Natural Product Chemistry Il

Natural Product Chemistry I
Four Lectures

Synopsis: Recap of pyridoxal phosphate and biosynthesis of some amino acids; lysine and ornithine in biosynthesis of
pyrrolidine and piperidine alkaloids; alkaloids derived from phenylalanine and tyrosine; benzylisoquinoline alkaloids; phenol
oxidation in the biosynthesis of complex alkaloids; classic examples of biomimetic synthesis

B Chemical Aspects of Biosynthesis, Oxford Chemistry Primer no. 20, John Mann

B The Organic Chemistry of Biological Pathways, John McMurry, Tadhg Begley

B Organic Chemistry, Jonathan Clayden, Nick Greeves, Stuart Warren, Peter Wothers, 15t Edition, Chapters 49, 50 and 51

B Medicinal Natural Products — A Biosynthetic Approach, 29 Edition, Paul Dewick

B Biomimetic Organic Synthesis, Vols 1 & 2, Eds Erwan Poupon and Bastien Nay

jonathan.burton@chem.ox.ac.uk
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M Alkaloids

B Nitrogen containing secondary metabolites — non-peptidic — non-nucleoside

0 Me
B Named by Meissner as they were ‘like alkali HzNWLOH #
NH,
B Mostly derived from a-amino acids o
ornithine o)

tropinone
B ornithine and lysine - aliphatic alkaloids

0]
I'IZN\/\/\)I\OH - 0
B phenyl alanine and tyrosine — aromatic alkaloids NH N
2
H

and aromatic compounds in general
lysine - Lys - K
pelletierine
B tryptophan —indole alkaloids

(o)

0]
OH MeO
| R OH R
HO 2 MeO
tryptophan - Trp - W
tyrosine - Tyr - Y O OMe
(0]

OMe
B OH .
_ NH, papaverine

phenyl alanine - Phe - F
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B Biosynthesis of amino acids — amine transfer using pyridoxamine / pyridoxal phosphate and an aminotransferase

Enz-B.
H_ _R
® R. _CO,H
o H 0 R.__CO,H Y<co,H EnzB—H [
I Y H N H_ _N
0 0
~PJ OH NH I
HO™ 1”0 | N 2 P OH — = P | OH
—_ Vg
@H Me © Z Q) I |
® Me N~ “Me
H

pyridoxal phosphate

e ~E D e

N|-|2 o H_ _N
T
0 0 HO’IID\O X0
1 n 0@ |
/P\ /P\ s
HO"§ 2 | S HO™ 4, ° | as lysine imine SN “Me
© - H
Ch
H

hydrolysis

0 NH, o NH,
\ a-ketoglutarate glutamic acid / ]
HO” 1 No oM R._-CO,H
%o | _ + \ﬂ/

B Overall transamination ®N Me 0

B Glutamate acts as nitrogen source —

. L , , o pyridoxamine phosphate
nitrogen initially introduced by reductive amination of a-ketoglutarate

B Pyridoxal phosphate carried around as the lysine imine
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B Pyridoxal phosphate mediates a number of other transformations including racemisation and decarboxylation

Enz-B. ®
Enz-B—H
H
Me: CO,H Me_ _CO,H
o H___O Me._ _CO,H s
I Y o H N H. _N
_P OH NH (o)
HO”I >0 A 2 " OH I |
—— e ——— P OH
% I . ~—— HO~0 S ~ HO”1 0
@H Me © N/ Me 0@ | |
natural (S)-L-alanine Oy N Me

pyridoxal phosphate

H
Me., ] -CO,H
H (0
P OH i 0 P
Ho” No X . Me_-CO,H hydrolysis N on
% I i ~——— HOI>O X
®N  'Me 2 ©) | P
H ®N Me

unnatural (R)-p-alanine H
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B Decarboxylation o
(o) Enz-B—H
B-Enz
R - R H
o)
H Z° R__CO,H \HL N
2 -Co |
|c|) Y 0 H_ 2N 2 H N
HO | "O N 2 g OH e |
O@ | —  E'Teh N _P_ OH
7 0 | HO"1 >0
®H Me N Me
pyridoxal phosphate H
RYH
H.__O .
0 R\I hydrolysis 0 H N
P on -
Ho’lo\o | A NH, <~<— oo \OH
e
®f @H Me
M 0]
NH
HZNWLOH — H,NT TN HZN\/\/W)I\OH — N A AN
NH, "
ornithine putrescine lysine - Lys - K cadaverine

B As their names suggest, putrescine and cadaverine smell of rotting flesh

B Other reactions mediated by pyridoxal phosphate include C-C bond formation, substitution at the B-position of a-
amino acids, internal redox reactions between C, and C; and between C, and C,, oxidation of a primary amine
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M Biosynthesis of some amino acids

(o) (o)
HO,C CO,H HO CO,H ATP P NADH
2 2 — 2 20— @O/II)\O CO,H CO,H
NH,
o-ketglutarate O glutamate NH, % NH,
HO” N0 N spontaneous
o UL l 0 0
@\ Me SCoA
—»
~ ™\ H RJ\OH RJLCI
$ g g X S0
©o0—-pP=0 HN___O Cl OEt, base
g \f NADH
\
®0—-P=0 (o) (o) (0)
/ ATP NaBH
ot Ao Nog —— AN N
©0—P=0 t R™ H
0/ ﬁ CO H
N 2
> @O/f\OJ\/\‘/COz NaBH4¢ )
R HN (0] NH proline - Pro - P
ATP \f 0 § R” O OH \\ /
NADH SN L
o) o [

| NH
N 7 NH AW RN —
Il:t HzNJLN/\/YCOZH urea HZN/\/\‘/ i
T Y, : NH, Qdej ornithin;\”-I2
\ arginine - Arg - R y
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5
M Urea Cycle 0 ¢O,
HZNJLNHZ o o) i
urea J\ 20 -«—— HCOD + NH, +2ATP
HZN/\/\HI\OH |.|2N OPO3 3 3
Mn?2* NH, o) O 0 O
ornithine 1 1 1l
©
- 1o 0P PaoPron
2 © 0e O@ O@
Q@ 2 9 0 0
H,N 0 B. P. P ‘Mg2®
é\ Olé\olé\olé\OAd HZNJI\ N/\/\‘)J\o H . . g
HNZ N OH © 5 A H citrulline i
H * . NHZ
NH, N
arginine Mg2®
ATP 0 o 09
HoP o R
Hozc\%\cozH Elcb elimination 0®
fumarate i:l)) I\A-I;-l%
HO,C O
\)I\ O-AMP o)
HN" OH O

aspartic acid

uric acid
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M Biosynthesis of some amino acids

HO CO,H ~ X

Hozc\)Q/cozH

(0]
> \/»(\

CO,H HO,C 7
— CO,H
citrate a-ketoglutarate O i HO CO.H . 2
citric acid : and hydrolysis M dehydration Co H
I
cycle +H,0
o) o)
)J\ HO C\)]\ 0 OH
SCoA 2 CO,H HO,C coH NAD* HoLc
-
acetyl CoA oxaloacetate Lon 2 2N CO,H
(from glycolysis) 2 0 NH, CO,H
_COZ Ho/g\o I NS OH
B Lysine is an essential amino acid o S) -
o) Me NH,
HO c\/\) H
. . . 2
B Pathway from a-ketoglutarate is unique to fungi
a-aminoadipate
o NH, ATP
: NADH
(H@ 0 ) Ho’g\o S OH
( 0 N © N/ Me
®
II\I@ NH, H CO,H
R lysine - Lys - K
NAD* \. ’ ! J/
. J
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M Biosynthesis of some amino acids

HO CO,H ~— X

HO, CO,H
citrate e .
citric acid
cycle
(o) 0]
)l\ Hozc\)l\
SCoA CO,H
acetyl CoA oxaloacetate

(from glycolysis)

o
HO
(0]
NH,
I(Ii OH
HO”1 0 NS
o0 |l _
@ll\l Me

H
then hydrolysis V

(0]

HO
NH,

o-ketoglutarate O

7
HOZC\/\H/COZH N
NH, ¢l

(0]
1

o) OH
0,C ©

meso-2,5-diaminopimelate

JP_ OH
HO”1>0 < N
e : . /
I HO,C_ A 0  NH, .
" 2co,u NADH : 0,C" "N ~CO;
H ~COo,H
aspartate - Asp-D
0
(o) @)LCOZH
O CA)L
HO, SCoA
OH succinyl CoA CoH  NADH | CO,H
-
HN (0] _N _N
CO,H CO,H
CO,H
H__O
a
P OH
0 HO”1>0 A
oo | . (" o )
OH on e I"ZN\/\/\‘)]\OH
NH, >
-CO, NH,
lysine - Lys - K
\. e y,
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B Aliphatic alkaloids

H (0]
q
HO” >0 o
o I
2 )
NH,

ornithine

-pyridoxamine

NMe
(e =

Me Z SCoA

O O

acetoacetyl CoA

NMe ‘ NMe
water fo) \ SAM )
Me\[ SCoA > Me OH > g/\F
(0) (o) 0] o)

B Also possible is methylation of the cyclic imine formed after release of pyridoxamine
M In this example the reaction does not proceed by way of symmetrical putrescine

B However, symmetrical putrescine is an intermediate in some plants (but not others)

:

H,N 0 H,N

®
0@ Enz—H /
~

N
> | H,N
R
| ] S
N N

MeHN

|
(I:ID\H / ®
S SAM
| P
@H

|
" Me ™ Me

S-adenosyl methionine

putrescine

N
C+)H
NMe
®
NH H—Enz
-~

\ hygrine y

NH
HZN/\/\/ 2

putrescine
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M Aliphatic alkaloids

(0] (0] SCoA
Z7NMe — NMe — 3 NMe — N Me = ®
® ® MeN§|®
SCoA SCoA
SCoA
Qo SCoA ° 0
Ty ° o o
o SCOA  hydrolysis
malonyl CoA .
O O decarboxylation
malonyl CoA Me
N (0] SCoA
0]
U F e
Me
. (0]
hygrine
hydrolysis
(o) OMe 0
0] OMe
MeN CoASJ‘\(j 0] OMe (o) OH
O_ _Ph Z MeN NADH  \en SAM Men
\n/ -« OH -—-—— -«
H o H o o)

cocaine
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M Aliphatic alkaloids — tropinone and tropine

[0] \ hydroly5|s
Y (NDME D NMe — NMe > (NDMe
o SCoA SCoA SCoA
o) SCoA
Y 0 0 0 0

(o) 0) .
@o\n/\n/ SCOA  hydrolysis
malonyl CoA . ”l

O O decarboxylation
S
malonyl CoA Me (o) (o)
N MeN
0] e .-
ven o (U F >:
o 2 hygrine

P-450

(-)- hyoscyamme ‘\NADH OH
MeN CoAS ~
MeN
NADH¢ H oH o ) H _NADH MeN
Ho_ |_oH : < S S
' o OH o

RO. . .
i i o H tropine tropinone
W littorine <|::—Enz P IO

Enz—Fe—-OH

. ~OH

RO
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B Robinson’s synthesis of tropinone — R. Robinson, J. Chem. Soc., 1917, 762.
M Sir Robert Robinson (1886-1975)

Nevertheless, an inspection of the formula of tropinone (I) dis- [
closes a degree of symmetry and an architecture which justify
the hope that the base may ultimately be obtained in good yield
as the product of some simple reaction and from accessible
materials. By imaginary hydrolysis at the points indicated by
the dotted lines, the substance may be resolved into succindi-
aldehyde, methylamine, and acetone, and this observation sug-
gested a line of attack of the problem which has resulted in a
direct synthesis.

B Waynflete Professor of Organic
Chemistry 1930-1954

B Nobel Prize 1947 for “investigations

on plant products of biological
importance, especially the alkaloids”

/
?H2NI'M: L M Inventor of the ‘curly arrow’
@
CH, | l CHO o
AN yoUTT ;
\(l)H-—E—CH ( MeNH, >=0 O a— O
5 2
’ CHO
(L.)
(@) Conjugation of Ethylene Linkings.—The representation of the
CHO /OH-OH CH,*CO4ca active phase and conjugation of butadiene on the partial valency
// 7 theory is
0H2 OH'B | -— p— H.—CH—CH—CH
I +NHMe — | NMe + CO — CH,=CH—CH=CH, —> v CHym CHmCH=CHy o
C\H? U?? and on the Thomson and Lewis-Langmuir theory as now inter-
\CHO N\CH-0H  CH,COa preted
/CH——C H-CO.ca /CI-I——C H, (1)  CH,:CHICHiCH, C{iéCHE(}HECH2 (IV.)
2 - —
i
C/H2 C/H2 | +CaCl, Similarly, the conjugation of three double bonds, supposing such
NMe CO +2HClI — | NMe GO to occur, would be represented thus :—
AN N | 3% HCHICH.CHICH, (V)
! iCH.CHiCH:CH: .
NCH——CH-COyca \CH-—CH, +, CH,iCH OHICH-CHICH, -«

\ J. Chem. Soc, 1922, 121, 427. /
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B Robinson’s biomimetic synthesis of tropinone — R. Robinson, J. Chem. Soc., 1917, 762.

o
CO,H MeN

H pH 7, water
ot MeNH, + (o] _— o

0 CO,H

¢ as calcium salt
¢ HO,C /P
X -Me COH : CO,H
N° \I@ \ Mannich
oo > ~Me e —> N-Me
OH CO,H OH

O
HO,C | HO,C. /)
CO,H CO,H
o) € S
CO,H / |\5Me / |\5Me

—2C02¢
MeN
TN
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B Biomimetic synthesis of tropinone by pyrrolidine oxidation: E. Leete, S. H. Kim, J. Chem. Soc., Chem. Commun. 1989, 1899.

(0) (0)
MeN
Hg(OAc),
e o J
N—Me +
NMe
Hg-OAc
|
OAc
(0) (0) (0C)
® - ® > ®
N—Me / N—Me / N—Me
Hg
Mo "
2 OAc
(o)
M o
o) (0]
(0] H (0)
H /
® — NI —
N—Me N—Me NMe
Hg

MeN
— PN,
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B Biosynthesis of pyrrolizidine alkaloids

coH HZN\/ﬁ NAD* HzN\/\I o

HZN —_— H N/\/\/NHZ —_ WN\
2 NH H,N H
NH2 IOI H (0) HZN/\/\/ 2
ornithine Hozr\o oH putrescine
o) | . CO.H H N/\/\/NHZ
@H Me 5 2 @ PLP @ 2 ) .
: )R ——— » )R putrescine
H,NT "8 H,N "5
Me Me imine
o SAM exchange
<j| H 0PN HNTY NADH HNT)
N - N, N, < ®
® A i Y HzN/\/\/ “H HZN/\/\/N\H
l homospermidine
OH
" u CHO H o
2 = 2
P : NADH X [O)]
\/(51 - N —> N —>

B Biomimetic synthesis of pyrrolizidine alkaloids

OEt
EtO H z ¥C <j| =z
N —> N
®
0]




Natural Product Chemistry Il

M Biosynthesis of piperidine alkaloids
M In a similar manner to ornithine, lysine gives rise to piperidine alkaloids

" ¢ N
0]
B Not all piperidine alkaloids are derived from lysine — some are acetate derived O\/U\
N

(o) (0 H
3 x .
(o) (o] (0] (o) pelletierine
)]\ HOJI\/”\SCOA /\/\/\)j\ [O] /\)l\/\/u\ \. y
SCoA r SCoA > SCoA
—
. , H__0
fatty acid synthesis 0 ¢ NADPH
OH

(0] (o)

HO” r‘o N
(0] Op | .
” /\)l\/\/\ @H v /\)j\/\/u\
N - NH, <€ H
coniceine / \
NADPH\ O\/\ Me\n/COZH MeYCOZH

N 0 NH,
H  coniine pyruvate alanine
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Glycolysis CeMale +60,
overview
CHO
H——OH glycolysis
HO——H
H——OH
H——OH
CH,OH
Glycolysis
CHO CHO
H——OH H——OH
HO——H ATP —= ADP HO——H  viaene-diol HO
H——OH — H——OH ’ H
H——OH H——OH H
CH,OH CH,OP
D-glucose glucose-6-phosphate
+2ATP
+6 AP - et
g ATE

I A 5\*\> s\;h«‘\iom
ogaf"

CH,OP

fructose-6-phosphate

— €CO0L + 6HO

O

)J\COZH

pyruvate

e
S .

OH

0

H ATP = ADP |~
OH = | H
OH H

o ATP ~— ADP /lO\P E1B-ike =~ Os OH O._ _OH
/U\COZH ) COzH H——OP H—OH
CH,OH CH,0P

pyruvate

S-S
(R

thiamine pyrophosphate
(TPP)

NAD* —> NADH

CoASH
+ 3

(0]

CO,H

oS

B swncon CoA -

phosphoenolpyruvate

0
Ascon + 01

A~ -e O Suaterote

e et aacle

2-phosphoglycerate

b

,O/P 5 /0

o~
0
%
Suyfo/l \D/(;\ o
o~ o~

OH  ‘jdoare] ..
OH /(:sl\-
CH,OP n¥o

3-phosphoglycerate

+ @~emo (B6 ATP)

/o ’

citric acid

0
)I\SCOA

phosphate

6] OH

retro-aldol N
H via ene-diol —M o poplaXe
(SDw~rrCaSR

ey

= ATP

/st

M oP q ]
s e B
oP ke %Q dihydroxyacetone N
o
T

(&

hi-

IATE prr pADH

/\ "
-~

ot |
: ©
fructose-1,6-diphosphate H OH gcheraldehyde-S-phosphatq,r s =
CH,OP 773
Y]
NADH <— NAD*
43 RSH
phosphate E
,—ef..adeé
AP <—app  OxOP yor= Uf‘wz
+ | H OH s\ssg.:—
CH,OP
1,3-diphosphoglycerate Lo
-\
R o
N\
oH
ofP
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| A o g g ST ‘
Citric acid cycle T Qraeets + 2% ATVP
| o}
NAE - - T
Hy0, _ADR o O )L SCoA — CoASH - ¥ e
conjugate addmon CO.H Suatey
9 20/\( 2 H.O/U\/U\WOH OzCMZCOZH
(3 < _COsk citrate

.malate
(6}

I . oxaloacetate o . e
f s fumarate ‘ . 1 E{CB-like:
£\ A FaDH, 4 : 4
\ borz ‘
0 .

HQZG‘/Y\COZH

FAD

CO,H
O S-8 : . v -
“ Al { I~ o 4.,» ~ cis-aconitate i
Ot S COH g ; TP An et o
oW - HO,E™ t;,\ =67 thiamine ?]yrl;%;;hosphate - lconjugate addmon
o ?! | succi >N ’ <
e L -2 NADH = NAD* ) -C0O,
\‘\707_-(./\)\07’9\0"\ - \ C/ CoASH /\/lo]\ B NADH ~~— NAD* -
. - . h\ HOZC 8CoA T T 50 HOC “Seo T HeE
phospha . ;
+3 e "
‘ succinyl CoA = o oxidation to ketone: i g =
/7 y y aketoghitiste then decarboxylation He-oivate }L
/\j\ Coft> ) of B-keto-ester X .
o I i

TPP’:I‘K
Gfru\-‘—'.‘? F
s L
m//\/‘/(“f/ g
A . »@-@{
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B Biosynthesis of benzylisoquinoline alkaloids

M Biosynthesised from tyrosine

(0] o)
COH o/
2 CO,H
— >
HO" Y~ YOH > >
OH OH
shikimic acid NAD* prephenate
@0
o] NH,
CO,H CO,H
—>
OH OH

tyrosine

isoquinoline MeO XN
‘ ' N
O = MeO 2
~N I OMe
O OMe
papaverine
benzyl
0]

||||z

N

NH, o

E \coz

phenylalanine

0
1] 11
P OH P OH
HO”1 07 O HO”1 0 N
o0 |l | o0 |l
N “Me @nlv Me
H

%
H
. N
Hozf\/\n)I\OH =< HO,
o)

a-ketoglutarate

NH,
glutamic acid
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B Tyrosine can also be biosynthesised directly from phenylalanine by oxidation (and NIH shift)
M Hydride (deuteride) transferred to cation followed by enolisation

M Hydride transfer mechanism discovered the National Institute of Health, Bethesda, USA

2 NH, NH,

NH NH,
E ~CO,H IE ~C CO,H E ;co2 E ico2

phenylalanme

IIIIZ

tyrosine
B Biosynthesis of L-dopa and adrenaline
H_0
(0]
II
OH
HO” I ~o | ~N
%
CO,H [O] @H/ we HO NH,
NH, >
HO HO
tyrosine L—dlhydroxyphenylalanlne dopamine
L-DOPA

OH OH
HO NHMe HO. NH
-
HO HO

adrenaline noradrenaline
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M The related ephedrine, from a number of Ephedra species, has a very different biogenesis involving pyruvate

using dehydroalanine in

(0] 0
I X OH enzyme active site OH SCoA
—Z NH,
)l\n/orl

(o)

o]
©)‘\'(
H, 0

phenylalanine

pseudoephedrine norpseudoephedrine
SUDAFED :
NASAL DECONGESTANT o
Nl deomesant e thiamine pyrophosphate « \ .
S R

* Nasal & Sinus Congestion
* Sinus Pressure
24 TABLETS
30mg FACH
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o)

R\'\fr) Me
ot
B: H S R’

0
SCoA + Me)J\n/OH
o)

R Me

@\gas_\g\ﬁ’ 7

o)

Me\lHl\oe

o)

H- (0

R

Me
N

5 i
I'I/kS R’ Me
>
thiamine pyrophosphate
(TPP) 0

R Me

.

R Me

te N2 N

HO /_\S\ e Me__ _\S\
HO

8o O)\SCOA

H—B®

R Me

B: H s
Me R\,\ff) Me 5 Me ';P—\S\
+ % ]
o) @Q}R’ s” R

Ph o

B TPP acts like cyanide:

- good nucleophile

- stabilises adjacent negative charge
- good leaving group
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B Retrosynthetic analysis of a benzylisoquinoline alkaloid.

MeO. MeO. MeO NH,
O T e ) S
MeO > MeO ~ "H > MeO -
MeO I MeO MeO
OMe OMe OMe
N-norlaudanosine .
Pictet Spengler
® Meo\/\
MeO, NH, MeO MeQ | Y
\/\ NG NH
. ® MeO
MeO -0 acid MeO Za Meo” X NH
NN
B AA
_ MeO \|/
MeO MeO MeO OMe
OMe OMe OMe .
N-norlaudanosine
X POCl,
I — ® — —
Z HN R NH ~-N ~N
z
i CI/I/ ® H

R R R

Bischler Napieralski
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B Biosynthesis of papaverine.

tyrosine

\ (S)-norcoclaurine )

CO,H

HO,C

NH

W/,

OH



Natural Product Chemistry I 26

B Biosynthesis of papaverine — a recent study reveals the following plausible biosynthesis — Phytochemistry, 2010, 71, 1305.
MeO.

(S)-laudanine 4,

SAM

(S)-laudanosine tetrahydropapaverine dihydropapaverine papaverine
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B Complex alkaloids can be readily formed biosynthetically and in the laboratory by oxidative radical coupling.

MeO. Meo\ﬁq
®
Enz-B—H NMe HO™ NP NMe
o — " T
| AN
. MeO Meo/\f < opold
reticuline
OH 0. 0 @ OH isoboldine
H—B-Enz
ortho/para coupling
MeO. MeO.
. O NMe O NMe
(o) HO
‘H ‘H
MeO MeO

ortho/ortho coupling

B ortho or para couplings to phenols are acceptable mechanistically and biosynthetically
""H

I e
@

MeO bulbocapnine
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B Pummerer’s ketone and its relation to biosynthesis

M Initial incorrect structure assignment based on reasonable mechanism

OH o° o* o Ve (3 Me
K.Fe(CN) —
O o (X0 —, O
Me Me Me Me X0 Me Q
0

lKg,Fe(CN)s

: ,0. o° (o)
Me

(0)

M Sir Derek Barton (1918-1998)

B Professor of Organic Chemistry,
Imperial College, London 1957-1970

B Hofmann Professor of Organic
Chemistry, Imperial College, London
1970-1978

M Nobel Prize 1969 with Odd Hassel
for ‘development of the concept of
conformation and its application in
chemistry’

0]

e

L

(correct structure of\
Pummerer’s ketone

v,

|
&

incorrect original
assignment for

Qummerer’s ketonej

Ac,0, H* ¢

OAc
ACZO, H* Me

OAc
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@
: H
O Me ® @o e OH
COA o 1O . C
Me 0 Me Me H Me
o) o)

[ incorrect assignment of]

-
|

Pummerer’s ketone

O < O
o o
I I

OAc
Me
L
Me Me
OAc OH
Me Me
° ° o & &
& LA O | o ok
e (=0 —> me @ e KM Ty
Me Me ¢
. g J g
correct assignment of ® OH OH
Pummerer’s ketone dienone-phenol
rearrangement li
I OAIL\:IIe Me\|/§
Me — /\OAC
Me\/
OAc |

/
§
5



Natural Product Chemistry I 30

M Biosynthesis of the opium alkaloids

(S)-reticuline OMe

MeO.

HO

H
MeO

0 salutaridine

NADPH

thebaine Me\Nr — OH

salutaridinol \ morphine H H b )
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M Biosynthesis of the opium alkaloids
MeO.

Paracetamol

+ Codeine
‘e

Manmmum strength pain rolled
Migraine headache

codeinone
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B Biomimetic synthesis of codeine White et. al. Tetrahedron 1983, 39, 2393.

MeO.
Br,, AcOH O NH
’ B

88%

codeine
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M To solve a ‘meta’ coupling, do an ortho/para coupling and a dienone-phenol rearrangement

MeO MeO. MeO
. O NMe O Nve NADPH O NMe
0 o, ——= HO ""|-| ——> HO

MeO
O MeO Q MeO

0 ® HO
(S)-orientalinone Enz-B—H (0]

MeO MeQ
O NMe HO ‘ NMe

HO H (R)-orientaline MeO ‘ “H
[O] O l
OH isothebaine
OMe
MeO. MeO\ XN MeO. <0
¢ | UL
NMe y NMe NMe — 3= €
"o H — 3 HO™ H — 3 HO y —= 3 O |-|
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B Biosynthesis of erythrina alkaloids: Zenk, Phytochemistry, 1999, 52, 373.

O.
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B Biomimetic synthesis of galanthamine. Barton, J. Chem. Soc., 1962, 806; Chaplin & Tiffin, Tet. Lett., 1997, 38, 7931;

Node, Angew. Chem.,

Int. Ed., 2001, 40, 3060.

(HO ‘
ON 0 0 )(t tyramine
| | | ] B
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0 l," -’_\ O ll," 'Il' /\ N L M e
| X NMe | \7\\NMe HO | A ~NMe Ho\l/%/\NMe
Me0” ~F Me0” NF Meo” NF Meo” NF
-)- i -)-narwedine
(-)-galanthamine (-) OH HO  OMe
P
0 i) Br,, AcOH o i ,\/@ S
ii) 48% HB HO HaN |
MeO ii) 48% HBr H reductive amination £
0 H
MeO 63% MeO Br i) Y=o HO_~—NMe
H reductive amination | _
77% Me0” N7 R
( OH 0 \ KsFe(CN)g; R = H, 1.4%
K;Fe(CN); R = Br, 30%
PhI(OCOCF,), ‘ Q
BnO. NCHO — > BnO NCHO
85% O
MeO MeO
OBn OBn

J
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B Biomimetic synthesis of galanthamine

Pd(OAc)z, PPh3,
ONa
MeO

OX|dat|ve
addltlon Pd(0)

crystallise from

basic ethanol
seed with
(-)-narwedine

=4

elimination

Ar—H

Br reductive
|
Ar—Pd! —— Ar—FI’d"
H._O H
0o

NMe

+  Pd(0) -/A

0 &
B:
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(o) (o)
I
MeO MeQ” NF MeO
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N
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B Biosynthetic overview of amaryllidaceae alkaloids from the daffodil family
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B Biosynthesis as a guide for retrosynthesis

B Carpanone; Chapman, J. Am. Chem. Soc., 1971, 93, 6696 — see Dr Robertson’s option course

(0]

<O
0 o)
N
Me.,,
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M Alkaloids from Yuzuriha — Clayton Heathcock Review, Angew. Chem. Int. Ed., 1992, 31 665-681;
Classics in Total Synthesis, K. C. Nicolaou, E. J. Sorensen, Chapter 26.

B Professor Clayton Heathcock

B Professor of Organic Chemistry, UC
Berkeley

B Natural product synthesis

M Stereochemistry of the aldol reaction

Co,Me
H H
]
HN,
methyl homosecodaphniphylate ‘protodaphniphyllin’

15t pentacyclic intermediate in ”|
biosynthesis?

squalene
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B Plausible biogenesis / retrosynthesis - high molecular complexity reduced to linear precursor

R
H H
aza-Prins
HN_

‘protodaphniphyllin’

15t penatcyclic intermediate in Diels Alder
biosynthesis?

Michael condensation

S H

squalene
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B Plausible retro-biosynthesis / retrosynthesis - high molecular complexity reduced to linear precursor
R

R
NS
[O]
=~ >
R

squalene IO H BEnz H

H
- 7
AN < OH
H®
R | R

squalene




Natural Product Chemistry Il

B Biomimetic synthesis of methyl homosecodaphniphylate

(cocl),, bMSO
then Et;N

NH,
then AcOH

Y

5 steps from ‘simple’

. . OBn OBn
starting materials

OBn OH

H H ( C02Me\
H H i) CrO,, H,SO,
H,, Pd . ii) MeOH, st& H H
HN. 96% HN. 89% ~
77% k )
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B Biomimetic synthesis of methyl homosecodaphniphylate

(cocl),, DMSO

then Et;N MeNH,
>
then AcOH,
NH,OAc
5 steps from ‘simple’
starting materials
OBn OBn
H H hydride H
transfer
N
Z®
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B Biomimetic “one step” synthesis of dihydro ‘protodaphniphyllin’

Me\N
NHMe o L R
H
then AcOH, R N S
NH,OAc
R R
R
MeX2 - IVIe\|'\I R
— & <
0/
R
R
hydride H H
transfer . water one pot
N 5-rings
4-C-C bonds
65% 2-C-N bonds
7 stereocentres
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B Manzamine alkaloids - cytotoxic
M Sir Jack Baldwin

M Isolation of manzamine A, J. Am. Chem. Soc., 1986, 108,
“Moreover, its provenance is problematical as there appears B Waynflete Professor of Organic r;\
to be no obvious biogenetic path.” Chemistry 1978-2005

B Biogenesis of the manzamine alkaloids, M Baldwin’s Rules

J. E. Baldwin, R. C. Whitehead, Tetrahedron Lett., 1992, 33, 2059
“In fact the structural analysis of these substances
reveals that they may be derived in vivo from three building blocks.....

M Biosynthesis of penicillins

HO,C
I
N NH, N
H o
HJH
N |
NH;
H\n/\/\z/\/\"/H
— o) o)
manzamine A manzamine B manzamine C

B “Biogenetically an aldehyde function is equivalent to an a-ketoacid or an a-amino acid. The simplest of these has been
used in this treatment.”
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ey

C H 70 um
m@

— I ; -
i\j%ctet Spengler b

manzamine C
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B Biogenesis of the manzamine alkaloids, J. E. Baldwin, R. C Whitehead, Tetrahedron Lett., 1992, 33, 2059
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B Biosynthetic synthesis of keramaphidin B, J. E. Baldwin, T. D. W. Claridge, A. J. Culshaw, F. A. Heupel, V. Lee, D. R.
Spring, R. C. Whitehead, Angew. Chem. Int. Ed., 1998, 37, 2661.

3 Ph;
© 93% ,@

(0]
® O TSOH ® O KHMDS then Q
Ph, P/\/\/\OH P/\/\/\O 0 > OWU
N

i) HCI, MeOH N
83% ii) TsCl, Et;N

Z 89%
\ NaI heat —
O\/\_/\/_IN@ = b - |
N NS
~ N
l y/ —_—

NaBH,

MeOH .
i) mCPBA

— i 0 0 I_/\/=\/
N’_/\/W\(j FstLOJLCFS @
MN g L )
100% J\/\_/\
= — Z —_

56% from tosylate

then NaBH,
0.2-0.3%

kkeramaphidinj
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M FR-901483 — potent immunosuppressant; Snider, J. Am. Chem. Soc., 1999, 121, 7778; Sorensen, Angew. Chem. Int.. Ed.,
2000, 39, 4593.

MeHNIIII@

OMe
N H
[ ' - [ : e
CO Me s

MeHN- MeHN
‘| “‘ o
0 0
oxidative
cyclisation
OMe
: N
tyrosine o
MeHN,
g cO,Me OH
HO NH,
\_ J

OH
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M FR-901483 — potent immunosuppressant; Sorensen, Angew. Chem. Int.. Ed., 2000, 39, 4593.

OMe OMe
L : X Y
NaBH(OA MeN, \ |
2 % g co,Me co,Me
co,m

2—I

MeN
OAc e,
> > N 2
reductive
amination ?Ac
OH
OMe ¢ OMe
i) PhSNa
H,, Raney Me ii) Boc,0, Ns
N~ ¥Co,Me co,Me

N pyridine ' N
BocN “‘“ (_ BocN C - MeN <‘\ X

i) LiAIH,
ii) (COCI),, DMSO

then Et;N
OMe OMe
IYIe NaOMe, 'YIe \
BOCN"" % BOCN""<-I\O 1
aldol
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M FR-901483 — potent immunosuppressant; Sorensen, Angew. Chem. Int.. Ed., 2000, 39, 4593.

OMe

Me H,, Raney — J N oipr Ye ~n
och-CHO- — BocN....<f0 o o )
0B
H OH Ho\ﬁ/,ogn , PPhy H (_ ,OBn
o Ho W 0 g\osn
Mitsunobu

reaction i) H,, Pd

ii) HCI, MeOH

OMe
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B Tetronasin —ionophore antibiotic — biosynthesis — Ley and Staunton, Tetrahedron Lett., 1994,
35, 307 (and following papers), synthesis, Ley J. Chem. Soc., Perkin 1, 1998, 2259.

Me.,,

B Professor Steven Ley, FRS

M BP 1702 Chair, University of
NaO Cambridge, 1992-

B Professor at Imperial College,
London, 1983-1992

B Natural product synthesis,
methodology: TPAP, supported
reagents, flow chemistry

oxidise polyacetate/proprionate

Me Me

'''''

tetronic acid el
cyclohexane THP formation THF formation

formation
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B Tetronasin —ionophore antibiotic — biosynthesis — Ley and Staunton, Tetrahedron Lett., 1994, 35 307 (and following papers),
synthesis, Ley J. Chem. Soc., Perkin 1, 1998, 2259.

Me.,,

KHMDS,
toluene

67%




Natural Product Chemistry I 55

B Electrocyclic reactions exemplified — the endiandric acids.

endiandric acid A endiandric acid B endiandric acid C endiandric acid D
methyl ester methyl ester methyl ester methyl ester

‘ Diels Alder ‘ Diels Alder ' Diels Alder ‘ 61 electrocyclic

endiandric acid E endiandric acid F endiandric acid G _
methyl ester methyl ester methyl ester 8 electrocyclic

‘ 6 electrocyclic ‘ 6t electrocyclic

7 N
N/

N COo,Me

Ph

B Biosynthesis proposed by Black J. Chem. Soc., Chem. Commun., 1980, 902.

B Biomimetic synthesis by K. C. Nicolaou, J. Am. Chem. Soc., 1982, 104, 5558.



Natural Product Chemistry I 56

B Electrocyclic reactions exemplified — the endiandric acids.

74 = \\ H, Lindlar 7 N
— co,Me » NV
CO,Me
N\
co,Me

8T[ electrocyclic
rmg closure -
conrotatory

A !@2

H H
R’ H H
o ( ::
s CO,Me 6t electrocyclic ////\/ co,Me
ring closure - Ph 6
° exo-Diels Alder . . . ;
heat, 100 C¢ ‘ endiandric acid E disrotatory nYs
reaction .
methyl ester 61t electrocyclic
ring closure -
disrotatory
endiandric acid A endiandric acid D H 7 N\
Ph H,' “\H

methyl ester methyl esther __co,Me — “\/\
P “
N\ H s CO,Me
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B Electrocyclic reactions exemplified — the endiandric acids. 8
. T—a
72 \ H, Lindlar 7 N
— — >\ / —
S co,Me ;= \
Ph | | T[65 8m electrocyclic
Ph COo,Me ring closure -
A conrotatory
A D\
H H ‘ ‘ H
RI
“‘ (
¢ N\ COMe o electrocyclic
_ ring closure -
100 °C \ reaction .
methyl ester 6m electrocyclic TL™S
ring closure - '@'
disrotatory H) [\"H
vy
endiandric acid B endojDieIs Alder Y 7\ Y
methyl ester reaction __Ph o L
CO,Me €—— — \|k/\
Ph T\ N N
co,Me CO Me
Ph\M z z H 2
endiandric acid C endiandric acid G

methyl ester methyl ester



