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Energies of two series of branched hydrocarbon monosubstituted derivatives, 2-substituted
2-methylpropanes and 1-substituted bicyclo[2.2.2]octanes with 19 different substituents
were calculated at the B3LYP/6-311+G(d,p) level and compared with the energies of
straight-chain 1-substituted butanes. The comparison was carried out in terms of isodesmic
homodesmotic reactions, in which the substituent is transferred from one hydrocarbon resi-
due to another. The branched derivatives are mostly stabilized, in the extreme case by as
much as 30 k] mol™ confirming that the additive rule used for estimating the enthalpies of
formation is not valid for branched derivatives. The stabilization energies AE for the individ-
ual substituents X are not proportional to any known substituent parameters. In the qualita-
tive respect, they are controlled by the first atom of the substituent — similarly as in the
straight-chain isomers — but in the case of sterically demanding substituents they are per-
turbed by a destabilizing steric effect.

Keywords: Substituent effects; Hydrocarbons; Ab initio calculations; DFT; 2-Methylpropanes;
Bicyclo[2.2.2]octanes; Butanes.

Mutual interaction of two groups in one molecule has been investigated
mainly with relatively distant groups'~3; originally one group was consid-
ered as a variable substituent, the other as the functional group (probe)*.
The substituent effects were classified as inductive, resonance, steric, etc.?=,
with particular attention to distinguishing pure and composite effects®. In a
more general approach the interaction of two groups X and Y (polar or
charged) has been defined as the reaction energy AE (or enthalpy A;H°) of
the isodesmic reaction, Eq. (1), in which a bis derivative is synthesized from
two mono derivatives’-8; the differentiation of substituent and probe has
been removed.

X-G-H + H-G-Y X-G-Y + H-G-H (1)
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The values of A;H° can be obtained® from the experimental enthalpies of
formation AH°(298) but the accuracy is often not sufficient'®. In recent
work, AE was calculated theoretically*! since high-level calculations give
good results just for isodesmic equations.

The present paper deals with the extension of the above principle to in-
teraction of two immediately bonded groups. In the attempts made so
farl0.12-14 typically one group was polar (X), the other nonpolar and polar-
izable (a hydrocarbon residue R), as in the isodesmic and homodesmotic!®
reaction, Eq. (2).

X-R° + R-H X-R + R°-H )

The problem is more difficult than in the case of two polar groups, the
main difficulty being in the choice of a reference group R°, which should
show ideally no interaction with any substituent X. This is hardly possible.
Most work has been devoted to the interaction with R = phenylt®12 or
vinyl'? with the intention to evaluate the resonance effect of X but in this
case the reaction is no longer homodesmotic'® and no reference group R° is
entirely satisfactory. The commonly used methyl group®12 is much smaller
than phenyl and of different polarizability, while the tert-butyl group0-13P
brought unknown effects, assumed to be steric in origin. We reinvestigated
the problem from the beginning on the simplest case when both R and R°
were alkyl groups!4. In this case A,E should be generally small with respect
to the common empirical rules for estimating the enthalpies of forma-
tion'®17. These rules express A{H° as a sum of empirical contributions (in-
crements) h[X] pertinent to individual atoms or groups; the summation ex-
tends over the whole molecule:

AH°(298) = Sh[X] . 3)

When Eg. (3) holds, AE of the isodesmic reaction is zero for any given
groups R and R°. We confirmed this with good accuracy (less than 1 kJ mol=)
on the calculated energies for the pair n-butyl and n-pentyl but great devia-
tions were found for methyl and small deviations even for ethyl deriva-
tives™. Therefore, n-butyl (in the fixed zig-zag conformation, all-ap) was
recommended as a standard to which the interactions with other groups
could be related**8. In this communication we extended this approach to
branched hydrocarbon derivatives, viz. tert-butyl derivatives 1 and bicyclo-
[2.2.2]octanyl derivatives 2. (Some compounds of the latter set were investi-
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gated previously'® from another point of view.) In Egs (4) and (5) these
compounds are compared with standard n-butyl derivatives 3.

N-C4HoX  + (CH3)sCH _— (CH3)3CX +  n-C4Hyo 4
3 1
n-C4HgX + @ _— @X + n-C4H1o (5)
3 2

Compounds with branched chain are known to possess rather different
enthalpies of formation than their straight-chain isomers. Deviations from
the additive scheme were observed with all additive quantities, not only
with the enthalpies of formation; they were particularly great for over-
crowded molecules?. These deviations were usually unraveled by means of
special contributions for atoms respecting even the next neighbors in the
given structure'®. An alternative solution was attempted by Istomin and
Palm?! who replaced the additive relationship, Eq. (3), by Eq. (6) valid for a
mono derivative RX.

AH®(RX) = h[R] + h[X] + ¢[R] ¢[X] (6)

The empirical parameters ¢[R] and ¢[X] express the deviation from additiv-
ity. All parameters, h and ¢, were calculated on the basis of experimental
AH°(298); only fair fit was achieved?'. We hoped to obtain more significant
results with more systematic and perhaps more dependable data, viz. the
energies E(DFT) calculated within the framework of the density functional
theory?2. We calculated E(DFT) values for 19 common substituents, both
polar and charged (compounds la-1s and 2a-2s, Table I) and from them
the reaction energies A,E and A;E of the isodesmic reactions, Eqgs (4) and (5),
respectively. We wanted to explore whether these energies can be related to
the known scales of substituent effects (inductive®, resonance?, steric?324
and others?125-28) or whether they should be considered as a special effect.

CALCULATIONS

The DFT calculations at the B3LYP/6-311+G(d,p) level were performed
exploiting the Gaussian 03 program?®. Full energy optimization and vibra-
tional analysis were carried out in all cases. The minimum-energy confor-
mation was searched for, starting from two or more initial structures; these
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can differ only in the conformation around the bonds C(1)-X. The reaction
energies A E and AsE were calculated from these DFT energies and from pre-
vious values'* for the compounds 3. All energies are listed in Table I.

Calculations of the enthalpies AH°(298) of 1 were carried out with same
program?°. DFT calculations at the level B3LYP/AUG-cc-pVTZ//B3LYP/
6-311+G(d,p) were carried out at the tight convergence as recommended
previously!4.

RESULTS AND DISCUSSION

Comparison with Experiments

Anchoring to some experimental values is important to check the reliability
of our theoretical model since some problems were encountered in the pre-
vious study of similar compounds!*. However, the possibilities are limited.
The isodesmic reaction, Eq. (4), can be examined when the values for two
substituents, one charged and one uncharged, are subtracted. We obtained
Eqgs (7) and (8) relating to the experimentally investigated compounds.

AE . = —13.6 k) mol!
AH°(298).,. = -14.7 k) mol
AH*(298),,3° = ~12.6 kI mol

AE . = -8.1 ki mol-

AH°(298) . = 7.5 ki mol?
AH°(298)¢ypert = ~3.4 kI Mol

The fit may be viewed as good. The experimental uncertainty 2 kJ mol-? for
one compound makes 2.8 ki mol~? for the isodesmic reaction; with the data
from different sources the uncertainty may be still greater. A part of the dif-
ference might be caused by the choice of the all-ap conformer of butyl de-
rivatives 3 as model; its calculated energy could be somewhat higher than
that of the real molecule and calculated A4E too great in the absolute value.
Other possible conformations are of no consequence: Conformations on
the functional group of 3 were investigated previously and the minimum-
energy forms selected'. In 1 the conformation on the C-X bond is mostly
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unambiguous: the groups NH, and N(CHs), are pyramidal, in CHO, COOCHj,
NO, and CO,™ the oxygen atom is flanked with one carbon atom. Two con-
formations were found only with the group COOH (Table I, footnote b);
population of 25% of the minor conformer is insignificant. The bicyclo-
octane derivatives 2 possess similar conformations; some of them were
mentioned already previously™®.

The difference between the calculated values A,E and A,H°(298) are negli-
gible. We examined several times the necessity of calculating the zero-point
energies and enthalpies with the intention to reach better agreement with
experiments14. With aromatic and other rigid molecules, the difference was
negligible!®; in some cases®? even AE seemed to be more closely related to
the experimental values than AH°(298). However, a difference between A4E
and A,H°(298) was observable with aliphatic derivatives!4, although one
could not decide which calculated quantity fitted the experiments better.

Another possibility of improving the calculations was searched in the
model B3LYP/AUG-cc-pVTZ//B3LYP/6-311+G(d,p). As found previously!?,
this model requires calculations at the tight convergence but the results ob-
tained were little different from the simpler model and they did not work
better in any correlation.

A weak point of the above experimental test is that it is based on charged
substituents that will be almost unexploited in the following correlations. A
more general but less accurate test is possible with the enthalpies of forma-
tion based mainly on the experimental enthalpies of combustion6®17, |t
can be carried out only for Eq. (4); for Eq. (5) there are no data. Even the re-
sults with Eq. (4) were not convincing. When we compared the calculated
reaction energies A,E with the pertinent experimental enthalpies!’
A,H°(298), the deviation of the substituent t-C,Hy was decisive but it was
not evident whether it is due to failure of the calculations or to experimen-
tal uncertainty. We still examined the enthalpies of formation of some sim-
ilar sterically crowded hydrocarbons but the data were relatively uncertain,
based on very old measurements or even on estimates33. A reason for this
deviation could be the conformation of compounds 3 that was assumed to
be all-ap in the model calculations!* but could differ, particularly in the
case of hydrocarbons such as 3c. Therefore, we proceeded to a better system
using as reference the methyl derivatives whose conformation is unambigu-
ous. In our opinion, Eqg. (9) is the best isodesmic reaction for comparison
with the experimental enthalpies of formation and was used only for this
purpose. Its merits are that it avoids problems with the conformations and
that the pertinent experimental enthalpies are most reliable.
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The reaction energies AqE were calculated from the DFT energies of Table I,
the pertinent experimental enthalpies were taken from lit.17. Test presented
in Fig. 1 reveals good correlation with two evident outliers. Note that the
experimental errors may be rather great and unpredictable. According to a
suggested classification’, most of the relevant data belong into the cate-
gory with the average uncertainty <10 k] mol-. In the light of this classifi-
cation the fit in Fig. 1 is surprisingly good and the deviation of the sub-
stituent OCH; could be attributed to a random experimental error. On the
other hand, deviation of the point for hydrogen may be systematic since
the experimental data for this particular substituent belong into a better
category'” with the uncertainty <2 kJ mol-t. Choice of hydrogen as refer-
ence substituent agrees with the common view but was several times
doubted and discussed!* due to its exceptional small volume and low
polarizability; this effect was sometimes of importance®4, sometimes not!*.
In order to avoid any complications, we excluded hydrogen from the fol-
lowing correlations. This resulted, in most cases, in significant improve-
ment of the fit.

T T | T
0F A t-C4H9//O/—
H 7
7
7
7
//
T 7
o 7
CN
IS fo} //’
S T - .
a CHs/ O’o
3 s CH,CI
8 s
N //
= e
T g
o
S O NH,
—40 + c_ -
7
//
- A OCHs
,6 OH
1 L L
-40 -20 0 20

-1
DgEcqicr k] mol

Fic. 1
Comparison of calculations and experiments on the basis of the isodesmic reaction Eq. (9): ex-
perimental AjH°(298) plotted vs the calculated AGE(DFT); the regression line and the statistics
have been calculated after excluding the deviating points denoted A. b = 0.80(5), R =0.992, s =
2.4 ki mol™

Collect. Czech. Chem. Commun. (Vol. 70) (2005)



Polarizability and Steric Effects 377

The main defect of Fig. 1 is of course the slope that is significantly differ-
ent from unity. The substituent effects are systematically overestimated as
it was already observed with DFT calculations at the same level3®, We con-
clude that our theoretical model is adequate to our main goal, i.e. quantifi-
cation of substituent effects, but calibration would be necessary to get exact
enthalpies of formation.

Substituent Effects

For evaluation of the substituent effect we shall use the butyl derivatives 3
as standard and consider the two series of interaction energies, A E and AzE
(Egs (4) and (5)), as the scales of substituent effects representing interaction
with bulky branched alkyls. When investigating the interactions between
two polar groups'®, different behavior was observed according to whether
the groups were uncharged or at least one charged. Therefore, all our corre-
lations were carried out twice: with all substituents and only with un-
charged substituents. The effect of charged groups was merely disturbing:
they behaved differently and/or affected the results too much by the effect
of distant points. The statistics that follow relate to correlations with un-
charged groups excluding hydrogen as explained in the preceding section.

The first result is that A,E and AgE are closely correlated: regression of AsE
upon AE yielded b = 0.93 + 0.03, R = 0.995, s = 1.4 ki mol. The sub-
stituent effects in the larger molecule of 2 are not greater (probably even
smaller) than in 1 and only the atoms adjacent to the substituent are re-
sponsible for the interaction. On the other hand, the effects in both series
seem to be rather complex at first sight. They are stabilizing particularly for
strong donors (OH, NH,, F, Cl) and slightly destabilizing for acceptors (CF;,
COOR but not NO,); some destabilizing steric effect seems to occur with
N(CH;), and t-C,H,. We carried out correlations with the well-tried scales
of substituent effects: inductive constants® g,, resonance constants® oy, og*
or og~ (or the same constants determined in the gas phase®), steric con-
stants?® v or directional steric constants?* B1 to B4, polarizability®® g,
electronegativities?® x4 of the first atom of the group or electronegativity
parameters®® g, , group electronegativities?’ | and electronegativity parame-
ters derived from NMR data, either from 13C NMR shifts or from 3J,,, 1, cou-
pling constants?®. This set of possible explanatory variables was still ex-
tended by the geometry parameters that could not be previously correlated
with any common property: the bond angles®® 1 = OC-C-C in 1 and o =
0C6-C1-C2 in benzene derivatives®’. We have not revealed any significant
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relation of A,E to any of these parameters (simple linear regression) or to
their combination (multiple linear regression using both the descending
and ascending method). Particular attention was given — without success —
to various steric parameters?324 and to the electronegativity of the first
atom that was found!# to be operative in the interaction with the methyl
group, Eg. (10).

Therefore, we tried a semiquantitative rationalization based on compari-
son of the two reactions, Egs (4) and (10). In both the substituent is trans-
ferred from a smaller alkyl group to a longer or wider group, and the
substituent effect is mostly stabilizing. The reaction energies A,E and A;xE
are compared in Fig. 2. With A,4E the interaction is stabilizing for all sub-
stituents and depends essentially on the first atom of the substituent; with
A4E this picture is preserved for the majority of substituents (denoted by O
in Fig. 2). The dependence on the first atom is striking when one observes
the adjacent position of very different substituents like NH, and NO, or
CH; and CN (within the cluster of points in the middle of Fig. 2). We ex-
pressed!* this regularity by the electronegativity?® of the first atom but the
exact definition and physical meaning of electronegativity remains some-

T T T v
t-C4Hg
20 B
N(CH3),
v
[ e -
-« 10 COCHs .7
5 o
2 L& COOH
S ot 7 . |
i OCHg . H
[ .~ CHs
= NO, 7
-10 |- Py 4
NH
cl ?,/ 2
-20 - B
p
~"on
.
y
-30 _/6 F _
| | |
20 -10 0

Dy, ki mol™

Fic. 2
Comparison of the interaction energies A,E in t-butyl derivatives, Eq. (4), and A;4E in methyl
derivative, Eqg. (10), with reference to n-butyl derivatives as standard; ¥ deviating sterically de-
manding derivatives, A hydrogen substituent; the regression line and the statistics relate to
the remaining points denoted O. b = 1.63(12), R = 0.974, s = 2.7 kJ mol™?
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what obscure'4. On the other hand, certain substituents evidently deviate
from the relationships of A,E and A, E and have a destabilizing effect on
AgE. It is natural to ascribe this effect to steric interaction of these groups
with t-butyl group. Striking is particularly the difference between the
sterically demanding substituents N(CH;), or OCH; on the one hand and
the smaller groups NH, or OH on the other. Also the position of the point
for hydrogen on the opposite side of the straight line would confirm the
idea about steric effects. However, we did not obtain quite satisfactory fit by
multiple linear regression with A,E using A;-E and any steric constant as the
two explanatory variables. The relatively best fit (R = 0.942, s = 5.2 k] mol)
was obtained with the directional steric parameters B4 that represent the
largest possible width of the substituent in the direction perpendicular to
the X-C bond?*. We conclude that the interaction of polar groups with a
branched hydrocarbon residue is more complex than with a straight chain:
In addition to the effect of the first atom of the substituent (stabilizing) it
contains still some kind of steric effect (destabilizing); this steric effect is
not quite exactly described by known steric constants.

We also tested the relationship of Istomin and Palm?2%, Eq. (6). When it is
applied to the reaction of Eq. (4), it yields for A H®:

A,H°(298) = (9[t-C4Hg] — ¢[n-CyHg]) ¢[X] = -0.78 ¢[X] (kI mol™). (11)

Regression was carried out only with 12 items since the values of ¢ were
not available®® for all substituents (just the most significant were lacking).
No fit was obtained (R = 0.828, s = 8.8 k] mol1); the dependence on ¢ was
evidently curvilinear, exclusion of hydrogen was important. In our opin-
ion, the authors?! were right only in that point that they discovered a new
substituent effect, not related to any known scale. However, Eq. (6) in its
simple form seems to be invalid.

Enthalpies of Formation of Branched Derivatives

The branched derivatives were always included into the additive scheme for
estimating the enthalpies of formation but special contributions for the in-
dividual atoms were necessary and/or additional correction terms were added?6.
In this way the additive character was formally retained at the expense of
an increasing number of parameters; unfortunately even the number of
available data is insufficient and the precision attained was lower than for
straight-chain compounds?®. In our opinion this procedure is not satisfac-
tory mainly due to the small number of degrees of freedom. Special contri-
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butions for branched derivatives were often derived from a small number of
data and it is not sure whether they would be applicable to other com-
pounds. Out of our set la-1p, eight compounds were treated within the
framework of the best-elaborated system and comparison with experimen-
tal AH°(298) was carried out'®®. For instance the molecule of (CH;);CCI
(1p) requires a special contribution, denoted C—(C)5(Cl) for a carbon atom
bonded to three C and one ClI, while in the molecule of n-C,HyCI there is a
carbon atom C-(H),(C)(Cl) bonded to one C, one Cl and two H. In addi-
tion, with 1p three special contributions must be added that are applied
whenever a methyl group is bonded to a quaternary carbon atom. While
these contributions are applicable more widely, the contribution C—(C)5(Cl)
has bee used only to one additional compound. With t-butyl fluoride (10) a
special contribution C—(C);(F) was introduced only for this single com-
pound; hence the agreement with experiment has no meaning. The same
applies to 2-methyl-2-nitropropane (11). Additive calculations made in this
way cannot help in elucidating the structural dependence of AH°(298) of
the branched derivatives. Due to the deficient degrees of freedom we could
not actually compare the efficiency of the extended additive scheme with
direct quantum chemical calculations but it is sure that at the present state
the additive scheme is inferior.

CONCLUSIONS

In our opinion, it is hardly possible to treat the interaction of immediately
bonded groups in the same way as the interaction of distant groups has
been processed, i.e. in terms of several effects characterized by a scale of
constants (e.g. o). Quantum chemical calculations can yield even in this
case valuable data, not accessible by experiments, but interpretation in sim-
ple terms may be sometimes only semiquantitative. Interaction of polar
groups with a branched hydrocarbon residue is best described like in Fig. 2
as a blend of the stabilizing effect (induction) of the first atom and a de-
stabilizing steric effect operative only with bulky substituents.

This work was carried within the framework of the research project Z4 055 0506 of the Academy of
Sciences of the Czech Republic.
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