University

of Glasgow

#!’? 4
=
VIA VERITAS VITA

Macleod, Calum (2003) Novel titanium alkylidenes and their application
in the synthesis of indoles and quinolines. PhD thesis.

http://theses.gla.ac.uk/6329/

Copyright and moral rights for this thesis are retained by the author

A copy can be downloaded for personal non-commercial research or
study, without prior permission or charge

This thesis cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the Author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the Author

When referring to this work, full bibliographic details including the
author, title, awarding institution and date of the thesis must be given

Glasgow Theses Service
http://theses.qgla.ac.uk/
theses@gla.ac.uk



http://theses.gla.ac.uk/
http://theses.gla.ac.uk/6329/

Novel Titanium Alkylidenes and
their Application in the Synthesis of

Indoles and Quinolines

A Thesis submitted in part fulfilment of the requirements of
the degree of Doctor of Philosophy

Calum Macleod

Department of Chemistry
University of Glasgow
Glasgow G12 8QQ

February 2003

©2003 Calum Macleod



IMAGING SERVICES NORTH

oooooooooooooooooo

BEST COPY AVAILABLE.

VARIABLE PRINT QUALITY



Dedicated to my family

(for everything)



Acknowledgements

I am grateful to the EPSRC and GlaxoSmtihKline for financial support in this work.

Particular thanks to Dr Richard Hartley for being an inspiring supervisor, and providing
continuous support throughout my PhD. Also, thanks to my industrial supervisors Dr
Dieter Hamprecht and Dr Geoff Stemp for their support, and my second supervisor

Professor Pavel Ko ovsky for reading my reports.

Technical support was gratefully received from Mrs Kim Wilson (microanalysis), Mr Tony
Ritchie and Mr Jim Tweedie (mass spectroscopy), and Mr Jim Gall and Dr David Rycroft
(NMR). Thanks to Dr Louis Farrugia for obtaining crystal strucures and Stuart Mackay for

IT support. Also, many thanks to Ms Isabel Freer for her organisation of the Henderson
lab.

Thank you to all of the Hartley group members that I’ve worked with; Emma, Stuart,
Andy, Chris (also for reading this thesis), Gordon, Neil, Mairi, Alison, Christine, Hannah,
and Carloyn. Also, thanks to everyone else who worked in the Henderson lab for making

work in the lab so enjoyable.

I would like to mention everyone I had the pleasure of working and socialising with in the
Alchemists Society; particularly to Fiona, Gilles, Claire, Graéme, Shona and Mark.

Thanks to everyone who gave me support during my stay in Harlow; particularly to Dieter,
Anne, Muriel, Rob, John, Gemma, Steve, Andy (Faller), Liz, Peter, Dave, Darren, and to
Andy (Doran) and all the football guys.

And finally the “non-chemists”. A huge thanks to all my friends, including friends from
my undergraduate days and those in Glasgow Island FC (even the team mascot), for their

constant support and friendship — you know who you are!



Summary

Initially, we attempted to synthesise B-heterosubstituted vinylboronates by employing

boronate-containing titanium alkylidene reagents, but our approach was unsuccessful.

We synthesised functionalised titanium alkylidenes from thioacetals i and we then
employed them to convert resin-bound esters ii into immobilised enol ethers iii. Cleavage
from the resin in mild acid with concomitant cyclisation yielded indoles iv. This
chameleon catch strategy ensures the high purity of indole products. This is a novel
synthesis of indoles, but also represents a traceless solid-phase indole synthesis as no trace

of the former site of attachment to the solid-support remains in the indole products.

O__R? 1% TFA/
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Similarly, we used titanium alkylidenes, prepared from thioacetals v, to convert resin-
bound esters ii into the corresponding enol ethers, which were cleaved from the resin in
mild acid to yield ketones vi. Boc deprotection and cyclisation to give indoles vii, was then

achieved in acid.
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Titanium alkylidenes, prepared from thioacetals viii, converted resin-bound esters ii into
the corresponding enol ethers, which were cleaved from the resin in acid to yield ketones
ix. Cyclisation and oxidation to yield quinolines x was achieved employing manganese
dioxide in dichloromethane (DCM).
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Introduction

Chapter 1- Background

Initially, we aimed to develop a novel, connective, synthesis of P-hetero-substituted
alkenylboronic esters. They are useful intermediates for many transformétions, including
cross-coupling reactions (section 1.3) and to date can only be made by the hydroboration
of 1-ethoxy-1-alkynes. Our strategy, involved generating titanium alkylidenes 1 from
thioacetals 2 under Takeda conditions, which could then alkylidenate a range of esters or
thioesters 3, to give P-hetero-substituted alkenylboronates 4 (Scheme 1). Takeda
alkylidenation, would allow fetra-substituted B-hetero-substituted alkenylboronic esters,

with the hetero atom cis to the boronic ester, inaccessible by hydroboration/thioboration.

e
QJ§< 0)§< 2 s QA§<
RS B-g > Cp2TiP(OE)], B RT3 ¥R R\_B-d

me 3
Cp,Ti=( I
RS"R! 2 "~ R!'1 RZXR? 4
Scheme 1

Recent work within the group has seen the development of a novel synthesis of
Benzo[b]furans, carried out on solid phase (section 8.1)." I aimed to investigate the scope
of this methodology, and then extend it to the synthesis of nitrogen containing
heterocycles. The prbposed synthesis employs titanium benzylidenes 5 containing a
suitably protected ortho-aniline, which4would convert resin-bound 6 esters into enol ethers
7 (Scheme 2). Concomitant deprotection, cleavage from resin, and cyclisation under mild
acid conditions, would then yield indoles 8. Substrates, should be prepared from readily
available precursors,v so as to maximise the diversity of the synthesis. The choice of
protecting group is critical, as it should be easily formed, stable to the reaction conditions,
acid labile, and by-products formed upon its removal should be volatile, thus avoiding

contamination of the heterocyclic products.

Scheme 2



Chapter 2 - Alkylidenation Reactions

2.1 The Wittig and related reactions
Wittig olefination

The Wittig reaction is one of the most effective and general methods for the conversion of
carbonyl compounds into alkenes and it has become the standard by which all subsequent
methodology is judged.? The reaction involves the addition of an aldehyde or ketone 9 to a

phosphonium ylide 10, producing the corresponding alkene 11 and phosphine oxide 12 as a

by-product (Scheme 3).
R2
X >=O 2
R' o R X
R%P=( ={ + R&%pP=0
10 Y R'11 Y 12

Scheme 3

The Wittig reaction is synthetically useful as it proceeds with defined positional selectivity,
often with chemoselectivity, and the stereochemistry of the alkene can be controlled as
generally a stabilised ylide will produce an E alkene and an unstabilised ylide will produce
a Z alkene.’ Mechanistic studies have shown that the reaction of aldehyde 13 with non-
stabilised triphenylphophorous ylid 14, proceeds via observable (by NMR) 1,2
oxaphosphetanes 15 and 16, which then eliminate to give alkene 17.* Two steps of the
Wittig reaction are thought to be responsible for the stereochemical outcome.* Firstly, the
initial formation and therefore, the ratio of the cis- and /trans-oxaphosphetanes 15 and 16
obtained. Secondly, the ability of these intermediates to further equilibrate by reversal to
reactants 13 and 14 (Scheme 4). Elimination of phosphine oxide occurs, stereospecifically,

in a syn manner.>

H
= o
+ . gt - = + Ph,P=0
3 Y R Y / 0\ 3
X HR X H X R Y
Phy 15 16 17
14 Y

Scheme 4



Maryanoff has reported examples where the initial ratios of oxaphosphetanes 15 and 16
(observed by NMR spectroscopy), do not correspond to the final E:Z ratios formed in
alkene products.4 He proposes this is caused by decomposition of oxaphosphetanes to the
reactants (cis oxaphosphetanes were more likely to fragment), followed by reoombination,
and has termed this phenomenon “stereochemical drift”. Vedejs and coworkers have
reported that salt-free (soluble lithium salts are known to enhance equilibration) /Wittig
reactions of unbranched aliphatic aldehydes, occur with less than 2% equilibration.” He
suggests that in this case the reaction is under kinetic control, and has proposed a theory,
which suggests that non-stabilised ylides add in an early transition state, giving a high ratio
of cis- to trans-oxaphosphetanes. Stabilised ylides, as a result of a later transition state,
give more of the trans isomer. Both cases being under Kinetic control and equilibration

occurring only in special circumstances.’

% % used the anions of phosphine oxide 18 and

Horner® 7 and Wadsworth and Emmons
diethyl phosphonate 19 (Figure 1) respectively, to alkenate carbonyls [the Horner-
Wadsworth-Emmons (HWE) reaction]. These reagents are more nucleophilic than the
corresponding phosphonium ylides. Therefore, they are more reactive towards carbonyls
and the HWE reaction has proven to be effective with hindered ketones that are unreactive
in the classical Wittig reaction.> Also, the reaction by-products are water soluble, and by

altering the bulk on the phosphonate moiety either the E- or the Z-alkene can be prepared.

0]
I
I S - o AN
Ph - EtO ,_ -~
18 19
Figure 1



Peterson olefination

Alternatives to the Wittig reaction include the Peterson olefination'® which utilises an a-
silyl-substituted alkyl anion 20. These reagents convert carbonyl compounds to f-
silylcarbinols 21, which in turn can undergo acid catalysed elimination or can be treated
with base, resulting in intramolecular alkoxide attack on silicon and then elimination of the
silanolate, to give the alkene 22 (Scheme 5). Peterson alkenation has the advantage that the
by-product (hexamethyldisiloxane) is volatile and thus easier to remove than the phosphine
oxides produced in the Wittig reaction. The reagent is more basic and less sterically
hindered than the phosphorous ylide and so more reactive. However, when alkenation is
not simply methylenation, the anion can be more difficult to prepare (limited to
alkyllithium addition to vinyl silanes or transmetalation of silanes with a -halogens). Also,
selectivity in the stereochemistry of elimination, requires separation of the B-silylcarbinols

21, to ensure control of alkene geometry.>

- 4
1 Ho. R+ BAase R
R 3Si\ELi o R;Si R3 or N3
+ LT
20 R R “R* 21 “R? ACID R? 22
Scheme 5



Julia Olefination

Marc Julia introduced the use of sulfur-stabilised carbanions in alkenations'" !2 In this
reaction a metalated sulfone derivative 23 is added to a carbonyl compound 24, followed
by functionalisation [quenéh with an electrophile (E)] and reductive elimination (usually
with sodium amalgam) to give the alkene 25 (Scheme 6). As well as giving excellent yields
of the alkene, the reaction gives high E-selectivity for di-substituted alkenes as
demonstrated by Kocienski and Lythgoe.” It is hypothesised that this aspect of the reaction
is due to anion 26 adopting the lower enefgy trans conformation before loss of the leaving

group (OR).* More recently a one-pot procedure was introduced by Sylvestre Julia."

R* EX

HO
PhOzSXM . )?\ . PhO,S s
R! 'R? R3 rR* 1 2 R
23 24 RWR
M = Mg, Li E = Electrophile
4 3
4 R
EO R* Na(Mg) E R R
PhO,S R3 - R3 - l
1 2 1 2 1 2
R'" R R* R 2 R725 R

E =Ms, Ac, Ts, COPh

Scheme 6

A disadvantage of the Julia, Wittig and related reactions is that the basic reagents
employed can deprotonate alpha to enolisable carbonyl groups, leading to side products.?
Other problems with the Wittig reaction include the lack of reactivity with respect to
sterically hindered carbonyls, and their inability to convert carboxylic acid derivatives into
alkenes. These problems have been addressed through the use of transition metal
alkylidene chemistry | and in particular titanjum-based reagents.!* This area has been

. 1
recently reviewed."



2.2 Titanium alkylidenes (Schrock carbenes) and 1,1-bimetallics

Tebbe reagent

The Tebbe reagent 27 is commercially available as a 0.50 mol dm™ solution in toluene, and
is prepared from titanocene dichloride and 2 eq. of trimethylaluminium in toluene (Scheme
7).1: 17 When treated with a Lewis base such as pyridine or THF, this titanium-aluminium
metallacycle 27 forms a highly reactive titanocene alkylidene 28. This methylenates a

18 to

range of carbonyl compounds 29, including carboxylic and carbonic acid derivatives,
give alkenes 30. Titanocene methylidene 28 is a typical Schrock carbene being an electron-
deficient (16e) complex of an early transition metal in high formal oxidation state
[Ti(IV)].19 Schrock carbenes are nucleophilic at carbon and electrophilic at titanium, with
their reactivity, and hence nucleophilicity towards carbonyl groups, being dominated by

their high energy HOMOs. "’

2 AlMe, AN
Cp,TiCl, CpoTi_ Al + CH; + Me,AlCI
PhMe N N ¢ 2
27
leridine

szTr——CHz
1,0
XR? R! XR?
29 30

Scheme 7

R1

Tebbe methylenation of aldehydes and ketones in the presence of esters or amides is
straightforward and the selective methylenation of aldehyde 31 can be achieved in Lewis .

basic THF (Scheme 8).%

o

o, \
0 /MOM

N Tebbe 27, THF

MeN
O -40°C 0 0 °C

65 %

CH,OH 31

Scheme 8



There are many recent examples of the methylenation of esters and lactones, by the Tebbe
reagent, to give enol ethers.'”” Regioselective Tebbe methylenation of esters and lactones
are possible in the presence of more sterically hindered esters.2!» 2 Methylenation of a,3-
unsaturated esters giving higher yields with the Tebbe reagent than with the Petasis reagent
(discussed below), have been reported.> Methylenation of thioesters to give vinyl sulfides
is much rarer,'” with the only recent example®* being the conversion of thiolactone 32 into
the corresponding alkenyl sulfide 33 in low yield (Scheme 9). Methylenation of tertiary

amides® and carbonates® give enamines and ketene acetals, respectively.

O O Tebbe 27 O 0

S ' S

4 32 | 3325%

Scheme 9

Carbonyls with good leaving groups undergo reactions other than methylenation when
treated with the Tebbe reagent. Titanium enolates 34 [presumably formed via
oxatitanacyclobutanes 35] are the products formed in the reaction of acid chlorides with
Tebbe reagent 27, in the presence of a Lewis base (Scheme 10).2" 28 Anhydrides and
imides react in a similar way to acid chlorides, when subjected to the Tebbe reagent.?’ This

is in contrast to the Petasis reagent described below.

Cp,Ti—
0 Tebbe 27 | 72
1, w2 | b
Lewis R

I
R c Base 35

Ji\Ti(Cl)sz
R

34

Scheme 10



The Tebbe reagent in Lewis basic solvents also catalyses alkene metathesis,®® but
metathesis is usually slower than methylenation of carbonyl groups. Alkenes including
dienes®® and terminal alkenes react with the Tebbe reagent slower than the Tebbe reagent
reacts with carbonyl groups.’' Therefore, lactone 36 gave enol ether 37 in moderate yield
when treated with the Tebbe reagent (Scheme 11).** However, lactone 36 is both
methylenated and methylated giving enol ether 38 when exposed to a vast excess of Tebbe

reagent, presumably via titanacyclobutane 39 (Scheme 11).%

AlMe; (7.8 eq.)

PhMe, (0] ‘
-78°Ctort 37 54%

CpoTiCl, (6 eq.)
AlMe3 (12 eq.)

PhMe, (0]
-78°Ctort 38 79%

Tisz

o)

39 J

Scheme 11

The Tebbe reagent has also been employed in the methylenation of resin-bound ésters to

give the corresponding enol ethers (Section 4.2.5).

Tebbe methylenation has been accomplished in the presence of a wide range of functional
groups, with alkyl and aryl halides, ethers, silyl ethers, acetals, selenoglycosides and
thioglycosides, unprotected indoles, carbamates including NHBoc, and also sulfonamides,

reportedly surviving the reaction conditions."

The main advantage of the Tebbe reagent over other titanium reagents used in alkenations
is that the reactive titanium methylidene 28, is generated,’ and can be reacted, at low
temperature. Its disadvantages include its sensitivity to both moisture and air, and its Lewis
acidic character. More importantly, it is limited to methylenation and employing
triethylaluminium does not give ethylidenattion.33 Pine et al. have published the definitive

procedure for the preparation of the Tebbe reagent.*



Grubbs reagents

Grubbs later reported that Titanacycles 40 and 41 can be prepared by the reaction of the
Tebbe reagent 27 with the corresponding terminal alkenes in the presence of a Lewis
base.'® ?® These complexes are more air stable than the Tebbe reagent 27 and when these
complexes are heated titanocene methylidene 28 is formed (Scheme 12). Intramolecular

versions of this reaction are known.>> %

, :< szTi<>< —_—

: Heat
szTi<C\Al< — L;:’s‘: 40 ——  Cp,Ti=CH,
|

. | 28
27 — szTl<>—é
R

Scheme 12
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Petasis reagents

Dimethyltitanocene 42 is non-pyrophoric, relatively stable to both air and water, and is
prepared by adding methyllithium® or methylmagnesium chloride® to titanocene
dichloride. Hughes et. al. have published the definitive proceduré for the preparation of
dimethyltitanocene.® *° Petasis reported that this compound methylenates carbonyl
compounds when heated to 60-75 °C in THF orltoluene.”’ 40 The reaction is presumed to
proceed via formation of titanocene methylidené 28, which is formed by o-elimination,
which in turn can then react with the carbonyl moiety (Scheme 13).*! There is evidence for
the proposal*! that titanocene methylidene 28 is the active species.'s Reactions are zero
order in carbonyl and first order in dimethyltitanocene, with ethyl acetate and methyl
benzoate methylidenated at similar rates, which confirms that only dimethyltitanocene is
involved in the rate determining step. Also, reactions of Cp,Ti(CD3); with esters produce
substantial kinetic isotope effects of 9-10. Moreover, no scrambling of isotopic labels from
ester substrates is observed.'” Finally, dimethyltitanocene has been shown to catalyse
alkene metathesis including the ring-opening metathesis polymerisation of norbornene, in

which titanocene methylidene 28 is thought to be the active species.*?

. H THF or PhMe
42 CHs Heat 28 :

Scheme 13

As with the Tebbe reagent, aldehydes and ketones can be selectively methylenated in the
presence of less electrophilic carbonyl groups including esters, amides and carbamates.*>
44 Dimethyltitanocene will methylenate esters (including silyl esters)*® and lactones,*® and
by careful choice of conditions, it is possible to methylenate the less sterically hindered of

45, 46

two esters using the Petasis reagent. Petasis methylenation of 2-alkynoate esters and

o, B-unsaturated esters are also successful.* Highly strained B-lactones 43 undergo Petasis
methylenation in 20-86% yield with excellent chemoselectivity (Scheme 14).*7 %
However, Tebbe methylenation is unsuccessful for the same transformation, probably due

to the greater Lewis acidity of the Tebbe reagent.

R Cp,TiMe, 42 R
R——0 PhMe R——0
R——& 75°C, 5-10 h R——-&
R O R
43 20-88%
Scheme 14

10



Thioesters, selenoesters, and acylsilanes are effective substrates for Petasis methylenation,

as are carbonates (Scheme 15).4

szTiMez 42
/L_O - , >—_—
g 65 °C o
65%
Scheme 15

Titanocene methylidene 28, generated under Petasis conditions, gives methylenation of
amides and lactams (but not carbamates) although more slowly than for the methylenation
of other carbonyls.*’ The resulting, highly polar, enamines are often difficult to purify, and
are reacted further without prior purification.*” Herdeis and Heller avoided these problems
in their route to pipecolic acid derivatives. Petasis methylenation of N-methoxycarbonyl-
protected lactam 44 gave carbamate 45 via selective methylenation of the amide-like

carbonyl group (Scheme 16).* The methoxycarbonyl group presumably not only protects

but also activates the lactam towards methylenation.'®

N
105 °C
'il O 15h l}l
CO,Me CO,Me
4 ' ‘ 45 92%
Scheme 16

In a later paper, Tehrani and De Kimpe reported the methylenation of B-lactams and o-
lactams but the resulting strained enamines were difficult to purify.”® However, Martinez
and Howell used an excess of dimethyltitanocene to synthesise 2-methyleneacetidines in
good isolated yields, and with excellent chemoselectivity, when the reactions were
quenched upon consumption of B-lactams.”’ Methylenation of the strained B-lactam 46
gave 2-methyleneacetidine 47 in high yield, without affecting the acetate ester or the Boc

group (Scheme 17).

?TBS QTBS
H o) H
/\_( CpTiMe, 42 (5 eq.) /\‘_I/
H’ N H" \
“\\\\‘ m— Ph M , -] i & R
AcO “Boc © 70 c - < AcO \Boc
46 47 81%
Scheme 17

1



Selective mono- or bismethylenation of acid anhydrides,*” %

or cyclic thioanhydrides® by
the Petasis reagent, is successful. The selective mono- and bis-methylenation®® of imide 48

is also possible (Scheme 18), in contrast to the Lewis acidic Tebbe reagent above.

o)

CpgTiMez 42 )
NMe NMe <+ NMe
PhMe, 75 °C
75%
48 © 0
1.5eq.0f42 1:0
4.0 eq. of 42 1:20
Scheme 18

Petasis’ method of generating titanocene methylidene 28, allows the preparation of a range
of dialkyltitanocenes 49 which can alkylidenate carbonyls 50 in the same way to give a
mixture of the cis- and trans- alkenes 51 (Scheme 19). Where R? is hydrogen (aldehydes)
or R? js the smallest substituent (ketones), trans-alkenes are normally formed
preferentially, albeit with poor selectivity. Any selectivity can be explained by
minimisation of steric interactions in the reaction intermediates.>® Titanium alkylidenes 52,
generated by a-elimination, are thought to be the active alkylidcnating species. However,
as B-elimination is generally faster than a-elimination, dialkyltitanocenes with hydrogen
atoms (B to the titanium atom) will readily undergo B-elimination and are unlikely to form

effective alkylidenating agents.>*

CH,R?
szTl/
\CH R? THF or PhMe
- 49 Y2 Heat

szTI——/

i /[ j\
1 R2
50

Scheme 19

Dibenzyltitanocene 53 is easily prepared from benzylmagnesium chloride and titanocene
dichloride, and when heated with aldehydes and ketones, gives the corresponding di- and
tri-substituted alkenes respectively, as mixtures of isomers.”> Dibenzyltitanocene 53 also
converts esters 54, into Z and E enol ethers 55 and 56 (Scheme 20).53 Unless R! is small
(R1 = H or Me), the products are formed with good Z-selectivity. The Z-selectivity is

explained by considering the relative steric interactions in formation of
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oxatitanacyclobutane intermediates 57 and 58 (Scheme 20).”° Large R' will disfavour
formation of intermediate 58. Although large R? will disfavour formation of intermediate
57, in this model, Z-enol ethers 55 are favoured because the oxygen atom acts as a spacer,
favouring the formation intermediate 57. However, some isomerization can be observed if
acid-washed glassware is used, or if reactions are spiked with trace ammounts of acid,

(presumably via protonation of the enol ether).

o Cp2Ti§(:‘,4H2Ph)2 53 oH R’ oH OR?
1)]\ 2 (34 q) CPzTi/\€< 5 szTi/\€< ; k
R OR PhMe OR R'

54 57 Ph 58 Ph
/[Ph Ph._
1 2 1.7 NAR2
R 55 OR R 56 OR
35-84%
Z:E26:74 t0 86:14
Scheme 20

Reaction with amides gives enamines, in modest yield (45-48%) and good E-selectivity
(E:Z = 71:29 to >99:1) and the stereoselectivity can be explained using a similar argument

to that presented for Z-selectivity in enol ether formation above.*

Bis(3-fluorobenzyl)titanocene and bis(3-chlorobenzyl)titanocene 59 also benzylidenate
carbonyl compounds more readily and with greater selectivity than the parent complex 53.

Therefore, lactone 60 is converted into enol ether 61 in quantitative yield with total Z-

selectivity (Scheme 21).3

O Cp,Ti[CHy(3-CIPh)], 59 / O
§;

3eq.
o .
PhMe
60 61 quant.

Scheme 21
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Bis(trimethylsilylmethyl)titanocene [Cp,Ti(CH,TMS),] 62 and tris(trimethylsilylmethyl)-
titanium complex [CpTi(CH;TMS);] 63 can be prepared from titanocene dichloride using
two or three equivalents of trimethylsilylmethyllithium, respectively.”® An improved
procedure for the synthesis of complex 63 involves consecutive addition of
trimethylsilylmethylmagnesium bromide and trimethylsilylmethyllithium.”” Both will
alkylidenate esters, but complex 62 requires a higher temperature (110 °C in ethylene
glycol diethyl ether) presumably due to its higher thermal stability, and also gives lower
yields.’® Also, Z-selectivities are slightly lower than observed in the corresponding
benzylidenations discussed above. Again, acid chlorides do not give alkylidenation
products but give a-trimethylsilylketones when treated with either complex 62 or 63.%
Esters, thioesters and amides derived from trifluoroacetate have been alkylidenated with

complex 63, though the thioester gave a very poor yield and no stereoselectivity.®

A better trimethylsilylmethylenating agent is titanacyclobutene 64, formed in near
quantitave yield by the thermolysis of complex 62 in the presence of
bis(trimethylsilyl)ethyne (Scheme 22).%’ Esters are alkylidenated in high yield using 1.5 eq.
of complex 64 at only 25-60 °C. Thioester 65 is converted into vinyl sulfide 66 in excellent
yield, though the Z:E stereoselectivity was only 2.2:1.

CH,SiMes
cpaTiC o
g2 CH2SiMe; Me;Si———SiMe;3
PhMe, 80 °C
iMe3
Cp,Ti. )—SiMe;
64 SiMe;
I SiMes | 66 95%
/U\ ZE
Me™ . SPh 60 °C Me~ “SPh 504

Scheme 22
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Bis(cyclopropyl)titanocene 67 is easily prepared from titanocene dichloride and
cyclopropyllithium, which is generated from cyclopropyl bromide and lithium metal.*®
Although thermally unstable at room temperature, bis(cyclopropyl)titanocene can be stored |
at -20 °C for several months. Esters, including formate esters and lactones [lactone 68
gives enol ether 69 in good yield (Scheme 23)], are cyclopropylidenated with 2.5 eq. of

complex 67.%°

; szTi
SV
, ™
0~ N0 PhMe, 50 °C 0
68 69 67%

Scheme 23

Bis(alkenyl)titanocenes 70 can be synthesised from titanocene dichloride with two
equivalents of an alkenyl magnesium bromide. Bis(vinylic)titanocenes 70 undergo thermal
o-elimination to give the corresponding vinylidenes 71, which react with aldehydes and
ketones to form allenes. Bis(vinylic)titanocene 70 (R!, R* = H) converted ketone 72 into
allene 73 in good yield, without affecting the ester carbonyl moiety (Scheme 24).
However, alkenylidenation was unsuccessful with esters and lactones, presumably due to

facile product decomposition.*’

R\ _R?
j/ R’
sz:ol%Rz I THF, 0 °C
R1
o szTi=-=< U

71 R?
R R?=H

OMe THF, 0°C MeO OMe

OMe 0O OMe O
72 7381%

MeO

Scheme 24
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Petasis alkylidenation has been accomplished in the presence of alkenes, alkyl and aryl
halides, ethers, silyl ethers, acetals, amines and carbamates. Hydroxyl groups are best
protected, but Petasis methylenation has been carried out in the‘ presence of free hydroxyls

employing an excess of the reagent.’

Advantages of the Petasis alkylidenation, include the stability to both air and moisture of
dialkyltitanocenes 42 and 53, the absence of Lewis acids from the reaction, and the ease of
purification following reaction (titanium impurities can often be precipitated from reaction
mixtures). A range of dialkyltitanocenes can be prepared but only dimethyltitanocene 42
has proved popular.'® The disadvantages of Petasis reagents include, the high temperature
(65 °C) required for a-elimination, several equivalents of the reagent are often necessary
for complete reaction, and reactive organometallics are required for their synthesis.
Furthermore, alkylidenations with titanium alkylidenes containing alkyl groups with -
hydrogens (with respect to titanium) are not possible. Petasis has published a full review

on his work with these titanocene reagents.®'
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Takeda reagents

Takeda et al have demonstrated that thioacetals can be reduced by low valent titanium(II)
complex Cp,Ti[P(OEt)s]. 74 to give titanjum reagents that will alkylidenate a wide variety
of carbonyl derivatives. Takeda has reviewed his work on the desulfurisation of thioacetals

and applications including alkylidenation reactions.”

Titanium complex 74 is generated by thé reduction of titanocene dichloride with
magnesium in the presence of 2 eq. of triethylphosphite and 4 A Molecular sieves, in dry
THF (Scheme 25).5® Thioacetals 75 are added to the low valent titanium reagent 74
presumably generating titanium alkylidenes 76, perhaps via geminal bimetallic species 77.
Both 1,3-dithianes and diphenyldithioacetals may be used,®® but the latter are more
reactive.’> Alkylidenes 76 alkenate carbonyls 78 to give alkenes 79. Methylenation is
ineffective under Takeda conditions but allylic, benzylic or alkyl thioacetals are suitable

substrates for generating alkylidenating reagents.

Cp,TiCl,

Mg, P(OEt)3, THF, 0
4AMS, 3h, rt )J\

, R¥ xR R
RS, SR CpaTi[P(OEt)sl2 74 sz/Tl'J\ 78 I
>< 2| [Cp,T=0] 3

1 g2 THF 1 4
R 75 R R 76 R | R 79 XR
5 RS SR ! X=CHp, O, S
H Cp,Ti TiCp2| i
""" = R1><R2
77

Scheme 25

The reaction proceeds smoothly with aldehydes and ketonés, however, the E-selectivity

obtained in products is poor, e.g. the E :Z ratio of alkenes 80 is only 56:44 (Scheme 26).62

j" i. CpoTi[P(OE)s], 74 w
SPh
Ph i g
80 52%
H

E:Z 56:44

Scheme 26
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Esters® and thioesters™ are effectively alkylidenated. In the case of esters, alkylidenation
proceeds with high Z-selectivity.®® The Z-selectivity can be explained using the same
arguments as presented for Petasis benzylidenation and indeed the selectivity is slightly
higher in Takeda benzylidenations. The titanium alkylidene derived from dithiane 81,
converts methyl benzoate into dienes 82 (Scheme 27).63 In the case of thioesters,
alkylidenation proceeds with substrate-dependant variation in Z-selectivity. When
thioacetal 83 is treated with low valent titanium complex 74 and then with thioester 84 in

refluxing THF, vinyl sulfides 85 are produced with high Z-selectivity (Scheme 27).%*

i. Cp,Ti[P(OEt)3), 74

S/j "\ OMe
NN i. O N
81 /U\ 8273% N

Ph OMe, THF

ZE77:23
SPh i. Cp,Ti[P(OEt)s], 74
/\)\ i - h
Ph sph " Q Set
83
84 SEt 85 84%
Z:E 81:19
THF, reflux
Scheme 27

Titanium cyclobutylidene complex 86, generated from 1,1-bis(phenylthio)cyclobutane 87,
alkylidenates ketones, esters and thioesters to give alkylidene cyclobutanes 88 in high

yields (Scheme 28).%°

SPh  Cp,Ti[P(OEt)s], 74 [ _ R!
<>< <>_—‘|' iCps 5 O—_—<

SPh 86 X
87
: /u\ 88 74-80%

R' X
X =R?, OR? or SR?

Scheme 28
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The titanium alkylidene generated from methoxybis[(phenylthio)methane] 89 converts
aldehydes and ketones into enol ethers.® Esters and thioesters yield B-(alkoxy)vinyl ethers
and B-(alkylthio)vinyl ethers, respectively, and ester 90 gave vinyl ethers 91 in good yield
but poor stereoselectivity (Scheme 29).% In a similar way, triphenyl trithio-orthoformate
92 converts aldehydes and ketones into vinyl sulphides.®® Esters and thioesters, similarly
yield B-(alkoxy)vinylsulfides and B-(alkylthio)vinyl sulfides, respectively, with modest E-
selectivity, exemplified by thioester 93 and triphenyl trithio-orthoformate 92 giving B-
(propylthio)vinyl sulfide 94 in good yield and moderate E-selectivity (Scheme 29).56

. . Et
SPh i. Cp,Ti[P(OEt)3], 74
/k i “Ph X.-OMe

. 0
MeO g 571 o1 78%

Ph OEt Z:E 47:53
90

sp¢

SPh i. CpTi[P(OEt)3]> 74
P - - Xx.-SPh
i o)
Phs” sPh \/\)]\ 94 82%
sp¢ Z:E 31:69

93

Scheme 29

Allylsilanes can be prepared by Takeda alkylidenation of aldehydes, ketones, esters,
lactones, or thioesters using B-trialkylsilylthioacetals as substrates.®’” Allylsilanes are

formed from aldehydes and ketones with moderate E-selectivity. y-(Alkylthio)allylsilanes
are formed with moderate Z-selectivity, seemingly unaffected by the bulk of the S-alkyl
group in the thioester substrates. v-(Alkoxy)allylsilanes are formed from ester substrates,
with better Z-selectivity in most cases, and a branch a to the ester carbonyl group leads to

complete stereoselectivity as exemplified by formation of y-(ethoxy)allylsilane 95 from

ester 96 (Scheme 30).67 The alkene configuration was not determined but it is assumed to

be Z-selective.'®

OEt

SPh i. Cp,Ti(POEty), 74
- .
- " : SiPhMe
MezPhSl\/I\ sph 0 \,/‘\/\ 2
\rlkoa 95 90%
96

Scheme 30
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Intramolecular  alkylidenations are also possible.  Treatment of  S$-[3,3-
bis(phenylthio)propyl]thioalkanoates with 4 eq of low-valent titanium complex 74 in THF
produced 5-substituted 2,3-dihydrothiophenes.?® Improved yields were obtained when
there was a branch « to the carbonyl group as in thioester 97 (Scheme 31). Isomerisation
to the exocyclic alkenes was initially observed but by carrying out both the reaction and
work-up in the dark this was suppressed. Indeed, the product vinyl sulfide 98 isomerises in

light to give an equilibrium mixture (80% exo) of alkenes.®®

SPh 0
/K)\ Cp,Ti[P(OEt)s], 74 \
PhS s s
97

98 65%
>99% endo isomer

Scheme 31

Titanium alkylidenes generated from ®,0-bis(phenylthio)alkyl esters (e.g. 99) undergo
oligomerisation as well as cyclisation. The best yield obtained was for cyclic enol ether
100 and this was only 32% (Scheme 32).% However, the reaction provides a useful route to
o-hydroxy ketones (e.g. 101), and by carrying out the alkylidenation reaction under reflux
in THF, and then hydrolysing the resulting crude cyclic enol ether (e.g. 100) in situ, yields

are improved considerably.

ﬂ/‘\‘/\ /lol\ Cp,Ti[P(OEt)s], 74 N
© PhS o~ “Ph Ph
99

O 10032%
i. Cp,Ti[P(OEt)3l> 74 o ' -
. +
ii. H30 N
, OH
Ph
101 67%
Scheme 32
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Intramolecular alkylidenation is more effective when the oxygen atom of the product enol
ether is exocyclic and 5-, 6-, 7- and 9-membered rings have been made in this way, with
thioacetal 102 giving cyclic E-enol ether 103 in 70% yield (Scheme 33).”° Again, some
isomerisation of the alkene products was observed in some cases but was suppressed by
carrying out the reactions at lower temperatures. Reactions were carried out under high

dilution conditions, on 0.50 mmol scale, and attempts at scale-up resulted in lower yields

being obtained.
SPh - ,
sph  Cp2Ti[P(OEt)3] 74‘
OEt | Z
102 O 103 70% OEt

Scheme 33

The generation of titanium alkylidenes from thioketals is generally problematic due to
competing formation of vinyl sulfides.”! However, the use of more easily reduced gem
dichlorides, allows the conversion of carbonyl compounds into tetra-substituted olefins.
Takeda’s group have recently reported a convenient synthesis of gem dihalides (e.g. 104),
via oxidation of hydrazones (e.g. 105, Scheme 34), produced by treatment of carbonyls
with hydrazine hydrate.”” Aldehydes and ketones are converted into tri- and tetra-
substituted alkenes respectively, and esters and lactones into trisubstituted enol ethers (e.g.
106, Scheme 34).”" The reaction is effective even if all of the substituents are acyclic. This
is the first practical procedure for the preparation of trisubstituted enol ethers and E:Z
ratios range from 60:40 to 90:10.”' However, Takeda’s procedure is unsuccessful for the
formation of benzylic dihalides as vinyl halides are the main products formed, and there

remains no reported method for the production of titanium benzylidenes with an alpha

substituent.’

/N H2 h
u CuCl, (3 eq.) /\Cl><Cl i. Cp,Ti[P(OEt)s), 74
- N
— pr” i. o) : Ph

s t
3eq. ,
105 HOBU(Bed) 104 75% o \/U\ . OMe
OMe 106 83%
' Z:E 40:60
Scheme 34
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Under Takeda conditions, titanium alkylidenes are thought to be the active species as they
have been shown to catalyse alkene metathesis.'® The titanocene(II)-promoted formation of
titanium alkylidenes from thioacetals, and subsequent metathesis reaction of these
alkylidenes with terminal trialkyl(allyDsilanes, stereoselectively forms the corresponding
Z-y-substituted allylsilanes.” Ring-closing alkene metathesis of thioacetals containing an
alkene moiety proceeds smoothly upon treatment with 3-4 eq. of low-valent titanocene 74
at rt, and then heating under reflux in THF.” 7 76 Loss of the terminal alkene allowed the
synthesis of 5-, 6-, and 7-membered cycloalkenes in good yields. Similarly the 7- and 8-
membered unsaturated cyclic ethers” and cyblic amines’’ were also prepared. Employing
4 eq. of low-valent titanocene complex 74, initially at rt and then heating under reflux in
THF, converted thioacetal 107 into cyclic amine 108 in good yield (Scheme 35).
Generally, the titanocene promoted ring-closing metathesis (RCM) reactions are done
under high dilution to suppress the intermolecular reactions. More recently (Z)-Alk-2-ene-
1,5-diols have been prepared stereoselectively via the titanocene promoted RCM of trialkyl
silyl ethers containing both a thioacetal and terminal alkene moiety, followed by oxidative

cleavage of the resulting cyclic silyl ethers.” ™®

AN Ph 4 eq., THF
/\i rt 2h, reflux 1h
'ij SPh Iil
107 Bn Bn

108 77%

Scheme 35

Titanium alkylidenes, formed under Takeda conditions from thioacetals 109, add to
alkynes to give the corresponding titanacyclobutenes, which then undergo P-hydride

elimination and subsequent reductive elimination to give the corresponding dienes 110 in

good yields and high stereoselectivity (Scheme 36).”

H

1 \/fzh | Co TPOEN:L2 74, 110 50-80%
> 2 3 9 .
R sPh 1. 2 NP R2 EiZ98:2-100:0

il 2 2_ .7 9.
109 Ri—— R2 R?=Ph E:Z 2:98

Scheme 36
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Titanium alkylidenes, formed under Takeda conditions, add to nitriles and then undergo a
B-hydride elimination to give vinylimido complexes 111. These can then be hydrolysed
directly to give ketones 112, or in-situ addition of an alkyl halide followed by hydrolysis
gives monoalkylated ketones 113 (Scheme 37).%

SPh . . 0
/k i. Cp,Ti[P(OEt);], 74 R1H\/N\\Ti0p2 H,O R1\/U\
2
R' SPh R2—=N A2 R
— 111 112 58-85%
1R3X
3
i H,0 0
N 2 1
R')\’// Sticp, —— R R2
R2 R3

113 43-74%

Scheme 37

Titanjum allylidenes, formed from B,y-unsaturated thioacetals 114, can cyclopropanate
alkenes to give the corresponding vinylcyclopropanes 115 (Scheme 38), which probably
proceeds via the reductive elimination of a titanacyclobutane intermediate.’! Similarly, y-
cyclopropyl allylsilanes are prepared from 2,4-bis(phenylthio)but-3-enylsilanes, upon
treatment with low-valent titanium complex 74 and then a terminal alkene.®? Titanium

allylylidenes can also be alkylated with tertiary alkyl chlorides before quenching.®

R _ ;
i CpTIPOEYL 74 WR“
R SR ji. Ro
2

2 3
R >__: R R

115 42-93%

114 R?

Scheme 38
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Titanium propargylidenes, formed from 1,1-bis(phenylthio)-2-alkynes 116, can also
cyclopropanate terminal alkenes to give the corresponding alkynylcyclopropanes 117
(Scheme 39), which presumably proceeds via the reductive elimination of the
titanacyclobutane intermediate. In order to obtain good yields excess triethyl phosphite is

required.®*

/Sih i. CpaTi[P(OEt)] 74 / R2
=7 TSPh i, 7
R’ /116 RS R 117 56-78%

Scheme 39

Previous to our work, functional group tolerance within titanium alkylidenes generated
under Takeda conditions and within carboxylic and carbonic acid derivatives treated with

such reagents, was not fully explored. A full discussion is given later in the results and

discussion section.

The key advantage of Takeda alkylidenation, is the easy access to a rahge of alkylidénating
agents produced from thioacetals that are easily made from carbonyl compounds. The
reaction is not limited to methylenation or benzylidenation and the preparation of a wide
range of alkylidene reagents is theoretically possible. The mildness of the reaction
conditions (with both formation and often reaction of the titanium alkylidene being
conducted at rt) and the lack of Lewis acidic conditions, are also attractive. The main
disadvantage is the requirement for excess titanocene (at least 3 eq.) and triethylphosphite

(at least 6 eq.), which often makes product purification problematic.
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Takai reagents

Takai has reported a simple and general method for the alkylidenation of carbonyls 118 to
give alkenes 119, using a reagent prepared in a reaction mixture containing a 1,1-
dibromoalkane, zinc, ﬁtanium(IV) chloride and N,N,N’,N’-tetramethylenediamine
(TMEDA) in THF (Scheme 40).% 'Takai reagents are prepared by addition of 4 eq.
titaniurri(IV) chloride in dichloromethane to THF, followed by 8 eq. TMEDA, which turns
the suspension from yellow to orange/brown. Addition of 9 eq. of zinc then leads to a dark
blue/green suspension. Upon addition of 1 eq. of the ester and 2.2 eq. of a dibromoalkane,
the reaction mixture turns dark brown or black, and is then quenched with aqueous
potassium carbonate giving the alkene 119. Trace amounts of lead(ll) salts are reportedly
vital for successful reaction,®® and so a small quantity of lead(Il) chloride is generally
added, though lead is often a contaminant of commercial zinc powder. Although, the
commercially available DCM solution of titanium(IV) chloride can be used, optimal yields
are obtained with freshly prepared solutions from high quality titanium(IV) chloride,®” 8
and also employing a DCM-THF % mixed solvent system. However, reactions in only THF
are also successful.” The definitive procedure for the preparation of this reagent has been

published.”®

o TiCl, TMEDA ~ H.._ _R!
/U\ 1 DCM, THF :[
+ RICHX, -
R “YR® Zn, PbCl, RZ” YR
118 t 119

X =Cl, Br YR®=R3, 0OR3, 0SiR, SR3, NR?,

Scheme 40

The reaction mechanism is not yet fully understood. In the absence of lead, zinc is known
to rapidly insert into diiodomethane giving carbenoid 120, but second insertion is slow to
give geminal dizinc 121 (Scheme 41).15 It is known that lead(II) chloride accelerates the
conversion of diiodomethane into geminal dizinc 121,% and so would seem to catalyse the
conversion of zinc carbenoid 120 into geminal dizinc 121. Takai proposed that
transmetalation from zinc to lead gives rise to lead carbenoid 122, which is further reduced
by zinc to give lead-zinc compound 123. He suggested that since the Pb-C bond has greater
covalent character, lead carbenoid 122 is more easily reduced than the corresponding zinc
carbenoid 120. He proposed that transmetalation from lead to zinc then gives geminal
dizinc 121.% However, titanium complexes must be involved in the reduction of the

dibromoalkanes used in Takai alkylidenation of esters, as the rate of conversion of

25



dibromomethane into a geminal dizinc (even with catalytic lead) in the absence of titanium

salts is too slow to account for the alkylidenation reaction times. "®

Zn, THF Zn
CH2'2 ICH22n| ———— CH2(ZnI)2
120  Slow 121
PbX,
X=Cl, | Fast Fast
anZ
. Zn
ICH,PbX ——— 1ZnCH,PbX
122  Fast 123
Scheme 41

It is also evident that low valent titanium complexes are generated prior to the addition of
dibromoalkanes, but the identity of these low valent titanium complexes has not yet been
established. Blue titanium(IIl) complex 124 can be obtained from titanium(IV) chloride in
DCM-THF by treating it with 2 eq. TMEDA, and only 1.1 eq. of zinc (half the
stoichiometry used in the generation of the alkylidenating agent) and 6 mol% lead(II)
chloride (Scheme 42).°' Also, when TiCly(THF)s is reduced in THF with excess lithium in
the presence of 6 eq. TMEDA, violet titanium(II) complex 125 is formed slowly (2 d) via
the brown mixed valence titanium(II)/titanium(IIl) species 126 (Scheme 42).”* Complex
125 dissolves in THF to give a golden yellow solution, but is oxidised easily back to the
mixed valence titanium(II)/titanium(III) spécies 126. A mixture of titanium .species 124,

125 and 126 would account for'the greenish blue colour formed under Takai conditions in

THF.

| \fL
o i. DCM-THF _ o/,T!_,:<$
¢ i. TMEDA (2 q.) o ;\N\
iii. Zn (1.1 eq.), PbCl (6 mol %) Cl |
124
i. THF \N/ | \N/ ' \N/, CI:' \N/
1 i s, -.-\\CIN ...... s W P RS
TiCl3(THF) — [emiegllernidl ] —— [
ii. TMEDA (6 eq.) /'l‘l NG T\ /T & T\
jii. Li 126 125
Scheme 42

26



Takai proposed that in the presence of titanium(IV) salts, geminal dizinc 121
transmetallates to give a titanium-containing geminal dimetallic 127 or a titanium
methylidene 128, one of which is the active species (Scheme 43).% We propose that the
Takai reaction [and related reactions employing Ti(II) salts], requires oxidative addition to
a titanium(II) intermediate, which is involved in the formation of at least one of the carbon-
metal bonds to give a titanium(IV)-containing geminal dimetallic 127 [or less likely a

titanium(IV) alkylidene 128], as the active species.

TiCly
CHy(Znl), XpMCH,TiX, | or | H,C=TiX,
121 127 128
M=TiorZn

Scheme 43

There are numerous examples of the methylenation of aldehydes and ketones (when Lewis
acid mediators are used) employing geminal dizinc and related reagents.”' 94,95 Matsubara
and co-workers have demonstrated that pre-formed  bis(iodozincio)methane 121
methylenates aldehydes effectively. When 2 eq. of 121 is used in conjunction with
titanium(IV) chloride, ketones are effectively methylenated, although poor yields are
observed with the use of 1 eq. of 121. This suggests that 1 eq. of 121 reduces titanium(IV)
chloride to titanium(II) chloride which mediates the olefination reaction.’® They later,
demonstrated that a reagent derived from pre-formed bis(iodozincio)methane 121,
TMEDA, and titanium(II) chloride in THF, can carry out the methylenation of esters
(Scheme 44)°" The reagent requires 2 eq. of titanium(II) chloride and 4 eq. of TMEDA,
with respect to geminal dizinc 121, for optimal results. They also state that NMR studies
on the CH coupling constants in the active species formed from titanium(Il) chloride
suggests that the carbon atom has sp® character. A different colour (reddish brown) results
from this reagent than that of the Takai reagent (brown or black), and it also methylenates

esters more effectively than the Takai reagent.”’

j\ CHy(Zn 1), 121 /ﬁ:z

R*” “OR®  Ticl,, TMEDA R¥” “OR®
THF 46-90%
Scheme 44
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Takai reports no examples of the alkylidenation of aldehydes and only one example of the
reaction of a ketone.®® In this example, ketone 129 was converted into a mixture of alkenes
130 in good yield (Scheme 45).

o CsHyy
/\)J\ C5H11CHBI’2, Zn /\/E
Ph CH;  Ticl,, TMEDA Ph CH,
129 THF 130 78% Z:E 45:55

Scheme 45

Takai reagents alkylidenate esters 131 effectively, generally giving enol ethers 132 in
yields over 70% (Scheme 46). All reactions are Z-selective and stercoselectivities are
generally over 89%. The reaction is not very sensitive to the bulk of R? (although bulky R
can reduce yields), but bulky R? reduces the stereoselectivity and a branch in R! o to the
carbonyl group ensures total Z-selectivity. The stereoselectivity can be explained using the
same arguments as presented for Petasis benzylidenation and Takeda alkylidenation, where
stereoselectivity is a result of limiting any steric interactions in the formation of
intermediates (possibly oxatitanacyclobutanes). Takai and co-workers reported that
methylenation gave poor yields,®® and in general Takai alkylidenations are more reliable
and generally higher yielding than the corresponding methylenation.'® Takai claims this is
due to the increased nucleophilicity provided on account of electron-donation from' the
alkyl groups in the active species.® Silyl esters are also effectively alkylidenated to give
the corresponding silyl enol ethers, with Z-selectivities generally similar to those for alkyl
esters, but stereoselectivities being reduced when the bulk of substituents on silicon is
increased.”® Lactones produce mixtures of the desired enol ethers and hydroxy ketones, the
former presumably being a result of enol ether hydrolysis.®* Alkylidenation is also
successful with diiodoalkanes, but the yields are lower than with the coi'responding

dibromides.%

3
o) TiCl,, TMEDA H., R
THF
R1/U\OR2 + R3CHBr, 11 ,
131 Zn, rt OR
132
Scheme 46
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Takai alkylidenation of thioesters 133 gives Z-alkenyl sulfides 134 (Séheme 47).” The Z-
selectivity is lower than for alkylidenation of esters, but total Z-selectivity is obtained when
both R! and R? are branched. S-phenyl thioesters gave lower yields and slightly lower Z-
selectivity. However, o,B-unsaturated thioesters do not give conjugated vinyl sulfides
although 1,3-dithian-2-ones are converted into the corresponding ketene dithioacetals in

good yielld.99

2
0 TiCly, TMEDA H., R
/lk Lt R2CHBr, THE ' I

SM Zn, it RY “sMe
3 ?
13 : 134 75-97 %
- Z:ET3:27 - 100:0

R1

Scheme 47

Tertiary amides 135 give enamines 136 in good yields, and with >96% E-selectivity, when v»
R! = Ph or primary alkyl (Scheme 48). However, when R' = cyclohexyl, stereoselectivity
is lost. A mixture of regioisomers is obtained from straight chain amides 135 (R' = primary
alkyl), presumably due to isomerisation of the initially formed enamine via an iminium ion

intermediate.*

0 TiCl,, TMEDA
/U\ Zn,THF /[

1 |
R 135 N R™CHBr,  RY N 136 70-87 %
rt ‘ Z:E 53:47 - >99:1

Scheme 48

R2

The synthesis of B-hetero-substituted vinylsilanes via Takai trimefhylsilylméthylenation of
esters has been achieved using (dibromomethyl)trimethylsilane as the 1,1-dibromide.®® The
reactions are slower (3-5 h) than other alkylidenations, and 3.3 eq. rather than 2.2 eq. of
dibromide is needed to “obtain good- yields. Enol ethers aré formed with >86% Z-
stereoselectivity, and a branch o to the carbonyl group again ensures virtually complete Z-
- selectivity. Ester 137 gives essentially only Z-enol ether 138 (Scheme 49).
Trimethylsilylmethylenation of thioesters is less Z-selective, and yields are slightly lower

than the corresponding reaction with esters.
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0 TiCl,, TMEDA
Zn, THF-DCM
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137 rt 138 90 %
o , Z:E >95:5
Scheme 49

Aromatic esters can be cyclopropanated with an excess of Takai reagent. Methylenation of
methyl azulene carboxylates 139 and 140 proceeds smoothly under standard Takai
conditions, but when an excess of the reagent is used, cyclopropyl ethers 141 and 142 are

19 Methyl benzoate undergoes the same reaction,

produced in gdod yield (Scheme 50).
albeit in modest yield, but methyl phenylacetate does not. Enol ethers are not
cyclopropanated under these conditions. This indicates that a titanium-containing

intermediate derived from the ester reacts with excess reagent.””

R - - R
TiCly (16 eq.) OM
, Q 0 TMEDA (24 eq.) ) Q e
R R
OMe Zn (36 eq.) \/
- CH,Br, (8.8 eq.)
R2 R2
- R'=Me, R2=H 139 R'=Me, R2=H 14180 %
R' = MeOCO, R = Me 140 R! = MeOCO, R?= Me
‘ 14270 %
Scheme 50

There have been recent reports of Takai reagents giving the products of alkene

metathesis.!”!

However, the researchers proposed that a titanium alkylidene is generated
from an allylic group (see Grubbs reagents) present in the substrate, which then

alkylidenates the carbonyl group intramolecularly.’®

The advantage of Takai alkylidenation is that it is a mild one-pot procedure that allows the |
alkylidenation of a range of carboxylic acid and carbonic acid derivatives, often with very
high stereoselectivity. Takai alkylidenation tolerates many functional groups, in the ester
substrates, including aryl and vinyl halides, alkenes, ethers, silyl ethers and acetals.”® Its
main disadvantége is that it requires a source of 1,1-dihaloalkanes, which can be difficult

to prepare.
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Chapter 3 - Alkenylboronates

Boronic esters are useful synthetic intermediates as they undergo palladium-catalysed
cross-coupling reactions.'®” They couple with aryl, alkynyl, and vinyl halides providing a

102 N
The reaction is

general technique for carbon-carbon bond formation (Scheme 51).
compatiﬁle with a wide range of functional groups due to the mild reaction conditions
employed. Many other organometallic reagents are equally successful but organoboronates
have advantages in that they are thermally stable, inert to water and oxygen, and the boron-

containing side products are non-toxic.'%
Pd[O] Cat.
R'-X + RZ?*B(OR); ———— R-R?

Scheme 51

B-(Alkoxy-substituted alkenyl)boronic esters are also useful intermediafes but can ohly be
made by the hydroboration of alkynes. B-(Ethoxy)alkenylboronic ester 143, with the
hydrogen atom cis to the boron atom, was prepared from 1-ethoxy-1-alkyne 144 arid was

then used in a subsequent cross coupling reaction (Scheme 52).'%

| O
EO—=— + H-E
o

144 J
LPd(PPha), N
O NaOH, THF AN
‘/>' . L J
EtO S ii. 2M HCI N" N
143 40% H

Scheme 52

Similarly, B-(alkylthio)alkenylboronic esters 145 have been synthesised both
regioselectively and stereoselectively using palladium- or nickel-catalysed hydroboration
(Scheme 53).'* Thioboration allows the synthesis of related (Z)-vinylboranes but has not

yet been applied to the synthesis of boronic esters.!®

' NiCly(dppe) R o
«, o or )
v 1D Tes
O - PdCly(dppf) R's 1 45O
Scheme 53
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Dienylboronate 146 has also been used in diastereoselective Diels-Alder reactions,
quantitatively yielding endo functionalised cyclohexane 147, which could then be further
-reacted with aldehydes as shown (Scheme 54). The dienylboronates were prepared by the

hydroboration of terminal eneynes.'®

v

0
BOR, [ NPh  (RORB, o ! eoni e
< 2 mNPh ' Me. [ T NPh
Me PhMe, g8o°c Me AY  iHO /';)H FI -
B(OR), = B D (endo only)
o B

Scheme 54

Alkenylboronic esters are also useful substrates for diastereoselective reduction, allowing
the control of stereochemistry at up to three adjacentr centres, in both cyclic and acyclic
systems. Z-Alkenylboronic ester 148 was reduced diastereoselectively, giving
- alkylboronate 149, which could then be either oxidised or aminated as sﬁoWn (Scheme

55).107

2M NaOH, Me
Mo _H0p THE A _on
> Me y
Ph)\( Me O Me
g _HaPdC B-gS — 77% d.r > 99:1
148 QO MeOH Ph™ Y Me
[ Me i BC|3, DCM Ph)\/NHBn
149 d.r > 99:1 i BnN3, DCM I\é/Ie
66% d.r > 99:1
Scheme 55
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Chapter 4 - Solid-Phase Chemistry

4.1 Background

The pioneer in the field of solid-phase chemistry was Merrifield, who in 1963 described
the use of solid-support in peptide synthesis.'® Since that time the use of solid phase
synthesis (SPS) has grown to encompass the synthesis of small organic molecules and

many different organic reactions have been carried out on solid-phase,'®> 1'% 11 112

One of the main attractions of SPS to the organic chemist is the ease of product isolation.
Assuming that complete conversion from resin-bound starting material to product occurs,
purification merely requires the washing away of reagents and side products, thus avoiding
- the need for costly chromatography. Indeed, most SPS reactions can be driven to
completion by use of excess reagents, despite reducing the atom-economy of the
transformations. However, it must be noted that not all reactions can be moved seamlessly
from solution to solid-phase and it often requires time to develop optimal conditions for
solid-phase procedures. In addition, the introduction of two extra steps in linking
compounds to and cleaving compounds from the resin must be taken into account, and
these procedures are often not trivial. In these steps the choice of linker (the moiety which

attaches the molecule to the resin) can be of vital importance.'*’
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4.2 Linkers

4.2.1 Introduction

The criteria used when assessing which type of linker to employ in a solid—phase reéction_
should be much the same as when making a choice of protecting group. Indeed a linker
could be described as Aa bifunctional protecting group, in that it is attached to the molecule
being synthesised through a bond labile to the cleavage conditions and attached to thé resin

through a more stable bond (Figure 2).'"

Protecting Group-/-Functional Group-Molecule
{ Deprotection
Functional Group-Molecule
Polymer-Spacer-Linker-/~Functional Group-Molecule
{ Cleavage

Functional Group-Molecule
Figure 2

An ideal linker would be cheap; its attachment to the starting material would be facile and
high yielding; it would withstand all the synthetic steps in the synthesis; most importantly
it must Be possible to cleave the final product from the resin under conditions that do not |
destroy it. The cleavage step can be problematic, particularly with traditional peptide
linkers, which tend to require harsh conditions for cleavage (e.g. HF). Despite this, peptide
linkers have found a role in the SPS of small molecules. However, a new generation of
traceless linkers, not based on the traditional protecting group strategy, are becoming

. . L 110, 113
increasingly common (see section 4.2.3). .

I will begin with a discussion of common acid labile linkers, and will then explain what is
meant by “traceless”, “safety catch” and “chameleon catch” linkers, and finally “cyclative
termination”, These are the strategies most relevant to my work. However, it should be
noted that there are numerous SPS strategies and linker types, and they have been fully
reviewed elsewhere.'"® The SPS synthesis of indolés and quinolines will be discussed in

detail in chapters 5 and 6, respectively.



4.2.2 Acid-Labile linkers

Merrifield gave his name to the original linker used in peptide synthesis.'®® Merrifield resin
150 comprises cross-linked polystyrene functionalised with a chloromethyl group (Figure
3). Carboxylic acids are attached by reacting the resin with the caesium carboxylates and
cleavagef of the resin-bound ester occurs when the resin is treated with HF. In 1973 Wang
reported a second major class of ester linker 151 (Figure 3).”4 This linker comprises an
activated benzyl alcohol design and is also known as HMP (hydroxymethylphenoxy resin).
It is more acid labile than the corresponding Merrifield linker, due to the increased stability
of the resulting benzylic cation, and so cleavage can occur under milder conditions (50%
TFA in DCM).!" A linker that is even more sensitive to acid was reported by Mergler et
al. in 1988. The SASRIN (Super Acid Sensitive Resin) resin 152 resembles Wang resin but
has an additional methoxy substituent, and successful cleavage can occur with only 0.5-1%
TFA in DCM (Figure 3).''¢ o

150 Merrifield 151 Wang 152 SASRIN
HF cleavage 50% TFA/DCM cleavage . 1% TFA/DCM cleavage
Figure 3
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4.2.3 Traceless linkers

Cleavage of a product from a conventional linker generally leaves functionality (e.g. a
carboxylic acid, amide or alcohol) at the former site of attachment to the solid support.
Such extraneous functionality may affect structure-activity relationships in drug-like.
molecules. Consequently traceless linkers, where there is no apparent sign of the original
site of attachment, have been developed. Many traceless strategies have been reported and
reviewed extensively and only a brief discussion of the more general strategies will be
discussed herein,!'”> ' 1% The initial definition of “traceless” referred to the introduction
of a hydrogen atom at the former linkage site. However, since reports of syntheses of
various functional groups at the former site of attachment have been reported to occur in a
“traceless” fashion, the definition was extended to include examples where the former
attachment site bears no resemblance to the linkage site before cleavage (such a definition
is so broad as to include most cleavage reactions). A more recent definition describes
tracelessness as being the result of overall reduction of functionality at the site of
attachment upon cleavage from the support. 1% We will use a loose “no apparent sign of the

onglnal site of attachment” definition of tracelessness.

Ellman was a pioneer in this field with the development of aryl silicon linkers. The original
linker was cleaved under strongly acidic conditions (HF), forming a new carbon-hydrogen
bond at the site of attachment.'® More recently, silicon linkers that are cleaved under
milder conditions have been reported, with one example bemg utlhsed in the synthesis of

tncychc compounds 153 (Scheme 56). 17

OMe

S CH,Cl,
-
N T
7Y IR TBAF/THF
H NS
153 R2 O
Scheme 56
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Selenium has proved a useful element for traceless solid-phase ‘synthesis, due the
susceptibility of alkenyl selenides to homolysis.''” However, seleno-polystyrene resin-
bound 154 can undergo oxidative cleavage generating alkene 155, as well as radical

cleavage to give alkane 156 (Scheme 57).121

T
BusSnH, AIBN l
PhM/ H202 THF

N NOTBDPS NoTBDPS
156 155

Scheme 57

Numerous examples of traceless cleavage employing nitrogen linkers have been reported
where cleavage is facilitated by nitrogen quaternization followed by elimination.!!” 18
Rees and co-workers reported the traceless synthesis of tertiary amiﬁes 157, employing the
Michael addition of secondary amines 158 onto the regeneratable Michael (REM) linker

159 (Section 11.3), followed by quaternization and Hofmann elimination (Scheme 58),'2

j’\/ R'R2NH 158
o

159 DMF
R . DIPEA, DMF R3 ,
. D (R
1.N. 2 o _+N
R157R X R
Scheme 58

Many other traceless cleavage strategies rely on release from the resin upon

aromatization,!!®
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4.2.4 Safety-catch linkers

Safety-catch linkers that rely on a two-step cleavage process are often more general
traceless linkers. A stable linker used throughout a synthesis in a relatively stable form is
then Aactiv'ated, ensuring that the following cleavage step occurs under mild conditions.
Wagner and co-worker’s cleavage of benzylsulfonium salts 160, formed by S-alkylation,
under palladium cross-coupling conditions to give biphenylmethyl derivatives 161

(Scheme 59), illustrates this methodology.'” -

O/\/\/SH

Br A
3SR

DIPEA, DMF

1 Et;0BF,, DCM

|/ Ar N ArB(OH), \|+ N R '
@S + I P R S A
Pd(dppf)Cl, @ - :
161 K,COj3, THF BF, 160

Scheme 59
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4.2.5 Chameleon-Catch linkers

Chameleon-catches are linkers which can be switched to another linker type during the
synthesis.'** The original linker can be cleavable but is converted into a more labile linker
(oﬁeh this involves converting an acid cleavable linker into a more acid labile linker). This
Strategy ensures high purity in products cleaved fom the resin, but can also increases
diversity by introducing further functionality during the linker switch. Barrett and co-
workers used the Tebbe reagent 27 (Section 2.2) to methylenate resin-bound esters 162
yielding dienes 163, which underwent Diels-Alder cycloadditions followed by cleavage
from resin in mild acid to give the corresponding cyclohexanone derivatives 164 (Scheme
60).124 Resin-bound enol ethers 165 formed in the same fashion, underwent [3 + 2]
- Cycloadditions  with cthyl‘ chlorooximidoacetate 166, allowing concomitant

aromatization/cleavage in mild acid to givé isoxazoles 167 (Scheme 60).'%

Cp._Cl s O N0 O N
Cp:n\/Al\ 1_7; 0O
0] 27 : PhMe, rt ‘
A R2 2 2
Q O YR T pme, THF R ii1wtew 91, R
162 R ' DCM R' 164
Cln_CO,Et E
2 COEL 1o TrA/ CO,Et
CH, N 168 W DM -
;0 R N
EGN, THF  &J ~R 0
165 (x4) - 167
Scheme 60
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4.2.6 Cyclative cleavage

Cyclative cleavage is when cyclisation induces cleavage fom the resin. The key advantage
of cyclative cleavage is that only cyclised compounds are released from resin, which
ensures the high purity of the products. There are numerous examples of cyclative'
cleavagc; including the cyclisation of internal nucleophiles such as alcohols, amines,
anilines, ureas, thioureas, and guanidines onto carboxylic acid derivatives that form the
link to the resin.''” A recent example, involves cyclisation of resin-bound guanidine 168 to

give quinazoline 169 (Scheme 61).126

3
HF AN R
R = /)N\ i:_Rz
N N
169 H
Scheme 61

There are also numerous examples of cyclative cleavage by rﬁthenium—cafalysed ring
closing metathesis (RCM).ll7 RCM cyclative cleavage of substrates 170 gives lactams 171
(Scheme 62)."%7

Ci<_fCys
Ru=—-
” / 3
CF" by, P QR
N
0
ClL,CH,CH,Cly R1/‘\R2 171

Scheme 62

128

Other cyclative cleavage strategies include reactions of stabilised phosphorus'“® (Section

5.3) and sulfur'?® ylides, which proceed in a traceless fashion,
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4.3 Product characterisation/Automation tools
Infra Red (IR) Spectroscopy

Although not useful for quantitative analysis, IR spectroscopy proves a non-destructive

method for the qualitative analysis of certain functional groups on solid phase. Dried |
polystyrene resin can be used to prepare KBr discs that provide adequate spectra.'!® The
more recent Golden Gate IR technology, means that the resin can be analysed with no

further manipulation.
Nuclear Magnetic Resonance (NMR) Spectroscopy

Gel phase NMR spectra can be obtained but suffer from significant line broadening due to
chémical-shiﬂ anisotropy and dipolar coupling. For this reason, only nuclei with a strong
chemical shift dispersion such as Bc, PN, ®F and 3'p give useful spectra, while 'H NMR
spectra remain poorly resolved. However the development of magic angle spinning (MAS)
NMR has addressed this problem. This technique was developed particularly for resin-
bound compounds. Well-resolved spectra including high quality 'H NMR spectra can be

produced.'"®
Use of IRORI ‘kans’

IRORI ‘kans’ are polypropylene reaction vessels, often described as ‘plastic tea bags’, as
the resin remains within the reactor while the reaction mixture can flow in and out through ,
the plastic mesh. A number of sizes of kan exist; the ‘macrokan’ used by our group is the
largest and holds approximately 0.3 mmol of resin-bound material. Advantages of the
IRORI technology include the ‘split and mix’ strategy, where different resin-bound
products can be formed in one pot by adding reagents to a flask containing a rriixture of
kans, each containing different resin-bound substrates. Thus, kans are used in industry in a ‘
combmatorlal fashlon where a radlo—labelled tag is present in each kan, therefore allowmg
product identification at each stage, and so suitable for automation. Also, kans can be
| useful in heterpgeneous reactions (such as the Takeda reaction, which uses powdered
molecular sieves and generates insoluble titanium salts), where by using loose resin, it can

be difficult to separate the resin from the heterogeneous reagent.
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Chapter 5 - Indoles
5.1 Activity

The indole nucleus is present in numerous natural products, including the indole alkaloids,
which have been extensively reviewed.” ! So numerous are biologically active indole
containing compounds that only very recent studles w1th particular emphasis on 2-

substltuted indoles, will be discussed herein.

Many inﬂammatbry and neurodegenerative diseases are thought to be caused'by the
aberrant metabolism of the amino acid L-tryptophan 172 (Figure 4).!*? Indoleamine 2,3-
dioxygenase (IDO) is known to be the first enzyme involved in the degradation of
tryptophan in certain cells."*> A recent enantioselective synthesis of L-isotryptophan 173,
and its D-enantiomer have been reported with a view to detemumng the IDO act1v1ty of L-
tryptophan analogues.'*> Racemic isotryptophan has also been reported to show some

bacteriostatic activity.**

CO,H N
@(\g\&"z %"OZH
N H

H NH,
172 L-tryptophan 173 L-isotryptophan

Figure 4

Melatonin (N-acetyi-S-methoxytryptamine, MLT, 174, Figure 5) influences a variety of |
functions in animals, and although its exact role in humans remains unclear, it is thought
possible chmca] implications may include the treatment of circadian-rhythm-based sleep
disorders, and protection of the cardlovascular system by reducing the risk of
atherosclerosis and hypertension.”*> *® Most functions in humans are associated with the
action of MLT on the high—afﬁﬁity, G—protein, membrane methoxytriptamine receptors
MT; and MT;."*® Derivatives with 2-alkyl amine, 4-methoxy and N-aryl substituents, show
higher affinity for the MT; receptor than MLT 174, with indole 175 (Figure 5) exhibiting
submicromolar activity as a partial agonist for MT;."** Interestingly, a related study found
that indole 176 (Figure 5) showed similar afﬁnity as MLT to the MT; receptor but much
lower affinity for' the MT, receptor.l36 Therefore 2-substituted analogues of naturally

occurring indoles, may exhibit greater seleétivity for certain receptors.
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The neurotransmitter serotonin (5-hydroxytryptamine 177, Figure 6) is a secondary
metabolite of tryptophan 172. A number of different classes of serotonin receptors (5-HT; -
5-HT;) have been identified. One of the more recently identified populations are the 5-HT
receptors, which are found primarily in the central nervous system. Although their exact
clinical significance is still unknown, a number of antipsychotic agents and antidepressants
bind with high affinity at 5-HT¢ receptors and 5-HTs ligands are thought to be involved in
various disorders including anxiety, memory deficiency, mood dependant behaviour and
motor related function.'”’ A recent study identified indole 178 (Figure 6) as the most
selective 5-HTs agonist reported to date with other 2-substituted analogues acting as
antagonists.'”” A related study found that indole 179 (Figure 6) also showed high affinity

for the same receptor.138

NH, NMe, NMe;
N N N 0—7/\©/
177 H 478 H 179 1 -

Figure 6

Recent independent studies identified a range of ligands as potent and selective Factor Xa
(a pivotal enzyme in blood coagulation) inhibitors. 2-Substituted indole 180 was identified
as a subnanomolar inhibitor,139 whereas indoles 181 and 182 showed nanomolar activity
and high selectivity”o for Factor Xa (Figure 7). Such compounds could potentially lead to

the development of safer and more effective antithrombotic agents.

%
¢ wa
H COH N .
ROV k©\( R
N NH, =
180 HHO Br 181 R =Me

NH 182R=Cl

Figure 7
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Nonsteroidal anti-inflammatory drugs (NSAIDs) target cyclooxygenases, but show
undesirable gastric side effects. Potent selective cyclooxygenase-2 inhibitors have recently
been reported, with indole 183 (Figure 8) identified as a lead candidate for a potentially
effective NSAID without the usual side effects.*!

Q0
I
N O—

183 cl

Figure 8

- Bacterial enoyl-ACP reductase (Fabl) catalyses the final step in each cycle of bacterial
fatty acid biosynthesis and so is an attractive target for the development of new
antibacterial agents. A recent study identified indole 184 (Figure 9) as a low micromolar -
inhibitor of Fabl. It caused inhibition of fatty acid biosynthesis and so can be considered a

valid antibacterial target.'*

NH,
7 N
N N
\ 70
184
Figure 9

Both natural and synthetic bisindoles have recently been investigated, and members of the
indolocarbazole family are known to exhibit nanomolar topoisomerase inhibitory action, '
" Amongst the indolopyrrolocarbazoles currently in clinical trials is NCS 655649 185 and
carbazole 186 was also shoWn to be strongly cytotoxic towards four tumour cell lines

(Figure 10).1

Br Br

HO "OCH;4

186

Figure 10
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5.2 Indole Synthesis

The synthesis of the indole nucleus has been an object of research for over a century.!** As
a result, numerous strategies for the construction of indole derivatives have been reported
and 'extensively reviewed,146 and so only those employing classical N-C, indole ring
constructions (formation of the indole nucleus is attained via formation of a bond between
the indole nitrogen and C; of the indole ring) and/or very recent examples will be discussed
here. However, methodologies for the synthesis of the indole skeleton on solid-phase

(Section 5.3) will be covered comprehensively.

The Reissert synthesis of indoles, relies on the acidity of the methyl protons ortho to a
nitro substituent on an aromatic ring. The resulting anion from 2-nitrotoluidine undergoes
condensation with oxalate to give anion 187, which in turn undergoes a reductive

cyclisation/dehydration to yield indole 188 (Scheme 63).'*

(Cozfét)zy OO 22'(;:
c
Cr R O 22 (cos
NO, EtOH-Et,0 NO, ”
187 76% 188 65%
Scheme 63

Similarly, the Leimgruber-Batcho synthesis involves the condensation of 2-nitrotoluidines
with dimethylformamide dimethyl acetal (DMFDMA), with reductive cyclisation of the
resulting enamine giVing an indole.'*® The DMFDMA reagent supposedly generates in situ
MeOCH=N"Me,, and methoxide ion which deprotonates a toluidide proton, and the
resulting anion reacts with the electrophilic MeOCH=N'Me, component. A useful
extension of this methodology involves acylating the intermediate enamine, which
ultimately allows substitution at the indole C-2 position. Trisubstituted enamine 189 was

prepared and underwent reductive cyclisation to yield indole 190 (Scheme 64).!4

EtO i. dioxane,
i. Me,NCH(OMe)p, O o Ho0

piperidine, DMF _reflux |
i - ~NMe OEt
Br N02 ii.. COC' O 2 ii. Na S 04
[ :| EtOH. THF
EtO Br NO, 190 63%

reflux
EtsN, PhH 189 50%
reflux ,

Scheme 64
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The Sugasawa indole synthesis utilises the cyclisation of ortho-chloroacetyl arylamines
(e.g. 191), which are prepared from unprotected anilines via a regioselective Friedel-Crafts
acylation (Scheme 65)."*° Cyclisation onto the ortho-chloroacetyl moiety, followed by

reduction of the ketone to the alcohol, with subsequent dehydration gives the indole

nucleus.

CICH,CN, Q o NaBHe HO, |
BCls, AICI3 dioxane A
NH,  reflux NH, reflux N
c Cl 10163% ' Cl a9,
Scheme 65

The cyclisation of nitrenes, generated by the triethyl phosphite deoxygenation of ortho-
nitrostyrenes or ortho-nitrostilbenes, is termed the Cadogan-Sundberg synthesis.'¥¢ A
further variation of this deoxygenation method employs CO and Se, which the authors
propose forms carbonyl selenide (COSe), as the deoxygenating species (Scheme 66)."!
Other variations of this deoxygenation method are possible, including the thermolysis of

ortho-azidostyrenes. '*

R CO5atm,
O Se, DMF, ‘
COTY R OO
NO, 100°C II:J'
R = Me, OMe, CF3 65-78%

Scheme 66

Heating B,B-difluorostyrenes 192 containing ortho-tosylamino groups with sodium hydride
in DMF promotes a normally disfavoured S-endo-trig cyclisation, yielding 2-fluoroindoles
193 (Scheme 67).1%

R

R
, F
HTs 80°C &

192 R=Bu,Bu® 193 81-84%

Scheme 67
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The Watanabe indole synthesis involves the metal-catalysed oxidative cyclisations of
anilines with glycols or ethanolamines.'* Intramolecular versions of this reaction on ortho-
aminophenethyl alcohols 194, are known, with a recent example employingﬂ [Cp*IrCl;); as
catalyst, giving a range of indoles 195 (Scheme 68)."> Remarkably, the catalyst also
worked for ortho-nitrophenethyl alcohol when propan-2-ol was used as the solvent giving
indole (Scheme 68).'* Propan-2-ol presumably acts as a hydride source enabling reduction
of the nitro group. Both nitro reduction and alcohol oxidation are catalysed in one pot by 5
mol % of [Cp*IrCly,.

, , o
o (t(,ﬁoH [CP*IrCl]; 5 mol % (if/)Rz [CP*IrCl, 5 mol % ©\/\/OH
i RI-L A -
 SFSWH,  KeCO310mol % AN K,CO3 10 mol % NO,
[+f . :
194 Phl\gg.gw C 195 H PProH, 120 °C
et R!'=R?=H 69%

Scheme 68

Intramolecular Heck reactions have been employed for the cyclvisations of ortho-allyl
substituted anilines yielding indoles, representing an N-C; indole formation as shown
(Scheme ’69).146 Heck reactions have also been used for the Ci-benzene ring indole
(formation of the indole nucleus is attained via formation of a bond between the ‘benzene
ring and C3 of the indole) forming reaction, which has been demonstrated on solid-phase
and is discussed in section 5.3.
R2—+ : /1 I;dCIz(MelaCN)z R2 m
S e X
74-86%

Py

Scheme 69

Perhaps the most common method for indole synthesis involves Pd-catalysed Sonagashira
cross-coupling reactions of ortho-halo anilines with alkynes. The ortho-ethynylanilines can,
then be cyclised to the indole, using a variety of reagents, including Cu(l) salts, Pd(II)
species, NaAuCly;*H,0 catalyst, alkoxides, and tetrabutylammonium fluoride.
Restrictions include the requirement for N-protection and cyclisation onto alkynes with
electron-withdrawing groups often fail. ,A more recent method overcomes these
restrictions, employing Cu(ll) salts [Cu(OAc); or Cu(OTf), are optimal]. This has also
been applied to tandem cyclisations, via the intramolecular displacement of a fosylate

group, yielding 2,3-fused indole 196 (Scheme 70).'>*
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Scheme 70

Recently, the Sonagashira cross-coupling has been applied to indole synthesis employing

156 A range of triflates were synthesised from

triflates rather than ortho-halo anilines.
commercially available 2-aminophenols, allowmg increased structural diversity in the
cyclisation substrates. Triflates 197 underwent Pd(0)- Cu(I) coupling with terminal alkynes
employing triethylamine as base and n-BusNI as a necessary additive (Scheme 71). It was
proposed that iodide acts by replacing the triflate anion in the square-planar Pd(IT)
complex, or by forming a new pentacoordinated anionic palladium species, makmg the
followmg transmetalation occur easily. Cyclisation to indoles 198 was accomphshed with

-BuOK in N-methyl-2-pyrollidinone (NMP).

R—= P R .
E\irmf n-BugNI 150 mol % )I(\\ Z £-BuOK, NMP xﬂ\/if\»‘ |
- R
AP Pd(PPhz)4 10 mol % AZSNH 60 °C SA~N
NH 34
Y Cul 30 mol % v Y7 H
EtsN-MeCN (1:5) o 198 76-86%
197 refiux or 20 °C 71-93%
Scheme 71

The intramolecular Pd-coupling of ortho-halo anilines with alkynes, with subsequent
annulation to the indole in one operation has been termed the Larock indole synthesis.!*®
The method is very common and has also been applied to the synthesis of indoles on solid-

phase and it is discussed further in section 5.3.

Similarly, viny] triflates react with ortho-aminophenylacetylene in a palladium-catalysed
reaction giving a range of 2-substituted indoles."®  More recently  (2-
alkynyl)phenylisocyanates 199 have been shown to couple with allyl carbonates 200,
employing a Pd-Cu bimetallic catalyst to afford indoles 201 (Scheme 72).'>” The best
Copper additive was Cul, which may act as a Lewis aéid and coordinate to the alkyne,
activating it to promote insertion into am -allyl palladium intermediate. ‘However an
. alternative mechanism involving activation of the nitrogen nucleophile by copper, with
alkyne activation a result of coordination to thex -allyl palladium species, cannot be ruled

out.
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Z Pd(PPhs)s 1 mol %

0 + ~OCOR? CuCl 4 mol % O N

N 2001.2¢e THF, 100 °C N

199 1.o eq. < €q. | - COR

201 62-86%

Scheme 72

A very recent, related indole construction, employs a reductive annulation of aromatic
nitroso compounds 202 with alkynes (Scheme 73).'® The unstable, highly polar
intermediate, was tentatively assigned as the N-hydoxy indole 203, which was then
convérted into indole 204 by hydrogenolysis. Complete regioselectivity was observed with
terminal alkynes giving substituents at the indole 3-position. Disubstituted alkynes with
one conjugating group gave 2,3-substituted indoles with the conjugating group at the
indole 3-position. The transformation could also be carried out in one pot in the presence
of [Cp*Ru(CO),]; and carbon monoxide but yields were lower. This transformation has the

advantage that no functionality is required ortho to the nitro moiety in substrate 202.

X R—— \ R2 Pd/C, H2 \ .
NO PhH, 120 °c PhH, rt
Y OH

Y
202 203 204 34-64%
from 202 ‘

"~ Scheme 73

Intramolecular alkylidenations of amides or imides have also been used to genefate
indoles. Such alkylideliations include Wittig reactions of benzyltriphenylphosphonium
salts,"*® with an example having been carried out on solid-phase (section 5.3). A o
recent example involved treating (2-aminobenzyl)triphenylphosphonium bromides 205
with acid anhydrides in the presence of base (Scheme 74).'" Presumably (2-
diacylaminobenzyl)triphenylphosphonium bromides 206 were the active intermediates
undergoing cyclisation under basic cbnditions. Acid chlorides could be used, when 2,6-

lutidine was employed as base but the yields were lower.

I§1 Br [ R! . Br R
+ . 2
NH, Et;N (3.6 eq.) : S N o N
205 120 °C =,1;2 I; B
L 206 . 59-95%
Scheme 74
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A related C,;-C, (formation of the indole nucleus is attained via formation of a bond
between C, and C; of the indole ring) synthetic strategy relied on the synthesis of N-H
insertion product 207, from 2-aminobenzophenone 208 and o -diazophosphonates 209, with
subsequent cyclisation in base to give indole 210 in high yield (Scheme 75).‘6°This

methodology was also employed in the synthesis of benzothiophenes and isocoumarins.

NooCO,Et _
o 209 PO(OEt), o DBU (1.1 eq.) {
CO,Et CO,Et
NH,  Rhy(OAc), 1 mol % N—( PhMe H S
208 ~ PhMe H PO(OEt), '

207 86% | 210 99%
DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene

Scheme 75 -

A recent report described the cyclisation of an amine onto an intramolecular enol ether,
under acidic conditions.'®! Treatment of amidine-protected diiodoamidine 211 with i-
PrMgCl, transmetalation with CuCN-2LiCl, and allylation with 2-methoxyallyl bromide,
gave enol ether 212. Grignard formation with i-PrMgCl from aryl iodide 212,
transmetalation to give the corresponding arylcuprate, followed by allylation and then
cyclisation in acid, gave indole 213 in high yield (Scheme 76).'*!

i. -PrMgBr, THF

i. -PrMgBr, -20°C

. o
Et0.C | THF,-20°C Et°2c\m° " i, cucN-2 Licl EtOC \
\Qi"f ii. CuCN-2 LiCl N iii. altyl bromide N
1 it OMe I kNMe2 ~ -20°Ctort
211 NMex 1 _gr 212 >75% iv. HCI, THF-H,0 | 213 88%

Scheme 76
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5.3 Solid-Phase Indole Synthesis

Due to the huge range of biological activity exhibited by compounds containing the indole
skeleton, the search for new and/ or improved methodologies for their synthesis
continues. ' In particular, the adaptation of syntheses (both modern and classical) to solid-
phase (S-P) is important for drug discovery through automated high speed parallel
syntheses. Numerous useful approaches to the construction of the indole core on solid

phase have been reported.'®

The Fischer indole synthesis has been adapted to solid phase.'®*

A polystyrene-bound
ketone 214 reacted with phenylhydrazine hydrochloride, under Lewis acid conditions to
give hydrazone 215 which cyclised in situ (Scheme 77). Nucleophilic cleavage from the
resin with MeOH in triethylamine gave the 2-phenyl indole 216. However, the synthesis is
ndt traceless, leaving an ester at the site were the résin was attached, and the yields and
purity were variable. Employing different hydrazine hydrochloridc_es, allows the only point
of diversity, although poor results were obtained when electron-deficient hydrazine
hydrochlorides were used. Yang used a similar approach for the synthesis of a library of

somatostatin agonists.'®’

i. PANHNH, HCl, ZnCl, AcOH, 70 °C
ii. 9:1 MeOH:Et;3N, 50 °C

@ = Polystyrene

- Scheme 77

A recent concise solid-phase synthesise of N-hydroxy indoles involving tin chloride
reduction of aromatic nitro compounds and subsequent dehydration of ortho-ketones has
been reported.'®® A Wang resin-bound ester was employed as the linker, and upon

cleavage, an extraneous carboxyl group remained at the indole 6-position.
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The Nenitzescu indole synthesis has been applied to solid-phase with the synthesis of 5-
hydroxyindole-3-carboxamides 217 (Scheme 78).'¢7 ArgoPore®-Rink-NH-Fmoc resin 218
was deprotected and then treated with diketene to introduce the dicarbonyl species giving
resin-bound acetoacetamide 219. Treatment with a primary amine, in the presence of
tnmethylorthoformate as dehydratmg agent, gave resin-bound enaminamides 220.

Subsequent treatment with benzoquinones at room temperature for 1-2 days gave the resin-
bound indoles 221 which were then cleaved in acid. A wide range of primary amines were
employed but many resulted in low yields. Indoles produced in this way have a primary
amide at the site where the resin was attached,) so the method is not traceless. Complete
regioselectivity was observed, with monosubstituted benzoquinones giving substitution at
C-6 of the indole and 2,5-disubstituted benzoquinones giving 4,7-disubstituted indoles,

although 2,3-disubstituted and 2,6-disubstituted benzoquinones were unsuccessful.

Froc i. Piperidine/ DMF ~ (MeO),CH
N i RNH,. N
218 o 0 rnt,2x24h 220
R:]]\:(\\L o r3 @ N/@ , rR3 @ NH,
R? HO (" 20%tFaDcm MO {
— ,
CH3N02 1 N R1 N
. or R rR2 R R2 R
Acetone 221 | 217 21-95%
87-100% pure (HPLC UV 240 nm)
Rink @ '-—.—\ :
© O HN-<O_

@ = Polystyrene

Scheme 78
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A recent palladium-catalysed tandem C,N-arylation of resin-bound enamines has been
reported.'®® In a one pot procedure, resin-bound N-acetyl dehydroeilanine 222 and 1,2-
dibromo aniline undergo a Heck coupling followed by an amination reaction to give the
Corresponding  resin-bound indole (Scheme 79). Cleavage from the resin by
transésteriﬁcation, yielded indolecarboxylate 223 in good yield, upon aqueous work-up

and column chromatography. The ester moiety marks the site of resin-attachment.

0% =Wang resin i. Pdx(dba); 5 mol %,
0 B Cy,NMe, t-BugP,

r [ :

O)J\’/ . @: PhMe, 100 °C mCOZMe
NHAc gr ii. NaOMe, THF-MeOH }rj
t, 16 h
222 1 eq. 2 eq. 223 78%
Scheme 79

Palladium-catalysed cyclisation of a -anilino-a B-unsaturated resin-bound esters containing
a halogen ortho to the aniline to give polymer-bound 2-irid01ecarboxylates, has been
reported recently.'®® Similarly, Heck-type cyclisations of resin-bound N-allyl-substituted
ortho-haloanilines for the construction of the indole nucleus have been reported,!’® 17!
Zhang et. al.'™" utilised Rink amide resin 224, which was coupled with y—bromocrbtonic
acid, aminated with a range of ortho-iodoanilines, and then alkylated with benzyl bromides
to give resin-bound cyclisation precursors 225 (Scheme 80). A 5-exo-trig Heck cyclisation,
followed by resin-cleavage gave indoles 226 in high yields and reasonable purity. Again, a

3-methylcarboxamide group is left at the former site of attachment to solid-support.

\ |

OH HZN@ HN—% RL:' ° N\@

224 NH, |
e ; L,
gr DIC,THF gr  (FPrioNEt DMF

i. Pd(PPh3),Cl,, BuyNCl,

D

Rz—}()\ EtzN, DMF-H,0 (9:1), CONH,’

CHBr AN 70°C, 24 h R1{§E\§

harrd 0
(-Pr),NEt, DMF A ii. 30% TFA/ DCM ZN
X 4 N o2
| R 226 67-88% |__JR
225 80-90% pure
= Polystyrene-Rink ; (HPLC UV 254 nm)
Scheme 80
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The most common method for the solid-phase synthesis of indoles involves the palladium-
catalysed heteroannulation of internal alkynes, which in turn are prepared from ortho-
haloanilines. A synthesis of 6-indole carboxylic acids utilised TentaGel-S® resin-bound
esters containing an ortho-iodo N-acetoxy-anilines and coupling/cyclisation with a
temﬁnal alkyne.'” Trisubstituted 6-indole carboxylic acids were prepared using a similar
approacﬁ employing Wang resin-bound esters containing ortho-iodoanilines.'” Zhang
reported a similar approach, employing Rink amide AM® resin-bound amides 227
containing ortho-iodoanilines to give 5-carboxamide indoles 228 (Scheme 81).'°> 1 2,3.
Disubstituted indoles 228 had the more sterically demanding group at the 2-position, due to
insertion of the intermediate arylpalladium species into the less hindered end of the alkyne.
Using the same linker but employing an N-(butyn-1-yl)acetamide as the alkyne under

microwave assistance, allowed the synthesis of 5-carboxamido-N-acetyltryptamine.!”

o i R—=—R?
- (Q—NH, LiCl 1 eq. o R
O DCC,HOBt = ©O KiCO35eq. -
HOJK(:[I DMF,26h N)K@(I 10% PPh, e
N il Piperidine, 1 H, 10% Pd(OAc), © H
Fmoc  DMF 227 DMF, 80 °C 228 38-100% -
: ii. 30% TFA/DCM 53-949
J = Polystyrene-Rink , o 3(%:/{8‘)"6

Scheme 81

All the methods discussed above, involve cleavage strategies which leave polar
substituents at the site where the resin was attached, and so are of limited use in the
synthesis of libraries for drug discovery, as such groups are known to affect structure

activity relationships.'”



Therefore traceless solid-phase methodologies are required for the synthesis of indoles,
Wwhere the former site of resin-attachment is not apparent in the final cleaved product.''” A
number of such traceless indole syntheses have appeared, employing the heteroannulation
of internal alkynes, coupled to ortho-haloanilines which are immobilised vig an N-aniline
linker. The first approach involved loading 2-iodoaniline onto Ellman’s THP resin 229
with pyridinium tosylate (PPTS) to give aminal linked aryl iodide 230 (Scheme 82).””
Palladium-catalysed cross-coupling/cyclisation with alkynes in the presence of
tetramethylguanidine (TMG) base gave resin-bound indoles 231. Unfortunately, the
coupling reaction must be repeated in order to drive it to completion. Coupling is generally
regioselective with bulky substituents ending up at the 2-position of the indole. Problems
arise when the opposite regiochemistry is required, and yields are reduced when alkynes
with sterically demanding substituents are used. Cleavage from the resin gave 23-
disubstituted indoles 232 or 3-substituted indoles 233 upon protodesﬂylatlon although

details of purity were not given.

NH,

SR By, e
PPTS, DCE NH Pd(PPh3):Cl Q/

TMG, DMF,
0 80-110 °C,
O\/® i.5h,ii.16 h
| g
12 30 BTEAI
2 R'=TMS DCM
, B |
= Polystyrene .
N N
: "H H
233 73-82% 232 53-97%
Scheme 82

Gmeiner has reported a similar linkage strategy,'’® which was used to immobilise 3-cyano
indoles. Upon further functionalisation by a Mannich reaction on resin, and by resin-

cleavage a range of highly sclective Dopamine D4 receptor partial agonists were

synthesised.!” |
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Zhang reported a 'similar linkage strategy, employing an N-sulfonyl Iinker, which can be
cleaved using tetrabutylammonium flouride in a traceless fashion. 2-Substituted indoles!®
and 3-substituted 2-arylindoles181 were prepared in this way, via successive palladium-
catalysed reactions. The same linker was employed in a recent synthesis of 2,3,5-
trisubstituted indoles.'®? - 4-Bromo-2-iodoaniline was loaded onto the commercially
availablé PS-TsCl (polystyrene sulfonyl chloride) resin 234 giving resin-bound aniline 235
(Scheme 83). A selective coupling reaction of a range of terminal alkynes with the 2-iodo
moiety of 235 was carried out in the presence of the 4-bromo group, followed by
intramolecular cyclisation to give resin-bound indoles 236. Subsequent acylation at the 3-
position employing aluminium trichloride gave 3-acyl indoles 237. Further
functionalisation at the 5-position, via either a Sonagashira COupling with terminal alkynes,
or a Suzuki coupling with aryl boronic acids were successful. Cleavage from the resin was
then achieved with base, and acidification gave the corresponding indoles 238a. By
carrying out the cleavage in the presence of methyl iodide, N-methyl indoles 238b were -
prepared. Other alkylations were unsuccessful. The methodology is restricted to aryl, acyl
and alkynyl substituents at the 2-, 3-, and 5-positions, respectively. Also, it does not allow
substitution at either the 4-, 6-, or 7-positions and gives only N—méthy]atioh. Despite these
limitations, it is amongst the most diversity-based, traceless, solid-phase, indole synthesis
reported to date, and as it employs IRORI technology it seems ideal for automation.
Schultz recently utilised the same linkage strategy for preparing N,N-dimethyltryptamines

on solid-phase, although the indole nucleus was not formed on resin.'®

0 . Br I R'—= Br ’
o orsAQ U 10% Pd(PPh3);Cl, >R 9
Br | O 234 O_rgflo 20% Cul N R?

NH, Pyridine Ar EtsN, DMF, AICI,
DCE Q' 235 . 1d DMF
(R%=) =—R* | R2
20% Pd(PPh3);Cl2 H R {
o RZ  40% Cul, Et;N, . R? T N R’
\_gi_DMF,70°C,1d__ gt KOBu 38a H
N or ' Q
0=5=0 R®8(OH), - R?
o Ar 0 cl s ‘ Mel . R
- K3POy, dioxane, N
90 °C, 1d | 238h Me
_ . 238 10-20% >95% pure
= Polystyrene (RP-LCMS: UV 255 nm)

~ Scheme 83
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An intramolecular Wittig reaction, of a polymer-bound phosphonium Salt, has been applied
to traceless solid-phase indole synthesis.'®® Phosphonium salt 239 was easily prepared
from resin-bound triphenylphosphine 240 (Scheme 84). Reduction of the nitro group,
followed by regeneration of the bromine counter ion, gave polymer-bound aniline 241.
Acylation gave amide 242, which underwent an intramolecular Wittig reaction, under
strictly a;nhydrous conditions, generating indole 243. The phosphine oxide by-products stay
attached to the resin, so the method is traceless and also ensures high purity in the final

products. However, only one indole was made in this way.

reflux, 90 mins

DMF, 70 OC' N02 ii. HB'I', MeOH,
48 h - 239 _ dioxane

J—PPh,
240

o

| o |
CI/K@\ (Q-Phabr i. PhMe, DMF,
| NJ‘\©\ ii. KO'Bu, DMF, N ©
H

e S
@CBr Q-FPhsBr | Naus,0, EIOH,
> ©\) '

Pyridine, DCM
2h H , 45 mi ‘
, 242 OMe reflux, 45 mins 243 78%
@ = Polystyrene
Scheme 84

More recently, a modified Madelung synthesis of indoles has been carried out on solid-
phase.!™ Aniline 244 was loaded onto Bal-resin 245, and the resulting imine was reduced
to give secondary amine 246 (Scheme 85). Acylation was followed by an intramolecular
cyclisation-dehydration step to give the resin-bound indole 247, which was cleaved from

the resin under strongly acidic conditions to give the 3-cyano indoles 248.

i OM

RCOCI
Me S5e
o [eag— @ﬁ 2
NH, ii. NaBH(OAc)3, NH (Pr)oNEt
2442 eq. rt o k®
KO'Bu (2eq), - CN CN
:5 TFA:Et;SiH 248 43-88%
DMF @f\&R | 95:5 3S| @\/\g—R 51-96% pure
reflux, 2 h N rt, 30 mins ” (HPLC UV 254 nm)
: 247
il = ®\/ OMe ® = Polystyrene
H
MeO H
Scheme 85
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Chapter 6 - Quinolines

6.1 Activity

The quinoline nucleus plays an important role as an intermediate for the design of many
Pharmaqologically active compounds.‘ss An example being chloroquine 249 (Figure 11),
which has been by far the most successful antimalarial, being cheap, highly efficacious,
and of relatively low toxicity. However, due to the advance of multidrug resistance,
chloroquine and other available drugs are becoming less and less effective. Therefore, the
search for successful alternatives, including analogues of current drugs, continues. A recent
study found that having a moderately lipophilic group at the 7-position, was optimal
against a chloroquine resistant strain of Plasmodium falciparum.186 Another study found
that some short chain alkyl amine derivatives [e.g. 250 (Figure 11)] were more potent than

chloroquine, against the same strain of Plasmodium falciparum.'®’

Me Me
, HN)\I\/ HN)L' ‘
Cl N cl N?
Chloroquine 249 - 250 :
Figure 11

A range of 2-phenyl-4-diaminoquinolines 251 (Figure 12) have shown potent

Immunostimulant activity in a mouse protection assay.'®®

NHR
N">Ph
251
Figure 12
Quinoline 252 (Figure 13), one of a range of quinoline alkaloids isolated from the bark of

Galipea officinalis, showed activity against a range of strains of mycobacterium

tuberculosis, !%°

Galipine 252

Figure 13

58



6.2 Quinoline Synthesis

. . 5
There are numerous examples of syntheses of the quinoline nucleus.'®

Indeed so many
only the most general of the classical approaches and a variety of very recent methods will

be discussed here.

The Combes synthesis involves the condensation of a 1,3-dicarbonyl compound (e.g. 253)
with an arylamine (e.g. 254) to give the B-amino-enone (e.g. 255). Cyclisation by
electrophilic substitution in acid on B-amino-enone 255, followed by dehydration affords

quinoline 256 (Scheme 86).'*°

MeO MeO
6\ heat ©\ conc. H2804 BN
95°C N° N
NH ,
MeO 2542 253 MeO 256 23%

Scheme 86

The Skraup quinoline synthesis utilises an arylamine (e.g. 257) and an d,B-unsamfated
carbonyl compound (é.g. 258) in the presence of an oxidising agent (Scheme 87)."! The
conjugate addition product (e.g. 259) cyclises to the dihydroquinoline, which is oxidised in
Situ to give the quinoline (Scheme 87). When using meta-substituted aryl amines, electron-
donating and halide substituents give mainly 7-substituted quinolines, whereas electron-

withdrawing substituents give predominantly the 5-substitut¢d quinolines.

ZnCly, FeCls O«
\@\ __EtOH \©\ o o
ﬂux =~
NH2 re N
257 259 H 65%

Scheme 87

The analogous Doebner-Miller reaction employs o B-unsaturated aldehydes although'
aldehyde polymerisation is commonly a problem. It was recently reported that utilising a

bi-phasic system, yields improved considerably and the reaction proceeded smoothly in the

absence of oxidants (Scheme 88).'2

R! Q il LT
[ / »
NHR?  PhMe, 6 M HCI N
R2=AcorH reflux 61-70%
Scheme 88
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The Friedlinder synthesis involves the condensation of ortho-acylarylamines (e.g. 260)
with a ketone (e.g. 261) or an aldehyde (containing an a-methylene group), to give
quinolines (Scheme 89). The condensation can be carried out employihg acid or base
catalysis and the orientation of the condensation depends on the regioselectivity in

formation of the enol or enolate, respectively.'”

Ph aq. KOH Ph cat. conc. H,SO, Ph
N EtOH 0 AcOH N
. .
NEt 0°C NH, /o) reflux N*
71% 260 261 88%

Scheme 89

A recent, ruthenium-catalysed modified Friedlinder reaction of 2-aminobenzyl alcohol
with ketones 262 has been reported.'** Methyl ketones with one enolisable substituent gave
2-substituted quinolines 263 (Scheme 90) although cyclic ketones were also converted to
the corresponding 2,3-fused quinolines. The reaction is thought to proceed via oxidation of
the alcohol to the aldehyde, followed by cross aldol reaction with the ketone.!™* The
resulting o ,B-unsaturated ketone is then proposed to be hydrogenated to the product by a
dihydroruthenium (RuH,), generated by the initial oxidation of the starting alcohol.
Another recent variation employs the microwave-assisted, one pot reaction of amines and
aldehydes forming enamines, which then react with 2-azidobenzophenones affording 2-

aminoquinolines.'*®

RuCl(=CHPh)(PCy3),

+
©\/N\H ‘ R Dioxane, KOH (1 eq.) N° R
2 262 2 eq. 80 °C
1 eq. | 263 40-99%

Scheme 90

Recently, cyclisation of Baylis-Hillman adducts (of 2-nitrobenzaldehydes) 264 have been
applied to quinoline synthesis (Scheme 91). Formation of 3-acetoxymethyl-2-
alkylquinolines 265 occurred under reflux with Fe/AcOH, and could then be converted into

the corresponding 3-hydroxymethyl-2-alkylquinolines 266 by hydrolysis.'®

) OH O
RMW Fe,ACOH R: K2CO;4 m H
R1 N02 110 °C 1 R3 MGOH rt R1 N Rs
264

265 56 83% R' RZ=H, R%= Mo

266 80%

Scheme 91
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Baylis-Hillman acetates (from benzaldehydes) 267 have also been employed in quinoline
Synthesis (Scheme 92). Adducts 267 undergo rearrangement to tosylamide derivatives 268,
and in the presence of iodobenzene diacetate and iodine were converted into a mixture of |
N-tosyl dihydroquinolines 269 and quinolines 270. The mixture containing
dihydroquinolines 269, could then be quantitatively converted into quinolines 270 vig the
elimination of p-toluenesulphinic acid. The cyclisation reaction is thought to proceed via
an N-tosylamidyl radical, which cyclises to give an aryl stabilised C-centred radical,

followed by oxidation to the dihydroquinolines 269."

]! OAc , TsNH (5eq.) . \
N CO,R? K,CO;(5eq.) R|\\ ~~CO2R
- DMF, 50-60°C 7 ,cq “NHTs
PhI(OAc), (5 eq.)
I,(5eq.), DCE
60-70 °C
1 2 R 2| i Workup
Rl\\ Xy COR . '\\ X COR - 270 52-80%
= ' ii. K2CO3 (4 eq.)
N DMF |
Ts 269 270 120-130 °C i :
Scheme 92

Reductive cyclisation of nitroarenes with trialkylamines, catalysed by ruthenium
complexes, yielding quinolines, has been reported recently.'™ RuCIZG’Ph3)3‘ was shown to
be the optimal cataqust, for the reduction of nitrobenzene with tributylamine employing
SnClz'ZHZO as reductant, to give 3-ethyl-2-propylquinoline (Scheme 93).1% Similarly, a
Tange of nitroarenes reacted with other trialkylamines, to give the corresponding

qQuinolines. The mechanism for this remarkable transformation is not yet entirely clear.

RUCly(PPh3)s (4 mol %)

SnCly-H,0 (1 eq.) N
2eq. ©\ + BugN - N,
NO, ;

PhMe-H,0 (9:1) ,
180 °C 63%

Scheme 93

61



A recent quinoline synthesis involves the palladium-catalysed hydroarylation of alkynes,
with aryl jodides, in the room temperature ionic liquid 1-butyl-3-methylimidazolium
tetrafluoroborate [(bmim)BF‘«,].198 A range of Pd(0) catalysts were tested but the [(E,E.E)-
1,6,11-tris(p-toluenesulfonyl)-1,6,11-triazacyclopentadeca-3,8 ,13-triene]Pd(0)  complex
[Pd(0)L] proved to be optimal. A range of aryl iodides, were coupled with 3, 3-di-1-phenyl-
l-propyne 271 under the conditions shown, to give a range of quinolines as a mlxture of

isomers 272 and 273 (Scheme 94). 198

QEt PA(O)L [2.5 mol %] N
= OEt EtsN (3 eq.)
Z2 HCOOH (2 eq.) N AT
+ Ar — ) )
NHAc (24 eq) Ibrgl(;\gc 4 N L
' 56-74%
Z [ 212:27379:21-86:14

L=TsNT -~ —N\ts

Scheme 94

RR(T) complexes were recently reported to catalyse the coupling cyclisation of N-aryl
trifluoroacetimidoyl chlorides 274 with symmetrical alkynes 275 to afford 2-
triftuoromethylated quinolines 276 (Scheme 95)." A combination of [RhCl(cod)], and
either of the PhyP(CH,),PPh; (dppe) 277 or P(2-furyl); (TFP) 278 phosphine ligands, with
triethylamine in toluene under reflux were successful (Scheme 95). Using unsymmetrical
alkynes results in quinolines being formed regioselectively, and bulky substituents are
Placed at the quinoline 4-position but electron-withdrawing groups at the 3-position.
Ten‘nina;l alkynes givc; 4-substituted quinolines, or 3-substituted quinolines when the

substituent is electron-withdrawing.199

[RhCl(cod)]2 (2.5 mol %)

CH;0 277 (10 mol %) or CH30
\Q 278 (5 mol %) |
R——R : "l 276 22-77%
F3C Cl. 110 °C CF;3
274 R ,
Scheme 95
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N-Allyl-N-protected-ortho-aminostyrenes 279 have recently been shown to undergo ene-
cne metathesis to give 1,2-dihydroquinolines 280, which are then converted into quinoline
281 quantitatively by silica gel chromatography and air oxidation (Scheme 96).2%
Although Grubbs’ first generation catalyst was successful with the Boc protecting group
(PG), it gave lower yields of metathesis product, and also failed when utilising acetyl as

PG. HoWever, Grubbs’ second generation catalyst 282, gave excellent yields. 2

Mes—N/—\N-Mes
CI\ | __Ph
i
o o i. Si0
282 (5mol %) D T N
/ =0 . /
N pcm.50°C N°  BLAT(O] N
279 PG 280 PG 281
PG = Boc 97%
PG = Ac 98%
Scheme 96

Symmetrical zircdnacyclopentadienes 282 couple with 2-bromo-3-iodopyridine 283 in the
presence of CuCl and 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU), to
afford quinolines 284 in moderate to good yields (Scheme 97).**' Unsymmetrical
zirconacyclopentadienes gave mixtures of regioisomers. This methodology was also

employed for the synthesis of isoquinolines and anthracenes.*"

R! CuCl (2 eq.) R!
I R?  DMPU (3eq.) R2
AN B ~
“\/I + CpZR _ - |
N” > Br R? 50°C N R2
283 R! R
282 284 31-81%
Scheme 97

To our knowledge, there are no reported syntheses of quinolines on solid-phase to date.
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Results and Discussion

Chapter 7 - Synthesis of Alkenylboronates

7.1 Synthesis and Takeda reactions of boronic esters

As discussed in section 1.1, we aimed to synthesise thioacetals 2, which under Takeda
conditions would alkylidenate a range of esters or thioesters 3 to give B-hetero-substituted

alkenylboronates 4 (Scheme 98).

X %
RS, B~0 i. Cp,Ti[P(OEt)], 74 RIB*O
RS R! i. O R? f XR3
2
Rz/l;\XR3, THF  x=0s

Scheme 98

Before attempting the synthesis/reactions of thioacetals 2, it was necessary to repeat a
standard Takeda alkylidenation in order to establish conditions that would bé successful in
my hands. Therefore, thioacetal 285 was synthesised by a literature procedure®® and was
used to convert cyclohexanone into alkene 286 in reasonable yield (Scheme 99).
Cyclohexanone was chosen initially, as it is more electrophilic than an ester or thioester
and gives a more stable product. It is also symmetrical so there is no issue of georhetn'cal
isomers. The moderate yield is most likely a result of the difficulty in isolation of, as

opposed to the conversion to, alkene 286.

—l P(OEt);, THF

)OL PhSH, BF;-OEt, SPh | Cp,Ti[P(OEt)], 74 O%Ph
PR""H  “pomeacon P OSPh i o
265 85% Oé THF 286 57%
Scheme 99

We then turned our attention to the synthesis of boronates 287 and 288 from
bis(phenylthio)methane and 1,3-dithiane, “ respectively (Scheme 100). A literature

7% and 288 were obtained in moderate

Procedure was employed,”® and boronic esters 28
yields and purity upon distillation/low temperaﬁue crystallisation, However, thioacetals
287 and 288 failed to yield alkenylboronate 289, when employed separately under standard

Takeda reactions (Scheme 100). The crude 'H NMR spectrum upon work-up, filtration |
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through “celite, and removal of triethyl phosphite by Kugelrohr disﬁllation, showed no
evidence of signals corresponding to either an alkene proton or the methyl groups of the
pinacol moiety. It should be noted that hydrolysis of the boronic ester during work-up of
the Takeda reaction, to generate the corresponding boronic acid cannot be ruled out.
However, signiﬁgant amounts of cyclohexanone were observed in the crude 'H NMR
Spectrun; [6 2.64 (4H, t, J 5.8, CH,CO)], suggesting that the Takeda reaction was not very

successful.

i. "BulLi, THF Plnacol . 287 R =P . |
RS ii. B(OMe = % (pure
A N _ii. B(OMe); _ )—B(OH)z )— E 288 R = -(CH,)y. 66%
S ji.2MHol RS o ;
pure by 'H NMR)
Et)al, 74
287 or 288 ..'.-.C_E’.%'.r.'.[?(.c.’-_bl?..-. \@<
i 289
, THF
Scheme 100

In order to overcome the problems associated with product isolation, we attempted to
alkylidenate‘ Wang resin-bound ester 290 (Section 8.2), with the titanium alkylidene
derived from thioacetal 287. However, a complex mixture was obtained after the Takeda
reacﬁon, washing of the resin, and subjecting to standard acid conditions for cleavage from
the resin. We concluded that the reaction was not very successful as the '"H NMR spectrum
confirmed that this mixture contained mostly dihydrocinnamic acid and triethyl phosphite
Wwith some other impurities. The presence of ketone 291, or the corresponding boronic acid,

in this mixture cannot be ruled out, but the mass recovery for the reaction was very low.

1% TFA/ o)§<
DCM B '

Scheme 101

The failure of thioacetals 287 and 288 in the above Takeda reactions may not be surprising
as the Takeda procedure is not particularly useful for methylenation (see section 2.2).
Boronates 287 and 288 may suffer similar problems to methylene thioacetals in either the
formation or the feactivity of the resulting titanium carbene. Therefore, we attempted to

Synthesise the corresponding thioacetals with a substituent a to the boron atom.
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7.2 Lithiation/Alkylation of thioacetals
7.2.1 Generation and i‘eactivity of bis(phenylthio)phenylmethyllithium

Initially, we 'attempted to synthesisé boronate 292 from thioacetal 285 (Scheme ‘102),'

? as above. We hoped that benzylic

followiné Mendoza and Mattesson’s procedure,20
thioacetal 292 would be more susceptible to reduction to give a titanium alkylidene, and so

Wwould allow the synthesis of a -phenyl-B-hetero-vinylboronates 293 (Scheme 102).

i. "BuLi, THF 0 _ , 0>§<
Phs>—ph ii. B(OMe) 5 PhS,. B-0 (i. Cp2Ti[P(OEY)3], 74 Ph é\o
Phs ii.2MHc1 PSS Ph "'1ji 2 " RVNxR?
285 iv. pinacol ,292 R 3 XR 'THF o 293
Scheme 102

In  order to synthesise ~boronic ester 292, we needed to  generate
bis(phenylthio)phenylmethyllithium, and then react it with a boron electrophile (Scheme
103).

PhS, i. Base, THF PhS§ g
Ph ——

X
" PhS ii. E PhS Ph
285
Scheme 103

Following Mendoza and Mattesson’s procedure®® (Method A, Table 1), we found that
considerable carbon-sulfur bond cleavage occurred, confirmed by the detection of 1-
(phenylthio)phenylmethane® and 1-(phenylthio)butane?® in the crude 'H NMR spectrum
(see experimental). Starting material (SM) was always isolated and an almost identical
Tesult was obtained with the use of N, N, N°, N’- tetramethylethylenediamine (TMEDA)-
butyllithium complex under similar conditions (Method B).2%

base, lithium di-isopropylamide [(LDA), Method C], only starting material was recovered.

Using the less nucleophilicl

Employing LDA but quenching with DO gave 40% conversion to the deuterated product
(Method D). Slight variations of temperature and reaction times gave similar results,
Finally, the generation of the more “naked” potassium ion, by means of the “superbasic

Schlosser’s base” (Method E) also proved unsuccessful 2’
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o Table 1

METHOD | BASE ELECT(ITE())PHILE RESULTS
A #-BuLi B(OMe); | SM + C-S cleavage (38%)
B nBuLi-TMEDA |  B(OMe); | SM+ C-S cleavage (40%)
C LDA B(OMe); SM
D LDA D,0 40% conversion
| E KO'Bu- n-BuLi B(OMe); SM

Deprotonation and alkylation of diphenyldithioacetals is difficult. This is particularly the
Case for bis(phenylthio)phenylmethane 285 due to steric hindrance and the presence of the
extra anion stabilising phenyl group.2®® 208 1 jthiation generally results in a yellow/orange
anion which reacts with benzoyl chloride but not aldehydes and ketones.?*® Attack of butyl
anion on a sulfur atom in thioacetal 285 to yield aniqh 294 could explain the formation of

both the observed side products (Scheme 104).

o

Bu’l . o
Ph Ph quench
hs>°—Ph — BuSPh + 7T ———  pnspp
P 294
285
Scheme 104

Interestingly, a recent report by Yu and Jin®®

bis(phenylthio)alkylpotassium undergoes rearrangement when it is treated with alkyl
halides, but the anion reacts in high yield with D;0. They propose that elimination of

stated that a 1,1-

Phenylthiolate to form a carbene is accelerated by addition of certain electrophiles.?*® In
the case of bis(phenylthio)phenylmethyllithium 295, elimination of phenylthiolate could
form carbene 296 which could further react and/or be quenched in the work-up (Scheme

105) This suggests that the problems could arise both in the preparation of the carbanion, ‘

and in reacting the carbamon with electrophiles (E).

PhS o o Ph  quench Decomposition
h » —_— s
Z — 7SPh + Ph ;/ Products
PhS L@
Scheme 105
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7.2.2 Generation and reactivity of 2-Lithio-2-phenyl-1, 3-dithiane

| We reasoned that dithianes would be less susceptible to nucleophilic attack at sulfur.
Therefore, 2-phenyl-1,3-dithiane 297 was synthesised from benzaldehyde as before, and
then I attempted to generate 2-lithio-2-phenyl-1,3-dithiane and react it, initially with boron

electrophiles, and later with a range of other electrophiles to probe the reactivity of the

lithium salt (Scheme 106).

o - , E
HS " SH i. Base, THF
HS ~ S, r~s7ph = o

Ph”“H "~ BF,.OEt, 5 i. E mj\ P

PhMe-AcOH 297 84%

Scheme 106

Lithiation of 2-phenyl-1,3-dithiane 297 by a standard pfocedure (see experimental),?* and
quenching with trimethylborate (Method A, Table 2) gave considerable amounts of starting
material and approximately 40% conversion to an unknown undesired product(s).
Quenching with D,0 (Method B, Table 2) gave similar results, but quenching with
benzaldehyde (Méthod C, Table 2) gave complete conversion to benzoin thioacetal 298
[(Figure 14), see experimental]. The use of LDA (Method D, Table 2) and Schlosser’s
base® (Method E, Table 2) were also unsuccessful. Replacing trimethylborate with the
more reactive boron trichloride, by adding a solution of the anion in THF via cannula to

the boron trichloride solution, gave a mixture of starting material and considerably more of

- the unknown by-product(s) (Method F, Table 2).

Table 2
[ METHOD BASE ELECTROPHILE RESULTS
S (E) |
A n-BuLi B(OMe); SM + side product(s) (40%)
B n-BuLi D0 SM + side product(s) (50%)
C n-BuLi Benzaldehyde complete conversion
D . LDA D,O SM
E "KOBu- n-BuLi B(OMe); SM
F n-BuLi BCl;, DCM SM + side product(s) (75%)
Ph
Ph
5 OH
298
Figure 14
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Lithiation and alkylation of dithianes is common, but in the case of 2-phenyl-1,3-dithiane
297, the phenyl group stabilises the anion and so reduces its reactivity.?'® Lithiation and
~ alkylation of dithiane 297 has been reported,”'! and the generation of a carbanion and
Successful reaction with benzaldehyde is consistent with this. The failure to react with D,O
remains; unexplained (quenching with MeOD may have given better results). The
formation of undesired by-products in some runs, may occur by attack of a butyl anion at
sulfur, and/or by generation and reaction of a carbene (as for thioacetal 285, scheme 105).

However, the lack of self-consistency in Table 2 makes any explanation tentative.
7.2.3 Generation and reactivity of 2-Lithio-2-(1-styryl)-1, 3-dithiane

Allylic thioacetals would be expected to be easily reduced by low-valent titanium complex
74 to give titanium allylidenes. Therefore, 2-(1-styryl)-1,3-dithiane?'2 299 was synthesised
from cinnamaldehyde according to the literature procedure (Scheme 107). I then attempted
to generate of 2-lithio-2-(1-styryl)-1,3-dithiane and react it with a range of electrophiles,

including boronates, to probe the reactivity of the lithium salt (Scheme 107).

(0} ' . E
HS""SH ~~ph | Base, THF
s ~ on S7~~>" . Pz
PN BF5OEt, L5 i. E D\SSJ\/\ P
| Et,0 299 79%

Scheme 107
Although the lithiated adduct of thioacetal 299 can react o or Y to the sulfur atoms, hard
electrophiles react at the a-position.2'? Consequently, we expected boron electrophiles to
react at the o-position. Lithiation under the standard conditions (see experimental) gave the
dark orange anion.?'? Aithough deuteration (Method A, Table 3) was successful giving a
mixture of 2-deuterio-2-(1-styryl)-1,3-dithiane 300 (Figure 15) and SM 299 (80 %
conversion by 'H NMR spectroscopy, see experimental), the anion failed to react in the
desired way with any boron electrophiles (Methods B, C and D Table 3). Indeed,
employing B(O'Pr); led to a significant amount of side product(s), but the 'H NMR

Spectrum was complex and difficult to interpret.

Table 3
METHOD BASE ELECTROPHILE RESULTS
‘ (E)
A n-BuLi D,0 80% conversion
B n-BuLi B(O'Pr); SM + side product(s) (25%)
C n-BuLi B(OMe); SM
D KO'Bu- n-BuLi B(OMe); SM
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D
5\34\/\Ph

S 300

Figure 15

The formation of undesired by-products may be due to the carbene formation as proposed
for thioacetals 285 and 297.

Conclusions

It would appear that thioacetals 287 and 288 are not sufficiently reactive under Takeda
reaction conditions. Moreover, 2-lithium salts of thioacetals 285, 297 and 299 seem
difficult to generate, are unreactive with boron electrophiles, and are prone to -
decomposition. The employment of thioacetals with a simple alkyl group may allow the
generation of suitably reactive carbanions, which would then react with boronates.
However, due to the difficulties we had in preparing suitable substrates for novel Takeda
Ieactions, we decideci that this route to vinylboronates was not general enough to merit

more time being invested on it.
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Chapter 8 - Synthesis of N-Boc Indoles

8.1 Background

As discussed in section 1.1, recent work within the group has seen the development of a
novel benzo[b]furan synthesis on solid phase.! Thioacetals 301, containing an ortho-
protected phenol, alkylidenate Wang-resin—bouhd esters 302 (Scheme 108) under Takeda
conditions as discussed in section 2.2. The resulting resin-bound enol ethers 303 can be
cleaved from the ’resin to give ketones 304. Altematively, removal of the TBS protecting
group followed by cleavage from the resin, allows cbncomitant cyclisation to give the 2-
substituted benzo[5]furans 305. The resin was contained in IRORI macroKans, which can

be described as porous polypropylene, tubular, reactor vessels.

| SPh e 50% TF
_ ! O _R - 50% TFAgqy
@\%Sph i.4 eq. CpsTIP(OEL, 74— > DCM (1:1) o
otgs i " R
301 OTBS OTBS
3 304 65-79%
i. BusNF, THF

ii. 50% TFAgq/DCM (1:1) m
R
= o

305 65-79%

Scheme 108

As discussed in Section 1.1, we aimed to extend this inethodology to the synthesis of
nitrogen-containing hcterocycles,‘ and in particular to indoles?'> ?!¥, Thioacetals 306, with a "
suitably protected ortho-aniline moiety should be prepared from readily available
Precursors. The titanium alkylidenes of thioacetals 306 should akylidenate resin-bound
Csters 302 yielding enol ethers 307 (Scheme 109). The protecting group should be easily
formed, stable to the reaction conditions, preferably acid labile, and by-products formed
upon its removal should be volatile. Should these requirements be met, then cleavage from
the resin and concomitant cyclisation should allow isolation of the indole in high purity

upon solvent removal.

SR A
R SR LCTIPCERTS TS
= it &
NPG . i N '
306 X
X=HorPG

Scheme 109
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8.2 Synthesis of resin-bound esters

Esters were formed on Wang and Merrifield resins using standard methods. The difference

in reactivity of these two resins under acid conditions has been discussed earlier (see
section 4.2.2).

The formation of Wang resin-bound ester 290 was achieved by reacting Wang resin
(swollen) in THF with dihydrocinammic acid employing 1,3-diisopropylcarbodiimide
(DIC) as coupling agent with a catalytic amount of 4-dimethylaminopyridine (DMAP)
(Scheme 110). DIC was employed instead of the more commonly used '41,3-

dicyclohexylcarbodiimide (DCC) due to the greater solubility of its by-product in organic
solvents, |

© Ph(CHa),COH

_ DMAP, DIC,
Wang resin THF, rt

Scheme 110

Treating Merrifield resin (swollen) in DMF with 5 eq. of caesium éarboxylatcs 308 at 60-
70 °C yielded Merrifield resin-bound esters 309 (Scheme 111). The caesium sait has a
larger cation than the equivalent lithium or sodium salt. This results in a greater
dissociation between the ion pair, particularly when using a polar solvent such as DMF.
The resulting naked carboxylate anions give a higher rate of ester formation than that

achieved with other metal counterions.?"

RCO, Cs'

o
N 308 .
Merrifneld DMF, 70 °C 309
resin
-Scheme 111

For both Merrifield and Wang resin-bound esters, IRORI macroKans were employed (see

Section 4.3) with 3-12 kans used per reaction.
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8.3 Initial Studies

8.3.1 Use of 2-Aminophenones

As 2-aminophenones are readily available, we envisioned that thioacetalization, followed
by base'vr stable (STABASE) or silyloxyethoxy methyl (SEM) amine protection, would
provide us with suitable substrates for Takeda alkylidenation. Both SEM and STABASE
Protecting groups can be removed in mild acid conditions, and are standard amine

Protecting groups.*!®

Initially, we formed thioacetal 310 from 2-aminoacetophenone, but purification by
chromatography led to decomposition of the thioacetal to give the 2-aminoacetophenone
(the '"H NMR spectrum showed identical signals to that- of a spectrum of 2-
aminoacetophenone) and 1,3-propanedithiol (Scheme 112). Crystallisation was also
unsuccessful. However, thioacetal 311 was synthesised in good yield (Scheme 112).
Attempts to protect aniline 311 as the SEM 312 and STABASE 313 analogues were
unsuccessful (Scheme 112). In the case of SEM, the use of K2C0; as base, only yielded a
Complex mixture of compounds that was uninterpretable by 'H NMR spectroscopy
although considerable amounts of starting material 311 and SEMCI could be identified.

Adaptation of a literature procedure employing NaH as base, 2> 218

gave similar results.
The attempted STABASE procedure’’’ gave mixtures that contained mostly unreacted
Starting material (from the '"H NMR spectrum), but TLC analysis confirmed the presence

of at least four products.

o] /j
CﬁLR He > Sh, @fk R= VCH 310 32% (95% pure)
F OEt \ 3 o o pure
NH, PEML_ACéH‘ NHz R=Ph311 82%
Ph S/j : Ph S/j
S i n-BuLi, THF i. K;COz or NaH (]
>, e a1q B TET s
NS ii.C | o iil. SEMCI, DMF N(’\o/\f i\>
313 Si\> /Si/\, < | 312 /2
Scheme 112

{

Although a common protecting group for N-heterocycles, SEM is rarely used for anilines.
Both the SEM and STABASE protections may well have suffered from severe steric
hindrance caused by the bulky substituent ortho to the amino group.
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As dithianes are easier to prepare from 2-aminobenzophenones than the corresponding,
bis(phenylthio) thioketals, we decided to test the reactivity of dithianes 314 and 315 under
Takeda conditions (Scheme 113). Employing thioacetal 314 would help establish optimum
conditions for desulfurising dithianes, and the use of thioketal 315 would determine if 3-
SUbstitutcd heterocycles could be accessed by this methodology. Thioacetal 314 was
Prepared by a literature procedure,”” and thioketal 315 was prepared by adapting Barton’s
Procedure,”* and then both were protected as fert-butyldimethylsilyl ethers (Scheme 113).
Thioacetal 316, under Takeda conditions, converted Wang resin-bound ester 290 into the
corresponding enol ether 317. Cleavage from the resin then generated the ketone 318 in
good yield and high purity. Thioacetal 319, under the same standard conditions, gave only
hydrocinammic acid with minute quantities of another compound that may have been the
desired ketone 320, observed by 'H NMR spectroscopy.

o N
Imidazole,
©:‘LR HS™" sH @fk Et;N, DMF @6\
OH (a)TeCI4, DCE TBSCI OTBS

(a)R=H 314 R=H 316 R=H, 68%

- (b) BF3 OEt2 -
B)R=CH; L o %04 315 R=CHs 319 R=CHg, 44%
Oy ~_Ph
i. Cp,Ti[P(OEt)3], 74 Q\/ﬂ Ph 50% TFAGq.y
4 eq. R DCM (1:1) R
i. 0 oTBS OTBS

W O Ph 317R=H | 318 R=H, 71%
0.2 eq. 290 (Yield from 290)
320 R = CHj; Failed

Scheme 113

These results confirmed that dithianes could be employed. Howéver, benzylic thioketals
fail to generate effective alkylidenating reagents under Takeda conditions, in agreement

With Takeda’s reports’* (see section 2.2).
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8.3.2 Introduction of Formyl group ortho to a protected aniline

Our next approach was to introduce the ortho-aldehyde moiety in the presence of a
Protected aniline. The aldehyde could then be converted into a thioacetal. It was important
to demonstrate that a protected aniline ortho to the thioacetal could survive the Takeda

reaction conditions, allowing both formation and reaction of the titanium alkylidene.

2-Bromo-N,]\/—dibenzylaniline 321 was prepared (Scheme 114), in the hope of inducing
lithium-halogen exchange and quenching the resulting anion with N,]\’-dimethylfonnamide
(DMF). Although anion 322 presumably was formed employing #-BuLi, intramolecular
deprotonation then occurred, yielding a more stable benzylic anion 323, which then reacted
with butyl bromide to give aniline 324. Indeed, the reaction would require an extra
equivalent of n-BuLi to prevent butylation but formylation would presumably still occur at

the benzylic position.

i. n-BuLi1.1eq.,
@[Bf BnBr, NMP C[Bf THF, -78°C @L
NH, };62((::)3 N(Bn) ii. DMF, -40 °C N ph |

321 79% ph 324 78%

l n-Buli ‘ { BuBr
C :N(Bn)z : ‘N"LPh

323
Scheme 114

Next we hoped to carry out a Vilsmeier-Haack reaction?!

on N,N-dibenzyl-p-toluidine
325, readily prepared from p-toluidine (Scheme 115), using the methyl moiety as a
blOcking group. However, the main products observed in the crude 'H NMR spectrum
were 2,4-dimethylaniline [2.21 ppm (3H, s, CHs), 2.23 ppm (3H, s, CH;), 3.47 ppm (2H, s,

NHz),] and considerable amounts of benzaldehyde [10.0 ppm (1H, s, CHO)].

\©\ BnBr, NMP \@\ POCI; (2 eq.) \(D\/ ©/\
NH, K2CO3 N(Bn), DMF 80°C

325 74%

Scheme 115
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Finally, we carried out the Vilsmeier-Haack reaction®! on N,N-dimethyl-p-toluidine which
Bave aldehyde 326 in moderate yield after chromatography (Scheme 116). Thioacetal 327
was prepared from aldehyde 326 in moderate yield after chromatography, and then
SUbJected to the standard solid phase Takeda reaction sequence, employing Merrifield
resm-bound ester 309a". To our satisfaction ketone 328 was obtained in moderate yield and
very high purity. Although the N,N-dimethyl moiety did not allow deprotection to give the
aniline and so consequent cyclisatiori to the indole, its use confirmed that a protected

aniline ortho to the thioacetal could survive the Takeda reaction.

\©\ POCl,, DMF \CCO' HS™""SH_ Uk
NMe, 80°C NMe,  BF3OEt,, NMe,

326 58% 327 58%
i. Cp,Ti[P(OEt)s), 74 1% TFA/ O Ph
4 eq. ‘ @\/0 pCM
i, )Ok/\
X NMe2
(0) Ph NM62 328 53%
0.2 eq. 309a’ (Yield from 309a’)

Scheme 116
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8.4 Use of 2-Nitrobenzaldehydes

We then planned to investigate routes to suitable thioacetals from 2-nitrobenzaldehydes, as
2-aminobenzaldehydes self-condense. 2-Nitrobenzaldehyde was converted into thioacétals
329 and 330 (Scheme 117). Thioacetal 330 was then reduced with sodium borohydride and
Pd/C?2 ¢ give aniline 331. The reduction of nitro compound 329 was unsuccessful, as
elimination of the thioacetal occurred yielding 2-nitroben2a1dehyde (aldehyde singlet at
9.10 ppm observed in the crude 'H NMR spectrum), amongst a complex mixture of other
Compounds. SEM protection of aniline 331, employing n-butyllithium as base, yielded a
Complex mixture of compounds With considerable amounts of starting material 331 and
SEMCI still present in the "H NMR spectrum (Scheme 117).

Q | SR NaBH, . SR
o St O o O
BF3-OEt,, THF H
Oz prMe-AcGH NO: NF2
320 R=-(CHy)y 331 R = -(CHy)y-
89% 50%

330 R=Ph, 70%

s/j S/\/l
@(ks i. n-BuLl, THF C(ks

NH, ii. SEMCI, THF N(SEM),
331

Scheme 117

Thioacetals 330 and 331 were subjected to thé standard solid-phase Takeda reaction .
Sequence (Scheme 118). We hoped that the titanium complex 74, would reduce both the
Ditro and thioacetal moieties in thioacetal 330, and allow alkylidenation of Wang resin-
bound ester 290. However, after subjecting the resin to the standard cleavage conditions,
only hydrocinnamic Vacid and cyclopentadienyl titanium by-products (singlets at 6.49 ppm)
Were observed in the 'H NMR spectrum. Similarly, thioacetal 331 failed to form an
effective alkylidenating reagent, as there was no evidence of indole 332 observed in the

crude '"H NMR spectrum after reacting with Merrifield resin-bound ester 309a'.

T LCRTIPOENLTE ~ o 1% TFA |
O otm i O™ Do Sy
NX; i.0.2eq. O - N Ph
3BOR=pPh, X = O)j\/\Ph NH 332 :
hx=0 @ ,
331 §= ;gCHz)a'. 290 or 3092’

Scheme 118
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Due to the difficulties we had in protecting aniline 331 we decided to employ Boc
Protection, Despite containing a carbonyl moiety we hoped that the electron-rich nature of
the carbamate carbonyl, combined with steric hindrance from the zerz-butyl group, would

render the carbonyl group(s) inert to alkylidenation.

Aniline 331 was synthesised as before (Scheme 117) but on scale up, azoxy dimer 333 was
also formed, which we isolated by chromatography and recrystallisation (Scheme 119). A
Crystal structure of dimer 333 was obtained (appendix 2). Diazine-N-oxides are common
intermediates/by—products in nitro reductions.”? It should be noted than when dimer 333
Was re-exposed to the reduction conditions, aniline 331 was not isolated. Aniline 331 was
Converted into imide 334 with 2.2 eq. Boc anhydride and sodium hexamethyldisilazide

(NaHMDS) as base, and also to carbamate 335a by heating with 1.1 eq. Boc anhydride in
THF (Scheme 119).

$ NaBH,4 /j
(:(k Pd/C @k 2.2 eq. NaHMDS d
NO THF 2.2 eq. (Boc),0 B
329 2 THF 334 78°/(o o)z
1 1 eg. (Boc),0
THF, reflux
@? ®
+
N @
333 O_ NHBoc
335a86% .
Scheme 119

Thioacetals 334 and 335a were both, in turn, subjected to the standard solid-phase Takeda
Itaction sequence employing Merifield resin-bound ester 309a". When employing imide
334 there was little evidence of indole 336aa’ (in the lH‘ NMR spectrum) upon subjecting
the resin to the standard cleavage conditions (Scheme 120). It was concluded that failure

Was due to intramolecular nucleophilic attack on one of the imide carbonyls.

i. szTl[P(OEt)alz 74 () Ph 1% TFA/ _

___________ 489 e ' ..M % |

0 N =~ “—Ph
oJJ\/\ph / N(BOC)Z Boc

336aa’
0.2 eq. 3092’

. Scheme 120
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When employing carbamate 335a, although the mass recovery of crude material was low
(13%), indole 336aa’ was obtained in poor yield after column chromatography (Scheme
121). The low yield is probably the result of intramolecular deprotonation of the carbamate

N-H by benzylic titanium intermediates.

sﬁ L CpTIP(OENL 74 (o Ph 1% TFA/

E)\)\S 4 eq. | DCM m
NHBoc i j\/\

3352 )0 Ph NHBoc Boc

. 336aa’ 8%
0.2 eq. 3092’ ’

Scheme 121

When imide 334 was treated with 2.7 eq. of low-valent titanium complex 74 and then
quenched in 2 mol dm™ HCI, toluidines 337 and 338°** were isolated along with thiol 339
(Scheme 122). These were present in a 1: 1: 9 ratio in the 'H NMR spectrum of the crude
mixture, but mass recovery was poor. Toluidine 337 was presumably formed by quenching
the resultant titanium alkylidene derived from thioacetal 334. Toluidine 338 could have

been formed in the same way with Boc deprotection occurring during the acid quench.

i. Cp,Ti[P(OEt);], 74 - AN
/j 2.7 eq S SH
i, 2.5h, THF @\/ ©\/ ©\)\002H
ii. ZM HCL : N(Boc), NHBoc
337

N(Boc) NHBoc
338 339

337: 338: 339 (1:1:9)

Scheme 122

Thiol 339 was difficult to isolate and on silica gel, appeared to oxidise to the corresponding
diSulﬁde, which was not isolated. The formation of thiol 339, could be explained by
titanium insertion into one C-S bond, followed by acyl migration to the benzylic position,
and subsequent quench in acid (Scheme 123). The imide nitrogen lone pair in intermediate
340 is cross-conjugated, making the carbonyls more electrophilic than simple carbamates
and hence susceptible to intramolecular nucleophilic attack by the organotitanium moiety

1n 340. Furthermore, the crystal structure*'*

of imide 334 (Figure 16) suggests that one of
the carbonyl moieties in intermediate 340 would be in an ideal orientation to undergo
n‘1018015hilic attack. Titanium-mediated intramolecular nucleophilic acyl substitution
Teactions have been used to synthesise cyclopropanols, lactones and other cyclic
Compounds.’”* Related zirconium-mediated acyl migrations from carbamate groups have

been employed recently in the synthesis of y-aminobutyric acid derivatives.?2¢
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+
f\ S " STiCp,
715 ! H' CO,H
Cp» _COg Bu 2
N(Boc), NBoc NHBoc
340 339

Scheme 123

Figure 16 Crystal structure of imide 334  Figure 17 Crystal structure of carbamate 335a

When carbamate 335a was treated with 2.7 eq. of low-valent titanium complex 74 under

822 and thiol 341 were formed in the ratio shown (Scheme

similar conditions, toluidine 33
124). Insertion of titanium into one C-S bond [as for imide 334 (Scheme 123)], followed
by intramolecular deprotonation of the carbamate N-H and subsequent quench in acid,
could explain the formation of thiol 341. The nitrogen anion would be stabilised by
conjugation with both the carbonyl group and the aromatic ring. Furthermore, in the crystal
structure'* of carbamate 335a (Figure 17) the N-H bond is orientated towards the benzylic
Carbon atom. A conformation with the N-H and N-Boc bonds coplanar with the aromatic
ring must be energetically accessible in solution, as C4 and C6 of the dithiane are

equivalent in the *C NMR spectrum.

i. CpoTi[P(OEt)3], 74
s/t] 2.7 eq. S ""SH
[::I%\S t, 14 h, THF [::Ii [::I{
NHBoc fi-2M HCL NHBoc NHBoc
335a 338 341
338: 341 (2:9)
Scheme 124
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We hoped that a éalt generated by deprotonating carbamate 335a, would be stable to the
formation of the titanium carbene, and would allow complete reaction with the resin-bound
ester. However, we encountered severe solubility problems in THF, when trying to form
the sodium (NaHMDS) aﬂd lithium (LDA) salts of carbamate 335a (see section 9.1).

8.5 Use of N-TMS-N-Boc Protection in N-Boc indole synthesis

The use of an N-silylated N-Boc species as protecting group has only recently been
reported by Voyer, although it was not employed for the protection of anilines.””’

However, N-silylation followed by thermolysis is a well-established method of generating
isocyanates, 228 ‘

In order to prevent intramolecular proton-transfer under Takeda conditions, carbamate
335a was deprotonated and silylated to give N-silylated species 342a in high yield
(Scheme 125). Due to the insoluble nature of salts derived from carbamate 335a, we used
an in sity quench by adding LDA to a mixture of the carbamate and TMSCI in THF. N-
silylated carbamate 342a is unstable, mostly decomposing to carbamate 335a, when stored
under argon overnight. This made full characterisation difficult. However, the *C NMR
Spectrum (at 52 C to allow rapid equilibration of the carbamate geometrical isomers) of N-
silylated carbamate 342a was obtained. As expected, C4 and C6 of the dithiane ring were
found to be non-equivalent showing that rotation about the aryl-nitrogen bond is slow on
an NMR timeécale.,N-silylated carbamate 342a was then subjected to our standard solid-
Phase reaction sequence exhploying resin-bound ester 309a’ (Scheme 125). Resin-wash
With solvents including methanol, presumably ensures N-desilylation to yield enol ether
343, which when treated with 1% TFA, gave N-Boc indole 336aa' in good yield and high
purity after removal of the solvent (sée appendix 1 for 'H NMR spectra).

: Sq i. Cp,Ti[P(OEt)3]> 74
@k i. TMSCI, THF (:f/ ° 40q.
NHBoc ii. LDA, THF-hex Q#OB doT 5
-78°Ctort iMe,
335 |
REEE ‘ 342a 86% Qo
0.2 eq. 309"
iii. wash resin
QO ~_Ph  1%TFA
l DCM m\‘ 336aa’' 69% ,
343 30 mins (Yield from 309a")
NHBoc : Boc | _
Scheme 125
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It should be noted that this is the ﬁrst reported example of a carbony] moiety surviving

Within a titanium alkylidene reagent.

With this result in hand we set about preparing a range of thioacetal substrates to further
€Xamine the functional group tolerance of the Takeda alkylidenation. Readily available 2;
nl'tl‘oben'zaldehydes 344 were converted into thioacetals 329a-d (Scheme 126). An
improved procedure for the reduction of nitro groups, employing iron/ammonium
chloride?® a5 reducing agent, prohibited the formation of diazine-N-oxides and yielded
anilines 331a-d. Boc protection as before? yielded carbamates 335, except in the case of
the unstable electron-rich aniline 331c, which always gave a mixture of mono- and di-
Protected anilines. Consequently, nitro compound 329¢ was reduced, converted to the
corresponding imide, and mono-deprotected®! without purifying the intermediates. Phenol
335d was converted into TMS ether 335e employing TMSCI in pyridine. N-Silylation of

carbamates 335a-c and 335e as above, ga\?e unstable N-silylated carbamates 342a-c and
342e. |

o} /j
|
F NO, BE%‘C\)AEtz EtOH -H,0
e
334 - 329a-d 77-86% efiuX 3312 71-87%

1.1 eq. (Boc),0

THF, reflux i. TMSCI, THF >0
?*—5 335a-c, e R Q
 Lrfor 331 NHBoc " i. LDA, THF-hex A oBy!
eq. (Boc),0 -78°Ctort SiMe
THF, reflux 335a-d 75-86% 8
" 1% TFNDCM . 3423'0, e 63'94%
d R =50H aR=H
s bR
e R=5-0TMS ¢ R =4 iU
839 | ~ dR=50H
e R = 5-0TMS

Scheme 126

N -silylated carbamates 342§-c and 342e were then subjected to our standard solid-phase
Teaction sequence employing resin-bound esters 309 (Scheme 127). Upon washing the
resin and resin-cleavage, N-Boc indoles 336 were obtained in good yield and high purity,
With the exceptxon of the N—Boc-7-methoxy1ndoles 336b. N-Boc-7-methoxyindole 336ba’
Was Contammated with trace amounts of the deprotected indole, and N-Boc-7-
methOXVymdoles 336bb' and 336bc' underwent 51gn1ﬁcant spontaneous Boc deprotection

under the resin-cleavage conditions, and so were fully deprotcc:ted232 by treating with 20%

82



TFA in dichloromethane for 1 h. N-H indoles 332ba’ and 332bb' were isolated in high
Purity (appendix 1) following solvent removal, but the deprotection conditions led to
Substantial decomposition in the case of 2-methylindole 332b¢'. It should also be noted
that indoles 336d were fully O-TMS deprotected under the resin-cleavage conditions.

i. CpoTi[P(OEt)3]2 74 20% TFA/

Y
4 eq. DCM
1.0 \S (S) : g R1mR2 g : RZ‘
R4 P i. @) N ﬁ
N~ ~oBu! OJLRZ Boc . OMe
SiMe; N 336a-d 332a-b
342a-c, e 0.2 eq. 309a-c’

ili. wash resin
iv. 1% TFA/DCM

Scheme 127

The yields obtained for N-Boc indoles and N-H indoles are based on the loading of the
Merrifield resin used to prepare Merrifield resin-bound esters 309 (yields, Figure 18).

)+ >R Vr
N N N
H

Boc OMe Boc OMe
336aa' R=(CH,),Ph 69% 336ba’ R = (CH,),Ph 59% 332ba’ R = (CHp),Ph 59%
336ab’' R = Ph 59% 336bb’ R = Ph, not isolated 332bb' R = Ph 69%
336ac’ R = CH, 59% 336ba’ R = CH,, notisolated  332ba’ R = CHa, decomposed
_ Ho .
O N N
N Boc Boc
336ca’ R = (CH,),Ph 69% 336da’ R = (CH,),Ph 68%
336¢ch’' R = Ph 70% 336db' R=Ph 72%
336¢cc' R = CH; 58% 336dc’ R = CH3 70%
| Figure 18

Later, we investigated using fewer equivalents of the titanium carbene, and found that 3
Cquivalents of thioacetal 342a converted resin-bound ester 309a' into indole 336aa’

Without significant loss of yield (Scheme 128) under the standard reaction sequence.

i szTl[P(OEt);;]z 74
. 4 eq. , WPh
[: :| . 0 N
/U\OBU O)J\/\ph Boc
S'Mes 336aa' 61%
342a 0. 33 eq. 309a’
iii. wash resin

iv. 1% TFA/DCM

Scheme 128
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8.6 Deprotection of N-Boc indoles

Next we attempted the deprotection of N-Boc indoles prepared above. Initially, we
fOllorwed the procedure used for indoles 332b employing TFA in DCM,?*? and found in
Some cases significant indole decomposition/oxidation occurred. Indoles 336ab’, 336ea’
and 336ec’ gave pure products 332ab', 332ea' and 332ec', with or without column
Chromatography (Scheme 129). However, in the deprotection of 336aa’, 336ac' and 336eb’
Complex mixtures of products were obtained, with the crude 'H NMR spectra being
difﬁcultv'to interpret (Scheme 129). Due to the small scale of these reactions, further

Purification of such impure indoles was not attempted.

T 20% TFA/ CH V |
R'—t+ N-R2 b TFA CHCl R1—mR2 332aa’ decomposition
N

Z >N 0°Cto rt ‘ 332ab’ 97%, pure
336 Boc 332 H  332ac' decomposition
aR'= 2_ ¢ 332da’ 62%, {chromatography)
' R2= Hd R 5'0"2' _ 332db' decomposition
= (CH,),Ph, b' R = Ph, ¢' R“=CHj3 ~ 332dc' 81%, (chromatography)

Scheme 129

Indoles 332da’ and 332d¢’ wére each dissolved in d-4 MeOH in‘an attémpt to obtain their
°c ‘NMR spectra. Indole 332d¢' underwent complete conversion in the NMR tube to
indole 345d¢’ within 20 mins (Scheme 130). This was confirmed by the disappearance of
the relevant proton signals [§ 4.44 (1H, s, OH), 6.10 (1H, s, H-3), 7.72 (1H, s, NH)] of
indole 332de’ in the 'H NMR spectrum. Indole 332da’, after 2 h in d-4 MeOH, underwent
Partial deuteration at the 3-position as confirmed by the disappearance of the signal [ 6.16 -
(1H, qd, J 1.4, H-3)] in the 'H NMR spectrum (Scheme 130). However, even, after heating
in d-4 MeOH or allowing the sample to stand for two months, complete deuteration at this

Position was not observed, and so full characterisation of indole 345da’ was not possible.

p
HO . ¢4MeOH DO~
N NMR TUBE N
H D

332da’ R = (CH,),Ph, partial deuterium incorporation
332dc' R = CHj3, complete deuterium incorporation giving 345dc’

Schgme 130



Next, we attempted the nucleophilic deprotection of N-Boc indole 336ch', employing
NaOMe in MeOH (Scheme 131). However, after work-up of the reaction, only unreacted

Starting material was recovered.

O 0
{ mph _NaOMe, MeOH | { mph
(0] N rt, 14h (o) H

336¢h' Boc

Scheme 131

We then attemptéd a literature procedure for N-Boc deprotection,233 employing TBAF and
heating under reflux in THF. N-Boc indole 336¢ch' was converted into indole 332¢cb’
(Scheme 132), purified by triteration from chloroform, and a "H NMR spectrum was
obtained, However, in an attempt to acquire a *C NMR spectrum in CDCls, significant
decomposition to an unknown compound was obserVed and so full characterisation of the
highly electron-rich indole 332¢b' was not possible. These results confirm how reactive 2-

Substituted indoles are at the 3-position, particularly when they are electron-rich.

o) TBAF, THF o)
ST In ET Y-
0 N reflux, 30 h o) N
Boc H
336¢h’ 332¢cb’ 50%

Scheme 132

The authors report two possible mechanisms for the TBAF deprotection.”* Fluoride could
aCt as a nucleophile, attacking the carbamate carbonyl, eliminating the amine as a leaving
8roup (Mechanism A, Figure 19). Alternatively, E; elimination could eliminate the amine
as shown (Mechanism B, Figure 19). In both cases, CO; wbuld be produced, and the HF

formed would be neutralised by the released amine.

0 (0]
F IO R JoR?
o o,
R (‘ R
H F\_.H v
Mechanism A Mechanism B -

Figure 19
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8.7 Use of chiloro-substituted thioacetals

We felt it was important to investigate the stability of an aryl halide bond within the
titanium alkylidene reageht. 5-Chloro-2-nitrobenzaldehyde 334f is commercially available
but is contaminated with 15% of the 4-chloro isomer. The mixture was converted into the
corlfeSpc;nding thioactetals and after recrystallisation gave thioacetal 329f** contaminated
With 7% of the 4-chloro isomer (Scheme 133). Nitro reduction as above, yielded pure
aniline 3312 after two recrystallisations. Boc protection as before gave carbamate 335f,

and this was followed by N-silylation to yield N-silylated carbamate 342f.

0 /\/I
C'\CfLH HS/\/\SH \©\i Fe-NH4CI C'\C{\
NO, " BFyOE, EtOH-H,0

334f 85% . PhMe 3200 77% reflux 331f 51%
this isomer : :
1.1 Cl S S
.1 eq. (Boc),0 i. TMSCI, THF Cl
THF, reflux NHBoc ii- LDA, THF-hex J\oa :
| 335f 89% “8*Ctort S'Me3
° 342 88%
Scheme 133

Nsilylated carbamate 342f was subjected to our standard s’olid—phase reaction sequence

®mploying resin-bound esters 309a-c' (Scheme 134). In each case, following cleavage
from the resin, a 2: 1 mixture of indoles 336a and 336f were obtained in poor yield.
PreSumably this is the result of titanium insertion into the C-Cl bond under the conditions

used to generate the titanium alkylidene.

SQ i. Cp,Ti[P(OEt)s], 74
cl 4 e, cl
0 _ mRz + N_R?2
N/U\OBut i. 0] N N
SiMe, o )LRz Boc Boc
342f

¥ 02eq.309ac  R=(CH)Ph, 21% 336aa’ : 336fa’ (2:1)
R = Ph, 14% 336ab’ : 336" (2:1)

iii. wash resin _ g 2:1)
iv. 1% TFA/DCM R = CHg, 14% 336ac': 336fc’ (2:1)

Scheme 134
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Further attempts to generate an alkylidenating reagent from thioacetal 342f (Scheme 135),

Wwithout affecting the aryl chloride moiety by employing fewer equivalents of low-valent

titanium complex 74 were relatively unsuccessful (Table 4). The use of 2 equivalents of

10vaalent titanium complex 74 did prevent C-Cl reduction but gave indole 336fa’ in only

14% yield. Reverse addition (Table 4), i.e. adding a THF solution of low-valent titanium

Complex 74 to thioacetal 342f in an attempt to keep the thioacetal in excess, also proved

unsuccessfyl.

o Q . CpTi[P(OEt)s], 74
\©\>/O X eq. N N Cl \
1, = , m\_ m
N~ ~oBu! . o N Ph N Ph
. SiMe; OJ\/\Ph Boc Boc
42f 2 eq. : '
. 0.2 eq. 3092’ 336aa 336fa
iii. wash resin '
iv. 1% TFA/DCM
Scheme 135
Table 4
T4(A) & 342f(B) | equivalents of | ratioofa:f | yield of 336aa’
order of add. 74 (x) obtained & 336fa’
| B addedto A 4 1:2 21%
_Aaddedto B 4 1:3 12%
B addedto A 3 7:1 16%
__B addedto A 2 1: 0 14%

Thus, it can be concluded that there is poor chemoselectivity for the Takeda reduction of a

benZylic thioacetal in the presence of an aryl chloride.
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Chapter 9 - Synthesis of N-Alkyl Indoles

9.1 Use of N-alkyl-N-Boc carbamates

Next, we aimed to test if the N-alkyl-N-Boc moiety survived the Takeda reaction
conditions, and if so, utilise this amine protection in the synthesis of N-alkyl indoles.
Cal'baméte 335a was deprotonated with LDA in THF, concentrated inv vacuo, before
diSSolving in DCM (as the lithium salt was insoluble in THF as described above), and then
methylated by adding Mel. N-Methy! carbamate 346 was then subjected to our standard
solid-phase reaction sequence employing resin-bound ester 309a' (Scheme 136). Washing
of the resin and treatment with 1% TFA gave ketone 347aa’ (see section 9.3) in good yield
and high purity (see appendix 1 for 'H NMR spectra). Clearly, the N-Boc group is not very
Susceptible to benzylidenation. | |

S/j i. LDA, THF i. CpTi[P(OEt);], 74 o Ph-
E‘:(ks _-78°Ctort _ ©\7 4eq. -
NHBoc i Mel DCM J\OBU' i, 0 JOL

335a OJJ\/\Ph N OBu
346a 28% Me
0.2 eq. 309a° 347aa" 549
iil. 1% TFA/DCM i
Scheme 136

We required an improved procedure for carbamate alkylation and found that adding NaH
tQ a mixture of carbamate 335 and alkyl halide in DMF resulted in excellent conversion to
N-alky] carbamates 346a-d (Scheme 137). No chromatography was required, and tertiary
carbamates 346a—d were simply purified by recrystallisation. Carbamate 346a was then
Subjected to our standard sohd—phase reaction sequence employmg resm-bound esters
309a-q", The resulting ketones were not isolated but instead further treated with TFA (10%
in DCM), and upon aqueous work-up yielded indoles 348a in excellent purity without need
for further purification. Similarly, N-benzyl carbamate 346b and N-prenyl carbamate 346¢
8ave indoles 348b and 348c, respectively. However, N-allyl carbamate 346d failed to
generate an effective alkylidenating reagent, and compl:ex mixtures of products were
Observed by '"H NMR spectroscopy The failure of N-allyl'carbamate 346d is not surprisihg
3 Takeda and co-workers have shown that titanium alkylidenes generated from thioacetals

bearmg terminal or disubstituted alkenes undergo metathesis reactions (see section 2.2)."
75, 17 .
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i. Cp,Ti[P(OEt),), 74

@\)\ i. R'X, DCM ©\/K 4eq. m )
_ R
NHBoc fi NaH ° °C N(R")Boc i.0.2eq. O N

3352 )0 R 348 R’
aR's Me, 91% < 300" b’ & o

b R'= CH,Ph, 76% ii. 1% TFA/DCM

¢ R'= CH,=CHCMe,, 61% iv. 1% TFA/DCM

d R'= CH,=CHCH,, 98%

Scheme 137

The N-alkyl indoles 348 that were prepared are shown in Figure 20, and the yields shown
are based on the loading of Merrifield resin used to prepare esters 309. The yields are
Mmoderate to good, suggesting that in some instances some intramolecular alkylidenation of

the carbamate carbonyl may occur. However, the purity obtained in all cases was excellent.

Me \—Ph
348aa’ R? = (CH,),Ph, 44%  348ba' R? = (CH,),Ph, 55% 348ca’ R? = (CH,),Ph, 70%
348ab’ R? = Ph, 329 348bd' R? = CH,=CHCMe,,  348cd' R? = CH,=CHCMe,,
49% 50%
Figure 20

The success of N-alkyl carbamates under the Takeda reaction conditions may at first seem

214 of carbamates 346a (Figure

Surprising, However, it is evident from the crystal structures
21) and 346¢ (Figure 22) that the carbonyl group of tértiary carbamates 346a and 346¢ will
be less electrophilic than that of secondary carbamate 335a as the nitrogen lone pair is less
Conjugated to the aromatic ring. Thé degree of conjugation is determined by the torsion
angle C1'-C2'-N1-C1" (or C3'-C2'-N1-C1"). The CI'-C2'-N1-C1" torsion angles in the
Crystal structures of tertiary carbamates 346a and 346c are 78.71(16)° and 77.30(16)°
Tespectively, as compared to 36. 3(3)° for C3'-C2'-N1-C2" in secondary carbamate 335a.
Indeed in solution there is restncted rotation about the Ar-N bonds of all the tertiary
Carbarnates 342 and 346 making C4 and Cé6 (Cst) of the dithiane moiety non-equivalent
in the C NMR spectra, with two signals appearing in the chemical shift range of 31-33
Ppm, Funhermore, the benzylic hydrogen atoms of carbamate 346b and the allylic
hydrogen atoms of carbamates 346¢ and 346d are inequivalent in the 'H NMR spectra of

these compounds, confirming that they are diastereotopic. Interestingly, each crystal of
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dithiane 346a is homochiral (though of course the material as a whole is racemic), while
carbamate 346c¢ produces racemic crystals. Presumably, the lower electrophilicity of
tertiary carbamates 346a-c¢ compared to both secondary carbamate 335a and imide 334,
combined with the absence of an acidic proton in close proximity to the benzylic carbon

atom, must account for their stability to the Schrock carbene.

Figure 21 Structure of carbamate 346a Figure 22 Structure of carbamate 346¢

As in the N-Boc indole series, we investigated using fewer equivalents of the titanium
carbene, and found that 3 equivalents of thioacetal 346a converted resin-bound ester 309a’
into indole 348aa' in almost identical yield (Scheme 138), under the standard reaction

sequence (see appendix 1 for 'H NMR spectra of indole 348aa’).

S/j i. Cp,Ti[P(OE)3], 74
L T — O
N(Me)Boc ii. 0o N Ph
346a O/\O/U\/\Ph o

348aa' 45%
0.33 eq. 309a'

iii. 1% TFA/DCM
iv. 10% TFA/DCM

Scheme 138

Although in theory only two equivalents of titanium(IT) complex 74 should be needed to
generate titanium alkylidenes from thioacetals, we found that using fewer than 4
equivalents of titanocene dichloride with respect to the thioacetals gave very poor yields of
indoles. Thus, the optimum ratio of reagents for the benzylidenation reaction appears to be

12 eq. titanocene dichloride: 3 equivalents of thioacetal: 1 equivalent of resin-bound ester.
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9.2 Use of 0-Benzyl and O-Methyl carbamates

Next we investigated the stability of carbamafes other than the tért-butyl carbamate under
Takeda conditions. N-Methyl carbamate 349 was synthesised from aniline 331 in two steps
(Scheme 139). O-Methyl carbamate -350 was prepared in high yield employing methyl
chloroformate. Deprotonation using LDA and quenching the anion with Mel then ge\}e N-
methyl carbamate 349. No solubility problems were encountered with the lithium salt of
Carbamate 350 (unlike the Boc analogue - section 9.1) and a 9: 1 mixture of product:

Starting material was observed by '"H NMR spectroscopy, purified by recrystallisation.

J X 7 ¥
d\ S ClI” “OMe ©\)\ i.LDA, -78°Ctort - C(L
NH, aq. NaHCO;, ii. Mel, -45°C to rt
331

dioxane, , ,
0°Ctort O OMe OMe
350 90% 349 58%
Scheme 139

N—Methyl carbamate 351 was synthesised in a similar fashion. O-Benzyl carbamate 352
Was synthesised empioying benzyl chloroformate,?*® but was not isolated as it decomposed
On silica gel during chromatography (Scheme 140). Alkylation by adding NaH to a mixture
of carbamate 352 and Mel in DMF yielded N-methyl carbamate 351, purified by
Chromatography.

| S/j /j NaH, Mel /j
, ©\/ks A oBn d\ _DMF__ @(‘\
NH,  aq. NaHCOa. 0°Ctort
331

acetone,
o°Ctort 0o OBn o] OBn
352 351 18%
from 331

Scheme 140
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In solution there is restricted rotation about the Ar-N bonds of tertiary carbamates 349 and
351 making C4 and C6 (CH,S) of the dithiane moiety non-equivalent in the *C NMR
Spectra, as with the tertiary fert-butyl carbamates. Furthermore, the benzylic hydrogen
atoms of carbamate 351 are inequivaleht in its "H NMR spectrum, conﬁrming that they are
diasfereotopic. Thus, the carbonyl groups of these tertiary carbamates would be |
elecuonically less electrophilic than secondary carbamate 335a and imide 334. Despite
these observations, O-methyl carbamate 349 and O-benzyl carbamate 351 failed to give the
Corresponding  ketone products when subjected to the standard solid-phase
T'?lkf:da/cleavage sequence of reactions. Thus, steric hindrance must contribute to the lack

of reactivity of the N-Boc group towards the Schrock carbene.

92



9.3 Rotamers and Geometrical Isomers of Ketone 347

The 'H NMR spectrum of ketone 347 is more complicated than would normally be

expected and so we took its 'H NMR spectrum over a range of temperatures (Figure 23).

E:?/\/\Ph
N.Me

éoc 347
(@) 253 K ( At 253 K 2 AB systems
: . 2 NMe
. 2 'Bu
S f [ | |
|
l )
[ |
I |"|| I Uu
(b)273 K ( \ At273K 1 AB system
|
1 NMe

o “

(€)333 Kk At 333 K 1 AB system

. 1 NMe
=S = /f[ g J 1'Bu

Figure 23
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We believe that as the Ar-N(Me)Boc moiety is non-planar (resulting in diastereotopicity),
restricted rotation around the C2'-N1, C1-C1"and N1-C1" bonds in ketone 347 (Figure 24)

could be responsible for the complexity in the 'H NMR spectrum at certain temperatures.

C2'-N1 rotation C1-C1' rotation N1-C1" rotation
3
02 ~4 Ph
1' 1/ A\\\HB
) HA
M
2N ¢

o e
/i\

Figure 24

Restricted rotation around the C2'-N1 bond would result in the Ar-N(Me)Boc moiety being
non-planar. This would cause H* and H® to be diastereotopic and give ketone 347 as a pair

of enantiomers (Figure 25).

restricted C2'-N1 rotation - diastereotopicity
O Ph

Figure 25

Similarly, restricted rotation around the C1-C1' bond would also cause diastereotopicity

and give ketone 347 as a pair of enantiomers (Figure 26).

C1-C1' rotation

Figure 26
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The combination of restricted rotation around the C2'-N1 and C1-C1' bonds would give
rise to diastereomers. Restricted rotation around the C2'-N1 (causing diastereotopicity) and
C1-C1' bonds would prevent interconversion (via a higher energy intermediate) of the two
diastereomers (Figure 27). This phenomenon would result in doubling of signals in the 'H

NMR spectrum.

restricted C2'-N1 and C1-C1' rotation
diastereomers do not interconvert rapidly - doubling of signals

o) Ph A0
H B B H K
L\"Me y.Me
Boc i Boc ] Boc
+ enantiomer Intermediate + enantiomer

Figure 27

Restricted rotation around the NI1-C1" bond (an electronic effect as having nitrogen
coplanar with the carbonyl group allows conjugation) would lead to the presence of two
geometrical isomers, also causing doubling of signals in the '"H NMR spectrum (Figure
28). However, this interconversion alone cannot lead to diastereotopicity.

restricted N1-C1" rotation
geometrical isomers do not interconvert - doubling of signals

O%%e

Figure 28

Therefore, if there is restricted rotation around all three C2'-N1, C1-C1"and N1-C1" bonds,
ketone 347 will exist as two diastereomers of each geometrical isomer (Figure 29). As a
result there will be up to four signals for each inequivalent proton and an AB system will

also be observed in the 'H NMR spectrum.

+ enantiomer + enantiomer + enantiomer + enantiomer

Figure 29
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COALESCENCEZ?*

Nuclei involved in a given exchange process, can at higher temperatures, experience an
‘average environment’ as the process becomes rapid. In NMR spectroscopy, two separate
Signals (corresponding to nuclei being distinct as a result of this exchange process) move
towards the mean as this ‘averaging’ process increases. Two distinct signals in an NMR
SPectrum can therefore coalesce to give one signal at the mid-point of the two original
Signals, upon reaching the coalescence temperature, Tc. Additionally, a given exchange
Process can cause extra complexity to more than one signal in the NMR spectrum and the
order which they begin to coalesce depends on the separation (Hz) of these signals with the

closest achieving coalescence first.

Before further considering the phenomenon of coalescence, some relevant rate theory
®Xpressions must first be introduced. The Erying equation for simple transformations,

irlCluding certain bond rotations, can be written:
k = KKgT/ h exp (-AG"/ RT)

In this expression, k is the rate constant, Kg is the Boltzmann constant, h is the Planck
Constant, R is the gas constant, T is the temperature, and AG” is the free energy of
aCtivation, Moreover, K is also constant, and provided the transition state can easily

transfer energy to the surroundings, then K is near unity.

For first order cases of mutual exchange, the Gutowsky equation states that the rate of
Totation, k¢, at the temperature of coalescence, Tc, where Av is the measured difference in -

frequency (Hz) of the NMR signals which are approaching coalescence, is given by
ke = (Av)/ 2

If ke is substituted for k in the Erying equation, natural log is converted into logyo, and then

the values for Kg, h, and R are included, then the equation simplifies to
AG? (cal) = 4.57 Tc (10.32 + log; T - logio kc) or
AG” (J) = 2.303 x 8.314 Tc(10.32 + logyo Tc - logio kc)

and despite the difficulty in identifying the exact coalescence point Tc, the Erying equation
in these forms can be used to calculate approximate energy barriers for a process. Also, Av

“an be used for any coalescing signals, which are a result of that particular process.
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At 253 K there may be restricted rotation around the C2'-N1, C1-C1' and N1-C1" bonds in
ketone 347 which would result in a mixture of two diastereomers of each geometrical
isomer (Figure 29). The '"H NMR spectrum is complex, and although up to four signals for
cach inequivalent proton aﬁd an AB system could be observed, we actually observe tWo t-

Bu singlets, two NMe singlets and two AB systems (Figure 23a).

At 273 K the 'H NMR spectrum contains two ¢-Bu singlets, one NMe singlet, and one AB
SYstem (Figure 23b). This may suggest that diastereomers are no longer present because
there s rapid rotation on the NMR timescale about the C1-C1' bond at 273 K. The AB
System remains as there is still restricted rotation about the C2-N1 bond. Thus, there
Temains one compound as a mixture of geometric isomers (Figure 30) due to restricted
fotation about the N1-C1" bond. For this situation we would expect to see up 1o two signals

f0r €ach inequivalent proton and AB system, but actually we only observe two signals for
the Bog group.

Figure 30

At 333 g the '"H NMR spectrumkcontains one ¢-Bu group, one NMe singlet, and one
broadeneg AB system (Figure 23c). This suggests that there is still restricted rotation about
the 21N bond, but broad singlets are observed as the temperature is close to the
Coalescence temperature. No geometric isomers remain as there is now free rotation about
the N1-C1* bond. Therefore, the '"H NMR spectrum (Figure 23c) contains one signal for

®ach inequivalent proton, but an AB system, as expected.

Figure 31
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The order in which restriction of rotation around the C2-N 1, N1-C1", and C1-C1' bonds
are overcome upon raising the temperature, cannot be definitively stated. Either restriction
0f' rotation around the C1-C1' or C2'-N1 bonds must be overcome last as ketone 347 still
Contains an AB system at 333 K. However, the '"H NMR spectra of tertiary carbamatéé
346a and 346¢ prove that H” and H? are diastereotopic (Chapter 9.1) as a result of
restricted rotation around their analogous C2'-N1 bonds. Also, the cfystal structures of
Carbamates 346a énd 346¢ show that the C1'-C2'-N1-Cl1 torsion angles are 78.71(16)° and
77.30(16)° respectively (Chapter 9.1), suggesting that there is a substantial energy barrier
to Coplanarity of the Boc and aryl groups in these compounds. Therefore, we prbpose that
there is a simjlar energy barrier for rotation around the C2'-N1 bond in ketone 347 and so
this is the last barrier to be overcome. At 273 K the 'H NMR spectrum contains two #-Bu
8roups, suggesting that the restriction on rotation around the N1-C1" bond is overcome

s .
€cond upon raising the temperature.

If we approximate 273 K as T¢ and take Av = 10.42 (obtained from fine doublet splitting of
the AB System in the NMR spectrum in Figure 23a) in the simplified Erying equation
above, we obtain a value of 59.54 KIMol™ for the free energy barrier to rotation' around the
C1-C1' bond. This energy barrier seems very high for the rotation depicted in Figuré 217,

and 50 we conclude that another explanation cannot be ruled out.

Theref(’re, if there is only restricted rotation around the C2'-N1 and N1-C1" bonds at low
temperature, and not around the C1'-C2 bond, ketone 347 will exist as atropisomers (and
so Containing diastereotopic protons) and as a pair of geometrical isomers (Figure 32). As a

Tesult up to two signals for each inequivalent proton and AB system could be observed in
1
the '"H NMR spectrum.

O Ph O Ph
H° JHE
W HA %) HA
rgl‘Me- l;l‘Me
Figure 32

At253 K if there is restricted rotation around the C2'-N1 and N1-C1" bonds ketone 347
€ould contan diastereotopic protons and exist as a pair of geometrical isomers (Figure 32).

The ! : :
he 'H NMR spectrum is complex and we observe two 7-Bu singlets, two NMe singlets
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and two AB systems (Figure 23a), which is correct for having two signals for each

inequivalent proton and AB system.

At 273 K the 'H NMR Spectrum contains two broad ¢-Bu singlets; one NMe sihglet, and
One broadened AB system (Figure 23b). We have passed the coalescence temperature for
the NMe signals and the signals for one of the diastereotopic AB hydrogens have
Coalesced; the other now being close to its coalescence temperature. At 273 K we are
approaching, but have not passed, the coalescence temperature for the Boc groups resultmg
from restricted rotation about the N1 -C1" bond. It should be noted at this temperature that
the presence of the AB system and the two Boc groups must be a result of two different
Processes since the AB system integrates exactly as 1:1 although the two Boc ’signals quite
Clearly do not.

At333 X the 'TH NMR spectrum contains one broad t-Bu singlet, one NMe singlet, and one
broadened AB system (Figure 23c). This suggests that there is now rapid rotation on the
NMR timescale about the N1-C1" bond. However, the AB system fesulting from restricted
Totation about the C2'-N1 bond has not yet coalesced, although broad singlets are observed

as the temperature is close to the coalescence temperature.

If We approximate 273 K as T and take Av = 10.42 (obtained from fine doublet splitting of
the AB system in the NMR spectrum in Figure 23a) in the simplified Erymg equation
above, we obtain a value of 59.54 KIMol™ for the free energy barrier to rotation around the
N1y bond. If we approximate 333 K as Tc and take Av = 73.77 (obtained from the
difference in frequency of the two Boc singlets in the NMR spectrum in Figure 23a) in the
simplifieq Erying equation above, we obtain a value of 67.67 KJIMol! for the free energy
barrier to rotation around the N1-C1" bond. This value is too high as the coalescence
temperature for the Boc signals is below 333 K. Therefore, for the rotation around the N1-
C1" bond AG* < 59.54 KIMol". Similarly, if we approximate 333 K as Tc and take Av =
68.39 (obtained from doublet splitting of the AB system in the NMR spectrum in Figure
233) In the simplified Erying equation above we obtain a minimum value of 67.97 KIMol

' for the free energy AG” barrier to rotation around the C2'-N1 bond. This value can only
 be taken o a minimum as the coalescence point has not yet been reached at 333 K. The
Minimum valye i only approximate but seems appropriate as the C-N barrier to rotation in
CH3CON(CH3)2 is around 80 KIMol ™.

Therefore, we conclude that both explanations are possible and so we cannot definitively

State (bageq on the information we have) which sequence of events is occurring,
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Chapter 10 — Mechanisms of Cleavage from Resin

Release of N-Boc indoles 336 could either involve cyclative termination (Scheme 141), or
Postcleavage cyclisation (Scheme 142) of a ketone 353, that is released by one of the
mCChanisms below. In the cyclative cleavage pathway (Scheme 141), protonation of enol
ethers 354 to give oxonium ions 355 is followed by intramolecular addition. An
elimination reaction then gives N-Boc indoles 336. Release of ketones 353 (Scheme 142)
from the resin (as in synthesis of N-alkyl indoles) must involve protonation as above to
give enol ether 356, followed by nucleophilic attack by an external nucleophile (TFA anion
OT Water). This nucleophilic attack could either proceed via acetal hydrolysis (arrows a), or
Sn1 substitution (arrow b) or Sn2 substitution (arrows b and c) to yield ketone 353. In the
case of N-Boc indoles, any ketones 353 formed by this mechanism, would most probably
undergo N—desilylation before release from the resin, given that N-Si cleavage is facile (as

discussed earlier).

Cyclative termination Pathway

354 X=Hor TMS

m Resin Release m
R R
N N

336 Boc / éoc

Scheme 141
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Postcleavage Modification Pathway

O=R
release from
resin
C Nu el et
l|\lBoc l;lBoc
X Nu = CF3CO, or H,0 X
356 X = H, TMS, Alkyl 353

Deprotect/Cyclise

N N R

Y Y = Boc, Alkyl Y

Scheme 142

The solid-phase synthesis of ketones 353 shows that cyclative termination is not necessary
for release. However, introducing a spacer group between the benzylic polystyrene moiety
and the ester/enol ether oxygen moiety may ensure cyclative termination by preventing

Sn1 and Sy2 cleavage (although if pathway a is responsible for cleavage, it cannot be
avoided).
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Chapter 11 — Extension of the Indole Synthesis Methodology

11.1 Towards 2,3-fused

We then investigated carrying out Diels-Alder reactions on dienol ethers 357, attainable by'
carrying out Takeda reactions on resin-bound acrylic acid derivatives 358 (Scheme 143).
The resulting enol ether 359 would allow cleavage and cyclisation to yield the

Corresponding 2,3-fused indoles.

R
NHBoc 359

Scheme 143

Treating N-=silyl carbamate 342a with low-valent titanium complex 74 and then ester 309d'
8ave the corresponding enol ether 360. We cleaved dienol ether 360 under the usual resin-
cleavage conditions and obtained the corresponding N-Boc indole 336ad’ in high yield
(Scheme 144). Dienol ether 360 was treated with N-methylmaleimide under literature
Solid-phase Diels-Alder'?* conditions, and then the standard resin-cleavyage conditions
(Scheme 144); this yielded only pure indole 336ad’ (60-65% yield) with no sign of the 2,3-
fused indole 361 by "H NMR spectroscopy.

/j i. Cp,Ti[P(OEt);3), 74
4 eq. R
Boc

stea \.\ﬁ OJR\f?L\

42 0.33 eq. 309d"’ ‘ 1% TFA/DCM -

'iii. wash resin : .
N\~
N 336ad’' 76%

Boc

S

361 Boc

Scheme 144
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Presumably, the steric hindrance due to the geminal dimethyl moiety at the dieneol ether

terminus in 360 renders such substrates unsuitable for Diels-Alder cycloadditions.

It was decided to employ a simpler system to attempt solid-phase Diels-Alder reactions.
We tried, in turn, to alkylidenate commercially available Merrifield REM resin 361 and the
resin-bound ester 362 (derived from trans-methyl acrylic acid) with the titanium carbene
derived from thioacetal 285. It was hoped that the reduction in steric hindrance at the
dienol ether terminus would allow successful cycloaddition to occur. However, after
Standard resin-cleavage conditions, ketones 363 and 364 were generated in low purity
(Scheme 145). The 'H NMR spectra in each case, showed complex mixtures of products
Were obtained, but significantly, large singlets (8 6.59, 6.61 and 6.65 ppm) corresponding
to cyclopentadienyl (Cp) ligands were observed. This suggests that side reactions, such as
1,4-additions of nucleophilic titanium alkylidenes (and/or of intermediates formed in their
Preparation) or alkene metathesis reactions (see section 2.2) on acrylate derivatives 361
and 362, contributed to the low purity of ketones 363 and 364.

i. Cp,Ti[P(OEH)s], 74 1% TFA/
o f n " 4eq. DCM Oj/\/R
Y = T et o | -
285 ii. 0.33 eq. : Ph

Ob\R . . 363R=H
364 R=Me

361 R=H, 362 R=Me low purity

| Scheme 145
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11.2 Towards Bis-indoles

We then envisaged carrying out two alkylidenations on resin-bound oxalate esters 365 to
generate resin-bound bis-enol ethers 366, which could then undergo cleavage from resin

and cyclisation to yield symmetrical bis-indoles 367 (Scheme 146).

s/j
R1+: S lCPZTI[P(OEt)3]274 ~ | N | A
NXBoc ii. R‘/\ N ’\R’

342-.ax = z 2
346-:;2:1?;:3 @AO | 367-aZ = Boc
| 365 366-aY = H 367-b Z = Alkyl
iii. wash resin 366 -b Y = Alkyl
Scheme 146

Resin bound oxalate 368 was synthesised by adding methyl oxalyl chloride to Wang resin.
Resin-bound oxalate 369 was synthesised, by adding oxalyl chloride to Wang resin and
quenching the intermediate with ethanol. In both cases, two ester stretches were observed

in the Infrared (Golden Gate) spectrum (Scheme 147), confirming product formation.

i. (CICO)y, EtzN

0 oo CICOC0zMe, EtN cat. DMAP
" 0
0)1\”, Me cat. DMAP @/\OH 0°Ctort )HrOEt
368 O - DCM, -10°Ctort il. EtOH, 0 °C to rt 369
IR: 1766 and 1741 cm! , IR: 1758 and 1743 cm’'
Scheme 147
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Standard alkylidenation reactions were carried out in turn, on resin bound oxalates 368 and
369, employing 6 equivalents of thioacetal and 24 equivalents of low-valent titanium
Complex 74, which corresponds to our proposed optimal number of equivalents for both
Cster groups (Scheme 148). Both resins were subjected to cleavage conditions, employing
3% TFA in DCM, and the solvent was then removed. In each case we found that the 'H
NMR SﬁeC&um (obtained in d-6 acetone as the mixture was insoluble in CDCl;) confirmed
that there was little evidence of aromatic signals corresponding to the desired product 370,

With Jarge singlets (6 6.30-6.70 ppm) correspondmg to cyclopentadienyl (Cp) ligands

observed.
f i. CpaTi[P(OEt)s], 74
: - N_
Boc ) | O N N O

Boc Boc
370

342a 6 eq.

368 R = Me or 369 R = Et
iii. 5% TFA/DCM

Scheme 148

As little or no aromatic containing product was cleaved from the resin, it suggests that
formation of the enol ether from the resin’s behzylic ester does not occur. A number of
®Xplanations for such a failure are possible. We tentatively propose that co-ordination of a
titanium intermediate to either a resin-bound oxalate (such as intermediate 371, Flgure 32)
OT t0 a resin-bound enol ether (such as intermediate 372, Figure 32), could promote
preman{;e cleavage from the resin. Also, steric hindrance introduced after alkylidenation at
the terminal ester could prevent the second alkylidenation and encourage Michael addition
' an intermediate such as 373 (Figute 33). Finally, reduction of the 1,2-dicarbonyl moiety

in esters 368 or 369 by the low-valent titanium complex 74 cannot be ruled out.

D A Ar Ar Boc
LnTi I i
gl , NTMS
OR? | OR Ar=
O-TiLn ~TiLn T
o ,
372 373
Figure 33
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11.3 Towards iso-Serotonin Derivatives

We hoped to develop a convenient route to iso-serotonin derivatives employing REM'*
resin. Treating REM resin with a range of dialkylamines would generate resin-bound p-
amino esters 374,'* which we hoped to alkylidenate using benzylidene reagents 375, and
then transform the corresponding enol ethers into indoles 376 (Scheme 149) by the same
methods as used for the conventional indoles (Chapters 8 and 9). Although natural indoles
are almost always 3-substituted, 2-substituted indoles are currently of interest (section 5.1).
A large range of amines could in theory be tolerated, as well as a wide degree of
functionality around the indole ring, allowing an attractive, diversity-based synthesis of

Serotonin analogues.

i. TiCp2

R _.d 375
O HNR,R, UR1R2 ¥ S NxBoc mJNmRZ
0o ii. wash resin Reg N
iii. TFA, DCM ’ .Y 376
X = Alkyl orTMS, Y = Alkyl or Boc

REM resin

Scheme 149

Initial studies were carried out using GSK “in-house” REM resin 377, which had not been
fully characterised. The exact method of preparation of resin 377 is unknown, but it was
thought to have been derived from Merrifield resin (1.70 mmol g™ loading) which would
Tesult in a loading of 1.64 mmol g™ for resin 377. Resin 377 was treated with morpholine
in DMF to yield resin-bound B-amino ester 378, which in turn was used in a range of

Takeda reactions employing the titanium alkylidene derived from thioacetal 285 (Scheme
150).

0
GSK "in-house” PP l H"[j 10 eq., DMF
REM Resin 3771 eq. 0
i o)

Ph
CpTi[P(OEt)l, . 0 N
SPh 74, THF TiCp2 3781eq. L O N
Ph , -
285SPh 15-30mins Ph ii. 1% TFA, DCM a7e L_0O
A-7420eq.2855e¢q. ' A - 55% ( impure)
B -7412eq. 285 3 eq. " B - 37% ( impure)
C-74 6eq. 2852¢q. C - 104% (pure)

Scheme 150
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The 12-20 eq. of titanocene 74 (assuming complete conversion of Cp,TiCl, to complex 74)
and 3-5 eq. of thioacetal 285 used in our standard Takeda reactions (methods A and B)
failed to generate ketone 379 in good purity from ester 378, upon cleavage from the resin
(Scheme 150). The yiélds obtained were low to moderate and ketone 379 was
cOntammated with CpTi containing 1mpur1t1es in both cases. We decided to further reduce
the excess of reagents used in the Takeda reaction. Employmg 6 eq. low-valent titanium
Complex 74 and 2 eq. of thioacetal 285 (method C), with resin-bound ester 378 yielded
ketone 379 in high purity but in greater than 100% yield, confirming that REM resin 377
Was not prepared from 1.70 mmol g“ Merrifield resin (Scheme 150). However, this
demonstrated that thioacetal 285 could be effectively reduced using just 3 eq. of low-valent
titanium complex 74 to form the titanium carbene. It also suggests that alkylidenation of p—

amino ester 378 gives cleaner products if less low-valent titanium complex 74 is employed.

Employing thioacetal 346a and resin-bound ester 378, our standard conditions (A, scheme
151) yielded ketone 380 in poor yield and very low purity. We then investigated reducing
thioacetal 346a with 3 eq. of low-valent titanium complex 74 (B, scheme 151) but after
resin—cleavage ketone 380 was not observed by '"H NMR. |

i. Cp,Ti[P(OEt)s], 74

0
A-12eq., B-6eq. fo) N \)
©\)\ o) 380
N(Me)Boc )k/\N/\ A - <10% (impure)

N(M B - no product
A-3 egfsaa -2eq 1 eq. 378 (Me)Boc
' ¥ iii. 1% TFA/DCM

Scheme 151

Employing 6 eq. of low-valent titanium complex 74 and 2 eq. of thioacetal 285, the
Standard Merrifield resin-bound ester 309a', upon cleavage from the resin, yielded ketone
381 in high yield and excellent purity (Scheme 152). This confirms that 1 eq. of thioacetal
285 requires only 3 eq. of low-valent titanium complex 74 for effective reduction. The
lower yield obtained than with ester 378 may simply be explained by poorer loading of

ester 309a’ compared to ester 378.

SPh 74, 6 eq. Ph
Ph”™ "SPh . 0 o) Ph

2852 eq.

O Ph 0
309a' 1 eq. 38161%

iii. 1% TFA/IDCM

Scheme 152
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Due tothe uncertainty in the nature of resin 377, and therefore p-amino ester 378, we
decided to use commercially available Merrifield-REM resin 382. Resin 382 was treated
with morpholine to give P-amino ester 383, which was subjected to a range of
alkylidenation reactions. Our standard reaction conditions (A, Scheme 153) yielded ketone
379 in poor yield and low purity (CpTi impurities). Employing 10% TFA in DCM as the
cleavagé conditions improved yields but products were still contaminated with CpTi
- Impurities. Employing 6 eq. of low-valent titanium complex 74 and 2 eq. of thioacetal 285
(B, Scheme 153), gave very low yields (<10%) and CpTi impurities were also observed.’
We also washed the resin with TMEDA, after subjectiing it to Takeda conditions (B,
Scheme 153), in the hope that the co-ordinating solvent could remove Ti containing

impurities. However, we were unsuccessful with the same by-products being obtained.

Merrifield
REM Resin

. o |
Cp,TIlP(OEY)], R D Ph

SPh 74, THF TiCp2 3831e 0 L/\
)\ ’ J q. k/ N/ﬁ

PP 1530mins PN ii.10r10% TFA,DCM 379
A-7412eq. 2853 eq. A (1% TFA) - 23% impure
B-746eq. 2852e¢q. | A (10% TFA) - 43% impure

B (1% TFA) - no product
B (10% TFA) - <6% impure

Scheme 153

Employing thioacetal 346a and resin-bound ester 383, our standard conditions (Scheme
154) yielded ketone 380 in poor yield and very low purity, even when employing 10 % |
TFA in DCM as the cleavage conditions.

I szTl[P(OEt)a]z 74 (\\j

........... 12e0. ... O N
@ N @(YV
3463(2”:8“ J Sq_ 383 N(}, N(Me)Boc
iii. 1 or 10% TFA/DCM 380 <10% (impure)
Scheme 154
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Next we prepared Wang REM resin 384 by coupling acrylic acid to Wang resin (using the
standard coupling procedure used for ester 290, see section 8.2), which was then treated
with morpholine to yield p-amino ester 385 (Scheme 155). 2 eq. of thioacetal 285 was
reduced employing 6 eq. of low-valent titanium complex 74, and the resulting Ti carbene
Solution; was added to ester 385 (Scheme 155). Upon resin-wash and cleavage from the
resin (bcth methods), ketone 379 was obtained in high yields and good purity with tiny
amounts of CpTi impurities being observed by '"H NMR. Employing ester 385, 2 eq. of
thioacetal 297 failed to be effectively reduced by 6 eq. low-valent titanium complex 74, as
ketone 379 was not cleaved from the resin with aromatic signals not observed in the 'H
NMR spectrum.

o ;
OH ’Lv
Q™ ) © [ HN™Y
DIC, DMAP ~ 10 eq., DMF
Wangresin  THF 384 Lo d

1eq.
ChTPOEE @’ "0 ,LA
SPh 746eq., THF JT'CM 385 1 eq. k,o 0 N’\
Ph”™SPh  45.30 mins Ph . 1 or 10% TFA, DCM 379
285 2 eq. | (1% TFA) - 7%
‘ (10% TFA) - 80%
s/j good purity for both
Ps” 207

Scheme 155

Employing thioacetal 346a and resin-bound ester 385, our standard conditions (scheme
156) failed to yield ketone 380 upon resin-cleavage. Only the corresponding carboxylic -
acid 386 was observed in the '"H NMR spectrum of the crude material followmg cleavage

from resin (this is a result of unreacted ester 385 being cleaved from the resin by the TFA
Solution),

©\/Nk(Me)Boc

346a 3 eq.

i, Cp,TilP(OEt)sl, 74 (;? 0

. o N
ol

N

o N(Me)Boc 386 K/O

380 not formed

iii. 1% TFA/DCM

Scheme 156
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It was ‘important to establish if the problems experienced were not simply due to the
OXygen atom in the morpholine moiety (perhaps providing an extra co-ordination point for
titanium intermediates). Thus piperidene was added to Wang REM resin 384 to yield resin- |
bour;d B—amino ester 387. Thioacetal 342a was reduced using the standard conditions, and
the mixture was added to ester 387, which upon resin-cleavage yielded a crude mixture of
Pr0ducts'/ containing mostly indole 389, but it also contained impurities including CpTi

containing compounds and at least one other aromatic compound (Scheme 157).

Piperidene
10 eq.
L oo
i. CpoTi[P(OEt)s)> 74
12 eq., THF ©j\>—/‘ N >
ii. 387 1 eq. N
SnMes iii. 10% TFA/DCM Boc 389
342a 3 eq. 30% (low purity)
Scheme 157

Next we investigated using thioacetal 390?'* (obtained from another member of the group).
Co-ordination of the ortho protected nitrogen moiety to a titanium intermediate could not
be ruled out, and so the protected oxygen moiety could behave differently. We checked if
the bis(thiophenyl) thioacetal moiety could be reduced with 3 eq. of low-valent titanium 74
(A, Scheme 158). After subjecting ester 387 to the low-valent titanium carbene mixture,
and then washing the resin and cleaving from the resin, only carboxylic acid 391 was
isolated with no sign of the desired benzofuran 392 observed by 'H NMR. Using our
Standard, optimal set of conditions (B, Scheme 158), similar results were obtained along
With large amounts of CpTi containing impurities. If, indeed co-ordination of the ortho-

hitrogen atom is the problem, then the same could be occurring in the oxygen series.

SPh - i. Cp,Ti[P(OEt)3], 74
-@\/‘\SPh A:12 eq., B: 6 eq. R N ) HOJI
OTMS ii. 387 1 eq. |
iii. 1% TFA/DCM
A?g%q ° A: mostly 391 isolated

B: 2 eq. B: 391 + CpTi impurities isolated

Scheme 158
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Next we prepared Merrifield REM resin 393 by reacting acrylic acid with Merrifield resin
by a standard procedure.'” This was treated with morpholine to yield B-amino ester 394
(Scheme 159). Employing thioacetal 346a and resin-bound ester 394, our standard
conditions (A, Scheme 159) failed to yield ketone 380 upon cleavage from the resin,
Lowering the number of equivalents (B, Scheme 159) was also unsuccessful. In both cases

mostly CpTi signals were observed in the crude 'H NMR spectrum.

Morpholine
o (@ 'Cl O
Ho ,U\/ 0 Jv 10 eq @/\O’U\/\N/\
CsCOsL Kl L_o
DMF 393
. . )
d\ A12eq.,B:6eq. s
o 380
N(Me)Boc ii. 394 1 eq.
saoe 2% i 19 TFA, DCM N(Me)Boc
A: 3 eq. A mostly CpTi impurities
B: 2 eq. B: mostly CpTi impurities

Scheme 159

Finally we émployed thioacetal 346b and resin-bound ester 394, under standard conditions
(scheme 160). Upon cleavage from the resin, ketone 395 was the main product, but signals
in the 'H NMR spectrum were broad and difficult to interpret. The crude material was
Subjected to the standard deprotection cyclisation conditions, and yielded a mixture of
Compounds. This mixture contained mostly the desired indole 396 and was purified by
chromatography and 2 '"H NMR spectrum was obtained. Purification was difficult due to -
the small amounts of material obtained, and indole 396 was not obtained completely pure,

and so was not fully characterised.

L CpgTiP(Ot)l, 74 (3 10%1en
20 eq. N _bem W
N(Bn)Boc ii. 394 1 eq. .

iii. 1% TFA, DCM

346b 5 eq.
q N(Bn)Boc 396 (28% crude,
395 (33% crude) 6% after column)
yield from 394 - yields from 394
Scheme 160

{
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The failure to .effectively alkylidenate resin-bound P-amino esters with titanium
benzylidenes containing a heteroatom in ortho position remains unéxplained. However,
thioacetal 285, which is more easily reduced (with 3 eq. of low-valent titanium complex
74), cleanly reacted with p-amino esters under Takeda conditions. PhS thioacetals are
known to be more easily reduced than 1,3-dithianes but the failure to effectively reduce
thioacetéll 390 (with 3 eq. of low-valent titanium complex 74) suggests that the ortho
heteroatom is significant. This could be explained, by its presence slowing down titanium
alkylidene formation at the more electron-rich benzylic position, hence resulting in a larger
excess of low-valent titanium 74 being required for successful reduction. Excess titanium

intermediates present could then interact with any unreacted p-amino ester.

However, the two most successful attempts [formation of indoles 389 (Scheme 157) and
396 (Scheme 160)] utilised titanium alkylidenes with the largest degree of steric hindrance
around the ortho nitrogen heteroatom. If the nitrogen lone pair is out of the plane (therefore
hot in conjugation with the aromatic ring), the less electron-rich benzylic thioacetals may
be more easily reduced with low-valent titanium complex 74. However, to achieve clean

reaction with B—-amino esters, PhS thioacetals may be required.

It Should also be noted that the nature of resin 377 still remains unclear.
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Chapter- 12 Synthesis of Quinolines

12.1 Strategy

We envisaged using thioacetals 397 to generate titanium alkylidenes that would allow the
Synthesis of quinolines using our methodology. Merrifield resin-bound esters 309 would be
Converted into the corresponding enol ethers, which after cleavage from resin would yield
ketones 398 (Scheme 161). A Boc-deprotection/cyclisation/oxidation series of reactions

(preferably in one pot) would then yield quinolines 399.

' ‘ 2
() i. Cp,TilP(OE)sl, 74 0 R
Sr® Deprotect .y NN
RILE TR Cyclise M NR
i .
Z“NBoc Oxidise 399
]
397 SiMe;

iii. 1% TFA/ DCM

Scheme 161
12.2 Synthesis of Thioacetal Substrates

Our first strategy for the synthesis of thioacetals 397 involved oxidation of commercially
available 2-nitro-phenethyl alcohol 400 to yield aldehyde 401, which could then be
Converted into the corresponding thioacetal 401 (Scheme 162). Work in this area was
Carried out by an undergraduate project student, who found that this strategy although -
successful, gave poor results on reaction scale-up. Both the Parikh-Doering modified
Swern®™  (activation by pyridine—suifur triéxide‘ complex) and pyridinium

chlorochromate®®

(PCC) oxidations, were attempted. Improved results were obtained
when the aldehyde was converted into the thioacetal without isolation (Scheme 162).
Presumably, the ortho-nitro moiety causes problems with the standard oxidation methods,
and 14% was the best yield obtained for the two step process. Employing PCC oxidation, I
encountered similar problems, with by-products being formed during oxidation even when

| carefully monitoring the reaction progress by TLC.

@\/\/QH Modified Swern E:’(\éo HS/\/\SH ©f\i/j

400 PCC 401 bem

Scheme 162
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39 allowed the oxidation of

The use of the commercially available Dess-Martin periodinane
2-nitro-phenethyl alcohol to aldehyde 401 with >90% conversion determined from the 'H
NMR spectrum of the crude mixture (Scheme 163). Although the exact mechanism of the
reaction is unknown it is believed to proceed via an intermediate such as 403 which, could
collapse to yield the aldehyde 401 with elimination of acetic acid. Aldehyde 401 was not
isolated’ as we abandoned this route because no 6ther 2-nitro-phenethyl alcohols are
commercially available, and as a result a more general synthesis of thioacetal substrates

Wwas developed.

OA

C
AcO II/O.AC [ AQ ?éc i
©\/\/OH 0O - AcCOH E:(\éo
O
NO ~ - NO o
2 DCM i 403 i 401 2
Scheme 163

We envisaged an improved strategy would involve Wittig alkenation of 2-
nitrobenzaldehydes 334 (a range of which are available) to form the corresponding enol
ethers 404 which could then be converted into thioacetals 405 (Scheme 164).

Scheme 164

The phosphonium salt 406 of methoxymethyl chloride (MOMCI) was prepafed by a
litterature procedure,’*’ heating a slight excess of MOMCI with triphenylphosphine under
reflux in DCM (Scheme 165). This was then converted into phosphonium ylid 407
employing tert-butyllithium in THF. The Wittig reaction then proceeded upon addition of
the 2-hitrobenza1dehydes 334a-c to the phosphonium ylid 407 in THF at low temperature,
followed by warming to room .temperature to yield enol ethers 408a-c. Thus, 2-
hitrobenzaldehyde 334a was converted into enol ethers 408a, isolated as a mixture of
geometrical isomers (predominantly the E isomer). Enol ethers 408a were not purified but
were converted into thioacetal 409a directly, following work-up of the Wittig reaction.
During thioacetal formation, a white precipitate formed, which was filtered off once TLC
confirmed complete consumption of starting material. '"H NMR spectroscopy confirmed

that this solid consisted of triphenylphosphine containing products. Presumably the boron
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trifluoride complexes of triphenyl phosphine and triphenyl phosphine oxide are insoluble
in toluene. Thus, after work-up thioacetal 409a was isolated in good purity. In a similar
fashion, 2-nitrobenzaldehydes (R = -3-OMe 334b, R = -4,5-OCH,0 334c) yielded the
respective enol ethers 408b and 408c, as mixtures of isomers. These were then directly
converted into thioacetals 409b and 409c¢, respectively, with removal of most of the
triphenyl phosphine and tripheny! phosphine oxide impurities, as above. Only small
portions of thioacetals 409a-c were purified by recrystallisation for characterisation. The
bulk of the nitro compounds 409a-c were reduced to give anilines 410a-c (Scheme 165).
Anilines 410a and 410b were not isolated, but were converted into carbamates 411a and
411b, respectively, by heating with di-fert-butyl-dicarbonate. Aniline 410¢ was converted
into the corresponding imide 412 before mono-deprotecting using TFA in DCM to yield
carbamate 411c. Purification by recrystallisation gave pure carbamates 411a-¢ in good
yields over 4-5 steps. N5Silylation as before, then gave pure N-silyl carbamates 413a-c in
good yields, which were again of low stability making full characterisation difficult. |

PPh + -
MeOCH,Cl——= MeOCH,PPh; Cl 406
t-BuLi, THF N
reflux | 7810 -40 °C ‘ .
MeOCH=PPh3 407 -~ ~\-OMe “ /j
RS0 THF R—:@(\’ HS™™""SH R—:i;(\‘\s
P No,  78%Ctort e 2 BROELAGH 7 NO,
3Bda-c aR'=H, EZ(5:1) ° e
b R'= 3-OMe, E:Z (2:1) : Fe-NH,CI,
cR'=-45-0CH,0,EZ(4:3) - | EtOH-H0
reflux
g S 1.1 eq. (Boc),0 S
X i. TMSCI, THF N THF, reflux x
R{j\/\‘\s R s~ - RE S
Z“NBoc - LDA, THF-hex Z “NHBoc or for 410c Z“NH,
) _7R O .
™S 78°%Ctont  gq1agay 2T.ﬁ§q.r£3:)zo 40a-c
413a 86%  stb2rw 0
413b 84% a11cary, - 1% TFADCM
413¢ 91% yields from 334

Scheme 165
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12.3 Synthesis of Quinolines

N-Silyl carbamate 413a was subjected to our standard solid phase reaction sequence, using
resin-bound ester 309a' and we obtained ketone 414, presumably via resin-bound enol
ether 415 (Scheme 166). A range of Boc deprotection/cyclisation strategies were tested,
includihg treating the ketone with stronger TFA under an oxygen atmosphere and use of
acidic oxidant nitric acid. Both gave dissapointing results, yielding complex mixtures of
compounds by 'H NMR spectroscopy, which did contain quinoline 416aa’, but some

uncyclised compounds were also present.

(@) ‘ 0O

Lcpmipoeng e Q9 wTem |
NBoc i o ' NHBoc ~Ph | NHBoc ~Ph

s P 415 414 50%
413a E ) .
0.33 eq. 309a’ : or
iii. wash resin 10% Tg?/DCM ; 5 MDZIRIAO:;,
O
N" " Ph
‘ 416aa’

Scheme 166

Employing 10% TFA in DCM and leaving for 1 h, gave cleavage from the resin and
concommitant Boc deprotection to yield the aniline trifluoroacetate salt 417aa' (Scheme
167). Simply heating salt 417aa’ in DCM gave the desired quinoline 416aa’ in good purity
(see appendix 1 for 'H NMR spectra of trifluoroacetate salt 417aa' and quinoline 416aa’").
However, this was not completely reproducable, and we found that adding 5 eq. of
manganese dibxide and heating under reflux, in DCM for 1-2 h lead to excellent

conversion to quinoline 416aa’ in high purity (Scheme 167).

. CP2T'[P(OEt)3]2 74 9 MnO,,
NBoc ii. (0] I\TH;; CF3CO; reflux, N/ Ph

' 12 h
Tms @/\o/u\/\ph 417aa’ 78% 416aa’ 67%

H3a 0.33 eq. 309a’ yield from 303a’ yield from 303a’
iii. 10% TFA/DCM, 1h O

Scheme 167
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Using the standarﬂ Takeda conditions, the new procedure for cleavage from the resin, and
the oxidative cyclisation strategy, a range of quinolines were syntheéised in moderate to
good yields and high purity. The intermediate TFA salts 417 were not always pure, and in
some cases significant amounts of quinoline products along with other intermediate
compounds were present, after the cleévage from the resin. Therefore salts 417a-c were not
iso]atedibut simply converted into quinolines 416a-c (Scheme 168). The impurities in the

triflouroacetate salts 417 must be converted into the quinoline products, as these are

isolated in high purity.
() i.Cp;Ti[P(OEt)l, 74 0 MnOy,
S S 4 eq. RL X R2 DCM R X
W o™
RS ii.0.33eq. O ~Z“NH; CFACO, r(1eﬂux AP e
1 . o
Z~NBoc (O R? #17a-c 2h 416a-c
TMS  309a", ", e’ and f , 132}67 "30 s
#M3a-c i 10% TFA/IDCM, 1h yields from
Scheme 168

A couple of more interesting esters were employed, including the successful use of fluorine
and a heterocycle in the resin-bound ester (Figure 34). Only one example failed to yield the
quinoline in good purity; namely quinoline 416cd' which failed to cyclise cleanly. The
other examples were formed in excellent purity, although it was difficult to obtain 'H

NMR spectra without the presence of water, and these quinolines are thought to be

hygroscopic.
O O, SO0
N"~"pPh N>~>"ph © N2 ~""Ph
416aa’ 67% MeO 416ba’ 46% 416ca’ 52%
416bd' 59% 416¢d’ impure
A
/ O @jj\o
MeO
416he’ 51% 416¢ce’ 41°/o 416¢f 54%
Flgure 34
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12.4 Future Work

The extension of this methodology to synthesise 2,4-disubstituted quinolines 399,
employing titanium alkylidenes derived from thioacetals 397 (which could be prepared as
above from readily available 2-nitrophenones 418), is on going within our group (Scheme
169). .

R2

o asbefore C(\ asbefore  _, ~ 7
NBoc SONR?

397 TMS 399

Scheme 169

It may also be possible to extend our methodoblogy to the synthesis of N-, 2-, 4-
trisubstituted tetrahydroquinolines 419 (Scheme 170), employing a reductive cyclisation of
ketones 420 (utilising titanium alkylidenes derived from N-alkyl-N-Boc thioacetals 421).

2
R? O reductive R
C(‘\J\/j as before 1(\>KK/U\R“ cycllsatlon Rl X
NR3 = NHR3 F N R4

421 Boc 420 419 R3

Scheme 170
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Chapter 13 - Unsuccessful Resin-bound Esters

It is important to discuss the functional group tolerance within the Merrifield resin-bound
~ esters (Section 3.2). The esters used in the attempted synthesis of 2,3-fused indoles, bis-
indoles, and iso-serotonin derivatives are discussed elsewhere (Chapter 11). Also, all

Successful esters have already been discussed earlier.

Esters 303g', 303h' and 303i' were however, unsuccessfil when treated with the titanium

alkylidene derived from thioacetal 342a under our standard conditions (Scheme 421).

o i. Cp,Ti[P(OEt)s], 74
LR, wormmsin - Q-
t ii. 0.2 eq. 303g', h', {' '

g‘iMeOBu iii. wash resin Boc
342a 3 iv. 1% TFA/DCM
' o} 0 o)

OJK[S/ OJ\LQ @AO/U\/\NHBOC |

303g’ 303n Boc 303

Scheme 421

Heteroaromatic substituents are tolerated as with the successful use of furanyl ester 303f".
However, the 2'-thiophenyl substituent in ester 303g' does not give clean produ;:ts and the
'"H NMR spcctré contained 'large CpTiLn singlets, presumably due to the thienylvmoikety
acting as a ligand towards titanium. Although the 2'-position of the hetefoatom'could
account for extra co-ordination to titanium intermediates, previous work within the group
showed that the 3'-thiophenyl substituent gave a similar résuIt in the benzofuran series.
Ester 303h' resulted in poor mass recovery and CpTiLn contaminated mixtures of
products. This failure could be due to a variety of reasons including the low reactivity of
the sterically hindered ester carbonyl, competing alkylidenation with the Boc carbonyl, and
co-ordination of titanium intermediates between the ester and Boc carbonyls. The failure of
ester 303i" is not surprising as we have already shown that acidic protons tend to quench

- the titanium carbenes (see section 8.4).
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Experimental

Chapter 14 Experimental

General Experimental details

All reactions were carried out under an inert atmosphere unless otherwise stated, using oven-dried
or flame-dried glassware. Solutions were added via syringe unless otherwise stated. THF, was
freshly distilled from sodlum-—benzophenone dichloromethane, toluene, triethylphosphite and
Pyridine were distilled from CaH, prior to use. Petroleum ether refers to the fraction boiling at 40—
60 °C. Reagents were obtained from commercial suppliers and used without further purification
unless otherwise stated. Purification by column chromatography was carried out using Fisher
Matrex TM silica gel (mesh size 35-70 pm) or neutral alumina (mesh size 35-70 um) as the
Stationary phase. Melting points are uncorrected. IR spectra were recorded using a Nicolet Impact
410 FTIR or JASCO FT/IR 410 spectrometer. NMR spectra were recorded using a Bruker DPX-
400, DPX-360 or DPX-250 spectrometer. Chemical shifts are given in ppm relative to
tetramethylsilane using residual CHC; as an internal standard (7.26 ppm). Chemical shifts in *C
NMR spectra are given in ppm relative to CDCl; as internal standard (77.00 pbm). All NMR J
Values are given in Hz. Mass spectra were recorded on a JEOL JMS700 spectrometer. Combustion
analysis was carried outi using a Carlo-Erba 1106 or Exeter Analytical inc. CE 440 elemental
analyser. For X-ray crystallography, single crystals of suitable size were attached to a glass fibre
using acrylic resin, and mounted on a goniometer head in a general position. Data were collected on an
Enraf-Nonius KappaCCD diffractometer, runhing under Nonius Collect soﬁwaie, and using gfaphite
monochromated X-radiation (7~=0 71073 A). Precise unit cell dimensions were detennmed by post-
refinement of a significant percentage of the data sets. The frame images were mtegrated using
Denzo(SMN) and the resultant raw intensity files processed using a locally modified version of
DENZOX. Data were then sorted and merged using SORTAV and an empirical absorption correction |
applied at this stage. All non-H atoms were allowed anisotropic thermal motion. Aliphatic and
aromatic C-H hydrogen atoms were included at calculated positions, with C-H = 0.96 A, and were
refined with a riding model. Refinement with SHELXL.97-2 used full-matrix least-squares on F° and
all the unique data were included in the refinements. The absolute configuration of compound 346¢
Was confirmed by the refinement of the Flack absolute structure parameter, which refined to zero
within error. Calculations using PLATON indicated that there were no voids in the lattices capable of
containing any fmther solvent molecules. Thermal ellipsoid pldts were obtained using the program
ORTEP-3 for Wmdows All calculations were carried out using the WinGX package of

crystallographic programs /!
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General Experimental Procedures

Mefrifield resin-bound esters 303 - Method A

Six Kans with chloromethyl polystyrene resin (eabh containing 150 mg of resin, 0.28
mmol/kan, 1.68 mmol) in DMF (150 cm’) were stirred with the corresponding caesium
carboxylate [prepared by adding CsOH (50% H,0) drop-wise to an ethanol solution of vthe
carboxylic acid (1.50 mmol) until pH 7 was achieved] at 50-60 °C for 15 h. The Kans were
then washed with DMF (x 2), water (x 2) and then alternately with MeOH and DCM (x 35),
before finally washing with MeOH and diethyl ether and dried under vacuum.

Merrifield resin-bound esters 303a’-c’, g' and h' - Method B

Chloromethy! polystyrene resin (3.00 g, 6.00 mmol) and the caesium caboxylate [prepared
as for method A, (30 mmol)] in DMF (25 cm’), were agitated on a Quest Controller
apparatus, at 50 °C for 20 h. Thé resin was then washed with DMF (x 5), altematrely with
MeOH/DCM (x 5), before ﬁnally washing with MeOH and EtOAc to gch the desired ‘re’sin
bound esters 303a-c which were dried under vacuum. Magic angle spinning (MAS) protOn

NMR confirmed greater than 90% loading was achieved for esters 303a'-c', g’ and h'.

Solid-phase Takeda reaction — general method A

Titanocene dichloride (1.51 g, 6.00 mmol, 20.0 eq.), magnesmm turnings (0.20 g, 8.23
mmol) and 4A molecular sieves (0.60 g) were heated bneﬂy under vacuum. After allowmg
to cool the reaction flask was purged with argon, and THF (6 0 cm®) and methylphosphlte
(2.1 cm 12.2 mmol) were added and the reaction mixture was stirred, coolmg using an ice
bath for 30 mins. After stirring for a further 2-2.5 h, a THF (6 0 cm) solution of the
thioacetal (1.50 mmol 5.0 eq.) was added, and the solution stirred for 15 mins. The
reaction mixture was added via syringe mto/a flask contalmng 1 Kan of resin bound ester
(0.28-0.31 mmol, 1 eq.), pre-swollen in THF (3 cm®). The’mixturre was stirred under argon
for 15-18 h. After ihis time, the Kan was removed and then washed with THF x 5),
alternafely with MeOH and DCM (x 5), then MeOH and finally with diethyl ether. The

resin was then dried under vacuum.
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Solid-phase Takeda reaction - general method B

Titanocene dichloride (0.90 g, 3.60 mmol, 12.0 eq.), magnesium turnings (0.10 g, 3.96
mmol) and 4A molecular sieves (0.20 g) were heated briefly under vacuum. After allowing
to cool, the reaction flask was purged §vith argon, and THF (5.0 cm®) and triethylphosphite
(1.2 cm®, 7.2 mmol) were added and the reaction mixture was stirred, cooling using an ice
bath for 30 mins. After stirring for a further 2-2.5 h, a THF (4.0 cm®) solution of the
thioacetal (0.90 mmol, 3.0 eq.) was added, and the solution stirred for 15 mins. The
reaction mixture was added via syringe into a flask containing 1 Kan of resin bound ester
(0.28-0.31 mmol, 1 eq.), pre-swollen in THF (3 cm®). The mixture was stirred under argon
for 15-18 h. The kan was then washed and dried as for solid-phase Takeda reaction Method

A

Solid-phase Takeda reaction — general method C

Titanocene dichloride (0.45 g, 1.80 mmol, 6.0 eq.), magnesium turnings (0.05 g, 2.00
mmol) and 4A molecular sieves (0.10 g) were heated briefly under vacuum. After allowing
to cool, the reaction flask was purged with argon, and THF (4.0 cm®) and triefhylphosphite
(0.6 cm®, 2.0 mmol) were added and the reaction mixture was stirred for 30 mins. After
stirring for a further 2-2.5 h, a THF (4.0 cm®) solution of the thioacetal (0.60 mmol, 2.0
eq.) was added, and the solution stirred for 20-30 mins. The reaction mixture was added
via syringe into a flask containing 1 Kan of resin bound ester (0.28-0.31 mmol, 1 eq.), pre-
swollen in THF (3’cm3). The mixture was stirred under argon for 15-18 h. The kan was
then washed and dried as for solidéphase Takeda reaction Method A. |

Solid-phase Takeda reaction — general method D =

Titanocene dichloride (3.60 g, 14.4 mmol, 12.0 eq.), magnesium (0.38 g, 15.8 mmol) and
4A molecular sieves (1.20 g) were heated briefly in vacuo and then allowed to cool. The
reaction flask was purged with argon before adding THF (24 cm3) and triethylphosphite
(4.80 cm?, 28.8 mmol). The reaction mixture was cooled using an ice bath and stirred for
30 mins. After stirring for a further 2.5hat 1t, a THF (16 cm’®) solution of the thioacetal
(3.60 mmol, 3.0 eq.) was added, and the mixture was stirred for 15 mins. After this time
the reaction mixture was added in four equal portions via syringe, into four flasks éach
cohtaining 1 Kan of resin-bound ester (0.30 mmol, 1.0 eq.), each pre-swollen in THF .(6
cm®). The kan was then washed and dried as for solid-phase Takeda reaction Method A.
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General solution-Phase Takeda reaction

Titanocene dichloride (2.04 g, 8.18 mmol), magnesium turnings (0.23 g, 9.82 mmol) and
4A molecular sieves (0.81 g) were heated briefly under vacuum, allowed to cool, and the
reaction flask was purged with argon. THF (20 cm®) and triethylphosphite (2.8 cm’, 16.6
mmol) were then added, and the reaction mixture was allowed to stir for 3 h under argon.
After this time, a THF (3.0 cm®) solution of the thioacetal (3.00 mmol) was added, and the
reaction mixture was stirred for 2 h at rt. The reaction was quenched by adding équeous
HCI (20 cm®, 2 mol dm™) and the residue was then filtered through wet celite washing with
DCM (2 x 40 cm®). The combined organic phases were then washed with water (2 x 40

cm3), dried over sodium sulfate, and concentrated in vacuo.

Cleavage from Merrifield resin - general procedure A
Following the Takeda reaction, the resin bound product (1 Kan) was treated with 1% TFA
in DCM (5 cm®, 0.65 mmol) and placed on a shaker for 30 min. The Kan was washed with

DCM (3 x 5 cm®) and the organic washings were combined and then concentrated.

Cleavage from Merrifield resin - general procedure B

Following the Takeda reaction, the resin bound product (1 Kan) was treated with 10% TFA
in DCM (5 cm®, 6.50 mmol) and placed on a shaker for 1 h. The Kan was washed with
DCM (3 x 5 cm®) and the organic washings were combined and then concentrated..

General Indole-Boc deprotection method??

2 triﬂuoroécetic acid (0.5 cm®, 6.50 mmol) was added to

Following a literature procedure,
a solution of the Boc-protected indole in DCM (2.0 cm®), at 0 °C under argon, and the
reactionrmixture was allowed to warm to rt and stirred for 1 h. After this time, the reaction

mixture was concentrated in vacuo to yield the desired indole.

General procedure for carbamate alkylation

Sodlum hydride [60% in mineral oil, (0.66 g, 16.5 mmol)], was added portion-wise to a
solution of carbamate 335a (4.04 g, 13.0 mmol) and alkyl halide (16.5 mmol), in DMF at 0
°C under argon. The reaction mixture was then allowed to warm to rt and stirred for 2-3 h.
After this time the reaction mixture was carefully poured into iced water and extracted into
ethy] acetate (2 x 50 cm®). The combined orgamc phases were then washed with water (3 x

150 cm®), dried with magnesium sulphate, and concentrated to yxeld the desired amine.
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General procedure for ketone cyclisation

TFA (0.5 cm®, 6.50 mmol) was added dropwise to a solution of the crude ketone in DCM
(5 cm®), at 0 °C under argon, allowed to warm to rt and was then stirred for 1-3 h. After
this time, the reaction mixture was poured into saturated sodium bicarbonate and extracted |
into DCM (2 x 10 cm®). The combined organic phases were then washed with saturated
sodium | bicarbonate (20 cm’), water (20 cm®), dried over sodium sulphate, and

concentrated to yield the resulting N-alkyl indole.

Cyclisation/Oxidation - general method for forming quinolines

Manganese dioxide (0.09 g, 1.00 mmol) was added to a solution of the crude amine salt in
DCM (10 cm3) and the reaction mixture was heated under reflux for 1-2 h. After this time,
the reaction mixture was filtered through a celite plug, washing with DCM (10 cm?®). The
combined organic phases were washed with saturated sodium bicarbonate (20 cm?), dried
over sodium sulfate, and concentrated to yield the desired ’quinoline.

[Manganese dioxide was synthesised by adding potassium permanganate (10 g, 63.3
mmol) in water (500 cm®) to manganese sulfate tetrahydrate (16.9 g, 75.8 mmol) in water
(500 cm®) at 0 °C. The reaction mixture was stirred for 5 mins and then filtered. The

resulting black solid was then washed with water (500 cm®) and dried in an oven at 120
OC.]

Bis(phenylthio)phenylmethane?*! 285

Ph Ph

PhS 285
Thiophenol (7.70 cm®, 75.1 mmol) was added to a solution of benzaldehyde (3.19 g, 30.1
mmol), acetic acid (20 cm®) and boron trifluoride diethyletherate (3.2 cm®, 27.0 mmol) in |
toluene (30 cm®), under nitrogen, and stirred for 68 h at rt. After this time, the reaction
mixture was quenched by adding water (40 cm®) and extracted with diéthyl ether (3 x 40
cm®). The combined organic phases were washed with saturated sodium bicarbonate
solution until the acid was neutralised; dried over magnesium sulfate, and concentrated to
yield a yellow oil. Crystallisation from Pet. eiher gave bis(phenylthio)phenylmethane24°
285 as needles (7.87 g, 25.6 mmol, 85%); Mpt: 47-49 °C (Lit.**' Mpt: 52-53 °C); 8y (400
MHz, CDCl,): 5.42 [1H, s, CH(SPh),], 7.20 (15H, m, Ar-H); 8¢ (100 MHz, CDCly): 60.4
(CH), 127.8 (CH), 127.9 (CH), 128.0 (CH), 128.5 (CH), 128.8 (CH), 132.5 (CH), 134.5
(C) 139.5(C); m/z, EI+ (%): 308 (M™, 2), 199 (M"-C¢H;S, 100).
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Phenylmethylidenecyclohexane®*? 286

O/\Ph

. 286 ,
Finely powdered molecular sieves 4A (0.30 g), magnesium turnings (0.66 g, 2.70 mmol),
and titaﬁocene dichloride (0.56 g, 2.25 mmol), were heated briefly under vacuum and then
allowed to cool to rt. The flask was then purged with argon, before adding THF (4 cm’)
and triethylphosphite (0.77 cm®, 4.50 mmol). The reaction mixture was then allowed to stir
at rt, for 3 h under argon. Thioacetal 285 (0.17 g, 0.55 mmol) in THF (1 cm’) was added to
the reaction mixture, and was then further stirred for 10 mins, before cyclohexanone (0.05
g, 0.50 mmol) in THF (1.5 cm®), was added drop-wise over 15 mins and then allowed to
stir at rt for 15 h. The reaction mixture was quenched by the addition of hexane (15 cm’),
the resulting insoluble rriaterials were removed by filtration through celite, and the solution
was then concentrated to yield a red oil. Kugelrohr distillation of the residue (80-90 °C /
lmm Hg) removed some triethylphosphite and triethylphosphate to leave the crude desired
product, which was purified by flash column chromatography (SiO,, Pet. ether: ethyl
acetate 19: 1) to yield phenylmethylidenecyclohexane®* 286 (0.05 g, 0.29 mmol, 57%) as
a yellow oil; Ry (Pet. ether: ethyl acetate 19: 1): 0.45; dx (400 MHz, CDCI;): 0.85-0.90
(2H, m, CHy), 1.52-1.67 (4H, m, CH,), 2.26 (2H, t, J 5.5, CHy), 2.36 (2H, t, J 5.5, CH,),
6.22 (1H, s, CH=C), 7.15-7.35 (5H, m, Ar-H).

2-[Bis(phenylthio)methyl]—4,4,5,5-tetramethyi-1 ,3,2-dioxoborolane 287

PhS O
8, ﬁ
PhS o)

287

Following the procedure of Mendoza and Matteson,>”® n-butyllithium (17.1 cm?®, 42.6
mmol, 2.5 mol dm™ in hexane) was added to a solution of bis(phenylthio)methane (10.00
g, 42.6 mmol) in THF (50 cm?), at 0 °C under nitrogen, and stirred for 30 mins. After this
time, the reaction mixture was cooled to -78 °C and trimethylborate (4.9 cm®, 42.6 mmol)
was added. The reaction mixture was then warmed to rt and stirred for 2 h, before cooling
to —60 °C and quenching with aqueous HCI (90 cm?®, 2 inol dm). The resulting mixture
was diluted with water (100 cm®) and extracted with diethyl ether (2 x 50 cm’).
Precipitation of the ether soluble material was achieved by adding hexane (100 cm’) to
givea 7: 4 ratio of 2-[bis(phenylthio)methyl]boronic acid 203 A: bis(phenylthio)methane B
as a white solid (10.35 g, 88%); 8u (400 MHz, CDCly): 4.16 (1H”, s, CHB), 4.35 (2H®, 5,
CHy), 5.10 (2H", s, OH), 7.25-7.51 (10H* * B, m, Ar-H). Pinacol (5.28 g, 44.8 mmol) was
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added to a solution of the crude 2-[bis(phenylthio)methyl]boronic\ acid (10.00 g, 42.6
mmol) in THF (50 cm3), under nitrogen at rt, and stirred for 18 h. After this time, the
reaction mixture was concentrated to leave a colourless oil. Purification by Kugelrohr
distillation (70-80 °C, lmm Hg), removed pinacol and bis(phenylthio)methane. Further
Kugelrohr distillation (200-220 °C, Imm Hg), gave the impure product as an oil (8.33 g)
which ;upon low temperature crystallisation (freézer) from Pet. ether, yielded 2-
[bis(phenylthio)methyl}4,4,5,5-tetramethyl-1,3,2-dioxoborolane®® 287 as plates (5.37 g,
15 mmol, 2 steps 33%); Mpt: 34-37 °C, (Lit.2: oil); vmax (KBr)/em™ 3059 (CH), 2680
(CH), 1583 (C=C), 1391 (B-O), 847 (B-C), 747 (CH), 689 (CH); 8u (400 MHz, CDCl;):
1.13 (12H, s, CH3), 4.20 (1H, s, CHB), 7.17-7.30 (6H, m, Ar-H), 7.48-7.50 (4H, m, Ar-H);
d¢ (100 MHz, CDCl3): 24.9 (CH3), 85.1 (C), 127.6 (CH), 129.1 (CH), 131.8 (CH), 135.7
(C), 138.5 (C); m/z, EI+ (%): 358 (M"", 100), 249 (M"-SC¢Hs, 100), 149 (95); Accurate
mass: CyoH,3'°B0O,S;: requires 357.1269, found 357.1264, vC19H23”BOZSZ: requires
358.1233, found 358.1230; Microanalysis Found: C 63.64%, H 6.41%; Theoretical: Ck
63.72%, H 6.47%. '

1,3-Dithian-2-yl-1,3,2-dioxoborolane 288
S ,o-/t
(%
288

n-Butyllithium (7.5 cm’, 18.8 mmol, 2.5 mol dm™ in hexane) was added to a solution of
1,3-dithiane (2.25 g, 18.8 mmol) in THF (20 cm®), under nitrogen at 0 °C, and stirred for
30 mins. After this time, the reaction mixture was cooled to -78 °C, and trimethylborate
(2.2 cm®, 18.8 mmol) was added. The reaction mixture was then warmed to 25 °C and
stirred for 2 h, before cooling to —60 °C and quenched with aqueous HCI (2 mol dm?, 40
cm®). The resulting mixture was then diluted with water (50 cm’®) and extracted with
diethy] ether (2 x 50 cm®). Precipitation of the ether-soluble material by adding hexane
(100 cm®) proved unsuccessful and so the solution was concentrated under vacuum to
leave a yellow oil, which solidified on standing to yield a yellow solid (2.99 g). Pinacol
(4.43 g, 18.8 mmol) was added to a solution of this crude rhaterial (2.99 g, 18.4 mmol,
97%, assuming pure boronic acid) in THF (10 cm®), undér nitrogen at rt and stirred for 16
h. After this time, the reaction mixture was concentrated to leave a colourless oil.
Purification by Kugelrohr distillation (80—160 °C, 1.1 mm Hg), removed pinacol and 1,3-
dithiane. Further Kugelrohr distillation (100-160 °C, 1.1 mm Hg), yielded 1,3-dithian-2-yl-
1,3,2-dioxoborolane 288 (A) as a colourless oil [70% pure, contaminated with pinacol and

an unknown impurity (B)] that crystallised on standing in the freezer (3.05 g, 12.4 mmol, 2
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steps 66%); bp 100-160 °C (1.1 mm Hg); vmax (KBr)/em™ 2980 (CH), 2926 (CH,), 2845
(CH,), 1458 (CH,), 1382 (B-0), 847 (B-C); 8y (400 MHz, CDCLs): 1.24 (12H®, 5) 1.27 -
(12HA, s, CCH3), 2.02-2.04 2H" + 2H®, m, CH,), 2.77-2.93 (4H + 4H®, m, SCH,), 3.72
(IH*, bs, CHB), 3.78 (1H®, m); 8¢ (100 MHz, CDCL): 24.6 (CHs), 24.7 (CHj), 24.9
(CHy), 26.1 (CH,), 29.7 (CH,), 84.6 (C) 138.1 (C); m/z, EI+ (%): 246 (M*, 8), 120 (M"-
CeéH,,'°BO,, 53), 59 (100); Accurate mass: C1oH16'*BO,S; requires 245.0956, found
245.0955, C oH19''BO,S; requires 246.0920, found 246.0922. |

Attempted formation of Alkenyl boronate 289 - using thioacetals 287 or 288

i. Cp,Ti[P(OEt)s], 74

287 or288 ..oz MinERR T
i 0
289
JTHF

Cp,Ti[P(OEt)s), 74 was prepared on the same scale and by the same method as in the
procedure for alkene 286. After allowing the low-valent titanium 74 mixture to stir for 3 h,
thicacetal 287 (195 mg, 0.55 mmol) or thioacetal 288 (135 mg, 0.55 mmol) in THF (1 cm?)
was added, and the reaction mixture was then allowed to stir for 10 mins. Cyclohexanone
(0.05 g, 0.50 mmol) in THF (2 cm®), was then added drop-wise over 10 mins, the reaction
mixture was stirred for 18 h, and then quenched by the addition of hexane (20 cm®). The
resulting insoluble materials were removed by filtering through celite and the solution was
then concentrated to yield a red oil. Distillation of the residue (100 °C / 1mm Hg) removed
triethylphosphite and the 'H NMR spectrum of the resulting residue confirmed there was
no sign of the desired product 289, in both cases. ' V

Wang resin-bound ester 290

o)

oo /@o’u\/\m

290

Six Kans of Wang resin (each containing 168 mg resin, 0.29 mmol/kan, 1.74 rrimol) were
stirred in THF (100 cm®) at 1t with hydrocinnamic acid (1.28 g, 8.53 mmol, 4.9 eq.) and
DMAP (0.20 g, 1.64 mmol, 0.94’eq.). 1,3-Diisopropylcarbodiirhide DIC (1.3 cm®, 8.5
mmol) was added drop-wise and the reaction mixture was stirred for a further 24 h. The
THF solution was removed and the Kans were then washed with THF, MeOH/DCM
altemgte (x 4), MeOH and finally with diethyl ether. The resin was then dried under

Vacuum overnight and re-treated as above. Washing and drying of the resin as before
yielded the desired resin-bound ester 290: 8¢ (90 MHz, Gel-Phase, CDCl;): 30.8 (CHy),
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35.8 (CHy), 40.2 (Wang CH,), 66.0 (Wang CH,), 126.2 (Wang C), 127.9 (Wang CH),
128.2 (CH), 128.4 (CH), 128.7 (Wang CH), 129.1 (C), 130.0 (C), 132.1 (Wang C), 172.5
©. |

Attempted formation of boronate 291

1% TFA/ o
beM B
Ph
O 201

Following the general solid-phase Takeda reaction (method A), employing thioacetal 287
(0.52 g, 1.45 mmol) and Wang resin-bound ester 290 (0.29 mmol), and then subjectmg the
resin to the standard Merrifield resin cleavage conditions - A, a brown solid was obtained
(0.016 g). '"H NMR spectroscopy confirmed that this was mostly dihydrocinamic acid and
triethylphosphite with some other unknown impurities.

General procedure for lithiation of bis(phenylthio)phenylmethane 285 and
quenching with trimethylborate

PhS L. "BuLli, THF o
Ph BUSPh + _ /—

PhS ii. B(OMe); PhS
285 iii. 2M HCI 294

n-Butleithium (2.6 cm’, 6.50 mmol, 2.5 mol dm™ in hexarie) was added to a solution of
bis(phenylthio)phenylmethane 285 (2.00 g, 6.50 mmol) in THF (10 cm®), under nit;ogen at
0 °C and stirred for 30 min. After this time, the dark orange mixture was cooled to -78 °C,
and trlmethylborate (0.8 cm’, 6.50 mmol) was added. The reaction mlxture was then
warmed to 25 °C and stirred for 2 h, before cooling to —60 °C and then quenched thh
aqueous HCI (2 mol dm™, 3,10 cm®). The resulting mixture was then diluted with water (20
cm®) and extracted with diethyl ether (2 x 25 cm %). The combined organic phases were then
dried over sodium sulphate, and concentrated under vacuum to leave a yellow oil. '"H NMR
spectroscopy confirmed thata 8: 5: 5 rﬁixture of bis(phenylthio)phenylmethane 285 (A): ‘1-
(phenylthi'o)butanezoS (B): (phenylthio)phenylmethanezo4 294 (O) femained; Sy (400 MHz,
CDCl3): 0.87 (3HB t,J 7.6, CHs- CH;), 1 40-1 54 (2H®, m, CH,), 1 .60-1.67 (QH%, m, CH;),
2.90 (2H®, 1, J 7.4, CHy- -§),4.11 (21+1C s, CHy), 5.42 (IHA, s, CH), 7.15- 7.37 (15H* +5Hc
+10HS, m, Ar-H).
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2-Phenyl-1,3-dithiane?** 297

£8TPh
297 -

As above, 1,3-propanedithiol (6.0 cm’, 60.0 mmol), benzaldehyde (3.10 cm®, 30.0 mmol),
acetic acid (20 cm®) and boron trifluoride diethyletherate (3.2 cm’®, 27.0 mmol) in toluene
(30 cm®), followed by the same work-up as for thioacetal 285, yielded the desired
thioacetal 297 as a white solid. Recrystallisation from Pet. ether gave 2-phenyl-1,3-dithiane
*3 297 as needles (4.92 g, 25.0 mmol, 84%); Mpt: 67-69 °C, (Lit.** Mpt: 69-70 °C); &y
(400 MHz, CDCl;): 1.89-1.97 (1H, m, CHy,), 2.14-2.21 (1H, m, CH,,), 2.89-2.94 (2H, m,
CH,-S), 3.03-3.11 (2H, m, CH,-S), 5.30 (1H, s, PhCH), 7.26-7.48 (5H, m, Ar-H); 8¢ (100
MHz, CDCl;): 25.1 (CH;), 32.1 (CHy), 51.5 (CH), 127.8 (CH), 128.4 (CH), 128.7 (CH),
139.1 (C); m/z, I+ (%): 196 (M", 100), 122 (M"-C3HS, 60), 121 (M"'-C3HS, 61).

General procedure for lithiation of 2-phenyl-1,3-dithiane 297 and formation of
benzoin propylenethioacetal®* 298

: Ph
. i."™BuLi, THF Ph
S7~Ph ' S
5 ii. PhCHO £ OH
297 : 298

n-Butyllithium (0.6 cm®, 1.30 mmol, 2.5 mol dm™ in hexane) was added to a solution of 2-
phenyl-1,3-dithiane 297 (0.25 g, 1.27 mmol) in THF (5 cm®), under nitrogen at -30 °C, and
stirred for 1 h. After this time, the dark green reaction mixture was cooled to -78 °C, and
benzaldehyde (0.15 cm?, 1.50 mmol) was added. The résulting yellow solution was then
warmed to 25 °C and stirred for 18 h. After this time, the reaction mixture was poured into
saturated ammonium chloride solution (10 cm3) and extracted with chloroform (2 x 10
cm®). The combined organic phases were then washed with water (20 cm®) and brine (20
cm’), dried over sodium sulphate and concentrated in vacuo to leave a yellow oil. 'H NMR
spectroscopy confirmed that this was a mixture of the desired product 298 (A)*:
thioacetal 297 starting material (B): benzaldehyde (C), 5: 1: 1; 8y (400 MHz, CDCl):
1.75-1.95 (2H*, m, CH,), 1.89-1.97 (1H®, m, CH,y), 2.14-2.21 (1HB, m, CH,y), 2.55-2.70
(4HA, m, CH,-S), 2.89-3.11 (1H* + 4H®, m; CH*OH + CH,?-S), 4.98 (1H", 5, OH), 5.30
(1HB, S, PhCH), 6.84-6.86 (2H", m, Ar-H), 7.08-7.12 (2H?, m, Ar-H), 7.16-7.20(1H*, m,
Ar-H), 7.24-7.48 (4H* + 5H®, m, Ar-H), 7.50-7.52 (1H*, m, Ar-H), 7.66-7.69 (3HC, m, Ar-
H), 7.85-7.87 (2HS, m, Ar-H), 9.95 (1H%, s, CHO). - |
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2-(1-Styryl)-1,3-dithiane?'? 299

D\Sg\/\Ph
299

Boron trifluoride diethyletherate (1.0 cm®, 8.00 mmol) was added drop-wise to a solution
of cinnamaldehyde (2.64 g, 20.0 mmol) and propane-1,3-dithiol (2.2 cm?, 20.0 mmol) in
dry diethyl ether (40 cm®) at 0 °C under nitrogen. The ice bath was then removed and the
reaction mixture was stirred for 3 h at rt, and then quenched by pouring into aqueous
sodium hydroxide (10%, 50 cm3). The resulting mixture was then extracted with
chloroform B x 40 cm®) and the combined chloroform extracts were then washed with
water (50 cm) and brine (50 cm’), drled over sodium sulfate, and concentrated under
vacuum to yield a yellow oil which crystalhsed on standmg (4.40 g). Recrystalhsatxon
from hexane, gave 2-(1-styryl)-1,3-dithiane 212 299, as a yellow solid (3.51 g, 15.8 mmol,
79%); Mpt: 57-59 °C, (Lit.2? Mpt: 57-58 °C); u (400 MHz, CDCly): 1.85-1.95 (1H, m,
CH,y), 2.10-2.17 (1H, m, CH,g), 2.86-3.10 (4H, m, CH,-S), 4.80 (1H, d, J 7.7, S,CH), 6.23
(1H, dd, J 7.7 and 16.0, CH=CHPh), 6.74 (1H, d, J 16.0, CH=CHPh), 723 7.39 (5H, m,
Ar-H); 8¢ (100 MHz, CDCI3): 25.2 (CHz), 30.2 (CHy), 47.7 (CH), 1260 (CH), 126.7
(CH), 128.1 (CH), 128.6 (CH), 133.4 (CH), 136.1(C).

General procedure for lithiation of 2-(1-styryl)-1,3-dithiane 299 in the
formation of thioacetal 300 |

5\3 g\/\Ph' | "BuLi, THF ﬁ\SgI‘)\/\Ph
299 . D20 > 300

n-Butyllithium (0.40 cm®, 1.00 mmol, 2.5 mol dm™ in hexane) was added to a solution of
2-(1-styryl)-1,3-dithiane 299 (0.20 g, 0.90 mmol) in THF (5 cm®), under nitrogen at -40 °C,
warmed to -20 °C and stmed for 1 h. After this time, the dark orange reaction mixture was
cooled to -40 °C, and DZO (0.20 cm®, 10.0 mmol) was added. The yellow solutxon was then
warmed to 25 °C and stirred for 45 mins. The reaction mixture was poured into saturated
brine (10 cm®) and extracted with chloroform (2 x 10 cm®). The combined organic phases
were then washed with water (30 cm’) and brine (30 cm?), dried over sodium sulphate and
concentrated under vacuum to leave a yellow oil. 'H NMR spectroscopy confirmed this
contamed a mixture of 2-deuterio-2- (l-styryl) -1,3-dithiane 300 A: 2- (l-styryl) 1,3-dithiane
299 B (4: 1); 8u (400 MHz, CDCy): 1. 85-1.95 (1IH* ", m, CH,y), 2.10-2.17 (1HA *B, m,
CH,,), 2. 86-3.10 (4HA+P, m, CHz-S), 4.80 [1H®, d, J 1.7, S;CH], 6.23 (1HA, 4, J 16. 0,
CH—CHPh), 6.24 (1H®, dd, J 7.7 and 16.0, CH=CHPh), 6.74 (IHA *B 4, J 16.0,
CH=CHPh), 7.19-7.39 (SHA*®, m, Ar-H).
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2-(2'-Aminophenyl)-2-methyl-1,3-dithiane 310
S
oy
| NH,
310

Boron trifluoride diethyletherate (2.0 cm®, 16.0 mmol) was added dropwise to a solution of
2-aminoacetophenone (1.35 g, 10 mmol) and propanedithiol (2.2 cm’, 20.0 mmol) in
diethyl ether (10 cm®), and the reaction mixture was heated under reflux for 60 h. After this
time the reaction mixture waé washed with sodium hydroxide (1 mol dm™, 3 x 10 cm®) and
water (30 cm®), dried over sodium sulfate, and concentrated to leave a yellow oil. The

crude '"H NMR spectrum confirmed 87% conversion to the desired product. Purification by

‘column chromatography (SiO;, DCM), resulted in elimination of the thioacetal moiety

explaining the poor yield obtained as the majority of the product was contaminated with 2-
aminoacetophenone. Some of the desired product 310 was obtained in moderate purity as a
yellow oil (0.72 g, 3.20 mmol, 32%, 95% pure); R¢ (Si0,, DCM): 0.15, 8y (400 MHz,
CDCl5): 1.97-1.99 (5H, m, CH; and CH3), 2.83-2.86 (4H, m, CH,-S), 4.88 (2H, s, NH,),
6.65 (1H, dd, J 1.2 and 7.9, H-3"), 6.77 (1H, dt, J 1.3 and 8.2, H-5"), 7.10 (1H, dt, J 1.5 and
7.9, H-4"), 7.78 (1H, dd, J 1.4 and 8.0, H—6’); S¢ (100 MHz, CDCl3): 24.6 (CHz), 275
(CHs), 28.2 (CH,), 53.0 (C), 118.1 (CH), 118.6 (CH), 124.6 (C), 128.9 (CH), 130.5 (CH),
145.9 (C). : |

2-(2'-Aminophenyl)-2-phenyl-1,3-dithiane 311 -
| Ph S/j
L

Boron trifluoride diethyletheréte (7.8 cm’, 60.8 mmol) was added drop-wise to a solution
of 2-aminobenzophenone (6.0 g, 30.4 mmol) in 1,3-propanedithiol (6.6 cm®, 60.8 mmol),
and the reaction mixture was stirred for 20 h at rt. After this time DCM (30 cm®) was
added and the residue was washed with sodium hydroxide (1 mol dm?, 3 x 30 cm®) and
water (30 cm®), dried over sodium sulfate, and concentrated to leave a yellow solid (8.44 g,
29.4 mmol, 97%). Recrystallisation from ethyl acetate gave 2-(2'-aminophenyl)-2-phenyl-
1,3-dithiane 311 as needles (7.19 g, 24.9 _mmol, 82%); Rt (Si0;, DCM): 0.30; Mpt: 113-
116 °C; Vinax (KBr)/em™ 3433 (NH,), 3330 (NHz),”1443 (CH), 1484 (CH); dy (400 MHz,
CDCl): 1.95-2.03 (2H, m, CH,), 2.71-2.96 (4H, m, CH,-S), 4.50 (2H, s, NH,), 6.64 (1H,
dd, J 1.1 and 7.9, H-3") 6.71 (1H, m, H-5"), 7.11 (1H, m, H-4"), 6.97 (1H, d, J 8.0, H-6"),
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7.28-7.36 (2H, m, Ar-H), 7.50 (1H, d, J 7.8, Ar-H), 7.65 (2H, d, J 7.7, Ar-H); 8¢ (100
MHz, CDCl;): 24.4 (CHy), 29.5 (CHy), 61.4 (C), 117.5 (CH), 118.4 (CH), 124.1 (C), 127.9
(CH), 128.6 (CH) 128.8 (CH), 129.1 (CH), 132.2 (CH), 141.2 (C), 145.7 (C); m/z, EI+
(%): 287 (M™, 25), 213 (M"-C3H;S, 30), 212 (M*-C3H;S, 32), 180 (100); Accurate mass:
Ci6Hi6NS;: requires 287.4497, found 287.4477; Microanalysis Found: C 66.79%, H
5.82%, N 4.73%; Theoretical C;6H;60S;: C 66.89%, H 5.92%, N 4.88%. |

2-(2'-Hydroxyphenyl)-1,3-dithiane?** 314
S
OH
314

220 tellerium tetrachloride (0.27 g, 1.00

mmol) was added to a solution of salicaldehyde (2.44 g, 20.0 mmol) and 1,3-

Following a known procedure for thioacetallisation,

propanedithiol (2.0 cm’, 20.0 mmol) in dichloroethane (30 cm®), and was stirred at 1t for 3
h. After this time 0.60 g of sodium bicarbonate was added and the residue were filtered off.
The organic phases were then dried over sodium sulfate and concentrateci to leave a pale
yellow solid (4.23 g, 19.9 mmol, 99.5%). Washing the resultant solid with cold Pet. ether
and drying under vacuum gave 2-(2°-hydroxyphenyl)-1,3-dithiane 314 as a white solid
(4.03 g, 19.0 mmol, 95%): Mpt: 125-127 °C (Lit.245 Mpt: not quoted); Vimax (K_Br)/cm'1
3319 (OH), 2980 (CH), 1591 (CH), 1498 (CH,), 1498 (CH>), 1248 (OH), 758 (CH); &4
(400 MHz, CDCl): 1.89-2.00 (1H, m, CHy), 2.16-2.22 (1H, m, CHy), 2.91-2.95 (2H, m,
CH,), 3.04-3.11 (2H, m, CH,), 5.41 (1H, s, CH), 6.33 (1H, s, OH), 6.86-6.90 (2H, m, H-
3’and H-6"), 7.19 (1H, dt, J 1.6 and 7.7, H-5"), 7.82 (1H, dt, J 1.7 and 8.0, H-4"); 8¢ (100
MHz, CDCl;): 24.9 (CHy), 31.6 (CH,), 47.5 (CH), 117.4 (CH), 120.8 (CH), 123.5 (C),
129.1 (CH), 130.1 (CH), 154.5 (C); m/z, EI+ (%): 212 (M™, 100), 138 (96), 137 (80);
Accurate mass: C;oH;208S;: réquires 212.0330, found 212.0328; Microanalysis Found: C
56.64%, H 5.34%; Theoretical C;oH;208S3: C 56.87%, H 5.21%.
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2-(2'-tert-Butyldimethylsilyloxyphenyl)-1,3-dithiane 316

T
L
316OTBS

Triethylamine (2.3 cm®, 16.5 mmol), was added to a solution of 2-(2"-hydroxyphenyl)-1,3-
dithiane 314 (3.18 g, 15.0 mmol), fert-butyldimethylchlorosilane (2.49 g, 16.5 mrhol),
imidazole (1.12 g, 16.5 mmol), in DMF (15 cm®) and was allowed to stir for 16 h. The
reaction mixture was poured into sat. sodium bicarbonate solution (30 cm’) and extracted
into diethyl ether (3 x 30 cm®). The combined organic phases were washed with water (5 x
100 cm®), dried over sodium sulfate and concentrated to yield a pale yellow solid (4.88 g,
16.5 mmol, 100%). Recrystallisation from Pet, ether gave 2-(2-tert-
butyldimethylsilyloxyphenyl)-1,3-dithiane 316 as needles (3.66 g, 11.2 mmol, 75%); Mpt:
77-80 °C; Vmax (KBr)Yem™ 2952 (CH), 2856 (CH), 1286 (SiMe,), 1089 (0O-Si), 909 (O-Si),
831 (SiMey); 8y (400 MHz, CDCl;): 0.26 (6H, s, SiMe,), 1.06 (9H, s, CMe3), 1.91-1.98
(1H, m, CH,), 2.13-2.19 (1H, m, CH,g), 2.87-2.93 (2H, m, CH,-S), 3.00-3.07 (2H, m,
CH,-S), 5.60 (1H, s, CH), 6.78 (1H, dd, J 1.1 and 8.1, H-3), 6.93 (1H, dt, J 1.1 and 7.5, H-
5, 7.12 (1H, dt, J 1.8 and 7.5, H-4"), 7.52 (1H, dd, J 1.7 and 7.7, H-6'); 8¢ (100 MHz,
CDCl;): -4.4 (CH3), 18.3 (C), 25.3 (CH,), 25.8 (CH3), 32.5 (CH,), 44.8 (CH), 118.8 (CH),
121.7 (CH), 129.0 (CH), 129.2 (CH), 129.8 (C), 138.1 (C); m/z, EI+ (%): 326 (M"", 20),
269 (100), 223 (16), 195 (87), 161 (34), 135 (20), 82.9 (16), 73 (86); Accurate mass:
Ci6H1608,Si: requires 326.5973 found 326.5976; Microanalysis Found: C 58.83%, H
7.80%; Theoretical C1¢H160S,Si: C 58.89%, H 7.97%.

1-(2'-tert-Butyldimethylsilyloxyphenyl)-4-phenylbutan-2-one?'* 318

djyph
oTBS

318

Following the solid-phase Takeda Method A and resin-cleavage procedure A, employing
thioacetal 316 (0.48 g, 1.45 mmol) and Wang resin-bound ester 290 (0.29 mmol), yielded
1-(2-tert-butyldimethylsilyloxyphenyl)-4-phenylbutan-2-one*'* 318 as an oil (0.070 g,
0.210 mmol, 71%): 84 (400 MHZ, CDCl;): 0.20 (6H, s, Me,Si), 0.97 (9H, s, t-BuSi), 2.69
(2H, t, J 8.0, CHy), 2.83 (2H, t, J 7.9, CHy), 3.64 (2H, s, CH,), 6.81 (1H, d, J 8.1, H-3"),
6.87 (1H, dt, J 7.4 and 1.0, H-5"), 7.06-7.12 (5H, m, Ar-H), 7.22- 7.25 (2H, m, Ar-H).
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2-(2'-tert-Butyldimethylsilyloxyphenyl)-2-methyl-1 ,3-dithiahe 319

1,3-Propanedithiol (13.4 cm’, 124 mmol) was added to a solution of 2-
hydroxyacetophenone (10.0 g, 73.5 mmol), and boron trifluoride diethyletherate (15 cm’,
118 mmol) in THF (40 cm®), under nitrogen, and stirred for 15 h at rt. After this time, the
reaction mixture was quenched by adding water (80 cm®) and extracted with diethyl ether
(3 x 60 cm®). The combined organic phases were then washed with saturated sodium
bicarbonate solution until the acid was neutralised, dried over sodium sulfate, and
concentrated in vacuo to yield a colourless oil [(16.81 g, 74.3 mmol, 101%), [due to poor
separation between Ry of product and starting material in all solvents tried, the crude
produbt (approx 86% conversion) was protected without puriﬁcation]. Triethylamine (14
cm®, 100 mmol) was added to a crude mixture of thioacetal 315 [(assume 73.5 mmol),
-86:14 mole ratio thioacetal 315: 2-hydroxyacetophenone by 'H NMR with some 1,3-
propanedithiol], imidazole (6.81 g, 100 mmol), and tert-butyldimethylchlorosilane (15.07
g, 100 mmol) in DMF (50 cm®) under nitrogen, and stirred for 16 h. The reaction mixture
was quenched into sodium bicarbonate solution (30 cm’) and extracted into diethyl ether (2
X 40 cm®). The combined organic phases were then washed with water (3 x 100 cm®),
dried over sodium sulphate and concentrated to leave a yellow oil (27.1 g).l Column
chromatography of a 3.00 g portion [SiO,, DCM: Pet. ether 1: 1], gave the desired product
319 (2.14 g, 6.28 mmol). Récrystallisation of the white solid from Pet. ether gave the
desired product as plates (1.73 g, 5.08 mmol). The remainder was then purified by
crystallisation from Pet. ether, induced by seeding, to yield 2-(2-tert-
butyldimethylsilyloxypheny])-2-mcthyl-l,3-dithiane 319 as plates (12.24 g, 35.9 mmol,
44% for 2 steps); R¢ (DCM: Pet ether 1: 1): 0.40; Mpt: 56-59 °C; Vimax (KBr)/cm™ 2960
(CH), 2856 (CH), 1251 (SiMey), 1058 (O-Si), 911 (O-Si), 825 (SiMey); Sy (400 MHz,
CDCl): 0.32 (6H, s, SiMez), 1;04 (9H, s, CMe3), 1.89-1.97 (2H, m, CHy), 2.00 (3H, s,
CH;), 2.75-2.82 (4H, m, CH,-S), 6.85 (1H, dd, J 1.0 and 8.0, H-3"), 6.90 (1H, dt, J 1.1 and
1.8, H-5), 7.13 (1H, dt, J 1.7 and 7.8, H-4"), 7.92 (1H, dd, J 1.7 and 7.9, H-6"; &¢ (100
MHz, CDCl;): 3.3 (CH3), 19.1 (C), 24.8 (CH,), 26.5 (CH3), 28.4 (CH,), 28.7 (CH3), 118.4
(C), 119.7 (CH), 119.9 (CH), 128.4 (CH), 131.1 (CH), 132.3 (C), 134.1 (C); m/z, EI+ (%):
340 (M™, 16), 283 (16), 209 (100); Accurate mass: Ci7H2505:81,: requires 340.6262,
found 340.6245; Mlcroanalys1s Found C 59. 60%, H 8. 21%, Theoretlcal C16H15082 C
60. 00%, H 8 23%. '
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N,N-Dibenzyl-2-bromoaniline 321

C[Br
o

Benzyl bromide (11.6 cm®, 93.0 mmol), was added to a solution of 2-bromoaniline (4.0 g,
23.3 mmol) and potassium carbonate (12.9 g, 93.0 mmol) in NMP (25 cm®) under nitrbgen,
and the reaction mixture was heated at 60-70 °C for 16 h. After allowing to cool, water (50
cm®) was added and stirred for 10 min. The mixture was extracted with diethyl ether (3 x
30 cm®), and the combined organic phases were washed with water (10 x 80 cm®) and dried
over sodium sulfate, before concentrating in vacuo to yield a yellow oil. Column
chromatography (SiO,, eluting with Pet. ether and then DCM) yielded N,N-dibenzyl-2-
bromoaniline 321 as a colourless oil (6.44 g, 18.3 mmol, 79%): R¢ (SiO,, Pet. ether): 0.10;
Vmax (Thin Film)/cm™ 3061 (CH), 3026 (CH), 783 (CH), 753 (CH); 8y (400 MHz, CDCly):
4.17 (4H, s, NCH,), 6.83 (1H, dt, J 1.6 and 7.5, H-4), 6.89 (1H, dd, J 1.5 and 8.0, H-6),
7.07 (1H, dt, J 1.5 and 8.1, H-5) 7.17-7.35 (10H, m, Ar-H), 7.56 (1H, dd, J 1.5 and 7.9, H-
3); 8¢ (100 MHz, CDCl3): 56.4 (CHy), 121.4 (C), 124.5 (CH), 124.7 (CH), 127.0 (CH),
127.6 (CH), 128.2 (CH), 128.6 (CH), 133.8 (CH), 138.0 (C), 148.8 (C); m/z, EI+ (%): 351
(M™, 22), 260 (M™-CH,Ph, 19), 180 (20), 91 (100); Accurate mass: CoH;sN"’Br: requires
351.0623, found 351.0625, C,oHsN®'Br: requires 353.0604, found 353.0601;
Microanalysis: Found C 68.13%, H 5.10%, N 3.98%, Br 22.80%; Theoretical CooH;sNBr:
C 68.18%, H 5.11%, N 3.98%, Br 22.73%.

N-Benzy/-N-phenyl-N-(1'-phenylpent-1'-yl) 324

:NPh

324 Bn
n-Butyllithium (1.80 cm’, 4.40 mmol, 2.5 mol dm™ in hexane) was added to a solution of
N,N-dibenzyl-2-bromoaniline 321 (1.30g, 3.69 mmol) in THF (12 cm®), under nitrogen at
-78 °C, and slowly allowed to warm to -40 °C over 30 mins. After this time, DMF (0.80
cm’, 10.4 mmol) was added and the reaction mixture was then slowly warmed to 25 °C and
stirred for 1 h. The reaction mixture was then poured into water (30 cm’) and extracted
with diethyl ether (2 x 30 cm®). The combined organic phases were then washed with water
(2 x 30 cm®) and brine (30 cm®), dried over sodium sulfate and concentrated to give a
yellow solid (1.20 g). Recrystallisation from propan-2-0l gave N-benzyl—N—phenyl-N—(l'-
phehylpent-l'-yl) 324 as golden yellow needles (0.90 g, 2.90 mmol, 78%); Mpt: 98-101 °C;
Vmax (KBr)/em™ 2945 (CH), 2926 (NCH;), 2840 (NCH,), 753 (CH), 726 (CH), 700 (CH);
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8y (400 MHz, CDCL): 0.84 (3H, t, J 7.2, CHs), 1.27-1.51 (4H, m, CH,CH,CH), 1.96 (2H,
m, NCH-CH>), 4.25 (1H, d, J 17.0, NCH*H®Ph), 4.41 (1H, d, J 17.0, NCHACH®Ph), 5.02
(3H, t,J 7.2, NCHPh), 6.68 (1H, t, J 7.2, H-4), 6.80 (2H, d, J 8.1, H-2 and H-6), 7.11-7.31
(12H, m, Ar-H); 8¢ (100 MHz, CDCL): 14.0 (CHs), 22.8 (CH), 29.5 (CHy), 31.7 (CHy),
49.9 (CHy), 62.9 (CH), 115.0 (CH), 117.3 (CH), 1263 (CH), 126.7 (CH), 127.0 (CH),
127.8 (CH), 128.2 (CH), 128.3 (CH), 128.9 (CH), 139.8 (C), 141.4 (C), 149.5 (C); m/z,
EI+ (%): 329 (M",12), 272 (M"™-C4Hs, 100); Accurate mass: CoqH,7N: requires 329.2143,
found 329.2145; Microanalysis: Found C 87.54%, H 8 21%, N 4. 25%, Theoretical
C2HyN: C 87.32%, H 8.21%, N 4.12%.

N,N-Dibenzyl-4-methylaniline?*® 325

: NBn2

325

Benzyl bromide (14.0 cm®, 112 mmol) was added to a solution of p-toluidine (3.00 g,28.0
mmol) and potasium carbonate (15.5 g, 112 mmol) in NMP (30 cm®) under nitrogen, and
the reaction mixture was heated at 60-70 °C for 60 h. After cooling, water (100 cm®) was
added and stirred for 10 mins before extracting with diethyiether (3 x 30 cm®). The
combined organic phases were washed with water (4 x 60 cm®), dried over sodium sulfate
and concentrated in vacuo, to give an orange oil (8.91 g). Column chromatography of a
1.00 g portion (SiO;, DCM), gave the desired amine 325 as a white solid (0.37 g).
Recrystallisation from DCM/ propan-2-ol gave the desired product 325, as needles (0.27
g). The remainder of the reaction mixture was purified by crystallisation, induced by
seeding, to give N,N-dibenzyl-4-methylaniline 325 as needles (5.94 g, 20.7 mmol, 74%);
Mpt: 53-56 °C, (Lit.**, Oil); 8 (400 MHz, CDCLy): 2.22 (3H, s, CHj), 4.62 (4H, 5, NCH),
6.64 (2H, d, J 8.4, H-2 and H-6), 6.97 (21, d, J 8.3, H-3 and H-5), 7.22-7.33 (10H, m, Ar-
H); 8¢ (100 MHz, CDCl;): 20.2 (CH3), 54.4 (CHy), 112.6 (CH), 126.7 (CH), 126.8 (CH),
128.6 (CH), 129.7 (CH), 138.1 (C), 138.8 (C), 196.1 (C); m/z, EI+ (%): 287 (M", 100),
210 (M"-C¢Hs, 27), 180 (M*'-C-,H-,,. 27), 91 (100); Microanalysis: Found C 87.85%, H
7.45%, N 4.85%; Theoretical Cy;HzN: C 87.81%, H 7.32%, N 4.88%.
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2-N,N-Dimethylamino-5-methyl benzaldehyde 326
o
NMe,
, 326
Phosphorous oxychloride (5.70 cm®, 60.0 mmol) was added to DMF (14 cm?®) at 0 °C, and
was allowed to stir for 15 min. After this time N,N-dimethyl-p-toluidine (2.20 cm®, 20
mmol) was added and the reaction was allowed to warm to 60 °C stirred for 16 h. After this
time the reaction was then poured into sodium hydroxide (2 mol dm>, 40 cm®) and

extracted into diethyl ether (3 x 30 cm®). The combined organic phases were then washed

with water (6 x 100 cm®), dried over sodium sulfate and concentrated to yield a yellow oil

| (2.76 g, 16.9 mmol). Column chromatography (SiO,, hexane: diethyl ether 9: 1) gave the

desired product 2-N,N-dimethylamino-5-methyl benzaldehyde 326 as a yellow oil (1.99 g,
12.2 mmol, 61%): R¢ (SiO,, hexane: diethyl ether 9: 1): 0.10; Vmax (KBr)/em™ 2945
(NMey), 2837 (NMey), 2792 (NMe,), 1686 (C=C); 8y (400 MHz, CDCl3): 2.31 (3H, s, Ar-
CHs), 2.87 (6H, s, NMe,), 6.97 (1H, d, J 8.3, H-3), 7.27 (1H, dd, J 2.2 and 8.3, H-4), 6.97
(1H, d, J 1.8, H-6); 8¢ (100 MHz, CDCl;): 20.3 (CH3), 45.8 ’(CH3), 118.0 (CH), 127.3 (C),
130.4 (CH), 130.6 (C), 135.4 (CH), 154.1 (C), 191.6 (CH); m/z, EI+ (%): 163 (M" 100),
134 (M*-CHO, 45), 120 (M"'-C,H;0, 64); Accurate mass: CoH;3NO: requires 163.2193,
found 163.2201; Microanalysis Found: C 73.42%, H 7.97%, N 8.57%; Theoretical:
CioHi3sNO: C 73.61%, H 7.98%, N 8.59%. | |

2-{2'-(N,N-Dimethylamino)-5-methylphenyl}-1,3-dithiane 327

S
?
: NMe;
» 327
Boron trifluoride diethyletherate (2.6 cm’®, 20.0 mmol) was added to a mixture of 2-(N,N-
dimethylamino)-5-methylbenzaldehyde 326 (1.60 g, 9.80 mmol) and 1,3-propanedithiol
(2.0 cm?, 20.0 mmol), was heated at 70 °C for 15 h. The reaction mixture was worked up
as for thioacetal 319 to yield a yellow oil (2.09 g, 84%). Column chromatography (SiO,,
DCM) gave the desired product as a colourless oil (1.36 | g, 5.68 mmol, 58%).
Recrystallisation from DCM/ Pet. ether gave 2-[2'-(N, N-dimethylamino)-5-methylphenyl]-
1,3-dithiane 327 as needles (0.99 g, 3.92 mmol, 40%): R¢ (SiO,, DCM): 0.45; Mpt: 54-57
°C; 84 (400 MHz, CDCl,): 1.90-2.00 (1H, m, CH,,), 2.15-2.20 (1H, m, CH,,), 2.29 '(3H, s,
CH;), 2.72 (6H, s, NMe;), 2.86-2.91 (2H, m, CH,-S), 3.07-3.15 (2H, m, CH,-S), 5.75 (1H,
s, S2CH), 6.99-7.05 (2H, m, H-3' and H-6"), 7.41 (1H, s, H-4"); ¢ (100 MHz, CDCl3):'20.7
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(CH3), 25.4 (CHy), 32.6 (CHy), 45.7 (CH), 45.8 (CH3), 119.5 (CH), 129.7 (CH), 130.0
(CH), 130.1 (C), 133.5 (C); m/z, EI+ (%): 253 (M", 77), 238 (M""-CH,, 16), 220 (17), 146
(100); Accurate mass: Ci3HioNS,: requires 253.4326, found 253.4305; Microanalysis
Found: C 61.27%, H 7.60%, N 5.24%; Theoretical C,¢H;60S;: C 61.66%, H 7.51%, N
5.53.

1-(2'-N,N-Dimethylamino-5'-methylphenyl)-4-phenylbutan-2-one 328

NMez

328

Following the solid-phase Takeda Method A and resin-cleavage procedure A, employing
2-(2'-N,N-dimethylamino-5'-methylphenyl)-1,3-dithiane 327 (0.37 g, 1.45 mmol), and
resin-bound ester 309a (0.30 mmol, Method A), yielded 1-(2'-N,N-Dimethylamino-5'-
methylphenyl)-4-phenylbutan-2-one 328 as a yellow oil (0.044 g, 0.16 mmol, 53%); Vmax
(Solt", CDCl3)/cm™: 2940 (CH), 2900 (CH), 2825 (NMey); 8y (400 MHz, CDCL): 2.34
(3H, s, CHj), 2.91-2.98 (4H, m, CH,CH,Ph), 3.21 (6H, s, NMey), 4.15 (2H, s, CH,CO),
6.85 (1H, s, H-6"), 7.19-7.31 (7H, m, Ar-H); 8¢ (100 MHz, CDCl;): 20.8 (CH3), 29.7
(CHy), 43.9 (CHy), 46.1 (CH,), 47.6 (CH3), 119.7 (CH), 126.0 (CH), 127.5 (C), 128.4
(CH), 128.5 (CH), 130.0 (CH), 133.7 (CH), 140.1 (C), 140.7 (C), 140.9 (C), 206.4 (C);
m/z, EI+ (%): 281.1 (M"™, 54), 162.1 (25), 148.1 (100); Accurate mass: C;oH,NO:
requires 281.3997, found 281.3992.

2'-Nitro-(bisthiophenyl)benzaldehyde thioacetal**’ 330

Ph
@E\sph
NO,
330

Thiophenol (7.70 cm?, 75.0 mmol) was added to a solution of 2-nitrobenzaldehyde (4.53 g,
30.0 mmol), acetic acid (20 cm®) and boron trifluoride diethyletherate (3.9 cm®, 30.0
mmol) in toluene (25 cm®), under nitrogen, and stirred for 30 h at rt. Work up as for
thioacetal 315 gave 2'-nitro-(bisthiophenyl)benzaldehyde thioacetal 330 as a yellow solid,
which was analytically pure (8.82 g, 21.0 mmol, 70%). Recrystallisation of a 0.50 g
portion from diethyl ether gave the desiréd 2'-nitro-(bisthiophenyl)benzaldehyde thioacetal
330 as yellow needles (0.35 g, 1.00 mmol, 58%): Mpt: 98-101 °C, (Lit.*’ Mpt: 101 5C);
Vmax (KBr)/em™ 1526 (NO,), 1361 (NOy); 84 (400 MHz, CDCL): 6.43 (1H, s, CH-S,),
7.22-7.26 (6H, m, SPh), 7.34-7.36 (5H, m, SPh + H-5"), 7.52 (1H, dt, J 1.2 and 7.7, H-4"), |
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7.79 (1H, dd, J 1.2 and 8.1, H-3"), 7.91 (1H, dd, J 1.3 and 8.0, H-6"); 8¢ (100 MHz,
CDCLy): 54.5 (CH), 124.4 (CH), 128.3 (CH), 128.6 (CH), 129.0 (CH), 130.7 (CH), 132.8
(CH), 133.1 (CH), 133.3 (C), 134.5 (C), 147.7 (C); m/z, EI+ (%): 244 (M"",100), 109 (43);
Accurate mass: C1oH;5NO,S;: requires 353.0544, found 353.0546; Microanalysis Found: C
64.63%, H 4.31%, N 3.92%; Theoretical C;oH;sNO,S,: C 64.59%, H 4.25%, N 3.96%.

2-(2'-Nitrophenyl)-1,3-dithiane 329a

D

NO,
329a

- 1,3-Propanedithiol (12.0 cm’, 120 mmol) was added to a solution of 2-nitrobenzaldehyde
(15.0 g, 99.0 mmol) and boron trifluoride diethyletherate (13.5 cm®, 120 mmol) in toluene
(50 ¢m3), under nitrogen and stirred for 16 h at rt. After this time, the reaction was
quenched by adding water (50 cm®) and then extracted into DCM (2 x 50 cm®). The
combined organic phases were washed with sodium hydroxide (1 mol dm>, 2 x 50 cm?),
w:ater (2 x 100 cm?), dried over sodium sulfate and concentrated under vacuum to give a
yellow solid. Recrystallisation from propan-2-ol gave 2-(2'-nitrophenyl)-1,3-dithiane 329a
as yellow needles (20.72 g, 86.0 mmol, 87%): R¢ (SiO;, DCM): 0.48; Mpt: 114-116 °C;
Vimax (KBr)/em™: 2954 (CH), 2832 (CH), 1524 (NO,), 1351 (NO,); 8 (400 MHz, CDClL):
1.89-2.01 (1H, m, CH,), 2.17-2.24 (1H, m, CH,y), 2.90-2.96 (2H, m, CHz-S), 3.09-3.16
(2H, m, CH,-S), 5.89 (1H, s, CH-S;), 7.42 (1H, dt, J 1.3 and 8.2, H-4"), 7.60 (1H, dt, J 1.2
and 7.6, H-S'), 7.87-7.90 (2H, m, H-3' and H-6"); 8¢ (100 MHz, CDCl3): 25.4 (CHy), 32.7
(CHy), 46.4 (CH), 125.1 (CH), 126.2 (C), 129.5 (CH), 131.1 (CH), 133.9 (CH), 138.5 (C);
m/z, El+ (%): 241 (M"-OH, 17), 224 (M"-O,H, 6), 166 (49), 147 (24), 135 (32), 106
(100); Accurate mass: CyoH;1NO,S;: requires 241.0231, found 241.0233; Microanalysis
Found: C 49.80%, H 4.49% N 5.81%; Theoretical C;oH;;NO,S;: C 49.79%, H 4.56% N
5.81% '

2+(3'-Methoxy-2'-nitrophenyl)-1,3-dithiane 329b
s’ij -
S
NO,
CH;0 329b
As above, using l,3-propanedithi61 (3.30 cm®, 33.0 mmol), 3-methoxy-2-
nitrobenzaldehyde (5.00 g, 27.6 mmol) and boron trifluoride diethyletherate (3.70 cm’,
33.0 mmol) in toluene (40 cm’), gave pure desired product (6.64 g, 23.5 mmol, 85%).
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Recrystallisation of a 1.00 g portion from propan-2-ol, gave 2-(3'-methoxy-2"-nitrophenyl)-
1,3-dithiane 329b as yellow needles (0.90 g, 3.30 mmol, 77%): R¢ (DCM, Si0,): 0.60;
Mpt: 188-191 °C; Vinax (KBr)/cm'l 2843 (COMe), 1607 (C=C), 1534 (NO,), 1369 (NO,),
1283 (OMe); & (400 MHz, CDCl;3): 1.86-1.97 (1H, m, CHyy), 2.13-2.20 (1H, m, CH),
2.86-2.92 (2H, m, CH;-S), 3.01 (2H, td, J 14.7 and 2.3, CH,-S), 3.88 (1H, s, OCH), 5.14
(1H, s, CH-Sy), 6.98 (1H, dd, J 0.9 and 8.3, H-4'), 7.34 (1H, dd, J 1.1 and 7.9, H-6), 7.41
(1H, t, J 8.1 H-5"; c (100 MHz, CDCls): 24.8 (CH), 32.1 (CHy), 45.5 (CH), 56.5 (CHy),
112.6 (CH), 120.9 (CH), 131.5 (CH), 132.0 (C), 150.5 (C); m/z, EI+ (%): 271 (M, 7), 254
(M"-OH, 10), 119 (44), 106 (100); Accurate mass: C;;H3NOsS,: requires 271.0337,
found 271.0339; Microanalysis Found: C 48.76%, H 4.87% N 5.14%; Theoretical
C11H;3NO3S,: C 48.69%, H 4.83%, N 5.13%. |

‘2-(4',5'-Methylenedioxy-2'-nitrophenyl)-1,3-dithiane 329¢

¢
07" ~""No,
329¢ :

As above, using 1,3-propanedithiol 3.10 cm®, 30.1 mmol), 2-nitropiperonal (4.90 g, 25.1
mmol) and boron trifluoride diethyletherate (3.40 cm?, 30.1 mmol) in toluene (70 cm®),
gave thioacetal 329¢ (6.99 g, 24.5 mmol, 98%). Recrystallisation of a 0.40 g portion from
propan-2-ol, yielded 2-(4',5'-methylenedioxy-2'-nitrophenyl)-1,3-dithiane 329¢ as yellow
needles (0.35 g, 1.23 mmol, 86%): R¢ (SiOz, DCM): 0.60; Mpt: 156-158 °C; vimax
(KBr)/cm" 2913 (OCH;0), 1521 (NO3), 1377 (NOs); éx (250 MHz, CDCl;): 1.84-2.00
(1H, m, CHy), 2.14-2.17 (1H, m, CHe,), 2.87-2.96 (2H, m, CH,-S), 3.06-3.18 (2H, m,
CH,-S), 5.99 (1H, s, CH-Sy), 6.12 (2H, s, OCH;0), 7.32 (1H, s, H-6"), 7.41 (1H, s, H-3");
d¢ (63 MHz, CDCl3): 25.0 (CH,), 32.3 (CHy), 46.4 (CH), 103.2 (CH,), 105.6 (CH), 109.6
(CH), 130.2 (C), 141.8 (C), 147.7 (C), 152.0 (C); m/z, EI+ (%): 285 (M™", 10), 268 [(M""-
OH), 24], 179 (42), 106 (80), 83 (100); Accurate mass: C;;H;1NO,4S,: requires 285.0130,
found 285.0133; Microanalysis qund: C 46.46%, H 3.97%, N 4.81%; Theoretical
CuHNO4S;2: C 46.31%, H 3.86%, N 4.91%. |
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2-(5'-Hydroxy-2'-nitrophenyl)-1,3-dithiane 329d

C :Noz

329d

The reaction was carried out as above, employing 1,3-propanedithiol (4.20 cm®, 40.7
mmol), 5-hydroxy-2-nitrobenzaldehyde (5.67 g, 33.9 mmol) and boron trifluoride
diethyletherate (4.60 cm’, 40.7 mmol) in DCM (80 cm®). The reaction mixture was
quenched into saturated sodium bicarbonate (80 cm®). The organic phases were separated

and then washed with water (2 x 100 cm®), dried over sodium sulfate, and concentrated

under vacuum to yield a yellow solid (8.88 g, 102%). " RecryStallisation from toluene, gave

2-(5'-hydroxy-2'-nitrophenyl)-1,3-dithiane 329d as yellow needles (6.’70 g, 26.1 mmol,
77%): R¢ (SiO2, DCM): 0.46; Mpt: 156-159 °C; Vimax (KBr)/cm™ 3441 (NHy), 1583 (C=C),
1520 (NOy), 1333 (NO;), 1304 (OH); dy (400 MHz, CDCl;): 1.88-2.00 (1H, m, CHy),
2.17-2.24 (1H, m, CH,,), 2.91-2.95 (2H, m, CH,-S), 3.10-3.18 (2H, m, CHz-S), 5.82 (1H,
bs, OH), 6.07 (IH, s, CH-S,), 6.83 (1H, dd, J 9.0 and 2.3, H-4), 7.30 (1H, d, J 2.8, H-6),
7.95 (1H, d,J9.0 H-3"; 8¢ (100 MHz, CDCls): 25.1 (CHy), 32.3 (CH,), 46.2 (CH), 115.7
(CH), 117.2 (CH), 128.1 (CH), 136.8 (C), 160.1 (C); m/z, EI+ (%): 257 (M"", 7), 240 (M*'-
OH, 27), 160.0 (100); Accurate mass C;oH;;NO3S,: requires 257.0180, found 257. 0178;
Microanalysis Found C 46.76%, H 4.33%, N 5 54%, Theoretlcal CloHnNOgSz C 46 67%,
H43 1%, N 5.44%. ' ’

2-(5'-Chloro-2"-nitrophenyl)-1,3-dithiane?* 329f

)
NO,
329f

As above, using 1,3-propanedithiol (8.20 cm’, 81.7 mmol), 5-chloro-2-nitrobenzaldehyde
[15% 4-chloroy-2-nitrobenzaldehyde (12.63 g, 68.1 mmol)] and boron trifluoride
diethyletherate (9.20 cm?, 81.7 mmol)‘ in toluene (100 cm?), gave a yellow solid (19.86 g).
Two recrystallisations from propan-2-ol yielded a 12: 1 mixture of thioacetal 329£>* (A):
2-(4'-chloro-2'-nitrophenyl)-1,3-dithiane. (B), as yellow needles (1450 g, 52.6 mmol,
77%): R¢ (DCM, Si0,): 0.67; 8;; (400 MHz, CDCls): 1.94-1.98 (1H*®, m, CHy), 2.17-
222 (IH™2, m, CH,y), 2.91-2.97 H®, m, CHy-S), 3.08-3.15 (2H*'®, m, CH;-S), 5.1
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(1HB, s, CH-S), 5.90 (1HA, s, CH-S,), 7.39 (1H?, dd, J 14.0 and 3.7, H-4"), 7.44-7.46
(2HB, m, Ar-H), 7.73-7.74 (1H®, m, Ar-H), 7.85-7.88 (2H", m, H-3’ and H-6"). .

2-(2'-Aminophenyl)-1,3-dithiane®* 331a

C :NHZ

331a

THF (150 cm’) was added to a 3-necked flask charged with argon, containing 2-(2'-
nitrophenyl)-1,3-dithiane 329a (20.7 g, 86.0 rhmol) and the reaction mixture was cooled
using an ice bath. Palladium on charcoal (5% loading/ 50% water, 13.8 g) was added,
followed by eodium borohydride (1 1.13 g; 294 mmol)\in three equal poﬁions over 10 min,
and the feaction mixture was allowed to stir at rt for 18 h. After this time, the mixture was
acidified to pH 6 with hydrochloﬁe acid (2 mol dm'3) Chloroform (150 cm®) was added
and the mixture stirred for 10 mins. The solution was then ﬁltered and the orgamc layer
was washed with water (2 x 200 cm %), dried over sodium sulfate and concentrated to leave
a-yellow solid. Recrystallisation from propan-2-ol gave 2-(2'-aminophenyl)-1,3-dithiane>*
331a as needles (15.42 g, 73.0 mmol, 85%), R¢ (SiO,, DCM): 0.14; Mpt: 112-115 °C
(Lit3* 114-115 °C); vimax (KBr)lem™: 3434 (NH), 3340 (NH,), 1623 (NH,); 5y (400
MHz, CDCls): 1.88-1.99 (1H, m, CHay), 2.15-2.22 (1H, m, CH,g), 2.90-2.95 (2H, m, CH,-
S), 3.06-3.13 (2H, m, CH,-S), 4.15 (2H, bs, NH;), 5.30 (1H, s, S,CH), 6.68 (1H, dd, J 1.0
and 7.9, H-3", 6.75 (1H, dt, J 1.1 and 7.5, H-5"), 7.09 (1H, dt, J 1.5 and 7.5, H-4"), 7.30
(1H, dd, J 1.4 and 7.7, H-6"); 3¢ (100 MHz, CDCl3): 25.3 (CH), 32.0 (CHy), 48.7 (CH),
117.0 (CH), 119.1 (CH), 123.1 (C), 128.5 (CH), 129.3 (CH), 144.4 (C); m/z, EI+ (%): 211
(M", 70), 178 (M"-SH, 17), 136 (100); Accurate mass: C;oH;3NS;: requires 211.0489,
found 211.0490; Microanalysis Found: C 66.79%, H 5.82%, N 4.73%; Theoretical
CioH13NS;: C 66.89%, H 5.92%, N 4.88%.

Diazine-n-oxide 333

S S

3330 é

THF (150 cm’) was added to a 3-necked flask, charged with argon, containing 2-(2'-
nitrophenyl)-1,3- dlthlane 329a (14.15 g, 58.6 mmol) and the reaction was cooled using an
ice bath. Palladlum on charcoal (5% loading/ 50% water 4.38 g) followed by sodium
borohydride (5.54 g, 147 mmol) in three equal portions over 15 mmsv were added, and the
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reaction was stirred at rt for 18 h. After this time the reaction was Worked up exactly as for
2-(2°-aminophenyl)-1,3-dithiane 331a above to leave an orange oil (13.52 g). '"H NMR
spectroscopy confirmed that an 18: 8: 2 mixture of aniline 331a: dimer 333: starting
material 329a was obtained. Column chromatography (SiO,, CHCl;) gave pure starting
material 329a (0.50 g, 2.07 mmol), aniline 331a (5.21 g, 24.7 mmol) and dimer 333 (1y.93
g, 4.43 mmol) which was recrystallised from ethyl acetate to give the pure diazine-N-oxide
333 as orange/yellow needles (1.59 g, 3.65 mmol); R (SiO,, CHCL3): 0.25; Mpt: 202-204
°C; Vmax (KBr)/em™: 1630 (CH), 1460 (N=NO), 1390 (N=NO), 765 (CH), &y (400 MHz,
CDCL): 1.86-1.97 (2H, m, CHg), 2.09-2.15 (2H, m, CH,), 2.81-2.85 (4H, m, CH,-S),
3.04-3.12 (4H, m, CH,-S), 5.75 (1H, s, S,CH), 6.00 (1H, s, S,CH), 7.41-7.47 (3H, m, Ar-
H), 7.53-7.54 (1H, m, Ar-H), 7.71 (1H, dd, J 1.2 and 7.9, Ar-H), 7.81-7.83 (1H, m, Ar-H),
7.89 (1H, dd, J 1.3 and 7.8, Ar-H), 8.55-8.57 (1H, m, Ar-H); 8¢ (100 MHz, CDCl;): 25.0
(CH,), 25.1 (CHy), 32.0 (CHy), 32.1 (CH), 45.6 (CH), 122.0 (CH), 124.1 (CH), 128.4
(CH), 129.0 (CH), 129.1 (CH), 130.0 (CH), 130.1 (CH), 130.7 (CH), 132.1 (C), 136.5 (C),
140.2 (C), 147.8 (C); m/z, CI+ (%): 435 [(M+H)", 15], 417 [M+H)*-H,0, 23], 311 (45),
237 (42), 221 (100); Accurate mass: CyH22N,0S4: requires 435.0693, found 435.0693;
Microanalysis: qund C 55.21%, H 5.05%, N 6.43%; Theoretical C0H22N,08,: C 55.14%,
H 5.09%, N 6.43%. o

2-(2'-Amino-3'-methoxyphenyl)-1,3-dithiane 331b

)

S

NH,

CH30 331b ‘

Following the above procedure, 2-(3'-methoxy-2'-nitrophenyl)-1,3-dithiane 329b (6.24 g,
23.0 mmol), palladium on charcoal (5% loading/ 50% water, 3.69 g) and sodium
borohydride (2.61 g, 69.0 mmol) in THF (50 cm®), gave the pure desired aniline 331b as a
white crystalline solid (4.64 g, 19.2 mmol, 83%). Recrystallisation of a 0.50 g portion from
propan-2-ol, gave 2-(2'-amino-3'-methoxyphenyl)-1,3-dithiane 331b as tiny needles (0.43
g, 1.87 mmol, 71%): R¢ (SiO;, DCM): 0.17; Mpt: 121-124 °C; vmax (KBr)/em™: 3421
(NH,), 3333 (NH,), 1617 (NH;), 1480 (OCHj3); 8y (400 MHz, CDCl;): 1.88-2.00 (1H, m,
CH,y), 2.15-2.19 (1H, m, CH,), 2.89 (2H, dt, J 3.3 and 14.3, CH,-S), 3.06-3.13 (2H, m,
CH,-S), 3.83 (3H, s, OCHj;), 4.16 (2H, bs, NH3), 5.33 (1H, s, S,CH), 6.71-6.76 (2H, m, H-
4' and H-5"), 6.96 (1H, dd, J 2.2 and 6.8, H-6'), 6¢c (100 MHz, CDCL): 25.3 (CHy), 31.8 -
(CH,), 48.4 (CH), 55.7 (CH;), 110.0 (CH), 118.2 (CH), 120.3 (CH), 123.2 (C), 134.2 (C),
147.7 (C); m/z, EI+ (%): 241 (M", 100), 224 (5), 208 [(M"-CHs0), 17], 116 (C1oH}4S,
75), 152 (27); Accurate mass: CyH;sNOS,: requires 241.0595, found 241.0597;

143



M1croanalys1s Found: C 54.72%, H 6.15%, N 5.78%; Theoretical CnHlsNOSz C 54.74%,
H6. 26%, N 5.80%.

2-(2'-Amino-4',5"-methylenedioxyphenyl)-1,3-dithiane 331c

&
S,
0o NH,
331¢c

Following a literature procedure,”? a mixture of iron powder (4.70 g, 28.0 mmol), 2-(4',5'-
methylenedioxy-2'-nitrophenyl)-1,3-dithiane 329¢ (8.00 g, 50.0 mmol) and ammonium
chloride (7.49 g, 140 mmol), in ethanol (125 cm®) and water (75 cm®), was heated under
reflux for 1 h. After allowing to cool, the reaction mixture was filtered through celite,

washing with ethanol. The dark green solution was then concentrated in vacuo. The

‘resulting slurry was partitioned between ethyl acétate (150 cﬁ13) and brine (200 cm’). The

organic phases were then separated and washed with water (2 x 100 cm?), dried over
magnesium  sulfate, and concentrated in  vacuo to yield 2-(2'-amino-4',5'-
methylenedioxyphenyl)-1,3-dithiane 331c¢ (which was one product by both 'H NMR
spectroscopy and TLC analysis and was not further purified due to it’s instability in
previous purification attempts), as a yellow solid (7.69 g, 108%): R¢ (SiO,, DCM): 0.42; 6y
(400 MHz, CDCl3): 1.85-1.97 (1H, m, CH,y), 2.13-2.20 (1H, m, CH,), 2.88 (2H, dt, J 3.2
and 14.5, CH;-S), 3.05 (2H, td, J 14.5 and 2.5, CH-S), 5.25 (1H, s‘ CH- Sz) 5.86 (2H S,
OCHZO), 6.31 (1H, s, H- 3'), 6.87 (1H, s, H- 6'), m/z, EI+ (%): 255 M™, 78), 180 (100),
Accurate mass: C;H3NO,S;: requires 255.0388, found 255.0385.

2-(2'-Amino-5'-hydroxyphenyl)-1,3-dithiane 331d

C :NHz

331d

Following the above procedure, iron powder (7.54 g, 135 mmol) was added to a solution of
2-(5'-hydroxy-2'-nitrophenyl)-1,3-dithiane 329d (12.87 g, 50.0 mmol) and ammonium
chloride (12.04 g, 225 mmol), in ethanol (200 cm®) and water (200 cm®) and heated under
reflux for 2 h. Work up as above yielded pure aniline 331d as a yellow solid (9.87 g, 43.4
mmol, 87%). Recrystallisation of a 0:30 g portion from propan-2-ol, gave 2-(2'-amino-5'-
hydroxyphenyl)-1,3-dithiane 331d as ileedles (0.24 g, 70%); Rt (SiO,, EtOAc): 0.46; Mpt
156-159 °C; Vmax (KBr)/cm'l 3441 (NH,), 1583 (C=C), 1520 (NOz)’, 1333 (NOQ), 1304
(OH); 8u (250 MHz, C;D¢SO): 1.61-1.77 (1H, m, CH,y), 2.08-2.15 (1H, m, CH,y), 2.80- -
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2.88 (2H, m, CH,-S), 3.04-3.16 (2H, m, CH;-S), 4.57 (2H, bs, NH,), 5.39 (1H, s, CH-S,),
6.43-6.49 (2H, m, H-4' and H-6'), 6.69 (1H, d, J 2.5, H-3"), 8.51 (1H, s, OH); 8¢ (63 MHz,
C,D¢S0): 25.5 (CH,), 31.6 (CH.), 46.0 (CH), 114.8 (CH), 116.3 (CH), 117.3 (CH), 123.6
(C), 137.5 (C), 148.9 (C); m/z, EI+ (%): 257 (M", 7), 240 [(M"-OH), 27], 160 (100);
Accurate mass: C1oH;3NOS;: requires 257.0180, found 257.0178; Microanalysis Found: C
52.86%, H 5.76%, N 6.13%; Theoretical C10H13N082: C 52.86%, H 5.73%, N 6.17%.

2-(2'-Amino-5'-chlorophenyl)-1,3-dithiane?*® 331f

331f

- Following the above procedure, iron powder (8.81 g, 158 mmol) was added to a solution of

a 12: 1 mixture of 2-(5'-chloro-2"-nitrophenyl)-1,3-dithiane 329f and 2-(4'-chloro-2'-
nitrophenyl)-1,3-dithiane (14.50 g, 52.6 mmol), ammonium chloride (14.07 g, 263 mmol),
in ethanol (200 cm®) and water (100 cm®), and heated under reflux for 2 h. Following work
1;p as above, yielded aniline 331f as a yellow solid (9.64 g, 39.2 mmol). Two
recrystallisations from propan-2-ol, gave 2-(2'-amino-5'"-chlorophenyl)-1,3-dithiane?*® 331f
as yellow needles (6.55 g, 51%); Ry (SiO2, DCM): 0.45; Mpt: 99-101 °C (Lit.**® oil); 8y
(250 MHz, CDCl;): 1.84-2.00 (1H, m, CHyy), 2.14-2.18 (1H, m, CH,,), 2.88-2.97 (2H, m,
CH;-S), 3.02-3.14 (2H, m, CH,-S), 4.15 (2H, bs, NH,), 5.22 (1H, s, CH-S,), 6.60 (1H, d, J
8.5,H-3), 7.04 (1H, dd, J 8.5 and 2.4, H-4'), 7.29 (1H, d, J 2.4, H-6").

~ 2-[2'-(N,N-Di-tert-butyloxycarboxyamino)phenyl]-1,3-dithiane 334

: (BOC)Z

Sodium hexamethyldisilazane (22.0 cm3, 22.0 mmbl, 1 molﬁ dm> in THF) Waé a_dded toa
solution of 2-(2'-aminophenyl)-1,3-dithiane 331a (2.11 g, 10.0 mmol) and di-tert-butyl-
dicarbonate (5.46 g, 25.0 mmol) in THF (50 cm®) at 0 °C under nitrogen. The reaction
mixture was allowed to warm to rt and stirred for 16 h. The reaction mixture was then
quenched by pouring into water (50 cr_n3), extracted into DCM (2 x 30 cm®). The combined
organic phases were then washed with water (2 x 50 cm®), dried over sodium sulfate and
concentrated to yield a yellow solid (3.53 g). Recrystallisation from Pet. ether gave 2-[2'-
(N,N-di-tert-butyloxycarboxyamino)phenyl]-1,3-dithiane 334 as needles (3.21 g, 7.80
mmol, 78%); R¢ (Si0,, Hexane: DCM 1: 9): 0.10; Mpt: 106-109 °C; Vimax (KBr)/em™ 2983
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(CH), 2890 (CH), 1789 s (CO), 780 (CH); 8 (400 MHz: CDCly): 1.36 [18H, s, C(CH) 5],
1.91-1.95 (1H, m, CHy), 2.13-2.17 (1H, m, CH,), 2.84-2.89 (2H, m, CH,-S), 2.98-3.05 |
(2H, m, CH,-S), 5.22 (1H, s, NH), 5.30 (1H, s, S,CH), 7.06 (1H, dd, J 1.2 and 7.8, H-6"),
7.27 (1H, dt, J 1.6 and 7.5, H-5'), 7.31 (1H, dt, J 1.2 and 7.5, H-4'), 7.67 (1H, dd, J 1.5 and
7.7, H-3'); 8¢ (100 MHz: CDCL): 25.1 (CHy), 27.6 (CHs), 32.0 (CH), 45.8 (CH), 82.8 (C),
128.4 (CH), 128.5 (CH), 129.0 (CH), 136.2 (C), 136.5 (C), 150.9 (C); m/z, CI+ (%): 412.1
[(M+H)", 18], 312.1 [(M+H)"-CsH30;, 201, 278.1 (100); Microanalysis: Found C 58.37%,
H 6.97%, N 3.29%; Theoretical C2oH20NO4S;: C 58.36%, H 7.10%, N 3.40%.

2-[2'-(N-tert-Butyloxycarboxyamino)phenyl]-1 ,3-dithiane 335a

: NHBoc

335a

Following a known procedun::,23 %a solution of 2-(2'-aminophenyl)-1,3-dithiane 331a (3.18
g, 15.0 mmol) and di-tert-butyl-dicarbonate (3.60 g, 16.5 mmol) in THF (25 cm®) was
heated under reflux, under nitrogen for 5 h. After this time the reaction fnixture was poured
into water ‘(50 cm’®) and extracted into DCM (2 x 30 cm®). The combined brganic phases
were washed with water (2 x 50 cm®), dried over sodium sulfate and concentrated to yield
a yellow solid (4.34 g). Recrystallisation from propan-2-ol gave 2-[2'-(N-tert-
butyloxycarboxyamino)phenyl]-1,3-dithiane 335a as golden plates (4.00 g, 12.8 mmol,
86%), R¢ (SiO2, DCM): 0.32; Mpt: 142-144 °C; Vmax (KBr)/cm'l: 3400 (NH), 2980 (CH),
2965 (CH), 1737 s (CO); 8y (400 MHz, CDCly): 1.54 [9H, s, (CHs);], 1.88-1.99 (1H, m,
CHax), 2.17-2.23 (1H, m, CHg), 2.91-2.95 (2H, m, CH;-S), 3.07-3.14 (2H, m, CH;-S), 4.75
(1H, s, NH), 5.30 (1H, s, S,CH), 7.05 (lH, dt, J 1.0 and 7.6, H-5"), 7.27 (1H, dt, J 1.5 and
8.6, H-4"), 7.40 (1H, dd, J 1.2 and 7.7, H-6"), 7.30 (1H, bd, J 7.1, H-3"); 8¢ (100 MHz,
CDCl,): 25.1 (CH,), 28.4 (CH3), 31.9 (CH>), 48.3 (CH), 80.5 (C), 122.9 (CH), 124.1 (CH),
128.3 (CH), 129.1 (CH), 136.1 (C), 138.1 (C), 153.2 (C); m/z, EI+ (%): 311 (M™, 10), 255
(M™-C4Hyo, 100), 254 (70); Accurate mass: C;sHyNO,S;: requires 311.1014, found
311.1014; Microanalysis Found: C 57.95%, H 6.80%, N 4.40%; Theoretical C;sH;;NO,S,:
C 57.84%, H 6.80%, N 4.50%. |
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Use of 2-[2'«N, N-D|-tert-butyloxycarboxyamlno)phenyl]-1 3-dithiane 334
under solutlon-phase Takeda conditions

S"sH
@\/k 1. CpzTi[P(OEt)sl, 74 ©\/ ©\/ ©f‘\002H
N(Boc) ii. 2M HCL N(BOC)z NHBoc NHBoc

338
337: 338: 339 (1:1:9)

Employing thioacetal 334 (1.23 g, 3.00 mmol), under the conditions described above,
yielded an orange oil (0.95 g). 'H NMR analysis confirmed that a mixture of products
(337: 338: 339/ 1: 1: 9) was obtained with considerable amounts of triethylphosphite and
other impurities present. Column chromatography (SiO,, EtOAc: Pet. ether 1:1) of 2 0.50 g
port1on gave N,N-di-tert-butyloxycarboxyamino-2-toluidine 337 as a white solid (0.26 g):

R (Si0y, EtOAc: Pet. ether 1:1): 0.11; 85 (400 MHz, CDCL;): 1.66 [18H, s, C(CH3)s], 3.65

(3H, s, CH), 7.11 (1H, t, J 7.6, H-4), 7.23 (1H, d, J 7.3, H-6"), 7.28 (1H, t, J 7.8, H-5),
7.77 (1H, d, J 8.3, H-3'); N-tert-butyloxycarboxyamino-2-toluidine 33872 as a white solid
(0.24 g): R¢ (SiO;, EtOAc: Pet. ether 1:1): 0.40; Mpt: 79-81 °C (Lit. Mpt: 82-83 °C)2*; &
(400 MHz, CDCly): 1.52 [9H, s, C(CHa)s], 2.25 (3H, s, CHs), 6.25 (1H, s, NH), 6.97 (1H,
dt, 7 0.9 and 7.5, H-4'), 7.13 (IH, d, J 7.4, H-6), 7.17 (1H, t, J 7.4, H-5), 7.78 (1H, d,J
8.3, H-3"); and the corresponding thiol 339 (most of this compound appeared to be
converted to the corresponding disulfide on silica) was obtained as a colourless oil (0.07
g); Re (SiO,, EtOAc: Pet. ether 1:1)5 0.35, Vmax (Thm film)/em™: 3443 (NH), 3158 (NH),
3054 (SH), 2973 (OH), 2936 (OH), 2895 (OH), 1787 (CO), 1719 (CO), 1447 (NH), 1380
(OH), 1167 (COC); 8y (400 MHz, CDCly): 1.33 (1H, t, J 8.1, SH), 1.64 [9H, 5, C(CH:)s],
1.87-1.93 (2H, m, CH,CH,CHy), 2.60 (2H, q, J 7.3, CHy-SH), 2.71 (1H, td, J 7.4 and 12.8,
CHAHBCH,CH,SH), 2.92 (1H, td, J 6.8 and 12.8, CH*H®CH,CH,SH), 4.37 (1H, s, SCH),
7.17 (1, t,J 7.6, H-5), 7.32 (1H, t, J 7.8, H-4), 7.38 (1H, d, J 7.4, H-6), 7.80 (1H, d, J 8.4,
H-6); 8¢ (100 MHz, CDCl;): 23.7 (CHz), 28.5 (CHj), 29.0 (CHy), 33.3 (CHy), 45.4 (CH),
85.0 (C), 115.5 (CH), 124.8 (C), 125.1 (CH), 125.4 (CH), 129.8 (CH), 140.4 (C), 149.5
(C), 173.8 (C).
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Use of 2-[2'-(N-tert-Butyloxycarboxyamino)phenyl]-1,3-dithiane 335a under
solution-phase Takeda conditions

s/j ' - §7"sH
| @\/ks  i. CpyTi[P(OEt)3), 74 C( - @\)
- NHBoc f.2MHCL NHBoc “NHBoc
« 335a 338 341

338: 341 (2:9)

Employing thioacetal 335a (1.23 g, 3.00 mmol) under the conditions described above,
yielded a red oil (1.93 g). 'H NMR analysis confirmed that a mixturé of products (338: 341
2: 9) was obtained with considerable amounts of triethylphosphite and impurities with
signals corresponding to cyclopentadienyl ligands. Columh chromatography (Al,O;, Et;0:
Pet. ether 1: 1) of a 050 g portion of the crude material gave N-tert-
: butyloxycarbdxyamino-Z-toluidine 338 as a white solid (0.09 g): Rr (Al;03, Et;0O: Pet.
ether 1: 1): 0.30, 'H NMR as before; and ring opened thiol 341 (most of this compound
appeared to be converted to the corresponding disulfide on Al,03 gel) was obtained as a
gblomless oil (0.20 g): R¢ (AL O3, E;O: Pet. ether 1: 1): 0.20; vinax (Thip film)/cm™; 3675
(NH), 3036 (NH), 3054 (SH), 1702 (CO), 1553 (C=C), 1472 (NH), 1169 (COC); &y (400
MHz, CDCl;): 1.28 (1H, t, J 8.1, SH), 1.53 [9H, s, C(CH3)3], 1.80 (2H, qgn, J 7.0
CH,CH,CH,), 2.49 (2H, t, J 7.1, CH,-S-CH,), 2.55 (2H, td, 7.0 and 7.9, CH,SH), 3.72
(2H, s, ArCH,-S-), 6.98 (1H, dt, J 1.2 and 7.5, H-5), 7.11 (1H, dd, J 1.5 and 7.6, H-3), 7.26
(1H, dt, J 1.6 and 7.6, H-4), 7.82 (1H, d, J 8.0, H-6); ¢ (100 MHz, CDCl;): 23.3 (CHy),
28.4 (CH3), 29.7 (CHy), 32.9 (CHy), 33.5 (CHy), 80.5 (C), 122.6 (CH), 123.4 (CH), 126.5
(C), 128.5 (CH), 130.4 (CH), 137.0 (C), 153.2 (C); m/z, EI+ (%): 313 (M™, 4), 257 (7),
151 (41), 106 (50), 57 (100); Accurate mass: C;sH23NO,S,: requires 313.1168, found
313.1170. V :

2-[2"-(N-tert-Butyloxycérboxyamino)-3'-methoxyphenyl]-_1 ,3-dithiane 335b

.S
Cre
| NHBoc
CHiO 335

Following the procedure for carbamate 335a, a solution of 2-(2'-arriino-3'-methoxyphenyl)—
1,3-dithiane 331b (4.10 g, 17.0 mmol) and di-tert-butyl-dicarbonate (4.08 g, 18.7 mmol) in
THF (30 cm®), was heated under reflux for 40 h. After this time the reaction mixnnc was

poured into water (50 cm®) and extracted’i'nto diethylether (2 x 60 cm3). The combined

organic phases were washed with water (2 x 100 cm®), dried over sodium sulfate and
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concentrated to yield a white solid (4.76 g). Recrystallisation, from propan-2-ol, yielded 2-
[2'-(V-tert-butyloxycarboxyamino)-3'-methoxyphenyl]-1,3-dithiane 335b as needles (4.34
g, 12.7 mmol, 75%), Mpt: 174-177 °C; Vmax (KBr)em™: 3317 (NH), 2359 (NCO), 1714
(C0O), 1496 (C=C), 1473 (COMe); 8y (400 MHz, CDCl3): 1.49 [9H, s, (CH;)3], 1.87-1.98
(1H, m, CH,y), 2.13-2.20 (1H, m, CH,y), 2.87 (2H, dt, J 14.4 and 4.0, CH,-S), 3.03 (2H, td,
J 2.4 and 14.6, CH,-S), 3.83 (3H, s, OMe), 5.40 (1H, s, CH), 6.03 (1H, bs, NH), 6.83-6.87
(1H, m, H-5"), 7.20-7.24 (2H, m, H-4' and H-6"); 8¢ (100 MHz, CDCl;): 25.3 (CH,), 28.2
(CH,), 32.3 (CH,), 47.3 (CH3), 55.8 (CH), 80.2 (C), 111.1 (CH), 120.3 (CH), 123.6 (C),
127.8 (CH), 136.9 (C), 154.7 (C); m/z, EI+ (%): 341 (M", 12), 285 (M"-C4Hs, 63), 284
(40), 240 (M™-CsH,0, 63), 178 (100); Accurate mass: CisH23NO3S;: requires 341.1119,
found 341.1112; Microanalysis Found: C 56.40%, H 6.83%, N 4.17%; Theoretical
C1eHpsNO;Sy: C 56.27%, H 6.79%, N 4.10%.

2-[2'-(N-tert-Butyloxycarboxyamino)-4',5'-methylenedioxyphenyl]-1,3-dithiane

335¢
S
<OI>\/CSj
0 NHBoc
: 335¢

Following the procedure for carbamate 335a, a solution of 2-(2'-amino-4',5'-
methylenedioxyphenyl)-1,3-dithiane 331c (5.61 g, 22.0 mmol) and di-tert-butyl-
dicarbonate (11.52 g, 52.8 mmol) in THF (75 cm?®), was heated under reflux for 15 h.
After this time the reaction mixture was poured into water (100 cm’) and extracted into
ethyl acetate (2 x 60 cm®). The combined organic phases were washed with brine (100
cm®) and water (100 cm®), dried over sodium sulfate, and concentrated to yield 2-[2"-(N-
Di-tert-butyloxycarboxyamino)-4',5'-methylenedioxyphenyl]-1,3-dithiane =~ with  was
contaminated with some di-ert-butyl-dicarbonate as a brown/green solid (15.04 g, 120%);
R¢ (Si0;, DCM): 0.52, 84 (400 MHz, CDCl3): 1.55 [18H, s, (CH3)s], 1.87-1.98 (1H, m,
CHy), 2.13-2.22 (1H, m, Cch), 2.91-2.95 (2H, m, CH,-S), 3.07-3.14 (2H, m, CH,-S), 5.24
(1H, s, CH-S;), 596 (2H, s, OCH;0), 6.96 (1H, s, H-3"), 6.28 (1H, s, H-6").
Triflouroacetic acid (2.6 cm’, 33.0 mmol) was added drop-wise to the crude 2-[2'-(N-di-
tert-butyloxycarboxyamino)-4’,5 ’-methylenedioxyphenyl]-1,3-dithiane (15.04 g, assuméd
22.0 mmol) in DCM (250 cm®) and the reaction mixture was stirred for 15 h. After this
time the reaction mixture was washed with sodium bicarbonate (2 x 100 cm®) and water’
(100 cm®), dried over sodium sulfate and concentrated to yield a yellow solid (6.89 g).
Recrystallisation from propan-2-0l gave 2-[2'-(N-fert-Butyloxycarboxyamino)-4',5'-
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methylenedioxyphenyl]-1,3-dithiane 335¢ as yellow needles (6.53 g, 18.4 mmol, 83% from
329¢), Rs (SiO;, DCM): 0.15; Mpt: 156-158 °C; vmax (KBr)/em™: 3404 (NH), 2975
(OCH;0), 1727 (CO), 1508 C=C), 1154 (COC); 8y (400 MHz, CDCl;): 1.53 [9H, s,
(CHs);], 1.85-1.95 (1H, m, CH,y), 2.15-2.21 (1H, m, CH,,), 2.88 (2H, dt, J 14.4 and 3.3,
CH,-S), 3.05-3.12 (2H, m, CH»-S), 5.22 (1H, s, CH-S,), 5.93 (2H, s, OCH;0), 6.94 (IH, s,
H-3), 6.24 (1H, s, H-6"); 8¢ (90 MHz, CDCl,): 25.1 (CHy), 28.4 (CHa3), 32.0 (CHy), 47.7
(CH), 80.5 (C), 101.5 (CH,), 105.6 (C), 107.7 (CH), 130.1 (C), 144.6 (C), 147.9 (C), 153.5
(C); m/z, EI+ (%): 355 (M, 50), 298 (W'-C4Hg, 55), 282 (M"'-C{H,0, 29), 225 (M"-
CeH 003, 58), 192 (M"-Cs¢H,NO,, 1700); Accurate mass: Ci6H21NO4S,: requires 355.0912,
found 355.0914; Microanalysis Found: C 54.23%, H 6.05%, N 3.86%; Theoretical
Ci6H21NO4S;: C 54.08%, H 5.91%, N 3.94%.

- 2+[2'<(N-tert-Butyloxycarboxyamino)-5'-hydroxyphenyl]-1,3-dithiane 335d

: NHBoc

335d

Following the procedure for carbamate 335a, a solution 2-(2'-amino-5'-hydroxyphenyl)-

1,3-dithiane 331d (9.09 g, 40.0 mmol) and di-tert-butyl-dicarbonate (10.48 g, 48.0 mmol)

in THF (100 cm®), was heated under reflux for 64 h. After this time the reaction mixture
was poured into water (50 cm’), extracted into ethyl acetate (2 x 60 cm®). The combined
organic phases were washed with brine (100 cm®) and water (100 cm®), dried over sodium
sulfate and concentrated to yield a yellow solid (15.8 g, 114%). Recrystallisation, from
ethanol/ water and subsequent drying in a vacuum oven yielded 2-[2'-(N-tert-
butyloxycarboxyamino)-5'-hydroxyphenyl]-1,3-dithiane 335d as needles (10.0 g, 30.6
mmol, 76%); Mpt: 155-157 °C; vmax (KBr)/em™': 3426 (OH), 3310 (NH), 1685 (CO), 1584
(C=C), 1504 (OH), 1157 (COC); du (250 MHz, CDCl;): 1.53 [9H, s, (CH;3);], 1.88-1.94
(1H, m, CHyy), 2.15-2.21 (1H, m, CHeq), 2.87 (2H, dt, J 14.3 and 4.0, CH,-S), 3.03 (2H, td,
J 2.5 and 14.6, CH,-S), 5.23 (1H, s, S,CH), 5.57 (1H, s, OH), 6.03 (1H, bs, NH), 6.65 (1H,
dd, J 8.7 and 2.9, H-4"), 6.92 (1H, d, J 2.9, H-6"), 7.37 (1H, bd, J 8.4, H-3"); 8¢ (63 MHz,
CDCl;): 25.2 (CHy), 28.4 (CHs), 31.9 (CHy), 47.6 (CH), 80.6 (C), 115.1 (CH), 116.1 (CH),
128.0 (C), 153.3 (C), 154.3 (C); m/z, EI+ (%): 327 (M", 28), 271 (M"'-C,4Hs, 100), 270
(50), 253 (W'-C4H90 29), 152 (98); Accurate méSS' Ci5H2,N0382' requires 327.0963,
found 327.0959; Mlcroanalys1s Found: C 55 Ol%, H 6.65%, N 4. 09%, Theoretlcal

C15H21N0382 C 55 09%, H6 47%, N 4. 28% ‘
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2-[2‘-(N-tert-Bufyloxycarboxyamino)-5'-trimethyIsilyloxyphenyl]-1,3-dithiane

335e
TMSOW::ITK
NHBoc

335e

Trimethylsilyl chloride (3.1 cm®, 24.0 mmol) was added dropwise to a solution of 2-[2'-(N-
tert-butyloxycarboxyamino)-5'-hydroxyphenyl]-1,3-dithiane 335d (6.54 g, 20.0 mmol) in
dry pyridine (40 cm’) and the reaction mixture was stirred under argon for 15 h. After this
time the solvent was removed in vacuo and diethyl ether (50 cm®) was added. The resulting
precipitate was filtered off and the ethereal solution was concentrated to leave a white
solid. Recrystallisation, from propan-2-ol, géve 2-[2'-(N-tert-butyloxycarboxyamino)-5'-
. trimethylsilyloxyphenyl]-1,3-dithiane 335e as a white powder (6.63 g, 16.6 mmol, 83%);
Mpt: 116-119 °C; Vinax (KBr)/em™: 3433 (NH), 1716 (CO), 1509 (C=C), 1253 (SiMey),
1158 (COC); 8y (400 MHz, CDCL3): 0.25 [9H, s, Si(CHs)s], 1.53 [9H, s, (CH3),], 1.91-1.98
(1H, m, CH,), 2.16-2.22 (1H, m, CH,y), 2.89 (2H, dt, J 14.4 and 3.9, CH,-S), 3.06-3.13
(2H, m, CH,-S), 5.22 (1H, s, S;CH), 6.75 (1H, dd, J 8.8 and 2.8, H-4'), 6.96 (1H,d,J2.7,
H-6"), 7.52 (1H, bs, H-3"); 8¢ (90 MHz, CDCl3): 0.2 (CH3), 25.2 (CHy), 28.4 (CH;), 32.0
(CHp), 47.6 (CH), 80.4 (C), 114.8 (C), 115.9 (C), 119.6 (CH), 120.4 (CH), 125.4 (O),
129.2 (C), 153 8 (C); m/z, EI+ (%): 399 (M™, 31), 343 (M"-C4Hz, 65), 236 (100);
Accurate mass; C15HzoNO;3S,Si: requires 399.1358, found 399.1358. |

2-[2'-(N-tert-Butyloxycarboxyamino)-5'-chlorophenyl]-1,3-dithiane 335f -

: NHBoc

335f

A solution of 2-(2’-amino—5 "-chlorophenyl)-1,3-dithiane 331f (6.14 g, 25.0 mmol) and di-
tert-butyl-dicarbonate (6.55 g, 30.0 mmol) in THF (75 cm3) was heated under reflux for 64
h. After this time the reaction mixture was poured into water (100 cm3), extracted into
diethylether (2 x 75 cm®). The combined organic phases were washed with water (2 x 150
m®), dried over sodium sulfate and concentrated to yield a yellow solid (9.40 g).
Recrystallisation, from propan-2-ol gave 2-[2'-(N-tert-butyloxycarboxyamino)-5'-
chlorophenyl]-1,3-dithiane 335f as yellow needles (7.65 g, 22.1 mmol, 89%); Mpt: 125-
127 °C; Vmax (KBr)/em™: 3398 (NH), 1734 (CO), 1496 (C=C), 1150 (COC); &y (250 MHz,
CDCL): 1.54 [9H, s, (CH3)3], 1.90-1.96 (1H, m, CH,y), 2.18-2.19 (1H, m, CH,,), 2.89 (2H,
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dt, J 14.4 and 4.0, CH,-S), 3.04 (2H, td, J 4.0 and 12.3, CH,-S), 5.23 (1H, s, S;CH), 7.22
(1H, dd, J 9.2 and 2.4, H-4'), 7.39 (1H, d, J 2.5, H-6"), 7.77 (1H, bd, J 8.8, H-3'); 8¢ (63
MHz, CDCls): 25.0 (CH,), 28.3 (CH3), 31.8 (CH3), 47.7 (CH), 80.8 (C), 124.1 (CH), 128.3
(CH), 129.0 (CH), 129.6 (C), 134.8 (C), 152.9 (C); m/z, EI+ (%): 345 (M", 12), 288 (M""-
CqHs, 78), 287 (M"-CqHy, 53), 183 (91), 57 (100); Accurate mass: CisHzo*CINO,S,:
requires 345.0624, found 345.0625, CisHzo> CINO,S,: requires 347.0596, found 347.0596.

2-[2'<(N-tert-Butyloxycarboxy-N-trimethylsilylamino)phenyl]-1,3-dithiane 342a

oY

342a TMS

S
N

_ A solution of lithium di-isopropylamine (7.2 cm3, 14.4 mmol, 2.0 mol dm™ in THEF, ethyl

benzene and heptanes) in THF (22.8 cm®) was added dropwise to a solution of carbamate
335a (3.74 g, 12.0 mmol) and chlorotrimethylsilane (2.0 cm’, 14.4 mmol) in THF (70
cm?), at -78 °C under argon. The reaction mixture was allowed to warm to rt over 45 mins
and was allowed to stir for a further 1 h at this temperature. After this time, the solvent was

removed in vacu6 and ether (100 cm3) was added. The resulting precipitate was filtered off

‘and the ethereal solution was concentrated to yield 2-[2'<(N-tert-butyloxycarboxy-N-

trimethylsilylamino)phenyl]-1,3-dithiane 342a (*H and '*C NMR were carried out at 52 °C
to allow rapid rotation around the C2'-N1 bond on the NMR timescale) as a white solid
(3.95 g, 10.3 mmol, 86%); Mpt: 100-103 °C; Vinax (KBr)/cm™: 1680 (CO), 1250 (SiMey),
1162 (Si-N), 850 (SiMey); 8y (400 MHz, 52 °C, CDClL): 0.23 [9H, s, Si(CH;)s], 1.43 [9H,
s, C(CHs) 3), 1.90-1.99 (1H, m, CHy), 2.11-2.16 (lH, m, CH,), 2.85-3.02 (4H, m, CH,-S),
5.22 (1H, s, S,CH), 6.93 (1H, dd, J 1.1 and 7.0, H-6'), 7.18-7.25 (2H, m, H-4' and 5", 7.62
(IH,' dd, J 1.9 and 7.4, H-3"); 8¢ (100 MHz, 52 °C, CDCL;): 0.0 (CH;), 25.3 (CHyp), 28.1
(CHy), 32.7 (CHy), 32.8 (CHy), 46.9 (CH), 80.4 (C), 127.4 (CH), 128.5 (CH), 129.0 (CH),
129.3 (CH), 137.2 (C), 138.7 (O), 156.7 (C); m/z, EI+ (%): 383 (M", 7), 327 (M"-C,H,,
73), 282 (M"™-C;H,s, 100); Accurate mass: ClgHngostSi: requires 383;1409, found
383.1413; Microanalysis Foundﬁ C 56.26%, H 7.66%, N 3.44%; Theoretical
CigHz9NO,S;Si: C 56.35%, H 7.62%, N 3.65%. |
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2-[2'-(N-tert-Butyloxycarboxy-N-trimethylsilylamino)-3'-methoxyphenyl]-1,3-
dithiane 342b

S

S

N .Boc

CH30 TMS
342b

Exactly as for thioacetal 34243 employing carbamate 335b (4.10 g, 12.0 mmol) gave 2-[2'-
(N-tert-butyloxycarboxy-N—tnmethyls11y1am1no)-3 "-methoxyphenyl]-1,3-dithiane 342b (a
50:50 mixture of the two geometrical i isomers a: b) as a yellow solid (4.52 g, 10.9 mmol
91%); Vmax (G Gate)em™: 2837 (OCHs), 1684 (CO), 1253 (SiMes), 1157 (Si-N), 840 -
(SiMe;); 8y (400 MHz, CDCl3): 0.23 [9H, s, Si(CH3)3], 1.35 [9H?, s, C(CH3) 3], 1.58 [9H?,
s, C(CHs) 3], 1.94-2.02 (1H*®, m, CHyy), 2.16-2.20 (1H*", m, CH.,), 2.89-3.02 (4H*", m
CH,-S), 5.26 (1H*®, 5, S,CH), 6.82 (1H**®, bd, J 7.4, H-6"), 7.19-7.34 (2H"", m, H-4' and
H-5"); m/z, EI+ (%): 413 (M", 20), 356 (M""-C4Hy, 70), 312 (M*"-CsH;0,, 77), 250 (79),
73 (100); Accurate mass: C;oH31NO3S,Si: requires 413.1515, found 413.1513.

2-[2‘-(N-tert-Butonxycarboxy-N-trimethylsilylamino)¥4',‘5‘-methylenedioxy]-
1,3-dithiane 342c '
®

<0 N,Boc

342¢ TMS

Exactly as for thloacetal 342a, employing carbamate 335¢ (3 55 g, 10. 0 mmol) ylelded 2-
[2- (N-tert-butyloxycarboxy-N-tnmethyls1lylammo)-4' 5'-methylenedioxy]-1,3-dithiane
342¢ as yellow needles, (4.01 g, 9.39 mmol, 94%), Vmax (G Gate)/cm 1 2765 (OCHZO)‘,
1677 (CO), 1246 (SiMe;), 1157 (Si-N), 845 (SiMes); Sy (250 MHz, ‘CDCI;;)ZV 0.10 [9H, s,
Si(CH3);), 1.30 [9H, s, C(CH3) 3], 1.69-1.79 (1H, m, CH,,), 1.94-1.99 (1H, m, CH,,), 2.71-
2.86 (4H, m, CH,-S), 5.02 (1H, s, S;,CH), 5.77-5.79 (2H, m, OCHQO), 6.28 (1H, s, H-3"),
6.97 (lH; s, H-6"); m/z, EI+ (%): 427 (M", 23), 371 (M™-C,Hs, 70), 326 (M"-CsHy0,,
48), 265 (61), 73 (100); Accurate mass: Ci9H29NO,4S,Si: requires 427.1307, feund
427.1308. | o |
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2-[2'-(N-tert-Butyloxycarboxy-N-trimethylsilylamino)-5'-
trimethylsilyloxyphenyl]-1,3-dithiane 342e

s/j
TMSO\CL/‘\S
n-Boc

342e TMS

Exactly as for thioacetal 342a, employing carbamate 335e (4.80 g, 12.0 mmol) gave 2-[2'-
(N-tert-butyloxycarboxy-N-trimethylsilylamino)-5'-trimethylsilyloxyphenyl]-1,3-dithiane
342e as a yellow oil; (3.57 g, 7.56 mmol, 63%); Vmax (Thin Film)/cm™: 1683 (CO), 1292
(SiMes), 1248 (SiMes), 1159 (Si-0), 842 (SiMe;); 6;{(250 MHz, CDCl3): 0.07 [9H, s,
Si(CH;)s], 0.11 [9H, s, Si(CH3)s], 1.28 [9H, s, C(CH3) 3], 1.82-1.90 (1H, m, CHy), 2.10-
2.16 (1H, m, CH,), 2.89-3.00 (4H, m, CH,-S), 4.98 (1H, s, S;CH), 6.49 (1H, dd, J 8.5 and
2.8, H-4'), 6.61 (1H, d, J 8.5, H-3"), 6.97 (1H, d, J 2.7, H?6');,n1/z, El+ (%): 471 (l\/I+f, 10),
415 (M™-C4Hs, ‘48), 370 (M"-CsHs0,, 30), 309 (70), 73 (100); Accurate mass:
C11H37NO;S,S1;: requires 471.1753, found 471.1755.

2-[2'-(N-tert-Butyloxycarboxy-N-trimethylsilylamino)-5'-chlorophenyl}-1,3-

dithiane 342f
- 8
N,Boc

342f TMS

Exactly as for thioacetal 342a, employing carbamate 335f (4.15 g, 12.0 mmol) gave 2-[2'-
(N-tert-butyloxycarboxy-N-trimethylsilylamino)-5'-chlorophenyl}-1,3-dithiane ~ 342f as
yellow needles (4.43 g, 10.6 mmol, 88%); Vmax (G Gate)/em™: 1677 (CO), 1246 (SiMey),
1155 (Si-N), 843 (SiMey); oy (400 MHz, CDClL3): 0.23 [9H, s, Si(CH;)s], 1.44 [9H, s,
C(CH3) 5], 1.92-1.95 (1H, m, CH,,), 2.14-2.18 (1H, m, CH,,), 2.87-3.01 (4H, m, CH,-S),
5.13 (1K, s, S;CH), 6.88 (1H, d, J 8.3, H-6"), 7.18 (1H, dd, J 8.3 and 2.5, H-4"), 7.63 (1H,
d, J 2.5, H-3"); m/z, EI+ (%): 417 (M™, 3), 361 (M*-C4Hs, 70), 316 (M"-CsHy0,, 49), 73
(91), 57 (100); Accurate mass: C1sH26 CINO,S,Si: requires 417.1019, found 417.1016;
C15H28> 'CINO,S;,Si: requires 419.0994, found 419.0992.
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N-tert-Butyloxycarboxy-2-phenethyl indole 336aa’

m/Ph

336aa’ Boc

Following the solid-phase Takeda Method A and resin-cleavage procedure A, employing
silyléted carbamate 342a (0.58 g, 1.50 mmol) and resin-bound ester 309a' (Method B, 0.28
mmol), yielded N-fert-butyloxycarboxy-2-phenethyl indole 336aa’ in excellent purity as a
grey oil (0.062 g, 0.195 mmol, 69%); Vmax (Solt”, CDCL)/cm™: 3065 (C=C), 1749 (CO),
1454 (CH); 8u (400 MHz, CDCl): 1.68 [9H, s, (CH;):], 3.00 (2H, t, J 8.4, CHy), 3.32 (2H,
t, J 8.4, CHy), 6.34 (1H, d, J 0.6, H-3), 7.16-7.30 (7H, m, Ar-H), 7.42 (1H, dd, J 1.0 and
7.7, H-4), 8.07 (1H, d, J 8.3, H-T); 8¢ (100 MHz, CDCl3): 28.3 (CHs), 31.8 (CHy), 35.2
(CH,), 83.8 (C), 107.4 (CH), 115.6 (CH), 119.8 (CH), 122.6 (CH), 123.3 (CH), 126.0
~ (CH), 128.4 (CH), 129.3 (C), 136.5 (C), 141.5 (C), 141.6 (C), 150.6 (C); m/z, EI+ (%):
321 (M"™, 21), 265 (M"-C4H;, 58), 220 (M""-CsHy0,, 10), 174 (80), 130 (100); Accurate
mass: CyH,3NO;: requires 321.1729, found 321.1726.

N-tert-Butyloxycarboxy-2-phenethyl indole 336aa’

R
N

336aa' Boc

Following the solid-phase Takeda Method B and resin-cleavage procedure A, employing
silylated carbamate 342a (0.35 g, 0.90 mmol) and resin-bound ester 309a' (Method A, 0.30
mmol), yielded indole 336aa’ in excellent purity as a grey oil (0.059 g, 0.180 mmol, 61%);
0y (400 MHz, CDCl3): as above.

N-tert-Butyloxycarboxy-2-phenyl indole“? 336ab’

N

336ab’ Boc

Following the ‘solid-phase Takeda Method A and resin-cleavage procedure A, employing
silylated carbamate 342a (0.58 g, 1.50 mmol) and resin-bound ester 309b' (Method B, 0.28
mmol), yielded 'N-tert-butyloxycarbdxy-2-phenyl indole*®® 336ab' in excellent purity as a
white solid.(0.048 g, 0.165 mmol, 59%); Mpt: 75-78 °C; Vmax (KBr)/em™: 2980 (C=C),
1728 (CO), 1454 (CH); 8y (400 MHz, CDCL): 1.30 [9H, s, (CH3)s], 6.55 (1H, s, H-3),
7.23-7.43 (TH, m, Ar-H), 7.54 (1H, d, J 7.6, H-4), 8.07 (1H, d, J 8.3, H-7); ¢ (100 MHz,
CDCL): 27.5 (CHQ, 83.3 (C), 109.9 (CH), 115.2 (CH), 120.4 (CH), 122.9 (CH), 124.3
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(CH), 127.5 (CH), 127.8 (CH), 128.7 (CH), 129.2 (C), 135.0 (C), 137.3 (C), 140.5 (C),
150.2 (C); m/z, EI+ (%): 293 (M", 8), 237 (M"-C,Hs, 23), 193 (M"-CsH;0,, 50), 85 |
(63), 83 (100); Accurate mass: C;9H;9NO,: requires 293.1416, found 293.1418.

N-tert-Butyloxycarboxy-2-methyl indole?*® 336ac'

-

336ac’ Boc

Following the solid-phase Takeda Method A and resin-cleavage procedure A, employing
silylated carbamate 342a (0.58 g, 1.50 mmol) and resin-bound ester 309¢' (Method B, 0.28
mmol), yielded N-tert-butyloxycarboxy-2-methyl indole*®® 336ac' in excellent purity as a
off white solid (0.038 g, 0.165 mmol, 59%); Mpt: 49-52 °C; Vimax (KBr)/em™: 2950 (C=0),
1724 (CO), 1338 (CH); du (400 MHz, CDCl;): 1.68 [9H, s, (CH3)s), 2.59 (3H, s, CH3),
6.31 (1H, s, H-3), 7.15-7.25 (2H, m, H-5 an;i H-6), 7.41-7.43 (1H, m, H-4), 8.09 (1H, d, J
8.2, H-7); 8¢ (100 MHz, CDCl;): 17.1 (CH;), 28.3 (CH3), 83.6 (C), 107.9 (CH), 1154
(CH), 119.4 (CH), 122.5 (CH), 123.0 (CH), 129.3 (C), 136.5 (C), 137.8 (C), 150.7 (C);
m/z, El+ (%) 231 (M", 4), 175 (M*"-CiHs, 10), 131 (M"-CsH;O,, 12), 83 (100);
Accurate mass: Cy4H;7NO,: requires 231.1256, found 231.1259.

N-tert-Butyloxycarboxy-2-(2'-methyl-propenyl) indole 336ad'

o
N

336ad' Boc

Following the solid-phase Takeda Method A and resin-cleavage procedure A, employing
silylated carbamate 342a (0.58 g, 1.50 mmol) and resin-bound ester 309d" (Method B,
0.311 mmol), yielded N-tert-butyloxycarboxy-2-(2’-methyl-propenyl) indole 336ad' in
excellent purity as a yellow oil (0.064 g, 0.236 mmol, 76%); Viax (Thin film)/cm™: 3052
(NH), 2977 (CH), 1731 (CO), 1454 (CH), 802 (CH=CMe); 8y (400 MHz, CDCl): 1.68
[9H, s, (CH3)3], 1.94 (3H, s, CH3=C), 1.97 (3H, s, CH;=C), 6.42 (1H, s, C=CH), 6.51 (1H,
s, H-3), 7.21 (1H, dt, J 1.2 and 7.3, H-6), 7.26 (1H, dt, J 1.4 and 7.5, H-5), 7.50 (1H, d, J
7.3, H-4) 8.13 (1H, 4, J 8.2, H-7); 6c (100 MHz, CDCl;): 19.9 (CH3), 26.5 (CH3), 28.2
(CHs), 83.5 (C), 109.3 (CH), 115.5 (CH), 118.0 (CH), 122.6 (CH), 123.6 (CH), 129.5 (C),
135.9 (C), 136.3 (C), 137.7 (C), 150.6 (C); m/z, EI+ (%): 271 (M*", 17), 215 (M"-C.Hs,
100), 171 (M+'-C6H1202, 42), 130 (M+'-C7H;502, 39); Accurate mass: Cy7Hz;NO;: requires
271.1572, found 271.1570.
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N- tert-Butyloxycarboxy-7-methoxy-2-phenethyl indole 336ba’

A Ph
N 336ba’

Y

OMe Boc

Following the solid-phase Takeda Method A and resin-cleavage procedure A, employing
silylated carbamate 342b (0.62 g, 1.50 mmol) and resin-bound ester 309a' (Method B, 0.28
mmol), yielded N-fert-butyloxycarboxy-7-methoxy-2-phenethyl indole 336ba' was
obtained in excellent purity as a grey oil (0.058 g, 0.162 mmol, 59%); Vmax (Solt",
CDCly)/em™: 2957 (C=C), 2832 (COCH3), 1445 (CH); ;1 (400 MHz, CDCl): 1.53 [9H, s,
(CH;)3], 2.91 (2H, t, J 8.6, CH,), 3.05-3.09 (2H, m, CH;), 3.83 (3H, s OCHj;), 6.17 (1H, s,
H-3), 6.61 (1H, dd, J 7.8 and 1.8, H-6), 6.98-7.04 (2H, m, H-4 and H-5), 7.09-7.23 (5H, m,

Ar-H); 8¢ (100 MHz, CDCls): 27.7 (CH3), 30.1 (CH,), 35.4 (CH,), 55.1 (CH3), 83.4 ©),
~104.6 (CH), 112.7 (CH), 122.7 (CH), 125.5 (CH), 126.0 (CH), 128.4 (CH), 128.5 '(CH),
131.2 (C), 141.1 (C), 141.4 (C), 147.4 (C), 151.0 (C); m/z, EI+ (%): 351 (M", 15), 251
(M"-CsHzOy, 25), 160 (M"-Ci2HjsO,, 100); Accurate mass: CpHsNOy: requires
351.1834, found 351.1837.

N-tert-Butyloxycarboxy-5,6-methylenedioxy-2-phenethyl indole 336ca’

I
O N

336ca’ Boc

Following the solid-phase Takeda Method A and resin-cleavage procedure A, employing
silylated carbamate 342¢ (0.64 g, 1.50 mmol) and resin-bound ester 309a’ (Method B, 0.28
mmol), yielded N-tert-butyloxycarboxy-5,6-methylenedioxy-2-phenethyl indole 336¢a’ in
excellent purity as a white/brown solid (0.071 g, 0.195 mmol, 69%); Mpt: 102-105 °C;
Vmax (KBr)lem™: 2974 (C=C), 2930 (OCH;0), 1465 (CH); 5y (400 MHz, CDCl;): 1.66
[9H, s, (CH;);], 2.98 (2H, t, J 8.4, CH3), 3.25-3.29 (2H, m, CH,), 5.93 (1H, s, OCH;0),
6.21 (1H, s, H-3), 6.82 (1H, s, H-4), 7.17-7.30 (5H, m, Ar-H), 7.65 (1H, s H-7); 8¢ (100
MHz, CDCl;): 28.2 (CH;), 31.8 (CHp), 35.3 (CH3), 83.8 (C), 97.6 (CH), 98.8 (CH), 100.8
(CHy), 107.4 (CH), 123.2 (C), 125.9 (CH), 128.3 (CH), 128.4 (CH), 131.1 (C), 140.2 (C),
141.5 (C), 144.0 (C), 145.2 (C), 150.4 (C); m/z, EI+ (%): 365 (M™, 10), 309 (M""-C4Hs,
17), 218 (M"-Cy Hs, 59), 174 (M**-C12His04, 48), 83 (100); Accurate mass: CpHzsNO,:
requires 365.1627, found 365.1629.
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N-tert-Butyloxycarboxy-5,6-methylenedioxy-2-phenyl indole 336¢cb’

0
{ mPh
o N

336¢cb’ Boc

Following the solid-phase Takeda Method A and resin-cleavage procedure A, employing
silylated carbamate 342¢ (0.64 g, 1.50 mmol) and resin-bound ester 309b' (Method B, 0.28
mmol), yielded N-fert-butyloxycarboxy-5,6-methylenedioxy-2-phenyl indole 336¢b' in
excellent purity as a brown oil (0.066 g, 0.20 mmol, 70%); Vanax (Solt", CDCL)/em™: 3149
(C=C), 2980 (OCH;0), 1730 (CO), 1464 (CH); 8y (400 MHz, CDCl3): 1.28 {9H, s,
(CH3)3], 5.97 (1H, s, OCH,0), 6.41 (1H, s, H-3), 6.92 (1H, s, H-4), 7.31-7.38 (SH, m, Ar-
H), 7.76 (1H, s, H-7); 8¢ (100 MHz, CDCls): 27.5 (CH3), 83.4 (C), 97.0 (CH), 99.0 (CH),
101.0 (CHy), 109.9 (CH), 123.1 (C), 127.3 (CH), 127.7 (CH), 128.6 (CH), 132.4 (C), 135.1
' (C); 139.2 (C), 144.4 (C), 146.0 (C), 150.2 (C); m/z, EI+ (%): 337 (M", 18), 281 (M"-
C4H;s, 58), 237 (M"-CsHgO,, 100); Accurate mass: CaoHsNO;: requires 337.1682, found
337.1678.

N-tert-Butyloxycarboxy-2-methyl-5,6-methylenedioxy indole .336cc'

0O
T~
336¢c’ Boc

Following the solid-phase Takeda Method A and resin-cleavage procedure A, employing
silylated carbamate 342c¢ (0.64 g, 1.50 mmol) and resin-bound ester 309¢' (Method B, 0.28
mmol), yielded N-fert-butyloxycarboxy-2-methyl-5,6-methylenedioxy indole 336c¢c’ 4in
excellent purity as a white/brown solid (0.044 g, 0.160 mmol, 58%); Mpt: 95-98 °C; Vmax
(KBr)/em™: 2982 (C=C), 2927 (OCHZO), 1726 (CO); 3y (400 MHz, CDCl3): 1.66 [9H, s,
(CHs):], 2.52 (3H, s, CH3), 5.93 (1H, s, OCH;0), 6.17 (1H, s, H-3), 6.81 (1H, s, H-4), 7.66
(1H, s, H-7); 8¢ (100 MHz, CDCl3): 17.2 (CH3), 28.2 (CH3), 83.7 (C), 96.7 (CH), 98.5
(CH), 100.8 (CH,), 108.0 (CH), 123.3 (C), 131.0 (C), 136.3 (C), 144.0 (C), 145.0 (C),
150.6 (C); m/z, EI+ (%): 275 (M, 14), 219 [(M"-CHp), 44], 175 [(M""-CsH;0,), 45], 83
(100); Accurate mass: C;sH;7NO4: requires 275.1161, found 275.1158.
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N-tert-Butyloxycarboxy-5-hydroxy-2-phenethyl! indole 336da’

HO
>

336da’ Boc

Following the solid-phase Takeda Method A and resin-cleavage procedure A, employing
silylated carbamate 342e (0.71 g, 1.50 mmol) and resin-bound ester 309a' (Method B, 0.28
mmol), yielded N-tert-butyloxycarboxy-5-hydroxy-2-phenethyl indole 336da’ in excellent
purity as a yellow oil (0.064 g, 0.190 mmol, 68%); Vmax (KBr)/em™: 3432 (OH), 2925
(C=C), 1731 (CO), 1455 (CH), 1382 (OH); &y (400 MHz, CDCl:): 1.66 [9H, s, (CH;)3],
2.98 (2H, t, J 8.4, CH,), 3.29 (2H, t, J 7.4, CHy), 4.97 (1H, s, OH), 6.24 (1H, s, H-3), 6.74
(lAH, dd, J 8.9 and 2.5, H-6), 6.86 (1H, d, J 2.4, H-4), 7.17-7.30 (5H, m, Ar-H), 7.92 (1H,
d, J 8.9, H-7); 8¢ (100 MHz, CDCl;): 28.2 (CH3), 32.7 (CH,), 35.1 (CH,), 83.7 (C), 105.1
(CH), 107.1 (CH), 111.9 (CH), 116.4 (CH), 126.0 (CH), 128.4 (CH), 130.3 (C), 131.4 (C),
141.4 (C), 142.7 (C), 150.5 (C); m/z, EI+ (%): 337 (M", 12), 281 (M""-C4H;s, 26), 237
(M™-CsHgO,, 20), 190 (51), 146 (100); Accurate mass: C;;H23NOs: requires 337.1682,
found 337.1678.

N-tert-Butyloxycarbbxy-5-hydroxy-2-pheny| indole 336db’

HO
N

336db* Boc

Following the solid-phase Takeda Method A and resin-cleavage procedure A, employing
silylated carbamate 342e (0.71 g, 1.50 mmol) and resin-bound ester 309b' (Method B, 0.28
mmol), yielded N-fert-butyloxycarboxy-5-hydroxy-2-phenyl indole 336db' in excellent
purity as a yellow oil (0.062 g, 0.201 mmol, 72%); Viax (Solt", CDCI;)/cm'l: 3696 (OH),
3600 (OH), 3152 (HC=C), 1476 (CH), 1384 (OH); &y (400 MHz, CDCl;): 1.29 [9H, s,
(CHs);], 6.34 (1H, s, OH), 6.44 (1H, s, H-3), 6.84 (1H, dd, J 8.9 and 2.6, H-6), 6.97 (1H, d,
J 2.4, H-4) 7.33-7.41 (5H, m, Ar-H), 8.05 (1H, d, J 8.9, H-7); 8¢ (100 MHz, CDCL): 27.5
(CH3), 83.5 (C), 105.7 (CH), 109.7 (CH), 113.1 (CH), 116.0 (CH), 127.6 (CH), 127.8
(CH), 128.7 (CH), 130.2 (C), 132.3 (C), 134.8 (C), 138.1 (C), 141.4 (C), 150.3 (C); m/z,
EI+ (%): 309 (M", 15), 253 (M"-CHs, 32), 209 (M*-CsH;0,, 100); Accurate mass:
CisH1sNOs: requires 309.1364, found 309.1364. | |
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N-tert-Butyloxycarboxy-5-hydroxy-2-methyl indole 336dc"

HO.
T
N

336dc’ Boc

Following the solid-phase Takeda Method A and resin-cleavage procedure A, employing
silylated carbamate 342e (0.71 g, 1.50 mmol) and resin-bound ester 309¢' (Method B, 0.28
mmol), yielded N-tert-butyloxycarboxy-5-hydroxy-2-methyl indole 336dc' in excellent
purity as a pink oil (0.048 g, 0.196 mmol, 70%); Vmax (Solt", CDCl3)/cm™: 3691 (OH),
3601 (OH), 3154 (C=C), 1474 (CH), 1379 (OH); &y (400 MHz, CDCl3): 1.67 [9H, s,
(CH;)3), 2.56 (3H, s, CH3), 5.94 (1H, s, OH), 6.73 (1H, s, H-3), 6.73 (1H, dd, J 8.9 and 2.5,
H-4), 6.86 (1H, d, J 2.5, H-4), 7.93 (1H, d, J 8.9, H-7); 8¢ (100 MHz, CDCl;): 17.0 (CH3),
28.3 (CHy), 83.7 (C), 105.0 (CH), 107.7 (CH), 111.7 (CH), 116.2 (CH), 120.4 (©), 130.4
(C), 131.4 (C), 138.9 (C), 150.7 (C); m/z, EI+ (%): 247 (M™, 12), 191 (M""-C,Hj, 28), 147
(M"-CsH30;, 40), 83 (100); Accurate mass: C;4sH;7NOs: requires 247.1208, found
247.1212. ‘

N-tert-Butyloxycarboxy-5-chloro-2-phenethyl indole 336fa’

Ci
N

336fa' Boc

Titanocene dichloﬁde (2.26 g, 9.00 mmol), magnesium turnings (030 g, 126 mmol) \and

4A molecular sieves (0.90 g) were heated brie‘fly‘ in vacuo, allowed to cool and then the

reaction flask was purged with argon. THF (9.0 cm’) and triethylphosphite (3.2 cm?, 18.6

mmol) were then added and the reaction mixture stirred, cooling using an ice bath for 30

mins. After stirring for a further 2 h at rt, a THF (18.0 cm’) solution of the thioacetal 342f
(1.56 g, 4.50 mmol) was added, and the solution stirred for 15 mins. The reaction mixture

was then added via syringe, in three equal portions, into three separate flasks each
containing 1 Kan of resin bound ester 309a' (Method B, 3 x 0.28 mmol), pre;swollen in

THF (3 x 3 cm®). The mixture was stirred under argon for 15h. The Kans were then

washed as in the standard Takeda procedures, and one Kan when treated under the

standard resin-cleavage conditions A, yieldéd N-tért—butyloxycarboxy-s-chloro-2—

phenethyl indole 336fa’ as a yellow oil (0.015 g, 0.04 mmol, 14%); 31 (400 MHz, CDCI,):

1.68 [9H, s, (CHs)s], 3.01 (2H, t, J 8.3, CHy), 3.33 (2H, t, J 8.3, CHy), 6.28 (1H, s, H-3),

7.16-7.21 (6H, m, Ar-H), 7.39 (IH: d,J2.0, H-4), 7.99 (1H, d, J 8.8, H-7).
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2-Phenyl-1H-indole® 332ab’

N
H

332ab’

Following the general Boc deprotection procedure, using N-Boc indole 336ab' (0.048 g,
0.164 mmol), yielded 2-phenyl-1H-indole** 3325b' as a grey solid (0.031 g, 0.16 mmol,
97%); Mpt: 178-181 °C (Lit.*** Mpt: 189-200 °C); vmax (Solt", CDCL)/em™: 3441 (NH),
2925 (CH), 1635 (HC=C); du (400 MHz, CDCl;): 6.82 (1H, s, H-3), 7.12 (1H, t, J 7.8, H-
6), 7.19 (1H, td, J 7.6 and 1.0, H-5), 7.32 (1H, t, J 7.4, Ar-H), 7.35-7.45 (3H, m, Ar-H),
7.64-7.66 (3H, m, Ar-H), 8.31 (1H, bs, NH)§ dc (100 MHz, CDCl3): 99.8 (CH), 110.7
(CH), 120.1 (CH), 120.5 (CH), 122.2 (CH), 125.0 (CH), 127.5 (CH), 128.8 (C), 132.2 (C),

136.4 (C), 137.5 (C); m/z, EI+ (%): 193 (M™, 100), 165 (15), 84 (28); Accurate mass:
V C1oHuN: requires 193.0891, found 193.0894. |

7-Methoxy-2-phenethyi-1 H-indole 332ba’

A Ph

N
omeH
332ba’

Following the general Boc deprotection procedure, using N-Boc indole 336ba’ (0.033 g,
0.09 mmol), yielded 7-methoxy-2-phenethyl-1H-indole 332ba’ as a purple sdlid (0.024 g,
0.09 mmol, 100%); Mpt: 85-88 °C; vpyax (Solt“ CDClyY/em™: 3151 (NH) 3095 (HC—C),
2932 (COCH3;), 1791 (HC=C); 84 (400 MHz, CDCI;) 2.96-3.09 (4H m, CHZCHzPh) 3.93
(3H, SOCH3) 6.24 (1H, d, J 2.2, H-3), 6.56 (1H, dd, J 2.3 and 7.6, H-6), 6.96 (1H, dt, J
7.8 and 3.1, H-4), 7.13 (1H, d, J 7.9, H-5), 7.13- 725(3H m, Ar-H), 7.28-7.31 (2H m, Ar-
H), 8.04 (1H, bs, NH); 8¢ (100 MHz, CDCls): 30.2 (CHy), 35.6 (CHy), 55.3 (CH), 100.1
(CH), 101.3 (CH), 112.8 (CH), 119.9 (CH), 126.1 (CH), 128.4 (CH), 128.5 (Cﬁ),'129.0
©), 130.0 (C), 138.5 (C), 141.2_(Cj, 145.6 (C); m/z, EI+ (%): 251 (M, 42), 160 (M"-
C;Hg, 100), Accurate mass: Cy7H;7NO: requires 251.1310, found 251.1308. |
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7-Methoxy-2-phenyl-1H-indole 332bb’

D—ph

N
omeH
332bb’

Following the solid-phase Takeda Method A, resin-cleavage procedure A and general Boc
deprotection procedure, employing silylated carbamate 342b (0.62 g, 1.50 mmol) and
resin-bound ester 309b' (Method B, 0.28 mmol), yielded 7-methoxy-2-phenyl-1H indole
332bb’ as a pale green solid (0.043 g, 0.19 mmol, 69% from 309b'); Mpt: 82-85 °C; Vinax
(KBr)/em’: 3440 (NH), 2925 (COCH3), 1681 (HC=C); &y (400 MHz, CDCl;): 3.97 (3H, §
OCH,), 6.63 (1H, d, J 7.7, H-6), 6.79 (1H, d, J 1.9, H-3), 7.01-7.05 (1H, m, Ar-H), 7.22-
7.33 (2H, m, Ar-H), 7.39-7.44 (2H, m, Ar-H), 7.64-7.56 (2H, m, Ar-H), 8.57 (1H, bs, NH);
8¢ (100 MHz, CDCl3): 55.3 (CHj), 100.2 (CH), 102.2 (CH), 113.3 (CH), 120.5 (CH),
125.1 (CH), 127.2 (C), 127.5 (CH), 128.9 (CH), 130.4 (C), 132.3 (C), 137.5 (C), 145.9
(C); m/z, EI+ (%): 223 M", 77), 180 (42), 83 (100); Accurate mass: C;sH;3NO: requires
223.0997, found 223.0998.

5,6-Methylened'ioxy-2-pheny|-1 H-indole 332¢cb’

sens
Ph
% N

H
332¢ch’

Tetrabutylammonium fluoride [(TBAF), 1 mol dm? in THF, 0.7 cm3, 70 mmol] was added
drop-wise, to a solution of N-Boc indole 336¢b' (0.033 g, 0.10 mmol), in THF (2 cm®)
under argon in THF. The reaction mixture was then heated under reflux for 30 h. After this
time the reaction mixture was poured into water (10 cm®) and extracted into ethyl acetate
(2 x 5 cm®). The combined organic phases were then washed with water (2 x 10 cm®), dried
over sodium sulphate, and concentrated to yield a 10: 1 mixture of indole 332¢b': indole
336¢b’ (starting material) and some tetrabutylammonium salts (0.020 g). Tritteration of the
mixture from chloroform, yielded 5,6-methylenedioxy-2-phenyl-1H-indole 332cb' as a
white solid (0.011 g, 0.050 mmol, 50%); 8y (400 MHz, CDCl;): 5.95 (2H, s, OCH,0),
6.70 (1H, s, H-3), 6.87 (1H, s, H-4), 7.00 (1H, s, H-7), 7.29 (1H, d, J 7.4, H-4"), 7.42 (2H,
t,J 7.5, H-3' and H-5"), 7.59 (2H, d, J 7.3, H-2' and H-6"), 8.21 (1H, s, NH); m/z, EI+ (%):
237 (M"™, 100). However in an attempt to obtain a *C NMR spectrum, substantial

decomposition occurred, and so no further characterisation of indole 332cb' was possible,
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5-Hydroxy-2-phenethyl-1H-indole?! 332da’

HO

332da’

Iz

Following the general Boc deprotection procedure, using N-Boc indole 336da’ (0.048 g,
0.142 mmol), followed by column chromatography (510, DCM: MeOH, 19: 1), yielded
the desired 5-hydroxy-2_-phenethyl-lH-indole25 ! 332da’ as a grey solid (0.021 g, 0.09
mmol, 62%); R¢ (Si02, DCM: MeOH, 19: 1): 0.31; &4 (400 MHz, CDCl3): 3.00-3.08 (4H,
rh, CHZCHzPh), 4.42 (1H, s, OH), 6.16 (1H, d, J 1.4, H-3), 6.67 (1H, dd, J 2.4 and 8.6, H-
6), 6.94 (1H, d, J 2.4, H-4), 7.10 (1H, d, J 8.6, H-7), 7.20-7.32 (5H, m, Ar-H), 7.64 (1H, s,
NH); m/z, EH (%): 237 (M", 38), 146 (M"-C;H;, 100); Accurate méss: C15H15NO:
* requires 237.1154, found 237.1157. |

2-Methyl-5-hydroxy-1H-indole 332dc'

HO
T~

332dc’

Iz

Following the general Boc deprotection procedure, but leaving for 64 h, using N-Boc
indole 336dc' (0.036 g, 0.145 mmol), followed by column chromatography (SiO,, DCM),
yielded 2-methyl-5-hydroxy-1H-indole 332dc¢’ as a grey solid (0.017 g, 0.12 nﬁmol, 81%);
R¢ (SiO,, DCM): 0.10; 64 (400 MHz, CDCl;): 2.41 (3H, s, CH;), 4.44 (1H, s, OH), 6.10
(1H, s, H-3), 6.67 (1H, dd, J 2.4 and 8.6, H-6), 6.92 (1H, d, J 2.4, H-4), 7.12 (1H, d, J 8.6,
H-7), 7.72 (1H, s, NH); m/z, EI+ (%): 147 (M™, 88), 146 (M"-H, 92) 84 (100); Accurate
mass: CoHgNO: requires 147.0684, found 147.0682.

N-Deutero-3-deutero-5-deuteroxy-2-methyl indole 345dc'

D

DO
m
N

D
345dc'

Dissolving indole 332dc¢' in d-4 MeOH in an NMR tube, gave N-deutero-3-deutero-5-
deuteroxy-2-methyl indole 345dc'; Mpt: 120-123 °C; 8y (400 MHz, d-4 MeOH): 2.25 (3H,
s, CHj), 6.45 (1H, dd, J 2.4 and 8.6, H-6), 6.69 (1H, d, J 2.2, H-4), 6.95 (1H, d, J 8.6, H-7);
8¢ (100 MHz, d-4 MeOH): 13.9 (CHz), 105.0 (CH), 111.1 (CH) 111.9 (CH), 131.6 (C),
133.3 (C), 137.7 (C), 151.5 (C).
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2-[2'-(N-tert-Butyloxycarboxy-N-methylamino)phenyl]-1,3-dithiane 346a - A

J
NT
346a Elioc

Lithiﬁm di-isopropylamine [generated by adding n-butyl lithium (2.70 cm?, 6.60 mmol, 2.5
mol dm? in hexanes), to a solution of di-isopropylamine (1.20 cm®, 7.20 mmol) in THF
(8.0 cm®) at -78 °C and stirring at this temperature for 1 h], was added drop-wise to a
solution of carbamate 335a (1.86 g, 6.00 mmol) and the reaction was allowed to warm to rt
over 1 h. After this time, a white precipitate resulted from which the solvent was removed
~in vacuo, and DCM (30 cm’) was added. The reaction mixture was allowed to stir for a
further 1 h before methyl iodide (1.80 cm?, 30.0 mmol) was added and stirred for 22 h at rt.
The reaction mixture was worked up by pouring into water and ext;écting with DCM (20
cm®). The DCM extracts were then dried over sodium sulfate and concentrated to yield a
yellow oil (1.26 g, 65%). 'H NMR analysis confirmed that a 12: 5 mixture of starting
material 335a: product 346a remained. Column chromatography (SiO,, DCM) gave pure
starting material 335a (0.58 g, 1.87 mmol, 31%) and 2-[2’-(N—tert-bﬁtyloxycarboxy—N- ’
methylamino)phenyl]-1,3-dithiane 346a (0.54 g, 1.66 mmol, 28%); R¢ (SiO2, DCM): 0.13;
Mpt: 103-105 °C; Vimax (KBr)/em™: 2822 (NMe), 1688 (CO), 1363 (NCO); 4 (400 MHz,
CDCl3): 1.35 [9H, s, (CH3)3], 1.88-1.99 (1H, m, CH,y), 2.13-2.20 (1H, m, CH,,), 2.85-3.11
(4H, m, CH,-S), 3.22 (3H, s, NCH,), 5.24 (1H, s, CH), 7.10 (1H, d, J 6.4, H-3;), 7.26-7.32
(2H, m, H-4' and H-6) 7.67 (1H, dt, J 6.6 and 1.9, H-5); 8¢ (100 MHz, CDCL): 25.1
(CHy), 28.0 (CH3), 32.1 (CHy), 32.5 (CHy), 37.5 (CH3), 45.9 (CH), 80.2 (C), 127.7 (CH),
128.0 (CH), 129.0 (CH), 129.2 (CH), 136.6 (C), 140.8 (C), 155.1 (C); m/z, EI+ (%): 325
WM™, 9), 269 (M"-CsHs, 64), 224 (M"-CsH,;0,, 62), 162 (100); Accurate mass:
CisH23NO,S;: requires 325.1170, found 325.1172; Microanalysis Found: C 59.05%, H
7.12%, N 4.35%; Theoretical CisH23NO,S;: C 59.04%, H 7.12%, N 4.30%.

2-[2'-(N-tert-ButyloxycarbonyN-methylamino)phenyl]-1,3-dithiane 346a-B

N/
346a Boc

Following the general procedure for carbamate alkylation, using methyl iodide (1.10 cm?,
16.5 mmol) in DMF (60 cm®), and allowing to stir for 2 h, gave pure amine 346a as a pale
yellow solid (3_.85 g, 11.8 mmol, 91%); 83(400 MHz, CDCls): as above. _
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2-[2':(N-Benyl-N-tel't-butyloxycarboxyamino)phenyl]-1 ,3-dithiané 346b

cr 2
N"Ph
346b Boc

Following the general procedure for carbamate alkylation, using benzyl bromide (2.50 cm’,
16.5 mmol) in DMF (60 cm’), and allowing to stir for 2 h, gave a yellow solid (6.09 g).
Recrystallisation, from propan-2-ol, yielded 2-[2'-(N-benyl-N-tert-
butyloxycarboxyamino)phenyl]-1,3-dithiane 346b as white needles (3.82 g, 9.51 mmol,
76%); Ry (SiOz, DCM): 0.35; Mpt: 128-130 °C; Vimax (KBr)/cm™: 2931 (NCH,), 1691 (CO),
1388 (NCO); 84 (400 MHz, CDCl;): 1.37 [9H, s, (CH3)3], 1.86-1.98 (1H, m, CHy), 2.12-
2.18 (1H, m, CH,), 2.82-3.03 (4H, m, CH;-S), 4.33 (1H, d, J 18.5, NCH;H3), 5.20-5.24

(2H, m, NCH,Hp and S,CH), 6.68 (1H, s, H-3"), 7.09 (1H, t J 7.4, Ar-H), 7.22-7.28 (6H,
m, Ar-H), 7.64 (1H, dd, J 7.8 and 1.2, H-6;); dc (100 MHz, CDCl;): 25.2 (CHy), 28.1
(CH3), 32.2 (CHy), 32.5 (CHy), 46.3 (CH), 53.5 (CH,), 80.5 (C), 127.3 (CH), 128.1 (CH),
128.3 (CH), 128.4 (CH), 128.9 (CH), 129.3 (CH), 129.4 (CH), 136.7 (C), 138.2 (C), 139.2
(C), 155.3 (C); m/z, EI+ (%): 401 (M"", 4), 345 (M™-C,Hj, 37), 300 (M""-CsHs0,, 58), 254
(100); Accurate mass: C22H2;NO,S;: requires 401.1483, found 401.1486; Microanalysis:
Found: C 65.51%, H 6.84%, N 3.54%; Theoretical C;H,7NO,S;: C 65.87%, H 6.78%, N
3.49%.

2-[2'-(N-tert-Butyloxycarboxy-N-prenylamino)phenyl]-1,3-dithiane 346¢c

, S/j ,

CrL L

N L

346¢ Boc
Following the general procedure for carbamate alkylation, using prenyl bromide (1.90 cm’®,
16.5 mmol) in DMF (60 cm?), and allowing to stir for 2.5 h, the pure desired product 346¢
was obtained as a yellow solid (5;23 g). Recrystallisation from hexane, yielded 2-[2'-(N-
tert-butyloxycarboxy-N-prenylamino)phenyl]-1,3-dithiane 346¢ as plates (3.03 g, 8.00
mmol, 61%); Mpt: 96.5-98.5 °C; Vmax (KBr)/cm™: 2929 (NCH,), 1687 (CO), 1391 (NCO),
870 (CH); 8y (400 MHz, CDCl3): 1.35 [9H, s, (CH3):], 1.42 (3H, s, CCH;), 1.67 (3H, s,
CCH;), 1.88-1.99 (1H, m, CHa), 2.14-2.18 (1H, m, CH,), 2.85-2.91 (2H, m, CH,-S),
2.95-3.08 (2H, m, CH,-S), 4.03 (1H, dd, J 14.8 and 7.8, NCH,Hg), 4.46 (1H, dd, J 14.5
and 5.9, NCHxHg), 5.25 (1H, s, S;CH), 5.34 (1H, t, J 7.5, NCH,CH), 7.03 (1H, d J 6.9, H-
3", 7.21-7.30 (1H, m, Ar-H), 7.65 (1H, dd, J 7.6 and 1.2, H-6"); 8¢ (100 MHz, CDCly):
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17.7 2CH2), 25.2 (CH3), 25.7 (CHy), 28.1 (CH,), 32.2 (CH3), 32.5 (CH3), 46.4 (CHy), 47.5
(CH), 80.1 (C), 119.9 (CH), 127.9 (CH), 128.5 (CH), 129.1 (CH), 136.0 (C), 137.0 (C),
139.4 (C), 154.9 (C); m/z, EI+ (%): 379 (M, 10), 323 (M""-C4Hjs, 31), 278 (M™-CsH,0,,
50), 254 (100); Accurate mass: CpHsNO,S;: requires 379.1640, found 379.1638;
Micrqanalysis: Found: C 63.25%, H 3.59%, N 7.61%, S 16.86; Theoretical Cy3H,ysNO,S,:
C 63.28%, H 3.69%, N 7.65%, S 16.90.

2-[2'-(N-Allyl-N-tert-butyloxycarboxyamino)phenyi]-1,3-dithiane 346d

s’j
s
346d Boc

 Following the general procedure for carbamate alkylation, using allyl bromide (1.40 cm’,
16.5 mmol) in DMF (60 cm’), and allowing to stir for 2.5 h, gave the pure desired amine
346d was obtained as a yellow solid (4.50 g, 12.8 mmol, 98%). Recrystallisation of a 0.50
g portion, from propan-2-ol, gave 2-[2'-(N-allyl-N-tert-butyloxycarboxyamino)phenyl]-
1,3-dithiane 346d as white prisms (0.32 g, 0.91 mmol, 63%); R¢ (SiO;, DCM): 0.35; Mpt:
87-90 °C; Vimax (KBr)/em™': 2929 (NCH,), 1697 (CO), 1385 (NCO); 8 (400 MHz, CDCls):
1.36 [9H, s, (CH3)s], 1.88-1.99 (1H, m, CH,), 2.13-2.20 (1H, m, CH,,), 2.85-2.93 (2H, m,
CH;-S), 2.97-3.08 (2H, m, CH-S), 3.91 (1H, dd, J 15.0 and 7.2, NCHaHg), 4.46 (1H, d, J
11.0, NCHHp), 5.10-5.15 (2H, m, CH=CH,), 5.22 (1H, s, S;CH), 5.92-6.02 (1H, m,
CH=CH,), 7.06 (1H, d J 6.8, H-3"), 7.25 (1H, dt, J 1.5 and 7.4, Ar-H), 7.30 (1H, dt, J 1.3
and 7.4, Ar-H), 7.68 (1H, dd, J 7.6 and 1.6, H-6"); &¢ (100 MHz, CDCl;): 25.2 (CH,), 28.1
(CH3), 32.2 (CHy), 32.4 (CHy), 46.2 (CH), 52.8 (CH,), 80.4 (C), 117.9 (CHy), 128.1 (CH),
128.6 (CH), 129.0 (CH), 129.3 (CH), 133.7 (CH), 136.8 (C), 139.4 (C), 154.8 (C); m/z,
EI+ (%): 351 (M™, 10), 295 (M"-C4H;, 64), 250 (M™-CsH;0,, 50), 188 (100); Accurate
mass: Ci1sHpsNO,S;: requires 351.1327, found 351.1328; Microanalysis: Found: C 61.40%,
H 7.12%, N 3.95%; Theoretical C,;stNozsz: C 61.50%, H 7.17%, N 3.98%.
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1-(2'¥N-tert-Butyloxycarboxy-N-methylamino-5-phenyl)-4-pheny|butan-2-one

347
o) Ph

347 Boc

The general solid-phase Takeda Method A using amine 346a (0.47 g, 1.45 mmol) and
resin-bound ester 309a' (Method A, 0.30 mmol), followed by the general resin-cleavage
procedure A, yielded 1-(2-N-tert-butyloxycarboxy-N-methylamino-5-phenyl)-4-
phenylbutan-2-one 347 as a black oil [a mixture of diasteriomers of geometrical isomers,
see chapter 9.3, (0.055 g, 0.16 mmol, 54%); vimax (Solt", CDCl3)/cm™: 2980 (NMe), 1792
(CO), 1690 (NCO»); 3y (360 MHz, 253 K, CDCls): 1.29 and 1.50 [9H, s, 2 x C(CH3)3},
279 2H, t, J 7.1, CHy), 2.87-2.92 (2H, m, CH,), 3.04 and 3.06 (3H, 2 x s, NCH3), 3.54-
3.78 (2H, complex AB system, CHAHBCO), :7.11-7.33 (9H, m, Ar-H); 8y (360 MHz, 273
K, CDCI;): 1.30 and 1.50 [9H, s, 2 x C(CH3);], 3.06 (3H, s, NCH3), 3.57-3.72 (2H, AB
system, CH*HPCO), 7.12-7.28 (9H, m, Ar-H); 8y (360 MHz, 333 K, CDCly): 1.37 [9H, s,
C(CH3);], 2.73-2.77 (2H, m, CH>), 2.89 (2H, t, J 7.2, CHy), 3.09 (3H, s, NCH3), 3.61 (1H,
s, CH*HP), 3.60 (1H, s, CH*HPCO), 7.10-7.27 (9H, m, Ar-H); m/z, EI+ (%): 353 ", 3),
297 (M™-C,Hs, 18), 253 (M+'-C5H8N02, 50), 120.1 (100); Accurate mass: CpHyNO;:
requires 353.1991, found 353.1987.

N-Methyl-2-phenethyl indole 348aa’

"
N

348aa" |

Following the general solid-phase Takeda Method A, resin-cleavage procedure A, and
general ketone cyclisation procedure, employing amine 346a (0.42 g, 1.50 mmol) and
resin-bound ester 309a' (Method A, 0.30 mmol), yielded N-methyl-2-phenethyl indole
348aa’' in excellent purity as a yellow oil (0.028 g, 0.126 mmol, 44% from ester 309a'); R¢
(SiOz, DCM): 0.64; Vmax (Solt”, CDCl3)/em™: 3055 (HC=C), 3025 (CH), 2925 (NCHs),
1468 (CH), 1454 (CH); dy4 (400 MHz, CDCl,): 3.05 (4H, s, CH; CH,Ph), 3.61 (3H, s,
NCH,), 6.31 (1H, s, H-3), 7.05-7.09 (1H, m, Ar-H), 7.16 (1H, dt, J 1.1 and 7.1, Ar-H),
7.21-7.32 (6H, m, Ar;H), 7.53 (1H, ,d’ J 7.8, H-7); 8¢ (100 MHz, CDCl;): 28.9 (CH;), 29.3
(CH3),}35.1 (CHy), 98.8 (CH), 108:7 (CH), 119.3 (CH), 119.7 (CH), 120.7 (CH), 126.2
(CH), 128.4 (CH), 128.5 (CH), 137.4 (C), 138.1 (C), 140.5 (C), 141.3 (C); m/z, EI+ (%):
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235 (M", 30), 144 [(M)r "-C7Hj7), 100]; Accurate mass: Cj7H;7N: requires 235.1361, found
235.1359.

N-Methyl-2-phenethyl indole 348aa’

N

348aa’ !

Following the generai solid-phase Takeda Method B, resin-cleavage procedure A, and
general ketone cyclisation procedure, employing amine 346a (0.29 g, 0.90 mmol) and
resin-bound ester 309a' (Method A, 0.30 mmol), yielded N-methyl-2-phenethyl indole
348aa’ (0.314 g, 0.133 mmol, 45% from ester 309a"); SH (400 MHz, CDCl;): as above.

'N-Methyl-z-phenyl indole®* 348aa" -
o
\
348aa’
Following the general solid-phase Takeda Method A, resin-cleavage prdcedure A, and
general ketone cyclisation procedure, employing amine 346a (0.42 g, 1.50 mmol) and
resin-bound ester 309b' (Method A, 0.30 mmol), yielded N-methyl-2-phenyl indole*
348aa’ as a white solid (0.012 g, 0.057 mmol, 32% from ester 309b'); Mpt: 98-101 °C;
(Lit.*2 Mpt 99-101 °C); 8u (400 MHz, CDCly): 3.75 (3H, s, NCHs), 6.56 (1H, s, H-3),

7.14-7.16 (1H, m, Ar-H), 7.24-7.27 (1H, m, Ar-H), 7.35-7.53 (64, m, Ar-H), 7.63 (1H, dd,
J 7.8 and 0.8, H-7). ‘

N-Benzyl-2-phenethyl indole 348ba’

N

348ba’ —Ph

Following the general solid-phase Takeda Method A, resin-éleavége procedﬁre A, and
general ketone cyclisation procedure, employing amine 346b (0.‘60 g, 1.50 mmol) and
resin-bound ester 309a' (Method A, 0.30 mmol), yielded N-benzy1-2-phenethyi indole
348ba’ in excellent purity as a gréy solid (0.051 g, 0.165 mmol, 55%vfro'm‘ ester 309a'); R¢
(SiOz, DCM): 0.58; Mpt: 66-69 °C; Vimax (KBr)/em™: 3027 (HC=C), 2925 (NCH,), 1463
(CH), 1452 (CH); 8y (400 MHz, éDCl;): 2.93-3.02 (4H, m,'CHZCHzPh], 5.25 (2H, 's,'
NCH,Ph), 6.40 (1H, s, H-3), 6.88-6.93 (2H, m, Ar-H), 6.98-7.38 1(1le, m, Ar-H), 7.56-
7.60 (1H, m, Ar-H); ¢ (100 MHz, CDCLy): 28.6 (CHy), 35.1 (CHy), 46.3 (CH), 99.7
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(CH), 109.3 (CH), 119.6 (CH), 119.9 (CH), 121.0 (CH), 125.9 (CH), 126.1 (CH), 127.2
(CH), 128.1 (C), 128.3 (CH), 128.4 (CH), 128.7 (CH), 137.1 (C), 137.8 (C), 140.5 (C),
141.2 (C); m/z, EI+ (%): 311 (M"™, 40), 220 (M™-C;Hj7, 100); Accurate mass: Cp3HyN:
requires 311.1674, found 311.1675.

N-Benzyl-2-(2 -methyl-propenyl) indole 348bd'

Cy
N

_
348bd' TN

Following the general solid-phase Takeda Method A, resin-cleavage procedure A, and
general ketone cyclisation procedure, employing amine 346b (0.60 g, 1.50 mmol) and
resin-bound ester 309d' (Method A, 0.30 mmol), yielded N-benzyl-2-(2 -methyl-propenyl)
indole 348bd’ in excellent purity as a light brown solid (0.038 g, 0.147 mmol, 49% from
ester 309d"); Mpt: 80-83 °C; Vmax (KBr)/cm™: 3043 (HC=C), 2966 (NCH,), 2929 (CHQ),
1450 (CH,), 842 (CH), 792 (CH); &y (400 MHz, CDCl;): 1.89 ?(3H, s, CH3), 1.99 (3H, s,
CH;), 5.28 (2H, s, NCH,Ph), 6.04 [1H, s, CHC(CH;),], 6.40 (1H, s, H-3), 6.92 (2H, d, J
7.1, Ar-H), 6.98-7.20 (6H, m, Ar-H), 7.52-7.54 (1H, m, H-7); 8¢ (100 MHz, CDCl;): 17.3
(CHs), 23.9 (CH3), 43.6 (CHy), 98.8 (CH), 106.8 (CH), 111.3 (CH), 116.6 (CH), 117.1
(CH), 118.3 (CH), 123.0 (CH), 124.1 (CH), 125.2 (C), 125.6 (CH), 133.5 (C), 134.5 (C),
135.1 (C), 137.2 (C); m/z, EI+ (%): 261 (M™, 100), 246 (M*-CHs, 66), 170 (37); Accurate
mass: C1oHoN: requires 261.1517, found 261.1517. . '

2-Phenethyl-N-prenyl indole 348ca’

348ca’

Following the general solid-phase Takeda Method A, resin-cleavage procedure A, and
general ketone cyclisation procedure, employing amine 346¢ (0.57 g, 1.50 mmol) and
resin-bound 309a' (Method A, 0.30 mmol), yielded 2-phenethyl-N-prenyl indole 348¢ca’ in
excellent purity as a yellow/brown oil (0.060 g, 0.210 mmol, 70% from ester 309a'); Mpt:
64-67 °C; Vmax (KBr)em™: 3054 (HC=C), 3023 (HC=C), 2927 (NCH,), 1461 (CH;), 781
(C=CH), 744 (C=CH); 8y (400 MHz, CDCl;): 1.68 (3H, d, J 1.0, CH3), 1.80 (3H, s, CHy),
2.99-3.08 (4H, m, CH,CH,Ph), 4.63-4.69 (2H, m, CH,CH), 5.11-5.15 (1H, m, NCH,CH),
6.31 (1H, s, H-3), 7.06 (1H, dt, J 1.0 and 7.3, H-5), 7.13 (1H, dt, J 1.1 and 7.0, H-6), 7.17-
7.32 (6H, m, Ar-H), 7.49 (1H, d, J 7.6, H-7); 8¢ (100 MHz, CDCl;): 18.1 (CH;), 25.5
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(CH,), 28.8 (CHy), 35.1 (CH,), 41.3 (CH,), 99.0 (CH), 119.2 (CH), 119.9 (CH), 120.6
(CH), 120.9 (CH), 126.1 (CH), 128.0 (C), 128.3 (CH), 128.5 (CH), 134.1 (C), 136.5 (C),
140.1 (C), 141.4 (C); m/z, EI+ (%): 289 (M, 56), 198 (M"-C;Hj;, 100); Accurate mass:
C21HpN: requires 289.1830, found 289.1831.

2-(2 Methyl-propenyl)-N-prenyl-indole 348cd’

W
N\J‘\
348cd’

Following the general solid-phase Takeda Method A, resin-cleavage procedure A, and
general ketone cyclisation procedure, employing amine 346¢ (0.57 g, 1.50 mmol) and
resin-bound ester 309d' (Method A, 0.30 mmol), yielded 2-(2 -methyl-propenyl)-N-prenyl-
\’ indole 348cd’ in excellent purity as a yellow/brown oil (0.036 g, 0.150 mmol, 50% from
ester 309d'); Vmax (KBr)/em™: 3053 (HC=C), 3029 (HC=C), 2925 (NCH,), 1460 (CHa),
777 (CH=C), 792 (CH=C); &4 (400 MHz, CDCL): 1.69 (3H, d, J 0.8, CHs), 1.81 (3H, s,
CHs), 1.95 (3H, d, J 0.5, CH3), 1.97 (3H, s, CH3), 4.67 (2H, d, J 6.4, NCH,CH), 5.16-5.20
(1H, m, NCH,CH), 6.18 (1H, d, J 0.7, CH=CMe,), 6.38 (1H, s, H-3), 7.06 (1H, dt, J 0.9
and 7.8, H-5), 7.14 (1H, dt,J 1.0 and 7.1, H-6), 7.27 (1H, m, H-4), 7.56 (1H, 4, J 7.7, H-7);
Sc (100 MHz, CDCIl;): 18.0 (CH3), 20.2 (CH3), 25.5 (CH;), 26.9 (CH,), 41.5 (CH), 101.3
(CH), 109.2 (CH), 114.7 (CH), 119.3 (CH), 120.9 (CH), 128.2 (C), 134.0 (C), 136.0 (C),
137.1 (C), 139.5 (C); m/z, El+ (%): 239 (M™, 100), 171 (M+ Cng, 80); Accurate mass:
C17Hy;N: requires 239.1674, found 239.1676.

2-[2'<(N-Methyloxycarboxyamino)phenyl}-1 ,3-dithiane 350

CG

350 H

Methylchloroformate (0.80 cm?, 12.0 mmol) was added dropwisé toa solutidn of amine
331 (2.11 g, 10.0 mmol), saturated sodium bicarbonate (0.80 cm?), in‘dioxane (60 cm3) and
the reaction mixture was allowed to stir for 16 h. After thlS time, the reactlon mixture was
poured into water (60 cm’) and extracted 1nto diethyl ether (2 x 60 cm ). The combined
organic phases were then washed with water (2 x 60 cm®), brine (60 cm®), dried over
magnesium sulphate, and concentrated to yield a white solid (2. 41 g, 90%, 8. 96 mmol)
Recrystalhsatlon of a 0. 50 g pomon from propan-2-ol, ylelded 2-[2'(N-
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meth&loxycarboxyamino)phenyl]-1,3-dithiane 350 as white needles (0.36 g, 72%); Ry
(Si0;, DCM): 0.30; Mpt: 95-97 °C; Vmax (KBr)/cm": 3295 (NH), 2851 (OCH;), 1731
(CO); 84 (400 MHz, CDCL3): 1.89-1.99 (1H, m, CH,,), 2.17-2.22 (1H, m, CH,,), 2.91-2.94
(2H, m, CH;-S), 3.05-3.12 (2H, m, CH>-S), 3.81 (3H, s, OCH3), 5.31 (1H, s, S;CH), 7.06
(1H,t, J 74, H-5"), 7.30 (1H, t, J 7.6, H-4"), 7.39 (1H, d, J 7.6, H-6"), 7.62 (1H, s, H-3"),
7.89 (1H, s, NH); 8¢ (100 MHz, CDCL): 25.0 (CHZ), 31.9 (CHy), 48.8 (CH), 52.5 (CH3),
122.6 (C), 1246 (CH), 128.6 (CH), 129.3 (CH), 136.0 (C), 154.3 (C); m/z, EI+ (%): 269
(M™, 80), 163 (C1oH11S, 30), 136 (100); Accurate mass: C;2H;sNO,S,: requires 269.0544,
found 269.0544; Microanalysis Found: C 53.43%, H 5.60%, N 5.28%; Theoretical
C12H sNO,S;: C 53.57%, H 5.62%, N 5.21%.

2-[2'-(N-Methyl-N-methyloxycarboxyamino)phenyl]-1,3-dithiane 349

Sq
R
349 T o

Lithium di-isopropylamine (3.75 cm’, 7.50 mmol, 2.0 mol dm™ in THF, ethyl benzene and
heptanes), in THF (4.0 cm®) was added drop-wise to a solution of carbamate 350 (1.88 g,
7.00 mmol) in THF (20 cm3), under argon at -78 °C, and the reaction mixture was allowed
to warm to rt and then stirred for 1 h. The reaction mixture was then cooled to -40 °C
before methyl iodide (1.80 cm3, 30.0 mmol) was added and the reaction mixture was
warmed to rt and stirred for 1 h. The reaction mixture was then poured into water and
extracted with ethyl acetate (2 x 30 cm®). The combined organic phases were then washed
with water (3 x 100 cm’), dried over sodium sulfate and concentrated to yield a yellow
solid (1.79 g) containing mostly the desired product 349 and a small amount of starting
material 350. Recrystallisation from - propan-2-ol, yielded 2-[2'-(N-methyl-N-
methyloxycarboxyamino)phenyl]-1,3-dithiane 349 as a white solid (1.15 g, 4.06 mmol,
58%); Mpt: 105-107 °C; Vmax (KBr)em™: 2925 (NCH;j), 1700 (CO); Sy (400 MHz,
CDCls): 1.87-1.98 (1H, m, CHy), 2.14-2.21 (1H, m, CH,,), 2.85-2.92 (2H, m, CH,-S),
3.02-3.10 (2H, m, CH,-S), 3.28 (3H, s, NCH3), 3.64 (3H, s, OCH3), 5.24 (1H, s, S,CH),
7.14 (14, d,J 7.1, H-3), 7.29-7.36 (2H, m, H-4' and H—S'), 7.71 (1H, dd, J 7.2 and 1.8, H-
6"; 8¢ (100 MHz, CDCl3): 25.2 (CHy), 32.1 (CH,), 32.4 (CH,), 38.4 (CH3), 45.7 (CH),
53.1 (CH3), 127.9 (CH), 128.5 (CH),\'129.3 (CH), 129.7 (CH), 136.6 (C), 140.1 (C), 156.6
(C); m/z, EI+ (%): 283 (M™, 37), 208 (20), 177 (100); Accurate mass: Cj3H;7NO,S;:
requires 283.0701, found 283.0703; Microanalysis Found: C 55.13%, H 5.98%, N 4.83, S
22.72%; Theoretical Cy3H;7NO,S;: C 55.09%, H 6.05%, N 4.94, S 22.63%.

171



2-[2'f-(N-Benzonxycarboxy-N-methyIamino)phenyl]-1 ,3-dithiane 351

o7
N”

| o”~08n

| 351 -

F bllowing a known procedure,235 benzylchloroformate (2.20 cm®, 15.0 mmol) was added
dropwise to a solution of amine 331 (3.17 g, 15.0 mmol) and sodium bicarbonate (2.52 g,
30.0 mmol), in acetone: water (4: 1, 125 cm’) at 0 °C. The reaction mixture was allowed to
warm to rt and then further stirred for 2 h. After this time the reaction mixture was
concentrated in vacuo, water (100 cm’) was added, and the mixture was extracted with
ethyl acetate (2 x 50 cm3). The combined organic phases were then washed with water (2 x
100 cm"’), dried over magnesium sulphate, and concentrated to yield crude carbamate 351
as a yellow oil (5.28 g). DMF (90 cm®) and methyl iodide (1.90 cm?, 30 mmol) were added
and the mixture was cooled to 0 °C, under argon. Sodium hydride [60% in mineral oil,
(0.75 g, 18.8 mmol)], was then added portion-wise over 10 mins ’an‘d the reaction mixture
was allowed to warm to rt and stirred for 3 h, After this time the reaction mixture was
carefully poured into iced water and extracted into ethyl acetate (2 x 80 cm’). The
combined organic phases were then washed with water (2 x 200 cm®), dried over sodium
sulphate, and concentrated to yield a yellow/orange oil (1.15 g, 4.06 mmol, 58%). Column
chromatography (Si0,, DCM) yielded 2-[2'-(N-benzyloxycarboxy-N-
methylamino)phenyl]-1,3-dithiane 351 as a yellow oil (0.98 g, 2.73 mmol, 18%); R¢ (SiO,,
DCM): 0.25; Vmax (KBr)/em’': 2908 (NMe), 1699 (CO), 781 (CH); 8y (400 MHz, CDCl;):
1.82-1.94 (1H, m, CHyy), 2.05-2.13 (1H, m, CH,,), 2.79-3.02 (4H, m, CH,-S), 3.28 (3H, s,
NCH,), 5.05 (1H, d, J 12.7, NCHACHg), 5.10 (1H, d, J 12.6, NCHACHp), 5.23 (1H, s,
S,CH), 7.11 (1H, d, J 7.2, H-3"), 7.23-7.34 (7TH, m, Ar-H) 7.71 (1H, dd, J 7.6 and 1.7, H-
6"); 8¢ (100 MHz, CDCl;): 24.9 (CHy), 31.9 (CH,), 32.2 (CH,), 38.3 (CH3), 45.7 (CH),
67.0 (CH,), 127.4 (CH), 127.5 (CH), 127.9 (CH), 128.1 (CH), 128.4 (CH), 129.2 (CH),
129.4 (CH), 136.5 (C), 136.6 (C), 139.9 (C), 155.7 (C); m/z, EI+ (%): 359 (M", 18), 268
[(M"-C7H7), 64], 91 (100); Accurate mass: CyoH;NO,S,: requires 359.1014, found
359.1012; Microanalysis Found: C 63.46%, H 5.83%, N 4.02%, S 18.05%; Theoretical
C1sH21NO,S;: C 63.48%, H 5.84%, N 3.90%, S 17.84%.
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Attempted solid-phase Diels-Alder reaction

M .
N =K;;7¢0 o)
E::[%\ i. Cp,Ti[P(OEt)s], 74 t oMo 20°C
Boc U L rmoommmeeenees
i 0o NHBoc  fi-1% TFA/ DCM N
SIMea M 360 361 Boc

342a 309d

FolloWing‘the general Takeda procedure B, using N-silyl carbamate 342a (0.58 g, 1.50
mmol) and resin-bound ester 309d' (0.311 mmol), the corresponding enol ether 360 was
obtained as a bright red coloured resin. Following a literature procedure,'”* N- k
methylmalelmlde (0.33 g, 3.00 mmol) was added to a flask containing enol ether 360 (1
Kan, 0.311 mmol) and toluene (40 cm ) and the reaction mixture was allowed to st1r at 70
°C for 40 h. After this time, the Kan was washed with toluene (x 5), alternatlvely with
MeOH/ DCM, MeOH and finally with diethy! ether to leave an orange coloured resin.
Subsequent subjection to the above standard resin cleavage conditions A, yielded N-Boc
indole 336ad’ ("H NMR as before) in very high purity and good yield (60%), with no sign
of any other compound present the 'H NMR spectrum.

Attempted formatioh of Ketone 363

SPh i. Cp,Ti[P(OEt)s], 74 ) 0
P - 2 3 @\/o‘jl/\ 1% TFA/DCM_ j/\

Ph | P 363 -

Following the general Takeda procedure B using thioacetal 285 (0.46 g, 1.50 mmol) and
REM resin (0.300 mmol, 1.43 mmol g"), followed by the standard resin-cleavage
procedure method A generated an orange solid (0.016 g). '"H NMR specltroscopy confirmed
a mixture of products was obtained, including what may have been the desired i(etone 363.
Large singlets (corresponding to cyclopentadienyl ligands) were also observed, suggesting

that titanium residues remained also.
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Resin-bound ester 368

moir(OMe

368 O

Methyl oxalyl chloride (0.6 cm’, 6.00 mmol) was added drop-v'vise‘ to a reaction ﬂask,
contai’ning 3 Kans of hydroxymethyl polyétyrene'(each containing 230 mg resin, 0.87
mmo! g, 0.20 mmol/kan, 0.6 mmol), tricthylamine (0.85 cm’, 6.00 mmol) and
dimethylamino pyridine (0.07 g, 0.60 mmol) in DCM (50 cm®), at -10 °C under argon, and
allowed to stir at this temperature for 30 mins. The reaction mixture was then allowed to
warm to rt and stirred for 15 h. The Kans were washed with DCM (x 2), and then
alternately with MeOH and DCM (x 4), before finally washing with MeOH and dried

under vacuum to yield resin-bound ester 368; vy, (G Gate)/cm™: 1766 (CO), 1741 (CO).

Resin-bound ester 369

Oxaly1 chloride (0.6 cm?, 6.00 mmol) was added drop-wise to a reaction flask, containing 3
Kans of hydroxymethyl polystyrene (each containing 230 mg resin, 0.87 mmol g, 0.20
mmol/kan, 0.6 mmol), triethylamine (0.85 cm®, 6.00 mmol) and dimethylamino pyridine
(0.07 g, 0.60 mmol) in DCM (50 cm’), at 0 °C under argon, and allowed to warm to rt and
stirred for 2 h. The reaction mixture was then cooled to 0 °C, dry ethanol was added drop-
- wise, and the reaction mixture was allowed to warm to rt ahd stirred for 15 h. The Kans
were then washed with DCM (x 2), and then alternately with MeOH and DCM (x 5),
before finally washing with MeOH and dried under vacuum to yield resin-bound ester 369;
Vamax (G Gate)/cm’™': 1758 (CO), 1743 (CO).
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Attempted formation of bis-indole 370

/j i. Cp,Ti[P(OEt),), 74

7 24eq. . . N\ O
NB®  iileq. O N N

SiMe3 OR Boc Boc -
342a 6 eq. 370

368 R = Mo or 369 R = Et
iii. 5% TFA/DCM

Titanocene dicﬁloride (1.20 g, 4.80 mmol, 24.0 eq.), magnesium turnings (0.13 g, 5.30
mmol) and 4A molecular sieves (0.30 g) were heated briefly in vacuo and then allowed to
cool. The reaction flask was purged with argon before adding THF (10 cm’®) and
triethylphosphite (1.60 cm®, 9.60 mmol). The reaction mixture was cooled using an ice
bath and stirred for 30 mins. After stirring for a further 3 h at rt, a THF (8 cm3) solution of
thioacetal 342a (0.46 g, 1.20 mmol, 6.0 eq.) was added, and the mixture was stirred for 15
mins. After this time the reaction mixture was added via syringe, into a flask containing 1
Kan of resin-bound ester 368 or 369 (0.20 mmol, 1.0 eq.), pre-swollen in THF (8 cm®). The
mixture was stirred under argon for 15-18 h, before washing the Kan with THF (x 5),
alternately with MeOH and DCM (x 5), then MeOH and dried under vacuum. The Kan
was then treated with 5% TFA in DCM (5 cm®, 3.25 mmol) and placed on a shaker for 30
mins. The Kan was washed with DCM (3 x 5 cm®) and the organic washings were
combined and then concentrated to yield a red oil (<10 mg). 'H NMR spectroscopy
confirmed that only titanium residues (large singlets corresponding to cyclopentadienyl

ligands were observed), triethylphosphite and THF remained.

General method for the synthesis of resin-bound f-amino esters

The dialkyl amine (187 mmol, 10 eq), was added to a flask containing six Kans of REM
resin (each containing approximately, 0.30 mmol/kan, 1.80 mmol) in DMF (100 cm®) at rt
and stirred for 15 h. The Kans were then washed with DMF (x 2), and then alternately with
MeOH and DCM (x 4), before finally washing with MeOH and diethyl ether to give the

desired resin-bound B-amino esters.
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Resin-bound g-amino ester 378

Following the general method for B-amino ester synthesis, employing six Kans with GSK
in-house REM resin 377 (each Vcontaining 176 mg resin, 1.64 mmol g, 0. 29 inmol/kan
1.74 mmol) and morpholine (1. 60 cm’, 18 mmol, 10 eq) yielded B—ammo ester 378; Vmax
(€] Gate)/cm‘ 17355 (CO).

4-Morpholin-4-yl-1-phenyl-butan-2-one?* 379
;’;"
™

379

The general solid-phase Takeda procedure C and general resin-cleavage conditions-A,
employing thioacetal 285 (0.19 g, 0.60 mmol) and resin-bound ester 378 (0.30 mmol),
yielded 4-morpholin-4-yl-1-phenyl-butan-2-one?>* 379 as a yellow oil (0.070 g, 0.30
mmol, 104%); Vimax (Thin film)/cm™: 1720 (CO); 8y (400 MHz: CDCl;): 2.83 (2H,t,J9.7,
NCH,CHp), 3.05 (2H, t,J 6.3, COCHACHp), 3.28 (2H, t, J 6.3, COCHACHg), 3.39 (2H, d,
J 11.7, NCHACHp), 3.74 (2H, s, PhCH,CO), 3.80-3.94 (4H, m, NCH,CH,0), 7.17 (2H, d,
J 6.7, H-1" and H-6"), 7.26-7.38 (3H, m, Ar-H); 8¢ (100 MHz: CDCLy): 35.5 (CHy), 49.7
(CHy), 51.8 (CHyp), 52.4 (CHyp), 63.7 (CHy), 127.5 (CH), 128.9 (CH), 129.4 (CH), 1329
(C), 204.3 (C); m/z, EI+ mode (%): 233 (M", 40), 114 (C¢H2NO, 16), 100 (CsHyNO,
100); Accurate mass: C14H19NO2: requires 233,1416, found 233.1415.

1,4-Diphenyl-butan-2-one*** 381

IR
0 Ph

381

The general solid-phase Takeda method C and general resin-cleavage procedure A
employing thioacetal 285 (0.19 g, 0.60 mmol) and resin-bound ester 309a' (Method A,
0.30 mmol), yielded 1,4-diphenyl-butan-2-one** 381 (0.041 g, 0.184 mmol, 61%); &y (400
- MHz, CDCl;) 2.68-2.81 (4H, m, CHzCHzPh) 3.59 (2H, s, COCH,Ph), 7.21-7.32 (10H, m,
Ar-H).
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Merrifield resin-bound p—amino ester 383

T N

383

Following the general method for P-amino ester synthesis, employing six Kans of
Polym;arlabs REM resin 382 (each containing 188 mg resin, 1.60 mmol g*, 0.30
mmol/kan, 1.80 mmol) and morpholine (1.60 cm®, 18.0 mmol, 10 eq) yielded p-amino
ester 383; Vmax (G Gate)/cm™: 1732 (CO).

Wang resin-bound p-amino ester 385

Six Kans of Wang resin (each containing 176 mg resin, 1.70 mmol g, 0.30 mmol/kan,
1.80 mmol) were stirred in THF (100 cm®) at rt with acrylic acid (0.60 cm®, 9.00 mmol)
and DMAP (0.22 g, 1.80 mmol). 1,3-Diisopropylcarbodiimide DIC (1.4 cm?, 9.00 mmol)
was added drop-wise and the reaction mixfure was stirred for 24 h at rt. ’fhe THF solution
was removed and the Kans were then washed with THF, MeOH/DCM alternate (x 4),
MeOH and finally with diethyl ether. The resin was then dried under vacuum'overnight
and re-treated as above to yield Wang REM resin 384. Following the general method for B-
amino ester synthesis, employing six Kans of Wang REM resin 384 (1.80 mmol) and
morpholine (1 60 cm’, 18.0 mmol, 10 eq) ylelded B-amino ester 385.

Wang resin-bound B-amino ester 387

Wang REM resin 384 was synthesised as for ester 385. Following the general method for
B-amino ester synthesis, employing two Kans of Wang REM resin 384 (0.60 mmol) and
piperidine (0.30 cm®, 3.00 mmol, 5 eq) yielded B-amino ester 387. |

177



Formation of crude indole 389

@\/}_FNQ

Boc 389

Following the general solid-phase Takeda method B and general reSin—cleéwage procedures
but using 10% TFA in DCM, employing thioacetal 342a (0.35 g, 0.90 mmol) and resin-
bound ester 387 (0.30 mmol), yielded crude indole 396 as an impure mixture (0.032 g,
30%). The crude 'H spectrum contained signals corresponding to the indole 396 [y (400
MHz, CDCl;): 1.41-1.46 (6H, m, NCH,CH,CH>), 1.70 [9H, s, C(CH;)3], 2.45-2.76 (4H, m,
NCH,CH,), 2.93-3.00 (2H, m, ArCH,CH,N), 3.33-3.36 (2H, m, ArCH,CH,N), 6.44 (1H,
s, H-3), 7.14-7.19 (2H, m, Ar-H), 7.20-7.30 (4H, m, Ar-H), 7.45 (1H, d, J 7.3, Ar-H), 7.45
(1H, d, J 8.0, Ar-H)] with some other signals which could not be interpreted.

Resin-bound g—amino ester 394

0
q O/U\/\N/\O -

394

Following a literature procedure,'”” 4 Kans containing Merrifield resin (each containing
164 mg resin, 1.83 mmol g", 0.30 mmol/kan, 1.20 mmol) were stirred with acrylic aéid
(0.40 cm®, 6 mmol, 5 eq), cesium carbonate (1.96 g, 6.00 mmol, 5 eq) and potassium
iodide (0.12 g, 6.00 mmol, 5 eq) in DMF (60 cm®), at 70 °C for 18 h. The Kans were then
washed with DMF (x 2), water (x 2), and fhen alternately with MeOH and DCM (x 5),
before finally washing with MeOH and diethyl ether, and drying under vacuum to leave
REM resin 393. Following the general method for B-aminb ester synthesis, employing two
Kans of REM resin 393 (0.60 mmol) and morpholine (0.60 cm®, 6.00 mmol, 10 eq),
yielded B-amino ester 394. -

2-Ethy|morpho|in-4-yI-N-benzyI-indole 396
/N
@JNUO
N :
396 \—Ph

The general solid-phase Takeda method A, general resin-cleavage procédure A, and ketone
cyclisation conditions employing thioacetal 346b (0.60 g, 1.50 mmol) and resin-bound
ester 394 (0.30 mmol), yielded crude indole 396 as an impure mixture (0.017 g, 0.08
mmél, 28%). Purification by column chromatography (SiO., ethyl acetate), yielded 2-
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ethylmorpholin-4-yl-N-benzyl-indole 396 as a yellow solid (0.04 g, 0.02 mmol, 6%); R
(Si0,, ethyl acetate) 0.13; &y (400 MHz, CDCl;): 2.45-3.50 (4H, m, NCH,CH,0), 2.67
(H, t, J 7.2, CH,CH;N), 2.88 (2H, t, J 7.4, CH,CH,N), 3.68-3.71 (4H, m, NCH,CH,0),
5.35 (2H, s, NCH,Ph), 6.37 (1H, s, H-3), 6.95 (2H, dd, J 8.2 and 1.6, Ar-H), 7.06-7.13
(2H, m, Ar-H), 7.20-7.30 (4H, m, Ar-H), 7.57 (1H, dd, J 6.6 and 1.8, Ar-H).

2-(2'-Nitrophenyl)acetaldehyde 401

NO

2
401

2'-Nitrophenethy! alcohol (0.15 cm®, 1.00 mmol) in DCM (2 cm®), was added drobwise to
a solution of the Dees-Martin periodinane reagent (0.51 g, 1.20 mmol) in DCM (3 cni3), at
rt under argon, for 30 mins. After this time, the reaction mixture Wes quenched by pourihg
into sodium hydroxide (1.0 mol dm™, 40 cm®) and dicthyl ether (30 cm®) was added. The
resulting white precipitate was filtered. The organic layer was separated, washed with
water (2 x 50 cm®), dried over magnesmrn sulfate and concentrated to yield a yellow oil
(0.11 g, 67%). The crude 'H spectrum confirmed that greater than 95% converswn to
aldehyde 401 was achieved [34 (400 MHz, CDCl;): 4.03 (2H, s, CH,CHO), 7.24 (14, dd, J
7.6 and 0.8, H-6"), 7.42 (1H, t, J 7.6, H-5"), 7.42 (1H, t,J 7.6, H-4"), 7.80 (1H, dd, J 7.6 and
1.1, H-3", 9.24 (1H, s, CHO)] along with some other sigﬁals which could not be
interpreted. | |

Methoxymethyl triphenylphosphonium chloride®*® 406

® ©
CH30_PPh3 Cl
406

Methoxymethyl chloride (10.0 cm®, 110 mmol) was added slowly to a solutlon of
triphenylphosphine (26.2 g, 100 mmol) in DCM (150 cm’) and the reaction mixture was
heated under reflux for 15 h. Toluene (150 cm’) was added and the solution was
evaporated to dryness and then repeated to yield methoxymethyl triphenylphOSphonium
chloride 406 as a white crystalline solid (34.0 g, 99.0 mmbl 99%)4 On (400 MHz, CDCl):
3.74 (IH S, OCH;), 6.00 (2H, d, J 3.9, CH,PPh;), 7.67-7.71 (6H m, Ar-H), 71.79- 7 86 (%9H,
m, Ar-H).
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2-(2'-Nitrobenzyl)-1,3-dithiane 409a

- 409a

tert-Butylithium (1.50 mol dm™ in hexane, 53.3 cm’, 80 mmol) was added dropwise to a
solution of methoxymethyltriphenylphosphonium chloride 406 (15.0 g, 99.0 mmol) in THF
(180 cm3), at -78 °C under argon. The reaction mixture was stirred at -78 °C for 15 mins,
and then warmed to -40 °C over 15 mins, and stirred at this temperature for 30 mins. The
reaction mixture was then cooled to -78 °C and a solution of 2-nitrobenzaldehyde 334a
(9.06 g, 60.0 mmol) in THF (120 cm3) was added via canula, stirred at this temperature for
15 mins before allowing to warm to rt and gllowed to stir for 18h. After this time, the
reaction mixture was quenched by pouring into water (200 cms) and extractéd into DCM (2
x 100 cm®). The combined organic phases were then washed .with water (2 x 150 cm?),
brine (200 cm’®), dried over sodium sulfate, and concentrated to yield a brown solid (29.83
g). Signals in the 'H NMR (400 MHz, CDCl;) spectrum confirmed that this was the
desired enol ether 408a as a 5: 1 mixture of trans A: cis B isomers [5 3.75 (3HA, s, OCH3),
3.80 (3H®, s, OCHs), 5.70 (1H®, d, J 7.2, CH=CHOCH;), 631 (I1H® d, J 72,
CH=CHOCHj3), 6.39 (IHY, d, J 12.8, CH=CHOCH;), 7.05 (IH", d, J 1238,
CH=CHOCHj;)] with significant amounts of triphenylphosphine-containing side-products
remaining but no evidence of any aldehyde starting material. 1,3-Propanedithiol (6.6 cm3,
66 mmol) was added to a solution of crude enol ether 408a (assume 60.0 mmol), acetic
acid (60 cm®) and boron triﬂuoride diethyletherate (23.0 cm®, 180 mmol) in toluene (100
cm3), under nitrogen, and stirred for 20 h at rt. After this time, the resulting white solid was
filtered off and the filtrate was poured into water (200'cm3) and extracted into ethyl acetate
(2 x 50 cm?). The combined organic phases wére waShed with water (100 cm®), sodium
hydroxide (2 mol dm?, 2 x 100 cm’®), water (200 cm®), brine (200 cm®), dried over sodium
sulfate, and concentrated to yield a brown solid (16.99 g). 'H NMR analysis confirmed that
this was the desired thioacetal 409a with significant amounts of triphehylphosphihe;
containing impurities remaining. Recrystallisation of a 0.50 g portion from propan-2-ol,
yielded 2-(2'-nitrobenzyl)-1,3-dithiane 409a as orange/yellow needles (0.32 g, 1.25 mmol):
R ($i05, DCM): 0.48; Vmux (GGate)em™ 2925 (CHy), 2896 (CH), 1512 (NO,), 1495
(NO,); 84 (400 MHz, CDCl,): 1.83-1,.93‘ (1H, m, CHay), 2.08-2.17 (1H, m, CH,), 2.79-
291 (4H, m, CH»-S), 3.39 (2H, d, J 7.4, CH.CHS), 4.36 (1H, t, J 7.5, CH,CHS), 7.42-7.45
(2H, m, H-4' and H-6"), 7.56 (1H, dt, J 1.2 and 7.0, H-5"), 8.01 (1H, dd, J 1.2 and 7.1, H-
3; 8¢ (100 MHz, CDCLy): 25.6 (CH,), 30.1 (CH,), 38.9 (CH,), 46.6 (CH), 125.1 (CH),
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128.3 (CH), 132.4 (C), 132.8 (CH), 133.5 (CH), 149.1 (C); m/z, EI+ (%): 255 (M+', 8), 119
(100); Accurate mass: C;;H;3NO,S;: requires 255.0387, found 255.0388.

2-(3'-Methoxy-2'-nitrobenzyl)-1,3-dithiane 409b

T
S
NO,
CH3O  409b
As for thioacetal 409a, tert-Butylithium (1.50 mol dm in hexane, 37.0 cm’, 55 mmol) was
added dropwise to a solution of methoxymethyltriphenylphosphonium chloride 406 (20.6
g, 60.0 mmol) in THF (120 cm’), at -78 °C under argon. The reaction mixture was stirred
at -78 °C for 15 mins, and then warmed to -40 °C over 30 mins and stirred at this
témperature for 30 mins. The reaction mixture was then cooled to -78 °C and a solution of
3-methoxy-2-nitrobenzaldehyde 334b (7.25 g, 40.0 nimol)vin THF (40 cm®) at rt was added
via syringe, stirred at -78 °C for 15 mins before allowing to warm to rt over 1 h and
allowing to further stir for 18 h. After this time, the reaction was quenched by pouring into
water (400 cm’) and extracted into DCM (2 x 200 cm’). The combined orgénic phases
were then washed with water (3 x 300 cms), brine (300 cm3), dried over sodium sulfate,
and concentrated to yield a brown solid (20.14 g). Signals in the 'H NMR spectrum (400
MHZ, CDCl;), confirmed that this was the desired enol ether 408b as a 2: 1 mixture of
trans A: cis B isomers [§ 5.03 (1HB, d, J 7.2, CHCHOCH}), 5.62 (1HA, d, J 12.8,
CHCHOCH3), 6.26 (1H®, d,J 7.1, CHCHOCHS3), 7.07 (1HA, d, J 12.8, CHCHOCH3;)] with
signiﬁcant amounts of triphenylphosphine—containing by-products remaining, but no
evidence of any aldehyde starting material. Following the procedure for the formation of
thioacetal 409a, employing crude enol ether 409b (20.14 g, assumed 40.0 mmol), 1,3-
propanedithiol (4.40 cm’®, 44.0 mmol), acetic acid (40 cm’®), and boron tn'ﬂuoride
diethyletherate (19.0 cm’, 150 mmol) in toluene (100 cm?), and following the same work-
up procedure, yielded a brown solid (12.03 g). 'H NMR analysis confirmed that this was
the desired thioacetal 409b; 8y (400 MHz, CDCLy): 1.81-1.92 (1H, m, CHyy), 2.04-2.13
(1H, m, CH,,), 2.80-2.87 (4H, m, CH,-S), 3.03 (2H, d, J 7.7, CH,CHS), 3.88 (3H, s,
OCHs), 4.23 (1H, t, J 7.7, CH,CHS), 6.95 (1H, d, J 7.8, H-4"), 7.16-7.18 (1H, m, H-6"),
7.36 (1H, t, J 8.1, H-5"); R¢ (S10;, DCM): 0.42; with no sign of the enol ether remaining
although significant amounts of triphenylphosphine-containing impurities did remain and
attempts to recrystallise a 0.40 g portion of this mixture were unsuccessful. This crude

mixture was simply used to form the aniline and then Boc protected.
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2-(4',5'-Methylenedioxy-2'-nitrobenzyl)-1,3-dithiane 409¢c

WA
o
" a0sc 2 |

As for thioacetal 409a, using tert-Butylithium (1.50 mol dm™ in hexane, 37 cm’, 55.0
mmol) was added drop-wise to a solution of methoxymethyltriphenylphosphonium
chloride 406 (20.6 g, 60.0 mmol) in THF (120 cm?), at -78 °C under argon. The reaction
mixture was stirred at -78 °C for 15 mins, and then warmed to -40 °C over 30 mins and
stirred at this temperature for 30 mins. The reaction mixture was then cooled to -78 °C and
a solution of 2-nitropiperanal 334c [(7.80 g, 40.0 mmol) in THF (60 cm’) at rt] was added
via syringe, stirred at -78 °C for 15 mins before allowing to warm to rt over 1 h and then
allowed to stir for 18 h. After this time, the reaction mixture was quenched by pouring into
water (400 cm’) and extracted with DCM (2 x 200 cm®). Thé combined organic phases
were then washed with water (3 x 300 cm®), brine (300 cm®), dried over sodium sulfate,
and concentrated to yield a brown solid (20.96 g). Signals in the '"H NMR (400 MHz,
CDCI;) spectrum confirmed that this was the desired enol ether 408¢ as a 4: 3 mixture of
trans A cis B isomers [8 5.52 (1HA, d, J 12.8, CHCHOCH;), 5.83 (1H®, d, J 7.3,
CHCHOCHS3), 6.24 (1H®, d, J 7.3, CHCHOCHS), 6.95 (1HA, d, J 12.8, CHCHOCH3;)] with
significant amounts of triphenylphosphine-containing side-products remaining. Following
the procedure for the formation of thioacetal 409a, employing crude enol ether 408¢ (20.96
g, assume 40.0 mmol), yielded a brown solid (12.85 g). 'H NMR analysis confirmed that
this was thioacetal 409c¢ with significant amounts of triphenylphoSphine—containing
impurities but no evidence of any aldehyde starting material remained. Recrystallisation of
a 0.40 g portion from propan-2-ol, gave 2-(4',5-methylenedioxy-2'-nitrobenzyl)-1,3-
dithiane 409¢ as yellow needles (0.28 g, 0.94 mmol): R¢ (SiO;, DCM): 0.42; Mpt: 136-138
°C; Vmax (GGate)/cm™: 2962 (CH;), 2900 (CH), 1496 (NOy), 1477 (NO2); 8y (400 MHz,
CDCl;): 1.83-1.94 (1H, m, CHy), 2.08-2.15 (1H, m, CH,), 2.81-2.89 (4H, m, CH,-S),
3.33 (2H, d, J 7.4, CH,CHS), 4.37 (1H, t, J 7.5, CH,CHS), 6.11 (2H, s, OCH,0), 6.80 (1H,
s, H-6"), 7.56 (1H, s, H-3"); 8¢ (100 MHz, CDCl;): 25.7 (CH>), 30.2 (CHy), 39.6 (CHy),
46.8 (CH), 103.0 (CH,), 106.0 (CH), 112.0 (CH), 129.6 (C), 129.7 (C), 147.3 (C), 1514
(C); m/z, EI+ (%): 299 (M", 5), 282 (M""-OH, 8), 193 (18), 119.0 (100); Accurate mass:
- C12H13NO,4S;,: requires 299.0286, found 299.0286; Microanalysis Found: C 48.15%, H
4.27%, N 4.53%, S 21.38%; Theoretical C1;H13NO,4S;: C 48.14%, H 4.38%, N 4.68%, S
21.42%.
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2-[2'-(N-tert-Butyloxycarboxyamino)benzyl]-1,3-dithiane 411a

s/j |
Ol
NHBoc
411a

Iron powder (10.05 g, 180 mmol) was added to the crude thioacetal 409a (assuming 60
mmol) and ammonium chloride (16.05 g, 300 mmol), in an ethanol (200 cm3) and water
(100 cm?) solution, and the reaction mixture was heated under reflux for 4 h. After cooling,
the reaction mixture was filtered through celite, washing with ethyl acetate (100 cm®) and
then concentrated in vacuo. The resulting slurry was partitioned between ethyl acetate (100
cm®) and water (150 cm’) and the organic phases were then washed with water (2 x 150
cm’), brine (150 cm’), dried over magnesium sulfate, and concentrated under vacuum to
give a brown oil; (14.16 g). 'H NMR analysis confirmed that this was the desired amine
V410a [R¢ (SiO;, DCM): 0.12] with significant arhounts of triphenylphosphine-containing
by-products remaining. Di-fert-butyl-dicarbonate (13.10 g, 60.0 mmol), was added to a
solution of the crude amine 410a in THF (120 cm®) and was heated under reflux, under
nitrogen, for 20 h. After this time, the reaction mixture was poured into water (200 cm?)
and extracted into diethyl ether (2 x 100 cm®). The combined organic phases were washed
with water (2 x 200 cm’®), brine (2 x 200 cm®), dried over sodium sulfate and concentrated
to yield a white/brown solid (18.16g). Recrystallisation from cyclohaxane: propan-2-ol (4:
1) yielded 2-[2'-(N-tert-butyloxycarboxyamino)benzyl]-1,3-dithiane 411a as a pale yellow
solid (8.61 g, 26.5 mmol, 44% from 334a), R¢ (SiO;, DCM): 0.17; Mpt: 130-133 °C; vyax
(GGate)/em™: 3300 (NH), 2976 (CH,), 2927 (CH), 2898 (CH), 1685 (CO); 3u (400 MHz,
CDClL): 1.52 [9H, s, (CH3)s], 1.85-1.92 (1H, m, CHyy), 2.09-2.14 (1H, m, CH,y), 2.84-2.86
(4H, m, CH,-S), 3.03 (2H, d, J 7.1, CH,CHS), 4.21 (1H, t, J 7.5, CH,CHS), 6.51 (1H, s,
NH), 7.10 (1H, dt, J 1.1 and 8.0, H-5"), 7.22-7.28 (2H, m, H-4' and H-6"), 7.65 (1H, bd, J
7.8, H-3"); 6¢ (100 MHz, CDCl;): 25.2 (CH,), 28.3 (CH3), 30.4 (CH,), 37.4 (CHy), 47.8
(CH), 80.5 (C), 124.0 (CH), 124.6 (CH), 127.9 (CH), 129.3 (C), 130.6 (CH), 136.1 (C),
153.5 (C); m/z, EI+ (%): 325 ", 42), 268 (M"-C4Hy, 64), 119 (100); Accurate mass:
C16H23NO,S;: requires 325.1170, found 325.1173; Microanalysis Found: C 59.16%, H
7.12%, N 4.30%, S 19.70%; Theoretical Ci¢H23NO,S;: C 59.04%, H 7.16%, N 4.33%, S
19.71%.
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2-[2'-(N-tert-Butyloxycarboxyamino)-3'-methoxybenzyi]-1 ,3-dithiane 411b .

T
S
NHBoc
CHO 411b

Iron powder (6.70 g, 120 mmol), was added to a solution of crude thioacetal 409b (12.03
g, assumed 40.0 mmol) and ammonium chloride (10.70 g, 200 mmol), in ethanol (120 cm’)
and water (40 cm®) and heated under reflux for 2 h. After allowing to cool, the reaction
mixture was filtered through celite, washing with ethyl acetate (200 cm®). The dark green
solution was then concentrated in vacuo. The resulting brown solid was partitioned
between ethyl acetate (250 cm’) and water (400 cm®). The organic phases were separated
and washed with water (400 cm®), brine (200 cm?®), dried over magnesium sulfate and
concentrated under vacuum to yield a brown oil (9.73 g). 'H NMR confirmed that this was
mostly the desired aniline 410b [Rf (SiO;, DCM): 0.48] in | good purity although
contaminated with small amounts of starting material and triphenylphosphine-containing
by-products. Di-tert-butyl-dicarbonate (8.73 g, 40.0 mmol) was added to this crude
material in THF (150 cm’), and the mixture was heated under reflux for 42 h. After this
time, the reaction mixture was poured into water (150 cm®) and extracted into diethyl ether
(2 x 80 cm®). The combined organic phases were then washed with water (2 x 150 cm®),
Brine (150 cm?), dried over sodium sulfate and concentrated to yield a brown oil (8.13 g).'
Crystallisation, from propan-2-ol/cyclohexane, = yielded 2-[2'-(N-tert-
butyloxycarboxyammo) 3'-methoxybenzyl]-1,3-dithiane 411b as needles (3.82 g, 10.7
mmol 27% from 334b): R¢ (SiO,, DCM) 0.17; Mpt: 125-126 °C; Vinax (GGate)/cm 3300
(NH), 2978 (CHy), 2908 (CH), 1685 (CO); 34 (400 MHz, CDCL3): 1.50 [9H, s, (CH3)3],
1.81-1.92 (1H, m, CHy), 2.05-2.13 (1H, m, CH,), 2.78-2.87 (4H, m CH,-S), 3‘13 (2H d,
J 7.4, CH,CHS;), 3.82 (3H, s, OCH3), 4.21 (1H, t, J1. 5, CH;CHS;), 5.99 (1H, s, NH), 6.81
(lH d, J 8.2, H-4"), 6.90 (1H, d, J 7.5, H-6"), 7.17 (lH t, J80 H-5"); ¢ (100 MHz,
CDCl3): 25. 8 (CH;) 283 (CH;), 30.3 (CHy), 37.8 (CH,), 47.6 (CH) 55.7 (CH3), 80.1 (C),
109.8 (CH), 122.5 (CH), 124.9 (C) 127.1 (CH), 136.4 (C), 154.8 (C), 154.8 (C), m/z EI+
(%) 355 (M", 10), 299 (M""-C4Hs, 12) 148 (30), 199 (100), Accurate mass: C17H25NO382
requires 355. 1276, found 355 1278; Microanalysis Found: C 57.29%, H 7.12%, N 3.86%;
Theoretical Cy7HzsNOsSy: C 57.43%, H 7.09%, N 3.94%. |
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2-[2'-(N-tert-Butyloxycarboxyamino)-4', 5'-methy|ened|oxybenzyl]-1 3-dithiane
411c

: C:NHBoc '

411c

Using both exactly the same reagent quantities and procedure as for the reduction of
' thioacetal 409b, employing crude thioacetal 409¢ (12.03 g, assumed 40.0 mmol), yielded
amine 410c as a brown oil (9.89 g). 'H NMR confirmed that this was mostly the desired
aniline 410c [R¢ (SiO;, DCM): 0.41] although contaminated with significant amounfs of
triphenylphosphine-containing by-products. Di-tert-butyl-dicarbonate (17.5 g, 80.0 mmol)
was added to this crude material in THF (150 cm®), and the mixture was heated under

reflux for 42 h. After this time the reaction mixture was poured into water (200 cm’) and
 extracted into ethyl acetate (2 x 100 cm®). The combined organic phases were washed with
water (3 x 100 cm’), brine (200 cm3), dried over sodium sulfate, and concentrated to yield
the corresponding imide 412 [R¢ (SiO,, DCM): 0.54] which was contaminated with some
di-tert-butyl-dicarbonate and triphenylphosphine-containing by-products, as a brown solid
(13.35 g). Triflouroacetic acid (3.1 cm®, 40.0 mmol) was added drop-wise to the crude
imide (13.35 g, assumed 44.0 mmol) in DCM (400 cm®) and the mixture was stirred for 18
h. After this time the reaction mixture was washed with sodium bicarbonate (2 x 100 cm?)
and then water (3 X 100 cm3), dried over sodium sulfate, and concentrated to yield
carbamate 411c as a brown solid (11.82 g). Recrystallisation from propan-2-ol, yielded 2-
[2'-(N—tert-butyloxycarboxyamino)-4',5'-methylenedibxybenzyl]-1,3¥dithiane 411c as tiny
needles (5.50 g, 14.9 mmol, 37% from 334c), R¢ (Si0,, DCM): 0.19; Mpt: 163-165 °C;
Vmax (KBr)/em™: 3246 (NH), 2900 (CH,), 1672 (CO), 1157 (COC); 8y (400 MHz, CDCl3):
1.50 [9H, s, (CH3)3], 1.84-1.93 (1H, m, CHy), 2.09-2.14 (1H, m, CH.), 2.81-2.86 (4H, m,
CH;-S),2.94 (2H, d, J 7.1, CH,CHS,), 4.16 (1H, t,J 7.1, CH;CHS}), 5.93 (2H, s,‘OCHZO),
6.32 (1H, s, NH), 6.70 (1H, s, H-6"), 7.04 (1H, s, H-3"); 8¢ (100 MHz, CDCl3): 25.6 (CHy),
28.5 (CH), 30.4 (CH,), 37.3 (CH,), 48.3 (CH), 80.4 (C), 101.4 (CHy), 106.7 (CH), 109.5
(CH), 124.4 (C), 145.2 (C), 146.9 (C), 154.0 (C); m/z, EI+ (%): 369 (M"' 22), 313 (M-
C,Hs, 8) 150 (27), 119 (100), Accurate mass: C17H23NO,S;: requires 369 1069 found
369. 1069 M1croana1ysxs Found: C 55.36%, H 6.17%, N 3.65%, S 17.29%; Theoret1cal
C17H23NO4S;: C 55.26%, H 6.27%, N 3.79%, S 17.36%.

-~
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2-[2'-(N-tert-ButyIoxycarboxy-N-trimethylsiIyIamino)benin]-1 ,3-dithiane 413a

S
o
NBoc

413a TMS
Lithium di-isopropylamine (1.2 cm®, 2.40 mmol, 2.0 mol dm™ in THF, ethyl benzene and
heptanes) was added drop-wise to a solution of carbamate 411a (0.65 g, 2.00 mmol) and
chlorotrimethylsilane (0.45 cm’, 3.50 mmol) in THF (15 cm®), at -78 °C under argon. The
reaction mixture was allowed to warm to rt over 30 mins and was then allowed to stir for a
further 30 mins at this temperature. After this time the solvent was removed in vacuo and
diethyl ether (15 cm®) was added. The resulting precipitate was filtered off and the ethereal |
solution was concentrated to yield 2-[2'-(N-tert-butyloxycarboxy-N-trimethylsilyl-
» amino)benzyl]-1,3-dithjane 413a as a pale yellow solid (0.69 g, 1.72 mmol, 86%); &4 (400
MHz, CDCL): 0.21 [9H, s, Si(CH3);], 1.51 [9H, s, C(CH;);], 1.80-1.91 (1H, m, CHy),
2.06-2.11 (1H, m, CH,g), 2.78-2.88 (5H, m, CH,-S and CH,HgCHS,), 3.02 (1H, dd, J 14.3
and 5.6, CHyHRCHS)), 4.29 (1H, dd, J 8.8 and 5.6, CHyHgCHS;), 6.96 (1H, d, J 7.1, H-
3'), 7.16-7.52 (3H, m, H-4', H-5' and H-6"); m/z, EI+ (%): 397 (M"", 18), 341 (M"-C,Hj,
33), 119 (100); Accurate mass: C;oH3NO,S,Si: requires 397.1566, found 397.1564.

'2-[2'-(N-tert-Butyloxycarboxy-N-trimethylsinIamino)-3'-methoxybenzyl]-1 y3=
dithiane 413b ' S

| )
NBoc

CH,O TMS
413b

Exactly as for carbamate 413a, employing lithium di-isoprdpylamine (2.75 cm®, 5.50
mmol, 2.0 mol dm? in THF, ethyl benzene and heptanes), carbamate 411b (1.78 ‘g, 5.00
mmol) and chlorotrimethylsilane (1.00 cm®, 8.25 mmol) in THF (40 cm®), gave 2-[2'-(N-
tert-butyloxyéarboxy-N—trimethylsilylamino)-3'-methoxybenzyl]—I,3-dithizine 413b as a
yellow oil (1.80 g, 4.20 mmol, 84%); &4 (400 MHz, CDCl3): 0.19 [9H, s, Si(CH;)s], 1.59
[9H, s, C(CH3);], 1.81-1.90 (1H, m, CHy), 2.07-2.11 (1H, m, CH,g), 2.77-2.90 (5H, m,
CH,CH,CH,-S and CH\HgCHS), 2.98 (1H, dd, J 14.1 and 5.8, CHAHsCHS;), 3.77 (3H,
s, OCH3), 4.29 (1H, dd, J 8.6 and 5.8, CH\HgCHS;), 6.79 (1H, bd, J 8.2, Ar-H), 6.90 (1H,
bd, J 7.6, Ar-H), 7.13 (1H, t, J 7.9, H-5").
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2-[2'-(N-tert-Butyloxycarboxy-N-trimethylsilylamino)-4',5'-methylenedioxy]-
1,3-dithiane 413c

: :NBoc

413c T™S

Exactly as for carbamate 413a, employing lithium di-isopropylamine (3.00 cm3' 6.00
mmol, 2.0 mol dm? in THF, ethyl benzene and heptanes) carbamate 411¢ (2.00 g, 5.40

mmol) and chlorotrimethylsilane (1.00 cm®, 8.25 mmol) in THF (40 cm’), yxelded 2- [2' -(N-
tert—butyloxycarboxy-N-tnmethyls11ylammo)-4',5'-methylenedloxy]-l,3-d1th1ane 413c as a
yellow oil which solidified on standing (2.18 g, 4.90 inmol, 91%); du (400 MHz, CDCl;):
©0.22 [9H, s, Si(CHs)s], 1.50 [9H, s, C(CH:)], 1.79-1.90 (1H, m, CHy), 2.05-2;12 (14, m,
CH,), 2.63-2.85 (5H, m, CH,CH,CH,-S and CH,HECHS;), 2.93 (lH, dd, J 14.2 and 5.6,
CHAHpCHS;), 4.21 (1H, dd, J 9.1 and 5.3, CHAHRCHS;), 5.91-5.96 (2H, m, OCH;0),
6.47 (1H, s, H-3"), 6.97 (1H, 5, H-6").

1-(2'-N-tert-Bufyloxycarboxyamino-5’-phenyl)-4-phenylpentan-z-one 414

o)

CO
NHBoc

414

Following the general solid-phase Takeda Method D and resin—éleavage procedure A,
employing silylated carbamate 413a (1.43 g, 3.60 mmol) and resin-bound ester 309a’
(Method A, 0.30 mmol), yielded l-(2'-N-tert-butyloxycafboxyamino-S'—phenyl)-4-
phenylpentan-2-one 414 in good purity as a yellow oil (0.063 g, 0.178 mmol, 59%); 3
(400 MHz, CDC13) 1.47 [9H, s, C(CH3)s], 2.61 (2H, t, J 7. 8 CH,CH,), 2.68-2.76 (4H, m,
CH,CH,), 2.79 (2H, t, J 7.8, CH,CH,), 6. 92-7.19 (8H m, Ar- -H), 7.34 (lH s, NH) 7 62
(1H,d,J 7.9, H-6')
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1-(2'-Amoniumtrifluoroacetate-5'-phenyl)-4-phenylpentan-2-one 417aa’

o

SRR
+ -
NH; CF4CO,

417aa’

Following the general solid-phase Takeda method D and resin-cleavage procedure B,
employing silylated carbamate 413a (1.43 g, 3.60 mmol) and resin-bound ester 309a’
(Method A, 030 mmol), yielded 1-(2'-amoniumtriﬂuoroa¢etate—5'-phenyl)-4-
phenylpentan-2-one 417aa’ in good purity as a yellow 6i1 (0.086 g, 0.234 mmol, 78%); SH
(400 MHz, CDCl3): 2.79 (4H, s, CH,CH,), 3.04 (2H, f, J 1.3, CH,CH»), 3.07 (2H,t,J 7.3,
CH,CHy), 6.04-7.36 (9H, m, Ar-H), 11.13 (3H, s, NH3); &c (100 MHz, CDCl3): 20.9 |
(CHy), 29.0 (CHy), 32.9 (CHy), 39.7 (CHy), 121.7 (CH), 126.4 (C), 127.9 (CH), 128.5 (C),
129.1 (CH), 129.3 ‘(CH), 129.6 (CH), 131.9 (CH), 132.4 (C), 137.7>(C), 187.9 ’(C).

All the quinolines below were synthesised following the general solid-phase Takeda
method D and resin-cleavage procedure B, and then sﬁbjecting the crude material to the

cyclisation/oxidation conditions (see general procedures).

2-Phenethyl-quinoline?*® 416aa"

SO
N’ Ph
416aa’

Following the above procedures, employing silylated carbamate 413a (1.43 g, 3.60 mmol)
and resin-bound ester 309a' (Method A, 0.30 mmol), yielded 2-phenethyl-quinoline25_5
416aa’ as a yellow oil (0.049 g, 0.202 mmol, 67%); Vmax (Thin Film)/em™: 3032 (CH),
2952 (CH), 2912 (CH), 1618 (C=C), 1589 (C=C), 1512 (C=C), 1495 (C=C), 729 (CH),
696 (CH); 8y (400 MHz, CDCly): 3.15-3.19 (2H, m, CH;), 3.29-3.33 (2H, m, CHy), 7.19-
7.31 (6H, m, Ar-H), 7.50 (1H, dt, J 1.0 and 7.5, H-6), 7.68-7.73 (1H, m, H-7), 7.79 (1H, d,
J 8.1, H-5), 8.06 (1H, d, J 8.6, H-4), 8.08 (1H, d, J 8.8, H-8); ¢ (100 MHz, CDCls): 35.9
(CH,), 40.8 (CH,), 121.5 (CH), 125.9 (CH), 126.8 (©), 127.5 (CH), 128.4 (CH), 128.5
(CH), 128.7 (CH), 129.5 (CH), 136.4 (CH), 141.5 (C), 161.8 (C); m/z, EI+ (%): 234 (M",
20), 233 (M"-H, 100), 233 (M"-H,, 92); Accurate mass: Ci7H;¢N: requires 234.1283,
found 234.1280. :
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8-Methoxy-2-phenethyl-quinoline 416ba’

A
Nig Ph

CH,O 416ba’
Following the above procedures, employing silylated carbamate 413b (1.54 g, 3.60 mmol)
and resin-bound ester 309a’ (Method A, 0.30vmm01), yielded 8-fhethoxy-2-phenethyl?
quinoline 416ba’ asa yellow oil (0.037 g, 0.139 mmol, 46%); Vimax (Thin Film)/cm™: 3060
(CHy), 3026 (CHyp), 2954 (CH), 2930 (CH), 2852 (OCHs), 1602 (C=C), 1564 (C=C),v 1503
(’C=C),’ 751 (CH), 700 (CH); 54 (400 MHz; CDCl3): 3‘.14-‘3.18 (2H, m, CHy), 3.35-3.39
(2H, m, CH,), 4.10 (3H, s, OCH3), 7.05 (1H, d, J 7.5, H-3), 7.09-7.31 (6H, m, ArH+H-
5), 7.35-7.44 (2H, m, H-6 and H-7), 8.02 (1H, d, J 8;4, H-4);’5c (100 MHz, CDCl;):‘ 36.1
(CHz), 50.0 (CH,), 56.2 (CH3), 107.’8‘(CH), 119.5 (CH), _122’.(1) (CH), 125.9 (CH), 126.0
(CH), 128.0 (C), 128.4 (CH), 128.5 (CH), 136.2 (CH), 139.8 (C), 1416 (C), 155.0 (C),
161.0 (C); m/z, EI+ (%): 263 (M", 100), 262 (M*"-H, 54), Accurate mass: CsH7NO:
requires 263.1310, found 263.1308.

8-Methoxy-2-(2-methyl-propenyl)-quinoline 416bd’
AN
N/

CH30 416bd’

Z

Following the above procedures, employing silylated carbamate 413b (1.54 g, 3.60 mmol)
and resin-bound ester 309d' (Method A, 0.30 mmol), yielded 8-methoxy-2-(2'-methyl-
propenyl)-quinoline 416bd' as a yellow oil (0.038 g, 0.176 mmol, 59%); Vmax (Thin
Film)/cm™: 3047 (CH,), 2966 (CH), 2929 (CH), 2835 (OCH3), 1649 (C=C), 1600 (C=C),
1556 (C=C), 1498 (C=C); 84 (400 MHz, CDCl3): 2.00 (3H, d, J 1.2, CH3), 2.14 3H, d, J
1.2, CHj), 4.07 (3H, s, OCHs), 6.62 [1H, t, J 1.2, CHC(CH3),], 7.02 (1H, dd, J 7.5 and 1.2,
H-3), 7.33-7.44 (3H, m, H-5, H-6 and H-7), 8.05 (1H, d, J 8.5, H-4); 8¢ (100 MHz,
CDCls): 19.9 (CH3), 27.3 (CH3), 55.9 (CH3), 107.6 (CH), 119.2 (CH), 122.7 (CH), 125.8
(CH), 126.2 (CH), 127.3 (C), 135.5 (CH), 139.8 (C), 141.4 (C), 155.2 (C), 156.6 (C); m/z,
El+ (%): 213 (M*, 7), 212 (M"-H, 10), 82 (100); Accurate mass: CisH;sNO: requires
213.1154, found 213.1153. o
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2-(4'-Fluoro-phenyl)-8-methoxy-quinoline 416be'

L
N’ ‘llli

OO 416pe F

Following the above procedures, employing silylated carbamate 413b (1.54 g, 3.60 mmol)
and resin-bound ester 309¢' (Method A, 0.30 mmol), ylelded 2- (4' ﬂuoro-phenyl) 8-
methoxy-quinoline 416be' as a yellow oil (0.039 g, 0.154 mmol, 51%); vmax (Thin
Film)/cm‘l: 3002 (CH), 2960 (CH), 2937 (CH), 2836 (OCHj3), 1615 (C=C), 1601 (C=C),
1559 (C=C)', 1497 (C=C), 1330 ‘(CF), 753 (CF); Su (400 MHz, CDCl;): 4.10 (3H, s,
OCH;), 7.07 (1H, d, J 7.4, H-5), 7.15-7.21 (2H, m, H-3' and H-5"), 7.39-7.47 (Zﬁ, fn, H-6
and H-7), 8.02 (1H, d, J 8.6, H-3), 8.08-8.13 (3H, m, H-4, H-2' and H-6'); 8¢ (100 MHz,
CDCL): 56.1 (CHs), 107.2 (CH), 115.7 (d, J 21.4, CH), 119.1 (CH), 119.3 (CH), 126.6
(CH), 128.2 (©), 129.5 (d, J 8.2, CH), 135.9 (C), 136.9 (CH),:140.1 (C), 155.2 (O), 155.5
(C), 1633 (d, J 249, CF); m/z, EI+ (%): 253 (M", 95), 252 (M*-H, 100), 224 (M"-CHO,
57), 223 (M"-CH,0, 51); Accurate mass: C16H;,FNO: requires 253.0903, found 253.0904.

6,7-Methylenedioxy-2-phenethyl-quinoline 416¢a’

O >
SSOUN
(o) N Ph
416ca’

Following the above procedures, employing silylated carbamate 413¢ (1.59 g, 3.60 mmol)
and resin-bound ester 309a' (Method A, 0.30 mmol), yielded 6,7-methylenedioxy-2-
phenethyl-quinoline 416ca’ as a yellow oil (0.046 g, 0.202 mmol, 52%); Vma (Thin
Film)/cm™: 3032 (CH,), 2952 (CHy), 2912 (CH), 2856 (CH), 1618 (C=C), 1589 (C=0),
1512 (C=C), 1495 (C=C), 729 (CH), 696 (CH); 8y (400 MHz, CDCls): 3.10-3.15 (2H, m,
CH,), 3.19-3.24 (2H, m, CH,), 6.09 (2H, s, OCH,0), 7.02 (1H, s, H-5), 7.03 (1H, d, J 8.3,
H-3), 7.17-7.30 (SH, m, Ar-H), 7.38 (1H, s, H-8), 7.85 (1H, d, J 8.3, H-4); 8¢ (100 MHz,
CDCls): 36.1 (CHy), 40.6 (CHy), 101.6 (CHy), 102.6 (CH), 105.5 (CH), 119.7 (CH), 123.5
(C), 125.9 (CH), 128.3 (CH), 128.5 (CH), 135.1 (CH), 141.6 (C), 146.1 (C), 147.2 (C),
155.6 (C), 159.5 (C); m/z, EI+ (%): 277 (M™, 100), 200 (M"-C¢Hs, 50); Accurate mass:
C1sH;sNOz: requires 277.1103, found 277.1102. '
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2-(4'-Fluorophenyl)-6,7-methylenedioxy-quinoline 416ce’

0 N
<
‘ 0
416c:" O F

Following the above procedures, employing silylated carbamate 413¢ (1.59 g, 3.60 mmol)
and resin-bound ester 309¢' (Method A, 0.30 mmol), yielded 2-(4'-fluorophenyl)-6,7-
methylenedioxy-quinoline 416¢e' as a yellow solid (0.033 g, 0.124 mmol, 41%); Mpt: 139-
142 °C; Vinax (GGate)/em™: 2962 (CH), 2915 (CH), 2848 (CH), 2784 (CH5), 1617 (C=C),
1600 (C=C), 1498 (C=C), 1330 (CF), 757 (CF); &4 (400 MHz, CDCl;): 6.11 (2H, s,
OCH,0), 6.77 (1H, s, H-5), 7.17-7.20 (2H, m, H-3' and H-5'), 7.43 (1H, s, H-8), 7.66 (1H,
d, J 8.5, H-3), 8.01 (1H, d, J 8.5, H-4), 8.09-8.11 (2H, m, H-2' and H-6"); 8¢ (100 MHz,
CDCi;): 101.7 (CHy), 102.5 (CH), 106.0 (CH), 115.7 (d, J 21.4, CH), 116.9 (CH), 124.0
(C), 126.6 (CH), 128.4 (C), 129.0 (4, J 8.6, CH), 135.6 (CH), 146.4 (C), 147.8 (C), 151.0
(C), 154.2 (C), 163.7 (d, J 249, CF); m/z, EI+ (%): 267 (M©, 100), 208 (43); Accurate‘
mass: Ci16H10FNO,: requires 267.0696, found 267.0695.

2-(3'-Furyl)-6,7-methylenedioxy-quinoline 416¢cf'

o SN

( _
O ( BN
416¢f 0]

Following the above procedures, employing silylated carbamate 413¢ (1.59 g, 3.60 mmol)
and resin-bound ester 309f | (Method A, 0.30 mmol), yielded 2-(3'-furyl)-6,7-
methylenedioxy-quinoline 416¢f" as a yellow solid (0.039 g, 0.162 mmol, 54%); Mpt: 124-
127 °C; Vinax (GGate)/cm™: 2914 (CH), 2848 (CH), 1618 (C=C), 1577 (C=C), 1513 (C=C),
1494 (C=C); 8y (400 MHz, CDCl3): 6.09 (2H, s, OCH,0), 7.02 (1H, s, H-5), 7.04 (1H, d,J
1.6, H-5"), 7.37 (1H, s, H-8), 7.44 (1H, d, J 8.4, H-3), 7.52 (1H, d, J 1.6, H-4'), 7.93 (1H, d,
J 8.4, H-4), 8.08 (1H, s, H-2); 8¢ (100 MHz, CDCl;): 101.8 (CHy), 102.7 (CH), 105.8
(CH), 109.0 (CH), 117.1 (CH), 123.9 (C), 127.5 (C), 135.3 (CH), 141.4 (CH), 143.8 (CH),
146.5 (C), 147.5 (C), 149.6 (C), 150.8 (C); m/z, EI+ (%): 239 (M"", 100), 211 (M""-CHO,
18), 153 (12); Accurate mass: C14HsNO;: requires 239.0582, found 239.0581.
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Representative NMR spectra of selected products -
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APPENDIX -2

Selective Crystallographic Information

Crystal Structure of Diazine-N-oxide 333




Selected Molecular Geometrical Measurements of N(Boc), Imide

334
&

S S03
32 N° O
/j§ 04

qn
020" "0 01
o

Bond Lengths (A) Bond Angles (deg) Torsion Angles (deg)
C2'-N - 1.4508(14) C2'-N-C1" - 119.59(9) C1'-C2'-N-C1" - 98.59(13)
N-C1"-1.4131(14) C2'-N-C1"™ - 120.47(9) C3'-C2'-N-C1" - [-79.05(14)]
C1"-01-1.1947(15) | CI1™-N-C1"-119.92(9) [ C2'-N-C1"-O1 - [-168.70(13)]
CI1"-02 - 1.3288(14) | N-C1"-O1 - 124.59(11) C2'-N-C1"-02 - 11.25(15)
N-C1™ - 1.4058(14) N-C1"-02 - 108.42(10)
CI1"-03 - 1.1951(15) | O1-C1"-02 - 126.99(11)
C1"-04 - 1.3309(14) | N-C1"-0O3 - 124.46(11)
N-C1"-04 - 108.66(9)
03-C1"-04 - 126.87(11)

Selected Molecular Geometrical Measurements of NHBoc Carbamate

335a

Bond Lengths (A) Bond Angles (deg) Torsion Angles (deg)
C2'-N - 1.419(3) C2'-N-C1" - 124.96(19) CI'-C2'-N-C1" - [-143.6(2)]
N-C1" - 1.366(3) N-C1"-01 - 125.1(2) C3'-C2'-N-C1" - 36.3(3)
C1"-O1 - 1.208(3) N-C1"-02 - 108.21(18) C2'-N-C1"-01 - [-3.6(3)]
C1"-02 - 1.347(3) 01-C1"-02 - 126.7(2) C2'-N-C1"-02 - 176.08(17)

C1'-C2'-C3'- 120.17(19)
CI'-C2'-N - 120.65(19)
C3'-C2'-N - 119.18(18)




Selected Molecular Geometrical Measurements of N(Me)Boc Carbamate

346a

sﬁ
2
2%
> o

020" O 01
o

Torsion Angles (deg)

Bond Lengths (A)

Bond Angles (deg)

C2'-N - 1.4407(16)

CI'-C2-N - 120.78(11)

CI'-C2'-N-C1" - 78.71(16)

N-C1"-1.4612(17)

C3-C2'-N - 118.38(11)

C3'-C2'-N-C1" - [-104.12(15)]

N-C1"- 1.3616(17)

C2EN-C1"- 122.35(11)

C3'-C2-N-C1" - 72.40(16)

C1"-01 - 1.2222(15)

C2'-N-C1™ - 117.70(11)

C2'-N-C1"-0O1 - 179.41(11)

C1"-02 - 1.3410(16)

C1"-N-C1"- 119.86(11)

C2'-N-C1"-02 - [-0.88(17)]

N-C1"-O1 - 123.62(13)

C1"-N-C1"-O1 - 3.00(2)

N-C1"-02 - 110.41(10)

C1™-N-C1"-02 - [[177.33(11)]

01-C1"-02 - 125.97(12)

C1"-02-C2" - 120.92(10)

Selected Molecular Geometrical Measurements of N(Prenyl)Boc

Carbamate 346¢

Bond Lengths (A)

Bond Angles (deg)

Torsion Angles (deg)

C2-N - 1.4349(16)

C2'-N-C1" - 123.71(11)

C1'-C2'-N-C1" - 77.30(16)

N-C1" - 1.3607(17)

C2-N-C1" - 118.23(11)

C3-C2-N-C1" - [-106.32(14)]

C1"-01 - 1.2204(16)

C1"-N-C1" - 120.62(11)

C2'-N-C1"-01 - [-178.12(12)]

C1"-02 - 1.3421(15)

N-C1"-01 - 123.67(12)

C2-N-C1"-02 - 1.92(16)

N-C1" - 1.4760(16)

N-C1"-02 - 110.65(11)

C1"-N-C1"-01 - 7.81(19)

C1"-C2" - 1.4986(19)

C1"-02-C2" - 120.62(10)

C1"-N-C1"-02 - [-172.15(10)]

C2"-C3"™ - 1.328(2)

O1-C1"-02 - 125.68(12)

CI'-N-C1"-C2" - 80.73(14)

N-C1"-C2™-112.01(10)




