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Alcohols and Phenols

Basic Physical & Chemical Properties, Preparations, Reactions



Alcohols

Alcohols are compounds that possess a hydroxyl group (OH)
connected to an sp’-hybridized carbon atom, and are characterized by names

ending in “ol”:

@ ("

Ethanol Cyclopentanol



Alcohols in Nature

OH OH
Cl
N
O.N H™ Cl
@)
Chloramphenicol Cholesterol
An antibiotic isolated from the Plays a vital role in the
Streptomyces venezuelae bacterium. biosynthesis of many steroids

Potent against typhoid fever

HO

Cholecalciferol (vitamin D)
Regulates calcium levels and helps
to form and maintain strong bones



Phenol is a compound that exhibits an OH group connected directly to
a phenyl ring.

OH

Phenol Capsaicin Tetrahydrocannabinol (THC)
The compound responsible for the The psychoactive drug
spicy hot flavor of chili peppers found in marijuana (cannabis)



Nomenclature of Alcohols

* Nomenclature of alcohols
* follow the rules of alkane nomenclature

* replace the suffix “e” with “ol”

N PN,

Pentane Pentanol



Nomenclature of Alcohols

* |dentify the longest chain with -OH

The parent must include OH

\/\)\/\ this carbon atom ———

Parent = octane Parent = hexanol



Nomenclature of Alcohols

* -OH should receive the lowest number possible

Correct Incorrect




Nomenclature of Alcohols

* The chiral center must be indicated

(R)-2-Chloro-3-phenyl-1-propanol
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Nomenclature of Alcohols

* Cyclic alcohol nomenclature
2
Cyclopentanol (R)-3,3-Dimethylcyclopentanol

starting with the carbon bearing the hydroxyl group

no need for indicating the number of -OH (for monohydric alcohol)
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Nomenclature of Phenols

* Phenols can be treated as parents

OH OH

Cl NO,

Phenol 4-Chloro-2-nitrophenol

12



Basic Properties of Alcohols

e B.P. of alcohols — IMF contributed

Ethane
bp = -89°C

i
H—(|3—C|)—CI
H H
Chloroethane
bp = 12°C
8H+
o— 0+ +eO—
SO H—O:
| !
R R

hydrogen bonding

i
H—(|3—C|3—OH
H H

Ethanol
bp = 78°C
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Basic Properties of Alcohols

* Solubility and carbon chain length

H :
Hydrophobic |,, M| 2/ | Hydrophilic Hydrophobic P U U Ua
region ! /C O region RBgion OH
H
miscible soluble

longer carbon chain — larger hydrophobic region — less soluble

Hydrophilic
region
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Basic Properties of Alcohols R—O—H —HY, R; 6?

To evaluate the acidity ...deprotonate... ...and assess the stability
of this compound... of the conjugate base
(an alkoxide ion)

* Acidity of alcohols

Increasing stability

A\ 4

R...o .ol .3
R;@ \ITJ: R$O: P :
, , wl
Least Most
stable stable

Increasing acidity

\ 4

R—H R—NH, R—OH :X—H
pPK, between pK, between pK, between pK, between
45 and 50 35 and 40 15 and 18 -10and 3
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Basic Properties of Alcohols

* Reagents for deprotonating an alcohol

 either use a strong base...
/\é\/ £ ON& O-H

Ethanol Sodium hydride

e ...or use metals directly

.0
-0 NS

Sodium ethoxide

1
"o T

= HzT

]

Hydrogen gas

16



Factors Affecting the Acidity

e Resonance stabilization

OH OH
Cyclohexanol Phenol
(PKa = 18) (PKa = 10)
5% 0 0

phenol is 100,000,000 times

more acidic than cyclohexanol!
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Factors Affecting the Acidity

.0 o
m ‘0. Na
@ O ’
+ Na ‘OH —— ©/ + H,0

(PK, = 15.7)

even using NaOH can deprotonate a phenol
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Factors Affecting the Acidity

* Induction effect

Cl
"y X\OH
Cl Cl
Ethanol Trichloroethanol
(PK, = 16) (PK, = 12.2)

an alcohol having more electron-withdrawing group (near the a carbon of -OH)

will have a greater acidity
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Factors Affecting the Acidity

e Solvation effects ~"0oH ><o|-|
Ethanol tert-Butanol
(PK, = 16) (PK, = 18)

gy S8t
Ethoxide

tert-Butoxide

steric hinderance impede the solvation process, thus lowering the acidity



Preparation of Alcohols

e Using substitution reactions
R—-X —— R—0OH

Primary:

Tertiary:

Kt

P

OH

-+

NaCl

HCI

21



Preparation of Alcohols

e Using addition reactions

Dilute H,SO,

\ 4

1) Hg(OAc),, H,O
X 2) NaBH,

1) BHy THF

2) H202, NaOH

\ 4

/OQ

OH

A

Py

Acid-catalyzed hydration

Oxymercuration-demercuration

Hydroboration-oxidation

22



Preparation of Alcohols

* Preparation via reduction

Recall the reduction reaction in your previous class...

What is the reduction reaction in organic chemistry?
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Oxidation States

e Oxidation states in organic chemistry

Treat all bonds as covalent OH Treat all bonds as ionic
and break them homolytically . | H and break them heterolytically
|
l H l
Formal charge Oxidation state
:OH
©
@

H® ©:C:0 @H

©
©)
H

Four Six
electrons electrons

Formic Carbon

Methane Methanol Formaldehyde acid dioxide
w o i e 3
H—C—H H—C—H /l\ /J\ C
I I H H H OH [l
H H O

-4 -2 0 +2 +4



Oxidation States

Ketones or
aldehydes

Oxidation

Oxidation

i

7

Reduction

Alkenes
7
)O H )X
Alcohols Alkyl
halides

N

/!

Reduction

Alkanes

25



Preparation of Alcohols

* Practice: In the following transformation, identify whether the compound has
been oxidized, reduced, or neither:

O RO OR

o — X

26



Preparation of Alcohols

H4C

0=0;

CHj

H3C

Break all bonds heterolytically,
except for C—C bonds

N
7

HiC* *

C

|

.'g).‘.

®=0H.,

Two electrons

RO::0R RO: :OR
N N ®

Two electrons

27



Preparation of Alcohols

e Reduction of ketones (aldehydes)

O OH

)J\ Reduction /K

28



Preparation of Alcohols

* Reducing agents: metal catalyst

H2
Pt, Pd, or Ni_

95%

higher temperature and pressure are required!
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Preparation of Alcohols

* Reducing agents: NaBH,

NaBH,

EtOH, MeOH, or H,0

OH

90%

Sodium borohydride
(NaBH,)
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Preparation of Alcohols

* Mechanism: Reduction of a Ketone or Aldehyde with NaBH,

Nucleophilic attack Proton transfer
o) ..@ o0
'O° : g\ O S
ﬁk \ )\ HI >y )\
R { R In the first step, R' H = The resulting RV H
|

H e R alkoxide ion R
o to the carbonvl arou is then protonated
H—B=—H yl-group to form an alcohol

H

Why this H™ can function as a nucleophile?

31



Preparation of Alcohols

* Stereochemistry outcomes of reduction with NaBH,

0 OH OH

NaBH, N =
\)k MeOH ~ \/\

O

NG \)L /\@N uc
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Preparation of Alcohols

* Reducing agents: LiAlH,

H Na69

|
H—%LH
H

Sodium borohydride
(NaBH,)

O

H Li®

I
H—T—H
H

Lithium aluminum hydride
(LiAIH,)

abbreviated as LAH

1) LIAIH, _

MH

2) H,0O

SN o

86%
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Preparation of Alcohols

* Mechanism: Reduction of a Ketone or Aldehyde with LiAlH,

Nucleophilic attack Proton transfer
R R In the first step, ‘)\ S : = ‘)\
( LiAIH, delivers H" R™J] —H  The resuiting R™[ —H
H alkoxide ion
| ° to the carbonyl group R is then protonated R
H— AlI=—H to form an alcohol



Preparation of Alcohols

* Stereochemistry outcomes of reduction with LiAIH,

O 1) LAIH, OH

A mme o A T

35



Preparation of Alcohols

* Selectivity of hydride reduction

1) LiAH,

2) H,0

d,

O
NaBH,,
OH MeOH \ OH
. H, /
Pt, Pd, or Ni

90-95% 90-95%

metal-catalyzed reduction prefers to reduce non-polar double bond

hydride reduction only reduces polar double bond

36



Preparation of Alcohols

* Modified reducing agents

. @D @
I? Li Ff Na
S)
R—,l}I—H R—El’a—H

R R

Change R group to...
...an electron-donating group: ...an electron-withdrawing group:
alkyl group / amino group / alkoxy group... cyano group / nitro group / acyl group...
...it will increase the reactivity of this reducing | ...it will decrease the reactivity of this reducing
agent. agent.




Preparation of Alcohols

* Reduction of carboxylic acids and esters by using LiAlH,

O
)k 1) Excess LIAIH,
R™ SOoH 2RO R” OH
A carboxylic acid
@)
)k ;) Exgess LN . MeOH
R OMe 2H. R OH

An ester

38



Preparation of Alcohols

* Mechanism: Reduction of an Ester or Aldehyde with LiAlIH,

(7 Loss of a e
Nucleophilic attack leaving group Nucleophilic attack Proton transfer
. . . .@ .Q .. . .
o 10 O .@\ 20 a5
¢ = . l :0: H U H :OH
. S —— R“~OMe —
R OMe LiAIH, d%lvers [] 4 Expulsion of R H LIA|H4 dellvers R—\"H The resulting R &ir
H & H H an alkoxide H H® alkoxide ion
I th ﬂ?e ion causes the | to the H is then protonated H
© carbonyl group carbonyl group to carbonyl group to form an alcohol
H— '°|«|_H re-form H— '°|‘ —ir
H H

39



Preparation of Alcohols

* Why -OR can function as a leaving group?

this oxygen contains negative charge

the LG form is O%, which is very unstable!

O..
E )J\ T :QMe

High-energy interediate

this oxygen links to an methyl group — it is neutral

the LG is MeOr, which is relatively stable (than 0%)

thus, the negative charge will transfer to -OMe, causing a loss of a leaving group

40



Preparation of Alcohols

* Practice: draw a mechanism and predict the product for the following

reaction:

1) Excess LiAIH, _ ?
2) H,0 -

41



Preparation of Alcohols

&
LiAlH, delivers a hydride
to the carbonyl group =
|
©
H —P|‘I—H
H

.O.
A
...u/CH3 H \f

H <

+ Enantiomer

OH

..u” CH3
H + Enantiomer

:OH

|"/CHg
H

+ Enantiomer

""”O
L

42



Preparation of Alcohols

* Diols and their nomenclature

* identify the position of both hydroxyl groups

e add the suffix “diol” to the end of the name

OH
HO/\/\OH )\/\/\OH

1,3-Propanediol 1,5-Hexanediol

43



Preparation of Alcohols

* Preparation of diols

via reduction
of diketones

via
dihydroxylation of
an alkene

O

)J\/\/U\ e
2) H,0

(J

O

H, / Pd

/ N

\_ NaBH,

MeOH

OH
1) RCOzH .
2) HO* ' ;
“OH
catalytic OsO,

O ©®N OH

OH OH

NN

Anti dihydroxylation
(Section 8.10)

Syn dihydroxylation
(Section 8.11)

44



Preparation of Alcohols

e Grignard Reagents

A Grignard reagent is formed by the reaction between an alkyl halide and

magnesium.

Mg
R—X —— R—Mg—X

Grignard reagent

Nobel Prize in 1912 Frangois Auguste Victor Grignard

(1871-1935)
45



Preparation of Alcohols

* Examples of Grignard reagents

Br MgBr Mg
T (T e e
o+

the bond between C and Mg can be represented by either covalent form or ionic form

[

46



Preparation of Alcohols

 Mechanism: The Reaction between a Grignard Reagent and a Ketone or

Aldehyde

Nucleophilic attack

The Grignard reagent acts
as a nucleophile and
attacks the carbonyl group

Proton transfer

HJ SH

:OH

The resulting alkoxide ion is then
protonated to form an alcohol

= R““)\R

R

47



Preparation of Alcohols

* Preparatio

n via Grignard Reagents

O OH

)k 1) RMgX
12) H,0,

-

water is added separately R

@ﬁ@\ o
RY MgX + HM H —— R-H + HOMgX

(PK, = 15.7) (PK, ~ 50)

Grignard reagent is also a strong base and will deprotonate water!

48



Preparation of Alcohols

* More examples...

NN

1) CH;MgBr

2) H,0

1) CH3MgBr
2)H,0

H,C OH

MCH:;

H
(Racemic)

49



Preparation of Alcohols

* Grignard reaction of esters

O

/\)k 1) Excess CHzMgBr

OH

CH,

50



Preparation of Alcohols

 Mechanism: The Reaction between a Grignhard Reagent and an Ester

Loss of a

Nucleophilic attack leaving group

Nucleophilic attack Proton transfer

°_o OO@ °_ o '06 LA d
ox :0: Koy :O/t\ o) :OH
SJ\ e ﬂj\ )\ H ' >y )\
R OMe The Grignard R™ (]QMG Expulsion of R R The Grignard R“™/ ™R = R™/™R
LR ] R

The resulting

reagent acts as a an alkoxide reagent acts as a R Ikoxide ion is th R
nucleophile and ion causes the nucleophile and SIKOXIGSON IS ANhe
attacks the carbonyl group to attacks the protonatc-fd trc]) florm an
!R@ carbonyl group re-form ,R@ carbonyl group RS

ol



Preparation of Alcohols

e Grignard reagents are incompatible with acidic protons

.... @ ..‘.

O MgX O
@m P ]
R MgX + HLO—C—R —— R—H + ©:0-C—R

mlls:zl)ticr:ilc/ Not compatible
N o |
Mg
)\/\/Br s )\/\9 &

MgBr
Cannot form this Grignard reagent

even mildly acidic protons are not compatible!

52



Preparation of Alcohols

* Practice: show how you would use a Grignard reaction to prepare the

following compound:

OH

(Racemic)

53



Preparation of Alcohols

OH
O 1) MeMgBr
P 2) H,0
Ph
@) OH
)J\ 1) EtMgBr \ /k
Ph Me 2) R0 Ph

Me

0 (Racemic)
)l 1) PhMgBr /

2) H,O




Protection of Alcohols

* How to make this reaction practical?

B~ " “OH > BMg”~ > “OH

Hypothetical Grignard reagent
(cannot be formed)

O

—r

1)R

2) H,O

N
r 8

HO
T on

R R

SH)



Protection of Alcohols

e Using protecting group to accomplish the reaction

1. Protect the hydroxyl group by removing its proton and converting the hydroxyl group into a
new group, called a protecting group, that is compatible with a Grignard reagent.

2. Form the Grignard reagent and perform the desired Grignard reaction.

3. Deprotect, by converting the protecting group back into a hydroxyl group.

HO
Br” " “OH X o

R R
Protect Grignard Remove
OH group reaction protecting group /

—> BI’/\/\. >

Protecting
group

56



Protection of Alcohols

e Silyl ether protecting groups

Protecting group

Me
|
B~ " MSOH — BK/A\\//\\O———?F—ﬂwe

Me

Trimethylsilyl ether

B " YOTMmSs

of



Protection of Alcohols

* Installation of the protecting group

Mo
e
si
Me Cl Et
. (TMSCI) . l® O
R—O—H = > R—O—TMS + Et—N_ :CI:
e t3N Lo / H oo
Et

TMSCI: trimethylsilyl chloride

This is a Sy2-like process (called Sy2-Si): OH is the nucleophile, Cl is the leaving group...

...but why S\2 can occur at a tertiary substrate?
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Protection of Alcohols

tert-Butyl chloride Trimethylsilyl chloride

Attack is too sterically hindered Attack is not sterically hindered

silicon atom is larger than carbon!

59



Protection of Alcohols

 Removal of the protecting group

H,0®
R—O—TMS — R—OH

or F
—\_\N/_/i 6
\/\/@\/\/

Tetrabutylammonium fluoride (TBAF)

60



Protection of Alcohols

* An overall process using hydroxyl-protecting strategy

HO
Br” " “OH X oH

Grignard reaction R R
\ 1) Mg > HO TBAF /
Et;N R R Remove
Protect OH group R R protecting group

3) H,0

61



Preparation of Phenols

* Industrial synthesis of phenols

OOH
OH
(@)
/k\ 0 O™ + )J\
HsPO, ~ . .

Benzene Cumene Cumene Phenol Acetone
hydroperoxide
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Reactions of Alcohols

e Recall: substitutions and eliminations

Substitution
:Nuc

=

P > /\/Nuc + X

Elimination

X :Base

v

/K + H—Base + x@

63



Reactions of Alcohols

* Sy1 Reactions with Alcohols

H
KK e

Proton transfer Loss of a leaving group

H
/\ Hﬁé:r: >€(|)@H -H,O

K

ﬁ@//

Nucleophilic attack

-

K

64



Reactions of Alcohols

* S\ 2 Reactions with Alcohols

Nucleophilic attack +
loss of a leaving group

H
& " | .
G L 0® v

Proton transfer

S

It does not work well for HCI...

Do we have any substituents to HCI?

/\;..\ i /\/Br

+  H,0

65



Reactions of Alcohols

 For alcohol chlorination...

Lucas’ reagent

-—— -y

/\/OH ! HCI i /\/CI

—————

a proton transfer-likely process

Nuc attack
on a Lewis acid

SN L@ ..O -
A~ _9OH “znci, /\g_py:glz ~_C:

Nuc attack +

I fLG
o 0SS O

ZnC|2

S\2

66



Reactions of Alcohols

* Convert to tosylate —a good LG

/k/ TsCI

Ieavmg group

/?i/
R
SNZ -

-|||II><

Good
leaving group

r

1) TsCl, py. -
> /\/

2) NaBr
S

ilev)

inversion of configuration

67



Reactions of Alcohols

* Use SOCI, or PBr; to do halogenation

thionyl chloride

SOCl, .
/ py .
OH
A S phosphorus tribromide
AN PBr,

P

e

68



Reactions of Alcohols

e Mechanism: the Reaction between SOCI; and Alcohols

Bad
leaving group

/\/éH

Qaﬁf"

6I:
Sc;;;'z 5 /\/.. e 802
T oo &
:QI:
He o O\
®|> . Nl ~ (\\
| |
O @)
Good

leaving group

:(:Z:I:

69



Reactions of Alcohols

e Mechanism: the Reaction between PBr; and Alcohols

oo\ e
/\/Pﬁ?;: III
OH Br PO? Br: O Si /\/I.B.r:
/\/.o a /\/.. P/ L) + :Br: N = e + HOPsz

|
Bad BT

leaving group

Good
leaving group

70



Reactions of Alcohols

* Drug metabolism — glucuronic acid conjugation (glucuronidation)

OH
HO °
HO
OH
D-Glucose OH
Bad LG

OH
o)
HO 2
HO
OH N v
UDPGA ?, ﬁ /
o—F|>—o—||=—o/\£o>< >—N
N\_/\v:o
@O @O \\\“. 4 —

Good LG (called UDP)
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Reactions of Alcohols

HO
HO

OH

0

OH [
O-UDP

Morphine
An opiate analgesic
used to treat severe pain

ROH

S

OH

(@)
—H*t HO

UDP-glucuronyl-
transferase

Acetaminophen
An analgesic (pain-relieving)
and antipyretic (fever-reducing) agent, An antibiotic used in eye drops
sold under the trade name Tylenol to treat bacterial conjuctivitis

HO 0\
OH

B-Glucuronide

B-glucuronide is highly water soluble

Chloramphenicol
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Reactions of Alcohols

e E1 and E2 reactions with alcohols

- conc. HSO, - /K + H,0
process OH — > 2

TsCl
E2 process %‘OH oy

NaOEt _

A

73



Reactions of Alcohols

e Oxidation of alcohols

OH

AN

H

Oxidation

/

AN

Reduction

N

/

PN
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Reactions of Alcohols

* The final product depends on the number of a-H

OH

0 0
primary R/FH o R)kH =L R)k

H
A primary alcohol

O

An aldehyde

O

OH

A carboxylic acid

(@)
secondary R)VR =, R)J\R .

A secondary alcohol

tertiary R/kﬂ

[O]

A ketone

——> No reaction
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Reactions of Alcohols

* Oxidizing agents: chromic acid (H,CrQO,)

O
| HO"
O//CK\O Acetone \
Chromium trioxide ﬁ
HO—C|3|r—OH
O
® o 0 0
Q e @ H,SO _ _
Na O—Cl,‘lr—O—Cl)lr—O Na |f|204 / Chromic acid
@) O

Sodium dichromate

preparation of H,CrO,: using CrO; or Na,Cr,0,



Reactions of Alcohols

e Mechanism: Oxidation of an Alcohol with Chromic Acid

Stage 1
R (|)| Fast and R (I)I
ibl
H%OH + HO—Cr—OH =———== || _»—0—Cr—OH + H,0
1 1
R o) R o)

Chromate ester

Chromate ester

7



Reactions of Alcohols

* Selective oxidation: pyridinium chlorochromate (PCC)

OH (@) (@)
J Tl )J\ > )J\
R HS0,, H,O | R H R OH
An alcohol An aldehyde A carboxylic acid

Difficult to isolate

for primary alcohol, chromic acid often causes further oxidation (to carboxylic acid)

if we want an aldehyde...

@ o
O </ “N-H CrO,Cl
PN 12N )k —

R OH CH,Cl, R H

Pyridinium chlorochromate
(PCC)

78



Reactions of Alcohols

* Secondary alcohols can use either H,CrO, or PCC

Na,Cr,0-,

on " H,80,, H0 \ o

R)\R RJ\
~. pcc

CH,Cl,

R

79



Reactions of Alcohols

e Greener oxidation: Swern oxidation

)Oj 1) DMSO, (COCl), O
2) Et.N . )k
R R ) Ets R R
/t 1) DMSO, (COCl), j\
2) EtzN .
R\ H 2FE R™ H
H
A 1° alcohol An aldehyde

does not have further oxidations!



Reactions of Alcohols

* Mechanism: Swern Oxidation

Stage 1  Nucleophilic attack

Loss of a Substitution
cl 0o leaving group (Nuc attack + Loss of LG)
A cl__0 Cld_0 e
J— + :Cl:
H3C\ g_0|\ o) H3C\ /\.O. ©) H3C\ (\C /CH3 ce
®/S —0: DMSO @/S —0 QCI Y /S@—O 0 A chloride ion CI_S\® + CO
H30 functions as H3C chloride HSC o functions CH3 i C02
a nucleophile ion is expelled + :C.fl : as a nucleophile, ‘ )
DMSO and attacks as a leaving group o resulting in a Chlorodimethyl
oxalyl chloride substitution process sulfonium ion
Stage 2
Substitution
(Nuc attack + Loss of LG) Proton Proton Intramolecular elimination
+
H3C\ /\ HaC._®_CHg transfer (I:H 3{\ transfer Q\S)HS (Proton transfer + Loss of LG)
X L 5 S H S ©_H
:OH 55Cl éole/—j o Kj 0 9 67 0 CHs
| HsC | Et3N: | I H EtsN: I<—> | ] 3 |
r—C- €. ——— p-C_ H ——— p-C/ H)—— _C_ Sk,
!/ "H The alcohol R / "H Triethyl R™) H Triethyl R, H Anintra- R R CHj
R functions as R amine R amine R molecular
A 2° alcohol 2 nucleophile functions as a base, functions as a base, elimination A ketone DMS
alconol ;g attacks the and removes a proton and removes a proton process gives the (by-product)
chlorodimethylsulfonium ion, oxidation product (a ketone)
ejecting chloride as a leaving group and DMS as a by-product
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Reactions of Alcohols

* Greener oxidation: Dess-Martin (DMP) oxidation

R/FH

H
A 1° alcohol

R/FR

H
A 2° alcohol

DMP

CH.Cl, ~

DMP

CH,Cl,

0
R J\ H
AcO\ PAC
An aldehyde 1—OAc
LY
DMP = 0
@)
J 0
R R Dess—Martin Periodinane
A ketone

also, does not have further oxidations:)

neutral pH compared to Cr-based oxidations
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Reactions of Alcohols

* DMP includes a periodinane intermediate

o
OH AcO
DMP N I 7 O
)V H > I S )J\
R CH20|2
H R

Perlodmane mtermedlate

OAc

/
I

\
O +

O

2 AcOH

Y
By-products

83



Reactions of Alcohols

* Comparison of Alcohol Oxidations

Type Reagents “Greenness” Additional Information

e acidic environment
needed
relatively higher
atomic economy

NOT green
(chromium remaining —
heavy metals)

Chromium-based H,0%, CrO; or H;07,
Oxidation Na,Cr,0,

e produce foul-odored

Swern Oxidation ) R0, (o), greener by-product (DMS)
2) Et;N (no heavy metals) .
* poor atomic economy
* neutral reaction pH
greener

DMP-based Oxidation DMP, CH,Cl, e e el  DMP is explosive
Y * poor atomic economy
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Reactions of Alcohols

* Practice: predict the major organic product of the following reaction:

OH Cro; ?
H,O™, acetone - o

OH [O] H [0] OH

An aldehyde A carboxylic acid
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Reactions of Alcohols

* Biological redox reactions

Diphosphate linkage

HO
A sugar 0
(ribose) HO 0
N/\\N
A base

(adenine) le ™
—F
N N

Reactive center

T
—P—0—P—0
| | O N
O Og
OH
OH

A sugar
(ribose)

Hy

NADH
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Citric
acid
cycle
NADH ATP

Enzymatic H
%3 catalysis | = o HR - + Baze
—Base >
U LON N NH )—0H
R R
@) Alcohol
NADH NAD*
H R H Enzymatic R
R~ e |\ Y Kx catalysis ., 4
| + H (B + Base > + O. + H—Base
SND . it 2 :
RE y R R
®) Alcohol Ketone
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Reactions of Alcohols

* Biological oxidation of methanol and ethanol

H /k H Alcohol ” )k H )kOH
H dehydrogenase
Methanol Formaldehyde Formic acid
OH NﬂJDH NA{ }ADH
/F H Alcohol . )J\ )J\OH
H dehydrogenase

Ethanol Acetaldehyde Acetic acid
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Reaction of Phenols

e Oxidation of phenol

OH
OH N
/\ o [\ No alpha proton
No alpha proton R R
R
3° alcohol Phenol

Can phenol be oxidized?
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Reaction of Phenols

OH O

H,S0,, H,0

Phenol
@)

Benzoquinone

Reduction

O H \ OH

@) \ Oxidation / OH

Benzoquinone Hydroquinone
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Reaction of Phenols

* Biological quinones: ubiquinones
Nobel Prize in 1978

O O

s
0 (CH2CH: CCH2> H n =6-10
n

/

O O

Benzoquinone Ubiquinones
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Reaction of Phenols

* Cellular respirations

Step 1: O OH
0 NADH NAD* 0
il e
N
o R o R
(@) OH
Ubiquinone
Step 2: OH O
/O 1 /O
+ 5 02 > + HzO
o R o R
OH (@)
Ubiquinone
Net reaction: NADH + — O, + H > NAD* + H)0
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Ethers

Basic Physical & Chemical Properties, Preparations, Reactions



Ethers are compounds that exhibit an oxygen atom bonded to two R

groups, where each R group can be an alkyl, aryl, or vinyl group:

o

R R

An ether
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Ethers in Nature

%
e N |
\ NON Z
H HO e OH
Melatonin Morphine Vitamin E
A hormone that is believed An opiate analgesic An antioxidant

to regulate the sleep cycle used to treat severe pain
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Ethers in Medicine

CF;

(R)-Fluoxetine
A powerful antidepressant
sold under the trade name Prozac

:0
‘\;N/
SEGONE

Tamoxifen
Inhibits the growth
of some breast tumors

Propanolol
Used in the treatment
of high blood pressure
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Nomenclature of Ethers

e Common nomenclature

ethyl methyl tert-butyl methyl
o't [t
Ethyl methyl ether tert-Butyl methyl ether

unsymmetrical ether

(CH;CH,),0
diethyl ether

symmetrical ether
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Nomenclature of Ethers

* Systematic nomenclature

Alkoxy Example
substituent (T |

1-Ethoxypentane

choose the larger part as the parent

the remaining part is the alkoxy substituent
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Basic Properties of Ethers

* Bond angle

.’O‘.
H~"H
105°
Water
g’ \ W7
H H
NSNS
C Co
H A /" H

HsC ~~"H HsC ~—~"CHj
109° 112°
Methanol Dimethyl ether
These individual dipole moments H $ H
produce a net dipole moment \C/ \C/
H™ \H H/ “H

polar molecules
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Basic Properties of Ethers

* Hydrogen bonding

H...s- SL oud—
~0:----H—O:
| \

R R

hydrogen bonding

between alcohols

Fi8+ ) ) )
oo O— S
W H—O:

| \

R R
An ether An alcohol

(H bond acceptor) (H bond donor)

hydrogen bonding

between ethers and alcohols
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Basic Properties of Ethers

 B.P of ethers are lower than their isomeric alcohols

~"0H O o

Ethanol Dimethyl ether Propane
Boiling point 78°C —25°C —42°C
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Basic Properties of Ethers

e Ethers as solvents

O / \
g O NI
Diethyl ether Tetrahydrofuran 1,4-Dioxane

Ethers are good solvents because:
e fairly unreactive
e good dissolving ability

e |owB.P
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Crown Ethers

e Coordinate effect and coordinate bond

H,C

H,
/ C\
g, N \CH,
HzC - N //////,,l | ‘\\\\\\NHZ
'Co"
N” | SN,
2 H2N \CHZ
H,

3+

[Co(en);]*"

2k
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Crown Ethers

* Coordinate effect in solvation process

dimethyl ether is used as the solvent for Grignard reaction

to stabilize the Mg atom
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Crown Ethers

* Crown ethers

O (0

2 S L

12-Crown-4 15-Crown-5 18-Crown-6

e 0 0
B L
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Crown Ethers

e “The natural container”

K* ion
the electrostatic potential map

of 18-crown-6
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Crown Ethers

e K*ion can be coordinated at the center of 18-crown-6

K\o/\ (\9/\
o o o ' 0

[ j + Kg Benzene [ \:: II(EB: : . j + F@
0 0 o ! o
o o

KF, benzene
Br  8.Crown-6

92%
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Crown Ethers

* Relative size comparison

0/_\0 N
[O\i/oj <—o 04> 7 ?

12-Crown-4 15-Crown-5 18-Crown-6
Solvates Li™ Solvates Na™ Solvates K™
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Preparation of Ethers

* Industrial preparation of Et,0

Proton transfer S\2 attack Proton transfer
H
H _[\‘ A (\
OH - = @(l).. > - ()8
Ethanol H Diethyl ether

an Sy2 process
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Preparation of Ethers

* Williamson Ether Synthesis

110



Preparation of Ethers

* Mechanism: the Williamson Ether Synthesis

Proton transfer Nucleophilic attack
!
@ © o
g Na . oo @ -
R—OZH — > R—O: Na —H . R O-cH, + NaX
oo In the first step, e The resulting alkoxide ion then e
a hydride ion functions as a base functions as a nucleophile and attacks
and deprotonates the alcohol the alkyl halide in an Sy2 process
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Preparation of Ethers

 Tertiary substrate is not applicable!
1) NaH
%OH 2) CH,l Ny

NaH
CH3OH DNeH Ny 7 e

2N
2) %‘I
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Preparation of Ethers

* Practice: show reagents that you could use to prepare the following ether

via a Williamson ether synthesis:

O\/
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Preparation of Ethers

72 N

Phenyl J L Primary

OH
"~
OH O
1) NaOH ~
2) CHzCH,I
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Preparation of Ethers

* Alkoxymercuration-demercuration

R H HO H
1) Hg(OAc),, H,0
>—< 2) NaBH, ] R/‘7 <\H
R R R R
R H RO H

1) Hg(OAc),, ROH
>—< 2) NaBH, g R/\? §\H
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Reactions of Ethers

 Acidic cleavage

Excess
HX

R—O—R Heat

R_X == R_X =l Hzo
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Reactions of Ethers

* Mechanism: Acidic Cleverage of An Ether

FORMATION OF FIRST ALKYL HALIDE

Proton transfer Sn2

/\ H

3 e o v  :© . .

H3C—O—CHj H;C—O—CH; + X A hallde lon H;C—O—H + H3C—X:
functions as a nucleophile and

attacks the oxonium ion, ejecting

an alcohol as a leaving group

The ether is
protonated, generating
an oxonium ion

FORMATION OF SECOND ALKYL HALIDE

Proton transfer Sn2

&y, m@

oo L | oo oo
HC—O0—H =2 Hel0ZH + :Xi ——— He-X: + H0
The alcohol is N A halide ion o
protonated, generating functions as a nucleophile and
an oxonium ion attacks the oxonium ion, ejecting

water as a leaving group
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Reactions of Ethers

e Autooxidation

OOH
0, )\
/\o/\ (slow) /\O

A hydroperoxide

this is a free-radical reaction

we will talk about the mechanism later...
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* Epoxides — cyclic ethers

o)
o)
v O O
[\ -
Oxirane Oxetane Oxolane Oxane
ring system ring system ring system ring system

@) 0]
R¥s ~ 'R H%s ~'H
R R H H
A substituted oxirane Ethylene oxide

(an epoxide) (the simplest epoxide)
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Nomenclature of Epoxides

e O as a substituent

3-Ethyl-2-methyl-2,3-epoxypentane

e Oxirane as the parent
0

-
2,2-Diethyl-3,3-dimethyloxirane
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Preparation of Epoxides

* Preparation with peroxy acids

X .
() e (O

Cl 0 o
Hec~ ~O0~ H

meta-Chloroperoxybenzoic acid Peroxyacetic acid
(MCPBA)

\ 4

commonly used peroxy acids:
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Preparation of Epoxides

* Stereospecificity considerations

retention of configuration
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Preparation of Epoxides

* Preparation from halohydrins

+ Enantiomer

NaOH
—>
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Preparation of Epoxides

* Mechanism: Epoxide Formation from Halohydrins

Proton transfer Intramolecular Sy2
° o g @
(o ©.. :0:
Wy, g =00 \ S
% ) Hydroxide . < The alkoxide ion g
“Br deprotonates the ‘Br. *Br: functions as a
halohydrin, establishing = oo nucleophile in an
an equilibrium with intramolecular Sy2 reaction,
the alkoxide ion ejecting the halide as a leaving group
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Ring-Opening Reactions

* Reactions of Epoxides with Strong Nucleophiles

OH
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Ring-Opening Reactions

* Mechanism: Epoxide Ring Opening with a Strong Nucleophile

Nucleophilic attack

Proton transfer

Q.. .
Q‘ioj ‘OH / H OH
In the first step, HO: The resulting
hydroxide functions ""0%° alkoxide ion is

as a nucleophile and opens then protonated
the ring in an Sy2 process by water

OH

/_/

HO
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Ring-Opening Reactions

* Why alkoxide can function as a good LG?

@)
/\
Potential +NaOH
energy |
A

Ikoxide

Ether + NaOH

—
Reaction coordinate

ring strain causes an extremely high energy
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Ring-Opening Reactions

* Typical reagents

-

1) RONa 1) NaCN
2) H,0 2) H,0
OH OH

NC

o
L%

1) NaSR
2) H,0

N

2

OH

/_/

RS

1) RMgBr
2) H,0

1) LiAIH,
2) H,0

OH

/_/

y

OH

/_/

128



Ring-Opening Reactions

* Regiochemical outcome: attacks at the less substituted (less hindered)

position

o) HO
7 1) Nuc®©
7 2 H,0 %
T Nuc

This position is less hindered,
so the nucleophile attacks here
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Ring-Opening Reactions

* Stereochemical outcome: inversion of configuration (Sy2)

..:ll[,lll

!

The configuration
has been inverted

1) Nuc® &
O w0 ,
“Nuc

T

Attack takes place
at a chiral center
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Ring-Opening Reactions

* Practice: predict the product of the following reaction and draw a mechanism for
its formation:
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Ring-Opening Reactions

This chiral center
will be inverted

3 (Less hindered)

Nucleophilic attack Proton transfer
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Ring-Opening Reactions

e Acid-catalyzed ring opening

OH
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Ring-Opening Reactions

* Mechanism: Acid-Catalyzed Ring Opening of an Epoxide

Proton transfer Sn2
H LN J
° Q/\ (\" @ |. :OH
O° H—X: O o'l
i } = - C)i } G & :X: >
In the first step, C_/ The protonated epoxide A
the epoxide is is then attacked by a * X

protonated nucleophile in an Sy2 process
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Ring-Opening Reactions

* Using water or alcohol as nucleophiles

OH
[H™]

o
AN

1

HO

OH

[H'] . /_/
ROH g

RO

135



Ring-Opening Reactions

* Proton transfer is needed when a neutral nucleophile is used

Proton transfer Sn2 Proton transfer
H
% H
Lo ®l.. ‘o OH
o) H <>O H H _ .
[\ S /\ >
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Ring-Opening Reactions ‘

* Regiochemical outcome

@) " OH
10/% 7 xﬁﬁ

Nucleophile
attacks here
(less hindered)

O HO
£\ HX \_@
— T X

30
Nucleophile attacks here,
even though it is more hindered

that looks all right...

20

...but why this???
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Ring-Opening Reactions

* Tertiary carbon: electronic effect

5 H
®5 2.

s+/ \ 6+ ~ Ot
o+

the more substituted carbon has significant carbocationic character
sp?-hybridized-likely, geometry somewhere between tetrahedral & trigonal planar

also, a more stable transition state
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Ring-Opening Reactions

 Summary of regiochemistry

Primary vs. secondary Primary vs. tertiary
H r H
o® O®
1° = T v 1° = T\
Attacks o Attacks
here 2’ 2 here

Dominant factor = steric effect Dominant factor = electronic effect
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Ring-Opening Reactions

* Stereochemical outcome: inversion of configuration (Sy2)

Ny
/O

)
“

A Me

Attack takes place
at a chiral center

[H]

ROH

/OH

-,;-Me
A”/OR

The configuration
has been inverted
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Ring-Opening Reactions

* Practice: predict the product of the reaction below and draw a likely mechanism
for its formation:

o)

| | [H,SO,] ?
eef \"Et ~Eon = A

Me H
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Ring-Opening Reactions
O O

Et ““‘ﬁ"”l Et Et \\\\‘ﬁuul Et
Me H
Me k \/ This chiral center will be inverted
20

as a result of back-side attack

30
Proton transfer
Sn2
H H
K o./—\H_(\O/: .ol @ oo
o) @\ >0 oo Et  :OH
Bt H =~ Meal
Et™/ \"Et = Et™/  \"Et . : "Et
0
Me H Me H Et S\, H

Proton transfer
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Synthesis Strategies

Functional Group Interconversion, Grignard Reagents: C-C Bond Formation



Functional Group Interconve

e Secondary alcohol-ketone interconversions

Na,Cr,0, /

T HSO0, H0 O\
OH (@)
)\ "\ LAH, )J\ R
2) H,0 \
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Functional Group Interconve

* Primary alcohol-ketone interconversions

P
OH @)
| ,
) "\ NLAH, ) s‘
2) H,0
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Functional Group Interconve

e Organic redox reactions

Ketones or
aldehydes

Oxidation

Reduction

7

Oxidation
Alkenes
/
Alcohols Alkyl
halides
Reduction

Alkanes

=
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Functional Group Interconv

‘ I

H,SO,, H,0
HgSO,
or
1) R,BH
2) H,0,, NaOH

Ketones/
aldehydes

H,, Lindlar’s catalyst Alkenes Alkanes
or Na, NH, ™~ \ ) Hy N I I
1) Br, /C:C\ Pt, Pd or Ni . —(|3—(|:—
2) xs NaNH,
3) H,O
/H30'+
or
1) BH; « THF ™
conc. H,SO,, heat 2) H2O(2)’rNaOH pe
or
1) TsCl/pyr ;)) Hgé%Ac)ﬁ - {18 ROOR
2) NaOMe & NaOMe
or
\ t BUOK
1) LIAIH,, 2) H,0 i HX or SOCI,/py or PBry Alkyl
or NaBH,, MeOH >\, | Alcohols or 1) TsClipy, 2) NaX™ halides
OH Br,, hv
I —
. H,Cro,or PCC i ~_ NaOH (5,2)

or DMP or Swern or Hy0 (Sy1)
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Functional Group /nterconve

* Practice: propose an efficient synthesis for the following transformation:

/\/—’/U\/
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Functional Group Interconve

Route 1 Route 2
1~ - R
AN
0o X i OH X
o Ry ;;) L

1) Br,

\.2) xs NaNH, Vi
3) H,0
4) H,S0,, H,0, HgSO,
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C-C Bond Formation

* Grignard reagents: C-C bond formation

O HsC OH

1) CH;MgBr .
2) H,0 g

/\)J\ 1) CHyMgBr M
H 2HO0 CH,

H
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C-C Bond Formation

* Grignard reagents with esters

O OH

/\)J\ 1) Excess CH;MgBr PR

e
CH,
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C-C Bond Formation

* Grignard reagents: convert aldehydes into ketones

O OH O

\)k Attack with_ \)\ [O] \)J\
H Grignard R R

(@) 1) RMgBr @)

\)J\ 2) H,0O . \)J\
H 3) N3.2C r207, g R

H,S0,, H,0

152



C-C Bond Formation

* Practice: propose an efficient synthesis for the following transformation:

\///—’W

O
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C-C Bond Formation

e Always approach a synthesis problem by initially asking two questions:

e |s there a change in the carbon skeleton?

Yes, the carbon skeleton is increasing in size by one carbon atom.

* |s there a change in the functional groups?

Yes, the starting material has a triple bond, and the product has a carbonyl group.

\///—’W

O
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C-C Bond Formation

 Alkylation, followed by hydration...?

_ Alkylation // Hydration
~_ 7 >~ > \/\H/

) 0

-OH

problematic regiochemical outcome: -OH can be installed at both side!
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C-C Bond Formation

Grignard H
WH reaction \/\%C% Oxidation _ WCHS
O OH O

~~ _[1)R:BH X WH 1) CHsMgBr | W Na,Cry07, \/\H/
S 2) H,O,, NaOH 2) H,0 . H,SO,4, HoO

O OH O
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C-C Bond Formation

* The complete route

1) R,BH
% 2) Hy0,, NaOH
~_ 3) CH;MgBr \/\H/
4) H,O O

5) Na2cr207’
H,SO,, H,O
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