Reference Sheet S: Organic Chemistry 11 Mechanisms
Part 111

Reaction(s) & Example(s)

Reagent(s)

Example Mechanism(s)

Nucleophilic Aromatic Substitution

An aromatic compound is treated with a
strong nucleophile (hydroxide), which
displaces a leaving group (bromide):

Br OH
L
| "= 1) NaOH, 70°C | =
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NO, NO,

Notably, there are three criteria in
order for this to occur:

1. A ring must be electron poor; (a
ring must be substituted with a strong
electron withdrawing group, typically
a nitro group).

2. There must be a good leaving group
(usually a halide).

3. The leaving group must be
positioned ORTHO or PARA to the
withdrawing group. (If the leaving
group is meta to the nitro group, the
reaction is not observed).

Also, consider that when hydroxide is
used as the attacking nucleophile, the
resulting product is a substituted
phenol, which will be deprotonated by
hydroxide to give a phenolate ion.
Therefore, acid is required in a
separate step to protonate the
phenolate ion and obtain a neutral
product:
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Meisenheimer complex

Note: Consider that the OH group on the substance made in
the first step gets deprotonated. In the second step, the
negatively charged oxygen gets protonated by H;O".

(See protonation mechanism in Reference Sheet 3 for the

second part of the mechanism).




Elimination Addition: Adding a Addition of an
Hydroxyl Group OH: Proton transfer . Loss of a leaving group
X 1
— il
One could add an OH group to a 1) NaOH, pH . f\u e
halobenzene ring that doesn’t contain a 350°C QH . SN
strong electron withdrawing group; — Hydroxide functions as a A Ie"l';.-n*g gr-JLtp =
. . . oase a eprotonates ecied, generating 2
(IlOtlI.Ig that s1gn1ﬁgantly harsher 2) H3OJr : rﬁr:! zll:'-'ucl:'nqprlc ::;S tféﬂ?'frq :IﬁTI;r*r“q;.l it;
conditions are required here):
Cl OH
Nucleophilic attack B Proton transfer .
o . .
1) NaOH, 350 °C o \ 1o Hon
> Y, S LN T
2) H30+ @J :OH == \\HJ\J"KH
= Hydroxide functions The resulting anion
as a nucleophile and removes a proton from
BEHZ?I’IE attacks henzyne water tn yield the product
Elimination Addition of an Amino Addition of an
Group amino group: cl NH; NH,
Adding an NH, group to a halobenzene 1) NaNH,, NH;4 w, N )
ring could occur much better here (liquid) /R0
compared to the add1.t10n of a hydroxyl — . 50% 50%
group; nevertheless, if there are any 2) H;0

additional groups attached to the
halobenzene ring, this causes multiple
products to form:

cl NH, NH,
| = 1) NaNH,, NH, (1) | 3 - *
kL +
= 2)H,0" _ S
50% 50%

Notably, the products above are
identical, but the mechanisms of each
product differs (see mechanism example
on the right).
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Benzyne Reaction N/A #(See mechanism in the “Reaction(s) and Example(s)”).
Benzyne is allowed to react with a diene
via a Diels Alder Reaction:
o
ST iels-Alder ‘\“
@“____/1 _ 0\5 Diels-Ald K//ZU
Benzyne N _-Furan Cycloadduct
Nucleophilic Addition upon a Carbonyl Basic Nucleophilic Addition: Basic Conditions w/ Carbonyl:
Conditions w/
If the nucleophile is strong enough to arbonyl: Nucleophilic attack
attack and NOT a good leaving group, o} _
then the full addition will occur: Strong J_I\ _—— iNuc”
. . Nucleophile o
o :OH N - The carbonyl group
:M._.c_ is attacked by a nucleophile,
I " forming an anionic intermediate
W Nuc Acidic
Conditions w/ - Proton transfer
Notably, the reac?ipn above will be Carbonyl: :0: ""ﬁ-m\l ) /{-—?:\"H :0H
under basic conditions. )\
1) Acid (A-H) “ [ Nue - | Y B
. . The anionic intermediate
However, with a weak nucleophile, the — is protonated upon treatment
presence of an acid makes the carbonyl 2) Weak with a mild proton source
more attractive to the nucleophile so the Nucleophile

full addition occurs:

Nucleophilic Addition: Acidic Conditions w/ Carbonyl:

Proton transfer

The carbonyl group is first protonated,
rendering it even more electrophilic

MNucleophilic attack

/,.-;_Nuc :6H
)J\\ = N
S - uc

The protonated carbonyl group is
then attacked by a nucleophile




Hydrate Formation

When an aldehyde or ketone is treated
with water, the carbonyl group can be
converted into a hydrate. This could be
effectively achieved via Base-Catalyzed
Hydration:

o 1) =0GH :OH
JJ\ -d x\_‘.\)]\u
H™ “H2) ,~O~, H 4™ 0H

Note: Under basic conditions, a
mechanism will only be reasonable if it
avoids the use or formation of strong
acids (only weak acids can be
employed).

This could also be achieved by
Acid-Catalyzed Hydration:

Note: Under acidic conditions, a
mechanism will only be reasonable if it
avoids the use or formation of strong
bases (only weak bases can be
employed).

Base-Catalyzed
Hydration:

1) NaOH

—

2) H,0

Acid-Catalyzed
Hydration:

1) H;O"
ﬁ

2) H,0

Base-Catalyzed Hydration:
Mucleophilic attack

?j\ - —
HO\H

The carbonyl group is attacked by
hydroxide, forming an anionic intermediate

Proton transfer

P — oy

10:7 ST Ny :0H
H‘*"J\BH H“’VL'E)H
H - H e

The anionic intermediate is protonated
by water to form the hydrate

Acid-Catalyzed Hydration:

Proton transfer

The carbonyl group
is protonated, rendering
it more electrophilic

Mucleophilic attack Proton transfer

H H
oM 8 :OH " i0H
d / H }\ e H )\
£ e~ H i
H” “H H'd 07 H"d ~OH
i qH 2

The oxonium intermediate
is deprotonated by water
to torm the hydrate

The protonated carbonyl
group is attacked by water,
torming an oxonlum Intermediate




w Ketone or Proton transfer Nucleophilic attack Proton transfer
Aldehyde w/
In acidic conditions, an aldehyde or Alcohol: - W 2\
ketone will react with two molecules of )‘L v )‘L " OH e OH
alcohol to form an acetal: [H'] R S )\on
0] — The carbonyl group The alcohol attacks the R The tetrahedral . /
)-k 2 ROH [H+] is protonated, rendering protonated carbonyl intermediate is Hcmm:ela,l// Proton transfer
— it more electrophilic to generate a deprotonated to /
*N te: H+ . tetrahedral intermediate fornix a hemiacetal l-L)\O The OH group is
ote: [ ] 1S a protonated, thereby
Proton Source converting it into an
: H. o H excellent leaving group
RO OR N
OR R
+ H,O oo
)k v Loss of a leaving
P f Nucleophil k o
roton transfer ucleophilic attac -H,0
Acetal H30+ ‘ Water Iea:/e;to
regenerate the
Note: One could use an acetal to N e nr M R C=0doublebond
selectively protect an aldehyde or ketone OR a/ A J\
from reacting in the presence of other + 6r *T 6r ’
electrophlles. Acetal  The intermediate is The second molecule of the
deprotonated, alcohol attacks the C=0
generating an acetal double bond to generate
another tetrahedral intermediate
Cyclic Acetal Formation Typical Cyclic Typical Cyclic Acetal Formation:
Acetal — Hm HO
E ;o-.q—'ﬁo oH @ g SN e . . \)
Ethylene glycol can be used to convert Formation: Iy A, i HF  OH o &5 HO:  OH WY o
an aldehyde or ketone into an acetal. The /—\3 —_— A X — <)< Heriscetal
acetal group can be used to protect HC’[H S0, H Y
; ISV
aldehydes and ketones. The acetal group e Hg o
is stable to basic conditions, but is Intramolecular
. . HO
removed when subjected to aqueous Cyclic Acetal Iy I o\ WA - NS fﬂ)
.« g o . . H~ [ — -
acidic conditions to regenerate the Formation: M= \jk HY
carbonyl group (AKA hydrolysis):
[H,SO,] : .
HO OH N Intramolecular Cyclic Acetal Formation:
0 /T\ \ H
‘[Hz(]) 0 /"O ./\“Ht‘lfH ao "N o -fge
o
N HO KO
2
r HO HO. H H
o~ H H HO: Q
Note: This process is reversible!!! Hemiacetal
(Acetals act as protecting groups of L
ketones and aldehydes from reagents ocs o Vet oo
. H H
like LAH). :O Q@ w
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Formation of a Hemiacetal

As mentioned above, one could convert
an aldehyde or ketone into an acetal. In
most cases, it is very difficult to isolate
the intermediate hemiacetal:

o RO OH
)J\ + 2ROH _ + ROH
Hemiacetal
Favored by Difficult to
the equilibrium isolate
RO OR
p— + H-0
Acetal

Favored when
water is removed

However, when a compound contains
both a carbonyl group and a hydroxyl
group, the resulting cyclic hemiacetal
can often be isolated:

OH

[e) (0]
H']
HUA“’/\\’)K — lj»

Cyclic hemiacetal

[H2SO,]
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Formation of an Imine and an Enamine

In mildly acidic conditions, an aldehyde
or ketone will react with a primary
amine to form an imine (compounds that
possess a C=N double bond):

H H*] )J\ H
_
CHaNH,
H,0

It is essential to note that one could also
form an imine using a methyl amine
(NH;) as well.

However, if one were to utilize a
secondary amine instead of a primary
amine, one would form an enamine

instead:
R R

o “\N/
é A @

R

AY

N—H
S
R

An enamine
Many different compounds of the form
RNH2 will react with aldehydes and
ketones, including compounds in which
R is not an alkyl group. In the following
examples, the R group of the amine has
been replaced with a group that has been
highlighted in red:

OH
o H'] N7
)’I\ Ho T )'L

—
R R H0 R R
An oxime
NH
o H*] N7
S
—_—
R R H,0 R R

A hydrazone

Formation of an
Imine:

#See reagents
below*

[H'] (OR
[TsOH])

—
Primary Amine
(OR Methyl
Amine)

Formation of an
Enamine:

#See reagents
below*

[H] (OR
[TsOH])
ﬁ
Secondary
Amine

Formation of an
Oxime:

[H] (OR
[TsOH])

—

OH-NH,

Formation of a
Hydrazone:

[H] (OR
[TsOH])

—

H,N-NH,

#(Note: The
mechanism
requires an acid
catalyst. Note
that the optimal

Reaction w/ Primary Amine (or even a methyl amine):

Prot ansfa ¢
Nucleophilic attack roton transfer Proton transfer

~, ot

H
S~ e
ey SN .
A SR 4 H—A STTA oH \
)k - n\“)\ / - \\'\‘ik(\/H - \\\‘7&"/“ I"‘.
N, & ‘
|

| s
Fi‘“ H' The intermediate ie R™ H
protonated to remove
the negative charge

The amine attacks

the cabonyl
e cabony! group Deprotonation gives ~ Carbinolamine

a carbinolamine

/ Proton transfer

/
[
Ifl—I A% The OH group

is protonated
thereby converting
it into an excellent

(s Lossof a
roton transfer leaving group leaving group
R —~— ™H R H. ®_H
N A7 HO o)

Water leaves,
forming a R
C=N double bend

The intermediate
is deprotonated

Imine .
to generate an imine

Reaction w, ndary Amine:

Nucleophilic attack Proton transfer Proton transfer

H — —
BN A8 TN n i

P //H' . :0: \ S :OH P ‘OH \
A nw)\ / mw'/Lw’\/H = ..myL--/H \

N N N
: /&R . (&g \ ‘
The amine R The intermediate R R |
attacks the is protonated to /

remove the
negative charge

carbonyl group Deprotonation gives ~ Carbinolamine /J

a carbinolamine

/
/ Proton transfer
/
/
Yo
H=A® The OH group
is protonated,
thereby converting
it into an exesllent

oy 4 Lossofa
roton transfer leaving group leaving group
R... R —_ R.@.R H. @ H
N A N Ny H,0 <
H&R m.aju\..,ﬁ

" The intermediate Water leaves T

Enamine is deprotonated and a C=N double R
to generate an enamine bond forms

Formation of an Oxime: N/A

Formation of a Hydrazone: N/A




pH to achieve a
fast reaction is
around 4 or 5).

Wolff-Kishner Reduction

Here, hydrazones are readily reduced
under strongly basic conditions
(converting a hydrazone to an alkane):

NNH; H H
-~ - -~
KOH/H,0 | =
—
Heat /
A hydrazone (82%)

One could also use the Wolff-Kishner
Reduction to assist in converting a
ketone into an alkane:

(o]

oY

1) [H'], H;N-NH,, ~H,0
2) KOH / H,0, heat

KOH

—

H,O0, heat

Reducing a Ketone:

Part 1:
H. _H H H. _H
N e H N7
N 9 HTN /\I\I.I 4
c:o Ny o b H ki H” “H OH
i ey gt = L
! R RI N/
Ry Ry Ry N ) S8 R
H—Nf@ H H—N® H 2 F“J
| \ n Ny
H H
H
| @JH
H--N—N:
| Y
H H
H Ho
N 177 TSNH_®NH, H.®_H
N7 H N &N -HO o
)L H™ "H S H
_— .
R R, R R R'R N
LN
H™ ™H
Part 2:

*Note that the second part of the mechanism (converting
the hydrazone into an alkane) is the Wolff-Kishner
Reduction Mechanism):

(P ! !
N7 o) @ ; SN O H
N™""H :OH N/\T N H\W H HON=N
Ri R Ri” "Ra Ri"E Ry Ri Rz
9.1
“OH
H H ar N H Ni?‘ie




Hydrolysis of Acetals

H,0"

Proton transfer

— |deJ:::Ir:‘J Nucleophilic attack
Reacting an acetal with aqueous acid ol | R I
e =0 e @ ~ PO
g q HDB::(OH D\H RO:}:"QI‘“ _ROH 79 /_/H/O\H RO} 'QJ‘H,\ Proton transfer
results in the corresponding aldehyde or XS 33T —=—= s pa \:
ketone: hotal T FOMsopctedza  muceophiaand ./ baseand emavesa
protonated, leaving group attacks the powerful H’O\"H proton, giving a
HO\ . LL{OR HY )Ok mlﬁs;?g;:;\;?:m electrophile hemicacetal
N +HO 1 + 2ROH -
A ] e \\
Acetal Ketone RO: :0H “,
Hemiacetal | pgion fransfer
_H/ The hemiacetal is
Proton transfer e protonsied,
H & H generating an
Ve leaving group cxcellsmgawnq
‘o H’D-\H H_F;o: F|I " -
- —AOH__ —0:c:0H
P P R0
Water functions as a A molecule of alcohal X
Ketone  pace and removes a (HUH) s ejected as a
proton, giving a leaving group
ketone
Hydrolysis of Imines and Enamines H,0" ~(See “Hydrolysis of Acetals” for mechanism example)”
—
Imines and enamines also undergo
hydrolysis when treated with aqueous
acid, and the red wavy lines (below)
indicate the bonds that undergo
cleavage:
N H'] i
a4 HO +  RNH
P v _— )-L >
23 N R . o
Sulfur Nucleophiles Ketone or Thioacetal Formation:
Aldehyde w/
In acidic conditions, an aldehyde or Thiol: *(See “Acetal Formation” for mechanism).*
ketone will react with two equivalents of
a thiol to form a thioacetal: H,0" Cyclic Thioacetal Formation:
0 i PSSR - | | .
| A1, 4 HO *(See “Cyclic Acetal Formation” for mechanism).*
SN : SN ¢ . .
S Typical Cyclic
loaceta .
Thioacetal
The mechanism of this transformation is Formation:
directly analogous to acetal formation,
with sulfur atoms taking the place of . v Ny

oxygen atoms. If a compound with two
SH groups is used, a cyclic thioacetal is
formed:




o) 7\

i/ , [H] S S
)k *  Hs SH —— + H0

Cyclic

thioacetal
Desulfurization Raney Ni Desulfurization & Second Step of Reducing a Ketone:
— N/A!
When any thioacetal is treated with
Raney nickel, this results in an alkane: First Step of Reducing a Ketone: *See “Wolff-Kishner
Reduction” mechanism (first part of reducing a ketone;
/ \ H H 1%
S L Raney Ni X NOT the second part)!
7 g R R
One could utilize this reagent in the
assistance of reducing a ketone into an
alkane:
0 H H
1) [H'], HS SH
O 2) Raney Ni )
Hydrogen Nucleophiles NaBH, *(See “Alcohol Prep via Reduction” in Reference Sheet 4
— Part I for mechanism)!*
When treated with a hydride reducing EtOH, MeOH,
agent, such as lithium aluminum hydride or H,O
(LAH) or sodium borohydride (NaBH4),
aldehydes and ketones are reduced to OR
alcohols:
1) LAH 1) LAH
e 2) H,0 . -
O : OH 2) H,0
e B
: dilute
N\ NaH, MoH HCI
(aq))
Grignard Reagents 1) RMgBr
N Nucleophilic attack Proton transfer
.. s H
When treated with a Grignard reagent, 2) H,0 ;0" 0N o o~
aldehydes and ketones are converted R){,J\H R)'-.,\R - R)\H
il’ltO alcphols, accompanied by the li“‘Fi The Grignard reagent ? The resulting alkoxide ?
formation of a new C-C bond: : functions as a nucleophile ion is protonated to

and attacks the carbonyl group form an alcohol




H,C OH
1) CH MgBr
2) H,0

CHJMgBr /\)‘

Cyanohydrin Formation

When treated with hydrogen cyanide
(HCN), aldehydes and ketones are
converted into cyanohydrins, which are
characterized by the presence of a cyano
group and a hydroxyl group connected
to the same carbon atom:

A

This process can be reversible:

=

HCN "Bi

A cyanohydrin

Formation of a
Cyanohydrin:

KCN, HCN

ﬁ
OR

KCN, HCI

—

Nucleophilic attack

_——CE=N:

Jo"
a"\ —

The cyanide ion functions
as a nucleophile and attacks
the carbonyl group

Proton transfer

[k} \ A OH
" H-C=N
\““IL\CN [ — -t )\CN

Protonation generates
a cyanohydrin

0] HO CN
J KCN, HCN X
Hy,C” “CH, H,C” “CH,
T8B%
0 HO CN
| = H KCN, HCN o= H
~F o
88%
Cyanohvdrin Reaction Formation of an Formation of an Amine:

One could utilize a cyanohydrin in this
way: one could reduce the cyano group
to an amino group:

N
/4

HO C 1) LAH HDS/_NHE
—_—

H™ TH R H

Amine:

1) LAH
q

2) H,0

*(See “Alcohol Prep via Reduction” in Reference Sheet 4
Part I for mechanism)!*




Wittig Reaction

Wittig Reaction

Formation of a Wittig Reagent:

(given a
This reaction can be used to convert a ketone): ot P H /,fC:C-HC;CH - oh H
ketone into an alkene by forming a new phops”  OE LN ko Gkl TR -4
. \
C-C bond at the location of the carbonyl RPPh; b P’ Ph H
group: e Triphenylphosphine
0 H‘GfH .
Ph Wittig Reagent
R ; - .
:C—P—Fh AKA a vlide): Wittig Reaction:
—’HI e " ool Cycloaddi Fragmentati
1 CH I o t ycloadadition ragmentation
~ ) ’ "7 \C:J Phy rhph H, M
Notably, one could prepare a Wittig 2) BuLi — D — PN PR
. . . The Wiltig reagent reacts with H The oxaphosphelane Ph
Reagent by treating triphenylphosphine the carbonyl groupin a decomposes to podce an
. . cycloaddition process alkene and lupheny\pho&phme
with an alkyl halide followed by a strong An oide
oxaphosphetane
base:
on Ph, . . H
| 1) CHsI ® of
Ph—P3 R Ph—P—C:
I 2) Buli 7/ N
Ph Ph H
Triphenylphosphine Wittig reagent
Baeyer-Villiger Oxidation of Aldehydes RCO;H R 7 7
and Ketones -
o T;Q’OT Proton transfer ~0 3 Rearrangement
. . Z Yl o R g
When treated with a peroxy acid, RSy ———— —_— R/‘&-;Q- S ——
. . The peroxyacid H .0, A proton is transferred :0%  The carbonyl group
ketones can be CO]’lVerted lnto eSterS via functions as a nucleophile [ from one location @ is reformed,

the insertion of an oxygen atom:

8] 8]

)l RCO;H J\
—_—
- R

R R R o~

Additionally, treatment of a cyclic
ketone with a peroxy acid yields a cyclic
ester, or lactone.

o
0]
% RCOH ﬂj}
_

A lactone

When an unsymmetrical ketone is
treated with a peroxy acid, formation of
the ester is regioselective:

to another.

This step can occur
intramolecularly,
because it would involve a
five-membered transition state

and attacks the carbonyl group

with simultaneous
migration of an
alkyl group




O
RCO.H /L )K
0

Here, in this case, the oxygen atom is
inserted on the left side of the carbonyl
group, rather than the right side. This
occurs because the isopropyl group
migrates more rapidly than the methyl
group during the rearrangement step of
the mechanism. The migration rates of
different groups, or migratory aptitude,
can be summarized as follows: H > 3° >
2°, Ph > 1° > methyl

O 8]

H RrcogH

Formation of a Carboxylate Salt NaOH *(See mechanism on the left)!*
H
Treatment of a carboxylic acid with a
strong base, such as sodium hydroxide,
yields a carboxylate salt:
b' /__',.----‘ .__.\II _-O-.
H)L.ﬁ)}H P Fl)ké'i: N
A carboxylate salt
(Notably, in water, the equilibrium
generally favors the acid).
Formation of Carboxylic Aci 1) O N/A!
H
Oxidative cleavage will break a C=C 2) H,O
triple bond forming two carboxylic
acids: OR
B no, MO OH
Am="R no >:O " O:< 1) KMnO,
A R -
H H HO OH 2) heat
: < KMnO, >:O o 3\
R R heat R R OR

A variety of strong oxidizing agents (i.e.




chromic acid) can be used to oxidize Na,Cr,0,
primary alcohols and produce carboxylic —
acids: H,SO,, H,O
o)
Na,Cr,0
21 27 A .
I O This could
o | also be written
Any alkyl group on an aromatic ring will as:
be completely oxidized to give benzoic
acid, provided that the benzylic position Cro,
has at least one hydrogen atom: N
G H,0", acetone
NaECrdOT OH
H 50, H,0 OR
H,CrO,
ﬁ
acetone
Carboxylation of Grignard Reagents 1) CO, 7 ~ H
N -MgBr/.;,_. ;:,,\,‘ .".\'ﬂ- . "O" / *\HI_. 9® '.O.'
Carboxylation of a Grignard Reaction 2) H;,0" F? 0=C=0, /'C';\‘c:@ H /&\. .
can be achieved using CO,: ) R™ Q- R™ "OH
8]
R—MgBr 2% »!3'
— —_—
' n0” R ow
This gives a second method to convert
an alkyl halide into a carboxylic acid:
H
\/Er " A /MgBr 001 OH
| J //\\O/\\ i\ 2) H0" ‘ J/
Reactions of Carboxylic Acids: 1) LAH Carboxylic Acid w/ LAH:
Formation of an Alcohol —
. . 2) H3O+ o° — H_ Li.; o
Carboxylic acids are r.ed.uced to alhcohols \f\;,H/ Lo le . JV_: o + AH, + H
upon treatment with lithium aluminum RO & R™ 0: U
hydride:
.. AlH
0 H H g I, 07 o
ST Y i T
R "OH MO BT TOoH A g H R A R” “H
An alternative method for reducing - Aldehyde
carboxylic acids involves the use of
borane (BH;):




i BH, - THF " o | 5"
J e B LS
R” TOH R” TOH g > R TH A H

R ‘/|:I H H H
(Note: Reduction with borane is often '\x| .
preferred over reduction with LAH, H—AI—H
because borane reacts selectively with |
a carboxylic acid group in the H
presence of another carbonyl group. If
the following reaction were performed Carboxylic Acid w/ BH;: N/A!
with LAH instead of borane, both
carbonyl groups would be reduced:
(o] o] 0, — OH
S /\’ : /< BH,« THF
HsGC OH Hsc}_@_/
(80%)
)
Nucleophilic Acyl Substitution Given a Typical Nucleophilic Acyl Substitution Reaction
Carboxylic Mechanism Examples:
When a nucleophile attacks a carboxylic Acid ;
acid derivative (given that carboxylic Derivative: W) ) 055 0f 4 laing groll
acid derivatives possess a heteroatom o o :5?'5 6 (o}
that can function as a leaving group), a Strong )J\’ —= /L — )L
. : . : z The carbonyl group @ Nue eaving group is expelled, and Nuc
reaction can occur in which the Nucleophile s aftacked by a nucleophile z the carbonyi aroup s re-formed
nucleophile replaces the leaving group (See Reference ahedral intermediate
(2): Sheet 5 for a
o 0 list of Stl‘OIlg Mucleophilic attack
)J\ Nuc - + zZo Nucleophiles). o -
R Z n Nuc N (JJ : B 0
X “‘-~¢:| N:GMe +—Ejmf;
T ﬁ OR | \J B zCI:
[/‘:\*I) Yl meo® m “Tome] o
" ~ NaOH 0 5 Lossof a i
H *_,!! asuir 's 0o ..
Note that one cannot use an aldehyde or | = ._;'-"““ng leaving group N\QMC 58
. . . > + H 1 H
a ketone in this reaction!!! OR P A -
% p gy ] Under Basic Conditions:
Also, see egqmples of basic, acidic, and (Given H,0,
neutral conditions of different MeOH. EtOH 00— & :0:
Nucleophilic Acyl Substitution (o) e = % 54
reactions. OR &
:OR
. [H'] e
#DO NOT draw S\2 mechanisms for N 101y o
any of these reactions!!! /-F:-—JﬁH , )J\ + e
OR s Or )

:QMe




Given H,O,

MeOH, EtOH, Under Acidic Conditions:
NH3’ or a'ny Proton transfer Nucleophilic attack Proton transfer
neutral H
] "\/ "
molecule 10 HiP- —\ OH TN :OH
/ A0 p HOE .
- \)J\QMe — e D\¢ \/”'-OEI
! JOEN
Me/Q B Me” \ Proton transfer
H
ol
/O\
H Et
Proton transfer /_'_____-.,\ \ea:?:gs ;rfoﬂup 5
i / ‘Q / \%\
. hO-E N MeOH c
\)tga = \)J\QET e/\‘
Under Neutral Conditions (notably, this process would take
longer due to the formation of two charges):
H-N
(e
L4
—_—
Cl
N
U
)
Preparation of Acid Chlorides SOCI,
PART1 Loss ofa
H

Acid chlorides can be formed by treating
carboxylic acids with thionyl chloride
(SOCL):

o) 0
socl,
— + 80, + HCl

R OH R Cl

Nucleophilic attack leaving group Proton transfer

,:.d:_: Cl: O 0
0, e I [
= R (A
QO'- ., TR 570
. e o ClF
[\ wy , + H
R™ OH R ?” R RO
The carboxylic acid H  Achloride ion Excellent
tunctions as a nucleophile is expelled as a leaving group

and attacks thionyl chloride gaving group




PART 2

Nucleophilic attack

Lossofa
eaving group

— 50, t o

Hvdrolysis of Acid Chlorides

When treated with water, acid chlorides
are hydrolyzed to give carboxylic acids:

H,0O

Nucleophilic attack

Loss of a
eaving group

Proton transfer

HoH TN ‘o
)J\ H{ i J
R _Cl)f R \QH

O o
H,0 o arounie . H A oroton is removed
— +  HCI . e
HJJ\LG' HJ‘I\IHGH carbonyl group chloride ion as 'E;E»:;'v"ll‘-].:]::lw- ;afcc-x;v' ic acid
Alcoholysis of Acid Chlorides Perspective of | *(See similar mechanism demonstrated in “Hydrolysis of
the Acid Acid Chlorides”).*
When treated with an alcohol, acid Chloride:
chlorides are converted into esters: #Note that here, the pyridine is used as a base to
0 0 ROH neutralize the HCI as it is produced.
ROH -
)‘L Pyridine )k Pyridine (AKA | In case of both the perspectives of the acid chloride and
R cH Tyndne g OR .
Pyr) the alcohol, they both have the same mechanism
This reaction is viewed from the occurring.
perspective of the acid chloride, but the Perspective of
same reaction can be written from the the Alcohol:
perspective of the alcohol: o
I N
. R Cl
NN N EOL NN N Pyridine

Pyriding
Note: This process is sensitive to steric
effects, which can be exploited to

selectively acylate a primary alcohol in
the presence of a secondary (more

hindered) alcohol:

Pyridine

““~C/\0H A




Aminolysis of Acid Chlorides

When treated with ammonia, acid
chlorides are converted into amides:

Depending
upon what
product one
desires to make

*(See similar mechanism demonstrated in “Hydrolysis of
Acid Chlorides™).*

(Note: Pyridine is not used in this reaction, because

0 o) given an acid | ammonia itself is a sufficiently strong base to neutralize the
)L NH3 » J\ chloride: HCl as it is produced. For this reaction, two equivalents of
R™ "Cl (woequivalents) R NH, ammonia are necessary: one for the nucleophilic attack and
NH; (methyl the other to neutralize the HCI. This reaction also occurs
0 0 amine) with primary and secondary amines to produce
)L RNH; JJ\ b — N-substituted amides.)
R Cl  (woequivalentsy R N’
H NRH, (primary
R amine)
0 I:{,N -H o —
—_—
RkC' (two equivalents) R)J\ N’ : NR,H
h (secondary
amine)
—
Typical Reduction of Acid Chlorides 1) xs LAH Kdidapiie Wi bt Niicieophilic attack
— attack group (second time)
When treated with lithium aluminum 2) H,O

hydride, acid chlorides are reduced to
give alcohols:

(9] OH
Jl 1) Excess LAH ‘
R ¢l 2AHO R

(The reaction between an acid chloride
and LAH cannet be used to produce an
aldehyde. Using one equivalent of LAH
simply leads to a mess of products.
Producing the aldehyde requires the use
of a more selective hydride-reducing
agent (i.e. lithium tri(t-butoxy)
aluminum hydride)) that will react with
acid chlorides more rapidly than
aldehydes.)

generating an alkoxide

Proton transfer
H
N WY ;
B HS :0H
PE—
R\ H rR7\ H
H H




Reduction of Acid Chlorides w/
LiAl(OR),H

Lithium tri(t-butoxy) aluminum hydride
reacts with the acid chloride rapidly but
will react with the aldehyde more
slowly, allowing the aldehyde to be
isolated. These conditions can be used to
convert an acid chloride into an

aldehyde:
O o

)J\ 1) LIA{OR)H

)J\
R ci 2HDO R H

1) LIAI(OR);H
—

2) H,0

Nucleophilic

attack

Loss of a leaving
group

Typical Reactions between Acid
Chlorides and Organometallic Reagents

When treated with a Grignard reagent,
acid chlorides are converted into
alcohols, with the introduction of two
alkyl groups:

o] OH

)J\ 1) Excess RMgBr
Cl

2) H,0 ,/L? i
H
#(Note that the reaction between an acid
chloride and a Grignard reagent cannot
be used to produce a ketone. Using one
equivalent of the Grignard reagent
simply leads to a mess of products.
Producing the ketone requires the use of
a more selective carbon nucleophile (i.e.
lithium dialkyl cuprate, AKA a Gilman
reagent) that will react with acid
chlorides but not with ketones).

1) xs RMgBr
H

2) H,0

MNucleophilic attack

R7/ Ch:

/.;o’.
b
|

\:R.-.

A Grignard
reagent functions

as a nucleopnile

Nucleophilic
attack
(second time)

20 X
)FI i

Loss of a

leaving group

Proton transfer

o 7w [aS ..
0 L :OH
\ R\ R
R R
After the reaction
is complete,
the alkoxide ion
s protonated
with an acid

Reactions between Acid Chlorides and

Organometallic Reagents (here, it’s a

Gilman Reagent

The alkyl groups in this reagent are
attached to copper rather than
magnesium, and their carbanionic
character is less pronounced (a C-Cu

R.
Cu-Li
R
lithium dialkyl cuprate|

Gilman reagent

*(See a similar mechanism presented in “Typical

Reactions between Acid Chlorides and Organometallic
Reagents” above)*




bond is less polarized than a C-Mg
bond). This reagent can be used to
convert acid chlorides into ketones with
excellent yields:

R.

Cu-Li

R

lithium dialkyl cuprate

0
AL

R Cl

Gilman reagent R* R

Preparation of Acid Anhydrides

Carboxylic acids can be converted into
acid anhydrides with excessive heating:

o] 0] 0]
800°C
e T we
OH e} .

This method is only practical for
acetic acid, as most other acids cannot

Preparation of

Preparation of Acid Anhydrides w/ Heat: N/A

Acid
Anhvdrides w/ | Preparation of Acid Anhvydrides w/ an Acid Chloride (with a
Heat: Carboxylate Ion):
Nucleophilic Loss of a
0 ttack | i
800 C a :"loC eaving group
- o] ﬂ

Preparation of

:6':--\ 0 :[.le:- HeH :0:
. G S G N
0n R 0. R

survive the excessive heat. An Acid
alternative method for preparing acid | Anh dfldés w/
anhydrides involves treating an acid w.
chloride with a carboxylate ion, which | Chloride (with a
functions as a nucleophile: Carboxylate
0 Ion):
o /lL\ : o] o]
B __O N, +  NaCl
by el
P
R O Na
Reactions of Acid Anhydrides N/A *(See similar mechanisms presented above concerning

AL

Leaving
group

o]
HAGI
Leaving
group
The reactions of anhydrides are
directly analogous to the reactions of
acid chlorides. The only difference is
in the identity of the leaving group.
With an acid chloride, the leaving
group is a chloride ion, and the
by-product of the reaction is therefore
HCI. With an acid anhydride, the
leaving group is a carboxylate ion,

Acid Chlorides)*




and the by-product is therefore a
carboxylic acid. As a result, it is not
necessary to use pyridine in reactions
with acid anhydrides, because HCl is
not produced.

Acetylation with Acetic Anhydride o *(Treat ROH and RNH, as nucleophiles, and draw out a
RJL\D & mechanism similar to the one displayed in “Preparation
Acetic anhydride is often used to E— of Acid Anhydrides”).*
acetylate an alcohol or an amine:
o]
A—OH Agetic anhydride H—D/JI
I
R—NH, Acetic anhydride R—N J
’
Preparation of Esters via S\2 Reactions 1) NaOH (The carboxylic acid is first deprotonated to yield a
— carboxylate ion, which then functions as a nucleophile
When treated with a strong base 2) Any Primary and attacks the alkyl halide in an S\2 process. The
followed by an alkyl halide, carboxylic (or even expected limitations of S\2 processes therefore apply.
acids are converted into esters: Secondary) Specifically, tertiary alkyl halides cannot be used.)
O 0 Halide (i.e.
)k % J_[ CH. CH;)) #See Reference Sheet 3 under “Proton Transfers” for a
R OH 3 R~ o~ ° sample mechanism of deprotonation (here, step one,
AKA 1) NaOH). Also see Reference Sheet 5 for a sample
Sx2 mechanism (referring to step two, AKA 2) Any
Primary (or even Secondary) Halide).
Preparation of Esters via Fischer ROH, [H']
Esteri ﬁ cation - Proton transfer Nucleophilic attack Proton transfer

Carboxylic acids are converted into
esters when treated with an alcohol in
the presence of an acid catalyst:

M),

o]
)J\ + MeOH ——

R™ TOH R

0

)_L +

OMe

H,O

OH N, :0H
/ Me—{—H

o //
o/

Me= 3 H

via deprotonation |

Proton transfer

TN
/ H

:0: {
U\ Me—0—H
A

0:
R “Que R “OMe

[




Saponification 1) NaOH
N Nucleophilic attack L
Esters can be converted into carboxylic 2) H,0 .0 59
acids by treatment with sodium e -
hydroxide followed by an acid: R OR ¢
Hydroxide :0R
0 fo) functions as a
nucleophile and attacks
)J\ 1) NaOH )I\ + ROH the carbonyl group
R OR  2)H0' R OH
Loss of a leaving group Proton transfer
o] — o]
The carbonyl I'he carboxylic acid
group I1s re-formed ep O
by expelling an alkoxide by the alkoxide ion
on as a |E'£l'~'||‘l:4 I:JTIJLID l'_JE'"IEI"_-"IU']E a CEL":IJINELTE on
Acid-Catalyzed Hydrolysis of Esters H,0"
Proton transfer Nucleophilic attack Proton transfer
—
Esters can also be hydrolyzed under o
acidic conditions: .
R~[OH
0 0 N
)L H,0 )k Mg\
" OMe * R OH +  MeOH |~ Proton transfer
. . . ) P‘I_J The alkoxy
(This process is the reverse of a Fischer (it A, s
. . 3 . Proton transfer — e H lL d
esterification. The mechanism is exactly NN i e
what one would expect for a (M
nucleophilic acyl substitution that takes R OH
place under acidic conditions.) e
Aminolysis of Esters NH, *(See “Hydrolysis of Acid Chlorides” for a similar
— mechanism).*

Esters react slowly with amines to yield
amides:
0

Qo
NH,
)J\ — -

R OMe R NH,

MeOH

#(This process has little practical utility,
because preparation of amides is
achieved more efficiently from the
reaction between acid chlorides and
ammonia or primary or secondary
amines.)




Typical Reduction of Esters with 1) xs LAH i i
Hydride-Reducing Agents — N leaving group
o 2) HO : i
When treated with lithium aluminum R H)'

. . / H
hydride, esters are reduced to yield (n
alcohols: a methoxde on iy S

)OL j)H as a leaving group IL
1) Excess LAH _ . MeOH
) 2) HZO Nucleophilic attacl
R OMe R “{Second lil'f‘:le) 3 ) Proton transfer .
B &5
H H
generating an alkoxide is protonated
with an acid
Reduction of Esters with 1) DIBAH *(See “Typical Reduction of Esters with Hydride-Reducing
Hydride-Reducing Agents (in this case, (AKA: Agents” for a similar mechanism).*
DIBAH) J\ H J
P L “‘\)
Treating an ester with only one —
equivalent of LAH is not an efficient 2) H,0

method for preparing an aldehyde,
because aldehydes are more reactive
than esters and will react with LAH
immediately after being formed. If the
desired product is an aldehyde, then
DIBAH can be used as a reducing agent
instead of LAH. The reaction is
performed at low temperature to prevent
further reduction of the aldehyde:
o o)
H)LOMQ g EL%AH RJ“H o Meon




Reactions between Esters and Grignard 1) xs RMgBr LA, Loss of a Nucleophilic attack
R t N leaving group (Second time)
eagents —
2) H20 C'.O.'
When treated with a Grignard reagent, )/TJ\('-_;MQ A Grignard } OMe e cabony!
: . " eagent functions roup is re-formed
esters are reduced to yield alcohols with (iro o8 anucleophie by expling
: : id attacks alkoxid
the introduction of two alkyl groups: the carbony a2 loaving growp
group
o
)k 1} EXCESS HMQB' /l\ b;* Proton transfer
OMe 20 B ) H\
R \
|
.
%02
H "™ H
After the reaction
s complete,
the alkoxide ion
s protonated
with an acid
:6H
/L-.:"'H
R
. . . N
ACld_Catal Zed H dI‘Ol SIS OfAl’IlldeS H3O Proton transfer Nucleophilic atiack Proton transfer
—
. . H
Amides can be hydrolyzed to give heat o it o o
. . . . an B - H
carboxylic acids in the presence of H qk/’ +
. ) . . ~T=0H
aqueous acid, but the process is slow RN, Jrain RT i e : b
1 1 E carbonyl g 5352 N
and requires heating to occur at an s it nuckophie ! H ) \\ Proton transfer
B . electrophilic and aftacks \
appreciable rate: te atoryl group R
o] o] ! -
B Heat ® H group Is
+ H.0E " NH . converted
R )J\ NH, ¢ R )J\OH ¢ H{;O_i foa beter
leaving group
Lossof a ¥y
Proton transfer ] /qH L
100 o — 00 L,:'c')H
3 3 )
NH, * W — . L=
‘ H'JL‘OH The positive charge H/U\OH R { OH
" is removed * NH;

via deprotonation expelling ammonia as

a leaving group




Hydrolysis of Amides under Basic 1) NaOH, heat ik
Conditions — Y 5 leaving group
Amldes: are a}so hydrolyzed When (L A ——
heated in basic aqueous solutions, functions s 2 NH2  groupis re-formed
. nucleophile by expelling an
although the process is very slow: and attacks the amide io
carbonyl group leaving group
8]
)L 1) NaOH, heat. ) |\
Proton transfer
R "NH 2RO OH :0:
TN A
N L JL
R O ‘ The carboxylic acid
s deprotonated
oy the amide ion,
generating a
carboxylale ion
Reduction of Amides 1) xs LAH NUCLEOPHILIC
ATTACK ©
e d "O.' °6 A|H3
When treated with excess LAH, amides 2) H,O ’j]\ FATRY
. . . ey —> R NH2
are converted into amines: R7} “NH,
/H LAH DELIVERS H
0 WD
H H —A=
J\ 1) Excess LAH X H ﬂ\ H THE ra
_———
R™ TNH, 2H:O R™ TNH, H
LOSS OF A NUCLEOPHILIC
©  LEAVING GROUP n ATTACK
-5 AHs H % H | (seconp TIME) NH,
AT v
Y NH —_— jl —_— L
R 2 R H R™\H
H AN IMINE ISFORMED ~ / H
BY EXPELLING . [ THE IMINE IS ATTACKED
ALEAVING GROUP }—/ BY A HYDRIDE ION
H—AI=H
H
Preparation of Nitriles via S\2 Reactions NaCN *(See Reference Sheet S for a sample Sy2 mechanism).*
H
Nitriles can be prepared by treating an #Notably, since this process proceeds via an Sy2
alkyl halide with a cyanide ion: mechanism, so tertiary alkyl halides cannot be used.
NaCN T
—_— R [ + MNaBr
R Br =N
Preparation of Nitriles from Amides SOCI, i Lossofa 2277777
— iy c|\k;0 = eaving group :(lj‘.
Nitriles can also be prepared via the ot i o % el
dehydration of an amide. Many reagents . . /J\J_ L > /Kd\,H“
can be used to accomplish the L o

transformation (i.e. thionyl chloride
(SOCly)):




o

J

R NH,

socl,

— R—C=N + 80, + 2HG
#It is crucial to note that this process is
useful for preparing tertiary nitriles,
which cannot be prepared via an Sy2

process.

Proton transfer

d”“ ds hbp aduct

R—C=N:

S0,

’(I

‘CI

Hydrolysis of Nitriles

In aqueous acidic conditions, nitriles are
hydrolyzed to afford amides, which are
then further hydrolyzed to yield
carboxylic acid.

Under Acidic Conditions:

)L Jk

R—C=N heal heal NH“
Under Basic Conditions:
O
R—C=N 1) NaOH, H.O )J\
R —_ B
o 2) Hy0' R TOH

Under Acidic
Conditions:

H,0"
ﬁ

Heat

Under Basic
Conditions:

1) NaOH, H,0
H

2) H,0

Proton transfer

‘r ,H F\Qf
%
R—C=N o=
Protonation of
the nitrile group
renders it more
electrophilic

Nucleophilic attack

e \:g):H
R—C=N: —
Hydroxide
functions as a
nucleophile

and attacks
the cyano group

Under Acidic Conditions:

Nucleophilic attack

.__H\“ H\
H—0-H
— o H
A
Water R @0d
functions as a H
nucleaphile

and attacks

the protonated nitrile

Proton transfer

N
o ot \
\

Proton transfer

The positive charge
isn d

Under Basic Conditions:

Proton transfer

The negative charge

on the n

s remaoved via protonation

b

Proton transfer
— :CiH

Hydroxide
jen atom

AN
A
R™ T O

\o

functions as a base
and removes a profon,

forming a resonance-
stabilized intermediate

H, .
R
N" ™\ proton transter
R 9H i The nitrogen
|
| atomis
¥
H protonated
o \—/. forming a
SO resonance-
H ™ H stabiized
ntermediate
HE§,H
Y,
R™ OH
Proton transfer
H...H
\ s
N H-LG—H /’L
/&U 0:
Protonation

affords the amide




Reactions between Nitriles and Grignard
Reagents

A ketone is obtained when a nitrile is
treated with a Grignard reagent,
followed by aqueous acid:

O

A—G=N 1) RMgBr )]\
—_—f —_—
— 2HO' g7 R

1) RMgBr

2) H;0"

Step 1. 1,2-addition Step 2: Addition of acid, profonation
c

® O

. pu
K\ * MgBr p

. N
N i
s — PN
A 2
-1\ 2
Mg NE
Br

Step 4: 1,2-addition of

water - . @ ¢
HOH ¢ HTOH,
H v

N .
HE)| N°

O,
H

Step 5: Profon transfer

Step 3: Profonation

F

]
©/9\2/3 + MgBrCl

Step 6. 1,2-elimination

\®
HzN\ ,0-H,\
c
:0

® ! H,0 :—U
+H-OH, C 2 > N
WAL
o) 0:




