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Reaction Mechanisms in organic chemistry

-How reactions take place ?
-Which bonds break ?
-Which bonds form ?

-Why do they break or form ?
-Which order ?

-Which intermediate species ?
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Reaction mechanism

H H
O/ TN/ ! ;
H—0:" + H“'(A;\dk — H\O/C\"’H N =QI=®
H .. R H

reactants (R) products (P)
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Remember (!): curly arrows = movement of 2 electrons

~

/

Multistep Reaction:
CH; CHj o OHs

| 20O Il ¥C]
.C._ .. - co :Ql: c /C"‘CH :Cl:
H3C"' 7~ . (slow) N\ (fast) N0 Y 3
, {4 Cl HsC 'CHs H3C 0 CHj
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Free energy

e
Reaction progress
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Thermodynamics Vs Kinetics H=O" + H«?H\”;é.; g G o
reactants (R) products (P)
. 5
Thermodynamics WA+ XB —— = yC + 2D
D|_fference in energy _between reactqnts (R) and product_s ' [products] _ [CY [DY
(P): whether the reaction as a whole |s_uph|II (Endergonic) Keq= {ocrants] (A][BT
or downhill (Exergonic).
)
Reaction progress
Reaction progress
Exergonic Endergonic
-Gibbs free-energy change is negative -Gibbs free-energy change is positive
-Energy releasing -Energy absorbing
-Thermodynamically favorable -Thermodynamically unfavorable

- “Keg > 1 -0 <Kg<1
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I-PFL H_O@q(l:\(a| - > H\O/(l-:\"lH + 2¢|:®
Thermodynamics Vs Kinetics H o
reactants (R) products (P)
Kinetics
How fast does a reaction (and steps of reactions) take
place. The higher the activation energy the slower the
reaction.
reaction A seactionB In multi-step reactions the
slowest step (highest activation
lower energy of activation: faster barrier) iS referred to aS rate'
determining step determining
@ = the speed of the reaction.
R R

— —
Reaction progress Reaction progress
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Acid base reactions

One of many types of reactions we will look at in this course:

Organic reactivity, Acid-base
Nucleophilic substitutions
Phosphate transfer reactions
Addition reactions

Nucleophilic -acyl substitutions
Reactions in alpha-carbons
Electrophilic reactions

Redox reactions
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Acid base reactions

To judge how strong an acid is we consider the stability of the conjugate base!

- HA + H,O = ~ A" + H.O% _ [AT[H;0]
2 3 fKa (HA]
D T LT
Low Stability High Stability Strong Acidity (low pKa)

High Stability Low Stability Weak Acidity (high pKa)
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Acid base reactions

To judge how strong an acid is we consider the stability of the conjugate base!

Factors to consider for the stability for the conjugate base:

1. Charge: Is the compound more or less stable with a charge?

2. Electronegativity: Are negative charges on electronegative atoms?

3. Size: Can the chare be localized over a larger/smaller space? (size of atom)

4. Resonance effect: Does the conjugate base have resonance structures that stabilize them?

5. Inductive effect: Do we have electron withdrawing or donating groups that stabilize/destabilize

the compound.

6. Hybridization and Energies of occupied molecular orbitals. (For us acidity: sp > sp? > sp?)
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Electronegativity

Electronegativity: Are negative charges on electronegative atoms?

Electronegativity Trend

i Directions of

L increasing 3A 4A S5A 6A 7A
3 | 4 electronegativity s 16171 ¢ BE ©
Li |Be B|C|N|O M Ne
ioan haoris| vacoss To remember:
1 1 . s
Na | Mg B a5 5 en 78 8B 5 o Al s Ar Electronegativity trend: F> O >N > C
/— .
22 9896 | 24305 269815 | 28086 | 309 35453 | 39948
19 20 21 22 23 24 25 26 27 28 29 35 36
K|Ca|Sc| T |V |Cr|[Mn|Fe|Co| Ni |Cu Br | Kr
39098 40.08 44 956 47,90 50942 | 51996 | 549380 | 55 847 | 589332 . 8 74,9216 7896 19.904 8380
43 44 0 49 50 51 52 53 54
Ag |Cd | In |Sn |[Sb|Te | I | Xe
107.868 | 11241 11482 | 11860 | 121.75 | 127.60 [126.9045| 131.30

79 80 81 82 83 84 85 86
Au|Hg | T |Pb| Bi | Po| At | Ra

196.967 | 200.69 | 204.57 | 207.19 | 208.980 | (210) (210) (222)

collegesearch
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Atom Size

Size: Can the chare be localized over a larger/smaller space?

Atomic Size

Increases

HF

1 |5 3gle I;se' S

HCl
HBr
HI

Eir (g
[E EEH GaE

<

To remember:
Size trend: | >Br>ClI>F

The bigger the atom the more stable
the negative charge of the conjugate
base the more acidic the acid.
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Size and Electronegativity

Size: Can the chare be localized over a larger/smaller space?

Table 2.2 The pK, Values of Some Simple Acids

CH, NH; H,0 HF
pK, = 60 pK, = 36 phk =157 pk. =32
H,S HCI
pk, =10 pK, = —7
HBr
pK, = —9
HI

10

To remember:
Size trend: | >Br>CI>F

base the more acidic the acid.

The bigger the atom the more stable
the negative charge of the conjugate

Prentice Hall © 2005

[

Increasing
acid
strength

4A75A 6A 7A

o,

H,0 HF

N\ | HI

Increasing
acid
strength

HCI

HBr

Chapter Fifteen
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Resonance effect

Does the conjugate base have resonance structures that stabilize them?

weaker base
delocalized charge
.. 0
:0: :0:
« Lghﬂ
CLX AN
H3C/ \O H3C/ \Q:G
@)
ICI)
HsC™ ~OH
pK,=4.8

stronger acid

stronger base
H H
1 e
H— CI;— (l: —O:¢—= localized charge
H H

T
H—C—C—OH
H H
pK, =17

weaker acid

- Resonance structures stabilize the
charge in the conjugate base.

- The more and energetically
favoured resonance structures the
more stabilized the conjugate base
the stronger the acid.

Got to lecture 1 (slides 86-88) if you are
unsure about resonance structures.
They will stay important throughout the

course!

11
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Inductive effect
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Do we have electron withdrawing (or donating) groups that stabilize/destabilize the compound.

| _C
F_(I;—C\ Br—<—(|3% \O
- |-t
H 0% AIJVJN

withdrawal stabilizes
the base

H (”) 4 inductive electron

inductive electron withdrawal
toward bromine

2014 Pearson Education, Inc.

cl O

|l

CI—(|:—C—OH
Cl

trichloroacetic acid

pK, = 0.64

- Effect over one or several bonds

- Dependent on electronegativity of the
withdrawing group (size does not matter).
- The more electronegative the bigger the
effect

- Dependent on the distance (#bonds) to the
- The further away the smaller the effect.

V0 cl 0 CH O
F—C—C—OH |l |l

| H—C—(i‘,—C—OH H—Cli—(IJ—C—OH

F

H H H

trifluoroacetic acid

TfOH ’ .

p,(< 2_0?25 stronger acid weaker acid




=PrL _ ]
Acid base reactions

To judge how strong an acid is we consider the stability of the conjugate base!

Factors to consider for the stability for the conjugate base:

1. Charge: Is the compound more or less stable with a charge?

2. Electronegativity: Are negative charges on electronegative atoms?

3. Size: Can the chare be localized over a larger/smaller space? (size of atom)

4. Resonance effect: Does the conjugate base have resonance structures that stabilize them?

5. Inductive effect: Do we have electron withdrawing or donating groups that stabilize/destabilize

the compound.

6. Hybridization and Energies of occupied molecular orbitals. (For us acidity: sp > sp? > sp?)

13
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5.1 Organic reactivity
a)

» |s the overall reaction endergonic or exergonic in the
forward (A to D) direction?

Endergonic (D is higher in energy than A

= How many steps does the reaction mechanism have?
3 steps

» How many intermediates does the reaction
mechanism have?
Two intermediates (B and C)

=  Which one is the rate-determining step of the forward
reaction? Step 1

» What is the fastest reaction step, considering both the
forward and reverse directions?
C to B in the reverse direction (activation energy from
C to middle transition state is lowest of the six
possible activation energies).

Free energy

- .
Reaction progress

14
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5.1 Organic reactivity
b)

>
ve)
Y
O
Y
O

step | step 2 step 3

Step 2 is the rate-determining step,

Free ene\rg

C is the least stable species,
B is higher energy than D,

Rate-determining: highest activation
barrier

and the overall reaction has an equilibrium constant Keq = 0.33.

Draw a diagram that corresponds to all of this information.

Reaction progress
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5.1 Organic reactivity
c)

Y
@)
A\
o
/
O
Igo
P
I
w

HO OH
R\ f o°
~

O~
-
C
R/CSCOA O
/H\ ‘:O)J\/enz

CHy O

I@ B )

HaC—NS_~_CO;

Y
2~
0

16
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5.1 Organic reactivity
d)

@
HaN

H,N OH
H yj -

17
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5.2 Acidity and Basicity — Definition and important conepts

a) and b)
; fo) H
I N I l®
O + Ol
He 0" HTCH = He O6®  HTH
H-A B s H-B* A st_rong acid has a weak .
: ol conjugate base that can stabalize
ACID BASE Conjugate BASE Conjugate ACID the accepted electrons (negative
charge well) and a low pKa.

b) Remind yourself of the relationship between strong acids, weak bases and
pKa and answer following questions as true (T) or false (F)

An acid base reaction will be favored when a weaker base and a TF
weaker acid combine to form a stronger acid and stronger base.

Generally, strong acids have weak conjugate bases TF
Strong acid have high pKa values e

A weak base is less stable than a strong base TF

-
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5.2 Acidity and Basicity — Definition and important conepts

c)
o oM oM ‘o "o. . e
@0 R_.o/: T R=§ : R—Q:
n/“\ . Y n)k,_oj : © %H H
protonated ketone  protonated alcohol  carboxylic acid phenol thiol alcohol

pKa <0 <0 5 10 10 15
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5.2 Acidity and Basicity — Definition and important conepts
d)

2
ll
2

o<

4
|
%

/"' \ n
. ®
o H \‘g’/ H P el o’ H 9’ H

20



=Dl

=PFL  Assessing acidity and basicity

1. Charge: Is the compound more or less
stable with a charge?

2. Electronegativity: Are negative
charges on electronegative atoms? The

H oo T T T other way around?
H=—C—C—0—H H—C—C—H Rl 3. Size: Can a charge be delocalized over
| | a larger/smaller space?
H H H H H H

4. Resonance Structures: Do the acid or

conjugate base have resonance
Electronegativity: 1. 3. 2. structures that stabilize them?

5. Electron withdrawing or donating
groups: Do they stabilize or destabilize
the compound?

6. Energies of occupied molecular
orbitals: Are they relatively high/low?



=PrL  Assessing acidity and basicity

acidicity increase
N

)

acids:
H H

H—C—C—H

H H
ethane
pK, > 50
conjugate
bases: H H
| e
H—(l:—clz 2
H H
least stable,

strongest base

H

H—(l:—FJ—H
H H

methyl amine
pKa ~ 35

vV

H H
H—C—C—0—H

H H
ethanol
pKa ~ 15

most stable,
weakest base

N

)

v

stability increase,
basicity decrease

22

Charge: Is the compound more or less
stable with a charge?

Electronegativity: Are negative
charges on electronegative atoms? The
other way around?

Size: Can a charge be delocalized over
a larger/smaller space?

Resonance Structures: Do the acid or

conjugate base have resonance
structures that stabilize them?

Electron withdrawing or donating
groups: Do they stabilize or destabilize
the compound?

Energies of occupied molecular
orbitals: Are they relatively high/low?
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=PrL  Assessing acidity and basicity

1. Charge: Is the compound more or less
stable with a charge?

2. Electronegativity: Are negative

charges on electronegative atoms? The
other way around?

') . Size: Can a charge be delocalized over
E% OH F\)kOH F/\)kOH a larger/smaller space?
F 4. Resonance Structures: Do the acid or

conjugate base have resonance
structures that stabilize them?

5. Electron withdrawing or donating
groups: Do they stabilize or destabilize
the compound?

6. Energies of occupied molecular
orbitals: Are they relatively high/low?
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=PrL  Assessing acidity and basicity

1. Charge: Is the compound more or less
stable with a charge?

2. Electronegativity: Are negative
charges on electronegative atoms? The
other way around?

(0] o o 3. Size: Can a charge be delocalized over
F% S S a larger/smaller space?
OH F .
F ! QKOH FVKOH 4. Resonance Structures: Do the acid or

conjugate base have resonance

structures that stabilize them?

5. Electron withdrawing or donating
groups: Do they stabilize or destabilize
the compound?

6. Energies of occupied molecular
orbitals: Are they relatively high/low?
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=PrL  Assessing acidity and basicity

1. Charge: Is the compound more or less
stable with a charge?

2. Electronegativity: Are negative
charges on electronegative atoms? The
other way around?

O o o 3. Size: Can a charge be delocalized over
F % S S a larger/smaller space?
OH F :
F £ QKOH FVKOH 4. Resonance Structures: Do the acid or

conjugate base have resonance

structures that stabilize them?

5. Electron withdrawing or donating

O groups: Do they stabilize or destabilize
T // the compound?
H3 _C\ ) 6. Energies of occupied molecular

(@) orbitals: Are they relatively high/low?



=PrL  Assessing acidity and basicity

oy

2-naphthol

se)

Decahydro-2-naphthol
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Charge: Is the compound more or less
stable with a charge?

Electronegativity: Are negative
charges on electronegative atoms? The
other way around?

Size: Can a charge be delocalized over
a larger/smaller space?

Resonance Structures: Do the acid or

conjugate base have resonance
structures that stabilize them?

Electron withdrawing or donating
groups: Do they stabilize or destabilize
the compound?

Energies of occupied molecular
orbitals: Are they relatively high/low?
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=PrL  Assessing acidity and basicity

H 1. Charge: Is the compound more or less
© /H M O/ stable with a charge?
Me—O\ e 2. Electronegativity: Are negative
H charges on electronegative atoms? The
other way around?
Methyloxonium Methanol 3. Size: Can a charge be delocalized over

a larger/smaller space?

4. Resonance Structures: Do the acid or
conjugate base have resonance
structures that stabilize them?

5. Electron withdrawing or donating
groups: Do they stabilize or destabilize
the compound?

6. Energies of occupied molecular
orbitals: Are they relatively high/low?



=PrL  Assessing acidity and basicity

H /H
Mo Me—0
H
Methyloxonium Methanol
—___
More acidic

1. Charge: Is the compound more or less
stable with a charge?

2. Electronegativity: Are negative
charges on electronegative atoms? The
other way around?

3. Size: Can a charge be delocalized over
a larger/smaller space?

4. Resonance Structures: Do the acid or

conjugate base have resonance
structures that stabilize them?

5. Electron withdrawing or donating
groups: Do they stabilize or destabilize
the compound?

6. Energies of occupied molecular
orbitals: Are they relatively high/low?

28
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Assessing acidity and basicity

29

Charge: Is the compound more or less
stable with a charge?

Electronegativity: Are negative
charges on electronegative atoms? The
other way around?

Size: Can a charge be delocalized over
a larger/smaller space?

Resonance Structures: Do the acid or

conjugate base have resonance
structures that stabilize them?

Electron withdrawing or donating
groups: Do they stabilize or destabilize
the compound?

Energies of occupied molecular
orbitals: Are they relatively high/low?



=PrL  Assessing acidity and basicity

0
%H -

HTH pK, ~ 43
pK, ~ 17

H: can be stabilized by resonance structure

H: Can’t be stabilized by resonance
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Charge: Is the compound more or less
stable with a charge?

Electronegativity: Are negative
charges on electronegative atoms? The
other way around?

Size: Can a charge be delocalized over
a larger/smaller space?

Resonance Structures: Do the acid or

conjugate base have resonance
structures that stabilize them?

Electron withdrawing or donating
groups: Do they stabilize or destabilize
the compound?

Energies of occupied molecular
orbitals: Are they relatively high/low?
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Assessing acidity and basicity

NH

NH

NH

CH,

31

Charge: Is the compound more or less
stable with a charge?

Electronegativity: Are negative
charges on electronegative atoms? The
other way around?

Size: Can a charge be delocalized over
a larger/smaller space?

Resonance Structures: Do the acid or

conjugate base have resonance
structures that stabilize them?

Electron withdrawing or donating
groups: Do they stabilize or destabilize
the compound?

Energies of occupied molecular
orbitals: Are they relatively high/low?



=PrL  Assessing acidity and basicity

NH / Most acidic proton b / Most acidic proton
¢NH | NH
CH;
e
{NH \eNH NH N
QN‘G\ - Q@ - ¢N QNH
9 (o e -
No resonance stabilization
o) =]
(NH \UNH NH N
QN‘S\ —- Q@ - ¢N QNH
CHZ ‘ (:'_‘2 GCH2 CHz
No resonance stabilization

32

1. Charge: Is the compound more or less
—stable.with.a.charge?
2. Electronegativity: Are negative

charges on electronegative atoms? The
other wav around?

3. Size: Can a charge be delocalized over
a larger/smaller space?
4. Resonance Structures: Do the acid or

conjugate base have resonance
structures that stabilize them?

5. Electron withdrawing or donating
groups: Do they stabilize or destabilize
the compound?

6. Energies of occupied molecular
orbitals: Are they relatively high/low?



EPFL  Assessing acidity and basicity

Most acidic

9
S0
‘ ’y
4 x]
)
=
ES‘

.
!

A o <9 =
Ly 5, < :I\/;r Y

0. s

‘Cf O "

L A _101

v

Q-8
0 & k
IO:OrG |
z
by B0,
[} e 1
)
)
(=]

o o
( O
(o0
{2
“« »
L\

1.

2.

3.

Charge: Is the compound more or less
stable with a charge?

Electronegativity: Are negative

charges on electronegative atoms? The
other way around?

Size: Can a charge be delocalized over
a larger/smaller space?

4. rResonance Structures: Do the acid or

5.

6.

conjugate base have resonance
structures that stabilize them?

Electron withdrawing or donating
groups: Do they stabilize or destabilize
the compound?

Energies of occupied molecular
orbitals: Are they relatively high/low?



=PFL  Assessing acidity and basicity

Para /@,OH Meta OH OH
& y

NO,

Most acidic )
. o
& ¢ &
’:?N‘D"e ‘ \EG
CH;, o™ 10
(o) Ortho Ortho (o) v M !
co3 ‘P . 5
’ <l
‘Cr O . NY
(m) Meta Meta (m) . o .‘o,@ 101 .
v v v
Para (p) 5, )
o o
8z Oy wiNg
0¥ 8,0 Qo
5
o CANYes
© &) ‘o‘nq a
@-"-@(—) :g_,ff

1.

2.

3.

Charge: Is the compound more or less
stable with a charge?

Electronegativity: Are negative
charges on electronegative atoms? The
other way around?

Size: Can a charge be delocalized over
a larger/smaller space?

3. Resonance Structures: Do the acid or

5.

6.

conjugate base have resonance
structures that stabilize them?

Electron withdrawing or donating
groups: Do they stabilize or destabilize
the compound?

Energies of occupied molecular
orbitals: Are they relatively high/low?



=PrL  Assessing acidity and basicity

CH, OH 1. Charge: Is the compound more or less
(o) Ortho Ortho (o) e stable with a charge?
2. Electronegativity: Are negative
charges on electronegative atoms? The
(m) Meta Meta (m) 0% “H 07 H other way around?
Para (p) 3. Size: Can a charge be delocalized over

Meta Para a larger/smaller space?

4. Resonance Structures: Do the acid or

conjugate base have resonance
structures that stabilize them?

o° 0 o
o o)
5. Electron withdrawing or donating
2 ‘e groups: Do they stabilize or destabilize
the compound?
07 "H 07 “H 0~ 'H 0~ 'H

ot 6. Energies of occupied molecular
para orbitals: Are they relatively high/low?
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x

pK, =10

@)

.

H
0
“CH,4

pK, =10.6

charge on conjugate
base is destabilized

©o

Donating by resonance

36

Charge: Is the compound more or less
stable with a charge?

Electronegativity: Are negative
charges on electronegative atoms? The
other way around?

Size: Can a charge be delocalized over
a larger/smaller space?

Resonance Structures: Do the acid or

conjugate base have resonance
structures that stabilize them?

Electron withdrawing or donating
groups: Do they stabilize or destabilize
the compound?

(«7] |

Energies of occupied molecular
orbitals: Are they relatively high/low?
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5.4 Calculations WeTk acid Conjuga:e base

aAeWhat is the pH of an aqueous buffer solution that is 30 mM in acetic acid and 40 mM in sodium acetate? The pKa of
acetic acid is 4.8. (Tip: use Henderson-Hasselbalch equation introduced in the lecture).

Henderson-Hasselbalch equation :

conc.conjugate base )
conc conjugate weak acid

pH + pKa + log(

The ratio of base to acid is 40mM/30mM, or 1.33.

Therefore, substituting these values and the pKa results in
pH  =4.8+log(40mM/30mM)

=4.8+log1.33

=4.8+0.125

=4.9

37
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5.4 Calculations

m ﬁ-l’}es"?‘ﬂﬁ%f ggsﬁtf éq,npﬁ g%l,;hall%cgjgc acid when a small amount of acetic acid (pKa =4.8) is dissolved in a

We again use the Henderson-Hasselbalch equation and let
the base to acid ratio

be X.

For pH = 2.8:

2.8=4.8 +log X
X=0.01to1

pH 3.8, the ratio is 0.10 to 1
pH 4.8, the ratio is 1.0 to 1
pH 5.8, the ratio is 10 to 1
pH 6.8, the ratio is 100 to 1

38
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5.4 Calculations
c) What is the approximate net charge on a tetrapeptide Cys-Asp-Lys-Glu in pH 7 buffer?

We must consider the protonation state/charge of all

ionizable groups on the
NH5

®

peptide - including the terminal amino and carboxylic acid
groups - at pH 7.
terminal amino: +1

- thi ®
Cys: thiol, O NH, o o
Asp: carboxylate, -1 : H\)L H\)J\

. : HS : N N o
Lys: ammonium, +1 \/W : ” : 0
Glu: carboxylate, -1 o Wo@ o :

terminal carboxylate: -1
Net charge is therefore approximately -1. 0

o]0,

Cys-Asp-Lys-Glu

39



