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Abstract
Tautomerism is a fundamental concept that studies the transfer of a proton between two constitutional isomers, i.e. 
keto and enol tautomers, where the enol tautomers are usually less stable than the corresponding carbonyl compound. 
However, this is not the case with acetylacetone. This article discusses two rapidly inter-converting tautomeric forms of 
acetylacetone, the archetypal (and now textbook) example of tautomerism in organic chemistry from a thermochemical 
perspective.
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1. Introduction
Much of the interest in acetylacetone (pen-

tane-2,4-dione) and derived metal acetylacetonates relates 
to the study of the acetylacetonate anion and metal ions, is 
contemporaneous with, the beginnings of coordination 
chemistry.1 Such species derived from acetylacetone met-
als spanning the periodic table have been called salts, de-
rivatives and complexes (e.g., see the early chronologically 
arranged refs. for Be2, Th3 and U4. The corresponding 
study with the lightest metal Li was reported many dec-
ades later).5

Since these neutral metal complexes can be easily ex-
tracted by organic solvents, they have found widespread 
use in analytical chemistry. Their properties can be signif-
icantly modified by substitution at both the central CH 
and the terminal –CH3 units. Remarkably, the entire –CH3 
fragment can be substituted with a variety of other groups, 
significantly altering properties such as stability, solubility, 
volatility, color and melting point. This adaptability led to 
in-depth studies of metal acetylacetonates during the 
Manhattan Project, particularly with regard to their poten-
tial role in the separation and purification of uranium.6 By 
1982, neutral complexes with over 60 metals had been 
documented.7 The versatility and usefulness of these com-

plexes was further enhanced by the introduction of com-
peting complexing agents into the system.8 Various organ-
ic solvents, selected on the basis of the ionic or ionization 
potentials of the central metal ions, were found to effec-
tively extract these complexes.9 Figure 1 shows some of the 
possible binding arrangements for the acetylacetone li-
gand with a metal ion.

Figure 1: Some possible binding arrangements of the acetylacetone 
ligand with the metal ion.

The use of metal acetylacetonate complexes goes be-
yond analytical chemistry. Metal acetylacetonate complex-
es are used as catalysts in chemical transformations such as 
oligomerization, polymerization, hydrogenation, isomeri-
zation of alkynes, coupling of organic halides and trans-es-
terification. They are also used as latent accelerators that 
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increase selectivity and the formation of catalytically ac-
tive sites. Examples include curing agents for epoxy resins, 
as supported reagent systems and precursors for the pro-
duction of metal nanoparticles. In spectroscopic studies, 
they are used as nuclear magnetic resonance shift rea-
gents.10

As noted in numerous early papers, acetylacetone, 
being the simplest β-diketone, exhibits tautomerism, that 
long-known example of isomerism associated with atom 
or group migration and necessarily accompanied by bond 
shuffling. Indeed, one may say that the concept of tautom-
erism evolved along with the understanding of these spe-
cies and of related ethyl acetoacetate and malonate esters 
wherein one or both CH3 groups respectively in acetylace-
tone were replaced by C(O)OC2H5. Acetylacetone is the 
archetypical (and now organic chemistry textbook) exam-
ple of tautomerism, not uncommonly accompanied with 
discussion of these esters. Nonetheless, in the name of 
brevity, we will avoid further mention here of both aceto-
acetate and malonate esters and their derivatives and only 
cite chronologically a few early papers all taken from the 
late 19th and early 20th centuries.11–25

The enol form of a ketone is normally less stable than 
the corresponding carbonyl form, and yet we know that 
the enol tautomer of acetylacetone is the more stable. The 
keto → enol equilibrium constant in the gas phase and non-
polar solvents, was measured by 1H NMR spectroscopy.26

Let us simplify our discussion by considering only to 
gas phase species and therefore isolated molecules so that 
we can bypass the numerous complications from intermo-
lecular interactions. These interesting, but here ignored, 
phenomena include different solvent effects on the stabili-
ty of the two tautomers and thereby affect their relative 
stability, concentrations, equilibria. Even pure acetylace-
tone has many of these complications because both tau-
tomers are polar, and the enol has the possibility of intra 
and intermolecular hydrogen bonds. To simplify further, 
let us consider only enthalpies, but not entropies nor free 
energies. After all, such concepts such as resonance struc-
tures, intramolecular hydrogen-bonding and push-pull 
olefins are generally portrayed as enthalpic in origin, mag-
nitude, and thereby consequences. We will also avoid here 
substituted derivatives and consider only the two C5H8O2 
species, most simply written as the acyclic β-diketone 

CH3C(O)CH2C(O)CH3 and its tautomer, the “resonance 
assisted hydrogen-bonded” cyclic enol CH3C(O)
CH=C(OH)CH3 respectively.27 There are experimentally 
determined enthalpies of formation of the separate keto 
and enol tautomeric forms of acetylacetone28, whereby 
with keto we implicitly mean 2,4-pentanedione and by the 
corresponding enol (Z)-4-hydroxy-3-penten-2-one re-
spectively (Figure 2).

In the current study we admit we have no intent at 
providing a comprehensive discussion – a quick SciFind-
ern search29 gives ca. 48,000 references to “acetylacetone” 
but it is generally unclear which tautomer is meant in these 
references and it seems most likely that the references refer 
to the unseparated mixture of tautomers. We relatedly note 
that a concomitant literature search10 shows there are ca. 
1000 citations to the pioneering paper on resonance assist-
ed hydrogen bonding8 including some that offer dissent 
and/or extended scope toother tautomeric pairs of com-
pounds, e.g. refs.30–32

For most pairs of tautomers, the individual enthalp-
ies of vaporization, and of formation in both the gas and 
condensed phase of each of the species, have not been de-
termined as separate quantities. One of the very few exam-
ples of this dual enthalpy of formation knowledge is the 
premier and archetypal β-diketone, 2,4-pentanedione9 
(this reference9 cites 15 other references) (Table 1). We 
recognize the equilibrium keto/enol mixture as acetylace-
tone. We note that we may plausibly discuss the other 
enols such as 1,3-pentadien-2,4-diol, as both (Z)- and  
(E)-CH2=C(OH)CH=C(OH)CH3, and 1,4-pentadi-
en-2,4-diol, CH2=C(OH)CH2C(OH)=CH2 and 2,3-penta-
dien-2,4-diol, CH3C(OH)=C=C(OH)CH3 and for com-
pleteness, (E)-4-hydroxy-3-penten-2-one. However, since 
the thermochemical data are absent for these last species, 
we will not further discuss them in our current study 
(some photochemical and/or spectroscopic studies on a 
few of these tautomeric species were also reported).33–37

Table 1: Enthalpies of formation of 2,4-pentanedione and (Z)-4-hy-
droxypent-3-en-2-one in gas and liquid phase.28

	                               ΔHf° (kJ mol–1)	

	 gas	 liquid

2,4-pentanedione	 –(358.9 ± 2.5)	 –(410.1 ± 1.2)
(Z)-4-hydroxypent-3-en-2-one	 –(378.2 ± 1.2)	 –(429.0 ± 1.0)

In the current study we also avoid discussion of the 
energetics of the complexes and chelates of acetylacetone 
and its derivatives, i.e., β-diketonates in general, even 
though these species M[RC(O)C(R’)C(O)R] and the relat-
ed, simpler enolates M[RR’CC(R)O] have been discussed 
in a thermochemical context for nearly all metals M.38,39 
However, a careful reading of the chemical literature shows 

Figure 2: Keto–enol tautomeric equilibrium of the archetypical acy-
clic β-diketone and hydrogen bonded cyclic enol, and correspond to 
structures “d” and “a” in Figure 1 wherein M = H.
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that there are disappointingly few examples where there 
are comparisons of structurally related β-diketonate and 
simpler enolate species.

To put the keto-enol tautomerism of acetylacetone in 
context, let us now consider acyclic enols with a brief com-
parison of the benzo-annelated related phenols. Enols, 
both as reaction intermediates and as isolated species, have 
long been investigated. An entire Patai volume (“The 
Chemistry of Functional Groups”) was devoted to enols 
suggesting correctly that their study is an important activ-
ity of organic chemists.40

Ethenol (vinyl alcohol) and the three isomeric pro-
penols ((E)-1-, (Z)-1-, and 2-,) are considered as archetyp-
ical enols. Conversely, mentioning but briefly the parent 
phenol, its multiring analogs, and their substituted deriva-
tives are seemingly more often recognized as examples of 
phenols than as enols. Admittedly, phenols as a functional 
group belatedly appeared in the Patai volumes41, accompa-
nied by the acknowledgement that this volume discussed 
the first aromatic functional group42 in the series. This 
enolic description of phenols is especially poignant when 
we recognize these enols are more stable and more thor-
oughly studied than their ketone tautomers, the corre-
sponding carbonyl compounds, e.g., the isomeric 2,4- and 
2,5-cyclohexadienones. This is easily documented by the 
observation that SciFindern 29 gives us ca. 650,000 refer-
ences for phenol but only scarcely more than 300, in toto, 
of the isomeric cyclohexadienones.

Indeed, we hesitantly acknowledge that the carbonyl 
tautomers of some arenols have been studied separately 
from their hydroxylic counterparts, e.g., 9(10H)-anthrone 
and 9-anthracenol, for which the former is more sta-
ble43–45, and phloroglucinol (1,3,5-trihydroxybenzene) 
and its substituted derivatives46 and some highly strained 
phenols (e.g., suitably small [n]-metacyclophanes, the 
2,6-polymethylene-4-nitrophenols)47). Nonetheless, let us 
hereby ignore phenols and other hydroxyarenes.

2. Is the β-diketone tautomer  
less stable than the enol  

or is the enol tautomer more stable 
than the diketone?

We now return to the acyclic species of direct inter-
est here, acetylacetone, and thereby return to the complex, 
indeed plausibly enigmatic, questions explicitly asked in 
the title of this paper. It is quite unequivocal that the an-
swer to the first question is the β-diketone tautomer of 
‘acetylacetone’ less stable than the corresponding enol? is 
an emphatic “Yes!” in marked contradistinction to most 
ketones which are significantly more stable than their enol 
counterparts. Does this not mean our second question: Is 
the enol tautomer of ‘acetylacetone’ more stable than the 
corresponding diketone is also answered “Yes”? After all, is 

our second question not the same as the first, i.e., do we 
not have an identity, a redundancy and repetition, a tautol-
ogy about tautomers? After all, if A > B, then doesn’t it 
automatically follow that B < A?

In fact, the word acetylacetone and the two questions 
just asked suggest different reference species, i.e., normal 
and suitably archetypical, compounds for comparison. 
Can we do any better than saying acetylacetone is anoma-
lous, somehow special because carbonyl compounds are 
normally more stable than the corresponding enol but for 
this species, the two-carbonyl species is the less stable tau-
tomer? Can we do any better than saying acetylacetone is 
anomalous, somehow special because enols are normally 
less stable than the corresponding carbonyl compound 
and here the enol is the more stable tautomer? In this pa-
per, our objective is to not only analyze acetylacetone’s 
unique characteristics but also to compare enols with oth-
er enols and carbonyl compounds with other carbonyl 
compounds.

Our chosen set of two species, 2,4-pentanedione, 
CH3C(O)CH2C(O)CH3, and (Z)-4-hydroxy-pent-3-en-2-
one, CH3C(O)CH=C(OH)CH3, share another key struc-
tural, and likewise conceptual similarity other than that 
they constitute a pair of tautomers. They are both acetyl 
derivatives. Both species, individually, may be recognized 
as CH3C(O)X species regardless of their individual choice 
of X. Let us recall a simple definition of the resonance en-
ergy of acetyl derivatives that was earlier applied to amides 
and esters in reaction (1), i.e., generically X = –NR2 and –
OR with diverse affixed R groups respectively.48

CH3C(O)CH3 + CH3X → CH3C(O)X + C2H6	 (1)

This approach was subsequently generalized for 
amides using the “Methyl capping experimental” (MCE) 
and “Carbonyl substitution nitrogen atom replacement 
reasoning (COSNAR)” respectively.49,50

In that these approaches result in no loss of conceptu-
al understanding for the current paper we will use the earli-
est definition. In the current study, reaction (1) will be im-
plicitly applied to gas phase species. As precedented by a 
collection of earlier studies with a wide choice of X48,51–54, 
the exothermicity of reaction (1) is now equated to the res-
onance energy of CH3C(O)X.)

Let us start our discussion with that of the archetyp-
ical β-diketone, 2,4-pentanedione,  CH3C(O)CH2C(O)
CH3, wherein X is thus identified as –CH2C(O)CH3, and 
accordingly, CH3X is recognized as 2-butanone. For the 
tautomer (Z)-4-hydroxypent-3-en-2-one, CH3C(O)
CH=C(OH)CH3, X is therefore –CH=C(OH)CH3, and 
CH3X is recognized as (Z)-2-buten-2-ol. Our relevant re-
actions are thus identified as reactions (2) and (3) respec-
tively.

�CH3C(O)CH3 + CH3CH2C(O)CH3 →  
CH3C(O)CH2C(O)CH3 + C2H6�

(2)
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�CH3C(O)CH3 + CH3CH=C(OH)CH3 →  
CH3C(O)CH=C(OH)CH3 + C2H6�

(3)

We now acknowledge that with one fewer carbon, 
1,3-butanedione and its enol are simpler than the just 
mentioned 2,4-pentanedione and its enol. However, the 
study of the energetics of these 4-carbon species is limited 
to computational theory. We also note that the 2,4 pentan-
edione is well-established from both theory and experi-
ment to be nonplanar, presumably to thereby minimize 
electrostatic and lone pair/lone pair repulsion of the two 
negative oxygens.55

We now turn to the energetics of these reactions (2) 
and (3) separately. Let us accept the enthalpy of formation 
of 2,4-pentanedione28 acknowledging at this time also that 
the classic thermochemical archive by Pedley56 will be the 
implicit reference for any otherwise uncited species. As 
written, reaction (2) is endothermic by (13 ± 3) kJ mol–1. 
We may calibrate our thinking about the energetics of re-
action (2) by considering an analogous reaction involving 
2-pentanone, an altogether normal species wherein X = 
CH2CH3 as found in reaction (4)

�CH3C(O)CH3 + CH3CH2CH2CH3 →  
CH3C(O)CH2CH2CH3 + C2H6� (4)

As written reaction (4) is endothermic by (0 ± 1) kJ 
mol–1, sensibly indistinguishable from strict thermoneu-
trality. We may thus conclude that 2,4-pentanedione  is 
destabilized by 13 kJ mol–1 relative to normal ketones.

We may ascribe the destabilization of 2,4-pentanedi-
one to include the Coulomb/electrostatic repulsion of the 
positive carbons that compose the two carbonyl groups. If 
so, its isomeric α-diketone, 2,3-pentanedione, should be 
even more unstable than its 2,4-isomer because the two 
positively charged carbons are closer in the former species. 
Accordingly, consider reaction (5) and the enthalpy for 
this 2,3-dione where its enthalpy of formation is taken 
from Kercher et al.57

�CH3C(O)CH3 + CH3C(O)CH2CH3 →  
CH3C(O)C(O)CH2CH3 + C2H6�

(5)

This reaction is endothermic by (28 ± 3) kJ mol–1 
documenting 2,3-pentanedione is even more destabilized 
than its 2,4-isomer, with an additional destabilization of 
(15 ± 3) kJ mol–1. Our (28 ± 3) kJ mol–1 value is essentially 
indistinguishable with the 25 kJ mol–1 58 for the destabili-
zation of α-diketones (also see paper by Liebman54) and in 
particular, 2,3-butanedione. This near equality gives us in-
creased confidence in the current analysis and hereby con-
clude that 2,4-pentanedione, explicitly as the diketone tau-
tomer, is destabilized.

Consider now the other tautomer, (Z)-4-hydroxy-3-
penten-2-one and recall reaction (3) where we accept the 
enthalpy of formation of (E)-2-buten-2-ol.59 So doing, we 

deduce stabilization of (Z)-4-hydroxypent-3-en-2-one to 
be ca. (31 ± 10) kJ mol–1 relative to normal enols that lack 
the affixed keto group. For comparison, consider the relat-
ed olefinic reaction (6), wherein the enolic OH is replaced 
by the isoelectronic, isosteric, non-hydrogen bonding 
CH3.

CH3C(O)CH3 + CH3CH=C(CH3)CH3 →  
CH3C(O)CH=C(CH3)CH3 + C2H6� (6)

Using the average of the reported enthalpies of for-
mation of 4-methylpent-3-en-2-one (historically also 
called “mesityl oxide”)60,61, –(181 ± 3) kJ mol–1, we deduce 
a stabilization of but (6 ± 4) kJ mol–1.

Consider now reaction (7) wherein one of the oxy-
gens in 2,4-pentanedione is relatedly replaced by the isoe-
lectronic and isosteric CH2. In other words, consider the 
unconjugated 4-methyl-4-penten-2-one (alternatively but 
only rarely named “isomesityl oxide”.

�CH3C(O)CH3 + CH3CH2C(=CH2)CH3 →  
CH3C(O)CH2C(=CH2)CH3 + C2H6� (7)

Base-catalyzed equilibration reactions show the con-
jugated 4-methyl-3-penten-2-one to be 13 kJ mol–1 more 
stable than its unconjugated isomer, 4-methyl-4-penten-2-
one.62 In that 2-methyl-2-butene is ca. 16 kJ mol–1 more 
stable than 3-methyl-1-butene. From archival enthalpies 
of formation of acetone, 2-methyl-1-butene and ethane 
(see reaction (8)), it is thus deduced to be nearly thermo-
neutral. Comparing the results from reactions (2) and (8) 
(i.e., =O vs. =CH2), we conclude the keto form of acetylac-
etone is destabilized by ca. 28–16 = 12 kJ mol–1 while com-
parison of reactions (3) and (6) (i.e., –OH vs. –CH3) shows 
the enol form of acetylacetone is stabilized by ca. 25 kJ 
mol–1.

�CH3C(O)CH3 + CH3CH2C(=CH2)CH3 →  
CH3C(O)CH2C(=CH2)CH3 + C2H6� (8)

The enthalpy of formation of mesityl oxide is –(181 ± 
3) kJ mol–1.60,61 Consider the related olefinic reaction (9), 
wherein the enolic OH is replaced by the isoelectronic, 
isosteric, non-hydrogen bonding CH3.

�CH3C(O)CH3 + CH3CH=C(CH3)CH3 →  
CH3C(O)CH=C(CH3)CH3 + C2H6� (9)

Using the above cited average of the reported enthal-
pies of formation of 4-methyl-3-penten-2-one (mesityl ox-
ide), –(181 ± 3) kJ mol–1 60,61 we deduce a stabilization of 
but (6 ± 4) kJ mol–1.

This species is plausibly more stabilized than methyl 
vinyl ketone because the positive charge as found in the 
ionic resonance structure CH3C(O–)=CHC+< is stabilized 
by the attached methyl groups. From reaction (10)
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�CH3C(O)CH3 + CH3CH=CH2 →  
CH3C(O)CH=CH2 + C2H6� (10)

using the recently determined enthalpy of formation of 
methyl vinyl ketone –(111 ± 6) kJ mol–1 63, we deduce a 
stabilization of –(2 ± 6) kJ mol–1, indistinguishable from a 
small degree of stabilization (and for that matter, of desta-
bilization) in the absence of the two affixed methyl groups. 
(For a review of the energetics of larger derivatives of me-
thyl vinyl ketone, i.e., general enones, see Liebman and 
Pollack64 and for later primary studies of related cyclic 
species.65,66

We now return to enols directly by mentioning two 
enols related to mesityl oxide and isomesityl oxide, 4-me-
thyl-1,3-pentadien-2-ol and (both (E)- and (Z))-4-methyl-
2,4-pentadien-2-ol.67–69 While we are provided with rates 
and activation values, the only relevant thermochemical 
information we can deduce therein is that the (Z)-4-me-
thyl-2,4-pentadien-2-ol is less stable than isomesityl oxide.

We now return to acetylacetone and turn to an alter-
native thermochemical analysis of this species. Consider 
reaction (11)

�CH3C(O)CH2CH3 + CH3CH2C(O)CH3 →  
CH3C(O)CH2C(O)CH3 + C3H8� (11)

This reaction is endothermic by (13 ± 3) kJ mol–1: 
that is, 2,4-pentanedione  is destabilized by some 13 kJ 
mol–1. Encouragingly, this value is very nearly the same 
degree of destabilization as found using the earlier reac-
tion (2). Paralleling multiple names for some other β-dike-
tones such as dipivaloylmethane (i.e., 2,2,4,4-tetrame-
thyl-1,3-pentanedione and dibenzoylmethane (i.e., 
1,3-diphenyl-1,3-propanedione), let us rename, however 
temporarily, 2.4-pentanedione as diacetylmethane. As 
such, we additionally recognize reaction (11) for the keto 
tautomer of acetylacetone as an example of the more gen-
eral reaction (12) for diacetyl derivatives wherein Z = CH2, 
NH and O. Having discussed the Z = CH2 case, let us now 
consider Z = NH (wherein the required thermochemical 
data for N-methyl acetamide70, diacetimide 
(diacetylamine)71 and dimethylamine72 the methyl ace-
tate, acetic anhydride and dimethyl ether data are from 
ref.56 for Z = O respectively (reaction (12)).

�CH3C(O)ZCH3 + CH3ZC(O)CH3 →  
CH3C(O)ZC(O)CH3 + (CH3)2Z� (12)

Relatedly, reaction (12) with Z = NH is endothermic 
by (50 ± 10) kJ mol–1. For Z = O, reaction (9) is endother-
mic by (70 ± 4) kJ mol–1. The endothermicity of 13 kJ 
mol–1 for Z = CH2, the destabilization of 2,4-pentanedi-
one, appears entirely plausible. From the above analysis 
we conclude 2,4-pentanedione is destabilized compared 
to normal ketones. As was asked very early in this paper, 
we now find that it is unequivocal that the answer to the 

first question asked in the title: Is the β-diketone tautomer 
less stable than the enol? is an emphatic “Yes! “because the 
diketone is destabilized. Likewise, the enol (Z)-4-hy-
droxy-3-penten-2-one with its gas phase enthalpy of for-
mation of –(378 ± 1) kJ mol–1 is stabilized compared to 
normal enols.

It is unequivocal that the answer to the second ques-
tion asked in the title of this paper is the enol tautomer 
more stable than the diketone? is also an emphatic “Yes!” 
because the enol is stabilized. We conclude that acetylace-
tone being (predominantly) an enol is due to both stabili-
zation and destabilization of related molecular features. 
(We are now reminded of the conflicting and complemen-
tary roles of stabilizing and destabilizing influences in the 
ion chemistry interconverting ethynol and its O-deproto-
nated species.73)

In principle we can replace both oxygens in the di-
verse tautomers of acetylacetone by carbon. That is, we 
may ask about the relative stabilities of the isomeric dienes 
CH3C(=CH2)–CH2–C(=CH2)CH3 and CH3C(=CH2)–
CH=C(CH3)CH3. In principle, one may make this com-
parison by the analysis of direct enthalpy of combustion 
measurements of both species. Alternatively, this compar-
ison may be made using results of

a.	 �their basicity/proton affinity (solution or gas 
phase) measurements since the resultant proto-
nated species, a stabilized tertiary carbonium ion, 
is the same for both isomers, CH3C(=CH2)–
CH2–C+(CH3)2,

b.	 �their acidity measurements because the same res-
onance stabilized anion, CH3C(=CH2)–CH––
C(=CH2)CH3 is formed from both isomers

c.	 �by complete hydrogenation measurements since 
the resultant saturated product is the same al-
kane, (CH3)2CHCH2CH(CH3)2.

However, we know of no relevant studies for these 
comparisons and so we are thwarted in our thermochemi-
cal comparison of the dienes of interest.

Dare we compare the related doubly demethylated 
derivatives, the isomeric 1,4- and 1,3-pentadienes for 
which the former is less stable by ca. 30 kJ mol–1? This value 
is not altogether different from the enthalpy of formation 
difference of the diketone and keto-enol tautomers of 
acetylacetone. In this all-carbon case, we are missing both 
the Coulomb/electrostatic repulsion between the two trigo-
nal carbons and the two oxygens, that destabilizes the dike-
tone tautomer, and the resonance assisted hydrogen bond 
that stabilizes the enolic tautomer. Most assuredly, having 
two trigonal carbons next to each other is not necessarily 
destabilizing – indeed, adjacent C=C bonds are generally 
stabilizing as is well known for conjugated dienes.

And yet we recall the two reactions (13) and (14)

2RCHO → RC(O)C(O)R + H2� (13)

2RCHCH2 → RC(=CH2)C(=CH2)R + H2� (14)
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are both roughly thermoneutral. Does this not seemingly 
provide comparable stabilization, or is it destabilization, 
for conjugated dienes and α-diketones?74 Are conjugated 
dienes stabilizing and α-diketones species destabilizing? 
For example, consider R = CH3,56 both reactions are endo-
thermic by (5 ± 2) kJ mol–1. However, based on our expe-
rience with acetyl groups, let us rewrite reaction (13) ex-
plicitly for R = CH3 as (15) and then as (16), the last 
reaction being a reaction of acetaldehyde here identified as 
acetyl hydride.

2CH3CHO → CH3C(O)C(O)CH3 + H2� (15)

2CH3C(O)H → CH3C(O)C(O)CH3 + H2� (16)

Of the many acetyl derivatives that fill the current 
paper, one we have not spoken of is this hydride, –H being 
an atypical and thermochemically varying substituent.75 
We additionally note there are a different number of C–H 
bonds and of C–C bonds on the left and right-hand sides 
of reactions (15). Rather than writing reaction (16), let us 
consider the corresponding (17) involving their methylat-
ed derivatives

2CH3C(O)CH3 → CH3C(O)C(O)CH3 + (CH3)2� (17)

Accordingly, reaction (14) becomes (18)

�2CH3C(=CH2)CH3 →  
CH3C(=CH2)C(=CH2)CH3 + (CH3)2� (18)

These two reactions are endothermic by (21 ± 2) and 
exothermic by (5 ± 2) kJ mol–1 respectively. The first value 
is comparable to the 25 kJ mol–1 elsewhere noted in this 
paper for the destabilization of α-diketones of which 
2,3-butanedione is an archetypical example.

We close this discussion of destabilization of diones 
with a brief mention of the γ-dicarbonyl species, 4-oxo-
pentanal, CH3COCH2CH2CHO. We realize this species is 
yet another isomer of acetylacetone. As was the case for 
most of the diverse isomers of acetylacetone, there is no 
experimentally determined enthalpy of formation of this 
compound. Let us therefore turn our attention to its 
1-methylated derivative, 2,5-hexanedione, CH3C(O)
CH2CH2C(O)CH3 for which its destabilization is expected 
to be nearly equal to that of 4-oxopentanal. There is no 
measured enthalpy of formation value for this latter com-
pound either. However, reaction kinetics studies on 
2,5-hexanedione76,77 suggest this species lacks destabiliza-
tion in contrast to 2,3-butanedione and 2,4-pentanedione.

3. Conclusions
Summarizing, to both questions given earlier in the 

text  “Is the β-diketone tautomer less stable than the enol 

or is the enol tautomer more stable than the diketone?” we 
answer with an emphatic “Yes!”.

Epilogue: to Boris
Born in his mind, borne in the laboratory
Original thinking becoming chemical reality
Research done with joy, friendship and respect
Insights and findings arising from diligence and intellect
Sharing with, encouraging, colleagues, students, family

Zois award, and many papers are seen on his cv
Each of us now with so many memories of Boris
Mourning now, we walk by his now emptied office
Viewing and talking, amidst crying let us rejoice
All of us remembering Boris, his work, his voice
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Povzetek
Tavtomerizem je temeljni koncept, ki raziskuje prehajanje protona med dvema konstitucionalnima izomeroma, to je keto 
in enolnim tavtomerom. Enolni tavtomeri so navadno manj stabilni kot ustrezne karbonilne spojine, vendar pa to ne 
velja za acetilaceton. Ta članek s termokemijskega vidika obravnava hitro prehajanje keto oblike acetilacetona v enolno 
obliko, ki predstavlja arhetipski (in učbeniški) primer tavtomerizma v organski kemiji.
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