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AROMATIC & HETEROCYCLIC CHEMISTRY

Aromatic Chemistry

Aromaticity

This confers an energetic stability over the equivalent double bond system. This can be
explained from an MO point of view. The Huckel Rule states that planar monocyclic
conjugated hydrocarbons are aromatic when the ring contains (4n+2)x electrons.

Huckel MO Theory (HMO) is used for conjugated planar molecules, both cyclic and
acyclic. It is based on the approximation that the ¢ framework does not interact with the
n-orbitals (orthogonal), and it can be used to calculate relative energies of MOs.

Aromaticity —

e Planar, fully conjugated, cyclic polyenes.
Generally more stable than their acyclic analogues.
As the number of & electrons increases, generally get more reactive.
Bonds normally of nearly the same length.
In a magnetic field, a ring current is set up (observable by NMR).
Ability to undergo electrophilic substitutions.
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o ’ ’ Transition states are transient in
nature and cannot be cbssrved
directly. As a result it is difficult to
gain detailed information about
them. In order to overcome the
problem it is usual to adopt the
Hammond postulate: ‘if two states,
as far example a transition state and
an unstable intermediate, accur
consecutively during a reaction
process and have naearly the same
energy content, their interconversion
will involve anly a small
reorganization of molecular
structure’ (Hammond 1955}
Referring to Fig. 2.1, this means that
the transition state T, is more fikely
1o resembile the intermediate than
the reactants. Similarly, the same
intermediate is a better model for
the second fransition state T, than
the products.

Electrophilic Substitution

Reaction coordinate

Evidence for this mechanism lies in the isolation of intermediates, and also kinetic
isotope effects (Step 1 is usually rate determining).

Nitration - HNO; + 2H,S0O, forms NO,".

Sulphonation - H,SO, forms SO; at 80°C.

Halogenation - X, + Lewis Acid.

Alkylation and Acylation - Friedel-Crafts Reaction. Alkyl/Acyl Chloride + AICls.
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Note that alkylation typically runs to completion by substituting three times, whereas
acylation shows less tendency to do this.

Formylation can be effected by adding HCI and CO with catalytic AICl;. Other methods
include:

Vilsmeier Reaction

-CT cr
(CH3pNCHO + POCl; — (CHz)N*=CHO(POCL) —»  (CH3)N'=CHCI
-POLCly

CHyN*=CHCI
(CHsn a

< . cl
. H \}!
N(CH,), POCly” N(CHj3),
— —
X -HOP(OXClp %/

X
-Cr
(o]

-Cr + Hz0
AN
N(CH;), — H
-(CH3);N*Hy

X X
Hoesch Synthesis
H+
RC‘L:I R

H R

HCI/ZaCly NH *

— | &) | -
X X a

Regiochemistry

From a purely statistical point of view we might expect the ratio of ortho:meta:para
products to be 2:2:1 based on the number of available sites. However, the nature of the
substituent group has a major effect on the ratio of products.

Electron-withdrawal by a halide (Inductive Effect, -1) has a slight effect, but it diminishes
rapidly with distance, and is typically outweighed by mesomeric (resonance) effects. The
same is true for electron-donation (slight with alkyls).

Mesomeric effects can be electron donating or electron withdrawing as well.

We see that for electron withdrawing groups, this favours meta.
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A positive charge is placed next to the ortho and para positions, so the internal energies
for these intermediates will be higher (i.e. the reaction profile has higher energy
transition states) than that of the meta, and they are formed more slowly.

para

In contrast, mesomerically donating groups share the positive charge at the ortho and
para positions more effectively than at the meta, so their energy profiles are lower in
energy than for the meta, and so favoured.

ortho

G@GG
- -

@s
~ =

R &
H R H R H R H R
Ipso Substitution
SiMe, H  SiMe, H
hsinl - Me,SiCi
- [ —

Summary of Substituent Effects
For EDG — generally ortho/para directing. All activated wrt benzene.
For EWG — meta directing. Deactivating wrt benzene.

Steric Factors
All things being equal, a third group is least likely to enter between two meta groups.

Ortho Rule: when an m-directing group is meta to an o/p-directing group, then
electrophile goes ortho to the m-directing group rather than para.
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Other Selectivity
Worth remembering Kinetic vs. Thermodynamic Control, especially with fused rings
(disruption of both rings’ aromaticity vs. steric effects in the product).

Nucleophilic Substitution
Requires strong electron withdrawal from the ring for initial attack. The intermediate is
often called the Meisenheimer (o) complex, and the Nucleophile attacking is rate

determining.
c OMe
ON KO . N NO,
MeQ™ 07 Cr 0z
— _—
NO, NO,
2,4,6-Trinitrochlorobenzene 2,4.6-Trinitromethoxyhenzeae
o MeO  OEt o
A

oN

_ OEt
F A
Nt X NS ON NO,
EO" 0% ‘ <0 .OMe
it —
-— -—
B:Neg MeO™
NO,

tF

OMe
NO,
NO,
E
Br LiHg L F
— — =
diethyl ether

Can also deprotonate the ring with strong base such as "NH; (imagine H in place of F in
the above) giving rise to the same benzyne intermediate (highly reactive). In the case of
"NH, deprotonation the NH, typically acts as a nucleophile attacking the benzyne
intermediate (at either end of the triple bond). This is typically called cine substitution.

Aryne Formation

)

Unimolecular
This occurs e.g. with diazonium salts, where the N, falls off the benzene ring (rate
determining), leaving CgHs", which is then attacked by a nucleophile (fast).

Radical Reactions
Ph’ formation
A (D) Galm) .

+ Cuck ——LLA @ + N, ¢ G,
. Gl Gals) a h
@ + Galy _&i___a, @ + Gt
Via Electron Transfer
e.g. the Sgy' mechanism.

Initiation: e transfer to the substrate.
Ar-X+e 2 Ar-X"' 2> Ar+ X
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Propagation: process becomes a chain reaction if radical generated by leaving group
expulsion reacts with nucleophile to give a radical anlon capable of sustaining the chain.
Are + Nu™ —y Ar —NuT
Ar —Nu> + Ar=X ————% ge=Na + Ar—X
2 Rate defermiam -
fr—% .2.;;;—.&3 8 + X

NOy Noy ' '
Snio,
+  Deno, Lo Hakoa
T Initiakion

e.g.

No,, No_
.+ laaving grop
o,y .
>
@ L é; + No frogagabion
PR i c\wd» carrar
Mo, No,

- ’l“s
fudaaghile

Electrocyclic Rearrangement

e.g. the Claisen Rearrangement:

e, o X [o].1
é?‘ (3] @\‘ . @(\//
— o~

Note that there is also an electrocyclic step in the Fischer Indole Synthesis.

Compounds and Reactivity

Aryl Halides
These are most useful when converted into Grignard Reagents. They can then undergo

a wide variety of transformations:

COzH HN R
o, H*H>0
! RCN
\ MgBr (1) @ -
-
nyH (i) H+
() RCHO

CH(OEI)3
CHIOH)R / CH(OEY, CHO

iy H* HY/H;0 '

Reactions with Metals

Ortho-Lithiation
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Features —
0] Aryl sp? carbanion out of plane of aromaticity — no resonance stabilisation.

(ii) sp® carbanion (Bu’) > sp” carbanion (Ar).

(i) Aryl” also stabilised by inductive (-1) effects.

(iv) EWG often have a heteroatom in position to form a 5 or 6 membered
intermediate — helps stabilise Ar.

(V) Kinetic effects — Li* counterion coordinates to substituent lone pair electrons
— direct deprotonation and chelation control.

Palladium-Catalysed Cross-Couplings

Heck Reaction
- ¥a @)

kS
R M~ REy 5 K'A/R e ba\s&H.XG
(Srk) base

B T ) EEN 5 -

CIn & Pé(u) COAS), ok )

3,»\6 Br o Lian, D=

r~

W ,Co, , BuyN B,-(L

See Named Reactions Cards for mechanism.

Stille Reaction
ed (o)
CR—RE M

e+
ao L B )PP caldm A
)‘_ﬁingqf \y/ > @ N Bu§v\&“

bznzRa o
See Named Reactions Cards for mechanism.

Suzuki Reaction

51 5 PACO) - ®
(Bf L) Hée .

See Named Reactions Cards for mechanism.

Chromium Complexes
General Properties — Cr complexes can achieve reactions that are impossible for free
arenes, e.g. enhanced nucleophilic addition.
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Nucleophilic Addition
i) Unsubstituted
TN W =
//@ * Cr (e — 1: — @ * Cr Oy
, P "T"\‘ -

o & <
7\.‘. "_:‘E*.,_c)‘u:_;‘/ © \qu@

o R - '
2
Sl @ = Qe
La™
gr(goﬁs
i) Substituted
7
I Ci
. o
cr(cO)y 72' L K eq. ©Me_
~ S (PP
= BEDq - ex peck mnafe ;i@;; o)
5
Capa)

X = E\;\Jc\ < expeck &P -3, a,

L Ty
ST - Sy S (=™, T
NB: Y taey teack { ]
wm,\kéwq %) \f—?
Nucleophilic Displacement of Halogens (addition/elimination)

N @/C}foi_@om Ko & Mo

2
Ceod R O, @
ateedsy < C§>3

NG o ot rraadlod °
N

S AR

GCedy -

Heterocyclic Chemistry

Pyrroles, Thiophenes and Furans

-~ o o
/\’14—'—«»—/4—-—» -

2.4 2.4 24 244 24e
X=NH,§,0
Synthesis
R2 R3 32 R3 Rz. R3 Rz R3 RZ RJ
(= ol S = =S =
Rl/zzg\&t R ) Ry Ry R, Ry Ry Ry Ry
XH oH XHg OH ¢ o o

+ RNHz.HISrH:O
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The forward process is known as the Paal-Knorr Synthesis. This is a very
straightforward synthesis limited only by the accessibility of the 1,4-dicarbonyl

precursors.
B e
1
/U«

—(

l

Hy
This synthesis can srmrlarly be applied to thro henes, e.g.

oY
_HS P,Ss
A e D e
HCI
2. 17 218
s _ES
’Q‘ D\ ‘<—>\/\C02Mc HCL D\/\ oMo

When H,S is used as the heteroatom source the mechanism is similar to the pyrrole
above.

With Phosphorus(V) Sulphide, the situation is slightly different:
/—\‘ R (‘_fR “ R\n/R

—_— .
O ) Xg
3 {;g/ X

With furans, simple dehydration suffices to form the ring (i.e. no need to add one H,O
molecule to then condense out two!).

H3P04 - HZO
/ S O @
OH g OH

The most common method for pyrrole synthesis, however, is the Knorr Synthesrs. This is
the condensation of a ketone with an a-aminoketone via an enamine'

Ry

R O
1 L I’“ = L\—'I‘M
R, "0 H,N —Hzo R,

RILN

e el

a-aminoketones can be prepared by nitrosation of an active methylene group followed
by reduction of the oxime to the amine:

Heo

o 0
)L\/ CO,Et /g\_/ COEt -~ CH,,0H COZE[ /‘H/ CO.Et /U\l/mza
_ ._._)

This is facilitated by R, being electron-withdrawing (enhances the electrophilic nature of
the ketone carbonyl and increases rate, preventing self-condensation).

A selection of the key intermediates / reagents for the Knorr Pyrrole Synthesis:
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CO,Bt
COuEt CO;E: o 2
ST Pt e )
o HN" ™o Bt N CO,Et : COEL
CO Et
CQJ.E' CO;EI o 2
5, — Ly
(]
CO,Et CsHy;
CO,Et (8] CsHyy COE o CsHyy
> — 4N
o N
OO HoN COE g cos8e N
Ph Ph

Ph

0 Ph ) Ph (e} Ph Z_X\
HLO Hln:l\:l’h_b IEI%_—. /N\ P

Electrophilic Substitutions
Generalised mechanism:

C@JL O en X ﬁj‘;ﬂ £,
&

. $228a 2286 .
o g8

Ease of this reaction pyrrole > furan > thiophene > benzene. Reflects order of
aromaticity (i.e. thiophene is more aromatic, so more stable to reaction).

Classic example of this reaction is the Vilsmeier Formylation of reactive aromatic
compounds:

) 0 a®
1,
QP Cl . b0V @ i o
|
CIT.\ ‘\jM"'ﬂ H pgweq cl 2.30
NMe, .
H ® -
(\ NMe,
@ s o o
H -H @ ?
(3~ o 0 = 3 e 2 DY,
X H NMe, u( H X = HNMe, X
U o ® ) )

Many similar reactions can be performed, e.g. the Mannich Reaction. Friedel-Crafts can
only be used on thiophenes, as pyrroles and furans are not stable to the Lewis Acid
conditions required. However, the presence of Electron Withdrawing Groups on the ring
stabilise them, so that it can be performed, e.g.

NO, NO,

R\ Acqo
Z > “BF, 0B
O\NO BEy: OEIQA?_L

I N “Q@
57 TCOMeT Ty CO,Me

o - 0
H H
[{L AcONO, [{
0 NO; O
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Anion Chemistry

[y e 0y el 0

°)
i_) — D

N
MgBr H H
Useful reactions as a result;
Byl CICO,Me
f/ \E #-Buli ,‘/ \} o Lie vl @
N N N COZMC
Me

CIP{OKOELt), O\
{ E Bal.i { §
/ n ali s L1 / \ "0

—_—
S
OF1
n-BuLi / CH5(CH,)¢Br

[\) > I

o CHa(CHy)g

#-BoLi / Br{CH;)Br

CHy(CHy)s™ ~g7  (CHy)Br

NaC

D\ HCL/H0 ﬂ\
CHy(CH)s™ N7 (CHsCOH g——— CHy(CHyy ™ o7 (CHp)eCN

Oxazoles, Imidazoles and Thiazoles

3 3
4 4_N N
5[)2 5[»2 5[&2
%3 g1 1
Synthesis
For oxazoles, the Robinson-Gabriel Synthesis is used:
0
NH L A WH ks
RZI > RIOX X—N —n0 Ilj)\
—_— R, ———»
g-S0 Base R o 0>/— 3 R, ™07 "Ry
1

Dehydration can be carried out by a wide range of acids, such as phosphoric acid

phosgene or thionyl chloride. The mechanism is as follows
H

- R2 h
N R,y R ﬂ Ry -ga N
Y IY‘_,G e ST L
o qS o ~50; g, o @ R, OHCI) 1 0 3
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There are several ways of preparing imidazoles. Condensation of a 1,2-dicarbonyl
compound with ammonium acetate and an aldehyde is common

R, .C 0O & o R, NH
| N, OAc KJNHE
R, SO R, NU
® ' /
H H
W N
I)\ I Yt o SR
4— 1
R; R N H
1

For thiazoles, the Hantzsch Synthe5|s is used:
ORI~
\f g\_ﬂa T/)\—"H >\—’ /\
Electrophilic Substitution

1,3-azoles are not very reactive to electrophilic attack due to the deactivating effect of
the pyridine-like Nitrogen Electron-donating groups can facilitate this reaction though:

o
cx?lg)k CF

/[ )\ - CF;,COZ MCQN} )\ Fq )\

O

e"\[ﬁ\ Hfﬂ /Me__ﬁ" [ IB\

NO, LOMe NO, S/\%&SQ NO, "§7 TOMe

Anion Chemistry

The C2 position is particularly electron-deficient, so deprotonation here allows a wide
variety of useful reactions to be carried out:

N ’ N
[ 3 1. n-Buli [
Lebii, ] )\¢0
N 2Me,NCHO N

CPhg . CPh, H
N , N
B ? ;
g 2.CH,CHO s
3HCI/H,0
o 2 - OH
I N I N  OH
i\ 1. #-BuoLi i\ Ph
_—
Ph o)\ 2Ph,CO Ph 0)\/'(;%
3HC /H,0
N N om
[ v 1. n-BuLi [ X
—_—
N)\ 2 PhCHO N )\/I\ Ph
Me 3HCI/H,O0 - Me

N N

7 1. n-BuLi ifr\
s)\ 2.Mel s)\/

Nucleophilic Substitution

As a consequence of lower electrophilic reactivity, these are more reactive to

nucleophiles. They require no activation with EWG like furans etc:
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T = T 2

0 NHPh

HZNPh

: N _gP N
[ )\ (XBr > [&\

Isoxazoles, Pyrazoles and Isothiazoles

4 3 4 3 ] 4 3

5/ \Nz SZ/ )Nz 54/ )Nz

o’1 , ]1: L s

Synthesis
Isoxazoles and pyrazoles are synthesised in much the same way. The mechanism is:

S % n{{qﬂofﬂpﬂ

Noo o]
HZN— OH

Hence, generalising,

Qo
HNH
Ry

0 O

R R,
HZNNHR —

R ®s > NR
R, N~

Ry

Another important method of syntheS|s for |soxazoles involves [3+2] cycloaddition of

nitrile oxides:
. Ry R, R,
/—mll)_. /&—\( : 1]1) . %—( /Z—\(
an:I Ry 0’N /
[¢]

Ry
Ry e

I

X—OACNM%NOZ
Isothiazoles are usually prepared by routes involving formation of the N-S bond in the
cyclisation step. This is often set up by oxidation of the Sulphur atom, as in the following:

NH, ' CINH, ' ;
Y e L
H’N S\'a-NH '8 Nz

1 o N
H
H

|
N, @ N H
D SR S SR iy ¥
N @5 N S. - ~g NH
) ol H \_# G
Electrophilic Substitution
Less reactive than furan etc due to pyridine-like N present. It still occurs though, and
principally at the C4 position, similar to the meta selectivity of pyridines.
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H

Anion Chemistry
Deprotonate at C5 and then quenched with electrophiles, as previously:

Q
( \ B CO4Ef, .
n- llLl iee/ )N (COqEr), /i /\N
s . 0 5
(o]
! D C W\
/ N nBuLl @ g N ’ /(f—,\\N
N N
Ph Ph

Note that this does not happen with |soxazoles, because the intermediate anion is
unstable:

Ph Ph

Pb
7 n BuL1 (‘
2 N Z / _—

o + PhCN

R
Li

Oe

These can be deprotonated on attached alkyl groups however.

Pyridines

Synthesis
Retrosynthetically:

R; R
|/ _

R ONT Rs Ry N -NH3 Rl e
)\ 510 R, H
H R / u R
RS "0 0" "R R o B

This gives rise to the classical Hantzch Pyridine Synthesis:
o o)
)()'\/cozm CH,0 ):CiL . )jl\/\/ﬂ*om
EQNH (- ZH) N/

0

Mechanistically:

CO,Et

CO,Et
EO
)? T
0o
NHZ
cn,ol —H,0 -H,0

0

Lo} o
CO,Et H oop
10 ) A | B0 2 O CO,Et
NH2 T B0 N )
0
e

S e
(/ O HN H ‘j NH,
0 /
o o EO
B0~ OBt -~HO g I QO
N
g HO)H
®
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Electrophilic Substitution

Pyridine is virtually inert to aromatic electrophilic substitution. Its basic properties and the
stabilisation conferred by the N atom mean that even nitration at the 3 position is
arduous and low yielding.

However, pyridine can be activated by conversion to pyridine N-Oxide, and the O can
subsequently be removed after the reaction is complete.

= [0] ~
| — |l
-~ -,
N “,"ea
e o®
<~.\ H E ] E
~ _He . =~
(g — [ — I
-
EDIT q;flT V) ITGB
09 - 0 09
E : : E E
= 2 — POCY, =
| — i
NG NG N7
2]
I T
oeq of?ﬂ
PC13 3
For example:
NO, NO,
= H,0, = HNO, = PCl, =
I ~ AcOH I P’ I -~ f e
. < Ir@ H,S0, % N
|
00 06

They can also be converted into synthetlcally useful 2- chloropyrldlnes

G — GG,

Ng
|
o y/’(‘)* 0._; 0\ /_)

CI/ ~a . a” \‘Cl
AG!

Another approach to electrophlllc substitution involves the chemistry of 2-pyridone and
4-pyridone, which are tautomers of the hydroxypyrldlne

(=L, héﬁ‘n

1/;

e (-6

These react with electrophiles at the ortho and para positions to the activating O atom.
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0
o)
E@ 1l /‘
€ P
o o f1°d
I | jCl
N E E
| He ‘)
He Bw | -2 [
® O) ('.N® IT\_’
Hj ) Ve
& \ o
=N il Ly
E E [ E
| - Jt! -— J »
N N
2> o4
H H

Nucleophilic Substitution
Pyridines can be attacked at the C2/C6 and the C4 positions:

3 X H

Poe o G )
N El N7 N N N
X &}

<]

These are much more facile when better leaving groups are present:

Qv/ T Qf\ ®

¥ ox aj)x
N -Cl
m} — Y —— i
N N N
@ X = Nucleophile
Some example reactions:
ct Ty NF
QL= e
—_—
N7 NZ
al SEt
H2NNH2 | s N ke =
g — 1
N N
T a HNPh
= H2We = H,NPh =
f —
b e
N N
a pin - NH:2
= Na OMe XYy H,NNH, RS
| — |
e g
N N

Anion Chemistry
Deprotonation at C2/C6 and C4, for the same reasons as the nucleophilic attack

locations. These then react with a range of nucleophiles:
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= NaNH, = Mel =
) e, M,
5 e -~
N N N
Nae

= PhLi
| — -

5

N

= PhLi

Quinolines and Isoquinolines

Synthesis
The classic synthesis of quinolines is the Skraup Synthesis, which proceeds as follows:
@ B H
HO _#_, HO on ~HO
/\.g\o}[ /(\_ng\ > HO>S~®/\OH

’ /
H
—H,0 H Q)
0}\/ -« W o u®

OH
( @Lfk“ ﬁ
_—
N
H
. OH OH
H
H H
D — = —H,0
Ty =) = @)i%dﬁ
N7 ) N N N
H H

The key intermediates in the synthesis of isoquinolines are B-arylethylamines. This is the
Bischler-Napieralski Synthesis:

X X b X @
s O — O~ S 0
NS SN 4 L af‘ I

Cl) R o-p-0R C R
\

N

{a ) X = Hlectron-donating substituent
To achieve aromaticity from the product of this reaction, a Pd°® catalyst is used to
dehydrogenate.

Electrophilic Substitution
These occur more easily than in pyridine, but the reaction occurs on the benzene ring as
opposed to the pyridine.
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o — [T - )
”“@rdwm

Nucleophilic Substitution and Anion Chemlstry of qumollnes are analogous to pyridines.

Indoles
Synthesis
Fischer Indole Synthesis:
H H
4 ao_g® ¥ m Ph
- N—( = e H = Y - m
(.He T HE o S }N\@ g
H

HGB
— NH. NH
N"Ph N pn }94:”‘
H

Note the pericyclic step in the mechanism.
OMe O OMe
T .\’j{‘
OMe OMe
Ph-N-NH, Q
H

OL
H
+ 0 —

D

Some examples:

Y

SPI
7.

=

Ph - N-NH,
H

[

5

_|_

l

7N\

Q.
peil

Electrophilic Substitution
This is facile in the electron- rich heterocycle, occurring preferentially at the C3 position.

@ﬁ @7‘

=i ]

o

)
H
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Also, like pyrrole, Mannich-type reactions are easy:

CHzO I NMe,
HNMc; N
H

AcOH

. (\eOAc .
J NMeq NaOAc @i{ OA
AcOH
Vilsmeier Reaction is also suitable as above
Anion Chemistry

Deprotonates at the N unless this is “protected” by reaction with an alkyl, in which case
C2 is deprotonated.

NaH Mel
| — I — [
N N N
8 Me
Na$

| ’
@7’ @7”\’ @T\/

—MgBr,

MgBr

e n - BulLi 1 @ 1 L\‘
| | S Li
Ny N 2. HCl/Hzo
Me Me
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