Chapter 5 Structures of Polyatomic Molecules (I)

Introduction

Molecular Orbital Theory vs. Valence Bond Theory

VB theory: focusing on the (localized) bonds formed
between valence electrons/atomic orbitals of neighboring
atom(s), easier to visualize/imagine VB model of a
molecule, i.e., “of chemical intuition!". e.g., CH,

MO theory: more powerful and more sophisticated than
VB theory in many aspects, e.g., description of electron
delocalization in Benzene, but sometimes not so easy to
visualize/imagine a MO model e.g., for CH,!



Comparison of MO and VB theories

VB Theory

 The electrons pair to localize 1n a
bond. " ~A40,-A0,

* Demands hybridization of AO

» Basis of Lewis structures,
resonance, and hybridization.

* Good theory for predicting
molecular structure.

 Easier to visualize/imagine VB
model for a molecule, i.e., “of
chemical intuition!”.

Molecular orbital theory

* MOs are formed by the overlap of
AOs. ‘PO ~ 3¢.A0,;
 Electrons are “delocalized” within

MOs consisting of AOs.

e Electrons fill up the MOs
according to the aufbau principle.

» G1ve accurate bond dissociation
energies, IP, EA, and spectral data.

« Sometimes not so easy to
visualize/imagine a MO model
for a molecule! o



Electron Delocalization
in Benzene

117

‘ O-0-0-0-8
i a b c d e

!ﬂ* “ -

@é % ?@Q YB description:

have to introduce resonance of

4t &g&_—&&g localized VB structures

MO description:
inherently describing
electron delocalization!




Molecular Orbital (MO) Theory Treatment
of Polyatomic Molecules

« LCAO-MO & group Theory (in part B of Chapter 3)

Mean-field Appr.

Basis set: Initial guess
& LCAO-MO(SALC)
AOs {g} | » | PN =Zeih;

| SCF-HF

(€, ;= 26,00, /4
Canonical molecular orbitals of CH, (valence electrons only!)

CMO H 1s AOs C AOs P\ ~——

YA = (0 T 9y + 03+ ¢4 )/2 £¢,C2s y
W(T)) s = (b — 9y — 03+ 0y )2 £ ¢ C2p, X~ \(
W(Ty), = c(d) — 0y + &3 — ¢y )/2 1 ¢4C2p, @

- + ¢y — By — +
W(T2)ze = €l 02 = 03 = 0y V2 £ clC2p. 1 o et | ! -




How to get the CMOs of a molecule?

* Group theory treatment— SALCs: CH, T,
Onz 12 C: 2s(A), (Tp)2p,2p,2p, 4H:ls
T4 E 8C;, 3C, 6S, 6o,
’ P Al o 1
- ~y| A I 11 -1 -1
w N ?, § _6 —% (l) -(1) (R.. R.. R.)
T, 3 0 -1 -1 1 (r. y. 2)
dm?” Ons | JT4H,) 4 1 0 0 2
a, = %Zg( R)z(R)z(R) | AL )= A+ T, | iy =Py =25 (R, =
R

0,= (0119, 105+, )2 ~A, Vet = Cu(01 10T+, )/2 £ ¢,C2s
0,= (0—0,—05704)/2 ~ x-like T, Wir = C( =031, )/2 £ ¢4C2p,

0.= (91—, Tds—04)/2 ~ y-like T, Vi = C(01—0, -, )2 £ ¢C2p, |
0= (Gr+ybs0,)2 ~z-like T, Wy = (b0 )2 ¢, C2p.+ | -



A PES Spectrum of Methane
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MO Theory explains the PES quite well! -
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(H) VB model

,. The MO model of CH, does not
B Ja U e | explicitly reflect the 4 equivalent C-

Q') J between s and sp” orbitals

@ H o-bonds of “chemical intuition” as

Wi = HO,(1)-4,(2)+ HO,(2)-¢,(1)| the VB model does |

How can the MO model become chemically intuitive as the VB

model does ?

http://www.science.oregonstate.edu/~gablek/CH334/Chapter1/methane MOs.htm ° X




Now consider the linear combinations of the four CMOs,

Y=yt vy, Ty, +y)2

V= (v v, -y, T y)2

Y= (Wt v — v, —y,)2

Y= (V- vty —y)2
¥ = [(c,C2st+cy(C2p,+C2p, +C2p, )+ (c, T3¢ )9, H(cy-c. )P, 1510,)//2 >

V)= cy(C2s+C2p,+C2p +C2p,
Y, = cb(C2s—C2px—C2py+C2pZ)
V5= ¢, (C2s-C2p, +C2p —~C2p,)
WV, = c,(C2s+C2p,—C2p —C2p,)

’/2+Ca’(|)1
2+c¢,0,

/
2+c,/0;

/
2+c,/0,

4 sp3-hybridized orbitals

The 4LMOs are 1n effect similar to those 4 g
covalent C-H bonds described in VB theory. (dy

on C

—

Let ¢,= ¢y
& c,=c,

Localized molecular
_orbitals (LMOs)
describing C-H bonds
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Are the four LMOs of CH, equal in energy?

If so, please prove that after class!

Q1: Note that hybrid orbitals are used in both the VB
and LMO descriptions of a covalent bond (e.g., in CH,).

What is the difference in the two models?

Q2: How to construct hybridized atomic orbitals for

further construction of LMOs of a molecule ?

EEFERENMFE2. 0L ERARRE




Content of this chapter

1. Hybrid Orbital Theory E> c-bonds/c-framework
of a molecule (Qualitative,

2. VSEPR Model (after-class) MO&VB theory )

3. Delocalized n-conjugation n-bonds of a molecule

and Delocalized MO Theory (VB & M,O t.heorles,
" Qualitative )

4. Huckel MO Theory and E> (Semi-Quantitative/

Conjugated Systems Semiempirical MO)

S. Symmetry Rules for E> Molecular reactions

Molecular Reactions (Qualitative)

T



§ 5.1 Hybrid Orbital Theory and Atomic Orbital
Hybridization

1. Hybrid orbital theory — first proposed by Pauling in 1928.

« Hybridization was introduced to explain molecular geometry
when valence bond theory failed to correctly predict them.

VALENCE BOND THEORY

» Valence electrons are localized between two atoms (or as
lone pairs).

« Half-filled atomic orbitals overlap to form bonds.

* VB theory demands orbital hybridization if necessary!

MO THEORY

« Sometimes Atomic orbital hybridization is naturally taken
into account!



Please refer to Webtext:
http://www.cheml.com/acad/webtext/chembond/cb06.html

http://www.cheml.com/acad/webtext/chembond/cb07.html

Linus Pauling (1901-1994) was the most famous American chemist
of the 20th century and the author of the classic book The Nature of
the Chemical Bond. He won the Nobel Prize in Chemistry in 1954
and the Nobel Peace Prize in 1962.




a. Central Themes of Valence Bond Theory

Basic Principle of Valence Bond Theory: a covalent bond
forms when the orbitals from two atoms overlap and a pair of

electrons occupies the region between the nuclei.

1) Opposing spins of the electron pair.
2) Maximum overlap of bonding orbitals.

3) Hybridization of atomic orbitals, if required.

Pauling proposed that the valence atomic orbitals in a molecule

are different from those in the isolated atoms. We call this

Hybridization!



b. Why do atomic orbitals need hybridization? e.g., H,0

O 2s*2p* « Suppose each obond arises

from the overlap of an H, AO
with one of the O,, AO.

* This model suggests that the H-
O-H bond angle should be 90°,
much smaller than the

observed one (104.5 °).

Even worse, such a bonding motif would pose
Use of O |very strong repulsion among the occupied 2s
p - orbitals | (O) AO and the two O-H bonds!




a) No hybridization b) Hybridization —sp?

H.O Inequivalent sp?
2 hybridization of
O(2sp) AO's!




c. Why do atomic orbitals need hybridization?

Sp3

109.5°

CH,

Carbon has four valence
electrons that are typically
involved in the formation of 4
C-H bonds.

For a carbon atom bonded to
four other atoms, evidences
suggested that all of the
bonds have similar bonding
orbitals.

J

Hybrid Orbital Theory 1s phenomenological!



d. How do atomic orbitals hybridize?
* Hybridization of n AO’s of an atom gives rise to n

hybrid orbitals (HO)!

N0 = L) > 8 =Y 1 ()= Lran)

e.g., a sp3-hybridized orbital can be expressed as:

@, =\, + CZ¢2px T C3¢2py T C4¢2pz

» For equivalent hybridization, all n hybrid orbitals are
equivalent in energy, but differ in directionality. The

contribution of s orbital, if involved, to each HO is equal.
.




2. Construction of hybrid orbitals

a. sp hybridization
b. sp? hybridization

c. sp’ hybridization

d. dsp? (sp’d) hybridization (trigonal bipyramidal or

square pyramidal)

e. dsp? (sp?d) hybridization (square planar)
f. d?sp’ (sp’d?)hybridization (octahedral)

g. More ... (e.g., sp’d’f, or sp3d?)

Bonding ability of AO:

F=v2[+1

F,=1,F, =+3,F, =+5...




a. sp hybridization (linear species)

* One s and one p AO's mix to form a set of two hybrid orbitals.

@+ D> AID><ID>

@-CDy >

* Accordingly, equivalent sp-hybridization results in two hybrids:

1
Oy = ﬁ((ﬁzs + 05,0 )

s-character

_ Ly
Drr = \5( Py = P )

i) Each having 50% contribution from s orbital: & = |c,|*=1/2.

\V

11) Normalization and orthogonality:

[ 2,9,

dr = 0

if

111) Linearly aligned with a bond angle 6 = 180°.



Equivalent /inequivalent sp-hybridization

Whether an atom adopts equivalent or inequivalent
hybridization depends on its chemical environment!

sp-hybridization at Be atom

Cl-Be-C] equivalent

Cl-Be-Br inequivalent



b. sp? hybridization (trigonal planar)

* One s and two p (p, and p,) AOs mix to form a set of three
hybrid orbitals.

O+DOZ> OO_> - Equivalentspz'

\30}, ¢+\F¢

Q- c><38 Lo o
|

)j = I e

O C>O %, - f f"’”’x Icfﬁzpy

sp?, D, 9—120", trigonal

i, o = 1/3 (component of s-orbital)




In general, an sp? hybrid orbital can be expressed as,

¢hi — ai¢s ™ bi¢2px T Ci¢2py

For equivalent hybridization: the weighting of s orbital in each
hybrid orbital is & = a;>=1/3, and therefore a; = 372

= @) = (1/\/§)¢S + bi¢2px T Ci¢2py

Supposing @, ; is parallel to the x-axis, but perpendicular to the y-
axis, then we have

¢h1 — N 1/3¢s T bi¢2px
b =1/34,+~2/3¢, .

Normalization




¢h1 — V1/3¢s 'V2/3¢2px
G, =~N1/ 3@ + b, +Ch,,, (i=20r3)

Normalization and orthogonality

a1a2+b1b2-|—clcz =) =-—» 1/3+\/2/3b2+0'02 = ()
a’+b’+c, =1 = 1/3+b +c, =1

—> b, =—+/1/6 c, =1+1/2 =

Dy = m@ — m¢2 a1 m¢2 py
¢h3 — m@ — M% x M@ Dy



c. sp? hybridization (tetrahedral)

« One s and 3 p AO’s mix to form a set of four hybrid sp? orbitals.

 For equivalent sp® hybridization («=1/4), e.g, CH,

Oz

X

e 1
H++—:H Dy = E[S‘pr +p,+D.]
; 1
G,==ls—p.—p,+D.]
P b
-y Gy =7ls—p.+p,—p.]
N

(I

(I)h4 ‘\(I)h?,\¢ —

2
1
o)
1
5[S+px p,—D.|

CH,,SiH,,GeH,,PX,,50,” ,PO,” T



F
d. dsp? (sp3d) hybridization (bipyramidal)
_Et
1 2 Pha e
- ﬁ“\f () P
F
D> —S——px \fpy ‘ F
Pn2
: —S__ \/* Y F\“
G @px 2 Y F%P+F
1 | e
=—=[p.+d.]; =—[p,—-d,
\/E[pz 2 ] ¢h5 \/E[p : ] F

The bond lengths will not be the same because there is more
d contribution to the axial hybrid orbitals.

« For dsp3, the axial bonds are shorter.
 For sp3d, the axial bonds are longer, e.g., in PF_.
(But mostly exaggerating the contribution of d orbitals!)




€ However, in MOT, the 3d orbitals of P is not involved in the
P-X'bonds in PX;(X=Cl, F).

€ An alternative model to describe the axial bonding in such
bipyramidal molecules as PX;:

Key points:
 The equatorial P-F bonds are normal o-bond.
The axial F-P-F bond: a 3-center 4-electron bond.

_K%m Y3, antibonding F—pt F ~—— g i"—F

4Jr .9}_@ Y, NONbonding Equivalent VB model:
E resonance of VB structures

% c>-7L1:. ¥, bonding Axial P-F bond order 'f
g =1/2 - !

MO model




e. dsp? hybridization (square planar)

Square planar: D,

d, 158D, D
_ x%y
Y " eq. Ni(CN),2-, AuCl,-

« Equivalent case (o = %)

. Ins]”
¢ _¢ +\/7¢px+2dx2 y2
d,, = l¢ é + ld Pn2
h2 ) s \/_ pX 0 x*—y*
1 1 1 P
¢h3 — 5¢s "‘ﬁ Dy _dez_yz
4. l 1 1 L

2SﬁPY2xy



f. d?sp3 (sp3d?) hybridization (Octahedral)

d ’dxz_yz 333 Pxs Pys P

« Equivalent case
! T

1 1
— S,
- \/ES 2pz

oc _LS-I-L +ld —Ld
1 \/6 \/pr 9 X2 y? \/ﬁ 2
2 \/g ‘\/Epy 5 Gy \/—2 2

1 1 1 1

0C; =——=S—.|—p.+—d, ,———d,

6 V22t
1 1 1 1

0c, =——=S—.|—p,——d, ,————d,
T l6 2P 2% T

-I—\/Idz oc6=is— 1 ,+ 1d2 |

3 ¢ 6 2 A




Hybridization schemes

Sp

Sp?

ok

spd (d,?)
Sp3d (dxz_yz)
sp2d?

sp3d?

sp4d

« sp"d™ gives a “complete” set of hybrid orbitals for
“any” geometry.

linear

trigonal planar
tetrahedral

trigonal bipyramidal
square pyramidal

square pyramidal
octahedral

square planar



3. The angle between two hybrid orbitals

1) sp" hybridization

Let’'s define ¢h — \/EQ + m@
D = \/a—z¢s +\/1_al¢ :

By = \/071@ +\/1_0‘j¢pj

¢hj

where ¢,

1S
¢ ! — xi¢px + yi¢py +Zl¢ Z

Note the angle between the two vectors ¢, and ¢,; 1s the angle 6;

between the two hybrid orbitals ¢,; and ¢, , 1.e.,

cos 0, = | ¢,¢,dz




Normalization and orthogonality

0=[pd,dr = | Jag +1-a.8,)(Jo, 6, + [1- 2,8, )
= Jaa, [ Fdr+ [1-a)1-a)|4,8,d7+0+0

= 0=,/aq, +\/(1—0%)(1 — ;) Cosb,

.0 .
=> 080, =— . <0=6,>90°
J-a)(1-a)

&; = & Equivalent hybridization. e.g., CH,

a,; + o ; Non-equivalent hybridization. e.g., CHCI;, CH,CI

sp: =05 = cosO=-1 = 06 =180.0°
sp?2:a=1/3 = cos6=-05 = 0=120.0° i



Equivalent hybridization

Sp3 — hybridization & = — = Sp

4 109.5°

109.5

— 60 =109"28"




Non-equivalent hybridization

-

~
.
| -7~
- ~
| 1@ |
- ~

sp” — hybridization
Other examples
PH,, PF;, NF;,

HoN—-H

s-component of the NV sp®> HO's
to form the N-H bonds.

For NH,: §=ZHNH =107.3 /

a+(l1-—a)cos107.3 =0

= a=0.23

= Vyocn-n) =V0.23s +~+0.77p =0.485 + 0.88 p

=L =1-3%0.23=0.31
= L,=3-3%0.77=0.69

s-component of the lone pair

p-component of the lone pair

Vionepair =N 0:315+~+0.69p =0.565 +0.83 p




For d-s-p hybridization, the angles between two hybrid orbitals can be
calculated by: (where «, S and y are the component of s, p and d

orbitals) 3 I
o+ Bcosf+y(=cos’@——)=0
2 2
1 1 1
d’sp’: a=—, f=—, y=—
d 6 P 2 4 3
1 1 1 3 1

6 2

—+—cos@+—(=cos’0——)=0

—>cos0, =0, cosl,=-1
=0 =90, 6,=180

32 2

X

Octahedral



4. The bonding ability of hybrid orbitals

FAO =

2[+1

Atomic orbital bonding ability : s, p, d, £ :1,+/3,+/5./7

orbital 1s given by :

The bonding ability of a hybrid

fh—\/_‘k\/i"'\/i _ﬁ_

Hybridization enhances the
bonding ability of atomic
valence orbitals!!

5
1 2
Eﬁ_3
1 3
Sy =- ==
4ﬁ 4
:O,
o =1

»

f,=2.925 d’p’

for the sp” hybridizations,

f,=1.932

£, =1.992

£, =2.00

Ji
Ih

J3



5. Discussions

Sp? B—F
6.g., BF4(Dyy), BHs (Dyy), NO,-, COz2- /

Example: BH,

The B atom has 3 sp? hybrid
orbitals each with one
electron.

H 1s atomic orbital

B sp? hybrid orbital

This one electron pairs with -
the hydrogen 1s electron. -y

The 2p, AO of B atom is thus
empty.




Example:

. Tptp. H

C,H,

bond formed by

q sp2-s overlap
M bond formed by
sp2-sp? overlap

(a)

The sp2-hybridization and chemical bonding in C,H,.



Example: nitrate (NO;") --hybridization and delocalization

‘::3@: .. %©0 O\ N % O O%N /O 0\ N /O
TRe=l T
e | o || o || o
dot-electron Resonance of three equivalent dot-electron structures
structure (or VB structures)—delocalization of n-electrons
VB model:

i) N~sp? hybridization.

i1) Three N-O o-bonds (One N->O type!) plus a N-O n-bond.
Thus N is hexavalent!

111) Resonance of the three VB structures thus gives a delocalized
4-center 6-electron m-bond (I1,°).

(Valence) Isoelectronic: SO, ;



SO, D,, O O O O O O

WS AN

VB model: ‘ - r

i) S~sp? hybridization. O O o)

i1) Three S-O o-bonds (two of them are SO type!) plus a S-O
n-bond. Thus S is hexavalent!

111) Resonance of the three VB structures thus gives a delocalized
4-center 6-electron m-bond (I1,°).

MO model:

i) VE ~ 24e; S~sp? hybridization;

11) Three S-O c-bonds(6¢) ; 6 lone pairs on the three O atoms(12¢);

111) The rest 6e (= 24e-6e-12¢) should be accommodated in the
delocalized 4-center m-bond, i.c., a IT,°.

I
9 3



Example: Benzene --hybridization and delocalization

The sp° hybrid orbitals of C ~ The unhybridized pz AO’s
atoms and the 1s AO’s of H of C atoms form a

atoms form the g-framework  continuous cyclic IT,°

of benzene. bond of benzene.




6. “Bent bond” model -- An alternative of hybrids
(obsolete!)

“Bent bond” model of ethylene

H\C/ | \J/H
¢

Sl c
* No need to assume  Directions of the p-orbitals in C
hybridization in the C atoms should be distorted
atoms at all. sufficiently to provide the overlap

for bonding. These bent bonds
are called “banana bonds”.

T



6. “Bent-bond” Model -- an alternative of hybrids

cyclopropane sp* hybridization of C

‘|2C_CH2 / \

Note the C—C bond angles are
60° — quite a departure from A
the tetrahedral angle of 7
109.5° associated with sp°
hybridization!

AW

Three “banana bonds” formed!

However, in terms of MO theory, Dewar proposed that this molecule

has c-aromaticity! Dewar, M. J. J. Am. Chem. Soc. 1984, 106 (3): 669; W, |
W. Chem. Eur. J. 2009, 15 (38): 9730 . o

3



You should understand that

* Hpybridization is not a physical phenomenon; it is merely a
mathematical operation that combines the atomic orbitals we are
familiar with 1n such a way that the new (hybrid) orbitals possess
the geometric and other properties that are reasonably consistent
with what we observe 1n a wide range (but certainly not 1n all)

molecules.

« Hybrid orbitals are abstractions that describe reality fairly well in
certain classes of molecules (and fortunately, in much of the very
large class of organic substances) and are therefore a useful
means of organizing a large body of chemical knowledge... but
they are far from infallible.

I
9 3



atomic orbitals in the
valance shells of atoms

hybrids of a given type
are geometrically
equivalent

transition metal
coordination complexes

easy to understand
and use m

ost useful quantltate calculations

when central atom

is a representative
element

5030 }—— igor e
‘ ' (digonal geometry)

|

sp2 hybrid
(trigonal geometry)

sp3 hybrid

s and three p (tetrahedral geometry)

reduces symmetry
of molecular shape
from that of




atomic-s or
sp-hybrid orbitals

sigma bonds pi bonds
in molecular plane which overlap
above and below
molecular plane

preserves the concept
of "four bonds to each
carbon”

trigonal or digonal
bonding geometry

fon snmmlmmiclam mosmba

i muieLuiIies suuil

as ethylene H2CCH2
and acetylene HCCH.




After-class Discussion:

Real or Imagination:
* Chemical Bond

 Orbital

e Atomic Orbital
e  Molecular Orbital
 Hybridized Orbital

The Nature of the Chemical Bond—1990

There Are No Such Things as Orbitals!
J. F. Ogilvie J Chem Edu. 1990, 67, 280

The Nature of the Chemical Bond —1992

J Chem Edu. 1992, 69, 519
Linus Pauling

Linus Pauling Institute of Science and Medicine, 440 Page Mill Road, Palo Alto, CA 94306



Editor's Note

In this 1ssue we bring to closure the current discussion of
the nature of the chemical bond. Readers will recall the
paper by Ogilvie [J. Chem. Educ. 1990, 67, 28&289]
giving one modern point of view of the chemical bond. In
this 1ssue, we publish another modern point of view by
Pauling together with three letters (page 600) that the
Ogilvie paper engendered. These letters have been
selected from a larger number (which we are unable to
print) and are representative of the kinds of responses that
the paper generated. Since both Pauling and Ogilvie use
the photoelectron spectra of methane to provide evidence
for their (divergent) views, we also publish 1n this issue
(page 522) a paper by Simons on photoelectric
spectroscopy of methane.



PES Spectrum of Methane

_mlp—
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Electron configuration
VB MO

2a1

2t2

1 1 1 1 v aa

S S EE—— S— 1t2

E 1a:



An alternative view on the chemical bonding within

hypervalent compounds

3-center 4-electron bond
[VB (Coulson model) vs. MO (Rundle—Pimentel model )]

Example 1. XeF,

a) Classic view — Pauling’s model (involving d-orbital). F
sp’d hybridization, s xL
3 lone pairs + 2 axial Xe-F bonds [\:

I

b) 3-center 4-electron bond (excluding d-orbital).
sp? hybridization - 3 lone pairs (equatorial)
Axial 3c4e bond: Xe Sp, (2¢) + 2F 2p, (2 x 1e)

VB: F-Xe* F- <—F Xe*-F .. Xe-F bond order =1/2
MO, Tz — = A0, +20, +,,) (anti-bonding)

CO Xe OO»7 UF v, = A(d,, — ¢r,) (non-bonding)
OGO~ er W, = A(Pp, - 20y, + #,)  (bonding)




Example 2. SF,

a) Classic view (involving valence d orbital). 5, ¢,,"
/F4
sp3d hybridization, e Sl\Fa
1 lone pair + 4 S-F bonds Fp O%5PM

b) 3-center 4-electron bond (excluding d orbital).

 sp? hybridization = 1 lone pair + 2 S-F (equatorial)
* Axial 3c4e bond (MO): S 3p, (2¢) + 2F 2p, (1e)

= Ay - B+ Ay Wy =A (e~ Pr2)
Viomo = APp1 + Bos + Adp, (A <B)

* This model accounts well for the fact that the axial S-F bonds
are longer than the equatorial ones.

168.9 pm 848
* Such bonding model can be used for similar FBI.\ F
hypervalent compounds, e.g., XeF,, BrF; etc! @
177.4 pm

l



% 5.2 Valence Shell Electron-Pair Repulsion
(VSEPR) Model (After-class reading)

« Quantum mechanical treatments have a number of
advantages. However, the VSEPR model allows a simple
qualitative prediction of molecular geometry.

* |n a molecule, the valence electron pairs:
1) Stabilized by electrostatic attraction by the nucleus,
i) Destabilized by Pauli repulsion between their neighbors.
* A lone pair is more diffuse than a bonding pair, exerting

larger repulsion to a neighboring pair.

A stable molecule should adopt such a geometry that
minimizes the repulsions among its various electron pairs!



V S E P R Overall spatial distribution pattern of
valence electron pairs of central atom.

Atom B 1n AB, lies on the surface of a sphere; electron pairs are

“localized” on a sphere of smaller radius at maximum distances

apart, so as to minimize overlap of different electron pairs.

1. Repulsion between two lone pairs (LPs) 1s the greatest.

2. Repulsion between a lone electron pair and a bonding electron
pair (BP) 1s less.

3. Repulsion between two bonding pairs is the least.

4. m electron pair does not influence stereochemistry.

Repulsion of electron pairs

LP-LP>LP-BP > BP-BP =) The position of lone pair(s) matters!

VSEPR model is sometimes used in combination with the Lewis :
. . |
dot-electron structures and hybrid orbital theory.



Arrangements of Maximum distance between valence shell
electron pairs.

No. of pairs arrangement

Linear
Equilateral triangle
Tetrahedron

Trigonal bipyramid

S U A W N

Octahedron



AX,
BF,
(trigonal plane)

(3+3)/2=3

AXGE
CCl,, Sn(Cl,
(bent)

(4+2)/2=3

AX,
Be(Cl,, Ca(l,
(linear)

(2+2)/2=2

TRIGONAL PLANAR

Bent (V shaped)

Examples: SO,, O5, PbCl,, SnBr,




Examples: CH,S#C!,SO? , Q0

‘\
,-.

AXE

Trigonal pyram dal
Examples: NH,, PF,, CIO, H,0*

CH,, AIH,, CCl,, NH,*

(tetrahedral)
(4+4)/2=4

AXGE
NH;, NF;
(pyramidal)

(5+3)/2=4

(bent)

(6+2)/2=4



Electron-pair geometries and molecular shapes

Five electron pairs:
No lone pairs One lone pair Two lone pairs Three lone pairs

) ) ) )
)\\ l) ) - Oﬂ) | g T)_ ) g ,{Q
s B 4 A, C
J | J ] 3 -y
J J J 9
Triangular
bipyramidal Seesaw T shaped Linear
F F F F
/‘P—F ;S—F /CI—F /Xe
F | F | ‘e I ‘e |
F F F F

(5+5)/2=5  (6+4)/2=5  (7+3)/2=5  (8+2)/2=5

T

6



For such molecule as XeF,, isomers exist!

Electron-pair geometries and molecular shapes
Six electron pairs:
No lone pairs One lone pair Two lone pairs
o )
w e » “ ) \ 4
<X A ( _}\O;"‘
= -
J y
Octahedral Square pyramidal Square planar
F F
F. | x F.,_B F F"x I
‘g r ‘A€
TN B\ /D
¥ | F of & F d
F LI
(6+6)/2 (7+5)/2=6 (8+4)/2=6 :



Repulsion of electron pairs

LP-LP>LP-BP> BP-BP

ICly ABge? 6-pair case
Cl
oo, | Cl
ossible structures: s
p './|NC|
Cl
D4h sz
ele 0 1
bp/e 8 6

« N(VEP)=(7+4+1)2 =6; N(BP)= 4; N(LP)=2

* The first structure is preferred! T



Repulsion of electron pairs

BP-BP < BP-LLP< LP-LP

BrFs3 AB3€2 5-pair case
F
.-"F | -“‘F
possible structures: = BK.F = B|‘\ F
D3 Cay Cs
ele 0 0 1
bp/e 6 4 3
bp/bp 0 2 2

. N(VEP) = (7+3)/2 =5; N(BP) = 3; N(LP) =2

e The second structure is preferred! T



Molecular Stereochemistry

No. of pairs of e formula

1

2
3
3
4
4
4

A,, AB
AB,
AB,e!
AB,
AB,e?
AB,e!
AB,

stereochemistry point group

none D, or C_,
linear D,
bent C,,

triangular D,
bent C,,
pyramidal C;,
tetrahedral T,



Molecular Stereochemistry

No. of pairs of e~ formula

S

S N &N N U W

AB,¢?
AB;e?
AB,e!
AB.

AB, e’
AB_.e!
AB,

stereochemistry point group
linear D,
T-shaped C,,
distorted tetrahedron C,,

trigonal bipyramid D,

square planar Dy,
square pyramid Cy
octahedron O,



VSEPR Example

* Bond angles decrease with increasing electronegativity of
the ligand or decreasing electronegativity of the central
atom.

* Why? The BP is more distant from the central atom upon
increasing electronegativity of the ligand. T



AB_e™ (n = coordination number; m = number of lone pairs)

linear

bent
bent

trigonal planar
pyramidal
T-shaped
tetrahedral

distorted tetrahedral

planar

trigonal bipyramidal
square pyramidal
octahedral

BeClyg), MX2(q) (M = Zn, Cd, Hg), Hg:Cls,
M(CN)* (M = Ag, Au)

NO,’, SO,, SnX,, PbX,

H,0, SX,, SeX,, TeX,, ClO,;

BXs, Gals, InMes, CR3"

NH3, NR3, NX3, PXs, AsX3, SbX;, SO~

CIF,, BrFs, PhICl,

BeX,”, BXs, CR4, CXy, NH,', NR,, AsR,",

MX4 (M = Si, Ge, Sn, Pb, Ti, Zr, Hf, Th),

MX,> (M =2Zn, Cd, Hg)

SF4, SCly, SeF,, SeCly, R,SeCl,, R;TeCl,

ICly, BrFy, XeF,

PFs, PClg, SbClg,; MCls(g), M(OR)s(g) (M = Nb, Ta)
CIFs, BrFg, IFs

SFg, SeFg, MoFg, WClg, WMeg, PF;,

PCls’, SiF¢, SnCls”, Mn(OH)s”", Fe(OH,)s"", FeFs ™




§ 5.3 Delocalized w-electrons/conjugation

and Delocalized Molecular Orbital Theory

From the qualitative viewpoint, we can always consider

separately the - and n-electrons within a molecule!



5.3.1 Normal = bond i.e., two-center-two-electron nt-bond

H (2¢c-2e¢)

M

< A Except the o-framework, the
H

C;H, remaining, unhybridized p orbital

tl‘3

of C atom 1s perpendicular to the

molecular plane, forming a © bond

with that of a neighboring C atom.




5.3.2 Delocalized © bond y
Several 2¢-2e m-bonds are AN /\N
continuously aligned !

-> m-conjugation & formation of a delocalized n-bond.

8 8 8 88 Hm n-orbital numbers,

n | m-electron numbers (n>2)

Conditions for the formation of a delocalized 7 bond:

* The atoms are coplanar, with every atom contributing a p-

orbital orientated in the same direction. ™ —(?exceptions)

e The number of melectrons 1s less than twice of the number of
participating p-orbitals.

Q: Can d-type AO's be involved 1n a delocalized m-bond? {



A. Some Inorganic conjugated molecules

1. Linear type (AB, 16 valence electron) C: sp-hybridization + p, + p,

O C O selectrons:16-4-4=8 3c-4e n-bond, IT,*

O C O 2H§: Hg(x) Hi(J’) 8 O 8
3

For I1, or IT, we have three ©-MOs,
1

WVW=—F—= \/ﬁ [Po(1)+ AP +d,(2)] bonding ' '
Ny, T

v, = ﬁ[%(u—%(zﬂ non - bondi
v, = J21+7[¢0(1)—/1¢C+¢0(2)1 anti - bonding 8 8 &/1 "
(define | .9, =S,

Isoelectronic analogy: NO,™, N,O, N;~; COS; BeCl,, HgCl,
* NO," has two equivalent IT;* bonds; NO, has justa IT,* bond! , | .



11. Non linear type(bent) (17~19 valence electron) sp? orAb/ital .

e.g., O, (18 valence electrons)

Central atom O: sp* hybridization + p,, O/
K H4 ’
7 electrons: 18-6-8=4 TI; ’
I - W
Va=>16+24,+¢.]  bonding e
1 .
Ve =5l non - bonding(HOMO) | —¥
1 : :
W, = 5 [D — \E@ +0.] ant1 - bonding(LUMO) 8_8_8 w

(define I¢f¢f =35,

Isoelectron analogy: SO, A anti-bonding

« '}_\L non-bonding
™)  bonding T

19 valence electrons: CIO,

W L W A




iii. Equilateral triangular type: BCl; Dy,

24 valence electrons

24 «Cl Cl:
Central atom B: sp? hybridization 6 \B /
W, =c0p(1)+c,00(2)+c3043)+c,04(4) 18 ‘
-12
- anti-bonding - _
Al A _ 6 Cl:
Ly [y | non-bonding
7 electrons : H6
# bonding 4

Isoelectronic analogy: AIF;, NO;-, CO;%, SO,, CI,CO,

(H,N),C=0, Cl,C=S

bonding and two antibonding orbitals!

* For four-atom triangular type molecules, the p_-orbitals form one
bonding, two nonbonding and one antibonding orbitals, in general.

* For four-atom linear type molecules, the p_-orbitals form two




After-class assignment:

Please construct the n-MOs of BCI; by using the p_ AOs.



:Cl2 Cl:

.\&ﬁ/g
3CI p,:{p 9 03/ B p,:¢9, A 1c|;|:
Cs @ E Cs Cs? € = ¢*mB3 )
A 1 1 1 Z, R, xt +y? Z2
E { : :* :*} x, ), Ry, R) | &=y xy), 0z, xz)
L. 3 0 0 Bp Ch  L=A®E

SALCY = ¢, —¢, SALCS =24, — ¢, -4,

SAI—I;CA — ¢1 "‘¢2 +¢3

U +p® | 7
TIA:$(¢1+¢2+¢3+/1¢4) \PzE:L(%_@) ?l ?I
V3+ A ‘ 2 : Y Y
A 1 o W
i :—4/ \t 0P —A) WS =—(2¢,- ¢4, ¢,
g (6, +¢,+0,—14,) JE( b — b Jﬂ H— 1




. Some organic conjugated molecules




5.3.3 The conjugation effects.

i. The electrical conductivity is enhanced by the delocalization of
7 bond, e.g., graphene.

il. Color. The formation of delocalized = bonding increases the
delocalized extent of the ©t electrons and causes the energy of the

system to decrease.
Phenolphthalein - an indicator of basicity

pH=0-8.2 pH=8.2-12.0 pH>13.0
colorless red colorless 1



ili. Acidity and basicity.

OH R
T / + (|:
C
O O/ \O O/ \NHZ NH,
IT; ?‘ I :

Electron delocalization: 1) enhanced acidity of phenol and
carboxylic acids; 11) weakened basicity of amides and aniline.




iv. Delocalization/conjugation effects on Chemical reactivity.

e.g. H,C=CH-CI. The formation of the I1;*-bond causes a

contraction of the C-Cl bond, and reduces the lability of CI.

H
C
H20/ \CI

e.g. Benzene. The n-bond of Benzene exhibits much lower
reactivity than that of simple alkenes.



5.3.4 Hyperconjugation.
e First introduced in 1939 by R.S. Mulliken.

* Hyperconjugation 1s the stabilizing interaction of the electrons in
a o-bond (usually C—H or C—C) with an adjacent empty (or
partially filled) non-bonding p-orbital or antibonding 7 orbital,

which gives an extended molecular orbital that increases the

stability of the system.

o MO H
i L MO \ .
C C—=C H ——— Ht C C C—H

N\
9001, W A
o) l8 8J H 1.46 & J
- - < 1.55 A (in alkanes)

o(C-H) - 1#(C=C) > o* (C-H) - 1t (C=C).

o(C-H) —- n(C=C)? T



Effects of hyperconjugation on Chemical properties.

A. Bond length and bond energy:

c-bond: Shortening of bond length and increasing of bond energy.

"'  Hybridization = C-C bond length (A) C-C bond energy(kJ.mol!)
7N

sp3-sp? 1.54 346.3
_\C_C < P~-Sp
< N sp-sp* 1.51 357.6
S sp3-sp 1.46 382.5
H Cl H Cl
H >c c< Cl —————— .k \c=c (o]}
B. Dipole moment H ¢l o(C-H) > ¢*(C-Cl) H cl

The dipole moment of 1,1,1-trichloroethane with hyperconjugationis
much larger than that of chloroform (HCCI,). i



C. Stabilizing carbocations:

Hyperconjugative interaction between the electron(s) in a bond that
1s S to the positively charged C can stabilize a carbocation.

c(C-H)=2p,(CY) s MO

@n\\ T

Stability of carbocations:

(CH;);C* > (CH;),CH" > (CH;)CH," > CH;"



§ 5.4 Hiickel molecular orbital (HMO)
theory and mt-conjugation

MW@Q.
D0COED &

5.4.1 HMO method - A semiempirical treatment!

* Proposed in 1931 by Huckel to treat n-conjugation.
1) composition and energy of n-MQO's

ii) properties, stability, and even electronic spectra
* Modified in 1950s to treat c-electrons/c-MO’s -- EHMO |



5.4.1 HMO method

n-type AQO, ¢

ILm™

1 2 j j+1 n (An-center m-electron n-conjugation)

B Single-particle approximation: the total n-electron Hamiltonian
for a I ™ system 1s approximated by the form,

m

J=1

H i Z h;ﬂ (i.e., sum of one-electron effective Hamiltonians)

B The total wavefunction of the I ™ system can be expressed as,

- Vi
&« Aw —Ew P ¥

i~ Y

— 5 Eﬂ:zgj
L J

MO wavetunction of the jth m-electron

7-MO: vy, :Zn:cigbi
i=1

LCAO'MO T



hiw, =&y, (WJ—ZI:C,-@ )

Variation integral

<5>:Igy*ﬁeﬁwdr

Suppose we have the form of h</ /
then use the variation theorem!

let E =< & >

Thenmake 22 _9 _ _9°oF _— Va.rl.atl.on Theorem-
oc, 0Oc, oc, Minimization of E!
Thus we have n secular equations ( in the matrix form),
(o
(H, —ES, H,~ES,.. H —Es Ya) (0
H, -ES, H,—ES,,.. H, —ES, |c| |0
anl _ESnl H 2 ESnQ Hnn o ESnn /\Cn) \O )
This demands the secular determinant to be zero, 1.e.,
/RNl ]SRN S e H, —ES, Number of integrals:
H, —ES, H,—-ES,,.. f,, - LS,, ~0 Hij ~ n(n+1)/2
.................. Sij ~ n(n+1)/2 |
Hnl _ESnl HnZ _ESn2' Hnn _ESnn Yet heffis unknown' 9 f 3




To solve 1t, Hiickel further introduced the following approximations,

H, = ..Q*il‘ﬂdf =a (e.g.,energy of 7-AO) 8 8—8—8 -8

I i+1i+2 n

Hy =] h WI = 1, neighboring) E.g., for a linear m-system,
—0 (f i#j*]) H,=H,=..=H, =
S, = jﬂ*géjdr =1 (i=j,thesame atom) Sy=-58,=1

- H,-ES;=a-E

=0 (1#),different atom)

Hi(i;l-l) - ES; ii+1)~ =p,
Its secular determinant thus becomes

Get {£;) (nroots) < |

a—FE f .. O 0
f  o—-E .. O 0
For each £, get {C;; 0 g .0 0 |=0

Now only need to know the a }4

integrals, which can be determined || 0 B a-E
semiempirically!




Semiempirical determination of the integrals:

H.={¢ hpdr=a

1l

Coulombic integral = energy of n-type AO!

(e.g., C2p AO)

H,=(¢ hgdr=p Gf i=jtl)

Resonance integral
(stabilization energy upon

=0 (f 1#jx£1)|| overlapping of two AO's)
(Qc-2exMO, la-E B |_ o vo(a-Byg F I|_,
i.e., a localized B a-E | M1 x -
n-bond
= x’-1=0=>x=t1=E=axp
— Ezza—ﬁ
|

:> E;rmbond — 2E1 _2E0 = 2ﬁ
:> ﬂ — E;r—bond /2

The n-bond energy of ethene can be
determined by UV-vis spectroscopy.

AE=E2'E1=2ﬂ=hV ’



5.4.2 The HMO treatment for the n-bonding within 1,3-butadiene
H,C=CH-CH=CH,

W, =Ci +Cp, + Cyp; +Cu0,

Variation theorem

l >

Simplified secular equation by using Hiickel approximations:

(a0 —E [ 0 0 \/Cl\ (0)
s a-FE p 0 ¢, | |0
0 B a-E B |c¢l| |0
. 0 0 Joi a—-E)N\c,) \0
Seqular determinant:
a—F i 0 0
L a-EFE p 0 o
0 g a-E f
0 0 L a-F




HMO method

p
a—FLF

a—F

p
0

0

(_ 1)1+1 X

4 (_ 1)1+2 ) 1

let x = , E=a-px
0 o
e :0:>1 x |1 O—O
ﬂE 0 |l1|x 1|
“<_ oilo]1 x
|
x((_ 1)1+1x 316 - (_ 1)1+21
X
=
—(—l)mlx 1=O
Il x
0 1§




a—F HMO method

3——1
H,C=CH-CH=CH, ~ <\ 1

0
of EEED x*-3x741=0
1
X

=0 Sz
x*=0.38 = x,, =F0.618

| x*=2.62 = x,,=F1.618
/o— v E=a-xp[|(e <0

o c \E4 = — 1.61@,/6’ Anti-bonding

i e S \E3 = a —0.618 3| Anti-bonding
E,=a+0.6180 | Bonding
“\_H_@‘El =a+1.6180 Bonding




Now we can solve the secular equations to get the coefficients {c;/}:

x 1 0 0Ye) (0 cx+c¢,=0

I x 1 0fc| [0 ¢ +Cx+¢; =0
01 x 1]el||o| = C,+cx+c, =0
0 0 1 xA¢,) \0) ¢, +c,x=0

normalization condition: ¢, +c¢; +¢; +c¢; =1
1) By substituting x; = -1.618, we get
¢c,=c¢,=0.372, ¢,=c¢,=0.602

1.., the m-MO 1s 1n the form 3

v, =0.372¢ +0.602¢, +0.602¢, +0.372¢, >

with|E, =a-x,f=a+1.618f




E =a+1.618p
E,=a+0.618p
E,=a-0.6180
E,=a-1.618p4

Antibonding MO
(three nodes)

E,=a-1.61883

Antibonding MO
(two nodes)

E,=a—-0.6188

Bonding MO
(One node)

E, =a+0.6188

Bonding MO
(No node)

E =a+1.6188

w, =0.3724, +0.6024, +0.6024, +0.3724,
v, =0.602¢, +0.3724,
~0.372¢,

W

=0.6024,

~0.372¢, - 0.6024,
—0.3724, +0.6024,

w, =0.372¢ —0.6024, +0.6024, —0.3724,

5

5

57

5
}
5

;
44
5

8
g
8
8

112

1-D potential well!

y(x) o« sin(nmva) P




Delocalized energy

Total m-electron energy in butadiene

E (C,H)=2E +2E, =2(a+1.6183)+2(a+0.61873)

=4a+4.480

Total m-electron energy of two isolated /o \E,
C=C bonds (each akin a n-bond in C,H,) ;o Bl

E (2C=C)=2x2(a+ ) L g
=4a+ 40 E, =o+f ‘%

Thus, the delocalized energy or resonance energy i1s

deloc

E,..=E (C,H,)—E (2C=C)=0.48 <0

Electron delocalization (n-conjugation) enhances the stability!

T



After-class Problem

For 1,3-butadiene, the two occupied HMO's (v; & w,) are
delocalized in nature and expressed as

w, =0.372¢ +0.602¢, +0.6024, + 03724, E = +1.6183
w, =0.6024, +0.372¢, —03724, —0.602¢, E, = +0.6183

Let us consider the linear combinations of these two delocalized

HMO's, which can be expressed as

D, =, +,) /2 =[0.974(¢, +¢,) +0.23(4, — $,)]/ V2
®, = (p, —y,) /N2 =[0.23(4, — 6) +0.974(¢, + ¢)]/2

Please prove the two wavefunctions, @, and @,, have equal energy.

Please figure out what they represent.

o Isthe CI=C2 bond stronger than a normal C=C bond?



CH,CHCHCH,+H, — CH,CHCHCH, + AH, Stable
CH,CHCHCH,+H, — CH,CH,CH,CH,+AH, AH,<AH <0

C,H,+Br, - CH,BrCH,Br (a) Reactive!
CH,CHCHCH,+Br, - CH,BrCHCHCH,Br (b) &, <k,
Antibonding MO
(three nodes) : : i
CH,=CH, — E,=a-1618p 8 —— ;%8
5, ," Antibonding MO i. A !
— E’/ (two nodes) 8 8
|B|\“ 2 M~ Ey=a-0.618p v, |
o \‘, oy Bonding MO o
e ‘:\ (One node) i
L Il M E,=a+0.6183 |
Voo ! \ - W2 !
E —_ + v 1
rmatp l t / Bonding MO
More electron- (No node) 8 %
donative. "H' E,=a+1.618p W,




5.4.3 Population analysis and molecular diagrams of conjugated system

1. Charge density --- the total n-electron density on the ith atom
The probability of an electron in the

pi — Z nkciz(k)
r kth MO to appear on the ith atom

n,: number of electrons in the k&th MO. ///

(k)= (k) e 1= [y (k)d7 = 2.6 (k) =

on the ith atom 1s:

The total n-electron density  p. = z 7 kcf (k)
k

+ For 1,3-butadiene, [ =0.372¢ +0.6024, +0.6024, +0.3724,
the two doubly 1, "_ () 6024 10.3724, —0.3724, — 0.6024,

occupied MO's are
P, =2x0.372"+2x0.602° =1.000

=) P> =2%0.602" +2x0.372" =1.000
.= p, =1.000 T




5.4.3 Population analysis and molecular diagrams of conjugated system

i1. Bond order --- the strength of the n-bond between atoms i and j
pij = Z n.C, (k)cj (k)
k

n,: number of electrons in the kth occupied MO.

Sum over all occupied MO's.

I

For 1,3-butadiene, the two occupied MO's are

v =[0.372¢, +]0.6024, |+ 0.6024, }+ 0.3724,
v, =0.602¢ +0.3724, |- 0.3724,|- 0.602¢,

P, =2x0.372x0.602+2x0.602x0.372 = 0.896 = p.,

— 2 2 _ : _ _
Py =2%0.602" =2x0.372° =0.448| . p_ = p,, =2p,,

 The m-bond order of C1=C2 or C3=C4 1s twice of the C2-C3 rt-
bond order. T



ili. Free valence index --- the relative magnitude of the
residue bonding ability of the i!" atom

F=p _ Z P; p = \6 In butadiene, the 1,4-sites
1 e farrs) ’ e are more reactive than the
2,3-sites!
F=+43-P,=+3-0. = 0. =F ’
=\3-P,=3-0.896=0.836=F,

F,=~3-P,—P,=+3-0.448—0.896 =0.388 = F,

Example: 1,4 addition reaction of butadiene

iv. Molecular diagram. 0836 0.388 0388 0.836 E

T
sz
0.896 0.448 0.896

D

e o &
2C CH CH CH, |
E 1.000 1.000 1.000 1.000 : f 3




Another example: 2 oCH,
Please derive the secular determinant of ‘
. el
trimethylenemethane. Iy N0
H,C CH,
(o — E Vii Vi, Vi, \/ C, 3\ 3 4
Joi a—F 0 0 c, o
= () Variation n-MO
g 0 a-L 0 Gy theorem B
\ ﬂ 0 0 (Z—E/\C4/ < | W_ZC’-%
Then the secular determinant 1s _(a-E) x 1 11
B
oa—FE x 0 O
g BB | o
ﬁ o—F 0 0 _0 O x O
B 0 a-E 0 | 1 0 0 x
i
0 0 —F | i
ﬁ “ xz(x2—3):0{/:>x14:i\g,x2g:0 f




After-class assignment

* Please construct the 1-MOs of trimethylenemethane by
using symmetry and then quickly obtain the eigenvalue
of each n-MO as well as the C-C w-bond order by using
the HMO approximation !

Cl:¢p, A C2-4: {9y O3 94
C E C; Cg € = e2mi3
| A 1 1 1 z, R, x? +y?, z?
E “ :,,, Z*} x, ¥), Rz, Ry)) | & —y2 xy), vz, x2)
2 ‘(|3H2
1
H G C’\CQ,HZ

3 485 1.



5.4.4 HMO treatments of cyclic conjugated polyenes (C H,)

e.g., T-conjugation in Benzene

W = ZC¢ Varlatmn
Theorem

B
0
0
0
l—\@

(a—-E

il I

l//6(b2g) :%(@ O, + =P, + 05— &)

ws(e,,) = (¢2 Os + 95 — 9)
v, (e,,) = \/— (20, — 0, — ¢ + 20, — _¢62

—

l//z(elg) (¢2+¢2 ¢5_¢6)
Wz(elg) \/—(2¢1+¢2 O, —20,— ¢5+¢e)|
WI(QZH):E(¢1+¢2+¢3+¢4+¢5+¢6)

0 0
a—-FE p 0

Cau

elg

azy

0 @\/Cl\

0 0 |c¢

0 0 )
2 =O

S 0 |c,

a—-FE [ | c

‘ / strongly
L/ \} ) antibonding

weakly

strongly
bonding



General HMO solutions for cyclic conjugated polyenes (C H,)
=a-2B,

- O OC .w

* When n=4m+1 eo? 4m+3,ﬁ{ystem has a singly occupied
HOMO, being radicaloid.

4n=-3

* When n=4m, the system has two degenerate singly-occupied
HOMOSs (non-bonding), thus being diradicaloid.

* Only when n=4m+2 can a cyclically conjugated system has fully
occupied HOMOs and be chemically stable. (fulfilling the Huckel
rule of aromaticity!) ;



S 5.5 Graphical method to predefine the
coefficients of HMOs for conjugated systems

Background

«  The AO coefficients of HMO's for m-conjugated organic

systems correlate with their geometries, displaying “quasi-

periodicity”. w, =0.372¢ +0.602¢4, +0.602¢, +0.3724,

e.g., 1,3-butadiene |, =0.6024, +0.372¢, —0.3724, —0.6024,
w, =0.602¢ —0.372¢, —0.3724, +0.6024,
w, =0.372¢, —0.6024, +0.602¢, —0.3724,

Accordingly, a graphical method was developed by Q. E.
Zhang et al. to predefine the AO coefficients of HMOs for

such type of systems.

I
9 3



5.5.1 Principle for linear conjugated [n]polyenes.

OOOO ..........

For a linear [n]polyene, we have n secular equations:

Ci(a-E) + C,p=0;
CB + C3(a-E) + C,p = 0;
CraP + C(a-E) + C ;=10

Or 1n the matrix form,

O

v, = Z Cz¢z‘
i=1

Cip+Cya-E)+C5=0

Cn-lB + Cn(a'E) =0

(a-E
g a-F
0 p

. 0 0

0 0 )
0 0
0 0
g a-LE)

/Cl\

(0)
0
0

\0)




sina, + sina, =2 sin %2 cog 1%
Define x = (a~E)/ 1 2 7
— _] 2 —C,=sin0
C;=—=xCt0 Cion + G =G, C,=2cos6C, =sin20
C,=—xC,—C, | /Aeyelic formula) C, = 2c0s0C,~C,= sin30
C,=-xC,-C, Now define C, = 2cos0C,~C,=sin40
X =-2cosd
""" C, = sink6 j‘>-‘
_ < C..,=sin(k+1)6
C..,=—~xC, —-C k+1
i LR e v +Cr=2c0s6C,

""" naturally with C,=sinn6
C=—~xC,,-C,, Coa=sin(k=1)0  LC  =gin(n+))0=0
0=-—xC,-C,, Cppy=sin(k+1)0 Boundary Condition!

Now we get 6, and then E=a+2fcosf and {C,} simultaneously!

C. sin @ sin 260 sin 30 sin( n—1)0 sin n6@
O O O O ............... O O O

T




o O O Orrrvreen O O O
Boundary condition: sin(n+1)0 =0 & sinn0 #0 0 =
-l \

C,= sin @ sin 26 sin 30 sin(n—1)6 sinnd /\0059

S(n+1)8=mr =O0=mr(n+l1) <xr (m=1,2,3,...,n)

. Em=a+2[cos el (m=1,2,3,...,n)
n+l1 — — Higher m, h1gherE
km kmr
Wm Az¢kéln(n+ ) 4+ Z¢k*§ln( ) (m 12 3 )

Normalization coefficient

» For linear [n]polyenes with n=even, there are n/2 bonding n-MOQO's
and n/2 antibonding nt-MO's.

* For linear [n]polyenes with n=o0dd, there are (n-1)/2 bonding 7-
MO's, (n-1)/2 antibonding n-MO's and a non-bonding =-MO. 7}



Frontier MO’s of [n]polyene: C H .,
€ O O o O O O

E =a+2pcos nr , W, =
n+1 n

2 S 4sin(7) (m=123,...0)
+145 n

+1

a) When n=odd, SOMO, m = (n+1)/2, Osor0 =712, Egppo =«
Vsomo = A(@ — @5 + §; —...) Non-bonding! 81_(:2_83_04_8»2““"'%

b) When n=even, HOMO, m= n/2; LUMO, m=(n+2)/2.
nrw T T _(n+2)7r_7r+ T

9 — — a— 9 — —
Mo+ 2 2(n+1) TP 2(nwl) 2 2(n+1)
Coefficients of AO’s: HOMO LUMO
n=4l+2: C =C, C_ =C,.. C =-C,C  =-C,,.

n=4I: c,=-C.,C,_=-C,,.. C=C, C_=0C,,..

T




Example: butadiene

™= 0—0—0—70

4
77— MOs: w:Aqubj
i=l1

sin@ sin2@ sin36@ sin4d d

wsinS0=0&sin@ =0, ..O0=mn/5 (m=1234)

m 1 2 3 4

0 75 2715 375 4715
2cosf  1.618 0.618 -0.618 -1.618
E a+16188 «a+0.6188 «-0.6188 «a-16185

_\ﬁ
Wi 5

. mrx
(sngb1 +sIn

. 2mrx . 3mrx . dmr

@, +sin @, +sin

s %)

w, =0.3724, +0.6024, +0.6024, +0.3724,

w, =0.602¢ +0.372¢, —0.372¢, — 0.6024, | HOMO
w, =0.6024, —0.3724, —0.372¢, +0.6024, | LUMO
w, =0.3724, —0.602¢, +0.6024, — 0.3724, T




E, =a+16188, v, =0.3724, +0.6024, +0.6024, + 0.372¢, symmetric
E,=a+0.6188,y, =0.602¢, +0.3724, —0.372¢, — 0.602¢, asymmetric
E,=a—0.61883,y, =0.602¢ —0.372¢, —0.3724, + 0.602¢4, symmetric
E,=a-1.6188,y, =0.3724 —0.602¢, + 0.6024, — 0.372¢, asymmetric

O

AE R E » The MOs of a [n]polyene can
~a—1.6188 | be classified into two

categories, symmetric and

3

asymmetric ones, in terms of

8 8 their AO coefficients.

2

24w




5.5.2 Symmetry classification
a. [n]polyenes with even-number carbon atoms: C_H_,, (n=even)

Symmetric MOs: (n/2) 2 1 1" 2 (n/2)’

wC =C,

b 1 3 (n—1)
C,=C,, .., COS cos— 0| cos— 0 cos——=6
C2 2C 2 2 2

e L4 Note:cosa+cos,6’=2cosa;’6cosa;ﬂ
& Cpy + Gy = 2C, COSO (Cyclic formula )

Let coefficients of central atoms (1 & 1') be €93 ©/2)

=>C,=C, = 2cos§cos6’—cos§ = (cosﬁﬁ—cosg)—cosg = cosﬁ

3 5 5
C,=C, = 2c0379c036'—cos§ = (cos—9+cos§)—cosg = cos—e

n—1)6
vesConray = Conray = cos( )

T



Symmetric MOs:

_ — 1 1 _ _
cosn—lé’ cosn—36’ cos—0,| cos—6 cosn—36’ cosn—19
2 2 2 2 2 2
O—O—0- O_—O, ........ O—O0O—0 |
(n/2) 1 1 (n/2)
m===) Boundary condition: o o0
ntly _2mtl g 2t m=0l...<n2)
2 n+1
2m+1

. sym __
s ENT =a+2feos

7 (m=0,12< )
n+1 =

2

_——

A total of n/2 values




Asymmetric MOs: &C,_+C, =2C, cost

2 C, =-C,,C, =—C,ypouny
Let coefficients for central atoms be|—sin@/2), sin(0/2)

. n—1 . n—1

Then coefficients for terminal atoms are _ ;- : g and i 79

The boundary condition:

sinn+16’:O = n+16’=m7r
2mr n A total of n/2 values
c 0= m=12,...,— -
| ( 2) —
S E=a+2pcos 27 (m = 1,2,---,£) !
n+1 2 o




2m+17z' (m 2091929""<£)
n+l 2

2m

n
- '« E.. =a+2pco0s——rnx (m=12.,...,—
Asymmetric MO's  Fasym px Tt ( 2)

Thus, the lowest n/2 MO's (6<7/2) are bonding and doubly occupied!

Symmetric MO's  E . = a+2[cos

E 4 n= 4k n=4k+2
n/2= 2k n/2=2k+1
(n+2)/2=2k+1 (n+2)/2=2k+2
Bz | —Waiz
E LUMO Symm. Asymm.
n/2 % Va2
' ™ Homo Asymm. Symm.
E, | % v, Asymm
Es | § vs Symm.
E, | % Y, Asymm. * Even-numbered MO’s are asymmetric.
E, N- v, Symm. ° Odd-numbered MQO’s are symmetric.



2m+1 n
Symmetric MO's  E . = a+2[cos r (m=0,12,..,<—)
n+1 2
2m n
' '« BE.. =a+2pcos—nx (m=12,...,—
Asymmetric MO's  Fasym px 1 ( 2)
Thus, the lowest n/2 MO's (6<n/2) are bonding and doubly occupied!
n =4k FMO symmetry 0 E
n n n
HOMO  Asymm. m=— 7z E, . =a+2pcos T
4 2(n+1) ’ 2(n+1)
n n+2 n+2
LUMO Symm. m=— 7 E_ =a+2pcos T
4 4 2n+1) o px 2(n+1)
n = 4k+2
HOMO  Symm. =2 0 2 B —g+2fc0s— 7
4 """ B s D)
2 2
LUMO  Asymm. m=lt2) 07 Tl E =42 o0s ] T
4 2(n+1) e x 2n+1) .




Example: hexatriene n=6 C,oro,

|
5 | 1 3
2 2] [P
O (M (M—"_ M) M
N < | Y N
|
|

Asymmetric [— %] [— %] [- | [%]

COS

Symmetric MO (

~
—_

n
~
~

n
~

S
oLy
p—

_
I\)|U1
| I—

SIn

7 2m +1
Symmetric MO:  cos 5 =0 —~ = m7

7 (m=0,1.2)

2m +1 m=0,1 (. E<a, .. bonding)

E =a + 2 fcos 7T (m=0,12)

m=2 (oE>a, .. antl - bonding)

Asymmetric MO: sin%é’ -0 = @= 27"7 7 (m=1273)

o m ( 0 3) m=1 bonding
=a + 2 [5cos - T m=l,z, m=273  anti-bonding

Three doubly occupied MOs, two sym. + one asym. T



b. [n]polyenes with odd-number carbon atoms: (n=odd)

Symmetric MO's:

[(n-1)/2] 1 0 1’ [(n-1)/2]’
O——Q-O—O—)re O0—0O
cosn—_19 cosn__39 COSH, 1, COSH cosn__?)g cosn__19
2 2 2 2
VGt G =2Cc080 &C =1,C=CyeisCp 101 =Crnty sy
= (C,=C,=cos = C,=2C,cos0—1=cos20
n—3 n—1
= w0y Cp, 3y, = COS 0 =C,_,, 6 =cos 5 0
Boundary conditions:
cos" oo = 1ty 2mtl L 2t 0,2,
2 2 n+l1 P
“E —a+2ﬂcost9—a+2,8cos2m+17r (m=0,1,2 n_—l) 12
. sym — - n_|_1 - § Lyt gecey 2 ;




Asymmetric MO's:

[(n-1)/2] 1 0 [(n-1)/2]

n—39 —sinn—_lé’
2

sinnT_lé’ siinn;3 0 sind, 0 -sind —sin

-C

+C,_ +C,,, =2C,cos &C, =0,C, =-C,...,C PR

[(n=1)/2] —

Let C,=-C, =sinf = C,=2C,cos0 =sin20

o= Cp 3y, =810[(n-3)0/2]=-C,, ),

=sin[(n-1)8/2]=-C

= C [(n-1)/2]

[(n=1)72]

Boundary condition: sin™t 1 0-0 —0— 2m z (m=12,.. n—1 )
2 n+1 2

Eas m a+2ﬂC039 = a+2ﬁC032—mﬂ' (m = 1,2,...,n——1) T
’ n+1 2 o | g




MOs of [n]polyenes with odd-number carbon atoms

Asymmetric MO’s: E

Symmetric MO’s: |

asym

—a+ 250082 (m=12.. ,—)
n+1

ym:a+2ﬂcoszm+1ﬂ (m:0,1,2,..., Lot
n+1

ne_, 2 (n-1)/2 MOs doubly occupied, and one non-bonding SOMO!

E
E

E(n-l)/Z

E,

(n+3)/2

(n+1)/2

i<l

— Ym+3)2

 Even-numbered MO’s are asymmetric.

e Odd-numbered MO’s are symmetric.

+ Vn+1)2
%‘ Yn-1)2 \

5\ Y, Asym.
N- v, Sym.

SOMO

0=m/2

Esomo =

n = 4k+1
(n+1)/2=2k+1
Sym.

n = 4k+3
(n+1)/2=2k+2
Asym.

I
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FMOs of [n]polyenes with odd-number carbon atoms

|
Symmetric: COS”_IQ cosnT?’H cosd, 1,] cost 003%39 cosnTlO
O—0-O ¢ O O—O
Asymmetric: _Smn719 -sinnT39 —sinf, 0, sinf -sinnT_3 0, -Sinn—_IH
SOMO E=a+20cos0
n =4k+1 symmetric O=r/2 E=g
n = 4k+3 asymmetric ’

Y somo = AZ(% — Q3 T Qs

k=1

— )

= Bt

implified di f SOMO: \/*
Simplified diagram o 8 —4k+1 8 8 n—4k+3 8

T



Example: % @ symmetric

() () N\
2] [1] [0] [—1] [—2]  asymmetric
Symmetric MO's: 39— 9= 2"t (012
g DSOS 2, =346, E, -«
(m=012) m=2, =576, E,=a-1.7320

1 V3 1 .
\f (= + ¢2+¢3 5 ¢4+5¢5) Bonding

= \/: (0, — 0, +0;) Non-bonding

1 N
Y, = ( ®, — % T¢;— 7 P4 T 2¢5) anti-bonding i




Example: (2) ) symmetric

=0e
=02
Q=
C]

2]

Asymmetric MO's:

[—1] [—2] asymmetric
sin30 = 0&sin@ =0 = 0 =m7”(m -1,2)

E=a+ 2/8(:05%7[ (m=12)

m=1,0=n/3, E_,=a+/f bonding
m=2,0=2n/3,FE _,=a— [ anti-bonding

I .
N He= 5( ¢+, =9, —¢s) Bonding
P2 = %( ¢ =P, + ¢y —¢s) Anti-bonding




Example: (2)

2]

f( N

3

3

L B,

VY, = E(¢1 - ¢2 + ¢4

Y, :\/§(¢1 _¢3 +¢5)

Y 1:l(¢1 +¢2 _¢4

_¢5)

_¢5)

bt
e
R

(1) (0) (1) (2) symmetric
R R R

_/ Y \_/

[1] 10] -1]  [2

| asymmetric

a~3p

a-p

94

a+ [

- [l

J3

g4 0) 8—8—8—8—8

a+\5ﬂ

T



¢. Cyclic conjugated molecules
Example 1: benzene ---solutionI (n=6"!)

1) Symmetric MO's

2k -1

C,=C,'=cos 5

n
6 (k=12,.—
( 5)

Boundary condition:

2cosC, =C, +C,_,

=C+C,

=) (2c0sOC,
—>

2cos@cos—0 =cos—0+cos—0 —=
2 2 2

S 5 3

7

c.2c080 =

5 v

cos—60—cos—60=0 = - 25in36’sin5 =0

—>sin30=0 = O=mr/3 (m=0,,2)

2, 1, —1




0 0°, 60°,  120° )
cos® 1 1/2 -1/2 i
2cos6 2 1 -1 (%) 1
|
E a+2p o+ a-p N6
i E QD
0" a+2p W =N(p + 0, + 03+ 0, + 05 + ¢ )
| .
:ﬁ(¢1+¢2+¢3+¢4+¢5+¢6) Bondlng
By g L5, 5
60° a+p|" _N(O+_ Pyt 0= 5 ¥s)
| .
= 5(@2 + 03— 05 — @ ) Bonding
120° a—ﬂ v :N(_¢1+%¢2+%§93_494"'%5954'%%)
I Antibonding
=%(2¢1—¢2—%+2¢4—¢5—¢6) 3




11) Asymmetric MO's
Boundary condition:

2cosoC, =C_ +C,_,

2c0s6’sin§6’ = sinéé’— sin—6

7 3

fi S

sin59+ sin—0 = sin— 0 — sin—0
sin—0 + sin56’ =0 = sin3c9c0s5 =0

— §in30=0 = ez%n (m=1,2,3)

5
3 5
|
0 O
% 60°, 120°,
cos@ 1/2 -1/2
2cosf 1 -1
E a+p a-pf

W, Vs

a-20



Example 2: benzene ---solution Il (n=7!)
1) Symmetric MO's

Boundary condition: |2 COS oC X =C X +1—I—C 1 (1)

~_
-

~
Q

(=)
T
(\®)
~
=

|
—> 2cos0cos30 =cos20 +cos20 |
cos460+cos20 =2cos20 — cosd40-cos20=0 (2) 2 i‘ 3 (2)
—> —sin30sin6 =0 = sin30 =0 (3)1(3)
0= (m=0123<)
@ 3 : Similar to the linear
6 0, 60" 120’ 180’ polyene (n=7) case
cos0 1Az a2 R e
2cosf 2 1 -1 -2 overlapping!
E a+2pB a+f «o- a-20
Wi ¥, Vs WV,
bonding anti - bonding T




60" a+p —>w4:%(2¢1+¢2—¢3—2¢4—¢5+¢6) Bonding

1
120° a— B +>Ys = 5(4’52 — s+ 95— ;) Anti-bonding

| e = %wﬁl G +d—h+h—4) | Anti-bonding




11) Asymmetric MO's

‘s sin36@ = —sin36 and sind #0

Ssin30=0 = 92%7[ (m=1,2<7/2)

Question: Why do
we exclude the
case of m = 3?7

0 60°, 120°
cos@d 1/2 -1/2
2cosf 1 -1
E a+pfp a-p
W, v,
bonding  anti-bonding

Please derive the MQ's after class!

10]1 o,

6 2] 1]




Complicated nt-conjugation: e.g., benzyl radical

How to get the coefficient of atom 7?

1) Symmetric MOs: [}] [(22])
The secular equation centred at atom 6 : (1) 2—A4
Ci(a—E)+C,f+C;B+C,5=0 1/ \ o
let -2cos@=(a—E)/f -%g_])"\_ ------- ) -6(-3_)" ;(’9)
-.C,=2cos0C, - C, - C, 3 5 [0] [0]
=2cos0cos30—2cos20 (D (2)
=cos460 —cos 20 [-1] [-2]

Boundary condition: 2cos6C, = C, =

208 0(cos 40 —c0s20) =cos30 = 2cosf=0, +(3F/2)"

2) Asymmetric MOs:
The coeftficients of atoms 1,6 and 7 that are located 1n the reflection

plane should be 0. Then §in360=0=>0=mxr/3 (m=1,2)
= 2cosO0=t1=>E=aFx

T



Remarks on HMO treatment of system with complicated -

conjugation,

1) The use of symmetry can simplify the process. e.g., naphthalene

2) Secular equations pertaining to the multiply connected atoms

should be carefully considered!

Example: Please derive the HMO's of trimethylenemethane (IT,*)

without directly solving its secular determinant.

) .CHZ

|
o1
H,C~ CH,

3 4l T



Question:

1. Can HMO theory be used to deal with other multicenter-
multielectron bonds (e.g., 3c2e bond in H;", 3c4e bond in

PF5 etc) than the aforementioned I1.™ bonds?

2. Please try to perform HMO treatment on H;" and figure out

whether this cation 1s triangular or linear!



§ 5.6 Symmetry of molecular orbital and
symmetry rules for molecular reactions

Brief introduction:

* Frontier Molecular orbital (FMO) Theory proposed by K. Fukui in
early 1950s. (J. Chem. Phys. 1952, 20, 722.)

e The Principle of Orbital Symmetry Conservation proposed by R.B.
Woodward and R. Hoffmann in 1965. (JACS, 1965, 87, 395.)

e Owing to their aforementioned contributions, Fukui and Hoffmann
were awarded Nobel Prize in Chemistry in 1981.




5.6.1 Frontier molecular orbitals Theory (1951)

* A deeper understanding of chemical reactivity can be gained by
focusing on the frontier orbitals of the reactants.

 We need to consider only two frontier molecular orbitals (FMQO's),
the HOMO and LUMO, to predict the structure of the product.

Highest occupied molecular orbital (HOMO)

Lowest unoccupied molecular orbital (LUMO)

*The FMO theory can be regarded as a natural extension of
MO theory that facilitates us to obtain qualitative

understanding of chemical reactivity. ;




Reaction condition

1. During the course of a chemical reaction, the orbitals that are most
readily accessible for interaction are the frontier orbitals.

2. When two molecules approach each other, the symmetry of the
HOMO of one molecule must be compatible with that of the
LUMO of the other molecule, i.e. orbitals with the same sign
will overlap. This forms a transition state which 1s relatively stable
and 1s a symmetry-allowed state.

3. The energy levels of the interacting HOMO and LUMO must be
comparable ( < 6 eV).

4. When the HOMO and LUMO of two molecules overlap, electrons
are transferred from the HOMO of one molecule to the LUMO of
the other molecule. The direction of the transfer should be in line
with the electronegativities and be consistent with the weakening
of the original bond. T,



—_— . —»  2H]

- — 7@ LUMO(L,)
H, : (o, ) (o, *) overlap=0!! Symmetry-
2 Ls - s ) - ; incompatible
1, :(05,) (75,) (75,%) (05,
g g _p\ \O o 0

example A: H,+1, & 2HI
H—H H—H —/o Je HOMO(Hz) (a)

LUMO(H,)
(b)
\ €  HOMO(,)
Electronegativity-

Real mechanism incompatible

e e
L = CQA D OO
I+H, > H+H -~ I H, I YJ Such a three-step
H+1 — HI /

mechanism meets
all requirements!

H,: (0'15)2(0'1s*)0
H2 +]2 — 2H] ]2 . (O-Sp)2(7r5p)4(7r5p*)4(0-5p*)0

T




C,H, , :(O-lg)2(o-lu)0
+ + + -
- - +
- - - +
m* HOMO LUMO

T
HOMO LUMO

Without catalyst With TM catalyst
J ' v ¥, + - C,H
- +
HOMO «  + H, -+ LUMO -+ H,
Overlap=0 VYV +
Ni c
incompatible in symmetry

not allowed thermally!



Example C, N, +0, S%NO

N, :KK(lo, (1o, )’(1x, )} (20, )*(1x,*)°
0, -'KK(Uzs)z(Uzs*)z(Uz (Epr)z(erpy)z(n-Z

*) (T3, %)

S HoMO (N,)

(0,)

Incompatible

v
overlap=0 symmetry: SOMO (O,)
Unreasonable
Though both N, and O, are abundant in electron transfer!

the atmosphere of the Earth, no such

reaction can occur without catalyst! i




Example D: C,H,+C,H, A Nobel-prize-wining Rxn!

Diels-Alder Reaction [4+2]-w-electrons

Transition state

* We can illustrate the HOMO-LUMO interactions by way of the

Diels-Alder reaction between ethylene and 1,3-butadiene.

* We need consider only the w electrons of ethylene and 1,3-
butadiene, and ignore the framework of ¢ bonds in each

reactants. 'f



n-MOQO's of 1,3-Butadiene =~ n©-MO's of ethylene

LUMO

LUMO Q)
Luuc 8 y

g X

HOMO

:I:

|

:|:
Co
OO

%  Correlation of FMO'’s



LUMO HOMO

v
HOMO LUMO

FMO's of two reactants can overlap effectively!

« Symmetry-allowed and thermally activated.




Example E: A thermally "'forbidden' reaction

H,C=CH,

+

H,C=CH,

* The dimerization of ethylene to give cyclobutane does
not occur under conditions of typical Diels-Alder

reactions(heating). i.e., it’s thermally forbidden.

 Why?



A thermally "forbidden' reaction

8_8n* _ + 2H,C =CH,

« HOMO-LUMO mismatch of

two ethylene molecules in
8_8n ‘F 4_ their ground state precludes

single-step formation of two

Ground Excited
state state new o bonds!

« The addition reaction is thermally forbidden, but allowed
between two photo-excited ethenes.

« A catalyst-free photochemical reaction involves the LUMO
orbitals of reactants, i.e., excited state of reactants.

Can the [2+2]-cycloaddition occur catalytically? T



Example F: 2,4,6-Octatriene g o o1 Electrocyclic Reactions

E n-MO’s | Oy |
A () Q10 - —
R .
| — |
) Q1Q O |
Vs 0 l 0 ;{
I - LUMO
0 O () H3C i CH
v 38 0 7 3
v 8_8 2,0 T Hovo A
3 0.0 H disrotary
|
' g % 1D GV!
:
vi 0O 0O : ) O 0 4L
00 0'0 0 0
This reaction 1s tﬁermally allowed with the Y G-
stereochemistry of its product governed by |
the symmetry-allowed disrotary. CH; CHs o




Example G: , A4, 6 octatriene
-MO' , C
Ve % %
Vs

Yy

Vs

\p)

Vi

!
5
g

19 59

> @ CO

Clo e O

54

v
a
|
I v
a

Q0 0r0 O
6607608

583
()
0

7

HOMO

Photochemical Electrocyclic Reactwns

conm:taryﬁ

This photochemical cyclic reaction occurs with the stereochemistry

of its product being governed by the symmetry-allowed conrotary.

T



Example H:  Electrocyclic reaction of 1,3-diene

3

disrotary
: o
hyv Hsc CHs
e H H CHs
LUMO of "HOMO of
I,3-diene sigma bond

Photo-reaction

Thermal reaction

(Ground-state) @

o, symmetry maintained!

C, or o,

HaC H H

HOMO of
1,3-diene

Conrotary
CHs A

>H

HaC

.
HOMO of
sigma bond

C, symmetry maintained!

T



Stereochemical Rules for the Electrocyclic Reactions

of [n]polyenes (n =even)

Number of

Electron pairs Thermal Reaction Photochemical
(double bonds) Reaction
Even (i.e., n= 4k) conrotatory disrotatory
Odd (1.e., n=4k+2) disrotatory conrotatory

Why ?



[n]Polyenes with even-number p_-orbitals.

_ _ ' -3 —1
Symm. cosnTlé’, 008%36’ cosg,i cosg cos = 8, cos i
|
oG, O——O)- O_EEVO ........... O—O
I — _
Asym. —sinn—_lﬁ, —sinn—_3¢9 — sin g:, sin o sin 3 6, sin & 16’
2 2 ro D 2 2
Nature of FMO’s ~ HOMO i LUMO
o, / C, l o, / G,
n=4k (k=1,2,,..): Asym /Sym i Sym / Asym
n=4k+2 (k=1,..): Sym @/ Asym i Asym / Sym
L
Thermal reaction : Photo-reaction
(HOMO-based) (LUMO-based)
n=4k Conrotary (C,) Disrotary (c,)
n=4k+2 Disrotary (c,) Conrotary (C,)

Stereochemical rules for electrocyclic reactions



[1,n] sigmatropic shift : stereochemical rules
H H H H H H

O i J Ll J
70 UG m NV B/ ¢
A/(\31 é:\;; e A‘\\\\C1 \}: + A“\\\T \}3
B é ”'-D A B C/ °>D H C/ 5\D
[1,5]-G-shift (suprafacial) (antarafacial)
(selectivity 100%) (selectivity 0%)
| [ | ]
S H
//C2/03H'_C4H\CS:-‘CQ . o /CZ_C3 C4H=—CH
C \ 7 Em— q\c \ H
A/ 1 C7 A\\\\ 1 _
é ‘ ///I A & (i\G
G
Cr
[1,7]-c-shift (antarafacial) / D

(selectivity 100%)

Strategy: Suppose the transition state 1s a combination of a H atom
and a [n]polyene with odd-number p_ orbitals.



[n]Polyenes: n=o0dd

C; sin@,sin26... sin(n —1)8, sinné

l//=Zc,¢,. O——Orrel O Q——
: O=mra/(n+1); E=a+2pcosf (m=1,2,...n)

If n=o0dd, SOMO, m = (n+1)/2, 0,,,=7/2, E,, =@

¢, =sin(r/2) =1, ¢,=0; ¢c;=-1;...,c, =sin(nr/2)

— g = Alki:;(gé1 -+, —...) = 81—02—83—04—8;uumcn

Symmetry of SOMO Sigmatropic shift
o C, TS symmetry Mode
n=4k+1 Sym. Asym. Cy—> %@OQ ) % Suprafacial
n=4k+3 Asym. Sym. C, —> % Antarafacial

Note that the H-shift demands both ends of SOMO of
[n]polyene (n=0dd) to overlap effectively with the H 1s orbital. , | |



* The sigmatropic H-transfer demands both ends of SOMO of such
[n]polyene (n=0dd) can overlap with the H 1s orbital. 1.e.,

- -

B o \\
n=¢ktl () n=4k+3 &
Suprafacial mode antarafacial mode CD%' T
TS requires Cg-symmetry! TS requires C,-symmetry!

QM-predicted transition states of [1,n]-sigmatropic shift

(-16.9)

1426

-.g.-"

41(C,) . |
[1,5]-sigmatropic shift [1,7]-sigmatropic shift T



2. Woodward-Hoffmann rules --- principle of orbital
symmetry conservation (4 F#fiEst#iit S 1EEE)

TR

Proposed originally to predict the stereochemistry of

pericyclic reactions based on orbital symmetry.

I. There is a one to one correspondence between the MO’s of
the reactant and the product.

Ii. The symmetry of the correlated orbitals is the same.
lii. The correlated orbitals should have comparable energies.

Iv. The correlation lines for orbitals with the same symmetry do
not intersect.

Orbital Symmetry Conservation 1



Example A: Electrocyclic Reactions of butadiene

n MOs of butadiene

Orbital Symmetry Conservation




Orbital Symmetry Conservation

Oy

|

I

|

| Oy
, conserved
I

|

I

|

| e

Disrotary, hv

S

C,
conserved

| e
Conrotary, A




\p Reactant Conserved oroduct During the disrotatory cyclic

1.
symm. operator reaction, the systems have a
o 7 d common G, symmetry.
4 A A )

Thus the symmetries of all

involved molecular orbitals
. 8&8 S A subject to this operation
\ / should be maintained
2N HoM before/after the reaction.

In this regard, the HOMO
and LUMO of the reactant
are correlated with the

77’
LUMO and HOMO of the
1 - N4 product by conservation of
orbital symmetry.

Energy/orbital correlation diagram 4. Thus the reaction should be
photo-promoted. o




A Reactant Conserved oroduct L- Durn.lg the conrotatory cyc.hc
symm. operator reaction, the C, symmetry is
/ d conserved.

The symmetries of all
involved molecular orbitals
subject to this operator
should be maintained
before/after the reaction.

The HOMO and HOMO-1 of
the reactant are correlated

/\/ .

S

with the HOMO-1 and
HOMO of the product. So
do the unoccupied MO’s.

N

Thus the reaction occurs for

Energy correlation diagram the reactant at its ground :
state. I



S T 13 A
L] .
L] .
] .
- .
. .
L] .
. .
L] .
L] .
] .
L] .
LY
(2]
¥ %
. ]
. ]
. L]
. L]
. ]
. L]
* ‘e,
o* .... *
W —“ I ﬂ
S T 13 A
L] .
L] .
] .
- .
. .
L] .
. .
L] .
L] .
] .
LIRS
(2]

Conrotary mode
Thermal reaction

3 +*
IR .
. .
. .
S .
S S
S S
S S
. .
. .
G .
. .
. -
. S
LR
X

'~

Disrotary mode
Photochemical reaction

The MO correlation diagrams of (a) conrotary and (b) disrotary
cyclic reactions of butadiene to cyclobutene

I
9 3



Example B: Cycloaddition of ethylene:

a photochemical reaction

2H,C ==CH,

reactants

53
53

-MO




&
= l
<

;
g’i

9
W

TT T

—

Qq

= $ X2
1
i3
© & a0y,

if
H

2

T %

In photochemical
reaction mode

* Conserved symm.

Operators: o, and o,

 The HOMO and
LUMO of reactants are
correlated with the
LUMO and HOMO of

the product, respectively.

* Thus excited states of
the reactants should be
involved for the reaction

to occur.

T



FMO theory Vs, Orbital .symm.etr.y
conservation principle

* Viability of reactions
Symmetry of MO's <,:>
« Stereochemical rules of reactions.
e« FMO's of reactants * All correlated valence MO's
of reactants and products
o Symmetry of the FMO's e Need to figure out the
symmetry operators conserved
determines everything. in the reactions.

« Simple, and widely applicable | ¢ Useful, yet a bit complicated

I
9 3




The reaction of [Et,N]l and tetracyanoethylene (TCNE) forms
[Et,N],[TCNE],, which possesses [TCNE],?~ with an intradimer
C-C bond distance of 2.827(3) A (CrystEngComm, 2001, 47,1).
Please analyze the unusual intradimer bonding.

Q124 ® > The LUMO of neutral TCNE is the =*
.9 MO of the C=C moiety.

2.89 A » The SOMO of [TCNE]:

A N ™ o
. ‘ NC CN

NC
» So the SOMOs of two [TCNE]- are NC CN
symmetry-compatible and can
: : : NC CN
effectively interact with each other! NG CN




Spin conservation
A chemical reaction occurs with conservation
of spin.

2H,('S) +0,(°S, )—32H,0(' 4,)

C,H,(s=0)+CH(s=0)——>CH,(5=0)



* Please make use of the FMO theory to assess
whether the ene reaction can occur
thermally?

H H
\ 2
\CH2 - \/CH2
H,C——CH; H3;C——CH,

Hint: In the transition state of this reaction, the propene can be
regarded as an allylic anion and a proton.

UM HOMO Symmetry allowed!
HOMO LUMO



Summary of Chapter 5

Key points/concepts
1. Hybrid orbital theory and VSEPR
(Mostly Qualitative Theory/model!)
2. HMO, HMO treatment of n-conjugated systems

3. Graphical method to predefine coefficients of HMO of r-

conjugated systems.  (Semi-quantitative Theory)
4. Symmetry rules for molecular reactions.

(Qualitative Theory)



[n]Polyacene: laterally fused benzene rings

____\ I 4n+2
_ 4n+2 An+2

i} 1n-1 2n+1

Benzene, naphthalene, anthracene,.., pentacene, hexacene,...

1) HOMO-LUMO gap of oligoacene decreases with increasing of n.

2) Pristine oligoacene becomes instable with n > 5.

3) When n > 6, pristine oligoacene adopts an open-shell singlet
ground state, i.e., biradical. (J. Am. Chem. Soc., 2004, 126, 7416)

Two degenerate disjoint non-bonding orbitals of [n]polyacene. (n>6) i



Spatial Arrangements of Electron Pairs in
Terminal Atoms in AB

Total
Electron  Electron-Domain Bonding Nornbonding Molecular
Domains  Geometry Domains Domains Geometry Example
2 domains “ 2 0 BB {=C={
Linear Linear
3 domai . g 0 al T\
omains A
e o W
Trigonal planar Trigonal planar

I §
B

Bent

[tf’ N\é]

I
9 3



4 domains




5 dormains

Trigonal
bipygr:'rrﬁdal

Trigonal
bipy'ranﬁd al

T-shaped

Linear

PCls

ClF3

XeF>




6 dormains

Octahedral

#B SFy

B
Octahedral

B Brfg
e.

Square




cos(ax = f)=cosa cos S Fsinasin [

sin(ax = ) =sina cos X cosasin ff

a+ﬁCOSa_ﬁ

cosa +cos F =2cos

2 2
cosa—cosﬂz—ZsinaJr'Bsina_'B

2 2
sina+sinﬂ:23ina+ﬁcosa_'8

2 2
sina—sinﬁ:ZCosaJr'Bsina_ﬂ

2 2



[n]Polyenes: Nature of their FMOs

C. sin @,sin 26.... sin(n —1)8, sinné

i O——O-rrl Ol O—— O
O=mna/(n+1); E=a+2fcosfé (m=1,2,....n)

ne_, bonding MOs, 0<n/2 ; If n being an even number,
HOMO: m=n20 =nx/2(n+1) LUMO: m=n/2)+1 6=(n+2)7r/2(n+1)

Nature of HOMO ¢, =sinf =si[nz/2(n+1)]| =cos[z/2(n+1)]

: : n’ .| nm T T
¢, =sinnf =sin T =sms—rx—| ]

2n+1) 27 2 2+
. |nm T T T
Ifn=4k c¢ =sin{—7z—[—- = —CO0S =—C, A tri
x {2 5 2(n + 1)]} An+1) 1 OSYImMEIe
If n= 4k+2 ¢ =sin L [E_ - ]} PO c symmetric
27 2 2mt) 2n+1)

symmetric asymmetric



[n]Polyenes: Nature of their FMOs

C. sin @,sin 26.... sin(n —1)8, sinné
i O——O-rrl Qe O——
O=mna/(n+1); E=a+2fcosfé (m=1,2,....n)
LUMO m=m2)+ O=n+2)7/2(n+1)

Nature of LUMO ¢, =siné=si[(n+2)z/2(n+1)] =cos[z/2(n+1)]

c,,=Sinn9:sinn(n+2)7r=Sin{£ﬂ+[£— z ]}

2(n+1) 2 2 2n+l)
If n= 4k . |nmT T T ]
¢, =slnqy—+[—— | =cos = ,
{ 2 (s 2(n+1) symmetric
" { 2 2+ 1)]) 2(n+1) 1 Asymmetric

-------
- - . -

symmetric asymmetric

I
9 3



[n]Polyenes: Nature of their FMOs
C. sin @,sin 26.... sin(n —1)8, sinné

! O_O ........... O_O ........... O_O
O=mna/(n+1); E=a+2fcosfé (m=1,2,....n)
ne_, bonding MOs, 0<n/2 ; If n being an odd number,
SOMO m=m+1)2 6O=7x/2

Nature of SOMO ¢, =smf =sm(z/2) =1; ¢, =0; ¢, =-1;

. . n
.,C, =sSInn@ =sm—rx
2

If n=4k+1 G = Sil’l% =sin(2kr +7/2)=1=¢ symmetric
If n= 4k+3 ¢ = sin% =sin(2kz +37/2) =—-1=—¢, asymmetric

- - - -
------

symmetric asymmetric



HMO Treatment: Linear [n]polyenes (C H .,)

Seh v [©F 7
W = C;%  Variati
— ariation ﬁ a_E

Trial T-MO Theorem

n
Hn
0 Ycﬂ
0 G
2 ~0
\ 0 ,8 G—E/\Cn)

 The n MQO'’s differ from each other
in energy (non-degenerate MQO's!).

 The lowest n/2 (n=even) or
(n+1)/2 (n= odd) MOQO's are

occupied.

£ )}
G=1,2,...,n)

v =Y




« For linear polyenes having even orbitals, there are n/2 bonding
orbitals and n/2 antibonding orbitals.

* For linear polyenes having odd orbitals, there are (n-1)/2 bonding
orbitals, (n-1)/2 antibonding orbitals and a non-bonding orbital.

e.g., Hexatriene - IT.°

4 O ——)
=AY ¢ O O—O—C0O—C——0
i=1

L__ sin@ sin26 sin36 sindfd sin56 sin6d

+sin70=0 & sin@#0; .- 9:% (m=12,..6)

mr
E =a+2p cos? (m=1,2,...,6) m=3, HOMO, bonding!

2 . Kmrx m=4, LUMO, antibonding!
7T %3 7 e I 3




In light of the superposition principle, each LMO of CH, can be
expressed by a linear combination of its CMOs, or verse visa.

LMO CMOs HO of C, H s

O, =V +¥ +¥ +¥Y. =(s+p,+p,+p.)/2+]1s,
(Db:\PS‘I'LPx_\Py_\PZ:(S_i_px_py_pz)/z_l_lsb Yet to be
O =¥ -¥Y. -V +¥.=(—-p,—p,+p.)/2+1s, normalized!
CDd:‘PS—‘Per‘Py—‘PZ:(S—px+py—pz)/2+lsd

It 1is provable that the four LMOs have the same energy!

As CMOs are eigenfunctions of one-particle eigenequations, we have

]; \PiCMO _ gi\{JiCMO &j(\PjCMO)*LPiCMOdT _ é‘ij

4 A
. ¢J'LMO - Zcfj\{[iCMO & Cij - +/_ 1 — EJ.LMO — J'(¢jLMO) *h ¢jLMOdZ_/J'(¢jL1MO) *¢jLA/IOdZ_
i=1

4 4 4
=Y /1D (c]) =0 8)/4= (¢ +35,) /4 (for j=1,...,4)
i=1 i=1 i=l1



Formation of four localized MO's of CH,:

. 5 LMO HO of C H1s
O = (s+p.+p +p.)/2 + 1s
o .= ($tp.+p,+p.) "
l O, = (s+p,—p,—p.)/2 + 15,

Oz

2 _;.'f': " y
X, by O = (S—px—py+pz)/2 + Ls.
¢h§d/ s | D, = (s—p,+p,—p.)/ 2+ 1s,

g™ CMO AO. AO'sof Hatoms

g ag Y. =5 +(ls, +1s, +1s.+1s,)/ 27

SALC's of CH,

VY =p +(ls, +1s, —1s. —1s,)/2 0 :Zc v
& LAY, =p, +(s,—1s,—1s . +1s5,)/2 i "
\LIJ::p:+(1Sa_1Sb+ISC—1Sd)/2— o T .




In light of the superposition principle, each LMO of CH, can be
expressed by a linear combination of its CMOs, or verse visa.

LMO CMOs HO of C, H s

O, =V +¥ +¥ +¥Y. =(s+p,+p,+p.)/2+]1s,
(Db:\PS‘I'LPx_\Py_\PZ:(S_i_px_py_pz)/z_l_lsb Yet to be
O =¥ -¥Y. -V +¥.=(—-p,—p,+p.)/2+1s, normalized!
CDd:‘PS—‘Per‘Py—‘PZ:(S—px+py—pz)/2+lsd

It 1is provable that the four LMOs have the same energy!

As CMOs are eigenfunctions of one-particle eigenequations, we have

]; \PiCMO _ gi\{JiCMO &j(\PjCMO)*LPiCMOdT _ é‘ij

4 A
. ¢J'LMO - Zcfj\{[iCMO & Cij - +/_ 1 — EJ.LMO — J'(¢jLMO) *h ¢jLMOdZ_/J'(¢jL1MO) *¢jLA/IOdZ_
i=1

4 4 4
=Y /1D (c]) =0 8)/4= (¢ +35,) /4 (for j=1,...,4)
i=1 i=1 i=l1



4

3H Is: {9, 05 0gfs (3 25-A; 2p{¢s,, 030-E, "\, , . , | 2
Cl,2 PxzPy: ¢ ¢1x ’ ¢1y ’ ¢2x ’ ¢2y

03@ E

6 ,wC—C=C—H

HW

H 3

C3 C32 € = ez-rrils
A 1 1 1 Z, R, x2 +y? 22
1 € e* g .3
E l e* € (xv y)$ (R.r, Ry) (x _)’ ’ xy)s (yZ» xz)
FHﬂ 30 [,=A®E

SAI';CA = ¢4 +¢5 +¢6

+ 25 (C3)

\Pli(CHB) - A(¢4 + ¢5 + ¢6)i B¢3(2s)

SALCE = g — ¢, SALCE =24, — ¢ — ¢,
+2p, (C3)

+ 2p, (C3)

\PfS\ECH3)=A(¢4_¢5)iB¢3y

‘I’;;(CH:_;): A(2¢4 _¢5 _¢6)iB¢3x(







