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The groupings for this course are based on the
carbonyl starting materials from which they
can be made, and not the ring size.

GROUP A: from 1 4-dicarbonyl compounds

GROUP B: from 1,3-dicarbonyl compounds
GROUP C: from 1,5-dicarbonyl compounds
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You've done the hard work already! 1b

A refresher of the key transformations:

R? R?
H,0
Synthesis of imines + HN-R® —— R3
R"CHz/ko R“CHEJ*‘N’
Synthesis of oximes or R® t HN-R? -H,0 R :
hydrazones R'CH /J\O 2 —_— RICH )%N..R
2 R? = OH (hydroxylamine) 2

R®= NH, (hydrazine)

R2 R?
Imine-enamine tautomerism 3 —_— 3
RICH /I*’N’R R"CH)\H’R
R2 R2
Keto-enol tautomerism _—
)\ R“CH’I\OH
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Reactions used in heterocyclic ring synthesis

= Aldol-type reactions of enols or enolate anions with

electrophiles.
L H4
H.g 0) Hd R O Ry O Ry
e L o, W
m)“ﬁ T R Ra  -H M Ro-Ho R Rs
R, Re e

= [mine/enamine formation
'S H + HH

H" O Nt
LRy = bRy = O N

Ri" Ra R FRg R Rz

H H R

I+ | N 3 H
—— D N.\_ —_—
—wtte = & ¢

H-| HE R'| RE
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Reactions used in heterocyclic ring
synthesis

eFnamine is tautomeric form of imine. If djalk}rlamine 1s
used, enamine 1s formed

Rs.+. Ra. .
Hj\ v N | 3|HH4 — e
2 i
Ry 4 - HO HﬂwJ\HE Hm;:“fl\HE
iminium -
lon enamine

» Enamines can function as enolates

anaming
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Reactions used in heterocyclic ring
synthesis

*When the process leads to C-heteroatom bond formation,
then the nucleophile is an appropriate heteroatom.

HO R
G o8 e d Rag
g :.: — —l-H = —_— HE P bt
Ro R Fs 2“%,—’1;: \-.-">IHT - Hﬁh HE\FJ.AL\HHI
0 O _Rs HO Rs R
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More key reactions in heterocycle synthesis 2a

Interconversion of functional groups In the same oxidation state as carboxylic acids, as shown below,
most commonly occurs through addition-elimination reactions via a tetrahedral intermediate.

0 e 0
Synthesis of esters FUJkCI +  HO-R? L Hiﬂ\ﬂ.ﬂﬁz

0
Synthasis of amides R1kt;| + H,N-R? -Cl . R‘J\N‘HE
H

Carbon-carbon bond forming reactions covered in the Bifunctional Chemistry course are also important.

R e R!
R} HO o= R
Aldol reactions D=g * 8=D —_— —
HE RE RE RE
RE R3 o RE R3
0 0
Conjugate additions + m EtO . o
0
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Common building-blocks for
heterocyclic compounds

®) O S NH ﬂ\l:l ji
R’JLDH HJLNFIz H'lLNFIE FEJL NH:  HN™ NH:  HoN™ NH»
amidine guanidine urea

o O S

O O
P o
.R R =4 R = R
R1"LI\/JLR2 H,,)J\)Lo d H1)L‘H2
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General strategies for heterocycle synthesis

* "1+4" strategy ;/—_\
—» &
w0 =
M
Doy G o . 4
210 £ H
= "1+5" strategy m
— ® @
: X
| [O] =
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‘General strategies for heterocycle synthesis

= ”2+3” strategy = "3+3" strategy
-. = = ae
f_} = C [ @ /
. R <§: - Q - Qz <§g ®
=« Examples
& 5 P & O .80
— |
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‘Heterocycles from 1,4-diketones: the Paal-Knorr synthesis 2b

When hexan-2,5-diong is treated with base an aldol-dehydration takes place, via the enolate, yielding
an o, p-unsaturated ketone (3-methylcyclopentenone). Treatment with a strong acid however yields a

furan (2,5-dimethylfuran) wia the enol.

e @
_‘L H ﬂcﬂ—cHz H—,.. / .\
H3C 0 -H,0 HiC CH4

-H,0 0O 0

3-methylcyclopentenone 2, 5-dimethylfuran

Related reactions under acidic conditions can yield pyrroles and thiophenes.

®

H.S, H
R1—<_>—R= - ) ,@\ ,  thiophene
R R
5
@
RNH,, H \
R1 R2 - R™ N RZ  pyrrole
0O |
R
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Mechanism of the Paal-Knorr synthesis

3a
keto H enol
w® P H®
H5C CH; HsC (:\ CH; H;C CH;4
0 O ® @] (@]
C/ H @RH ® D\H
H
+|-|E}

proton
ﬂ transfer "\
H3C 0 CHy ——— H;C CH;

HED HO | @®
®

-H,0

The reaction proceeds under

H
(: H ® f '|.\ conditions of tharmndynamic
4 .—..._ control. The stable aromatic
HaC CH; HaC CH;
&

furan is ultimately produced.
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‘Paal-Knorr synthesis: pyrroles and thiophenes 3b

The chemistry involved here is essentially the same as the furan example before, but an enamine or
thioenol intermediate is needed.

‘¥H @®
® / TR Xz
H3G—<_>—GH3 *H ch—‘(?:\)—cm ch—<_>LCH3
0 E/ @ 0,
H

O 0O 0O
N X=NR,X=5 \
@ H "
proton
transfer
enamine (X=NR) or thioenol (X=5) H
\ H ® P XH
H5C CHy HsC ) —CHs H,C CH,
@ 0 X 0 X - 0 0®
H ‘LH ® RH l_‘lf \H

H,0 /U\
—-
H;C X CHs — ™ HC X CH2
S0 X HO @
H H X=NR,X=5
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Paal-Knorr synthesis: examples

Work out the products from the following reactions:

®

H3;PO 1 4 NHs, H
) L EE G L L
Ph 0 CHs acid only - furan 0 amine == pyrrofe
CH, CHs
@
conc. HCI 4 MeNHz, H
——f—————— o
acid only = furan 0O amine - pyrrole
H3C CH,
® 1
B H-5, H
S - o) H,S0, -
= hydrogen sulfide acid only - furan
- thiophene 3

4a

Ph/@\CHa

N
H
CH5
N
\
Me
H1C
-
e
H4C
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Heterocycles from 1,4-diketones: pyridazines 4b

retro-synthetic analysis

R T g S e SN

HN—NH o 0
pyridazine 2 x enamines 2 x imines HsN—NH;
(or bis-hydrazone)
Synthesis of the first hydrazone intermediate
o 0 ‘NHzNH, 0 ©_NH
c CHs 4@ ,( CH 2
Hs ® ——= HyC 3 = HsC CHj
H O NHzNH SO O._
@ H proton H
transfer
-H HH
CH; HaG l:|-|3
HN
HN hydrazﬂne 2

January 9, 2019
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Mechanism of pyridazine synthesis (cont.) 5a

Dﬁ He %,H
H -::)l\/\"/ o i s
: HyC e ||u
M N HC™ N
2 H,N” 2
praton
transfer

CH H Hs
S 3 tautomerisation o |
| NH SN H=ON¥) LI
- H4C H""

H3C H
pis-hydrazone
[O] l
Air oxidation of the dihydropyridazine is favourable
SN due to the formation of the stable aromatic pyridazine
| ring. The oxidation can be achieved by simply
heating in air for a hour or so, or else achieved
pyridazine chemically with a suitable oxidising agent.
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By-product formation: 1-aminopyrroles 5b

Synthesis of pyridazines from 1 4-diketones by this method may be accompanied by a 1-aminopyrrole
by-product arising from a Paal-Knorr type mechanism.

2. air [0
N
0 0 N=N |
NH,
TN @ H
0O H o] H iu@
/? CH; _|.|'::i--::I CH4 CHj
H5C — H,C —— = H;C
HN— 1P HN._ HN.
@ NH: ene-hydrazine NH2 NH
protonated hydrazone tautomer
see slide 4b

-H,0 proton
ﬂ\ - \ transfer E}l\
HsC CH; -~ H;C N CH; «——— HiC CH,

'[‘ H,0
N

|
H; 1-aminopyrrole @ NH;

January 9, 2019
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Knorr pyrrole synthesis 6a

The Paal-Knorr pyrrole method is useful for making pyrrole rings as long as the starfing 1,4-dicarbonyl

compound is readily available. For example:
synthesis not obvious

EtO,C H; EtO.C CH o CH3
/o \ — y C)I\I/l\H/CUzEt
H;C™ N~ ~COEt COzEt ?
H

Et0,C O

+ HH3

An alternative method, known simply as the Knorr pyrrole synthesis, involves j{
the reaction of an a-aminoketone with another ketone.

EtO,C CH; EtO,C CHa
,‘, \ tautc:-merisatinn Etﬂzc m"une H
ﬁ AW
c CO,Et
HsC 0,Et Hy 2
H GG}E'I'. NH,
aldol U add water

This retrosynthetic analysis EtO,C /\ CH Et0,C CH:‘-H
outlines the rationale for the l 0 3 retro aldol H g © H
method. MNote the special <: o
arrows indicating thFimsr is HAC o) i H,C CO,Et
"paper chemistry”, 3 \_H/:N CO,Et NH;

imine B-hydroxycarbonyl

January 9, 2019
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Knorr pyrrole synthesis: mechanism 6b

Looking the example above we note that the c-amino-[i-ketoester and [i-ketoester have the same
carbon skeleton. In this case the a-amino-fi-ketoester can be made in situ with a second mole of the
[}-ketoester to yield the pyrrole directly.

2
R! R1 0 R r1 0 R2
j’\:'\ — | ji R! = CO,Et
" 2 2 -
H N Ri R 'E} 1 R - CHg
2 2
&@H HO N R

Ha proton
\exchange
Ho
R H%‘? R? R? g* R? R )n R? RL_ 0. _R?
l\'/i RJ\NIR1 @ H‘”‘j\’q
H H

R? ® R
1'I-._--"'H

\l

2 R‘l 2 R1 N R1
DN e <N
f @
H
R! OH R1 @'H R1 R2 R R
H R? R? _

N — S — T — T
RZ R? R? Rl R? R1 RZ R
N N N N
&H !"FH "f"'rHE-j H
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The Knorr pyrrole synthesis: "unsymmetrical” pyrroles

The Knorr pyrrole synthesis does not need to be done in "one pot”, The amine ketone component

can be made separately, then condensed with another carbonyl containing compound, so giving
access to a wider range of pyrroles.

Synthesis of ¢-aminoketones

o 0
o Zn
HCI, NEMDE: CO,Et AcOH CO,Et
CO;Et éﬁ Bifunctional
mistry notes, N NH
, slide 13a oxime ~OH 2
1 .goﬁ;%aéﬁﬁgyl c—amino-f-ketoester
@ O
O E\r2I H NaNs Hz { Pd-C
- —_— _— =
zee Bifunclional
Chemistry nofes,
ketone / slicle 11a Br azide N3 NH,
aldehyde

u—amino ketone

January 9, 2019
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The Knorr pyrrole synthesis: examples 7b

Examples of pyrroles made using the Knorr method. How would you
make this pyrrole?

EtO,C
Et0,C o o
¥ —— /
H,N

- {
Fh

I=

C4Hg Etﬂ'zC E4H9

EtO,C o
N —
HoN N
Ph Ph Ph Ph H,N
+ 0 e J"{\
H S0 " N~ Ph
H2N H

Ph
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Heterocycles from 1,3-dicarbonyls: 8a

isoxazoles and pyrazoles

Retrosynthetic analysis

R H R H R
R/ R tautomerisation R\%,Ft 2 x imine R\h/ﬁ
> \.l J,F >
J|III 7 7
HN—N N—MN O 0
a pyrazole + H;N—NH;
R H R o H R
add wat HOQ i R R
R = water R hemiketal
‘I,r 7 =] l'lr >
O—N O—N O O
an isoxazole + HO—NH;

Synthesis of 3, 5-dimethylisoxazole and 3, 5-dimethylpyrazole from pentane-2- 4-dione

4 NH,-OH NH,-NH, 4
H4C Wﬂ Hs e EE— H3c\“/\r':"l3 — H)C \,5(?3/6 Hs
O—N (8] 0 HN—N
1 2 pentane-2,4-dione 1 2

January 9, 2019
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‘Mechanism for isoxazole / pyrazole synthesis 8b

The chemistry involved here is very similar to the Paal-Knorr pyrrole synthesis.

‘NH,XH ® NH,XH
W HECY\I{;CHE H3E\r\|/CH3
5 L© NHyXH 6 o~ N
u X=0or &
X =MNH proton 1L
transfer
H
0 f’ - Qo
e =Y —
o ® 7 Hx” 3 H ) 2
y proton compare this intermediate with the
transfer first enol in the Paal-Knorr (slide 3a)
& ;H H
H-— :?
CHg H3ll.': q_- H_-g H3E\(-YCH3
Haﬂy‘?)/ I \@Y )
X—N SN X—N

isoxazole X=0
pyrazole X =NH

January 9, 2019
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Isoxazoles and pyrazoles: Unsymmetrical 1,3-diketones 9a

The reaction of unsymmetrical 1,3-diketones with hydroxylamine (NH-OH) may lead to mixtures of
isoxzoles, but with hydrazine (NH-MNH-) this is not an issue as the two "products” are in fact tautomers,

RY\“/RE NH,-OH R1\(§/RE \(\Yﬁz
- /

0O 0 O—N —0

R R? NH,-N |-|2 \(y tautomerisation WEE
W )
N —

position of the equilibrium will
depend on the nature of R

N-alkyl or aryl subsitutued hydrazines can give two products which cannof tautomerise, and so the
same question of selectivity seen with hydroxylamine arises (above).

Me Et Me-NH-NH, MeWEt MEWB
Y\"/ - / and

January 9, 2019
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Examples of isoxazoles and pyrazoles made from 9b
unsymmetrical 1,3-diketones

The reaction of unsymmetrical 1,3 diketones may however lead to single isoxzoles or pyrazoles if one
carbonyl group is more reactive than the other.

starting material intermediate product

0,Et
C4Hq O;Et  Me-NHy-NH, C4Hg COEt  _H,0 \N

) O more reactive due O N-NHMe

to electron- I'I!"Ie
withdrawing ester

Me Me Me

MH»-0H
Phh/H : Ph\“)\r(H H,0 B
O D\S\ more reactive 0 NOH Ph o
aldehyde (vs.

ketone)

Ar= 4-NDEC5H4- Ar
Me-MH,-NH
Ph Ar e-NHz-NR; Ph Ar -H,0 f’
— Fh u
O 0 maore reactive ketone 0 N-NHMe N

(para-nitro electron |
withdrawing group) Me
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Synthesis of pyrimidines and 2-pyrimidones from 10a

1,3-diketones

Retrosynthetic analysis reveals that pyrimidines can be made from an amidine and 1,3-diketones

H RZ H R?

RI
R1 R1
| m‘nne tal.lmrnensatl:::n |r‘n|r'1e
NYN
R4

Hz“—< HN.  _NH,
R“ an amidine Y

Hﬂ-
Reactions are normally conducted with acid or base catalysis, eg:
R3
0 H-N NaOEt or N
, : s _NaOH 3\
R * R® —— R >—R‘
o HN an amidine i —N Analogous reactions can
R he conducted with urea,
R thiourea and guanidine.
H.N HCI, EtOH
0 2 heat NH
— oo
=N
R1

January 9, 2019
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Synthesis of pyrimidines: mechanism 10b

WY o HO, o
e R3 IN—R? N _R*
HCI ) ®
RE H- HEN Rz \H/
H1 R? Rd R NH
0] O proton
o HN \\\\transfer
R3 R3 EE 4R3
N R4 4 4 H.O H
N R —N R ® N R*
H .
R NH; + NH R? i NH ¢ NH
® R 2 R R
H
HO < x 0O 0 0
° N\
R3 R3 R3
N proton N ) N
%H , fransfer ‘>7R“ ‘H_zﬂ"_ 2 >7H4
&
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Synthesis of pyridines from 1,5-dicarbonyls 11b

Can the Paal-Knorr pyrrole synthesis be adapted to use a 1,5 dicarbonyl to make a pyridine?

Paal-Knorr
&
1 4 NH,, H < ) i /o
R R —2 S =
R N R R N R
O O N
_ H® |
cis-enone
@ i
1 5 NH3, H | This method would need the cis-
R R - anone, and this is tricky to make.
o R N R

An alternative and easier approach would make a dihydropyridine, followed by a separate oxidation
{cf. the pyridazine synthesis (slide 4b/5a)

NH3, HE} | | [O] |
—_—l —_—
R H R lots of R R

dihydropyridine gﬁfggg

E.g.
[0]
Yo ¢ HC™ N

Hyc” N

January 9, 2019
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Synthesis of pyridines from 1,5-dicarbonyls 12a

An alternative approach to oxidation of the dihydropyridine, is by using hydroxylamine as the source
of nitrogen. The N-hydroxydihydropyridine can undergo elimination of water to form the pyndine in sifu.

H
E} .
1 5 NH:’DH, H tEU’[GI‘I"tE[IEEh ﬂ\
- —:
0 o R mechanism  © /é R v N
o _ ®y“ OH W2 | HO
Compare this with the N-aminopyrrole
formation from a 1,4-diketone (slide 5b)
H proton
transfer
- %l 1o~ \
gy Py | A
R ifr'i‘l R R r~|4 R R ® Hh{ G
OH OH 1,6-ring closure HO 7
favoured
Using ammonia
in place of H H
hydroxylamine
(see slide 11b) /m\ n® =
would get you to —_— | &\| — |
this stage (H in R N R
| R™ N R R "N” R
place of OH). HO—a @ —
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