Organic Reactions How and Why Reactions "Go"

1 Different Kinds of Reactions

We need some language and notation to distinguish among various kinds of organic reactions.

H adds

1. Addition Reactions (introduced in Alkenes)

. HeC
H-Br: + /C=C —_— H3C—C—C“H
i N | ]
HyC A H HyC H

addition to the alkene
* H and Br are added to the C=C double bond of the alkene

2. Substitution Reactions (introduced in Alkyl Halides)
substitutes

HO: + H3C-Br: ——> HO-CH; + :Br:
substitution of the methyl bromide
* Br is substituted for OH in the alkyl halide

3. Elimination Reactions (introduced in Alkyl Halides)

..0 . H3C Mo
HQ; + H_CI:_CI:_CH3 —> HO-H + :C=C\ + :.B.r:G

H and Br eliminated/removed from the alkyl bromide

* H and Br are eliminated from the alkyl bromide
« the HO™ is required to "make" this particular elimination reaction "go"

4. Rearrangement Reactions (introduced later in Alkynes, Alcohols etc.)

: OH N :ﬁ): new bonds
& (H30") & BUT
HaC™ ~SCH; — > H3C~~~CHz no atoms added or removed

« the reactant and product are structural isomers, the bonds are rearranged+ the HsO" is required to "help" this
particular rearrangement reaction "go", it is a catalyst

5. Protonation/Deprotonation Reactions

base :0: acid .2 H
" L] OO L) @
C + H=ClL  —= I + Cl:
THIS —> Me”  ~Me + tr Me/C\ Me **
gets PROTONATED THIS PROTONATES  protonated ketone

* A proton is transferred from the acid (H-CI) to the ketone
* the ketone becomes protonated
« the H-CI protonates, it becomes deprotonated
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2 Bronsted Acidit

+ Acid/Base reactions play a dominant role in organic chemistry, we need to understand this very well.
* A Bronsted acid donates a proton.

* A Bronsted base accepts a proton.

Example: from general chemistry
H*-CI  + Na*—:0OH —tiolH +  Na*~Cl
acid base new bond

* WHY does an acid react with a base to give a salt plus water?
A. Because in doing so it makes a new bond, and lowers the energies of a pair of electrons.

Example: from organic example

. o’ CH3
‘0. H3C e+ CHj 0. @1
7. SN Ho—C’  +  H==N—CH;
HyC—C | > V.o~
% CHs :0: CHs
organic acid _@ organic base °*  new bond

» hydrogen moves from the acid to the base, but leaves its electron "behind" (is given to the oxygen). A hydrogen
with no electron is a proton, therefore a proton is transferred from the acid to the base.

« This reaction makes a strong new bond and replaces a localized non-bonding pair with a resonance stabilized
pair, even though an anion is formed, the electrons are stabilized by resonance, which is usually the most
important factor for non-bonding electrons

2.1 Bronsted Acid Strength
Measured in terms of pKa (usually in water)

H
Ka ®/
A H,0 A+ HTO :
breaks a bond makes a bond’ H
= [A_] [H3O+] pKa = -IoQ (Ka)
[HA] [H20] smaller pK, = stronger acid

* Bronsted acidity involves heterolytic cleavage of a bond to hydrogen, with liberation of a proton

« Stronger Bronsted acids have smaller pKa values.

« This description ignores the role of solvation, but it is sufficient for now and helps us to understand Bronsted
acidity and basicity within the context of bonding that we are using to describe most of the chemistry in this
course.

2.2 Range of Acidities in Organic Chemistry

* We will encounter acids with a very wide range of acidities.

» We will consider the acidity of some protons that are so weakly acidic that they would not normally be
considered as acids.

» We will also encounter some organic species that are a lot stronger acids than sulfuric acid (although they will
not normally be very long lived, especially in water!).

* Remember, the pKa scale is logarithmic! So, an acid with a pKa of 10 is not ten times stronger than an acid with
a pKa of 20, it is 10 orders of magnitude stronger!
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Some Example Acids We will Meet

Acid Structure Conjugate Base pKa (in water)
S
ex‘rremgly methane H;C—H H3C: ~ 50
weak acid
. .. ©
ammonia H,N—H HoN: ~ 35
S
acetylene HC=C—H HC=C: ~ 25
. .. 9
methanol H3CO—H H3CO: ~15
i ; . .. 9
increasing water HO—H HO: ~ 15
acidity
O 0.
o H3C—C HsC—C * ~ 4
acetic acid .O—H .0 o
. ) ~_7
hydrochloric acid :ClI—H :Cl:
.. @ .
extremely protonated /Q—H 0. ~-8
strong acid ¥ carbonyl HsC— "’ H3C—QH

2.3 Factors Controlling Bronsted Acidity

* Absolute acidity (pKa) is difficult to predict, relative acidity is much easier!!

« Just as when we considered BDE as a simple chemical reaction, we need to consider BOTH the electrons that
are involved in the reactant and the product i.e. before and after bond heterolysis

When Considering the Energetics of any chemical Reaction: We need to consider both the energy of the
electrons in the reactant (where we "start") and also the product (where we "end").

* A stronger acid "wants" to go from left to right more than a weaker acid, either because the energy of the
electrons in the bond in the reactant acid are high, or because the electrons in the product conjugate base anion
are low.

electrons "after"

electrons "before" ';\\—H 5 A®9 + H®
on an atom

ina bond generic acid conjugate base

* Note, this is heterolytic bond cleavage (this is NOT given the bond dissociation energy).

« A stronger acid has a less reactive conjugate base anion, thus weaker base.

* In general, an acid will be stronger if the electrons in the bond are high in energy, i.e. if the bond is weak.

» Most of the time, an acid will be stronger if the energy of the non-bonding electrons on the conjugate
base (usually on an anion) are lower in energy, e.qg. if B is more electronegative than A in the example above,
the conjugate base B is easier to form, B-H is the stronger acid.

* Problem: these two effects sometimes oppose, how to know which one "wins"?

2.4 Factors That Determine Bronsted Acidity ENERGIES OF ELECTRONS IN THE REACTANTS
* In contrast to the BDE trends we looked at above, most of the trends on Bronsted acidity can be understood in
terms of the energy of the electrons in the reactants, not the product, however, there is one very strong effect on
Bronsted acidity that is determined by the energy of the electrons in the reactant.

« Acidity increases with increasing atomic size going down a group in the periodic table.
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Example:

stronger bond

\

.o HZO .o @
weaker acid H—(.ZI:

:Cl:” + H;0" stronger base even though more

H,O .. electronegative
2 S H3;0"

weaker base

stronger acid H—1"

weaker bond, by a lot

* H-1is a stronger acid than H-CI

* Chlorine is smaller than iodine, the H-CI bond is much stronger than the H-1 bond because of poor orbital
overlap between the very small hydrogen and very large iodine

* Note: that we are using the same arguments we used for homolytic BDE here, these same effects influence the
heterolytic cleavage associated with Bronsted acidity

* The iodide conjugate base anion is the weaker base because it makes weaker bonds when it reacts as a
base

» The stronger acid has the weaker conjugate base.

» The stronger acid is the one with the weaker bond.

* Note: we could have tried to argue that the chloride anion should have been the weaker base, because chlorine
is more electronegative than iodine and the energy of the electrons in the conjugate base anion should be lower,
however, we need to consider BOTH the reactant and product, and it turns out that the bond strength effect "wins"
* There are often competing arguments when considering Bronsted acidity, the energy of the electrons in the acid
reactant wins here. Atomic size effects are often a dominant effect in organic chemistry.

2.5 Factors That Determine Bronsted Acidity ENERGIES OF ELECTRONS IN THE PRODUCTS
» Most of the trends on Bronsted acidity can be understood in terms of the energy of the electrons in conjugate
bases anion products.

1. Influence of Resonance on the stability of the conjugate base anion products

« Acidity increases with increasing resonance stabilization of the non-bonding electrons in the conjugate base
anion. Resonance decreases the energy of the electrons in the conjugate anion base, making the anion easier to
form, the acid is stronger. Resonance stability effects in the conjugate base anion usually dominate over all
other possible factors.

Example:
H stronger base
k oe (\: ! .o @ ® H
weaker H3C-CH2—Q HY - “H -~ H3C—CH2-Q: +
acid

or

stronger H3C\C//
acid \

(; ..
:O~6H
electrons ) electrons Q.
"befor'e“ uaf.‘,er,u H3C\C Weaker'
reaction reaction \é)._ base

H

* The energy of the electrons is lower in the second conjugate base anion due to resonance stabilization.

* The second reaction "wants" to go from left to right more than the first, the second structure is the stronger acid.
» Resonance stabilization in the anion and bond strength contribute to making the second structure more acidic.

» The second conjugate base is the weaker base, it is the more stable anion.

» The stronger acid has the weaker conjugate base.

» The stronger acid has the conjugate base with the lower energy electrons.

* There are no competing factors, this is straightforward, the lower energy electrons in the base argument
works well.
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2. Influence of Electronegativity on the stability of the conjugate base anion products

+ Acidity increases going from left to right across the periodic table. The stabilizing effect of increased
electronegativity of the atom carrying the negative charge in the conjugate base anion is more important than
increasing bond strength.

Example:

stronger bond, but not by much much more stable anion, weaker base

I | H,0 .. ©
lower pKa, stronger acid H,CO—H HyCO: + H30"
H,O .. © )
(CH3)2N: + H3O
stronger base

larger pKa, weaker acid (CH3),N—H

* The O-H bond is slightly stronger than the N-H bond, HOWEVER, the non-bonding electrons in the conjugate
base anion are much more stabilized (lower in energy) on the more electronegative oxygen in the first structure,
this effect on the PRODUCT is more important than the bond strength.

» The stronger acid has the weaker conjugate base.

» The stronger acid has the conjugate base with the lower energy electrons.

* The lower electron energy in the base argument "wins" over the COMPETING stronger bond effect.

3. Influence of Hybridization on the stability of the conjugate base anion products

« Acidity increases with increasing s character of the hybridization of the atomic orbital in the conjugate base atom
that holds the non-bonding electrons, since increased stability of the electrons in the smaller A.O. in the conjugate
base anion is more important than increasing bond strength. Hybridization effects are also often very important.
Example:

stronger bond, but not by much much more stable anion, weaker base

\ \
lower pKa, H,0 O . T~sp

—C=C— H—C=cZ) + H50°
stronger acid H—C=C—H ’
larger pKa H g H H20 H H@ H.O* 3
. A~ _ M _ .
weakeracid |'_| @ \3_/ SP

H .
less stable anion, much stronger base

» The C-H bond in the first structure is stronger due to overlap of an sp AO on carbon compared to sp3.,
however, the non-bonding electrons in the conjugate base anion are much more stabilized (the electrons are
lower in energy) in the smaller and lower energy sp atomic orbital in the first structure, this effect is more
important than the bond strength.

» The stronger acid has the weaker conjugate base.

» The stronger acid has the conjugate base with the lower energy electrons.

« the lower electron energy in the base argument "wins" over the competing stronger bond effect.

Summary: The stronger acid has the lower energy electrons in the conjugate case anion, except when
going down the periodic table

We have explained acidity in terms of electron energies, energies are related to thermodynamics, and so we have
made thermodynamic arguments. This makes sense and connects to our understanding of acidity from general
chemistry. Acid strength is related to pKa, which is related to the equilibrium constant for dissociation, and the
equilibrium constant is determined by thermodynamics, the energy differences between the different sides of the
equilibrium
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2.6 Substituent Effects and Bronsted Acidity

* We will often be concerned with the effects of "substituents" on organic reactivity.

* Substituents can affect the energies of electrons directly via the inductive, resonance and related effects. We
call these electronic effects, the inductive effect is discussed in this section.

« Substituents may also affect electron energies less directly via steric effects that we will discuss later.

The Inductive Effect:

 The inductive effect is the lowering of electron energy due to electronegative atoms (as a consequence of the
large positive charge on the nucleus).

* Already seen, inductive effect is the origin of bond dipole moments, more electronegative elements “attracts”
electrons by lowering their energy.

» The inductive effect acts “through” sigma-bonds, and decreases rapidly as the number of bonds between the
electronegative atom and the site of interest increases.

+ Within the context of Bronsted acidity, the inductive effect lowers the energies of the electrons in the anion
conjugate bases, lowering energy makes the anions more stable, easier to form, increasing Bronsted acidity.

Example: Which is the strongest and which is the weakest Bronsted acid?

CO,H CO,-
N 2 > \/\r 2 . |
F; decreasing
decreasing F& stabilization of
acidity COH — \)\/002— + H* the anion due to
decreasing

Y CO,H Y\/COZ_ + H* inductive effect
&7 T %

* The inductive effect of the fluorine substituent thus lowers the energies of the non-bonding electrons on the
negatively charged oxygens in the conjugate base anion

* The inductive effect of the fluorine decreases rapidly with distance, it gets smaller very quickly with increasing
numbers if intervening sigma-bonds

» The stronger acid has the weaker conjugate base.

2.7 Predicting Bregnsted Acid/Base Reactions Using pKa
This is easy when you know the pKa of each acid involved...

Example 1:
sodium acetate  hydrogen cyanide acetic acid sodium cyanide
Equilibrium O: ® slower pel Na®
4 Na Y °
THIS HSC_C\O" o+, HC=N: <« = HsC C\Of\ Lo “C=N:
SIDE o acid  faster wid” A,
base ase
pKa ~ 9 pKa ~ 4
weaker base weaker acid stronger acid stronger acid

« the stronger acid protonates faster, equilibrium on the left, the reaction “goes” from right to left
« "protonation” of the cyanide anion with acetic acid (the stronger acid) is exothermic and faster
« "protonation” of acetate with hydrogen cyanide (the weaker acid) is endothermic and slower
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Example 2:

acetone sodium amide sodlum enolate ammonia
1% NES H slower u ' Equilibrium
H C/C\(\ H + N - \ m THIS
CHTR N > CH, SIDE
stronger acid H faster ¢ weaker acid
stronger base
PKg ~ 20 ? pKa ~ 35
~C
H3C™ "Scen,

weaker base

« proton transfer from the stronger acid is faster, thus equilibrium lies to the right

« "deprotonation” of acetone (the stronger acid) using sodium amide is exothermic and faster

« "deprotonation of ammonia (the weaker acid) using sodium enolate is endothermic and slower
« the reaction “goes” from left to right

2.8 Predicting Bronsted Acid/Base Reactions Using Electron Energy Arguments
We can use our knowledge of relative acidities to predict the outcome of Bronsted acid/base reactions even if
we don't know the relevant pKas.

Example: On which side will this equilibrium lie?? (which is stronger acid??)

HIGHER energy electrons

LOWER energy electrons
more chemically reactive

ﬂ slower‘ 4\
equilibrium H—0-CH i QO— ‘
:0O-+CH
THIS S 3
side

weaker base weaker acid stronger acid stronger base

* MORE stable anion on the left (resonance stabilized), lower energy electrons, less reactive, WEAKER BASE
 Conjugate acid of the weaker base is the stronger acid (formation of the anion is easier)

» LESS stable anion on the right (NOT resonance stabilized), higher energy electrons, STRONGER BASE

+ Conjugate acid of the stronger base is thus the weaker acid (formation of the anion is harder)

* The reaction of the stronger acid with the stronger base is FASTER, the reaction of the weaker acid with the
weaker base is SLOWER, equilibrium lies on the left

Example: Will water protonate methyl lithium?

HIGHER  methyl lithium w%a slower methane lithium hydroxide
energy electrons ) Ve, = A equilibrium
H—O; — > -H H
more chemically Ny faster HsC THIS
reactive stronger base stronger weaker | OWER energy elec‘rrOHSSIde
less stable anion acid acid  |ess reactive weaker base

more stable anion

« the stronger acid reacts with the stronger base faster

« the weaker acid reacts with the weaker base slower

« Equilibrium lies to the right, the reaction “goes” to the right

* So, the answer to the question above is yes, water will protonate CHsLi (explosively!)
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3 Lewis Acid/Base Reactions

This is the most important concept in the entire course!

Question? Why does acid + base give salt + water?

..em ® O Q -
H=0:" "Na + \H :Cl: ——> H + Na® :Clt

base acid water salt

Answer: Because this gets two electrons into a bond, thus lowering their energy

Actually, in water it is quite a bit more complicated than this because of ionic solvation effects, but the point of the
question is clear, we can UNDERSTAND acid/base reactions in terms of the fundamental electron energy effects
that we have been talking about during this course

G. N. Lewis proposed that the most significant thing about the above reaction is NOT that a proton was
transferred from the acid to the base, but:

* The base donated two electrons to make the new bond

* The acid accepted two electrons to make the new bond

This is Lewis's (broader) definition of an acid and a base

Example 1:
IR i
N s e
H H\/ H H EXOTHERMIC
Lewis acid Lewis base
(accepts electrons) donates electrons) new bond

« this reaction "goes" from left to right because it gets 2 electrons into a bond, lowering their energy, the reaction
is exothermic

Example 2:
BREAK THIS bond MAKE THIS bond MAKE THIS bond
H H H H
@/‘c—c':—H 29 ;'o\'H —> >c=c< * EXOTHERMIC
H " H H H
Lewis AND Lewis AND new bond between
Bronsted acid Bronsted BASE the acid and base

« this reaction "goes" because although 1 bond is broken, 2 are formed
« the acid transfers a proton to the base, this is thus BOTH a Lewis and a Brgnsted acid/base reaction

Important « All Bronsted acids/bases are also Lewis acids/bases
* Not all Lewis acids/bases are Brgnsted acids/bases

Example 3: Not all acid/base reactions have to be exothermic:

H3G H H HaC H gy only
\C=m H—’b/@ — ’ \C® + -b’ reasonable

- : ENDOTHERMIC
H3C/ \H k/ \H H3C/ \H reaction
LB and BB LA and BA
break m-bond  break o-bond new bond
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* This reaction breaks TWO bonds in the reactants (the pi-bond in the alkene and the H-O sigma-bond in the
HszO* and only makes one new C-H sigma-bond, bonds bonds are broken than are made.

« the products of this reaction are thus higher in energy than the reactants (the reaction is endothermic)

* Nevertheless, we will see later that reactions such as these are important.

 Lewis acid/base reactions can be "complete” single step reactions in their own right as in the examples
above, or they can be "parts” of more complex reactions which have multiple steps (see later).

3.1 Predicting Lewis Acid/Base Reactions

Here is where we learn to how to avoid memorizing every reaction in organic chemistry!!!
give the product of the following reaction:

» Formaldehyde could give electrons (Lewis base) or accept electrons (Lewis acid).

* Hydride anion can only reasonably give electrons; thus, it must be the Lewis base.

* Which atom on formaldehyde should it make a new bond to? Let's try and see....

:(”): hd :?:
a oH

make o bond, break o bond, negative

formaldehyde  hydride
y charge on carbon, hmmmmm....

Lewis acid Lewis base

H
‘0 0~ make o bond, break
i r’\ ° c1d>iN 00 Lo bond, negative charge
ON + :H PO
H H H H oncarbon, better, but....
oo: :°O':@
l él; .4° addto C H—é—H make o bond, break n bond,
H™ LV" ) | negative charge on oxygen, BEST!!
H

Give the product of the following reaction:

Lewis :QI @ . HEN/\/\/O\H
Base 4 6 electrons :Cl: Il—i

» The non-bonding electrons on nitrogen are higher in energy (more reactive) than those on oxygen because it is
less electronegative
* This is the most reasonable reaction for this pair

4 Curved Arrow-Pushing

* We need to return to curved arrow-pushing since it is a critical part of the organic chemistry LANGUAGE
« curved arrows represent the movement of electrons (only)

« the arrow "starts" where the electrons come from, "ends" where they go to

Examples:

* Draw a dotted line to show the new bond if it helps you

@'o'/H"‘ﬁ‘*S‘.'OvH oK H<g
I L_/. | —_— Il | ®
/C\ H /C\ H
H H H H
* The arrow shows that how the electrons are used to make the bond, not how the atoms "move"
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.OI * H

HC—C . I N
3 - iy
.\O—H ________ . o‘ Hsc C\ @ H3C/ ‘ CH3
Qo 9t
%7 YCH,

 The arrow starts at the electrons, and ends "in" the new bond, NOT at the H, since the electrons are not given to
the H.

H_. -r:
,] correct H O
arrow curves to the left © -8l
"into" the new bond to —_—
the left hand carbon
ik
. (’\ INcorrect H @/ H
arrow curves to the right, N o ®
implies making bond to » ALEN
right hand carbon / :Br:
L

A

* The arrow shows bond formation AND implies exactly which atoms are involved in formation of the new bond,
the "curved right" arrow above implies making a bond from H to the carbon on the right in the C=C bond, but the
product shows the new bond being made to the carbon on the left, a "right curved" arrow would be incorrect in
this case.

EY

SRS K
8¢

—

& =

Visualize Curved Arrow Pushing

5 How and Why Chemical Reactions “Go”?

5.1 The ANATOMY of an organic reaction equation
+ Organic chemists are often LAZY, organic reactions written in equation form are often not completely

balanced, they also focus almost exclusively on the organic structures and not the other chemicals that are
required to make the reaction go

HBr :'lB.f: H o B
— > +
> T \ cel, |\ / /\

(inert solvent) major product minor side product

reactant
reagents/conditions product(s)

* The reagents/conditions summarize what chemicals and reaction conditions are required to make the reaction
go, in case it is conversion of an alkene into an alkyl bromide

* There are TWO alkyl bromide products of this reaction, the MAJOR product is usually the DESIRED product of
the reaction, any other reaction products are often not wanted and are called SIDE PRODUCTS

» We will return to why there are more than one product of this reaction and why one is the major later

* Organic reactions are usually performed either in the LIQUID STATE or in a SOLVENT, in order to allow the
molecules to undergo the collisions required for reaction, the solvent may not be specified if it is not important
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what it is, in this case the solvent is carbon tetrachloride (CCl4) which is inert, meaning it does not get involved in
the reaction, it is only there to solvent the alkene and the H-Br

5.2 Why do Chemical Reactions "Go"?

Q. How do we know when we mix to chemicals together that they will actually react?

A. If the reaction is favorable energetically AND kinetically, here we look at the problem from the
thermodynamic perspective (the kinetic perspective is coming later)

+ Consider the following reaction, will it go from left to right?

H\ /H L) Keq >> 1 :IBr: Il-|
C=¢ + H=Br ———  H-C—C-H
H H H H

free energy lower by ca. 11 kcal/mol

AG(reaction) = -11 kcal/mol (negative means exergonic)
AG reaction = R T InK,
K = ¢-AGreaction/RT

€q
for AG = -11 keal, K, ~ 10°

« In principle, ALL chemical reactions are reversible (not just acid/base)

« thus, this reaction is predicted to "GO" from left to right, not the other way round, because the GIBBS FREE
ENERGY of products on the right are lower than the GIBBS FREE ENERGY of the reactants on the left - the
reaction from left to right is EXERGONIC (there is a negative free energy change from left to right)

in general, reaction "goes" if > 99.9% on one side of equilibrium
i.e. Keq> 1000, i.e. AGx, ~ -4 kcal/mol or more negative

What determines reaction (Gibbs) free energy? Enthalpy and Entropy

AG = AH - TAS

reaction reaction reaction

« for organic reactions it is the enthalpy term usually dominates

« the enthalpy term is given mainly by the energy of electrons (sometimes solvation)

» when the enthalpy term is small, the entropy can determine the reaction, but this is less common

* So, most of the time the enthalpy/energy of the electrons allows us to understand the reaction,
which is good because electron energy is something that we know about!

Summary:
* Reactions "go" when they are exergonic (negative reaction free energy)

 enthalpy changes are usually more important than entropy changes (we will point out the cases
where entropy does play a role as we proceed)

* enthalpy is related to electron energies

+ electron energies in bonds are measured in terms of Bond dissociation energies

Important Terms to Understand

an exergonic reaction has a negative free energy

an endergonic reaction has a positive free energy

an exothermic reaction has a negative enthalpy, energy comes OUT of the reaction, it gets hot!
an endothermic reaction has a positive enthalphy, energy goes IN to the reaction, it feels cold!
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5.3 Calculating Enthalpy Change Using Bond Dissociation Energies
» Reaction enthalpy is defined as:

AH(reaction) :[H (products) - H (reactants) ] < BUT, wedon't
know these

 But, we don't really KNOW the enthalpies of either the reactant OR the product, but enthalpies are related to
electron energies, which in the context of reactions are related to bond dissociate energies

* And so we can work out reaction enthalpies A DIFFERENT WAY, not using the enthalpies themselves but
INDIRECTLY, using bond dissociation energies

How it Works:
Look at the energies of the bonds that are made and broken for the H-Br addition to alkene reaction
H H Br H
N ’ 1 |
/C=C\ + H—Br — H—(I)—(ll—
H A H A H H

breaks n bond breaks o bond makes 2 o bonds

C=C n-bond energy~ 63 kcal/mol  C—H o-bond ~ 101 kcal/mol
H-Br o-bond energy ~ 87 kcal/mol  C-Br o-bond ~ 69 kcal/mol

total bond energy ~ 150 kcal/mol  total bond energy ~ 170 keal/mol

* Overall weaker bonds are converted into overall stronger bonds

* Specifically, one weaker n-bond and one stronger c-bond are converted into two stronger s-bonds

» Energy has to go "into" the reactant molecules to break bonds, this is an energy (enthalpy) cost

» Energy comes out of the product molecules when bonds are made, this is an energy (enthalpy) release

* The reaction above "releases" more energy than it "costs" to do the reaction

* The electron energy decrease because stronger bonds are formed, therefore the reaction is exothermic
(electron energy ~ enthalpy)

The reaction is thus EXOTHERMIC, heat energy is released (it feels hot!)

* The absolute value of the reaction exothermicity can be calculated from the difference in the bond dissociation
energies

Sum of energies of bonds broken = 150 kcal/mol
Sum of energies of bonds made = 170 kcal/mol

Reaction EXOTHERMICITY = 170 - 150 = 20 kcal/mol

* The reaction enthalpy is equal to the reaction exothermicity (or endothermicity), because this reaction is
exothermic, the reaction enthalpy must be negative (by definition):

Reaction is exothermic, therefore AH(reaction) = -20 kcal/mol

Summary: Reaction enthalpies and BDE (how to do it):

1) Decide if the reaction is exothermic or endothermic, do thus by summing the bond dissociation energies if
necessary, sum of bonds broken versus sum of bonds made

2) If overall stronger bonds are made then the electron energy decreases and the reaction is exothermic, if
weaker bonds are made then the reaction is endothermic

3) The absolute exothermicity or endothermicity is given by the difference in the bond dissociation energies
4) The reaction enthalpy is negative if exothermic or positive is endothermic, and the reaction enthalpy is
quantitatively the same as the exothermicity or endothermicity

OR....

« Determine the difference between the sums of the energies of the bonds that are made/broken and use
COMMON SENSE to decide if this difference corresponds to a POSITIVE or NEGATIVE reaction enthalpy
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5.4 Reaction Mechanisms

The Mechanism:

« describes how a reaction occurs, the order in which bonds are made and broken
« describes which intermediates are involved

* is the key to minimizing memorization in organic chemistry!

Consider the following example:
The reaction...

Ho _ H Br Hf
c=C + H—Br — H-C—C-H

I |

H H H H

* This reaction is exergonic and exothermic.
« It is exothermic because 1 sigma bond and 1 pi-bond are broken, but 2 stronger sigma-bonds are made.
 Quantitatively because of the enthalpy calculation in the previous section of the notes.

The mechanism...

H oo
H m first m :Br: H
\ / .. ® = 9 second [
= —Br: —— :Br; — —C—C—
C C\H H—Br: step H— f f H r H—C—C—H

H H
LB/BB LA/BA LA

reactants intermediates

LB step H lll
|

product

» This mechanism consists of two consecutive Lewis acid/base reactions.

* The first step forms intermediates from the reactants, the second step forms the final product.

» We will use the abbreviations LA/LB to represent Lewis acids/base and BB/LB to represent Bronsted
acids/bases.

5.5 Some Important Intermediates
Before we go deeper into mechanisms we first need to take a short detour to look at some common intermediates

in organic reactions.
H /\
Q empfy p orbital

sp hybridized

@O oY

ethyl  © H,\ @ H@PI o

cation CH2'CH3 ((3— ‘ C C H C C H
H

Carbocations (more correctly, carbenium ions):

methyl cation “CH;

AH W

H H W
hyperconjugation is a "kind" of
resonance

» Hyperconjugation "donates" electrons from the methyl group to the positively charge carbon, which delocalizes
electrons, they "see" more nuclei, lowers electron energy, also "spreads out" the positive charge, thus the ethyl
cation is more stable (less reactive) than the methyl cation.

increasing stability
(decreasing energy)

N H
®CcH ® ®cH rR—0—R _|H e — H,C= C/
3 CH2—R N \R ~ 2 %CHz CHZ
methyl primary secondary  tertiary ~ same resonance
- stabilized allyl

increasing reactivity

* Increasing stability from left to right as the cation is increasingly stabilized by hyperconjugation, and ultimately,
true resonance.
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Radicals (already seen!)
H/,,,@ <—— halfilled p orbital
HU

methyl *CH,4 H sp? hybridized
radical
H minor H.
H . H\. (\'l' ) H\ h . t
ethyl ~ *CH,-CH, Do S /C_|C_H <> C=C-H| hyperconjugation
i |
radical HVU H H H b
increasing stability -
(decreasing energy of the non-bonding electron) o H
"CH ’ o R—C " HC—C = He=C,
3 CH>—R \R \R 2 %CHZ 2 ~CH,
methyl primary secondary tertiary  ~ggme resonance stabilized allyl

-
-

increasing reactivity

» Hyperconjugation can still delocalize one electron, smaller decrease in electron energy
* Increasing stability from left to right as the radical is increasingly stabilized by hyperconjugation, and ultimately,
true resonance

Carbanions:
©
rethvl | © R sp> A.0.
oy :CH3 H G~
anion HIU H tetrahedral by VSEPR
O . ———— electron repulsion, overall
ethyl ?CHZ- CH, Q\@ antibonding interaction
anion H“”/U\OC A alkyl groups destabilize anions
\H (raise electron energy)

« this time electron REPULSION INCREASES the energy of the non-bonding electrons on the negatively charged
carbon, any "attempt" at hyperconjugation actually results in an ANTI-BONDING interaction

increasing stability

= H (decreasing energy)
r' C:). / ) e) /R S “/R
H,c=C_© === H,C—Cg :CHs :CH-R  ©:CH R=CZ
2 TNCH, SCH, W N .
resonance methy primary secondary  fertiary
stabilized allyl

increasing reactivity

L
Lt

+ Decreasing stability from left to right as the radical is destabilized by electron repulsion, however true resonance
in the ally anion still "wins", since it delocalizes the electrons without an ANTI-BONDING interaction

5.6 Kinetics and Reaction Energy Diagrams

» The thermodynamic description of a reaction discussed above indicates whether a reaction is possible, but says
nothing about how fast it might occur, a reaction that is favorable thermodynamically ( is predicted to "go), might
be too slow to actually "go" in a reasonable timescale.

» There is a connection between reaction thermodynamics and kinetics.
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Example: The reaction below proceeds via two (mechanistic) steps
step 1 intermediates

breaks 2 bonds
makes 1 bond
reactants RD.S. -
.-Br
H

: ¥ B
Ho | ) T HqE
H HT: | H R.D.S. = rate
H . .
= H determining step
A
Energy ) ¥ = transition state
c,oooead) Ea2) ./ partial bonds
are WEAK

» reaction coordinate

step 2
makes 1 bond

-

products

* This reaction energy diagram shows how the energy of the entire system changes during the course of the
reaction.

* The reaction coordinate is an aggregate measure of all of the bond lengths and angles that have to change in
order to go smoothly form the reactants to the intermediates and from the intermediates to the products.

* The energy of the intermediates is higher than either the reactants or the products, because they have one less
bond, two bonds are broken and only 1 bond is made to form the intermediates.

* The reaction proceeds via the lowest free energy path, given by the reaction coordinate.

» The reaction is overall exothermic because 1 sigma and 1 pi bond are converted into 2 stronger sigma bonds.

Hfs:r: B? B
H M o H Bre H
£=C ——> H-C-C-H ———— H-C-—C-H
H H _Br H H H H
H o%

Energy

— reaction coordinate]
Visualize Understanding Reaction Energy Diagrams

* Between the reactants and the intermediates is a transition state (f), which has partial bonds that are not fully
formed, which is why it is high in energy.

* There is a high energy transition state associated with each step of the mechanism in any organic reaction

« Transition states are at energy maxima, the definition of an intermediate is that it is in an energy MINIMUM,
even if it is only a shallow energy minimum

» Each react step must go over the transition state, the energy required to reach the transition state is the
activation energy (Ea).

* The rate constant (k) for each reaction step is related to the size of its activation energy (Ea)

k = A exp(-Ea/RT)
» Thus, a smaller Ea results in a larger k, i.e. a faster rate

« alarger Ea results in a smaller k, i.e. a slower rate
* In the example above, Ea(1) > Ea(2), step 1 is thus slower and is the rate determining step (R.D.S.)
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Most organic reactions proceed via the smallest activation energy because this is the fastest, most
organic reactions are controlled by kinetics (are under kinetic control)

Example Problem: Which of the following two reactions A or B is faster??

H, m Step 1 @D A step 2 Br H
A H—C—C—H — H—C—C—H
|_| H R.D.S. H N Lol
consider the rate ~ Slower LB/BB
determining step
step 1 L A/B i Br :B'r? L
H3C step 1 @D H step 2 Br H
—> HSC_(P_(I;"H —>» H3C— C C H
LA
faster 3 LB/BE RD.S, HSC H H3C H

* When considering overall reaction arte we need to focus on the RATE DETERMINING STEP

* The rate determining step in A involves formation of a higher energy, less stable primary cation

* The rate determining step in B involves formation of a lower energy, more stable tertiary cation

+ The rate determining step in B is faster than that in A, thus reaction B is overall faster than reaction A

The Hammond Postulate:

All other things being equal (i.e. for similar or related reactions only)

» With increasing exothermicity, reactions will have earlier, lower energy transition states (1), and will be
increasingly FASTER

» With increasing exothermicity, reactions have later, higher energy transition states (1), and will be
increasingly slower

The Reactivity/Selectivity Principle:

« For fast reacting intermediates such as radicals and cations, the reactivity/selectivity principle often applies

* The difference in reaction rates gets smaller as the reactions get faster (as they approach the fastest
possible reactions they can't get any faster and can't get any different), i.e. the reactions become less selective
* The difference in reaction rates gets larger as the reactions get slower, i.e. the reactions become more
selective

The reactivity/selectivity principle turns out to be useful only really for very fast reactions of very reactive
intermediates such as radicals, cations etc., it sometimes fails for other slower reactions.

Br®
A
Relative H H
Energy o)y——H
H H
1° less stable
Me H 3° more stable
Ea? (A) < Ea® (B)
BrH
H-Br /)=
—_— (Me H)—+—H
(MeH) H (Me,H) H

reaction coordinate”
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* The rate determining step, step 1, for reaction (A) is more endothermic than the same step for reaction (B).
» The more endothermic step has the larger Ea and the later transition state, Ea1(A) > Ea1(B).

* The more endothermic step also has a later transition state.

* The first step in reaction A is slower, because the intermediate cation is less stable.

» The second step for reaction (A) is more exothermic than the second step for reaction (B).

» The more exothermic step has a smaller Ea, Ea2(A) < Ea2(B), and an earlier transition state.

* The second step in (A) is faster because the intermediate is less stable, it has an earlier transition state.

* Reactions that form less stable intermediates are slower, Reactions of less stable intermediates are faster.

Reaction Energy Diagram for a Bronsted Acid/Base Reaction
The reaction:

slower

°0® S - Y\ ® °.. equilibrium
. —0: —> - i :0O-
stronger base stronger weaker weaker base side
less stable anion acid acid more stable anion
smaller pKa larger pKa
i . .
HyC-—H--0: |® partial bonds in the
+ “H| transition state are WEAK
A

Energy | e
EalefT>righT

faster E right > left
CHy™"Li :

4 2 —eTETIoeee-e--

H,O higher E

slower

CH4 + L|+ "OH

Reaction Coor‘dina’rg

lower E

» The forward and reverse reactions must proceed via the same transition state: this is the principle of
microscopic reversibility.

« In the transition state the distances between the atoms involved in bond making/breaking is large, the partial
(dashed) binds are this weak, which is why the transition state is highest in energy.

* The transition state is charged (negative charge), but because it is not a Lewis structure we can't assign formal
charges to any specific atom, we indicate the charge "outside" the brackets.
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