Chemistry 2500

Chapter 5

Organic Reaction Mechanism
(sections 5.1-5.10)



Organic Reaction Mechanisms oy

* In reactions, bonds are broken in the reagent molecules, and new
bonds are formed between other atoms to make product molecules.

* Since bonds are pairs of electrons, understanding the movement of
electrons 1s key to understanding chemical reactivity.

* Reaction equations tell you only what happens; what is reacting and
what is formed.

/\I + KOH —— /\OH +  KI Reaction equation — the ‘What’?

Section 5.2



Organic Reaction Mechanisms oo

* Reaction mechanisms tell you how the reaction happens; how the
reactants are converted to products.

* Reaction mechanisms are drawn using the curved arrow notation,
which depicts the movement of valence electrons during a reaction.

new oxygen-carbon bond forms

new oxygen-carbon bond formed

X oo .o .o H H _ ( )?
mQH —— 0H o+ D 4 :.I.:@ Reaction mechanism — the ‘What and How’*

iodide takes the
electrons from
the broken bond

carbon-iodine bond breaks
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Organic Reaction Mechanisms

* Use the following points as a guide when using curved arrows:

* Note that electron flows occur at or near functional groups:
* 1T bonds

* heteroatoms
 formal charges
* unpaired electrons

* Use arrows to show bond formation
* Use arrows to show bond breaking
* Use arrows to keep track of formal charges.

Section 5.2
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Reaction Mechanisms — Drawing Conventions OJ\'JTIB?

* Lone pairs are added 1f they are acting as an electron source and at all
participating functional groups.

* Hydrogen atoms are typically omitted in line drawings; however,
when they are directly involved in a reaction mechanism, they need to
be explicitly shown.

NO, o NO,
. 0 0
HoN * > + NH;
MeO MeO X




o
/
N

Reaction Mechanisms — Drawing Conventions o,/ R

* Lone pairs are added 1f they are acting as an electron source and at at
all participating functional groups.

* Hydrogen atoms are typically omitted in line drawings; however,
when they are directly involved in a reaction mechanism, they need to
be explicitly shown.

the full Lewis structure of reacting groups not involved in the reaction do not need to be
functional groups should be drawn shown in full Lewis form
..O
H,N + —_—> +  NHj
.o NN
MeQO MeO
H H H

all hydrogens on a reacting site
should be shown
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Curved Arrows — Bond Formation -

 In reaction mechanisms, curved arrows are used to show the
movement of electrons:
* Arrows start at a source of electrons (a bond, lone pair, or unpaired electron)
* Arrows end at an electropositive site (an area of electron deficiency)
* The arrowheads point in the direction of electron travel
* A double-barb arrowhead depicts the movement of an electron pair
* A single-barb arrowhead depicts the movement of one electron

/\/\

double-barbed arrow single-barbed arrow
(two-electron movement) (one-electron movement)

e Curved arrows show the movement of electrons, NOT the movement of atoms.
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Curved Arrows — Bond Formation o

 Ultimately, curved arrows (mechanistic arrows) show which bonds are
being formed and which are being broken.

e Electron count and charge must always be conserved.



Curved Arrows — Bond Breaking oAyl

 When electron flow causes a bond to break, the curved arrow starts at
the centre of the bond and points to the atom that will receive the
electrons from the bond.

* Electron count and charge must always be conserved.

two barbs indicates a two-
electron movement electron pair resides on oxygen

o Soo \
MG, —— o+ SOH: R

arrow starts in centre of C-O bond and points
arrow starts in centre of C-Br bond and atom that the arrow points to receives toward the strongest electron-attracting atom
points toward the more electronegative the electrons when the bond breaks (oxygen)

atom of the bond (bromine)
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Curved Arrows — Bond Forming/Breaking \;\JlI>

 Reactions mechanisms often involve the simultaneous formation and
breaking of bonds.

* Electron count and charge must always be conserved.

bond forms between
oxygen and hydrogen

bond between hydrogen and chlorine
breaks, and the bonding pair moves to
chlorine (most electronegative)

Section 5.2 10



Curved Arrows — Bond Forming/Breaking

 Reactions mechanisms often involve the simultaneous formation and
breaking of bonds.

* Electron count and charge must always be conserved.

bond between carbon and bromine breaks,
and the bonding pair moves to bromine

.. .. H ..O

bond forms between to avoid exceeding the octet on carbon,
sulfur and carbon a bond must break as another is formed

Section 5.2
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Curved Arrows and Formal Charges A\JlI>

* Because mechanistic arrows show electron movement, they also show
how formal charges change during reactions.

* The flow of a pair of electrons can change the formal charge by one

unit.

TN

arrow points toward an atom
electrons are being added

Y

charge integer decreases

D2
D 1

0
©1
O2

Section 5.3

N

X
arrow points away from an atom

electrons are being removed

charge integer increases
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Curved Arrows and Formal Charges ;\JlI>

* Because mechanistic arrows show electron movement, they also show
how formal charges change during reactions.

* The flow of a pair of electrons can change the formal charge by one

unit. arrow points away from oxygen, so integer

on oxygen increases from —1to 0

9 N g

; . MoN
H3C/9 i =  HC L

alkoxide alkoxide

arrow points toward lithium, so integer
on lithium decreases from +1 to O

Section 5.3 13



Curved Arrows and Formal Charges ;\JlI>

* Because mechanistic arrows show electron movement, they also show
how formal charges change during reactions.

* The flow of a pair of electrons can change the formal charge by one

unit. | | _
arrow points toward bromine, so charge integer

on bromine decreases from 0 to —1
..o
Xm — > )@ + :Br:
.B.r. oo

arrow points away from carbon, so charge
integer on carbon increases from 0 to +1

Section 5.3 14



Curved Arrows and Formal Charges ;\JlI>

* Because mechanistic arrows show electron movement, they also show
how formal charges change during reactions.

* The flow of a pair of electrons can change the formal charge by one
unit
One arrow points toward carbon and another

arrow points away from this carbon. The
charge on the carbon does not change.

MGCQ\H)\ .. _Me OO\H)\
..O > Gl
:Cl:

O O
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Intramolecular Reactions o A

* Reactions that occur between separate molecules are called
intetmolecular reactions.

e Reactions that occur within a molecule are called inframolecular

©
Ji OH > H ﬁ)/( /;(O intermolecular
H,N 3

O O

reactions

amine

carboxylic acid

amines and carboxylic acids react to form a salt

O

O
)W > b
H,CO NH, intramolecular

amine and ester react to form an amide
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Intramolecular Reactions - m Bond Electrons Oz\ﬁrf

* There are 2 different conventions used when showing curved arrows
for the flow of 7 electrons:
* Show bond formation with an arrow that points to the space between atoms
 Show bond formation with an arrow that points toward an atom

arrows point to atoms, indicating bond formation

ol o
HOD)

arrows point to space between atoms, indicating bond formation

@
oo cd
S HO

HO»J
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Constructing Resonance Forms ooy

e Recall:

e that resonance structures are used to describe the delocalization of T electrons
1n a molecule

* that molecule does NOT flip-flop between resonance structures.

* that the actual structure of the molecule 1s a weighted average of all resonance
structures.

e that resonance structures are separated bv double-headed arrows

double-ended arrows are used to
indicate and separate resonance forms

h ﬁ'
H\ //C\ /H H\ /C\\ /H
¢ Go ¢ §

H H H

Section 5.5-5.6

H
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Constructing Resonance Forms oy

* For resonance to occur, at least one of the following structural features
must be present in the molecule:

1. A m bond made up of atoms of different electronegativities

2. A m bond directly beside at least one of the following features:
* paired or unpaired electrons
* atoms with incomplete octets
* other m bonds
* charged atoms lacking octets or carrying lone pairs

3. An atom with an incomplete octet adjacent to an atom with a pair of
non-bonding electrons

Section 5.5-5.6 19



Constructing Resonance Forms

1. A m bond made up of atoms of different electronegativities

carbon and oxygen have different
electronegativities and do not share the 7
electrons equally

Section 5.5-5.6
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/
Constructing Resonance Forms pip e

2. A m bond directly beside at least one of the following features:
* paired or unpaired electrons

This lone pair is adjacent to a positively
charged atom with an incomplete octet.
The lone pair can be used to form a = bond

7r bond made up of two lone pair adjacent with the adjacent atom.
different elements to the 7 bond
— o o ] square brackets surround
(O O O resonance forms
.. «—> ¥ «—> N
O AN/ /CJSN/ Né
)J\ | | |
N & B A B C ]
amide donation of electrons produces

Since there are no charges present,
begin by breaking a 7 bond. Electrons
flow toward the strongest electron
attractor (most electronegative).

a positively charged nitrogen

Section 5.5-5.6 21



Constructing Resonance Forms

2. A m bond directly beside at least one of the following features:
* other m bonds

 charged atoms lacking octets or carrying lone pairs

The heteroatom is a good starting point

because it has a different electronegativity The mechanistic arrow points away from
than carbon. This can be used to determine this carbon; the charge on the carbon
the proper direction to break the bond. therefore increases from 0 to +1.
_ ~ o -
(O .0: @) o
N\
A B C

This 7~ bond involves two carbon atoms. The positive charge determines the direction

There is no difference in electronegativity of 7w bond breaking. The electrons in the 7

between them and so breaking this bond bond will be attracted to the positive charge.

produces insignificant resonance structures.

Section 5.5-5.6
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/
Constructing Resonance Forms X X3

2. A m bond directly beside at least one of the following features:
* other m bonds

 charged atoms lacking octets or carrying lone pairs

7 bonds beside each other—resonance is possible

O

)W bond must break to avoid exceeding

work one bond at a time octet on the middle carbon

o . Lo . ° o "@

Atoms with negative charges can only participate in @) 10} @

resonance if they carry a lone pair, so first determine M SK@/\/ M
if lone pairs are present using formal charge calculation. = DY > DY A - X

A B C
O - a
)W
) negative charge provides a pair of electrons adjacent

good starting point for analysis to another 7= bond

The carbon must have a lone pair to carry a formal
charge of —1: FC = —1 = (group IV) — (3 bonds) —
(2 non-bonded electrons)

Section 5.5-5.6 23



/
Evaluating Resonance Forms e

* It 1s important to understand that not all resonance forms are equal.

e Resonance structures with favorable electron distribution make a
larger contribution to the overall structure than those with less
favorable electron distribution.

* Use the following guidelines (listed in order of importance) to assess
the quality of individual resonance forms:

1. the most atoms with full octets
2. the fewest number of formal charges

3. (-) formal charges located on the most electronegative atoms and (+) formal
charges located on the most electropositive atoms

4. like charges separated as far as possible, opposite charges as close as
possible



Evaluating Resonance Forms ooy

* Functional groups are normally represented by the ‘best’ resonance
form.

* The relative quality of resonance forms also provide a guide to the
most likely site of reactivity in a given functional group.

intermediate resonance contributor

major resonance contributor (two charges)
O.. ..
HOH HO K HOX
)k G 9\{}' el /k\ r
N N N
| | |©
A B C

minor resonance contributor
(carbon has incomplete octet, two charges)

Section 5.7 25



Insignificant Resonance Forms T

* Insignificant resonance forms occur when:

* a functional group carries more than 2 formal charges
* 17 bonds flow in the wrong direction

e 2nd row elements have more than 8 electrons!

.0 .. O
: {9 B =

s p —
)J\O . <> %O . <> /&O' / )\ (Srlm?erg]:t?\?: E:Loz:ge on oxygen)
\

O
&)
o C/ © significant form CO
B - (no charges) )g
6L>O

This form carries three charges on one functional group. )\ (negative charge on carbon)
It is insignificant and does not contribute to the S

structure of the group.

insignificant form

Section 5.7 26



Resonance and Orbital Structure

* Recall that the actual structure of the molecule undergoing resonance
1s a blend of all the resonance forms at the same time.

* The electrons involved 1n resonance form a single orbital structure in
which each atom participating in resonance contributes one orbital.

* The result 1s a network of orbitals that describes a region of space in
which the resonating electrons may be found.

AO/ - )@\O/ > )\\Cg/

bo

&

o\§_

Section 5.8



Patterns in Mechanism -

* Reaction mechanisms are systematic and follow patterns.

* In reaction mechanisms, electrons flow from atoms with high electrons
density (lone pairs or bond, often with — or §- charge) to atoms of low
electron density (lacking octet or +/d+ charged).

when bonds break, the electrons move onto
the atom that is the best electron attractor
(most electronegative or positively charged)

some atoms donate electrons
some atoms accept electrons

.o __ [Br: . .0
\/O :/\, K  — \/O\ -Br:

@ MgBr

20y o) O
T e — X

Section 5.9 28



Patterns in Mechanism o A

 In reaction mechanisms,
electrons flow from atoms
with high electrons
density (lone pairs or
bond, often with — or o-
charge) to atoms of low
electron density (lacking
octet or +/8+ charged).

when a bond breaks, the bonding electrons move
to the more electronegative element

O, QBr

ar bonds involving positive charges break
toward the positively charged atom

® H

o :O @IT' .
~_OH k O._OH

@O O@
N® ®N-
i~ JdJ — °

\/O

Section 5.9 29



Patterns in Mechanism o A

 In reaction mechanisms,
electrons flow from atoms
with high electrons
density (lone pairs or
bond, often with — or o-
charge) to atoms of low

‘ . A N
electron density (lacking \/NHPQ\J% ’ \/HW

source of electrons in a reaction increases its charge integer

H. @

octet or +/0+ charged). A

destination of electrons in a reaction reduces its charge integer

Section 5.9 30



Patterns in Resonance

* Important — Organic molecules are greatly stabilized by the
delocalization (i.e. resonance) of 1 electrons.

* Resonance structures are systematic and follow patterns:
1. m bond to lone pair
2. lone pair to T bond
3. m bond to  bond

Section 5.10



Patterns in Resonance AR

 [solated double bonds:

isolated double bonds:

(O Q@ resonance is possible if the atoms are different types
)k -—> )\ resonance is not possible if the atoms are the same
L @ —
- ® _

positive charge on an sp? atom will lead to resonance

€T o— L

Section 5.10 32



Patterns in Resonance AR

* Double bonds beside charges and non-bonding electrons:

double bonds beside charges and non-bonded electrons

S PN positive charge lacking octet adjacent
S @ to a = bond will lead to resonace

S SHFE N negative charge with lone pair adjacent
. . to a = bond will lead to resonace

gEOH > @j\%H lone pair adjacent to a = bond
’ @ will lead to resonace

Section 5.10 33



Mechanisms — Practice

* Identify the error in each of the following mechanisms. Redraw each
mechanism to give the products shown:

@A\H,/\ H H

> a)[ fH Bt @Br

Section 5.10
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Mechanisms — Practice

* Add curved arrows to explain the formation of each product:

5.18 @

OH
H,CO HOg H,CO

S

Section 5.10
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Mechanisms — Practice

* Draw the products of the following reactions, including any formal
charges:

5.21

36



Mechanisms — Practice oA

* For each of the following reactions, add mechanistic arrows to show
the flow of electrons. Where appropriate, include lone pairs, as well as
any missing formal charges:

5.22 g\ A
| N~ O
O

5.2

H
SN D O
d) N von S NS
= iz OH
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