Nucleophilic Substitution & Elimination Chemistry 1

Four new mechanisms to learn: Sy2 vs E2 and Syl vs E1

S = substitution = a leaving group (X) is lost from a carbon atom (R) and replaced by nucleophile (Nu:)
N = nucleophilic = nucleophiles (Nu:) donate two electrons in a manner similar to bases (B:)

E = elimination = two vicinal groups (adjacent) disappear from the skeleton and are replaced by a pi bond
1 = unimolecular kinetics = only one concentration term appears in the rate law expression, Rate = k[RX]

2 = bimolecular kinetics = two concentration terms appear in the rate law expression, Rate = k[RX] [Nu: or B:]

Sn2 competes with E2

Sn1 competes with E1

These electrons
SN2~ always leave with X. | » Snl
Competing ©/_ 0 _.l__ . Competing
Reactions Nu': /B : R-#8=X H—Nu / H—B* | Reactions
Carbon / \ Leaving
E2 - Group Group >~ F]
Nu: / B: = is an electron pair donor to carbon (= nucleophile) or
to hydrogen (= base). It can be strong (Sy2/E2) or weak (Sy1/E1).
R = methyl, primary, secondary, X = -Cl, -Br, -1, -OSO,R (possible leaving groups in neutral,

tertiary, allylic, benzylic basic or acidic solutions)

®
X = -OH, (only possible in acidic solutions)

The above pairs of reactions (Sy2/E2 and Sy1/E1) look very similar overall, but there are some key
differences. The nucleophile/base is a strong electron pair donor in Sy2/E2 reactions (that’s why they participate in
the slow step of the reaction) and a weak electron pair donor in Sy1/E1 reactions (that’s why they don’t participate
in the slow step of the reaction). This leads to differences in reaction mechanisms, which show up in the kinetics of
the rate law expression (bimolecular = 2 and unimolecular = 1) and the possible reaction products obtained. It is
recommended that you look at the reaction conditions first to decide what mechanisms are possible. You cut you
choices in half when you decide that the electron pair donor is strong (Sy2/E2) or weak (Sy1/EL).

Important details to be determined in deciding the correct mechanisms of a reaction. (more details below)

1. Is the nucleophile/base considered to be strong (anions, nitrogen, sulfur) or weak (neutral = H,O, ROH, RCO,H)?
2. What is the substitution pattern of the R-X substrate at the C,, carbon attached to the leaving group, X? Isita
methyl, primary, secondary, tertiary, allylic, or benzylic carbon? What about any Cg carbon atoms? How
many additional carbon atoms are attached at a Cg position (none, one, two or three)?

3. Are the necessary “ anti ” Cs-H/C,-X bond orientations possible to allow E2 reactions to occur?
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Nucleophilic Substitution & Elimination Chemistry

Sn2 and E2 Competition — One Step Concerted Reactions
Sn2 and E2 reactions are one step reactions. The key bonds are broken and formed simultaneously, without

any intermediate structures. These are referred to as concerted reactions. The Sy2 and E2 mechanisms compete
with one another in consuming the R-X compound. Approach of the nucleophile/base is always from the backside
in Sn2 reactions and mainly from the backside in E2 reactions (always from the backside in this chapter).

E2 approach (usually
from the backside in
an "anti" conformation,

"syn" is possible, but One step,
not common) Rs concerted
o 5 R reactions, H Ry [
B: H—C'B/ from the \ R ///, o
o \ backside. o Cp .
_— B‘RZ [ X
: C,—X
N A\ Nu—C/., \é stable
“MH 5"‘\ leaving
Sn2 approach (always Ry 3 VR, group
from the backside, Ra H
resultin_g in ir]version o e Sn2 product E2 product
of configuration = very B: ~ Nu: (a nucleophile (a pi bond forms
specific stereochemistry) | strong base ~ strong nucleophile substitutes for with very specific
stereochemistry)

a leaving group)

- L S . ] .
S = substitution  E =elimination Nu: =strong nucleophile B: =strong base X = leaving group

Terms < 2 = bimolecular kinetics (second order, rate in slow step depends on RX and Nu:e/B:@)
R-X = R-Cl, R-Br, R-I, R-OTs, ROH,"

Relative rates of Sy2 and Sy1 reactions with different substitution patterns at C, and Cg of the R-X structure
Relative Rates of Sy2 Reactions - Steric hindrance at the C,, carbon slows down the rate of Sy2 reaction. (B:@: NuT= strong)

H ||-| ?H3 ?Hg

I
H—C,—X CHS—Cla—x CH3—C|Q—X CH;—C,—X
I
H H H CHs
ke 1 1
k= 30 : k= 0.025 = <_> ksa 0
methy! (unigue) ethy| (primary) _ 40 t-butyl (tertiary)

Reference compound isopropyl (secondary) (very low)

Relative Rates of Sy2 Reactions - Steric hindrance at the Cg carbon also slows down the rate of Sy2 reaction. (B:@: Nu= strong)

lH lH i i
H—CIB—CHZ—X CH3—CIB—CH2—X CHs—CIﬁ—CHz—X CH3—CIB—<:H2—x
H H H CHs
k=1 ke 0.4 k= 0.03 k== 0.00001
Refere nectg )él)mpound propy! 2-methylpropy! 22‘812)?:%:;/)()0‘)“

All of these structures are primary R-X compounds at C,, but substituted differently at Cg.

@
R-X — R —> Sy1>E1 (usually) (H-B: = H-Nu: = weak)

Sn1 (and E1) relative reactivities of R-X compounds:

H3C— X CHaCH,— X HaC ?Hs
relative _ 10° Lo H3c9 H-X H3C—i;X
rates 3
) these two rates are ’ 1.0 10° = 1,000,000
probably by Sy2 reaction ?ﬁrﬁégﬂﬁz

(relative Sy1/E1 reactivity: methyl << primary << secondary < tertiary)
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Nucleophilic Substitution & Elimination Chemistry

Sn1 and E1 Competition — Multistep Reactions

Sn1 and E1 reactions are multistep reactions and also compete with one another. Both of these
reactions begin with the same rate-limiting step of carbocation formation from an R-X compound.
Carbocations (R") are very reactive electron deficient carbon intermediates that typically follow one of

three possible pathways leading to two ultimate outcomes:
atom. The additional competing pathway for carbocation i

1. add a nucleophile or 2. lose a beta hydrogen
ntermediates is rearrangement, in which atoms

in a carbocation change positions to form a similar or more stable carbocation. Once formed, a new

carbocation is analyzed in a similar manner to the previous
again, but ultimately, the final step will be to either add a n
to react with a base at a beta hydrogen atom (E1).

Syl and E1 reactions begin

exactly the same way. The o
leaving group, X, leaves on X:
R4 Q x its own, forming a carbocation. X ®
RiaG / (must be at least 2° or 3° R™) Rsa 2 O ARz
CB_C - ‘\\\\\
v . Cy—C
A “R,  Syland E1 reactions / AN,
H R, are multistep reactions. H O R,
The R-X bond
solvated

ionizes with help
from the polar, protic
solvent, which is also
usually the weak

carbocation

one it came from. It may possibly rearrange
ucleophile at the carbocation carbon (Sy1) or

H——nNy: addition of a weak

—» nucleophile (Sy1

type reaction)

H B! Loss of a beta hydrogen
= atom, (CB-H in most E1
reactions that we study).

add Nu: (Sy1)
rearrangement to a new
L — 5 carbocation of similar or—
greater stability, and

lose beta H (E1)

nucleophile/base. start over > rearrange
H—B *Nu H ® (\ :Nu—H
weak = weak Ry Nu—H R, NU
base nucleophile . RiaZ / \/ Rs\E: /
. Cy—C,,, S
# Sn1 approach is from / ’ \’//R — /CB C“'w/R
solvated either the top face or g1 H R Often a final ¥ A R
carbocation the bottom face N ' enafina Ry
: > R, R, proton transfer
® = = is necessary. % R
Ry Rea ::/Rz Rial % S 4R
Rsa Z O \Ry Cy—Cs — = _ A
g N b Cp—Cq
C;—C; *Nu—H / \ A\ / \
/\j O\R Sl weak 4 oM H Nu
N .
H nucleophile | (/:Nu y  Snl product
) (a nucleophile
H B: £1 1 rotate Cp-H 180° substi@utes for
parallel to 2p orbital a leaving group)
weak ®
base
H\/\V O WRo E1 approach comes R4////:, — \\\\\\\Rz R3////, \\\\\\R2
S from parallel Cg-H ~ _ > C—Cu Cp—Ca stable
Cp—Cq oo p v b “ :
R \\\\“l b N with either lobe of ~ E1 R3/ R1 R4/ ‘Rl leaving
A O Ry empty 2p orbital. E1 products group
4

S =substitution E = elimination

Terms | 1=unimolecular kinetics (first order reaction, the rate in t

R-X = R-Cl, R-Br, R-I, R-OTs, ROH,*

‘Nu—H = H—B: usually a polar, protic solvent
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H-Nu: = weak nucleophile

(pi bond forms,E & Z possible)

H-B: =weak base X = leaving group

he slow step depends only on RX)

(or mixture) of H,O, ROH or RCO,H



Nucleophilic Substitution & Elimination Chemistry 4

Syl and E1 reactions — the first step

Gas Phase lonization Energies are known for R-Cl Bonds (and a lot of other bonds too, given in kcal/mol)

® O <
Gas Phase Heterolytic Bond Dissociation Energies (R-X —> R+ :X) ®CH3
thyl ® AZ40
o0 4 Mmethy
320 T carbocation CHCHCH, - <
4 €] : secondar : . . A=15
280 cl primary carbocatig/n tertiary primary-allylic HsC.®
carbocation carbocation carbocation LCH <
240 + ®CHjs o ol o H3C
f Ny e c ey HsC e
£ H;C.® H3C 3
200 3 3 _
PE CH:),C_HQCHZ HSC’ H3C—:C® H2C£H‘CH2 ch—:C(‘D -
‘ 160 + —_ HsC H5;C
4 @
120 +227 T T H,C=CHCH,
80 L +185 +170 1157 +173 is more stable than
expected by about
40 + 12 kcal/mole
0
HiC—Cl  CHiCHCH,—Cl  HC. HsC_ H,C=CHCH,-Cl
HaC” HsC—C—Cl
Hs;C

Lower charge density in the anions also makes it easier to ionize the C,-X bond.

C|3H3 X = Gas Phase B.E.
HsC—Cli—X Cl +157
CH3 Br +149
I +140

The activation energies for ionization in solvents are on the order of 20-30 kcal/mole (Sy1 and E1
reactions). It is clear from the difference in the gas phase energies of ionization that the solvent is the
most stabilizing factor in ion formation. The magnitudes of these energies are compared in the potential
energy diagram below.

Carbocations are more stable and have smaller energy
differences in solution than the gas phase. (But methyl

200 + ‘@ chy 1® and primary are still too unstable to form in solution
HaC and we won't propose them in this book.)
bisoh ] THF oy
PE Solvent / ion interactions
‘ 100+ +160 are the most significant
factor (about 130 kcal/mole
" e o| here).
50+ CHs CH3 /C—CHg Cl
HsC— (::_ cl ch_(::_m HsC
0 CHy CHy f +20-30
gas phase reactions polar solvent phase reactions
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Nucleophilic Substitution & Elimination Chemistry 5

Polar protic solvents are good for Sy1/E1 reactions because they allow for easier formation of cations and anions in
solution, the first step of those mechanisms. Only secondary and tertiary carbocations are stable enough to form in
solution (usually H,O, ROH or RCO,H, in our course, HX and H,SO, acids work well too in reactions with

alcohols).

R Many small solvent/ion interactions make up for a single,
| large covalent bond (heterolytic cleavage). A typical
~H, hydrogen bond is about 5-7 kcal/mole and typical covalent

& bonds are about 50-100 kcal/mole. In a sense the polar protic
solvent helps to pull the C,-X bond apart. The "polarized"
& protons tug on the "X" end and the lone pairs of the solvent
H e molecules tug on the "C," end. If the carbocation is stable

R-0O R enough, the bond will be broken.

HC_® CH
3\C/ 3

|
CHs

The large differences in carbocation energies provide a strong driving force to rearrange to a more stable
carbocation. This complication is a very common side reaction whenever more stable carbocations can form.

Problem — A tremendous amount of energy is released when a hydride is allowed to combine with a
carbocation in the gas phase (called hydride affinity). Explain the differences in the hydride affinities
among the following carbocations.

Hydride affinity: R+ :H——> R-H + large release of energy

HC_ g HiC, @ (very negative AHyn)
2, < LH fFes e . ® . ® &, .9
3 CH3CH, HsC HsC H—0—CH, H,N—CH, :0=C—CH; ~_-“M2 H,C=CH-CH,
-315 -277 -249 -232 -248 218 230 270 256

Problem 5 - Consider all possible rearrangements from ionization of the following RX reactants. Which
are reasonable? What are the possible Sy1 and E1 products from the reasonable carbocation possibilities?

This is a long problem.

a. H b. CH . d  hc  cH
J' far: e AV
H-C = < = =
3 \T\é/x e S \C\é:/ " SN ax
| H,C c
CH3 \C\/H CHs \C_H CH, \C k |
H/ H / \ J/ TH /C\H
H H W b, \H

d. What would happen to the complexity of the above problems with a small change of an ethyl for a
methyl? This problem is a lot more messy than those above, (which is the point of asking it). You do not
have to redo the entire problem. Just consider where differences occur.

CH,CHj CH,CHs
X CHj
CHj X
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Nucleophilic Substitution & Elimination Chemistry

A comparison of free radical and carbocation intermediate stabilities

+70 —
+60 —

+50 —

T+4o -

PE

+30 —

+20 —

+10 —

Ref=0 —

Gas Phase Free Radical Data
(kcal/mole)

Free Radical Substitution (an sp® C-H reaction)
1. initiation

:B:r—:B:rZ ::Br‘ 'ért
2a. propagation - fastest at the weakest C-H bond

LYAZA |

hv

R

— B —= OL®  h—in
/>
2b. propagation
OL®  Br—8r —» —Cc—Br 5
/ B / (start
o over)
3. termination ﬂ ‘\
Re * R —— R—R

(= 92+13)

®
O \\\H Gas Phase Carbocation Data
H— (kcal/mole)
O™
H
+70 — . ©
2Q| H
CHg AHgas phase ~ +157 keal/mole ®
O <CH3
. N
HC—C—Cl: Hsc—8
e \CH
CH,q
+50 —|
+70
T +40 —
®
Q"
PE R_6
\H
+30 —
@
H
+20 — O\\\\
+28 R—é
\R
+10 — ®
+13 O \\R
R—g\
R
Ref=0 —--------leeiiiiiiiii e e
(= 157+70) (= 157+28) (= 157+13) (= 157)
CH
| ﬂ AHggiution ~ +30 kcal/mole ~CHs °
HyC—C—Cl: Hsc_&\ &)
CHs
CH, Solution phase AH differences
CHg* +20
RCH,* +9
R,CH* +5
R,C* 0 (ref.)

Compare relative rates of reaction based on differences in AH

kmethyl ~
tiaary

Kotimary 40 23)RM
—REL ~ 10 =~ 10

Ksecondar ~ (2.3)(R)(T)
_ktiaTL ~ 10 ~ 10
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—AH —20,000
10 (23)(R)(T) ~ 10 (1380) ~ 1014
~AH -9,000
— 1
1380, ~ 1065 =~ X
Wk~ 1005 ~ 3.7x107 *3500,000
—-AH —5,000
[ - 1
- ~ 4 R e
(1380) ~ 1036 ~ 2.5x10 4000



Nucleophilic Substitution & Elimination Chemistry
Generic Guidelines for RX patterns in our course (horizontal display and vertical display)
D

Example 1 - two possible perspectives (deuterium and tritium are isotopes of hydrogen that can be distinguished)
M reaction

T. N
conditions

T
. methyl RX example
C —py reaction
e conditions Co
H e | i
D Br
S-bromomethane S-bromomethane
Example 2 - two possible perspectives (deuterium is an isotope of hydrogen that can be distinguished)
ShHs primary RX example H
S 4D )
H—(fp/ reaction | L . reaction
conditions «Cp SgH
\ — Vi ~ ~/ conditions
.C,—Br sC —_—
N P |
D Br
(1S,2S)- 1,2-dideuterio-1-bromopropane (1S,2R)- 1,2-dideuterio-1-bromopropane
Example 3 - two possible perspectives (deuterium is an isotope of hydrogen that can be distinguished)
D
= secondary RX example
AN H H
H—Cg i | |
reaction H ;
L N reaction
.C,—Br conditions wCp S i
H\\\\l 5 7 HaC\ / \c// conditions 2
et D | H
B
\ Br
H
(2S,3R)-3-deuterio-2-bromobutane (2R 3R)-3-deuterio-2-bromobutane
Example 4 - two possible perspectives (deuterium is an isotope of hydrogen that can be distinguished)
D
S 4CHs secondary RX example
— D H
B reaction | | _
\C conditions ., IR reaction
o —_— \\\w B S et conditions
HaC ~ /l \CHZCH3 — ?
H |ch
Br

\\‘
l _aACH,CH3
B
(2S,3S,4S)-2-deuterio-4-methyl-3-bromohexane

CH3
(2R,3R,4S)-2-deuterio-4-methyl-3-bromohexane
Example 5 - two possible perspectives (deuterium is an isotope of hydrogen that can be distinguished)
D .
$ ,cH, tertiary RX example H
H_C:;/ reaction D | H .
i\ conditions ., | H\\‘;\C\L reatqutl_on
s C,—Br ——> “C SPLNT conditions
v HacWW (AN g ANG _— !
H™Cp _aCH,CH / Cq CH,CHy
2 3
H \ Br
(2S,3S,4S)-2-deuterio-4-methyl-3-bromohexane

(2R,3R,4S)-2-deuterio-4-methyl-3-bromohexane
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Nucleophilic Substitution & Elimination Chemistry

Predict the products

methyl RX example

strong B:/Nu:

strong B:/Nu:

H Sn2=1 prgduct T\ i Sn2 =1 product
i E2 = 0 products reaction -
WCa— reatquil_on wCa™Br  conditions E2 =0 products
" l conditions N oy
- weak B:/Nu: weak B:/Nu;
H Sn1 = no reaction D S = no reaction
bromomethane E1 = no reaction S-bromomethane E1 = no reaction
rimar examples (simple and complicate
p y RX pl ple and plicated
H T strong B:/Nu:
= strong B:/Nu: = Z
§_.H e S .D _ Sn2 = 1 product
e = reaction Sn2 = 1 product H—c” reaction E2 = 3 products
B conditions E2 =1 product B conditions
\ e \ — ?
WCo—Br N Co—Br weak B:/Nu:
o l v_veak_B_.lM_- _ n l Sn1 = no reaction
r Syl = no reaction D E1 = no reaction

1-bromoethane

E1 = no reaction

(1S,2S)- 1-bromo-1,2-dideuterio-2-tritioethane

secondary RX examples (simple and complicated)

P*

"’III

\

}{

\ reaction
C,—Br conditions "

w

P*
H_CBACH3

\
F{

(2R)-2-bromobutane

strong B:/Nu:
Sn2 =1 product
E2 = 3 products

Syl = 2 products
E1 = 3 products

J
§,D
H—c'ﬁ/
\ reaction
H\\\\\\Ca—Br (M 5
|_1 —_ (::[i‘-'ll (:: }'I:S
\
D

strong B:/Nu:
Sn2 = 1 product
E2 =5 products

weak B:/Nu:
Sn1 = 2 products
E1 =10 products

(1S,2R,3S)-1,3-dideuterio-1-tritio-2-bromobutane

tertiary RX examples (simple and complicated)

P{
é? (:f{ §I[£H]g_£§:lbig:
H C/ 3 Sn2 = 0 products
B\ - E2 =5 products
H conditions 5
= C,—Br —> ¢
H—c weak B:/Nu;
B _aH —
— Sy =2 products
H=Cg
H\ E1 =5 products
CH,CH;

2-methyl-2-bromohexane

D
5 4CH
:"“I‘.k 3
H—Cj reaction
T \ conditions 5
;\\\‘ia_ r '
H—Cp
B
D\
D

strong B:/Nu:
Sn2 = 0 products
E2 =7 products

weak B:/Nu:
Snl = 2 products
E1 = 14 products

(2R,3R,4S)-2-deuterio-2-(R-deuteriotritiomethyl)-3-bromo-4-methylhexane

Z:\classes\314\314 Special Handouts\314 bare bones SN and E info.doc



Nucleophilic Substitution & Elimination Chemistry

Possible reaction conditions with RX compounds (CHs-X, RCH,-X, R,CH-X, R3C-X, other patterns not included).
::/CHch3

9

If you notice the parallel bonds, it will help you draw the 3D structures.
H H \H
< § L,CH F 4H
H S 4H 5 3 :
H §_H $Hs _ h—c?” h—c?” H—C;
i, S 4H H—C; \ \
N H—C; h—c?” \ Y g 8 c,—br g c,—sr
H\\\\\j:a_Br \C 5 \ \\\\\\CQ_BI' H\\\\\‘lot H— C:[}\\\\\lu H_CTB\\\\ la .
q Rk ' WwGa B H lAH H cﬁ‘CHZCH3 H—-C=" H— C 2713
i HY 4 H—Cy \ H\ CHY
H \H CH3 H CH3
secondary RX secondary RX tertiary RX tertiary RX
(t-butyl) (extra groups on Cp)

primary RX prim
(ethyl)

methyl RX
(extra group on Cg)
1. strong base/nucleophile: hydroxide [pK,(H,0) ~ 16], alkoxides [pKs(ROH) ~ 16] and terminal acetylides
tertiary RX

ary RX

(2-propyl = isopropyl) - (extra groups on Cp)

secondary RX

&)

[pK4(RCCH) ~ 25].
These electron methyl RX primary RX
pair donors are
a little more basic. H\ @
@
Na e \ \\Ca_Br \ \C —B
. W ‘\CQ_BI’ R Br R r
H—0: H l n l W ®\
hydroxide H H
(makes alcohols) H
Na®e
. only
R—0: SN2 Sn2 > E2 E2> Sy2 only
alkoxide
(makes ethers)
© ® point of
R—c=—c: Na difference
terminal acetylides

(makes new alkynes) D

phthalimidate [pK,~ 8] and hydrogen and alkyl sulfides [pK.(RSH) ~ 8].
primary RX

2. strong base/nucleophile: carboxylates [pK,(RCO,H) ~ 5], cyanide [pKy(HCN) ~ 9], azide [pK4(HN3) ~ 5],
tertiary RX

secondary RX

KR«

These electron methyl RX
pair donors are H
a little less basic.
A O.. Na(‘B\ \C B \
N S — — Co—Br
)J\Na(-B iN=—=C": HY l H\\\“fOt Br H\\\\"C“ Br @\‘ ¢
AC) cyanide H
O (makes nitriles) H @5
carboxylates
(makes esters) ‘o
@ . -2 e

: NE.N_.N : N onl onl
( kazlde_OI @ W2 > SN%/ Sy2 > E2 S\2 > E2 nly
makes azides,
then 1° amines  Phthalimide . © ¢

after Pd/Hy) (makes 1° amines point of
® after NaOH) difference

Na o Na” ‘0"
H—=: R—S : Li
hydrogen alkyl
sulfide sulfides R
(makes thiols)  (makes sulfides) enolates
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Nucleophilic Substitution & Elimination Chemistry 10

3. strong, sterically bulky bases: potassium t-butoxide [pKi(ROH)~19] and lithium diisopropylamide [pKa(R:NH)~37]

We use potassium t-butoxide methyl RX

primary RX secondary RX tertiary RX
when we want to emphasize
E2 reactions. H\ @ @ @
CH C,—B \ \
| 3 ° H\\\\“l o r \\\\.Ca_Br \\“Ca—BI’ \\\qu_Br
HeC—C—Q: H H 4 HY
| = o H
CHy K only only
potassium t-butoxide %nlg E2 > S\2 E9 )
N

4. weak base/nucleophile (water, alcohols and liquid carboxylic acids), Sy1/E1 conditions, rearrangements possible

H——0—H methyl RX primary RX secondary RX tertiary RX
water
: "\ @ @ )
R—O—H \
" C,—Br \ .
.alc.ohols H\\\\‘ l a C,—Br

\\Ca_Br \Cq_Br W
. W N\ )
g o ' Cr
H
/

R 0. No Reaction No Reaction Syl>El Syl > E1
carboxylic acids

(Which oxygen is ) These are mainly Sy1 conditions,
the nucleophile?) with E1 side products. Rearrangements
are a possible complication.

5. Alcohol (ROH) + HX acid (HX = HCI, HBr, HI) (Sn2 conditions at methyl and 1° RX or Sy1 at 2° and 3° RX)

methyl RX primary RX secondary RX tertiary RX
These are mainly H @ @ @
Sy conditions. \
.C,—OH \ \C —on
W Cq—OH C,—OH Wy
H l W A \\
H\\ l H\\
: H
H-X acids

(HCI, HBr, HI)

Sn2 Sn2 Syl Snl
The OH of an alcohol becomes a good leaving group (water) when protonated by a strong acid.

6. Alcohol (ROH) + H,SO4/A (E1 conditions, rearrangements are always a possibility with carbocations)

methyl RX primary RX secondary RX tertiary RX
These are
E1 conditions H\ S
(very harsh).
.Cu—OH . N\ t —on
W C OH .C OH Wy
H l H\\\\ l o \\\\\ o @\\
H,S0,4/ A H A H
(-H20)
NA El E1 1

The OH of an alcohol becomes a good leaving group (water) when protonated by a strong acid.
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Nucleophilic Substitution & Elimination Chemistry 11

A possible approach to working SM/E problems.
Write a 2D, then a 3D structure for the given name.  (2R,3S,4R) 2-deuterio-3-bromo-4-methylhexane
All variations are shown

below, which are enantiomers,
diastereomers?

D\ H H\ CHs 3 4 4 3
/3\ 3/2‘\\ _CHs S 3\38/ ) \Cs (2R,35,4R) (2S,3R 4S)
HsC C c” 6 Cp c B 2R3S4S) | (25.3S4R)

1 % Hs ) PN / : 1/4R\ ) ( )
o ° o 1 %4 (25,35,4S) ! (2R.3R4R)
(2R35,48) | (2S3R4R)

(2R,3S,4R) 2-deuterio-3-bromo-4-methylhexane

What are the expected products if hydroxide is the electron donor? How would the expected products change if hydroxide
were changed to ethoxide (?), ethanoate (acetate)(?), t-butoxide(?), azide(?), cyanide(?), terminal acetylide(?) water (?),
ethanol(?) or ethanoic acid(?). Write a separate mechanism showing the formation of each possible product. Which are major?
Which are minor? How would the problem change if the bromine, deuterio and/or methyl were moved to another position?

How would this problem change if (2R,3S,4R) 2-deterio-4-methylhexan-3-ol were mixed with concentrated HBr (?) or H,SO4/A(?).

Two possible perspectives. CH, 55 NS

o H—c;
Nu: \ 3
) H\\\“i:a_>< 2 . \\\H B4
B: \ 3
B)—-c, =" <Nd \SC“/ e,
2 | CH,CH
(2R,3S,4R) CHj (2R,35,4R) X
Two additional perspectives, with slightly different conditions.
5 HBCH CH H—""
. 4 -:/ 2=
H—B: (: )_CB
\ 3 H—Nu:
: — 2 H14
H——Nu: wGe X Co S,C;
\ W 3
lAD HcV \c;ﬁ e,
@ Cp D 3 | CH,CH;
2
(2R,35,4R) CHs (2R,35,4R) X

Method for filling in the blanks on a structure from the name of the structure.
1. Draw C,, = C3 (in this problem) first in its proper configuration (R or S).

2. Add in groups on Cg carbons in any manner. It is convenient to put an anti Cg-H to C,-X for E2 reactions. If you are
lucky, they will be in the correct R/S configuration. If you are wrong, then switch two convenient groups.

3. If there is a strong nucleophile/base, then write out all of the Sy2/E2 possibilities. The Sy2 product will form only by inversion of
configuration via attack from the backside at C,-X. Any E2 products require an anti Cg-H and C,,-X conformation. You must look
at every possible anti Cg-H to determine all of the possible alkene products. You should draw every possible conformation and
examine the predicted alkene that forms. This will determine the configuration of any alkene products. More preferred alkene products
are, generally, more substituted and "E" > "Z", whether an E2 or E1 mechanism.

4. If there is a weak nucleophile/base, then write out all of the Sy1/E1 possiblities. The first step for both mechanisms
is loss of the leaving group which forms a carbocation. The two ultimate choices are Syland E1 reactions, but rearrangements
must be considered along the way with every carbocation that forms. To keep our life simple, we will only consider rearrangements to
more stable carbocations when predicting reactions. To explain a result we may have to invoke rearrangements to similarly stable
carbocations. For Sy1 products add the :Nu-H from the top and bottom faces of the carbocation. If C, is a chiral center, there will be
two different products (R/S). It is also possible that there are two products in a ring with cis/trans possibilities and no chiral centers.
You will also have to take off the extra proton on the attacking nucleophile via an acid/base reaction to get a neutral product. For E1
products you will have to remove any Cg-H (no anti requirement, top or bottom face). Make a double bond between all different Cg
carbons and the C,, carbon. Switch the two groups on either of the carbons of any double bonds to see if different stereoisomers are
formed. The possible outcomes are that the switch produces no change or that E/Z stereoisomers are formed. Any possible outcome
is a predicted result in E1 reactions based on the generic alkene stabilities listed in point 3.
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Nucleophilic Substitution & Elimination Chemistry 12

Solvents

lons are often involved in solution phase reactions and the solvent must allow for their solubility. A
reasonable amount of solvent polarity is necessary to make this possible. Solvents used in these sorts of reactions
are often divided into two broad classes: polar protic and polar aprotic. Polar solvents (protic and aprotic) have
moderate to large dielectric constants (e > 15), which allows for charge separation at lower energy expense.

_ dielectric constant _1 _ work necessary to separate
€ = (bulk solvent property) ¢ charge in the solvent
p = dipole moment ~  anindication of charge
(molecular property) separation in a molecule

¢ = dielectric constant = bulk solven property,

indication of amount of work necessary to u = dipole moment = individual "molecule" property
separate charges in a solvent enviroment

@ nnnnn S]

} | +q q |
insulating solvent | ‘ _
medium can allow| = d - |
ions to separate

The work to separate charge = 1/e. The diople moment, p, is dependent upon
(e4ir = 1, as a reference, and gy, =78, for the charge imbalance in a molecule ()
comparison, e.g. it is 78 times easier to and the distance of separation (d).

separate charge in water than in air)

Protic solvents have a polarized hydrogen attached to an electronegative atom (usually, oxygen as O-H or,
less commonly, nitrogen as N-H). This polarized hydrogen atom is good at hydrogen bonding with partially or
fully negative sites, which helps to stabilize the anions in solution, but leads to anions encumbered by solvent
molecules. Polar aprotic solvents do not have a polarized hydrogen atom and don’t have the ability to interact
strongly with negative charge. While hydrogen bonding is good for dissolving an anion in protic solvents, it
inhibits the anion’s ability to attack another atom in a reaction, more so in Sy2 than E2.

Polar protic solvents - the protic part is the polarized hydrogen atom attached to oxygen

I
H, || C H
H H HsC H e H C H H/ \N/
o o ne | No” NI |
¢ =78 € = 33 ¢ =25 g = 59 8:111H
w=18D n=17D p=17D w=14D u=38D

Polar protic solvents are good at solvating anions (with their hydrogen ends) and cations (with their oxygen ends). They tend to inhibit
Sn2 reactions because solvent molecules are strongly solvating the nucleophile preventing easy approach to the backside of the C,, carbon.

Polar aprotic solvents - aprotic means there is no polarized hydrogen atom attached to oxygen

‘o ‘0" o

” |c| CH HsC——C==N: | e @

g SN ST c .

HSC/ \CH3 H N H3C/ \CHs o0

DMSO DMF CHs AN acetone nitromethane

dimethyl sulfoxide dimethyl formamide acetonitrile

e = 47 e =37 e = 38 e=21 e = 36

p=39D p=39D uw=39D p=29D p=35D

Polar aprotic solvents do not have any polarized hydrogen atom to solvate anions. They do usually have a very strong, concentrated partial
negative end that is good at solvating cations. Cations are tied up with the solvent, while anions (nucleophiles/bases) are relatively unsolvated
and much more reactive than in polar protic solvents. These are very good solvents for Sy2 reactions.
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Nucleophilic Substitution & Elimination Chemistry 13

Both protic and aprotic polar solvents usually have a concentrated negatively polarized oxygen or nitrogen
which can interact strongly with cationic species. Polar aprotic solvents have similar dielectric constants to polar
protic solvents. So, the main difference is that polar aprotic solvents do not have any polarized hydrogen to solvate
anions. This leads to poorer solvation of anions which makes them much better nucleophiles in Sy2 reactions. A
more exposed anion is a more reactive electron pair donor, which is a good thing for Sy2 reactions. Polar aprotic
solvents like DMSO, DMF and acetone are therefore preferred for Sy2 reactions.

Cation/anion solvation shells in polar protic and aprotic solvents

polar protic solvents polar aprotic solvents
o— R
H R /
/ | R H HsC cHs  Ov cn
O, O- : Ne / g—CHs
R/ /,,,, \\\\\ H O\ H"II/,, H /S— O O: S I
D H-o HsC \CHz CH3
H-o" “o-R : @
e /O H \R & ®, S
\R H ! H3C\ < “, /CH3 CHj
O s=0 0=s_ [
. . . . H3C CH3 H3C/ N
Strong solvent interaction with both cations @
and anions. The anion/solvent shell must be shed Strong solvent interaction
before a reactive encounter with the RX with cations. Weak solvent interactions with anions. Electron
substrate can occur to induce an Sy2 reaction. pair donation (Sy2) is much easier than in protic
A more basic anion is more hydrogen bonded. solvents. Direct reaction with the RX substrate is
possible from the more "free" lone pairs, so a more
basic anion is also a more nucleophilic anion.

Activation energy is a measure of the energy barrier that must be overcome for a successful reaction. Higher
activation energies produce slower rates of reaction. The following differences in activation energy, E,, for Sy2
reactions with the given nucleophiles and methyl iodide (CH;l) indicate differing rates of reaction. Show the
mechanisms with curved arrows and explain the differences in the E, (rates of reaction).

(CH5),NCHO (CH3OH) DMF = dimethyl formamide
(e=137) (¢ = 33) (a polar aprotic solvent)
Nucleophile E, in DMF (kcal/mol)  E, in methanol (kcal/mol) :0 (\ CHa ':o@ cH,
: C|e 16.9 25.0 (/\\C—N/ - \C:@N/
: :Egrz 17.3 23.0 H/ \CH3 H/ \CH3
: | : 20.9 18.0 The second resonance structure shows concentrated

negative charge on oxygen (interacts well with
. ) positive charge) and difuse positive charge at
Nu:  +  CHyl > ? nitrogen end (interacts poorly with negative charge).

A few examples of nonpolar and aprotic solvents, which can work well for reactions where charge is not a factor or phase transfer catalysis is possible.
0

H H 0 / \
/CZ\ /CZ\ ﬂ 22 o) o} CH,Cl,
HaC (o) CHs H3C/ \O/ \CH3 \ /

e=14 € =6 e=38 g = e=9 €=
W=14D w=18D w=16D W =00D Ww=16D W=00D
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Nucleophilic Substitution & Elimination Chemistry 14

Good Leaving Groups

A leaving group has to be a reasonable, stable entity (usually anionic) so that the overall reaction
thermodynamics are favorable. Initially, we will begin using five different variations of leaving groups in
our course (there are many others). While there are differences in leaving group ability, we will consider
all of them “good” and represent them with “X”, as in R-X compounds. Four of our leaving groups leave
as anions (similar to their conjugate acids) and one of our leaving groups leaves as a neutral molecule,
water (from a protonated alcohol). The pK, of an acid can provide a comparison of how well its
conjugate base leaves a proton and, while not exactly the same, we can use that number as an indication
of how well a leaving group leaves a carbon atom. A low pKj for an acid should indicate a stable
conjugate base, and thus a good leaving group in S\/E reactions.

Our five good leaving groups (for now) — all considered as “X” in our course

Any of these can
be represented by

. All are relatively stable. R-X
Acids . . :
Conjugate Leaving
Base ..sameas.. Group
H,0 /\ y reaction o Sn/E /\
20: H—CI : A . chemistry —
.- with water .ol - R Cl :
hydrogen chloride it walg! Cls -~ chloroalkane
pKy = -7
b /\ . reaction SN/E
H,0 : H——Br : with water o - chemistry R—Br :
hydrogen bromide —_— tBr: - ..
pKy = -9 . bromoalkane
. /\V reaction
H,0 /_\ H e with water o .. Sn / E ..
A _— > e chemistry R— ¢
hydrogen iodide pK, = -10 . - o dolkane
- O'. . . . .
N /\' I ti b hSN/E ﬁ
H.O: - _ reaction chemistry .
2 H 0 s R with water ©.. _”_ -~ R—O0——S—R
sulfonic acid ” K, = E || " - ”
.0, PRy = -7 alkyl sulfonate (3
/\ H t .'O'. SN / E H °
. reaction hemist
wor O e chemisry NP
"o rraeacll R—g-2
hydronium ion *O—H protonated alcohol

Leaving group ability in Sy2 reactions with ethoxide nucleophile.

/\O />\? . /\0/\ @:X

© relative rate of reaction
X = -F
-Cl 1
-Br 830
-1 1210
-OTs 1500
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Nucleophilic Substitution & Elimination Chemistry 15

How to make an alkyl sulfonate from an alcohol, and turn the lousy OH leaving group of an alcohol into an excellent leaving group.

B |O| / \N: ﬁ ®
Lo QO O

.0 Pyridine is also .0,
alcohol called a proton
) Ts-Cl sponge (: py) Y
: . hydrochl
OFL 15 2 poor toluenesulfonyl chloride excellent leaving group F’V”d'“'gf,g‘cggggc oige
g group (tosyl chloride) Ts-OR

(alkyl tosylate)

There are many variations of sulfonic acids, but we will only use toluenesulfonate esters, also called tosylates and represented as R-OTs.
They can be made from toluenesulfonyl chloride (Ts-Cl), and alcohols (ROH), with pyridine serving to neutralize the H-CI co-product.

Possible Mechanism for Tosylate Formation from an Alcohol and Tosyl Chloride

Resonance structures of tosyl chloride before attack of alcohol

.. .. /\
HeH HeH .
— | The sulfur still has an octet,

‘0" :
” > but is highly positive and is
S—CI —< :)—s

o

\ / S—CI strongly electrophilic. Also,
- 0.

| sulfur has available 3d orbitals
and can exceed the octet rule.

@

Possible Mechanism — addition of nucleophile before leaving group leaves

R

o.. o.
:0:

. \,

:0: /_\ O\H

l@_u ;o R — @illﬂ : —
Lo AN

The second resonance structure
emphasizes the electrophilic
nature of the sulfur.

m:5

o—
N
P

Sn2 i)

R\\_: ————— . / | "/
o—Tsy  —— B2 Syl T
tosylate leaving group\L R* — |

(similar to iodide)
salt (ppt
T rearrangement PPy The alcohol has been converted to an

alkyl sulfonate. The poor OH leaving
group is now a very good sulfonate
leaving group.

The reaction presented above is a general reaction of acid chlorides, which produces esters (of carbon =
organic, nitrogen = inorganic, sulfur = inorganic, phosphorous = inorganic and others). The oxygen(s) and chlorine
inductively pull electron density from the central atom (C, N, S or P) and make it very partial positive. This
inductive effect is reinforced by a resonance effect, which in C and N is somewhat less important due to the lack of
an octet, but in sulfur and phosphorous is very reasonable since those atoms retain an octet.
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Nucleophilic Substitution & Elimination Chemistry 16

Once the alcohol oxygen is attached to the sulfonyl portion, the oxygen becomes a good leaving group and
can leave as a very stable anion. (Think again of a stable base vs. its strong acid K,/pK,.)

/\ conjugate acid (H,0)

. O.. _
R—O—H — > R® :0—H pKa =16
H_/ N v J
poor difficult reaction because
leaving both products are high
group energy intermediates
g - .5 © . .
R Y o N2 7 LD
E —SO—/‘, _— R('D .O—ﬁ - Qzﬁ <> 9:?
7 IS 4

L/ stable anion leaving group makes ionization process much easier in Sy1/E1 reactions

and is also a very good leaving group in Sy2/E2 reactions, conjugate acid pKa = -7

Problem — a. Show analogous resonance structures for the carbon, nitrogen and phosphorous acid chlorides to those
given above for tosyl chloride which emphasizes their electrophilic character.

a '.O.' b -.9.- C ..ﬁ..
[l P
Co .. Nioe R™ 1 €I
HyC” .Cl Gl R =

b. Show a similar mechanism of substitution (to that of tosyl chloride, above) for each of the above acid chlorides
with methanol as the attacking alcohol. What is the nucleophile? What is the electrophilic atom in each example?
What is the leaving group in each example?

c. Show a similar mechanism of substitution (to that of tosyl chloride, above) for each of the above acid chlorides
with methylamine as the attacking compound. What is the nucleophile? What is the electrophilic atom in each
example? What is the leaving group in each example?

Problem —

a. Show how each of the following compounds can react in an Sy2 reaction (mechanism). ldentify the nucleophile,
substrate, leaving group and product in each equation (-OSO,CsH,CH; = -OT5s)

:0

a C
o I b o o
I°  HeC—0—S N=C°®  CHsCH,—OTs N3
! OTs

:0

b. What alcohol and reactions would generate each of the above tosylate esters? Write out the reaction equation,
including the necessary reagents to produce the desired transformation.
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Nucleophilic Substitution & Elimination Chemistry 17

Problem - Alcohols can be converted into inorganic esters and organic esters. An example of each possibility is
shown below.

|C|) . .
. pyridine R_..
R\b; 1 Cl—S —_— \o—!
| | ” mechanism = acyl-like substitution
H ex .0
toluenesulfonyl chloride alkyl tosylate
alcohol (tosyl chloride) (an inorganic ester)
R J O‘.
—~0: I . I
| C 3 R C : -
-(‘:I/ \CH \O/ \CH mechanism = acyl substitution
H s 8 tertiary amine e 3
alcohol acetyl chloride (base) alkyl ethanoate
(an acid chloride) (an organic ester)

Use these two reactions and the fact that -OTs is a good leaving group and CH;CO, ™ is a good nucleophile to
propose a synthesis of both enantiomers shown below from the chiral alcohol shown. Classify all chiral centers as

RorS.

e
I
:5/C\CH3
H >
Tol T CHgmO~
C \{ " CH,CHy
‘\\\\C
CHBH/ SCHyCHy — s
_ H3C|T'|/3(|;/CH2CH3
:Q\C/CH3
I
0
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Available chemicals from the catalog

Possible Starting Hydrocarbons

CHiCH; L >

CH,

18

ADOO-O

For now, these primary RX compounds are available. Later you will have to make them.

Pd/ H,

Commercially available chemicals and reagents - you can invoke these whenever you need them.
NaCl NaBr Nal
) ® O K ® e
Na@ Na Na@ dNa h :dH'd potassium.hl—)ildride ° NH,
Br, Cl, HCI HBr HI H;SO, H,0 €, <} <} sodium hydride ¢ .
2 Ch U B—H  .§—H C==N: (verystrong base) (very strong base) (f,%?;,ugt"rg,'{'g'%gse)
” - (sodium and potassium salts are ionic) ®
(0]
cr? s Li® f Na” N —N=N:
N7 sodium azide
n-butyl lithium oH / \ (very good nucleophile)
(very strong base) ethanoic acid ethanoy! chlorlde
phthalimide ¢ (a carboxylic acid)  (an acid chloride) thlonylcmonde d"s"pmpy'am'”e 1
(an imide) )1\ < : IS

LiAlH, NaBH,

= Ts-CI (tosyl chloride)

lithium aluminumhydride = LAH sodium borohydride palladium ropanone ridine =
(very strong nucleophilic hydride) (nucleophylic hydride) ~ hydrogen [(Ja l?etone) glyoton sponge  Makes ROH into tosylates
Make these from above reagents -examples are provided in_the pages that follow.
o) B Ne® ©: NH,
r2 Br sodium amide

®
)J\ . o
2 egs.
Oe / _q>

very strong base ®0 _
( Y Sens ) Na” Te=c—H

H H
/\O/ NaH /\ R /\O/ NaOH
N : . i : )
alcohols amd/base alkoxides a carbcpéyhc acid/base carboxylates free Br 2x|(£j%bthen terminal acetylide
acids radical acid/base
ECEW Sn2¥ R-X
Br, Lo V2
Br Br sodium amide o
2o wevgmote)  wfe=c—on  px —
PN - . oo terminal acetylide —> R—C=C—CH,
free 2xE2 then SN2
radical acid/base
Br, Bry
hv hv Br
leq o ® leq ®
- = 0 K - = O K
/ P /\Br — / /\ — D /\
radical sterically bulky alkenes radical sterically bulky alkenes
strong base strong base
0 ? e P H
Na NaOH \
NaOH ° R-X . N—R
N—H —— N —_— N—R acyl >
acid/base Sn2 substitution
0
phthalimide ¢ imidate anion 0 0 1° amines
(an imide)
Sn2
Br.
LiAIH, H oy H,0 H
NaN or / Sl H e, ®
R-x  NaNg R-Nj3 P R—N\ leg — = o —— K
2 H Br id/base ically bulk
alkyl azides ——— free aci sterically bulky
Sn2 y 1° amines radical t-buty! alcohol strong base
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Nucleophilic Substitution & Elimination Chemistry 19

Svnthetic targets we can make.
Make these from free radical bromination of alkanes

Br Br Br Br Br
Br
HC—8Br g, )\ )\/ 4\ OﬁBrO/ ©/\

For now, these primary RX compounds are available. Later you will have to make them.

Br
/\/ Br \/\/ Br )\/ Br @I

Make these alcohols from Sy2 and Syl chemistry

e e NI AN OO
P NN )\/OH @I OH

Make these ethers from Sy2 and Sy1 chemistry (just a sampling_of the possibilities from the above 2 functional groups)

P N A O S04
O <O OO T

©
Make these esters from Sy2 and Sy 1 chemistry (make 2° alcohols using acyl substitution, not possible using Sy2 and RX + HO )

A\

S O G G °
H30_0/ /\O)k )\ )\/ 4\ O/ Tof()%
Awwwkﬂyfgr

Make these nitriles from Sy2 chemistry

N
N N &
N " N G N Z c
/C/ F Z F
HsC ~_ N
C//N
N
C//
N =N
C// \/\/C/
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Make these alkynes from E2 chemistry (twice) | Make these alkenes from E2 chemistry once)

=z
F

Make these alkynes from Sy2 chemistry

Make these thiols from Sy2 chemistry

SH

e~ I D 5
P A Y

Make these thiol ethers from Sy2 chemistry (just a sampling of the possibilities from the above 2 functional groups)
Sv\
: /S, : : _>7 \/\/s

Make these azides fromSy2 chemistry (made in 1° amines in one more step = LiAlH,_or Pd/H,)

—~ NI A OO

Make these phthalimides fromSy2 chemistry (made in 1% amines in one more step = NaOH)

(]

Make these tosylates from alcohols and tosyl chloride / pyridine

w
I

OTs

OTs OTs OTs
OTs
HsC—0Ts /\OTs )\ )\/ 4\ E>70TS ore
OTs
/\/ ots \/\/OTS )\/ QI
OTs
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Make these esters using_acyl substitution

T
Ay Y O

Make these amides using_acyl substitution

Y Y A O )

H
NY
0
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