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0 1-1Introduction of Aldehydes and ketones

aldehydes and ketones contain a carbonyl group. An aldehyde
contains at least one H atom bonded to the carbonyl carbon,
whereas a ketone has two alkyl or aryl groups bonded to it
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An aldehyde is often written as RCHO. Remember that the H atom is bonded to the carbon
atom, not the oxygen. Likewise, a ketone is written as RCOR, or if both alkyl groups are the
same, R2CO. Each structure must contain a C—O for every atom to have an octet.: v Two

structural features determine the chemistry and properties of aldehydes and ketones.
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e The carbonyl group is sp2 hybridized and trigonal planar, making it relatively
uncrowded.

e The electronegative oxygen atom polarizes the carbonyl group, making the
carbonyl carbon electrophilic. As a result, aldehydes and ketones react with
nucleophiles. The relative reactivity of the carbonyl group is determined by the
number of R groups bonded to it. As the number of R groups around the carbonyl
carbon increases, the reactivity of the carbonyl compound decreases, resulting in
the following order of reactivity:

Increasing reactivity towards nucleophiles

H R R

N\ N\ N\
C=0 C=0 C=0
/ / /

H H R

Increasing steric hindrance

* Increasing the number of alkyl groups on the carbonyl carbon
decreases reactivity for both steric and electronic reasons, as
discussed in Section 20.2B.



0 1-1,1 Aldehydes and Ketones
Aldehydes (RCHO) and ketones (R2CO) are similar in structure in

that both classes of compounds possess a CRO bond, called a

CarbOI‘Iy| g'““"‘ Carbonyl group
| A
R H R R
An aldehyde A keton.}l

* The carbonyl group of an aldehyde is flanked by a hydrogen atom, while the
carbonyl group of a ketone is flanked by two carbon atomes. Aldehydeg and ketones

are responsible for many flavor and odors that you will readily recognize:
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Many important biological compounds also exhibit the carbonyl group,
including progesterone and testosterone. the female and male sex hormones
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* Simple aldehydes and ketones are industrially important; for example:
0 0

M M

H H H;C CHj
Formaldehyde Acetone

Acetone is used as a solvent and is commonly found in nail polish remover, while formaldehyde is used as a
preservative in some vaccine formulations. Aldehydes and ketones are also used as building blocks in the
syntheses of commercially important compounds, including pharmaceuticals and polymers. Compounds
containing a carbonyl group react with a large variety of nucleophiles, affording a wide range of possible products.

Due to the versatile reactivity of the carbonyl group, aldehydes and ketones occupy a central role in organic
chemistry.



1-2 Reactions of Aldehydes and Ketones— General Considerations
Let’s begin our discussion of carbonyl reactions by looking at the two general kinds of reactions that aldehydes and

ketones undergo.

electrophilic carbonyl carbon makes aldehydes and ketones susceptible to nucleophilic addition reactions. The
elements of H and Nu are added to the carbonyl group.

General reaction— O OH
Nucleophilic addition |C|3 [1]:Nu~ [2] H,O | H and Nu
R/ \H Rl g R_C_H(R') i
(R) or | are added.
HNu: Nu

¢ |£] Keaction at tne carpon
* Enolates are nucleophiles, and so they react with electrophiles to form new bonds on the " carbon

* Aldehydes and ketones react with nucleophiles at the carbonyl carbon.

* Aldehydes and ketones form enolates that react with electrophiles at the " carbon.
electrophile
General reaction :C”): o O: P 8 :?:
at the o carbon oG S, N (IL, e —.E ~C
R CH_.—H B ' R o S R CHzTE
o carbon [ new bond on the
o carbon
:'Clj:—

—

—C=
R CH, + H—B*

resonance-stabilized
enolate anion



1-5 I'he General lviechanism ot Nucieopniiic Addition (1)

Two general mechanisms are usually drawn for nucleophilic addition, depending on the
nucleophile (negatively charged versus neutral) and the presence or absence of an acid catalyst.
With negatively charged nucleophiles, nucleophilic addition follows the two-step process

General Mechanism—Nucleophilic Addition (1)
.O: NP (3 . e In Step [1]. the nucleophile attacks the
418 10 H—OH ‘?H carbonyl group, cleaving the = bond and
R’f‘C\H (R) ] > R—é—H(R') 2] > R—C—H(R) moving an electron pair onto oxygen. This
{'N r\IJu I‘llu forms an sp® hybridized intermediate with a
i B p - new C—Nu bond.
[ sp® hybridized I addition product

e In Step [2], protonation of the negatively
charged O atom by H,O forms the addition
product.

nucleophilic attack protonation + “OH

General Mechanism—Acid-Catalyzed Nucleophilic Addition (1)

Step [1] Protonation of the carbonyl group

My

—

:9:” TTH—A OH SH

~C_ B o -— _C_ -+ A = Protonation of the carbonyl oxygen forms a

b H(R) [1] R H(R’) R+~ H(R) resonance-stabilized cation that bears a full
two resonance structures positive charge.

protonation

Steps [2]-[3] Nucleophilic attack and deprotonation

:OH :OH :OH = In Step [2], the nucleophile attacks, and then
: R—(!:—H(R') R—C—H(R") deprotonation forms the neutral addition

|
C_ 3
R  H(R) 21 +I’I\lu 31 rll product in Step [3].
| -INU
H—Nu:~ 1 8'_|1 e 1 & R e The overall result is the addition of H and Nu
nucleophilic attack R deprotonation to the carbonyl group.



1-4 Formation of Cyanohydrins (4)

Hydrogen cyanide is a toxic, water-soluble liquid that boils at 26 °C. Because it is mildly acidic, HCN is

sometimes called hydrocyanic acid. The conjugate base of hydrogen cyanide is the cyanide ion Cyanide

ion is a strong base and a strong nucleophile. It attacks ketones and aldehydes to give addition products

called cyanohydrins. The mechanism is a base-catalyzed nucleophilic addition, as shown in Mechanism

18-4. Cyanide ion attacks the carbonyl group, forming an alkoxide ion that protonates to give the
cvanohvdrin.

(H—C=N) H=C=N: + B0 — 00" + (=N ok, =)

| KCN
2 =g HCN il PR

H
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CHCH:™ 3 —H CH.C

propanal

* Mechanism -Formation of Cyanohydrins

Srep 2 Protonation gives the cyanohydnn.

Srep - Cyamde adds to the carbonyl.
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kctone or aldchydc intoermoedeate cyanohwvdron

EXAMPLE: Fornmmation of benzaldehyde cyanohydrin.
Srep - Cyanide adds to the carbonyl. Sfep 2 Protonation gives the cyanohydrin.
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1-5 Reactions Of Aldehydes And Ketones With Sulfur Nucleophiles

Aldehydes and ketones react with thiols (the sulfur analogues of alcohols) The mechanism for the addition
of a thiol is the same as the mechanism for the addition of an alcohol Thioacetal formation is useful in
organic synthesis because a thioacetal is desulfurized when it reacts with H2 and Raney nickel.
Desulfurization replaces the C—S bonds with C—H bonds.

L SCH-
Il = HO i
R/C\R —+ > g«l;Sﬁ{_ : I-l—'Cl’—**R - HO
gt -2 = meaT D SC]-!;

= thioaoc=tal

S
HCO
s EST s SEd : ij = HO
1. G propansadithiol

=2 thiocacetal

Thus, thioacetal formation followed by desulfurization provides a way to convert a carbonyl grou into a
methylene group.

S S H H




1-6 Reaction Of Aldehydes And Ketones With Carbon Nucleophiles

Grignard Reagents When treated with a Grignard reagent, aldehydes and ketones are

convertad intn alrnhnle arcnmnaniad hv tha farmatinn af a new CIC hond:
o

H,C_ OH
(@) OH

- > _——
2) H:0O H 2H0 H" CH,

The mechanism of action for these reagents has been heavily investigated and is fairly

ieﬂg«lgéition of 1° Amines ( Formation of Imine)

We now move on to the reaction of aldehydes and ketones with nitrogen and oxygen hetero
atoms. Amines, for example, are organic nitrogen compounds that contain a nonbonded
electron pair on the N atom. Amines are classifi ed as 1°, 2°, or 3° by the number of alkyl

groups bondedto the nitrogen atom

R—fﬂ—H R—N—H R—N—R
v R R
1° amine 2° amine 3 amine

(1 R group on N) (2 R groups on N) (3 R groups on N)



replacement of C— O by C—NR

R :OH R
Imi for . 'C_(‘j H”NHE ] - _HED 5 .
mine formation o= : _ R—C—NHR" C=N
=1 mild acid |
R' R’ R
R' = H or alkyl carbinolamine imine

e Because the N atom of an imine is surrounded by three groups (two atoms and a lone
pair), it is sp2 hybridized, making the C —N- R" bond angle ~120° (not 180°). Imine
formation is fastest when the reaction medium is weaklv acidic

Examples o CH,NH, & \\—N + H.O
mild acid I 2

CHa,
> I S
CHa { )—NH, CHy
c=0 — C=N + H,0
/ mild acid
CHa

ol &



[l MECHANISM- Imine Formation from an Aldehyde or Ketone

Part [1] Nucleophilic addition forms a carbinoclamine.

R 1] e (2] A
/CiQ: R—C—NHs-R" R—C—NHR"
K ) T ;_1; proton le
<z transfer
R"NH5 nucleophilic carbinolamine
attack

= Nucleophilic attack of the amine followed
by proton transfer forms the unstable
carbinolamine (Steps [1]-[2]). These steps
result in the addition of H and NHR" to the
carbonyl group.

Part [2] Elimination of H,O forms an imine.

— s e
“H—OH +
. &l He. [4] ;S = .
S e R—C-—NHR" C=NR" =——= C=N
R’ e _— T  Shie R R
T [ HoO0: imine
elimination s '®
of H,O - - - gt
C—NR
"
R H

resonance-stabilized
iminium ion

1-8 Addition of 2° Amin( Formation of Enamines)

e Elimination of H>-O forms the imine in three
steps. Protonation of the OH group in Step [3]
forms a good leaving group, leading to loss of
water in Step [4], giving a resonance-stabilized
iminium ion. Loss of a proton forms the imine
in Step [5].

e Except for Steps [1] (hucleophilic addition)
and [4] (H>-O0 elimination), all other steps in the
mechanism are acid—base reactions—that is,
moving a proton from one atom to another.

(1)

A 2° amine reacts with an aldeh\‘de or ketone to give an enamine. Enamines have a

nitrogen atom bonded to a doub

$O HO: NR,

R.NH
Enamine formation R'&H 2 R' &H

R' = H or alkyl

Y

carbinolamine

—H,0

e bond (alkene + amine = enamine)

oy

enamine



1-9 Hydration of Ketones and Aldehydes
(4)

In an aqueous solution, a ketone or an aldehyde is in equilibrium with its
hydrate, a geminal diol. With most ketones, the equilibrium favors the

1y R~ OH
unh\ = . NG [hydrate]
C—0 —+ H_O -_— == X =
~ = 7 TN [ketone ]| H.O]
R R OH -
ceto form yvdrate
K g hyd

(a geminal diol)
Fxample
‘”’ HQ OH
CH, €& CH, —+ H. O -_— <EXL, .'C'——~C‘.H7, K = 0.002

MECHANISM-Hydration of Ketones and Aldehydes In Acid

The acid-catalyzed hydration is a typical acid-catalyzed addition to the carbonyl group. Protonation. followed by addition
of water, gives a protonated product. Deprotonation gives the hydrate.

Step 1: Protonation. Step 2: Water adds. Step 3: Deprotonation.
s e . )
(") N Cl), =(|)—H =(|)—H
H,0O"
C — C — R—C—R — R—C—R
/7 \ /7 W\

-. |
R R R | R :0 :0O—H
H,0:+" H™ H H.O*



In Base
The base-catalyzed hydration is a perfect example of base-catalyzed addition to a carbonyl group. The strong nucle-
ophile adds. then protonation gives the hydrate.

Step 1: Hydroxide adds. Step 2: Protonation.
s O\ :6:. —— | OH
HO =, [~ L Teghm ] |
C — HO—C—R T— 2 HGO—0—R" OH
/N o] |
R R R R

* In basic conditions, a strong nucleophile usually adds directly to the carbonyl group. In acidic conditions,
strong nucleophiles are rarely present. An acid (or Lewis acid) usually protonates the carbonyl to activate it
toward attack by a weak nucleophile.



1-10 REACTIONS OF ALDEHYDES AND KETONES WITH A PEROXYACID (3)

Aldehydes and ketones react with the conjugate base of a peroxyacid to form carboxylic acids and esters,
respectively. Recall that a peroxyacid contains one more oxygen than a carboxylic acid and it is this oxygen that is
inserted between the carbonyl carbon and the H of an aldehyde or the R of a ketone (see the top of the next page]
The reaction is called a Baeyer-Villiger oxidation. It is an Oxidation reaction because the number of C-O bonds
increases. A particularly good reagent for a Baeyer-Villiger oxidation is peroxytrifluoroacetate ion

0 i i i
@ + ., e i + G
R~ TH CFz~ 00 R~ TOH CF3;~ SO~ e 2 e
; 3 Aldehydes are oxidized to
aldehyde cartunyylic:add carboxylic acids by a peroxyacid.
O O O O Ketones are oxidized to
| | I | esters by a peroxyacid.
~ C R ® C - ' ~ C e 2 C ~ra—
R R CF3~ 00 R OR CFy O
ketone ester

* |f the two alkyl substituents attached to the carbonyl group of the ketone are different, thenon what side of

the carbonyl carbon is the oxygen inserted? For example, does the oxidation of cyclohexyl methyl ketone
form methyl cyclohexanecarboxylate or cyclohexyl acetate?

i if T T
S .. CF3C00™ PR . N or Y 2
CH 3 \‘ OCH 3 '!:\_ o O CH 3
-~ JJ L P N/
cyclohexyl methwyl methwyl cyclohexyl

ketone cyclohexanecarboxylate acetate



Mechanism For The Baeyer-villiger Oxidation

B i e, i ||
_C. + CF;CO0T — R-C—FR’ — C___ + CFCO™

R~ 4 R’ |
" R g L OCCF,

a weak O—0O bond O

unstable
intermediate

e 1-11 The Wittig Reaction

* The Wittig reaction uses phosphorus ylides (called Wittig reagents ) to convert aldehydes
and ketones to alkenes

R A

\ 2 =2 g J e ) &
/C'=O = (CsHs)sP—C —_— >C=k. = (CgH-):P—O
R’ B R B
Aldehvde or Triphenviphosphonnmm Alkene Tnphenviphosphine
ketone viide

Wittig reactions may be carried out in a number of different solvents; normally
tetrahydrofuran (THF) or dimethyl sulfoxide (DMSO) is used.

<_>=o F(CHWP—Cl —— < \ CH: + (CeHs):P—O

Cyclohexanone  Methylenetriphenyl- Methvlenecyclohexane Tnphenylphosphime
phosphorane (86%) oxade



MECHANISM-The Wittig Reaction

Step 1: The ylide and the aldehyde or ketone combine to formm an oxaphosphetane.

B R A __ B R' A
= — R—C— 1'—}3
= J) ,-.l: C H.D, 1
= -~ o (C,_H<)_‘
Aldehyde Triphenylphosphonium O=xaphosphetans
or ketones vizd=

Step 2: The oxaphosphetane dissociates 10 an alkene and tnphenylphosphine oxide.

R A
R—é—t—t —B — \C—Cf' + tO—P(C.H.).
<, é)— (CH.)- -4 B
O=xaphosph=tans Alkene Trnphenyiphosphine

oxade

give an alkene and triphenylphosphine oxide. Presumably the direction of dissociation of the oxaphosphetane is dictated by
the strong phosphorus—oxygen bond that results. The POO bond strength in triphenylphosphine oxide has been estimated to

be greater than 540 kJ/mol (130 kcal/mol). _ -
O—CHO + PhP—CHCH; —— CH=CHCH;

Benzaldehyde Ethylidenetmphenyiphosphorane Prop-1-enyibenzens
(©8% yield. 87°% Z, 13% E)

\ )—CHO + PmP—CHCOCHCH;, ——s <_>-c/

C—CO,CH,(CEH;

Benzaldehyde (Carboethoxymethylidens)- Eth}l cinnamate
triphenylphosphorane (77%, only E)



