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Contrasting mechanism of the hydration of carbon
suboxide and ketene. A theoretical studyt

Minh Tho Nguyen,* Greet Raspoet and Luc G. Vanquickenborne

Department of Chemistry, University of Leuven, Celestijnenlaan 200F, B-3001 Leuven, Belgium

Received 8 February 1999; revised 16 June 1999; accepted 19 June 1999

ABSTRACT: The protonation and hydration of carbon suboxides(@=C=C=0) were studied byab initio
molecular orbital methods. While the geometries of the stationary points were optimized using MP2/6-31G(d,p)
calculations, relative energies were estimated using QCISD(T)/6-31G(d,p) and+6+@&1d,p)+ ZPE. The
behaviour of carbon suboxide was compared with that of carbon dioxide and ketene. The protonati@rcar i

is consistently favoured over that at the oxygen; the proton affinié3 ére estimated to bBA(C;0,) =775+ 15
andPA(H,CCO) = 820+ 10 kJ mol ! (experimental: 81% 3 kJ mol ). ThePAs at oxygen amount to 654, 641 and

542 kJ mol* (experimental: 548 kJ mot) for C;0,, H,CCO and CG, respectively. Using the approach of one and

two water molecules to model the hydration reaction, the calculated results consistently show that the addition of
water across the €0 bond of ketene, giving a 1,1-ethenediol intermediate, is favoured over#h@ &ddition

giving directly a carboxylic acid. A reverse situation occurs in carbon suboxide. In the latter, the energy barrier of the
C=C addition is about 31 kJ mot smaller than that of &0 addition. The &C addition in GO, is inherently
favoured owing to a smaller energetic cost for the molecular distortion at the transition state, and a higher
thermodynamic stability of the acid product. Molecular deformation of carbon suboxide is in fact a fairly facile
process. A similar trend was observed for the addition gf H= and HCI on GO,. In all three cases, the=€C

addition is favoured, HCI having the lowest energy barrier amongst them. These preferential reaction mechanisms
could be rationalized in terms of Fukui functions for both nucleophilic and electrophilic attacks. Copyrfsa0

John Wiley & Sons, Ltd.
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INTRODUCTION hydration of 1 could be expected to be a primary
transformation. It is known that this reaction gives the
Carbon suboxide 1) (O=C=C=C=0) was first bis-acid2 as the final product:
prepared at the beginning of this centtrgnd its
chemistry has received continuing interédthis higher 0=C=C=C=0+2H,0 — H,C(CO:H),
oxide of carbon belongs to the family of cumulenones 1 2 (1)
which includes among others, methyleneketene
(H,C=C=C=0). In some regards, carbon suboxide
(C30,) can also be classified as a bisketénén
atmospheric and combustion chemistry, is often
employed as a fuel and in atomic oxygen flames as a
source of triplet carbon monoxide (COThe presence of
C;0, on Halley’s comet has also been propo3etis
water ice is the main component on this cofet,

Recently, Allenet al® measured rate constants for
reaction ofl in a mixture of water and acetonitrile by
monitoring their UV spectra. The fact that only a single
rate process was observed, irrespective of the water
percentage, indicates an initial addition of water to one
ketene function of. It has been fourftthat the hydration
rate of GO, is substantial but lower than that of ketene
[H,C=C=0 (3)] by factors of 2.5x 10° in neutral
conditions and 5.% 10" for the acid-catalysed reactidn.

*Correspondence to:M. T. Nguyen, Department of Chemistry, | fact, Staudinger and BereZaobserved that carbon
University of Leuven, Celestijnenlaan 200F, B-3001 Leuven, Belgium ’ 9

E-mail: minh.nguyen@chem.kuleuven.ac.be " suboxide was stable in the presence of alcohols for
T Dedicated to our colleague and friend, J&guero, on the occasion ~ prolonged periods at low temperatures. To assist the
of his 65th birthday. interpretation of kinetic results, sona® initio molecular
Contract/grant sponsor=WO-Vlaanderen. . .

Contract/grant sponsotWT-Vlaanderen. orbital calculations at the MP2/6-31G(d,p) level have
Contract/grant sponsorGOA-program, KU Leuven. been carried out. Accordingly, the most favoured
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HYDRATION OF CARBON SUBOXIDE AND KETENE a7

protonationof C30, occursatthe centralcarbonwhereas
theketoacidform [O=C=CHCOOH(4)] is muchmore
stablethanits diol isomerfO=C=C=C(OH), (5)]. This
is similar to the behaviorof keteneregardingprotonation
andhydrationproduct!®!*Neverthelesst hasalsobeen
well establishedboth theoreticall}*~° and experimen-
tally*>~*8that the preferentialhydrationof ketene3 is a
two-stepprocessnvolving anadditionof wateracrossts
C=0 bond followed by a conversion of the 1,1-
ethenediolintermediate6 to the more stableaceticacid
7

H,C=C=0+H,0 — H,C=C(OH), — H3CCOOH 2
1 6 7

The one-stepaddition of wateracrosshe C=C bond
of 3 giving 7 directly hasbeenfoundto requirea slightly
largeractivationenergy*® In somesubstitutectasesthe
ethenediohasbeendetectedspectrometrically® On the
basisof thefactthattheisotopeeffectsaresimilarin both
neutral hydrations of C30, and ketene, k(H,0)/
k(D,0)=2.2 and 1.6-1.8, respectively,Allen et al.
suggestedhat both reactionsinvolve the samemechan-
ism, namelyvia a diol intermediate Neverthelessthese
authorswere not successfulin locating the transition
structuresassociateavith bothC=C andC=0 additions
using MO calculations. Therefore,the questionas to
whetheror not the hydration of 1 involves 5 remains
open:

0=C=C=C=0+ H,0 — O=C=C=C(OH)
1 5

— O=C=CHCOOH
. )

In this work, we haveattemptedo tacklethis question
with the aid of molecular orbital calculations. As
demonstratedn earlier studies:>*>1%"?!the attack of
wateronadoublebondis bettermodelledby, atleast two
water moleculesthat participate fully in the reacting
supersystenin fact, the secondvatermoleculeactsasa
bifunctional catalyst facilitating the proton transfer.
Therefore we haveconsideredn this work the addition
of watermonomemndwaterdimeracrosothC=0 and
C=C bonds of carbon suboxide.For the purposeof
comparisonresultsobtainedusingthe sameapproactare
alsogiven herefor the hydrationof ketené'®andcarbon
dioxide?? in additionto the protonationat both carbon
andoxygencentresFinally, theadditionsof H,, HCIl and
HF to C50, werealsocomparedwith that of water.

METHODS OF CALCULATION

Abinitio MO calculationswerecarriedout usinga local
version of the Gaussian94 set of programs>> One-

Copyrightd 2000JohnWiley & Sons,Ltd.

electronbasisfunctionsincludingthe 6—-31G(d,pand6—
311++G(d,p)setswereemployed.The potentialenergy
surfaceswere initially mappedout using the Hartree—
Fock (HF) methodin conjunctionwith the 6-31G(d,p)
basis,and the located structureswere characterizedy

harmonicvibrational analysesat this level. Geometric
parametersof the relevant equilibrium and transition-
state structureswere subsequentlyre-optimized at a
higher level of theory partly incorporating electron
correlation,namelythe second-ordeperturbatiortheory
MP2/6-31G(d,p)Thermochemicgbarametersverethen
determinedy single-pointelectronicenergiessomputed
using the quadratic configuration interaction method,
QCISD(T), using MP2-optimized geometrieswith the
basissetsmentionedabove.Hencethe choiceof a basis
setfor a systemis mainly determinedoy the capacityof

our computingresourcesln MP2 and QCI calculations,
the coreorbitalswerekeptfrozen.In orderto predictthe
reactivebehaviourof a molecule,the molecularelectro-
static potential(MEP) was used,definedasthe interac-
tion energyof the moleculewith a positive point charge
placedat positionr. Moreover,Fukui functionsfor both

nucleophilic and electrophilic attacks were calculated
using the finite differenceapproximationintroducedby

Parr and Yang?* Hencethe Fukui function, which is

given by the expression

wherep (N+1), p (N) andp (N —1) are the electron
densitiesof the N+ 1, N and N —1 electron systems
respectively,all calculatedat the geometriesof the N
electron systems. These calculations were performed
using the B3PW91 functionals combined with the
correlation-consistén cc-pVTZ basis set which has
already been proved to be successfdf and the
(UYMP2/6-31G(d,pwavefunctionsAs UHF wavefunc-
tions of open-shelkcationsandanions,which areneeded
in the calculationsof Fukui functions,are contaminated
by higherspin statesthe correspondindJMP2 energies
oftensufferfrom a slow convergencef the perturbation
expansionln this case the DFT methodclearly presents
anadvantageverthe MO methodin nothavinga severe
spin contaminatiorproblem.In addition, for the sakeof
comparison with earlier result$*?®> only the plots
computedusing B3PW91 calculationsare reportedin
this paper Wheread () is an indicatorfor nucleophilic
attack,f () is anindicatorfor electrophilicattack.

J. Phys.Org. Chem.2000:13; 46-56
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Figure 1. MP2/6-31G(d,p)-optimized geometries of the equilibrium structures. Values given in italics correspond to those of

ketene

Throughoutthis paper,unlessnoted, otherwisetotal
energiesare given in hartrees,relative and zero-point
energiesn kJmol ™%, bondlengthsin angstfansandbond
anglesin degrees.

RESULTS AND DISCUSSION
Properties of carbon suboxide

The carbon suboxide speciesis calculatedto have a
strictly symmetricalandlinearframework,asshownby a
vibrational analysisat the MP2/6—-31G(d,p)evel. Note
that the analogous propadienone (H,C=C=C=0)
possessest non-linear heavy-atomchain®® The free

molecule shows a typical IR absorption band at

2289cm ! in a argon matrix?"?® After scaling the
MP2/6-31G(d,pharmonicvibrationalwavenumberdy

an averageactor of 0.95,the calculatedvaluesare 114,

550,552, 740,1537,2141and 2366cm *. The absorp-
tion at2366¢cm ' canbecomparedvith theexperimental
valueandcorrespondso a C=0 antisymmetricstretch-
ing mode.Concerningthe geometry the C=0 distance
in 1 is similar to that in O=C=0 and H,C=C=0

whereasthe C=C distanceis shorter than that in

H,C=C=0, which is no doubt due to a multiple

cumulenestructure(Fig. 1). Roughlyspeakingthis bond
is formedfrom two sp-hybridizedcarbonsin 1 but from

bothspandsp’ carbonsn ketenethereforetheformeris

a shorterbond.

Table 1. Calculated proton affinities (k) mol~") of carbon suboxide, carbon dioxide and ketene

C-protonation

O-protonation

Method! Cs0, H,CCO C50, H,CCO 0Cco
MP2/6-31G(d,p) 783 851 655 644 544
QCISD(T)/6-31G(d,p) 801 851 669 667 554
CCSD(T)/6-31G(d,p) — — — — 555
QCISD(T)/6-31%+G(d,p) 785 836 654 646 545
QCISD(T)/6-31%+G(3df,2p) — 820 — 641 535
CCSD(T)/6-31%+G(3df,2pf — — — — 542
Exptl — 817, 825 — — 536", 548

a At the indicatedlevel including ZPE corrections pasedon MP2/6—-31G(d,ppeometriesinlessnotedotherwise.
P Basedon CCSD(T)-optimizedyeometries

¢ Ref. 31.

“ Ref. 29.

° Ref. 30.
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Table 2. Calculated total and relative energies of the points of interest on the addition path of one water molecule to C50,

Relativeenergie$

Structur@ ZPE° MP2/6-31G(d,p)  QCISD(T)/6-31G(d,p) MP2 QCISD(T)
C10, (1) 56 —264.02793 —264.03519 — —
H,O 55 ~76.22245 —76.23166 — —
C30, + H,0 111 —340.25038 —340.26685 0 0
OCCC(OH} (5) 128 —340.23936 —340.26201 46 29
OCCH-COOH(6- cis) 125 —340.28833 —340.31256 -85 —106
OCCH-COOH(6- trans) 126 —340.28806 —340.31230 —84 —105
TS C=0 (TS1/CO) 112 —340.16813 —340.18716 217 210
TS C=C (TS1/CC) 110 —340.18567 340.20390 169 164

& Basedon MP2/6-31G(¢p) geometries.
® From HF/6—31G(d,p)calculationsand scaledby 0.9.

¢ At theindicatedlevel with the 6-31G(d,p)oasisandcorrectedfor ZPEs.

The stability of various protonated forms is an
indicator for the acid-catalysedeaction.As mentioned
above, the C; protonationin 1 and keteneis largely
favoured over O protonation (in carbon dioxide the
protonation occurs at the oxygen atom). The proton
affinity (PA) of thelatterhasbeenrepeatedlydetermined
by different spectroscopictechniques®3° Calculated
PAs using different theoretical methodsare given in
Tablel. It is obviousthatthedifferencebetweerbothCy
and O PAs is stronglyreducedon going from keteneto
carbon suboxide, presumably owing to the higher
stability of the resulting CH;CO™ cation. On the other
hand, PA(O) increasesn the sequenceCO, < H,CCO
<C30,. The results in Table 1 indicate that good
agreementwith experiment is possible, as can be
achievedor bothketeneand CO, moleculeswhenusing
largebasissets At the QCISD(T)/6—-31%+G(d,p)level,
which is the highestlevel availableherefor C30,, the
computedPAs for the CH,CO or CO, areoverestimated
by about 10kJmol™* comparedwith the most recent
experimentabeterminationsTaking this correctioninto
account,we would proposea proton affinity for carbon
suboxideof PA(C30,) = 775kJmol~?, with a probable
errorof + 15kJmol ™.

Relative stability between ethenediol and car-
boxylic acid products

Calculatedresultsaregivenin Table2. Whereaghediol
5 is the productof a C=0 addition of waterto 1, the
ketenyl acid 6 is the C=C adduct (cf. Fig. 1). The
conformationsof this class of compoundshave been
analysedn detailin earlierstudies®***Our calculations
show that both conformers6-cis and 6-trans have a
similarenergycontentandareconnectedo eachotherby
an energybarrier for rotation of about50kJmol™?. In
agreementwith earlier studies’ the acid 6 is about
135kJmol~* more stablethan the diol 5. At the same
level of theory, the energy difference between 1,1-

Copyright(D 2000JohnWiley & Sons,Ltd.

ethenedio[H,C=C(OH),] andaceticacid (CH;COOH)
amountgo 134kJmol~*. Hencetheenergyvariationdue
to the cumulenestructurepresentin the 5-6 pair is not
significantly large. Note that for the pair of ethenediol-
aceticacidisomershigherlevel calculation$* suggested
an energydifferenceof 115+ 10kJmol~*. Taking this
method dependenceinto consideration, the energy
difference between5 and 6 also amountsprobably to
115+ 15kJmol~* in favourof 6. Note alsothatthe diol
5 lies about 29kJmol™* higher in energy than the
separatedC;0, + H,O reactantswhose pre-association
leads to various weak hydrogen-bondedcomplexes.
Their complexationenergiesare calculatedto be not
largerthan 10kJmol ™. To simplify the presentatiorof
data,they arenot shownhere.Note thatthe (C;0,-HCI)
complex hasrecently beendetectedin matrix isolation
experimentg®-34

Hydration of carbon suboxide by one water mol-
ecule. The nucleophilic attack of one water molecule
acrosshoth C=0 and C=C bondsof 1 is characterized
by transition structuresTS1/CO and TS1/CC, respec-
tively, displayedn Fig. 2. Forthepurposeof comparison,
the correspondingMP2/6—31G(d,p) parametersopti-
mizedfor the ketenehydratiorf*®arealsogiven (values
in italics). In bothcasesthebendingof the C30, skeleton
aroundone ketenemoiety is important,up to 50°. The
other ketene moiety in C30, remains almost linear.
Overall, the geometriccharacteristicof both transition
structuresTS1/CC and TS1/CO do not differ signifi-
cantlyfrom thoseof ketene gxceptfor thefactthat,in the
Cs0, casethecyclic structuresbecomemorecompacta
signof a later transitionstate.
Calculatedenergeticdatarelatedto the C30, + H-O
reactionaresummarizedn Table2. Ontheonehandiit is
clearthatthe C=C additionvia TS1/CC turnsoutto be
morefavoredby 46 kJmol~* overthe C=0 processiia
TS1/CO. On the other hand,the energybarrier for the
C=C addition appears to be substantial, being
164kJmol~* at the QCISD/6-31G(d,p)evel of accu-

J. Phys.Org. Chem.2000:13; 46-56
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Figure 2. MP2/6-31G(d,p)-optimized geometries of the transition structures for addition of one and two water molecules across
both C=0 and C=C bonds of carbon suboxide. Values given in italics correspond to those of the ketene hydration

racy. Using the samemethod,the correspondingnergy
barriersfor analogoushydrationreactionsareasfollows
(inkdmol™Y): CO,, C=0 addition 214; H,C=C=0,
C=O0 addition 161 and C=C addition 170; and
O=C=C=C=0, C=0 addition 210 and C=C addi-
tion 164. Two significant points can be noted: (i) the
energybarriersto C=C additionare comparablan two
related systems,with a slight decrease€rom keteneto
carbonsuboxideand(ii) in contrasttheenergybarrierto
C=0 addition increasesappreciably on going from
keteneto carbonsuboxide by 49kJmol~; thebarrierfor
C=0 addition in keteneis the smallestof the three
systemsexamined.

Hydration of carbon suboxide by water dimer. As
mentionedin the Introduction, it has repeatedlybeen
demonstratethatat leasttwo watermoleculeshouldbe
employedto model the hydration reactionin agueous
solution!®~?? This is in fact a classicalexampleof an
active solvent catalysis which sharply reduces the

activationenergiesFor this case,we havebeenableto
Copyrightd 2000JohnWiley & Sons,Ltd.

identify two distinct transition structures, TS2/CO and
TS2/CC, whosegeometricparametergarealsoshownin
Fig. 2 along with the relevant values for the ketene
hydration?*? As expectedthe calculatedenergybarriers
becomestronglyreducedn bothadditions(Table3). The
calculationsshowthatasthe energeticallymostfavoured
transitionstateT S2/CCis approachedhetwo molecules
of water move in the form of a dimer towardscarbon
suboxide Similarly to the onewatercase the additionof
two water moleculesacrossthe C=C bond of C30,
appeargo be favouredover that acrossthe C=0 bond,
with valuesof 99 and130kJ mol™?, respectivelyat MP2
level of theory). In TS2/CC there are two important
nuclear motions: the deformation of C30,
[¢(CCC)=125] and the closureof the OHO angle of
the dimerfrom 179 to 158. Thesemovementgendto
facilitate the transferof a protontowardsthe C; carbon.
Whereador C;0, (1) theattackof waterdimeracrosshe
C=C-bond is more favoured, the addition acrossthe
C=0 bond is confirmed to be more probable for
ketene?? At the highest calculated level (QCI), the

J. Phys.Org. Chem.2000:13; 46-56
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Table 3. Calculated total and relative energies of the points related to the addition of two water molecules to carbon suboxide,
carbon dioxide and ketene

Total Energies RelativeEnergie$§
Specied ZPE®  MP2/6-31G(d,p) QCISD(T)/6-31G(d,p) MP2/6-31G(d,p) QCISD(T)/6-31G(d,p)
C30,+2H0 166 —416.47283 — 0 —
TS2/CO 174 —416.41692 — 155 —
TS2/CC 173 —416.42826 — 124 —
H,C=C=0+ 2 H,0 190 —304.62119 —304.65858 0 0
H.CCO... (Hx0), complex 205 —304.64538 —304.68223 —49 —47
TSCO 207 —304.61095 —304.64487 44 53
H,CCO... (Hx0), complex 205 —304.64505 —304.68064 —48 —43
TSCC 207 —304.60914 —304.63990 48 66
CO;+2H0 140 —340.56326 —340.58620 0 0
CO.... (H,0), complex 153 —340.58563 —340.60791 —45 —44
TSCO 153 —340.53498 —340.55595 87 92

& Basedon MP2/6-31G(¢p) optimizedgeometries.
® From HF/6—31G(d,plgeometriesandscaledby 0.9.
¢ At theindicatedlevel and ZPE corrections.

energybarrier for attackacrossthe C=C-bondis about mentionedabove the energydifferencebetweerthe diol
9kJmol™* lower than the correspondingvalue for the andacidisomersis similarin bothcasesThusthe higher

C=C-bond. thermodynamicstability of the acid is animportantbut
Overall,inclusionof asecondvatermoleculetendsas not predominantfactor. The driving force is likely to
expected,to reducethe energybarrier dramatically in residein the easewith which carbonsuboxideundergoes

both C;0, and H,C=C=0O molecules,but does not moleculardistortion. Its lowestvibrational frequencyis
changethe fact that both cumuleneshave different calculatedto be 114cm™* (seeabove)andis associated
mechanismsconcerning the addition of water. As with a bendingmotion of the carbonbackbone Sucha

Table 4. Calculated total and relative energies of the points of interest on the addition path of a H,, HF and HCI molecule to
C30,

Relativeenergie$

Structur@ ZPE®  MP2/6-31G(d,p) QCISD(T)/6-31G(d,p) MP2 QCISD(T)
C10, (1) 56 —264.02793 —264.03519 — —
H, 25 ~1.15766 ~1.16514 — —
HF 24 ~100.19464 ~100.20128 — —
HCl 17 —460.20545 —460.22196 — —
C30, + Hy 81 —265.18559 —265.20033 0 0
OCCCHOH(5H) 108 —265.17254 —265.19680 61 36
OCCH-COH(6H- cis) 110 —265.21402 —265.23804 —46 -70
OCCH-COH(6H- trans) 102 —265.21314 —265.23771 -51 ~77
TS C=0 (TSH/CO) 86 —265.02812 —265.06642 418 357
TS C=C (TSH/CC) 83 —265.06255 —265.08206 325 313
C30, + HF 80 —364.22257 —364.23647 0 0
OCCCFOH(5F) 89 —364.20098 —364.22061 66 51
OCCH-COF(6F- cis) 93 —364.25556 —364.27568 -73 ~90
OCCH-COF(6F- trans) 93 —364.25704 —364.27724 -78 —94
TS C=0 (TSF/CO) 79 —364.12467 —364.16200 256 195
TS C=C (TSF/CC) 77 —364.16824 —364.18275 140 138
C30, + HCI 73 —724.23338 —724.25715 0 0
OCCCCIOH(5CI) 85 —724.20991 —724.23225 74 77
OCCH-COCI(6CI- cis) 88 —724.26245 —724.28521 —61 —59
OCCH-COCI(6CI- trang) 84 —724.26261 —724.28547 —66 ~63
TS C=0 (TSCI/CO) 82 —724.13792 —724.18555 260 197
TS C=C (TSCI/CC) 78 ~724.16231 —724.21246 192 122

& Basedon MP2/6-31G(¢p) geometries.
b From HF/6—31G(d,p)calculationsand scaledby 0.9.
¢ At theindicatedlevel with the 6-31G(d,p)basisandcorrectedfor ZPEs.

Copyrightd 2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2000:13; 46-56
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TSH/CC

6H-trans

TSH/CO

Figure 3. MP2/6-31G(d,p)-optimized geometries of stationary points for the addition of H, across both C=0 and C=C bonds

of carbon suboxide

nucleardeformationis muchmorefacile to achievethan
that of ketene,in particularin the TS for C=C addition
which implies, in addition, a rotation of the terminal
methylenegroup?

Overall, the calculatedresultssummarizedn Table 3
suggestthat the C=C additionin C30, is much more
difficult to achievethanthe C=0 additionin keteneThe
largerenergybarrierfor theformerprocesss in line with
the experimentabbservatiofi thatthe C30, hydrationis
muchslowerthanthe ketene.

In inspecting the geometric parametersof both
transition structuresTS2/CC and TS2/CO, it can be
notedthat the C—O bond formation is more advanced
than eitherthe C—H or the O—H bonding.In fact, the
C—O distancevariesfrom 1.59A in TS2/CO to 1.35A
in TS2/CCtq 1.36A in 6-cis, andfrom 1.53A in TS2/
CO to 1.35A in 5. In contrast,the C—H distanceis
1.61A in TS2/CC andthe O—H distanceis 1.50A in
TS2/CO; both are far longer than the corresponding
equilibriumvalues.This factis in line with theview that
it is the nucleophilicity of the oxygenatomthatactually
leadsthe addition. Such a picture has been advanced

Copyrightd 2000JohnWiley & Sons,Ltd.

beforein termsof the reactivity of ketened and their
selectivity towardssubstitutecbenzaldehyde®

Addition of carbon suboxide to H,, HCl and HF

In orderto gainadditionalinsightinto the 1,2-additionof
hydrogencompoundgo carbonsuboxide the attacksof
the simplehydrogenspeciedH,, HCl andHF acrossoth
the C=0 andC=C bondsof 1 werealsocalculatedand
the results obtained are reported in Table 4. The
correspondingstationarypoints are displayedin Figs 3,
4 and5, respectively.The calculatedvaluesshowthat,
similarly to the addition of H,O, the attack acrossthe
C=C bondof C505 is inherentlyfavoured.However,it
shouldbe notedthat for the additionof H,, both energy
barriersacrossthe C=0 and C=C bondsare signifi-
cantly higher than the correspondingvalues for the
additionof HCl andHF. Suchanorderingof barriersis in
line with the strongemucleophiliccharacteof Cl in HCI
andF in HF againstH in H,. Table4 alsoshowsthatthe
activationenergiedor C=0 additionof HF andHClI are

J. Phys.Org. Chem.2000:13; 46-56
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TSF/CC

6F-trans

TSF/CO

Figure 4. MP2/6-31G(d,p)-optimized geometries of stationary points for the addition of HF across both C=0 and C=C bonds

of carbon suboxide

similar (195and197kJmol™?, respectively)whereaghe
energy barriersfor C=C addition differ somewhatin
favour of the HCI case, having an energy barrier of
122kJmol~* against138kJmol~* for HF. Surprisingly,
it seemghatthe geometryof the transitionstructurefor
attackof HCI, TSCI/CC, tendsto becloserto its product
than to the correspondingTS for HF, TSHF/CC. In
TSCI/CC the C—H bond is almost formed (1.185A)
whereadn TSF/CC the C—H bondis somewhatonger
(1.279A) andits formationis lesscomplete.
Furthermore,a plot of the molecular electrostatic
potential(MEP)wasmadeandis displayedn Fig. 6. The
electronicchargedistributionis indeedfundamentafor
understandingchemical reactivity and naturally allows
thenucleophilicandelectrophilicattacksto be explained
on the basisof electrostaticinteractions.However, the
MEP gives information about the initial state of the
molecule,whereasthe changein electrondensityunder
the influence of an approachingreagentis also of
importance.Moreover, a closerlook at the chargeson

Copyrightd 2000JohnWiley & Sons,Ltd.

the different atomsin Cz0, (1) could not explain the
preferredattackacrossts C=C bond.It is seenfrom the
MEP in Fig. 6 thata protonwould attackon O ratherthan
on Cg. Fukui functions for both nucleophilic and
electrophilicattackshavealsobeencalculated Whereas
Fig. 6 showsthe MEP of C;0,, Figs 7 and8 displaythe
Fukui functions,f (7 andf ), calculatedfor 1.
Dependingon the type of attack, different sites are
indicatedasthe mostreactivesite for C50,, i.e. the site
for which the Fukui function f is largest. The distinct
mechanism=f hydration of 1 may illustrate this: the
preferredattackis predictedo proceedvia anucleophilic
attackof F~ on C, [f ") beinglargestfor C, andnot for
0, ascanbe seenfrom Fig. 7], whereasan electrophilic
attackby a protonis suggestedo occurby H* at the g-
carbon[f ¢ largestfor Cy]. Thisindicateshattheability
of the C; atomto acceptanddistributepositivechargeis
of considerableimportance,in such a way that the
proton transferto C; is preferred. The polarizability
featureis, of course,not containedin the MEP of the
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5C1

TSCl/CC

6Cl-trans

TSCI/CO

Figure 5. MP2/6-31G(d,p)-optimized geometries of stationary points for the addition of HCl across both C=0 and C=C bonds

of carbon suboxide

Figure 6. Contour plot of the molecular electrostatic
potential (MEP) of C50, with the B3BW91/cc-pVTZ method.
The solid isocontours correspond to positive potentials and
the dashed lines to negative potentials

Copyrightd 2000JohnWiley & Sons,Ltd.

~>~._min. contour : -0.009000
~ Npax. contour :  0.009000
N

Figure 7. Contour plot of the Fukui function £(n) for C50,
with the B3PW91 method using the cc-pVTZ basis set. The
solid isocontours correspond to positive values and the
dashed lines to negative values of the f(r) function
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min. contour : -0.008000
Jnax. contour :  0.008000

Figure 8. Contour plot of the Fukui function () for C50,
with the B3PW91 method using the cc-pVTZ basis set. The
solid isocontours correspond to positive values and the
dashed lines to negative values of the 7(r) function

unperturbednitial state.Ilt may thereforebe concluded
that the reactivity of C30, can betterbe rationalizedin
termsof Fukui functions.

The Fukui functions of the parent ketene
(H,C=C=0) have beenanalyzedin somedetail in a
recentpaper-'? Accordingly, attack of water to ketene
canoccureitherin the molecularplane(C=0) or in the
perpendiculaplane (C=C). The preferredattackin the
molecular plane thus proceedsvia a nucleophilic
approachof O of water to C, of ketene[having the
largestf ) value]andan electrophilicapproactby H of
waterto O of ketenelhavingthe largestf () value]. This
indicateghehigherability of theketeneO atomto accept
and to redistributea positive chargeand, as a conse-
quencethe preferentialprotontransferto O over Cyg. In
the perpendiculaplaneof ketene,an oppositetrend has
beenobservedThatis, electrophilicattacknow occursat
C; which, in this plane, has the largest f ) value.
Overall,the Fukuifunctionspredictthatwhereasa C=0
additionis favouredin the molecularplaneof ketene,a
C=C additionis preferredin its perpendiculaplane.Of
course, it is not obvious to interpret the activation
energiesjn orderto differentiateboth additions,solely
on the basisof f() values. The Fukui functions are
essentially static reactivity indices, and a general
correlationbetweenthem and activation energiescould
not be established®>®

In summary, the present theoretical study points
towardsaninherentdifferencein theadditionmechanism
of water,and most probablyof hydrogenmoleculesto
carbon suboxide and ketene. Whereasa direct C=C
addition is dominantin carbon suboxide,a two-step
C=0 additionis preferredn ketene As carboxylicacids
or related adductsare thermodynamicallymore stable
thantheir enolisomersthe C=C additionappeardo be
intrinsically favoured. The reverse case observedin
keteneds simply dueto a higherenergycostassociated

Copyrightd 2000JohnWiley & Sons,Ltd.

with a more severe molecular deformation in the
transitionstates.The calculatedresultsalsoconfirmthat
thehydrationof carbonsuboxideis muchslowerthanthat
of ketene Fukui functionsappearto be usefulreactivity
indices for rationalizing the preferential hydration
reaction.
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