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A bond energy decomposition analysis has been carried out to rationalize the well-established experimental
fact that C-C and C-H bond energies decrease with increasing substitution on the carbon. It is shown
that this trend is set by steric 1,3 repulsive interactions (geminal repulsion) that increase in the order 1,3
hydrogen-hydrogen< 1,3 hydrogenr-carbon < 1,3 carbon-carbon. On the other hand, the radical
stabilization energy has little influence on the observed trend for thiEl Bond energy in HCR|R:R;

or the C-C bond energy in BC—CR;R;R3. Thus, it varies in HCR;R;R3 from —7.2 kcal/mol (H-

CHs) to —6.5 kcal/mol (H-C(CH)3) and in BC—CR;R;R3 from —19.0 kcal/mol (HC—CHs) to —16.9
kcal/mol (HHC—C(CH)s). It was further found that the average intrinsie @ bond energy in HCR;R;R3

of 129.2 kcal/mol is smaller than the average intrinsic@bond energy in BC—CR;R;R; of 143.4
kcal/mol. However, after the inclusion of steric effects, the overalHbond becomes stronger than the
C—C bond. The role of steric 1,3 repulsive interactions as the trend setting factor has most recently been
suggested by Gronerf,(Org. Chem2006 71, 1209) based on an empirical fit of alkane atomization
energies.

1. Introduction unoccupied radical alkyl orbital, as well as involving the
donation of charge from the singly occupied radical alky! orbital
into the empty antibonding*-alkane orbitals. Hyperconjugation

is assumed to be more important for systems with substituted
carbons as they hold more bondingalkane orbitals and

The strength of €H and C-C bonds in alkanes is a key
parameter in the chemistry of hydrocarbons. The well-
established experimental fact that8 and C-C bond strengths
decrease with increasing substitution on the carbon has far" . S :
reaching consequences in the areas of polymer chemistry,am'bgnd'ngo -alkane orbitals. .
radiation damage of proteins, and functionalization of alkanes . Quite rgcently, Gronetthas put forward an alternative
by metalloenzymes or homogeneous catalysts, as well as thénterpretatmn of the dependen_ce Of_a and C-C bonql
processing of petrochemicals. The decrease-i€@nd G-H energies on the carbor_l substltut_lon. In his work, Gronert flt_thg
bond strength with increasing substitution on the carbon is mostfgxperlmental ato_mlz?t!on ehne£g|e§ OT r:uenlw_leromgs g_llg;\r;es (\;V'thm
often explained in terms of increasing stabilization of the radical Ive parameters involving the “intrinsic anc ~ bond.
formed after bond fission. The radical stabilization is explained _enerlg_|es hasél e isdthe rephulglve 1,3 gemlna(lj mtet:actlons
in terms of hyperconjugation involving the donation of charge glz:r%gngrzrrzorﬁgiwo%gF%gnét r;%i‘;%ﬂ d(?[g,rzgrocdaljcgren ds
from the fully occupied bonding-alkane orbitals into the singly in C—C and G-H bond energies and attribute them to an
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a) H b) H, electrons of carbon were treated as a frozen core. Finally, a bond-
i order analysis was conducted based on the Nalewaldkbzek
(N—M),16-20 the Mayer?:-22 and the GopinathanJug (G-J)@324
C C— L : :
Rs/ ':\R1 Ra/ * TRy schemes. Finite temperature enthalpic corrections as well as zero
’h R, energy frequency effects were neglected. Their absence is not likely
2 to change the conclusions drawn in this investigation.
la— RI:H, RZ:H, R3:H 1b - R1:H, RZ:H, R3:H
2a— R1=H, RZZH, R3=CH3 2b - RIZH, R2=H, R3=CH3 . H
32— R,=H. R,= CH,, R,=CH, 3b - Ry=H, R,=CH,, Ry—CH, 3. Results and Discussion
4a —R,=CHj, R,=CH3, R;=CH;  4b — R,=CHs, R,=CHs, R;=CHj We shall start by outlining the basic concepts of the EDA
o method~> In thi heme, the total bonding ener tween
FIGURE 1. Hydrocarbons studied in the present work:-8R;R;R3 € .0d3 . S scheme tOte o_a b.o. d ge ergy betwee
(panel a) and Ck-CRiRR; (panel b). the interacting fragmentsAE,,,4) is divided into four com-

ponents (eq 1):

increase in steric repulsion. It is important to note that Gronert
was able to fit the atomization energies to within an accuracy AEqsona= AEgist [AEgsiart AEpaul + AE e =
of 0.5 kcal/mol without implicitly taking into account the radical AEg i+ AEgeric T AE it (1)
stabilization energy. As pointed out by Gronert, the idea of
correlating trends in €C and C-H bond energies with steric  The first component, referred to as the distortion teXfys;
interactions is not new and seems first to have been suggestedepresents the amount of energy required to promote the
by Eyring?in 1932 and later substantiated bydRardt?"The separated fragments from their equilibrium geometry to the
role of radical stabilization has also been assessed critically by structure they will take up in the combined molecule. This term
Zavitsas;® Matsunag et al., and Coofé et al. is often referred to a&Epepin applications of the EDA scheme.

The work by Gronert is based on the fitting of experimental The second termAEesis corresponds to the classical electro-
data, and one might question the validity or chemical signifi- static interaction between the promoted fragments. The third
cance of the parameters obtained in such afit. In fact, alternativeterm, AEp,,, accounts for the repulsive Pauli interaction
fits with different parameters including 1,3 geminal attraction petween occupied orbitals on the two fragments. The A
terms have recently been put forward by Wodrich and Schféyer. + AE,,,; is referred to as the steric repulsion terRiEeric
Itis, however, possible to use density functional theory (DFT) petween the two promoted fragments. Finally, the last term,
to decompose the-€C and C-H bond energies in terms similar ~ AE,,o, represents the interactions between the occupied
to those of steric interactions, intrinsic bond energies, and radicalmolecular orbitals on one fragment with the unoccupied
stabilization energie%.> We present here results from such a molecular orbitals of the other fragment as well as mixing of
decomposition analysis of the-&1 and C-C bonds with occupied and virtual orbitals within the same fragment (inner-
different substitutions on the carbon. Our analysis not only fragment polarization). Further analysis of the orbital interaction
demonstrates that the variations ir-C and C-H bond energies  term AE,u,iia revealed two important contributions. The major
with increasing substitution are due to steric factors but also contribution is due to the bonding interaction between the singly
confirms that the values obtained for the steric interaction energy occupied 1 hydrogen orbital and the singly occupied alkyl
and “intrinsic” bond energies are realistic estimates. It should orbital g,k The minor contribution involves donation of charge
be mentioned that Grimme recently has used DFT to study into the o* orbitals of the alkyl fragment. By eliminating the
alkane branching¢ virtual o* orbitals from our calculation we get a new orbital

steric

2. Computational Details and Models (9) Te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Fonseca Guerra,
. o C.; van Gisbergen, S. J. A.; Snijders, J. G.; ZieglerJTComput. Chem.
The systems under investigation in the current study are shown 2001, 22, 931.

in Figure 1. The alkane geometries were optimized on the basis of (10) Baerends, E. J.; Ellis, D. E.; Ros, ®hem. Phys1973 2, 41.

DFT at the level of the nonlocal Becké®erdew exchange Ch(elrﬁ)l%%%rg%teé%"- M. te Velde, G.; Baerends, Elnl. J. Quantum
correlation function&8 BP86, as implemented in the Amsterdam : S el

density functlonal (ADF) program versiér® 2005.04. Use was &% ¥gr\s):||§é,Lé.;Z|§gl§rgrLi, %h;méfggﬁggﬁyﬁgzzzzéa 84.

made of the ZieglerRauk bond energy decomposition analysis (14) Fonesca Geurra, C.; Visser, O.; Snijders, J. G.; te Velde, G.;
(EDA)35 scheme for the description of the bonding between the Baerends, E. J. liviethods and Techniques in Computational Chenistry
radical fragments H and GR,R; (Figure 1a) or CHand CRR:R3 Clementi, E., Corongiu, G., Eds.; Cagliari, 1995; pp 3835, METACC-
(Figure 1b). The Slater-type orbital (STO) basis set employed was 9-STEF.

. : . L : (15) Ravenek, W. Iilgorithms and Applications on Vector and Parallel
of double ¢ quality with a single polarization function. The 1s Computerste Riele, H. J. J., Dekker, T. J.. van der Vorst, H. A., Eds.:

Elsevier: Amsterdam, 1987.

(2) (a) Eyring, H.J. Am. Chem. S0d.932 54, 3191. (b) Reghardt, C. (16) Nalewajski, R. F.; Mrozek, J.; Formosinho, S. J.; Varandas, A. J.
Angew. Chem., Int. Ed. Engl97Q 9, 830. (c) Rehardt, C.; Beckhaus, C. Int. J. Quantum Chemnl994 52, 1153.
H.-D. Angew. Chem., Int. Ed. Endl98Q 19, 429. (d) Grimme, SAngew. (17) Nalewajski, R. F.; Mrozek, Jnt. J. Quantum Cheni994 51, 187.
Chem., Int. Ed2006 45, 1. (e) Zavitsas, A. AJ. Chem. Educ2001, 78, (18) Nalewajski, R. F.; Mrozek, J.; Mazur, Gan. J. Chem199§ 74,
417-419. (f) Matsunaga, N.; Rogers, D. W.; Zavitsas, AJAOrg. Chem. 1121.
2003 68, 3158-3172. (g) Coote, M. L.; Pross, A.; Radom, Qrg. Lett. (19) Nalewajski, R. F.; Mrozek, J.; Michalak, t. J. Quantum Chem.
2003 5, 4689-4692. (h) Wodrich, M. D.; Schleyer, P. v. Rrg. Lett. 1997, 61, 589.
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(j) Fernandez, |.; Frenking, GChem—Eur. J. 2006 12, 3617-3629. 72, 1779.
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TABLE 1. Bond Energy? Decompositior? of the C—H Bond in H—CR1R2R3

H— CR1R2R3 AEPauli AEelstat AEsteric AEorbital AEc»rbitaku* AEdis,t AELo.fnd
1la° 75.50 —58.36 17.14 —134.95 —127.43 7.22 —110.59
2a 90.82 —65.59 25.23 —138.19 —129.43 6.43 —106.53
3a 101.24 —70.17 31.07 —140.28 —130.10 6.25 —102.96
4a 108.76 —72.86 35.90 —142.04 —129.93 6.24 —99.90

aEnergies are in kcal/mo¥.For a definition of the different energy terms, see e§ The specieda, 2a, 3a, and4a are defined in Figure 1a.

TABLE 2. C—H Distances Together with the Corresponding We shall now turn to an analysis of the-C bond strength
Bond-Order Values Calculated by the Mayer, the Gopinathan-Jug, tot ; ;
and the Nalewajski—-Mrozek Bond-Order Methods? AEbO”d between the radicals GHCRiRzR; (see Figure 1D). It

follows from Table 3 thatAES,, in agreement with the

C-H distance(A) Mayet G-F N—M¢ experiment, decreases in absolute terms with increasing sub-
la 1.098 0.9912 0.9585 1.0345 stitution on CRRzRs. This trend is again set by the steric term
2a 1103 0.9801 0.9393 0.9981 AEqeric that becomes increasingly destabilizing as the number
3a 1.107 0.9608 0.9164 0.9625 ; : . _
4a 1.109 0.9378 0.8910 0.9280 of steric 1,3 geminal carberhydrogen interactions are replaced

by the more repulsive steric 1,3 geminal carbearbon
interactions. OuAEgricvalues in Tables 1 and 3 are consistent
with those of the 1,3 geminal steric repulsions and follow the
order hydrogerrhydrogen < hydrogen-carbon < carbon-
interaction energy\Eomita-o+ Which allows us to estimate the  carbon as found by Gronelt.

aThe specieda, 2a, 3a, and4a are defined in Figure 1&.See ref 21.
¢ See ref 239 See ref 20.

minor contribution from the* orbitals asAEorital — AEorbitat-o* The stabilizing orbital interaction termEqmita iS Seen to
whereas the major contribution is presented\&iai-o+- The increase in absolute terms with substitution. This is in part due
EDA scheme has recently been used in an elegant study ofto the increase in the number of orbitals as reflected by
hyperconjugation in alkanes by Fernandez and Freriihge AEomital — AEomita—o*, Table 3. However, even the term
results from our decomposition analysis of the-i& bond AEqmia-o+ representing the interaction between the partially
strengths inla—4a are given in Table 1. occupiedoak, andocy, orbitals becomes more stabilizing with

We find, in agreement with the experiment, that the totaHC substitution. It is interesting that the “intrinsic™€H and C-C
bond energyAEQ. 4 (in absolute terms) decreases with in- bond energies of 124.2 kcal/mol and 146.0 kcal/mol adopted
creasing substitution on carbon, Table 1. The term responsibleby Gronert are very close to the average value fohEqmitaro*
for this trend is AEsweric Which becomes more and more of 129.2 kcal/mol for the €H bond in Table 1 and the average
destabilizing (positive) with increasing substitution on carbon. value for —AEgita—o+ 0Of 143.4 kcal/mol for the €C bond in
This finding is in line with the analysis by Gronégccording Table 3.
to which C—H bonds are destabilized with increasing substitu-  We finally note that the positive distortion termEgis,
tion because the steric 1,3 geminal interactions betweenrepresenting the energy required to change the geometry of the
hydrogen and carbon are more destabilizing than steric 1,3radical CRR;R3 from its ground state conformation to the
geminal hydrogerthydrogen interactions. The orbital interaction geometry it has in the combined alkane, is nearly constant
term AEomital IS responsible for the stability of the-€4 bond. throughout the seriesb—4b with 19 kcal/mol forlb and 17
It is slightly favored by an increase in substitution, Table 1. kcal/mol for 4b. That implies that the “radical stabilization”
We can understand this trend by observing that the contribution —AEy; of the alkyl fragment after €C bond fission is modest

to AEomita from the o* orbitals which is given byAEqmitar — and independent of carbon substitution. This is an important
AEomita-o+ becomes more stabilizing as the number odf result as the radical stabilizationAEg;s; is assumed to increase
orbitals grows. On the other hand, the intrinsie-i& bond with carbon substitution because of the growing role of
interaction AEowita-o* betweenocaky and 1g is nearly inde- hyperconjugation.

pendent of carbon substitution, in line with the analysis by  We present, finally, in Table 4 the optimized—C bond
Gronert! We finally note that the positive distortion temfYEqst distances and the corresponding bond-order values evaluated

representing the energy required to change the geometry of theaccording to the Mayer, the-&), and the N-M methods. It is
radical from its ground state conformation to the geometry it clear from Table 4 that all of the methods lead to the conclusion
has in the combined alkane is small and constant throughoutthat an increase in the substitution on the carbon atom causes
the seriesla—4a. That implies that the “radical stabilization” g decrease in the -6C bond order. The €C bond order
—AEgst Of the alkyl fragment after €H bond fission is decrease correlates well with an increase in theCCbond

independent of carbon substitution. This is an interesting result distance and a decrease (in absolute terms) in the total bond
as the radical stabilizatior AEqist is assumed to increase with  energy—AE!®  through the seriesb—4b.
carbon substitution because of the growing role of hypercon-

jugation. 4. Concluding Remarks
Table 2 compares optimized-H distances with the corre- ' g
sponding bond-order values evaluated by the Ma¥yétthe We have carried out an EBAS of the HCR;R:R; and

G—J2324and the N-M16-20 methods. It follows from Table 2 ~ H3C—CR;R;R3 bonds in alkanes; see eq 1 and Tables 1 and 3.
that the calculated €H bond orders decrease in the same order, We find in agreement with the experiment that the bond energy
la> 2a> 3a> 4a, for all three methods. Further, the decrease (in absolute terms) decreases with increasing substitution on
in the C-H bond-order values with increasing substitution carbon as the R R;, and R groups are transformed from
correlates well with a lengthening of the-E&l bond distance hydrogen to methyl. It follows further, from our analysis based
as well as the decrease in the totatlg bonding energy. on eq 1, that the trend setting term is the steric interaction energy
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TABLE 3. Bond Energy? Decompositior? of the C—C Bond in CH3—CR;R,R3¢

CH3_CR1R2R3 AEPauIi AEelstat AEster'c AEorbital AEorbitalﬂr* AEdis,t AELO!}nd
1b 229.91 —156.20 73.71 —186.99 —138.50 19.00 —94.28
2b 253.47 —169.44 84.03 —193.20 —143.53 17.56 —91.61
3b 267.57 —176.96 90.62 —196.51 —145.75 17.09 —88.80
4b 275.59 —180.38 95.21 —197.86 —146.01 16.91 —85.74

aEnergies are in kcal/mo¥.For a definition of the different energy terms, see e§ The speciedb, 2b, 3b, and4b are defined in Figure 1b.

TABLE 4. C-C Distances Together with the Corresponding bond energy with an average value of 143.4 kcal/mol compared
Bond-Order Values Calculated by the Mayer, the Gopinathan-Jug, to the value of 146.0 kcal/mol adopted by Grodett. is
and the Nalewajski—Mrozek Bond-Order Methods interesting to note that our decomposition scheme as well as
c-C distance (A) Mayer G-F N—M? the work by Gronett finds the intrinsic G-H bond, on the
1b 1.5073 1.0635 1.1298 1.2789 average, to be weaker than the correspondingCChond,
2b 1.5062 1.0420 1.0974 1.2130 whereas the overall bond energiAE . have the opposite
3b 1.5071 1.0180 1.0655 1.1513 trend because of th&Egeicas the 1,3 bghdwinal steric repulsions
4b 1.5105 0.9923 1.0338 1.0933 steric =g P

follow the order hydrogenhydrogen< hydrogen-carbon<
carbon-carbon! We finally note that the radical stabilization
term —AEgist has little influence on the observed trend for the
C—H bond energy in HCR;R2R3 or the C-C bond energy in
AEgeric Thus, the steric term\Egwric becomes increasingly  HsC—CR;R.Rs. Thus, AEgist varies in H-CR;RoR3 from 7.2
destabilizing as the number of steric 1,3 geminal hydregen kcal/mol (H—CHz) to 6.5 kcal/mol (H-C(CHg)s) and varies in
hydrogen interactions are replaced by the more repulsive stericH;C—CR;R;R3 from 19.0 kcal/mol (HC—CHj) to 16.9 kcal/

aThe speciedb, 2b, 3b, and4b are defined in Figure 11¥.See ref 21.
¢ See ref 239 See ref 20.

1,3 geminal hydrogencarbon interactions in HCR;R2R3 or mol (HsC—C(CHg)s). This has also been substantiated in a recent
as the number of steric 1,3 geminal carbtiydrogen inter- theoretical study by Groneft. The bond energy analysis
actions are replaced by the more repulsive steric 1,3 geminalpresented here lends further support for the notion most recently
carbon-carbon interactions in ¥€—CRiRzR3. Our AEseric put forward by Gronert,according to which the observed trends

values in Tables 1 and 3 are consistent with those of the 1,3in C—H and C-C bond energies of alkanes are determined by

geminal steric repulsions and follow the order hydrogen repulsive 1,3 germinal repulsions.

hydrogen< hydrogenr-carbon< carbon-carbon as suggested
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