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The structures and gas-phase ionization ener§i@9 of Meldrum’s acid ) and related cyclicll(-VI) and
acyclic compoundsMll -IX) are investigated theoretically at the MP2/6-31+G*, B3LYP/6-31+G*, B3LYP/6-
311+G**, B3LYP/6-311++G(3df,2p) and G3(+)(MP2) levels. Conformations of three neutral cyclic series
vary gradually from boat (Meldrum’s acig, to twisted chairl() and to chairl{l ) as the methylene group is
substituted for the ether oxygen successively. The preferred boat forarobe ascribed to the two strorg n

- O cc antiperiplanar vicinal charge transfer interactions and electrostatic attraction between negatively
charged ¢and positively charged*@t the opposite end of the boat. All the deprotonated anionic forms have
half-chair forms due to the two strong B 7ic-o Vicinal charge transfer interactions. The dipole-dipole
interaction theory cannot account for the higher acidity of Meldrum’s Bdildgh dimedonél( ). The origin

of the anomalously high acidity bfis the strong increase in the vicinal charge transfer(mt c=o) and 1,4-
attrative electrostatic interactions'(€C* in the ionizationl( — 1~ + H"). In the acyclic seried/(l -IX) the
positively charged end atom;,Gs absent and the attractive electrostatic stabilizatibn () is missing in

the anionic form so that the acidities are much less than the corresponding cyclic series.

Key Words : Meldrum’s acid, MO theoretical study, Charge transfer, G3(+)(MP2), Acidity

Introduction sions betweerkE- and Z- ester conformers of neutral and
deprotonated anionic molecules using the model compound,
The acidity of Meldrum’s acid,|, in aqueous solution methyl acetate. Similarly, Wiberg and Laftligave shown
(PKa = 4.83-4.93)is comparable to that of acetic acidz theoretically that the unusual acidity lbthaving a bidf)-
4.75), and hence its structure has been wrongly assignegster conformation can be accounted for by the difference in
earlier as thg-lactone of-hydroxyisopropylmalonic acitl.  acidity betweenz- and E- rotamers of methyl acetate.
However, Davidson and Bernharbave reported that the Recently, however, Gao and coworRepsinted out that an
structure ofl is the bislactone of 2,2-dimethyl-1,3-dioxane- additive effect due to the twbesters in the dilactone system
4,6-dione, and Pfluger and Bofldave also shown its is not responsible for the high acidity of Meldrum’s acid.
conformation to be a boat at least for the crystal. Therhey have also shown that solvent effects are rather small,
relatively high acidity of has been, therefore, attributed to and the preferential stabilization of the enolate anion due to
acidic hydrogens bonded to a carbon existing between th@nomeric effects is an important factor contributing to the
two carbonyl groups. The acidity bfs anomalously higher high acidity.
than those of all other-carbonyl carbon acids. For example, Nevertheless, several questions as to the origin of the
the gKa of I in DMSO is 7.32 but those of dimedond) , unusually high acidity of still remain: (i) it is not clear
and dimethyl malonat&/ll , corresponding to the cyclic and why | prefers to have a boat molecular conformation, (ii) it
acyclic diketone analogues are 15.87 and 11.16, respettivelys doubtful that the boat conformation itself and 1,4-steric
Therefore the Meldrum’s acid has attracted considerablénteraction in the boat conformation bfare not really
attention due to its unusually high acidity. relevant to the high acidity, although the possibility of a
Recently, Arnett and Harrelsbiave proposed that the steric compression effect on the acidity was dismissed in
high acidity ofl relative tolll or VIl is resulted from the earlier works, and (iii) it is questionable that cyclization
restricted rotation around ester bonds in the six-membereldas no other significant effects than the unfavorabl&pis(
ring of I with a bislactone structure, since the acidities areester conformation in as compared tdll and acyclic
rapidly decreased on going from 6-membered to 10cognates.
membered ring until 13-membered ring has the sdfaap In this work we performed systematic investigations
VIl . On the other hand, Wang and Hbiilave suggested on the gas-phase ionization processes of various cyclic,
theoretically that the high acidity bfis originated from the eq. (1), and acyclic diketone analogues, eq. (2), theore-
differences in steric and electrostatic (dipole-dipole) repultically using the density functional theory (DFT) and
ab initio methods in order to elucidate more thoroughly
*Corresponding author. Fax: +82-32-865-4855; e-mail: ilee@the origin of the unusually high acidity of the Meldrum’s
inha.ac.kr acid.
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Cyclic series:
R=CH |:Y =Y =0 (Meldrum’s acid)
Il Y =0, Y'=CH (2,2-dimethyl-(4H)-pyran-4,6-dione)
Il :Y =Y = CH (dimedone)
R=H IV 1Y =Y'= 0 (1,3-dioxane-4,6-dione)
VY =0, Y'= CH:(dihydro-pyran-2,4-dione)
VI 1Y =Y = CH; (1,3-cyclohexadione)
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Acyclic series:

VIl : Y=Y’ =0 (dimethyl malonate)

VIl 1 Y=CH;and Y’ = O (3-oxo-pentanoic acid methyl ester)
IX 1Y =Y’ = CH; (heptane-3,5-dione)

Calculations

The Gaussian-98 program packégeith standard Pople
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31+G*, B3LYP/6-311+G** and MP2/6-31+G* basis $ét.

To improve accuracy of the energetics, fully optimized
calculations were carried out at the B3LYP/6-311++G
(3df,2p) level of theory with vibrational frequency
calculations at the B3LYP/6-311+G** level. In addition,
G3(+)(MP2}? calculations using the optimized structures
and thermodynamic parameters at MP2/6-31+G* level were
performed for the cyclic compounds. The positional charge
densitie$®*" and the second-order charge transfer energies
are calculated by using the natural bond orbital (NBO)
method® implemented in the Gaussian-98 program. The
heavy atom numberings of cyclic and acyclic species are
presented in Scheme 1. The free energies of ionization at
298K (AG°) were obtained byAG® = G(A") + G(H") -
G(AH) with G(H*) value of-6.28 kcal mot*.**

Results and Discussion

Structures. The optimized structures of cyclic neutral (
VI) and their deprotonated anionic fornhs¥1°) vary little
depending on the theoretical levels (B3LYP/6-31+G*,
B3LYP/6-311+G** and MP2/6-31+G*) employed. The
structures of-1ll (R = CH) at the B3LYP/6-311+G** level
are shown in Figure 1. Interestingly, conformations of the
three neutral series vary gradually from boatlfathrough
twisted chair foill , to chair forlll as the ether oxygensY

type basis sets was used throughout. All the neutral and Y®= O) are replaced successively by a methylene group in
enolate species in egs. (1) and (2) were fully optimizedhe ring skeleton. In contrast, all the anionic fortndlI{ )
without any symmetry constraints and were verified by thehave half-chair conformation.

vibrational frequency calculations with the B3LYP/6-
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The structure ofl with boat conformation is in good
agreement with the experimental results of dipole moment

Figure 1. The optimized structures of cyclic species with R =,CH
I-1ll', at B3LYP/6-311+G** level.
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entirely inlll which has a chair form, while there is only one
( & such interaction inl (8.0 kcal mot') which has a twisted

—c¢ O/C‘ \ o chair form. (ii) Electrostatic interactions. The relevant
\ . ({// O> 3C// . .

atomic and group charges by the natural population analysis
o (NPA)**"are collected in Table 1. We note that the two out-
\>\ of-plane carbons (Gand C), which are at two opposite ends
(Scheme 3), are strongbharged in the boat form bfwith
I (boat) 1 (chair) negative (q(® = -0.610) and positive (q(C = +0.579)
charges, respectively. In the twisted chdi) the positive
charge at €(q(C* = +0.278) decreases while the chair form
of Il has negative charge at' @(C* = —0.073). The
measurements, NMR studie&® and X-ray structural deter- electrostatic interaction energieAEt) between the two
mination? Our attempts to obtain optimized structurel of atoms, ¢ and C, decreases from42 () to-19 () and to
with chair conformation failed at all theoretical levels +5 kcal mof* (Il ), and similarly between the two groups at
employed. C!(C' + H) and G (C* + (CH),) decreases from (-7 kcal
Why does | prefer to have a boat conformation? mol™) down tolll (~0). This means that the boat forijig
According to our analysis there are at least two factors whicklectrostatically stabilized whereas there is practically no
are in favor of the boat form: (ibn- 0 c-c interactions. In  such stabilization in the chair form 8f . In fact there is
the boat form the lone pairs on ether oxygeng O°) are  repulsive interaction betweert @d Cinlll so that the two
oriented antiperiplanar to the-0C (Ct - C°) bonds while in  atoms are located as far as possible forming a chair structure.
the chair form they are synperiplanar (Scheme 2). It is wellThis is in quite contrast to the strong attractive interaction
known that antiperiplanar n» 0* (n_s - 0. . and between the €and C atoms in the boat form of | in which
N — o ot ») vicinal charge transfer interactions are muchthe two atoms are located at a nearest distance. The twisted
—C
stronger (and hence much more stabilizing) than thehair of Il is in between the two extreme forms andlll .
corresponding synperiplanar interactiéh¥. Our natural All the anionic forms,I™-lll =, have half chair structure
bond orbital (NBO) analystsshow thatl is stabilized by  since the anionic charge at @ strongly delocalized over
the twong, — O¢_. interactions k43.8 kcal mot*.
In contrast, in the anionic form ofi.e.,in |7, the value is 0
9.2 kcal mol*. Since inl~ the lone pair (§) is oriented |:
gauche to the GC c, orbital, this means that in the '

Scheme 2

synperiplanar ng - 0-_ interactions the stabilization —0—¢ :: -
energy will be smaller than this (9.2 kcal ﬁ‘l))l;l'hus the —0 — C
vicinal antiperiplanar arrangements of and o._. are |
conducive to boat conformation for It is to be noted that 0

this n— ¢ vicinal charge transfer stabilization is absent
the two carbonyl groups {G O and €= O) by strong & -

Table 1 The relevant natural population analysis (NPA) charges (mrk o vicinal charge fransfer interactions and form a

electronic unit) and electrostatic interaction energids.«in kcal coplanar moiety. .
mol™) for I-VI andl VI~ Unfortunately, Gao and coworkers have not included these

strong ’ - 7TC o interaction energies in their NBO
analysis of the Meldrum’s acidThese 8 — 7., vicinal
charge transfer energies are especially large since the lone

NPA charges AEes
C! Cl+Hy(orH) C CY(CHy2 | (@  (b)

| -0610 -0.080 0579  0.694 |-42 -7 pair on C is a p type (and hence is at a higher level than
I~ -0628 -0414 0575 0592 -44 -30 other sp or sp type lone pairs) and the orbital is lower
I -0.600 -0.071 0.278 0.644 |-19 -3 thang” orbitals leading to a narrower energy gAg,in the
I~ -0571 -0.364 0.265 0284 |-17 -12 second - order perturbation enetgy, AE@,_ » in eq. (3).
m -0570 -0.073 -0.073 0.020 5 0 The stabilization of anionic forms,
- -0514 -0.314 -0.094 -0.072 5 3 AED, = _2(|:nnk)2/(g# -&) = —2(Fmr)2/A£ ©))

IV -0.612 -0.083 0.267 0.630 |-21 =7

V- -0631 -0418 0280 0564 |28 —30 I~ 7, due to these vicinal n- T7._ interactions is,

however, the lowest in (Table 2).

v -0595 -0.077 -0.038 0.347 3 3 This is due to elevation of the._,  level by the vicinal
V- -0573 -0368 -0023 0.292 2 13 lone pairs on ether oxygen{@nd G). Thus ther._, level
VI -0571 -0075 -0.381 0099 | 24 0 is the highest in~ (€xc-o = 0.3802vs 0.3733 and 0.3587
VI- -0514 -0.317 -0.384 0.006 23 1 a.u. for the corresponding orbitals iH™ and Il -

(a) Between atoms'@nd C. (b) Between (E+ Hy) and C + (CHy)z respectively), and hence the-n7ric-o charge transfer
groups. energy AE@,_ » in eq. (3)) is the smallest due to the widest
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Table 2 The vicinal nc - rFC: o Charge transfer energies
(—AEflzi 2 ) in anionic forms|~ — VI, in kcal mot*

c'-Cc’=0 124.9 127.3 150.6
ct-Cc*=0 124.9 156.1 150.6
V- Va VI- vl v
cl-C’=0 123.2 124.5 150.6
ct-Cc*=0 1235 155.6 150.6

VIII VI~

IX X~

Figure 3. The optimized structures of acyclic speck8,-IX, a
B3LYP/6-311+G** level.

CHs groups on € or there is stronger 1,4-attraction\in

than inll. In fact, the 1,4-steric attractiorvide infrg

enforces shorter interatomic distance betwetar@ C in

IV by 0.17 A than that ih and as a result torsional angles

(6" in Scheme 3) of the two ends! &d C, from the

molecular base (O- C? - C* - O plane inlV are larger by

4.5’ compared to those ih This suggests that Meldrum’s

Figure 2. The optimized structures of cyclic species with R = H, acid, I, is a cyclic compound with no significant 1,4-steric

IV-VI, at B3LYP/6-311+G** level. repulsion so that its relaxation on going from neutral to

anionic species does not contribute significantly to the high

energy gap,As. Based solely on the charge transferacidity ofl.

stabilization, the stability of anionic forms should decrease

in the order]ll ~> I~ >1". However, this is misleading since

there are stronger electrostatic stabilizations than inll - 0 :<|) 0 l|< T

andlll ~ as can be seen in Table 1. (‘ iel Ll o /gf\\ )
The optimized structures of cyclic neutrd/{vl) and -~ \\C/”\R e \(/ \‘(\) NS

anionic forms with R = HIY™-VI") at the B3LYP/6- |' | |

311+G** level are presented in Figure 2. The structures o 1 H R R

IV-VI are similar to those of their dimethyl analogduil , U-shape

except thatV has a boat form instead of a twisted chair

which was found witHl . This indicates simply that either

there is some 1-4 steric repulsionlirdue to the two bulky Scheme 4

1.540 1252

\Z28

L20

Sickle-shape W-Shape
R= OCH3 or CH2CH3)

out -of-plane atoms at two ends ( C'and C*)
RN
I: 592 642

IV: 637 66.0
in - plane atoms ( OS, 06, C?=0and C*=0 )

Scheme 3
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Optimized structures of the three acyclic spedis;IX,
at the B3LYP/6-311+G** level are shown in Figure 3.
Unlike in cyclic analogues-VI, the two carbonyl groups
have to be W-shap&{Scheme 4) within molecular plane.

Due to electrostatic or dipole-dipole repulsion the two
carbonyl groups are twisted away each other as shown
Scheme 5. The twist anglg)(increases in the ordéfll
(35.2) < VIl (49.6) <IX (86.2). However in the anionic
forms, VIl ~-IX~, two carbonyl groups and the anionic center
are nearly coplanar due ta- n~ T1._o Vvicinal charge
transfer interactions with Sickle-shaped conformation in

Bull. Korean Chem. Sa2003 Vol. 24, No. 8 1145

within the molecules since the n- ré:o vicinal charge
transfer stabilization will not differ significantly between
many possible conformations.

) AGO o
&0:7 S ‘lxooj}\( o - u (4

Acidity. The gas-phase ionization energits; at 298 K
in eq (4) (forl — I” + H"), calculated at various levels of
theory are summarized in Table 3. The relative values at
the G3(+)(MP2) and B3LYP/6-311+G(3df,2p) levels are
presented in Figure 4 together with the experimentally (in
DMSO at 25°C) available value%.The AG® value of
Meldrum’s acid () is lower by 14.3 and 3.1 kcal mbthan
that of dimethyl malonatev{l ) and dimedonell( ) at the
B3LYP/6-311++G(3df,2p) level, respectively. The former is
larger PAG%rr — OAG exp= 2.6 kcal mol* wheredAG® =
AG°(VI) = AGY(I)) but the latter is smallerdfG oer —
SAGlexp= —2.2 kcal mol* wheredAG® =AG (Il ) — AG(1))
by ca. 2 kcal mol* than the respective experimental values
in DMSO. The G3(+)(MP2) resultdfpG® = AG°(Ill ) -
ihG°(1) = 4.2 kcal mat) is in better agreement with the
experimental value o3AG® = 5.2 kcal mof* than the DFT
value PAG®° = 3.1 kcal mdl"). However, the trends of
changes in thAG® values PAG®) are all in good accord: (i)
The acidity increased G’ is reduced) greatly by cyclization
VIl - I, VI 5 11 andIX - 1) and (i) the introduction

contrast to the W-shaped neutral species. For the charge

delocalized anions, three conformations are possible &
shown in Scheme 4, and relative preference depends on
which is OCH or CHCHs. In the absence of steric

repulsion, the U-shaped anion has the strongest electrosta
repulsion and the W-shaped anion will be the most
stabilized. However the Sickle-shaped anions are favored k
ca 1-5 kcal mol* than the W-shaped ones in all cases
indicating that steric interaction between the two R groups i
significant. The stable conformations shown in Figure 3 are
determined mainly by the favorable electrostatic interaction:

Table 3 The Gibbs free energy changaA&tin kcal mor?) for the
ionizations of cyclic and acyclic speci¢édX, obtained at various
levels of theory

MP2/ B3LYP/ B3LYP/6- B3LYP/6-  G3(+)
6-31+G* 6-31+G* 311+G* 311++G(3df,2p) (MP2)
| 3195 3211 3215 322.7 324.3
[ 3230 3239 3245 325.2 327.0
[ 3248 3248 3255 325.8 3285
v 3173 3180 3185 319.9 322.4
v 3225 3228 3234 324.2 326.7
VI 3250 3251 3257 326.1 328.8
VIl 3384 3366  337.0 337.0
VIl 3326 3316 3309 331.2
IX 331.3 3315 3321 3325

An

HaC, _CHg HC

[5.8] jvE
o]

VI

o)

Ao

Vil

CH HsC
3 [13] 3MCH3
(¢]
IX

[-6.0] [-66]

27 a8 o
[25] o© o [-06]
OWO {35} U {-18}
43) 3 (-10)
o o}
H3C><CH3 HC™ e, HoC” CHy
I 1 111
0.3 0.3
19 [10] [0.3]
[28] {05} {02}
{22}
4.3 2.1
a 0 [-431 O o} [-1.9] © ©
{52} U {25}
0
o._0
IV \Y VI

Figure 4. Differences in free energies of ionizatidi& at 298 K)
calculated at the G3(+)(MP2), B3LYP/6-311+G(3df,2p) [in
bracket] and MP2/6-31+G* {in round bracket} levels. Values in
parenthesis are experimental results in DMSO 84€25
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of second ether oxygell (- 1) leads to a greater decrease two coplanar ester groups Wil = (Figure 3). This means
in AG® than the first ether oxygetll( — II'). The disagree- that the underestimation of interorbital pair correlation
ments of the theoretical gas-phaA€° values with the energy will be large in the deprotonation\él due to a
experimental results in DMSO may arise from solventlarge increase in the interorbital pair interaction fi\dkin to
effects. It is conceivable that the highly polarized structure oW1l ~. Consequently, the undue increasA@? will be large

I~ relative tolll ~ (Table 1) may lead to enhanced stabili- for the deprotonation d¥1l . The relative acidity decrease
zation by solvation, which will give a stronger acidity for due to the underestimated interorbital pair correlation energy
Meldrum’s acid () than for dimedonell() in DMSO. by the DFT method may be ca. 4.8 kcal Tdeading to
However, this possibility is low since a good correlation ofenhanced acidity difference of 2.6 kcal mMdietweenVII

the K. values in DMSO with gas phase values wereand! sincedAG prr — SAG xp= 4.8 kcal mal* results from
found’'21°Alternatively, improper accounting of interorbital (2.6 + 2.2) kcal mot where 2.2 kcal mot is the decrease in
correlation energy between localized lone pairs on the twthe acidity of I due to the underestimated electron
neighboring oxygen atoms may be the cause for theseorrelation. Interestingly, the dimethyl seriéd]l , are all
discrepancies. The DFT method is known to overestimatéess acidicj.e., AG® values are higher, than the correspond-
electron correlation energy for delocalized systéhisyt  ing unsubstituted counterpart¥-V1, e.g, | is less acidic by
underestimate interorbital pair correlation energy betwee®AG® = 2.8 kcal maf* thanlV, (vide infrg).

localized lone pairs on the two neighboring atéfis. the What is the origin of the unusually high acidity of
deprotonation of (into |~ + H'), electron population of lone Meldrum’s acid, |? We first examine the dipole-dipole
pairs on the two ether oxygens increases (charge increaseseraction theory for explaining the origin of the abnormal
on the ether oxygen fror0.575 to-0.635). Underestimation acidity of Meldrum's acid:®?? Experimentally, Meldrum’s

of interorbital pair correlation energies between the loneacid () was found to be 5.24 kcal mbimore acidic than
pairs on the two in-plane ether oxygens (Scheme 3) shouldimedone [l ), i.e., deprotonation ofil is 5.24 kcal maf
lead to an unduly high energy fbr so that theAG°value  more endothermic than deprotonatiort af DMSO at 25C

will become higher than that would have been obtained i{SAG® = 5.24 kcal maf). The corresponding values in the
properaccountinchad been made. Since there are no ethegas phase obtained in the present workdaA@°® = 5.3, 3.1
oxygens inlll, no such inadequate accounting of pairand 4.2 kcal mét at the MP2/6-31+G*, B3LYP/6-311++G
correlation energy occurs in thA&G° value for the (3df,2p) and G3(+)(MP2) level respectively. The MP2 value
deprotonation oflll . Thus, approximately 2 kcal mol is in excellent agreement with the experimental result.
difference in the aciditydAG orr — dAG%p= 3.1- 5.3 =  However, this may be fortuitous since it is well known that
-2.2 kcal mat') may have come from this underestimation the MP2 method overestimates electron correlation energy
in the deprotonation df. On the other hand, the two ether for the delocalized structufé®?'*?%ince the deprotonated
oxygens are twisted away Wl (Scheme 5) but an ether forms (-Ill 7) are strongly delocalized, overestimation of
and a carbonyl oxygen approach to a near distance within thedectron correlation for these anionic forms will result in an

I c 0.610 _J; +0.575

0
—¢C 0
10,579 N /// \O______é/ )
o———cC 1.516 “‘BX‘ LT 0628
L y\ 0635 40,737 X/’@ '
: o o +0.814 O————CJ
0575 *(\o 0.547 t | 200 X -0.691
1.197
1 -
(|: -0.094
HH
00735 AN //
P \\ C—C
c 1.541 -0.514
1.551 X -0 430 10,468 468 6
() 479 +() 593 >(( 1.414
H \\ 1.526 H\ 1 255\ -0.726
H o 1.209 +0. 400
+0.454 () 541
0 570
111 -

Figure 5. The natural population analysis (NPA) atomic charges (electronic unit) and bond lengths (A) with qualitative dipoles tomponen
arrows in deprotonation of Meldrum’s { 17) and dimedondl{ - 111 7).
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enhanced acidity. The overestimation of electron correlatiostrengthened ih7, since (i) polarity of the carbonyl group is
will be greater, naturally, for the system with a largerincreased with bond length stretch, and (ii) the negative
exclusion repulsion involving lone paiis., the effect will  charge on the ether oxygen is increased (and hence a greater
be greater in~ (with extra lone pairs on the two ether occupation of the lone pair orbitak)nIn contrast, changes
oxygens) than idll = (with no ether oxygen). The MP2 in dipole strength will be small il - 1l 7, since polarity
acidity difference of 5.3 kcal mdlbetween andlll may  of CH, decreases while that of C=0 increases. These results
therefore be attributed partly to the overestimation ofindicate that the deprotonationlahto|™ is accompanied by
electron correlation energies by the MP2 method. Thelestabilization due to the increased repulsion of the in-plane
enhanced acidity due to the overestimation of electromparallel dipoles, whereas the deprotonatiorllofinto 111 ~
correlation increases thus in the order< Il <1, Thistrend  causes little change in the dipole interaction between the in-
is evident in Table 3, since the lowdsE°® value, or the plane antiparallel dipoles. The consequences of this in-plane
strongest acidity, is obtained by MP2 than by any othedipole interaction analysis is that the aciditylbfshould be

method. For example, thes° value is 319.5 kcal mdifor | greater than that df since the change &l - Ill " is less
by MP2 but this is lower by 1.6 and 4.8 kcal thtthan those ~ endothermic than that df - 17. This conclusion, based
by B3LYP/6-31+G* and G3(+)(MP2), respectively. solely on the in-plane dipole interactions, is of course absurd

The G3(+)(MP2) and DFT values are all somewhatand in direct contradiction to the experimen®#G@° = 5.2
smaller ranging from 3.1 to 4.2 kcal mohs the basis sets kcal mol™) as well as our gas-phase theoretical (G3(+)(MP2))
are varied (Table 3). The DFT (B3LYP) values do notresult AG® = 4.2 kcal mat') of the enhanced acidity of
converge to a limiting value as the basis set is increased, 3i&lative tolll . We therefore turn our attention to the analysis
(6-31+G*) - 4.0 (6-311+G**) - 3.1 kcal mol* (6-311++G  based on the natural bond orbital (NBO) thedrin the
(3df,2p)). The best value is that (4.2 kcal Mabbtained by  following, we will show based on the NBO analysis that the
the G3(+)(MP2) theory, which is an improved method overorigin of the greater acidity df thanlll lies in the large
the G2(MP2) as well as the G2 thetigince the composite increase in the electrostatic attraction between the p type
ab initio method, G3(+)MP2, can often achieve an accuracione pair developed on the anionic centef) (&d the
of 1-2 kcal mal* in the various energy calculatiéfthe  cationic center (€ on going froml to |- compared to that
agreement of our gas- phase (G3(+)(MP2)) value (4.2 kcdtom Il tolll ~.

mol™) with the experimental result in DMSO (5.2 kcal Mol The energiesAE®) of ionization are decomposed into
should be deemed good considering errors involved in theharge-transfer AEct) and non-charge-transferAEncr)
experimental measuremens. terms2 in Table 4. First of all we note that the chargetransfer

The NPA charges are shown in Figure 5 for atomgerm is negative \Ect < 0) while the non-charge-transfer
involved in the deprotonation of Meldrum’s acid < |I7) term is positive fEnct > 0) and the overall ionization
and dimedondl{ - Il 7) with dipole moment components energies are positivé\E° > 0). This means that the anionic
depicted qualitatively by arrows. We note that the boaforms .g 17) are more stabilized by charge transfer
conformation ofl is stabilized by interaction of two out-of- delocalization but are more destabilized by non-charge-
plane dipoles pointing in opposite direction (antiparalleltransfer energies than the neutral formg.{), and the latter
dipoles of G+—C! and G~—+C". In contrast, the corre- (AEnct) is numerically greater than the formé&Egy). As
sponding out-of-plane dipoles are pointing in the sameve have discussed above in the structure section, the charge
direction inlll (parallel dipoles of &— C* and G+ C°) transfer stabilization in the anionic forms increases a great
leading to destabilization of the chair conformatiorllbf =~ deal due to the two strongcm- 7o Vicinal charge
These relative stabilities of and Il based on dipole transfer interactions involving a relatively high energy p type
interactions involving the two out-of-plane end atom$ (C lone pair on the anionic center}.GHowever, this charge
and C) are consistent with the preferred conformationts of
(boat) andll (chair), since the attractive force pull together - _ L
in | to a shorter distance (boat) while the repulsive forceTabIe 4 Decomposition of energies of ionization at the B3LYP/6-
push apart the two endslith to a farther distance (chair). 311++G(3df,2p) level) into charge-transfér) and non-charge-

) ) ) /:transfer AEncT) terms (in kcal mot
There are, however, another in-plane pair of dipoles within {Eney) ( )

the base plane composed of the two ester group&-( AE° AEct AEycr
C}=0)- and -O°-C%=0)-) in | and the corresponding | 336.6 -235.4 572.0
groups £C°H,—C3*=0)- and—C°H,—~C*(=0)-) in Il : two I 338.3 -270.5 608.8
in-plane dipoles within the molecular base planel of M 339.7 -293.6 633.3
0°+—no and C+— O where @ is the lone pairs on the v 334.0 22693 603.3
ether oxygen atom, are parallel (destabilizing) whereas the v 338.0 2996 637.6
corresponding pairs itil , C*~—+H, and C+—0O, are Vi 340.0 -3256 665.6

antiparallel (stabilizing). In the deprotonationl ¢f-17) and

i X ! VI 351.6 -292.5 644.0

M (-17), these two sets of in-plane dipoles are not
reduced to a similar extent. On the contrary, inspection of Vit 346.5 3053 6518
: Y. INSP IX 346.1 -238.2 625.7

Figure 5 reveals that the two in-plane dipolesl imre
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transfer stabilization is the lowest with since then’fC:O nc - ré:o vicinal charge transfer stabilization in the
level is elevated by lone pairs in the two ether oxygens. Th@nization, AEct, is the greatest foWlll (= —-305.3 kcal
p type lone pair on the anionic centéy, Bowever, causes mol™) and there is also a concomitant increase i\
enormous exclusion repulsion within the anionic forms. This(= 651.8 kcal mot) term, Table 4. This is again due to the
is why there is large increase in destabilization representddwest dc-o level (0.3375 a.u.) among the three anionic
by AEnct, which includes exclusion repulsion, electrostaticforms compared (0.3483 and 0.3625 a.uMbr™ andIX™,
and steric interaction energi€sThis AEnct (>0) term, respectively). The stronger delocalization due to te-n
being numerically greater thakEcr (< 0), determines the 1., interaction will result in a lower atomic charge o C
overall ionization energyAE° (> 0). We can now consider which should lead to a lower attractive electrostatic inter-
repulsive, destabilizing, part and stabilizing, attractive partaction between €and other neighboring positive atomic
which are comprised iAEncTterm. The strongest repulsion centers within the Sickel type aniovilll ~. This causes to
should be those between negative charges’oan@ ether raise theAEnct term. In the acyclic series there is no strong
(O° or &) (or methylene carbon) and carbonyl oxygens. Thecationic center on QR.C*(0-). where R = H or CH) so
NPA charges on ¥ C° or methylene carbons are comparedthat the strong attractive electrostatic interaction betwéen C
for I andlll in Figure 5. We note that the negative chargesand C is missing. Instead there are several weak attractive
on &, O° and carbonyl oxygen increasel ds ionized td -, interactions between anionic centers,, @her oxygens and
which is as expected since there is an anionic center, a p-typarbonyl oxygens) and neighboring hydrogens within the
lone pair, formed in~. However, the situation is reversed Sickel shaped anions/Il =, VIII = and IX™. There is a
with Ill, for which negative charges both ot @nd  general trend that an increasegl 4 7._o vicinal charge
methylene carbons decreasellasis ionized tolll ~ albeit  transfer stabilization®(Ect < 0 ) in the anionic form leads
negative charges increase on carbonyl oxygens. The negatitee a decrease in the major electrostatic stabilization involv-
charge decrease ort @ Il ~ is due to the two strong:n- ing anionic center at ‘qC'- C* due to a decrease in the
.- Vicinal charge delocalizations il -, which is, as negative charge on!CThe decrease in the electrostatic
discussed above, much stronger than the correspondirgjabilization invariably raises tifEncT term, AEncT > 0).
interactions in~, “AEct (Il 7) > =AEcr (17). Comparison of  This is why there is an inverse relationship betw&H:r
ionizations oft - 17 with [ll - Il 7, thus leads to a greater anddAEncr in the comparison of any two compounds, Table
destabilization by repulsive interactions between greatlyt. Since the overlaps between the p type lone pair on the
increased negative charged irthan inlll ~where negative anionic center €and the two carbonyf orbitals are similar
charge increase is smaller. If this destabilization were t@and hence the term does not vary much in all the
prevail in theAEncrterm,theacidity of the Meldrum’s acid, compounds, thert._, level (and hende = & - &)
I, should have been lower than that of dimeddihe,i.e., determines the g1 — T7._o delocalization stabilization,
AG° (1) > AG® (Ill). This is not the case, however, as we AE®,_» in eq. 3. The amount of negative charge on the
know well the reverse hold€yG°® (I) < AG® (lll). We  anionic center Ehas a major effect on tidEncT term since
therefore should introduce and compare attractive, stabilizit is involved in the predominant electrostatic repulsions
ing interactions included withiAEnct term. The stabilizing  (C' ether and carbonyl oxygens) and attractioh(C*)
electrostatic interaction between @ < 0) and € (qz > 0) in the neutral as well as in the anionic molecules (vide
or between the groups {G H, or H and ¢ + (CHs);)  supra).
increases substantially in the ionizatiorl ¢f- 17) as shown Surprisingly, the acidity of 1,3-dioxane-4,6-dion¥, is
in Table 1. This attractive interaction is absent in thestronger than that of Meldrum’s acid,by 2.1 kcal mof
ionization of Il (- 11l ) so that theAEncrterm is much  (3AG°= -2.1 kcal mat’). The component analysis suggested
larger positive withll (633.3 kcal maf) than withl (572.0  that the lower ionization energy 87 thanl (3AE°= —2.6
kcal mol™). This greater repulsiv@Encrterm withlll than  kcal mol?) is due to a smaller increase &Enct term
| more than compensate for the larger charge transfedAEncT = +31.3 kcal mat) than the greater charge transfer
stabilization AEct (< 0), withlll (—293.6 kcal mot) thanl stabilization {AEcT = —33.9 kcal malt). This may result
(-235.4 kcal mat). In effect,the stronger acidity of than ~ from a greater electrostatic stabilization due to the larger
Nl (3E° = 3.1 kcal mot)® can be attributed to the larger increase in positive charge orf @ IV~ (from +0.267 to
increase in the electrostatic stabilization accompanied with+0.280) than the corresponding charge d&nirCl~ (from
the ionization of than that oflll . 0.579 to 0.574) with similar negative charge on the opposite
The same argument applies to the stronger acidity of end of ¢ [-0.610 () — -0.628 (") vs -0.612 (V) -
compared to its acyclic analogudd] (0AE° = 14.9 kcal -0.631 (V7)]. The greater acidity dV thanl predicted in
mol™). In VIl the strong cationic center @ absent (and the present work, however, cannot be verified in the absence
hence the strong'e C* attractive interaction is absent) and of any experimentalif, measurement fd¥.
the increase in the stabilizing electrostatic interaction in the

ionization ofVIl is so low that despite the larger increase in Summary
the charge-transfer stabilizatioAHcr = —292.5 forVII vs
-235.4 kcal mot for I) the acidity is much weaker than Our results of DFT studies at the B3LYP/6-311+G(3df,2p)

Among the three acyclic seridd] -IX, the increase in the level predict a boat conformation for Meldrum’s acigl (
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and gradual changes to a twisted chiiy &nd to a chair
(1) as the methylene group is substituted successively for
the ether oxygens. All the cyclic anionic formhs { VI7)

have half-chair forms due to planar delocalized structure
(—C(===0)===CH=:C(===0)—) involving the
anionic carbon center {iCand the two carbonyl groups. The
major factor controlling the conformations in the cyclic
compounds is the 1,4-electrostatic interaction, which is
attractive in the boat form)(whereas it is repulsive in the
chair form (I ). The dipole-dipole interaction theory cannot
be invoked for rationalization of the higher acidity of
Meldrum’s acid () than dimedonell{ ). The driving forces

in the ionization of Meldrum’s acid are the strong charge-

transfer delocalization AEct < 0) and 1,4-electrostatic 13

attraction in the ionized form ), both of which involve a p-
type lone pair on the anionic centet, The lower acidities

of acyclic series \(Il -1X) than the corresponding cyclic
series [-VI) are mainly due to absence of the strong cationic
center, C, in the latter.

14.
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