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Introduction

Two broad classes of compounds contain a carbonyl group:

i
e

carbonyl group

[1] Compounds that have only carbon and hydrogen atoms bonded to the

carbonyl group:-

» An aldehyde has at least one H atom bonded to the carbonyl group.

* A ketone has two alkyl or aryl groups bonded to the carbonyl group.

atleast 1 H
O
I l I
R™ TH R™ TR =— 2 R groups
aldehyde ketone

[2] Compounds that contain an electronegative atom bonded to the carbonyl

group.

i i i i
R OH R Cl R OR' R N
|
carboxylic acid acid chloride ester amide
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The carbonyl carbon atom is sp2 hybridized and trigonal planar, and all bond
angles are ~120°. The double bond of a carbonyl group consists of one ¢ bond
and one w bond. The © bond is formed by the overlap of two p orbitals, and
extends above and below the plane. In these features the carbonyl group

resembles the trigonal planar, sp2 hybridized carbons of a C — C double bond.

1t bond

0.

“c=0 = 1200 PP X

7 x

sp? hybridized trigonal planar

¢

Q
(o)
o]
= |
Q.

In one important way, though, a C=0 and C=C are very different. The
electronegative oxygen atom in the carbonyl group means that the bond is
polarized, making the carbonyl carbon electron deficient. Using a resonance
description, the carbonyl group is represented by two resonance structures,

with a charge-separated resonance structure a minor contributor to the hybrid.

A A \OF &

c=0: <«— -0 C=0:

VARV, /T /S

the major contributor ~ a minor contributor hybrid
to the hybrid to the hybrid

polarized carbonyl

Two structural features determine the chemistry and properties of aldehydes

and ketones.

23 of 3Page



The carbonyl group is sp2 hybridized and trigonal planar, making it relatively

uncrowded.

 The electronegative oxygen atom polarizes the carbonyl group, making the

carbonyl carbon electrophilic.

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\ H‘k H‘k
C=0 c=0 c=0
/ / ;

H I R

Increasing steric hindrance

Problem Rank the compounds in each group in order of increasing reactivity

towards nucleophilic attack.

0 0 0
a. CHaCH=0 CH=0 (CHg),C=0 b. \é \é/ 6

Solution:-

a.  (CHiy,C=0 CHsCH=0 CH,=0 b, <:§:0 <:§=o <:>=o

2Rgroups 1R group O0R groups

Increasing reactivity
decreasing alkyl substitution Increasing reactivity
decreasing steric hindrance
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Problem  Explain  why benzaldehyde is less reactive than
cyclohexanecarbaldehyde towards nucleophilic attack.

©/CHD UCHO

benzaldehyds cyclohexanecarbaldehyde

Solution:-
@,CHD : CHO
benzaldehyde cyclohexanecarbaldehyde
HpHES :(}‘._ :(}:_ (}_
i | + | |
C.\__ r\ C-;_‘ C'\-\, /C.\__
H +7H Z""H H
- - -IZ—F-+
0O IEI)L) I :{IJ:
C. C

|

||:
C.. .
H ©/+H A H
_'_

2. Nomenclature

IUPAC and common name is used for aldehydes.
Naming Aldehydes in the IUPAC System.

In IUPAC nomenclature, aldehydes are identified by a suffix added to the
parent name of the longest chain. Two different suffixes are used, depending
on whether the CHO group is bonded to a chain or a ring.
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To name an aldehyde using the IUPAC system:

[1] If the CHO is bonded to a chain of carbons, find the longest chain

containing the CHO group, and change the -e ending of the parent alkane to

the suffix -al. If the CHO group is bonded to a ring, name the ring and add the

suffix -carbaldehyde.

[2] Number the chain or ring to put the CHO group at C1, but omit this

number from the name.

Apply all of the other usual rules of nomenclature.

Problem Give the IUPAC name for each compound.

CHj 0

| A
a. CHSCH(?H—C\

CH, H

Solution:-

CHO
(I
CH,CH,

a. [1] Find and name the longest chain [2] Number and name substituents:
containing the CHO:
CHa o) CH5 0
| 7 | 7 d
CHH,EH'II:H—Qh CHSGHIISH—GN
CH,q / CH, T H
Cc3 Cc2 C1
butane —— butanal ) i
(4 C's) Answer: 2,3-dimethylbutanal
b. [1] Find and name the ring bonded [2] Number and name substituents:

to the CHO group:
CH,CH4
cyclohexane + carbaldehyde
(6 C’s)

C1
Ql:cm:-
FCH,CH,
c2

Answer:
2-ethylocyclohexanecarbaldehyde
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Problem Give the IUPAC name for each aldehyde.

CHO

a. (CH;)3CC(CH,),CH,CHO b. c. Cl

Cl

Solution:-
d. (CH3)3CC(CH45),CH,CHO 4
){Y/\(H 5 ] 32 1H
I
/N O O

5 C chain = pentanal  3,3,4,4-tetramethylpentanal

CHO

b. ]

|

8 C chain = octanal 2,5,6-trimethyloctanal
CHO o 1 CHO
C.
Cl Cl
4 Cring = 3,3-dichlorocyclobutane-
cyclobutanecarbaldehyde carbaldehyde

Problem Give the structure corresponding to each IUPAC name.
a. 2-isobutyl-3-isopropylhexanal

b. trans-3-methylcyclopentanecarbaldehyde

c. 1-methylcyclopropanecarbaldehyde

d. 3,6-diethylnonanal
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Common Names for Aldehydes
many simple aldehydes have common names that are widely used.

* A common name for an aldehyde is formed by taking the common parent

name and adding the suffix -aldehyde.

The common names formaldehyde, acetaldehyde, and benzaldehyde are

virtually always used instead of their IUPAC names.

i
O O
[l [l C. H
H H CH; H
formaldehyde acetaldehyde benzaldehyde
(methanal) (ethanal) (benzenecarbaldehyde)

Greek letters are used to designate the location of substituents in common
names. The carbon adjacent to the CHO group is the a carbon, and so

forth down the chain.

Start lettering here.

Q.
F}b—c—c—c—cm
o B oy o
B carbon
C2 or o carbon or
C3 C1
CHaEHeno /WH @CHECHD
Cl o
2-chloropropanal 3-methylpentanal phenylethanal
(ct-chloropropionaldehyde) (B-methylvaleraldehyde) (phenylacetaldehyde)

(Common names are in parentheses|.)
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3. Physical Properties

Aldehydes and ketones exhibit dipole—dipole interactions because of their
polar carbonyl group. Because they have no O — H bond, two molecules of
RCHO or RCOR are incapable of intermolecular hydrogen bonding, making
them less polar than alcohols and carboxylic acids. How these intermolecular
forces affect the physical properties of aldehydes and ketones is summarizedin
Table.

Table Physical Properties of Aldehydes and Ketones
Property Observation

Boiling point | * For compounds of comparable molecular weight, bp's and mp’s follow the usual trend: The stronger the

and intermolecular forces, the higher the bp or mp.
melting point
CH,4CH,CH,CH,CH, CH,CH,CH,CHO CH,CH,CH,CH,0H
VDW VOW,DD MW =72 VDW, DD, HB
MW =72 bp76°C MW =74
bp 36 °C bp 118°C
CH,CH,COCH,
VOW,DD MW =72

bp80°C

Increasing strength of intermolecular forces
Increasing boiling point

Solubility + RCHO and RCOR are soluble in organic solvents regardless of size.
*+ RCHO and RCOR having <5 C's are H,0 soluble because they can hydrogen bond with H,0 (Section 3.4C).

* RCHO and RCOR having > 5 C's are H,0 insoluble because the nonpolar alkyl portion is foo large to dissolve in
the polar H,0 solvent.

Key: VOW = van der Waals, DD = dipole-dipole, HB = hydrogen bonding, MW = molecular weight
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4. Preparation of Aldehydes

Aldehydes can be prepared by a variety of methods. Because these reactions

are needed for many multistep syntheses, summarizes earlier reactions that

synthesize an aldehyde.

Common Methods to Synthesize Aldehydes

Aldehydes are prepared from 1° alcohols, esters, acid chlorides, and alkynes.

By oxidation of 1°

(@]
Icohol ith PCC PCC I
alconols wi RCH,—OH | _Co
R H
1° alcohol
* By reduction of esters o o
and acid chlorides ,:IJIHN [1] DIBAL-H {g
R OR' T
[2] H,O R H
ester
O .
il [1] LIAIH[OC(CHg)sls o
~Cn » C
R Cl [2] H,O R™ TH
acid chloride
* By hydroboration—
1]1BH ©
oxidation of an R—C=C—H [11BH, ;%
alkyne alkyne [2] H,O,.7OH RCHz H
=~ cll‘/ﬁ‘“ oxidation state
| - —O—(%r—cl
< o
H
pyridinium chlorochromate
PCC
?G(CHaJs
FH = [(CH;),CHCH,),AIH Li+ H—;T;I_—OC(CHals = LiAIH[OC(CH;);];

8
7_/

diisobutylaluminum hydride
DIBAL-H
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Problem What reagents are needed to convert each compound into
acetophenone (C6H5COCHS3):

(a) benzeae; (b) CgHsCOCI; (c) CgHsC=CH?

) e oy
e e @*
N S

H,S0,
HgSO,

Solution:-

5. Reactions of Aldehydes
the two general kinds of reactions that aldehydes and ketones undergo.

Reaction at the carbonyl carbon
the uncrowded, electrophilic carbonyl carbon makes aldehydes and ketones

susceptible to nucleophilic addition reactions.

General reaction—
Nucleophilic addition '

-~

0O=0

- A . H and Nu
H(R) or C—H(R"

O
[1]:Nu” [2] HO I
| are added.

HNu: N
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The General Mechanism of Nucleophilic Addition

In Step [1], the nucleophile attacks the carbonyl group, cleaving the © bond
and moving an electron pair onto oxygen. This forms an sp3 hybridized

intermediate with a new C — Nu bond.

In Step [2], protonation of the negatively charged O atom by H20 forms
the addition product.

{E) Mechanism General Mechanism—Nucleophilic Addition

Y
. I. o * &

et :E:lf::?’ “H-OH :Ele

L ——— R-C—HR R—C—H(R’
RZHR) ) ) 2] —HE)
Lo Mu MNu

*Nu T o I

sp hybridized addition product
nucleophilic attack protonation + :OH

Protonation of the carbonyl oxygen forms a resonance-stabilized cation that
bears a full positive charge.

In Step [2], the nucleophile attacks, and then deprotonation forms the neutral
addition product in Step [3].

* The overall result is the addition of H and Nu to the carbonyl group.
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{2) Mechanism 2 General Mechanism—Acid-Catalyzed Nucleophilic Addition

Step [1] Protonation of the carbonyl group

:0f H—A :OH :OH
i g Eo
R™TH(R) [1] R™ TH(R) R™=TH(R) )
two resonance structures
protonation
Steps [2]-[3] Nucleophilic attack and deprotonation
:OH ::?H :E?H
|
L. =~ —— R-C-HR) ——— R-C—H(R)
Rt H(R) [2] ol [3] [
| T !Nu T :Nu

nucleophilic attack H\x__fﬁ deprotonation

Nucleophilic Addition of H- and R-

Treatment of an aldehyde or ketone with either NaBH4 or LiAlH4 followed
by protonation forms a 1° or 2° alcohol. NaBH4 and LiAlIH4 serve as a source
of hydride, H:—the nucleophile—and the reaction results in addition of the
elements of H2 across the C — O wt bond. Addition of H2 reduces the carbonyl

group to an alcohol.

0 OH ]
: I NaBH H,0
General reaction _C.. @ =, H—(:E—H{H'} addition of Hy
LiAlH, H «—

R™  H(R) or
1% or 2° alcohol
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0 :??’“W\ ~ :OH
]

|
L. —————* CH4 CH,—C—H CH;CH,—C—H + Li* "OH
CHzCHz* H [1] [2] |l|
_|
Li* HzAl=—H T + AlH, T 1° alcohol
nucleophilic attack protonation

Treatment of an aldehyde or ketone with either an organolithium (R"Li) or
Grignard reagent (R"MgX) followed by water forms a 1°, 2°, or 3° alcohol
containing a new carbon— carbon bond. R"Li and R"MgX serve as a source of
a carbanion (R")——the nucleophile—and the reaction results in addition of

the elements of R" and H across the C — O & bond.

: o] OH
G I t "
eneral reaction (Ijl: R"MgXx . H,O , H—(lj—H(F!'}l | addition of
R SHR) or R"andH
H"Li / 11} .
aldehyde or ketone
new C—C bond

1, 2°, or 3° alcohol

0O 18 T y :0H
fl | \"HI'—DH | .
c. —— CH;CH,—C—H —_— CH,CH.—C—H + Li+ OH
IlI.'l
Ob ] |
nucleophilic attack protonation

2° alcohol
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Problem Draw the products of each reaction.

0 0
. /\)J\/ NaBH, ) g [1] CH,=CHMgBr
(CHg)sC

CHLOH 2] H,0
Solution:-
/\)Jv Lt /\BEH/
CHzOH
OH
/O? (1] DHE—GHMgBr CH=CH,
GHS)SG 2]

(CH3)5C

Nucleophilic Addition of CN-

Treatment of an aldehyde or ketone with NaCN and a strong acid such as HCI

adds the elements of HCN across the carbon—oxygen m bond, forming a

cyanohydrin.

Q NaCN QH

Nucleophilic addition of HCN ,,G — > R—C—H(R)
“H(R) HCI |

CN

“HCN™ cyanohydrin
Example |t|-'|:l NaCN ':|:III-I
_C — CH;—C—H

CH; H HCI ¢|:F~|_ new C—C bond
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In Step [1], nucleophilic attack of —CN forms a new carbon—carbon bond with

cleavage of the C — O « bond.

«In Step [2], protonation of the negatively charged O atom by HCN forms the
addition product. The hydrogen cyanide (HCN) used in this step is formed by
the acid—base reaction of cyanide (-CN) with the strong acid, HCI.

{ \5 Mechanism Nucleophilic Addition of "CN—Cyanohydrin Formation
0

™ .
0 :0~ “H-CN :OH
G0 " R-C-HR) — 5 R-C-HR
R7CHR) [ RA=C—H(R) 2] R)
i p C=N: ! C=N:
C=N:
nucleophilic attack protonation = addition product
+ “CN

Problem Draw the products of reaction.
CHO
NaCN
HCI

The additions of H—, R—, and —CN all involve the same two steps nucleophilic

The Wittig Reaction

attack followed by protonation. Although they still involve attack of a
nucleophile, the initial addition adduct is converted to another product by one

or more reactions.

s |
PhaP—C\
The Wittig reaction H\ F'\ /
JC=D > fc:c + Ph;P=0
(RH T (R)H \ : .
Wittig reagent trlphenylphosphme
alkene oxide
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Examples CH; Ph;P—CH; CH;

%, N
C=0 C'_—CHE
/ J/
H T H
PhyP—CHCHs

Wittig reagents

L

Wi s L/
@— P=C~ abbrevialedas PhyP—C~
\ \

an ylide

(+) and (-) charges on
Wittig reagent adjacent atoms

Two resonance structures for the Wittig reagent

N/ /
Phaﬁ‘—t\; < PhpP=C

Wittig reagents are synthesized by a two-step procedure.
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Step [1] 842 reaction of triphenylphosphine with an alkyl halide forms a phosphonium salt.

/f—\ Ilr\‘ +
Ph.P: + RCH;X —— Ph.,P—CH,R + X
Sy2
triphenylphosphine " phosphonium salt
nucleophile

Step [2]  Deprotonation of the phosphonium salt with a strong base (:B) forms the ylide.

He "“"“EB Typical strong base:

+ X | "
PhP—CHR —— ppp—HR + H—B* | CH;CH,CH,CH,—Li

X ylide Bu—Li
phosphonium salt

.r"__'a_\\
PhP. + CHyBr —— Php &H BTN Php—CH, < PhP=CH, + Bu—H

1] B 2 butane
r, two resonance siructures
methyl?nphenyl-r for the ylide + LiBr
phosphonium bromide

* Step [1] Form the phosphonium salt by Sy2 reaction of PhsP: and CH;Br.
* Step [2] Form the ylide by removal of a proton using BuLi as a strong base.

Problem Draw the products of the following Wittig reactions.

b. Q:D + PhyP=CHCH,CH,CH,CH, —

23 of 18Page



Mechanism of the Wittig Reaction

Step [1] forms two bonds and generates a four-membered ring. The negatively
charged carbon atom of the ylide attacks the carbonyl carbon to form a new
carbon—carbon ¢ bond, while the carbonyl O atom attacks the positively

charged P atom.

» This process generates an oxaphosphetane, a four-membered ring containing

a strong P — O bond.

In Step [2], Ph3P=0 (triphenylphosphine oxide) is eliminated, forming two
new 7 bonds. The formation of the very strong P — O double bond provides the

driving force for the Wittig reaction.

{E) Mechanism The Wittig Reaction

Step [1] Nucleophilic addition forms a four-membered ring.

R, i
!C;.:E}: ] - H'_C_b
R "«_\ [ ] fﬁé_épha

_E"JHE—F'Pha new C—C bond
* oxaphosphetane

Step [2] Elimination of PhyP =0 forms the alkene.

x R
P ™, wn
R—C—0: ——» C=CH, + :0=PPhs
il [2] B

triphenylphosphine oxide
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{ o

cyclohexanone

<:>:c:: [1] CHzMgBr <:>< HSC}4
[21H0

cyclohexanone 3% alcohol trisubstituted C=C dlsubslltuted C=C
major product minor product
PhaP CH,
0] only product
cyclohexanone

Problem Show two methods to synthesize each alkene: a one-step method
using a Wittig reagent, and a two-step method that forms a carbon—carbon

bond with an organometallic reagent in one of the steps.

O

d. QH/ —_—> b. Q:D E— Q:CHCGHE

Addition of 1° Amines

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 classified as 1°, 2°, or 3°

by the number of alkyl groups bonded to the nitrogen atom.

H—fxli—H H—fTi—H H—flxi—H
H R R
1% amine 2° amine 3" amine
(1 R group on N) (2 R groups on N) (3 R groups on N)
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Formation of Imines

Treatment of an aldehyde or ketone with a 1° amine affords an imine (also
called a Schiff base).

Nucleophilic attack of the 1° amine on the carbonyl group forms an unstable
carbinolamine, which loses water to form an imine. The overall reaction

results in replacement of C=0 by C=NR.

R :OH o R
Imine formation c=0 R NHE,. Fi—(l}‘—HHH“ T o=i
H—:’ mild acid | VAN
R’ R’ R"
R'=H or alkyl carbinolamine imine

Examples CHEHHE A
<:>=D mild acid \FORO
CH;
CH, QNHE CHa

£=0 — — fc=i~] + H,0
CH, mild aci CH,

Problem Draw the product formed when CH3CH2CH2CH2NH2 reacts with

each carbonyl compound in the presence of mild acid.

a. @CHD b. jf\ C. D-:D
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Problem What 1° amine and carbonyl compound are needed to prepare each

imine?
CHj
%
a. [G=NCH,CH,CHjz b. CH3—<:>=N—©
H
Solution:-
{:H3 CHE,
a. C NCH,CH,CH; — c: O + NH,CH,CH,CH,

o Ol = oo+ o)

Addition of 2° Amines

Formation of Enamines

A 2° amine reacts with an aldehyde or ketone to give an enamine. Enamines

have a nitrogen atom bonded to a double bond (alkene + amine = enamine).

0: ) HO: NR, NR,
R.NH |
Enamine formation H-J?(H -z H'>§<H H,0 H/%/
R'=H or alkyl carbinolamine enamine

N(CHz),

Examples
CH3]2NH
mlld acid H,O

O CNH O

N
Il |
C. —<— C. + HO

CH; “CH, midacid CH; CH,
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The N—-H prnton is removed.

1% amine

%’. r-:l
H
imine
0O — iminium ion
RoNH
2% amine

enamine

The C H proton is removed.

*With a 1° amine, the intermediate iminium ion still has a proton on the N

atom that may be removed to form a C=N.

*With a 2° amine, the intermediate iminium ion has no proton on the N atom.
A proton must be removed from an adjacent C — H bond, and this forms a
C=C.

Problem What two enamines are formed when 2-methylcyclohexanone is
treated with (CH3)2NH?

Solution:-
o N(CHj3) N(CHs),
CH,
+ N—H +
!
CH,
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