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MINDO-Forces calculations have been performed with complete optimization of the geometry on
cyclobutanone and its enol counterpart, perfluorination of cyclobutanones and enol counterparts, and
X-cycolobutanones and their X-enols, where X is NO,, CF3, CN, OH, NH; and F. It was found that
ketone is more stable than its enol counterpart. Perfluorination destabilizes ketone on the expense
of enol. These results agree with experimental and theoretical calculations. Electron releasing sub-
stituents (NH,, OH, F) stabilize cyclobutanone, while electron withdrawing substituents (CF3, NO>)
destabilize it. CN substituents have almost no effect on the stabilization of this keto-enol system.

Geometrical parameters, heats of formation, electron densities and Gibbs free energy are reported.
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1. Introduction

Processes involving proton transfer between inter-
conversion tautomers are of fundamental importance
in synthetic and mechanistic chemistry. The tautomeric
interconversions are keto-enol [1], imine-enamine [2],
oxime-nitroso [3], hydrazo-azo [4], and phenol-keto
[5]. Among these processes, the most studied form
of tautomerism is that between a carbonyl compound
(keto form) and its enol form. Most keto forms are
thermodynamically more stable than their enol coun-
terparts by more than 10 kcal/mol [6]. This results inan
equilibrium constant Keq = [enol]/[keto] < 10~8. Be-
cause of the very low concentration of the short-lived
enol forms, Keq could not be accurately evaluated un-
til a new method of detecting unstable enol tautomers
was developed [7]. However, there are known stable
enols, for example acetylacetone [8], in which the hy-
drogen bonding enhances enol stability relative to the
keto form.

The molecular structure of cyclobutanone has been
investigated by microwave [9] and infrared [10] stud-
ies. It was found that the ring is planar. Elec-
tron diffraction studies have shown that cyclobu-
tanone ring is not planar (puckered: the beta car-
bon is outside the plane of the two «-carbons and
the carbonyl carbon) [11]. Ab initio calculations [12]
show that the deformation (puckering) is very small,
which almost agrees with microwave and infrared
studies.

Bekker et al., described the synthesis of highly flu-
orinated simple keto-enol systems with dramatically
contrasting properties [13]. They found amazingly sta-
ble enoals, resisting the influence of powerful acids
such as sulfuric acid. Lindner et al. found experi-
mentally that 2H-perfluorocyclobutanone (all the hy-
drogen atoms are replaced by fluorine atoms except
one hydrogen atom at the o-position of the carbonyl
group) is less stable than perfluorocyclobut-1-enol
(enol counterpart) [14], i.e. perfluorination destabilized
ketone. In contrast, the HF method [14] could not pre-
dict this keto-enol equilibrium in the right direction.
B3LYP calculations [15] for ketones (2H-Perfluoro-
cyclobutanone and 2,2H-Perfluorocyclobutanone) and
their enol counterparts were carried out at various lev-
els of the theory. At the B3LYP/6-31G** and B3LYP/6-
31+G* levels, 2H-Perfluorocyclobutanone is more sta-
ble than its enol counterpart. But the order of stabil-
ity reverses at a larger basis set, that is, B3LYP/6-
311++G**//B3LYP/6-31+G* at which enol becomes ~
1.0 kcal/mol more stable than ketone. This fact agrees
with the thermodynamic equilibrium constant between
ketone and enol [14]. In the case of 2,2H-Perfluoro-
cyclobutanone it was found that the ketone is more sta-
ble than its enol counterpart [15].

The aim of the present work is to utilize quan-
tum chemical calculations to provide predictions of
the heat of formation, geometry, electron density dis-
tribution and stability of cyclobutanone and cyclobut-
1-enol, and to study the effect of perfluorination and

0932-0784 / 04 / 1100-0838 $ 06.00 (©) 2004 Verlag der Zeitschrift fir Naturforschung, Tubingen - http://znaturforsch.com



M. 1. Sway et al. - A Theoretical Study of Substituted Cyclobutanones and Their Enols 839

substituents such as CF3, NO,, CN, NH,, OH and F
on this keto-enol system.

The heat of formation of the substituted keto-enol
system is obtained by the semiempirical MINDO-
Forces MO method [16]. The molecular energy of
the substituted keto-enol system obtained by the
MINDO/3 method [17] was completely minimized by
the Murtagh-Sargent minimization technique [18]. The
derivative of the energy was calculated with Pulay’s
force method [19]. The program allows the variation
of the beta parameter with the geometrical change in a
consistent way. A full description of the program and
its application is given in [16a].

2. Results and Discussion

2.1. Parent Cyclobutanone and its Enol Counterpart
with Perfluorination

Cyclobutanone 1 has two structures, planar and
puckered. The ring puckering is defined as the dihe-
dral angle theta between the two planes C4C1C2 and
C2C3C4.

03/ \ C1=—=01
/

\
1

In the present work we have calculated the heats
of formation of puckered cyclobutanone at differ-
ent dihedral angles (theta) and found —36.637,
—37.935, —38.233, —38.753, —39.032, —39.346, and
—39.502 kcal/mol for theta = 30, 25, 20, 15, 5, and
0 degrees respectively. It can be seen from these cal-
culations, that there is a decrease in the heat of for-
mation as the dihedral angle theta decreases. This sug-
gests that the planar structure is more stable than the
puckered one, and this agrees with the experimental
values [9, 10] and theoretical calculation [12].

The calculated heat of formation of cyclobut-1-enol
2, using the MINDO-Forces method [16], was found
to be —28.864 kcal/mol, which agrees with quantum
studies [20, 21].

The_C101 bond length of cyclobut-1-enol 2 is
1.314 A (Table 1) and remarkably shorter than that of
saturated alcohols. Values of 1.425 A and 1.431 were
reported for methanol [22] and ethanol [23], respec-
tively. This observation might be explained by the par-

i 1
H6., /%N
H5 - T4 - C|1|

€8 — ¢c2
H4 / AN

H3 H2
2

tial double bond character in the case of cyclobut-1-
enol 2, which originates from the interaction between
for C1=C2 double bond and the lone pairs on the oxy-
gen atom. The C1=C2 bond length is 1.362 A (Table 1)
which is slightly longer than the corresponding bond

Table 1. Calculated geometrical parameters (bond lengths in
Angstroms and bond angles in degrees) of substituted cy-
clobutanones and their enols.

H6, /01
c4 — ci
Hs | | CI1C2, 1525, CI101, 1.195;
C2H1, 1.112. — CI1C2C3, 89.13;
LW T °2\",,H1 C2C3C4, 90.87; C3CAC1, 89.11;
i HIC2H2,  10530; OICIC2,
H3 He 134.58.
1
He., o ° C1C2, 1.362; C2C3, 1.504; C3C4,
ot H1 1.538; C4C1, 1.511; C101, 1.314;
| I C2H2, 1.095; O1H1, 0.953. —
.8 — o2 C1C2C3, 91.85; C2C3C4, 88.22;
H AN C3CA4C1, 85.06; CACIC2, 94.86;
H3 H2 C1C2H2, 136.69; OCI1C2, 138.22;
2 C101H1, 111.93.
F5., o1
poe—ct C1C2, 1.528; C2C3, 1.511; C101,
o | 1.188; C2H1, 1.106; C2F1, 1.396;
B —c2 . C2F1, 1.396. — C1C2C3, 89.58;
FeYy N C2C3C4, 90.87; C3CAC1, 89.66;
F2 Fi C1C2H1, 118.4; C1C2F1, 109.72;
3 H1C2F1, 106.17; 01C1C2, 135.37.
2 /o C1C2, 1.362; C2C3, 1.472; C3C4,
Jo—o iy 1.520; CAC1, 1.497; C101, 1.304;
" I C2F1, 1.373; OLH1, 0.956. —
8 — c2 C1C2C3, 95.03; C2C3C4, 86.10;
e \,, C3CAC1, 87.74; CACIC2, 91.13;
o4 C101H1, 110.47.
H5f,,,ﬂ /01
~ c4 — ci
i | | C1C2, 1.556; C2C3, 1.551; C3C4,
e, 1.522; C101, 1.187; C2H1, 1.120;
oy \ " b C2C5, 1.467; C5F1, 1.327. —
cs. C1C2C3, 87.49; C2C3C4, 91.45;
H2 /T C3C4C1, 89.77; C4C1C2, 91.25;
fa  Fe 01C1C2, 132.78.
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Table 1 (continued).
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length 1.336 A of vinyl alcohol [24] and 1.326 A of
ethylene [25]. This might be due to the ring strain of

cyclobut-1-enol 2.

It can be seen from the calculated heats of forma-

C1C2, 1.556; C2C3, 1.550; C3C4,
1.523; C101, 1.190; C2H1, 1.128;
C2N1, 1.461; N102, 1.220. —
C1C2C3, 87.36; C2C3C4, 91.52;
C3C4C1, 89.66; C4C1C2, 91.39;
O2N103, 131.39; 0OlC1C2,
133.51.

C1C2, 1.546; C2C3, 1.546; C3C4,
1.524; C101, 1.194; C2H1, 1.122;
C2C5, 1.464; C5N1, 1.163. —
C1C2C3, 87.81; C2C3C4, 91.48;
C3C4C1, 89.30; C4C1C2, 91.38;
01C1C2, 133.76.

C1C2, 1.544; C2C3, 1.546; C3C4,
1.526; C101, 1.195; C2H1, 1.137;
C2N1, 1.413; N1H6, 1.029. —
C1C2C3, 88.08; C2C3C4, 91.20;
C3C4C1, 89.50; O1C1C2, 134.58.

C1C2, 1.550; C2C3, 1.543; C3C4,
1.524; C101, 1.194; C2H1, 1.136;
C202, 1.351; O2H6, 0.953. —
C1C2C3, 88.62; C2C3C4, 90.72;
C3C4C1, 90.24; C4C1C2, 90.41;
01C1C2, 135.28.

C1C2, 1.520; C2C3, 1.516; C3C4,
1.528; C101, 1.193; C2H1, 1.111;
C2F1, 1.399. — C1C2C3, 90.69;
C2C3C4, 89.75; C3C4C1, 89.94,
C4C1C2, 89.58; 01C1C2,135.30.

C1C2, 1.396; C2C3, 1.528; C3C4,
1.525; C4C1, 1.511; C101,
1.295; C2C5, 1.425; C5F1, 1.322;
O1H1, 0.956. — C1C2C3, 90.30;
C2C3C4, 88.93; C3CA4C1, 90.28;
C4C1C2, 95.03; O1C1C2, 133.48.

tion (Table 2) of cyclobutanone 1 (—39.502 kcal/mol)

Table 1 (continued).
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C1C2, 1.400; C2C3, 1.523; C3C4,
1.534; C4C1, 1.511; C101, 1.291;
O1H1, 0.958; C2N1, 1.394;
N102, 1.230. — C1C2C3, 91.03;
C2C3C4, 88.38; C3C4C1, 86.47,
C4C1C2, 94.06, C101H1, 112.32;
01C1C2, 135.2.

C1C2, 1.384; C2C3, 1.520; C3C4,
1.534; C4C1, 1.511; C101,
1.309; C2C5, 1.438; C5N1, 1.162;
O1H1, 0.956. — C1C2C3, 90.68;
C2C3C4, 88.73; C3CACL, 85.62;
C4C1C2, 95.05; C101H1, 110.08;
01C1C2, 134.3.

C1C2, 1.347; C2C3, 1.517; C3C4,
1.534; C4C1, 1.509; C101, 1.322;
C2N1, 1.380; N1H6, 1.027,
O1H1, 0.954. — C1C2C3, 91.63;
C2C3C4, 88.00; C3C4C1, 85.95;
C4C1C2, 94.48; C101H1, 110.30;
01C1C2, 137.03.

C1C2, 1.370; C2C3, 1.519; C3C4,
1.534; C4C1, 1.512; C101, 1.323;
C202, 1.328; 0O2H6, 0.951,;
O1H1, 0.954. — C1C2C3, 93.49;
C2C3C4, 86.58; C3C4C1, 87.20;
C4C1C2, 92.69; C101H1, 109.62;
01C1C2, 138.40.

C1C2, 1.351; C2C3, 1.494; C3C4,
1.537; C4C1,1.510; C101, 1.319;
C2F1, 1.375; O1H1, 0.954. —
C1C2C3, 95.57; C2C3C4, 58.25;
C3C4C1, 87.64; C4AC1C2, 91.54;
01C1C2, 139.37; C101H1, 109.80.

Table 2. Calculated heats of formation (AHs in kcal/mol) of
substituted cyclobutanones and their enols (see Table 1 for

numbering).

Compd # AHs Compd # AHs Compd # AHs

1 —39.502 8 —40.303 15 —83.426
2 —28.864 9 —85.729 16 —80.796
3 —300.575 10 —91.432

4 —298.256 11 —235.042

5 —228.185 12 —58.459

6 —46.500 13 —14.476

7 —15.799 14 —38.071

and cyclobut-1-enol 2 (—28.864 kcal/mol), that cy-
clobutanone 1 is more stable than its enol counterpart
2 by 10.638 kcal/mole in terms of heat of formation,
which agrees well with the experimental value [6] and
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is supported by the calculation of the Gibbs free energy
(AG), which is found to be 7.792 kcal/mol.

I:/ro D( OH
1 2

This indicates that the reaction is not spontaneous
and the reaction shifts to the cyclobutanone 1 side (re-
actant). This agrees with the published theoretical cal-
culations [26].

Recent thermodynamic calculations of the Gibbs
free energies (AG) of cyclopropanone-cycloprop-
enol [27] and cyclopentanone-cyclopentenol [28] show
that the values of AG are 17.509 kcal/mol and
5.311 kcal/mol, respectively. From these values it can
be seen that AG decreases from the three member ring
(AG = 17.509 kcal/mol), to the four and five member
ring (AG = 7.792 kcal/mol and AG = 5.311 kcal/mol),
suggesting an increase of the enol tautomer when go-
ing from three member ring to five member ring. This
may be due to a decrease in the ring strain of the enol
tautomer when going from the three to the five member
ring. Also it was noticed that the electrostatic attrac-
tion between the carbonyl carbon and the a-carbons
decreases when going from three member ring [27], to
four (present results) and five member ring [28], sug-
gesting an increase in the destabilization of the ketone
tautomer in going from the three member to the five
member ring.

On perfluorination of the keto-enol system,
the calculated heats of formation of 2H-per-
fluorocyclobutanone 3 and the enol counterpart
perfluorocyclobut-1-enol 4 (Table 2) are —300.575
and —298.256 kcal/mole, respectively. Thus the
difference in the heat of formation is reduced to
2.319 kcal/mol as compared to the parent (without
perfluorination, 10.638 kcal/mol). Therefore the
perfluorination process causes a destabilisation of the

ketone and a stabilisation of the enol, which agrees
with the work of Lindner et al. [14] and with the large
basis set of B3LYP [15].

This is supported by calculation of the Gibbs free
energy (AG), which is found to be 1.639 kcal/mol
and less than that of the parent (without fluorination,
7.792 kcal/mol).

0] OH
o
. T 5F
3 4

This indicates that, perfluorination increases the sta-
bility of the enol tautomer relative to the keto tau-
tomer. This AG value (1.693 kcal/mol) for perfluori-
nation agrees with that calculated by HF/6-311G **//6-
311G** (2.3 kcal/mol) and MP/6-311G**//6-311G**
(1.1 kcal/mol) [14].

This stabilization effect of the substituent (perfluo-
rination) is often found by using isodesmic reactions
(conserved bond type) [29]. A positive heat of reaction
(AHy) indicates stabilization of the reactant by the sub-
stituent, and vice versa. The isodesmic reaction heat
of 2H-perfluorocyclobutanone 3 is —13.897 kcal/mol,
indicating that perfluorination of cyclobutanone is an
energetically unfavorable process.

o) o
5—(* o —f :ﬁ_(
F H H
F F F F

3

This almost agrees with ab initio calculation
(—17.4 kcal/mol) [14]. For perfluorocyclobut-1-enol 4,
the isodesmic reaction energy is —6.259 kcal/mol, in-
dicating that perfluorination of cyclobut-1-enol 4 is an
energetically more favorable process than that of cy-
clobutanone 3 (more positive), although both have neg-
ative values (unstable).
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Compd# C1 c2 C3 c4 C5 H1 H2 o1 02 N1 F1 Table 3. Calculated electron
1 3444 4085 3.930 4.085 0.986 0.986 6.473 densities of substituted cy-
2 3.637 4.259 3.866 3.980 0.748 0.958 6.436 clobutanones and their enols
3 3588 3.820 3.322 3.389 0.950 6.329 7.258  (See Table 1 for numbering).
4 3.804 3.782 3.964 3.939 0.724 6.341 7.225
5 3.404 4273 3905 4.086 2.666 0943 0990 6.434 7.452
6 3408 4.273 3.899 4.001 0.936 1.006 6.434 6568 3.885
7 3446 4061 3.934 4085 3903 0987 1016 6.464 5.123
8 3.467 3.937 3.930 4.081 1.061 0.929 6.466 5.163
9 3.484 3730 4.015 4.074 1.077 0999 6.455 6.448
10 3500 3.669 4.007 4.078 1.041 0974 6.433 7.339
11 3.508 4.464 3.841 3932 2629 0705 1.020 6.416 7.459
12 3489 4.466 3.837 4.015 0.705 1.019 6.411 6.638 3.830
13 3.629 4225 3880 3.982 3.859 0740 1.036 6.423 4.225
14 3.763 4.072 3959 3.947 0.755 0.944 6.424 5.113
15 3.809 3.853 3971 3.932 0.747 1.027 6.415 6.422
16 3.804 3782 3964 3.939 0.741 1.010 6.407 7.322
- o on F the electrostatic forces between two positive o-carbons
H D( - C1, C4 and the carbonyl carbon C1 are less repulsive
F + |j| —_— + ¢ than those in the ketone 3. Thus the enol tautomer 4
- Is favored over ketone tautomer 3, as was mentioned
F F g in [15].
4
0.061 2.2. Effect of Qubstituents on Cyclobutanone and Enol
+0.
F57, ot Counterpart
- 1 T P
c4—¢ Structural Details
F4 | H +0.196 . .
Introduction of the substituents CF3, NO,, CN, NH»
B 02‘\— +0.218 and OH at C2 of the cyclobutanone 1 (Table 1) cause an
F Fy increase in the carbon-carbon bond lengths C1-C2 and
F2 . C2-C3, and a decrease in the bond angle ZC1C2C3,

This almost agrees with ab initio calculation
(—5.5 kcal/mol) [14]. These results suggest that the
perfluorocyclobut-1-enol 4 stability is a consequence
of ketone 3 destabilization.

The calculated charge distribution in 2H-perfluoro-
cyclobutanone 3, obtained from the electron density
(Table 3), may give a plausible explanation for its
destabilization. The calculated charge at the two -
carbons C2 and C4 are more positive in the 2H-per-
fluorocyclobutanone 3 (+0.180,+0.611) than that in
cyclobutanone 1 (parent) (—0.085, —0.085).

The positive charge adjacent to carbony! has a desta-
bilizing effect due to the repulsion between the two
positive alpha carbons in 3 might be responsible for
its destabilization. The hydrogen H1 becomes more
acidic (+0.050) in 2H-3 than in 1 (+0.015). Increasing
the acidity of this hydrogen H1 is likely to be an im-
portant driving force for easy enolization, as was men-
tioned in previous work [14]. In the case of the enol 4,

and it is most pronounced in the case of CF3 and
NO,. The F substituent causes a slight decrease in the
carbon-carbon bond lengths C1-C2 and C2-C3, and a
slight increase in bond angle ZC1C2Cs3.

In the case of cyclobut-1-enol, CF3, NO,, CN, and
NH as substituents cause an increase in carbon-carbon
bond lengths of C1=C2 and C2-C3 and a decrease in
the bond angle < C1C2C3, except the OH substituent
which causes an increase in the bond angle (93.49 de-
grees). F as substituent causes a slight decrease in the
carbon-carbon bond lengths C1=C2 and C2-C3, and
an increase in bond the angle < C1C2C3. This is sim-
ilar to the recent work on cyclopentanone and its enol
counterpart [28].

Stabilization by Substituents

Thermodynamic calculations of Gibbs free ener-
gies (AG) for CF3 and NO, substituents (Table 4)
with negative values of AG (—6.857 kcal/mol for
CF3 and —11.457 kcal/mol for NO3) indicate that the
reaction is spontaneous. That is to say the equilib-
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Table 4. Evaluation of substituent effect on cyclobutanones and their enols via isodesmic reactions.

CF3 NO, CN NH, OH F
o i
+O— o .
X X 0.319 0.008 1.341 —0.043 —3.064 —4.328
o O
“ o
o', o—0 "0
X X 7.305 5.383 1.108 —5.695 —6.545 —5.847

Table 5. Evaluation of substituent effect on cyclobutanones and their enols via isodesmic reactions (AHr in kcal/mol).

CF3 NO; CN NH2 OH F
o jo]
+O— o .
X X 0.319 0.008 1.341 —0.043 —3.064 —4.328
~ O.
H (\H
+ O — + DL
X 7.305 5.383 1.108 —5.695 —6.545 —5.847

rium shifts to the enol side. This is supported by the
isodesmic reactions (Table 5), where AHr for the enol
isodesmic reactions in the case of CF3 and NO, sub-
stituents (7.305 kcal/mol and 5.383 kcal/mol, respec-
tively) are greater than that for the ketone isodesmic
reactions in the case of CF3 and NO, substituents
(0.319 kcal/mol, 0.008 kcal/mol). This suggest that
CF3; and NO, destabilize the ketone. For CN sub-
stituent, AG = 0.155 kcal/mol (Table 4), suggesting
that the reaction is slightly not spontaneous. This is
supported by the isodesmic reaction, where AHr for
the ketone (AHr=1.341 kcal/mol, Table 5) is slightly
greater than that of the enol (AHr = 1.108 kcal/mol,
Table 5), suggesting slight stabilization of the ketone.
Hence the equilibrium shifts to the ketone side. In the
case of NH,, OH and F substituents, the AG values are
all positive (Table 4) and more pronounced in the case
of F as substituent (AG = 9.841 kcal/mol), suggesting
that all the reactions are not spontaneous. i.e. NH,, OH
and F stabilize the ketone. These results are supported
by the isodesmic reactions (Table 5), where the AHr
values for the enol and ketone are negative, suggesting
destabilization of the enols and ketones. But the AHr
values for the ketones are more positive than those of
the enoles, suggesting stabilization of the ketones. This
agrees with present thermodynamic calculations and
suggest that the NH,, OH and F substituents stabilize
cyclobutanone.

Electron Densities

For cyclobutanone 1, it can be seen from Table 3 that
OH, NH; and F decrease the electron density on C2

and increase the electron densities on C1 and C3. That
is to say, they act as electron releasing. In the case of
CF3 and NOg, the electron density increases on carbon
C2 and decreases on the carbon atoms C1 and C3. This
is most pronounced in the case of NO». That is, these
substituents act as electron withdrawing. CN acts as
very weakly electron releasing [31].

In the case of cyclobut-1-enol 2, CF3 and NO, act
as electron withdrawing. The CN substituent decreases
slightly the electron density on C1, and increases it
slightly on C3, which indicates that the CN group be-
haves as electron withdrawing when attached to a sys-
tem with high electron density (in this case C=C bond)
and as electron releasing when attached to a system
with low electron density (such as C-C bond). In other
words, the CN group behaves according to the elec-
tron demand, i.e. it shows amphielectronic behavior
[28,31-38]. The NH, and OH substituents act as elec-
tron releasing.

3. Conclusion

It can be concluded that cyclobutanone 1 is more
stable than its enol counterpart 2. The perfluorination
destabilizes the ketone (shift to the enol side), in better
agreement with the experimental results than the theo-
retical calculations. The shift in equilibrium to the enol
side is attributed to the ketone destabilization and not
to the enol stabilization. All the substituents have some
effect on the geometrical parameters. Strong electron
releasing substituents (e.g. NH,, OH, F) stabilize the
cyclobutanone 1 while strong electron withdrawing



844 M. 1. Sway et al. - A Theoretical Study of Substituted Cyclobutanones and Their Enols

substituents (e.g. CF3,NO5) destabilize the cyclobu-
tanone 1.
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