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Aldehydes and Ketones

. Contain a C=0 bond (|3| deh (I)I
.Cof C=0is sp2- hybridised | KEONeFG: c—c—c || aldehydeFG: ¢,
formaldehyde
Looking down on the molecule Side-on view

C=0 bond length is 123 pm

Each angle

is about 120° % \’\ ﬂ / Hj'l’-’C:O /
/ -

all four atoms lie in one plane

The bonding in formaldehyde

C-O sigma (o) bond

sp2 orbital sp orbital

two lone pairs
on oxygen

(in sp2
ﬁ orbitals)
C-O pi (=) bond
p orbital Sp orbital above AND below
plane of molecule
C=0 bond length is 123 pm
[ ) ® ° H @
° 11y,
H2C' + 'O.. """""" > H= ( R O

Angles are ~120°

* No rotation about C=0 bond of formaldehyde at RT.
* t bond weaker than o bond due to less efficient orbital overlap.



"Simple" Nucleophilic Addition Reactions Of Aldehydes and Ketones.

» Carbonyl group is strongly polarised.

» Carbonyl carbon has partial positive charge, ie. is electrophilic (so reacts with
nucleophiles).

» Carbonyl group is unsaturated, so undergoes addition reactions.

aldehydes C\S@ ..86 ketones C\S@_ 030
—0, =0
H C

Nucleophiles react with both aldehydes and ketones. General mechanism:
nucleophile electrophile

s

= o @/\ & N
N NAC \
: Q¢ — | nu—c—o08 Nu—C—0O's

‘%{ STEP 1 / STEP 2 *

nucleophilic ", acid-base o,
ﬁ ﬁ addition an alkoxide reaction
electrophile anion

nucleophile intermediate
an aldehyde l Often the reaction is carried out in two separate steps:
or ketone first by adding the nucleophile to the aldehyde/ketone,
then quenching with an agueous acid.

Reaction Of Aldehydes And Ketones With Hydride Reagents: examples

1. NaBH, in EtOH; 2. H;0* .
aldehydes » primary alcohols
OR 1. LiAlH, in dry Et,0; 2. H;0"

@ HiCso 50 H3C o y® H3C H
c—o: . \ /
* —_—_—_— > H—Cc—oO: H—/C—O :

H/ STEP 1 STEP 2
hyg';'lde nucleophilic acid-base
acetaldeh de) addition reaction
aIcohoI
from NaBH, or LiAlH, a"'°"

1. NaBH, in EtOH; 2. H,0*
ketones 4 = . secondary alcohols

OR 1. LiAlH4 in dry Et,0; 2. H;0*

HsC
Q 3 \5@_ 50 H,C, .0 H@ H3C\ H
H: = —— HW—_¢—o0: H—C—0:
: STEP 1 °* STEP 2 o
hydride § H3;C
3 nucleophilic HsC acid-base HsC

acetone addition - reaction
s an alkoxide a secondary
. anion alcohol

from NaBH, or LiAlH,



Grignard Reagents: preparation

* Alkyl halides and aryl halides react with magnesium metal in dry diethyl ether solvent to
form Grignard reagents.

» Grighard reagents are organometallic compounds (contain carbon-metal bonds).

very polar, very polar, . reacts_ asa
covalent covalent carbz_imon.
bond e easiest to
represent as
an ion pai
ﬁﬁ@ Mg ) &‘9
H3C\C/Br > HaC__ MgBr
3D H, dry Et,0 @.(EHZ
bromoethane ethyl magnesium bromide
This is aredox reaction:
Mg —_— Mg2® v 2e°
HeC “Bre H . O
TR v 2P Scp, + tBie
H2 Qee 2 ()

Grignard Reagents: preparation

Cl Mg ®MgCI Alkyl Grignard Reagents
\/K/\ 6“ H
dryELO N NN |
3-chlorohexane 3-hexyl ~.., MgBr sCsO
magnesium o) — H“‘y QL ®
chloride HsC jx MgBr
® 3
I . Ml filled sp® hybridised orbital
— @

dry Et,0O

tetrahedral geometry at C

iodocyclohexane cyclohexenyl .
y magnesium Aryl Grignard Reagents
iodide 00
Br Mg . MgBr
e ﬁ
dry Etzo . 2 .. .
filled sp“ hybridised orbital
bromobenzene phenyl trigonal planar geometry at C
magnesium

bromide



Reaction Of Aldehydes And Ketones With Grignard Reagents: examples

1. RMgXin Et,0; 2. H3O<-D

formaldehyde » primary alcohols
®
MgBr o He® 50 o .0 H@ M
— ]
HsCe /c_p.- ———> Hc—C—Q8 Hac—c—g
methyl H STEP 1 / @  STEP2 /
magnesium nucleophilic MgBr acid-base

bromide J( formaldehyde ) addition an aIkomde reaction a primary
amon alcohol

1. RMgX in Et,0; 2. H30®
aldehydes » secondary alcohols

@
MgBr o H:Gs® 50 HaG o H@ HG ’

HsC c—o0¢ —— N %% A

3Le H3C—C— Qe HsC—C—0e

H STEP 1 / *®  STEP2 /
methyl | hili

magnesium nucleophilic MgBr acid-base

: addition
bromide J( acetaldehyde ) an alkomde reaction asecondary
an|on aIcohoI

Reaction Of Aldehydes And Ketones With Grignard Reagents: examples

1. RMgX in Et,0; 2. G ,
» tertiary alcohols

ketones >
@
MgBr e H3C\8® 50 HsC o H@ HsC H
HC: o f=0r H3C_C—:O: : ch—c—o/:
methyl ) HaC STEP 1 ®  STEP2 /
magnesium nucleophilic MgBr acid-base

- addition reaction
anlon alcohol

* Why dry Et,0?

® © o ®
MgBr HgC: H—OH —————> HC—H + ~OH MgBr
acid-base
ﬁ ﬁ reaction

nucleophile electrophile



Nucleophilic Addition - Elimination Reactions Of Aldehydes and

Ketones.
Summary:
() . oo .0 0. [Y) PP
® °0 2 ROH [e) H-NR NR
R 2
O\ /.. 4—;> |C! _ > |C!‘
B —————
an acetal ﬁ an aldehyde ﬁ an imine
2 molecules or ketone 1fmo_|ecu|e
of alcohol gmri)rzlénary
[ N )
.O. . .N.RZ
1 H HNR,
%/C\C\ S — PO M
[ “
an aldehyde 1 molecule an enamine
or ketone of secondary
amine

 All three reactions involve elimination of one molecule of water.
« Alll three reactions are catalysed by acids.

Acetal Formation

Overall
‘.O.. @ .. ‘.
H catalyst RO OR .
|C! + 2ROH = = ..\c/" * HQ.
~_ - - PN *
Y W
an aldehyde 2 molecules an acetal
or ketone of alcohol

« Acetal functional group is very common in natural products (especially sugars).

« Acid catalyst activates the aldehyde/ketone - allows weak nucleophiles (such as
alcohols) to react:

O _H . _H
ﬁ.‘ /_\ H@ ] _ o ﬁ§ . O../
C /C\ C
ey Y vy

more reactive
towards nucleophiles

less reactive
towards nucleophiles




Acetal Formation - Examples:

*0* . PhSO3H catalyst e o0 .
+ 2 CH3.0.H R H3C.Q ‘O.CHS + Hz()..
2 molecules 2-butanone
2-butanone of methanol dimethyl acetal
i HsCO. OCHs
oo PhSO3H catalyst * * .
+ 2 CH3.0.H —— + HZO‘O
2 molecules cyclohexanone
cyclohexanone of methanol dimethyl acetal
..o..
PhSO3H catalyst o O .
+ HO OH —  » o H0O.
cyclohexanone 1 molecule

of ethane-1,2-diol

Acetal Formation - Mechanism

nucleophile H
@ @D _H nucleophilic
0.0.‘ @ ) O/ add'tlon . @
H S ——  ———— y O~
| [ — ! — 40 / R
electrophile ﬁ ROH
strong
electrophile '
nucleophile
©)
T @ _R elimination H H
/.O" ° ﬁ Of Wa'[el’ @é .o. - o '(5
. H—G SR - /R
/C\ \/ H .\\/
C C
PN PN

a hemiacetal



Acetal Formation - Mechanism

® R H ®
‘.ﬁ/ nucleophilic ‘ H
addition
/C\ — R/C.). ®..\R P — 3 '5\
s 4 SCNVOR
ﬁ RP.H IO /C\
strong
electrophile ﬁ an acetal
nucleophile
Notes:

« Catalytic in acid (proton consumed in first step and produced in last step).

* Reversible reaction: drive forward reaction (from aldehyde/ketone to acetal) by
removing water as it forms; drive backward reaction (from acetal to aldehyde/ketone) by
mixing acetal with dilute agueous mineral acid (eg. HCI, H,SO,)

* Main use of acetals in synthesiso— as PROTECTING GROUPS

Eg. How would you do this? OCH,CHg ... e )J\/\/OH

Hemiacetals and Acetals in Carbohydrates (Chem 2403)

H._ 0O
OH OH
H——OH
HO——H 0 Q
H——OH HOHo * H%o OH Diasteroisomeric
HO HO hemiacetals
: OH

—1—OH
64%
CH,OH 0,
z \ alcohol that attacks carbonyl 36%

D-glucose
open-chain form

(0.01%) Enzyme
loss of H,O

OH
HO
HO OH
HO

Maltose - a disaccharide ("glycoside" linkage = acetal)



Imine Formation

Overall:
..O.. H catalyst .N.R
| [ 1 ] y ..
Gt MRS = I £ HQ
an aldehyde primary an imine
or ketone amine

e Imine functional group is very important biologically, in organometallic/coordination
chemistry, in synthetic organic chemistry and historically.
* Also known as "Schiff bases".

Example:
..O.. o /CH3
oo PhSO3H catalyst o
+  HoN—CH3  — - + H2Qq
cyclohexanone methylamine an imine
: Imine Formation - Mechanism
nucleophile H
D _H nucleophilic |
O@ @ 'o/ addition .. @ R
—_— _ . . —
| H - |C| H/-.\ /N\H
electrophile i HaNR
strong
electrophile it
nucleophile
i ©
H R H elimination
C|)° \%)/ of water T
— L] o0 R <— L] ..
H % ” Hg)-(.)\ /N\/ _— H/.C.)\ /N\/R
/C\ c H H
PN P
R ©)
. H
/C\



Imines in Chemical Synthesis: amine formation

Imines react with strong nucleophiles in the same way as aldehydes/ketones!

S ©

Where
Nug = HS /RsC$

See "Simple Nucleophilic
Addition Reactions Of
Aldehydes and Ketones".

v/

JJJ\‘“
SN | | WS
s s
nucE)phile ﬁ nucg)phile ﬁ
electrophile electrophile
Femele ™ 1.NaBH,in EtOH; 2. Hz0®
I
“H OR
an imine 1. LiAlH, in EL,0; 2. He0®

an amine

Imines in Biological Environments: amine formation

[ Ci .
C< * H,NH
ch/ CO,H 2
pyruvic acid ammonia

enzyme i\iH .
L + Hzo.
AN .
H catalyst  HsC CO.H
an imine
enzyme,
reducing agent (coenzyme)
NH,
an essential —
a-amino acid _CH
HaC CO,H

alanine



Isomerization catalyzed
by retinal isomerase

11-trans-Retinal /\ 11-cis-Retinal
0

Light absorption causes
double bond isomerization,
hydrolysis, and dissociation
of 11-trans-retinal from opsin

Message to the
visual cortex L Formation of imine
and regeneration
of rhodopsin

Rhodopsin
(the light-sensitive pigment)

(Reproduced from Introduction to Organic Chemistry, W.H. Brown, Saunders College Publishing, 1997)
Enamine Formation

Overall:
o o @ [ X ]
co* H catalyst l|\|R2 .
I W Do e o
g T
an aldehyde secondary an enamine
or ketone amine
« Enamines are very important in C-C bond formation.
Example:

.. ..
O H { 5 N
PhSOsH catalyst °

H (]
H + .OI —_— + HZQO
H
cyclohexanone pyrrolidine an enamine

10



H

Enamine Formation - Mechanism

nucleophile H
Ry D _H nucleophilic ‘
.ﬁ H@ y ] addition . @R
- HZAN /D
c C AN R
O ﬁ P . PR
electrophile ﬁ HNR>
strong
electrophile i
nucleophile
@
H R_® R elimination H
|, \N/ of water H
/O || /R = & N/R
H
A~ \\ / R / R
iminium ion
N Iminium ion needs to lose a I—@ to become neutral.
R\ /R ® N of iminium ion derived from secondary amine
N.. H doesn't carry a H, so it can't form the imine -
loses a HO ~ from the adjacent C instead,
/C§ forming the enamine!
Enamines in Synthesis
o ) [ N)
H L]
PhSO3H catalyst
oot 'T' >
H —H,0
N I
Ph
@)
@
H*/ H,0 N
Ph -«

é<cmph

11



TAUTOMERISM

Tautomers are constitutional isomers that differ from one another through the rearrangement of a double
bond and a hydrogen that is positioned o to the double bond:

X /Y\E o )/Y\Z
I

The interconversion of tautomers can be catalysed by acid or base and the position of equilibrium is
determined by the relative stability of the isomers.

Keto—Enol Tautomerism

Carbonyl compounds [aldehydes, ketones, carboxylic acids and acid derivatives (esters, amides, etc.)]
with at least one a-hydrogen can exist in either keto or enol tautomeric forms:

OH
Y IC\Rl Y/ \(I:/
R2 =2
keto form enol form

For the vast majority of carbonyl compounds the keto form is greatly preferred:

(I)H
- R
HsC” “CHa M 0
H
99.9999999 % 0.0000001 %
However, in some cases the enol form is favoured:
H
aw
o Yo
1 = P!
NN
HsC” \cH:/ “CH, HsC™ 6T CHs
2
H
20 % 80% - enol stabilised by conjugation
and intramolecular H-bonding
An extreme case:
O OH
H
H
H ———

12



Reactivity of Keto and Enol Tautomers

[| | C of carbonyl group of keto tautomer is electrophilic

I | o) a-C of enol tautomer is nucleophilic

Provided the equilibration of keto and enol forms is rapid, an a-H in carbonyl compounds can be substituted with
an electrophile via reaction of the enol form (or enolate ion under basic conditions).

Acid-Catalysed Keto-Enol Interconversion

.OICI)O, H_A :8/ H ) 6/H
N — I A | H—A
e /c PN, — &

Base-Catalysed Keto-Enol Interconversion

. _H
S NS) — o~
i B 08 TP B ©
by L | L ! B
AN — C B — e v

C 7Re
|

enolate ion

13



Acid-Catalysed a-Halogenation of Aldehydes and Ketones

LN H_B o __o
OO r .Oo
g Bra g
+ HBr
\CHg > \CHzBr
CH;COOH
(solvent)
.. H
:0” Br——Br
I
HBr N
i
8 M )x’ H
O
IC!, H + :.B.I’(:9 /
\ﬁ/ \
2
O _H
ﬁ .0
‘0" + :Br:
I C\C/Br .
+ HBr -————
CH,Br Ha
NB: reaction is "auto-catalytic" in HBr
Base-Catalysed a-Halogenation of Aldehydes and Ketones
©
Br
‘o .. H,0 - Br—Br ‘0"
I g
7N < /C%C/ > /C\ -
/ \ | / \
enolate ion
The Haloform Reaction
.. 0
A ‘0 ‘OH HoH
(l)l excess X, “
> —_— R—C—OH ——»
C ag. NaOH RSN
R™ T CHs R™ °CXs XoC
X =Cl,Br, 1
ﬁ ) .
+ CHX
/C\ _H CXs IC!'\ o ’
R™ O R™ 0

14



Acidity of a-Hydrogens in Carbonyl Compounds

I I
. ®
C H C. o + H
R/ \O/ R/ \O
@) _— e
@) —— S ®
CH3CH2/ SH CH3;CH,—O + H
I %
I
C e — ®
7N C + H
CH3 CH3 CH3/ \\CHZ
L] L) ..e
‘0O’ HOR
Ié . —— (I:
. N
R \Q‘ R \Q'
Equivalent resonance contributors
.Qe
-c|). .0|C|)-
C\ -« L ©
H A
major contributor minor contributor

pK, = 15.74

PKa

PKa =

=16

19

15



Figure 2.4
Electrostatic potential maps of some bases

(a) CH30— (b) CH3002_

(C) CH3COCH2_

(Reproduced from Organic Chemistry;John McMurry, Brooks/Cole; 5™ ed., 2000)

Formation of Enolates with Strong Bases

anhydrous THF

NNt H—N >

Y solvent
Butyllithium

N,N-diisopropylamine

THF = tetrahydrofuran = { \

o)
o _Li
. e v
. . :O
ﬁ LDA / THF/ -78 °C |
C H > C
~ >C< ~ \(I:/

lithium enolate

aldehydes, ketones,
esters, N,N-dialkylamides

Li—N + butane

.

lithium diisopropylamine (LDA)

(sterically hindered - prevents nucleophilic
addition reactions)

+ N,N-diisopropylamine



Structure of Lithium Enolates

. Li
o. *e :O
ﬁ LDA/ THF/ -78 °C [
C X-ray
crystal
structure
CH2
1358 %342
C
_CH
\.\\\.
CHB
108 a %&::‘I

Average bond lengths: C—C = 1.54 A; C=C = 1.34 A;
C-0=1.43A;:C=0=1.22 A.

(Reproduced from Amstutz, R.; Schweizer, W. B.; Seebach, D.; Dunitz, J. D. Helv. Chim. Acta 1981,64, 2617)

‘o | 5" 5"
I Li | . |
\/C\/ > \/CQC/ H \/CQC/ CH3
THF/ -78 °C | |
CHs H
trans 86% cis 14%
| 5 "
I Li | . |
\/C\/ - \/CQC _H \/CQC/CH3
HMPA/THF/ -78 °C | |
CHsy H
trans 8% cis 92%

HMPA = HEXAMETHYLPHOSPHORAMIDE [(CH3),N]3P=0 ; promotes enolate equilibration

17



Acidity of Other Carbonyl Compounds

O@
lé Cl:\ + He pPKa =19
——— I
CHy” “CHs, CHy™ CH,
0 C|>e
Il ®
CH,CH C — CH3CH2\ /C\ + H pKa= 25
° 2\O/ \CH3 - O \CHz
0 o®
CH lcl CHs clz\ . H® pK, = 30
3 —— N,
\’i‘/ \CH3 T \CHZ
CHj; CHs;
o’o.o :6:6)
A —
Y~ CH; Y7 CH,
Y=0orN
Conjugate acid of esters and amides stabilised by resonance
Acidity of B-Dicarbonyl Compounds
0] Or o0
lé lcl‘ - c|:‘ ':é + H® PKa =9
a—
HeC” e CHg Nogl \clt/ CH,
H H H
0 0
CH3CH lcl lcl - T ®
VTN A N~ NN Et Cr._.2C + H PKa =11
/C\ CHs; \O/ N~ \CH3
H H |
H
o0 e
CHsCHo O O CHCHs Bt /C“\C/"C\O/Et ¢ HO pKa=13
H/ \H |
H
e ) S
O O .‘O'. O
ol . 70 . 01
NS
\ |
H H
minor contributor k V /

major contributors

18



Alkylation and Silylation of Enolate lons

O Li@ o
:(I): | ICI) |
C / . \ SN2 reaction C\ /C""""
~c mm)c—x - 7 > AN
Reactivity: X=1>Br>Cl
C = benzylic/allylic > CH3 > RCH, (secondary predominately undergo
elimination and tertiary cannot undergo Sy2 and undergo exclusive elimination)
o L® _
:(I): .6/S|(CH3)3
H3C Sn2 reaction [
Cx / 3 AN N -
Pt + — > Cx

H3C

silyl enol ether

Note: Sy2 possible at tertiary Sias C-Si=1.85Avs C-C=1.54 A

Energy
r
Energy
r

. 0
Si(CH
H)l\/ (CHg)s

O/Si(CH3)3

AN

Reaction coordinate

AAH =115 kJ/mol

AAH =73 kJ/mol

\

O
CH
HJI\/ 3

Reaction coordinate

Average bond enthalpies: C-C = 348 kJ/mol; C-O = 358 kJ/mol; C-Si = 285 kJ/mol; Si-O = 451 kJ/mol;
C=C =614 kJ/mol; C=0 = 745 kJ/mol.
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The Malonic Ester Synthesis

NaOEt

Y

in dry EtOH

Diethyl malonate (Et = CH,CH53)

Whilst hydroxide is also a strong enough
HO
hydrolysis can also occur.

very difficult to deprotonate

K hig Na.(-D
O HOK
I(! (l: S\2 reaction
~ o
Et0” \?/ OEt
H
R—X

Reactivity: X=1>Br>Cl
R = benzylic/allylic > CHz > RCH,»

base to fully deprotonate diethyl malonate,

(secondary predominately undergo

elimination and tertiary cannot undergo Sy2 and undergo exclusive elimination)

K oo Na®
o :0:
i
~
Et0” \?/ SOEt
H
g
contrast \) R/ \OEt
e..
:0—Et
|
R—(I:—OEt
OEt
“ " Q‘O..
[ 7
Eto” ¢ OEt
anN
R~ H
1) NaOEt in dry EtOH
2) R-X
"O“ ‘.O“
i 1
Et0” ¢~ OEt
/N
R R

20



(0] (@) (0]
I H* / H,0 / heat I |
C C - _C C
Et0” >c< OEt o~ >c< OH
R R' R R'
2 EtOH
mono or di-alkylated diethyl malonate HY/ H,0 / heat
HO™ / H,O / heat
Il Il
2 EtOH
o O 0o - CO,
(@) /C\ (@)
R R'
Y
H
H @] \O
\._ - Re_ 7/
CcC—C - Cc=C
R\ /

R’ OH R’ OH

enol tautomer of an acid

The malonic ester synthesis can be used to make cycloalkanecarboxylic acids:

o 0
| |

C C
/C OEt EtO C OEt

Y \H Br Br |
_\_/_ H

2 equiv. NaOEt in dry EtOH (lJl :?:

e
Y o

EtO

L
@
\
O
o/
N\
O
/
©)
LL
A
Z
QD
O
]
m
Qo
\
O
o/
7\
O
/
©)
m

Br

21



O O o o
] Il H*/ H,0 / heat | I
C C - OO
eto” >cC OEt w o0~ >c ToH
; / 2 EtOH Q

- Co,

c=c
OH OH

o
e
Q
AN\
o
A
/ \O/I

The Acetoacetic Ester Synthesis

"O'. .'O'. o ."-(9 Na(-B o . o
|| || NaOEt ﬁ' -?- ﬁ' 'ﬁ'
C C ) > SN2 reaction
VN ATTNN in dr EtOH C /C C C
EtO” C{ “CHs y 0”7 N cH, T Eto” ¢ CH,
H H | 7N
Y R* H
pK, = 11
Ethyl acetoacetate R—X .
1) NaOEt in dry EtOH
2) R'-X
H EtOH
'.Cl) .|C|)- (|)|- .(l)ln
C C kHJr / H,0 / heat C C
@ >c eH, = E0” e CHs
R/ R or HO™ / H,O / heat, then R R'
H*/ H,0 / heat
H
- C02 \ *
Q. H O
C=C P
/ AN R/ \
R CHs R CHg

enol of ketone

22



This sequence can be applied to any B-keto ester, e.g.:

O 0

H .
CO,Et 1) NaOEt in dry EtOH‘ CO,Et

Y

2) PhCH,Br

H* / H,O / heat
EtOH + CO,
&\@

Direct Alkylation of Enolates

Li

o ., o 0O y

H 1) LDA/THF/ -78°C H  2) PhCH,—Br

Li
0 o~ o

A 1) LpA/THF/ -78°C 2) CHy—I H

Q > Xy—H
H - Q > Q0

CHs

23



