
Registered Charity Number 207890

Accepted Manuscript

This is an Accepted Manuscript, which has been through the RSC Publishing peer 
review process and has been accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, which is prior 
to technical editing, formatting and proof reading. This free service from RSC 
Publishing allows authors to make their results available to the community, in 
citable form, before publication of the edited article. This Accepted Manuscript will 
be replaced by the edited and formatted Advance Article as soon as this is available.

To cite this manuscript please use its permanent Digital Object Identifier (DOI®), 
which is identical for all formats of publication.

More information about Accepted Manuscripts can be found in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the text and/or 
graphics contained in the manuscript submitted by the author(s) which may alter 
content, and that the standard Terms & Conditions and the ethical guidelines 
that apply to the journal are still applicable. In no event shall the RSC be held 
responsible for any errors or omissions in these Accepted Manuscript manuscripts or 
any consequences arising from the use of any information contained in them.

ChemComm

www.rsc.org/chemcomm

ISSN 1359-7345

Chemical Communications

www.rsc.org/chemcomm Volume 46 | Number 32 | 28 August 2010 | Pages 5813–5976

1359-7345(2010)46:32;1-H

Volum
e 46 | N

um
ber 32 | 2010 

C
hem

C
om

m
     

 
Pages 5813–5976

COMMUNICATION
J. Fraser Stoddart et al.
Directed self-assembly of a 
ring-in-ring complex

FEATURE  ARTICLE
Wenbin Lin et al.
Hybrid nanomaterials for biomedical 
applications

www.rsc.org/journals
Registered Charity Number 207890

Free institutional access, managed by IP address, is available on all these titles. 
For more details, and to register, visit www.rsc.org/free_access_registration

New for 2010

Chemical Science - a new journal presenting findings of exceptional significance from across the chemical 
sciences. www.rsc.org/chemicalscience

MedChemComm - focusing on medicinal chemistry research, including new studies related to 
biologically-active chemical or biochemical entities that can act as pharmacological agents with therapeutic 
potential or relevance. www.rsc.org/medchemcomm

Polymer Chemistry - publishing advances in polymer chemistry covering all aspects of synthetic and 
biological macromolecules, and related emerging areas. www.rsc.org/polymers

New for 2009 

Analytical Methods - highlights new and improved methods for the practical application of analytical 
science. This monthly journal will communicate research in the advancement of analytical techniques for use 
by the wider scientific community. www.rsc.org/methods

Integrative Biology - focusing on quantitative multi-scale biology using enabling technologies and tools to 
exploit the convergence of biology with physics, chemistry, engineering, imaging and informatics. 
www.rsc.org/ibiology

Metallomics - covering the research fields related to metals in biological, environmental and clinical systems. 
www.rsc.org/metallomics

Nanoscale - publishing experimental and theoretical work across the breadth of nanoscience and 
nanotechnology. www.rsc.org/nanoscale

Top science …free institutional access

ISSN 2041-6520

www.rsc.org/chemicalscience Volume 1  |  Number 1  |  2010

Chemical Science

D
ow

nl
oa

de
d 

by
 S

ta
nf

or
d 

U
ni

ve
rs

ity
 o

n 
24

 J
un

e 
20

12
Pu

bl
is

he
d 

on
 1

9 
Ju

ne
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2C

C
33

64
9A

View Online / Journal Homepage

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c2cc33649a
http://pubs.rsc.org/en/journals/journal/CC


Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Discovery of a multi-bond forming, four-step tandem process: 

construction of drug-like polycyclic scaffolds† 

Mark W. Grafton, Louis J. Farrugia, Hans Martin Senn and Andrew Sutherland* 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 

DOI: 10.1039/b000000x 5 

A one-pot tandem process involving an Overman 

rearrangement, ring closing enyne metathesis and a hydrogen 

bonding directed Diels-Alder reaction has been developed for 

the efficient diastereoselective synthesis of functionalised 

amino substituted tetralin and indene ring systems. 10 

A significant challenge facing medicinal chemistry and chemical 
biology is the elucidation and development of lead-hit 
compounds and small-molecule probes that allow insight into 
fundamental and disease-associated biological phenomena. To 
meet this challenge, a recent trend has been to move away from 15 

more traditional sp2-rich aromatic and heteroaromatic compounds 
and instead to focus on sp3-rich compounds for screening.1 
Compounds with a higher level of saturation have improved 
solubility,1b while the three-dimensional nature and higher 
complexity of such fragments allows better exploration of 20 

chemical space.1c,2 Within this context, saturated and partially 
saturated forms of amino substituted indene and tetralin scaffolds 
have found widespread application (Fig. 1). These ring systems 
are components of natural products such as the antitumour 
antibiotic (–)-ptilocaulin 1,3 as well as the antibacterial family of 25 

hapalindoles (e.g. hapalindole A 2).4 New derivatives of nitrogen 
substituted tetralin ring systems have also found use in medicinal 
chemistry.5,6 For example, steroidal analogues such as 3 and 4 are 
potent antiproliferative agents.6b  
 While interesting and novel strategies have been developed for 30 

the synthesis of amino substituted indene and tetralin ring 
systems,3-7 these approaches tend to rely on traditional single-step 
transformations. Single-step reactions require their own set of 
reagents, catalysts, solvents and conditions. At the end of the 
reaction, time-intensive and yield reducing isolation and 35 

purification of each intermediate is necessary, resulting in 
significant waste. In recent years, the limitations of one-step 
transformations for the preparation of polycyclic ring systems 
have been overcome using tandem or cascade processes that 
permit several chemical reactions and the creation of multiple 40 

bonds in a single-pot operation.8,9 Utilising such processes 
negates the need of handling and isolating intermediates and 
results in a substantial reduction in waste generation.  
 We now report the discovery and development of a novel, 
four-step, multi-bond forming tandem process that allows the 45 

diastereoselective synthesis of amino substituted, partially 
saturated, indene and tetralin ring systems from readily available 
alkyne derived allylic alcohols. 

 
 50 

 
 

Fig. 1 Biologically active, nitrogen-substituted indene 1 and tetralin 2-4 
containing compounds. 

 The alkyne derived allylic alcohol substrates required for the 55 

tandem process were easily prepared in three steps from 
commercially available 4-pentyn-1-ol (5) and 5-hexyn-1-ol (6) 
(Scheme 1). Use of a one-pot Swern oxidation and Horner-
Wadsworth-Emmons reaction under Masamune-Roush conditions 
gave the corresponding (E)-α,β-unsaturated esters 7 and 8 in 95% 60 

and 99% yield, respectively.10,11 Reduction of 7 and 8 with 
DIBAL-H then gave the desired allylic alcohol substrates 9 and 
10 in excellent overall yield. 

 
 65 

 
 
Scheme 1 Reagents and conditions: (i) (COCl)2, DMSO, Et3N, CH2Cl2, –
78 °C; (ii) (EtO)2P(O)CH2CO2Et, DBU, LiCl, MeCN, rt, 7 (95%), 8 
(99%); (iii) DIBAL-H, Et2O, –78 °C, 9 (93%), 10 (97%). 70 

 (2E)-Octa-2-en-7-yn-1-ol (10) was initially subjected to the 
four-step tandem process shown in Scheme 2. Conversion to 
allylic trichloroacetimidate 11 was followed by an Overman 
rearrangement12 under thermal conditions (140 ºC) which gave 
allylic trichloroacetamide 12. At this stage, Grubbs first 75 

generation catalyst13 was added which effected the ring closing 
enyne metathesis reaction,14 and this was followed by a Diels-
Alder reaction with N-phenyl maleimide. After optimisation of 
each stage (variation of temperature and reaction time),15 amido 
substituted tetralin derivative 14 was isolated as a single 80 

diastereomer in 72% yield over the four steps. The relative 
stereochemistry of 14 was confirmed by difference NOE 

NHHN

NH

H

H
n-Bu

1

NH

Cl

NC
H

H

2

O

N

H

H H

H

OAc
N

N

R

3 R= Ph
4 R= Tol

OH

n
n

CO2Et

n

OH

i, ii iii

5, n = 0
6, n = 1

7, n = 0
8, n = 1

9, n = 0
10, n = 1

Page 1 of 3 ChemComm

C
h

em
ic

al
 C

o
m

m
u

n
ic

at
io

n
s 

A
cc

ep
te

d
 M

an
u

sc
ri

p
t

D
ow

nl
oa

de
d 

by
 S

ta
nf

or
d 

U
ni

ve
rs

ity
 o

n 
24

 J
un

e 
20

12
Pu

bl
is

he
d 

on
 1

9 
Ju

ne
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2C

C
33

64
9A

View Online

http://dx.doi.org/10.1039/c2cc33649a


 

2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

experiments which showed the syn-relationship of the hydrogen 
atoms at C-1, C-7, C-8 and C-8a.16  
 
 
 5 

 
 
 
 
 10 

 
 
 
 
 15 

 
 
Scheme 2 Reagents and conditions: (i) Cl3CCN, DBU, CH2Cl2, rt, 3 h; 
(ii) K2CO3, 140 ºC, toluene, 24 h; (iii) Grubbs I (10 mol%), 75 ºC, 48 h; 
(iv) N-phenyl maleimide, 111 ºC, 48 h, 72% from 10. 20 

 Using these optimised conditions, the scope of the four-step 
tandem process was explored using allylic alcohols 9 and 10 and 
a range of dienophiles (Scheme 3). This produced a diverse series 
of amine substituted, partially saturated indene and tetralin 
scaffolds incorporating heteroatoms, quaternary centres as well as 25 

various functional groups in good yields over the four-steps. 
Interestingly, reaction of six-membered diene 13 with 1,4-
naphthoquinone as part of the four-step tandem process gave 
oxidised Diels-Alder adduct 19, while the analogous reaction 
with the cyclopentyl diene gave normal Diels-Alder adduct 21.17 30 

Confirmation of the structure of 19 was achieved by X-ray 
crystallography (Fig. 2, see also supporting information†).18 
Diene 19 crystallises in the triclinic space group P–1 and the 
structure clearly shows the sp2 nature of the C-7 and C-8 atoms.  
 35 

 
 
 
 
 40 

 
 
 
 
 45 

Fig. 2 Molecular structure of compound 19. Displacement ellipsoids are 
drawn at 50% probability level and H-atoms are drawn with spheres of 
arbitrary radius. 

 More importantly, all the products from this four-step tandem 
process were isolated as single diastereomers, with some 50 

processes forming compounds with up to four contiguous 
stereogenic centres.16 Moreover, the tandem processes involving 
the non-symmetrical dienophile, methyl acrylate gave only a 
single regioisomer (compounds 17 and 23). We believe these 
results are due to the formation of a hydrogen bonding directed 55 

endo transition state between the trichloroacetamide hydrogen 
atom and the electron-rich atoms present in the side-chain of the 
dienophiles.19 Evidence for such an effect was shown by 

repeating the Diels-Alder reaction of diene 13 with N-phenyl 
maleimide using methanol, rather than toluene as a solvent. In 60 

methanol, a hydrogen bonding directed Diels-Alder reaction is 
not possible due to competition with the solvent and as a 
consequence, a 1:1 mixture of the two endo-diastereomers were 
isolated in 87% yield. 
 65 
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Scheme 3 a The Diels-Alder reaction leading to the formation of 
compounds 20–23 was performed at 75 °C. 

 In order to further explore the cause for the selective formation 
of 14, we embarked on a computational study using density-100 

functional theory at the M06-2X/def2-TZVP level, including a 
polarisable continuum solvent model of toluene. The endo 
transition states for both the syn and anti attack of N-phenyl 
maleimide onto diene 13 were optimised (Fig. 3; syn/anti 
designates the approach of the dienophile with respect to the 105 

amide substituent of 13).20 The syn-TS is stabilised by a hydrogen 
bond of 2.10 Å length between the amide NH of 13 and an imide 
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oxygen of the dienophile (Fig. 3, bottom transition state). The 
calculated reaction Gibbs free energies are –93 (syn) and –85 
(anti) kJ mol–1. The syn-product 14 is favoured also on kinetic 
grounds; the calculated activation Gibbs free energies are 115 
(syn) and 125 (anti) kJ mol–1.20 Assuming that the reaction is 5 

irreversible, and the ratio of syn/anti-product is entirely under 
kinetic control, the difference in activation energy translates into 
a syn selectivity of 23:1 at 384 K. This correlates well with what 
is observed experimentally for this Diels-Alder reaction. Analysis 
of the 1H NMR spectrum of the crude material shows a syn/anti 10 

ratio of approximately 20:1.  
 

 
 
 15 

 
 
 
 
 20 

 
 
 
 
 25 

 
 
 
 
 30 

 
 
 
 

Fig. 3. DFT-optimised anti (top) and syn (bottom) transition states for the 35 

attack of N-phenyl maleimide onto 13. Selected distances are given in Å. 

 In summary, a four-step tandem process that allows the rapid 
formation of multiple bonds and the generation of significant 
molecular complexity has been developed. The final step of the 
tandem process involving a Diels-Alder reaction was shown to 40 

proceed via a hydrogen bonding directed endo transition state 
forming compounds with up to four stereogenic centres in 
excellent diastereoselectivity. Current studies are underway to 
investigate the extension of this approach for the preparation of 
natural products and medicinally important agents. 45 

 Financial support from the University of Glasgow (University 
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