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Reactions of Aldehydes and Ketones

Nucleophilic Addition

A strong nucleophile attacks the carbonyl carbon, forming an alkoxide
ion that is then protonated.

* A weak nucleophile will attack a carbonyl if it has been protonated, thus
increasing its reactivity.

» Aldehydes are more reactive than ketones. (WHY?)
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Copyright © 2005 Pearson Prentice Hall, Inc.

Aldehydes and Ketones Reactions



Reactions of Aldehydes and Ketones

1) Nucleophilic addition
a) Carbon nucleophile
i.  Grignard reaction
ii. Addition of HCN
iii. Wittig reaction
b) Oxygen nucleophile
i.  Addition of water
ii. Addition of alcohol
c) Nitrogen nucleophile

2) Oxidation
3) Reduction

1) RMgX or RLi i
f
2) H,0"
R

1)HCN on
2) H,0°

Ph,P*"CH,’ Q

»
OH

H,CrQo, _ acids - but aldehydes only

OH
1) NaBH, or LAH
2) H,0" H



(C-Nu) Grignard Reactions

* GR + Formaldehyde gives a 1° alcohol.

<O 20t [MgBr] ¥ SOH
Il ether ! HCI ! ot
ChisICREN o B el >  CH3CH3-CH; H,o CH3CHz-CHz + Mg
A magnesium 1-Propanol
Formaldehyde alkoxide (a 1° alcohol)
* GR + any other RCHO gives a 2° alcohol.
s [MgBr] sOH
|\/|g Br O: HCl> + M 24
Acetaldehyde A magnesium 1-Cyclohexylethanol
(an aldehy de) alkoxide (a 2° alcohol;
(racemic)

* GR + ketone gives a 3° alcohol.

0" ether o3 - + *OH

Ph<MgBr + - s$Ov [MgBr] _HCI ’ + Mg2*
\//I'K Phx Hz O Phx

Phenyl- Acetone A magnesium 2-Phenyl-2-propanol

magnesium  (a ketone) alkoxide (a 3° alcohol)
bromide




(C-Nu) Other Organometallics

* Organolithium compounds are generally more reactive in C=0 addition
reactions than RMgX, and typically give higher yields.

7 A K

Phenyl- 3,3-Dimethyl-2- Alithium alkoxide  3,3-Dimethyl-2-phenyl-
lithium butanone (racemic) 2-butanol
(racemic)

 Addition of an alkyne anion followed by treatment with H;0* gives an a-
acetylenic alcohol.

HC=C: Na'+ —_— HCI
H, O

Sodium  Cyclohexanone A sodium 1-Ethynyl-
acetylide alkoxide cyclohexanol

/\; HC=C 0! "Na* HC=C :fOH



(C-Nu) Addition of HCN

* HCN is highly toxic.
* Use NaCN or KCN in base to add cyanide, then protonate to add H.
* Reactivity formaldehyde > aldehydes > ketones >> bulky ketones.

AN .. slow N\ _/* +H-LC=N: \ _/~
/C=&Q. + :C=N: /C\ = = /C\ + —:C=N:
\/ C=N: C=N

* The cyano group can be hydrolyzed or reduced
* Hydrolysis of a cyanohydrin produces an a-hydroxycarboxylic acid (Sec. 18.8H)
* Reduction of a cyanohydrin produces a -aminoalcohol

HO HO O
” HCN ‘ HCl | H
/C\ — CH,CH,—C—€N T) CH,CH,—C—COH
CHBCHZ CHE ‘ heat |
CH, CH,

a-Hydroxy acid

heat

l 95% H,SO,

O

[ O OH OH
COH HCN w. (1) LiAlH .
—_— CN — CH,NH,
CH CH=C/ O/ O< (2)H,0 ©< 2tV
’ \

CH,

«,3-Unsaturated acid



(C-Nu) Wittig Reaction

* Nucleophilic addition of R\_ 4 Ja R R
: =0 + = — + 0= :
phosphorus ylides. A0 CHP—C - — T O=P(CHy);
l{f Rfﬂ l{! RJ’H’
* Productis alkene. Aldehyde or Phosphorus ylide Alkene Triphenyl-
ketone (or phosphorane) [(E) and (Z) isomers)] phosphine
e C=0 becomes C=C. oxide
General Reaction
Reaction 1 (C(,HS),P:/EN/ CH=X—> (CH)P—CH X-
. . R"/ RI"
Formatlon Of the Yhde Triphenylphosphine An alkyltriphenylphosphonium
halide
RH R"
. + VAN = + /
Reaction 2 (C6H5)3P—C\—H :B— (C6H5)3P—C<\— + H:B
R”l RNI

A phosphorus ylide
Specific Example
. C.H, +
Reaction 1 (C¢Hs),P: + CH,Br ——  (C(H;),P—CH, Br-
Methyltriphenylphosphonium

bromide
(89%)

- +
Reaction 2 (C¢H;);P—CH; + CH;Li — (C(H;);P—CH,:~ + C(H, + LiBr
Br-
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(C-Nu) Mechanism of Wittig Reaction

* The negative C on ylide attacks the positive C of carbonyl to form a
betaine.

* Oxygen combines with phosphine to form the phosphine oxide.

+
PhP O

el H3C\ L] CH

e D — / 3
PhgP—CHCHg | =0 > H—C—C
Ph CH; Ph

ylide carbonyl

betaine alkene



(C-Nu) Wittig Reaction - contd...

* Can be used for monosubstituted, disubstituted, and trisubstituted
alkenes but not tetrasubstituted alkenes The reaction yields a pure
alkene of known structure

 For comparison, addition of CH;MgBr to cyclohexanone and
dehydration with, yields a mixture of two alkenes

CH3 CH,
1. CH3MgBr
2. POCl3 +
0]

1-Methylcyclohexene Methylenecyclohexane
(9: 1 ratio)
CH-
Cyclohexanom\ (C6H5)3;—6H2, iL
THF solvent

Methylenecyclohexane
(84%)

ar (C6H5)3P:O



(O-Nu) Addition of Water

Mechanism
Formation of Hydrate (gem diol) ts_:ﬁf\H %/H
* In acid, water is the nucleophile. Y e carbonyloxygen S H
2 i b tele s e worclzop . el

carbon more strongly
electrophilic

(R HO\ /C)H 2 | The neutral nucleophile G+ HO
C + HZO C :OH> adds to the \ o
H/ \H d \H K = 2000 electrophilic carbon, 107
pushing the 7 electrons k‘i
from the C=0O onto ﬂ||
oxygen. The oxygen
becomes neutral, and the
! :OH
(l? HO\ /OH nucleophile gains the + -(I)H 7 ( ‘
+
C + H,0 N charge. AL LH
~ / = 0]
CHy” “CHg CHy” 'CHz K =0.002 /S
H

EJ \ater deprotonates the
intermediate, giving the
neutral hydrate addition BH
product and regenerating
the acid catalyst H;O™.

Cw + H30*

Hydrate 10
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(O-Nu) Addition of Alcohol - Acetals

 Reaction of alcohol with aldehyde gives acetals
* Reaction of alcohol with ketone gives ketals

O

I gt R'O\ /OR’

_C__ + 2R—OH == —c + H,0
R H R H

aldehyde acetal

O

|| i+ R”O\ /ORH

/C\ + 2 R'"—OH — /C\ + H,0
R R’ R R’

ketone acetal (IUPAC)

ketal (common)
Copyright © 2005 Pearson Prentice Hall, Inc.

H

| .
R R O-R’ R 0O—R’
N N4 N

C=0 + HO—R'=— ( — C
/S G - VRN /N
H H O i H Q—H
Aldehyde Alcohol Hemiacetal
(or ketone) (usually too unstable to isolate)
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(O-Nu) Mechanism of Acetal Formation

* Is acid-catalyzed.

* Adding H* to carbonyl makes it more reactive with weak nucleophile,
ROH.

* Hemiacetal forms first, then acid-catalyzed loss of water, then addition
of second molecule of ROH forms acetal.

* All steps are reversible.

e Mechanism - next slide......



(O-Nu) Mechanism of Acetal Formation
AT

’ 0 Rr . " !
H H R'— :0—R
Ne=6" HS0—R — \cm-é R — | L e 5
— L —UTR —— - U7 R —— H—C—O—H H—C—O—H + H—O—R
R/ o+ 8% | . S (N | | [ = |
H H g R R H
Proton transfer to the Nucleophilic addition of the Proton removal from the positive oxygen results in
carbonyl oxygen first alcohol molecule formation of a hemiacetal.
R’ ”
0 R (/ ‘ . 0 _R’ H
i H— C O H=< - H—C—OH,* —— C=0 + H,O
. / N,
R R R R
Protonation of the hydroxyl group leads to elimination of water
and formation of a highly reactive oxonium cation.
|
. .
H ! ‘O—R’ N :0—R’
\ R'—O—H . R'—0—H .
C=0 = ~H—C—O—R’= ~H—C—O—R’ + R'OH,"
/ <)+ s ‘ .

, |
R R R

Attack on the carbon of the oxonium ion by a second molecule of the alcohol, followed by
removal of a proton, leads to the acetal.
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(O-Nu) Hydrolysis of the Acetal

* Since all acetal formations are reversible; they can be converted
back to aldehyde or ketone using water.

R. OR G
% H,0* I
C + H,O ———R—C—H + 2R'OH
/7 \ (several
H OR’ steps)

Acetal Aldehyde



(O-Nu) Cyclic Acetals

 Addition of a diol produces a cyclic acetal.

» Sugars commonly exist as acetals or hemiacetals.

R HOCH, unor "\ 0 ('
/C=O + e /C\ + H,O
R ELEIEI R 0O—CH,
Ketone (excess) Cyclic acetal
R! R Rr
N/ 0O—GH; HO*  \ CH,OH
L +H0 <= C=0+ |
R* "0—CH, R 8125051

Aldehydes and Ketones Reactions
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(O-Nu) Acetals as Protecting Groups

 Acetal protecting groups are stable to most reagents except aqueous acid

» Aldehydes more reactive than ketones so if there is an aldehyde and
ketone to protect then aldehyde will be protected first.

« Example: An ester can be reduced in the presence of a ketone protected
as an acetal

O 0

[ 0 [ ~0
0 COC,H, - | COCH, (1) Lial, { | CH,0H po+ O CH,OH
HOCH,CH,OoH O~ Et,0O 0~ H,0 @/
2) H,0 )




(N-Nu) Addition of Ammonia and Amines

« Ammonia, 1° aliphatic amines, and 1° aromatic amines react with the
C=0 group of aldehydes and ketones to give imines (Schiff bases).

+
H
<:>=O t NHy === NH + H; O

Cyclohexanone Ammonia An imine
(a Schiff base)

o) +
]
CH3CH + HZNO e CH3CH=N—© + H,0

Acetaldehyde Aniline An i_mine
Formation of an imine (a Schiff base)

H

occurs in two steps: g Y g
y G — o o
Step 1: Carbonyl addition L+ HpNR === —C—NR === —C—NR
followed by proton - P
transfer. .\
_H H. - H Y
H 0 (O \ 0y y
:\+ /—;C_ R — NR ‘_/C,_NR"' H—O' + H,O

- H Animine

.(I



(N-Nu) Other Ammonia Derivatives

. o Ht S .

/CZO + H,N—Z —> /CZN—-Z + H,0
ZinZ—NH, Reagent Product
—H Hzﬁ—-H ammonia >C=N—-H an imine
—R HZN — R |primary amine >C=N—-R an imine (Schiff base)
—OH HON — OH |hydroxylamine >C=N—- OH | an oxime
—NH, Hzl.\.I —NH, |hydrazine >C=N—- NH, | a hydrazone
—NHPh HZN — NHPh |phenylhydrazine >C=N —rNHPh | a phenylhydrazone

1 1 1
—NHCNH, H,N—NH—C—NH, ~C=N—{NH—C—NH,
semicarbazide a semicarbazone

Copyright © 2005 Pearson Prentice Hall, Inc.
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(N-Nu) Specific Reactions of Amines

* The reaction of carbonyl with 2,4-dinitrophenyl hydrazine is used as a
qualitative test. The product is usually a solid and a stable compound
(and orange!)

- NO, H NO,
I | X
N P
P HoN~ N-
H3C CH3 Tr —> (|_|; + H,0
NO, H3C” CHs NO,

Acetone 2,4-Dinitrophenyl- Acetone 2,4-dinitrophenyl-
hydrazine hydrazone (mp 126 °C)

» Wolf Kishner Reduction: Reaction with hydrazine followed by reaction
with KOH reduces the ketone to methylene.

0 NNH,  Deat




(N-Nu) Reactions with Secondary Amines

e Secondary amines react with the C=0 group of aldehydes and ketones

to form enamines.
Oro + w2 O + oo

Cyclohexanone Piperidine An enamine
(a secondary amine)

» The mechanism of enamine formation involves formation of a tetrahedral
carbonyl addition compound followed by its acid-catalyzed dehydration.

» We discuss the chemistry of enamines in more detail in amines.



Oxidation: Of Aldehydes

* Easily oxidized to carboxylic acids.

O O
I (0] I
R—C—H (oxidizing agent) R—C—OH
Examples 0 0
Na,Cr,04
CHR*(EH*C*H m CH3*(|:H*C*OH
CH, CH,
isobutyraldehyde isobutyric acid (90%)
@ @
Q/ ~g Ag,0 Q/ \OH
_—
THF/H,O
(97%)

Tollens Test:

¢ Add ammonia solution to AgNO; until precipitate dissolves. Aldehyde reaction
forms a silver mirror.

O O

| — HyO Il _
R—C—H + 2 Ag(NHs3)," + 3OH — 2 Ag + R—C—O + 4 NH3 + 2 H,O
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Oxidation: Of Ketones

lodoform Test
Methyl ketones oxidize to carboxylic acids with NaOH and KI.

O O

NaOH, KI -
+ CHI;

carboxylic acid iodoform (yellow ppt)




Reduction: Of Aldehydes and Ketones

* Sodium borohydride, NaBH,, reduces C=0, but not C=C.

* Lithium aluminum hydride, LiAlH,, much stronger, difficult to handle.
Catalytic Hydrogenation

 Hydrogen gas with catalyst also reduces the C=C bond.

e Raney nickel, fine Ni (or Pt or Rh) powder saturated with hydrogen

gas.
o OH
©7 Raney Ni ©<
> H




Reduction: Of Carbonyl to Methylene

e C(Clemmensen reduction if molecule is stable in hot acid.

O
I

C CH,CH,CHs
©/ “CHyCH3  zn(Hg)
—_— >
HCI, H)O

o Wolff-Kishner reduction if molecule is stable in very strong base.

CHy—c—H _ CHy—c—H  KOH CHy—ch
i H2N NH2 > i — > 3
@) NNH-

e Using thioacetal (like acetals but using thiols instead of alcohols)

R R S—CH,CH, R
N N S ‘ Raney Ni
C=0+ 2CH,CH,SH — C + H,O
/ . HA /N (H,)
H H S—CH,CH,

Thioacetal

N
_CH, + H—CH,CH,—H + Ni$



Key Concepts

1) Nucleophilic addition
a) Carbon nucleophile
i. Grignard reaction
ii. Addition of HCN
iii.  Wittig reaction
b) Oxygen nucleophile
i.  Addition of water
ii.  Addition of alcohol
c) Nitrogen nucleophile

2) Oxidation
3) Reduction



