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|. Basic Bonding Concepts

B #-4£ 12+ (Valence Bond Theory, VBT)
- ANETFZALETHE LT @A AALFHE
- AT OMmE LT ERAANETF XA

NH,

0]

N
” XN
Hy;N——CH—C——OH / ’
| P
N N

CH3

B > T #id #2+4 (Molecular Orbital Theory, MOT)

- BEF i as A GG rTE, A OTFHE A>T H
P, RAEALZEKGILFH
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Atomic Orbitals

EF A5t AL LG RETFLS. 2pF3d R F Mk Ak & G A K
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Atomic Orbitals

yz z(xy%) y(3x°y°)

4f orbitals of a hydrogen atom
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Hybridization Theory (Z{¢LIEit)

Carbon electron configuration

Structure of methane
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MERFSNERMN (VSEPR)

B2 &, F 2t TR AN PR R4 O F 2t Fodhat & F 4o % iE) oo L

e FAa Z 2 0a 95 & &K%
180° 180° H 120° H . @
o ' N Iﬂmﬁ

C=0: H—C=C—H ®C-H LCd
J HW H
H
|
H Ci‘\‘ic =~ CH H we N ~N H /O\
I 3 3 H H H I
~110.6° ~7107° 104.5°

Perturbation from the standard tetrahedral angle

#T: B GTF st TN AA A & F s F st kg § K
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Hybridization Theory ({3t )

Paulingfg 8 /L -Z 42 4 A, &, A
AT RFHEHGNER; A
FHAGHAKERHA K, A
DRI 0 R

No overlap between Increasing
s and p orbital overlap

Figure 1.2
Forming hybrid orbitals. Combining an s orbital with one, two, or three p orbitals

¢
D\\\/' /l produces the familiar A. sp, B. sp*, and C. sp* hybrid orbitals.

Most overlap
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Sigma Bonds and Pi Bonds

CHHOLTFBRAELANRTC LGt oF,; 29O F B xﬂﬁﬁﬁ*%ﬁ/&
My ag LT am. #il tadsda Bl A A4 HiE, Aafzta BN A £ 4d Huid

DS - - Nodal plane
Bonding Antibonding |
orbital orbital

NN N
e ) e J
Bonding Antibonding
orbital orbital

A

Bonding Antibonding : e
orbital orbital Orbital mixing diagram

EFZREATANLETPHAAN A4 24, X LHFRRARKT 2FHABAGH
HEAEAY. Ao F LA LR A A4 iE (bonding orbitals) fo 3k 4& %0 iE
(nonbonding orbitals) 4 # & F # #,.
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Polar Covalent Bonding

A covalent bond that has an unequal sharing of the
bonding pair of electrons is called a polar covalent bond.

CI(S@ 05@ 5@ §0

5® c

.C
H:/ ~H HsC 5@ CH,

Examples of polar covalent bonds
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Electronegativity (EBfa14)

Table 1.1

Electronegativities of Atoms According to
the Scales of Pauling and Mulliken*

Atom Pauling

Mulliken

2.1
2.0
2.5
3.0
3.5
4.0
3.0
2.8
2.5
1.0
0.9
0.8
1.2
1.0
15
1.8
2.1
2.5

3.01
1.83
2.67
3.08
3.22
4.44
3.54
3.24
2.88
1.28
1.21
1.03
1.63
1.30
1.37
2.03
2.39
2.65

Pauling# & % # 69 4. A 4% £ 4 : “the
power of an atom in a molecule to
attract electrons to itself...”. Pauling
@A HEEEERAE S, EHNET
] A A% 6 AL R 4R 6 F M4 (bond
dissociation energies) @& & 49, &
R BGR BT A>T FORA

Mulliken &, 7 4 # {4 £ & & @ i 247
A A F 9 F F /3% (ionization
potentials) 4o &.F £ 4o ( electron
affinities ) & /& &£ ¢9, H b X8k ¢§ £
BT AT GHA
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A Tricky Example

#- & F 3t IR A0 A 4G B i BRI T G

1.38 A
\F N 108.2°

ZbiE A A F-Cea 5C-Hég ¥ Aspi e d FARLETF U S &
fith, TP SAKETFIEGpE £ F, & AF-Cét 5C-Hex
AR E SHpER T, L, HF-Citta £ 94 A B HRLAHBD
YU AR AL A 60 2 A (90°), & A F-C-Hét 4 btz £ 44 (109°)2 s
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Group Electronegativity

LA &7, feftd LA F  Teblel2

Group Electronegativities, Scaled to be

,{t? —_— /I\ ﬁ 25, g‘lf\‘ 5") H #ﬂ )= t 4, ﬁ Compatible with the Pauling Scale*

il BT hEBEF 4 D Group

Electronegativity

CH,
CH,CI
CHCl,
CCl,
CF,

Ph
CH=CH,
C=CH
C=N
NH,
NH,'
NO,
OH

2.3
2.8
3.0
3.0
3.4
3.0
3.0
3.3
3.3
3.4
3.8
3.4
3.7
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Understanding Bond Lengths

Table 1.4

Typical Bond Lengths of Some Covalent Bonds*

Bond Length (A) Bond Length (A)

Single bonds Double bonds

Clsp"-Clsp?) 1.53-1.55 Clsph)-Clsp?) alkenes 1.31-1.34

Clsp?)-Clsp?) 1.49-1.52 Clsp?)-Clsp® arenes 1.38-1.40

Clsp?-Clsp®)  conjugated 1.45-1.46 Clsp?)-Ofsp?) aldehydesand ketones ~ 1.19-1.22
nonconjugated 1.47-1.48 Clsp*)-Ofsp?) esters 1.19-1.20

Clsp)-Clsp) 1.37-1.38 Clsp)-Olsp?) amides 1.225-1.24

Clsp’)-Ofsp”)  ethers 1.42-1.44 C(sp®)-N(sp*) imines 1.35

C(sp’)-N(sp’)  amines 1.46-1.48 Triple bonds

E—-]:L’l :?2-;;; Clsp)-Clsp) alkynes 1.17-1.20

C-Br 1.95-1.98

| 2.15-2.18

Clsp®)-H 1.09-1.10

Clsp?)-H 1.075-1.085

Clsp)-H 1.06

N-H 1.00-1.02

O-H 0.96-0.97
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Bond Dipole (881%)

7 do Fho B A HE RGBT Lty 0iToH, N
S AR BT R AT A

H

il pH=0xr
HyC~ T~ CH, 7

1

charge distance
B T—

Bond dipole moments it ﬁ%é fr] $‘ ’fli L@ % H Debye (D) ﬂ'ﬁ%ﬁ i
1D =108 esu - cm.

— Typical dipole moments for simple diatomic molecules are in the
Re\P.Qu\ range of 0~11D. a symmetrical molecule such as chlorine (Cl,), has

Tips zero dipole moment, while gas phase potassium bromide (KBr) has
. adipole moment of 10.5D.




Molecular Dipole (5 F{&%)

Cl molecular
‘ dipole

i

\”’ Cl
\ Cl No molecular

dipole

+— Bond
dipoles

<4— Molecular
H dipoles

2 FAG B BA LT AA R 2T P A
H 42 B AB A & E do o

N —
p:}imxn
1=1

‘

o & BhepF ABRNARTF LW o4
M, H R i T E oF @GS4
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Molecular Dipole

Compound Molecular dipole (D) Compound Molecular dipole (D)

CCl, 0.0 CH,COCH;, 29
CHCl, 1.0 CH,;COOH 1.7
CH,Cl, 1.6 CH,COClI 2.7
CH,(Cl 1.9 CH,COOCH; 1.7
CH,F 1.8 C.HsCl 1.8
CH,Br 1.8 CHsNO, 4.0
CH,l 1.6 1-Butene 0.34
CH,0OH 1.7 1-Propyne 0.80
CH;0CH,; 1.3 cis-2-Butene 0.25
CH,CN 4.0 cis-1,2-Dichloroethene 19
CH,NO, 34 Tetrahydrofuran 1.6
CH,NH, 1.3 Water 1.8




Atomic Polarizability (£ 2)

BF B MEE TR ATHLOT =S F AN Y
2 ol ot 69 E A 42 B o

Atomic polarizabilities

H 0.6668 He 0.205
C . N 110 O 0.802 0.557
P 313 S 2.90 2.18
3.05
4.7 (or 5.35)

-
pelpbul.  CWARRAAZRTIBAUFGLHRAE: L7
Tips Bk G EFRRG EABA,

FERIER LS EHASEMER  Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences



Molecular Polarizability

P FBAETIAZL A £ 0% B M55 L6 o2
%%ﬁﬁﬁk¢o%%ﬁm$ F % A 6% 454 (cm3/10
4), B Bk taB G TR o

a=pl/E

v

WA= K HL o0 P

CH, 2.6 NH, 2.21 H;0 1.45 H,S 3.8
CO, 291 CS, 8.8 CF, 3.84 CCl, 11.2
CH, 3.6 CH, 4.25 C,Hg 4.45 CH,0H 3.23
Benzene = 1032  Cyclohexene  10.7  Cyclohexane 11.0

*CRC Handbook of Chemistry and Physics, D.R. Lide (ed.), CRC Press, Inc., Boca Raton, FL (1990-1), pp. 10-193-10-209.




Atomic Radii

# 4 % 42 (covalent radius): & ANl
A R R D B WO N £ .8 w

ﬁﬁ""‘"ﬁo

0,48 4 £ 42 (van der Waals radius):
B AR BT AR KN — A F
B, THAARANRAN LAY A F
Z AR EBRIEF G —F

A

3
:_Xﬂ-XRVdW

V

vdw




Atomic Radii

Table 1.5 "
Covalent, Ionic, and van der Waals Radii of Select Atoms (A)*

Atom Covalent VDW Ion Ionic

0.77 1.68
0.30 1.11 H- 2.08
0.70 1.53
0.66 1.50
0.64 1.51 F- 1.36
0.99 1.84 Cl- 1.81
1.14 1.96 Br- 1.95
1.33 2.13 I- 2.16

*Pauling, L. (1960). The Nature of the Chemical Bond and the Structure of Molecules
and Crystals; an Introduction to Modern Structural Chemistry, 3d ed., Cornell Univer-

sity Press, Ithaca, NY.
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Aromaticity

% BAR 4 09 45 £

B orTFhaEaASRLEILGTERSL, ENRLAFRLHN,
kT TuFa T,

B2 RXEFTTRATAHALGE X Ao, 12
A4 FALF KL 4 F 3o

B R4 AA#HGett, RERAARATRATOHELE,
Bldo: FEFNR LY ELAFOBRKEALE, GRREIORELE

B 74 A%z +% P AL L IR R 2 & (ring current effects) 4 & —
so 404k 3% 6 s M o
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The Huckel Rule

Any hydrocarbon or heterocycle with 4n+2 electrons in
a fully conjugated cyclic &t system is considered aromatic.

K\l\f\
/ L7

@

(o
N/

““N_‘
H

© ®
Cyclopropenone

@ ®
Aromatic species
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Aromatic Ring Current in NMR Spectroscopy

e FhEBAFSNGTQALANGEHZY, BAFAERGTLF FFF L TR
(ringcurrent) @ F L@ AER AL REZLY. GREZLHOFT QLT GEA DL
s rata b, AREZHNHEHF atar

By

Kb, FAR 2R FR =T HEBO#HZTF, LAFLHBOQKDH D,
# A B st 4245 ( diamagnetic shift ) ; @A A2 AW RAEF B4 TR 24 % 9
#M2F, RiLFaibagamBa, HhAH#4z4 ( paramagnetic shift ) o

-

HelpLul $Hh LA FHERNMELEBBEATIpPM; @R LH R4t Lo R4
Tips F AF 4245 48 A4 5.6 ppmo
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The Huckel Rule: Large Annulenes (3 1%)

BEAAFFRLGLBEA2Z2NT & F, & X GH%
FENEFRATRGHNSL 2 M

Examples of aromatic large annulenes
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Polycyclic Aromatic Hydrocarbons

£ 2 rHickelsm 2 24 & A F £ 65 % F1K %o
HFE3EHEZANRNDE S HFFa»F K% F 4 Hilckel s,
N, ja R BLHEFH

3a! H-phenalene pyrene

coronene

These polycyclic molecules are aromatic even though they fail the 4n+2rule.
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Polycyclic Aromatic Hydrocarbons

Clar Rule (& Eric Clar 41964 4& & ): & — N % F 4 4% Fr
ATHRAOEEXNP, EARAKLAGIRZGS T F TR
( aromatic t sextets ) X REXKEENRLGHA

5 o, = OO

O J

selscePlee

oC
S ob”
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Fullerenes & Super-aromaticity

A spherical fullerene of n carbon atoms has n pi-bonding electrons. The
quantum mechanics of such an arrangement should be like one stable filled
shell forn = 2, 8, 18, 32, 50, 72, 98, 128, etc.; i.e. twice a perfect square
number. This series does not include 60.

Fullerene does not exhibit “super-aromaticity”, that
is, the electrons in the hexagonal rings do not
delocalize over the whole molecule.

As a result, Cg, in water tends to pick up two more
electrons and become an anion. Researchers have
been able to increase the reactivity of fullerenes by

attaching active groups to their surfaces.

Hirsch, Andreas; Chen, Zhongfang; Jiao, Haijun, “Spherical Aromaticity in Symmetrical Fullerenes:
The 2(N+1)? Rule”, Angew. Chem., Int. Ed. Engl. 2000, 39 (21): 3915-17.
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Summary: Useful Concepts in VBT

B Hybridization theory, ¢ and © bonds

B Electronegativity

B Dipole and polarizability

B Aromaticity
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Further Reading

Qualitative Molecular Orbital Theory (QMOT, = 4 %

FHAER): BLTRALTFHNAEFLFHAFEAAL 2 LN
2F HFR T HEG— B EIHBNNM

6(CH,) + o(CHy)

6(CH;) — o6(CHg) o(out) + o(out)

Computed molecular orbitals of ethane
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1. Thermochemistry of Stable Molecules

4k # — Y

Structures Properties

Energies

Structures and energies are so intimately connected.
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Concepts of Energy: Internal Energy (R&E)

T &5 A4 (internal energy, Uor £) &4 & F 4F
RN EHMN (F30. B, £35) & LA QG4
(kinetic energy) M & 5 oF . 3hFo 0. F ¥ 40 £ € %44
(potential energy) o

>

Compressed

spring Strained transition
& o state
g foo 8 fr— e oo e
@ , Potential energy stored c Patential energy (also called
3 \ in the spring upon = ‘ \ strain energy) required to
£ | | compression = acheive a ransition belween
[ —— — - o — "___ e

: Structure A Structure B
Aeaction or conformational
analysis coordinale
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Concepts of Energy: Enthalpy (%)

M % % — x4 ( the first law of thermodynamics )
H—NERFRA: WARAKLGE LS THERBEAKOGR T
Fo 4R PR 1R €4 3 € K Fo o

dU = 0Q —
f

1

Heat Work

HlEEEAT, hEamafKE RS 6 EAAH)A
@%ﬂ&%ﬁ&ﬁ%zo
dH = dU + (pdV + V dp)
j = (0Q — pdV) + (pdV 4+ V dp)
— 60 +Vdp

H=U+pV




Concepts of Energy: Enthalpy (4&)

& & #(Heat of reaction, AH_, .° or AH®):

rxn

B \When AH° < O: the reaction is exothermic (s # & & ).
B \When AH® > 0O: the reaction is endothermic (& # & ).

Activated complex

# Reactants

Enthalpy

(c)

Y

Reaction Pathway
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Concepts of Energy: Gibbs Free Energy

Gibbs-Helmholtz equation:

AG® =AH®° -TAS®

Gibbs free energy (G): The energy that
can be converted into work at a constant
temperature and pressure.

Helmholtz free energy (F): The energy
that can be converted into work at a
constant temperature and volume.

Josiah W. Gibbs Hermann von Helmholtz
(1839 - 1903) (1821 - 1894)
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Concepts of Energy: Gibbs Free Energy

Gibbs free energy (AG®) determines the equilibrium between two
chemical states under standard states and constant pressure.

~AG° [B]
INKeq= ~RT <~ [A] X
o Strained transition

B When AG® < 0: the transformation & _—

of A to B is exergonic (# 44 ). § fo AG*
I B \When AG® > 0: the transformation £ Structure A A I
: . 6| 000 w———i
of Ato B is endergonic (& 4 ). Siructure B
Reaction or conformational -

analysis coordinate
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Concepts of Energy: Gibbs Free Energy

Table 2.1

Compeosition of an A/B Mixture as a Function of

Gibbs Free Energy Difference and Temperature InK _ AG o
n =

AG° K % B % A eq RT
At298K

e e e L Ty,
— : : SRR R I i 1S
—2.72 100 99
~408 1000 99.9 0.1 1.36 kcal/mol, # 55
~0.5 2.33 70 30 e e a sl s
~1.0 5.44 85 15 éﬁ%‘fﬁf P ﬁ%?{a'b](){%o I
At195.15K(~78°C) +<—— Compare this!
—1.0 13.2 93 7
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Concepts of Energy: Entropy (&)

A2 FRETF, HAHRTFRE L
FeHAMNEHHAHKELAa—ReG, X8
& 3 A, N XA A A & A (degrees of
freedom)

(translational)

B FaHad
B #3404

B iE 3 f & & (vibrational, @, 4% o
F AIGEAE A R, 4ol 5.
et RAGEDEF) o

B
B

(rotational )

Entropy is a measure of disorder.
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Concepts of Energy: Entropy (&)

A F ALzt A s 4L
S F LA LR Y
E«ﬂgjvﬁo

#l 4o, fi 42 R 6 T AL
FE&E 4Bz —-NT#HHEE
#, AL OHAXAELER &
3~4 eu,

. —
Cyclohexane is

an exception!

Entropies of cyclization
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The van’t Hoff Plot

g Bk @InKy 3t UT B THAK AKGKEAHE
AR W-R R Sk & LR o & R

T L} L ] T ¥ 1

1204 _
AG° =AH®-TAS® :
= —AG® 134
aneq—— RT g 1"
] £ 1334

I InK AH® | AS°

g~ T RT R

.31'- -3:3' '?:4- '3.5
WT (10° K™

28 BB A ERLORRCAMERALBAARL A% T,
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The van’t Hoff Plot

_ —AG,

rxn

Consider a conversion reaction: A — B " —

oH
GTA = CS(A) HX = Hg,ref + (T -T

oH
8TB = CS(B) Hg = Hg,ref +(T -T

) ) CIS(A) AH o = AH roxn,ref + (T _Tref ) ) (CS(B) _ CS(A))

0 } = AH |?xn,ref + (T _Tref ) : Acg
) Cre ~ AHC, , +T-AC

rxn,ref

ref

ref

)-ACp

ref

xn rxn,re

ngsg,ref +(|nT—InTref)-CS(A) } ASO ZASO f+(|nT—|nT

_ AQO I~T o0
).Cg(B) =AS, ¢ HINT -AC,

Sg =Sg . +(INT =INT

ref

The van'’t Hoff plot with heat capacity corrections (see Chapter 4.1):

AH?Y 1 . 1 1
INK =——"™r (Zy1+ ASY . (Z)Y+ACY(INT =1 - (=
eq = (T) (R) o ) (R)

rxn,ref
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Bond Strength

s 7 % 46 (bond dissociation energy, BDE) <T X A k #7 € 4L
F4E AR B

R-R—R*+R* AH°=BDE

A Al42 R & 40 # 48 Trdit K & & # (heats of reaction,

AH., °or AHP) :

rxn
CH;-H + H-OH — CH;-OH + H-H

1051 + 119 923 + 1042
AH® = (105.1 + 119) - (92.3 + 104.2) = 27.6 kcal /mol
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Bond Dissociation Energy

Table 2.2
Some Specific Bond Dissociation Energies (in kcal/mol)*

Bond

BDE

Bond

BDE

Bond

BDE

H-H

104.2 (104.2)

CH,=CH-H

110 (110.7)

CHy—CHj

90.4 (90.1)

CHg-H

105.1 (105.0)

110.9 (112.9)

CH4—F

109.9 (115).

CHyCH,—H

98.2 (101.1)

HC=C-H

132 (131.9)

CHy—Cl

84.6 (83.7)

T &L ALK
B F g sk Kotk

(CH,),CH-H

95.1 (98.6)

88 (89.7)

CH3;-Br

70.9 (72.1)

(CH3)sC—H

93.2 (96.5)

CH2=CHCH2_H

86.3 (88.8)

CHg-l

57.2 (57.6)

c(CH,)3-H

106.3

CH,C(O)-H

86 (88.1)

CH,—OH

92.3 (92.1)

¢(CH,),—H

96.5

HO-H

119 (118.8)

CHy—NH,

84.9 (85.2)

¢(CHy)s-H

94.5

CH,0-H

104.4 (104.6)

CH,—SH

74

¢(CHy)g-H

95.5

NH,-H

107.4 (107.6)

88.2

H

82.3

CH5S—H

90.7 (87.4)

89.4

HO-OH

51

CH;-GeMe,

83

711

CH,0-OCH,

37.6 (38)

CH3-SnMe,

71

HOCH,~H

94 (96.1)

CHz-PbMe,

57

H

73

H,C=CH,

(174.1)

CHy~OCH,

-
O
J
>

H

97.4

HC=CH

(230.7)

CHy—C,Hs

[>—H

90.6

H,C=0

(178.8)

CH3—CH(CH,),

CH3_CH=C H2

(101.4)

CHy—CgHs

(103.5)

CH5—-C(CH3)4

(77.6)

ME R GE @
——

pelpLul
Tps

CeHs—CeHs | (118) CH3—CH,CgHs CHy—CH,CH=CH,
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Thermodynamic Stability of a Molecule

LA 64 17 £ 4 & % (Standard heat of formation,
AHP) At B R AT & A& 60 £ 4 A— A /& 35 4064
AR 69 45 % o

nC (graphite) + (5)H, (latm) — C,H,, + heat

* The most stable form of the element at 1 bar of pressure and
the specified temperature, usually 298.15 K.

a Unfortunately, heat of formation is normally not easy to
A measure directly. Then how?




Deduction of Heat of Formation

WA= ¢ 47 & £ 4% # (heat of combustion, AH0) & 4
LR AKRETAAALFTHRRIERZUS A FHGHR T

C,H,,+ (n +5)O, — nCO, + (3)H,0 + heat

it B g F, CO, FaH,Ot4z 8 £ X s3] A
-94.05%2-57.08 kcal/mol. & bzt T 3L A 1% B & 6 45 £ &
B (AHOL)# F £ C H_ 4z & £ &% (AHDO).
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Thermodynamics vs. Kinetics

A% B A A T 0% Bl R sk An £ A4 4 (4l 4o Bl 744 1K)
6% F R EH

Thermodynamic stability

C6H12
O AH®L = -29.4 kcal/mol \

CeH; He = 19.7 kcal/mol
AHL = -25.5 kcal/mol
6C + 3H,

AHp = 0 kcal/mol Kinetic stability




The Group Increment Method

£ & A A% (Group Increment Method) <A # 4%
€45 B & IS T IAF 1 R A0 £ KBl T #AA 6§ A0 5o

Table 2.3
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Structure

CH;-CHj;

CH,;-CH,-CH;

CH;-CH,-CH,-CHj;
CH;-CH,-CH,-CH,-CH;
CH;-CH,-CH,-CH,-CH,-CH;
CH;-CH,-CH,-CH,-CH,-CH,-CHj;
CH;-CH,-CH,-CH,-CH,-CH,-CH,-CH,
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The Group Increment Method

Table 2.4

Group Increments (in kcal/mol) for Fundamental Groupings*

Group

AH

Group

AH®

Group

C-(H)s(C)
C-(H)(C)=
C-(H)(C)s
C—(C),
Ca—(H),
Ca—(H)(C)
Cq—(C),
Ca~(Ca)(H)
Cy—(CaNC)
Ca—~(Cp)(H)
Ca—~(Cp)(C)
Ca—(Ca)2
Cg—(H)
C—C)
Ce—(Cy)
Cp—(Cg)
CHCCO)(H),
C~HCq)(H),
CHCa)(Cp)(H),
CHCe)(C)(H),
CHCa)(C)(H)
C~HCe)(C)(H)
CHCa)(O)s
CHCe)(C)s
C—(O)NC);
C~HO)C),(H)
C—~HO)C)(H),
C—O)(H),
CHO)(Cg)(H),

-10.20
-4.93
-1.90

0.50
6.26
8.59
10.34
6.78
8.88
6.78
8.64
4.6
3.30
5.51
5.68
4.96
-4.76
-4.29
-4.29
—4.86
-1.48
-0.98
1.68
2.81
-6.6
-7.2
-8.1

—-10.08

-8.1

C—(O)NCy)(H);
Ce—(0)

O-(C)2
O-(C)(H)
O-(Cy)2
O—(Cg)(C)
O—(Cs)2
O—(Cs)(C)
O—(Cg)(H)
CHCO)(C),
C~HCO)C)(H)
C—~(CO)C)(H).
C—~(CO)(H),
Cg—(CQO)
CO-(C),
CO-(C)(H)
CO-(H),
CO-(Cs)2
CO-(Ce)(C)
CO-(Cg)(H)
CO-(O)QO)
CO-(O)(H)
CO-(O)Cy)
CO-(O)(Cg)
CO—(Cy)(H)
O—-(CO)(C)
O-(CO)(H)
C4(COXCO)
Ca~(CO)(H)

-6.5
-0.9
-23.2
-37.9
-33.0
-30.5
-21.1
-23.0
-37.9
1.58
-1.83
5.0
-10.08
9.7
-31.4
-29.1
-26.0
-25.8
-30.9
-29.1
-35.1
-32.1
=32.0
-36.6
-29.1
-43.1
-58.1
7.5
5.0

C—H0):(C).
C—O)(C)H)
CHO)(H).
C—(N)(H)s
C-~(N)(C)(H),
C~(N)(C),(H)
C-(N)(O)s
Ce—~(N)
N—(C)(H).
N—(C):(H)
N—(C);
N—(Cg)(H),
N—(Cg)(C)(H)
N—(Cg)(C);
N—(Cs):(H)
N—(H)
N~(C)
N—(Cg)
CO-(N)(H)
CO-(N)(©)
N-(CO)(H),
N-(CO)(C)H)
N-(CO)(C),
N-(CO)(Cg)(H)
N-(CO).(H)
N—(CO).(C)
N—(CO).(Cs)

5Cg-(H)=5(3.30)= 16.50

1Cg-(C)=1(5.51)=  5.51

1 C-(Cg)(C)(H), = 1(-4.86) = -4.86

1C—=(H)(C);=1(-1.90)= -1.90

2 C—(H)3(C) =2(-10.20) = -20.40
-5.15 kcal/mol

Experimental: —-5.15 £ 0.34 kcal/mol

Example: Estimation of the heat of
formation of i-Bu-benzene using
g increments.
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Strain Energy

% 7 4 (Strain energy) & 45 45 & 4 A& % 69 £ 244 (AHL )
b i B A & e Ak 3% 6t H A (AHL ) = 9 49 £ 31

= AH?  —AH?

f.exp f,calc

E

strain

Table 2.5
Calculated vs. Observed AH,° Values
(in kcal/mol) for Selected Molecules

I AH¢ calculated by I
group increments  AH{ experimental
Cyclohexane -29.6 -29.9
Cyclopentane -24.7 -18.3
Cyclobutane -19.7 +6.7
Cyclopropane -14.8 +12.7
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Stabilization by Aromaticity

AT EAGFFRAEAE R FHR2HPET S
X g T#H? @ FAAHRZE~32kcal/mol.

Method A

00

Method C (isodesmic reaction):

© O Method B
+ 3H2 —_—
Oom=C

O O O AHO = (-29.4)x2 + 19.7 +1.2x3
= -35.5 kcal/mol

AHE 1.2 19.7

VG 15K TR
= 1.4 kcal/mol

-29.4

E = -35.5 - 3 x(-1.4) = -31.3 kcal/mol

aromatic




Summary

B #H%F£T4TaiHEAAMmA: Internal energy,
enthalpy, entropy, free energy

BMuaMEa: RANLFRBAEGTE

Wiz g NS AN HRIZRZHOGTA

B AFEALA RMNERZAaBAHNILGHFEK
5 RFARORSFLE 2TaaMME. A4
RoTORRARKAFFo
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111. Reactive Intermediates

ot KA 6 & & F i 4k (reactive intermediates)

- 2 £ % F (carbocations)
- 2% fi § F (carbanions)

- f1 & & (radicals)
- % # (carbenes)
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Carbocations (BRIEEF)

e Carbenium lons (z% #% £ & F)
CH, + H* = CHj*

« Carbonium lons (# & & F)

CH, + H* = CHy’

Prof. George. A. Olah

o , . Winner of the Nobel Prize
These definitions are introduced in analog to: in chemistry in 1994

NH, + H* = NH,* H,O + H* = H,0*
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Carbenium lons
Hred L RAARFEE T PR RTF TILA kRSP’
LA RA—N2HpHE,

R TIAB ZHESES
F, B e Hiigs —MHKA.

R,C*>R,CH" > RCH,* > CH;*

0.

"C_ e

T ()

QOMOTHE LKA

Preg IS R RE: RPN Orbital mixing diagram between an
empty p orbital and a n(CH,) orbital




Bridged Ethyl Cation

KHEETHIBRG L4 H>_@‘ i,
FHi: THAEESFEBmLE MO TR HTORH
BT B FHRFaHRA#AE

LEEEF AR LR ST HE
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Carbonium lons

123 A

REEFCHS TAFHRARKE LS
FCH;t 5— o FH,&4t: % »F T4 a
fi—NEFam e F 4 (three-center- 0874

two-electron bond ) . @
]

H H\/Lb #H\][b
® o I
H H H H

Narbomyl cation
HHEEE T IR EE T oA 4
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Stability of Carbocations

Hydride ion affinity (HIA, # % § F % #=4%) is defined as the AHC
of the reaction below.

A~ = HAlA

T T

RH— R+ H

HIA provides a number that can be compared directly for cations
of dissimilar structure. A larger positive HIA implies a less stable
carbocation.
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Stability of Carbocations

Table 2.8
Gas Phase Hydride Ion Affinities
(HIA, in kcal/mol) for Selected

Carbocations (in kcal/mol)* ®
CH,

CH,CH,CHY® | 266

265
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Carboanions (F&fHizEF)

Mt 2 AhAABRRNE TP
KRBT RBP RN, KL E
A—AHeTFst. RAET G
R TIL L 8%,

Comparison of inversion barriers

NH;: ~5 kcal/mol NF;: ~50 kcal/mol PH,: ~35 kcal/mol




Stabilities of Carbanions

Stabilities of carbanions can be measured
by the AHY for the reaction below:

HA— A2+ H®

A more commonly used indicator is the
pK, (-logK,) value of the carbon acid.

_H® N
@pKa=15-16 @

Cyclopentadiene Six m electrons

_n® .0
A pK:61 ] A

Cyclopropene Four n electrons

Table 2.10
pK., Values of Selected
Carbon Acids

Ethane 50
Cyclohexane 45
(CH,);CH 71
Ethylene 44
Benzene 43 or 37
Acetylene

Phenylacetylene

PhCH,4
CH,=CHCH,

Pl CH
I 117

\_.y LlUlJl Ul)t:l 1<

CH,COCH;
CH;COCH,COCH;
CH;NO,

CH,CN

CH,SOCH;




Radicals

LRt ek A G RAAEARAAEHY, 2T
LahLtRreFani,

3 2 +
" Sp <:> SP P H&H
H L SR FH=A%  H

H

BofinBgRARERG S RGHA I ots T A4

BREAZRTARLORNK ARG EAGHA it T
F & o
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Stability of Radicals

¢ g4 (BDE) T A éisa b Laizeh,

R-H—R*+H* AH®

= BDE

%%mﬁﬁﬂﬁTuﬁiﬁ

L # -H—% W oehHnm B b
g9 A, A J’\I-I- “J/U\/j AL

-

BDE values (kcal/mol)

CH,-H 105.1
CH,CH,—H 98.2
(CH,),CH-H  95.1
(CH,),C—H 93.2

/
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Persistence of Radicals

B4 & KoF iz 44(stability) R H A £ Sfaskeg # 2
Z 8 2o

B & Lo F 945 At (persistence) £ #5 £ A 4K 4, #f
THHOFHA

Trityl radical (Triphenylmethyl radical)
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The Triphenylmethyl Radical

Preparation of the triphenylmethyl radical:

. = Ph or Et,0

Moses Gomberg
(1866-1947)
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Long-life Radicals

Table2.6
The Persistence of Various Radicals*

Re ti, 25 °C,107°M tiyr 25 °C,107° M ’Kﬁﬁ’ @‘ ff] ‘él Vb %ﬁ- 'fi
‘ A 2 AR 4R L K 6 IR
> 110 days '{{4 7&0

(t'BU)sC'

(MBsSi)aC'

CF,

TMS = trimethylsilyl.
*Ingold, K. U. “Free Radical Clocks.” Acc. Chem. Res., 13, 317 (1980).
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Carbenes

b 4

-wr
-
=

% (singlet state): S= () + (-%2)=0; m;=2S+1=1

4.4 (triplet state): S=(0L)+ (%) =1, m,=25+1=3
dFhamMamtaR G w,

& F, &L (Hund's rule) 136°(

il = E K@iz, T2 LK

AL HorT o LE4 "CH, 'CH,

2 = K& Carbene electron configurations

1 HEEARERATRERSE L TUZLE
REXEHA
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A stable carbene in the singlet state!

Carbenes with lone-pair donating substituents such as N, O, and
halogens can have singlet ground states.

JrFi R
N

N
[/ H e [ )
N® base N\
R

\
R

\ _
i R is a bulky group

A stable carbene

Arduengo, A. J. lll. “Looking for stable carbenes.”, Acc. Chem. Res. 32, 913-921 (1999).
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Summary

B2 TILARBEL L Tahatatd, 12
ARERAE Ao & &)

BT et FIROGETEARLBLEE T A4 G
M) FhEM

RH — R®+ H® AH°=HIA
HA— A2+ H®

R-H—R*+H* AH°=BDE

W& L & alkyl, electronegative, conjugated
substituents
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An awesome reference!

CHEMIAL CHEM|G|_
REVIEWS REVIEWS

Introduction to Reactive Intermediates GEPTEMBERZ0S  VOLUME 113 MUMBER® pubssscaorych
REACTIVE INTERMEDIATES

Volume 113, number 9, 2013

ACS Publications WWW.acs.0rg
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