Introduction to Structure and Reactivity:
Acids and Bases - Part 1
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Structure Controls Everything

Physical properties

i ; Chemical properties Biological properties
Boil t .
g;?fbﬁ%n + Reactions — Drug effects
etc Reactivity etc.

Example: Enzyme function
*Hydrogen atom (proton) transfer common step in enzyme reactions

Serine
on OoH
Cysteine y + substrate —> \\_” + H-substrate
Aspartic acid
OH rpil S S 0
Why most acidic? _>;
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Structure versus Acidity and Basicity

*Suggested reading: OCATSA chapter (email instructor for access)
Begin with a simple example: autoionization of water

2H,0 === HO + H,0* *Brgnsted acid (BA): hydrogen atom donor
*Hydrogen atom = proton

Avoid this common error

H,0 === HO + H*<— "naked proton

Balanced equation does not reveal how or why autoionization occurs.

Autoionization of Water: A Deeper Look
2H,0 — HO + H,0*

‘& /| _— Collision

Hydrogen bond
Electrostatic attraction Moment of collision

*Must have sufficient energy

*Must have correct orientation
‘ ’ +*Bonds made/broken via e~ changes
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Autoionization of Water: Reaction Mechanism

Reaction mechanism: Step-by-step description of bond changes
*Word description can be lengthy

+Simplify with curved arrows

Break O-H bond

Form H-O bond

*Reaction mechanism can be single step or many steps
Useful to explain and predict reaction products
«Important organic chemistry tool

Autoionization of Water: Reaction Mechanism

Nucleophiles and Electrophiles
Many reactions initiated by...

...electrostatics (opposite charges attract)
...electron donor interacting with electron acceptor

) H o= i
u/'o'\n”\'o/' TN /.

Electron acceptor
*Electron poor: +, 6*, open octet

+*“Electron loving” = electrophile
*Lewis acid

o &
*Examples: H,0*, H,C*, H,C-Cl

Electron donor

*Electron rich: -, &7, lone pairs, pi bonds
*“Nucleus loving” = nucleophile

+Lewis base

*Examples: H,0, HO-, H,C=CH,
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Autoionization of Water: Reaction Mechanism

Functional Groups and Mechanisms

Mechanisms are powerful predictive tools

*Example: autoionization of HOH...

9, RN,
, .

T T £

'_L

H H

...suggests autoionization of CH,OH

hyd +
n;(‘/ TP NF: CRp—— H—0O :

H H

Proton Transfer Equilibrium Position

How can we determine equilibrium position for proton transfer reaction?
*Quantified by K, = equilibrium constant
*Example: lonization of acetic acid (CH,COOH) in water

oI 0
)L H : OH /\k 3
. + Ol .. H=—0H,
CH; p./ CH; 0: e
[products] [CH,CO,1[H,0"]
K, = = [H,0] ~ constant

[reactants] [CH,COOH] [H,0]

[CH,CO,] [H30'] [ionization products]
= — = acid ionization constant
[CH,COOH] [unionized] Quantifies extent of acid ionization
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K, and pK,

= Selected K, values pK, values

S

g _ H:S0, K,=1x10° -9 Strong acid

SE HO K,=6.3x10" 1.8

S 8 _ !

g % CH,COOH K, =1.8x10° 48 More extensive pK,
52 NHS K,=6.3x10" 9.2 table in handout
2§ CHOH K,=32x10% 155

§ HO K,=20x10" 157  §

IS CH, K, ~1x 1050 ~50 Weak acid

*K,, scale awkward
*Maintain parallel with other thermodynamic conventions
*Define pK, = - log K,

Lower pK, = more acidic

One pK, unit = 10x change in acidity

How Does Structure Influence pK,?

How can we predict acid/base reaction KQQZ

From general chemistry:

*Equilibrium favors most thermodynamically stable side (lowest G)
«Stability 1 as acid or base strength |

Therefore equilibrium favors weakest acid/base pair

+1 strength of acid (H-B) = | strength of conjugate base (B)
Therefore need only compare acids or bases (not both)

Ky, > 1
Stronger acid + stronger base = Weaker acid + weaker base
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How Does Structure Influence pK.,?

How do we predict pK,?
*How does structure influence acidity and basicity?

Example #1 )OI\ 0l .
H :0H H=—0H
0/ o K >1 )J\o_

eq

pK, 4.8 pK, 15.7
Stronger acid Weaker acid

*Absolute pK,, values difficult to predict
*Why is CH,COOH stronger acid than H,0?
*Why is CH,CO, weaker base than HO-?

How Does Structure Influence pK,?

Acid/base reaction = proton tug-of-war

+Base that can share electron pair to make bond to proton keeps proton the most

What influences ability to share electron pair with proton?
+Ability to hold or accommodate the electron pair

1 Electron density causes: | stability Atoms prefer electrical neutrality

% drive to share electron pair
1 basicity

So the real question we need to ask is:

How does structure influence electron density and electron accommodation?
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Introduction to Structure and Reactivity:
Acids and Bases - Part 2

Lecture Supplement page 204
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Summary of Part 1

00 o:

Proton transfer equilibrium: /Ik HoioH, YV )k,._ H—O;
9_/ CHj 0:

CHy

*Reaction mechanism: step-by-step account of bond changes in a reaction
*lllustration of mechanism simplified with curved arrows

Nucleophile~~ ™ Electrophile
Electron source Electron destination
[CH,CO,1[H;0%] [ionization products]
K, = = — = acid ionization constant
[CH,COOH] [unionized] Quantifies extent of acid ionization

*pK, = -log K,

*Lower pK, = more acidic  Examples: H,SO, pK, -9; H,0 pK, 15.7

*More acidic = more stable conjugate base

*More stable conjugate base = lower electron density; better electron accommodation
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How Does Structure Control Acidity and Basicity?

How does structure influence electron density and electron accommodation?

t02 102 A
Example #1: )I\O‘/\\u ~ign = )J\'d?/”_b:”

pK, 15.7

*Why is CH;COOH stronger acid than HOH?
*Why is CH;CO, weaker base than HO-?

+Solution: Examine electron pair accommodation by conjugate bases

How Does Structure Control Acidity and Basicity?

‘0! to: : 0 8
Ho: =—= No resonance )j\ -~ /K )\
0: o ".‘o‘?.

*Electron density not delocalized *Electron density delocalized by resonance
*Higher electron density on oxygen sLower electron density on oxygen
«Stronger drive to share electron pair  «Weaker drive to share electron pair

«Stronger base *Weaker base
*Weaker conjugate acid (H,0) *Stronger conjugate acid (CH,COOH)
*H,0 pK, 15.7 *CH,COOH pK, 4.8

In general...

Resonance usually decreases basicity by removing electron density from the
atom(s) that share electron pair with the proton.
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How Does Structure Control Acidity and Basicity?

Resonance

Alternate viewpoint: <Resonance is a stabilizing feature
*Process involving loss of resonance is disfavored

e "H'™ ..
H.Q: —_— llf).—ll

No resonance ~ No resonance

*No loss of resonance upon protonation
*HO- less resistant to protonation
+Stronger base than CH,CO,

10 to:
)J\ — )]\
H
0 : 0~

Resonance Resonance
more significant less significant
*Resonance decreased upon protonation
+*CH,CO, more resistant to protonation
*Weaker base than HO-

How Does Structure Control Acidity and Basicity?

Resonance

Avoid this common misconception: "Resonance always decreases basicity"
*Resonance may decrease basicity (common)

*Resonance may have no impact on basicity (common)

*Resonance may enhance basicity (uncommon)

A major contributor Resonance hybrid

+*Oxygen electron density delocalized
*Resonance reduces basicity

A major contributor  Resonance hybrid

+*Oxygen electron density not delocalized
*Resonance does not influence basicity

The Truth: Resonance usually (but not always) decreases basicity
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How Does Structure Control Acidity and Basicity?

Example #2: Rank basicity of these ions: H.c: NS ng : e _1~.:
*Resonance influence?
*What is a difference?

X *H—B — X—H + B
Base ‘CH, ‘NH, HO- F
EN C=25 N=3.0 0=35 F=4.0
-CH > °NH >  HO > F
Predict basicity 3 2
Strongest base Weakest base
Conjugate acid CH, NH, H,0 HF
Predict acidity CH, , < NH,3 < WO < HF )
Weakest acid Strongest acid
pK, 50 36 15.7 3.2
In general...

1 EN of atom that supplies electron pair for bond to proton causes | basicity.

How Does Structure Control Acidity and Basicity?

Example #3: Rank acidity: HF HCl HBr HI
«Convert to conjugate bases; rank basicity

Acid HF HCI HBr HI
Conjugate base F Cl Br I
Resonance All have same resonance effects
Electronegativity F=4.0 Cl=3.0 Br=28 =25
Predict basicity F < cr < Br < '
Weakest base Strongest base
Predict acidity HE > HOL > HBro> o HL
Strongest acid Weakest acid
3.2 -7 -9 -10
PK; Wi . .
leakest acid Strongest acid

The acidity ranking based on electronegativity is wrong!
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How Does Structure Control Acidity and Basicity?

Is something besides EN at work?

*What else is different among F-, CI, Br, and I-?

+A quick check of the periodic table reveals difference in atomic radius
+1 atomic radius | electron density (charge per unit volume)

+| electron density 1 stability and | basicity

«Therefore 1 atomic radius / basicity

In general...
Larger atomic radius of atom that provides electron pair to proton reduces basicity.

Increasing EN

Decreasing basicity

2 _
| =
Electronegativity versus atomic radius effects CINJO|F s 2
*Which has more influence? P|S|Cl 53
®© .S
w O
I g8

=

How Does Structure Control Acidity and Basicity?
Atomic Radius Effect

Avoid this common misconception: "Larger bases are weaker bases"

Atomic radius influences electron density at
atom that provides electron pair to proton

Versus

1

Size of entire molecule does not influence electron
density at atom that provides electron pair to proton

The Truth: Only radius of atom providing electron pair to proton matters

6/29/09
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How Does Structure Control Acidity and Basicity?
Example #4: Select the weaker acid Compare conjugate bases...

*Resonance? Same functional group

Ho Yo, H o g,

7 7

F—C—C —_— F—(—C

no to—H nooto: » .

" o *Electronegativity? Same functional group

Fluoroacetic acid Fluoroacetate ion

l|l //" T //“ +Atomic radius?  Same functional group
H—C —(\ —_— ll—-(‘—(‘.\ B

H O—H H . .Q e

Acetic acid Acetate ion

How Does Structure Control Acidity and Basicity?

So what is a difference between FCH,CO," and CH,CO,?
*F (EN =4.0) versus H (EN = 2.1)
*Fluorine withdraws electron density from neighboring atoms:

i /3 III /3 Reduced electron density at oxygens
H—C—C F—c—c, |
]ll AY I 1’1 Ay Reduced basicity
o o

Withdraws electron

density toward itself [ causes

Inductive effect: transfer of charge (electron withdrawal or donation) through a chain of
atoms in a molecule by electrostatic induction.

Is our prediction accurate? Predict basicity: FCH,CO, < CH,CO,
Therefore predict acidity: FCH,COOH > CH,COOH
Test of prediction: FCH,COOH pK, 2.1; CH;COOH pK, 4.8

6/29/09
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How Does Structure Control Acidity and Basicity?

Inductive Effects
Inductive effects depend on electronegativity:

CH,COOH ICH,COOH BrCH,COOH CICH,COOH FCH,COOH

Acetic acid lodoaceticacid  Bromoacetic acid  Chloroacetic acid  Fluoroacetic acid

ENH=21 ENI=25 ENBr=28 ENCI=3.0 ENF=4.0
pK, 4.8 pK, 3.2 pK, 2.9 pK, 2.8 pK, 2.1

Inductive effects depend on number of electron-withdrawing or electron-donating groups:

CH,COOH CICH,COCH Cl,CHCOOH Cl,CCOCH
Acetic acid Chloroacetic acid  Dichloroacetic acid  Trichloroacetic acid
pK, 4.8 pK, 2.8 pK, 1.3 pK, 0.64

How Does Structure Control Acidity and Basicity?

Inductive Effects
Inductive effects depend on distance:

COOH

Cl
COOH - .
/\/ /K/(‘OO“ C |\/\/( OOH

Cl

Butyric acid 2-Chlorobutyric acid  3-Chlorobutyric acid  4-Chlorobutyric acid
pK, 4.82 pK, 2.86 pK, 4.05 pK, 4.52
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How Does Structure Control Acidity and Basicity?

Formal Charge

Example #5: How does formal charge influence basicity?
*Negative formal charge = excess electron density
= greater drive to share electron density
= enhances basicity

HO- Versus HOH
*Negative formal charge on oxygen *No formal charge on oxygen
«Stronger base than HOH *Weaker base than HO-

How Does Structure Control Acidity and Basicity?

Which effects do | consider? Yy—i—X ¥ “H—B

Inductive effects { Resonance
Atomic radius
Electronegativity
Formal charge

Relative strength of structural effects?

Resonance > atomic radius > electronegativity > inductive effects

Formal charge?

*Exceptions exist
*Sequence applies to other types of reactivity as well (ionic substitution reactions, etc.)
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