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Abstract. DFT B3LYP/6-311+G** calculations were performed to study the proton and lithium cation 
binding to the acetylacetone, hexafluoroacetylacetone, diacetamide, and hexafluorodiacetamide. It was 
shown that the most stable Li+ adduct always corresponds to cyclic complex based on the trans, trans-keto 
form of the base. The product of protonation was found to be similar trans, trans-keto form based cyclic 
structure in case of diacetamide and hexafluorodiacetamide, while for acetylacetone and hexafluoroacety-
lacetone the protonation simply involves the addition of proton to (free) carbonyl oxygen in already cyclic 
enol form of the base with possible rotation of O−H bond. 
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INTRODUCTION 

The two Lewis acids H+ and Li+ present a significant 
contrast in the nature of the bond formed with the li-
gand.1−8 The proton adds to the base giving a polar co-
valent sigma bond with a very extensive charge transfer 
(the positive charge on the hydrogen atom is usually 0.4 
or less electronic units whereas the base molecule car-
ries the rest of the positive charge). The large degree of 
charge transfer results from the fact that H+ is a bare 
nucleus, with a very low energy unfilled 1s orbital. On 
the contrary, the bond formed by Li+ (with its filled 1s 
shell) and other alkali metal cations is largely ionic (i.e. 
electrostatic ion-dipole, ion-induced dipole, etc. interac-
tion) and the alkali metal cation retains 0.8 to 0.9 units 
of the positive charge in the complex.1−8 

As a result, the gas-phase lithium cation affinities 
(LCAs) or lithium cation basicities (LCBs) are much 
smaller than proton affinities (PAs) or gas-phase basici-
ties (towards proton, GBs), and cover much narrower 
range in the energy scale.1,4 The widely different bond-
ing types in H+ and Li+ adducts should lead to widely 
varying basicity orders.8−11 

Earlier comparisons10,11 of experimental basicities 
toward H+ and Li+ have led to the conclusion that there 
is no precise general correlation between LCBs and 
GBs, especially when diverse families of compounds 
with different functional groups are included, while 

satisfactory correlations were found for families with 
the similar basicity center. The lack of overall correla-
tion is attributed11 to the widely variable sensitivities in 
different series to the changes in substituents, as well as 
to some special effects like chelation in some Li+ ad-
ducts or different basicity centers for proton and lithium 
cation. 

The assumption that proton and Li+ bind to differ-
ent basicity centers was used to rationalize the devia-
tions of several formally -dicarbonyl compounds from 
otherwise reasonable correlation between PA-s and 
LCA-s.11 In fact, it is well established that both acetyla-
cetone and hexafluoroacetylacetone adopt hydrogen 
bonded enol structure in their most stable conforma-
tion.12−17 It was proposed that lithium cation binding to 
-dicarbonyl compounds predominantly occurs at car-
bonyl oxygen, and the replaced OH hydrogen will 
migrate to the position it holds in ketone form (carbon 
or nitrogen, see Figure 1). This hypothesis was sup-
ported by DFT calculations on some conformers for 
both protonated and lithiated bases. 

We report a complete DFT investigation of all 
conformations of protonation and lithium cation addi-
tion sites of several -dicarbonyl compounds: acetylace-
tone (ACAC), hexafluoroacetylacetone (HFAA), di- 
acetamide (DIAC), and hexafluorodiacetamide 
(HFDAC) in a current paper. 
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METHODS 

Standard density functional calculations using B3LYP 
hybrid method with 6-311+G** basis set were per-
formed using the Gaussian 03 program package.21 

As shown in Figure 2, different conformations of 
the keto and enol forms of studied neutral -dicarbonyl 
compounds can be generated by rotating the two 
RC(O)− groups around RC(O)−C or RC(O)−N bonds 
while for the enol forms additional conformers can be 
obtained by rotating the O−H group around C−O bond. 
Considering trans- and cis-conformations around each 
of these bonds allows three conformers for keto form 
and eight conformers for enol form. All possible con-
formers of neutral, protonated, and lithiated molecules 
were fully optimized and the frequencies were calcu-
lated at B3LYP/6-311+G** levels. No scaling was 
applied to obtained DFT frequencies for the calculation 
of thermodynamic parameters (at 298.15 K) using stan-
dard procedures.22 Total energies, enthalpies, and Gibbs 
free energies for most important structures are given in 
Tables 1−3. All energies and structures are available 
from authors upon request. In further discussions we 
have used enthalpies (at 298.15 K) for comparing the 
stabilities of different conformers. 

Gas-phase proton and lithium cation basicities 
were obtained from calculated free energies (G, at 298 
K) as defined by formulas (1) and (2) and are given in 
Table 4. Basis set superposition error was considered to 
be small and no correction was applied. 

 BH BH
GB G G G     (1) 

 BLi BLi
LCB G G G     (2) 

Calculated gas-phase basicities are in a good correspon-
dence (see Table 4) with experimental ones23,24 (differ-
ences are 0.7, 2.6, and 4.5 kcal mol−1 for ACAC, 
HFAA, and HFDAC, respectively, 1 kcal mol−1 = 4.184 
kJ mol−1) and confirm the ability of chosen method to 
predict the proton basicities with high accuracy.25 Li-
thium cation basicities are somewhat overestimated (by 
9.5, 3.2, and 4.3 kcal mol−1 for ACAC, HFAA, and 
HFDAC, respectively) by the used method as we have 
noted earlier.11 This overestimation is especially pro-
nounced for bases with experimental lithium cation 
basicities over 36 kcal mol−1 (i.e. ACAC). We have 
shown that for high LCB values there exists a big dif-
ference between calculated and experimental results (at 
W1 level,26 which should yield energies within 0.3 kcal 
mol−1  accuracy,27 the difference between calculated and 
experimentally reported LCB is 8.1 kcal mol−1 (Ref. 
28)). The origin of such a big discrepancy needs further 
exploration. 

Figure 2. The most stable conformations of ACAC and 
HFAA. The numbers in parenthesis give enthalpies relative to 
the most stable conformers (in kcal mol−1). 

Figure 1. Proposed different mechanisms for proton and 
lithium cation addition to -dicarbonyl compounds.11

 

Figure 3. Definition of cis- and trans-conformations in DIAC 
and HFDAC. 
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RESULTS AND DISCUSSION 

Neutral Molecules 

It is well established that ACAC adopts asymmetrical 
hydrogen bonded structure in its most stable conforma-
tion,12−15 while for its hexafluoroderivative HFAA 
symmetrical hydrogen bonded structure with the 
OH···O angle close to 180 degrees has been proposed 
from gas-phase electron diffraction studies.16,17 Howev-
er, our earlier semiempirical calculations29 and recent 
DFT study by Buemi12 suggest that the most stable 

structure of HFAA should be the asymmetrical hydro-
gen bonded one, similar to ACAC. Our calculations 
indicate in accordance with earlier works that both 
ACAC and HFAA exist in the gas phase in hydrogen 
bonded enol form. In contrast, for DIAC both experi-
mental30 and computational31 studies suggest that cis, 
trans-keto form is the most stable. Experimental studies 
both in the gas phase32 and solid state33 predict trans, 
trans-structure for HFDAC. 

Our calculations predict that the hydrogen bonded 
form (ACAC-1) is in case of acetylacetone by 5.0 kcal 

Table 1. Total energies (E), enthalpies (H), and free energies (G) of the most important neutral species. Conformers denoted as in 
Figures 2−3. Enol and keto forms are marked with (e) and (k), respectively. 

 
hartree

E  
hartree

H  
hartree

G  

ACAC-1 (e) −345.91108 −345.77985 −345.82140

ACAC-2 (k) −345.90254 −345.77189 −345.81514

HFAA-1 (e) −941.52363 −941.43441 −941.48783

HFAA-2 (k) −941.51181 −941.42337 −941.47901

HFAA-3 (k) −941.51006 −941.42147 −941.47600

cis,trans-DIAC (k) −361.98525 −361.86505 −361.90756

cis,cis-DIAC (k) −361.97830 −361.85794 −361.90012

trans,trans-DIAC (k) −361.97537 −361.85551 −361.90025

DIAC (e) −361.97166 −361.85216 −361.89360

trans,trans-HFDAC (k) −957.58668 −957.50877 −957.56300

cis,trans-HFDAC (k) −957.58466 −957.50676 −957.56042

cis,cis-HFDAC (k) −957.57375 −957.49628 −957.54830

HFDAC (e) −957.57357 −957.49613 −957.54958

 

Table 2. Total energies (E), enthalpies (H), and free energies (G) of the most important protonated species. Conformers denoted 
as in Figures 4−5. 
 

 
hartree

E  
hartree

H  
hartree

G  

H+-ACAC-1 −346.25375 −346.10927 −346.15195

H+-ACAC-2 −346.24938 −346.10482 −346.14690

H+-ACAC-3 −346.24900 −346.10450 −346.14783

H+-ACAC-4 −346.24496 −346.10046 −346.14277

H+-HFAA-1 −941.81921 −941.71680 −941.77132

H+-HFAA-2 −941.81659 −941.71425 −941.76735

H+-HFAA-3 −941.81614 −941.71390 −941.76831

H+-HFAA-4 −941.79876 −941.69652 −941.75199

H+-DIAC-1 −362.32650 −362.19416 −362.23635

H+-DIAC-2 −362.31603 −362.18333 −362.22563

H+-DIAC-3 −362.28855 −362.15585 −362.19976

H+-HFDAC-1 −957.87789 −957.78756 −957.84105

H+-HFDAC-2 −957.87072 −957.78020 −957.83486

H+-HFDAC-3 −957.86859 −957.77819 −957.83148

H+-HFDAC-4 −957.84012 −957.74972 −957.80538
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mol−1 more stable than energetically next stable con-
formation (keto form ACAC-2, with non-planar heavy-
atom framework, carbonyl oxygens rotated away from 
each other by 180 degrees, see Figure 2) in accord with 
recent experimental (2.2−4.3 kcal mol−1)34,35 and 
G2MP2 results (2.1 kcal mol−1 (Ref. 18) and by at least 
11 kcal mol−1more stable than other enol forms (without 
hydrogen bond). 

The asymmetrical hydrogen bonded conformer 
(HFAA-1) is the most stable structure of HFAA. The 
two next stable ones are keto forms (HFAA-2 and 
HFAA-3), which are by 6.9 and 8.1 kcal mol−1 (with 
carbonyl oxygens rotated away from each other by ca. 
60 and 180 degrees, respectively, see Figure 3) less 
stable than the most stable hydrogen bonded enol form.  

DIAC exists in the gas phase in keto form accord-
ing to our calculations and earlier experimental30 and 
computational31 studies. Three conformations are possi-
ble about the C−N bonds (see Figure 3). According to 
our calculations the most stable form is the cis, trans-
form, which is respectively by 4.5 and 6.0 kcal mol−1 

more stable than cis, cis- and trans, trans-forms. Those 
results somewhat contradict to earlier results, where it 
was found that after cis, trans-form, the trans, trans-
form is next in stability (by 6.0 or 5.0 kcal mol−1 less 
stable than cis, trans-form, at HF/3-21G36 and MP2/6-

31G*//HF/4-31G*37 levels of theory) and the cis, cis-
form is the least stable (by 11.0 or 6.2 kcal mol−1 less 
stable than cis, trans-form, at HF/3-21G36 and MP2/6-
31G*//HF/4-31G*37 levels of theory). The most stable 
enol form (with intramolecular hydrogen bond) is by 8.1 
kcal mol−1 less stable than cis, trans-keto form. 

The most stable form of HFDAC in the gas phase 
is trans, trans-keto form in accordance with experi-
ment,32 followed by cis, trans-keto form (1.3 kcal mol−1 

less stable than trans, trans-keto form), cis, cis-keto 
form (7.8 kcal mol−1 less stable than trans, trans-keto 
form) and hydrogen bonded enol form (7.9 kcal mol−1 

less stable than trans, trans-keto form). 

Protonated Molecules 

The most stable protonated form of ACAC is that of 
hydrogen bonded enol form where the proton adds to 
the carbonyl oxygen in the heavy atom plane so that 
both O−H bonds have the same direction (see structure 
H+ACAC-1 in Figure 4). Only 2.8 and 3.0 kcal mol−1 

less stable are two forms (structures H+ACAC-2 and 
H+ACAC-3 in Figure 4). In the first of them 
(H+ACAC-2) the hydrogen bond is missing, i.e. the 
corresponding O−H bond is rotated 180 degrees, so that 
both O−H groups are cis to their neighboring methyl 
groups, and in second one (H+ACAC-3) is obtained by 

Table 3. Total energies (E), enthalpies (H), and free energies (G) of the most important Li+ complexes. Conformers denoted as in 
Figure 6. 

 
hartree

E  
hartree

H  
hartree

G  

Li+ACAC-1 −353.29232 −353.15823 −353.20294 

Li+ACAC-2 −353.28258 −353.14723 −353.19137 

Li+HFAA-1 −948.86778 −948.77577 −948.83404 

Li+HFAA-2 −948.86876 −948.77561 −948.83191 

Li+HFAA-3 −948.86521 −948.77201 −948.82786 

Li+DIAC-1 −369.37909 −369.25487 −369.30033 

Li+DIAC-2 −369.43922 −369.22500 −369.27058 

Li+HFDAC-1 −964.95014 −964.86818 −964.92365 

Li+HFDAC-2 −964.93151 −964.84955 −964.90516 

Table 4. Calculated (B3LYP/6-311+G**) and experimental gas-phase proton and lithium cation affinities and basicities 

 Calc. Exp. Calc. Exp.(a) 

 
 

1

PA

kcal mol

H


  
1

GB

kcal mol

G



 

 
1

GB

kcal mol

G



 

 
1

LCA

kcal mol

H



 

 
1

LCB

kcal mol

G



 

 
1

LCB

kcal mol

G



 

ACAC 208.2 200.7 200.0(b) 60.13 52.63 43.1 

HFAA 178.7 171.2 173.8(c) 36.90 30.46 27.3 

DIAC 208.0 199.6 - 67.31 59.68 - 

HFDA 176.4 167.8 172.3(c) 48.23 39.53 35.2 
(a) From Ref. 11. (b) From Ref. 23. (c) From Ref. 24. 
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rotating one acetyl group (in previous form) by 180 
degrees. The proposed protonated ketone form (see 
Figure 1, H+ACAC-4 in Table 2) is 5.5 kcal mol−1 less 
stable than the most stable form (H+ACAC-1).  

In case of HFAA the most stable protonated form 
is the one with both carbonyl groups protonated, both 
trans relative to C−H bond, and O−H groups cis relative 
to trifluoromethyl groups (structure H+HFAA-1 in 
Figure 4). Such conformational preference is most prob-
ably caused by relatively strong interactions between 
O−H hydrogen and fluorines in trifluoromethyl groups 
as evidenced by the location of one fluorine of both CF3 
groups in the plane defined by C−C−O−H atoms and 
relatively short distances between fluorine and hydrogen 
atoms (2.058 Å). 

The bonding between O−H hydrogens and fluo-
rines in trifluoromethyl groups is further confirmed by 
the topological charge density analysis38 using 
AIMPAC program package. There are bond critical 
points38 between mentioned hydrogens and fluorines. 
The small values of charge densities38 at those critical 
points (approximately a magnitude smaller than in O−H 
bonds) and positive values of the Laplacian (sum of 
derivatives) of charge density38 indicate that the bonding 
is essentially ionic. 

The second stable conformation (1.6 kcal mol−1 

less stable, structure H+HFAA-2 in Figure 4) is ob-
tained from H+HFAA-1 by rotation of one of acetyl 
groups by 180 degree and retains both (O−)H···F con-
tacts. The next in the stability order (1.8 kcal mol−1 less 
stable than the most stable one, H+HFAA-1, structure 
H+HFAA-3 in Figure 4) is hydrogen bonded, O-

protonated form, where only one (O−)H···F contact 
remains. The carbon protonated form (protonated keto-
form H+HFAA-4) is by 12.7 kcal mol−1 less stable than 
the most stable form. 

For DIAC where the neutral was in cis, trans-keto 
form, the most stable protonated form is trans, trans- 
with proton bound to one of the carbonyl oxygens and 
giving hydrogen bond to the other (H+DIAC-1, see 
Figure 5), i.e. structure analogous to that of the most 
stable conformer of ACAC. Other O protonated forms 
are at least 6.8 kcal mol−1 less stable (H+DIAC-2) and 
the most stable N-protonated form (H+DIAC-3) is by 
as much as 24 kcal mol−1 less stable than the most stable 
form. 

The protonation of HFDAC occurs also at one of 
the carbonyl oxygens (see Figure 5) and the most stable 
form is giving hydrogen bond to the other oxygen, re-
sulting in structure (H+HFDAC-1) similar to that of 
neutral HFAA. The trans, trans-structure with hydrogen 
bond to one fluorine of CF3 group (H+HFDAC-2) is by 
4.6 kcal mol−1 less stable and analogous cis, trans-struc-
ture (H+HFDAC-3) is by 5.9 kcal mol−1 less stable than 
the most stable one. The most stable N protonated form 
(H+HFDAC-4) is similar to DIAC by 24 kcal mol−1 

less stable than the most stable form. 

One can conclude that the protonation mechanism 
proposed earlier11 is completely wrong - the neutral 
diacetamides exist as keto forms, so that protonation 
occurs at carbonyl oxygens, and in case of acetylace-
tones the protonation does not occur at central carbon 
but rather at carbonyl oxygens. 

Figure 5. The most important structures of protonated DIAC 
and HFDAC. The numbers in parenthesis give enthalpies 
relative to the most stable conformers (in kcal mol−1). 

Figure 4. The most important conformations of protonated
ACAC and HFAA. The numbers in parenthesis give enthal-
pies relative to the most stable conformers (in kcal mol−1). 
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Chelation with Lithium Cation 

The lithium cation binding to the studied bases always 
involves both carbonyl oxygens in the most stable com-
plexes and always corresponds to the trans, trans-keto 
form of neutral molecule (see Figure 6). The Li−O 
bonding with both carbonyl oxygens is symmetric as 
evidenced by equal bond distances. Similar structure 
was recently proposed for lithium complex of ACAC 
from solution studies.39 In case of acetylacetone the 
second stable form is enol form (Li+−ACAC-2), with 
lithium still bound to both oxygens, and O−H proton in 
cis-position relative to methyl group. This form is by 
6.9 kcal mol−1 less stable. For HFAA the second most 
stable form is cyclic enol form with lithium cation 
bound to carbonylic oxygen and also to fluorine of trif-
luoromethyl group (structure Li+HFAA-2 in Figure 6, 
by only 0.1 kcal mol−1 less stable than Li+HFAA-1). 
The enol form, with lithium still bound to both oxygens, 
and O−H proton in cis-position relative to CF3 group 
(structure Li+HFAA-3) is by 2.4 kcal mol−1 less stable 
than the most stable complex. 

In case of DIAC the non-cyclic lithium cation ad-
duct (Li+−DIAC-2) is by 18.7 kcal mol−1 less stable than 
most stable cyclic one (Li+−DIAC-1). The next stable 
conformer of lithium cation bound hexafluorodiaceta-
mide after Li+−HFDAC-1 is by 11.7 kcal mol−1 less 
stable (Li+−HFDAC-2) and involve close Li+F con-
tacts, indicating similar to protonated forms relatively 
strong interactions between them. 

The lithium cation binding to the studied bases 
thus fully correspond to the mechanism proposed earli-
er,11 contrary to protonation case. The assumption11 that 
proton and Li+ bind to different basicity centers thus 
does not hold, as both of them bind to carbonyl oxy-
gens. The binding mechanisms are similar for DIAC 
and HFDAC, while for ACAC and HFAA the lithium 
cation binding involves hydrogen (or proton) displace-
ment at carbonyl oxygen and movement of the same 
hydrogen to the central carbon, while protonation simp-
ly involves the addition of proton to (free) carbonyl 
oxygen with possible rotation of O−H bond. 

 

CONCLUSION 

The calculations indicate that both proton and lithium 
cation bind to carbonyl oxygens of studied bases. In 
case of DIAC and HFDAC both H+ and Li+ form cyclic 
adducts, based on trans, trans-keto form of base. Simi-
lar adducts are formed also between lithium cations and 
ACAC or HFAA, while the protonation of ACAC and 
HFAA occurs on carbonyl oxygens without conversion 
of base to the keto form. 
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SAŽETAK 

Vezanje protona i litijevog kationa na neke  
β-dikarbonilne spojeve 

Peeter Burk, Kristo Taul i Jaana Tammiku-Taul 

Institute of Chemistry, Tartu University, 2 Jakobi St., Tartu, 51014, Estonia 

DFT B3LYP/6-311+G**  računi sprovedeni su radi proučavanja vezanja protona i litijevog kationa na acetilace-
ton, heksafluoroacetilaceton, diacetamid i heksafluorodiacetamid. Pokazano je da najstabilniji kompleks Li+ katio-
na uvijek odgovara cikličkoj strukturi baziranoj na trans, trans-keto formi baze. Ponađeno je da je produkt proto-
niranja slična ciklička trans, trans-keto forma baze u slučaje diacetamida i heksafluoroacetamida, dok u slučaju 
acetilacetona i heksafluoroacetilacetona protoniranje jednostavno podrazumijeva adiciju protona na (slobodnu) 
karbonilnu skupinu postojeće ciklizirane enolne forme baze uz moguću rotaciju O–H kemijske veze. 
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