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Abstract: The orbital phase theory was applied to the stabilities of the branched isathefsH;o (E = C,

Si, Ge, Sn) relative to the normal on&y.(The orbital phase prediction was confirmed by ab initio molecular
orbital (MO) and density functional theory (DFT) calculations as well as by some experimental results. Further
applications to the relative stabilities of other alkane and alkene isomers lead to the preference of the branched
to the normal isomers, the neopentane-type to isobutane-type branching, the terminal to inner methyl branching,
and the methyl to ethyl inner substitution in the longer alkanes, as well as the preference of isobutene to
2-butene moieties. The preferential stabilization of the branched isomers was shown to be general and controlled
by the orbital phase.

1. Introduction EH; .

2

Isobutane 1a) has long been known to be thermodynamically EH EN Pl

more stable than its normal isome2a.l® The observed H;E”  TEH; H;E %2
enthalpies of formation of the branched isomer differs by 1.6
kcal/mol from the normal onés! Ito found the correlation la, E=C 2a, E=C
between the heat of formation and the number of nonbonding b, E=Si b, E=Si
atomic interactions to explain the relative stability of isobutane. ¢, E=Ge ¢, E=Ge
Wiberg et al proposed that branching should be controlled d, E=Sn d, E=Sn

by the electron-withdrawing abilities of the hydrocarbon groups,
which decreases in the order of €H CH, > CH > C. Laidigf the Hickel rule for the aromaticity and the Woodward
found that the branching resulted in the dominance of the Hoffmann rule for the pericyclic reactions. In the past twenty
nuclear-electron attraction over the electrealectron and years, the finding oyclic orbital interaction inolved een in
nuclear-nuclear repulsion. However, all these explanations acyclic conjugatiof? has expanded the application of the orbital
cannot be directly applied to relative stabilities of some isomers phase theory to the acyclic conjugated systems such as the
of longer alkanes. For example, an isomer @H&G, 2-meth- regioselectivities of organic reactiotsthe abnormally acute
ylpentane, was observed to be thermodynamically more stable| —\M—L angles in ML,!42and MLs4 complexes, the relative
than 3-methylpentane, although they have the identical numbersstapilities of isomers ofz-conjugated polyion& and the
of branching and hydrocarbon groups. conformational stabilities of the substituted enamines and vinyl
On the other hand, it is interesting to know whether the effects etherst® The usefulness of the simple theory was also demon-
of the branching on the stabilities of isomers are general. For strated by the successful prediction of the stabilities of the
example, the relative stability of the silicon counterparts, normal z-conjugated diradicaléand thes-conjugated triplet diradicals
tetrasilane 1b) and isotetrasilane2p), has not been discussed E4Hg and EHio (E = C, Si, Ge, Sn}8 The orbital phase has
yet to the best of our knowledge, although their structural, been shown to be a general factor controlling the favorable
_electronlc_, and spectroscopic properties have attracted intensive (8) Gaspar, P. P Beatty, A M.. Chen, T.. Halle, T Lei, D.. Winchester,
interests’ 0 Even less has been known about the properties of \y ‘g . Braddock-Wilking, J.; Rath, N. P.; Klooster, W. T.. Koetzle, T. F.;
heavier Ge 1Ic and2c) and Sn homologuedld and 2d). Mason, S. A.; Albinati, AOrganometallics1999 18, 3921.

E ; . ; (9) Albinsson, B.; Teramae, H.; Plitt, H. S.; Goss, L. M.; Schmidbaur,
The continuity-discontinuity of the orbital phaskewas shown H.: Michl, J. J. Phys. Chem1996 100, 8681,

to underlie the stabilities of the cyclic conjugated systems, i.e., (10) Liu, Z.; Tetrakura, K.; Abe, S.; Harris, J. B. Chem. Phys1996

105 8237.
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Figure 1. Orbital phase theory: (&1—,—23 systems; (b) delocal-
ization—polarization mechanism; and (c) cyclic orbital interaction in
the 3;—2,—2;5 system.

energetic stabilization of the branched isomers instheonju-
gated polyions and diradicals as well @xonjugated triplet

diradicals. In this paper, we demonstrate that orbital phase

controls the effects of branching in the most fundamental

systems such as alkanes and alkenes as well as the molecules

containing Si, Ge, and Sn atoms.

In the following sections we will first describe the derivation
of the orbital phase continuity requirement and its application
to the relative stabilities of isomers of Group 14Hz, (E = C,

Si, Ge, Sn)1 and2. Then the results of ab initio MO and DFT
computations will be presented to confirm the predictions of
orbital phase theory. Finally, we will extend the applications
of the orbital phase theory to various systems.

2. Orbital Phase Continuity Requirement

Both isomersl and2 contain an E-E bond &) interacting
with the terminal E-H bonds E; andX3) as shown in Figure
1. The delocalization o&-electrons from E-H bonds to the
E—E bond and the polarization of the+E bond take place
among theo-bonding and antibonding orbitals of the middle
E—E bond ¢, ando>*, respectively) and the-bonding orbitals,
o1 andos, of the antiperiplanar EH bonds in%; andXs. In
the ground configuration (G) the terminal orbitats and o3
and the bonding, orbital are occupied by two electrons, while
the antibondingr>* is empty. One electron iw; shifts to the
antibondings-orbital (o2*) through an interaction of the ground
configuration G with the transferred configuration. TThe
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mixing of the transferred configuration leads to electron
delocalization from the terminal-£H bond to the middle EE
bond. The configuration interaction is approximated bydhe
oy* interaction. The resulting electron holedn is then supplied
with an electron by the middle bonding, orbital via an
interaction between the transferred configuratiof, and the
locally excited configuration, E, which is approximatety—
oy interaction. The mixing of the excited configuration polarizes
theo, bond. That means the-&I'1—E or o,—o01—0%* interaction
is involved in the electron delocalizatieipolarization process
between the terminat; and the centrab, bond. Similarly, the
delocalizatior-polarization process through another terminal
o3 orbital consists of the 6T,—E or o,—03—0%* interaction.
As aresult, the cyclie-G—T;—E—T,— or —0,—01—02* —03—
interaction occurs (Figure 1c).

For an effective occurrence of the cyclic configuration
interaction,—G—T;—E—T,—, the phase is an important factor.
If the coefficients of configuration on mixing E through the T
and T, paths have the same signs, the cyclic configuration
interaction is enhanced to stabilize the delocalization system.
The different signs lead to cancellation of the E configuration
mixing and consequently diminish the stabilization. The sign
relations between the G and T configurations and between the
T and E configurations depend on their overlap integrals, S(G,T)
and S(T,E), respectively. So the sign relation between the G
and E configurations mixing through, TG—T;—E) depend on
the sign of S(G,1)S(T,E). Similarly, the sign relation for
another path depends on the sign of SES(T,,E). Then the
stabilization requirement of the same signs in two paths gives
rise to the positive product of those overlaps, i.e.,

S(G.T) S(T,E) S(G.T) S(TE) > 0 1)

Now we can present each configuration by the Slater determi-
nants.

G——l |o;0;0;|
\/a 1¥1¥2¥2¥3Y3
T, = L (|010;(72(7_2030_3| + |0;;102;203;3|)
/26!

1 J— J— - J— J— J—
T,= —«/2_6'(|010102020302| + (0,01,0,0,0505)
E = 1 (|0,000,05005) + [010:030,0,09) (2
= (10,0,0,050405| + 10,0,050,0403]) (2)

V2:6!

Then the overlap integral can be approximated by the overlap
between the orbitals, i.e.,

S(G,T) ~ 2"?s(0,,0,*) ©)

Similarly, we have
S(Ty,E) ~ —s(04,0y),
S(G,T,) ~ 2Y%5(05,0,%),
S(T,,E) & —s(03,0,)
Inequality 1 can thus be rewritten as

(—1)°8(01,05") 5(03,0,%) 5(01,07) S(3,05) > 0 (4)
where s denotes the orbital overlap integral. In inequality 4
above, the power of«1), 2 is equivalent to the number of
interactions between the electron-donating orbitals, correspond-
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Table 1. Energies (kcal/mol) of the Branched Isomet$ Relative to the Normal One) of EsHio (E = C, Si, Ge, Sn)

HF/ MP2//HF B3LYP/ MP2/6-311G** B3LYP/6-311G**
molecules 6-311G** 6-311G** 6-311G** /IMP2/ECP /IB3LYP/ECP
E=C —0.40 —1.87 —0.58
E=Si —0.62 —1.48 —0.57 —-1.51 —0.63
E=Ge —0.39 —1.26 —-0.27 —1.25 —0.64
E=SrP —1.23 —2.26 —0.98 —2.18 —0.34
2 The effective-core potentials (ECP) adopted here are LANL2Por elements E (E= Si, Ge, Sn)? The basis of 3-21G* is used for molecule
E = Sn.
05 Computational Confirmation. The prediction of the pref-
02 0" 03 erential branching in the heavier homologues-ESi, Ge, and
Sn was confirmed by ab initio MO and DFT calculati®hssing
7, 03 01 GAUSSIAN98%2 The relative energies of the branched isomers
oo" (1) to the normal one<2] were listed in Table 1. The branched

g2

(@) (b)

Figure 2. The orbital phase properties inHq: (a) the continuity in
1 and (b) the discontinuity ir2.

ing to theo1—o, andos—o3 interactions here. Generally, if there
are interactions betweenpairs of donating orbitals, the factor
is (—1)"

The orbital phase continuity requirements (inequality 4) can
be rewritten in terms of orbital as the simultaneous satisfaction
of the following conditions: (1) the electron-donating orbitals

isomers are more stable than the normal ones at various theory
levels. The energies of the branchegHsb (Cs,, 1b) and normal
isomer {rans, Cy, 2b) calculated by others for the different
aim$23(—1161.48320 and-1161.48209 hartrees, respectively
at the RHF/6-311G**-1161.86891 and-1161.86625 hartrees
at the MP2/6-311G**) are in agreement with our orbital phase
predictions of the branching preference. The orbital phase theory
similarly predicts that the branched (gkSiHSIH; (3) should
be more stable than the straight-chain §SHH,SiH,CHs (4).
This is also substantiated by their experimental standard heat
of formationAsH°(298), i.e.,—11.0 kcal/mol for specie3 and
—9.0 kcal/mol for4.24
Analysis of Electronic Structures The effects of the orbital
phase continuity were confirmed by the analysis of the electronic
structure based on the bond model metfot#2529to evaluate
the electron delocalization from bond to bond and the polariza-
tion of bonds. The delocalization and the polarization are
expressed by mixing the electron transferred configurations (T)
(20) Redfern, P. C.; Zapol, P.; Curtiss, L. A.; Raghavachari].®2hys.

Chem. A200Q 104 5850.
(21) Minimum-energy structures were computed at the HartFeek

are out of phase; (2) the accepting orbitals are in phase; and (3)(HF) level with use of a standard 6-311G** basis set forE, Si, Ge and

the donating and accepting orbitals are in phase.
The donating and accepting orbitals are occupied and

unoccupied, respectively, by electrons in the ground configura-

tions. In1 and?2, o, andos orbitals of the terminal group EH
are electron donating, and the bondimgand the antibonding
o7* are electron-donating and -accepting orbitals, respectively.

a 3-21G* basis for Sn by complete optimization. To take the effect of
electron correlation into consideration the second-order Mghéesset
perturbation MP2(fc) method was used for the single-point computions at
the optimized structures to determine relative energies. We also employed
the method based on density functional theory (DFT), an alternative
approach that has gained increasing popularity in the theoretical study of
various chemical systems. The three-parameter exchange of Becke in
conjunction with the Lee Yang—Parr correlation functional (B3LYP) was

When all the orbital phase continuity requirements are satisfied applied in our calculations. In addition to the full-electrons 6-311G** basis,

[s(01,02*) > 0, s(3,02*) > 0, sp,02) < 0, s(3,02) < 0]
inequality 4 is satisfied. So the orbital phase continuity
requirement is essentially equivalent to inequality 4. It should

another type of basis set, the effective core potential (ECPs) LANL2DZ
was used for the heavy atoms=ESi, Ge, and Sn.

(22) GAUSSIAN 98 (Revision A.7), Frisch, M. J.; Trucks, G. W.;
Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski,

be noted that the phase conditions of continuity are the sameV. G.; Montgomery, J. A,; Stratmann, R. E.; Burant, J. C.; Dapprich, S.;

for both cyclid! and acyclict?~18 closed-shel?~1” and open-
shell}”18 and z-conjugated” and o-conjugated systenis.

3. Relative Stability of Isomers of EH1g

Orbital Phase Prediction. The orbital phase relations in the
branched 1) and normal 2) isomers of BHio are given in

Figure 2. The branched isomer meets the phase requirements

The electron-donating orbitalg andos in E4Hig can be in phase
with the accepting orbital>* and out of phase with the donating
orbital o> at the same time, so that the orbital phase is
continuous. On the contrary, the normal isomer suffers from

the orbital phase discontinuity. Therefore, the branched isomers

(2) should be more stable than the normal or&sThe orbital
phase prediction on the stability of isobautade) (relative to
butane Ra) is in agreement with experimental f&étand
calculation resultg#19.20

(19) Gough, K. M.; Dwyer, J. RJ. Phys. Chem. A998 102, 2723.

Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.;
Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.;
Adamo, C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui,
Q.; Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. A.; Stefanov, B. B.; Liu, G;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. L,;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen, W.;
Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Reploge, E. S.; Pople, J.
A. Gaussian, Inc.: Pittsburgh, PA, 1998.

(23) Zhao, M.; Gimarc, B. Minorg. Chem.1996 35, 5378.

(24) O'Neal, H. E.; Ring, M. A.; Richardson, W. H.; Liccardi, G. F.
Organometallics1989 8, 1968.
(25) (a) Inagaki, S.; Ikeda, H.. Org. Chem1998 63, 7820. (b) Ikeda,
Naruse, Y.; Inagaki, SChem. Lett1999 363.
(26) (a) Inagaki, S.; Goto, N.; Yoshikawa, B. Am. Chem. S0d.99],
113 7144. (b) Inagaki, S.; Yoshikawa, K.; Hayano, ¥.Am. Chem. Soc.
1993 115 3706. (c) Inagaki, S.; Ishitani, Y.; Kakefu, . Am. Chem.
Soc.1994 116, 5954.

(27) Inagaki, S.; Kakefu, T.; Yamamoto, T.; WasadaJHPhys. Chem.
1996 100, 9615.

(28) Inagaki, S.; Yamamoto, T.; Ohashi, Shem. Lett1997 977.

(29) Ma, J.; Inagaki, SJ. Phys. Chem. R200Q 104, 8989.

H.;
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Table 2. Electron DelocalizationGr/Cg) from Bond to Bond and
Polarization Ce/Cg) of Bonds

delocalization polarization
molecules 01— 0* 02— 07*
la 0.031 0.010
2a 0.030 0.000

and locally excited configurations (E) into G, respectively. The
ground-state wavefunction is expanded®d%

W = CyPs+ ZCTCDT+ ZcEchJr (5)

In the ground configurationd§c), a pair of electrons occupies

each bonding orbital of the bonds. The interactions between
the bond orbitals are accompanied by electron delocalization
and polarization. The delocalization is expressed by mixing an

electron-transferred configuratio®{), where an electron shifts
from the bonding orbital of a bond to the antibonding orbital
of another. The polarization is expressed by mixing a locally
excited configuration®g) where an electron is promoted from
the bonding orbital to the antibonding orbital of the bond. The
extents of delocalization and polarization are showrChiCgs
and Cg/Cg, i.e., the ratio of coefficients of the transferred and
locally excited configuration to that of the ground configuration,
respectivelyt’

A set of bond orbitals, i.e., hybrid orbitals and bond polarities,
give the coefficients of the configuratiorSg, Cr, andCeg. The
bonding and antibonding orbitads and¢;* of the ith bond are
expressed by a linear combination of hybrid atomic orbigals
andyi, on the bonded atoms a and b:

® = Ciaia t Cinkin
(6)

& = Ca* Xia T Cib* Xin

Ma and Inagaki

Chart 1
Orbital phase continuous Orbital phase discontinuous
I
N Hy. N~ Cn
C C *c C H
| 1
H H

Cross ¢-conjugation Linear o-conjugation

isobutane is significantly polarized. This implies that electron
population is lower in the bonding orbital of the-© bond
and higher in the antibonding orbital in the branched isomer.
In fact, this was confirmed by the calculated population of
bonding and antibonding orbital®4, andP,+.+: the diagonal
element of the density matrix). Thec orbital is less populated

in isobutane R,, = 2.3423) than im-butane P,, = 2.3435).
The Py values, 0.0187 in isobutane and 0.0183ibutane,
showed that the antibondingcc* orbital is more densely
populated on branching. The significant loss of the population
by the bonding ¢cc) and the acceptance by the antibonding
(occ®) orbital in the branched isomer lengthen the-C bond
distance.

4. Branching Rules

We derived some interesting rules of the branching effects
on the stabilities of higher alkane isomers and alkene derivatives
to demonstrate the extensive applicability of the orbital phase
theory.

Alkanes. The orbital phase theory has shown the preference
of the crosss-conjugation of two G-H bonds with one €C
bond antiperiplanar to each other to the linear conjugation (Chart
1). The relative stabilities should depend primarily on the
numbers i) of the crosss-conjugations contained in isomers.

The bond (bonding and antibonding) orbitals of each bond are The more cross conjugation an isomer has, the more stable it

obtained by the diagonalization of thex2 2 Fock matrix on
the basis of the hybrid orbitaf8.A set of bond orbitals are
optimized to give the maximum value of the coefficient of the
ground configurationCe.

The cyclic orbital interaction of the present interest is involved

is. We used the, values of the conformers where the longest
C—C chains have trans zigzag structures.
Rule 1: The branching stabilizes the isomeffie rCHant2
are the most unstable isomefhere is no cross-conjugation
in the normal isomers. However, any branching gives rise to at

in the bond polarization induced by the electron delocalization least one cross conjugation, leading to the relative stabilities of

(cf. Figure 1). Thus, the effectiveness of the cyclic orbital
interaction is evaluated by th@é/Cg values of thes; — o2*
delocalization and the, — o2* local excitation. The RHF/6-

the branched isomers. This rule was substantiated by the
experimental observatiéifFigure 3). In fact, both the terminal
(2-methyl-substituted) and the inner (3-methyl-substituted, etc.)

31G* wavefunctions were employed for the bond model analysis branched, both the methyl- and ethyl-substituted, and both the

of the electronic structures. The resultslafand2a (Table 2)
showed that ther; — o2* interaction increases from 0.030 in
n-butane 2a) to 0.031 in isobutanelf). The central G-C bond
is more significantly polarized in the branched isorha(0.010)
than that in the normal on2a (0.000). The results are in

singly and multiply branched isomers are all more stable than
then-alkanes. Nevertheless, different kinds of branching causes
stabilization to different degrees, as indicated in the following
rules.

Rule 2: The neopentane-type branching is more stabilizing

agreement with the orbital phase prediction, supporting that the than the isobutane-type branchingeopentane15) contains

orbital phase properties control the relative stabilities of the 12-fold crosso-conjugations ifc

branched vs. normal isomers.
Bond Length Changes in Branching Another interesting
difference between the isobutane anbutane lies in that each

12), while isopentanebj

only contains two cross conjugationg € 2). Thus, neopentane

is predicted to be more stable than the isopentane. This was
confirmed by experimental observatidres shown in Figure

C—C bond distance in the branched isomer is greater than the4, together with the more favorable neopentane-type branching

C—C distances in the corresponding normal isofi&ne bond

in higher alkaned46—23. In fact, all the most stable isomers of

elongation usually weakens the bond and destabilizes the wholeCrH2y+2 contain the neopentane unit where 5. In addition,
molecule. This is not the case with the energetic preference ofthe C-C bond length in neopentane (1.5351 A) is longer than

branching. This was noticed by Laidigyut unfortunately the

that in isobutane (1.5307 R)as expected from the more

origin of the lengthening in bond distance has not been discussedsignificant C-C bond polarization.

yet. The bond lengthening of the—<C bonds in isobutane
relative ton-butane is caused by the effective cyclic orbital
interaction in the branched structure. The-C bond in

Rule 3: The terminal branching is more stabilizing than the
inner branching The change of the branching position from
the terminal ends to the inner carbons results in the loss of one
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Branched isomers Normal isomers

Terminal branching
)\/ ne=2 AN 0
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Terminal branching

;

Inner branching

n.=2 /\(\ n=l
5 6 17 7
Relative stabllltyI 1, -1.2 I, 00 Relative stability 1, -05 1, 0.0
(AH%Keal mol™y g, -1.6 g 0.0 (AdT/Kcal mol) g, -0.6 g, 0.0
/\(\ Inner branching NN
ne=1 0,=0 )\/\/ =2 /Y\/ n=1
7 8
Relat:ve stablht)f1 1, -0.9 1, 0.0 Relative stability 1, -0.7 1, 0.0
(AH/Keal mol™y g, -1.2 g 00 (AHYKcal mol') g, -0.8 g 00
Ethyl-substituted NN _
n=1 n=0 =2 /Y\/\ n=1
9 10 24 23
Relative stability 1, -0.1 1, 0.0 Relative stability 1, -0.6 1, 0.0
(Ad%/Kcal mol™ty g, -0.5 g, 00 (AH%Kcal mol™y g, -0.7 g, 0.0
Multiple branching
)\/L/HCZS NN =0 X/\ /\K\
1 12 ne=S net
Relati bili 18 20
elative stability i, -1.7 I,-0.0 i ili
. > > Relative stability 1. -1.0
(AHYKcal mol) g 2.7 g, 00 ool moth o0 L, 00
Nenopentane-type (A /Kcal mol™) g -l g 00
/k/\/\branching
n=6 NN NN /k/v
13 14 n.=; /\K\/ n=4
Relative stability 1, -3.2 L 00 25 22
-1 >
(AH /Keal mol™) Relative stability 1, -1.1 I, 0.0
Figure 3. The observed relative stabilitie®{H°(298.15), of the (AH*Kceal mol™y g, -1.1 g 0.0

branched vs normal isomers. The letters | and g denote the liquid and

gas phases, respectively.

Neopentane-type branching

X n.=12
15

Isobutane-type branching

)\/ n=2
5

Relative stability I, -2.8 I, 0.0
(AH /Kcal mol'l) g, -3.4 g, 0.0
K/ ne=6 /k/\ ne=2
16 17
Relative stability 1, 2.2 I, 0.0
(AH/Kcalmol) g, -2.7 g, 0.0
)</\ ng=6 /]\/\/ n=2
18 19
Relative stability 1, 2.1 1, 0.0
(AHKcalmol'h) g -2.7 g 00
/Y\ =4 /Y\/ =1
20 21
Relative stability 1, -1.9 I, 0.0
(AHKcal mol™) g, -24 g 0.0
/Y\/ n=d /Y\/\ ne]
22 23
Relative stability I, -1.2 I, 0.0
(AdKcalmol!) g -1.8 g, 0.0

Figure 4. The observed relative stabilitied;H°(298.15), of neopen-

Figure 5. The observed relative stabilitieg)\sH°(298.15), of the
terminal branching vs inner branching. The letters | and g denote the
liquid and gas phases, respectively.

cross conjugation. For example, 2-methylpentdt® fas two
cross conjugations = 2), while 3-methylpentane’j has only

one fi. = 1). The 2-methyl isomer is more stable than the
3-methyl isomer (Figure 5).By analogy, the preferential
terminal branchings to the inner ones were also predicted in
other alkanes and confirmed by the experimental data. The
numbers of the cross conjugations are identical as far as the
branching occurs at the inner carbons. The difference in the
stabilities is very small between two inner branched isomers.
For example, the observed stab#itf 4-methylheptane relative

to 3-methylheptane2@) only differs by 0.17 kcal/mol in the
liquid phase and by 0.12 kcal/mol in the gas phase, while that
relative to 2-methylheptan@4) differs by 0.81 kcal/mol in both

the liquid and gas phases.

Rule 4: The methyl substitution is more stabilizing than the
ethyl substitutionThere is an identical numben{= 1) for
crosso conjugation in the isomers substituted by methyl and
ethyl groups. The number of linearconjugations 1)) of two
C—H bonds with one antiperiplanar-&C bond (Chart 1) is
expected to determine the relative stabilities of the methyl- and
ethyl-substituted isomers. The orbital phase is discontinuous in
the linear o conjugation. The stability decreases when the
isomers contain the linear conjugation. The ethyl-substituted
isomers contain a linear conjugatiam € 1), while the methyl-
substituted isomers contain none & 0). Thus the ethyl
substitution stabilizes the isomers less. The experimeqntat
values 0f21vs 9 and23 vs 26 confirmed the preferred methyl
substitution (Figure 63.This rule is applicable to the stability

tane-type branching vs isobutane-type branching. The letters | and gOf 3,3-dimethylhexane2@) relative to 3-methyl-3-ethylpentane

denote the liquid and gas phases, respectively.

(27). However, the numbers of crossonjugations are different
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Methyl-substitution

n,=!

n=0
21
Relative stability 1, -0.4
(AH/Kcal mol'l) g, -04
/\r\/\ n=1
n1=0
23
Relative stability 1, -0.5
(AHKeal mol') g, -0.4
n=4
n=0
22
Relative stability I, -1.1
(AFH/Keal mol'ly g -12

Figure 6. The observed relative stabilitiedsH°(298.15) of methyl
substitution vs ethyl substitution. The letters | and g denote the liquid

and gas phases, respectively.

Orbital phase continuous
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Figure 7. The observed relative stabilitieAH°(298.15, liquid state),

Ethyl-substitution

n.=1
/\(\ "

n=3
=1
27

I, 0.0
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29

-0.0

e VN
31
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of the branched vs normal isomers of alkenes.

from each otherr; = 4 in 22, n = 3 in 27). The energy
difference is greater than that betwedinrand9 and that between

23 and26.

Alkenes When the central €C ¢ bond is replaced by a
C=C & bond, theo-conjugated moleculeda and 2a are
transferred into 2-methylpropen2g) andtrans-2-butene 29)
(Figure 7). In place of the cyclic orbital interaction efo,—
01—02*—03— in la and 2a (Figure 1), the similar cyclic
interaction among the, g3, cc, andzcc* orbitals occurs in
28 and29. The olefins28 and 29 have the same orbital phase
properties as their-conjugated counterparts dfa and 2a,
respectively (Figure 8). The branched isorB8should be more
stable than the linear conjugated one due to the phase continui
of the cross-conjugation i28. The experimental dataalso

Ma and Inagaki
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Figure 8. The orbital phase properties inids: (a) the continuity in
28 and (b) the discontinuity ir29.

showed this branching preference as presented in Figure 7. The
similar orbital phase analysis can be applied to the stability of
2-methyl-2-butene 30) relative to 2-pentene3() (Figure 7).

In alkenes there also exists the preferential stabilization of the
branched isomers relative to the corresponding normal ones.

5. Conclusions

The orbital phase theory has been employed to predict that
the branched isomers ofH;, (E = C, Si, Ge, Sn)1, are more
stable than the normal one®, The preferred branching was
confirmed by ab initio molecular orbital and density functional
theory calculations as well as by some experimental thithe
orbital phase theory leads to the following rules: the preference
of the branched isomers to normal ones, neopentane-type to
isobutane-type branching, the terminal to the inner branching,
the methyl to ethyl substitution in the longer alkanes, and the
isobutene to 2-butene moieties. The preferential stabilization
of the branched isomer has been shown to be a general
phenomenon in the- andz-conjugated closed-shell molecufes
as well as the open-shell spectéd® except for polyene¥
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