Chapter 5
The structure of polyatomic
molecules (A)



§ 5.1 Theory of hybrid orbital and atomic orbital
hybridization

1. Hybrid orbital theory ---Proposed by Pauling in 1928

Chemical bonding theories

MOLECULAR ORBITAL THEORY
« Valence electrons are delocalized
« Valence electrons spread over entire molecule.

VALENCE BOND THEORY

* Valence electrons are localized between atoms (or are
lone pairs).

« Half-filled atomic orbitals overlap to form bonds.



Simplified MO diagram of diatomic molecules
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The narrow energy gap between 2s and 2pz orbitals in a N atom also
enables the interatomic interaction between 2s (N1) and 2pz(N2)!
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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 nuclel.

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

Pauling proposed that the valence atomic orbitals in the molecule
are different from those in the isolated atoms. We call this
Hybridization!



Why do atomic orbital need hybridization?

p - orbitals

A first approximation to the
valence-bond description of
bonding in an H,O molecule.
Each o bond arises from the
overlap of an H1s orbital with one
of the O2p orbitals. This model
suggests that the bond angle
should be 90°, which is
significantly different from the
experimental value.




H,0 H_z?i The admixture of 2s & 2p orbitals
.I—I is required.

Inequivalent sp3 hybridization of O(2sp) AOs



a. Why do atomic orbitals need hybridization?

3
CH, >P

109.5°

109.5°

e Carbon has four valence electrons — four electrons that are
typically involved in bond formation.

e For carbon atoms bonded to four other atoms, experimental
evidence suggested that all of the bonds have similar
molecular orbitals.



b. How do atomic orbitals hybridize?
¢h — C1¢2s C2¢2 DX C3¢2 oy C4¢2 0z

o, = Zcik¢i
I_Alq)k = H Zcik¢i = Z I:ICik¢i = Zcikl:l¢i
— Zcik Ei¢i — Ekzcik¢i

If we begin with n AO’s, we must end up with n orbitals
after hybridization.

All n hybrids are equivalent except for
directionality - same energy.




2. Construction of hybrid orbitals



a. sp hybridization (linear species)

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

“* — —o Q@

sp hybrid

—DQ* O©o—

sp hybrid
\/7(¢ T ¢2 - sp, 0=180°, linear,

Normalization and orthogonality
1
— \/;(¢s - ¢2 px)



b. sp? hybridization (trigonal planar)

 One s and two p (p,
and p,) AO’s mix to 5 w
form a set of three
hybrid orbitals.

1 2 2s 2p, 2p, sp*hybrid
¢h1 =\/;¢s +\/;¢2px )

1 1 1
¢h2 = \/;¢s o \/%¢2px + \/;¢2py

1 1 1 2s 2p, 2p, sp? h:ybrid
¢h3 = \/;¢s o \/%¢2px o \/;¢2py

sp?, D5, 6=120° , triangular,
f=1.991, o=1/3

(I)hl




¢hi — ai¢s +bi¢2px +Ci¢2py

For equivalent hybridization: the weighting of s orbital
in each hybrid orbital 1s 1/3, and therefore

a =1/3
¢hi — V1/3¢s +bi¢2px +Ci¢2py

Supposing ¢, 1s parallel to the x-axis and 1s perpendicular
to the y-axis.

¢h1 — m¢s ™ bi¢2 PX

Normalization

P, =~N1/3¢. +~+2/3 ) ox



B =V1/30, +2/34,,,
¢hi — V1/3¢s +bi¢2px +Ci¢2py

Normalization and orthogonality
2 2
2 2 2 —

ﬁ

aa,+bb, +cc,=0 1/3++/2/3b,+0-c, =0

b, =—+/1/6 C, =1+1/2

bro =173, 1764, +~/1/24,
by =N1/3¢, —1/6¢,, —1/24,



c. sp? hybrides (tetrahedral)

I ¢—£[S+p +py,+p, ]
equivalent H:~j:.—:H hi 2 X y z
hybridization ! along (x,y,2)
o=1/4 1
bz 12 Py =2 (5= Px= Py + ;]
¢ along (_Xa'Y9Z)
Pn
1
-y Bns ZE[S_ Py + Py — P, ]
X// \r along (-X,y,-z)
S Ona

h4

|
¢h4 :E[S+ px_ py_ pz]

e One s and 3 p AO’s mix to form a set of along (x,-y,-2)

four hybrid sp? orbitals. ; :
CH,,SiH,,GeH,,PX,,S0,” ,PO,™



d. dsps (sp3d) hybrides (bipyramidal)

tr3 Z
E F
F Fe | .
>S' >P0_F o 9
Fol. . o |
] a'
\
y
: 1
trlzﬁs‘F gpx d4=\/;[pz+d22]
11 1 ’
=ms g2 d5=\E[pZ_d22]




e. dsp? hybrides (square planar)

d

2_y2 181 px1 py

x2—y2

1 l
~d + -
2¢ \/7¢px 2
1 1
E¢ \/7¢px E x2—y?
1
2

%¢ +\/7¢py__ x2—y?

1
Ony = E¢s _\/;¢py _dez—y2

Square planar: Dy,

Ppat ¥

.
o

g

e.g. Ni(CN),*



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

oclzis+ 1p +—d, ,——d,
Je V27 27y 12 ¢
oczzis+ 1p 2 2 z—idz
Je V27 27 12 ¢
ocgzis— 1p +£d2 z—idz
J6 27 2 Xy 12 7
oc4:is— 1p —ldz 2—id2
Je o V2™ 27 12
oc5:is+ 1p+ ldz
J6 V27" V3¢




Hybridization schemes

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

Sp linear

Sp? trigonal planar

sp3 tetrahedral

sp3d (d,?) trigonal bipyramidal

sp3d(d,*-,° square-based
pyramidal

sp3d? octahedral

sp4d square planar




3. The angle between two hybrid orbitals
sp" hybridation

¢h:\/g¢25+\/1_a¢2p
¢hi:ﬁ 2s \/l_ai¢2pi
¢hj:\/07j¢zs+\/l_05j¢zpj

¢pi — Xi¢px T yi¢2 py T Zi¢2 Pz



Normalization and orthogonality
O:I ¢hi¢hjdz-:_“ (\/;i¢25 +\/1_05i¢pi)(\/07j¢23 +\/1_aj¢pj)dz-
:,/aiajj ¢232dr+\/(l—ai)(l—aj)j i, d7+0+0

0= % "'\/(l_ai)(l_aj)cﬁeij P
aQ;
0036’ij = —
Ja-a)(1-a))

(c0s0;<0, 0,>90° )

@i = & Equivalent hybridzation. Example: CH,

i # & Non-equivalent hybridzation. Example: CHCI,, CH,CI

D



Equivalent hybridization

s.p3 —hybrides

Jaa;

Ji—ayi-a,)

cosb; =

0 =109"28"




Non-equivalent hybridization sp” —hybrides

g N ~: g LR =T
e y *) : o y ~ :
I I | | I I I |
: : | Y : : ,' ey
| | . | N
: . _,,II/ -7 H+N—=H | —
L < H L= <
for NH, H—:?:
0=107.3" H
a+(1-a)cosl07.3° =0
a=0.23

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

Wionding = N0.235+~/0.77p = 0.485 +0.88 p
Vione o = 0.315 +4/0.69p = 0.565 +0.83p

Other example
PH,, PF;, NF;,



For d-s-p hybridization, the angles between two
hybrid orbitals can be calculated by: (where a, 3
and y are the component of s, p and d orbitals)

a+,60056’+7/(§c032¢9—1)=0 ,
2 2
1 1 1
for d’sp’, a = —, =—, V=,
P 6 p 2 4 3
l+lCOSQ+l(§COS29—l):O
6 2 32 2 X
cos, =0, cost) =-1 Octahedral

6, =90°, 6, =180’



4. The bonding ability of the hybrid orbital

fi, = Ja ++/38 ++/57
atomic orbital bonding ability :s,p,d, f :1,4/3,4/5,4/7

for the sp” hybridizations, 1

Y =—— Linus Pauling
Ll s i0m o O Vaz

oO=—,0 =
2 2 3
a:l,ﬁ:% f =1.992 sp° Ylo_\/ cos ¢
3 3
1 3
a:Z’ﬂ:Z fh =2.00 Sp 20 (3COS 6 — 1)
0!20, fh:\/§
0521, fh:l a:l :l = — f =2.925 dzs .
6 P 2 7 3 g




5. Discussions

Sp? F\

H 1s atomic orbital

Example: BH it
. 3
B sp? hybrid orbital

3 sp? hybrid orbitals each with
one electron.

*This one electron pairs with the
hydrogen electron.



bond formed by
sp—s overlap

bond formed by
sp2—sp? overlap

(a)

The sp?-hybridization and chemical bonding in C,H,.



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 o-framework continuous cyclic
of benzene. bond of benzene. 11|




Bend bonding
cyclo-triethyle

banana bonds

/\

H2C_CH2

sp3




§ 5.2 Valence Shell Electron-Pair Repulsion
(VSEPR) Model

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



VSEPR

Atom B in AB_, lie 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.

Repulsion between two electron pairs is the greatest.

Repulsion between between a lone electron pair and a
bonding electron pair is less.

Repulsion between two bonding pairs is the |least.
. melectron pair do not influence stereochemistry.



Arrangements of Maximum distance between valence shell
electron pairs.

No. pairs arrangement
2 Linear

Equilateral triangle

3

4 Tetrahedron
5 Trigonal bipyramid
6

Octahedron



Spatial Arrangements of Electron Pairs in
Terminal Atoms in AB,

Total
Electron Electron-Domain Bmdmg I'brhmdmg Molecular
Domains Geometry Domains Domains Geometry Example
2 domains - 2 0 B—A-—B O=C=
Linear Linear
3d ' . 3 0 ‘Hl i
Qrmains :
v ¢ XK
Trigenal planar Trigonal planar

‘ 1 i}\g P

Bent




‘ i
4 damains 4 0

Tetrahedmal Tetrahedral




H dormains

Trigonal
bipy%’nﬁdal

Trigonal
bipy%:nﬁda]

S e

T-shaped

Lmear

PCls

ClF3

XeFs




6 dormains b 0 B SFg

B
Octahedral Octahedral

5 1 B BrFg
c.

SqUare
pymmidal

XeFy



Molecular Stereochemistry

No. of pairs of e formula  stereochemistry point group

1 A,, AB none D.n C..
2 AB, linear D+

3 AB.e! bend C,,

3 AB, triangular Dy,

4 AB,e? bend C,,

4 AB,el pyramidal  C;,

4 AB, tetrahedral T



Molecular Stereochemistry

No. of pairs of e= formula

5

S O O O1 O O

AB,e’
AB,e?
AB,e!
AB.

AB,e?
AB.e!
AB,

stereochemistry point group
linear D,
T-shaped C,,
non-planar C,,
trigonal bypyramid Dy,
square planar D,
square pyramidal C,,

octahedral O,



VSEPR Example

:il.jl:
e 4
:(;]: |

CCl, will adopt a tetrahedron geometry to minimize the
repulsion between chlorines



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.



ICl4 AB,e? 6-pair case

|
_ Cl-.. | ,.--Cl :-._c|: _.Cl
possible structures: CI’T\'CI '.’/|I\CI
2 Cl
0411 CE"J
ele 0 1
bp/e 8 6
bp/bp 4 5
BrF; AB392 5-pair case
[ ..-"F IF ---- i ] —"F
possible structures: F— B F P Bl"i\ - BF"'F
| 1 |
D3 Cov Cs
ele 0 0 1
bp/e 6 & 3
bp/bp 0 2 2



linear

bent
bent

trigonal planar
pyramidal

T-shaped
tetrahedral

distorted tetrahedral

planar

trigonal bipyramidal
square pyramidal
octahedral

BeClyg), MX2q) (M=2Zn, Cd, Hg), Hg:Cl;,
M(CN)* (M = Ag, Au)

NO,", SO,, SnXy, PbX,

H;0, SX2, SeXs, TeXs, CIO,°

BXs, Gals, InMes, CR;"

NH3, NR3, NX3, PX3, AsX3, SbXs, SO,

CIF3, BrFs, PhICl,

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

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

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

SF,, SCl,, SeF,, SeCl,, R,SeCl,, R,TeCl,

ICly", BrF,, XeF,

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

SFs, SeFs, MoFg, WCls, WMes, PF’,

PCls’, SiFs”, SnCls”, Mn(OH)s*", Fe(OH,)e" ", FeF"




{ 5.3 Delocalized molecular orbital theory



1. Normal = bond

An s orbital and two p orbitals can be
hybridized to form three equivalent
orbitals that point towards the
corners of an equilateral triangle. The
remaining, unhybridized p orbital is
perpendicular to the plane, forming
the © bond.

-



2. Delocalized & bond

Hm n-orbital numbers, m-electron
L numbers (n>2)

Conditions for the formation of delicalized © bond

1. The atoms are coplanar, with every atom
contributing a p-orbital orientated in the same
direction.

11. The number of 1t electrons 1s less than twice the
number of the participating p-orbitals.



A. Some inorganic conjugated molecules
a. AB, type molecules

i. Linear type (16 valence electrons) C: sp hybridization +p, +p,,

Vo= Tho()+ 24 +4o(2)]  bonding

Wﬂ'l
Wy = %[% (1) =00 (2)] non - bonding

Vo= [do ()2 +o(2)]  anti-bonding

8 8 WﬂZ
melectrons :16-4-4=8 8 8 8
4 . 4 4
2115 : Im, II 1/

[soelectronic analogy :  CO,, NO,", N,O, N;, COS, BeCl,, HgCl,



ii. Non linear type(bent) (17~19 valence electrons) sp? orbital

ex. 18 O, (valence electron)

pzO
O: sp? hybridization + p, /N
p, O O p,
I,

r electrons: 18-6-8=4 II;

V=1 +V20,+ 4] bonding

2
% =i[¢ — 0] non-bonding 09 NO
72 \/E 1~ % @N&\®O 5
W;zlzg[¢1_\/§¢2+¢3] anti—bonding @ @ Hi

4 . .
Isoelectron analogy: SO, | II; |T  anti-bonding
4_4_3 ™) non-bonding

3
5 1] bonding
13

17 valence electron NO,

19 valence electron CIO,




111. Non-linear type
(20 valence electrons) OCl,, OF, \‘ [ 4
sp? hybridization
relectrons:20-4-16=0

no delocalized © bond!

8 valence electron analogy: H,Se, H,S, H,O \




Iv. Linear type (22 valence electrons) ICl,

Centric atom |: sp3d hybridization

relectrons:22-4-18=0

No delocalized = bond!

In fact, it is a little bent




conjugated molecules

Classification for AB, type molecular structure

triangular

[11

IVB

VB

VIB

VIIB

CO,

SO,

Clo,

COS

SeO,

ICL,

CS,

\Py

O,

IBr,

linear

16 e 8e:;17-20e 22 €




b. AB; type molecules
. PCl;: 26 valence electrons

centric atom: sp? hybridization

Its valence electrons:
3*6+3*2+2=26

No delocalized © bond !

its analogy: PF;, PBr;, AsCl,;, SbCl,

NH;: 8 valence electrons

Its valence electrons: 2+2*3=8




i. Equilateral angular type BCl; D,
24 valence electrons

Centric atom B: sp? hybridization

v, =Cpg(1)+C00 (2) + C0¢,(3) + C, 0, (4)

anti-bonding

‘ % ‘ % non-bonding

7 electrons: 6
# bonding

Isoelectron analogy: AlF;, NO5,, CO,%, SO,, CI,CO,
(H,N),C=0, Cl,C=S

For four atom angular type molecules, forming one bonding, two
nonbonding and one antibonding orbitals, in general

While, for four atom linear type molecules, forming two bonding and
two antibonding orbitals,




ii. ClF;type 28 valence electrons

centric atom Cl: sp3d hybridization

7z electrons :
oc 28
QF. -6
T-shaped /
QI
g\ - -
F F \ »
F ||3»\‘\F | & | oF I.:.' 8
— Br. . . RN Py -18
R [ ___J
F oo
D3h C2V CS
e/e 0 0 no delocalized it bond !
bp/e 6 4 3
bp/bp 0 2



conjugated molecules

Structure classification for AB; type

NF;

PF,
AsX, ClF,
SbhX, BrF,
NH, ICl,

Equilateral pyramidal T-shaped

triangular 8e; 26¢e 28 e




c. AB, type

I.  CH, (8 valence electrons)

C atom takes sp? hybridization, no delocalized = bond
analogy: CCl,, CH,*
ii. PO,* (32 valence electrons)

P atom takes sp?3 hybridization, forming four ¢ P-O and d-p conjugated =
bonds

SO,




B. Some organic conjugated molecules

O

6 10
6 10
c CH
2
N =
H,C C

IT;

NO2

10
[



3. The conjugation effect.

I. The electrical conductivity is enhanced by the delocalization
of «t bond.

ll. Color. The formation of delocalized = bond increases the
delocalized extent of the & electrons and causes the energy of
the system to decrease.

7N s

~ X " o= =a
e ‘/\D LI )C \
N [|:/ |



1. Acidity and basicity.



Iv. Chemical reactivity.
e.g. H,C=CH-CI The formation of r;* causes a contraction
of the C-CI bond, and reduces the lability of CI.
4. The hyperconjugation.

Bond type Hybridization C-C bond length (A) C-C bond energy(kJ.mol?)

\C C/ sp3-sp3 1.54 346.3
VRN

N spisp? 151 357.6
/N

C—C== sp3-sp 1.46 382.5

/



§ 5.4 Hiuckel molecular orbital
theory and conjugated system



§ 4 Huckel molecular orbital theory and conjugated system

1. HMO method

HMO method

(I)W:ZCi¢i

(2E = [y *Hydz

WEEL
c, OC, oc,

(4)seqular equation
thus

H, —ES, H,-ES,..
H,—-ES, H, —ES,..

H,-ES, H,-ES,..
H, -ES,, H,-ES,..

0

Hln B ESln
H2n ES2I‘1
Hnn B ESnn
Hln B ESln
H2n B ESzn
Hnn B ESnn




Modified Huckel molecular orbital theory

H. = .wi*lflwidrza

H, = [y, Hydr=4 (f i=jtl)
—0 (if i#j*1)
Sy =] wiydr=1 (f i=j)
—0 (if i=j+1)
=0 (fizjt]) |4_E g




The Nobel Prize in Chemistry 1981
Frontier orbital theory & Conservation of orbital symmetry

“for their theories, developed independently, concerning the
course of chemical reactions”

Kenichi Fukui Roald Hoffmann



2. The HMO treatment for butadiene

H,C=CH-CH=CH,

¥ =C, ¢, +C,0, +Ci0; +C 0,

Secular equation

(a—E

p
0

. 0

a—E

p
0

p
oa—E

p
0

p
oa—E

a—E
p

0

p
oa—E

0
0
p

\

OZ—E)

0
0

a—E

(¢
1
C,
C;

\C4 )



letx=—, E=«-
x 1 0 O
1 x 1 O—O
0 1 x 1| Xx*=3x*+1=0
0O 0 1 X Xf:0.38 X, =10.618
< 1 0 X22:2.62 X, =11.618
D)"x1 x 1 thus,
0 1 X E =a+1.618p
1 1 0 E,=a+0.6180
+(=D"-10 x 1]=0 E,=a-0.6183
bolx E,=a—1.6188




solve seqular equation :
c,x+c,=0
c,+C,X+c, =0

c,+c;X+c¢c, =0

c,x+c, =0

and,
ci+c.+cs+c; =1
substituting x =-1.618 —
e 037 E =a+1.6180
c, =C, =0.602

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



v, =0.372¢, +0.602¢, + 0.602¢, +0.372¢, E =a+1.61883

y, =0.602¢, +0.372¢, —0.372¢, = 0.602¢, BME = +0.6187
w; =0.602¢, —0.372¢, —0.372¢, + 0.602¢9, BRE. = o —0.6183

v, = 03724, ~0.6029, +0.6029, ~0.372¢, JE, ~ o~ 1618

Antibonding MO
(three nodes)

Rl E, = - 1.61873

Antibonding MO
two nodes

| — ENeESTY;

o T
Ei i i i One node
= E,=a+0.6188

Bonding MO
No node

E, =a+1.6188




Delocalized energy
E.=E, —Epa =4a—-[2(a+1.6180)+2(a+0.6185)|=-4.43
If forms two lacalized 7 orbitals

E =-4p0

T

thus, delocalized energy or resonance energy

E_ =048




3. Population analysis and molecular diagrams of conjugated system
i. Charge density --- the probability of = electrons on the it" atom

i =2 NG (k) w' =0.372¢, +0.6024, +0.6024, +0.3724,
k

2

0, =2%0.602% +2x0.372% =1.000 w2 =0.602¢,—0.372¢, —0.372¢, +0.6024,
0, = p, =1.000 w?=0.372¢,-0.602¢, +0.602¢, —0.372¢,

Il. Bond order --- the strength of the bond between atoms i and |

P = Z NG (k)Cj(k)

k

D, =2%0.372x0.602+2x0.602x0.372 = 0.896 = p,,
P,, =2x0.602° +2x0.372% x (=1) = 0.448



111. Free valence index --- the relative magnitude of the residue
bonding ability of the i atom

F, =~+/3-0.896 =0.836 = F,
F, =+/3-0.448-0.896 = 0.388 = F,

Example: 1,4 addition reaction of butadiene
H2C=CH-CH=CH2 + Br2 --> BrH2C-CH=CH-CH2Br

. . 0.836 0.388 0.388 0.836
1v. Molecular diagram.

0.896 0.448 0.896

O Q) O O
H,C  CH CH CH,
1.000 1.000 1.000 1.000




4. The HMO treatment of cyclic conjugated polyene (C . H,)

strongly

Wé(bzg) :%(@ — 0+ =0, + P — )

' b2 7\_4 ) antibonding

1 o

l//s(ezu) — §(¢2 _¢3 +¢5 _¢6)
1 e* e weakly
e y)=—— 20 — — +20. — — 2u antibonding

v,(e,,) \/ﬁ( G — ¢, — Py — D5 — &)

1
l//3(elg)=5(¢2+¢3_¢5_¢6) |

';”2(919) :%(2% +¢2 _¢3 _2¢4 _¢5 +¢6)

WI(aZU):%(¢1+¢2+¢3+¢4+¢5+¢6) ’

4n-1 4n 4n~1 4n-2 4n-3

R ——.

strongly
bonding

a2y

i




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

(AO = atomic orbital, MO = molecular orbital)

Molecular orbital method of pre-determined AO coefficients



Principle 1 2 3 4 5 n2 nl n
e e OOOGOO0T
CiB + Cy(a-E)ytC; f=0

C,p+C5(a-E)+C,p=0

—XC, +C, =0
...... C,—XC,+C, = 0
Cy. BtC(a-E)+C, =0 C,—XC,+C, =0
Cn—lB—I_Cn(O('_E):O Cn—l o XCn =0
x=_2=E XC, =C +C




a—E

let x=- E=a+Xxp

let x=2cosf E=a+2fcosb

—2cosC, +C, =0 C, =2cosC,

let C, =siné C, =2cos6sind =sin26
C, =sin3f

thus :

C, =sinf, C, =smn26, C, =sin34.......,C_=sinné

G OOO ............. OOO

sin @ sin 26 sin 360 sin(nN —1)@sin nf
C,—XC,+C, =0 = C,=XC,—C(,
C, =2c0sdsin26—sind =sin26cosd +sin26cosd —sin g

=sin26cos@+sin@(2cos” &—1) =sin20cosd + sin & cos 26
=sin30



From C,,B+C(a-E)+Cy,,p=0

2cosC, =C, +C, |

sinn@ =0, sin(n+1)8=0

M+Do=mz =0="" (m=123,..n)
n+1
X = 2cosl = 2005ﬂ
n+1
E:a+xﬁ:a+2ﬂcosﬂ (m=1,2,3,...,n)
n+1
L 2 kmz
= sin m=1,2.3,...,n
¥m Z{ n+1 n+1¢k ( )

I

Normalization coefficients




Example

O——0—=0

mz mMmnx siné sin2@ sin36 sin4d

1) butadiene (n=4)

: B g _
sin 58 =0 -
0 36°(m=1) 72°(m=2) 108 (m=3) 144° (m = 4)
2cos@ 1.618 0.618 -0.618 -1.618
a+1.6188  a+0.6188  «-0.6188 a—1.61883
2mz m7 . 4m

\/7(Sln—¢1+sm - ¢2+sm35 ¢, +sin 7[¢4)
(m=1,2,3,4)

vt =0.3724, +0.6024, +0.602¢, +0.3724,
w? =0.602¢4, +0.372¢, —0.3724, —0.6024,
w? =0.6024, —0.3724, —0.3724, +0.6024,
v’ =0.3724,—0.6024, + 0.602¢, —0.3724,



I1) hexatriene n=6

O OoO—CO——CO0O0——C0O0—CO
sin & sin 26 sin 38 sin 4 60 sin 5 sin 660
sin 768 =0
Mz
E =a+2p0 0037 (m=1,2,3,4,5,6)

For even orbitals, there are n/2 bonding orbitals and n/2 antibonding
orbitals.

For odd orbitals, there are (n—1) /2 bonding orbitals, (n—1) /2
antibonding orbitals and 1 non-bonding orbitals.




1) Symmetry classification
a. Molecules with even carbon atoms

Symmetric:

2coseC, =C, ,+C, |

} Y Y }

The boundary condition:




asymmetric:

.6 .0
—sIn—, SIn—
2 2
O——O-O—Q-O—0O
—sinn—_1 o, —sinn—_39 sinn—_3 o, sinn—_lé’
2 2 2 2
The boundary condition:
. n+1 2m n
smn——~60=0 =0=—nx (IM=12,...,<—)
2 n+1 2
2m n

E=a+2fcos—nx (M=12,...,<—)
n+1 2



b. Molecules with odd carbon atoms

Symmetric: Y




Asymmetric:

—sind, 0, sind
O—OO—O—)r O—O
—sinnT_lé’, —sinn_3<9 sinn_39, sinn—_19
Boundary condition:

. h+1 2m n

sim——60=0 =0=——nx (IN=12,...,<—)

2 n+l1 2

2m n

E=a+2pcos—n (M=12,...,<—)
n+1 2



cos26, coso, 1,
Example:

cosfd, cos26

—sin28, -—sinf@, 0, sind,

symmetric
E=a+1.732f (m=0) bonding
E=c (m=1) non-bonding
E=a-1.7323 (m=2) anti - bonding

] J3 1
( 0, + ¢2+% —Q,+=0s5)

2 2

=\F(¢1—¢3+(/)5)

1 J3 1
( 0, — ¢3—7¢4+5(/)5)

sin 26



cos26, coso, 1, cosd, cos26
Example:

—sin26, —sind, 0, sinf, smn20

asymmetric

E=a+f (@@m=1) bonding m

E=a-f8 (m=2) anti-bonding E:a+2,6’c0s5+17z (m=12)

]
‘I’asl=§(¢1+¢z—¢4—¢s)

1

‘Pasz=5(¢1—¢z+¢4—¢s)




c. Cyclic conjugated molecules

Example 1: benzene ---solution I

1) Symmetric MOs

Boundary condition:
2cosC, =C, +C,

2COS@COS§9= cos§9+cosét9
2 2 2

bonding

00519—00826?:0

—2sin3«9$in§=0

sin30=0 = 9:?7: (m=0,1,2)




cos(at f)=cosacos fFsinasin ff

sin(a £ ) =sina cos ftcosasin 5

a+f o-

cosa +cos f=2cos COS

COSa —Cos f =—2sIn SIn

sin¢ +sin ff = 2sIn COS

sin —sin f = 2¢os SIn



% 0°, 60°,

cosd 1 1/2

2cosf 2 1

E a+2p a+pf
4 v,

120°
-1/2
-1
a-p
¥s
v, =N+, + P+ 9, + 95 + &)

=%<¢1+¢2+¢3+¢4+¢5+¢6>

V3 3 V3 43

3 3 3
W, = N(O+7¢2 +7¢3 +0_7¢5 _7¢6)
— =)
| 1 1 |
Wy =N(-¢ +5¢2 +5¢3 — @, +5¢5 +5¢6)

1
—ﬁ(zﬂ _¢2 _¢3 +2¢4 _¢5 _¢6)



11) Asymmetric MOs
Boundary condition:

2coséC, =C, +C, |

ZCosﬁsinéﬁzsiniﬁ—sinéﬁ
2 2 2

sinzt9+sinét9=sinét9—sin§6’
2 2 2 2

sin1¢9+sin§6’:O
2 2

sin36’cos§=0 = sin3d=0 = 92?72'

6 60°, 120°, 180°
cosd 1 1/2 -1/2
2cosfd 2 1 -1

E a+pf a-p a-20
W, Vs Y

(m=12,3)

[

[

N | —

N |

]

]

[

N | W

]



1 1 1
W, = N(—¢1 +5¢2 —§¢3 _¢4 _§¢5 +§

1
_%(2@ +0, =4 =20, — P + &)

1

?s)

BB BB \B
s %)

vs =NO+=—=¢ ———§, +0+—¢
=%(¢2 _¢3 +¢5 _¢6)

Ve =N(0 +0, ¢ + P, — 5+ &)

:%<¢1—¢2+¢3—¢4+¢5—¢6>

g%gw

X
354

Gy -
G

Byt -



Example 2: benzene ---solution II
1) Symmetric

Boundary condition: O
2cosC, =C,, +C, ,

2)
2cosfdcos360 =cos20 +cos20 =2cos20

—sin38sin@d =0

sin30=0 = 0= ?n (m=0,1,2,3)

% 0°, 60° 120° 180°

cosd 1 1/2 -1/2 -1

2cosf 2 1 -1 -2

E a+2f a+pf «a-p a—20
4! v, Vs W4

bonding anti - bonding

(0)

P
~_

G G

Q)

2)



11) asymmetric

sin 380 = —sin 36

sin30=0 = ez?n (m=1,2)
0 60°, 120°
cos@ 1/2 -1/2
2cosf 1 -1
E a+pf a-p£
4 ¥,

[0]
bonding  anti-bonding _[2:\/ [2]
—[3] 3]

—[1] [1]




Complicated p-conjugation: e.g., benzyl
How to get the coefficient of atom 77
1) Symmetric MOs:

The seqular equation centred at atom 6:

Ca—E)+C,p+C,+C, =0 - \ (4)-(2)
let -2cos@=(a—FE)/p 1 G -7~
SOy =2c0s0C, — C, -

=2cos@cos36 —2cos26

= c0s46 —cos26
Boundary condition: 2cos0C; =Cg =

2cosB(cosd40 —cos28)=cos360 = 2cosf=0,£(3F \/5)1/2

2) Asymmetric MOs:

sin30d=0=6=mz/3(m=1,2)
C.2cosf = =1




§ 5 The symmetry of molecular orbital and
symmetry rules for molecular reactions

Brief introduction:

 Frontier Molecular orbital (FMO) Theory proposed by K. Fukui in
early 1950s.

 The Principle of Orbital Symmetry Conservation proposed by
R.B. Woodward (1965 Nobel Prize) and R. Hoffmann in 1965.

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




§ 5 The symmetry of molecular orbital and symmetry rules for
molecular reactions

1. Frontier molecular orbitals (1951)

We need to consider only two molecular orbitals, the HOMO
and LUMO, to predict the structure of the product; called
frontier MO’s

Highest occupied molecular orbital (HOMO)

Lowest unoccupied molecular orbital (LUMO)

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



Reaction condition

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

2. The energy levels of the interacting HOMO and LUMO must be
comparable (within 6 ev).

3. When the HOMO and LUMO to 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.



exampleA: H,+1, < 2HI

-
®--9

Hz 3(013)2(0' _Lsi ! overlap=0

l :(GSp)z(ﬂ.Sp)4 Z *)4(05p*)
- X LUMO

H,

(a)

—> . . —> OHi

Je HOMO
LUMO

Its mechanics

L, 2l —

l+H, ->HI+H
H+1 — HI

H,: ((713)2(0'15*)2

H2+|2—)2H| |2 :(O-Sp)z(7[5p)4(7z-5p*)4(0-5p*)0




Example B:

The 7 MOs of Ethylene
o s

&% .-
The MOs of Hydrogen
- HOMO H,:(0,,) (c,)"

H C,H, | The reaction o
H H requires .‘
- o 2

A
catalyst ‘ ’

= N1
Overlap=0, Not compatible in symmetry ' ‘




Example C, [NIEIOX NO

N2 : (O-zs )2 (023*)2 (7[2 px)2 (72-2 py)2 (0-2 pz )2 (7Z-2 p *)0

O2 : (0-25 )2 (O-zs*)2 (0-2 pz )2 (_72-2 pX )2 (72-2 py )2 (7Z'2 px*)l (7[2 py *)1

overlap=0 Electron transfering
IS not reasonable




Example D) C4H6 +C2H4

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

o
>

* We can illustrate HOMO-LUMO interactions by way of the
Diels-Alder reaction between ethylene and 1,3-butadiene.

 We need only consider the w electrons of ethylene and 1,3-
butadiene. We can ignore the framework of ¢ bonds 1n each
molecule.




The 7 MOs of Ethylene

Antibonding = orbital of ethylene;

no electrons in this orbital

HOMO —H7

Bonding n orbital of ethylene;

two electrons in this orbital




n MOs of 1,3-Butadiene

3

LUMO

HOMO

—+
—++

Highest energy orbital

Both antibonding

orbitals are vacant

4 relectrons; 2in

each orbital

Lowest energy orbital







This cycloaddition reaction can
proceed by heating because the
symmetry of the frontier orbitals are
compatible.




Example E:
A "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. Why not?




A "forbidden" reaction

H,C=CH,
+ L

H,C=CH,

HOMO-LUMO mismatch of two HOMO of one
ethylene molecules precludes ethylene molecule

single-step formation of two

LUMO of other

new o bonds
ethylene molecule




Example E:  Octatriene
Thermal Electrocyclic Reactions

FHEEH—
A

SEEE Sha

disrotary




Example E:  Octatriene
Photochemical Electrocyclic Reactions

dEEL —
-

LUMO

L
—>

S
AT
AL

conrotary




Sterochemical Rules for the Electrocyclic Reactions

Electron pairs Thermal Reaction Photochemical
(double bonds) Reaction
even number conrotary disrotary

odd number disrotary conrotary



2. Woodward-Hoffmann rules --- Symmetry principle of
molecular orbital

I. There is aone to one correspondence between the
m.o.’s of the reactant and the product.

Il. The symmetry of the correlated orbitals is the same.

lll. The correlated orbitals should have comparable
energies.

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

Orbital Symmetry Conservation



Example A:

Electrocyclic Reactions of butadiene

n MOs of butadiene

Orbital Symmetry Conservation







LAa b

C, S A

Energy correlation diagram



‘E Reactant Conserved Product ‘E Reactant Conserved Product

symm. operator symm, operator

#
7

N

Energy correlation diagram




Conrotary mode Disrotary mode
Thermal reaction Photochemical reaction

The molecular orbital energy correlation diagrams of (a) conrotary
and (b) disrotary reactions of butadiene with cyclobutene




Example B:

Cycloaddition of ethylene

H,C=CH,
+

H,C=CH,

reactants product

o' (oy;)

MO



=5
>

Energy

—H—BA

In photochemical
reaction mode

TL LT TL LT

bl v

el
T

|

:

/

|

Lot L



The shortest *-n* CC bond
(2.827A)

[Et,N],[TCNE],
[TCNE],>
SOMO: ™
NC CN [TCNE]" bl?,,.JUCNEh Lumo [TCNE]
E —;— A —14— SQMO

NC CN b —H-Lfiomo

NC CN
NC
NC CN

NC CN



