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Abstract

Designing compounds with as long carbon-carbon bond distances as possible to challenge
conventional chemical wisdom is of current interest in the literature. These compounds with
exceedingly long bond lengths are commonly believed to be stabilized by dispersion
interactions. In this work, we build nine dimeric models with varying sizes of alkyl groups, let
the carbon-carbon bond flexibly rotate, and then analyze rotation barriers with energy
decomposition and information-theoretic approaches in density functional theory. Our results
show that these rotations lead to extraordinarily elongated carbon-carbon bond distances and
rotation barriers are synergetic and multifaceted in nature. The dominant factor contributing
to the stability of the dimers with bulky alkane groups is not the dispersion force but the
electrostatic interaction with steric and exchange-correlation effects playing minor yet

indispensable roles.
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The covalent bonding between carbon atoms is among the most fundamental and
extremely important concept in chemistry from the perspective of structure, stability, and
reactivity. One of the recent endeavors pertaining to this perspective is to synthesize
compounds with C-C single covalent bond distance as long as possible. While a typical C-C
bond length is 1.54 A, reports of experimentally synthesized compounds with a bond distance
longer than 1.8 A or even 2.0 A are available in the literature.® These spectacular
accomplishments sparked a cohort of investigators looking into the mechanism of their
underlying interactions.>”? It is commonly believed that weak, van der Waals interactions,
especially dispersion forces, are responsible for the formation and stability of these
exceedingly long carbon-carbon single bonds. However, there are lingering questions about
these species. How can the stability of a covalent bond be dominated by noncovalent
interactions? More importantly, in quantum mechanics, there is no specific term in the
Hamiltonian associated with van der Waals interactions. How can these weak interactions be
reflected by energetics or other electronic properties?

In this computational study, to address these questions, we design a series of bulky alkane
dimers with the varying size of terminal groups and thus different C-C distances between the
two bulky groups (Scheme 1), and then let the C-C bond of these species to rotate 360 degrees
(see Computational Details in S/). Patterns of the results emerged from these processes and
analyses thereafter should provide us with clues about the origin of their stability. To analyze
the results, we employ two schemes of the density-based total energy decomposition,%**
information-theoretic approach (ITA),*>*® and natural bond orbital (NBO)*® analyses, whose
details are available elsewhere.?®

Figure 1 illustrates the profile of the C-C distance as a function of its flexible rotation from
0° to 360° with the step size of 5°. From the Figure, we can see that for some systems such as
1-3, the C-C distance does not change much during the rotation process, whereas for others

such as 5-8, marked elongation of the C-C bond is discernible. For example, for 6, its optimal
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distance in the equilibrium is 1.78A, but it becomes 2.00A when the two bulky groups are
rotated 220°. Another example is 9, whose shortest C-C distance is 1.688A but the longest
value is 1.820A. Figure 2 shows the corresponding energetic profile for the above process for
each of the nine compounds. Smooth curves are seen for 1 and 4, indicating that the two bulky
alkane groups of these two compounds can be freely rotated. For the remaining systems, the
curves are not smooth, suggesting that there are steric clashes between the two bulky groups
during the rotation process. When a steric clash happens, significant structural and energetic
changes are resulted, leading to the discontinuity of the energy profile. Figure 2 also shows
that since each of these species was uniquely built, so none of these energetic profiles is the
same as others. The profiles of 1 & 4, and 7 & 8 look similar, but when looking into details, we
find that they are indeed different.

Table 1 shows the correlation coefficient (R) result of the total energy difference AE for
each of the nine systems with numerous quantities from the total energy decomposition
analysis, information-theoretic approach, and NBO analysis. A positive sign of the correlation
coefficient indicates that AE is positively correlated with the given quantity. A negative value
means otherwise. From the Table, we can see that some quantities are strongly and uniformly
correlated with all nine systems. Examples include five energetic components,'® Fisher
information?! Al;, Ghosh-Berkowitz-Parr entropy?? AScsr and the alternative relative Fisher
information AG1.2%?* For other quantities tabulated in the Table, strong correlations can be
found for one or few systems, but not for all nine. For instance, for the total hyperconjugation
interactions,'® AE is seen to be strongly and negatively correlated with it in Compounds 1, 2
and 4, suggesting that the effect of hyperconjugation can be utilized to quantitatively
described the conformational stability for these systems. The lower the total energy, the
stronger the hyperconjugation effect, suggesting that effects from non-Lewis bonding
interactions can be important for these species. However, for others, this effect is no longer

valid, and could even qualitatively untrue, as shown for Compounds 6 and 7 with a positive

Page 3 of 20



correlation coefficient value. These results in Tablel are at the molecular level.

Zooming in to the two carbon atoms of the C-C bond, we also obtained strong correlation
results from the above analyses, as exhibited in Table 2, where we considered the C-C bond
distance, Hirshfeld charge,?>?® local temperature,?” and numerous atomic ITA quantities using
the Hirshfeld partition for the carbon atoms of the C-C bond.?® As can be seen from the Table,
like the trends from Table 1, some quantities such as local temperature, Fisher information,
and relative Fisher information are strongly correlated with AE for all species, whereas others
are only partly.

These results allude us to at least two viewpoints. First, each system is special with its own
characteristics, as demonstrated by the unique C-C distance profile in Fig. 1, distinct energetics
profile in Fig. 2, and different behaviors of correlation tendencies in Tables 1 and 2. This is
apparently due to the different size of the bulky alkane groups, leading to varying molecular
structures and properties. Secondly, these results also unveil that there are common patterns
arising from the correlation analyses. For some properties, the nine systems all yielded the
same strong correlation. Examples at the molecular level include energy components such as
AEy, AEe, AEs, ATs and information-theoretic quantities like Alg, AG1, and ASggp, Where AE has
been found to strongly correlates with them for all nine compounds. At the atomic level, from
Table 2, we see that local temperature at both carbon atoms of the C-C bond, and atomic
information-theoretic quantities such as Al,, AG;, and AGs consistently generate strong
correlations across all nine systems.

The fact that AE strongly correlates with several electronic properties simultaneously for
all the systems studied in this work firmly suggests that the energy barrier generated by the
C-C single bond flexible rotation was resulted from the effects that are synergetic and
multifaceted in nature. Since different electronic properties have distinctly different physical
meanings,’**>%° these multiple strong correlations elucidate that many different effects

cooperatively come into play during the C-C rotation process. For example, a strong
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correlation of AE with AE. suggests that the electrostatic interaction is a reliable descriptor of
the rotation barrier.!* On the other hand, AE is also strongly correlated with AE; and AEx
components, illustrating that the steric effect and quantum effect from exchange-correlation
interactions are also quantitative descriptors. This is also true for the case of a few ITA
guantities. These superficially contradicting results signify the need to appreciate the origin
of the rotation barrier in a systems manner, where its nature is not just dictated by one factor
but, instead, concurrently by many ones.

Back to our original question about the role of van der Waals interactions, which was
believed in the literature® to be mainly responsible for the stability of these dimers with
bulky alkane groups, our results from noncovalent interaction analyses as quantified by non-
Lewis orbital contributions, C-C bond occupancy, and hyperconjugation effect show that for
some systems they are strongly correlated, but for others they are not the case. This
observation is supported by the benchmark results shown in Table 3 for Compound 5, where
little dependence of our results on the choice of basis sets and methods is clearly
demonstrated. In particular, as shown from the Table, approximate density functionals with
and without the inclusion of the dispersion correction?® do not really make any difference.
These results raise the question of whether dispersion forces are the real dominant
interaction putting the two bulky alkane groups together.

To further understand the stability origin of these bulky alkane dimers, we combine all data
points from the nine systems and then see if any of above strong correlations will survive.
Shown in Fig. 3 are the results from the energetic analysis, where correlations of AE with one
and two component fittings are exhibited. As can be seen from Fig. 3a, with all data points put
together, AE. is still strongly correlated with AE with the correlation coefficient R? = 0.981.
This result discloses that, no matter how small or bulky the size of the alkane groups is, the
rotation barrier of the C-C bond is dominated by the electrostatic interaction. For other

components such as AEy, AEs and AEg even though their correlations with AE is still
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reasonable and positive, but none of them is as strong as AE.. However, if they are paired with
AE. to perform two-variable least-square fittings, as shown in Figs. 3e and 3f, markedly
improved correlations can be obtained. These results are in excellent agreement with our

11,141617.20 indjcating that it is

previous work about confirmational stability for other systems,
the electrostatic interaction that plays the dominant role with steric and exchange-correlation
effects being minor yet indispensable. These results also suggest that even though those
dimers with bulky alkane groups look special, they are indeed no exceptions. At least with the
nine models studied in this work, their rotation barriers are the same as simple systems and
dominated by the electrostatic interaction.

Figures 4 and 5 are strong correlations of the rotation barrier AE with information-
theoretic quantities at molecular and atomic levels, respectively. Figure 4a shows the
correlation with the Ghosh-Berkowitz-Parr entropy, whose correlation coefficient R? equal to

0.903. When five ITA quantities are fitted together, as demonstrated previously by us,?3!

a
much better correlation with R? = 0.994, will be obtained (Fig. 4b). At the atomic level, as can
be seen from Fig. 5, strong correlations of AE for all nine compounds with Fisher information
and relative Fisher information of the carbon atoms on the C-C bond with R? better than 0.90.
These atomic results are in contrast with the correlation in Fig. 3c at the molecular level. From

20

the energetic viewpoint, steric effect,’® which is 1/8 of the Fisher information,® is not

significantly correlated with AE. However, at the atomic level, for the carbons of the C-C single

2123 are closely related to the rotation

bond, Fisher information and relative Fisher information
barrier height.

With data points from all nine compounds combined, we are still able to observe strong
linear correlations of the C-C bond rotation barrier height with numerous electronic properties.
These strong correlations illustrate that the generation of the C-C bond rotation barrier is

multifaceted and synergetic, and multiple interactions work together cooperatively to give

arise the barrier height. More importantly, for dimeric model systems with bulky alkane
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groups in Scheme 1, no matter how large or small the alkane groups are, they are no
exceptions and they obey the same rule with the same patterns discovered. For these systems,
dispersion forces might have played a role, but our present results firmly validate that it is the
electrostatic interaction that plays the dominant role with the contributions from steric and
exchange-correlation effects minor but indispensable.

In summary, using nine dimeric models with bulky alkane groups, in this work, we have
examined the nature of the rotation barrier of the carbon-carbon single bond with two
density-based total energy decomposition schemes and information-theoretic approach in
density functional theory. Exceedingly elongated carbon-carbon bond distances were
unveiled. Our results show that the rotation barrier generation is synergetic and multifaceted
in nature. One consequence of this study is the insight about the origin of the stability of these
bulky dimers. Historically, dispersion forces are believed to be mainly responsible for their
stability. Nevertheless, our present results invalidate that argument and confirm that the
dominant factor is the electrostatic interaction and contributions from steric and exchange-

correlation effects are minor yet indispensable.

Supporting Information Available: Model building and computational details, together with
the Cartesian coordinate of all the optimized structures at the DFT M062X/6-311G(d,p) level
of theory from the flexible rotation of nine compounds discussed in this work are available

free of charge via the Internet at http://pubs.acs.org.
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Table 1. Correlation coefficient (R) values of the total energy difference AE (with the
conformation of ZC-C-C-C = 0° as the reference) for each of the nine systems studied in this
work with five energy components, kinetic energy ATs, exchange-correlation energy AEy,
electrostatic energy AE, steric energy AEs;, and Fermionic quantum energy AE, four
information-theoretic quantities, Fisher information Alg, Ghosh-Berkowitz-Parr entropy AScse,
relative Fisher information AG; and alterative relative Fisher information AG;, plus five other
electronic properties including the HOMO/LUMO gap (AGAP), valence (AValence) and
Rydberg (ARydberg) contributions of non-Lewis orbitals, the occupancy of the C-C bond
(AOccpcy) and total hyperconjugation interactions of the entire system (AHyprcnj) from the
NBO analysis.

Property 1 2 3 4 5 6 7 8 9

ATs -0.988 -0.996 -0.969 -0.993 -0.993 -0.991 -0.969 -0.994 -0.993
AEyc 0991 0999 0.989 0.986 0.913 0.914 0.987 0.990 0.946
AEe 0.996 0.999 0.995 0.999 0.993 0.991 0.987 0.996 0.993
AE; 0.996 0.999 0.993 0.978 0.834 0.808 0.983 0.981 0.906
AEq 0.997 0999 0.990 0.974 0.709 0.573 0.961 0.964 0.802
Alg 0.999 0999 0.993 0.979 0.833 0.885 0.983 0.981 0.907
AG; -0.987 -0.999 -0.976 -0.996 -0.914 -0.847 -0.879 -0.916 -0.915
AG3 -0.904 -0.937 -0.950 -0.857 -0.599 -0.64 -0.911 -0.968 -0.724
ASasp 0.999 0.996 0.956 1.000 0.746 0.899 0.961 0.976 0.871
AGAP -0.757 -0.964 -0.393 -0.934 -0.056 -0.365 -0.905 -0.667 -0.639

AValence -0.992 -1.000 -0.935 -0.943 0.285 0.481 0.851 0.910 0.762
ARydberg 0.953 0.986 0.529 0.849 0.108 0.948 0.548 0.464 0.732
AOccpcey 0.990 0.999 0.277 0980 0.430 -0.288 0.975 0.813 -0.429
AHyprcnj -0.939 -0.910 -0.705 -0.966 -0.483 0.690 0.710 0.405 0.247

Page 11 of 20



Table 2. Correlation coefficient (R) values of the total energy difference AE (with the
conformation of ZC-C-C-C = 0° as the reference) at the atomic and bond levels for each of the
nine systems studied in this work. Quantities considered include the C-C bond distance Rcc,
Hirshfeld charges on the two carbon atoms of the C-C bond, density-based local temperature
on the carbon atoms, and atomic contributions of information gain Alg, Shannon entropy ASs,
Fisher information Alg, two relative Fisher information AG;: and AGs, second-order Rényi
entropy AR, and second-order relative Rényi entropy A'R,. The Hirshfeld partition of atoms in
molecules was employed.

Property 1 2 3 4 5 6 7 8 9
Rec 0.997 1.000 0.984 0.998 0.753 0.478 0.597 0.767 0.777
Chiirsheld 0.976 0.989 0.950 0.977 0.724 0.850 0.989 0.990 0.227
Chiirsheld 0.976 0.989 0.950 0.977 0.724 0.841 0985 0.994 0.598
LocalTc: 0.992 0.998 0.957 0.995 0958 0.891 0.982 0.967 0.924
LocalTc2 0.992 0.998 0.909 0.995 0932 0.824 0990 0.975 0.926
Alg -0.979 -0.977 -0.947 -0.987 -0.652 -0.709 -0.996 -0.988 -0.811
ASs -0.986 -1.000 -0.945 -0.974 0.736 0.675 -0.252 0.740 0.835
Alr 0.998 0.993 0.953 0.997 0930 0911 0991 0.982 0.932
AG: -0.985 -0.948 -0.905 -0.981 -0.857 -0.827 -0.971 -0.975 -0.780
AGs -0.999 -0.999 -0.952 -0.999 -0.888 -0.896 -0.975 -0.971 -0.899
ARz -0.982 -0.748 -0.901 -0.990 -0.838 -0.615 -0.986 -0.973 -0.914
ARz -0.976 -0.977 -0.953 -0.984 -0.647 -0.689 -0.997 -0.991 -0.729
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Table 3. Benchmark results of basis sets and methods for Compound 5 in Scheme 1. Six
different basis sets and six methods have been chosen. R stands for the optimization C-C bond
distance. Two correlation coefficients of AE with AEx and AE. are tabulated in the benchmark
test. CBSB7 and MP2 could be regarded as the reference in these tests. DC stands for
dispersion correction. The experimental C-C bond distance value of 5 is 1.647A. In basis set
tests, M062X functional was employed and in methodology tests, 6-311G(d,p) basis set was

utilized.

Basis set R AEy¢ AE. Method R AEx¢ AE.
6-31G(d) 1.648 0.924 0.996 | B3LYP 1.673 0.978 0.996
6-311G(d,p) 1.649 0913 0.993 | B3LYP+DC 1.653 0.972 0.996
6-311++G(d,p) 1.649 0917 0.993 | M062X 1.649 0911 0.992
DGDZVP 1.648 0.925 0.988 | TPSSTPSS 1.668 0.987 0.988
cc-pVTZ 1.647 0.920 0.993 | wB97XD 1.649 0965 0.981
CBSB7 1.649 0913 0.993 | MP2 1.640 0.968 0.998
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Scheme 1. Nine alkane dimers studied in this work. Terminal bulky alkane groups include
tertbutyl, diamantane, triamantane and tetramantane. The optimized C-C bond distance for
each compound at the DFT M062X/6-311G(d,p) level of theory is also shown. Flexible rotation
was conducted from 0° to 360° with the step size of 5° for the C-C single bond connected with
the two bulky alkane groups, except for 2 and 3, where bicyclo[1,1,1]pentane in 2 and
bicyclo[2,2,2]octane in 3 were held fixed and two terminal terbutyl groups were rotated.
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Figure 1. The profile of carbon-carbon bond distance as a function of the flexible C-C single
bond rotation from 0° to 360° for nine compounds in Scheme 1.
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Figure 3. Positive correlations of the total energy difference AE for all nine systems in Scheme
1 (with the dihedral angle ZC-C-C-C = 0° as the reference point) with different energy
components from the two total energy partition schemes in DFT. Plots (a)-(d) are single
component least-square fittings with (a) electrostatic AE., (b) exchange-correlation AEy, (c)
steric AEs, and (d) Fermionic quantum AE, components. Plots (e) & (f) are two-component
fittings with (e) AEe & AE4 and (f) AE. & AEscomponents.
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Figure 4. Strong correlations of the total energy difference AE for all nine systems in Scheme
1 (with the dihedral angle ZC-C-C-C = 0° as the reference point) with information-theoretic
quantities at the molecular level: (a) the Ghost-Berkowitz-Parr entropy and (b) when fitted
with 5 ITA quantities including the Ghost-Berkowitz-Parr entropy, Shannon entropy, relative
Shannon entropy, Fisher information and relative Fisher information.

Page 18 of 20



40

-20

0
Total Energy Difference AE (kcal/mol)

40 -40

Total Energy Difference AE (kcal/mol)
[

iz, AT I R 1_ 60 -60

300 -150 0 150 150 0 150 300 -80 40 O 40 80
Al:on C (kcal/mol)  AG,on C(kcal/mol)  AG;on C (kcal/mol)

Figure 5. Strong correlations of the total energy difference AE for all nine systems in Scheme
1 (with the dihedral angle ZC-C-C-C = 0° as the reference point) with information-theoretic
guantities at the atomic level: (a) Fisher information I, (b) G2 function and (3) G; function
(relative Fisher information) on the carbon atom of the C-C single bond.
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