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The Organic Chemistry Universe Is
“Top Heavy”
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See A. H. Lipkus et al, J. Org. Chem. 2008, 73, 4443
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The Organic Chemistry Universe Is
“Top Heavy”

25 million cyclic

compounds 100 — _
in CAS registry @
[®)
% 80 — 1.3 million frameworks seen in
o just one compound!
S 60—
et <\,: Half of the compounds based on
° 0.25% of the frameworks
O 40 —
G
5
O 20— <,1: 17% of compounds based on
) :
o just 30 frameworks!
0 <‘,: 2.5 million
| | | | | frameworks

0 20 40 60 80 100
Cumulative percentage of frameworks

See A. H. Lipkus et al, J. Org. Chem. 2008, 73, 4443



HTS collections focus on a narrow
range of cores

Commerical HTS
collection
(~10°% compounds)

N
! random selection (NH (j
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~10% compounds N—S : ol N=
! core analysis Q\O @\Ob

Distribution of ring
systems

With Stuart Warriner



Most common saturated ring systems
In a commercial HTS library
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Synthetic approaches to skeletally-
diverse small molecules

1. Natural product-like molecules of
unprecedented scaffold diversity
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Natural Products: Inspiration for
libraries of useful ligands?
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libraries of useful ligands?

He7 o 0 O
- Z O =
HOIII P CE) H
~Z

H

\\“‘

(+)-Brefeldin A Lovastatin inhibits Discodermolide o)
inhibits Arflp and, hence, HMG-CoA reductase inhibits microtubule
protein trafficking (anticholesterol agent) polymerisation

from ER to Golgi

~
~

g
&N
~

OH OH
HO, \{ > [0
7/40\‘ |\

(@)
CioH21 OH O
10-Hydroxyasimicin
binds to mitochondrial complex |
(fungicide and anti-tumour agent)




Natural Products: Inspiration for
libraries of useful ligands?
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Inspiration from Alkaloid Natural

Products
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with Sarah Murrison, Christian Einzinger, Steve Bartlett and Dan Tetlow



Inspiration from Alkaloid Natural
! Products

R*N-R?2

H
N\ N
O
é 80-90%

For similar cascades, see: S. A. Raw and R. J. K. Taylor,
J. Am. Chem. Soc. 2004, 126, 12260.

with Sarah Murrison, Christian Einzinger, Steve Bartlett and Dan Tetlow
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Inspiration from Alkaloid Natural

Products
RL
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ca. 10 analogues ca. 10 analogues

Yields from imine typically 65-95%

with Sarah Murrison, Christian Einzinger, Steve Bartlett and Dan Tetlow



Substituents can control the scaffold
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Aim
To develop reliable methodology for the diversity-
oriented synthesis of ‘natural product-like’ molecules

Important guiding features:

* broadly similar structural features to natural
oroducts but targeting different regions of
niologically-relevant chemical space

* high skeletal, stereochemical and substitutional
diversity

e amenable to parallel synthesis



Aim

ca. 5 reaction

Simple types » Skeletally diverse
building blocks products

Angew. Chem. Int. Ed. 2009, 48, 104 (VIP article)

See also following News and Views articles in Nature (Schreiber), Nature
Chem. Biol. (Waldmann); Highlights in Angew. Chem. (Spring) and Nature
Chem; follow-up articles in C&E News and Science (editors’ choice); and

selection by Biology Faculty of 1000.
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An Iterative DOS approach
HO@,OAC
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Linker and Mitsunobu reactions: J. Org. Chem 2008, 73, 2752
Silaketal formation: Org. Biomol. Chem. 2008, 6, 1734
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An iterative DOS approach
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An iterative DOS approach

HO OAc
i OA O
A ¢ )
HO‘Q‘OAC HOOAC HO\/\ \)\Ph
OTBS
HO’i:::)‘OAc SpIro diene terminating
‘open chain'

Linker and Mitsunobu reactions: J. Org. Chem 2008, 73, 2752
Silaketal formation: Org. Biomol. Chem. 2008, 6, 1734



Skeletally diverse natural product-
like compounds: Iteration 1

3=~ OH 3=~ OH
3=~ OH 3=~ OH
$ =~_OH 3=~ NHNs
3 =_NHNs 8 =~_NHNs

Linker and Mitsunobu reactions: J. Org. Chem 2008, 73, 2752
Silaketal formation: Org. Biomol. Chem. 2008, 6, 1734



Skeletally diverse natural product-
like compounds: Iteration 1

§ =~_OH \/\OAC § =_OH
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1. Mitsunobu or silyl ether formation; 2. FSPE
with Chris Cordier, Stuart Leach and Daniel Morton




Skeletally diverse natural product-
like compounds: Iteration 1

'Pr, Pry
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1. Mitsunobu or silyl ether formation; 2. FSPE
with Chris Cordier, Stuart Leach and Daniel Morton




Skeletally diverse natural product-
like compounds: Iteration 1
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1. NH,, MeOH; 2. FSPE
with Chris Cordier, Stuart Leach and Daniel Morton




Skeletally diverse natural product-
like compounds: Iteration 2
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Linker and Mitsunobu reactions: J. Org. Chem 2008, 73, 2752
Silaketal formation: Org. Biomol. Chem. 2008, 6, 1734



Skeletally diverse natural product-
like compounds: Iteration 2
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1. Mitsunobu or silyl ether formation; 2. FSPE
with Chris Cordier, Stuart Leach and Daniel Morton




Skeletally diverse natural product-
like compounds: Iteration 2
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with Chris Cordier, Stuart Leach and Daniel Morton




Skeletally diverse natural product-
like compounds: Iteration 2
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1. Metathesis
with Chris Cordier, Stuart Leach and Daniel Morton




Skeletally diverse natural product-
like compounds: Iteration 2
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Skeletally diverse natural product-
like compounds: Iteration 2
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with Chris Cordier, Stuart Leach and Daniel Morton




Skeletally diverse natural product-
like compounds: lteration 2
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1. Metathesis
with Chris Cordier, Stuart Leach and Daniel Morton




Skeletally diverse natural product-
like compounds: Iteration 2

. [
Pr, Prasi-o
O,Sl.o @)
gJ ) )
\ |
NsN Pr,

\
NsN
. .Sl.
'Prz /Si- @) O H 0O
@) =/\ —
— NsN_ |
\ NsN o
NsN — o
NsN |
Si

Ns Ph
N

2
O™~"0
_ _/~Ph
A\ — 9@ N
Pr., Si'o 1. Metathesis | 'Pr; SI,O
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Skeletally diverse natural product-
like compounds: Iteration 2
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1. HF, pyridine; 2. FSPE; 3. purify
with Chris Cordier, Stuart Leach and Daniel Morton




What can go ‘wrong’?
Competitive cyclisations

Ns
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What can go ‘wrong’?
Competitive cycllsatlons
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‘%?rm 20 N
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Ot IO
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Macrocycle-tethered cross-metathesis
l.e. first building block sometimes skipped



Skeletally diverse natural product-
like compounds: Iteration 2
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1. Metathesis
with Stuart Leach, Chris Cordier and Daniel Morton




Skeletally diverse natural product-
like compoundS' lteration 2
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1. Metathesis
with Stuart Leach, Chris Cordier and Daniel Morton




Skeletally diverse natural product-
like compounds: Iteration 2
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1. Metathesis
with Stuart Leach, Chris Cordier and Daniel Morton




Skeletally diverse natural product-
like compounds: Iteration 2
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1. Metathesis
with Stuart Leach, Chris Cordier and Daniel Morton




Classification of product scaffolds

OH H 0
’d N
= OH OH (m y X
= = ~N = =
N Z \ OH HO HO
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Ns OH HO OH
Ns Ns NsN OH QH
N NV\NI\| _ @) HO HO o
S
N3 = = S I O N =
H H HOH
OH

For an hierarchical scaffold classification, see: Waldmann et al,
J. Chem. Inf. Model., 2007, 47, 47
For the natural product scaffold ‘tree’: Proc. Natl. Acad. Sci. 2006, 103, 10606



Classification of product scaffolds
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Classification of product scaffolds
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For an hierarchical scaffold classification, see: Waldmann et al,
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For the natural product scaffold ‘tree’: Proc. Natl. Acad. Sci. 2006, 103, 10606



Classification of product scaffolds
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For an hierarchical scaffold classification, see: Waldmann et al,
J. Chem. Inf. Model., 2007, 47, 47
For the natural product scaffold ‘tree’: Proc. Natl. Acad. Sci. 2006, 103, 10606



Classification of product scaffolds

HN
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For an hierarchical scaffold classification, see: Waldmann et al,

J. Chem. Inf. Model., 2007, 47, 47
For the natural product scaffold ‘tree’: Proc. Natl. Acad. Sci. 2006, 103

, 10606



Classification of product scaffolds

Angew. Chem. Int. Ed. 2009, 48, 104
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Determining the likely scope of the
synthetic approach

Initiating building blocks

NHNs
€.g. NHNs
\\\\v \/%
Ph

Propagating building blocks

OH

OA
e.g.HO/ ¢ k@“OAC

'

Virtual libary of ca. 10°

tangible compounds
MeN

Terminating building blocks

eg OSIPrH /H\OD
AL |

1000s of tangible DOS scaffolds

With Stuart Warriner




The Organic Chemistry Universe Is
“Top Heavy”

organic chemistry

100 — universe —
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Cumulative percentage of frameworks

See A. H. Lipkus et al, J. Org. Chem. 2008, 73, 4443



Towards more even coverage of
chemical space

organic chemistry
universe

=

o

o
|

o0}
o
|

our virtual library

(o))
o

50% of compounds based on 13%
of frameworks (c.f. 0.25%)

Percentage of compounds

0 | | | | |
0 20 40 60 80 100

Cumulative percentage of frameworks
With Stuart Warriner



The Linchpin Strategy
mert—\

( B B \
AT A/K/C A A)\/C
"L. - n C

inchpin

reagent

STEP 1
Nucleophilic
activated addition
( § :
' STEP 2 A)\/C

R3B(OR), : NU

— : X —
Rl’\)LRZ J\)LRZ E R LG N
(Rh) JACS 1998, 120, 5579 (Miyaura) ~ ‘'RMgBr (Cu) JOC 2007, 72, 2558 (Feringa)

RNH, (Ir) ACIE 2004, 43, 4797 (Hartwig);
ACIE 2008, 47, 7652 (Helmchen)

with Steve Marsden (Leeds), David House, Gordon Weingarten and
Amanda Campbell (GSK)



Application of the Linchpin Strategy
INn the Synthesis of Heterocycles

Rl
Oxidation R2
— N
63
NH, TR
X ’
B(OR), [Rh(cod)Cl]; Reduction
KOH H-N O R2
o 2 ——
R! K2 3
1’%21\ 3 N~ R
R , R R2 H
R
Rl
RZ
.»
In situ
cyclisation H O

Jo Horn, John Li and Rachael Shearer



One-Pot Synthesis of Quinolines

a,
Q Pd/C (10 mol%), air Rl
R, 2eq N reflux, 4 h
Rl/VLRS » | S
R2 [Rh(cod)Cl], (3 mol%) R? R3 _
KOH (2 eq) RZ N

toluene, r.t., 24 h

NH,

Strong acidic conditions
oxidising agent

3 . . .
R , Complementary regioselectivity
xR _ to classical Skroup—Ddbner—
NG von Miller synthesis

Rl
ca. 12 examples with aryl and aliphatic R!-R3
Pinacol boronic esters, prepared from 2-bromoanilines, are also

substrates. This allows substitution of the benzenoid ring
Jo Horn



One-Pot Synthesis of Quinolines

cat. [Rh(cod)Cl],

1
KOH Rl Na[BH(OAC)3] R
R4\\ B(OR), toluene, rt.,24 h R4\ R2  toluene, r.t.» R4\ X R2
> N
@[ 5 | _ |
NH; ZSNT RS N R3
boronic acid Rl/\fLR?’
or ester R
Cl
Ph
\ \
S
81%, d.r. > 95:5 73%, d.r. 89:11 76%, d.r. 95:5

ca. 12 examples with aryl and aliphatic R!-R3
Up to >99% ee possible with 2-NHBoc boronic esters (cat. DuanPhos)
Jo Horn and John Li



Cu-catalysed asymmetric alkylation

R'MgBr
~ 1 mol% CuBr-SMe, R1
R/\/\Br » V
1.1 mol% (S,R)-Taniaphos R

DCM, -78 °C, 4-12 h

61%, S\2'/Sy2 92:8 97%, S\2'/SN2 > 95:5, ee 91%
©/\O/\A BOC\N/\./\
- 1 -
A s °
24%, S\2'/SN2 = 75:25 86%, S\2'/Sh2 > 955, ee 90%

The reaction is possible with many different substituents

Paolo Tosatti



The approach may be used iteratively

.

R/\/\

J

prepared by Cu-
catalysed substitution

AN
- R OCO,Me » RW

MeOZCO—/_\—OCOZMe ee 92-96% 2 mol% [Ir(dbcot)Cl],

d 4 mol% ligand dias: ca 90:10
3 mol% Grubbs 2" gen.

67-71%, E/Z 10:1 THE

RWOCO Me
— 2 — RN NP

R = BnOCH, and alkyl; R = aryl, hetaryl and Bn

Virtually no match/mismatch effects are observed. The Ir-catalysed

substitution proceeds under catalyst control

Paolo Tosatti



The Ir-catalysed substitution may be
extended to polar amines

2 mol% [Ir(dbcot)Cl],

2
4 mol% ligand R
N HN
RIX-"0co,Me +  R2NH, ol
2 4 mol% nBUNH, le\%
DMSO *>°C
> L > Y I
B /'\ NH2 ; /\/E/
PN Ph H/\If PR N N
H O H
85%, 93% ee 83%, 69% ee 66%, 97% ee
Bt > OH
MOMO\/\N COOI\}IVeIOMO\/\N COOMe w COOMe <j/\ /\COOI\/Ie
N\
74%, d.r. 92.8 74%, d.r. 90:10 | .
Moatched Migmatched 84({%5?%33'12 7&?;’#;&6&31

High levels of catalyst control are observed

Paolo Tosatti



The Ir-catalysed substitution may be
extended to polar amines

2 mol% [Ir(dbcot)Cl],

: 2
~ 4 mol% ligand HN'R
RI™X"oco,Me *  R2NH, > X
4 mol% nBuNH,, R1
DMSO, 55 °C
24 >0 —
* o
%) N .
= 20 & &
[© *
M 18
> * o 0
¢ 16 ¢ ¢ *
i o
< 14 L
1 0 1 2 3
109D p147.4

Paolo Tosatti



Ir-enabled synthesis of lead-like cores

LD
(%/ AN L
N . ) v
/ﬁ%—%\
\i&\ /%

SN

Paolo Tosatti



Ir-enabled synthesis of lead-like cores

BOCHNNOCOZI\/Ie

AT
BocHN OCO,Me

NS
MOMO\/V\OCOZMG

Paolo Tosatti



Ir-enabled synthesis of lead-like cores

0\9:& BocN g T &O
L AN T

N ~ BocHN\)\/ A e o

MS.N § - /\)N\Rl//Rz . N NH /~3~"“NH
EN-BOC BocHN )) N\=)
& NR1R2 Z Z
MOMO Az .0
/ \ NH
@% )
P

w A Paolo Tosatti
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