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Abstract: A mechanistic study of the bimolecular nucleophdidstitution (§2) reaction
for halomethane CEX (X = CI, Br, or |) is approached by using symnygprinciples and
molecular orbital theory. The electrophilicity ohet functionalized spcarbon is
attributable to a 2p-orbital-based antibonding M@ng the C—X bond. This antibonding
MO, upon accepting an electron pair from a nucldeplgives rise to dissociation of the
C-X bond and formation of a new Nuc—C bond. Coti@is are made between the
molecular orbitals of reactants (Nwemd CHX) and products (NucCiand X). Similar
symmetry analysis has been applied to mechanistity ©f the bimoleculag-elimination
(E2) reactions of haloalkanes. It well explains thecessity of an anti-coplanar
arrangement of the ©£X and G—H bonds for an E2 reaction (anti-elimination). khav
this structural arrangement, the bonding-X (O.,) and antibonding &-H (O.. ) orbitals
become symmetry—match. They can partially overlagulting in increase in electron
density inO... , which weakens and polarizes the-8 bond making th@-H acidic. An E2
reaction can readily take place in the presenca base. The applications of symmetry
analysis to the & and E2 reactions represent a new approach toyisgud
organic mechanisms.

Keywords: S, 2 reaction; E2 reaction; molecular orbital (MO)mrsyetry, electrophilicity

1. Introduction

The bimolecular nucleophilic substitutiony@ reactions are among the fundamental and most
important organic reactions. Traditionally, the imagism of the @& reactions is studied using
qualitative transition state theory [1-5]. The ftincalized sp hybridized carbon in a substrate
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molecule functions as an electrophilic center. Tdlisctrophilicity is considered due to a partial
positive charge created on carbon by the electianeg functional group. A nucleophile (Nyc
attacks the sphybridized carbon from the opposite side of thevileg group (—~LG). This nucleophilic
attack results in a transition state in which taebon atom becomes %shybridized with the C-LG
bond partially broken and the Nuc—C bond partiédiymed (Figure 1a). Finally, the C-LG bond is
broken completely coincident with formation of thduc—C bond, giving the nucleophilic
substitution product.

The explanation of the\@ mechanism by qualitative transition state thesmytuitive and readily
understandable. It has a great merit in chemicata&itibn. However, its explanation on nature of the
transition state is vague. While steric effectngpboyed to explain why nucleophilic attack proceeds
from the opposite side of the leaving group resgltin a configuration change in the product, the
argument is less overwhelming. In addition, thiprapch does not explain why the2Sreactions do
not occur readily on functionalized organic compdsithat contain two or more leaving groups on the
central sp hybridized carbon (e.g., GBIl,, which only undergoes nucleophilic substitutionthwi
extremely strong nucleophiles such as silylphosphiut inert to most of common nucleophiles.) [6].
Harcourt [7], on the other hand, argued that g2 ®action is effected via consecutive one-electron
transfers (Figure 1b). Accordingly, the transitisiate contains a delocalized one-electron
intermolecular bond. This single electron trangfeechanism has been well reviewed in journal
articles [8,9] and well discussed in a physicalaoig chemistry textbook [10]. This model is
developed by rigorous molecular orbital calculasi@nd appears to better reflect nature of the S
reactions. However, it does not explain either bé tabove issues regarding the origin of
electrophilicity of a functionalized &ybridized carbon and the properties of CH.

Figure 1. (a) Nucleophilic attack on the partially positivelyasiyed sp hybridized carbon
in a functionalized molecule forming a transitiotate with the central carbon %sp
hybridized. (b) Nucleophilic attack on a functionalized moleculenfiing a postulated
transition state containing a delocalized one-sbecintermolecular bond (See ref. [7]).
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In an earlier article [11], this author developedadternative approach to theZSmechanism using
symmetry rules and qualitative molecular orbitadty, demonstrating that the reaction can be well
effected by transfer of a lone pair of electrormrfrthe nucleophile to the antibonding C—-LG orbital.
Since then, the author has established furtheileetarbital correlations between the reactant and
product molecules for they3 reaction on the basis of symmetry principles. Tieav results are
presented in the present article. The origin otetghilicity for haloalkanes has been well accednt
for. Such a model is often employed in studyinggamic compounds [12-15], but so far not common
for organic compounds.

Bimolecular-elimination (E2) reactions represent another irtgrdrtype of fundamental organic
reactions [1-5]. Although the stereochemistry, $ridon state, and energy profile for the E2 reatgio
have been well established by sophisticated exeeiah and theoretical investigations [16,17], the
origin for acidity of thep-hydrogen is unclear, and interpretation on thigtends unavailable. The
understanding of thB-hydrogen acidity in a functionalized substrate esale such as a haloalkane is
the key to study of the E2 reaction mechanism. R@gcethis author has examined the E2 reactions
using symmetry analysis on the reacting moleculdnitals. Possible frontier molecular orbital
interactions have been identified. The activatidntiee 3-hydrogen by the functional group in a
haloalkane, which makes it slightly acidic, is weltcounted for by examining these orbital
interactions on the basis of symmetry-match. Sucla@proach to understanding of E2 reactions by
symmetry analysis is unprecedented and has not tegmrted elsewhere prior to this work. The
results are presented in this article.

The applications of symmetry analysis to th@ &nd E2 reactions represent a new method to study
organic mechanisms. This adequately simplified rhag@eals to the interests and needs of general
audiences in chemical science. The reactivity fiédint types of functionalized organic compourgls i
well accounted for by using symmetry principles.

2. Results and Discussion
2.1. The S\2 Reaction of Halomethane CH3X (X =ClI, Br, or 1)

Halogen atoms (other than fluorine) are among tbetrnommon good leaving groups in organic
chemistry [1-5]. In this article, symmetry analysis reacting molecular orbitals for th@ZSreaction
of halomethane has been developed by the aid oactea tables. The orbital interactions identified
the course of then2 reaction of CHX represent the general mechanism for bimoleculateophilic
substitution reactions.

A halomethane molecule GM (X = ClI, Br, or I) possesses thgGymmetry. Its principal three-
fold axis is along the C—X bond. Therefore, thiediion is defined as z-axis (Figure 2a). The carbo
atom in the molecule can be regarded as the cattwal, while the three hydrogen and halogen atoms
are considered four ligands coordinating to thetreémrarbon atom. According to molecular orbital
theory, the linear combination of the four ligandbitals forms four molecular orbitals calléigiand
group orbitals (LGO’s) [12]. Then bonding in CEX can be treated by further linear combination of
LGO’s with valence orbitals in the central carbdona (2s, 2R, 2p,, and 2p) based on symmetry-
match, forming a set of molecular orbitals (MO'$his method has been widely used in transition
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metal coordination compounds [12] as well as inratmiordinated, pentacoordinated, and
hexacoordinated main group compounds [13-15].

Figure 2. (a) Molecular orbitals (MO’s) in CEX (X = ClI, Br, or 1) which are formed by
linear combination of ligand group orbitals (LGG2a + €) and 2s, 3p2p,, and 2pin
the central carbon based on symmetry-match. The ¥6@Q’'s on the top are occupied
bonding orbitals. Each of them has a counterpaanofinoccupied antibonding MO. Only
one antibonding MO (2gbased LUMO 2g& along the C-X bond) is displayed.
(b) Molecular orbital diagram of C¥X, showing correlations of LGO’s to the carbon
atomic orbitals and qualitative energy levels ddted orbitals.
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Figure 3. (a)Maximum overlap of a nucleophile orbital with tBg.-based LUMO 2¢ in

the opposite side of the leaving group —X in&HX = ClI, Br, or I) results in electron
transfer to 2g& breaking the C—X bond and effecting ag2Seaction(b) Correlations of

frontier molecular orbitals for they8 reaction of CHX.
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The LGO’s in CHX can be established by using thg, Character table [12] and symmetry rules,
and they are formulated as follows (See detailSsupplemental Materials S1):
LGO's=2a +e
where a (a singlet) correlates to 2s or,2pbital and e (a doublet) correlates tg apd 2p orbitals in
the central carbon atom according to thg €haracter table. As a result, four bonding MO’s ar
formed in the entire molecule (Figure 2a). The preshant MO responsible for formation of the C—X
bond is 2@ a carbon 2pbased bonding orbital along the C—X bond. Its ¢exgpart antibonding
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orbital 2a* is LUMO (Lowest Unoccupied Molecular Orbital). Aualitative molecular orbital
diagram for CHX is shown in Figure 2b.

In an 2 reaction of CHX, the carbon atom functions as the electrophiéater (electron-pair
acceptor). Therefore, the 2pased LUMO (2&) should be the reacting orbital. It is an antidong
orbital along the C—X bond, responsible for cleavafithe C—X bond upon being filled with a pair of
electrons. A vulnerable lobe of 2as identified along z-axis, just being position@dhe opposite side
of the halogen atom. When a nucleophile (Nig approaching the central carbon from the ogposi
side of the C—X bond, the filled Nuorbital has the maximum overlap with,;24Figure 3a). This
effects electron transfer into 2awhich leads to breaking of the C—X bond and fation of a new
Nuc—C bond. The nucleophilic attack from any otbkentations would generate less effective orbital
overlap and thus, it would be kinetically unfavdealiThe correlations of frontier molecular orbitals
between reactants (Nuand CH-X) and products (Nuc—CHand X) for the {2 reaction of a
halomethane CgX are shown in Figure 3b.

2.2. The E2 Reactions of the Chain-Like Haloalkanes

The bimolecular-elimination (E2) reactions of haloalkanes are agh@undamental and most
important organic reactions. They take place in ghesence of a base [1,5,16-18]. For chain-like
haloalkanes, the E2 reaction requires a staggemefrenation for the haloalkane substrate molecule,
namely that the &-X and G—H bonds to be cleaved in the molecule must becapianar (Figure 4)
[16—-18]. An eclipsed conformation, in which the-& and G—H bonds stay syn-coplanar (see below),
usually does not lead to an E2 reaction. Suchutstral feature for the E2 reaction is necessary to
make thef-H acidic via polarization of the gH bond. This can be accounted for by a symmetry
analysis on the related reacting molecular orbitals

Figure 4 shows that when thg-&X and G—H bonds in a haloalkane molecule are anti-coplamar
staggered conformation, the C—H bondiog,{) orbital and the C—X antibonding{x*) orbital are of
symmetry-match and they partially overlap; and @eH antibonding ¢...*) orbital and the C-X
bonding 6cx) orbital are of symmetry-match and they partiatyerlap. The interaction (partial
overlap) of theo. (filled) andoc.x* (empty) orbitals increases the electron densityd,* weakening
the C—X bond and easing the leave of the halo G#&)p. The interaction (partial overlap) of thiex
(filled) and oc.v* (empty) orbitals increases the electron densitgd,* weakening and polarizing the
C—H bond and making thg-H slightly acidic. As a result, tHg&-H can be effectively attacked by a
base (B on theo.y* antibonding orbital (Figure 4c), while simultanesdy, the C—X bondinga.x)
orbital partially populates..* with electrons. The combination leads to a cotemkiE2 elimination
reaction. The correlations of frontier moleculabitals between reactants and products for the E2
reaction of a haloalkane are shown in Figure 5.

Figure 6 shows that when thg-&X and G—H bonds in a haloalkane molecule are syn-coplamar
an eclipsed conformation, th@.,, and oc.x bonding orbitals (both filled) are of symmetry-wtat
However, theo., bonding orbital (filled) and the.x* anti-bonding orbital (empty) are of symmetry-
conflict (anti-symmetric). The.,* anti-bonding orbital (empty) and th®.x bonding orbital (filled)
are also of symmetry-conflict (anti-symmetric). titer the G—X bond nor the g-H bond can be
activated by effective orbital overlap as demonsttaabove. As a result, a haloalkane in an eclipsed
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conformation with the &-X and G—H bond syn-coplanar usually does not lead to areBetion. The
unfavorable effect of the eclipsed conformationtle® E2 reaction has been accounted for previously
as that the Pauli repulsion between lone pairdeat®ns in the attacking base’\Bnd the halogen —X
atom enhances the energy of the transition stas&ing the syn-elimination process energetically
difficult [16].

Figure 4. (a) Anti-coplanar arrangement of the,<X and G-H bonds in a haloalkane
molecule (X = Cl, Br, or I; R Ry, Rs, Ry = H or alkyl) in staggered conformation. Bonding
and antibonding molecular orbitals for the antideopr G-X and G-H bonds.
(b) Effective interactions (partial overlap) of the lexular orbitals for the &-X and G—H
bonds due to symmetry-matcft) Proposed interactions and transformations of msgct
molecular orbitals in the course of an E2 reactibme configuration (geometry) of the
transition state has been established earlier 716,1
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Figure 5. Correlations of frontier molecular orbitals for Egaction of haloalkane.
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2.3. The E2 Reactions of Hal ocyclohexanes

The major conformation for halocyclohexanes isd¢hair-conformation as shown in Figure 7. The
E2 reaction of a halocyclohexane requires thathéle (—X = —ClI, —Br, or —I) group be on an axial
position, while an equatorial halo —X group canhbet eliminated. Only when a halo —X group is
equilibrated to an axial position, can thg-& and G—H (also in axial position) bonds to be cleaved
stay anti-coplanar, which makes the reacting mdéearbitals interact effectively.

Figure 7 shows that the axiak-€X bonding fc.x) orbital (filled) and the axial &=H antibonding
(oc.*) orbital (empty) are of symmetry-match and theyn @artially overlap each other. The axial
Cg—H bonding ¢c..) orbital (filled) and the axial &X antibonding ¢c.x*) orbital (empty) are of
symmetry-match and they can partially overlap eattter. As seen in the case of the chain-like
haloalkanes, the interaction (partial overlap) lad filled 0., and emptyo.x* orbitals increases the
electron density io.x* weakening the C—X bond and easing the leave efhlo (—X) group. The
interaction (partial overlap) of the fillem. x and emptyo.,* orbitals increases the electron density in
Ocy* weakening and polarizing the C—H bond and makinef3—H slightly acidic. As a result, tHe-H
can be effectively attacked by a basé) (@ theo.,* antibonding orbital (Figure 7c) leading to a
concerted E2 elimination reaction.

3. Conclusions

Traditionally, the §2 mechanism has been studied by a qualitative itt@msstate theory. The
electrophilicity of the reacting functionalized *spybridized carbon in a substrate molecule is
considered due to a partial positive charge onctimbon created by the electronegative functional
group. In this article, a new approach to tRe S iechanism is developed. The mechanism is examined
using symmetry rules and qualitative molecular tatbtheory. This approach has led to better
understanding of nature of the reaction and expthsome related issues that cannot be explained by
the traditional method.

According to the model developed in this artictee key to electrophilicity of a functionalized®sp
hybridized carbon lies in presence of a carbon tal based antibonding MO along the C-X bond
(X = Cl, Br, or | — a good leaving group). This i@mainding MO, upon accepting a pair of electrons
from a nucleophile, gives rise to dissociationlad C—X bond and formation of a new Nuc—C bond.
The presence or absence of such an antibonding M@nictionalized organic molecules can be
identified readily by a symmetry analysis aidedchgracter tables. The overall orbital interactiand
correlations in the course of anySreaction have been established by a qualitatiedecular
orbital analysis.

In this article, symmetry analysis has been appbetiechanistic studies of the E2 reaction, another
type of fundamental organic reactions. It showd thay when the X and G—H bonds to be
cleaved in a haloalkane molecule are anti-coplasan the reacting molecular orbitals be of
symmetry-match. As a result, the positive overldpog, and oc.* orbitals increases the electron
density inocx* weakening the C—X bond and easing the leave efnidlo (—X) group. The positive
overlap ofoc.x andocy* orbitals increases the electron densityop* weakening the C—H bond and
making thep-H acidic. All this leads to an E2 reaction in thesence of a strong base. Although
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sophisticated mechanistic studies of the E2 readiave been performed previously [16,17], prior to
this work, no explanation on the origin of acidfty the 3-H in functionalized organic compounds
such as haloalkanes has been found. The auth@veslthat understanding of tfeH acidity is the
key to study of the E2 reactions.

Usually, symmetry rules are used in studying ti@orsimetal based inorganic compounds. This
work shows that the combination of symmetry ruled gualitative molecular orbital theory is also a
powerful tool for studying organic mechanisms.

Figure 7. (a) Chair-conformations of a halocyclohexane (X =BH, or I). (b) Symmetry-
match for the reacting molecular orbitals on the-XC(axial) and @—H (axial) bonds in a
halocyclohexangc) The molecular orbital interactions in the coursafE2 reaction of a

halocyclohexane.
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Supplemental Materials—Symmetry Analysis and LigandGroup Orbitals (LGO’s) for Various
Functionalized Molecules

S1CHX(X=CI, Br,orl)

Z
T Cay|E 2G 3o,
>|< Al 1 1| z X2+ Y2, 7
Y
X?C”’/H A, |1 1 1| R
H
E |2 -1 o0 (x X2 - V2, xy) (xz, yz
CHX % ¥) RR) | 0 - ¥, xy) (xz, y2)
X = Cl, Br, or |
(X=Cl, Br, orl) rola 1 2
C3v

The reducible representatioh,) for each of the symmetry operations (&, @1dao,) in the G,
point group equals the total number of the bonds dlo not move under the corresponding operation.
Under the operation of E, all the four bonds in thelecule do not movd ( = 4 for E). Under the
operation of G, only the C—X bond does not movg € 1 for G). Under the operation af,, the C—X
bond and one C—H bond do not mole<£ 2 foro,).

The number of each of irreducible representatiohs @,, and E) in the four bonds can be
calculated based on the character table and rddueipresentations as follows:

N(A1) = 1/6 (4x1x1 + 1x1x2 + 2x1x3) =2
N(A2) = 1/6 (4x1x1 + 1x1x2 + 2x(-1)x3) =0
N(E) = 1/6 (4x2x1 + 1x(-1)x2 + 2x0x3) =1
Therefore, the ligand group orbitals (LGO’s) of £&tan be formulated by symmetry as follows:
LGO's=2a +e

According to the &, character table,;a(singlet) correlates to s or, pn the central C; and e
(doublet) correlates to;@and g on the central C.
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