
CH202 Properties and reactivity 
of oxygen-containing molecules:

Alcohols, aldehydes and ketones
Dr Joseph P. Byrne

joseph.byrne@nuigalway.ie

Alcohols

Ethers

Aldehydes

Ketones
Carboxylic Acids



Course outline

1. Key Organic Chemistry skills (revision)
1. Drawing molecules

2. Drawing mechanisms

2. The chemistry of Alcohols
1. Commercially important alcohols

2. Naming alcohols

3. Physical and chemical properties of alcohols

4. Synthesis

5. Reactivity

3. The chemistry of the Carbonyl group: Aldehydes and 
Ketones

1. Naming aldehydes and ketones

2. Physical and chemical properties

3. Synthesis

4. Reactivity

Recommended texts:

• McMurry, Organic Chemistry
(CENGAGE learning)

• Clayden, Greeves & Warren, 
Organic Chemistry (Oxford Uni. Press)

• LibreTexts: chem.libretexts.org/
Bookshelves/Organic_Chemistry/
Map:_Organic_Chemistry_(McMurry) 

8 Lectures

Part of CH202 (Organic Chemistry)
Lecturers: POL, PM and JB
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2. The Chemistry of Alcohols

The chemical behaviour of every organic molecule, regardless of size or complexity, is determined by 
the functional groups (FG) it contains.

Alcohols are the large class of molecules that contain a hydroxy functional group:   –OH
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Note: alcohols and water contain  
the same functional group.

McMurry, Chapter 17

General



2.1 Alcohols of commercial importance

Why are alcohols important?  Simple alcohols are of widespread commercial 
use in a range of applications, including: 

• Cleaning (e.g. isopropanol, ethanol, methanol)

• Human consumption (e.g. ethanol)

• Fragrance (e.g. geraniol in rose oil)

• Fuel (e.g. bioethanol)

4Images: Wikimedia Commons, Irish Times CH202 



2.1.1 Ethanol (1/3)

World Production (2019): ca. 110 billion litres1, 85% from USA/Brazil

Uses: engine fuel, antiseptic/disinfectant, chemical solvent, recreational drug

Methods of production

a) Hydration of ethene: production of ethanol as an industrial feedstock 
(from petrochemical sources: non-renewable, non-sustainable)

5

Reaction mechanism?
See O’Leary: reactions of alkenes.

1 https://afdc.energy.gov/data/10331 CH202 



b) Fermentation: Production of ethanol from sugars, typically by yeasts or other microorganisms. 
Sugars may be obtained from renewable feedstocks. Ethanol produced by fermentation of sugars 
from natural sources is called bioethanol.

6

2.1.1 Ethanol (2/3)

Fermentable sugarscorn (starch) (US):
production of EtOH as 

fuel

malting:
involves the 

enzyme maltase

barley:
production of 

EtOH as beverage

sugar cane (Brazil):
production of EtOH

as fuel

CH202 



c) Cellulosic ethanol: Cellulose is a polymer, which makes up 38% of all plant matter. It is made up 
of long chains of glucose units, but cannot be fermented directly. Enzymes can hydrolyse the bonds 
between the glucose units, producing fermentable glucose. 

straw, sawdust, bagasse (residue after extraction 
of sugars from sugar cane), switchgrass (an “energy crop”) 

d) Bioethanol in Ireland: The fluid left when the solids are removed from milk during cheese 
production is called whey – it contains fermentable sugars, including lactose. This is the source of 
all bioethanol production in Ireland. However, the size of the dairy industry cannot grow to keep 
pace with increasing demand for bioethanol as a fuel.
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2.1.1 Ethanol (3/3)

fermentable sugar

cellulose glucose

enzymic
hydrolysis 

cellulase

CH202 



2.1.2 Methanol

Produced by steam-methane reforming, using methane from the petrochemical industry:

Uses

• Industrial feedstock

• Denaturating ethanol: toxic methanol is added to industrial ethanol to make it unfit for
consumption (methylated spirits)

8CH202 



2.1.3 Ethylene glycol

Manufacture:

Uses: Antifreeze

9

2.1.4 Other alcohols

CH202 



2.2 Naming alcohols

Nomenclature is important in organic chemistry. IUPAC agree rules that we all follow to name 
molecules so scientist from around the world know that they are talking about the same substance.

For alcohols:
name of alkane + ol

 Identify longest continuous chain of carbon atoms in the molecule

 Number the alkane chain starting at the end closest to the hydroxy FG

 Change the name ending from –e to –ol

e.g.

10

Parent alkane name

pentan-2-ol or  
2-pentanol

4-methylhexan-2-ol or  
4-methyl-2-hexanol

3-bromopropan-1-ol or
3-bromo-1-propanol

CH202 



2.2 Naming alcohols

Alcohols with multiples –OH groups: named 
as with simple alcohols, using –diol, -triol, etc.,
as appropriate

Cyclic alcohols: name based on corresponding 
cycloalkane

11

1,3-propanediol or
propane-1,3-diol

2,3-pentanediol or
pentane-2,3-diol

cycloheptanol cis-1,4-cyclohexanediol or
cis-cyclohexane-1,4-diol

Aromatic alcohols: Phenols following the nomenclature rules for aromatic compounds

phenol m-methylphenol or
3-methylphenol

2,4-dinitrophenol

CH202 



2.2 Naming alcohols

Classification based on number of carbon atoms bonded to hydroxyl-bearing group

Some alcohols have additional common names (“trivial names”) that are accepted by IUPAC, e.g.:

12

primary (1°) alcohol secondary (2°) alcohol tertiary (3°) alcohol

ethylene  
glycol

glycerol benzyl alcohol allyl alcohol tert-butanol

CH202 



Summary of concepts from lecture

• The physical and chemical properties of every organic molecule are determined by
the functional groups it contains.

• Make sure you know and can draw the most common/important functional groups in
organic chemistry!

• Alcohols: the functional group is called the hydroxy group R–OH

• Nomenclature of alcohols: name of alkane + ol

• Classification of alcohols based on the 
number of carbons bonded to the hydroxyl-bearing carbon 

CH202 13

primary (1°) alcohol

secondary (2°) alcohol tertiary (3°) alcohol



Question 2: How many primary, secondary and tertiary alcohol groups are in  
glucose (the molecule below) not counting the OH group with the asterisk?

A. one 1° and three 2°

B. two 1°, one 2° and two 3°

C. four 1° and one 2°

D. two 1°, two 2° and one 3°

2.2 Homework on Nomenclature of Alcohols

CH202 – J BYRNE 14

Question 1: What is the correct IUPAC name for the alcohol below?

A. 1,2-diethylpropan-1-ol

B. 4-methylhexan-3-ol

C. 1-ethyl-2-methylbutan-1-ol

D. 4-methylpentan-2-ol



2.3 Chemical properties of alcohols

Recap: The chemical behaviour of organic molecules is determined by functional groups

Alcohols are similar in FG and properties to water

• sp3-hybridized oxygen

• tetrahedral R–O–H bond angle (methanol: 109°)

• polar (dipole moment of methanol = 1.69 D)

• nucleophilic

• weakly basic and weakly acidic

• hydrogen bonding: higher boiling point than expected

CH202 – J BYRNE 15

hydrogen bonding networks:

Image © 2016 Cengage Learning



2.3.1 Effect of alcohol structure on boiling point

In order for a molecule to break free from the liquid state and enter the vapour state, 
intermolecular interactions must be overcome. Thus, the boiling point increases as the 
strength of intermolecular interactions increases

(a) Molecular mass (b) Functional groups

CH202 – J BYRNE 16

b.p. increases with MW (higher surface area: 
stronger van-der-Waals forces)

b.p. increases with strength of intermolecular 
interactions

Molecule
Intermolecular 

Interaction
MW 

(g/mol)
bp
(°C)

pentane van-der-Waals 72 36

butanal dipolar 72 76

butanol hydrogen bonding 74 118

Alcohol
MW 

(g/mol)
bp
(°C)

propanol 60 97

butanol 74 118

pentanol 88 138



2.3.2 Acidity/basicity of alcohols and phenols (1/3)

Alcohols are weak basic and weakly acidic. This is another similarity to water.

a) Basicity: Alcohols are weak bases, and are reversibly protonated by strong acids.

CH202 – J BYRNE 17



2.3.2 Acidity/basicity of alcohols and phenols (2/3)

b) Acidity: Alcohols are weak acids, and thus dissociate slightly in dilute aqueous solution.

Because they are weak acids, alcohols do not react with weak bases (e.g. amines, bicarbonate ion) 

Weak acids react with strong bases. Fast reaction with alkali metals and strong bases such as NaH, 
NaNH2, and Grignard reagents (RMgX)

CH202 – J BYRNE 18

pKa

Alcohols: 15-17
Phenols: 7-10



2.3.2 Acidity/basicity of alcohols and phenols (3/3)

b) Acidity

Simple alcohols react to only a limited extent with metal hydroxides, such as NaOH, 
however phenols are more acidic because the phenoxide ion is resonance-stabilised.

Phenols are stronger acids and react readily with NaOH.

Note: Alkoxides themselves are bases that are frequently used in organic chemistry. They are 
named systematically by adding –ate to the end of the name of the parent alcohol: e.g. ethanolate

CH202 – J BYRNE 19

pKa

Alcohols: 15-17
Phenols: 7-10

Useful chart of pKa values
http://ccc.chem.pitt.edu/
wipf/MechOMs/
evans_pKa_table.pdf

http://ccc.chem.pitt.edu/wipf/MechOMs/evans_pKa_table.pdf


2.3.3 Summary of reactivity of alcohols

Alcohols are weakly nucleophilic (oxygen lone pair):

Alcohols are weak bases (basicity can be regarded as nucleophilicity towards protons):

Alcohols are weak acids (electronegative oxygen can stabilise negative charge):

CH202 – J BYRNE 20



2.4 Synthesis of alcohols

Alcohols occupy a central position in organic chemistry. They can be prepared from many other 
types of compounds, and the alcohol hydroxyl can be converted into many other functional groups.

CH202 – J BYRNE 21



2.4.1 Nucleophilic substitution on alkyl halides

Alkyl halides can be converted to alcohols by SN2 reactions with OH- as nucleophile

• Disadvantages: prone to undesired side-reactions (elimination in case of strong base, carbocation
rearrangement)

• Not very common, as many alkyl halides are prepared from alcohols

? Draw a reaction mechanism for the following:

CH202 22



2.4.2 Hydration of alkenes

Net addition of water across a double bond is known as hydration.

a) Acid-catalysed hydration of alkenes

Mechanism is selective for the Markovnikov product:

The following reaction does not occur:

Why?

23CH202 



Markovnikov’s rule: the hydrogen adds to the carbon atom which already has the most hydrogen
substituents.

Why? Secondary carbocations are more stable than primary carbocations.

Alkyl groups (R) stabilise the carbocation intermediate both by inductive effects (electron donating)
and by hyperconjugation (the electrons in the alkyl C–H σ bonding orbital donate electron density
into the empty carbocation p-orbital).

24

hyperconjugation

CH202 



2.4.2 Hydration of alkenes

b) Indirect hydration of alkenes – two methods more efficient for laboratory synthesis:

25

Oxymercuration/reduction

Hydroboration/oxidation

CH202 



2.4.2 Hydration of alkenes

b) Indirect hydration of alkenes – two methods more efficient for laboratory synthesis:

Oxymercuration/reduction Mechanism:

26

Oxymercuration/reduction

Hydroboration/oxidation

SN2 substitution of water on more hindered carbon (sterics) → inversion of stereochemistry.

CH202 McMurry, Chapter 8-4



2.4.2 Hydration of alkenes

b) Indirect hydration of alkenes – two methods more efficient for laboratory synthesis:

Hydroboration/oxidation Mechanism:

27

Oxymercuration/reduction

Hydroboration/oxidation

Boron adds to least sterically hindered carbon: anti-Markovnikov product.
Concerted syn-addition of B and H.

Clayden Chapter 19, “Hydroboration” for more details CH202 



2.4.3 Synthesis of 1,2-diols

a) Direct hydroxylation with osmium tetroxide – syn-dihydroxylation. Concerted process

Note: OsO4 is toxic and quite expensive. Os(VI) can be 
re-oxidised to Os(VIII) with NMO, so that only catalytic 
quantities are needed – “Upjohn conditions.”

28CH202 McMurry, Chapter 8-7



2.4.3 Synthesis of 1,2-diols

a) Direct hydroxylation with osmium tetroxide – syn-dihydroxylation. Concerted process

Note: OsO4 is toxic and quite expensive. Os(VI) can be 
re-oxidised to Os(VIII) with NMO, so that only catalytic 
quantities are needed – “Upjohn conditions.”

b) Acid-catalysed hydrolysis of an epoxide – anti-dihydroxylation. Epoxidation with a peroxyacid

29CH202 McMurry, Chapter 8-7



Summary of synthesis of alcohols, part 1

• Synthesis of alcohols from alkyl halides (not common):

• Synthesis of alcohols: acid-catalysed hydration of alkenes

• Selectivity: carbocation stability (alkyl substituents are electron-donating,
stabilising the positive charge on carbon) – Markovnikov product

• Synthesis of alcohols from alkenes:

CH202 – J BYRNE 30



2.4.4 Reduction of carbonyl compounds

Redox reactions (reduction/oxidation) allow some of the most important FGs to be interconverted

The most general way, in the lab and in Nature, of preparing alcohols is by reduction of a carbonyl 
group (i.e. addition of H to a C=O bond)

a) Reduction of aldehydes and ketones

[H] = reducing agent

CH202 – J BYRNE 31



2.4.4 Reduction of carbonyl compounds

In general, we can think of reductions of a carbonyl compound as involving the  addition of a 
nucleophilic hydride ion (“H–”) to the positively polarized, electrophilic carbon of the carbonyl group

CH202 32

NaBH4 ≡ LiAlH4 ≡ “H–”
Hydride ion not stable 
under these conditions

Most common reducing agents are NaBH4 (safe, easy to handle, even in water) and LiAlH4 (more 
reactive, more dangerous, use in dry THF solvent): Hydride donors.

These reducing agents are synthetically equivalent to H– → reduces electron-poor carbonyls fastest

In Nature, NADH acts as a hydride source

Mechanism for NaBH4:

No lone pair on B
→ electrons must be 
transferred from B-H bond

? If a ketone gives a 2o

alcohol product with
NaBH4, what product
will aldehydes give?



2.4.4 Reduction of carbonyl compounds

b) Reduction of carboxylic acids and esters

Strong reducing agents required for electron-rich carbonyls. NaBH4 not reactive enough. LiAlH4 can 
reduce esters and amides.

LiAlH4 reduces carboxylic acids (albeit slowly), first producing aldehyde which cannot be isolated 
since it is reduced faster than the acid to give a primary alcohol.

CH202 33

Carbonyl reactivity towards
nucleophiles (e.g. H–)

+ Al and Li salts



2.4.4 Reduction of carbonyl compounds

b) Reduction of carboxylic acids and esters

Borane, BH3, can selectively reduce electron-rich carbonyls, especially carboxylic acids, even in the 
presence of other groups (such as ketones)

Driving force is filling the empty p orbital on B.

CH202 34

Carbonyl reactivity towards
nucleophiles (e.g. H–)

O shares its lone pair with B 
(weakens conjugation with 

carbonyl) → boron esters more 
reactive than esters



NaBH4

LiBH4

LiAlH4

BH3

2.4.4 Reduction of carbonyl compounds

c) Chemoselectivity of carbonyl reducing agents

Can use different reagents to selectively 
convert different FGs to alcohol

Reduced
Reduced slowly
Not usually reduced

CH202 35

DIBAL LiAlH4

0 °C

via acyl 
chloride

in
creasin

g
reactivity

But how can we synthesise 3° alcohols?

Impossible!
(pentavalent carbon)

Clayden Chapter 23, “Summary of reducing agents for carbonyl groups”



Question 2: Which product will be produced by the following reagents?

2.4.4 Homework on reductions of carbonyls

CH202 36

Question 1: Draw the mechanism of the reduction of this ester with LiAlH4. 
(Hint: there will be two reduction steps)



2.4.5 Grignard reagents

• Born in Cherbourg in 1871, son of a sail-maker

• 1900 - PhD in Lyons, working with Philippe Barbier

• Studied organomagnesium reagents (R-MgX) for the next 10 years 

• 1912 - Nobel Prize in Chemistry “for discovery of the so-called Grignard reagent,
which in recent years has greatly advanced the progress of organic chemistry”

• Today, the terms organomagnesium reagent and Grignard reagent are used 
interchangeably →  Powerful C-C bond forming reagents

CH202 – J BYRNE 37

Magnesium inserts into the R-X bond

X = Cl, Br, I
R = 1o, 2o or 3o alkyl, aryl, vinylic



2.4.5 Grignard reagents

Reactivity of Grignard reagents

CH202 – J BYRNE 38

• Introduction of Mg inverts the polarity of the 
haloalkane starting material (Umpolung)

• The alkyl carbon now has carbanion character 
and acts as a nucleophile

• The carbanion can also act as a nucleophile towards H+ - in other 
words it is a good base (limitations on R groups)

nucelophilic

• Grignard reagents thus react with electrophilic molecules:

Reaction with the molecules in blue results in alcohol formation



2.4.5.1 Synthesis of tertiary alcohols with Grignard reagents

(a) From ketones

CH202 – J BYRNE 39

Similarly:

? Try to draw a curly arrow reaction 
mechanism for the following reaction:
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2.4.5.1 Synthesis of tertiary alcohols with Grignard reagents

(b) From esters

The Grignard reagent transfers two alkyl groups (R2) to an ester, resulting in a 3°
alcohol in which two groups are the same.

It is convenient to think of Grignard reagent as nucleophilic carbanions (“:R–”) in a similar way to how 
NaBH4 acts as a hydride source (“H–”), with addition to the carbonyl analogous to that of hydride addition. 

Note: Grignards will not give addition products with carboxylic acids, since the acidic carboxyl hydrogen 
reacts with the basic Grignard reagent instead to yield the magnesium salt of the acid: R1COO – +MgBr

Grignard reactions generally not reversible, since carbanion is a bad leaving group



2.4.5.1 Reaction of Grignard reagents with epoxides

CH202 41

This reaction is regiospecific, because the Grignard reagent attacks at the less 
sterically hindered carbon of substituted epoxides:
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Question 3: Which of the following molecules can not be used to make the alcohol
below using a Grignard reaction?

A                       B                                    C

Question 4: Which of the following molecules can be used to make the alcohol
below using MeMgI?

A                                  B C                              D

2.4.5 Homework on Grignard reagents



Summary of synthesis of alcohols, part 2

Reduction reactions of carbonyl compounds yields alcohols
• Reaction with hydride donors (e.g. NaBH4 & LiAlH4)  gives nucleophilic hydride

addition (“H–”) to the electron-deficient carbonyl carbon, yielding alcohols:

• Electron rich carbonyls require stronger reducing agents, or borane

• Chemoselectivity of 
reducing agents:

Grignard Reagents (R-MgX) act as source of nucleophilic carbanions (“:R–”)

• Nucleophilic attack of “:R–” at carbonyl or epoxide yields alcohols

• Attacks less sterically hindered carbon of epoxide regiospecifically

CH202 43

Carbonyl reactivity towards
nucleophiles (e.g. H–):

NaBH4

LiAlH4

BH3

reduced

slowly reduced



Summary:

Demonstrated a wide range of strategies for synthesising alcohols, including from the FGs 
highlighted in blue:

Alcohols can also undergo reactions in order to synthesise some of these – next section.

CH202 44

2.4 Synthesis of alcohols



2.5 Reactivity of alcohols
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Recap from Section 2.3:

Weakly nucleophilic and weakly acidic

Reaction with strong bases:

Redox reactions

nucleophilic
oxygen

acidic
proton

McMurry Chapter 17, Section 17.5 onwards



2.5.1 Conversion of alcohols into alkyl halides

a) 3o alcohols – SN1 with HX (H2O better leaving group (LG) than hydroxide ion)

b) 1o and 2o alcohols – SN2 with SOCl2 or PBr3 (Much more resistant to acid than 3o alcohols)
◦ Hydroxyl group needs to be turned into a good leaving group in a different way

CH202 46



? Draw a curly arrow reaction
mechanism for the formation
of the minor product

2.5.2 Dehydration of alcohols to yield alkenes

Net loss of water from a molecule is called dehydration

Acid catalysed elimination – E1 elimination: reactivity 3° > 2° >> 1° alcohols
◦ Catalysed by acid or alumina (Al2O3): both convert a poor LG (OH) into a good LG (H2O)

◦ Zaitsev’s rule: the more stable (more substituted) alkene is formed preferentially

CH202 47



a) Esterification of Carboxylic Acids – See O’Leary “Carboxylic Acids” for more detail

Requires forcing conditions → usually via acid chloride

b) Addition of Alcohols to Aldehydes or Ketones – More detail to come later

◦ Acid or base catalysed

◦ Acetals/ketals are often used as protecting groups for aldehydes/ketones

CH202 48

2.5.3 Addition of alcohols to carbonyl compounds



Question 1: What reagents would you use to carry out the following
reaction? What mechanism would this go by? (Draw it out)

Reagents

A. SOCl2, ether

B. PBr3, ether

C. HBr, 0o C

Question 2: In the following acid catalysed dehydration (elimination) reaction, which 
would you expect to be the major product? What rule determines this?

CH202 49

2.5 Homework on Reactivity of alcohols



Redox Reactions Recap:

CH202 50

2.5.4 Oxidation of alcohols to yield carbonyl compounds



Most common alcohol oxidising agents ([O]) are based on Cr(VI) and Mn(VII): CrO3, Na2Cr2O7, 
KMnO4 – mechanistically very similar (see below)

a) Jones Oxidation – Oxidation of 2° alcohols to ketones by CrO3

CH202 51

2.5.4 Oxidation of alcohols to yield carbonyl compounds

Mechanism:



2.5.4 Oxidation of alcohols to yield carbonyl compounds

b) Oxidation of primary alcohols to carboxylic acid

The reaction does not stop at the aldehyde. 
In aqueous solution, aldehydes exist in equilibrium with their 
hydrates which are further oxidised. 

Mechanism:
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How do you stop at the aldehyde oxidation state and prevent over-oxidation to the carboxylic acid?

• Avoid water

• Simple aldehydes: distil off (bp is lower than of alcohols or carboxylic acids)

• Use milder oxidants (e.g. Dess-Martin periodinane)



2.5.4 Oxidation of alcohols to yield carbonyl compounds

c) Oxidation of primary alcohols to aldehydes – milder oxidants
Allows for selectivity in oxidation reactions.

Reactions occur by a mechanism closely related to E2 reaction:
Substitution between the alcohol and the I(V) reagent to form an intermediate, followed by 
elimination of the reduced I(III) compound as a good leaving group (along with deprotonation)
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• General reactivity of alcohols:     1° > 2° > 3° DMP + 2° alcohol → ketone

• Dess-Martin periodinane is so mild that – if water is present in the reaction – it does not react 
with the hydrate (preventing over-oxidation).



Question 3: Draw the alcohols that would have resulted in the following
aldehydes/ketones if oxidised. What oxidant could be used?

Can you also draw the mechanism of one of these oxidations?

CH202 54

2.5.4 Homework on oxidations of alcohols



Summary of reactivity of alcohols

Alcohols can react to form many different FGs

Hydroxide ion is not a good leaving group – this is key
to a number of the reaction mechanisms

Selectivity of dehydration reaction (Zaitsev’s rule)

Selective oxidation to aldehydes (DMP)

CH202 55

[O] = CrO3, KMnO4, DMP (milder)



2. The Chemistry of Alcohols

Summary Synthesis and Reactivity

CH202 56

nucleophilic
oxygen

weakly acidic
proton

• Name of alkane + -ol
• Higher boiling points than 

alkanes of similar MW

weakly basic


