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PrL sN 1 vs sNz tertiary alkyl halide

Br

Factors favoring the Sn1 pathway: FHa
H3HCa'(':IC\ By
hindered electrophile

potential for a tertiary, secondary, or resonance-stabilized carbocation intermediate
uncharged nucleophile
protic solvent such as water methyl halide

Factors favoring the Sn2 pathway:

Nu: /_\\5 “C(l;r
Unhindered (methyl or primary) electrophile
powerful, anionic nucleophile H

o |
polar aprotic solvent HCo g,
H

It is important to remember that many of these reaction pathways are just conceptual models and many
reactions will fall somewhere in between.
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=PFL  Eliminations
C-X bond breaks first to give a carbocation intermediate,

E1 Reaction:
followed by base removal of a proton to yield the alkene.

B: B
: +
H \H
p L C— q\ —_— L ___‘ _— C=—C
\ | /N
+ X
Carbocation

C-H and C-X bonds break simultaneously, giving the alkene
in a single step without intermediates.

B: \H
\—
PR

“l \x’?

E2 Reaction:

/ + E—H

+ X=

—H

Energy

H .
Intermediate
carbocation

Energy —————am

L
A
(Reactant)
~c=¢” + H:B
/N
(Product)
Reaction progress =
Fig. Potential energy diagram for E; reaction
B--H |
A i
X
T.5
—C‘Ai:f +:B
X
(Reactant)
(Product)
>C—C + H—B X

Reaction progress —————=

Fig. Potential energy diagram for E2 reaction.



=PFL Solvent effects or catalytic acid can facilitate E1

O
poor leaving group good leaving group

x (O Il:’ OH
/\‘ OH /
®
C oH, T
~ ®
- O P OH
step a step 1 - A) H‘_/ OH
l H

Boiling point: 161°C 0 step 2
1
/O—Ilz’—OH
H  OH

Boiling point: 83°C < Q

- How can | separate the reagents from the products ?



=PFL  Eliminations - ZaitseVv's nule

CHs

H3C
a proton can be abstracted from one of most abundant E1 product
three adjacent carbons
\ 3

X) H,C ki

HsC ~ HsC
— H -
H

\ .

Zaitsev’s rule H,C

In an elimination reaction the most loas cliundlont Bl prouck
substituted product will be the most

stable, and therefore the most favored.

However, there are many exceptions!
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Let’s do a few together



=PFL  The Elcb Eimination

T E1CB

E1cB Reaction: C-H bond breaks first, giving a carbanion intermediate A A
that loses X~ to form the alkene. for step 2
. + Activation energy AEstop2
B: \‘ + B—H for step 1
ABuans d /1| 2He===-}--
H { - A step1
\. / - '/ \ / g Products
7 ) , ~ ! 2 | Beachats Carbanion
C C e C—C e C—C w intermediate
[ ]\ /N °
X X _ L6 EWG
. + X
Carbanion -
Reaction Coordinate

Protons in neighbourhood of a Carbonyl group are highly acidic (~pK,=20) and can be abstracted by a Base
-> The Anion is stable enough so the leaving group stays, it can delocalize to the Carbonyl
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Two steps

1) C—LG breaks
2) C—H breaks

Eliminations - Summary

Comparing the E1, E2, and E1cB Mechanisms
E2 EicB

One step Two steps

C—H breaks, C-C (pi) forms
C—LG breaks, all at same time

1) C—H breaks
2) C-LG breaks

C—C (pi) forms

b-f
H H
\__.\(\* b
A) \
\ f \ ")
LG® LG

Carbocation intermediate No intermediate (concerted)

Carbocation stabilized by
electron donating groups

Assisted by good leaving
groups

No strict requirement on
stereochemistry of C—-H
and C-LG

C—-H and C-LG are anti

C-C (pi) forms

HO'

.

|‘ (\

LG

Carbanion intermediate

Carbanion stabilized by
electron withdrawing groups

Assisted by poor leaving
groups

No strict requirement on
stereochemistry of C—H
and C-LG



=PFL  Elimination vs Substitution

The reagents employed remain consistent for both substitution and elimination reactions. Regardless of
the scenario, a blend of both reactions occurs, yielding a combination of substitution and elimination
products. The predominant outcome is determined by various influencing factors.

water acts as nucleophile OH

OH,

ﬁ
(LBr @ / substitution
()

water acts as base

elimination



=PFL  Elimination vs Substitution

Substitution and elimination reactions are strongly influenced by many experimental factors

10

1. Increasing the temperature tends to increase elimination due to disorder / entropy effects
(recall AG = AH -TAS)

2. Increasing steric effects (look at both "R" and the "Nu/B") tends to increase elimination.

3. The basicity / nucleophilicity of the attacking species i.e. switching from ROH to RO- will
increase the amount of elimination

Weakly basic Strongly basic, Strongly basic, hindered
Poor nucleophile nucleophile unhindered nucleophile
(e.g. H,0, ROH) (eq. I, RS) nudeophile (e.g. RO7) {e.g. DBU, +Bud’)
methyl HsC—X no reaction Sl Sl Sud
primary (unhindered) T X no reaction Sl Snl E2
primary (hindered) Y\ X no reaction Sn2 E2 E2
secondary )\ Sul, E1 (slow) S E2 E2
X
tertiary >L E1or 5,1 Syl E1 E2 EZ
X
0 X

B to anion-stabilizing
- group

ElcB

ElcB

ElcB
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Electrophilic reactions

Br
HfEir
R R R\ H
v\ 7/ o |
C=C — C C - R ™
/ \ step 1 R/ | step 2
R R R

carbocation intermediate



=PFL  Eectrophile/Nucleophile Differences

Nucleophile

Donates electron pair

Neutral or negatively charged

Undergoes Nucleophilic Substitutions/Additions

Called Lewis-Bases

Br
Cl i OH-
R O
/O\ J—
H H R—SH
NH;
N=C

Electrophile

Accepts electron pair

Neutral or positively charged

Undergoes Electrophilic Substitutions/Additions
Called Lewis Acids

(l)H
_ 82+ Cl
0~ O _N*

~ A|3+
N cr

Cl
(0]
N
(@)
R)J\OMe

O
R—S—OH HBr
I M

12



=PFL  Carbon - Carbon Double Bonds

R R3 PhyS|caI Properties of Alkenes
> Alkenes and alkynes with up to four carbons are typically gases at room
temperature.
* They dissolve well in nonpolar solvents or those with low polarity.
R R * Their solubility in water is extremely limited.
2 4 « Additionally, their densities are lower than that of water.

o-Bond : ~350 kJ/mol A
m-Bond : ~270 kJ/mol

HO
Linolic acid

Relative Stability of Alkenes

The greater the number of attached alkyl groups (i.e., the more substituted the carbon atoms of the

double bond), the greater is the alkene’s stability
R R R R R H R H R R R H H H
— > = o> = > = > = > = > =
R R R H R H H R H H H H H H

- Tetrasubstituted Trisubstituted - Disubstituted ——® Monosubstituted Unsubstituted

13



Electrophilic Addition of HBr - Overview "

Br
H—(?Br
\ / \_® | | [
c=¢ —— C-C—R ——= R-C-C-R
\ step 1 R step 2 | |
R R R
carbocation intermediate

Stepl: 1 - electrons of the alkene act as a base and
extract the acidic proton of HBr
-> incomplete octet and a positive formal charge (high

energy)

Step2: Nucleophilic bromide anion attacks the
electrophilic carbocation to form a new carbon-bromine
bond

transition state 1

transition state 2

A -
/ i \ Energy barrier is
/ —_— '\ low: faster step
/! R H ‘\
Energy barrier is ,’ N \\
high: slower step N /C—?—R .
i R R .
f’ 9 \\
’ Br )
! AY
. intermediates 5
I’ \\
! \
R <
—t—
R\ /R B
/C: C\
. o 1
reactants R R

product



=P7L  Electrophilic Addition - A view on Stereochemistry -

‘.

H-Br Introduction of potentially 2 new
( HBr in front chiral centers
N / =» No control on Stereochemistry in
this reaction
\ H => product mixture to consist of
HBr in back Bry X equal amounts of four different

© Br in front ot addition stereoisomers

\

top
face

X Y . X 5
i o =
H \IHM i — ;’=\ —"' Vg
Br in back 3 syn anti Y

. bottom
Br face

5yn addition



=P7L Hectrophilic Addition - Markovnikov's Rule

E"ﬁE!r:/>l\ Br
- ><‘ product A

H H Markovnikov Product
/( / I,

\ XK Br H
>Q‘ product B
Anti-Markovnikov

I
b Br Product

Markovnikov’s rule
In the addition of HX to an alkene, the H attaches to the carbon with fewer alkyl substituents and the X
attaches to the carbon with more alkyl substituents.

-> Rule of thumb!
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Regioselectivity
When an asymmetrical alkene
undergoes electrophilic addition,
the product that predominates is
the one that results from the more
stable of the two possible
carbocation intermediates.

=PFL  Electrophilic Additi R lectivi
rophilic Addition - Regiosele
TS,
1, is more stable, RN
thus TS, is lower | L,
K " LT I H:C H
¥ L * .
Il_r T§a Ih l'.. b E:'
# ® %
.|'I ;F h ._..A 1\
-"‘l _f; \1.. _,’{ '|" 1'1_ CHE
."|I .-"l L I.1, I .
Py I, L Y a @™ (forms faster)
£oa ] L]
F-r"'ll 1\ 11 H
,.r.fi L] '.‘
; \ t
/ ' "




=P7L Hectrophilic Addition - Markovnikov's Rule

i : lower energy
Electron withdrawing groups carbocaiion

w CF FG H FiC H
Fsc/Jz\\/ = ¢ c>%/ Ee >4(
3 j F3C
£ ©Br:

Br

anti-Markovnikov product
higher energy
carbocation

CF5

Fsc/C!r)\/

Under certain conditions (like the presence of electronegative withdrawing groups) the less
substituted carbocation is formed faster leading to the anti-Markovnikov product




=PrL

Electrophilic Addition - Markownikov's Rule

( roughly equal mixture of constitutional
S \ isomers - not a regiospecific reaction

e

both intermediates are 3° carbocations

Br

If the two possible carbocation intermediates in an electrophilic addition reaction are
of similar stability, the product will be a mixture of constitutional isomers.

19



=PFL Hectrophile addition of water

H%Hz I-|2C)/—\“H o
Ho0 ™ HaC_ >
C~" _H HC @fc‘\ HaC CHj3
Hsc™ ~C” H H
|
H

Non-biochemical conditions
- catalytic amount of a strong acid needed
- Generates H;0* which is regenerated during the ®

reaction
Hic,_ PH

C
HsC”~ ~CHj



=PrL

Let’s do one of these together



=PFL - What to know

-Reactivity of the double bond

-Stereochemistry and regiochemistry of electrophilic reactions
-Markovnikov rule

-Addition reaction

-Elimination reactions

-Zaitsev’s rule

-Differences between the different elimination mechanisms



=PFL Questions?
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Phosphates in biology

Table 1. Examples of phosphates in biochemistry.

Why Nature Chose Phosphates

Phosphate Acid derivative F. H. WESTHEIMER
DNA Diester of phosphoric acid
RNA Diester of phosphoric acid
ATP Anhydride of phosphoric acid
Creatine phosphate Amide of phosphoric acid Donor of Electrophilic Orgapnilie
Phosphoenolpyruvate Enol ester of phosphoric acid -POS - N
Pyridoxal phosphate Phenol ester of phosphoric acid A, Sy
Nicotine adenine dinucleotide Ester and anhydride of phosphoric .9 o -9 W 0-f-0--0 o I -9
. 0-P-0-P-0 -P- —_— ' P
. acid . . 6 ¢ ’ Z' e i °e OH OH ’ ; °
Fructose 1,6-diphosphate Ester of phosphoric acid OH O
Glucose-6-phosphate Ester of phosphoric acid pyrophosphate AMP ADP Pi
Isopentenyl pyrophosphate Ester of pyrophosphoric acid Mz
Ribose-6-phosphate-1-pyro- Ester of phosphoric and pyrophos- i ) 0,0 <': i
. . Ny — L o N
phosphate phoric acids ¢ on -— oo odoq o
-8 2 N ,é&« Ho&&_ o
[ ; o-;—o o. HoS oM HO—"on" oM OH OH
OH OH AMP
glucose-6-
ADP glucose phosphate
2B. o o, OH )
o o . L B
0-P-0-p-0 Ho 0, -~ o © ° E °
o o HO OH HO o
b OH HO o "
3.
Dominant Mode: NH2
(’N | \)M OH O‘\V”D- N iy
o o o N N — oo’ ¢ TN
2 2 % HO 0, - ° 2
______ HO N
o g 0 g o Z'D o ’%rou Ho’%‘«w R 0_;0_#_0 . N
: OH OH d &
. OH OH
ATP glucose glucose-6-
phosphate ADP



=PrL

Why Phosphorylation?

Electrostatics: two negative charges

Specificity: >3 highly directional hydrogen bonds
Thermodynamic stability: -12 kcal/mol

Signal can be amplified

Adjustable kinetics (seconds to hours)

o U kA W N oE

Availability: high intracellular ATP concentration

Great historic paper:
Westheimer: Why Nature Chose Phosphates (1987) Science, 235 (4793),1173-8



=PFL  Phosphates in biology

Base-pair linkage

H
DNA |

/<0 OY NIO
SO e

N -NH;

OH

protein /< protein
N

\
H 0O

tyrosine residue

Controlling protein activity

0 0]

~p¥
A
O@ Og
—_— protein /( protein

)

H 0

phosphotyrosine residue
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=PrL

Protein species
>1,000,000 proteins

Complexity

Proteome
>100,000 proteins

Transcriptome
~100,000 transcripts

Genome
~25,000 genes




=PrL

to the aminoacids

Covalent attachment of small chemical groups

A Phosphorylatio . B OGlycosilat .
0—F—0 o
& p— Come Gl o
A\ = X ¢ - % :
~ X /X=A —~ W
X = Ser, Thr, Tyr / R=Asp o
oo
tior C"w
X —$—N=0 !
X=Cys \k_
oo
ti )
— —— N CH2 - CH - O Plark
\ # \ s
\‘Q;SXAT:X;‘;QQS - R1, R1 = acyl, alkyl, etc...
E N-Acety 7
——x —x ‘oo
\ \
~ X=Lys ~
r & G Myristoy &
o —X —x
X=Cys N @ = =oly ~~
H Pr t
sx /
taenesylibion »-‘~x\ - i
—
— /X:Cys NG
\\ s
—x
%
Covalent attachment of small proteins
| ylatio L Sumoy
b’ — X E
- Xeiye 5 e o

Chemically defined modifications are performed



=PrL

Protein Phosphorylation: General

Most common post-translational
modification

Occur on hydroxyl (OH-) groups in Ser, Thr or
Tyr (in eukaryotes)

Also on His (but much less well studied)

At least 30% of all human proteins are known
to be phosphorylated at at least one residue

Theoretical considerations on phosphorylation:

average length of protein is ~400 amino
acids

~10.000 different proteins in a cell

~15% are Ser (6.6%), Thr (5.3%) or Tyr (2.9%)
residues (see BCl)

then there are ~600,000 potential
phosphorylation sites!

OH p
SN\
0 0O
® ~©
protein protein - = protein protein
/\r‘q A'f
H o© H

tyrosine residue

Serine

Threonine

Tyrosine



=PFL  Phosphate transfer reactions - overview

TN AP

A + RO — 0—P,
OH eO Os O, O 5

phosphate phosphate

acceptor donor

-Electrophilicity of the phosphorus atom is enhanced by magnesium ions

30

HO

-Magnesium ion pulls electron density away from the

= Mg*2 . . -
O é Mg*? coordination makes phosphorus making it more electrophilic
phosphorus more electrophilic
. phosphate Qc ------ -9 phosphate
i s O d
O :\‘\ C\)\ ) >\Sonor % o >\onor
s o D e
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Speaker

=PrL
Remember
“Nu + R—LG =™ Nu—R + LG:
Break Bond (Dissocitation) Make Bond (Association)
Combinations:
D then A A then D Simultaneous “Concerted” (make as you break)
Syl Happens, but not with carbon S\2
i B 1
Li 1) ) i
I: Hu_..:_-lﬂ Hu im L-ll -ﬂ

Trivalent Intermediate Pentavalent Intermediate

Transition
E shate 1 Tramsition
Intermadizte state 2
Beactants
Froducts

Froeress of the BEeaction

Transition State

E Transition stats

Beactants —

Products

Propress of the Reaction



=PFL Mechanism of Phosphotransfer

Concerted model:

-Phosphate transfer reaction can
H 1 be thought of much like an SN2

# &) ] S .
R,O /_\?@ o . reaction

-Nucleophile attacks the

1 pentavalent phosphorus atom from the opposite
transition state S | d e

ﬁ Il
eggp\ORz ﬂ R1O/F’\-~,OH - geometry around the phosphorus
—_— ©0 atom shifts from tetrahedral to
S trigonal bipyramidal at the
transition state with five bonds.

| -Phosphorus undergoes a

energy R temporary change in bonding,

‘ shifting back to its initial tetrahedral
p state after the nucleophile and
leaving group alteration.

reaction —



=PrL

Concerted model:

R1 O//_\Cl)e Cl)e
@ @
&0 g o°
I pentavalent
transition state
(0]
’\:I,
eow ~
4
-0 OR,
energy R

—

reaction —— =

Mechanism of Phosphotransfer

t
Oe
l®
R1O----!=’\---OR2
oG 0°
/—:B
H o
7 17,
RO ?@
P
180 I\ORz
160@

phosphate has § configuration

equatorial

equatorial

7@

|
P

2 + “or
R0~ \ 160 2

160
©

phosphate has R configuration

33

apical —— ----- P---- ¢<———apical
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=PFL  Mechanism of Phosphotransfer
Addition-elimination model: ilimination-addition model: 5
B f H o 0
H OguPr. . RON_pe P.
' o 0P { “OR, | L e
0o Oy & \ o} g0 1
¢ : RO-PLOR ——m Y+ °0R © oY Y Oo
R ©0n o et HY sep2”  RO” V0@
o0 ©00e o0 metaphosphate
pentavalent intermediate intermediate
TS
TS 1 s
! ' TS, i . 2
Y , \‘ h ' S i
r" Y ,’{ | Y ! \
— h \
I 3 ; I |
\\ energy ;J \
—‘ ‘—
R 2
reaction —————— =

energy

reaction ——————— =
- There is still debate to which real mechanism is happening in the phosphor transfer reaction

- For now we ill accept the concerted model as the one that is occurring



=PFL  The reaction of life: "
ATP as a biological Phosphate Donor

-The most important phosphate donor is a adenosine triphosphate
-ATP is used as the energetic currency in biological processes

-ATP hydrolysis is one of the most important reactions in biology

One can represent these molecules in
triphosphate different ways

ﬂ r1bose

o

. . 5 ( Ooilég,ofpbfo—Pf();i ribose-A

o I n T % o
O—P;-0—Py- O‘f’a‘ ©

Il Il Il
; °0—P;-0-ADP “0—R0—P-O-AMP
HO OH base (adenine) Op Os O



=PFL Questions?
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