MP2/6-3 1G* level, as we have done previously for 
other ketenes.4h.c The geometries of the possible species 
involved were fully optimized at the level specified without 
geometrical constraints. Energies for a number of different 
possible transformations are given in Table 2. 

The rate constant of C3O2 in 55.6 mol dm-3 neutral water 
(Table 1) is less by a factor of 2.5 X lo3 than that reportedga for 
of CH2=C=O. In H20-MeCN (1 : 9) this factor drops to 60.3, 
reflecting a greater decrease in the reactivity of CH2=C=O on 
dilution with MeCN.Sb,gb The isotope effects kH20/kD20 for the 
neutral reaction are similar, 2.20 and 1.598~ for C302 and 
ketene, respectively. These results may suggest similar mech- 
anisms for the neutral hydrations of ketene and C3O2, and in our 

Table 1 Hydration rates of C302 in H20-MeCN, and acid catalysis, 25 "C 

previous studies of ketene reactivity1g*5~-c the mechanism of 
ketene hydration has been interpreted as involving an initial 
nucleophilic attack by H20 at the carbonyl carbon to give a 
rather polar transition state resembling 3, that is also solvated by 
additional water molecules. This forms an intermediate enediol 
4, or the corresponding enolate, and then is rapidly converted to 
acetic acid (Scheme 1). 

The addition of H20 to C302 could occur by 1,2-addition to 
the C=O or C=C bonds to produce as the first intermediate the 
geminal diol (H0)2C=C=C=O 5 or the ketenyl carboxylic acid 
H02CCH=C=0 6, and a 1,4-addition would yield hydroxy- 
propynoic acid H02CC=COH 7. These species would be at least 
partly ionized under the reaction conditions. 

From Table 2 the gas-phase hydration of C3O2 and ketene on 
the C=O bond to form enediols is calculated to have AE of 4 1.4 
and -25.1 kJ mol-1, respectively, while addition to the C=C 
bond to form H02CCH=C=0 and MeC02H have AE of -98.3 

Table 2 MP2/6-3 1G* + XPVE//MP2/6-3 1G* calculated energies 
(kJ mol-1) for reactions of carbon suboxide and ketene 

Reaction 

W = C = C = O  + H+ -+ O=C=C=C=OH+ + 
O=C=C=C=O + H+ + O=C=CH-C=O 8 
CH2=C=O + H+ + CH,=C=OH+ 

+ 
CH2=C=0 + H+ +. MeC=O 
W = C = C = O  + H20 -+ (H0)2C=C=C=O 5 
O=C=C=C=O + H20 + HO-CEC-CO~H 7 
O=C=C=C=O + H20 + H02CCH=C=O 6 
(H0)2C=C=C=O 5 -+ H02CCH=C=O 6 
HO-C=C-C02H 7 + H02CCH=C=O 6 
H02CCH=C=O 6 + H20 + H02CCH=C(OH)2 
CHz=C=O + H20 + CH2=C(OH)Z 
CH2=C(OH)2 + MeC02H 
H02CCH=C(OH)2 + CHZ(C02H)2 
O=C=C=C=O + OH- 4 -O-CZ-C02H 
-0-C-C-CO2H + HO-CzC-CO2 - 

-0-CzC-CO2H + O=C=CH-C02- 
CH2=C=O + OH- -+ CHz=C(OH)O- 
CH2=C(OH)O- + CH3C02- 

-627.6 
-765.3 
-620.1 
-833.5 

41.4 
82.0 

-98.3 
- 139.7 
- 179.9 
-84.5 
-25.1 

-148.1 
-5 1.5 

-260.2 
132.8 

-46.9 
-3 16.3 
-128.4 

9'0 H20a [H201/mol dm-3 kobsh/S-' [HClIc/mol dm-3 kobJs-l [DCl]d/mol dm-3 kobs 

100 

90 
80 
70 
60 
50 
40 
30 
20 
10 
2 

1 OOf 
55.6 

50.0 
44.4 
38.9 
33.3 
27.8 
22.2 
16.7 
11.1 
5.56 
1.11 

1.45 X 10-2e 0.989 2.00 x lo-' 0.968 1.63 X 10-1 
6.59 x 10-3 0.791 1.77 X 10-1 0.774 1.28 X 10-1 

1.77 X 10-2 0.395 9.80 X 10-2 0.194 3.88 X 

2.47 X 10-2 0.0988 2.14 X 10-2 
2.22 x 10-2 0.0 1.20 x 10-2 
1.86 X 10-2 
1.44 X 
1.12 x 10-2 

1.91 X 

1.81 X 10-1 0.593 1.32 x 1 - 1  0.58 1 1.12 x 10-1 

2.26 x 10-2 0.198 6.14 X 10-2 0.0 6.76 x 10-3 

4.48 x 10-3 

0 The noted volume of H20 (ml) was diluted to 100 ml with MeCN. Monitored by observing the decrease in the absorption at 260 nm. L' In H20 at I = 1.00 
(NaCl); kobs = 0.195 dm3 mol-I s-l [HCl] + (1.61 X s-l, r = 0.996. In D 2 0  at I = 1.00 (NaC1); kobs = 0.161 dm3 mol-1 s-l [DCl] + (8.78 X 
10-3) s-I, r = 0.996; kH+/kD+ = 1.21. kobs 3.55 X 10W2 s-l (36.8 "C), 2.28 X 10-3 (4.9 "C), AH* = 59.4 kJ mol-1, AS* -80.8 J K-1 mol-l.fD20, 
k H 2 0 / k D 2 0  = 2.20 k 0.30. 
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and - 173.2 kJ mol-1, respectively. The reversible hydration of 
CH2=C=0 to acetic acid has been repeatedly examined by 
theoreticalga-e and experimental methods,gf and our results 
agree with recent results for comparable level~.gd,~ For both 
C3O2 and CH2=C=O addition of H20 to the C=C bond is 
calculated to give more stable products than addition to the C=O 
bond, by similar factors of 139.7 and 148.1 kJ mol-l, 
respectively (Table 2). However for CH2=C=O addition of HzO 
to the C=O bond is nevertheless predicted to have a lower 
barrier,g and this has also been found experimentally in 
solution.l~,5,8a Even though the transition states for hydration of 
C3O2 have not yet been successfully calculated for the gas phase 
and especially not for solution, it appears plausible that just as 
for ketene the initial step involves addition to the C=O bond to 
form the enediol 5 ,  even though addition to the C=C bond, 
which involves simultaneous rehybridization of both carbons, 
leads to a more stable product. 

The reaction of OH- with C302 in the gas phase has been 
studied using a flowing afterglow apparatus,3d and has been 
interpreted as involving formation of -O(HO)C=C=C=O, which 
then rearranges to -02CCH=C=O, which cleaves to C02 and 
HCS-O-. The first two steps of this process are analogous to 
those suggested here for the successive formation of 
(H0)2C=C=C=0 5 and H02CCH=C=O 6. We calculate (Table 
2) that these steps are exothermic by 260.2 and 46.9 kJ mol- l ,  

respectively . 
For the reaction of C302 in dilute HC1, the linear dependence 

on [H+] of the rate, and the isotope effect kH+/kD+ = 1.21, are 
both consistent with a mechanism involving rate-limiting 
proton transfer to Cg (Scheme 2), as has been proposed for other 
ketenes.5~" The value of k H +  for C302 is less by a factor of 5.2 
X 104 than that reportedsa for CH2=C=0, in agreement with the 
theoretical results (Table 2). Protonation at CP in C302 would 
be favoured by the high negative charge density at this carbon, 
as indicated by the 13C NMR chemical shift of 6 -14.6,3~ and 
by the favourable bisacylium type resonance expected for this 
species, as shown in 8. Whether or not 8 would have a sufficient 
lifetime to exist as a genuine intermediate under the conditions 
is a question that cannot be answered by the current experi- 
ments. 

These results are relevant to a recent proposal6" that 
photolysis of C3O2 is the source of atomic carbon in the coma 
and nucleus material of comet Halley. Our results establish the 

3 4 

Scheme 1 

-+ H- 

L 

8 

Scheme 2 

temperature dependence of the reactivity of C302 with liquid 
water, but do not yet address the call for 'experiments to assess 
the chemical stability of C302 in a H20 ice matrix'.6a 

In summary C3O2 shows appreciable neutral and acid- 
catalysed reaction rates with H20, although CH,=C=O is 
significantly more reactive. A 6  initio molecular orbital calcu- 
lations are in agreement with these results. This reactivity is 
relevant to a proposal that C302 is present in the water ice of 
comet Halley. Further studies, including examination of the 
reaction of C302 with bases, are underway. 
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