Cr:’norl Ryn mech:

/\Qi + A myx

S i

Dieds-Aldec meh:
s

Q’_‘:jza»g* ;

\

y
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* Addition reactions occur when two reactants add together to form a
single product with no atoms “left over.” An example that we’ll be
studying soon is the reaction of an alkene, such as ethylene, with HBr to
yield an alkyl bromide.

H H H Br
These two \ / | ... add to give
reactants . . . /C:C\ + H—Br — H_(l:f(l"_H this product.
H H H H
Ethylene Bromoethane
(an alkene) (an alkyl halide)

* Elimination reactions are, in a sense, the opposite of addition reactions.
They occur when a single reactant splits into two products, often with
formation of a small molecule such as water or HBr. An example is the
acid-catalyzed reaction of an alcohol to yield water and an alkene.

H OH H  H
This one | Acid catalyst \ / ... gives these
reactant . . . H_(l:_(l:_H /C:C\ + H20  two products.
H H H H
Ethanol Ethylene

(an alcohol) (an alkene)
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* Substitution reactions occur when two reactants exchange parts to give
two new products. An example is the reaction of an ester such as methyl
acetate with water to yield a carboxylic acid plus an alcohol. Similar
reactions occur in many biological pathways, including the metabolism

of dietary fats.
0 o :
These two I Acid I ...give these
reactants... _C.__ _CH3 + H_ _H ca _C._ _H + H_ _CHs two products.
H3C 0 0 catalyst H3C 0 0
Methyl acetate Acetic acid Methanol
(an ester) (a carboxylic acid) (an alcohol)

* Rearrangement reactions occur when a single reactant undergoes a
reorganization of bonds and atoms to yield an isomeric product. An
example is the conversion of dihydroxyacetone phosphate into its con-
stitutional isomer glyceraldehyde 3-phosphate, a step in the glycolysis
pathway by which carbohydrates are metabolized.

(|3| H /OH
This reactant... 2—o3po\ /C\C/OH 2_O3PO\C/\C\C¢O ...gives this
isomeric product.
ANAN AN P
H HH H H H H
Dihydroxyacetone Glyceraldehyde

phosphate 3-phosphate
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Problem 6.1

Classify each of the following reactions as an addition, elimination, substitution, or
rearrangement:

(a) CH3Br + KOH — CH3OH + KBr

(b) CH3CH»Br —> H,C=CH, + HBr

(c) H)C=CH;y + Hy, — CH3CHjs
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HERIHAZ

ARB A e E e cleston staye with sach procuct

Al A e elettrons sty mith one product,

AR

A'/\"'/\'B —— A:B cs)zem&i[crjiicnag; gf;r;?r_;?]aizig%r(mggﬁt each reactant.
/—\: : Unsymmetrical bond-making (polar):

two bonding electrons are donated by one reactant.
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B HEEE /AL
Unpaired Unpaired
electron electron
RS /
Rad: + A (/B ——> Rad:A + ‘B
Reactant Substitution Product
radical product radical

E EEINSAY :

Unpaired
electron

Reactant Alkene
radical

Unpaired
electron

Addition product
radical
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HEEK:

HELRE

H H
HeCmh 4 Cl—c o l

; y
Methane Chlorine Chloromethane

(a) Cl '/\+ H3§H3 — H:(.).|: + -CHj

(b)=QUC_3_I: +/\-CH3 — Cl- 4+ :Cl:CHj

G — G
:(:Z:I-/\+/\-CH3 —> =(:3:I=CH3 r Possible termination steps

H3C'/\+/\'CH3 —> H3C:CHj3

H—C—Cl + H—Cl
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\F e
e
SN Oxygen

0_—radical
-

/ HV H ’ e Radical
N> &_ N substitution
— L - ~ 7N
Arachidonic acid
Oxygen
radical
\,—~N
o'/—\”' N\ ~__-COzH
| - Radical
O-. N addition

H
cl)_f ’/WCOQH
O-.

N
AN

F|e
T
H

+

H

Carbon
radical

__COoH

Carbon
radical

W/

|
O--..

Prostaglandin Hy (PGH5)
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Problem 6.2

Radical chlorination of alkanes is not generally useful because mixtures of products often result
when more than one kind of C—H bond is present in the substrate. Draw and name all mono-
chloro substitution products CgHq3Cl you might obtain by reaction of 2-methylpentane with Cl,.

Problem 6.3

Using a curved fishhook arrow, propose a mechanism for formation of the cyclopentane
ring of prostaglandin H,.
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This curved arrow shows that
/electrons move from :B” to AT.

At + :B —— A—B

\ The electrons that moved
from :B” to AT end up here
in this new covalent bond.

Electrophile Nucleophile
(electron-poor) (electron-rich)

Methanol—weakly Protonated methanol—
electron-poor carbon strongly electron-poor carbon
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Table 6.1 Polarity Patterns in Some Common Functional Groups

Functional Functional
Compound group Compound group
type structure type structure
\o+ o- \ o+ 6-
Alcohol =—(C==(0/R Carbonyl C=0
N/ 5
Alkene C=C S+/4/
/ \ Carboxylic acid —C\,3
Symmetrical, nonpolar Sl
3_
\s 0
o+ 6—
; —C— 5+//
Alkyl halide /C X Carboxylic acid —C
chloride N
Cl
\5+ o— S5—
Amine —C—NH> é
o+//
\ / Thioester —C\S
5+ 6— o+ (__
Ether —C=0=C=— s—C
68_
\ o+ o= Aldehyde —'i+c//
Thiol —C—SH \
H
5+ 6 o
Nitrile —C=N sl
- Ester —(C
\5— o+ \ 6—
Grignard —C—MgBr 0—C
reagent / 5=
\ s 5+ 8+//O
Alkyllithium —/C—L| Ketone —C\
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e oo — oo — Some nucleophiles

HaN: H20¢ FEe Wl (electron-rich)

1 r | |

6_
ﬁ Some electrophiles
o+ i i
HyO* CH3—Br /C6{ e ESPEe

| |

Figure 6.1 Some nucleophiles and electrophiles. Electrostatic potential maps identify the nucleophilic
(negative) and electrophilic (positive) atoms.
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Problem 6.4

Which of the following species are likely to be nucleophiles and which electrophiles? Which
might be both?

(a) CHCl  (b)CHgS™ (e \ A\ ~CH3 (d) O

N I

\—/ CH5CH
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H H ||4 ?r
7
C=C\ + H—Br _— H_(I:—(I:_H
H H H H
Ethylene Hydrogen bromide Bromoethane

(nucleophile) (electrophile)
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Hee—ctt

Hi\Br

] A hydrogen atom on the electrophile HBr is attacked
by 7 electrons from the nucleophilic double bond,
forming a new C-H bond. This leaves the other
carbon atom with a + charge and a vacant p orbital. nJ
Simultaneously, two electrons from the H-Br bond _ .

Ethylene

move onto bromine, giving bromide anion. :Br:
\v H
H /

—C—C-.
H— “H
"

Carbocation

A Bromide ion donates an electron pair to the positively
charged carbon atom, forming a C-Br bond and EJ
yielding the neutral addition product.

Br H
N
C=C
H¢ \H
H H

Bromoethane
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Problem 6.7

Reaction of HBr with 2-methylpropene yields 2-bromo-2-methylpropane. What is the struc-

ture of the carbocation formed during the reaction? Show the mechanism of the reaction.
H3C\ ?H3

/C:CHZ + HBr —— CH3—C—BI’

|
H3C CH3

2-Methylpropene 2-Bromo-2-methylpropane
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RULE 1

Electrons move from a nucleophilic source (Nu: or Nu:™) fo an electro-
philic sink (E or E*). The nucleophilic source must have an electron pair
available, usually either as a lone pair or in a multiple bond. For example:

E E
Electrons usually flow \ /N \ /N
:0: _--N:

from one of these

nucleophiles. / / / / \

The electrophilic sink must be able to accept an electron pair, usually
because it has either a positively charged atom or a positively polarized
atom in a functional group. For example:

£l v f Nu: \ Nu: \ Nu: Nu: \

ectrons usually Tlow 5+ 6— B 5+  &—
to one of these K"(3+— 5(3 +—Ha|ogen k"HSHr K—>C+=O
/ /U Y,

electrophiles.

-
-
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RULE 2
The nucleophile can be either negatively charged or neutral. If the

nucleophile is negatively charged, the atom that donates an electron pair
becomes neutral. For example:

Negatively charged Neutral
CH3—Q: + H—s.l’: —> CH3—?: + :E.’).r:
H

If the nucleophile is neutral, the atom that donates the electron pair

acquires a positive charge. For example:
Neutral Positively charged

Hl H Hl H
\v [/ M\ Vo .
C:C\ + H—Br — 4}C—C—H + :Br:

/ |
- 4 H K
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RULE 3

The electrophile can be either positively charged or neutral. If the
electrophile is positively charged, the atom bearing that charge becomes
neutral after accepting an electron pair. For example:

Positively charged Neutral

H H ‘H H H H
N N/ | Y/
+tC—C—H + ,.O\

C= C\ + H —..O\"' —
H H H H H H

If the electrophile is neutral, the atom that ultimately accepts the elec-
tron pair acquires a negative charge. For this to happen, however, the nega-
tive charge must be stabilized by being on an electronegative atom such as
oxygen, nitrogen, or a halogen. Carbon and hydrogen do not typically
stabilize a negative charge. For example:

Neutral Negatively charged
H H | H o H
Cid o+ b-b c é H + :Br:
= —br-. —_— —C— r
/ o/ /o
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RULE 4

The octet rule must be followed. That is, no second-row atom can be left
with ten electrons (or four for hydrogen). If an electron pair moves to an
atom that already has an octet (or two for hydrogen), another electron pair
must simultaneously move from that atom to maintain the octet. When
two electrons move from the C=C bond of ethylene to the hydrogen atom
of H307, for instance, two electrons must leave that hydrogen. This means
that the H—O bond must break and the electrons must stay with the oxy-
gen, giving neutral water.

This hydrogen already has two electrons. When another
electron pair moves to the hydrogen from the double bond,
the electron pair in the H-O bond must leave.

- H H H
\ \ | .0 /
.0

C=C T H—O —= #—C—H =+
/ N 4 %
H H H H H
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Problem 6.8

Add curved arrows to the following polar reactions to indicate the flow of electrons
in each:

(a) il
N . |+ _
:CI—Cl:  + H—ITI—H — H—ITI—H + :Cl:

H H
(b) I|4
CHg—O: + H—clz—E}:r: —— CH3—0—CHz + :Br:
H
(c) :0: 202
I I .
c p—y & + :ClI:
H3cg SOCH;3 H3C”  “OCH3 .

Problem 6.9

Predict the products of the following polar reaction, a step in the citric acid cycle for food
metabolism, by interpreting the flow of electrons indicated by the curved arrows:

:6H2
H\C/COZ_

A

~C—~co, — ?

\ ;
(\/ +

H-—0:
\
-
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Table 6.2 Explanation of Thermodynamic Quantities: AG° = AH®° — TAS®

Term Name Explanation

AG® Gibbs The energy difference between reactants and products. When
free-energy AG° is negative, the reaction is exergonic, has a favorable
change equilibrium constant, and can occur spontaneously. When

AG® is positive, the reaction is endergonic, has a unfavorable
equilibrium constant, and cannot occur spontaneously.

AH® Enthalpy The heat of reaction, or difference in strength between
change the bonds broken in a reaction and the bonds formed.
When AH® is negative, the reaction releases heat and is
exothermic. When AH® is positive, the reaction absorbs
heat and is endothermic.

AS° Entropy The change in molecular randomness during a reaction.
change When AS° is negative, randomness decreases. When AS°® is
positive, randomness increases.
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THPRE,
EN: aA + bB =— ¢C + dD
_ [CF D)
Keq - a b
[A]* [B]
5140 H,C=CH, + HBr = CH3CH,Br

[CH3CH28I’]

Keq = = 71 x 10’
[Ho,C=CH] [HBr]
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AG°=-RTInKeq or Keq= e—AG"/RT

where R =8.314 J/(K - mol) = 1.987 cal/(K - mol)

T = Kelvin temperature
e=2.718

In Keq = natural logarithm of Keq

For example, the reaction of ethylene with HBr has Keq = 7.1 X 1Y, 50 AG® =
—44 .8 kJ/mol (—10.7 kcal/mol) at 298 K:

Keq=7.1x107 and  InKeq = 18.08

AG" =—RT In Keq = —[8.314 J/(K - mol)] (298 K) (18.08)
= —44,800 J/mol = —44.8 kJ/mol

W Keq > 1; energy out: AG® negative

Keq < 1; energy in: AG® positive
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Problem 6.10
Which reaction is more energetically favored, one with AG® = —44 kJ/mol or one with

AG® = +44 k]J/mol?

Problem 6.11
Which reaction is likely to be more exergonic, one with Keq = 1000 or one with

Keq = 0.001?
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We’ve just seen that heat is released (negative AH) when a bond is formed
because the products are more stable and have stronger bonds than the reac-
tants. Conversely, heat is absorbed (positive AH) when a bond is broken because
the products are less stable and have weaker bonds than the reactants. The
amount of energy needed to break a given bond to produce two radical frag-
ments when the molecule is in the gas phase at 25 °C is a quantity called bond
strength, or bond dissociation energy (D).

Bond dissociation
A : B A- + .B

energy

Each specific bond has its own characteristic strength, and extensive tables
of data are available. For example, a C—H bond in methane has a bond dissocia-
tion energy D = 439.3 kJ/mol (105.0 kcal/mol), meaning that 439.3 kJ/mol
must be added to break a C—H bond of methane to give the two radical frag-
ments -CH3z and -H. Conversely, 439.3 kJ/mol of energy is released when a
methyl radical and a hydrogen atom combine to form methane. Table 6.3 lists
some other bond strengths.
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Table 6.3 Some Bond Dissociation Energies, D

D D D
Bond (kJ/mol) Bond (kJ/mol) Bond (kJ/mol)
H—H 436 (CH3)3C—1I 227 (CH3),CH—CHs 369
H—F 570 H,C=CH—H 464 (CH3)3C—CHs 363
H=Cl 31 HyC=CH—Cl 396 H,C—CH—CHj 426
H—Br 366 _ .
H2C=CHCH—H 369 H,C=CHCH,—CHs 318
H—I 298 _
H,C=CHCH,—ClI 298
2 2 H,C=CH, 728
cl—cCl 242 H
H
Br—Br 194 472 CH3
427
I—I 152
CH;—H 439 Cl
400 CH,—CHs
CHs—Cl 350 -
CH3;—Br 294
CHa—T 239 L= o
375 I
CH;—OH 385 CHAC—H 374
CH;—NH, 386 S
2_ P
CyHs—H 421 HO—H 497
300
CyHs—Cl 352 HO—OH 211
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AH® = -9 kJ/mol

Stronger

0—P--0—
o

CH,—CH—CH,—OH

Glycerol 3-phosphate

AH°" =-30 kdJ/mol

Weaker
N
/00 g
“O—P—0—P—0—P—CH, N
I | | O /
o~ o o~
OH OH

Adenosine triphosphate (ATP)

O OH
[ | HyO

Cl)H

“0—P—OH + HO—CHy—CH—CHy—OH

Glycerol

I
“0—P—OH + H*

+ O NH,
H,0 N AN
B a
-0 O—P—CH, N NNF
| |\ O
o~ O~
OH  OH

Adenosine diphosphate (ADP)
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H—Br -
:Br:
H H H H| H H
\ / | +/ | |
e TR e e
H H H H

Carbocation

Transition state
__T __________ Carbocationpr}\

—- CH3CH,* + Br~

Activation
energy

>
= AGH o
=
: J
Reactants
H2C=CH2
+ HBr

Reaction progress —————



Energy

(c) ‘

Energy

Reaction progress =———

Reaction progress —————»

(b) ‘

Energy

(d) ‘

Energy

AG*

Reaction progress ————

Figure 6.6 Some hypothetical energy
diagrams: (a) a fast exergonic reaction
(small AG*, negative AG°); (b) a slow
exergonic reaction (large AG¥, negative
AG®); (c) a fast endergonic reaction
(small AG¥, small positive AG®); (d) a
slow endergonic reaction (large AG¥,
positive AG®).
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H —(\ér First transition state
:Br: I Carbocation intermediate
l Second transition state

H H H H| / H H
\ / | 4/ |
/p::C\ _iia H——l——q\ —ES* H——?——?——Br
H H H H H H

Carbocation
Reaction intermediate

Energy

CH3CHzBr

Reaction progress ———
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The biological reactions that take place in living organisms have the same energy
requirements as reactions that take place in the laboratory and can be described in
similar ways. They are, however, constrained by the fact that they must have low
enough activation energies to occur at moderate temperatures, and they must release
energy in relatively small amounts to avoid overheating the organism. These con-
straints are generally met through the use of large, structurally complex, enzyme
catalysts that change the mechanism of a reaction to an alternative pathway that
proceeds through a series of small steps rather than one or two large steps. Thus, a
typical energy diagram for a biological reaction might look like that in Figure 6.8.

|

Uncatalyzed
e

Energy

Enzyme catalyzed

Reaction progress ———
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