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AImtract-The conformations of the title compound have been analyzed in detail with respect to steric interaction 
energies, charge interaction energies, and solvatioo energies in heptane and benzene. Using previously developed 
methods, which include induction by dipoles in polariile bonds, and the solvation of molecular dipoles and 
quadrupoles, predictions regarding the conformatioaal equilibrium are made. These were tested by experimental 
determination of the dipole moment of the molecule in heptane and benzene, and are in agreement with the 
predictions. More simplified calculations lead to qualitatively erroneous results. 

In l%l Rogan and Ellis published a paper in which they 
discussed the conformations of 3,3-diiethyl-2,4- 
pentanedione? The UV spectrum of the compound in 
hydrocarbon solvent is considerably different from that 
expected from two simple CO groups, and the IR spec- 
trum shows a doublet CO stretching frequency. On this 
basis they conch&d that there were probably two con- 
formations in equilibrium. The conformations they 
considered are A-D. And they concluded that C and D 
were probably the conformations in the equilibrium. 

In 1961 it was not clear for even the simple molecule 
acetone which way the torsional barrier about the C-C 
bond was oriented. It is now known that in acetone, 
hydrogens on the alpha carbons eclipse the CO in the 
ground state.’ Utilixing this key. fact, molecular 
mechanics calculational procedures for ketones have 
been developed? which would seem to permit us to 
study now in a more detailed way the conformations of 
the compound in question. Inspection of models shows 
that in addition to the conformations considered by 
Rogan and Ellis, we also need to consider two more 
conformations, which we will call E and F. 

While molecular mechnics has been very useful for 
determining conformations and energies of hydro- 
carbons, and of a number of monofunctional molecules, 
polyfunctional molecules have been studied only 
~liitly.~ For these latter cases, treatment of charge 
interactions and solvation are problems which have not 
been explored in much depth? 

It would be desirable to have experimental information 
concerning the conformations of the molecule at hand. 
Since we are looking for an equilibrium, crystallographic 
data, even if available, would be of little use. Electron 
d&action and/or microwave spectroscopy might be 
useful in determining the conformations, but no such 
data have been reported. The UV spectrum of the 
compound does show an interaction between the CO 
groups, but this is of no help for conformational consi- 
derations, and the donblet CO frequency could be due 
to an equilibrium between conformations, or it could be a 
result of Fermi resonance.9 

The only easily accessible experimental quantity that 
we could see that would clearly be of use was the dipole 
moment, and accordingly it was measured in heptane 

and in benzene solutions. These numbers give us only 
limited structural information, but it proves to be 
sufficient to make a decision between accuracy of two 
diierent calculational procedures currently in use in 
molecular mechanics. 

In the present work we considered conformations A- 
E. These were constrained by symmetry axes or planes 
so that the energy of each conformation could be cal- 
culated.‘” Relative energies (enthalpies) obtained are 
listed in Table 1. Not all of these conformations neces- 
sarily correspond to energy minima. Since we want to 
look at equilibria, we also need to consider entropy. The 
symmetry numbers and the calculated entropies due to 
symmetry and mixing in are given in Table 2. The free 
energies shown in Table 3 were obtained by combining 
the data in Tables 1 and 2. 

Our earliest scheme for treating polar molecules al- 
lowed for the dipole4ipole interaction according to the 
classical method of Jeans, and such calculations can be 
carried out for the gas phase.6 We here chose 1.5 as an 
effective dielectric constant for the gas phase.” If the 
dipoles are immersed in a solvent, the charge interaction 
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Table 1. Conformations, energies f&al/mole) and dipole moments (Debyes) of 3,3dimethyl-2,4pantanedione from 
the molecular mechanics program 

bnbmmtion 

A 

B 

C 

Eff. Dislec. bnst. I .5 Eff. Dick. Cimsi. 8.0 

Dipole-Dip& 
AE P Enegy LIE r 
8.46 3.07 2.25 8.07 3.07 

4.90 5.40 4.38 4.50 5.39 

3.99 2.73 0.54 4.97 2.71 

D 0.12 0.17 I.89 0 0.27 

E 353 4.95 3.22 2.35 5.03 

F 0 4.31 1.21 0.34 4.45 

Table 2. Entropy di#erences of conformations of 3,3-dimethy~- 
2,4pentalledione 

Isomer !L sm -Rlw Total Relutive - 
bt_Y 

A 2 0 -1.38 -I .3B 

B 2 0 -1.38 -1.30 

C 1 0 0 0 

D 2 +13B -1.38 0 

E 1 0 0 0 

F 1 1.36 0 +13B 

energy can be diviaby the dielectric constant of the 
solvent to obtain an approximate charge interaction 
energy in the particular solvent.12 These calculations 
were carried out for effective dielectric constants of 1.5 
(gas phase) and 8 (benzene), and the results are sum- 
mar&d in Table 1. 

First, the calculations indicate that only two confor- 
mations that are of relatively low energy contribute 
appreciably to the conformational mixture. One of these 
(D) was predicted to be important by Rogan and Ellis, 
and the other one (F) was one they did not even 
consider. Their conformation C, which they believed to 
be the other stable one, is not, according to our cal- 
culations. The calculations described above permit one 
to calculate dipole moments for the conformational mix- 
tures in medii of dielectric constants of 1.5 and 8 as 3.63 
and 3.14 D, respectively. The measured dipole moment of 
the compound in heptane is 2.42 D, and in benzene 2.77 D. 

Thus, the absolute values of the numbers calculated are 
not in very good agreement with experiment, and cor- 
respond to errors of 0.5-1.0 kcal/mole. More worrisome, 
the shift of the dipole moment with solvent calculated is 
in the opposite direction from that observed experi- 
mentally, and clearly this is a problem that must be 
resolved. 

We now know that in simple ketones the CO oxygen is 

eclipsed by a substituent on the alpha carbon when the 
molecule is at a torsional minimum.’ Conformations A 
and C do not meet this condition, and, barring any large 
steric or electrostatic interactions, these should cor- 
respond to energy maxima rather than energy minima, 
and indeed they are fo& to be quite unfavorable. Gross 
steric interactions occur in conformation A, and it can be 
also eliminated on those grounds. The remaining con- 
formations all correspond to torsional energy minima. To 
be at an energy minimum, a carbony has the option of 
eclipsing either the C-C bond which leads to the other 
carbonyl, or a C-C bond leading to either of the Me 
groups. Both CO’s have the first arrangement in con- 
formation B. In conformation F (a dl pair) one CO eclip- 
ses the bond to the other CO, while the second one 
eclipses a Me. In conformations D and E, both CO’s 
eclipse methyls; either both Co’s eclipse the same Me 
(E), or they eclipse different Me’s (D). 

Next we may consider the electrostatic situation. The 
dipole moment is quite large for B (5.&D), and the 
dipoles are clearly parallel and close together, which 
really excludes this conformation as a low energy one. 
Conformations D, E and F do not have any of these 
serious energetic problems. They each seem to have 
reasonable steric and dipole interactions, and correspond 
to torsional energy minima. So these are the confor- 
mations we might actually expect to observe. 

Table 1 gives the energies and dipole moments of these 
conformations as calculated for the compound in a 
medium of dielectric constant 1.5. As expected, con- 
formations D and F are indeed the more favorable ones. 
Conformation E proves to be somewhat higher in energy 
because of the dipole-dipole interaction. The calculated 
dipole moments of the conformations change sliitly 
with solvent, because the electrostatic interaction energy 
is diflerent, and the minim&&n of the energy leads to a 
slightly diRerent geometry, but the difIerences are in- 
sign&cant. On the other hand, the dipole-dipole inter- 
action energy is greatly reduced when the dielectric 
constantofthemediumbecomesashighas8,sothat 
conformations B and E, in which there were large 
dipole+ole interactions, are stabilixed by a relatively 
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Table 3. Free energies of the conformations of 3,3diiethyl-2,~pentmwdione (kcal/mole) 

conformation AH (Table ‘1) 

Eff. Dielact. Const. 1.5 

A 0.46 

B 4.90 

C 3.99 

D 0.12 

E 3.52 

F 0 

p&l&&&&a0 

ASo (Table 2) AGo0 

-138 928 

-1.38 5.72 

0 4.40 

0 0.53 

0 3.93 

+1.38 0 

A 8.07 -1.38 8.55 

B 4.50 -1.30 4.98 

C 4.97 0 5x)4 

D 0 0 0.07 

E 2.35 0 2.42 

F 0.34 +I.38 0 

(a) LICP is relative b the conformation of loyst standard free energy. 
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large amount, and the other conformation less so. Quali- 
tatively, however, there is little change. Conformation D 
is now the most stable, followed rather closely by F. 
Conformation E is third in stabiity, although the energy 
remains sutticiently high that it will not contribute 
significantly to the equiliiirum. 

The following points seem sign&ant. In a medium of 
low dielectric constant, conformations D and F are 
sirnihu in energy. As the dielectric constant of the 
medium increases, the stability of D relative to F in- 
creases. Hence, one can predict by the dipole-dipole 
interaction method that the dipole moment of the 
compound should decrease as the dielectric constant of 
the medium increases, due to this shift in conformational 
populations. This is exactly opposite to what is observed 
experimentally, where the dipole moment .increases as 
the dielectric constant increases. 

Obviously, a more sophisticated method for dealing 
with the electrostatic interaction in the molecule is 
needed here. Such a method was previously described: 
and consists of two parts. First, the dipoles in a given 
conformation are each allowed to induce in the remain- 
ing bonds in the conformation small moments, which are 
related to the polarixability and spa&al arrangement of 
the molecule. An induced charge distribution for the 
molecule is thus obtained. This general approach is that 
of Smith and Eyring,‘” as moditied and described 
earlier.’ 

Once the total charge distribution in the molecule is 

available, this charge distribution is immersed in a 
solvent of appropriate dielectric constant, and, following 
the method of Abraham,*’ the solvation energy for the 
charge distribution is approximated as the sum of the 
molecular dipole and quadrupole solvation terms. 

To calculate the electrostatic energies, the total con- 
formational energies calculated by the molecular 
mechanics program were the starting point, and the 
procedure was as follows. Since all charge energies will be 
dealt with separately, the dipole-dipole interaction term 
is subtracted out from the molecular mechanics energy. 
The charge interaction’ and solvation terms* which have 
then been calculated separately are added to the molecu- 
lar mechanics steric energy, to give a total confor- 
mational energy, for the particular conformation in the 
medium of given dielectric constant. This information is 
summarized in Table 4. 

First, for the values in heptane, we note the follow- 
ing. Conformation D is slightly more stable than con- 
formation F (m contrast to the more simple prediction 
made earlier). Conformations E and C are next in 
energy, but suthciently high that their contribution to the 
equilibrium is negligible. When the molecule is dissolved 
in benzene, conformation D remains of lowest energy, 
but that of conformation F is now quite similar. The 
prediction here is that conformation D predominates in 
heptane, but the equilibrium shifts more towards F in 
benzene. This i is consistent with what is observed 
experimentaUy,and it is opposite to the simple prediction 
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Table 4. Data for the energy calculations on 3,$dimethy~-Z,Cpentanediioe conformations by MSE method 
&al/mole) 

PropW CONFORMATION 

A B C D E F 

Dipole 
Moment(D) 2 -71 5.47 2.69 0.22 4.96 4.61 

4 6.71 2.84 3.94 -1.27 0.89 -0.72 

EC -23.81 -20.85 -25.89 -24.32 -22 91 -24.30 

E” -17.11 -18.01 -2 1.94 -25.59 -22.02 -25.02 
(8.48) (7.57) (3.64) (0) (3.57) (0.57) 

H -1.11 -2.01 -0.80 -0.93 -1.70 -1.27 

E’ -1821 -20.02 -22.74 -26.52 -23.42 -26.28 
(8.31) (6.50) (3.78) (0) (3.10) (0.24) 

(a) Numbers in parentheses are relative b the indicated zera wlw. 

Es = steric energy from molecular mechanics program minus the dipole interaction term. 

Ec = charge interaction. 

Energy of canbrmatiorr in the gas phase (or heptano), E” = Es + Ec. 

H = heat of solration in benzene relative to heptone. 

Total conbrmational enthalpy, E’ = E‘ t H. 

Table 5. Standard free energies of the conformations of 3,3diietbyl-2,4qentanedione. calculated by the MSE 
method 

Canbrmation AHo d*ob AGoc 

E_ff,) 

A 8.43 -1.38 8.89 

B 7.57 -1.38 7.95 

C 3.M 0 3.64 

.D 0.00 0 0.00 

E 3.56 0 356 

F 0.56 +1.38 0.16 

A 8.31 -1.38 8pl2 

B 6.50 -1.38 7.09 

C 3.78 d 3.95 

D 0.00 0 0.17 

E 3.10 0 3.27 

F 024 +I.38 OM) 

(a) lhese ON the dative E” wlws from Tqble 4. 

(b) Thei. on the ntatin Es urns fmm Tablo 4. 

(c) Relative to the law-t stanQrd fne wtergy aonbmmtion. 
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made above. It is also predicted that conformation E will 
be much stabilized by the benzene solvent, but will still 
be insignificant in concentration. The calculated dipole 
moments by this scheme are 3.06 in heptane and 3.48 in 
benzene, which correspond to errors in the energies of 
the individual conformations of only 0.5 kcal/mole. 

The calculations above provide tbe interesting result 
that the equilibrium between conformation D and F is 
calculated to shift in different directions with increasing 
dielectric constant of the solvent, depending on how the 
calculation is done. The reason for this peculiar behavior 
is as follows. In conformation D, the dipoles are rela- 
tively far apart (3.41 A), whereas in conformation F the 
distance is considerably smaller (2.87 A). However, the 
orientation between tbe dipoles is more or less tail-to-tail 
in D, so that overall dipole moment is small, but the 
interaction energy is relatively large (1.89 kcallmole), 
compared with conformation F, where the ineraction is 
more head-to-tail, and the energy is smaller 
(1.22 k&mole). If one simply reduces the electrostatic 
energy by dividing the number by the dielectric constant, 
the higher energy (conformation D) is reduced more, and t 
equilibrium shifts in that direction. 

As mentioned previously, this is opposite to what is 
observed experimentally. Now, turning to the alternative 
method of calculation, after allowing for induction, the 
charge interaction energies prove to be essentially iden- 
tical. The shift with solvation when solvating the very 
small dipole of D gives 0.00 k&mole of solvation 
energy. The quadrupole is large, however, and its solva- 
tion gives 0.93 kcallmole. On the other hand, solvating 
conformation F gives 1.01 kcallmole of dipole solvation 
energy, and 0.26 kcabmole of quadrupole solvation 
energy. The solvation of the large dipole of F is therefore 
the determining quantity, but solvation of the quadru- 
poles must also be taken into account if a reasonably 
accurate result is wanted. 

CONCLUSIONS 

The example discussed here is one of very few known 
cases where the different methods for calculating the 
electrostatic energies of different conformations of a 
molecule give results which are qualitatively dependent 
on the calculational method used. While the differences 
are not very great, they are experimentally measurable, 
and the qualitatively correct result is obtained only by 
the procedure in which both induction within the mole- 
cule, and dipole and quadrupole solvation are taken into 
account. It is hoped that the scheme used herein will 
provide a better general method for attacking confor- 
mational problems which involve polar molecules and 
solvation. 

3,3-Dinrethyl_2,4pmtonedione 
2APentanedione was alkylated with excess Mel in acetone in 

&presence of excess KzCC& at reflux for 5 days. Distillation 
gave the product, contaminated with some 3-methyl-2,4- 
pentanedione (by glc). Redistillation gave the product, pure by 
glc, which showed only 2 singlets in the proton NMR, 8.17 and 
2.6. 

The dipole moments were measured and the calculations were 
carried out according to previously described methods.” The 
values obtained were 2.42D in heptane and 2.77 D in benzene. 
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