Chapter 11:

Reactions of Alcohols
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e Alcohols are often referred to as the
central functional group (FG) because all
other FG can be obtained from alcohols.
Here is a summary of some of the possible
transformations of alcohols.

TABLE 11-1

Types of Reactions of Alcohols

type of reaction

R—OH Product
O
dehydration esterification I
R—OH _ alkenes R—OH R—i()—C—R"
esters
oxidation
R—OH — ketones, aldehydes,
acids tosylation
oes R—OH / , R—OTs
i substitution R—X tosylate esters
. good leaving group)
halides
reduction (1) form alkoxide
R—OH _— R—H R—OH , > R—O—R’
(2)R'X
alkanes ethers
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e Oxidation States of Alcohols (11.1)

Alcohols are more oxidized than alkanes but less

oxidized than the corresponding carbonyl
compounds such as ketones and aldehydes. The
oxidation state or organic molecules can be
summarized in the figure on the next slide.

In the presence of an oxidizing agent [O], it is
possible to change the alcohols into a ketone,
aldehyde or carboxylic acid.
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OXIDATION l

i T I ]
(@] 0 (@]
R—(|2—H o, R—(|:—H Bl om -2 r—c—oH
H u + H,O
alkane primary alcohol aldehyde carboxylic acid
no bonds to O one bond to O two bonds to O three bonds to O
H OH O

R—C—R —— R—C—R —— R—C—R’ (no further
| | + H20 oxidation)

H H
alkane secondary alcohol ketone
no bonds to O one bond to O two bonds to O
H OH
| , O] | , Bl
R—C—R’" —— R—C—R" (usually no further oxidation)
RI! R’I
alkane tertiary alcohol
no bonds to O one bond to O

REDUCTION

Copyright © 2010 Pearson Prentice Hall, Inc.
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e Oxidation of Alcohols (11.2)

Oxidizing agents such as those listed
below are often used.

 Cr (VI) reagents (Chromic acid) (most
common)

JKMnO,
JHNO,
NaOCl (hypochlorite: bleach)

137



e Secondary alcohols will always
produce ketones. Chromic acid is a
common reagent used to carry out
oxidation of alcohols.

(|)H (”)
Na,Cr,0,/H,SO
217/ Hp Yy
(&>  R—CH—R R—C—R'
secondary alcohol ketone
Example
H 0
Na,Cr,O
OH —=75
H,SO,
cyclohexanol cyclohexanone
(90%)

Copyright © 2010 Pearson Prentice Hall, Inc.

Note: When CrO; or Na,Cr,0, or K,Cr,0,
is dissolved in aqueous acid, chromic acid (H,CrO,)
is formed and is the oxidizing agent.
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Formation of the chromate ester

) ) 0
R_(|:_O_H + H—O—(”:r—OH —> R—(E—O—ﬁr—OH + H,O
H O H O

alcohol chromic acid chromate ester

Elimination of the chromate ester and oxidation of the carbinol carbon

R’ O R’

-'()'-
Ll . \ -
R—CjQUCr—OH — R—C=—0, -+ Cr—OH
.e | ”) "O/
H20=\JIA—I O, H. O e
Cr (VD) Cr (IV)

Copyright © 2010 Pearson Prentice Hall, Inc.
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e Primary alcohols will also be oxidized by chromic
acid. An aldehyde is first produced and react
further to give the corresponding carboxylic acid.
Other reagents listed on slide 137 will also give

carboxylic acids. ] _
[O] [O]

OH —— =

R

N

H

Chromic acid is too reactive
and the aldehyde formed cannot
be isolated. It is further oxidized
to the product, a carboxylic acid

CH,OH C—OH
NazCrzO7
- - 5

cyclohexyl methanol cyclohexanecarboxylic acid
(92%)
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° Primary alcohols can be Pyridinium chlorochromate (PCC):

oxidized to the aldehydes N\, )
. . N“-H Cro,Cl
using a less reactive \  /
oxidant, PCC CrO; - pyridine - HCI
or pyH* CrO,CI1~
o e
| CrO,-pyridine-HCI (PCC) [
(& R_(lj_H CH,CI, R—C—H
H
primary alcohol aldehyde
E [
xample 0
PCC [

CH,(CH,);—CH,OH m CH,(CH,);—C—H
1-heptanol heptanal (78%)

Copyright © 2010 Pearson Prentice Hall, Inc.

PCC will also transform a 2° alcohol into the
corresponding ketone
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e Tertiary alcohols cannot be oxidized
to a carbonyl compound, as it would
involve the braking of one C-C bond
in the process.

s
H3C_CI;_OH
CH,

tertiary alcohol..no
oxidation possible
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Practice Questions

e What are the major products in each of the
following oxidation with sodium dichromate
in sulfuric acid?

/Y\ o
OH

o

Y\/\OH —

OH
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e Additional Methods of Oxidizing Alcohols (11.3)

There are many other methods available to oxidize
alcohols. Here are examples:

- |
heat, CuO ,
(&= R—C—VR S R—C—R + |H,||
|
H
A dehydrogenation reaction
Example
Ci—H 0)
| Cu-Zn ”
CHj; _Cl_ CH,CHj; 100 °C > CH3;—C—CH,CHj; + H,
H 2-butanone

2-butanol
Copyright © 2010 Pearson Prentice Hall, Inc.
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e Swern Oxidation:

5 I 11
_(|:_H + H3C—S—CHj4 Cl—C—¢—Cl
DMSO (COC),
alcohol dimethyl sulfoxide oxalyl chloride

Examples

OH

T

cyclopentanol

(CH,CH,);N: Vi
Ay, —Q—
CH,Cl, C\ + H;C—S—CH;
ketone
or aldehyde dimethyl sulfide
)
DMSO, (COCl),
Et;N, CH,Cl,, —60 °C

cyclopentanone (90%)

Copyright © 2010 Pearson Prentice Hall, Inc.

HNO;

KMnO4

O

NaOCl

(bleach)

.

+ CO,
+ CO
+ 2 HCI
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Summary

Summary of Alcohol Oxidations

To Oxidize Product

Reagent
2° alcohol ketone chromic acid (or PCC)
1° alcohol aldehyde PCE
1° alcohol carboxylic acid chromic acid

Copyright © 2010 Pearson Prentice Hall,

Inc.
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e Alcohols as Nucleophiles or Electrophiles (11.5)

Alcohols are highly versatile and can be used as
both electrophile or nucleophile in organic
reactions.

Alcohols can be used as a weak or strong
nucleophile. This is the natural reactivity of

alcohols.
R R R, R
N |
~_-QH (|3+ — R—(IE— | e — R—Cll—OJ

~_ 7R R H R

weak nucleophile As a weak nucleophile, alcohols
~_-OH require a strong electrophile to react
Na ) (M
~-OH O\ _HsC~Br ~_OCHj
weak nucleophile strong

As a strong nucleophile (alkoxide ions),

nucleophile alcohols can react in many differnt SN2 reactions
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As electrophiles, alcohols are considered weak

because the hydroxyl group is a poor leaving
group. As such, the hydroxyl group must be
transformed into a good leaving group prior to
reacting as an electrophile.

" HLBr |
R H —_— Br + Hzo
~_-OH \/C(_)I_ ~
weak Br-/A
electrophile
| 1
R—O—+H + HO%SOCH?, = R—O—SQCH3 + H,0
alcohol ” ||
O O
TsOH alkyl tosylate, ROTs

p-toluenesulfonic acid a p-toluenesulfonate ester
Copyright © 2010 Pearson Prentice Hall, Inc.
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Sulfonate Esters are equivalent or better leaving

groups than halides. They are easily prepared from

alcohols and react just like halides in Sy 1 or S,2
reactions

BE gn |
TsCl Nuc:~
(gp —C—C— — —— C:ﬁ —C—C— + ~OTs
| | pyridine I | (substitution) | |
Nuc
or elimination:
OTs
B \ /
i — e C=C + B—H + ~OTs
(g | ) ] (elimination) / L'
H
Bl
CH Cﬂ Sx2 _CH, CH, .
4T% ’—‘“cbo s — G +  T:0Ts
1odide C/H \CH tosylate ion
(8)-2-butyl tosylate (R)~2~butyl iodide
io) Teola
s | ( > w < > , || < )
OTs = | :0—S «—> 0O=S «— 0O=S
tosylate ion ” " ]
08 (01

resonance-stabilized anion
Copyright © 2010 Pearson Prentice Hall, Inc.
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Mechanism of Formation of Tosylates

VRN

\H N O/

—O OSO /

B0 = G

ROTs, a tosylate ester
Mechanism of Sy 2 reactions

~ f-\/
7 \ ?
0=S=0 0=S=0

. < Nu

this is —> —Nu +
the leaving

group

tosylate anion is the

leaving group (TsO") <o



Summary of Tosylate Reactions

SUMMARY  Sn2 Reactions of Tosylate Esters

R—0OTs
R—OTs
R—OTs
R—OTs
R—OTs
R—OTs

+

“OH — R—OH + “OTs
hydroxide alcohol
C=N —— R—C=N + OTs
cyanide nitrile
Br —_— R—Br +  "OTs
halide alkyl halide

R'—0F  ——= R—0O—R" =t SOTs

alkoxide ether

R—NH} ~OTs

amine salt

:NH; —
ammonia

LiAlHy, — R—H +
LAH alkane

“OTs

Copyright © 2010 Pearson Prentice Hall, Inc.
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e Reduction of Alcohols (11-6)

Reduction of alcohols is rare since it
removes the functional group. However, it
can be easily accomplished if necessary
using two common methods.

OH
| H>SO4 H-
CH3CHCHs; > CHo—CHCHj; —Pt> CH3CH>CH3

alcohol alkene alkane

OH OTs

| TsCl | LiAIH4
CH3CHCHz — > CH3CHCHs » CH3CH>CHj3

alcohol tosylate alkane
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Reactions of Alcohols with HX (11.7)

We have just seen that alcohol have a
strongly basic leaving group (HO~) that
cannot be displaced by a nucleophile.
Therefore, an alcohol cannot undergo a
nucleophilic substitution reaction.

~_OH +Br % ~_Br +HO

weak strong
base base

Sn2 reaction directly on alcohols is not
possible since the leaving group (HO-) is
usually more basic than the nucleophile
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However, if the alcohol’s OH group is
converted into a group that is a weaker
base (and therefore a better leaving
group), a nucleophilic substitution
reaction can occur. One way to convert an
OH group into a weaker base is to
protonate it by adding acid to the solution.

H

; | ]
R+O—H| + H* =  R--0O-H 2

poor leaving group good leaving group
Copyright © 2010 Pearson Prentice Hall, Inc.
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e 10,22 and 3° alcohols will react with HBr to
give R-Br. Reactions with HCI are not good
with 1° and 2° alcohols, but work well with
3° alcohols. Reactions with HI are almost
impossible.

e 1°alcohols follow a S,2 mechanism, while
2° and 3° will follow a Sy1 mechanism

H
7 HIBr |
~_-OH \ﬁ(_)l_H ~_-Br + HO
Br--/A
7 HIBr

OH—>w§H —»W + H,0 \(Br
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e When HCl is used with 1° and 2° alcohols, a
Lewis acid (ZnC(l, )is needed to carry out
the reaction. 3° Alcohols react with HCI
without the need for ZnCl, The
combination of HCl and Zn(l, is known as
the Lucas reagent. 1° alcohols follow and

Sy2 mechanism,

HCI
\\_/ZHC|2

B l E: e
CH%CHQC{Jz(\ 7nCl, | (|3H-3CP_12C_H3 i | /CH2CH2CH3 | /n(l2
Cl:  WC—=07 —> | Cl---C---0*2ZnCl, —> (=G, + 0]
Hd VAT i \“H e

H H H HH H
transition state i

Copyright © 2010 Pearson Prentice Hall, Inc.
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while secondary alcohols follow a
SN1 mechanism as shown below.

CH CH y
| 3 /\ZHClz | 3 /Z[]Cl2 /CHg

H_“C_(.j‘—H z H_.C_'.O— — H_C+
| - N !
CH, CH, H .CH3
alcohol-zinc chloride complex carbocation
/CH3 7 (|3H3
H—C], s H—(’j--—Cl + HO—ZnCl,
CH, CH,

Copyright © 2010 Pearson Prentice Hall, Inc.
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e The transformation of R-OH into R-X now
allows for any other transformation of

R-X via Sy 1 or S,2 reactions. (see
CHEM201, Chapter 6)

e The reactions of Alcohols with HX has
limitations:
o Poor yields with HCI for 1° and 2° alcohols

o Eliminations are often a side reaction
(sometimes provide the major product)

o Rearrangement of carbocations are possible

o AlKkyl iodides are difficult to obtain using this
method
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Practice Questions

e Show how 1-butanol can be converted
to the following compounds.

\/\/O\
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e What is the major organic product of
the following reactions?

HBr

—>

OH heat

HBr

é

heat

OH
HCI

heat
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e Reaction of Alcohols and PX. (11.8)

e Other ways are available to change the
hydroxyl group into a halide. One common
method is to treat the alcohols with PBr;,
PCl; or P/I, (because PI; is unstable),
leading to alkyl bromides, chlorides and
iodides. Reactions is good with 1° and 2°

alcohols. O/OH PBr, OBr

o —— o

P and |, will produce Pl in solution 161



Mechanism of Reaction between Alcohols and PX;

:].3|.1’: Br
R—ﬁ)/ﬂffcﬁrz — R—(|)+—P + Br
H Br: H ¥

excellent leaving group

:Br: :Br:

. / . w
R—O—P: — @Br—R + :0—FP:
a AT o I\

B o§ b oo B

leaving group
Copyright © 2010 Pearson Prentice Hall, Inc.
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e Reaction of Alcohols with SOCI, (11.9)

This is the best way to make alkyl chlorides
from 19, 2° and 3° alcohols. The reaction
proceed via the chlorosulfite ester by S, 2
mechanism for 1° alcohols and S,1
mechanism for 2° and 3° alcohols.

O
“ heat
@ R—OH + (Cl—S—Cl > R—CI
Cl
Cl O:
R—O S=0 R—O s) O R—O S/
—0O: — — —0O0—S8§— — —0—S:
vl ) DN
u ¢ H CI H Cl
thionyl chloride \/ Cl
CO\ ., : O\;* (fast) O‘\\ .
R™ >S=0. — R&%—_S=O; R S=O0;
Cl Cl Cl

chlorosulfite ester ion pair

Copyright © 2010 Pearson Prentice Hall, Inc.

+ SO, + HCI

O:
. S
—3 R—0—§:
. \
Cl

chlorosulfite ester

+ HCI
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* Dehydration (11.10)

Dehydration of alcohols is done under acidic
conditions and will produce alkenes via E1
mechanisms. Carbocation rearrangement is
possible and will be the key step especially for 10
alcohols since the rearrangement and formation of
the carbocation is concerted. (see page 485)

The ease of dehydration depends on the structure of
the alcohol.

30>20>|O

|64



E, mechanism of Dehydration

H
| _H
CH, CH, &
vy +
OH + OH, -H,0 o
k / H K}‘ 2 2 T H
H
H
I-methylcyclohexanol protonated cation
H or
s
el
C_ . CH, CH,
+ Hh HZO:
H; o H ‘
H, H
cation loss of H, loss of Hy,
major product minor product
(trisubstituted) (disubstituted)

Remember that the more stable alkene is always the major product
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e Unique Reactions of Diols (11.11)

The dehydration of vicinal diols is unique
simply because of the product that is
generated. In this reaction known as the
Pinacol Rearrangement, the product is no
longer an alkene but rather a ketone.

HyC CH, CH,
H,S0O,
H,C (1: (|: CH, w5 HsC ﬁ (|: CH; + H,0
HO OH O CH;
pinacol pinacolone

(2,3-dimethyl-2,3-butanediol) (3,3-dimethyl-2-butanone)

Copyright © 2010 Pearson Prentice Hall, Inc.
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Mechanism of Pinacol Rearrangement

e The difference with other alcohol is that
the carbocation rearranges to a more
stable resonance-stabilized carbocation

leading to the ketone.
H,C ([:H3 H3(|Z CH, H31T" CH,
/ =
Hﬁc—(':—cl—(jﬂ3 + Ht = H3C—$—(|3)—CH3 = H3C—(lf—C< + H,0
HO: OH\/ HO: *OH, Ho:  CHh
i CH, CH, | CH,

+ | |
H3C—(|3—(|3—CH3 > H3C—(“3—(]J—CH3 — H3C—(”J—(|3—CH3 + H,0t
30 CH; ) &0= CH, 0. CH,
H H,0:~—H

resonance-stabilized carbocation
Copyright © 2010 Pearson Prentice Hall, Inc.

— pinacolone
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* Esterification of Alcohols (11.12)

Organic esters are easily formed from the
corresponding carboxylic acid and alcohols
following an acyl substitution mechanism.
The reaction is catalyzed by a strong acid
and is known as the Fisher Esterification.
Esters can easily be detected due to their
common smell such as apple, strawberries,
banana...and even goat!!!!

O O

| H*
(& R—OfH| + |[H—OTC—R &= R—0—C—R + |H—O—H

alcohol acid ester
Copyright © 2010 Pearson Prentice Hall, Inc.
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e Because esterification of alcohols is an
equilibrium, it is often difficult to get good

(&

yield of the ester. Another method that

not an equilibrium employs an acid
derivative (acid chloride) to carry out the

reaction and good yields of esters can be
obtained. We will see the mechanism of

both of these reaction later in the

semester.

R—O-TH

alcohol

0
I

Cl—C—R’

acid chloride

—

Copyright © 2010 Pearson Prentice Hall, Inc.

HCl
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Practice Question

e How would you prepare the following
esters using an alcohol and a carboxylic
acid? Methyl butanoate (odor of apples)
and octyl ethanoate (odor of oranges).
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« Reactions of Alkoxides (11-14)

[Williamson Synthesis]

Ethers can be prepared from alcohols via
SN2 reaction of the corresponding
alkoxide ions.

The halides should be sterically

unhindered (primary is best). The more
steric factors, the least amount of ether

will be obtained.

R—{j:uCHQDX —> R—O0—CH,—R’ + NaX

alkoxide ion primary halide or tosylate ether
Copyright © 2010 Pearson Prentice Hall, Inc.
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e The formation of the alkoxide ion is done by
deprotonation of the alcohols. Since alcohols
have a pKa ~ 15-16, hydroxide ion is not a
suitable base. Normally Na, or NaH are used
(K(s) or KH can also be used)

& ROTWRTE — R=G—R o+

The alkoxide is commonly made by adding Na, K, or NaH to the alcohol (Section

11-14).
OH OCH,CH,
(1) Na
(2) CH;CH,OTs

Examples

cyclohexanol ethoxycyclohexane
(92%)
OH OCH,
(1) NaH
_—
(2) CH,l
3,3-dimethyl-2-pentanol 2-methoxy-3,3-dimethylpentane
(90%)

Copyright © 2010 Pearson Prentice Hall, Inc.
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e Phenoxide ions are easily produced for
because the alcohol proton is acidic.

e Phenyl halides or tosylates cannot be
used in this synthesis method.

O—H O_Na+
©/ + NaOH —> ©/ + HOH
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Practice Question

e How could the following ethers be prepared
using an alkyl halides and an alcohol?

NP
oh
QCHQOO
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